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Abstract 

The preparation of an MO(V) tetrasulfophthalocyanme and some of its thermal and photochemical reactlons 
have been investigated in this work. Electrochemical processes have been followed by means of the UV-VIS 
spectral changes and compared with those observed m flash photolysis. Mo(IV) and MO(V)-ligand-radical species 
are common mtermedlates of the electrochemical and photochemlcal reactions. In 254 nm lrradlatlons of the 
MO(V) tetrasulfophthalocyanme m aqueous solutions of 2-propanol, the macrocycle can be photohydrogenated 
and the product of the photolysls can be reoxtdlzed with O2 back to the parent complex. 
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Introduction 

A number of examples of metal ion catalyzed hy- 
drogenation and dehydrogenation reactions of macro- 
cychc ligands have been reported in the literature [l] 
Common to these processes, is the participation of 
coordmatlon complexes with metal Ions in unstable 
oxidation states. For example, Me,[ 14]4,1 I-dleneN, co- 
ordinated to Fe(II), eqn. (l), undergoes a dehydro- 
genatlon reaction which is medlated by an Fe(II1) 
complex. 

The same macrocycle coordinated to Ni(I1) undergoes 
dehydrogenatlon, eqn. (2), or hydrogenation, eqn. (3), 
reactions under appropriate chemical conditions. 
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If such hgand hydrogenatlon/dehydrogenation pro- 
cesses are made labile and reversible by coordination 
of the macrocycle to a given metal Ion, the complex 
may have a number of practical applications, e.g. as 
a catalyst of redox reactions and/or in cycles for the 
storage of solar energy [2]. The reversibility exhibited 
by some redox reactions involving phthalocyanine com- 
plexes is appealing from such a standpoint. Several 
literature reports about the preparation of molybdenum 
phthalocyanmes have shown that compounds of MO(W) 
and MO(V) exhibit sufficient thermal stability for their 
lsolatlon as pure products [3-51. There 1s little infor- 
matlon, however, about the thermal and photochemical 
reactivity of the MO macrocycles in general and phthal- 
ocyanines in particular [6]. In this work, we report 
experimental observations about the reversible thermal 
and photochemlcal hydrogenation of the MO(V) ma- 
crocycle. 

2+ 
\ 

CH&y CH,Ctj 

I 
NCCHJ tiCCH, tiCCH, 

0020-1693/94/$07 00 0 1994 Elsewer Sequoia All rights reserved 
SSDI 0020-1693(93)03664-V 



28 

cont. HNOJ 

Experimental 

Photochemlcal procedures 
The flash photolysis apparatus for the measurement 

of transient spectra and the investigation of reaction 
kinetics has been described elsewhere [7, 81. A Quanta 
Ray Nd:YAG laser was used for the irradiation of 
samples at 265 nm m flash photolysis experiments 
requiring ns-time resolution. Two Xe flash lamps and 
appropriate cutoff filters were used for UV irradiations, 
A exc,t> 240 nm, in flash photolysls with ,us-ms time 
resolutions Continuous photolyses at 254 nm were 
carried out with low pressure Hg lamps with intensities, 
Z,= 5.0~ lo-” Emstem dmp3 s-l In all these exper- 
iments, solutions of the photolyte were deaerated with 
streams of ultrapure N, before and during the irra- 
diation. 

Electrochemical procedures 
Cychc voltammograms were run with 0.1 M tetra- 

butylammonium hexafluorophosphate in DMF on a 
PAR 1751173 using a Pt disk working electrode, an 
Ag wire auxiliary electrode and SCE reference m a 
standard H cell. Differential pulse polarography (DPP) 
was performed using a PAR 174A with the same solvent 
and electrodes. Controlled-potential electrolytes were 
carried out in a cell with two cylinders of Pt gauze as 
working and auxiliary electrodes and an Ag/AgCl-coated 
wire as a reference electrode The auxiliary electrode 
was separated from the compartment housing the other 
two by a glass fret. The solutions used in these elec- 
trochemical experiments were deaerated with streams 
of ultrapure Ar. 

Materials 
The pentahydrate of the MO(V) tetrasulfophthalo- 

cyanme, abbreviated as Na,[Mo(O)(OH)TsPc] .5H,O, 
was prepared by a modification of the method reported 
by Webcr and Busch [9] Molybdenum hexacarbonyl, 
2 18 g, from Alfa was used as a reactant m the prep- 

aration. The compound was dispersed in a mixture 
containing 5.0 g of the monosodium salt of 4-sul- 
fophthalic acid, 6.0 g of urea, 0.5 g of ammonium 
chloride and 0.05 g of ammomum molybdate. The solid 
mixture was added to 5 cc of nitrobenzene and refluxed 
for 5 h at 180-200 “C The crude product was washed 
with 200 cc of methanol and added to 100 cc of 1.0 
M HCl saturated with NaCl The solution was brought 
to a rapid boilmg, cooled to room temperature and 
filtered The solid material was dissolved in 90 cc of 
0.1 M NaOH, heated to 80 “C and filtered hot. A pure 
compound was separated by centrifugation after the 
addition of 5-10 g of NaCl and 200 cc of 95% ethanol 
to the filtrate. The sulfophthalocyanine was recrystal- 
lized three times from aqueous solutions by adding 
95% ethanol Anal. Found: C, 33.48; H, 2.18; N, 10.15; 
0, 25.85. Calc. for MoC,,O,,N,S,H,,Na,: C, 33.71; H, 
202; N, 9.83; 0, 26.69%. 

Tetraethylammomum (Et,N) salts were prepared via 
cation exchange chromatography using Whatman C52 
cation exchange resin that was pre-equilibrated with 
Et,NCl, then washed with water. The crude material 
of the preparation (above) was dissolved in water and 
sorbed onto a 1.5 x 15 cm column of the resm. The 
sorbate was eluted with water and the solid recovered 
by evaporation of the solvent under reduced pressure. 
The desired oxy-hydroxy product was obtained by the 
gel-filtration procedure described next A 20 mg sample 
of the complex was dissolved in water and sorbed onto 
a 2X 23 cm column of Sephadex G25 resin (swelled 
in water) and eluted with water. Two bands were 
observed, the first band was deep green, and the second 
was blue-green The delineation between the bands 
was not clear and only the first 75% of the front fraction 
was collected. This was run through another G25 column 
where it remained as a tight band. Solutions of colloidal 
Pt-catalyst were prepared accordmg to a literature 
procedure [lo]. 

Tetraethyl ammonium pcrchlorate was recrystallized 
twice from boiling ethanol. Spectrophotometric grade 



DMF, DMSO and 2-propanol were used in electro- 
chemical or photochemtcal experiments. Other materials 
were reagent grade and used without further purifi- 
cation 

Results and discussion 

The product prepared by the procedure described 
above has the stoichiometry expected for an MO(V) 
complex of the hgand 4,4’,4”,4”‘-tetrasulfophthalocy- 
anine. In addition, the IR and ESR spectra of the 
solid Et,N’ or Na’ salts, Fig. 1, are in accord with 
those already assigned to a phthalocyanme with a group, 
O=Mo”-OH- [3, 41. In these regards, the monomeric 
formula of the complex amon can be conveniently 
abbreviated as MoV(0)(OH)TsPc4-. Thermal and pho- 
tochemical properties of this MO(V) complex investi- 
gated in this work are reported below. 

Species in aqueous and non-aqueous solutions 
The UV-Vis spectrum of the compound in aqueous 

or DMF solutions, respectively, exhibited absorption 
bands whose posttions were close to those of equivalent 
bands in the spectra of transition metal ion phthalo- 
cyanines. The formation of aggregates was investigated 
by means of the UV-VIS spectra of Mo(0)(OH)TsPc4- 
solutions with concentrations of complex between lop4 
and 10s6 M. No aggregation was detected in DMF 
and DMSO where the MO(V) compound exhibited the 
absorption spectra of the monomeric phthalocyanmes. 
For example in DMSO solutions, [Mo”(O)(OH)- 
TsPc4-] = lo-’ M, the lowest energy band, A,,,=696 
nm and E- 1.4 lo4 M-’ cm-‘. is found at lower energies 
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Fig. 1 ESR powder spectrum of Na,Mo(O)(OH)TsPc at room 
temperature 
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than the ltterature report [5], A,,,=630 nm, and by 
its position and shape can be assigned to a monomeric 
spectes [6, 111. 

Departures from Beer’s law m the spectra of aqueous 
solutions were similar to those previously observed m 
the aggregation of Co(II1) tetrasulfophthalocyanme [8]. 
The dependence of the 696 nm optical density on the 
complex concentration was in accordance with aggre- 
gation into dimeric species for the range of concentration 
indicated above. Indeed, the spectra m aqueous so- 
lutions, [MoV(0)(OH)TsPc4~] G lop4 M, exhibits a 
broad NIR band, A,,,,= 680 nm, which 1s typical of 
dimeric sulfophthalocyanme aggregates, e.g. (MO”(O)- 
(OH)TSPC~-), [6, 111. It 1s possible that such aggregates 
have MO”-O-MO” bonds similar to those of other 
related macrocyclic complexes [12-151. 

Electrochemical reduction 
Two malor waves and two minor waves, i.e. at - 0.108, 

-0.806 and - 1.123, - 1.370 V, were observed in DPP 
measurements, Fig. 2. By contrast, little electrochemical 
informatton could be derived from the rather featureless 
cyclic voltammograms in DMF. the poor solubility of 
the complex m such a solvent seems to be the reason 
hindering the expertmental observattons 

Controlled potential electrolytes of monomeric 
MoV(0)(OH)TsPc4 m deaerated DMF, applied volt- 
ages - 0 3.5 or - 0.40 V versus SCE, were followed by 
means of the spectral changes, Fig 3(a). The reduction 
of the MO(V) complex by one or less than one Faraday/ 
mol generates an ESR mute molybdenum phthalo- 
cyanine with an Intense absorption at A,,,=675 nm 
(Q band) and absorptions at shorter wavelengths. These 
are expected properttes for an Mo(IV) species 
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Fig 2 Trace from a DPP scan of deaerated Mo”(0)(OH)TsPcS~ 
m DMF with 0 1 M tetrabutylammomum hexafiuorophosphate 
as a support electrolyte Scan rate of 10 mV/s and 25 mV PP 
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Frg 3. Spectral changes Induced m the electrochemrcal reductron 
of MoV(0)(OH)TsPc4- (a) and m the drr reoxrdatron of the 
reductron product (b) The spectrum I m (a) has been recorded 
wtth solutrons of the MO(V) complex m deaerated DMF before 
electrolysrs, the spectra II and III have been respectrvely recorded 
after reductions wrth 1 0 Faraday/m01 and 1 5 Faradayimol. The 
aeratton of the solutron, (b), causes the spectrum to change from 
the one correspondmg to the product of the MoV(0)(OH)TsPc4- 
reductron, I, to the spectrum of an rntermedrate, II, first and to 
the final product, III, later 

[3-5, ll]*. Such an electrochemically generated Mo(IV) 
sulfophthalocyanine was reoxidized with 0, to an MO(V) 
species with a spectrum similar to the one recorded 
with the parent Mo”(O)(OH)TsPc. The reoxidation 
process is a complex one which involves reaction in- 
termediates. Such intermediates were detected by means 
of the UV-Vis spectra recorded at various times fol- 
lowing aeration of the solution from the electrochemical 
reduction, Fig. 3(b). Since MO(V) porphyrins with co- 
ordinated peroxrde are known to be stable in solution 
[16, 171, it is possible that the observed transient species 
have either peroxo or superoxo ligands. Such an as- 
signment receives further support from the previously 
reported observation of peroxo and superoxo species 
in the oxidation of Co(I1) sulfophthalocyanine by 0, 

[71. 

Photochemical reactlons 
No photochemical transformations were observed in 

640 nm steady state photolyses of MoV(0)(OH)TsPc4~ 
m DMF. Only fast fluorescence, r< 10 ns, with a low 

Frg. 4 Spectral changes Induced m 253.7 nm photolyses of 
(MoV(0)(OH)TsPc4-)? m aqueous-deaerated 2 0 M Z-propanol. 
The rrradrattons are I, 0, II, 2, III, 7, IV, 12, V, 22 mm The 
dashed lines, VI and VII, are spectra recorded 4 and 8 mm, 
respectrvely, after V has been exposed to an 

quantum yield, 4- lo-“, was detected m these exper- 
iments. Irradiations, A,,, = 254 nm, of (Mo”(O)(OH)- 
TsPc4-), in deaerated 10% 2-propanol, pH 6, were 
followed by means of the spectral changes, Fig. 4. 
Bleach of the spectrum at wavelengths longer than 630 
nm and the appearance of weaker absorptions between 
400 and 650 nm signal the photochemical formation 
of a specres with a reduced macrocycle, i.e. the result 
of a double bond hydrogenation and the disruption of 
the r-system conlugation*. When this product reacts 
wrth O,, the spectrum of (MoV(0)(OH)TsPc4-), is 
regenerated, curves VI and VII in Frg 4, and H,O, 
1s detected at the end of the oxrdatron**. Transient 
absorptrons, seen as a shoulder, h -670 nm, on the 
absorption band at 703 nm, indicate that the reoxidation 
of the photochemical product mvolves metastable spe- 
cies, probably peroxo and/or superoxo complexes, sim- 
ilar to those reported above for the oxtdation of the 
electrochemically generated Mo(IV). Moreover, the 
anaerobic mixing of a colloidal Pt solution with deaer- 
ated solutions of the photohydrogenated sulfophthalo- 
cyanine resulted in a spontaneous converston of such 
a complex to (MoV(0)(OH)TsPc4-), and liberation of 
H,. The recovery of the parent complex rn these ox- 
idations reveals that the ligand remains a close ma- 
crocycle after the photochemical reduction and that it 
1s able to transfer reduction equivalents to other sub- 
strates. 

The results of the photochemical experiments can 
be rationalized m terms of a photoredox dissociation, 
eqn. (4), previously reported for other phthalocyanines 
16, 81. 

*The small concentratron of complex and small volumes of 
solutron used m these experrments prevented us from isolatmg 
the reactron product. 

**HZ02 was mvestrgated by followrng the formatron of I, when 
H,OZ reacted wrth I- 
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(MoV(0)(OH)TsPc4 -)2 2 Mo”(O)(OH)(TsPc’)“- 

+Mo”(O)(OH)(TSPC’)~- 

A,,, = (250 + 10) nm 

(4) 

In flash photolysis, the photodissociation of the MO(V) 
dimer, eqn. (4), was observed as a fast process, i.e. 
with a lifetime TG 10 ns, which leads to the products, 
Mo”(O)(OH)(TSPC~)~~ and Mo”(O)(OH)(TSPC’)~-, 
with oxidized and reduced macrocycles. The radical 
nature of these intermediates was assessed by comparing 
features of transient spectra recorded in less than 100 
ns with those reported for radicals of other metallo- 
phthalocyanines [S, 18, 191. The abstraction of H atoms 
from 2-propanol by sulfophthalocyamne radicals, eqn. 
(5), is a well characterized process which is faster than 
the radical recombination, eqn. (6), when 2-propanol 
concentrations exceed 0.1 M [8, 18, 191. 

Mo”(O)(OH)(TsPc-)3- + (CH,),CHOH - 

MoV(0)(OH)TsPcH3- + (CH,),COH’ (5) 

Mo”(O)(OH)(TSPC’)~- +Mo”(O)(OH)(TSPC’)~- - 

(MoV(0)(OH)TsPc4-), (6) 

The spectrum recorded with a 250 ns delay from the 
266 nm flash irradiation of the MO(V) complex in 2 
M 2-propanol, Fig. 5(a), can be assigned, therefore, to 
Mo”(O)(OH)(TSPC’)~-. 

Some additional spectral changes, Fig. 5(a), were 
observed after the appearance of the sulfophthalocy- 
anine radical. This optical transient lasts into the ~LS 
time domain, Fig. 5(b), and decay rate of the optical 
density is independent of the sulfophthalocyanine and 
2-propanol concentrations. It is possible, therefore, that 
the low concentrations of MO(V) used m flash photolysis 
experiments prevent a reaction between excess complex 
and (CH,),COH and that hydroxylalkyl radicals undergo 
disproportionation, eqn. (7), in accordance with lit- 
erature reports [20]. 

2(CH,),COH’ - (CH,),CHOH + (CH,),CO (7) 

The spectral changes in Fig. 5 have been associated 
with an intramolecular electron transfer conversion of 
Mo”(O)(OH)(TSPC’)~- to a more stable Mo(IV) com- 
plex, eqn. (8). 

Mo”(O)(OH)(TSPC’)~- - Mo”‘(0)(0H)TsPcS- 

(7-500 ns) (8) 

Intramolecular electron transfers of the kind indicated 
m eqn. (8) have been observed before with other 
phthalocyanine radicals, e.g. the conversion of 

(a) 
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Fig. 5. Transient spectra (a) recorded m 266 nm laser flash 
lrradlatlons of (Mo(O)(OH)TsP&), III aqueous-deaerated 2 0 
M 2-propanol The time-resolved 580 nm optlcal density changes 
are shown m (b) 

CO”‘(TSPC-)~- to CO”(TSPC)~- [8]. Electrochemical re- 
sults (above) show that the driving force of such reactions 
must be the larger stability of the species with a reduced 
metal center versus the one having a reduced macrocycle. 
Optical density changes related to the formation of the 
contmuous photolysis product with a hydrogenated ma- 
crocycle were observed in an ms to s time domain. 
They appear to be kinetically of a second order with 
respect to the concentration of Mo(IV) intermediate 
The appearance of the reduced product can be described 
in terms of eqn. (9). 

2Mo’“(O)(OH)TsP& = 

M”(O)(OH)(TSPCH,)~- + MoV(0)(OH)TsPc4 - (9) 

Conclusions 

Mo(IV) is sufficiently stabilized in sulfophthalocy- 
anine to be the product of an electrochemical reduction 
in DMF. In aqueous solutions, however, it mediates 
the reduction of the hgand. Since the reduced ligand 
remains a cIose macrocycle, it is able to transfer re- 
duction equivalents to other substrates and regenerate 
the parent MO(V) complex. It is possible that other 
MO(V) macrocyclic complexes may undergo similar 
redox processes. 
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