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Abstract: Monolayers of n-alkanethiols of chain length from C12 to C18 were self-assembled on a hanging
mercury drop electrode, and a film of chlorophyllide (Chlide) was adsorbed on top of them. The reduction
photocurrents following illumination of the Chlide film were measured over the potential range in which the
Chlide is electroinactive in the dark, and their action spectra were determined. Plotting the derivative of the
photocurrents with respect to the applied potential against potential yields bell-shaped curves that can be
fitted to a Gaussian. The potential of the Gaussian maximum was used to determine the reorganization
energy λ for the Chlide electroreduction process. An increase in the thiol chain length causes λ to decrease
regularly and the photocurrent to decay exponentially with the monolayer thickness, with a decay constant
â of about 0.17 Å-1.

Introduction

Chlorophyll (Chl) is a pigment present in the thylacoid
membrane of higher plants that plays a fundamental role in
photosynthesis. In the excited state Chl is both a strong reductant
and a strong oxidant.

A Chl film self-assembled directly on mercury from its
solution in hexane, once illuminated with red light in a pH 8.5
aqueous solution of 0.1 M KCl, yields a photocurrent that
depends notably upon the applied potential.1 Thus, at-0.160
V/SCE, the light-on current is negative, namely it corresponds
to a flow of negative charges from the electrode toward the
solution. Proceeding toward more negative applied potentials,
the light-on current first increases, attaining a maximum value
at about-0.460 V/SCE, but then decreases with a further
negative shift in the applied potential until, ultimately, it starts
passing from negative to positive values. This photoelectro-
chemical behavior, combined with chronocoulometric measure-
ments of Chl electroreduction in the dark, was interpreted by
assuming that, at less negative potentials, a film of adsorbed
Chl dimers mediates electron transfer from the electrode to
water, with hydrogen evolution.1 In the proximity of -0.800
V/SCE, an incipient Chl electroreduction causes cleavage of
the H-bond between the Chl units of the dimers and reorientation
of the resulting units. Such a reorientation seems to favor
electron transfer from the photoexcited Chl molecules to the
metal, rather than to water. The resulting Chl+ cations may then
oxidize water with oxygen evolution.

In the reaction center of photosynthetic bacteria, an electron
is transferred from the excited bacteriochlorophylls of the special
pair to a bacteriopheophytin, likely involving participation of
an ancillary BChl whose exact role is still controversial. On
the other side, the Chl+ cation may accept an electron from
semiquinone radicals across distances that may range from 4.5
to 23 Å.2 Such a variation of about 20 Å in the distance between
donors and acceptors in the protein changes the electron-transfer
rate by about 1012-fold. It is now generally accepted that electron
transfer across relatively large distances takes place via through-
bond tunneling, where both covalent and hydrogen bonds may
be involved.3-6 In view of the structural complexity of proteins,
model systems have been employed in which the distance
between donor and acceptor and the nature of the intermediate
medium are varied under controlled conditions. Thus, fatty acid
monolayers have been employed as spacers between donors and
acceptors in photoreduction experiments.7-10 Countless experi-
ments aiming at investigating electron tunneling have been
carried out by using a gold electrode as an electron donor or
acceptor (for an exhaustive review, see ref 11); this was
separated from a redox couple by a self-assembled monolayer
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(SAM) of alkanethiol derivatives of different chain lengths, so
as to vary the donor-acceptor distance in a controlled way.
These electrochemical systems, which have been employed
almost exclusively with photoinactive redox couples, have the
advantage of allowing the standard free energy of the reaction
to be varied continuously by merely varying the applied
potential.

Mercury has a homogeneous, featureless, defect-free surface
that lends itself to the formation of well-behaved SAMs, which
are extremely blocking toward both hydrophilic and hydrophobic
redox couples and are almost free from pinholes.12-14 This is
an indisputable advantage of Hg over solid electrodes such as
gold, whose surface steps and kinks are responsible for defects
in the deposited films. Moreover, mercury electrodes are readily
renewable and do not require conditioning prior to use. In a
preliminary investigation carried out in the present laboratory,15

photocurrents obtained by illuminating a Chl film deposited on
top of mercury-supported SAMs of alkanethiols of chain length
from C12 to C18 were measured to verify the effect of the
potential energy barrier created by these monolayers of different
thicknesses upon the transfer of the Chl photoexited electron.
Due to the insolubility of Chl in aqueous solutions, Chl was
adsorbed on the thiol SAMs from a 50% (v/v) ethanol-water
mixture, and the thiol-coated mercury drop was then transferred
to an aqueous solution. The amount of Chl adsorbed on the
thiol SAMs was found to be not entirely reproducible. Satisfac-
tory results were obtained with dodecanethiol and tetrade-
canethiol SAMs, whose liquid-like nature allows the phytyl
chains of Chl to intercalate within the alkanethiol chains.

This work reports an analogous investigation carried out with
chlorophyllide (Chlide), a Chl molecule lacking the phytyl side
chain. This molecule is slightly soluble in water, so as to be
adsorbed on top of the SAM-coated mercury directly from the
working aqueous solution, with a resulting increase in reproduc-
ibility. Action spectra of the stationary photocurrent of Chlide
were measured. Photocurrents of Chlide adsorbed on dode-
canethiol and tetradecanethiol SAMs were recorded while
gradually expanding the supporting mercury drop, so as to
increase the tilt of the alkanethiol molecules.

Experimental Section

Chemicals.The water used was obtained from water produced by
an inverted osmosis unit by distilling it once and then distilling the
resulting water from alkaline permanganate, while discarding the heads.
Merck reagent grade KCl was baked at 500°C before use to remove
any organic impurities. All inorganic salts were purchased from Merck;
n-alkanethiols from Fluka were used without further purification. The
pH 8.5 aqueous solutions used in Chlide photocurrent measurements
were buffered with 5× 10-3 M H3BO3 + 1.2 × 10-3 M NaOH.

Experimental Setup and Procedures.The experimental setup
employed in photocurrent measurements of Chlide is described in refs
1 and 15, and the thermostated homemade hanging mercury drop
electrode (HMDE) is described in ref 16. In the present measurements,
the mercury drop had a surface area of 1.4× 10-2 cm2.

Alkanethiol monolayers on mercury were prepared by the “soaking
procedure”. According to this procedure, the alkanethiol coating was
obtained by immersing the mercury drop in a 20% (v/v) solution of
the alkanethiol in ethanol or chloroform for 1 min; the thiol-coated
mercury drop was then usually rinsed with chloroform or ethanol to
remove unadsorbed alkanethiol and immersed into the electrolytic
solution. Alkanethiols with 12, 14, 16, and 18 carbon atoms (henceforth
briefly denoted by C12, C14, C16, and C18) were employed. The
capacitanceC and resistanceRof each thiol monolayer were estimated
by impedance spectroscopy measurements with a Stanford Research
SR850 lock-in amplifier, upon representing the alkanethiol monolayer
as anRCmesh. TheR andC values of the alkanethiol monolayers are
summarized in Table 1. The thiol-coated HMDE was then immersed
in a small Plexiglas cell containing an aqueous solution of 4.72× 10-6

M Chlide and 0.1 M KCl, buffered at pH 8.5. The Chlide was allowed
to adsorb on the thiol-coated mercury for 30 min and was then
photoexcited with red light. To this end, the Plexiglas cell was provided
with a quartz optical fiber (0.6 mm in diameter), whose tip was
positioned on the cell bottom and was pointed vertically toward the
HMDE for its illumination. For a good alignment of the optical fiber
with the mercury drop, the cell was mounted on anx-y slide. The
monochromatic light source (red light laser, 670 nm, Electron model
LA5-3.5G-670) was focused and collimated using an optical fiber
coupler (Newport model F-915T). Light pulses were produced using
an electromechanical shutter (blade shutter and digital shutter controller,
Newport model 845) that was computer-controlled through a digital-
to-analog converter (IOtech Inc. DAC488/2). The current generated
by illuminating the Chlide film adsorbed on the thiol SAM under
potentiostatic conditions was amplified (current amplifier, Keithley 428),
recorded (16-bit analog-to-digital converter, IOtech Inc. ADC488/8SA),
visualized (oscilloscope, Tektronix TDS 340A), and stored (Power PC
G3, Macintosh). Operation of the experimental setup and data acquisi-
tion were carried out under computer control (GBIP interface, National
Instruments board) using a homemade acquisition program written in
LabView environment. To increase the signal-to-noise ratio, current
versus time curves were stored upon averaging no less than 16 current
signals. The signal was usually sampled at 200-µs intervals; average
standard deviations were always found to be no greater than(2%.

The absorption spectra of Chlide were recorded using a UV-visible
spectrophotometer (Cary 3, Varian). The action spectra of the stationary
photocurrent of Chlide were obtained with a quartz tungsten halogen
lamp (250 W, Thermo Oriel) and different narrow bandwidth interfer-
ence filters from 400 to 750 nm (Lot Oriel). The monochromatic light
power at the exit of the optical fiber was measured by a handheld laser
power meter (Mod. Laser Check: spectral response 400-1064 nm,
accuracy(5%, power range 0.5µW-1 W; Coherent).

Because of the high sensitivity of Chlide to the blue and red
components of visible light, all measurements were carried out under
green light conditions. All potentials are referred to the Ag|AgCl|0.1
M KCl reference electrode.

Results

Figure 1 shows a series of negative photocurrents obtained
on C14-coated mercury at different applied potentials over the
potential range in which Chlide is electroinactive in the dark.
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Table 1. Differential Capacity and Resistance of Alkanethiol
SAMs of Different Chain Lengths, Potential of the Gaussian
Maximum, and Reorganization Energy, λ, for Chlide-Photoinduced
Electroreduction on These SAMs

C12SH C14SH C16SH C18SH

C (µF cm-2) 1.04 0.88 0.79 0.70
R (MΩ cm2) 0.20 0.50 2.45 2.65
E (V vs Ag|AgCl|0.1M KCl) -0.76 -0.62 -0.50 -0.41
λ (eV) 0.96 0.82 0.70 0.61
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The light-on current attains an almost stationary value in about
0.2 s, while the corresponding light-off current decays expo-
nentially to zero in about the same time. The rise time of the
photocurrents in Figure 1 is associated with the rise time of
our instrumentation. The negative light-on current is due to the
electroreduction of the photoexited Chlide molecule, Chlide*,
to the corresponding radical anion, Chlide-, which transfers its
electron to water with hydrogen evolution, thus sustaining the
light-on current. Figure 2 shows plots of the stationary light-on
currenti on mercury coated with alkanethiols from C12 to C18,
with Chlide molecules on top, as a function of the applied
potentialE. The slope of thesei vs E plots tends to decrease at
the most negative potentials. This behavior cannot be ascribed
to depletion effects. In fact, during the flow of the stationary

photocurrent, the surface concentration of adsorbed Chlide
molecules is unaltered, because the electrons released from the
photoexited molecules to water are continuously replaced by
those provided by the electrode. For the same reason, no
corrections for double-layer effects due to any change in surface
concentration with varying the applied potential are required.
The currenti can, therefore, be regarded as a direct measure of
the rate constantk for the electrode process Chlide*+ e f
Chlide-:

whereΓChlide* is the surface concentration of Chlide* andA is
the electrode surface area. This amounts to assuming that the
rate of the reaction of the anion radical with water is so rapid
that this reaction does not affect the magnitude of the steady-
state photocurrents. The decrease in slope of the curves in Figure
2 is due to the fact that the driving force-e∆E, where∆E ≡
E - E° is the difference between the applied potentialE and
the standard potential,E°, of the Chlide*/Chlide- couple and
e is the absolute value of the electronic charge, tends to
approach, and ultimately to exceed, the reorganization energy
λ for the electrode process. In other words, the overlap between
the density of the electronic states in the metal and the
population of photoexited Chlide molecules tends to a maximum
limiting value. In contrast to homogeneous electron-transfer
reactions, such an overlap cannot decrease when the driving
force exceedsλ, giving rise to a Marcus inverted region, simply
because tunneling from the electronic states in the metal below
the Fermi level takes place even when-e∆E exceedsλ. In other
words, the inverted region of homogeneous electron-transfer
reactions becomes a “saturated” region in electron-transfer
reactions at electrodes.

Figure 3 shows the action spectrum of the normalized
stationary photocurrent of Chlide adsorbed on top of a C14 SAM,
as obtained with a set of narrow-band interference filters.
Practically identical action spectra were obtained with the other
thiol SAMs. To have comparable conditions of illumination,
the light power at the exit of the optical fiber was measured
with each interference filter, using the same halogen lamp.

Figure 1. Light-on and light-off currents recorded upon illuminating Chlide
adsorbed on C14-coated mercury in pH 8.5 aqueous 0.1 M KCl with red
light for 0.6 s at the potential reported on each curve. Measurements were
carried out on the same freshly prepared drop, starting from the most positive
potential and waiting for the stabilization of the background current before
illuminating the drop at each potential.

Figure 2. Plots of the stationary light-on currenti on C12- (O), C14- (9),
C16- (0), and C18-coated mercury (2) with Chlide molecules on top, as a
function of the applied potentialE. The left-hand scale refers to C12- and
C14-coated mercury, the right-hand one to C16- and C18-coated mercury.
The inset shows a plot of the natural logarithm of the currenti, measured
at the potential of the Gaussian maximum, against the thickness,d, of the
corresponding alkanethiol SAM on mercury. The thickness of a SAM with
n carbon atoms was calculated as a sum of the following bond lengths:
0.5Hg-S (1.1 Å)+ CH2-S (1.5 Å)+ (n - 1)CH2-CH2 (1.255 Å)+ radius
of the terminal methyl group (2.0 Å) (see ref 18).

Figure 3. Action spectrum of the normalized stationary photocurrent of
Chlide (b) in a pH 8.5 aqueous solution of 0.1 M KCl, and absorption
spectra of 4.72× 10-6 M (solid curve) and∼5 × 10-5 M (dashed curve)
Chlide in the same buffer solution. The action spectrum was normalized to
the maximum absorbance of 5× 10-5 M Chlide.

i ) kAΓChlide* (1)
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Photocurrents were then normalized to equal quantum flux
density for all wavelengths adopted. For comparison, Figure 3
also shows the absorption spectra of Chlide in a pH 8.5 aqueous
solution of 0.1 M KCl. The absorption spectrum of 4.72× 10-6

M Chlide exhibits two peaks at 421 and 668 nm, whereas a
saturated Chlide solution (∼5 × 10-5 M) exhibits a further peak
at about 740 nm, which is ascribed to Chlide aggregates. The
closer similarity of the action spectrum to the absorption
spectrum of the saturated Chlide solution suggests that the
Chlide molecules on top of the thiol SAM are adsorbed, at least
partly, as aggregates.

An advantageous feature of monolayers self-assembled on a
hanging mercury drop electrode is represented by the possibility
of expanding the drop, and hence the supported film, up to a
certain extent with the film still maintaining its impermeable
barrier properties toward redox couples. Thus, phospholipid
monolayers can be expanded up to 100%;17 alkanethiol SAMs
from C9 to C14 can be expanded up to about 30%, whereas
SAMs with chain length above C14 fracture upon drop expansion
in excess of about 5%, thus behaving as essentially rigid films.18

This abrupt passage from a liquid to a rigid state at room
temperature is also revealed by the abrupt increase in the
resistance of the thiol films shown in Table 1. Incidentally, the
resistance of an alkanethiol monolayer is much more sensitive
to the film compactness and rigidity than its differential
capacity.13 As long as the film maintains its impermeability
upon drop expansion, the self-assembled molecules merely
increase their tilt, while the volume of the film remains constant.
This implies that the drop areaA is inversely proportional to
the film thicknessd, and the same is true for the differential
capacityC, in view of the Helmholtz formula,C ) ε/(4πd).
From the slope of a plot ofC vs1/d, a dielectric constantε of
2 was obtained for C12 and C14 SAMs on Hg, in agreement
with the literature.13,18,19 Figure 4 shows plots of lni vs the
thickness,d, of C12 and C14 SAMs on a progressively expanded
mercury drop; the thickness was determined from differential
capacity measurements using the Helmholtz formula withε )
2. The slopes of these plots are-0.022 Å-1 for C12 and-0.050
Å-1 for C14.

Discussion

In general, the rate constant of a simple electron-transfer
process at an electrode is expressed by the equation11

where ε is the energy,V is the frequency factor,F(ε) is the
density of electronic states in the metal,n(ε) is the probability
of their being occupied,DOX(ε) is the density of electron
acceptor levels, andP(ε,∆E) is the tunneling probability. If we
assume thatP is practically independent of∆E and that bothP
andF are independent ofε, and we expressn(ε) by the Fermi

distribution function andDOX by Marcus’s Gaussian distribution,
we obtain

where the energyε is defined relative to the Fermi level of the
metal. If the Fermi distribution is approximated by a step
function, then the integration is performed betweenε ) -∞
andε ) 0, yielding

where erfc(x) ≡ [1 - 2π-1/2∫0
x exp(-r2) dr] is the error

function complement. Forη f +∞, k(∆E) tends to zero, while
for ∆E f -∞, it tends to its maximum value,kmax ) VFP. For
λ ) -e∆E, namely when the driving force matches the
reorganization energy,k(∆E ) -λ/e) equals one-half of its
maximum value. The slope of thek(∆E) vs∆E plot is expressed
by the equation

According to this equation, the plot of dk/d∆E vs ∆E is a
Gaussian whose maximum lies at∆E ) -λ/e and whose half-
width also depends onλ. Figure 5 shows plots of di/dE against

(17) Becucci, L.; Moncelli, M. R.; Herrero, R.; Guidelli, R.Langmuir 2000,
16, 7694-7700.

(18) Slowinski, K.; Chamberlain, R. V.; Miller, C. J.; Majda, M.J. Am. Chem.
Soc.1997, 119, 11910-11919.

(19) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.J. Am. Chem.
Soc. 1987, 109, 3559-3568.

k ) V∫-∞

+∞
F(ε)n(ε)DOX(ε,λ,∆E)P(ε,∆E) dε (2)

Figure 4. Plots of ln i against the thickness,d, of C12 (a) and C14 (b)
SAMs on a progressively expanded mercury drop. The currenti was
measured at the potential of the Gaussian maximum, reported in Table 1.

k ) VFP∫-∞

+∞ (1 + exp
ε

kBT)-1

(4πλkBT)-1/2 exp
-(ε - e∆E - λ)2

4λkBT
dε (3)

k(∆E) ) VFP
2

erfc
e∆E + λ
(4λkBT)1/2

(4)

dk(∆E)
d∆E

) - VFPe

(4πλkBT)1/2
exp

-(e∆E + λ)2

4λkBT
(5)
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E for the four different alkanethiols, as obtained by differentiat-
ing thei vsE curves in Figure 2. These plots, with the exception
of that for C12, show a maximum that may allow an estimate of
λ from theE value corresponding to the maximum, provided
the standard potential,E°, of the Chlide*/Chlide- couple is
known. This depends on whether the photoexited Chlide*
molecule is in the triplet or singlet state. The redox potentials
of the Chl*/Chl- couple for the triplet and singlet states are
approximately equal toE°3 ) +0.2 V andE°1 ) +0.7 V vs
the Ag|AgCl|0.1M KCl electrode, and those for the Chlide*/
Chlide- couple are expected to be practically the same. The
di/dE vs E plots in Figure 5 were fitted to the expression{A +
B exp[-(λ + e∆E)2/C]}, where the constant termA accounts
for the background contribution to the current, and the pre-
exponential factorB includes, among other things, the surface
concentration of Chlide. The best fits, reported in the figure,
were obtained by using the redox potential for the triplet state
of Chl*. This result is consistent with the fact that, typically,
porphyrin exited singlet states have lifetimes of a few nano-
seconds20 and decay mainly radiatively. This decay competes
with intersystem crossing from singlet to triplet exited states,
which undergo nonradiative decay. Hence, photoinduced sta-
tionary currents are due to electron transfer from the excited
triplet state. Even with the choice ofE°3, the C values were
found to be appreciably smaller than the 4λkBT values predicted
by eq 5, withλ obtained from the position of the corresponding
maxima. For comparison, the dashed curve in Figure 5 is the
best fit of the experimental di/dE vs E plot for C14 to the
expression{A + B exp[-(λ + e∆E)2/4λkBT]}; it is apparent
that the slopes of the two branches of the experimental plot are
appreciably steeper than those predicted by eq 5. In particular,
theλ values measured from the maxima of the fitted Gaussians
in Figure 5 decrease regularly by about 0.1 eV per each
increment in the alkyl chain by two methylene groups (see Table
1), while theλ values measured from the width of the fitted
Gaussians are appreciably smaller and do not show any
particular trend with varying the length of the alkyl chain. The
position of the Gaussian maximum for the C12 thiol is uncertain

because of the low number of experimental points; however, it
certainly lies at more negative potentials than for the other thiols,
thus confirming the general trend.

Deviations of the experimental Gaussians from Marcus’sDOX

expression have been reported for several redox couples at
alkanethiol-coated gold electrodes, albeit smaller and in the
opposite direction.11,21 Calculating the full integral expression
in eq 3 without approximating the Fermi distribution by a step
function leads to a broadening of the Gaussian peak by about
0.03 eV,21 rather than to its narrowing. Ascribing the observed
deviations to the approximation involved in the assumption of
a constant densityF(ε) of states in the mercury seems unrealistic,
since the experimental Gaussians reported by Slowinski et al.22

for the electroreduction of IrCl6
2- and FcCH2N(CH3)3

2+ on C16-
coated mercury are in good agreement with Marcus’sDOX

expression. The same is true for the photoinduced electrore-
duction of Chl molecules adsorbed on C12- and C14-coated
mercury,15 where the phytyl chains are quite probably interca-
lated with the thiol chains; here too, the experimental di/dE vs
E plots (see Figure 4 of ref 15) are quite satisfactorily fitted to
the expression{A + B exp[-(λ + e∆E)2/4λkBT]}. It should be
noted that theλ values obtained from these fits exhibit an
opposite trend with respect to those for Chlide electroreduction,
in thatλ is greater for C14 than for C12. According to the Marcus
model, the solvent contribution,λ0, to the reorganization energy
λ is given by23,24

wherea is the radius of the redox species,r is the distance to
the center of the redox species from the electrode surface, and
εop andεs are the optical and static dielectric constants of the
solvent. This equation predicts an increase ofλ0 with an increase
in the chain length of the alkanethiol (if 1/2r is not ,1/a),
contrary to the behavior exhibited by theλ values for Chlide
electroreduction on thiol-coated mercury.

In the proximity of the inverted region, quantum effects on
the nuclear motion can be quite large.25 Consideration of
vibrational quantum effects in homogeneous electron-transfer
reactions may lead to expressions for the rate constant charac-
terized by a Gaussian exponential, exp[-(∆G° + L)2/4MRT],
in which L is different fromM.25-27 These expressions can be
readily extended to electrode reactions by substituting∆G° with
e∆E. According to the “semiclassical treatment” proposed by
Hopfield,27 L equalsλ, while M equalsλ times a factorø that
is greater than unity and approaches unity for small vibrational
frequencies. Hence, this treatment predicts a Gaussian curve
broader than that predicted by the classical expression of eq 5
and cannot explain the present results. In the case of a highly
exothermic reaction and when a single vibration frequencyν is
mainly involved in the readjustment of nuclear coordinates
associated with the electron transfer, an expression proposed
by Marcus26 contains a Gaussian exponential in whichM is the

(20) Gust, D.; Moore, T. A.; Moore, A. L. InElectron Transfer in Chemistry;
Balzani, V., Ed.; Wiley-VCH: Weinheim, 2001; Vol. 3, pp 272-336.

(21) Becka, A. M.; Miller, C. J.J. Phys. Chem.1992, 96, 2657-2668.
(22) Slowinski, K.; Slowinska, K. U.; Majda, M.J. Phys. Chem. B1999, 103,

8544-8551.
(23) Marcus, R. A.J. Phys. Chem.1963, 67, 853-857.
(24) Marcus, R. A.J. Chem. Phys.1965, 43, 679-701.
(25) Marcus, R. A.; Sutin, N.Biochim. Biophys. Acta1985, 811, 265-322.
(26) Marcus, R. A.Faraday Discuss. Chem. Soc.1982, 74, 7-15.
(27) Hopfield, J. J.Proc. Natl. Acad. Sci. U.S.A.1974, 71, 3640-3644.

Figure 5. Plots of di/dE againstE for C12- (O), C14- (9), C16- (0), and
C18-coated mercury (2), as obtained by differentiating thei vs E curves in
Figure 2. The solid curves are fits of the data to the expression{A + B
exp[-(λ + e∆E)2/C}. The dashed curve is the best fit of the experimental
di/dE vs E plot for the C14 SAM to the expression{A + B exp[-(λ +
e∆E)2/4λkBT]}. The left-hand scale refers to C12- and C14-coated mercury,
the right-hand one to C16- and C18-coated mercury.
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classical reorientational contribution,λ0, of the solvent to the
reorganization energy, whileL equals (λ0 + Vhν), where the
Vhν term accounting for the effect of the high-frequency
vibration can be positive. However, if we ascribe this high-
frequency vibration to the inner coordination shell of Chlide, it
is difficult to explain how the corresponding contribution,Vhν,
should decrease gradually with an increase in the thiol chain
length, so as to justify the decrease in theλ value extracted
from the experimental Gaussian peaks. In fact, the mode of
adsorption of the Chlide molecules on top of the different
alkanethiol SAMs is expected to be practically the same, as
also supported by the identity of the corresponding action
spectra.

A tentative explanation for the decrease inλ with an increase
in the alkanethiol chain length is based on the consideration
that the transition temperature from the gel to the liquid
crystalline state increases with an increase in the chain length
of alkanethiols, with a resulting increase in the rigidity of the
corresponding SAMs. This, in turn, determines a decrease in
the number of water molecules that are incorporated in the
outermost portion of the SAMs. Therefore, the contribution of
these molecules to the reorganization energy for the electrore-
duction of the Chlide* molecules adsorbed on the thiol SAM
is expected to decrease. The different behavior of Chl*
electroreduction on C12- and C14-coated Hg15 may be ascribed
to the intercalation of the phytyl chain of the adsorbed Chl
molecules within the hydrocarbon chains of the thiol molecules.
The different structure of the phytyl chain with respect to the
chains of then-alkanethiols is likely to create a local disorder
in the SAM, which may favor the incorporation of water
molecules in the proximity of the phytyl chain. It is also possible
that the higher rigidity of the C14 SAM with respect to the C12

SAM may increase such a local disorder, with a resulting
increase in the amount of incorporated water molecules. This
may explain why theλ value for Chl* electroreduction on C14

(1.0 eV) is higher than that (0.76 eV) on C12.

In principle, a decrease in the number of water molecules
incorporated in the outermost portion of the thiol SAMs with
an increase in chain length might cause a gradual change in the
redox potential of the Chlide molecules adsorbed on the SAMs,
which might be partially responsible for the trend in Figure 5.
To verify this possibility, the experimental Gaussians were fitted
to the Marcus expression,{A + B exp[-(λ + e∆E)2/4λkBT]},
while letting the ∆E value “float”. Excellent fittings were
obtained (data not shown), but neither∆E nor λ showed a trend
with an increase in chain length. Moreoever, theλ values
resulting from the fitting are unreasonably low (0.12< λ <
0.37 eV), and theE° values are shifted in the negative direction
to an unreasonably large extent. Therefore, no attempt was made
to account for the dependence ofE° upon chain length.

The contribution toλ from the water molecules incorporated
in thiol SAMs is expected to be significant in the case of
hydrophobic molecules, such as Chlide, which are “specifically”
adsorbed on the SAM after depriving themselves of their
hydration sheath in the direction of the SAM. In the case of
hydrophilic molecules that exchange electrons with the metal
in the nonadsorbed state, while retaining their hydration sheath,
this contribution toλ is expected to be negligible with respect
to that from the hydration sheath interposed between the redox
species and the SAM. Slowinski et al.22 observed that theλ

value for the electroreduction of the hydrophobic FcCH2N-
(CH3)3

2+ ion on C16-coated Hg is appreciably less than that for
the electroreduction of the hydrophilic IrCl6

2- ion; they
explained this result on the basis of eq 6, upon considering that
the radius,a, of FcCH2N(CH3)3

2+ is greater than that of IrCl6
2-.

An alternative explanation may be represented by the lack of a
hydration sheath interposed between the reacting species and
the SAM for the ferrocene probe, but not for IrCl6

2-.
In general, the tunneling probabilityP in eqs 3-5 decays

exponentially with the distanced between the electron donor
and acceptor, according to the equation

The decay constantâ is only weakly dependent on∆E for both
through-space and through-bond tunneling.11 From eqs 4 and
7, it follows that the natural logarithm of the rate constantk at
the potential of the Gaussian maximum (see Table 1) is given
by

This equation predicts that the plot of lni(∆E ) -λ/e) versus
the film thicknessd is linear, with slope-â. Such a plot for
Chlide-photoinduced electroreduction on alkanethiol SAMs is
shown in the inset of Figure 2. The slope of this linear plot
yields aâ value of 0.17 Å-1. From the two Gaussian maxima
for Chl-photoinduced electroreduction on Hg-supported C12 and
C14 SAMs and from the correspondingi vs E curves in Figures
4 and 3 of ref 15, a similarâ value of 0.2 Å-1 is obtained,
althoughλ increases on passing from the C12 to the C14 SAM,
while the opposite trend is observed with Chlide. This points
out the opportunity to estimate theâ value only after correcting
for the reorganization energyλ, even for electron transfers
relative to the same redox couple on alkanethiol monolayers of
different chain lengths self-assembled on the same metal. In
fact, the common procedure of plotting lnk (or ln i) versusd at
constant applied potentialE may incorporate distance-dependent
contributions, not only fromP, but also from Franck-Condon
factors, such as the solvent reorganization energy.

The aboveâ values are appreciably smaller than those
commonly reported for redox couples on alkanethiol-coated
electrodes, which range from 0.5 to 1 Å-1.18,28-30 However,â
values are often smaller when one of the reactants is electroni-
cally excited.25 Thus, values ranging from 0.3 to 0.5 Å-1 have
been reported in photoconduction experiments in dye-sensitized
Langmuir films,7 in fluorescence quenching experiments in
which a layer of dye and a layer of acceptor were separated by
a fatty acid monolayer,8 and in photoconduction experiments
in which a semitransparent aluminum electrode and an an-
thracene crystal were separated by a fatty acid layer.9 This
behavior can be explained by considering that luminescence can
be quenched both by electron transfer and by energy transfer.
So far, energy transfer from Chlide* to the metal was entirely
neglected, even though its occurrence decreases the photocur-
rent. In particular, any dependence of the energy transfer upon

(28) Liang, C.; Newton, M. D.J. Phys. Chem.1993, 97, 3199-3211.
(29) Salomon, A.; Cahen, D.; Lindsay, S.; Tomfohr, J.; Engelkes, V. B.; Frisbie,

C. D. AdV. Mater. 2003, 15, 1881-1890.
(30) Smalley, J. F.; Finklea, H. O.; Chidsey, C. E. D.; Linford, M. R.; Creager,

S. E.; Ferraris, J. P.; Chalfant, K.; Zawodzinsk, T.; Feldberg, S. W.; Newton,
M. D. J. Am. Chem. Soc.2003, 125, 2004-2013.
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distance or potential will affect the distance or potential
dependence of the photocurrent. There is ample evidence in the
literature that the effect of a metal as an acceptor of the radiation
field from a sensitizer is to decrease the lifetime of the sensitizer,
more so the shorter the distance from the metal.31-37 This
increase in quenching by energy transfer with a decrease in the
distance,d, is expected to induce a concomitant photocurrent
decrease that partially compensates for the photocurrent increase
due to the increase in the electron-transfer rate. This may explain
the smallâ values observed in the present photoconduction
experiments. On the other hand, to the authors’ knowledge, no
clear evidence exists for a potential dependence of the quenching
by energy transfer. An expression for the luminescence lifetime
near a metal surface derived by Persson and Lang33 has the
form τ(d) ) τ∞(1 + a/d3 + b/d4)-1, where thed-3 dependence
accounts for the transfer of the vibrating dipole representing
the sensitizer to the bulk metal, while thed -4 dependence,
typical of the Fo¨rster-type energy transfer, accounts for the
dipole transfer to the metal surface. Thea coefficient in this
expression depends on the permittivity of the metal at the dipole
radiation frequency, while theb coefficient depends on the Fermi
frequency and the Fermi wave vector of the metal, which are
functions of its free electron radius. All these quantities depend
on the nature of the metal,34 but not on the applied potential.

Theâ values, 0.022 and 0.050 Å-1, obtained from the slopes
of the ln i vs d plots on C12 and C14 SAMs by varyingd via a
progressive expansion of the mercury drop (see Figure 4) are
much less than that, 0.17 Å-1, obtained by increasing the film
thickness via an increase in the number of carbons in the
alkanethiol chain (see the inset of Figure 2). This indicates
unequivocally that through-bond tunneling is much more
efficient than through-space tunneling. Analogous conclusions
were drawn by Slowinski et al. by measuring the tunneling
current for Ru(NH3)6

3+ electroreduction across a Hg-supported

C12 SAM during mercury drop expansion.18 As concerns the
decay constant,âTS, for through-space (TS) tunneling with
respect to that,âTB, for through-bond (TB) tunneling, different
conclusions may be drawn depending on the model adopted.
Slowinski et al.18 postulate a model of electron transfer in which
the current follows the backbone of the thiol molecule (TB
pathway), with a small “chain-to-chain” contribution (TS
pathway) in the direction normal to the axis of the tilted
molecules. With this model, they estimate that theâ value for
the more efficient TB tunneling equalsâTB ) 0.91 Å-1, while
that for the less efficient TS tunneling equalsâTS ) 1.31 Å-1.
On the other hand, if one assumes that TB and TS tunneling
proceed independent of each other and that TS tunneling takes
place along the shortest distance between the redox center and
the electrode surface, then the TB tunneling does not contribute
to the slope of the lni vs d plots in the drop-expansion
experiments of Figure 4. Therefore, this slope yield directlyâTS,
which turns out to be less thanâTB.

In conclusion, the derivative of the stationary photocurrents
due to the electroreduction of Chlide adsorbed on Hg-supported
alkanethiol SAMs with respect to the applied potential, once
plotted against potential, yields Gaussian curves whose maxi-
mum allows an estimate of the reorganization energyλ; this is
found to decrease regularly with an increase in the thiol chain
length. A tentative explanation based on a decrease in the
amount of water molecules incorporated in the thiol SAM with
an increase in its chain length is provided. Increasing the
thickness of the alkanethiol SAM by increasing its chain length
causes the photocurrent, corrected for the reorganization energy,
to decay exponentially with a low decay constantâ of about
0.17 Å-1. This low â value can be explained by concomitant
energy transfer. If the thickness of an alkanethiol monolayer is
decreased by expanding the drop surface, the photocurrent
increases much less than observed by decreasing the alkanethiol
chain length on a nonexpanded drop, thus confirming that
electron transfer takes place primarily via through-bond tun-
neling.
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