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A B S T R A C T   

The adsorption structure of iron phthalocyanine (FePc) and titanyl phthalocyanine (TiOPc) was studied by a 
combination of near edge X-ray absorption fine structure (NEXAFS) spectroscopy and normal incidence X-ray 
standing waves (NIXSW) technique. The FePc results demonstrate that the molecule adsorbs with the Fe metal 
centre at an adsorption height of 2.44 ± 0.09 Å, its macrocycle plane mostly parallel with the underlying surface 
and a single adsorption configuration. However, a small distortion of the isoindole groups, with respect to one 
another, is required to rationalise the results. The TiOPc results similarly indicate that the macrocycle plane is 
mostly parallel with the underlying surface up to thick multilayer films, yet, in the monolayer regime, the 
molecule must adsorb in multiple configurations. These configurations are nominally assigned to a mixture of 
adsorption configurations with some Ti=O bonds pointing towards the surface, and some pointing away. We 
determine that, in both configurations, the Ti metal centre sits at a similar adsorption height above the surface of 
3.00 ± 0.20 Å.   

1. Introduction 

Tetrapyrroles are a popular class of organic semiconductor, both for 
their chemical stability and the ease of tuning their chemical properties 
by simply varying the species coordinated within the centre of the 
molecule. For example, first row transition metal or lanthanide centred 
tetrapyrroles are often employed for molecular magnetism applications 
[1–3]; specific centres can be used to treat certain types of cancer as 
photosensitisers for photodynamic therapy [4,5]; vanadyl phthalocya-
nine (VOPc) is paramagnetic [6], substituting the V for a Ti (titanyl 
phthalocyanine (TiOPc)) results in a diamagnetic molecule [7]. Dis-
tinctions can be drawn between planar and non-planar tetrapyrroles – 
those in which the central chemical species lies in plane with the ligand 
plane [8] and those where it projects above or below this plane [9]. 
Optical [10] and electronic [11] properties differ significantly between 
planar and non-planar tetrapyrroles and tuning of these properties is 
possible through chemical modification [12]. In addition, (and of direct 

relevance to this study) non-planar tetrapyrroles can exhibit multiple 
orientations (‘upward’ or ‘downward’ pointing, for example) in crystals, 
[13] thin films [14] and monolayers [15,16]. For many device appli-
cations these organic semiconductors must be interfaced with metallic 
contacts, e.g. copper, silver and gold. The relative energetic position of 
molecular orbitals and surface energy levels is of the utmost importance 
for efficient charge generation and extraction in electronic devices, 
especially at electrodes [17]. Thus, studying the interaction between 
these tetrapyrrole species and coinage metal surfaces is of particular 
interest, and has been the frequent focus of many studies [18–27]. 

Several structural studies have probed the conformation [28–33] and 
adsorption heights [16,34–43] of these molecules on the surface of Cu, 
Ag and Au, elucidating interactions between these molecular semi-
conductors and metallic supports. These adsorption heights, especially 
when measured quantitatively, are invaluable inputs and benchmarks 
for density functional theory (DFT) based calculations [37,44]. For the 
most part, these studies have yielded results that indicate comparatively 
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simple “flat” adsorption (though, particularly for porphyrin tetrapyr-
roles, often with some distortion [32,45]), with the molecular plane of 
the tetrapyrrole macrocycle mostly parallel with the underlying sub-
strate (with few exceptions [19,44]), and the molecule adsorbing with, 
primarily, just a single adsorption height. However, an exception to this 
has been the adsorption of non-planar phthalocyanines on the Cu(111) 
surface. Examples for the planar case include FePc (shown schematically 
in Fig. 1a) and CuPc; examples for the non-planar case are VOPc and 
TiOPc (shown schematically in Fig. 1b). While planar phthalocyanines 
have been observed to adsorb at a single adsorption height [36,39], with 
their molecular plane mostly parallel to the underlying surface, non- 
planar phthalocyanines appear to adsorb with two different orienta-
tions on the Cu(111) surface [16,42,46,47], with each orientation 
possessing significantly different adsorption height. Specifically, we 
have previously studied the adsorption structure of VOPc on Cu(111) 
[16] using normal incidence X-ray standing waves (NIXSW) [48]. The 
results of this previous study indicated that, regardless of coverage, the 
VOPc molecule adsorbs in a mixture of two primary orientations, 
broadly referred to as upwards and downwards pointing. Specifically, in 
the upwards configuration, the V=O bond has the oxygen atom further 
from the surface than the vanadium and vice versa in the downwards 
configuration, as shown schematically in Fig. 1c. The apparent change in 
molecular symmetry, often termed ‘symmetry reduction’ has been re-
ported for planar [49] and non-planar [46] phthalocyanines on the Cu 
(111) surface. Unfortunately, these studies use mostly local probes such 
as scanning tunnelling microscopy (STM) which are difficult to quantify, 
and have not been directly correlated with a quantitative technique such 
as NIXSW. 

Within the current work we present a structural study, employing 
both NIXSW and near edge X-ray absorption fine structure (NEXAFS) 
spectra to probe the adsorption structure and geometry of FePc and 
TiOPc on Cu(111). Our results reinforce the trend previously observed 
in the literature of a single adsorption height for the planar phthalocy-
anine, but two unique adsorption structures for the non-planar phtha-
locyanine. Furthermore, we can exclude the presence of a significant tilt 
(greater than 40◦) of the molecular plane for either species, with respect 
to the surface plane, that has been suggested, for titanyl phthalocyanine, 
on other surfaces [50]. 

2. Experimental methods 

Atomically clean Cu(111) surface of single crystals (SPL, 
Netherlands) were prepared by repeated cycles of sputtering (Ar+, 1 
keV) and annealing (~900 K). The cleanliness was assessed by soft X–ray 
photoelectron spectroscopy (SXPS). Both iron phthalocyanine (FePc – 
Fig. 1a) and titanyl phthalocyanine (TiOPc – Fig. 1b) were triply purified 
by thermal sublimation [51] before being loaded into an evaporation 
source for organic molecular beam epitaxy (OMBE). The evaporator 
contained two separately heated crucibles (OEZ 40-2x1-14-S, MBE 
Komponenten, Germany) that were water cooled to avoid inadvertent 
simultaneous evaporation of both molecules. To control the evaporation 
rate from the OMBE evaporator the FePc was sublimated at 650 K to 

grow a sub–monolayer or bilayer film; the TiOPc was sublimated at 630 
K to grow a thick multilayer, 610 K to grow a trilayer and 550 K for a 
sub–monolayer film. Coverages are roughly estimated with respect to a 
saturated layer of pyrene on Cu(111) and comparison of the respective 
Cu 3s and C 1s intensities in the measured overview spectra. The 
coverage of the films associated with each figure is summarised in 
Table S1 in the electronic supplementary information (ESI). 

The SXPS and NIXSW measurements were performed at the perma-
nent end station of the I09 beam line (Diamond Light Source, UK) [52]. 
The I09 beam line consists of two separate undulator light sources that 
can simultaneously irradiate a sample with soft (0.11 to 2.00 keV) and 
hard (2.15 to 15.00 keV) X–ray light on the same spot on the sample. The 
end station has a Scienta EW4000 HAXPES analyser that was used to 
acquire the individual energy distribution curves in the NIXSW mea-
surements, as well as the SXPS data. The analyser accepts a large range 
of emission angles (±28◦) and was mounted perpendicular to the inci-
dence direction of the photon in the plane of the photon polarization 
(linear horizontal). The SXPS measurements were acquired at an inci-
dence angle of 70◦ and at photon energies of 900 eV (Fe 2p), 680 eV (O 
1s and Ti 2p), 560 eV (N 1s) and 430 eV (C 1s). The NIXSW measure-
ments were acquired at normal incidence to the (111) planes of the Cu 
surface, thus at normal incidence to the Cu(111) surface, with a Bragg 
energy of approximately hν = 2.978 keV. The (111) planes of the Cu 
surface are tilted by an angle of ~ 70◦ with respect to the surface, and 
NIXSW measurements from these reflection planes were also acquired at 
normal incidence to the plane at the same Bragg energy as the (111)
measurements. Each individual NIXSW measurement was performed 
rapidly (~20 min) and multiple repeated measurements were acquired 
from different spots on the sample. On each individual spot the reflec-
tivity curve was measured to ascertain the crystalline quality of that spot 
and allow exact energy alignment of the individual NIXSW measure-
ments, which were summed to improve the signal-to-noise ratio. To 
measure the adsorption rate of the individual elements in the respective 
molecules, the photoemission rate from the core levels was monitored. 
For FePc, 3 Fe 2p, 2 N 1s and 3 C 1s NIXSW measurements were obtained 
from the (111) reflection, and 8 Fe 2p measurements from the (111)
reflection. For TiOPc, 7 Ti 2p, 2 N 1s, 3C 1s and 7 O1s NIXSW mea-
surements were obtained from the (111) reflection. Non-dipolar effects 
in the angular dependence of the high-energy photoemission were cor-
rected as described in ref. [48] using a value of the backward-forward 
asymmetry parameter, Q, [53] derived from the theoretical calcula-
tions of ref [54]. It was assumed that these non-dipolar effects in the 
measurements using a wide angular range of emission detection could 
be modelled by a mean value of the emission angle, θ, defined as the 
angle between the photon polarisation and the photoelectron detection 
direction. In all cases only emission at angles lying between the photon 
polarisation and the vector normal to the probed scatterer planes were 
used (i.e. values θ greater than 0 were included, θ less than 0 were 
excluded). For the (111) reflection the Q parameter was calculated using 
a value of θ of 15◦. For the (111) reflection the experimental geometry 
meant that the accepted angular range of the analyser included 90◦

grazing emission that is strongly attenuated so a slightly larger value of θ 

Fig. 1. Chemical structure of a) iron phthalocy-
anine (FePc) and b) titanyl phthalocyanine 
(TiOPc). The C atoms assigned to the CC (red) and 
CN (blue) species are highlighted with circles, the 
two pairs of isoindolic groups that are allowed to 
vary independently in the modelling are labelled 
with I and II. c) Schematic representation of the 
“upwards” and “downwards” configuration of 
vanadyl phthalocyanine (VOPc). Black spheres 
are C atoms, blue: N, red: O, grey: V, copper: Cu. 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article.)   
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of 18◦ was used. The peaks present in the SXPS and the individual 
spectra of the NIXSW data were fitted with a convolution of a Doniach- 
Sunjic [55] and a Gaussian lineshape. A Gaussian error function was 
used to model the step under the spectra, and a straight line was used to 
fit the background. 

The NEXAFS measurements were obtained from the permanent end 
station on the B-branch of the B07 beam line (Diamond Light Source, 
UK)[56,57] by Auger decay electron yield (AEY). The Auger decay 
electrons were detected using a SPECS Phoibos 150 hemispherical 
analyser that was mounted 60◦ away from the incident beam in the 
plane of the photon polarisation (linear horizontal). The NEXAFS data 
were normalized using the photocurrent measured off a positively- 
biased collector plate facing the final refocussing mirror on the beam 
line, which was assumed to be directly proportional to the incident 
photon flux. Spectra were also obtained over a similar photon energy 
range for a clean Cu(111) crystal, these spectra were similarly nor-
malised to the mirror current. These “crystal” spectra were subtracted 
from the normalised NEXAFS data (apart from the thick TiOPc multi-
layer), to remove effects from the underlying substrate. From both the 
crystal spectra and the measured NEXAFS data, the signal between a 
binding energy of 0 and 10 eV were excluded, to mitigate the influence 
of the Cu valence band on the measurement. Prior to subtraction, the 
crystal spectra were rescaled such that the mean intensity in the pre- 
absorption edge region was the same as the normalised NEXAFS data. 
NEXAFS from the N K-edge (hv = 390 − 450 eV) and C K-edge (hν =

280 − 350 eV) were acquired at normal incidence (θ = 90◦ , where θ is 
the angle between the photon polarisation and the surface normal), 
magic angle (θ = 53◦ )[58] and grazing incidence (θ = 10◦ ), to probe 
the orientation of the adsorbed molecules. 

3. Results 

3.1. Soft X-ray photoelectron spectroscopy (SXPS) 

The SXP spectra for a submonolayer of both FePc and TiOPc on Cu 
(111) are shown in Fig. 2. We estimate that the coverage of these films 
are approximately 0.6 ML (where 1 ML is a densely packed monolayer of 
a molecular adsorbate), the overview spectra for these films are shown 
in the Figure S1 in the ESI. The C 1s SXP spectra (Fig. 2e) are similar for 
both species, showing two clearly separated peaks that are assigned, 
based on their relative binding energy, their relative intensity and the 
comparison to similar spectra in the literature [26,59], to carbon atoms 
only bound to other carbon atoms (CC, lower binding energy) and car-
bon atoms also bound to nitrogen atoms (CN, higher binding energy). 
The N 1s SXP spectra (Fig. 2d), in contrast, show subtle differences be-
tween the TiOPc and FePc layers. Namely the N 1s spectra corre-
sponding to TiOPc seem to consist of a single, if somewhat broad, peak 
(as was observed for VOPc on the same surface [16]) suggesting that the 
chemical environment of all N atoms in the molecule are comparable. In 
contrast, the FePc monolayer shows a primary peak at a higher binding 
energy than the TiOPc, but a subtle shoulder at lower binding energies. 
A similar spectral shape was observed by Snezhkova et al. [26] and was 
ascribed to a 0.36 eV binding energy shift between the inner most N, 
coordinated to the central Fe atom, and the outer N atoms that link the 
isoindolic groups, rather than from the presence of a second FePc species 
on the surface. The Ti 2p (Fig. 2c) and Fe 2p (Fig. 2a) SXP spectra both 
show a single primary peak, with an associated splitting related to the 
spin–orbit coupling. In the Ti 2p3/2 spectrum, the peak is at a binding 
energy of 457.5 eV, which corresponds well to Ti(IV)[27], with a 

Fe 2p O 1s Ti 2p

C 1sN 1s

CN

CC

Fig. 2. Soft X-ray photoelectron spectroscopy (SXPS) of FePc and TiOPc on Cu(111). The peaks labelled CN and CC are assigned to the C atoms as indicated in 
Fig. 1a,b. The inset in panel d) presents an illustrative fitting of the N 1s spectra of FePc on Cu(111), highlighting the presence of a shoulder next to the main peak. 
The 32 and 12 spin orbit components of the (a) Fe 2p and (c) Ti 2p spectra are highlighted. The loss feature in the (a) Fe 2p spectrum is indicated with by an asterisk (*). 
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possible shoulder at lower binding energy that may suggest a minority Ti 
(III) species, possible TiPc or TiOHPc. The Fe 2p3/2 spectrum exhibits a 
significant feature at ~ 710 eV that is assigned to a loss feature related to 
the coupling of the core hole with unpaired electrons in the Fe valence 
band [60], as is commonly observed in Fe 2p spectra [37,60,61]. The 
O 1s SXP spectrum (Fig. 2b) of TiOPc shows two unique peaks that are 
labelled as O1 (lower binding energy) and O2 (higher binding energy) 
which, as is discussed below, are loosely assigned to the O atoms that are 
above or below the Pc molecular plane. 

3.2. Normal incidence X-ray standing waves (NIXSW) 

The NIXSW technique [48] 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 H = (h, k, l). 
The period of this standing wave matches the interplanar spacing dH 
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 π the maximum intensity is coincident with the 
Bragg diffraction planes [62]. 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 fitted 
uniquely, using dynamical diffraction theory [63], by two dimensionless 

parameters [48]: the coherent fraction, fH, and the coherent position, pH. 
These are, respectively, the amplitude and phase of a Fourier transform 
component of the absorber location and broadly correspond to the de-
gree 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, we can use these amplitude and phase values 
to triangulate the position of the emitter atoms with respect to the un-
derlying bulk crystal. [48] When the chosen Bragg diffraction plane is 
parallel with the surface plane the coherent position is related to the 
mean adsorption height of a species by: 

hH = (n+ pH) • dH (1) 

where n is an integer, and relates to so called “modulo-d” ambiguity 
[64] where adsorption heights that differ by the interplanar spacing 
cannot be directly differentiated. However, in practice the correct value 
of n can often be easily assigned as dH typically is in the order of ~ 2 Å, 
thus it is generally trivial to exclude adsorption heights that are 
unphysically low or high. 

The NIXSW data arising from the (111) reflection of the Cu substrate 
are shown in Fig. 3 for both molecules (unless otherwise indicated) from 
the C 1s, N 1s, Fe 2p (FePc), Ti 2p (TiOPc) and O 1s (TiOPc) region. The 
NIXSW from the (111) reflection for the Fe 2p region is shown in 
Figure S2 in the ESI. Note that the C 1s data were separately fitted for the 
CC and CN species, but the O 1s data were integrated across both species. 
The corresponding coherent fraction and coherent position, as well as 
the associated mean adsorption heights, for all species are shown in 
Table 1. Both the Fe 2p and Ti 2p region exhibit comparably large 
coherent fractions (0.78 ± 0.10 and 0.95 ± 0.25, respectively), that 
would generally be associated with a single adsorption height [65]. 

Fig. 3. The (111) NIXSW of a submonolayer of FePc on Cu(111) and a submonolayer of TiOPc on Cu(111). The resulting coherent fraction (f111) and coherent 
position (p111) from the shown fits are detailed in Table 1. The assignment of CN and CC in the SXPS is shown in Fig. 2, and the atoms to which they are assigned are 
shown in Fig. 1a,b. Relative photoelectron yield is the measured photoelectron intensity at the given photon energy related to that measured away from the Bragg 
condition (off-Bragg). 
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However, the coherent position found for the metal centres differs 
significantly, with the Ti metal centres found to adsorb 0.56 ± 0.23 Å 
higher than the Fe metal centres (see Table 1). For the N 1s and the two C 
species, for both FePc and TiOPc, the coherent fraction is significantly 
smaller than that found for the metal centres. This decrease is particu-
larly notable in the TiOPc data, where the coherent fraction has almost 
been reduced to zero. Additionally, the O 1s TiOPc data also results in a 
similarly low coherent fraction. This result, taken by itself, would often 
be interpreted as an almost random height distribution of the phthalo-
cyanine macrocycle. However, these two general assumptions, that the 
Ti metal centres occupy a single well defined adsorption height, yet that 
the molecular macrocycle and O atoms occupy an almost completely 
disordered, are clearly at odds with one another, and would instead 
indicate multiple discrete adsorption sites for the molecule, as was the 
conclusion in our prior work on VOPc on the same surface. The impli-
cations of this conclusion are discussed in detail below. 

The high coherent fraction of the Fe, in the (111) data, and the 
comparably lower, but non-zero, coherent fractions of the C and N 
species, suggests that the FePc molecule is, in one way or another, dis-
torted on the surface (with respect to the planar macrocycle exhibited in 
the single crystal structure [51,66]). The structure in the previously 
published DFT calculations of Snezhkova et al. [26] would result in a 
coherent fraction of greater than 0.95 (ignoring thermal vibrations) for 
all species, thus any distortions in the macrocycle must be larger than 
those predicted by Snezhkova et al.. The simplest possible distortion is a 
rigid tilt of the macrocycle with respect to the surface plane, however 
any significant tilt of the molecule is excluded by the NEXAFS in the 
following section. Furthermore, such a rigid tilt would result in the 
coherent fraction of the CC species being significantly smaller than that 
of the CN or N species. For example, for a comparatively small tilt of 10◦, 
the coherent fraction of the CN and N species would be approximately 
0.5, however the CC species would have a coherent fraction of 0.0. 
Simply tilting each of the isoindolic groups uniformly to maintain a C4v 
point group also cannot explain the experimental results as all 8 atoms of 
the C–N species are all nearly equidistant from the metal centre. Thus, 
any possible uniform tilt of the isoindolic groups would still result in a 
high coherent fraction for this species. Thus, there are two other simple 
models that could be considered likely for distortion of the macrocycle. 

Specifically, a saddle shape conformation, where two of the isoindolic/ 
pyrrole rings are tilted away from the surface and two are tilted towards 
it, or a static displacement of the isoindolic/pyrrole rings away from the 
surface. Saddle shapes have not been attributed to adsorbed phthalo-
cyanines, but are commonly attributed to the more flexible porphyrin 
species on various surfaces, with an extreme version having been 
observed for free-base tetraphenyl porphyrin [19,44,45], but several 
recent structural studies into porphine, the simplest porphyrin, have 
suggested static displacement of the pyrrole rings [38,67,68]. Indeed, 
previously published DFT calculations for FePc on Cu(111) [20,26], 
suggest just such a static displacement, with only a moderate tilting. To 
probe the scale of any possible tilt in the adsorbed molecule, we per-
formed C and N K-edge NEXAFS, described in the following section. 

In the low coverage regime that the NIXSW measurements were 
obtained from, the FePc would be expected to be adsorbed in an isolated 
state with a well defined adsorption site, as indicated by prior STM 
measurements. [49,69] The (111) data from the Fe 2p region provides 
insight into this well defined site of the Fe metal centres. If the Fe metal 
centre were found in an atop, HCP or FCC site then the coherent fraction 
of the (111) data (f111) should be equal to that of the (111) data (f111). If 
the metal centre were in a bridging site on the surface, as indicated in the 
work of Snezhkova et al. [49], then the f111: f111 ratio should be 13: 1. Yet, 
instead, the f111: f111 was found to be almost 0.5:1 ratio. This is indic-
ative of adsorption in a mixture of any two of atop, HCP and FCC sites. 
The (111) coherent position (p111) for such a mixture of sites for a HCP/ 

atop (pHCP/atop
111

), FCC/atop (pFCC/atop
111

) and HCP/FCC (pHCP/FCC
111
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3
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3
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+
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If n = 1 is assumed, which would correspond to a reasonable 
adsorption height of 2.44 Å, then pHCP/FCC

111 
would be 0.89. This coherent 

position would be in good agreement with the experimentally measured 
p111 of 0.95 ± 0.05. Thus, in the measured coverage regime, if the Fe 
atoms are in high symmetry sites, that site is likely a mixture of FCC and 
HCP sites. 

3.3. Near edge X-ray absorption fine structure (NEXAFS) 

C and N K-edge NEXAFS data from a bilayer (~2.2 ML) of FePc on Cu 
(111) are shown in Fig. 4. The spectra show a clear dichroism, where the 
π* region is most intense when the photon polarisation is mostly parallel 
to the surface normal (θ = 10◦ , grazing incidence, GI), but is almost 
completely suppressed when the photon polarisation is parallel to the 
surface plane/perpendicular to the surface normal (θ = 90◦ , normal 
incidence, NI). This indicates that the macrocycles of the adsorbed FePc 
molecules are predominantly parallel to the surface plane. For the N K- 
edge NEXAFS, comparing the intensity at a photon energy of 400.4 eV 
(the position of the maximum absorption rate for θ = 10◦ ), the ratio of 
intensity between GI: magic angle (θ = 53◦ , MA): NI is 15: 5.5: 1. 
Assuming a photon polarisation of 90%, the GI:MA ratio would suggest a 
tilt of ~ 0◦, whereas the GI:NI ratio would suggest a tilt of ~ 20◦. Such a 
large discrepancy is to be expected, the comparatively small intensity in 
the NI signal will have a comparatively large associated uncertainty, as 
any errors present in the data correction and normalisation process will 
significantly affect the resulting intensity in this dataset. Furthermore, 
the remaining intensity of in the normal incidence spectra may simply 
result from disordered areas on the surface, especially in the second 
layer, or from hybridisation between the molecular orbitals and the 
surface states, as have been previously observed for porphyrins on the 

Table 1 
Coherent fractions (fH) and coherent positions (pH) for the H = (111) and H =

(111) reflections from the fitting of the NIXSW spectra shown in Fig. 3 and 
Figure S2 (respectively). The numbers in brackets are the uncertainty in the last 
decimal place of the quoted values. The saddle shape model and offset model are 
shown schematically in Fig. 6 and are described in the main text. The atoms that 
are assigned to CC and CN are shown in Fig. 1a,b. The calculated adsorption 
heights, h111, values are only shown for species with a coherent fraction greater 
than 0.7, and are calculated assuming a (111) d-spacing of 2.0871 Å.   

TiOPc/Cu(111) FePc/Cu(111) saddle shape 
model 

offset model  

f111 p111 f111 p111 f111 p111 f111 p111 

CC 0.26(6) 0.29(5) 0.40(4) 0.30 
(2) 

0.42 0.28 0.41 0.31 

CN 0.10 
(13) 

0.23 
(17) 

0.56 
(10) 

0.23 
(5) 

0.63 0.25 0.54 0.26 

N 0.17(6) 0.38(6) 0.57(6) 0.20 
(3) 

0.50 0.21 0.69 0.22 

Ti/ 
Fe 

0.96 
(25) 

0.44 
(10) 

0.78 
(10) 

0.17 
(4) 

– – – – 

O 0.20 
(20) 

0.76 
(20) 

– – 50/50 mixture of HCP/FCC 
site  

f111 p111 f111 p111 f111 p111 

Fe – – 0.41(8) 0.95 
(5) 

0.39 0.89  

h111(Å) h111(Å)   

Ti/ 
Fe 

3.00(20) 2.44(9)    
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same surface (e.g. [70]). However, these rough results do indicate that 
any expected tilt in the FePc macrocycle would be ~ 20◦ or less. 

C and N K-edge NEXAFS data for a thick multilayer (no observable 
Cu substrate signal in the XPS) and a trilayer (~3.4 ML) of TiOPc on Cu 
(111) are shown in Fig. 5. Similar to the FePc bilayer data, these spectra 
indicate that the macrocycle of the TiOPc is largely parallel to surface 
plane at both film thicknesses, excluding any significant tilt of the 
molecule on the surface, such as that proposed by Wei et al. for TiOPc on 
Ag(111)[71]. Indeed, there is no indication of any significant amount of 
tilted TiOPc on the surface. The GI: MA: NI ratio at 400 eV for the thick 
and thin films were both found to be 12: 5: 1, which would suggest a 
molecular tilt of ~ 20◦. The C KLL and N KLL of the thinner films (TiOPc 
and FePc) exhibit features that are broader than that observed for the 
thick multilayer (TiOPc). This may be due to hybridisation of the mo-
lecular orbitals with the underlying Cu substrate, in which case the 
hybridisation is more pronounced for the FePc film than the TiOPc film. 
The N KLL NEXAFS of the thick multilayer film of TiOPc agrees well with 

similar spectra from multilayers of FePc and AlClPc in the literature 
[72,73]. 

3.4. Model structures 

To understand the results of the NIXSW and the NEXAFS measure-
ments we performed some simple geometric modelling of possible 
adsorption configurations. This modelling is based upon distortions to 
the molecular macrocycle that have either been predicted by DFT cal-
culations for phthalocyanines, [26] or have been observed for porphy-
rins, [74] adsorbed on metal surfaces. We rigidly distorted the molecule 
by varying three parameters: tilt of the isoindolic groups labelled I in 
Fig. 1a, tilt of isoindolic groups labelled II in Fig. 1a, and varying the 
relative adsorption height of groups I and II. The centre of rotation for 
the tilt was the lateral position of the Fe metal centre at the experi-
mentally measured height of the N atoms, and the variation in relative 
adsorption height was also centred around the experimentally measured 

Fig. 4. (a) C KLL and (b) N KLL NEXAFS of a bilayer of FePc on Cu(111) as a function of the incidence angle. Note that the signal in normal incidence is almost, but 
not entirely, extinguished indicating that the molecular macrocycle must be adsorbed almost parallel to the surface plane. 

Fig. 5. (a,c) C KLL and (b,d) N KLL NEXAFS of a (a,b) thick (i.e. no observable substrate peaks in the SXPS, see Figure S1 in the ESI) and a (c,d) thin (i.e. observable 
substrate peaks in the SXPS, see Figure S1 in the ESI) film of TiOPc on Cu(111) are shown as a function of the incidence angle. Note that the signal in normal 
incidence is almost, but not entirely, suppressed for all spectra, indicating that the molecular macrocycle must be adsorbed almost parallel to the surface plane, even 
in thicker multilayer regimes. 
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adsorption height of the N atoms. The N atoms that bridge the isoindolic 
rings were kept fixed. Two potential molecular confirmations resulted 
from this search. The first model resembles that of a saddle shape 
distortion of the molecule, where two isoindolic rings were tilted away 
from the surface, and two towards the surface. The other model had 
smaller tilts of the isoindolic rings, but a more significant vertical offset, 
which we have labelled as the vertical offset model. These two models 
are shown schematically in Fig. 6, and their cartesian coordinates are 
listed in the ESI in Table S2. 

The saddle shape model (Fig. 6a) has one pair of isoindolic rings 
tilted 14◦ away from the surface, the other pair tilted 10◦ down towards 
the surface. The inner N atoms are displaced by 0.8 Å, with respect to 
one another. The vertical offset model (Fig. 6b) has all four isoindolic 
rings tilted by less than 5◦ in each direction (with respect to the surface 
plane), but they are vertically offset by 0.5–0.7 Å, with respect to one 
another. The vertical offset model is broadly comparable to the DFT 
structure presented by Snezhakova et al. [26] and Jabrane et al. [20], 
however their calculations predicted a vertical offset of 0.06–0.20 Å. 
Both of these models would be compatible with the measured NEXAFS 
presented above, and the expected coherent fraction and coherent po-
sition for each model is listed in Table 1, alongside the experimental 
results. 

A similar modelling for the TiOPc adsorption structure did not yield 
any structures that agreed well with the CN, CC and N results. 
Furthermore, even if a single-site model existed that yielded excellent 
agreement with the CN, CC and N results, such a model cannot explain 
the very low coherent fraction observed for the O atoms. 

4. Discussion 

Whereas a mild distortion in the phthalocyanine macrocycle can 
explain all of the experimental results published herein for FePc, this is 
not true for TiOPc. Indeed, like the previously published VOPc results on 
Cu(111) [16], it seems likely that the TiOPc molecule adsorbs with 
different orientations on the surface. Up to moderately thick multilayers, 
the TiOPc molecule is largely flat upon the surface, and one can expect 
these different orientations must all share an adsorption structure where 

the molecular macrocycle mostly parallel to co-adsorbed molecules and 
the surface. As the coherent fraction of the Ti atoms remains high, yet all 
other species exhibit a low coherent fraction, it is unlikely that the 
molecule at sub-monolayer coverages adsorbs in a continuum of 
different adsorption heights. However, a combination of configurations 
that differ primarily in the orientation of the Ti = O bond could explain 
all of the data presented here. Specifically, the occupation of two unique 
orientations, one where the O atom is more distant from the underlying 
surface than the Ti atom (“upwards pointing”), and one where the O 
atom is between the underlying surface and the Ti atom (“downwards 
pointing”), would qualitatively explain the TiOPc results. An example of 
such structures are shown schematically in Fig. 1c, and such a model was 
used to explain the previously published NIXSW VOPc results [16], as 
well as STM and non-contact atomic force microscopy (nc-AFM) mea-
surements of TiOPc [47,75], on the Cu(111) surface and titanyl tetra-
phenyl porphyrin (TiOTPP) on TiO2(110) [76]. Interestingly, this is 
counter to measurements of the same systems adsorbed on Au(111), 
where VOPc and TiOPc have been found to only adsorb in the “upwards” 
configuration. [35,77]. 

As discussed in the SXPS section, two peaks were observed in the O 1s 
data. Due to a low signal to noise ratio (see, for example, Figure S3 in the 
ESI), quantitatively assessing the NIXSW results of fitting these features 
independently is not reasonable, however a qualitative comparison of 
this fit is indicative and is shown in Fig. 7. While the spectra are noisy, 
there is clearly a stark difference between the two yield profiles. Indeed, 
the profile of O1 species clearly has its maxima at a higher photon energy 
than the O2 species. Such a difference indicates that the two different 
species occupy two different heights on the surface, which could obvi-
ously be related to the upwards and downwards pointing species. Note 
that this difference will primarily be due to a difference in coherent 
position: variations in coherent fraction primarily effect the size of the 
maximum photoelectron yield, but have only a minor effect on the po-
sition of that maxima. Importantly, differences in the position in photon 
energy of the maximum photoelectron yield are primarily due to 
differing coherent positions. Considering the adsorption height of the Ti 
centre, 3.0 ± 0.2 Å, and assuming a Ti = O bond length of 1.6 Å, the 
expected coherent positions for the two O atoms would be ~ 0.7 for the 

Fig. 6. Schematic of the (a) saddle shape and (b) vertical offset model of the FePc structure viewing along a (top) < 111 > and (bottom) < 211 > direction. The 
associated coherent fraction and coherent position that would be expected from these models are listed in Table 1. Note that the Fe atom was fixed at an adsorption 
height of 2.44 Å, corresponding to a p111 of 1.17 in both models. 
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downward pointing species and ~ 2.2/0.2 for the upwards pointing 
species. The expected yield profile for these two coherent positions, 
assuming a coherent fraction of 1.0, are overlaid in Fig. 7. While the 
experimental data is noisy, it is clear that a coherent position of around 
0.2 for the O1 species, and around 0.7 for the O2 species would be 
reasonable. 

The measured adsorption height of the Ti metal centre (3.00 ± 0.20 
Å) is effectively identical to that previously measured for the V metal 
centre of VOPc on the same surface (3.05 ± 0.06 Å),[16] and indicates a 
weak interaction directly between the Ti metal centres and the under-
lying surface, even when the Ti atoms are closer to the surface than the O 
atoms. The adsorption height of the Fe metal centre (2.44 ± 0.09 Å), lies 
between that of the Zn metal centre for ZnPc (2.25 ± 0.05 Å) and 
fluorinated ZnPc (F16ZnPc – 2.58 ± 0.05 Å)[78], where the metal centre 
is found to lie closer to the substrate, than the molecular macrocycle 
corresponding to significant overlap of the orbitals of the metal centre 
with the electronic bands of the substrate. We have observed no evi-
dence of a surface reconstruction, as has previously been observed for 
FePc on Cu(110) [79], though a surface reconstruction induced by the 
downwards pointing TiOPc could help explain the comparatively low 
adsorption height (~1.4 Å) of the O atom for this species. The distortion 
observed for the FePc molecule here, was not observed for the adsorp-
tion of FePc on Ag(111) [37], where the measured coherent fractions 
for the CC, CN and N species were closer to unity. Coupled with the 
similar such structure determination for free-base tetraphenyl porphyrin 
on Cu(111) [19], which indicated a significant distortion of the mo-
lecular macrocycle upon adsorption, due to the strong interactions be-
tween the substrate and the central N atoms. These results when taken 
together suggest that the Cu substrate may be expected to distort tet-
rapyrroles and other pyrrolic macrocycles (e.g. corroles, sub-
phthalocyanine, etc.) adsorbed to its surface. 

5. Conclusions 

We have performed SXPS, NIXSW and NEXAFS measurements of iron 
phthalocyanine (FePc) and titanyl phthalocyanine (TiOPc) adsorbed on 
Cu(111). We interpret the NEXAFS results as indicating that both 
molecules adsorb with the molecular macrocycle mostly parallel to the 
surface plane. The NIXSW results indicate that the FePc likely adsorbs in 
a single configuration, but with measurable deformation of the mole-
cule, which could be reconciled with either a vertical offset of the iso-
indole groups or a saddle shape conformation. The NIXSW results for the 

TiOPc could not be reconciled with a single adsorption configuration, 
and rather point to the coexistence of at least two different configura-
tions. One possible explanation would be a mixture of two configura-
tions: one with the O atom between the Ti and the surface, and one with 
the Ti atom between the O atom and the surface, similar to what was 
previously proposed for VOPc on the same surface [16]. Separately 
fitting the two peaks present in the O 1s NIXSW measurements results in 
a photoelectron yield profile that could be explained by such a model. 
These results suggest a general trend that planar phthalocyanines adsorb 
in a single adsorption configuration on the Cu(111) surface, but that 
non-planar phthalocyanines adsorb in multiple adsorption configura-
tions, which may have an impact on the patterning of thin films on Cu 
electrodes, as well as junctions formed between such films and 
electrodes. 
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[79] M. Abadía, R. González-Moreno, A. Sarasola, G. Otero-Irurueta, A. Verdini, 
L. Floreano, A. Garcia-Lekue, C. Rogero, Massive surface reshaping mediated by 
metal-organic complexes, J. Phys. Chem. C 118 (2014) 29704–29712, https://doi. 
org/10.1021/JP505802H/SUPPL_FILE/JP505802H_SI_001.PDF. 

M.A. Stoodley et al.                                                                                                                                                                                                                            

https://doi.org/10.1103/PHYSREVB.74.035404
https://doi.org/10.1103/PhysRevLett.106.156102
https://doi.org/10.1103/PHYSREVB.81.075413
https://doi.org/10.1039/C7CC04182A
https://doi.org/10.1021/JA071572N
https://doi.org/10.1021/JA071572N
https://doi.org/10.1021/jp310196k
https://doi.org/10.1021/ACS.JPCC.7B12673
https://doi.org/10.1088/0034-4885/68/4/R01
https://doi.org/10.1021/JA206175C
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0255
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0255
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0255
https://doi.org/10.1080/08940886.2018.1483653
https://doi.org/10.1080/08940886.2018.1483653
https://doi.org/10.1016/S0368-2048(00)00094-3
https://doi.org/10.1016/S0368-2048(00)00094-3
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0275
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0275
https://doi.org/10.1080/08940886.2022.2082181
https://doi.org/10.1107/S1600577520009157/VE5129SUP1.PDF
https://doi.org/10.1107/S1600577520009157/VE5129SUP1.PDF
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0290
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0290
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0290
https://doi.org/10.1021/jp5078104
https://doi.org/10.1063/1.3563636/71902
https://doi.org/10.1063/1.3563636/71902
https://doi.org/10.1103/PhysRevB.32.6456
https://doi.org/10.1021/IC50161A042
https://doi.org/10.1021/IC50161A042
https://doi.org/10.1021/acs.jpcc.7b11705
https://doi.org/10.1016/J.SUSC.2007.11.011
https://doi.org/10.1016/J.SUSC.2007.11.011
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0355
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0355
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0355
https://doi.org/10.1021/ACS.JPCC.6B07052
https://doi.org/10.1021/ACS.JPCC.6B07052
https://doi.org/10.1021/ACS.JPCC.0C03862
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0370
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0370
http://refhub.elsevier.com/S0020-1693(23)00304-3/h0370
https://doi.org/10.1007/S11434-013-5977-X/METRICS
https://doi.org/10.1007/S11434-013-5977-X/METRICS
https://doi.org/10.1039/D2CP01073A
https://doi.org/10.1039/D2CP01073A
https://doi.org/10.1103/PHYSREVB.71.235405/FIGURES/8/MEDIUM
https://doi.org/10.1103/PHYSREVB.71.235405/FIGURES/8/MEDIUM
https://doi.org/10.1103/PHYSREVLETT.105.046103
https://doi.org/10.1103/PHYSREVLETT.105.046103
https://doi.org/10.1021/JP505802H/SUPPL_FILE/JP505802H_SI_001.PDF
https://doi.org/10.1021/JP505802H/SUPPL_FILE/JP505802H_SI_001.PDF

	Adsorption structure of iron phthalocyanine and titanyl phthalocyanine on Cu(111)
	1 Introduction
	2 Experimental methods
	3 Results
	3.1 Soft X-ray photoelectron spectroscopy (SXPS)
	3.2 Normal incidence X-ray standing waves (NIXSW)
	3.3 Near edge X-ray absorption fine structure (NEXAFS)
	3.4 Model structures

	4 Discussion
	5 Conclusions
	Author contribution
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


