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spectroscopy, X-ray photoemission spectroscopy and density functional theory to resolve a long-standing
confusion regarding the adsorption behaviour of benzonitrile on Si(001) at room temperature. We find that
a trough-bridging structure is sufficient to explain adsorption at low coverages. At higher coverages when

steric hindrance prevents the phenyl ring lying flat on the surface, the 2+2 cycloaddition structure

www.rsc.org/pccp dominates.

Introduction

The modification of semiconductor surfaces through the covalent
attachment of organic compounds holds great potential for the
creation of hybrid organic-semiconductor devices where organic
functionality is integrated with conventional semiconductor
technology.'™ Organic molecules exhibit a broad range of optical,
electronic, chemical, and biological properties making them
suitable candidates for application in novel opto-electronic and
bio-electronic devices. Notwithstanding this enormous potential,
current electronic device technology is strongly rooted in solid-
state crystalline semiconductor materials, primarily silicon. Thus
there is currently a strong impetus for the development of
methods to interface organic functionality with silicon device
technology, and a key to this goal is understanding and control-
ling the organic-semiconductor interactions at the atomic-scale.
Determining the adsorption structures of organic molecules on
the technologically important Si(001) surface is an important
fundamental step toward this goal.”™*

Recent advances in atomic-scale imaging, photoelectron and
X-ray absorption spectroscopy, and theoretical calculations now
provide us with the ability to determine the structure of surface
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adsorbates with atomic-scale precision. Scanning tunnelling
microscopy (STM) can provide atomically-resolved images of
individual adsorbates, often resolving key features that are
critical to the correct identification of the structures. However,
detailed chemical information cannot be directly determined
from STM data, and it is suited mainly to submonolayer surface
coverages, making it useful to analyse STM results in combination
with complementary techniques. X-ray photoemission spectros-
copy (XPS) and near-edge X-ray absorption fine structure spectros-
copy (NEXAFS) provide detailed insight into the type, frequency,
and directionality of chemical bonds and functional groups. This
information is spatially averaged over macroscopic regions and
thus may reflect an average of different adsorbate configurations.
Density functional theory (DFT) can provide detailed adsorption
energies and reaction barriers for a multitude of possible
chemical and structural configurations. Nevertheless, the sensitivity
of the results to computational parameters, coupled with the
shear number of possible configurations, makes it difficult to
provide absolute statements about the expected structures
without comparison to experimental data. When used in isolation,
each of these methods is prone to uncertainty or error; however,
in combination they form a powerful toolset to resolve the
organic-semiconductor interface at the atomic scale.

The adsorption of benzonitrile (CsHsCN) to the Si(001) surface
is of interest because the molecular adsorbate can be repositioned
on the Si(001) surface using STM manipulation and subsequently
used as anchor points for the guided self-assembly of metal-atom
chains of single-atom width."> From a chemical perspective,
benzonitrile is interesting as an adsorbate with bifunctional
reactivity; both the phenyl ring and the nitrile group can react
with the silicon surface. The STM image data reported by Belcher
et al."® shows that only a single adsorbate structure exists when
benzonitrile is dosed to very low coverages at room temperature.
Moreover, the adsorbate is seen to bridge across the trench
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(a) Trough-bridge tripod

(b) 2+2 cycloaddition

Fig. 1 Models for benzonitrile adsorption on Si(001) referred to in this
work: (a) the trough-bridge tripod structure, (b) 2+2 cycloaddition. Top
and side view ball and stick models are shown together with chemical
schematics.

between two adjacent dimer rows. In conjunction with DFT
calculations the adsorbate configuration was identified as the
structure shown in Fig. 1a. In this configuration, the phenyl
ring is attached in a C,C; di-c arrangement to two adjacent
dimers on one dimer row, and the nitrile group is datively
bonded to a down silicon atom on the other dimer row. In the
following we will refer to this configuration as the trough-
bridge tripod structure, or trough-bridge for short.

These findings are at odds with earlier reports. Tao et a
used XPS, temperature-programmed desorption (TPD), high-
resolution electron energy loss spectroscopy (HREELS), and
DFT calculations to conclude that the best fit to their experi-
mental data is the 2+2 cycloaddition structure shown in Fig. 1b.
In this configuration the adsorbate is attached to the surface via
a 1,2-dipolar cycloaddition between the nitrile group and a
silicon dimer. A subsequent theoretical study, which considered
a broad range of possible adsorbate configurations, concluded
that the 2+2 cycloaddition structure is energetically preferred.'”
Later, Rangan et al.'® performed a combined NEXAFS and DFT
study and concluded that the 2+2 cycloaddition structure can
account only for a subset of features occurring in the NEXAFS
spectra, and that there must also be some fraction of the
adsorbates that are bonded to the surface via the phenyl ring.
Rangan et al. argued that the best overall fit to their nitrogen
K-edge spectra is a combination of the 2+2 cycloaddition
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structure and a C,Cs di-c structure where the nitrogen is not
bonded to the substrate. They proposed these species are both
present from the beginning of deposition. It should be noted,
that neither of these earlier reports considered the trough-bridge
tripod structure (Fig. 1a) proposed in ref. 15.

In this work, we reconcile these disparate interpretations by
recording XPS and NEXAFS spectra at both low and high
coverages. This allows us to compare the low coverage data of
the STM-based work of ref. 15 with the high-coverage spectros-
copy measurements reported in ref. 16 and 18. We analyse the
results with the aid of simulated NEXAFS spectra that we
generate via DFT, and we also perform a number of coverage
dependent STM measurements. We show that at very low
coverage the adsorption is dominated by the trough-bridge
tripod structure, while at higher coverages the trough-bridge
structure coexists with the 2+2 cycloaddition structure.

Methods

Experiment

Experiments were carried out in situ under ultrahigh vacuum (UHV)
on the soft X-ray beamline of the Australian Synchrotron.'® The
silicon substrates for these experiments were 12 x 2 mm chips
cleaved from 0.04-0.06 Q cm Sb-doped (n-type) silicon (001) wafers
(Virginia Semiconductor Inc.). Each silicon substrate was mounted
with tantalum clips in a direct-current heating arrangement
and degassed at ~550 °C overnight prior to first use. Before
each measurement or benzonitrile dose, the silicon sample was
flash-annealed to ~1200 °C (10 A, 6 V direct current) for 10 s
with a programmed cool-down over 2 minutes. Silicon samples
were allowed to cool for 30 minutes after flashing before dosing
with benzonitrile. Benzonitrile (>99.0%, Sigma Aldrich) was
purified by freeze/pump/thaw cycles and checked for residual
water contamination using a UHV residual gas analyzer (Stanford
Research Systems SRS100) and dosed from vapour admitted via a
UHV precision leak valve. Dose flux was calculated using the total
chamber pressure. Once prepared the samples were transferred
under UHV from the dedicated preparation chamber to the
adjacent analysis chamber for XPS and NEXAFS measurements,
which were taken at room temperature with a base pressure of
better than 2.0 x 10~ '° mbar.

The photon energy for XPS measurements was set to 440 eV
to maximise sensitivity to nitrogen. Gold 4f core level spectra
from a gold foil mounted on the analysis manipulator and
in electrical contact with the sample were taken for energy
calibration. Nitrogen 1s, carbon 1s, and silicon 2p core level
spectra were acquired subsequent to the gold 4f measurement.
Carbon and nitrogen K-edge NEXAFS spectra were then
acquired for five angles between normal (90°) and grazing
(20°) photon incidence. The acquisition mode was partial
electron yield (PEY) using a micro-channelplate detector and
a repelling grid energy of 230 V for carbon and 340 V for
nitrogen. Normalization of the PEY signal was performed via
the clean monitor method>® using a clean Si(001) surface and
the flux signal from a 50% transmissive gold grid placed in the
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beam path upstream of the sample. The sequence of XPS
measurements was repeated after completing the NEXAFS
measurement to ensure there had been no changes due to
contamination or beam damage.

NEXAFS spectra were normalised using standard procedures
as implemented in the QANT software package.”” Briefly, the
spectrum pre-edge was subtracted and the post-edge normalized
to unity and the spectra were lightly smoothed. Key n* resonances in
the near-edge spectra were fit with Gaussian peaks; the area of these
resonances as a function of angle was then curve fit to elucidate
the polar angle of the n* orbital vector. The underlying symmetry
of the Si(001) substrate is four-fold, hence the appropriate
equation is eqn (9.16a) in ref. 21; i.e.

20,21

1(0) = I (cos2 9(1 - %sin2 oc) + %sin2 oc)., 1)

where 0 is the X-ray incident angle measured from the surface
plane, I(0) is the angle dependent resonance intensity, and the
prefactor I, is a free-fitting parameter that depends on the
oscillator strength of the transition. The fitting parameter o
represents the polar angle of the orbital vector measured from
the surface normal, and its value is determined by fitting the
angle-dependent intensity (peak area) of a resonance to eqn (1).
Values for alpha are quoted with respect to the surface plane.
Uncertainties in the resulting tilt angle reflect the 95% confidence
interval of the fit rather than uncertainty in the absolute sample
angle (estimated at £2°).

Scanning tunneling microscopy was performed in a separate
UHV system using an Omicron LT-STM system operated at 77 K with
a base pressure below 5 x 10~ ' mbar. STM tips were prepared by
electrochemically etching 0.25 mm diameter polycrystalline tungsten
wire with subsequent in vacuo electron-beam annealing and field
emission. Samples were prepared using the same procedure as
detailed above for the NEXAFS and XPS experiments.

Simulation

Density functional theory calculations were used to compute
theoretical NEXAFS spectra for comparison with our experi-
mental spectra. The Si(001) was modelled using a slab model
approach with a (4 x 4) in-plane periodic repeat. This corre-
sponds to a unit cell of two rows of four dimers each. The slab
model has a thickness of five silicon layers. The non-adsorbing
side of the slab is chemically saturated using a dihydride
termination. Structure relaxations of the free Si(001) surface
and several benzonitrile adsorption configurations were carried
out using the FHI-aims code® using Perdew-Burke-Ernzerhof
(PBE) exchange-correlation,” a tight atom-centred basis set,
and a 2 x 2 x 1 Monkhorst-Pack grid. Except for the bottom
silicon layer and the hydrogen-termination, all atoms of the
slab model and adsorbate were fully relaxed. The atomic
positions obtained in this way provide the structure input for
our simulation of NEXAFS spectra. These NEXAFS spectra were
calculated using a different software, namely the Quantum
Espresso package® and in particular the PWScfand XSpectra®®
codes, which are based on a projector-augmented wave (PAW)
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approach.”® In these calculations, we again use PBE exchange-
correlation and a 2 x 2 x 1 k-point grid. A plane wave cutoff of
65 Ry (884 eV) was applied.

Simulated NEXAFS spectra were computed using a four-step
process. First, a standard self-consistent field (SCF) calculation
was carried out to give a reference ground state energy for the
benzonitrile structure considered. Second, for each absorber
atom (carbon and nitrogen in our case), a separate SCF calcula-
tion was carried out with a modified ‘transition potential’ PAW
potential at the absorber site, which has one half of an electron
removed from the core-level of interest.>® Third, the electron
density from each of these absorber calculation is used with the
XSpectra code to generate a set of unoccupied spectra along six
photon polarization directions, namely, (100), (010), (001),
(110), (101) and (011). Linear combinations of these spectra
can be used to derive the absorber spectrum for an arbitrary
polarization (see Supplementary methodology for details, ESIT).
And last, the spectra from each absorber site are combined
using a transition energy. This energy is computed using
another modified PAW potential at each absorber site, now
with a full electron removed from the core level of interest. The
energy difference between this ‘full-core-hole’ and the ground
state calculation gives the raw transition energy for each absorber.
The transition energy is further corrected by adding the band gap
obtained from the transition-potential calculation. This correction
accounts for variations in the band gap as a function of the core
hole location; however, the effect is typically small. Shifted by the
transition energy, the individual absorber atom spectra are com-
bined in a complete NEXAFS spectrum in a physically meaningful
way. We note in passing that the method of Mizoguchi*® for
calculating the transition energy is not required here because the
PAW approach uses all-electron energies, and thus no double-
counting of pseudopotential energies occurs.

Results and discussion
NEXAFS

Fig. 2 shows carbon and nitrogen K-edge NEXAFS spectra as a
function of incident angle for two benzonitrile doses, 0.225 L
(low dose) and 1.35 L (high dose), which produced submono-
layer and nearly saturated adsorbate coverages, respectively
(see below). The dose rate was kept constant for both doses by
maintaining a constant chamber pressure of 1.0 x 10~° mbar.
The low dose carbon K-edge spectra (Fig. 2a), shows three
prominent resonances at 284.5, 285.5, and 286.2 eV that we
label C;, C,, and Cyn. We will show that these arise from
excitation of carbon atoms to m* anti-bonding states associated
with the atoms of the ring portion of the adsorbates (Cr1, Cry)
and from excitation of the nitrile carbon (Cy). It can be seen
that the C,; resonance shows strong linear dichroism with
highest intensity at glancing incidence. A fit of the peak areas
as a function of angle to eqn (1) yields a n-plane tilt angle of
41.5 + 2.0° above the surface plane. Similarly, the C,, reso-
nance displays strong dichroism yielding a n-plane tilt angle
of 28.1 £ 5.0°. In contrast no dichroism is evident for the
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Fig. 2 Carbon and nitrogen K-edge NEXAFS spectra for low (0.225 L) and
high (1.35 L) benzonitrile doses. The low and high dose carbon spectra
(@ and c) display prominent peaks at 284.5, 285.5, and 286.2 eV that we
label C,1, C» and Cy, and an exciton peak at 283.8 eV. The inset in panel
(@) shows unsmoothed data. The low and high dose nitrogen spectra
(b and d) display prominent peaks at 397.0, 398.7, and 399.3 eV which we
have labeled N¢, Njp, and Ngp.

Cy resonance. The broad feature centred on 288 eV can be
attributed to C-H o* resonances, which are known to occur in
close proximity to the ionisation potential.*'*> There is a
further peak that appears as a shoulder on the low energy side
of the C,; resonance. In the unsmoothed data, this shoulder
appears as a very sharp instrument-limited (width ~0.2 eV; see
inset in Fig. 2a) resonance at 283.8 eV. The very narrow line-
width and its position at the leading edge of the step suggests
that this is a core exciton resonance similar to that observed for
other small aromatic and conjugated molecules,** and also in
bulk diamond®* and graphite.*”

The nitrogen K-edge at low coverage (Fig. 2b) displays three
resonances at 397.0, 398.7, and 399.3 eV which we have labeled
N¢, Nyp, and Npp, respectively. The subscript labels represent
cycloaddition, in-plane, and out-of-plane, whose meanings will
become clear below. The N¢ peak appears to display some
dichroism; however, the low peak intensity relative to the noise
level precluded an accurate determination of the tilt angle.
Both Njp and Ngp resonances have strong dichroism but with
opposite trends; Nyp is most intense at glancing incidence
whereas Ngp is most intense at normal incidence, hence
the in-plane and out-of-plane labels. The corresponding tilt
angles from eqn (1) are 27.9 + 1.1° and 66.3 *+ 0.8°
respectively.

The high coverage NEXAFS spectra for carbon and nitrogen
(Fig. 2c and d) are similar to the low coverage spectra: the Cy,,
Cn, Nyp, and Npp peaks remain essentially unchanged. How-
ever, there are two critical changes: (1) the C,; resonance no
longer displays any dichroism (Fig. 2c), and (2) the N¢ reso-
nance shows a large increase in oscillator strength relative to
features Nip and Nop such that the resulting tilt angle can be
determined to be 71.2 + 1.6°. We note further that a previous
measurement exists for the high-coverage nitrogen K-edge
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NEXAFS (Fig. 7 in ref. 18) and that our corresponding measure-
ment (Fig. 2d) is in good agreement with this prior work.

The observation that some peaks remain unchanged while
others display dramatic changes suggests that additional
adsorption structures are contributing new spectral features
in the high coverage spectra. In order to understand the relative
contributions and structural origins of each, it is necessary to
disentangle the spectra, which we do using coverage dependent
XPS measurements.

XPS

We consider core-level XPS spectra in order to distinguish
benzonitrile adsorption configurations by their nitrogen chemistry.
Fig. 3 shows XPS nitrogen 1s core level spectra for the low and high
doses. Both coverages show three peaks labeled N1, N2, and N3,
which are located at 397.7, 398.5 and 400.3 eV in the high coverage
spectra. There is a small shift of <0.2 eV in the low coverage
spectra, which we attribute to a band bending effect due to a
changing adsorbate dipole moment.® Peak N2 is a contamination
peak from the analysis chamber background that was present prior
to dosing; the associated NEXAFS spectrum is a featureless step
edge that we recorded separately. Peak N1 is small at low coverage
but increases dramatically at the higher coverage to become the
dominant peak. In contrast, peak N3 increases only slightly in the
high coverage spectrum.

The two benzonitrile-related XPS peaks N1 and N3 suggest
that there are at least two distinct kinds of nitrogen chemistry
occurring during benzonitrile adsorption and that the ratio
between these changes dramatically with coverage. The large
binding energy separation between the two XPS peaks (2.6 €V)
indicates significant differences in charge transfer between the
nitrogen sites and the bonding atoms. Thus, the XPS spectra
shown in Fig. 3 suggest that the structure (or structures)
leading to peak N3 in the XPS occur first and therefore
dominate the low coverage spectra. As the coverage increases,
the surface begins to saturate but benzonitrile uptake continues
in the form of a new structure (or structures) that produces XPS
peak N1.

The value of 397.7 eV for peak N1 is consistent with
rehybridization of the nitrile group as observed in adsorption
of benzonitrile on metal surfaces (e.g. Ni, Pd).*® This suggests
that peak N1 (dominant at high coverage) results from an
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Fig. 3 X-ray photoelectron spectroscopy N 1s core level spectra for low
(0.225 L; blue diamonds) and high (1.35 L; red circles) benzonitrile doses on
Si(001) at room temperature.
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adsorbate configuration involving a disruption to the nitrile
bond. On the other hand, the value of 400.3 eV for peak N3
(dominant at low coverage) is higher than the value reported for
a physisorbed multilayer of benzonitrile at cryogenic tempera-
ture (399.8 eV).>® This suggests an intact nitrile group with
some degree of charge transfer from the nitrogen site for our
N3 peak. Since there is already a triple bond to the nitrile
carbon, the most likely form of charge transfer of this kind is a
dative bond resulting in a positive formal charge on the
nitrogen site. A shift to higher binding energies has been
observed in this situation previously by Tao et al.®>” in a study
of pyridine adsorbed on Si(001).

NEXAFS decomposition

The XPS data suggests a strong preference for the adsorbates to
adopt one configuration at low coverage with an increasing
preference for an alternate structure as the coverage approaches
saturation. The chemical shifts in the nitrogen 1s XPS suggests
these initial and saturation adsorbate structures have nitrogen
attachment chemistries consistent with the trough-bridge and
2+2 cycloaddition configurations, respectively. We can gain
further insight by using the relative fractional contributions of
the N1 and N3 XPS component peaks to decompose the NEXAFS
spectra into corresponding separate component spectra, and
then comparing these with simulated NEXAFS spectra. XPS peak
N3 is associated with the structures that form on the initial
adsorption at low coverage and peak N1 is associated with the
structures that form at higher coverages. We label the areas of
these peaks A and B, respectively, such that at low coverage we
have peak areas A;, and By, and at high coverage we have Ay and
By. We are then able to decompose the NEXAFS spectra because
we know that at each coverage these are linear combinations of
spectral contributions from the separate structures in the same
proportions as measured in the XPS spectra. Thus, if the low and
high coverage NEXAFS spectra are labelled oy, and oy, and the
(unknown) NEXAFS component spectra arising from the initial
and saturation coverage adsorbate structures are oy and g, then
we can write the relative fractional spectral contributions to each
NEXAFS spectrum as

oL = Aror + Brog

2)

oy = Agor + Byog

We determine o; and og by first subtracting the known con-
taminant spectrum (weighted by its relative intensity in the XPS
spectra) then inverting the resulting matrix of coefficients per
eqn (2) and computing the corresponding component spectra
accordingly. The same procedure can be applied to deconvolve
the carbon NEXAFS spectra with the modification that there is
no associated contaminant spectrum.

The deconvolved spectra for carbon and nitrogen are shown
in Fig. 4 and 5, respectively. Note that the oy and o5 spectra that
reproduce the low- and high-coverage spectra for a given
incident angle (e.g., shown in Fig. 4a and c) are identical and
only the relative weightings vary such that their addition
reproduces the full experimental spectra via eqn (2).
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Fig. 4 Decomposition of the carbon NEXAFS spectra grazing (20°) and
normal (90°) angles of incidence. The decomposed spectra 63*°, 67", 63"°,
and cgﬂ" are displayed with the appropriate weighting A, B, Ay, and By
such that their sum produces the corresponding full experimental spectrum.
The dashed lines show the baseline for the shifted spectra.
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Simulated NEXAFS: trough-bridge structure

We analyse the deconvolved experimental spectra by simulating
NEXAFS spectra of DFT calculated adsorption structures. The
STM observation of only the trough-bridge structure at very low
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Fig. 6 Theoretical NEXAFS spectra at glancing and normal incidence
computed for the trough-bridge structure for (a) carbon and (b) nitrogen.
The experimental o, spectra appear as dotted lines above the theoretical
equivalent. The dashed lines show the baseline for the shifted spectra.

coverage'® combined with the XPS data presented and discussed
above suggests that a simulated NEXAFS spectrum of the trough-
bridge structure is a suitable place to begin the analysis of the
deconvolved spectra of the component that dominates at low
coverage (o).

Fig. 6a shows simulated grazing and normal incidence
carbon K-edge NEXAFS spectra for the trough-bridge model
together with the corresponding deconvolved experimental spectra,
while Fig. 6b shows the analogous traces for the nitrogen K-edge. It
is immediately apparent that there is a remarkable agreement
between the simulated and experimental and spectra, providing
strong evidence in support of our trough-bridge model (Fig. 1a) as
the initial adsorbing product for benzonitrile on Si(001) at low
coverage.'® In particular, the simulation reproduces well the Cy,
Cr, and Cy resonances in the carbon spectra: the calculated energy
separation between C,; and C, is 1.09 eV and between C,, and Cy
is 0.79 eV, which is in good agreement with the corresponding
experimental values of 1.0 and 0.7 eV (Fig. 2). The simulation also
reproduces well the nitrogen peaks, producing both the Ny and
Nop features with an energy splitting between them of 0.47 eV that
agrees with the value of 0.5 eV from experiment.

The good agreement at glancing and normal incidence
(Fig. 6) demonstrates also that the simulation reproduces
the experimental dichroism in both the carbon and nitrogen
spectra. We calculate the tilt angles from the simulated spectra
in the same way as in the analysis of the experimental spectra
by fitting the peak area variation with incident angle to the
Stohr equation (eqn (1)). The theoretical tilt angles for the
simulated nitrogen spectra are «(Np) = 28.1° and «(Ngp) =
80.8°, which are in good agreement with the experimental
values of 29.5°% 69.3° respectively. The tilt angles derived from
the simulated C, resonances, o(Cr;) = 20.4° and «(Cy,) = 18.0°
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are slightly lower than the corresponding experimental values,
31.6° and 28.1°. These slight discrepancies may reflect vibrational
effects as discussed further below. Nevertheless, the overall
agreement between the deconvolved spectra (o) corresponding
to the dominant species at low coverage and the trough-bridge
model simulated spectra is very good for both the carbon and
nitrogen K-edge.

Simulated NEXAFS: 2+2 cycloaddition

Fig. 7 shows simulated grazing and normal incidence carbon
and nitrogen K-edge NEXAFS spectra for the 2+2 cycloaddition
structure alongside the corresponding deconvolved g experimental
spectra. There is excellent agreement between the simulated
and experimental nitrogen K-edge NEXAFS (Fig. 7b): the theo-
retical spectra reproduce all of the main features that are
evident in the experimental spectra for glancing and normal
incidence. The N¢ resonance dominates the normal incidence
spectrum (90°) and becomes much weaker in the glancing
incidence spectrum (20°). The corresponding theoretical tilt
angle for the N¢ resonance is 76.2°, which agrees well with the
experimental value of 72.7°.

The simulated carbon K-edge spectra also reproduce the key
features observed in the experimental spectra. In particular, the
Cn1 peak (284.5 eV) that is the most prominent aspect of the o5
spectrum is well reproduced, as are other smaller features in
the higher energy region of the spectra. A fit to the simulated
dichroism produces a tilt-angle for the C,; resonance of 83.9°,
which is in qualitative agreement with the experiment but
quantitatively larger than the experimental value of 62.2°.
Another point of discrepancy is that the simulated spectra
show splitting of the C, resonance states that is not seen in
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Fig. 7 Theoretical NEXAFS spectra computed for the 242 cycloaddition
structure for (a) carbon and (b) nitrogen at glancing and normal incidence.
The experimental o5 spectra appear as dotted lines above the theoretical
equivalent. The dashed lines show the baseline for the shifted spectra.
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the experimental og spectra; this is most evident at the low
energy side of the 90° spectra in Fig. 7a.

Thus we have an excellent agreement between simulation
and experiment for the nitrogen K-edge spectrum, and overall a
good agreement for the carbon spectrum with a couple of
points of discrepancy that we will now address. A plausible
reason for the discrepancies in the carbon spectra is that we are
not accounting for the thermal motion of the adsorbate when
generating our NEXAFS simulations, and that this becomes a
problem particularly for the phenyl portion of the 2+2 cycloaddition
structure where significant vibrational and rotational motion is
possible. In principle we could take account of thermal motion by
performing a full calculation of a representative spectrum based on
many snapshots including vibrational and rotational motion; how-
ever, this is computationally prohibitive. Nevertheless, we can gain
some insight by considering key perturbations. We consider the
rotational motion of the phenyl ring about the C-C linkage to the
substrate by simulating the extreme case where the ring is rotated
by 90° such that the ring is parallel to the dimer row (Fig. 8b and c).
The resulting simulated carbon spectra are shown in Fig. 8a (the
nitrogen spectrum is essentially unchanged from Fig. 7b). This
shows spectral features in much better agreement with experiment:
the dichroism of the dominant carbon resonance at 284.6 eV (62.9°)
matches very well with the experimental value of 62.2° and the
splitting of this peak has been eliminated. Admittedly, the full 90°
rotation is an extreme illustration of the effects of phenyl ring
rotation on NEXAFS measurements. However, complete (180°)
rotational motion of ring is predicted to occur at an appreciable
rate of 107 s™". This is based on a calculated barrier of 0.36 eV
and an assumed Arrhenius attempt frequency of 10** s, This
illustrates that considerable rotational motion of the phenyl
group occurs in the 2+2 structure. Thus we propose that the 2+2
cycloaddition structure is a good fit to the experimental og
decomposition spectra once thermal effects have been taken
into account.
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Fig. 8 (a) Theoretical nitrogen K-edge NEXAFS spectra computed for
the 2+2 cycloaddition structure with 90° rotation of the phenyl ring. The
experimental os spectra appear as dotted lines above the simulations. The

dashed lines show the baseline for the shifted spectra. (b and c) Side and
top view structural models.
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Identification of NEXAFS peak components

We can gain further insight into the NEXAFS data by decomposing
the simulated spectra to elucidate the atomic origins of the
individual components. We start by examining the simulated
NEXAFS spectrum of gas-phase benzonitrile (Fig. 9a). We find that
there are contributions to the C,; resonance at 284.5 eV from the
ortho, meta, and para carbons of the phenyl (C2 to C6), while the
nitrile carbon atom is essentially the sole contributor to a distinct
resonance at 286.4 eV. There is also a small peak at 285.3 eV
deriving from the carbon C1 that is also present as a shoulder
resonance in the ortho carbons (C2 and C6). This is consistent
with the meta-directing character of the nitrile group.
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Fig. 9 Atomic decomposition of the theoretical carbon K-edge spectrum
for various structures: (a) gas-phase benzonitrile; (b) 2+2 cycloaddition
(normal incidence); (c) trough-bridge tripod (grazing incidence); (d) 2+2
cycloaddition with 90° rotated phenyl ring (normal incidence). (e) Resonance
forms for the trough-bridge tripod.
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When benzonitrile is adsorbed on the Si(001) surface, changes
in the bonding and delocalization are reflected in changes from the
gas phase spectra. In the 2+2 structure (Fig. 9b) the nitrile has
converted to a double bond and consequently the 286.4 eV
resonance from the nitrile group disappears. Instead, the spectral
contribution of the “nitrile” carbon is reminiscent of a conven-
tional double bond. The remaining carbons produce spectral
components similar to the gas phase case. However, as noted in
our discussion above of the decomposed experimental spectra,
there is a clear splitting in the dominant C,; resonance of the
theoretical spectrum that is not seen experimentally. The decom-
posed data in Fig. 9b shows that this is predominantly coming
from the meta carbons, supporting our hypothesis that the splitting
is a result of the 2+2 structural resonance forms between the phenyl
ring and the cyclized nitrile that leaves C2 and C6 with a positive
formal charge. Such resonances are only possible when the phenyl
ring is planar to the cyclized nitrile. Hence, rotational motion of the
phenyl can be expected to reduce or eliminate the split peak, as is
illustrated in our calculation of the extreme case where the ring is
rotated 90°: the resulting spectra (Fig. 9d) show all carbons
contributing essentially equally to a single C,; resonance.

The trough-bridge structure (Fig. 9c) shows a different kind
of symmetry breaking. In this structure, carbon atoms C2 and
C5 no longer contribute to the n* character of the NEXAFS
spectra due to their bonding to the silicon substrate. The ring is
therefore divided into two separate n* systems as illustrated in
Fig. 9e. Between atoms C3 and C4 there is an isolated double
bond and between C1 and C6 there is a second double
bond that is in conjugation with the nitrile triple bond. This
conjugation is described by two resonance structures, which
delocalises the nominal positive valence charge on the nitrile
nitrogen atom to the C6 site on the ring. In contrast, the C1 site
and nitrile carbon atom remain nominally neutral. Therefore,
the nitrile carbon and C1 spectral contributions in Fig. 9c
appear very similar to their counterparts in the gas phase
spectra (Fig. 9a). The Cl-associated NEXAFS resonance peak
C; is very close in energy to the dominant peak of the 2+2
spectrum, hence the same label in this work. The resonance
peak associated with C6 site is shifted due to the delocalised
positive charge at the site. This creates the second n* resonance
peak labelled C, in the experimental spectra of the trough-
bridge.

Compared to the carbon spectra, the nitrogen spectra are
more straightforward since there is only one nitrogen per
molecule and each peak is reasonably well separated in energy.
For the trough-bridge structure we can readily identify the Nyp
and Ngp features as arising from the in-plane and out-of-plane
n-bonds in the nitrile group. These are split in energy due to
their different orientations with respect to the substrate. In
contrast, the 2+2 nitrogen K-edge spectrum shows only a single
dominant resonance reflecting the n* character of the cyclized
nitrile in that structure.

Data accessibility

The data created during this research are openly available at
https://doi.org/10.5281/zenodo.154112.
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ST™M

The STM results in ref. 15 were of very low coverage surfaces
and showed evidence of only a single adsorbate species that
were identified as the trough-bridge structure (Fig. 1a). In an
attempt to image the 2+2 cycloaddition structure we have
performed an STM study of Si(001) surfaces with increasing
benzonitrile coverage, and the results are shown in Fig. 10.
The lowest dose (Fig. 10a) shows only isolated adsorbates
(x5 adsorbates per 100 nm?) that we identify as the trough
bridge feature: a high resolution image of one adsorbate is
shown in Fig. 10d (note that at 77 K the surface silicon dimers
are locked into the ¢(4 x 2) buckled ground state of this surface,
resulting in slightly different appearance than the room tem-
perature data shown in ref. 15; nevertheless the essential
features of the trough-bridge feature shown here are consistent
with the observations in ref. 15 and DFT calculations). Fig. 10b
and c show images where the coverage was increased by dosing
at 2 x 107 '° mbar and 5 x 10~ % mbar, respectively. In these
higher doses we can identify a number of brightly imaging
features that were not present on the low coverage surface. A
high resolution image of one of these features is shown in
Fig. 10e, and the line profile taken across the feature (Fig. 10f)
shows a height profile ~140 pm. Moreover, these features
imaged brightly in both filled- and empty-state images, suggest-
ing a structural origin to the large height profile. Thus, these
STM observations are consistent with our XPS and NEXAFS of a
single feature at low coverage, and the addition of a new feature
as the surface coverage increases. The low coverage images
show a feature adsorbing across a dimer trough, consistent
with our trough-bridging structure, and the new feature at
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8 -~ Cb.8
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) 2 N N .
(f) 2+2 cyclo. line profile
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Fig. 10 (a) Filled state topography (—2 V, 20 pA) of a low coverage of
benzonitrile molecules at 77 K. Higher protrusions are seen at increased
coverages, given by dosing at 2 x 107° mbar (b) and 5 x 107° mbar (c) for
600 s. (Both topographies at —2 V, 20 pA)) Insets (d) and (e) illustrate the
difference in the features seen in panels (a) and (c), respectively, in more
detail. Panel (f) shows a line profile across the bright feature in panel (e),
taken between points x and x’. The z-range of all images is 180 pm.
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higher coverages exhibits a large height profile consistent with
what would be expected from the 2+2 cycloaddition structure.

Discussion

The XPS, NEXAFS, and STM data that we have presented above
are consistent with a prior STM/DFT report'® that when Si(001)
is dosed at room temperature with benzonitrile to very sub-
monolayer coverage only one adsorption feature forms. The
trough-bridge structure fits well all of our data in this regime,
while also being the most energetically favourable structure
predicted by DFT."® At higher benzonitrile coverages there are
clear changes to the XPS and NEXAFS spectra that indicate the
formation of at least one more adsorbate structure. We have
shown that the 2+2 cycloaddition structure is a likely candidate
structure in agreement with previous reports.'®® Simulated
NEXAFS spectra from the 2+2 cycloaddition structure are a good
match to the experimental spectra, with some small allowances
for thermal effects in the simulated spectra.

Determining the reason underpinning this distinctive
change in the surface reactivity of Si(001) to benzonitrile, from
strongly favouring the trough-bridge structure at low coverage to
a surface with a high proportion of 2+2 cycloaddition structures
is an interesting problem in the physics and chemistry of the
Si(001) surface and its interface with organic molecules. We offer
here the following speculation. The trough-bridge structure has a
large footprint: the adsorbate bonds to two silicon dimers in one
row and to a third in the neighbouring row (Fig. 2a), thus
disrupting three out of four silicon dimers in a rectangular
4 x 2 unit cell, but leaving the fourth one unreacted. Thus, as
the coverage of benzonitrile adsorbates increases the probability
of having three vacant clean silicon dimers necessary for forming
the trough-bridge feature will decrease rapidly, while at the same
time the probability for single clean dimer sites will remain
relatively high. The 2+2 cycloaddition structure has only a single-
dimer footprint and is thus able to form long after all the
available trough-bridge sites have become saturated, and the
uptake of 2+2 cycloaddition structures will continue until all
remaining clean silicon dimer sites have been saturated.

Conclusions

We present NEXAFS and XPS data, with accompanying simula-
tions, to explore the coverage dependence of the benzonitrile
adsorption configuration and explain the seemingly conflicting
structures reported previously in the literature. Our XPS sug-
gests two nitrogen bonding modes, allowing us to also decom-
pose the NEXAFS spectra into two features which we assign to
the trough-bridge and 2+2 models. At very low coverages the
row tripod model dominates adsorption, but as the coverage is
increased the row tripod becomes sterically hindered and the
fraction of the 2+2 model also increases. Low temperature
scanning tunnelling microscopy supports these findings, which
illustrate the utility of an approach to determining adsorption
structures that combines theoretical and experimental NEXAFS.
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