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ABSTRACT: A vibronic resonance between Au{111} surface states
and adsorbed CN vibrations has been predicted, which we target for
study. We have formed stable monolayers of cyanide on Au{111} and
observe a hexagonal close-packed lattice with a nearest neighbor
distance of 3.8 ± 0.5 Å. Cyanide orients normal to the surface attached
via a Au−C bond. We show that the substrate−molecule coupling is
particularly strong, leading to ultrafast electron transfer from the cyanide
molecules to the Au{111} substrate as measured by resonant Auger
spectroscopy using the core−hole clock method. The CN/Au{111}
system is a simple example of a strongly interacting adsorbate−substrate system and will be the subject of a number of further
studies, as discussed.

■ INTRODUCTION

A central theme in nanotechnology is to be able to understand
and to manipulate materials at the single-molecule level to
advance current technologies and to create new technologies.
Self-assembled monolayers (SAMs), in which a single layer of
molecules is immobilized on a surface, have often served as
platforms for probing the effects of the local environment on
molecular structure and function as well as for the development
of new materials with distinct physical and chemical proper-
ties.1−8

Adsorbate−substrate interactions due to immobilization on
surfaces strongly influence the function, dynamics, structure,
and electronic properties of molecules in SAMs.9−12 In some
cases, as we have demonstrated in our previous work, we can
tune the monolayer matrix defect density to affect the function
and/or reactivity of molecules that have been tethered to
surfaces.13−18 In other cases, the functional group has been
decoupled from the surface through molecular “spacers” to
avoid substrate quenching effects from efficient electron
transfer.13,19 Along with affecting electron transport, coupling
between the surface electronic structure and molecular
vibrations has been observed to enhance the lifetimes and
intensities of vibrational modes.20,21

Two primary factors, the strength of the electronic coupling
between an adsorbed molecule and substrate and the
orientation of the molecular orbitals used during transport,
directly influence how efficiently an electron is transmitted

between molecules to the substrate in SAMs.22−27 To this end,
electron conductance through nitrile-terminated alkanethiol
SAMs has been observed to follow an exponential dependence
on molecule length with a characteristic decay rate through the
application of the core−hole clock (CHC) method in resonant
Auger electron spectroscopy (RAES).25,28,29 These results have
shown that inclusion of a four-carbon backbone results in
approximately 100× lower efficiency for transferring electrons
to the Au{111} substrate with average times of ∼100 fs when
compared with the ∼2.5 fs transfer time across only the thiolate
headgroup.30 These data are consistent with other measures of
contact conductance.10,23,24,26,31 The results presented in this
work represent the extreme case where the sulfur and carbon
backbone are entirely removed and only the nitrile functional
group is bound to the Au{111} surface.
Often, the substrate−molecule interface is buried and

difficult to probe, requiring special techniques that leverage
the well-known chemistry and relatively simple structure of
small-molecule probes. One such small molecule is CO, which
has been used to elucidate the effect of binding sites on
adsorbate vibrational modes.32 Nevertheless, in the case of CO,
as with many small molecules that desorb from surfaces well
below room temperature, the ambient environment applica-

Received: June 14, 2016
Revised: October 17, 2016
Published: October 17, 2016

Article

pubs.acs.org/JPCC

© 2016 American Chemical Society 26736 DOI: 10.1021/acs.jpcc.6b06006
J. Phys. Chem. C 2016, 120, 26736−26746

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.6b06006


tions are limited. An established coordination chemistry
between cyanide and gold33 has already been leveraged to
elucidate the prevalent chemistry, and structure of defects in
alkanethiol monolayers,34,35 to assemble metal−molecule
coordination polymers,36,37 and to probe covalent bond
formation between gold atoms,38 in addition to a component
in the fabrication or synthesis of conductive carbon nitride
nanomaterials.39 The coordination complexes formed between
cyanide and gold are stable at room temperature. Our previous
attempts to assemble CN on Au{111} failed when cyanogen,
C2N2, did not dissociate under the conditions used.40 In recent
work, we have shown that we can also create monolayers with
mixed orientations.41 Isocyanide42 and carbene43 systems have
already demonstrated the potential for room temperature self-
assembly using Au−C as an alternative to the Au−S bond
characterizing thiol systems.
Here, we report the direct observation of the formation of a

cyanide SAM on Au{111} under ambient conditions and probe
the strength of the Au−CN coupling. Cyanide assembles into a
highly ordered, stable, upright monolayer on Au{111} through
the formation of a Au−C bond, most likely due to the known
gold cyanidation reaction,44 with a similar surface structure to
that observed in SAMs of alkanethiols.4,5,45 Electron-transfer
dynamics are measured by RAES using the core−hole clock
method and indicate facile transfer from molecule to the
Au{111} substrate. We conclude by discussing electronic,
vibration, and structural properties as they relate to substrate−
molecule coupling strength and future prospects for the CN/
Au{111} system as a platform to study the interactions between
molecular vibrations and electronic structure.

■ EXPERIMENTAL METHODS

Several different Au{111} substrates were used in this study,
depending on the specific requirements and parameters of
individual experimental techniques. Monolayers of cyanide
were prepared in the same fashion for all of these substrates,
viz., by placing 0.1 mg of solid KCN (≥96%, Sigma-Aldrich, St.
Louis, MO), without any further purification or treatment, in a
glass vial with the Au{111} substrate for 24 h at room
temperature. Caution: KCN is highly toxic and produces the
volatile and f lammable HCN(g) when it reacts with water and
oxygen. It should be used with proper personal protective
equipment, in a fume hood, and kept out of extreme
temperatures. Afterward, the Au{111} substrate was removed
from the vial with the KCN and either measured directly or
after a short delay or stored under inert gas for delivery to the
synchrotrons (see below for details). The monolayers of
cyanide were characterized by scanning tunneling microscopy
(STM), infrared (IR) spectroscopy, surface-enhanced Raman
spectroscopy (SERS), synchrotron-based X-ray photoelectron
spectroscopy (XPS), angle-resolved near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy, and resonant Auger
electron spectroscopy (RAES). Consequently, after the general
description of the sample preparation procedure, specific
substrates will be described before the description of the
particular experiments, viz., STM, IR, SERS, and high-
resolution XPS/NEXAFS.
For the STM experiments, Au{111}/mica substrates

(150 nm of Au{111}, Agilent Technologies, Santa Clara, CA)
were used. The substrates were hydrogen flame annealed, as
described previously, to clean the surface and to increase the
sizes of the atomically flat terraces.4,46 After preparation,

cyanide monolayers (see above) were allowed to rest in the
fume hood for 1 h before being placed in the STM for imaging.
A custom-built, beetle-style STM was used under ambient

conditions. All STM images were calibrated against known
references: gold step edges for height and a decanethiol on
Au{111} SAM matrix for lateral distance measurements. All
analyses on STM images were performed using custom
software and Matlab.47,48

For collecting IR spectra on Au{111}, we used custom-made
Au{111}/sapphire prism substrates. Prism substrates were
0.5 cm radius, 1 cm height c-cut sapphire half-cylinders with a 2
nm thick Nb adhesion layer deposited at 0.11 Å/s and a 40 nm
thick layer of Au, which is well below the optical penetration
depth for metals in the range of the IR frequencies of interest,49

deposited at a rate of 0.5 Å/s. A bare Au{111}/sapphire prism
sample was used for the background spectrum and an incident
angle θ = 60° > θc = 34.6° as measured relative to the surface
normal (the critical angle was calculated using n = 1.76 and
Snell’s law, θc = sin−1(1/n)).49 Infrared spectra were collected
using a Thermo-Fisher Nicolet 8700 Interferometer (Thermo-
Fisher Scientific, Waltham, MA) and the packaged OMNIC
Software (Thermo-Fisher Scientific). The OMNIC software
was also used for processing the spectra and identifying peak
positions. All samples used for IR measurements were
incubated with KCN in the same manner as described for the
STM samples. After incubation, both STM and IR samples
were directly analyzed without rinsing.
Surface-enhanced Raman spectroscopy (SERS) was per-

formed on a Renishaw confocal Raman microscope (Renishaw,
Inc., Hoffman Estates, Illinois) configured with a laser at
514 nm wavelength, using WiRE 3.2 (Renishaw, Inc.) for
spectral processing and analysis. Two substrates designed for
surface enhancement were used in this work: Au{111}/mica
with nanohole arrays and nanostructured Au on glass. The
nanohole arrays (175 nm diameter, 300 nm periodicity) on
Au{111}/mica were fabricated using a focused ion beam.50 The
nanostructured Au on glass substrates were made by
evaporating 50 Å thick Au at 1 Å/s onto a glass slide and
annealing at 400 °C for 24 h. All of the SERS substrates were
annealed and incubated in the same manner as the STM/IR
samples.
The gold substrates for the XPS, NEXAFS spectroscopy, and

RAES experiments were prepared by polished single-crystal
Si(100) wafers (Silicon Sense) primed with a 10 nm chromium
adhesion layer. The resulting metal films were polycrystalline
with grains exhibiting the (111) orientation and sizes of 20−50
nm. After preparation of the cyanide monolayers (see above),
the samples were put into glass containers and stored under an
inert gas atmosphere until characterization at the synchrotron
(see below). The measurements were performed at room
temperature and under ultrahigh vacuum conditions (base
pressure <1.5 × 10−9 mbar). The spectral acquisition time at a
particular sample spot was kept sufficiently short to avoid
possible damage by the primary X-rays occurring during the
measurements.51,52

The experiments were performed at the HE-SGM beamline
(bending magnet) of the synchrotron storage ring BESSY II in
Berlin, Germany, and at the D1011 beamline (bending magnet,
plane grating monochromator) of the MAX II storage ring at
the MAX-IV laboratory in Lund, Sweden. The experimental
stations at both facilities were equipped with a Scienta electron
energy analyzer (R3000 at HE-SGM and SES200 at D1011)
and a partial electron yield (PEY) detector. All experimental
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adjustments were exactly the same at both beamlines, except for
somewhat better energy resolution at D1011 (∼70 meV vs
∼0.3 eV at HESGM) and a minor difference in the polarization
factor of the primary X-ray light, viz., 91% at HESGM and 95%
at D1011. The experiments were repeated several times with
the same results within experimental error. Independent sets of
samples were used.
X-ray photoelectron spectra were recorded with a normal

emission geometry at excitation energies of 350 and 580 eV.
Synchrotron light was used as the primary X-ray source. The
binding energy (EB) scale of the spectra was referenced to the
Au 4f7/2 peak at EB = 84.0 eV.53 The spectra were fit by
symmetric Voigt functions and a Shirley-type background.43

The acquisition of the NEXAFS spectra was carried for the
carbon and nitrogen regions in the PEY mode with retarding
voltages of −150 and −300 V, respectively. Linearly polarized
synchrotron light was used as the primary X-ray source. The
incidence angle of X-rays was varied from 90° (E vector in the
surface plane) to 20° (E vector near the surface normal) in
steps of 10−20° to monitor the molecular orientation in the
SAMs. This approach is based on the dependence of the cross
section of the resonant photoexcitation process on the
orientation of the electric field vector of the synchrotron light
with respect to the molecular orbital of interest (so-called linear
dichroism in X-ray absorption).54 The energy scale was
calibrated by means of the most intense π* resonance of
highly oriented pyrolytic graphite at 285.38 eV55 in
combination with the well-known Δhν ∝ (hν)3/2 behavior of
plane grating monochromators.56

The RAES spectra were acquired using either a Scienta
R3000 electron energy analyzer (BESSY II) or a SCIENTA
SES200 spectrometer (Max-lab). The X-ray incidence angle
was set to 55° to suppress possible orientational effects;54 the
takeoff geometry of the electrons was close to normal emission.
Resonant excitation was performed at the nitrogen K-edge, at
the position of the π(CN*) resonance. The excitation energy
was determined in the preliminary NEXAFS experiments. In
addition, nonresonant Auger electron spectra were recorded at
an excitation energy of 5−6 eV above the absorption edge. This
setting was mimicked from similar experiments on nitrile-
substituted SAMs on Au{111}, where it was found to be
optimal in order to maximize the signal-to-noise ratio and to
avoid appearance of interfering gold photoemission in the
spectra.25 Finally, for every sample, a reference spectrum for the
pre-edge excitation was measured. This spectrum was
subtracted from the RAES and nonresonant AES spectra to
correct them for a contribution to the photoemission that could
not be avoided completely.

■ RESULTS
Scanning Tunneling MicroscopyMolecular Resolu-

tion of Surface Structure. The STM image in Figure 1a
shows the structural details of monolayers of cyanide formed
from exposure of Au{111} to HCN(g) at room temperature
and humidity, most likely due to the established gold
cyanidation redox reaction that involves water and oxygen.33,44

In comparison to the relatively featureless AuCN monolayers
on Au{111} in solution, which are formed through electro-
chemical deposition,57 cyanide molecules deposited in this
manner are arranged into numerous, highly ordered domains,
one-atom-deep substrate vacancy islands, and one-atom-high
substrate mesas. At this resolution, the surface morphology
closely resembles alkanethiol SAMs, which are also observed to

form hexagonally close-packed (hcp) lattices that contain
single-substrate-atom-deep vacancy islands and domain boun-
daries4,11,45 with the exception of the mesas and the simpler
domain boundary structures here. The observed loss of the
Au{111} herringbone structure and the appearance of vacancy
islands indicate removal of the reconstruction of the underlying
gold lattice and the relatively strong molecule−substrate
interactions.4,11,45,58 This change is not surprising; the thiolate
Au−S bond reported at ∼2 eV4,45 is weaker than the Au−C
bond reported at >2.4 eV,59,60 and the alkanethiol system also
removes the reconstruction of the underlying Au{111}
lattice.4,11,45 Note that the existence of a strong dipole of the
cyanide molecule61 (positive→ negative, C→ N, see schematic
in Figure 1) axis is a significant property difference from
alkanethiol monolayers on Au{111} that can be leveraged to
elucidate dipole-mediated interactions.23,62,63

Higher resolution images (Figure 1b) reveal the arrangement
of individual molecules that are positioned in a hcp arrange-
ment. In addition to the previously mentioned structures,
missing single-molecule vacancies can be observed in the
molecular lattice. A Fourier transform of the STM image in
Figure 1b (inset) shows a hexagonal lattice with the first-order
reciprocal lattice spots displayed. The distance from the center
in Fourier space to one of the frequency modes corresponds to
an average measured nearest neighbor distance of 3.8 ± 0.5 Å
and was obtained using measurements from >50 images of
different sample regions from >10 different samples. These
measurements agree well with reported Au−Au bond spacing
in gold−cyanide crystals.36,38,64 All images were obtained and
calibrated against a known SAM of decanethiol on Au{111}
before and directly after imaging cyanide to minimize
measurement error. Using the calculated nearest neighbor
spacing, the Au lattice spacing of 2.89 Å, and the hcp
arrangement, the surface packing density for cyanide on
Au{111} was calculated to be approximately 1 CN molecule
per 1.3 Au atoms. This result differs slightly from the bonding

Figure 1. Scanning tunneling microscope images of the surface
structure of cyanide monolayers on Au{111} at room temperature. (a)
The morphology of the cyanide monolayers with representative
surface structures denoted by letters A−F in the image and schematic
of cyanide with aligned dipole C → N, positive → negative. (b)
Molecular resolution images and corresponding Fourier transform
showing the hexagonally close-packed lattice with a nearest neighbor
distance of 3.8 ± 0.5 Å.
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configuration in most coordination complexes composed of
gold and cyanide where multiple cyanide molecules bind to one
gold atom.
The specific rotational orientation of the monolayer with

respect to the underlying gold lattice is determined with respect
to the close-packed direction of the Au{111} formed along
straight step edges.65 The schematic in Figure 2 uses dark

circles to represent the space-filling projection of the cyanide
molecules on the surface using the spatial measurements from
the STM images. We find at the 20, −40, and 80° in-plane
rotations with respect to the underlying gold lattice that bound
cyanide molecules primarily occupied the twofold bridge site
with the remaining minority aligned with atop positions. The
twofold bridge location has been calculated to be one of the
most stable surface locations based on DFT calculations for
cyanide bonding to Au{100}, Au{110}, and Au{111}.66 These
in-plane orientational rotations are identified as black triangles
in the STM image included in Figure 2 when aligning with
monolayer domain boundaries and can be seen to be examples
of high symmetry points maintaining the characteristic 60°
rotations of the hcp arrangement. In comparison, all other
angles introduced binding at threefold hollow sites, reduced the
number of twofold bridges, and were observed less frequently
than these other rotations in STM images via domain boundary
inspection.
X-ray Photoelectron SpectroscopySurface Elemen-

tal Analysis. Representative Au 4f7/2, C 1s, and N 1s XPS
spectra of NC/Au{111} are shown in Figure 3. The Au 4f7/2
spectra in Figure 3a exhibit a weak shoulder at the high EB side
of the main emission, at EB = 84.95 eV. The appearance of this
shoulder is attributed to the effect of adsorbed NC, which is
strong and, in its extent, is similar to the oxidation of the gold
substrate.67 Significantly, only the topmost layer of the Au{111}
substrate is affected, as seen from the direct comparison of the
spectra acquired at PEs of 350 and 580 eV in Figure 3a. Due to
the strong dependence of the sampling depth of XPS on the
kinetic energy of photoelectrons,68 the contribution of the

surface as compared to the bulk should be much weaker in the
latter case and, indeed, the high EB shoulder decreases
significantly in intensity at a PE of 580 eV as compared to
350 eV. Further, the intensity relation between the shoulder
and the main emission in the 350 eV spectrum can be
compared to the analogous relation in the spectrum of clean
Au{111}, where the contributions of the topmost layer and the
bulk can be straightforwardly distinguished.52 Accordingly, the
shoulder is indeed exclusively related to the topmost layer of
the Au{111} substrate, corresponding, according to its spectral
weight, to 25−30% of atoms in this layer.69

The C 1s XP spectrum of NC/Au{111} in Figure 3b exhibits
strong emission at ∼284.7 eV accompanied by two weak peaks
at ∼286.4 and ∼288.65 eV. The dominant emission can be
assigned to the adsorbed NC molecules, while the low intensity
peaks presumably stem from contamination, most likely CO
(∼286.4 eV) and COOH (∼288.65 eV).70 Such contamination
can hardly be avoided considering the ultimate thinness of the
NC monolayer and its exposure to ambient in the course of the
sample handling. However, the formation of well-ordered
monolayers, as indicated by the STM images, suggests that such
contamination is inconsequential. As to dominant emission,
note for comparison that, as expected, its EB is much lower than
that of the nitrile carbon in SAMs of the nitrile-substituted
alkanethiols, NC−(CH2)n−SH (NC−Cn) on Au{111}, e.g.,
286.2 eV at n = 3.30 The lower EB in the case of NC/Au{111}
can be attributed to the direct bonding of NC to the substrate
(chemical shift) as well as to more efficient screening of the
photoemission hole by the substrate electrons (the screening

Figure 2. Scanning tunneling microscope image of CN on Au{111} as
deposited at room temperature and structural schematics. Using the
Au close-packed substrate direction with respect to straight step edges
(⟨0 1 0⟩), we find molecules bind to bridge and atop positions with a
(3.8 Å × 3.8 Å) cyanide unit cell at 20, −40, and 80° orientations with
respect to the unreconstructed underlying gold lattice. The dark, larger
circles represent the projection of the cyanide molecules on the smaller
circles representing the atoms of the Au{111} lattice. Triangles
representing examples of the identified orientations relative to the
Au{111} lattice are aligned with cyanide domain boundaries and are
identified as high-symmetry directions representative of the hexago-
nally close-packed arrangement.

Figure 3. Au 4f7/2 (a), C 1s (b), and N 1s (c) X-ray photoelectron
spectra of NC/Au{111} acquired at photon energies of either 350 or
580 eV as marked in the panels (open circles). The spectra are fit and
decomposed into individual contributions (thin solid lines). See text
for details.
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effect scales according to the Coulomb potential, i.e., is
proportional to 1/r).
The N 1s XP spectrum of NC/Au{111} in Figure 3c exhibits

a broad peak that can be tentatively decomposed into two
individual emissions at ∼398.1 and ∼399.0 eV, with the former
emission being more intense. This emission can be
unequivocally attributed to the CN molecules attached to the
substrate over the C−Au bond. The EB of 398.1 eV correlates
well with the respective EB for the NC-alkyl SAMs on Au{111},
viz., 398.84 eV for the NC−C2H4S film and 398.98 eV for the
NC−C3H6S monolayer,30 being noticeably smaller than these
values because of the stronger proximity on CN to the substrate
in the case of NC/Au{111} (see discussion regarding the C 1s
spectrum). The value of ∼399.0 eV is even higher than the
value of 398.84 eV for the NC−C2H4S film on Au{111},
suggesting that the respective species are bound only weakly to
the substrate, probably in a physisorbed fashion, or, most likely,
CNH or CN−H2O species. It is well-known that the
protonation or association with H2O shifts the N 1s binding
energy to higher values.71−73 The C atom attached directly to
the metal substrate will not be affected strongly by this process,
resulting in only a small binding energy shift and, consequently,
in only one joint C 1s emission.
Vibrational SpectroscopyConnectivity. To determine

the chemical state and identity of cyanide molecules on
Au{111}, we utilized attenuated total internal reflection Fourier
transform infrared spectroscopy (ATR-FTIR). The IR
absorption spectrum of Au{111} after exposure to HCN(g)
is shown in Figure 4. The primary CN stretching mode, as

shown in the inset of Figure 4, detected at 2146 cm−1 on the
Au{111} is in good agreement with spectra for cyanide
adsorbed on the surface of gold electrodes in a cyanide
solution.73 It is red-shifted when compared to the 2200−
2300 cm−1 range given for the nitrile functional group,74 and
shows the typical blue shift due to substrate coupling from the
approximately 2080 cm−1 for the free cyanide ion in
solution73,75,76 (see Table 1 for comparisons). We observed
two small side peaks at 2134 and 2161 cm−1 on the Au{111}
surface using ATR-FTIR, which is more sensitive to thin films,
on either side of the larger, distinct CN stretch at 2146 cm−1.

These two additional modes are also likely attributed to the CN
stretch, supporting the nitrogen XPS results suggesting different
surface states exist for cyanide molecules on the surface. The
asymmetric side peaks are not detected for CN adsorbed on
polycrystalline Au73 most likely because the same amount of
order cannot be achieved due to the amorphous nature of the
surface (see Supplementary Figure S1 and Figure S2 for more
detailed comparisons).
No vibrational modes were identified near 3300 cm−1 for the

CH vibrational mode of the HCN molecule (also shown in
Table 1).77 This observation is consistent with deprotonation
during monolayer formation. All spectral measurements were
recorded with a bare Au surface as a reference that showed no
peaks in the region of interest; peak locations were
reproducible over different samples and days.
Raman spectroscopy was used to detect low-frequency,

substrate−adsorbate binding modes and the high-frequency
internal stretching mode. The Raman spectra for Au{111} and
polycrystalline Au nanoparticles (NPs) after exposure to
HCN(g) are shown in Figure 5a and b, respectively. The
low-frequency modes detected around 304 and 400 cm−1 (see
Figure 5c inset, Table 1 for comparisons) agree well with values
reported for a Au−C stretch and a Au−C−N bend for cyanide
ions adsorbed on both Au electrode surfaces in cyanide-ion-
containing solution78 and cyanide-coated gold nanoparticles.76

No modes were detected in the 100−250 cm−1 region that is
detected in linear chains of AuCN and are attributed to the
CN−Au vibrational mode in solid AuCN.64 However, we were
only able to detect the low-frequency modes on the custom Au
NP SERS surface, as the signal-to-noise ratio was much better
on the Au NPs. The results are further evidence that the
cyanide assembles here attached through Au−C bonds, and not
through nitrogen, maintaining the typical bonding scheme for
gold−cyanide coordination complexes.33,38

The high-frequency mode located at 2140 cm−1 for the Au
NPs detected by Raman spectroscopy compares well with the
detected IR mode for the Au{111} substrate but is blue-shifted
by 25 cm−1 when compared to the peak at 2165 cm−1 detected
by Raman spectroscopy for CN/Au{111} and red-shifted when
compared with the 2248 cm−1 reported for the Raman spectra
of the nitrile functional group.79 The comparison with the
nitrile group demonstrates that there is a significant difference
in the balance between substrate−molecule and molecule−
molecule interactions resulting from direct attachment to the
Au surface. An additional peak, which is further evidence of
different cyanide states, was located in the CN/Au{111}
spectrum at 2235 cm−1, a value that closely matches values
reported for CN in solid AuCN crystals.64 We note that all the
Raman shifts detected on the polycrystalline Au NPs are blue-
shifted ∼20 cm−1 compared to cyanide molecules adsorbed on
Au{111}. The results presented here may be more accurate, as
they are not complicated by dissolving the gold into the
surrounding solution or applied electric fields.

Near-Edge X-ray Absorption Fine Structure Spectros-
copyMolecular Orientation. C and N K-edge NEXAFS
spectra of NC/Au{111} acquired at an X-ray incident angle of
55° are presented in Figure 6, along with the respective
difference between the N K-edge spectra collected under the
normal (90°) and grazing (20°) incidence geometry. Note that
the “magic angle”, 55° spectra are free of orientational effects
and, subsequently, only representative of the electronic
structure of the studied systems.54 In contrast, the difference
between the spectra acquired at normal and grazing incidence

Figure 4. Attenuated total reflection Fourier transform infrared
spectrum of CN/Au{111} using custom sapphire prism substrates and
showing the CN stretch at 2146 cm−1 along with two side peaks at
2134 and 2161 cm−1. The inset is an enlargement of the region of the
spectrum containing the CN vibration.
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of X-rays are representative of the molecular orientation,
averaged over the probed ensemble, relying on the linear
dichroism effect in X-ray absorption.54

The C K-edge spectrum of NC/Au{111} in Figure 6a
exhibits several absorption resonances superimposed onto the
absorption edge. These features include the π*(CC)
resonance at 285.1 eV, the π(C*N) resonance at 286.2 eV,
and the π*(COOH) at 288.5 eV (the assignments were made
according to refs 30 and 53). The π*(CC) and π*(COOH)
features stem from contamination, while the π(C*N)
resonance is characteristic of the CN groups and is attributed
to two (almost) degenerate, mutually orthogonal π(CN)
orbitals.25,27 Its position depends only weakly on the chemical
state of the CN group (unless there is π*π* hybridization
with the adjacent functional group)28 and, in particular, does
not vary much across the NC-alkyl/Au{111} series, being
286.8−286.9 eV.
The 55° N K-edge spectrum of NC/Au{111} in Figure 6b

exhibits a characteristic π* resonance of the nitrile group at
399.7 eV. Similar to the π(C*N) resonance, it is attributed to
two (almost) degenerate, mutually orthogonal π(CN)
orbitals.25,27 The presence of this feature as well as the

π(C*N) resonance at the C K-edge (see above) suggests an
upright orientation of the NC moieties in NC/Au{111}.
Otherwise, both π(C*N) and π(CN*) resonances would
be quenched through the direct interaction with the substrate
and be imperceptible in the spectra. The energy of the
π(CN*) resonance for NC/Au{111} is close to the
analogous value for the NC-alkyl SAMs on Au{111}, viz.,
399.75 eV (independent of chain length).30

The 90−20° difference spectrum in Figure 6b exhibits a
pronounced, positive peak at the position of the π(CN*)
resonance, suggesting, in view of the orientation of the
respective molecular orbitals (perpendicular to the CN
axis), an upright orientation of the nitrile groups in NC/
Au{111}.

Resonant Auger Electron SpectroscopyMolecule−
Substrate Charge-Transfer Efficiency. Nitrile groups have
been used before as the starting point for electron transfer (ET)

Table 1. Comparison of the Different Vibration Energies for the Cyanide/Nitrile Group as a Ligand at Solution and Air
Interfaces

substance
CN triple bond stretch

(cm−1)
CH single bond stretch

(cm−1)
CN triple bond Raman

shift (cm−1)
Au−C−N Raman shift

(cm−1)
Au−C Raman shift

(cm−1) ref

CN/Au, solution 2105 N/Aa 2135 300 380 73, 78
Au(CN)2

−, solution 2146 N/A 2156 294 371 73, 76
AuCN, solid/crystal 2236 N/A 2230 358 598 64
HCN, gas 2089 3312 N/A N/A N/A 77
CN−, solution 2080 N/A N/A N/A N/A 73, 75, 76
CN/Au, airb 2146 none 2140−2165, 2235 304 400 N/A
CN (nitrile) 2200−2300 2900−3000 2248 N/A N/A 74, 79

aN/A - not applicable. bResults presented here.

Figure 5. (a) Raman spectra of CN monolayers formed on Au{111}
using a plasmonic nanohole array and (b) surface-enhanced Raman
substrates made of polycrystalline Au nanoparticles evaporated onto
glass. (c) The inset shows both the low frequency modes attributed to
the substrate−molecule bond, Au−CN bend at 304 cm−1, and Au−
CN stretch at 400 cm−1, which were only detected on the Au
nanoparticles.

Figure 6. C (a) and N (b) K-edge near-edge X-ray absorption fine
structure spectra of NC/Au{111} acquired at an X-ray incident angle
of 55° (black solid curves), along with the respective difference
between the spectra collected under the normal (90°) and grazing
(20°) incidence geometry (gray solid curve in panel b). The
characteristic absorption resonances are marked. The horizontal
dashed line in panel b corresponds to zero intensity.
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through the molecular framework in SAMs on conductive
substrates.12,25,27−30 These functional groups were attached to
the molecular backbone as a tail moiety at the SAM−ambient
interface, while the molecules were coupled to the substrate,
Au{111}, by the thiolate anchors. The ET was triggered by the
resonant excitation of the N 1s electron into the π(CN*)
orbital and monitored by RAES within the core−hole clock
(CHC) approach.80−84 Within this approach, different de-
excitation channels of the [N 1s]π* state are followed, viz., the
emission of the excited electron (participator channel, P),
emission of another electron from the occupied valence
molecular orbital (spectator channel, SP), and ET of the
excited electron to the substrate, all accompanied by an
interband transition from the occupied valence molecular
orbital to the N 1s hole. The P and SP processes, which are the
standard de-excitation routes for RAES, result in one hole (1h)
and two-hole one-electron (2h1e) states, respectively (see ref
29 for details and a schematic illustration of the relevant
processes). In contrast, the ET scenario results in a 2h state,
which is almost identical to the final state of nonresonant Auger
electron emission processes.85 Due to the different final states,
all of the above processes have different spectroscopic
signatures in the overall RAES spectrum, which can be
distinguished and the ET contribution, PET, precisely extracted.
Consequently, the characteristic ET time, τET, can be evaluated
using the major formula of the CHC approach, viz., τET =
τcore(1 − PET)/PET, where τcore is the core−hole lifetime serving
as an internal clock for the ET process and giving the name to
the approach.81 This lifetime is 6.4 fs for the N 1s core hole,80

providing access to the femtosecond time domain without use
of any complex experimental setup relying on pump−probe
techniques.
The length of the molecular backbone in the CHC

experiments on nitrile-substituted SAMs was varied, with PET
increasing and τET decreasing progressively with decreasing
backbone length.28−30 In particular, τET varied from 100 ± 26 fs
for NC−C4H8S/Au to 35 ± 9 fs for NC−C3H6S/Au to 14 ±
4 fs for NC−C2H4S/Au.

30 Further, in the extrapolated limit of
the negligible short backbone, the characteristic time for ET
from the NC group directly attached to the thiolate anchor to
the substrate was found to be ∼2.330 and ∼2.8 fs28 in the
independent experiments on different systems, being ∼2.5 fs on
average. In this context, NC/Au{111} represents a further,
ultimate case, with the exclusion of the “intermediate” thiolate
moiety and direct attachment of the nitrile group to Au{111}
with a C−Au bond. Under these circumstances, ET to the
substrate should be especially efficient, representing, most
likely, the major de-excitation channel of the [N 1s]π* state.
This efficient ET to the substrate is indeed the case, as shown

in Figure 7, where the [N 1s]π* resonant Auger electron
spectra (RAES) and corresponding Auger electron spectra
(AES) for NC/Au{111} are presented, along with the
analogous data for NC−C2H4S/Au{111},

25,30 for comparison.
The RAES spectra of NC−C2H4S/Au{111} are dominated by
the SP and P contributions, while the ET part, shown
separately, contributes only ∼30% of the entire spectral weight.
In contrast, the RAES and AES spectra of NC/Au{111} are
almost identical, suggesting that the former spectra are
dominated by the ET contribution, while the SP and P parts
are barely perceptible. Taking the RAES spectrum of NC−
C16H32S/Au{111} as the reference for the purely resonant
(autoionization) spectrum25,30 and the nonresonant AES
spectrum of NC/Au{111} as the representative for the ET

process (see above), the RAES spectrum of NC/Au{111} can
be decomposed into the SP/P and ET contributions and τET
can be calculated according to the major formula of the CHC
approach (see above). Three independent sets of experiments
resulted in τET values of 0.25, 1.08, and 1.38 fs, giving 0.9 fs on
average. The accuracy of this value is ±0.5 fs from the statistical
viewpoint and ±0.25 fs based on the accuracy of the τcore
value.80 The comparison of this value with the analogous values
for NC−(CH2)2S/Au is given in Figure 8. The most important
feature, however, is the dominance of the ET process over the
SP/P contributions in the [N 1s]π* decay spectrum of NC/
Au{111}, suggesting strong coupling to the substrate. Another
important result, is an ultimate proof for the CHC approach in
its specific application to SAMs, based on the resonantly
addressable NC group.12,25,27−30 Indeed, as can be expected,
the value of τET for the direct attachment of the nitrile group to
the Au{111} substrate is noticeably smaller than that for any
molecular backbone, e.g., 14.4 fs for NC−C2H4S/Au

25,30 and 9
± 3 fs for SAMs of NC−C6H4−SH/Au{111},

28
fitting well to

the proposed exponential dependence of τET on the length of
the alkyl chain derived from the NC−(CH2)nS/Au data (Figure
8a). The τET for NC/Au{111} is somewhat smaller than the
characteristic time for n = 0, obtained from the intercept of the
ln τET plot with the y-axis, viz., 2.3 fs30 (2.8 fs in ref 28). This
result is understandable, since the latter value, τn=0, is associated
with both the ET time required for transfer from the NC group
to the backbone and the ET time required for transfer from the
backbone to the substrate. Assuming that the former
contribution is close to τET for NC/Au{111}, the latter time
can be coarsely estimated at ∼1.3 fs. This value is comparable

Figure 7. [N 1s]π* resonant Auger electron spectra (RAES, black
curves) and nonresonant Auger electron (blue curves) spectra of NC−
C2H4S/Au (a) and NC/Au{111} (b). The electron transfer
contribution in the resonant Auger electron spectra is shown (red
curves). P, SP1, and SP2 denote the participator and two spectator
features, respectively. A1 and A2 denote two characteristic features in
the nonresonant spectra. The derived τET are given. The spectra of
NC−C2H4S/Au are reprinted with permission from ref 30. Copyright
2010 American Chemical Society.
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to a characteristic time of ∼320 as (0.32 fs) observed for ET
from an adsorbed sulfur atom to the substrate in the c(4 × 2)-
S/Ru(0001) system.84 The difference, which is reasonably
small, can be explained by band alignment differences, the
stronger bonding of the S atoms to the substrate in the latter
case, as well as the different characters of the involved orbitals
serving as the starting point for ET in both cases. It is well-
known that the character of the primary molecular or atomic
orbital affects the efficiency of ET.27,28

Discussion of ResultsBonding Scheme and Sub-
strate−Molecule Coupling. Combining our structural and
spectroscopic measurements with known Au−cyanide chem-
istry, we propose a bonding scheme for cyanide monolayers on
Au{111}. Assuming that the molecules on the surface organize
to maximize intermolecular interactions for monolayer stability,
and to offset unfavorable dipole coupling,73 we propose a
bonding scheme where the cyanide molecules are bound via a
Au−C bond and are oriented normal to the surface. Note that
when cyanide is attached to a carbon backbone as a nitrile
group it has an inclined orientation measured around 65°,3,30

suggesting that the strength of the substrate−molecule bond is
dominant over the intermolecular interactions and overpowers
the unfavorable dipole−dipole interactions.
Finally, from the CHC results measuring the ∼1 fs charge

transfer from the cyanide directly to the gold, as shown
schematically in Figure 9, we can infer that the electronic
coupling is particularly strong between the carbon and gold
based on the facile electron transfer. This result directly
supports the expected dominance of σ bonding suggested by

the increase in CN vibrational frequency. The electron transfer
efficiency, coupled with the molecule orientation, is an
indication that there is a favorable energetic overlap between
the molecular transport orbitals and substrate Fermi level24 and
follows the trend for electron transfer time as a function of the
length of the carbon backbone in nitrile functionalized
alkanethiol SAMs previously shown in Figure 8.30 In fact,
complementary to these results, it has been reported that the
conduction efficiency is significantly lower for isocyanide or
Au−NC bound molecules.31

■ CONCLUSIONS AND PROSPECTS
The vibrational and structural characteristics of stable cyanide
monolayers on Au{111} are revealed, and we show that
coupling to the gold substrate is particularly strong, leading to
facile electron transfer. Cyanide molecules form a hexagonal
close-packed lattice with a nearest neighbor spacing of 3.8 ±
0.5 Å. It was discovered using ATR-FTIR and SERS that the
cyanide molecules are attached to the gold through the carbon
atom and oriented normal to the surface. The molecular
composition and orientation was supported by high-resolution
XPS (HRXPS) and NEXAFS spectroscopy, and we discuss a
bonding scheme that compares favorably with the structure
observed in the STM images. The CHC method of RAES
measured the charge transfer from the cyanide to the gold to be
below 1 fs, comparable to charge transfer across the sulfur bond
of thiols and 100 times faster than when an alkane backbone is
present. These results further validate the use of the core−hole
clock method for measuring the ultrafast process of electron
transfer between molecule and substrate for self-assembled
monolayers. Current research is aimed at exploiting the strong
dipole moment of cyanide, molecule orientation, and the
strength of the molecule−substrate electronic coupling for
probing the interactions between molecular electronic states
and molecular vibrations at room temperature, which is critical
to developing more generally applicable single-molecule
spectroscopic techniques.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.6b06006.

Data and figures of details of infrared spectra of CN on
Au{111} (PDF)

Figure 8. Electron transfer (ET) time (top panel) from the excited
NC group to the substrate and its natural logarithm (bottom panel)
for NC/Au (red square) and NC−(CH2)nS/Au (n = 2−4; black filled
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intercept of 0.83 gives a τn=0 value of 2.3 fs. The values for NC−
(CH2)nS/Au are reprinted with permission from ref 30. Copyright
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Figure 9. Electron transfer across the Au−C bond is extremely
efficient at ∼1 fs, indicating strong electronic coupling between
substrate and molecule.
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