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and  spectral [ 141, [ 151 behavior of fluorescence  under non- 
linear  conditions,  phosphorescence  spectra [ 161, changes 
in the laser  pulse shape  during  the  transmission  through 
the cell  [2], [7], fluorescence  delay  time  [17],  etc.  These 
data, accompanied by the low-intensity  spectral data such 
as  line  shapes,  quantum yields, and  absorption  cross sec- 
tions  from  the  ground  state,  can give us more detailed 
knowledge  about  the energy levels of the system and  the 
rates of transfer  among  them. 

Every interpretation of the results of experiments 
carried  out at  high laser  intensity  assumes  an  energy level 
model,  and  the  experimental  data  are fitted to  the level 
diagram using either 1) steady-state  approximation; 2) 
thin-layer  approximation; or 3) exact  solution  of  the 
coupled  spatial  and  temporal  equations.  In  a  previous 
paper  [IS] we compared  the  three  methods  and  found un- 
der what  conditions  approximations 1 )  and 2) are valid 
and  under  what  conditions  they fail. In  particular,  it  was 
shown  that  working  under  a  certain  approximation  can 
usually explain one set of experiments  while  it  fails to ex- 
plain another set.  Making  an  exact  calculation  can give a 
set  of rate  constants  and  extinction coefficients that fits in 
a  self-consistent  sense  many of the  experimental data 
described in the  literature.  This was  indeed done in the 
case  of  cryptocyanine [ 181 solutions in methanol, on which 
a  wealth  of  experimental 
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TABLE I 
RATE CONSTANTS AND ABSORPTION CROSS SECTIONS OF METAL-FREE PHTHALOCYANINE; ENERGY LEVEL 

DIAGRAM IN INSERT TO FIG. 1 ___- 
- 1  

-_ . . ... - . . ... ... . . .. ... . .- 

k21  sec   k34  sec - 1  k32 sec-' k41   s ec - '  k31   s ec - '  6 3  cm 
2 

- 
This work 

0 . 6 5 ~ 1 0 - ~ ~  (24) 2x1011-2x1012  (11) < 2x103  (16)a 1.1aX1o9 (7) 1.25x108  (91b Li tera ture  

2x10-16 1011 _" 1.6 3x10' 9X109 5 X 1 3 s  

va lues  
1 . 5 1 ~ 1 0 ~  ( n b  2x1o- l6  (8) 5 . 9 ~ 1 0 ~  (26)f lo9 ( 1 1 ) ~  

1 . 3 1 ~ 1 0 ~  ( 7 ) h  

3 . 6 ~ 1 0 ' ~ ~  (27 )  ( 2 6 ) ( 1 4 )  lo4  ( 7 l C  7 . 1 5 ~ 1 0 ~  [:O)b 

3 ~ 1 0 - l ~  (2;) 1 ~ 39x106 (5)  

1 .19x108 (3o)g 

lo6  ( l o ) e  

4 . 6 ~ 1 0 - l ~  (28)  2X1O6 ( 7 ) d  

6 ~ 7x103  (10)' 5 . 8 ~ 1 0 - l ~   ( 1 1 ) ( 9 )  

* These  values  are  best  fitted  to all calculations of all the  experiments  discussed in the  text. 
a Estimate  from  phosphorescence of metal  porphyrins  at -77°C. 

Radiative  part  only  from  integration  on  absorption  band. 
Recovery  of  the  original  absorption,  degassed  sample. 
Same  as  footnote c,  nondegassed  sample. 

e Room  temperature. 
' From decay  rate of triplet  absor2tion. 
g From  radiative  lifetime  and  yield of 0.6. 

From  radiative  lifetime  and yield of 0.1. 
* From  ratio  of  fluorescence vield at different  oulsewidths. 
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Measurement  at -77°C. 

percent  transmittance, while the exact  calculation gives 
only 60 percent.  The  disagreement  becomes  more 
pronounced  as  the  original  transmittance decreases. 

3) Exact  calculation  solves  the  simultaneous  equations 
(1) and (2) numerically. The solution is done by the 
Runge-Kutta-Gill  method  and a full d199s TmH10 d199scon ofgof 

p r o n o f   a
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lo7  cm-'  obtained by Gouternam et  al. [30]. The 
fluorescence quantum yield was measured by the  latter 
authors  to  be 0.6, which implies  a total decay rate of the 
fluorescing level at 1.3 X IO8 s-l. 

All these  low-intensity data suggest  a  minimal  model of 
four levels. The experiments  described below were fitted by 
calculation  according to  the scheme  shown in the  insert to 
Fig. 1. 

A .  Saturation of Transmission (Kosonocky et  al. [9]-[1 I ] )  

A solution  of  phthalocyanine was irradiated by a  ruby 
laser and  the  transmission  of  the  sample was measured  at 
right  angles by a  low-intensity source,  Fig. 1 shows  the ex- 
perimental  results  and  the  calculated  curve  according to 
the  rates of Table  I.  This was done  both in a  steady-state 
approximation with the  author's  rates [ I   I ]  and by an exact 
calculation with these  same rates.  Although  a  good  agree- 
ment was obtained between experimental  points  and  a 
steady-state  model  with  adjustable  parameters  (plot  l),  the 
exact  calculation  with  the  same  parameters  (plot 3) 
deviates  largely  from  experiment. The  rate  that yields a 
best fit  in our model by means of exact  solution  (Table  I) 
produces  a  fair  agreement  with  the  experiment  (plot 2). 
The sensitivity of the  calculation to  the model and  the 
parameters will be discussed  below. 

Gires [SI obtained residual  transmission at very high  in- 
tensities;  however, the  author himself 02 residual  transm0 1  (. )Tj0.0493999 Tc 1.2621 0 980ill t h a b l u r 6 u  t h e  4 0 . 0  - 0 . 0 1 0 0 t T c  0  T w   4 . 8  2 . 6 1 1 6  0  T 2 8 8  T d  ( m e n t h r 4 . 8 4 4  - 1 . 1 4 2 9  T 3 o 7 0 8 0  - 0 . 0 1 0 H , P c 0  T w   6 . 2 2 3 3  0  T d  ( 4 4 6 T h e  ) T j  0 . 5  2 2 6 . 9 9 9  ( r e s 6  0  T d  3 5 9 T h i s  ) T j V  ) T j  0  T c   4 2 . 6 1 1 6  0  T 2 8 8  T d  ( m e n T d  ( r  0  1 0 . 5  7 7  4 4 9 . 3  T i m s e l f  ) T j  t e s .   A l t h o u  T . 2 5 2 4  0  T d h   9 7 0 9 o T c  - 0 . 2 1 0 0 1  T w   - 1 1 . 8 m e n t   ( 0 2  ) h 2 . 5 4 3 0  - 0 . 0 1 0 0 s  T c  0  T w   9 . 2 0 6 7 n  
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0.4 : t  

Laser I n t e n s i t y  W / c m '  

Fig. 4. Fluorescence  versus  laser  intensity of H,Pc.  Plot I-exact calcula- 
tion  with  parameters  fitted by steady  state,  parametersandenergy  scheme 
(two levels) of [8]; plot  2-experimental  data of [8]; plot 3-exact calcula- 
tion  with  proposed  model  and  rates of Table I .  Laser  pulsewidth 30 ns, 
OD, = 1.22 

lifetimes compared  to  the laser  pulsewidth);  however, the 
existence  of  a  slow-decaying  triplet state  contradicts  this 
assumption  and  thus causes the  steady-state  and exact 
calculation to deviate  from  the  experimental  behavior 
(Fig. 4, plot 1). The  four  energy level scheme, on  the  other 
hand, yields agreement  with  experiment  (plot 3). Anothel 
phenomenon  observed  experimentally  during  saturation 
of fluorescence [lo] is the  broadening of the fluorescence 
time  profile under high-flux irradiation.  This was at- 
tributed by the  authors  to  the existence of a  long-lived 
delayed  fluorescence component  due  to consecutive ab- 
sorption of  a  second  photon  at  ruby wavelength  either by 
the excited  singlet or by the  triplet. Such an explanation 
turns  out  to  be unnecessary in our model,  since  broaden- 
ing of the fluorescence  time  profile in this  model  results 
directly  from the calculations. 

D.  Absolute Fluorescence intensity  (Kosonocky et al. [9]) 

The integration of the  time profiles  of the  population of 
level 2  over  the  spatial  elements  along  the cell is propor- 
tional to  the measured  fluorescence  intensity F = k21RN2, 
where k21R is the  radiative  rate  from level 2 to  the  ground 
state (level 1). The measured  peak  integrated  fluorescence 
flux generated by a  known  ruby pulse [9] divided by the 
calculated  peak  integrated  population with the  former 
constants gives kZlR = 1.2 X lo8 s-1. This  value should  be 
compared with the value 1.25 X lo8 s-' to 7.15 X lo7 s-' 
obtained  from  the  integration of the  absorption  curve [9], 
[30]. These  radiative lifetimes are based on ibtegration of 
the  spectra  and  are  therefore  liable  to  the  same experimen- 
tal  errors  as  the  measurement of the  extinction coefficient. 
The  total decay rate  depends  on  the  standard used for 
calibrating  the fluorescence yields [30], [32]. Taking  these 
facts  into  account,  our  results  are well within the ex- 
perimental  error. 

Kosonocky et al. [lo] measured  the  ratio between 
fluorescence  peak  intensities  for  excitation  with two 
different  laser  pulsewidths: 20 ns and 80 ns, in order  to 
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T i m e . n r  

Fig. 5.  Transmission of H,Pc at 6328 A versus  time.  Plot  I-ruby  laser 
pulse  shape;  0-experimental  data of [7] ;  A-calculated points  with 
proposed  model  and  Table I parameters.  Laser  peak  intensity  2.6 
MW/cm2, OD, (6943 A) = 0.3, OD, (6328 A) = 0.14. 

determine  from  the fluorescence ratio  thus  obtained (= 17) 
the intersystem  crossing  (ISC) rate  constants.  The 
magnitude of this  constant  invoked by steady-state 
calculations [lo]  combined with this  result  was lo8 s-l. 
Their  results  could  not  be  reproduced by us, even when 
varying k,, between 108-10'' T0 0 10.5 2ot  be968]740 10.9 334.6 487.7 Tm(k,,)Tj0 Tc6 455.5 5702u54n7920 1 Tf49.4 0 0 10c 2.5125 0 T Tf 0 Tc  10.6 455.9.4 0740 10.h(6328 w i n , 4 I 3 4 9 . 7  a 1 . 6 3 1 1  . 7  T m  ( =  ) T j  / F 2 0  1  6  0 n 1 J  T f  0 . 0 3  T c   8  0  0  2 - T c  o 7 0  T 7 9  T c  - 0 . p e r i m e n t aw i n , ( =  d 8 T d  ( f l u o r e s r u i a b s o r p  T c  . 0 0 9 9 9  . 0 2 9 1  0  T d  ( b y  ) 6 0 ' '  ) T j  / F 1 0 l T c  l 2 . 2 8 1 6  0  T d  ( w h e n  ) 1 6 a t e  ) T j  2 0 . 1 9  T w   8  0  0  8 . 3  2 5 0 4 8 2  T d 4 . 3 9 8 1 u l a t i o n s  wh50 07' f l T j  r s y s t e m   c r d i d  - 0 . 0 5  T w   1 0 . 3   T c w i 7 7  o f T c w 7 7  
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TABLE I1 
RATE CONSTANTS AND ABSORPTION CROSS SECTIONS OF CHLOROALUMINUM PHTHALACYANINE; ENERGY 

LEVEL DIAGRAM IN INSERT TO FIG. 6 

i-' u 12 (an2)  c3 (crn2) k q l  (3ec-l) k32 (rec") .k24 (sec-') kal (sec-') 
I 

t 
I 

a Estimate by fitting results of [7] to two-level model. 
Estimate  from fluorescence  delay. 

e Radiative  part  only  from  oscillator  strength, 
Recovery of initial  absorbance. 

e Estimate for intersystem  crossing. 
Decay of blue  fluorescence. 
Decay of red  fluorescence. 
Estimate  for  internal  conversion. 

I An estimate. 

0 
IO I 0 6  10' 108 109 

L a s e r  l n t e n s l t y  ~ ~ / c r n ~ )  

Fig. 7. Fluorescence  intensity of CAP versus laser  intensity.  Plot I-red 
fluorescence: exact  calculation:  plot 2-red fluorescence: data of [8]; laser 
width 30 ns, OD, = 1.22; A-blue fluorescence: exact  calculation; 
.-blue fluorescence: data of [12], laser width 20 ns, OD, = 0.5. Both  by 
model of insert of Fig. 6 and  parameters of Table 11. 

forms very well with 6 ns  of our computations.  This value 
should also  be compared with 8 ns as  calculated  for  the 
delay of the fluorescence of H,Pc [ l l ] .  

D. Laser Pulse Shaping 

Hercher et al. [7] measured  the  change of  laser  pulse 
shape  during  its  passage  through CAP solution at various 
light  intensities. It  turns  out  that  appreciable (2-3 ns) 
narrowing  occurs in this  process at  intermediate  inten- 

sities, while small  changes  take place at low and high in- 
tensities. This  familiar  behavior [2], [18] is reproduced by 
our model  calculation and is found  to  be sensitive to  the 
excited-state  absorption, in the sense that  for vZ3 > ulz, 
broadening of the laser  pulse  occurs  instead of narrowing. 
It is unfortunate  that  such  interesting  experimental  data 
are  not  available with more  details, since  they  could  be 
used as  a sensitive  criterion  for more precise determination 
of the  parameters involved. 

E. Discussion 

Table I1 summarizes  the results  of  this  work  together 
with  literature  values.  The  higher  value  of  the 
triplet-singlet  decay rate  compared  to  that  found in the 
case of the  metal-free  phthalocyanine is caused by the in- 
crease of spin-orbit  coupling  because of the existence of 
metal in the  compound; still higher  values are  estimated 

of 0Td(used )Tj0mated in crease 

t b y   T c   7 . 1 0 6 8 8  T d  ( e  T c   1 3 . 3  0 d  (  0  0  1 0 1 2 F 5 ) z ,  ) T j  / F 8 e  ) T j  0  T c 9 T d  ( t f  ) 1 9 j  0 . 0 0 9 k Z l R 1 0 . 5  0  0  9 . 8  5 3 6 . 4  4 2 2 1  Discussion I1 > s t i l l  are (Discussio Tc -18.825d(as   0d( 0 0 1010Tc -0.21m(> )Tj Tc42 8 0.02 1 10.009kZlR/(k,,10.5 0 0 9.8 536.4 4223)Tj0.007 Tc 8e )2 1 10.009+13.3 0 0 14.1 5294 0 T5.adenin5.ad43m(>2 1 10.009/I2*(at )Tj0 9.8 536.4 42221 Tw 18e )45901>2 1 10.009=at )Tj0 Tc 1.18sn > 2  1  1 0 . 0 0 9 1 8 s r 2  0  T d  ( I 1  ) T j  0  0  0 7 j  0 . 0 1 9 9 9 0 1  T w   1 . 1 9 4 2 4 9 6 0 1 > 2  1  1 0 . 0 0 9 w   9 d  ( t h e  ) T e r   v a l u e   o  0 . 0 0 9 9 9 9 0 1 7 4 8  T c  - 0 . 2 2  T w   0 . t  I1 of c a e x i s t e n c e  h i . t  I1 
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