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CHAPTER I
INTRODUCTION

Pure electron-transfer reactions occurring in
solution and at electrodes are the simplest of all the
elementary processes of chemical,reactioﬁs, because
they are unaccompanied by bond—formation or bond~ -
rupture. Both types of electron-transfer reactions have
many feétures in common. A particularly simple reaction
of the former type is the transfer of’one elect:on‘from
a reduced .species to an oxidized'one with no change in
concentration of either.specieé; It can be ciaésified
into so-called homonuclearfeléctronqexchange reactions
' where the standard free energy change is zerb.‘It is
:termed a homogeneous,electronféxchange/reaction-br more -
briefly a homogenébus reactioh in this article. The
electrochemical redox reactions of substénces soluble
~in solution are“quitgfsimilar schematically to the’

homogeneous electron-exdhange reaction in solution;
| They are termed electrochehical electron-transfer
reactions or ‘electrochemical reactions. The two reaction
types are represented by the following equations: |
4% 4 4T Ve g7 g (homogeneous feactnf)'(1)
A% & é'===*A?'4. (electrochemical reactn.) .(2)

where z is the number'of-theiionic charge of the oxidized



species and e~ an electron in the electrode. We may
 expect more sucdess in calculatibns of absolute redction
rate ‘constants'for such reactions than is generally
obtained for othertypesof chemical reactions In faat
most of the major theoretzcal_treatments,of electron-
transfer reactions can be applied straightforwards only
to these simple reactions1.~ | |
The electrochemical electron—traﬁsfer reactiohs,
however, cannot be so simple as the homogeneous reactlons,
because they are heterogeneous in nature. It is qulte |
probable that the reaction klnetlcs are much. affected by
the electrical double-layer at the metal-solution
interface, the conditions of matal surface and some
o?her~unknown facfors. The non-empirical calculation of
the electrochemical rate‘cbnstant cén only be made by
V,negleoting,the*heterogeneity and introducing sdme
inhomogeneity in potential at the~1ocation where the  '
electronétransfer occurs. It is also true that there
exists a fa: sma11er body of éxperimentgl fesults'
suitable for éesting~', theoretically calculated
rate constants of,eleqtrochemical reactions than

2

homogeneous ones®, Much more systematic studies on

electrochemical electron-transfer reactions are required,
If we are successful in finding some correlation

between electrochemical rate constants and homogeneous -



ones, we may have a sound reason for the credibility of
the discussions on électrochemical rates based on the
analogy to those on homogeneous ones.

‘The mechanism of homogeneous electron-transfer
reactions, éspecially of transition metal complexes, has
been widely studied experimentally and theoretically!®>.
They are divided into two groups: oneis the group of
reactiOns'proceeding via an outer-sphere activated
complex, and the other, an inper-sPhére‘activateGVCOmplex.
In the reactions.of the former group, the inner ‘
coordination shells of the reactant complex ions are
left intact in the transition state; in the latter,
two reactants share the ligands of their first coordination
spheres in the transition state. When an electron-
transfer rate theory is tested by Eompariﬁg the rate
- constant calculated theofeticﬁliy with the observed one,
‘experiments'shOuld be madélOn reactions with an outer-
sphere mechanism, becasue the representatlve theorles
are based on the assumptlon of this mechanlsm.
Unfortunately, it is often difficult to know which
mechanism is realized in a'homogeneous electrbn-exchange
resction and there are not many reactions that have been
confirmed to proceéd via aﬁ outer-sPheré‘activatéd complex.
Even the concept'of outer~ and inner-Sphere mechanisms

‘have never been established in electrochemical electron-



 transfér reactions. In this regard the fbllowing proposals
are made for selecting & reaction suitable for teéting |
the theery of.the.eledtrochemical electron-transfer
reactions. First, an electrode'reaction is favourable |
: when the corresponding homogeneous eleétron-exchange reaction
- is known to be definitely of outer-~sphere tjpe.'sécondiy,
‘reversible electrode reactions are more favourable than
irreversible ones, because it can be reasonabiy considered
that there are.chances ' of finding an outerésphereih |
electrochemical reaction aﬁong reactions with lérge |
standard rate constants than among those with small*i
standard rate conspaﬁts, The latter reactions‘may be
'7 associated with bond~breaking or bond-making reacﬁidnsé'
‘ In connection with the first eriterion, now it is
nécessary to choose outer—Sphere'reactions for the '
theoretical‘prédictidn to be compared with the experiﬁental
results. There is some reason to believe that very fast
exchange reactions are of éufer—SPhere type3. The‘systems
Pe(0N)g”/Fe()g "™ (9 x 10)} Fe(phon),5*/Fe(phen) 2+
(3 X‘108)5, Fe(05H5)§/Fe(CSH5)2 (3 x 4O§)6, are examplesg
they are classified into outer—sphere reactions on the
basié of certain experimental evidence. Here phen is
4,10-phenahthrolin? and Csﬂslcyclopgntadienyl. The
numbers in parentheses are the second order rate constants
-1

in M~ g7, The‘term'*systemﬁ isvdefined in this article



to‘be a couple of complexes which undergo either

a homogeneous electron-exohange reaction of eqn. (1) or

an electrochemlcal electronrtransfer reaction of

‘eqn. (2) and is designated by a symbol a%/a%~7,

| Generally an electron-exchange reaction is very fast,

if it satisfies the following conditionsai &D) the B

reactants have "cOnducting" unsaturated ligands, such

as cyanide, phenanthroline, bipyridine and cyolopentadlenyl,

that is, .the reactants are characterlzed by a highly |

delocalized m-electron distribution, and (2) the reactants

are a pair of complexes-differing by one in the number‘

of electrons in the low-lying orbitals not used in ligand

bondings. The electron-exchange reactions suoh~as“

AFe(phen)aa*/Fe(phen)§2+ 5, Fe(c 5)2+/Fe(c5 5)2 ’

Fe(blpy)35+/Fe(b1py)32+ (blpy = 2 ,2'-bipyridine) and

Os(blpy)35+/Os(b1py)52+8sat1sfy these conditions; their

second order rate constants are larger,than,107 =1 8-1.
In this_thesisvattempts are made to obtain some

-basic data suitablo for‘testing the non-empirical

: elucldatlon of electrode kineics. EXperlments are carried

out on the complexes of a. varlety of trans1t10n metals with -

2 2'-b1pyrid1ne as ligands. They are well sulted for

- the present purpose because of the following reasons.
(1) Most of them aré.inert with respect to ligand

substitution.



(2) A11 reddx-systems satisfy the first condition
described above. When they are in certain oxidation states,
they satisfy the second condition, too,.

(3) A wide variepy of oxidation states and electronic
configurations can be obtained9.’ _

The.homogenéous électroneexchange reactions of the
systems composed of an aromatié hydrocarbon and its
'anion radical are known to be very fast or possibly the
vfastest, when anion radicals are not in sti-ong ion-pairing

10

with counter cations '~. Under such circumstances there

is no reason for classifying these systems into reactions

with an inner-sphere mechanism. Their second order rate

"1.5It is true that

* constants are of the order 107 M~ s
~ there have been systematic studies on their homogeneousn
and electrochemical réagtions and attempts have been
 made to test the theories with these‘systems11. The
oxidation states of hydrocarbons, however, can only
~be varied within a Very limited range. A series of fedpx
syétems perylene*}peryléne,'perylene/perylene" and

2= is the most extensive one ever

perylene /perylene
reporﬁed12’13.

In Chapter II, the electronic configurations of -
bipyridine complexes of transition metals are‘determined
by a new electrochemical method. In Chapter III, the

electrochemical eléctrbn~transfer rates of fhesef




- complexes are measured by the galvanostatic double-
pulse method. The cbrrelation between the rate constants
and the electronic configurations determined in Chapter
II is discussed. Iﬁ Chapter IV, the correlation between
~ the rate constants for the homogeneous electron-exchange
reactions and those for the electrochemical electron- |
transfer reactions is discussed on the basis of the

- theoretical equatidh of Marcus.
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CHAPTER IT

- POLAROGRAPHIC STUDIES ON. TRIS(2,2'-BIPYRIDINE) COMPLEXES.

A, Correlation between Reduction‘Potentials of Iron(II),

~ Ruthenium(II), Osmium(II){Complexes and Those of Free
Ldgands | |

a. INTRODUCTION '

It is known that the ligand 2,2'-bipyridine (bipy)
stabilizes low oxidation states for a wide variety of

t'

~ both transition and nontransition metals'. Most of these

~complexes in low oxidation states have been prepared‘by .

2

. Herzog and coworkers®. Their physical properties have

been investigated experimentally and theoreticaily1.
. The.electrbnié;configuration of a complex in a low
oxidation state can be determined by electronic absorption
’4spectroscopy aﬂa’electron spin resonénce (e.s;r), -
spectroscopy. When available, e.s.r spectra with hyperfine
splittings may offer the most straightforward method for
this purpose. The unpaired electrons in a nontransition )
metal complex, e.g. Li(bipy) and Be(bipy)g; have been :
concludéd to occupy molecular orbitals composed mainly of
ligand w*-orbitals, on the‘basis of.theif e.s.r spectra
exhibiting hyperfine splittings due to nitrogen nuclei

and protons with or without ‘an admixture of metal hyperfine .

'1inesa"7. Transition metal complexes, on the other hand,
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~ can be divided inco twovgroups'according to their
electronic configurations in low oxidation Stetes. In
'some complexes, €.8. Cr(bipy)3 -and V(blpy)a, the highest
occupled orbital is a delocallzed molecular orbital .
, composed malnly of a metal t2 -orbital. This is supported |
| by their €eSeT spectra exhibmtlng hyperflne spllttlngs
due to central metal nuclei with some admixture of
spllttlngs due to ;bji- e e =~  TR "ﬂ“f‘[~~vw;~
~~»,~w¥mv blpyrldlne nitrogen nucle1 but no

admlxture of proton l:x.nes5 8. Complexes belonglng to the
-other group, €.g. Fe(blpy)3 and Fe(b:.py)3 s have an
i”electronlc conflguratlon similar to that of the
_ nontran31tlon metal complexes9 11

In thls sectlon we present a new method to determlne
\WhICh molecular orbltal ‘an electron in a low oxldatlon statce
“complex occuples, -a molecular orbltal mainly of metal
orbital character or a molecular crbltal mainly of llgand
orbltal character. It is based on an empirical rule
concerning the ccrrelatlon between the polarographlc
dhalf—wave potentials of complexes and their electronlc
conflguratlons. Polarography has been extenslvely used to
investigate blpyrldlne complexes., Especially when aprotic -
‘solvents such as acetonltrlle or N,N—dlmethylformamlde_
‘(DMF)'are used, it prouides valuable informations about

the low oxidation states of many complexes'2~12, A series



of low oxidation states i§ revealed by the polarographic
reduction of a complex in a high oxmdation state. Such a
complex is stable under usual conditions. Thus the in situ
investlgatlon of a less stable complex in a low oxidation
state can be easily performed. In the assignement of
elecronic states based on the e.s.r method, on the other
hand, it is necessar& to prepare and handle compléxes in
a low oxidation state. This is a drawback in the e.s.r
method because most of complexés in low oxidation states
are unstable when allowéd to atand in oontaof with the
'atmosphere. 3951des, not every oomplex in a low oxldatlon
atate prov1des an e.s.r spectrum exhlbltlng hyperfine

| spllttlngs. Attempts have been made to as31gn an unpalred
electron to elther a metal orbltal or a ligand orbmtal
w1th the aid of g-value ana1y31s of an unresolved e.8.r

speotr eb 13. However, this method 1s less rellable.
' b. EXPERIMENTAL

Reagents_j | ‘
4,4'-dinethyl-2,2' ~bipyridine (4-dmbipy) end
5,5f—dimethyl-2,2'-bipyridiﬁo (5-dmbipy) were prepared
according to the-method of’Sasse and Whittlejg; Bipy
and 2,2‘,21‘~terpyridine.(terpy)‘were'supplied by the
Wako Pure Chemical Industries ond the Tokyo Chemical

12
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o Industries, respectively. DMF was dried over’potassium |

'carbonate, distilled in vacuo and stored under a nitrogen
atmosphere, Tetra-n-butylammonium perchlorate (TBAP)

| was prepared from téi—n—butylamine.and n-butyl iodidé;

Complexes

rris(2, 2'—b1pyr1dine)1ron(II) perchlorateao

.blS(2 2! 2“—terpyr1d1ne)1ron(II) perchlorate15, tris

(4 4'-3imethyl-2, 2'-b1pyrid1ne)1ron(II) perchlorate24
trls(s,s'—dlmethyl—z 2'-b1pyr1dine)1ron(II) perchlorateez,

23

“trls(2 2'—blpyrldlne)ruthenium(II) perchlorate™” and

:trls(2 2'~b1pyr1d1ne)osm1um(II) perchlorate24rwere prepared‘

f@  according toAprocedures descrlbed in the 11terature

k'clted. 4,4'~ and 5,5'-d1methy1 derlvatives of tris(2, 2'

| bipyridine)ruthenium(II) perchlorate and tris(2,2'-

‘ 1 bipyridine)osmium(II)’perchlorate were prepared according

to procedures similar to those for the unsubstituted

chmplexes.,

Solutions :
The electrolytic solutlons contalned 0.1 M TBAP and
1 mM electroactlve substances, i.e. complexes or_llgands,

in DMF. They were handled under an atmosphere of nitrogen.
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V9@ammetric measurements -

Dc polarograms and cyclic voltammograms were obtained

352 with a conventional potentiostat assembled from solid-state

operational amplifiers.and recorded on a Riken Denshi

F-2D X-Y plotter. AnH~-type cell with a glass frit was used.

A dropping ﬁércury‘électrode served as a working electrode

" in measurements of polarograms and a platinum spherical

 rate in the latter measurements was 0.1 V s

electrode in measurements of cyclic voltammograms.: The scan

-1, The counter

electrode was a mercury pool placed in the compartment

~ of working electrode. The other compartment was connected

with a saturated calomel eleétrode (SCE) via an aqueous

‘agar bridge. All déta on electrode potentials are referred

ﬁff to the SCE. Measurements were carriedvout at 20 + 2 %.
 ¢. RESULTS

Polarography of bipy, 4-dmbipy, S5-dmbipy and terpy

4Tab1§ 1 shows the reduction half-wave potentials

_ of the ligands used in this experiment. The second wave -

. of 5-dmbipy is possibly masked by the ultimate current

rise. Reversibility of each wave was examined on the basis -

- of log-plot analy31s of the polarogram together with peak-

potentlal separation and peak—current ratio of the cyclic

',voltammogram. The first waves were found to be reversible

»
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ﬁ°'one—electrbn waves, whereas the second waves were
_ irreversible. Half-wave potentials for bipy in DMF

26 to be =2.11 and =245 V

‘T"have~been reported by DuBois et al.
;7 vs° SCE. Their second wave was less negative than ours.
fszt~is very likely that the half-wave potential of the
;; 5egond wave is a function of impurities in the sample 3
;€ sO1uti°n-

. The half-wave potentials of the first waves of the
%f free ligands become more negative in the order terpy <
;i b1py<4‘dmblpy<:S-dmblpy. When the contribution from the
f; solvation energy to the reduction potential of a ligand
£ ,15 constant in the four 11gands, the wX-levels in the

};5free llgands increase in the order terpy(b1py<4—dmb1py<
57;5~dmb1py.

?ffrolarography ég~Fe(bipy)3(010#)é

 ' Figure 1 shows a cathodic polarogram for Fe(bipy)3 -
;f (ClO4)2. It exhibits four reduction waves with,hé;f-anG~
1 ‘thentials of =1.26, =1.44, -1.70 and -2.43 V. Fach L

plot of log[i/(il~i)] vs. E for these waves gave a .
 straight line with a slope shown in Table 2. Here i is

- the polarographic current at a potential E and ii the
limiting current. The wave heights of the first three

waves were identical, By the addition of a small amounti

of water into the solution, these wave heights were - .
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scarcely affected, while the height of the fourthlwave
increased and its half-wave po’centiai was shifted To a [ess
 negative potential. '
Figure 2 shows a cyclic voltammogram for Fe(bii)y)3
’“(0104)2 obtained with the platinum working electrode. |

The conventional reversibility criteria of peak-potential

fseparation and peak&current'ratio show that the three waves

in the figure are reversible one-electron waves. The

three waves in Fig. 3 with the half-wave potentials of
=1.264 =1.44 and -1.70 V can thus be assigned to the
“,'?»'Fe'(‘bipy)32+/Fe(bipy)3’“, ~Fe(bipy)5+/Fe(bipy)5 and Fe(bipy)y,
7/Fe(bipy)3' redox systems respectively. The assignment wés
~fsﬁpporfed by the following fact. After the Fe(bipy)52+
{5had been partially reduced to Fe(bipy)5+ by a controlled-
ffpétential eleCtrolysis at -=1.4 V, the polarogram of the
resultant solution showed a wavé passing through the 1ine

" of zero current and having a half-wave potential of -1.25 |
;‘V, although the half-wave p§tential is rather obscured by
{a‘maximum current in the anodic wave'falling abruptly at
.f-O.44 V into a diffusion plateau at more positive potentials.:
‘*The‘three waves assigned above were in qualitative agreement
:kwith the waves observed in acetonitrile by Tanaka and

'Satoﬂ2’15.

. Polarography of Fe(terpy)2(0104)2 : | >
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The cathodic polarogram of Fe(terpy)2(0104)2

~ exhibited five waves. The two waves at -1.99 and =2, 35 v
?i  were nmuch lower 1n height compared with other waves.
;  $hey may be attrlbuted to reduction of free terpy,
;ﬂf‘because a polarogram of the latter substance showed
Efg two.reduction waves at 42,00 snd =2.4 V. The first'three
ufﬁaves with half-wave potehtials of +1.17, =1.34 and =#1.99 V

were reversible 6nerelectron waves, The first two waves
iﬁﬁ'are shown in Fig. %3 in comparison with the first three

&y 7waves for Fe(blpy)a -« The waves at =1.17 and -1.34 V

may be assigned to the redox systems Ee(terpy)22+/

‘fEe(terby)2+ and Fe(terpy)2+/Fe(térpy)2 respectively.
Thig is consistent with thef¢onclusion~of Musumeci
: et.a1,15 who made a detailed'examination»of'polarograms

 Pblarography of Fe(4~dmbipy)3(0104)2,and Fe(S-dmbipy)3(6104)2
The polarograms and cyclic voltammograms for

Po(4-dubipy) 5(C10,), and Fe(s—dmbipy)s(c1o4)2 were

5 .quite similar to those of the unsubstituted bipyridine
‘  comp1exes. Figure 4 shows the first threé reduction
"wéves for these complexes together with the first fhree
12 ’waves for Fe(bipy)52+. They were reversible one-electro@
waves. Table 2 shows that the half-wave potentials of the

~ first reduction waves for the iron complexes become more .
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negative in the following,crder of ligands, terpy {bipy<

4-dmbipy { 5~dmbipy. The same relation holds for the
gsecond waves and the third ones, with terpy excluded foomn

the relation for the third waveé,

Polarography of Ru(bipy)3(0104)22 Ru(4-dmbipy)3(6104)2
~ and Ru(5-dubipy)3(010,), N
The cathodic¢c polarogram of Ru(bipy)3(6104)2 was almost

identical with that of the iron complex except for the
fourth wave, The half-wave potential of the fourth wave,
-2.3 V, was less negative than that of Fe(bipy)32+,

 ~2343 V. In so far as the first threevreductiOn waves -

- were doncerned, the polarogram and the cyclic voltammogram
2+ yere quite similar to those obtained
‘fﬁxeviously in acetonitrile /?=°, The polarograms in

| Eig; 5 show,thq‘first three reduction waves forfRu(bipy)B2+
and its methylydérivatives. They were all reversible
;oné—electron waves. Their half—ané potentials listed

in Table 2 show that the same substitution effect on

_the half-wave potentisl that was found in the irom -

- complexes holds in the case of ruthenium complexes, t00.

Polarography of Os(bipy)3(0104)2, Oé(4-dmbipy)3(0104)2
and 0s(5-dmbipy);(C10,), '

The first three waves in the cathodic polarqgrams'
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for Os(bipy)5(0104)2,-Os(4—dmbipy)3(0104)2 and |
Os(5—-dmbipy)5(0104)2 are shown in Fig. 6. They behaved
in almost the same way as the chresponding waves in
‘:‘polarograms for the iron and ruthenium complexes,
"although the osmium waves appeared at slightly less
negative potentials than the iron and ruthenium waves.
:  : The nine waves in Fig. 6 were all reversible one-electron
’anes. Tablé’2 shows that their half-wave potentials
"follow the same sequence:as in the iron and ruthenium

~complexes.
4. DISCUSSION

The reduction half-wave potential of free ligand
L molecules, /2 I and that: of ‘ecomplex molecules, Ef';/2 o9

‘7[can be written as follows: :
“1/2

Eﬁ?% 1 = Ap - AE 8, L + TASOL/nF - (RT/nF)ln(f Doq/z/fonr L
":zEﬁ/Z c = 4 ~ 4850 T48°%;/nF - (RT/nF)ln(frpoq/z/fonr1/2)0
| e B ()

 where A's are electron affinities of oxidants,4E/'s

differences in solvation energy for couples of reductant -

and oxidant SpGCles, D's dlffu31on coefflclents, f's

| ~activity coefficinets and Aso's standard entroples

of reaction; the subscripts C and L designate a metal




0

~and a free ligand respectively, and o and r the oxidant

~and the reductant specieg, respectively; B is a constant
fappropriate to the reference electrode employed, n is the

~number of electroﬁs transferred and Fy R and T have

usual significance,

~ If the reduction of a complex is the reduction of
 1£3 coordinated ligand, a linear relationship may exist
?’between the electron affinity of the complex, Ay, and
:;fhat‘of the free*ligand; Ar, for a series of complexes

ﬂ,df the same metal ion. Furthermore, if it is assumed that

é#ery term in eqns. (3)‘and (4) except electron affinity
{fterms is identical for-a series of complexes ogigetal ion
;;wlth different ligand species, the fo-low1ng relatlon '
_can be written: | o

e Wi ©
;VWhere ¢ is a constant°

Figure 7 shows a plot of half-wave potentials of the
first waves of iron complexes vs. those of free ligands
;aﬁd'the same kinds of'plots corresponding to the second
waves and the third ones. Plots for ruthenium and osmium:
'complexes are shown in Figs. 8 and 9 respectively. Stralght
ﬁllnes were drawn so as to have a slope predicted by the
:theoretlcal equation (3), The nine plots show that the"

;llnear relationship between the half-wave potentials of

 akcomp1éx and its ligand as predicted by eqn. (5) holds
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approximately. The same reiationship, though less -
quantitative, can be drawn on the basis of the
polarographic data in acetonitrile reported by Musumeci
et.al,: the order of half-wave potentials for complexes
of 1ron(II) perchlorate with 1 10-phenanthrollne,
4,7-d1methyl~1,4O-phenanthr011ne and 4,7—d1phenyl-1,10-

2 4'phenanthroline'is in. accordance with the order of half-

: 'wave potentials for the free ligandsﬂu.’These facts may be
;f]'ev1dence for the Valldity of the assumptlons made in
tﬁ'derlvatlon of eqn. (5) Espec1ally they may support the
;5r_premlse that in the one-electron reductlon of complexes

MI,52+, ML5+ and ML3 (M = Fe, Ru, Os; L = blpy, 4-dmb1py,

'5~dmb1py) the added electron occuples a molecular orbital

contrlbuted malnly by a llgand t—orbltal. Further support
to the premise may be prov1ded by the fact that the"
ihalf—wave potentlals for complexes w1th the same ox1datlon
'state and the same 11gands vary no more than 80 mV
'regardless of kind of metal. The oxidatlon half-wave
'potentlal of Ru(blpy)5 2+ was more p031t1ve by 0.42 V

than that of Os(bipy)32+.‘ In these cases it is belleved,
_that an electron in a t2 -orbital is removed 7, thus the
dlfference in half-wave potentlal may be caused by a
dlfference in 1onlzatlon potentlal of the central metal.
It may be reasonable to consider that the solvation

energy of a terpyridine complex does not differ much
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from that of a corresponding bipyridine complex, because
kthe_number of pyridine iings is equal in these complexes
"gnd their molecular'dimenfidns are similar. It is evident
that the same reasoning cannot be applied to solvation
éhergies of free bipyridines and terpyridines. However,
'ﬁhe'assumption of equal solvation energy for the free
fligands may be supported by the experimental fact that
‘the half-wave potential difference between the first

 ﬁ§vé for free bipyridinesfand that for free terpyridines
}Qas almost jdentical with the difference between fhé
‘first wave for Fe(bipy)32+'and that for Fe(terpy)éaf-“
;éélweil as difference between their second waves.

"~ Table 2 shows that the half-wave potential difference
 between a couple of succ9331ve waves for every complex studled,
y 18 rather small compared with the
;dlfference between two waves in which metal d-electrons
iare transferred18 25. Thls is qulte reasonable if one
imagines that the electronvtransferred in the former °
_case occupies a ligand orbital. To a first abproximation,
 €he'1owest ~orbital in the bipyridine complexes and the
terpyridine complexe is triply or doubly degenerate and
‘localized in é bipyfidiné?Or a terpyridine

molecule respectively. In the first three reduction waves

.~ for bipyridine complexes and the first two waves for the

“terpyridine complex, éach added electron may occupy one

" of the vacant localized Z=orbitals. Electronic repulsion
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’betweenhthe édded electron and others can thus be much
_smaller:than that between electrons in partially filled
,t2g-orbitals. A support to this reasoning is the
experimental fact that the third wave nearly neighbouring
 tokthe second wave was not‘found in a polarogram for
fterpyridine complex in cbntkastl with the bipyridine
_complexes. We do not agree with Musumeci et a1, 19116

who gave the following-interpretation to the same expérimenta}

ﬁfinding: the loWering in symmetry from 0, causes the

:éplitting of the'twofold‘degenerate eg-orbitals’in
yterpyridine complexes of iron into two nondegenerate orbitals
~and the high-lying eg-orbital can account for noﬁ— |
‘existence of Fe(terpy), »

Thus it is concluded that in the first three reduction

steps for the bipyridine complexes of Iron(II);‘ruthenium(II)

and osmlum(II) as well as the first two reductlon steps
gfor the terpyrldlne complex of 1ron(II), each added electron
fpccupies a ligand #%~orbital. A part of this conclution

92,10

is supported by spectroscopic investigations on the

complexes Fe(bipy), and Fe(bipy) Y
v’3 A 3
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Table 1. polarographié daia for reduction of free ligends v.'m DM@
solutions containing 0.1 M TBAP

18t wave o 2nd wave

Compouml_ T e -
‘ a b ¢ . ; ‘ a

Dy, w0 @6 w26
bdsblpy . - =215 5B 65 2
j5;-dmbipy‘ | : _' -2.23 60:70 . - R
U ey 200 B0 Sy

o ‘a: Half-wave potential in V.vs. SCE.
b: S}.op'eq of log=plot of polarogram in mV, . |
: o 'Pe;ak‘ séparatioi; of cyclic voltammogram in mV. [
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'fable 2. Polarographic data for reduction of. iron(II), ruthenium(IX)
and osmium%omplexes 4n DMF solutions containing 0.1 M TBAP

1st wave o an wave . . 3rd wave M;h wave

~ Complex: - _ - - -

,Fe(bipy) 2+ 4,26 66 60 =1 5B 60 =1.70 6% 65 2,43
re(u..ambipy)3 * a3k 62 70 <1.53 59 65 -1.81 61 70 w2.53

;Ru(bi.py) 2+ 4,25 6% 65 143 60 70 -1.68 62 65 -2.30
k:u(l&«o.mbipy)B 26 4.3 6% 60 1,53 63 60 -1.78 63 65 -2.37
Ru(s<iubipy),2t <139 63 60 ~1.57 60 60 -1.85 58 65 2,51
fos(bipy)f"' L9 64 60 ~1,37 61 60 ~1.69 59 65 -2.37
O8(inbipy) 2* 1,28 66 €0 ~1.47 6% 60 <179 €6 70 2,40

.32 6 70 1,50 €0 65 -1.86 60 70 2,55

_ Fe(terpy) 26 . 447 61 60 =134 5B 65 = o= mm -

- a3 Half-wave potential in V vs. SCE
b: Slope of log=plot of polarogram in mV ,
- ot Pesk seperation of ‘oyclic voltammogram in mV L



VLT W T°0 MAHHAHH.WPAHOO oAH.HOm -m”H&HH ut

29

NA¢0HUV Ahmﬂnvmm A H I0J ENHMoanon oﬂconvwo .ﬁ *FTd
| mum_m> Al 3 : o




30

T

Sl *~_8 A T°0 9381 wBOS *IVEL W 1°0 - _
| Sututejwoo -uros amg ut ¢(Yor0)®(Adrq)eq wm T 20z 0

uBos o.wc.onkmo TIBT3TUT YJTM s.mp.woaﬁww.mob oTT0LD *z *S1d

. 3S sa A7
_m._l . 4 ‘.N..Fl .,m.—l . . | O._.l




LN:QSSNAEEPE ()"

mwﬁoaovmﬁﬁpvmm ( ) Vel W T°0 Sututesuoo ‘UTOS JWT uf

saxaTdwmoo AHanouH W T ,Ho..w. mstMoanon ,w.w@osﬂmc

.m\ *31q

. DdssamI
0 g T

f ¥ ! ! IR ' - ,. .

L L . - \
. s qos g T v 0 08 0 P
. . S D D SHED S G D G- S . CXP. D W
B "““‘.

-- . : .




AT (--=-) AdTqup-p (ommy

‘AdTq (=) T m<ma HT* 0 Suturejiuco

.32

‘UTOS JINq.
0 v *Sra

nH.NA¢OHovmqm& WW T o mBNHMoQMHom owuospm

325 'sA A/3
S g - C

O'l-




33

0'z-

seEMWETY (mm==) CAQTQED~) (<—.-)

‘4dra(——) = T *qVaI W 1°0 FururerUoS -UTOS guq

ur (Yoto) g wm T Z07 swexSorstod oTpoyzep -G -9rq
A0S SA AT
-

ﬁi




- w e - \ : s T TR LA § 7 -

‘Adrq ( ) = T °4VET W T'0 SUTUTEIUOO *UTOS AT

N )
. ut A¢0Hovmﬂmo W T 03 swealdoxeiod oTpoysze) °*9 °*ITd

IS sA Af3

-




35

¢ I'V vs. SCE

e
Et/:e,
S’

-22 - -2 20
EY /v vs. SCE

Pig. 7. Plot of half-wave potentials for (a) Fel zf/FeL
(b) FeL /FeL and (c) FeLB/FeL systens, Efjg ¢r US. those f
| L/L” systems, Ereg L = bipy, 4-dmbipy, 5-ambipy.
Experimental points for Fe(terpy)2 /Fe(terpy)2 and

Fe(terpy)2 /Fe(terpy)2 systems are also included.



Elic /V vs. SCE

1.6}

22 =21
| E,r/gdL IV vs: SCE

Fig. 8 Plot of half~wave potentlals for (a) Rul Zf/RuL3+,

(b)) RuL /RuL3 and (c) RuLa/RuL systems, Ey g, vs. those
~ for L/L syatema, Ereg L = bipy, 4-dmb1py, S-dmbipy
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oL [V vs. SCE
Fig. é. Plot of half-wave potentials for‘(a) OsL32f/OsL3+,
‘ red

- (Db) OsL3+/OsL3 and (c) OSLB/OSLin systems, E ¢+ V8. those

for L/1™ systems,”Eizg.;L = bipy, 4-dmbipy, 5-dmbipyﬂ -
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'B. Correlation between Charge-transfer Frequencies and
‘Oxidation Potentials of Iron, Ruthenium, Osmium, Cobalt

‘and Chromium Complexes
,gQ INTRODUCTION

A correlation betweén the frequency of the charge-
transfer band, UCT’ and the ionization potential of the
;donor, ID; has been discussed on many organic donor-

%acceptor complexes in gas phase1. It has been found

’empirlcally that a plot of VbT vs.ID gives a straight
7l1ne,,A linear relatlonshlp has been found to hold also
1bgtween Vop and the re&uctidnfpotentialxéf~the7a¢céptor
ibf a molecular complex between orgaﬁic~molecule52.
Jin-thisbcase~the reductioﬁ potential gerves as a measure
“Qf.théfeiectron,affinity of the acceptor. It has been found by
 §hpiver,and~Posn0r3 that an,excellent'linear relationship
feXists-between the frequencies of the metal-to-ligand
charge-transfer band and thefoxidation poteﬁtials Of~ar
~series of metal—cyanlde adducts of the type, | i
Fe(1,10-phenanthroline) (CNBXB)Z(X = Br, Cl, methyl).
fThe shift in charge-transfer bands,of these complexes
}has been attributed to changes in the enérgy of the
i;ihighest occupied metal orbitals in the groundystaté‘i'

{  of the complex, on addition df a Lewis acid. : o .
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- The intense red-coloured diamagnetic complexes
iT of tris(2,2'-bipyridine)iron(II) and tris(1,10-
§3~phenanthroline)iron(II) have been widely studied

ﬁ? spectroscopical1y as well as electrochemically'. The
-1

adsorption bands nearV20'OOO cm- ' have been assigned to
‘metal-to-ligand charge—transfer transitions on’ .. _,
the basis of the substituent . effect5’6 The visible

and near-lnfrared absorptlon bands of tris(2, 2'-b1pyr1d1ne)

 complexes of vapadlum(II), chromlum(II) and cobalt(I)
5have on the same basis been assigned to-this kind of
;fransition7’8. However, no simple cofrelation'between.'
fthelr electrochemlcal energles and spectroscopic ones .
rhave been observed., In = - Section A of this chapterg’
we predicted a'linear relationship between the
ifeduétion'half—wave ﬁoténtial of a transition metal
_complex and that of its free‘ligand;-assuming that the -
~electroniadded to. the complex in the course of electro-
chemical reduction occupies a molecular orbltal mainly
’\composed of a llgand 7ﬁiorb1tal. The follow1ng complexes
* were found to obey the predicted relation: MLBZ*', v *

- and MD;. Here M is iron,‘;uthenium or osmium and L is
bipy, 4=dmbipy or S5-dibipy. Present investigation deals
with the correlation between the oxidation potentials
k‘and the:charge~transferﬂfrgQuencies.of tris(2,2'~bipyridine)

complexes of iron; ruthenium, osmium, cobalt and chromium,



40

‘in which the change in the electron affinity of ligand
molecules on coordination is taken into consideraﬁion.

!

. EXPERIMENTAL

Acetonitrile (AN) was dried over calcium hydride,
7distilled and then stored under a nitrogen atmosphere.
gTrls(2 2'—b1pyr1d1ne)cobalt(II) perchlorate and tris-
3(2 2'~b1pyr1d1ne)chromlum(III) perchlorate were prepared
by the methods of Burstall and Nyholm 'Ou 4,4'- and 5,5'-
’imethyl-derivaﬁives ofethese coﬁplexes were prepared!espedhvev
{eceording to the.procedures similar to those for,the’ |
“‘ ~ unsubstituted complexes. Other chemicals,
~including complexes, solvent and supportlng electrolyte,
{ere described in the sectlon A of thls chapter9, as well

s,all operatlons in preparing solutions and measurlng

§p°1arograms and cyclic voltammograms.Asupporting electrolyte

e

ias O.1 M TBAP for DMF and: AN solutions and 0.1 M potaSluW\
chloride for aqueous solutions. Electronic absorption

_ 8pectra were recorded on'aPShimazu UvV-200:: spectrophetOmeter.
¢. RESULTS

Polarography of 2,2'-bipyridine and’4;4'- and 5,5'-dimethyl

derivatives
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- The reduction half-wave potentials for bipy,
4-dmbipy and S5-dmbipy obtained in AN solutions are
listed in Table 3 together with the previous data obtained
‘in DMF. The half-wave potentials in each solvent‘become

 more negative in the order bipy'(4~dmbip7<:5—dmbipy.

é;  Cyc1ic voltammetry of iron complexes
Figure 10 shows cyclic voltammograms for Fe(bipy)3(0104)2

“ ‘and its methyl derivatives obtained in AN with initial

anodic scan. Cyclic voitammograms in DMF and aqueous
86lutions were alsd obtained. They were gimilar to those

in Fig. 10. The conventional reversibility criteria:of_
peak-current ratio and peak separation show that these
waves afe-all‘reversible one-elect;on waves. Their
lpolarographic half-wave potentials obtained from,peak
yﬁotentials of cyclic voltammograms are listed in Table 4.
;Iﬁ is seen that the oxidation half-wave potentials of
bivalent iron‘complexes‘become more negative in the

order of ligand, bipy< 5-<‘1mbipj(4—'dmbipy, in all solvents
studied. The same relation can be found'between the preyious
data on the half-wave _ﬁbténtials of the redox ‘systems
‘;Fe(bipy)35+/Fe(bipy)32+ and Fe(4~dmbipy)53+/Fe(4~dmbipy)32+

obtained in aqueous solution311’12.
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complexes

‘ Table 4 involves the anodic half-wave potentials for
JRnLB(Clou)z'obtained in AN and those for OsL§(0104)2 in
'DMF and AN. Throughout this section L designates any one
of the following ligands: bipy, 4-dmbipy and 5—dmbipy.'

The half-wave potentials were evalﬁated from cyclic

 vo1tammograms with initial anodic scan. The anodic waves
i'for: RuL5(0104)2 in DMF and aqueous solutions could not
‘be.observed. They mlght be masked by the ultimate current
pisé,\because~the half-wave potentials for ruthenium
;é@mplexes in these solVents were possibly more positive}
bj’about 0.2 V than thosé,for‘the‘correspdnding iron
cbmplexesfas seen 'in the data obtaihed'in~AN. The
half—wave potentlals for osmium complexes, on the other i
hand, were more’ negatlve by about 0,2 V than those for
iron complexes. Such a difference in half-wave,potentlal among.
4f complexes>with the same kind of ligand molecules and
the different kind of central metals has been reported |
,1preV1ously on the unsubstituted trisbipyridine complexes:
of iron, ruthenlum and osmium 3 Table 4 shows that the
Same substitution effect on the half-wave potential
g?]tha% wag found in the iron'compléxes holds for the redox

systems of Rul>*/Rul,?* -and OsL,’*/0sL;*.
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 Polarography and cyclic voltammetry of cobalt complexes

| A caﬁhodic polarogram for Co(bipy)3(0104)2 in DMF
_exhibited two reduction waves with half-wave potentials,
'fOf'—O.88-and ~1e846 Vo The limiting current of the wave |
\ét“~1.46 V was nearly fwioe as high as that of the other
Wéve.~Figure 1M shows two cyclic voltammograms for this"
complex in DMF; one with initial cathodic scan and the . '~
other w1th anodic scan. Similar polarograms and cyclic

_ yoltammograms were also observed for the substituted
coﬁplexes in DMF as well as the substituted and unsubstituted
éomplexee in AN. The polarogram for the unsubstituted |
complex in AN was in quantitative agreement with the

one obtained by Tanaka and Sato14 On the basis of the
criterla'descrlbed above the flrst reduction step and

the first oxidation step for every cobalt(II) complex
Studied were reversible one-electron steps in DMF and

Aﬂe Table 3 shows that the half-wave potentials for the
redox systemseCoL33+/CoL32+ and Coli 2+/CoL+ in both .g
solvents follow the same sequence as in the iron,

ruthenium and osmium complexes.

~Poiarography and cyclic voltammetry of chromium complexes
The cathodic polarogram for Gr(Bipy)3(0104)2 in AN
exhibited six waves; the fifth ghd_the sixth waves were

not well-defined. Figure 12 shows the first four waves
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for this complex and its methyl derivatiﬁes. The
“corresponding cyclic voltammbgrams were also obtained.
They were quite similar. On the basis of the reversibility
| criteria the féur éteps were concluded to be reversible
~ one-electron steps. They may be assigned15 to the
3 ‘redox systems OrL53+/CrL32+, CrL32+/CrL3+, crL +/CrL3ﬁ
and CrL3/CrL3-. The waves corresponding to the first

. four waves in AN were also found in a polarogram taken in

ijMF, although they were accompanied by several small

waves whlch were not found in polarograms obtained in. AN.
Poor stablllty of blvalent chromlum complexes in DMF

may account for the addltlonal waves. Each polarogram for
GrL5(0104)2 taken in an aqueous solution exhibited only
one reversible wave followed by several irrever31ble waves

16

‘p0351bly complicated by chemlcal reactions -. The former

was attributed po a nedox gsystem of the type Crbaaf/CrL32+.
The‘reversible‘half-wave potentials obtained are listed

in Table 4. The same correlation between half-wave
potentials and kind of ligand that was found for the

redox systems, FeL33+/FeL32+, RuL33+/RuL52+, CsL33+/OéL§2+,
,CQL33+/COL52 and GoL2+/CoL5 , holds for the systems
Crlig>*/0rL;°* and CrL 52*/CsL;* but does not for Crls*/
'CrLa or GrLB/CrL . In the latter two systems the half-
wave potentlal become more negative in the followlng

sequence of liganda: bipy {4-dmbipy { 5-dmbipy.
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‘Electronic absorption spectra of RuLa(Cld4)2,and OsL5(0104)2
The methyl substitution effect on the charge-transfer
~ bands of FeL52+, CQL3+ and CrL32+ has been reported??’?S,
' The absorption wave numbers for a series of complexes with
the same central metal have been found to be shifted té |
5"some larger values in~the'following order of ligands:
| 4-dmbipy < bipy ¢ 5-dmbipy. "rhe absorption bands for the

2+

Ru(bipy)32+ and Os(bipy); complexes in the vicinity of

19,000 em~1 have been assigned to charge-transfer

2+

. tran51tlons17’1§. The absorption spectra of RuL3 and -

,05552+, including Ru(blpy)32+

and Os(blpy)3 s were
,_measured'in aqueous solutions. The charge-transfer
freqtencies for dimethyl derivatives wererdetermined in
analogy with.the,unsubstitutedicomplexes; Data obtained
_in this experiment are listed in Table 4 together with
_ the literature values for FeLaz"', coL3 and CrL32+

They are blue-shifted according to the order of llgand

- as 4-dmb1py’<b1py‘(S—dmblpy;zthe sequence was the same
as in the FeL32+, CoL3+ and CrL32+ complexes.,The bharge-
 trensfer bands for CoI.52+, OrL,*, Orl and Orl,~ except -
Cr(bn.py)3 and Cr(bmpy)3 have never been reported19 20,

They are not discussed in thls»thesls,. 
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d. DISCUSSION

A plot of the reduction half-wave potentials for FeL55+ Vs
those for free ligands did not yleld a stralght llne. Accordlng
to our previous findings such a plot{should be a stralght
line, if an elecfroﬁ added to the oxidant species occupies
a molecular oroital of the reductant species mainly of ligand

a T*-orbital characterg. The trend of the plot for any of the

bredox systems, Rul 3"'/RuL 2+, OsL 5+/OsL32+, CoL 3"'/(.‘«01132

. ColL 2+/GoL *, OrL 3+/CrL52 and CrL 2+/CrL3 , were
2+

similar to that for the Fely >+ */Pel,°* system. The plots
for the CrL. /CrL3 and’ CrLa/CrL5 systems, on the other

‘hand, satlsfled the linear relationship as shown in

~F1g. 1% Stralght 11nes were drawn so as to have a
slope predlcted by the theoretical equatlon L5) 1n
section A of this chapter. o

- The lowest charge-transfer transition energy, Voms
- a7 | (e
‘where I,dsthe vertical ionization potential of a:ng_f :
orbital in metal complexes and A%_the vertical electron
affinity of the lowest antibonding 7Xorbital in
ecoordinated ligands. When it 1is assumed that a t2g'

. electron is removed in electrochemical oxidation of a

metal complex, the ox1dat10n half—wave potential, E1/2 o
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can be expressed as follows::
E)jo,c = Ig = 4Bg g + 148%/nF - (RT/nF)1n(£,D 2/ p 1/2),
| +B 7
. and the reduction haif—wa&e potential of free ligands, Eﬁ;g,Li
- Eﬁj%,L = Ay - AES,L + TASOL/DF - <RT/nF)1p(frno1/2/fopr1/2)L
' +B (8)
‘§  The explanations Of-notations are given in - Section A _
of this chapter. If it is assumed that a linear relationship
- exists between the electfon affinities of the coordinated
f;‘ ligaﬁd and .the free ligand for a series of comblexes of
Z?i the same,metai ion with different ligand species and,

£ moreover, if it is assumed that other terms in egns. (7)

and (8) are practically inVariant, the following relation
. can be obtained: ~

oxX red g -
Ei/2,0 = Faj2,1 = Bigp + | - O

~where ¢ is a constant.

-~

Table 3 shows that no simple correlation exists'

;kbetwéen Eﬁ;E,C and thT of the following complexes:

~FeL52+, RuL32+, OSL32+, CrL32+ and ColL;*. This is also
true for tris(1,10~phenanthroline)iron(II) and its methyl
iderivétives, as is evident from the inspection of the
;5 potentiometric and spectroscopic data reported by' |

gf Brandt and Smith21. However, whén the half-wa#e potential
0X ed

Sy ‘ . 0X .
~difference E1/2,0 - Eﬁ/Z,L’ in the place of E1/2,C’ is

3'fplotted against'thT,'ajnearly linear relation was
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revealed for each of these complexes. Some typical

plots are shown in Figs. 14 and 15. Each straight line
Was drawn in accordance with eqn. (9) with an arbitrary
choice of the c value. This flndlng suggesls that the

51mple energetlcs leading to eqn. (9) was successful.

,The agreement between theory.and experlment on nine
plots for five families of complexes is encouraglng,
although each plot con51sts of only three experlmental
'p01nts. The followxng discu881on is based on the premise

ithat the 001nc1dence is not fortultous.

Because of the lack of data on hv o for the CoL32
_’rLB ’ CrL5 and CrI-3 complexes, the correlation betwgen
/2 1, and thT for these complexes could not be
wdlscussed. However, the former two fall 1nto the same
‘class as the above five complexes with respect to the
énendence of the half—wave potential difference on the
}klnd of ligand: the Eq/g;' - Er/2 L values become more
§p051t1ve in the following order of ligand, 4-dmb1py<
lzipy<:5-dmb1py. On the other hand, the latter two complexes
ﬁhave another dependence, 4—dmb1py<,5~dmb1pyu4b1py.‘

In conclutlon, the methyl substitution effect on the
;half-wave potentlal discussed in this section and the
previous section provides a new criterion appiicable to.
5assignment of the molecular.orbital occupied by the

-electron added to the oxidant species in the course ‘of

reduction. Fortunately, the magnetic moments of most
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?_ unsubstituted Bipyridine complexes discussed in this section
are known10’22’25: The electronic configurations of these

complexes can‘ﬁhus be presumed. In the following.

' presentation the electronic configurations and spin

numbers of all'complexes with methyl-substituted bipyridines.

- as well as those of ruthenlum and osmium complexes are

written by analogy: Fel 3+(t2 , 8 =.1/2), Fel 2*(t236,'

g = 0), Rul 3+(t28 , s =-1/2), Rul +(t2g6s s = 0),
 0sL 3*(t2 , 8 = 1/2), 0L 2*(t2g .8 =0
;CoL 5+(t28 ; 8 = 0), CoL 2+(t285 gz, 5 = 3/2), CoLL +(
g 8= s, CrL 3+(t235, s = 3/2), CrL 2+(t284,
8 =1), CrL \(tggs, s = 1/2), CrLB(t2g y 8 = 0) and
1‘GrL5"(t2g6eg or t2 zﬁ, s = 1/2). The redox systems
- composed of a pair of these complexes dlfferlng by one
5 13 the number of electrons can be;d1v1ded into three
%;groups according to their electronic‘configurations.'
fiThe exceés electron in the reductant species of a redox
system of Group 1 occupies a tgg-orbltal and that of a
~systenm belonglng to Group 2 a metal eg- or a llgand
1-orbital. In a redox system of Group 3, one of the
ffredox species is in a high spin state and the other in a
low spin state. The redox systems belonging to Group 1

_are as follows: FeL33+/FeL32f,‘RuL53+/RgL32+,,05L33+/os332+,
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CoL52+/CoL5+,'CrL35+/CrL52+, CrL52+/CrL3+4and OrL,"/CrLs
It is seen that the half-wave potentials for all but one

of these compleies obey eqn. K9) or at least depend én the
kind of ligand in such a wayias they become more negative
in the order bip&(-s-dmbipy { 4~dmbipy. The only

 exception is Cr§5+/CrL3. The complexes of this type belong
to Group 2 from the viewpoint of substitution effect.
Considering that they are in low oxidation states, this '
contradictioﬁ may be .due to the strong Z-bondings between
Jt2g~6rbitals of a central metal atom and liéand T=orbitals
caused by the decrease in the charge of~thevcentral metal

aton20s 2

. Among the redox systems discussed in this
ééction only the GrLa/CrLB“ system belongs to Group 2;
'On,the basis of the metpyl~substitution effect shown in
?ig; 13(b), it falls intokthe same category with the |
‘following rédog systems whose peductant‘speCies has been o
66ncluded in the prévidus'section to have an excess
:electron in its i@orbital:”FeL?zf/FeL3+5 FeL3+/FeL3,
Fel.,/FeL;" RuLaz*/RuLa+,‘RuL3+/RuL3, RuL5/RuL; "
081,;2*/0sL;*, 08L5*/08L; and OsL;/0sL,"s The Coly>"/
_CoL52+

whether there can be any meaning in the fact that this

system belongs to Group 3. It is not certain A

redox system is classified into Group 1 on the basis of

the methyl substitution effect.
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TABIE 3 | |
 REDUCTION HALF-WAVE POTENTTALS E""% FOR TRISw2,2'-BIPYRIDINE AND ITS
jel .

 DIVETRYL DERIVATIVES

red
BTV

DMF ‘ AN

«2,10% O «2412
.2.158- "2017
«2.23% S w2425




%OXIDATION RALF-VAVE POTENTIALS EZ\; AND CHARGE-TRANSFER TRANSITION |
 ENERGIES hvgy, FOR TRIS-2,2'~BIPTRIDINE COMPLEXES OF IRON, RUTHENIUH,
osxmm, COBALT AND CHROMIUM AND HALF-VAVE POTENTIALS CORRECTED FOR

" REDUCTION HALF-WAVE POTENTIALS E;"% OF FREE L:Gmn MDLECULES

D W aq

,.g,/v b/v  a/V. B[V a/V‘ “bfv

hVCT/ oV’

M.06 3.6 #1.03 3.5 40,81 291 2.38°

40,96 3.9 4092 S3.17 4073 2,96 2.43°

,, zu.zb_" 3,32 ommme | mmea 2,74
#1.09 3,26 cmam e 272

- W3 3B ‘eame 280
,#0,83  2.93  40.81 293 2,59
4071 2,86 40,65 2,82 23
40,76 12.99'.._4,0.‘70, 295 . 266

40.92 307 $0.87 3.04 0,65 280 2.35°

s



ABIE 4 (continued)

#0.31  2.41
$0s21 2436
3 40:26 2.9
'0088 ’022
1,02 1.13
=097 1,26
-6.23 .b ‘408? !
"0.37 1078
«0,32 1,91
0,69 1,41
-0082 1033
-0.79 1.4k
) -!’1 021 0089
- -f 03“ 0081
: "1 037 0086
«1.87 0,23
"1 09,"' 0021
2,01

0.22

+0.28 2.#6 _

$0.19 2,44

«0.97  1.15

=1412 1,05

) '.1 007 1.18

=0,26 1.86

«0.42. 1.75
«0.36 1.89
50.?6 1.36
“0.91" 1.26
«0.87 1.38
-1,32 0,80
k2 075
"'1 .’48 ' 0077
.94 0.18
“'2.00 0.17
.2,008 0517

=047
"'0066

0.89%

0,838
1.63 " 1.05°
1.9 1,02°

~0.5% 1,69 1.11°

d: Ref, 8

' e: Ref, 7
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E/V VS. SCE

ig. 10. Cyclic voltammogram with initial,anodic scan for
a) Fe(blpy) (c10 )2, (v) Fe(S-dmbipv) (0104)2 and (c) Fe-

4~dmbipy) (0104)2 in AN-soln.- containing 1 mM complex and
1 M TBAP. Scan’raté“O.l v s~L,

56
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* O‘W

E/V vs. SCE

_Fig. 11. Cyclic voltammogram with initial (a) cathodic

“scan and (b) anodic scan for 1 mM Co(bipy)s(C10,), in DMP

soln. containing O.1 M TBAP. Scan rate 0.1 V s"l.
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75?_/V VS. SCE

Fig. 13. Plot of reduction half-wave potential Eﬁfg of

(a) CI‘L3+ and (b) CrL3 vs. reduction half-wave potential of

free .ligand molecule, Efﬁ g, in AN soln. containing 0.1 M

3

TBAP. L = bipy, 4-dmbipy, 5-dmbipy.
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hVCT /eV

I‘1g. 14. Plot of half-wave potential difference E/!z o = E}ﬁ L

i’rs. charge-é‘transfer energy hVCT for (a) FeL32+ (b) RuL32+

and (e) 0sL 2+ in AN soln. contalnlng 0. 1 M TBAP. L = bipy,

3
4-dmbipy, 5~dmbipy.
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 Fig. 15. Plot of half-wave potential difference E?/;‘c - E’g’%
vs. charge-transfer energy hv,, for (a) CrL32+ and CoL3+
in DMF soln. containing 0.1 M IBAP. L = bipy, 4-dmbipy,

5-dmbipy. ' N e o
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. C. Polarography of Chromium(I,0), vanadium(0), Titanium(0)
and Molybdenum(O) Complexes,' :

_a. INTRODUCTION

In .- Sections A and}B of this chapter, a new

33 method of determining the molecular orbital occupied

by the electron added or removed in the course of an
Jf‘oxidation-reduction reaction of transition metal complexes
TQ was pfoposed. It was based on an empirical rule concernig
;gthe correlation between the polarographic half-wave -
f"potentials'Of complexes | and their elecfronic
52 ¢onfigufation§. Twenty redox s&stems of tris-bipyridine
i comp1exes of iron, ruthenium, osmium, cobalt and chromium k
Z}havewbeen discusséd. In this section the‘Same kind of
 discussion is extended to‘several lower - oxidation state
ii'complexes,of vanadium,‘c§romium, titanium and molybdenum
;f:on‘the basis of polarographic data obtained with solutions
i; containing a complex in a ldwef'oxidation state. Such
 “pb1arograms excepﬁﬁggf Mo(bipy)aqand Fe(bipy)32 have

never been reported. elsewhere,

. b. EXPERIMENTAL
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Reagents

All the reagents and solvents wereucommercially
obtained. TBAP was recfystalizeq from an oxygen—frée
ethyl acetate solution under a nitrogen gtmosphere‘

and then dried in vacuo.

Solvent -

DMF was purified in a way described in Section_A
of this cﬁapter. Residual water and oxygen were removed
by sodium anthracenide according to the conventional
procedure, and then distilled and stored in an evacuated
glass ampoule. All operations‘in purifying the‘solvent

were performed under a nitrogen atmosphere or in vacuo.

Complexes | _

A1l complexes discussed in this section were.véry
sensitive to air. The preparations'and handling of the
complexes were'performed under a nitrogen atmosphere
or in vacuo.

Tris(2;2'—bipyridine)chromium(i)5 perchlorate and -
triS(2,2‘—bipyridine)chromium(Q)u_were prepared according
to the procedures in the literature cited. 4,4'~ and -

5, S5'~dimethyl derivatives of tris(2,2'~bipjridine)4m

chromium(I) perchlorate were prepared by the



_ disproportionation of the corresponding divalent complexes
iﬂ in dilute NaOH solutions.. |

Calcd. for Cr(b1py)5(0104) C, 58 13 H, 3.90; N, 13.6.
Pound: C, 57.8; H, 3.79; N, 13.9. |

Calcd. for Cr(bipy)B: c, 69.2; H, 4.65; N, 16.2.

Found.: C:, 67.0; H, 4.60; N, '16000

| Caled. for Cr(4,4'-dmbipy)z(Cl0,): Cy 61.3; Hy 5.15;
N, 11.9. ‘ -
Found® C, 59.8; H, 5.01; N, 11.0.

N, 11.9.
- Found: C, 59. 4 H, 5.02; N, 10.9.
Tr18(2 2‘-blpyrldlne)vanadlum(O) and its 4,4 - and
35,5'-d;methyl derivatives were prepared from,vanadlum
g trichloride and bipyridine dinegative ion (lithium salt)
j in tetrahydrofran.
| Calcd. for V(blpy)a' C, 9. 3s H, 4.66 N, 16.2.
TFound: C, 68.3%; H, 4.40; N, 15.9. _
Caled. for V(4 4 -dmblpy)a. C, 69 45 H, 4.66. _
?;N 16.2.
Found: C, 65.3; H, 4. 63, N, 15.6.

Calcd. for V(5, 5'~dmb1py)3. C, 69. 4 H, 4,663
N, 16.2.
Found: C, 67.4; H, 4.57; N, 15.3.
Tris(2,2“~bipyridine)titanium(0)5 wasg pfepared,

Caled. for Cr(5, 5'—dmb1py)5(0104) C, 61.3; H, 5.15, |

Q4.
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| according to the procedure in the literature cited.

' Calcd. for Ti(bipy)y: ¢, 69.8; H, 4.68; N, 16.3e

. Pound: C, 68.9; H, 4.51; N, 16.1. '
Tris(2,2'—bipyridine)molybdenum(O) was prepared from

“\'molybdenum pentachloride and bipyridine dinegative ions

;e in.tetrahydrofran.
i Calecd. for Mo(bipy)y: C, 63.8; H, 4.29; Ny 14.9.
. Pound: C, 60.0; H, 4.10; N, 13.4. g '

Solutions

Required amounts of a complex and TBAP were sealed
in an: evacuated glass ampoule equipped breakable seals.
A DMF solution was prepared by transferrlng the purlfled
solvent into thid ampoule by ampoule-to-ampoule |
distillation on a vacuum 1ine..Each solution ampoﬁle
was . connected with the cell via‘a tapered joint and

a breakable seal.‘

gell

The Pyrex-glass electrolysis cell shown in Fig,k16 5
was used. After the cell had been evacuated, nitrogen
gas was 1ntroduced into 1t until an atmospheric pressure
was reached. An aqueous agar-bridge, was then connected
with the cell via a tapered joint under a nltrogen

- counter flow. The electrolytic solution was transferred
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'into the cell through the breakable-seal by the

: appropriate rotation of the ampoule around the tapered
~joint. A SCE was connected with the subsidiary éompartment
via the agar-bridge. The DME, the SCE and a mercury pool
electrode were used in the polarographic measurements.
The platinum sé@rical electrode A, the SCE, and the
‘mercury pool electrode were used in the'cyclic ’
voltammetric measurements. The mercury pool electrode and
'fthe platinum plate electrode B served as the working

and the counter électrode in controlled potential _
felectrolysésgrespectively.The compartment of the latter
“electrode waé éeparated by a fritted glass from that~ 

‘of the former electrode. Tﬁe progress of the controlled
‘potential electrolysis wéas followed polarographically.
*Measurements Were,made'at room'tempéfature maintained

at 25 °C.
‘¢c. RESULTS

Poiarography and cyclic vdltahmetry.of vanadium(o)'e
cnplexes | | | | |

’Figure 17 'shows a cathodic polarogram for V(bipy)B.
It exhibits five reduction waves with half-wévefpoténtials
=1.55, =-2.10, -2.23, -2.6 and -2.7% V. The heights of the

-

waves at ~1.55 and -2.23 V are identical. The wave at
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-2.73 V is almost the sanme in'height with these waves when

corrected for the ultimate current rise. The waves at

-2.10 and =2.6 V are much lower than others. They are
~attributable to reduqﬁion of free 2.2'-bipyridnine
, molecﬁles. |
Figure 18 shows a polarogram in the cathodic-anodic
-polarozation. The anodic wave has a maximum falling abruptly
: ét -0.44 V and a'diffusiqn plateau at more positive
v potentials. The plateau height is twice'the height of the
’ reducfion wave at ~1;55 V. The potential at which the
~ maximum current ends is approxlmately the p01nt of
zero-charge in this solutlon. The’ anodlc maximum of thls
1,k1nd has rarely been reported for metal complexes though
it has been observed in the anodlc polarlzatlon of
several hydrocarbon anion radlcals. The same maximum was

found in the polarograms for the complexes of titanium,

chromium and molybdenum. Both maxima in hydrocarbons
and;metal‘complexes may be considered to have a common
6rigin. | |
Figure 19 shows two cyclic voltammograms for
V(bipy)az (a) one with an initial cathodic scan and (b)

the other anodic scan. The latber exhibits two peaks

partly overlapped with each other. The polarographic
half-wave potentials corresponding to these peak

potentials are -1.01 and -1.11 V. The four oxidation-
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reduction steps at -1.01, =1.11, ~1.55 and =-2.23 V

31 were concluded to be reversible one-electron steps on

the basis of the conventional reversibility'critepidn of
the peak-potential separation and the peak-current ratio.
Polarograms correspond?né to V(bipy)5+ and. V(bipy)32+

- were obtaihed successively in the course of a controlled-
‘potential elecfrolysis of V(bipy)3 at -0.8 V. This i§ the
'evidence for the electrochemical generation and thg |
:f’stability of these complexes. The half-wave potentials
=101, =1.11, -1.55, -2.23 and -2.73 V may be assigned to
 the'redoX systems V(bipy)32+/v(bipy)5+, V(bipy)3+/V(bipy)3,
V(bipy) 5/V(bipy)5”, V(bipy), /V(bipy);"" and V(bipy),"/

“,V(blpy)3 ~ respectively. The polarograms and cyclic

'voltammograms'for V(&—dmbipy)5 and V(S-dmbipy)a_were
;also obtained. They were quite similar to those for
V(bipy) 5. |

The half-wave potentlals obtalned are llsted in .

'Table 5. It can be seen that the half-wave potentials of

gﬁ‘VLaa*/VL5 and VL +/VL5 become more negatlve in the order

- of ligand, bipy < 5-dmbipy { 4-dmbipy, and those of

VLy/VL," and VL3~/VL32_ in the order bipy { 4-dmbipy ¢

. 5~dmbipy. L degignates bipy, 4-dmbipy and S5-dmbipy
’throughout this section. Pigure 20 shows the relation
between the reduction half-wave potentials of the

complexes and those of the free ligands. The latter data
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_are available in Section A of this chapter. Each straight
line was drawn in accordance with the following equation

d

. with an arbitrary choice of the ¢T°% value:

Eﬁ?%,c = Eﬁ?%,r, + 70 (10)
Equation (10) was derived by assuming that the ieduction
of a compléx is the reduction of its coordinated ligaﬁd,,
in other words an excess electron in a reductant species
occupies a torbital® 6f the coordinated ligand and not
‘a2 metal d-orbital. It is seen that the redox systems
VL,/VL;™ and VLB'/VLBZ' obey eqn. (10) but VL32+/VL'5+
and VL5+/VL3 do not. As showm in Fig. 21, the VL3+/VL3
system obey the order the other equation derived in

Section B of‘fhis chapters:

ox - red . ox o o s
Easne m Bigon s g v e )

‘Equation (12) is based on the assumption that the

~oxidation of a ‘complex is a removal of an electron from a

metal t, -orbital. Applicability of eqn. (12) to the::

. g
VL52+/VL5 * system could not be examined because of the

k,nlacking of data on hvynm.

? * The term " ZXorbital" does not necessarily mean a |
g?:pure tﬁorbital.in this chapter. A molecular orbital
. contributed mainly from ligand 7Z-orbitals is called a

7fiorbital and that from metal t2g~orbitals a tzg-orbital.



70

Polarography and cyclic voltammetrj of ¢hromium(I) and |
chromium(0) complexes

Figure 22 shows a cathodic-anodic polarogram for
" Cr(bipy)B(Clou) in DMF. It exhibits six reduction waves“
with half-wave potentials -1.22, -1.85, —-2.10, -2.20, "
§ ~_2,45 and -2.6 V and two oxidation waves at -0.72 and
#f -0.2% V. The heights of the waves at -1.22, —1.85; -2.20 and

=2,45 V were almost‘identical~ﬁhen corieéted'ﬁor
mercury drop area.'The‘waves‘at ~2.10 and -2.6 V were
6  lower than these. They are attrlbutable to reduction of
?~:free 2,2'-bipyridine molecules. The wave at -0.72 V was
~ slightly higher than the wave at —1.22 V, while the
;f _wavé at -0.23 V was slightly lower. The sum of the
5ﬁ‘height of the waves at -0.23 and -0.72 V was'twice the
he¢ght of the wave at 1,22 V.

| A polarogram for Cr(blpy)5 exhibited five reduction
- waves and three oxidation waves. It was cons1stent with the
"the one for Cr(blpy)a(CIOA)
Figure 25 shows cyclic voltammograms for Cr(bn.py)3

C0194) in DMF; one with initial cathodic scan and others

. with anodic scan. On the basis of the reversibility

creteria, the five waves at =1.22, =1.85, =2.10, -2.20
and 42.45 V were concluded to be reversible bne-electron
waves. The waves at =122, -1.85, -2.20 and =2.45 V
‘can,be'aSSigned to. the redqx}Systems Cr(bipy)é*/Cr(bipy)s,



Cr(bipy>5/0r(bipy)3-, Crcbipy)5~/cr<bipy)3g_ and Cr(bipy)32,

/Cr(bipy)55—, respectively. The cyclic voltammograms with

initial anodic scan showed a new peak at about -0;8 v
(Fig. 23-b). The same peak appeared also in the
voltammogram with the scan direction reversed at -0.4 V
(Fig. 25-c). Its peak-height became smaller relatively to
others as the scan rate became higher. These facts means
that the reduction of Cr(bipy)3+ is coupled by chemical
f  reactions. The cyclic‘voltammogram»for Gr(bipy)3 was -
in consistence with the one for Cr(bipy)3(0104).: |
Polarogram3~éﬁd cyclic voltammograms/were also 
7 ‘obtéined for Cr(4—dmbipy)3(01d4) énd Gr(5~dmbipy)5(0104)
~in DMF. They were quite similar to those for Qr(bipy)af
(C10,). The observed reverSiblefhaif—wave potentials are‘f
listed in Table 5. It is seen that the half-wave potentials
ﬂ% of CrL{/CrL5 become more negative in the order Sipy‘<
 ’4~dmbipyu<5«dmbipy. The same half-wave potential order
'bolds for Crl,/Crl,”, crLB‘/crLazf and CrLBQ'/crL33'.
Figure 24 shows the Eﬁjg’c vs. 1?%;L plots for the latter

redox systems. They obey eqn. (10).

Polarography and cyclic voltammetry of titanium(0) complexes
Figure 25 shows a cathodic polarogram for'Ti(bipy)Ba
- It exhibits four reduction waves of which half-wave

potentials are -1.51, =1.97, -2.1 and -2.6 V. The heights



E‘ffof the waves at -1.51 and =1.97 V are almost identical,
:ukThe waves at ~2.1 and -2.6 V are higher than
zk?kthese. They may be attributed to reduction of free
i{pbipyridine molecules. An anodic polarogram exhibited a
E:':?",;wma:ve at -1.0 V. It was'twice as high as the reduction
% wave at -1.51, Thei¢yelic voltammogram in Fig. 26
i;,shows that the waves at -1.51, =1.97 and -2.1 V are

. reversible one-electron waves and those at -1.0 and

. ~2.6 V irreversible. The waves at -1.51 and =1.97 V
}:‘became lower and those at —-2.1 and =2.6 V higher
f_during several hours later than the preparation of the
~ sample solutions. This may be due to the liberation of
51 bipyridine from the complex Ti(}'ﬁipy)5 caused by its
§ﬁ gradual decomposition;‘After a controlledepoténtial

ii électrolysis of Ti(’-bipy)5 at -2.0 V, a polarogram
:7700rrésponding to Ti(biPY)a- was obtained. The waves at
,  —4.51 and ~-1.97 V were assigned to the redox'systems
 Di(bipy)y/Ti(bipy)s” and Ti(bipy)y /Ti(bipy)2T

respectively.

. Polarography and cyclic voltammetry of molybdenum(0)
bcompléxes | | '*

As shown in Fig. 27 a polarogram for Mo(bipy)5
exhibited three reduction waves with half<wave potentials

=1,72, =2.14 and -2.65 V and two oxidation waves, =1.13

T2
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and -0.47 V. The waves at -1. 13 and -1.72 V were almost
identical in height. The wave abt -2,14 V was slightly
higher than these. Thls may be due to its overlapplng

with the reduction wave for free bipyridine. The small

 wave at -2. 65 V may be the second reduction wave for

 the free blpyrldlne. Accordlng to DuBois et al.q the

Y
waves at -2, 14 and =2, 65,were four and two times as

f' hlgh as the wave at -1,72 V respectively. Thls mlght

f ‘be due to the contamlnatlon of their sample solutlons
f  by blpyrldlne to a larger extent than ours. |

/’ On the basis of the cycllc voltammogram for this

'f complex, the waves at -1.13, -1.72 and -2, 14V were |
;i‘concluded to be rever31ble one—electron waves, and the
1  waves at ~O 47 v 1rreverg1ble. The rever31ble waves may
i;be assigned to the redox systems Mo(blpy)3 /Mo(blpy)a,
;Mo(blpy)a/Mo(blpy)5 and Mo(blpy)5 /“’Io(blpy)5 = respectlvely.

A polarogram for Mo(blpy)§ in ‘THF exhlblted three

. reduction waves at —1.80, -2, 15 and 2.9V as well as an
 ‘ox1dat1on wave at -1 11 V. The wave at —2 9 V was partly
overlapped by the ultlmate current rlse. Blpyrldlne
 ,waves were not observed. The half-wave potentials obtalned

‘“1n both solvents are llsted in Table 6.
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d. DISCUSSION

The electronic configurations of tris-bipyridine
 comp1exes including those treated in SectionsA and B

of this chapter are now discussed on the basis of the
following points of view: |

(1) An empirical rule concerning the shift in half-
‘wave potential caused by methyiusubstitution of ligand. -
- If the reduction half-wave potentials of complexes of a
transition metal with bipy, 4-dmbipy and 5-dmbipy as.
ikligands become more negative in the order of ligand,
‘bipyn(E-dmbipyu(4~dmbipy, the exceés electron in’fhe
;redugtant speciésybccupies a metal tzgeofbital. If the

~ sequence 1s bipy ( 4-dmbipy ¢ 5-dmbipy, the excess electron
occupies a ligand 7ntorbital. | |

(2) A comgarison betWeén,the reduction half-wave
 potential of a complex and that of free ligend. In

M; deriving eqns. (10) and (11), it was assumed that the
;  difference in solvation energy between the reductant and
;: the oxidant species is held invariant on methyl-
??‘substitution of 1igénd.,Success in finding experimental'.
? 'evidence for the validity of these equations may suggest
that the methyl-gubstitution was indeed a small G
perturbation with respect tb.the solvation energy.

However, when a comparison of half-wave potential



75

is made between a pair of complexes with different :
central metals of differentlionic charge, the contribution
. of the solvation energy to the half-wave potential

cannot be an invariant quantity. When the ’

ygltreatment of Case et al.® and Peover?Ibased on the

¥Z:Born equation is followed, thevsolvation energy of an
ionic species bearing charge z, az, is.expreséed as

| o? = 2%8 + zFX | o 12)

Lf with .' |
S = Ne2(1 - 1/D,)/2r - (13)

o where r is the radiug of ‘the molecule.when it is assumed

fa‘to be a sphere, X the surface potentlal of the solutlon,
5: D the static dielectric constant N the Avogadro,
; ,number‘and F the Faraday. When 1t is assumed that the
?[’standard potential is practicaily”identical with the
? 1reversib1e‘half-wave potential, the’gas-phase electron -
afflnlty Ay of a complex is | | |

| E:f“/2 o+ ac 1 ;‘ag‘+ c (44)
o and the sane quantlty of a free ligand substance, i.e.
~ bipy, 4~dmbipy and 5—dmbipy, is , .

- A = Eﬁ?% I+ aL aL rc ygﬂs)
where the subscripts L ande”de51gnate a complex and a
. free ligand substance respectively and c is a comstant -
appropriate to the reference electrode emplo&éd.

In view of the large,molecﬁlar dimension of the ligand,



- the radii of thé bipyridine complexes may be constant,

- regardless of their central metals. In the following
" discussion, the term S is assumed to be a constant
~ of all complexes and désignated-by a sysmbol Sge. The S
terms for the free ligands may be also nearly identical.
° They are designated by a common symbol SL‘ Naturally SC
is smaller than SLJ On the basis of these assumptions
  the difference in energy levels of complexes can be
l;disoussed on the basis of their half-wave potentials
i,referred to those of free ligands. |
(%) The difference between the half-wave poténtials
t’of the oxidation and reductlon waves of a complex. The
:  1on1zat1on potentlal of a complex bearlng a: charge z
; ’1s related with the oxidation half-wave potentlal by
' an equation analogous to eqn. (14) as

To = Bpe m T veg e (16)

The half-wave potential difference defined by E‘ﬁa,c -

| Er/2 ¢ can thus be written as ' | |

AE,,/z = I, - Ay - 28 | G
where IG is the ionization potential of a: complexe.
Consequently, the quantity AE1/2 can be a: measure

of a sort ofllntr1n31c energy of a complex 1rrespet1ve .
of solvation energies of the species-with chafges 2+1{
z and z-1, and the following aspects can be discussed

on the basis of'th.e.AE,V2 values.



(i) If the moieculaﬁ orbitals occupied by the added
; electron and the removed one are the same or the degenerate
?'orbitals,;the enéfgy of electronic repulsion'can be
estimated from AE,I /e ' |
(ii) If an electron is added to a high-lying vacant
%forbital or. an electron is.removed frbm a low-lying
iffully occupied orbital, difference in energy between
i‘these orbitals can be estimated fromJAEq/g,though 1t is
;ub;assed by the repulsion energy between a couple of
;Lelectrons in the lafter orbital. Théz&Eq/é values are.
;;1isted in Table 7 together with those for'iron; ruthenium,
:”osmium and cobalt complekeé,.The latter data are obtained
 from SectionsA-and B of this chapters |
Figure 28 is a schematic diagram showing the half-
}'wave pbtentials of these complexes. The half-ﬁave |
i potentia1 order among bipy; 4—dmbipy and S-dmbipj
ifcompiexes'is also shown. Such a half-wave poténtial;
as becomes more negative in the order bipy <4—dmb1py< 5—dmb1py
(Group I), on methyl-substltutlon, is more nevatlve than
~1.22: ¥ and that of the other type, bipy { 5-dmbipy (
 4-dmbipy (Group II), is more positive than -1.11 V.
Table 7 shows the number of unpaired electrons in these
complexes estimated form the literature data on the magnetic
 moment. Aé described in Section A, the reduction

half-wave potentials of the complexes ML§2+, ML3+ and y



7;ML5 (M = Fe, Ru, Os) satisfied eqn. (10) and the half-wave |

’ potentials for cqmplekes with the same oxidation state

['wére held constant within 80 mV reggrdless of the kind
t~of metals. On the bagis of this and some other experimental
facts the added electron;wgs concluded to occupy a triply
f,degenerate ﬂﬁorbital of whiéhfenergy might be nearly
2~identical irreépective of M. Table 7 shows that in the

. circumstances of case (i) theAE1/2 values are small

- compared with those in case (ii). This correlation is
used as a general rule in the following discussion.

- From eqns. (12), (14) and (15) the electron

2+ ,F62+

. affinities of Fe(bipy)3 s Ay, and free bipyridine,

VVAL’ are

2+ u
Fe _ pred o
AC = Eﬂ/g,c + 3 SC +Cc
_ wred: ,

. Thus |
o EeT L Eed el L se 5 50.85 eV

, ¢ T AL T Pqse,c T /2,1 ¢ * P2 Ve

' The 7~orbitals of ML32+(M = Fe, Ru, Os) are lower than that
~ of f£ree bipyridine by more than 0.85 eV.:

~ The half-wave potenfials of the redox systems CrLg7

- CrL3" and VL5 /VLB*’satisfied eqn. (10). According to the
empirical rule described above, each excess electron

in the reductant complexes, i.e. CrL5 and VLBZ'should

koccupy a 1igahdﬁniorbital. This is in conflict with the

experimental fact that these complexes are diamagnetic
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 as seen in Table 8 . Strong Z-bondings between the
tgg~orbitéls of a central metal ion and the ligand
 ZT-orbitals caused by the decrease in the charge of the
 central metal ion may acéount for this apparent

; ZT-character of the excess electron. If necessary, they
T'should be classified intbﬁa grbup intermediate between
? Group I and II;

| The methyl,substitution effect;‘the number of‘

. reduction waves and the small AEq/g‘valueS‘fOr CrLa“

suggest that the added electron in the
o

~1and CrL5

?:reduction of OrLs, CrLB".and CrL," may occupy a molecular
;i;orbital contributed main1y~by ligand Torbitals.

§ The AE1/2 values are as small as those of iron, ruthenium
;}and osmium complexes. The number of unpaired electrons

f in Table 8 also points to. the ddgeneracy of these .
?‘ﬂf?orbitals._ e ‘ B

“’ The differerce in electron affinity betyeen CrL5
;:and free blpyrldlne is given by |

Agr - Ay = BSOS o - BNV L - Sg + Sp, + © >0.25 eV

- since SC<:SL. The difference between electron affinities

of Fel 2+ and CrL, is given by
§e2++ cr® ° | ~ |
Ag” = AgT = 0.6 eV + 455> 0.6 eV

In the same way , comparison between the half-wave
potentials of V(bipy)a—/V(biny)32~ and Cr(bipy)B/Cr(bipy)-
~ yields the follow1ng relatlon

ACr v©

¢ ~ A
These estimates show that the lowest Z-orbitals of these

= 0.38 eV + 2sC > 0.%8 eV
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: é&lexes arTe more stabilized in the oxder V(Bipy)5'<
Cr(bipy)3< Fe(bipy)52+. The order is in accordance with
;the increasing order of positive charges on the central
]metale. This may suggest that the electrostatic interaction
- between a 7t-electron and the reeidual charge on the
central metal 1on is account for the observed Tﬁ—level
sh:t.i"c.

In conneotlon w1th Table 7 it may be reasonable to
predict that the AR,/ values for & and d5‘ complexes
are nearly egual to each other and smaller ‘than those
for d6 comolexes, because,theldE 1/2 values for only
d§ complexes are contributed by the eaergy dlfference
fbetween the tzg- and ﬁiorbltals through the A values in
eqie (17). Table 7 shows that the prediction is valid for |
~all complexes studied exce_ptv(b:_py)5 .;The21E1/2 value |
of 0,10 V for the latter complex is anomalously small.
An explanatlon for this may tentatively be gi#en as
follows: It is known that T:L(blpy)5 (d ) O) i
isoelectronic compound with V(‘olpy)3 and Cr(blpy)3 s is
diamagnetic. The dismagnetism of this complex has beeq ’
considered to be caused by the strong splitting of the
£y -orbitals within the partly—filled d-shell, Ty~
eg' + a, with the eg' orbital belng the lowest. Thls |
'large splitting has been interpreted by Orge111 to be
caused bjﬁ%trong.m—type 1nteractlon of the eg' orbltal

with antibondlng ligand oroltals. As for the magnetlsm



ifof vanadium complexes, on the other hand, the measurements

§ of the magnetic susceptibility of V(bipy)3+vhas not yet
;ibegn successful and“arme?hanolic.solution of V(bipy)BI
i‘exhibited NO €eSeTe signals?gp V(bipy)§2+
?'are known.to be paramagnetic and to have total spinsof
12

and V(bipy)3 .
3/2 and 1/2 respectively “. If the V(bipy)3+ ion in

~ solution is assumed to be diamagnetic, the electronic
?:configurations of V(bipy952+, V(bipy)5+-and V(bipy)3
3 u L

can be t2g . eg' g'

ﬁ AE1/2 value for V(pipy)5+ may be explained.

and e_' a respectively. Then the small

DuBois et al.r have concluded that the unpaired

Qielectron in Mo(bipy)a_ occupies a metal eg-orbital;

Qjon the basis of the e.s.r. spectrum exhibiting a hyperfine
§ structure due to the Mo nucleus. An alternative explanation
_ can be made as follows: the AE,,, data shows that the

molecular orbital occupied by the unpaired electron in

;,‘Mo(bipy)B_ is a‘mﬁorbital, in the sense defined in this
?*paper, namely it is a linear combingtion of ligand

Torbitals with metal t2g-orbitalsJ The mixing of the
’ latter orbitals may account for the observed hyperfine
3‘splittings. | | '

It is prosable that in the reduction of Ti(bipy)3

,j and Ti(bipy)g each added electron occupies a molecular
orbital contributed‘mainly from tzg—orbitals. The

reason is that the half-wave potential for Ti(bipy)a/

81



Ti(bipy)a— was more positive than that of Cr(bipy)a/
Cr(bipy){', and Ti(bipy}a-/Ti(bipy)52— than V(bipy);/
?‘77,',V(bipy)52". The magnetic moment data also support this.
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BLE 5

HE HALF-WAVE POTENTIALS FOR TRIS-BIPYRIDINE COMPLEXES OF CHROMIUM
D VANADIUM, Es o AND THOSE CORRECTED FOR REDUCTION POTENTIALS OF
T2

LIGAHD’BDLECUIES, E%_ c - E_% L IN DMF CONTAINING 0.2 M TBAP

Ey C/V vs. SCE
29

(By ¢ = By IV

oX systenm _ .

‘bipy hdmbipy 5dmbipy  bipy  Udmbipy Sdmbipy

L2 20,23 -0.37 0.3t 1,87 1.78 1.9

LB* -0.72  -0.82  -0.78 138 133 1.45

5 w122 <134 1,37 0.88 0.8t 0.86

- -1.85 --1.93 2,02 0.25 0.22 0,21

327' ~2.22  =2.27  =2.37  =0.10 -0.12 0.1k

~ferLy>" 245 249 <273 -0.35 -0.3% -0.37

/Lt 1,01 1.1k 1,11 1.09 1;01 1.12

1,41 -1.23 -1.21 0.99 0.92 1.02"

-1.55 =164 1.7 0.55  0.51 0.52

2~ 2,23 =231 2.3 0.3  -0.16  -0.16

w2 273 — — —_— —

‘0063
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" THE HALF-WAVE POTENTIALS FOR TRIS-BIPYRIDINE COMPLEXES OF TITANIUﬁ
 IN DMF AND MOLYBDENUM IN DMF AND THF CONTAINING 0.2 M TBAP

Mo (bpy ), /b0 (b10y),>"

Redox system Solvent E% c/ V vs, SCE
1(bipy)3/m(b1py)3"' ’_ DMF -1.51
i(bipy)B"/Ti(bipy)Bz" DI -1.97
o(tm:,y);‘/Mn(bipy)3 DMF -1.13

Mo(bipy)3/Mo(bipy)3“ _ DMF -1.72

Mo(bipy),j,"/Mo(bipy)Bz“ DMF -2.14
o(xoip:,r)s"/Mo(bip;;,v)3 THF -t.11

o(bipy)3 /Mo(bipy)B- : THF -1.80

Mo (bipy)y ™ Mo (bipy )" THF 215
THF -2.9




TABLE 7
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THE NUMBER OF UNPAIRED ELECTRONS OF TRIS~BIPYRIDINE COMPLEXES OF

TRANSITION METALS.ESTIMATED FROM THE LITERATURE DATA ON MAGNETIC

WOMENTS®
Oxidation d-electron number

state 3 4 5 6 2 8 9

B ) Fe(1) Co(0)

w2 W3) cr(2) Ma(5) Fe(0) Co(3)

+ . V() cx(1) Fe(p)® Co(2) .

0 T4(0) V(1)  Cr(0) Ma(3?) Fe(p)® Co(1)

-1 Ti(1)  WO)  cr(1) Ma(2?) M@ﬁ‘

-2 Ti(0) V(1)  cr(2)

-3

v(2) cr(3)

b Re{a ll - 14"5

a Magnetic-monient data is lacking but an e;.s.lf. spectrum is observed.
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TABLE 8-
THE 4E; VALUES FOR TRIS-BIPYRIDINE COMPLEXES OF TRANSITION METAIS :
2

AEL [V
2
,Central
- d-electron number
metal : ,
b 5 6 7 8
T4 | - 0.46 | _ B
v o 0.0 O 0.68 10.50
cr 0.49 0.50 0.63 0.35 0.25
Mo | 0.59 0.2 0.7-0.8
Mn | 0.17 S 0.22  0.22
Fe T 2.2 0.18 10.26
" Ru | , " 2.58 0.18 0.25

Os | o 2.02 0.18 0.32
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: -20 =25
E /V vs. SCE |
Fig, i?. Cai‘thodic‘polarogram for 1 mM V(bipy)3 in DMF
soln. of 0.2 M TBAP. . o
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5 =20 -25
E/V VS. SCE

Fig. 19. Cyclic voltemmograms with initial (a) cathodic
scan and (b) anodic- scan for 1 mM V(bipy)3 in DMF soln.
of 0.2 M TBAP. Scan rate 0.1 V s™%. | B
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Els4 1V vs. SCE

Fig. 20. Plot of reduction half-wave potentials for (O)
VL. 2+ + + . - - D
3 /v:t.3 , (B) VI, /VL3, (®) VL3/VL3 , (m) VI, //VL§
,E;";g, vs. those for /L7, E™°I. L = bipy, 4-dmbipy,

5-dmbipy.
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10 R
hver [eV

. potential
Fig. 21. Plot of half-wave,difference, Ej; - Eifg, vs.

| charge transfer energj for VL3 in DMPF soln. of 0.2 M -
TBAP. T = bipy, 4-dmbipy; S5-dmbipy.

Data of charge transfer energies are obtained from

Ref. 15.
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2.0

— ] 25
T ~/EIV vs. SCE

-05 -0

Fig. 23. Cyclic voltammograms with initial (a) cathodic
scan and (b), (c), (d), (e) anodic scan for 1 mM Cr(bipy)B-
€10, in DMF soln. of 0.2 M TBAP. Scan rate (a), (b), (c)

o1 - :
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1.8}

2071

EVs¢ IV vs. SCE

=26k 'O

"‘22 2.1
El/z L /V VS. SCE

Fig. 24. Plot of reduction half-wave potentials for

(a) Crl,/crL,", (b)-CrL3_/CrI32_ and (¢) GrL 2"/CrL33"

systems, Eieg, vs. those for L/L” systens, Er};zeg L=

 bipy, 4-dmbipy, 5-dmbipy.
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Fig. 28. Cathodic polarogram for 1 mM ﬁi(bipy)j in DMF

soln. of 0.2 M TBAP. =~



1

25
E/V vs. SCE

Pig. 26. Cyclic voltemmogram with initial cathodic scan

for 1 mM .Ti('bipy)3 in DMF soln. of 0.2 M TBAP.
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CHAPTER III
ELECTROCHEMICAL ELECTRON-~TRANSFER RATES OF TRIS(2,2'-

'BIPYRIDINE) COMPLEXES OF IRON, . RUTHENIUM, OSMIUM,
CHROMIUM, TITANIUM, VANADIUM AND MOLYBDENUM

a. INTRODUCTION

In Chaptef II and‘Appendix i twenty seven systems
of bipyridine complexes of irén, ruthenium, osﬁium,
cobalt, chromium and: vanadium have been classified
into two groups on the basis of the methyl-substitution
effect on the half-wave potential. The half-wave
potetial af a redox system of one group becomesmore
negative, cn methyl-substitution, in the order bipy <
S—dmbloy < 4-dmb1py. The excess electron 1n the reductant
gpecies of a redox system belonging to- thls group was
concluded to occupy a metal tgg—orbital on the basms’of
fhediscussion on the correlation between half-wave
potentials and frequencies of the charge-transfer bands.

This was COnsistent with the data on their magnetic
2+

moments. Only exceptlon was the CoLy 3+ /COL5 systen ,

- whose electronic configuration was -believed to be

. or
S5 /b4 8,2, Heve L is bipy, 4-dmbipy,\5-dubipy. The

half-wave potential of a redox system of the other.
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group becomesmore negative in the order‘bipy < 4-Ambipy <&
5~dmbipy. A discussion on the correlation between the
half-wave potential of a complex and that of the free
ligand led to the prediction that the exceés electron
occupies a ligand 7C-orbital of the'reductant'comﬁlex;
The Orly*(t,,7)/0rly(t,,°) and VLB(t2g5)/v;3“(t285)
systems were exceptions. It has been discussed in
Chapter II. |

The aim 6f,tﬁis chapter is to find the correlation
between the electronQ%ransfer rates and the eléctronic
configurations of these complexes and some other related
ones. | |

b. BXPERIMENTAL

All chemiéals and vdltammetric measurements were
described in éhapter IT. Every solution contained a
2-mM complex and 0.2 M TBAP in DMF. A platinum spherical
electrode or a;dropping mercury electrode’(DMEi:§2rved
as a working electrode. Béfore each run of gxperiments,”
the platinum electrode was treated as follows: it was
washed in distilled water, wiped with a filter papeﬁ?t}gf?éhed
with a finest abrasive paper. The surface aréa of the
platinum electrode was determined by a geometric method

as 6.1 x 10_2 cmg. That of the mercury pool electrode
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was about 10 cm2o Solutions were prepared with the
procedure described in Chapter II-C. Thé Pyrex-glass
electrolysis cell shown in Fig. 16 was used for kinetic
measurements by the galvanostatic double-pulse (g.d.p})
mehtod with a preceding polarographic electrolysis?.
Measurements were performed on an apparatus deviced

142

in this laboratory *<. The cell responcé t0 a Z.d.De

was observed with an Iwaﬁsu‘SSS157 tathode-ray oscillo-

scope. A standard rate constant was assumed:to be

identical with thevﬂrecnwﬂhﬂt&ta.revers1ble half—wave

potential. Analy31s procedure is found |
in the literature citedq. Voltammetric and g.d.p.
measurements were carried out at room temperature

‘maintained at 25 + 2 °c.
~¢c. RESUITLS

The polarograms and cyclic voltammograms for '
Feg32+, FeL,(CN),, RuLag*, QsL52+,kC?L3+, Orly, VI,
TiL5, féinid‘,MoL3 in DMF solutions have: been given in
Chapter II and Appéndix I. L designateé—2,2'—bipyridine
in this chapter; The~stability_and assignment.g* Pl
ofxthe complexes in various oXidation states

were confirmed in the following way e
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Figure 29 typically shows the polarograms for_OsL52+,

OsL5+ and Osng.takgn‘in the course of a controlled-
potential electrolysis at -2.0 V of‘a solution initially
containing OsL52+. Their wave-heights and half-wave
pobentials are almost inva;iant. This indicates that

the complexes are sufficientiy stable for kinetic

" measurements té be performed on them and that the half-

wave potentials in the polarogram for OSL52+ can be

assigned to the redox systems OsL52+/OsL +, OsL3+/OsL

3 3
and OsL3/OsL5". Further electrolysis yielded a polarogram

for OSLB_. The OSLE/OSLB“ system was also concluded to be

stable on the same basis. The same kind of experlments

2
were performed on FeL5 +/FeL3 y FeLB/VFeLB, FeLB/FeL3 ’

RuL§2+ /RuL;", RuL;*/Rul, and Rul,/Rul,” with the result

3 3
that they are stable and the assignment of the oxidation -
states described in Chapter IT 1scarrect. It was found

in Chapter II~-C.that CrL32+ and ’.D:LL5 were
insufficiently stable in DMF solutions. Thus the standard

rate constant for the CrL52+/OrL5+ redox- system obtained.,

by the g.d.p. method with in situ generation of CrL32+

should Be a lower limit. The complex TiL3 in DMF was

found to decompose slowly. Its concentration was determined
polarographically assuming that the diffusion coefficient

of TiL5 is equal to that of VL3' The diffusion coefficients

© for most complexes were determined polaﬁographically :
! . S
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with the aid of the cbntrolled~potential electrolysis as
shown in Fig. 29. '

The 516pe of every linear plot of overpotential
vs. sguare root of the first-pulse widﬁh obtained by
CeCoDe measurementé wéSufairly in good agreement with the

B,by use of the known diffusion

slope calculated
coefficienﬁscxfthe reductént'énd the oxidant species.

When the diffusion coefficient of either species was

not available, the slope was calculated by assuming

that both diffusion coefficients were identical. The
observed standard.rate constants (ko) are listed in Table:9
and 10 together with the half-wave potentials (E1/2)-;

The excess electron of the reductant.species of a redox
system in Table 9 occupies a metai tggeorbital and that

of a redox system in Table 10 a ligand 7fiorbital.~

The Tables involve also the standard rate constants
corrected for the potential of the diffuse dduble—layer

(x°

correction was not performed on the' data obtained with

cor) with the procedure of Frumkin. The double-layer
the platinum electrode, because the data on g,-potential
were not avalable. The direction of shift of each

_ standard rate constant when it is corrected with the
point of zero-charge being assmed to fall within the

range O.4 to —=O.4 V vs. SCE? is shown in the Tables.
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d. DISCUSSION

The observed rate constants in Table 9, as a whole,
are largerﬁthan those in Table 10: the former ones.
renge from 1.3 to 0.8 cm s'j while the latter ones
from 0.3 to 0.1 em s, The rate constent for the |
VL52+/VL5+ system is exceptionally small. This will
be discussed later. It is worth noting that the rate
constants in either Table were-affected much by
neither the intrinsic nor the extrinsic conditions:
redox potentials rangiég from +1.03 to —1.54 V (Table 9)
and from -1.18 to -1.86 V (Table 40), oxidation states
of the oxidant species ranging from +3 to O (Table 9)
and +2 to 0 (Table'ﬂO), kinds of solvent (DMF and
wa+er) or kinds of electrode (DME and platlnum). Thls
fact - SUgg eststhat the electron transfer
;complexes at electrodes are governed predomlnantly by
the;r electronlc conglguratlons.

The dependende of the electron-transfer rate on the
electronchconflguratlons of the reactants has been
discussed by a few authorssﬁg. The following experimental
facts are known concerning the electron-exchange of |
metal complexes in solution: the electron-exchangé
rate is high when the electronic configuration of a

reactant complex " differs from that of the other
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reactant by onevin the number of electrons in‘the low-
lying t2g~orbitals. The rate is much lower in the cases
where an eg—electron is transferred or where the central
metals in the reduction and the oxidant are in different
crystal fields. This has been explained as follows: the
tggforbitals are delocalized over the molecule under the
formation of metal-to-ligand 7Z-bondings. This may cause .
little change in molecular geometry'between the oxidant
~and the reductant and, in its turﬁ,vsmall‘activation
energy. The energy for ohahging the molecular geometry
is formulated in the Marcus-Hush theory as the inner-
sphere reorganization energy5'9. Consequently the rate |
is high when a tgg—electron is transferred but otherwise
lower, because more extensive changes in’ bond lengths
and molecular geometry ‘are requlred

The correlatlon between the electronlc configuration
and the electronmuransfer rate at electrode has been
dlsoussed from the analogy to the homogeneous reactlons6"8.
Such an explanatlon may be reasonable because there is
some evidence for the mechanistic parallelism between

homogeneous and electrochemical electron~transfer

10

reactions ~. However, the discussion has been made on the

basis of a few data and no systematigc stﬁdies'have been
reported before this investigation. Moreover; the inorganic

redox reactions cited above are limited to those in
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AT

which either s tgg" or an eg-electron is transferred and
comparison is established among inert complexes and

labile ones. Almost all the complexes in Tables9 and 10 are
inert under the experimental conditions. Thus it may be
more rational to ascribe the difference in the rate
constant between these Tables to the difference in
electronic configuration. The previous discussion was

based on a notable difference in rate constants caused by

a notable change in molecular geometry and it led to aﬁi

explanation that the electronic configuraiton affects

indirectly the rate constant via the atomic configuration.

-

The results of the present investigation can be explained
in the same way: noting‘that the metal tég;~and the ligand
x~orbitals are both of JI-character, a smaller change

in the electronic configuration éaﬁsed.brka sméller change
in molecular geometry and in turn a smaller Changé in
electron-transfer rate. However,the fact that the rate

constant for the bipy/bipy System was nearly equal to

the rate constants in Table 10 suggests that a certain
factor other than the atpm~reorganizatibn energy is
operative as a.ratekdéfermining’factor. The reasons are

. as follows: according to the Chapter II the W-eiectron‘

in the complexes in Table 10 is partly localized on a

ligand bipyridine molecule and consequently the chemical

environment of the excess ﬂfielectron of the free

bipyridine anion and that of the cocordinated one may be
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nearly identicél, Combined with the fact that the electron-
transfer rates for ‘the redox systemé with the electronic
configurations t2g6/t2g6 * 6ﬂf/tgg67*2 and. t2g6ﬂf2/
67*5 are nearly equal, .this p01nts to a small
contrlbutlon of the inner-sphere reorganlzatlon energy
to the total activation free energy, as is known for the
systems of the type R/R, where R is an aromatic
hydrocarbon. The contribution from the outer-sphere
reorganization energy is also considered to be small,
because a large difference in the molecular dimension
between the cémplex and the free 1igénd caused only
a little difference in the rate constant. This . - |
suggests the diréct~contribution of the electronic states
of the reductant an&.the éxidant to the rate constant.
| The redox systems in Table 9 and those of the form
R/R™ are nearly identical in E both the homogeneous
and electrochemicallrate constants: the homoveneous
rate consﬂant is about 109 =1 577 for a reaction where
coulamb repuls1on energy is nevllglble and ‘the latter

" about 1 em s~

when no double-layer correcthn is applled.
The homogeneous exchange rate constants for the redox systems
in table 10 except the bipy/bipy system have not yet

been reported. By analogy they'should be of the same

order with the rate constant for the bipy/bipy "

11

system ' ', 5‘x 10° w7 s~1. The daifference in the



111

homogeneous rate constant between the systems R/R™ and

bipy/bipy can be attributed to the difference in the degree

of delocalization of the Jl~orbitals and in its turn to

the difference in ‘the inner-sphere reorganization_energy;
The above discussion is based on the observed rate

constants uncorrected for the potential of the diffuse

double~layer. As seen from fables 9 and 10 when a double-

layer correction is applied on them, some become larger

and others become smaller than the uncorrected ones.

Thus the resultant values in each Table scatter over

two or three orders of magnitude and the classification

of the redox systems into two groups makes no sense.
The corrected rate constants become smaller in the order

34 . 2+ n,.  n+l o - . n+1
ML3 /hLB ' (tzg /th ) > MI:B/ML5 (t2g /t2g ’

6. 6_a22y  wyr 24 + n n+1

k]

& 6_ % 6 : R PR n -n+1
bog /bog T Bpgs /6 T0) > ML /MLy (b, /oot

t2g6/t2g6ﬂf ), where M is any one of the central metals

Fe, Ru, Os, Cr, Mo, V and Ti and n is an integer within

3 - 6. This should be taken to imply that the electrostatic.

interaction between the electrode and the oxidant or the

re&uctant is a predominant factor determining the rate

-

s .. :
constant anquet a small perturbation. The corrected rate

constant for a redox system should be an intrinsic property
of the system; in other words, it should reflect the

molecular'properties which may affect the electron-

transfer rate. In view of this, the corrected rate

constants_canndt} be better rate constants than uncorrected
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ones. One of the reasons is the abserice of the
superiority of the to,~electron transfer over the
=)

7*electron transfer in the above Séquence of the rate
constants. The absence.of the parallelism between

~ corrected rate constants and their respective homogeneous
rate constants is another reason. The homogeneous rate

12 is 1.5 x 107 1§77,

constant for the Cr35+/CrL5 system
indicating that this reaction beldngs to a category of

the fastest reaction to which several redox systems of

. the type R/R™ élso belong 14. The uncorrected electrochemical
rate constant of a reactidn;of this category is of the

order 1 cm s~ . When a double~layer correction is applied,‘
vthe‘rate constant for a R/R™ system is shifted to a
direction different from that to which the CrL3+/CrL5.
system is shifted. The corrected rate constants are of

L 1 for the R/R™ system14’15

the order éf 10 ¢m s ' and Q.3-cm s~

and the Crﬁé""/CrL5 system respgctively. In conclution a

set of uncorrected rate constants may provide a more |

reasonable'basis for discussion‘than that of corrected ones.
The standard rate constant for the VL32+/VL3+ system,

/]

0.35 cm s~ ', is exceptionally small anong others in Table 9.

This may be caused by the crystal-field splitting of the
d-orbitals of the VL5+ complex in a wayudifferent from

that of other complexes in this Table. In Chapter II,

the anomalous'proxity of the half-wave potentials for
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the VL52+/VL5+;and VI%""/VL5 systems was explained

;tentatively, assuming the electronic configurations
2g5’ eg'-4 and eg‘4a for VLagf
A change in electronic configuration from t2g5 to e

, VL5+ and VL, respectively.

4
g

't

may require more extensive change in the molecular
geometry than from t2g5 to tag%’ which may account for

the small rate constant.
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~ Redox systems

TABLE 9

" DATA O RATES OF ELECTRODE REACTIONS INVOLVING ELECTRON TRANSFER OF

A t,, ~ELECTRON

L =2,2'-BIPYRIDINE

Electrode E%/V'SCE

' -l -
[+ -]
k°/em s ¢2/mV' kcor/cm s

1

? By pop =4 5
L T1L3(t2g,)/TiL3 (tzg ) . DME

g 2vg 3 ty # :
(e, Wy (t,,")  DIE

L + b 5
VL, " (¢, )/?LB(tzg ) DME

e 2 Y |
VL3(t2g )/VL3 (zzg») DME

e 20 Mot 5y g
- CrL32 (tzga)/CrLB (t2g5) DME
- + e

o CrLyt, /el (e, ) Pt

(., 5 6y
Crly* (6, ) /Crly(t, 7)) DIE

g

. T NP .
, ?rLB (tzy )/CrLB(tZg ) . Pt:

* 5 k 6 :
Molg,(tzg )/MoLB(tzg ) DME

*

34/, 5 24, 6
FoLy”*(t,, )/FeL, (tzg ) Pt

O
<,.:FeL3 (tZg )/FeL3 (tzg ) Pt

3+ 5 2 6y '
OSLB <t2g )/OSLB *(tZg ) Pt

=1.506

~-1.012
-1.113
-1.540

-0072

-0.68

_"1 020

"1 022

-1.127

+1.03

+0.81

+0.83

(~0.5)

0.35
1.2%0,2
0.6620.05%

(>0.4)

(>0.5) -~
1.3%0.2
0.88%0.13

1.3%0.2

0.80%0.08
0.80°

0.87

91

-76
-80
-91

-59

-82

-80

0.05
0.3°

ol

»0.01
<0.5
0.3

<0.9

0.3

0.8

>0.8

>0.8

(a) & = 0,48 = 0,08,

(b) Aq. soln, contn. 0.2 M KF,

116
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TABIE 10

_ DATA ON RATES OF ELECTRODE REACTIONS INWLVING ELECTRON TRANSFER OF

A T*.ELECTRON L = 2,2'<-BIPYRIDINE

1 1

. “Redox systems Blectrods Ey/VSCE k°/oms™' f,/nVkS [om s

6y jeor (5 Ewy . » | ,

C'IrLB(tzg )/CrL3 (tzg ‘w*) - DME 1,86  0.2320.02 97 o ~2
. 6 - 6 - . ) * '

MoLB(tZg )/McL3 (tzg ) DME -1.719  0.22%0,02 | «95 ~1

24 6 ¥ 6 _ _ : '

o FeL32 (tzgé)/FsL3 (tzgévr*) DME - -1.26 9.1‘4 0.0601
+ + T - ’

| FeL ™ (t, W)/ Fel T, wf) Pt 1.26 0.16‘

auL32“"(t2g6)/RuLB?(tZééw*) DME.  -1.243  0.10 83 o.oo1. |
RuLBZ*(tzgé)/RuL;(tzgén*) Pt -1.24 0.24 <0.2
RuL;(tZgén*)/RuLB(tZgén*z) DME . -1.432  0.25 - -89 0.05
RuLB"(tzgén*)/RuLB(tzgén*z) Pt 1,43 0.24 , <0.2
RuL3(t2;ﬁ*2)/RuL3“(t2g6n*3) DME ~ -1.690 0.32 T

6_u2 “rs 643 ' | A
,’y“: RuLB(tzg r\“‘ )/RuL3 (tzg 7w’) Pt -1.69 0.26 0.3



TABLE 10 (continued)

-;05L32"(-%;2g6) /OSLB*(tZg%*') DME
05L32*'(t2g6) /0sL3*(t2g6w*) Pt
osLy*(t, 6:;*)/051,3(1-,2:“*2) DME

;’ OsLB(tzg'ﬁ*?)/oslg(tzgéﬂ*B) DxE

bipyridine/bipyridine™ DME

bipyridine/bipyridine” Pt

. =1.173

-1.18

-1 . 253
-1.672

2,10

~2.09

0.15
0.26
0.25
0.18

0.132

0.242

-83

-86
-9k

-104

118
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Fig. 29. Cathodlilanodlc polarograms for (a) 2 mM

OsL5(0104)2, (b%&(c) reduction products of OSLB(ClO4)2

obtained by the - ~ . controlled-potential

slectrolysis at =-2,0 V vs., SCE in DMF containing
0.2M TBAP.
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CHAPTER IV
THE CORRELATION BETWEEN THE ELECTROCHEMICAL AND
HOMOGENEOUS RATES OF ELECTRON-TRANSFER REACTIONS
A. Electrqn'Spin Resonance Measurements of the Homogeneous

Electron-exchange Rate between Cr(bipy)3+ and Cr(biPYDB.

a. INTRODUCTION

From the mechanistie point of view, the electron-
transfer reactions of transition metal complexes may be
divided into two groups: one is the group of reactions
proceeding via an outer-sphere activated complex, and
the other, an inner-sphere activated complex1?2. In
the reactioas of the former group, the inner cbordiﬁation
,shélls of the reactant complex ions are left intact
in the transition state; in the latter, two reactants share
the ligands of*their first coordination sphereS‘in'the
transition state. In general, it may be difficult to
show which mechanism is realized in an electron-
transfer reaction. However, it is known that reactibns \
of some kind proceed with the outer-sphere mechanism:
they are the fast electron—transfef reactions between
substitution~inert complexes. Particularly, the electron-~
exchange rate constant is very large for a pair of complexes
differing by one in the number of electrons in the

lower tgé-orbitals which are not ﬁsed in ligand
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bonﬁings1; For éxample, the electron-exchange reaction
between Fe(phen)53+(tég5) and Fe(phen)52+(t2g6) is too
fast to be measured by the NMR method; the largest.
second-order rate consﬁant obervable by this method
is of the order of 407 M1 s~1. The Lower limit of
. the rate constapt of this réaction has been reported
by Larsen and Wahl to be 3 X 107 M~ 1s™1 at 25 °¢ in =
aqueous solutions’. |

Among the methods for measuring the rates of
isotoPic exchange—reaétions,‘the €.S.r method is
probably the only one whighkis applicable to such fast
reactions as .descﬁ%&i above. This method has
been appligd extensively to electron~transfer,reactions
between aromafic hydrocarbons and their anion radicals.
On the other hand, there has been only one report
on the application of'thiskprocedure to the transition-~
ﬁetal complexes4, This may be because of thevfcllowing
difficﬁlties: most of the e.s.r spectra of these
complexes fhus far reported are. very broad at ordinary
temperatures, and they scarcely ever exhibit a hyperfin&
structure. Moreover, the rate constants measurabie by
this method must be larger than 10® w11,

The present investigaﬁion deals with the‘e.s.r‘

measurement of the rate of electron-exchange between

C:c*(bipy)3+ and Cr(bipy)y in DHF. The latter complex
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L is diamagneticE, while the former complex yields the
e.S.r spectra with the most resolved nitrogen hyperfine
splittings of all the tris-bipyridine complexes of
transition metals ever reported6’7..Fuﬁthermore, the
electronic configurations of Cr(bipy)5+ and Cr(bipy)3
2 6 respectiﬁely, as in Fe(phen)55+ and

are tgg and t2g

. Fe(bipy}32+; it may thus be expected that the reaction

rate for this pair of complexes is sufficiently fast

for it to be measured by the e.s.r method. The
determination of the hyperfine linewidth is made by
comparing the observed e.S.T spectrum with the
computer-simulated one. The observed rate constants are
discussed in compérisdn with those predicted by the
theory of R. A. Marcus on the electron-transfer reactions
with the adiabatic;outer—spher mechaniéma.

The present‘discussion is based on the following
premises: (1) both complexes, Cr(bipy)5+ and Cr(bipy)3
are substitution inert, and (2) the electron transfer
reaction between them proceeds via an outer-sphere
‘activated complex. There;is*né.data which assures us of -
the.validity .. ;of these‘premises. However; it may>be
reasonablé to considered that this reaction has a
fair chance of being an outer-sphere reaction'because
of its very larée rate constant, which will be seen in

the later part of this article.
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b. EXPERIMENTAL

Reagents.
| All the reagents and solvents were commercially
obtained. The DMF was stored in an.e%acuated-ampoule

T containingrsolid Cr(bipy)a(Cqu_)2 and magnesium

4, :
power in order to remove the trace of oxygen.

Complexes

Both complexes, tris(2,2'-bipyridine) chromium(I)
perchlorate and tris(2,2'-bipyridine)chromium(0), are
very sensitive to oxygen. They were prepared and handled
in a vacuum or in a nitrogen afmosphére.,The preparation
and analysis of these complexes were described in

Chapter I.

Solutions

Solutions of Cr(bipy)30104 with various concentrations
were required in order = toO evaluate the
contribution to the linewidth of the Cr(bipy)5+ spectrum
’from the Heisenberg spin-exchange process. They were ‘
prepared separately in e.S.r sample tubé22§§wéilutihg
each aliquot from the stock solution of C}r(b:i.py)3(3101L to
a desired concentration with the solvent distilled from

the stock solvenl. '~ . . . Their concentrations were

determined e.s.r spectroscopically.
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The sample solutions used in the meésuremeht of the
electron exchange rates ¢ontained both Cr(bipy)3ClO4 and
Cf(bipy)B; they were pfepared by dissolving a known amount
“of solid Cr(bipy)5 into a Cr(bipy)aclo4 solution.of a
known concentration in such an ampoule as | shown in
Fig. %0. '

In handliﬁg the sample solutions, all the operations
were performed on a vacuum line by the use of glassware

fitted with a breakable seal.

Eesg.r measurements v

The e.S.r spectra of Cx‘(bipy);r were measured'in‘
solutions with and without Cr(b:.ny)5 added, under
experlmental condltlons otherwise identical. A JEOL—
%58 spectrometer was operated at a frequency near 9.7
KMz, with a 100 kHz. field modulation and with a modulation
amplitude of 0.5 gauss. The measurements were carried out |
at room temperature maintained at 25 + 1 . Calculations
of the linewidth were performed on a FACOM 270-20/30

computer using a FORTRAN progranm.
¢. RESULTS AND DISCUSSION

Let the rate of the electron transfer reaction

between a diamagnetic and a paramagnetic molecule be
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described by the&ﬁollowing equation:

rate = k(P)(D] = (P)/z,
where k is the_second—order rate constant and ?b, the
‘mean life of the paramagnetic species; [D] and [P]
are the conqenfrations of Or(bipy)5 and Cr(bipy)5+
respectively, in this case. The hy?erfine linewidth as a
function_of*fp can be.linearlized with regard to tp and

1/zp respectively, under the following fast-limit and
12 '

slow-limit conditions “:

féstflimit: uvi~- aﬁrtp‘( 1 for all i's

slow=-limit: w; - wjltp>> 1 for all i's
where @'s are the resonance frequencies of the designated
. hyperfine lineé..As will be seen below, it is necessary
that (D) be larger than 1 M to fulfill the fast-limit
condition., This is not possible in the‘present
incestigation, however, because of the poor SOIubility
of the D spécies; thus, in the present experiment»fhe
rate constant is determined by the line-~broading |
procedure, with the slow-limit approximation. The rate
congtant is, then, given by eqn. (18), when the broadened
hyperfine lines are assumed to maintain the Lorentzian
lineshapeﬁ5:

¥ = (1.5 x 107) A (a8 /(D) C(18)

wheretﬁ(Aﬁpp) is the increase in the peak-to-peak

linewidth of the first derivative spectra caused by

4
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electron exchange.

Although evidence has been reported for the
14

disproportionation of Cr(bipy)5+ ions ', their absorption'

spectrum obtained in DMF exhibited no sign of absorption
due to either Cr(bipy)§2+ or Cr(bipf)a; it was identical
with the spectrum reported by Konig and Herzog in methanoqu.
Hence, the disproportionation was not taken into
consideration.

The e.8.T spectrum of Cr(bipy)5+, shown in Fig. 31,
exhibits eleven poorly resolved lines with a spacing of
about 3.05 gauss. They may be attributed to the hyperfine.
interaction due to six eQuivalent nitrogen nuclei of
three bipyridines. Such an interaction would give rise to
thirteen lineé. Because of the broadening in linewidth
and poor signal-to—noise‘ratio, not all the thirteen lines
were observed.:Thé foilowing procedure was used in order
to determine the hyperfiné linewidth of such a poorly
resoclved spectfum as this. A linewidth parameter is défined
here as 12/11, wﬁere l1 and l2 are taken in the way
shown in Fig. 31. The parameter was calculated for
each given width of the hypothetical unoverlapping
hyperfine lines and is shown plotted vs. the latter
gquantity in Fig. 32. From the observed values for the

linewidth parameter, the true or unoverlapped hyperfine

linewidths are obtained by the use of this figure.



Figure %3 illustrates a plot of the linewidth vs. -
" the concentration of Cr(bipy)5C104. The experimental
points lie on a straight line; thisbmay serve to support
| this procedure for the linewidth determination. From

the slope~of this line, the second-order rate constant

15

of the Heisenberg spin-exchange process
-1

was estimated -

to be 1.8 x 109 M-qs . An inevitable increase in

the concentration of Grgbipy)BClO4 is caused by the

addition of Cr(bipy)515;~this can be corrected by the
. ‘ -

;procedure:of Suga and Aoyagui ‘. The increase, however,

was less than 0.02 mM; its effect on the linewidth is

negligible, | | |
Figure 34 shows with circles the observed inCrease.

in the linewidth plotted vs. the concentration bf added

Cr(bipy)a. The second-order rate constant of the

electron-exchaqge'reaction,was-determined from the

slope of the straightyline drawn through the point.

of origin and the circles as kobs =(1.5 £ 0.4) x 109'

s, No such a large rate constant exceeding 109

M“qs“q has, to our knowledge, ever been reported for
the electfon—exchange reactions of transition metal
complexes. The observed rate constant must be corrected
for-diffusion because of its large value; approaching

the value for the diffusion-controlled rate constant.

The correction was performed using the follbwing relation:

127
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-1

kact

- -1 _
B ko S k

b
where K, . is the corrected or activation-controlled rate
constant,‘and LI an§ kaif-are the observed and the
. diffusion-controlled rate constant respectively. The last
one was estimated in the'following way. When one of
the reaétants is neutral and when, accordingly,,the
electrostatic interaction between the reactants is negligibly
small or zero, the diffusion-controlled second-order
rate constant in M g™ may be given by 18, | .

. kgyp = 470 DN/1000 (19)
-where ¢~ is the collision diameter; D, the sum of the
diffusion coefficients of the two reactants, and N,*
Avogadro's number. The vaiue for c-was assumed to be
equal to thé sum of the molecular radiikof the reactants;
the lattef quantities were estimated from the molecular
geometry of Cr(bipy)a, drawvn in Fig. 35 on the,basis of
19

the X-ray diffraction data 7 and -~ . the van der
Wazls radius of the hydéégen atom (1.2 1). It may -~
reasonably be assumed that é common value can be
attributed to the radii of Cr(bipy)5+ and Cr(bipy)a.
In ‘the subsequent calculations, this common molecular
radius is designated by a and taken in the two ways
shown in Fig. 35: 7.1 ahd 6.1 A. The diffusion
coefficients of Cr(bipy)3 and Cr(bipy)3+ are both

3.2 x 10~% cn®s™ 20

“at 25 °C in DMF“". The diffusion-
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controlled rate constants calculated from eqn. (19)

with the a values of 7.1 and 6.1 A were 7 x 10 and

6 x 10° Mg~ respectively. Both k3¢ values, however,
actually yielded the same k_ . value, 2.0 x 109 M’qs"j.
The limiting condition for slow-exchange is obviouly
fulfilled with the observed k value of 1.5 x 109 M-qsﬁq
and the minimum value for lwy —»&3[, 3.05 gauss, as well
as the maximum value for [D], 0.7 mM. On the other hand,
the limiting condition for fast-exchange requires that
[D] be significantly larger than O.4 M when the maximum

value for jw.

i ~'&3!, ca. 30 gauss, is applied.

8, the rate obnstant

According to the theopy of Marcus
- of the electrpn;exchaﬁge reaction between a neutral aﬁd
a charged species is, the;inner-sphere'reorganization
being neglected:

k

{1

Z exp (-4G*/RT) ~
Z exp (~(e°/8a)(1/Dy, = /D))

where Z, the collision number between two uncharged

act .,

species in solution, is assumed to be 10
AGY is the reorganization free energy of solvent
molecules in forming the activated complex; e is the

electronic charge, and Do and DS are the optical and

p
the static dielectric constants respectively. The

activation-controlled rate constant was calculated from

this equation for each radius mentioned above. They are list . °



130

listed in Table 11, together with the corrected -’

rate constant. The agreement between kact and k was

calc
satisfactory. In order for kcalc to be in evact agreement
with k_ .., & should be taken as 8.2 %, a reasonable value -
in view of the molecular dimensions of Cr(bipy)a. This
suggests that the inner-sphere reorganization energy
contributes to the activation free énergy to only a

small extent in this reacticn.'However, the value of
kcalc is quite sensitive to that of 2, and unfortunately
.2 is not a sufficiently definite‘quantity for the Marcus
theory to be applied to the existing molecules. Thus, the
thesry must be tested experimentally with regard to a
variety of aspects of its theoretical expression for

_ the rate constant before we can consider that the theory
is successful in the:non~emp1rlcalpredlctlon of the
electron~exchange rate constant. Such an extensive
examination of this theory has recently been attempted
for the el ytronutransfer reactlons between aromatic
hydrocarbons and their anion radicals 1, The theoretical
calculation of the rate constant can be done more
reasonably for the reacéions pafticipated by the
octahedral complex ions than for those participated by
the planar aromatic'hydrocarbons, because of the premise

of & spherical molecular shape in this theory.
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Table 11l. Comparison of the corrected observed rate

constant with the calculated one in the electronvexchange

reaction between Cr(bipy)3+ and Cr(bipy)3

*

kact Radius kcalc 46
(M_lsec"l)' (E). ' (M—lsec_l) (kcal/mol)
8
6.1 3.7 x 10 3.3
7.1 . 1.2 x 107 2.6
2.0 x 109 8.2 2.0 x 107 2.2
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Fig. 35. Molecular geometry of Cr(bipy)3-




B. Electrochemical Electron-transfer Rates of.Fe(III)/Fe

Fe(II) Complexes with 2,2'-Bipyridine and/or Cyanide Ton
a. INTRODUCTION

The unified treatment of homogeneous electron
exXchange reaction and heterogeneous i.e. electrochemical |
electron transfer reaction presented by Marcus' has -
attracted attention of eieétrochemists who are interested
. in the'non—empirical elucidation of electrodekkinetiés
based on molecularify:. One on the most essehtial,,v
feature of this theory is the basic assumption of
mechanistic similarity of‘eiectron transfer process
in homogeneous and electrochemical reactions. However,
the concluding epression>of‘the theory in this respect
i.e. | ) - |
(on/2e3)"/® = X%/ o
held for fast reactions, neither organic nor inorganic.
Here kex is the second order rate constant of a homogeneous
electron exchange reaction occurring,infsoluﬁion; k° the
standard fate constant .of the corresponding electrochemical
. redox reaétion; ZeX the collision frequency of an uncharged
particle in solution and Zel the collision frequency of an
uncharged particle with %he unit area of the electrode.

- Usually the Z_; and 2oy are set equal to 10* ca s~ and

1011 y=1 _s"’I respectively. Inconsistency between theory

¢
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and experiment is serious in the following two cases.
One is the systems of an aromatic hydrocarbon and its
anion radical. It is known that some of them have kex
-1

vaiuves of the order 109 M’q s when anions are not in

'strong fonepairing with counter cationsg. The obserﬁed k°
6alueé for these syétems are of the ordef,ﬂ cm 3-43
whereas the theoreticélly predicted ones are of the
order 107 cm s 7. Th° latter is far beyond the upper
limit measurab1e w1th the aid of any ex1st1ng technique.

The other is a system of trans1tlon metal complex.'The

k. and x° values for the Cr(bloy)5 /Cr(blpy)3 system are
-1
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165 x 109 M s and 1 % cm s -1 respectlvely. An attempt has

been made to’revzse*the Theory so that the relation between

observed values for kex‘and those for kq may be explaineda.

However, in view of the‘simple model proposed by Marcus
for the actlvated complex in electrochemlcal electron
transfer reactlons, it is not SO surprlslng that the
relation (1) cannot be valld for a wide variety of
reactions.’It may be urgently required to find an
empirical relation betwesen k., and x° for fast reactions.
The éimfof this chapter is %0 addld: a few experimental
points to a correlation diagram'of‘kex V5. kq be'
measuringil the standard rate constants for a series

of iron(ITI)/iron(II) redox systems with a variety of

ligands by the galvanostatic double pulse (g.d.p.) method.
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b. EXPERIMENTAL

Reagent -
- The analytical grade potassium fluoride were used

without further purification.

Complexes

Potassium hexaoyanoferriaté ahd hexacyanoferrate
were .commercially obtained. Tris(2,2'~bipyridine)iron(II)
perchldrate4, dicyano-bis(2,2'~bipyridine)iron(II)
trihydrate5'and potassium‘tetracyano~mono(2,2'-bipyridine)

iron(II) trihydrate5

was - prepared according to the
procedure in:the,literature cited. The hydrated dicyanoé
complex wés dried in wvacuo at 150 °¢ for eight hours to
remove water of crystalliZation, because this complex
;was to. be usedias a solute in DMF SOlution.,Complexes
were identified by the elementary analysis. |

Caled, for Fe(bipy);(Cl0,),: C, 49.8; H, 5;52;AN;-1
N, 11.6. Found: C, 49.2; H, 3.41; N, 11.5.

Calcd. for Fe(bipy)g(CN)e;BHeoz Cy 55.7; Hy 4.64;
N, 17.7. Found: C, 55.5; H, 4.82; N, 17.1.

Calcd. for Fe(bipy),(CN),: C, 62.8; H, 3.81; N, 20.0.
Found: C, 59.7; H, 4.22; N, 18.8. |

Caled. for K Fe(bipy)(CN),.3H,0: C, 37.5; H, 3.12;
N, 18.8. Found: C, 36.9; H, 2.92; N, 18.2.
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Sciutions

Two kinds c¢f DMF solutions and five kinds of agueous -
solutions were prepared: DMF solutions of (1) 2mM |
Fe(bipy)3{0104)2 and (2) 2 mM Fe(bipy)2(CN)é; aqueous
solutions of (3) 2 mM Fe(bipy)3(0;04)2, (4) 0.5.mM
- Fe(bipy),(ON),, (5) 1 mM K Fe(bipy)(ON),, (6) 2 mM
K,Fe(CN); and (7) 1 mM que(cm)é + 1 mM K;Fe(CN)g.
supporting electrolytes in DMF solutions and aqueous
solutions were TBAP and potaésium fluoride respectively.'

Their concentrations were 0.2 M.
c. RESULLS AND DISCUSSION

Cyclic voltammogfams with initial anodic scan were
taiten in sclutions (1) to'(6) using the platinum electrode.
According to the reversibility criteria based on the peak-
potentiél separatibn and the’peak—current ratio, the
oxidation steps for the irén(II) complexes were all
reversible one-electron steps. The polarographic half-
wave pdtentials thained from these voltammbgrams are
listed in Table 12. The diffusion coefficients of the
°*, Fe(bipy),(0N),, Fe(bipy)(CN),>"

and FeCCN}ég", were determined from the cyclic

complexes, Fe(bipy§5

voltammograms as well as the cathodic polarograms

obtained by the use of the DME. They are listed in
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Table 13. Previous data are available only for Fe(CN)64—,
A recent data obtained by voltammetry with a rotating disk
electrode is 8.0 x 10™° cp? g~ which is in fair agreement
with the present data®. The trend of diffusion coefficients
as a function of the number of ligand bipyridine
molecules is reasonable, considering the molecular
dimensions of the complexes. The slope of every linear
plot of owerpotential vs.vsquaré root of the first-

pulse width obtained by g.d.p. mesurements was fairly
congistent with fhe slope calculated’ by use of a
diffusion coefficient in.Table 1%, The standard rate
constants obtained are listed in Table 12. It is noted
that the differencé in kinds of solvent and supporting
electrolyte did not affect much the appafent standard

¢

rate constant,

The validity of the g.d.p. method with in situ

kgenération of a redox substahce was proved by the‘fagt
that the rate éonstant for the Fe(CN)65"/Fe(CN)64_ system
obtained by this procedure was in good agreement with

the rate constant obtained by use of a solution. .
containing both the oxidant and the reductant species.
Previous data on the standard rate constant forvthis
syatem are available though they have been obtained under
conditions differeﬁt from those in this experiment. They
are scattered ’8"11‘bétween 0.02 and 0.24 cm 5—1. The
present data are close the data 0.13% cm s obtained in
a 0.5 M potassium sulphate solution by means of the

coulostatic pulse method11.
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The rate_oonstants for the homogeneous electron
exchange reactions corresponding to the three of the
electrochemical reactions treated in this section are
known. The second order rate constant . for the Fe(CN)63"/
Fe(CN)64" system has been reported by two outhorsqg’qa.
The rate constants for the systems Fe(bipy)(CN)4f/
Fe(bipy)(CN)42— and Fe(bipy)55+/Fe(bipy)52* have been
‘evaluated indirectly by the use of cross electron
transfer reactions betweenyFe(CN)64“ and a‘reaotant of

these oouples14

, though they have neveribeen .

’obtained directly. These homogeneous rate constants are
also involved in Table 12. From the data in this ﬁable ;

it is seen that the standérd~rate constant increases as
the number of the coordinated 2,2'—bipyfidine inoreases;
The same relation.hol&sifor_the Fe(bipy)35+/Fe(bipy)32+
and Fe(bipy)g(QN)g”/Fe(bipy)z(CN)2 systems in DMF
solutioﬁ. On the other hand, the rate constants for the
hoﬁogeneous electron exchange reactions for the Fé(bipy)35+/
Fe(bipg) 5 *, Fe(biny)(ON),™/Pe(bipy)(oN),2 anda Fe(on) >~/
Fe(CN)64" systems decrease in this order. The identity of
the qualitative trend in both kinds of rate constants

may support the paralellism between the mechanism of an

electrochemical redox reaction and that of the corresponding

homogeneous electron-exchange reaction.
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Discussion has so far been based on the apparent

uncorrected
standard rate constant, for the potential in the diffuse

double~layer. Because the present kinetic data were obtained

with a platinum electrode and the transfer coefficients

have not yet been measured, the double~layer correction

VW£§rot performed. The 51xth column in Table 12 shows the
&I?ectlon of shift of the k° values when they are

corrected with the potential of zero charge being assumed

8

to be more negative than 0.18 V vs. SCE~. It is probable

that the parallelism also holds between the kex values

o)
cor

Table 12 shows that the homogeneous and the electro-

and the corrected k° values, k .
chemical rate constants seem to depend on the extension
of the ligand.ﬁhorbital»in the same way. This fact may be
explained as follows: if the ligands are unsaturated
compounds, metal~to-ligand 2 -bondings occur. When the
reactants have large condﬂcting unsaturated ligands, .
they are characterized bj a highly delocalized
-electron distribution,.andvhence the

.geometries of the oxidant and the reductant gpecies

will be nearly equal. Consequently, in the case where

an electron in é 1ow;lying orbital is transferred, the
larger the Z~ofbital of the ligand is, the faster is

the eléctron transfer of the complex.
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HOMDGENEOUS AND EIECTROCHEMICAL RATE CONSTANTS FOR THE SYSTEMS OF

Fe(II:)/Fe(I1) COMPLEXES WITH LIGANDS OF 2,2'-BIPYRIDINE AND/OR »

- CYANIDE ION

E—é— kex k® ksor
System Soln Solv — :
v ' s ans?! om s
Fe(bipy)33+/Fe(bipy)32+ (3) aq 0.81 >0 0.80 0.8
Fe(bipy) > /Fe(bipy) * (1) DF 1.03 1.1
Fe(bipy), (CN),*/Fe(bipy),(CN), (4) ag 0.53 0.63  >0.6
er(bipy,)z(CN)2+/Fe(ﬁipy)2(CN)2 (2) DIF 0.7 0.1
~ Fe(bipy)(CN), /Felbipy)(CN),*™ (5) aqg 031 4x107 043 < 04
’ »Fe(cmg"/%(cﬁ)é‘*' (6) ag 0.18 9x1o“ 0.18 <£0.2
Po(CN) ™ [Fe(0N) *" (7) aq 0.8 0.15
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TABLE 13

DIFFUSION COEFFICIENTS OF Fe(Il) COMPLEXES WITH LIGANDS 2,2'~BIPYRI~
DINE AND/OR CYANIDE ION AT 25 °C.

D/1 0"6 en? s~

Complex -

a b
Fe(bipy)32+ o 3.6 3.6
- Fe(bipy),(Ci), . 3.8 ' 4.3
Fo(bipy) (ON), " - 77
Fe(CH) 6’“”" S — 8.3

* a: obtained by polarogfa;éhy with DME in DMF soln.
b: obtained by cyclic voltammetry with platinum electrode in aq. soin.

’
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. 0« Conclusion

Figure 36 shows the relation between logkex and
logk®. The daﬁa for the redox systems T13+/T1+, Eu5+/Eu2+,
V5+/V2+, Fe5+/Fe2+ and. Mnoq"/MnO42" were obtained from
the paper of Marcusq and the data for perylene/perylene”
system from the recent papers from this laboratoryz’a.
Several experimental points for sjsfems composed df
an aromatic hydrocarbon and its aﬁion radical should lie
near the experimental pdint for the perylene/perylene
system; The data obtained in this work are designated
by solid circles. Figure 36 shows that there is‘slight
doubt about as to existence of a clqse,parallelism
between the mechanism of a homogeneous electron-exchange
reaction and the correépbnding electrochemical electron-
transfer reaction. However, it also shows that the raté
constants of fhe twq processes cannot be related to
each other by a simple equation.' |

| According to'the'theory of Marcu51’4?5, the homogeneous
and electrochemical electfon-transfer rate constants
are expressed by eqns. (2ﬂ)_and (25) respectively.
Homogeneous: )
Koy = KBoyexp(- AF} /RT) | @D

with D ~ .
r 'y p o
¥ W 4+ W A W+ W 1 {r~
AFoy == T (A )ex -T2 f"T{O‘ o)ex+ (li)ex}

(22)
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2.2, 1 1Ay, 1 1
(A Jay = 07¢°(5 + 5= =D (st = ) (23)

o’ex ] 2a1 2a2 r Dop Dy

k% P 5
= —-—-—-—-......___._J J o
(A1) ox Z}l ree? (8as) | (24)
J .
Electrochemlcal.

o) *
k™ = KZ jexp(~ AP, /RT)

with . .
AFg 1 “%‘EP KA (’\)el Y2 P""'?T{(A )el * ()‘i)el}
. (26)
021 1\, 1 1
(Ao)el 5 (g*?)(’ﬁ;; -I—)';) (27)
()'i>el z%‘(li)ex ‘ o (28)

The following symbols are~employed in these equations:

Wt ’ wp‘ Worksrequxred to bring the reactant and
product from infinity to tae p051tlons they would occupy
in the activated complex. For the electrode system, W
denotes the work required to transport the reactant and
product to the SOwcalled pre—~electrode 31te.

= Nunber of electrons transferred from one
reactant to ﬁhe‘oﬁher or, in the electrochemical cese,
fron a reactant to the electrode. . |

e = unit of electronic charge.

a&, a5 = Ionic radiis.

= Interionic distance in the activated complex
(Mercus has taken r = &1 + 85) or, for the electrochemical
- case, twice the distance from the electrode to the center

of the ion.
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D,, = Square of the refractive index.

D, = Static dielectric constant.
Aqy= Difference--in equilibrium values of bond
coordidates.
kgﬁ kjp = Force constantsof the j-th vibrational
coordinates in a reactant and a product. ‘
X = The transmission ooefficient (XK= 1).
+ When it is assumed that r is twice the radius of the

reactant (in the electrochemical‘case).

2 2 p -
<v)'0>el = !!ra ( D op DS ) - . (29)
When aq‘#'a = g and r-= 2a (in the homogeneous case)
2 2
(A ) Jex =55 ¢ D D ) (30)

A discussion in Chapter -IIT on the correlatlon
between the,electrQChemical rates and electronic
configuratidns.of bipyfidine complexes has led us to a
conclusion that a set of uncorrected raée constants
prgvids a more reasonable basis for discussion than that
of corrected ones. This conclusion means that the work
term, w, is negligible in electrochemical reactions of
this kind.

Equation (20) can be oﬁtained from eqns. (21), (25),
(29) and (30) with work terms neglected. The straight line
(4) in Fig. %6 is drawn in accordance with egn. (20). |
The experimental pomnts corresp0ﬂd1nm to homomeneous

rate constants larger than 405 M~ =1 571 deviate from

this line. ‘ . Tl
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An alternative explanation for the relotion
between the homogeneous and the electrochemical rate
constants has been presented bj Peover6 on the basis of
the theory of Hush8 with the reasoning of Halev.
If the pre-clectrode site is located at a position g
few A or more gpart from the outer'Helmholtz‘plane
towards the solution bulk, the contribution from
the image potential can be neglected in calculating
the acitivation free emergy. This condition is consistent
thh the conclL51on of Chapter III that the pre-electrode
51§§A&?cated far apart from the outer Helmholtz plane.
When r =06 holds, the following equations can be led

' from egns. (23), cu), (27) and‘(28)

Xder = A0y~ " (31)
(o1 = (Adey +m (X0, (32)
A parameter is defined by the following equation:

Y= A/ (N, ENEY

‘This is & measure of the contribution from the inner-sphere

reorganization energy to the total reorganization
energy. The homogeneous rate constant can then be related

with the electrochemical one by the following equation:

logk EQQK_L_ll logko + Ady + 3 ‘ (54)
2y + 1 2y + 1
’ 1

with the Zel and Zex values set equal to 107 em 8~ ' and

101 w1 o1 respectively.
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The equations for various values of the parameter Y

are as follows:

logk, = logk® + 7 for v =eo (35)
logkek = 2logk® + 3 for vy =0 (36)
logk,, = 1.5logk® + 5 Cfor y = 1/2 (37) ‘
logkeX = 1e31l0ogk® + 5.7 for vy = 1 (38)
The eqn. (35) agrees with the following equation
6.

derived by Peover :
Kex/Dox = kO/Zel
 The eqn. (36) agrées with eqn. (20) given by Marcus.

Each straight line in Fig. %6 is drawn in accordance
with eqn. (55), (36), (3?) or (38). Eqn. (35) fits the
experimental p01nts for fast reactions but does not
for slow nor 1ntermed1ate reactlons. The Cr(blpy)3+/
Cr(blpy)3 reactlon is one of such fast reactions.

‘As shown in Section. A of this chapter, the observed
lhomogeneous rate constant for this system was in good
agreement with the one calculated with the aid of %he
.‘thesretical equation of Marcus with‘li‘being neglected.
From these facts, it may be inferred that the contribution
of ;%i is also negligible in the electrochemical
reactions with large rate constants‘apprcaching or
exceeding 1 cm s~ 1.

As described above,‘only experimental points

corresponding to very slow feactions obey eqgn. (3%6).
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This fact ‘A suggesﬁathat the slowness of g reéction
should be attributed predominantly to a large Ai value.
The reasons are as follows: (1) a large.Xo value cannot
account for a very small k value because the difference
in molecular radius between Cr(blby)5 (71 A) and

V(H 0)62‘ (3.5 A) can cause only a dlfference in order

by one. (2) The ionic reputsion (w terms) cannot accountfor
this, too. This is evident from the fact that a reaction
beuween a palr of hlghly charveaspecles, Fe(CN)GB-/
Fe(CN)6 » ¢an have a fairly large k, ex Value (105‘~w

10”2 w1 =Ty,

Eqns. (26) and (37) fit the experlmental points for
moderately fast reactions, i.e. Fe(CN)6 /Fe(CN)6 and
MnO /MnO 2- o This = .~ suggeststhat l is comparable
with A in these systems.-

ﬁlgure %6 shows that a Zel value about two ordef

—

of magnitude smaller than ’IO4 cm s is more favourable- it is

quite likely that some saturaulon occurs in the value of '
k°. The latter aspect 1nd1spensably relates to the

problem of the upper limit of the standard rate constant

of the electrode process. In View of the presumed Z

value of the 10717 ¥~ s“q, saturation in k_ values at about

ex

'1010‘M'1 s"/I ig reasonable. However, it cannot be the case

for the saturation in the k value.
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- Fig. 36. Correlation between homogeneous electron-

exchange rate constants and electrochemical rate coastants.,

&), Perylene/Perylene™, Refs, 2 and 3. (2) Data from Ref. 9.
(3) Data from Ref. 1. Solid circles represent the values
measured in this work. Straight lines: are drawn in

accordance with eqﬁ.(}#) for various falues of the

parameter v,




CHAPTER V
SUMMARY

The aim of this thesis is to find the correlation
between the electrochemical electron-transfer rates and
the electronic configurations of the reactants oﬁ the’
baslis of the mechanistic similarity of electron-
transfer process in homogeneous and electrochemical
| réactionsc |

In Chapter I, the purposée of tThis investigaticn
is described. |

In Chapbter II, a new electrbchemical method is‘
proposed to determine'which molecular drbital an excess
electron of reductantyspecies occupies, a ligand
ﬁi@rbital or a metal t2g~orbital; It is based on &2
an empirical rule concerning thé correlation’between
the polarographic half-wave potentials of complexes
and their electronic configﬁrations. Twenty two redox
systems of tris(2,2'~bipyridine} complexes of transition
metals are classified into two groups. The excess
electron in the reductant species of redox sysﬁems,
M332+/ML3+(M’= Fe, Ru, 0s), ML */NL (1 = Fe, Ru, 0s),
MI, /ML, "(M = Fe, Ru, Os, Cr),/MLB'/MLaz-(M - Cr, V),
CrLag—/CrLaau (I = 2,2'-bipyridine) is concluded to

o . . .
occupy a ligand W -orbital. The excess electron in the
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2.
5)’/ML52+(M = Fe,
Ru, Os, Cr, Co), ivIL52+/rwiL5+(M = Go, Cr, V) and VIz*/VL,

/ »
reductant svecies of redox systems ML

is concluded to occupy a metal t2g~orbital.
In Chapter III, the standard rate constants, ko,
for tris(2,2'-bipyridine) complexes of transition mgtals
are measured by the galvanostatic double-pulse methoa.
The standard’rate constant for a redox system falls within

: &
1, when a ligand T -orbital is occupied by

Oelm 0.3 cm s~
the excess electron of the reductant species, and within
OeB5 w13 cm s"q, when a metal tgg—orbital is occupied.

A set of rate constants uncorrected for the potential

of the diffuse double-layer provides a mére'reaséngble
basis for discussibnvtgan that of correctéd ones. The
difference in rate constant between these two groups

is explained by the difference in inner-sphere |
réorganization energy, Ai.

In Chapter IV, the correlation between the rate
constants for the homogeneous electron-exchange reactions
and those for the electrochemical electron-transfer .
reactions is discussed on the basis of the theoretical
equation of Marcus. It is inferred that the contribution
of Ai is negligible in the electrochemical reactions
with large rate constants approaching or exceeding 1 cm s"ﬂ

and large in those with very small rate constants. The

Ai is comparable with Ao in the moderately fast reactions.
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APPENDIX I
Polarography -of Dicyano-bis(2,2'~bipyridine) Iron(II)

Complexes

Figure 37 shows a cathodic poia}ogram for Fe(bipy)g(CN)2
in DMF containing 0.1 M TBAP. It exhibited four waves with
half-wave potentials —1.59; -1.90, -2.1 and ~2.5 V.

The wave at -2.1 V was lower in height than others,

It may be the first reduction wave for free bipyridne.

The first three waves at -1.59, =1.90 and -2.1 were
concluded to be reversible one-electron waves on the basis
of the cyclic voltammogram for,Fe(bipy)g(CN)g in Fig. 38
taken with an initial cathodic'scan. The waves at =1.59

and -1.90 V ma& be assigned to the redOX'systems
Fe(bipy)giﬁN)g/Fe(bipy)g(CN)g" and Fe(bipy),(CN),"/
Fe(bipy)E(GN)gg" respectively. The cyclic voltammogram with

an anodic scan exhibited a reversible one—electron step

corresponding to the redox system Fe(bipy)e(CN)2+/
Fe(bipy) ,(CN),. '

Similar polarograms and cyclic voltammograms were

also observed for the methyl-substituted complexes. The
half-wave potentials of the two redox systems, Fe(CN)
FeLy(ON)o/FeTp(CI) ;™ end FeL,y(CN),™/Pely(ON) .2~

(L = bipy, 4-dmbipy, 5~dmbipy), became more negative

in the order of ligand, bipyw(4~dmbipy'(5-dmbipy

(Pable 14) and those of FeLa(CN)2+/FeL2(CN)2 in the
order bipyu(ﬁwdmbipy L4~Ambipy.
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The absorption band for Fe(bipy)z(CN)2 in the

-1

vieinity of 19,000 cm™ ' has. been assigned to a charge-

1. The charge-transfer bands

transfer ~ .~ transition
for the dimethyl derivatives were measured and assigned.
by analg¢gy to this. The charge-transfer bands for
FeLE(VN)2 were blue-shifted according to the order of
ligand, 4-dmbipy ¢ bipy < 5-dubipy (Table 14).

~red red
The Lq/g ¢ Vs E1/2 1, blots for the FeLg(CN)g/

FeLg(CN)2 and FeLz(CN)2 /FeLa(CN)2 " systems satisfied

equn. (5) as shown in Fig. 39. On the other hand, the

~OX red : +

(54/2 c Eq/g,L) vs. hvyn plot for the FeLg(CN)2 /

Feuz(CN)g'system satisfied eqn. (9) as shown in Fig. 40.
Thus it is concluded that in the first ﬁwo reduction

steps for FeLg(CN)2 each added electron .occupies a

ligand TSorbital and in the oxidation step an electron

is removed from a metal t2g~orbital.,

REFERENCES | | |
'1 25&-0 'Ao Shilt, Jo Amere Chemo SOCQ, _8__%’ 5,000 (1960).
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Fig. 39 Plot of half-wave potentials for (a) FeLQ(CN)‘Q/
I T Y = . \ 2= npred
FeLz(CN)E and FeLQ(CI\)Q /FeLZ(CN)Q . El/z,c,‘vs. those
for I/ systenms, E]Ijg L» in DNF soln. of O.1M TBAP.
: &y

L = bipy, 4~dubipy, 5-dmbipy.
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24 25
h‘vc-,- /eV
Fig.‘ 40, Pld‘s of half-wave potential differehce,

0% red
*1/2,0 = B1/3,3 V. charge trasfer energy by for
PeL,(C) "/ Pel(CN), in agueous soln. of 0.5 M .KCl.
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APPENDIX IT
The Electrochemical Rate Constants for the Redox Systems
+ 3+ 2+
Fe(05H5)2 /Fe(CBHS)Q and Fe(phen)3 /Fe(phen)3
‘ The homogeneous electron-exchange reactions of the

redox systems Ee(CSHS)Zf/Ee(C5H and Fe(phen)33f/Fe-

5)2
(phen)32+ were presumed in Chapter I %o proceed via outér—
‘sphere activated complexer’ because of their large

rate constants. They may be suitablé for testing the
théory‘of the electrochemical electron-transfer reactions.
Their elec%rochémical'rate constants were measured by the
g.d.p. method with the aim of adding a few experi-
mental points to a correlation disgram of |

L vs. k?. Figure 44 sh@ws cyclic voltammograms with

initial anodic scan for (a) & methanolic solution con-

taining 2 mM Fe(C and 0.5 M LiCl and (b) an

Osfis)2
aqueous solution containing 2 mM FeSO4, 6 mf phen and
0.5 M LiCl. The oxidation steps’for Fe(C5H5)2 and Fe-
(ph8ﬂ)32$ were concluded to ba-rfyersible one-electron
steps on the basis of thef>ﬁgdal reversibility
criteria. The observed staﬁdafd,rate constants are listed
in Table 15 together with the literature values for the

A 1,2
corresponding homogeneous rate constants =’ .
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Table 15. Homogeneous and electrochemical rate constants

. e v F \ 3+
for the systems Fe(05H5;2 /Fe(05H5)2 and Fe(phen)3 /
Fe(phen)32+

System Soln. Electrode El/z x°(enm s-lf kex(M_ls'

Fe(c§H5}2*/° methanol(0.5M LiCl) Pt +0.37  0.72 3x10° @

'Fe(phen)sa'}"/g+ aqueous (0.5M LiCl) Pt ‘40.84 0.69 3x108 b

‘st Ref. 1, b: Ref. 2.

REFERENCES

I J. R. Pladziewicz and J. H. Espenson, J. Amer. Chem.

Soc., 95, 56 (1973).

2 I. Ruff and M. Zimonyi, Electrochimica Acta, 18, 515
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£/V vs. SCE
Fig. 41. Cyclic voltammogranms With initial.anodiq scan_for
(a) a methanolic soln. containing 2 mM Fe(C5H5)2
containing
X © mM phen and 0.5 M LiCl. Scan rate
0.1 v 77,

and 0.2M LiCl and (b) an aqueous soln.

2 ol FeSO
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