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Redox-induced orientation changes (or monolayer thickness changes) of self-assembled monolayers (SAMs)
of 11-ferrocenylundecanethiol (FcC11SH) were quantified by the electrochemical surface plasmon resonance
(EC-SPR). EC-SPR enables one to determine the collective effect of the monolayer thickness and refractive
index changes resulted from the oxidation of ferrocene (Fc) to ferrocenium. To measure the monolayer volume
variation associated with the molecular orientation change, an electrochemical quartz crystal microbalance
(EQCM) was used to determine the total number of water molecules accompanying with the ion-pairing
between the ferrocenium cation and the counteranion in the solution. With the maximum void space within
the SAM for water incorporation known, the Lorentz-Lorenz equation was used to correlate the SPR dip
shift to the maximum monolayer thickness variation. In the presence of 0.1 M HClO4 and 0.1 M HNO3, the
monolayer thickness changes were deduced to be 0.09 and 0.08 nm, respectively. Thus, upon electrochemical
oxidation of the FcC11SH SAM, the swinging of the alkyl chain farther away from the electrode (Ye et al.,
Langmuir, 1997, 13, 3157) or the rotation or flipping of the Fc cyclopentyldiene ring around the bond between
the Fc group and the alkyl chain (Viana et al.,J. Electroanal. Chem.2001, 500, 290) can both lead to the
observed film thickness changes, with the former probably being the more important process.

1. Introduction

Self-assembled monolayers (SAMs) of alkanethiols or al-
kanethiols bearing different functional groups1-4 (e.g., electro-
active5-20 or photoactive21,22 moieties) have been routinely
employed as model systems for probing interfacial phenomena,
such as electron transfer (ET),19,23-39 lubrication,40 biomolecular
adsorption and cross-linking reactions,41-47 and heterogeneous
catalysis.48-51 Alkanethiol SAMs terminated with electroactive
groups have received a great deal of attention, owing to the
intricate relationship between the ET rate and a variety of surface
and solution parameters. These parameters include, but are not
limited to, coverage, orientation, and chain length of the
alkanethiol molecules containing electroactive termini, the nature
of another alkanethiol in a mixed SAM, and the electrolyte
system in which heterogeneous ET reactions take place. It is
also well known that, when redox reactions of the terminal
groups create or annihilate charges at the monolayer/solution
interface, formation or dissociation of ion pairs may
occur.15,28,52-56 Such a process is frequently accompanied by
the orientation/structural change of the alkanethiol molecules
(redox-induced orientation change15,20,55-60). For example, using
electrochemical quartz crystal microbalance (EQCM), De Long
and Buttry found that methyl viologen groups situated at the
solution termini of an alkanethiol SAM, upon reductions, would
result in mass losses that are indicative of the dissociation of
ion pairs.52 Uosaki and co-workers, utilizing a wide range of

surface techniques, have systematically characterized the redox-
induced orientation change of ferrocene (Fc)-terminated al-
kanethiol SAMs.55,56,60Concerning such an orientation change,
on the basis of in-situ infrared reflection absorption spectral
peaks, these researchers suggested that the tilt angle of the alkyl
chain would decrease with respect to the surface normal as the
Fc groups become oxidized to the positively charged ferro-
cenium cations.55 Alleviating the electrostatic repulsion among
the adjacent ferrocenium cations and that between the ferro-
cenium cations and the positively charged electrode is reasoned
for such a reorientation. Viana et al. carried out a similar
voltammetric and infrared spectroscopic study but concluded
that, instead of decreasing the tilt angle, the cyclopentyldiene
(Cp) ring of the Fc molecule would flip around the Fc-C bond
at the end of the SAM.53 For comparison, the schemes of these
two different mechanisms are reproduced in Figure 1. As
contrasted by the two mechanisms, swing of the alkyl chain
(Figure 1a) toward the surface normal should cause a different
change in the SAM thickness than the flipping of the Cp ring
(Figure 1b). In either case, the change of the SAM thickness is
expected to be in the sub-nanometer range. Interestingly, such
a tiny change has been shown to be capable of triggering a
drastic switch of liquid crystals at surfaces.20 Thus, an accurate
determination of the film thickness change will not only help
clarify the surface process(es) accompanying the electrochemical
oxidation of the Fc groups but also can shed light on the
parameters governing device performance. Uosaki and co-
workers have used in-situ ellipsometry to determine the redox-
induced orientation change of such SAMs.60 Unfortunately, the
accuracy is largely compromised by the low signal-to-noise
ratios. In fact, multiple ellipsometric scans had to be performed
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and averaged. To fully understand the extent of molecular
reorientation, it is evident that one must resort to a technique
that can reliably determine the monolayer thickness variation
at a sensitive level.

In recent years, surface plasmon resonance (SPR) and its
combination with electrochemistry (EC-SPR) have emerged
as powerful tools for probing extremely small changes of various
adsorbate films at the metal/solution interface.10,61-65 We have
recently developed a high-resolution surface plasmon resonance
(SPR) spectrometer and combined it either with electrochemistry
for the study of conformational and electronic changes of redox
proteins66 or with flow injection analysis for ultrasensitive
detection of DNA hybridization reactions.67 As little as 0.05
nm was easily detected by EC-SPR for the redox-induced
cytochromec monolayer film thickness change.66 Moreover,
attomole quantities of oligonucleotides adsorbed onto surfaces
can be quantified.67 Such a remarkable sensitivity to adsorbate
structural change or surface adsorption is attributable to the
utilization of a bicell detector that can measure infinitesimal
variation of the SPR dip shift. Since the orientation change
caused by the oxidation of the terminal Fc groups of the SAMs
is expected to be only in the sub-nanometer range,8,53,55,60the
advantage of using such a highly sensitive SPR becomes
apparent. In this work, we show that thickness changes of FcC11-
SH SAMs in the presence of different electrolytes can be
accurately measured by EC-SPR. EQCM results confirm that
water molecules are brought onto and/or into the FcC11SH SAM
upon the Fc oxidation. The maximum change of refractive index
of the SAM caused by the monolayer volume variation and
water incorporation can be gauged by performing a calculation
based on the Lorentz-Lorenz equation using the void space
within the FcC11SH SAM for the water incorporation. As
recently shown by Plunkett et al.,68 the use of QCM and SPR
in parallel provides an opportunity to gain a better understanding
of adsorption processes. EQCM is sensitive to the mass change

of adsorbates oscillating with the crystal, together with the
hydrodynamically coupled solvent molecules, whereas the SPR
technique measures the difference in the refractive indexes that
are only affected by the solvent molecules entrapped inside
adsorbate films. We show that the tandem use of EC-SPR and
EQCM is an attractive approach for delineating the various
redox-triggered surface processes of FcC11SH SAMs.

2. Experimental Section

2.1. Chemicals.11-Ferrocenylundecanethiol (FcC11SH) was
purchased from Dojindo Co. (Atlanta, GA). Perchloric acid,
nitric acid, and hexane (Beijing Reagent Co.) were of reagent
grade and used without further purification. All electrolyte
solutions were prepared with water treated by a purification
system (Simplicity Plus, Millipore Inc.). Fc was obtained from
Aldrich and ferrocenium hexafluorophosphate was kindly
provided by Prof. B. T. Donovan-Merkert (University of North
Carolina-Charlotte).

2.2. Electrodes and Cells. BK7 glass slides (Fisher) were
thoroughly rinsed with acetone, ethanol, and water. Upon drying,
50-nm-thick gold films with 2 nm Cr underlayers were deposited
using a sputter coater (model 108, Kert J. Lester Inc., Clairton,
PA). The QCM crystals (5 mm in diameter, ICM Technologies,
Oklahoma City, OK) were AT-cut and had a fundamental
frequency of 9.995 MHz. The gold-coated glass slides or quartz
crystals were modified with FcC11SH SAMs and became part
of a one-compartment cell. A Ag/AgCl and a platinum wire
were used as the reference and auxiliary electrodes, respectively.
To avoid potential chloride ion contamination, the reference
electrode was separated from the electrochemical cell by a salt
bridge containing saturated KNO3. To measure the SPR dip
shifts as a function of the applied potential, seven replicates
were carried out at different FcC11SH SAM-modified gold films
in both HClO4 and HNO3 solutions and the averaged SPR dip

Figure 1. Schematic representation of the two mechanisms accounting for the orientation change of the 11-ferrocenylundecanethiol SAM
accompanying the Fc oxidation and the subsequent ion-pairing process. In (a), charging of the electrode surface and conversion of Fc to ferrocenium
ions leads to a decrease in the tilt angle of the alkanethiol chain. For clarity, insertion of water molecules into the monolayers is not shown. In (b),
upon Fc oxidation, the Fc group rotates from a tilted conformation to a position wherein the cyclopentyldiene rings become perpendicular to the
electrode.
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shift values were used to compute the film thickness variations
accompanying the potential scans.

2.3. Instruments.EQCM measurements were conducted with
a CHI 440 electrochemical workstation (CH Instruments, Austin,
TX). The homemade EQCM cell69 and the oscillator box were
housed in a Faraday cage. The EC-SPR setup is similar to that
previously reported.65,66 Two diode lasers, with respective
emission wavelengths at 675 and 785 nm, were used in
conjunction with a LDC 500 laser driver (Thorlabs, Newton,
NJ). A CHI 610 electrochemical analyzer was employed for
the cyclic voltammetric experiments, while the SPR signals were
recorded with a digital oscilloscope (Yokogawa, model
DL1520L). Our high-resolution SPR instrument measures
reflected light at two photodetectors (A and B) of a bicell and
the SPR dip shift is proportional to the ratio of (A-B)/(A+B).
To convert the ratio of (A-B)/(A+B) to the SPR dip shift, we
carried out a calibration experiment by gradually adding
predetermined amounts of ethanol into pure water and measuring
the corresponding SPR signal. By comparing the slope of the
resultant linear plot of (A-B)/(A+B) against the ethanol content
to that of the curve computed by Kolomenskii et al.,70 1.06 was
determined to be the proportionality constant. Since there is no
adsorption occurring upon the addition of ethanol to water and
changes of the SPR dip shifts measured by this work are small,
the SPR dip shifts should be approximately proportional to the
changes of refractive index of the solution. The proportionality
would vary depending on the specific instrument design and
the types of substrates used. Thus, by comparing the experi-
mentally measured SPR dip shift-refractive index relationship
to that in the paper by Kolomenskii,70 the instrument can be
calibrated. We have also compared such a calibration to the
measurements using a CCD detector65 and found that both
methods yielded essentially the same calibration curve. Refrac-
tive indices of HNO3 and HClO4 solutions of different concen-
trations were measured with an Abbe refractometer (model
FOIC, Guizhou Xintian High-Precision Optics Inc., China).

2.4. Preparation of FcC11SH SAM-Modified Gold Sub-
strates.The gold-coated glass slide was briefly annealed in a
hydrogen flame before each experiment to reduce surface
contamination. The annealed gold film was immediately dipped
in a hexane solution containing 0.4 mM FcC11SH for 12 h. This
step was followed by rinsing with copious amounts of hexane
and water and drying under a stream of N2. The QCM crystal
was cleaned with a piranha solution (30% H2O2 and 70%
concentrated H2SO4). Rinsing, drying, and modifying the
crystals with FcC11SH followed the procedure for modifying
the SPR substrate.

3. Results and Discussion

Before we present our EC-SPR data, it is necessary to
review results from various electrochemical, spectroscopic,
and microgravimetric characterizations of Fc-terminated
SAMs.2,8,14-16,24,25,27,34,38,39,53-58,60,71,72The point of zero charge
of a SAM-modified gold electrode is about-0.4 V vs Ag/
AgCl.26 As a result, within the potential range where Fc moieties
are oxidized (typically from 0.2 to 0.8 V vs Ag/AgCl), the
electrode surface is positively charged. In the first mechanism
(Figure 1a), it is generally believed that oxidation of Fc to
ferrocenium introduces two kinds of electrostatic repulsions, viz.,
that between two adjacent ferrocenium cations and that between
the positively charged electrode and the ferroceniun cation. To
counterbalance the electrogenerated ferrocenium ions, anions
in the solution would form ion pairs at the end of the
SAM.34,55-60 The ion pairing has been confirmed by EQCM

experiments and elemental analysis.28,34,48,52,56,58,59,72-74 More-
over, to further offset the electrostatic repulsion between the
ferrocenium ions and the electrode, the tilt angle of the alkyl
chain with respect to the surface normal would decrease. Such
an orientation change is supported by FT-infrared reflection
absorption spectroscopy55 and ellipsometry.60 Uosaki and co-
workers also suggested that the increase of hydrophilic property
of the monolayer after the oxidation of the terminal Fc moiety
should enhance the incorporation of water and anions, and the
extent of the water loading depends on the nature of the anion
and the surface coverage of the Fc-terminated SAMs.56,58,59In
the second mechanism (Figure 1b), based on subtractively
normalized interfacial FT-IR spectroscopy results, Viana et al.
postulated that rotation/flipping of the Fc group around the alkyl
chain would occur.53 From the intensity of the IR bands of the
intrinsic carbonyl groups in the Fc-terminated alkanethiol
compound used in their study, these researchers concluded that
there exists no evidence for an appreciable change in the
orientation of the alkyl chains.

Figure 2 is an overlay of cyclic voltammograms (CVs, panel
a) of FcC11SH monolayers acquired from 0.1 M HClO4 (curve
1) and 0.1 M HNO3 (curve 2), together with the simultaneously
recorded SPR dip shifts (panel b). Well-defined reversible redox
waves were observed in both solutions. The broad shapes of
and the presence of shoulder peaks in the voltammograms have
been attributed to the existence of small structural disorders of
ferrocenylalkanethiol SAMs of high surface coverage.25 The
peak potentials (Table 1) were found to be dependent on the
nature of the anions in solution, a phenomenon that has been
noted by several studies.25,75 As shown in Table 1, the anodic
peak current (ipa) was essentially of the same magnitude as the
cathodic peak current (ipc). In addition, ipa values were found
to be proportional to the scan rates between 0.05 and 0.3 V/s.
All these characteristics76 confirmed that the surface-confined
Fc groups could undergo facile ET reactions with the underlying
electrode.6,7,12-15,19,23-26,27,29,30,32,35,53,55-60,72,75,77 The surface
coverage (Γ) values of the FcC11SH SAM were estimated by

Figure 2. Cyclic voltammograms (panel a) of FcC11SH SAMs in 0.1
M HClO4 (curve 1) and 0.1 M HNO3 (curve 2) and the corresponding
SPR dip shift-potential diagrams (panel b). Curves 3 in panels a and b
correspond to the voltammogram of a hexanethiol SAM and the SPR
dip shift potential diagram, respectively. Arrows indicate the scan
direction and the scan rate was 50 mV/s.
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integrating the anodic peaks (2.3×1014 molecules/cm2 in HClO4

and 2.2×1014 molecules/cm2 in HNO3). These values are close
to the maximum coverage of a typical ferrocenylalkanethiol
SAM (2.7×1014 molecules/cm2 27,71). TheΓ values are reason-
ably high, suggesting that the as-prepared SAMs are quite
compact and close to a full monolayer.

Perhaps the most noteworthy findings are the magnitudes of
the SPR dip shifts (Table 1). As can be seen in Figure 2b, the
shape of the SPR dip shift potential curves is sigmoidal and
the onset of the SPR dip shift coincides with the oxidation wave
of the FcC11SH SAM (Figure 2a). Note that the multiple
measurements (n ) 7) of the plateaus of the SPR curves yielded
small standard deviations, suggesting that the experiments are
quite reproducible. Two aspects are worth mentioning: (1) the
change of the SPR dip is rather abrupt, suggesting that the redox-
induced monolayer reorganization or film thickness change is
instantaneous, and (2) the extent of the SPR dip shift is
dependent on the counterion in the electrolyte solution to some
extent. To exclude the possible influence of the SPR dip shift
by the change in the electron density of the electrode during
the potential scan,66 we carried out an EC-SPR experiment at
a gold electrode modified with a hexanethiol SAM. As shown
by curve 3, when there are no electroactive groups at the end
of the SAM, the change of the SPR dip shift in the anodic
direction is nonsigmoidal and rather small (∼0.001°), suggesting
that the variation of the electron density of the underlying
electrode would not cause an appreciable SPR dip shift.

Since ferrocenium cations and Fc molecules absorb in the
different regions of the visible spectrum, it is possible that the
absorption of either species contributed to the observed SPR
dip shift. We therefore carried out UV-visible spectrometric
measurements in hexane solutions comprising Fc or ferrocenium
hexafluorophosphate to choose the appropriate incident light
wavelength. As can be seen from Figure 3, the Fc solution
displayed an absorption peak at 455 nm, whereas the ferro-
cenium hexafluorophosphate solution showed a peak at 622 nm.
It is known that change of the refractive index (∆n) is negligible
when the wavelength of the incident light (λ) is quite different
than the absorption peak of the species at the surface.66 Thus,
the laser diode with the emission wavelength at 785 nm should

be a good choice, because it is far away from both Fc and
ferrocenium absorption peaks. When a diode laser that emits
light at 675 nm (close to the tail end of the ferrocenium
absorption peak) was used, the SPR dip shift was found to be
much smaller than that obtained with a laser diode of 785 nm
(inset of Figure 3). We should add that 785 nm is close to the
infrared region and the laser spot is quite faint. Interestingly,
the SPR dip shift (the dark line65) is even easier to distinguish,
making the measurements quite reliable.

Thus, the SPR dip shift∆θ measures changes in both the
refractive index (∆n) and the thickness (∆d) produced by the
monolayer reorientation or reorganization:66

wherec1 and c2 are constants. The values ofc1 and c2 were
deduced to be 3.25 and 0.18 from numerical simulations based
on Fresnel configuration containing four phases, a BK7 prism
(n ) 1.515), a gold film (n ) 1.26 andd ) 50 nm), the FcC11-
SH SAM (n ) 1.464 andd ) 2.37 nm60), and the electrolyte
solution (n ) 1.33). It is reported that the counteranions reside
on top of the FcC11SH SAMs55,58and consequently a five-phase
system could also be formulated in correlating the measured
∆θ value with ∆d. However, considering that the refractive
indices of relatively dilute HClO4 and HNO3 do not deviate
greatly from that of pure water, the effect of these counteranions
should be negligible. Indeed, using the refractive indices
measured from 0.1 M HClO4 (1.3325) and 0.1 M HNO3
(1.3328) and the diameters of ClO4

- (4.72 Å) and NO3
- (3.78

Å78), the SPR dip shifts deduced from the five-phase system
differ from the four-phase counterparts by only 0.0002° and
0.0004° for HClO4 and HNO3, respectively. Thus, the additional
anionic layer can be considered to be part of the solution
medium. The thickness of the FcC11SH SAM was calculated
by assuming a tilt angle of 27° with respect to the surface
normal27,33,71,79and the FcC11SH chain length of 2.66 nm (i.e.,
the sum of the undecanethiol chain length, 2.0 nm,27,60and the
diameter of a Fc sphere, 0.66 nm27). Such a value has also been
used by other researchers.60 In eq 1, upon monolayer oxidation,
the FcC11SH molecular orientation change will not only alter
the monolayer thicknessd but also change then value of the
monolayer. The Lorentz-Lorenz relation suggests that the
variation of n will be related to the total volume of the
monolayer,V, which is the sum of the volumes occupied by
the SAM molecules (Vf) and the associated water molecules
(Vw):

wherenw is the refractive index of water andd is the thickness
of the SAM before the oxidation of the Fc groups.

A close examination of eq 2 reveals that the solution lies in
the knowledge of the number of water molecules incorporated
into the SAM upon the Fc oxidation. Previous work by Uosaki
and co-workers has suggested that water molecules might be
incorporated onto the ferrocenylalkanethiol monolayer, as the
Fc-terminated SAM becomes more hydrophilic upon Fc oxida-
tion.56

TABLE 1: EC -SPR and EQCM Measurements

anion (0.1 M) ipa/ipc Epa (V) Epc (V) ∆θ (degree) ∆f (Hz) Nw/Nq ∆d (nm)

ClO4
- 0.95 0.368 0.337 -0.0188( 0.0007 35 17( 3 0.09( 0.003

NO3
- 1.07 0.450 0.418 -0.0176( 0.0019 55 35( 4 0.08( 0.009

Figure 3. UV-visible spectra of 0.2 mM Fc (solid line curve) and
0.2 mM ferrocenium (dotted line curve) dissolved in hexane. SPR dip
shift potential diagrams using two different laser diodes (curve 1 with
the 675 nm diode laser and curve 2 with the 785 nm diode laser) are
shown in the inset.

∆θ ) c1∆n + c2∆d (1)

∆n ) - 1
6n

(n2 + 2)2(n2 - 1

n2 + 2
-

nw
2 - 1

nw
2 + 2

Vf

V)∆d
d
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The amount of total water loading (including both the water
molecules inserted into and residing onto the SAM) can be
quantified by EQCM.28,34,52,55,57-59,72 Figure 4 is an overlay of
CVs of FcC11SH (curves 1 and 2 in panel a) acquired from 0.1
M HClO4 and 0.1 M HNO3 and the corresponding frequency-
potential diagrams (panel b). The shapes of the CVs are
analogous to those in Figure 2, suggesting that the morphologies
of the Au films on the crystals and the SPR substrates are
comparable. This is not unexpected since both types of Au films
were made with sputter coaters using similar operational
conditions. The frequency-potential curves are also sigmoidal,
indicating that both EC-SPR and EQCM data reflect different
aspects of the molecular reorientation triggered by the Fc
oxidation. In theory, once the number of Fc groups oxidized is
measured, the cumulative mass of the counteranions positioned
on top of the ferrocenium ions can be quantified. However, this
cannot account for the total mass change monitored by QCM.
In fact, the QCM values are greater than those deduced from
the voltammetric experiments. This is consistent with findings
by Uosaki and co-workers and De Long and Buttry who have
attributed such a discrepancy to the water ingression/egression
processes.28,52,59We obtained values ofNw/Nq (the term coined
by Uosaki and co-workers to represent the water molecules per
counteranion attached to the monolayer58) and listed them in
Table 1. Uosaki and co-workers found that 15 molecules could
be brought to the FcC11SH monolayer upon the formation of
one ferrocenium/perchlorate ion pair. Our EQCM measurements
are consistent with the value reported by these researchers. The
fact that ClO4

- is associated with a smaller amount of water is
consistent with other studies employing perchloric acid or
perchlorate salts as the supporting electrolyte.52,60De Long and
Buttry have stated that ClO4- causes the alkanethiol SAMs
bearing redox-active terminal groups to be more compact and
to contain fewer solvent molecules than other ions such as Cl-

and NO3
-.52 Since nitrate ions are less strongly associated with

the ferrocenium cations, a thicker layer of water may be involved
during the ion-pair formation. Consequently, the extent of water
loading sensed by EQCM is greater.

Although the total number of water molecules brought onto
and into the SAM can be measured, we can only estimate the
maximum number of water molecules that can be accom-

modated by the free volume within the alkyl chains. The
projected area per FcC11SH adsorbate is calculated from the
surface coverage to be 43.5 Å2 and 45.4 Å2 for HClO4 and
HNO3, respectively, and that of a densely packed monolayer
of alkyl chains is 21.4 Å2.1 Thus the maximum area available
for water incorporation is the difference (i.e., 22.1 Å2 from
HClO4 and 24.0 Å2 from HNO3). The vertical distance between
the sulfur atom and the Fc group is about 17.8 Å (calculated
by using 20.0 Å as the chain length of CH3(CH2)10SH and 27°
as the tilt angle79). Thus, the free volumes within the alkyl chains
can be estimated to be 393 Å3 (HClO4) and 427 Å3 (HNO3).
Based on the volume of a single water molecule (33.5 Å3), it
appears that the maximum numbers of water molecules that can
occupy the free volumes are about 12 and 13 for HClO4 and
HNO3, respectively. Since both numbers are smaller than the
total number of water molecules per ion pair listed in Table 1,
it is evident that EQCM measurements are quite reasonable. In
HClO4, the data suggest that 12 out of the 17 water molecules
brought to the Fc-terminated SAM upon the Fc oxidation could
reside between the alkyl chains (or inside the film), whereas
the fraction of water molecules that may enter the film from
the HNO3 solution is much smaller.

Substituting the maximum number of water molecules that
is allowed by the free volume of FcC11SH SAM into eq 2, the
following relationships between∆θ and ∆d can be obtained:
∆θ ) -0.216 ∆d (ClO4

-) and ∆θ ) -0.235 ∆d (NO3
-).

Finally, the monolayer thickness change for each case can be
computed according to the corresponding SPR dip shift (Table
1). These results suggest that hydration of the FcC11SH SAMs
could attenuate the redox-induced orientation change, a point
that has not been noted before.

As contrasted in Figure 1, it is clear that different monolayer
thickness variations will be expected from the two mechanims.
In the first mechanism, by assuming the commonly accepted
tilt angle of 27° for an alkanethiol SAM, the maximum
monolayer thickness change would be (1- cos27°)×d ≈ 0.3
nm, which is in good agreement with that reported by Ohtsuka
et al.59 But these authors took into account the diameter of the
electrolyte ion, which is greater than the thickness change of
the film. As for the second mechanism, the change in the height
of the ferrocenylalkanethiol SAM occurs solely at the terminal.
The maximum change would be from the configuration wherein
the two Cp rings of the Fc molecule are parallel to the electrode
to the configuration wherein the rings are perpendicular to the
electrode. Since the distance between the two Cp rings is 3.315
Å and the ring diameter is 3.9 Å,53 the maximum thickness
change would be 0.585 Å or 0.0585 nm, if the Fc molecule
were flipped. Because∆d values measured in both HClO4 and
HNO3 solutions are greater than 0.0585 nm, flipping the Cp
rings cannot be the only process accompanying the redox
reaction of the Fc-terminated SAM. Thus, while it is possible
that both mechanisms depicted in Figure 1 are responsible for
the observed film thickness change, the first mechanism appears
to be more important. Such a contention was also suggested by
the recent work of Luk and Abbott who studied the switching
of liquid crystals initiated by the redox reactions of the Fc-
terminated SAMs.20 Moreover, in both electrolyte solutions,
changes in the alkyl chain tilt angles appear to be quite small.
Assuming that the first scheme is the sole process given rise
by the Fc oxidation reaction, a 0.09 nm thickness change (in
HClO4) and a 0.08 nm change (in HNO3) would correspond to
only 2.7° and 2.1° changes of the alkyl chain tilt angles,
respectively. Thus, our SPR experiments afforded the first
accurate measurements of the maximum changes in the thickness

Figure 4. Cyclic voltammograms (panel a) of FcC11SH SAMs in 0.1
M HClO4 (curve 1) and 0.1 M HNO3 (curve 2) and the corresponding
frequency-potential diagrams (panel b). Arrows indicate the scan
direction, and the scan rate was 50 mV/s.
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of Fc-terminated SAMs and provided an assessment of the
possible mechanism(s) that may account for the redox-induced
orientation change(s).

4. Conclusion

EC-SPR and EQCM were employed in tandem to study the
redox-induced orientation change of FcC11SH SAM in two
electrolyte solutions. The high-resolution SPR instrument al-
lowed the SPR dip shift, which is a collective effect of the redox-
induced orientation change and the refractive index variation,
to be determined. The EQCM results confirmed previous reports
about the formation of the ferrocenium/counteranion pair and
loading of water molecules onto and into the SAM. The extent
of water loading is greater than that allowed by the free volume
between the alkyl chains, suggesting that not all of the water
molecules are incorporated into the SAM. The maximum
thickness changes of the FcC11SH SAM in 0.1 M HClO4 and
0.1 M HNO3 were deduced to be 0.09 and 0.08 nm, respectively,
assuming that the void space between the alkyl chains is
completely filled with water molecules. Such small changes have
two important implications: (1) the two mechanisms concerning
the redox-induced orientation change, viz., the decrease of the
tilt angle of the alkyl chain with respect to the surface normal
and the rotation of the Cp rings around the Fc-C chain, both
appear to be plausible, and (2) if the predominant process were
the swinging of the tilt angle of the alkyl chain, the magnitudes
of such changes would not be significant. Even if all the void
space were assumed to be occupied by water molecules brought
into the SAM by the redox process and Cp rings remained
stationary, the maximum changes of the tilt angles would be
only 2.7° in HClO4 and 2.1° in HNO3. Our work demonstrated
that EC-SPR is a powerful technique for measuring confor-
mational or film thickness changes that are as small as a fraction
of the length of a chemical bond. Moreover, the tandem use of
EC-SPR and EQCM enables one to study different aspects of
the redox-induced film thickness changes, ion-pair formation,
and hydration.
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