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Electrochemical behavior of mer- tris(2-pyridinethiolato)cobalt(1ll) in dimethylformamide was studied on a pla-
tinum clectrode by means of cyelic vollammetry, chronoamperometry, and chronocoulometry. Tt was found that
the neutral complex molecule was electroactive between the potential region of 1.0 and — 1.2 V vs. a no-
naqueous Ag/Ag' clectrode. The Co(ITTy complex was reversibly reduced o Co(IT) species by one<clectron
transfer at about — 1.1 V, followed by an ureversible dissociation reaction. | lowever, the oxidation process at
around 0.8 V, was tesponsible for an imeversible two-clectron transfer (hat oceurred at a hgand site.

Introduction

It 15 well known that the cobal(TT) 1on forms very stable
octahedral complexes with a variety of ligands containing
sultur and nitrogen donor atoms duve to the high nu-
cleophilicity of the thiolato sulfur atom."™" The clee-
trochemical behaviour of the cobalt(TIT) complexes has re-
cently attracted considerable atlention™ because the coball
(I compounds exhibit the good relationship between
redox potentials and ligand tield energies of them. To in-
vestigate such relationship, Okuno ef af. reported the data
on both the reduction of Co(TIT) to Co(1T) and the oxidation
potentials of Co(TTT) o Co(TV) by RDT (rotating disk clee-
trode) measurements.’ 1lowever, the oxidation of Co(lll) to
Co(TV) was not conlinmed. On the other hand, the issuc
whether a given cleetron transfer oceurs al a metal or higand
site is on the rise.”

Studics™ of  tris(2-pyridinethiolato)cobalt(111), [Co(IIL)
(Spv),]. a typical 4-membered chelate on S,N-coordination,
were reported o give, for the most part, ils synthelie, struc-
tural, and stereochemical data. The complex [Co(l1N(Spy),]
has been prepared by the reaction [Co(acac)] or [CoQ
(O11)]* with 2-pyridinethiol [[ISpy]. or |Cu(LL0O),JC1, with
[£0,0(Spy),]". and has been assigned a meridional geome-
try by X-ray dilfractometry and NMR spectromelry. Howev-
er, any clectrochemical data of the complex, except the
redox polential, such as reaction mechanism and kinetic
data have not been found.

[n this study cyclic voltammetry, chronoamperometry,
and chronocoulometrv of an electrochemical reaction of Co
(TTH(Spy ), on a platinum cleetrode i dimethy lfomamide
solution were performed in order to elucidate its reaction
mechamsm and kinelic parameters.

Experimental
Synthesis of [Co(III}{Spy),]. Iris(2-pyndinethiolato)

cobal](TIT), [CoTIN(Spy),]. was obtained quantitatively by
modilying the literature method.” A mixture of [Co(H,0),]

This article is dedicaled lo Professor Woon-kie Paik of Sogang
University m commemonation of his 60th birthday.

Cl, (2.1 mmol) and 2-pyridinethiol potassium salt |[KSpy |
(7.4 mmol) in cthanol was placed i a mechanically stured
reaction vessel in the presence ol air for 2 h. The dark
brown reaction mixture was filtered and washed with dis-
tilled water. The crude complex was then reerystallized n a-
cetonitile. The distorted octahedral crystal determined by X-
ray crystallography, was confirmed to maintain the mer-
idional geometry in both solid and DMF solution by NMR
spectrometry. Our assignment is in good agreement with
previous data’

Electrochemical experiments. Dimcethyllormamide
(DMI) and tetracthylammonium  perchlorate (TNCI0)Y)
were used as received from Fluka, and mer- tris(2-
pyridinethiolato)eoball(TTT), mer- (Co(TTTY(Spy) ) was pre-
pared as mentioned above,

The electrochemical measurements were carried out with
a microcomputer inlerfaced o an TiG&G PAR model 273
Potentiostat/Galvanostat and a PAR model 377A Coulome-
tric Cell System. The clectrochemical cell was a three-com-
partment pvrex glass cell. The working Pt-electrode com-
partment was scparated by a [ine porosity glass-Iril [rom
the counter clectrode. The reference clectrode was a Ag/Ag!
(0.1 M AgNO, in acetonitrile) electrode that encased 1 a
bridge (ube connected Lo the [est solution by means of a
fine porosity frit-tip near the working electrode. And all po-
tential data given here referred Lo this relerence, whose po-
tential in test solution was (0.377 V against the SCE ref-
crence. The clectrical conduclivily was acquired on Philips
model PMG6303 RCL meter. All experiments were per-
formed in mtrogen atmosphere at room temperature,

Results and Discussion

Cyclic Voltammetry. Figure 1 shows typical cyclic
voltammogram of the solutions of mer- Co(LIN(Spy),. [I[Spy
(2-pyridincthiol), and KSpy (2-pyridincthiol potassium sall)
m 0.1 M EtNCIO,/DMF. In the Figure 1. cvclic vol-
tammogram ol mer- Co(TITY{Spy), shows a reversible redox
peak at around — 1.0 and an ureversible oxidation peak at a-
hout 0.7 volt, that arc similar to those in lilerature,* whercas
the reversible peak in other solutions containing [ISpy or
KSpy 1s absent. The irreversible oxidation peaks of Figure



Merdional trist2-pvridinethiolatoy Cobaltilil) Bull Korean Chem. Soc. 1997, Vol 18. No. 3 497
0.05 Table 1. Cyche voltammetne data of 1.0 mM Co(Spy), in (.1
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put 0.1 1076 499 0982 428 086 0708 (203
a: 1.0 mM Co(Spy), 02 1082 687 0979 606 088 0726 167.7
0.10 ¥ b: 2.4 mM HSpy 0.5 1097 1055 0966 1013 096 0.762 264.2
_ . I 249 2
a b ¢ 1.8 mMKSpy 1 l,l)? l)).(-) (.]_)D.v 138.4 (.]_88 (.).78(.] ,14.:..:
0.15 2 1140 2175 0942 1947 090 0.900 473.3
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Figure 1. Cyclic voltammogram of mer- Co(IID(Spy) . (a).
HSpy (b). and KSpy (¢} in 0,10 M FUNCIO, DM at a scan rate
of 100 mV-see,

peak-current.
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Figure 2. Cvelic voltammograms of arer- Co(IID(Spy) . in 0.10

M EtNCIO. DMF at various scan rates m the range ot 0.1 2.0
Visec.

1{a). (b), and (c) were observed at about 0.7, 0.2, and - 0.3
volls, respectively. 11 the irreversible oxidation peak of Co
(IID{Spy)3 corresponds to ligand |Spy] combined in the
cobalt complex, more positive oxidation polential of nier-
Co(TIN(Spy), than those of HSpy and KSpy indicates that
the complex was more stable and the electron of ligand
combined to Co(TTT) 15 more delocalized than those of HSpy
and KSpv.

To present reversibility more clearly, the evelie vol-
tammoegram of the complex at vanous scan rates are
shown m Figure 2 and the evelic voltammetrie data are sum-
marized in Table 1. Each peak current (7, i, ori J was
lincarly nercased with mercasimg the square rool of the
scan rate (with R=0.999, refer to Figure 3). It appears that
the electrochemical reduction or oxidation of the complex is
a diffusion controlled reaction. In the case ol redox peak
under the negative polential region, the ratio (7, £ J ol the
anodic to the cathodie peak-current was nearly constant to
0.9 1 the range of experimental sean rates and the current
function ¢, v ) slightly decreased with increasing the scan
rate. Tt 1s speeulated that the reversible clectron-transler
processes are affecled by a following chemical step (that 13
E.C, mechanism)™ sithin the range of the scan rate used i
this study. Under the positive potential region that only ob-

o b———————t——r—r—1——T—7—

T
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(scan rate)” [(Visee)"™]

Figure 3. The relation of the peak currents to the square root of

sean rale.

served the oxidation peak. the current function (i /vi ™)
was nearly constant against the logarithmic scan rate. Tt
seems that the oxidative process is occurring by an ir-
reversible electron-transter without a preceding or fol-
lowing chemical step.™

The irreversible anodic peak-current (i ) was about two
times as much as the reversible cathodie one that was
measured at each scan rate within the experimental error.
Theretore. 1f the reversible process was one clectron-transier,
the irreversible oxidative reaction mavbe lose two electrons
per a complex molecule. According to the Fig. (1) and (2):

.= [23RT (2 nt)| [ dE, dlogw I’ (0
.= [1.857 RT b} | | E—E 2)

by Klinger and Kochi™ that originally derived by Nicholson
and Shain,” the apparent electron-transter coetficients for re-
versible cathodie (o) and anodie (¢ J. and nreversible ox-
dative process (o) were calculated 0.33( »# =1). 0.43( n=I).
and 0.26( # =2) [tom the plot of 77 vs. log v within the error
of 5%. respectively.

Based on the argument above, we propose that an ir-
reversible two-electron oxidation Eq. (3). a reversible one-
electron redox reaction Eq. (4) and a chemical step Eq. (5)
are occurring in sequence (Refer to reaction mechanism
seetion).

[Co'(spy)| + nDMF —E—“— [Co™(SpyHDME),[“ + (Spy).~ 2e'(3)

ir
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k N, -
(oS = ¢ == [CoCSpy) “)

[Co{Spv) |- 1.O k. [CotSpy) ] - LSpy — OII (3)

The lincarity of Figure 3 (dependence of the peak current
on the square root of the scan ratle) suggests a semi-inlmite
diltusion respense. The dilfusion coctficient of depolarizer.
>, Irom the evelic voltammogram (1D =32 x 10%¢m’/
sec), was obtained from a straight line of ipe using the
Randles-Sevicik equation which indicates the reversible elec-
tron-transfer: "

i = 0446 nl Y AD Oy ™ (RT) (6)

where #1s the number ol clectrons passed, 77is the Faraday
conslant, .1 1s the clectrode arca, 2 1s the dilTusion cocel-
ficient. €715 the concentration of the clectroactive specles, v
is the sweep rate. R s the gas constant, and 715 the ab-
solute temperature.

Potential Step Chronocamperometry. Iigure 4 11-
lustrates Cottrell plot. [or ttime up to 2.0 5. This plot 1s
lincar and exhibit a nearly zero current imtereepl, which 1s
conststent with a semiditTusion response. A difTusion coet-
[icient was estimated from this plot using the Cottrell
cquation and 1s identified as 72, where ps signifies po-
tential step (22, =7.8 X 10° em'/see):

i =nlA | C (o (N

Migration ¢nhancement on the diffusional response mav
be diagnesed by a non-zero intereept in the Cotirell plot,™
but this feature was not observed in this investigation. 1)
1s larger than £ within the same order of magnitude. The
dependence of the diffusion cocflicient on the experintental
technique used in its measurement is also observed by Fost-
er and Vos."” [t has been proposed that these ditterences
may represent a dependence on the experimental time scale.
The nature ol the rate determining step 1s not dependent on
the experimental time scale and the larger activation energy
for the evelic voltammetry reflects a greater diffusional mo-
ten hmitation. It 1s not surpnsing. considering the nature of
diffusional motion 1s deeidely ditterent [rom cach other tech
nique.

To clucidate of the rate constant lor the lollowing chem-
1cal reaction, we applied the double potential step technique,
and typical current time curves were obtained like as Figure
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Figure 4. Tvypical Cotirell plot for the reduction at — 1.2V,
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3. The dimensionless ratio ot the anodie to cathodic current
¢i i j, which measured at the time £ and ¢#- T), respectively,
was simplitied 1o L. (8) by Schwarz and Shain.”

_da_ PV PR L Gk 420
B ok, (1 - 71 Py (8)
$= et I (kT/2)+ Do~k lgmke 1
J'“"" ‘[0"2 A" eMdA, - da,

x i!,.(kr/z} 2 TS

where 7 (& /2) represents the modified Bessel functions and
A 1s the tate constant of the lollowing chemical step. When
the time ratio, ¢ = T)T, i1s 1.0. the working curve ( =7, /. vs.
k) is shown in Iigure 6. From the observed current ratio,
{(— i, i=0.18 £0.01), the rate constant, £, was calculated at
0.13 £0.01 sec™.
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Figure 7. Tvpical rclation of charge to time tor double potential
step chronocoulometry,

Potential Step Chronocoulometry. Tlectrochemical
rate constants can be measured by using of a short-time
chronoamperometric technique. The current-time (ransient in
response to a higher overpotential step from a potential
where no cunrent {lowed Tor the electrode reaction, even
though the process 1s reversible, shows a lincar plot ol 7 vs.
" at short time with intercept /_, given by,

I,= nFkC" &)

lrom which the potential dependent rate constant & can be
obtained. Ilowever. the advantage of chronocoulometry
over chronoamperometry 1s that since the total charge 1s the
sequent intergral of the current it minimizes the uncertainty
due to the double layer charging process. If total charge. O,
is plotied as a function ol 7', the data asymplole o the
straight line defined by Eq. (10)"

O (HnlhmC e 1" -1) (1t

where £ 1s the intereept on the x-axts. The value &is ob-
tained trom the slope and the value of 7. Figure 7 shows a
typical example of a O-r and Q-1 ™ plot. By using Eq. {(10)
and Tigure 7, the rate constants (al step-potential) were ob-
tamed as A (— 1.2 V)=0.035, 4,(— 0.8 V)=0.033, and £ (0.9
V)=0.021 emfsee within the crror of 3%, respectively.

The potential dependence of the rate constant in a re-
versible reaction (refer to Fq. (4)) 1s usually writlen as

EtFi=koxpl (BafE—Fi RT), B=a., or — oL, (1

where 13 the cleetrode potential, 1s the transler coclTicient
tor the electrode process, # is the number of electrons transt-
erred in the rate-determining step, and 77 1s the standard po-
tential and £, is the standard rate constant (at £ £ ™" In
other words, Tor a totally wreversible process, the clectron-
transfer rate constant at the evelie voltammetric peak po-
tential, A¢% J 1s dircetly related to the sweep rate v and the
diffusion coetficient D and given bv Eq. (12"

(k) =2.18] D Bukv (RT} | (12)
By using the Eqg. (11) and (12), the standard rate constants
for electron transfer Eqs. (3) and (4) were obtamned as 4 (1.,

0.9 V)=0.021 em/see and & (rev) 3.0 x 107 emisee, respee-
tively,

Bull. Korean Chenm. Scce. 1997, Vol. 18, No. 5 499

0.12 | scan rate=1.0 V/sec

i 10 sec

0.08 |- - -20sec
E 0.04 |-
E L
— 0.00 |-
L
-0.04 -
-0.08 |-

T T T T+ T Tt T T 1
0.6 03 0.0 -0.3 -0.6 -0.9 -1.2

E (V) vs. Ag/Ag

Figure 8. Voltammograms alter reduction at — 1.2 V during
aiven period.

Reaction Mechanism. When the complex, Co(Spy) ..
is dissolved in oxvgen-tree DMF, undissociated neutral
speeies of Co(Spy), will be probably domimant over the oth-
ers due to the conductivity data. | The conductivity v of 0.1 M
solution ol Co(Spy),. HSpy. KSpy. and NaClO, in DMT
were 0.4, 1.3, 54, and 90 p Sfem, respeetively.] TChas been,
thus, proposed that this neutral species is electroactive at
the potential range tested in this work. The reversible evelie
voltammeogram in Figure 2 can be originated from the
reduction ol the clectroactive Co(ITT) species, [Co(Spy))]
and the oxidation of a greater part of the Co(ll) species,
[Co(Spy),T that is produced during reduction. However, a
small part of the reduced species is probably dissociated to
[Co(Spy),] and (Spyv). The dissociated species, (Spy) will
deduet a proton from H,O molecule that partly presents in
DME, and then produce HSpy.

According to Marcus theorv,” the rate of electron transter
can he mdicative of the site of charge transier in a coor-
dination compound. Owing to the chronocoulometric meas-
urements. the helerogencous rate constant (2.1 x 107 em/
sec) of the irreversible oxidative reaction was larger than
that (3.0 — 107 em/sce) of the reversible reduction. We con-
clude from this observation that the irreversible oxidation
wave under the positive potential region (the left-handed
side of the Figure 2) corresponds to a ligand-centered ox-
idation, whereas the reversible wave under the negative po-
tential depicts a metal-centered redox reaction.

In order to confirm the reaction product, the cvelic vol-
tammograms alter clectrolyzed at = 1.2 or 0.8 V during a
given period were obtained and are shown in Figures & and
9. respectively. In Figure 8. the anodic waves appeared at
about 0,15 V were increased with increasing the reduction-
pertod at — 1.2V, whereas the oxidation waves at around
- 1.0 V were not changed. It seems that the chemical
species oxidized at 0.15 V is not to be (Spy7), rather o be
(1ISpv) (refer to Figure 1). In Figure 9, all peak currents
kept nearly constant in any case. In addition, the reduction
peak-currents of Figure 9 at about — 1.1 V were reduced to
halves of those of Figure 8. Tt 13 speculated that the speeies
oxidized at 0.8 V will not be electroactuve in the potential
region tested here and the most part ot the species remains
at a diffusion laver durng the experimental time scale.

Based on the above argument, the following scheme is
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Figure 9. Voltammograms afler oxidation at 0.8 V during a
given period.

Table 2. Kinetic parameters tor the propoesed mechanism of Co
(UD(Spy),

bd) D 02 k.s k E: ko
o o O (cm/ (e n  (em/
A sec)  sec) (tfsec) (V) sec)

SLO03 0,35 0,45 0.26 7&%." 3]-(0)?( 013 0460 0.021

postulated as a probable reaction mechanism ol [Co(TIT)
(Spyv),] and the kinetic parameters are summarized in Table
2.

Muetal-centered redox reaction

[Co™(Spy)] + ¢ % [Co"(Spy )l

[Co(Spy)J+ LLO tin DMF) k. [Co™(Spy) | + [ISpy - OIT
Ligand-centered oxidation

[Co"(Spy )]+ DMF ?k')- [Co™(Spv)(DMEF) |+ (Spy).+ 2¢

ir
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