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Direct electrochemical synthesis of substituted phthalocyanines:
the advantages and problems versus classic phthalocyanine
preparation
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(Received 27 October 2006, in final form 19 February 2007)

Direct electrochemical procedure was applied for tetramerization of a series of substituted
phthalodinitriles (4-nitrophthalodinitrile, 3-phenylthiophthalodinitrile, etc.) at relatively low
temperatures (25-125°C) in ethanol and N, N-dimethylethanolamine. In case of use of sacrificial
metal (Cu, Ni and Zn) anodes, the corresponding metal complexes were obtained. Products
were characterized by UV- and IR-spectroscopy and elemental analysis data. Peculiarities
of the electrochemical synthesis of substituted phthalocyanines are discussed.
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1. Introduction

Direct electrochemical synthesis is a technique rapidly developed during the last
30 years [1-4]. In phthalocyanine (Pc) chemistry, this method was applied for obtaining
a non-substituted phthalocyanine and some of its complexes using sacrificial metal
anodes or dissolved metal salts as metal ion precursors and phthalodinitrile in
protic solvents [5, 6]; a detailed mechanism for phthalodinitrile tetramerization was
proposed. Among other phthalocyanines, PcLi. having free-radical properties was
electrochemically obtained and characterized [7]. Further, formation of phthalocyanine
and its metal complexes from phthalodinitrile, 1,3-diiminoisoindoline, urea and
phthalic anhydride or phthalimide was studied in a series of non-aqueous protic and
aprotic solvents [8]; a comparative investigation of classic and electrochemical
techniques showed that electrosynthesis with use of 1,3-diiminoisoindoline is possible
in aprotic solvents, different than phthalodinitrile where only protic solvents can be
used [5, 6, 8]. Electrosynthesis with use of urea and phthalic anhydride does not lead to
satisfactory yields of products [8]. An advantage of the electrochemical procedure
for phthalocyanine synthesis is considerably lower temperature (0—100°C) in
comparison with traditional methods (generally at 170-250°C [9, 10], although
sometimes at 100°C [13]).
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Substitution of H-atoms in benzene rings of the Pc molecule allows changing physical
and chemical properties of these compounds, such as solubility, electronic absorption
spectra, acid-base, redox and catalytic properties [11-13]. In particular, introduction
of strong electron-acceptor groups, such as nitro, can expand the properties of
these pigments. Classic synthesis of substituted phthalocyanines from phthalodinitriles
(or other precursors) and metal salts are usually carried out at >160-170°C in
high-boiling organic solvents or without solvent [9-13]. In this work, we report an
electrochemical process for substituted metal-free phthalocyanines and some metal
complexes at considerably lower temperature (25-130°C) in comparison with
traditional techniques.

2. Experimental

2.1. Materials and equipment

4-t-butylphthalodinitrile, 4-phenylthiophthalodinitrile, 3-phenylthiophthalodinitrile,
3-phenoxyphthalodinitrile, 4-hydroxyphthalodinitrile, 4-a-naphthoxyphthalodinitrile,
3-a-naphthoxyphthalodinitrile, 3-nitrophthalodinitrile, 4-nitrophthalodinitrile, 3-g-
naphthoxyphthalodinitrile, 4-B-naphthoxyphthalodinitrile, tetracyanodiphenyl ether
(4,4'-oxodiphthalodinitrile), 4-aminophthalodinitrile, and tetrachlorophthalodinitrile
were supplied by NIOPIK (Moscow, Russia). 1,8-Diazabicyclo[5.4.0Jlundec-7-ene
(DBU) and absolute ethanol were purchased from Aldrich and used as supplied.
Metals were used in distinct forms: copper wire, nickel and vanadium sheets,
zinc or bismuth cores (they were washed with diluted HCI before use).
N,N-Dimethylethanolamine was distilled at reduced pressure before use. LiCl was
dried in a conventional oven at 130°C before use as supporting electrolyte.
An undivided electrochemical cell (50 cm®) with graphite electrodes, connected with
a power supply (Photodyne), thermometer and magnetic stirring was used for
electrochemical preparation of phthalocyanines. Electronic absorption and IR spectra
were recorded with Perkin-Elmer equipment. Elemental analysis data were obtained
using a Perkin-Elmer CHONS analyzer.

2.2. Preparation and purification of phthalocyanines

Generally, 0.5-0.8 g of a substituted phthalodinitrile and 0.03 g of LiCl were put into a
S0mL flask containing 20-30 mL of a solvent (EtOH or N,N-dimethylethanolamine)
and stirred for a few minutes until complete dissolution. Then, 2-3 drops of DBU were
added. To obtain a metal-free phthalocyanine, graphite/graphite electrodes were used;
in case of metal complexes, corresponding metal anode was used. The applied current
was 20-40 mA, initial voltage 20-40V, and electrolysis time 1.5-2.5h (with continuous
stirring). The temperature varied in the range 25-78°C (in EtOH) and 25-130°C
(in DMEA). Finishing the electrolysis, the solution was cooled to room temperature
and remained in the cell for 24h. Then, the brown-blue or green solid was filtered,
washed in a Soxhlet extractor and recrystallized by standard techniques described in
table 1. The final violet or green crystals correspond to metal-free phthalocyanines or
their metal complexes. UV-spectral data of all synthesized complexes are presented
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in table 2 and UV-spectra for three copper complexes are shown in figures 1-3.
Elemental analysis data of the complexes after final purification are presented in table 3.

3. Results and discussion

It is possible to obtain, in some cases, phthalocyanines or their metal complexes by
direct electrochemical procedure at temperatures below 100°C. Thus, using
4-nitrophthalodinitrile as a precursor, a metal-free tetrakis(4-nitro)phthalocyanine
and its Cu, Ni and Zn complexes were products. With vanadium as a sacrificial
electrode, no phthalocyanine was detected in EtOH or DMEA. Visually Pc formation
began on the cathode surface, but rapidly finished (in 2-4min.) when a definite
concentration of vanadyl ions was accumulated in a solution. In the electrosynthesis
conditions, vanadyl ions most inhibit macrocycle formation; meanwhile in classic
syntheses vanadium complexes are obtained without problems [9, 10].

Using (4-nitro)phthalodinitrile, it is possible to carry out the electrosynthesis at room
temperature in an undivided cell. Compared to standard non-substituted phthalodini-
trile, whose electrochemical synthesis is possible in solution at room temperature in
a divided cell [6], in a solid phase of phthalonitrile close to a high-surface cathode in an
undivided cell at 0-25°C [14] and >55°C in solution in an undivided cell [8], the presence
of NO, in the 4 position makes one CN of the ligand more accessible for nucleophilic
attack by DBU with further cyclotetramerization. In fact, 4-nitrophthalodinitrile is one
of the best substituted phthalocyanine precursors, allowing phthalocyanines with
relatively high yields [12]. Yields in the electrochemical method are smaller in
comparison with standard non-substituted phthalocyanine [8], probably due to
formation of by-products. Possibility to obtain substituted phthalocyanines at
considerably lower temperature in comparison with classic techniques seems attractive
for further research in phthalocyanines.

Only three substituted phthalonitriles — 4-nitrophthalodinitrile, 3-phenylthiophtha-
lodinitrile and tetracyanodiphenyl ether (4,4’-oxodiphthalodinitrile) — produce electro-
chemically corresponding metal-free phthalocyanines and their complexes with
satisfactory yields (8-31%) (table 1), typical also for classic syntheses of substituted
phthalocyanines (10-55%) [9-13, 15]. In some cases, using a sacrificial metal anode,
formation of a metal-free phthalocyanine or its mixture with a metal phthalocyaninate
is observed by UV-spectroscopy (for example, in the systems Bi or Ta — 4-
nitrophthalodinitrile, Bi or Ni-tetracyanodiphenyl ether). 4-o- and 3-B-naphthox-
yphthalodinitriles form products electrochemically only as traces, as observed, for
instance, in UV-spectra of 4-(a-NfO)4-PcHH (figure 4). Using other phthalodinitriles,
it was impossible to obtain phthalocyanines via direct electrochemical synthesis,
although they are formed by traditional techniques [11-13].

Electronic absorption spectra of the electrochemically synthesized metal-free and
metal phthalocyaninates (table 2, figures 1-3) and tetra-(4-nitro)Pc and tetra-(4-PhS)Pc
complexes, obtained by traditional techniques [12, 13], are almost identical. In case
of tetra-(4-nitro)PcCu (figure 1), typical for nitrophthalocyanines, small splitting of the
Q-band for two bands with the same intensities with splitting magnitude of 15-20 nm is
observed. IR-spectral data are typical for substituted phthalocyanines.
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Wavelength (nm)

Electronic absorption spectra of copper tetrakis-(4-nitro)-phthalocyaninate: continuous line — in

a-chloronaphthalene, dotted line — in H,SOy.

Absorbance (AU)

300 400 500 600 700 800

Figure 2.
line — in chloroform, dotted line — in trichlorobenzene.

Absorbance (AU)

Wavelength (nm)

Electronic absorption spectra of copper tetrakis-(3-phenylthio)-phthalocyaninate: continuous

400 500 600 700 800 900

Wavelength (nm)
Figure 3. Electronic absorption spectra of 4-[4,5-(CN),-PhO];PcCu in H,SO,.
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Table 3. Elemental analysis data of the phthalocyanines.

Found/Calculated, wt. (%)

Compound C H N

3-(PhS),-PcHH 70.88/71.01 3.77/3.59 12.02/11.83
Cs6H34NgSy

3-(PhS)4-PcCu 66.40/66.62 3.01/3.17 11.04/11.10
CseH3,CuNgSy

3-(PhS)4-PcNi 66.57/66.80 3.32/3.18 11.28/11.13
CseH3oNiNgSy

4-(NO,)4-PcHH 54.84/55.34 2.33/2.01 24.15/24.10
C3oH 14N 05

4-(NO,)4-PcCu 50.52/50.84 2.32/1.59 22.33/22.23
C3H ,CuN 05

4-(NO,)4-PcNi 50.59/51.15 2.07/1.60 22.26/22.37
C3H 5NN ,Og

4-(NO»)4-PcZn 50.63/50.67 1.95/1.58 21.97/22.17
C35H2ZnN;,08

4-[4',5'-(CN),-PhO],PcHH 70.61/70.92 2.57/2.40 20.37/20.69
CesHo6N 1604

4-[4',5'-(CN),-PhO]4PcCu 66.87/67.08 2.31/2.09 19.34/19.56
CesHo4CuN, 604

4-[4',5'-(CN),-PhO]4PcZn 66.72/67.00 2.28/2.09 19.39/19.54

CesHo4ZnN 604

Absorbance (AU)

300 400 500 600 700 800
Wavelength (nm)

Figure 4. Electronic absorption spectra of 4-(a-NfO),-PcHH: continuous line — in methylene chloride,
dotted line — in benzene.

All complexes are practically insoluble in usual organic solvents; copper complexes
are slightly more soluble in comparison with nickel complexes of the same
phthalocyanine.

4. Conclusions

Substituted metal-free phthalocyanines and their metal complexes were obtained by
direct electrosynthesis at 25-130°C in alcohol media using 3-phenylthiophthalodinitrile,
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4-a-naphthoxyphthalodinitrile, 4-nitrophthalodinitrile, 3-8-naphthoxyphthalodinitrile,
and tetracyanodiphenyl ether (4,4’-oxodiphthalodinitrile) as precursors. Compositions
and properties of the formed products correspond to those synthesized by classic
techniques at considerably higher temperature (>160°C). Some metals (Bi, Ta) did not
produce phthalocyaninates. Inhibition of 4-nitrophthalodinitrile tetramerization by
vanadyl cations prevented use of V as a sacrificial anode. It is possible to carry out
low-temperature (20-130°C) electrosynthesis of substituted phthalocyanines, although
with slightly lower yields (8-31%); possibility of electrochemical synthesis depends on
electron-donor (acceptor) properties of substituents and positions in benzene rings.
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