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This study investigated the protonation of nitrogen atoms in porphyrins with meso-phenyl p-substituted by an electron-
withdrawing group using N 1s X-ray photoelectron spectroscopy (XPS), the N K X-ray absorption near-edge structure
(XANES), and the discrete variational (DV)-Xa molecular orbital (MO) method. Both tetraphenylporphyrin (TPP) and
tetrakis(p-sulfonatophenyl)porphyrin (TSPP) have a single structure: the former has two protonated and two non-
protonated N atoms in the porphine ring; the latter has four protonated N atoms in the porphine ring. In contrast, a
combination of XPS, XANES, and DV-Xa MO calculations shows that tetrakis(p-carboxyphenyl)porphyrin (TCPP) has a
dual structure: one structure has two protonated and two non-protonated N atoms; the other has four protonated N atoms.

Furthermore, this result was also considered based on the protonation constants of N atoms in the porphyrins.

The

correlation between the strength of electron-withdrawing groups and protonation to N atoms in porphyrins can be
described using the spectral patterns of the N 1s XPS and N K XANES spectra.

(Received February 18, 2005; Accepted April 25, 2005)

Introduction

Metalloporphyrins with electron-withdrawing substitutes, such
as carboxyl groups, at the meso-positions, and those
immobilized on inorganic supports act as efficient and selective
catalysts for the oxidation of hydrocarbons.!”” Porphyrin ligands
with electron-withdrawing substitutes (PPEW) are currently of
interest as precursors to stable metalloporphyrin catalysts for a
variety of hydrocarbon-oxygenation reactions that are important
for future energy development.®!° The effect of electron-
withdrawing groups on the electron states of porphyrin
macrocycles, especially of four nitrogen atoms in the porphine
ring, is an important issue for studies in not only analytical
chemistry, but also in coordination chemistry because it is
related to the protonation of nitrogen atoms in the porphine ring
and to the stability of metalloporphyrin complexes.

Changes of the local structure and electronic states between
four nitrogen atoms and protons in the porphine ring in the
PPEW ligand have been elucidated using ab initio calculations®
and ionization potentials. The results of local-density functional
calculations and spectroscopic studies show that they are
different from the meso and f3 positions of a variety of multiple
substituents  (alkyl-, aryl-, fluoro-, chloro-, bromo-,
trifluoromethyl cyano-, nitro-, efc.) in the PPEW that were
provided.?! However, information regarding molecular orbitals
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(MOs), including the atomic orbitals of nitrogen in these
literatures was not investigated. On the other hand, because the
effect of electron-withdrawing groups strongly affects the
energy level of the 1s orbital for nitrogen, it is necessary to
reveal the electronic effect. Therefore, X-ray photoelectron
spectroscopy (XPS) is a very suitable method because it is
possible to observe the atomic orbital with a characteristic
energy. In addition, the X-ray absorption near-edge structure
(XANES) provides an effective verification of the local
structure of an absorbing atom. So far, a correlation between
the energy of the 1s orbital for N in a porphine ring and the
electron-withdrawing strength of meso-substituents in the
PPEW has been reported to be a result of XPS and ab initio
calculations.”? On the other hand, N K XANES measurements
of porphyrins have been reported for the orientation and
electronic structure of macromolecular arrays containing
porphyrins,?® porphyrin thin film,>* porphyrins in petroleum
asphaltenes,” and porphyrins with adsorbed nitrogen
monoxide.?

Nevertheless, few studies have used a combination of XPS
and XANES, a correlation between the protonation to nitrogen
atoms in a porphine ring, and the strength of electron-
withdrawing groups in a meso-substituted porphyrin. To show
correlations in this study, the spectra of N 1s XPS and N K
XANES for tetrakis(p-carboxyphenyl)porphyrin (TCPP) were
measured and analyzed from an electronic state calculation
using the discrete variational (DV)-Xo. MO method,?” which is a
first-principle calculation that is useful for the theoretical
analysis of X-ray spectroscopies.?® The spectra of N 1s XPS
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Fig. 1 Structure of meso-phenyl substituted (R) porphyrin: TPP,
TSPP, and TCPP are R = H, SOs;H, and COOH, respectively.

and N K XANES for tetraphenylporphyrin (TPP) and tetrakis(p-
sulfonatophenyl)porphyrin (TSPP) were also measured as
references. Their numbers of protonated nitrogen atoms are
known to be two and four, respectively.

Experimental

Materials

Porphyrins (see Fig. 1) were purchased from different
manufacturers: TPP (> 99%; Sigma-Aldrich Corp., Missouri,
U.S.), TCPP (> 97%; Frontier Scientific Corp., Utah, U.S.), and
TSPP (> 98%; Dojindo Laboratories, Kumamoto, Japan). They
were used for XPS and XANES measurements without further
purification.

XPS

We carried out XPS measurements using a spectrometer (PHI
5600; PerkinElmer, Inc.) with monochromatized Al Ko
radiation. The X-ray source was operated at 14 kV and 400 W.
The instrument contained a hemispherical analyzer with
apertures for spot sizes of 800 wm. The angle of the photon
incidence was varied from 0 to 45°; survey and high-resolution
spectra were collected with step energies of 0.8 at 0.2 s/step and
0.125 eV at 1.5 s/step, respectively. All of the measured
binding energies were referenced to the C 1s line at 285.0 eV.
High-resolution spectra for the region of interest were curve-
fitted using XPSPEAK Ver. 4.1 (Kwok, The Chinese University
of Hong Kong). Curve fitting was performed using Gaussian-
Lorentzian shapes with a Shirley-type background correction.?

XANES

X-ray absorption spectra were measured at BL6.3.1, which is
an entrance-slitless bend-magnet beam line equipped with a
Hettrick-Underwood type varied line space (VLS) grating
monochromator at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory.*® During the measurement, the
ALS operated at 1.9 GeV between 200 and 400 mA. Solid
samples were mounted on an indium foil that was fixed on a
glass plate using carbon tape. We conducted XANES
measurements near the N K absorption edge in the sample
chamber under the condition of room temperature and high
vacuum (ca. 10 Torr). Data were corrected by the total
electron yield with a sample current mode. The photon energy
was calibrated at 400.9 eV of N K-edge of BN.

Calculation

A structural model of TPP was constructed from single-crystal
structural data.?' The structure models of TCPP and TSPP were
optimized using the Amsterdam density functional (ADF)
program package.’3* Computational details of the DV-Xo
method have been described elsewhere.?” Figure 2 shows DV-
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Fig. 2 Structural models of TPP, TCPP-H3, and TSPP for DV-Xa
calculations. The models of TSPP and TCPP were optimized in
advance using the ADF program package.

TSPP

Xa calculations that were performed using the three models
(TPP, TCPP-H3 and TSPP). Numerical atomic orbitals of 1s,
2s, 2p, 3s, 3p, and 3d for S, and of 1s, 2s, 2p, 3s, and 3p for N,
and of 1s, 2s, and 2p for C and O, and of 1s for H were used as
a basis set for the calculations. The DV-Xo calculations for
both models were performed using numerical integration of
1000 points per atom. The convergence of self-consistent-field
iterations was set to 0.001 electrons. For simulating the XPS
and XANES spectra of TPP, TCPP and TSPP, we evaluated the
respective densities of states (DOSs) and the electron-transition
probabilities using electron state data of MOs obtained by DV-
Xo calculations for corresponding models.

Results and Discussion

XPS

The results are shown in Fig. 3. The solid lines and dotted
lines indicate fitted curves and experimental data, respectively.
XPS of the TCPP showed two sharp and well-resolved peaks in
the N 1s region, which are at 401.0 eV and 398.9 eV in binding
energies (BE), respectively. Here, the BE values for the peak
positions were determined by the fitted curves. Similarly, the
XPS of TPP that was used as a reference sample also showed
sharp peaks with a BE of 400.8 eV and 398.8 eV, respectively.
However, in the XPS of TSPP used as a reference sample, the
only peak appeared with BE of 400.4 eV. Higher and lower
energy peaks of TPP corresponded to protonated and non-
protonated nitrogen atoms (denoted as NI and N2,
respectively), as reported by Polzonetti ef al.* On the other
hand, only the peak of TSPP corresponded to the higher peak of
TPP, indicating that all of the nitrogen atoms in the porphine
ring are N1. Hence, the higher and lower peaks of TCPP can be
assigned to N1 and N2, respectively.

However, the ratio of the N1 to N2 peaks of TCPP in the peak
area is different from that of TPP. The structure of each
porphine ring for TPP and TSPP is known: the former has two
N1 and two N2; the latter has four N1. This fact indicates that
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Fig. 3 Observed N 1s XPS spectra of (A) TCPP, (B) TPP, and (C)
TSPP. The solid lines indicate fitted curves. The dotted lines
indicate experimental data.

the ratio of the two peak areas corresponds with the ratio of the
N1 species to N2 species in number: the N1 peaks of TPP and
TSPP account for 56% and 100% of the total N 1s signals,
respectively. Accordingly, the N1 peak of TCPP accounts for
75% of the total N 1s signals; the ratio of the N1 species to the
N2 species is estimated to be 3:1. Therefore, the four nitrogen
atoms in the porphine ring in TCPP are inferred to consist of
three N1 and one N2 (see in Fig. 4).

Figure 5 shows the partial density of states (PDOS) of N 1s
for TCPP, TPP, and TSPP, calculated using the DV-Xo
program package. The higher and lower energy peaks in each N
1s PDOS curve for the TPP and TCPP models are assigned to
N1 and N2, respectively, whereas the peak in the curve for the
TSPP model is assigned to N1. These results of assignments are
identical with those of the corresponding experimental data. In
addition, the area ratios of the N1 peak to the N2 peak for the
TPP and TCPP models concur well with the corresponding
experimental data, although the difference between the BE of
the N1 and N2 signals for each of the TPP and TCPP models is
larger than that of the corresponding experimental data.
Therefore, the calculated TCPP model can be one structure of
TCPP, which consists of three N1 and one N2 in the porphine
ring (denoted TCPP-H3).
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Fig. 4 Illustration of protonation for nitrogen atoms in the porphine
rings of TPP, TCPP, and TSPP.
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Fig. 5 Simulated N 1s XPS spectra of (A) TCPP-H3, (B) TPP, and
(C) TSPP.

However, the spectral shape of N 1s XPS of TCPP implies
that the structure of TCPP is not a single structure, but a dual
structure; the porphine ring in TCPP consists of two N1 and two
N2 (denoted TCPP-H2), and four N1 (denoted TCPP-H4).
Thus, in Fig. 3, the spectral shape of TCPP closely resembles
that of TPP plus TSPP. The mixture of the calculated XPS of
TCPP-H2 and TCPP-H4 is shown in Fig. 6. It appears to match
the experimental spectrum of TCPP. However, using only the
XPS data, it is difficult to determine whether TCPP has a single
or dual structure, as explained below.

XANES
The calculated electron transition probabilities (bars) using the
TCPP-H3, TPP, and TSPP models in Fig. 2 are given in Fig. 7
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Fig. 6 Observed N 1s XPS spectrum (dotted line) of TCPP and
simulated N 1s XPS spectra for the mixed spectrum (solid line) of
TCPP-H2 and TCPP-H4 and the spectrum (broken line) of TCPP-H3.

along with the corresponding experimental N K XANES spectra
(solid line) in the energy range, 396 eV to 411 eV, respectively.
The electron transition probabilities from the 1s orbitals of N1
and N2 to the unoccupied orbitals are divided and shown at the
upper and lower sides in Figs. 7(A) - (C), respectively. The
peaks that appear at approximately 398, 401, and 404 eV on
each experimental spectrum are labeled A, B, and C in order of
increasing energy. The figures show that the electron transition
probabilities of TPP and TSPP well express the shapes of the
corresponding experimental spectra; peak A is yielded by non-
protonated nitrogen atoms (N2), whereas peaks B and C are
yielded by N2 alone or a mixture of protonated nitrogen atoms
(N1) and N2.

Both of the electron transition probabilitie patterns for N1 and
N2 of TCPP-H3 model are more similar to those of the TPP
model than to the TSPP model. Consequently, the experimental
spectral feature of TCPP is presumed to be similar to that of
TPP with sharp peaks at B and C. However, the experimental
spectral feature of TCPP, especially that between peaks B and
C, differs from that of TPP because of the feature caused by a
transition to the unoccupied level at 404 eV. This unoccupied
level corresponds to peak B in the experimental spectrum of
TSPP and with electron transition probabilities of N1 of TSPP
model. Therefore, this result suggests that the structure of
TCPP is a dual structure of TCPP-H2 and TCPP-H4, rather than
a single structure of TCPP-H3.

Mixed electron transition probabilities of TCPP-H2 and
TCPP-H4 are shown separately in Fig. 8 along with the
experimental spectrum of TCPP to identify the dual structure of
TCPP. The mixed electron transition probabilities show better
agreement with the experimental spectrum than those of TCPP-
H3. Furthermore, the electron-withdrawing effect of -COOH,
which are meso-substituents in TCPP, is stronger than that of -H
that are in TPP, but weaker than that of -SOsH that are in TSPP.
For that reason, nitrogen atoms in the porphine ring of TCPP are
considered to have an intermediate electron density, in contrast
to TSPP, which has a higher electron density, and TPP, which
has a lower electron density. Actually, the protonation
constants of the free-base type of TSPP, log Ku ([H2(P)] + H*
< [H3(P)]") and log Ku> ([H3(P)]* + H* <> [H4(P)]**), are 4.60
and 4.70, respectively.®> A small difference between log Ku
and log Ky, indicates that species of [Hs(P)]* exist negligibly.
Thus, it is considered that TCPP also exists predominantly as
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Fig. 7 Calculated electron transition probabilities (bars) and
experimental N K XANES spectra (solid line) for (A) TCPP-H3, (B)
TPP, and (C) TSPP. Electron transition probabilities for N1 and N2
are shown at the upper and lower sides, respectively.

two species of [Ho(P)] and [H4(P)]**. Therefore, we conclude
that the structure of TCPP is a dual structure of TCPP-H2 and
TCPP-H4.

Conclusion

The protonation for four nitrogen atoms in the porphine ring of
porphyrin with meso-phenyl substituents was revealed for the
first time using a combination of XPS and XANES. The results
show that the number of protonated nitrogen atoms is related to
the extent of the electron-withdrawing effect of the substituents.
The number of protonated nitrogen atoms for TCPP was
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Fig. 8 Calculated electron transition probabilities (bars) and
experimental N K XANES spectra (solid line) for TCPP. The
electron transition probabilities for TCPP-H3 and mixed electron
transition probabilities for TCPP-H2 and TCPP-H4 are shown at the
upper and lower sides, respectively.

estimated as three, or a mixture of four and two from the
spectrum of N 1s XPS, and determined to be the latter from the
spectrum of N K XANES. This result was also in good
agreement with the protonation constants of N atoms in the
porphyrins. Therefore, XPS data and XANES are essential
probes that can be used complementarily to each other; they
engender more precise results through analysis using an
electron-state calculation method, such as the DV-Xo method.
For enhancing the usefulness of the combination of XPS and
XAS, we are currently constructing an experimental setup of
simultaneous measurements of XPS and XAS for the
laboratory.
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