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bstract

The title complex cation, [Sb(tbpc)]+ (where tbpc denotes tetra(tert-butyl)phthalocyaninate, C48H48N8
2−), was gradually bleached under irradi-

tion with visible light (900 > λ/nm > 600) in aerated nonaqueous solvents, such as CH2Cl2, CHCl3, benzene, chlorobenzene. On the other hand,
rradiation under the same conditions but in the presence of 1,3-diphenylisobenzofuran (DPBF) caused slow oxidation of [Sb(tbpc)]+ to the cor-
esponding antimony(V) derivatives, [Sb(tbpc)LL′]+, (L and L′ denote monoanionic axial ligands containing oxygen as the donor atom), which
as monitored by optical absorption and ESI-MS spectra of the photolyzed solutions. Both the photobleaching and oxidation have efficiently been

nhibited by preliminary addition of �-carotene in photolyzed solutions, indicating that photosensitization of singlet oxygen (1O2) by [Sb(tbpc)]+

tself is involved. The use of furans (except dibenzofuran) or oxazoles instead of DPBF gave rise to similar oxidation but not in the case of the
ther type 1O2-acceptors, such as 9,10-diphenylanthracene, tetraphenylcyclopentadienone, or 2,3-dimethyl-2-butene, indicating that formation of

zonide-type endo-peroxide through 1,4-cycloaddition with 1O2 is essential. Peroxides, such as EtOOH and H2O2, generated through nucleophilic
ttack to the ozonide by EtOH and H2O (present in the solvent) respectively, are considered to oxidize [Sb(tbpc)]+ to the antimony(V) species.
hotochemistry of antimony–phthalocyanine complex has been studied for the first time of pnicogen derivatives of phthalocyanine.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Photochemistry involving phthalocyanines and/or porphyrins
as attracted much attention from the viewpoints of photo-
nduced hydrogen evolution toward fuel cells [1–3], models
or natural photosynthesis and applications to artificial photo-
ynthesis [3], and photosensitization of singlet oxygen (1O2)
oward photodynamic therapy of tumors [4–10] or degrada-
ion of pollutants in wastewater [11–14]. Since phthalocyanines
orm complexes with essentially all metal elements [15,16],

hotochemistry of numbers of complexes ligating these macro-
ycles has so far been intensively investigated [1,4–6]. However,
o photochemical study on derivatives of the group-15 ele-

∗ Corresponding author. Tel.: +81 29 859 2734; fax: +81 29 859 2701.
E-mail address: Isago.Hiroaki@nims.go.jp (H. Isago).
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ents has been done although numbers of photochemical studies
n porphyrin analogues have been reported [17–23]. This is
ather surprising because the presence of heavy atom like anti-
ony or bismuth in the cavity of phthalocyanine macrocycle

s expected to facilitate singlet–triplet intersystem crossing in
he phthalocyanine �-system due to a metal-induced strong
pin–orbit coupling [24] and hence their photochemistry could
rove very intriguing. This is probably because little was known
bout derivatives of group-15 elements until we published
he first antimony(V) and bismuth(III) complexes of phthalo-
yanine in 1994 [25–27]. Even today, studies on pnicogen
erivatives of these macrocycles are still uncommon [25–39].
hus, this work is the first report on photochemistry not only

f antimony–phthalocyanines but also of those of the entire
roup-15 elements.

Another interest stems from the ease of photochemical acces-
ibility from low- to high-valent antimony phthalocyanines

mailto:Isago.Hiroaki@nims.go.jp
dx.doi.org/10.1016/j.jphotochem.2008.01.009
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r vice versa because antimony(III)–porphyrin analogues are
nown to be photosensitive and to be readily oxidized to anti-
ony(V) derivatives upon irradiation with visible light in aerated

olutions [23]. In addition, quite recently, we have prepared
ome antimony(V)–phthalocyanines from the corresponding
ntimony(III) derivatives via oxidative addition process [35,36].
uch conversion can work as a two-electrons transfer catalyst

ike the reaction center of cytochrome P-450 in photosynthetic
ystem [17–23]. This work was also undertaken to ascertain if
hoto-induced conversion from antimony(III) to antimony(V)
an occur.

. Experimental

.1. Materials

The synthesis of the antimony complex, [Sb(tbpc)]I3 (where
bpc denotes tetra-tert-butyl-phthalocyaninate, C48H48N8

2−),
s described elsewhere [31]. Dihydroxo(tetra-tert-butyl-
hthalocyaninato)antimony(V), [Sb(tbpc)(OH)2]+, was readily
repared by heating [Sb(tbpc)]I3 with tert-butyl perbenzoate in
H2Cl2 at 40 ◦C [35,36]. Metal-free (H2tbpc), zinc ([Zn(tbpc)])

40], and cobalt ([Co(tbpc)]) [41] analogues were prepared
ccording to the literature methods. Chlorobenzene of reagent
rade was passed through alumina prior to its use. All the
olvents used for photolyses and spectral measurements were
f reagent grade and used as received unless otherwise noted.
ommercially available �-carotene of reagent grade (Wako) was
andled under argon atmosphere until it was added into solu-
ions. Methylene Blue (Lancaster) and 1O2 acceptors studied in
his work (Fig. 1; 2,5-diphenyloxazole (Kanto Chemicals), 1,3-
iphenylisobenzofuran (DPBF; Aldrich), 2,5-diphenylfuran
Lancaster), 4,5-diphenyl-2-(2-methoxyphenyl)oxazole
Aldrich), 2-methyl-4,5-diphenyloxazole (Aldrich),
ibenzofuran (Tokyo Kasei), tetraphenylcyclopen-

adienone (Tokyo Kasei), 9,10-diphenylanthracene (Aldrich),
nd 2,3-dimethyl-2-butene (Tokyo Kasei)) were of reagent
rade and used as received. All the other chemicals were of
eagent grade and used without further purification.

Fig. 1. Molecular structures of 1O2 acceptors studied in this work.
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.2. Photochemical experiments

The experimental set-up is as follows: in a typical exper-
ment, a 2 ml of chloroform solution containing [Sb(tbpc)]+

10−6–10−4 M) and DPBF (10−5–10−3 M) was introduced to
1-cm quartz cell and then photolyzed in the Q-band region

600–900 nm) with a Schott Halogen lamp (100 mW) equipped
ith a 600-nm glass cut-off filter (HOYA) and cold filter were
sed to filter off light of shorter (<600 nm) and longer (>900 nm)
avelengths for known time. In another typical experiment, a
.5 ml of CHCl3 solution containing ca. 1 × 10−3 M of DPBF
nd ca. 1 × 10−5 M of the other dye (Methylene Blue, H2tbpc,
Zn(tbpc)], or [Co(tbpc)]) was irradiated for known time, to
hich a 0.5 ml of CHCl3 solution containing [Sb(tbpc)]+ (ca.
× 10−5 M) was added. The power of the radiation was tuned
ith a variable voltage transformer so that the magnitude at the

urface of the optical cell was ca. 2 mW/cm2, which was mon-
tored by using a HIOKI 3664 optical power meter. In some
xperimental runs, a 690-nm laser diode (Leonix; 35 mW) was
sed instead of the halogen lamp.

.3. Measurements

All the measurements of optical absorption spectra were
erformed with a Shimadzu UV-160A or a Hitachi U-3500 spec-
rophotometer at room temperature (24 ± 1 ◦C). All the ESI-MS
pectra were measured with a Waters Platform LCZ (ZMD)
pectrometer after the reaction mixtures were diluted with ace-
onitrile just prior to the measurements.

. Results and discussion

.1. Photobleaching

Chloroform and dichloromethane solutions containing
Sb(tbpc)]I3 are quite stable in the dark for a few months
rrespective of the presence of oxygen. In benzene and
hlorobenzene solutions, a small portion (ca. 2% based on
bsorption spectra) of [Sb(tbpc)]+ has been found demetallated
o form H2tbpc over a few months. In any cases [Sb(tbpc)]I3
s stable for a day or two and no bleaching occurred without
ight. It should be noted that donor solvents, such as DMF or
HF, have been found unsuitable for this study because a con-
iderable amount of the complex was demetallated within a few
ours [31]. However, under visible light irradiation, [Sb(tbpc)]I3
n aerated solutions has been bleached over a period of a few
ours (Fig. 2). The stability of [Sb(tbpc)]+ against photobleach-
ng was evaluated by calculating the decay of the Q-band to the
rst-order kinetics in the concentration of the complex accord-

ng to ln(At/A0) = −kdt, where At and A0 denote absorbance
t irradiation time, t, and t = 0, respectively, and the kd is the
inetic rate constant [42,43]. The kd value obtained in this way
1.21 × 10−2 min−1) is essentially the same as that for H2tbpc

nder the same conditions (1.17 × 10−2 min−1). On the other
and, when solutions were preliminary deoxygenated by bub-
ling with dry argon, such photobleaching was significantly
nhibited. It is widely believed that the photosensitizer (dye)
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Fig. 2. Spectral changes of aerated CHCl3 solution containing [Sb(tbpc)]I3

(1.0 × 10−5 M) under irradiation with visible light (900 > λ/nm > 600). (i–vi)
Every 36-min irradiation; (vii) after 252-min irradiation.

Fig. 3. Effects of �-carotene on rates of photobleaching of [Sb(tbpc)]+. Open
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DPBF in the dark at least for 24 h). Surprisingly, in addition to
that, a new absorption band appeared at around 720 nm when
the solutions were irradiated for 12 min, which is character-
riangle; without �-carotene, closed square; [�-carotene] = 0.156 mM, closed
riangle; [�-carotene] = 1.56 mM, closed circle; [�-carotene] = 15.6 mM; bro-
en line; in the dark; dotted line in Ar-saturated solution. The kd values were
alculated assuming first-order kinetics (see text).

s excited to its triplet state (via its singlet state), and then trans-
ers its energy to ground-state triplet oxygen (O2(3�g)) to form
xcited-state singlet oxygen (O2(1�g)), through the so-called
he Type II mechanism [44,45]. As the antimony(III) complex
oes not emit fluorescence around the Q-region at room temper-
ture [31], it is likely that the singlet–triplet intersystem crossing
as been facilitated via a metal-induced strong spin–orbit cou-

ling. As is shown in Fig. 3, the kd value decrease with an
ncrease in �-carotene concentration, which is well known to
hysically quench 1O2 [45,46],1 indicating that generation of

1 Attempts to quench 1O2 with 1,8-diazabicyclooctane (DABCO) and tetra-
utylammonium azide, which are also known as 1O2 quenchers [44,45], were
nsuccessful because [Sb(tbpc)]+ was readily demetallated upon the addition of
he reagents into the solution.

O
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(
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ig. 4. Spectral changes of aerated CHCl3 solution containing a mixture of
Sb(tbpc)]I3 (5.0 × 10−6 M) and DPBF (3.4 × 10−5 M) (i) before irradiation,
ii) upon 6- and (iii) 12-min irradiation.

O2 is involved in this photobleaching. On the other hand, as the
hotobleaching was little inhibited by the addition of 2,6-di-tert-
utylphenol (radical scavenger [47,48]), contribution of O2

− has
een found insignificant. Furthermore, phthalimide derivative
4-tert-butylphthalimide in this case), which is known as the
ain product of photooxidation of phthalocyanines [49], was

etected in the photolyzed solutions by ESI-MS (m/z = 203).
herefore, it is concluded that photosensitization of 1O2 by the
ntimony–phthalocyanine should trigger the photobleaching2

contribution of I3
− to the photochemical process has been found

nsignificant if any as discussed later in Section 3.2.1).

.2. Oxidation of the central antimony

.2.1. Contribution of 1O2

Our attempts to determine the 1O2 quantum yield for
Sb(tbpc)]+ by using DPBF and the other acceptors were unsuc-
essful due to the occurrence of unexpected oxidation of the
entral antimony(III) as described below. Fig. 4 shows typi-
al spectral changes in aerated solution containing [Sb(tbpc)]+,
hich was photolyzed in the presence of DPBF. The 410-
m band due to DPBF disappeared with the elapse of time
nder irradiation, but at the same time the 760-nm Q-band of
Sb(tbpc)]+ diminished more rapidly than in the absence of
PBF (it should be noted that [Sb(tbpc)]+ does not react with
2 Attempts to detect luminescence at around 1270 nm, which is emitted from

2(1�g) [44,45], by irradiating aerated CHCl3 solutions containing [Sb(tbpc)]+,

2tbpc, [Zn(tbpc)], or Methylene Blue using a 690-nm laser diode (ca. 10 mW
t the surface of the optical cell) were unsuccessful. It should be noted that sharp
uminescence centered at 1272 nm was detected when the same Methylene Blue
olutions were irradiated under the same conditions but by using an Ar-laser
514.5 nm, 17 mW) instead and hence the instrumentation was considered done
roperly.
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Fig. 5. (Left) Spectral changes aerated CHCl3 solution containing [Sb(tbpc)]I3

(1.5 × 10−5 M) and DPBF (7.2 × 10−4 M) after 2-min irradiation; (i) before
irradiation; (ii) just after irradiation, (iii) 5, (iv) 10, (v) 15, and (vi) 60 min later in
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he dark; (Right) plots of the yields of antimony(V) derivatives (vs. [Sb(tbpc)]+)
s A719/A760 against irradiation time.

stic of antimony(V)–phthalocyanines [25,29,30,32,33,35–37].
rolonged irradiation has decreased the yield of the new
pecies.

In order to investigate this unexpected oxidation of antimony,
hich was triggered by irradiation of visible light, we have pho-

olyzed aerated solutions containing a mixture of [Sb(tbpc)]+

nd DPBF for known time and then monitored the spectral

hanges in the dark at regular time intervals. A typical exper-
mental result is shown in Fig. 5 (left). Although the spectral
ifference between before and just after the irradiation was

ig. 6. The ESI-MS spectra of the photolyzed CHCl3 solutions containing
Sb(tbpc)]I3 (1.5 × 10−5 M) and DPBF (7.2 × 10−4 M) after (a) 1-min and (b)
-min irradiation.
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egligibly small, the 760-nm Q-band of the initial species
ecreased in intensity with elapse of time and incidentally a
ew band appeared at the blue flank of the Q-band. This new
and (730–740 nm) grew in intensity over several minutes until
nother new band began to grow around 720 nm. The final spec-
rum is essentially the same as that of [Sb(tbpc)(OH)2]+ [35,36].
ssentially the same spectral changes were observed when a
90-nm laser diode was used instead of the halogen lamp. Simi-
ar oxidation process was also observed in CH2Cl2, benzene, and
hlorobenzene. Mass spectra (Fig. 6) of the photolyzed solutions
how some pairs of twin peaks attributable to phthalocyanine
omplexes containing one antimony ion per molecule based on
heir isotope patterns (resulting from the presence of 121Sb and
23Sb). The most intense four pairs at around m/z = 857&859,
19&921, 947&949, and 993&995 are, respectively, assigned
s [Sb(tbpc)]+ (the starting material), [Sb(tbpc)(OH)(OEt)]+,
Sb(tbpc)(OEt)2]+, and [Sb(tbpc)(salc)]− (where salc denotes
alicylate, C7H4O3

2−). When the irradiation time was shorter
1 min.), the 993&995 pair was the most intense. On the other
and, this pair diminished and hence the 919&921 and 947&949
airs became more prominent when the irradiation was pro-
onged (over 5 min.). This suggests that the species showing
he 993&995 pair is the intermediate species that appears in the
pectral changes during the oxidation (λmax = ca. 735 nm) as dis-
ussed later in Section 3.2.3. Therefore, the species showing the
20-nm band has been found a mixture of antimony(V) com-
lexes with axial ligands containing oxygen as the donor atom.
he yields of the antimony(V) derivatives versus the starting

Sb(tbpc)]+ for respective experimental run have been evalu-
ted as the ratio of the absorbance of the oxidation product at

19 nm (when it has reached to the maximum) to that of the ini-
ial species at 760 nm (i.e., the Q-band of [Sb(tbpc)]+), of which

ig. 7. Spectral changes in CHCl3 solution containing [Sb(tbpc)]+I3
−

1.8 × 10−5 M), DPBF (7.5 × 10−4 M), and Methylene Blue (1.3 × 10−5 M).
Sb(tbpc)]+ was added into the photolyzed solution containing DPBF and Methy-
ene Blue after the solution was irradiated for 20 min. (i) 10, (ii) 20, (iii) 30, (iv)
0, (v) 70, (vi) 90, (vii) 110, (viii) 130 min after the addition of [Sb(tbpc)]+

olution.
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he value is represented as A719/A760.3 As shown in Fig. 5 (right),
he A719/A760 value decreased as the irradiation was prolonged,
ndicating that the oxidation of antimony is not a photochemical
rocess although it is photochemically triggered. The oxidation
as efficiently inhibited by �-carotene that was preliminarily

dded to the photolyzed solutions, as is the case for photobleach-
ng of [Sb(tbpc)]+. Therefore, this oxidation is likewise initiated
y photosensitization of 1O2.

This has been further confirmed by the following experiments
sing other dyes instead of [Sb(tbpc)]+. That is, CHCl3 solutions
ontaining DPBF and either H2tbpc, [Zn(tbpc)], or Methylene
lue were photolyzed for known time, to which a CHCl3 solu-

ion containing [Sb(tbpc)]+ was added and then spectral changes
ere monitored in the dark. In any case, similar spectral changes
ave been reproduced as is shown in Fig. 7 (Methylene Blue
as used in this case). It should be noted that the addition
f [Sb(tbpc)]+ to photolyzed solutions containing DPBF alone
nder the same conditions did not cause detectable spectral
hanges for at least 1 h. Similar spectral changes occurred when
2tbpc and [Zn(tbpc)] was used in place of Methylene Blue,
ut the use of [Co(tbpc)] did not cause either photolysis of
PBF or oxidation of [Sb(tbpc)]+. This is quite reasonable

ssuming that photosensitization of 1O2 triggers the oxida-
ion of antimony, because it is well known that metal-free and
inc–phthalocyanines as well as Methylene Blue photosensitize
O2 while cobalt(II)–phthalocyanines do not [44,45,50,51]. It
s noteworthy that these experimental results also indicate that
he contribution of I3

− (the counter anion of [Sb(tbpc)]+) to the
hotochemical process is negligible if any.

.2.2. Effects of 1O2 acceptors
We have photolyzed solutions containing [Sb(tbpc)]+ in the

resence of various 1O2 acceptors (Fig. 1) to investigate the
echanism of the photo-initiated oxidation of antimony. Similar
bIII/V conversion occurred when the other furan- or oxazole-
erivatives (such as 2,5-diphenylfuran, 2,5-diphenyloxazol,
-methyl-4,5-diphenyloxazole, 2-(2-methoxyphenyl)-4,5-
iphenyloxazole) instead of DPBF. Only dibenzofuran was
xceptional and no reaction (apart from photobleaching of
Sb(tbpc)]+) was observed under irradiation. Contribution from
utooxidation process of the furan-derivatives, which has been
eported for DPBF [52,53], to the oxidation of antimony(III)
as been found insignificant because similar oxidation occurred
n the presence of 2,5-diphenylfuran (except that intermediate
pecies showing 735-nm band was not observed in spectral
hanges during the oxidation as described in Section 3.2.3). It

s known that 2,5-diphenylfuran is stable against autooxidation
54]. On the other hand, the use of 9,10-diphenylanthracene,
etraphenylcyclopentadienone, or 2,3-dimethyl-2-butene as

3 Assuming that all the generated [Sb(tbpc)L2]+ species have essen-
ially the same molar extinction coefficients to that of [Sb(tbpc)(OH)2]+

ε = 1.79 × 105 M−1 cm−1 in CH2Cl2 [36]) and that [Sb(tbpc)]+ has the same
value in CH2Cl2 (ε = 1.27 × 105 M−1 cm−1 in CH2Cl2 [31]) and in CHCl3,

8% of antimony(III) species was converted to antimony(V) species. This value
eems reasonable because the yields of [Sb(tbpc)(OH)2]+ were in a range of
5–75% vs. [Sb(tbpc)]+ [36].
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O2 acceptors [55] did not give rise to such oxidation.
uran- and oxazole-derivatives are well known to accept 1O2

hrough 1,4-cycloaddition to form ozonide-type endo-peroxides
Scheme 1a) [44,45]. The endo-peroxide generated in this way
s further attacked by nucleophiles present in the solution
EtOH and H2O in this case) to liberate peroxides like EtOOH
nd H2O2, respectively.4 The peroxides are considered to
xidize the [Sb(tbpc)]+ to the corresponding antimony(V)
pecies (Scheme 1b) because we have recently reported that
Sb(tbpc)]+ is converted to antimony(V) derivatives by treating
t with perbenzoates in CH2Cl2 at room temperature [35,36].
his is further supported by experimental evidence that free

odide (as nBu4N+I−) was readily oxidized to liberate iodine as
3
− (λmax = 294 and 364 nm [56]). With this mechanism taken

nto consideration, it is quite understandable that dibenzofuran
oes not contribute to the oxidation of antimony because
,4-cycloaddition of 1O2 with the furan-skeleton will disrupt
he �-conjugation systems of the fused benzene rings and hence
his compound is unlikely to work as a 1O2 acceptor.

.2.3. The intermediate species that appears in the spectral
hanges

During the process of the oxidation of [Sb(tbpc)]+, a new
bsorption band appeared around 730–740 nm and then dis-
ppeared as another band around 720 nm grew in intensity, as
entioned in Section 3.2.1. When the irradiation time was short

e.g. for 1 min), similar spectral changes to the first process were
bserved, but any further spectral change due to the oxidation
o [Sb(tbpc)L2]+ was not observed as shown in Fig. 8 (left). The
nal spectrum little changed over 3 h in the dark until the solu-

ion was again irradiated. Upon irradiation for more 30 s, spectral
hanges ascribable to the oxidation of antimony(III) took place
Fig. 8 right). We have obtained clearer spectrum of the pos-
ible intermediate by photolyzing [Sb(tbpc)]+ solutions under
he same conditions but by photolyzing solutions containing a
ower concentration of DPBF (Fig. 9). The product showed an
bsorption band characteristic of antimony(III)–phthalocyanine
omplex [31,35,36]. By monitoring the photo-generated prod-
cts by ESI-MS, we have found that a pair of peaks at m/z = 993
nd 995 were prominent in the early stage of the photolysis while
hey got less intense under prolonged irradiation (Fig. 6). There-
ore, this species is considered the intermediate species. We have
tudied the reaction of [Sb(tbpc)]+ with salicylate in CHCl3 solu-
ions because the formulae weight of dianion of salicylic acid
136) is identical with the difference between the intermediate
m/z = 993 and 995) and the initial species (m/z = 857 and 859).
lthough salicylic acid (H2salc) did not react with [Sb(tbpc)]+

or at least 3 h, its tetrabutylammonium salt (nBu4N(Hsalc)) has

apidly reacted upon its addition at room temperature, forming
ew species that shows a Q-band-like absorption band at 735 nm
Fig. 9).5 Therefore, we may conclude the intermediate species
hould be salicylato complex, [Sb(tbpc)(salc)]−. The salicylate

4 Generally, commercially available chloroform contains ethanol as stabilizer.
5 It is known that the Q-band of [Sb(tbpc)]+ blue-shifts in the presence of
onor [31,32].
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Scheme 1. The mechanism proposed for the photo-initiated oxidation of [Sb(tbpc)]+ to antimony(V) species. (a) Photooxidation of DPBF. The process from the
z of [Sb
s ].
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witter ion to dibenzoylbenzene is based on the literature [53]. (b) Oxidation
pecies. (c) Speculated mechanism for the formation of salicylate derivative [52

s considered to be produced from endo-peroxide of DPBF, the
hotooxidation product of DPBF, through thermal rearrange-
ent of the phenyl groups to the oxygen atoms (Scheme 1c)

52,53]. This is because formation of such intermediate species
as not observed when 2,5-diphenylfuran, which is not subject

o autooxidation unlike DPBF [54], was used as the 1O2 accep-
or and hence the starting material and the oxidation products
antimony(V) species) were detected in the spectral changes dur-
ng the oxidation as mentioned in Section 3.2.2. As the reaction
etween [Sb(tbpc)]+ and salicylate is so rapid and terminates
ithin a few seconds, the slow formation of the intermediate
ay be due to slow formation of salicylate.
It is not certain if this intermediate formation is essential to

he oxidation of antimony at present. This is because we have

ound that oxidation of [Sb(tbpc)]+ with tert-butyl perbenzoate
sosbestically proceeded without such intermediate formation
34,35], indicating that [Sb(tbpc)]+ can be directly converted to
he corresponding antimony(V) species. Furthermore, attempts

o
t
t
t

(tbpc)]+ to antimony(V) derivatives and formation of dead-end antimony(III)

o oxidize the salicylato complex by tert-butyl perbenzoate to
orm antimony(V) species were unsuccessful and only degra-
ation of the complex occurred. Therefore, the intermediate is
ikely to be dead-end species and hence unlikely to contribute
o the oxidation of antimony.

.2.4. Contribution of superoxide ion (the Type I
echanism)
As some dyes are known to photosensitize superoxide ion

O2
−) as well as 1O2 through the Type I mechanism [44,45], we

ave also investigated on the possibility of contribution of O2
−

n the photobleaching and the oxidation of antimony. Neither
eaction was inhibited by the addition of 2,6-di-tert-butylphenol,
hich is known as radical scavenger [47,48], and hence super-

xide is unlikely to be involved in both the reactions. In addition
o that, we have photolyzed solutions containing [Sb(tbpc)]+ in
he presence of tert-butyl-benzoate, which would be converted
o perbenzoate through nucleophilic attack by O2

− [44,57].
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Fig. 8. Spectral changes of aerated CHCl3 solution containing a mixture of
[Sb(tbpc)]I3 (1.5 × 10−6 M) and DPBF (7.2 × 10−4 M); (Left) (i) before irradi-
ation, (ii) upon 1-min irradiation, (iii) 10, (iv) 20, (v) 30, (vi) 40, (vii) 50, (viii)
60 min later in the dark; (Right) (i) 1 h after the initial irradiation (identical with
the spectrum (viii) in the left figure), (ii) 5, (iii) 10, (iv) 15, (v) 20, (vi) 40, (vii)
60 min after the second irradiation (30 s).

Fig. 9. The absorption spectrum (dot-dash line; absorbance in arbitrary unit)
of CHCl3 solution containing [Sb(tbpc)]+I3

− (6.4 × 10−6 M) and DPBF
(1.0 × 10−4 M) that was photolyzed for 15 min and measured 10 min after the
p
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hotolysis. The broken and solid line show spectra of CHCl3 solution containing
Sb(tbpc)]+I3

− (6.4 × 10−6 M) before and after the addition of tetrabutylammo-
ium salicylate (29 mM), respectively.

ence photolysis of [Sb(tbpc)]+ in the presence of benzoate
ster should give rise to spectral changes due to SbIII/V conver-
ion if contribution of O2

− is significant because we have quite
ecently reported that perbenzoic acids and its ester are capa-
le to oxidize [Sb(tbpc)]+ even at room temperature [35,36].
owever, since no such spectral change was observed, we con-

lude that contribution of O2
− in the reactions is negligible, if

ny.

. Conclusions
Photochemical behaviors of antimony(III) derivative of
hthalocyanine under visible light irradiation has been studied
or the first time. Contrary to the expectation, photo-initiated

[

[

tobiology A: Chemistry 197 (2008) 313–320 319

bIII/V conversion did not occur by photolyzing aerated solutions
ontaining the title complex alone but only photobleaching of the
omplex due to 1O2 photosensitized by the complex itself was
bserved. However, photo-initiated SbIII/V oxidation has been
ound to occur in the presence of 1O2 acceptors like DPBF.
he over-all mechanism proposed for the SbIII/V conversion
an be rationalized by considering the following stages; i.e.,
i) the initial species, [Sb(tbpc)]+, photosensitizes 1O2 (which
lso decomposes the photosensitizer itself); (ii) the 1O2 gen-
rated in this way undergoes a 1,4-cycloaddition with DPBF
o form ozonide-type endo-peroxide, which decomposes by
ucleophilic attack of EtOH and H2O present in the solvent
o generate peroxides, such as EtOOH and H2O2, respectively;
iii) the peroxides oxidize [Sb(tbpc)]+ to antimony(V) deriva-
ives, [Sb(tbpc)LL′]+, ligating axial ligands containing oxygen
s donor atoms; (iv) the new SbIIIPc-like species that appeared
n the spectral changes during the SbIII/V conversion is likely to
e a dead-end species and unlikely to contribute to the oxidation.
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