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Abstract 

A quantitative (multistep) excitation-deactivation model of rose bengal (RB) has been developed which includes energy and electron 
transfer to oxygen and the possibility of photoproduct formation via higher excited triplet-singlet states. The model is based on previous 
measurements of non-linear absorption (NLA) and emission of RB with picosecond pulses at 532 nm and on NLA measurements with 
nanosecond pulses. A coupled rate equation and photon transport equation approach for non-linear light-matter interaction is used. The 
resulting term scheme with all relevant excited state parameters confirms that (i) in the first excited state of RB, relevant absorption at 532 
nm takes place only in the triplet, and (ii) the previously reported intensity dependence of RB-sensitized enzyme inhibition is well modelled 
by the intensity-dependent RB-T1 population and (as the main process) subsequent energy transfer to form singlet oxygen. 
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1. Introduct ion 

There is much current interest in using high intensity 
pulsed lasers to excite organic compounds to upper excited 
states that may produce reactive species not formed by the 
lowest excited states [ 1--6]. Sequential two-photon absorp- 
tion at a single wavelength is possible when the dye possesses 
the appropriate absorption cross-sections and the appropriate 
pulse length is used. Interest in this approach to photodynamic 
therapy (the treatment of tumours with dyes plus light) is 
motivated by the possibility that the toxic species produced 
from upper triplet or singlet states, most likely radicals, will 
affect cells by a non-oxygen-dependent mechanism and thus 
allow treatment of oxygen-depleted tissues. A second moti- 
vation is the possibility of delivering the high excitation 
energy necessary for radical formation by two photons of 
lower energy; this allows use of photons in the red region 
(the "therapeutic window") with maximum tissue trans- 
mission. The more highly energetic upper excited states of 
certain dyes and drugs have been shown to react to form 
species which may be toxic to cells [ 1,7-9]. 

To apply this approach effectively, it is important to estab- 
lish the absorption cross-sections and kinetics of the excited 
states of a candidate dye. In this paper we present such an 
analysis for the dye rose bengal (RB). 
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Recently it was shown that one-photon excitation of RB to 
a higher electronic state (A~xc=308 nm) resulted in an 
enhancement of the photoinhibition of red blood cell acetyl- 
cholinesterase as compared with excitation to the first excited 
singlet state S~ (A~xc = 532 nm) under comparable excitation 
conditions [ 10]. The main photoinhibition effect was trig- 
gered by singlet oxygen, O2 (1A g), generated by energy trans- 
fer from the lowest triplet state of RB (T~). However, an 
additional effect via a higher excited state was caused by 
initial formation of a highly reactive radical [7]. Trials to 
obtain a comparable enhancement by two-step excitation 
So ~ $1 ~ Sx (where So is the ground state, S~ the first excited 
singlet state, and Sx a higher excited singlet state) with 532 
nm pulses failed. This is rather unexpected because in many 
organic molecules with 7r electron systems there is an S1-S x 
absorption with transition moment and bandshape compara- 
ble with those of the So-S1 absorption (e.g. Refs. [ 11-13] ). 
Moreover, RB has an excited state around 260 nm (corre- 
sponding to twice the SI energy) in the conventional So 
absorption spectrum (Fig. 1). Even if the pure electronic 
transition $1 ~S x  is prohibited by selection rules, a non- 
vanishing transition probability is expected for S~-~Sx 
because of simultaneous vibrational excitation (Herzberg- 
Teller effect). In addition, there is at least one example that 
the same radical can be generated via a higher one-photon 
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excited state as via stepwise two-photon excitation to a higher 
electronic state [ 8 ]. 

To gain deeper insight into the excited state behaviour of 
RB, we completed the experimental investigations by addi- 
tional non-linear absorption measurements at 532 nm using 
nanosecond pulses. Based on a rate equation system [ 14], 
we developed a quantitative excitation--deactivation model 
for RB ( term scheme with relevant excited state parameters). 
This model describes the experimental results (non-linear 
absorption, intensity dependent emission, intensity depend- 
ence of 02(IAg) generation and photoinhibition) and con- 
firms that the RB singlet excited state absorption at 532 nm 
is indeed vanishing small. 

excited by a nitrogen laser pumped tunable dye laser (wave- 
length region, 510-550 nm; pulse duration, 1.4 ns; pulse 
energy, 15/.d). The cross-sectional area of the laser beam at 
the cell entrance was approximately 3 × 10 -s cm 2. The max- 
imum available photon flux density was 1027 cm-  2 s-1. To 
minimize the influence of photochemical reactions on the 
measurement, the sample cell (optical pathlength, 0.1 cm) 
was shifted perpendicular to the optical axis after every laser 
shot. The relative error of the intensity-dependent transmis- 
sion measurement was about 2%. 

All calculations were carried out on an AT-compatible 
microcomputer by means of a special software package CALE 
[14]. 

2. Materials and methods 

RB was supplied by Aldrich (UK). It was used without 
further purification. The solutions were prepared with bidis- 
tilled water using phosphate-buffered saline (PBS) tablets, 
pH 7.4, from Sigma. All measurements were carried out at 
concentrations c < 10 -4 M. 

Ground state absorption cross-sections (cf. Fig. 1) were 
calculated from the absorption spectra recorded with a Beck- 
man UV 5270 spectrophotometer. The fluorescence lifetime 
of RB in PBS was measured using the single-photon counting 
equipment which was described elsewhere [ 15 ]. 

2.1. Non-linear absorption 

Non-linear absorption measurements were carded out util- 
izing the equipment described in Ref. [ 16]. The sample was 

3. Model description 

3.1. Photoactivation of rose bengal at high excitation 
intensities 

In general, the absorption of photons by an organic mole- 
cule causes a cascade of photophysical and photochemical 
processes. The scheme for photoactivation of the first excited 
singlet and triplet states of RB is as follows: 

RB +hv ~ 1RB* characterized by o'oll 

1RB* ) RB + h v  F characterized by kr 

1RB* ~ 3RB* characterized by klsc 

~RB* ~ RB characterized by kic 

3RB* ~ RB + hl)ph characterized by ~'Ph --I 

(1) 
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where trol is the absorption cross-section of the ground state, 
~~ is the rate of deactivation of the first excited singlet state 
by fluorescence, kisc is the intersystem crossing rate, kxc is 
the radiationless deactivation rate of the first excited singlet 
~,tate by internal conversion and Zph- ~ is the phosphorescence 
iifetime of the triplet state in an oxygen-free solution. 

At high photon flux densities a second photon may be 
~bsorbed by the molecule. The related excited state absorp- 
ion cross-sections and relaxation rates are given by tr~x, ks~ 
or the singlet and O'TT , kT. for the triplet state: 

RB* + hi, > ~RB** characterized by O-~xl 

RB** ) ~RB* characterized by ksx (2) 

RB* + hu > 3RB** characterized by tr-r-rl 

RB** ) 3RB* characterized by kT, ' 

ks was shown in Ref. [ 17 ], the interaction of the lowest RB 
xiplet with molecular oxygen O2 produces singlet oxygen 
'32(~Ag) with about 75% efficiency and the superoxide anion 
"adical O2"- with about 25% efficiency: 

RB* + 302 ) RB + 02(lAg) characterized by kaco: 

~ R B * + 3 0 2  ) RB "+ +02"- characterized by ksoco~ (3) 

O 2 ( t a g )  ) O2-q-hlt L characterized by ~-a -1 

0nl (x, t) 

O t  

0na(x, t) 

On4(x, t) 

0t 

0ns(x, t) 

0t 

0nv(x, t) 

Ot 

- -  = t r o l ( n 2 - n x ) l  
Ot 

+ ( kr +kic)  n3 + n5 / Zph + ka c02n7n5 

0n2(x, t) 
= o'ol (nl - n 2 ) I -  n2kFc 

=O-ex(n4--?13)l 
Ot 

-- ( kr + kic + kisc)n3 + nnksx + n2kF¢ 

- -  = Orex(n 3 -- n4) I - -  (ks x q- kphoto)n 4 

= o-t-r (n6 - ns) + kT,n6 + kiscn3 - ns/  
0t 

~'ph -- (kso) + ka ) c02nvn5 

0716 (X , t)  
- -  = o'a--r( n 5 - n6) I - -  (kT, Jr" kphoto,)n 6 

- -  = n8/ra - (kso + ka ) c02nvn5 

(5) 

':02 is the concentration of molecular oxygen in the solution 
(in an oxygen-saturated solution Co2 = 1.2 × 1 0-3 M [ 1 8 ] ); 
ka and kso are the rates of energy and electron transfer to 
form singlet oxygen and superoxide radical anion respec- 
tively. ~'a is the luminescence lifetime of singlet oxygen. 

As well as the formation of photoproducts via the lowest 
triplet state, photochemical processes starting from higher 
excited triplet or singlet states cannot be excluded. For 
instance, as was shown in Ref. [7], RB undergoes a photo- 
chemical reaction (homolytic cleavage of carbon-iodine 
bonds) if it is excited with the UV radiation of a xenon arc 
lamp. This process was not observed on irradiation at 514 
nm, indicating the involvement of a higher excited state in 
the photochemical reaction. The formation of photoproducts 
(e. g. RB" and I" as described in Ref. [ 7 ] ) from higher excited 
triplet or singlet states at high photon flux densities is consid- 
ered in our scheme by 

3RB** ) PP characterized by kphot o, 

~RB** ) PP' characterized by kphot o (4) 

kphoto,/<-photo' are the formation rates for the photoproducts PP 
and PP' respectively. 

The reaction scheme given by Eqs. (1 ) - (4 )  corresponds 
to a system of kinetic equations describing the incoherent 
interaction of organic molecules in solution with a strong 
laser field. The rate equation system for the normalized pop- 
ulation densities ni(x,  t) of the RB ground and excited states 
is given by 

Ons(x, t) 
= kaco2717n5 - ns['rA 

Ot 

0719(X, t) 
Ot = ks°c°2nsn7 

Onlo(X, t) 
Ot -- ks°c°2nsn7 

Onll(x,  t) 
0t = ?14kphoto -k- n6kphot o, 

where the photophysical parameters are the same as described 
in the reaction schemes ( 1 ) -  (4) and kFc is the Frank-Condon 
relaxation rate constant. The normalized population densities 
are assigned to the energy levels (Fig. 2) as follows: n~, 
singlet ground state (So) of RB; n2, n3, first excited singlet 
state (S 1 ) of RB; ?14, higher excited singlet state (Sx) of RB; 
ns, n6, first (T1) and higher (T,)  excited triplet states respec- 
tively of RB; 717, ns-, triplet ground state and first excited 
singlet state respectively of oxygen; 719, nlo, ground states of 
the RB cation radical and the superoxide anion radical respec- 
tively. The normalized population density nH refers to pho- 
toproduct (s) generated from higher excited singlet or triplet 
states of RB. It holds that , ~  l?1i = 1 for all x and t. 

The initial conditions at t = 0 and x = 0 are given by 

nl +n7= 1 
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Fig. 2. Formal energy level scheme describing excited state absorption and possible pathways of one- and two-photon photochemistry ofRB; for the photophysical 
parameters cf. Table 1. 

where 

CselaS 
n l  = 

Co2 -1- Csens 

Co2 
n 7 = 

C02 ~ Csens 

Co2 is the molar concentration of molecular oxygen, c .... is 
the molar concentration of RB molecules and ni = 0 for i 4= 1, 
7. 

The propagation of the laser pulse in the x direction through 
tlke sample cell is described by the photon transport equation: 

~I(x, t) 
= - N l ( x ,  t )  [ O'ol ( n l  - n2) 

ax 

a t- O'ex ( n  3 --  n4 )  -Jr- O-TT(n5 --  n6)  ] (6) 

where I (cm -2 s -1) is the photon flux density of the laser 
pulse and N (cm -3) is the total concentration of RB mole- 
cules and molecular oxygen (N=  NA(Co2 + c .... ), NA being 
Avogadro's number). The population densities ni(x, t) in Eq. 
(6) are taken from the solution of Eqs. (5). 

The model considers excited state absorption of the RB 
molecules only and not those of the photoproducts generated 
by energy and electron transfer to molecular oxygen. This 
seems to be justified for the following reasons: (i) the super- 
oxide radical anion O2"- absorbs strongly in the UV region 
(250-300 nm) and not in the visible region [ 18]. (ii) As is 
known from the literature [ 17], the absorption spectrum of 
RB" ÷ has a maximum at 470 nm ( o-n~x = 6 × 10- 17 cm 2 ) and 
appears to decrease sharply at longer wavelengths [ 17], 
whereas the absorption coefficient for RB "÷ has not been 
measured at 532 nm. In addition, the rate constant of the 
electron transfer to molecular oxygen is very slow in com- 
parison with the pulse duration. Thus the probability of 
absorption of a photon by the radical cation (the second with 

respect to the first photon which is absorbed by the RB mol- 
ecule and which generates the triplet state) is very low. 

3.2. Determination of excited state formation yield 

The classical definition of quantum yield formulated as the 
ratio of the number of molecules that have reacted or have 
been formed to the number of photons thereby absorbed 
should be re-examined for the case of multiphoton processes. 
In general, in the case of a single-photon-initiated reaction 
from an excited singlet or triplet level the quantum yield of 
the process does not depend on the intensity of the excitation 
source. At high excitation intensities the probability of 
absorption of a second photon by an excited triplet or singlet 
state is a function of the excitation intensity itself. That is 
why Nikogosyan [ 19] proposed to define the photoreaction 
quantum yield in this case as the number of molecules which 
have reacted with respect to the total number of photons 
absorbed. The total number Qab, of absorbed photons in an 
optically thin sample may be expressed by 

Qabs = j I ( x ,  t) [ O'ox ( nl - n 2  ) 
, , ¢  

0 

+O'ex(n3--n4) +O-TT(ns--n6)] dt (7) 

where n/is the number of molecules in a certain excited state 
i, determined from the solution of the rate equation system 
(5). 

The relative excited state formation yield is then given by 
oo 

- -  n i d . b s  (8) r/i= ~'i 
o 

where ~ is the lifetime of the excited state i. It can be seen 
easily that the relative excited state formation rate r h defined 



by Eq. (8) gives at low excitation intensities and under steady 
state conditions (that means n3 = O'o~l~'F << 1 and n~ = 1 ) the 
fluorescence quantum yield if % = kr- 1 and the intersystem 
t:rossing yield for % = ~-p,. 

In our experiments (relative enzyme inhibition yield due 
' o singlet oxygen generation and-or radical formation by RB 

10] ) instead of the excited state formation yield as defined 
n Eq. (8), the ratio of the number of molecules in the excited 
,rate to the number of incident photons was measured. 

.l. Results 

t- 
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The intensity-dependent transmission of RB in PBS 
::xcited with 1.4 ns laser pulses at 532 nm is shown in Fig. 3. 
Fhe transmission of the sample of 0.20 at low photon flux 
tensities agrees with the low signal transmission value that 
~vas obtained using the Beckman UV 5270 spectrophotome- 
:er. As can be seen from Fig. 3, the transmission of the sample 
increases with increasing photon flux density. It reaches a 
value of 0.67 at a photon flux density of about 1027 c m  - 2  

-- J. The increase in transmission from the beginning of non- 
]inear absorption at 1024 photons cm -2 s -  ~ to the maximum 
,:ransmission value covers an intensity range of about 3 orders 
,3f magnitude. An analytical treatment of non-linear absorp- 
:ion [ 14] shows that such a behaviour can be explained only 
by an energy level scheme containing at least two consecutive 
absorption steps (cf. also the negative test calculation without 
any excited state absorption in Fig. 3). Further, because the 
transmission increases with increasing photon flux density, 

Table 1 
Photophysical parameters of rose bengal-phosphate-buffered 
(A~,~ = 532 nm) together with relevant data for singlet oxygen 

saline 

Parameter Value Status Ref, 

o'ol 1.8 X 10- t6 cm 2 Fixed This work 

rF 78 ps Fixed This work 
~,c 0.98 Fixed [ 20,21 ] 
kl~ 1.1 X 10 l° s-1 Fixed [20,21] 
o'ex < 10- ~a cm 2 Fixed This work 
kFc 1012 s - l  Fixed This work 

ra 4.4/zs Fixed [22] 
ka + kso 1.6 X 109 M -  1 s -  1 Fixed [ 18] 

ka/(ka+kso) 0.76 Fixed [18] 
~'r~ 150 ms Fixed [ 18 ] 
k-r, + k.photo, (205:5)  X 10t2 s -1 Variable This work 
kvhot o, < 10 m S- 1 Variable This work 
o ' ~  (7.4 + 0.7) X 10-17 cm 2 Variable This work 

the relations O-ex<(1/2)O'ol and O ' T T < ( 1 / 2 ) t T 0 1  hold. 
Because of a high intersystem crossing rate (see Table 1), 
the triplet state of RB is populated with nearly the same 
efficiency as the St state in the case of nanosecond excitation. 
For this reason it is very difficult to distinguish between a 
singlet-singlet and a triplet-triplet absorption utilizing only 
nanosecond excitation pulses. Thus, for the determination of 
the absorption cross-sections o-ex and o'7-r from non-linear 
absorption measurements additional information is neces- 
sary, e.g. from experiments using a different excitation pulse 
duration. 

Measurements are already available for the non-linear 
absorption and emission of RB obtained using picosecond 
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Fig. 3. Measured ( • )  and calculated ( - - )  intensity-dependent transmission of RB-PBS (c = 1.4 X 10 - 4 M, Aexc = 532 nm, ri,,p = 1.4 ns, d = 0.1 cm ). For 
photophysical parameters cf. Table 1. For comparison the intensity dependent transmission ( . . . .  ) for the hypothetical case of  only one step absorption 
( o-o, = 0 cm 2, trTr = 0 cm 2) is also shown. 
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Fig. 4. Measured (II) [ 10] and calculated ( - - )  intensity-dependent transmission of RB-PBS (c = 1.8 × 10 -6 M, Ae~c = 532 nm, ~',~p = 40 ps, d = 1 cm). For 
comparison the intensity-dependent transmission for the hypothetical case of o'ex = 10-16 cm 2 is also shown. 

pulses [ I0 ] .  The increase in transmission from the initial 
value of  about 0.8 to a final value of nearly 1.0 covering an 
intensity range of  2 orders of  magnitude (Fig. 4) was attrib- 
uted to ground state depletion. It was concluded that there is 
no or only very weak Sl ~ Sx absorption [ 10]. Because of 
the short pulse duration (40 ps) relative to the $1 lifetime 
(Table 1 ) formation of  the triplet state is not very efficient 
during the pulse and consequently the intensity-dependent 
transmission curve is hardly influenced by triplet-triplet 
absorption. 

Both the nanosecond and the picosecond non-linear 
absorption curves can be fitted using the energy level scheme 
depicted in Fig. 2 and the rate equation system given by 
Eqs. (5).  The photophysical parameters which were used 
for curve simulation are listed in Table 1. We tried to fit 
both curves assuming O'~x = 0 cm 2 and varying o ' r r  and 
r v = ( k p h o t o , + k v , )  -a.  The  other parameters were fixed 
during the fitting procedure. The minimization procedure 
[14] yields a triplet absorption cross-section O'rr of  
(7.4 +0 .7 )  × 10-17 cm 2 and an excited triplet state lifetime 
rv, = 50 ± 15 ps. The goodness of  fit x is scarcely influenced 
by the rate kphet o, of  photochemical reactions starting from 
T,. An upper limit of  about 101° s-1 was found for the 
parameter. 

The goodness of fit is defined as 

where T, i",. are the measured and calculated transmission values and n is 
the number of measured points. 

Taking into account the experimental error, our data fit 
both curves (Figs. 3 and 4) well. Only the non-linear absorp- 
tion curve measured with nanosecond pulses is sensitive to 
variations in (rrr. The goodness of  fit for the non-linear 
absorption curve measured with picosecond pulses decreases 
by 1 order of magnitude if the singlet-singlet absorption 
cross-section O-ex exceeds 10 -18 cm 2, and more for higher 
O-ex (Fig. 4).  Because of the low value of O-~x, it was not 
possible to determine from the curve fitting at 532 nm the 
lifetime ~'s = ( k s  +kphoto) -1 of  the formally introduced 
higher excited singlet state Sx. 

To test the reliability of  the model we calculated the relative 
emission intensity as a function of incident photon flux den- 
sity of  the picosecond laser pulses. For this purpose we solved 
the differential equation system (5) using the photophysical 
parameters presented in Table 1 and the experimental data 
given in Ref. [ 10]. From this solution the normalized emis- 
sion intensity was calculated as the number of  molecules 
emitting from S] (fi3 = fon3(x  = O, t) dt) divided by the num- 
ber of  incident photons. The shape of  the curve calculated 
this way agrees with the measured non-linear emission curve 
of RB (Fig. 5) given in Ref. [ 10]. 

A further test of  the model was to compare the decrease in 
enzyme inhibition efficiency observed at higher intensities 
[ 10] with the calculated yield of  toxic species. First we cal- 
culated the excited state formation yields for picosecond and 
nanosecond excitation (Figs. 6 and 7).  In both cases a 
decrease in r/s, and Dr, at high excitation intensities was 

found. On the contrary, the higher excited triplet state for- 
mation yield Dr. increased with increasing intensity. In the 
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wen in Table 1. A~.¢ = 532 nm. ~'~mp = 40 ps. )t~,, > 550 nm. 

~: ase of  picosecond excitation, r/r, reaches a saturation value 
~,f about 3 x 10 -2 at 5 x 1028 photons cm -2 s - l  (15 GW 

m-2) .  Despite this opposite behaviour of  rtrl and ~r,, the 
value for rtr , is always greater than that for r/r,. Thus, for 
both picosecond and nanosecond pulses (at least in the range 
, ,f reasonable excitation intensities), the efficiency of  a pho- 

toreaction (kphoto,) starting from higher excited triplet state 
T,  is lower than that of  an energy or electron transfer starting 
from T~. The relative contributions of  photoproducts (level 
11) generated by the higher excited triplet state, of  RB "÷ 
radicals (level 9), of  superoxide radical anions 02"- (level 
10) and of singlet oxygen (level 8) to the enzyme inhibition 
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10 o . . . . . . .  

10 q 

1:ira p = 1 . 4  n s  

1 025 1 026 

. i i l  i i i i ~ i i  I i i i i i i~. 

q 10 -2 

10"3t 0 -4 ~ qS1 
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1 0 2 4  1 0 2 5  1 0 2 6  

photon flux density [cmZs 1] 
=ig. 6. Excited singlet and triplet state formation yields as a function of incident photon flux density. Calculations are based on the photophysical parameters 
,~iven in Table 1. A~xc = 532 nm, ~'lmp = 1.4 ns. d = 0.1 cm. 
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Fig. 7. Excited singlet and triplet state formation yields as a function of incident photon flux density. Calculations are based on the photophysical parameters 
given in Table 1. Aexc=532 n m ,  " r i m p = 4 0  ps, d= I cm. 
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Fig. 8. Intensity dependence of RB-mediated enzyme inhibition (U) [ 10]. Calculated overall 02(tag) production (population density of level 8, cf. Fig. 2) 
per incident photon ( - - )  according to formula (5) is also shown. Calculations are based on the photophysical parameters given in Table 1. Aex c = 532 nm, 
~,,p= 40 ps, d= 1 cm. 

reported in Ref. [ 10] will depend on their quan tum yields 
for formation and their reactivity with the enzyme.  Photo- 
products (e.g. RB" and r )  formed from an upper excited state 
of  RB have been shown to be about  200-fold more  reactive 
than singlet  oxygen [7] .  Assuming  that the main  mechan i sm 

leading to enzyme inhibi t ion in the presence of  oxygen 
induced by irradiation of  RB at 532 nm using picosecond 
pulses is the generat ion of  singlet oxygen,  we calculated the 
quotient  of  the overall number  of  molecules  of  level 8 

(~8 = f ~ n s ( x  = O, t)  dr) and the number  of  incident  photons 
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a. ~, a function of the photon flux density. At low intensity, the 
calculated relative ~O2 yield is 0.75 reflecting the quantum 
y~eld for its formation by energy transfer from RB triplet 
[ 17]. The relative ~O2 yield decreases with increasing photon 
flux density reflecting the greater transmission of these sam- 
pies (cf. Fig. 4). As can be seen from Fig. 8 the calculated 
c lrve has the same general shape as the experimental curve 
c,~tained with picosecond excitation. A contribution from 
radicals (RB "+, O2"-) or photoproducts generated from 
kigher excited triplet state (levels 9-11 ) is possible because, 
a~ shown in Fig. 8, above a photon flux density of about 10 27 

c m - 2 s -  i the enzyme inhibition is greater than that predicted 
[" y the calculated relative singlet oxygen production. 

However, the contribution by photoproducts to enzyme 
~hibition is only possible if the photoproducts were formed 

with 100% efficiency from the T~ state or are more than 100- 
l:)ld more effective than 10 2 since, in this intensity range, the 

ield of TI is about 100-fold greater than that of T~. 

.~. Discussion 

From the measurements and calculations it can be con- 
luded that the scheme of RB photoactivation given by Eqs. 
1-5) describes the picosecond and nanosecond non-linear 

~bsorption behaviour, and the picosecond non-linear emis- 
ion behaviour as well as earlier experiments concerning the 

,~tensity-dependent enzyme photoinhibition mediated by 
:'B. 

The picosecond intensity-dependent transmission meas- 
urements were fitted well when absorption from $1 to S~ was 
~ot permitted to compete with absorption from So. In contrast, 
itting the nanosecond intensity-dependent transmission 
neasurements required inclusion of competing absorption by 
T~. These results confirm the earlier assumption [10] that 
here is no or only very weak $1 ~ Sx absorption for RB in 
tqueous solution at 532 nm. The relation ~rex(532 
lm) < 10-18 cm 1, which means that ~r~x < 10 2o-m, charac- 
erizes RB as one of the very few known examples where 
:~xcited state absorption within the spectral region of the 
";o ~ $1 transition is absent, although there is a transition at 
wice the S ~ energy: So ~ Sl -~ Sx (532 nm) and So ~ Sx (266 

1 Irl ) .  

From our measurements and calculations the lifetime %, 
>f Tn and the absorption cross-section o 'w for the transition 
F~ -+ Tn were estimated. The relatively long-living T. state 
50 ps) favours photochemical reactions starting from T.. 

Unfortunately it was impossible to determine from our exper- 
imental data the exact rate constant for these reactions; only 
an upper limit ( 101° s -  1 ) of kohoto, could be estimated. From 
the literature some other molecules exhibiting a relatively 
long higher excited state lifetime are known. For example, 
the lifetime of the T2 state of several substituted anthracenes 
amounts to 20-200 ps [ 23 ], and the effective T2 photochem- 
istry of anthracene in acetonitrile [24] was attributed to a 
long-living excited triplet state. 

The absorption cross-section O'xx found by our calculations 
is about 2.4-fold lower than that o- m for the So -~ $1 transition. 
It corresponds to an absorption coefficient of 19 600 M-1 
cm-  1. In literature, no data at 532 nm seem to be available; 
at 580 nm and 590 nm values of 3400 M -  1 c m -  1 and 14 500 
M-~ cm-1 respectively have been reported [20]. 

The approach presented here may be useful for initial eval- 
uation of dyes to be used for intensity-dependent photo- 
sensitization [8] because it allows estimation of the 
cross-sections for absorption by the lowest singlet and triplet 
excited states in comparison with that for the ground state. 
Sequential two-photon absorption to upper singlet states will 
be enhanced as ~rex approaches O-o! and rF > rimp. Likewise, 
sequential two-photon absorption to upper triplet states will 
be favoured when o 'w approaches ~rol and rF < Timp (whereby 
rF should be dominated by kisc). The wavelength to be used 
for an optimization of the intensity-dependent photochemis- 
try can be selected by measuring the intensity-dependent 
transmission at several wavelengths, calculating the absorp- 
tion parameters and choosing the wavelength with optimal 
values of O'ol, ~rex or o'rr. If  the relevant excited state para- 
meters of the molecule have been determined, the laser par- 
ameters (A, rimp and I) for an optimized excitation regime 
can be calculated. 

The capability of predicting the intensity-dependent for- 
mation yields of the excited state species is useful for evalu- 
ating whether or not sequential two-photon absorption 
produces a biological effect in cells. For example, if the ratio 
of calculated singlet oxygen yield to the relative photosensi- 
tization by a dye decreases significantly with increasing inten- 
sity, it will indicate that reactive, toxic species produced from 
upper excited states are contributing to the biological effect. 
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