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Abstract
Modification of metal surfaces with complex molecules opens interesting opportunities to build addi-
tional functionality into these surfaces. In this work, self assembled monolayers (SAMs) based on the
same photoswitchable azobenzene motif but with different head groups have been synthesized and their
SAMs on Au(111)/Si substrates have been characterized. 3-[(4-phenylazo)phenoxyl]propyl thiol (PAPT)
and its acetyl group protected analog, 3-[(4-phenylazo)phenoxyl]propyl thioacetate (PAPA), have been
synthesized. SAMs from PAPT and PAPA have been characterized by infrared (IR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), ellipsometry and cyclic voltammetry (CV). The SAM-forming units
of both SAMs are the same, as confirmed by IR and XPS, and the SAMs have similar surface coverage, as
evidenced by analysis of the reductive desorption peaks in CVs. The tilt angle of the azobenzene moiety
was ca. 75◦ with respect to the surface normal as determined by IR spectroscopy, i.e., the molecules are
lying quite flat on the gold surface. Despite similar surface coverages, the CVs for PAPT in aqueous
perchlorate solution show a typical perchlorate adsorption peak to gold, whereas the corresponding ex-
periments with PAPA show no perchlorate adsorption at all. In conclusion, SAM formation can lead to
an increase in the number of electrochemically accessible surface sites on the final, SAM covered sur-
face. Whether the amount of such sites increases or decreases, depends on the precursor. The precursor
most likely affects the adsorption mechanism and thus the atomic surface structure of the metal at the
metal/SAM interface. Thus, details of the SAM formation mechanism, which is affected by the precur-
sor used, can have quite strong effects on the electrochemical properties, and likely also electrocatalytic
properties, of the resulting modified surface.
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1 Introduction

Self-assembled monolayers (SAMs) have been intensively investigated for
surface modification, among others, in nanotechnology [1–4], biotechnol-
ogy [4–8], electronics [9, 10], and corrosion protection [11–14]. A typical
preparation for SAMs is the direct immersion of a substrate into a thiol
solution for a certain amount of time. However, thiols tend to oxidize
in the presence of oxygen [15]. One alternative to prepare SAMs is to
substitute the hydrogen atom with a cleavable protective group on the
thiol’s sulfur atom [16–18]. As one specific example, the acetyl group in
thioacetates can be cleaved in certain solvents [19].

In earlier investigations, SAMs prepared from thiol and its correspond-
ing thioacetate were considered to possess the same structures [20]. Later
investigations reported highly ordered SAMs prepared from thioacetates
[16, 18, 21, 22]. More recent work showed that SAMs prepared from thiol
and its corresponding thioacetate have different structures; SAMs pre-
pared from thioacetate showed significantly larger domains, a different
crystallographic structure and overall a higher order [21]. Thioacetates
are interesting precursors for SAMs because of the increased stability to-
wards oxidation compared to thiols, while at the same time the basic
surface properties are expected to be conserved [16].

Complex SAM forming units enable an interesting class of responsive
surfaces [23, 24], though such surface modification does not always yield
the intended molecular structures at the interface [25]. A prototypical
example for SAMs with complex molecular building blocks is based on
a photoisomerisable aromatic motif, interesting, e.g., for applications in
molecular electronics [10]. The conformation change of photosensitive
molecules, often azobenzene-based, in SAMs is typically constrained by
steric requirements [26, 27], but collective effects in the excitation also play
a role [27–29]. Spacious anchoring groups — not necessarily thiolate-based
— ensure reversible photoswitching [30, 31]. Likewise, appropriate solvent
selection can be used to ensure photoisomerisation [27]. Conformational
switching barriers depend on the environment [32]. Azobenzenes also
have interesting non-linear optical properties [33, 34]. Issues with thermal
conformation switching may be avoided by using stilbene or hydrazone
moieties [35–38]. With their aromatic moieties and their corresponding
electronic structure, electrochemical properties of SAMs with isomerisable
aromatic moieties are also interesting to investigate.

The presence of SAMs on metal electrode surfaces normally leads to
blocking of metal oxidation or metal dissolution [11, 39, 40], however,
also the increase of reactivity, e.g. towards hydrogen evolution, has been
observed [41, 42]. In alkyl of hydroxyalkyl SAMs, the beginning hydro-
gen evolution can stabilize “hemi-micelle-like”-structures at the surface
after electrochemical desorption [43]. Anion adsorption was found to be
suppressed by a saccharide based SAMs [44]. The investigation of elec-
trochemical properties of SAM modified electrodes is thus often leading
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to unexpected results.
In this work, the effect of the end-group on the surface structure of

azobenzene-containing SAMs was studied, including the electrochemical
properties. To that end, 3-[(4-phenylazo)phenoxyl]propyl thiol (PAPT)
and its acetyl protected analog, 3-[(4-phenylazo)phenoxyl]propyl thioac-
etate (PAPA), have been synthesized and used to prepare SAMs on evapo-
rated gold, typically dominated by Au(111) surfaces, on silicon substrates.
Both SAMs were characterized with ellipsometry, X-ray photoelectron
spectroscopy (XPS), and infrared (IR) spectroscopy. By measuring cyclic
voltammograms (CVs), the reductive desorption of both SAMs, and ion
adsorption from the electrolyte of both SAMs have been investigated and
compared.

2 Materials and methods

The synthesis procedure used in this work (Fig. 1 and Fig. 2) is a modifi-
cation of a procedure from the literature [45]. All commercial ingredients
were used as received.

2.1 Synthesis of [4-(phenylazo)phenoxy]propane-1-thiol

2.1.1 Synthesis of 4-(3-bromopropanoxy)-diazobenzene (1)

3.96 g (0.02 mol) 4-phenylazophenol, 6.1 mL (0.06 mol) 1,3-dibromopropane
and 5.53 g (0.04 mol) K2CO3 were refluxed in 60 mL acetone at 80 ◦C
for 6 h. Subsequently, 125 mL deionized water were added. The resulting
precipitate was collected, and purified by silica column chromatography,
using heptane and chloroform (volume ratio 2:1) as eluent. The first frac-
tion (Rf = 0.67) was collected, the solvent evaporated and the remainder
dried at 70 ◦C under vacuum. The orange colored crystals (1; Fig. 1)
(2.5 g, 40% yield) were used for subsequent synthesis.

1H-NMR (CDCl3): δ = 2.27 ppm (m, 2H, aliphatic CH2), 3.54 ppm
(t, 2H, BrCH2), 4.11 ppm (t, 2H, OCH2), 6.93 ppm (m, 2H, aromatic),
7.40 ppm (m, 3H, aromatic), 7.81 ppm (m, 4H, aromatic).

2.1.2 Synthesis of [4-(phenylazo)phenoxy]propane-1-isothiouro-
nium bromide (2)

This reaction was carried out under argon atmosphere. 2.50 g (7.83 mmol)
4-(3-bromopropanoxy)-diazobenzene (1; Fig. 1) and 0.76 g (10.00 mmol)
thiourea were refluxed in 80 mL degassed absolute ethanol at 85 ◦C for
6 h. After evaporation of the solvent, the residue was recrystallized from
heptane/ethanol (volume ratio 1:1). The precipitate was collected by
vacuum filtration and dried at 60 ◦C under vacuum. The product (2;
Fig. 1) (2.0 g, 66% yield) was orange colored and was used in the next
step.
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1H-NMR (DMSO-d6): δ = 2.17 ppm (m, 2H, aliphatic CH2), 3.40 ppm
(t, 2H, SCH2), 4.25 ppm (t, 2H, OCH2), 7.22 ppm (m, 2H, aromatic),
7.62 ppm (m, 3H, aromatic), 7.93 ppm (m, 4H, aromatic), 9.14 ppm (s,
4H, NH2).

2.1.3 Synthesis of [4-(phenylazo)phenoxy]propane-1-thiol (3)

2.05 g (5.19 mmol) [4-(phenylazo)phenoxy]propane-1-isothiouronium bro-
mide (2; Fig. 1) was refluxed in 100 mL absolute ethanol with aqueous
sodium hydroxide (0.62 g, 15.50 mmol) at 85 ◦C for 3 h. Diluted sulfuric
acid was added until pH 3. The mixture was then extracted with diethyl
ether. The organic phase was collected and dried over anhydrous sodium
sulfate. Subsequently, the ether was evaporated, the residue was purified
by silica column chromatography with heptane/dichloromethane (volume
ratio 1:2) as eluent. The first fraction (Rf = 0.41) was collected and dried
at 75 ◦C under vacuum. The product (3; Fig. 1) (0.72 g, 51% yield) was
an orange colored powder.

1H-NMR (CDCl3): δ = 1.31 ppm (t, 1H, SH), 2.06 ppm (m, 2H,
aliphatic CH2), 2.70 ppm (t, 2H, SCH2), 4.10 ppm (t, 2H, OCH2),
6.94 ppm (m, 2H, aromatic), 7.40 ppm (m, 3H, aromatic), 7.82 ppm (m,
4H, aromatic).

2.2 Synthesis of 3-[4-(phenylazo)phenoxy] propyl thio-
acetate (4)

6.64 g (48.02 mmol) K2CO3 and 2.34 g (11.80 mmol) 4-phenyl-azophenol
were dissolved in 200 mL dimethylformamide. 5 mL (37.97 mmol) 3-
chloropropyl thioacetate were added into the mixture while stirring. The
mixture was refluxed at 100 ◦C overnight under exclusion of light. The
reaction mixture was separated by silica column chromatography using
heptane/ethyl acetate (volume ratio 7:3) as eluent. The first fraction (Rf

= 0.55) was collected and dried at 75 ◦C under vacuum. The final product
(4; Fig. 2) was a sticky orange powder and was stored for further use.

1H-NMR (CDCl3): δ = 2.03 ppm (m, 2H, aliphatic CH2), 2.26 ppm
(s, 3H, -CH3), 3.02 ppm (t, 2H, -CH2-S-), 4.03 ppm (t, 2H, -O-CH2),
6.93 ppm (m, 2H, aromatic), 7.42 ppm (m, 3H, aromatic), 7.83 ppm (m,
4H, aromatic)

2.3 Substrate preparation

Au(111)/Si substrates were prepared by evaporating 5 nm chromium and
100 nm gold onto clean silicon wafers at a base pressure below 10−6 mbar.
SAMs were prepared by immersing Au(111)/Si substrates in 10 µM ethano-
lic solution of PAPT or PAPA overnight. Subsequently, Au(111)/Si sub-
strates were rinsed with ethanol for 5 min and dried with a nitrogen
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stream. 20 µL of a 10 mM solution of triethylamine were added to the
PAPA solution as cleavage agent.

2.4 Surface characterization

2.4.1 IR spectroscopy

IR spectra were recorded under vacuum with a Bruker Vertex 70v spec-
trometer equipped with a liquid nitrogen cooled MCT detector. KBr
pellets were measured in transmission mode. SAMs were measured in re-
flection with a p-polarized beam at an incidence angle of 80◦ with respect
to the surface normal. Background for SAMs measurements were bare
Au(111)/Si substrates cleaned with ethanol. All spectra were measured
with a resolution of 4 cm−1.

In the SAMs, the average tilt angle δ of the long axis in SAMs forming
molecules indicated in Fig. 1 and Fig. 2 with respect to the Au(111) surface
normal was calculated based on IR spectra using [46]

〈cos2 δ〉N =
D(refl)

D(refl) + 2D(trans)
. (1)

In this calculation, the absorbance ratio D = A||/A⊥ of absorbance A||

of a mode with transition dipole moment (TDM) parallel to the long axis
of the molecule and absorbance A⊥ of a mode with TDM perpendicular
to the long axis was used. The orientation of the TDM was taken from
DFT calculations of the model compound shown in Fig. 5.

Several different methods to determine absorbance for quantitative
analysis have been evaluated, e.g. using peak absorbance over baseline,
and integrated absorbance after different methods of baseline correction.
The tilt angles obtained via the different methods agreed to within 5◦; here
the results from the simplest method, using peak absorbance, are reported.
D(refl) was obtained from SAM spectra, while D(trans) was obtained from
the respective absorption modes in KBr pellet spectra. By using tilt
angles determined this way and a molecular length l = 1.5 nm from the
molecular model, the thickness t(IR) of the two SAMs were estimated as

t(IR) = l cos δ. (2)

2.4.2 Ellipsometry

A Sentech SE800 spectroscopic ellipsometer with a Xenon light source was
used to determine monolayer thickness t(ell). Ellipsometric parameters
were acquired from 550 to 800 nm at an incidence angle of 70◦ with
respect to the surface normal. In this spectral range, thiol and thioacetate
are considered to be transparent, so the imaginary part of the refractive
index was neglected in the data fitting process. The real refractive index
was assumed to be 1.45 [45]. The data were modeled with a three phase

6



(ambient-SAM-substrate) model. The thickness was obtained as average
result of 10 measurements. Uncertainty is presented as single standard
deviation.

2.4.3 XPS

XPS was measured with a Physical Electronics Quantum 2000 spectrom-
eter. A monochromatic Al Kα source was used for excitation. The in-
cidence angle was 45◦. The binding energy scale was referenced to the
Au 4f7/2 substrate level at 84.0 eV [47, 48]. Spectra were analyzed using
CasaXPS (http://www.casaxps.com/).

2.4.4 CV

CV experiments were carried out with a three-electrode cell connected
to an Ivium CompactStat potentiostat. The electrolyte was purged with
nitrogen gas for 1 h before measurements. Pt was used as counter elec-
trode, together with an Ag/AgCl/3M KCl commercial reference electrode
(Metrohm). All electrode potentials in this work are reported with respect
to Ag/AgCl/3M KCl. Electrode area was 0.78 cm2.

2.5 DFT calculations

For assignment of the IR spectra, 4-methoxy-diazobenzene was used as
model for the azobenzene core (see section 3.1). The molecule was fully op-
timized using the hybrid density functional B3-LYP and the cc-pVTZ ba-
sis set as implemented in Turbomole version 6.2 (http://www.turbomole.com)
[49]. The calculated harmonic vibrational frequencies were scaled by
0.9691 to correct for systematic errors in DFT and anharmonicity [50].

3 Results and discussion

3.1 SAM characterization

Fig. 3 shows XP spectra of the S 2p energy region in PAPT and PAPA
SAMs. The S 2p signals in both SAMs consist of a single peak with asym-
metry because of the 2p1/2 and 2p3/2 components. The maximum of these
components is at ≈163 eV and 162 eV, respectively. Consequently, the
sulfur is predominantly bound to the surface (see, e.g., comparison and
discussion in [35]). The XPS analysis did, however, not yield a clear
picture of the surface composition, in part due to the high noise level in
spectral regions characteristic for S, N and partly O. The expected atomic
ratio C:N:O:S is 15:2:1:1 in the SAM, and for PAPT, values of 20...40:1.9-
4.8:1.2-2.9:1 were found when normalising to sulfur. For PAPA, the re-
sulting ratio was 6.5:0.3:1.4:1. Carbon is thus always the most prominent
element, as expected. However, the carbon content in PAPT is higher
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than expected, which may be caused by adsorption of “adventicious” car-
bon, in addition to the shielding of deeper lying parts of the SAM by
carbon. Also the oxygen content is consistently higher than expected,
which may also be related to impurity adsorption. In PAPT, the N:S
ratio includes the expected interval. In PAPA on the other hand, more
sulfur was present on the surface than expected.

SAM IR spectra and corresponding bulk spectra are displayed in Fig. 4.
The assignments of selected, important and characteristic IR peaks and
peak wavenumber as obtained from DFT calculations are given in Tab. 1.

3.2 Electrochemical properties

In Fig. 6, cathodic desorption peaks at -1.07 V originate from the reductive
desorption, Au−S−R+ e– −−→ Au + RS– [40, 41, 43]. Since the surface
structure has been modified after the first scan, only the first scan is used
for surface coverage calculation via an integration of the peak current over
time. Charges obtained by integration of the desorption peaks are listed
in Tab. 2.

Fig. 7 shows CVs in a potential range where typically adsorption and
desorption of perchlorate is observed on Au(111) [51, 52]. The peak is
weakly visible on unmodified Au(111), it is enhanced in the presence of
PAPT SAMs, and it is almost completely suppressed on PAPA-covered
electrodes. Thus, the interaction between ClO–

4 ions and the surface is
enhanced on PAPT SAM modified surfaces while the adsorption of ClO–

4

ion is suppressed in the case of PAPA SAMs. Charges obtained by inte-
gration of the CV peaks are listed in Tab. 2.

3.3 SAM structure

Compared with IR spectra in KBr pellets, only specific vibrations show
absorptions in SAM spectra, leading to modified peak absorbances as
shown in Fig. 4. The most striking difference in the PAPA spectra is
the absence in the SAM spectra of the peak at 1697 cm−1 which is one
of the strongest in the KBr spectrum; this peak is in a region typical
for the C=O stretching modes of carboxyl groups, and is thus assigned
to the thioacetate’s carboxyl C=O stretch. Further differences between
IR spectra in KBr pellets and SAMs are caused by the alignment of the
molecules on the Au(111) surface and the “surface selection rule” (e.g., [46]
for an introduction). The characteristic aromatic ring modes at ≈1600,
≈1580 and ≈1500 cm−1 are still detected in the SAMs, but are much
less prominent compared to the dominating C-O-Car mode. On the other
hand, the aromatic bending modes e and f are more prominent in the SAM
spectra. Since the aromatic ring stretching modes have TDMs oriented
approximately along the molecular C1-C4 axis (Fig. 1 and 2), while the
bending modes have TDMs approximately perpendicular to this axis, the
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molecules must have a high tilt angle toward the surface normal. This
angle will be quantified below.

In both SAM spectra and KBr spectra, the strongest peak must be
related to the bond stretching involving the C-O bonds. In contrast to the
aromatic ring modes, this mode is shifted by ca. 15 cm−1 when comparing
SAM and KBr bulk spectra. Such a shift indicates already a difference
in conformation when comparing bulk and SAM, and a conformational
difference becomes more obvious when comparing the absorbance ratios
in the SAMs and in the KBr spectra. In the conformation shown in
Fig. 5, the TDMs of modes designated as a, b, c and d are in good ap-
proximation parallel to each other. If the TDMs are parallel, the peak
absorbance should have the same ratio in both KBr and SAM. However,
when analyzing the IR spectra in more detail, significant differences of
peak absorbance are visible when comparing the different peaks. These
differences in relative absorbance are particularly obvious when comparing
modes a, b and c with modes e and f. While a, b and c still have approxi-
mately the same absorbance ratio in the SAM, mode d stands out. Since
mode d is predominantly the C4-O-C stretching mode, we can conclude
that around the C4-O bond, a different conformation must dominate both
PAPT and PAPA SAMs, compared to the situation in the solid which is
probed by the KBr spectra.

Using eq. (1), tilt angles for the different combinations of TDMs have
been obtained (Tab. 3), showing that the aromatic moieties are tilted
ca. 75◦, while the C4-O-C TDM is tilted at ca. 60◦, indicating a “bending”
of the molecule. There is a rather large non-symmetric uncertainty when
expressing the results in angles, because of the cos2 dependence in eq. (1).
Therefore, these numbers are given only approximately (see caption of
Tab. 3).

Even though the SAM-forming unit is the same for both PAPT and
PAPA, it is clear that PAPT SAMs and PAPA SAMs have different sur-
face structures. Quantitative parameters are compiled in Tab. 3. PAPT
SAMs are apparently thicker than PAPA SAMs. Nevertheless, there is
little difference between the tilt angles of the aromatic moieties between
of the two structures. For PAPA SAMs, the calculated tilt angles and
thicknesses from IR and ellipsometry agree with each other, which isn’t
the case for PAPT. Differences may be caused by neglecting the opti-
cal anisotropy (birefringence) of the films in the ellipsometry analysis.
Especially for small thicknesses, such effects may become considerable
(see, e.g., formalism developed in [43]). Importantly, the “internally ref-
erenced” determination of tilt angles of important molecular quantities
by IR shows no major differences between the systems, so that effects of
birefringence appear unlikely as explanation of the observed differences
in ellipsometric experiments. The differences in PAPT may also indicate
that the simplified packing model which is the basis for relating thick-
ness and tilt does not hold. For similar SAM systems, the work function
which would affect electrochemical behavior has been systematically in-

9



vestigated with variation in the composition; based on the magnitude of
effects observed there, we do not expect significant changes between the
two SAMs investigated here [53].

Surface coverage for each SAM (Tab. 3) was calculated from electro-
chemical desorption results; the ellipsometric thickness is also related to
surface coverage. It is worth noting that SAMs may not be completely des-
orbed during the first CV scan [39]. Uncertainties of the CV-determined
surface coverages are rather high; within these high uncertainties, the
SAM surface coverages show no significant difference. These high uncer-
tainties originate from comparatively large differences between different
repeats, indicating different amounts of of surface defects in the differ-
ent repeat preparations. Larger differences between PAPA- and PAPT-
derived SAMs and lower uncertainty was observed in the ellipsometric
experiments. Ellipsometric experiments may be interpreted such that
molecules in PAPA SAMs are less densely packed, when assuming an
isotropic SAM. While the CV surface coverages show rather large un-
certainties, the uncertainties in the ellipsometric measurements is so low
that the differences between the SAMs can be regarded as statistically
significant, assuming similar effects of the systematic errors (see previ-
ous paragraph). Even if there was a difference in the systematic errors,
the statistically significant difference between the two types of SAMs in-
vestigated here would indicate differences in SAM-structure. While the
observed differences may also be related to birefringence (see discussion
in [43]), such an effect should lead to differences in the IR-determined tilt
angles between PAPT and PAPA. The lower packing density in PAPA,
however, does not manifest itself in higher tilt angles as determined via
IR. As a consequence, there must be other differences in the packing,
leaving more space at the surface and more accessible gold atoms. The
larger available space leads to the different electrochemical properties of
the observed SAMs.

In the CVs in Fig. 7, a pair of peaks at 0.35 V and 0.18 V are assigned
to the adsorption and desorption of ClO–

4 ions, respectively [51, 52]. A
comparison of these peaks show that despite only minor differences in
surface coverage PAPA SAMs suppress the interaction between ClO–

4 ion
and Au(111) surface, whereas PAPT SAMs facilitate adsorption, which is
counterintuitive. The charges of ClO–

4 ad- and desorption (Tab. 2) are one
order of magnitude lower than the charges associated with the reductive
desorption of the SAMs. Such an order of magnitude is reasonable, as the
available surface area for perchlorate adsorption should remain lower than
the area used by the SAMs. A schematic representation of the results
is shown in Fig. 8. Different possible reasons shall be discussed in the
following to explain the different perchlorate adsorption.

There is no direct evidence from IR or XPS for the presence of further
components in the PAPA SAMs, though such an impurity cannot be ruled
out. Immediate candidates would be the acetate ion and triethylamine,
the base used for cleavage. The presence of acetate should (if not in very
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unusual orientation) show up by a quite strong and well-defined carbonyl
peak in the IR, which in the IR of PAPA SAMs (Fig. 4) is neither observed
in the range around 1710 cm−1 (carboxylic acid, -COOH) nor around
1590 cm−1 (antisymmetric COO stretch of the carboxylate ion, −COO– ).
Residual ethanol solvent cannot be completely excluded, but the solvent is
not known to chemisorb to gold. In the case of triethylamine adsorption, a
larger nitrogen content in the XPS would be expected, but the XPS results
rather showed a much stronger sulfur signal than expected. The only type
of impurity possible from these results is thus a sulfur-rich impurity, which
must be sulfidic in nature (c.f. XPS S 2p), and not give significant peaks in
the IR; a possible candidate would be adsorbed sulfide. Adsorbed sulfide
should also show in the electrochemical reductive desorption experiments,
where no additional peak was found, and the amount of charge that could
be in the desorption of such an impurity can be in first approximation
estimated to be the difference between the desorption current of PAPT
and PAPA. This difference is on the order of 20%, and its magnitude is
also similar to the perchlorate ad- and desorption charges in PAPA. This
amount of impurity is too low to explain the deviations in the S:N ratio in
XPS for PAPA. Thus, if this sulfide-rich impurity would not specifically
block adsorption sites of perchlorate, its presence is unlikely to explain
the observed effect.

Furthermore, it is not likely that perchlorate binds to other parts of the
PAPA/PAPT molecules, and even if, no differences of the ion adsorption
behavior would result from such a binding unless structural differences
between the SAMs facilitate such binding.

Alternatively, the domain structure of the two SAMs may be different,
and ClO–

4 may adsorb only at domain boundaries, which then must be
more abundant, or more accessible, in PAPT. However, such an explana-
tion cannot account for the larger peak current when comparing PAPT to
Au(111). Instead, in such a mechanism, an adsorption charge lower than
that on Au(111) would be expected.

In that context, it is worth noting that the comparison to the adsorp-
tion and desorption current on unmodified Au(111) may be misleading, as
these surfaces have been handled through ambient atmosphere, and have
been solvent treated. Therefore, they are likely covered with some loosely
bound organic adsorbate which could in principle affect adsorption of ions
in an electrolyte.

One possible explanation for the observed behavior is that the binding
sites of ClO–

4 ions on Au(111) are occupied, or access to them is physically
blocked by surface-bound PAPA during the self-assembly process whereas
PAPT increases the availability of active adsorption sites. The PAPT
SAMs show a different behavior by enhancing the interaction between
gold and perchlorate. It is possible that there is more space between
neighboring PAPT units, which can be accessed by perchlorate. A further
possibility is a difference in the atomic surface structure related to the
adsorption mechanism; unfortunately, scanning tunneling investigations
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of the SAMs did not show SAMs of sufficient long-range order to analyze
details of packing. Simulations of the processes may be needed to analyze
the differences [54].

Previously observed structural differences between thiol and thioac-
etate SAMs have been attributed to differences in the formation mech-
anism, for which a tentative model has been developed [21]. According
to this model, dissociation of the thioacetate occurs at the surface, as
evidenced by determined reaction orders [21]. It has been indirectly con-
cluded that after dissociation, both thiolate and acetyl group are surface-
bound; the removal of the latter would open an adsorption site for a next
thiolate [21]. The molecular rearrangements during adsorption must in
one form or another block perchlorate adsorption sites; possible is a direct
electronic interaction between the “flat lying” (Fig. 8) azobenzene moiety
and gold, or an interaction via the N-atoms. What enhances perchlo-
rate adsorption in SAMs formed from the thiol is unclear in this picture,
however.

In a recent work on SAMs on copper, our group found evidence for a
C-S cleavage in ethanol, which was absent in the solvent tetrahydrofuran
[55], and other studies also noted strong reactions on copper surfaces in
the presence of thiolates [56]. This observation shows that also differences
in the solvent at formation stage may lead to different surface structures.
If the solvent was modified during the base-catalysed deposition by the
thioacetate, a “solvent modification effect” is a further possibility to ex-
plain the results from this work. If the deposition process led to the
cleavage not only of the −S−(C−−O) bond, but only in a small fraction of
the molecules also to cleavage of the bond between sulfur and the methy-
lene group, the forming sulfide might be able to block sites needed for
perchlorate adsorption on the surface. No evidence exists for a contribu-
tion of charge transfer through the SAMs to the differences, as reported
elsewhere [57].

While in this work, no photoisomerization experiments have been con-
ducted, recent results on surface dilution make effects of small structural
differences on isomerization highly likely [58].

4 Summary and conclusions

IR spectra show that SAMs formed from PAPT and PAPA in ethanol
solution contain the same molecules. SAM formation from both precur-
sors yields similar surface coverages. However, PAPT SAMs enhance the
interaction between Au(111) and the perchlorate ion in aqueous solution,
even when comparing to pure Au(111), whereas PAPA SAMs suppress
perchlorate adsorption. Possible reasons for this counterintuitive observa-
tions are (i) different atomic surface structures on the Au/SAM interface
after SAM formation, (ii) physical hindrance of perchlorate access to the
surface after the SAM formation process from the different precursors, and

12



(iii) the presence of a sulfidic impurity on the surface. Electrochemical
accessible surface of SAM covered metals is hence affected by the adsorp-
tion geometry, which is affected by the precursor used in SAM prepa-
ration. This observation is of relevance for SAMs used, e.g., in sensing
or for chemically active surfaces, where interaction with species from the
surrounding with the surface is crucial. Beyond the obvious modification
of the chemical termination of the surface, the electrochemical properties
of the resulting surfaces depend critically on the adsorption mechanism,
which can be affected with the chosen precursor. Different surface proper-
ties can thus be realised in “nominally identical” surfaces, opening up for
intricate experimental leverage to surface modification, e.g. for ion specific
electrochemical detection.
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Figure 1: Synthesis process of PAPT. In 2, the axis defined by the C1

and C4 atoms is indicated which will later be used to determine tilt with
respect to the Au(111) surface normal.
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indicated in Fig. 1.
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Figure 4: IR spectra of PAPT (top) and PAPA (bottom) in KBr pellets
and as SAMs on gold. The absorbance of bulk spectra was normalized
such that peak d has approximately same absorbance in SAM and in
KBr spectra for ease of representation. Bulk spectra have been vertically
offset. The wavenumbers obtained by simulations of characteristic modes
(Tab. 1) are highlighted by vertical lines.
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Figure 5: Simulated vibrational modes of the azobenzene core of PAPA
and PAPT. Arrows in the color of the the atoms indicate relative mag-
nitude and direction of the atom movements during the modes with the
respective label as indicated in Tab. 1. Cyan arrows indicate the direction
of the TDM of the respective mode.
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Figure 6: CVs of PAPT and PAPA SAMs during reductive desorption.
Electrolyte: 0.1 M aqueous NaClO4, scan rate: 50 mV/s, scan range: -
1.5 V to -0.6 V. Charges obtained from peak integration of the desorption
peak from the first scan are compiled in Tab. 2.
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Table 1: Assignments of characteristic IR absorption based on DFT cal-
culations. The mode label in the first column refers to Fig. 5. The ori-
entation is indicated approximately with respect to the C1-C4 axis axis
indicated in Fig. 1 and 2
Label Orient. DFT Assignment PAPT PAPA

KBr SAM KBr SAM
cm−1 cm−1 cm−1 cm−1 cm−1

a || 1598 ν(Car-Car) 1603 1603 1601 1601
b || 1499 ν(Car - N=N - Car) 1499 1502 1500 1502
c || 1409 ν(Car-Car) 1412 1414 ? ?
d || 1241 νas(C-O-Car) 1250 1265 1248 1265
e ⊥ 1095 δ (H, in-plane) 1107 1109 1107 1107
f ⊥ 844 δ (H, oop) 818 823 ? ?

?: Mode could not be unambiguously assigned, several peaks

Table 2: Absolute values of charges, in µC cm−2, obtained from inte-
grating the CV peaks. Standard deviation over 6 measurements given in
brackets for the reductive desorption experiments. No systematic uncer-
tainty analysis was conducted for the perchlorate ad- and desorption

SAM reductive desorption ClO–
4 adsorption ClO–

4 desorption
bare Au(111) - 2.6 2.2

PAPT 30(14) 5.0 7.4
PAPA 37(11) - -

Table 3: Thickness obtained from ellipsometry, t(ell), and IR [t(IR), via
eq. (2)]. Tilt angle δ(C1-C4) of C1-C4 axis [via eq. (1) with modes a,
b, c for || and modes e, f for ⊥]. Tilt angle δ(C4-O-C) of C4-O-C TDM
[via eq. (1) with mode d for || and modes e, f for ⊥], modes c and f were
quantified only for PAPT. The given range is the span obtained from
the analysis of the combination of different modes; for PAPA, δ(C4-O-C)
could only be quantified from one mode combination. Tilt angle δ(ell)

obtained from t(ell) via inverting eq. (2). Surface coverage Γ calculated
from CV results (integrated current of reductive desorption, Tab. 2)

SAMs t(ell) t(IR) δ(C1-C4) δ(C4-O-C) δ(ell) ΓCV

nm nm ◦ ◦ ◦ pmol cm−2

PAPT (0.74± 0.06) 0.39-0.51 70-75 60-65 59-64 315 ± 120
PAPA (0.37± 0.04) 0.36-0.44 73-76 ca. 62 75-78 387 ± 105
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