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Abstract 

Irradiation of tetrasodium salts of zinc(II) (Na ÷4ZnPcS 4-) and copper(II) (Na ÷4CuPcS 4-) tetrasulphonatophthalocyanine 
in the presence of triethanolamine, triethylamine or ethylenediaminetetraacetic acid in degassed aqueous acetonitrile (1:1 by 
volume) with red light at 656 nm exciting their Q band did not induce any reaction but that with UV light at 365 nm exciting 
their Soret band led to their reduction. The reciprocal quantum yields for photoreduction of ZnPcS 4- and CuPcS 4- on 365 
nm excitation increased with increasing concentration of the amines. The mechanism of the reaction was discussed and 
participation of a higher excited state of the phthalocyanines was suggested. 
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1. Introduct ion 

Metallophthalocyanines have long been used as dur- 
able dye pigments for various purposes (for example, 
Ref. [1]) and have recently received attention from 
photodynamic therapy (for example, Ref. [2]). However, 
one of the present authors (D.M,) and his collaborators 
noticed that tetrasodium salts of zinc(II) and copper(II)  
tetrasulphonatophthalocyanine (Na ÷4ZnPcS 4- and 
Na+4CuPcS 4-)  (Structure 1) were faded in polymer 
matrices on exposure to light, particularly when air was 
excluded. This finding prompted us to investigate pho- 
tochemical behaviour of the phthalocyanines in solution. 
We found that their irradiation in the presence of 
triethanolamine (TEOA)  in aqueous acetonitrile (1:1 
by volume) with visible light to excite the Q band 
induced no detectable reactions but that with UV light 
to excite their Sorer band resulted in their reduction 
[3]. Photoinduced electron transfer of phthalocyanines 
particularly with electron acceptors [4-7] and behaviour 
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of the resulting radical ions [8,9] have been investigated. 
However, attention has scarcely been paid to effects 
of light wavelength. We report  here a wavelength- 
dependent  photochemical reduction of ZnPcS 4- and 
CuPcS 4- with amines and discuss the mechanism of 
reaction. 

2. Experimental details 

2.1. Materials 

Na+4ZnPcS 4- and Na+4CuPcS 4- were supplied by 
Nippon Kayaku Co. Ltd. Amines employed were 
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commercial products and purified by ordinary proce- 
dures. 

2.2. Spectroscopy 

Absorption and fluorescence spectra were recorded 
with a JASCO Ubest 55 spectrophotometer and a 
Hitachi F-4000 spectrofluorimeter respectively. 

2.3. Cyclic voltammetry 

2. 7. Two-colour pulsed laser excitation 

Two-colour pulsed laser excitation was performed 
with 623 nm and 500 nm laser pulses with an appropriate 
delay time. The 623 nm and 500 nm lasers were supplied 
from excimer laser pumped dye lasers (Lambda Physik 
LPX100-FL3002 (rhodamine 101) and Lambda Physik 
EMG101-home-made dye laser (coumarine 307) 
respectively. 

In cyclic voltammetry, nitrogen-bubbled N,N-dime- 
thylformamide (DMF) solutions of 3.0 × 10 -3 mol dm -3 
MPcS 4- (M=Zn,  Cu) containing 0.1 mol dm -3 
Bu4NCIO4 (Nacalai Tesque) as a supporting electrolyte 
were examined by employing a platinum electrode 
against an Ag+NO3-/Ag electrode with a Hokuto HA- 
201 potentiostat-galvanostat combined with a Hokuto 
HB-104 function generator. 

2.4. Quantum yields of photoreduction 

Quantum yields q5 r for photoreduction of MPcS 4- 
(M=Zn,  Cu; 1 .0x l0  -5 mol dm -3) were determined 
in degassed aqueous acetonitrile solutions (1:1 by vol- 
ume) on irradiation of 365+25 nm light filtered by 
Toshiba UVD-36B and L-35 glass filters by use of 
chemical actinometry of acridine in methanol [10]. 
Photoreduction was also attempted by irradiating with 
656+5 nm light extracted through a bandpath filter 
(Melles Griot 03FIR006) from a 300 W xenon arc 
lamp. 

2.5. Transient spectroscopy 

Transient absorption was determined as previously 
reported [11] with 308 nm pulses from an XeC! excimer 
laser (Lambda Physik LPX-100) and with 670 nm pulses 
from a dye laser (Lambda Physik FL-3002; 10 ns full 
width at half-maximum, oxazine 720 dye) pumped by 
the 308 nm excimer laser. The monitoring light was 
oriented perpendicularly to the exciting laser beam, 
passed through a grating monochromator (JASCO CT- 
25C), and detected with a photomultiplier (Hamamatsu 
Photonix R928) and a storage oscilloscope (Iwatsu TS- 
8123). The system was computer controlled and the 
data were analysed by a personal computer (NEC PC- 
9801vm). 

2.6. Quantum yields of emission of  ZnecS 4- 

Quantum yields 4' F of S1 and S: emissions of ZnPcS 4- 
with maxima around 680 nm and 450 nm respectively 
were determined in aqueous acetonitrile (1:1 by volume) 
by use of rhodamine B (qsv=0.42) [12] as a reference 
on excitation at 390 nm and 589 nm. 

3. Results 

3.1. Absorption spectra 

ZnPcS 4- exhibited absorption maxima of the Soret 
band at 340 nm and of the Q band at 635 and 667 
nm in aqueous solution. The absorptions at 667 nm 
and 635 nm were assigned respectively to monomeric 
and dimeric species of ZnPcS4-; the later results from 
hydrophobic interaction [13]. In a very dilute solution 
(1 × 10 -6 mo1 dm-3), the absorption intensity was much 
higher at 667 nm than at 635 nm; however, with increase 
in ZnPcS 4- concentration, the intensity at 667 nm was 
reduced and that at 635 nm was increased with an 
isosbestic point; both absorptions finally led to com- 
parable intensities at 8× 10 -6 mol dm -3. Addition of 
acetonitrile to the aqueous solution increased the in- 
tensity at 667 nm and reduced that at 635 nm by 
hydrophobic interaction between the phthalocyanine 
nucleus and acetonitrile. Fig. 1 shows absorption spectra 
of ZnPcS 4- (1× 10 -5 mol dm -3) in water and a 1:1 
by volume mixture of acetonitrile and water. This figure 
indicates that ZnPcS 4- at 1× 10 -5 tool dm -3 mostly 
exists as a monomeric form in the mixture of acetonitrile 
and water. Addition of TEOA to an aqueous solution 
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Fig. 1. Absorption spectra of ZnPcS 4- (1 x 10 .3 tool dm 3) in water 
(spectrum 1) and aqueous  acetonitrile (1:1 by volume) (spectrum 
2). 
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of ZnPcS ~- had a similar effect on the absorption 
spectrum to the addition of acetonitrile. 

CuPcS "-  exhibited essentially the same features of 
the absorption spectrum as ZnPcS 4- with the maxima 
at 345 and 670 nm in aqueous acetonitrile (1:1 by 
volume). 

To determine the equilibrium constant 
K =  [(ZnPcS 4-)2]/[ZnPcS 4-]2 for dimerization of 
ZnPcS 4- in aqueous solution at ambient temperature,  
the absorption spectra were determined in varying 
concentrations of ZnPcS a- from 2 x l O  -8 to 2×1 0  -4 
mol dm-3. Fig. 2 shows plots of apparent molar ab- 
sorption coefficients • at 635 nm (~365) and 670 nm 
(•6vo) against log [ZnPcS 4- ], and shows that the • values 
increased at the former wavelength and decreased at 
the latter wavelength with increasing concentration of 
ZnPcS 4-. 

3.2. Emissions of ZnPcS 4- 

In analogy with several metallophthalocyanines ex- 
hibiting a weak violet fluorescence as well as the well- 
recognized strong red emission from the lowest excited 
singlet state (S~) [7,14-16], ZnPcS 4- displayed, in ad- 
dition to the reported fluorescence at 680 nm from S~ 
[17], a very weak emission around 450 nm from $2 in 
aqueous acetonitrile on 360 nm excitation as illustrated 
in Fig. 3. The quantum yields for fluorescence emission 
from $1 and S: were determined as 0.31 and 0.038 on 
excitation at 589 nm and 390 nm respectively. 

3.3. Electrochemical potentials 

The cyclic voltammetry afforded electrochemical po- 
tentials E~/2(ZnPcS4-/ZnPcS 5- ')  and Em(ZnPcS3- ' /  
ZnPcS 4-)  of -0 .63  V and +0.76 V respectively vs. 
saturated calomel electrode (SCE) and E1/2(CuPcS4-/ 
CuPcS 5- ')  as - 0 . 56  V in DMF in the presence of 
Bu4NCIO4 (0.1 mol dm-3).  The oxidation potential 
E(TEOA+'FFEOA) of T E O A  was also determined as 
+0.81 V vs. SCE in DMF. 

3.4. Stationan' light irradiation 

Irradiation of ZnPcS 4 (1 x 10 -5 tool dm -3) in de- 
gassed aqueous acetonitrile (1:1 by volume) in the 
presence of T E O A  with 656 nm light led to no change 
in the absorption spectrum. However, irradiation with 
365 nm light under otherwise the same conditions 
reduced the absorption of ZnPcS 4- at 670 nm and 
increased that at 580 nm; this is attributable to pro- 
duction of ZnPcS 5-" by one-electron reduction of 
ZnPcS 4- as illustrated in Fig. 4 for a 0.8 tool TEOA 
dm -3 solution. After the irradiation was over, intro- 
duction of air to the solution completely removed the 
new absorption at 580 nm and the absorption duc to 
ZnPcS 4- was regained. 

C u P c S  4 -  behaved similarly to ZnPcS 4-.  Excitation 
o f  C u P c S  4-  with 365 nm light in the presence of T EOA 
reduced the absorption of CuPcS 4- and increased that 
due to CuPcS 5-" at 580 nm, whereas excitation with 
656 nm light induced no spectral change. The observed 
spectral profile of CuPcS 5-" at 580 nm agreed with 
that produced from irradiation of CuPcS 4- in polymer 
matrices with light of wavelength longer than 3(10 nm 
[181. 

The production of one-electron reduced species of 
metallotetrasulphonatophthalocyanines (MPcS 5- ')  was 
confirmed by comparing the present spectra with those 
reported for electrochemical reduction of MPcS z- [19] 
and those obtained by treatment of MPcS 4- with sodium 
hydrosulfite in aqueous buffer (pH 11) solution, which 
afforded their e58o (mmo1-1 cm z) as 2.4x104 and 
1 . 6 X  104 for l~l=Zn and Cu respectively. 

Among the amines examined, TEOA, triethvlaminc 
(TEA), and ethylenediaminetetraacetic acid (EDTA) 
photoreduced ZnPcS ~- on 365 nm irradiation; however, 
1A-diazabi~clo[2.2.2]octane (DABCO), N,N-dimethyl- 
aniline (DMA) and pyridine were inactive. Furthermore.  
cvstein reduced ZnPcS 4 on both 365 and 656 nm 
irradiations. 

3.5. Quantum yields for photoreduction 

The quantum yield q), for photoreduction of ZnPcS 4 
was 1.3× 10 -3 in the presence of 0.8 mol dm-3  TEOA 
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Fig. 2. Plots of the apparen t  molar  absorpt ion  coefficients (a) ~63~ and (b) e~To against the concentra t ion of ZnPcS 4- in aqueous  solution. 
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Fig. 3. (a) Fluorescence spectra ( - - ,  O; . . . .  , *) of ZnPcS 4- on 
excitation at 360 nm and 589 nm respectively, and a fluorescence 
excitation spectrum ( . . . ,  [3) monitored at 730 nm in aqueous 
acetonitrile. (b) A fluorescence spectrum ( - - ,  O) of ZnPcS 4- on 
excitation at 360 nm and a fluorescence excitation spectrum (-- . ,  
n)  monitored at 450 nm in aqueous acetonitrile. 
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Fig. 4. Spectral change of ZnPcS 4- under irradiation with 365 nm 
light in degassed aqueous acetonitrile (1:1 by volume) in the presence 
of TEOA (0.8 tool din-3). 

or T E A  in aqueous  acetoni t r i le  on 365 nm excitation. 
CuPcS 4- exhibited near ly  the same order  of q u a n t u m  
yield, 1.1 × 10 - 3  for its reduc t ion  with 0.8 mol dm -3 
T E O A  in aqueous  acetoni t r i le .  The  q~r values of 
ZnPcS  4- and CuPcS 4- increased with increasing con- 
cen t ra t ion  of amines.  Fig. 5 shows plots of the reciprocal  
q u a n t u m  yield ( 1 / ~ )  for ZnPcS  4-  reduc t ion  against  
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Fig. 5. Plots of the reciprocal quantum yields for photoreduction of 
ZnPcS 4- (8x 10 -~ tool dm -3) against the reciprocal concentrations 
of (a) TEOA and (b) TEA and (c) that of CuPcS*- (1.6x 10 -5 mol 
dm 3) against the reciprocal concentration of TEOA in degassed 
aqueous acetonitrile. 

the reciprocal T E O A  or T E A  concen t ra t ion  and  that 

for CuPcS 4- r educ t ion  against  the reciprocal concen-  
t ra t ion of T E O A .  The  q~r values  of ZnPcS  4- with cystein 

(0.01 mol dm -3)  in aqueous  acetoni tr i le  were 7.4 × 10 -4 

and 5 . 7 × 1 0  -4 on 365 nm and  656 nm ir radiat ion 
respectively. 

3.6. Transient absorption 

Excitat ion of ZnPcS  4- with 670 nm laser in aqueous  
acetoni tr i le  in the presence  of 0.8 mol dm -3 T E O A  
afforded only the T - T  absorpt ion  of ZnPcS  4- with 
Area X = 490 nm, which decayed with a l ifetime of nearly 
100 /xs and accompan ied  a deple t ion  of the ground 
state absorpt ion  as shown in Fig. 6(a). On  the contrary,  
as depicted in Fig. 6(b), excitation with 308 nm laser 
resul ted in a new absorpt ion  at 580 nm due to format ion 
of ZnPcS 5-" in addi t ion  to the T - T  absorpt ion of 
ZnPcS  4- decaying with the same lifetime of nearly 100 
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d m  -3)  wi th  (a)  670  n m  a n d  (b) 308 n m  l a se r  pulses .  

/zs as determined on excitation with the 670 nm laser; 
the decay rate was not affected at all with the added 
TEOA.  

3. 7. Two-colour pulsed laser excitation 

To examine a possibility of participation of a higher 
excited triplet state in the reaction in aqueous ace- 
tonitrile in the presence of 0.8 tool dm -3 TEOA,  
ZnPcS 4- (2>< 10 -~ mol dm -3) was excited with a 623 
nm laser pulse and then 10 ~s after the first pulse 
with a 500 nm laser pulse. The first laser populates 
the T1 state, and the second laser subsequently excites 
T~ to a higher excited state. The two-colour laser 
excitation was repeated. Fig. 7 depicts the absorption 
spectra measured before and after the two-colour laser 
excitation repeated 1000 times. Two-colour laser ex- 
citation resulted in the same spectral change as the 
steady state irradiation of 365 nm light. Control runs 
to excite a solution with either 623 or 500 nm laser 
pulses gave no spectral change. 
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Fig.  7. A b s o r p t i o n  s p e c t r a  of  Z n P c S ' -  (2 × 10 - s  mol  d m  -3)  in a q u e o u s  

a c e t o n i t r i l e  in the  p r e s e n c e  o f  0.8 tool d m  -3 T E O A  b e f o r e  ( - - )  

a n d  a f t e r  ( • - • ) r e p e a t e d  t w o - c o t o u r  (623 n m +  500 rim) l a se r  exc i t a t ion .  

4. Discussion 

4.1. The equilibrium between monomeric and dimeric 
species of ZnPcS 4- 

In aqueous solutions ZnPcS 4- exists as monomeric 
(hm~ =667 rim) and dimeric (Am,x = 635 nm) forms in 
an equilibrium [20]: 

2(ZnpcS4-)  - • (Zn pcS4-)2 

In a very dilute aqueous solution, ZnPcS 4- mostly exists 
as the monomeric form. With increase in concentration 
it tends to dimerize by hydrophobic interaction between 
the phthalocyanine nuclei. From the plots of e6.~5 and 
E67o against log[ZnPcS"-] (Fig. 2), the equilibrium con- 
stant K between the dimeric and monomeric forms can 
be determined according to the following equation, 
where Em and ~D denote molar extinction coefficients 
of the monomeric and dimeric species respectively at 
the wavelength for measurement,  and c means the total 
concentration of ZnPcS"-  added: 

h'= (~-  Em)(~- E.,) 
2c(E~- E) 2 

that is, 

6 ~ ~5 d - -  
(era- ed)[1 -- (1 + 8cK) l/z] 

4oK 

Treatment  of the results in Fig. 2 by the above equation 
gives ~m (retool -1 cm ~) at 635 nm and 670 nm as 
6.5 × 104 and 2.8× 104 respectively and K as 4.7× 105 
mol-~ dm 3. The above very high K value reflects a 
high degree of dimerization of ZnPcS 4- in the aqueous 
solution. On addition of either acetonitrile (Fig. 1) or 
T E O A  (Fig. 4) to the aqueous solution, the absorption 
due to the dimeric species is reduced and finally dis- 
appears; however, the absorption and fluorescence spec- 
tra around 680 nm are essentially unaffected by either 
acetonitrile or TEOA. These facts mean that acetonitrile 
or added T E O A  serve as hydrophobic species to as- 
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sociate with a phthalocyanine molecule in place of 
another phthalocyanine molecule in the aqueous 
solution. 

4.2. Mechanism of the photoreduction 

ZnPcS 4- is not photoreduced by amines on visible 
light irradiation, but it is photoreduced on UV light 
irradiation. The T~ state observed on excitation with 
either 308 or 670 nm laser is not quenched by amines. 
These facts suggest that a higher excited state resulting 
from excitation of the Soret band, that is either the 
second excited singlet state, $2, or a higher triplet state, 
T,, produced from $2, may participate in the reaction 
with amines. The standard free energy change AG O for 
the electron transfer from TEOA to T1 is estimated 
to be 0.32 eV endoergonic on the basis of the triplet 
excitation energy of ZnPcS 4- of 1.12 eV [4] and the 
oxidation potential of TEOA determined as 0.81 V vs. 
SCE. On the contrary, the electron transfer to any 
higher excited state can take place as an exoergonic 
process as shown in Scheme 1. The AG O values for 
electron transfer to the $2 and T, states are estimated 
as nearly 1.66 eV and ca. 1.6 eV exothermic respectively 
on the basis of the energies of $2 and T~ as described 
below. 

As Fig. 5 indicates, 1/4~ of ZnPcS 4- is almost linearly 
increased with increasing reciprocal concentration of 
electron donors. This relationship indicates that the 
reaction may proceed through a mechanism shown in 
Scheme 2, where Pc stands for MPcS 4- and Pc* for 
the excited reactive species, and q~* denotes the quantum 
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Scheme 1. (a) An estimated energy diagram of ZnPcS 4- and (b) 
estimated electrochemical potentials for reduction of several states 
of ZnPcS 4- with TEOA. 

O* kq[D] 
lpc* ,.,x.'vx~ Pc* -'- (Pc : - o , , -  D .+) 
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Scheme 2. An estimated mechanism for photoreduction of metal- 
lophthalocyanines in the higher excited states. 

yield for production of the reactive excited state. Thus, 
an excited state Pc* resulting from the Soret band 
excitation is quenched by a donor D with a rate constant 
kq in competition with deactivation (rate constant 
(r*) -1) to give a radical ion pair of Pc-" and D +', 
which subsequently undergoes either charge separation 
(k,) into free radical ions or reverse electron transfer 
(krc) with an efficiency for charge separation offcs =kcs/ 
(kes + k r e ) .  

On the basis of the above mechanism, q~r is expressed 
by the following equation: 

kq[D] 
@~ = qb*f¢~ kq[D] + (r*)- '  

q~-' = (@*)- 'fc.~- ' (1 + ~ )  

In Fig. 5(a), the reciprocal of the intercept gives 
qt,*fcs- 1-3× 10 -3 and division of the intercept by the 
slope affords kq'r* as  310 mol-1 dm 3 for TEOA. When 
the quenching of the reactive excited state by D is 
assumed to proceed with a nearly diffusion controlled 
rate constant, 1 × 101° mol- 1 dm 3 s- ~, r* = 3 X 10 -~ s. 
Likewise, the results of photoreduction of ZnPcS 4- 
with TEA (Fig. 5(b)) afford the values of nearly the 
same magnitudes as above for g'*f~ and kqr* as 
1.t× 10 -3 and 220 mol -~ dm 3 respectively. 

Among the amines examined, TEOA, TEA, EDTA, 
DABCO, DMA and pyridine with oxidation potentials 
of 0.81, 0.76 [21], 0.76 [22], 0.57 [21], 0.81 [23] and 
2.12 [24] V vs. SCE in that order, the former three 
acyclic aliphatic amines effectively act as electron donors, 
but the latter three do not in spite of comparable 
magnitudes of the oxidation potentials of DABCO and 
DMA to those of the reactive amines. This fact may 
be due to lower reactivities of the resulting radical 
cations from the inefficient amines, DMA +', DABCO +" 
and pyridine +', in subsequent dehydrogenation than 
those of the reactive amines. The capability of the 
resulting radicals for further dehydrogenation will sup- 
press the reverse electron transfer with ZnPcS 5-'. 

The photoreduction with cystein proceeds on visible 
light irradiation as previously reported [5d] and is not 
dependent on excitation wavelength, g', was essentially 
the same on 365 and 656 nm irradiation. This is 
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attributable to a very. low oxidation potential of cystein 
( - 0 . 4 6  V vs. SCE) [25], which makes the electron 
transfer to T1 and a higher excited state exothermic. 

The photochemical behaviour of CuPcS 4- is essen- 
tially similar to that of ZnPcS4-; the plot of q5 
against [TEOA] -1 (Fig. 5(c)) gives a nearly linear 
relationship with an intercept of 1.2 × 10 3 and a slope 
of 9.6 mol -~ dm 3, affording qs*f~ as nearly 10 -3 and 
kq?* as  120 mo1-1 dm 3. These results again suggest 
that the reactive excited state can be alive for times 
of the order  of 10 -8 s. 

As to the wavelength-dependent photochemical re- 
actions, Ferraudi reported that UV irradiation of 
CuPcS 4- in acidic solutions led to dissociation of its 
dimer into oxidized and reduced species [26]. However, 
this is not the case for the present reaction carried 
out under the conditions where the most MPcS 4- exists 
as monomeric species. The present work is in keeping 
with reports by Prasad and Ferraudi that UV irradiation 
of copper(II)  tet rakis(N-oct adecylsulphamoyl)- 
phthalocyanine more effectively led to hydrogen atom 
abstraction from chloroform than visible light irradiation 
by participation of a higher excited state [27]. 

A few candidates can be considered as the reactive 
excited states which have properties of (/5*f~_ 10 --~ and 
7*= 10 s s. First, the second excited singlet state, S> 
directly resulting from the Soret band excitation will 
exhibit @*=1, f ~ < 1 0  --~ and ~-*~10 -8 s; the singlet 
radical ion pair generally undergoes very. poor charge 
separation and the situation is similar to the higher 
excited singlct state of some metalloporphyrins which 
undergo specific emission and reactions competing with 
non-radiative deactivation to the $1 state [28,29]. 

Secondly. the T~ state produced by intcrsystcm cross- 
ing of S~ will exhibit f ~ =  10- 1 and a very small value 
of q)* of the order of 10 2 since the triplet radical 
ion pair undergoes efficient charge separation and the 
higher excited singlet state generally undergoes internal 
conversion to $1 in preference to the intersystcm cross- 
ing. Higher excited triplet states are generally veu' short 
lived, but could undergo bimolecular reaction with a 
suitable quencher [30]. Thirdly, the metallophthalo- 
cvanines in the ground state may interact with anaincs 
to give coordinated complexes which would exhibit 
nearly the same spectra as the uncomplexed species 
[31] and their higher excited states might be reactive. 

Among these candidates, the higher excited singlet 
state seems improbable. On 360 nm excitation, ZnPcS 4 
exhibits a very. weak emission around 450 nm together 
with a strong emission at 680 nm similarly to several 
metallophthalocyanincs exhibiting emission at the violet 
region [7,14-16]. The S: state generally undergoes in- 
ternal conversion to S~ facilely; however, $2 lying at a 
much higher energy level than $1 emits specific fluor- 
escence in addition to the fluorescence from $1 as 
observed in azulene [32] and zinc(II) tetraphenylpor- 

phyrin [29]. The energy gap between S, and $1 in 
ZnPcS a estimated as 1.28 eV is larger than 0.71 eV 
in zinc(II) tetraphenylporphyrin [29], although smaller 
than 1.61 eV in azulene [33]; therefore,  the S: state 
of ZnPcS 4 could participate in the reaction competing 
with the violet emission and internal conversion to the 
$1 state. However, the violet emission arising from 
excitation of the Soret band is not effectively quenched 
by TEO A  in aqueous acetonitrile. 

The 7" value estimated as 10 -~ s may be slightly 
large for higher triplet states. However, the results of 
two-colour laser excitation support the participation of 
the upper excited triplet state, T,,. The repeated two- 
colour laser irradiation, with the first laser at 623 nm 
to populate the T~ state and with the subsequent second 
laser at 500 nm to excite the T~ state to a higher triplet 
state, resulted in reduction of ZnPcS 4- as for the steady 
irradiation of 365 nm light. This means that the Sz 
state resulting from the excitation of the Soret band 
can undergo intersystem crossing to the T,, state, which 
seems to lie at nearly the same energy level as the S, 
state. The energy for $2 is estimated as 3.10 eV over 
So from the overlap point of the Soret band absorption 
and the emission in the violet region, and that of T,, 
is estimated as about 3 eV from the longer part of the 
T - T  absorption. The efficiency of the intersystem cross- 
ing must be poor because of competition with very 
rapid internal conversion. When the T,, state partici- 
pates, f~ could be 10-1, and then q~* nray be around 
10 :. 

A coordinated complex between ZnPeS 4 and the 
anrines as the third candidate of the rcactive state is 
excluded, since the intensity of the S~ ttuorcsecnce was 
not quenched by amines. 

In conclusion, ZnPcS 4- and CuPcS ~ arc photo- 
reduced with amines such as TEOA, TEA and EDTA 
in aqueous acetonitrile with relatively small quantum 
yields of the order of 10.3 under irradiation with UV 
light but not with visible light. The reaction seems to 
take place at a higher excited state such as the T,, 
state derived from Se. 
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