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Catechol-Pendant Terpyridine Complexes: Electrodeposition Studies and Electrocatalysis of
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The synthesis, spectroscopic characterization, and electrochemical characterization, including the electrodeposition
onto glassy carbon (GC) and platinum (Pt) electrodes, of electroactive films of the homoleptic catechol-pendant
terpyridine complexes [M®#)]?>" (where M= Co, Cr, Fe, Ni, Ru, and Os, and & 4'-(3,4-dihydroxyphenyl)-
2,2:6',2"'-terpyridine) are described. The potential dependence of the deposition was probed through electrochemical
quartz crystal microbalance (EQCM) studies. Multilayer equivalent films were found to deposit at potentials less
than that of the catechol oxidation process. Whereas the heteroleptic ruthenium(ll) complex [ReXtpyjthy
=2,2:6',2"-terpyridine) did not deposit onto electrode surfaces, the corresponding osmium(ll) heteroleptic complex
[Os(tpy)(LA)]?* deposited onto Pt and GC electrodes, suggesting that the metal center can play an important role
in the deposition process. The heteroleptic cobalt(ll) complex [Co(v-tBy¥(L (v-tpy = 4'-vinyl-2,2:6',2"'-
terpyridine) was found to deposit onto Pt or GC electrodes through either a catechol-based deposition or a v-tpy-
based electropolymerization, depending on the potential range over which a homogeneous solution of the complex
was cycled. The electrochemical response of [Ep{E"-modified GC electrodes in aqueous solution was robust

and pH-dependent over the pH rangelll, suggesting that the catechol moieties retain their pH-dependent redox
activity upon immobilization. The application of these complexes, in solution and as electrodeposited films, to
the electrocatalytic oxidation of NADH was also probed. [C)f]?" in solution plus [Co(B);]%"- and [Co(v-
tpy)(L3)]? -modified GC electrodes were found to catalyze the oxidation of NADH in pH 7 phosphate buffer
solution.

Introduction at bare electrode surfacé®Although the reversible potential
for NADH oxidation is estimated to be0.32 V vs NHES there

Film formation, by electropolymerization, of various substi- . . . . .
is typically a very high overpotential which can be as large as
7

tuted phenanthrolines and polypyridines has been previously
reported.-2 Meyer and coworkefshave reported on the oxidative
electropolymerization of metal complexes of 5-amino-1,10-

phenanthroline and related the surface coverage of the resultin o . .
umerous derivatives incorporating such a group have been

films to the redox potential of the metal centers. They have loved | ) K h d d th
characterized the electrochemical and photophysical propertiesemp oyed: In previous work we have demonstrated that
of such films and have employed them in electrocatalytic electrodeposited films of 3,4-dihydroxybenzaldetfydgas well
applications as transition-metal complexes of 1,10-phenanthroline-5,6-tione

The catechol-pendant terpyridine liganti(a,4-dihydroxy-  (Poth of which contain catechokquinone groups) are very

phenyl)-2,26',2"-terpyridine (L2) was first synthesized by Ward ?ctlve n t_he ellegtroclatalyélcngfaélon OJ I\:ADhHi tl)n fact, we b

et al® and was used to prepare multinuclear oligomers via ave previously developed aldenyde and alcohol biosensors by

deprot_onatlon of the cate_chol group_and_su_bsequent b_|nd|ng of (4) Gorton, L.J. Chem. Soc., Faraday Trans 1986 82, 1245.

metal ions. We became interested in this ligand and its metal (s) Eving, P. J.; Schmakel, C. O.; Santhanam, K. SC¥it. Rev. Anal.

complexes for their application in such processes as the Chem.1976 6, 1. _ . _

electrocatalytic oxidation of NADH. Investigations of the redox ~ (6) Clark, W. M.Oxidation Reduction Potentials of Organic Compounds
. L . . . . The Williams and Wilkins Co.: Baltimore, MD, 1960.

reactivity of f-nicotinamide aden'ne d'mJ_CleOt'de (NADH) and  (7) (a) Aizawa, M.; Coughlin, R. W.; Charles, Miochim. Biophys. Acta

its oxidized form (NAD") are important, in part, because over 1975 385 382. (b) Leduc, P.; Thevenot, Bioelectrochem. Bioenerg.

300 dehydrogenases use these compounds as cofactors. Materials8 1974f1’ 1 o (&) Tse. D i Tl Chem 197

that can catalyze such redox processes and, additionally, that &) Se€ for example: (&) Tse, D. C. S.; KuwanaAnal. Chem197§

. . 50, 1315. (b) Jaegefeldt, H.; Kuwana, T.; Johansson). @m. Chem.
may be attached to electrode surfaces are of particular interest  soc.1983 105, 1805. (c) Kunitake, M.; Akiyoshi, K.; Kawatana, K.;

It is generally accepted thatquinones can be quite active
in the electrocatalytic oxidation of NADH, and as a result,

because of their potential utility in a wide range of sensor © gakashimg, IEI ManabEe, A% ElactlrjoaAnall. %T]emll%%(i %%Zég.
At ; fres ; ; ariente, F.; Lorenzo, E.; AbfapH. D.Anal. Chem \ .
appllcatlon_s. The T"alor. difficulty arises as a result of t.he hlgh (10) Pariente, F.; Lorenzo, E.; Tobalina, F.; Abaurtd. D. Anal. Chem.
overpotential that is typically encountered for NADH oxidation 1995 67, 3936.
(11) Pariente, F.; Tobalina, F.; Darder, M.; Lorenzo, E.; AlruH. D.
(1) Abrufa, H. D.; Denisevich, P.; Umana, M.; Meyer, T. J.; Murray, R. Anal. Chem1996 68, 3135.
W. J. Am. Chem. S0d.981, 103 1. (12) Pariente, F.; Tobalina, F.; Lorenzo, E.; Herdez, L.; Abrui, H. D.
(2) Ellis, C. D.; Margerum, L. D.; Murray, R. W.; Meyer, T. lhorg. Anal. Chem1997, 69, 4065.
Chem.1982 22, 1283. (13) (a) Goss, C. R.; Abfiy H. D.Inorg. Chem1985 24, 4263. (b) Wu,
(3) Whittle, B.; Everest, N. S.; Howard, C.; Ward, M. org. Chem. Q.; Maskus, M.; Pariente, F.; Tobalina, F.; Ferdez, V. M.; Lorenzo,
1995 34, 2025. E.; Abrute, H. D.Anal. Chem1996 68, 3688.
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coupling the enzymatic activities of aldehyde and alcohol Scheme 1
dehydrogenases with the electrocatalytic activity (toward NADH

oxidation) of films derived from these materials. Hilt et'4l.

have also reported the use of transition-metal complexes of 1,-
10-phenanthroline-5,6-dione for the efficient regeneration of

NAD(P)* in enzymatic synthesis.

Herein we report on the synthesis and characterization of
transition-metal complexes of the ligantd(8,4-dihydroxyphe-
nyl)-2,2:6',2"-terpyridine (1?). These materials undergo elec-
trodeposition, and the influence of the applied potential on the
deposition was probed through electrochemical quartz crystal
microbalance (EQCM) studies. These electrodeposited films alsowhether other transition-metal complexes of this ligand behaved
exhibit electrocatalytic activity toward the oxidation of NADH. ~ similarly. Scheme 1 illustrates the-dubstituted terpyridine

ligands L and L2 The homoleptic complexes [M{)p]?" (M
Experimental Section = Co, Fe, Ni) were prepared in high yield by heating the ligand
with the appropriate metal chloride in methanol at reflux. The

dry dinitrogen, unless otherwise stated, using standard Schlenk andruthercljlum(llf)v\forgplﬁi( tcf)1f E was ﬁlreparedl following thed
cannula techniques. Solvents (analytical grade) were used withoyt Proceaure orvardwnile e osmium(Il) complex was prepare

further purification. Acetonitrile (Burdick and Jackson, distilled in glass) oM OsCh and & in ethylene glycol at reflux. The catechol
for electrochemical experiments was dried ogeh molecular sieves. ~ Pendant ligand Eand its homoleptic and heteroleptic complexes
Tetran-butylammonium perchlorate (TBAP) (GFS Chemicals) was Were prepared via deprotection of the methyl ether groups of
recrystallized three times from ethyl acetate and dried under vacuumL! or the appropriate metal complex oft lin concentrated

for 96 h. Phosphate buffer solutions of pH 3, 5, 7, and 11 were prepared, hydrobromic acid at reflux. Alternately, these complexes may
and HSQO; was used for the preparation of pH 1 solutions(3}4- be prepared by demethylation using BBr CH,Cl, as reported
Dimethoxyphenyl)-2,26',2"-terpyridine (L), [Ru(LY),]?", and [Ru(tpy)- by Ward3 The complex [Cr(B);]2+ was prepared by the room-
(LYH]?>" were prepared according to the procedure of Ward ét al. temperature coordination of2Lto CrCh in deoxygenated
Ru(tpy)Ck,'®> Os(tpy)Ch,*6 and 4-vinyl-terpyridiné’ were prepared aqueous methanol. The complexes [CICI» and [Co(12)]-
according to literature methods. Silica gel for column chromatography Br, were similarly .prepared from Coandsz in metha?’lol

was purchased from ICN. All other reagents were purchased from o . ' ) f .
Aldrich and used as received. containing either LiCl or LiBr, respectively. The heteroleptic

Apparatus. NMR spectra were obtained in the designated solvents CoPalt(ll) complex [Co(y-tpy)(E)]2+ was prepared from Co-
on a Varian 200 (200 MHz) or Varian 400 (400 MHz) spectrometer. (L?)Cl2 (which was obtained by heating [CA{|Cl at 100°C
Mass spectra were recorded at the Mass Spectrometry Laboratory,in vacuo according to the procedure of Hogg and Wilkips
University of lllinois, Urbana, IL. Elemental analyses were performed and v-tpy in methanol at reflux (Scheme 2).
by Quantitative Technologies Inc., WhitehOUS.e, NJ. Electronic spectra The Comp|exes were all characterized by FAB mass spec-
were recorded on a HewletPackard 8451A diode array spectropho- trometry, elemental analysis, and electronic spectroscopy. The

tometer. Electrochemical experiments were carried out with a BAS CV- 1H NMR of the diamagnetic complexes exhibited the expected
27 potentiostat. Three-compartment electrochemical cells (separated by

: s . ; o number of signals associated with the terpyridyl ligands and
medium-porosity sintered glass disks) and with the provision for gas .
addition were employed. All joints were standard-taper so that all the catechol c_)rdlmethoxypher_lyl pendant groups. The complgxes
compartments could be hermetically sealed with Teflon adapters. @ll showed intense absorptions in the UV spectral region
Platinum disk (geometric area 0.008 cnd) or glassy carbon (GC)  assigned tor—x* transitions. As expected, an intense broad
electrodes (geometric area0.20 cn?) were used as working electrodes. ~ absorption, which is ascribed to metal-to-ligand charge-transfer
The electrodes were polished prior to use witpirh diamond paste (MLCT) transitions was observed in the visible region of the
(Buehler) and rinsed thoroughly with water and acetone. A large area spectra for the Fe(Il), Ru(ll), and Os(ll) complexes. The cobalt-
platinum wire coil was used as a counter electrode. All potentials are (]]) complexes also showed a number of charge-transfer bands
referenced to a saturated Ag/AgCl electrode without regard for the liquid \yhich were more intense than the bands reported for [Co-
juncticl)Sn potential. EQCM instrumentation has been described previ- (tpy)2]2+,19 but similar to the analogous complexes of the
ously: isomeric ligands 4(2,5-dimethoxyphenyl)-2;%6',2"'-terpyridine
(L3 and 4-(2,5-dihydroxyphenyl)-2,26',2"-terpyridine (1#).2°
Detailed descriptions of synthetic procedures as well as full

Materials. All reactions were carried out under an atmosphere of

Results and Discussion

Synthesis and Characterization of the Complexesnitially, analytical and spectroscopic data are given in the Supporting
we were interested in the potential ability of the catechol-pendant Information.
bis(terpyridyl)cobalt(ll) complex [Co()]** to electrocatalyze Electrochemical StudiesThe cyclic voltammetric responses

the oxidation of NADH. However, once we synthesized this of the complexes were recorded in acetonitrile solution, and

complex and found that it deposited on both Pt and GC their metal- and ligand-centered formal potentials are presented
electrodes (vide-infra), we became interested in determining in Table 1. The behavior of the homoleptic and heteroleptic

Ru(ll) complexes of Land L2 are in agreement with the values

(14) (a) Hilt, G.; Jarbawi, T.; Heineman, W. R.; SteckhanCBem-—Eur.  reported by Ward et &lBriefly, for L* complexes of ruthenium,
J.1997 3, 79. (b) Hilt, G.; Lewall, B.; Montero, G.; Utley, J. H. P thare was a second chemically irreversible oxidation wave at
Steckhan, ELiebigs Ann./Recl1997 2289. . - o

(15) Sullivan, B. P.; Calvert, J. M.; Meyer, T. [horg. Chem.198Q 19, potentials more positive than that of the Ru(ll/lll) oxidation,
1404. which was assigned to the oxidation of the dimethoxyphenyl

(16) Eg“gj'f”l‘ghgg“d D. A Dwyer, F. P.; Sargeson, A. Rust. J. Chem.  group. As a point of comparison, they noted that 1,2-dimethoxy-

(17) Potts, K. T.; Usifer, D. A.; Guadalupe, A.; AbayH. D.J. Am. Chem.

So0c.1987, 109, 3961. (19) Hogg, R.; Wilkins, R. GJ. Chem. Socl962 341.

(18) Takada, K.; Storrier, G. D.; Pariente, F.; Abayii. D.J. Phys. Chem. (20) Storrier, G. D.; Colbran, S. B., Craig, D. @. Chem. Soc., Dalton
B 1998 102, 1387. Trans.1998 1351.
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Scheme 2
[Co(L?),** Co(L*)Cl [Co(v-tpy)(LH)]**
Table 1. Electrochemical Data for the Complexd¥ vs Ag/AgCl) of Ni and Co there was virtually no difference in the formal
complex M(I/11T) Eb  tpyltpy  tpy /tpy? potentials of the Land L* complexes. In the case of Ni(ll) we
[Co(LJ2 0.28 165  —0.74 154 aspnbe thls to the fact thgt the oxidation processes agsoqated
[Co(L?)7]2+ 0.28 152 —08C¢ 154 with the Ilgands occur prior to the metal-locallzeq oxidation.
[Co(v-tpy)(L)] 2 0.28 139 —07Z Conversely, in the case of Co(ll), the metal-localized process
[Cr(L?)y)" —0.15 145 —0.97 —0.50 precedes the ligand-localized redox reactions for bdtlard
[Fe(Lh]* 1.10 162 —-1.20 -131 L2, All of these effects demonstrate the degree to which formal
%E“e((ll-g%i e e T a1 potentials of metal-centered redox processes can be modulated
[Ni(L2)§]2+ 178 138 —116 ) by_dehperate changes in the pendant substituent of the terpy-
[Ru(LY)]2+ 128  1.66 —1.16 ~1.36 ridine ligand.
[Ru(L?),]** 1.41 1.20 —1.33 —1.60 Electrodeposition of Complexes of BE. EQCM Studies of
[Ru(tpy)(LH]> 1.32 167 -1.20 —1.45 [Co(L?),]2+. The electrodeposition of the homoleptic cobalt-
{gg&eﬁg@lﬂ é-g% iég :1-?2 :i'gz (I complex was studied in most detail, using voltammetric and
[OS(L2)§]2+ 0.98 105 —128 _152 EQCM methods, gnd will be discussed flrst. Slncg detall§ of
[Os(tpy)(LY]>* 0.93 160 —1.17 —1.44 the EQCM technique have been described previously in a
[Os(tpy)(L2)]** 0.95 1.15 -1.14 number of reviewd?2 only a brief description is given here. A
aRecorded in CHCN, 0.1 M TBAP.b For [M(LY);]2* EY: for decrease or increase in the frequency of a quartz crystal

[M(L2)2]2" Epa catechol oxidations M(Il/l) couple. resonator usually indicates mass loading onto or unloading off
of the quartz crystal, respectively. However, since changes in
benzene affords soluble oligomers or polymers bound to the frequency are caused not only by changes in mass but also by
surface via coupling of a radical cation, and they used changes in solution properties, such as viscosity and density,
Osteryoung Square Wave voltammetry to show that this and film properties, such as viscoelasticity, roughness, thickness,
oxidation led to an electrochemically active product. The cyclic and solvophilicity of the film in contact with the quartz crystal

voltammograms for the complexes [M{k]?" (M = Co, Fe, resonator, the main factor that causes frequency changes during
Ni, Os) showed both metal- and terpyridine-centered processesthe deposition of the [M(B),]?" complexes onto the quartz

similar to those exhibited by the corresponding [M(&%) crystal resonator needs to be established. In doing so, admittance
complexes. In addition, there was a redox process at-te6 measurements of the quartz-crystal resonator are particularly

V, which is ascribed to the two superimposed quasireversible informative3
one-electron oxidations of the dimethoxyphenyl groups to the  Figure 1 shows the typical current (CV) (Figure 1A) and
radical cation as typically observed for aryl ethérs. frequency (Figure 1B) responses as a function of applied
The electrochemical behavior of the complexes &fwas potential for an acetonitrile solution containing [C8(]2". The
complicated by their deposition onto the electrode surface at waves, which on the initial voltammetric scan were centered at
negative potentials. In this section, we will discuss only the +0.2 and—0.8 V, correspond to metal-localized Co(ll/Ill) and
response observed on the initial anodic scan. At positive Co(ll/l) processes, respectively. The increase in current with
potentials, the cyclic voltammograms exhibited an irreversible continuous potential scanning indicates the accumulation of an
wave betweent1.0 and+1.4 V which is ascribed to the electroactive film on the electrode surface. The overall decrease
irreversible oxidation of the catechol group. Comparison of the in frequency upon continuous potential scanning also demon-
potentials for the M(lI/ll) processes for the [M#F" (M = strates that deposition of the [C}k]2" complex is taking place
Fe, Ru, or Os and k= L! or L?) complexes shows a positive  on the electrode surface. On the first scan, the frequency
shift of ca. 100 mV for the catechol-pendant?(lcomplexes decreased during the cathodic sweep from €8.4 V and
that is attributable to an increase in the ligand’acidity, since continued to decrease gradually even after scan reversal (at
the catechol-pendant groups are oxidized prior to the M(II/lll) —1.20 V) until the potential of the Co(ll/lll) process was
couple in the complexes of?LIn contrast, for the complexes

(22) (a) Buttry, D. A.; Ward, M. DChem. Re. 1992 92, 1355. (b) Oyama,
(21) Zweig, A.; Hodgson, W. G.; Jura, W. H. Am. Chem. S0d964 86, N.; Ohsaka, TProg. Polym. Sci1995 20, 761.
4124. (23) Borjas, R.; Buttry, D. AJ. Electroanal. Chem199Q 280, 73.
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-1.2 -0.8 -0.4 0.0 0.4 0.8

E/V vs Ag/AgCI
L L L L ! I Figure 2. Current (A) and frequency (B) responses as a function of
1.2 0.8 0.4 0.0 0.4 0.8 applied potential betwee0.5 and—1.2 V at 100 mV s for a [Co-
2\, 12+ ifi i i
E/V vs Ag/AgCI ,(AI\_N)ﬂolurt?c?rgmed Pt electrode in contact with a fresh 0.10 M TBAP/

Figure 1. Current (A) and frequency (B) responses as a function of
applied potential betweert0.5 and—1.2 V at 100 mV s* fora Pt~ new waves appeared at ca0.03 and—1.10 V vs SSCE, in
electrode |2n contact with a 0.10 M TBAP/AN solution containing 0.1 y4ition to those of the Co(ll/llN), Co(I/), and ligand-based
MM [Co(L2)2](PFe).. . .

reduction processes. These new waves were ascribed to the
generation of [Cd{,N,N"-v-tpy)(N,N-v-tpy)(AN)]?" (AN =
acetonitrile) within the electropolymerized film, in which there
is partial displacement of the terpyridine ligand(s) and coordina-
tion by an acetonitrile molecule(s). Similar waves were not
observed for electrodeposited films of [C8)t]2". This may
reflect differences in the steric effects that the polymerization
of the pendant vinyl moiety of the v-tpy ligand, to form a
polymer backbone, places on the cobalt complex as compared

As mentioned previously, there could also be changes in e [Co(1?),]?" deposition, which does not appear to place
solvation and film morphology, such as rigidity, which may Jel T
the same steric limitations on the metal center.

also give rise to frequency changes. Impedance measurements h ted il cularl ial
during film deposition at—0.2 V showed that the resistance T. € d_eposned lims are not particularly robust under potentia
' cycling in acetonitrile solution. When a [CA{)z]>™-modified

increased linearly by 42 over a 5 min period, indicating a electrode was placed in fresh acetonitrile solution and the

continual change in the film’s morphology and/or roughness. . "
. . - potential cycled over the same range as for the deposition, the
This suggests that frequency changes must be interpreted wit . . L
Increase in frequency and the decrease in current indicated that

care since they do not arise solely as a result of mass change%he film was rapidly lost as shown in Figure 2. In contrast, when

. " e
m;?e def.ostltlonto.f [EO(DE] f'ITS' . K that tthis experiment was repeated in methylene chloride solution,
S0 O INterest IS the charge-trapping peak that appears al,qqp g jpitial sharp drop in the peak currents for the redox

ca.—0.5 V. This potential corresponds to the onset of a gradual processes (possibly due to the removal of weakly bound

decrease in the frequency, which probably represents thematerial) they stabilized and remained virtually constant over

initiation of deposition of the complex onto the electrode surface. o . - .
: numerous cycles. This difference in the stability of the deposited
When the potential was cycled through the Co(II/Ill) process, films might arise from differences in the solubility of the

the frequency inqreased slightly and continued to increase until complexes in these two solvents, with the solubility being much
the charge-trapping peak was rgached. We have addressgd thﬁigher in acetonitrile than in methylene chloride.

EQCM response for charge-trapping pea_ks in electro_polymerl_zed Electrodeposition of [M(L2)s]2" (M = Cr, Fe, Ni, Ru, or
films of transition-metal complexes of vinyl-terpyridine previ- 0s). The homoleptic complexes, [M@s]2* (M = Co, Cr, Fe,

18
Ouﬁly'h Id also b ted that a film b 0 d it Ru, Os, or Ni) could be deposited onto both Pt and GC
S (?[u t'also'th? r;ge b ata 'n:. eg(;;\n 0 deposi aslls%otn electrodes by cycling the potential over values that were negative
as a potentiafwithin the above-mentioned rangé was appliea {0 o¢ yhe catechol oxidation process. Deposition was arrested when

Eﬂe eltt)ectrode. thr exo?mple, ifa potent:fa[()jo\t/ (mhiCh Ci;SMWitlhint q the potential was swept to values beyond the oxidation of the
e above-mentioned range) was applied to the Q electro e’(:a'[echol-pendant group (for all homoleptic metal complexes).

the frequency gradually decreased (ca. 20 Hz). Upon cycling Similarl L ;
. ) y, the deposition was also stopped in the case of the
the potential to+1.5 V the frequency increased by about 20 Co(ll), Cr(ll), and Ni(ll) complexes of & when the potential

Hzt, s'l[J_glgestlrlg that t?e deplosneo: fc'jlrg t‘ﬁgfg'ppgfig the was scanned over a range (negative values) that resulted in the
potential was then continuously cycied be an : generation of the neutral complex. Thus, in general, the

V, only small frequency changes were observed (ea} Biz).

We _have previously reporté‘tth_at upon continued potential (24) Guadalupe, A. R.; Usifer, D. A.; Potts, K. T.; Hurrell, H. C.; Mogstad,
scanning for the electropolymerization of [Co(v-tg§}, two A.-E.; Abrufg, H. D.J. Am. Chem. S0d.988 110, 3462.

reached. If the potential was cycled positive of that of the Co-
(11/11) oxidation process, the frequency increased dramatically,
indicating that the film was rapidly stripped from the electrode
surface at potentials aboved.7 V. At more negative potentials,
the frequency also increased if the first ligand-centered reduction
peak at ca—1.7 V was cycled through, suggesting that the film
was also stripped at these potentials.
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electrodeposition of these complexes was limited to a potential
window that was negative of the catechol oxidation but positive
of the generation of the neutral compleE® 2,10 < Egep

< E%car As was the case for the Co(ll) complex cfdescribed
earlier, electrodeposited films of these materials were not stable
under cycling in acetonitrile in the absence of the complex in
solution. In general, such potential cycling resulted in the loss
of the deposited material from the electrode surface.

Heteroleptic Complexes. To probe the mechanism of
deposition, the voltammetric behavior of the heteroleptic Ru-
(1) complex [Ru(tpy)(13)]2" was studied. As reported by Watd,
in an anodic scan, the complex exhibits the catechol oxidation
and the Ru(ll/lll) redox process at1.12 and+1.36 V,
respectively. In a cathodic scan, there are two ligand-centered
reductions at—1.26 and—1.53 V. Repetitive cycling over
various potential ranges did not result in an increase in the peak
current, indicating that under these conditions there was no
deposition of the complex. In contrast, the homoleptic Ru(ll)
complex [Ru(1),]?" exhibited responses characteristic of
deposition over similar potential ranges. Given these results,
we postulated that only homoleptic complexes éfdre able
to deposit and that interactions of the two catechol moieties
might be responsible, at least in part, for the deposition process
perhaps in a way akin to the electro-oxidative generation of
poly-phenylene oxide.

As a further test, we prepared the heteroleptic Os(Il) complex
[Os(tpy)(LA)]*. Surprisingly, this complex was found to deposit
onto both Pt and GC electrode surfaces over essentially the sam
potential range as the analogous homoleptic Os(ll) complex,
[Os(L?),]%". These results would suggest that the metal center
can play a significant role in the deposition of the complex.
The deposition behavior for the heteroleptic complexes may be
associated with some interaction of the M(II/1ll) and the catechol
oxidation process. On this point, we note that the Ru(ll/Ill)
couple is observed at a potentiat{.41 V) positive of the
catechol oxidation{1.20 V), while the Os(lI/lIll) couple is
observed at a potential-0.98 V) that is negative of the catechol
oxidation (-1.05 V). Thus, it would appear that the presence
of the ligand in the catechol form plays an important role,
perhaps via hydrogen bonding, in the electrodeposition process
The differences in the propensity for deposition between the
Ru(ll) and Os(1l) homoleptic complexes could be a reflection
of the fact that the ligand is present in the quinone form in the
former and catechol in the latter and thus the hydrogen bonding
interactions would be correspondingly different, being larger
for the Os(Il) complex.

We were also interested in determining whether the activity
of the catechol groups toward NADH catalysis was affected by

Inorganic Chemistry, Vol. 38, No. 3, 199%63
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Figure 3. (A) Cyclic voltammetric response betweeri.9 and+0.5

V at 100 mV s? of 0.3 mM [Co(v-tpy)(L?)](PFs). at a Pt electrode in
0.10 M TBAP/AN solution. (B) Cyclic voltammetric response for 20
cycles between-1.0 and+0.5 V at 100 mV s* for a [Co(v-tpy)-
(L9)1%"-modified Pt electrode in contact with a fresh 0.10 M TBAP/
AN solution " = 1.0 x 107° mol cn?).

voltammetric response of [Co(v-tpy)J?" in acetonitrile
solution at a GC electrode over the potential range-®f0 to
+0.5 V (values typical of those for the deposition of the L
complexes) was obtained. After the initial cycle, the peaks for
the Co(ll/111) redox couple shifted negatively and decreased in

urrent before slowly increasing with additional cycling. This
might arise from a blocking effect of the electrode surface at
the early stages of deposition, so that the contribution from
diffusion is decreased, resulting in a decrease in the current.
The current response is a combination of the responses due to
film formation and diffusion (recall that the complex is also
present in solution) and their interplay could give rise to the
observed behavior. The Co(ll/l) couple appeared to be less
sensitive to such an effect and exhibited an increase in peak
current (albeit small at the early stages of deposition) due to
film formation and possibly the increasing effect of self-
exchang&425When such a modified electrode (Pt or GC) was
placed in a fresh acetonitrile solution and the potential cycled,
the film was rapidly stripped from the electrode surface. This
behavior suggests that the film was deposited through a catechol
type deposition process, which is consistent with the potential
range over which the deposition was carried out.

Figure 3A shows the deposition of [Co(v-tpyfjIZ™ onto a

Pt electrode surface when the potential was cycled to more
negative potentials over the range 1.9 to +0.5 V, where
electropolymerization of the vinylterpyridine group takes place.

the deposition process. Hence, we prepared the heteroleptiqn this case, rapid film formation was readily apparent.

cobalt(ll) complex [Co(v-tpy)(B)]2", which, in principle, could
be deposited via electropolymerization of the vinylterpyridine

Concomitant with film growth was the appearance of a cathodic
charge-trapping peak at0.6 V, in addition to a new couple at

ligand as well as through the same type(s) of process(es) that-1.2 V. This couple is most likely associated with the formation

gave rise to electrodeposition of thedomplexes. The operative
mode of deposition could be controlled by the range over which
the potential was swept. In the case of flms generated via
electropolymerization of the vinylterpyridine group, one would
anticipate that the catechol moiety would remain undisturbed
since it was not involved in the electropolymerization process.
Thus, the expectation would be that such a film, if formed,
would retain its electrocatalytic activity toward the oxidation
of NADH. On the other hand, if the potential was swept over
a range where thedcomplexes undergo deposition, one would
expect that the same type of film as the [CHEI2" would be
generated in terms of stability and behavior. Initially, the cyclic

of a cobalt(ll) complex with acetonitrile coordinated to the metal
center (i.e., [Co(B)(N,N-v-tpy)(AN)]?") as previously reported

for [Co(v-tpy)]%2".2* When such a modified electrode (Pt or GC)
was placed in a fresh acetonitrile solution and the potential
cycled, the film showed a very stable response (Figure 3B),
which is, again, consistent with deposition via electropolymer-
ization of the vinylterpyridine. Film deposition onto the electrode
surface was additionally confirmed by EQCM measurements
and by comparison with the reported behavior of numerous other
[M(v-tpy)2]2" complexes including [Co(v-

(25) Buttry, D. A.; Anson, F. CJ. Am. Chem. S0d.983 105, 685.
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5 T solution, the free ligand @) did not exhibit any redox response
+ up to +1.0 V. Moreover, the addition of NADH to such a
solution did not alter the response.

[Co(L?),)?"-Modified GC Electrodes. After having estab-
lished that catechol-pendant terpyridine complexes were cata-
lytically active in aqueous solution toward the oxidation of
NADH, we then set out to determine if such activity was
retained for electrodes modified with electrodeposited films of
these materials. As an initial step, the electrochemical response
of a [Co(L?),]*"-modified GC electrode in agueous solution was
investigated. First, [Co@;]?" was deposited onto a GC
electrode by cycling the potential five times over the range of
+0.5to—1.2 V in an acetonitrile solution. The electrode was
—0.2 0.2 06 rinsed with acetone and water and then placed in a buffer

1 E/V vs Ag/AgCl solution that had been degassed with nitrogen for at least 10
0 T ) min. Solutions of pH 1, 3, 5, 7, and 11 were studied. The [Co-

0 1 2 (L?);]?#"-modified GC electrode was found to be electroactive

INADH] (mM) at all pH values studied. At pH 1 and 11, only a single redox
Figure 4. Plot of the catalytic current versus the concentration of Process was ob_served. AtpH 3,5, a_nd 7, three redox processes
NADH in pH 7 phosphate buffer solution containing 0.5 mM [Co- Were observed in the aqueous solutions: two redox couples at
(L?)2]Br. Inset: cyclic voltammograms showing 0.5 mM [C8{]Br, ca. +0.2 and+0.5 V were observed, plus an irreversible
in pH 7 phosphate buffer at a GC electrode before (a) and after (b) the oxidation at ca+0.95 V (which was only observed on the initial
addition of 25uL of a 25.5 mM solution of NADH (final NADH  potential cycle). When the potential was cycled only over the
concentration 0.3 mM). Scan rate: 20 mv's first two redox processes, the anodic peak current of the second
process decreased slightly with continued scanning, while the
response for the first process remained virtually unchanged. The
first process, whose potentid = +0.18 V) was essentially
independent of pH, is ascribed to the Co(ll/lll) couple. The
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tpy)2]? and [Co(v-tpy)(tpy)F+.17:2426.27This type of response
is characteristic of electrodes modified with [M(v-tg)
complexes and suggests that if the potential is cycled over the

range—1.9 to+0.5 V, the deposition is mainly associated with second process, which was pH-dependent and much better

electrqpl()lymeriZflatgon ingoSIvi?g the vir:jyl group. T?_lljs' thfe defined at lower pH values, is ascribed to the catechol oxidation.
potentia rar;gg: 9 o+0. was used to prepare films of plot of peak potential versus pH for this process was linear
[Co(v-tpy)(LA)]2* for the assessment of electrocatalytic activity and had a slope of58 mV/pH unit, which is very close to the

in the oxidation 9f NADH. L anticipated Nernstian value 6f59 mV/pH unit (see Supporting
Electrocatalysis of NADH Oxidation. Aqueous Electro- Information).

chemistry of [Co(L?);]Br,. As mentioned earlier, one of the . .
- S ..~ The ability of a [Co(l?);]?"-modified GC electrode to catalyze
objectives of the present work was to ascertain if transition the oxidation of NADH was then tested. A [CEJbI?* film

metal complexes of the catechol-pendant terpyridine ligand were, o prepared using the method described above and placed in

electrocatalytically active in the oxidation of NADH, since an aqueous pH 7 phosphate buffer solution. Scan a in Figure
o-quinones (which are related by a simple redox reaction to 5a shows the initial potential cycle for this [Cfk]2"™-modified

catechols) are known to catalyze such a reaction. As a electrode whose surface coverage was»3.80-11 mol cnm2
i G2+ : :
representative complex we chose the | complex, and Following the addition of NADH, there was a dramatic increase

initial studies were carried out in homogeneous solution. . . T
In pH 7 phosphate buffer, [Cof)s]Br» exhibits a well-defined in the peak current for the anodic process (scan b in Figure
’ 2 5a), consistent with a very strong electrocatalytic effect.

wave at a formal potential 6f0.28 V at a GC electrode (scan . .
a in Figure 4 inset). The shape of the voltammogram also We also tested the electrocatalytic activity of electrodes
suggests that there might be some adsorption of the complexmedified with [Co(v-tpy)(I9)]** generated via reductive elec-

onto the GC electrode. Upon the addition of 25 of a 25.5 tropolymerization as described g_bove. The voltammetric re-
mM solution of NADH (final NADH concentration was 0.3 ~ SPonse of a [Co(v-tpy)®]**-modified GC electrode (surface
mM) to [Co(L?);]Br in pH 7 phosphate buffer solution there ~c0Verage of 2.0< 107+ mol cnr?) in a pH 72[ihospr_1§te buffer
was an enhancement in the anodic current of a freshly polishedSPlution was similar to that of a [Cof)]**-modified GC

GC electrode (scan b in Figure 4 inset), indicative of an electrode. As seen in scan a of.Flgure_ 5b, there was a wave
electrocatalytic effect. The magnitude of the catalytic current c€Nntered at about0.33 V which is ascribed to the catechol/
(defined as the difference in current in the presence and absenc&-duinone redox couple. Upon the addition of NADH, there
of NADH) was dependent on the concentration of NADH. As was a dramatic enhancement of the anodic current (scan b in

shown in the main panel of Figure 4, the catalytic current was Fi9ureé 5b), with virtually no current on the cathodic sweep in
proportional to the concentration of NADH for values of up to & manner virtually identical to that exhibited by GC electrodes

1 mM. However, for higher NADH concentrations, the response Medified with [Co(L%)]*". This demonstrates that complexes
leveled off, suggesting a saturation response, as is oftenWith only one [? ligand retain their electrocatalytic activity

observed. It should be mentioned that in pH 7 phosphate buffertoWard NADH and that electrodeposition of [CS}kj?" does
not render the catechol groups electrocatalytically inactive.

(26) Hurrell, H. C.; Mogstad, A.-L.; Usifer, D. A.; Potts, K. T.; Abtan Comparison of the peak potential for the electrocatalytic
H. D. Inorg. Chem.1989 28, 1080. } ) oxidation of NADH by the three complexes studied ([C94l-
(27) Arana, C.; Keshavarz, M.; Potts, K. T.; ABayrH. D.Inorg. Chim. Br, in solution, plus [Co(B),]>- and [Co(v-tpy)(12)]?*-

Acta 1994 225, 285. e M
(28) The direct oxidation of NADH at a GC electrode in the absence of Modified GC electrodes) indicates that [C8Br, has the

the complex took place at abot1.0 V. most negativepotential followed by [Co(v-tpyjl2+ and then
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b layer of L2 did not exhibit any electrocatalytic activity toward
NADH oxidation2®
Conclusions
(A) a We have described the electrochemical, spectroscopic, and
EQCM characteristics of transition-metal complexes of the

ligand 4-(3,4-dihydroxyphenyl)-2,26',2'-terpyridine (L2). We
have demonstrated that the complexes [RilZ™ (M = Co,
Cr, Fe, Ru, Os, or Ni) deposit from acetonitrile solution onto
Pt and GC electrodes at potentials negative of the catechol
oxidation peak. The films are not strongly bound, since when
[M(L ?),]>"-modified electrodes were placed in fresh acetonitrile
solution the films desorbed rapidly. The electrochemical re-
sponse of [Co(B);]?"-modified GC electrodes in aqueous
(B) a solution was more robust than in nonaqueous solution, and the
response of the catechol redox process was shown to be pH-
_|._ dependent in solutions out of the range of pH1l. The
heteroleptic ruthenium(ll) complex, [Ru(tpyR?", did not
deposit onto electrode surfaces, while the corresponding het-
| | | T T ] eroleptic osmium(ll) complex, [Os(tpy)&]2*, did. This sug-
gests that the metal center can play a strong role in the deposition
0 0.2 0.4 process. [Co(B);]2, in solution, as well as [Co@);]2"-modified
E/V vs Ag/AgCI GC electrodes were found to catalyze the oxidation of NADH
in pH 7 phosphate buffer solution. A film consisting of an

: ; electrodeposited layer of the complex [Co(v-t B+ was
mol cm %) in pH 7 phosphate buffer solution before (a) and after (b) found to bpe more rogust as well as gble tE) ca(tal pzy::e)(lthe oxidation
the addition of NADH (final NADH concentration 0.21 mM). (B) A ' Y

[Co(v-tpy)(L?)]2*-modified electrodell = 2.0 x 107 mol cnT?) in of NADH in pH 7 phosphate buffer solution.

pH 7 phosphate buffer solution before (a) and after (b) the addition of . ]
NADH (final NADH concentration 0.21 mM). Scan rate 10 mV*s Acknowledgment. This work yvas sup_ported by the Qfﬂce
of Naval Research and the National Science Foundation.

Figure 5. (A) A [Co(L?),]?>"-modified electrodel{ = 3.8 x 107!

[Co(L?);]2t. This suggests that [Cof)]Br2 in solution provides Supporting Information Available:  Detailed descriptions of
the largest electrocatalytic effect for the oxidation of NADH. Synthetic procedures, full anglyncal'gnd spectroscopic data, cyclic
Since [Co(12)]Br, in solution, and surface immobilized [Co- Vﬁltamr?qog[)a'?f for Ia .[CO({)IZ ér,“c’d'f'si GCCe|e|§"°2‘ie md‘?'Hds
(L?)2)?" have the identical electroactive species, it again suggestsp osphate buffer solution, plot & vs pH for a [Co(L)z]* -modifie

. . ! J° GC electrode in different buffer solutions. Ordering and access
that the catechol groups are involved in the deposition process,intormation is given on any current masthead page.
making them somewhat less active in the oxidation of NADH

relative to the complex in solution.

Finally, it should be mentioned that in a way analogous t0 (29) The GC electrode was modified by casting /0 of 2 mM L2 in
the behavior in solution, an electrode modified with an adsorbed acetonitrile.
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