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Abstract
The electrochemistry and spectroelectrochemistry of mononuclear,
binuclear and tetranuclear zinc neopentoxy-substituted phthalocyaninecs
are presented. The binuclear and tetranuclear species show two
oxidation waves to the radical cation indicating the existence of
stable mixed valence, half-oxidized species. The electronic spectra ot
the half- and fully oxidized species are presented and discussed.
Nernstian analysis shows that pairs of phthalocyanine rings are
oxidized simultaneously in the tetranuclear species, via a

one~electron oxidation pathway.
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INTRODUCTION

Certain binuclear porphyrins and phthalocyanines (Pc) containing two
metal centers have recently been found to produce species with mixed metal
valencies. For example electrochemlical studies ot binary cofacial dicobalt
porohyrin complexes show that the cobalt centers are oxidized or reduced
se=parately in two different monoelectronic steps to give mixed valence
2ompounds containing [ColllColl] and {Col Col ] metal centers
respectively! . Binuclear cobalt phthalocyanines either linked by a common
benzene ring2 or a 1,3-naphthalene bridge,3 form mixed valence metal
enters {[CollCol ] upon electrochemical reduction. Collman et_al have
reported stable mixed valence ruthenium [RulllRull]l and [OslIiQsllI)])
sorphyrins . 4,4

Bis(phthalocyaninato)ianthanide(IIl) derivatives of the structure
{Fe(-1)Ln ' ITIPe(-2)},8,7 in which a trivalent lanthanide cation 1is
sanawiched hetween a phthalocyanine and 13 one-electron oxidized

phthatiocyanine. have been prepared.8-14 These complexes undergo reversible

one-eloctror. chemical  and  electrochemical oxidations to  the doubly
oxidized w--cation species [(Pc(-1))2Ln(IIL) ]+, or reduction to
{(Pc(-2),2Ln(III)]-. Similarly, binuclear mixed valence porphyrin species,

in which one of the rings is oxidized to its m-cation radical have also
been reported for some trivalent lanthanide sandwich-like bis-porphyrins;
while a cerium(IV) bis(porphyrin) has been found to form a mixed valence
ring oxidized species by chemical or electrochemical oxidation. !5 A planar
laterally bridged binuclear (metal-free or =inc) porphyrin has been
observed to undergo four consecutive one-electron reductions., although no
mixed valence specics were reported.!8 A [(OEP)Nb]203 binuclear complex

has been reported to undergo stepwise one-electron oxidation to a mixed
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valence ring-oxidized species by electrochemical oxidation.!? Oligomeric
silicon phthalocyanines show stepwise oxidation or reduction of the
phthalocyanine rings!8,18 . Qur interest in the generation of mixed valence
phthalocyanine species prompted us to investigate the electrochemistry and
spectroelectrochemistry of binuclear and tetranuclear zinc
phthalocyanines.

Recently we reported the electrochemistry and spectroelectro-
chemistry of a series of binuclear dicobalt phthalocyanines linked by
bridges of one, two, four or five atoms,290 and of a tetranuclear
phthalocyanine.2! No splitting of the redox couples was observed, the
redox processes occurring via two one-electron transfers, at the same
potential, at each phthalocyanine unit. In contrast, the analogous zinc
derivatives of the five atom linked ‘clamshell’ (1) and the tetranuclear
phthalocyanine (2) show splitting of the first oxidation couple, and
permit the observation of mixed valence ring oxidized species. This is the
first report of the spectroscopic characteristics of mixed valence ring
oxidized species in binuclear dimetallic phthalocyanines.

Electrochemical data for mononuclear “nPc species have been reported
P

in the literature.22-26 ZnPc undergoes oxidation at the ring rather than
at the metal center, resulting in the formation of a phthalocyanine
n-cation radical This has also been preparea by chemical oxidation
using thionyl! chloride, tromine? or iron(lIl} perchlcrate2? . Recently

Nynkong €t 3l<8.,28 have reported the opti—tal and MCD spectra of the cation
radical, [ZnPc(-1)]*. Octacyanosubstituted zinc phthalocyanine, (CN)sPciZn,
exhibits four reversible, one-electron reduction steps which ccrrespond to

the formation of the mono-, di-, tri-, and tetra- anion.2%.29
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EXPERIMENTAL
Materjals:

Tetrabutylammonium perchlorate (TBAP, Kodak) was recrystallized from
absolute ethanol and dried in a vecuws oven at b0oC 1tor two days.
1,2-Dichlorobenzene (DCB, Aldrich, Gold Lahel), and N,N-dimethylfcrmamide
(DMF, Aldrich, anhydrous Gold Label) were used as supplied.

Methods:

Electronic spectra were recorded with a Hitachi-Perkin Elmer
Microprocessor model 340 spectrometer. Cyclic and diff=rential pulse
voltammetry were performed with a Princeton Applied Research (PARC) model
174A Polarograrhic Analyzer coupled to a PARC model 175 Universal
programmer. Electrochemical data were recorded under an atmosphere of
argon, or nitrogen, using a conventional three electrode cell. A platinum
disk described by the cross-sectional area of a 27-gauge wire (area =~ 10-3
cm? ), sealed in glass, was used as the working electrode, a platinum wire
served as the counter electrode, and a Ag/AgCl reference electrode (-.045V
vs SCE)30 (in sat.KCl separated by a frit) correacted for junction
potentials by being referenced internally to the {ferrocenium/terrocene
(Fct /Fc) couple (0.31 V vs SCE).30-32 All DMF solutions were prepared and
measurements made, under an atmosphere of argon, within a Vacuum
Atmospheres Drilab. The DCB solutions were prepared in air, degassed by
purging with N2z gas and the measurements were carried out in a glove bag
filled with an atmosphere of dry Nz.

The stability of the Ag/AgCl/Cl- electrode was checked using a
solution of ferrocene in DCB; it was stable for at least tweo days. In
various experiments involving DMF solutions, the Fct*/Fc couple was seen to
lie in the range +0.35 - 0.45V vs Ag/AgCl1/Cl-, due +to variations 1in

junction potentials. In DCB, the Foct*/Fc couple was observed at
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approximately 0.6V vs Ag/AgCl/Cl-.

Spectroelectrochemical measurements were made with a 0.1 cm path
length optically transparent electrode cell?3 utilizing a Pt minigrid, in
conjunction with the Hitachi Perkin-Elmer spectrometer. A platinum-flag,
used as the counter electrode, was separated from the working compartment
by a medium glass frit. Controlled potential electrolysis was carried out
using a PARC model 173/1/9 potentiostat. Solutions were continously purged
with argon throughout the experiment. Solutions for electro- chemistry or
spectroelectrochemistry contained 0.1-0.2M or 0.3M TBAP, respectively, as
the supporting eléctrolyte.

Electron spin resonance data were obtained using a Varian model E4
spectrometer calibrated with diphenylpicrylhydrazide. Esr spectra of
electrochemically generated [ZnTrNPc]ls« species were obtained by bulk
electrolysis of a solution {(degassed by freeze-pump-thaw cycles) under an
atmosphere of nitrogen in the dry box, and transferring the species to
sealable esr tubes. The electronic spectra of these solutions were also
recorded. The bulk electrolysis cell consisted of a platinum plate working
electrode, a platinum flag <counter electrode, and a silver wire
quasi-reference electrode. Counter and reference electrodes were separated
from the working compartment by medium glass frits

Solutions for aggregation studies were prepared by dilution of a
freshly prepared stock solution of phthalocyanine. Spectra were recorded
immediately after each dilution and solutions were shielded from room
light to minimise any photochemical decomposition of phthalocyvanine.

egis:

The synthetic procedures give rise to mixtures of isomers in which
the neopentoxy groups are randomly distributed about the phthalocyanine

ring. For ease of description we describe the syntheses of specifically
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defined isomers. 2,9,16,23-Tetraneopentoxyphthalocyaninato- zinc (ZnTNPc)
and the metal free phthalocyanines 1,3-bis~-2’-(9.16,23-tri-
neopentoxyphthalocyaninoxy)-2-ethyl-2-methylpropane (EtMeO(5)(Hz2TrNPclz2)
and tetrakis([((9,186,23-trineopentoxyphthalocyanin-2-yl)oxy)methyl]-
methane {({Hz2TrNPcl4) were prepared according to literature methods2l, 34
1,3-bis-2’-(9,18,23-trineopentoxyphthalocyaninoxyzinc)-2~ethyl-2-methyl-
propane (EtMeO(5)(ZnTrNPclz):- A mixture of EtMeO(5)}(HzTrNPc]l2 (32 mg,
0.019 mmole), zinc acetate (125 mg, 0.068 mmole), 2-methoxy-ethanol (5ml)
and toluene (10ml) was heated at 1200C for 16 hours under an argon
atmosphere. The solution was cooled and the product purified by flash
chromatography using a column packed with silica gel following direct
application of the mixture to the column. The column was eluted with
toluene and the bluish green band collected. The solid isolated on
evaporation of toluene was washed with methanol to give a bluish green
product (26.9 mg; 79% yield). MS, m/e: 1786.7 M+ (100%).

Anal. Calcd. for CiooHio2N1sOsZnz: C, 67.22, H, 5.75;, N, 12.54; Zn, T.32.
Found: C, 68.1; H, 6.2, N,12.9; Zn, 7.4.
Tetrakis[((9,16,23-trinecopentoxyphthalocyvanin-2-yl)oxyzinc)methyl]-
methane ([ZnTrNPcJ4):- A mixture of [HzTrNPc]ls (38 mg, 0.012 mmole),
Zn{(OAc)z (94.3 mg, 0.51 mmole), 2-methoxyethanol (4ml), and toluene (8ml)
was heated at 1200C for 18 hours under an argon atmosphere. The solution
was cooled and the product purified by flash chromatography using a column
packed with silica gel following direct application of the mixture to the
column. The mixture was eluted with toluene and the bluish green band
collected. The solvent was evaporated to yield a dark blue =solid (33 mg,
80% yield). MS, m/e: 3473.2 Mt (100%). Anal. Calcd for CiuvaHissN32016Zna:
C, 66.74; H, 5.46; N, 12.91, Zn, 7.53. Found: C, 67.6; H, 6.1; N, 12.0; Zn

7.0. Some analyses are not as close to theory as one would prefer;, there
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are well known difficulties in analysing phthalocyanines. However the mass
spectra provide additional confirmatory evidence for molecular formulae.
RESULTS AND DISCUSSION

Aggregation Studies

Electrochemical studies of phthalocyanines are usually complicated by
aggregation in sclution to form dimers and higher aggregates. For
example, in the cyclic voltammograms (CVY) of metallooctacyanophthalo-
cyanines the first one-electron reduction consists of overlapping waves
due to monomeric and aggregated reactants,25.23 while aggregation of the
tetranuclear {[CoTrNPcl4 complex in solution causes poorly defined waves.21
When aggregation occurs a band at around 630 nm arises in the electronic
spectrum, as a result of the intermolecular interaction (exciton
coupling)35 between the phthalocyanine units.36,37 In binuclear or
tetranuclear metallophthalocyanines, intramolecular coupling between the
rings also causes a band at around 630 nm.21,36 Both ZnTNPc and
EtMeO(5)[ZnTrNPc]l2 in DCB solution obey Beer’'s law up to concentrations of
2x10-4M and 9.4x10-5M respectively. Thus there i3 no significant
aggregation in these systems at the c~oncentrations employed in
electrochemical studies. Aggregation studies on the corresponding Co
systems3® show deviation from Beer's law for the Q band at concentrations
of an order of magnitude lower than for the zinc system.

The addition of TBAP to EtMeD(5)[ZnTrNPc2 in DCB increases the
relative intensity of the 680 nm to the 630 nm band. The ratio (Asso /As30)
increases by a constant percentage o;er an order of magnitude
concentration range of the phthalocyanine in DCB (Table I), in the regime
where intermolecular aggregation does not occur. Thus TBAP causes a
decrease in the intramolecular coupling between the phthalocyanine rings.

There is no significant change in the relative intensity of the 680 nm to
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the vibrational 814 nm band (Asso/As14 ) in moncnuclear ZnTNPc in DCB, upon
addition of TBAP at a concentration at which only monomeric ZnTNPc is
present, and therefore no formation of aggregates which would have
decreased the 680nm absorption while increasing absorption in the
614-630nm region. This is in contrast to the CoTNPc data, where the
addition of electrolyte (TBAP) was found to greatly 1increase the
aggregation of the molecules.21, 38

Electrochemjstyy:

The cyclic voltammetry of ZnTNPc in DCB or DMF gave two oxidation and
two reduction couples within the potential limits of the solvent studied,
corresponding to the first and second oxidations and reductions,
respectively, of the phthalocyanine ring. In the case of
EtMeO(5)(ZnTrNPc)2z and [InTrNPcls in DCB or DMF, three oxidation and two
reduction couples were observed. A summary of the half-wave potentials and
the peak to peak separation of each wave is given in Table II. In the case
of ZnTNPc, the peak at ~0.0V (vs Fct/Fc). corresponds to the oxidation of
the phthalocyanine !igand, forming [Znl1TNPc(-1)1!*. Similarly in the
binuclear and tetranuclear phthalccvanine cases the double peaks at ~0.0V
(vs Fet/Fc) also correspond to the oxidation of the phthalocyanine ligand.
These narrowly separated waves are shown in Fig. 1 together with the CV of
the mononuclear phthalocyanine for comparison Contralled potential
electrochemistry (see below} confirms that these twn waves grise from the
stepwise oxidation of the two phthalocyanine rinuss. or *wo pairs of rings,
of the same molecule The separation between these waves 1ncreases in DMF
solution (150 and 80mV in DMF and DCB respectively for EtMeO(5)[ZnTrNPclz)
and clearly resolved CV and differential pulse voltammetry (DPV) curves
are obtained (Fig.1). Although the anodic to cathodic peak separation is

difficult to determine accurately, the estimated values are close to 59 mV
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and ip 1is proportional to vl/2 confirmirg a ditfusion controlled one
electron transfer step.

No splitting was observed in the oth:r redox preaks and the potentials
of these redox ~ouples are in close agreement for the mononuclear,
binuclear and tetranuclear systems. Thus, there is no stabilization of
mixed valence anion radical specie.. Although the half-wave potentials of
ZnTNPc in DMF are different from those of ZnPc(Im) (Im - imidazole) and
ZnPc(Py) (Py = Pyridine) complexes,28 the separation between the oxidation
and reduction couples is the same. The redox potentials of ZnPc(Im) are
about 200 mV more positive than those of ZnTNPc in DMF, possibly a
consequence of the difference in the coordinating abilities of the solvent
and the axial ligands.

Spectroelectrochemistry:

Stepwise controlled potential oxidation of a solution of ZnTNPc in
DCB results in the spectroscopic changes shown in Fig.Za and a change in
solution color from bluish green to vink. Isnsbestic points re observed
at 338, 388, 580 and 708 nm Spectroscopi s data are given io Table 111
The final spectrum has a similar appearance t. ««ther ph:thaloy~vanine
m-cation radical species spectrad.9.2C,21,03,38-45 45nd agrees fairly
closely with the absorption spectrum of the [ZniP'ci-131]* species reported
by Nyokong et al. &b .

The presence of a split eleactrochemical wave for the oxidation
process in the bi- and tetranuclear systems, implics the existence of a
mixed valence species (MVS),48 whose spectrum may he obtained by oxidizing
the species stepwise through this pair of elrctrochemical waves. Such data
for a solution of [ZnTrNPcle in DCB are shown in Fig. 2b. Similar
spectroscopic changes were observed following the stepwise oxidation of

EtMeO: 5){ZnTrPcl2z along its first and second oxidation waves. For the
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tetranuclear species, isosbestic peoints occur in the first stage of
oxidation, to the MVS, at 328, 384, 580 ard 720nm, shifting to 328, 380,
580 and 714nm in the second stage oxidation. The {final spectra
{l1-electron/phthalocyanine ring oxidized) of both the binuclear and
tetranuclear species are similar to that of the oxidized mononuclear zinc
phthalocyanine except for the absence of a broad band around 400 nm (see
Table 111).

A graphical apalysis can be used to determine the number of species
in solution from the spectroscopic datat?7. If the absorbance value of a
particuiar solution, j, at a specific wave length i, is denoted by Aij, a
plot of Aij-Ai;’ for a series of solutions, j', at wavelength i vs the
corresponding difference Ai';-A.' ;' at another wavelength i’ will give a
straight line passing through the origin for each i’ if only two species
exist in solution. When the spectroelectrochemical data associated with
InTNPc in DCB (Fig. 2a) are analyzed in this way an excellent straight
line passing through the origin is obtained (Fig 3a). In contrast, the
spectroelectrochemical data for the binuclear and tetranuclear systems
fail to give a good straight line with the above analysis shown for (2)
in Fig.3b), even though the presence of isosbestic points implies that the

data are good; this suggests that more than two species are present in

solution. Ia these cases the test for three species in solution is
positive since plots of (Az2j-Az;i  V/(AL -Arj' ' wvs  (Aay-Aa, )/ (Ary-Ary)
give a straight 1line ((2) in Fig 3c), where 1. 2 and 3 are different

wave-lengths and j’ i1s a specific solution.

A nernstian plot of the spectroelectrochemical data for ZnTNPc in DCB
over the first oxidation wave gives a slope of 58(*1)mV, and an intercept
at Ei/2, in concordance with a one-electron process.

Nernstian plots of the spectroelectrochemical data over the first and
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second oxidation waves of EtMeQ(5)(ZnTrNPc]: and {ZnTrNPcla are oktained
by considering the oxidation of initial phthalocyanine {S85) to MVS  and
oxidation of MVS +to the final product (Ox0Ox) as two independent
electrochemical steps. Assuming the pctentials shown in Tatle [I, the
distribution of S5, MVS and 0x0Ox is shown for (2) in 3CB, in Fig. 4. Below
about 0.53V, and above about 0.6V there are eszential.y only two species
in equilibrium. In these regions it is a reasonable approximation to plot
log([MVS]/[SS]) and log{([OxOx]/[MYS}]), each, against potential,4® +to
obtain conventional two species nernstian plots. The results are shown in
Fig.5. The spectroscopically derived half-wave potentials are 0. .50 and
0.62V vs Ag/AgCl/Cl- compared with the electrochemically derived 0.52 and
0.63V respectively (Table II1). The slope for the latter plot 1is in
perfect agreement with expectation. while that of the former (with a lower
regression coefficient) is slightly high. Nevertheless the «data confirm
that, mechanistically. these individual <c¢ouples are orne-electron
processes. The nernstian slopes (data not shown) for the binuclear system
(1) are 63 and 55 mV respectively

A coulometric study of the 1. 1¢ oxidation wave of the bhinuclear (1)
species yields 2.08 electrons/molecuis. Stopping the coul»nelry experiment
in the centre of the double wave yield:i arproximitelv 1 oloctron/molecule
though the two waves are too c<¢lose tugether to  ¢itay thi<s  numbeaer
accurately.

Thus the reactions corresponding to the spiit oxidation whves in the
voltammograms are one electron processes. The chservation of two cets of
well defined isosbestic peoints, the splitting otf the oxidation wave into
two components in the cyclic voltammograms, and the coulometric and
nernstian analyzes clearly indicate that for the bhinuclear zinc complex,

oxidation of the phthalocyvanine rings of «a-h molecule oceiars in  two
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one-electron steps, while in the case o©f the tetranuclear system,
oxidation occurs in two steps, each involving the simultaneous
one-electron oxidation of a pair of phthalocyanine rings. T <refore the
final oxidized product is formed via an intermediate species which
contains ligands of mixed valencies.

Chemical oxidation of ZnTNPc to its w-cation radical can be achieved
using either silver perchlorate or bromine, though in the former case, it
appears impossible to achieve complete oxidation even with a very large
excess of silver{(I). On the other hand, bromine (in CCl4) can completely
oxidize ZnTNPc to its cation radical when a two fold excess is used. If a
2~-fold equivalent excess of bromine is added to [ZnTrNPcl4, the MVS
species is formed. The electronic spectrum of this solution does not show
bands at 388 and 730 nm and only a weak band at 1080 nm, in agreement with
the calculated spectrum of the MVS.

Electronic spectra:

The electronic spectra of the bi- 2nd tetranuclear zinc (0xOx) catior

radical species differ from that of +the moncnuclear radical cation

{compare Figs. 2a and 2b), having a peak near 380nm rather than broad
absorption in the 38G-44Cnm range. Minor et _al.19 first rationalized the
spectra of phthalocyanine radical cations. while, more vecentley Nynkong
et al.28 assigned the various transitions or (ZnbFoc - 131+ through ana.ysis
of its absorption and magneti- circular dichroiam pec 1. On these banes,
the absorption band near 680-725nm in all the Oxix radical ation speies

here discussed is assigned as the w-v* Q btiand. and the 380 and 330nm
absorption as the Soret (B band) w-a* and N nm v transitions as dizcussed
in depth elsewhere.28 The bands near 520 and B860nm are assigned as 1 -n
transitions to the Aiu HOMO, also in accordance with Nyokong et _al &

MVS electrnnic spectra: The absorption spectrum of the tetranuclear
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(2) MVS was calculated by deconvolution of the spectro- electrochemical
data, using the distribution shown in Fig.4. For maximum accuracy, the
spectrum obtained at approximately the mid-point potential of the two
wwaves, where the concentration of the MVS is at a maximum, was
deconvoluted. The resulting MVS spectrum is shown in Fig. 6. When
superimposed onto Fig.2b, the MVS spectrum (normalised to +the same
concentration) crosses through the isosbestic points, as 1s required.
Similar data were obtained using the binuclear species.

The calculated spectrum of the MVS does not show bands at 388 and 730
nm whereas it exhibits all the other bands which appear in the fully
oxidized cation (see Table II1I). In the near IR region the band at 1080 nm
is very weak for the MVS but appears as a relatively strong (broad) band
for the doubly oxidized species.

The existence of the MVS implies some degree of electronic coupling
between the un-oxidised and oxidised rings. In the absence of such
coupling, the electronic spectrum would be the simple mean of the oxidised
and un-oxidised species. Thus the difference between the observed MVS
electronic spectrum and the calculated mean spectrum of the oxidised and
un-oxidised ring, is a measure of the spectroscopic consequences of this
electronic coupling. This difference spectrum is shown for species (2) in
Fig.6 There are small shifts observed in the Q and Soret regions and also
a small shift in the characteristic radical cation band near 520nm. This
provides further evidence of the unique character of the MV35 species.

The band at 1080nm 1is a «c¢andidate for an inter-valence (1T)
transition given its typical IT characteristics being broad and in the
near infrared region. However it grows stronger after the mid-point of the
spectroelectrochemical experiments where the concentration of the MVS

spacies must be declining. [t is also present in the mononuclear
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[ZnTNPc(-1)1+. We conclude therefore that it is a hitherto previously
unassigned m-n transition of the radical cation. The anticipated 1T band
must be obscured by the strong and complex w-absorption of this MVS
species. A band also appears in the near infrared region, at 71000nm, upon
the one-electron ring-oxidation of +ihe mixed valence lanthanide
diphthalocyanine compounds, i.e. when [(Pc(-1))2Lnl]* is formed.10 Bands at
“1000nm have been reported previously for LiPe(-1),44b C(ClMgPc(-1),
NO3CuPci-1) and HPc(-1).44a

The Soret region of the MVS is more symmetric than that of the fully
oxidized species, presumably with both the B and N bands lying under the
340nm band envelope.

Electron Spin Resonance Data:

The EPR spectrum of a chemically oxidized solution of ZnTNPc in DCB
recorded at 77 K gave an isotropic g value of 2.001(1) with a peak to peak
separation of 4G, consistent with an unpaired electron delocalized over
the organic fragment. No hyperfine structure was observed on this signal.
in contrast, Myers =2t al” found earlier that the oxidation of
unsubstituted ZnPc gave a diamagnetic complex which was esr silent and
therefore proposed a dimeric radical structure. In ZnTNPc the bulky
substituents may prevent the n-clouds of the oxidized cation radical
species from getting suffirently ¢lose btogether. In addition, it was
reported that Zn(tetra-4-t-butylP« 50, and LZnPc ‘L = Im or Pylié on

oxidation gave an esr signal rcharacteristic of an organic free radical.

The absorption and esr ospectra were recorded during stepwise
oxidatiocn of [ZnTrNP:14 in DCB following the first and second  oxidation
waves. On oxidation across the first wave. there is ocoserved a n-cation

radical esr signal whose intensity increases in parallel with the increase

in absorbance at %20nm. The signal intensity reaches a maximum when the
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appearance of the 388nm band heralds the maximum formation of the MVS.
Further oxidation to the fully oxidized species, resulted in a decrease in
the ESR signal intensity to a final value of about 50% that of the maximum
intensity. Re-reduction of the solution via the MVS, gave an initial
increase in the ESR intensity, followed by a decrease to zero upon
formation of the initial species.

The MVS of [ZnTrNPcl4 is a biradical cation which ewvidently has small
or negligible interaction between the two electrons, as for example
observed with Ru(2,2’-bipyridine)sl}e obtained through two electron
reduction of the [Ru(2,2'-bipyridine)s ]2+ cation.5! On further oxidation
the electrons in the other pair of ligands interact with the previocusly
oxidized pair which causes the esr signal intensity to decrease. Thus in
the fully oxidized species there is significant interaction between the
four oxidized ligands, but it is not strong enough to relax the esr signal
completely.

In contrast, oxidation of the binuclear porphyrin complex
[(OEPYNb 203, beyond the second oxidation wave resulted in the complete
disappearance o~ f the free radical ESR signal . i” One-electron
ring-oxidation of the neutral MV lanthanide diphthalocyanine sandwich
complexes also results in the loss of the free radical signals.8.10,11

The g values for the MVS and Cx0x 1ZnTrNPeils spe~i1es are equal, at
2. 001, and their peak tu peak separations are similar, typical for a
m-cation phthalocyvanine radical species The g values for the species
[LZnPc(-1)]}*, where L - Im, Py or CN- lie hetween2s 2.0055% and 2.0068,
while g wvalues «¢lose to 2.00 are reported for a wide range of

phthalocyanine radical cations.4,7,8,11,40,50,52,53
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Conclusions:

The e.ectrochemical and spectroelectrochemical data show that the
oxidat:iorn «f rphtteiccyanine ligands in EtMeO(5)[ZnTrNPc]:z takes place
stepwise by two one-ele~tron processes. In [ZnTrNPcla, oxidation of the
rhthaloccyanine i:igarids: uccurs iu two steps in which oeach step involves two
simultaneous and independent one-electron processes. Initially all four
phthalocyanine rings are stereochemically equivalent. In the first step
two rings are oxidized to form the MVS. This is believed to assume a
conformation 1in which half-oxidized pairs of rings (Pc(-2) Pc(-1))
associate, perhaps to generate a Dze conformation about the central
{spiro) carbon atom.

The difference ir. the redox potentials observed for the SS/MVS and
MVS/0Ox0Ox couples merits comment. Although splitting of redox peaks was
seen for the Co(11)/Co(l) couple of "clamshell” cobalt porphyrins! :o such
splitting has been observed for any of the corresponding binuclear Co
phthalocyaninesc9 . The electronic coupling between the cobalt atoms is not
sufficent to cause an observable splitting and the twoe u¢nits of each
malecnle axidice or reducse gimu.taneously  Howaver, *his aotuady shows that
bi - or tetranuc.iear InTrNPcs with ‘clamshei. contormation i solution
have significant interaction betwe~n the ZnTrNPo units which resulits in
observahle splitting ~f the firsgt oxidat: o wave  Vhe proveosia: that  the
MVS 15 partially delocalized nver twe hthalocvanine vings may oxpiain why
the MV:S has special stability, bhat  does oo SXTlats why  Lhe  cobalt
derivatives should not form a s:milar species  The oxplanaction may lie in
a balance hetween *he relative free onerpgies 2t as:ral binding by solvent
or supporting electrolyte 1ons and the MVS electronic oupling. An
interposing axial group may prevent the twn phthalocyanine halves from

moving <¢lose enough to form a stab..- electronically coupled MVS in the
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cobalt series, but not in the zinc series.
The existence »f these -ompounds provides a new avenue 2f research
into  the study of mixed valence phthalocyanine species, hitherto

undeveloped. ¢, 3
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i anre Legends

I Jyvort o voitammerrams .1 {a) the tirst  owidatiorn and  first and
second reduction waves of ZnTHNP. {scan speed - U0 m¥Y/s). (b) first anc

sccond oxi1darion and tirst raducition waves of [ ZalrNpPojs (scan speed
EomV s Co Uveiie 1000 mv, sy and  differential  pulse (2 mV/s)
voltammograms ot the first and second oxidation of EtMeO(5)[{ZnTrNPclz.

All are in IIMF solution contairing ¢ 1-0.2M TBAP. The phthalocyanine

concentrations are 1 x 10-4M

Fiiz.2 Controillag potential spectroelecirochemistry a) ZnTNPe in  DCB

colution show.ng the developmernit of the radical cetion [ZnTNPc(-1)}+* as

the prtential is stepped through the first oxidation wave, A 0OV, B

GoRGTTT OUE Y e sy T D BRT R G BBV G D B0V, LG B2V, 1 0.70Y ve
AgobaCl o e NP - Ll X s by lenTrNFcls in DCE solution showine

the developrent of the MVYG and inlly oxiaized speciles as the potential

Io o stepned bl the Dirst tw o oxidation waves . A OV, 5 0 45V, C
O sy L sV h et e R B B AR ooedY b o a 70V. T 0L T8V vs
Ag. Agues. (anTreNPo e 2.0 x 10 %M. These tata are used {or the

analvses in Fig= b and £ HNote ~nav the initias spectruam 1s that of
Lthe unoxildiaed o specics, swhilie Yne D1ioas Spe ctrgn 1o “hat o1 the
fully oxidised DxOx species

Trhe s=olutisas caontain s . 3M Thar
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Fig.3 Graphs, as indicated on ordinates and abscissae., for a) monomeric
ZnTNPe fur twe  species, using data at 360 and 680nm, b) for
tetranuclear [InTrNPcle, for two species, using data at 632 and 688nm,
and c) as b) but for three species, using wavelengths at 623, 660 and
680nm. All Jata ~oliected in DCB.

Fig 4. The fracticnal distribution of (A) SS, (B) OxUOx and (C) MVS in DCB,
using the half-wave potentials for [MV3]/[S8]1 and [OxOx]/[(MVS] at 0.52

and N 63V ve Ag, AgCl/Cl respectively.

Fig. 5 a) A nernstian plot of log([{MVS]/73S])) versus potential (vs
Ag/AgCl /1 v tor the MVS and SS components of the tetranuclear
[ZnTeNP» 4 species  (2) in DCB. THe straight line is a least square
line corresponging to. - E = 0.50 + 0. 741l0g({MVS]/[SS]) (in volts) with
a regression coefficient of 0.880.

b} A nernstian plot  of log([OxCx]/[{MVS]) versus potential (vs

Ag/ Al 270 0 Y the OxOx and  MVS components of the tetranuclear
[(InTrNE~ s sy L2 02 in OB THe ctraight iine is a least square
line corresponaing to:—- B = .62 + G 531og([CxOx])/[MV3]) {in volts)

with a regres=:00 coefficient orf O 399

Fig 6. (Urper) The spectrum of the MVS  f tetranuclear (2), in

DCR, decopvolinted from data in Fig. 2b. (see text) {Lower) The
difference spectrum is the sgpectrum of the MVS from which the

mean normalised zpectrum of one oxidised and one un-oxidised ring has

been subtracted.
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Tabie 1 Effact of Addition of TBAP upon Aggregation of EtMeO(5)([ZnTrNPc]z

in DCB, with Comparative Data for ZnTNPc.

EtMeO(5)Y[ZnTrNPc)z M [TBAFP] M Aeso /As302

4.72 x 10 % 0 1.43
0.12 1.60
0.29 1.74

5. 67 x 10-8 0 1.46
0.29 1.84

TOnTNPC Aeso /As14a

I 0 x 105 0 4. .35
301 4 .52

2) Absorbances at 614 and 680Unm are proportional to the monomer
concentration, while absorbance at A30nm is proportional to the degree
of intramolecular (binuclear compiex) or intermolecular (aggregation)

colupliing.
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Table 11 Electrochemical Data for Mononuclear, Binuclear and

Tetranuclear Zinc Neopentoxyphthalocyanine Complexes.a

Eis2/V Ep/mV

System/;Couple DCB Solution DMF Solution
ZnTHPc
Pc(D)/Pe(-1) 0.64
Pc(-1)/Pc(-2} -0.02 70 0.00 60
Pc(-2)/Pc(-3} -1.66 75 -1.43 95
Pc(-3})/Pc(-4) -2.04 -1.85 70
EtMeO(5)(ZnTrNPc ]2
{Pc{0)]2/{Pc(-1)]2 0.51
{Pc(-1)])2/[Pc(-1).Pc(-2)] 0.00 (50) 0.18 (50)
{Pc(-1).Pc(-2)]/[Pc(-2)]2 -0.08 (55) 0.03 (50)
[Pci{-2))2/[Pc(-3)]2 -1.68 80 -1.44 60
fPc(-3)]2/[Pc(-4)]2 -2.12 -1.87 60
{ZnTrHPc s
{Pc{-1Ja/{Pc(-1) Pc(-2)]2 0.04 {(60) 0.18 (50)
[Pc{-1) Pct-2)]2/([Pc(-2)]a -0.07 {50) 0.03 (40)
{Pc{-2))}a/iPc(-3)])4 ~-1.64 70 -1.44 50
[Pc(-3)14/[Pc(-4)]4 -2.13 80 -1.36 60
a) Solutions contain 0.1 - 0.2M TBAP. Potentials are reported with
respect to the ferrocenium/ferrocene couple. Ei/2 values measured by

cyclic voltammetry at 100, 50 and 20mV/s (Ei,s2 = (Epa + Epc)/2} or
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differential pulse vdéltammetry at 2

-23-

mV/s gave essentially identical

potentials. Values of Ep (= Epa - Epc) are given for a potential sweep

rate of 20mV/s. Data in parenthesis estimated from overlapping waves.

Half-wave potentials in DCB versus Ag/AgCi/Cl- correspond approximately

with the above DCB data plus 0.59V.
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