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Self-assembled monolayers (SAMs) containing electroactive functional groups are excellent model
systems for the formation of electronic devices by self-assembly. In particular ferrocene-terminated
alkanethiol SAMs have been extensively studied in the past. However, there are still open questions
related with their electronic structure including the influence of the ferrocene group in the SAM-
induced work function changes of the underlying metal. We have thus carried out a thorough exper-
imental and theoretical investigation in order to determine the molecular and electronic structure of
ferrocene-terminated alkanethiol SAMs on Au surfaces. In agreement with previous studies we found
that the Fc-containing alkanethiol molecules adsorb forming a thiolate bond with the Au surface with
a molecular geometry 30° tilted with respect to the surface normal. Measured surface coverages in-
dicate the formation of a compact monolayer. We found for the first time that the ferrocene group
has little influence on the observed work function decrease which is largely determined by the alka-
nethiol. Furthermore, the ferrocene moiety lies 14 A above the metal surface covalently bonded to
the alkanethiol SAM and its HOMO is located at —1.6 eV below the Fermi level. Our results provide
new valuable insight into the molecular and electronic structure of electroactive SAMs which are of
fundamental importance in the field of molecular electronics. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4795575]

. INTRODUCTION

Self-assembled monolayers (SAMs) of alkanethiols on
gold provide an important and versatile class of spontaneously
organized and structurally well-defined model interfaces. In
particular SAMs of electroactive thiols constitute important
model systems for the formation of electronic devices by self-
assembly.! For example, alkanethiol SAMs terminated with
Fe?*,2 Ru?*,? and Os***> complexes can serve as good mod-
els for studying fundamental phenomena in electron-transfer
chemistry. This is due to the fact that the redox groups in
the monolayer are at well-defined distances from the under-
lying metal surface with which they can exchange electrons
readily.

Since the pioneering work of Chidsey? ferrocene
Fe(CsHs), (Fc) terminated SAMs have been systematically
studied. It is well-established that Fc-containing electroac-
tive alkanethiols self-assemble on gold from dilute solutions
to form packed monolayers.! Furthermore, the electroactive
molecules are known to interact with each other perturbing
the oxidation-reduction process,2 which can be avoided by di-
luting them into an alkanethiol matrix in order to prevent in-
termolecular interactions between the electroactive moieties.
Moreover, immersion of mixed monolayers of alkanethiols
and Fc-terminated alkanethiols in solutions of alkanethiols
results in the replacement of approximately one-third of the
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electroactive thiol.® The electron-transfer process accompa-
nies a 1:1 ion-pair formation between Fc* moieties and an-
ions present in solution.” Finally, oxidation of the Fc moieties
results in an orientational change which in turn results in a
monolayer film thickness increase.®

Although these studies have provided significant in-
sight into the structure and electron-transfer processes of
Fc-terminated SAMs there are still important issues to
be resolved. Particularly, it is important to determine the
electronic structure including work function changes induced
by the electroactive SAMs. The electronic structure of
free ferrocene molecules and related derivatives is very
well understood and has been studied over the course of
many decades both theoretically and experimentally.® !0
Furthermore, the electronic structure of adsorbed ferrocene
has been studied on Ag(100),"'~'3 Cu(100),'! and Si(111)-(2
x 1).* These studies have shown that when the molecule is
adsorbed directly on a metal or semiconductor substrate the
energies of the molecular orbitals are observed to shift, split,
or broaden as a result of the interaction with the underlying
surface. There is only one reported investigation on the
electronic structure of Fc moieties attached to substrates via
a self-assembled monolayer, despite the importance of the
system in molecular electronics applications. Johansson and
co-workers'? used a Kelvin probe to determine work function
changes induced by the adsorption of ferrocene undecanethiol
on Au surfaces. They found that decanethiol SAMs cause
a work function decrease whereas ferrocene undecanethiol
SAMs cause a very small work function increase.

© 2013 American Institute of Physics
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In this work we study the molecular and electronic
structure of self-assembled monolayers of 6-ferrocene 1-
hexanethiol (FcCg), FcCg mixed with 1-hexanethiol (Cg), and
Cs over gold using Polarization Modulation Infrared Reflec-
tion Absorption Spectroscopy (PM-IRRAS), X-ray and UV
photoelectron spectroscopy (XPS and UPS), cyclic voltam-
metry (CV), and density functional theory calculations (DFT).
We found that FcCg self-assembles into a compact layer at-
tached via a thiolate bond to the underlying Au surface with
the molecules standing upright at approximately 30° with re-
spect to the surface normal. Furthermore, increasing the FcCg
coverage in the mixed layers results in oxidation/reduction
waves broadening and shifting which can be accounted for
in terms of the intermolecular interaction of the electroac-
tive centers. UPS measurements identify the HOMO of the Fc
moiety located at —1.6 eV with respect to the Au Fermi edge.
Moreover, work function changes are mainly determined by
the hexanethiol SAM with the non-polar Fc terminal group
having no important incidence on its value. These observa-
tions are in complete agreement with the results of the the-
oretical calculations which predict similar trends both in the
experimentally measured molecular and electronic structure
of the Fc-containing SAMs.

Il. EXPERIMENTAL METHODS

Self-assembled monolayer formation, electrochemical,
XPS and UPS measurements were performed using an ultra-
high vacuum (UHV) chamber equipped with a transfer sys-
tem built in our laboratory that allows easy and rapid con-
trolled transfer of the sample between the UHV environment
and the atmospheric liquid electrochemical environment. The
UHYV chamber is shown schematically in Figure 1 and is com-
posed of three main subsystems: (i) UHV analysis chamber
(2 in Figure 1), (ii) UHV load lock chamber (4 in Figure 1),
and (iii) the electrochemical chamber (7 in Figure 1). The
UHYV chamber is pumped with a turbo molecular pump and
a titanium sublimation pump reaching a base pressured <5
x 107!% mbar. The analysis chamber is equipped with an
ion gun for cleaning samples by means of Ar" sputtering

. EC chamber
. gas inlet

1
2
3
4
5
7.
8

FIG. 1. Schematic of the electrochemical cell-UHV transfer system, (left) top view and (right) side view.

. Xyz high precision manipulator
. UHV analysis chamber

, 6, 12. gate valve

. UHV load lock

, 9. horizontal transfer arm
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and with an electron spectrometer system equipped with a
150 mm mean radius hemispherical electron energy analyzer,
a nine channeltron detector, a Mg/Al dual X-ray source, and
a He I/ He II UV radiation source used to carry out XPS and
UPS measurements, respectively.

The UHV load lock chamber serves as an intermediate
vessel used to insert/remove samples from the laboratory and
could be totally isolated from the analysis and electrochem-
ical chambers by means of UHV gate valves (3 and 6 in
Figure 1). The electrochemical chamber (7 in Figure 1) is sep-
arated from the electrochemical cell (13 in Figure 1) by a gate
valve (12 in Figure 1). A sample is transferred from the xyz
high precision manipulator in the analysis chamber (1 in Fig-
ure 1) to the vertical transfer arm (11 in Figure 1) through
the load lock and electrochemical chambers under UHV con-
ditions using two perpendicular horizontal transfer arms (5
and 9 in Figure 1). Once the sample is placed in the verti-
cal transfer arm the electrochemical chamber is pressurized
with ultrapure Ar gas prior to opening the gate valve (12 in
Figure 1) and translating the sample to the electrochemical
cell (13 in Figure 1). The electrochemical cell is a cylindrical
Teflon tube with two view ports that allow visual inspection.
The cell has the conventional three-electrode configuration
that consists of a platinum counter electrode, a Ag/AgCl refer-
ence electrode, and the sample as the working electrode. The
electrolyte solution employed is filled and drained through a
syringe located at the bottom of the cell (17 in Figure 1) into
a cell compartment containing both the counter and reference
electrodes with a volume of approximately 3 cm?®. The sam-
ple position in the vertical direction inside the electrochemical
cell could be easily controlled by means of the vertical trans-
fer arm so that a meniscus is formed when contact between
the sample and solution is accomplished. The Au crystal em-
ployed has a thickness of 5 mm in order to ensure that only
its surface is in contact with the electrolyte solution. To min-
imize contamination of the sample and the electrolyte solu-
tion the entire electrochemical chamber and electrochemical
cell are pressurized with ultrapure Ar gas. Transferring the
sample from the liquid environment of the electrochemical
cell to the UHV environment of the analysis chamber implies

10, 14. view ports

11. vertical transfer arm

13. electrochemical cell

15. gas outlet

16. counter and reference electrodes
17. syringe

18, 19. to turbo pumps
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reversing the steps described above evacuating the electro-
chemical chamber through the load lock chamber.

This transfer system serves the purpose to perform ex
situ electron spectroscopic measurements on samples that are
initially clean in UHV and not exposed to the laboratory at-
mosphere. Therefore, we have full spectroscopic knowledge
of the initial state of the sample before monolayer forma-
tion or electrochemical measurements are carried out. Fur-
thermore, the electrochemical cell could be used as both (i) a
conventional three-electrode electrochemical cell when con-
trolled by a potentiostat-galvanostat or (ii) a liquid reactor
when counter and reference electrodes are not in place and
the sample surface is contacted with a well-defined solution
forming a meniscus.

A. Monolayer formation

The cylindrical Au crystal with 10 mm diameter and
5 mm thickness is fixed to a Mo sample holder used to
manipulate the sample with the different transfer arms. The
Au crystal is Art sputtered (E = 1000 eV) and annealed
(T = 670 K) in subsequent cycles until no impurities are de-
tected by XPS (only Au related peaks are observed in the XPS
spectra). The spectroscopically clean Au crystal is transferred
from the UHV environment to the liquid environment with-
out exposure to the laboratory atmosphere where it forms a
meniscus with a previously Ar degassed liquid solution un-
der an Ar atmosphere. Self-assembled monolayers of (i) 6-
ferrocene 1-hexanethiol (FcCg), (ii) a mixture of FcCq and
1-hexanethiol (C¢), and (iii) C¢ are formed by contacting the
Au crystal with ethanol solutions of (i) 100 uM FcCg, (ii)
100 uM FcCg and 100 uM Cg, and (iii) 100 uM Cg for 18 h
at room temperature. After monolayer formation the solution
was removed from the liquid reactor under a constant flow
of Ar and the sample was repeatedly rinsed with anhydrous
ethanol.

B. Photoelectron spectroscopy

XPS spectra were acquired at a constant pass energy of
20 eV using a MgKea (1253.6 eV) source operated at 12.5 kV
and 20 mA and a detection angle of 30° with respect to the
sample normal on grounded conducting substrates. Quoted
binding energies are referred to the Au 4f;, emission at
84 eV. No charge compensation was necessary and no dif-
ferential charging features were observed (e.g., low binding
energy tails) given that we have measured sufficiently thin
films on grounded conducting substrates. Atomic ratios were
calculated from the integrated intensities of core levels af-
ter instrumental and photoionization cross section corrections.
UPS spectra were acquired at a constant pass energy of 2 eV
using a He I radiation source (21.2 eV) operated at 1.5 kV
and 100 mA with normal detection. Samples were biased at
—8 V in order to resolve the secondary electron cutoff in the
UPS spectra. Work function values were determined from the
width of the UPS spectra as discussed below.

J. Chem. Phys. 138, 114707 (2013)

C. IR spectroscopy

PM-IRRAS experiments were performed on a Thermo
Nicolet 8700 spectrometer equipped with a custom made ex-
ternal tabletop optical mount, a MCT-A detector (Nicolet),
a photoelastic modulator (PEM) (PM-90 with II/Zs50 ZnSe
50 kHz optical head, Hinds Instrument), and Synchronous
Sampling Demodulator (SSD) (GWC Instruments). The IR
spectra were acquired with the PEM set for a half wave re-
tardation at 1000 cm™" for the low wavenumber region and
at 2900 for the high wavenumber region. (We have not mea-
sured the region in the 1500 cm~! and 2250 cm~! region as
there are no peaks of interest.) The angle of incidence was set
at 80°, which gives the maximum of mean square electric field
strength for the air/gold interface. The signal was corrected by
the PEM response using a method described by Frey et al.'®
Typically 1500 scans were performed and the resolution was
set for 4 cm™!. Transmission spectrum for FcCg was mea-
sured using NaCl windows. Resolution was set to 4 cm~! and
200 scans were performed.

D. Electrochemical measurements

Electrochemical measurements were carried out with a
potentiostat-galvanostat. All potentials were measured and re-
ported with respect to a Ag/AgCl (3 M KClI) reference elec-
trode. Solutions were prepared using deionized H,O from a
Milli-Q purification system (Millipore Products, Bedford).

E. Materials

6-(Ferrocenyl)hexanethiol (FcCg) and hexanethiol(Cg)
were obtained from Sigma-Aldrich. Absolute ethanol was of
analytical grade. XPS and electrochemical experiments were
carried out using polycrystalline gold 99.9% purity whereas
IR experiments were performed using gold evaporated on
glass. These substrates, purchased from Arrandee and con-
sisting of vapor deposited gold films (250 nm in thickness)
on a thin layer of chromium supported on glass slides, were
flamed annealed in order to generate Au(111) terraces previ-
ous monolayer formation.

F. Density functional theory calculations

Electronic structure calculations have been performed
using density functional theory'”-!® as implemented in the
Quantum Espresso code,'” which is based on the pseudopo-
tential approximation to represent the ion-electron interac-
tions and plane waves basis sets to expand the Kohn-Sham
orbitals. Ultrasoft type pseudo-potentials?® were adopted,
in combination with the PBE formalism to compute the
exchange-correlation term.?! The Au (111) surface was mod-
eled as an infinite bidimensional slab, consisting of four layers
of Au atoms truncated at the (111) geometry, and separated
from its periodic images in the z direction by a vacuum region
of about 12 A, enough to render the mutual interactions neg-
ligible. With the purpose to simulate a surface coverage sim-
ilar to the one obtained in the experiments, the calculations
were performed on supercells of size 5.01 x 5.79 x 32.81 A3,
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containing one adsorbate molecule. In particular, for the com-
putation of the work function, the supercell was expanded to
45.1 A in the z direction, and molecules were adsorbed on
both faces. An energy cutoff of 25 and 200 Ry was used for
the plane-waves expansion of the Kohn-Sham orbitals and the
charge density, respectively, and a Monkhorst—Pack grid of 5
x 5 x 1 k-points was employed to sample the Brillouin zone.
Convergence of the work function and of the density of states
was checked against basis set size, k-point sampling, vacuum
region, and number of Au layers.

lll. RESULTS AND DISCUSSION
A. PM-IRRAS measurements

PM-IRRAS analysis was performed on the modified gold
substrates. Figure 1 shows the spectra of Au substrates mod-
ified with (a) FcCg and (b) a mixture of FcCg¢ and Cq. Ad-
ditionally an IR spectrum of (c) a KBr pellet of FcCq was
acquired. The bands in the 1200-780 cm™! region correspond
to breathing and deformation of the methylenes of the fer-
rocene ring?>?* and to CH, rocking and C—C stretching of
the Cg alkyl chain.* The band at ~1454 cm~! can be at-
tributed to CH, scissoring of the aliphatic tails of the FcCq
and in spectrum (b) also to Cg,2>~>” while the bands at 1270
1350 cm™! can be ascribed to C—C stretching in the aliphatic
chains and in the ferrocene rings.’>?? It can be easily noted
that all of the features of the FcCg molecule are observed
in all three spectra indicating that the molecules absorb in-
tact on the surface. Furthermore, in PM-IRRAS spectra, the
integrated band intensities of absorbed molecules is propor-
tional to cos” @, where 0 is the angle between the average
direction of the dipole moment and the surface normal.”®
The change in the relative intensity of bands between spec-
tra of the FcCg adsorbed on the surface (spectra (a) and (b) in
Figure 2) and the spectrum of the KBr pellet of the molecule
(spectrum (c) in Figure 2) could be due to preferential ori-
entation of the chains on the gold surface (respect the random
orientation of molecules in a KBr pellet). The dipolar moment
corresponding to the CH, scissoring (8(CH,)®®) is perpendic-
ular to the hydrocarbon backbone while that corresponding
to the C—C stretching (v(C—C)F®) is parallel. The relative
increase of the intensity of v(C—C)F® respect to §(CH,)*®
indicates that the molecules might be standing up on the sur-
face, with the backbone of the alkyl chains tilted with respect
to the surface normal. This observation is consistent with the
results of the DFT calculations that predict an angle of ap-
proximately 30° with respect to the surface normal. On the
high wavenumber region, the peak at ~3080 cm~! can be
attributed to CH stretching of the ferrocene ring, while the
peaks at 2928 cm~! and 2855 cm™! are ascribed to the asym-
metric and symmetric stretching of CH,, respectively, in the
ferrocene alkyl tails,>>?% and in the case of the mixture of
FcC¢ and Cg (spectrum (b)) also of Cg. The values where
these two peaks appear are consistent with a disordered distri-
bution of the alkyl tails, as expected for this length of chains.?’
Finally, the peak at 2560 cm™! in the free molecule (spectrum
(c)) corresponds to the SH stretching.

J. Chem. Phys. 138, 114707 (2013)
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FIG. 2. PM-IRRAS spectra (left axes) corresponding to self-assembled
monolayers of (a) ferrocene hexanethiol (FcCg) and (b) FcCg and hexanethiol
(FcCg + Cg). (c) IR spectrum (right axes) of FcCg in a NaCl window.

B. XPS measurements

Self-assembled monolayers of (i) 6-ferrocene 1-
hexanethiol (FcCyg), (ii) FcCg mixed with 1-hexanethiol (Cy),
and (iii) C4 over Au surfaces were further characterized by
XPS. Broad XPS scans show the presence of Fe, C, S, and
Au with no other elements being observed in the Au modified
surfaces. Figure 3 shows XPS spectra of the (a) Fe 2p, (b)
S 2p, (c) Cls, and (d) Au 4f regions corresponding to the
(i) bare Au substrate, (ii) FcCg, (iii) FcCg + Cg, and (iv) Cq
modified Au crystal from bottom to top.

The bare Au substrate shows no Fe 2p, S 2p, and C 1s
XP signals confirming that the initial condition prior to SAM
formation corresponds to a clean Au surface. The C¢ SAM
shows no Fe 2p XPS signal as expected whereas the Fe 2p
XPS spectra corresponding to the ferrocene containing SAMs
(FcCg and FcCg + Cg) show a Fe 2ps, and Fe 2p,, doublet
located at 707.8 eV and 720.7 eV. The position of the doublet
is in excellent agreement with previously reported values for
adsorbed ferrocene?® and is consistent with the presence of Fc
in its reduced state given that the XPS Fe 2ps/, signal of the
ferricenium cation is expected at 710.6 eV.*°

The S 2p XP spectra of all SAMs show a broad signal
with a high binding energy shoulder that can be fitted with
two sets of doublets each corresponding to the S 2ps;, and
the S 2p;,, components with a spin orbit coupling of 1.2 eV.
The low binding energy contribution is centered at 162 eV
and corresponds to thiolate bound to the Au surface and it
confirms the expected covalent bond formation between the
organic thiol and the Au substrate.’! The high binding energy
contribution is centered at 163.5 eV and is attributed to un-
bound thiol groups which are not covalently bonded to the Au
substrate.’! This later signal corresponds to a 20% (30%) of
the total S 2p signal in the cases of the FcCg + C¢ and FcCyg
(Cs) monolayers and could be due to FcCg or C¢ molecules
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FIG. 3. (a)Fe2p, (b) S 2p, (c) C 1s, and (d) Au 4f XPS spectra corresponding
to the bare Au substrate, 6-ferrocene 1-hexanethiol (FcCg) SAM, mixed SAM
of FcCg and 1-hexanethiol (FcCg + Cg), and 1-hexanethiol (Cg) SAM from
bottom to top.

that are incorporated into the SAM by lateral interactions with
neighboring molecules but without forming a covalent bond
with the Au surface.

The C 1s spectra corresponding to FcCg, FcCg + Cg, and
C¢ show one broad signal centered at approximately 284.8 eV
which is due to the carbon atoms present in the molecules.
The resolution of our measurements did not allow for a clear
identification of the carbon atoms in the alkane chain expected
at 284.8 eV, the carbon atoms present in the ferrocene ring
expected at 284.2 eV, and the carbon atom adjacent to the
sulphur endgroup.'® Clearly the SAM corresponding to FcCg
has the larger C s signal as it contains the larger number of
C atoms per molecule.

The Au 4f spectra corresponding to all cases show the ex-
pected Au 4f;,, (84 eV) and Audfs,, (87.7 eV) doublet with a
4:3 intensity ratio. We can estimate the thickness of the SAM
from the attenuation of the Au 4f XP signal using the fol-
lowing equation:3?> I = Iy exp (—d/A cos®), where I (I) is
the substrate intensity of the SAM covered (bare) surface, d is
the SAM thickness, 6 is the detection angle with respect to the
surface normal, and A is the photoelectron attenuation length,
which for alkanethiols and 1170 eV kinetic energy photoelec-
trons has a value of approximately 3.4 nm.>* Formation of the
Cs SAM results in a 82% attenuation of the Au signal (d/x
= 0.197) from which we can estimate a thickness of ~6.7 A
in excellent agreement with previously reported values.>* This

J. Chem. Phys. 138, 114707 (2013)

thickness value results in a tilt angle of the C¢ monolayer of
around 30° which is in very good agreement with the DFT
calculated value of 30° (see discussion below). The estimated
thickness for the FcCy SAM is ~24 A (calculated using the
same attenuation length corresponding to alkanethiol SAMs),
a greater value than our DFT calculated thickness (see calcu-
lations below). This is an overestimation due to the greater
electronic density of the ferrocene headgroup which is ex-
pected to result in a lower attenuation length for photoelec-
trons. In fact, the estimated attenuation length of the FcCq
layer from the DFT calculated thickness is approximately
2 nm. This is the first estimation of the electron attenuation
length of ferrocene terminated layers.

The XPS determined C:Fe:S ratio of the FcCgs SAM is
17.6:1.1:1 in excellent agreement with the stoichiometry of
the molecule (16:1:1) and demonstrates that the integrity of
the ferrocene thiol molecules is retained after SAM formation.
Furthermore, from the integrated Fe 2p XPS intensity corre-
sponding to the FcCq and FcCq 4+ C4 SAMs, we can estimate
a surface coverage of 1.8 x 10'* molecules cm~2 (FcCg) and
10'* molecules cm~2 (FcCg + Cg). These values suggest that
a 1:1 FcCgq:Cq solution results in a 1:1 FcCgq:Cg surface cov-
erage suggesting no preferential adsorption as expected given
that adsorption is dominated by the S-Au interaction. Further-
more, the XPS estimated surface coverages are in excellent
agreement with the values estimated from the electrochemi-
cal measurements discussed below.

C. Electrochemical measurements

The FcCg SAM and 1:1 FcCg monolayer mixed with Cg
(FcC¢ + Cg) were transferred from the UHV environment to
the liquid environment of the electrochemical cell without ex-
posure to the laboratory atmosphere as described in the exper-
imental section. Figure 4 shows cyclic voltammograms (CV)
of Au electrodes modified with FcCg (bottom curve) and FcCg
+ Cg (top curve) recorded at a scan rate of 100 mV s~ in the
presence of 1 M NaClO4 supporting electrolyte. Oxidation
(reduction) waves are observed at 196 mV (FcCg + Cg) and
383 mV (FcCg) in line with previously reported values, cor-
responding to the oxidation (reduction) of the terminal fer-
rocene group in the monolayer.*> Here we should point out
that lowering the potential further will result in the electrore-
ductive desorption of the hexanethiol molecules. The redox
current shows a linear dependence with respect to the scan
rates and it is possible to calculate the surface coverage of the
electroactive center by integrating the current evolved in a re-
dox cycle. The total charge corresponding to the oxidation of
the FcCg layer was 26.6 uC and corresponds to a FcCg cov-
erage of 2 x 10" molecules cm~2, whereas in the case of the
mixed layer FcCg + Cg the total charge was 11.2 ¢ C and cor-
responds to a FcCy coverage of 0.9 x 10'* molecules cm™2,
These values are in excellent agreement with the XPS cal-
culated values discussed above and with previously reported
values for a full ferrocene layer (2.7 x 10" cm~2).23¢ These
values are also in agreement with the electrorective desorption
measurements of a C¢ SAM. In this case the charge density
yields a Cg surface coverage of 4.6 x 10'* molecules cm~2.
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FIG. 4. Cyclic voltammograms of Au electrodes modified with self-
assembled monolayers of ferrocene hexanethiol (bottom curve) and a mixed
monolayer with hexanethiol (top curve). The voltammograms show a signif-
icant change in position and width as the concentration of the electroactive
center increases in the monolayer from 10 molecules cm—2 (FcCq + Ce)
to 2 x 10" molecules cm~2 (FcCg). In fact, the FcCg + Cg SAM an-
odic wave has a peak maximum at 196 mV, a full width at half maximum
AEpwnM = 88 mV and a peak splitting with respect to the cathodic wave AE
= 13 mV. Whereas in the case of the FcCg layer the anodic wave has a max-
imum at 383 mV, AErpwpm = 181 mV, and a peak splitting of 80 mV. These
results are in excellent agreement with previously reported studies of fer-
rocene alkanethiol SAMs®’ and could be accounted for in terms of interact-
ing electroactive species. A positive ferrocenium ion is formed upon oxida-
tion of a ferrocene center and therefore the oxidation of a ferrocene molecule
in close proximity will be more difficult as it forms another positive charge
and it therefore requires a more anodic potential. Thus the anodic peak is ex-
pected to shift to greater values as the FcCg coverage in the SAM increases.
Furthermore, the full width at half maximum of the anodic wave provides an
indication of the interactions taking place between different centers®’ there-
fore explaining the observed increase in AEgwnm with increasing FcCe cov-
erage in the SAM. Finally, at low ferrocene coverage a 13 mV peak splitting
between the anodic and cathodic sweep can be observed as a result of the
fast enough electron-transfer kinetic, while an increase of the electroactive
molecule in the layer leads to a peak splitting of 80 mV.

The surface coverage of Cg is larger than that of FcCq given
the bulky nature of the Fc group absent in the first case.
We should finally note that the surface coverage of the FcCg
molecule varies with the FcCgq to Cg ratio in the ethanolic
preparing solution.3¢

D. UPS measurements

Figure 5 shows the UP spectra of FcCg, Cg, and FcCq
+ C¢ monolayers on Au surfaces in comparison to the spec-
trum of the clean gold surface. The left panel shows the sec-
ondary electron cutoff and the right panel shows the region
around the Fermi edge. The UPS spectrum corresponding to
the bare Au substrate shows the same pattern and peak posi-
tions (2.7 and 4.3 eV vs EF) to that previously reported for
clean Au surfaces and corresponds to the 5d bands.?® At this
point it is important to note that the escape depth (or attenu-
ation length) A of photoelectrons with 15 eV kinetic energy,
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FIG. 5. UPS spectra of the bare gold substrate (Au), SAM of ferrocene
hexanethiol (FcCg), mixed SAM with hexanethiol (FcCg¢ + Cg), and hex-
anethiol (Cg, red curve) showing (a) work function changes (A ®) calculated
from the secondary electron cutoff and (b) density of states below the Fermi
level.

i.e., below the Fermi edge photoemission for Au in a He(I)
experiment, is approximately 8 A for a compact hydrocarbon
film.>* Therefore, the sampling depth in the photoemission
experiment at zero degrees take-off angle is approximately 24
A (3 1) hence this experiment samples the entire SAM layer
and the SAM/Au interface.

From the width (W) of the UPS spectrum we can cal-
culate the work function (®)** of our Au substrates: &
=21.2eV — W =5 eV which is in excellent agreement with
values reported for polycrystalline gold.* Work functions (&)
are comprised of a surface potential () ) due to dipoles present
on the surface and to the chemical potential of the electron in
the metal () due to the interaction of the electron with the
bulk of the metal, ® = y — wle.! Therefore, changes in metal
work functions could be due to changes in the bulk properties
of the metal or in the surface potential by modifying the dipole
of the surface layer. Chemisorbed alkanethiols form a dipole
layer with negative charges residing at the metal/monolayer
interface and positive charges at the monolayer/vacuum inter-
face, thus alkanethiol monolayers chemisorbed on metal sur-
faces cause a work function decrease on Au*?, Ag,*3 and Cu.*
Furthermore, replacing the —CHj3 end group in the alkanethiol
SAM by electronegative chemical groups reverses the direc-
tion of the dipole and causes a work function increase.*>4¢
Thus the metal work function can be tuned over a wide range
(=2 eV to 2 eV) depending on the functional group at the end
of the thiol molecule forming the SAM.#

Figure 5 shows that when the FcCq, Cg, or FcCq
+ Cg monolayer is adsorbed on the metal surface the Au
5d bands decrease in intensity indicating the presence of the
adsorbate®® and shifting the position of the secondary elec-
tron cutoff which indicates a decrease in the Au work func-
tion. Formation of FcCg, Cg, and FcCg + Cg monolayers
over Au surfaces results in a work function change of ap-
proximately —1 eV in all cases (within the experimental un-
certainty of 500 meV). Alkanethiol SAMs with 3—18 carbon
atoms are known to change the work function of Au by —1 to
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—1.2 eV*% in line with our measured value for hexanothiol.
Incorporation of ferrocene at the end of the hexanothiol chain
is not expected to modify the work function as the electroac-
tive molecule has no net dipole and should not modify the
surface dipole layer, hence we observe a similar value for the
work function change of the FcCg, Cg, and FcCg + Cg mono-
layers A® =~ —1 eV. Here we should note that this result is
at variance with recently published studies of the interaction
of a 11-ferrocene 1-undecanethiol (FcC;;) SAM over Au sur-
faces where the FcC;; induced work function change was A ®
= +0.036 eV.!> The authors used a Kelvin probe operated in
ambient air conditions in order to determine the work func-
tion changes induced by the FcC;; SAM. Therefore, differ-
ences in work function changes could be due to surface impu-
rities which have a profound effect in the work function and
are minimized in our case as experiments are carried out in
clearly defined conditions.

The hexanethiol SAM is expected to have photoemission
lines in the 7-10 eV range of the He(I) UPS spectrum super-
imposing with the Au 5d signals with the HOMO level located
above 6 eV.* Therefore, we did not observe any distinguish-
able new feature in the UPS spectrum of C¢. However, UPS
spectra of FcCg and FcCg 4+ Cg show a clear band located
at —1.6 eV with respect to the Fermi edge. The first pho-
toemission band in the UPS spectrum corresponding to fer-
rocene in the gas phase is located at 6.7 €V (ex,).” This band
would appear at approximately —1.7 eV with respect to the
Fermi edge subtracting the Au work function of 5 eV since the
original energy scale of the UPS gas-phase spectrum is rela-
tive to the vacuum level. All other FcCg photoemission bands
due to the ferrocene group will be superimposed with the Au
5d bands and hence not discernable in the measured spec-
tra. Therefore, we can assign the observed band at —1.6 eV
with photoemission from the HOMO e;, molecular orbital
(with ring orbital and Fe 3d,, and 3d,>_,> components) of fer-
rocene in the self-assembled monolayer. This assignment is
further explored in the DFT calculations discussed below. We
should note that adsorbed ferrocene molecules on Ag(100)'?
and Cu(100)'" have photoemission bands from the e,, molec-
ular orbital at —4.6 eV and —4.2 eV below the Fermi edge,
respectively. In those studies the ferrocene molecule interacts
directly with the metal surface modifying the relative energies
of the molecular orbitals, whereas in the present study the fer-
rocene group lies 12 A away from the Au surface so that a
direct comparison (corrected by the work function) with the
gas phase spectrum is possible.

The HOMO energy of an adsorbed redox probe as deter-
mined by UPS is related with its oxidation potential as deter-
mined by CV via the following experimental equation: Egomo
(vs VL) = —1.4 x gVcvy (vs Fc) — 4.6 eV.° We can therefore
calculate the position of the HOMO relative to the vacuum
level using the measured oxidation potential (Figure 4). The
oxidation potential of “isolated” Fc is V¢y (vs Fc) = 0.196 V
+ 045 V = 0.646 V which results in Eyomo (vs VL)
= 5.5 eV. Given that the ® of the FcC¢ modified Au surface
is 4 eV the HOMO position with respect to the Fermi level
should be —1.5 eV which provides additional evidence that
the UPS band located at approximately —1.6 eV corresponds
to photoemission from the FcCg HOMO.
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FIG. 6. Structure of the FcCg monolayer on the Au surface, as obtained
from a DFT relaxation in periodic boundary conditions. For image clar-
ity, the depicted surface coverage is only one fourth of the actual coverage
used in the simulations. Labels in black indicate the optimized width of the
monolayer and angle of the hydrocarbon chains with respect to the surface
normal.

E. DFT calculations

Figure 6 presents the optimized FcCes complex on the Au
(111) slab. For clarity, the number of FcCg molecules per unit
area represented in the figure is }1 of the one used in our calcu-
lations: our periodic model contained an adsorbate molecule
per supercell, which corresponds to a surface coverage of 3.4
x 10" molecules cm~2. Optimization of this model system
was performed relaxing all atoms, with the exception of the
inner two layers of the metallic slab, which were frozen to re-
produce the positions of the bulk metal. For this coverage, we
found the alkyl chains subtend an angle of 29° with respect
to the surface normal, similarly to what has been reported ex-
perimentally and computationally for the tilt of alkanethiols
of this length on gold.’! On the other hand, the cyclopenta-
dienyl rings of the ferrocene moiety are staggered (rotated
180° with respect to each other), as has been reported in the
solid state,”? and form an angle of 18° with the Au surface,
implying a tilt of 72° with respect to the surface normal. In
Ref. 15, Johansson et al. report values ranging from 27° to
36° for this tilt in mixed FcC;,/C;p monolayers, depending
on the fraction of decanethiol in the SAM. This means that,
according to their measurements, the orientation of the ring is
less parallel to the interface than in our DFT simulations. A
likely reason for this discrepancy is the difference in surface
coverages: we recall that in our DFT model the FcCg concen-
tration is around 70% above the experiment. In such a dense
monolayer, the bulky Fc groups would tend to minimize the
repulsive interactions, and one way to achieve this is by lying
parallel to the surface. The FcCy; coverage is not reported in
Ref. 15, but, based on the preparation procedures, it is pre-
sumably not too different from the one in our experiments,
and therefore lower than in the calculations. Possibly for the
same reason, the inclination reported in Ref. 15 for the hy-
drocarbon chain is moderately larger than in our simulations
(46° versus 29°). The total thickness of the SAM resulting
from the structure relaxation is nearly 14 A: this value has
been adopted to estimate the photoelectron attenuation length
A discussed above.

DFT has proved to be a reliable tool to compute work
functions of clean and functionalized metal surfaces, in
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FIG. 7. Electrostatic potential as a function of the z position (normal to
the surface), calculated from DFT for the FcCg/Au(slab)/FcCg model. The
values are averaged on the x, y plane at every point along the z direc-
tion. The dashed vertical lines indicate the boundaries of the slab (or the
z-coordinates of the Au atoms of the external layers), and the dotted hori-
zontal line marks the vacuum level, equal to 7.84 eV. The work function is
calculated from the difference between the vacuum and the Fermi energies,
7.84-3.58 eV =4.26¢€V.

particular for alkyl-thiols on gold.*%:3%>* The work function
® is calculated from the energy difference between the elec-
trostatic potential in the vacuum region, and the Fermi level.
To this end, the supercell must be large enough in the direc-
tion perpendicular to the surface, to allow for the electrostatic
potential to reach a plateau far away from the interface, in
the vacuum region. For the clean Au (111) surface, we ob-
tained ® = 5.34 eV, slightly above the value estimated for
our polycrystalline sample via XPS and UPS, but in excellent
accord with previous photoemission experiments on the (111)
face of gold.”*> For the computation of ® in the presence
of the SAM, simulations were performed with both exposed
faces covered with the adsorbate, with a supercell expanded
to 45.1 A in the z-direction. Figure 7 shows the variation of
the (averaged) electrostatic potential along the direction nor-
mal to the surface for the FcCg system: the potential reaches
a constant value at nearly 17 A away from the Au/FcCy inter-
face, which was used to calculate ®. This procedure provides
estimates of 4.19 eV and 4.26 eV for the work functions of
the C¢ and the FcCg systems, respectively, therefore the shifts
with respect to the clean surface turn out to be —1.15 eV and
—1.08 eV. These results are in very good agreement with the
shifts obtained from our UPS data, supporting the notion that
the presence of the ferrocene group has not a major effect on
the work function. The marginally larger shifts found in the
calculations, by about 0.1 eV, may be related to the fact that
the surface coverage modeled with DFT was higher than in
the experimental sample.

Figure 8 depicts the total and projected density of states
for the FcCg system. Among the main features, it can be seen
the broad signal corresponding to the 5d states shows a first
maximum at —2.4 eV, with the highest peak at —4.0 eV. These
features are in general agreement with the UPS spectra of the
clean surface presented in Figure 5. In the same figure, the Au
5d signals for the C4 and FcCg systems appear significantly
attenuated and partially distorted, due to the physical barrier
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FIG. 8. Total and projected density of states around the Fermi level, com-
puted with DFT for the system comprising the FcCg adsorbate plus the Au
slab.

imposed by the organic layer. This effect is of course not
present in our simulated spectra, and therefore the computed
positions of the 5d states in the case of the clean surface (not
shown) do not differ from those obtained for the FcCg model
in Figure 8, which in time resemble the experimental data for
the bare substrate. In comparison with the measured data, the
DFT calculated signals are slightly more positive. However,
we recall the experimental density of states of gold may show
a variability of some tenths of eV, because the exact positions
of the bands depend on the exposed Au crystallographic face
and are affected by the energy of the incident photons, the de-
tection angle, and other details of the experimental setup.’®>’
The projected density of states reveal that the first peak arising
below the Fermi edge, centered at around —0.8 eV, is originat-
ing in the d electrons of the ferrocene iron. The position of this
band is shifted nearly 0.8 eV with respect to the UPS spectra
of Figure 5. The reason behind this discrepancy is not evi-
dent to us, but it may be partially attributed to the difference
between the calculated and measured work functions, which
accounts already for a positive shift of 0.3 eV, and to a possi-
ble disorder in the FcCg moieties, which could be responsible
for the broadening of the experimental band. The difference
in surface coverages between the model and the sample might
also be contributing to this disagreement. Projection of the
density of states into the different d components shows that
this peak has major contributions from the d,>_,2, d,,, and
d,> orbitals of the Fe atom. This band can be identified with
the HOMO (ey,) of the ferrocene molecule, which has been
described in terms of the same d orbitals via electronic struc-
ture calculations in the gas phase.’® The relative intensities
of the Au 5d and Fe 3d signals is simply reflecting the ra-
tio between the number of d electrons in the adsorbate and in
the slab.

IV. CONCLUSIONS

We have investigated the molecular and electronic struc-
ture of pure FcCg and FcCq mixed with Cg self-assembled
monolayers over Au surfaces using a broad range of spectro-
scopic techniques as well as density functional theory calcula-
tions. SAMs were prepared using a liquid reactor attached to
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an UHYV analysis chamber. Our experimental setup allows car-
rying out experiments using spectroscopically well-defined
substrates without exposing the clean or the SAM function-
alized crystals to the laboratory atmosphere. Experimental
measurements indicate that the electroactive molecules self-
assemble into a compact monolayer forming a thiolate bond
with the underlying Au surface. The molecules in the mono-
layer are standing upright forming an angle of approximately
30° with respect to the surface normal. Furthermore, the elec-
troactive group retains its molecular integrity upon forma-
tion of the monolayer. Unlike electronic structure studies of
Fc molecules adsorbed on metal surfaces which indicate that
the Fc HOMO orbital interacts strongly with the metal elec-
trons, our UPS measurements and DFT calculations indicate
that the Fc molecule retains its electronic structure as the fer-
rocene group lies 12 A away from the Au surface. Moreover,
we have identified the Fc HOMO orbital as the e, orbital
located at approximately —1.6 eV below the Fermi level. Fi-
nally we have observed that SAMs of Fc containing alkanethi-
ols results in a work function decrease of the Au substrate
demonstrating that the work function of Fc containing SAMs
is largely determined by the alkanethiol molecule with a neg-
ligible contribution from the nonpolar electroactive moiety.
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