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Abs t rac t  

The acid-base properties of an interesting and important bifunctional group of compounds, acridinedione dyes. were studied in a 95:5 
water-methanol mixture. The dyes exist in neutral, de~otonated and protonated forms in equilibrium at appropriate acid-base condi~ons. 
The neutral form of the dyes absorbs around 380--400 nm and emits around 440-460 nm in the water-me ,thanol mixture. The dcprotonated 
form of the dyes absorbs around 450-470 nm and emits around 500-520 nm. The protonated form of the dyes absorbs around 410-430 nm 
and emits around 470-500 nm. The pK~* values are calculated using Ft~rster's and fluorimetric titration methods. The varialion of the 
enhancement in the fluorescence intensity and lifetime of the protonated and deprotonatcd form of the dyes with substituent are di~ussed. 
The influence of substPuent on the pKj and pK,* values are di~ussed. The dyes are more acidic in the excited state when compared to the 
ground state. The fluorescence lifetime of the neutral form is around 6.0--9.0 ns and that of the protonated and deprotonated for.as of the dye 
is 3.0-6.0 ns. © 1997 Elsevier Science S.A. 
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1. Introduction 

The interaction between an acid and a base is one of the 
most fundamental processes in chemistry [ I--4]. Proton 
transfer reactions are among the simplest type of acid-base 
reactions, but they provide a large amount of information on 
equilibria, kinetics, isotope effects, free energy relationship, 
etc., as compared to many other class of reactions. Bifunc- 
tional molecules possessing proton acceptor and proton donor 
groups undergo various interesting pbotoinduced processes 
[51. One particular group of proton transfer processes that 
has received much attention of late, consists ofphotoinduced 
proton transfer reactions in molecules whose excitation alters 
their acid-base properties [ 6,7 ]. 

In recent years, the excited state proton transfer reactions 
have generated a lot of interest because of their wide spread 
implications in the action of many iasing dyes [8] and pho- 
tostablizers for polymers [9]. An excited aqueous species 
with functional groups which has large a pK difference 
between ground and excited s,~+:tes may undergo pfotonation 
or deprotonation in the excited state [ 10]. 

In the excited state, the molecules containing N, O or S 
hetero atoms will have an increase or decrease in the density 
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of the lone electron pair on the hetero atoms which alters the 
acid-base properties of organic molecules. Weber [ l l] 
observed the change in the fluorescence spectrum of l-napth- 
ylamine-4-sulpbonate as the acidity of the solution was 
altered, although the absorption spectrum remains unchan- 
ged. FOrster [12-14] attributed the above phenomenon to 
the change in the acid-base properties of the molecules in the 
excited state. Later the problem of the acid.base properties 
of l-napthylamine-4-sulphonate was investigated in detail by 
Weller [ 15--17]. 

Acridinedione dyes deserve special attention due to their 
lasing efficiency [ 18] comparable to coumarin 102. Acridi- 
nedione dyes have a structural similarity to 1,4-dihydropyr- 
idines. 1.4 dihydropyridines are analogous to NADH, which 
are coenzymes in biological systems and recently the inter- 
mediates in the oxidation of dihydropyridines, a derivative 
of AZT related to AIDS dementia, was studied by nanosecond 
laser flash photolysis [ 19]. Acridinedione dyes are used as 
photosensitizers [20] and initiators in photopolymerisafion 
[21 ]. In this paper we have discussed the acid-base proper- 
ties of some of these dyes in the ground and excited states 
using absorption, steady-state fluorescence and lifetime 
measurements. 

The dyes used for the studies are given below. 
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Dye No R R' 

1 H H 

2 H CH, 

3 H C~Hr 

4, H C,d% 

5 H C_,d-LtOCH.~ 

6 H C~H4CI 

l t C.,d'~CH:3 H 

0 C~'t,CH~ CH~ 

2. Experimental 

The dyes used in this work were synthesized following the 
procedure reported in the literature ! 18.221. The absorption 
and emission measurements were carried out with ! × 10- ~ 
M dye solutions. All the solvents used were of HPLC grade 
purcha~d from Qualigens. India Ltd. Sodium hydroxide and 
sulphuric acid were of Excelar and Analytical grade from 
Qualigens India. Ye, gil's 1231 basicity scale was followed 
for preparing alkaline solutions of pH greater than 10. Dol- 
man and Stewart's 1241 acidity scale was followed for pre- 
paring the acidic solution of pH less than I. Due to the low 
.solubility of the dyes in neat water the solutions were prep-'tred 
in a water:methanol mixture ( 95%:5c/c v/v ). Distilled water 
u~d  in these experiments was triply distilled over alkaline 
permanganate in an all-glass apparatus. Absorption spectra 
were recorded using a Hewlett-Packard 8452A Diode arrdy 
spectrophotometer. Fluorescence spectra were recorded 
using a Perkin-Elmer LS5B Luminescence spectrometer. 
The fluorescence lifetimes were measured on a IBH-5000, 
UK, single photon counting .~pectrofluorimeter. A gated 
hydrogen filled lamp with a pulse width of !.4 ns was used 
for excitation an'J a Hamamatsu photomultiplier ( 3235 ) tube 
was used for the detection of the fluorescence. The fluores- 
cence decay curves were analysed by an iterative titting pro- 
gram provided by !BH. 

3. Results and discussions 

3. i. Reactions with base 

The dyes absorb around 380--400 nm in a 95:5 water- 
methanol mixture. A red-shifted new absorption is observed 

for the dyes 1-6 on adding sodium hydroxide. As the pH of 
the solution is increased, file absorbanee around 380-400 nm 
for the dyes 1-6 decreases with a simultaneous appearance 
of a new peak around 450--470 nm with an isosbestic point 
around 410-420 nm as shown in the Fig. I. The absorption 
around 380--400 nm is unaffected and no new peak is seen in 
the absorption spectru,1 for the dyes 7 and 8 in the presence 
of sodium hydroxide. 

The absorption around 380--400 nm for the dyes is due to 
the neutral form. The appearance of a new peak for tile dyes 
~t-6, which has hydrogen on the nitrogen center, around 450- 
470 nm and no new peak for dyes 7 and 8, which do not have 
hydrogen on the nitrogen center, in the presence of NaOH 
reveal that the new peak around 450-470 nm is due to the 
deprotonated form of the dye. As the pH of the solution is 
increased the equilibrium is shifted towards the deprotonated 
form. The presence of an isosbestic point sb.ows the existence 
of an equilibrium between the neutral and the deprotonated 
forms of the dye. 

The dyes emit around 440--460 nm in the water-methanol 
mixture. The emission peak around 440-460 nm for the dyes 
i -6  is red-shifted by 70 nm on addi,ig sodium hydroxide. As 
the concentration of NaOH is increased, the intensity of the 
new emission peak around 500--520 nm enhances with simul- 
taneous decrease in the intensi|y of the 440-460 nm peak on 
exciting at the isosbestic point as :'hown in Fig. 2. No new 
peak is seen in the emission spectrum for dyes 7 and 8 in the 
presence of NaOH. The enhancement in the intensity of the 
new emission around 5(IO--520 nm |br dyes ! -6  depends on 
the substituent in the ninth position. 

The emission around "440-460 nm for the dyes is due to 
the neutral form. The appearance of new emission peak for 
the dyes 1--6 and no new emission peak for the dyes 7 and 8 
reveal that the new emission around 500-520 nm is due to 
the deprotonated form of the dye. At pH = 14, the emission 
due to the neutral form completely disappears mid peak 
around 500--520 nm alone is seen. The absorption and emis- 
sion cr.pcriments in the presence of sodium hydroxide prove 
beyond doubt that the new peak observed lbr the dyes 1--6 
under basic conditions is due to the deprotonation at the 
nitrogen center. 
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Wovelent]th 
Fig I. Ab.,,orpth,n spectrum of dye I in a 95:5 water-methanol mix(urc: ( I ) 
pH 11.4, ,~2) pH 11.78, (3) pH 12.0, (4) pH 1_.2.~, (5) pH 12.47, (6) pH 
12.6, (7) pH 13.0, (81 pH 13.3. pH -',djusted with NaOH. 
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Fig. 2. (a) Emission spectrum of dye 8 in a 95:5 water-methanol mixture: 
( I ) dye alone, (2) pH 1 !,4, (3) pH ! !.78, ( 41 pH 12.0, ( 5 ) pH 12.3, (6) 
pH 12.47, ( 7 ) pit 12.6. ( 8 ) pH 13.0. pH adjusted with NaOH. (b) Emi.~sion 
spectrum of dye I in a 95:5 water-methanol mixture: ( I 1 dye alone. ( 2 ) 
pH i1.0. (3) pH 11.4. (,11 pH 11.7. (51 pH 11.8. (6) pH 11.9, (7) pH 
12.O, ~8) pH 12.1. (9) pH 12.2. ( I01 pH 12.3, ( I I ) pH 12.4, (12) pH 12.5, 
(13) pH 12.6, ( 141 pH 12.8, (15) pH 12.9. ', 161 pH 13.O. (17) pH 13.3, 
118 ) pH 13.7. pH adjusted with NaOH. 

The enhancement in the intensity ofdep, otonated emission 
depends on the substituent in the ninth position and the order 
of enhancement of new emission is 

Co H 40CH.~>C, H.~CI>C~, H.~>C.~ H 7>CH 3>H 

Dye 5 shows a much enhanced intensity of new emission 
compared to other dyes and this is due to the presence of an 
anisyl group in the ninth pos:.tion which decreases the charge 
density on the nitrogen center when compared to other sub- 
stituents and which favours deprotonation from nitrogen. 

3.2. Reaction with acids 

0.22 

o . o o  - - 

i i Wavelem~ '~' 4 6 0  5 0 0  

Fig. 3. Absorption spectrum of dye 2 in a 9~.  waler-metham)l mixture: 
I 1-51 dye. pH 5.4.2. I. 161H,,= O. 17)/-L, = - I. 18) H,,= -2.191H,,= 
-3. (10~ H,,= -4. (11) H,,-- -5. 1121H. = -6. {131H,,= -7. pH 
adjusted ~vith H.SO.F 

Fig. 3. The absorption around 380--400 nm for all the dyes is 
red-shifted by 20--30 nm on addition of the acid in the range 
of H,, = 0  to - 7 .  The nitrogen contaieing molecules are 
known to be protonated on the nitrogen atom in their ground 
state [25-271. The new peak aroand 410--430 nm in the 
absorption spectra for all the dyes for H,, < i i:~ assigned as 
due to the protonation at the nitrogen center. 

In the emission spectra the peak around 460 nm, which is 
due to the neutral foma, is quenched between the pH 5 and I. 
At the acid ,:oncentration of H,, = 0 the emission around 440-- 
469 nm is ,:ompletely quenched and a new emission peak 
appears around 470--500 nm on exciting a: 390 nm. As the 
concentration of the acid is further increased the intensity of 
the new emission peak around 490 nm increases as shown in 
Fig. 4. The new emission peak around 470--500 nm is due to 
the protonation of the nitrogen center. The appearance of new 
emission lbr all the dyes shows that the profanation does not 
depend on the substitution on the nitrogen center. Since there 
is no change in the absorption spectrum in the pH range 5 to 
1, the que~ch[ag of the emission peak around 440--460 nm 
in this pH range is due to the excited state reaction of the dye 
with protons. A reverse trend in the emission intensity 
enhancement is observed for the protonation of the nitrogen 
center when compared to deprotonation on varying the sub- 
stituents in the ninth position. The presence of a methyl group 
in the ninth position in dye 2 increases the charge density 
greatly on the nitrogen compared to dye 5, in which the 
presence of an anisyl group decreases the charge density on 
the nitrogen. So the protonation of dye 2 is more favoured 
compared to dye 5, hence we observe a strong protonated 
emission tbr dye 2 and weak protonated emission for dye 5. 
"lhe absorption and emission spectra of the neutral, deproton- 
ated and protonated tbrms of dye 1 are given in Fig. 5 and 
the data tbr the other dyes are also collated in Table !. 

The absorption spectrum of the dyes remains unchanged 
in the pH range of 5 to 1. As the concentration of the acid is 
increased further, the peak around 380--400 nm keeps on 
shifting with ,an increase in the absorbance as shown in the 

3.3. Proton htduced fluorescence quenching 

The fluorescence quenching of all the dyes by protons 
occurred significantly without any change in the absorption 
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Fig. 4. (a) Emission spectrum of dye 2 in a 95:5 water-methanol mix=ure: 
( I ) dye alone. (21 pll 5. (3) pH 3.5. (41 pH 3.1. (5) pH 2.5. (6) pH 2. 
17) pH 1.5. (8) pH !, (9) 1t,,= -3, 1 IO) H.= --4. 1111H,= -5. (12) 
H,, = - 6. ( i 3 ) H. = - 7. pH "adjusted with H,SOa. (b) Emi.,,.,,ion spectrum 
of d~e $ in a 95:5 water-met "hanoi mixture: ( I ) dye ahme. 12 ) pH 3. ! 3 ) 
pH 2. (4) pH !.6. (51 pH 1.3.16) pH 1. (7) pH 0.8. 18) pit 0.5. (9-14) 
H., = 0 to -- 5. pH adjusted v, ith H:SO+. 

spectrum between pH 5 to !. Since the acid used was H.,SO., 
the presence of any quenching due to the SO.t" - anion have 
been examined by using external SO4'-  salts and found to 
be absent. This rules out the quenching due to a counter ion 
in the acid. Excited aromatic molecules having intramolecular 

charge transfer in the fluorescent state were quenched effec- 

tively by protons [28-311. Proton induced fluorescence 
quenching of  naphthol 1281, naphthylamines [29,301, l- 
methoxynaphthalene [ 31 ] and several othercompounds have 
beeh carried out in polar solvents at low acid concentration 

( [H.,SO41 =0.3 M). 
The Stern--Volmer plot of  l,,/! or t o / r  vs. concentration of  

HzSO4 gave a line,'u" relation, where 1,, and i denotes relative 
fluorescence intens:ty and ro and r are fluorescence lifetime 
without and with protons, respectively. Acridinediones have 
an ICT ( intramolecular charge transfer) state in which partial 
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Fig. 5. l a) Ab.,,orptitm spectra of the neutral ( ). dcprolt)natcd 
l- - -) at pH 14. protonated ( - - - - - )  at H,,~ - 7  fi)rms of dye 1 in 95:5 
watci-mcthantd. (b) Emis.,,ion .,,pectra t)f the neutral ( ), deprt)mn- 
ateu (- - - )  at pH 14. pmtonated ( - - - - - )  at H,,= - 7  forms of dye I in 
95:5 walcr-methant)l. 

electron transfer occurs from the nitrogen to one of the oxygen 
centers in ,,he excited state. It is reasonable to consider that 
the CT structure p!ays an important role in the proton induced 
fluorescence quenching. The proton induced fluorescence 
quenching is due to the protonation of  the oxygen center in 
the excited state. 

3.4. Fluorescence lifetimes 

The neutral form of tile dyes have a lifetime around 7.0- 
9.0 ns in the 95:5 water-  methanol mixture at 440-460 nm 

on excitation at their absorption maxima and a representative 
lifetime data analysis is given in Fig. 6. The lifetime of  the 
n~utral form decreases on adding acid or base. In strongly 
basic medium ( pH = 14) the deprotonatcd forms of  dyes 1- 
6 have a lifetime of ~.0-6.0 ns around 500-520 nm on exci- 
tation at the new absorption maximum. The fluorescence 
lifetime of the neutral, protunated and deprotonated forms of  
the dyes are given in Table 2. The data in Table 2 indicate 
that the protonated and deprotonated forms of  the dyes have 
a lifetime almost half of  that of  the neutral form, except for 
dye 5. Dye 5 has slightly higher lifetime for the deprotonated 
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Table I 
Absorption and emission data of the neutral, deprotonated (pH 14 ) and protonated (H,, = - 7 ) forms of dyes i-8 in a 95:5 water-methanol mixture 
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Dye Absorption A ..... nm lsosbestic Emission ~,,,, nm 
No. point 

Neutral Deprot. Prot. in NaOH Neutral Deprot. 
(pH 141 I/4,,= -7) (pH 14) CH,,= - 7 )  

I 396 472 410-430 420 458 522 491 
2 382 448 390--425 41)4 450 5 i 2 482 
3 380 450 390--420 406 454 515 494 
4 378 446 380--420 406 440 500 470 
5 378 444 380-42(I 404 440 4~ 8 466 
6 384 450 390--420 408 439 5(10 
7 4110 - 410-4J0 - 466 510 
8 382 - 3~)--430 - 4.%1. - 498 

. : . .  . 

i O0 i . ~ - - ~ . l  . . . . . . . . . . .  ~ q , 
o i o  20 ~lO 

TIM~ 110"9 se¢ 

:IF "'r .Ir ........... j 
Fig. 6. Lifetime profile of dye ! in a 95:5 water-methanol mi,tture 

Table 2 
Fluorescence lifetime of the neutral, dcprolonuted {pH 141, prutonatcd 
(H,, = - 7) fi~rms of dyes I--6 in a 95:5 water-methanol mixture 

Dye Lifetime (ns) 
No. 

Neutral  D e p r o t o n a l c d  Protonated 
(pH 141 IH,, = -7)  

I 6.8 3.11 3.4 
2 8.4 4.3 6.1 
3 8.7 4.0 4.2 
4 8.7 5.7 3.11 
5 5.0 5.7 3.6 
6 9.0 6.8 3.6 

lbrm in the presence of  sodium hydroxide than that of  the 

neutral form. 

The lifetime of  the neutral form of  the dyes decreases 
between pH 5 and 1. and at p H I  the lifetime is less than i n s  
which is measured around 440-.460 nm on exciting at their 
absorption maxima, in strongly acidic conditions (H,, = - 7), 
the protonated form of all the dyes have a lifetime of  3.0-- 

6.0 ns around 470--500 nm, on excitation at 390--430 nm. 

3.5. Determination o f  pK,, vahws 

The ground state pK, values were determined spectropho- 
tometrically and the excited state pK., values were determined 

using fluorimetric titration and Ft~r,.;ter's method. The excited 
state pK,, values calculated using the shift in the absorption. 
fluorescence, the E... value and fluorimetdc titration are given 
in Table 3. The excited state pK~, values were calculated using 
FiJrster's equatiot, 

p K , , -  p K * =  N h c ( v . x - v a )  
2.303 RT 

A reliable value of  pK~* can be calculated using the absorp- 
tion or fluorescence shifts, which depend on the thcrmalrelax- 

ation differences in the ground and excited states. In the case 

of  molecules which are more polar in the excited state, ther- 

mal relaxation will usually be mole in the excited state and 
thus the calculation of  pK~,* from the fluorescence provides 
the best estimate of  pK,,*. Whereas for the molecules which 

are more polar in the ground state, tP, c ab~rpt ion shift will 

be the best method to calculate the pK~,* values. The pK.,* 

values can be calculated using the fluorescence shifts, absorp- 

tion shifts and the average of both. or the Eo.,, value if all the 
three forms, the neutral, the deprotonated and the protonated 
have diff.:rent absorption and emission maxima. Since in our 

case all three forms have strong absorption and emission, we 

have calculated the pK,,* values using the shift in absorption. 

fluorescence and E,,.. value. Since the average method does 

not give the exact ~,.,, value we have calculated the Eo.o values 
from the intersection of  absorption and emission spectra. 

Table 3 
pK~ and pK~* ~alues calculated using different methods Ibr dyes 1-6 

Dye pK~ pK~* values" 
r i o .  v a l u ¢  

Fluorimetric Absorption Emission 
titratior. 

E,.. 

J 13.7 - 5.18 8.29 
2 13.7 12.05 5.63 8.07 
3 :3.75 12.05 5.17 8.28 
4 Y 3.4 12.2 4.95 7.68 
5 13.55 12.8 5.31 8.0 
,5 13,45 12.0 5.34 7.63 

7.18 
7.31 
7.53 
6.78 
6.67 
6.80 
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The .data in Table 3 indicate that the pK.,* values obtained 
from the fluorimetric titration are close to the ground state 
pK~ v',flues, which exemplifies the fact that the prototropic 
equilibrium is not established in the singlet state due to the 
shorter singlet lifetime of the deprotonated form. Similar 
behaviour has been observed for most of the heterocyclic 
[32-371 systems whose pK,, values were in the medium pH 
range (3--i 1 ). 

The pK~* value:..:an be calculated using the proton induced 
quenching technique which has been followed in recent years 
130.311 for the systems which undergo protonation, whereas 
this may not be useful for our case sin,-e we are interested in 
the pK~,* values for the dcprotonation equilibrium. Under this 
condition the besl method to calculate the pK,* value will be 
FOrster's method. In system,." like 6-aminochrysene [ 38 I, an 
agreement has been observed between pKj* (FT)  and pK.,* 
(av). which is argued as lile solvent relaxation in the ground 
and excited states cancelling in the average r.tethod. The pK,,* 
values calculated for our dyes from the absorption and fluo- 

rescence maxima using Fi~rster's method show discrepancies 
which may be due to the difference in solvent relaxation in 
the ground and excited states. So, we report pK,* calculated 
by FOrster's method using E,,.o values as the excited state pK~ 
value of the dyes under investigation in the basic condition. 
In our recent findings [ 39 ], in the reaction of the title dyes 
with amines with pK~ values I 1.2 to 7.5, such as diethylamine, 
triethylamine, DABCO. N,N-dimethyl benzylamine, mor- 
pholine and triethanolamine, we are able to deprotonate dyes 
1.6 in the excited state, whereas no change is observed in the 
ground state. The amines with pK,, values less than 7, such as 
N.N-diethylaniline, N.N-dimethylaniline and aniline, are not 
able to deprotonate dyes 1.6 in the excited state, which shows 
that the excited state pK, values are around 7 for the dyes. 
This evidence supports the fact that the pK~,* values calculated 
with the E,,,, value using FO,'ster' s method is more appropriate 
for the neutral and deprotonated species equilibrium. 

In acidic co.lditions no equilibrium exists in the ground 
state in the pH range 5 to !, while there is an excited state 

In basic Condlqon 

0 , 0 

H 
(,-.maw) 

In acidic condit ion (1t R=Hor other) 

6" 
O O 

I 
R 

~ + H  + 
pH = S to 1"~ 

+off_ 
-OH" 

pH = 10-14 

0 , 0 

R 

l . .  

o _. ÷oli 

R 

Scheme !. 

0 0- 

o o 

dd5 
(deprotonmted) 

. ~ o  g 0 to -7 

(protonmted) 
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reaction in this pH range. The absorption spectrum of  the 
neutral form changes when the pH ot 'the solution is decreased 

be low 1. The absorption maximum keeps shifting in the H,, 

range 0 to - 7  and the ground state pK,, value could not be 
estimated. The emission o f  the neutral form is quenched com- 
pletely at pH = ! and the protonated emissior, appears from 

Ho = 0 onwards.  Since the appearance o f  the I.,rotonated emis-  
sion is passing through the excited state react;on and no clear 

isosbestic point is seen for excitation, :he excited state pK~, 

values could not be evaluated for the acidic condition. 
The equil ibrium species presen'  in the presence o f  acid and 

base are as shown in Scheme I. 
it is inferred from the pK, and pK,,* values that the dyes  

are less basic in the excited state when compared to the ground 

state, in the case of  acridine, the basicity o f  the molecule  

increases on excitation [40,41 I- Since the nitrogen center  
does not have any acidic proton in acridine and no charge 
transfer between oxygen and nitrogen in the excited singlet 
state as in the case of  our  molecules,  the excited state pK,, 
values are higher than the ground state pK~, in the case o f  

acridine. The observat ion of  a low pK,* value for dye 5 is in 

conlormity  with the observat ion o f  the much enhanced inten- 
sity of  deprotonated emission o f  dye 5. 

4. Conclusion 

The protonated and deprotonatcd forms of  the dye  have 
strong red-shifted absorption and emission in the presence o f  
H_,SO.+ and NaOH.  respectively.  The proton induced fluores- 
cence quenching in the pH range of  5 to i is attributed to the 

protonation of  the oxygen center in the excited state o f  the 

dyes. The protonated and deprotonated forms of  the dye have 

a lower  lifetime than the neutral form. The presence of  an 
anisyl group in the ninth position of  dye 5 decreases the 
charge density on the nitrogen center and favours deproton- 
ation compared  to other dyes.  hence much enhanced depro-  

tonated emission and lower  pK:,* value. The presence o f  a 
CH~ group in the ninth position o f  dye  2 increases the charge 

density and hence has a stronger protonated emission than 

other dyes. The ground state pK, value for the dyes  does  not 
vary much on changing the substituents. Dye 5 has a !ower 
pK,,* value compared to other dyes  which is very obvious  
from the much enhanced deprotonated emission intensity. 

The pK, and pK,* values reveal that the dyes  are more acidic 

in the exc,.'ted state compared to the ground state. 

Acknowledgements 

The authors are thankful to the University Grants Com-  

mission tbr their sustained support  under the C O S I S T  pro- 
gramme in two phases. BV is thankful to the Univer,,;ity o f  

Madras and CSIR tbr the Re,~arch fellowship. The authors 
express their gratitude to Dr. A. Samanta, School of  Chem- 

istry, University o f  Hyderabad for extending the T C S P C  

facilities. 

References 

I I I T. F6r,,ter, Z. Electr(~:hon. Angnew. Phys. Chem. 54 ( 19.50142. 53 I. 
[ 2 ] A. Weller, Ber. Bunsenges. Phys. ('hem. 56 ( 19521 662, 
131 E. Van der Donokt. Prog. React. Kinet. 5 119701 273. 
141 H. Been.,,. K.H. Grellmann. M. Gurr. A. Wrier. Di.,,cuss. Faraday Soc. 

98 ( 19651 183. 
151 M. Kasha, J. Chem. Sot,, Faraday Trans. 82 ( 19861 2379. 
!6] J.F, Ireland. P.A.H. Wayatl. Adv. Phys. Org. Chem. 12 t 19781 131. 
17] P.T. Chou. M.L. MartineL J.H, Clements, Chem. Phys. Lett. 20~ 

( 19931 395. 
I 8 ] P.T. Chou. M.L Martinez. J.H. Clements. J. Phys. Chem. 97 ( 19931 

2618. 
191 W. Klopffcr. Ad,,. phott~hem. It) ( 19771 3! I. 
IO] A. Weller. Progr. React. Kinet. ! ( I%! ) 185. 
I I ] K. Weber, Z. Phys. Chem. BI5 ( 1931 ) tg. 
121 T. F6rster. Natum~iss. 36 ( 19491 186. 
131 T. Fiirstcr, Z. Electrochem. 54 1195111 42. 
141 T. F6~ter. Z. Elecm~.'hem. 54 ( 19501 531. 
15l A Weller, Z. Elecmx:hem. 56 [ 19521 662. 
161 A. Weller. Z. phy. Chem. (Frankfual 3 t 10551 238. 
171 A. Weller, Z. Phys. Chem. (Frankfurt) 15 ( 19581 438. 
18] P. Shanmugasundaram, P. Murugan, V.T. Ramakrishnan, N.Srividya, 

P. Ramamunhy. Heteroatom Chemistry 7 ( I t,~;6l 17 
[ 191 L. Lindqvi.~t, B. Czochralska, W. Kas,,ozynski, J. Photochem. Pl~to- 

bit)l. B: Biol. 23 t 1994) 207. 
[2()1 H.J. Timpc, S, Ulrich. J.P. Foua.~sier. J. Pholt~hem. Photobiol. A: 

Chem. 73 ( 19931 139. 
[ 21 I HJ. Timpe. S. Ulrich, C. Decker. J.P. Fona.,,sier. Macromolecules 26 

1221 K. Joseph Prabahar, V.T. Ramakfishnan, D. Sasikumar, S. Selladurai, 
V. M;,Lsilamani. Ind. J. Pure and Appt. Phys. 29 ! 1991 ) 382. 

1231 G. Yagil. J. Phys. Chem. 71 ( 19671 1034. 
[2-11 D. Dolman. R. Stew~u't, Can. J. Chem. 45 < It,~71 903. 
[25l T. F6r,+ter. Chem. Phys. [.ett. 17 ( 19721 309. 
1261 S.(;. Schulman, P. l.iedke, Z. Phynikhem. NF 84 ( 19731 317. 
127] D V Bent, E. Hayon. P.N. Moorthy, J. Am. Chem. Soc. 97 (1975) 

5O65. 
[2gl K. Tsulsumi. tl. Shizuka, Z. Phys. Chem. (Wiesbaden) 122 ( 19801 

129. 
1201 K. Tsutsumi, tt. Shizuka, Chem. Phys. Len. 52 (!977) 485. 
1301 K. Tsutsumi, H. Shizuka, Z. Phy,,. Chem. (Wiesbaden) I I 1 ( 19781 

129. 
[ 311 H. g;hizuka, S. Tobita, J. Am. Chem. Soc. 104 (1982) 6919. 
[ 32 ] S.G. Schuhnan, R.T. Tidy.ell, J.J. Cehuelli, J.D. Win¢l,)rdner, J. Am. 

(_'hem. Soc. 93 ( 1971J 3179. 
[331 R.E. Ballard. J.W. Ed~.vards. J. Chem. Soe. (19641 4868. 
134l SF. Manson, J. Philip. B.E. Smith, J. Chem. Sty:. A ( 1(.~8 ) ,~51. 
J 351 S.G. Schulman. -X.C Capomacchia. B. Tussey, Photochem. Ph+)tobiol. 

14 ( !971 ) 733. 
1361 S.G. Schulman, L. Sanders. Anal. Chim. Attn. 56 ( 1971 ) 83. 
137 ] S,G. Schulman, A.C. Calx)macchia, An~:l. Chim. Attn. 58 < 197219 i. 
[381 A.K. Mishra, S.K. I~gra, J. Pholochem. 23 ~ 19831 163. 
1391 B. Venkatachalapathy, P. Ramamurthy, submitted. 
14111 A. Weller, Z. El~trt,chem. 61 ( 19571 956. 
1411 A. Galhi, L. Brand, Chem. phys. Lett. 58 ( 19781 .LI6. 


