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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) c
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
accompanied with decrease in fluorescence intensity, however, absorption spectrum remains unchanged. A decrease in EERS, fluorescenc
lifetimes, time dependent fluorescence Stokes shift (TDFSS), fluorescence polarization and the solvent relaxatidmstiobasérved with
the increase in solute concentration. The process of energy migration among the QSD ions along with solvent relaxation has been found
responsible for the above experimental findings.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction based on solvent relaxation modes. It is generally found that
. o o ~ solventbonding to chromophore restricts the position of aux-

_ The photophysics of quinine sulfate dication (QSD) (Qui- ochrome, which exists at least in two average conformers.
nine sulphate in 0.1N $80; solution of water) has beenthe  The excitation dependence of the emission of polar aromatic
subject of extensive research in the past because ofits medicaiolecules in viscous polar solvents is a common feg&ire
applications as well asits use as a fluorescence stafideip and is in general related to microenviromental heterogeneity.
The quantum yield of the QSD (_15 M) measured by Mel-  |oth and Azumi[10] gave an explanation that on excitation
huish[1] long back ¢ = 0.56) is still in use today. However, it at the red edge of the absorption band only certain configu-
was demonstratg@, 6] that excitation spectrum of QSDwas  rations are excited, resulting into red shifted emission which
different from its absorption spectrum. Chetj found red  |acks some high frequency components compared to that due
shift in emission spectrum of QSD on excitation at red edge to short wavelength excitation.
of absorption band (REE effect) and suggested that it arises  QSD is one of the rare emitters in which excited state
due to two close lying states, but Fletcii@finterpreted this  solvent relaxation appears to occur on nano-second time
effect as being due to the molecules existing in at least two scale even at ambient temperat[&6]. Thus, time-resolved
different conformers each with its own electronic transition emission Spectroscopy (TRES) and other dynamica| studies,
- which depend on solvent relaxation, could easily be mea-
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solvation process because of its complex decay kinetics. TheThe fluorescence intensity componely ( Ivh, Iny andinp),
fluorescence decay has been found to exhibit a bi-exponentialin which the subscripts refer to horizontal (h) and vertical (v)
decay at the shorter wavelength edge and a rise in decay igositioning of the excitation and emission polarizer respec-
observed at the red edge of the emission Hadd14] The tively, were used to calculate the steady state fluorescence
non-exponential nature of the fluorescence decay has beemolarization using following equation:
attributed to the solvent relaxation process. The photophysics Lo — GI
of quinine sulfate and related compounds in different solvents P = w T T vh (1)
and at various temperatures has been reported from this labo- I + Glvn
ratory[15—20] It was shown that the methoxy group plays an whereG is the grating correction factor and is equali@/nn.
important role in the photophysics of these molecules. From In all cases the background intensity of the reference was
the temperature dependence of fluorescence characteristics, gubtracted from the sample emission spectra to eliminate the
was suggested that around 160 K a rapid charge transfer fromerrors due to scattering artifacts. All experiments were done
methoxy group to the quinoline ring take place, followed by with multiple set of samples for each concentration and thus
solvent relaxation at ambient temperature in the polar fluid the polarization curve is an average of different data sets.
medium[16]. Thus, these processes lead to change in the The spectral shifts obtained with different sets of samples
charge density distribution and geometry of the fluorophore, were identical in most of the cases and values were with in
which combined with solvent relaxation, give a multi expo- £1.0nm.
nential decay.

The photophysical processes in QSD and related 2.3. Time domain measurements
molecules have been explored for designing fluorescence
optical sensors for halidg21,22] and as a probe for mea- Fluorescence decay times and time-resolved emission
suring free volume in membrane or sol-gel glag28% We spectra were recorded with the help of Edinburgh 199 time
have also shown that the magnitude of EERS in QSD can bedomain spectrometer and analyzed by software FLA-199 in
used as a probe to determine the micro-environmental nature®HA and MCA mode. The excitation source was a thyratron
of the polymerg24]. Despite the widespread interest and gated nanosecond flash lamp with hydrogen as the filler gas.
importance of QSD, its photophysical properties as a func- Lamp profile where measured at the excitation wavelength
tion of solute concentration has not been studied in detail. using Ludox scatterer. The pulse width was about 1.0 ns with
In this paper we report anomalies in spectral properties andrepetition rate of 20 kHz. The decay times were determined
fluorescence decay parameters of QSD in fluid media for using non-linear least square method by time correlated sin-
its different concentrations. The process of energy migration gle photon counting (TCSPC) technique. Care was taken in
along with solvent relaxation have been found responsible for data analysis to differentiate between the mono-exponential
the observed dynamical behavior at the higher concentrationsand bi-exponential fits by judging thg? values standard
of QSD. deviations and weighted residuals. Intensity decay curves so

obtained were fitted to sum of exponential terms as

= /71 —1/T2
2. Experimental I(7,1) = azexp + azexp (2)

wherery, 72 are the shorter and longer lifetime components,
2.1. Material respectively, andry, ao are the corresponding amplitudes
in QSD[16]. The negative sign indicate the rise time at the
Quinine bisulphate (QS) from Aldrich was re-crystallized red edge of the emission of the QSD. The average decay time
from water. All the solvents were either of spectroscopic () for bi-exponential decays of fluorescence were calculated
grades or were checked for their purity. All the samples of from the observed decay times,( 70) and pre-exponential

QSD were prepared by dissolving the appropriate concentra-factors 1, o) using the following equation:
tion of QS in 1N BSOy containing HPLC grade water (SRL

SISCO laboratory chemicals). () = T+ @272 (3)
o1+ a2
2.2. Steady state measurements The time-resolved emission spectra (TRES) were also

obtained with the help of FLA-199, initthe TAC is by passed,

Absorption spectra were taken with the help of dual beam and signal from the discriminator, on the emission channel,
JASCO V-550 spectrophotometer and fluorescence and exci-are routed directly to the MCA/PC in single channel analyzer
tation spectra were recorded with the help of JASCO FP-777 (SCA mode), with the channel advance rate synchronized
[25] spectrofluorometer and JOBIN-YVON-SPEX fluorolog with the wavelength drive of the emission monochromator
having double monochromator in both excitation and emis- (ORTEC timer unit 719), the resulting histogram of counts
sion path. The data were analyzed using related softwarerepresents the fluorescence spectrum of the sample. The SCA
GRAMS/32. Polarization measurements were carried out is essentially a timing discriminator with two variable levels
with the help of Spex fluorolog with polarization accessories. Vi andVy. Input pulses having amplitude lower th&nand
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Fig. 1. Structure of QSD.
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higher thanVy are rejected. Spectra recorded by the above

method, after a certain time delay, within a time window Fig. 2. (i) Absorption spectrum of QSD in water (1N$03) at 20°C in
st, selected by upper level discriminator (ULD) and lower 1075M. (i) Normalized emission spectra of QSD in water (1NSO)
level discriminator (LLD). Photon in discrete time intervals excited by 360 nm for different concentrations.

are summed and arranged as a function of wavelengths.

spectrum also decreases with the solute concentration. It is
observed that the excitation spectrum of QSD fails to coin-
3. Results and discussion cide with the red edge of the absorption band and the quantum
yield increases when monitored at different increasing emis-
In dilute sulphuric acid solutions (0.1N2830y), quinine sion wavelength§l6]. When excited at the red edge of the
sulphate is present as a di-cationic species, which is quite stafirst absorption band the emission maximum shifts towards
ble[16]. The molecular structure of QSD is showrFiy. 1 the lower frequency side for all the concentrations of solute
The absorption and the emission spectra of QSD for differ- studied. This shift in emission spectrum on excitation at the
ent concentrations of solute are showirig. 2 The absorp- red edge of the absorption spectrum is known as edge exci-
tion spectrum shows two banfigandLy, at 346 and 316 nm,  tation red shift (EERS) as shown in the normalized emission
respectively Fig. 2), whereas, the emission spectrum has spectra of QSD in water for concentrations (iy 201 and
only a structure-less broadband for all the concentrations (ii) 10~°M in Fig. 3. The magnitude of EERS expressed as
studied. It is also observed that the position of absorption the difference in wave number (cth) between the emission
bands and the corresponding molar absorption coefficientmaximum obtained on 360 nm excitation and 420 nm excita-
(e) values do not change with concentration of the solute tion, decreases with the increase of the solute concentration.
molecule, which rules out any possibility of dimer formation. The EERS and FWHM values as obtained for different con-
However, the emission spectruifig. 2ii) shifts towards the centration of QSD are given ifable 1
lower frequencies with the increase in solute concentration.  The decay fits to a bi-exponential function for all the con-
The full width at half maximum (FWHM) of the emission centrations of QSD studied. The bi-exponential fit gives the

(i)
10°M R /PO 10°M

Normalized Intensity(A.U.)
Normalized Intensity(A.U.)

// 310nm x\} i 10 nm
0+ e
J ! L L 01 L " L
420 460 500 540 580 420 460 500 540 580
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Fig. 3. Normalized emission spectra of QS in water (1p88y) excited by different wavelengths from 310 to 410 nm for concentrations (i§ ¥Dand (ii)
10°5M.
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Table 1

Fluorescence parameters of QSD for different concentrations in water (irp S

Concentration [M] 1 (ns) 75 (NS) x2 o1 o v (ns) (t)(ns) ¢ FWHM (cm™1)  EERS (cml)
10°° 2.75(0.12) 193 (0.05) 1.04 0.041 0.091 6.5 24 0.55 4550 840

104 2.80(0.14) 1986 (0.05) 1.01 0.042 0.094 6.3 24 0.55 4350 740

1073 2.60 (0.13) 1750 (0.05) 1.05 0.043 0.082 55 B7 0.47 4241 550

102 2.10 (0.09) 1570 (0.04) 1.04 0.075 0.102 5.1 B 0.38 4190 500

5x 1072 1.60 (0.07) 1290 (0.04) 1.16 0.099 0.093 4.7 .on 0.27 4120 452

101 1.60(0.1) 810 (0.03) 1.21 0.093 0.099 - .96 0.19 4080 375

Decay measured byex =360 nm atiem, =390 Nnm (standard deviations are given in the parenthesega725.89 ns).

negative amplitude corresponding to thelecay component  equation26]:

at the red edge of the emission spectrum (above 500 nm) for Tt + ot

all the concentration studied and continuously increases ¢ = {1122] Tr_agi 4)

with the increase in emission wavelength. The major change ag+ o2

in magnitude ofr occurs between 390 and 450 nm while wherer,,4.is the calculated radiative decay time and has been

at longer emission wavelengths (500-575 nm), the increasecalculated from well known Stickler and Bejgj7] relation-

is small. The contribution of the; component to total flu-  ship; from the absorption and emission spectra and extension

orescence intensity at blue edge is about 7% and at the rectoefficient for 10°M aqueous solution of QSD. It comes

edge is only 2% whereas the long lived componerdomi- out 25.89 ns. This has value 0.55, for P solution and is

nates throughout the emission bdfd]. However, with the  in agreement with the values reported by Demas and Crosby

increase in solute concentration both the lifetime components[28]. Clearly, the value ofp (Table ) decreases with the

decrease as shown Table 1andFig. 4 for (i) 1072 M and increase in solute concentration.

(ii) 10~° M solutions. In time-resolved spectral measurements, atime dependent
The fluorescence quantum yielp) for various concentra-  fluorescence Stokes shift (TDFSS) is observed for all the

tions of QSD has been calculated with the help of following concentrations studiedig. 5shows peak normalized time-

QSD in water
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Fig. 4. Decay curves of QSD in water at (i) 7M and (ii) 10-° M concentrations).gx = 360 nm and emission monitoredja,= 390 nm.
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r(i) TDFSS

LO'5 M]
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\————(b) .5 ns
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201

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 mode[29] and an unusually large solvent

Counts/102

(d) 10.0 ns
(e)35.0ns

reorientation relaxation time (7 ns) was obtained for QSD in
polar fluid solventg16]. 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 timeg30]. 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 concentratiofl6]. 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) values have been calculated
using the continuum model and adopting the same procedure
as discussed by Pant et |HI6]. According to which

0 L S \ i
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wherevpy(z) is the emission maximum for Gaussian shape
l andvg andvy, are the emission maxima at 0 andoo. It
‘ is assumed that the shift to lower energy is an exponential
function of solvent relaxation timg as shown irFig. Xiii).
A decrease in; is observed with the increase in solute con-
centration.

The observation of EERS and TDFSS, increases of flu-
orescence lifetime with the wavelength of emission and the
observation of negative amplitude for the longer wavelengths
of emission are the salient features of the solvent relaxation
resolved emission spectrafor QSD (iyPoM and (i) 102 M procesg9,15-20] Generally, the relaxation of polar solvent
for different time windows. The time dependent change in molecules around the changed dipole moment of the excited
the fluorescence emission spectrum gives a clear picture ofstate occurs in a pico-second time scale in fluid media and
the evolution and decay of the excited state of a fluorescentis compared with the dielectric relaxation tirag However,
probe. It can be seen that there is a continuous red shift ofthe results presented above show that the rates of these two
the emission spectrum with increasing time window with- processes are not of the same order. The discrepancy in the
out changing its shape and FWHM. However, with increase values ofr; andzq is due to the fact thaty is related to the
in solute concentration the magnitude of TDFSS and FWHM macroscopic properties of the solvent apdresponsible for
decreases with the increase in solute concentration. The magEERS and TDFSS, to the microscopic environment around
nitude of the TDFSS however greater for lower concentration an excited solute molecule and hence is very likely dependent
of QSD 900 cmi! for 107> M as compared to 760 cm for on the detailed electronic and the geometrical structures of
102 M concentration. These results indicate that QSD at all the solute.
concentration studied undergoes excited state solvent relax- In our time-resolved experiments, the time resolution was
ation in nano-second time scale. The emission characteristicanot sufficientto be able to probe the ultrafasttime components
and complex decay kinetics of the QSD in aqueous solution of water solvation. Using ultrafast time-resolved experimen-

logvmax (cm!)

e — (b) |10 M]

50

2KO 30 40 60
Time (nm)

0 10

Fig. 5. Normalized TDFSS of QSD in water (1N,8O4) at 20°C in (i)
10-5M and (i) 102M at (a) 0.25ns, (b) 1ns, (c) 2ns, (d) 10ns, (e) 35ns.
(iii) Change in the time-resolved fluorescence emission maximum of (a)
10~2M and (b) 10> M QSD in water at 20C.
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tal technique$31]; the solvation of water has been shown to ;

be ultrafast with an inertial solvation time component of less - Jpueatonn "
than 100fs, 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
SOy~ 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- 0121
tion. Molecular dynamics calculations and experimental data pl vt vl vl 1 s
have shown slower solvation dynamics in concentrated ionic 10* 10 10* 10 10

0.16 =

Polarization

a~i1) Aex =360 nm

solutions than in bulk water. The interactions of water with Conentrtion (M)
specific cations influence the water mobility. Impey ef22] 9.5 (i

contrasted the interaction of water with Nand K'. Their 9.0 ,
calculations showed the residence time of water in the solva- 8.5+

tion shell around Nais about twice that for water next to'K 8.0 /
Their calculations also showed that residence times around 751

divalent cations can be nanoseconds or longer. Guardia and 2701 //'/

Padro[33] calculated water interacting with Nand report 6.5 ¥ &

longer residence time of 38 ps. Wang and Tominf&# ﬁ-(!:/

have used low frequency Raman spectroscopy to measure 55

the solvent response of ionic solutions, including NaCl, KCI 5.0

and CaCj salt solutions. Their results show that the ions 05 100 100 100 100
in solution cause relaxation times to become progressively Conentrtion (M)

longer with increasing concentration. Obst and Bradaczek

[35] found that the interaction of G4 ions was signifi- Fig. 6. Curve between (i) fluorescence polarizati#h \{s. concentration

. . .. . and (i) 1p (depolarization) vs. concentration of QSD in mole.
cantly stronger than the interaction of alkali ions with water. [M]and (i) 1f> (dep ) Q

Using a combined quantum mechanical/molecular mechan-
ical dynamics calculation, Tongraar et f86] have shown
that the translational, librational and vibrational motion of In a solution, the excited state of the molecular ensem-
water near C# is perturbed due to ion water interactions.  ble can be considered as a distribution of quasi continuum
On shorter wavelengths of excitation (SWE), the emis- excited states. The emission from a higher state is overlapped
sion maximum shifts towards the lower frequencies with the with the absorption transition to a lower lying state, making
increase in concentration. However, on red edge excitationconditions for excitation energy transfer favorable, particu-
(REE), the spectral maximum falls nearly at the same fre- larly when the concentration is increased. The degradation
quency (at 480 nm) for all the concentration and coincides of energy in this manner ultimately terminates into the emis-
with the highesh.max for the highest concentration obtained sion fromthe lowest level of the system, which falls at 454 nm
on SWE. This results in a decrease in the magnitude of EERS(SWE position) and 465 nm (REE position) for the highest
for the concentrated solutions. The fluorescence lifetime andconcentration (16% M). Such an energy transfer, known as
the quantum vyield also decrease with the concentration of energy migration, results in a successive decrease in the life-
the solutions. Thus in addition to the solvent relaxation pro- time with the increase in solute concentration, which follows
cess, the concentration quenching also takes place. Schafethe Stern—Volmer quenching kinetics. The occurrence and
and Rolling[37] have also observed concentration quenching nature of the TDFSS as found above for higher concentration
of QSD fluorescence intensity and its decay however, they can be attributed to energy migration along with the solvent
reported a mono-exponential exponential decay for QSD. relaxation processes.
Itoh and Azumi[38] have reported a decrease in concen-  To verify that the energy migration is responsible for
tration quenching on REE. dependence of various observed parameters on concentration,
The decrease in lifetime, quantum yield, EERS and the concentration depolarization experiments were carried
FWHM of emission band with increase in concentration out as shown irFig. &(i). It shows that fluorescence polar-
along with the coincidence ofyax at long time in TDFSS ization decreases, i.e. depolarization increases, with increase
with the steady state fluorescence spectrum for the higherin concentration. This clearly indicates that the migration of
concentration suggest that at higher concentrations someexcitation energy among emitting molecules occurs as the
additional dynamical process is competing with the solvent concentration of the solute increases. The critical transfer
relaxation process. distance Ro) for energy migration has been calculated using
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these concentration data and using the equ§eh 900 - @)
|

(1 1> (1 1) L ATVREC < 16° © 0

_— — = = _— = = —_— ]

p 3 po 3 15(2a)3 700 -
wherep andpyg is the final and initial polarization at highest E 600
(101 M) and lowest (10° M) concentration respectivelyy = .
the Avogadro numberC’ the concentration, and:™ is the 2l
radius (3.5A) of the molecular system. IRig. &ii), we have
plotted 1p against concentration of QSD, which is in agree- A0Dz
ment with above equation. From the §Iop of the straight line
in the figure,Ro comes out to be 18A showing that for e PP I i P i OR

: i A 10° 10 10° 10° 10
concentration depolarization is due to energy migration.

Again we calculate®, from Forester equatiof0]: Concentntion [v]

6.6 (i)
d
= 6.4
Roo = 3\/ 4 3:/)’;)00 ™ % 6.2 .
15/“NCop £
: 6.0 -
where Cop is the critical transfer concentration at which § 5.8 -
decay time become half of its initial value. Hear critical 5 s
transfer concentration is610~2M as shown inTable 1 é“: - "
It comes out 20.8. These values are quite in agreement i§ .2
with the depolarization measurements. This shows that con- & ™
centration depolarization is due to energy migration among w7
donor through Forester transfer mechanism of dipole—dipole 4.8
interaction. Such concentration depolarization due to energy 4.6 4
migration has been shown experimentally and theoretically o T B TS D cos
by various workerg41,42] 10 10 o o i
The linear decrease in solvent relaxation tirpend EERS Concentration [M]

with concentration as shown Fig. 7i and ii shows that sol-

vent relaxation rate increases with increase in concentration

Further a linear increase of depolarization with concentra-

tion (Fig. Gi) also indicates the increase of energy migra-

tion. Thus, at lower concentrations the solvent relaxation is 4. Conclusions

higher than the migration whereas, at higher concentrations

the energy migration becomes dominant. This is because on We propose that on SWE, the concentration dependent

increasing concentration solute—solute interaction increaseged shift of emission maximum and a decrease in fluores-

and solute solvent interaction decreases. cence lifetimes and quantum yield at higher concentrations of
At higher concentration, on SWE the energy migration QSD is due to the singlet-singlet non-radiative energy trans-

channel becomes important and subsequent quenching takef®r from molecular higher energy emitting state to those of

place. On REE, however, the solvent relaxation is dominant lower energy emissions known as energy migration. On REE,

at low concentration g|V|ng rise to Stoke’s Shifted emission the decrease of EERS with concentration is also attributed to

with an EERS of 840 le, whereas at h|gher concentra- €nergy migration. The occurrence and nature of TDFSS, the

tion the energy migration Competes the solvent relaxation decrease iﬁ'r and not the |ea5t, the observed concentration

and thereby reduces the EERS so much so that for highes@depolarization supports such energy migration. The observed

concentration used (18 M), EERS becomes 375 cth. The photo-physical behavior for the higher concentrations can be

fact thatimay in TDFSS coincide with the steady state flu- attributed to the energy migration process along with the sol-

orescence maximum obtained for Z0M concentration but ~ vent relaxation process.

not for 10~ M concentration, also suggests the dominance

of energy migration at higher concentration. Similarly, both

the decrease in FWHM of emission band apdith increase Acknowledgments
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