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Probing the role of surface termination in the
adsorption of azupyrene on copperf
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The role of the inorganic substrate termination, within the organic—inorganic interface, has been well
studied for systems that contain strong localised bonding. However, how varying the substrate termination
affects coordination to delocalised electronic states, like that found in aromatic molecules, is an open
question. Azupyrene, a non-alternant polycyclic aromatic hydrocarbon, is known to bind strongly to
metal surfaces through its delocalised = orbitals, thus yielding an ideal probe into delocalised surface-
adsorbate interactions. Normal incidence X-ray standing wave (NIXSW) measurements and density functional
theory calculations are reported for the adsorption of azupyrene on the (111), (110) and (100) surface facets of
copper to investigate the dependence of the adsorption structure on the substrate termination. Structural
models based on hybrid density functional theory calculations with non-local many-body dispersion yield
excellent agreement with the experimental NIXSW results. No statistically significant difference in the azupyr-
ene adsorption height was observed between the (111) and (100) surfaces. On the Cu(110) surface, the mole-
cule was found to adsorb 0.06 + 0.04 A closer to the substrate than on the other surface facets. The most
energetically favoured adsorption site on each surface, as determined by DFT, is subtly different, but in each
case involved a configuration where the aromatic rings were centred above a hollow site, consistent with pre-
vious reports for the adsorption of small aromatic molecules on metal surfaces.

Introduction

The organic/inorganic interface is important for various
modern device applications in a wide range of fields, such as
organic semiconductors, gas sensing and medical devices.'™®
Molecular adsorption at this interface controls important pro-
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perties such as band alignment, charge carrier injection bar-
riers and growth templating."*>” These properties are gov-
erned by an interplay of competing interactions at this inter-
face: the interaction across layers between the inorganic sub-
strate and adsorbed organic overlayer; the interaction between
molecules in the organic layer; molecular distortions induced
by adsorption; anchoring of the individual molecules to the in-
organic substrate; etc. Thus, elucidating the role that each of
these interactions play at the organic/inorganic interface is key
to systematic improvement in device design, and requires the
study of model systems. In particular in quantitative structural
determination, there has been a strong focus on understand-
ing how organic molecules or metal organic complexes inter-
act with different metallic substrates. Indeed, there have been
several exhaustive studies probing the different adsorption
heights for such species above the (111) surface of different
coinage metals.*'® There have been, however, far fewer
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studies into how the interaction at the organic/inorganic inter-
face changes with surface termination.

Several studies have indicated that the interaction between
the metal surfaces and molecular adsorbates follow similar
rules that can be found within coordination chemistry,'”2°
which would give the naive impression that one can consider
the interaction at the inorganic/organic interface to be deter-
mined simply by the individual atoms that directly bond to
one another. However, some effects at the organic/inorganic
interface are purely surface driven, which has been shown in
the few studies comparing adsorption on different surface ter-
minations. For example, when formate (dehydrogenated
formic acid) adsorbs on Cu surfaces, it has an identical coordi-
nation number across different surface terminations, but the
Cu-O bond length is dependent on the substrate.”’ Namely,
on the (111) and (110) surface, formate adsorbs with both of
its oxygen atoms off-atop neighbouring Cu atoms (i.e. singly
coordinated), yet adsorption on the (110) surface results in a
significant decrease (0.09 + 0.05 A) in the Cu-O bond length
compared to the (111) surface. This result was anticipated -
the surface Cu atoms in the (110) surface are under co-
ordinated compared to the Cu atoms in the (111) surface
(6-fold vs. 9-fold), and thus are expected to more strongly inter-
act with molecular species. The (100) termination, the third
low index surface termination of fcc crystals, is expected to sit
in the middle of these two substrates, in terms of interaction
strength, as its surface Cu atoms are each 8-fold coordinated.

However, in the case of formate, the bonding between the
surface and the molecule is very directional, featuring a strong
bond between individual atoms in the surface and individual
atoms in the molecule, which dominates the total adsorbate
and substrate interaction. Yet, many systems of interest at the
organic/inorganic interface consist of large aromatic molecules
where the bonding between the substrate and adsorbates is far
more delocalised. Rather than considering only the interaction
found in these “localised bonds” one must also consider the
“delocalised bonding” interaction between surface valence/
conduction band and molecular orbitals, both of which are
delocalised over multiple atoms. Quantitative studies compar-
ing the adsorption of such large aromatic molecules on
different low index surface terminations of the same metal,
however, are few and far between.

One system that is particularly well studied in the literature
is PTCDA (Peryleno[3,4-¢d:9,11-c'd']dipyran-3,5,10,12-tetrone,
shown schematically in Fig. 1a), a large aromatic molecule

a) C backbone b) long ‘axis C)
1

Fig. 1 Molecular structure of (a) PTCDA, (b) azupyrene and (c) pyrene.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

with terminal oxygen atoms (indicated in Fig. 1a). The adsorp-
tion structure of this molecule has been quantitatively deter-
mined on the three low index terminations of Ag'*** as well as
the (111) and (100) terminations of Cu.'*** The adsorption
height of the carbon backbone (indicated in Fig. 1a) of the
molecule, as determined by normal incidence X-ray standing
waves (NIXSW), was found to be very similar for the Ag(111)
and Ag(100) surfaces but decreased significantly (~0.3 A) on
the Ag(110) surface. However, separating the localised and
delocalised contributions to the molecule-metal bond that this
molecule forms is challenging. In addition to the delocalised
bonding of the C backbone, that is dominated by long-range
dispersion interactions, there is clear localised bonding
between the terminal O atoms in the molecule and the Ag
atoms at which they are anchored. Furthermore, due to
differing lattice matching, the registry between the Ag atoms
and the O atoms varies between the (111) and the other two
terminations. Thus, it is not possible to draw direct con-
clusions about the role of the surface termination from the
PTCDA work.

To disentangle the direct effects of the surface termination
on delocalised bonding more clearly and to elucidate how the
surface termination will affect interactions with large aromatic
molecules, a different model molecule is required. In particu-
lar, this molecule should interact strongly with the underlying
substrate, but bond to the surface via delocalised molecular
orbitals rather than through localised bonds. Non-alternant
polycyclic aromatic hydrocarbons (PAH) offer such properties.
Non-alternant PAHs without heteroatoms contain only carbon
and hydrogen, thus no highly reactive functional groups or
lone pairs that would lead to localised bonds. While alternant
PAHs tend to interact weakly with metallic surfaces, non-alter-
nant PAHs, e.g. those containing 5- and 7-membered aromatic
rings, have been previously shown to bond strongly to the
underlying surface.’*®” Azulene, the non-alternant isomer of
naphthalene, adsorbs ~0.7 A closer to the Cu(111) surface
than naphthalene; possesses a 0.8 eV larger adsorption energy;
and exhibits significant electronic hybridisation with the
metallic states of the underlying Cu.*® Similarly, azupyrene
(Fig. 1b) also electronically hybridises with the Cu(111) surface
and exhibits a greater adsorption energy than its alternant
counterpart pyrene (Fig. 1c).?® Due to its size and symmetry,
the azupyrene molecule (compared to azulene) represents a
more suitable model system to probe the role of the surface
termination in delocalised bonding.

Azupyrene is a molecular semiconductor with a dipole-for-
bidden HOMO to LUMO transition, but that still has a compar-
ably narrow optical band gap (2.54 €V).*® This forbidden tran-
sition means that, although it is optically active for absorption
of photons, it does not fluoresce and could have applications
in organic photovoltaics. In thick films the HOMO is found at
a binding energy of 2.10 eV, therefore the LUMO is close to
the Fermi edge. Hence, there could also be applications for
this molecule as an exciton barrier at the electrode interface
for a variety of organic semiconducting devices. Thus, beyond
yielding a purely fundamental insight into the interaction
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between aromatic molecules and metallic surfaces, studying
azupyrene on copper surfaces is of specific interest for future
potential utilisation in organic semiconductors.

In this work, we quantitatively compare the adsorption
height of azupyrene on the three different low index surface
facets of Cu: Cu(111), Cu(110) and Cu(100). Utilising the
NIXSW technique and density functional theory (DFT) calcu-
lations using a hybrid functional (HSE06)*° with non-local
many-body dispersion (MBD-NL)*' we elucidate the adsorption
geometry of the azupyrene across all three terminations.
Overall, we find that there is little difference in the adsorption
height between the Cu(111) and Cu(100) substrates, but a mea-
surable decrease in adsorption height on the Cu(110) surface.

Experimental methods

The experimental measurements were performed in one of the
permanent endstations mounted on the 109 beam line** at
Diamond Light Source (UK). Soft X-ray photoelectron spec-
troscopy (SXPS) and normal incidence X-ray standing wave
(NIXSW) data were acquired using an EW4000 HAXPES
(Scienta) hemispherical energy analyser. The analyser was
mounted perpendicular to the incident photons, in the plane
of the photon polarisation (linear horizontal). Clean Cu(111),
Cu(110) and Cu(100) samples were prepared by repeated sput-
tering (par = 5 X 107> mbar, U = 1 kV) and annealing (T =
800-1000 K) cycles. Their cleanliness was assessed by SXPS
and low energy electron diffraction (LEED). On occasion, after
annealing to substrate temperatures greater than ~900 K, a
small Sn or Sb contaminant was observed on the surface of the
crystal, however this contaminant had no obvious effect on the
NIXSW results for the azupyrene layer and is thus assumed to
not play any role in the molecular adsorption. For the NIXSW
measurements, the reflectivity was acquired simultaneously to
the photoelectron yield using a fluorescent plate that is
mounted inside the port through which the incident photons
pass. The measured reflectivity curve was used to define the
position of the Bragg energy, as well as the broadening present
in the system due to imperfections in the monochromator or
the copper single crystals. The Cu(111), (220) and (200) reflec-
tions were employed at photon energies of ~2990 eV, ~4860 eV
and ~3440 eV for the NIXSW measurements of the Cu(111),
(110) and (100) samples, respectively. The non-dipolar effects
in the NIXSW measurement®® were addressed using a so-called
“backwards-forwards Q-parameter”,** which was calculated
theoretically®® using the angle between photon polarisation
and the median photoelectron intensity emission angle (6 =
18°). The NIXSW data were acquired over multiple spots on the
sample (5 for the (111), 3 for the (110) and 3 for the (100)
surface) and the summation of these data were analysed to
obtain the results herein. Before acquisition of the NIXSW
measurement a reflectivity measurement was performed to
ascertain the crystalline quality of the spot on the sample, and
to adjust the photon energy region such that the same energy
range, relative to the Bragg energy, was acquired in each posi-
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tion. The individual photoelectron energy distribution curves
of the NIXSW measurements were fitted with a convolution of
a Gaussian and a Doniach-Sunjic*® line shape. A Gaussian
error function, that shared the same Gaussian width as the
peak, was used to model the step in the photoelectron inten-
sity before and after the peak, while a straight line was used to
model the background variation. The uncertainty in the coher-
ent fraction and coherent position (and thus the mean adsorp-
tion height) is the standard error, taken at two standard devi-
ations, from the fitting of the NIXSW photoelectron yield pro-
files, weighted by the standard error in the fitting of the indi-
vidual spectra in the NIXSW data.

Sub-monolayers of azupyrene were deposited onto the
copper samples, which were held at room temperature, using a
specially designed “line of sight” doser, described in greater
detail in ref. 37. During deposition, the azupyrene was heated
to 55-70 °C using either a warm-water bath or a Peltier heater.
The azupyrene was synthesised as described in ref. 29.
Previous UV/Vis spectroscopy, fluorescence spectroscopy temp-
erature programmed desorption (TPD) and non-contact atomic
force microscopy (nc-AFM) measurements on the (111) surface
have not indicated the presence of any contaminant
molecule.”®??” Notably, prior nc-AFM measurements indicate
that the azupyrene adsorbs intact onto the (111) surface and
TPD measurements demonstrate that the molecule remains
intact on this surface up to a temperature of ~500 K.

Computational methods

Periodic density functional theory calculations were performed
with the all-electron numeric atomic-orbital code FHI-aims.*®
The HSE06 hybrid functional®® was used with an exchange
screening parameter of 0.11 bohr ', together with the non-
local many-body dispersion correction (MBD-NL) with the
damping parameter set to 0.81.>! The Cu lattice constants
were determined by performing Birch Murnaghan fits, as is
detailed in §3 of the ESI.{ The k-grid was set to 4 x 4 x 1 and
this was used for all copper facets as the employed unit cells
covered similar surface areas. The molecules were adsorbed on
6-layer Cu slabs with a large vacuum layer added perpendicular
to the surface to reach a total slab thickness of 100 A. A ‘light’
basis set was used for the lower 4 Cu layers, while a ‘tight’
basis set was used for the topmost 2 Cu layers and the C and
H atoms (2020 default basis definitions). For all Cu-atoms, a
frozen core approximation was employed, which included the
Cu 1s, 2s, and 2p orbitals. The electronic convergence
parameters were set to 1 x 107> e A~ for the electron density,
1 x 107> eV for the KS-eigenvalues and 1 x 10~° eV for the total
energy. Scalar relativistic effects were considered by employing
the atomic ZORA correction.*® The structures were optimised
until a force threshold of 0.01 eV A~" was reached. For Cu(111)
a 5 x 5 supercell was used, for Cu(110) a 4 x 5 supercell was
used, and for Cu(100) a 5 x 5 supercell was used. To determine
reliable DFT adsorption heights, we performed an extensive
adsorption site search by testing 7 adsorption configuration

This journal is © The Royal Society of Chemistry 2024
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for azupyrene on Cu(100), 12 configurations on Cu(110), and 7
for Cu(111) (see §4 in the ESIf for details). This adsorption site
search was performed using the PBE + MBD-NL method. The
most stable adsorption structures, determined by PBE +
MBD-NL, were then the starting points for structure relaxations
with the HSE06 + MBD-NL functional, which were used for all
analyses present herein. The best adsorption site for the
adsorption of azupyrene on Cu(111) is in agreement with lit-
erature, where a similar search was reported using PBE + D3.®

Results
Soft X-ray photoelectron spectroscopy (SXPS)

The acquired SXPS data (hv = 430 eV) for azupyrene on
Cu(111), Cu(110) and Cu(100) are shown in Fig. 2. The Cu(111)
SXPS data agree well with those previously published for this
system,”® though our results are measured at higher spectral
resolution. The spectra for Cu(111) and Cu(100), Fig. 2a and c,
show a primary peak with a clearly resolved shoulder feature at
lower binding energy, while for Cu(110), a single broad feature
is observed. Fitting of these data revealed that the breadth of
the Cu(110) spectra could not be fitted well with a single peak,
suggesting that the shoulder observed from the (100) and (111)
surfaces is still present. Note that due to the relatively small
binding energy shift between the two peaks in all three
spectra, a unique fit is not possible, however illustrative fits
that indicate the two features are presented in Fig. 2. As a
unique fit was not possible for these data, the SXPS will only
be primarily discussed in general terms below. The clear simi-
larities between these C 1s SXP spectra on the different surface
terminations demonstrate that the azupyrene molecule
adsorbs intact on the (100) and (110) surface, as has been pre-
viously observed on the (111) surface.”® Were the molecule to
have partially decomposed upon adsorption additional fea-
tures in the spectrum would be expected, for example a Cu-C
organometallic peak at an even lower binding energy than the
shoulder feature.*® There is no evidence in the spectra shown
in Fig. 2 of any significant decomposition.

All spectra exhibit an asymmetrical tail at higher binding
energy, reminiscent of the asymmetrical loss features observed
in metallic systems.”®*® This asymmetric loss feature is
approximately similar for the adsorption on Cu(111) and Cu
(100) (Doniach-Sunjic asymmetry parameter a = 0.12 and 0.14,
respectively) and significantly more pronounced on Cu(110) («
= 0.17). Recent ultra-violet spectroscopy (UPS) and near-edge
X-ray absorption fine structure (NEXAFS) measurements®® have
indicated a significant hybridisation between the azupyrene
molecular orbitals and the delocalised electrons of the under-
lying Cu(111) surface. As such, the asymmetrical line shape of
the C 1s SXP spectra have also been assigned to loss features
from shake-up excitation within the hybridised metallic-mole-
cular electronic states.”® Therefore the larger asymmetry in the
C 1s spectra of azupyrene on Cu(110) indicates a greater
degree of hybridization of the molecular orbitals with the sub-
strate’s electronic bands.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a—c) Soft X-ray photoelectron spectroscopy (SXPS) of azupyr-
ene adsorbed on (a) Cu(111), (b) Cu(110), and (c) Cu(100). The data were
acquired at a photon energy of 430 eV, the binding energy scale was
corrected using a subsequent measurement of the Cu Fermi edge at the
same photon energy. Nb. it was not possible to obtain a unique fit of the
spectra, and these fits are presented here for illustrative purposes.

The (110) C 1s spectra is shifted to a slightly lower binding
energy (~0.2 eV) than the (111) or (100) spectra, and the
binding energy shift between the two peaks is slightly smaller
(~0.1 eV). The shift in XPS binding energies therefore cannot
easily be rationalised by any naive interpretations relying upon
expected strength of interaction between the different sub-
strates, e.g. an increase in interaction from Cu(111) to Cu(100)
to Cu(110). It is possible that the increased hybridisation with
the underlying substrate has resulted in this subtle change in
the spectral line shape. Both the increased hybridisation and
the subtle change in lineshape could also arise from the
greater electronic corrugation found on the (110) surface, com-
pared to the (100) and (111) surfaces. The localised dipoles

Nanoscale, 2024, 16, 5802-5812 | 5805
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formed by Smoluchowski smoothing*'** may alter the degree
of hybridisation between the substrate and the molecule,
resulting in the smaller binding energy shift between the two
features than is observed for the two other substrates. This is
discussed further in the DFT section. The relative area of the
shoulder seems to be at the lowest on the (110) surface,
however a satisfactory fit was possible assuming the relative
area of the shoulder was consistent across all surfaces (e.g.
Fig. S1 in the ESI}). Any possible difference in the relative area
could be attributed to diffractive effects, as, at these kinetic
energies (~150 eV), Cu is an effective backscatterer of elec-
trons,”® thus subtle differences in atomic registry could result
in significant (20-40%)****® variations in the photoemission
intensity. Such an explanation would also explain why these
shoulders are completely absent in the hard X-ray photo-
electron spectroscopy (HAXPES) measurements (see Fig. S2 in
the ESIf), as backscattering effects are very weak at large
(>1 keV) kinetic energies.*”

Normal incidence X-ray standing waves (NIXSW)

The NIXSW technique’®*® exploits the X-ray standing wave
formed by the interference between the incident and reflected
waves around the Bragg condition for a given reflection H = (A,
k, 1). The standing wave’s period matches the interplanar
spacing dy between the Bragg diffraction planes.”® For a
monoatomic face centred cubic crystal lattice, like that of Cu,
the Bragg diffraction planes will be coincident with the atomic
planes of the substrate. The standing wave’s phase, and thus
the location of its maximum intensity, varies as the photon
energy is scanned through the Bragg condition. When the
phase is &, the maximum intensity is halfway between Bragg
diffraction planes; when the phase is zero the maximum inten-
sity is coincident with the Bragg diffraction planes. Any atom
within this standing wavefield will therefore experience a
varying electromagnetic field intensity as a function of its posi-
tion between these diffraction planes. This variation in inten-
sity will result in a characteristic absorption profile, which can
be acquired by monitoring the relative photoelectron yield.
The measured profile is then fitted uniquely, using dynamical
diffraction theory,” by two dimensionless parameters: the
coherent fraction, fi, and the coherent position, py. These,
respectively, can be considered to correspond to the degree of
order and the mean position of the absorber atoms relative to
the Bragg diffraction planes, as shown in Fig. 3a-d.*® When
the origin of coordinate system is chosen to be the Bragg diffr-
action plane closest to the surface (see Fig. 3) the coherent
position is related to the mean adsorption height () by:

hy = (n+ pu) - du, (1)

where n is an integer, and relates to so called “modulo-d”
ambiguity,*® where adsorption heights that differ by the inter-
planar spacing cannot be directly differentiated, as shown in
Fig. 3c and d. In practice, however, the correct value of n can
often be easily assigned as dy; typically is in the order of ~2 A,
thus it is generally trivial to exclude adsorption heights that
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Fig. 3 Schematic of the X-ray standing wave formed above a simple
cubic surface. The sinusoidal variation from grey to white indicates the
intensity of the X-ray standing wave at the Bragg condition, where the
nodes of the standing wave (white) are coincident with the Bragg diffr-
action planes (black and blue lines) and the anti-nodes of the standing
wave (darkest-grey) are half way between those Bragg diffraction planes.
The Bragg diffraction plane that is closest to the surface is indicated by a
blue line. Indicated are four different adsorption configurations and their
associated coherent fractions ( fy) and coherent positions (py): (a) com-
pletely disordered overlayer (fy = 0, py is undefined), (b) an ordered
overlayer where the adsorbate sits half way between the Bragg diffrac-
tion planes (fy = 1, py = 0.5), an ordered overlayer where the adsorbate
sits on a Bragg diffraction plane that is (c) two 2-dy above the surface
(fy =1, py = 1) or (d) 1-dy above the surface (fy = 1, py = 1).

are unphysically too low or too high. Note that, due to the
standing wave being generated by the crystallinity of the bulk
substrate, the adsorption height measured in NIXSW is not
relative to the position of the outermost atoms at the surface,
but rather to a projected bulk-like termination of the surface.

The C 1s NIXSW data from Cu(111), Cu(110) and Cu(100)
are shown in Fig. 4. Despite the clear shoulder present in the
Cu(111) and Cu(100) SXPS data, the NIXSW results were
obtained using a single peak fitting of the data. The poorer
photon energy resolution at the elevated energies required to
generate the NIXSW (see Fig. S2a—c in the ESIT), meant that no
unique two peak fit of the data could be achieved. The result-
ing coherent fractions, coherent positions and mean adsorp-
tion heights are detailed in Table 1. Within the uncertainties
of the measurement, it is not possible to discriminate between
the adsorption heights of azupyrene on Cu(111) and Cu(100),
where the difference is only 0.01 + 0.05 A. Between adsorption
on the Cu(111) and (110) surface, there is a statistically signifi-
cant height difference of 0.06 + 0.04 A.

The observed differences in adsorption height are far
smaller than those observed for PTCDA on the different ter-
minations of Ag. This discrepancy is unlikely to be caused by a
difference between Cu and Ag; between PTCDA on Cu(111)"?
and Cu(100)* larger differences of 0.22 + 0.03 A and 0.34 +
0.05 A were also observed for the carbon and oxygen atoms,
respectively. Indeed, these results could indicate that the large
differences observed for PTCDA on both Cu and Ag surfaces
are driven by the localised bonding interaction between the
oxygen and metal atoms, notably the difference in the local
coordination site of the O atoms, that results in a significant
convex curvature of the adsorbed molecule.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 C 1s normal incidence X-ray standing waves (NIXSW) data of
azupyrene adsorbed on (a) Cu(111), (b) Cu(110) and (c) Cu(100). The data
were acquired from the following reflections, with their respective Bragg
energies: (111), Egragg = 2978 €V; (220), Egragg = 4863 €V; (200), Egragg =
3439 eV. The corresponding coherent fractions, coherent positions and
resulting mean adsorption heights obtained from fitting the data are
detailed in Table 1.
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Considering the measured coherent fractions of the azupyr-
ene molecule on the three surfaces, they are similar across all
surfaces between 0.70 and 0.74. It should be noted that the
Bragg planes responsible for the formation of the X-ray stand-
ing wave field are differently spaced for the three facets. The
d-spacing for the (220) reflection is dy,0 = 1.278 A, significantly
smaller than that of either (111) (dy1; = 2.087 A) or (200) reflec-
tions (dy00 = 1.808 A). Therefore, a given spread in adsorption
heights would yield a smaller coherent fraction using the (220)
reflection, than the (111) or (200). If the reduction of the coher-
ent fraction would be solely caused by a thermal vibration of
the molecules and modelled with a Debye-Waller factor, then
the required root mean squared vibrational amplitudes
(rmsy;p,) would be 0.27 A for Cu(111), 0.24 A for Cu(100), and
0.16 A for the Cu(110) data. A rms,;;, of 0.16 A is not unreason-
able, suggesting that the azupyrene on Cu(110) may well
adsorb with all C atoms at effectively the same adsorption
height. For the (111) and (100) surface, the vibrational ampli-
tudes required to explain the low coherent fraction with a
single adsorption height are too large, and likely suggest the
presence of C atoms at different adsorption heights.”*

To better understand the experimental results, in the fol-
lowing we turn to DFT calculations. Though DFT calculations
for azupyrene on the (111) surface have previously been
reported in the literature,?® there are no such data present for
the (110) and (100) surfaces.

Density functional theory calculations

The DFT calculations in the previously published work for azu-
pyrene on Cu(111)*® predicted an adsorption height of 2.44 A,
almost 0.2 A greater than the height measured with NIXSW.
These calculations were performed using the GGA functional
PBE and the D3(B]) dispersion correction.”** Standard
Generalized Gradient Approximation exchange correlation
functionals, such as the PBE functional,*® do not capture long-
range dispersion interactions and fail to describe physisorp-
tion at metal surfaces.”” Pairwise dispersion corrections such
as the Grimme D3 method® or the surface-screened
Tkatchenko-Scheffler vdW method®® have shown good per-
formance in the prediction of the adsorption height of weakly
physisorbed systems, such as benzene and azobenzene on Ag
(111)>**° or naphthalene on Cu(111) and Ag(111),>* and more

Table 1 Summary of the NIXSW and DFT data for the adsorption of azupyrene on Cu(111), Cu(110), and Cu(100). Coherent fraction (fy), coherent
position (py) and the corresponding mean adsorption height above a bulk projected surface termination (hy) were obtained from fitting the C 1s
NIXSW data, shown in Fig. 4, for the associated reflection (H) with the given interplanar spacing (dy). Also shown are the DFT (HSE06 + MBD-NL)
predicted average adsorption heights of the carbon atoms, with respect to the bulk projected termination for direct comparison to the NIXSW data
(hy); the center-of-mass adsorption height, with respect to the average vertical position of the relaxed first layer surface Cu atoms (hcom); and the
adsorption energy per molecule (E,q4s) and per surface Cu atom (E,qs/cy) for the models shown in Fig. 5 and 6

NIXSW DFT (HSE06 + MBD-NL)
H du (&) Ju Pu R (A) R (A) heom (A) Eaas (V) Eadsicu (€V)
Azupyrene Cu(111) 111 2.087 0.72(3) 0.07(1) 2.24(3) 2.19 2.23 -2.92 —0.12
Cu(110) 220 1.278 0.74(4) 0.71(2) 2.18(3) 2.07 2.13 -3.36 —0.17
Cu(100) 200 1.807 0.70(5) 0.24(2) 2.23(4) 2.18 2.20 ~3.46 —0.14

This journal is © The Royal Society of Chemistry 2024
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strongly bound systems such as azulene and PTCDA on
coinage metal surfaces.”»*"%> However, the pairwise dis-
persion correction approach is known to overestimate the
adsorption energy, whereas the self-interaction error inherent
in PBE can lead to a misrepresentation of induction effects
and Pauli repulsion in the adsorption geometry. The non-local
many-body dispersion method was developed to overcome the
former effect and was shown to improve the description of
molecule-metal interfaces.*"**°* Recently, PBE + MBD-NL pro-
vided an accurate prediction of the adsorption height of
7,7,8,8-tetracyanoquinodimethane (TCNQ) on Ag(100) when
compared to XSW measurements.®® Replacing the PBE func-
tional with the range-separated hybrid functional HSE06,*°
combined with the MBD method, was able to fully resolve the
adsorption structure and energetics of benzene on Ag(111).>°
The optimised HSE06 + MBD-NL structures were used for
all further analysis and are presented in Fig. 5 and 6. The most
stable adsorption site on Cu(100) has the molecular centre
directly atop a surface Cu atom and the long axis of the mole-
cule (indicated on Fig. 1b) rotated by 45° relative to the [110]
direction. On Cu(110), the most favourable adsorption site has
the centre of the molecule above a long-bridge site along the
[001] direction, while the molecular long axis is rotated by 45°
with respect to that direction. On Cu(111), the centre of the
molecule is again located above a bridge site and the long axis
of the molecule is rotated by 50° relative to the [110] direction
of that bridge site. For both the (100) and (111) surface,
though the adsorption site of the molecular centre differs
(atop and bridge sites, respectively), the centre of the 7- and
5-membered rings lie above hollow sites. Similar adsorption
configurations have been experimentally observed for benzene
on Ru(0001),°® Ni(111)®” and Co(0001),°® as well as furan on
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Pd(111).*° At first glance, on the (110) surface, it would appear
as though the molecule has adsorbed in a different configur-
ation, however the (110) surface is far more corrugated than
the (111) or (100) surfaces. As such, every surface unit cell can
almost be considered to contain two (111) steps. If this
conceit is considered, the molecular rings lie above hcp hollow
sites of the tilted (111) planes, as indicated in Fig. 5b. With
this in mind, it would appear that on all surfaces the mole-
cular rings are adsorbing such that they are above hollow sites,
and that the differing adsorption site of the molecular centre
for the (100) surface, compared to the (110) and (111) surfaces,
is to facilitate this configuration. The subtle difference in the
registry of the molecular rings on the (110) surface, may be the
origin of the differences observed in the SXPS (see Fig. 2). As
the molecule is unable to adsorb above a (110) hollow site, it
must adsorb above a tilted (111) hollow site. This will likely
affect the hybridisation of the molecular orbitals with the delo-
calised metallic electrons in the substrate. Furthermore, the
atomic corrugation present in the (110) surface also has a con-
sequence for the electronic potential. Specifically,
Smoluchowski smoothing®"** will result in small dipoles
between the rows of Cu atoms, with an increased electron
density in the direction of these tilted (111) planes.

For all optimised structures, we calculate the average
carbon adsorption height with respect to the projected bulk
terminated surface (hy), which is directly comparable to the
NIXSW data, and the height of the molecular center-of-mass
(COM) with respect to the average height of the Cu atoms in
the first layer (Acom). Both numbers are tabulated together
with the experimental data in Table 1.

To assess the coverage dependence of the adsorption
height, we performed structure relaxations of azupyrene on Cu

Fig. 5 Structural models resulting from the DFT HSE06 + MBD-NL calculations for azupyrene on (a) Cu(100), (b) Cu(110) and (c) Cu(111) in both top
(a—c) and side views (d—f). Copper, yellow and grey coloured spheres correspond to the first, second and third layers of Cu atoms respectively; black

spheres are C atoms, white spheres are H atoms.
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Fig. 6 Structural models resulting from the DFT HSEO6 + MBD-NL calculations for azupyrene on (a and d) Cu(100), (b and e) Cu(110) and (c and f)
Cu(111) in a side view facing the edge of the (a—c) 7-membered rings and (d—f) 5-membered rings. Copper coloured spheres correspond to the Cu
atoms respectively; red spheres are the central C atoms, (a—c) cyan the outermost C atoms in the 7-membered rings, (d—f) purple the outermost C
atoms in the 5-membered rings and black spheres are the remaining C atoms; white spheres are H atoms.

(111) in both the 4 x 4 and 5 x 5 unit cell with a single mole-
cule in the unit cell, therefore simulating different coverages.
The results for those calculations can be found in Table S4 of
the ESI.T We find that by increasing the coverage from the 5 x
5 to 4 x 4 cell (which roughly corresponds a change of coverage
by 30% of a saturated molecular layer),>® the adsorption height
increases by 0.04 A. This is within the experimental error and
is significantly smaller than that which was predicted for
azulene on the same surface.>® The 5 x 5 cell for the Cu(111)
substrate has a comparable coverage to the structures on
Cu(110) and Cu(100) and is thus preferred in the following
discussion.

The deviation between the experimental and theoretical
adsorption height on the (111) and (100) surface is 0.05 A, only
slightly outside the experimental uncertainty of 0.03 A and
0.05 A, respectively (see Table 1). The agreement is worse for
the (110) surface, though a difference between experiment and
theory of only 0.11 A would usually be considered excellent
and is only notable in comparison with the near perfect agree-
ment found on the other two surface terminations.

To directly compare the DFT-derived adsorption heights of
the molecule on the different facets, however, it is more intui-
tive to compare the hcon values, that consider both the
surface relaxation, as well as the adsorption height of the
hydrogen atoms. The largest surface relaxation is observed for
Cu(110) (=0.05 A) followed by Cu(111) (=0.03 A), and finally
Cu(100) (—0.01 A). The DFT calculations predict a trend of
decreasing COM adsorption height that is consistent with the
naively expected reactivity of each surface: 2.23 A on Cu(111),
2.20 A on Cu(100), and 2.13 A for Cu(110). On all three
surfaces, these COM adsorption heights of the azupyrene
molecule are similar to the sum of the covalent radii of Cu and
C (2.2 A) and far smaller than the sum of the van der Waals
radii (3.1 A).

The slight difference between the two definitions of the
DFT derived adsorption heights do not alter the overall trend

This journal is © The Royal Society of Chemistry 2024

in adsorption height, which is Cu(111) > Cu(100) > Cu(110).
Therefore both NIXSW results and DFT calculations agree that
the adsorption height for adsorption on the Cu(111) and
Cu(100) surfaces are similar, and that the adsorption height on
the Cu(110) surface is smaller than on the other two surfaces.
Analysis of the DFT structures also shows that the molecule
adsorbs in a slightly distorted configuration across all surfaces.
On the Cu(111) and Cu(100) surfaces the central two C atoms
are, on average, 0.17/0.18 A lower in adsorption height than
the outer C atoms and 0.43/0.43 A lower than the H atoms, as
shown in Fig. 6a, d/c, f (respectively). This distortion was also
found in the previous DFT study of azupyrene on Cu(111), as
well as in the experimental non-contact atomic force
microscopy data.® On the (110) surface, the deformation
differs subtly, as shown in Fig. 6b and e. In the DFT structure,
the central two C atoms are at an average adsorption height
which is only 0.02 A lower than the average outer C atom and
0.15 A lower than the average H atom. However, the height of
the individual outer atoms varies significantly and some of the
outer C and H atoms are closer to the surface than the central
C atoms. Therefore, no clear distinction between outer and
central carbon atoms is possible on the Cu(110) surface, while
on the (111) and (100) surface the consistent displacement of
the central C atoms below the outer C atoms is present. This
distinguishable difference between two groups of carbon
atoms may also help explain the shoulder observed in the C 1s
SXPS data for the (111) and (100) surface (Fig. 2). In a side view
of the structures, facing either the 5- or 7-membered rings, it
is clear that on the (110) surface both types of rings have
subtly twisted, with respect to the surface plane, as can be
observed in Fig. 6b and e. This twist is not present in either
the 7- or 5-membered rings on the (100) surface, but, upon
close inspection, is present in the 7-membered rings on the
(111) surface. The twist of the ring, with respect to the surface
plane, is less than 5° on both surfaces, but would inversely
follow the general trend in the prominence of the shoulder in
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the C 1s SXP spectra: the twist is clearest on the (110) surface,
where the shoulder is least prominent; the twist is not present
on the (100) surface, where the shoulder is most prominent.

These predicted distortions are not large enough to con-
siderably affect the measured coherent fractions. Specifically,
the predicted DFT structures would result in a coherent frac-
tion of 0.97 for the Cu(111) surface, 0.96 for Cu(100) and 0.93
for Cu(110). Considering these small distortions, to fully
explain the measured coherent fractions a surprisingly large
rms,;, of 0.26 A and 0.22 A would still be required for the Cu
(111) and Cu(100) surfaces, respectively. This could suggest
that the distortion in the centre of the molecule is somewhat
larger than predicted or that the molecule may occupy mul-
tiple sites (either dynamically or statically) on the surface with
similar, though slightly different adsorption heights.

The DFT-derived adsorption energies (E,qs, Table 1) are, on
the first glance, inconsistent with the trend in the adsorption
heights. The adsorption energies of azupyrene adsorbed on
Cu(110) and Cu(100) are similar, while the one for Cu(111) is
far smaller. Indeed, the adsorption energy (E,qs) of azupyrene
on Cu(100) is larger than on Cu(110), even though the adsorp-
tion height on Cu(110) is significantly lower. However, if we
consider the adsorption energy per surface atom in the first
Cu layer (E.qs/cu), the situation is different. Here, the adsorp-
tion energies increase going through the series: Cu(111), Cu
(100), Cu(110), following the trend that would be naively
expected and roughly agreeing with the trend in the adsorp-
tion heights.

Ultimately the agreement between the DFT optimised struc-
tures and the available experimental evidence is exceptional, a
further demonstration that HSE06 + MBD-NL can be con-
sidered the current gold standard for hybrid organic/inorganic
interface predictions.

Conclusion

We have determined the adsorption height of azupyrene on
the Cu(111), Cu(110) and Cu(100) surfaces using normal inci-
dence X-ray standing waves and density functional theory.
Compared to similar studies across different surface termin-
ations (e.g. PTCDA on facets of Cu and Ag),"*'*'®?>?* the
observed differences are relatively small (0.06 + 0.04 A between
Cu(111) and Cu(110)), though are comparable to those
measured for formate on the same surfaces (0.09 + 0.05 A).**
While the significant differences in adsorption height for
PTCDA above the different surface terminations cannot be
easily deconvoluted between the localised and delocalised
bonding components due to the presence of strong O-metal
bonds, azupyrene contains no hetero atoms and reactive func-
tional groups. The interaction of the azupyrene molecule with
the surface is instead mediated via the only partly localised
n-orbitals.?® Thus, the comparison of azupyrene and PTCDA indi-
cates that strong differences in the adsorption structure on
different surface facets are primarily down to direct atomic
coordination and that far smaller structural effects are observed

5810 | Nanoscale, 2024, 16, 5802-5812

View Article Online

Nanoscale

when the interaction is mediated over more delocalised elec-
tronic states, as for example aromatic n-electron systems.

Still, our experiments show that azupyrene is adsorbed
closer to the Cu(110) surface compared to the Cu(111) and
Cu(100) surfaces. This finding is in agreement with other
experimental indications for a stronger interaction with the
Cu(110) surface, such as the stronger asymmetry of the C 1s
peak. It is interesting that the observed adsorption height
differences for azupyrene on Cu(111) and Cu(110) are similar,
though smaller, than those observed for formate on the same
surfaces. Apparently, once the different interaction mecha-
nisms have been disentangled, the effect of the surface termin-
ation on delocalised interactions is on a similar, if possibly
smaller, scale than that of localised bonds. Density functional
theory calculations using the HSE06 hybrid functional and a
non-local many-body dispersion correction predicted the
measured adsorption height in all systems with high accuracy,
particularly for the (111) and (100) surfaces. As in experiment,
the calculations show a smaller adsorption height on the
Cu(110) surface. These results suggest that, for relatively
strongly bound adsorbates, though the substrate effects on the
delocalised interactions with different surface facets are
subtle, they can be well modelled with state-of-the-art many-
body-dispersion-inclusive hybrid DFT calculations. Yet,
strongly bound systems tend to be the least dynamical - when
anchored strongly to the substrate, thermal vibrations and
dynamical site jumping is dampened. Thus, weakly bound
systems, like alternant PAHs, could provide a more challenging
benchmark for DFT calculations.
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