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The cyclic voltammogram of a CH,CN solution of [Rh(p-MeOC¢H,NC),]* exhibits three anodic current
peaks which correspond to the oxidations of the monomer, the dimer, and the trimer, with no cathodic wave on
the reverse scan. The anodic peak potentials E®, in such irreversible cyclic voltammograms were dctermined
for various Rh(I) monomers and the oligomers such as [Rh(RNC),]*, [Rhy(RNC)4]**, [Rhy(dppm),(RNC),]?,
[Rhy(dicp),]2t, [Rhy(RNC)y,]3+, and [Rh,(dicp)s}*t (R=p-MeOC¢H, and Ph, etc; dppm=bis(diphenylphos-
phino)methane, dicp= 1,3-diisocyanopropane). The anodic peak potentials E%, vary mainly with the degree
of oligomerization of the Rh(I) complexes, decreasing in the order monomer >dimer > trimer > tetramer, in par-
allel with the energies of the highest occupied molecular orbitals Egoyo. It has been found that the E2, values
are linearly correlated with logarithm of the rate constants for the electron transfer reactions with inorganic oxi-
dants such as [Fe(bpy),]*>t and [Co(bpy);]*t (bpy=2,2"-bipyridine) in the context of the Marcus theory as ex-
pected when the standard oxidation potentials £, would be used. It is thus suggested that the anodic peak po-
tentials of the Rh(I) complexes in the irreversible system can be used as the standard oxidation potentials as far

as the relative values are concerned.

Recently, Rh(I) complex oligomers such as [Rh,-
(dicp),J?t (dicp=1,3-diisocyanopropane) have merited
a special attention since Gray ef al.l) discovered that
[Rhy(dicp),]**+ dissolved in 12 mol dm—2 aqueous HCI
solution produces H, upon irradiation of visible light.
It seems to be of importance to know the redox prop-
erties of the Rh(I) complexes in order to delineate
the mechanism as well as to improve the efficacy of
the system. However, the redox properties of Rh(I)
complexes have scarcely been known in contrast with
other conventional systems of photosensitized hydrogen
production such as utilizing [Ru(bpy);]** (bpy=2,2'-
bipyridine)2~% whose redox properties have well been
established.®

Previously, we have reported the kinetic study on
the electron transfer reactions of tetrakis(isocyanide)-
rhodium(I) and the oligomers, [(RhL,*),] (n=1—-3),
with inorganic oxidants such as [Fe(N-N)z]3* (N-N=
2,2'-bipyridine, 1,10-phenanthroline, and related
ligands) and [Co(bpy)4]3*,® in which [(RhL,*),] were
found to undergo irreversible oxidation by these ox-
idants. In such irreversible systems, the thermodyn-
amic redox properties of [(RhL,*),] such as the redox
potentials E° cannot be obtained directly. It seems,
however, to be possible to relate the dynamic proper-
ties of [(RhL,"),] in the redox reactions to the redox
potential by utilizing the linear free energy relation-
ship (LFER).

In the present study, we wish to report the relation
between the dynamic properties of various Rh(I) com-
plexes including [Rh,(dicp),]?* in the electrochemical
oxidation, obtained as the anodic peak potentials of
the cyclic voltammograms (E%), and the standard
oxidation potentials of the complexes (E::), by com-
paring the E3. values with the electron transfer rate
constants for the reactions with inorganic oxidants (k,)
reported previously.® It will be shown that the anodic
peak potentials (E%:) provide useful informations on
the differences between the redox properties of the
Rh(I) monomers and the oligomers.

Experimental

Materials. Preparations of tetrakis(isocyanide)rhodi-
um(I) perchlorates used in this study were described pre-
viously.®?)  Bis(diphenylphosphino)methane (dppm) was pre-
pared according to the literature.® dppm-Bridged Rh(I)
dimers of the [Rhy(dppm),(RNC),]** type (R=Ph, p-
MeOCgH,, t+-Bu, PhCH,) were prepared by adding a stoi-
chiometric amount of dppm to a solution of appropriate
[Rh(RNC),](CIO,) in acetone by the procedure analogous
to the preparation of [Rh,(dppm),(n-BuNC),]**.9 The
product was collected by filtration and purified by recrystal-
lization from acetone/ethanol, followed by drying in a vacu-
um. The elemental analysis was performed for a represen-
tative compound, [Rh,(dppm),(p-MeOCH,NC),](ClO,),.
Found: C, 57.25; H, 4.56; N, 3.23%. Calcd for Rh,Cg,-
H,,N,P,C1,0,,: C, 57.73; H, 4.25; N, 3.28%,. 1,3-Diiso-
cyanopropane (dicp) was prepared from 1,3-propanediamine,
chloroform, and 509% aqueous sodium hydroxide by the
procedure analogous to the preparation of phenyl isocy-
anide,'® and the product was purified by vacuum distillation.
The dicp-bridged Rh(I) dimer, [Rh,(dicp),]Cl;, was pre-
pared by the reaction of dicp with [Rh(cyclooctadiene)-
Cl],V in chloroform according to the literature.!® The
tetraphenylborate salt, [Rh,(dicp),](BPh,),, was obtained by
the addition of NaBPh, to a methanol solution of [Rh,-
(dicp),]Cl,. Tetrabutylammonium perchlorate used as a sup-
porting electrolyte was prepared by the reaction of tetra-
butylammonium bromide with perchloric acid, and purified
by recrystallization from ethanol. Acetonitrile used as a
solvent for electrochemical and kinetic experiments was pu-
rified by the standard method.!®

Cyclic Voltammetry. Cyclic voltammetry measurements
were performed on a Hokuto Denko Model HA-301 po-
tentiostat/galvanostat at 298 K in CH,CN containing 0.1
mol dm—3 n-Bu,NCIO, as a supporting electrolyte, using a
platinum microelectrode and a standard NaCl calomel ref-
erence electrode (SCE) or a Ag/Agt reference electrode
(Ag/AgNO, 0.1 mol dm=3). The electrochemical cell was
constructed according to the literature.! The platinum mi-
croelectrode was routinely cleaned by soaking it in con-
centrated nitric acid, followed by repeated rinsing with water
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and then acetone, and drying at 353 K prior to use.
Two cm® of a CH,CN solution of Rh(I) complexes (1.0x
10-3—1.0x 10~2 mol dm~3) was introduced into the cell and
flashed with nitrogen prior to the measurements. The an-
odic peak potentials, E3,, observed at the same sweep rate
of 100 mV s for the Rh(I) complexes employed in this
study were always reproducible to within 50 mV. No aging
of the electrode was observed on a week to week basis. There
were no complications on the electrode arising from the
deposition of the oxidized Rh(II) species for most Rh(I)
complexes so that the repecated scans did not affect the ap-
pearance of the voltammograms. For some Rh(I) dimer
complexes such as [Rhy(dicp)g]** and [Rhy(dppm),(i-
BuNC),]?*, the anodic peak current decreased with repeating
the scan, but the anodic peak potentials in the first scan
were reproducible. The cyclic voltammetry of [Rh,(dicp)4]**
was measured in a methanol solution of the chloride salt
containing 0.04 mol dm—3 KCI or 0.1 mol dm-3 LiCl, since
the salt was not soluble enough in CH,CN containing 0.1
mol dm—2 n-Bu,NCIO,. The anodic peak potential of each
Rh(I) complex in CHZ3CN containing 0.1 moldm= n-
Bu,NClO, vs. Ag/Agt (Ag/AgNO; 0.1 mol dm—23) was 0.34
V lower than that vs. SCE. The same difference between
the redox potentials of ferrocene used as a reference com-
pound uvs. Ag/Agt and SCE was always observed in ac-
cordance with the literature.l®

Kinetic Measurements of Electron Transfer Reactions. The
measurements of rates of the electron transfer reactions be-
tween Rh(I) complexes and [Fe(N-N);]*+ were described
previously.® Rates of the electron transfer reactions be-
tween dppm-bridged Rh(I) complexes, [Rhy(dppm),-
(RNQ),]%*, and [Co(bpy);}** in CH3;CN were measured at
298 K by monitoring the decay of the absorbances due to
the Rh(I) dimers (Ayax listed in Table 1) in the presence
of large excess [Co(bpy)s;]*t (2.19%10—3—1.22 X 10~2 mol
dm-3), by using a Union SM-401 spectrophotometer. A
mixing apparatus (Model MX-7, Union Giken) was used
to ensure the fast and complete mixing of the two sample
solutions. The ionic strength of the reaction medium was
adjusted to 0.1 with n-Bu,NCIO,.

Results
Cyclic  Voltammelry of Rh(I) Complexes. The

cyclic voltammograms (CV) of three representative
Rh(I) complexes, [Rh(p-MecOCH,NC),]+, [Rh(2,4,6-
Me,C,H,NC),]*, and [Rhy(dppm),(PhNC),]?+, are
illustrated in Fig. 1, which shows anodic waves with
current maxima but no cathodic wave on the reverse
scan, as confirmed by changing the sweep rates in
the range 20 mV s~! to 1000 mV s~*. The anodic ox-
idation of the Rh(I) complexes is thus irreversible,
indicating that the follow-up chemical reactions are
fast on the time scale of the CV experiments.

The CV of [Rh(p-MecOCHNC),]*+ shows three dis-
tinct anodic current peaks in the range 0.2—1.2'V us.
Ag/Ag* (Fig. la), which correspond to the fact that
the [Rh(p-MeOCH,NC),]+ cation oligomerizes in
CH,CN to exist as an equilibrium mixture with the
dimer [Rh,(p-MeOCH,NC)g]2+ and the trimer [Rhy-
(p-MeOCgH,NC),,]3+, as shown in Egs. 1 and 2,%1%

2[RhL,]*+ ‘_—f—‘f_ [Rh,Lg]** (1)
[RhyLJ?* + [RhL,J* s [RhyLyg]** @

where L represents p-MeOCH,NC. Similar multi-
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monomer

0.2 0.5 1.0 1.2
(E vs. Ag/Agt)[V
Fig. 1. Cyclic voltammograms of representative Rh(I)
complexes in CH,CN containing 0.1 mol dm=3 n-
Bu,NCI1O,; (a) [Rh(p-MeOGCsH,NC),]1*+ 2.1 x 10-2 mol
dm-3, (b) [Rh(2,4,6-Me,CsH,NC),]+ 1.0% 103 mol
dm-3, (c) [Rhy(dppm),(PhNC),]** 5.1 X 10~* mol dm~3.

CV peaks were observed for [Rh(p-MeCgH,NG),]*
and [Rh(PhNC),}* which also are known to oligomer-
ize in CHZ;CN.%1?) On the other hand, [Rh(2,4,6-
Me,CgH,NC),]+ does not oligomerize appreciably be-
cause of the steric effect of the bulky ligand,® and
there exists only the monomer as the predominant
species in CH,CN, e.g., 99.99% monomer in 2.21 X
10-3 mol dm~3 where the CV was measured. Indeed,
the GV of [Rh(2,4,6-Me;CgH,NC),]* shows a single
anodic current peak at 1.14 V (Fig. 1b) which is near-
ly the same as the position of the third anodic
peak for [Rh(p-MeOCH,NC),]*. Similar single GV
peaks were observed for [Rh(C¢H;;NC) ]+, [Rh(2,6-
Me,CH,NC),]+, [Rh(:-BuNC),]*, and [Rh(PhCH,-
NC),]* which do not oligomerize appreciably either.®)
dppm-Bridged Rh(I) dimers of the [Rhy(dppm),-
(RNQ),]*+ type (R=Ph, PhCH,, ¢-Bu) do not
oligomerize in CH,CN either.” In accordance with
this, the CV of [Rhy(dppm),(PhNC),]2+ exhibits a
single anodic wave due to the oxidation of the dimer
with a current maximum at 0.68 V (Fig. lc) which
corresponds to the second anodic peak of [Rh(p-
MeOCH,NC),]+.

Based on the above results, the three anodic current
peaks at 1.03, 0.79, and 0.56 V for the CV of [Rh(p-
MeOCH,NC),]* can be assigned to the oxidation of
the monomer, the dimer, and the trimer, respectively.
Anodic peak potentials EZ: of Rh(I) complexes deter-
mined at the same sweep rate (100 mV s~!) are listed
in Table 1. The peak potentials E%, of the Rh(I)
monomers (Nos. 1—8) are approximately constant, in-
dependent of the nature of isocyanide ligands. Those
values of the Rh(I) dimers present in CH,CN solu-
tions of [RhL,]* (Nos. 9—I11) also are constant at
0.76+0.03 V, but smaller by about 0.3V than the
Rh(I) monomers. Moreover, the EI: values (Nos.
12—15) are slightly smaller than those of the Rh(I)
dimers whose ligands are not bridged. The [Rhy-
(dicp),]?+ cation partly oligomerizes to form the te-
tramer in methanol (Eq. 3). The formation of the

Kp

2[Rhy(dicp)J*+ == [Rhy(dicp)s]** ®
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TasLe 1. Anobic PEAK POTENTIALS OF CV ror Rh(I)
COMPLEXES (E%,)2) AND THE ELECTRONIC ABSORPTION
MAXIMA (Apax AND AVpay)

B3, vs. Ag/Ag+ Amax hvma}L

No. Monomer

\% nm eV
1 [Rh(p-MeOC-H,NC), ]+ 1.03+0.01 403 3.08
2 [Rh(p-MeCH,NC),]+ 1.062-0.02 407 3.05
3 [Rh(PhNC),]+ 1.1840.02 411 3.02
4 [Rh(2,4,6-Me,C,H,NC),J+ 1.14+0.04 405 3.06
5 [Rh(C¢H;NC), ]+ 1.09+0.01 385 3.22
6 [Rh(2,6-Me,C;H;NC),]+ 1.034+0.02 409 3.03
7 [Rh(:-BuNC),]+ 1.20+£0.01 383 3.24
8 [Rh(PhCH,NC),]+ 1.07+0.04 387 3.20
Dimer
9 [Rh,(p-MeOCH,NC)4]2+ 0.79+0.02 564 2.20
10 [Rh,(p-MeCH,NC)4]%+ 0.74+0.04 563 2.20
11 [Rhy(PhINC),]2+ 0.764+0.01 568 2.18
12 [Rhy(dppm),(PhNC), ]2+ 0.684+0.01 613 2.02
13 [Rh,(dppm),- 0.6240.02 548 2.26
(PhCH,NC), ]2+
14 [Rhy(dppm),(¢-BuNC),]2+ 0.63+0.01 526 2.36
15 [Rhy(dicp),]3* 0.5840.02» 559» 2,220
Trimer
16 [Rhy(p-MeOCH,NC),,]3+ 0.56+0.02 710 1.75
Tetramer
17 [Rhy(dicp)g]*t 0.2540.04» 778» 1.59»

a) Measurced at the sweep rate of 100 mV s~ in CH,CN
containing 0.1 mol dm—3 #-Bu,NCIO, at 298 K unless
otherwise noted. b) Measured in methanol containing
0.04 mol dm—3 KCI.

tetramer, [Rh,(dicp)g]**, is characterized by the ap-
pearance of a new absorption band at 778 nm in the
high concentrations in addition to absorption bands
at 318, 342, and 559 nm observed in the low concen-
trations. The anodic current peak which is assignable
to the tetramer appears at the smallest potential (No.
17) among the Rh(I) complexes in Table 1. Thus,
the E%: values for the Rh(I) monomers and the oli-
gomers in Table 1 are concluded to increase in the
order tetramer < trimer < dimer(bridged) < dimer(not
bridged) <monomer.

Electron Transfer Reactions of Rh(1) Complexes with
Inorganic Oxidants. The kinetics of the oxidation
of Rh(I) monomers, [Rh(RNC), ]+, with inorganic ox-
idants such as [Fe(N-N);]3* (Eq. 4) were examined
earlier,®

[RhL,]*+ + [Fe(N-N),J*+ —

[RhLJ*+ + [Fe(N-N),]*+ )
where N-N=2,2"-bipyridine, 1,10-phenanthroline, and
substituted 1,10-phenanthrolines. The kinetic results
in the presence of excess oxidants were best interpreted
by the scheme,®

K, ky
[RhL,]* + Ox = ([RhL,]+ Ox) — e.t. (5)

([RhL,J* Ox) + Ox == ([RhL,]* 20%) — e.t.
(6)

Scheme

where Ox and e.t. represent the inorganic oxidants
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Fig. 2. Pseudo-first-order rate constants kg, and kg,
as a function of [Co] or [Fe] for the oxidations of
[Rhy(dppm),(p-MeOGH,NC),]** (O) and [Rhy-
(dppm],-(PhCH,NC),]*+ (@) with [Co(bpy),]** and
of [Rh(PhCH,NC),]+ (®) with [Fe(bpy);]®*, re-
spectively, in CHZ;CN containing 0.1 mol dm—3 »-
Bu,NCIO, at 298 K.

and the electron transfer reactions as the rate deter-
mining step, respectively. In order to compare the
reactivity of Rh(I) dimers with Rh(I) monomers, the
electron transfer reactions of [Rh,(dppm),(RNC),]}2+
with [Co(bpy);]3+ were examined kinetically in CH,CN
containing 0.1 mol dm-3 n-Bu,NCIO, at 298 K. The
reactions were followed by monitoring the decay of
the absorbance due to [Rh,(dppm),(RNC),1%* (An.x
in Table 1).13 The reactions obey pseudo-first-order
kinetics in the presence of excess [Co(bpy);]*t. Ac-
cording to the Scheme the pseudo-first-order rate con-
stant kg, Is expressed as
kK, [Col + kK K[ Co]?

ko = T 1 K,[Col + KK, [Colt M

When K,[Co]»1 and K,[Co]K1, Eq. 7 is reduced
to Eq. 8.

koo = Ky -+ kK[ Co) (8)
The plots of kg, vs. [Co] are given in Fig. 2, which
shows linear relations, in accordance with Eq. 8. The
intramolecular electron transfer rate constant £; in Eq.
5 can thus be obtained from the extrapolated intercepts
in Fig. 2 (compare with Eq. 8). The plot of #kre
vs. [Fe] for the electron transfer reaction of [Rh-
(PhCH,NCQ),]* with [Fe(N-N);]3+ also is shown in Fig.
2 for comparison. The £; values for the reactions of
Rh(I) complexes with [Co(bpy);]3+t as well as [Fe-
(N-N)4]*t+ are listed in Table 2, which gives the dif-
ference between the anodic peak potentials of Rh(I)
complexes, E%., (Table 1) and the reduction potentials
of the oxidants, Er4,% as well for comparison. It
can be seen that the electron transfer rate constants
k, vary significantly from 1.0 x 10-% to 1.2 x 102 s~1, ap-
proximately in parallel with the Ef.—FEl. values.

Discussion

Peak Potentials of CV in Irreversible Systems. In
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TaBLE 2. ELECTRON TRANSFER RATE CONSTANTS £; FOR THE REACTIONS OF Rh(I)
comMpLEXES WITH [Co(bpy);]*+ anD [Fe(N-N),J3+.2

r _FE° .© d) P __ [0 ¢) d)
NB,  Oxidant E—\f—L %1— NN, Oxidant E—‘f— ’:‘_1
Monomer Monomer
1 [Fe(bpy),]*+ 0.31 1.2x 10 7 [Fe(bpy)s]*+ 0.48 5.0
2 [Fe(bpy)s]*+ 0.34 3.4x 10 [Fe(phen),]*+ 0.47 4.0x10
[Fe(phen),]3+ 0.33 4.6x10 [Fe(5-Clphen) ]+ 0.38 3.8x10
3 [Fe(bpy),]*+ 0.46 5.0% 10 [Fe(5-NO,phen),]3+ 0.27 3.8x10
[Fe(phen),J3+ 0.45 3.2x 10 8  [Fe(bpy),]**+ 0.35 4.3x 10
4 [Co(bpy),]*+ 1.17 1.0x 10-% - [Fe(phen),]3+ 0.34 4.6x10
[Fe(4,7-Ph,phen),]3+ 0.47 4.6 Dimer
[Fe(bpy),]3+ 0.42 2.7 9 [Co(bpy)s]** 0.82
[Fe(phen),]3+ 0.41 2.0x% 10 10  [Co(bpy)s]3+ 0.77 1.5x10-3
[Fe(5-Clphen),]+ 0.31 1.3x 10 11 [Co(bpy),]*+ 0.79 1.6x10-
[Fe(5-NO,phen),]*+ 0.21 1.1x 102 12 [Co(bpy)]** 0.71 8.2x 10~
5 [Fe(bpy)s]** 0.37 4.3%10 13 [Co(bpy)s]®+ 0.65 6.3 x 1022
[Fe(phen),]3+ 0.36 4.6x10 14 [Co(bpy),]*+ 0.66
6 [Fe(bpy)s]** 0.31 8.6x10 Trimer
[Fe(phen),]3+ 0.30 9.4x 10 16  [Co(bpy)s]** 0.59 5.4x 101
7 [Co(bpy),]3* 1.23 1.5x10-¢ Tetramer
[Fe(4,7-Ph,phen),]3+ 0.53 3.5 17 [Co(bpy)s]*+ 0.28

a) In CH4CN containing 0.1 mol dm—2 #-Bu,NCIO, at 298 K. b) Numbers refer to compounds in Table 1. ¢)

The E!., values are taken from Ref. 6. d) From Ref. 6 unless otherwise noted.

reversible systems, an anodic current peak potential
of CV is thermodynamically determined and the cor-
responding cathodic peak is observed in the reverse
scan with the peak separation of 59 mV, irrespective
of the sweep rate® Thus, the redox potential
E' is experimentally determined as (E%+4FEq)/2.
When the oxidized species is unstable, however, the
CV becomes irreversible since the oxidized species no
longer exists on the electrode owing to the facile chem-
ical reactions. Under such circumstances, the redox
potential cannot be determined, and the anodic peak
potential is dependent on a number of factors such
as the electron transfer rate constant on the electrode,
the reverse electron transfer rate constant, the sweep
rate of the CV, and the rate constants of the follow-up
chemical reactions. Recently, Klingler and Kochi??
have, however, demonstrated that under the conditions
where the follow-up chemical reactions are much faster
than the reverse electron transfer, the anodic peak
potential becomes independent of the follow-up chem-
ical reactions since the forward electron transfer is
the rate determining step. The anodic peak potential
E?. is then expressed in terms of the oxidation po-
tential E%., the transfer coeflicient §, and the electron
transfer rate constants k(E%) and k(E:) at the peak
potential and the oxidation potential, respectively,?%:21)
o _ o o BT . K(EL)

ES, = Ey + ﬁln k(B 9)
where k(E%) (in units of cms™1) is a function of the
sweep rate v (in Vs as given by Eq. 10,19

k(E2,) = 2.18(DBFo/RT)Y/2 (10)
where D (in cm?s™1) is the diffusion coefficient and
the other notations are conventional. It should be
noted that the diffusion coefficient D is nearly constant
irrespective of metal complexes.? Thus, if § and

e) This study.

k(E%) are constant, the peak potential Ef. is linearly
related to the standard oxidation potential E3. with
the slope of unity at a constant sweep rate as given
by Eq. 11. Under such conditions, the peak potential

B3, = Ei; + Const. (11)

E, can be used as the thermodynamically defined
oxidation potential E3:. as far as the relative values
are concerned. In order to examine whether Eq. 11
is applicable to the anodic oxidation of Rh(I) com-
plexes, the irreversibility of the CV wave is discussed
in the following section.

Irreversibility in Oxidation of Rh(1) Complexes. The
CV of Rh(I) complexes in Fig. 1 clearly demonstrates
that the anodic oxidation of Rh(I) complexes is ir-
reversible since no cathodic wave is observed in the
reverse scan at the sweep rate as high as 1000 mV s-1.
The oxidized Rh(I) complexes, i.e., Rh(II) species have
well been regarded as radicals,$?? and dimerize rapidly
(Eq. 12). An additional support for the irreversibility

ARKL,J* —s [RhgL, ]+ (12)
in the anodic oxidation of Rh(I) complexes is given
by the sweep rate dependence of the anodic peak po-
tential E%. By combining Eqs. 9 and 10, one ob-
tains Eq. 13 which shows that Ej. depends on the
sweep rate v,2%)

3RT
Er, = 22;; log v + Const. (13)
where
3RT .18
Const. = E?, + 2.5R 1 2.18DBF (14)

BF  CKE)RT

In Fig. 3, the E%, values for some representative Rh-
(I) complexes are plotted against logarithm of the
sweep rates. A linear correlation is obtained for each
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Fig. 3. Anodic peak potentials EZ, of [Rh(t-BuNC),]+
(@), [Rh(C;H,,NC),]* (O), [Rh(#-McOC,H,NC),]*
(@), and [Rhy(p-MeOCH,NC),]** (©) as a function
of the CV sweep rate v at a platinum microelectrode
in CH,CN containing 0.1 mol dm—* 7-Bu,NClO, at
298 K.

Rh(I) complex in accordance with Eq. 13. The slopes
in Fig. 3 are almost the same for the present Rh(I)
complexes, as 95+10 mV per decade, and are signi-
ficantly larger than those of partially reversible elec-
tron transfer between the limits of 0 and 30 mV per
decade.l® Such large slopes may be characteristic of
totally irreversible processes. Thus, from Eq. 13 the
transfer coefficient f§ is obtained as 0.31+£0.04 for the
Rh(I) complexes studied here. The same § value was
obtained from the analysis of the half-width of the
CV wave in Fig. 1 by the use of Eq. 15 as well,»9

E%, — E2* = 1.857 (RT|BF) (15)

where EIZ represents the electrode potential at the
half peak current.

A Linear Free Energy Relationship (LFER) in the Irre-
versible Oxidation of Rh(I) Complexes. The forego-
ing section has established the conditions to use the
E3. values as the relative E5. values (Eq. 11), such
as the total irreversibility and the constant transfer
coefficient . In order to test the validity of Eq. 11
for the oxidation of Rh(I) complexes independently,
the E%. values have been compared with the electron
transfer rate constants &, for the chemical oxidations
of the Rh(I) complexes with inorganic oxidants by
the following manner. Previously, the intramolecular
electron transfer rate constants k, for reactions of a
given Rh(I) complex with a series of inorganic ox-
idants whose reduction is reversible have been related
to the reduction potentials of the oxidants by Eq.
16,5 which accords with the Marcus relation (Eq.
17),2

log £, = 8.5E%,, + Const. (16)
log k&, = —8.5AG® + Const. (17

where AG? is the standard free energy change of elec-
tron transfer reactions given by LE%—E!. (in V).
If Eq. 11 can be applied to the oxidations of Rh(I)
complexes, the E:. values which cannot be determin-
ed directly may be substituted by the experimentally
accessible values of E%, and Eq. 17 is rewritten as
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Fig. 4. Correlation between log £, for the oxidations

of Rh(I) complexes with inorganic oxidants in CH;CN
and E5 —E},. Compare with Eq. 18 in text.

Eq. 18. The relation of Eq. 18 is tested by plotting
log k, = —8.5 (E2,—E!,) + Const. (18)
the log £, values for the oxidations of Rh(I) complexes

with the inorganic oxidants against the (E3%—FE:.
values by taking the data in Table 2, as shown in
Fig. 4. 'There is seen an excellent agreement between
the experimental plot in Fig. 4 and the relation in
Eq. 18 (the slope is —8.6 with the correlation coef-
ficient p==0.98), which strongly supports the validity
of Eq. 11. Thus, the LFER in Fig. 4 underscores
the utility of the anodic peak potentials E% at a con-
stant sweep rate for obtaining the relative oxidation
potentials Ei: of Rh(I) complexes.

Variation of HOMO with Rh(I) Oligomerization.
The EI. values of Rh(I) complexes vary with the
Rh(I) oligomerization (Table 1). Such variations of
the E%. value must reflect the change of the energy
of the highest occupied molecular orbital (HOMO)
from which electron is removed upon oxidation since
the E%. values are related to the standard oxidation
potentials Eq. as discussed in the foregoing section.
The variation of the E2. values with the Rh(I) oligo-
merization may be understood by comparing the E3.
values with the electronic transition energies of the
Rh(I) complexes which also reflect the HOMO en-
ergies, with the aid of the MO diagram of Rh(I)
monomers and the oligomers shown in Fig. 5.1 The
HOMO energy, E.°"° (n=1—4), increases with oligo-
merization, resulting in decrease of the transition en-
ergy in the order Av,>/hvy>hvg>hv,. Thus, the ap-
proximate relation between hv, and E;°*° is given
by Eq. 19 derived from the energy diagram (Fig. 5),

hv, = —2EZ°%° 1 Const. (19)
where Const. is Ay, +2E7°*°, The E?°* value is
related to the oxidation potential E:x by Eq. 20,29

EM = —Ey + AG - (20)
where AG® is the free energy change of solvation in
solutions, and C’ is a constant which includes the po-

tential of the reference electrode on the absolute scale
together with the liquid junction potential.2) When
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Fig. 5. MO diagram of the Rh(I) monomer and the
oligomers.

AG*® is assumed as constant in the homologous series
of Rh(I) complexes, Eq. 19 is rewritten by Eq. 21.
Then, the relation between Av, and the anodic peak
potential E3. is obtained as Eq. 22, by substituting
Eq. 11 into Eq. 21. The validity of Eq. 22 is confirm-

hy, = 2E"; + Const. (21)
hv, = 2E%, + Const. (22)

ed from the plot between Av and E% as shown in
Fig. 6. Thus, the correlation between Av and E%. gives
an additional support for the conclusion that the anodic
peak potential E%: can be taken as the relative ther-
modynamic quantity for the oxidation of Rh(I) com-
plexes, E%, which cannot otherwise be obtained di-
rectly.
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