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Structural calculations by means of the density functional method have been performed on tetraoxaporphyrin
dication and on isoelectronic diprotonated porphyrin as well as on the sulfur and carbon analogues of porphyrin.
A detailed study of the stable conformations of these compounds is reported starting with the most symmetrical
conformations and lowering the symmetry along the vibrational coordinates with imaginary frequency. The
calculated geometries are related to experimental structures available from X-ray diffraction studies. The
Raman spectra of tetraoxaporphyrin dication exciting with micro-Raman instrumentation at 785 nm and of
diprotonated porphyrin in near-resonance conditions with the Soret band have been measured. The correlation
between frequencies calculated with the DF/B3-LYP/cc-pVDZ procedure for porphyrin, diprotonated porphyrin,
and tetraoxaporphyrin dication has allowed for making a vibrational assignment for the latter two systems in
excellent agreement with experiment using a single frequency scale factor.

I. Introduction

Porphyrins, constituting pyrrolic macrocycles, have attracted
interdisciplinary interest since their molecular design and
multiple functions allow applications in many fields of science.1

Referred to as the pigments of life,2 these macrocycles play an
important role in diverse biological processes. Thus chlorophyll,
causing light absorption in green plants, is the pigment
responsible for photosynthesis, whereas heme, the pigment of
blood, functions as oxygen transport and storage in aerobic
organisms. In addition, porphyrins serve as essential components
in technical devices of various kinds and hence have become
an integral part in material science.3,4 As a prominent example
of medicinal applications of porphyrins their property to act as
a sensitizer in photodynamic therapy must be cited.5

As a fundamental ring system, porphyrin (2), in Figure 1,
has been the subject of intense spectroscopic and structural
investigations.6 These studies, in conjunction with the thermo-
dynamic stability of porphyrin, attest to the aromatic character
of the molecule. In accord herewith, the electronic structure of
(2) has been frequently discussed in terms of conjugation
pathways with (4n + 2) π electrons in substructures embedded
into the macrocycle and constrained to planarity by the insertion
of inner and/or outer bridges.7,8 Despite the intrinsic plausibility
of this approach, simple Hartree-Fock results predict single/
double bond alternation along the periphery of the system, in
contrast with the experimental observation. It is necessary to
include the electron correlation into the computational procedure
to match observed bond-equalized geometries. For instance, a
stable geometry ofD2h symmetry, as indicated by the X-ray
diffraction data,9 was obtained for porphyrin either considering

the MP2 perturbative correction to the HF energies or using
the density functional (DF) treatment.10,11 Further, molecules
such as the diprotonated species and the oxygen and sulfur
dicationic analogues, (3), (4), and (5) in Figure 1, respectively,
have structures determined not only by the cyclicπ-electron
overlap but, as far as (3) and (5) are concerned, also by the
steric interaction between the four central hydrogen atoms, as
to (3), and the four heteroatoms, as to (5). In fact, while (4) is
a square planar macrocycle,12 (5) has a puckered conformation
in the crystal,13 and diprotonated porphyrins have structures
more or less distorted from planarity depending upon the
peripheral substitution.14-16 Nonplanar porphyrin-type molecules
may have more than one energy minimum, as it has been shown
for (3), for which two stable conformations, the first (and lowest)
with D2d and the second withCi symmetry, have been reported.17

This point invites for a parallel study on (5).
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Figure 1. The molecular structures of porphyrin (2), the carbon
analogue of porphyrin (1), diprotonated porphyrin (3), tetraoxaporphyrin
(4), and tetrathiaporphyrin (5) dications. The atomic numbering of the
carbon and hetero (N, O, S) atoms and the molecular reference system
are common to all the structures and shown for convenience only for
(2). Atoms 1, 4, 6, 9, 11, 14, 16, and 19 are denoted asR, atoms 2, 3,
7, 8, 12, 13, 17, and 18 asâ, and atoms 5, 10, 15, and 20 asmeso.
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Therefore, in the first part of this study the structural
properties of (3)-(5) are investigated by means of the DF
method. For the sake of completeness, the computational
analysis has been extended also to the as yet unknown carbon
analogue of porphyrin (1), in Figure 1. The search for extrema
over the ground-state energy surface of (1)-(5) requires a
surface scan with the highest accuracy possible. In the last years
our group has reported on the structural properties of bridged
[10]- and [14]annulenes relying on the DF computational
technique and using the B3-LYP exchange-correlation functional
and highly correlated basis functions such as the cc-pVDZ
set.18,19Calculated geometries were found in excellent agreement
with experiment.18,19 It is reasonable to think that the DF/B3-
LYP/cc-pVDZ combination is equally adequate to deal with the
subtle conformational changes occurring in the (1)-(5) series.

The second part of the paper starts with the consideration
that the shape of the energy surfaces around the minima is
related to the vibrational properties of the porphyrin-type
macrocycle both in terms of frequencies and of infrared and
Raman intensities. Ultimately, we wish to provide a high quality
force field for (3) and (4) and by means of it a well-founded
vibrational assignment. DF methods are suited for this purpose,
as it has been shown in several papers.18-22 Experimentally,
we have measured the Raman spectra of (3) and (4), molecules
available to our group and not yet investigated with this
technique. In contrast with the scarcity of vibrational data on
(3) and (4) a large set of data is available on (2). Nonresonant
and resonant Raman results on porphyrin23,24as well as infrared,
fluorescence, and phosphorescence data on porphyrin in rare
gas matrices25-27 have allowed to propose an accurate force
field derived from DF/B3-LYP/6-31G* calculations and scaled
according to appropriate factors.23,28 On the basis of our DF/
B3-LYP/cc-pVDZ results a vibrational assignment of (2) has
been achieved completely consistent with that reported23,28and
using a single frequency scale factor. This gives weight also to
the proposed vibrational assignment regarding (3) and (4).

II. Experimental Section

The perchlorate salt of tetraoxaporphyrin dication (4), pre-
pared following the reported synthetic route,12 was a generous
gift from Prof. E. Vogel (University of Ko¨ln, Germany).
Porphyrin (2) from Frontier Scientific (U.S.A.) was used as
received.

Two independent instrumentations were used for the Raman
experiments. The first is a micro-Raman apparatus (Renishaw
RM 2000) equipped with a microscope objective, two notch
holographic filters, and a single grating monochromator and
coupled to two external low-power laser sources, i.e., a diode
laser emitting in the near-infrared (785 nm) and an argon laser
emitting in the green region of the visible (514 nm). The sample
was a tiny crystal of (4). Since (4) absorbs in the visible,12 the
Raman spectrum was acquired with near-infrared excitation.
Also, the irradiation was kept at low power values,e4 mW, to
avoid any thermal damage of the crystal. The backscattered
radiation, collected, filtered, and dispersed through the optical
system, was gathered onto a charge-coupled device (CCD,
Renishaw) cooled to≈ -70 °C. Different points of the tiny
crystal were probed with the laser excitation, and the scattered
radiation was collected for a time ranging from a few seconds
to ≈1 min. The spectrum does not change appreciably,
regardless of the incidence point and of the collection time.
Looking after the experiment at the irradiated sample through
the microscope objective, no damage was seen on the surface.

Solutions of (2) in benzene,c ≈ 7‚10-4 M, were freshly
prepared for the second series of Raman experiments. As to

(3), the species was obtained in acid solution at very low pH,
as it results from the comparison of our spectrum in the visible
region with that of a recent report.17 Solutions of (3) in HCl
and HClO4, c ≈ 3 × 10-4 M, and of (2) were excited at room
temperature with the 406.7 and the 413.1 nm lines of a Kr+

laser, on the edge of the strong Soret band. The laser power
was ≈15 mW, low enough not to induce undesired thermal
effects. The Raman spectra in near-resonance with the Soret
band were obtained either with standard collection/detection
instrumentation (computer-controlled double Jobin-Yvon mono-
chromator,≈6 cm-1 spectral resolution; red-extended cooled
photomultipler; photon counting apparatus) or with a triple
spectrometer (Acton Research) coupled to a liquid nitrogen-
cooled CCD detector (Princeton Instruments). The results being
identical while the acquisition time in the second case much
shorter than in the first, it turns out that under our experimental
conditions no thermal deterioration occurs in the solutions even
after relatively prolonged irradiation. As a last check, the UV/
vis absorption spectra after each Raman experiment did not
signal spectral changes with respect to the initial spectra.

III. Ground-State Energy Extrema

All ab initio calculations were performed with the Gaussian
program package,29 using the B3-LYP exchange-correlation
functional and the cc-pVDZ basis set. As already noted in the
Introduction, the combination of the DF method with accurate
basis sets improves considerably the quality of structural and
vibrational calculations.18-22 Our structural results are collected
in Table 1.

We have identified minima and maxima on the ground-state
energy surface of the molecules drawn in Figure 1 with the
following procedure. First, the structure was optimized within
a given point group symmetry starting with the highest
symmetry which is compatible with the system under consid-
eration. This isD2h for (1) and (2) andD4h for all the others,
(3)-(5). The optimized geometry is a stable energy minimum
when all the calculated vibrational frequencies are real. On the
contrary, the occurrence of imaginary frequencies indicates that
the structure lies on an energy maximum with respect to the
corresponding coordinates. Displacing the molecules along these
coordinates the geometry optimization and the vibrational
calculation is repeated until no imaginary frequency is found.
Following this procedure a number of extrema, i.e., minima and
maxima, have been located on the ground-state energy surface.

Starting with theD2h structure of (1), CC bonds 1-2, 2-3,
4-5, 5-6, and 6-22 (see Figure 1 for atomic numbering) have
approximately constant length,≈1.410 Å, while the 1-21 bond
is single, 1.503 Å, and 7-8 almost double, 1.361 Å. These data
substantiate the view that (1) includes a delocalized substructure
with 18 C atoms, i.e., the cycle connecting the C atoms 1, 2,
..., 6, 22, 9, 10, 11, 12, ..., 16, 24, 19, 20. TheD2h structure is
not a minimum on the ground-state surface, since one b1u normal
mode has an imaginary frequency, 29i cm-1. Lowering the
symmetry along this mode a nonplanarC2V minimum, with
energy only≈0.1 kcal/mol lower, is obtained. Apart from the
very weak nonplanarity of theC2V geometry, the two calculated
structures are almost identical. Given the small energy differ-
ence, this might indicate that the present calculation underes-
timates slightly the electron correlation in (1).

As far as (2) is concerned, we first recall that porphyrin has
been studied extensively with ab initio methods.10,11,30-32 It has
been generally found that including electron correlation high-
symmetry structures become considerably lower in energy than
the corresponding structures with reduced symmetry. In par-
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ticular, there is wide agreement10,11,31 about the stableD2h

structure of (2). This is also the result of our B3-LYP/cc-pVDZ
calculation. In Table 1 the comparison is made with the
experimental structure, assuming that the isolated molecule has
D2h symmetry, as it is generally induced from X-ray diffraction
data.9 Going from (1) to (2) with the substitution of the methano
and methine groups with isoelectronic imino groups and N
atoms, respectively, the 1-21 and 6-22 distances are strongly
reduced from 1.504 and 1.412 Å to 1.372 and 1.365 Å,
respectively. All other distances are not so markedly changed
(see Table 1). As a net result, the inner cycle 1, 21, 4, 5, 6, 22,
9, 10, 11, 23, 14, 15, 16, 24, 19, 20 has two parameters, average
C-C length and largest deviation from the mean value, typical
of aromatic systems and gives rise to an extended conjugation
pathway in (2), coexisting with that already defined in (1).

Considering the remaining molecular systems, (3), (4), and
(5), only (4) has been found in our calculation to have the stable
D4h structure reported in Table 1. The result compares well with
previous B3-LYP/6-31G** data33 and the experimental geom-
etry.12 On the contrary, the calculatedD4h structures of (3) and
(5) are unstable with respect to several normal coordinates, due
to the large size of the NH group and of the sulfur atom. In
both cases the steric interaction is minimized displacing the
molecule along the following three coordinates. The first is the
out-of-plane b2u bending, where the four hydrogen atoms of the
imino groups in (3) (or the four sulfur atoms in (5)) move
alternatively up and down. The second is the doubly degenerate
out-of-plane eg mode with two opposite hydrogen (sulfur) atoms
oscillating in-phase and the other two fixed. The third, of a2u

symmetry, is the counterpart of the first, i.e., the in-phase motion
of all four hydrogen (sulfur) atoms out-of-plane.

The conformational changes of (3) and (5) starting from the
respectiveD4h geometries are correlated in Figure 2. Displacing
(3) along the b2u mode a stable structure of lower symmetry,
D2d, is optimized tilting adjacent pyrrole rings up and down
with respect to the plane of the fourmeso-methine C atoms
and thus giving rise to a saddle arrangement (see Figure 3, left),
as usually defined for distorted porphyrins.34-36 The equilibrium
geometry is in good agreement with X-ray diffraction data on
the skeleton of diprotonated 5,10,15,20-tetraphenylporphyrin
(H4TPP)2+ and 5,10,15,20-tetramesitylporphyrin (H4TMP)2+.14,16

The second stable conformer, with energy higher thanD2d by

5.3 kcal/mol, has been obtained in two steps. Moving first the
system along the eg mode a wave34-36 C2h geometry is reached
with C2 aligned along the C2′ axis of theD4h group and two
opposite N-H bonds up and down with respect to the porphyrin
mean plane. This is not a minimum structure, having one
imaginary bg frequency. The final quasi-waveCi structure, 0.1
kcal/mol lower, minimizes the steric interaction between central
hydrogen atoms forcing also the second pair of N-H bonds
slightly outward (see Figure 3, center). These results are in close
agreeement with previous findings.17 In addition, a third
conformer is found moving fromD4h to C4V symmetry along
the a2u coordinate. The dome34-36 C4V geometry is itself a
second-order maximum with respect to one b1 and one e mode.
The stable structure toward which theC4V geometry spontane-
ously shifts along the b1 mode is the saddleD2d structure
previously encountered, though now has formally only the
symmetry of theC2V subgroup. More interesting, the other
displacement of e symmetry leads to a quasi-ruffled34-36

structure of strictCs and approximateC2h symmetry (with C2

parallel to C2′′ axis of theD4h group, see Figure 3, right),

TABLE 1: Calculated(DF/B3-LYP/cc-pVDZ) and Experimental Bond Lengths (Å) of the Stable Structures of (1)-(5)e

(3) (5)

(2) D2h D2d (4) D4h C2h

(1) C2V calc expa calc expb Ci C1 calc expc C4V calc expd C2V

1-2 1.415 1.437 1.430 1.431 1.422/1.431 1.438 1.437 1.421 1.405 1.431 1.428 1.412 1.432
2-3 1.406 1.375 1.365 1.378 1.354/1.366 1.375 1.375 1.377 1.341 1.384 1.387 1.363 1.383
3-4 1.436 1.438
4-5 1.403 1.396 1.387 1.399 1.400/1.414 1.400 1.400 1.391 1.375 1.411 1.415 1.405 1.411
5-6 1.413 1.402 1.376 1.398 1.399 1.411 1.392 1.411
6-7 1.482 1.462 1.452 1.425 1.426 1.431 1.429 1.431
7-8 1.361 1.359 1.345 1.381 1.381 1.387 1.355 1.385
8-9 1.427 1.425
9-10 1.399 1.398

10-11 1.400 1.400
1-21 1.504 1.372 1.380 1.395 1.371/1.390 1.381 1.381 1.366 1.367 1.753 1.756 1.727 1.754
4-21 1.382 1.380
6-22 1.412 1.365 1.376 1.408 1.406
9-22 1.405 1.409 1.753 1.721 1.753

a From ref 9, average values of distances symmetrically equivalent inD2h symmetry.b From ref 16, average values of distances symmetrically
equivalent inD2d symmetry for (H4TMP)2+, first entries, and (H4TPP)2+, second entries.c From ref 12, average values of distances symmetrically
equivalent inD4h symmetry.d From ref 13, average values of distances symmetrically equivalent inC2h symmetry.e Atoms pairs of the first column
are indicated as in Figure 1.

Figure 2. Schematic plot of the correlation between ground-state
extrema of (3) and (5), top and bottom diagram, respectively. Each
extremum, characterized by its symmetry and energy (with respect to
the energy of the absolute minimum, kcal/mol, DF/B3-LYP/cc-pVDZ
results) is related to the next ones through normal modes with imaginary
frequency and symmetry species given over the arrow. The starting
extremum for both (3) and (5) hasD4h symmetry. In the top diagram
the C2V minimum of (3) has a structure identical to that of theD2d

minimum.
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characterized by one pair of adjacent pyrrole N-H’s above and
the other pair below the mean porphyrin plane. This is
reminiscent of the diprotonated tetracyclohexa[b,g,l]porphyrin
(H4TCHP)2+ structure.15 The stable C1 minimum, 0.4 kcal/mol
lower thanCs and almost equienergetic with the already found
Ci minimum, is finally reached going along the only mode,
having a′′ symmetry, with imaginary frequency at theCs

geometry. It has been suggested15 that the approximateC2h

structure is stabilized in the crystal because of the interaction
of the diprotonated species with the trifluoroacetic counterion.
The small energy difference between theCs (approximateC2h)
and C1 conformers makes plausible this interpretation. The two
stable isomers, ofD2d (saddle) andCi (quasi-wave) symmetry,
and the quasi-ruffledCs structure are sketched in Figure 3.

The calculated distortion of (3) in D2d andCs symmetry can
be compared with experimental results on derivatives of the
diprotonated porphyrin.16 It has been proposed,16 as a measure
of the deviation from planarity, the set of average absolute
perpendicular displacements of ring atoms (for instance,R, â,
mesoC atoms; see Table 2 for more detail), with respect to the
mean porphyrin plane. The smallest distortion values have been
found16 for (H4TMP)2+ and 5,10,15,20-octaethylporphyrin (H4-
OEP)2+. It is reasonable to assume that these values are
indicative of the intrinsic nonplanarity of the porphyrin system

and affected to a minor extent by the peripheral substitution.
The agreement between the calculated values of (3) in D2d

symmetry with experimental data, as it is seen from Table 2,
legitimates the assumption and outlines the satisfactory com-
putational performance of the DF/B3-LYP/cc-pVDZ combina-
tion. The unusual structure of (H4TCHP)2+ is less distorted than
that of (H4TMP)2+ except for |N4|, the absolute average
perpendicular displacement of the pyrrole N atoms with respect
to the mean porphyrin plane.15 The calculated values of theCs

structure are consistent with experiment. In particular, the|N4|
parameter is predicted to be the largest, as observed.16

According to X-ray data, (5) is a centrosymmetric nonplanar
ring system.13 The structure has approximateC2h symmetry, the
C2 axis being directed along they axis, with reference to Figure
1. Three stable conformations of (5) of almost equal energy
are calculated according to the diagram shown in Figure 2,
bottom, distorting the molecule away fromD4h symmetry along
appropriate eg, b1u, and a2u modes of imaginary frequency. The
domeC4V isomer (obtained fromD4h with a2u displacement) is
the absolute minimum. The waveC2h isomer,≈0.7 kcal/mol
aboveC4V, has a structure in fair agreement with experimental
data.13 Given the circumstances, close packing of (5) in the
crystal is probably the determining factor in favor of theC2h

geometry. The two isomers are reported in Figure 4. There is
no saddle isomer, as theD2d geometry has one b2 imaginary
frequency thus allowing the occurrence of a third isomer, of
C2V symmetry, 0.1 kcal/mol aboveC4V and with a similar shape.

As a final consideration, we note that steric interaction
between the central heteroatoms (or between the central
hydrogen atoms) may qualitatively justify some structural
peculiarities of the series (3)-(5). For instance, the square
geometry of (4) can be reasonably predicted as stable on the
basis of the distance between nearest oxygen neighbors in (4),
dnn ) 2.93 Å, which is comparable to the distance of minimum
contact, 2rO ) 3.04 Å, whererO ) 1.52 Å is the van der Waals
oxygen radius. Instead, both (3) and (5) haveD4h structures with
the former parameter,dnn, much shorter than the latter, 2rH for
(3) and 2rS for (5), thus generating structural instabilities. In

Figure 3. Top and side view of two stable isomers of (3), right D2d and centerCi, and of the saddleCs, according to the calculation results and
to the designations taken from ref 36. The reference system for the top and side view is indicated. Plus and minus signs indicate qualitatively the
torsional arrangement of the pyrrole ring with respect to the mean porphyrin plane.

TABLE 2: Observeda Core Conformations of (H4TMP)2+

and (H4TCHP)2+ and Calculated Core Conformations of (3)
in D2d and Cs Symmetryb

(H4TMP)2+ (3);D2d (H4TCHP)2+ (3);Cs

|CR| 0.19 0.16 0.08 0.07
|Câ| 0.67 0.49 0.16 0.13
|Cm| 0.06 0. 0.07 0.08
|C20| 0.35 0.26 0.11 0.10
|N4| 0.08 0.02 0.24 0.16
|C20N4| 0.31 0.22 0.13 0.11

a From ref 16.b |CR|, |Câ|, |Cm|, |C20|, |N4|, and|C20N4| are the mean
absolute perpendicular displacements (Å) of theR-, â-, meso-,
20-porphyrin carbons, pyrrole nitrogens, and 24 core atoms from the
24-atoms mean plane of the porphyrin, as defined in ref 16.
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the case of (3) the calculation shows that only inD2d symmetry
the steric interaction is relieved, being the nearest H‚‚‚H distance
2.28 Å and the minimum contact distance 2.4 Å. So, theD2d

conformer is expected to be energetically much lower than the
others two. On the other hand, the occurrence of three almost
equienergetic conformers of (5) correlates well with the fact
that the distances between nearest neighbors are quite similar,
in the range 2.91-2.96 Å, and appreciably less than twice the
van der Waals radius, 3.6 Å. Thus, the three conformers are
roughly hindered to the same extent, and none of them is
energetically preferred over the others.

IV. Vibrational Results
The room-temperature Raman spectra of (3) in HCl solution,

c ) 3‚10-4 M, exciting at 406.7 nm and of (4) as a solid sample
exciting at 785.0 nm are shown in Figures 5 and 6, respectively.
For convenience, the two spectra are presented separately in
the next subsections.

A. The Near-Resonant Raman Spectrum of (3).Due to
the vicinity of the Soret band of (3) to the excitation wave-

length,17 the Raman spectrum is measured in near-resonance
conditions. To our surprise, a diffuse emission underlies the
Raman peaks, as it is seen from the inset of Figure 5. Since no
signal is detected in the presence of the solvent alone, the
emission has been tentatively assigned to fluorescence from the
Soret band. More on this point will be reported soon. For the
purpose of the present work the intrinsic Raman spectrum has
been obtained subtracting the underlying emission. In the
subsequent discussion weak features of the subtracted spectrum
are not considered, as they may be artifacts related to the
subtraction process. By comparison, the spectrum of (2) in
benzene solution,c ) 7‚10-4 M, under identical experimental
conditions is also displayed in Figure 5. No diffuse emission is
observed in this case. To the best of our knowledge, though
several studies deal with the Raman spectrum under different
excitation conditions,23,24,37 none has reported on (2) with
excitation near the Soret band.

The absorption spectrum of (3) is dominated by the Soret
band with high oscillator strength (f ) 1.09).17 When excited

Figure 4. Top and side view of two stable isomers of (5), left C4V and rightC2h, according to the calculation results and to the designations taken
from ref 36. The reference system for the top and side view is indicated. Plus and minus signs indicate qualitatively the torsional arrangement of
the pyrrole ring with respect to the mean porphyrin plane. The third stable isomer, ofC2V symmetry, has been omitted for the sake of simplicity,
the structure being almost identical to that of theC4V isomer.

Figure 5. The Raman spectra of (2), c ) 7‚10-4 M in benzene, upper
trace, and of (3), c ) 3‚10-4 M in HCl solution, lower trace, at room
temperature exciting at 406.7 nm. The asterisks on the upper trace mark
solvent bands. In the inset: experimentally observed spectrum of (3)
(see text for details).

Figure 6. The Raman spectrum of (4) as a solid at room-temperature
exciting at 785.0 nm. The asterisks mark Raman bands of the ClO4

-

counterion. In the inset: experimentally observed spectrum of (4) (see
text for details).

Tetraoxaporphyrin Dication J. Phys. Chem. A, Vol. 109, No. 44, 20059939



states, to which the transition from the ground state is strongly
allowed, are close to the excitation energy, it is expected that
the Raman activity is mostly induced through the Franck-
Condon scattering mechanism by totally symmetric modes.38-42

On the other hand, in the case of (2) the Soret band is due to a
pair of quasi-degenerate states, called By and Bx, of B2u and
B3u symmetry species,43 with total oscillator strengthf )
1.15.44,45 In near resonance with the Soret band not only ag

modes but also b1g modes are expected to be active, due to the
vibronic coupling mechanism between By and Bx for Raman
intensities.41

Experimentally, the two spectra show a limited number
(seven) of medium/strong peaks, in good correspondence each
with the other, 310/312, 720/726, 990/953, 1081/1061, 1384/
1352, 1418/1423, 1534/1544 cm-1 in the order (3)/(2). Since
the Raman bands of (2) have been assigned unambiguously to
the totally symmetric species,23,24,37the previous point suggests
that similar totally symmetric modes are active in the Raman
spectrum of (3). In addition, four medium/weak bands of (3),
namely 238, 643, 852, and 889 cm-1, are observed. Finally,
the spectrum of (2) shows three weak bands, 391, 420, and 1490
cm-1, whose assignment is to b1g symmetry,23 and a fourth,
1032 cm-1, totally symmetric (see the next section).

B. The Raman Spectrum of (4). It is known46 that (4)
fluoresces from the lowest excited state in the spectral range
570-640 nm. Although the excitation wavelength for the Raman
experiment is far from the lowest absorption of the molecule, a
diffuse background fluorescence is seen even exciting (4) at
785.0 nm, due to the very weak absorption of the solid at this
wavelength. The experimentally observed spectrum is shown
in the inset of Figure 6 from which the Raman signal has been
obtained removing the smoothly varying emission. Being the
incident photon energy≈0.6 eV less than the onset of the
molecular S0 f S1 absorption,12 the spectrum is considered as
predominantly due to normal Raman scattering. Modes of a1g,
b1g, b2g, and eg symmetry are expected to be active. Fourteen
peaks (660, 690, 706, 909, 961, 979, 1051, 1189, 1298, 1359,
1368, 1422, 1461, 1530 cm-1) of medium/strong intensity have
been observed. Since the number of peaks is greater than that
of the totally symmetric modes of (4) in D4h symmetry, seven
(excluding C-H stretchings), it is concluded that some nonto-
tally symmetric modes contribute comparably to a1g modes to
the spectrum.

V. Discussion

A. Vibrational Calculations. The vibrational frequencies of
(2), (3), and (4) at the stable geometries inD2h, D2d, andD4h

symmetry, respectively, have been calculated following the
structural optimization and using the B3-LYP functional and
the cc-pVDZ basis set. For later convenience the vibrational
calculation has been performed also at theD4h structure of (3).
There is a large amount of vibrational data on (2) from normal
and resonance Raman,23,24 infrared,26 and fluorescence27 spec-
troscopy from which the vibrational assignment has been
established in great detail.23,28We have doubled the assignment
with comparable accuracy, to our opinion, adopting a single
frequency scale factor equal to 0.9816 and finding, as a result,
a root-mean-square deviation from experimental values of≈12
cm-1. Further, we have checked that our normal mode descrip-
tion is essentially coincident with that already given in the
reference calculation.23,28These results represent a good starting
point for the vibrational analysis of (3) and (4).

The 114 vibrational degrees of freedom of (3) can be
classified among the symmetry species of theD2d group asΓ

) 15a1 + 14a2 + 13b1 + 16b2 + 28e. The same classification
for the 108 vibrational modes of (2) in D2h symmetry givesΓ
) 19ag + 18b1g + 9b2g + 8b3g + 8au + 10b1u + 18b2u + 18b3u.
The missing six vibrational coordinates going from (3) to (2)
may be approximately described as symmetric and antisym-
metric combinations of the two N-H stretchings, of the two
CNH planar bendings and of the two CCN-H out-of-plane
bendings. The first two coordinates belong to ag and b2u

symmetry species, respectively, the intermediate to b3u and b1g,
and the final to b1u and b3g under D2h symmetry. Once an
account is taken of this difference, it is possible to correlate the
vibrational modes of (2) and (3) through the common group of
higher symmetry,D4h. A similar procedure has been reported
for (2), dealing with the depolarization ratios of ag modes.23

The 114 normal modes of (3) in D4h symmetry are classified as
follows: Γ ) 10a1g + 9a2g + 10b1g + 10b2g + 9eg + 3a1u +
6a2u + 5b1u + 5b2u +19eu.

The diagramsD4h f D2h andD4h f D2d, reported in Table
3, allow the correlation between normal coordinates of (2) and
(3) with similar atomic displacements. To illustrate the point
let us consider a single example from Table 3. Considering the
previous classifications, 10 a1g and 5 b2u modes of (3);D4h

correlate with 15 a1 modes of (3);D2d. If the interaction terms
between a1g and b2u modes due to symmetry lowering are small,
there will be 10 a1 modes (out of 15) having approximate a1g

character and 5 approximate b2u character. On the other hand,
10 a1g and 10 b1g modes of (3);D4h correlate with only 19 ag
modes of (2), since (2) has, as noted in the last paragraph, one
ag mode less than the sum of a1g and b1g modes of (3);D4h. In
the same approximation as above 9 ag modes of (2) have
approximate a1g, and 10 ag modes of (2) have approximate b1g

symmetry. The former 9 ag modes of (2) are expected to be
similar to 9 a1 modes of (3);D2d, the tenth a1 mode being the
symmetric combination of the two additional N-H stretchings
acquired going from (2) to (3);D2d. Further, the remaining 5 a1

modes of (3);D2d correlate with 5 b1u modes of (2), out of a
total of 10 b1u modes, and the remaining 10 ag modes of (2)
with 10 b2 modes of (3);D2d, out of a total of 16 b2 modes (for
both cases see Table 3).

Extending these considerations to all symmetry species and
excluding for the sake of simplicity N-H and C-H stretchings
from the analysis, mode correlations of nondegenerate and
degenerate vibrations of (3);D4h with vibrations of (3);D2d and
of (2) have been obtained, as shown in Tables 4 and 5. Each
vibrational coordinate has been accurately considered in the three
cases examining the associated atomic displacements and
resorting to the Gaussian graphic option. In the same tables

TABLE 3: Correlation Diagrams between the D2h and D4h
Point Groups and between theD4h and D2d Point Groupsa

C2′
D2h D4h

C2′′ f C2′
D2d

ag a1g a1

b1g a2g a2

ag b1g b2

b1g b2g b1

b2g+b3g eg e
au a1u b1

b1u a2u b2

au b1u a2

b1u b2u a1

b2u+b3u eu e

a The C2′ axes of theD4h group (alongx andy in Figure 1) are C2
axes of theD2h group. The C2′′ axes of theD4h group (midway between
x andy in Figure 1) are the C2 axes normal to the main axis (S4) of the
D2d group.
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under heading (2) the experimental frequencies from other
studies23,24,26,37 and our own measurements are reported in
parentheses. As to (3);D2d and (3);D4h, the vibrational frequen-
cies are reported as calculated ab initio, i.e., the scale factor is
1 (see next subsection). On the whole, a good correlation of
normal modes is obtained going from (2) to (3);D4h and to
(3);D2d, thus justifying the previous approximation. In particular,
we note that the correlation is excellent between ag modes of
(2) and a1 modes of (3);D2d forming the subset of the seven a1g

modes of (3);D4h, in agreement with the correspondence
mentioned in the last section.

The 102 normal modes of (4) underD4h symmetry are divided
into 9a1g + 8a2g + 9b1g + 9b2g + 8eg + 3a1u + 5a2u + 5b1u +
4b2u +17eu. Comparing with the normal mode representation
of (3);D4h the following modes, 1a1g + 1a2g + 1b1g +1b2g +
1eg + 1a2u + 1b2u + 2eu, are missing. The difference may be
easily justified noting that these modes have a simple ap-
proximate description as combinations of four N-H stretchings
(a1g + b1g + eu), four CNH bendings (a2g + b2g + eu), and four
CCN-H out-of-plane bendings (a2u + b2u + eg). Having this
point in mind, the correct correlation between normal modes
of (3);D4h and (4) is almost straightforward, as shown in Tables
4 and 5. Note, however, that no empty entry appears in Table
4 for a1g and b1g modes of (4) and only one for eu modes, instead
of two, in Table 5 since stretching N-H modes have been
excluded from the analysis. The calculated frequency values of
(4) have been multiplied by the scale factor 0.9775, as a result
of the proposed vibrational assignment (see the third subsection).

B. Vibrational Assignment of (3): a1 Modes. In the pre-
vious section the near-resonance Raman spectrum of (3) was
assigned mostly to a1 modes on the basis of general considera-
tions38-42 and of the comparison with the spectrum of (2) in
the same experimental conditions. Here, the conclusion is sup-

ported by the results of Table 6 where the observed Raman
frequencies are, within few tenths of wavenumbers, close to
the a1 calculated values. No b1, b2, or e modes satisfy this
condition as closely as a1 except one b2 mode, 916 cm-1 (calc),
related to the 889 cm-1 Raman peak. Since the number of
experimental frequencies (12 between 200 and 1600 cm-1) is
low with respect to the number of active frequencies (61 up to
1700 cm-1, either Raman or infrared), no attempt has been made
to propose scale factors for the whole set of vibrational
frequencies (74 up to 1700 cm-1). The calculated ab initio values
of (3);D2d and, for consistency, of (3);D4h are not scaled in
Tables 4 and 5.

From Raman intensities it is possible to draw some inferences
about the equilibrium structure of the state giving origin to the
Soret band, 2E according to DF calculations.17 Raman peaks at
310 and 1384 cm-1 are the strongest of the spectrum, while
those at 1418 and 1534 cm-1 the weakest. The 310 cm-1

vibration is described as uniform breathing of the inner cycle
1,21,4,5,6,22,9,10,11,23,14,15,16,24,19,20 due to CRCmCR bend-
ing and that at 1384 cm-1 as a combined motion of CRN, CRCâ
stretchings and of the CRCmCR bending; in contrast, the other
two vibrations are located on the outer CâCâ bonds whose
stretching is accompanied by Câ-H in-plane deformations. The
four vibrational coordinates are reported in Figure 7. Further,
there are three a1 modes, 238, 643, and 729 cm-1, correlated to
out-of-plane b2u vibrations of (3);D4h (see Table 4), among
which the first is strongly and the other two weakly active in
the Raman spectrum. The 238 cm-1 mode is described as due
to pyrrole torsions, such that the molecule becomes more planar,
while the other two, 643 and 729 cm-1, as due to Câ-H and
N-H out-of-plane bendings, respectively. The three coordinates
are reported in Figure 8. Since in a near-resonance Raman
experiment those totally symmetric modes are enhanced which

TABLE 4: Correlation between Nondegenerate Normal Frequencies of (2), (3), and (4), According to the Diagrams of Table 3,
at the StableD2h, D2d, and D4h Geometriesa

(3) (3) (3)
(2)
D2h D4h D2d

(4)
D4h

(2)
D2h D4h D2d

(4)
D4h

(2)
D2h D4h D2d

(4)
D4h

ag a1g a1 a1g b1g a2g a2 a2g a1u b1u a2 b1u

303 (312) 316 304 294 387 (391) 366 385 380 65 83 69 58
720 (726) 705 719 694 779 (786) 784 798 801 477 484 478 459
956 (953) 1001 994 931 970 (976) 974 988 974 701 691 680 689

1046 (1061) 1089 1087 1052 1136 (1138) 1164 1172 1131 844 887 895 879
1363 (1352) 1399 1408 1363 1220 (1226) 1235 1279 1295 909 970 975 951
1448 (1423) 1436 1443 1427 1349 (1374) 1376 1391 1370
1569 (1544) 1559 1565 1538 1390 (1388) 1416 1405 au a1u b1 a1u

1607 (1600) 1614 1626 1610 295 308 302 282
ag b1g b2 b1g 684 687 679 674

152 (155) 138 148 137 b1g b2g b1 b2g 900 964 971 946
723 (736) 726 722 726 91 (109) 178 129 103
993 (987) 1014 1011 962 411 (420) 419 427 419 b1u b2u a1 b2u

1041 (1032) 1084 1083 1051 800 (805) 807 812 803 731 (731) 1431i 755
1180 (1177) 1207 1221 1197 1000 (1005) 1045 1008 980 54 69 59 45
1408 (1384) 1411 1404 1369 1185 (1182) 1213 1220 1180 206 192 212 192
1514 (1490) 1512 1509 1477 1359 1292 645 635 659 648
1625 (1609) 1622 1641 1653 1322 (1318) 1403 1405 1297 789 (785) 834 849 829

1504 (1493) 1617 1573 1493
b1u a2u b2 a2u

179i 448
93 121 85 100

331 (335) 364 327 322
701 (691) 694 710 698
780 (773) 808 821 802
862 (852) 909 916 899

a Frequencies (cm-1) are calculated according to the DF/B3-LYP/cc-pVDZ procedure. Under heading (3) - D4h calculated frequencies are reported
for the planar square structure of (3). Under heading (2) - D2h experimental frequencies (cm-1) are reported in parentheses, from refs 23, 24, 27,
and 37 and our own measurements. The scale factors are 0.9816 for (2) and 0.9775 for (4), while the frequencies of (3) in D4h andD2d symmetry
are unscaled (see text for details).
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favor the structural change from the ground to the excited state,41

the qualitative indication coming from our intensity data is that
the equilibrium geometry of the 2E state is characterized by
the expansion and the enhanced planarity of the inner cycle with
respect to the ground state.

C. Vibrational Assignment of (4).1. The Raman Spectrum.
The vibrational assignment of the Raman frequencies is sum-
marized in Table 6. A good agreement between calculated and
observed values is obtained using the scale factor 0.9775,
derived from Raman and infrared data. The correlation between
vibrational modes of (3) and (4) is also shown in the same table.
An interesting point concerning Raman intensities of correlated
modes emerges from our assignment. Due to the different
excitation conditions, the intensities of similar totally symmetric
modes change markedly. For instance, the strong Raman peak
of (3) at 1384 cm-1 has a medium/weak counterpart in (4) at
1360 cm-1. On the contrary, the weak 1534 cm-1 band of (3)
is correlated with the strongest band of (4), 1530 cm-1. Since
Raman intensities calculated by the Gaussian program are
“normal”, i.e., for excitation conditions far from electronic

resonances, they can be reasonably compared only with the
Raman data on (4). The largest intensity is predicted for the
1530 cm-1 band, as observed. The calculated intensity of all
the other bands is generally in fair agreement with observed
intensities.

2. The Infrared Spectrum.Our calculation results have been
compared with the infrared spectrum of (4) in a Nujol mull at
room temperature, taken from the master degree of Dr. Knipp
and kindly provided to us by Prof. G. Hohlneicher (University
of Köln, Germany). The spectrum, shown in Figure 9 in the
range 400-1700 cm-1, is discussed recalling that the only
modes of (4) infrared active belong to a2u and eu symmetry.
First of all, some of the observed bands are due to the
counterion, ClO4-, and to the Nujol mull. The two infrared
active vibrations of ClO4-, ω3 and ω4, occurring in the free
ion47 at 1128 and 645 cm-1, extend in the range 1096-1145
and 626-635 cm-1 in perchlorate crystals.48,49The two strongest
bands of the infrared spectrum, centered at 1096 and 623 cm-1,

TABLE 5: Correlation between Degenerate Normal
Frequencies of (3) and (4) and Nondegenerate Modes of (2)
at the StableD2h, D2d, and D4h Geometries, According to the
Diagrams of Table 3a

(3) (3)
(2)
D2h D4h D2d

(4)
D4h

(2)
D2h D4h D2d

(4)
D4h

b2g; b3g eg e eg b2u;b3u eu e eu

588;- 734i 535 984(977)} 1026 1001 975
996

114; 132 149 127 121

183; 203 191 202 1891037(1054);} 1080 1079 1047
1035(1043)

424; 439 434 426 416

668; 669 662 665 6601151; } 1182 1180 1141
1140(1134)

704; 706 693 697 695

778; 779 821 836 8141229(1228);} 1261 1266 1223
1203(1177)

853; 854 899 905 890

904; 907 968 973 9491250;} 1296 1305 1311
1284

b2u; b3u eu e eu
1359(1357);} 1374 1376 1365-

284; } 319 297 284
309(310)

1417(1406);} 1418 1416
1410(1396)

351(357);} 353 360 355
351

1503(1490);} 1501 1493 1449
1532(1561)

742(745);} 738 739 732
725(723)

1558(1540);} 1523 1531 1499
1526

775; } 779 793 789
778(780)

1612; } 1591 1595 1573
1414(1412)

954(951);} 987 984 934
975(971)

a Frequencies (cm-1) are calculated according to the DF/B3-LYP/
cc-pVDZ procedure. Under heading (3) - D4h calculated frequencies
are reported for the planar square structure of (3). Under heading (2)
- D2h experimental frequencies (cm-1) are reported in parentheses,
from refs 23, 24, 27, and 37. The scale factors are 0.9816 for (2) and
0.9775 for (4), while the frequencies of (3) in D4h andD2d symmetry
are unscaled (see text for details).

TABLE 6: On the Left sVibrational Assignment of the
Raman Spectrum of (3),λexc ) 406.7 nm, Acid Solution,
Room Temperaturea and on the RightsVibrational
Assignment of the Raman (λexc ) 785 nm; Crystal Grain)
and of the Infrared (Nujol Mull) Spectrum of (4) b

(3) Raman (4) Raman

exp calc exp calc IR

238 m 212 (a1)
310 s 304 (a1)
643 w 659 (a1)

660 ms 659 (eg) ≈0.
689 ms 695 (eg) 0.02

720 m 719 (a1) 706 ms 694 (a1g) 0.14
729 sh 755 (a1)
852 m 849 (a1)
889 mw 916 (b2)
990 mw 994 (a1) 909 w 930 (a1g) 0.40

961 mw 962 (b1g) 0.18
979 mw 980 (b2g) 0.02

1081 w 1087 (a1) 1051 mw 1052 (a1g) 0.05
1190 vw 1180 (b2g) 0.003
1297 w 1296 (b2g) 0.28

1384 s 1408 (a1) 1360 mw 1362 (a1g) 0.24
1368 mw 1369 (b1g) 0.31

1418 w 1443 (a1) 1422 mw 1427 (a1g) 0.56
1461 mw 1477 (b1g) 0.74
1468 sh 1493 (b2g) 0.01

1534 w 1565 (a1) 1530 s 1538 (a1g) 1.
1646 vw 1652 (b1g) 0.02

infrared
696 w 698 (a2u) 0.06
739 w 732 (eu) 0.06
798 m 789 (eu) 0.05
819 m 802 (a2u) 0.40
900 s 899 (a2u) 1.
936 s 934 (eu) 1.40
972 w 975 (eu) 0.08

1049 s 1047 (eu) 0.30
1149 m 1141 (eu) 0.26
1221 vw 1223 (eu) 0.14
1446 s 1449 (eu) 0.84
1495 m 1499 (eu) 0.52
1569 mw 1573 (eu) 0.22

a The calculated frequencies (cm-1) are unscaled; the experimental
band intensities are denoted as strong (s), medium (m), weak (w), and
as their combinations; the symmetry species, in parentheses, are relative
to D2d symmetry.b The calculated frequencies (cm-1) are scaled by
the factor 0.9775; the experimental band intensities are denoted as
before; the symmetry species, in parentheses, are relative toD4h

symmetry. Calculated Raman (IR) intensities are relative to that of the
1538 cm-1 (a1g) mode, while calculated infrared intensities (I IR) are
relative to that of the 899 cm-1 (a2u) mode.
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are attributed to ClO4-. In addition, comparing our own infrared
spectrum of the pure mull with that of Figure 9, Nujol bands at
1461, 1378, 1354 (sh), 1305, and 720 cm-1 have been identified
in the spectrum.

Of the expected five modes of a2u symmetry, only three occur
above 400 cm-1, at 696, 819, and 900 cm-1 (see Table 6). These
are out-of-plane C-H bendings among which the third, the out-
of-plane in-phase Cm-H bending, is associated with one of the

strongest bands on experimental and computational grounds.
The a2u modes correlate with equally intense b1u modes of (2),25

observed at 691, 773, and 852 cm-1. There are twelve eu modes
above 400 cm-1 (excluding C-H stretchings), 10 of which are
observed at 739, 798, 936, 972, 1049, 1149, 1221, 1446, 1495,
and 1569 cm-1. The two remaining, with almost vanishing
calculated intensity, are expected between 1340 and 1400 cm-1

and much probably buried under the strong 1365 cm-1 Nujol
band. Combining the infrared and Raman assignments, an
average scale factor 0.9775 and a root-mean-square deviation
of calculated from experimental frequency values equal to 8.6
cm-1 have been determined.

VI. Conclusions

In this paper structural and vibrational properties of tetraox-
aporphyrin dication and of isoelectronic diprotonated porphyrin
have been investigated. Structural calculations have been
performed also on tetrathiaphorphyrin and on the carbon
analogue of porphyrin. While for (4) the D4h structure is
predicted to be stable, (3) and (5) deviate from planarity, due
to the steric interaction between central atoms. As a result
several stable conformations have been found for (3) and (5).
In addition to the knownD2d and Ci conformers, (3) has in
particular a third conformer of approximateC2h symmetry, in
good agreement with the ruffled geometry of diprotonated
tetracyclohexa[b,g,l]porphyrin.

The vibrational dynamics of (3) and (4) has been considered
in the second part of this work. The Raman spectra of (3) and
(4) have been measured in different excitation conditions, i.e.,
in near-resonance conditions with the Soret band, the first, and
far from electronic resonances, the second. The mode correlation
between (2), (3), and (4) has been the basis of the vibrational
assignment for the latter two systems. On the whole, this study
indicates, as in previous cases,18,19 that DF calculations with
high quality basis sets may be reliably applied to molecular
systems of medium/large size and give substantial help for an
accurate analysis of the vibrational spectra.
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