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The meso substituted Ni(I1)(5,15-diN©octaethylporphyrin) coexists in at least three different conformers

in CS,. To explore the structural properties of these conformers, we measured the resonance excitation profiles
and depolarization ratio dispersions of various prominent Raman lines of Ni(5,15-didtfaethylporphyrin)

in CS,. The data were analyzed by a theoretical approach, which formulates the Raman tensor in terms of
vibronic coupling parameters that depend on static deformations along the normal coordinates. The coupling
parameters were determined by simultaneously fitting the depolarization ratio dispersion data and the
corresponding resonance excitation profiles. We have also performed molecular mechanics calculations to
identify all possible stable conformers of the molecule. To quantify the out-of-plane distortions of the calculated
structures, we subjected them to normal coordinate deformation analysis (Jentzen, W.; Song, X.-Z.; Shelnutt,
J. A. J. Phys. Chem. B997 101, 1684). The results obtained from the Raman data and from molecular
modeling are consistent in showing that the most stable conformers are strongly affected by rhombic in-plane
(0.3 A) and ruffling (2.1 A) and doming (0:50.6 A) out-of-plane distortions. Additionally, smaller contributions

from saddling were also obtained@.1 A). The three conformers detectable from the analysis of the Raman
spectra most likely differ in terms of saddling and doming. The lowest-energy calculated conformers all
show a horizontal orientation and out-of-plane position of the, f@ups with respect to the macrocycle,

but the conformers differ in the orientations of the ethyl substituents. Conformers with vertical orientations
of the NG, groups are calculated to be slightly higher in energy. INDO/s calculations reveal that the horizontal
NO; group orientation, and to a lesser extent the vertical orientation, gives rise to a strong admixture between
porphyrin and N@ molecular orbitals, enhancing the above distortions and leading to a break down of the
4-orbital model. A comparison with monosubstituted Ni(Il)(5-NGEP) reveals that all distortions increase

with increasing number of nitro substituents. Altogether, this study demonstrates that meso nitro substitution
of metalloporphyrins has a significant impact on electronic as well as structural properties of the ground and
excited electronic states.

of the macrocycl¥ as well as the affinity and geometry of axial
ligand binding®12 In this context, a strong emphasis has been
put on nonplanar distortions, which, in solution and crystals,
are mostly caused by steric interactions between peripheral
substituentd whereas specific heme protein interactions are the
predominant cause in proteif?13

While nonplanar distortions have attracted considerable
attention, the number of studies dealing with in-plane distortions
induced by asymmetrically arranged peripheral substituents and

Introduction

The structural properties of metalloporphyrins have become
a major subject of research over the last 10 yéafhis
particularly concerns the issue of how macrocycle distortions
determine physicochemical and functional prope®igsThis
research is of practical relevance because it aids in designing
porphyrins as biosensérand optical switchésand also has
implications for the understanding of chromophepegotein
interactionsl® Strong evidence has been provided in the =H A o0
meantime that distortions may affect the spin delocalization, chromophore-protein interactions are rather limited. Jentzen

redox potential, electronic structure, and vibrational dynamics &t @l. have investigated a series of nonplanar 5,15-meso
substituted porphyrins without focusing on the in-plane distor-

tions1415Senge et alb have addressed this issue in their recent
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comparative analysis of the crystal structures of various deca-
and undecasubstituted porphyrins with meso alkyl and aryl
groups. They found that 5,15 substitution gives rise to a
rectangular elongated core characterized by differentNN

separations parallel to the 5,15 and 10,20 axes. Interestingly,
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this distortion is of comparable magnitude for corresponding wherelil]|I[] and|fCidenote the initial, intermediate, and final
free-base and Ni(ll) porphyrins. In the language of group theory vibronic state of the scattering process, respectivej\andR,
commonly used to characteribay, porphyrin deformations, this  are electronic dipole transition operatdes — Eg is the energy
distortion is ofB,q Symmetry. This study shows that asymmetric difference between intermediate and ground state, whereas the
peripheral substituents indeed give rise to symmetry lowering excitation energy is denoted &% . I} is the Lorentzian half-
in-plane distortions. Given the asymmetrical substitution of width of the absorption band associated with the electronic
biological chromophores, it is certainly of relevance to put a dipole transition|/iCH |IL] Note that all energies are expressed
higher emphasis on in-plane distortions and their functional in units of cnt? throughout this paper.

relevance. It would be also of interest to find out whether in-  The vibronic wave functions of porphyrins can be described
plane distortion may facilitate out-of-plane distortions and vice by a third-order nonadiabatic perturbation expansion of a crude
versa. Born Oppenheimer basis. The first-order expansion coefficients
Over the last 15 years, we have developed polarized Ramanreflect vibronic coupling between different excited electronic
dispersion spectroscopy (PRDS) as a method to obtain asym-states|loCand [molli.e.
metric distortions of porphyrins in solution and in protelfs. R
The method involves the analysis of resonance excitation r Hep r
profiles (REP), which yields detailed information about the Cm = ‘ my| [|q, 100 (2)
differences between the potential surfaces of excited electronic
states and the ground state. Moreover, it provides insights into
interferences between scattering amplitudes resulting from Whereg;" denotes the normal coordinate of the Raman vibra-
different mechanisms involved in the coupling between vibra- tion under consideratiordHe/aq;" is the vibronic coupling
tional and electronic motions. This is particularly relevant for operator,T’; is the irreducible representation of the Raman
porphyrins, where most of the Raman lines gain intensity from vibration, and(1|ag; '|0Cis its transition matrix element for the
both interstate and intrastate vibronic coupling and also from electronic ground state. In the first order, the Raman cross
multimode mixing between different vibronic staféREPs of section of a distinct mode is linearly dependent on the square
intense Raman lines can be measured for scattered lightof its matrix elements;!.
polarized parallel and perpendicular to the scattering plane. From The pure electronic wave functions of the porphyrin electronic
this, one obtains depolarization ratios, which provide information states involved in resonance Raman scattering can be expressed
about the symmetry of the corresponding normal modes. Forin terms of Gouterman’s four-orbital mod®@l.It is based on
undistorted (planar) porphyrins exhibitinDs,, D2y, Or Dy the assumption that the symmetry of the porphyrin macrocycle
symmetry, the depolarization ratio of all Raman lines does not is D4, and yields the 2-fold degenerate excited singlet states
depend on the excitation wavelength. However, symmetry- |Bo[J= |Byo,ByolJand|Qol= |Qxo,Qyol] which can be calculated
lowering distortions may admix different symmetries into the from the singly excited configurations composed of these four
Raman tensor, thus causing strong depolarization ratio dispersiormolecular orbitals. Specifically, these states arise from near 50:

(DPD) 1719 50 mixing of the excited electronic configuratiotes,ey| and
In this paper we employ PRDS to investigate the distortions |ax&gl. The two HOMOs ofay, anday, symmetry are thereby
of the asymmetrically meso substituted Ni(5,15-diNOcta- considered to accidentally exhibit nearly the same energies. The

ethylporphyrin) [Ni(5,15-diNG—OEP)] in CS. In an earlier ground state is a singlet stateAf; symmetry in whichay, and
study, we have shown that nearly all structure-sensitive Ramanay, are filled. The electronic transitiorjgCl— |QUand |gli—
lines of this substance show strong DPDs indicative of in-plane |BCgive the well-known Q and B bands in the porphyrin optical
and out-of-plane distortiorf8.In the preceding papétwe have spectrum.

reported a thorough spectral and normal coordinate analysis of Since|QUand|Bdransform like the irreducible representation
this porphyrin. Therein, we found that three different coexisting E, of the D4, point group, group theory dictates thBf =
conformers can be distinguished spectroscopically. In the presentr(a|3|e|0/aqrr N = I“(qrF ") = Aig, Big, Bag, OF Ay for the symmetry
study, we thoroughly analyze the DPDs and REPs of sevenof Raman-active vibrations. Experimentally, Raman bands
prominent Raman active vibrations to determine how these resulting from these vibrations can be distinguished by measur-
conformers are affected by planar and nonplanar distortions. ing their depolarization ratio, which is defined as

The study sheds some light on the mechanism by which the

nitro substituents perturb the electronic and structural properties

of the macrocycle to yield a molecule which can adopt different p=
conformations with only slightly different free energy.

ID
T 3)

wherel; andl denote the scattered intensities measured parallel
and perpendicular to the polarization of the exciting laser beam.

A detailed description of the Raman theory employed to fit In solution, the values for the above symmetries are 0.125 for
resonance excitation profiles (REPs) and the depolarization ratio A4, 0.75 forByg andB,g, and infinite forAy,, provided that the

Theoretical Background

dispersion (DPD) are given in previous pap€rs Here, we incident polarization is oriented perpendicular to the scattering
confine ourselves to defining the parameters obtained from our plane.
fitting procedure. Asymmetric Distortions. Deviations from these depolariza-
First-Order Vibronic Coupling and Selection Rules. In tion ratio values are indicative of symmetry lowering distortions,
general terms, the Raman tensor elemenis(p ando =X, y, which may result from peripheral substituents, axial ligands,
z) are given by the KramerdHeisenberg Dirac equation and, in proteins, hemeprotein contacts. They can be described
by
IR IR, T

Oy = ZE. g — (1) A= ZAF = ZZaqﬁ (4)

g
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Yo: (46.0) em™!

oGl denotes the amplitudes of the static normal coordinate
deformations (SNCDBY along theith normal coordinate exhibit-
ing the symmetryl’; in Dgn. As shown in recent analyses of
isolated porphyrins and heme groups, is dominated by

distortions along normal coordinates of the lowest wavenumber

v34: (152.2) cm™!

14 (36.5) cm™!
Figure 1. Representations of the SNCDs along the normal coordinateg( @f.g), v34 (Bzg), Y9 (Aou), Y14 (Bw), andyig(Bay).
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v35: (123.6) cm™?

Y1s: (265) cm™!

In this study, we only consider totally symmetric contributions
to the interaction matrix element, which are writted’as

0A, = |:(on||:|Alg|onD: |]on||:|A19|QXOD (5¢)

modes of the respective symmetry representation. In the SNCDSymmetric perturbations,,, cause an unmixing of Gouterman's
analysis, the deformations given are for the normal coordinates20:50 states in that it separates the accidentally degenerate

of a porphyrin macrocycle with no substituents; when substit-

configurations|ay,eyg| and |axey|.

uents are present, these macrocycle modes become mixed with Though certainly of relevance for Ni(5,10-NOOEP), asym-
the substituent modes to give the normal coordinates of the Metric electronic perturbations are not considered explicitly,

particular substituted porphyrin.

since, as we will argue below, they cannot be inferred

Figure 1 shows graphic representations of five different types Unambiguously from the absorption spectrum.

of deformations which might affect the structure of Ni(5,15-
diNO,—OEP), namely, a totally symmetrid,y deformation
which involves either a contraction or an expansion of the
porphyrin core by equivalent displacements of the pyrrole rings
or a rhombic distortion 0B,y Symmetry along the meso carbons
which is combined with in-plane distortion of the macrocycle
core and saddlinggy,), ruffling (Biy), and doming £z) of the

macrocycle. These deformations correspond to the normal

modesvg(Alg), V34 (Bzg), V14 (Blu), ylg(Bzu), and )/g(AZU).Zl In-
plane By and Ayy deformations are unlikely because they are
inconsistent with the symmetry determined by the peripheral
substituentd® Out-of-plane propellering/y,) distortions cannot

be ruled out but were found to be unlikely in general because

of the energy cost
Asymmetric distortions give rise to electronic and vibronic
perturbations that directly affect the composition of the Raman
tensor® They are briefly introduced in the following.
Electronic Perturbations. They can be accounted for by
expanding the electronic Hamiltonidth with respect to the
aboveSNCDsof the porphyrin’s electronic ground state

A

Hel = |:Ielo + FIF (58.)
where
oHq .
Hr= Z - 6qj' (5b)
T o’

Vibronic Perturbations. The above SNCDs also affect the
vibronic states within a given electronic state and the vibronic
coupling properties of the Raman active modes. This can be
accounted for by expanding the vibronic coupling operator in
eq 2 with respect tag’

+ZZ

A

~ 24
8He| 8He|0 8 He|0

- T Iy (Sq -+
aq 8qrr 8qrr aql l
°Hey

)3 e | o’ (6)
a |

aq;" dqj' agy’

Term 1 reflects vibronic coupling in an undistortel,
symmetry. The influence of symmetry lowering distortions is
accounted for by the second and third term. To couple states of
E, symmetry, the product representation® T'j andl’, T} @
I'; of the second and third derivatives of the Hamiltonian
operators in the second and third term must confaij Byg,
Bog, Or A As a consequence, in-plane deformationsAgj,
Big Bag, Or Ayg symmetry contribute via the second-order term,
while the third-order term contributes if at least two different
out-of-plane deformation oy, Aoy, Bay, Or Boy Symmetry exist.
Additionally, Eg and E, deformations may contribute via the
third-order term, since the produck, ® E; and E, ® E,
decompose inté\ig © Big © Byg @ Agg.

Apparently, the symmetry of a vibronic perturbation is given
by the product representatiofis ® I'y andI'; ® I'; ® I of the
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Raman modey]” and the SNCDs3q' and og’. It can be 10
obtained from the multiplication Tables S1la and S1b (Supporting 5,15nitro
Information). In general terms, vibronic perturbations cause an
admixture of different symmetries in the Raman tensor. If the
macrocycle symmetry is lowered froby, to Cs, the Raman
tensor is written as

&= ag(2) +byg(€2) byg(2)) + a2g(QL)) )
() — any(€21) Ag(2) — byg(2,)

Absorption [a.u]

where the tensor elemerit§<2,) are in first-order written as
the weighted sum of respective vibronic coupling matrix

elements:ﬁn as defined by eq 2, which now contains a vibronic & . -
coupling operator as described by eq 6. The tensor elements 15 20 25
depend on the excitation wavenumi§ar. Details are given in Wavenumber{cm'*107]

refs 17 ar?d 22. Since vibronic coupling occurs On'Y between Figure 2. Absorption spectrum of 5,15-N&Ni(ll)octaethylporphyrin.
any polarized states, trecomponents have been disregarded. The solid lines results from a calculation described in the Results
As a consequence of the symmetry mixing described by eq 7, section.

the depolarization ratip depends now also of2, and can be

written in terms of the tensor elements as folldWs: 1. In the first step, we estimated the pure electronic resonance
energiesEQ andEB, the corresponding Lorentzian half-widths
3a(Q))° + 5a,(Q)* + 2y (Q))? + b, (R )0 2 and '8, the inhomogeneous broadening = og and the
P=3 8) ratio Mg/Mgg of the electronic dipole transition moments

2 2 2
6alg(QL) + Z[blg(QL) + bZQ(QL) ] from the optical spectrum shown in Figure 2. From the latter

) . r . we determined the electronic parameigy,. We did not try to
The matrix coefficientsc, are utilized to express the  getermine the parameters of electronic perturbations because
vibronic wave functions in the Kramergieisenberg Dirac their direct influence on the optical spectrum and the DPDs can
expression of the Raman tensor. The pure electronic wavepe considered as small for the molecules investigated. They have
functionsl andm are identified withQy, Qy, By, andBy of the an indirect influence via the coupling parameteb
perturbed electronic system. A complete representation of the |, the second step, these parameters were used in a first fit
Raman tensor 'S given In ear_ller pubhcatm?ﬁs. . _ to the DPDs and REPs of all lines investigated. Multimode
In the Supporting Information, we describe in more detail mixing was thus neglected.
the relationship between between porphyrin deformations, 3 |y the third step, we accounted for multimode mixing by
vibronic perturbations, and the symmetry of the Raman tensor. jnserting the above obtained vibronic coupling parameters of
Multimode Mixing. The analysis of REPs and DPDs of geyen Raman active modes into the third-order term of the
Raman lines is complicated by the fact that their Raman tensorsgaman tensor (see ref 22 for details). The experimental data
are not independent. This results from multimode mixing, i.e., \ oo now refitted by using only thel, of the considered

the creatu?n a(;]d ;_l;fbsequ](cant akr]lnlhgatlon dolf? a wbrangna_ll Raman mode as a variable and the vibronic coupling parameters
quantum of modes different from the observed Raman mode In ¢ e other vibrations as fixed parameters.

the scattering process. As a consequence, the vibronic coupling4_ The last step was repeated until convergence was achieved.

Fharaéneterstof a d|st|fnc|t| Rta;]mag mode aptpear !Q h|tgher tarms OfIt should be emphasized that due to the explicit consideration
€ Raman tensor ot all other kaman active vibrations. Hence, ot ., ,1timode mixing the absolute values of the vibronic

g{gspnecegsggé)to ?erf;rm atlswlnultaneous glo;agl fitting to(;he coupling parameters can be estimated.
san s ofsutliciently large number of kaman Mmodes. — ag shown below, some of the structure-sensitive Raman lines

; ) ) 5
Delta;:ls are descrlb%d |ndref(_ere_rllﬁéé%t. ture ind dent in the high-frequency region can be decomposed into sublines
nhomogeneous Broadeningne temperature independen resulting from different conformers. To appropriately fit their

inhomogeneous broadening was obtained frpm abso.rptlon REPs, we have assumed comparable intrinsic intensities for these
_spectra t_aken at low t_emperatures and was explicitly qons'deredconformers to estimate their molar concentration. From this,
in the fmal r_:alcylano_n of the Raman cross section. The we calculated scaling factors for the theoretically obtained REPS.
mathematics is given in ref 22. Additionally, we have fitted the REPs and DPDs of a few
selected Raman lines of Ni(5-diN©OEP). Since the intensities
of the vibronic sidebands of the investigated porphyrins are
All details about the preparation of the 5-da@nd Ni(5,15- similar, we have used the parameters obtained for Ni(5,15-NO
diNO,—OEP), the experimental setup, and the spectral analysiSOEP) to simulate the contribution from multimode mixing.
are given elsewher@:21 The strategy adopted to simultaneously Unfortunately, the quality of the data only allows an estimation
fit the DPDs and REPs are also described in an earlier of the coupling parameters.
publication?? Briefly, the REPs and DPDs obtained from our Molecular modeling including molecular mechanics and static
Raman spectra of Ni(5,15-diNGDEP) were fitted by using  normal coordinate deformation (SNCD) calculations were
the vibronic coupling parametecgsappearing inthe eqs 9, 11, carried as described in great detail in earlier publicati@A3.
13, and 15, and the half-widtisof the excited vibronic states  Different force field parameters (sp2 and sp2 resonance atom
were used as free parameters. Moreover, we assumed that théypes) were tried for the nitrogen and oxygens of the;§@up.
porphyrin vibrations might have different frequencies in the There were no significant differences in the ordering of the
excited states and in the ground state. All fits were carried out energies of either the vertical and horizontal conformers or the
by adopting the following iterative procedure: INDO/S results as a result of using different N@arameters.

Material and Methods
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Figure 3. Polarized resonance Raman spectra of Ni(5,15-NOEP) between 600 and 1800 cintaken at the indicated excitation wavelengths.

Results

Raman Spectra.Figure 3 shows polarized resonance Raman
spectra of Ni(5,15-diN@-OEP) observed with Soret (406.7
nm), Q (530.9 nm) and @(568.2 nm) excitation between 600
and 1800 cm'. As expected, the Soret spectrum is dominated
by lines fromA.g-type modes, while the two Q band spectra
mainly feature lines fronByg and Axg-type vibrations. Lines
from Byg modes are generally weaker and appear only in the
Q, band spectrum with significant intensiti&sA total number
of 65 spectra taken with different excitation energies were
subjected to a global fit as described earffeihe result of
this analysis is described and discussed by Lemke %t al.

Raman Dispersion Data.We have measured and analyzed
the DPDs and REPs of the following Raman lines of 5,15:NO
nitro: v, (Aig, ~1587 cml), v4 (Ayg, 1380 cmil), vno, (NO
symmetric stretch, 1361 cm), v10 (Big, ~1635 cnT?), v11 (Bag,
~1554 le), V29 (Bzg, 1410 le) andvqg (Agg, ~1574 crrTl).

As discussed in the preceding pagethe Raman lines of»,
v11, andvig can be decomposed into two sublines with slightly
different REPs. Fomnsg, even three sublines of comparable
intensities were obtained.

The DPDs and REPs of the Raman lines investigated are
depicted in Figures48. The high accuracy of our spectral

the vibronic sideband ¢by a factor of 2. A closer analysis of
the different contributions to Qrevealed, however, that the
overestimation is solely caused by the intrastate vibronic
coupling parameter%g) of v1p andv11, which are much larger
than those predicted by the four orbital model (Table 1). They
are crucial for a successful fit in particular of the corresponding
REPs. In accordance with Unger et #lwe believe that they
reflect some vibronic coupling between thg afbitals of the
metal and the porphyrin ground state interactions which
selectively affect the Q band Raman scatterindgf modes.

If one disregards these coupling parameters in the calculation
of the absorption spectrum, a very good reproduction of both
vibronic sidebands is obtained (solid line in Figure 2). The
deviation at the low-energy side of the B band could result from
the fact that our calculation did not explicitly take into account
the existence of three subbands of different conformers.
Altogether, this simulation corroborates the validity of our
coupling parameters.

A comparison of the data far(Aig) andvig(Ax) (Figures 5
and 6) reveals very similar DPDs. Both lines appear polarized
with Soret and inverse polarized with excitations betwegn Q
and Q. A comparable observation was made earlier for Ni-
(OETPP), even though the dispersion wf is much more

analysis enabled us to separately determine the DPDs and REpPRronounced in the present case. The analysis of the data showed

of all sublines identified. The solid line results from the self-

that vibronic perturbations of,g and Byy (vibronic coupling

2

B Aog :
consistent global fit to the data based on the theory describedP@rameters;;> andcqg in Table 1) cause the DPD for(Ayg),

above. In view of the complexity of the data and some
limitations of the model (cf. ref 22), the quality of the fits can

while theAyy modev.g is affected byAyg andBsyg perturbations

(matrix elementsy and ¢ in Table 1). Table S1b reveals

be judged as very satisfactory. Some systematic deviationsthat ngg(Vz) and ¢(v19) result both from saddlingB,) and

between fit and experimental data are only obtained for the DPD
of v4 (Figure 8) and to a minor extent fars, which are
discussed below. The electronic and vibronic parameters
obtained from the fits are listed in Table 1.

ruffling (By,) distortions, whereas the respective B-type vibronic
perturbationss2(v,) andc%(v19) can be due td,, deforma-
tions (Table Sla) and also due to the additional presence of
doming @z,), which, as shown above, causes this type of

We have used these parameters to calculate the opticalvibronic perturbation in the presence of ruffling.

absorption spectrum (the relevant equation is given in ref 22).
This is always an ultimate test of the validity of the vibronic
coupling parameter&. If one inserts the full sets of coupling

The calculated REPs of the twag sublines (Figure 5) show
some minor deviation from the experimental data. This has two
reasons. First, as shown already by Lemke et’ahge vibronic

parameters of the Raman lines investigated, one overestimateperturbation approach does not fully account for the strong
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Figure 4. Depolarization dispersion and resonance excitation profiles of the high- and low-frequency sublipgyp€v, and of the NQ symmetric
stretching vibration of Ni(5,15-N©@-OEP). The solid lines result from the fitting procedure outlined in Materials and Methods and Results.

vibronic coupling ofvie. This leads to an underestimation of The Raman line at 1361 crh was earlier assigned to the
multimode mixing and thus to an overestimation of ®gQo NO, symmetric stretch. As shown by our normal coordinate
intensity ratio. Second, the deviations in the IBand region analysis, however, this is an oversimplificatinin fact, the
may result from some coupling between the B state and NO NO, symmetric stretch mixes heavily with,8C, bending and
states, which are not accounted for by the vibronic theory.  C,Cg stretch. It is therefore not surprising that this mode
The DPDs of theBig modes are all very similar (Figures 6 becomes resonance-enhanced with B and Q band excitation
and 7) in that they show a constant depolarization ratio of 0.75 (Figure 4). The DPD and REP were well fitted by our model.
in the Soret band region and a maximum with inverse polariza- Interestingly, the antisymmetric contributiormg]g) is small
tion between Qand Q. This results from aryg-type vibronic compared with the large contribution obtained far This
perturbation (matrix elemertsg in Table 1), which, due to  suggests that the mode is less affected by nonplanar distortions.
Table 1, is indicative of 8,4 distortion and/or the combination In accordance with the assignment of Hobbs e€%bur
of ruffling (B1,) and doming Ax). The same distortions would  normal coordinate analysis suggests that the band at 138D cm
cause a vibronidg perturbation ofB,,-type modes, and this  is assignable to4.2! It turned out, however, that the eigenvector
is indeed obtained from the DPD ey, which becomes nearly  contains contributions from the NGymmetric stretch. One
polarized in the B band region due to a strong contribution from may speculate that this is the reason for our inability to fit the
FC-type coupling ((QlBg) (Figure 5). Ruffling and saddling  DPD of this band (Figure 8), which is pretty much different
would give rise to vibronic perturbations ddyy; and Big from all DPDs of this mode obtained for other porphyrins and
symmetry ofBiq and B, modes, respectively. This does not heme group$®262’As we argue in the discussion, electronic
change their depolarization ratios. However, a successful fit to interaction between the N@roup and the porphyrin macro-
the corresponding REPs can only be obtained if these vibronic cycle causes a breakdown of the four orbital model. It is
perturbations are taken into consideration; i and cl‘fgg reasonable to assume that this may particularly affects those
parameters had to be used for the fits to data oBajt and ~ modes with strong contributions from N@ibrations.
Bog-type modes. Unfortunately, this makes the determination = Taken together, the analysis of our data unambiguously yields
of these coupling parameters somewhat less certain sincethat 5,15-NQ—OEP is subject to out-of-plane ruffling and
significant correlation effects are unavoidable. saddling. Even though the vibronic perturbations obtained do
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Figure 5. Depolarization dispersion and resonance excitation profiles of the high- and low-frequency sublinégftjpe v19 and Byg-type vag
vibration of Ni(5,15-NQ—OEP). The solid lines result from the fitting procedure outlined in Materials and Methods and Results.

not allow the discrimination betwedy, andBy /Ay distortions, Discussion

we can safely assume at least a very significant contribution o o ]

from the former since this is exactly the symmetry type, which ~ Validity of Fitting Parameters. In what follows, the coupling
one derives from the position of the N@roups, which lower parameters:gS will be used to discuss the various distortions
the molecule’s symmetry per se froBy, to Don. Our data, affecting the macrocycle of nitroporphyrins. However, not all
however, show that the nitro groups have a significant impact parameters obtained are of equal use for this purpose. For the
on the structure of the macrocycle. From our earlier studies on DPDs and REPS o4 and Ayy modes, allch (es= Q,B),
Fe—protoporphyrin IX in heme proteins, we know that distor- cngg, cggcgzg, and cAng values are quite reliable. The Jahn
tions imposed by the peripheral substituents and the proteinTe|ler parametersios, 2 andcz are likely to additionally
environment normally cause moderate perturbations of the reflect some contribution from metaporphyrin interactions in
Raman tensor so that the coupling matrix elements reflecting the ground stafé and excited-state interaction between mac-
the vibronic perturbations are significantly lower than those rocycle and nitro groups and are therefore difficult to compare.
exhibiting the symmetry of the unperturbed mé€’Evenin  For the DPDs and REPS & andB,, modes, the correlation
MbCN, where the axial ligands give rise to consideraBlg penyeen correspondinggg and cgzg parameters may affect
type distortions, the corresppndmg matrlx elements are still their validity, but at least for th&y, modes, we obtainec
lower than that of the respective vibrational symmétrin the Bog 9. o B
present case, however, this is no longer true. r@nd v1o, > Cog (Table 1), as expected, sinagy results from the
the NOyinducedBy, distortions give rise to A-type matrix seco_nd-order term reflect ruffling and saddling. 'gherefore, we
elements, which are comparable with the correspondipg ~ consider the Herzberg Teller paramete@Aand Cod Of Bg
coupling parameters (Table 1). Moreover, coupling elements modes as reliable. For tH&y modevzg, all ceg? of By modes
resulting from out-of-plane distortions are also larger than are reliable without restriction, whileg§ and c&§ appear
corresponding values of, for instance, Ni(OETP#Jhis holds somewhat more affected by correlation effects than the corre-
in particular for the twav, sublines, for which we obtainez sponding parameters of tBg; modes investigated. With respect
= —166 and—355 cnT?, whereas only 97 cnt were obtained to the evaluation of symmetry lowering distortions, we will use
for Ni(OETPP)22 As shown above, this matrix element results Big and By modes for in-planeByy distortions (coupling

from the combined presence of ruffling and saddling. parametersyy, CoB, Cog anctgg, respectively) andig and
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Figure 6. Depolarization dispersion and resonance excitation profiles Figure 7. Depolarization dispersion and resonance excitation profiles
of the high-, intermediate-, and low-frequency subline of Bagtype of the hig-h and low-frequency subline of tiag-type v11 of Ni(5,-
v1o Of Ni(5,15-NG,—OEP). The solid lines result from the fitting  15-NO,—OEP). The solid lines result from the fitting procedure outlined

procedure outlined in Materials and Methods and Results. in Materials and Methods and Results.
Ayy modes for out-of-pland,, and By, distortions (coupling 07, R 1
parametersgs, cod,Cog, andcys, respectively). _os .
The discussion is organized as follows. First, we will show 3 .,
how different information about the ground and excited states & 08 : — 107
geometries can be extracted from the vibronic coupling matrix : E,
elements. With this in mind, we then compare the different ko) % . ' 5 |
conformers revealed by our Raman data to identify differences § 03 E 102!
in terms of planar and nonplanar distortions. This is followed 5 3 ¢ 8
by comparison of Ni(5,15 N&-OEP) and Ni(5-N@—OEP). g o2 o,
In the next step, we utilize the vibronic coupling matrix elements & % =
and the frequency positions of core size marker modes to g ‘;_ bl
quantitatively estimate the out-of-plane distortions of the a 00 °
obtained Ni(5,15 N@-OEP) conformers. The results of this f ‘
analysis are then compared with molecular mechanics calcula- e o o o 0%
X X . % 18 20 2 24 26 16 18 20 2 24 %
tions. Finally, we report results of some INDO calculations to
elucidate thesr interaction between NOand porphyrin ExdtaﬁmV\avemnber[an‘1*10'3j
macrocycle.

. . L Figure 8. Depolarization dispersion and resonance excitation profiles
Interpretation of Coupling Parameters. To obtain informa-  of the Ay-type v4 of Ni(5,15-NO,~OEP). The solid lines result from
tion about symmetry lowering distortions from the coupling the fitting procedure outlined in Materials and Methods and Results.

parametemgg we have to consider three different contribu- o ) ) )

tions. First, these parameters depend on the strength of thederivative with respect to these distortions and the normal
respective normal coordinate deformatié@P (eq 8) or, for coordinate, i.e., IHel/ (90 00B2),  dHe/ (30 d0P1agP), and

the out-of-plane distortions, on the produdfPudgB~ and dHe/ (30 "d0Pwdgf). Third, electronic perturbations (eq 4)
potentially also ogPuoq2.. Second, they depend on the partial contribute towarot:gS because these parameters are expressed
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TABLE 1: (a) Vibronic Coupling Parameters (in cm 1)
Obtained from the Fits to the DPDs and REPs of Ni
5,15-Dinitro—OEP?

(1) Modes ExhibitingAyg Symmetry inDap

Cod Coh  Cof OB CoB Caf Cod CGR CeB CR

vfF 102 —-109 333 - — - 14 -24 2 —166

viF 153 —117 248 34 —168 62 —355

vFb 79 202 142 —-15 -19 57 —258

V4 —-66 —252 —211 39 31 80 -

vNno, —43 220 —215 32 —162 —82 59
(2) Modes ExhibitingB;; Symmetry inDan

Cob Cob CoB Cgb  CoB G Cod OB Cer <GB

vid® - — — —671 —429 —70 82 263 —255 421

v - — — —650 —-526 18 119 320 —276 419

vi¢et - — — —665 —469 49 —20 273 —256 380

vi"Fb —  —  — —484 —-375 82 78 241 —47 189

vttt — — — —669 —149 176 206 93 —24 400

vt - - — —24 -341 —-64 —-33 120 -39 310
(3) Mode ExhibitingByy Symmetry inDan

Cod Cof Caf Cob Cof e Cgb CoB el Cd

—111 0 -—142 —-18 —267 18 —60 —241

(4) Mode ExhibitingAyg Symmetry inDap

V29 —-31 -

Bk e % G oy b o o
mdF —70 —42 —128 —252 132 -8 - — — =716
vidF —4 —91 —55 —159 —368 —042 —710

(b) Electronic Parameters (in cntt) Obtained from the Fits
to the DPDs and REPs of 5,15-Dinitro-Ni(OEP)

OA, —1500
To 130
I's 530
oo 180
OB 180

Schweitzer-Stenner et al.

To assess the out-of-plane distortions in the different con-
formers, we first compare the data for the sublinesof-rom
the coupling constants in Table 1, one deriag‘g/cglg values
of 3.03 forv,'F (CP1 and CP2) and 1.5 fap"F (CP3). This
difference is significant and indicates that the CP1/CP2 are more
nonplanar than CP3. This notion is in accordance with Raman
spectroscopy data on numerous nonplanar porphyrins, which
suggest that in particular ruffling causes all the so-called core
size marker modes to downshift?

The coupling parameters of tey-type modeyio are more
difficult to interpret. For the ratiaxglg/ o One obtains 0.13 for
v16-F (CP1) and 0.05 for;¢™F. This underscores the notion that
the CP1/CP2 are more nonplanar than CP3. On the contrary,
the Franck-Condon parameter@g and c’ég are significantly
larger forv1g™F than forv,d-F. This can be interpreted as resulting
from differences between the electronic pm83l:|ellaqf29
0gPw agPlelle = Q, B) rather than from differences in the
productdgPudgBa in the matrix elementsﬁég. Hence, our data
indicate that the excited states are distorted along the normal
coordinate ofv19 and that this antisymmetric distortion is more
pronounced for CP3 than for CP1/CP2.

We now discuss the coupling parameters arising figy
and potentially also from the combined presencBgfandAy,
distortions. To compare them for different conformers, we
normalized them onto the corresponding parameter obtained for
the D4y, symmetry to eliminate uncertainties of the determination
of the relative concentrations. Fofg, the respective ratios
cqy/csg are 0.57, 0.64, and 0.62 for CP1, CP2, and CP2,
respectively. This suggests that the distortions which gives rise
to cgzg are very similar for the three conformers. On the
contrary, the corresponding ratios are quite differentifgf®
andv,,"F, i.e., 2.68 and 0.91, respectively. The latter finding
suggests that CP1 and CP2/CP3 differ in terms of,NO

2 The values of the coupling parameters exhibiting the corresponding orientation, which, as we will show below, determines the degree

Dan symmetry are typed in bold® Ni 5-nitro—OEP.

in terms of the perturbed electronic wave functions of the
distorted moleculé®2%Since the absorption spectra do not allow

of Tt mixing between the N@p, and the macrocyclegorbital.
This interaction gives rise tByy distortion. The Iargecgzglcglg
(v11) value observed for CP1 thus results from a stroriggr

distortion induced by more horizontally oriented N@roups.

us to separately determine the electronic distortions (contrary tpis explanation, however, is at odds with the nearly identical

to Byg perturbations, electroniB,g- and Axg-type perturbations
have to be very strong in order to cause significant splitting
between thex andy components of the B and Q stéie we
have no independent knowledge of their contribution taﬂge

These three contributions will be considered in the subsequent

discussion.

Comparison of Different Conformers. Our spectral analysis
of the v10 band shape of Ni(5,15-diNB-OEP) revealed three
different sublines at 1633 cm (v10-F), 1642 cntt (v1o“F), and
1652 cntt (v107F), assignable to coexisting conformers which
in the following are denoted as GFCP,, and CR, respectively.
Only two sublines could be identified for the three other
structure-sensitive lines investigated, namedy,v1o, andvs.

All these lines are well-known to downshift with increasing
nonplanar distortion® A comparison of the intensities suggests
that for v, andvig, the more intense lower-frequency sublines
at 1591 and 1571 cni result from overlapping contributions
from CP, and CB, whereas the higher-frequency subline is
assignable to GP The situation is somewhat different fors,

for which the high-frequency subline is more intense. This

cay/cog values of thevyo sublines, since it is difficult to
imagine that a mode with such a strong—€C,, stretching
contribution remains unaffected by ther interaction between
NO, and macrocycle. Alternatively, one can invoke the pos-
sibility that a significant part o(:gz,g results from the combined
presence of rufflingB,,) and doming A2,). The corresponding
contribution to the vibronic perturbation is proportional to
0ff20qPw. If CP 1, as expected, is more ruffled and/or more
domed than CP2 and CP3, one indeed expectscﬂﬁcpl)

> cgzg (CP2/CP3), as observed for;. The different behavior
of the corresponding1o subline parameters then reflects a
negligibly small contribution ofd3He/(9g,d0*2dqPw) to the
vibronic perturbation of1o. This is not unlikely, since changes
in the doming coordinate may have a limited influence gr-C
Cnm stretch. Overall, this model predicts that the three conformers
exhibit comparabl@®,g-type distortions (and thus similar NO

orientations) but differ in terms of nonplanarity.
The cglg and cgzg parameters of19 andv,, respectively, also

deserve some comments. They both reflect also the influence

suggests that it represents two overlapping sublines from of Byg and, possiblyAgy distortions. Though their values are

conformers assignable to gBnd CR. The DPDs of all these

less reliable than those of th%zg parameters obtained from the

sublines show that all three conformers are subject to in-plane v;o andv1; data, the differences between the corresponding low-

(B2g), out-of-planeByy (ruffling), Boy (saddling), and possibly
also Ay, (doming) distortions.

and high-frequency sublines must be considered as significant.
They consistently indicates that CP1/CP2 is more affected by
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the corresponding distortions than CP3, consistent with the 5
results obtained for the; sublines. Thus, this finding is * v10(MF) = v,(HF)
consistent with the notion that CP1 is more affected by doming :
and ruffling than CP2 and CP3

Taken together, the model most consistent with our experi-
mental data can be described as follows. The three coexisting
conformers obtained from our spectral analysis are all subject
to in-plane By deformations and out-of-plane rufflind{,) ,
saddling By), and doming £;,). The conformer CP1 assignable
to the lower-frequency subline of the marker bangls/io, v11,
andvig is more nonplanar (most likely more ruffled) than the
conformers CP2 and CP3 giving rise to the middle- and high-
frequency sublines. Th,y deformations of the three conform-
ers are likely similar. One therefore expects that they exhibit
similar NG; orientations. 0 — 01 L

Comparison of N|(5,15'NQ_OEP) with N|(5-NOZ_OEP) 16 18 20 22 24 26 16 18 20 22 24 28
Unfortunately, the REPs and DPDs of Ni(5-WAOEP) are of
much lower quality. The large noise does not allow a quantita-
tive analysis of most REPs and DPDs. To facilitate at least a 10° 10°
rough comparison between Ni(5-NOOEP) and (5,15-N@- v10(MF) V,(HF)
OEP), we have carried out a fit to the REPs and DPDs of the
sublinesy1MF andv,HF. To simulate the multimode contribution,
we used the coupling parameters obtained for Ni(5,15-diNO
OEP). The result of this analysis is shown in Figure 9. The fit
to the REP ofv,F does not accurately account for the very
scattered @intensities, but reproduces the DPDs with sufficient
accuracy, whereas a satisfactory reproduction of the data is
obtained forv;g"F. The coupling parameters are also listed in
Table 2. Apparently, the relative and absolaf(v;") and
caa(vyo) values, which reflecBg-type distortions, are smaller
than the corresponding coupling parameters of Ni(5,15-diNO
OEP). This indicates, that in accordance with expectaag,
distortions are weaker in Ni(5-N© OEP). The absolute value 10 —T— 10+ ——
for cgg(vy") is larger than that obtained for theH* of Ni(5,- 16 18 20 22 24 26 16 18 20 22 24 26
15-diNO,~OEP), but its relative valuey/cg = 1.2 is even Excitation Wavenumber [cm™'*10°]
lower. This suggests that Ni(5-N©OEP) is less nonplanar than i L ) ) . )
Ni(5,15-diNO,— OEP), in accordance with conclusions drawn Figure 9 Depol_arlzatlon dlspersmn_and resonance eXC|tat|on'prof|Ies

. . . - of the intermediate frequency subline of tBg-type v1o and high-

from earlier Raman_ expenmerﬁ%AItogether, this comparison frequency subline of the of th&g-type v, vibration of Ni(5-NO—
supports the validity of the analysis based on our Raman ogp). The solid lines result from the fitting procedure outlined in

Depolarization Ratio p(Q[)

107 10
102

102

103 108

Resonance Excitation [a.u.]

dispersion data. Materials and Methods and Results.

Estimation of Macrocycle Deformations.The crystal struc-
ture of Ni(OETPP) revealed a very strong saddIBg-type the marker lines. To employ eq 9 for a comparison of
distortion along they1g mode, which adds to a total value of Ni(OETPP) and Ni(5,15-diN@-OEP), we use the planar
3.8 A and a hardly detectable small ruffligy, distortion of conformer of Ni(OEP) as a reference system so thataihe
0.09 A3 Raman dispersion spectroscopy confirmed the exist- & = 1608 cnt%, which is somewhat higher than the values
ence of saddling and ruffling for Ni(OETPP) in €% used by Franco et dlTo estimateby, we use the\g,, = 1.5 A

A comparison of thec values of the twov, sublines of obtained for crystallized triclinic Ni(OE®and the correspond-
Ni(5,15-diNO,—OEP) (-166 and—355 cntl) and the (single) ~ iNg Raman frequency of 1595 cri#*to obtainb; = 2.56 cn?/
v, line of Ni(OETPP) (97 cmY)22 suggests that the former A® The coefficient can be estimated to 0.2157¢A“ from
molecule is much more nonplanar than the latter. This seemsthe v2 frequency of Ni(OETPP) (1563 cn) and theAs,, =
to be surprising because the core size marker bands of the3-8 A value of its crystal structure. _

Raman spectrum appear much more downshifted for Ni- TO estimateAns and Asag for Ni(5,15-diNG,—OEP), we
(OETPPY3L The absorption spectrum also indicates that Ni- compare itscgg(v?) values (Table 1) with that of Ni(OETPP).
(OETPP) is superior in terms of nonplanarity. However, this By assuming that the electronic part of the vibronic coupling
contradiction can easily be resolved if one takes into account matrix element is identical for both molecules, one obtains
that cgy linearly depends on the produégfuog. On the & e _ -
contrary, the frequencies of the marker lines exhibit a nonlinear 09 69 (v, ,5,15— NO, — NiOEP) = 1.82g6q"™

dependence on the total amount of rufflingg() and saddling (v,, NIOETPP)
(Ag,,), which according to Franco et al. can be approximated
by’ oo (vsF,5,15— NO, — NIOEP) = 3.9

(v,, NIOETPP) (10)

— 4 4

Q=a,+bAg +a+bAg 9)
o' is a mass-weighted normal coordinate. If it is predominantly

whereay, ap, by, andb, have characteristic values for each of determined by a single normal coordinate (normally that of the
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TABLE 2: Results from the SNCD Analysis of All Ni(5,15-NO,—OEP) and Ni(5-NO,-NO,—OEP) Conformers with a
Boltzmann Factor of at Least 5% at Room Temperaturé

(a) Ni(5,15-NQ—OEP)

relative Boltzmann substituent
energy ruffling doming saddling rhombic factor orientatiori
0 2.130 0.613 0.183 0.310 0.26 oofp-Nh+aoesps-Nh+
1.0 2.016 0.436 0.094 0.193 0.046 oaBp-Nh+aoss-Nv+
0 2.113 0.623 0.003 0.303 0.26 aaoo-Nh+64BA-Nh+
0.2 2.131 0.605 0.089 0.298 0.19 oaBp-Nh+ppoa-Nh+
0.76 2.131 0.399 0.0 0.187 0.075 oaBp-Nh+ppoo-Nv-
(b) Ni(5-NO,—OEP)
relative Boltzmann substituent
energy ruffling doming saddling rhombic factoP orientatiori
0 1.710 0.313 0.078 0.145 0.19 aaao-Nh+5665
0 1.657 0.101 0.073 0.003 0.19 aofp-Nh+ppaa
0.1 1.715 0.308 0.168 0.143 0.15 aopp-Nh+oasp
0.61 1.656 0.093 0.008 0.080 0.66 ofap-Nh+apofs

aThe first column lists the relative energies (in kcal/mol with respect to the conformer of lowest energy). The SNCD values (in A) were obtained
by using a complete basis set; i.e., the deformations are summed over all modes of a given symmetry. Since it is calculated from the individual
distortions by use of eq 16, the sign has become arbitrary and is therefore omitted. As we have outlined in the text, the predominant contributions
for all deformations are provided by distortions along the modes of lowest and second lowest frequency. The right-hand column depicts tine orientatio
of the substituents. The Boltzmann factor is normalized on the partition sum of the system to yield the molar fraction of the confddmented
above @) and below g) the average plane of the macrocycle; h, horizontal orientation; v, vertical orientation; oriented &parel (below )
the average plane

lowest frequency mode of symmetly), it can be calculated  to rule out the solution with the stronger saddling component

by?2 because one would then also expect some contributions from
the third-order termaHey/ 0,90 *2:0082) 0200 (Byg perturba-
tion) to the vibronic coupling of thd,g and B,y modes, in
oq = A/ Zm(A) (11) contrast to our experimental data.

Altogether, the above calculations and considerations led us
whereA; andm are the out-of-plane displacement and mass of to conclude that both conformers are mostly ruffled, with some

theith atom. The total distortion for a distinct symmefryis m‘”OF de_gree of sado!ling and with some not yet quantified
then given by contribution from doming.
Molecular Mechanics Calculations.To obtain independent
information about the structural heterogeneity of the investigated
= | z(Air)2 (12) porphyrins, we have performed molecular mechanics calcula-
T tions to obtain all stable conformers (local minima with respect

to all normal coordinates) of Ni(5,15-diNGOEP). These
If one neglects the small mass difference between the nitrogenconformers differ in terms of their substituent orientations. The

and carbon, it follows from eqs-912 that thus obtained structures were then subjected to a SNCD analysis
as developed by Jentzen etain order to obtain all symmetry

Ag Ag (v,"5,15-NQ-NIOEP)= 1.82A5 Ag_ classified distortions. Table 2a lists the relative energies (with
(v,, NIOETPP) respect to the conformer for which the lowest energy was

obtained) and the SNCD values of all conformers with a

ABMABZU(V;F'5,15_ NO, — NiOEP)= 3'9ABMABZU Boltzmann factor of at least 5% at room temperature. A more

) complete list of conformers and their energies and SNCDs are
(vo, NIOETPP) (13) given in the Supplementary Information (Table S2) for this
paper.

The most interesting aspects of these results are as follows:
1. The most stable conformers in the (relative) energy range
between 0 and 0.2 kcal/mol all exhibit very strong rufflirgX
A) and significant doming~0.5 A). Saddling is comparatively

provided that the out-of-plane modes exhibit similar eigenvectors
for these two molecules. To obtaikg,, and Ag,, for Ni(5,15-
diNO,—OEP), we combine egs 9 and 13 and obtain

b,(Ag )8 Qv 2)( Ag ) + a+t b’7 =0 (14) weak (between 0 and 0.21 A). Waving and propellering are even

w b, u b, less relevant. As physically expected, the dominant contributions

to all these distortions result from deformations along the normal

where Q(vy) is the wavenumber of the, line of Ni(5,15- coordinates of the lowest-frequency mode (Figure 1) of the
diNO,—OEP) andn = 1.82 and 3.9 forv*F and v,'F, respective symmetry block (minimal basis).

respectively. Solving eq 16 yields two different pairs of values 2. All conformers exhibit significanBy,-type deformations.

for both sublines, i.e., (1\s,, = +1.67 A, Ag,, = +£0.37 A, They are particularly large for the conformers of lowest energy
and Ag,, = £0.21 A, Ag,, = +£2.98 A for v;" (representing  (~0.3 A). As assumed as a basis for our theoretical consider-
CP3) and (2Ag,, = +1.72 A, ABzu +0.77 A, andAg,, = ations, contributions from other asymmetric in-plane distortions
+0.31 A, Ag,, = £3.21 A forv (representing CP1/CP2). If,  are negligibly small. The totally symmetAsq-type deformation,

as suggested by the above conS|derat|ons the macrocycle alsbowever, is large$0.75 A with respect to the reference system
exhibits some significant contributions from doming, one has Cu(ll)—porphyrin). Surprisingly, the dominant contribution to
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the total Byy distortion results from deformations along the
normal coordinates of thByq vibrations with the second lowest
frequency t34) (extended basis set in Table 2a). The lowest-
frequency modess is only of minor relevance. The eigenvector
of v34 is shown in Figure 1. This mode involves a rhombic
distortion along the N C, lines, NG symmetric bending, and
some ethyl deformation.

3. All three conformers in the-00.2 kcal/mol energy range
exhibit different ethyl orientations, i.exo55-Nh+-oa55-Nh+,
aaoo-Nh+-464B-Nh+, andaosp-Nh+-Saa-Nh+ (o, above
the average plandg4, below the average plane), but the same
horizontal (k) orientation of the N@groups. Conformers with
alternating ethyl orientatiomf3a,3) and vertical NQ orienta-
tions are not very much populated at room temperature.

J. Phys. Chem. A, Vol. 105, No. 27, 2008691

molecular mechanié$é and DFT calculations on NiTPP
suggests that the former might even slightly overestimate the
energy differences between two porphyrin conformers.

The magnitude of the distortions derived from the SNCD
analysis of the most stable structures is in qualitative agreement
with the above estimation from our Raman data. The quantitative
discrepancy (20% for the ruffling distortion) may in part result
from the assumption that the electronic part of the matrix
elementcgzg is the same for NIOETPP and Ni(5,15-diN©
OEP). In view of the electronic interaction between nitro and
macrocycleay, orbitals, this is certainly an oversimplification.
However, it is also likely that the conformers are somewhat
more saddled than indicated by the SNCD analysis. A saddling
of zero as obtained for one of the most stable conformers is not

In accordance with our interpretation of the Raman data, the in agreement with the Raman data. Finally, our analysis may
SNCD analysis of the theoretically obtained structures support somewhat underestimate the influence of ruffling on the

the existence of significant doming. To estimate its contribution
to matrix elements of vibronic perturbation, we focus again on
the cgz,g coupling elements 0By modes. The second-order
contribution is proportional t&\Bzs (~0.3 A), whereas the third-
order term is related to the produfaABu ~ 2.1 A x 0.5 A

= 1.05 ﬁ?gcf. eqg 11). The electronic part of the third-order
term, [@Q]5°He/dq, 902 dqPw|BL] can be assumed to be an order

of magnitude smaller than that of the second order term,

|ZQ|32I:Ie|/8qr 00PB2|BL Thus, the third order term may contribute
approximately 25% to the overall strength ofg. This,

frequency. As recently shown by Song et®several of the
“core size markers” exhibit a stronger dependence on ruffling
for di-meso substituted than for tetraeso substituted metal-
loporphyrins. This may be caused to the presence of doming
distortions in the former.

We have also carried out molecular mechanics and SNCD
calculations for Ni(5-N@-NiOEP). The distortion parameters
of the four conformers with the lowest energy are listed in Table
2b. As for Ni(5,15-diNQ—OEP), one obtains dominant ruffling,
followed by doming and a small contribution from saddling.

however, heavily depends on the vibrational mode. Our Raman B,y deformations were obtained for three of the conformers.

data indicate that the vibronic perturbation »f; depends
significantly on doming, while this type of distortion is nearly
irrelevant forvqg.

The absolute values of all distortion values are lower than those
obtained for Ni(5,15-diN@-OEP). This is in full accordance
with our Raman data. In fact, theg value obtained for the

Unfortunately, the results of the molecular mechanics calcula- MF-subline ofvigand the SNCD analysis both suggest that the
tions do not allow us to make an unambiguous assignment of Bzg deformation of Ni(5-NG—OEP) is approximately half of
the observed sublines. The relative energies listed in Table 2athat of Ni(5,15-diNQ—OEP). The in-plane distortions induced
suggest that only four of the calculated conformers (subset 1) by the nitro substituents can therefore be considered as additive.

are significantly occupied at room temperature (between 19%

and 26 %). They are very similar with respect to ruffling and
in-plane-rhombic distortions, which only vary in the ranges of
2.11-2.13 and 0.3-0.31 A, respectively. Changes along the
doming coordinate are somewhat more pronounced, e.g50.52
0.62 A. All these variations are certainly too small to cause

It is interesting to compare the above results with the structure
of the fully substituted Ni(5,10,15,20-NSOEP). As recently
shown by Sengé,the steric demand of NOsubstituents is
comparable with that of the phenyl substituent so that the
crystallized tetranitro-substituted macrocycle exhibits strong
saddling Ag,, = 3.35 A) with some admixture of rufflingXg,,

any significant frequency differences. The saddling coordinate = 0.653 A). This shows that type and magnitude of out-of plane
varies between 0 and 0.18 A, but the structural markers aredistortions does not only depend on the choice of the substituents
generally not sensitive to such a small amount of saddling. but also on their number and on the overall symmetry of their
Conformers of second subset (subset II), which are somewhatattachment.
less nonplanarAg,, = 2.016 and 2.047 AAg,, = —0.094 and It should be mentioned that the combined occurrence of
0.016 A, andAa, = 0.436 and 0.343 A), have relative doming and ruffling seems to be a characteristic property of
occupations of less than 10% because they separated by morg, 15-meso substituted porphyrins. Song €t ahd Jentzen et
than RT from the conformer with the lowest energy. Our all5 have performed SNCD-analyses for a variety of such
measurements of Raman spectra at 170 K are not indicative ofporphyrins and found that their most stable conformers are
any significant changes of intensity rations of corresponding domed and ruffled with some contribution form saddling. The
sublines®® This suggests that the conformers CP1, CP2, and authors called this a gabled distortion. Most of the investigated
CP3 are nearly isoenergetic. It is therefore more likely that the porphyrins (with propyl, isopropyl, and phenyl as meso sub-
three conformers in subset | are those detected in our Ramarstituents) are significantly less nonplanar than the nitro substi-
experiments. Due the strong dependence of the marker linetuted porphyrins investigated in the current study. Only Ni(ll)-
frequency on the ruffling distortions, a slightly larger variation (5,15-ditert-butyl-porphyrin) appears highly non planar with
of Ag,, would already be sufficient to explain the observed ruffling and doming values in the range of Ni(5,15-diNO
frequency differences between the sublines. The different OEP). In other words, the nitro groups have approximately the
vibronic perturbation parameters arising from nonplanar distor- same destabilizing affect on the porphyrin macrocycle as the
tions most likely reflect different contributions from saddling much more sterically demanding substituest-butyl.
and doming; i.e., CP1/CP2 are less saddled and domed than Thys far, limited attention has been paid to in-plane distortions
CP3. of porphyrins in solution and in proteins. In part, this stems
Itis of interest to no note that the energy differences between from the fact that they are more difficult to quantify. Senge et
the lowest conformers of the investigated molecules are smalleral 36 have carried out the conformational analysis of a series of
thankT; i.e., they are nearly isoenergetic. A comparison of recent decasubstituted free base and Nitiporphyrins with 5,15-diaryl
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and 5,15-dialkyl substituents (ethyl, phenyl, angHg2,5-O-
CHjz) and found a rhombi8,g distortion in the free as well as

in the metal compounds. The values obtained (602 A) for

the latter, however, are smaller than that obtained for Ni(5,15-
diNO,—OEP) in the present study. Jentzen et®abserved a
somewhat largeBy,-distortion for Ni(5,12tert-butyl-porpyrin)
(0.261 A). This comparison underscores the notion thas NO
very effective in reducing the in-plane symmetry of the
macrocycle.

A recent mass spectroscopy analysis of 5:NOEP has
revealed a novel fragmentation pathway that involves the
cleavage of the porphyrin macrocyéeSuch a destruction of
the macrocycle was not obtained féisubstituted porphyrins.
The authors hypothesized that nonplanar distortions are respon-
sible for the fragmentation of the macrocycle. In view of the
present study one may suspect that the in-pBgedistortion
must also be taken into consideration. As shown in Figure 1,
this distortion involves a deformation of the C,C, angles of
the substituted methine bridges, which might facilitate the
observed porphyrin scission. This issue can be clarified by
comparing metalporphyrins with meso nitro and alkyl substitu-
tions.

Taken together, the molecular mechanics calculations support
the results obtained from the analysis of the Raman data in that
they provide evidence that both Ni(5,15-diNGOEP) and Ni-
(5-NO,—OEP) are subject to ruffling, doming, and rhombic and,
to a minor extent, saddling distortions. This demonstrates that
meso substituted nitro groups can very efficiently perturb the
symmetry of the porphyrin macrocycle.

INDO/s Calculations. In the above paragraph, we have
invokedsr interaction between N£and porphyrin as the main
cause for the symmetry deformations of the macrocycle. To
verify this hypothesis, we have performed single-point INDO/S
calculations with configuration (Cl) interaction for one of the
two most stable conformers of Ni(5,15-diNOOEP). Enough
orbitals were included in the CI calculations to account for at
least 80% of each nickel d orbital. Figures 10 and 11 exhibit
the molecular orbitals of three HOMOs (highest occupied
orbitals) and three LUMOs (lowest occupied orbital). The
highest-lying HOMO 0 is reminiscent of theg, orbital of the
four-orbital modef3 HOMO 1 is the next lower-energy orbital;
it shows the porbitals of the horizontal nitro groups heavily
mixed with the ay, orbitals of the macrocycle. Thistr
interaction causes a strong electronic perturbation of the ground
state. This electronic perturbation causes a structural change
and lowering of the symmetry, which might not be fully
accounted for in the molecular mechanics calculations. The three
LUMOs 0, 1, and 2 nicely demonstrate the interaction between

the g orbitals of the porphyrin and higher-lying NQ@rbitals. Figure 10. Horizontal and vertical views of three HOMOs of Ni(5,15-
Because of the 5,15-substitution, oy or ey, (depending on ~ NO.—OEP), as obtained from INDO calculations.
the choice of the coordinate system) can mix with\bitals. shown to the lowest LUMO, and they have significant porphy-

This yields the LUMOs 1 and 2. The otheyorbital has anode  rin-to-nitro charge-transfer character. PM3 (for Ni(5,15-diNO
at the substituted meso carbons and remains unaffected. As @EP)) and low-level ab initio (b{5,15-NQ—OEP)) calculations
consequence, the degeneracy of €eLUMOs is removed.  zlso predict these near-IR bands, as well as the mixing of the
Moreover, it becomes clear that the four-orbital model breaks nitro and frontier porphyrin orbitals. However, the predicted
down for nitroporphyrins. This is in accordance with what is  pands have not been observed in preliminary spectra of the near-
indicated also by our Raman data. IR region (Medforth, C. J.; Shelnutt, J. A. Unpublished results.).
The orbital mixing just described results in near-infrared We speculate that the transitions may actually be shifted into
absorption bands appearing in the region between 800 and 120Qhe visible region and obscured by the much stronger porphyrin
nm with intensities that depend on how horizontal the nitro transitions (Q band), but our REPs do not indicate the presence
group is with respect to the porphyrin mean plane. The of another resonance energy in the Q band, which, if it exists,
intensities range from a significant fraction of the calculated should particularly affectno,. The failure to detect these near-
intensity of the Q band to several times larger than that of the IR bands may indicate that the conformers with the horizontal
Q band. The bands arise from transitions from the HOMOs orientation of the nitro group may actually be at higher energy
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Summary

The present study shows that nitro substituents attached to
the meso position have a significant impact on the electronic
and structural properties of metalloporphyrins. They interact with
the macrocycle by electron withdrawing andsy interactions.

The latter give rise to an admixture of M@rbitals into the
ground and excited states of the macrocycle, which causes a
break down of Gouterman'’s four-orbital model. This interaction
also destabilizes the macrocycle and, thus, facilitates in-plane
and out-of plane distortions. For Ni(5,15-diNOEP and Ni-
(5-NO,—OEP) in C3, we obtained (at least) three different
coexisting conformers with different ethyl orientations. They
are all subject to strong ruffling, significant doming, and in-
plane rhombic distortions along the methine bridges. Small
saddling distortions are also present. The detected conformers
most likely differ in terms of their saddling and doming
distortions but show similar ruffling and rhombic distortions.
The calculations predict that the nitro substituents are oriented
horizontally, which facilitates theirzzr interaction with the
macrocycle. Conformers with vertical NQorientations are
higher in energy, and their population at room temperature is
negligibly small. Comparison of the mono- and dinitro-
substituted porphyrins reveals larger distortions for the latter.
With respect to the in-plane rhombic distortion the influence
of the nitro groups is nearly additive. Concerning their pertur-
bative capacity, the N£competes with very sterically demand-
ing alkyl substituents such dsrt-butyl.

Several yet unanswered questions arise from the results of
this study. First, it is unclear how the energy diagram of the
m-electron system is changed as a consequence of the break
down of the four-orbital model. The absorption spectra look
surprisingly normal, but we have experimental evidence for
dramatic changes at cryogenic temperatures, which are still not
understood (Lemke, Cupane, Leone, Schweitzer-Stenner, un-
published results). Optical absorption measurements by Hobbs
et al?5 have identified an absorption band which shifts from
347 nm in Ni(5-NQ—OEP) to higher wavelengths with
increasing nitro substitution. It may be assignable to a transition
from the ground state to the highest of the three new,
nondegenerate excited states formed by the interaction between
the g, orbitals and NQ. Second, it is worth exploring the
electronic structure of the excited states of 5,15,Nf@orphy-
rins. The split Q and B states should always have one component
that is electron-deficient in the macrocycle due to the delocal-
ization over the N@ orbitals and another that is unperturbed.
Hence, the former may serve as electron acceptor and the latter
as donor in porphyrin chairf§.The energy difference between
these excited states can be modified by imposing additBpal
type distortions (rhombic distortions along the-Nle—N lines)
using specific asymmetric substitution of tiecarbons or by
choosing a free-base porphyrin. Third, it would be of interest
to learn about the influence of (asymmetric) nitro substitution
on photoexcited d states of the metal, which because of the
Figure 11. Horizontal and vertical views of three LUMOs of Ni(5,15-  Vvariability of their lifetime, have attracted considerable interest
NO,—OEP) as obtained from INDO calculations. of researchers over the last 10 ye®&&ourth, it may be of

relevance for porphyrin design to compare the impact of meso-
than that of the vertical conformers, notwithstanding the andp substituted nitre-porphyrins.
molecular mechanics calculations that predict the opposite, but
it would contradict our Raman dispersion data, which are  Acknowledgment. Part of this project was supported by the
indicative of a very strong electronic interaction between the European Community in the Framework of the network program
macrocycle and the NGsubstituents. Different parameters for  “The Dynamics of Protein Structure”, which was part of the
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