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Abstract
Electroreductive desorption of a highly ordered self-assembled monolayer (SAM) formed by the
araliphatic thiol (4-(4-(4-pyridyl)phenyl)phenyl)methanethiol leads to a concurrent rapid hydrogen
evolution reaction (HER). The desorption process and resulting interfacial structure were
investigated by voltammetric techniques, in situ spectroscopic ellipsometry, and in situ vibrational
sum–frequency–generation (SFG) spectroscopy. Voltammetric experiments on SAM-modified
electrodes exhibit extraordinarily high peak currents, which di er between Au(111) and
polycrystalline Au substrates. Association of reductive desorption with HER is shown to be the
origin of the observed excess cathodic charges. The studied SAM preserves its two–dimensional
order near Au surface throughout a fast voltammetric scan even when the vertex potential is set
several hundred millivolt beyond the desorption potential. A model is developed for the
explanation of the observed rapid HER involving ordering and pre–orientation of water present in
the nanometer–sized reaction volume between desorbed SAM and the Au electrode, by the
structurally extremely stable monolayer, leading to the observed catalysis of the HER.
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1. Introduction
Self-assembled monolayers (SAMs) are often employed for electrochemical applications
such as control of charge transfer [1, 2], production of (bio)electrochemical sensors [3–5],
metal/organic/metal junctions [6–8], and barrier layers against metal corrosion [9–11]. It is
essential to understand the effect of SAM–modified electrodes on electron transfer reactions,
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as well as their interfacial structure under electrochemical conditions for their ultimate use in
electrolytic media.

In most cases, the rate of an interfacial chemical reaction is reduced by the presence of
adsorbates because of their blocking of active sites on the surface, as has been shown, e.g.,
for the oxygen reduction reaction (ORR) on Au(111) [9, 12, 13]. If the adsorbate blocks the
active sites through covalent bonds, such a rate decrease is also expected for the HER. On
the other hand, redox-active physisorbed monolayers have been shown to act as catalysts
towards the HER [14].

For thiol self-assembled monolayers (SAMs) on Au, HER occurs in an electrode potential
range beyond reductive desorption of the SAMs [15], leading to a complex interplay
between different interfacial reactions. To understand this complex interplay, it is essential
to understand the interfacial properties of SAM-modified electrodes under electrochemical
conditions. In this context, the influence of the electrode potential on formation kinetics [16,
17], structural properties [18–20], and ionic permeability of SAMs has been subject to
several works [19, 21]. Especially electrochemical desorption/readsorption studies revealed
important details concerning the nature of the interfacial interactions between a chemisorbed
monolayer and a metallic substrate, besides defining the applicable potential range for SAM-
modified electrodes.

On the cathodic side, this potential range is typically limited by the reductive desorption of
thiol-SAMs from the Au substrate, which is commonly described by the simple reaction [22]

(R1)

Although the cleavage of the Au-S covalent bond has been established, many aspects of the
entire electroreductive desorption mechanism of thiol monolayers are unclear and have been
subject of a number of studies, in most cases excluding the effect on and the role of the HER
[23–37]. Besides the currents originating from the Faradaic 1, incidental capacitive currents
have been reported during desorption of a SAM as a consequence of the transition between a
SAM–covered and a bare interface. Cathodic peaks originating from capacitive currents are
usually not larger than 20-30 % of the desorption currents, as reported for long-chain
aliphatic thiols [23–25, 32–36], because charges transferred during such capacitive
processes are smaller than the charges transferred during Faradaic reactions.

The state of the molecular units of SAMs during and after electroreductive desorption is
decisive for the electrode's activity towards interfacial reactions, including HER. After
electroreductive cleavage of the S-Au bonds, soluble molecules diffuse into the electrolyte,
while long-chain alkanethiolates reside in the double layer region as a consequence of their
poor water solubility.[38] Within the double layer, chemically desorbed long-chain
alkanethiolates form aggregates, as concluded from spectroscopic and microscopic studies
[26, 28, 30, 31]. Depletion of these aggregates has been proposed as the source of additional
capacitive currents, which are usually observed as a separate peak in voltammograms during
desorption of long n-alkanethiols. This hypothesis was later disproven by a second-
harmonic-generation study [37]. In addition, vibrational sum-frequency-generation (SFG)
spectroscopy has been applied to investigate molecular ordering and orientation within self-
assembled monolayers at electrified interfaces [39–42], and ex situ after treatment at
different potentials [38]. The majority of previous studies of electroreductive desorption
focused on commonly used aliphatic SAMs. In recent years, interest has shifted towards
SAMs consisting of aromatic molecular units, due to their enhanced stability and interesting
electric and electronic properties [1, 2, 43–45]. So far, to the author's knowledge, no detailed
desorption study of such technologically promising SAMs composed of large aromatic
molecules with more than two aromatic rings has been carried out. Different in mechanism
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from multiwave desorption peaks observed for n-alkanethiols, long araliphatic thiols show
an extraordinary multiwave response during electroreductive desorption [46]. The
corresponding transferred charges are too large for a capacitive process and even larger than
the Faradaic desorption reaction. The magnitude of the unknown, desorption-related
Faradaic process points to involvement of the HER [46]. A full investigation of the physical
state of the desorbed molecules on the electrode surface requires spectroscopic or
microscopy techniques combined with electrochemisty.

This work examines the unusual desorption behavior of the highly ordered araliphatic thiol
monolayers using previously characterized SAMs of (4-(4-(4
pyridyl)phenyl)phenyl)methanethiol (PyPP1) and 2-(4-(4-(4-
pyridyl)phenyl)phenyl)ethanethiol (PyPP2). A series of voltammetric measurements have
been performed to determine the origin of the extraordinarily large cathodic peaks that
appear after reductive desorption. Transient states at the SAM-Au interface and within the
monolayer film and during HER have been monitored in situ and in operando by
femtosecond-based broadband SFG spectroscopy and spectroscopic ellipsometry.
Combining the voltammetric and spectroscopic results, a model is proposed explaining the
voltammetric response of electroreductive desorption of the investigated SAMs.

Experimental Section
2.1. Samples

PyPP1 and PyPP2 organothiols were synthesized as described elsewhere [47]. Au(111)
substrates were prepared by evaporating gold onto freshly cleaved mica sheets at a substrate
temperature of 450°C in a Leybold Univex 450 system. Prior to use, the Au films were
annealed in a H2 flame. Polycrystalline Au (poly-Au) substrates were mechanically
polished. SAMs were formed by immersion of the Au substrates into 20 μM ethanolic thiol
solutions for 12-15 h. After removal from solution, samples were thoroughly rinsed with
ethanol and purged with nitrogen gas. All chemicals used were in reagent grade.

2.2. Voltammetry
For all electrochemical measurements a Compactstat potentiostat (Ivium Technologies, The
Netherlands) was employed. Deaerated 0.1 M NaOH solution was used as electrolyte.
Cyclic voltammogramms (CVs) on SAM-modified Au(111) electrodes were measured with
a scan rate of 50 mV s−1, unless stated otherwise. All electrode potentials E herein are
referred to an Ag/AgCl (3 M KCl) reference electrode. For determination of the charges Q
per electrode area transferred during a voltammetric peak, a linear baseline was set between
the vertices of the peaks in the curves of the current densities i. This baseline was
subsequently subtracted from the original i.

For hydrodynamic measurements a rotating disk electrode (RDE) assembly, and a rotating
ring-disk electrode (RRDE) assembly (Pine Research Instruments, USA) were used. In both
configurations, disk electrodes consisted of a mirror polished polycrystalline Au disk. In the
RRDE tip, around the poly-Au disk (diameter 5 mm), a Pt ring was placed with 6.5 mm and
7.5 mm inner and outer diameters, respectively. Prior to measurements, both the ring and the
disk electrodes were modified with a PyPP1 monolayer, so that during the measurement,
thiolate adsorption on the ring was prevented. In this way, any oxidative current detected on
the ring could directly be assigned to H2 oxidation at the applied ring potential (ER = −0.5
V) but not to oxidative adsorption of thiolates. Collection efficiency of the SAM–modified
Pt ring was determined to be ≈0.05 (compared to 0.43 without SAM modification).
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2.3. Ellipsometry
For spectroscopic ellipsometry measurements, a PyPP1/Au(111) (2 cm × 1.5 cm) sample
was placed in a homemade PTFE electrochemical cell with suitable apertures for incident
and reflected light, as well as for a Ag/AgCl (3 M KCl) microreference electrode and a Pt
spiral as counter electrode. The cell was placed in the beam path of a SE 800 spectroscopic
ellipsometer (Sentech Instruments, Germany).[48, 49] The ellipsometric angles Ψ and Δ
were measured every ≈5 s for wavelengths λ from 300 to 820 nm during CV measurements
with a scan rate of 5 mV s−1 between 0 V and −1.6 V. The angles are transformed into the

ellipsometric ratio  with .[50]

The ratio of the amplitude reection coefficients rp and rs for p- and spolarized light,
respectively, was analyzed using a perturbation approach [51]. The perturbation parameter
J1 is related to the transition of the dielectric function εs(z) of the interfacial region
perpendicular to the interface in z-direction,

(1)

For layer and layer systems with a total thickness small compared to the λ, ρ is expanded to
first order around a step profile in the dielectric function with ρ0, yielding [51]

(2)

where

(3)

Here,

(4)

is the wavevector component parallel to the interface at which a plane wave impinges under
an angle of θ1, while

(5)

is the wavevector component perpendicular to the interface in the respective medium, where
index 1 indicates the medium of incidence and 2 indicates the gold substrate. Literature
values have been used for the wavelength-dependence of the dielectric functions ε1 and ε2 of
the electrolyte [52], and gold substrate [53, 54], respectively. Eq. 2 can be solved for J1 and
used for a computation of J1 from experimental data.

For measurements of ρ0, E of a bare Au electrode in 0.1 M NaOH was varied between 0 and
−0.5 V. In this range, recorded changes were on the order of the noise level.

2.4. Sum–Frequency–Generation Spectroscopy (SFG)
The SFG measurements were performed on a home–built SFG spectrometer [55]. Briey, an
etalon–shaped narrowband visible laser beam with frequency ωVIS fixed at 800 nm and a
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tunable broadband (100 fs pulse duration) infrared (IR) laser beam are spatially and
temporally superimposed at the sample/electrolyte interface. Superposition results in the
generation of a third beam at the sum–frequency of the two incident beams ωSFG = ωVIS +
ωIR. The resulting SFG intensity is

(6)

with

(7)

where  is the second–order susceptibility of the metallic substrate. The resonant

contribution of the second-order susceptibility , which in this case originates exclusively
from the SAM, is the superposition of a number of resonances, each with an amplitude Ak,
frequency ωk and the phase difference ϕk between substrate and resonant response. The
damping constant of the kth-vibration is denoted as γk. IVIS and IIR are the intensities of the

two incident beams. The non–resonant background consisting of contributions  of the Au
substrate were suppressed by delaying visible and IR laser pulses by 400 fs [56]. The effects
of SAM desorption were finally monitored by centering the IR beam to 1600 cm−1 and
recording spectra under dry air conditions using a purge–box [55]. All spectra were recorded
in p polarizations for all beams (SFG, VIS, and IR). Incident angles for the IR and VIS
beams were adjusted to 55° and 60°, respectively.

In order to perform SFG measurements under E–control in electrochemical media, a thin–
layer analysis cell [55] was modified (Fig. 1) by building electrolyte (0.1 M NaOH)
reservoirs at the sides of the CaF2 prism using a chemically resistive two-component
adhesive (X60, HBM Inc., USA). Two glass capillaries containing a part of the electrolyte
solution were dipped into each of the electrolyte pools and slowly released electrolyte into
the reservoir during the measurements in order to compensate evaporation in dry air
conditions. PyPPx/Au/Mica substrates underlying the prism were extended over the larger
side of the prism into the reservoir. Au films on the substrates were separated into two parts
at the boundary between the prism and reservoir by a mechanical scratch so that the part
underneath the prism served as working electrode (WE) and the other part within the
reservoir as counter electrode (CE). An Ag/AgCl (3 M KCl) microreference electrode (RE)
was placed next to the prism in order to minimize the potential drops. In this configuration,
the area exposed to the incident beams was approximately 0.5 cm away from the reference
and counter electrodes. The thickness of the electrolyte layer underneath the CaF2 was
estimated to be ¡1 μm, which enabled homogenous potential control over the entire sample
surface. Right after the assembly of the electrochemical SFG cell, a series of spectra with an
exposure time of 0.4 s in the background-suppressed mode was started. After 10 recorded
spectra at the open circuit potential (OCP), the potentiostat was switched on performing a
CV starting from the first vertex at 0 V to the second vertex at −1.6 V with a scan rate of 50
mV s−1. The SFG signal was then continuously recorded for 10 CV cycles. For obtaining a
quantitative measure of the SFG signal, the recorded background-suppressed spectra were
integrated without any further data treatment.
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3. Results and Discussion
3.1. Cyclic Voltammetry (CV)

Fig. 2 presents the CVs obtained for the SAM–modified Au electrodes in 0.1 M NaOH and
compares them to the curve for pure Au(111). Adsorption sites on an Au(111) surface differ
for PyPP1 and PyPP2 because of different molecular tilt angles arising from the “odd-even”
effect involving the methylene spacers [57]. PyPP1 adsorbs on Au(111) with a

 overlayer structure, whereas PyPP2 yields a  structure
on the same substrate [57]. The 25% lower surface coverage of PyPP2 on the surface results
in weaker intermolecular interactions compared to PyPP1 [46, 57]. Hence, desorption
potentials (C1 peaks in the CVs) of the dilute PyPP2 SAM and the compact PyPP1 SAM
differ accordingly. Although C1 peak potentials vary between PyPP1– and PyPP2–modified
Au(111) electrodes, both systems yield double peaks within the electroreductive desorption
regions, as shown in Fig. 2a and b, respectively. For the PyPP1/Au(111) electrode, the C1
peak at −1.30 V is followed by a much larger second peak C2 at −1.47 V. By integration of
these peaks, Q ~−0.06 mC cm−2 for C1 and −1.32 mC c−2 for C2. For desorption of a PyPP1
SAM with the given overlayer structure on Au(111), a total Faradaic charge of ~−0.06 mC
cm−2 is expected according to Faraday's Law for a single electron transfer process, Γ = Q/F,
where Γ is the surface coverage, and F is the Faraday constant. The experimental results
show the major portion of the theoretically estimated charge for desorption of a complete
monolayer to be reached during the C1 peak. Remarkably, the integrated current of the C2
peak corresponds to a 22–times larger reductive charge, which results obviously from a
Faradaic process other than thiol desorption. The peak current, hence also the reaction rate,
in this second cathodic peak is ~10 times higher than the current at the same potential on
bare Au(111) during the first cycle, and is still ~3 times as high as bare Au(111) during the
second cycle. In the voltammogram of the PyPP2/Au(111) electrode, the C1 peak at −1.11 V
yields Q ~−0.06 mC cm−2, similar to PyPP1/Au(111). Subsequently, a much less
pronounced C2 peak appears at −1.42 V with Q ~−0.01 mC cm−2. A direct relationship
between monolayer structure and the rate of the concomitant Faradaic reaction is reflected in
the CVs of compact PyPP1 and non–compact PyPP2 SAMs on Au(111). According to a
model, compact monolayers such as PyPP1 desorb via a homogeneous reduction process all
over the electrode surface, whereas etching centers are created in more permeable
monolayers and desorption propagates successively at the edges of these etching centers [58,
59]. The lower ionic permeability expected for PyPP1 is supposed to cause slower diffusion
of counter ions (here Na+) from the electrolyte to the sulfur heads through the thiols,
consequently shifting the desorption potential to more negative values [46].

The observed extraordinary voltammetric response upon the electroreductive desorption of
PyPP1 SAMs becomes even more striking when the monolayer is adsorbed on a poly-Au
surface instead of Au(111). For the PyPP1/poly-Au electrode, again a double peak is
observed in the voltammogram (Fig. 2c). However, the C'1 peak is barely visible next to the
massive C'2 peak. (Here, the peaks are designated as C'1 and C'2 to stress the slight
differences in origin of the peaks.) A Q ~−0.01 mC cm−2 for the first peak at −1.15 V
suggests that in this peak, only a small portion of the monolayer desorbs, which most likely
consists of weakly bound thiols, e.g. at domain boundaries. The residual major portion of the
monolayer desorbs at more negative potentials in the dominant second peak at −1.61 V.
Integration yields Q ~−2.30 mC cm−2 for C'2. Obviously, on a poly-Au substrate, the PyPP1
SAM desorbs at more cathodic potentials compared to an Au(111) substrate. At the same
time, larger reductive currents are observed. The negative potential shift for desorption of
the monolayer on a poly-Au substrate compared to Au(111) can be explained by the
increased electrochemical stability of the monolayer on the polycrystalline surface. It is
well-known that the energy required to desorb SAMs from a gold surface is minimum for
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Au(111) [60–63]. Assuming that the poly-Au substrate has a considerable proportion of low
index surfaces other than (111), desorption at more negative potentials is quite reasonable.
However, it is astonishing that by using a poly-Au substrate, the additional Faradic reaction
overlaps with the desorption reaction, yielding a 75% larger Q compared to the PyPP1/
Au(111) electrode.

Further CV measurements at different scan rates (not shown, see also Section 3.3) indicate
that the C2/C'2 peak is related to a diffusion–controlled reaction at the corresponding peak
potential. On the other hand, the area under the C1/C'1 peak (i.e. the charges) is almost
independent of the scan rate, as expected for a peak purely related to desorption.

The CV results show that the main body of the monolayer desorbs from a poly-Au substrate
within the range of the C'2 peak. However, for the PyPP1/Au(111) system, both peaks are
large enough to contain desorption currents of a monolayer so that the origins of the
corresponding peak currents cannot be distinguished. For determining the beginning and the
end of the monolayer desorption process on this system, changes at the electrolyte/PyPP1/
Au interface during a CV scan were tracked using ellipsometry.

3.2. Ellipsometry
Fig. 3a shows the real part of J1 as function of E during the first CV scan of a freshly
prepared PyPP1/Au(111) sample. Different from the previously presented CV measurement
(Fig. 2a), in this experiment the scan rate was set to 5 mV s–1 for achieving a good
synchrony between the applied potentials and ellipsometric data acquisition. A significant
decrease is observed in the current of the second peak compared to the preceding first peak
at this low scan rate.

Taking a look at the corresponding ellipsometry data, a stable and constant Re(J1) is
observed until the onset of the C1 peak. The magnitude observed of Re(J1) ~ –1 nm in the
given wavelength range is expected for an organic layer of a thickness of ~1.5 nm,
consistent with an intact SAM. The wavelength–dependence of the data is mainly given by
the wavelength–dependence of ε2, which means that the curves appear similar in shape but
different in magnitude at all wavelengths. The wavelength range displayed here was chosen
as it is the region where ε2 is closest to 0, which simplifies the analysis according to Eq. 1.
At the onset of the C1 peak in the CV, Re(J1) increases and reaches zero approximately in
the middle of the desorption peak. Re(J1) = 0 corresponds to a complete absence of a layer,
or the cancellation in Eq. 1 of the effect of regions with positive or negative dielectric
constant contrast. Re(J1) continues to rise above zero until the onset of the C2 peak, and
remains constant with further increasing cathodic potentials until the potential vertex at −1.6
V. The positive value of Re(J1) implies that the dominating layer in the interfacial refractive
index profile now has a real part of the dielectric constant at the respective frequency
between the value of the electrolyte (~1.8) and Au (~−1.1), which is untypical for organic
materials. During the reverse scan, re-adsorption is observed as a slight decrease in Re(J1),
which remains at values >0. Readsorption is barely visible in the CV current, because the
scan rate is not high enough to display respective charges. The results obtained during the
subsequent second scan are shown in Fig. 3b. In the direction of increasing cathodic
potential, Re(J1) resembles closely the backward scan of Fig. 3a. Desorption is barely visible
in Re(J1), but it is in the CV. In the backward scan, values of Re(J1) approach more and
more the value of 0. The increased fluctuations in Re(J1) in the later stages of the experiment
are attributed to the presence of H2 bubbles, which remain on the surface after E is entering
the regime of HER for the first time, and the consequent increase in scattered light intensity
on the expense of the detected reflected intensity. It must be pointed out that the changes in
the curves between the different scans are not due to drift of the instrument, but are caused
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by genuine changes in the interfacial structure. Corresponding experiments with bare Au
show highly repeatable scans.

The presented ellipsometry results reveal information about the state of the PyPP1/Au
interface during electrochemical polarization. The main change in Re(J1) is observed during
the first forward CV scan between the C1 and C2 peaks. In this potential regime, desorption
of the SAM occurs, however, its constituents remain present near the interface. During
subsequent readsorption, Re(J1) is still far away from its initial value and even shows
opposite sign to the initial value. One might expect that the SAM loses all order during the
desorption process, but SFG measurements, which will be discussed later, show that order is
maintained in the course of desorption, and is also maintained over at least 10 CV cycles.
The most likely explanation for the large effect in the first scan compared to all other is that
desorption leads to the presence of a layer or patches of low refractive index between SAM
and Au surface or between SAM and electrolyte. The value of Re(J1) ~ 2 nm after the
desorption can be explained by the presence of an effectively ~2.6 nm thick layer of a
material with εs = 1, if a total loss of the SAM is assumed. As the SAM is still present, the
effective layer thickness must be even higher. The presence of macroscopic H2 bubbles,
which are visible below −1.4 V, cannot account for the observed effect. Macroscopic
bubbles barely affect Re(J1), as has been confirmed in control experiments in the absence of
a SAM. Results from one control experiment are shown in Fig. 3a. The aforementioned
layer of low refractive index is likely in part to be consisting of adsorbed H2, which starts to
form below the desorption potential. As not all gas is removed from the system when
scanning in anodic direction, it may remain adsorbed, explaining the large and irreversible
shift to positive values of Re(J1). Further, desorption may also lead to substantial changes in
the electronic structure of the Au surface, resulting in respective irreversible changes of the
dielectric function of Au near the interface. A third possibility is a substantial change in
solvent structure around the desorbed SAM. This last explanation is, however, unlikely,
because even relatively large changes result only in rather weak effects on the dielectric
constant at optical frequencies.

It is also worth to underline an important result from the comparison of the ellipsometric and
CV results. The intensities of the two voltammetric peaks and the degree of shift in Re(J1)
do not match. This observation indicates different mechanisms as the sources of the two
subsequent cathodic peaks on the voltammograms of PyPP1/Au(111) samples.
Consequently, the first reductive peak can be assigned mainly to the desorption of the SAM.
In order to elucidate the origin of the large excess currents appearing as the second peak on
PyPP1/Au(111) and overlap with the desorption currents inside the same peak on PyPP1/
poly-Au systems, further investigations were done by hydrodynamic voltammetric
measurements.

3.3. Hydrodynamic voltammetry
So far, the observed excess cathodic charges were postulated to result mainly from a parallel
Faradaic reaction concomitant to desorption of a PyPP1 monolayer. HER is a likely
candidate as the possible source of the generated currents, because these excess currents are
observed at potentials where HER is thermodynamically possible [46]. In order to confirm
the role of H2, RRDE measurements were performed using a PyPP1/poly-Au disk electrode
surrounded by a Pt ring, which was also modified with PyPP1 monolayer without
extermination of the H2 sensitivity. Fig. 4 shows the voltammograms for the ring and disk
electrodes at 900 RPM angular rotation speed in 0.1 M NaOH. Both the ring and the disk
voltammograms look quite symmetrical. Similar to the CV shown in Fig. 2c, the PyPP1/
poly-Au disk electrode shows a desorption-related large cathodic peak covering a potential
range between −1.4 V and −1.7 V. On the ring electrode, a corresponding oxidative peak is
observed. After correction of the ring voltammogram regarding its collection efficiency, the
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absolute value of the charge underneath the anodic peak on the ring corresponds to ~90% of
the of the cathodic peak charge on the disk voltammogram. The relation between the ring
and disk currents is only approximate, because the determination of the collection efficiency
of a thiol modified ring is prone to errors. Nonetheless, since readsorption of released
thiolates on the thiol modified ring can be ruled out, this anodic peak can be assigned mainly
to oxidation of H2 that is formed on the disk electrode concomitant to desorption of the
monolayer. The observed C2 and C'2 peaks in the CVs can therefore be related to the
evolution of H2. Because in this peak, the HER is significantly faster than on bare Au, the
term “rapid HER” will be used here to described this special kind of HER.

In order to investigate the relationship between HER kinetics and SAM desorption, further
hydrodynamic voltammetry experiments were carried out using identical PyPP1/poly-Au
electrodes at varying electrode angular rotation speeds. A series of the hydrodynamic
voltammograms for the PyPP1/poly-Au electrodes is presented in Fig. 4b. At each rotation
speed the cathodic peak corresponding to C'2 is visible. However, the peak potential of the
large peak gradually shifts to more anodic potentials with increasing rotation rates. Under
hydrodynamic conditions, after cleavage of the S-Au bonds, thiolates are expected to di use
faster away from the double layer region at high rotation speeds, as shown in previous
experiments [64]. The transport of H2 away from the electrode is also likely to contribute to
transport of thiolates away from the electrode surface. At slower rotation, thiolates
suspended in the double layer should slow down desorption of the remaining thiols [64].
Therefore, a SAM desorbs at slightly more anodic potentials when the electrode rotation
speed is increased. For the investigated PyPP1/poly-Au electrodes, the total potential shift
amounts to 60 mV (from −1.61 V to −1.55 V) between 0 and 4000 RPM. Due to the
association between SAM desorption and rapid HER, the reductive peaks shift without
changing their shape. Interestingly, peak charges decrease with increasing angular rotation
speed (inset in Fig. 4b). These results indicate that retention time of the desorbed PyPP1
molecules has an influence on the HER kinetics. At this point, it becomes critical to know in
what structural state the thiolates reside above the Au surface after desorption. The
following experiment using vibrational SFG spectroscopy addresses this question.

3.4. SFG vibrational spectroscopy
For monitoring order of thiol/thiolate molecules during voltammetric scans, SFG
spectroscopy was applied both in situ and in real time. Measurements were performed using
Au(111) substrates, because at surfaces are required to obtain adequate spectroscopic data.
In addition to PyPP1/Au(111), a PyPP2/Au(111) sample was investigated for comparison,
which has a different structural quality and voltammetric response with less pronounced
additional Faradaic contributions, as shown in Fig. 2.

Fig. 5a shows the first one and a half voltammetric cycles of a typical SFG experiment. The
spectrum shows an SFG band attributed to the ring vibration of the pyridine moiety of
PyPP1, centered around 1600 cm–1 [57]. This mode was chosen because a measurement of
the full SFG spectrum has shown this band to be extremely intense. This extremely high
intensity is required for real-time measurements during the CVs. The evolution of the signal
intensity over time is alternating presumably due to nonlinear χ(3) effects related to the
coupling of visible, IR and static electric field at the interface, which is discussed in detail
elsewhere [65]. No further significant change is observed in the intensity curve during the
voltammetric scan, not even in the peak potential regions below −1.25 V. This stable
alternating signal indicates that the two–dimensional crystalline order of the monolayer is
persevered at all applied potentials. The SFG signal obtained from ordered PyPP1 structures
is not necessarily acquired only from the thiols directly present on the Au(111) surface but
also from the surface plane of the electrical double layer. The first two CV scans recorded in
parallel of SFG spectral aquisition are shown in 5 b. The curves are slightly different
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compared to those in Fig.2, because of the different cell geometry. Especially the
readsorption peak is more pronounced. Overall, CV data shows that after each cycle, the
amount of the readsorbed molecules becomes smaller. Hence the observed stable SFG
signals comprise contributions of both adsorbed and suspended molecules as long as they
remain ordered. In Fig. 5c the normalized integrated SFG signals are plotted as function of
the number of CV cycles the electrode was subjected to. Because the intensity of the signal
is related to the order, number density, and orientation of molecules, a decrease in the
maximum intensity value indicates loss in the structural molecular arrangement within the
surface plane. Astonishingly, the signal obtained from PyPP1 does not show significant
variations after 10 voltammetric scan cycles between 0 V and −1.6 V. On the other hand, the
intensity for PyPP2 decreases continuously after each cycle. After 10 cycles, the PyPP2
signal has almost vanished completely due to loss of order and/or decreased number density
within the SAM. After leaving the PyPP1 monolayer at open circuit for ~30 min after
desorption experiments, the signal of PyPP1 has also completely disappeared, indicating a
diffusion of the molecules from the surface into the bulk.

It is worth noting that readsorption peaks in the CVs of Section 3.1, as well as those
measured in the CVs during SFG experiments, are small, considerably smaller than the
desorption peaks. In a previous work, readsorption was quantified of PyPP1 and PyPP2
between −0.2 and −1.8 V [46]: 25 % of PyPP1 and ~50 % of PyPP2 readsorb after each
cycle. However, the molecules remain physisorbed to the electrode surface, even though the
Au-S bond is broken. SFG vibrational spectra do not distinguish between ordered layers
covalently bound to Au and ordered layers physisorbed to Au. Therefore, the presence in the
SFG spectra of the characteristic vibrational mode from the molecules shows layer order,
and hence also PyPPx presence, in the interfacial region.

3.5. Discussion of rapid HER origin
The combination of the voltammetric and spectroscopic results obtained from PyPP1 and
PyPP2 modified Au samples reveals two important features that make the desorption
process especially of PyPP1 extraordinary compared to the desorption of any aliphatic or
short araliphatic thiol reported to the author's knowledge. The first extraordinary feature is
the preservation of two–dimensional order of the reductively desorbed thiolates within the
double layer region, that exists over a long period of time and a large potantial range after
desorption. The second feature is the association of rapid HER with the desorption of the
SAMs. These two features are closely related, considering the observed differences in
desorption between PyPP1 and PyPP2 SAMs. The correlation between these features helps
to interpret the complicated voltammetric desorption behavior on a solid ground.

Previous studies with aliphatic thiols showed that the structure of the desorbed thiols
undergoes a transition from upright molecular oriented films to aggregates [26, 27, 29, 30,
66], or a striped phase with flat lying dithiol molecules [67], in the electrochemical double
layer region. Based on subtractively normalized interfacial infrared spectra [27, 66], and in
situ scanning tunneling microscopy studies [26], aggregates of long n-alkanethiolates have
been proposed to be in form of micelles. The micelle formation process involves a
competition between repulsive forces among negatively charged sulfur head groups,
attractive van der Waals forces among the chain units, and hydrophobic forces. Hydrophobic
termination groups accelerate micelle formation. Taking all attractive and repulsive
contributions into account, the shape of the aggregates can be estimated from the
semiempirical “packing parameter” v/(a0lc) involving the optimal surface area a0 of the
molecular head group, chain length lc, and chain volume v [68]. For hydrocarbon
amphiphiles, micelle formation becomes favorable if v/(a0lc) < 1/3 [68]. Due to the small v/
(a0lc) of the long aliphatic thiols with conformational disorder in the desorbed state, micelle
formation is conceivable for the n-alkanethiolates. On the other hand, as the araliphatic
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chain is rather rigid, araliphatic molecules exhibit a shape close to a cylinder, where v/(a0lc)
~ 1. This value of v/(a0lc) implies favorable formation of planar aggregate structures.
Consequently, loss of crystalline order after reduction is expected to occur slower for long
araliphatic thiols. According to the SFG spectroscopy measurements, for the thiolates of
PyPP1 the crystalline structures inherited from the chemisorbed monolayer are preserved in
both voltammetric peak regions (Fig. 5). According to the structural differences between
PyPP1 and PyPP2 monolayers, an even more stable ordered thiolate structure is expected for
the compact PyPP1 SAM, which is confirmed by the presented SFG results. These results
are clear indication of the astonishingly long lifetime of the ordered thiolate structures for
the investigated SAMs, especially for PyPP1.

Apart from the stable structural order of the desorbed thiolates, a second striking result is the
detection of HER concomitantly to desorption of the PyPP1 monolayer. On poly-Au, a rapid
HER was found to occur simultaneously with the desorption of the main fraction of the
SAM. On the other hand, based on the ellipsometry results, these two reactions are not
simultaneous on Au(111) surfaces, were HER is found to occur only after desorption of the
SAM. Both processes and are observed as separate peaks in voltammograms (Fig. 3). The
first reductive peak originates mainly from SAM desorption, as confirmed by shift in Re(J1)
at the corresponding potentials. Because no pronounced shift in Re(J1) is detected in the
potential region of the subsequent large peak, it can be deduced that this peak consists
mainly of HER currents. When the rapid HER starts, the surface is already saturated with
H2, so the main fraction of the additionally produced H2 is leaving the system as gas,
therefore it is not present in the interfacial region. This finding can be generalized for the
other members of the araliphatic thiol series, including PyPP2, which also yields excess
cathodic currents in parallel to the thiol reduction process as observed on Au(111) surfaces.

Considering the results of the RDE measurements, a relationship between the rate of the
HER (hence, catalytic activity of a surface towards HER) and the thiolate's lifetime in the
surface plane of the electrode is observed. The presented voltammograms obtained from
PyPP1/poly-Au electrodes (Fig. 4b) show that peak currents become smaller at faster
electrolyte convection rates. Smaller peak currents in case of shorter lifetime of thiolates in
the double layer region indicate a catalytic activity on the Au electrode through the presence
of desorbed thiolates. A similar behavior was observed with PyPP1/Au(111) electrodes; the
second H2-related peak became smaller compared to the first desorption-related peak when
the CVs were recorded with a lower scan rate (comparing Fig. 2a and Fig. 3a). Altogether
these observations indicate a diffusion–related phenomenon. The catalytic effect observed
for HER requires the presence PyPP1 monolayers on the electrode surface without covalent
bond to the electrode.

The above–stated arguments lead to models for the overall desorption mechanism of the
investigated thiols. First, consider the desorption of PyPP1. As shown in Reaction 1, thiol
desorption requires exchange of electrons between Au substrate and thiols. This reaction,
however, involves also the substitution of thiol molecules with water on the Au surface [35],

(R2)

Since Reaction 2 (where y stands for the number of water molecules required for the
solvation of the thiolate) occurs at sufficiently negative potentials for HER, the adsorbed
water layer is immediately consumed for formation of H2,

(R3)
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Reactions 2 and 3 are reactions that occur for any type of thiol on an Au surface. It must be
pointed out that the participation of HER in the desorption process leads to an current
contribution also, which may account for the fact that the integrated desorption currents are
slightly higher than required for monolayer desorption. In this specific case, especially for
desorption of PyPP1, the question arises: What is the reason of the temporary acceleration of
Reaction 3? In the following, several possible models will be discussed. The overall model
is schematically summarized in Fig. 6.

One possible reason for high HER rates associated with desorption is the retarded surface
reconstruction of the Au substrate. It is currently widely accepted that thiolate bonding on
Au results in a lower density of Au surface atoms compared to the SAM–free surface. SAM
formation involves displacement of Au atoms on the surface; lifting the Herringbone
reconstruction and formation of vacancy islands (etch pits). Recent studies demonstrated
that together with vacancy islands, additional Au adatoms are formed, which serve as
energetically favoured bonding sites for thiolates [69–71]. Compared to a reconstructed
surface, such a modified Au surface underneath the SAM may offer more catalytically
active sites for reactions such as HER, if it becomes accessible to the electrolyte. However,
it has been reported for alkyl-thiols that desorption of the SAM immediately initiates surface
reconstruction, including formation of the herringbone structure on Au(111), roughening of
step edges, formation of gold islands and disappearance of vacancy islands [30, 72–74].
However, because the adsorption of the aliphatic and araliphatic thiols result in the same
changes on an Au surface [43, 57], a similar reconstruction mechanism is expected for both
thiol types after reductive desorption. For aliphatic thiols, no increase in the HER rate is,
however, observed. As a result, a substantial difference on the Au surface after reductive
desorption of aliphatic and araliphatic SAMs is unlikely but cannot be completely ruled out
here.

Catalysis of HER through physical interactions between the Au surface and any units of the
desorbed thiolates, e.g., the pyridine moiety, can be safely ruled out as a possible
explanation, due to the orientation of thiolates in the related potential region. In this
orientation, only the sulfur heads are facing to the Au surface, separated from the Au surface
by an electrolyte gap of ~1 nm [75, 76]. Assuming a similar separation distance for PyPP1
thiolates, a strong inuence of the ordered, suspended thiolates on the structure of the
electrolyte between Au and desorbed SAM is expected. In any assembly form, the
suspended negatively charged thiolates are prone to interactions with counter ions in the
solution. Protonation of electroreductively desorbed n-alkanethiolates has been suggested
despite the high solution pH [77, 78]. However, at pH 13, protonation of the full monolayer
is not expected, as the pKa values for HS-R units are usually lower,[78] e.g. for C6H5-CH2-
SH, pKa ~ 9:4.[79]

The most likely mechanism for the observed acceleration of the HER after reductive
desorption of the thiol SAM involves orientation of water molecules in the gap between Au

and suspended monolayer. Diffusion of positively charged counter ions, in this case ,
from the electrolyte is essential for desorption of SAMs [77]. If the desorbed thiolates form
aggregates, a homogenous charge distribution on the Au surface is quickly established. On
the other hand, if the organic layer does not lose its two-dimensional order after desorption,

as observed here,  will be present in a hydrated form between the negatively charged
thiolate and the negatively polarized Au surface (Fig. 6b). This additional layer of hydrated
positive ions in the gap between the organic layer and the Au surface is suggested here to
lead to an optimum pre-orientation of water for a participation in the HER, and consequently
higher HER rates (Fig. 6c). The ideal orientation of water needed for participation in the
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HER is not known. Two possible candidates are marked in Fig. 6c, though to achieve direct
experimental evidence is difficult.

The suggested model for the catalysis of HER — though speculative at this point — can be
employed to explain the double peaks observed on the voltammograms upon desorption of

the SAMs. For the catalytic activity through water reorientation, transport of  from
bulk solution into the gap between the thiolate monolayer and the Au surface is required.
PyPP1 thiolates with orientation as observed are not prone to electrolyte penetration through
the suspended film. Water and ion transport from the bulk electrolyte into the volume
between Au and suspended monolayer occurs through inherent structural defects in the
organic monolayer, such as domain boundaries. On an Au(111) surface, after consumption
of the initially adsorbed water layer, further water transport into the inner plane requires
additional time due to the existence of large electrolyte–blocking SAM domains and a low
amount of defects in the thiolate layer. Therefore, currents from the catalyzed HER are seen
in a peak that is separated from the thiol reduction peak (Fig. 2a), and in general currents
show a diffusion–related behavior in the electrochemical experiments. On poly-Au, due to
the higher amount of structural defects in the SAM, electrochemical desorption and
subsequent transport of electrolyte into the gap occur much faster, so that currents from both
Faradaic reactions overlap (Fig. 2c). With increasing amount of water molecules in the gap
between the suspended thiolate layer and the Au surface, contribution of HER to the peak
currents increases. In the proposed mechanism, depletion of thiolate molecules causes loss

of the observed catalytic activity, because the optimum distribution of  depends on the
existence of the oriented thiolates in the double layer. Because the suspended thiolate layer
also hinders the transport of the produced H2 gas from the Au surface, the observed rate
increase does not last long. In addition to formation of macroscopic bubbles, which are
observed at strongly cathodic potentials only, the formed H2 can be adsorbed either between
Au and suspended SAM, or at the SAM/electrolyte interface.

Conclusions
An accelerated (“rapid”) HER has been detected concurrent to desorption of structurally
stable PyPP1 SAMs. The rate of the HER is strongly inuenced by the structure of desorbed
thiolates residing near the electrode surface after desorption. In situ ellipsometry results
show a decrease of the interfacial refractive index upon SAM desorption. Combined
electrochemical and SFG spectroscopy investigations show that after electroreductive
desorption, the structural order of the araliphatic thiol films is inherited from the
chemisorbed state. For the compact PyPP1-SAM the two-dimensional order is astonishingly
stable. Comparison with the less compact PyPP2-SAM, where two–dimensional order is not
persevered upon reductive desorption, as well as with literature data on aliphatic SAMs,
shows that the structural stability of the desorbed SAM is a prerequisite for the occurrence
of the increase in HER rate.

The results imply that the presence of a highly ordered adsorbed layer of non–redox active
species can increase, rather than decrease, the rate of an interfacial electron transfer reaction,
in this case of the HER, here likely due to the ordering effect of the organic monolayer on
the solvent and reagent water. The ordering effect occurs via the transient species of
thiolates residing in the double layer region immediately after cleavage of the Au-S bond.
The stability of the SAM after desorption is crucial for the observed effect. The exact nature
of the interfacial water requires detailed investigations from a combination of vibrational
spectroscopies and molecular simulations.
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Highlights

• Araliphatic SAM with extraordinary electrochemical stability

• Enhancement of the hydrogen evolution after reductive SAM desorption

• In situ real time sum frequency generation spectroscopy (SFG)

• Relation between reductive SAM desorption and hydrogen evolution
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Figure 1.
Sketch of the beam path and the arrangement of the electrodes in the modified thin–layer
analysis cell for SFG measurements. The reflected VIS and IR beams are not displayed.
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Figure 2.
First and second CV scan cycles obtained from (a) PyPP1-modified Au(111) and (b) PyPP2-
modified Au(111). In (a) a voltammogram of bare Au(111) is also given (dashed line). (a°)
and (b°) show an enlarged view around the cathodic and anodic peaks of (a) and (b),
respectively. (c) PyPP1-modified poly-Au in 0.1 M NaOH. The inset shows the zoom of the
low-current region of the first cycle. Subsequent scans yielded similar peaks but with
smaller intensities as a result of partial readsorption of thiolates.
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Figure 3.
Real part of J1 averaged from 340-360 nm (○, scale on the left, see text for rationale of
wavelength range) during (a) the first and (b) the second CV scan (—, scale on the right) of
PyPP1/Au(111) in 0.1 M NaOH. (a) includes Re(J1) ( ) on Au(111) without SAM.
Arrows indicate the respective potential scan direction. Scan rate: 5 mV s–1.
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Figure 4.
(a) RRDE data. Voltammograms obtained from PyPP1/poly-Au disk (iD) and PyPP1/Pt ring
(iR) during the first scan cycle in 0.1 M NaOH with 900 RPM angular rotation speed and 50
mV s–1 scan rate. Ring potential was fixed at −0.5 V. (b) RDE data. Voltammograms of
PyPP1/poly-Au electrode in 0.1 M NaOH at various angular rotation speeds ω. The inset
shows the reductive charge density vs. .
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Figure 5.
(a) Evolution of a pyridine ring vibration of PyPP1 on Au(111) during potential sweeps
from 0 V to −1.6 V, back to 0 V, to finally −1.6 V, corresponding to one and a half CV
cycles, as measured with SFG vibrational spectroscopy. (b) First two CV scans recorded in
the SFG cell during aquisition of spectra shown in (a). (c) Integrated SFG intensity of the
observed band from PyPP1/Au(111) and PyPP2/Au(111) during ten CV cycles. The
integrated SFG signals are normalized to the maximum signal obtained from an ordered
SAM for each thiol.
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Figure 6.
Schematic view of the proposed model for the rapid HER. (a) shows the intact SAM, which
is reductively desorbed (b). Subsequent transport of water into the region between desorbed
monolayer and Au leads to H2 evolution (c).
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