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ARTICLE INFO ABSTRACT

Keywords: The study of surface-confined reactions provides a route towards characterising the mechanistic processes which
Tetraphenyl porphyrin underpin heterogeneous catalysis. On-surface reactions provide alternative pathways to solution phase synthesis,
Au(111)

and can be studied by a range of techniques which can provide chemical and structural information. Importantly,
these kinds of studies give us the insight required to potentially control the selectivity and efficiency of these
reactions, as well as allowing for the design of molecular systems with specific functionalities. Porphyrin mol-
ecules are frequently selected as participants in these systems as they offer significant customisability, with
respect to the reactivity of pendant groups and metal atoms which can be incorporated within the porphyrin
macrocycle. Utilising the normal incidence X-ray standing wave (NIXSW) technique in conjunction with scanning
probe methods and X-ray photoelectron spectroscopy (XPS) enables the generation of detailed models of on-
surface systems, including the adsorption geometries of individual molecules. Here the NIXSW technique has
been used to perform structural characterisation of three distinct phases of an on-surface reaction of tetraphenyl
porphyrin (TPP) on Au(111); close-packed, diffuse and metalated. Using the chemical specificity of XPS and
NIXSW we gain insight into chemical and structural changes exhibited by nitrogen atoms within the porphyrin
macrocycle at several stages within the reaction process.

Scanning probe microscopy

Normal incidence x-ray standing wave
(NIXSW)

X-ray photoelectron spectroscopy (XPS)
On-surface synthesis

1. Introduction

Porphyrin molecules are biologically active and commonly found in
many natural systems, and are key components of both photosynthesis
and oxygen carriers in red blood cells. They also have a rich synthetic
chemistry, can be easily functionalised, and display high thermal sta-
bility [1]. Functionalised porphyrin molecules are known to undergo a
range of on-surface reactions (including Ullmann- and Glaser-type
coupling [2,3]). Even ‘simple’ porphyrins, such as tetraphenyl
porphyrin (2H-TPP - see Fig. 1), can participate in multiple on-surface
processes given the correct conditions, [4] including; self-metalation
[5,6], ring-closing [7,8], and covalent coupling [9,10].

A highly-successful approach for studying such systems is to employ
a combination of scanning probe microscopy (SPM) and X-ray photo-
electron spectroscopy (XPS) to provide both real-space lateral resolution
and chemical sensitivity [11,12]. This combination takes the best
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features of SPM and XPS, while ameliorating some of the inherent issues
with each technique (e.g. a lack of comprehensive chemical identifica-
tion from SPM, and the requirement for ensemble averaging within
XPS). For example, while non-contact atomic force microscopy (nc-
AFM) is an incredibly powerful technique for studying on-surface re-
actions with resolution down to the level of single chemical bonds [13],
characterising the structure of non-planar molecules by scanning
tunnelling microscopy (STM) or nc-AFM presents significant issues. In
contrast, normal incidence X-ray standing wave (NIXSW) analysis
combines the chemical specificity of XPS with the picometer-level
spatial resolution provided by diffraction based techniques to allow
detailed structural characterisation; with the exact adsorption sites of
atomic species relative to the crystallographic planes of the substrate
being obtained [14,15]. Various on-surface processes have been eluci-
dated by NIXSW analysis; for example, details of Ullmann coupling [16],
molecular conformations at the surface [17-19], the interaction
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Fig. 1. On-surface reaction scheme of tetraphenyl porphyrin. Initial saddle conformation of 2H-TPP adsorbed on gold, followed by the planarised derivative which is
produced upon heating to 250°C, followed by the final product, the planarised porphyrin derivative, metalated with a gold atom from the surface, which occurs

at 415°C.

between the substrate and adsorbed species [20,21], and the ligation of
gas molecules [22]. Therefore a combination of these approaches has
significant benefits.

Porphyrin molecules have previously been shown to undergo a series
of on-surface reactions, which can be effectively studied using XPS and
NIXSW [23,18]. The chemistry of these systems may be studied using
these methods due to the well defined N 1s core level signal in the XPS
spectrum of the chemically active nitrogens within the porphyrins.
Porphyrin molecules have two nitrogen environments within the core of
the macrocycle; iminic (=N-) and aminic (-NH-). This produces two
well-defined peaks within the nitrogen region of XP spectra, and as such,
changes to the chemistry of the macrocycle will be reflected in these
spectroscopic features. Metalation of porphyrin molecules has been
observed via the uptake of a metal atom from the surface in addition to
sequestration of separately deposited of metal atoms. Self metalation of
porphyrins can be observed using STM, but it can be definitively char-
acterised using XPS (the aminic and iminic features reduce to a single
peak when all N atoms bond to a central metal atom [5,6,24]). Here, we
build upon our previous work describing a combined XP spectroscopy
and STM study characterising tetraphenyl porphyrin (labelled here as
TPP) on Au(111) [25]. Three phases of TPP were reported and charac-
terised using STM, scanning tunneling spectroscopy (STS) and XPS; a
‘close packed’ (as deposited) phase, a ring-closed species existing within
a ‘diffuse’ phase, and a ‘metalated phase’ (consisting of Au-TPP) - see
Fig. 1. Our characterisation of the close packed, diffuse and metalated
phases of TPP on Au(111) are in excellent agreement with previous
studies on similar porphyrin systems on coinage metals [7,26,27]. In the
present study NIXSW is employed to determine the position of nitrogen
species within TPP with respect to the Au(111) surface at distinct stages
within an on-surface process; providing insight into the structure of the
different surface-confined species in each phase, and the mechanisms
through which they are formed.

2. Experimental methods

NIXSW and XPS measurements were performed on the 109 beamline
[28] at the Diamond Light Source. Au(111) was prepared under ultra-high
vacuum (UHV) conditions, at a base pressure of 4 x 10~1° mbar, via cycles
of sputtering and annealing (sputter: 1 keV for 30 min, anneal: to 690 K for
30 min). The resultant clean gold surface was characterised with XPS and
low-energy electron diffraction (LEED). TPP was deposited by exposing the
clean Au(111) surface, held at room temperature, to the flux from a
Knudsen-type evaporator held at 280 °C for 30 min. The close-packed
phase of TPP forms following deposition onto the clean surface, with the
diffuse and metalated phases produced upon heating to 260 °C and 415 °C,
respectively. Each phase was characterised using LEED, XPS and NIXSW.

The 109 beamline utilises two undulator sources; one of which covers
the soft X-ray range (100-2000 eV), which we refer to as XPS, and
another which covers the hard X-ray range (2100-18000 eV), termed
‘hard XPS’ or HAXPES. The ‘hard X-rays’ were monochromated by a Si
double crystal monochromator, and the ‘soft’” X-ray beam by a plane

grating monochromator. The XP spectra were acquired using a VG
Scienta EW4000 HAXPES analyser which is mounted perpendicular to
the incoming light (light is linearly polarized in the horizontal plane).
The binding energies were defined relative to the Fermi level of the
substrate. The reflectivity curves were obtained from a fluorescent plate
mounted in the port through which the synchrotron light is incident. The
curves were then acquired using a CCD camera mounted on a window
opposite the port. These reflectivity curves were fitted to determine the
phase of the X-ray standing wave in addition to modelling peak
broadening due to experimental uncertainties. Non-dipolar effects in the
photoelectron yield were modelled using a backward-forward
asymmetry parameter, Q, derived from the calculations of Nefedov
etal. [29,30]. Due to the large acceptance angle of the EW4000 analyser
(£30°) an effective emission angle of 15° was used for (111), with
respect to the surface plane.

N 1s core level XP spectra were obtained using photon energies of
900 eV. NIXSW measurements were acquired from the (111) reflection
plane (using nominal energies of Eprg = 2631 eV). Each NIXSW
measurement was repeated at least three times, with each new
measurement performed at a different sample location to avoid beam
damage. Before and after each measurement, core level spectra for the N
1s and C 1s (hv = 900 eV) were obtained in order to monitor possible
beam damage, with no significant changes observed (no observable
chemical shift and less than noise level, ~ 10%, change in peak
intensities). A reflectivity curve was measured prior to each X-ray
standing wave measurement, to check the quality of the new areas of the
surface and ensure that the energy range of each spectrum is the same
with respect to the Bragg energy. The XP spectra acquired during the
XSW measurement are fit using a combination of Gaussian and Doniach-
Sunji¢ line shapes [31], allowing chemically distinct species to be
addressed at each photon energy.

3. Results and Discussion

NIXSW is a technique utilised to determine the structure of mole-
cule-substrate systems, allowing the adsorption sites of the specific
atoms within these molecules, and their ‘heights’ above the surface, to
be calculated. The phases of TPP on Au(111) have been previously
described using XPS, and the chemical states present in each phase have
been identified [25]. This background allows us to employ chemically
sensitive NIXSW to determine structural details of this system by
focusing on the N 1s signatures from the aminic and iminic nitrogen
atoms within TPP. NIXSW measurements are facilitated by matching the
energy of photons incident upon a crystalline substrate with the Bragg
condition for a given Bragg reflection, H = (h,k,1). Under these condi-
tions an X-ray standing wave is formed, and the location of maximum
intensity can be varied along the direction [h, k, I] by small changes in the
photon energy. As the position of maximum intensity is moved, any
atom immersed in the standing wave will be subjected to varying elec-
tromagnetic field intensity as a function the position of the standing
wave maxima, and a characteristic adsorption profile may be obtained



E.S. Frampton et al.

(here we monitor the photoelectron intensity resulting from X-ray
adsorption). The measured profile may be fitted, using dynamical
diffraction theory, with two dimensionless parameters, coherent frac-
tion (Cf) and coherent position (Cp) [14]. The coherent fraction is a
measure of the distribution of adsorption distances from the crystal
plane being used. For a given plane, this can be used to infer the dis-
tribution of adsorption sites in the system (C; ~ 1 suggests a single
adsorption site, with C; ~ 0 suggests multiple sites or a random
ordering). The coherent position can generally be considered as the
mean adsorption height (dpx;) expressed as a function of the separation
of the (h,k,]) planes, Dy, such that: dyx; = (n + Cp).Dp g, where nis an
integer [14,15].

From the N 1s region of the XPS we can identify the nitrogen envi-
ronments present and use them to characterise the phases of TPP on Au
(111). Here we identify three phases, and a total of five relevant nitrogen
environments: The aminic and iminic in saddle-shaped TPP; the aminic
and iminic in TPP adsorbed above an adatom (aaTPP); and the single
nitrogen environment within metalated TPP. Fig. 2 outlines the sample
preparation and characterisation for these three distinct phases.

Fig. 2a illustrates the sample preparation required to produce the
close-packed, diffuse, and metalated phases of TPP on Au(111) (STM
topographs of the close-packed and diffuse phases are shown in Fig. 2b
and c, respectively). Fig. 2d-f shows N 1s XP spectra for each stage of the
reaction and corresponding peak fitting. Along the lines of previous
work [25] we assign peaks at binding energies (BE) of 397.2 eV and
399.4 eV to the iminic and aminic nitrogen environments for a saddle-
shape porphyrin on Au(111) (see Table 1, labelled as N, and NH,).
The ~ 2eV difference in BE is consistent with previously reported
studies of porphyrin species [32]. The smaller peaks at 397.8 eV and
400.1 eV (labelled as Ny and NHy) are assigned to TPP above an Au
adatom; previously identified using a combination of STM and density
functional theory (DFT) [33,34]. Following annealing the diffuse phase
is formed, with peaks assigned to N,,NH,,N; and NH; species. The
relative abundance of the a and f species depends sensitively upon
sample preparation, annealing conditions and location on the surface; in
line with the expectation that the availability of Au adatoms is related to
the surface temperature. The metalated phase is typified by a dominant
peak at 398.0 eV BE (N,).

These distinct chemical environments allow us to perform chemi-
cally sensitive NIXSW measurements. Importantly, the relative compo-
sition of the @ and f nitrogen species can be defined by the peak areas
obtained within the XPS measurements (see Table 1).

3.1. Close-packed phase

Firstly, we detail the close-packed phase of TPP on Au(111) (Fig. 2b)
as characterised by STM. We observe an ordered self-assembled struc-
ture (dimensions of unit cell calculated from the LEED pattern are 1.4 x
1.4 nm [25]). As discussed above XPS analysis of the N 1s region reveals
four distinct peaks. Importantly, NIXSW requires hard X-rays (HAXPES),
in order to match the Bragg condition for diffraction, which results in a
reduction in cross section of the nitrogen peaks and a corresponding
reduction in signal to noise ratio. This reduction in sensitivity precludes
resolving the a and f nitrogen environments (i.e. TPP and aaTPP spe-
cies), although aminic and iminic nitrogen are clearly distinguished.
Consequently, NIXSW profiles are only obtained for aminic and iminic
nitrogen species.

The NIXSW profiles obtained for these two environments and the Cy
and C, values produced from this fitting were 0.25 + 0.08 and 1.25 +
0.07 for the iminic nitrogen (=N-) and 0.21 + 0.08 and 1.35 + 0.07 for
the aminic nitrogen (-NH-) (See Table 2 and Fig. 3a).? In order to

2 Cp = diia/Dhiq (0 < Gy <1) where hkl is the Bragg reflecting plane, dyy is the
atomic distance from the hkl planes and Dy is the layer spacing.
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interpret the experimental C; and C, values in terms of adsorption
heights we require a model of the molecular species present (detailing
their adsorption heights and fractional abundance). A detailed descrip-
tion of the model is presented within the SI; In summary, our model is
based upon the estimation of nitrogen adsorption ‘heights’ (relative to
the (111) plane) derived from van der Waals (vdW) radii of nitrogen and
gold. Consideration is given to the vertical displacement of aminic ni-
trogen relative to the iminic species, due to the expected saddle-shape
conformation, as well as the previously observed presence of Au ada-
toms residing under the TPP species [25,34]. These model heights are
converted to corresponding coherent position (C,) values. The coherent
fractions (Cy) are derived from (i) the experimentally determined ratio
of TPP to adatom TPP (aaTPP - species adsorbed above a Au adatom)
obtained from XPS measurements, and (ii) the experimentally observed
ratio of nitrogen adsorption sites (with respect to the high-symmetry
atop, bridge, and threefold hollow sites) obtained from STM measure-
ments (as detailed within the SI).3

Having previously defined the ratio of aaTPP:TPP (f: a) species
present using XPS (see Table 1), we employ details from LEED and STM
images to provide further basis for a model. LEED and STM analysis
show that the self-assembled TPP structure forms an incommensurate
lattice with respect to the Au(111) surface [33,25]. Analysis of STM
images allows the location of nitrogen atoms, with reference to the high-
symmetry adsorption sites (bridge, atop, threefold hollow), to be ob-
tained. Our analysis indicates that a range of nitrogen adsorption sites
are present (in line with previous LEED results demonstrating an
incommensurate molecular overlayer), and that when we consider
adsorption sites in terms of their proximity to the nearest high-symmetry
site there is a roughly equal distribution between bridge, atop, threefold
hollow locations (see SI). We have considered modelling nitrogen
adsorption as a quasi-continuous distribution of sites between the
highest (atop) and lowest (threefold hollow) sites, and do not find a
significant difference when compared to a model considering only high-
symmetry sites (see discussion within SI).

Our proposed model therefore utilises information on the abundance
of adatom TPP species, and the proportion of high symmetry adsorption
sites, in combination with values of adsorption heights derived from the
van der Waals (vdW) radii gold and nitrogen. The calculated ‘heights’
for the distinct nitrogen environments at each high-symmetry adsorp-
tion site, atop, bridge and three fold hollow, can be used to determine
expected C, values (details of the model can be found in the SI). The
relative occupation of different sites, and the relative abundance of the
adatom species, determined experimentally, informs the fraction of each
species (C;) within our model. The resultant coherent fractions and
positions for each species can be visualised on an Argand diagram,
displayed as component vectors with polar coordinates, representing the
heights and relative abundance of each atom adsorbing into a specific
site (Fig. 3b,c). Here the pink, green and blue arrows show the calculated
Cr (radii) and C, (angle) for the threefold hollow, bridge, and atop
adsorption sites (iminic N shown in Fig. 3b, and aminic shown in
Fig. 3c). The red, cyan, and orange arrows correspond to adatom TPP
species (i.e. aaTPP) in the high symmetry sites. The vector summation of
all of the components gives rise to the predicted Cy and C,, for the system
(black arrow); these may be compared directly with the experimentally
obtained values.

We now compare our model to the experimentally obtained values of
Cr and C,. Fig. 3b and c show the experimental values (and associated
error) as a red region, with the calculated total C; and C, for our model
illustrated by the black arrow. A direct comparison between the exper-
imental and calculated C, values shows excellent agreement (see

% Inclusion of a periodic vertical corrugation in the surface Au atom height,
induce by the herringbone reconstruction (iOAlA)LBSJ, is expected to have a
negligible effect (1 % decrease in coherent fraction) upon the modelled values.
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Fig. 2. Summary of previously observed on-surface reactions for TPP on Au(111); STM and XPS characterisation. (a) Reaction scheme showing structure of the
porphyrin molecules at each stage of the reaction. The three phases are: close-packed phase (consiting of TPP in the saddle conformation), diffuse phase (consisting of
planarised TPP), and metalated phase (metalised by incorporation of Au and loss of two hydrogen atoms from the porphryin core). STM topographs of (b) close-
packed TPP arrangement [Vsgmpie = 0.6 V, Iser—poine = 50 pAl, and (c) ‘diffuse’ phase of TPP on Au(111) formed following annealing [Vsampe = 1.3V Iset—poinr = 5
PAl. N 1s spectra of, (d) close-packed TPP, (e) the ‘diffuse’ phase of TPP, and (f) metalated TPP [Photon Energy =900 eV].

Table 1

XPS N 1s core level peak positions for the three phases of TPP. Where N, and
NH, are the iminic and aminic nitrogen atoms in saddle shaped TPP, N; and NHy
are the aminic and iminic nitrogen atoms in TPP interacting with a gold adatom
and N, is nitrogen bonding to gold in a metalated porphyrin.

Binding Energy (eV)

Data set N, NH, N;/N, NH; a: B Ratio
Close-packed 397.2 399.4 397.8 400.1 9:4
Diffuse 397.3 399.1 397.7 400.1 2:1
Metalated 398.0
Table 2

Table of coherent fraction and position parameters produced from both the
experimental data and from the modelling using combinations of component
vectors. C, values are written as >1, < 2 indicating that the nitrogen species
reside in the second reflected plane.

Phase Peak Exp. C¢ Exp. G, Model C¢ Model C,
Close-packed -N= 0.25 +0.08 1.25+0.07 0.34 1.25
NH 0.214+0.08 1.35+0.07 0.34 1.34
Diffuse -N= 0.41+0.11 1.25+0.07 0.29 1.26
NH 0.37 £0.10 1.27 £0.07 0.34 1.27
Metalated N-Au 0.46 + 0.06 1.30 +0.04 0.48 1.28

Table 2); with a reduced agreement for Cy (likely due to an under esti-
mate of the prevalence of the adatom TPP species). The difference in
experimental values for the N and NH C, is indicative of the saddle
confirmation which TPP exhibits in bulk crystals and upon adsorption to
metallic surfaces. The two sets of pyrrole rings are rotated in opposite

directions, one set pointing up and the other down relative to the surface
[36]. Here the aminic nitrogen atoms point upwards from the surface
and the iminic point downwards, which is consistent with a model
where the iminic nitrogen are able to interact with metallic substrates
[18]. The coherent position values for the nitrogen peaks were 1.25 +
0.07 for the iminic nitrogen (=N-) and 1.35 + 0.07 for the aminic ni-
trogen (-NH-), with a difference of 0.1 (corresponding to a separation of
0.236 A). This is in excellent agreement with the displacement between
the aminic and iminic nitrogen atoms, 0.2 A, obtained from previously
reported crystallography data [37].

An adsorption model for the close-packed phase of TPP can be seen in
Fig. 4. The iminic nitrogen atoms are located above the first empty (111)
plane above the gold surface and are pictured here adsorbed in the atop
position at a height of 3.21 A (bridge, and threefold sites are also
included within our model, see SI for values). The aminic nitrogen atoms
are located within the second plane above the gold surface, pictured in a
atop site at a height of 3.41 A.

In summary, for the close-packed phase we find good agreement
between the experimental data and our vdW-based adsorption model.
The combination of the two TPP species being present, the saddle TPP
and aaTPP is supported by this model. We identify the presence of
saddle-shape conformation TPP molecules from the differences in
coherent position between the aminic and iminic peaks.

3.2. Diffuse phase

Similar XSW analysis was performed for the diffuse phase of TPP on
Au(111), in which two peaks were fit to the HAXPES data acquired
within the XSW protocol; corresponding to the iminic nitrogen and
aminic nitrogen environments (as for the close-packed phase the a :
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Fig. 3. (a) NIXSW measurements of the close-packed phase of TPP. NIXSW photoelectron yields obtained using the (111) reflection from the Au(111) crystal for the
iminic N1 s signal. (b) and (c) Argand diagrams for iminic and aminic Nitrogen in close-packed phase showing C; and C, values obtained from XSW measurements
from the (111) reflection for the close-packed phase of TPP. The coloured arrows represent vectors showing Cy and C, values for the different binding sites and
environments for the N atom, atop TPP (blue), atop aaTPP (orange) bridge TPP (green), bridge aaTPP (cyan) 3-fold hollow TPP (pink), three fold hollow aaTPP (red),
the black arrow represents a vector which is a sum of the component vectors, and the red error bars and pink shaded error represent the experimentally ob-

tained values.

(b)

y O

321K

p=0

p=-1

Fig. 4. Model of the close-packed phase of TPP on Au(111). (a) TPP in ‘saddle’ conformation; (b) taken from crystal structure reported in Ref [37]: blue plane defined
using the four meso-carbon atoms, with N1 and N3 below the plane and N2 and N4 above. (c) Structure of a planar, ring-closed, derivative of TPP following
cyclodehydrogenation. (d-f) Scheme showing two layers of surface gold atoms with the projected (111) crystal planes marked as dotted black lines; saddle-shaped
conformation of TPP (within close-packed phase) on the surface highlighting the position of the iminic (d) and aminic (e) nitrogen is shown, with the structure of

planar ring-closed TPP (within the diffuse phase) shown in (f).

ratio is used to determine the relative abundance of the aaTTP species).
The corresponding XSW measurements produced structural parameters
Cr and C, (Table 2). A significant difference is observed, when
comparing diffuse and close-packed phases, as the shift in coherent
position for the aminic peak, bringing it in line with the coherent posi-
tion of the iminic peak.

This supports our previously proposed mechanism, in which cyclo-
dehydrogenation ring closing has occurred, causing the TPP molecules
to form a planarised TPP derivative; the resulting reduction in interac-
tion between TPP species (removal of Pi-Pi interactions) drives the
transition to the diffuse phase [25]. This reaction has been reported for
TPP on coinage metals, and observed via STM, resulting in a visible
change in the structure of the porphyrin as well as an apparent ‘flat-
tening’ of the molecule. The ring closing reaction can yield multiple
products, depending on which carbon atom is dehydrogenated
[7,38,39,8].

As for the close-packed phase we propose a model for the adsorption
heights of the aminic and imminic nitrogen species (utilising the abun-
dance of TPP and aaTPP species from XPS characterisation, and
assuming an equal distribution of high-symmetry adsorption sites; a
small contribution from AuTPP is also included within the model for the

diffuse phase). The predicted values for C; and C, from our model are in
agreement with the experimental values (see Table 2 and the Argand
diagrams modelling this phase within the SI). The proposed structural
model is shown in Fig. 4c and 4f. Our results indicates that both nitrogen
species are now at a similar height in line with the previously proposed
ring closing reaction.

3.3. Metalated phase

Following annealing to 415+ 50 °C a metalated phase of TPP is
observed; characterised by a single peak in the N 1s XP spectra (see
Fig. 2), which is attributed to a metalated species in which all the ni-
trogen atoms coordinate to a central gold metal atom [5,40,41,27,6].
The NIXSW measurements of the (111) reflection for this phases yield
coherent fractions and position parameters of Cy = 0.46 £ 0.06 and C, =
1.30 + 0.04 (see Fig. 5a). The absolute value of the coherent fraction in
this phase is noticeably higher than in the close-packed or diffuse phases
which is assigned to the reduced presence of aaTPP species.

As for the close-packed and diffuse phases, a disordered molecular
assembly was assumed within our model (giving an equal distribution of
high symmetry adsorption sites); here we do not include a contribution
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0.25 Cr Fig. 5. XSW data and structural models of
the metalated phase of TPP on Au(111).
NIXSW measurements of the metalated phase

Cp of TPP. (a) NIXSW photoelectron yield ob-
tained using the (111) reflection of the Au
(111) crystal for the N1 s signal. (b) Argand
diagram for the nitrogen species showing

Relative Absorption
N
0

-

ol— = Cf = 0.37£0.06

Cp = 0.27£0.07

experimental C; and C, values (red region),
component vectors for AuTPP (blue, green,
pink) and SC Down species (red, cyan, yel-
low), and the sum of the component vectors
(black arrow). (c¢) Model showing two layers
f 44 of the gold surface with the (111) crystal
P 2 planes marked in dotted black lines. A model
of the metalated ring-closed derivative of
TPP is shown in the second plane at a height

(d) SC down

of 3.32 A above the surface. (d) Proposed
model for the adsorption of the SC down

et

metalated TPP sepecies.

3.324

from adatom adsorbed species as these species are not identified within
XPS. A model where a single fully metalated TPP species (AuTPP) is
formed leads to a predicted Cy; considerably higher than the experi-
mental value (see SI). An interpretation of this finding is that we have
multiple adsorption heights, although one chemical environment. We
rationalise this by considering an incomplete on-surface metalation re-
action, where the Au atoms incorporated within the porphyrin macro-
cycle are not all co-planar with respect to the ‘flat’ porphyrin structure.

We develop a model based upon the published characterisation of
SnPc on Cu(111), where the central Sn atom in the phthalocyanine
molecule has been shown to sit either just above or just below the plane
of the molecule to give a ‘shuttlecock’ shaped structure [42]. The Sn
atom does not sit within the plane of the phthalocyanine molecule due to
its large atomic radius (145 pm), and hence it sits either above or below.
The atomic radius of the Au atom (174 pm) is larger than that of Sn, and
of other metals commonly found within porphyrin molecules, meaning
it may be possible for non-planar AuTPP to form [43]. However, crys-
tallography data suggests that a planar Au-TPP complex is also stable
[44]. We therefore propose that a mixture of planar AuTPP and ‘shut-
tlecock’ (SC) structures, where the atom is below the plane of the
porphyrin species, may coexist on the surface. This represents an
incomplete metalation of TPP following annealing, where AuTPP may
be formed by the incorporation of metal atoms into the porphyrin core.
A schematic of the proposed structures is presented in Fig. 5c,d. By
varying the relative abundance of the SC and AuTPP species we find
excellent agreement with our experimental data when 75% of the
porphyrin species have been converted to AuTPP with 25% existing as a
SC structure. [NB inclusion of a ‘SC up’ species does not improve the fit
to experimental data, and the generation of such a structure is likely to
be less facile than the ‘SC down’ variant].

4. Conclusion

The application of NIXSW characterisation to TPP on Au(111) pro-
vides structural details of three distinct phases of an on-surface reaction.
The combination of XPS and NIXSW allows the chemical environments
in each phase to be determined, and by probing these well-defined en-
vironments structural parameters (Cy and C,) may be acquired by XSW
analysis. These parameters were used to support structural models for
each of the three phases; models were based upon physical properties of

4.56 A

the atomic species (vdW radii), the relative abundance of molecular
species (obtained via XPS), and estimates of adsorption site prevalence
based upon previously published STM and LEED data. The models
developed show good agreement with the reported data and provide
details as to the reaction mechanism during the on-surface metalation of
TPP.

Specifically, our analysis provides additional evidence for the ‘saddle
shape’ geometry of TPP within the close-packed self-assembled phase on
Au(111), and supports the presence of TPP adsorbed above gold adatom
species. The convergence of the adsorption heights of the iminic (=N-)
and aminic (-NH-) nitrogen species following anneal is in agreement
with previously reported planarisation of TPP via a cyclo-
dehydrogenation ring closing reaction. Further annealing gives rise to a
single chemical environment for the nitrogen atoms within the
porphyrin, indicative of a metalated AuTPP species, and we propose the
coexistance of AuTPP in planar and ‘shuttlecock’ geometries, which
results from incomplete metalation.

NIXSW analysis has afforded structural details of the TPP on Au(111)
system which are not easily obtained via scanning probe methods. Using
these methods in combination allows detailed structural information to
be obtained for on-surface processes.
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