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The symmetry properties of selected vibrational modes of mesoporphyrin IX dimethyl ester (MP-IX-DME)

in solution are investigated under different electronic resonance conditions. The Raman band parameters of
the macrocycle modes, v1, v11, andv,g are determined from a quantitative analysis of polarized spontaneous
resonance Raman (RR) and polarization-sensitive (PS) multiplex coherent anti-Stokes Raman scattering (CARS)
spectra obtained with pre-resondhband and resonar@y band excitation, respectively. Additionally, the
molecular geometry and the vibrational modes of MP-IX-DME are calculated by employing density functional
theory (DFT) on the B3LYP/6-31G(d) level. Both the DFT-derived structure and the Raman spectroscopic
parameters of MP-IX-DME indicate minor deviations from an ideal macrocycle symmetry. To assess the
influence of thes substitution pattern on the in-plane symmetry, calculated normal-mode vectors and several
experimentally detected parameters, such as peak positions, depolarization ratios, and coherent phases, are
analyzed. The effects of the macrocycle substitution pattern are different for the selected vibrational modes:
v, in particular is very sensitive to subtle perturbations of the in-plane symmetry. The considerable activity
of totally symmetric vibrations observed in the PS CARS spectra of MP-IX-DME and the correlation of
mode symmetries with coherent phases confirm earlier PS CARS results on octaethylporphine (OEP) acquired
under the same electronic resonance conditions.

1. Introduction investigate mesoporphyrin IX dimethyl ester (MP-IX-DME) in
. N . . solution. For comparison purposes, polarized spontaneous
Structural investigations of free-base porphyrins are important Raman spectra of MP-IX-DME are also recorded. Furthermore
because of their role as building blocks for a large number of ; et pased geometry optimization and normal-mode calcula-
blologlcally rele\_/any mole<_:ules. Among other technl_ques for tion are carried out to assist the spectroscopic interpretation.
studying porphyrins in solution, resonant Raman techniques haveThe coherent Raman spectra are measured with an excitation
been widely used. Besides spontaneous Raman spectroscopy, condition that involves a 2-fold electronic resonance in@he

Goherent four:rlthoton Rar_nan techniques can also be applied forabsorption region. In contrast, the spontaneous Raman spectra
that purposé.-12 One major advantage of the coherent tech-

. : . . are recorded with an excitation wavelength that is pre-resonant
niques is that excessive fluorescence, which often occurs When.[0 the strongB absorption band; under these conditions, the
exciting porphyrins in the low-energy electronic absorption amount of fluorescence overlaying the spectra is still tolerable.

range, can be spatially, and in coherent anti-Stokes pro.cesse%pontaneous Raman spectra have already been obtained in
also spectrally, separated from the Raman-resonant s'gnalsprevious studies for MP-IX-DME wittB and Q, band excita-

(?ombmlng coherent four-photonhsgggqroscgpms with a pqlarlza- tion2324and just recently for MP-IX in its free-acid form with
tion-sensitive measurement Sc and an appropriate o, vitation in theB band maximun?225in contrast to the study

guantitative line shape analysis further allows effective by Jarzeki and Spir8? which focuses on the investigation of
resolution of distinct components of the third-order susceptibility low-wavenumber vibrations to monitor out-of-plane distortions

tensory and consequent determir\ation of a complete set Of. of the porphyrin macrocycle, our study examines the spectral
Raman band parameters. In addition to Raman SpectrosCopiGeginn 1516-1670 cnt! in detail where usually core-size
techniques, density functional theory (DFT)-based calculations marker bands are observed

can also be employed to obtain valuable information about the One main goal of our investigations is to reveal the influence

L . 2
?;Lﬁu(;?lthz?gdw\:riraﬁgcvil\,grroﬁgglﬁf tk?(fe ?r?treﬁh{igsﬂz'on-rgfe the of the  substitution pattern on the symmetry of the porphyrin
’ ' P macrocycle. In this context, we will compare the results

Lesggfaf;?g?nr}%rggesgizr:znsgfg;?scogﬁ’ dWII?II:c'P C'Zlitﬁ);[?c:idpresented here for the unsymmetrically substituted MP-IX-DME
y P by "to our theoretical and Raman spectroscopic results on the

In the current study, we apply polarization-sensitive (PS ; ; ; ;
coherent anti-Stokes F)zlaman s%zt)t/e[r)in (CARS) s ectrosc(o )tosymmet_ncall_y SUbSt-ItUted octaethylpqrphme (OEPY: This
9 P PY ©comparison is also intended to examine how far the observed
" ~ Raman spectroscopic behavior can be correlated to the DFT-
Seb;‘:ian"‘ézmeclfgrrgrsnp;ﬁ]gﬁi’_’vcvierzsg‘lj’r“'%e be addressed. E-mail: §erived data. Furthermore, our work is aimed to probe free-
T Julius'-Maximilians-Univ'ersi‘taWUrzbur%'_ ' base porphyrins with excitation conditions that have not been

* Friedrich-Schiller-UniversitaJena. extensively addressed before. Only a few studies are reported
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polarization-sensitive measurement cycle; the line shapes of
these control spectra were found to be identical, suggesting that
the sample remained intact, since typical porphyrin decomposi-
tion products give rise to additional Raman bands in the
investigated spectral region (1530670 cnT?).

Spontaneous RR spectra were measured using the output of
a dye laser (Coherent model 590; Stilbene 3 filled) that was
pumped by an Af laser (Spectra Physics BeamlLok 2085)
operated in the UV multimode (333864 nm). The excitation
300 400 500 600 700 wavelength from the dye laser was tuneditg. = 424.0 nm
Wavelength / nm with ~50 mW output power. The sample was kept in a rotating

Figure 1. Absorption spectrum of &1 mM solution of mesoporphyrin celP’ to minimize the required sample volume and to avoid
IX dimethyl ester (MP-IX-DME) in CHCI, together with the wave- photodegradation. The scattered light was collected in“a 90
length arrangement used in the RR and RCARS experiments and thegeometry by a 1:0.7/50 mm lens (Fuji Photo Optical lens
molecular structure of MP-IX-DME (inset). Spontaneous Raman spectra CF50L) and focused on the entrance slit of a double mono-
were recorded Withlex; = 424.0 nm. For the PS CARS experiments,  chromator (Spex 1404, 2400 gr/mm) equipped with a CCD
f‘ narrow-band pump laser &t = 625.7 nm and a broad-band Stokes ., a5 (Photometrics SDS9000). The entrance slit was kept at
aser with Ads centered at 1630 cm relative to 1. were used as . 1 o :

excitation sources; anti-Stokes signals were generated in the range oft resolution Ofw_0'7 cn®. The polarization PrOPe”'es were
Adas. controlled by using a Glan-Thompson polarizer and a double

Fresnel rhomb before the sample and another Glan-Thompson
where wavenumber-resolved coherent Raman spectroscopy haBolarizer as analyzer behind the sample. The maximum possible
been app||ed to acquire Spectra of free-base porphyrin System@.CCUracy for the determination of depolarization ratios with this
with Q, band excitatiorf:22 The current study on MP-IX-DME ~ Setup was estimated to He0.05 from measurements on GClI
expands the data available for free-base porphyrins. This newthis error estimate is also applied to the spontaneous Raman
information could be helpful in interpreting the underlying spectra of MP-IX-DME for spectrally well-separated bands (see
electronic coupling mechanisms which may differ from those Table 4). The MP-IX-DME spectra were recorded using the
known for metalloporphyrins. Finally, it should be stressed again Scanning multichannel technique (SMPP)jfor the desired
that the application of a coherent Raman technique is essentialSpectral range, an overall measurement time-20 min was
to gain vibrational spectroscopic information on free-base required for the parallel and perpendicular components. The
porphyrins unde@, band excitation conditions, because linear Sample solutions were prepared freshly before use, because slight
Raman techniques fail in this case due to excessive fluorescencéample degradation was detected over a period of several hours,

Absorption

signals. recognizable by increasing fluorescence signals in the spectra.
_ _ Details of the nanosecond multiplex CARS setup, that was
2. Experimental Section used to obtain the resonance CARS (RCARS) spectra, are given

Computational Methods. Calculations were performed using ~ €/Séwheré? In short, a Nd:YAG laser (Spectra Physics Quanta

DFT with the Becke-Lee—Yang—Parr composite exchange- Ray GCR-4, 10 Hz, 78 ns; equipped with Spectra Physics
correlation functional (B3LYP) and the 6-31G(d) basis set as Harmonic Generator HG-4) was used to synchronously pump
implemented in theGaussian 03(revision C.02) program WO dye lasers. One dye laser (Molectron DL200, R101 filled)

package® was operated in narrow-band mode to provide the pump
Raman Spectroscopic TechniquesMP-IX-DME was pur- ~ Wavelength4, = 625.7 nm. The second dye laser (Spectra

chased from Frontier Scientific (Logan, UT) and used without Physics PDL3, Pyridine 1 filled) was operated in broad-band

further purification. For the measurements, solutions5mM mode providing the Stokes continuufis, between-685 and

(for RCARS) and~1 mM (for RR experiments) in dichlo- ~ ~708 nmwith a full width at half-maximum (FWHM) 6+220
romethane, CbCl,, were prepared. Sample integrity was cm~tand a center position 6£1630 cnt? relative to the_ pump
checked spectrophotometrically (Perkin-Elmer Lambda 19) Wavelength. The pump and Stokes pulses were adjusted by a
before and after the experiments. The electronic absorption delay line for temporal overlap and focused onto the sample
spectrum in the range 360750 nm is depicted in Figure 1 for ~under an appropriate phase-maiching angle by means of an
a ~1 mM solution of MP-IX-DME in dichloromethane. @achromatic lens. The sample was kept in a quartz capillary with
Absorption spectra of-5 mM solutions (not shown) were also ~ Plain windows and an inner diameter of 3. The compa-
measured; the shape of the absorption curve®fM solutions ~ Fably short sample length minimizes reabsorption effects and
is exactly the same as forl mM solutions, with the absorption ~ lowers the attenuation of signal efficiency which occurs in
being stronger by a factor of approximately 5. This suggests a Multiplex CARS spectroscopy due to phase-misméichhe

linear concentration dependence according to the LamBexer ~ @nti-Stokes continuumias, was then collimated by a second
law, implying that the UV-vis spectra are therefore usable to achromatic lens, separated from the pump and the Stokes beams
monitor the sample integrity. In addition to the UVis spectra, DY means of an aperture, and focused on the entrance slit of a

we also used the Raman spectra for direct monitoring of the double monochromator (Spex 1403, 1800 gr/mm) equipped with
sample integrity and to exclude the presence of aggregated@ CCD camera (Photometrics SDS9000). The spectra were
porphyrin forms and/or degradation products. In case of the recorded using the SMT technigéfeUnder the experimental
spontaneous Raman spectra, the amount of fluorescence wagonditions, the FWHM of the pump laser was determined to be
taken as a measure of the sample integrity; this amount remained™~1.7 ¢nT*, which can be considered the maximum possible
nearly equally low during the required measurement time. In resolution for the setup.

case of the CARS measurements, in which fluorescence is The control of the polarization conditions for the PS RCARS
inherently not detected, control spectra at a certain analyzerspectra is achieved as follows. Pump and Stokes beams are pre-
position were taken at the beginning and the end of a polarized by Glan-Thompson polarizers and are then each
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passing a double Fresnel rhomb. The collimated anti-Stokes
signal is viewed through a Glan-Thompson polarizer that serves
as analyzer. The analyzer is kept in a fixed position while the
desired polarization conditions are accomplished by simulta-

neously tuning the two double Fresnel rhombs. This avoids the A2 o
necessity to make corrections for the polarization sensitivity of o]
the detection system. However, the polarization characteristics —Cp

of the optics that are mounted between polarizers and analyzer

must be considered. Slight deviations from ideal linear beam

polarizations, that occurred due to these optics, could be

incorporated by appropriate correction parameters into the

quantitative fitting procedure of the data. The experimental

realization and the fitting procedure were checked on neat

benzene in the spectral region of interest; the spectra of benzene CA0Me
contain two overlapping Raman bands (with= 0.75) in this Figure 2. Geometry of mesoporphyrin IX dimethyl ester (right),
region and exhibit a signal-to-noise ratio similar to that of the optimized using DFT on the B3LYP/6-31G(d) level and the constitution
MP-IX-DME spectra. Therefrom, overall accuracies:68.15 formula (left) including the atom labeling as used in Table 1.

for the determination of depolarization ratios (provided thatthe +ag, g 1 Average Values of Selected Bond Lengths (A)

bands are approximately depolarized, ice% 0.75) andt15° and Angles (deg) for the Porphyrin Macrocycle of
for the determination of coherent phases were estimated in theMP-IX-DME and Other Free-Base Porphyrins

presented spectra. o exptk calced calcd calcd calcd
Line Shape Analysis.To perform a reasonable quantitative MP-IX-DME MP-IX-DME OPE MP-IX EBP
evaluation of the spontaneous RR spectra, an appropriatec N 1366 1366 1366 1368 1368
baseline had to be subtracted from the original spectra to accountc, ¢ 1.448 1.457 1457 1458 1448
for a small amount of underlying fluorescence. The parallel and c;—c; 1.364 1.374 1.375 1376 1.364
perpendicular polarization components were then fitted simul- Co—Cn 1.388 1.397 1.397 1398 1.397
taneously in the region 1581670 cntl, assuming four bands ~ Ca—N—Cq 107.8 108.1 108.1 1080 108.1
with pure Lorentzian profiles and a linear baseline for the 2__%“__(:8 ﬁ?? ig?é g?g g?g g?i
parallel as well as for the perpendicular component. CZ—Cg—C; 107.0 106.7 1067 1067 1071

The normalization procedure and the polarization scheme used
for the PS CARS experiments have been explained in detail a X-ray data from ref 34° Adopted from ref 11¢ Adopted from ref
previously!? In short, an angle af. = 60° was chosen between
the polarization directions of the pump and the Stokes laser.
The spectra were recorded for six different analyzer angles
= —30°, —60°, 90°, 60°, 30°, and O which resolves the
following components and linear combinations of th&

and purely electronically resonant contributiong/ €. For the
spectra on MP-IX-DME, a possible influence of purely elec-
tronic susceptibilityy®E, was considered to be negligible, since

1
. B @) @ @) @ @) a CHClI, solvent mode at-1423 cn1?! (not shown) was found
scattg)rlng te(gsor-x%)lﬁ x122]%é) (eitan + 37220, A1zov (itn to show no significant shift in coherent phase if measured on
— 31220, (01111 — %1220 ANy, respectively. The normal- — gither pure solvent or the sample solution. The depolarization
ization of the sample spectra was carried out by using the raig of the nonresonant background could be fixed in the fitting
nonresonant background signal of the pure solventx(T) process to the value @R = /3, which is consistent with the
The normalized sample spectra were then fitted simultaneously k|einman symmetry®? In principle, the analysis of four CARS
with respect to the following expression that describes the gpectra measured with different analyzer angles is sufficient for

dispersion of the CARS signal intensitisars(was):®* determining all parameters in egs 1 and 2; the use of additional
spectra as in our case, however, improves the accuracy of the
lears@ag) O [N N + pFPF exp(O) + curve fitting procedure.
pR A‘R epr@tR) ’ 1) 3. Results and Discussion
Z t Q — (v, —wg) — /2 Density Functional Calculations. During the geometry
optimization of MP-IX-DME, the tetrapyrrole macrocycle was
with the configuration factors restricted to a planar conformation because the planar core
NRER NRE NRER represents one among severql stable conformations thgt can be
pIRER=[(1 - p"*"F) cosa cosp + p"*ERcos@ + )] calculated for metalloporphyrifsand free-base porphyrif3.
2) It is also the most probable conformer to be experimentally

detected in measurements on porphyrin solutions where no
These two equations are central to the evaluation process; byparticular coordination effects on the macrocycle have to be
setting 8 to the appropriate experimentally used values, they considered® The optimized geometry of MP-IX-DME is
allow the simultaneous fit of several spectra measured with displayed in Figure 2, and selected bond parameters are listed
different polarization condition$®12 This model assumes in Table 1; the values are compared with corresponding data
Lorentzian line functions for the Raman resonant contributions. from the X-ray structure of MP-IX-DME and from calculations
The parameterg€;, AF, Iy, @f, and pf denote the angular  on other free-base porphyrins, namely, octaethylporphine (OEP),
frequency, amplitude, line width, coherent phase, and depolar-mesoporphyrin IX in its free-acid form (MP-1X), and free-base
ization ratio of thetth Raman mode, respectivelyp( — ws) porphine (FBP). In contrast to the monomeric form that is used
reflects the detuning of the Stokes frequency versus the pumpin the calculations, the crystallographic ddtaf MP-IX-DME
frequency; nonresonant contributions are summarizedfitR exhibit two molecules per unit cell that are coordinated via two
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vy, (calc. 1599 cm™) vy (calc. 1634 cm™)

v, (calc. 1647 cm™) vy, (calc. 1670 cm™)

Figure 3. Calculated normal-mode vectors for selected macrocycle modes of MP-IX-DME. Protonated pyrrole rings are aligned horizontally in the
presentation (protons not shown). The calculated harmonic wavenumbers are unscaled. The lengths of the vectors are only relative and do not
reflect the absolute displacements of the atoms.

ester functionalities; although such coordination may also occur tions can be recognized by analyzing the symmetry properties
in our spectroscopic experiments on the dissolved substancepof the displacement eigenvectors (see Figure 3). In the case of
its effect on the macrocycle geometry should be negligible vio for example, the maximum displacement of thg&gstretch
because of the large distance between the ester groups and theomponents at two opposite pyrrole rings is not exactly equal.
macrocycle. Apart from some very small deviations, the A similar effect is observed for the /Cy stretch components
calculated core structure of MP-IX-DME is essentially the same of v19. For the modes11 and v, analogous effects are more
as that determined experimentally and those calculated for otherobviously located at €, stretch components. As can be seen
free-base porphyrins (see Table 1). Significant distortions from qualitatively from Figure 3, the strongest displacements, how-
a Dy, symmetry cannot be identified. While the influencefof ever, occur for @Cg stretch motions irv1; and v,, and for
substituents on the macrocycle geometry is small, their influence C,Cy, stretch motions in1g and vy, which is consistent with

on mode wavenumbers and resonance Raman intensities maysalculations on FBPL36In general, the observable deviations
however, be considerable. A detailed study covering this aspectfrom ideal D2, symmetry can be correlated to the specfic

for MP-IX has just recently been publish&ldemonstrating substitution pattern of MP-IX-DME. Due to this substitution
that the substitution pattern has an impact on both in-plane andpattern, no symmetry element is kept for the complete molecule.
out-of-plane modes. That study focuses on the investigation of Furthermore, the propionic ester substituents differ significantly
out-of-plane modes, which are usually found below 10005m  in mass from the other substituents. This obviously gives rise
to experimentally monitor corresponding macrocycle distortions; to recognizable effects on macrocycle vibrations. Moreover,
in contrast, our study examines in-plane modes above 1400these effects of the substitution pattern are not only restricted
cm~1, which are known to be sensitive to the porphyrin core on the directly connected sCatoms, but in some cases also
siz&23%and may therefore reveal subtle in-plane distortions. concern the more remote,@nd G, atoms.

In our linear and nonlinear Raman spectroscopic experiments, The above discussion has shown that the qualitative examina-
we examine macrocycle modes in the interval 151670 cnt?. tion of calculated normal-mode eigenvectors of MP-IX-DME
The calculated eigenvectors of the four porphyrin modes in this already reveals slight in-plane deviations from an idba|
spectral region are depicted in Figure 3. The assignment of themacrocycle symmetry behavior, which were not obvious from
eigenvectors to the corresponding vibrational modes was the molecular structure.
accomplished through qualitative comparisons with several Spontaneous Resonance Raman SpectroscofBolarized
previously published calculations on free-base porphytitfs:1-36 spontaneous RR spectra in the region 130670 cnt! are
Under strictD2, conditions,v1a, v2, andvyg are g symmetric, shown in Figure 4; the observed Raman bands are assigned to
while vig is big Symmetric. In a previous study on the fully the following modes:vq (b1g), v4 (8g), V28 (D1g), V11 (8g), V1o
symmetrically substituted OEP we found that the calculated  (b1g), v2 (ag), andvig (ag). The occurrence of modes with both
eigenvectors of these modes completely reflect the correspond-ag and kg symmetry is attributed to the employed excitation
ing symmetries. For MP-IX-DME, however, some small devia- wavelength which is pre-resonant with respect toBtabsorp-
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Figure 4. Spontaneous resonance Raman spectradf mM solution 0.00
of MP-IX-DME in CHCI; in the region 13061670 cnt* obtained 0.0 ’
with excitation wavelengtfiexc = 424.0 nm; parallelll) and perpen- 1520 W;ii?]ur;ggs / c:n6_4110 1520W;‘\5/g(r)1urr1122? / C::-?O
dicular (J) component. Solvent bands are marked with asterisk. The .
inset displays the baseline-corrected experimental data in the regionFigure 5. PS resonance CARS spectra of~& mlM solution of
1510-1670 cnt! as thin lines together with the results of a least-squares MP-IX-DME in CH:xCl, in the region 15161670 cn* obtained with

o
-

Normalized CARS Intensity / arb. units
=
o

analysis as bold lines. a pump wavelength, = 625.7 nm and a broad-band Stokes continuum,
Als, centered at-696.8 nm. The spectra are recorded with analyzer
TABLE 2: Spectral Parameters Determined by a settings = —30° (a), —60° (b), 9C (c), 6C° (d), 3¢ (e), and O (f).
Least-Squares Fitting Procedure for the RR Spectra of The normalized experimental spectra are depicted as thin lines, the
MP-IX-DME in the Region 1510—1670 cnt? results of a least-squares fitting procedure using egs 1 and 2 as bold
Q2nclem™  Aarbu.  T/2zclem™  pSR v (Sym.Da) lines.
1548 2.0 14 0.15 v11 (3) TABLE 3: Spectral Parameters Determined by a
1588 0.2 15 2.32 19 (1) Least-Squares Fitting Procedure Using Eqgs 1 and 2 for the
1595 1.3 24 0.12 v2 (3g) PS RCARS Spectra of MP-IX-DME in the Region
1616 1.3 9 030  v10(ay 1510-1670 cnr* @
—1 R —1 R R .
tion band; RR spectra acquired with strBtband resonance ~ /Zrd/cm AYarb.u. I2zciem™ ©Fdeg p"  vi (sym.Dan)
conditions are usually solely dominated by totally symmetric 1547 6.3 29 41 0.79 v (a)
(a) modes, because the resonance enhancement is mainly 188 02 13 269 —15 - o (brg)
, . . o 1596 6.0 12 94 0.50 v (ay)
governed by Albrecht’sA term in which contributions from
: ; 1616 15 8 92 0.49 wio(ag)
nontotally symmetric modes are ineffecti¥e®® In our RR
spectra, the absolute intensities gfraodes are stronger than ~ * The value for the nonresonant backgroung'is = 1.0.

those of the iy modes, but the latter are still detected with an o

intensity that allows a reasonable quantitative determination of €hhancement effects. Similar to the RR spectra, modes of both
the band parameters. Simultaneous curve fitting to the parallel & and hg Symmetry can be observed. The normalized CARS
and perpendicular spectra was performed in the region4510 Spectra of MP-IX-DME in the region 15301670 cn* obtained
1670 cni (inset of Figure 4) to enable a direct comparison to fqr six different .polanzatlon. arrangements are displayed in
the coherent Raman spectra covering the same range. In thigigure 5 along with curves fitted according to egs 1 and 2.
region, spectral contributions of four macrocycle modes are A stable minimum in the simultaneous least-squares fit to
detected; the corresponding band parameters determined fron@ll six spectra was obtained by assuming the same four bands
the least-squares fit to the spontaneous RR spectra are listed ifthat were also detected in tBeband resonance Raman spectra
Table 2. For the given excitation wavelength, the overall (cf. inset of Figure 4). The resulting parameter set is listed in

amplitudesA of the totally symmetric modesyy, v2, andwvig Table 3. Apart from the positionst), amplitudes 4, line
are higher than that of the nontotally symmetric moge In yvldths ), and depolarization ratiop) that are also accessible
particular, the depolarization ratiopSf) are helpful for an in spontaneous Raman spectroscopy, the coherent spectra

unambiguous mode assignment due to their symmetry depen-additionally contain the coherent pha&) (of the signal waves.
dency: the totally symmetric modes are polarized with depo- In several studies on metalloporphyfid8and free-base por-
larization ratios close td/g (vi1, v2) or Y3 (v10), while the phyrins}? the values of®R correlated to the mode symmetry
nontotally symmetric vibrationvig exhibits an anomalous and may therefore, together with the depolarization ratio, serve
polarization pSR = 2.3); this clearly separates thg modes as a symmetry marker. In Table 3, modes with similar
from the by mode. The smaller difference ip°R observed depolarization ratiopR also exhibit similar coherent phas@s.
among the totally symmetric modes also occurred in a compa- The modes; andvi, for example, have depolarization ratios
rable study on the fully symmetrically substituted OBP; of ~0.5; the phase shift for both modes is around 9th
therefore, this difference cannot be attributed to specific respect to the phase of the nonresonant background. The mode
symmetry deviations in MP-IX-DME. v11, whose depolarization ratio is close ¥, shows a phase
Polarization-Sensitive Resonance CARS Spectroscopihe shift of 41°. The coherent phases of all totally symmetric modes
coherent Raman spectra were measured with a double electroni€vis, vz, v10) are significantly separated from the phase of the
resonance condition as indicated in Figure 1. The pump lasernontotally symmetric and anomalously polarized vibratigg
wavelength oft, = 625.7 nm is pre-resonant with respect to With pR = —15 and®R = 269.
the Q,(00) electronic absorption, and the generated anti-Stokes The fact that not only & modes but alsog@modes appear
continuum,Alas, is resonant to th€y(01) absorption. In the  with considerable intensity in the PS RCARS spectra of
applied frequency-degenerate CARS process that follows theMP-IX-DME with Qy band excitation should be noted here in
energy conservation ruteas = 2w — ws, therefore, couplings  particular. While a similar behavior was found for the free-
with both eigenstateQ«(00) andQy(01), may contribute to base OEP2 PS RCARS spectra of metalloporphyrins with
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comparable excitation conditions, i.e., pre-resor@{0) and

X : N | Q band resonance |
resonantQ(01) contributions, are often clearly dominated by

’ B band resonance |

nontotally symmetric modes!® Furthermore, spontaneous RR 2 o1 Vi, Y2 Y10

spectra of OEP witl@Qy band excitation only contain significant 3 94l 19§ 18]

contributions fromvyg (b1g) in the spectral region under dis- £ i '

cussion?® Such changes in the enhancement pattern may be . 0.3

attributed to the symmetries of the electronic states involved in § 1.2

the scattering process; these symmetries are different for free- o2

base porphyrins as compared to metalloporphyrins. In metal- c

loporphyrins theB andQ states are both df, symmetry, and £ 0.1 061

x- and y-polarized transitions are indistinguishable. Due to 4 n

symmetry lowering D4, — Dan), in free-base porphyrins thg C —— ) R s L
1520 1560 1600 1640 1520 1560 1600 1640

andQ bands are split into ar component wittBg, symmetry ) )
and ay component withBy, symmetry?? It has already been _ Wavenumber / cm Wavenumber / cm
mentioned above th&band RR spectra are usually dominated Figure 6. Comparison of polarized Raman spectraBoandQ band

by a scattering process described by AlbrecAt®rm, which
generally favors the enhancement of totally symmetric modes.
For Q band resonant spectra, however, scattering due to
Albrecht's B term becomes relevant. F& term scattering,
especially, those modes which are effective in coupBngnd

Q electronic states gain intensity in the Raman spéctf@ur

resonance conditions. (A) Simulated spectra employing the parameters
in Table 2 (bold lines), representing the best fit to the experimental
spontaneous RR spectra. Individual bands are depicted as thin lines.
(B) Simulated spectra employing the parameters in Table 3 (bold lines),
representing hypothetical spontaneous Raman spectra measured with
Q band excitation. Individual bands are depicted as thin lines. The
parallel components in (A) and (B) are vertically shifted for clarity.

Raman spectroscopic results indicate that totally symmetric
modes in free-base porphyrins are more effective for vibronic reflects the best fit to the experimental polarized RR spectra,
couplings than they are in metalloporphyrins. Discussing such and the right panel shows the corresponding spectra simulated
coupling mechanisms in detail, however, is not the scope of With the parameters obtained by the line shape analysis of the
this paper. PS RCARS spectra. This visualizes the major differences in
Comparison of Spontaneous and Coherent Raman Spec-  relative enhancements of the amplitudes, in line widths, and in
tra. From the band parameters determined in the CARS depolarization ratios that occur by changing the excitation
experiments, hypothetical polarized spontaneous Raman spectr&ondition fromB to Q band resonance. Concerning the intensity
can be reconstructé@:? this enables a direct comparison €nhancement and the line widths, the modgsand v, show
between th@® band RR spectra and tiigband RCARS spectra.  the most obvious differences. Their amplitude is relatively
For this purpose, the position§2), amplitudes &), and line increased in comparison to the amplitudevef (cf. Tables 2
widths () from the coherent spectra can be directly employed and 3); furthermore, a significant broadening of the band
for the reconstruction of the spontaneous spectra. In the caseand a narrowing of the, band are observed, while the line
of the depolarization ratios, however, the different definitions Widths of v1o and v1o remain nearly constant. Differences in
for the spontaneous$?) and coherentgR) cases and conse- line widths may on one hand be attributed to the different

quenﬂy the different dependency from Corresponding tensor lifetimes of the electronic states involved in the Scattering

invariants must be considered: processes, but may on the other hand also strongly depend on
the different experimental conditions employed in the RR and
s I 30 +50,° RCARS measurements. More attention should be payed to the

Zﬁz_m 3 changes in depolarization ratios which may be particularly
I sensitive to the mode symmetry. In an early resonance Raman
@R om?  po 2 study on MP-IX-DME?2* where the excitation wavelength was
R X121 3y° — 5Ya 4 tuned over theQ,(01) absorption region, it was found that
p :X(131)1R1_ 45(—12_{_43—/2' 4) throughout the whole excitation rangg; and v remain

polarized with depolarization ratigs < 0.5 andvig remains
Here, @, @2, and a2 are the isotropic, anisotropic, and anomalously polarized; no statement is made abgufor the
antisymmetric invariants of the Raman polarizability tengér; Qq excitation applied in our RCARS experimentss (byg) still
y2, andya2 are the corresponding invariants for the third-order remains anomalously polarized. The depolarization ratios for
susceptibility tensor. For our simulations, the correlation between the three investigated totally symmetric modes, however, are
pSR and pR for a; and hg modes in theD2, point group is of recognizably increased in comparison to the spectra with
relevance. For totally symmetric modes, in general, the anti- Q,(01) band excitation up to a value pf= 0.79 in the case of
symmetric invariants vanistgfZ = y»? = 0), and the relation v11. This suggests that the depolarization ratio dispersion, which
pSR = pR holds. For hy (D2n) modes, however, the isotropic  is expected in the range € pSR < 0.75 for hg (D2n) modes?®
invariants vanisha@ = a2 = 0), while the anisotropic and  shows a tendency toward higher values with decreasing excita-
antisymmetric invariants do nét.As a consequence, a direct tion energies.
relation betweerpSR and pR is not generally possible. In the Comparison to Octaethylporphine (OEP). The results
particular case of1g (b1g), however, we concludeya? > 372, presented for MP-IX-DME will in the following be compared
because of its strongly negative CARS depolarization raftio  to a similar study on OEP performed by us receflfgince
(cf. eq 4). Therefore, in the following simulation of spontaneous the experimentally applied excitation wavelengths are the same
Raman spectra, we assumet® = —pR as an approximation  for MP-IX-DME and OEP and the respective electronic absorp-
for this big mode. In the simulation, Lorentzian line shape tion spectra of both molecules also show no significant
functions are used for each band. differences, we consider it justified to directly compare the
A comparison between the spontaneous and coherent Ramaiorresponding Raman band parameters; the similarity of absorp-
spectra of MP-IX-DME is illustrated in Figure 6; the left panel tion properties in th& band region, which is relevant for the
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Raman spectra can be recognized. For example, the anomalous
polarization ofvig (byg) is increased in th€ band spectra of
MP-IX-DME, the polarized mode’; (ay) tends to a slightly
lower value ofpR, and forvig (ay), the value of@R is slightly
increased in the MP-IX-DME spectra.

Like the normal-mode calculations presented above, the
examination of the linear and nonlinear Raman spectroscopic
data again confirms that the influence of tfesubstitution
- pattern on the macrocycle symmetry is very small. Nevertheless,

16000 18000 slight variations of some parameters are detected. From the four

Wavenumber / cm” modes investigated, seems to be most effectively influenced
Figure 7. Comparison between the absorption spectra of OEP (line) by the different s substitution pattern, revealing obvious
and MP-IX-DME (circles) in the spectral region that is relevant for  differences in wavenumber positions as well as depolarization
the RCARS measurements. The absolute wavenumbers of the pumpratios: in contrast, the mode; appears to be rather insensitive,
laser §.) and of the anti-Stokes signal range are indicated. especially with regard to symmetry-specific parameters.

3,+1510 cm’™

3,+1670 cm’”

Absorption

TABLE 4: Comparison of Selected Band Parameters of )
MP-IX-DME and OEP (in square brackets) for Spectra 4. Conclusions
Measured with Identical Excitation Conditions?

We have presented an investigation of four macrocycle modes

Q/2nclomibe  pSRe pRe Of°  vi(sym.Dax) (11, V19, V2, v10) Of MP-IX-DME in the region 1516-1670 cn?
1548[1545]  0.15[0.19] 0.79[0.77] 41[39]  v11(ay) by means of polarized resonance Raman (RR) spectroscopy,
ggg Hggg} 322[4[69]12] _355([)_[5-22)] 2%%1[[2851?] 319((82)19) polarization-sensitive resonance CARS (PS RCARS) spectros-
1616 [1614] 0.30 [0:31] 0.49 [0:58] 92 [67] vio @) copy, and DFT calculations; we compared the re_sults to f_ormer

studies on OEP-12 with the intention of detecting possible
@#SRis determined with pre-resonaBtband excitation and, influences of the different substitution pattern on the macro-

with Qx band excitation. Parameters for OEP are adopted from ref 12. . .
bValues taken from the spontaneoBsband RR spectrd.Erors cycle geometry and/or the symmetry of the vibrational modes.

estimated from measurements on test molecules (cf. Experimental "€ DFT calculations on MP-IX-DME did not reveal any
Section): £1 cntt (Q/27c); £0.05 SR of 11, ¥10); £0.15 R of vy, significant effects of thej substituents on the macrocycle
V2, v10); £15 (OF). Errors forpSR of v14, v, andpR of v19 may be larger. geometry but indicated that the normal-mode coordinates of the
four investigated vibrations slightly deviate from an id&a),
CARS measurements, is illustrated in Figure 7. In the following, symmetric behavior; this is an effect that could not be recognized
wavenumber values, depolarization ratios, and coherent phase$ a previous calculation on OEP Accurate band parameters
are discussed. These parameters are summarized in Table 4 fofor these vibrations were determined by curve fitting to polarized
both molecules. pre-resonanB band Raman spectra and to PS CARS spectra
In MP-IX-DME, all modes appear at slightly increased measured with a doubl@y band resonance condition. The
wavenumbers; the most significant difference of 6émccurs analysis of both sets of spectra and a direct comparison between
for v,. The modes in the region above 1400 @mare them revealed major differences in depolarization ratios and
conveniently used as marker bands for the porphyrin coré?size; coherent phases between tharades {11, v2, v10) and the g
in addition, correlations of Raman wavenumbers to certain bond mode §19); some smaller differences were observed among the
lengths and angles have been found in previous std#ids. 8 modes. The considerable activity gfraodes in they band
the degree of planarity is kept, higher wavenumbers correspondspectra of MP-IX-DME was noted in particular, because this
to a smaller core siz&. Quite obvious shifts in wavenumbers  behavior is uncommon as compared to metalloporphyrin spectra
often occur in metalloporphyrins for different complexafibn ~ with Q band excitation or free-base porphyrin spectra W@th
or exchang®*! of the metal atom while, for example, the band excitation.
substitution at the f atoms causes less pronounced effégts. The band positions, depolarization ratios, and coherent phases
By comparing the four modes investigated here for MP-IX- determined for MP-IX-DME were compared to corresponding
DME and OEP, one can conclude that a change infhe parameters determined for OEP in a previous study that was
substitution pattern affects the Raman band positions by evencarried out with identical excitation conditio®&Several subtle
smaller amounts. The increased wavenumbers in MP-IX-DME differences between the two molecules were identified. Among
may indicate a slight decrease in core size compared to OEP.the investigated vibrational modes; exhibited the largest
From the quantum chemical calculations described above, differences in Raman band parameters.
however, no significant deviations in the geometry of both  In summary, we have shown that the unsymmeisic
molecules were detected. This suggests that effects of the substitution pattern in MP-IX-DME, even if it does not introduce
substitution on the porphyrin core either do not exist or lie in a recognizable distortion of the macrocycle geometry, has subtle
arange that is beyond the accuracy of the calculated values, oreffects on the symmetry of specific normal modes. It has been
are due to solvent effects not covered in our gas-phasedemonstrated that sensitive Raman techniques in combination
calculations. with DFT-derived normal-mode data provide the ability to
The depolarization ratios and the coherent phases representlescribe even such small differences. Furthermore, the applica-
the parameters that are expected to be especially sensitive tdion of coherent Raman spectroscopy allowed us to accomplish
symmetry alterations. As can be seen from Table 4, however, excitation conditions that are not accessible by spontaneous
these parameters exhibit nearly the same tendencies in OEP aRaman spectroscopy because the latter would be obscured by
in MP-IX-DME. With the accuracy criteria for the measurements fluorescence signals. CARS spectroscopy is therefore ideally
taken into account, the mode; (a;) shows identical behavior ~ suited for investigating the resonance behavior of free-base
in both molecules. For the modes (big), v2 (8), andvig (ay), porphyrins in theQ band absorption region. The quantitatively
some small differences between the OEP and MP-IX-DME evaluated RCARS data we presented may also serve as a basis
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to interpret two-dimensional femtosecond CARS spectra where

the signal is resolved in both wavenumber and time domain.

Corresponding investigations have been made on OEP, MgOEP,

and MgTPP*~46 By taking into account recent developments
toward an improved spectral resolution in femtosecond CARS
experiments/ these techniques are also suitable to probe small
structural differences in large biomolecules.
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