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The electrochemistry and spectroelectrochemistry of mononuclear chloro(phthalocyaninato)rhodium(ilf), CIRh

Pc, has been studied in the solution phase, at ambient and low temperature. Reduction leads to a rhodium(ll)
species, CIRWPc which is stable at low temperature, with reversible electrochemistry, but at ambient temperature
dimerizes generating a rhodiumhodium-bonded dinuclear species. This dinuclear species is oxidized at a much
more positive potential than the mononuclear species. The complex electrochemical behavior of these species is
shown to be due to the presence of three different dinucleérsRcies with zero, one, or two axially bound
chloride ions whose detailed electrochemical properties are explored. Reduction of the dinutkaspécties

leads to a reversibly generated anion radical

Introduction

The electrochemistry of metallophthalocyanine species is very
rich with many redox processes which may be localized on the
metal or ligandt such behavior is responsible for the consider-

able interest being shown in metallophthalocyanines as redox

active chemical sensofs!® We have previously noted that
Rh!"Pc species adsorbed on a graphite surface, form dinuclea
derivatives when reduced to the 'Htt level'! Recently
Nyokong?®has confirmed the formation of a dinuclear species
when various RHPc species are reduced to the'Rhb level in
solution. Nyokong reports electrochemical and spectroscopic
data for (L)(L)Rh"Pc(2-) species where = Cl and L' = Py
or DMSO, and where I= L' = CN (Py= pyridine, DMSO=
dimethyl sulfoxide), in various, mostly coordinating solvents.
Liul2® has also briefly reported on the voltammetry of the
L.Rh'"Pc species (L= H,0, dimethylformamide (DMF))
proposing reduction to a RRc species but without recognizing
that it forms a dinuclear species. Liu also reports electronic
spectroscopic data for RiPc(1-), the so-called RHPc(2-),
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species.

and what was in fact a fRc(3-) dinuclear species although
it was not identified as such.

We has been investigating the electrochemical behavior of
CIRH'"Pc(2-) (1,Cl) and CIRWTNPc(2-), (TN,1,Cl), in
relation to our earlier surface chemistry stddyOur data add
very considerable detail to these brief earlier rep&rtdore
detailed cyclic voltammetric data, low temperature data, and
cyclic voltammetric data for the bulk phase dinuclear species,
absent from the previous analysésare presented here. We
also disagree with certain of the conclusions of Nyokénand
of Liu.12 Further, the electrochemical properties of these
rhodium phthalocyanine systetis?” differ in detail from those
of the corresponding rhodium porphyrins, as described by
Kadish and co-worker&-31

The key to understanding the very complex electrochemical
behavior of chlororhodium phthalocyanine is the recognition
that the mononuclear RiPc species dimerizes when reduced
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species is oxidized at a much more positive potential than
mononuclear RhPc, at processes label&d B’, andC herein,

and that there are in fact three different dinuclear species
depending upon the extent of axial ligation by chloride ion.

Experimental Section

Materials. Tetrabutylammonium hexafluorophosphate ((TBAPF
Aldrich) and tetraethylammonium chloride ((TEA)CI; Aldrich) were
recrystallized from absolute ethanol and dried in a vacuum oven at
120°C for 24 hours. Tetrabutylammonium perchlorate (TBAP; Kodak)
was recrystallized from absolute ethanol and dried in a vacuum oven
at 50°C for 2 days. 1,2-Dichlorobenzene (DCB, Aldrich) aN¢N-
Dimethylformamide (DMF; Aldrich) were used as supplied. Argon
gas (Linde) was purified by passage through heated copper filings for
electrochemical measurements.

Methods. Cyclic voltammetric measurements were performed with
a Princeton Applied Research (PAR) Model 173 potentiostat or a PARC
model polarographic analyzer coupled to a PARC Model 175 universal
programmer, PARC Model 174A polarographic analyzer, or a Pine
Instrument RDE-3 potentiostat. For the fast scan rate study 200
mV/s), all electrochemical data were collected using a Model CS-900-
UPG Computer Controlled Electroanalysis System (Cypress System,
Inc., software version 5.0).

A conventional three electrode cell was used in electrochemical
experiments. A platinum (Pt) disk described by the cross-sectional
area of 0.196 mtor a Pt disk with the diameter of 2&m, sealed in

glass, were used as the working electrode, a Pt wire as the counter

electrode, and a AgCI/Ag or Ag wire as the quasi-reference electrode.
Potentials were referenced internally to the ferrocenium/ferrocerié (Fc
Fc) couple. Electronic spectra were recorded with a Guided Wave Inc.
Model 100-20 optical waveguide spectrum analyzer or a Hitachi Perkin-
Elmer Model 340 microprocessor spectrometer or a Cary Model 2400
spectrometer. FTIR spectra were obtained as Nujol mulls using a
Nicolet 20 SX instrument.

Syntheses.Preparation, purification and characterization of chloro-
(phthalocyaninato)rhodium(lll) 1,Cl) (CIRh"Pc(2-)) and chloro-
(tetraneopentoxyphthalocyaninato)rhodium(IIIfN;1,Cl) (CIRh!"-
TNPc(2-)) have been previously describ¥d*17.18:32

Results

(1) Cyclic Voltammetry (CV). The cyclic voltammetric
behavior of rhodium(lll) phthalocyanine is strongly dependent
on solvent, supporting electrolyte and temperature. In the
following sections we discuss the CV data obtained under
specified conditions and show that its elucidation follows from
controlled potential electrolysis and further CV and spectro-
electrochemical analysis of the resulting bulk solutions. Two
different species are investigated, chlororhodium(lil) phthalo-
cyanine (,Cl) and the bulkier chlororhodium tetraneopentoxy-
phthalocyanine®N,1,Cl); not all experiments were carried out
with both species. Here and henceforth, tBerefers to a
chloride bound axially to the rhodium atom; the absence of this
indicator refers to the general species without defining the axial
ligand.

(1.1) Room temperature. (1.1.1) CIRH Pc(2-), (1,ClI).
TBAP or (TBA)PF g as Supporting Electrolyte (Figures 1 and
2). Scanning from#1.0 to—1.0 V in DMF or DCB at room
temperature, specidsCl showed a well defined redox cougte,
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Figure 1. Cyclic voltammograms for specie$,Cl) in DCB (0.15 M
TBAP, Pt working electrode): (i) scan rate 100 mV/s; (ii) cyclic
voltammetry at a microelectrode, scan rate 20 mV/s; (iii) scan rate 100
mV/s; (iv) scan rate 100 mV/s, initial positive going scan from about
—0.8 V (dot line) and steady scan (solid line); (v) steady state data,
scan rates 25, 50, 100, 200, and 500 mV/s. Individual current divisions
are 0.5¢A apart. In subsequent figures, individual current divisions
are as indicated. Note: Figure 1(i) current divisions ageAlapart.

A, (Figure 1)(iii)) at about 0.5 V vs F¢Fc, varying slightly
with solvent. In this casg O Y2 (v = scan rate) and, = i,
characteristic of a reversible electrode process. CofAphas
been assigned as the oxidation of the Pc ring to the cation
radical-1232[CIRh"Pc(1-)]" (see spectroelectrochemical data
discussed below). Data for all electrochemical experiments are
summarized in Table 1.

The reduction of specie§,Cl in DMF or DCB, at room
temperature, is characterized by an irreversible f2ak about
—1.2 V followed by a reversible couple at about—1.9 V
(Figures 1 and 2; Table 1). In addition to the observation of
wave D and coupleE, an ill-defined coupleB, and an
irreversible peakC (Figures 1 and 2) were observed in the
potential range of-0.2 to —0.6 V after scanning negative of
waveD (Figure 1(iv,v)); coupledd and C therefore originate
from a product generated negative @f in fact the dinuclear
RNh'Pc(2-) species!1227 (see Scheme 1). The anodic current
for coupleB was always larger than the cathodic current (with
bulk speciesl,Cl), and we demonstrate below that there are
two overlapping processes in this region, one giving rise to a

(33) Couples are identified generally by capital bold letters,[2.gWhen
necessary, the anodic and cathodic current components are identified
asDan and Deat.
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Scheme 1
D!
[CLRh™Pe(2-)] + & <====> [CLRW"P¢(3-)]* >
(1,CL) (7,CL)
Cr
D E'
CIRh"Pc(2-) + e <====> [CIRW'Pc(2-)] + ¢ <====> [CIRW'P¢(3-)]
(1,CD {2,Cn (8,CI)
B \
[CIRh™Pc(2-)], + 26 <emmmmmmnms [CIRW™P¢(2-)],* €
(6,Cl, ) 3,CL) .4
A
Cl Cl
v C L
[RhUPc(2-3.Pe(2-)RRUC]" + 2¢° <====> [Rh"Pc(2-).Pe(2-)RW'CI]
(6,C1) @cy
Cl Cl
B N E
[RhPc(2)],%" + 28 Commmenen [Rh"Pc(2-)], +2e" <====>[Rh"P¢(3-)],*
(6,n0ne) (3.none) (8,none)
Table 1. Half-Wave Potentials (V vs FéFc) of species,Cl)
and (TN,1)aP
TBAP/ TBAP/ (TEA)Cl  (TBA)PF/ <
CIRhPc DMF DCB DMF DMF =
C
A 0.57 (80) 0.47 (110) 0.54 (90) g
B —0.24 (65) —0.39 (65) —0.27 (55) 3
Cce —0.50 —0.61 —0.18 —0.51 02 - )
De -1.09 -1.27 -1.13 -1.10 “ | BB
D'° —1.29 ' o
E —1.87(80) —1.99(110) —1.86(70) —1.87(80) L (i) D .
TBAP/ (TEA)CI/ | D 1A |
CIRhTNPCc DMF DMF
A 0.30(80) 1
B —0.37 —0.34 L i
ce —0.50
D¢ —1.44 (80) = L (i) .
D’ —1.53 (125) g
E —1.97 (80) —1.95 (105) 3 T 7
a Half-wave potential was determined from the average of cathodic 7
and anodic peak positions at scan ratel00 mV/s; peak to peak |
separation is given in parentheseall solvents contained 0.15 M
supporting electrolyte’ Irreversible.? Reversible at fast scan (see Figure A
5).
electrochemically reversible process, which is labdsednd B )
one an irreversible process, showing only an anodic wing, ‘ ‘ ‘ :
labeledB'. 00 -05 10 15 -20 -25
If after observingB, B', andC, the scan is returned negatively E, Vvs. Fc'lFc

but switched positive oD and cycled several times, waé Figure 2. Cyclic voltammogram of CIRWPc(2-), (1,Cl) in DMF (0.15
disappears after about six cycles (at 100 mV/s, in DMF) while M TBAP + 5.25 x 103 M (TEA)CI) at a Pt electrode, steady state,
wave B,B' declines in current becoming more reversible in (Sgal%fl\ﬁ/lltiéOAOCT\giS- CIE(C"C VIOH?mg“))gf(?};?S_IPFISDECﬂe@W "t] DMF
— H™ . s working electroae): (l1) Initial scan, positive goin

ﬁlppearanceaa” = Bea) before eventually declining to zero. om —1.0 V, scan rate 2g5, 50, 200, 500 mV/s; (iii,ivl)o steadygstatge,

ote also that a steady state microelectrode scan shows wave can rate: 25. 50. 200. and 500 mV/s
A, D, andE but notB, B’, andC (Figure 1(ii)). With a slow T '
scan rate (20 mV/s), the steady state currents, at the microelecdecreases with increasing scan rate. In such a scan rate study,
trode, for processe8, D, and E were all approximately the  the potential of waveC shifts positively with increasing scan
same. Thus waveB, B', and C arise from oxidation of the rate, as its current diminishes. WaBeshows a small cathodic
dinuclear species formed B, on the surface of the electrode, component when switched just positive Bf(Figure 1(iv,v)),
and are therefore absent from the steady state microelectrodébut if the cyclic is swept beyond then the cathodic wave for
experiment. Scanning within the range 0t@.5 V (switching B is absent, or very weak (depending on scan rate) (Figure 1(i))
positive of waveE), the ratio of current intensity oC/B when returning to the negative region.
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Figure 3. Cyclic voltammograms for specie,Cl) in DMF (0.15 M
TBAP, Pt working electrode): (i) scan rate 100 mV/s, room temper- A
ature; (ii) scan rate 100 mV/s;72 °C. Steady state. ]
The peak position ob shifts by about-20 mV per decade ' : ' ' :
with increasing scan rate are€?0 mV/log[L,Cl] with decreasing 0.0 -0.5 -1.0 1.5 -2.0
concentration of specie§,Cl consistent with dimerization. E, Vvs. Fc'/Fc

However, theEl{z of couple!E was independent of the scan rate Figure 4. Cyclic voltammogram of CIRKPc(2-), (1,Cl) in DMF,
and concentration of speciés If a voltammogram containing  |ow temperature,£72 °C), 0.05 M (TEA)CI: (i) initial scan, 10, 25,

is seen, labeled\', just negative ofA (Figure 1(})). Thisis 200 mV/s; (iv) steady state scan; 10, 25, 50, and 100 mV/s.
absent from voltammograms which do not exh®jtB’, andC
and is therefore a process originating through oxidation of a becomes more reversibl®' is weakly observed, an€ is
species involved in couplB, B’, or C. missing. When scanning negative of coulemuch of the
(1.1.2) In the Presence of (TEA)CI. The speciesl,Cl anodic current oD is again lostB’ recovers some additional
contains a chloride anion which may possibly be released into anodic current and a new cathodic feature, just positive,of
solution when the species is reduced. The cyclic voltammetric labeledE' is observable; wav€ remains absent. If the low
behavior was therefore investigated in the presence of additionaltemperature solution is allowed to warm up slowly, with
chloride ion, as supporting electrolyte, in the form of tetraeth- continuous scanning from 0 to1.5 V (positive ofE), the more
ylammonium chloride ((TEA)CI). As demonstrated below reversibleB grows in as the temperature rises, Butloes not
(section 3 of the Results) the addition of chloride ion generates appear until close to room temperature. This suggests that the
a new dichloro species, labelécCl, in equilibrium with 1,Cl. species aB (not B") and C arise from following chemical
When (TEA)CI is the supporting electrolyte (Figure 2, Figure processes which are inhibited at lower temperature.
S1) the detailed behavior depends upon its concentration. With (1.1.3.2) (TEA)CI Electrolyte (0.05 M). In the first scan
low (TEA)CI concentration, (5.25% 1072 M) wave D is seen (Figure 4(i)) bothD andD' are observed, witb,, being quite
and a new wavé®' is revealed, due to reduction &{Cl,, at prominent; i.e. procesB approaches reversibility. However
about 200 mV negative of wav@ (Figure 2(i)). WaveE is D'an is not observedD’ remaining irreversible. If switching
observed at its usual potential. After the species is cycled occurs betweeiD andD’, thenD remains reversible (Figure
beyondD’ or E, the cathodic component of wa®geis almost 4(iii)). In the steady state, switching betweBnand D', no
lost (i.e. the process is mainlB') and waveC is weakly wave is seen aB', but switching negative oD' reveals
observable (Figure 2(i)). As the (TEA)CI concentration is irreversible waveB' (Figure 4(ii)). If the CV is switched
increased (see Figure S1 for intermediate (TEA)CI concentra- negative ofg, then, importantlyD becomes largely irreversible

tion) the relative peak current f@ declines relative t®', C again, and wave8' grows in relative intensity. Further, the
disappears, and onB is retained (Figure 2(ii,iii,iv)). AL is extra waveE' is clearly observed.

lost, its contribution to the anodic current is transferredtp Note that the ratidan/Deat is less than one and decreases
i.e. the totalB, B' + C apparently remains constant. with decreasing scan rate, viDan/Dcat = 0.7 at 500 mV/s and

The currents foD andD’ are each linearly dependent upon 0.3 at 50 mV/s (switching betwedh andD’, first scan). At5
212, with both waves shifting about 20 mV negatively per 10- mV/s, D,y is barely perceptible. In the equilibrium scan, wave
fold increase of scan rate. In another experiment when 0.15 M B’ also begins to grow at slower scan rates even when switching
TBAP was added to a solution containing 0.05 M (TEA)CI, is betweerD andD’. Thus even at-72 °C, the species &
there was no apparent change in any of the peak currents. Notedimerizes slowly to form the dinuclear Rispecies, while the
also that the relative ratio of currents BfD' is greater in the species aD’ rapidly dimerizes at-72 °C.
steady state, Figure 2(iii,iv), than in the first scan Figure 2(ii). (1.2) CIRh" TNPc(2—), (TN,1,Cl), at room temperature.

(1.1.3) Ethanol/Dry Ice Bath Temperature 72 °C). The first reduction of TN,1,Cl), waveD, in solution (DMF,
(1.1.3.1) TBAP Electrolyte. Figure 3(ii) shows the CV of = TBAP, or (TBA)PF) is about 200 mV more negative than with
species1,Cl (DMF, 0.15 M TBAP) solution at—72 °C, speciesl,Cl (Figure 5; Table 1) and, unlike the behavior of
compared with the room temperature data in Figure 3(i). Under speciedl,Cl, this redox process appears to be reversible, at fairly
the low temperature conditions, switching positive Bf D high scan rates, if the switching limit is more positive than
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Figure 5. Cyclic voltammograms for specie3N,1) in DMF (0.15 f T T '
M TBAP, Pt working electrode): (i) scan rate 500 mV/s; (ii) scan 00 -05 -10 -15 -20 -25
rate: 25, 50, 100, 200, and 500 mV/s. (iii) Cyclic voltammogram for E Vvs Fc'/Fc
speciesTN,1) in DMF (0.15 M (TEA)CI, Pt working electrode), steady !
state, scan rate 100 mV/s. Figure 6. Cyclic voltammograms for dinuclear Rispecies 3,Cl) in
DCB (0.15 M TBAP, Pt working electrode): (i) scan rate 100 mV/s,

: : . initial scan (dot line, negative going from1.3 V) and steady scan
couple E (Figure 5(i)). Waves3, B, andC are also absent (solid line); (ii) steady state, scan rate 50, 100, 200, and 500 mV/s;

under these Com_j't'(_)_ns' However, at slow scan ra_te (25 mVis), (iii) steady state, scan rate 50, 100, 200, and 500 mV/s cycling around

Dan becomes significantly less thaDcy. Scanning more  Bonly. (iv) After cycling aroundB several times to yield a reversible

negative than couplg also resulted in a marked reduction in  couple atB (hatched line), the negative limit is switched negative of

the anodic current for wav®, even at higher scan rates and E: (1) first scan; (2) second scan; scan rate 100 mV/s. The current

the reappearance &, B', andC (Figure 5(ii)). scale in this specific experiment is Q:B/division. (v) Voltammograms
With (TEA)CI (0.15 M) as the supporting electrolyte (Figure as in partii, scanning over a wider range.

5(iii)), couple D' appears as a fairly reversible wave at about

90 mV negative of the position of wauv@ (similar to Figure

5(i), data not shown). WavB however, is essentially absent

in the steady state data switched just negativ®'ofWave B’

is weakly observed. Scanning negative of coplesulted in

an increase of the current for wa®, couple D’ becomes

ireversible, anq the C?.thOd'C components ibfand E' are monomer species is recovered positiveCofor B, B') (Figure
weakly seen (Figure 5(iii)). WaveB andC are not observed. 6(), second scan). Scanning around waBes’ and C, in

(1.3) Dinuclear RHh' Species (3) (Figure 6).Reduction of DCB, (within the range 0 t0o—0.8 V) causes the rapid

Steady state microelectrode analysis in DCB shows waves
B, B', andE only (notC) with equal currentsg + B' = E).
WaveC is seen in the steady state microelectrode study in DMF,
with the combined currenB, B' + C = E. When one is
scanning positive of wav€ and returning negatively, waue
reappears, but with a smaller current, indicating that 8 Rh

CIRW'Pc(2-) at waveD leads to formation of [CIRIPc-  gisappearance of wav@, within about four scans (100 mV/s,
(2-)1” (2.Cl) which dimerizes at room temperatdfe>” iy pCB) until a well-defined reversible redox coup, (i, [
Controlled-potential reduction of specied,Cl), 100 mV V12,2 =i,f, E2— E = 70 mV) was observed (Figure 6(iii)).
negative of wave, then gives rise to a dinuclear species which Note that, in DMF solution, wave is retained under these
is generically called the dinuclear Rbpecies §) without, for scanning conditions. Although the anodic wingfB' appears

the moment, indicating what the axial ligands are. Here we g decline, in the DCB experiment, it is built upon the positive
describe the cyclic voltammetry of this dinuclear species. Note potential tail ofC and it seems that the current Bfremains
that TN,1,CI similarly gives the dinuclear species under constant (compare Figure 6 (ii,iii)); note tH&¢, is essentially
controlled potential reduction negativef indicating that the constant in all scans at a given scan rate. Figure 6(|V) shows
steric bulk of the neopentoxy groups while slowing down the an experiment where following a scan such as shown in Figure
dimerization process does not stop it. 6(ii), the negative switching potential is changed to abe018
The first CV scan,—1.0 to —1.7 V, in species J) bulk V (generating a reversibR as shown in Figure 6(iii)) and then,

solution (DCB or DMF, 0.15 M TBAP) did not show any once this is established (Figure 6(iv) dotted line), the negative
appearance of wav® corroborating that the bulk solution  switching potential is changed to scan out beyBndSignificant

contained only the dinuclear RRc species3) (Figure 6(i), current is seen dD on thefirst negative bound scan showing

dotted line). WaveE is observed with ait;, value essentially ~ that mononuclear RhPc species are found at the electrode
identical to that oft in the CV of species],Cl), and waveE' surface. Wave®', C are recovered when returning positive.

is not observed (Figure 6(iv,v)). Wavds, B, and C are Scanning between 0 andl1.5 V, the ratio of current€/B

observed, providing proof that these processes involve thedeclines with increasing scan rate (Figure 6(ii,v)) as previously
dinuclear species (Figure 6). noted for the bulkl,Cl experiments. Wave€ and D are
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0.5 Table 2. Absorption Spectra of Specids 3, and42
species/solvent wavelength, nm (loge))
0.4 (1,Cl)/DMF 346 (4.42) 587 (4.30) 650 (5.05)
(1,Cl)/DCB® 349 (4.48) 594 (4.43) 657 (5.21)
8 03 (TN,1,CI)/DMF® 347 (4.63) 590 (4.55) 655 (5.24)
c v (TN,1,CI)/DCB® 342 (4.45) 600 (4.46) 665 (5.15)
£ (TN,1,Cl)/DCB? 365 (4.46) 595 (4.48) 659 (5.2)
2 ooh (3)/DMF® 308 (4.80) 372 (4.31) 573(4.20) 629 (4.68)
< (3)/DCB® 372(4.68) 578 (4.34) 633 (4.80)
(TN,3)/DMF® 309 (5.02) 367 (4.54) 577 (4.46) 633 (4.86)
01 L (4,Cl)/DCBe 569 (4.34) 719 (4.27)
’ /T\ (TN,4,CIl)/DMFbPe 595 661 714
aSpecies3 (dinuclear rhodium(ll)) and4 (Pc(1-) radicals of
0.0 rhodium(lll)) were obtained in a spectroelectrochemical cell by
J/ reduction or oxidation of the corresponding spediaespectively.0.15
301 7 M TBAP.°©0.2 M TBAP.9See caption to Figure 8.Incomplete
oxidation.
25| .
o 25
g 20+ s
; 1
2 15+ - 20
<
1.0 .
l/ /F 8 151
05t 4\ . 8
¥ 2 .
Q\ 1.0 -
0.0 1 | <
400 600 800 1000
Wavelength, nm 0.5
Figure 7. Bottom: Spectroscopic changes during the step-potential
for the first oxidation of specie<(Cl) in DCB (0.15 M TBAP). Top: 0.0
Spectroscopic changes during the step-potential for second reduction
of species 1,Cl), in DMF (0.2 M TBAP) to form5. 25
evidently coupled since wave is lost when scanning around 20
B, B', andC unless the negative scan is moved close to that g '
whereD appears, in which casereappears. Further evidence £
for coupling is adduced from the faster scan rate studies, over 5 15
B, B, C, andD, when as the relative current @tdeclines, so §
does that aD. Note however that whil® is not observed in 1.0
the first negative going scan of a freshly stirred dinuclear bulk
3 solution, waveC is observed in the first positive going scan 05
towardB, B', andC. The anodic current for waves andC,
lost after the scan shown in Figure 6(iii), can easily be recovered 0.0
by stirring the solution or scanning to the vicinity of walde 400 500 600 700
Controlled-potential oxidation of the dinuclear 'Répecies 3) Wavelength, nm

solution, just positive of wav8, B, yields only a monomeric Fi . . . .
PR ies: on this time scale. the purported dinuclear igure 8. Bottom: Spectroscopic cha_nges during the step-potential

c speq es', 0 ’ purp for the first reduction for specied (Cl) in DCB (0.15 M TBAP) to
PcRH' species is unstable. form 3. Top: Spectroscopic changes observed during the addition of

If chloride ion is added to this dinuclear Risolution @), (TEA)CI to a solution of CIRKTNPc (TN,1,Cl) in DCB, forming
wave C loses current with increase of the concentration of TN,1,CI2: top spectrum, pureTN,1,Cl); subsequent spectra have
chloride ion eventually disappearing. The anodic curref@,of ~ molar ratios of CI-TN,1,Cl) of 0.45, 0.9, 4.5, and 22.5, respectively.
B' increases, while the cathodic current diminishes and is lost
at 0.15 M (TEA)CI leaving only the anodic wing, d',
appearing as in Figure 2(iii). During this process, the total
anodic current remains constant, i.e. the contribution fm
transferred tdB'.

(2) Spectro-electrochemistry (Figures 7 and 8). (2.1)
Oxidation. The uv/vis spectroscopic changes during the
stepwise oxidation of species,Cl) in DCB (waveA) are shown

(2.2) Reduction between Waves D and EFigure 8(bottom)
shows the UV/vis spectroscopic changes for a DCB solution of
speciesl,Cl during the stepwise reduction just negative of the
first reduction wavedd. The Q band broadens, weakens in molar
intensity, and shifts to the blue, but no additional absorption is
noted either to longer wavelengths of the Q band or in the region
between the Q and Soret bands (Table 2). The absence of such
bands illustrates that the phthalocyanine ring is neither reduced

in Figure 7(bottom). There is growth of a new band at 714 - " o ) . . .
d f the intensity of th band and its vibrational "°" ox!dlzed? The Shlftln.Q band is consistent with formation
nm, decrease of the intensity of the Q band and its vibrationa of a dinuclear MPc species, presumably [XRia(2-)],, (3),

satellite, and growth of a new feature lying between the Q band h ¢ lat th ‘ £% A metal-based
and Soret bands. Table 2 summarizes the spectroelectrochemi\-’v ere we comment later on the nature ot <. metal-base

cal data.l' The f_me_xl spectrum after oxidation Ju.St p03|_t|ve of (34) stillman, M. J. InPhthalocyanines: Properties and Applications
waveA is very similar to that of the RhPc(1—) cation radical Leznoff, C. C.. Lever, A. B. P., Eds.: VCH: New York, 1993: Vol.
as reported by Ferrauéd,Nyokong!?2and also Liut2b 3, p 227.
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reduction forming a dinuclear species was also confirmed by 2 is deemed unimportant. Equilibrium 1 must be very slow to
Nyokong!22 Our spectrum of the dinuclear species agrees with reverse since otherwise the cyclic voltammogram would only
data reported by Liu (Figure'#) and also Nyokong (Figure  exhibit waveD with speciesl,Cl, undergoing a CE reactiéh

4123 except that the latter shows a peak at ca 650 nm which is at D, the “C” being the reverse of (1); this is not observed.
clearly due to contamination by unreduced starting material Indeed both the forward and return rates for equilibrium 1 must
(monomeric Rh(ll)Pc); no such peak is present in our spectrum be slow since th®/D’ current ratio is so much greater in steady

(Figure 8(bottom)). state scans than in the initial scan (Figure 2(ii,iii) and data in
(2.2.1) Oxidation Positive of Waves B, C. Since the Figure S1) indicating thet,Cl is formed upon oxidation &',C

dinuclear 8) voltammogram exhibits a reversible waBe an and does not readily convert igCl, on the time scale of the

attempt was made to obtain the electronic spectrum of the faster scans.

presumed dinuclear Rhspecies. However it is insufficiently Speciesl,Cl, is some 200 mV more difficult to reduce to

stable under the controlled-potential time scale, and only a 2 Cl, than1,Cl and similarly is 90 mV more difficult fof N, 1,-

monomeric R Pc(2-) species is obtained. Cl, (Table 1). The negative shift in potential is consistent with

(2.3) Reduction Negative of Wave E.Figure 7(top) shows  the additional negative charge on these six coordinate species.
the UV/vis spectroscopic changes for a DMF solution of species The shift of 200 mV for species,Cl conversion tdl,Cl, cannot
1,Cl during the stepwise reduction just negative of wavélew be reliably converted into a binding constant for the second
bands arise at 654 and 567 nm and at 973 and 832 nm in thechloride ion since the observed reduction waves are irreversible.
near-IR region. The spectrum is fully consistent with formation (1.1) Oxidation of Chlororhodium(lil) Phthalocyanine
of an anion radical, Pc3) species® In DCB solution, species. The oxidation side is quite straightforward with both
decomposition of the anion radical was observed with loss of 1 c| and TN,1,Cl being oxidized, at wave\, to the cation
isobestic points before completion of the reduction; this also ragjcal, [CIRH'Pc(1-)]* (4) as proven by spectroelectrochem-
precluded obtaining a reliable cyclic voltammogram of this bulk jstry (Table 2). Its photochemical behavior has previously been
Species. . . studied by Ferraudi and co-workefs2226 The oxidation is

(3) Spectroscopy of Rhodium(lll) Phthalocyanines. The reversible but the species was not further investigated. The
appearance of wavb' on addition of excess chloride ion is  steady state microelectrode study shows that waye3, and
most readily associated with the formation of an additional g || have essentially the same steady state current (Figure 1(ii));
chloro species in solution. Thus the electronic spectrum of gjpceaA unequivocally involves the TéRh oxidation of {,Cl)

CIRR"TNPc(2-), (TN,1,Cl), in DCB was compared with that  thenD andE are defined each one as1Bh or equivalently
in the presence of excess chloride ion. Figure 8(top) shows 2e-/Rh, dinuclear processes.

that there are indeed distinct changes in the electronic spectrum (1.2) Reduction of Chlororhodium(lll) Phthalocyanine
consistent with formation of a new species, presumably-[Cl  gpacies To summarize the results which will be proven below,
RRI'TNPc(2-)]" (TN,1,Cl). These effects are observable even  cippiipe(2-) (1,Cl) undergoes a one-electron reduction to
at a 1:1 ratio of CIRHTNPc(2-):Cl showing a high binding [CIRW'Pc(2-)]~ (2,Cl), which rapidly dimerizes, at room
constant for chloride ion. Similar effects are observed with the temperature, initially forming six-coordinate [Pe{XCI)RH!-
ynsubstituted,CI'except that higher concentrations of chloride RH!(CI)Pc(2-)]2 (3,Cly), with a rhodium-rhodium bond, such
ion are needed; i.e. the binding constant is smaller. that the reduction process (wav@) is electrochemically
irreversible. The dinuclear speci8smay be further reduced
(waveE, reversible) to form the [RHPc(3-)], dinuclear anion

(1) Rhodium(lll) Species in Solution. In the discussion  radical specie§. Two-electron re-oxidation of the dinuclear
which follows it may be assumed that the specle€| and Rh' species3 would yield a dinuclear Rh species ), which
TN,1,Cl behave in a parallel fashion unless differences are would dissociate back to monomeric rhoditirapecies rapidly
specifically mentioned. Since CIRIPc(2-) (1,Cl) is soluble  or slowly depending on the nature of the axial ligand (waves
in the noncoordinating solvent DCB and has a spectrum thereing, B', andC).

very similar to that in DMF, it is reasonable to assume that the Alternatively, the dinuclear Rhspecies may undergo, in the
species in these solutions is the five coordinate moiety. In DMF, region of B, B, and C a one-electron oxidation to a mixed-

weak binding to the solvent forming a six coordinate species ygjence species, BRRW" which then dissociates rapidly to a
cannot be exclu.ded.but does not alter the overe}ll conclusionspy! and a R species, with the former then oxidizing to 'Rh
(compare data in Figures 1 and 3). The addition of excess gjnce it will be sitting at the electrode polarized at a potential
chioride ion results in some small changes in the electronic jore positive than the mononuclearRh- RH' process (wave
spectrum (Figure 8(top)) and profound changes in the cyclic by - This would be an ECE process, while the two-electron
voltammogram (appearance of wag, most easily interpreted  oxidation would be an EEC proce¥s.It is not possible, from

Discussion

by the equilibrium the data available, to distinguish between these two processes.
m 3 " 3 However reversible wavB is definitely a two-electron oxida-
CIRh"Pc(2-) (1,Cl) + CI" == [CI,Rh"Pc(2-)] (1,Cl) tion, on the basis of the steady state data, and we will suppose
@ that oxidation aB' andC are also two-electron processes, EEC.
If they should actually be ECE processes, it makes very little
Equilibrium 2 must also be considered: difference to the overall analysis. As we will demonstrate, the

data are consistent with the existence of three different dinuclear
CIRN"Pc(2-) + ClO,” = (CIO)RN"Pc(2-)] + CI™ (2 R species, namely [Pc)(CRH.RH!(CI)(Pc(2-)]2 (3,Ch),
c(2) s (CIO)RATPe(2-)] @ o) (CHRIRIIPC2)]- (3.C). and [Po(2)RNRHIPC.
(2-)] (3,noné (this last may have a weakly coordinated ¢tO

Adding excess TBAP (0.15 M) to a solution containing a

- : (35) Bard, A. J.; Faulkner, L. RElectrochemical Methods; Fundamentals
low concentration of (TEA)CI (0.05 M) led to no change in the and Applications John Wiley and Sons: New York, 1980. CE is

cyclic voltammogram, specifically no change in the relative electrochemical notation for a reversible chemical reaction preceeding
magnitudes of the currents of any of the waves; thus equilibrium a reversible electron transfer process.
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ion). Oxidation of these three species gives rise to wdd/es  second scan is always appreciably less than the first scan (Figure
C, andB respectively. The process Btis reversible showing 1(iv)) but reaches equilibrium in later scans. This observation
that a dinuclear RhPc speciest]) survives on the electrochemi- is explained by depletion of the bulk specie€l at the electrode

cal time scale and is observed to be irreversibly oxidize#'at ~ surface because the dinuclear'Rpecies that is formed oxidizes
One may also presume the presence of the three correspondinglyo a RH' dinuclear species (&) which has some stability on

coordinated [RhPc(3-)], species labeled,Cly, 5,Cl, and5,- the electrochemical time scale (partially reversiblédi¢ infra)

none At —72°C usingl,Cl, or starting fromr'N,1,Cl at room and only a fraction of this dissociates backlt&l by the time

temperature, dimerization is inhibited (reversible w@)eand the sweep returns tb.

mononuclear [CIRWPc(2-)]~ species 2,Cl) can be observed. (1.3.1) Wave D (Figures 2, 4, and 5). This irreversible wave
In the presence of excess chloride ion, the chemistry is similar is observed in the presence of (TEA)CI, when speti€; is

but begins with reduction of the six coordinatel,) to an present and is therefore a reduction productlg@l,. The

anion radical of RH, namely [CbRW'"Pc(3-)]? (7,Cly) which reduction product cannot be BBIh'Pc(2-)]%" since this species
subsequently loses chloride and dimerizes forming, initialy, (  must surely lose chloride ion first (it has & donfiguration) to
Cly). generate specieg,Cl which would then dimerize t@,Cl,.
The complex equilibria generated upon reduction of species However at—72 °C, reduction atD’ is irreversible, forming
1 are summarized in Scheme 1. We now discuss how the the dinuclear species (appearance of wBUeFigure 4), yet
various redox processes and equilibria in Scheme 1 can beunder these conditiong,Cl does not dimerize (wav® is
confirmed by appropriate analysis of the Results described reversible). Further, iD' is assigned to formation of [gRh'-

above. Pc(2-)]2, the irreversibility of this couple is surely then
(1.2.1) Dimerization Largely Inhibited. At low temperature  explained by loss of chloride ion; if this occurs, the wadvg,

(=72°C), (1,Cl) can be reduced nearl.2 V (DMF, TBAP, which represents oxidation of this latter species, would be larger

waveD) in a process which is almost reversible provided that when switching negative ob’ than negative oD. This is

the sweep is switched positive &f (Figure 3(ii)). However, certainly not the case. There will be a slight loss in current at

ia < i¢ for waveD, indicating that even under these conditions Dan When scanning negative Bf relative to scanning negative
some dimerization occurs and is evident in the appearance of aof D (due to the extra time allowed for the slow dimerization)
small anodic current foB'. Essentially the same behavior may but this is certainly not sufficient to offset the growth D,

be observed on the cyclic voltammogram time scale, at room which would occur if [CIRHPc(2-)]~ were a product generated
temperature, using the sterically more crowded GIRNPc- atD'. This argument is especially cogent at higher scan rates.
(2-) (TN,1,Cl) (Figure 5). However on the controlled-potential Thus the species & cannot dimerizeia a pathway proceeding
reduction time scale, reduction ®N,1,Cl at room temperature,  via the species ab.

just negative of waveD, leads to formation of the dinuclear Whether or not reduction occurs at the metal center or the
speciesTN,3. Note that in both the low temperature experiment phthalocyanine ring depends generally on the relative energies
(Figure 3(ii)) and the experiment withiN,1,Cl, if cycling is of the metal ¢ orbital and the Pea* orbital (though subsequent

continued negative of wavi, thenDg, is largely lost andB, relaxation means this argument should be treated cautiously).
B', and C are more prominent. Thus cycling beyoril The six coordinate $Rh'"Pc(2-) will necessarily have a
facilitates the dimerization process. significantly higher ¢ energy than the five-coordinate LRh

The mononuclear Rhspecies is susceptible to dimerization Pc(2-), and Nyokoné?2has argued convincingly that when L
even at low temperatures; thus its characterization is difficult. = CN~, reduction occurs at the phthalocyanine ring. On the
Since the dinuclea clearly contains RHPc(2-) (cf. electronic  basis of electrochemical parameter relationsHigsthe L,RH" -
spectra, Figure 8(bottom)), it is reasonable to suppose that thePc(2-)/L2Rh'Pc(2-) couple for L= CI~ must be significantly
mononuclear specie®, does indeed contain the Pc(2-) unit. negative of that of L= CN~. Thus if phthalocyanine ring
It is convenient to discuss each region of the cyclic voltammo- reduction occurs for L= CN~, it should certainly also do so
gram in turn, beginning with the gross features of the voltam- for L = CI~ in the LLRh!""Pc(2-) species.
metry. If reduction first occurs at the ring and then this anion radical

(1.3) Wave D (Figure 1). Controlled potential electrolysis  loses a chloride atom and dimerizes, this provides an alternate
of 1,Cl just negative of wav®, at room temperature, provides ~pathway which need not, and presumably does not, proceed
the dinuclear specie3 as previously commented. through 2,Cl providing an explanation for the difference in

behavior atD andD’ in the low temperature data (Figure 4).

CIRH"Pc(2-) + e —[CIRh"'Pc(2-)]~ (3)

1.Cl 2.0l [CLRA"Pc(2-)]* + e —[CLRN"Pc(3)]*  (5)
1,Cl, 7,Cl,
2[CIRh'Pc(2-)]” — [CIRh"Pc(2-)],7~ (4)
2,Cl 3,Cl, 2[CLRN"Pc(3-)]* — [CIRN"Pc(2-)],2 + 2CI (6)
7,Cl, 3,Cl,

The dimerization process is proven by the electronic spectrum ) ) )
of the product (Figure 8(bottom)), the concentration dependence Returning to the aforesaid slow rate of conversiol @l to
study of the potential ob, and the scan rate dependence which 1.Cl2 and vice versa, the steady state concentratioh,of at
is that expected for such an irreversible proc&s§iven the the electrode is proportionately larger than in the bulk, as
natural proclivity of RH to dimerize via formation of a Rh illustrated by comparison of the first scan with the steady state
Rh bond, this result is unsurprising and similar to the behavior
of rhodium porphyring1-36:37 The current on wav® on the

(38) Lever, A. B. PInorg. Chem 199Q 29, 1271.
(39) Lever, A. B. P.Inorg. Chem 1991, 30, 1980.
(40) Lever, A. B. P. InProceedings of the NATO Adnced Workshop-

(36) Felthouse, T. RProg. Inorg. Chem 1982 29, 73. Molecular Electrochemistry of Inorganic, Bioinorganic and Organo-
(37) Lee, S.; Mediati, M.; Wayland, Bl. Chem Soc, Chem Commun metallic CompoundsPombeiro, A. J. L., McCleverty, J. A., Eds.;
1994 2299. Boyar, E. B.; Robinson, S. Boord Chem Reyv. 1983 Kluwer Academic Publishers: Sintra, Portugal, 1992; p 41.

50, 109. (41) Masui, H.; Lever, A. B. Plnorg. Chem 1993 32, 2199.
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scan; compare the ratio d/D’ in Figure 2(ii,iii). This is
explained by the generation dfCl, rather thanl,Cl,, upon
oxidation atB'. In fast scans there is no time to requilibrate to
1,Cl,, and saD is proportionately larger. In slow scans, there
is such time for equilibration an® is relatively much less
prominent. Note that the spectroscopic data showThat,-
Cl, is a more stable species tharCl, and this is reflected in

Inorganic Chemistry, Vol. 35, No. 3, 199633

and C on the first scan, confirming that these processes are
indeed located on the dinuclear species. On the second, and
subsequent scans, switching positive Bfor C, wave D is
observed since “new” monomeric species are generated at the
electrode surface, following oxidation Bt and C (Figure 6-
(i,ii,iv,v)). The steady state data reveal that the combined
currents forB, B', and C correspond with 2e per dinuclear

the electrochemistry described in section 1.2.1 in the Resultsmolecule.

where waveD is absent in the steady state CV scan (Figure
5(iii)).

(1.4) Wave E (Figures 1+6). The subsequent reduction,
waveE, is reversible and corresponds to

[CIRN"Pc(2-)],%> + 26" — [CIRh'Pc(3-)],"
3,Cl, 5,Cl,

Controlled potential reduction just negative of wavgields
a solution with the electronic spectrum shown in Figure 7(top)
consistent with a radical anion Pe{3 species. However this
solution is not very stable, and the possibility that & &iecies
is formed is not excluded by the electronic spectrum. On the
basis of comparative behavior with CoPc chemistry, aPRh
(2-)]~ species is unlikely. The reduction procdsdollows
the RH'Pc(2-)/Rh'Pc(2-) couple,D by some 500 mV. Indeed
since the process & is irreversible, the true thermodynamic

(7)

(1.6) Nature of B, B, and C. One of the more interesting
and perplexing aspects of the electrochemistry of spdgies
is the specific identities of the processes generating wByes
B’, andC involving the dinuclear specigsand an explanation
of their complex behavior. It is necessary to explain the
following special characteristics of tfg B’, andC set of waves.

(i) Wave C is absent from low temperature studies (Figure
3(ii)).

(ii) The current ratioC/B reduces with increasing scan rate
(Figure 1 (v), Figure 6 (ii,v)).

(iii) The shift to more positive potential for wav€ that
occurs with increasing scan rate and its simultaneous loss of
current while the total currel, B' + C remains constant (and
D also diminishes in the bulk dinuclear system).

(iv) The loss ofB andC that takes place in the presence of
chloride ion, leaving only irreversibB'. Indeed the appearance

difference between these processes is less than 500 mV. Thef only B’ in the low temperature voltammogram and in the

C0'Pc(2-)/CdPc(2-) process is some 7601000 mV more
negative than CtbPc(2-)/Cd'Pc(2-) depending on the sub-
stituent! Similarly the Fd'Pc(2-)/Fe'Pc(2-) process is
separated from B@c(2-)/FEPc(2-) by about 1000 mV. These
data argue for ring rather than rhodium ion reduction, though
the cobalt and rhodium systems are sufficiently different that

arguments about rhodium based upon cobalt should be inter-

room temperature with excess chloride; compare Figures 2, 3(ii),
4, and 5(iii).

(v) The loss ofC and generation of a reversible waveBat
that is observed, i.e. loss also Bf, when scanning arouns,
B’, andC in the bulk dinuclear system.

(vi) Following point v, waveC reappears if scanning is
continued negatively to the vicinity of wax, or if the solution

preted with care. More persuasive is the argument that theis stirred.

species formed & is dinuclear. WhefmN,1,Cl is reduced at
room temperature and switched betwd2rand E, the return
wave Dy, is observed, and wavB is weak, showing that
dimerization is inhibited. If switching occurs negative Bf
then Dy, is absent and is relatively stronger (Figure 5).
Similarly in the low temperature experiments in Figure 3(ii),
and in Figure 4, wavé,, (oxidation of mononuclea®), is
proportionately weaker when switching is negative ©Bf
Therefore the species & must favor dimerization, i.e. the
mononuclear TN,2,Cl) must dimerize following reduction at
E.

It is certainly reasonable that the species [CIRt(3-)]2~
(8,Cl) would dimerize more readily than [CIRRc(2-)]™ (2,-
Cl) because of the additional negative charge rendering the Rh
d2 orbital more diffuse. One may conclude from these data
that a dinuclear species, suchawill remain dinuclear upon
reduction aE, and further that these species do indeed contain
RKh'Pc(3-) (d”) and not RHPc(2-) (d8) since the latter species
would show no tendency to dimerize.

(1.4.1) Wave E (Figures 3—-5). A small additional wave,
just positive ofE, and labeledE’, is frequently seen when
dimerization is inhibited, either by use of the TN species or in

(vii) The steady state microelectrode study of a bulk solution
of the dinuclear specie3in DCB shows no current &E, but
has total current aB equal to that of wavé (=2e /Rh).

The appearance under various conditions of an irreversible
wave atB’ and atC and a reversible wave Btargues for three
discrete species which have already been suggested to be the
three dinuclear Rhspecies3 with 2, 1, or 0 axial chloride
ligands respectively. Given the use of the arbital to bind
the two RWPc centers together, the axial linkage to chloride
will necessarily be weak and even weaker in the corresponding
Rh'Pc(3-) species (beyonH); thus, equilibration to form these
three species is very reasonable. We now propose a model
which, using these three species, will reproduce the properties
outlined above.

On the basis of the steady state data, all three species are
presumed to oxidize via a 2-electron process (see comments
above) to a RH dinuclear species which is stable on the
electrochemical time scale &, but not atB’ or C. The
reappearance of mononuclear'Rrc(2-) following oxidation
in the B, B’, andC region is confirmed by the appearancelof
in the voltammetry of the bulk dinuclear specgsn the second
and subsequent scans (Figure 6(i)). The reversible process at

the low temperature studies. Since this is only observed whenB must be a two-electron process since its steady state current

the mononuclear [CIRWPc(2-)]~ (2,Cl) species is present at
the electrode, proceds is most readily ascribed to reduction
of this species to mononuclear [CIRPc(3-)]%~ (8,Cl) which
must then rapidly dimerize (no return wave). TBaEl would
be reduced at a more positive potential tf3a@! is consistent
with the extra negative charge on the latter species.

(1.5) Voltammetry of the Dinuclear Species 3 (Figure 6).
The bulk dinuclear specie® has no reduction wave & on
the first negative going scan from 0 V, but does furrigiB’,

is equal to that aE, and if one were to suppose it were due to
a one-electron process to a mixed-valence species, one must
expect a second wave corresponding to oxidation of this mixed
valence species at some-5800 mV more positive a value,
and this is not observed.

The addition of (TEA)CI to a solution containing TBAP
causes the loss of wavBsandC leaving the irreversible anodic
B'. The most reasonable explanation is tRatorresponds with
the irreversible oxidation of the diaxially coordinated "Rh
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dinuclear specie8,Cl,, which should be the dominant species
under high chloride ion conditions. ThusBt, 3,Cl, is fully
reoxidized to two molecules df,Cl which is then rereduced at
D explaining the coupling ofC with D. The presence of
chloride ion bound to the RHPc generated would stabilize this
species and provide the driving force for decomposition of the
initially formed [Pc(CI)RH'RK'"'(CI)Pc], 6,Cl,. The low tem-
perature data, where onBy is observed (Figure 3(ii)) reflect
the reoxidation of3,Cl, which at these low temperatures does
not release its axial chloride ions. Reversible w8vis then
logically assigned to oxidation &&,nonesince the scission to
two Rh'"Pc species each lacking an axial chloride would be
much less facile than the scission®@€l,. WaveC then arises
from the half-axially-coordinated 3(Cl) which upon two-
electron oxidation would yield,Cl plus1,none Thus oxidation
of (3,Clp) and @,Cl) is completely irreversible on the CV time
scale at room temperature, whitenoneis reversible (but see
caveat below).

To explain the experimental data, in DCB, in some detail, it
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not totally lost when scanning around the reg®nB’, andC

of the bulk dinuclear species, in DMF, in contrast to DCB, and
appears in the steady state voltammogram, is necessarily
explained by assuming that equilibrium 8 lies less completely
to the right in DMF.

The cyclic voltammetry of CIRHPc adsorbed on highly
oriented pyrolytic graphite was reported several years'ago.
presented a somewhat simpler picture whose fundamental
features are now confirmed by this solution study. The binuclear
rhodium(lll) species may retain a net Rh.Rh'" bond before
reorganization and scission since the HOMO orbital in 4-Rh
Rh' fragment isz* or o* in charactef® and loss of electrons
therefrom will not initially cause a major change in the RhRh
bond strength.

(2) Conclusions. Thus chlororhodium phthalocyanine un-
dergoes a complex series of equilibria upon reduction yielding
three species with distinctly different oxidative electrochemistry.
Further, the reduction process may be located at the phthalo-
cyanine ring or at the metal center depending upon the nature,

is necessary to conclude that in the bulk dinuclear solution, the if any, of the axial groups. This chemistry has been unraveled

initially formed 3,Cl, dissociates almost totally t8,none at
room temperature, viz:

3,Cl,=3,Cl + CI" == 3,none+ 2CI" (8)

Thus the appearance @ is a potential driven process
whereby as scanning proceeds positively tow&dsquilibrium
8 drives backward to generate soB)€l for oxidation atC. At

by a complex set of optical and electrochemical experiments,
at room and low temperatures, and by analysis of data from
both the bulk monomeric RHPc species and bulk dinuclear
RHh'Pc species, with attention to variable scan rate and micro-
electrode steady state data, and with simulation using Digisim.
The assignment of the speciesBatand C to oxidation of
3,noneand3,Cl respectively rests upon our detailed understand-

high scan rates, there is no time for this process to occur, anding of the behavior of waveB, B, andC with scan rate and

so waveC decreases in relative current and, being irreversible,
will shift to more positive potentials. Sind@ does not become

the sole wave at the slowest scan rate (1 mV/s) the reequili-

bration rate for (8) must be slow on the CV time scale. The
total current aB, B’, andC represent the total net specigs
present and so equals that Bt (steady state, bull@). If
equilibrium 8 were not almost fully to the right, so that species

excess chloride ion, upon digital simulation, and upon the
expectation that the dinuclear rhodium(lll) spe@gsonewould
have a longer lifetime tha6,Cl. There is one observation that
would argue for the reverse assignment. A frozen solution
(Figure 3(ii)) corresponds to 100% generation3p€l, since
the axial chloride is not lost upon reduction bhCl at waveD
(equilibrium 8 lies to the far left). Upon warmup, waBegrows

3,Cl and3,Cl, were each present to some reasonable amountin before waveC; this might then argue for the speciesBato

in the bulk solution, then we would expect that upon cycling
aroundB, B', andC, the relative currents 8’ and C would
diminish but not decline to zero. Simulation (see Supporting
Information) reveals that the complete lossRifand C can
only be explained if they are present in the bulk to a very small
extent, i.e. equilibrium 8 lies almost totally to the right. Since
CI"RhPc is ultimately the final product of oxidation @t(and

at B"), then waveC must clearly be coupled to wave as
observed.

Clearly in this modelB' andC are recovered if the solution

is stirred, after scanning arourgl B’, and C, or if scanning
proceeds to the region @. The absence dB and C from

be 3,Cl since surely this species will form befoBnone

The tetraphenylporphyrin analogs, CI(L)RFPP and [l-
Rh!"TPP]CI (L = dimethylamine) species studied by Kadish et
al. 2% have cyclic voltammograms which have a gross similarity
to the CV of1 in DCB with respect to the processes/gtD,
andE. A dinuclear (TPP)Rhspecies is obtained Btbut unlike
the phthalocyanine series, it displays a single irreversible
oxidation wave. The detailed chemistry of theRd" TPP series
is however very dependent upon the nature éf 13!

The work of Nyokong?2 shows that the reductive electro-
chemistry of rhodium(lll) phthalocyanine can be modified by
changing the axial ligands; thus rhodium phthalocyanine is

low temperature data reflects the sluggishness of (8) at low Probably also capable of the very varied electrochemical
temperature, and indeed this observation is itself an indicator Pehaviour already demonstrated by Kadish for the TPP

that processC involves a chemical reaction. Thus all the

analog?8-3t

features commented upon above can be explained by this model. Acknowledgment. The authors are indebted to the Natural
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