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ABSTRACT: Self-assembled monolayers (SAMs) grown on
surfaces of ferromagnetic metals have attracted increasing
attention as they can act as corrosion inhibitors on easily
oxidizable transition metals and are potentially relevant for
application in spintronics. We have performed a model study
of aromatic thiol SAMs grown on atomically flat Ni(111) by
means of synchrotron-based X-ray photoelectron spectrosco-
py, X-ray absorption spectroscopy, and density functional
theory. Our analysis demonstrates that well-defined bonding
through the sulfur headgroup of the molecules (thiolate bonding) can be established at 200 K. However, the bonding
configuration is metastable: breaking of the C−S bond and subsequent chemisorption of both fragments on the Ni surface
decreases the total energy. The low activation barrier for C−S dissociation hampers the formation of room-temperature-stable
monolayers. In addition, we show that end groups with a strong affinity to the nickel substrate can severely modify the global
pattern of interaction of the thiol molecules with the surface upon adsorption.

1. INTRODUCTION

The formation and patterning of self-assembled monolayers
(SAMs) covalently bonded to well-defined metal surfaces
continues to attract the interest of the scientific community
after several decades of research, due to the high potential of
these systems in diverse areas of technology including
molecular electronics,1−3 biomedical devices and drug deliv-
ery,4,5 and nanotechnology.2,6 In particular, thiolate-bonded
SAMs on gold surfaces have been frequently regarded as
prototypical systems thanks to the high affinity of the sulfur
headgroup to the substrate, the robustness of the chemisorptive
bond, which leads to SAMs that are stable at room temperature,
and the ease of preparation by wet-chemical routes (e.g., from
solution).7 Surprisingly, despite extensive investigation of these
systems in highly controlled ultrahigh vacuum (UHV)
conditions by means of a plethora of surface science tools,
the details of the interaction of thiols with gold, and especially
with the Au(111) surface, still remain a matter of
controversy.3,8−13 This might partly explain why the formation
of thiol SAMs on the more reactive surfaces of d transition
metals such as Ni, Co, Pt, and Pd has received, comparatively,
much less attention. In fact, for these metals the demand of
preparing oxide-free surfaces in an ambient environment
cannot be easily met,14−18 thus rendering even more
complicated, from the experimental point of view, the
characterization of the thiol−metal interaction and the insight

into the structure−properties relationship of the resulting
SAMs.
However, renewed interest in SAMs deposited onto

substrates and electrodes of 3d ferromagnetic metals
(specifically Ni, Co, and Fe) has arisen in recent years15,16,19

and is expected to grow steadily due to the crucial role
envisaged for organic layers in molecular spintronics.20−23 The
latter discipline relies on the ability to manipulate the electron
spin in organic molecular materials, which can provide a
chemical route for tailoring the magnetic response in electronic
devices.24 In this context, the spin-dependent transport through
aromatic dithiol molecules sandwiched between magnetic Ni
contacts has been considered by theoretical investigations from
different research groups,20,24−26 and large magnetoresistance
ratios have been predicted when switching the magnetization of
the two Ni electrodes from parallel to antiparallel. The bias-
dependent magnetoresistance has been attributed to a spin-
selective coupling of the dithiol molecules to the electrodes24

and found to be sensitive to the molecule bonding site.25 So far,
however, only very few experimental studies have been
conducted on magnetic tunnel junctions and nickel break-
junctions bridged by thiols27 or dithiols,28,29 and some of these
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studies underlined the need for a deeper understanding of the
growth of thiol SAMs on magnetic surfaces.27 Indeed, it is clear
that in order to assess, interpret, and control fundamental
properties of these junctions at the experimental level, proper
characterization and understanding of interfacial properties
such as chemical bonding, hybridization, and molecular
conformation at the molecule−metal junction are required.
These interface-related properties not only determine the
systems’ stability but also drastically affect the spin injection at
the organic−metal interface.30,31

Prompted by these considerations we have undertaken a
comprehensive investigation of thiolate-bonded SAMs depos-
ited on a Ni(111) single-crystal surface in UHV, whereby
insight into the bonding, structure, and stability of the
molecular monolayers has been gained by combining
experimental spectroscopic tools for surface analysis and
density functional theory (DFT) calculations. The Ni(111)
surface has been selected due to the high surface quality and the
ease of preparation in UHV, with the aim of performing a
prototypical study in a well-defined and controllable environ-
ment. Moreover, the high Curie temperature of nickel (630 K)
and the ability to grow epitaxial films of high crystalline quality
in a (111)-orientation (for example, on a W(110) tem-
plate32,33), which can be easily magnetized in UHV, render this
surface an ideal playground for studying the coupling of organic
molecules to ferromagnetic systems under model conditions via
spin-dependent measurements.
Two precursor molecules have been selected for SAM

formation: as illustrated in Figure 1, they both have a backbone

that consists of a single phenyl ring attached to the thiol (SH)
headgroup, whereas the end group is either a fluorine atom (4-
fluorothiophenol, F−C6H4−SH) or a nitrile group (4-
cyanothiophenol, NC−C6H4−SH). On gold34−39 and cop-
per40−44 surfaces these molecules and the related compound
thiophenol (C6H5−SH) are all known to form well-ordered
SAMs, which are stable at room temperature (RT). Moreover,
the charge delocalization across the aromatic backbone makes
them good candidates for model studies of the ultrafast charge
transfer across the molecule−metal interface.38 In our
combined experimental and theoretical study we focus on the
competing factors that determine the adsorption geometry and
the molecular packing in the monolayers. The coherent picture
that emerges from the combined analysis allows us to
rationalize the limited thermal stability of the SAMs and to
address fundamental issues at the (sub)molecular level. In
addition, changing the terminal functional group from fluorine
to nitrile offers the opportunity to explore to what extent the
end group affects the molecule-to-substrate coupling on
Ni(111), compared to the relatively inert gold surfaces where

the influence of the end group mainly results in a moderate
change of the molecular tilt.2,45

The Article is organized as follows: the experimental
procedures and computational details are described in sections
2.1 and 2.2, respectively. In section 3.1 we discuss the main
experimental evidence for the formation of a well-defined SAM
of 4-fluorothiophenol (4-FTP in the following) at 200 K,
whereas section 3.2 deals with the temperature-dependent
degradation of the SAM by mild annealing. The theoretical
modeling of the 4-FTP adsorption on Ni(111), which provides
in-depth insight into the structure and energetics of the SAM
and offers a rationale for the thermally activated C−S bond
scission, is discussed in section 3.3. Finally, the experimental
evidence that additional end group−substrate interactions may
profoundly affect the SAMs is presented in section 3.4, where
the adsorption of 4-cyanothiophenol (4-CTP in the following)
is examined. To conclude, the main achievements of the work
are summarized in section 4.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. Experimental Methods. The experiments were

carried out in a custom-designed UHV chamber operating at
a base pressure below 5 × 10−11 mbar, using radiation in the
soft X-ray spectrum provided by the beamlines UE56/2-PGM-2
and U49/2-PGM-2 of the synchrotron radiation facility BESSY
II in Berlin. Soft X-ray photoelectron spectroscopy (SXPS) data
were recorded with a Phoibos 100 CCD hemispherical electron
analyzer in a grazing incidence−normal emission geometry.
The photon energy was chosen to be ∼100 eV above the
respective core-level ionization threshold, to maximize both
photoionization cross sections and surface sensitivity.46 The
Fermi edge measured under the same excitation and detection
conditions as the respective core-level spectrum was used to
calibrate the binding energy scale. To quantify the analysis of
the photoelectron spectra, a Shirley-type background was
subtracted, and a peak fitting routine based on Voigt functions
was employed. Near edge X-ray absorption fine structure
(NEXAFS) spectra were acquired using a homemade partial
electron yield (PEY) detector that covers a large solid angle of
∼π steradians and operates without high voltage.47 To enhance
the surface sensitivity of the PEY detection, retarding voltages
were applied (−150 V at the C K-edge). Rotating the sample
and the PEY analyzer simultaneously around the photon beam
(incident at 7° with respect to the sample surface) resulted in a
change of the direction of the E vector of the linearly polarized
light relative to the sample surface without changing the
detection geometry. The NEXAFS spectra were further
processed by correction for the clean surface contribution to
the absorption and for the incident photon flux according to
standard procedures48 and by subsequent normalization of the
edge jump to one.
The same experimental chamber was also used off-line in our

laboratories at the Technische Universitaẗ München, when
equipped with a conventional dual anode X-ray source for
nonmonochromatized Mg Kα and Al Kα radiation, and with a
commercial VUV discharge lamp (Omicron HIS 13) fitted with
a linear polarizer. Temperature-programmed desorption
(TPD), ultraviolet photoelectron spectroscopy (UPS), and X-
ray photoelectron spectroscopy (XPS) were used in these off-
line experiments to further characterize the molecular layers, in
particular to determine the desorption temperature of the
multilayer, to monitor work function changes, and to assess the
dependence of the valence band spectra on the light

Figure 1. Molecular structure of 4-fluorothiophenol (4-FTP, left) and
4-cyanothiophenol (4-CTP, right), which were used here as precursor
molecules for the formation of thiolate SAMs on Ni(111). Dark gray,
C; light gray, H; yellow, S; light blue, F; violet, N.
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polarization direction. The UPS and XPS on-campus measure-
ments were conducted using the He I line at 21.22 eV and the
Al Kα line centered at 1486.6 eV (with ∼0.8 eV broadening due
to overlap of the Kα1 and Kα2 transitions), respectively.
The Ni(111) single-crystal surface was cleaned by repeated

cycles of Ne+ ion sputtering and annealing to 1100 K, until no
contamination was detected by XPS and the low energy
electron diffraction (LEED) pattern showed a sharp (1 × 1)
structure. 4-FTP (liquid) was directly deposited onto the
sample via a leak valve and a stainless steel dosing tube, whereas
4-CTP (solid) was sublimated by heating a quartz crucible
loaded with molecular powder, which was moved in front of the
sample surface. Unless otherwise stated, the substrate was held
at 80 K when exposed to the molecular vapors.
Due to the different temperature at which desorption of

condensed multilayers occurs for 4-FTP and 4-CTP,
respectively, the protocol for SAM preparation differed between
the two molecules. Multilayers of 4-FTP and 4-CTP molecules
could be prepared under similar conditions, i.e., by depositing
the respective molecules onto the nickel substrate kept at 80 K.
TPD measurements on the 4-FTP multilayer at a heating rate
of 2 K/s (see SI, Figure S1) yield a pronounced desorption
peak for the intact molecule centered at ∼190 K. A saturated
monolayer of 4-FTP was therefore prepared from the
multilayer by annealing the substrate to 200 K for a few
seconds. Conversely, the desorption temperature of 4-CTP
multilayers lies well above RT (340 K, Figure S1), and in order
to preserve the integrity of the molecules in the first layer, a
heating treatment above this temperature could not be
performed. Instead, the monolayer was grown directly at 80
K, stopping the exposure of the substrate to the molecular
beam after completion of the monolayer. This was checked by
XPS, exploiting the distinct binding energy shift observed in the
S 2p core level, due to the different chemical environment of
molecules in the first and second layer (i.e., thiolates vs thiols).
Subsequently, brief annealing to 200 K was performed to
ensure conditions directly comparable to those of the 4-FTP
SAMs.
During the synchrotron experiments at high photon

brilliance the SAM-covered samples were routinely checked
for beam damage, and precautions were taken to prevent such
an effect, e.g., by scanning the photon beam over the sample
area and by reducing the photon flux appropriately. Beam
damage occurring at a rate significantly more rapid than the
acquisition time of our measurements was not observed. In
particular, XPS and NEXAFS measurements performed in low-
alpha operation mode (beam current in the storage ring
reduced by more than 1/10 relative to the normal hybrid-mode
operation) gave entirely consistent results with measurements
performed by scanning continuously the point of probing and
did not show any progressive deterioration of the spectral
fingerprints. Moreover, the X-ray electron spectroscopy
measurements were typically performed at low temperature
(80−100 K), as this is known to further reduce the effect of
beam damage.49,50

2.2. Computational Methods. All calculations have been
carried out with the VASP51,52 and CASTEP53 (Version 6.0.1)
codes by solving the one-electron Kohn−Sham equation54

within the generalized gradient approximation proposed by
Perdew, Burke, and Ernzerhof (PBE)55 to treat electronic
exchange and correlation. Test calculations including dis-
persion-corrections (Tkatchenko and Scheffler scheme)56

indicate only insignificant changes of the adsorption geometries

and no qualitative changes in the calculated reaction energies.
The one-electron Kohn−Sham orbitals were expanded in a
plane wave basis set with an energy cutoff of 400 eV, and
electron−ion interactions were described via standard-library
potentials. The surface was represented by a five-layer slab, and
in all calculations, we have allowed the relaxation of the
substrate atoms in the two topmost metal layers (the substrate
atoms in the three bottom layers were kept fixed in their bulk
equilibrium positions), as well as all the atoms of the
adsorbates. All the geometry optimizations were carried out
until reaching forces on every mobile atom smaller than 0.02
eV/Å. The Brillouin zone sampling was carried out according
to the Monkhorst and Pack method57 with meshes (3 × 4 × 1),
(5 × 5 × 1), (7 × 5 × 1), (7 × 5 × 1), and (7 × 7 × 1) for the
unit cells (4 × 3), (√7 × √7), (2 × 3), (√3 × √7) ,and (2 ×
2), respectively. All calculations are spin polarized.
We have determined reaction energies for the following

reactions:
•Molecular adsorption

ε = − −− − − −E E E1 F C H SH@Ni Ni F C H SH(gas)6 4 6 4 (1)

•S−H bond cleavage

ε = − −− − + − −E E E2 (F C H S H)@Ni Ni F C H SH(gas)6 4 6 4 (2)

•H and F−C6H4−S phase separation

ε = + − −− − − −E E E E23 F C H S@Ni H@Ni Ni F C H SH(gas)6 4 6 4

(3)

•S−C bond cleavage + H adsorbed

ε = + − −− + − −E E E E24 (F C H S)@Ni H@Ni Ni F C H SH(gas)6 4 6 4

(4)

•H, F−C6H4, and S phase separation

ε = + + −

−

−

− −

E E E E

E

35 (F C H )@Ni H@Ni S@Ni Ni

F C H SH(gas)

6 4

6 4 (5)

In eqs 1−5, EX@Ni, ENi, and EF−C6H4−SH(gas) stand for the total
energies of X adsorbed on Ni(111), the clean Ni(111) surface,
and the F−C6H4−SH molecules in gas phase, respectively.
E(X+Y)@Ni refers to the total energy of X and Y fragments
simultaneously adsorbed within the same unit cell. A negative
energy indicates a favorable process with respect to the initial
state. For each molecular entity X (with X = F−C6H4−SH, F−
C6H4−S, F−C6H4) adsorbed on the surface, we have explored
different configurations with S (for F−C6H4−SH and F−
C6H4−S) or C (for F−C6H4) initially located on high
symmetry sites (top, bridge, fcc, and hcp), as well as different
orientations of the phenyl ring. Initial geometries for X and Y
(Y = H, S) coadsorption are created using the optimum
geometry found for X adsorption and adding the Y coadsorbate
within the same unit cell as far away as possible. Only hollow
sites were considered for Y coadsorption, as calculations at
coverage 0.08 ML showed that top and bridge sites are 1.5−1.6
eV (0.61−0.56 eV) and 0.2−0.3 eV (0.12−0.14 eV) less
favorable than hollow sites for S (H) adsorption, respectively.
In order to propose a possible structural model for the

thiolate (F−C6H4−S) SAM, we performed NEXAFS simu-
lations for the C K-edge. Due to the strong dependence of
adsorbed geometries with respect to the coverage, we also
analyzed free-standing thiol overlayers (F−C6H4−SH) in
addition to the coverages Θ = 0.14, 0.20, and 0.25 ML, for
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which we performed the calculations including the Ni substrate.
In those cases, we performed geometry optimizations for
different molecular arrangements whose lateral spacing is
imposed as would be imposed by the Ni surface. Once the
optimum geometry at each coverage was obtained, we
performed a NEXAFS analysis. The computation of the
theoretical C 1s X-ray absorption spectra of the 4-FTP
molecule in the different molecular adsorption geometries
considers core to unoccupied orbital excitations as resulting
from dipole transitions. To model the excited atom in which
the hole is localized, a core−hole-excited pseudopotential was
specially constructed and a PAW reconstruction approach was
employed to correct the pseudopotential error in the matrix
element evaluations. A full core hole was generated in the
pseudopotential. Assuming perfect screening of the core−hole
by metal electrons, the Fermi energy of the surface system was
increased by one electron to yield charge-neutrality. For a full
description of the CASTEP implementation of core-level
spectroscopy the reader is referred to refs 58 and 59.
The computed spectra correspond to the following polar-

ization-resolved intensities:

∑ ∑θ ω γ

θ θ

≈ − +

+

⎡
⎣⎢

⎤
⎦⎥

I E E E M M

M

( , ) ( )
1
2

(( ) ( ) )

sin ( ) ( ) cos ( )

k
k

n
n k x

nk
y
nk

z
nk

,
2 2

2 2 2

(6)

where θ is the angle between the polarization vector of the
incoming radiation and the surface normal, Mα

nk with α = x, y, z
is the dipole transition matrix element involving the initial core
state ψc and a final unoccupied state ψnk, and γ(E − En,k) is a
Gaussian broadening function used in the Brillouin zone
spectral integration. Equation 6 has been obtained taking into
account the hexagonal symmetry of the surface.60 Numerical
convergence of the spectra with respect to both energy cutoff
and k-point density has been carefully tested. For each
geometrical configuration, the average C K-edge spectra were
analyzed. Although the chemical shift for each carbon atom
would in principle be different, we have checked that the
dichroism for each atom is the same.

3. RESULTS AND DISCUSSION
In this section we focus on the characterization of the in situ
prepared SAMs consisting of a single organic layer on top of
the Ni(111) surface. In the 4-FTP case, well-defined SAMs
could be prepared at 200 K, and therefore, detailed DFT
calculations were performed in order to shed light on the

adsorption structure and bonding. In the 4-CTP case, the
situation is more complex, with partial fragmentation possibly
occurring. Although a thorough DFT analysis could not be
attempted, it is possible to draw conclusions about the
importance of the terminal group.

3.1. SAM of 4-Fluorothiophenol on Ni(111). Figure 2
shows representative XP spectra of the S 2p, C 1s, and F 1s
core levels for a 4-FTP monolayer prepared as described in
section 2.1. The high-resolution XPS data convey information
on the elemental composition, chemical environment, and
integrity of the molecular overlayer. The S 2p spectrum (Figure
2a) is dominated by a spin−orbit split doublet (blue curve)
with the S 2p3/2 component located at a binding energy of
162.4 eV. This value is typical for thiolate bonding to the
Ni(111) surface and thus indicates the anchoring of the
molecules to the substrate through the thiol headgroup.61−63

The thiolate bond is established upon cleavage of the S−H
bond followed by formation of the metal−sulfur bond. Further
evidence for the thiolate formation is given by the comparison
with a condensed multilayer of intact 4-FTP molecules (SI,
Figure S2), where the S 2p doublet is shifted to significantly
higher binding energy, the S 2p3/2 component of the intact S−
H group being centered at 163.5 eV.62 The analysis of the fitted
intensities presented in Figure 2a indicates that ∼80% of the
molecules in the 4-FTP monolayer are in this particular
chemical state with the deprotonated thiol group. The much
weaker spectral feature at the lower binding energy of 161.2 eV
is often assigned to atomic sulfur on the nickel surface,62,64,65

which results from S−C bond scission, and we also come to a
similar conclusion. Under some circumstances this process can
be competing with the formation of thiolate bonds and is
strongly dependent on the temperature, as will be further
detailed below. After brief annealing to 200 K, however, the
relative amount of atomic sulfur is only ∼5% for 4-FTP and can
therefore be neglected in the following discussion. It is worth
noting that even for thiolate-bonded SAMs on gold a
component that can be attributed to atomic sulfur has been
occasionally observed,39,66−68 although a different interpreta-
tion for its origin has been tentatively proposed.69 In the
present case, dissociation of the molecule possibly occurs at
step edges and defects of the nickel single-crystal surface and is
increasingly hindered at low temperatures, as indicated by
experiments on SAMs deposited at 80 K (not shown) where
the low binding energy component is quenched. Besides, an
additional (broader) doublet feature can be identified at higher
binding energy (S 2p3/2 at 163.6 eV), which is most likely due
to differently bound species or byproducts, either disulfide

Figure 2. XP spectra (dots) and respective fitting (continuous lines, red) of a 4-FTP monolayer adsorbed on Ni(111): (a) S 2p; (b) C 1s; and (c)
F 1s core-level regions. The results of the curve-fitting analysis are superimposed on the experimental data, with different colors corresponding to
different components, whose attribution is discussed in the text. Note that the individual components have been downward-shifted relative to the
experimental data for clarity. The S 2p, C 1s, and F 1s spectra were recorded at photon energy of 260 (a), 380 (b), and 800 eV (c), respectively.
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species70 or physisorbed (unbound) molecules that remain
trapped following desorption of the multilayer.39,70,71

As for the C 1s XP spectrum, the 4-FTP monolayer displays
an intense line located at a binding energy of 284.5 eV (plotted
in green in the curve-fitting analysis of Figure 2b). This signal
can be attributed to photoemission from the carbon atoms of
the phenyl ring, which are bonded to hydrogen, whereas the
component at higher binding energy (286.5 eV, blue curve)
originates from the carbon atom bonded to the highly
electronegative fluorine substituent. A component at inter-
mediate binding energy (285.1 eV, pink curve) is also visible in
the fitted spectrum and can be ascribed to the carbon atom
attached to the thiol group, in line with the interpretation of
related X-ray absorption studies.35,44 Finally, an additional
component at about 287.5 eV, which appears as a weak high-
energy shoulder in Figure 2b (orange curve), is necessary to
obtain an acceptable fit but could not be unambiguously
assigned. It possibly stems from shakeup processes or,
alternatively, from minority species on the surface.
Core-level photoemission from the terminal atom at the end

group provides further information on the integrity of the SAM
molecules upon adsorption and on their interaction with the
nickel substrate. Indeed, the F 1s core-level intensity shows a
single component located at 686.9 eV. This value is only
marginally different from that found for 4-FTP multilayers
(686.95 eV; Figure S2 in the SI), thus indicating that the F
atom does not undergo a distinct change of chemical
environment and is most likely tilted away from the surface
and not directly involved in the interaction with the metal
substrate. Notably, the binding energy of atomic fluorine
adsorbed onto the Ni(111) surface lies significantly lower
(683.8 eV72), and therefore, taken together, the XPS results
give conclusive evidence of the integrity of the 4-FTP SAMs at
200 K.
The picture of the molecule−metal interaction that emerges

from the XPS data is corroborated by the angle-dependent
NEXAFS measurements reported in Figure 3, which elucidate
the adsorption geometry of the molecules in a direct way. The
C K-edge spectra of the 4-FTP monolayer exhibit a strong
dependence on the polarization of the incident radiation. Of
the two clearly distinguishable resonances appearing below the
continuum step, the first (dominant) one centered at 285.2 eV
is assigned to the resonant excitation of an electron from the C

1s level of the aromatic carbon backbone (specifically, the four
carbon atoms bonded to H) into the lowest unoccupied
molecular orbital (LUMO) of π* character and the second at
287.4 eV to the analogous transition from the fluorinated
carbon of the phenyl ring. A third spectral feature is associated
with the transition from the C 1s level of the S-bonded C atom
into the LUMO and results in a weaker shoulder on the right
side of the main resonance (∼285.8 eV). This assignment,
supported by the comparison with the multilayer spectra (SI,
Figure S3), is in agreement with previous literature.35,44 The
fact that the π* resonances display maximum intensity at θ =
90°, when the electric field of the radiation is parallel to the
surface, clearly demonstrates an upright orientation of the
molecular plane in the monolayer. However, a non-negligible
tilt from the surface normal can be inferred since the
resonances are not completely quenched at θ = 7°, a geometry
in which the electric field is directed almost perpendicular to
the surface. Quantitative analysis based on curve fitting at three
angles of the polarization relative to the surface normal (7°,
50°, and 90°) yields a value of 30° for such a tilt, corresponding
to an average adsorption angle of αexp = 60° ± 10° as depicted
schematically in the inset of Figure 3.
Finally, we determined the work function of the 4-FTP

SAMs by means of UPS, with the sample negatively biased at
−5 V to increase the kinetic energy of the escaping electrons
and measure precisely the secondary electron cutoff. We found
that the adsorbed monolayer causes a lowering of the work
function with respect to the bare Ni(111) surface by Δφexp =
−0.6 ± 0.1 eV. Interestingly, in the SAM grown on Cu(100)
the same molecule was found to induce a considerably smaller
change and of opposite sign, Δφ = +0.16 eV, in spite of the
very similar molecular orientation (adsorption angle of 65°).44

3.2. Thermal Stability of the 4-Fluorothiophenol SAM.
The experimental results presented in section 3.1 demonstrate
that a well-defined thiolate-bonded 4-FTP monolayer can be
prepared at 200 K. However, in view of technological
applications an important issue concerns the thermal stability
of this SAM. It is well-known, for example, that thiolate SAMs
are stable on gold surfaces at 300 K (ref 2) and that the upper
limit for the stability is located somewhere around 400 K,73−76

being mainly dictated by the stability of the Au−S bond. In the
case of the more reactive Ni(111) surface, a much different
behavior is expected. While the cleavage of the S−H on
Ni(111) already occurs at the lowest temperature used in this
work (80 K), the stability of the resulting thiolate bonding at
the molecule−metal interface is limited primarily by the
occurrence of C−S bond breaking, which leaves atomic sulfur
on the surface and, possibly, coadsorbed molecular fragments.
Figure 4 presents relevant core-level spectra recorded after
sequential annealing of a 4-FTP multilayer to increasing
temperatures. To reach the final temperature in each annealing
step a constant heating rate of 2 K/s was used. The curves
recorded after annealing to 200 K correspond to the intact
thiolate SAM described above. However, upon heating to 250
K it is evident from inspection of panel (a) that the proportion
of atomic sulfur increases dramatically and that an admixture of
thiolate and chemisorbed atomic sulfur covers the surface. The
C−S bond cleavage proceeds further at 300 K, such that atomic
sulfur by far dominates in the overlayer composition at this
temperature.
In parallel with the change of the S 2p spectrum, the C 1s

and F 1s spectra display a distinct evolution, where the
progressive decrease of both elemental species denotes partial

Figure 3. NEXAFS spectra at the carbon K-edge of a 4-FTP
monolayer for two different geometries corresponding to electric field
of the radiation parallel (θ = 90°) or almost perpendicular (θ = 7°) to
the surface. The estimated adsorption angle of the molecular plane is
shown in a pictorial fashion in the inset.
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desorption of the fragments formed upon molecular decom-
position. These fragments contain, primarily, the aromatic ring
in closer proximity to the surface, as indicated by a distinct shift
to lower binding energy (this probably arises from a
combination of true chemical shift and enhanced screening of
the core hole in the final state created by photoemission);
however, at 300 K atomic carbon may also be present. Note
that in the 300 K data the binding energy of the F 1s core level
is lowered to 686.4 eV, with a shift of −0.6 eV compared to the
intact monolayer. This binding energy value is not compatible
with the presence of coadsorbed atomic F,72 and it rather
suggests that the fluorine left in the layer remains mostly bound
to the phenyl ring, albeit lying closer to the metal surface.

We should also mention that increasing the temperature
above 250 K might eventually drive restructuring of the
Ni(111) surface, as observed for methanethiolate (CH3S−) and
coadsorbed atomic S on the same surface.63,77,78 Although small
but detectable binding energy shifts to higher binding energy at
increasing temperature (marked by the green and black vertical
lines in Figure 4a) are consistent with this phenomenon, we
refrain from definitive conclusions based solely on the XPS
data.
The obvious implication is that the 4-FTP SAM exhibits only

limited stability and, unlike on gold, it is not intact at room
temperature. C−S bond scission is thermally activated above
200 K, and considering the stability of 4-FTP in the liquid
phase at 300 K, this indicates that the strong S−Ni interaction
does weaken the headgroup-to-backbone bond in the
molecules, leading to facile C−S bond breaking. These results
are in excellent agreement with a previous study of adsorbed
thiophenol (benzenethiol) on Ni(111),62 where S−C bond
scission was found to be the preferred pathway above 190 K.
Conversely, methanethiolate starts to dissociate on Ni(111) at
even lower temperatures (150 K),65 although the onset of the
C−S bond scission was shown to shift above 200 K at
increasing molecular coverage.63,65 Finally, for cyclohexanethiol
on Ni(111) the activation of the C−S bond was shown to start
in the 180−240 K temperature range with an earlier onset at
low coverage.79

In striking contrast to these findings, a number of more
recent works conducted on thiol SAMs deposited by wet-
chemical methods on plain and textured polycrystalline Ni films
claim that formation of pure thiolate-bonded monolayers
(without detectable amount of atomic sulfur) can be achieved
at RT.14,15,19,80−83 It is certainly possible that the higher
stability is related to the different preparation method
employed and, possibly, to the higher packing density that
can be obtained in the SAMs via deposition from solution.2

Moreover, the wet-chemically prepared SAMs were mostly
deposited onto polycrystalline nickel (where the surface
structure and possible restructuring effects may play a different
role) and were based on alkanethiols of varying length (which
might exhibit increased stability of the C−S bond in the
adsorbed layer as compared with aromatic thiols); this could be
at the root of the discrepancies observed with respect to the
vapor-phase experiments. In addition, in all cases but one83

some detectable amount of oxygen was found on the
polycrystalline nickel substrates, owing to the methods
employed for surface preparation and cleaning outside the
UHV environment. Nonetheless, to cast light on the stability
issue we have investigated the effect of the substrate
temperature further, specifically by directly depositing the
SAM onto the Ni(111) substrate held at 300 K. To this
purpose, the Ni(111) surface was exposed to the same amount
of 4-FTP molecules used to condense a multilayer at 80 K.
Figure 5 shows the corresponding S 2p XP spectrum, along
with the respective curve-fitting analysis. Clearly, the spectrum
is indicative of an ill-defined monolayer containing a significant
proportion of atomic sulfur, in excess to 35% of the total S
amount. This confirms that RT-stable, well-defined 4-FTP
SAMs consisting of only intact thiolate moieties cannot be
attained by adsorption from the vapor phase.
We note that the global line-shape of the S 2p core level of

Figure 5, which results from the overlap of at least two distinct
spin−orbit split doublets, closely resembles that of a single
spin−orbit doublet recorded at low instrumental resolution.

Figure 4. XP core-level spectra of the saturated 4-FTP SAM acquired
after heating the surface to increasing temperature with 2 K/s heating
rate. (a) In the S 2p spectrum, the thiolate and atomic S components
are marked by vertical dotted lines (black and green lines highlighting
small binding energy shifts). The formation of atomic sulfur at
temperatures above 200 K is clearly visible and demonstrates
unambiguously that the monolayer is not stable at RT. The (b) C
1s and (c) F 1s spectra also display a distinct evolution attributable to
deterioration of the layer and molecular decomposition. Binding
energy shifts at different temperatures are highlighted by dashed lines
(see also text). The photon energy used for each core level is the same
as that in Figure 2. After annealing, all spectra were measured at low
temperature (80 K).
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Indeed, the separation between the main maximum at 162.1 eV
and the shoulder at ∼163.2 eV (marked by black bars in Figure
5) is very close to the spin−orbit splitting (1.1−1.2 eV) of the S
2p core-level.84,85 It is the detailed curve-fitting analysis
combined with the high counting rate and the high energy
resolution achievable with synchrotron radiation (see also the
sharp photoemission lines in Figure 2a) that allows us to
disentangle the individual contributions to the broadened line-
shape. Nonetheless, even at the highest resolution of our
measurements (∼0.1 eV) it is arduous to get a unique fit for the
RT S 2p spectrum due to the broadened line-shape: the fitting
shown in Figure 5 has been performed constraining the thiolate
component to the same binding energy of the 200 K spectrum
(162.4 eV), while letting it free still leads to good fits but with a
considerably higher proportion of atomic S. However, the S 2p
XP spectra used in previous works on solution-prepared SAMs
to reaffirm the integrity of the thiolate bond are usually taken at
lower resolution (>0.4 eV), yielding broadened S 2p line-shapes
very similar to that of Figure 5 in both width and position (in

some cases the center-of-gravity is slightly shifted to lower
binding energy).14,15,19,80−83 Therefore, it is likely that even
those samples that (without relying on quantitative curve-fitting
analysis) are claimed to have 100% of thiolate species in fact
contain a non-negligible amount of atomic sulfur.
Our findings not only prove the limited stability of the

thiolate SAMs deposited from vapor phase but also strongly
emphasize the need for high-resolution data in order to resolve
this long-standing controversy for differently prepared systems
and the importance of studying the effect of coadsorbed atomic
species (e.g., atomic oxygen) on the C−S bond activation.

3.3. DFT Calculations of Adsorbed 4-Fluorothiophe-
nol on Ni(111). To gain more insight into the 4-FTP-Ni
bonding and to rationalize the structural details of the FTP-
SAM, we have performed DFT calculations focusing on the
energetics and local adsorption geometry at different molecular
coverages.

3.3.1. Energetics. Figure 6 details the full energy profile for
F−C6H4−SH adsorption on Ni(111) at representative cover-
ages, specifically Θ = 0.14, 0.20, and 0.25 ML. In this picture,
reaction energies ε1 to ε5 correspond to the processes listed in
eqs 1−5. At coverage Θ = 0.08 ML, both molecular adsorption
(ε1 = −0.70 eV) and H−S bond cleavage (ε2 = −2.33 eV) are
highly exothermic reactions. Calculations of H2 associative
desorption indicate that this reaction step is endothermic by
1.36 eV. As a result, after H−S bond cleavage both H and
thiolate should be present on the surface. However, H and
thiolate are very mobile on the surface86 favoring phase
separation (i.e., thiolate and H will arrange on different regions
of the surface). Note that the mobility of these species,
including thiol, is essential to continue the reaction process as
the coverage increases. At coverage Θ = 0.14 ML (Figure 6, red
lines), all the reaction steps are still downhill in terms of energy.
Molecular adsorption (ε1 = −0.62 eV) and H−S (ε2 = −1.76
eV) and S−C (ε4 = −2.05 eV) bond cleavages are all highly
exothermic reactions producing H, F−C6H4, and S fragments
adsorbed on the surface.

Figure 5. S 2p XP spectrum (photon energy: 260 eV) from a 4-FTP
monolayer deposited onto the Ni substrate held at 300 K. Black dots
correspond to the experimental data, while the solid lines display
curve-fitting results (with spin−orbit split doublets marked by the
same color). The individual components of the fit are vertically shifted
relative to the experimental data for clarity. The film is ill-defined and
contains a considerable amount of atomic sulfur, as shown by the
curve-fitting analysis.

Figure 6. Calculated energy profile for coverages Θ = 0.14, 0.20, and 0.25 ML. Reaction energies ε1−ε5 correspond to the processes described in eqs
1−5; see text.
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At coverage Θ = 0.20 ML (Figure 6, pink lines), this situation
starts to change. The energy profile is still downhill before
reaction step 4. Molecular adsorption (ε1 = −0.52 eV) and
H−S bond cleavage (ε2 = −1.55 eV) are thus favored
thermodynamically. However, S−C bond scission now
becomes endothermic (the energy difference between reaction
steps 3 and 4 is +0.24 eV). This development continues at
coverage Θ = 0.25 ML (Figure 6, blue lines), where the energy
profile is downhill until reaction step 4 as before. Molecular
adsorption (with ε1 = −0.23 eV) and H−S bond cleavage (ε2 =
−1.25 eV) are thus still favored thermodynamically. However,
S−C bond scission becomes even more endothermic (the
energy difference between reaction steps 3 and 4 is now +0.74
eV), suggesting that the thiolate coverage is getting too high.
Comparing to the experimental finding of limited thermal

stability of the thiolate SAM (S−C bond scission thermally
activated above 200 K), these calculated energy profiles suggest
the experimental coverage to lie around and above 0.2 ML
(where S−C bond scission becomes energetically activated).
We note, however, that our experimental layer preparation

starts from Θ = 0, including for a short time the coverage
regime where S−C dissociation is not activated and exothermic
bond breaking followed by fragment adsorption should become
possible even at low temperature. Because of the negligible
amount of atomic S seen in XPS for adsorption at 80 K, this
reaction must be slow. This could be due to a low pre-
exponential because of steric hindrance; however, a clarification
is not possible without future theoretical work including
entropic effects. Moreover, from the experimental point of

view, we cannot make conclusions on the growth mechanism,
which could involve island formation (i.e., higher local
coverage) in the early stages of growth: dedicated scanning
tunneling microscopy (STM) experiments could be interesting
in attempting to clarify this issue.

3.3.2. Geometry. Concerning the predicted adsorption
geometries of adsorbed fragments, we observe a complex
coverage dependence. As expected, the phenyl ring tends to
adopt a more upright configuration as the coverage increases. In
addition, for some species the predicted adsorption sites also
change with coverage. In the case of thiols, for instance, (i) the
tilt angle of the phenyl ring with respect to the surface plane
(α) increases from α = 49° at Θ = 0.08 ML to α = 90° at Θ =
0.25 ML and (ii) the S atom always lies close to bridge sites at
1.83−1.86 Å from the surface. For thiolate species (i) α was
calculated to go from 5° at Θ = 0.08 ML to α = 90° at Θ = 0.25
ML (at the intermediate coverage Θ = 0.14 ML, α = 34°), and
(ii) S lies close to bridge, bridge-hcp, and fcc sites at Θ = 0.08,
0.14, and 0.25 ML, respectively (the height of S above the
surface decreases from 1.85 to 1.60 Å as the coverage
increases).
The experimental results indicate that below 200 K (i) the

monolayer is mainly formed by thiolate (∼80% of molecules in
the monolayer are in this particular state, according to XPS)
and (ii) the tilt angle of the phenyl ring with respect to the
surface plane is αexp = 60° ± 10°. Therefore, our theoretical
calculations suggest that the experimental structure can be
rationalized with a coverage between 0.14 and 0.25 ML.

Figure 7. Calculations for a free-standing thiol SAM. (a) Tilt angle α as a function of coverage. (b) Peak height corresponding to the leading peak of
the NEXAFS C K-edge for different angles θ of the photon polarization vector relative to the surface normal; see text.

Figure 8. Calculations for a thiolate SAM on Ni(111). (a) Tilt angle α as a function of coverage. (b) Peak height corresponding to the leading peak
of the NEXAFS C K-edge for different angles θ of the photon polarization vector relative to the surface normal; see text.
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3.3.3. NEXAFS. In order to specify this further, we proceed to
simulate the dichroism of the leading NEXAFS signature. This
provides a unique opportunity to indirectly extract the coverage
from the NEXAFS dichroism. In order to get insight into this
issue we first consider a simple model based on a free-standing
thiol SAM (without the presence of a metal slab). As a second
step, we tackle the real thiolate-SAM/Ni(111) system.
Figure 7 shows the results obtained for free-standing thiol

monolayers in the coverage range 0.14 ML ≤ Θ ≤ 0.25 ML (we
define the coverage as it would be defined if the Ni(111)
surface was included). As expected, the tilt angle α of the thiol
molecule increases with increasing coverage (Figure 7a). In
Figure 7b, we plot the height of the leading peak observed in
the simulated C K-edge NEXAFS spectra for different angles of
the polarization vector θ (θ = 7°, 50°, 90°) as a function of the
coverage. This demonstrates clearly that the predicted C K-
edge dichroism is sensitive to coverage. From these calculations
one can therefore deduce that the experimental coverage
should exceed ∼0.2 ML in order to obtain the right dichroism
(at the leading peak the maximum intensity must be obtained
for θ = 90°). This is not perfectly quantitative, however, since
(i) our calculations do not include the substrate and (ii)
coverage/exposure-dependent NEXAFS experiments were not
rigorously pursued.
Figure 8 shows the results obtained for the real thiolate-

SAM/Ni(111) system. Due to the limitations in computation-
ally tractable supercell size, these calculations are restricted to
coverages Θ = 0.14, 0.2, and 0.25 ML. Comparing the data with
and without explicit inclusion of the Ni(111) surface, Figures
7b and 8b, we observe only a modest effect of the substrate on
the tilt angle of the overlayer. Similarly to the NEXAFS results
obtained for the free-standing overlayer, the calculations
explicitly including the surface thus confirm that the correct
dichroism of the C K-edge is obtained for coverages Θ ≥ 0.2
ML. Moreover, to reproduce the experimentally determined
molecular orientation, Θ = 0.25 ML has to be considered as an
upper boundary.87

3.3.4. Theoretical Conclusion. Combining the information
obtained from the calculated energetics, geometry, and
NEXAFS spectra, we arrive conclusively at an estimate of the
experimental coverage of 0.2 ≥ Θ > 0.25 ML. In this coverage
range the correct dichroism for the C K-edge is obtained, while
the energetics predict an endothermic reaction for the scission
of the C−S bond. At coverages above 0.25 ML, it is predicted
that the tilt angle will be larger than that found experimentally,
whereas at 0.2 ML the tilt angle of the aromatic moiety relative
to the sample surface is α = 58°, in excellent agreement with

the experimental determination of αexp = 60° ± 10°. In this
geometry, the S headgroup lies close to a bridge-hollow (almost
on hollow) site at ZS =1.66 Å above the top surface layer (see
Figure 9), and the rumpling in the first metal layer is
Δz = 0.07 Å. Our calculations also reveal that the work
function change of Ni(111) induced by thiolate adsorption is
Δφtheo = −0.49 eV at this coverage, which is again perfectly
consistent with the experimental one, Δφexp = −0.6 ± 0.1 eV.
All these results together thus indicate that the molecular
arrangement found for Θ = 0.2 ML is a plausible model to
explain the experimental SAM’s structure.
It is worthwhile to note that the similarities obtained for free-

standing and supported layers show clearly that the tilt angle of
thiolate radicals (and therewith the indirect coverage
determination) is dictated by the packing in the molecular
layer, not by the local anchoring to a specific site on the surface.

3.4. SAM of 4-Cyanothiophenol on Ni(111). An
experimental investigation, analogous to the 4-FTP counterpart
and based on high-resolution XPS and NEXAFS, was
conducted on a 4-CTP SAM prepared by incremental
deposition of molecules up to a complete monolayer, followed
by brief annealing at 200 K.
The S 2p core-level spectrum (Figure 10a) is very similar to

that of the 4-FTP molecule (Figure 2a), and there is a distinct
chemical shift of 1.5 eV to lower binding energy when moving
from the multilayer to the 200 K annealed monolayer (SI,
Figure S4). In the latter, a binding energy of 162.25 eV is found
for the S 2p3/2 component, which indicates the formation of a
thiolate-bonded monolayer. The relative amount of atomic
sulfur (about 5%) is again much smaller than the proportion of
dominant thiolate species (80% in this case), whereas a
minority of physisorbed or unbound molecules also remain
trapped in the monolayer. Moreover, similarly to the 4-FTP
case, C−S bond breaking occurs upon annealing above 200 K
(data not shown).
Despite these similarities, notable differences with respect to

the 4-FTP SAMs emerge when inspecting the C 1s core-level
region (Figure 10b). Here, the signal originating from the
carbon atoms of the aromatic backbone (peak at 284.4 eV,
green curve in Figure 10b) dominates, but the contribution
associated with the S-bonded carbon of the phenyl ring (pink,
284.9 eV) is clearly discernible, giving rise to a shoulder on the
high binding energy side of the main peak. Moreover, two
additional components appear at a binding energy of 285.4 eV
(violet) and 283.9 eV (black), respectively. The former spectral
feature is associated with emission from the nitrile carbon39,88

and is considerably weaker than the S−C ascribed C 1s signal,

Figure 9. (a) Top and (b) side views of 4-FTP thiolate at the preferred adsorption geometry for a coverage Θ = 0.2 ML. Additionally shown in panel
(b) are definitions of the geometry parameters ZS and α (see text).
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while the latter cannot be straightforwardly attributed to any
species of the intact molecule and will be considered in more
detail below. As in the case of the 4-FTP SAMs, a rather weak
component of unclear origin is placed by the fitting analysis
close to 287 eV (orange curve).
Comparing the curve-fitted C 1s spectra of 4-FTP and

4-CTP monolayers, a clear difference in the relative photo-
emission intensity of the S-bonded carbon atoms (pink curves
in Figures 2b and 10b) is observed. Specifically, the more
pronounced C−S signal in the 4-CTP SAM can be explained by
the lower degree of attenuation experienced by the outgoing
photoelectrons due to scattering within the 4-CTP overlayer.
This suggests a flatter configuration of the chemisorbed 4-CTP
molecules compared to 4-FTP, as will be justified more
convincingly by NEXAFS. Note that for 4-CTP it cannot be
ruled out that some photoelectron signal from the carbon
atoms bonded to the nitrile group (C−CN) falls close to the
C−S derived signal;88,89 however, the evidence discussed below
indicates that this is a secondary contribution as the breaking of
the C−CN bond tends to predominantly occur.
The N 1s core-level spectrum presented in Figure 10c

exhibits a major peak at a binding energy of 397.9 eV, a value
∼1.1 eV lower than that in the condensed multilayer (Figure
S4). This piece of evidence points to a pronounced interaction
of the nitrile end group with the nickel substrate, which
significantly perturbs the electronic environment of the N
atoms in the monolayer and, in agreement with the previous
argument, is consistent with predominantly lying-down
adsorption of the molecules.90 Conversely, the minority species
at about 399.5 eV can be related to intact CN end groups more
distant from the surface, either in molecules with a standing-up
configuration and/or in the unbound species discussed above.
This interpretation is corroborated by previous investigations
on the adsorption of benzonitrile (C6H5−CN) on nickel and
palladium surfaces,89,91 and it leads us to conclude that the vast
majority of the 4-CTP molecules anchored to the Ni(111)
substrate through the thiolate group show a considerable
interaction of their end group with the metal atoms at the
surface. A pertinent question is therefore whether such an
interaction still preserves the integrity of the molecule, merely
leading to an opening of the C ≡ N triple bond by
rehybridization of the C and N orbitals with the metal, or it
instead results in partial dissociation of the 4-CTP molecules.
In this regard, one needs to draw attention to the low binding
energy component at 283.9 eV in the XP C 1s spectrum (black
curve, Figure 10b). Such a component is completely absent in
the multilayer spectrum (Figure S4) and can most likely be

related to cleavage of the C−CN bond leading to atomic
carbon on the surface and/or CN fragments with weakened
triple bonds.92 Notably, this component is significantly more
intense than the (broader) high energy component at 285.4 eV
associated with the nitrile carbon39,88 of the intact molecules. In
the multilayer the latter is chemically shifted by ∼1.5 eV relative
to the phenyl ring derived component and leads to a
pronounced shoulder (Figure S4, central panel) at the trailing
edge of the C 1s line, whereas it is barely observable in the
monolayer without fitting analysis. Therefore, we conclude that
a large fraction of the 4-CTP molecules undergo dissociation
upon adsorption.
Based solely on the XPS data, it cannot be established

unambiguously whether the CN fragments formed by
molecular dissociation remain anchored to the surface or
further decompose into adsorbed atomic C and N. However,
the C 1s and N 1s binding energies of 283.9 and 397.9 eV fall
close to, but not exactly inside, the range of those reported for
atomic C and N species adsorbed on nickel surfaces,93,94 being
higher by some 0.5 eV or more. This suggests that CN residues
are still present, at least to some extent, on the surface at 200 K.
This appears plausible, in view of the fact that, on Ni(111),
hydrogen cyanide and the dehydrogenated CN fragments are
known to dissociate into their atomic constituents at
considerably higher temperatures,95,96 and that, on the same
surface, the decomposition of benzonitrile has been shown to
proceed preferentially via scission of the C−CN bond rather
than by further breakage of the stronger CN bond.97

Further evidence for the distinct molecule−substrate
interaction in the 4-CTP SAMs compared to the 4-FTP
counterpart is provided by NEXAFS. Indeed, the intensity
contrast (linear dichroism) of the angle-dependent C K-edge
absorption spectra of Figure 11 is reversed with respect to the
4-FTP case (Figure 3). The weak intensity of the π* resonances
at θ = 90° now indicates that the majority of the molecules lies
with the phenyl ring much more tilted toward the surface (the
average adsorption angle can be roughly estimated ∼30°−35°,
but one should note that the contribution of the minority
species mentioned above cannot be disentangled). This
adsorption configuration facilitates the interaction of the CN
end group with the surface and may be driving the
decomposition of the molecules. An important implication is
that, due to the different orientation, the molecular coverage for
the full monolayer of 4-CTP is considerably lower than for the
saturated monolayer of 4-FTP, as also confirmed by XPS (SI,
Figure S5). Moreover, we should note that the (expected)38

characteristic NEXAFS fingerprint obtained at the N K-edge of

Figure 10. XP spectra (dots) and respective fitting (continuous lines, red) of a 4-CTP monolayer adsorbed on Ni(111): (a) S 2p; (b) C 1s; and (c)
N 1s core-level regions. The results of the curve-fitting analysis are superimposed on the experimental data, with different colors corresponding to
different components, whose attribution is discussed in the text. The individual components of the fit are vertically shifted relative to the
experimental data for clarity. The S 2p, C 1s, and N 1s spectra were recorded at photon energy of 260 (a), 380 (b), and 500 eV (c), respectively.
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the 4-CTP multilayer (SI, Figure S6) allows us to rule out the
possibility that in our experiments the 4-CTP molecules
decompose upon sublimation of the organic powder. This
further emphasizes the importance of the end group for the
adsorption.
Finally, we have conducted a set of experiments to exclude

any effect of the different preparation method utilized for
growing the 4-CTP and 4-FTP SAMs on the distinct pattern of
the molecule−metal interaction. To this end, we prepared the
4-FTP SAM under conditions similar to those adopted for the
4-CTP SAM, by adding incremental doses of 4-FTP up to
completion of the first layer, with low deposition rates and final
annealing step at 200 K. The results of XPS and polarization-
dependent UPS measurements reported in the Supporting
Information (Figures S7 and S8) show unambiguously that the
electronic and structural characteristics of the 4-FTP layers do
not depend on the preparation protocol (standard procedure or
stepwise deposition). It thus follows that the difference between
4-CTP and 4-FTP SAMs can be primarily ascribed to the
higher affinity of the CN end group to transition metals like
nickel,98 which leads to a pronounced end group−substrate
interaction and molecular decomposition.

4. CONCLUSIONS
We have examined the formation of aromatic thiol SAMs on
Ni(111) by vapor phase deposition. Well-defined SAMs of 4-
fluorothiophenol could be grown at 200 K, bonded through the
deprotonated S headgroup and with the aromatic ring forming
a 60° angle to the surface. A structural model could be
developed based on our comparative theoretical−experimental
analysis, which indicates a coverage of Θ ≈ 0.2 ML in the
saturated monolayer and predicts that the S atoms are
coordinated in the bridge-hollow (almost on hollow) site of a
basically unreconstructed Ni(111) surface layer. The thiolate-
bonded SAM is only stable up to 200 K, and thermally activated
cleavage of the S−C bond leads at room temperature to ill-
defined monolayers that contain a considerable amount of
atomic sulfur. Finally, we considered SAMs of 4-cyanothiophe-
nol and showed that the strong interaction of the CN end
group with the surface is detrimental to the growth of a densely
packed layer and leads to partial decomposition of the
molecules already at 200 K.
The insight gained into the nature of the Ni−thiolate

bonding in this investigation demonstrates that thiolate-bonded
aromatic SAMs on nickel metal substrates may pose severe

stability problems close to and above room temperature, and in
view of practical applications of aromatic compounds in
spintronics, a search for alternative headgroups should be
pursued.
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