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Utilising normal incidence X-ray standing waves we rigourously
scrutinise the “inverted model” as the adsorption structure of free-
base tetraphenyl porphyrin on Cu(111). We demonstrate that the
iminic N atoms are anchored at near-bridge adsorption sites on the
surface displaced laterally by 1.1 + 0.2 A in excellent agreement
with previously published calculations.

Porphyrins are an important class of macrocyclic compounds
with a wide variety of electronic and chemical properties that
have led them to be widely studied in a variety of fields in
materials science. In particular, on surfaces of metals and
metal oxides, tetraphenyl porphyrins have been extensively
studied (e.g. ref. 1-4 and citations therein) as prototypical
porphyrin species. The free-base tetraphenyl porphyrin, 2H-TPP
(shown schematically in Fig. 1a), exhibits two chemically distinct
N species in X-ray photoelectron spectroscopy (XPS),” which are
assigned to the iminic (-N—) and aminic (-NH-) nitrogen atoms.
For many years 2H-TPP was assumed to adsorb on almost all metal
surfaces in a saddle-shaped conformation,>” in which two of the
four pyrrole groups tilt towards, and the other two tilt away, from
the surface plane, thus allowing the planes of the phenyl groups to
rotate away from an orientation perpendicular to the surface, the
expected conformation of the free molecule. Recent work by
Lepper et al.,® Albrecht et al.” and Moreno-Lopez et al.,'® however,
have proposed a so-called inverted model to describe the con-
formation of the dominant species on Cu(111), whereby the two
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iminic pyrrole groups are rotated to be perpendicular to the
surface, breaking the aromaticity of the macrocycle. The pertaining
results of density functional theory (DFT) calculations indicate that
in the saddle conformation the local bonding of the iminic N
atoms is off-atop Cu sites on the surface, but, in the inverted
conformation, these N atoms are instead located in Cu bridging
sites, as shown schematically in Fig. Sla and c in the ESL{ The
main evidence supporting this model is based on the comparison
of measured STM images and simulated images from DFT calcula-
tions, despite the well-known associated uncertainty arising from
studies based on these two techniques alone (e.g. ref. 11 and 12).
However, Lepper et al.® also showed that the adsorption heights of
the two chemically distinct N species of 2H-TPP adsorbed on
Cu(111), predicted by their DFT calculations for the inverted
model, agreed well with published quantitative structural measure-
ments of these parameters by Biirker et al'® using normal
incidence X-ray standing waves (NIXSW).'* By contrast these
measured heights are much less consistent with those of the
calculated saddle-shape model. However, Biirker et al. do report
severe radiation damage during their measurement, which had an
unknown effect on the adsorbed species, but was assigned to
photon induced Cu-metallation; their results also provided a
measure only of the height of the N atoms, but not of their lateral
registry relative to the underlying Cu(111) surface. Additionally, an
earlier N K-edge and C K-edge near edge X-ray absorption fine
structure (NEXAFS) study’ into a monolayer of 2H-TPP on Cu(111)
indicated a tilt of the iminic pyrrole of only 60°, with a comparable
tilt of the aminic pyrrole of 40° (inverted model: 80° and 10°,
respectively), though the interpretation of these NEXAFS spectra
is complicated by the potential hybridisation of the Cu and
porphyrin orbitals, as is observed for porphine (2H-P)" (discussed
further in the ESIt). Moreover, our prior energy-scanned photo-
electron diffraction (PhD) study into 2H-P on this surface found
the lateral adsorption site of the iminic N atoms to be off-atop (see
Fig. S1b and d, ESIt) with the adsorption heights of the aminic
and iminic N atoms similar to those of the N atoms of 2H-TPP on
Cu.'® This work demonstrates that the porphine macrocycle can
indeed adsorb at a site with short N-Cu adsorption heights,
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Fig. 1 (a) Schematic of 2H-tetraphenyl porphyrin indicating the aminic
and iminic N species. (b) Side view of the Cu(111) surface with the Bragg
diffraction planes, corresponding to the (111), (111) and (200) Bragg
reflections, overlaid, along with corresponding coherent position values
(p111, p111 @nd paoo) of an arbitrary adsorbed atom (black sphere) sitting
atop the surface.

without significant distortions. Both studies, coupled with the
radiation damage present in the study of Biirker et al., may thus
throw uncertainty on the presence of this inverted model.
This inverted model contravenes many expectations from gas
phase and solvation chemistry, and is deeply counter-intuitive,
thus we believe that it is important to provide detailed quanti-
tative experimental structural data for a rigorous test of its
correctness.

View Article Online

ChemComm

Specifically, we report new conclusive measurements of this
system using the same NIXSW method, but carefully working
under conditions that ensure beam damage was mitigated and
also acquiring NIXSW data from two additional Bragg reflections,
allowing determination of both the adsorption heights and the
lateral adsorption sites of both N species. Our results thoroughly
confirm the conclusions of Lepper et al. and the validity of the
inverted adsorption structure for 2H-TPP.

The measurements were performed on the permanent end
station of the 109 beam line at the Diamond Light Source
(Oxfordshire, UK)."” Three surface reflections were used to
generate the X-ray standing waves: the (111), (111) and (200)
planes. To minimise radiation damage, the flux of the beam
line was decreased by a factor of approximately 4 for the (111)
reflection, and a factor of 6 for the (111) and (200) reflections,
by offsetting the gap of the undulator away from the maximum
of the emission curve for each required photon energy. N 1s
soft XPS (SXPS) data were recorded before and after the NIXSW
measurements to monitor any remaining radiation damage
(see Fig. S2 in the ESIt), which was negligible. Further experi-
mental details are given in the ESL

The NIXSW technique'* exploits the X-ray standing wave
that is created by the interference between the incident and
reflected waves close to the Bragg condition for a given Bragg
reflection (%,k,l). The period of this standing wave matches the
interplanar spacing (dy;) between the Bragg diffraction planes.'®
In the case of a homoatomic, face centred cubic crystal structure
(e.g. pure Cu) the Bragg diffraction planes are coincident with
the atomic planes. The phase of the standing wave, and thus the
location of the maximum intensity of the standing wave with
respect to the Bragg diffraction planes, varies when the photon
energy is scanned through the Bragg condition. When the phase
is zero, the maximum intensity lies halfway between Bragg
diffraction planes; when the phase is n the maximum intensity
is coincident with the Bragg diffraction planes. Any atom
immersed in this standing wavefield will experience a varying
electromagnetic field intensity as a function of its position
between these diffraction planes, resulting in a characteristic
absorption profile, which can be acquired by monitoring the
photoelectron intensity profile. The measured profile is then
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(a) N 1s SXPS (hv = 570 eV) of a submonolayer coverage of 2H-TPP on Cu(111) showing the clearly resolved emission from the aminic and iminic

N species. (b—d) N 1s NIXSW photoelectron profiles, and their fits, of the aminic and iminic N species, acquired from the standing wave generated by
satisfying the normal incidence Bragg conditions from the (b) (111), (c) (I11) and (d) (200) planes. The resulting coherent positions and fractions are listed

in Table 1.
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fitted uniquely, using dynamical diffraction theory,"® by two
dimensionless parameters:14 the coherent fraction, f;, and the
coherent position, pz. These are, respectively, the amplitude
and phase of a Fourier transform component of the absorber
location and broadly correspond to the degree of order and the
mean position, respectively, of the absorber atoms relative to
the Bragg diffraction planes. By recording NIXSW data at
different Bragg reflections, (h,k,l), we can use these amplitude
and phase values to triangulate the position of the emitter
atoms with respect to the underlying bulk crystal, as schema-
tically demonstrated in Fig. 1b.

The N 1s SXP spectrum for a ca. 0.5 monolayer coverage
of 2H-TPP on Cu(111) is shown in Fig. 2a. This spectrum is
consistent with the published data for this system.>>**' The
higher binding energy species (399.8 eV) is assigned to the
aminic (-NH-) nitrogen atoms, the lower binding energy
species (398.2 eV) to the iminic (-N=) nitrogen atoms. The
C 1s SXPS are shown in Fig. S3 in the ESI,¥ and consist of a
primary peak with a notable shoulder at higher binding energy.
In the previous work of Biirker et al., this shoulder at higher
binding energy was assigned to C atoms bound to N atoms.
Note that the primary C peak overlaps strongly the C peak due
to a contaminant that was observed on the surface, also shown
in Fig. S3 (ESIt).

The N 1s NIXSW data from the (111), (111) and (200)
reflections, along with their associated fits, are shown in
Fig. 2b-d (respectively). The corresponding coherent fractions
and coherent positions are listed in Table 1. Our (111) data
closely reproduce the results of Biirker et al.,'® obtaining
identical coherent positions and coherent fractions within the
experimental uncertainty; this indicates that the beam damage
that occurred during their experiment does not significantly
alter the adsorption height of the N atoms. Our measured
coherent positions correspond to adsorption heights, relative
to the underlying Cu(111), of 1.88 + 0.08 A and 2.15 4 0.15 A for
the iminic and aminic N species, respectively. At the (111) Bragg
reflection both N species exhibit high coherent fractions,
implying that all the N atoms of each species occupy closely
similar heights above the surface and thus likely adsorb in only
a single configuration (note a discussion on coverage and
substrate temperature can be found in the ESI}). In the (111)
and (200) reflections, the aminic N species also exhibits a high
coherent fraction, indicating that each of these atoms occupies
a lateral position close to a site that shares the point group
symmetry (3mm) of the underlying substrate (i.e. atop a surface
Cu atom or in a 3-fold coordinated hollow site). The iminic N
species, by contrast, exhibits lower coherent fractions in the

Table1l Coherent fractions, fu, and coherent positions, pp, of the iminic
and aminic N species for 2H-TPP adsorbed on Cu(111). The values in
brackets are the standard error at two standard deviations in the last
significant figure of the quoted values

S JZEE Sin Pin Ja00 D200
Iminic  0.77(9)  0.90(4) 0.17(15) 0.73(15) 0.24(15) 0.10(12)
Aminic  0.78(16) 0.03(7) 0.77(13) 0.34(6) 0.82(17) 0.73(8)
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(111) and (200) reflections, indicating that it must occupy sites
of lower symmetry, qualitatively consistent with the prediction
from Lepper et al.® of adsorption in a bridge or near bridge site.

In our previous investigation of the adsorption of porphine
on Cu(111)"® and cobalt porphine on Cu(111),>* the centres of
these molecules were found to occupy bridge sites with one of
the molecular mirror planes coincident with the surface mirror
plane that bisects the bridge site. In the determined PhD
structure of porphine on Cu(111)"° the iminic N atoms occupy
two adsorption sites that are mirrored across the [112] direction,
which is also a mirror plane of the substrate; by contrast, the
mirror plane of the molecule that relates the two aminic N atoms
lies in the [110] direction, which is not a mirror plane of
the substrate. STM images of 2H-TPP on Cu(111) indicate
this molecule adsorbs with the same azimuthal orientation as
porphine;* this same azimuthal orientation and adsorption site
of the molecular centre is predicted in the DFT calculations of
Lepper et al.

By assuming these two mirror conditions for the adsorption
site of the iminic and aminic N atoms, we can calculate expected
coherent positions and coherent fractions for different lateral
nitrogen-substrate registry adsorption sites on the surface and
compare them with the experimental measurements. In Fig. 3a
and b are colour-scale maps on the Cu(111) surface that display
the difference between these predicted and measured NIXSW
parameters, expressed as a weighted mean-square error para-
meter as defined in the ESI, as a function of possible lateral
positions of the N atoms on the surface. These 2D maps are
calculated at the height above the surface determined by the (111)
coherent positions. Notice that the predicted values of the NIXSW
parameters at different positions take account of different
symmetrically-equivalent molecular orientations by summing
over symmetrically equivalent substrate reflections (e.g., not only
(111), but also (111) and (111) - see ESI¥). Fig. 3c and d show line
scans through these maps along the [110] and [112] direction for
the iminic and aminic N species, respectively. Inspection of Fig. 3
clearly indicates that the iminic N atom occupies a bridge/
off-bridge site and the aminic N atoms occupy atop sites. The
best fit to the experimental data corresponds to the iminic N
atom sitting 1.1 + 0.2 A off atop.

Due to the coexistence of some degree of C contamination in our
data, with an associated photoelectron binding energy similar to that
of the primary C 1s peak, only NIXSW data from the shoulder in the
C 1s spectra are considered here. The corresponding C 1s NIXSW
data are shown in Fig. S4 in the ESL{ The resulting coherent
fractions for this shoulder feature yielded a surprisingly high
coherent fraction (>0.4) across all three reflections (see Table S1
in ESIt). Comparing the predicted adsorption site of C atoms bound
to N (CN species) found in Lepper et al’s calculations does result in a
relatively high coherent fraction in the (111) reflection, but for the
(111) and (200) reflections the expected coherent fractions are almost
zero. This could be taken to cast some doubt on the inverted model,
but the very good agreement with the N 1s data leads us to suspect
that this C photoemission component corresponds to a set of
C atoms other than those of the CN species. Such a shoulder is
not reported for adsorption of 2H-TPP on Ag(111),” suggesting that
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Fig. 3 (a and b) 2D maps of the (111) surface in which the darkness of the
colour-scale indicates the level of agreement between the measured
NIXSW coherent positions and fractions for all Bragg scattering geometries
and the values of these parameters expected for occupation of this lateral
adsorption site for the (a) iminic and (b) aminic N species. The coordinate
(0,0) is atop a surface Cu atom, and the 2D planes are set at heights that
correspond to measured pj;; values of 0.90 and 1.03 for the iminic and
aminic N species, respectively. The calculation of the weighted mean
square error is defined in eqn (S1) in the ESIL.¥ The closer the weighted
mean square is to zero (dark blue/black), the better the site agrees with the
experimental measurements. (c and d) 1D line scans of this parameter for
the (c) iminic and (d) aminic N species taken along the [110] and [112]
surface directions that are indicated in panels (a) and (b) with a yellow line,
respectively. Overlaid in (c) and (d) is the estimated uncertainty in the
weighted mean square error (red line), which is the reciprocal of the sum
of the squared reciprocals of the experimental uncertainty. Note that the
best agreement with the experiment is for the iminic N atoms in an
off-bridge site and for the aminic N atoms in a direct atop site.

the origin of this shoulder may arise from the contorted structure
of the 2H-TPP on Cu(111). However, the 2H-TPP molecule contains
over forty C atoms, so without more detailed understanding of the
expected individual C 1s chemical shifts for 2H-TPP on Cu(111), it
is not possible to identify the site of these C atoms using the
same methodology applied here for N atoms; the potential search
parameter space is too complex. Note that we do not expect the
C contamination to alter the adsorption structure of the 2H-TPP
molecule. 2H-TPP molecules experience repulsive intermolecular
interactions ascribed to the formation of a surface dipole,** whereas
adventitious carbon would be expected to form C clusters on the
surface,” limiting the likelihood of interaction.

The results of this investigation validate that 2H-tetraphenyl
porphyrin adopts, upon adsorption on Cu(111), the so-called
inverted conformation, shown in Fig. S1 in the ESI, with the
iminic nitrogen atoms lying in bridging, rather than off-atop
sites. The level of agreement between the experimental results
presented here, and the DFT calculations of Lepper et al.,® is
excellent. The iminic nitrogen atoms were determined to adsorb
in sites displaced laterally by 1.1 & 0.2 A from Cu atop sites,
whereas the aminic (-NH-) nitrogen atoms were determined to
adsorb directly atop (0.0 + 0.4 A) nearest surface Cu atom. For an
intact molecule, this agrees best with the adsorbed molecule being
centred above a surface bridge site.
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