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Probing the structure and dynamics of porphyrins by vibrational spectroscopy is of major interest because
this cyclic tetrapyrrole system constitutes the chromophore in different very complex biological systems carrying
out essential processes in nature such as oxygen transport and storage (hemoglobin and myoglobin, respectively),
electron transfer (cytochrome c), and energy conversion (chlorophyll). Most of the biological porphyrins are
â-substituted, i.e., substituted at the outer pyrrole carbon atoms. Investigations on the structure of
octaethylporphyrin (OEP) using density functional theory (DFT) as well as linear and nonlinear Raman
spectroscopic techniques have been performed. The optimized geometry of OEP reveals a centrosymmetric
molecule with localD2h symmetry of the porpyhrin macrocycle showing an excellent agreement with the
X-ray structure of OEP. The DFT-derived harmonic vibrational wavenumbers together with the corresponding
eigenvectors of several low-wavenumber modes and prominent ag(D2h) and b1g(D2h) modes of OEP are
presented. Resonance Raman (RR) and multiplex polarization-sensitive resonance coherent anti-Stokes Raman
scattering (PS RCARS) spectroscopy have been applied to OEP in dichloromethane to obtain complementary
vibrational spectroscopic information. The RR spectrum obtained by excitation within the B or Soret bands
reveals mainly ag modes, whereas the corresponding Raman measurements in resonance with the Q bands
have been foiled by excessive fluorescence. In the PS RCARS spectra acquired with Q-band excitation, only
b1g modes are detected. The different enhancement pattern of thisâ-substituted free-base porphyrin in
comparison with metalloporphyrins (MP) can reasonably be explained in terms of symmetry lowering
(D4h f D2h) supporting the DFT-derived structure.

1. Introduction

Porphyrins have been investigated in great detail using
resonance Raman spectroscopy.1-9 Because of the almost
complete vibrational band assignment existing for porphyrins,10-12

this method provides detailed structural information. Recently,
it has been shown for nickel(II)tetraphenylporphyrin (NiTPP)
that density functional theory (DFT) predicts quite subtle
structural distortions such as porphyrin ruffling.13 In combination
with the DFT-SQM (scaled quantum mechanical) approach,13-19

detailed connections between the porphyrin structure and its
vibrational spectra can be derived. The combination of both ab
initio computational and reliable vibrational spectroscopic data
seems to become an invaluable tool for an accurate structure
determination and an unambiguous normal mode assignment.

A major problem in acquiring resonance Raman (RR) spectra
of porphyrins is the occurrence of fluorescence, especially when
an excitation wavelength in resonance with the Q bands is
applied. The fluorescence problem in RR spectroscopy can be
overcome by the use of coherent anti-Stokes Raman scattering
(CARS) spectroscopy.20,21In this nonlinear Raman spectroscopic
technique, a coherent anti-Stokes signal,ωCARS, is generated
through a four-wave-mixing process,ωCARS ) ωL + (ωL -
ωS), with ωL andωS being the angular frequencies of the pump
and Stokes laser, respectively. CARS is generated if the
difference (ωL - ωS) coincides with the angular frequency of

a Raman-active mode. Resonance CARS (RCARS) is detected
if ωL matches an electronic absorption of the molecule under
investigation. A further enhancement of the RCARS signal is
possible due to double or triple resonances, for example,ωCARS

also matching an electronic absorption. Because of the dispersion
of the refractive index in condensed phase, the corresponding
phase-matching condition for the wave vectors,kBCARS ) kBL +
(kBL - kBS), has to be fulfilled. Because the signal is coherent
and blue-shifted with respect to the pump laser (ωL), vibrational
spectroscopic information on highly fluorescent molecules is
achievable.

Apart from Raman spectroscopic techniques, vibrationally
resolved fluorescence and phosphorescence spectroscopy has
proven to be a valuable tool to investigate highly fluorescent
molecules such as porphyrins.22,23Because these techniques are
carried out in low-temperature matrices, they offer the possibility
of studying molecular properties under conditions in which
interactions with the environment are minimized. In contrast,
Raman and CARS spectroscopies in condensed phase provide
information about the molecular symmetry in a solvent environ-
ment.

The detectability of species in condensed phase by means of
RCARS spectroscopy is strongly limited by the non-Raman-
resonant background. The interference of the background with
the Raman-resonant CARS signal leads to complex band shapes
such as dispersive and negative profiles.21 However, the
background can be suppressed in a polarization-sensitive (PS)
or -resolved RCARS experiment.24-30 At a fixed angle between
the pump and Stokes laser, the polarization plane of the non-
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Raman-resonant background is well-defined. By the placement
of an analyzer perpendicular to this plane, the background can
be suppressed resulting in Lorentzian band shapes of the
resonant CARS signal. The polarization direction of the Raman-
resonant CARS signal itself depends on the depolarization ratio
of the corresponding mode. Therefore, specific vibrational
porphyrin modes can be selected according to their symmetry
by adjusting the analyzer position.27,30However, a complicated
band analysis due to the interference mentioned above is usually
required to identify mode symmetries and vibrational wave-
numbers.27,30 To avoid this fitting procedure to the expression
of the third-order nonlinear susceptibility,ø(3), and to facilitate
the spectral interpretation, very high porphyrin concentrations
are used.

2. Experimental Section

OEP was purchased from Porphyrin Products (Logan, UT)
and used without further purification. Solutions of∼10 mM
(for RCARS) and∼1 mM (for RR experiments) in CH2Cl2 were
used. Dichloromethane has a comparatively small number of
vibrational bands in the spectral regions of interest.

Computational Methods.Calculations were performed using
DFT with the Becke-Lee-Yang-Parr composite exchange-
correlation functional (B3LYP) with the 6-31G(d) basis set as
implemented in the Gaussian 98 (revision A.7) program
package.31

Raman Spectroscopic Techniques.The experimental setup
for nanosecond multiplex polarization CARS spectroscopy has
been described in detail elsewhere.32 A narrow-band pump laser
(ωL, Molectron DL 200, DCM-filled) and a broad-band Stokes
laser (ωS, Spectra Physics Quanta Ray PDL 3, DCM/pyridine
1-filled) were pumped synchronously by the third (355 nm) and
second (532 nm) harmonic, respectively, of a Q-switched Nd:
YAG laser (Spectra Physics Quanta Ray GCR 4, 7 ns, 10 Hz).
Broad-band lasing was achieved by placing a high-power laser
mirror in front of the dispersive elements of the Stokes laser.
Pump (ωL) and Stokes (ωS) laser beams were focused on the
sample by an achromatic lens at the optimum phase-matching
angle. The sample was contained in a square-shaped borosilicate
glass capillary from Vitro Dynamics (Rockaway, NJ) with an
inner diameter of 200µm. Polarization directions ofωL, ωS,
and the generated CARS signal (ωCARS) were determined by
means of Glan-Thompson prisms and by introducing a double
Fresnel rhombus in theωL beam. The CARS signal was
collected by an achromatic lens and passed through several
apertures for laser stray light and fluorescence rejection. Finally,
it was focused on the entrance slit of a double monochromator
(Spex 1403, 1800 gratings/mm) and detected by a liquid-N2-
cooled CCD camera (Photometrics SDS 9000) in combination
with a commercially available software (Photometrics MAPS
V2.0). The entrance slit was kept at∼2 cm-1.

The wavelength arrangement of the laser beams together with
the absorption spectrum of OEP dissolved in CH2Cl2 is shown
in Figure 1. The pump laser wavelength ofλL ) 621 nm is
close to the Qx(00) absorption band maximum at 620 nm. When
the Stokes laser wavelength is tuned toλS ) 687 (678) nm, a
CARS signal centered atλCARS ) 566 (573) nm orν̃CARS ≈
1550 (1350) cm-1, respectively, very close to the Qx(01)
absorption band maximum at 566 nm, is generated. Because of
this double resonance situation, the overall wavelength arrange-
ment leads to a strong resonance enhancement of the CARS
process. According to the broad-band profile∆λS, a spectral
region of at least∆ν̃CARS ≈ 250 cm-1 was covered. Because of
the relatively short exposure times resulting from the use of

the scanning multichannel technique (SMT),33 the formation of
photoproducts was avoided. All generated SMT-RCARS spectra
of OEP were normalized by division with the corresponding
featureless non-Raman-resonant background spectra of carbon
tetrachloride acquired under the same conditions.

For the RR spectra, a dye laser (Spectra Physics 375B) with
∼50 mW output power was used. An Ar+ laser (Spectra Physics
BeamLok 2085) operating in the UV multimode (∼333-364
nm) with an output power of∼3 W was employed as the pump
source. The experiments were performed in a conventional 90°
scattering geometry. The excitation wavelength wasλexc≈ 423.6
nm, which is in the vicinity of the maximum of the B or Soret
band (Figure 1). The power at the sample was about 5 mW. A
rotating cell34 was used to avoid photodegradation of the sample
during the spectra acquisition. The scattered light was collected
by a photolens with a very high numerical aperture (Fuji Photo
Optical TV lens CF50L with 1:0.7/50) and focused on the
entrance slit of a double monochromator (Spex 1404, 2400
gratings/mm). The entrance slit was kept at∼0.7 cm-1. Through
the measurement of the spectral lines of potassium vapor around
464 nm, the wavenumber accuracy was estimated to be better
than 0.2 cm-1. Sample integrity was monitored spectrophoto-
metrically (Perkin-Elmer Lambda 19) prior to and after both
RCARS and RR experiments.

3. Results and Discussion

Density Functional Calculations. The X-ray structure of
OEP was determined by Lauher and Ibers in 1973.35 In this
study, a least-squares plane was calculated for the atoms of the
porphyrin macrocycle. This portion of the OEP molecule was
found to be essentially planar with all atoms within 0.05 Å of
the least-squares plane. Besides this nearlyD2h local symmetry,
a globalCi symmetry of OEP was found. For porphyrin labeling
and numbering, see Figure 2.

The experimental values adopted from the X-ray structure
were used as an initial guess for the DFT calculations. OEP
was constrained to a globalCi symmetry during the geometry
optimization. Additionally, the macrocycle and the CER atoms
were kept in plane yielding a localC2h symmetry. However,
the deviations from an idealD2h symmetry of the macrocyle
were negligibly small. The optimized geometry is shown in
Figure 3. All calculated vibrational wavenumber values were
real. Several low-wavenumber out-of-plane modes were calcu-
lated. The first four of them were assigned to porphyrin saddling,
ruffling, doming, and waving. The corresponding eigenvectors
together with their unscaled harmonic wavenumbers are shown
in Figure 4. Because no imaginary wavenumber was calculated

Figure 1. Absorption spectrum of OEP and wavelength arrangement
used in the PS RCARS experiments.
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at this level of theory, the energy gain resulting from a distortion
of macrocycle planarity is obviously very small.

In the following, a general description of the structural
characteristics of OEP as well as a comparison between the
experimental and calculated geometry is given. Table 1 shows
selected bond distances (in angstroms) and bond angles (in
degrees) of OEP from the X-ray study35 and the geometry
optimization at the B3LYP/6-31G(d) level. In general, the values
show an excellent agreement. The deviations for the CER-CEâ

bond distances of the ethyl groups are a little bit larger because
B3LYP slightly overestimates single bond lengths.37 The large
deviations in the N-H and Cm-Hm distances are attributed to
the experimental limitation of X-ray spectroscopy in determining
the proton positions accurately. The delocalization ofπ-electron
density throughout the porphyrin macrocycle results in C-C
and C-N bond distances that are intermediate between those
expected for single and for double bonds. The bond lengths are
comparable to values found for similar bonds in aromatic
systems. The protonated and deprotonated pyrrole rings in the
centrosymmetric OEP molecule differ slightly. Both the CR-

Câ and the Câ-Câ bond distances in each of the pyrrole rings
are increased by about 0.01 Å in OEP compared to those in the
unsubstituted porphine molecule. This bond elongation indicates
a reduction in theπ-electron density at the substituted Câ atoms
and a subsequent transfer ofπ-electron density to the substituent
atoms. Consequently, the average Câ-CER bond lengths are
shortened in comparison to a regular C-C single bond (∼154
pm).

Resonance Raman Spectroscopy.The RR spectrum of OEP
was obtained with 423.6 nm excitation. Although the excitation
wavelength does not coincide with the maximum absorption of
the B or Soret-band at 398 nm (Figure 1), ag modes are still
strongly resonance enhanced. Sato et al.36 made extensive studies
on the S0, S1, and T1 species of OEP. Their band assignment
was ensured by a detailed analysis of the RR spectra of several
OEP isotopomers. The RR spectrum in the wavenumber region
1100-1700 cm-1 presented in Figure 5 closely resembles the
resonance enhancement features observed by Sato et al. under
similar conditions. The corresponding band assignment is listed
in Table 2. In agreement with the RR spectrum of MgOEP, the
band at 1423 cm-1 is assigned to a CH2 scissoring mode.38 As
proposed earlier, the very strong band at 1370 cm-1 is due to
a Fermi resonance betweenν4 and the first overtone ofν7 since
this band splits up into two bands upon meso deuteration.36 In
the case of NiOEP,11 the very strong enhancement for the mode
ν4 was explained by comparing the porphyrinν4 eigenvector
with the corresponding LUMO of the Soret transition. Theν4

eigenvector is especially well-matched to the bonding change
associated with the electronic transition.11 The single band at
1126 cm-1 reported by Sato et al.36 is resolved into two bands
at 1120 and 1132 cm-1 (Figure 5). In accordance with the
reported sensitivity toward d28-substitution36 and RR data taken
from NiOEP (ν̃5 ) 1138 cm-1, ν̃14 ) 1131 cm-1), these bands
are assigned toν14 andν5, respectively.11

In Figures 6 and 7, the eigenvectors of several prominent
Raman-active normal modes of OEP together with the calculated
harmonic wavenumbers and the experimental values from the
RR spectrum (Figure 5 and Table 2) are shown. In general, the
calculated harmonic wavenumbers overestimate the experimental
values by about 30-50 cm-1, which is in good agreement for
this level of theory without applying a scaling procedure to

Figure 2. A two-dimensional sketch of the centrosymmetric OEP
molecule. The labeling scheme in the upper left half indicates the
general positions. The numbering scheme in the lower right is used
for specific atoms.

Figure 3. Geometry of OEP optimized at the B3LYP/6-31G(d) level (Ci-constraints).
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account for anharmonicity effects. Except for Figure 7c, only
the carbon skeleton (carbon atoms of the macrocycle and the
ethyl side chains) is indicated by bold lines in Figures 6 and 7.
Protonated (or pyrrole-like) rings are aligned horizontally;
deprotonated (or pyrrolenine-like) rings are aligned vertically.
For a centrosymmetric molecule such as OEP, normal modes
are either allowed in the IR spectrum (ungerade modes) or
allowed in the Raman spectrum (gerade modes) but not allowed
in both because of the well-known exclusion principle. All
normal modes presented in Figures 6 and 7 are Raman active
(ag modes inCi point group). The symmetry of normal modes
given in brackets in Table 2 refers only to the porphyrin

macrocycle because OEP, to a very close approximation, has a
local D2h symmetry (compare Table 1). Except for two modes
[ν19(b1g), Figure 6b andν28(b1g), Figure 7a], only ag(D2h) modes
are shown. Figure 6a shows the eigenvectors of the normal mode
ν10. The main amplitude of this asymmetric CRCm stretching
mode is localized on the CRCmCR triatom bridge coupled with
a strong CâCâ stretching component for the deprotonated pyrrole
rings. The normal modeν19 (Figure 6b) is also an asymmetric
CRCm stretching mode for which the CRCm bonds connected to
the protonated rings possess much larger amplitudes than those
connected to the deprotonated rings. Both of the normal modes
ν2 andν11 (Figure 6c,d ) are CâCâ stretching modes. For theν2,
the CâCâ stretching components on protonated and deprotonated
rings (larger amplitudes) are in-phase, whereas for theν11 they
are out-of-phase (with larger amplitudes for the protonated
rings). Figure 7a shows the symmetric CRCm stretching mode
ν28 having larger amplitudes for the CRCm bonds attached to
deprotonated rings. The normal modeν4 (Figure 7b) is a
symmetric pyrrole half-ring mode (same phase for both N-CR
bonds, alternate sign for both CRCâ bonds and, therefore, phase
alternations between N-CR and CRCâ bonds) with the eigen-
vectors on protonated and deprotonated rings in-phase. In Figure

Figure 4. Eigenvectors and calculated harmonic wavenumbers (un-
scaled values) of the first four low-wavenumber (out-of-plane) modes
of OEP showing distinct distortions of the porphyrin macrocycle: (a)
saddling, (b) ruffling, (c) doming, and (d) waving. Protonated (pyrrole-
like) rings are aligned horizontally; deprotonated (pyrrolenine-like) rings
are aligned vertically.

Figure 5. Resonance Raman spectrum of OEP in the range of 1100-
1700 cm-1 obtained with 423.6 nm excitation.

TABLE 1: Selected Bond Distances (Å) and Angles (deg)
of OEPa

Deprotonated Pyrrole Rings

exptl calcd exptl calcd

N1-C1 1.3639 1.3619 C1-N1-C4 105.7 105.4
N1-C4 1.3635 1.3618 N1-C1-C2 110.9 111.5
C1-C2 1.4614 1.4699 N1-C4-C3 110.8 111.5
C3-C4 1.4638 1.4700 C1-C2-C3 106.3 105.8
C2-C3 1.3535 1.3663 C4-C3-C2 106.3 105.8
C1-CB′ 1.3936 1.4005 N1-C1-CB′ 125.0 125.0
C4-CB 1.3930 1.4005 N1-C4-CB 125.2 125.0
C2-C21 1.5006 1.5033 C3-C4-CB 123.9 123.4
C3-C31 1.4940 1.5033 C2-C1-CB′ 124.1 123.5
C21-C22 1.5143 1.5417 C1-C2-C21 125.7 125.8
C31-C32 1.5231 1.5417 C4-C3-C31 125.7 125.8

C3-C2-C21 127.9 128.4
C2-C3-C31 128.0 128.5
C2-C21-C22 114.4 113.7
C3-C31-C32 112.8 113.7

Protonated Pyrrole Rings

exptl calcd exptl calcd

N2-C5 1.3660 1.3705 C5-N2-C8 109.6 110.7
N2-C8 1.3679 1.3705 C5-N2-(N2-H) 124.8 124.7
N2-(N2-H) 0.918 1.015 C8-N2-(N2-H) 125.5 124.6
C5-C6 1.4383 1.4439 N2-C5-C6 107.7 107.0
C7-C8 1.4380 1.4439 N2-C8-C7 107.8 107.0
C6-C7 1.3729 1.3832 C5-C6-C7 107.5 107.6
C5-CB 1.3919 1.3937 C8-C7-C6 107.3 107.6
C8-CA 1.3884 1.3937 N2-C5-CB 125.0 125.3
C6-C61 1.4987 1.5038 N2-C8-CA 124.5 125.3
C7-C71 1.4964 1.5038 C6-C5-CB 127.3 127.7
C61-C62 1.5221 1.5414 C7-C8-CA 127.3 127.7
C71-C72 1.5216 1.5413 C5-C6-C61 124.9 124.5

C8-C7-C71 125.0 124.5
C7-C6-C61 127.6 127.9
C6-C7-C71 127.7 127.9
C6-C61-C62 112.9 113.7
C7-C71-C72 113.1 113.7

CA-(CA-H) 1.000 1.0849 C4-CB-C5 127.4 127.8
CB-(CB-H) 0.956 1.0849 C1-CB′-CR 127.7 127.7

(CB-H)-CB-C4 117.4 116.7
(CB′-H)-CB′-C1 116.9 116.7
(CB-H)-CB-C5 115.1 115.5
(CB′-H)-CB′-CR 115.3 115.5

a Experimental values adopted from Lauher and Ibers.35 Theoretical
values calculated at the B3LYP/6-31G(d) level (Ci-constraints).
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7c, the eigenvectors for the CmH deformation modeν13 coupled
with strong CH2 twistings of the ethyl side chains are shown.
The eigenvectors of the symmetric CâC1 stretching mode
coupled with the ring coordinates shown in Figure 7d are mainly
localized on the protonated rings, and therefore, this mode was
assigned toν5. In contrast, the symmetric CâC1 stretching mode
ν14 (not shown) is mainly localized on deprotonated rings. In
summary, the normal mode pattern is found to resemble that of
porphine (H2P)12 and NiOEP11.

Polarization-Sensitive CARS Spectroscopy.PS RCARS
experiments were performed in accordance with Voroshilov et
al.30 with an angle ofæ ) 60° between the pump,E(ωL), and
Stokes laser,E(ωS), polarization directions (Figure 8). Depo-
larization ratios in CARS spectroscopy are defined as21,25

for the Raman-resonant CARS signal (FR) and the non-Raman-
resonant background (FNR). In the case of a wavenumber

Figure 6. Eigenvectors and calculated harmonic wavenumbers (un-
scaled values) of several prominent Raman-active OEP normal modes
together with the corresponding experimental values (wavenumber
region, 1540-1620 cm-1) taken from the RR spectrum (Figure 5, Table
2): (a) ν10, ν(CRCm)asym; (b) ν19, ν(CRCm)asym; (c) ν2, ν(CâCâ); (d) ν11,
ν(CâCâ). Protonated (pyrrole-like) rings are aligned horizontally;
deprotonated (pyrrolenine-like) rings are aligned vertically.

TABLE 2: Band Assignment for the RR Spectrum of OEP
Obtained with 423.6 nm Excitation

ν̃, cm-1 νi (sym,D2h) description

1614 ν10 (ag) ν(CR-Cm)asym

1589 ν19 (b1g), ν2(ag) ν(CR-Cm)asym, ν(Câ-Câ)
1546 ν11(ag) ν(Câ-Câ)
1481 ν28(b1g) ν(CR-Cm)sym

1423 CH2 scissoring
1370 ν4 (ag), 2ν7 (ag) ν(Pyr half-ring)sym, δ(Pyr def)sym

1260 CH2 twist
1209 ν13(ag) δ(Cm-H)
1132 ν5 (ag) ν(Câ-C1)sym

1120 ν14(ag) ν(Câ-C1)sym

Figure 7. Eigenvectors and calculated harmonic wavenumbers (un-
scaled values) of several prominent Raman-active OEP normal modes
together with the corresponding experimental values (wavenumber
region, 1130-1490 cm-1) taken from the RR spectrum (Figure 5, Table
2): (a)ν28, ν(CRCm)sym; (b) ν4, ν(Pyr half-ring)sym; (c) ν13, δ(CmH); (d)
ν5, ν(CâC1)sym. Protonated (pyrrole-like) rings are aligned horizontally;
deprotonated (pyrrolenine-like) rings are aligned vertically.

Figure 8. Polarization vectors in the PS RCARS experiment. All angles
(R, â, æ, andψ) are defined with respect to thex-axis. Thex-axis is
aligned parallel with the unit polarization vector of the pump laser
(E(ωL)). The Stokes laser polarization (E(ωS)), the polarization of the
non-Raman-resonant background (PNR) and the Raman-resonant CARS
signal (PR) form angles ofæ ) 60°, R, and â with the pump laser
polarization, respectively. The dotted lines numbered a-d indicate the
analyzer positions,ψ, for which the spectra in Figure 9 were acquired.

FR,NR )
ø1221

(3)R,NR

ø1111
(3)R,NR

(1)
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degenerate CARS experiment performed in an isotropic medium,
ø1111

(3) and ø1221
(3) represent the two independent components of

the third-order nonlinear susceptibility tensor that can be
distinguished. It is assumed thatFR and FNR have real values
and that the Raman-resonant CARS signalPR and the non-
Raman-resonant backgroundPNR are linearly polarized. The
polarization directions ofPR andPNR form anglesâ andR with
E(ωL), given by24,25

Through the introduction of an analyzer in the CARS signal
beam, specific contributions of different polarizations can be
selected. The analyzer forms an angle,ψ, with the pump laser
(E(ωL)) beam (Figure 8). According to eq 2, specific Raman
modes can be selected because of their corresponding depolar-
ization ratios,FR. In an optically transparent and isotropic
medium, the value ofFNR ) 1/3 is given in particular (see Figure
8). Background-free spectra are obtained by positioning the
analyzer perpendicular to the direction ofFNR, i.e., atψ ) R -
90° ) -60°. This analyzer position (d) is indicated by a dotted
line in Figure 8.

Specific porphyrin mode symmetries can be selected accord-
ing to eq 2. In metalloporphyrins withD4h symmetry, the
dominant allowed Raman modes under resonance conditions
possess a1g, b1g, a2g, or b2g symmetry1 with depolarization ratios
of FR ) 1/8, 3/4, ∞, and3/4, respectively.30,39The corresponding
polarization directions calculated from eq 2 are given byæ )
12.2°, 52.4°, -90°, and 52.4°, respectively (Figure 8). The
symmetry correlation between theD4h andD2h point group is
given in Table 3. Considering the change from metalloporphy-
rins (D4h) to free-base porphyrins (D2h) as a perturbation,12 only
small changes in depolarization ratios are expected.

PS RCARS spectra of OEP were carried out at a pump laser
wavelength of 621 nm in resonance with the Qx(00) band (Figure
1). Measurements in the region 1250-1650 cm-1 were per-
formed at the four different analyzer positions (a)-(d) indicated
as dotted lines in Figure 8. The corresponding PS RCARS
spectra are shown in Figure 9.

In metalloporphyrins (D4h), primarily modes with b1g, b2g,
and a2g symmetry are enhanced under Q-band resonance
conditions.1 The b1g species (D4h) corresponds to the ag

representation in free-base porphyrins (D2h, see Table 3). These
modes are enhanced with B or Soret-band excitation. Only b1g

(D2h) modes in free-base porphyrins, correlated to the b2g and
a2g species (Table 3) in metalloporphyrins (D4h), are enhanced
under Q band resonance conditions.

At analyzer position a withψ ) +60° (Figures 8 and 9,
spectrum a), modes withFR ) 3/4 are selected and show their
maximum absolute intensity. Strong contributions from the non-
Raman-resonant background (FNR ) 1/3) reduce the signal-to-
noise ratio. The polarization behavior of the modeν19 (b1g) at
1588 cm-1 at different analyzer positions, a-d, shall be
explained explicitly. At analyzer position b withψ ) +2°
(Figures 5 and 6, spectrum b), its signal intensity is drastically

reduced. The spectrum is dominated by the non-Raman-resonant
background, and almost no contributions fromν19 (b1g) are
detectable. When the analyzer plane is turned further to position
c with ψ ) -28° (Figures 8 and 9, spectrum c), the contribution
of the background is reduced. The analyzer is only 10° off the
perfect crossing angle of the polarization plane of modes with
FR ) 3/4. Nevertheless, some signal intensity is detectable
indicating an anomalous polarization ofν19 (3/4 < F < ∞). For
the RR spectrum upon excitation at 504 nm close to the Qy(01)
absorption of OEP, it was reported that anomalously polarized
(ap) bands are strongly enhanced, similar to the inversely
polarized (ip) bands of metalloporphyrins (MP).36 The different
polarization properties can reasonably be explained in terms of
symmetry lowering. For these modes, the polarizability tensor39

is antisymmetric for metalloporphyrins (D4h) but asymmetric
for free-base porphyrins (D2h). At analyzer position d with
ψ ) -60° (Figures 8 and 9, spectrum d), the non-Raman-
resonant background is completely suppressed. At this angle,
ν19 shows its maximum RCARS intensity relative to the
background. The elimination of the background produces
Lorentzian band shapes.21 The mode at 1538 cm-1 is assigned
to ν19 in the lowest excited singlet state (S1, 1(ππ*)) of OEP,
reported at 1534 cm-1 by Sato et al.,36 because it closely
resembles the polarization behavior ofν19(S0). In contrast, no
Raman bands for the corresponding triplet species in close
vicinity of this wavenumber value were reported.36 A further
argument confirming this assignment is the fact that with an
increasing pump and Stokes laser power the intensity ratio
ν19(S1)/ν19(S0) increases, too.

In the wavenumber region 1250-1450 cm-1, two bands
exhibiting dispersive band shapes (Figure 9, spectrum b) and
negative Lorentzian profiles (Figure 9, spectrum a) are observ-
able. These complex band shapes arise from the interference of
the non-Raman-resonant background of the solvent and the
RCARS signal of OEP. When the analyzer is turned fromψ )
-28° to ψ ) -60° (Figure 8, spectra c and d), an efficient
suppression of the background is achieved. The band at 1423
cm-1 is assigned to a CH2 scisscoring mode with b1g symmetry.
The band at 1327 cm-1 is assigned toν20 (b1g). Similar toν10

(b1g), it was reported36 that ν20 is anomalously polarized upon
excitation at 504 nm.

In the PS RCARS spectra of MgOEP, for example, the modes
ν10 andν11 were reported.38 The irreducible representation b1g

in D4h corresponds to the species ag in D2h (Table 3).
Consequently, these modes are not enhanced under Q-band
resonance conditions for OEP and therefore not observed.

TABLE 3: Symmetry Correlation between D4h and D2h
Point Groups for Raman Active In-plane Modes

D4h F(D4h) D2h F(D2h)

a1g
1/8 ag

1/8 < F < 3/4
b1g

3/4 same as ag
a2g ∞ b1g

3/4 < F < ∞
b2g

3/4 same as b1g

tanâ ) FR tanæ (2)

tanR ) FNR tanæ (3)

Figure 9. Polarization-sensitive resonance CARS spectra of OEP
in the range-1250 to -1650 cm-1 obtained at different analyzer
positions,ψ.
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However, the modesν19 andν20 were detected in the PS RCARS
spectra of both MgOEP and OEP. Because these modes have
a2g (D4h) or b1g (D2h) symmetry, respectively, they are enhanced
with Q-band excitation. In summary, these results strongly
indicate aD2h symmetry of the OEP macrocycle.

4. Conclusions

Structure investigations on OEP have been performed using
DFT and Raman spectroscopy. The DFT calculations on OEP
performed at the B3LYP/6-31G(d) level closely resemble the
characteristic features of the X-ray structure. Several calculated
low-wavenumber out-of-plane modes are assigned to porphyrin
saddling, ruffling, doming, and waving according to their
eigenvectors. The energy gain resulting from a distortion of
macrocycle planarity is obviously very small because no
imaginary wavenumber was calculated at this level of theory.
The eigenvectors of several prominent Raman-active OEP
normal modes together with their calculated harmonic wave-
numbers are presented, and the normal mode pattern is found
to resemble that of porphine (H2P) and NiOEP. RR spectroscopy
with excitation in the B-band or Soret band and PS RCARS
spectroscopy under Q-band resonance conditions yield comple-
mentary vibrational spectroscopic information. In contrast to
metalloporphyrins (D4h) such as MgOEP, for which a2g, b1g,
and b2g modes have been observed in the PS RCARS spectrum
with Q-band excitation, only b1g modes were found for OEP
(D2h). The different enhancement pattern due to symmetry
lowering (D4h f D2h) is confirmed by the RR spectrum under
B-band or Soret-band excitation, in which mainly ag modes are
observed. In summary, the combination of DFT calculations
and Raman spectroscopy under various resonance conditions
is regarded as a powerful tool to achieve structural information
on highly fluorescent free-base porphyrins and metalloporphy-
rins. Ongoing studies using this methodology focus on sym-
metrically and unsymmetricallyâ-substituted free-base porphy-
rins with larger relevance in biology than the synthetic and
highly symmetrically substituted OEP.
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