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The [Ru(CN)s(pyS)]*~ Complex, an Efficient Self-Assembled Monolayer for the Cytochrome
c Heterogeneous Electron Transfer Studies

Introduction

It is well-known that surface chemical modification is an
effective method for the promotion of direct electron transfer
of redox metalloproteins. Since the first successful use of 4,4
bipyridyl, as a gold electrode modifier to promote the direct
electrochemistry of horse heart cytochroméyt c) metallo-
protein! various bifunctional organic compounds have been
investigated in this field. For this purpose, the molecular
bifunctionality of the promoter is required concerning both the
attachment to the substrate through its headgroup and the
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The organothiol 4-mercaptopyridine (pyS) has been used extensively as facilitator for the assessment of
heterogeneous electron transfer reaction of cytochrofegt c). Its efficiency, however, is strongly affected by

the instability of the adlayer due to the-S bond cleavage. ThesfRu(CN)(pyS)I3H.O complex was synthesized

and characterized aiming its utilization as an inorganic self-assembled monolayer (SAM) that would enhance the
gold adlayer stability. The SAM formed by this complex onto gold (RupySAu) was characterized by spectroscopic
(FTIRRAS and SERS) and electrochemical (LSV) techniques. The ex situ vibrational SERS and FTIRRAS spectra
data of this SAM formed onto gold suggestranteraction between the gold and sulfur atoms of the complex,
inducing a perpendicular arrangement in relation to the surface normal. Additionally, SERS and FTIRRAS spectra
performed for freshly prepared RupySAu adlayer and for large immersion times in the precursor solution have
not shown any significant change that would reflect the degradation of the adlayer. The LSV desorption curves
of this SAM indicate an enhancement in the-8 bond strength of the pyS ligand when coordinated to the
[RU(CN)]3~ moiety. Comparatively to the data obtained for the desorption process of the pyS monolayer, the
reductive desorption potentidt;q, of the RupySAu presents a shift 6fL7 mV. This bond strength intensification

leads to an increase in the stability of the monolayer. The voltammetric curves ofaarried out with the
RupySAu electrode showed electrochemical parameters consistent with those reported&tivéherotein as

well as the maintenance of the electrochemical kinetic data after repetitive cycles. The results all together suggest
that thesr back-bonding effect from the [Ru(CNY~ metal center plays an important role in the stability of the
RupySAu adlayer, improving the assessment of thecdygéterogeneous electron transfer reaction.

The in situ scanning tunneling microscopy (STM) imaging
of these monolayers formed onto Au(111) have suggested a
vertical orientation of the molecular plane of pyridine rings,
with the molecular axis of the pyridinethiolate being consider-
ably tilted with respect to the surface norrfialhe great
efficiency of these promoters toward ayelectrochemistry is
probable due to the high ordering of the adlayers onto gold
electrodes, plus the basicity of the nitrogen atom of the pyridine
rings>

In spite of the successful use of the pyS as a gold electrode

interaction with the protein ambient phase through its terminal modifier in the study of the cyt electrochemistry, this ligand
functional group. The geometrical arrangement of the promoters SUffers a structural conversion on the substrate yielding mono-
in the surface-bound adlayer depends on the bond strength offayers composed of atomic and/or oligomeric sulfur species due

the substrate headgroup, the size of the headgroups, and thé®

the G-S bond cleavagé® These resulting monolayers have

intermolecular forces. As the bonding of the thiolate group to Not presented a voltammetric response forjt

the gold surface is very strofidca. ~40 kcal mof?l), the The coordination of pyS ligand tosadonor anionic transition
4-mercaptopyridine (pyS) and 4.dipyridyl disulfide (pySS) metal complex would enhance the adlayer stability, as well as
have been used successfully as facilitators for the assessmerthe assessment of the inherent rate of thecafectron transfer

of heterogeneous electron transfer of cyt®
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reaction. The [Ru(CNJ3~ metal center was strategically
selected, mainly due to the following properties: (i) it reacts
readily with pyridine derivative ligands, binding the nitrogen
atom?12 leaving the sulfur atom available for further gold
surface interactions; (ii) the derivative complexes are kinetically
inert toward substitution reactiofg?(iii) its hydrophilicity and

negative charge, as well as the cyanide environment, facilitate

the electrostatic interactidh'*with the hydrophilic positively
charged lysine groups of the aytThese properties, along with
the RU' z-back-bonding capabiliy~17 that would enhance the
C—S bond strength with consequent stability gain of the adlayer,
well elect the [Ru(CNYpyS)l*~ complex for designing an
inorganic ordered monolayer on gold substrate to improve the
assessment of the cyheterogeneous electron transfer reaction.

Experimental Section

The water used throughout was purified from a Milli-Q water system
(Millipore Co.). Potassium hexacyanoruthenate(ll) trihydrate, from Alfa
Chemical Co., was used as received. The organothiol ligand, 4-mer-
captopyridine (pyS), KOH, and K#PQ,, from Aldrich, were used
without further purification. The high-purity 4$0s, from Merck, was
used as received. Horse heart cytochraméype VI, 99%, Aldrich
Co.) was purified as described elsewh¥re.

Synthesis of K[RuU(CN)s(pyS)]:3H.0. The [Ru(CN}(H.0)]*~
complex was generated in situ from the reaction of [Ru@N)with
Br,, during the synthesis of the RU(CN)(pyS)]:3H0 complexi©
A 47 mg sample of {{Ru(CN)]-3H.O was dissolved in 3 mL of water
followed by the addition of a Braqueous solution (0.10 mM; 1 mM
KBr), dropwise with stirring. After 20 min of reaction, an almost 3-fold
excess (36 mg) of the 4-mercaptopyridine ligand dissolved in 6 mL of
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Apparatus. The electronic spectra of aqueous solutions of complex
and ligand were acquired with a Hitachi model U-2000 spectropho-
tometer. The transmission infrared spectra of the compounds dispersed
in KBr were obtained by using a Perkin-Elmer instrument model
Spectrum 1000. Electrochemical experiments were performed on a BAS
100W electrochemical analyzer (Bioanalytical Systems-BAS, West
Lafayette, IN) at 25+ 0.2 °C. A conventional three-electrode glass
cell with glassy carbon of 0.1256 éngeometrical area and a Pt foil
were used as working and auxiliary electrodes, respectively, in the
complex characterization.

The electrochemical experiments with cywere carried out by using
a three-electrode configuration cell, using a 0.1 M buffer phosphate,
pH = 7.0 as electrolyte, at 2% 0.2 °C. Before the experiments, the
cyt ¢ solutions were stored at 4C in order to avoid protein
denaturatiort? Gold surfaces modified with the promoters and Pt foil
were used as working and auxiliary electrodes, respectively. The
DIGISIim 2.1 BAS software was used for the calculation of the
heterogeneous electron transfer rate constant. Theoretical cyclic vol-
tammograms with quasi-reversible kinetics were calculated by the
Nicholson method? For acquisition of the reductive desorption curves,

a Teflon cell was used to prevent the KOH electrolyte chemical attack.
A 0.0314 cni polycrystalline gold surface and a gold flag were used
as working and auxiliary electrodes, respectively.

For the ex situ Fourier transform infrared reflectiestbsorption
spectra (FTIRRAS), 1024 scans were collected with a Bomem DA-8
spectrometer equipped with a liquid-nitrogen-cooled narrow band MCT
detector. P-polarized light was employed as light incident on the sample
at an 80 grazing angle at the vacuum/solid interface.

The gold film substrates for FTIRRAS measurements were prepared
by vapor deposition of about 300 nm of gold (99.9% purity) onto glass
substrate. To improve the adherence of the gold films, about 15 nm of

water was added dropwise, under a stream of argon. The resultingchromium was deposited by evaporation onto glass substrate, before

solution, which developed an intense brown color, was allowed to stand
for 1 h to ensure complete reaction and cooled in an ice bath. Upon
the slow addition of cold acetone, a red-brown precipitate was obtained
and collected by filtration, washed with acetone and ethyl ether, dried,
and stored under vacuum, in the absence of light. Anal. Calcd: C, 21.75;
H, 1.83; N, 15.23. Found: C, 21.44; H, 1.80; N, 15.19.
Kinetic Measurements.The aquation reaction of [Ru(CMpyS)

complex was studied in the presence of a large excess of dimethyl
sulfoxide (dmso) as auxiliary ligand, at 25 0.2 °C, as follows:

K_pys slow 3 _
o [RUCNE(HO)™ + pyS

[RUCN)(pyS)I"™ + H,0

[RU(CN)(H,0)]*~ + dmso== [Ru(CN)(dmso)f~ + H,0

An aliquot of the [Ru(CNYpyS)I~ complex solution was added to

gold deposition.

The FTIRRAS data for the monolayers are presented in the form of
%(R/Ro), whereR andR, represent the reflectance of the adlayers and
bare gold electrode, respectively.

The ex situ SERS (surface enhanced raman scattering) spectra of
the monolayers formed by the pyS free ligand and coordinated to the
[Ru(CN)]*~ moiety were acquired by using a Renishaw Raman imaging
microscope system 3000 equipped with a CCD (charge-coupled device)
detector, and an Olympus (BTH2) with a 6®bjective to focus the
laser beam on the sample in a backscattering configuration. As exciting
radiation,Ao, the 632.8 nm line from a HeNe (Spectra-Physics) laser
was used. The gold substrates used for spectra SERS acquisition were
activated by the ORC procedure in 0.1 M KCI as described by Gao et
al. 2t without the active species in solution. The activation of the gold
surface for SERS spectra acquisition was made by using a PAR 273
potentiostat.

a solution containing dmso, both previously degassed and thermostated The polishing procedure of the gold surfaces was made as described

at 254 0.2 °C. The disappearance of the [Ru(G{yS)}~ MLCT
band was monitored spectrophotometricallyai = 390 nm. In order
to avoid contributions of the back-reactidqys, the concentration of
the [Ru(CN}(pyS)I*~ complex was kept smaller than 1:0107* M.
Specific rate constant was calculated from the plots ofAagf A)
versus time. These plots were linear for more than 3 half-lives.
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by Qu et aP? These electrodes were mechanically polished with alumina
paste of different grade to a mirror finish, rinsed and sonicated (10
min) in Milli-Q water. The electrode was then immersed in a freshly
prepared “piranha solution” (3:1 concentratedSBY/30% HO;;
CAUTION : Piranha solution is a high oxidant solution that reacts
violently with organic compounds), rinsed exhaustively with water, and
sonicated again. The cleanness was evaluated by comparison of the
i—E curve obtained in a 0.5 M #3O, solution with the well-established
one for a clean gold surfag&All potentials are quoted in reference to
Ag/AgCl/3.5 M KCI (BAS).

The surface modification procedure was made by immersing the gold

electrodes in a 20 mM aqueous solution of the pyS ligand or
[RU(CN)X(pyS)f~ complex.
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Figure 1. Raman and infrared spectra of thglRu(CN)(pyS)}3H.0
complex.

Results and Discussion

Complex Characterization. Prior to the study of the [Ru-
(CN)s(pyS)—Au adlayer, the KRu(CN)(pyS)}3H.O complex
was characterized by elemental analysis, cyclic voltammetry,
and infrared, Raman, and electronic spectroscopies.

The half-wave formal potentia;,, = 780 mV, for the Rt/
redox process suggests a thermodynamic stability of tHe Ru
toward its oxidized RYl state, as well as a stability gain
comparatively to the electrochemical daa, = 710 mV, for
the starting material [Ru(CNJ]?~. This potential value also
indicates that the coordination site of the pyS ligand is the
nitrogen atom. According to the previous reséfts, shift up
to 900 mV of the R potential is observed when coordination
of pyridine derivative moieties to the [Ru(Ci] 3~ metal center

Di6genes et al.

on the pyridine aromatic ring. Therefore, the high-frequency
shift of this band in the Raman spectrum of the ruthenium
complex, compared to that observed for the pyS free ligand
spectrum, suggests that the coordination occurs through the
nitrogen atom of the pyridine moiety. Additional evidence is
the shift to higher wavenumber of the=C pyridine ring
stretching in the Raman spectréd?of the ruthenium complex
(1640 cn1?), compared with the pyS free ligand spectrum (1617
cm~1). Therefore, upon coordination to the Ru metal center,
the sulfur atom of the pyridine thiolate ligand is available for
chemisorption interactions with the metallic surfaces.

A key point is that the introduction of a-donor transition
metal center coordinated to the nitrogen pyridine ring of the
pyS would affect its electronic denstbyl” making the G-S
bond strength stronger and increasing the stability of the adlayer.

Self-Assembled Monolayer Characterization.The gold
surfaces were modified by immersing the electrode for 15 min
in a 20 mM aqueous solution of pyS and [Ru(GgyS)I*
(RupyS) compounds. The adlayers were characterized by SERS
and FTIRRAS spectroscopies.

The SERS and FTIRRAS spectra of the adlayer formed by
the RupyS onto gold (RupySAu) are shown in Figure 2. The
spectral data clearly show an increase in the intensity of the
modes assigned to the pyridine moiety, comparatively to the
cyanide stretching frequencies. These results suggest, as ex-
pected by surface selection rufés$8that the pyS coordinated
ligand is closer to the electrode than the cyanides.

The band at 1120 cnt observed in both RupyS transmittance
FTIR and normal Raman spectra, assigfi¢alv(C=S), shifted
to 1090 cm! and 1096 cm! in the adlayer FTIRRAS and
SERS spectra, respectively. ThHEC=S) band shift, along with
the intensity increase in the SERS spectrum, compared to the

occurs thrOUgh a sulfur atom. This shift has been aSSigned tOnorma| Raman Spectrum, indicate a decrease of the double

the interaction of the rutheniumrdorbitals with the empty d
orbitals of sulfur.

The intense band observed/atax = 390 nm € = 1.16 x
10° M~1cm™?) in the electronic spectrum of the [Ru(GpyS)I—

character of the CS bond, suggesting that the complex is
adsorbed onto gold through the sulfur atom. The increase in
intensity of the X-sensitive band also suggests a perpendicular
arrangement of this adsorbate in relation to the surface

complex was assigned to the metal to ligand charge transferpgrmal30.37

(MLCT), p*(pyS) < dz(Ru") transition. The ligand bands
were observed atma = 288 nm ¢ = 1.63 x 1° M1 cm™?)
andAmax= 322 nm € = 1.28 x 10®* M~ cm™Y).

The infrared and Raman vibrational spectra of thgRq-
(CN)s(pyS)J3H20 complex are shown in Figure 1. The main
features of these spectra account for the cyanide aXi@Nay))
and equatoriah((CNgg)) stretching frequencies in the range from
2050 to 2100 cmt, and for thev(C=S) stretching mode at 1120
cm 1. Thev(CNay) andv(CNgg) frequency values are typically
assigneéP to the presence of Rueduced metal ion. A shift of
about 70 cm? to higher frequency is expected for the 'Ru
analogue complexe:26

The RupySAu adlayer spectra are dominated by the in-plane
vibrational modes of the pyS ligand. The bands in the range
from 300 to 800 cm?, observed in the RupyS normal Raman
and FTIR due to the out-of-plane vibrational modes of the
pyridine ligand?’~3° were absent in the RupySAu surface
spectra. These results reinforce the assignment that the RupyS
is chemisorbed on the gold surface in a perpendicular orienta-
tion. For this orientation, the adsorbate is expected to bind gold
surface through sulfur interaction®° In fact, the strong affinity
of thiol groups for gold surfaces is well documented in the
literature3®

The most prominent features of the spectra presented in Flgure(zg) Spinner, EJ. Chem. Sac196Q 1237.

1 are distinguished in Table 1, along with the vibrational data
of the pyS free ligand for comparative purposes.
The signal observed at 1104 chin the Raman spectrum

of pyS, was assigned as X-sensitive bands with a large characteyzy)

of C=S stretching vibratiod?3%3* Upon coordination, this
vibrational mode shifts to 1120 cth The frequency of this
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(24) Rodrigues, S. J.; Dgenes, I. C. N.; Moreira, |. S. Manuscript in
preparation.

(25) Tosi, L.Spectrochim. Actd97Q 26A 1975.

(26) Tosi, L.Spectrochim. Actd973 26A 353.
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19, 549.
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Spectroscopy. ISpectroscopy of SurfageSlark, R. J. H., Hester, R.
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1986 84, 4174.

(37) Taniguchi, I.; Iseki, M.; Yamaguchi, H.; Yasukouchi, X Electroanal.
Chem 1985 186, 299.
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Table 1. Vibrational IR and Raman frequencies, chmof the pyS and RupyS Compounds

pyS RupyS
IR Raman IR Raman assignménts
428 430 426 o(C—S)y(CCC)
475 472 510 y(CCC)
555 545 v(Ru—CN)
618, 699, 712 648 696 B(CCC)
721 721 »(C—S)JB(CC)
790, 897 776 y(CH)
988 988 1008 1011, 1063 ring breathing
1061 1046, 1078 B(CH)
1120 1104 1120 1120 ring breathin¢C—S)
1146, 1193, 1218 1200, 1247, 1287 1212 1208, 1220, 1288  B(CH)/O(N—H)
1314, 1405, 1458, 1480 1395, 1457, 1476 1409, 1469, 1588 1458, 1496, 1588 v(C=C/C=N)
1572, 1542 O(N—H)
1614 1617 1619 1640 v(C=C)
2084, 2054, 2039 2068, 2100 v(C=N)

(a)

Trm, =5

:[0.5 HA

- i|:5000 au.
\_/\/k_d
c
1 L] T 1
10590 1400 1750 21600 AN b
a

Wavenumber / cm’’ 02 -04 -06 -08 -1.0 -12

Figure 2. (a) FTIRRAS and (b) SERS spectra of the gold electrode Potential / 'V vs Ag/AgCl
modified after 15 min of immersion in a 20 mM aqueous solution of Figyre 3. LSV desorption curves in 0.5 M KOH solution at 100 mV
the [Ru(CN}(pyS)F"~ ion complex. sL for monolayers formed after immersion of the gold electrode in 20

mM aqueous solution of pyS for 5 min (a) and 30 min (d) and RupyS

Contrary to that observed for the pySAu adlayéne SERS for 5 min (b) and 30 min (c).
and FTIRRAS spectra performed for freshly prepared RupySAu ) ]
and more extended immersion time (from 30 min to 24 h) of Oxidative cleavage of the-€S bond qnd the re.sultlng_formatlon
the electrode in the precursor solution have not shown any Of an adlayer composed of atomic and oligomeric forms of
significant change indicative of the adlayer degradation. sulfur. )

Monolayer Electrochemical Stability. Porter and co- We ha\_/e taken the R_upyS complex _along with the pyS
worker$9-43 have demonstrated, on the basis of a series of Promoterin order to modify a polycrystalline gold surface and
electrochemical data, that thiolate monolayers can be desorbedJerf.Orm similar reductive desorptlon' experiments. .
electrochemically from a gold electrode in alkaline medium. Figure 3 presents the reductwg linear Sweep vqltam_metrlc
The desorption reaction can be written as curves of the adlayers as a function of the immersion time of
gold in 20 mM pyS and RupyS aqueous solutions.

The curve (Figure 3a) of the pyS adlayer for 5 min immersion
time shows a cathodic wave with a peak centerdgat —0.56

. V. This peak was assigned to the reduction desorption (AuSpy
For the pyS monolayer formed at a Au(111) electrédea | o — Ay + pyS"). As the immersion time increases, the
different immersion time of the electrode in an ethanolic solution typical wave of the oxidative cleavage of the-S bond Erq =

of this ligand, the application of a linear voltage sweep originates _ g5 V) is observed, and grows at the expense ofBe56

one waveEq = —0.55 V, for the reductive desorption of the  \/ wave (Figure 3d).

thiolate adlayer. To further investigate the adlayer stability, the  the E, observed for freshly prepared RupySAu (Figure 3b)
authors performed the voltammetric (_expe_riments of the sqmplesis significantly more negative<0.73 V) than that for the pySAu
prepared for more extended immersion times. Awave ®iih g rface. As long as the potentials for the reductive desorption
= —0.90 appeared with a tendency to completely dominate the processes are dependent on the strength of theSAnteraction,
voltammogram as the immersion time increa$éthis wave the conclusion that the complex is more strongly bound to gold
has been assignétito an adsorption-induced activation of the  than the free ligand can be raised. This is consistent with the
anticipated back-bonding effect, (Rudz — pz* (pyS), that

(b)

RSAu+e —RS + Au 1)

(39) 3\{\151%95;50 A.; Chung, C.; Porter, M. Ol. Electroanal. Cheml991, increases the electronic density of pyS improving the chemi-
(40) Walczak, M. M.; Popenoe, D. D.; Deinhammer, R. S.; Lamp, B. D.; sorption process. This result also hints that the stability o_f the
Chung, C.; Porter, M. DLangmuir 1991, 7, 2687. pyS adlayer on gold may be related to the electron density on
(41) Weisshar, D. E.; Lamp, B. D.; Porter, M. D.Am. Chem. S0d992 the thiolate sulfur.
114, 5860. The wave assigned to desorption of sulfur forms, due to the

42) Weisshar, D. E.; Walczak, M. M.; Porter, M. Dangmuir1993 9, .
( )323. g 3 RupyC-S bond cleavage, only appears after 30 min of

(43) zhong, C.-J.; Porter, M. Dl. Am. Chem. Sod 994 116, 11616. immersion time (Figure 3c).
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The desorption curves can be useful to calculate the surface (b)
concentration of the adlayéraccording to eq 2, IS
0,4 = NFAC (2)

where the electroactive surface coverdgeof RupyS adsorbate
was estimated by integrating the area under the reductive peaks
of the Figure 3 curves. Theq is the charge consumed in the —— ———
processF is Faraday’s constan, is the number of electrons 04 02 00 02 o4
evolved in the electrode reaction, aidis the geometrical
electrode area.
Accounting for the gold polycrystalline surface, a little bigger
charge consumedsy = 1934C cnm?) by the desorption wave
of sulfur forms (Figure 3d), due to the-€S bond cleavage of
pyS—Au, is in good agreement with the value reported by the
literatur€ (ca. 180uC cm2). In a similar reductive desorption
process observed for the RupyS adlayer (Figure 3c), very little 06 -03 00 03 06
charge_ is cons_umedf,(j _=17 uC cnrz),_ suggesting that the Potential / V vs Ag/AgCl
formation of this undesirable adlayer is minor compared to a
similar process for pySAu. Figure 4. Cyclic voltammograms at 50 mV-§of 0.1 mM cytc in
Since the RupySAu SERS and FTIRRAS spectra performed 9-1 M KHzPQ,, pH =7, at (a) bare gold electrodg,= 3.04A, and
for large immersion time preparation have indicated no adlayer (b) RupySAu electrode after 15 min of immersion time in a 20 mM
. . 0 ' ~" RupyS aqueous solutio = 0.3 uA.
degradation, attention must be addressed for the kinetic stability
of the [Ru(CN}(pyS)I*~ complex toward the aquation reaction. Table 2. Values of AE, andEy, (V vs Ag/AgCl) and Cathodic
The pseudo-first-order rate constant for the aquation of this Current {pe, uA) for Cyt ¢ Fe' Redox Process

(@)

complex,kobs = 1.2 x 1074 s7%, indicates that the free ligand ;- orcion time RupySAu pySAu

is present in solution, in the time scale of the modification (min) AE, Eiz —ipct0.05 AE, Eip —ipot 0.05
procedure. Accounting for this aquation rétg, = 96 min, and 15 007 003 050 008 0.03 0.44
for large immersion time preparation, the competitive adsorption 30 0.08 0.03 050 0.12 0.06 0.27

of the dissociated free ligand (concentration of about 3.88 mM) 60 0.08 0.03 0.50 n n n

must be considered for 30 min immersion time modification. 360 0.12 0.08 0.42 n n n
Consequently, it would be reasonable to assume that the wave 1% 0.07 0.03 0.50 n n n
at—0.95 V (Figure 3c) derives from pySAu adlayer decomposi-  aNo faradaic current respongel5 min immersion time, and adlayer
tion instead of RupySAu degradation. exposed overnight to the atmosphere.

Electroactivity of RupySAu Electrode. The protein degra-
dative adsorption is the major problem concerning the electro-  To further evaluate the electrode performance toward metallo-
chemical acquisition data of cgtby the use of conventional  protein electrochemistry, the cgtcyclic voltammograms were
metallic electrode$Conversely, rapid electron transfer reaction acquired in the range of scan rates 6:054 V s L. A linear
of cyt ¢ has been observed at a pySAu-modified electrode with dependence of peak current o¥? was observed, and the peak-
no evidence of protein unfolding:** The efficiency of RupyS to-peak potential separation for the reduction and oxidation
adsorbate in the assessment of the heterogeneous electronomponent of the experiment was found to change from 0.07
transfer reaction of horse heart cytochrooneas first evaluated ~ to 0.11 V, respectively.
in relation to the protein denaturation process. Figure 4 presents The heterogeneous electron transfer rate const@nt, 8.0
the cytc cyclic voltammetric curves obtained at a bare gold x 10-3cm s'1, was obtained by the Nicholson’s meth®d.his
electrode and RupySAu adlayer prepared by 15 min of immer- value is slightly higher than that reported for the pySAu
sion time. adlayerf® k® = 6.0 x 1072 cm s'1, due to the pyS monolayer

The cyclic voltammogram obtained with a bare gold electrode structural conversion that yields sulfur species, making difficult
(Figure 4a) clearly shows an irreversible'feredox process  the assessment of the electron transfer rate otéyt
of the heme group upon cytdenaturatiort> Once the sulfur The effect of the immersion time of a gold electrode, in a 20
atom of the amino acid residues presents a great affinity to themM aqueous solution of RupyS and pyS promoters, on the
gold substrate, the protein unfolding has been assigned to theadlayer’s ability to assess the ayelectrolysis was evaluated
methionine-80 and gold surface interact!§®n the other hand, by a set of cyclic voltammetric experiments. The results taken
the cyclic voltammogram, obtained with the RupySAu adlayer in 0.1 mM cytc and 100 mM phosphate buffer solution, pH
(Figure 4b), presents a redox process with a typical half-wave 7.0, are summarized in Table 2. For the experiments using the
potential of 20 mV for the heme-B& heterogeneous electron  pySAu adlayer, the faradaic current response diminishes dra-
transfer process of the native ayfproteinl1946.47This result matically for immersion times longer than 15 min, while an
indicates that the RupyS adsorbate blocks thedggradative increase in the difference betwedt . and Epa (AEp) is
adsorption process at gold electrode. Additionally, the shape observed. At immersion times up to 30 min a complete loss in
of the curve suggests*®a rapid heterogeneous electron transfer the capacity of this adlayer toward ayheterogeneous electron

kinetic. transfer reaction has been observed. Conversely, thec cyt

(44) Hobara, D.; Niki, K.; Zhou, C.; Chumanov, G.; Cotton, T. @blloids (48) Bard, A. J.; Faulkner, L. R. IBlectrochemical Methods, Fundamentals
Surf., A1994 93, 241. and ApplicationsJohn Wiley & Sons: New York, 1980.

(45) Hinnen, C.; Niki, K.J. Electroanal. Chem1989 264, 157. (49) Matsuda, M.; Ayabe, YZ. Elektrochem1955 59, 494.

(46) Henderson, R. W.; Rawlinson, W. Biochem. J1956 62, 21. (50) Taniguchi, I.; Toyosawa, K.; Yamaguchi, H.; Yasukouchi, K.

(47) Hawkridge, F. M.; Kuwana, TAnal. Chem 1973 45, 1021. Electroanal. Chem1982 140, 187.
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electrochemical parameters have not change for RupySAuthe pyridine ring, particularly itg-electron-donating character.

surfaces prepared by immersion times up to 60 min. The peakAlso, the [Ru(CN3}(pyS)I*~ negative charge, as well as the

separation value®\Ej, are indicative of facile electron transfer ~ cyanide environment, facilitates the electrostatic interattion

kinetics on the voltammetric time sca®*®-4°Furthermore, the  with the positive-charged lysine groups of cyfThese properties

cyt ¢ electrochemical response for RupySAu prepared within all together well illustrate that the [Ru(CapyS)F~ forms a

15 min immersion time and kept out of the promoter solution very stable inorganic ordered monolayer on gold substrate,

overnight was about the same as for freshly prepared electrodeimproving the assessment of the heterogeneous electron transfer
On the basis of these results, we can conclude that the RupySeaction of cytc.

inorganic complex is an efficient self-assembled monolayer to

assess the rapid electron transfer reaction o€.citso, a greater

stab|llty of the gold substrate moqmed by the RupyS has been [.S.M. and I.C.N.D. gratefully acknowledge CNPq for the grants
achieved, compared to the free ligand monolayer.

The structural stability of pyS monolayers is strongly affected of the fellowships (301220/94-8 and 300560/00-1, respectively).
by the electronic properties of the [Ru(GN)- substituent on IC001362A
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