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Abstract 

The oxidation of mer-W(C0)3($-dpm)($-dpm) (dpm= Ph,PCH,PPh ) z under conventional voltammetric conditions 
is known to involve an overall two-electron oxidation process to give [W(CO)s($-dpm)J’+ with no experimental 
evidence for postulated intermediates. Under steady-state or near steady-state conditions at platinum microelectrodes 
with radii greater than 25 pm the oxidation of mer-W(CO)B(q’-dpm)($-dpm) is observed to still proceed via a 
single two-electron process whereas at a 3 pm radius microelectrode two one-electron processes are observed. 
This dependence upon electrode size is consistent with a mechanism involving single electron transfer steps and 
internal chelating reactions. The first electron transfer step is mer-W(C0)3($-dpm)($-dpm) +mer-[W(CO),($- 
dpm)($-dpm)]+ +e- (reaction a). Following this initial oxidation there are two competing pathways to further 
oxidation: mer-[W(CO),(~‘-dpm)(~z-dpm)]+ +mer-~(C0)3(~2-dpm),1+ (b) followed by mer-[W(C0)9($- 
dpm)*]+ + [W(CO),(#-dpm)z]2+ +e- (c) or mer-[W(C0)3(~‘-dpm)($-dpm)]+ +mer-[W(C0)9($-dpm)(q2- 
dpm)12+ +e- (d) followed by mer-[W(C0)3(#-dpm)(q2-dpm)]‘+ + [W(CO),($-dpm)J2+ (e). Under conventional 
voltammetric conditions reaction sequence (a), (b), (c) gives rise to a single apparent two-electron process. Two 
one-electron processes are observed when the internal chelation step is outrun by the short time scale achieved 
under steady-state conditions or by very fast transient voltammetry at platinum microelectrodes. The fast scan 
rate technique provides direct evidence for the fleeting existence of the seventeen-electron mer-[W(C0)3($- 
dpm)(q’-dpm)]+ and the nineteen-electron [W(CO)B(T2-dpm)2]+ species. The complementary nature of the steady- 
state and transient regimes of voltammetry at microelectrodes is therefore demonstrated by the present study. 
The mechanism of the electrochemical oxidation of mer-W(C0)3(#-dpm)(q2-dpm) at gold and carbon electrodes 
appears to be the same as at platinum. In contrast, at both conventional and microsized mercury electrodes 
weak interaction of the pendent phosphorus atom of mer-W(C0)3($-dpm)(q2-dpm) with mercury effectively 
slows down the rate of chelation following oxidation. Thus voltammetry at a mercury electrode allows the two 
one-electron oxidation steps for mer-W(CO),($-dpm)(q2-dpm) to be observed under conventional voltammetric 
conditions. It is concluded therefore, that in the presence of a pendent phosphorus group, mercury electrode 
interaction provides another convenient method of studying unstable intermediates via what may be referred to 
as a surface trapping technique. 

Introduction 

The electrochemical oxidations of six-coordinate 
eighteen-electron carbonyl compounds of the Group 6 
metals (Cr, MO, W) containing monodentate and bi- 
dentate phosphine ligands have been thoroughly in- 
vestigated. The sixteen- or seventeen-electron species 
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generated by oxidation are usually labile and isomer- 
isation, disproportionation, dissociation, cross redox and 
self-exchange reactions accompanying electron transfer 
have been identified [l-11]. Recent work in our lab- 
oratories [7] has shown that when a pendent ligand is 
present, such as in the case of mer-W(CO),($-dpm)(~z- 
dpm) (dpm = Ph,PCH,PPh2), the reaction pathways of 
the oxidised product may be even more varied than 
for complexes containing only monodentate or chelated 
ligands, since the $-dpm ligand may become chelated 
after oxidation. However, the identification of inter- 
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mediates in the oxidation reaction is difficult when the 
rates of the homogeneous reactions accompanying the 
electron transfer are fast. 

In the particular case of mer-W(CO),(#-dpm)(q2- 
dpm) the electrochemistry has been investigated in 
acetone and dichloromethane solution at conventionally 
sized electrodes [7]. This compound was found to 
undergo a two-electron oxidation at a platinum electrode 
to give [W(CO),(T2-dpm)2]2+ (eqn. (1)) 

mer-W(C0)3($-dpm)(q2-dpm) - 

WWMv2-4N212+ + 2~ (1) 
which could be reduced by a two-electron step back 
to mer-W(CO),($-dpm)(~2-dpm) (eqn. (2)) 

[W(CO),(~2-dpm)z]2+ + 2e- - 

mer-W(CO),(#-dpm)(~2-dpm) (2) 

where the potentials of the oxidation and reduction 
are separated by 0.70 V indicating the processes are 
electrochemically irreversible in the Nernstian sense, 
even though the overall reaction is chemically reversible. 
Although intermediates such as mer-[W(CO),($- 

dpm)(~2-dpm)l + and mer-[W(C0)3($-dpm)(q2- 
dpm)12’ were postulated [7] no proof for their existence 
was obtained. 

In this work, both steady-state and fast scan rate 
voltammetry at platinum and mercury microelectrodes 
is employed to illustrate how reaction intermediates 
associated with the redox processes in eqns. (1) and 
(2) may be identified. 

Experimental 

Materials 
The complexmer-W(CO),(~1-dpm)(~2-dpm) was pre- 

pared according to literature methods [7, 121. 

ElectrochemisQ 
Cyclic voltammetry at a conventional macrosized plat- 

inum electrode of radius 0.31 cm was performed in a 
standard three-electrode cell by using a model 174 E.G. 
and G. PAR electrochemical system. Potentials were 
measured relative to a Ag/AgCl (CH,Cl,; saturated 
LiCl) reference electrode which was separated from 
the test solution by a salt bridge containing 0.1 M 
Et,NClO, in acetone. 

Microelectrode studies were conducted with a two- 
electrode cell geometry by using a Cypress Systems 
CYSY-1 electrochemistry system at scan rates up to 
200 V s-l. Platinum and gold microelectrodes were 
fabricated according to literature methods [13] whilst 
the glassy carbon electrode (radius 5 pm) was purchased 
from E.G. and G. PAR. Mercury microelectrodes were 

prepared using the following procedure. A platinum 
microdisc electrode was soaked in concentrated nitric 
acid and then washed with distilled water. Mercury 
was nucleated onto the platinum surface from an 
aqueous solution of Hg2(N0,), (acidified to pH 3.0 
with I-IN03) by controlled potential electrolysis at - 300 
mV versus a mercury pool reference electrode. The 
resulting mercury microelectrode was then allowed to 
stand in acetone for at least ten minutes before use. 
The size of each mercury microelectrode was calculated 
by three independent methods: (i) from the charge 
transferred during nucleation; (ii) by measuring the 
diffusion controlled limiting current in a standard so- 
lution of ferrocene in acetone; (iii) by oxidative stripping 
analysis. The sizes of the microelectrodes determined 
by all three methods were in close agreement. In all 
cases it was assumed that a hemispherical geometry is 
appropriate for a mercury microelectrode attached to 
a platinum disc and that the mercury electrode was 
much larger than the platinum disc [14]. A platinum 
wire pseudoreference electrode was used in the mi- 
croelectrode experiments. 

All reference electrodes were frequently calibrated 
against a standard ferrocene (Fc) solution and all 
potentials are quoted relative to the Fc+ /Fc redox 
couple. All measurements unless otherwise stated were 
performed in acetone (0.1 M Et,NCIO,) at 20+ 2 “C 
with 0.5 n&I mer-W(CO),($-dpm)(~2-dpm). Platinum, 
gold and carbon electrodes were polished with 0.05 
pm alumina/water slurries on a micropolishing cloth 
prior to each experiment and then rinsed with acetone. 
Oxygen was removed from all solutions by nitrogen 
bubbling prior to voltammetric measurements, and all 
experiments were performed under a nitrogen atmo- 
sphere. 

Results and discussion 

Steady-state voltammetry at platinum microelectrodes 
Figure l(a) shows a cyclic voltammogram for mer- 

W(C0)3($-dpm)(T2-dpm) at a conventionally sized 
platinum disc electrode (radius 0.31 cm) at a scan rate 
of 0.1 V s-l. Under these transient voltarmnetric con- 
ditions where mass transport is controlled by linear 
diffusion, the two processes correspond to eqns. (1) 
and (2) [7]. At this size electrode currents are in the 
microampere range and the ohmic IR drop is substantial. 
Figure l(b) shows the near steady-state response which 
is obtained at slow scan rates at a platinum disc 
microelectrode with a radius of 25 pm. Currents are 
now in the nanoampere region and neither the IR drop 
nor the charging current present any problems under 
these steady-state conditions. However, since radial, 
rather than linear, diffusion is now the dominant mode 
of mass transport, a predominantly sigmoidal shaped 
oxidation curve is observed (process 1, El,= -0.14 V 
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Fig. 1. Oxidative cyclic voltammograms (scan rate=O.l V s-l) 
for a 0.5 mM solution of mer-W(CO),($-dpm)(q*-dpm) in acetone 
(0.1 M Et,NClO,) at various sized platinum disc electrodes: (a) 
0.31 cm, (b) 25 pm, (c) 3 pm. 

versus Fc+/Fc). A second small oxidation process at 
approximately 0.08 V versus Fc+/Fc (process 2) is 
barely distinguishable from the background. At a smaller 
12.6 pm radius platinum disc microelectrode the re- 
sponse approximates more closely to steady-state con- 
ditions and process 2 is more clearly seen. At a 3 pm 
radius microelectrode two separate oxidation processes 
with approximately equal limiting currents are observed 
(Fig. l(c)). 

The radial diffusion controlled limiting current i,, at 
an inlaid disc microelectrode [15] is given by eqn. (3) 

i, = 4nFCDr (3) 
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where n is the number of electrons transferred in the 
redox process, F is the Faraday constant, C the con- 
centration of electroactive species in the bulk solution, 
D the diffusion coefficient and r the radius of the 
microdisc. The radius of each microelectrode was de- 
termined from the diffusion controlled limiting currents 
obtained with a standard solution of ferrocene in ace- 
tonitrile using eqn. (3) [16]. In order to determine the 
number of electrons involved in processes 1 and 2 
preliminary measurements were made with the com- 
pounds fac- and mer-Cr(CO),($-dpe)($-dpe) 
(dpe= Ph,PCH,CH,PPh,) which are each known to 
undergo a one-electron reversible oxidation. Using eqn. 
(3) and the calibrated microelectrodes, absolute values 
of (4.2 f 0.7) X 10v6 and (4.2 + 0.6) X lO-‘j cm’ s-l were 
determined for the diffusion coefficients of the fat and 
mer isomers, respectively. Then, assuming that a similar 
diffusion coefficient is applicable to mer-W(CO),($- 
dpm)(v2-dpm), the number of electrons in processes 
1 and 2 may be calculated from the measured diffusion 
current for this compound. Analysis of the data in this 
manner reveals that at the 25 pm radius microelectrode 
(Fig. l(b)) process 1 corresponds almost to a two- 
electron response. In contrast, at the 3 pm radius 
microelectrode (Fig. l(c)) the response consists ap- 
proximately of two one-electron processes. At inter- 
mediate electrode radii, the apparent number of elec- 
trons for process 1 is greater than one and that for 
process 2 is less than one, with their sum always being 
two. A value of (4.0 f 0.6) X 10e6 cm2 s-l was obtained 
for the diffusion coefficient ofmer-W(CO),($-dpm)(q2- 
dpm) in acetone assuming that the total diffusion con- 
trolled limiting current corresponds to an exact two- 
electron process. 

The above results show that steady-state voltammetry 
at microelectrodes provides evidence for the existence 
of intermediates which cannot be detected by conven- 
tional voltammetry. The oxidation of mer-W(CO)3($- 
dpm)(q2-dpm) to the characterised [17] eighteen-elec- 
tron species [W(C0),(q2-dpm),]‘+ may in principle be 
rationalised by several pathways according to the data 
obtained under steady-state or near steady-state con- 
ditions at platinum electrodes. The rate of chelation 
of the initially mondentate dpm ligand and the time 
scale of the electrochemical experiment determine 
whether one two-electron or two one-electron steps 
are observed. The pathways termed ECE and EE’C 
reactions, using the notation of Feldberg and Jeftic 
[18], may also be combined with a disproportionation 
reaction. 

(a) ECE mechanism (process 1) 

mer-W(CO),(#-dpm)(q2-dpm) e 

mer-[W(CO),(#-dpm)(~2-dpm)]+ +e- (4a) 
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mer-[W(CO),(~‘-dpm)(~z-dpm)]+ - 

WP)3(~2-dpm)21 + (4b) 

WPMvz-dpmM + s 

[W(CO),(q’-dpm)J2+ +e- (4~) 

(b) EE’C mechanism (when process 2 is observed) 

mer-W(CO),($-dpm)(~2-dpm)~ 

mer-[W(CO),(#-dpm)(~2-dpm)]+ +e- (5a) 

mer-[W(CO),($-dpm)(~2-dpm)]+ e 

mer-[W(CO)~(#-dpm)(~2-dpm)]2+ +e- (5b) 

mer-[W(C0)3(#-dpm)(~2-dpm)]2+ - 

W(W3(~2-dpm)212+ (5~) 

(c) EC (disproportionation) 

mer-W(CO),(#-dpm)(~2-dpm) e 

mer-[W(CO),($-dpm)(~2-dpm)]+ +e- (6a) 

2mer-[W(CO),($-dpm)(~2-dpm)]+ - 

mer-W(CO),(#-dpm)(~2-dpm) + w(C0)3(q2-dpm)2P+ 

(6b) 

In principle, the steady-state responses observed as 
a function of electrode size may be explained by both 
the ECE (eqn. (4)) and EE’C (eqn. (5)) mechanisms 
with disproportionation (eqn. (6b)) possibly also being 
involved. Assuming the disproportionation reaction is 
operative and is described by second or higher order 
kinetics, then the steady-state behaviour at microelec- 
trodes in the intermediate radius regime (25 pm >r> 3 
pm) should be dependent upon the concentration of 
mer-W(C0)3($-dpm)(T2-dpm). Thus, in this case it 
would be predicted that the relative heights of processes 
1 and 2 would be concentration dependent. Data ob- 
tained over the concentration range 0.5-10 mM at a 
5 pm radius microelectrode show that the ratio of 
heights of processes 1 and 2 is, within experimental 
error, independent of concentration. It is therefore 
concluded that the disproportionation reaction (eqn. 
(6b)) is unimportant, at least on the time scale of these 
experiments. 

The behaviour observed as a function of electrode 
size may now be explained as follows via the ECE and 
EE’C mechanisms. At the 0.3 pm radius microelectrode, 
the chelation step following the first one-electron trans- 
fer is too slow to influence the response on the time 
scale associated with this size electrode. Under these 
conditions, process 1 is a simple reversible one-electron 
process (eqn. (4a)) and process 2 corresponds to an 

EE’C reaction with chelation occurring after the second 
electron transfer process (eqn. (5b, c)). At larger elec- 
trodes, only a single two-electron process is observed 
because only the ECE process 1 is operative, which 
requires that the potential of step (4c) is less positive 
than (4a). This assumption will be justified later. 

The theory for the ECE process has been derived 
[19,20] and it allows the rate of the first order chelation 
step (eqn. (4b)) to be calculated as 2X 103 s-’ assuming 
that the diffusion to a microdisc electrode approximates 
that at a hemisphere. At gold and carbon microelec- 
trodes steady-state behaviour was found to be identical 
to that at platinum. 

Transient voltammetry at platinum microelectrodes 
For conventionally sized electrodes using organic 

solvents such as acetone and with concentrations of 
electroactive species of 0.5 mM the upper scan rate 
available with cyclic voltammetry is about 5 V s-l. At 
higher scan rates problems with IR drop and charging 
current lead to significant distortions. Microelectrodes 
provide a lower experimental time constant which allows 
a wider voltammetric time domain to be investigated 
and the use of microelectrodes reduces, but does not 
eliminate, IR drop effects. However, under transient 
conditions the effects of the charging current are not 
reduced at microelectrodes because the ratio of the 
charging current to the Faradaic current remains con- 
stant. The use of fast scan rates permits the direct 
study of electroactive compounds resulting from chem- 
ical reactions following electron transfer. Thus the 
transient data should be complementary to steady-state 
results, where products are swept away from the elec- 
trode surface and cannot be monitored directly. Linear 
diffusion becomes important at fast scan rates even 
with microelectrodes, so the chemistry of the products 
of electron transfer may be studied on the reverse scan 
of a cyclic voltammogram. 

Figure 2 shows the voltammetric response for the 
oxidation of a 0.5 mM solution of mer-W(CO),($- 
dpm)(q’-dpm) in acetone (0.2 M Et,NClO,) as a func- 
tion of scan rate at a 12.5 pm radius platinum mi- 
croelectrode. At scan rates of 1 and 10 V s-l (Fig. 
2(a, b)) the voltarmnetric response changes from near 
steady-state to a mixture of steady-state and linear 
diffusion. At a scan rate of 100 V s-’ (Fig. 2(c)) linear 
diffusion is dominant and well defined peaks are ob- 
served on both the forward and reverse scans although 
unfortunately the charging current becomes large and 
masks some details of the Faradaic processes. At a 3 
pm radius microelectrode, the radial difksion terms 
are still important at 100 V s-l, although the two one- 
electron oxidations do exhibit a partial peak shaped 
behaviour. 
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Fig. 2. Oxidative cyclic voltammograms for a 0.5 mM solution 
of mm-W(CO),(~*-dpm)(~z-dpm) in acetone (0.1 M Et,NClOJ 
at a 12.5 pm radius platinum disc microelectrode at different 
scan rates: (a) 1, (b) 10, (c) 100 V s-‘. 

Despite the presence of considerable charging cur- 
rent, at scan rates of 100 V s-l direct evidence for 
the chemically reversible reaction mer-W(CO),($- 
dpm)($-dpm) +mer-[W(CO),($-dpm)($-dpm)]+ + 
e- is obtained since process 1 now has both oxidation 
and reduction peaks (Fig. 2(c)). Unfortunately, even 
when using microelectrodes, data obtained at fast scan 
rates are still influenced by IR drop effects and the 
charging current so the positions of the oxidation and 
reduction peaks were found to be a function of both 
the scan rate and the electrode size. If a very fast scan 
rate is used, the resolution between processes 1 and 
2 is decreased. Despite these limitations, at scan rates 
in excess of 5 V s-l (dependent upon electrode size) 
it could be demonstrated that a reduction response on 

the reverse scan of a cyclic voltammogram is observed 
at - 0.23 V versus Fc+/Fc which is attributed to the 
reduction of the short-lived seventeen-electron species 
mer-[W(CO),(#-dpm)(q*-dpm)]+ to mer-W(CO),($- 
dpm)(T*-dpm). mer-[W(CO),($-dpm)(q*-dpm)]+ may 
also be oxidised at more positive potentials to 
[W(CO),(~2-dpm)2]2+ as in process 2. Additionally, at 
fast scan rates a modified response is observed for the 
reduction of [W(CO),(q*-dpm)J*+. Unlike the case 
with the macroelectrode at slow scan rates (Fig. l(a)), 
the reduction process of [W(CO),(~2-dpm)2]2+ now 
has an associated one-electron oxidation step at -0.95 
V versus Fc+ /Fc (Fig. 3). The reduction of [W(CO),(7*- 

dpm)212f is therefore concluded to occur as in 

eqn- (7) 

[W(CO),(q*-dpm),]*+ +e- S 

W(C0M~2-dpm)21+ (74 

FWW~2-dpm)21 + - 

mer-[W(CO),($-dpm)(v*-dpm)]+ (7b) 

mer-[W(CO),($-dpm)(v*-dpm)]+ +e- e 

W(CO)N-dpm)(q*-dpm) (7~) 

The nineteen-electron [W(CO),(q*-dpm),] + species 
rapidly changes to the seventeen-electron [w(CO),($- 
dpm)(T*-dpm)]+ (eqn. (7b)) which is then immediately 
reduced to the starting material (eqn. (7~)) because 
the potential is more negative than that for eqn. (4a). 
At very fast scan rates reaction (7b) does not occur 
on the voltammetric time scale and a single one-electron 
process (eqn. (7a)) is observed and the fast scan data 
provides the first direct evidence for the existence of 
a nineteen-electron [W(CO),(q*-dpm),]+ species. It 
will be noted that eqns. (4b) and (7b) are the same 
equation reversed. The data imply that the reaction is 
fast in both directions which is not surprising since the 

0.5 0 -0.5 -1.0 -1.5 

V vs. Fc+/Fc 

Fig. 3. Second scan of an oxidative cyclic voltammogram for a 
0.5 mM solution of mer-W(C0)3(q*-dpm)(q2-dpm) in acetone 
(0.1 M Et,NClO,) at a 12.5 pm radius platinum disc microelectrode 
(scan rate=100 V s-l). 
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reactions involve interconversion of seventeen-electron 
and nineteen-electron compounds. In both eqns. (4) 
and (7) there is a thermodynamic driving force in the 
preferred direction of oxidation or reduction. 

Voltammeby at mercury electrodes 
Figure 4(a) shows a polarogram obtained for the 

oxidation of mer-W(CO),($-dpm)(~2-dpm) in acetone 
and Fig. 4(b) shows the steady-state response at a 24 
urn radius mercury microelectrode (scan rate 0.1 V 
s-‘) for the same solution. Figure 4(a) demonstrates 
that at a conventionally sized mercury electrode the 
polarographic steady-state response consists of two pro- 
cesses. The ratio of the currents for processes 1 and 
2 at the mercury microelectrode of radius 24 pm 
approaches that at a 3 pm radius platinum micro- 
electrode. This difference at mercury is attributed to 
the interaction of the pendent phosphorus atom of 
W(CO),($-dpm)(q2-dpm) with the mercury electrode, 
effectively slowing the apparent rate of the chela- 
tion reaction mer-[W(CO),(n’-dpm)(~2-dpm)]+ + 
[W(C0),(T2-dpm),]+ (eqn. (4b)). The fast scan rate 
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0.4 0.2 0 -0.2 

(a) V vs. Fc+lFc 

-6 - 

-8 -I-- ,- ~7 

0.5 0 -0.5 

@> V vs. Fc+lFc 

-0.4 

7 
-1.0 

Fig. 4. Mercury electrode response for oxidation of a 0.5 mM 
solution of mer-W(CO),(q’-dpm)(q’-dpm) in acetone (0.1 M 
EtSJClO,) at (a) a dropping mercury electrode (drop time=0.5 
s), (b) a 24 pm radius mercury microelectrode (scan rate = 0.1 
v s-l). 
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Fig. 5. Oxidative cyclic voltammogram for a 0.5 mM solution of 
mer-W(CO),(q’-dpm)(q*-dpm) in acetone (0.1 M Et,NClO,) at 
a 24 pm radius mercury microelectrode at a scan rate of 150 
v s-‘. 

data observed at mercury microelectrodes (Fig. 5) leads 
to easy observation of intermediates the same as those 
identified from fast scan rate cyclic voltammetry at 
platinum microelectrodes. 

Conclusions 

This study of the electrochemical oxidation of mer- 
W(CO),(#-dpm)(~2-dpm) demonstrates the value of 
using voltammetry at microelectrodes of different ma- 
terials under both steady-state (low scan rates, radial 
diffusion dominant) and transient (fast scan rate, linear 
diffusion dominant) regimes. Under steady-state con- 
ditions with a very small platinum electrode, two one- 
electron steps are detected at low scan rates rather 
than a single two-electron process observed under con- 
ventional conditions (large electrode). Under transient 
conditions at a platinum microelectrode considerable 
information may be gleaned about reactive interme- 
diates, such as the identification of mer-[W(CO),($- 

dpm)(~2-dp41 + and [W(C0),(q2-dpm),]+. However, 
the large IR drop and charging current effects are 
disadvantages of the fast scan method. Both steady- 
state and transient voltammetry show that chelation of 
the pendent phosphorus group occurs after each electron 
transfer step and that interaction with a mercury elec- 
trode slows the apparent rate of this step. 
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