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Abstract: Evidence for the competition between long-range electron transfer across self-assembled
monolayers (SAMs) and incorporation of the redox probe into the film is reported for the electroreduction
of Ru(NHz) 2+ at hydroxyl- and carboxylic-acid-terminated SAMs on a mercury electrode, by using
electrochemical techniques that operate at distinct time scales. Two limiting voltammetric behaviors are
observed, consistent with a diffusion control of the redox process at mercaptophenol-coated electrodes
and a kinetically controlled electron transfer reaction in the presence of neutral HS—(CH,)10—COOH and
HS—(CH,),—CH.OH (n = 3, 5, and 10) SAMs. The monolayer thickness dependence of the standard
heterogeneous electron transfer rate constant shows that the electron transfer plane for the reduction of
Ru(NH3) g* at hydroxyl-terminated SAMs is located outside the film | solution interface at short times.
However, long time scale experiments provide evidence for the occurrence of potential-induced gating of
the adsorbed structure in some of the monolayers studied, which takes the form of a chronoamperometric
spike. Redox probe permeation is shown to be a kinetically slow process, whose activation strongly depends
on redox probe concentration, applied potential, and chemical composition of the intervening medium. The
obtained results reveal that self-assembled monolayers made of mercaptobutanol and mercaptophenol
preserve their electronic barrier properties up to the reductive desorption potential of a fully grown SAM,
whereas those of mercaptohexanol, mercaptoundecanol, and mercaptoundecanoic acid undergo an order/
disorder transition below a critical potential, which facilitates the approach of the redox probe toward the
electrode surface.

Introduction an electrode and a redox probe separated by an organized film
is measured® The redox species can be either covalently linked
to the film or freely diffusing in the solution. The third strategy
makes use of solid-state metahsulator-metal junctions to
robe the electron transport across the sandwiched molecular
spacef The main goal of the present work is to explore the
interplay between the two charge transfer processes that are

Understanding long-range electron transfer reactions is of
crucial importance to unravel the workings of biological systems
and to design molecular electronic devié@sThree general
approaches have been developed to elucidate the role of theP
intervening medium in mediated electron transfer reactions. The
first strategy involves the study of photoinduced electron
transfers between donor/acceptor pairs linked by synthetic (3) (a) winkier, J. R.; Gray, H. BChem. Re. 1992 92, 369. (b) Paddon-
molecular bridges or in purposely modified metalloprotéins. Row, M. N.'Acc. Chem. Red994 27, 18. (c) Langen, R.; Chang, I.-J.;

Germanas, J. P.; Richards, J. H.; Winkler, J. R.; Gray, I-S(Bencel.995
In the second approach, the electron tunneling current between 553 1733, (d) Davis, W. B.; Svec, W. A.; Ratner, M. A.; Wasielewski, M

R. Nature 1998 396, 60.
(4) Finklea, H. O. InElectroanalytical ChemistryBard, A. J., Rubinstein, 1.,

IUn!vers!dad de Sevilla. Eds.; Marcel Dekker: New York, 1996; Vol. 19, pp 16935.
Universidad Nacional de Rio Cuarto. (5) (a) Chidsey, C. E. DSciencel991, 251, 919. (b) Hanshew, D. D.; Finklea,
8 University of the West Indies. H. O.J. Am. Chem. Sod 992 114 3173. (c) Finklea, H. O.; Liu, L.;

(1) (a) Tour, J. MAcc. Chem. Re200Q 33, 791. (b) Ratner, MNature200Q Ravenscroft, M. S.; Punturi, . Phys. Chenil996 100, 18852. (d) Sachs,
404, 6774. (c) Rueckes, T.; Kim, K.; Joselevich, E.; Tsen, G. Y.; Cheung, S. B.; Dudek, S. P.; Hsung, R. P.; Sita, L. R.; Smalley, J. F.; Newton, M.
C.-L.; Lieber, C. M.Science200Q 289, 5476. (d) Fox, M. AAcc. Chem. D.; Feldberg, S. W.; Chidsey, C. E. D.Am. Chem. So2997, 119 10563.
Res.1999 32, 201. (e) Weber, K.; Hockett, L.; Creager, S. E. Phys. Chem. B997 101,

(2) (a) McLendon, GAcc. Chem. Re4988 21, 160. (b) Gray, H. B.; Winkler, 8286. (f) Smalley, J. F.; Finklea, H. O.; Chidsey, C. E. D.; Linford, M. R.;
J. B.Annu. Re. Biochem.1996 65, 537. (c) Kelley, S. O.; Barton, J. K. Creager, S. E.; Ferraris, J. P.; Chalfant, K.; Zawodzinsk, T.; Feldberg, S.
Sciencel999 283 375. (d) Page, C. C.; Moser, C. C.; Chen, X.; Dutton, W.; Newton, M. D.J. Am. Chem. So@003 125, 2004. (g) Liu, B.; Bard,

P. L. Nature1999 402, 47. A. J.; Mirkin, M. V.; Creager, S. EJ. Am. Chem. So2004 126, 1485.
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envisaged to operate whenever a freely diffusing redox speciestilt angle'>1¢or the interconversion of adsorbed structures with
encounters an appropriately polarized monolayer-coated elec-distinct surface density. Majda et al'® studied the tunneling
trode, namely, long-range electron transfer and ion permeationbarrier properties of methyl- and hydroxyl-terminated SAMs

across the film.

on mercury by using both native and expanded films in the

The use of electrodes coated with blocking self-assembled presence of a redox probe. The small increase of the tunneling

monolayers (SAMs) allowed Miller et dland Xu et aP to
determine the redox kinetics of freely diffusing redox couples

current observed upon expanding the electrode surface area led
them to conclude that, in addition to the dominant through-

at high overpotentials, which were previously unattainable at bond electronic coupling, there exists a less efficient tunneling
bare electrodes due to mass-transport limitations. Electronpathway involving a chain-to-chain coupling (through-space
transfer rate constants were shown to vary with overpotential coupling). In a more recent study, Yamamoto and Waléfeck

according to predictions based on Marcus density-of-states extended this parallel pathways model by allowing for multiple

(DOS) theory. Cheng et 8lhave explored the characteristics

interchain jumps and applied it to provide a better description

of the donor/acceptor electronic coupling across self-assembledof tunneling currents measured across high tilt-angle monolayers.

monolayers. They reported that introduction of an ether, olefin,

or alkyne functionality in the interior ab-hydroxyalkanethiol

Additional studies have demonstrated that the contribution of
the interchain coupling pathway depends on the chemical

monolayers results in a decrease of the electron transfer ratecomposition of the molecular spacer and the location of the
between the electrode and the redox probe, in agreement withredox group in the SAMS911.1920 Apart from their use in

qguantum mechanical predictioh& On the other hand, an

studying long-range electron transfer reactions, freely diffusing

increase of the tunneling current has been observed when arfedox species can also .be employed to probe the state of
amide group was introduced in the hydrocarbon backbone of adsorbed molecules during the self-assembly process. The

the monolayéf or in the center of a bilayer barrier forming a
tunneling junction between two mercury electroffds the case
of chemical modification of the outer part of the monolayer,

sensitivity of the hexammineruthenium(lll) reduction rate to
its separation from the electrode surface allowed us to identify
two adsorbed states during the formation of a 6-mercaptohexanol

interpretation of kinetic effects requires a precise knowledge SAM on a hanging mercury drop electrotle.

of the location of the redox probe at the filnsolution interface.
Miller et al.”? ascribed the increase of the tunneling current for
ferricyanide electroreduction ab-hydroxyalkanethiol-coated

As mentioned earlier, an aspect that requires special consid-
eration in the kinetic analysis of redox probes at coated
electrodes is the possible incorporation of ions into the mono-

gold electrodes, as compared to that observed at methyl-layer as the overpotential is increased. Evidence for ion
terminated SAMs, to a closer approach of the redox species topermeation into short alkanethiol SAMs was inferred by Porter

the hydroxylated monolayer surface due to its more hydrophilic
character. Slowinski et 8. proposed the use of the reorganiza-

et al2! from the dependence of the electrode differential
capacitance on the hydrocarbon chain length and nature of

tion energy and the maximum value of the electron transfer rate supporting electrolyte. More recently, Boubour and LerfAox
constant as diagnostic parameters to locate the electron transfehave studied the ionic insulating properties of various al-
plane, inside or outside of the monolayer, based on their kanethiol-based SAMs in the absence of redox active species

dependence on the dielectric permittivity profile.

by using impedance spectroscopy. From the analysis of the low-

The electrochemical properties of SAMs have been mainly frequency response, they reported the existence of a critical
studied at solid substrates, but additional advantages can be takeRotential, below which the adsorbed film becomes permeable
from the use of a mercury drop electrode. Its atomically smooth to0 ions from solution. The critical potential was shown to shift
surface facilitates the formation of defect-free, closely packed toward more negative values as the chain length of the adsorbed

monolayers3*while the possibility of expanding or contracting

thiol was increased. Later, Protsalio and Fawéetttended this

its surface area allows for a gradual variation of the molecular type of study to propylene carbonate solutions and investigated

(6) (a) Rampi, M. A.; Schueller, O. J. A.; Whitesides, G. Appl. Phys. Lett.
1998 72, 1781. (b) Slowinski, K.; Fong, H. K. Y.; Majda, M. Am. Chem.
Soc. 1999 121, 7257. (c¢) Haag, R.; Rampi, M. A.; Holmlin, R. E;
Whitesides, G. MJ. Am. Chem. S0d.999 121, 7895. (d) Slowinski, K.;
Majda, M. J. Electroanal. Chem200Q 491, 139. (e) Holmlin, R. E.;
Ismagilov, R. F.; Haag, R.; Mujica, V.; Rutner, M. A.; Rampi, M. A;;
Whitesides, G. MAngew. Chem., Int. E@001, 40, 2316. (f) Anariba, F.;
McCreery, R. L.J. Phys. Chem. R002 106, 10355. (g) Fan, F.-R. F;
Yang, J.; Cai, L.; Price, D. W.; Dirk, S. M.; Kosynkin, D. V.; Yao, Y.;
Rawlett, A. M.; Tour, J. M.; Bard, A. JJ. Am. Chem. SoQ002 124,
5550. (h) Rampi, M. A.; Whitesides, G. MChem. Phys2002 281, 373.
(i) York, R. L.; Nguyen, P. T.; Slowinski, KJ. Am. Chem. So2003
125, 5948.

(7) (a) Miller, C.; Cuendet, P.; Gtzel, M. J. Phys. Chem1991, 95, 877. (b)
Miller, C.; Grazel, M. J. Phys. Chem1991, 95, 5225. (c) Becka, A. M;
Miller, C. J.J. Phys. Cheml1992 96, 2657. (d) Becka, A. M.; Miller, C.
J.J. Phys. Cheml993 97, 6233. (e) Terrettaz, S.; Becka, A. M.; Traub,
M. J.; Fettinger, J. C.; Miller, C. J. Phys. Chem1995 99, 11216.

(8) Xu, J.; Li, H.-L.; Zhang, YJ. Phys. Chem1993 97, 11497.

(9) Cheng, J.; S3hi-Szabo G.; Tossell, J. A.; Miller, C. JJ. Am. Chem. Soc.
1996 118 680.

(10) Napper, A. M.; Liu, H.; Waldeck, D. Hl. Phys. Chem. B001, 105, 7699.

(11) Sek, S.; Bilewicz, RJ. Electroanal. Chem2001, 509, 11.

(12) Slowinski, K.; Slowinska, K. U.; Majda, Ml. Phys. Chem. B999 103
8544,

(13) Demoz, A.; Harrison, D. Langmuir1993 9, 1046.

(14) Magnussen, O. M.; Ocko, B. M.; Deutsch, M.; Regan, M. J.; Pershan, P.
S.; Abernathy, D.; Gible, G.; Legrand, J.-ANature 1996 384, 250.

the temperature dependence of the monolayer ionic permeability.
The higher ionic conductivity observed at high temperatures
was interpreted in terms of structural changes in the film due
to Ostwald ripening of the adsorbed thiol domains.

Given the ability of ionic species to permeate self-assembled
monolayers in the presence of interfacial electric fields, the

(15) (a) Bruckner-Lea, C.; Janata, J.; Conroy, J.; Pungor, A.; Caldwell, K.
Langmuir1993 9, 3612. (b) Bruckner-Lea, C.; Kimmel, R. J.; Janata, J.;
Conroy, J. F. T.; Caldwell, KElectrochim. Actal995 40, 2897.

(16) (a) Slowinski, K.; Chamberlain, R. V.; Bilewicz, R.; Majda, NI.. Am.
Chem. Soc1996 118 4709. (b) Slowinski, K.; Chamberlain, R. V.; Miller,
C. J.; Majda, M.J. Am. Chem. S0d.997, 119, 11910.

(17) Calvente, J. J.; Andreu, R.; G, L.; Gil, M.-L. A.; Mozo, D.; Rolda,

E. J. Phys. Chem. B001, 105 5477.

(18) Yamamoto, H.; Waldeck, D. HI. Phys. Chem. B002 106, 7469.

(19) (a) Sek, S.; Misicka, A.; Bilewicz, Rl. Phys. Chem. B00Q 104, 5399.
(b) Sek, S.; Palys, B.; Bilewicz, R.. Phys. Chem. BR002 106, 5907.

(20) Sumner, J. J.; Weber, K. S.; Hockett, L. A.; Creager, S. Phys. Chem.

B 200Q 104, 7449.

(21) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am. Chem.

Soc.1987 109, 3559.

) (a) Boubour, E.; Lennox, R. B.angmuir200Q 16, 4222. (b) Boubour,
E.; Lennox, R. B.J. Phys. Chem. R00Q 104, 9004. (c) Boubour, E.;
Lennox, R. B.Langmuir200Q 16, 7464.

(23) Protsailo, L. V.; Fawcett, W. R.angmuir2002 18, 8933.
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following question arises whenever a freely diffusing redox 0.2°C with a Haake D8.G circulator thermostat. A sodium-saturated
species faces a SAM-coated electrode: Do ion permeation andAg/AgCI electrode and a platinum foil were used as reference and
|ong_range e|ectron transfer across the mono'ayer occur on theauxmary eIeCtrOdeS, respectlvely. The Worklng electrode was an HMDE

same time scale or on different time scales such that they can(EG&G PAR 303A) whose area (0.0275 gnwas determined by
be decoupled by using an appropriate transient technique? Awelghmg three sets of 10 drops. Voltammetric, chronoamperometric,
" and cell impedance measurements were carried out with an Autolab/

re_lated (?rUCIal point is whether .Ion permeation |nvqlves Ju§t 4 pGSTAT30 (Eco Chemie B. V.), equipped with a frequency response
disordering of the adsorbed thiol structure or an irreversible analyzer module.

breakdown of the monolayer, including desorption of some of  compytational Aspects.Hartree-Fock calculations at the 3-21G

its molecules. Itis the aim of the present work to provide some pasis set level were performed by using HyperChem to compute the
new insights into these aspects via the study of the electrore-molecular geometry of the studied organothiols. The molecular lengths
duction of Ru(NH)g+ at a series of carboxylic acid- and were calculated as the distance between the sulfur atom and the
hydroxyl-terminated self-assembled monolayers deposited onhydrogen atom of either the hydroxyl or carboxylic terminal group.
mercury drop electrodES, by Combining results obtained with Then, a value D2 A was added to account for the distance between
distinct electrochemical techniques that give access to processede sulfur atom of the thiol and the substréfté?

occurring at different time scales. Short and intermediate chain Resyits and Discussion

length hydroxyalkanethiols were chosen because they are more ] ] ) )

prone to undergo ion permeation within the available potential (&) In Situ Formation and Desorption of Thiol Self-
window. The use of mercaptoundecanoic acid is envisaged to”ASSembled Monolayers.To explore the influence of the
produce less organized monolayers, at least in its outermost Ioart'thlckness and chemical composition of the intervening medium
due to the presence of the bulkieCOOH terminal group. As  ON the electron transfer rate between mercury and Re(fiH

a result, two types of electrochemical response have beenfive thiol monolayers were studied. Figure 1 summarizes the
observed, including (a) monolayers that preserve their tunneling vVoltammetric features of the in situ formed SAMs of MBOL,
barrier properties within the entire potential window prior to MHOL, MUOL, MUA, and MPH. In these experiments, the
their reductive desorption and (b) monolayers exhibiting a Potential was first held at-0.05 V for a fixed period (66100
potential-induced breakdown of their blocking properties, which S) after which it was swept toward more negative potentials to
is associated with the disordering and partial desorption of the induce the reductive desorption of the previously formed
film. Apart from its implications for long-range electron transfer monolayer. The insets show typical chronoamperograms re-
processes at modified electrodes, the present results are als§orded while thiol deposition was taking place-d1.05 V. Zero
useful in understanding the factors that contribute to the time in these chronoamperograms corresponds to the time at

electrical breakdown of self-assembled monolayers. which the potential was stepped froml.2 to —0.05 V in a
double potential step experiment designed to remove any
Experimental Section residual thiol adsorbed during formation of the mercury drop.

Reagents4-Mercaptophenol (MPH), 6-mercapto-1-hexanol (MHOL), Th? amount of adsorbed molecules in ?aCh monolayer was
11-mercapto-1-undecanol (MUOL), 11-mercaptoundecanoic acid (MUA), €stimated from the area under the cathodic voltammetric wave,
and Ru(NH)sCl; were purchased from Aldrich. 4-Mercapto-1-butanol by assuming the exchange of one electron per thiol moiety. A
(MBOL), sodium dihydrogen phosphate (N#D,), and sodium value of 7.5x 1071 mol cm2 was found for MBOL, whereas
hydroxide (NaOH) were purchased from Fluka Chemicals and used asvalues in the 9x 1072°to 1 x 1072 mol cnT2 range were
received. Aqueous solutions were prepared from water purified with a obtained for MHOL, MPH, MUOL, and MUA. Within the
Millipore Milli-Q system (resistivity 18 M2 cm). Working solutions  yncertainty of the nonfaradaic contribution to the measured
of thiols in sodium phosphate buffer were prepared from 5 mM stock current, these values are consistent with a perpendicular

solutions of MBOL and MHOL in water, and MPH, MUOL, and MUA e yiation of the oxidized thiol molecules in the adsorbed
in ethanol (Merck). These solutions were prepared daily and intensively statel6b.27

deaerated with a presaturated nitrogen stream for at 2ehgprior to The | . d sh f th ductive d .
the measurements. Mercury was distilled three times under vacuum e location and shape of the reductive desorption waves

after treatment with dilute nitric acid and mercurous nitrate. provide some insight into the compactness of the SAM. As
Self-Assembly of Thiols at Mercury. Short hydroxyalkanethiols ~ Previously observed for methyl-terminated thigié?an increase
are known to form soluble mercuric-thiolate compounds when they Of the alkyl chain length in thev-hydroxyalkanethiol series
are brought in contact with mercury, unless the electrode is sufficiently results in a shift of the peak potential toward more negative
polarized at negative overpotenti&tg>To avoid partial solubilization values, indicating the formation of more stable adsorbed
of ex situ formed thiol monolayers during the rinsing stage, in the structures. Replacement of the termiraDH group by the
present study SAMs were built up in situ under potentiostatic control, hylkier —COOH group, which is either fully or partially
by holding the hanging mercury drop electrode (HMDE)-#.05 V deprotonated at pH= 73038 decreases the electrochemical

(versus Ag/AgCl, saturated NacCl) for ca.-6000 s in the presence of stability of the monolaver. as evidenced by the fact that MUA
a 100uM thiol solution in sodium phosphate buffer, which may also y yer, y

contain the redox probe. The use of a low thiol concentration solution (26) Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; Newton

ensures that dissolved thiol molecules do not interfere with the M. D.; Liu, Y.-P. J. Phys. Chem1995 99, 13141.
i ; iti (27) Muskal, N.; Turyan, I.; Mandler, Q. Electroanal. Chenl996 409, 131.
eIeCtrOChemlca,l signal measured after the depqsmon step. (28) Widrig, C. A.; Chung, C.; Porter, M. OJ. Electroanal. Chenl991, 310,
Electrochemical Measurements.Electrochemical measurements 335. _ _
were carried out in a water-jacketed glass cell, thermostated #t 25  (29) gg\éensonv K. J.; Mitchell, M.; White, H. 3. Phys. Chem. B998 102
(30) Lee, 'T. R.; Carey, R. I.; Biebuyck, H. A.; Whitesides, G. Mingmuir
(24) Casassas, E.; Aon C.; Esteban, M.; Miler, C. Anal. Chim. Actal988 1994 10, 741.
206, 65. (31) Creager, S. E.; Clarke, langmuir1994 10, 3675.
(25) Gil, M.-L. A.; Andreu, R.; Calvente, J. J.; Pablos,J Electrochem. Soc. (32) White, H. S.; Peterson, J. D.; Cui, Q.; Stevenson, K. Phys. Chem. B

2002 149, E45. 1998 102 2930.
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y ' ' lateral interactions between the adsorbed molecii&sThe
presence of voltammetric spikes in the cathodic scan correlates
with the occurrence of a sudden decrease in the chronoampero-

Hg | MBOL g metric current recorded during the deposition stage, which is
02 pA

i/ pA

not observed for MBOL (see arrows in the insets of Figure 1),
which signals passivation of the mercury surface by the adsorbed
20 0 10 thiol.
" " " Either single or multiple desorption waves are recorded, which
of 1 according to previous studi€g? can be attributed to distinct
Hg | MHOL orientational states of the adsorbed molecules differing in their
Toz surface density. Conversion of a fraction of molecules from the
2 A ) : . .
| higher to the lower surface density states is expected during
-500 |- iy the desorption of a densely packed monolayer, due to the free
space that is continuously being created as molecules leave the
ts electrode surface. The possibility of observing individual waves
! ' ' for each population depends on their relative stability. If the
ol A ] low surface density state is the most stable, it will require a
more negative potential for its desorption. Under these condi-
Hg | MUOL tions, at least two voltammetric waves are expected, as observed
] for MBOL and MPH. On the other hand, if the high surface
density state is the most stable, adsorbed molecules in the low
surface density state will be desorbed as soon as they are formed.
Y Y Y In this last case, a single narrow voltammetric wave is expected,
of § as observed for MHOL, MUOL, and MUA. The presence of
small voltammetric peaks beyond the main reductive wave of
MUOL suggests that a residual amount of reduced thiol
| Io.sz molecules remains physisorbed on the electrode, and surface
phase transitions involving these physisorbed molecules are
-500 |- 1 likely to be the origin of these additional voltammetric features.
0 15 wus Therefore, upon increasing the alkyl chain length, not only does
! ' ' the monolayer become more compact but the adsorption of the
or 7 reduced thiol molecules is also promotgd.
Hg | MPH (b) Comparison between Ru(NH)** Electroreduction at
| T o2 Bare and Thiol-Coated Mercury Electrodes.Figure 2 shows
how the heterogeneous electron transfer between Hg and Ru-
(NH3) ng is affected by the presence of the SAMs indicated
-50 |- 0 0 4 above. The voltammetric response corresponding to a bare
L L L mercury electrode has also been included for comparison. In
the absence of any organic monolayer, the expected reversible
) ) o EIV ) ) wave for a fast monoelectronic charge tran&féwith a peak
Figure 1. Cathodic stripping voltammograms recorded in solutions

containing 10Q:M indicated thiol and 0.25 M gPQy, pH 7. Scan rate = potential s_eparation of ca. (_50 mvV) is only Observed_ for low
1V s%, deposition potentiaEq = —0.05 V, and deposition time 100 s.  concentrations of the ruthenium complexi( mM). At higher

Insets show chronoamperograms recorded during the deposition step, agoncentrations, however, the cathodic peak current exceeds the
explained in the text. value expected for a diffusion-controlled process, and the wave
desorbs at more positive potentials than MUOL. On the other @PProaches the Gaussian-like shape typical of a surface-confined
hand, the replacement of the alkyl chain by a phenyl moiety of ProOCess. Under thgse conditions, the frequency dependence'of
similar molecular length leads to a slightly more stable SAM the electrode admmancﬁ also confirms the presence of specif-
for MPH, as compared to MBOL. In all cases, except for |cally adsorbed Ru(NE)¢". It should be noted that adsorption
MBOL, voltammetric spikes with a full width at half-maximum of this redox couple on gold has recently been detected by laser-

less than 25 mV were obtained, which are indicative of strong induced temperature jump experimefitsAny voltammetric
indication of ruthenium adsorption disappears when the electrode

i/ pA

i/ pA

-100 -

Hg | MUA

i/ pA

i/ uA

(33) (a) Shimazu, K.; Teranishi, T.; Sugihara, K.; UosakiGkem. Lett1998 is coated with a thiol monolayer, which now renders the overall
Zhgr?q?ét(rs)lgsgugglg?rii% Teranishi, T.; Shimazu, K.; Uosakigiectro- appearance of voltammograms independent of ruthenium bulk

(34) Smalley, J. F.; Chalfant, K.; Feldberg, S. W.; Nahir, T. M.; Bowden, E. F. concentration (see Figure 2).
J. Phys. Chem. B999 103 1676.
(35) Kakiuchi, T.; lida, M.; Imabayashi, S.; Niki, Kangmuir200Q 16, 5397.

(36) Dai, Z.; Ju, HPhys. Chem. Chem. Phy2001, 3, 3769. (39) Laviron, E.J. Electroanal. Chem1979 100, 263.
(37) (a) Zheng, W.; Maye, M. M.; Leibowitz, F. L.; Zhong, C.Anal. Chem. (40) Aoki, K.; Kakiuchi, T.J. Electroanal. Chem1998 452, 187.
200Q 72, 2190. (b) Luo, J.; Kariuki, N.; Han, L.; Maye, M. M.; Moussa, (41) Calvente, J. J.; Andreu, R.; Gil, M.-L. A.; Gonzalez, L.; Alcudia, A.;
L. W.; Kowaleski, S. R.; Kirk, F. L.; Hepel, M.; Zhong, C.-J. Phys. Dominguez, M.J. Electroanal. Chem200Q 482 18.
Chem. B2002 106, 9313. (42) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals and
(38) (a) Schweiss, R.; Welzel, P. B.; Werner, C.; Knoll, Wangmuir 2001, Applications John Wiley & Sons: New York, 2001.
17, 4304. (b) Schweiss, R.; Pleul, D.; Simon, F.; Janke, A.; Welzel, P. B.; (43) Smalley, J. F.; Geng, L.; Chen, A.; Feldberg, S. W.; Lewis, N. S.; Cali, G.

Voit, B.; Knoll, W.; Werner, C.J. Phys. Chem. B004 108 2910. J. Electroanal. Chem2003 549, 13.
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T T T reproducibility of the voltammetric features (typically within
Hg | MPH | . .
2%) strongly supports the assumption of monolayers being
. defect-free, since larger dispersions are to be expected in the
j presence of a random fraction of pinholes and defects.
Between these two limiting situations, MUA-coated mercury

& electrodes exhibit intermediate behavior, characterized by
2

Bare Hg

v
#

) ) . other hand, the enhancement of the current, as compared to
6 -04 02 06 -04 02 00 voltammograms obtained in the presence of other thiols with a
similar hydrocarbon chain length such as MUOL, indicates that
" " j " j some partitioning of the Ru(l\l:!;)lg+ species into the mono-
layer may occur, thus allowing for a closer approach of the redox
. probe to the mercury surface. Since the adsorbed MUA is either
fully or partially deprotonated at pH 7 (reportel{yvalues are
within the range 4.410.3%398), ionic partitioning is likely to
be related to the presence of the negatively charged carboxylate
Hg IMHOL 3 groups. To further explore this point, additional experiments
ol Hg | MBOL were carried out at pH 2, where carboxylic groups are expected
) ) ) ) ) to remain in their neutral form. As shown in the lower panel of
1.0 038 -06 -0.4 0.2 Figure 2, protonation of the carboxylate group results in
exponential-like voltammograms, resembling those obtained
with hydroxy-terminated SAMs. This result is consistent with

0F ' ' 1 ’ ' ' I
oH=7 { 2 the pH dependence reported for this redox probe at MUA-
3 modified gold electrodes.
-100 - Hg | MUA Before attempting a more detailed analysis of the electron

transfer rate, we shall take advantage of the high sensitivity of

{0
! the tunneling current to the distance of closest approach of Ru-
PH2 1 2 (NH3) 3" to the electrode (as illustrated in Figure 2 for the
3 -50 series of hydroxy-terminated SAMs), to explore the electro-

chemical stability of these monolayers on an expanded time
scale.

(c) Potential-Induced Gating of Self-Assembled Monolay-
ers. Recent reports by Boubour and LenAblxave demonstrated

15
ok

15 F

i/ pA

or peaked voltammograms located at large negative overpotentials,

which are typical of mixed activation/diffusion control. On the
-100

1
2
s
-0

i/ uA

230 F

i/ pA

-1.0 -0.8 -06 -0.4 -0.2

E/V

Figure 2. Cathodic stripping voltammograms recorded in solutions
containing 10QuM corresponding thiol, 0.25 M §PQy, pH 7, except for

pH 2 solutions in the lowest panel, and (1) 1 mM Ru@#, (2) 5 mM that below a prmcal_ potential z_avarlety of _SAMs depo§|ted on
Ru(NH) ¥ and (3) 10 mM Ru(NH)3* at the HMDE. Scan rate = 1 V gold lose their barrier properties against ion permeation. This
s1, deposition potentiaEq = —0.05 V, and deposition time 100 s. The  observation, which is relevant in relation to the stability of
nature of the thiol monolayer, if present, is indicated on each panel. interfacial structures and to studies of long-range electron

o transfer, raises the issue of the extent to which the compactness

The specific influence of each monolayer on the rate of f the monolayer is preserved on the time scale of a voltam-
electron transfer is determined by the chain length and chemical y,atric experiment. To explore whether the apparent absence
composition of the adsorbed thiol. Two limiting cases can be of ry(NH)3* permeation across OH-terminated SAMs is
identified. First, reversible voltammetric waves were obtained governed by either thermodynamic or kinetic restrictions, a
at MPH-coated electrodes, providing evidence for a rather fast chronoamperometric protocol has been adopted. In this way,
electron transfer between Hg and Ru@. At the opposite  the barrier properties of these monolayers against ion permeation
extreme, exponential-like voltammograms were obtained at can be checked over an extended time scale at a fixed applied
hydroxyalkanethiol-coated electrodes, which are typical of a potential. To detect any disruption of the monolayer, the use of
redox process limited by a slow rate of electron transfer acrossthe soluble redox probe allows us to take advantage of the
the monolayer. Upon increasing the alkyl chain length of the exponential dependence of the electron transfer rate on the
thiol, reduction currents appear at progressively more negative donor-acceptor distanc,so that an increase of the current is
potentials, indicating a slower electron transfer rate at a given expected whenever RU(N)‘? permeates the monolayer.
overpotential. This behavior is to be expected when  Figyre 3 shows a series of chronoamperograms corresponding
Ru(NH) ¢ remains on the solution side of the monolayer, o o Ru(NH) ¥ reduction atw-hydroxyalkanethiol-coated mer-
that an increase of the monolayer thickness results in the cyry electrodes. These were recorded after stepping the potential
activation plane for electron transfer being moved away from from the deposition potentiaEg) to a more negative potential

the electrode surface. The same increase in the thiol chain lengthyalue (;,), located within the capacitive range depicted in
also produces an obvious decrease of the current versus potential
slopes, which reflects the gradual leveling off of the activation- (44) Schmickler, Winterfacial ElectrochemistryOxford University Press: New
energy/driving-force relationship as the overpotential increases,(45) E‘;rr'ga};g?g_ F.. Meyer, T. J: Ratner, M. A, Phys. Chem1996 100
as predicted by Marcus DOS thed?®/* The high degree of 13148,
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Figure 3. Chronoamperograms recorded at (a) MBOL-, (b) MUOL-, and Figure 4. Chronoamperograms recorded at MUA-coated mercury electrodes
. 1 il . . P 3+

(c,d) MHOL-coated mercury electrodes in solutions containing 5 mM N Solutions containing 5 mM Ru(Njis, 100uM MUA, 0.25 M H3POy

Ru(NHs), 100 uM indicated thiol, and 0.25 M KPQs, pH 7, as a at pH 7 and pH 2, as a function of the final pulse poteriigt (1) —0.28,

function of the final pulse potentidds,: (1) —0.20, (2)—0.24, (3)—0.28, (2) ~0.32, (3)—0.36, (4)—0.44, (5)—0.58, (6)—0.60, (7)—0.62, and (8)

and (4)—0.32 V for MBOL; (1) —0.74, (2)—0.84, (3)—1.0, (4)—1.07, —0.70 V for the pH 7 solution, and (1)0.36, (2)—0.40, (3)—0.44, (4)

and (5)~1.12 V for MUOL; (1) —0.34, (2)-0.36, (3)-0.38, (4)-0.40, ~ _2:64 (5~0.72, and (6)-0.84 V for the pH 2 solution. The monolayer

(5) —0.42, (6)—0.46, (7)—0.48, (8)—0.50, and (9)-0.52 V for MHOL. was formed under potentiostatic controEat= —0.05 V with a deposition
time of 100 s.

The monolayers were formed under potentiostatic contrBjat —0.05 V
with a deposition time of 100 s. The inset in panel (d) shows a magnification

of the initial current decays. the redox probe (Cottrellian behavior). Therefore, the post-peak
increase of the reduction rate indicates that the occurrence of
Figure 1 (i.e., before the onset of the thiol desorption waves). the chronoamperometric peak can be attributed to a sudden
Some striking differences were observed within this series of permeation of the monolayer by Ru(uﬁJ’. As with the
SAMs that differ in their chain length. Mercury electrodes coated ,qjtammetric features, the current prior to the chronoampero-
with MBOL exhibited monotonically decreasing transients atric peak was highly reproducible. However, it should be

(Figure 3). As anticipated on the basis of its voltammetric qiaq that the precise location of the peak.) shows some

features in Figure 2, these chronoamperometric profiles are geauer (up to 20% in the vicinity of the critical potential), which
consistent with a kinetically controlled redox process, indicating |, mes smaller as the potential is made more negative. This
that at these potentials the monolayer preserves its electroni '

barrier properties over a prolonged period (at least up 60
s). Analogous behavior was observed in the presence of MPH
monolayers (not shown), where a set of smooth diffusion- . 2t
controlled transients were recorded within the available potential  Reéduction of Ru(NH)s" at MUA-coated electrodes also
window, as expected for a fast redox process. generates peaked chronoamperograms, though their character-
On the other hand, we have observed that current peaks occufStics are somewhat dependent on the solution pH (Figure 4).
spontaneously along the transients recorded from MUOL- and At PH 2, the chronoamperometric features are similar to those
MHOL-coated electrodes (Figure 3k). These peaks appear Obtained from MHOL-coated electrodes, showing the transition
only when the potential is made more negative than a critical from a kinetically controlled current, prior to the appearance of
value (i.e., wherEs, < Egit, with Egip = —0.43+ 0.02 V or the peak, to a diffusion-limited current beyond the peak.
Esit = —0.98 + 0.03 V, in the case of MHOL and MUOL  However, the current peaks become extremely narrow at pH 7
monolayers, respectively), and they become narrower and shiftand, interestingly, they emerge from a diffusion-controlled
toward shorter times &, is made progressively more negative. transient, which exhibits Cottrellian behavior before and after
Before the onset of the chronoamperometric peak (i.et for  the current peak. This latter observation suggests that at pH 7
tmax, the current profile depends on the applied potential, the redox probe can easily permeate the outer part of the MUA
indicating that it is controlled by electron transfer kinetics (see monolayer and that chronoamperometric spikes may originate
inset in Figure 3d). However, beyond the peak (i.e., tfor from a disordering of the innermost part of the monolayer.
tmay, the current decay becomes insensitive to the applied
potential, signaling that it is controlled by mass transport of (46) Bordi, F.; Cametti, C.; Motta, AJ. Phys. Chem. R00Q 104, 5318.

Csuggests that the monolayer breakdown at potentials close to
Eqit is initiated at transient defects produced by thermal
fluctuations in the lateral structure of the thiol monolagfer.
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Figure 5. Influence of Ru(NH) " concentration on chronoamperograms
recorded at MHOL- and MUA-coated mercury electrodes in solutions
containing the indicated concentrations of Ru@\§, 100 uM corre-
sponding thiol, 0.25 M BPO, at pH 7 (for MHOL) and pH 2 (for MUA). I
Monolayers were formed under potentiostatic contrdgat= —0.05 V with
a deposition time of 100 s. The final pulse potentialsife= —0.520 V 3
andEs;, = —0.680 V for MHOL and MUA monolayers, respectively. For — 1 l
the sake of clarity, chronoamperograms have been shifted vertically.

>
vri/t-

It should be noted that these chronoamperometric spikes are ) . , . ,
also observed in the absence of Ru@)li;f. Figure 5 shows 04 -02 00 0 20 40
how successive additions of the redox probe result in increased E/V t/s
current transients, which are progressively shifted toward shorter Figure 6. (a) Reductive desorption voltammograms for a MHOL-coated
times. The current increase nicely demonstrates the amplification Hg eleptrode recorded at the timgs indicated alon_g the _chronqamper_ometric
effect of the redox probe, though it is also evident that it is far i“ri’g.g'S(k\’/),’é;' “:S'E%.Tf 8?5;:32 p:mgf(')"\feg':;%ii;inoahgn'{;sitogﬂts'j
from behaving like a passive probe. The presence of RYINH  scan ratev = 1.0 V s'%, and solution composition: 10@M MHOL in
¥ helps to break down the barrier properties of the thiol 0.25 M HPQ,, pH 7 buffer. (c) Voltammograms corresponding to the
monclayer in he presence of an exteral elcti fild, and it soutiien of et UM, B C L L n R OL
disruptive action mcreasgs with Concemrat!on' This finding amperomgtric curve i’n (d) by using the potential program degpicted in the
corroborates the expectation that the delay time for the mono-inset with Eg = —0.05 V, Esn = —0.44 V. Deposition timeg = 100 s,
layer breakdown is governed by the rate of ion permeation, andscan rater = 1 V s7%, and solution composition: 5 mM Ru(Nj#** and
it also suggests that electrostatic effects play an important role 1004#M MHOL in 0.25 M HsPQ, pH 7 buffer.
due to the more rapid incorporation of the triply charged Ru-
(NH3) ? compared to that of the monovalent Neation of the
buffer solution.

the number of adsorbed MHOL molecules determined from the
areas under these voltammograms remains constant, this result

Additional insight into the dynamic behavior of these indicates that a progressive disordering of the monolayer is

monolayers was gained by recording fast scan volt<';1mmogramstak'ng place fort < tma When the dwell time approaches or

at certain intervals along the chronoamperograms. These vol-8XC€€ddmax a significant desorption of thiol takes place. For
tammograms were obtained either in the absence or in the/NStance, the area under voltammograms 4 and 5 in Figure 6a

presence of Ru(Ng—)é*, and two complementary protocols, implies a loss of half of the thiols from the monolay&d{yroL

~ — 10 —2 i i i
whose potential programs are depicted in the insets of Figure ™ 5 x 107 .mol cnr?). Th?'r voltammetric features are in
6, were followed. First, the MHOL monolayer was formed in 2dreement with the behavior to be expected of a poorly
the absence of Ru(Nj)ngr and the previous double step structured mixture of adsorbates, where a less stable population

chronoamperometric experiments were again observed to pro-Of closgly packgd thiol molecules coexists with a more stable
duce peaked current transients. The intensity of the currentPOPUlation of thiol molecules at low surface densityt should

transients, which must now be related to a rearrangement of?& noted that the extent of MHOL desorption accompanying
the interfacial structure, is obviously much lower (Figure 6b). the chronogmperometnc peak increases as the pptentlal is made
Reductive desorption voltammograms were recorded at five MOre negative, and that f&, < —0.6 V full desorption occurs.
characteristic times along the chronoamperogram. When the In the second protocol (Figure 6c¢,d), the monolayer was
potential was held aEg, for a time less thartma, Single deposited in the presence of Ru(b)%F, and its inhibitive
desorption waves were obtained whose peak potential shifts tobarrier properties against the reoxidation of electrochemically
more positive values as the dwell time &, increases generated Ru(Niﬂé+ were tested by scanning the potential
(voltammograms 1 and 2 in the upper panels of Figure 6). Since toward more positive values. The transition from a nearly flat
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Figure 7. Transient response of a Hg electrode to the square waveform
potential depicted in the upper plot. Deposition and final potential&Eare
—0.05 V andEj;, = —0.44 V, respectively. Solution composition: 100
#M MHOL in 0.25 M HzPQq, pH 7 buffer.

voltammogram (curve 1 in Figure 6c), obtained for a time
shorter thanmay to a peaked voltammogram (curve 3 in Figure
6c), obtained for a time longer thagay also points to a partial
desorption of the SAM at the chronoamperometric maximum.
The reversibility of this potential-induced rearrangement in

the monolayer was checked by applying a cyclic square wave
potential perturbation to the electrode, so that the potential was

RU(NH,)¥", 100 uM MHOL, 0.25 M HgPQs, pH 7 solution for several
values of the final pulse potenti&,: (1) —0.42, (2)—0.48, (3)—0.52 V

on a MHOL-coated Hg electrode. (b) Dependence of the linear analysis
intercepts in (a) on Ru(NbIZJr bulk concentration for the following final
pulse potential&sn: (1) —0.40, (2)—0.50, (3)—0.56 V. The MHOL self-
assembled monolayer was formed under potentiostatic contegkat—0.05

V during 100 s.

value outside to a value inside the faradaic region is given

by:49
[Z)—:Z) expt)erfc@Zt’?) + %/1 2)

i(t)= —nFAIgc:)[(l -

switched between the deposition potential and a second potentialyhere erfc stands for the complement of the error functidn,
where the monolayer partially desorbs. The results obtained forjs the diffusion coefficient of either O or R, which are assumed

a deposition potential of-0.05 V and a disordering potential
of —0.44 V are shown in Figure 7. The appearance of the

to take the same valug, is the electrode radiusg, is the bulk
concentration of the oxidized form, ais defined as:

chronoamperometric peak in the successive disordering potential

steps demonstrates the reversibility of the adsorption/desorption k+k, p?
process. However, it should be noted that the current peak after Z= oz T )
each disordering pulse, associated with partial desorption, shifts °
to shorter times as compared to the preceding one, indicating sufficiently short times, eq 2 reduces to:
that the monolayer gradually loses its ability to restore the
original compactness at the deposition potential. 2(k + kb)tll
(d) Determination of Electron Transfer Rate Constants. i) = —nFAlgc; 1-— — 4
As is clear from Figure 2, Ru(N§IZ" reduction rates at bare (nD)

and MPH-coated mercury electrodes are much higher than at ] ] )
electrodes modified withw-functionalized alkanethiol mono- According to this last expressiok; can be evaluated from
layers. In these two cases, electron transfer rate constants werd1€ intercept of a linear versust'’? plot. The applicability of
obtained from faradaic impedance measurem&rfswhereas  tis simplified procedure depends on the magnitude 6f k,
large amplitude dc techniques were found to be more appropriateSince the higher the value & + k, the narrower the time
to determine the lower rate constant values that are characteristid"t€"val will be over which such a linear dependence can be
of mercury electrodes modified with MBOL, MHOL, MUOL, obse_rved. More rellable \{alues kf can be determined when
and MUA monolayers. A detailed analysis of the electrode the mtercepts obtained in the .presenc.e of severa] reactant
admittance to derive electron transfer rate constants at bare an§°ncentrations are compared. F|+gure 8 illustrates this type of
MPH-modified mercury electrodes is reported elsewHere. analysis in the case of RU(N}E_ reduction at a MHOL-
Two alternative approaches have been used to determine thé0ated Hg electrode. Often, the linear part of thersust*?
electron transfer rate constants:afunctionalized alkanethiol- ~ PlOts extends up to-0.8 s (Figure 8a). It is also observed that
coated Hg electrodes: (i) analysis of the chronoamperometricth‘? intercepts increase Imearly with ruthenium congentraﬂon
response at short times and (ii) convolution voltammetry. (Figure 8Db), thus confirming the adequacy of the first-order
For a simple redox process: kinetic analysis, so that the slopes of tife= 0) versusc
plots provide the value df; at each potential.
The second approach makes use of convolution voltamme-
try4250.51tg calculate the concentrations of the electroactive

o+ ne‘%R Q)

MacDonald, D. D.Transient Techniques in Electrochemisti§lenum
Press: New York, 1977. It should be noted that in this reference the
equivalents of eqs 2 and 4 (there eqgs 4.115 and 4.116 on page 84) contain
(47) Protsailo, L. V.; Fawcett, W. RElectrochim. Acta200Q 45, 3497. errors in the signs.
(48) Ramirez, P.; Andreu, R.; Calvente, J. J.; Calzado, C. J.; Lopez-Perez, G. (50) Oldham, K. JAnal. Chem1986 58, 2296.

J. Electroanal. Chemin press. (51) Savaent, J. M.J. Phys. Chem. B002 106, 9387.

the chronoamperometric response to a potential step from a9
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species in the vicinity of the electrode surface, according to:

RS
Co=Cot

s __ _I

c=—
R nFADY2

wherel stands for the convolution current, here calculated for
spherical geometr$? and ¢’ is the concentration of théh
species at the electron transfer plane at any time during the
voltammetric scan.

By substituting eqs 5 and 6 into the expression for the current:

| = NFAKCE — ko)

and taking into account that thermodynamics requireskiikt
exp[F/RT)(E — EJ)], the following expression for the
logarithm of the cathodic rate constant is obtained:

(®)

(6)

()

:~1/2
Ink =In D — ®)
|, - |{1+ exp|o(E — E‘h’)]}
wherel, = —nFAZDY2 is the limiting value ofl ascg — 0.

Values of the diffusion coefficienD = (5.0 & 0.3) x 107
cn? s~ and of the formal potentiaEy, = —0.210+ 0.005 V
(at pH 7) andE; —0.150 + 0.005 V (at pH 2) were
determined from the convolution analysis of 1 mM
Ru(NHs) ? voltammograms obtained in the presence of the
same supporting electrolyte at a bare mercury electrode. As
test of internal consistency, the same diffusion coefficient value
was found from the Cottrell analysis of chronoamperograms
recorded atE = —0.6 V (i.e., within the diffusion-limited
potential region).

(e) Potential and Distance Dependence of the Electron
Transfer Rate. Figure 9 summarizes the k values obtained
for the reduction of Ru(Nl;)é* at the bare and thiol-coated

a

0F

%B;RE Hg

E/V
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~ A, 00 ~ OMWPH
» -4 A0 0 1 O wreH (pH=3)
£ a0 O ~
o ao O ~
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Figure 9. (a) Potential dependence of the heterogeneous electron transfer
rate constant for the Ru(N§E" electroreduction at the bare and the
indicated SAM-coated Hg electrodes. Circles and triangles are experimental
data derived from chronoamperometry and convolutive voltammetry,
respectively. Squares are experimental data derived from electrode admit-
tance analysis (ref 48). Solid lines represent the best fits to eq 9with

1.05 eV, whereas dashed lines representithe oo limit. (b) Dependence

on Ru(NH) 3" bulk concentration: @) 1 mM, @) 5 mM, and @) 10 mM

of the In ks vs E plots for the Ru(Nu)?; electroreduction at a MUA-
coated Hg electrode, as determined in a pH 7 buffer solution.
(c) Ru(NHs) 2*’2* standard electron transfer rate constak) (alues
obtained at different SAM-coated Hg electrodes, as a function of the
theoretically estimated monolayer thicknégs Solid line is the least-squares

fit to the results corresponding to hydroxy-terminated alkanethiol mono-
layers. Broken line corresponds to a decay congtant4 nnv L.

one is in agreement with Marcus’ theory predictions, when the
free energy difference between reactants and products ap-
proaches the value of the reorganization energy.

Within the framework of Marcus DOS theory, the potential
dependence df is given by5a44.52

mercury electrodes as described in the previous section. The

good agreement between the two sets of results derived from

chronoamperometry and convolutive voltammetry is illustrated
in Figure 9a for MBOL, MHOL, MUOL, and MUA (at pH 2)

monolayers. In general, kinetic parameters corresponding to
intact thiol structures can be determined at more negative

(E—E+tepm+ay
40KT
E - § F)
kT

ks oo ex;{
|<f(77)=7f /. s (9)

1+ ex

potentials by the chronoamperometric approach, since a pre-herek is the Boltzmann constant, & the electron chargé,

mature breakdown of the monolayer occurs in voltammetric

is the energy of a given electronic state in the electrgdés

experiments during the potential scan. To asses the extent ofy,o energy of the Fermi level of the electrode (i.gE where

double layer effects in the presence wffunctionalized al-
kanethiol monolayers, experiments at MHOL-coated electrodes
in a more concentrated buffer solution (1.0 M phosphate buffer,
pH 7) were carried out. Although the formal standard potential
shifts to a more negative value by—30 mV, the dependence

of In ks on overpotential coincides with that obtained in 0.25 M

phosphate buffer solutions, demonstrating the absence of

significant double layer effects.

E is the applied potentialy; is the formal overpotential (i.e.,

the applied potential relative to the formal standard potential),

A is the medium reorganization enerdy,is the standard rate

constant, andy; represents the integral in eq 9 evaluatead at
Reorganization free energies are determined more accurately

at high overvoltages. In our case, this situation corresponds to

the reduction of Ru(NE) 3" at MUOL-modified electrodes

As shown in Figure 9a, an increase of the spacer chain Iength(See Figure 9a), which gives= 1.05+ 0.05 eV. This value

in OH-terminated alkanethiol monolayers results in a decrease
of both rate constant and apparent charge transfer coefficient

values at a given potential. The first observation is a direct

consequence of the increased distance between donor (electrode)

and acceptor (ruthenium complex) centers, whereas the secon
6484 J. AM. CHEM. SOC. ® VOL. 127, NO. 17, 2005

was found to reproduce also the kn versusE dependence
obtained at the bare mercury electrode and in the presence of
MPH,*¢ MBOL, MHOL, and MUA (at pH 2) monolayers,

0152) Weber, K.; Creager, S. Anal. Chem1994 66, 3164.
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though the curvature of these last plots was less sensitive toTable 1. Measured Differential Capacitance (Cy), Theoretical

the actual value ofl. Solid lines in Figure 9a are theoretical
fits to eq 9 withA = 1.05 eV, whereas dashed lines reproduce
thel — oo limit of eq 9, which can be considered representative
of the expected ButlerVolmer behavior with a charge transfer
coefficiento. = 0.5. Even though both approaches reproduce

the potential dependence of the electron transfer rate constants o monolayer

in the presence of the shortest thiol monolayer, only the Marcus’
treatment is able to fit the data in the presence of the longer
thiol monolayers, where higher overvoltages are needed to
sustain the electron transfer process at a reasonable rate.
Quantitative agreement with Marcus DOS theory has also

been reported before in relation to electron exchange of soluble

redox probes at thiol-modified gold electrodesiowever,
previous studies performed at modified mercury electrodes did
not seem to support theoretical predictions to the same etént.

In fact, a combination of concentration polarization effects, and

Estimate of the Monolayer Thickness (0m), Relative Permittivity of
the Monolayer (¢), outer-sphere Contribution to the Reorganization
Energy Calculated from the Liu and Newton Model®® and
Standard Electron Transfer Rate Constant for the Ru(NHz) &"/2*
Redox Couple at the Thiol-Modified Mercury Electrodes Used in
the Present Study

CyluF cm—2 Om/nm € Aoscalc/€V kfem st
MPH 7.2 0.8 6.9 0.93 0.18
MBOL 11. 0.93 12. 0.95 2.k 104
MHOL 3.6 1.18 4.8 0.96 9. 10°6
MUOL 1.9 1.83 3.9 1.00 6.6 10°8
MUA (pH2) 2.1° 1.82 4.3 1.00 1.% 1076

aFrom ref 48. The same value is obtained in acid and neutral pH
solutions.

Om is a theoretical estimate of the monolayer thickness as
described in the Computational Aspects, aﬁfdz ¢, wheree
is the relative dielectric permittivity of the monolayer, which

a limited potential window, can easily obscure the curvature of is determined from the measured differential capacitance values
the Inks versust plots. It should be noted that upon neglecting by assuming a simple capacitor model for the film and
the small mass transport effects in the analysis of the voltam- neglecting the small contribution from the diffuse layer:

metric curves that appear in Figure 2, linearknversusk
relationships are obtained, with apparent charge transfer coef-
ficient values that vary with the alkyl chain lengtlx = 0.5,

0.4, and 0.25 for MBOL, MHOL, and MUOL monolayers,

_ Cdém

€

€ (12)

o

respectively.

The above estimate of the reorganization free energy is
somewhat smaller than the value reported by Miller ét él.3—
1.6 eV) for the electroreduction of Ru(l\gﬂ-g+ at w-hydroxy-
alkanethiol-modified gold electrodes, but it is in good agreement

Values of o, €, and Aqs for the systems under study are
summarized in Table 1, from which it can be seen that the
experimental estimate dfis close enough to the range (1-09
1.16) eV predicted fodis + Aos

A linear relationship between the logarithm of the standard

with theoretical estimates from the inner sphere contribution rate constanks and the monolayer thickness, was found
dis = 0.16 eV, reported by Brown and Sufihand the outer  (Table 1 and Figure 9c), in agreement with the well-known ex-
sphere contribution,s computed from the three-phase electro- ponential decay of the electronic coupling factor with the
static model of Liu and Newtoff donor-acceptor separation distarf®eA decay constang of
0.9 A~1 (or 1.12 per methylene group) was estimated from the

1 1|aef (6 6|Aey slope of the Inks versusd, plot for the w-hydroxyalkanethiol
0s o T Z_a - “on I ? + monolayers. This estimate is in good agreement with previously
S € € reported values for thiol-modified mercdfy and gold elec-
O OmN" @)™ On)"| (Aey trodes"7¢2658 and with theoretical predictions for electron
- (10) transfer processes taking place across alkanethiol molecular
= (0P + ) (49?2 |d+nL bridges® From the intercept, a value &(0m = 0) = 0.5 cm
s 1 was obtained, which is in excellent agreement with our own
where estimate (0.29: 0.05 cm s1) and with literature values (0%
e 0.2 cm s1),60(0.35 cm s1),62 and (0.45+ 0.12 cm s71),%2 of
0= — (12) the standard rate constant value in the absence of thiol
Tt g monolayer (it should be noted that significantly higher values
. ) have recently been reportéd3when gold electrodes are used
and subscripts 1, I, and Il refer to the aqueous solution, the

instead of mercury). Though this numerical coincidence may
be somewhat fortuitous, due to the uncertainty associated with
the graphical extrapolation in Figure 9c and in the definition of
the donor-acceptor distance, it implies that the rate of decay
of the electronic coupling upon increasing the denacceptor
distance is likely to persist for a range of rate constants spanning
7 orders of magnitude. It also supports the contention fhat

film, and the electrode, respectively; superscripts op and st
denote the optical and static values of the dielectric permittivity
€, respectivelyL is the thickness of the filma is the radius of

the model spherical cavity containing the redox spedies,

the distance from the redox species center to the|dibhation
interface, and\e is charge exchanged in the redox process. The
following parameter values were used to calculatewith eq

10: Ae= gy, € = €lP =, )P = 2.2555 ¢ = 78, = 1.856
d=a=0.335 nm¥’ L = 6m, Where g is the electron charge,
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values for molecular bridges composed of water molecules (the evidence against the presence of pinholes and defects in the

likely molecular bridge between mercury and Ru(j)lgff in monolayers grown under potentiostatic control. It may be
the absence of a thiol monolayer) are similar to those found for surmised that the lateral mobility of the surface mercury atoms
covalently linked saturated hydrocarbon spaéérs. at room temperature facilitates a self-annealing mechanism that

The facility of non-ionized MUA-coated electrodes (pH 2) helps to restore the structure of the films. A second source of
to block electron exchange appears to be intermediate betweemon-ideality in these systems would be the formation of
that of MHOL and MUOL monolayers, indicating that car- multilayered films. Both the capacitance values listed in Table
boxylic-terminated monolayers constitute less efficient electronic 1 and the attainment of a limiting reductive charge in the
barriers than their hydroxyl-terminated counterparts. This dif- stripping experiment$“8 argue against the formation of mul-
ference can be ascribed to either a stronger electronic couplingtilayers. Here, the control parameter is the deposition potential,
across the carboxylic groups or a shorter tunneling distance duewhich should be positive enough to drive the thiol oxidation,
to the penetration of the redox probe into the outer part of the but not so positive as to destroy the barrier properties of the
monolayer. The latter explanation seems to be supported by themonolayer.
monolayer permittivity values listed in Table 1, as far as these )
values are assumed to reflect the ion/water content of the Concluding Remarks

monolayers. However, the involvement of the carboxylic groups  gejf-assembled monolayers provide a means to control charge
in the formation of extended hydrogen-bonded structures should i ansfer processes, either by modulating the rate of electron

also be considered as a possible source of the enhanced e|9Ctr°é‘><change or by blocking ion transfer across the monolayer. In
transfer rate, since the presence of these supramoleculafne present work, we have studied the electrochemical stability
structures seems to be at the source of the increase in tunnelingq blocking properties of several thiol monolayers. The results
current between a gold electrode and either a tethered or a freelyeyea| that ion permeation throughfunctionalized alkanethiol
diffusing redox probe upon incorporation of an amide moiety monolayers is a (kinetically) slow process, whose activation
into alkanethiol monolayers:*° . energy is strongly influenced by the applied potential and
The electroreduction of Ru(Ndf;~ at the MUA-coated H3  chemical composition of the intervening medium. Experimental
electrode in a pH 7 buffer solution deviates from the expected ayidence for voltage-induced gating of these monolayers was
behavior for a simple one-electron process. Thus, values of gptained in the form of a chronoamperometric spike, which
electron transfer rate constant, derived by assuming first-ordersigmﬂS a disordering and partial desorption of the monolayer.
reaction kinetics, were found to decrease systematically upon Mercaptobutanol and mercaptophenol monolayers preserve their
increasing the Ru(NkJg" concentration in solution (see Fig-  electronic barrier properties with time, whereas mercaptohex-
ure 9b). Moreover, the transition from exponential-like to peak- ang|, mercaptoundecanol, and mercaptoundecanoic acid mono-
shaped voltammograms, as the solution pH was varied from 2 |ayers undergo an order/disorder transition below a critical

to 7 (Figure 2c), reveals a faster redox process at the negativelypotential, which facilitates the approach of the redox species to
charged MUA monolayers. A similar increase of electron ihe electrode surface.

_ 3 1 _

transftler rate, fronks = 6.3 x 10°3cm § at pH 3 toks = 0.13 The good correlation between standard rate constant and
cm s at pH 7, was also observed in the presence of MPH ey ness of hydroxyl-terminated SAMs indicates that on a short
monolayer®® (see Table 1 and Figure 9c), though first-order e scale the electron transfer plane is located outside the

kinetics were obeyed in this case. A detailed analysis of the monolayer. In quantitative agreement with Marcus' theory, a
surface acid/base ionization of these thiol-modified electrodes leveling off of the activation-energy/driving-force relationship

will be the subject of a future communication, but it may be
interesting to mention here that no pH dependence was detecte
for Ru(NHy)g" reduction at MUOL-coated mercury elec- 4 pyjkier carboxylic group results in an increase of the electron
trodes. _ ~ transfer rate, which might be due to (i) a higher donor/acceptor
‘Soluble redox probes have commonly been used in connectiong|ectronic coupling in the presence of COOH or (i) a decrease
with saturated hydrocarbon thiol monolayers. Figure 9a,c shows qf the tunneling distance due to penetration of the redox probe
a signific_ant increase in electron transfer rate when a phenyl into the outer part of the monolayer. Finally, replacement of
ring (as in MPH) replaces a saturated hydrocarbon chain of e saturated hydrocarbon thiol chain by a delocalizedectron

similar length (i.e., MBOL) as molecular spacer. Although the  yhenyi group has been shown to lead to a significant increase
high ks value obtained at pH 7 may be in part the result of a ¢ the electron transfer rate.

closer approach of the redox probe to the electrode surface, due
to a partial ionization of the terminatOH group, the loweks
value obtained in acidic solutions, where MPH is expected to
be in its neutral form, is consistent wifh ~ 0.4 A-1 This
value is similar to that reported for electron transfer through
oligophenylene molecular wiré&4 5566

The internal consistency of the kinetic results and their
compliance with the theoretical expectations provide strong

was observed at the higher overpotential values attainable with
the longer thiols. Substitution of the hydroxy functionality by

Overall, the proposed electrochemical protocol for in situ
formation and probing of thiol monolayers appears to be a
convenient tool for investigating the interplay between long-
range electron transfer and redox probe permeation processes
across self-assembled monolayers. It enables one to create the
experimental conditions under which accurate information on
the electronic conducting properties of molecular wires can be
obtained.
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