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The stabilities of various porphin analogue compounds such as unsubstituted and substituted 
p ht halocyan i nes, tetrap henyl porp hyrin, nap ht halocya nine and tetraazaporp hyri n have been investigated. 
The compounds were dissolved either in organic solvents or water. Electronic spectra in the visible region 
were recorded after the samples were kept either under inert gas or air in the dark and under illumination. 
The rate of decay of absorption is explained by a decomposition reaction which is of first-order kinetics 
with respect to the porphyrin concentration. Illumination, and the presence of oxygen, enhance the rate 
of decomposition. In general, an increase of the size of the ligand and an increase of the electron donating 
ability of substituents further enhance the rate of decomposition. Central metal ions with open shell 
arrangements of electrons favour the photodecomposition of the molecules. Thin solid films of 
phthalocyanines obtained by vapour deposition were investigated for their stability in contact with either 
air or an aqueous electrolyte. The influence of a cathodic bias potential was studied in the dark and under 
illumination. When compared to the dissolved molecules the crystalline solids turned out to be much 
more stable although, decomposition could be detected in a long-term photoelectrochemical 
experiment. Decomposition products were determined and appropriate mechanisms are discussed. 

Porphin analogue compounds such as phthalocyanines (l), 
5,10,15,20-tetraphenylporphyrins (2), naphthalocyanines (3) 
and their substituted derivatives function as active components 
in various processes driven by visible light: photoredox reactions 
and photooxidations in solution, 1-3 activity in the photo- 
dynamic therapy of ~ance r ,~ .~ . '  photoelectro-chemical ce l l~ ,~* '  
photovoltaiccells **' and electrophotographicapplications. lo*' 

For the synthesis, purification and investigation of the above- 
mentioned properties the stability of the macrocyclic com- 
pounds is of fundamental importance. However, to our 
knowledge, no paper is available that concentrates on this 
subject . 

Several theoretical calculations show the apparent similarity 
between these macrocyclic systems and correlate predicted 
energy levels to those actually observed from absorption and 
emission The electronic spectra of the square 
planar porphyrins and related macrocyclic systems in solution 
are mainly characterised by an intense absorption band in the 
near-infrared region (Q band at 600-800 nm) and another 
intense absorption in the near ultraviolet region (B or Soret 
band at 300-400 nm). In the solid state the absorptions are 
preserved although broadened and split owing to weak inter- 
molecular interactions. 

In this paper the stabilities of various porphin analogue 
compounds 1-6 were measured in solution (organic solvents or 
water) and exemplarily for 1 as a thin film in an electrochemical 
cell or in the dry state. The macrocyclic compounds were 
employed as used in visible light energy conversion devices: 
solution of lo-' mol dm-3 in a quartz cell or ca. 100 nm thin 
solid films. The samples were kept either under air or inert gas 
in the dark and under illumination with visible light. The 
stabilities were determined quantitatively by the decay of 
absorption in the visible region of the electronic spectra. 

Results and Discussion 
Stability in Solution. -Measurements in organic solvents of 

the zinc and cobalt complexes of phthalocyanine (la), the zinc 

complex of2,3,9,10,16,17,22,23-octabutoxyphthalocyanine (lb) 
and the zinc complex of 2,3,9,10,16,17,22,23-octacyano- 
phthalocyanine (lc) allowed us to compare the influence of the 
central metal ion and of substituents on the stability. In 
addition, the zinc complex of 2,3,7,8,12,13,17,18-octamethyl- 
thi0-5,10,15,20-tetraazaporphyrin (4) was used. As water 
soluble compounds the zinc complex of the anionic 2,9,16,23- 
tetrasulfophthalocyanine (la), the metal-free cationic tetra- 
methylpyrido[2,3-b : 2',3'-g : 2",3"-1: 2"',3"'-q]-5,10,15,20-tetra- 
azaporphyrin (5) and the polymer-bound 6 were employed. 
The use of the zinc complexes of la, 2 and 2,11,20,29-tetra( 1,l- 
dimethylethy1)naphthalocyanine (3b) allowed us to study the 
influence of the ligands on the stability. 

lo-' mol dm3 solutions of the complexes were employed in a 
quartz cell. This concentration is comparable with those used 
for the investigation of sensitizer activities (photoredox or 
photo energy transfer reactions). 1*21 5-22 The stability was 
determined by the decay in the intensity of the main absorption 
band (Q-band for 1, 3, 5 or a Soret-band for 2,4, 6) in the 
visible region. The measurements were conducted in air or 
under argon either in the dark or under illumination (A = 
350-850 nm, 20 mW cm--2). 

The presentation and discussion of the quantitative 
measurements and results are started with the unsubstituted 
phthalocyanine la, before derivatives are referred too. 
Exemplarily, the change of the absorption spectrum over 
time is shown in Figs. 1 and 2 for the phthalcyanine zinc 
complex (la) dissolved in DMF after illumination either 
under argon or exposed to air. From Fig. 3 it is seen that 
under air the phthalocyanine is quantitatively decomposed 
after 3 h of irradiation whereas under argon only about 25% 
is decomposed after the same time. In both cases the decay 
obeys first-order kinetics in the concentration of the complex 
[eqn. (1); Ek,o = extinction at t = 0, EA,t = at different 
times, Fig. 41. 

(1) 
EL0 

E*,t 
In- = k,t 
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ia: R', R2 = H; M = zn, co 
lb:R1,Ff=OC4H*;M=Zn 
IC: R', R2 = CN; M = zn 
Id: R' = S03H, R2 = H; M = Zn 

It is assumed that the decomposition consists of reactions of 
the complex with 0, and/or the solvent. As the experiments 
were conducted under an excess of these reactants, the 
decomposition reaction is classified as being of pseudo-first- 
order kinetics. Values of kD and of the time needed to 
decompose 5%, 10% and 50% of the original compounds 1-6 
are listed in Tables 1 and 2. 

The comparison of l a  with M = Zn and M = Co shows that 
under air the cobalt complex exhibits a higher stability. Under 
argon in the dark the DMF solutions of both complexes 

H3CS 

H3CS SCH3 

4 

R R 

R R 
OH 

n =112 

are stable for several weeks whereas in the presence of air 
within one week 2.3% of the cobalt complex and 5.3% of the 
zinc complex is decomposed. It is seen from the values of Table 1 
that under illumination the decompositions occur rapidly, and 
this is even more pronounced under air. Phthalocyanines have 
been intensively investigated because of their potential use as 
sensitisers in electron and energy transfer reactions. From the 
fact that the decomposition reactions in the presence of 
dioxygen occur much more rapidly than under argon it is 
concluded that the macrocycle is oxidized during the reaction. 
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Two mechanisms with 0, are possible, either a direct electron 
transfer reaction or an energy transfer reaction leading to the 
formation of singlet dioxygen, '0, ('Ag), from triplet dioxygen, 
3 0 ,  (3~g.),1.2.1S-17 1 0, could, in a second step, attack the 
macrocycle and oxidize it. One necessity for efficient sensitising 
in electron or energy transfer is a high lifetime of the excited 
triplet state T ~ .  Phthalocyanines with central metal ions 
having a closed shell arrangement of their electrons, like Zn*', 
exhibit high triplet state life times, whereas phthalocyanines 

2.5 1 

2.0 

s 1.5 
0 

g 0" 1.0 
a 
0.5 

0.0 

having a paramagnetic metal ion like Co" possess only very 
short triplet life times (Table 3). If no other quenchers are 
present, the sensitiser is decomposed by the energy rich '0, 
or reduced dioxygen. For different zinc phthalocyanines under 

1 .oo 
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I 
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Fig. 3 Decrease of the relative extinction for l a  (M = Zn) at 1 = 
668 nm with time under illumination. 0: measurements under argon, 

300.0 400.0 500.0 600.0 700.0 800.0 900.0 *: measurements under air. 
A /nm 

Fig. 1 
times of illumination 

Visible spectra of l a  (M = Zn) in DMF under air at different 
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Fig. 2 Visible spectra of l a  (M = Zn) in DMF under argon at different 
times of illumination 

Table 1 Stability of compounds la-, 2 , 3 , 4  in DMF 
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Fig. 4 First-order plot of the decrease of the relative extinction for la  
(M = Zn) at 1 = 668 nm under illumination. 0: measurements 
under argon, *: measurements under air. 

Decomposition time/min 
Compound 
I/nm; e/dm3 mol-' cm-I Conditions k,/min-' 5% 10% 50% 

l a ( M  = Zn) 
668; 215 OOO 

l a ( M  = Co) 
667; 62 OOO 

lb(M = Zn) 
673; 240 000 

l c ( M  = Zn) 
693,92 OOO 

4 ( M  = Zn) 
664; 60 000 

2 ( M  = Zn) 
423; 380 000 

3 ( M  = Zn) 
760; 124 000 

argon/dark 
argon/illum. 
air/dark 
airlillum. 
argon/dark 
argon/illum. 
air/dark 
air/illum. 
argon/dark 
argon/illum. 
air/dark 
air/illum. 
argon/dark 
argon/illum. 
airfdark 
airlillum. 
argonldark 
argon/illum. 
air/dark 
air/illum. 
argon/dark 
argon/illum. 
airidark 
air/illum. 
argon/dark 
argon/illum. 
air/dark 
air/illum. 

stable 
8.2 x 10-4 62 
5.6 x 9 160 
2.1 x 2.5 
stable 
9.6 x 104 53 
2.5 x 20 500 
6.5 x 10-3 8 

7.8 x 104 66 
1.9 x 2700 
4.4 x 1.2 
stable 
5.8 x 1 0 4  88 
2.2 x 23 320 
7.5 x 10-3 6.9 
stable 
5.2 x 104 99 
1.7 x 30 180 
1.0 10-3 51 
stable 
7.7 x 104 67 
2.7 x 19000 
2.5 x 10-3 21 
stable 
2.5 x 10-3 21 
7.6 x 6 730 
1.5 x lo-' 0.3 

1.2 x 10-5 4 280 

128 
__ 

5.0 

110 

16 

I35 

- 

- 

- 
2.4 

181 

14 
- 

202 

105 
- 

137 

42 
- 

42 
- 

0.7 

845 

33 

720 

107 

890 

16 

- 

- 

- 

- 

690 

900 

277 
- 

277 

5 
- 
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Table 2 Stability of Ib (M = Zn) in various organic solvents and Id (M = Zn), 5 and 6 in water 

Decomposition time/min 
Compound 
I/nm; 4dm3 mol-' cm-' Solvent Conditions k,/min-' 5% 10% 50% 

lb  pyridine 
678; 142 000 

Ib DMF 
673; 240 000 

Ib toluene 
676; 184 000 

Ib C H 2 Q  
677; 138 000 

Id water 
672; 48 000 
5 water 
687; 102 000 
6 water 
406; 1 16 000 

argon/dark 
argon/illum. 
air/dark 
air/illum. 
argon/dark 
argon/illum. 
air/dark 
airlillum. 
argonidark 
argon/illum. 
air/dark 
airlillum. 
argon/dark 
argon/illum. 
air/dark 
air/ilium. 
air/dark 
air/illum. 
air/dark 
air/illum. 
air/dark 
air/illum. 

4.4 x 
6.6 x 
5.3 x 
7.8 x 10-3 
1.2 x 10-5 
7.8 x 10-4 
1.9 x 10-5 

1.4 x 10-4 

4.4 x 
5.1 x 

5.3 x 
8.6 x 
9.2 x 
3.3 x lo-, 

6.2 x 
3.9 x 

2.0 x 10-5 

1.1 x 10-3 
1.3 x 10-5 
3.2 x 10-4 
3.7 x 10-7 
2.3 x lo4 

1 1  660 
78 

9 680 

4 280 
66 

2 700 

10 060 
366 

9 680 

5 580 

2 560 

13 Ooo 
47 

4 000 
1 60 

I40 000 
220 

6.6 

1.2 

6.0 

1.6 

0.8 

- 

1 60 

14 

135 

__ 

- 

- 

2.4 
- 

753 

12 
- 

__ 

3.2 

1.7 
- 

- 

96 

330 

460 

__ 

- 

- 

1 050 

89 

890 

16 

__ 

- 

- 

- 
- 
__ 

81 

21 

11 

630 

2 165 

3 010 

- 

__ 

- 

- 

- 

Table 3 
and triplet state of some compounds 1-3 

Life time rT, quantum yield BT, and energy ET of the triplet state, oxidation and reduction potentials E (in V vs. NHE) in the ground 

E"(S+/S)  E ( s / s - )  
Compound tT/Fs 0T ET/eV [E(s+/sT*)] [E(sT*/s->] 

l a ( M  = Zn) 

l a  (M = Co or Cu) 

Ib(M = Zn) 

Ic(M = Zn) 

Id(M = Zn) 

2 ( M  = Zn) 

3 (M = Zn or SiR,) 

dioxygen 

1100' cu. 0.5' 1.13' +0.92' 

0.065' ~ 0 . 5 '  1.15' +1.11 ' 
(-0.21)' 

( - 0.05) ' 
(-0.41)" 

- + 0.72 24 

- + 1.55" 

- - 

- - 

245 ' 0.56' 1.12' +0.9525 
( -0.25) 25  

1200 0.88l 1.59' +0.95' 

11522 0.93 23 +0.58 l 2  

(-0.64)' 

(-0.45)" 
0.97 

-0.65 ' 
( + 0.48) 

( + 0.67) 
- 0.84 24 

(+0.29)" 
+ 0.05 24 

(+1.14)" 
- 0.65 2 5  

( + 0 ~ 3 ) ~ ~  
1.11 ' 

(+ 0.48) ' 
-0.71 '* 

- 0.49 ' 

(+0.32)" 

+0.34d 
-0.33/ -0.50' 

a Calculated values after ref. 25. ' Energy difference between 30, and 10,.23 Reduction potential for 02/02'- in protic and aprotic solvents.26 
Reduction potential for 02/H0,'-.26 

690 nm illumination photogeneration of '0, in quantum yields 
of 0.4-0.7 were described, whereas a substituted copper 
phthalocyanine shows a quantum yield of only 0.16.'5-'7 The 
higher concentration of '0, obtained by the zinc complex 
under irradiation results in an enhanced decomposition 
compared to the cobalt complex. The photophysical and 
photochemical properties of some complexes are listed in Table 
3. Because the oxidation potentials of the phthalocyanines 
E(S+/S*)  are only slightly more negative than E(O,/O,'-) an 
electron transfer to dioxygen as the second possibility cannot be 
excluded. It has been reported that the yield of '02 is at least 
one order of magnitude higher than that of 02*-.27 

In order to determine the decomposition products, a solution 
of 10 mg l a  (M = Zn) in DMF was illuminated in the presence 
of 0,. As main oxidation product phthalimide was identified 
by IR and mass spectra. Therefore '0, may react mainly with 
the unsaturated carbon-nitrogen double bonds of the interior 
ligand. The mechanism of the photooxidation of zinc tetra- 
phenylporphyrin (2) and other porphyrins by '0, obtained 

from 302 by porphyrin sensitisation [eqns. (2) and (3)] had 
been studied in The process involves singlet dioxygen 
addition to the macrocyclic ring followed by cleavage at the 
meso-positions [eqns. (4) and (5)]. Similar initial oxidation 
reactions of '0, with la  can be considered. For this reason the 
mechanism of energy transfer from the excited macrocycle la 
to form singlet dioxygen appears to be more probable when 
compared to the electron transfer leading to the formation of 
02' - . 

From Table 1 it is seen that an increase in the size of the 
resonant structure from 2 to l a  and to 3 (M = Zn) results in 
a reduced stability under the different conditions used. In the 
presence of air under illumination 50% decomposition occurs 
after 277 min for 2, after 33 min for la  and after 0.3 min for 3. 
Stability over a longer period was observed only under argon in 
the dark. Under air in the dark slow oxidation occurs (e.g. 5% 
decomposition of 3 after ca. 5 days). A bathochromic shift of the 
long-wavelength transition is observed in going from 2 to 1 and 
to 3 (Table 1). This shift is a result of narrowing of the HOMO- 
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Sens + hv - k e n s *  - 3Sens* 

3~ens* + 302 - sens + '02 

(2) 

(3) 

Q 

LUMO energy gap. l 2  Theoretical VEH calculations indicate 
that the extension of the conjugated system by annelation of 
benzene rings produces a continuous destabilization of the 
HOMO and consequently a lower reducing power of the 
macrocycle. Photophysical measurements with a substituted 
naphthalocyanine in benzene in the presence of dioxygen led 
to the result that the naphthalocyanine TI, obtained in a 
quantum yield of 0.20, can convert 30, to '0, in a quantum 
yield of 0.19.23 A similar quantum yield was found for 3 dis- 
solved in DMSO in the presence of 1,3-diphenylisobenzofuran 
as quencher." In measurements with sulfonated phthalocyan- 
ines and naphthalocyanines in methanollwater the photode- 
composition occurs in quantum yields of 1.1 x and 
3 x respectively.22 The lower aromatic character of 
the naphthalocyanine, shown by the destabilization of the 
HOMO,', seems to result in a fast addition of '0, at the 
G N  bonds of the interior Iigand resulting in easier photo- 
decomposition. 

The influence of substituents on the stability of phthalocy- 
anines is seen by comparing the measurements for the zinc 
complexes la-c. In the dark under argon only the octabutoxy- 
substituted phthalocyanine 1 b shows slow decomposition. The 
presence of air in the dark results in a decrease of stability. On 
illumination photodecomposition occurs rapidly: 10% decom- 
position under argon within 2-3 h and under air within a few 
minutes. The stability decreases in the order lc  (containing 
electron withdrawing substituents) > la  (unsubstituted) > 1 b 
(containing electron donating substituents). The increasing 
electron withdrawing effect at the phthalocyanine ring causes 
both the occupied and the unoccupied levels to shift to lower 
energy.30 This can be seen in the shift of the oxidation and 
reduction potentials to more positive values (Table 3). There- 
fore it is concluded that the reactivity of the electron acceptor 
dioxygen toward the phthalocyanine is reduced with decreasing 
electron density within the ligand. 

The investigation of the electrochemically well-characterized 
complex lc  led us towards the detection of approximate energy 
levels of species taking part in the photochemical reactions. If a 
solution of lc  in DMF is flushed with argon and illuminated (Fig. 
5) the absorptions of the Q-band at 693 nm and the Soret-bands 

'*O 1 ... fg-0 min 
I :  ; :  

.I - ! 
: i  

0 ! I  
* 0.8 

rg=60, 120 min 
fg= 180,30 min 
$=240,15 min 
$1360 min 

: , I . .  

-- 
A Inm 

a 

0.0 
300.0 400.0 500.0 600.0 700.0 800.0 900.0 

Fig. 5 Visible spectra of lc (M = Zn) in DMF under argon at different 
times of illumination 

at 340 nm and 400 nm decrease while new absorptions occur at 
470 nm, 590 nm and 770 nm with isosbestic points present, 
typical of a transition to a new chromophore. The developing 
spectrum is characteristic of the reduced l ~ . ~ '  An electron 
transfer reaction occurs that reduces themacrocycle [E(S/S-) = 
0.05 V us. NHE] 24 and oxidizes suitable donors which seem to 
be present, most probably as decomposition products of DMF 
(alkylated amines). As the reduction reaction was not observed 
with any of the other complexes the oxidation potential of these 
donors must be positioned between 0.05 V us. NHE and - 0.49 V 
us. NHE, the nearest other E(S/S-)  [Table 3, eqn. (6)]. 

lc + 'DMF'+ 1c'- + 'DMF',, (6) 

By bubbling air through this solution the absorption at 770 
nm vanishes and the original spectrum characterized by the 
absorption at 693 nm, is obtained indicating the re-oxidation of 
the macrocycle. Although the potential for the first reduction 
step of oxygen lies far away in the cathodic region [ED(O,/ 
O,'-)] = - 0.50 V DS. NHE J 26 its reduction under the present 
conditions is possible at potentials more anodic than 0.05 V 
us. NHE. A potential matching these results would be 
ED(O,/HO,'-) = 0.34 V us. NHE [Table 3, eqn. (7)J. 

1c'- + @, + H+ + lc + $H02'- (7) 

In the investigation of octamethylthiotetraazaporphyrin 4 
it turned out, that this complex is more stable against air than 
all other investigated compounds. On the one hand this is 
surprising, as 4 has an intermediate HOMO level (Table 3).32 
But on the other hand this is another example of the trend, that 
the larger the peripheral but conjugated aromatic system is, the 
lower the stability toward oxygen (4 > 1 > 3). The good 
stability of 2 (Table 1) gives further proof for this trend, as its 
phenyl groups are not conjugated with the macrocycle. The 
importance of the conjugated systems for an efficient de- 
composition may be seen from eqns. (4) and (5 )  as more stable 
transition states, intermediates and products are formed. 

Owing to the high solubility of the substituted phthalocya- 
nine lb (M = Zn) in various solvents, it was possible to 
compare the stability oi' this compound in DMF, pyridine, 
toluene and dichloromethane (Table 2). In every solvent the 
stability decreases in the following order: argon/dark > air/ 
dark >> argon/illumination > air/illumination. Only in the 
dark is a good stability over a few days observed. Under 
illumination, especially in the presence of O,, photodecomposi- 
tion occurs within a few minutes and the stability decreases as 
follows: toluene, pyridine > DMF > dichloromethane. In the 
case of dichloromethane under illumination cleavage of the C- 
C1 bond might occur, and the resulting radicals could be the 
reason for the rapid photodecomposition. 

To get a deeper insight into their usefulness in photodynamic 
cancer therapy and as sensitisers with the aim of water 
photolysis, complexes were also investigated in aqueous 



486 J. CHEM. soc. PERKIN TRANS. 2 1993 

0 2 0.6 
a 
0.3 

0.0 , 
300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 706.0 

1 /nm 
Fig. 6 Visible spectra of 6 in water under air at different times of 
illumination 

Table 4 Stability of l a  as thin film (thickness 100 nm) under 
illumination in air 

Decomposition time/min 

Sample k$min-' 5% 1 0% 

l a ( M  = Co)" - stable 
l a ( M  = Zn)" 4.3 x lo-' 120000 
l a ( M  = Zn)* 4.6 x loW6 I 1  OOO 
l a ( M  = Zn)c 1.4 x lo-' 3700 7 500 

"Film in contact with air. 'Film in 0.5 mol dm-3 aqueous KNO, 
saturated by air. Film in aqueous KN03 at - 60 mV us. NHE. 

solution as far as their solubility allowed. The stability of the 
zinc complex of the anionic tetrasulfophthalocyanine Id and the 
metal- free cat ionic tet rame t h y 1 p yridino te traazaporp h yrin 5 
were investigated at pH 7 in the presence of air in the dark and 
under illumination (Table 2). The rates of photodecomposition 
of Id and 5 containing electron withdrawing substituents are 
lower than the rate for octacyanophthalocyanine lc (Tables 1, 
2). As is well known, charged phthalocyanines form molecular 
aggregates such as dimers and oligomers even in dilute 
s o l ~ t i o n . ' ~ * ~ ~ - ~ ~  This is seen by a bathochromic shift of the Q- 
band absorption to shorter wavelength for Id and 5. 
Carboxylated phthalocyanine zinc complexes exhibit a quan- 
tum yield of '0, formation for monomeric species of 0.7 and 
for the dimeric species of only 0.1 owing to bimolecular 
processes of triplet-triplet annihilation. ' The lower amount of 
'0, formation by Id and 5 in water in comparison to the 
other phthalocyanines in organic solvents existing in a non- 
aggregated state is therefore responsible for a higher stability. 
But the photodecomposition of Id and 5 under illumination in 
the presence of 0, shows that the use of these sensitisers for 
water splitting by photoredox processes seems not to be 
promising. In addition, tetrahydroxyphenylporphyrin bonded 
to methoxypoly(ethy1ene glycol) (compound 6) was tested for 
stability in water (Table 2). This compound is important for 
use in the photodynamic therapy of cancer and shows a high 
accumulation in tumours and a good phot~activity.'*~~ The 
hydrophilic polymer is non-toxic. It was shown that necrosis of 
tumour cells is mainly induced by photooxidation through 
102.2-4 A suitable sensitiser should exhibit a high stability in 
the dark (for storage and after intravenous injection) and slow 
photobleaching during laser illumination. For 6 in the dark in 
the presence of air only 5% decomposition is observed after ca. 
40 days whereas under illumination 50% decomposition occurs 
after cu. one day (Table 2, Fig. 6). The stability of the polymer 
porphyrin 6 in water is higher than the low molecular weight 2 
in DMF. Compound 6 exhibits suitable stability for the use as 
an anti-tumour agent. 

1.47 1 
1.17 

a 0 s 0.87 
e 
10.57 
a 

0.27 

0.0 
300.0 400.0 500.0 600.0 700.0 800.0 900 .O 

a /nm 

Fig. 7 Visible spectra of film of l a  (M = Zn) (thickness 100 nm) on 
IT0 at different times. Spectra of the film on IT0 in 0.5 mol dm-, 
aqueous KN03 at - 60 mV us. NHE under illumination in the presence 
of air. 

Stability as FiZm.-Aside from general comparison purposes 
with the results obtained in solution, the stability of thin solid 
films prepared from compounds structurally similar to porphin 
is of interest in view of their photovoltaic and photoelectro- 
chemical properties. Films were therefore prepared and 
investigated under conditions similar to those under which 
these effects are studied. Porphin analogue compounds, 
especially phthalocyanines, have been intensively investigated 
as thin film electrodes in photoelectrochemical cells in contact 
with various redox couples in aqueous s ~ l u t i o n . ~ * ~  The inter- 
face between the porphyrin as molecular organic semi- 
conductor and the electrolyte forms a junction which is active 
in photoconversion. Unsubstituted phthalocyanines behave as 
p-type materials and show cathodic photocurrents under 
illumination with visible light in the presence of acceptor in 
solution. The behaviour of the thin film electrodes in the 
presence of dioxygen is of special interest because this acceptor 
is incorporated as dopant in the solid, and, if it is used as oxidant 
in aqueous solution, high cathodic currents are measured.' 

In order to obtain information about the stability of 
phthalocyanines in contact with an 0,-containing electrolyte 
and, in addition, under the condition of a current flowing 
through the film and its surface, thin films (thickness 100 nm) of 
la  (M = Zn) were prepared by vapour deposition at lo-' Torr 
on conducting indium tin oxide IT0 coated glass. The 
electronic spectrum in transmission shows absorptions of the Q- 
band transition at 620 and 690 nm with the 620 nm band being 
of higher intensity, characteristic of the a-modification (Fig. 
7).7935 In the dark and presence of air, la (M = Zn) on IT0 
dipped into aqueous KNO, exhibits no decomposition. On 
illumination 5% photodecomposition occurs after ca. 8 days 
(Table 4; Fig. 8, upper part). Cyclic voltammetry with the 
electrode of la (M = Zn) was performed in the electrolyte. 
When the electrode potential was scanned negatively in the dark 
only a small cathodic current corresponding to the reduction of 
dioxygen was observed, A significant cathodic current due to 
photoreduction of 0, from air could be obtained only under 
illumination (Fig. 8, lower part). 5% Photodecomposition 
occurs now after cu. 60 h (Table 4; Fig. 8, upper part). The 
density of the photocurrent seems to be constant after an initial 
decay during the first five hours; no significant change is 
observed in the dark current. It has been shown that in this 
reaction and under these conditions 0, is reduced at the 
interfacial contact between the bulk phase and the electrolyte, 
and that only the electrode surface is a ~ t i v e . ~  The obtained 
results are therefore explained by a nearly constant surface area 
in spite of an overall decomposition. The decomposition 
reaction is therefore characterized as an etching of surface 
molecules leading to new molecules being exposed to the 
electrolyte. As the surface texture is strongly influenced by such 
a reaction the initial decay at nearly no decomposition proceeds 
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Fig. 8 Upper part: first-order plot of the decrease of the relative 
extinction for thin films of la (thickness 100 nm) on IT0 at different 
times under illumination in the presence of air. 0, la (M = Co) film; 
0, la (M = Zn) film, in 0.5 mol dm-, aqueous KNO,; ., la  (M = Zn) 
film in 0.5 mol dm-' aqueous KNO,; cf, la (M = Zn) in aqueous 
KNO, at -60 mV vs. NHE. Lower part: Current density of la (Zn) 
film in aqueous KNO, at - 60 mV vs. N H E  ., in the dark; 0, under 
illumination. 
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are understood. The photoreduction of 0, consists of an 
electron transfer, and H,02 has been characterized as a reaction 
product.' We have no experimental evidence, that an energy 
transfer step leading to '0, is involved. It is therefore 
concluded, that reduced dioxygen, like HO,' and H202, is 
responsible for a higher decomposition at a cathodic potential 
under illumination. 

The stabilities of 100 nm films of the Co" and Zn" chelates 
of la  on quartz glass were also determined in the presence of 
air without any solvent or electrolyte present. Organic photo- 
voltaic cells using phthalocyanines as p-conductors in Schottky- 
or p/n-devices have been mainly investigated under these 
conditions.' In the dark both films are stable. Under 
illumination slow photodecomposition of la  (M = Zn) (5% 
after ca. 80 days; Table 4; Fig. 8, upper part) occurs whereas the 
Co" chelate is stable within the time of investigation. In the 
presence of air, dioxygen is incorporated in the bulk of the p- 
conducting phthalocyanine having a band gap of ca. 2.0 eV.1*7 
Illumination of the molecular semiconductor results for 1 * in 
S, and T, states with energies of 1.8 and 1.2 eV.' Therefore 
formation of '02 from 30, is possible, and this may decompose 
phthalocyanine molecules in the film. The shorter lifetime of the 
excited state of la  (M = Co) in the bulk may be, as discussed 
before, the reason for the higher stability. 

In order to compare the stability of the complexes in solution 
to that of the solids it is necessary to compare the absolute 
numbers of illuminated and decomposed molecules. 1 cm3 of a 
lo-' mol dm-3 solution of la contains ca. 6 x 10'' molecules. 
For a 100 nm thick film of 1 cm2 area the number of 
phthalocyanine molecules is around 1.6 x loi6 molecules, 
taking the density of 1.61 g cmw3 into account. Therefore the 
number of molecules in the film is only about twice as high as 
the number of molecules in solution. But by comparing the 
results of measurements in Tables 1,2 and 4, the stability of the 
films under illumination and in presence of air is much higher 
than the stability of dissolved phthalocyanine molecules. As the 
absorption coefficient is nearly constant, this means that the 
quantum efficiency of the decomposition reaction is much 
smaller in the solid than in solution. As pointed out earlier, 
the lifetimes of the excited states are significantly shorter in 

aggregates than in perfectly solvated molecules. This tendency 
stretches into the solid state, where the lifetimes are extremely 
short. A further reason may be the hindered interaction of O2 
with phthalocyanine molecules within the solid of a highly 
ordered material (a-m~dification).~' 

Experimental 
Muterials.-Organic solvents were distilled and dried in the 

usual manner and distilled before use. Twice distilled water, 
dried argon (99.998%) and synthetic air were used. 

Compounds la  (M = Zn, Co) and 2 (M = Zn) were 
purchased commercially and sublimed. Synthesis of the zinc 
complexes of octabutoxyphthalocyanine 1 b, octacyanophthalo- 
cyanine lc, tetrasulfophthalocyanine Id, naphthalocyanine 3 
and octamethylthiotetraaporphyrin 4 were carried out as 

Tetramethylpyridotetraazaporphyrin 5 was prepared by the 
reaction of 3,4dicyanopyridine in pentan- 1-01 in the presence 
of DBU to the tetrapyridotetraazaporphyrin followed by 
methylation with dimethyl ~ulfate.~' *42 For the preparation of 6, 
the 5,10,15,20-tetra(4-hydroxyphenyl)pophyrin was covalently 
bound to methoxypoly(ethyleneglyco1) ( M ,  ca. 5000) in the 
presence of 1,3,5-tri~hlorotriazine.~*~~ 

desribed,24,32.3840 

Stability MeGsurements in Solution.-Measurements were 
carried out in a quartz cell (1 x 1 cm) with 2 an3 of solution 
containing lo-' mol dm-3 porphyrin compound. The visible 
spectra were recorded with a Perkin-Elmer Lambda 9, and 
registered by PECSS. The decomposition was followed by the 
decay in the intensity of the absorption of highest extinction (Q- 
band for 1,344 and Soret-band for 2,6). The measurements were 
conducted under air in the dark and under illumination. For 
measurements under argon the solution in the quartz cell was 
flushed with argon through a syringe for 10 min and then 
protected against air with a rubber septum. For experiments 
under irradiation, visible light of 350-850 nm from a 24 V 250- 
halogen lamp with UV cut-off filter and water filter was used. 
The light intensity was calibrated with a bolometer (Kipp and 
Zonen, CA1-754399) and adjusted to 20 mW cm-'. 

Stability Measurements of Thin Films in a Photoelectrochem- 
ical Cell under Air.-IT0 of high electrical conductivity (20 
ohmlsquare) was obtained from Matuszaki Shinku Co. Ltd., cut 
into plates of 2.5 x 1 cm2, and cleaned with distilled water and 
methanol. Vapour-deposited films of la  (M = Zn, Co) were 
prepared by using a VEECO VE-7700 vacuum system at lo-' 
Torr. Films of 100 nm thickness were deposited, and the 
thickness was determined in situ using a Kronos QM-311 
thickness monitor. The stability of the films were determined 
either by dipping the plates into 0.5 mol dm-' aqueous KNO, 
saturated with air or by an additional applied potential of - 60 
mV vs. NHE. Details for the photoelectrochemical measure- 
ments are described elsewhere. Illumination was carried out 
with 20 mW cm-, as described before. The visible spectra were 
obtained by transmission measurements. 

Stability Measurements of Thin Films in Air.-As described 
before films of 100 nm thickness were deposited on quartz plates 
of 2 x 2 cm. The films were irradiated with visible light of 20 
mW cm-2 under air, and the absorption spectra were measured 
in transmission. 

Investigation of Decomposition Products of la  (M = Zn).- 
10 mg of la (M = Zn) were dissolved in 100 cm3 dry distilled 
DMF. The dark blue solution was illuminated (20 mW cm-') in 
a 500 cm3 vessel. Dry O2 was bubbled into the solution. After 
48 h DMF was distilled from the yellow coloured solution in 
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vucuo. The residue was treated by freeze drying and in a dry 
box over PbOl0. ; v,,,(KBr)/cm-' 2224 (very weak, C=N), 
177O(w) and 1670s (imide). m/z (70 eV, 175 "C) 147 (M" for 
phthalimide, loo%), 130 (M - 43, 82%). By thin layer 
chromatography several other products in a lower amount, 
which could not be identified by mass spectra, were seen. 
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