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Abstract

Time-resolved photochemical studies of five porphyrin derivatives and their copper complexes were carried out. Triplet lifetimes (room
temperature) were determined under argon, air, and oxygen. The presence of oxygen and copper shortens the triplet lifetimes (argon:
in the order of 18 s) by up to three orders of magnitude. With the copper complekf®;(*Ag)] is lower than with the metal-free
porphyrins.

The photodegradation, indicated by bleachingne$o-tetraphenylporphyrin angheso-tetrakis(pentafluorophenyl)porphyrin under air
shows the latter to be more stable than the former, and their copper complexes to be more stable than the porphyrins themselves. With
meso-tetraphenylporphyrin, the effect depends on the solvent, especially in the absence of oxygen (bleaching is faster in toluene than in
benzene). Witlmeso-tetraphenylporphyrin in toluengi; = 405 nm), the quantum yields of bleaching, determined from the rate of fading
of the maximum of the Soret band are versuk8 x 104 (argon) and~1.1 x 10~° (oxygen). Two rate constants have been roughly
estimated: (i) for the H-atom abstraction from toluene by the triplet exaitsd-tetraphenylporphyrin, in the order of 0.1 @mol-1s1;

(ii) for the product-forming reaction of §§'Ag) with meso-tetraphenylporphyrin, 40 dfmol~1s~1. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction critically tied to a minimal challenge by singlet oxygen. A
small #(*0,), an especial stability toward singlet oxygen,
The interaction of porphyrin derivatives with oxygen as well as a high intrinsic light stability, are thus desirable
under the influence of light, and their photostability, has characteristics.
been a matter of great interest. In fact, the use of these With porphyrins, an oxidative attack involving the
compounds in the field of photodynamic therapy (cf. [1-6]) meso-positions [12-15] relies on steric accessibility [16],
or as photo-oxidation sensitizers (cf. [7]) dictates a searchand one can pose the question whether this vulnerabil-
in the direction of high singlet molecular-oxygen quan- ity is further decreased by the introduction of appropriate
tum yields @ (10,), which implies an efficient intersystem  electron-withdrawing substituents (vulnerability in this
crossing in the photoexcited sensitizer to its triplet state and sense would be a composite parameter, increasing with
a long intrinsic lifetime of the latter. Under the conditions both @(10,) and the ease of attack of the macrocycle by
prevailing in photodynamic therapy, the long-term photo- O2(*Ag)). Halogen atoms can be such substituents [7,17];
stability or self-destruction [8] of the sensitizer through it has been shown, however, that except for fluorine they
the attack of @(*Ag) is perhaps not of prime concern. increase the quantum yield of singlet oxygen progres-
However, various other applications for such compounds, sively according to their atomic number [18], presumably
in the presence of light, outside [9-11] the medical domain by facilitation of intersystem crossing from excited sin-
demand the opposite: the persistence of the porphyrin isglet to triplet [19]. @(*O) near unity is reported for two
chlorine-substituted (in phenytheso-tetraphenylporphyrins
* Corresponding author. [20]. A similar enhancement of intersystem crossing is
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observed when halogen atoms other than chlorine are sub2. Experimental

stituted directly into the macrocycleneso-substitution by

fluorine has the same effect but to a smaller degree [21]. Compounds1 (CssH30N4), 1-Cu (CuCsgHgNg), 2

Upon complexation of a porphyrin with some transition (Cs4H10F20N4), and 3 (NasCasHoeN4O12Ss) were ob-

metals, the lifetime of the triplet state is drastically reduced. tained from Aldrich. Compound&-Cu (CuCssHgF20N4),

This should also have a positive influence on the intrinsic and 3-Cu (CuNaCy4H24N4012S4) were prepared by

light stability. metallation of the corresponding free bases with cop-
It has been suggested [16] that the robustness ofper acetate [25]. The naphthoporphyrih (CsoHzsNg)

meso-tetraphenylporphyrins with respect to oxygenation and the bacteriochlorirb (CeoH26F20N4) were prepared

is not a simple function of electron density in the macro- by Diels—Alder reactions of the porphyring and 2

cycle, but that steric conditions may play a decisive role; with ortho-benzoquinodimethane [26]. CompoundsCu

nevertheless, perfluoroporphyrins are reported to be partic-(CuGsoHzoN4), and5-Cu (CuCsgH24F20N4) were obtained

ularly stable [22,23] against oxidation generally, even in by metallation of the corresponding free porphyrin deriva-

the absence of steric hindrance. In the presence of oxygentives with copper acetate [27].

the tetraphenylporphyrin macrocycle was observed to be

cleaved at themeso-position, provided the phenyl groups 2.1. Time-resolved spectroscopy

were unsubstituted in thertho positions [16] (cf. the relative

stability of the meso-tetrakis(2,6-dichlorophenyl)porphyrin Laser-flash photolysis measurements were carried out us-
[71). The initial step is the addition of smglt_at OXygen gener- ing the second harmonic of a neodymium lasksd =
ated in these systems to the double bond involvingtéso 530 nm, pulse width: 15ns), and in some cases an excimer

carbon atom [12,16] (in contrast, in the similar macrocy- |aser ¢ = 308nm, pulse width: 20ns). For fast and
cle meso-tetrakis(3-hydroxyphenyl)chlorin, hydroxylation  sjow detection, transient digitizers (Tektronix, 7912AD and
of the reduced pyrrolic ring was observed as the most 390AD) were used. Data handling was done by computer
prominent reaction) [24]. The use of fluorine substitution (Archimedes 540). Phosphorescence of'@g) at 1269 nm

to decrease the electron density in the macrocycle shouldyas detected after the pulse, using a cooled Ge detector
minimize steric determinants relative to the non-fluorinated (North Coast, EO 817FP), a silicon filter, and an interfer-
prototypes. In this paper, we compare the behavior of gnce filter together with an amplifier (Comlinear, CLC-103)

some porphyrin derivativesrgso-tetraphenylporphyrir, as described elsewhere [28,29].
meso-tetrakispentafluorophenylporphyriy, meso-tetrakis-

(4-sulfonatophenyl)porphyrin3, naphtho[2,3-b]porphyrin
4, and the bacteriochlorirb) with that of their cop-
per complexesl-Cu, 2-Cu, 3-Cu, 4-Cu, and 5-Cu. We
also Comi‘?‘rd andﬂ s corr])perlcomp;le)l-CLé ;N'éh th_e;]r meso-tetrakis(pentafluorophenyl) analog® and 2-Cu
meso-tetrakis(pentafiuorophenyl) analogsand 2-Cu wit were dissolved in benzene to a concentration ok 1

respect to their relative light stability in oxygenated and 10-4moldnT2® which implies total absorption in the
oxygen-free hydrocarbon solutions.

2.2. Photodegradation experiments

The meso-tetraphenylphorphyrind and 1-Cu and the

Ar

1, Ar=C6H5,M=2H
1-Cu, Ar= C6H5, M=Cu
2, Ar=C6F5,M=2H
Ar At 2.Cu, Ar= C¢F5, M =Cu
3, Af = C6H4‘4‘SO3Na, M = 2 H
3-Cu, Ar = C¢H44-SO3Na, M = Cu

CeFs

CgHs 4, M=2H CeFs

4-Cu,M =Cu

5M=2H
5-Cu,M=Cu
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maximum of the band near 400nm, and irradiated
in Teflon-stoppered 1mm quartz cuvettes with the
visible-range light of a 1000W Hanovia xenon—-mercury
lamp (400 nm cut-off filter GG 400, Schott (Mainz, Ger-
many); heat filter 4 mm KG5, Schott). The solutions were
left aerated: cells that could not be made completely airtight
under the circumstances had to be used in these relatively
high-light intensity experiments owing to limitations of
space in this particular irradiation set-up. The photodegra-
dation experiments were carried out under conditions of
identical optical density. The decrease of the absorbance
(measured in the maximum of one of the absorption bands

1.0

AA T AAnax

in the 500-600 nm region; the measurements were done at 05 , | L , | L
room temperature) was followed as a function of time. In 400 500 600 700
most cases, the degree of bleaching did not exceed 5%. A/ nm

Photodegradation experiments were also done with an ir- _ _ _
radiation arrangement that allowed the use of airtight cells gi'gmg;;;ﬁs;gg'o"_Sggg:; )(”f;r;"e‘?_"fﬁsl)ef’féﬁgai"gtzﬁgn(r:)((g)
[30], where the solut|(_)ns (the_porphynﬂlsl—Cu, anc_iZ in under air: (b)Z—Cu,lender argon).
benzene and toluene in the micromolar concentration range)
could be purged with argon or saturated with oxygen. These
experiments were carried out using the filtered light (400 nm from 360 to 700 nm. As an example, Fig. 1 shows the be-
cut-off filter GG 400, Schott) of a Philips HPK 125W lamp havior of 2 in air-saturated dichloromethane, agdCu in
housed in a water-cooled quartz well. Moreover, a band fil- the absence of oxygen.
ter (PIL 1/405, Schottimax = 405 nm, half-width: 18 nm) The triplet is formed within the time of the laser pulse
which isolates the 405 nm line of the medium-pressure Hg (Aexe = 530 nm) and then decays to a level that reveals
lamp and transmits in the wavelength range of the Soreta small amount of ground-state bleaching (e.g. 2oat
bands of these compounds, was used to estimate the quanturB90, 505, and 580 nm). Th&-T absorption maximum,
yields @, of bleaching of the Soret band. The light intensity Amax, differs slightly from compound to compound. Inter-
was determined by ferrioxalate actinometry [31,32]. Further, estingly, however, the presence or absence of copper in a
a 455 nm cut-off filter (GG 455, Schott) was also used to particular porphyrin makes little difference to the general
estimate the proportion of photobleachinglathrough ab- appearance of the spectrum. In the presence of oxygen,
sorption in the wavelength region of the Q-bands, comparedthe decay follows a first-order law (cf. trace (a), inset in
to the total visible range. Fig. 1); this is essentially the same also under argon at

The evaluation ofp,, is based on the expression (1), by
following the decrease of the absorbarcas a function of
time. The termF(t), evaluated graphically for a sequence
of irradiation times, takes into account the fact that the ex-
periment is carried out under conditions of non-negligible
absorbance. The slope of the plot of I18%0) versusk(t) is
proportional to®,, (e, decadic molar absorption coefficient
at the wavelength of irradiation, in this case, the 405 nm line
of the medium-pressure Hg lamgs the optical pathlength,
lo the incident light intensity).

Dpellg

'°g< >‘ 23 /

3. Results and discussion

1-104
A

A
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dr =
2.3

F@) (1)

3.1. Time-resolved spectroscopy

The metal-free porphyrins studied as well as their
Cu(ll)-complexes can be excited at 530 or 308 nm. The
triplet states ofl, 2, 4, and5 in toluene or dichloromethane

low laser intensities; the lifetimes given in Table 1 refer
to these lower-intensity conditions. The triplet lifetimes in
oxygen-, air-, and argon-saturated solutiot{O2), tT(air),
andz1(Ar) are listed in Table 1.

In the copper complexesCu, 2-Cu, and5-Cu, 71(Ar)
is much shorter than in the copper-free compounds, i.e. by
about three orders of magnitude, but can still be determined
where the lifetime is longer than the duration of the laser
pulse (12 ns). Fig. 1 shows thE-T absorption spectrum of
2-Cu, measured in argon-saturated dichloromethane; here,
the minima of spectral bleaching are red-shifted to 400 and
585 nm and 1 (Ar) = 200 ns (Table 1). The effect of copper
on the triplet lifetime is similar to that of certain further tran-
sition metals such as cobalt, manganese, iron, or nickel, in
contrast to the situation with others, e.g. magnesium and zinc
(both redox-inactive) which have hardly any effect on the
triplet lifetimes (cf. [39,40]). It is worth noting in this con-
text that substitution by bromine is reported to counteract the
intersystem—crossing-accelerating effect of the metal atom
[41]. The T-T absorption spectra of the copper complexes
are essentially the same as those of the respective porphyrins
alone (Fig. 1, cf. Table 1). F®-Cu, 4-Cu, and5-Cu, the

are characterized by absorption spectra taken in the rangdriplet lifetimes are comparable with the duration of the laser
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Table 1
T-T absorption maxima, triplet lifetimes in the presence and absence,cir@ quantum yields of singlet oxygen formaficat room temperature
Porphyrin Solvent Amax (NM) 7(02) (ns) z7(air) (ns) 7(Ar) (ws) @(10,)° under Q @(10,)° under air
1 CH,Cl, 440 100 400 50 0.6
Toluene 440 70, 200 400" 350 >20, >10 0.6, 0.67¢ 0.68 0.6
1-Cu CH,Cl, 470 23 33 0.04, 0.037 0.3 0.08
Toluene 470 18, 1% 25 0.028, 0.018 0.15, 0.08 <0.1
2 CH,Cl, 440 140 600 100 0.8 0.8
Toluene 440 110 530 >20 0.6 0.6
2-Cu CH,Cl, 440 40 80 0.20 0.5
Toluene 450 60 70 0.09 0.3 0.1
3 CHsCNf 1800 400" ~0.5 ~0.5, 0.6% 0.61
3-Cu CHCN' <0.05
DO 440 <20 <0.02 <0.04 <0.0%
4 CH,Cl, 470 90 500 80 0.6 0.6
Toluene 465 55 300 >20 0.6 0.6
4-Cu CH,Cl» 470 <20 <20 <0.02 0.05 <0.02
Toluene 470 <10 12 0.014 0.2 0.1
5 CH,Cl, 420 80 400 60 0.6 0.6
Toluene 60 >20 0.6 0.6
5-Cu CH,Cl, <440 <20 <20 0.03 <0.02
Toluene <10 12 0.015 <0.02

3 )exc = 530 nm, except in the (10,)-determination experiments done in toluene and acetonitrile, whgge= 308 nm.
b Aszp= 0.2, and Azgg = 0.8.
¢See [33].

dSee [18].

€See [34].

f Acetonitrile:D,0 = 99:1.

9 Aqueous solution [35].

h Aqueous solution [36].

i Aqueous solution [37].
199% D,0.

k Aqueous solution [38].

pulse, i.e. any effect of oxygen on its decay is barely observ-  In the copper-free system@,(10,) is found to be quite
able, even though the triplet-quenching by oxygen is fast, high, in agreement with [39]. In oxygen-saturated solu-
the rate constants being in the order of @itn® mol-1s71, tions, ®(*0,) values were obtained from the signal at
i.e. almost diffusion-controlled [40,42,43]. Otherwise, the 10us, using optically matched solutionddzg = 0.3). In
properties are comparable. When the compounds, dissolvedrder to obtain absolute valuek,in dichloromethane was
in dichloromethane or toluene, were excited at 308 nm, the used as a reference, assumi@g'O,) = 0.6 at oxygen
results were similar; the somewhat longer pulse duration saturation; literature values fdrare reported at 0.50-0.55
of the 308 nm laser (20 ns) places slightly narrower con- (chloroform, air-saturated), 0.70 (toluene, air-saturated),
straints on the measurement of fast decays in this time 0.88 (toluene, oxygen-saturated) [39], and 0.63 (benzene,
range. oxygen-saturated) [44]. FoB (insoluble in organic sol-
The ®#(*0,) could be determined for compounds 2, vents),®(10,) is 0.42-0.76 (RO, in the presence of oxy-
4,5, and1-Cu, 2-Cu, 4-Cu; estimates are given f& and gen) [39]. In general, values are higher with oxygen that
3-Cu. The lifetime 5 of 1O, in dichloromethane was ob-  with air saturation.
tained from its first-order decay, observed at 1269 nm, and  With the copper complexes(10,) are found to be lower
found to be 10Qus; note that a small dependence of the than with the metal-free porphyrins (Table 1); fivCu,
kinetics on the laser intensity gives rise to a slightly faster @(10,) is found to be smaller than 0.01 (carbon tetrachlo-
decay above an intensity of 2MWcrA The phospho-  ride, air-saturated) [39].
rescence ofO, is overlapped by an intense peak (overall  The copper-free compounds show the sam@0,) in
scatter) which, however, ceases to distort the kinetics be-both air- and oxygen-saturated dichloromethane, whereas for
yond ca. 1Qus. The assignment is supported by the absence 1-Cu, 4-Cu, and most clearly foR-Cu, @ (*0,) increases on
of the signal under argon. saturating with oxygen compared to air. The fact that with
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4-Cu @ (10,) is so low is in agreement with the short triplet
lifetime even under argon. In the caseéetu, the reason for
the failure to detect any singlet oxygen is not obvious; there
may be quenching withoutO, formation, or insufficient
sensitivity. A comparison ob-Cu with 4-Cu in toluene,
wheret  is about 28u.s reveals thatO, would have been
detected in the latter case even though the triplet lifetimes

in the presence and absence of oxygen are practically the

same for5-Cu and4-Cu. Regarding3, 10, could equally
not be detected witl3-Cu, even though the copper-frée
shows a relatively higkb (10,) of about 0.5. FoB and3-Cu

in acetonitrile with 1% DO, the life-timer, of 10, is
about 65us. Polar and hydrogen-bonding solvents that are
required to dissolve ionic compounds such3aand 3-Cu

can give rise to additional effects upon photoexcitation, e.g.
to a change in the extent of hydrogen bonding [35] and
photoionization [45] which in the presence of oxygen will
lead to the formation of superoxide®, and so in systems
containing transition metal ions via Fenton-type reactions,
eventually of OH radicals [46].

Inspection of the results in Table 1 suggests that the
triplet lifetimes and singlet oxygen quantum yields are not
greatly affected by the perfluorination of timaeso-phenyl
groups ( versus?2, and 1-Cu versus2-Cu), though the
t7(Ar) values of the pentafluorophenyl-bearing copper
complex2-Cu appear to be longer than those BCu by
a factor of three to five (Table 1), which is partly reflected
in the apparently slightly large®(*0,) values of2-Cu.
Partially fluorine-substitutedmeso-tetraphenylporphyrins
which additionally carry an electron-donating substituent
(-OCHg) on phenyl show no discernible trend when com-
pared with the fluorine-free compound [18]. A remarkable
dependence of the triplet lifetime ofieso-phenylated por-
phyrins on the size of the substituents in the phenyl ring
and in the pyrroleB-position has been observed [47]. At

room temperature in the absence of substituents or in the

presence ofsmall substituents (low restriction to phenyl
rotation), but also in the case of bulky substituents (ro-
tation blocked), these lifetimes are in the order of 1 ms
[47]. In the case of substituents of intermediate size, the
triplet lifetimes are observed to decrease by up to about
two orders of magnitude [47]. This is attributed to a dis-
tortion of the macrocycle symmetry when the substituents
“squeeze through” upon the hindered rotation of the phenyl
group. Efficient non-radiative deactivation via a second
triplet state has been linked to the conformational flexibil-
ity induced bymeso-diaryl substitution in zinc porphyrins
[48], the overall triplet lifetime being in the order of a few
microseconds.

3.2. Photodegradation

3.2.1. Xenon-lamp set-up

The progress of the degradation was determined from the
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Fig. 2. Absorption spectrum of in benzene (10* moldn3, aerated)

and its evolution under irradiation (Hanovia xenon lamp, 1000 W). Traces
are: (—) before irradiation, and () after 1h irradiation. The rate of
photodegradation in the experiments is monitored by the decline of the
peak at 515nm. Inset: decrease of the first Q peak, near 650 nm, occurs
with a clear blue-shift of the maximum (see text).

spectra ofl [49-52] and1-Cu [49,51] have been reported
in the literature.

These spectra deserve some comment. The metal-free por-
phyrins1 and2 show four Q peaks in the wavelength range
from 500 to 650 nm, as expected [53], even though in the
fluoro-substitute@, the first (640 nm) and the third (540 nm)
of these peaks are comparatively small. Their number is less
in 1-Cu (one peak plus shoulder) a@dCu (two) [53]. The
evolution of the spectra with irradiation time brings on a
general decrease of the absorption, not just in the peaks (cf.
Fig. 2). The disparately larger decrease, with a blue-shift,
of the maximum of the first Q peak (650 nm) [51] been
in Fig. 2 suggests the presence aheso-tetraphenylchlorin
impurity which is oxidized to the porphyrin under these con-
ditions.

0.06 |-

0.04

1.0

0.02

500 600

700
A/nm
I 1 l
400 500 600
A/ nm

decrease of the highest of the Q peaks in the optical spectra

of 1 (Fig. 2),1-Cu (Fig. 3),2 and2-Cu (Fig. 4). Absorption

Fig. 3. Absorption spectrum df-Cu in benzene (2 10-% moldm3).
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Fig. 4. Absorption spectra o2 (---) and 2-Cu (—) in benzene
(4 x 1078 mol dn3).

Relative rates of the degradation in benzene are shown in
Fig. 5, the aim here being to arrive at a rough comparison of
the stabilities of these compounds towards unfiltered visible
light under conditions (hydrocarbon solvents) that are con-
sidered to approximate certain applications (organic poly-
meric matrix, no exclusion of air), where porphyrins may
be used as stabilizers [10,11]. Similar results regarding the
bleaching were obtained within toluene.

It is seen from Fig. 5 that in the cases investigated, the
photostability of the copper complexes exceeds those of the
free porphyrins, and that the fluorinated systems are more

stable than the unsubstituted ones. This behavior parallels

the relative stabilities of these ligands in metal complexes
when used as catalysts in oxygenation reactions [54-56]. A
similar trend has been reported for porphyrins fluorinated in
the macrocycle [22,57].

1.00¢- o * ., * e
I e}
0.99 | o % 45 o ©
| o
0.98 - 1.00 &
<EJ | A
= 099}, 4 4aa
< 097 — 1= AA 4 A A A
| < o098} &
< A
0.96 - 097 | SN
I A
0.95 |- i B N
| 20 40 60
t/ min
1 l 1 l 1 l 1 1 l
10 20 30 40 50
t/ min

Fig. 5. Bleaching (at. of maximum of highest Q peak) d (O) and
2-Cu (@). Inset: 1 (A) and1-Cu (A) (4 x 10-® molar in benzene, not
anoxic), 1000 W (Hanovia) xenon lamp, wavelength range above 400 nm.
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Fig. 6. Rate of bleaching (at of maximum of Soret band, near 419 nm)
of 1 (4 x 108 moldn3) in toluene O, A) and benzene®, A). Gas
conditions: main-frame, argon, and in inset, oxygen. Visible light of a
125W HPK lamp (Philips), wavelength above 400 nm.

As the presence of the copper ion reduces the triplet
lifetime and thereby to some extent tlig10,) (Table 1),
the fact that the copper complexe€£u and2-Cu are more
photostable than the corresponding metal-free porphyrins,
is in line with the hypothesis that in the presence of oxygen
much of the photodecomposition is mediated by singlet
oxygen [12,14,16] (although much of the singlet oxygen
is expected to be de-excited unproductively [58] by the
dye, given that the quenching rate constants regarding these
compounds with singlet oxygen are reported to be largely
at 10 dm® mol~1s~! and above [59)).

3.2.2. HPK-lamp set-up

The results of these experiments show that the rate of
photodegradation is indeed dependent on the state of oxy-
genation of the matrix. Moreover, the chemical nature of the
medium plays an important role especially in the absence
of oxygen (it has been reported that degradation is acceler-
ated in chlorinated media) [60]. The degradation under ar-
gon is much more efficient in toluene than in benzene. This
is shown in Fig. 6. A protective effect of oxygen, clearly ap-
parent from Fig. 6 compared to the toluene/argon cage (
is explained by the deexcitation of the porphyrin triplet state
by O, in competition with reactions that would otherwise
lead to chromophore loss; the rate constants for this process
are close to 19dm® mol~1s~1[18,42,43].

Regarding compound, in contrast to the situation in the
presence of oxygen, where the degradation appears largely
linked to outright bleaching (Fig. 2) over the spectral range
between 400 and 700nm, there is considerable spectral
change (decrease of peaks, filling in of troughs) when the
photolysis is carried out in the absence of oxygen (Fig. 7)
which indicates that the chemistry is different in the two
cases.



JAAS Cavaleiro et al./Journal of Photochemistry and Photobiology A: Chemistry 144 (2001) 131-140 137

1.5 porphyrins by about one order of magnitude [20]). In another
context, it has been shown thais reduced quite easily [61].

0.08} The quantum yield of bleaching df in argon-saturated

5 toluene has been determined@j = 1.8 x 104 (based
10k oot on a Fe(ll) quantum yield of the ferrioxalate actinometer of
g h 1.14 [32] over the wavelength range of the band filter which

0.02 is centered on 405nm). This value fdr, has then been

assumed to also hold for the irradiation condition referred
500 550 600 650 to in Fig. 6. On the basis of the slope of the “argon” line
(O) in Fig. 6, the quantum yields that apply to the other

Absorption

Al
" situations referred to in the Fig. 6, i.e. aerated solutions of
__ 1 (not shown), and data fat-Cu (not shown), were then
200 450 500 550 600 650 estlm_ated from such data_by tr_\e Rule of Three (Table 2).
A/ nm Using a 455 nm cut-off filter, it was found that the bleach-

ing of 1 in argon-saturated toluene proceeded at a rate that
Fig. 7. Spectral change in the anoxic photodegradation Iof  was about 1/7 of the rate observed with the 400 nm cut-off
(4 x 10-®moldm3) in toluene over an irradiation period of 240min.  filter, under otherwise equal conditions. This implies that
Philips 125W HPK lamp, wavelength range above 400 nm. most of the photolytic effect is induced by the absorption of
the light into the Soret band.

The results obtained with toluene (Fig. 6) indicate that
the presence of oxygen can have a positive influence on
the photostability under certain conditions. This depends on
the relative importance of several elementary reactions that
contribute to the photodestruction of the porphyrin (products
Q, Q, R, and S; reactions 4, 5, 7, and 10).

<
1 P— P* )
P*— P (3)
.. P*— Q (4)
R PP+M— Q (5)
A/om P*+0; > P+ 0} (6)
(4% 10-Smorcm™> m soene) over an madiaton peied of 3%0mn, P 02 = R 7)
Philips 125W HPK lamp, wavelength range above 400 nm. O; =0, (8)
Remarkably, in the case d& (also in argon-saturated 0 +P—>02+P ©)
toluene) the evolution of the spectrum appears different O} +P—S (10)

from 1. The absorbance at the first Q band (near 650 nm)

increases as the irradiation progresses (the heights of theDxygen de-excites (reactions 6 and 7) the triplet-state of the
other bands decrease, Fig. 8). This is thought to be dueporphyrin, P, which would otherwise lead to chromophore
to the reduction oR to the corresponding chlorin (for in-  loss (reactions 4 and 5); depending on the size of the rate
stance, inmeso-tetrakis(2,6-difluorophenyl)chlorin, as well  constant for reaction 5 will the protective effect or the de-
as in some chlorinated analogues, the absorption coefficientsstructive effect caused by the presence of oxygen relative to
in this ‘650’ band are larger than those of the corresponding its absence, predominate. Thus, with benzé&gés smaller

Table 2
Initial quantum yields®; of bleaching (determined in the maximum of the Soret bandyeso-tetraphenylporphyrirl and its copper complek-Cu in
benzene or toluene in the absence and presence of oxygen

Gassing condition 1in benzene 1 in toluene 1-Cu in benzene 1-Cu in toluene
Argon ~1.2 x 10°° 18.0 x 1073 ~0.7 x 10°° ~0.6 x 10°°
Air ~1.4 x 1075 ~0.8 x 1075 n.d. n.d.

Oxygen ~2.6 x 107° ~1.1x 10°° ~1 x 1073 ~1.5x 10°°
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than with toluene (reaction 5 can be viewed as an H-atom ab-

straction from the solvent molecule M by triplet-statg.Rt

can be shown that both contrasting results, shown in Fig. 6,
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metal-centered excited state is involved in this irreversible
change.
Various different light-induced modes of reaction are

are qualitatively explained under the assumption, guided by reported in the literature. In coordinating solvents, with

the literature [43-59], of reasonable values for the rate con-

stants for the reactions grouped together in Scheme 1.
Regarding the behavior of porphyrih rough estimates
may be made regarding the values for the rate conskants
of the reactive quenching of‘fby toluene (1) and ok g of

the 1O, chemical quenching by P (2).

1. Considering that under argoh,, is about 20 times larger
in toluene than in benzene, one may use the expressio
@y~ &5 = ks [M] /(1/t7(Ar) + ks[M]). Putting [M] at
10 moldnT3, t7(Ar) at 2 x 10~°s (Table 1), andp,, at
1.8 x 10~ (Table 2), one obtains a value in the order of
0.1dmmot1s1 for ks.

. Since®19 = k1o[P]/ (ks + ko[P] + k10[P]), and if @1 is
set equal to 10°, kg to 10" dm mol-1 s71[59], kg+k1pt0
10’ dm® mol~1s~1 [59], and [P] to 4x 10~% moldm3,
k1o is obtained at 40 dAmol~1s~1. This value can be
smaller depending on the relative importance of the con-
tributions by reactions 4, 5, and 7, but may be larger
depending on how wellp; reflects the decomposition
guantum yield of the porphyrin.

Similar bleaching experiments tb have been done with
1-Cu. In argon-saturated toluené,, is roughly estimated

n

Cu(ll) porphyrins in the excited state the tendency to bind
an axial ligand increases [62], while in other metallopor-
phyrin systems the reverse, i.e. the photodissociation of
(axial) ligands [42,63] has been reported [64]. In such
systems, the axial ligand itself may also be cleaved, as in
PMn—ONQ — PMn=O+NO; [65]. The photodissociation

of a macrocyclicN-to-metal bond one expects to be very
highly reversible, however. In the presence of electron accep-
tors other than oxygen (or electron donors), electron transfer
is reported to take place with the formation of the porphyrin
7 radical cation (or anion) [60,66—68].The rotation, in
meso-tetraphenylporphyrins, of the phenyl group around its
bond (leading to atropisomerization in the case of asymmet-
rically substituted phenyl groups) is induced by irradiation
as the rotational barrier is lowered upon excitation [69].

In the absence of triplet quenching by oxygen, H-atom
abstraction from a donor by the porphyrin triplet can
lead to photoreduction, which can give rise to the chlo-
rin and, in the metal-free porphyrin, also to the phlorin
(5,22-dihydroporphyrin) [15]. This reaction is expected to
be slow if the solvent is the sole H-atom donor unless its
C-H bonds are quite weak. It is conceivable that in the
absence of oxygen, charge transfer occurs between ex-

at 6x 1075, as the scatter of the data has precluded a morecited and ground-state porphyrin molecules, or any other
accurate evaluation. The value for the oxygenated situationreactive additive or solvent impurity, with disproportiona-
lies in the same range. So do the values for the benzene sotion/recombination reactions [70] and proton transfer fol-
lutions (Table 2). The fact that in argon-saturated toluene the lowed by a cascade of reduction steps giving rise to various
rate of bleaching o1-Cu is so much slower than that afis porphyrin derivatives which are reduced to a greater or lesser
in support of the importance of reaction 5 in the copper-free degree. This would explain the progressive smearing-out of

porphyrin while the fast rate of triplet quenching (Table 1)
competes favorably with reaction 5 IRCu. Nevertheless,
in the presence of oxygehQ; is still formed in the case of

the absorption spectrum (Fig. 7) upon irradiation.

1-Cu (cf. Table 1) and could enhance the degradation of the Acknowledgements

latter (Table 2).

The bleaching efficiency (in the Soret band maximum)
of the pentafluorophenyl compourtlin argon-saturated
toluene has been compared to that lpffrom which it
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emerges that under these conditions the quantum yields of

bleaching are similar (under argon, the rat@ t&f about 75%
of the rate ofl, data not shown), as might already have been
expected from the similarity of the triplet lifetimes under
argon (Table 1). The apparently greater stability2af the
presence of oxygen, comparedidFig. 5), may be a case
of steric protection of theneso-position against attack by
10, [7,16], or it may be caused by the electron-withdrawing
substituents [17,22].

While the chemistry of the reaction of singlet oxygen
with porphyrins has begun to be worked out [12-14,16], the
chemistry behind that part of the bleaching which is not me-

diated by oxygen is largely unclear at this stage. The fact that
the copper complexes appear more stable than the metal-free
porphyrins suggests that a macrocycle-excited state not a
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