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Conformational Properties of Nickel(ll) meseTetraphenylporphyrin in Solution. Raman
Dispersion Spectroscopy Reveals the Symmetry of Distortions for a Nonplanar Conformer
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We have measured the Raman spectra of nickel(ll) tetraphenylporphyrin (NiTPP),ii@Sexcitation
wavelengths covering the region of thg, @,, Bo, and B absorption bands. The spectra were subjected to

a global fit which provides reliable spectral parameters even in the case of strongly overlapping bands. The
band shapes ofg, ®g, vi, v11, V10, V2, @andvyg are clearly asymmetric and can be decomposed into two
sub-bands, the intensity ratios of which depend on the excitation wavelength. The Raman excitation profiles
(REPSs) of the low-frequency sub-bands of the core size marker bandss, v,, andvyo are red shifted with

respect to the REPs of the corresponding high-frequency sub-bands. The REPsgftiebands also

show different resonance positions, but in this case the REP of the high-frequency sub-band is the red-shifted
one. The sub-bands exhibiting the red-shifted REPs result from a nonplanar conformer, whereas the other
sub-bands correspond to a planar form. On the contrary, the REPswafdhe ®g sub-bands can be scaled

onto each other. Their heterogeneity results either from Fermi resonance or from additional conformations
of the NiTPP molecules which may differ in the orientation of their phenyl substituents. Information about
the modes of distortion giving rise to the nonplanar structure are obtained from the wavelength dependence
of the depolarization ratios. The depolarized, Bnd B,y bands show no dispersion. On the contrary, some

A1 bands show a slight and a fewyfbands even a strong DPR dispersion resulting from of an electronic
Axgtype perturbation. This indicates that the nonplanar conformer exhibits two types of symmetry-lowering
distortions, namely, ruffling (B) and saddling (B). This parallels recent findings on NiTPP crystals. Thus
evidence is provided that the nonplanar species of NiTPP in solution is structurally similar to the conformation
observed in the crystallized phase.

1. Introduction function, e.g., the electron transfer in the photoreaction céters
and in various cytochrome derivativess well as the enzymatic
activity of methylreductasé. Moreover, investigations of the
structure-function relation of a series of porphyrins with varying
degree of nonplanarity suggest that nonplanar distortions
hinder axial ligation and reduce the oxidation potential of the
macrocycle. These results indicate that the protein controls the
heme group’s function by transferring changes of the tertiary
structure to its interface with the heme group to induce specific

exhibit a value of 1/8, B and By, modes a value of 3/4, and asymmetric distortions of the macrocycle. This affects functions

Ayqy modes a value of infinity. Experimental results on like oxygen binding or electron transpdt.

biological systems, however, where the porphyrin is embedded In order to explore the intrinsic parameters that determine
in a protein matrix of low symmetry, have shown that the the conformation of the macrocycle, a variety of synthetic
depolarization ratios are strongly dispersivé. The dispersion ~ metalloporphyrins with different substituents and central metal
is caused by out-of-plane and to a minor extent by in-plane ions were investigated.’* Comparison of the U¥-vis and
distortions of the porphyrin macrocycle, which can both be the Raman spectra of these porphyrins has shown that some
classified in terms of the irreducible representations ofdhpe ~ Raman lines as well as the Q and B absorption bands are
symmetry group. Jentzen et%have investigated the X-ray  Sensitive to changes of the porphyrin conformation. The
structures of prosthetic groups in several heme proteins. Theyfrequency positions of these structure-sensitive bands were then
found that the predominant nonplanar distortions are ruffling, correlated with specific structural parameters obtained from
saddling, and doming, corresponding to the representatigns B molecular mechanics calculations and crystallographic data. The
B, and Ay The symmetry type and magnitude of these Mmagnitude of out-of-plane distortions was found to increase with
distortions differ for various heme groups in proteins, even for decreasing core size and with increasing bulkiness of the

Metalloporphyrins are organic compounds that play a major
role in the metabolism of plants and animals. In the absence
of external forces and steric crowding of the porphyrin substit-
uents the macrocycle exhibiBy, symmetry. This is because
the energy of ther electronic system is lowest for a planar
conformation. In this high symmetry, the depolarization ratio
(DPR) of the Ag, Az, B1g, and Bg Raman-active fundamentals
is independent of the exciting laser frequency.q Aodes

different subunits of human deoxyhemoglobin. In¢hsubunit, peripheral substituents.
the heme group is ruffled and domed, whereas saddling and In crystals, the packing forces have a strong impact on the
doming are the main distortions in tiechain® porphyrin structure. X-ray investigations of the three crystal

There is evidence that such macrocycle distortions can forms of nickel octaethylporphyrin (NiOEP) show that the
modulate the efficiency of the heme group’s biochemical porphyrin is planar in the triclinic A and B forms, but ruffled
in the tetragonal crystaP, while planar and nonplanar confor-
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dissolved NiOEP indicate that the nonplanar structure in solution
must be different from the conformation in the tetragonal
crystalline form. Additionally, the Raman spectra in the low-
frequency region, in which most of the lines arising from out-
of-plane vibrational modes are expected, are quite different for
NIiOEP in solution and in the tetragonal crystal. Because
enhancement of these lines, which are Raman-inacti@sin
symmetry, depends on the type and strength of nonplanar
distortion, the Raman data suggest that these distortions in
solution might be different from those in the crystal, and it is
even conceivable that other modes of distortions are predomi-
nantly operative. T » , w

The present work is aimed at further exploring the structure 400 450 500 550 600
of the conformers ofmesesubstituted nickel(ll) tetraphenylpor- Wavelength [nm]

phyr?n (NiTPP) n SOIUtior.]' Recent. Raman expgrimerlts have Figure 1. UV —vis spectrum of NiTPP in GSThe gray bar indicates
provided evidencé that this porphyrln paralllels. NiIOEP inthat  ihe range of excitation wavelengths used for the Raman measurements
planar and nonplanar conformations coexist i, CSontrary with the excimer pumped dye laser. The arrows mark the wavelengths
to NiOEP, only one crystal form is knowt,in which the used for CW excitation.
porphyrin exhibits a nonplanar conformation that is predomi-
nantly ruffled with a significant contribution from saddling. The raphy using Cg(Aldrich, HPLC grade) as the mobile phase
question arises whether these distortions are also present in thécolumn 1 x 10 cn¥; Silica 32-63, 60 A, ICN Biomedicals).
nonplanar conformation in solution. The homogeneity of the sample was checked by thin-layer
Information about symmetry lowering distortions can be chromatography using Kieselgel with fluorescence indicator
obtained by analyzing the depolarization ratios (DPR&Hf F254 (Merck).
Raman lines. If only one type of out-of-plane distortion of odd UV —Vis Absorption. After drying the purified NiTPP in
symmetry (e.g. ruffling: B) is operative, the depolarization ~vacuum (at 60°C for 2 h) 3.36 mg of the porphyrin was
ratios of the Raman bands are the same d34jnsymmetry20 dissolved in 5 mL of Cgto yield a concentration of 1 mM.
The presence of two nonplanar distortions of different symmetry, After further diluting the sample to 0.02 mM UWis spectra
however, can cause a DPR dispersion (DPD). Ruffling and were taken with an diode array spectrometer (Hewlett-Packard
saddling (B, and B»), for example, induce a perturbation of 8451 A) using a cuvette with an optical pathway of 1 mm.
type B, x By, = Ay that causes dispersion of the polarized Figure 1 depicts the absorption spectrum in units of Thvm1,
and inverse polarized Raman lines, while the DPRs of the The band positions (and maximum extinction coefficients) are
depolarized lines remain constant. We therefore investigate the425 nm (217 mM* cm™) for the B band and 532 nm (18.9
DPDs of several fundamental lines in order to identify the out- MM~* cm™?) for the Q band.
of-plane distortions of the nonplanar conformer of NiTPP. We have checked this method to determine the absolute
Additional information about the conformations of NiTPP  extinction coefficients by applying the analogous procedure to
can be extracted from the resonance excitation profiles (REPs)NIOEP in C$, for which the absorbance is knowh.Thus we
of the structure-sensitive Raman bagtislentzen et & have obtained a maximum extinction of 155 mMcm for the B,
shown that two of these bands, ing.andv,, are composed of band. The value previously obtaiféés 170 mM— cm™1, and
at least two sub-bands. The intensity ratios of corresponding we therefore estimate an error of about 10%.
sub-bands depend on temperature. Moreover, they are different Resonance Raman SpectroscopyThe resonance Raman
at the two excitation wavelengths (413.1 and 457.9 nm) spectra were recorded by using two Raman setups.
employed. The high-frequency (HF) sub-bandvgfand the Excimer Pumped Dye Laser SysteRaman spectra at a large
low-frequency (LF) sub-band af, are more intense at 457.9 number of different excitation wavelengths were obtained by
nm excitation. This was interpreted as a red shift of these sub- utilizing an excimer (Lambda EMG53MSC) pumped dye laser
bands’ REPs compared to those of the corresponding sub-bands(Lambda FL2001) system. All measurements were carried out
However, this conclusion is not compelling because the REPsin backscattering geometry. The spectra were recorded with
may be different even if they are nonshifted. It has been excitation wavelengths between 380 and 576 nm with an average
showrt-22 that in the preresonance region of the land the  distance of 3 nm to cover theoQQ,, Bo, and B, resonance
Raman intensity is determined by interferences between intr- region. The pulse energy was 1 mJ at a 200 Hz repetition rate
astate FranckCondon and interstate Herzbergeller coupling. ~ and a pulse length of about 10 ns. Thus, an average power of
If the coupling parameters have different signs, the preresonance200 mW was provided. The scattered light was filtered by two
intensity is relatively high. This may be the case for the HF pinholes and focused by a cylindrical lens of 50 cm focal length
sub-band ofrs. In order to find the correct explanation for the onto the sample placed in a cylindrical rotating quartz cell.
dispersion of the above intensity ratios, we have determined Rotation of the Raman cell (50 Hz) prevented local heating of
the REPs of the sub-bands of all structure-sensitive bands usinghe absorbing sample. The scattered light was collected and
excitation wavelengths that cover the entire region of the Q and imaged onto the entrance slit of the spectrometer. A polarization
B bands. By means of a sophisticated global analysis, whereanalyzer between collimator and entrance slit was used to
all spectra were consistently fitted using identical band shapes,measure the Raman intensity of the two components parallel
half-widths, and frequencies for each sub-band, we were able(ll) and perpendiculart() to the incident laser polarization. A
to decompose these asymmetric bands and to obtain the REPgolarization scrambler was placed in front of the entrance slit
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for each conformer. to avoid different transmissions of the spectrometer for the above
. polarization components.
2. Materials and Methods The scattered light was dispersed by a Czerny-Turner

Preparation. NiTPP was purchased from Porphyrin Products monochromator (Spex 1877) equipped with a grating with 1200
(Logan, Utah) and was further purified by liquid chromatog- grooves/mm. The geometrical stwas adjusted either to 50
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um or to 100um. A preceding double monochromator was
used as a filter to suppress stray light. The scattered light was
detected by a CCD camera (Photometric series 200, 5700051
version 6.0) cooled with liquid nitrogen. The collected data
were stored in a computer.

In order to obtain the true Raman band shapes, the observed

413.1 nm

bands were deconvoluted with the slit function of the spec- * | |
trometer. These spectral slit functions were determined by 400 600 800
413.1 nm v

recording the spectral lines of several pencil lamps (xenon,
krypton, etc.). They are well approximated by Gaussians for
50 um and by convolution of a Gaussian and a boxcar function
for 100 um slit width. The half-width of the spectral slit
function increases for decreasing wavelengths. In order to get
a sufficient resolution, we always used a slit width of &t
for excitation between 380 and 432 nm. The corresponding
spectral width, defined by the full width at half-maximum
(fwhm), is 6.9 cnt! at 380 nm and 5.0 cm at 430 nm
excitation (for a Stokes shift of 1000 crt). For excitation
wavelengths higher than 432 nm we used a slit width of 100
um in most cases, thus providing a spectral width of 8.4tm
(boxcar 7.6, Gaussian 3.5) at 440 nm excitation, and 4.5'cm
(boxcar 4.0, Gaussian 2.0) at 570 nm. It has to be noted that
the device-limited spectral resolution of the CCD array is about
1 cnrl, which is smaller than all spectral widths used in our
experiments. T
The frequency calibration of the Raman spectra was carried 1000
out by using the intense 656 ciline of the CS solvent, which Raman Frequency [cm™]
also served as an internal standard for de_termln_lng the mtensltlesFigure 2. RR spectra of NiTPP in GSneasured with the indicated
of the porphyrin Raman bands. The dispersion of the spec- gxcitation wavelengths. The thick lines and the thin lines show the
trometer was earlier obtained using the spectra of the pencil spectra measured in polarization parallel and perpendicular to the laser
lamps. The wavelength dependence of the dispersion waspolarization, respectively. Typical conditions: 50 mW, 1.0 mM, spectral
accounted for in the calibration procedure. The maximum error slit widths are below 3 crt.
of the observed line positions at different excitation wavelengths
is 1.5 cnTL. The obtained REPs were corrected for the sample’s ~ Curve Fitting. The spectra were decomposed using a novel

Raman Intensity [a.u.]

T T T
1200 1400 1600

absorption as described in a previous sté&lyWe used a line shape analysis program called MULTIFAT.The Raman
porphyrin concentration of about 0.5 mM for B band excitation bands were fitted with a convolution of a line profile (Lorentzian
and 1.0 mM otherwise. or Voigtian) and the slit functions mentioned above. The spectra

CW Laser SystemSupplementary measurements with higher at different excitation wavelengths were consistently analyzed.
spectral resolution were carried out with CW excitation provided N Other words, the observed spectra were subjected to a global
by either an argon ion laser (Spectra-Physics, Model 2020-05) fit in which each Raman band has identical half-width and
or a krypton ion laser (Coherent, Innova 90 K). The plasma frequency position at all excitation wavelengths. Therefore, we

light of these lasers was suppressed by using interference filters €0 €liminate ambiguities in the band shape analysis. The

The measurements were performed with backscattering geom-SPectral width and the Raman bandwidth are defined by the

etry. By using a cylindrical lens of 10 cm focal length, the full width at half-maximum (fwhm), and the Raman half-widths

linear polarized laser beam was focused onto the sample placed?’i_Ven in t_he text are true yvidths corr_ected fqr the spectrometer
in a 10 mm quartz cuvette (Starna). The scattered light was slit function. Finally, a linear function (or in some cases a
collected and imaged on the entrance slit of the spectrometerSecond-order polynomial) was employed to fit the background
(Spex 1401) equipped with a CCD camera (Photometrics, SDSNtensity.
9000) containing a 51 512 array chip (Site, TK 512 CB).
The data were stored in a computer which also controls the 3- Results
motor of the spectrometer. Polarized Raman spectra were Raman Spectra. Figure 2 displays an overview of the
recorded by USing a pOIarization_fiIter as analyzer (Splndler & po|arized Raman spectra of NiTPP in gﬁ]easured with
Hoyer) and a scrambler placed in front of the entrance slit of excitation wavelengths in thegBQ,, and Q band. The most
the spectrometer. prominent Raman bands are labeled, thereby employing the
The spectral slit functions were again determined by the results of a recent normal mode anal§sisf NiTPP. In the
spectral lines of pencil lamps (krypton, argon, etc.) and can be two upper spectra measured with 413.1 nm (B band excitation),
described by convolution of a Gaussian and a boxcar function. all intense Raman bands are polarized. They can therefore be
The entrance slit was adjusted$e= 100 um for excitation at attributed to Agtype vibrations ¢, vs, ve, V1, va, v2, ®4). Their
406.7 and 413.1 nm and 8= 200um for all other excitation intensities result from FranekCondon coupling within the
wavelengths used. The spectral width is about 2.7 dqimoxcar strongly dipole-allowed B statég? Apparently, the depolarized
2.3, Gaussian 1.4) at 406.7 and 413.1 nm excitation. Ser bands are less intense because their intensities arise from the
200 um, this width is 2.8 cm! (boxcar 2.7, Gaussian 0.9) at weaker intrastate JakTeller coupling. With Q excitation
514.5 nm and 2.3 cni (boxcar 2.2, Gaussian 0.7) at 568.2 nm (528.7 nm), the depolarized .8 bands and the inversely
(for a Stokes shift of 1000 cm). The frequency calibration  polarized A4 bands (to a minor extent also the depolarizegl B
was again performed using the 656 ¢rsolvent line from C& bands) exhibit intensities comparable to those of thgbands,
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whereas the depolarized fandsy11 andvig are most intense
with Qo excitation (568.2 nm). In the §and Q band region,

the intensities of the observed Raman bands result predominantly
from interstate HerzbergTeller coupling. The particularly
strong intensities of B, bands observed with {excitation are 406.7 nm, Il
likely caused by pseudo-Jahiieller coupling between the
porphyrin ground state and an excited state constituted by an
electron transfer from thed(Ni(ll)) to the g, orbital of the
porphyrin macrocyclé?

Most of the Raman bands in the above spectra exhibit
Lorentzian shapes. However, we have also observed several
bands with asymmetric shapes, namely®g, v1, v11, V19, V2,
andv, the peak frequencies of which appear at 392, 996, 1236,
1508, 1550, 1573, and 1599 chrespectively. These bands
are much broader than the remaining Raman lines. As it will
be shown below, their band shapes depend on the excitation -, ‘ ‘
wavelengths. This indicates that each of these bands is Lo .
composed of at least two sub-bands with different REPs. . | ;

Spectral Analysis. We have decomposed four spectral
regions of the Raman spectra, the region of the bandhe
region around the lines (970-1050 cntl), the overlapping
bandsv; andvze, and the fingerprint region (1450630 cnt?).
The latter is mostly crowded and contains the Ilfbgand the e
core size marker bands, v11, v19, v2, andvyo. Five bands can ' [ ‘ ‘
be resolved between 970 and 1050 énPg, vg, V15, V22, and 980 1000 1020 1040
®,. All these spectral regions were subjected to the curve- Raman Frequency jcm™]

fitting procedure. To account for the bands with asymmetric Figure 3. Decomposition of the Raman spectra in the region between

shapes, we assumed that these are composed of two Voigtiar7g and 1050 cnt for different excitation wavelengths. Symbdls
sub-bands. The frequency positions and half-widths of theseand O denote the parallel and perpendicular polarization. Some

sub-bands and also those of the bands with symmetric shape$l-spectra are scaled by a factor as indicated. Spectral slit widths are
were determined to yield the best fit to the spectra for all 2.8, 2.9, 2.6, and 2.2 cm for 406.7, 514.5, 528.7, and 568.2 nm,
excitation wavelengths employed. respectively.

v Region While the fitting parameters of isolated Raman
bands (e.gvs) can be easily obtained, the spectral analysis is
much more complicated for the overcrowded fingerprint region
between 1450 and 1630 ciand also for thess region (976-

1050 cnth). To obtain an unambiguous set of parameters, we
exploited the different enhancement patterns and polarization
properties of the Raman bands. This is illustrated in Figure 3.
At 406.7 nm excitation, the lines dominates this B-band-type
spectrum, and the correct spectral parameters can easily be

Raman Intensity [a.u.]
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obtained, namely, the band shape (Lorentzian or Voigtians),

frequency, and half-width. These parameters were then fixed 424.0nm, |

in the fits to the spectra measured at other wavelengths. On : =

the contrary, the parameters dfg can most accurately be :

evaluated from the spectra taken with €xcitation (514.5 and | /1% = 0.26
|
|

528.7 nm). Once the frequency positions and the half-widths
of every single Raman band in this spectral region are
determined, the spectra were fitted with the whole parameter
set to check whether the fits are satisfactory for all excitation 370 380 390 400 410 420 430
wavelengths.

The parameters of the Raman bands investigated are listed
in Table 1. Some of our assignments deviate from those Figure 4. Decomposition of thevs band measured with different
proposed by Li et &l In their sudy the band at 997 ciis ~ S/SiEn wavecrilhe shein parale poiriaton Specte ol s
assigned to the B modevs,. We found, however, that the
depolarization ratios (DPRs) of both sub-bands are about 0.125The line at 1023 cmt, which Li et al. assigned to the,Enode
and constant for all wavelenghts investigated, a value typical v47, is likely to arise from the Ay -type modev,,, because its
for Aigtype modes. We therefore assign this band to the A DPR is larger than 1.0.
type phenyl vibrationbg, the frequency position of which was vg Region The bandvg appears isolated in the spectra, so
calculated*to 1003 cn1l. Moreover, Li et al. assigned the line  that it can conveniently be analyzed. Its band shape is clearly
at 1015 cm? to the A,y modevy,. This is inconsistent with its ~ asymmetric (Figure 4) and can be reproduced by two sub-bands,
DPR, which is 0.75+ 0.3 at all excitation wavelengths. The i.e. a comparatively narrow low-frequency (LF) and a much
DPR indicates a B- or Bygtype vibration. Since the line is  broader high-frequency (HF) sub-band. Additionally, we
comparatively intense with Qexcitation, By is the more observed a third line close to the LF sub-band designated as
appropriate choice. We therefore attribute it to the mege vg*. This line only appears in spectra measured with pulsed

Raman Frequency [cm'1]



Nickel(ll) meseTetraphenylporphyrin J. Phys. Chem. A, Vol. 101, No. 34, 1995001

TABLE 1: Spectral Parameters Derived from the
Consistent Analysis of the Raman Bands: G and L Denote 404 HF
the Gaussian and Lorentzian Contributions to the True VS e®%°,
Raman Band Profiles (Corrected for the Spectrometer S .
Function); The Half-Widths I'., I's Are Full Widths at £ ®e
Half-Maximum 2, 402
-3 ®
mode type v I Ts % . * *
Vet A 387.5 4.0 2 a00- © . .
Ve Aig 390.9 3.5 4.2 2 . * .
VEF Asg 401.0 103 10.4 ‘e
o5 A 993.4 7.2 398
cng Axg 998.0 3.7 : ‘ ‘ . ‘ : :
Ve Aig 1005.4 4.0 380 400 420 440 460 480 500
V15 Blg 1014.6 55 . .
V? Aog? 1023.0 2.0 Excitation Wavelength [nm]
@, Ag 1032.2 2.0 Figure 5. Peak frequency of the HF sub-bandigfas a function of
V26 Azg 1227.4 8.7 the excitation wavelength.
ku Axg 1236.0 8.0
W Aug 1248.8 8.3 o o
WP Asg 1472.8 13.3 2 V2 Yo P4
vHF Aig 1486.1 6.5 Lo N
D5 Asg 1497.2 3.9 ! L
WE Big 1505.6 10.2 8.0 —_ : =056
i Big 1511.9 2.0 8.6 2 |392.0 nm, i /N L
? Ay 1529.0 8.0 14.8 ~ (| Tl
v'l-g Azg 1546.8 9.1 15.9 5 i ‘ i i
vy Axg 1554.0 9.0 5 | N
WE Az 1556.5 7.3 9.9 € AV =057
ViF Aig 1570.6 14.8 £ |4131nm| 3 | 4 '
hF Aig 1577.3 2.3 6.1 £ ! ‘
? Bug, Bag 1578.7 7.0 18.0 P ‘ |
vig Big 1597.9 3.6 14.6 ! D
o Aig 1601.2 4.4 | Ll 1F =026
WA Bug 1604.1 16.6 464.0nm, | |
| ! I

laser excitation in the wavelength region between 390 and 460 , , , ‘ ‘
nm, but is absent in all spectra measured with CW excitation. 1540 1560 1580 1600 1620
It is therefore attributed to porphyrin molecules in a photoexcited
Ni(ll) state populated by optical pumping via the B and the Q
state?526 To check this assignment, we have measured Severa|Figl'Jre' 6. Decomposition c_Jf thev, band mea_sured with diff_ere_nt
Spectra wit ferent aser power (. (520) x 109 Wiems) _~ SXClalor uateenghe sncin parell colanzaon. Spect st s
at a single wavelength and found its intensity to significantly

increase with higher laser power relative to the LF and HF sub-
bands. The intensity ratio of these two sub-bands does not
depend on the laser power.

We found Voigtian band shapes for both sub-bandsgof
This is in contradiction to the results of Jentzen et&iyho
gtﬁd\/ﬁ?ﬁ rtlv\il; ?_ggnnizvivg:sa(;ﬁ;: r:zl_lzrrlén\t/g;m;:*;ls;)u;t)(;ﬁgrmed conformational heterogeneity of the NiTPP ensemble in the
did not yield a satisfactory reproduction of the band shape. We sample. ) ) ] ] o
feel that the Lorentzian fit worked well in the investigation of Fingerprint Region. The fingerprint region is even more
Jentzen et al., because their analysis is based on only two Rama§oMmplex than the spectra between 970 and 1050 criigure
spectra observed at 413.1 and 457.9 nm. Our analysis, howeverS shows the decomposition of the spectra in preresonant and
involves fits to a large number of spectra with a consistent resonant B band excitation. With this excitation, the bands
parameter set. In the casewf successful fitting unambigu- ~ and ®4 dominate the spectra. All other bands are weak or
ously requires the use of Voigtian sub-bands. negligible. Therefore, the spectral parameterg,@nd®, can

As shown in Figure 4, the intensity ratio of thgsub-bands ~ conveniently be determined. The band shape,@an well be
depends strongly on the excitation wavelength. While the described by two sub-bands, the intensity ratio of which depends
intensity of the LF sub-band is not much lower than that of its 0n the excitation wavelength. Contraryitg the LF sub-band
HF counterpart on the blue side of the B band (404 nm), the appears broad and its relative intensity increases with longer
HF sub-band accounts for 79% of the bands total intensity when wavelengths. The intensity rati§™/I-* for this Raman band
the exciting radiation is tuned to the low-energy side of the B is comparable with the reciprocal vallié/I"" for vg. This is
band (456 nm). This is in accordance with the results of Jentzenin good accordance with the results of Jentzen é¢alho found
et al., who found a comparatively more intense HF sub-band ata similar behavior for the temperature dependence,aind
457.9 nm. vg; that is, the LF sub-band of, and the HF sub-band ofs

It should be further noted that the above two-band model (or increase with decreasing temperature. These results provide
three-band for spectra measured with pulsed excitation) doesstrong evidence that the LF sub-bandvefcorresponds to the
still not allow a consistent fitting ofs, because the frequency HF sub-band ofg and vice versa.

Raman Frequency [cm™]

position of the HF sub-band still slightly varies with the
excitation wavelength (Figure 5). The frequency has a minimum
value of 398 cm? on the blue side and a maximum value of
404 cntl on the red side of the B band resonance. As it will
be shown in the discussion section, this indicates an additional
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Figure 7. Decomposition of the spectra in the fingerprint region
measured in @and Q excitation. Symbold and] denote the parallel T T w T T w
and perpendicular polarization. The solid line reproducing the data is 380 400 420 440500 520 540 560 580
a fit calculated for all Raman bands in the spectral region. The other g
solid lines show the fits to the sub-bandsiaé. The corresponding Excitation Wavelength [nm]
DPRs are listed. Spectral slit widths are 2.7, 2.5, and 2.1'dor Figure 8. REPs of the sub-bands of heterogeneous Raman bands. The
514.5, 528.7, and 568.2 nm, respectively. REPs of the smaller sub-bands are scaled onto the REP of the
counterparts by the factor indicated.

The obtained band parameters forare listed in Table 1.
We again observed an additional line with pulsed excitation bandwidth. The spectral parametersgf were more difficult
designated as’,*, which results from molecules with a to determine owing to its overlap with two polarized bangs,
photoexcited nickel state. This line does not appear in the and the band at 1529 crh It is possible, however, to eliminate
spectra of Figures 6 and 7, because its intensity is only detectablethe latter bands from the spectrum by subtractingltbpectrum
with excimer excitation in the wavelength range between 400 multiplied by their DPR value (which is 0.125 or a slightly
and 450 nm (data not shown). higher value) from the correspondingspectrum. In the thus

The spectra in the fingerprint region are more crowded with obtained difference spectrum the bamgy appears nearly
Qo and Q excitation. The decomposition is depicted in Figure isolated, so that it can be easily decomposed. This procedure
7. There are some Raman bands that are not relevant for thewas also employed to facilitate the analysisved.
context of this paper but which must be accounted for in the  Resonance Excitation Profiles. We determined the REPs
fitting procedure. The bands at 1473 and 1486 trare of the sub-bands of all heterogeneous bands investigated for
polarized and are most likely sub-bands of the bagyd The excitation wavelengths between 380 and 570 nm. The results
band v11 is overlapped by a polarized line of very small are depicted in Figure 8. The REPs of the LF sub-bands of the
halfwidth at 1497 cm®. The latter must probably be assigned core size marker bandss, v19, andvyg are clearly red shifted
to the phenyl substituent modes. The band at 1529 cm is with respect to the profiles of their HF counterparts. In order
also polarized and may be attributed to a combinational overtoneto obtain the magnitudes of the shifts, the corresponding
v12(B1g) + v13(B1g). v2 is overlapped by a depolarized band at excitation profiles were shifted against each other on a wave-
1579 cnt! that may be attributed to the overtomg(A1g) + number scale to bring them to optimal coincidence. This
v34(B2g). procedure was carried out for the B as well as for thead

The large number of bands renders the analysis more difficult. Q, resonances. Thus we obtained shifts of #6680 cnt? for
However, by an appropriate selection of excitation wavelengths all REPs.
used for the determination of the spectral parameters the latter As shown in Figure 8, such a shift is less apparenvi@and
can be obtained with sufficient accuracy. The choice of fitting v,. However, an accurate determination of the shift is possible
parameters is of course not unique, but this did not yield seriousby comparing the intensity ratio of corresponding sub-bands
uncertainties in the determination of the REPs. The band with that calculated for a given shift. The result is shown in
parameters ofq; andvio were obtained from the spectra taken Figure 9. The solid lines therein were obtained by means of
with Qo excitation. ®,4 overlaps withvy, but these two bands  the following procedure. First we employed a single Voigtian
can well be separated by the fits because their halfwidths areto fit the By and B, resonance profiles ofg and two Voigtians
quite different. The line at 1497 crh does not impair the  for the corresponding resonanceswgf Then we shifted the
decomposition of’;; due to its very low intensity and narrow  fit curve by the parameter indicated in Figure 9 and divided it
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Figure 10. Decomposition of the overlappingy and v, band for
different excitation wavelengths. Symbdlsind 0 denote the parallel
and perpendicular polarization. Spectral slit widths are 2.7 and 2.6 cm
for 413.1 and 528.7 nm, respectively.
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Excitation Wavelength [nm] 0.8
Figure 9. Intensity ratio dispersion of the sub-bands/gindv,. The 0.6 7
solid lines result from a calculation explained in the text. The curve — 0.4 -
parameters give the shifts of the REPs of corresponding sub-bands with T 0.2
respect to each other. The curves are separated by 25 cm & oo
o 104
by the nonshifted fit curve. To determine the shift, the result 0.8
is compared with the experimentally obtained sub-band intensity 0.6 4
ratio. Forvg the shift lies between 150 and 175 cthand for 0.4 4
v, between 175 and 200 crh 0.2
vz behaves similarly to the other core size marker bands in 0.0 - , T J T
that the REP of the LF sub-band is red shifted with respect to 480 500 520 540 560 580
the profile of its HF counterpart, whereas the REP of the HF Excitation Wavelength [nm]

sub-band is red shifted fars. Therefore,ys seems to behave
like an “inverse core size marker” for NiTPP.

In contrast the sub-bands @bg and v, have REPs with
coinciding resonance positions (see Figure 8). This suggeststhat this shoulder is a sub-bandiafbecause it does not appear
that the heterogeneity of these bands is of different origin than in the spectra measured with B band excitation.
that of the core size marker bands. This will be dealt with in As shown in Figure 7, the bandig also has significant
more detail in the Discussion section. intensity in thell-spectra. In view of the complexity of the

Depolarization Ratios. In the case oDa, symmetry, the fingerprint region, one may suspect that the spectra are crowded
depolarization ratios (DPRs) of all Raman lines are independentby nonresolved Raman bands. However, no additional band is
of the excitation wavelength. The DPR values in this symmetry theoretically expected to appear near the frequeny position of
arep = 0.125 for the Ag modes,o = 0.75 for the By and the vig. Therefore it is very likely that the lowering of its DPR is
B2g modes, angp = o« for the Ay modes?” The measured  significant. A similar argumentation also applies g and
values may slightly deviate from these theoretical values becausey,,. Li3° has measured the polarized Raman spectra of NiTPP
scattered light that does not propagate along the optical axis issubstituted with different isotopes in €Solution. At 530.9
also collected yielding a mixture of polarizations due to nm, vy displays a significant intensity in théspectra of all
parallelization at the surface of the collima#8r.From earlier species (Figure 3 of ref 30). Because the Raman bands exhibit
investigation¥2° we know that the observed DPR values for different isotopic shifts, it is very unlikely that another band is
D4 Symmetry arep°?s~ 30 andp®?~ 0.13 for A,y modes and responsible for the deviation of the DPR from g, value.

A1g modes, respectively. For the linev,s the spectra of thé®N and dy isotopomers are

For NiTPP, however, we observed a significant DPR disper- especially interesting, because the ling is herein separated
sion in particular for the Ay bands. The DPR values obs, from v1. The spectra clearly show that the DPR1g§ is not
V20, andvyg are much smaller than 30. Even looking at the significantly larger than 2.
spectra in Figure 2 shows that the DPR value of the hapis The DPDs ofv,s andvig are depicted in Figure 11. Although
about 3 at 528.7 nm and 2 at 568.2 nm. Moreover, theijge we have measured the DPDs in a much larger wavelength
exhibits significant intensity not only in tHé-spectrum but also  interval (from 380 to 576 nm), only the region of the @nd
in thell-spectrum. This is illustrated in Figure 10. Hereigs Qo resonance is shown, because thg Bands are very weak
appears as a shoulder in thespectrum. It can be ruled out outside these resonances, and the DPR can therefore not

Figure 11. DPDs of the Ag lines v andvig. The solid lines result
from fits that are explained in the text.



6004 J. Phys. Chem. A, Vol. 101, No. 34, 1997 Unger et al.

05 to lower wavenumbers by nonplanar distortiéhthe sub-bands
0'4 ] V6 with red-shifted profiles are attributed to a nonplanar conformer.
0'3 | The other sub-bands correspond to a planar or a quasiplanar
' conformer. Therefore, our analysis confirms that two conform-
g'f : o~ reesteuasttntay, ers of NiTPP coexist in CSsolutioni8
0' 0 b * The sub-bands arising from the nonplanar conformer are much
0.5 broader than the corresponding sub-bands of the planar one.
0.4 | Vl Only the bandvio is underlied by two sub-bands with compa-
o 034 rable widths. However, because of the high spectral crowding
Y o2 . in the wavenumber region of this band, its fitting parameters
%’_ ww.,!#—'-—.—‘u cannot be determined as unambiguously as those for the other
bl heterogeneous bands. Therefore, we cannot exclude that also
in this case the LF sub-band is broader than the HF sub-band.
As can be seen from Table 1, the large width of the LF sub-
bands of v, and v1; mainly results from the Lorentzian
contributions. Therefore, it is likely that these large widths can
be explained by a more rapid vibrational depha%irig the

nonplanar conformation compared to the planar one. The
380 400 420 440 460 480 500 520 540 560 580 Gaussian contributions of the LF sub-bandsgfandvio seem
Excitation Wavelength [nm] to indicate an additional broadening mechanism. However, the
band shapes of these sub-bands are determined less accurately
Figure 12. DPDs of the Ag linesvs, v1, andv.. The solid lines result  hecause of the strong spectral overlap. Therefore it cannot be
from fits that are explained in the text. ruled out that they are also pure Lorentzians.

accurately be determined. The solid lines are calculated with  The HF sub-band ofrs, however, exhibits a significant
the theoretical approagpreviously used for nickel(ll) porphine Qaussmn contribution. Thls |nd|c§1tes an addltlo.nal. heterogene-
(NiP) including multimode contributions of 15 Raman-active Ity for_the nonplanar species. This heterogeneity is due either
fundamental mode¥. To account for symmetry-lowering 0 @ flr_ute nu_mt_)er pf subco_nforme_rs or to a continuous (e.q.
distortions of the porphyrin macrocycle, an electronic perturba- Gaussian) distribution of slightly different subconformations.
tion dagg = 150 cnT! of symmetry type Aq, which mixes the If the frequency position ofvg is sllghtly.dlfferent for the
electronic wave functions, was introduced into the time inde- Subconformers, the band shape of this sub-band can be
pendent perturbation expansion of the vibronic wave functions. Understood as a superposition of Lorentzians, where each
As can be seen in Figure 11, the calculated dispersion curvesLorentzian belongs to one subconformer.
give a coarse reproduction of the data. The assumption of two different subconformers gives also a
Bands resulting from modes of symmetry types other than reasonable explanation for the shift of the sub-baglfd This
Azg show no or only a weak dispersion. The DPDs of the can easily be understood, if one assumes two subconformers
polarized bands with the largest Raman intensities jraqd with REPs shifted with respect to each other. If the REP of
Qo resonance are shown in Figure 12. Only theshows a the subconformer with higher Raman frequency is red shifted,
significant dispersion. It is interesting to note in this context the respective subsub-band is more enhanced on the red side
that these weak dispersions are very well reproduced by theof the Soret band, causing an upshift of the total sub-band. On
calculations with the same valueddyg. We therefore conclude  the blue side, however, the low-frequency part of this sub-band
that the effect of the macrocycle distortions on the DPDs of is more enhanced, leading to a downshiftté‘f. This can
NiTPP can be satisfactorily described by taking into account explain the wavelength dependence of the positionvgﬁ
only the perturbation of the electronic wave functions. shown in Figure 5. Obviously, other bands are less sensitive
Other Ay lines such asbg, vg, v4, and®4 show only weak to the conformational difference of the subconformations,
or negligible DPR dispersions (data shown in ref 29). As because the respective sub-bands exhibit no significant shift. It
theoretically expected, all depolarized bands investigategd (s therefore reasonable that these sub-bands have only small
Vi1, V1o, Va4, V27, @Ndrag) show no significant DPR dispersion  Gaussian contributions. The situation is different for NiOEP,
(data shown in ref 29). where the LF sub-bands ofig and v1o have large Gaussian
It must be emphasized that all DPDs shown above are contributions!” This suggests that the subconformational
determined by the whole band intensities. In other words, we heterogeneity is distributed along different coordinates for these
have not distinguished between different sub-bands. However,two porphyrins.
a DPR dispersion is only expected for the sub-bands attributed |t js noteworthy that the above results parallel findings from
to the n(_)nplanal_r conformer. We will refer to this point in the  previous investigatiot&17 on NiOEP in C$, which also have
Discussion section. revealed the coexistence of planar and nonplanar conformers.
The sub-bands resulting from the nonplanar conformer of
NIiOEP appear also on the low-frequency side of the core size
Conformers. Our analysis of the band shapes of the marker bands, and their REPs are also red shifted.
structurally sensitive Raman banels v11, v1g, V2, andvio shows The REPs of the sub-bandswafand®g are not shifted with
that each of these bands is composed of two sub-bands withrespect to each other. Therefore, the sub-bands cannot arise
different widths. Their intensity ratio and as a consequence from planar and nonplanar conformations. According to the
also the total band shape depend on the excitation wavelengthpotential energy distribution reported by Li et #lthese bands
The REPs of the’s mode’s HF sub-band as well as those of arise from modes with large contributions from B@&—Cpnenyi
the core size marker modes;, v1g, v2, andvig LF sub-bands stretching motions. Thus, it is reasonable to assign the above
are red shifted with respect to the excitation profiles of their sub-bands to additional conformations with different orientations
counterparts. Since the UWisible absorption bands are shifted of the phenyl substituents. Similarly different conformers were

4. Discussion
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previously foundé-2°for NiOEP in CS. Its vg consists of two 0Qg1u can be calculated by virtue ¥f

sub-bands, which were suggested to correspond to conformers

with different orientations of the ethyl substituetsConfirm- _ _

ing this interpretation, we have evidence that the REPs of the 0Qp1, = 0Q,14= , / Zn}Aiz(ylA) 2
vg sub-bands in NiOEP are not shifted with respect to each other, [

and therefore these sub-bands cannot arise from planar and ] ] ]
nonplanar species. Thus, NIOEP coexists in more than two WhereAi(y.s) are the Cartesian displacements of itieatom

conformations. Analogously it is conceivable that NiTPP also corresponding to the distortion along the normal coordinate
has additional species. andm is the atomic mass. Inserting the(y14) values derived

However, there is some evidence against the existence ofl0m the above decomposition method into eq 2 reve@s,.
different rotational isomeres of the phenyl substituents. The = 1.9 x 1072 m vkg. Similarly the distortion along the
HF sub-band of the; mode is also present in the spectra of a coordinateyss is calculated as)Qpzy = 0.34 x 1072 m
NiTPP single crystal® Because the crystal contains only one +kg. Hence, we estimate the product of these static distor-
conformation, the appearence of the HF-sub-band would tions as
contradict the above model. Therefore, it is more likely that
thev1 doublet is caused by Fermi resonance with the overtone 5QB1U 5@52u =0.65x 10 *° kg m’ ©))
113+ v1s. Fermiresonance has also been suggested to explain
the asymmetric bands or doublets found for NiP, CuP, and  The second derivative of the Hamiltonian in eq 1 can be
CoP? However, no combination of fundamentals could be eyajuated from the vibronic coupling matrix element which
found to explain the asymmetry of the badid. Therefore, 2 contributes to the intensity of the combinational overtgne

final interpretation for its doublet cannot be given. + y18
Distortion of the Porphyrin Macrocycle. The dispersion
of the DPRs shows that symmetry-lowering perturbations are . P
operative, which reduce the porphyrins’ idd2j, symmetry. H = mQBluQBZU (4)
u u

In general there are two possible origins for such perturbations.
First, substituents may have an influence on the electronic
structure of the macrocycle, and an asymmetric arrangemen
of them can therefore lower the symmetry of the electronic
wavefunctions. Second, noncovalent interactions between sub
stituents as well as between substituents and adjacent pyrroleDrOOIuCtQBluQBZu
rings may cause nonplanar distortions. Third, the macrocycle . "
may be distorted from the ide8ls, symmetry by a central ion — — 47

with a small radius as it is probably the case for nickel(ll) in Q120 \/4‘770914\/4‘770918 0.56x 10" kg
NiOEP1%17 In view of the symmetric arrangement of the phenyl ()
substituents, planar deviations fraw, are unlikely. Therefore,

the DPR dispersion suggests a nonplanar conformation. How-
ever, previous investigatioffshave shown that no dispersion
is caused if only one type of out-of-plane distortion (e.g,)B

is effective. Thus, at least two distortions of different symmetry
must be invoked to explain our data.

As mentioned above, crystallized NiTPP exhibits a nonplanar
macrocycle!® In order to determine the symmetry types and
the magnitude of the distortions, Jentzen étagdplied a recently
developed structural decomposition method. These authors hav
shown that an appropriate reproduction of the structures of
various synthetic porphyrins and heme groups in protein
matrices emerging from crystallographic studies solely requires
considering distortions along the normal coordinates of the
lowest frequency modes. These are thgmodeyy (doming),
the By, modeyiq (ruffling), and the By, modeyis (saddling).

For the NiTPP crystallographic structure the decomposition
method® reveals strong ruffling with a total distorti&hof 1.296
A and moderate saddling with a total distortion of 0.027 A.

If one assumes that the nonplanar conformation of NiTPP in
solution is identical with that in the crystal, it is possible to
calculate the perturbation term corresponding to the @hd

t Qg1u andQgzy are the vibronic matrix element®|Qg1y| 1514

and 0| Qg2 1s205) Which are equal to the square root of the mean
quadratic elongations of the respective harmonic vibrations. The
is given by

Comparison of eq 3 and eq 5 reveals that the static
perturbation in eq 1 is more than 11 times larger than the
vibronic coupling in eq 4. Since we have not analyzed the
excitation profile of the combinational overtomes + y1s, the
vibronic coupling for this mode can only be roughly estimated.
To this end, the intensities of the overtone bands must be
compared with those of the fundamental bands. The strongest
overtone bands appearing in the spectra of NiP, NiOEP, and
%\“TPP in the wavenumber range below 1700@morrespond

o the combined vibrationgg + vy, v7 + vs, andvg + vo4 Of
NiP. The line assigned teg + vy at 1683 cml is only a
factor of 5 weaker than the two strongesighines vz andvig
(data not shown). The Raman lines corresponding;te- vg
at 1090 cmt andwvg + vo4 at 1180 cn?! are less intense, but
not much more than 10 times weaker than the strongegt A
line. Other overtone bands generally exhibit much smaller
intensities. These bands are weaker by at least a factor of
several tens. It is therefore reasonable to assume that the
vibronic coupling term in eq 4 is 1 order of magnitude smaller
than the linear coupling terms, i.e.

A 20 N
Bau distortions. The electronic perturbation Hamiltontdhin @‘L BB?BluQszu ~ 01@}‘& B(Quoy (6)
terms of the mass-weighted normal distortiofd:, anddQgay 9Qg1, 0Qs2y 9Qn2g
is given by
. Earlier studie¥22have shown that linear vibronic coupling
A = A 6@ 6@ ) elements are in the range of some 100-¢mTherefore, the
9Qgy, 0Qg,, B <Bau order of magnitude for the quadratic coupling term in eq 4 is

. about 10 cm?. Since the static 4-type perturbation term in
whereH is the electronic Hamiltonian of thB4, symmetric eq 1 is more than 11 times larger, this is consistent with the
undistorted macrocycleH' describes a perturbation of sym-  value of 150 cm? determined by the analysis of the observed
metry type Ag, becausd'siy x I'sou = Fazg. DPDs?°
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For the planar conformer one does not expect any DPR 5. Summary
dispersion. For heterogeneous Raman bands exhibiting a DPR
dispersion, the dispersion must therefore solely arise from the
sub-band of the nonplanar conformer. This can be illustrated

by the Apg bandvi in Figure 7. InDg Symmetry, its DPR is dispersions of the depolarization ratios it can be concluded that

expected to _b@o_, Whlch_m_egns that the |n_ten5|ty IS ZET0 N o1 the other conformer at least two symmetry-lowering distor-
parallel polarization. This is indeed approximately the case for ;ns are operative, namely ruffling and saddling. The resonance

the HF sub-band. Its intensity is not exactly zero, but it cannot excitation profiles of the sub-bands corresponding to the
be ruled out that this is caused by improper fitting to the complex \5npjanar conformer are red shifted by 16030 cni? with
spectra. The LF sub-band, however, exhibits significant regpect to their counterparts of the planar conformer. The high-
intensity in the parallel spectra. The DPRs of both sub-bands frequency sub-band ofs has a strong Gaussian contribution,

are indicated in Figure 7. Compared to porphyrins with no DPR an its frequency position depends of the excitation wavelength.
dispersion such as NiP and NiOEP, where DPR values of aboutThjs js indicative of subconformations for the nonplanar

p ~ 30 are observed for thesflines??2°the DPR of the LF  ¢onformer.

sub-band is very low. It is therefore evident that the dispersion
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