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Electrochemical and spectroelectrochemical studies of cobalt-Schiff (Co-SB) base complexes. Co(salen) |N-
N'-bis(salicylaldehyvde)-ethvlenediimino cobalt(1l)] and Co(salophen) |N-N'-bis(salicylaldehyde)-1.2-pheny-
lenediimino cobalt(11)]. have been carried ont to test them as oxy gen reduction catalysts. Both compounds were
found to fonn an adduct with oxy gen and exhibit catalytic activities for oxy gen reduction. Comparison of spec-
tra obtained from electrooxidized complexes with those from Co-SB complexes equilibrated with oxygen in-
dicates that the latter are consistent with the postulated complex formed with oxygen occupying the coaxial
ligand position, namely. Co(I11)-SB-O: " The catalysis of oxvgen reduction is thus achieved by reducing
Co(l1]) in the oxvgen-Co-SB adduct. releasing the oxygen reduction product. e.g.. O: " from the Co(I[)-SB

complex.

Introduction

Coordination cobalt complexces that can reversibly coordi-
nate dioxyvgen have been the subjccts of extensive studics.'™
Organic ligands for these complexes include macrocyclic
compounds such as porphyrin and phthalocyanine deriva-
tives as well as Schifl bascs. [t has also been demonstrated
that these metal complexes ac as catalvsts lor the clectrore-
duction of oxygen.™ which is an important cathodic rcac-
tion in cnergy conversion systems such as lucl cells and
baticrics. Since cobalt-Schifl basc complexes were reported
fo be synthetic reversible oxygen carricrs by Tsumaki.
many investigators have conducted extensive studics in rela-
tion (o the oxygen-carrving property of these complexes. '™
Morcover. basced on (his property. investigators poinicd out
that these compounds would be promising clectrocalalysts
for the reduction of oxygen in addition (o coball porphyrins
and coball phthalocyanines.''?

Among (he cobalt-Schifl basc complexces. the best known
is N.N'-bis(salicvlaldchyde)-cthylencdinmino coball(1l). com-
monly called Co(salen). which has a low-spin configuration
with a squarc planar donor alom symmetry.”*7 1t has been
well established that its basc adduct |Co(salen)L|. where L
could be a solvent molccule such as pyridine (Py) and dime-
thyvlsulfoxide (DMSO). and its derivatives have a ground
state clectron configuration in which a single unpaired clec-
tron occupics the d.° orbital. '™ Ochai ef /)" suggested
from their studics on the kinctic and thermodynamic aspects
of the oxyacnation of Co(salen) in various solvents that its
clectronic configuration should be (di) (dy2)(dv>2)*(d2)’
(dg)” when solvents with high donor strengths. such as
DMSQO and Py. arc mcorporated as a coaxial ligand. They
indicated that the oxvgenation of Co(IDL complex forms
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cither OxCoL (1 : | adduct) or LCoO:-CoL (2 : | adduct).
ol which the 2: 1 adduct is thermodynamically favored.
Busscto er af.'” and Hitchman'" identificd clectronic absorp-
tion bands in the ncar infrarcd region corresponding to the d-
d transition [rom their studics on the clectronic structurcs of
low-spin Co(11)-Schilf basc complexes. They assigned one
or morc charge (ransfcr transitions of high molar absorptivi-
tics in the UV-Vis rcgion. Hipp er a/."" in their studics of
Co(Il) complexes using clectronic and circular dichroism
assigned the bands at about 300-351 nm to the 7 — #*
ligand (ransition and that at about 410-490 nm to d — z*
mctal-ligand charge transfer (MLCT) transitions.

We have been studing mechanisms involved in oxygen
reduction rcactions and their catalysis under various experi-
menial conditions.”*! As an cxtension of these studics. we
rcport the results of clectrochemical and spectrocleciro-
chemical experiments on Co(salen) and its derivative N-N'
bis(salicylaldchy dc)-1.2-phenylencdiimino ¢obalt(1T) mono-
hydrate. Co(salophen)-H-O. as model compounds for revers-
iblc oxyvgen carriers and also. for oxygen reduction catalysls.
The study has been conducted [irst in non-aqueous solutions
and cxtended to their adsorbed states on carbon clectrodes in
an cffort o asscss and understand (heir cataly tic activitics for
oxygen reduction in aqucous solutions.

Experimental Section

Aldnich's Co([T)salen) and Co(Il){(salophen). whose chemi-
cal structurcs arc shown in Figure 1. were used as received.
EM Scicnee's Ommisolve. glass distilled dimethylsulfoxide
(DMSQO) was used after fractional distillation aflcr drying
over activated molccular sicves. Soutlhwestern Analytical's
(Austin. Texas) clectrometric grade tetra-n-butylammonium
perchlorate (TBAP) was used as a supporting clectrolyic
after drying on a vacuum ling overmight. For recording lincar
sweep voltammograms in aqueous solutions. Baker Analyz-
¢d KCl or Alfa Product’s ultra purc potassium hydroxide was
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Figure 1. Structures of Cotsalen) and Co(salophen).

Co(salophen)

used. Aqueous cleetrolyte solutions were prepared using dou-
bly distilled, deionized water.

A single compartment cell housing working, reference,
and counter clectrodes was used for both electrochemical
and spectrocleetrochemical measurements. A platinum disk
clectrode with an arca of 0.031 ¢m® was used lor voltammet-
ric measurements, while a reflective platinum disk clectrode
with an arca of 0.33 em® was used lor spectroclectrochemi-
cal measurements. Either a silver wire pscudo-reference or
AgiAgCl (in satuared KCI) reference clectrode was used
depending on the medium. For measurements in aqueous
solutions, a modificd carbon paste {arca—0.24 cm®) or
glassy carbon (GC) disk (arca —0.28 em?®) working clec-
trode, an AgiAgCl (in saturated KC1) reference clectrode,
and a platinum wire spiral counter clectrode were used. Car-
bon paste clectrodes were prepared lirst by mixing 95%
(wiw) ol graphite powdcr (Alla Products, below 325 mesh)
with 5% (wi/w) ol a cobalt Schilt basc complex intimatcly.
This was then mixed with the same weight of wax at an cle-
vated temperature of about 70 °C. The clectrode was made
by lilling a glass tube with this mixture and heating it in an
oven 1o about 70 °C, (ollowed by cutting the carbon paste
outside the tube flush to the perpendicular long axis and sub-
sequent polishing." The glassy carbon clectrode was modi-
fied by flirst dipping a Co{salophen) solution in pytidine and
drying it. This method was not successful for Co(salen) due
1o its high solubility in aqucous alkaline media.

A Hewlett-Packard model 8452A photodiode array spec-
trophotometer was used lor the transmittance spectral mea-
surements. The solution spectea of Co(salen) and Co(salophen)
were oblained in a transmittance mode by this spectropho-
tometer. A Princeton Applied Research {PAR) model 173
potentiostat-galvanostat along with a PAR 175 universal
programmer was uscd for the spectroelectrochemical mea-
surements and 1o record cyclic voltammograms {(CVs). An
Oricl Instaspec® TV with a charge coupled device (CCD)
detector assembled in a near normal incidence reflectance
mode using a bifurcated optical fiber was used for the spec-
troelectrochemical measurements ol both solution and sur-
face specics. In these spectroscopic measurements, transmit-
tance or reflectance of blank solutions were [irst measured
and used for background corrections. Details of the instru-
mentation for spectroclectrochemical experiments have been
described elsewhere.*™

Results and Discussions

Spectroscopie Studies. Figure 2 shows: {a) an absorp-
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Figure 2. UV-Vis Spectrum recorded in DMSQO solution under an
inert atmosphere tor () 0,035 mM Cofsalen) and (b) dillerence
spectrum obtained by substracting the spectrum under the inert
atmosphere from that under the oxygen atmosphere. The insct
shows an expanded spectrum between 400 and 800 nm.

tion spectrum of 3.5x10 ° M Co(ll){salen) in deacrated
DMSO and (b) a diflference spectrum obtained between a
spectrum recorded in the oxygen saturated solution and that
shown in Figure 2a, respectively. The inert atmosphere was
obtained by saturating the solution with nitrogen gas aller
we found that the spectrum obtained for Co(salene) under an
argon atmosphere was identical to that obtained under the
nitrogen atmosphere. The Cofsalen) spectrum obtained with-
out oxygen present (Figure 2a) shows three well delined
bands and a shoulder at about 490 nm. The band at 266 nm
is assigned o the m— #* transition, that at 345 nm to
n— 7%, and the one at 405 nm to d — ¥, respectively. '™
The broad shoulder at around 490 nm ariscs from the d — d
transition according to Hitchman."” The difference spectrum
shown in Figure 2b indicates that the 7 — 7* and n — #*
band undergo increases in their absorbance. while a slight
decrease in absorbance is seen for the d — d transition at
about 490 nm upon its exposute 10 oxygen. Also noticed is a
new broad weak band with its peak absorbance at about 530
nm (sce the spectrum shown in the inset of Figure 2b), which
was assigned 1o the d-d band and much studied.”™ The
decrease in the d — d transition at about 490 nm (sce the
inset of Figure 2b), albeit small, indicates that Co might be
in 13 state. That the central Co ion might be in the 3 state
will be clearer for Co(salophen} as will be discussed in detail
below. The spectra shown in Figures 2 and 3 were obtained
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Figure 3. [IV-Vis Spectrum recorded in DMSQO solution under an
inert atmosphere (or (2) 0,025 mM Co{salophen) and (b) ditterence
spectrum obtained by substracting the spectrum under the inert
atmosphere from that under the oxygen atmosphere.
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Table 1. Summary of Spectroscopic Data”

Cofsalen). 3.5 107" M

Co(salophen). 2.57107° M

’:'1']’1’; Absorhance Transition "™ Absorbance Transition
266 1.23 n—r* 264 1.43 T — n*
345 0.33 n—xn* 296 0.95 n—m*
405 0.33 d—r* 385 0.675 d—m*
490 0.07 d—d 425 0.300 d—d

‘Measurements made by transmittance experiments in a 1.00 em cell
with the solvent used as a spectral relerence.

in the transmittance mode: the spectral data are summarized
in Table 1.

The spectrum of Co(Il)(salophen) recorded under the nitro-
gen atmosphere (Figure 3a) has similar spectral [catures as
those of Co(salen), except that bands arc generally blue
shifted compared to Co(salen) and not resolved as well as
for Co(salen) (see Table 1). The higher electron density on
the salophen molecule due to an extra benzenoid rting is
believed to cause the blue shift as it interacts, or donates its
clectrons more strongly to the central metal ion. The poor
resolution is explained by more extensive conjugation through
the extra benzenoid between two otherwise isolated m-sys-
tems. which makes diflferences between energy levels on the
ligand molecules less separated. Due 1o the benzenoid group.
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salophen became a 1 m-system, whereas two 4z-systemns
arc scparated by an cthylence group in the salen molecule.

When oxygen is saturated in the solution containing Co
(salophen). the difterence spectrum obtained (Figure 3b) is
cssentially the same as that for Co(salen). except that the
decrease in the d = d band at about 425 nm is much more
dramatic. While the absorbances arising lrom 7 — 7%, n —
7, and d —» 7 (ransitions increase. the d — d band at 425
nm and another at about 365 nm show decreasces in their
intensitics upon formation of the oxygen adduct. [n general,
the obscrvation may be summarized as increases in 7 — ¥,
n— *, and d — #* transitions and decreases ind — d tran-
sitions. This suggests that the coordination of oxygen in the
axial position leads to localization of the clectron density
onto the oxygen molceeule through a bond similar to the inoic
bonding. From the similarity of the spectral features obtained
from the Co-SB-0O» adduct with those of the electrochemi-
cally oxidized Co-SB with oxygen absent (vide infra). we
conclude that the Co ion in the adduct is in the 13 state.

The speetral changes observed for Cofsalen) and Co
(salophen} in the absence and presence of oxygen are revers-
ible, indicating that the formation of the adduct is also rever-
sible. Spectral changes were reversible for many repeated
recordings. at least more than three times.

Figure 4 shows the absorbance spectra of the Cofsalophen)
film adsorbed on the glassy carbon surface without poten-
tials applied o scc how the spectrum would be alfected in an
aqueous 0.10 M KCI solution in the absence (a) and pres-
enee (b) of oxygen. This and the other spectra shown hereal-
ter were recorded in a near normal reflectance mode using
an optical (iber probe. [n general, the spectral features are
similar 1o those observed in solution. except that fairly large
red shifts and band broadenings arc observed. The spectrum
under the inert atmosphere (Figure 4a) shows two bands. one
at 403 nm (d — #* transition) and (he other at 475 nm (d —
d transition). Compared to the spectrum recorded in solution
(Figure 3a), it is seen that both bands underwent red shifts by
about 20-50 nm. Also. the spectral bands are much broader
than those observed in the solution. The band broadening
obscrved here suggests that Co-SBs undergo oligomeriza-
tion or polymerization reactions when adsorbed on carbon
surfaces. Very similar obscrvations have been made for iron
and cobalt phthalocyanines also.” More importantly, the rel-
ative oscillator sttength of the d — d transition became sig-
nificantly higher compared to that of d — #* on the carbon
surface. The extensive red shifts in spectral bands and the
increase in the d — d absorption in compatison to that in
solution indicate that carbon surfaces may act as an clectron
donor in the axial position. [n other words. the Co ion may
be in a partially reduced state on the carbon surlace. It was
pointed out in recent reports® - that the adsorption of planar
molecules with the 7z system onto the carbon surface may
take place via a # — & interaction between the 7 system of
the planar molecule and the  system of the carbon; the
adsorption on the carbon surface would render the central
metal ion (Co(11)) more reduced. resulting in an increase in
the MLCT band. The band broadening and spectral shills
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Figure 4. Absorption spectra recorded for Co(salophen) adsorbed
on glassy carbon in 0.1 M KC1: {a) under an inert atmosphere, (b)
under an oxygen atmosphere, and (¢) difference spectrum obtained
by substracting (a) from (b).

must have resulted from the formation of aggregates that
these specics tend to form. ™

The spectrum ol Co(salophen) {ilm recorded in an oxy-
gen-saturated solution {Figure 4b) shows slight incrcases in
the d = 7* (~405 nm) and d — d (~480 nm) transitions along
with some spectral shifis. The differences in the spectral
behavior displayed upon addition of oxygen are shown more
cleatly in the difference spectrum in Figure 4¢. A similar
behavior was observed in the solution spectra in the pres-
ence of oxygen, except that the d — z* band at about 480
nm is almost not aflected. Duc to the localization of the clec-
tron density onto the oxygen molecule in the axial ligand
position, the Schifl” base ligands become more detached
from the central metal ion and. thus, shows a stronger n —
z* transition ab about 375 nm as can be scen [rom Figure 4c.
The 7 back-bonding from the molecular oxygen to the Co
ion makes eleetronic transitons of Co d-clectrons ecasier.
resulting in slight increases in d — d transitions at about 480
and 570 nm.

‘Table 2. Summary of Voltammetric and Coulometric Fxperiments
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Electrochemical Studies. Figure 5 presents typical cyelic
voltammograms of Co(salen) (a) and Co(salophen) {b) in
DMSO under an inert atmosphere. The voltammetric char-
acteristics are listed in Table 2. From the peak separation
values (AEys) and the cathodic-to-anodic or anodic-10-
cathodic peak current ratios, we conclude that the clectron
transfer processes are chemically reversible, one clectron
transfer processes. Also, the scan rate dependencies of the
peak currents support that the clectron transier is a diffusion-
controlled process. Dillusion cocflicients were caleulated to
be 1.4 (L 0.3)%10 © em?s for Co(salen) and 3.0 (L 0.4)x10 °
em’/s for Co(salophen), respectively, [rom the slopes of the
in vs. v'2 plots, where 7, is the peak current and v is the sean
rate. The slope of the 4, vs. v plot has the form,

slope = (2.69x10°)"AD"2C* ()

for a reversible clectrochemical reaction, where 77— 1 {sce
Table 2), A is the clectrode arca, D is the difTusion coelli-
cient, and (* is the bulk concentration of the compound.* Tt
is interesting that Co(salophen) has a larger dilTusion coelti-
cient than Co(salen). Unfortunately. we have no explanation
for this anomaly although one might speculate that the mole-
cule with a planar salophen ligand might feel less resistive
for the medium than with a less planar salen ligand.

Chronocoulometric experiments were carried out in order
to obtain kinctic parameters for the electron transfer reac-
tions. These experiments were carricd out at lower potentials
than the diffusion limited region. According to Christic et
al.***" a faradaic charge (Q(£)) vs £ plot for a redox process
is linear and follows the relation

I TG
Q(f)—l?i';‘i/{_i(.,,[m- I:’2:| 2)

where 71= 712424 with # the intercept on the time axis
when Q(¢) = 0. The & values can be obtained from the slope
at various potentials. From the &y values thus obtained, the
exchange rate constant & is calculated using the equation,

k- Ko Sie - £ ©

where ¢ is the transfer coceflicient. £ is the applied potential,
and E” is the formal potential cstimated from the average ol
the cathodic and anodic CV peak potentials. The exchange
rate constant (4") values calculated from plots shown in Fig-
ure 6 arc 4.2x10 * cm/s and 3.6x10 * cmés with ¢ valucs of
0.33 and 0.48 for reducing Co(salen) and Co(salophen),
respectively. These values place the clectrochemical reduc-

Compounds £V AFpr. mV? Pappt” Ev AFpz mV* P2
Co(salen) 0.030 60 1.11 £ .08 -1.13 60 .97 1 .02
Cotsalophen} 0.051 60 1.07 L0.03 -1.03 60 .95 L 0.02

“Formal potentials (£"y) were estimated by taking averages of anodic and cathodic CV peak potentials measured with respeet to the Ag/Ae(l (in
saturated KC1} clectrode for Co(IIyCagIl) (subseript 1) and Co(I1)/Cofl) (subscript 2) redox pairs. "Af.s are detined by the difterenee of potentials for
anodic and cathodic processes. “number of electrons transterred determined by coulometric experiments.
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Figure 5. Cyclic voltammograms recorded at 50 mVis in DMSO
solutions containing (a) 1.36 mM Co(salen) and (b) L.10 mM
Colsalophen} under an inert atmosphere.

tion ol these compounds in the calegory of clectrochemi-
cally quasireversible electron transfer.

The modilied carbon paste clectrodes were prepared using
graphite powder. Lincar sweep voltammograms (LSVs) record-
ed at these electrodes without oxygen present in aqueous
KO solutions showed similar behaviors to those shown by
adsorbed coball phthalocyanines, in which low irreversible
current traces ol Co-SB reduction appeared (not shown).**
When oxygen was saturaled. the current due to Co-SBs were
supptessed and the LSVs as shown in Figure 7 were obtain-
ed. As can be seen, significant catalytic activitics are obscry-
ed from these clectrodes {or oxygen reduction as cevidenced
by the potential shifts for oxygen reduction by (80 and 160
mV at Co(salen) and Co(salophen) modified clectrodes.
respectively. A larger potential shift by Co(salen) than that
by Co(salophen} suggests that the Co(salophen)-O» adduct
has a higher thermodynamic stability than Co(salen)Os. The
varfations in peak currents at the Co(salen) and Co(salophen)
modified electrodes reflect the difficulty in precise control of
surface arcas ol carbon paste clectrodes.

Spectroelectrochemical Studies.  Spectroelectrochemical
measurcments wete conducted on Cofsalen) and Co(salophen)
solutions in DMSO. The dilference spectra were recorded in
a near normal incidence reflectance mode at various applied
potentials with spectra recorded at open circuit potentials
used as references. Thus. the difference spectra obtained
show the difference in specteal features caused by applying
potentials with respect to the open circuit potential.

Figurc 8a shows the difference spectrum of 0.35 mM
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modified clectrode.

Co(salophen) in DMSQO while it is reduced at -1.2 V in an
incrt atmosphere. These spectroelectrochemical measure-
ments were made in a reflectance mode such that all the
Co(salophen) molecules above the eletrode surlace. which
underwent clectrochemical reactions. are integrated in the
form of absorbance. The 7 — 7*. n — 7*. and d — #* bands
arc not significantly aftected by the reduction. while the
d — d bands in both the high (~480 nm) and low (610 nm)
energy regions are suppressed. It should be pointed out here
that the spectroclectrochemical behavior shown by the Co-
Schifl base complexes described here is in stark contrast to
those shown by its phthalocyanine counterparts. The metal-
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Figure 8. Difterence spectra recorded from (.35 mM Co (salo-
phen) while it is reduced al -1.2V {a} and oxidized at 10.2 V vy Ag
(b} in DMSO containing 0.1 M TBAP under an inert atmosphere.
The retlective platinum  clectrode was used for spectroclectro-
chemical measurements.

lophthalocyanines exhibit an intense metal-ligand charge-
transfer (MLCT) band upon reduction to Co(I).>' However,
the MLCT band. ie.. d = 7% transition here, is not much
alfeeted when Co(salophen) is reduced. There appears to be
a slight increase in the d — 7* transition (Figure &a)) but
we are not cerlain whether this is the increase in signal or an
expetimental artilact due 1o noise. An extra electron added
1o the complex may be stabilized through an extensive con-
jugation through three benzene rings which are linked by,
and thus conjugated vie. two -CH — N- double bonds. The
decrease in the d-d transitions in both cnergy regions (~480
nm and ~610 nm} upon reduction suggests that the addition
ol the extra clectron goes 1o the dyy orbital. which makes the
clectronic transition from the occupied d-orbitals more dilfi-
cult. This must be why the d-d transitions are suppressed.
while the MLCT band is not alfected significantly.

When Co(salophen) is oxidized (Figure 8b). it shows a
very similar speetral changes to the case when it forms an
adduct with oxygen (Figure 3b). This behavior is consistent
with the fact that the Co ion in the adduct must be in the 13
oxidation state. as alrcady pointed out. When oxidized, the
MLCT bands are suppressed while the absorbance of the
d — d band is increased.

Out results from the spectroscopic studics on Co([l) Schilf
base complexes show that their clectronic structure is sensi-
tive not only to the molecular structure of the Schifl base
ligand but also to the type of the axial ligand. The solution
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speetra recorded from Cofsalen) and Co(salophen) in aprotic
media in the presence ol oxygen show basically the same
speetral [eatures as those of clectrochemically oxidized Co-
Schifl base complexes, indicating that the central cobalt ion
is in the -3 state in Co-SB-oxygen adducts. This supports the
widespread view' ™13 that the adduet is in the form of
Co(1l[)-SB-0: .

The two Co-SB complexes studied here undergo quasi-
reversible one-clectron transfers for both oxidation and
reduction. Also, the Co-SB modificd clectrodes on a graph-
ite powder support clearly exhibit catalytic cflects.

Conclusions

From the spectroelectrochemical results, we conclude that
d-orbital energics of the metal ion center are aflected by the
oxidation state of the metal, explaining the changes in MLCT
and d — d bands in these complexes. The decrease/inercase
in absorbance of the d — d transition depending on whether
the complex is reduced or oxidized (Figure 8(a)) suggests
that the d > d band arises Irom the d;2 — dy, transition.
According to Ochai.'™"™ Co(salen) dissolved in a strong
donor solvent such as DMSQO has an unpaired clectron local-
ized m d;2 orbital; hence, an clectron removed would be
from this orbital. This transition should be in the 450-5350
nim region in this energy level scheme.

The oxidation state of the Co ion in the oxygen saturated
solutions of Co(salen) and Co(salophen) is shown to be
Co(1ll) from the similarity of their difference spectra to
those recorded when these complexes are clectrocherically
oxidized under the nitrogen atmosphere. Hence. the pres-
enee of Co(I1}0: in the dioxygen adduct is consistent with
results obtained (rom these experiments.

Finally, our obscrvation is consistent with a catalytic mech-
anism. in which the catalytic cflect is attained via the adduct
formation of Co-SB with dioxygen. ie. Co(ll)-SB-O; .
The adduct is then reduced and the product is released accord-
ing to the reaction,

Co(lI1)-SB-0; — ¢ — Co(l)-SB — 0s™" ()

The Co(11)-SB thus reduced is reoxidized by forming the
adduct again in solution with oxygen, repeating the catalytic
process. The reduction potential of the adduct is more posi-
tive than that of oxygen reduction, making the overpotential
for oxygen reduction smaller. The reactive intermediate spe-
cics, superoxide ion. will then find its way to go to the final
product. e.g., cither peroxide or water. depending on the
reaction medium.

We proposed the above mechanism in our carlier study of
the catalytic mechanism for oxygen reduction using Co(Il)-
disalophen as a catalyst.'" [n our current study, we have iden-
tified the intermediate species. ie., an adduct formed bet-
ween Co-SB and O», using speetroscopic and spectroclectro-
chemical techniques. and present it as evidence for it.
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