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The ground-state geometries and electronic structures of 2-nitrotetraphenylporphyrin (H2-2-NO2-TPP) and
zinc 2-nitrotetraphenylporphyrin (Zn-2-NO2-TPP) withCs andC1 symmetry have been determined from density
functional theory, using the Becke-Lee-Yang-Parr composite exchange-correlation functional (B3-LYP)
and ab initio RHF method and 6-31G(d) basis set. The optimized geometries are then compared with the
crystallographic data of related compounds. The energy and electronic structures of different conformers are
analyzed and compared with each other. The conformers withC1 symmetry are found to be more stable than
that of Cs symmetry. The relative order of the highest occupied a2u and a1u orbitals determined by B3LYP
(a2u > a1u) is reversed by RHF (a1u > a2u). The vibrational wavenumber, IR, and Raman intensities are also
calculated at B3LYP/6-31G(d) optimized geometries. The calculated wavenumbers are scaled by a uniform
scaling factor and compared with the experimental one. Most of the scaled modes are found to be in good
agreement with the observed fundamentals. A singleâ-NO2 substitution slightly changes the geometries, the
vibrational wavenumbers, and the frontier orbitals energy level.

1. Introduction

Porphyrins and metalloporphyrins play an important role in
photosynthesis, biological redox reactions, and oxygen transport
and have been intensively studied for many years. The free base
porphine (FBP) is the starting point for vibrational studies on
metalloporphyrins, which constitute a template for very impor-
tant biological functions. A resonance structure withD2h

symmetry has been shown to stand for FBP leading to an
electronic delocalized structure for the ground state. The
infrared,1 polarized Raman,2 and resonance Raman3 investiga-
tions of FBP have been performed on the basis of a force field
derived from scaled quantum mechanical studies (SQM).
Because of the inner-hydrogen migration in FBP, the symmetry
of FBP is changed amongCs, C2V, andD2h.4,5

Is the introduction of a central metal atom a perturbation
sufficient to restore the symmetry to porphyrin framework? The
stereochemistry of metalloporphyrins is largely determined by
the relation of the unconstrained metal-nitrogen (M-N) bond
length to the porphyrin cavity radius.6 If the ideal M-N distance
is significantly shorter than the cavity size, the porphyrin
skeleton undergoes ruffling, i.e., aD2d deformation consisting
of alternate rotations of the pyrrole rings, diminishing the actual
M-N distance. On the other hand, if the metal atom is too large
to fit in the cavity, it is assumed that the strain is relieved by a
doming distortion; i.e., the metal moves out of the porphyrin
plane. Jarzecki et al.7 and Piqueras and Rohlfing8 have studied
the electronic structures and harmonic vibrational frequencies
of zinc, magnesium, and nickel porphyrins. The optimized

geometries of these complexes are found to be planar and with
D4h symmetry. At the same time, the geometry, the charge
distributions, the effect of additional charge, and ionization
potentials have been also investigated by ab initio methods.9,10

The nature of the substituents attached to the porphyrin per-
imeter can determine a change in the geometry and electronic
properties of the complex. More specifically, the nonplanarity
of the porphyrin framework is induced by steric interactions
between the bulky substituents. Because of the high symmetry,
the vibrational spectra, geometries, electronic structures, and
spin density profiles of tetraphenylporphyrin (TPP) and its metal
complexes have been also intensively studied.11-13 The substi-
tuent effects upon the relative energies of two highest occupied,
nearly degenerate a2u and a1u orbitals of TPP and metallo-TPP
have also been investigated by different approaches.14-17

In a previous study we recorded the IR and Raman spectra
of 2-nitrotetraphenylporphyrin (H2-2-NO2-TPP) and metallo-2-
nitrotetraphenylporphyrin and discussed the effect of a single
â-NO2 substitution on the mentioned spectra.18 However, it is
exceedingly difficult to develop accurate force fields for
molecules of the size and complexity of H2-2-NO2-TPP and
metallo-2-NO2-TPP on a purely empirical basis. Quantum
mechanical calculations of force constants can solve the
difficulties of empirical force field determination by making
independent information available, which is largely comple-
mentary to the spectroscopic measurements.19 As an economical
way of including electron correlation in the ground-state wave
function, gradient-corrected density functional theory (DFT)
calculations are about as expensive as the Hartree-Fock theory
calculations and are much more accurate for molecules com-
posed of first-row atoms. Wong20 has shown that the Becke-
Lee-Yang’s three parameters hybrid functional (B3LYP) yield
remarkably accurate vibrational wavenumbers. For the organic
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molecules of the size of H2-2-NO2-TPP and Zn-2-NO2-TPP,
the 6-31G(d) basis set appears to be a reasonable compromise
between cost and accuracy.

In this paper, the ground-state geometrical and electronic
structures of H2-2-NO2-TPP and Zn-2-NO2-TPP underC1 and
Cs symmetry restrictions are theoretically determined by ab initio
(RHF/6-31G(d)) and DFT (B3LYP/6-31G(d)) methods. The IR
and Raman spectra are then calculated at B3LYP/6-31G(d) level
of theory at optimized geometries. The calculated structures are
in good agreement with the available experiment values of
related compounds. The molecular orbitals are analyzed and
compared to each other. The influence ofâ-NO2 substitution
on the frontier orbitals energy is also discussed. The calibrated
wavenumbers are in good agreement with the observed funda-
mentals.

2. Experimental and Computational Methods

H2-2-NO2-TPP and Zn-2-NO2-TPP were prepared according
to the literature21 and confirmed by their elemental analysis,
NMR, and mass spectra. Their FT-Raman spectra were recorded
in the solid state with an IFS 120HR spectrometer equipped
with an integrated FRA 106 (Brucker) Raman module. The 1064
nm radiation from a Nd:YAG laser with an output of about
150 mW was used for excitation. The spectral region of interest
for the Raman spectra was 3600-150 cm-1.

The ab initio calculations were performed using the restricted
Hartree-Fock method. The initial search for stationary structures
was carried out with the 3-21G(d) basis set underCs and C1

symmetry restrictions. The obtained structures were then used
for the final optimization with the 6-31G(d) basis set.

Becke’s 1988 exchange functional in combination with
Becke’s three-parameter hybrid exchange functional using the
LYP correlational functional of Lee, Yang, and Parr (B3LYP)
were employed in the DFT calculations. The 6-31G(d) Pople
split valence basis set was chosen in the geometry optimization
with Cs and C1 symmetry and normal modes calculations of
the compounds1 and2. The analytically calculated vibrational
wavenumbers were then scaled by 0.9614.22

All calculations were performed with the Gaussian 98
program23 on an Alpha 21164/433 au workstation of GHPCC
of Guizhou University.

The theoretical spectrum was simulated with the GaussSum
4.0 program. The line shape was of Lorentzian curves type and
the fwhm (The full width at half-maximum of each peak) was
5 cm-1. The spectral range was 150-1700 cm-1.

3. Results and Discussion

3.1. Geometry.The structures of H2-2-NO2-TPP and Zn-2-
NO2-TPP are shown in Figure 1. Table 1 lists the selected
optimized geometrical parameters of H2-2-NO2-TPP and Zn-
2-NO2-TPP withCs andC1 symmetry. For comparison purpose,
the X-ray diffraction data for the toluene solvate of zinc(II)
tetraphenylporphyrin (ZnTPP)24 and triclinic tetraphenylpor-
phyrin (TPPH2)25 are also included.

The geometrical parameters obtained from RHF/6-31G(d)
calculations are in agreement with the experimental data to a
degree, which is typical for this level of theory applied to large
conjugated system. As expected, there are some differences in
bond lengths of N-C and C-C bonds on the porphyrin ring.
The calculated bond lengths of N1-CR2 in H2-2-NO2-TPP and
N2-CR4 in Zn-2-NO2-TPP are 0.07 and 0.05 Å shorter than
the X-ray values from refs 24 and 25, respectively. The
calculated CR2-Cm1 distance is 0.05 Å longer than the X-ray
experiment value. Other bond lengths agree within 0.03 Å. This

is not unexpected, since the main deficiency of RHF is the
neglect of correlation effects. On the other hand, the single
â-NO2 substitution slightly changes the initial structural pa-
rameters.

The correlation effects introduced by the B3LYP/6-31G(d)
level of theory correct the RHF deficiency by increasing the
distances of N1-CR2 in H2-2-NO2-TPP and N2-CR4 in Zn-2-
NO2-TPP, respectively, and by decreasing the CR2-Cm1 bond
lengths. Accordingly, the N2-CR3-Cm1 and N2-CR4-Cm2

angles become smaller when correlation is included. Comparing
the predicted bond lengths and bond angles of Zn-2-NO2-TPP
obtained from B3LYP/6-31G(d) calculations with the X-ray
diffraction results of zinc(II) tetraphenylporphyrin (ZnTPP), one
can notice that the CR1-Câ1 bonds are shortened by 0.015 Å,
while the CR1-Cm4 bonds slightly increase by 0.013 Å, due to
the substitution of a singleâ-NO2. The corresponding bond
angles present similar variations. There are no significant effects
on the other structural parameters.

Analogously, the comparison of the B3LYP/6-31G(d) pre-
dicted geometrical parameters of H2-2-NO2-TPP with the
structure of tetraphenylporphyrin (TPPH2), obtained from X-ray
experiment, indicates some differences in the bond lengths and
bond angles of the mentioned compounds. More exactly, they
are in the range 0-0.010 Å and 0.8-1.8°, respectively. In a
previous study, Jarzecki et al.7 estimated the size of the

Figure 1. Atom numbering and structures of H2-2-NO2-TPP (1) and
Zn-2-NO2-TPP (2).
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porphyrin ring cavity, which is about 2.05 Å. If the uncon-
strained N-M bond is within about 0.05 Å of the cavity radius,
the metal can fit without significantly altering the stereochem-
istry of the core. The calculated Zn-N average distance, 2.041
Å, is 0.005 Å longer than the average X-ray value of zinc(II)
tetraphenylporphyrin (ZnTPP), 2.036 Å, showing that Zn-2-
NO2-TPP is nearly stress-free. The geometries optimized with
C1 symmetry are essentially the same as the ones withCs

symmetry. The bond lengths and bond angles agree within 0.01

Å and 1.5°, with the exception of the dihedral angles between
the porphyrin ring plane, the four phenyl rings and a nitro group.
The B3LYP/6-31G(d) and RHF/6-31G(d) calculations suggest
that C1 conformers of H2-2-NO2-TPP and Zn-2-NO2-TPP are
more stable than theCs conformers (with 13.73, 10.5 kJ/mol
and 7.95, 7.95 kJ/mol, respectively).

The X-ray diffraction results revealed that the atoms of the
porphyrin ring are almost coplanar. However, the geometries
of H2-2-NO2-TPP and Zn-2-NO2-TPP optimized withC1 sym-

TABLE 1: Selected Bond Lengths, Bond Angles, and Dihedral Angles of H2-2-NO2-TPP and Zn-2-NO2-TPP

B3LYP/6-3(d) RHF/6-31G(d)

H2-2-NO2-TPP Zn-2-NO2-TPP H2-2-NO2-TPP Zn-2-NO2-TPP

(C1) (Cs) (C1) (Cs) (C1) (Cs) (C1) (Cs) ZnTPP24 TPPH2
25

Bond Lengths (Å)
H-N1 1.014 1.014 0.996 0.994 0.93
Zn-N1 2.060 2.063 2.060 2.064
Zn-N2 2.030 2.030 2.040 2.040 2.032(2)
Zn-N3 2.040 2.045 2.035 2.030 2.040(2)
Zn-N4 2.033 2.034 2.035 2.040
N1-CR1 1.360 1.364 1.370 1.375 1.387 1.384 1.360 1.355 1.370(2) 1.370
N1-CR2 1.360 1.366 1.370 1.379 1.303 1.305 1.340 1.355 1.376(2) 1.359
N2-CR3 1.370 1.376 1.370 1.378 1.378 1.372 1.390 1.380 1.373(2) 1.378
N2-CR4 1.370 1.376 1.380 1.377 1.365 1.369 1.320 1.320 1.380(2) 1.371
CR1-Câ1 1.440 1.452 1.430 1.437 1.440 1.448 1.390 1.400 1.445(3) 1.456
CR1-Cm4 1.416 1.412 1.410 1.407 1.369 1.364 1.430 1.430 1.394(3) 1.400
CR2-Câ2 1.460 1.466 1.449 1.449 1.465 1.469 1.410 1.410 1.442(3) 1.455
CR2-Cm1 1.420 1.411 1.410 1.407 1.460 1.450 1.450 1.440 1.397(3) 1.399
CR3-Câ3 1.430 1.436 1.440 1.447 1.466 1.465 1.450 1.450 1.439(3) 1.424
CR3-Cm1 1.400 1.404 1.400 1.406 1.352 1.357 1.360 1.360 1.400(2) 1.397
CR4-Câ4 1.430 1.435 1.440 1.445 1.464 1.463 1.450 1.450 1.447(3) 1.432
CR4-Cm2 1.400 1.403 1.400 1.405 1.359 1.357 1.420 1.420 1.403(3) 1.403
Câ1-Câ2 1.350 1.351 1.360 1.358 1.338 1.329 1.370 1.360 1.347(3) 1.347
Câ3-Câ4 1.360 1.368 1.350 1.360 1.329 1.330 1.330 1.330 1.354(3) 1.355
Cm2-C7 1.498 1.503 1.495 1.502 1.504 1.505 1.500 1.500 1.500(3) 1.502
Cm1-C1 1.498 1.503 1.495 1.503 1.502 1.506 1.500 1.500 1.499(3) 1.506
N-O 1.233 1.229 1.230 1.228 1.193 1.192 1.190 1.190
C-N 1.449 1.229 1.450 1.462 1.437 1.453 1.430 1.450

Bond Angles (deg)
N1-Zn-N2 89.7 89.6 89.6 90.1 90.3(1)
Zn-N1-Ca1 125.3 125.4 124.1 125.0 126.9(1)
Zn-N2-CR3 126.4 126.9 125.1 125.5 126.3(1)
Zn-N1-CR2 126.1 127.0 125.8 126.4 126.4(1)
Zn-N2-CR4 125.6 126.6 126.2 126.3 126.8(1)
CR1-N1-CR2 106.8 106.8 107.8 107.6 107.8 107.9 108.1 108.2 106.6(1) 106.2
CR3-N2-CR4 110.8 110.7 106.5 106.4 111.7 111.7 107.7 108.0 106.4(1) 109.2
N1-CR1-Câ1 111.0 111.1 109.6 110.0 109.5 109.2 109.9 109.7 109.4(2) 110.2
N1-CR2-Cm1 125.1 125.5 124.7 125.4 125.0 125.3 124.1 124.7 125.7(2) 125.8
N1-CR2-Câ2 108.8 108.7 107.3 107.6 109.3 109.0 107.8 107.5 109.4(2) 110.3
N2-CR3-Cm1 127.0 127.5 126.2 126.6 128.5 129.2 126.9 127.5 125.6(2) 126.3
N2-CR4-Cm2 126.9 126.9 126.1 126.1 128.5 128.7 126.7 126.7 125.7(2) 125.7
N2-CR3-Câ3 106.2 106.4 109.5 109.7 105.1 105.3 107.8 107.7 109.7(2) 107.3
N2-CR4-Câ4 106.5 106.6 109.7 109.8 105.7 105.8 110.2 109.8 109.7(2) 107.3
Cm2-CR5-Câ5 122.2 122.9 123.8 124.5 121.9 122.1 123.8 124.0 124.8(2) 123.0
Cm2-CR4-Câ4 126.5 126.5 124.1 124.1 125.8 125.5 123.1 123.3 124.6(2) 126.8
Cm1-CR2-Câ2 125.8 125.8 127.6 127.0 125.5 125.4 127.7 127.7 124.8(2) 124.0
Cm1-CR3-Câ3 126.7 126.1 124.3 123.7 126.4 125.4 125.3 124.8 124.7(2) 126.5
CR1-Câ1-Câ2 105.5 105.4 106.2 106.0 105.4 105.6 105.6 105.7 107.3(2) 106.3
CR2-Câ2-Câ1 107.8 108.1 108.5 108.9 108.0 108.1 108.5 108.8 107.2(2) 107.2
CR3-Câ3-Câ4 108.3 108.2 107.1 107.1 108.8 108.8 107.5 107.5 107.3(2) 108.2
CR4-Câ4-Câ3 108.2 108.1 107.0 107.0 108.6 108.5 106.9 106.9 107.0(2) 108.0
CR2-Cm1-CR3 124.2 124.7 123.9 124.4 123.0 123.7 124.4 125.4 125.2(2) 125.6
CR2-Cm1-C1 119.0 120.3 118.6 119.5 118.3 119.9 117.8 118.3 117.5(2) 117.9
CR3-Cm1-C1 116.6 115.1 117.4 116.1 118.5 116.7 117.7 116.3 117.2(2) 116.5
CR4-Cm2-C7 116.3 116.3 117.7 117.6 118.2 118.2 117.6 117.5 117.3(2) 116.3
CR8-Cm4-CR1 125.1 125.9 124.4 125.0 126.3 127.2 125.9 126.2 124.9(2) 125.6
CR1-Cm4-C14 118.5 117.8 117.9 117.4 118.0 117.9 116.1 117.9 117.8(2) 116.3

Dihedral Angles (deg)
CR2-Cm1-C1-C2 -60.2 -91.3 -59.9 -91.3 -61.5 -91.3 -62.6 -91.3 -61.0
O-N-Câ2-CR2 -35.7 -91.3 -38.5 -91.6 -34.9 -91.7 -36.2 -92.0
N1-N2-N3-N4 -1.0 0.0 -0.4 0.0 -0.3 0.0 0.0 0.0
N1-CR2-Cm1-CR3 -15.7 0.0 -13.5 0.0 -21.0 0.0 -17.5 0.0
N2-CR4-Cm2-CR5 6.6 0.0 6.4 0.0 5.0 0.0 7.0 0.0 6.6
N3-CR6-Cm3-CR7 -2.5 0.0 -4.1 0.0 -3.0 0.0 -1.4 0.0 1.4
N4-CR8-Cm4-CR1 8.5 0.0 3.6 0.0 7.5 0.0 2.5 0.0
CR4-Cm2-C7-C8 66.0 90.0 64.8 90.0 81.4 90.2 80.2 90.0 63.1

total energy (au) -2118.239 -2118.234 -3896.272 -3896.268 -2104.887 -2104.884 -3881.345 -3881.342
dipole moment (D) 5.956 4.972 6.029 4.919 5.967 5.458 7.306 6.723
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metry appear to be a slightly saddled conformer. The calcula-
tions on harmonic vibrational wavenumbers demonstrated that
these conformers are stable at the local minimum point on the
potential energy surface.

3.2. Ground-State Electronic Structures.The electronic
spectra of porphyrin compounds are usually interpreted using
the four orbital model of Gouterman,26 which assumes that the
HOMO (a2u/a1u) and HOMO-1 (a1u/a2u) of a porphyrin molecule
are nearly degenerate, while the LUMO and LUMO-1 (eg*) are
rigorously degenerate. Table 2 lists the energy levels of the
frontier orbitals of H2-2-NO2-TPP and Zn-2-NO2-TPP obtained
from B3LYP/6-31G(d) and RHF/6-31G(d) calculations.

Despite being symmetry-broken, the calculation results still
give a consistent picture for the frontier orbitals of these
complexes. As one can notice, the energy levels of the frontier
orbitals and the contribution to these orbitals calculated at
different level of theories reveal some differences.

The B3LYP/6-31G(d) calculated energy differences between
HOMO and HOMO-1 are 0.26, 0.10 eV and 0.39, 0.25 eV for
Zn-2-NO2-TPP and H2-2-NO2-TPP withC1 andCs symmetries,
respectively. The constitutions of HOMO and HOMO-1 of Zn-
2-NO2-TPP and H2-2-NO2-TPP are very similar. For H2-2-NO2-
TPP, HOMO has large contribution from the Pz orbitals of the
four N atoms and the Cm atoms of the porphyrin ring. In the

TABLE 2: Orbital Energies (in eV) of H 2-2-NO2-TPP and Zn-2-NO2-TPP

B3LYP/6-31G(d) RHF/6-31G(d)

H2-2-NO2-TPP Zn-2-NO2-TPP H2-2-NO2-TPP Zn-2-NO2-TPP ZNP27

(Cs) (C1) (Cs) (C1) (Cs) (C1) (Cs) (C1) D4h

Occupied (eV)
HOMO-4 A′′(π) -6.65 -6.64 A′′(π) -6.67 -6.62 A′(σ, π) -9.17 -9.14 A′(π) -9.18 -9.14 eg (π) -6.59
HOMO-3 A′′(π) -6.57 -6.56 A′′(σ) -6.60 -6.54 A′(π) -8.97 -8.95 A′(σ, π) -8.92 -8.96 b2u(π) -6.58
HOMO-2 A′′(π) -6.45 -6.49 A′(σ,dx2-dy2) -6.55 -6.53 A′′(σ, π) -8.89 -8.83 A′′(σ, π) -8.83 -8.81 b1g(σ,dx2-dy2) -6.29
HOMO-1 1a′′(π) -5.48 -5.54 1a′′(π)a -5.41 -5.43 2a′′(π) -7.00 -6.91 2a′′(π) -6.84 -6.87 a2u(π) -5.21
HOMO 2a′′ (π) -5.23 -5.14 2a′′(π) -5.31 -5.17 1a′′(π) -6.72 -6.81 1a′′(π) -6.42 -6.62 a1u(π) -5.21

Unoccupied (eV)
LUMO A ′′ (π) -2.50 -2.66 A′′(π) -2.42 -2.57 A′′(π) 0.56 0.42 A′′(π) 0.30 0.34 eg(π) -2.14
LUMO+1 A′′(π) -2.42 -2.45 A′′(π) -2.34 -2.36 A′′(π) 0.69 0.75 A′′(π) 0.61 0.73 eg(π) -2.14
LUMO+2 A′(π) -1.63 -1.53 A′(π, s-pz) -1.70 -1.45 A′′(π) 3.10 2.67 A′′(π) 3.15 2.83 b1u(π) -0.54
LUMO+3 A′′(π) -0.85 -0.82 A′′(π) -0.79 -0.75 A′(π) 3.26 3.49 A′′(π) 3.37 3.29 a2u(π) 0.90
LUMO+4 A′ (σ) -0.25 -0.29 A′(σ) -0.26 -0.38 A′(σ) 3.63 3.61 A′(σ) 3.41 3.60 a1g(σ) 1.23

a 1a′′ and 2a′′ replace a1u and a2u, respectively.

TABLE 3: Observed Fundamentals and Scaled Wavenumbers for H2-2-NO2-TPP, Together with Their IR and Raman
Intensitiesa

calcd intens obsd intens calcd intens obsd

mode
peak,b
cm-1 IRc Raman IR18 Raman assign TPP15

2-NO2-
TPP15 mode

peak,b
cm-1 IRc Raman IR18 Raman assign TPP15

2-NO2-
TPP15

12 3088 29.6 453.9 3017υs(C-H)Ph 107 986 14.0 20.9 999 1002υ(CR-Câ)d +
υ(N-CR)d

1003 1002

13 3088 31.1 446.1 3053 υs(C-H)Ph 109 979 1.8 247.6 968υ(Ph)
31 1594 6.0 616.9 1595υ(CdC)Ph 1598 1598 114 968 21.9 3.8 964 def of Pi

32 1594 8.2 290.2 1595 υ(CdC)Ph 120 949 53.2 11.8 921 υ(pyrrole)
38 1567 114.6 230.5 1576 υas(NO2) 129 897 5.8 1.8 883 902γ(C-H)Ph +

γ(Câ-H)p
39 1550 49.3 496.3 1575υ(CR-Cm)P+ υ(Câ-Câ)d 1560 133 866 1.8 7.2 849 def of Pi

40 1542 85.8 1252.0 1555 1549υ(Câ-Câ)d + υ(CR-Cm)P 1551 1554 134 860 7.1 5.3 849 def of Pi

41 1531 24.6 678.7 1524 1518υ(CR-Cm)p 1499 1513 139 830 0.2 54.3 830γ(C-H)Ph
44 1505 4.3 259.5 1492υ(Câ-Câ)p,d+ υ(CR-Cm)P,d 1491 1506 145 791 114.9 0.6 798 γ(Câ-H)P
45 1497 37.3 142.8 1489 υ(Câ-Câ)p,d + υ(CR-Cm)P,d 152 736 26.3 1.5 745 γ(C-H)Ph +

γ(Câ-NO2)
51 1461 95.9 36.3 1470 υ(CR-Cm)d + υ(Câ-Câ)d 154 720 66.0 5.9 721 γ(N-H)
52 1440 25.8 298.3 1457υ(CR-Cm)d + υ(Câ-Câ)d 1459 1459 160 688 20.5 2.6 698 γ(C-H)Ph
57 1425 14.0 185.3 1440 1440δ(C-H)Ph + υ(CR-Cm)d,p 1440 1442 163 668 1.5 43.7 664 P, twp,d

o +
P, evp,d

o

58 1384 28.7 16.0 1399 165 658 3.1 48.6 647 P, twp,d
o

+υskeof Ph
59 1362 15.3 794.4 1383υ(CR-Câ)d + δ(Câ-H)p 1382 1380 168 644 14.1 1.6 656 P, evp

i+
υskeof Ph

60 1358 283.6 509.6 1343 υsym(NO2) + υ(CR-Câ)P 1355 169 634 3.8 35.8 620 635 P, evp,d
o

62 1341 3.4 551.8 1327υ(N-CR)p+υ(CR-Câ)P 172 611 0.0 9.7 618υskeof Ph
69 1306 1.8 943.7 1292 1293υ(N-CR)d + υ( CR-Câ)d 1293 1296 176 577 5.8 23.6 598 566 P, twp

o

75 1269 11.0 108.2 1273υ(N-CR)d+υ(Cm-Ph) 179 545 1.7 5.4 551 γ(Ph)
79 1210 1.1 169.9 1233 1232υ(Cm-Ph)+υ(N-CR)d,P 1234 1234 182 509 8.1 2.6 510 501γ(Ph)
80 1208 6.6 5.6 1218 1212δ(Câ-H)p + υ(N-CR)d,p 189 403 1.8 39.1 407γ(Ph)
82 1189 8.1 18.5 1179 1180δ(Câ-H)p,d + υ(CR-Câ)d 192 399 0.2 23.1 367γ(Ph)
88 1156 102.9 37.5 1153 1157δ(Câ-H)d,P + υ(N-CR)d 1158 196 348 2.6 26.3 336 P, trp,d

i

93 1115 4.1 89.5 1141υ(N-CR)d 1132 200 294 0.4 38.8 328 P, trp,d
i

94 1090 16.7 11.6 1071 δ(Câ-H)d,p 204 239 0.8 6.8 249γ(Cm-Ph)
95 1072 3.3 34.3 1079δ(Câ-H)d,p 1077 1079 211 187 0.0 31.7 201 P,âtid,p

i

104 1020 9.7 5.5 1029 1033υ(C-C)Ph 1032 1031 214 152 0.0 21.9 168 P,Rtip,d
o

a Abbreviation and symbols in Table 3:υ, stretching;δ, bending;γ, wagging; tw, twist; s, symmetric; asym, asymmetric; P, pyrrole ring; Ph,
phenyl; ske, skeleton; Xp and Xd, deformation X on the protonated pyrrole and deprotonated pyrrole ring, respectively; superscript “i”, in-phase;
superscript “o”, out-of-phase;Rti, tilt along the CR-CR axis;âti, tilt along theC2 symmetry axis; ev, envelope deformation; tr,hindered translation;
ro, hindered in-plane rotation.b B3LYP/6-31G(d) scaling factor: 0.9614.c The absolute IR intensity in kM (mol)-1 and the Raman scattering
activity in Å4 (amu)-1 obtained from B3LYP/6-31G(d) calculations.
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same way, the HOMO of Zn-2-NO2-TPP has large contributions
from the Pz orbitals of the four N atoms and the Cm atoms of
the porphyrin ring, as well as from the Pz and d orbitals of the
zinc atom. It seems that HOMO of Zn-2-NO2-TPP is consider-
ably stabilized by the interaction between the Pz orbitals of the
N atoms and the Pz and d orbitals of the zinc atom. UnderC1

and Cs symmetry restrictions, the energy level of HOMO of
Zn-2-NO2-TPP is lowered by 0.03 and 0.08 eV, respectively,
in comparison with that of H2-2-NO2-TPP. Both HOMO-1
orbitals mainly consist of the Pz orbitals of the CR atoms of the
porphyrin ring.

The energy levels of the frontier orbitals determined by RHF
method are significantly different from those given by the
B3LYP/6-31G(d) method. The energy differences between
HOMO and HOMO-1 are 0.42, 0.25 eV and 0.38, 0.10 eV for
Zn-2-NO2-TPP and H2-2-NO2-TPP underCs andC1 symmetry
restrictions, respectively. Moreover, the characteristic contribu-
tions to the HOMO and HOMO-1 are completely reversed. The
B3LYP/6-31G(d) calculations show that HOMO of Zn-2-NO2-
TPP and H2-2-NO2-TPP has large contributions from the Pz

orbitals of the CR atoms of the porphyrin ring, while HOMO-1
mainly consists of the Pz orbitals of the four N atoms and the
Cm atoms of the porphyrin ring. The HOMO and HOMO-1
obtained by the B3LYP/6-31G(d) have a2u and a1u characters,
respectively. The relative order of two highest occupied orbitals
is a2u > a1u, which is consistent with previous studies results.12,17

However, the RHF calculations show that HOMO and HOMO-1
are mainly characteristic of a1u and a2u orbitals, respectively.
The relative order of the two highest occupied orbitals is a1u >
a2u.

Electron-donating groups at the pyrroleâ-position raise the
energy of the a1u orbital, while electron-donating groups at
methylene bridges raise the energy of the a2u orbital. In the Zn-
2-NO2-TPP compound, the phenyl is an electron-donating group;
i.e., the energy of the a2u orbital increases. The nitro group is
an electron-withdrawing group, which only slightly enlarges the
a2u/a1u separation. Comparing the energy levels of HOMO of
Zn-2-NO2-TPP obtained from B3LYP/6-31G(d) calculations
with that of ZnP,27 one can notice that the energy level of Zn-
2-NO2-TPP raises by 0.04 eV.

The energy levels of LUMO and LUMO-1 are very close.
They are mainly composed of theπ system of the porphyrin
ring. The four frontier orbitals are well separated from other
levels. The B3LYP/6-31G(d) calculated energy levels of LUMO
and LUMO-1 for the conformers withCs symmetry are more
rigorously degenerate than those for the conformers withC1

symmetry.
The DFT results indicate a significantly smaller positive

charge on the Zn atom than that obtained by the RHF method.
The B3LYP/6-31G(d) calculated charges on the Zn and H atoms
are 0.93 and 0.41 e, respectively. The N atom has a negative
charge of-0.76 e. The RHF calculations reveal a higher positive

TABLE 4: Observed Fundamentals and Scaled Wavenumbers for Zn-2-NO2-TPP, Together with Their IR and Raman
Intensitya

calcd intens obsd intens calcd intens obsd

mode
peak,b
cm-1 IRc Raman IR18 Raman assign NiTPP28 ZNP7 mode

peak,b
cm-1 IRc Raman IR18 Raman assign NiTPP28 ZNP7

10 3088 30.0 487.1 3102υs(C-H)Ph 108 983 96.0 4.9 964 υ(pyrrole)
11 3088 30.1 383.1 3061 υs(C-H)Ph 109 78 0.7 290.1 971 υ(pyrrole)
17 3077 29.7 183.7 3055υas(C-H)Ph 120 930 2.2 6.7 909 γ(C-H)Ph
30 1595 7.8 287.1 1595 υ(CdC)Ph 121 907 13.2 0.4 920 γ(C-H)Ph
31 1594 4.3 604.2 1596υ(CdC)Ph 1599 132 844 6.8 7.9 886 888γ(Câ-H)
36 1569 100.8 96.6 1576 1575υas(NO2) 133 840 8.1 3.4 849 849 def of Pi 846
37 1541 4.9 2334.2 1554 1548υ(Câ-Câ) + υ(CR-Cm) 1550 (1558) 138 826 2.4 46.9 828γ(C-H)Ph

1544 140 810 1.8 3.4 808 def of Pi +
γ(C-H)Ph

828

40 1520 51.3 153.3 1519 1516υ(Câ-Câ) + δ(Câ-H) 1510 (1517) 141 786 60.3 1.2 795 785δ(NO2)
41 1499 53.1 343.5 1488 1494υ(Câ-Câ) + δ(Câ-H) 1504 1494 148 737 37.0 4.7 753 763γ(Câ-NO2)
47 1472 82.1 34.7 1460 υ(CR-Cm) 1485 151 715 19.9 6.5 719 735 P, two + P,

evo

49 1446 1.2 816.6 1455υ(CR-Cm) + δ(Câ-H) 155 688 19.4 2.2 702 γ(C-H)Ph 701
50 1439 21.6 75.6 1440 1440υ(Câ-Câ) + υ(CR-Cm) 1470 (1438) 158 675 3.7 28.8 684 P, two

1431 160 663 4.8 38.1 661 664υskeof Ph+
P, two

57 1360 326.6 345.2 1365 1362υs(NO2) 162 653 15.8 20.0 639 υskeof Ph 639
58 1346 7.9 1929.0 1346υ(N-CR) + υ(CR-Câ) + 1341 1347 164 648 17.9 1.4 621 υskeof Ph

δ(Câ-H) 167 611 0.3 9.3 619 υskeof Ph
59 1338 26.1 566.1 1332 1323υ(N-CR) + υ(CR-Câ) 170 583 7.6 18.3 596 597 P, two

68 1283 1.2 34.2 1291 1290υ(N-CR)+ υ(CR-Câ) 1302 (1299) 172 554 4.1 3.9 557 γ(Ph)
74 1247 2.3 164.9 1272 1276υ(N-CR)+υ(Cm-Ph) 1269 174 546 1.3 5.4 559γ(Cm-Ph) 560
76 1214 25.9 347.4 1229 υ(N-CR)+υ(Cm-Ph) 176 515 6.8 3.6 494 γ(Ph)
77 1212 6.7 966.8 1235υ(Cm-Ph)+υ(N-CR) 1235 179 481 0.1 6.7 494γ(Ph) 498
79 1193 10.4 18.3 1203υ(N-CR) + δ(Câ-H) 187 401 0.14 41.9 404 γ(Ph) 390
80 1182 26.5 16.5 1192 1192δ(Câ-H)+ υ(CR-Câ) 1190 189 389 5.6 47.2 395υ(Zn-N) 402 367
81 1168 3.2 20.0 1176 1176δ(C-H)Ph 190 383 7.4 29.0 370 υ(Zn-N)
89 1144 17.2 55.4 1152 1154δ(Câ-H) + υ(N-CR) (1151) 191 323 0.11 1.1 341 P,R tio
90 1101 13.4 5.7 1112 δ(Câ-H) 192 317 1.3 28.5 318 υ(Zn-N) 277
91 1074 3.9 25.2 1070 δ(Câ-H) 1084 (1052) 195 288 0.3 8.8 288 P,Rtio
92 1070 3.3 59.8 1073δ(Câ-H) 1079 1070 197 273 0.4 3.8 278γ(Cm-Ph)+

τ(C-C)Ph
101 1020 0.2 64.0 1030υ(C-C)Ph 1034 199 245 0.8 7.2 249γ(Cm-Ph)+

τ(C-C)Ph

238

102 1006 11.1 19.3 1029 υ(C-C)Ph 206 194 0.2 31.6 200 P, tri 202
103 1004 2.4 91.6 1003υ(N-CR) + υ(CR-Câ) 1005 997 210 163 2.4 20.5 174 P, tri

104 999 6.8 23.4 1001 υ(N-CR) + υ(CR-Câ) (993)

a Abbreviation and symbols in Table 4:υ, stretching;δ, bending;γ, wagging; tw, twist; s, symmetric; asym, asymmetric; P, pyrrole ring; Ph,
phenyl, ske; skeleton, Xp and Xd, deformation X on the protonated pyrrole and deprotonated pyrrole ring, respectively; superscript “i”, in-phase;
superscript “o”, out-of-phase;Rti, tilt along the CR-CR axis;âti, tilt along theC2 symmetry axis; ev, envelope deformation; tr, hindered translation;
ro, hindered in-plane rotation.b B3LYP/6-31G(d) scaling factor: 0.9614.c The absolute IR intensity in kM (mol)-1 and the Raman scattering
activity in Å4 (amu)-1 were obtained from B3LYP/6-31G(d) calculations.
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charges for the Zn and H atoms (1.32 and 0.44 e, respectively),
and also an important negative charge on the N atom (-0.95
e). All these results indicate a significant charge transfer from
the zinc or hydrogen atom to the porphyrin ring.

3.3. Vibrational Wavenumbers.The vibrational wavenum-
bers and IR and Raman intensities of H2-2-NO2-TPP and Zn-
2-NO2-TPP were determined by B3LYP with a 6-31G(d) basis
set at optimized geometry withC1 symmetry. It is known that
ab initio and DFT potentials systematically overestimate the
vibrational wavenumbers. These discrepancies can be corrected
by directly scaling the calculated values with a proper factor.22

According to the calculated wavenumbers and their intensities,
the normal-mode analysis and the literature,1-3,15,18,28 the
experimental fundamentals are then assigned (Tables 3 and 4).
Also, the FT-IR spectra of H2-2-NO2-TPP and Zn-2-NO2-TPP,
the resonance Raman spectra of NiTPP,28 H2-2-NO2-TPP, and
H2TPP,15 and the Raman spectrum of ZnP7 are presented in
Tables 3 and 4.

H2-2-NO2-TPP and Zn-2-NO2-TPP withC1 symmetry have
234 and 231 vibrational modes, respectively. The absence of
imaginary wavenumbers confirms that the local minima on the
potential energy surface have been found. Comparing the scaled
wavenumbers with the experimental fundamentals, it can be seen
that the deviations are typically less than 30 cm-1 (except for
a few cases when it is out of the specified range).

The FT-Raman spectra of H2-2-NO2-TPP and Zn-2-NO2-TPP
are presented in Figure 2. For comparison purpose, the simulated
spectra and experimental spectra are also listed in Figure 3
together.

From Figure 2, one can notice that the FT-Raman spectra of
H2-2-NO2-TPP and Zn-2-NO2-TPP reveal far-reaching similari-

ties in most of the band patterns. Some differences appear in
the position and relative intensity of some bands. The normal-
mode analysis and the experimental spectra show that the
characteristic skeletal vibrational modes of the parent TPP are
presented in all FT-Raman spectra of H2-2-NO2-TPP and Zn-
2-NO2-TPP. Moreover, the incorporation of a NO2 group in the
TPP and Zn-TPP molecules does not lead to any substantial
spectral changes, and on the whole FT-Raman spectra of H2-
2-NO2-TPP, Zn-2-NO2-TPP, and initial TPP retain their similar-
ity.

Most of the assignments of FT-IR and FT-Raman bands are
identical with findings presented in the literature, with the
exception of a few peak assignments. First, as marked bands
for H2-2-NO2-TPP, the asymmetric and symmetric stretching
vibrations of the NO2 group show up at 1576 and 1343 cm-1

in the FT-IR spectrum and do not appear in the FT-Raman
spectra. The theoretical results indicate mode 39 to have a
stronger Raman intensity than that of mode 38, so the peak at
1575 cm-1 can be assigned to the CR-Cm stretching ac-
companied by the Câ-Câ stretching vibration in the pyrrole ring,
which is consistent with ref 28. On the contrary, for Zn-2-NO2-
TPP, all these modes are active in IR and Raman spectra. The
asymmetric and symmetric stretching vibrations of NO2 group
appear at 1576 and 1365 cm-1 in the FT-IR spectrum and at
1575 and 1362 cm-1 in the FT-Raman spectrum. At the same
time, the bending vibration of the NO2 group occurs at 795 cm-1

in the FT-IR spectrum. Because the IR intensity of the out-of-
plane deformation of Câ-H is stronger than that of the NO2
bending vibration, the peak at 798 cm-1 in the FT-IR spectrum
of H2-2-NO2-TPP can be assigned to the Câ-H out-of-plane
deformation.

The peaks at 1524 cm-1 in the FT-IR and 1518 cm-1 in the
FT-Raman spectrum of H2-2-NO2-TPP can be ascribed to the

Figure 2. FT-Raman spectra of Zn-2-NO2-TPP and H2-2-NO2-
TPP.

Figure 3. Comparison between the simulated theoretical and experi-
mental spectra.
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stretching vibration of CR-Cm. However, the corresponding
signals at 1519 cm-1 in the FT-IR spectrum and 1516 cm-1 in
the FT-Raman spectrum of Zn-2-NO2-TPP arise from the
stretching mode of Câ-Câ in combination with the bending
vibration of Câ-H. In ref 28, the peak at 1504 cm-1 in the RR
spectrum of NiTPP was attributed to the stretching motion of
Câ-Câ coupled with a Câ-H bending. In ref 15, the band at
1513 cm-1 in the RR spectrum of H2-2-NO2-TPP was also
attributed to the stretching vibration of Câ-Câ.

The peaks at 1489 and 1492 cm-1 in the FT-IR and
FT-Raman of H2-2-NO2-TPP, respectively, are identified as CR-
Cm stretching accompanied by a Câ-Câ stretching vibration in
the pyrrole ring. The corresponding mode was observed at 1491
and 1506 cm-1 in the RR spectra of TPP and H2-2-NO2-TPP,15

respectively. However, in the FT-IR and Raman spectrum of
Zn-NO2-TPP, the bands at 1488 and 1494 cm-1, respectively,
are attributed to the stretching vibration of Câ-Câ in combina-
tion with a Câ-H bending.

The insertion of Zn atom in the center of the molecule results
in new vibrational modes. The stretching vibrations of Zn-N
can be observed at 395 and 318 cm-1 in the FT-Raman spectrum
of Zn-2-NO2-TPP. The corresponding stretching vibrations of
Ni-N were detected at 402 and 277 cm-1 in the RR spectrum
of NiTPP.28 For H2-2-NO2-TPP, the stretching mode of N-H
does not appear in the Raman and IR spectra, but the out-of-
plane deformation of N-H can be observed at 721 cm-1 in the
FT-IR measurement. In ref 18, the peak at 1638-1653 cm-1 in
FT-IR spectra had been attributed to the CR-Cm stretching
vibration, but in our calculation, there are no modes in the
3000-1600 cm-1 range. Therefore we consider it to be noise.
The other bands assignments are essentially the same.

Comparing the FT-Raman spectrum of Zn-2-NO2-TPP with
the RR spectrum of NiTPP28 and the Raman and IR spectra of
ZnP,7 it may be concluded that the incorporation of phenyl and
nitro substitution do not significantly modify the spectral pattern.
Due to the symmetry being broken, all vibrations become active
in both IR and Raman spectra of Zn-2-NO2-TPP.

4. Conclusions

The ground-state geometries of H2-2-NO2-TPP and Zn-2-
NO2-TPP have been optimized with DFT (B3LYP/6-31G(d))
and ab initio (RHF/6-31G(d)) methods, underCs and C1

symmetry restriction. The harmonic vibrational wavenumbers
are determined at the geometry optimized at the B3LYP/6-31G-
(d) level of theory. The calculated geometrical parameters are
then compared with the available experiment values of related
compounds. The conformers withC1 symmetry are found to
be more stable than that ofCs symmetry. The structures
predicted by B3LYP/6-31G(d) are better than those obtained
from RHF/6-31G(d). The incorporation of the nitro group does
not significantly change the main framework of TPP. The energy
order of the frontier orbitals is degenerated, probably due to
the effect induced by peripheral substituents. Moreover, the
relative order of two highest occupied a2u and a1u orbitals of
H2-2-NO2-TPP and Zn-2-NO2-TPP obtained from B3LYP/
6-31G(d) calculations is a2u> a1u, which is the inverse of
that obtained by RHF/6-31G(d) method. The calculated wave-
numbers are calibrated with a uniform scaling factor, and they
are found to be in good agreement with the experimental values.
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