THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Self-Metalation of 2H-Tetraphenylporphyrin on Cu(111) Studied with
XSW: Influence of the Central Metal Atom on the Adsorption

Distance

C. Biirker,” A. Franco-Caiiellas,” K. Broch,” T.-L. Lee,* A. Gerlach,*" and F. Schreiber’

Institut fiir Angewandte Physik, Universitit Tiibingen, Auf der Morgenstelle 10, 72076 Tiibingen, Germany
*Diamond Light Source, Harwell Science and Innovation Campus, Oxfordshire OX11 0DE, United Kingdom

© Supporting Information

ABSTRACT: We present a systematic X-ray standing wave (XSW) study of the z-
conjugated organic compound 2H-tetraphenylporphyrin (2HTPP) and copper(1l)-
tetraphenylporphyrin (CuTPP) on Cu(111) at room and low temperatures. We exploit
the feature of thermally activated self-metalation of 2HTPP to CuTPP to study the
influence of the central metal atom on the bonding distance of the molecule to the
substrate surface. Comparison between the average adsorption distances of the carbon
and nitrogen atoms of 2HTPP reveals a distorted molecule with the nitrogen atoms
being closer to the surface than the carbon ones on average. Additionally, the measured
positions of the two chemically inequivalent types of nitrogen atoms (iminic and
aminic) of 2HTPP indicate a distorted porphyrin ring. After the chemical reaction from
2HTPP to CuTPP at 500 K, no change of the adsorption distance of the carbon
skeleton is seen, but the entire molecule becomes flattened. Despite the changes upon
metalation, adsorption distances for both molecules show a strong interaction with the

substrate in comparison to similar 7-conjugated molecules.

1. INTRODUCTION

The investigation of large 77-conjugated molecules has become
an important field in surface science. To tailor the molecules
and the metal in the desired way for an optimized functionality
in organic devices, it is crucial to understand the phenomena
occurring at the organic—metal interface.'”* Porphyrins are
very promising compounds as they can be chemically modified
to a large extent by attaching different side groups. For instance,
the addition of four phenyl groups yields 2H-tetraphenylpor-
phyrin (2HTPP, C,H;N,; see Figure 1 for the chemical
structure), but also more complicated structures are possible.
Additionally, the porphyrin macrocycle can host a metal atom,
which adds further functionalities to the molecule. Thus,
metaloporphyrins show sensing,’ catalytic,"™® and optoelec-
tronic properties,” " as well as render an easy way to create
tunable single metal—atom arrays.'*~"* Due to these promising
features, the metalation of porphyrins has been widely studied
in recent years. Allocation of metal atoms, deposited either
before or after the porphyrins, and codeposition of both
elements were first reported as suitable methods to study
porphyrins and their metalated counterparts (see Panighel et al.
and references therein'® for different 2HTTP studies).
Recently, Gonzalez-Moreno et al.' first reported a different
method to obtain metalated porphyrins, which consists in the
thermally activated acquisition of the metal atom directly from
the substrate. Since then, what is called “self-metalation” has
been shown for different substrates, porphyrins, and temper-
atures."” "' For 2HTTP on Cu(111), Diller et al. first reported
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the thermally activated self-metalation of 2HTPP to CuTPP +
H,.>* Different experimental techniques have been used to
understand the process, which leads to changes in the
geometric and electronic structure of this molecule.*”** In X-
ray photoelectron spectroscopy (XPS), the N 1s core level of
2HTPP on Cu(111) consists of a double peak, which indicates
that there are two different bonding mechanisms for the
nitrogen atoms. The peak at higher binding energy is assigned
to the two aminic nitrogen atoms (—NH—, in the literature also
assigned as the pyrrolic nitrogen), while the other peak
corresponds to the iminic nitrogen atoms (—N=).**
Compared with a multilayer 2HTPP film, the binding energy
of the iminic nitrogen atoms in a monolayer on Cu(111) is
lowered by 0.65 eV, which is explained by strong interaction
of the iminic nitrogen atoms with the Cu(111) surface. After
annealing to temperatures higher than 400 K, the XP spectrum
of N 1s changes substantially,”* and only the iminic N 1s peak
is visible.”® This result is explained by self-metalation, that is,
the formation of CuTPP,** which involves the removal of a H,
molecule and causes all nitrogen atoms to be equally
coordinated to the central metal atom. This means that it is
possible by annealing to transform the metal-free TPP to a TPP
with a central metal atom.
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Figure 1. (a) Chemical structure of (a) 2HTPP and (b) CuTPP and
the corresponding bonding distances on Cu(111). Note that, upon
metalation, all nitrogen atoms are equally and indistinguishably
coordinated to the copper atom.

Besides the electronic changes revealed by spectroscopic
techniques, scanning tunnelling microscope (STM) pictures of
2HTPP and CuTPP on Cu(111) are also useful to detect other
changes occurring upon heating to temperatures above 400 K.*®
For instance, at room temperature (RT), individual 2HTPP
molecules can be imaged by STM due to the strong interaction
of the iminic nitrogen atoms with the Cu(111) sur-
face.**>*773% Interestingly, the same is not possible for low
coverages of CuTPP due to its high mobility.”>*”*® Instead,
only at 200 K is the diffusion of the molecules slow enough to
enable STM measurements.>> However, for higher coverages,
where CuTPP starts to aggregate, STM pictures can be
recorded at RT.'®*?% Furthermore, STM results also show
changes in the adsorption geometry of the molecule upon
annealing. Thus, due to this strong interaction, 2HTPP
molecules adsorb close to the surface following the high
symmetry axis of the substrate and with the phenyl groups
parallel to it.*>*" Also, images show a distorted macrocycle due
to the asymmetric interaction of the nitrogen atoms.”>*” After
annealing, the interaction decreases, and the phenyl groups in
CuTPP are able to rotate with respect to the surface®
(different conformations of the phenyl groups were also
reported by near-edge X-ray absorption fine structure spec-
troscopy, NEXAFS>®). These differences in STM images
between 2HTPP and CuTPP were employed to study the
metalation activation energy and reaction kinetics.”” The
orientation of the phenyl groups is also behind the different
macromolecular arrangements of 2HTPP and CuTPP because
T-type and 7—7 stacking interactions®”>> require a nonflat
phenyl group that is not available for the nonmetalated
porphyrin.*°

In the last years, different techniques and simulation methods
have been used to study the adsorption geometry and
electronic properties of porphyrin derivatives on different
substrates as well as their changes upon metalation. However,
to the best of our knowledge, no direct attempt to measure the
adsorption distances has been carried out so far. Self-metalation
of 2HTTP on Cu(111) offers a relatively easy way to

systematically study, under different conditions, how the
incorporation of a metal atom into the porphyrin ring affects
the interaction strength with the surface. Results will provide,
on one hand, further information on how metalation affects the
geometry of the molecule, which is important to understand the
supramolecular interactions and self-assembly properties of
TPP,***® and, on the other hand, with a more general
perspective, the results will give a new insight into the influence
of the central metal atom on the adsorption geometry of 7-
conjugated molecules on metal surfaces. To fill in this gap, we
use the X-ray standing wave (XSW) technique to study 2HTPP
and the self-metalated CuTPP on Cu(111) at different
temperatures. In recent years, the XSW technique has
demonstrated its potential to disentangle the complex bonding
mechanism of large aromatic molecules on noble metal
surfaces.**™*! Details of the XSW technique can be found in
refs 41—44.

2. EXPERIMENTAL DETAILS

The XSW and XPS experiments were performed at the
beamline 109 of the Diamond Light Source (DLS) in Didcot,
UK. The end station in the experimental hutch 2 at 109
contains a load lock, a preparation chamber, and an analysis
chamber. Each of them can be isolated by gate valves. A sketch
of the setup is displayed in Figure 2. A five-axis (x, y, and z
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@ QCM @ Hemispherical analyzer
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Figure 2. Schematic and simplified (a) side and (b) top view pictures
of the setup in experimental hutch 2 at the DLS beamline 109. Not
drawn are the pumping units of the chambers and the valves between
the load lock, preparation, and analysis chambers.

translations and polar and azimuth rotations) manipulator is
used for sample handling in the preparation chamber and for X-
ray measurements in the analysis chamber. It is equipped with a
sample heater capable of electron beam and resistive heating
and a cooling system, which is operated with liquid nitrogen for
the low-temperature (LT) measurements.

The preparation chamber features an jon gun for Ar"
sputtering, evaporator ports, a quartz crystal microbalance
(QCM) on a linear translation, and a low-energy electron
diffraction (LEED) system. The analysis chamber (base
pressure, 3 X 107'° mbar) contains a VG Scienta EW4000
HAXPES hemispherical electron analyzer, which is mounted at
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~90° relative to the incident X-ray beam. The acceptance angle
of the electron analyzer is +30°.

Sample preparation and measurements took place in situ
under ultrahigh vacuum conditions. The Cu(111) crystal
(MaTecK) was cleaned by repeated cycles of Ar* sputtering
and annealing to 800 K. The surface cleanliness was checked
with XPS and LEED. 2HTPP was purchased from Sigma-
Aldrich (purity > 99%) and degassed thoroughly. Submono-
layer films were prepared by organic molecular beam deposition
using a homemade Knudsen cell, and the evaporation rate was
monitored using the available QCM. A typical nominal
deposition rate was ~0.2 A/min. The final molecular coverage,
being ~0.3 ML, was calculated using the intensity ratio of the
cross section corrected C 1s to Cu 3p;, core levels and the size
of the unit cell occupied by a TPP molecule. CuTPP was
obtained upon annealing of the 2HTPP samples to 500 K for 2
min.

The overall energy resolution for the photon energies that we
worked at was about 350 meV, being dominated by the
resolution of the Si(111) double-crystal monochromator. The
X-ray beam at the sample was defocused to a size of
approximately 300 X 300 ym®.

XPS measurements were performed at RT and LT at photon
energies ~5 eV above the Bragg energy of Cu(111), which was
for our geometry Engagg = 2.973 keV and E{;};gg = 2.980 keV.
The difference between the Bragg energies was used to
determine the LT, that is, 146 K, based on the known thermal
expansion of copper.*

For the XSW measurements, the photon energy was scanned
around the first-order Bragg reflection of the Cu(111)
substrate. The result of the XSW analysis is given by two
fitting parameters, that is, the coherent position Py and the
coherent fraction fy. The first can be related to the bonding
distance dy via dy = (n + Py)d,. Here, d, is the lattice spacing
of the (111) Bragg reflection, and n is a non-negative integer.
The latter varies within the range of 0 < fi; < 1 and reflects the
degree of vertical order. fi; = 1 means perfect order (all atoms
of the analyzed chemical species have the same distance to the
topmost surface plane), whereas fi; = 0 stands for a disordered
layer (random distances to the surface).

3. RESULTS AND ANALYSIS

3.1. Photoemission Analysis. The XPS analysis of the N
1s and C 1s core-level signals of TPP on Cu(111) is displayed
in Figures 3 and 4, respectively, which are arranged as follows:
The uppermost spectra were recorded on a fresh spot on the
sample (labeled “before XSW scan”), the central spectra were
taken after a XSW measurement (“after XSW scan”), and the
bottom panels show spectra measured after annealing to 500 K.
Each spectrum is background-subtracted (Shirley background
for the C 1s and linear background for the N 1s) and fitted with
two Gaussians.

3.1.1. XPS Analysis of the N Ts Signal. As reported in
previous studies,”’ >>*® the N Is signal consists of two
contributions, one from the aminic and the other from the
iminic nitrogen atoms. The latter interacts more strongly with
the copper atoms in the substrate surface. The expected
intensity ratio of the two contributions is 1:1, but we measured
a weaker aminic component and noticed a continuous change
of the intensity ratio due to exposure to X-ray radiation, causing
the aminic component to diminish and the iminic component
to grow, as can be clearly seen in Figure 3 at both RT and LT,
although the total N 1s intensity was found to stay constant.
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Figure 3. XPS analysis of the N 1s core-level signal of 2HTPP on
Cu(111). We observed spectral changes for the N 1s signal due to
synchrotron radiation. Therefore, spectra are shown for a fresh spot
(“before XSW scan”), for a spot exposed to X-rays (“after XSW scan”),
and for the annealed sample, both for RT and for LT.
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Figure 4. XPS analysis of the C 1s core-level signal of 2HTPP on
Cu(111). Spectra are shown for a fresh spot (“before XSW scan”), for
a spot exposed to X-rays (“after XSW scan”), and for the annealed
sample, both for RT and for LT. No substantial change in the C 1s
spectra indicates that the molecule stays intact upon X-ray
illumination. The vanishing peak correlated with the aminic nitrogen
atoms can be explained by the metalation of the 2HTPP molecule to
CuTPP induced by X-rays.

Note that the two spectra in the middle were taken after
different X-ray exposures. Therefore, the difference in height of
the aminic peak is not due to the different sample temperatures
but rather due to different irradiation times. Upon heating the
sample to 500 K, only one nitrogen peak remained, which was
used as a fingerprint for metalation.”>***® As an additional test
for the metalation process, thermal desorption measurements
were performed in our home laboratory, which, indeed, confirm
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the existence of CuTPP after annealing (see the Supporting
Information (SI)*®).

Our measured binding energies for the iminic and aminic
nitrogen atoms stay constant within the error bars (£350
meV), 398.3 and 399.9 eV, respectively. They are in good
agreement with previously determined binding energies.”>*>**
No noticeable change in binding energy is observed upon
cooling or annealing. All binding energies are summarized in
Table 1. Similarly, no variation beyond our error bars is found
for the widths (fwhm) of the individual N 1s peaks, being
around 0.9 eV.

Table 1. Binding Energies for the C 1s and N 1s Core-Level
Signal of TPP on Cu(111) for Different Situations”

RT LT

before after  annealed before after  annealed

N Is (iminic)® 3983 3983 3984 3983 3982  398.5

N Is (aminic) ~ 399.9  399.9 3999 3998
C 1s (C%) 2843 2843 2844 2842 2842 2843
C1s (CY) 2853 2850 2852 2854 2852  285.1

“The binding energies were measured on a fresh spot (labeled
“before”), after a XSW measurement (labeled “after”), and for the
annealed sample. All values are in units of eV.

3.1.2. XPS Analysis of the C 1s Signal. The asymmetric
shape of all C 1s signals is fitted using two Gaussians with
identical width. The higher binding energy component
originates from the eight carbon atoms that form bonds with
the nitrogen, while the lower binding energy one accounts for
those (36 carbon atoms) forming bonds with other carbon
and/or hydrogen atoms. For all sample conditions (RT, LT,
and annealed), the intensity ratio of the two peaks, I(C—C)/
I(C—N) agrees with the expected value of 4.5 (36/8) within a
variation of +0.2.

The binding energy of the stronger component (carbon
surrounded by other carbon) is 284.3 eV. The weaker
component (carbon atoms bound to also nitrogen atoms) is
found to be at a binding energy of 285.2 eV. The width of the
peaks changes only slightly. The fwhm is found to be 1.3, 1.1,
and 1.0 eV for 2HTPP/CuTPP measured at LT, RT, and the
annealed sample, respectively. All binding energies are
summarized in Table 1.

3.2. XSW Analysis. 3.2.1. Corrections of XSW Measure-
ments of 2HTPP on Cu(111). The change of the N 1s spectra
upon thermal annealing to 500 K has been explained by self-
metalation of the 2HTPP molecule forming CuTPP.>'"2* Here,
we observed a similar behavior induced by X-rays of 2.98 keV.
The fact that the C 1s signal does not change during X-ray
exposure supports the idea of a beam-induced chemical
reaction from 2HTPP to CuTPP and rules out beam damage
as the cause of the nitrogen core-level changes because in the
latter case, the molecules would have been destroyed upon X-
ray illumination.

As this chemical reaction changes the intensities of the two N
1s components, the XSW-modulated photoelectron yields are
affected. To account for the changing XPS intensities due to
this beam-induced chemical reaction, we applied a correction to
the yield curves. The XP spectrum before and after a XSW scan
and the time between the two spectra were used to determine
the reaction rate.*® A linear slope with a gradient corresponding
to the reaction rate was assumed and subtracted from the
iminic photoelectron yield and added to the aminic one. The

result of this correction can be seen in Figure S. The
uncorrected yield curves are displayed in Figure Sa, where
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Figure 5. Example of XSW measurement with reflectivity (triangles)
and photoelectron yield curves (circles) of 2HTPP on Cu(111) with
the fitting parameters f; and Py for the yield curves of the N 1s signal,
measured at LT. (a) Not corrected yield curves for the aminic and
iminic nitrogen atoms. (b) A linear correction was added (subtracted)
to the yield curves of the aminic (iminic) nitrogen atoms in order to
account for the metalation of 2HTPP upon X-ray illumination.

the measured iminic N 1s yields are mostly below (above) the
best fit at the start (end) of the scan, which is on the left (right)
side of the plot. The opposite can be observed for the yield
curve of the aminic nitrogen. Figure Sb displays the corrected
yield curves, where one can see a better agreement with the
best fit due to the correction. This correction leads to changes
of the coherent positions of the order of APy < 0.02 and
coherent fractions of Afyy < 0.2.

3.2.2. XSW Measurements of 2HTPP on Cu(111). Several
XSW measurements were performed for the C 1s and N 1s
core levels at RT and LT. All aminic and iminic N 1Is
photoelectron yields were corrected as described in the
previous section. Note that the tabulated results given below
refer to the average over all individual measurements for each
species, while in Figures 6 and 7, single XSW measurements are
shown as an example.

At RT, the analysis of the N 1s photoelectron yield reveals
for the aminic nitrogen atoms a bonding distance to the
Cu(111) surface of 2.23 A, and for the iminic nitrogen, the
distance is 2.02 A. The average carbon bonding distance is 2.40
A. At LT, small changes are observed for the aminic nitrogen
atoms (2.28 A), the iminic nitrogen atoms (1.97 A), and the
carbon atoms (2.34 A). All results are summarized in Table 2.

3.2.3. XSW Measurements of CuTPP on Cu(111). After
annealin§ the sample to 500 K, 2HTPP was transformed to
CuTPP.*' " Several XSW measurements were performed for
the new system at RT and LT. The carbon atoms were found to
adsorb on average at a distance of 2.38 (RT) and 2.33 A (LT)
to the Cu(111) surface. The average distance for the nitrogen
atoms was determined to be 2.25 A at both RT and LT. All
results of the annealed sample are summarized in Table 3.

4. DISCUSSION

Our XPS results are consistent with previous results.
Measuring nitrogen core levels before and after the metalation
represents a direct, noninvasive method to monitor the

22,2328
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Figure 6. Example of XSW measurement with reflectivity (triangles)
and photoelectron yield curves (circles) of 2HTPP on Cu(111) with
the fitting parameters fy; and Py for the yield curves of the C 1Is and N
Is signals at RT and LT. The N 1s yield curves of the aminic and
iminic nitrogen atoms are corrected as described in section 3.2.1.
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Figure 7. Example of XSW measurement with reflectivity (triangles)
and photoelectron yield curves (circles) of CuTPP on Cu(111) with
the fitting parameters fy; and Py for the yield curves of the C 1Is and N
1s signals at RT and LT.

reaction, that is, the two different nitrogen peaks for 2HTPP
(corresponding to different bonding environments) becoming
one single peak upon metalation (due to the identical
coordination to the incorporated copper atom). Moreover,
the formation of CuTPP was checked by thermal desorption
spectroscopy,*¢ giving direct evidence of the existence of this
molecule upon annealing,

As expected, the two types of nitrogen atoms for 2HTPP, the
aminic (with a N—H bond) and the iminic (—N=), adsorb at
different distances to the Cu(111) surface. At RT, the rather
small bonding distance of the iminic nitrogen (2.02 A) supports
the earlier finding of a strong interaction between nitrogen and
the substrate.’”*>* The bonding distance of the aminic
nitrogen atom is ~0.2 A larger (2.23 A). These different
distances signify a saddle shape of the porphyrin ring, as
suggested before”>*>*” and in accordance with NEXAFS>
results of 2HTPP on Cu(111) and by density functional theory
(DFT) calculations for the reaction of porphyrin with single
metal atoms, including Cu*

The average distance of the carbon atoms of 2HTPP (2.40 A
at RT) suggests that the phenyl groups, which can rotate
around the axis of the bond to the porphyrin core, adsorb
rather parallel to the surface. Another finding that supports this
statement is the relatively high coherent fraction for the carbon
atoms, which clearly indicates an essentially flat-lying molecule,
including its phenyl groups. This finding is in line with other
experimental results. NEXAFS measurements>* determined a
rotation of the phenyl groups of 20°, whereas it was estimated
to be 10° based on STM measurements.*”

Upon annealing of 2HTPP and the consequential induced
chemical reaction to CuTPP, a change in the adsorption
distance of the nitrogen atoms was observed. Thus, the equal
coordination of all nitrogen atoms to the central Cu atom
eliminates the iminic and aminic differences, resulting in one
single bonding distance of 2.25 A to the Cu(111) surface. This
distance is 0.1 A higher than the average adsorption distance of
nitrogen atoms in 2HTTP (2.15 A). Metalation also increases
the coherent fraction for both nitrogen and carbon atoms. The
explanation of these results is that the incorporation of the Cu
atom relaxes the geometry of the porphyrin ring, that is, the
suppression of the strong iminic—substrate interaction turns the
saddle shape conformation into a relatively flat macrocycle,
which is supported by the increase of the coherent fractions
(compare fy; for N 1s in Tables 2 and 3) and also found by
independent NEXAFS measurements.”” The suppression of the
site-specific interaction of the iminic nitrogen with the substrate
together with the relaxation and lifting of nitrogen atoms upon
metalation explains the STM results that show a hi§her
mobility of CuTPP in comparison to that of 2HTPP.>>*7*®

Despite the changes in the nitrogen adsorption, the average
distance of the carbon atoms remains basically unaffected (2.40
versus 2.38 A at RT) after the chemical reaction at 500 K. A
similar behavior was seen in a STM study of metalation at
different temperatures carried out by Xiao et al”® They
observed a temperature-dependent rotation of the phenyl
groups that affected the adsorption behavior of the molecule.
Particularly, their images of CuTPP obtained after annealing at
500 K showed a molecular arrangement similar to that of
nonmetalated 2HTPP, that is, with the phenyl groups lying
parallel to the Cu substrate, rendering a flat molecule. It is
suggested that this flattening of the phenyl groups upon
annealing to higher temperatures happens due to the
dehydrogenation of the phenyl groups and/or the macrocycle.
This dehydrogenation reduces the steric repulsion between the
center ring and the side groups, allowing a more planar
conformation of the whole molecule.**

Because our measurements are performed on molecules that
both have the phenyl groups rather parallel to the substrate, we
can neglect a possible rotation as a contribution to the
adsorption height. Hence, the XSW results only reveal the
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Table 2. XSW Results (Coherent Fraction, Coherent Position, Bonding Distance) of 2HTPP on Cu(111) at RT and LT

RT LT
N 1s (iminic) 0.67 097 2.02 + 0.08 0.84 0.94 1.97 + 0.08
N 1s (aminic) 0.72 0.07 223 + 0.05 0.85 0.09 228 + 0.05
N 1s (total) 0.61 0.03 2.15 + 0.08 0.70 0.98 2.04 + 0.06
C 1s (total) 0.52 0.15 240 + 0.03 0.65 0.12 234 + 0.02

“The results of the aminic and iminic nitrogen atoms were obtained performing the correction method described earlier.

Table 3. XSW Results (Coherent Fraction, Coherent Position, Bonding Distance) of CuTPP on Cu(111) at RT and LT

RT LT

fH PH fH PH dH (A)
N Is 0.90 0.08 225 + 0.02 0.93 0.08 225 + 0.02
C 1s (total) 0.71 0.14 238 + 0.02 0.84 0.12 233 + 0.02

influence of the nitrogen—substrate interaction, which, as we
see, does not have a major effect on the average adsorption
height of carbon atoms. However, after annealing to 500 K, the
vertical order is clearly affected, as shown by the increase of the
coherent fractions for both the carbon and the nitrogen atoms
(compare fy before metalation in Table 2 and afterward in
Table 3). Therefore, metalation relaxes and flattens the
macrocycle, but it is the rotation of the phenyl groups that is
the main parameter that affects the adsorption distance to the
substrate.

It is interesting to note that, although the molecule is
flattened, the difference between the adsorption heights of
carbon (2.38 A at RT) and nitrogen (2.25 A at RT) still
represents a distorted molecule. From NEXAFS** measure-
ments and STM images,”” it is plausible to assume a completely
flat macrocycle, that is, that the carbon atoms of the porphyrin
ring are adsorbed at the same distance as the nitrogen ones
(225 A). In this case, the difference between nitrogen and
carbon must be based on a larger average distance of the phenyl
groups compared to the carbons of the macrocycle. A larger
average distance to the surface can be achieved by an upward
bending of the phenyl groups, as depicted in Figure 8. To
obtain the experimentally determined mean carbon distances of
2.38 A, the average distance of the phenyl groups (marked by a
cross in Figure 8) to the surface has to be 2.48 A. This value is

carbon of the
porphyrin ring

l bending

phenyl group

rotation/tilt

Cu(111)

Figure 8. Schematic picture of a phenyl group showing the bending
angle away from the surface. For CuTPP, the bending angle is ~5°,
and the corresponding mean distance of the side group (marked by a
cross) is 2.48 A, independent of the rotation (which here is arbitrarily
chosen for a better depiction).

consistent with an upward bending of the phenyl groups of
~5°* which is compatible and independent of any rotation of
the entire group.

The same reasoning can be applied to the nonmetalated
2HTTP if we assume that for the saddle-shaped macrocycle
carbon atoms are adsorbed at the mean distance between the
aminic and iminic nitrogen (i.e, at ~2.13 A). In this case, to
account for the average distance of 2.40 A for carbon, the
center of the phenyl group (the cross in Figure 8) has to be at
2.63 A. This leads to a bending of the side groups of ~10°.*

The reduction in the bending of the phenyl groups upon
annealing (from 10 to 5°) is possibly explained by the same
reason as the flattening of the phenyl groups upon annealing,
that is, the reduction of the steric repulsion between the side
groups and the porphyrin macrocycle due to the dehydrogen-
ation of both upon annealing at 500 K.** This reduction of the
bending of the side groups also contributes to the increase of
the coherent fraction upon metalation.

The adsorption scenario discussed above is qualitatively the
same for both RT and LT. The lower adsorption heights as well
as the higher coherent fractions observed at LT are most likely
due to a smaller vibrational amplitude, as observed before in
XSW studies at different temperatures (see, e.g., refs 49 and
50). At LT, the calculated bendings of the phenyl groups are 8°
for 2HTPP and 3° for CuTPP.

One may compare the CuTPP molecule with Cu-
phthalocyanine (CuPc) on Cu(111), which has been studied
by XSW in great detail at different submonolayer coverages and
temperatures (300 and 183 K) ' It is found that CuPc on
Cu(111) does not show a temperature-dependent adsorption
distance, in line with our results of CuTPP. Instead, for CuPc
on Cu(111), a dependence on the coverage was reported.
Therefore, we compare our values with the results for 0.4 ML
of CuPc, which is close to our coverage of CuTPP. The
distance to the Cu(111) surface for CuPc (dy(C) = 2.64 A and
dy(N) = 2.54 A) is larger than that for CuTPP, where the
dy(C) = 2.38 A, and dy(N) = 225 A. Qualitatively, the two
molecules adsorb in a similar way on the Cu(111) surface, with
the nitrogen atoms at shorter distances to the surface. Yet, the
CuTPP molecule is by almost 0.3 A considerably closer to the
surface and therefore interacting stronger with the surface than
CuPc.
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5. CONCLUSION

In conclusion, we find evidence of a strong interaction for both
the metal-free and the metalated TPP molecules with the
Cu(111) substrate in comparison to similar z-conjugated
organic molecules. The distance of the carbon atoms to the
Cu(111) surface before and after the metalation is very similar,
showing a flat-lying molecule. This similarity goes against the
effect of the strong iminic nitrogen—substrate interaction as the
origin of the strong interaction. For 2HTPP, the bonding
distance of the two types of nitrogen atoms reveals a distorted
porphyrin ring toward a saddle shape, which becomes flat upon
metalation as all four nitrogen atoms are now equally
coordinated to the central Cu atom. From the measurements,
we also estimate a small bending angle of the phenyl groups
away from the surface that is reduced upon metalation. Neither
for 2HTPP nor for CuTPP did we observe temperature-
induced changes in the adsorption. Besides the thermally
activated self-metalation, we detect a self-metalation induced by
hard X-rays.
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