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Spectra and stabilities of �-substituted phthalocyaninatoirons
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Abstract

Three aryloxy (alkoxy) �-substituted phthalocyaninatoirons (FePcs) were prepared and their UV–vis spectra in air or by adding of peroxide
showed a new band at the red side of the Q band which can be assigned to a complexes of phthalocyaninatoirons with oxygen or peroxide. The
appearance of this band related to the instability of these FePcs so their decomposition was also studied, by the benzoylperoxide oxidation.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Phthalocyanines, especially those containing redox-active
entral metal ions such as phthalocyaninatoirons, are excellent
atalysts of oxidative desulfurisation of hydrocarbons [1]. In
ecent years, these compounds have also been examined as bio-
ogically simulated oxidative metalloenzymes [2]. Generally,
nsubstituted phthalocyanines have poor solubility and a high
endency of aggregation in solvents [3], which considerably lim-
ts the scope of the investigations. Substituents such as alkyl and
lkoxyl groups have often been introduced to the periphery of the
hthalocyanine macrocycle to improve their solubility. But the
tability decreasing of substituted phthalocyanines in the oxidiz-
ng media has also been found, even under very mild conditions
4]. A few investigations on the stability of phthalocyanines
ave been reported to date [4,5]. Here we report some exper-
mental results of the decompositions of three aryloxy (alkoxy)
-substituted phthalocyaninatoirons with benzoylperoxide oxi-
ation, and related changes of their spectra.

. Experimental

trimethyl-3′-pentoxy)phthalonitrile] were synthesized as
described in literature [6]. All other reagents and solvents
were of reagent grade and used without further purifica-
tion. All synthetic reactions were performed under nitrogen
atmosphere.

2.2. Measurements

The infrared spectra were recorded in the range of
400–4000 cm−1 by use of a Perkin–Elmer FT-IR spectropho-
tometer. Elemental analyses were carried out on a Vario EL
III elemental analyses instrument. And UV–vis spectra were
recorded on PE-Lambda9 UV–vis spectrophotometer using
1 cm path length cuvettes at room temperature.

2.3. General process of the synthesis of lithium and
metal-free phthalocyanines 1a–1c

Compounds 1a–1c were obtained by the procedure similar
.1. Materials

The substituted phthalonitriles [3-phenoxyphthalonitrile,
-(2′,4′-ditertbutylphenoxy)phthalonitrile, and 3-(2′,2′,4′-

to the literature [7]. Under nitrogen atmosphere, 40 mmol of
phthalonirile and 40 mmol of Li were heated at 120 ◦C for 4 h in
10 mL of n-pentanol. After cooling down to room temperature,
10 mL of methanol and 5 mL of hydrochloric acid were added
w
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ith vigorous stirring for 10 min. The residue was immediately
assed through a silica gel column (using CHCl3 as eluant),
nd the obtained green eluate was evaporated, to give desired
ompounds.
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2.4. Tetrakis(2,2,4-tirmethyl-3-pentoxy)phthalocyanine
(1a)

Yield: 0.932 g (9.1%). C64H82N8O4 (1023.43): calc., C,
74.82; H, 8.07; N, 10.91; found, C, 74.82; H, 8.04; N, 10.78;
mass: m/z: 1023 (M+); IR (KBr): 1585.1 (νC C), 1480.7 cm−1

(νC N), 1241.1, 1108.8 cm−1 (νAr O C), 2955.6, 2868.9 cm−1

(νCH3).

2.5. Tetrakis(2′,4′-ditertbutylphenoxy)phthalocyanine (1b)

Yield: 2.31 g (17.4%). C88H98N8O4 (1330.7): calc., C, 79.36;
H, 7.42; N, 8.41; found, C, 79.51; H, 7.60; N, 7.77; mass: m/z:
1032.0 (M+); IR (KBr): 1585.8 (νC C), 1484.9 cm−1 (νC N),
1250.9, 1086.1 cm−1 (νAr O Ar), 2958.8, 2867.9 cm−1 (νCH3).

2.6. Tetrakisphenoxyphthalocyaniatolithium (1c)

Yield: 2.24 g (25.5%). C56H33N8O4Li (888.28): calc., C,
75.76; H, 3.36; N, 12.62; found, C, 75.22; H, 3.59; N, 12.22;
mass: m/z: 889.4 (M+); IR (KBr): 1582.6 (νC C), 1488.8 cm−1

(νC N), 1245.9, 1180.5 cm−1 (νAr O Ar).

2.7. General process of the synthesis of
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2.9. Tetrakis(2′,4′-ditertbutylphenoxy)
phthalocyaninatoiron (2b)

Yield: 0.594 g (95.4%). C88H96N8O4Fe (1384.69): calc., C,
76.28; H, 6.98; N, 8.09; found, C, 76.32; H, 6.90; N, 8.42;
mass: m/z: 1384 (M+); IR (KBr): 1585.8, 1481.2 cm−1 (νC N),
1384, 1082.0 cm−1 (νAr O Ar), 1585.8 cm−1 (νC C), 2953.7,
2849.1 cm−1 (νCH3 ), 741.01 (νM–N).

2.10. Tetrakisphenoxyphthalocyaniatoiron (2c)

Yield: 0.402 g (95.5%). C56H32N8O4Fe (936.19): calc., C,
71.80; H, 3.44; N, 11.96; found, C, 72.22; H, 4.30; N, 11.61;
mass: m/z: 936 (M+); IR (KBr): 1581.9 (νC C), 1488.9 cm−1

(νC N), 1246.2, 1205.7 cm−1 (νAr O Ar), 748.76 (νM–N).

3. Results and discussion

3.1. Synthesis of substituted phthalocyaninatoirons

As shown in the Scheme 1, instead of commonly used
method of condensation of precursor and metal salt, the
title phthalocyaninatoirons are synthesized from correspond-
ing metal-free phthalocyanines so as to simplify the pro-
cess of purification because of the easy decomposition of
t
m
t
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20 ◦C
hthalocyaninatoiron 2a–2c

Compounds 2a–2c were obtained by the procedure similar
o the literature [8]. Under nitrogen atmosphere, 0.45 mmol of
recursors 1a–2c and 7.9 mmol of FeCl3 were heated at 115 ◦C
or 2 h in 10 mL of pyridine. The reaction mixture was imme-
iately passed through a short alumina column (20:1, v/v of
oluene:pyridine as eluant) to remove unreacted metal salt. Then
he obtained green eluate was evaporated to give desired com-
ounds.

.8. Tetrakis(2,2,4-tirmethyl-3-pentoxy)-
hthalocyaninatoiron (2a)

Yield: 0.34 g (70%). C64H80N8O4Fe (1080.57): calc., C,
1.09; H, 7.46; N, 10.36; found, C, 70.80; H, 7.38; N, 9.40;
ass: m/z: 1080 (M+); IR (KBr): 1587.4, 1485.6 cm−1 (νC N),

244.3, 1114.7 cm−1 (νAr O C), 1587.4 cm−1 (νC C), 2956.1,
869.9 cm−1 (νCH3), 742.47 (νM–N).

Scheme 1. Reagents and conditions: (i) pentanol, Li, 1
hese substituted phthalocyanines, even though the yields of
etal-free phthalocyanines were lower. Another result was

hat with smaller substituents, the protonation of LiPc by
cid was uneasy and resulted with a half protonated LiHPc,
s 1c, which was used in the next reaction without further
reatment.

.2. The UV–vis spectroscopy studies of substituted
hthalocyaninatoirons in atmosphere

The alkoxy complex 2a showed a typical Q0–0 and Soret
ands of Pc ring at 683, 618 and 347 nm in pyridine at atmo-
phere, but in the toluene, a new band (753 nm, named as L
ands) was found at the longer wavelength side of the Q band,
nd its intensities increase accompanied by the intensity decreas-
ng of the Q band, while standing the solution at room tempera-
ure in air, as shown in Fig. 1. This L bands were also observed
n acetone and acetonitrile solutions, but not observed in polar
olvents, DMF, dimethyl sulfoxide, and pyridine. In case of 2b

, 4 h, and then con. HCl; (ii) FeCl3, DMF, 150 ◦C, 4 h.



L. Yang et al. / Journal of Molecular Catalysis A: Chemical 253 (2006) 25–29 27

Fig. 1. Electronic absorption spectral changes of the toluene solution containing
compound 2a with time ([2a]0 = l × 10−5 mol L−1), and the inset is the correc-
tion between ln(A) and time.

and 2c, the L bands also appeared but with weak intensities than
that of 2a.

For the origin of this L band, we checked if it is whatever
reported. It is known that the Q bands of MPcs are shifted
to the longer wavelength region by formation of the slipped
face-to-face dimmer [9]. And the red shift of the Q bands was
also reported for the zeolite encapsulated MPcs, of which pc
rings are considered to be distorted so as to reside in the narrow
cavities of the zeolite. Furthermore, it is also reported that the
electronic absorption of �-oxo dimmeric PcFe complex in non-
coordinating solvents, the Q and B bands always bathochromic
shift. However, these reasons could not give us some acces-
sible explain for the L band. The structure of PcCo with the
same substituents as compound 2a showed that their ring skele-
ton maintained the planar conformation and the distance of the
two neighboring rings is 7.5 Å [10]. And the bond distance of
Fe O Fe is 3.42 Å in �-oxo PcFe dimmer [11]. These results
ruled out the possibility of the slipped face-to-face dimmer, ring
distortion or �-oxo PcFe dimmer as the L bands origin. It can be
further confirmed by the fact that the vibrations of Fe O Fe at
852 and 824 cm−1 [12] were not found in the IR spectra of com-

Fig. 2. Absorption spectra of 2a (l × 10−5 mol L−1) in toluene (solid line), pyri-
dine (dashed line) and toluene containing 0.1 mol L−1 phenol (dot line).

pound 2a. Recently, Kobayashi and co-workers reported that
one phthalocyaninatoiron substituted with eight phenyl groups
at � position shows absorption bands that may be assigned to
metal-to-ligand charge transfer (MLCT) transitions, in the near-
IR region beyond the Q band in pyridine, due to lowering of
molecular symmetry from D4h to D2d [8]. But for compound
2a, this MLCT band was not found in pyridine. In addition, the
oxidation of the pc ring also gives rise to a new band at the
longer wavelength side of the Q band. But in this case, a rel-
atively strong band should be accompanied in the wavelength
range from 500 to 600 nm [13]. However, such a band was not
observed for the present complex. In Fig. 2, we can also find a
band at 785 nm for the protonated 2a by phenol in toluene, so the
L bands at 753 nm cannot also be assigned to the protonation.

In checking the origin of this L band, we found that this L band
disappeared immediately after adding a small amount of acid,
such as acetic acid or phenol, or decreased by adding of pyridine
to the solution. These facts led to a conjecture that the L band at
753 nm was related to the center Fe and meso-nitrogen atoms.
Another clue was that a peak was found out in the mass spec-
tra for one pyridine coordination and an additional small group

title c
Scheme 2. The schematic diagram of the complexes of
 ompounds with oxygen and oxidants in some solvents.
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with mass 32. Also considered a model reported by Kaliya et al.
for PcFe catalysts interact with oxidants (dioxygen, peroxides,
hydroperoxides and peracids) [14], as shown in Scheme 2A, we
surmised a model for the origin of this L band as showed in
Scheme 2B, in which electrons of O1 and O2 are attracted to Fe
atom and the O2 atom with somewhat lacking of electron inter-
act with meso-nitrogen atoms. And the coordinated pyridine at
one side of the center Fe could enhance the coordination of the
O2 on the other side, as well known for the analog porphyrins. In
these complexes, the O2 ligand can be replaced by the stronger
coordinate pyridine at Fe and stronger protonate H at meso N, so
the L band can be disappeared by acid or decreased by pyridine.
No appearance of the L bands in analogous metal-free, Zn, Co,
Cu, Pd derivatives [15] or the PcFe with small bulk substituents
[16] is perhaps mainly attributed to their weak coordination abil-
ities of center atoms or short distances of two neighboring Pc
rings.

In order to further prove out our assumption, the benzoyl
peroxide (BPO) was added to the toluene solution of compound
2a. As expected, there was a new band at 746 nm that was also
found (Fig. 3).

3.3. The decomposition by benzoylperoxide oxidation

s
d
b
i
t

Fig. 3. The absorption spectra of 2a (1 × 10−5 mol L−1) in toluene (solid line)
and in toluene containing BPO (5 × 10−3 mol L−1) (dash line, after 26 min).

The decomposition of title compounds by the oxidation of
BPO was relatively fast where the effect of air was ignored.
The decomposition with BPO in toluene or pyridine is shown in
Fig. 4. It was found that the order of their decomposition rate is
2a > 2b > 2c and in good agreement with the order of their max-
imum absorption wavelengths. As foregoing mentioned model,
the key step is to form the intermediate as shown in Scheme 2.
Firstly, the donor substituents at � position lead to some increase
of the electronic densities of meso-nitrogen atom and the rise of
C N bond length, and the corresponding red shift of the Q band
indicated the level of this effect. So the introduction of the donor
substituents at � position will increase the electron of meso N
atom what is beneficial for the forming of intermediate, and the

F con
[ e/BPO
a

It was observed that when this L band appeared, the sub-
tituted FePcs slowly decomposed, as shown in Fig. 1. The
ecomposition also occurred when protonated by adding acid
ut not by adding pyridine. When standing the sample solution
n air, the decomposition rate was not clearly recorded because
he air diffusion into the sample was difficult to be controlled.

ig. 4. Electronic absorption spectral changes of the toluene solution
BPO]0 = 5 × l0−3 mol L−1) (a); the correction between 1/A and time in toluen

nd in pyridine/BPO solution (c) where [2a–2c]0 = l × 10−5 mol L−1, [BPO]0 = 0.1 m
taining compound 2a and BPO with time ([2a]0 = l × 10−5 mol L−1,
solution (b) where [2a–2c]0 = l × 10−5 mol L−1, [BPO]0 = 5 × l0−3 mol L−1)

ol L−1).
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C N bond lengthen also lowed the stability of Pc. Secondly, and
perhaps more importantly, the bulk of the substituents affect the
easy of interaction between the PcFe and oxidant. Finally, the
fact that the decomposition in the pyridine needs a high concen-
tration of oxidant may suggest the coordination of the solvent
to the axial position compete with the coordination of oxidant
to the Fe ion.

The decomposition reaction order was 2, extracted from the
maxim absorption of the original Q band, indicated the formation
of intermediate from Pc and oxidant is a second-order reaction
and the L band is a “new Q band” of the intermediate. Where
the decomposition in air was a first-order reaction belongs to the
constant O2 concentration in solution come by the diffusion of
O2 from air. As a band of intermediate, the strength of L band
was hold constant within the decomposition and disappeared
slowly at last when the most of phthalocyanine decomposed. In
addition, the decomposition of BPO itself in this condition is
very slow [17].

4. Conclusion

The formation of the complexes of phthalocyaninatoirons
with oxygen and oxidant BPO leads to a new band
(named as L band) at the longer wavelength side of Q
band. This L band belongs to an oxygen or peroxidant-
coordinated intermediate which leads to the decomposition
o
p
c
c
t
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