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ABSTRACT: Understanding the factors that control the demeta-
lation of surface porphyrins at the solid−liquid interface is
important as the molecular properties of porphyrins are largely
determined by their metal centers. In this work, we used X-ray
photoelectron spectroscopy (XPS) to follow the demetalation of
Zn and Cd tetraphenylporphyrin molecules (ZnTPP and CdTPP)
adsorbed as three-monolayer-thin multilayer films on Au(111), by
exposing the molecular layers to acidic aqueous solutions. We
found that porphyrin molecules at the solid−liquid interface are
less prone to lose their metal center than molecules in solution. We
propose that this behavior is due to either the incoming protons
provided by the solution or the outgoing metal ion having to pass
through the hydrophobic porphyrin multilayers where they cannot
be solvated. Our results are relevant for the design of molecular devices based on porphyrin molecules adsorbed on solid surfaces.

■ INTRODUCTION

Porphyrins are a group of tetrapyrroles that play a key role in
biological processes such as oxygen transport and storage,1

electron transport,2 and photosynthesis.3 Porphyrins have a
strong absorption in the UV−visible region as well as excellent
photostability. The nitrogen atoms of the pyrrolic rings form a
reactive core which can incorporate different metallic centers,
generating a rich coordination chemistry. This allows for
tuning their chemical, optical, electronic, and magnetic
properties and consequently their functionality. For this
reason, porphyrins attached to surfaces constitute the basic
building blocks of a variety of molecular devices including solar
cells,4,5 organic light-emitting devices,6 sensors,7,8 catalysts,9

and molecular electronic devices.10 Consequently, there has
been a great research effort undertaken during the recent past
to understand the interaction of porphyrin molecules with
solid surfaces.11,12

Porphyrin molecules adsorbed on surfaces can undergo
chemical reactions involving the central cavity. In the free-base
form this central cavity contains two protons which can be
exchanged with codeposited metal atoms13,14 or with metal
ions from solution,15−17 resulting in a metalloporphyrin. In a
process known as self-metalation, porphyrins adsorbed on
metal or oxide surfaces can be metalated with substrate
atoms.18,19 Furthermore, the iminic nitrogen atoms at the
central cavity can protonate with surface hydroxyl groups,
giving rise to protonated molecules.20 Metalated porphyrin
molecules adsorbed on surfaces can also undergo a trans-
metalation reaction in which the central metal ion is replaced
by another metal atom coadsorbed on the surface or from
solution.21,22 The central metal ion can also be replaced with

two protons in a reverse metalation reaction called
demetalation. This demetalation reaction has been observed
under reduction conditions when porphyrin molecules are
adsorbed on metal electrodes.23,24 However, it was not yet
observed when exposing the surface molecules to acidic
solutions.22

In solution, metal porphyrins can demetalate under acidic
conditions.25 Porphyrin complexes with alkali and alkaline
earths metals are easily demetalated in mildly acidic solutions,
while porphyrins with transition metals with partially filled d
orbitals are more stable against demetalation. Zn2+ and Cd2+

ions have a d10 electron configuration, and porphyrins
complexed with these metals do therefore not show ligand-
field stabilization, making them less stable than other
transition-metal porphyrin complexes.26 Furthermore, Zn2+

ions fit well into the molecular central cavity, whereas the
larger Cd2+ ions do not.27 As a result, Zn2+ porphyrins are
more stable toward demetalation than Cd2+ porphyrins.28

In this work we studied the demetalation of porphyrin
molecules adsorbed on Au(111) single-crystal surfaces exposed
to acidic aqueous solutions. Specifically, we investigated the
demetalation of multilayers of Zn(II) and Cd(II) meso-
tetraphenylporphyrin molecules (ZnTPP and CdTPP) using
X-ray photoelectron spectroscopy (XPS). Our results shed new
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light on the stability of surface porphyrins toward demetalation
in relation to solution porphyrins.

■ EXPERIMENTAL SECTION
Materials. Surface measurements were carried out using a

Au(111) single crystal (MaTecK GmbH). meso-Tetraphenylporphyr-
in (2HTPP) and zinc(II) meso-tetraphenylporphyrin (ZnTPP) were
purchased from Sigma-Aldrich, and cadmium(II) meso-tetraphenyl-
porphyrin (CdTPP) was purchased from Por-Lab GmbH; all were
used without further purification.
Samples Preparation. The Au(111) single crystal was cleaned by

several Ar+ sputtering and annealing cycles until only Au-related
signals were detected by XPS. ZnTPP layers on Au(111) were
prepared by thermal evaporation in UHV using a Knudsen cell.
Evaporation of CdTPP, however, resulted in mixed layers containing
both free-base and metalated porphyrins. After each deposition the
degree of metalated molecules increased, but free-base molecules were
always present. Free-base 2HTPP is expected to have a lower
sublimation temperature than CdTPP, meaning a small concentration
of 2HTPP in the CdTPP powder will result in a significantly higher
concentration in the evaporated layers. To avoid this we decided to
instead deposit the CdTPP layers on Au(111) from methanolic
solution. 2HTPP and ZnTPP monolayers (ML) on Au(111) were
prepared by multilayer deposition and subsequent annealing above
the multilayer desorption temperature (500 K). CdTPP multi- and
monolayers were deposited by adjusting the solution deposition
procedure. Multilayer coverage was estimated by the attenuation of
the substrate XPS signal as discussed elsewhere.29 All the experiments
that required contact between the substrate and a solution were
carried out under an argon atmosphere in a liquid reactor attached to
the UHV chamber, preventing contact with the laboratory
atmosphere (fully described elsewhere).30 After contact with the
solution, the substrate was rinsed with ultrapure water, dried with
argon, and, after pumping down, moved back into UHV for
measurement.
UV−Vis Spectroscopy. Absorption spectra were measured using

a Shimadzu UV-3600 UV−vis spectrophotometer. Spectra were
normalized with respect to the spectra of blank solutions. Ten
micromolar ZnTPP and CdTPP methanolic solutions were employed
for reference measurements. Aqueous pH = 1 solutions with a
porphyrin concentration of 10 μM were created using trifluoroacetic
acid (TFA). To increase the solubility of 2HTPP, pH = 4 solutions
were prepared by adding TFA to a solution of 10% MeOH in H2O.
X-ray Photoelectron Spectroscopy. XPS measurements were

performed at room temperature in a UHV chamber with a base
pressure below 5 × 10−10 mbar using a hemispherical SPECS electron
energy analyzer and a nine-channeltron detector. All spectra were
acquired using a monochromatic Al Kα X-ray source with a photon
energy of 1486.6 eV operated at 15 kV and 20 mA and an electron
detection angle of 20° with respect to the surface normal. The pass
energy of the analyzer was 20 eV, and the energy step was 0.1 eV. All
spectra are referenced to the Au 4f7/2 peak at 84 eV.

■ RESULTS AND DISCUSSION

Figure 1 shows the chemical reactions that could take place as
the pH is lowered. Increasing the concentration of protons in
solution will shift the equilibriums in Figure 1 to the right, first
toward demetalation, where the metal cation is replaced by two
protons. As the concentration of protons is increased further,
the iminic nitrogen atoms will become protonated, creating a
porphyrin diacid. These reactions can be followed in solution
using UV−vis spectroscopy as the free-base, metallo-, and
protonated porphyrin species have intense Soret bands (350 to
500 nm) at different positions and as there are important
differences in the number and the relative energies of the π →
π* transitions that give rise to the Q bands (500 to 750 nm).31

The spectrum of free-base meso-tetraphenylporphyrin has four

Q bands, but when the porphyrin molecules coordinate a metal
ion, there is a change in symmetry from D2h to D4h, reducing
the number of Q bands from four to two.32 The fully
protonated diacid form also has D4h symmetry and therefore
also two Q bands, but at different positions and with a different
intensity ratio.33

Figure 2 shows the main species present in ZnTPP and
CdTPP solutions at pH = 4 and pH = 1. Figure 2a depicts the
UV−visible absorption reference spectra corresponding to
ZnTPP (black line), 2HTPP (red line), and 4HTPP2+ (blue
line). As expected, ZnTPP shows two Q bands at 555 and 595
nm,34 2HTPP shows four Q bands at 518, 551, 593, and 649
nm,34,35 and 4HTPP2+ shows two Q bands at 600 and 652
nm.33 Note that the broadening of the Soret band in the
spectrum of 2HTPP is due to aggregation by stacking which is
caused by the poor solubility of the molecule.36 Figures 2b and
2c show UV−visible absorption spectra of ZnTPP and CdTPP
methanolic solutions (black line) and of solutions at pH = 4
(red line) and pH = 1 (blue line). Clearly at pH = 4 both
molecules are demetalated as the main species present in
solution is 2HTPP. Note that we cannot rule out the presence
of small quantities of ZnTPP at pH = 4.
Furthermore, at pH = 1 both molecules are present in the

diprotonated diacid form 4HTPP2+. However, as we shall
discuss below, when ZnTPP and CdTPP are adsorbed on
surfaces their behavior is different.
X-ray photoelectron spectroscopy has been extensively used

to study the metalation reaction of porphyrin molecules
adsorbed on metal surfaces as the insertion of the metal center
into the porphyrin core can be monitored following changes in
the N 1s spectrum.37 Free-base porphyrin molecules contain
four nitrogen atoms, namely, two aminic/pyrrolic (−NH−)
and two iminic (−N). These nitrogen atoms are chemically
nonequivalent and give rise to two different photoemission
peaks in the N 1s spectrum, separated by approximately 2
eV.38 In the metalated molecules, however, the four nitrogen
atoms are coordinated equally to the central ion and give rise
to only one peak in the N 1s region. Figure 3 shows the N 1s
spectra corresponding to 1 ML of 2HTPP, 1.1 ML of CdTPP,
and 1 ML of ZnTPP molecules adsorbed on Au(111). The N
1s spectrum of 2HTPP shows the two expected components at
399.3 and 397.8 eV in a 1:1 ratio, corresponding to the aminic
(−NH−) and iminic (−N) nitrogen atoms in the free-base
porphyrin, respectively. ZnTPP molecules show a single peak
at 398 eV. The N 1s spectrum corresponding to CdTPP shows
a main peak at 397.6 eV (red curve) that corresponds to the
metalated CdTPP molecules; however, it also shows one small
component at 399.6 eV. This extra component is mainly due to
free-base porphyrin molecules that are codeposited with
CdTPP as the starting chemical contained small quantities of
2HTPP (see the Experimental Section). Note that we cannot

Figure 1. Chemical structures of metalated meso-tetraphenylporphyr-
in (MeTPP), free-base meso-tetraphenylporphyrin (2HTPP), and
diprotonated meso-tetraphenylporphyrin (4HTPP2+).
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rule out codeposition of N-containing impurities from solution
that should give a peak at around the same position.15,22,39

However, given that the sensitivity-factor-corrected total C/N
XPS ratio is 11.2:1 in agreement with the 11:1 molecular
stoichiometry, we can confidently assign the 399.6 eV
component to 2HTPP molecules (blue curve). Thus, we
introduced an extra component (blue curve) with the same
intensity at 397.5 eV to account for the different N chemical
environments present in the molecule.
Figure 4 shows the N 1s, Zn 2p3/2, C 1s, and Au 4f spectra

corresponding to the initial Au(111) surface and to 3.2 ML of
ZnTPP adsorbed on Au(111) before and after exposing the
layers to a pH = 1 solution for 30 min. Initially, 3.2 ML of
ZnTPP shows a single N 1s peak at 398 eV accompanied by a
shakeup satellite peak at 401 eV and a single Zn 2p3/2 peak at
1021.6 eV. The sensitivity-factor-corrected N/Zn XPS ratio is
4:1.1, in agreement with the 4:1 molecular stoichiometry. After
exposure to the acidic solution, the N 1s spectrum remains
essentially constant, except for a new peak at 399.7 eV. This
additional peak could be due to 2HTPP molecules and/or to
nitrogen-containing impurities.15,22,39 However, given that the
total area of the N 1s peak remains constant, we assign the
peak at 399.7 eV to mainly 2HTPP molecules and therefore

added a new peak at 397.8 eV with the same intensity to
account for the different N environments in the molecule. The
area of the Zn 2p3/2 peak decreases by 21% after exposure to
the acidic solution, suggesting that only 21% of the molecules
suffered demetalation. Note that the area of the main N 1s
peak at 398 eV (red curve) is in line with the amount of Zn left
on the surface. The area of the C 1s peak increases only slightly

Figure 2. UV−visible absorption spectra of dissolved ZnTPP and CdTPP as a function of pH, compared to reference spectra of ZnTPP, 2HTPP,
and 4HTPP2+. (a) ZnTPP methanolic solution (black line), 2HTPP at pH = 4 (red line), and 4HTPP2+ at pH = 1 (blue line), (b) ZnTPP, and (c)
CdTPP methanolic solutions (black lines), at pH = 4 (red lines) and at pH = 1 (blue lines), respectively.

Figure 3. N 1s XP spectra of 1 ML of 2HTPP, 1.1 ML of CdTPP and
1 ML of ZnTPP adsorbed on Au(111).

Figure 4. N 1s, Zn 2p3/2, C 1s, and Au 4f XP spectra corresponding to
3.2 ML of ZnTPP adsorbed on Au(111) before and after being
exposed for 30 min to a pH = 1 aqueous solution.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c03197
Langmuir 2021, 37, 852−857

854

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03197?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03197?ref=pdf


and the Au 4f peak remains essentially constant after exposure
to the pH = 1 solution. This indicates that only a very small
number of unwanted species remain on the surface after
exposure to the acidic solution. In the past, we have carried out
similar experiments involving 1 ML of ZnTPP adsorbed on
Au(111) which indicated no demetalation,22 in line with the
present multilayer experiments that show only slight
demetalation. This is in stark contrast to the behavior of
dissolved ZnTPP that indicates full demetalation at pH = 1
(see Figure 2). We explain this difference as follows. Although
the precise details of the metalloporphyrin demetalation
mechanism is a matter of current debate,40 we can assume
that during demetalation protons attack the central cavity from
one side while the metal ions exit from the other side. In
solution, solvent molecules are present on both sides of the
cavity and stabilize both the incoming protons and the
outgoing metal ions, reducing the activation energy barrier of
the reaction. For adsorbed molecules, however, only one side
of the cavity is accessible to solvent molecules. For
demetalation, this means that either the incoming protons
provided by the solution or the outgoing metal ion would have
to pass through the hydrophobic porphyrin multilayers, which
decreases the rate of demetalation. Furthermore, in our
experiments, the crystal is rinsed with ultrapure water after
exposing the porphyrin layers to the pH = 1 solution (note that
we do not have evidence on the presence of water in the film
after rinsing). This causes most of the displaced Zn2+ to be
reinserted into the molecular central cavity. Note that some
Zn2+ might be washed away from the layers, leading to the
observation of a small degree of demetalation. This situation is
different in the case of CdTPP as the larger Cd2+ cation cannot
easily metalate the molecule back due to its size.
Figure 5 shows N 1s, Cd 3d, C 1s, and Au 4f spectra

corresponding to the initial Au(111) surface and to 2.8 ML of
CdTPP before and after exposure to a pH = 4 solution for 30
min. The Cd 3d spectrum corresponding to the initial CdTPP
layer shows the expected 3d5/2 and 3d3/2 doublet at 404.3 and
411.1 eV in a 3:2 ratio. The respective N 1s spectrum shows a
main peak at 397.7 eV (red curve) corresponding to CdTPP
and one small component at 399.7 eV (blue curve). As
discussed above (see Figure 3) this latter component is
assigned to codeposited 2HTPP free-base molecules present in
the starting chemical, and thus, an additional peak with the
same intensity at 397.5 eV (blue curve) is needed to account
for the different N environments in the molecule. Note that the
sensitivity-factor-corrected total C/N XPS ratio is 11.1:1, in
agreement with the 11:1 molecular stoichiometry. The C 1s
and Au 4f peak intensities remain constant after exposing the
CdTPP multilayers to the pH = 4 solution, indicating that no
molecules are lost and that no impurities are deposited on the
surface. However, changes are observed in both the Cd 3d and
N 1s regions after exposure to the pH = 4 solution. The N 1s
intensity remains constant but its shape changes drastically,
showing a large increase in the contributions due to free-base
molecules. The observed increase indicates that 74% of the
CdTPP molecules are demetalated. On the other hand, the
intensity of the Cd 3d signal decreases by 57% and both peaks
broaden. Therefore, the Cd 3d signal could be fitted with two
doublets, one due to CdTPP molecules that remained
metalated after exposure to the acidic solution and with an
intensity equal to 26% of the original signal (404.3 and 411.1
eV red curves) and a new doublet at lower binding energy
(404.0 and 410.7 eV green curves). Note that the Cd 3d

contribution due to CdTPP was fitted by fixing its area to the
corresponding N 1s signal. Although Cd2+ could form surface
alloys with Au(111) single-crystal surfaces after electro-
chemical reduction,41 the Cd 3d5/2 binding energy of the
alloy is 405 eV.42 Thus, in line with the fact that oxidation of
Cd causes a negative Cd 3d5/2 binding energy shift,

43 we assign
the 404.0 eV component to displaced Cd2+ ions that remained
in the molecular layers. Note that the degree of demetalation is
larger than that observed for ZnTPP (see Figure 4); however,
the demetalation reaction is also inhibited in comparison to the
solution behavior (see Figure 2). In this case, rinsing does not
cause the reinsertion of Cd2+ cations into the porphyrin central
cavity as the larger Cd2+ cannot metalate the molecule under
these conditions and therefore a larger degree of demetalation
is observed. Finally, we note that CdTPP monolayers adsorbed
on Au(111) also show partial demetalation after a 30 min
exposure to a pH = 4 solution (see Figure S1).
Figure 6 shows the N 1s and Cd 3d spectra measured after

successive 30 min immersions of 2.8 ML CdTPP adsorbed on
Au(111) into pH = 4 solutions. Clearly, each successive
exposure to the acidic solution resulted in a decrease in the Cd
3d intensity whereas the total N 1s signal remained constant.
Note that the intensity of the C 1s and Au 4f signals also
remained constant after each successive immersion (see Figure
S2), indicating that no porphyrin molecules are lost from the
surface and that no unwanted species are adsorbed. The shape
of the N 1s spectra changed with the number of immersions as
the nitrogen signal due to the free-base molecules (blue
curves) increased. The degree of demetalation after each
successive immersion is shown in Figure 7a, indicating that

Figure 5. N 1s, Cd 3d, C 1s, and Au 4f XP spectra of 2.8 ML of
CdTPP molecules adsorbed on Au (111) before and after being
exposed for 30 min to a pH = 4 aqueous solution.
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74%, 86%, and 95% of the initial molecules are demetalated
after each solution exposure. In parallel, the intensity of the Cd
3d signal decreases after each immersion step. As discussed
above, it could be fitted with two doublet components, one
due to the CdTPP molecules left on the surface (red curves in
Figure 6) and the other due to displaced Cd2+ (green curves in
Figure 6). Figure 7b shows that the total Cd intensity
decreases in a smaller proportion than the CdTPP intensity
calculated from the N peak at 397.7 eV (N−Cd). This
indicates that as more molecules are demetalated the amount
of displaced Cd2+ ions in the film increases.

■ CONCLUSIONS
XPS shows that ZnTPP multilayers adsorbed on Au(111) are
slightly demetalated when exposed to pH = 1 solutions,
whereas CdTPP mono- and multilayers exhibited a larger
degree of demetalation even at pH = 4. In both cases the
degree of demetalation is much lower than that observed when
the molecules are dissolved in liquid solutions. We propose
that demetalation of adsorbed metalloporphyrin molecules is
hindered as either the incoming protons provided by the
solution or the outgoing metal ion would have to pass through
the hydrophobic porphyrin multilayers where they cannot be
solvated. Our results are relevant for the design of molecular

devices based on porphyrin molecules acting at the solid/liquid
interface.
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(30) Meńdez De Leo, L. P.; de la Llave, E.; Scherlis, D.; Williams, F.
J. Molecular and Electronic Structure of Electroactive Self-Assembled
Monolayers. J. Chem. Phys. 2013, 138 (11), 114707.
(31) Gouterman, M. Spectra of Porphyrins. J. Mol. Spectrosc. 1961, 6,
138−163.
(32) Hashimoto, T.; Choe, Y.-K.; Nakano, H.; Hirao, K.
Chlorophylls, Theoretical Study of the Q and B Bands of Free-
Base, Magnesium, and Zinc Porphyrins, and Their Derivatives. J. Phys.
Chem. A 1999, 103 (12), 1894−1904.
(33) Schneider, J.; Berger, T.; Diwald, O. Reactive Porphyrin
Adsorption on TiO2 Anatase Particles: Solvent Assistance and the
Effect of Water Addition. ACS Appl. Mater. Interfaces 2018, 10 (19),
16836−16842.
(34) Ralphs, K.; Zhang, C.; James, S. L. Solventless Mechanochem-
ical Metallation of Porphyrins. Green Chem. 2017, 19 (1), 102−105.
(35) Baskin, J. S.; Yu, H. Z.; Zewail, A. H. Ultrafast Dynamics of
Porphyrins in the Condensed Phase: I. Free Base Tetraphenylpor-
phyrin. J. Phys. Chem. A 2002, 106 (42), 9837−9844.
(36) Cai, J.; Chen, H.; Huang, J.; Wang, J.; Tian, D.; Dong, H.;
Jiang, L. Controlled Self-Assembly and Photovoltaic Characteristics of
Porphyrin Derivatives on a Silicon Surface at Solid-Liquid Interfaces.
Soft Matter 2014, 10 (15), 2612−2618.
(37) Diller, K.; Papageorgiou, A. C.; Klappenberger, F.; Allegretti, F.;
Barth, J. V.; Auwa ̈rter, W. In Vacuo Interfacial Tetrapyrrole
Metallation. Chem. Soc. Rev. 2016, 45 (6), 1629−1656.
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