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ABSTRACT: The insertion of a metal atom in the central cavity of
adsorbed porphyrins is an important subject as it allows specific
control over the functionality of the molecule. In this work,
metalation of protoporphyrin IX (PPIX) molecules bonded directly
to a Au(111) surface or to a self-assembled monolayer (SAM) on
Au(111) was studied at the solid−liquid interface. X-ray photo-
electron spectroscopy (XPS) and scannning tunneling microscopy
demonstrate that the molecules bind to the SAM without forming
aggregates and with a surface coverage below the monolayer. Near-
edge X-ray absorption fine structure spectroscopy and surface-enhanced resonance Raman spectroscopy demonstrate that the
molecules are bonded to the SAM with a tilted molecular plane. XPS measurements show that PPIX molecules bonded to the
SAM and exposed to Zn2+ containing aqueous solutions are metalated to a small extent at room temperature and fully metalated
at 350 K. In contrast, PPIX molecules adsorbed directly to the Au(111) surface are fully metalated at room temperature. These
results show that surface−molecule interactions could have an impact on the metalation of porphyrin molecules.

■ INTRODUCTION

Porphyrin molecules are important functional building blocks
that play a key role in many processes of biological importance
including oxygen transport, metabolic catalytic conversion, light
harvesting, and photosynthesis.1 The chemical, optical,
electronic, and magnetic properties of the molecules are
modulated by the choice of the metal center giving rise to
their diverse properties. Thus, porphyrins have potential
applications in molecular devices including solar cells, organic
light emitting devices, sensors, catalysts, and molecular
electronic devices.2−9 Derivatized porphyrins are also versatile
building blocks for the creation of many different types of
assemblies, including surface supramolecular structures and
molecular motors.10 Thus, studying the interaction of
porphyrins with surfaces is of pivotal importance from both
the applied as well as the fundamental points of view.11,12

Metalation of the macrocycle with metal atoms is an
important reaction as it defines the properties of the molecule.
This reaction involves the exchange of two aminic hydrogen
atoms from the molecule central cavity with a metal atom.
Although the metalation of free base porphyrin adsorbed on
surfaces has been known for many years,13 it was observed only
recently at a molecular level under controlled conditions.14

Since, there has been a great research effort to understand
comprehensively the factors that control the metalation of
surface porphyrins.15 The phenomenon was observed in a
variety of conditions where free base porphyrins are metalated
by codeposited surface adatoms,16 substrate metal atoms,17

oxide lattice ions,18 and ions from liquid solutions.19 Very

recently, the exchange of Zn2+ metal centers with Cu2+ ions
from aqueous solutions was observed for surface porphyrins.20

In this work, protoporphyrin IX molecules (PPIX) are
attached to a self-assembled monolayer (SAM) of 16-amino 1-
hexadecanethiol grown on a Au(111) surface via the formation
of an amide bond. The chemical reaction was monitored using
X-ray and UV photoelectron spectroscopy (XPS, UPS),
scanning tunneling microscopy (STM), near-edge X-ray
absorption fine structure spectroscopy (NEXAFS), and surface
enhanced resonance Raman spectroscopy (SERR). It is found
that porphyrin molecules bind to the surface without forming
aggregates and with a tilted molecular plane. This well-defined
molecular system was immersed in Zn2+ aqueous solutions in
order to study porphyrin metalation with metal ions at the
solid/liquid interface.

■ EXPERIMENTAL SECTION

Materials. Photoelectron spectroscopies, near-edge X-ray
absorption fine structure spectroscopy, and STM measure-
ments were carried out using a Au(111) single crystal (MaTecK
GmbH). The crystal was Ar+ sputtered and annealed until no
impurities are detected by XPS. Substrates for STM measure-
ments were cleaned by annealing for 5 min in a hydrogen flame
until the film color turned to a dark red. Protoporphyrin IX
(PPIX), 16-amino-1-hexadecanethiol hydrochloride, 1-ethyl-3-
(3-dimethylamino-propyl) carbodiimide (EDC), N-hydroxy-
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succinimide (NHS), zinc acetate, and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich and used as
received. Absolute ethanol of analytical grade and 18 MΩ cm
Milli-Q water were used to prepare solutions.
Sample Preparation. Self-assembled monolayer formation

was performed under an ultrapure Ar atmosphere in a ultra-
high-vacuum (UHV) chamber equipped with a transfer system
that allows transferring the sample between UHV and the
atmospheric liquid reactor (described fully elsewhere).21 The
clean Au crystal was placed in contact with a 1 mM solution of
16-amino-1-hexadecanethiol in ethanol at room temperature
for 4 h. Meanwhile, a 0.3 mM PPIX solution in DMSO:water is
incubated for 1 h in EDC (8 mM) and NHS (4 mM). After this
first activation step, the SAM functionalized surface is dipped
overnight in the PPIX solution. Under these reaction
conditions, at least one of the PPIX carboxylic groups is
expected to react with the terminal amine group exposed on the
surface forming an amide bond. Multilayers of PPIX were
directly deposited over the Au(111) surface to obtain reference
XPS and NEXAFS spectra after evaporation of a PPIX solution
that was previously placed in contact with the surface substrate.
Attemps to deposit PPIX molecules over the Au(111) surface
via thermal evaporation resulted in molecular fragments as
observed by XPS. Thus, monolayers of PPIX molecules
adsorbed directly over the Au(111) surface were prepared by
immersion of the cystal in a PPIX saturated DMSO solution,
followed by extensive rinsing and drying in Ar.
Photoelectron Spectroscopies. XPS measurements were

performed using a UHV chamber (base pressure < 5·10−10

mbar) with a SPECS spectrometer system equipped with a 150
mm mean radius hemispherical electron energy analyzer and a
nine channeltron detector. XP spectra were acquired on
grounded conducting substrates at a constant pass energy of
20 eV using a monochromatic Al Kα (1486.6 eV) source
operated at 15 kV and 20 mA at a detection angle of 20° with
respect to the sample normal. Binding energies are referred to
the aliphatic C 1s emission at 285 eV. UPS spectra were
acquired using a He I radiation source (21.2 eV) operated at
100 mA with normal detection at a constant pass energy of 2
eV.
Scanning Tunneling Microscopy. STM measurements

were performed using a Scanning Probe Microscope AFM-
STM 5500 (Agilent Technologies) isolated from vibrations, air

turbulence, and acoustic noise. STM imaging was performed in
a HClO4 0.1 M aqueous solution under electrochemical control
using a four-electrode bipotentiostat for the independent
control of substrate and tip potentials with respect to a
reference electrode. A custom-made three-electrode PTFE cell
was used with two Pt wires used as counter and pseudo-
reference electrodes, respectively. Typical images were acquired
in constant current mode under electrochemical bias using the
following conditions. Au(111): 0.9 nA sample current, 300 mV
sample bias, and 450 mV (vs SCE) sample potential; SAM
modified surface: 0.7 nA sample current, 340 mV sample bias,
and 350 mV (vs SCE) sample potential; PPIX deposited over
SAM modified Au(111): 1.5 nA, 220 mV sample bias, and 250
mV (vs SCE) sample potential. W tips were made by etching in
2 M KOH and then cleaning with concentrated hydrofluoric
acid, water, and acetone. To minimize Faradaic currents, the
tips were isolated with nail paint and dried overnight. Tips were
tested and calibrated imaging clean HOPG substrates obtaining
atomically resolved images.

Near-Edge X-ray Absorption Fine Structure Spectros-
copy. NEXAFS measurements were carried out at the Brazilian
Synchrotron Light Source (LNLS), Campinas, Brazil, using the
planar grating monochromator (PGM) beamline for soft X-ray
spectroscopy (100−1500 eV) as the monochromatic photon
source. Experiments were performed using the photoemission
end station with a base pressure of 10−10 mbar. NEXAFS
spectra were obtained by measuring the total electron yield
(electron current at the sample) simultaneously with a photon
flux monitor (electron current at a Au mesh). The final data
were normalized with respect to the Au mesh electron current
to correct for fluctuations in the beam intensity. NEXAFS
spectra were recorded at normal 90° and at 35° photon
incidence angle with respect to the sample surface. Note that it
was not possible to measure at lower incidence angles due to
geometric constrains. All angle dependent geometry effects (for
example, sampling a different number of surface species) are
eliminated by normalizing the resonant intensities to the angle-
independent K-edge jump in all spectra.22 The monochromator
and thus the NEXAFS energy scale were not calibrated.

Surface-Enhanced Resonance Raman. SERR spectra
were acquired employing a confocal microscope (Olympus
BX40) coupled to a single-stage spectrograph (Dilor XY; f =
800 mm) equipped with a 1800 lines/mm grating and a liquid

Scheme 1. Covalent Attachment of the Protoporphyrin IX Molecules to the Amine Terminated Hexadecanethiol SAM on
Au(111)
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nitrogen-cooled back-illuminated CCD detector (2048 × 512
pixels). The 413 nm line of a continuous wave krypton ion laser
(∼3 mW; Spectra Physics BeamLok 2060) or the 514.5 nm line
of a continuous wave argon ion laser (∼12 mW; Coherent
Innova 70C) was focused on a silver nanostructured surface by
means of a long working distance objective (20×, NA 0.35),
and the elastic scattering was rejected with Notch filters. The
spectral accumulation times were between 5 and 10 s for 413
nm excitation and 20 s for 514 nm excitation. Before each
experiment, the spectrometer was calibrated employing Hg and
Ne calibration lamps (Newport), and all the spectra were
obtained simultaneously with the 435.833 nm line from the Hg
calibration lamp as an internal spectroscopic standard to ensure
reproducibility. The spectrometer parameters were set to obtain
a 0.4 cm−1 increment per data point and a 3 cm−1 instrumental
bandpass. Ag disks employed for SERR measurements were
treated by repetitive oxidation/reduction electrochemical cycles
in 0.1 M KCl to create a SER-active nanostructured surface.

■ RESULTS AND DISCUSSION
PPIX molecules were covalently bonded to a self-assembled
monolayer (SAM) of 16-amino-1-hexadecanethiol (NH2C16)
on Au(111) surfaces via a carbodiimide-mediated amidation.23

This method involves first growing the NH2C16 SAM on the
bare Au(111) surface. This is followed by the formation of an
amide chemical bond between the −COOH chemical groups in
the PPIX molecule and the −NH2 functions in the SAM in
aqueous solutions as shown in Scheme 1. Although the method
has been used successfully to attach transition metal complexes
to self-assembled monolayers on Au(111) surfaces,24,25 in the
present case, the reaction was very inefficient due to the low
solubility of PPIX in water. Thus, different binary dimethyl
sulfoxide:H2O solutions were employed to carry out the
reaction, with a 1:1 ratio giving reasonable yields.
Figure 1 shows the N 1s, C 1s, S 2p, and Au 4f XPS spectra

corresponding to three different stages in the functionalization
of the surface: (i) the initial Au(111) surface (black), (ii) after
16-amino-1-hexadecanethiol SAM formation (blue), and (iii)
after PPIX attachment to the NH2C16 SAM (red). The N 1s
region also shows the reference spectrum corresponding to
PPIX multilayers deposited over the Au(111) surface in the
absence of the SAM (green). The initial surface shows only Au
related signals in the XPS scans (see the Supporting
Information). The absence of C, N, and S is to be noted,
confirming that the substrate is atomically clean before growth
of the molecular layers.
Formation of the NH2C16 SAM results in the expected

appearance of C, N, and S and in the attenuation of the Au 4f
signal. The N 1s spectrum corresponding to the NH2C16 SAM
shows a broad signal with major contributions at ∼400 eV due
to the −NH2 group and at ∼402 eV due to the protonated
amine −NH3

+.26 Note that a fraction of the amine terminal
groups is expected to protonate in the acid−base equilibrium
that takes place while rinsing. The C 1s signal shows a main
peak centered at ∼285 eV attributed to the hydrocarbon
backbone of the NH2C16SH molecules, whereas the S 2p region
shows the characteristic doublet with the S 2p3/2 at ∼162 eV,
indicating the formation of a thiolate S−Au bond. The nominal
N:C:S ratio is 1:16:1 and the XPS N:C:S ratio is 1:12:0.5,
showing the attenuation in the S and C signals due to the
overlaying atoms in the molecule and thus suggesting that the
molecules adopt the expected orientation with the −NH2
groups at the vacuum/monolayer interface. Three spectral

changes are observed when the PPIX molecules are bonded to
the NH2C16 SAM. First, the N 1s spectrum shows a new
contribution at ∼397.7 eV due to the two iminic N− atoms
in the porphyrin molecules.27 Note that the contribution of the
two aminic −NH− atoms in the porphyrins is expected at
∼400 eV (see multilayer spectrum) overlapping with the −NH2
signal from the underlying SAM. The iminic and aminic signals
are clearly seen in the spectrum corresponding to the
deposition of PPIX multilayers (measured in the absence of
the SAM). Furthermore, there is a small contribution at ∼400.8
eV due to the amide bond −NCO28 formed once the
molecules are attached to the SAM. The amide:iminic
integrated intensity ratio is 1:2, suggesting that the molecules
are anchored to the SAM via one amide bond. Second, the C 1s
spectrum presents an small feature at ∼288.2 eV which could
be attributed to carbonyl carbons29 in the carboxy and amide
functional groups and tentatively to a shakeup satellite present
in organic molecules with extended conjugated π systems.
Finally, the Au 4f signal is further attenuated as the film
thickness increases after binding PPIX molecules to the

Figure 1. XPS spectra corresponding to the initial Au(111) surface
(black), amine terminated self-assembled monolayers on Au(111)
(blue), and PPIX attached to the SAM functionalized surface (red). N
1s, C 1s, S 2p, and Au 4f regions are displayed. The top spectrum in
the N 1s region corresponds to PPIX multilayers deposited over
Au(111) (green).
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NH2C16 SAM. Given that the expected surface coverage of
NH2C16 SAMs over Au(111) is ∼4·1014 molecules cm−2,30 and
that the SAM:PPIX ratio calculated from the N 1s XPS signals
is 1:0.09, then the estimated PPIX surface coverage is ∼3.6·1013
molecules cm−2, in line with the value estimated from the UV−
vis measurements discussed in the Supporting Information.
Figure 2 shows the UPS spectra of NH2C16 SAM/Au(111)

(blue) and PPIX/SAM/Au(111) (red) in comparison to the

spectrum of the clean Au(111) surface (black). The left panel
shows the secondary electron cutoff, and the right panel shows
the region around the Fermi edge. The UPS spectrum
corresponding to the bare Au(111) substrate is very similar

to that previously reported.31 From its width, we can calculate
the Au(111) work function (Φ):32 Φ = 21.21 eV − W = 5.35
eV, which is in excellent agreement with values reported
elsewhere.33 Formation of the NH2C16 SAM over the Au(111)
surface shifted the position of the secondary electron cutoff,
resulting in a work function change (ΔΦ) of approximately
−1.84 eV (within the experimental uncertainty of 0.05 eV).
This value is in agreement with the values reported for similar
systems and implies that the chemisorbed alkanethiols form a
dipole layer with negative charges residing at the metal/
monolayer interface and positive charges at the monolayer/
vacuum interface.34 Incorporation of PPIX molecules on the
monolayer modifies the work function only slightly (ΔΦ =
−1.56 eV), implying that the surface dipole layer is still
dominated by the NH2C16 SAM. The right panel of Figure 2
shows that formation of the NH2C16 SAM results in a complete
attenuation of the 5d and broad 6s Au bands with no
discernible new contributions to the electronic density in the
region below the Fermi edge. Bonding of PPIX molecules to
the SAM resulted in a very small, yet discernible, peak at −1.95
eV below the Fermi edge which can be easily seen after
subtracting the SAM spectrum (shown in the inset). This new
electronic state can be tentatively assigned to the HOMO state
in the PPIX molecules.35

Figure 3 shows STM images corresponding to the initial
Au(111) surface, after growth of the NH2C16 SAM on Au(111)
and after attachment of PPIX molecules to the SAM. Also
shown are line profiles corresponding to each image. Large
terraces separated by monatomic steps are observed in the
images corresponding to the clean Au(111) surface. Deposition
of the NH2C16 SAM results in the appearance of dark areas
corresponding to pits of monatomic depth which are induced
by the dynamic self-assembly process that takes place during
the formation of the monolayer in solution.24,25 Covalent
attachment of PPIX molecules to the NH2C16 SAM results in
randomly distributed bright spots with a broad size distribution.
The XPS, UPS, and STM results discussed above provide

experimental evidence confirming the covalent attachment of

Figure 2. UPS spectra corresponding to the initial Au(111) surface
(black), amine terminated self-assembled monolayers on Au(111)
(blue), and PPIX attached to the SAM functionalized surface (red).
Left panel shows the secondary electron cutoff, the right panel shows
the region below the Fermi edge, and the inset shows the difference
between the PPIX/SAM and the SAM spectra.

Figure 3. STM images corresponding to the initial Au(111) surface (left), amine terminated self-assembled monolayers on Au(111) (center), and
PPIX attached to the SAM functionalized surface (right).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b04983
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04983/suppl_file/jp7b04983_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b04983


PPIX molecules to the NH2C16 SAM on Au(111). Additional
evidence is provided by examining the C and N K-edge
NEXAFS spectra shown in Figure 4. The angle resolved carbon
edge spectra corresponding to the NH2C16 SAM, to PPIX
molecules attached to the SAM functionalized surface (PPIX/
SAM), and to multilayers of PPIX directly deposited on the
naked metal surface are shown on the left panel. The respective
N edge spectra are shown on the right panel. The C edge
NEXAFS spectra corresponding to the NH2C16 SAM are
dominated by a resonance at ∼287.6 eV which has been
assigned to a transition from C 1s into C−H σ*36 and also to
excitations into orbitals of dominantly Rydberg character.37

The other prominent feature in the spectra is a broad resonance
at ∼293 eV which is assigned to a transition from C 1s into C−
C σ*.36 The relative intensities of these resonances change in
opposite directions as the angle of incidence is modified. The
C−H σ* resonance (oriented perpendicular to the alkyl chains
axis)38 is strongest at normal incidence (i.e., when the electric
field of the incoming radiation is parallel to the surface) and
decreases when the incidence angle is reduced, whereas the C−
C σ* resonance (oriented along the chains axis)38 exhibits the
opposite behavior. This implies that the alkyl chain molecular
axis in the self-assembled monolayer is in an upright
configuration as expected.30,36,39 Attaching PPIX molecules to
the SAM results in the C 1s NEXAFS spectra shown in the left
center panel of Figure 4. New resonance transitions appear
below 286 eV in addition to the transitions due to the
underlying SAM. Interpretation of these spectra requires using
the spectrum corresponding to PPIX multilayers shown in the
top panel. The C 1s NEXAFS spectra of PPIX/SAM could be

arbitrarily divided in three regions: (i) the region between 283
and ∼286 eV where many C 1s → π* transitions in the PPIX
molecules are expected,40 (ii) the region between ∼286 and
∼290 eV where Rydberg, C 1s → C−H σ*, and other40

transitions are expected, and finally (iii) the region above 290
eV dominated by C 1s → σ* transitions. The first region is the
only one presenting signals due to only the PPIX molecules as
the SAM does not have π electronic density; in the other two
regions, there is an overlap of signals from the SAM and PPIX
molecules. The resonance at 283.9 eV can be assigned to a C 1s
→ π* transition in the PPIX molecule.41 For aromatic systems
such as the porphine, the π* states are derived from pz orbitals
oriented perpendicular to the molecular plane. If the aromatic
π* system lies normal to the surface, the C 1s → π* transition
intensity exhibits a maximum for θ = 90° and vanishes for θ =
0°. Although the quality of the data is not good enough to
estimate a tilt angle for the molecular plane, comparison of the
90° and 35° spectra shows that the intensity of the C 1s → π*
transition at 283.9 eV is slightly larger in the former case.
Although the sign and amplitude of the anisotropy in the
maximum of the 90° − 35° difference spectrum is extremely
small, it nevertheless suggests that the PPIX molecules are not
flat-lying over the SAM, in line with SERR measurements
discussed below.
The N edge NEXAFS spectra shown on the right panel of

Figure 4 are consistent with the respective C edge NEXAFS
spectra discussed above. The spectra corresponding to the
NH2C16 SAM in the bottom panel display three resonances and
are very similar to those measured elsewhere.26 The resonances
at 398.2 and 400.6 eV have been assigned to N 1s → N−H σ*

Figure 4. C edge and N edge normalized NEXAFS spectra of the amine terminated self-assembled monolayers on Au(111) (NH2C16 SAM) and
PPIX attached to the SAM functionalized surface (PPIX/SAM). The spectra were taken at incidence angles of 35° and 90°. Top graph shows the
reference spectrum corresponding to PPIX multilayers.
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transitions in the protonated and unprotonated amine groups
in the monolayer, respectively,26 whereas the ∼406 eV
resonance has been assigned to N 1s → C−N σ*. In line
with the previously studied system26 and with the known
orientation of the NH2C16 molecules in the SAM, the
intensities of the first two transitions decrease with increasing
the photon incidence angle.26 Attaching PPIX molecules to the
SAM results in at least two extra signals: The first one at 397.2
eV which has been assigned to N 1s → π* (N− ) transitions
and the second one at 399.5 eV due to N 1s → π* (−NH−)
transitions.42 These PPIX related signals can be clearly seen in
the spectrum corresponding to the PPIX multilayers shown in
the top panel. The intensity dependence of the PPIX signals
with photon incidence angle can be inferred from the 90° −
35° difference spectrum. Again, the quality of the data is not
good enough to estimate a tilt angle; however, both N 1s → π*
transitions have slightly larger intensities at normal incidence,
suggesting that the PPIX molecules are not flat-lying over the
SAM, in line with the C 1s NEXAFS measurements discussed
above and the SERR measurements discussed below.
Attachment of PPIX molecules to the NH2C16 SAM was also

studied with surface enhanced resonance raman spectroscopy
(SERR). Figure 5 shows SERR spectra (1100−1700 cm−1)

corresponding to PPIX molecules bonded to NH2C16 SAM
over nanostructured Ag. Also shown is the spectrum
corresponding to PPIX multilayers and, in the top panel, the
PPIX/SAM spectrum measured with 514 nm excitation laser.
SERR measurements were conducted using nanostructured Ag
instead of Au(111) substrates in order to attain simultaneous
resonance with the electronic transitions of the porphyrin and
with the surface plasmons of the metal substrate, thus obtaining
maximal signal enhancement.43 Using Ag instead of Au for the
SERR measurements should not influence PPIX bonding to the
NH2C16 SAM because: (i) long alkylthiol chains are employed
in the SAM detaching a possible influence from the substrate

and (ii) amine terminated alkylthiol SAMs are known to form
compact monolayers similar to those formed over Au
substrates.44 The observed bands correspond to the PPIX
molecules as the underlying SAM has no significant
contribution under the experimental conditions employed.
Band assignment45 is indicated by the labeling of SERR bands
shown in Figure 5 and confirms that the molecules bind to the
surface, retaining their molecular integrity. The top panel of
Figure 5 shows the PPIX/SAM SERR spectrum obtained under
Q-band excitation (514 nm). Under these conditions, SERR
spectra are weaker, but sensitive, to the orientation of the
molecular plane relative to the surface.46 In an ideal D4h
porphyrin symmetry, the A1g modes will experience preferential
enhancement when the molecular plane is parallel to the
surface, whereas the B1g mode will be enhanced for a
perpendicular orientation. Therefore, the ν10(B1g):ν4(A1g)
intensity ratio is indicative of the molecular orientation.46

The Q-band excited spectrum of the PPIX molecules bonded
to the NH2C16 SAM shows that the intensity of the ν10(B1g)
band is greater than the intensity of the ν4(A1g) band, indicating
an adsorption geometry where the molecular plane is not flat-
lying, in agreement with the NEXAFS results discussed above.
The data discussed above demonstrate that the PPIX

molecules are covalently bonded to the NH2C16 SAM and
that the molecular plane is tilted. This system can be employed
to study the insertion of cations from solution into the center of
the porphyrin ring. Figure 6 shows the N 1s and Zn 2p3/2 XPS

spectra (red) before and after exposing the PPIX/SAM/
Au(111) surface to a 0.01 M Zn2+ solution at room
temperature for 1 h. Figure 6 also shows the spectra (blue)
before and after exposing the NH2C16 SAM/Au(111) to the
Zn2+ solution. Exposing the SAM to Zn2+ does not result in any
significant change in the N 1s spectrum. Furthermore, the
absence of Zn2+ on the surface indicates that rinsing removes all
cations that could be interacting with the amine groups when
the SAM was in contact with the solution. However, exposing
the PPIX/SAM/Au(111) surface to Zn2+ results in the presence
of Zn on the surface even after extensive rinsing. The amount
of Zn left on the surface corresponds to metalation of 20% of

Figure 5. SERR spectra of PPIX molecules attached to the NH2C16
SAM (PPIX/SAM). Also shown is the spectrum of PPIX multilayers
(PPIX). Spectra were measured under Soret (413 nm) excitation,
whereas the top spectrum was measured under Q-band (514 nm)
excitation.

Figure 6. N 1s and Zn 2p3/2 XPS spectra of NH2C16 SAM molecules
(blue) and of PPIX molecules attached to the NH2C16 SAM (red)
before and after exposing the surface to a 0.01 M Zn2+ aqueous
solution at room temperature.
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the PPIX molecules attached to the SAM. Indeed, the N 1s
spectrum measured after placing the system in contact with the
Zn2+ solution could be fitted with a new component at ∼398.5
eV that corresponds to the metalated porphyrin molecules (N-
Zn) (see Figure 7) and has an integrated intensity

corresponding to a metalation of 20%. These results are in
line with the solution behavior of porphyrin molecules. Indeed,
metalation of similar porphyrin molecules with Zn2+ in protic
solvents at room temperature has a half-life between 2 and 6
h.47 Thus, increasing the reaction temperature should result in a
larger extent of metalation as shown below.
Figure 7 shows the N 1s and Zn 2p3/2 XPS spectra before

and after exposing the PPIX/SAM/Au(111) surface to a 0.01
M Zn2+ solution at 350 K for 1 h. Exposing the molecules to
Zn2+ at 350 K results in the absence of the 397.7 eV component
corresponding to the iminic nitrogens and the appearance of a
new component at 398.5 eV due to the equivalent nitrogen
atoms in the metalated molecules. Furthermore, the amount of
Zn measured on the surface corresponds to complete
metalation, thus indicating that the molecules are fully
metalated at 350 K.
Metalation with Zn2+ at the solid−liquid interface was also

studied for a monolayer of PPIX molecules adsorbed directly
on Au(111). Figure 8 shows the N 1s and Zn 2p3/2 XPS spectra
before and after exposing the PPIX/Au(111) surface to a 0.01
M Zn2+ solution at room temperature for 1 h. The surface
coverage of PPIX molecules directly adsorbed on Au(111) is
close to a monolayer, and the molecules are expected to be
interacting with the surface in a flat-lying geometry.48 The PPIX
spectrum of the monolayer before exposure to the solution
exhibits the two distinct N 1s peaks expected for the two aminic
and two iminic nitrogen atoms as discussed above. After
exposure to 0.01 M Zn2+ solution for 1 h, only one peak is
observed at 398.5 eV with the combined area of the two
nitrogen peaks of the monolayer before exposure to the
solution. The change is accompanied by a Zn 2p3/2 signal at
1021.6 eV with a nitrogen-to-zinc ratio of 3.8:1 (when
corrected for sensitivity factors), very close to the expected
ratio of 4:1 for ZnPPIX, thus, indicating full metalation of PPIX
molecules adsorbed on Au(111) at room temperature, in

agreement with the behavior of 2HTPP monolayers.19 The
results discussed above suggest that the reaction pathway
followed for the metalation of PPIX molecules adsorbed on
Au(111) has a lower activation barrier than the pathway
followed when the molecules are bonded to the SAM. This is in
line with the observed distortion of the macrocycle center after
adsorption on metal surfaces49 which could tentatively lower
the activation barrier for the insertion of the cation.

■ CONCLUSIONS

Porphyrin molecules functionalized with carboxylic acid groups
can be covalently bonded to an amine terminated alkanethiol
self-assembled monolayer on Au(111) via a carbodiimide-
mediated amidation. The porphyrin molecules maintain their
molecular and electronic structure after surface attachment.
The molecular layer generates a surface dipole that decreases
the metal work function, and the HOMO molecular orbital is
situated ∼2 eV below the Au(111) Fermi edge. NEXAFS and
SERR measurements indicate that the molecules are bonded
with a tilted molecular plane. XPS experiments show that full
metalation of PPIX molecules bonded to the SAM with Zn2+

cations requires higher temperatures than metalation when
PPIX molecules interact directly with the Au(111) surface. This
finding suggests that the molecule−substrate interaction could
lower the reaction activation barrier.
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