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Time-dependent density functional calculations have been performed on the symmetry and spin-allowed E
excited states of the nickel tetrapyrrole series, NiP, NiPz, NiTBP, and NiPc. Optical spectra collected in
noncoordinating solvents are presented for NiTBP, for the newly synthesized octaethyl nickel porphyrazine,
NIOEPz, and for MgOEPz. The theoretical results prove to agree very well with the experimental data, providing
an accurate description of the UWis spectra. The effects on the optical spectra of introducing in the basic
porphyrinic ring, aza bridges, benzo rings, both aza bridges and benzo rings, and a transition metal are
highlighted and interpreted on the basis of the electronic structure changes occurring along the series. The
following results were found: (i) The near-degeneracy of the configuratiapsXand (awe,) of the four-

orbital model leads to strong mixing in NiP. The resulting low-energy state corresponds to the Q band with
low intensity due to opposing transition dipoles of the contributing transitions. In NiTBP, NiPz, and NiPc,
the degeneracy is lifted, and the lowest transition becomes increasingly putely\{ath concomitant larger
intensities in the Q band, which is most intense in NiPc. (ii) The B band is calculated to correspond in NiP
to a strong mixture of the degenerateég) and (a.g,) configurations with parallel transition dipoles, hence

a large intensity. In NiPz and NiPc, the B band can no longer be described in terms of the four-orbital model,
it has considerable MLCT character in NiPz and corresponds to a more complicated configuration mixing in
NiPc. (iii) Transitions involving metal 3d states, either MLCT or LMCT, influence notably the spectrum to
the blue of the B band.

1. Introduction because of the differences in the metiiand interaction due
to the different size of the coordination cavity.

Since the middle of the century, the optical spectra of metal Since the pioneering PariseParr—Pople (PPP) calculations

complexes with_the most represe_ntative tetrapyrrole ligands, by Weiss et af. on porphyrins and related systems, many
r!ame_ll_)éF?orphé/rlr;ih(F;), porphyraz;nesh(Pz),getratiﬁnzopt?rp?y-ftheoretical studies have been devoted to the excited states of
fins ( ). an P alocyanines ( C)’ ave been the subject o metalloporphyrins and metallophthalocyanines, most of them
numerous experimental and theoretical studies. The vital role ;. semiempirical level. The optical spectra of metallopor-

playeq by these systems in _blologlcal Processes and. thEIrphyrazines and metallotetrabenzoporphyrins have received much
potential technological applicatiolt$ strongly motivated this less theoretical attentidf, 1 due to the paucity of experimental
nterest. spectroscopic data for these systems whose bright future for

The changes in energy and intensity of the main-tiAs applications was disclosed only recerihé
bands upon meso-tetraaza substitution and tetrabenzo annulation No theoretical effort has been put forth in the attempt to
of the basic porhyrinic ring are to date well documerited. explain the dependency of the energy and intensity of the main

Thus, for instance, porphyrazine, tetrabenzoporphyrin, and yv—vis bands on the macrocycle framework as well as on the
phthalocyanine complexes all exhibit a significant red shift in central metal, the only exception in this context being the SAC-
the energy and an intensification relative to the B (Soret) band ¢ (symmetry adapted cluster configuration interaction) calcula-
of the lowest-energyr — 7* Q band. tions of the lowest excited states of free-base porpHyrirge-

The azamethine groups give rise to the possibility of base tetraazaporphyrif free-base phthalocyanidgand the
additional n— x* transitions which alter the spectra of multireference MgllerPlesset perturbation (MRMP) calcula-
porphyrazine and phthalocyanine compared to those of porphy-tions by Hashimoto et &P of the lowest excited states of free-
rin and tetrabenzoporphyrin complexes, especially in the region base porphin, and magnesium, zinc porphyrins, and related
of the Soret band. molecules.

The benzo groups give rise to more complicatee * With the aim of quantifying the effects on the optical spectra
spectra for Pc and TBP than for P and Pz complexes. The of introducing a basic porphyrinic ring, aza bridges, benzo rings,
different nature of the macrocycle is expected to reflect not only both aza bridges and benzo rings, and a transition metal, we
on the spectral features associated with ligand-centered elecstudy here the excited states of the nickel tetrapyrrole series,
tronic transitions but also on those involving the metal ion NiP, NiPz, NiTBP, and NiPc, using time-dependent density
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functional theory (TDDFT). TDDFT provides a first-principles  Sham orbitals, being solutions in exactly the same potential as
method for the calculations of excitation energies and many that of the occupied orbitals, have the advantage that they lack
related response properties within a density functional context. the artificial upshift and diffuse character of Hartreeock

For applications to large molecules, TDDFT methods are an Orbitals. The virtual-occupied KohrSham orbital energy
excellent alternative to conventional highly correlated ab initio differencesAcia = €a — ¢ are in the TDDFT approach the
methods such as SAGCI, STEOM-CC (similarity transformed ~ zeroth-order approximation to the excitation energies. All these
equation-of-motion coupled cluster), and CASPT2 (complete Properties make the KohrSham orbital model very suitable
active space SCF plus second-order perturbation theory), forfor interpretation of the electronic structure and elucidation of
which calculations of the excited states of transition metal the character of the excitations. The meaning of keSham
tetrapyrroles are still a challenge. The reliability of the TDDFT Orbitals and their use for interpretation of chemical bonding is
approach in obtaining accurate predictions of excitation energiesextensively discussed in ref 38. The use of KelSham orbitals
and oscillator strengths is by now well documented for a wide affords a direct connection with the many LCAO-MO treatments

range of molecules, ranging from small molecé&te® to large based on semiempirical or HartreBock orbitals, while having
organic moleculed®2” higher fullerened8 and, more recently, at the same time the benefit of the high accuracy of the time-
metal carbonyl2930 free-hase porphidt and transition-metal dependent DFT tratment of the excitation energies.
tetrapyrrole sandwichéd TDDFT usually provides an accuracy ] ]

for excitation energies comparable to that of the most advanced?- Method and Computational Details

ab initio methods. The computational method we use is based on the time-
Gas-phase spectra to which to compare our theoretical resultddependent extension of density functional theory. TDDFT is
are available for NiPtand the octaethyl substituted nickel- thoroughly reviewed in refs 21 and 341. In our implementa-
porphyrin, NIOEP Solution spectra have been reported to date tion,*243the solution of the TDDFT response equations proceeds
for NiPz and NiTBP, but these are not suitable for comparison in an iterative fashion starting from the usual ground-state or
with theory since, due to the poor solubility of these macrocycles zeroth-order KohirSham (KS) equations. For these, one needs
in most organic solvents, the spectra have been taken inan approximation to the usual static exchange-correlation
coordinating solvents, which strongly affects the intensity and potential vx(r). After the ordinary KS equations have been
energy of the main bands. To have experimental data moresolved, the first-order density change is calculated from an
suitable for comparison, we have collected in diluted solutions iterative solution to the first-order KS equatioiisn these first-
of noncoordinating solvents the optical spectra of the tetrabenzoorder equations, an approximation is needed to the first
porphyrin Ni(ll) complex and of the newly synthesized octaethyl functional derivative of the time-dependent exchange-correlation
substituted nickel porphyrazine, NIOEPz. With the aim to clarify potential vx(r, t) with respect to the time-dependent density
the effect of the presence of the d shell on theNBband system  p(r',t'),%%4445the so-called exchange-correlation (xc) kernel.
of metal-porphyrazines, we have also performed calculations For the xc kernel, we use the adiabatic local density
on the excited states of a nontransition metal porphyrazine, approximation (ALDA). In this approximation, the time depen-
MgPz. The theoretical results are compared with the optical dence (or frequency dependence if one talks about the Fourier
spectrum of the ad hoc resynthesized magnesium octaethylporiransformed kernel) is neglected, and one simply uses the
phyrazine, MgOEPz, taken in a diluted solution of a noncoor- differentiated static LDA expression. In our case, we use the
dinating solvent. Vosko—Wilk —Nusair parametrizatioff This approximation is

The interpretation of the spectral changes along the series,computationally efficient, and it has been demonstrated that
of such important features as the relative intensitities of the Q Other existing approximations do not improve upon the ALDA
and B band systems, of the additional features (N, L, and “extra XC kernels:¥-2647
bands”), and of the influence of the metal 3d states relies heavily ~For the exchange-correlation potentials which appear in the
on a detailed analysis of the electronic structure of these systemszeroth-order KS equations, we use the recent model KS
We will elucidate the electronic structure effects of introducing exchange-correlation potentials,“", which is constructed
in the basic porphyrinic ring aza bridges, (Ni#PNiPz), benzo with a statistical average of different model potentials for
rings, (NiP— NiTBP), and both aza bridges and benzo rings, occupied KS orbitals (SAOP¥:4°This potential by construction
(NiP — NiPc) using a fragment approach where the four pyrrole provides a balanced description of the electron exchange and
or indole rings and the methine or aza bridges are taken ascorrelation in both outer and inner atomic and molecular regions.
building blocks. The extensive molecular orbital analysis we High-quality results for a wide variety of response properties
present here provides not only a new and more clear picture of of prototype molecules have been recently obtained using
the electronic structure of the title tetrapyrrole complexes but v;-°"49 Excited-state calculations have also been performed
also a powerful tool to predict the changes in energy and using the more popular generalized gradient approximated
intensity of the spectral features upon variation of the macro- (GGA) potentialuchP, employing Becke’s gradient approxima-
cycle framework or addition of electron donating or electron tion for exchang® and Perdew’s for correlatiot.BP results,
accepting peripheral substituents. We wish to stress that thenot reported here, are generally very similar to SAOP results,
Kohn—Sham molecular orbitals on which our electronic struc- except for MLCT and LMCT excited states which are computed
ture analysis is based are physically meaningful (see refs 34at the BP level at energies lower than those at the SAOP level
and 35 and references therein). This is related to the fact thatas a consequence of the observed upshift of the metal based
the effective local potential of the KokiBham model has as  molecular orbitals on going from the SAOP to BP potential.
leading terms-apart from the nuclear potential and Coulomb This leads in some cases to a different description of the excited
potential of the total electronic densityhe potential due to both  states, the SAOP results appearing to be more in line with the
the Fermi (exchange) hole and the Coulomb R&té’ The latter experiment than BP results. Relevant examples of these differ-
builds in effects of electronic correlation and in fact gives the ences will be given in the following.

Kohn—Sham MOs an advantage over the HartrEeck orbitals The calculations have been performed for the spin-allowed
in cases of strong near-degeneracy correlation. Virtual Kohn singlet Ay, and E, excited states in the energy range covered
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Figure 1. Atom labeling scheme for NiP (top, left side), NiTBP (top, . . . .
g g (top ) (top NiP NiPz NiTBP  NiPc

right side), NiPz (bottom, left side), and NiPc (bottom, right side).

by the experimental spectra, but only the &ates will be Figure 2. Energy level scheme for NiP, NiPz, NiTBP, and NiPc.

. ) . = Double occupancy is indicated for the HOMO only. All lower-lying
reported and discussed in this paper. The éxcitations up to levels are also doubly occupied. The metal 3d orbitals are indicated
5.0 eV have oscillator strengths smaller than £.A0~2 and with heavy lines, the four Gouterman orbitals are indicated with hatched
are therefore not relevant for the interpretation of the main lines, and the lone pair orbitals of i and g symmetry are indicated
spectral features of the investigated metallomacrocycles. with dashed lines.
All calculations reported in this paper have been performed
with the ADF-RESPONSE moduféwhich is an extension of The elemental analyses were provided by the Microanalysis
the Amsterdam density functional (ADF) program sysféni* Laboratory of the Inorganic Department of the University of
For the calculations we made use of the standard ADF v Padova (Italy).
basis se¥ which is an uncontracted trip@STO basis set, with Spectroscopic and Physical MeasurementsSolution elec-
one 3d polarization function for C and N atoms, one 3p and tronic absorption spectra were recorded at room temperature

one 3d for the Mg atom, one 2p for H atoms, and a tripled, with a Cary O5E spectrophotometer. The solvents were dichlo-
(n+1)s basis with one (hl)p function for Ni. The cores romethane for NiTBP and hexane for MgOEPz and NiOEPz.

(C and O, 1s; Mg and Ni, 1s-2p) were kept frozen. NiTBP was dissolved in dichloromethane by prolonged soni-
The calculations of the excited states have been performedcation at room temperature under vigorous stirring.

for the ground-state geometries of the molecules optimized at ESI mass spectra were obtained with a LCQ (Finningan

BP level imposingD4, symmetry. The molecules lie in they MAT) spectrometer.

plane, with thex- andy-axes passing through pyrrolic nitrogens ~ SynthesesH,OEPz.The free-base porphyrazine ,®EPz,

(cf. Figure 1). Selected optimized structural data of the was prepared and characterized according to the method of

investigated Ni(ll) tetrapyrrole series, together with the recent Fitzgerald et at®

high-quality X-ray data of NiP® are reported in Table 1 (see MgOEPz. The synthesis of MgOEPz was previously re-

Supporting Information). The excellent agreement between the ported® ES* MS (chloroform,mz): theory, 562 (MH); found,

optimized and experimental geometrical parameters of NiP while 562 (MH"). Anal. Calcd. for G2HsoNsMg: C, 68.50; H, 7.19;

confirming the validity of nonlocal density functional methods N, 19.97. Found: C, 68.37; H, 7.10; N, 19.55.

in predicting the molecular structures of porphyrinic systems  NiOEPz.H,OEPz (13 mg, 0.024 mmol), NigDMOE (50

supports the reliability of our optimized structures for the other mg, 0.23 mmol), and 2,4,6-trimethylpyridine (1 drop) were

members of the series. dispersed in a mixture of dichloromethane (5 mL) and DMF (3

mL). The slurry was stirred and heated at 2@for 31 h. The

solvents were removed under vacuum, and the resulting dark

blue powder was passed down to a silica gel column (Merk

Materials. A sample of pure NiTBP was kindly provided . )
. : : Kieselgel 60 276-400 mesh) using a 9:1 chloroform/ethanol
by Professor Noboru Ono, Ehime University, Matsuyama, Japan, mixture as eluant (first band). Yield, 97%. ESIS (chloroform,

;I;hpeoférétki]rf]esrgfasr;c.i the characterization data of the complex aremlz) theory, 596 (MH): found, 596 (MH). Anal. Calcd. for
N,N-Dimethylformamide (DMF, Aldrich), hexane, and dichlo- 2:352;'_4?{'\18'123 5% 64.55;H, 6.77; N, 18.82. Found: C, 64.60; H,

romethane (Fluka) were of spectroscopic or HPLC grade and =~ " "7 =~

used without further purification. Nickel chloride dimethoxy-

ethane adduct, NigIDMOE, was a STREM product. Magne-

sium turnings used in the synthesis of MgOEPz were from

Aldrich.

3. Experimental Section

4. Electronic Structure Analysis

In Figure 2, the highest occupied and the lowest unoccupied
ground-state one-electron levels are shown for the whole series.
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19 & 19 Figure 4. Orbital interaction diagram for interaction between the £(Py)
30 cage and the four CH methine bridges. Gouterman’s four orbitalg (1a
Py (Py)4 43, 56x, and 5g,,) are indicated with hatched lines. The orbital
“Csy” Co Dy, numbering of the P ring system has been adapted to the situation in

Figure 3. Orbitals and orbital energies of the pyrrolic ring system metal salts (see Figure 2), where a metal 84, is present above the
The contributions of the individual C,atomic orbitals to the MOs, in P-3q and a metal 3pla, is present below the P-2a

percentages based on Mulliken gross orbital populations per MO, are ]

indicated in the Figure. The orbital levels in the (Pghge are also  Pperturbation, but less so (only 0.55 eV) than thesEt. The

given. “ex2-y?" has relatively large amplitude on,@Gnd may therefore
play a role in the interaction with the bridges.

For sake of clarity, the metal 3d orbitals in this figure are ~ When forming the (Py)cage, without bridges present, the
indicated with heavy lines, the important four orbitals for the MOs of the Py rings form the symmetry combinations as
Q and B bands, which we will simply denote as the “Gouterman indicated in Figure 3. Evidently, the high,@mplitudes lead
orbitals”, are indicated with hatched lines, and thg(btidging to significantly more overlap and energy dispersion for the e
nitrogen) lone pair orbitals ofpand g symmetry are indicated  and g2-y2 orbitals than for the other ones.
with dashed lines. We next consider the interaction of the (Pyrbitals with
Most of the features of the orbital level spectrum and the methine and aza bridges in Figures 4 and 5, respectively. Note
underlying electronic structure of the ring systems can be that we take as the electron count for the (Ry@ge 22 electrons
understood from a fragment approach where the four pyrrole the four times fiver electrons for the rings being supplemented
or indole rings and the methine or aza bridges are taken aswith two electrons, in accordance with the charge ef fr
building blocks. the ring system in metal salts, or with the two additional
Electronic Structure of Porphin. The pyrrolic rings are electrons coming from the in-plane hydrogen atoms in free base
basically cyclopentadiene (Cp) rings perturbed by the N porphin. A notable feature in the interaction diagram for ¢Py)
substitution in the five-ring. Referring to th@&, nomenclature with (CH), in Figure 4 is that the,eorbitals, with their lack of
appropriate for the Cp ring, we note that the pyrratielectron amplitude on G, are very little affected by the bridges and carry
system is characterized by a lowesi Aombination, with, over almost unperturbed to the porphin ring system. Theg, 2b
however, a relatively large weight on the more electronegative 3e,;, 3a, Set of g orbitals can be clearly recognized in the levels
N atom (see Figure 3), followed by the Eet of orbitals, which of the metal salt in Figure 2. We have for the ease of comparison
are no longer degenerate, the™partner with its amplitude on adopted the same orbital numbers in Figures 4 and 5 as those
N (and on the ¢ Carbon atoms) being more stabilized (by 1.12 in the NiP (and NiPz) systems in Figure 2, so the numbers of
eV) than the “¢’ partner with N in its nodal plane and high  the g orbitals of P in Figure 4 have been raised by 1 to account
amplitude on the gatoms. The distinguishing feature of the e  for the presence of the metal 3@, orbital below ther orbitals
and ¢ orbitals is the different amplitude on the, @toms to of P in the numbering of Figure 2, and the first virtugbebital
which the methine or aza bridges will attach. The nodal plane has been numbered $since the Ni-3d orbital is inserted, as
of the g orbital passes practically through thg &oms, which 4g,, above the 3gin the NiP systems. Comparing NiP in Figure
therefore have no amplitude, so we may expect little interaction 2 with the P levels in Figure 4, we note that the presence of the
with the methine or aza bridges. On the other hand, the e metal ion does not disturb the get of orbitals very much; only
orbitals with their large ¢amplitudes will strongly interact with  the 3¢ is pushed down, to below the Raby the metal 3¢
the bridges. The Eorbitals finally are also split by the N 4g,;, and a metal orbital (3¢-6l,g) is inserted in the,eset. The
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Figure 5. Orbital interaction diagram for interaction between the {(Py)

cage and four N bridging atoms. Details as the same as those in Figure
4.

plot of the 3a, orbital of NiP in Figure 6 nicely demonstrates
its g origin, with large amplitudes at the pyrrolic nitrogens and
(with opposite sign) at the fatoms.

Contrary to the g orbitals, the ¢ orbitals exhibit strong
interaction with the CH bridges. The (Ry3e;-e, and 1h-e
orbitals show interaction with orbitals of matching symmetry
in the set of (CH) r orbitals, resulting in large gaps between
the bonding and antibonding combinations. The antibonding
ones, 5gand 2, actually rise so high as to come close to the
ee-y2 and gy type of orbitals and are stabilized by admixture
of these. The 5LUMO is of course important for the low-
lying excitation energies. Interestingly, the two highest occupied
orbitals are also derived from the @&dzcy orbitals, but from
the two orbitals, 1g on (Py) and 1a, on (CH), that find no
partner on the other system. These therefore end up in P as
“nonbonding” orbitals at almost unchanged energies. The 1a
has nodal planes through the CH bridges and is virtually a 100%
(Py)-¢, orbital. Its g origin and lack of amplitude at the bridges
are evident from the orbital plot of 1aof NiP in Figure 6. Figure 6. Contour plots of the 1g, 3au, 48u, 5&x and 5gy; orbitals
The dayis anin phase combination oftearials on e G 9% 5118 8 85 20 T8 1 S o o oo
atoms of the CH bridges (the,Airrep is only antisymmetric X :

with respect to the plane of the molecule). It does in fact have values are 0.0:£0.02,+0.05,+0.1, 0.2, and+0.5 [e/bohf] ™
significant admixture of the 3gand 1a, (Py), orbitals (23%

and 14% respectively), which both have amplitudes ati®e The plots of Figure 6 further demonstrate that thgdeitals
lack of G, character prevents the (Ryg-2a, from getting consist of antibonding combinations of the (Pg)-3g, (37%)

involved. It is easily deduced from the phases with which the with the (CH), 1gy (29%), stabilized by the (Py)ee--4¢,
3a-(Py)s and lay-(Py)s will mix with the 1a,-(CH),4 that the (27%). The ¢-3g; and g2-2-4g, are localized on different sets
amplitudes on the pyrrolic Nwill reinforce each other; the

of Py rings; for instance,¢, combinations are formed with e
amplitudes at ¢, however, interfering destructively. The plot  orbitals on Py rings at thg axis and with -2 orbitals on the
of the 4a, of NiP in Figure 6 indeed exhibits, in addition to Py rings at thex-axis. Admixture of g_y>-4¢, thus brings in
the strong amplitude at the CH bridges of this originally (¢H)

amplitude on the pland G, atoms of the two other Py rings
orbital, considerable amplitude with reversed sign at the N than the ones wherg-8g; was located (cf. Figure 6).

Ny = i
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The highest occupied orbitals f,aand 4a, and the lowest
unoccupied orbitals %g, and 5gy are the four orbitals whose
significance for the UV and visible absorption spectrum have
been stressed by Gouterm@ o understand the intensities of
the transitions, it is important to notice that these orbitals all
derive from the same orbitals at the (Pg)de (the ¢set) and
the (CH), side (themcy orbitals). This means that when a
transition dipole matrix element is nonzero by symmetry, it will

usually be large since the intraunit (on one Py fragment or on

one CH fragment) contributions will be large. We may take as
an example thg-components of the Fexcited states, ignoring

Rosa et al.

intensity. A qualitative understanding of the main spectral
features of the porphin spectra is thus obtained straightforwardly.
We should of course be aware of the possibility of further
configuration interaction, which will in practice bring contribu-
tions from & to 5g transitions (the 2k — 5¢, and 3a, — 5g
being the only allowed ones) but also from, for instancg, 3e
— 2by, and other transitions. We will consider in the next section
the detailed results of the calculations.

In a forthcoming papet? we will consider the connection of
our presentation in terms of pyrrolic fragments and CH bridges
with the interpretation of the porphin spectra starting from a

spin for the moment (i.e., assuming the electrons to be singletcyclic polyene model system, which has historically played a

coupled). Both the g — 5g; and the 4@, — 5g; excitations
lead to E states, the Ey-components being 1¢= la,5€yx,
and 2@y = 4a&,56yy,. The transition dipol&lay,|y|5eyxL1s large
because the laconsists of gorbitals on (Pyjwhile 5¢x, also
has, apart from the antibonding: contribution, @ character,
namely, on the Py groups at the positive and negatiages-

large rolé%-%2 and is still often cited as providing a qualitative
basis for our understanding of the weak Q and strong B band
system of porphyrines.

Comparison of the Pyrrolic Ring Systems with Benzo-
pyrrolic Systems.In NiTBP, we observe in the level diagrams
of Figure 2 as most conspicuous changes with respect to NiP

(see Figure 6). The on-site overlaps (on these Py fragments)ine gestabilization of the 1@ HOMO, no longer (nearly)

are large. The multiplication witly ensures that the signs are

degenerate with the,@ and the introduction in the virtual

such that constructive interference occurs. The other transitionspectrum of additional low-lying* levels, such as the 4f

dipole, @&y |y|5eyy.] is large because both gaand 5g,, are
derived from the same set of orbitals, i2cH. We may expect
the transition dipole to be somewhat less than that for
[Mlayly|5eyx.since the 4@, has lesstcy content (59%) than
1ay, has g content (98%) and since g has lesstcy content
(29%) than 5gy, has g content (37%). The situation is actually
more favorable fofday,|y|5€yyL[than this comparison suggests,
since the N p, character that both the 4a(due to the (Pyy
3a, and (Py)-1ay, admixtures, see above) and the zddue

to (Pyk-4eyy, admixture) acquire is helpful for building a large

the 6a,, and the 8g close to the 3k, which is the analogue

of the 2k, of the P and Pz systems. The highest occpigdsa
not much affected, compare the,pa NiTBP with the 4a,in

NiP. This would be understandable if the;2& again mostly

a (benzo)pyrrolic orbital and the famostly a (CH) orbital.

To understand the effect of the benzo rings, we show in Figure
7 contour plots of the lowest orbitals of the benzopyrrole
ring system (BzPy). The levels are also given in this figure.
The lowest orbital, the nodeless;llis a low-energy in-phase
combination of the C 2pAQO’s on the pyrrole and benzo rings.

dipole matrix element, as may be easily deduced from the phasesrhe single-node orbitals 2and 1a (we only consider the

as depicted in Figure 6. We find numerically in NiP the large
value of ca. 3.25 au fdflay|y|56;xL] The [4apy|y|5e,y L matrix

element is, with ca. 2.92 au, actually not much smaller. In free-

vertical nodal planes) have and g character on the pyrrole
part and are stabilized by bonding admixtures of G @p the
benzo part. The latter two orbitals are not expected to be

base porphin, the analogous values are 3.30 and 2.72 audegenerate, but their energy separation is doubtless increased

respectively.

For excitations out of thexalerived set of orbitals, 2i 3¢,
and 3a, to 5g orbitals, the transition dipole matrix elements
will suffer from a “zero-order” vanishing of the matrix elements
due to the zero on-site overlap between a Pwed a Py-¢
orbital. The actual transition dipoles will not be zero (except
for 3e; — 5, where they are zero by symmetry) since the e
orbitals have large Namplitude, while we have seen that;5e
also acquires someg¢haracter. In addition, thecy character
of 5g; works favorably by way of overlap with ;Np, amplitude
in the g derived set. Nevertheless, we find dipole matrix

by the stabilizing effect of the Non 2k. The next higher
orbitals, 3@ and 2a, have two vertical nodal surfaces. When
considering their character in the pyrrolic ring part of BzPy, it
is clear that these orbitals are analogous to thefeéPy (the
3by) and g of Py (the 2a). Note the strong amplitude of 2&,

at the G positions (62% total ¢&p, character) and its higher
energy due to the lack of amplitude ap.N'he 3hk-e has a
nodal surface passing very close to thg @nd it has a mere
3% total G,-p, character. There is a second nodal surface in
these orbitals between the Py and the Bz parts, accounting for
the higher energy of these orbitals as compared tothacdg

elements that are smaller by factors between 3 and 20 comparearbitals of Py. In fact, they may be considered as antibonding

to the large dipole matrix elements for the Gouterman transi-

tions.

The proximity of the 1la, and 4a, levels suggests near-
degeneracy of the two primary, Excited states derived from
the (1a,5¢,) and (4a,5gy) configurations. In case of accidental

combinations of theeand g orbitals of Py with Bz orbitals
with high amplitude at the Gcarbons, the lower lying 3kand

1a being the Py-Bz bonding counterparts. We have therefore
denoted in Figure 7 the 1as “g+” and 2a as “g~" (sometimes
just ) and the 2band 3h as “g+” and “e" (or just &). The

degeneracy or near-degeneracy already, a small coupling matrix1ext higher pair of orbitals, 4band 3a, have in the Py part a
element will induce strong mixing, close to 50:50. There is vast Strong resemblance to the g2 and “gy" orbitals of Py.

literature on the importance of this configuration interaction
between the (La5e,) and (4a.5¢,) configurations. The phases
of the mixing coefficients and the transition dipoles are such

We can now understand that, apart from the upward shift of
the orbitals compared to Py, the BzPy will electronically behave
very much analogously to Py. Our analysis of the electronic

that the low-energy stabilized linear combinations, accounting structure of P therefore applies to a large extent to TBP as well.

for the Q band in the visible spectrum, have low intensity due
to opposite directions of the two large transition dipoles while

The orbital energy diagram for (BzRy9f Figure 7, for instance,
displays such a feature as the larger dispersion of,thdezived

the high-energy out-of-phase linear combinations, accounting set compared to thg-ederived one. The interaction with (CKH)

for the B or Soret band in the UV, have parallel transition

according to the orbital interaction diagram of Figure 7, again

dipoles and therefore a large overall transition dipole, i.e., high yields a pure BzPy-localized 2aand a (CH)-localized a,
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Figure 7. Orbital interaction diagram for interaction between the (BzRgpe and the four CH methine bridges. Contour plots and orbital energies
of the lowestr orbitals of the benzopyrrolic fragment, BzPy, are also given. The plane of drawing is 0.3 bohr above the molecular plane. Contour
values are 0.04:0.02,4-0.05,+0.1,40.2, 0.5 [e/bohf]*2

(becoming 5@, in the NITBP system). It is important that the in Figure 2, which will be the basis for the discussion of the
2a,is now at higher energy, which is a direct consequence of absorption spectrum in the next section. In the energy range of
the higher energy of 2sg,~ in BzPy and 2a-e,- in TBP, which —10to—11 eV, there are in NiTBP six levels, as compared
are 1 eV higher in energy thanzte, in Py and 1a-e, in (Py, to three in NiP. The g-derived orbitals 3f, 4, and 4a,
respectively. The 2@ is no longer degenerate with Hasee correspond to thealerived orbitals (2f, 3a,, and 3g) of
Figure 2), since this (CHbased orbital stays at the same energy NiP. In addition, there are the §&by,, and 1a,. The 1a,, the

in the P and TBP ring systems. Figure 7 makes it easy to lowest of this set of orbitals, is a purely-alerived orbital, easily
understand the orbital-level spectrum of NiTBP as presented recognizable as such in Figure 7. The, Bad 2h, levels are
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bonding BzPy-g- to (CH), orbitals. Their counterparts ir’R,

2¢y and 1hy (see Figure 4), were positioned at considerably
lower energies (see also thegzmd 1k, NiP levels in Figure
2). In NiTBP, the 5g and 2h, are at higher energies because
of the upshift of ¢-, which also caused 2ato be higher than
5a,. Moreover, the presence of thg-erbitals of g and hy
symmetry pushes the §and the 2k, up so as to put them in
the energy range of thg-eset. Comparing the ordering of the

Rosa et al.

22%, and 15% admixtures of 4a2a,, and 3a, orbitals of
(Py). This orbital, apart from its lower energy, is actually rather
similar to the 4g, of P, with large amplitude at the bridges but
also significant amplitude at the,Mitoms (see Figure 6 and
the 4a, composition in NiP and NiPz in Table 2, Supporting
Information). When comparing the Pz level scheme of Figure
5 to the level scheme of the NiPz system in Figure 2, we note
that the gap between the jlaand 4a, orbitals is even

levels in Figures 2 and 7, one notes that in the Ni complex the considerably enhanced in NiPz. Thedarbital in NiPz actually

5¢, has shifted a little bit down, to below the gband in
particular the gderived 4g is stabilized, to below theye
derived 4a, and close to the je-derived la, This is a
consequence of the introduction of the 3d levels of Ni. The 5e
orbitals have little overlap with the Ni 3gor 3d,; because they
lack amplitude at the pyrrolic N and have to overlap with the
Ni 3d, orbital sideways. They are very little stabilized by Ni
3d. On the other hand, the-ederived 4g (see BzPy-3bin
Figure 7) does have strong,haracter and a goad overlap
with the lobes of the 3dorbital directed toward it (i.e., 3d
with the 3k in Figure 7). The 4gis in fact pushed down by Ni
3d, to close to the g-derived 1ay.

The 7q LUMO arises from antibonding interaction of the
5¢;-6- of (BzPy) with the (CH) 1e,. It will be stabilized by
the 6g-e2-y2 of (BzPy), again very much like in the (Pyyvith
(CH), interaction. It is instructive to consider the orbital plots
for NiTBP in the panels to the right in Figure 6. It is clear that

shifts below the 2, although it is still above 3g, so it becomes
embedded in theyeset of orbitals. The 3eorbitals belonging
to this set are stabilized strongly by the meta] @) so that
they end up below 3a

In NiPc, the effects of aza bridges and benzo rings gn a
and a, orbitals are both operative. The NiPc,2&s destabilized
by the benzo rings but lies at somewhat lower energy than in
NiTBP, due to the general downward shift of the (BzPlyased
levels induced by the aza bridges. Considering the other
occupied orbital (the bridge basegl)ef the four-orbital model,
it is worth noting that this cannot be associated with the highest
occupied @, orbital of NiPc (the 5a,) but should be associated
with the lower-lying 4a,. The 5a, of NiPc is g -derived. It
actually has an orbital energy comparable to that of the
e-derived 3a, in NiP and the ¢ - derived 4g, of NiTBP (cf.
Figure 2). It is higher than theased 3, of NiPz since the
lowering effect of the positive charging of the (BzRgystem

the NiTBP orbitals are, on the Py rings and CH bridges, indeed due to the aza bridges is compensated by the upward driving

very similar to their counterparts in NiP. The arguments

effect of the antibonding with the benzo part. The lower-lying

concerning the strengths of transition dipoles between the &, orbital, the 4a, is the actual “Gouterman” orbital, correlating

orbitals therefore carry over to the NiTBP case. It is the
differences in the orbital energies, such as the lack af%a,,

with the 4g, of NiP and 5a, of NiTBP. We refer to the plots
of the 4a, and 5a, orbitals of NiPc in ref 63 (where they are

degeneracy, that will cause differences in the amount of denoted 1a and 2a,). These orbital plots also reveal that the

configuration mixing and, therefore, in the transition intensities.
Electronic Structure of Azaporphyrins. The aza bridges

5a, of NiPc is actually like the NiTBP 4g of Figure 6, but
with an out-of-phase admixture of the NiTBP;5&o the effect

introduce in the valence region a few levels that have in-plane that the Iy character disappears and considerabjetaracter

Np lone-pair character, namely, thesgland 12¢ in NiPz and
the 94 and 19¢ in NiPc, see the dashed levels in Figure 2.
The further discussion is restricted to thdevels.

Figure 5 displays the orbital interaction diagram for (Py)
interaction with (N). The interaction pattern is very similar to
the one for the interaction with (Cll)in particular again, the
& set of (Py) orbitals has little interaction with the bridging N
atoms, and theyeset strongly interacts, resulting in a large gap
between the bonding 1band 2g orbitals and the antibonding
partners 5gand 2h,. The latter are stabilized by admixture of
the 4g-e2-y2 and 2h-e,y. An important difference between the

aza and methine bridges is the higher electronegativity of the

former, resulting in an energetically lower-lying set of 4).
orbitals. As a consequence, the final charge distribution on (N)
will be more negative and, on (Ry)more positive. This is
visible in the shift in the energies of orbitals that do not interact
strongly, such as the low-lying 1aset and the gset: they all
shift downward due to the resulting positive charge on {Py)
This also holds for theyela, which is a pure (Py)orbital in

appears. This is found also in Table 2 (Supporting Informa-
tion): the NiPc-5g,is like the 3(4)a, of the other systems but
with the N, character practically reduced to zero and a
considerable build up of bridge character (22.0%). Of course
the NiPc 4a, then should be like the NiTBP 5abut with an
in-phase admixture of NiTBP-4@ resulting in enhanced
amplitude at the pyrrolic nitrogens and reduced amplitude at
the bridging N atoms (cf. the 50%/30% distribution over
pyrrolic Np and bridge N for the 4a, of NiPc, as compared to
the 26-29%/55-58% distribution of 4a, of the NiP, NiPz, and
5&, of NiTBP in Table 2).

It is interesting to note that the 4eof NiPc is shifted very
far down with respect to the 2a due to the combined effect
of upshift of 2a, caused by the antibonding with the benzo
rings (2ay is g, -derived) and the downshifting effect of the
aza bridges on the 4a As a matter of fact, 4gis so low as to
come very close to the,&-based 1a, This 4a,/1ay, (bridge/
e,") degeneracy is reminiscent of the extensively discussed
degeneracy of the highest occupied orbitals gfag, (bridge/

the Pz ring system, as it is in the P ring system. We note that &) character in NiP and will receive special attention in the

the N,-based 44, is no longer degenerate with thelait is

even more stabilized. This is due to the much lower energy of

the N,-based p orbitals than the CH jporbitals. The negative
charging of the N atoms actually causes the,g#o shift up
considerably with respect to the initial atomicyjNevels, but
this upward shift combined, with the downward shift of the,1a
is still not sufficient to bring 4a, close to 1a; there is still a
considerable gap. Incidentally, the,d& not purely located at
the bridging atoms; it has 47% (Nl&, character and 16%,

discussion of the excitation spectra.

Metal 3d Levels.An important feature in the level schemes
of Figure 2 is the presence of the metal 3d orbitals, which are
denoted by heavy lines. In the virtual spectrum, there is in all
cases the,d 2, 7bigin NiP and NiPz and 11 in NiTBP and
NiPc, which is pushed up by antibonding with the pyrrolig N
lone pairs. The highest occupied 3d levels are th¢Sdg in
NiP and NiPz and 13gin NiTBP and NiPc) and the 3d,,
(4, and 6g, respectively). This 3dis rather strongly mixed
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TABLE 3: Calculated Excitation Energies (eV) and Oscillator Strengths €) for the Optically Allowed E, Excited States of NiP

Compared to the Experimental Date

experiment

state composition exc. en. f NiP? NiOEP assignment
11E, 50%(la,— 5ey); 49%(4a,— 5&) 2.40 0.0052 2.28 2.22 Q
21, 42%(4a,— 58y); 42%(1a,— 5&,); 8%(12— 7byy) 3.23 1.0214 3.11 3.22 B
31, 96%(2b,— 5&)) 3.45 0.0009
4, 70%(3a,— 5ey); 29%(4¢— 2by,) 3.77 0.0294 3.70 N
51, 65%(4g— 2by,); 26%(3a,— 58)) 4.00 0.2526 4.20 L
61E, 70%(128— 7byg); 9%(4a,— 66) 5.10 0.8960 5.51 EB
71, 78%(3g— 2by); 8%(Lhy— 5) 5.31 0.1690
81E, 62%(1h,— 5&y); 23%(2g— 2by,); 11%(3g— 2by,) 5.44 0.0001
91, 87%(4¢— 3by); 7%(4a,— 66) 5.64 0.2284

101, 38%(4a,— 6@y); 26%(2g— 2by.); 22%(1a,— 6&y) 5.70 0.3228

11, 32%(11@— 7hyg); 29%(1la,— 66y); 23%(4au— 6&y) 5.79 0.0862

121, 50%(11@— 7big); 21%(la,— 6e&y); 10%(4a,— 6&y) 5.96 0.2092

131, 99%(9ay— 13a) 6.02 0.0007

14E, 28%(2g— 2by); 17%(1a,— 6&y); 15%(1h,— 5&) 6.08 0.3676

2The major one-electron transitions contributing to the SAOP/ALDA solution vectors are also §@8nsolution spectrum of NiP, from ref
53. ¢ Gas-phase spectrum of Ni-octaethylporphyrin (NIOEP), from ref 26.

with the lower-lying N-basedr orbital of the macrocycle, the
ec-3gy, or the § -4g;. The strength of the interaction between
the tetrapyrrole Nlone pairs and the Ni,d 2, as well as of
the out-of-plane interaction between the tetrapyrraojgohand
the Ni-d,, provide two examples of sensitivity to the macrocycle
framework which are worth noting. The smaller the coordinating
cavity of the macrocycle is, the stronger both these interactions,
but specially the former, will be. In NiPz, where the hole size
is the smallest (see Table 1, Supporting Information), dhe
antibonding 7l orbital is strongly destabilized and lies above
the 5¢, and the splitting of the metal-macrocyctebonding/
antibonding pair (3g¢4e,) is relatively large. In the large-cavity
macrocycle TBP, the. >-11hyq is considerably below thge
7ey, and the 6g(d,)- 4ey(e") splitting is relatively small.

The remaining occupied 3d orbital, the in-plang drbital,
is an almost purely 3d orbital in the P and TBP systems (cf.
the composition of the &f in NiP and the 9k, in NiTBP in
Table 2, Supporting Information). In the systems with aza
bridges, the 3¢ (Spg in NiPz and 8By in NiPc) is at
considerably lower energy, being pushed down by grioNe
pair orbital, the NiPz-6% and NiPc-9b; These macrocycle
orbitals are predominantly None pairs, but they also contain
some N in-plane p character, which makes them suitable for
in-planes-interactions with the metal 3d

An extensive discussion of all the metahacrocycle orbital
interactions has been given in a previous p&per.

5. Excited States and Optical Spectra

NiP. Experimentally, the spectrum of NiP has been measured
in CS, solution in the visible and near-UV region (3.3
eV).56 A gas-phase spectrum in a wider energy range<{6.2
eV) is only available for the octaethyl-substituted nickel-
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Figure 8. Gas-phase absorption spectrum of NIOEP from ref 33.

determined from the GSolution spectrum of NiP and the gas-
phase spectrum of NiOEP are gathered in Table 3.

The two lowest'E, states calculated at 2.40 and 3.23 eV
beautifully account for the Q and B bands in the spectrum. As
a consequence of the quasidegeneracy of thg drd 4a,
orbitals, these states are a nearly 50:50 mixture of thg-2a
5e; and 4a,—5e, transitions. The ¥, state has a very small
oscillator strength (0.0052), due to the opposite directions of
the two large transition dipolesd,|y|5ex 0= 3.25 au,
[Aa.|y|56yy = 2.92 au), while the %, where these transition
dipoles are parallel has a large oscillator strength (1.0214).

The oscillator strength of the Q band is calculated to be about
200 times smaller than that of the B band, much larger than the
experimentally obtained relation, even though the latter refers
to the maximum extinction coefficients and not to the oscillator
strengths. Although this discrepancy could be due to a vibra-
tional enhancement of the intensity of the Q band, nevertheless
one should consider that the measured extinction coefficients
refer to an alkyl-substituted nickel porphyrin, while the theoreti-

porphyrin, NIOEP22 The two spectra are nearly identical inthe cal oscillator strengths refer to the bare NiP. Calculations
common region, which is characterized by an intense feature performed on the octamethyl substituted nickel porphyrin,
corresponding to the B band and a very weak Q band showing NiOMP, show indeed that the alkyl substituents have the effect
two peaks ascribed to the{®@) and (G-1) vibrational com- of increasing the intensity of the Q band, for which we obtain
ponents’® The maximum extinction coefficientgmay, for the in the NiOMP case an oscillator strength of 0.0373, a value
Q and B bands were estimated to be in the ratio of 1:7 from the that is only 27 times smaller than that of the B band, in much
absorption spectrum of NIOEP measured in dichloromethane better agreement with experiment. In the enhancement of the
solution33 At the higher-energy side of the Soret band, the gas- intensity of the Q band on going from NiP to NiOMP, one may
phase spectrum of NiOEP shows three bands denoted as N, Lrecognize the electronic effect of the methyl groups, which, by
and M (see Figure 8) and an extra band,ERarting at 5.39 partially removing the degeneracy of the land 4a, orbitals,
eV (230 nm). cause the mixing of the 1@— 5¢, and 4a, — 5¢, to be less
The excitation energies and oscillator strengths calculated for complete (the I, state is now composed for 60% of theyla
the 1E, states of NiP and the experimental energy values — 5e; and 38% of the 4@ — 5gy), so there is less complete
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cancellation of the associated transition dipole moments. The 0.4
intensities are obviously very sensitive to subtle chemical ;:Q
modification of the ring system. !
The higher excited states will involve excitations out of e
type orbitals (2b,, 3a., 3€;) and of course the metal d orbitals
9a4 and 4g and, at higher energies, out of thgbased 2g
and 1hyand N, lone pair orbital 12¢ Of the allowed excitations
out of the g-derived set of orbitals to eorbitals, the 2k, —
5g, is found purely in the ¥, state calculated at 3.45 eV. The
very small oscillator strength of this state is consistent with the
poor on-site overlap between the purely (P 2by, orbital
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and the (Py}-e//nch antibonding 5gpointed out in the previous T T T T T
section. The next allowed excitation out of thederived set 250 350 450 550 650 750
of orbitals to the 5¢ 3a, — 5e,, contributes to a large extent Wavelength (nm)

(70%) to the 4E, state, where it mixes with the lowest allowed Figure 9. Absorption spectra of MgOEPz 12 105 M (- - -) and

MLCT transition of | symmetry, namely, the one from the NIOEPz 2.5x 10°° M (—) in hexane at room temperature.

Ni-d,- 4g; into the Py-g-derived 2h, orbital. The next state, o o

5lE, consists of the same transitions with approximately characteristic (_)f the porphyrin ring and the metal-dependent EB

reversed weights. The phases of the mixing coefficients and €Xtra band. being Strolngly oyerla}pped: The energy of the lowest

the transition dipoles of these transitions are such thatig 4  State of this set, the',, which is mainly a N (l.p.) — do*

has quite low intensity due to the opposite direction of the State asitinvolves the low-lying 12&I, lone pair orbital and

relatively small transition dipoles (0.95 and 0.84 au for the 3a  the Ni de-2 orbital, which is characterized by a large transition

— 5e, and 4g — 2by,, respectively), while thek, has parallel moment (1.73 au, the largest after the Gouterman transitions),

transition dipoles and, hence, considerable intensity. appears to b_e und_erestimated by_our calculations. This state
Comparing this to the experiment, we note that the very weak should contribute indeed to _the intense part of the metal-

3!E, state will be under the high-energy tail of the B band. The dependent EEexFrq band at higher energy than that of the M

assignment of the fourth and fifth single§ &ates to the N and shoulder, while it is calculated to the red of the M band.

L bands with maxima at 3.70 eV (335 nm) and 4.20 eV (295 Although our calculations do not allow a definitive assignment
nm) in the absorption spectrum of NiOEP is then straight- of the M band, nevertheless, the energy, intensity, and character
forward of this band are well accounted for by thé&EQ (MLCT) and

- 10'E, (m — 7*) excited states calculated at 5.64 and 5.70 eV
The description of the N and L bands that emerges from te i, ogillator strengths of 0.2284 and 0.3228.
present calcu'ations, involving strong participation of the NiPz. Due to a rather complex synthetic pathway and to the
transition 4¢(3d,) — 5g, leads to a reassessment of the

. ) ) low solubility, porphyrazines have received relatively little
generally accepted interpretation by Weiss &tadithe N and attention compared to the related phthalocyanines, with which

L siste*mshln metal-po_rphyrlfns, "er']' that thes? stal;tes have E‘omthey share the meso tetraaza substitution. Although the discovery
z — @ character, arising rorln the interaction between the ¢ agiion synthetic routes has recently disclosed the potential
nearly d.egenerat%éSaQUS.eg), and (ZbZL'Seg). conflguratlpns (the of this class of tetrapyrrolé$ the study of their physicochemical
numbering of th_e orb_|tals refeTS to N'P).' chordlng to our properties is still at its infancy. As for the optical spectra, gas-
results_, the configurational mixing occurring in the N and L phase spectra of porphyrazines have not been reported so far,
states involves rat.her thea- 5¢,and 4g — 2.b1” transitions, and the solution spectra available have been generally taken in
th.e.ZQU o8 belmg completely out of business. The above strongly coordinating solvents and cover a rather narrow energy
mixing, however, is not complete, so the N band has a prevalentrange (2.14.1 eV)3 The nickelporphyrazine complex, which

— % 1 i *
ﬂh “ cthars\(/:rt]et[ Wh':f ;[jhe_ L lband Ih"?ls m?:nlfhd»N”b MIC‘jCT is the object of the present investigation, does not represent an
character. What we find nicely explains why the N band appears exception in this context.

quge %ont_;tarlit kl)n tge va_por-pha_s de Spbeictr:’i_tﬁftrr]netal-tp?rphg ”tﬂs To have experimental data more suitable for comparison, we
and why de' ; an_t varies considerably wi & metalin both Lave collected the optical spectrum of the newly synthesized
energy and Intensity. substituted nicketporphyrazine, NiOEPz, in a diluted solution

It is maybe worthwhile to mention that, at variance with the 4 5 noncoordinating solvent, hexane, in the range of-5.8
experimental evidences, at BP level the N and L bands aregy The spectrum is displayed in Figure 9.

predicted to have d— #* MLCT and w—z* character, The visible region is dominated by an intense Q band centered
respectively, which suggests that the MLCT states are calculateda; 5 1 gy (590 nm) showing vibrational structure. The ultraviolet
at a somewhat too low energy at BP level. region is characterized by a broad and structured band beginning

A quite large energy gap (1.1 eV) separates tH&,5 at~3.0 eV (413 nm) and extending at least 2.0 eV to higher
corresponding to the L band from the set of the remaidiag energy. It shows a weak shouldergsat 3.30 eV (376 nm), a
states describing the UV region of the spectrum. This region is pronounced shoulder at 3.65 eV (340 nm) denoted according
characterized by the M band centered at 5.51 eV (225 nm), to the nomenclature used by Weiss e? ak B, a main peak
which in fact appears as a pronounced shoulder of theekBa centered at 3.91 eV (317 nm) denoted by Weiss &taal.N,

band starting at 5.39 eV(230 nm). and two shoulders, stand sh, at 4.0 eV (310 nm) and 4.29
As shown in Table 3, in this region we find interspersed five eV(289 nm), respectively.
excited states, the'#,, 8'E,, 10'E,, 11'E,, and 14E, calculated The excitation energies and oscillator strengths calculated for

at 5.31, 5.44, 5.70, 5.79, and 6.08 eV respectively, with thelE, states of NiPz up to 5.0 eV and the experimental energy
a* character and four excited states, tH&§ 9'E,, 12'E,, and values determined from the solution spectrum of NIOEPz are
13'E, calculated at 5.10, 5.64, 5.96, and 6.02 eV with MLCT/ gathered in Table 4a.

LMCT character. This fits in with the M band, which is The lifting of the (near) degeneracy of the;land 4a,



NiP, NiPz, NiTBP, and NiPc

J. Phys. Chem. A, Vol. 105, No. 13, 2003321

TABLE 4a: Calculated Excitation Energies (eV) and Oscillator Strengths f) for the Optically Allowed E, Excited States of

NiPz Compared to the Experimental Dat&

exp.
state composition exc. en. f NiOEP2 assignment
11E, 84%(1la,— 56y); 14%(4a,— 5&) 2.42 0.2692 2.11 Q
21E, 97%(2b— 5&) 3.00 0.0226 3.30 sh
3'E, 85%(3au— 5ey); 9%(4q — 2byy) 3.38 0.00002
41, 44%(4g— 2byy); 38%(4a,— 5&y); 14%(12@— 7hiy); 3%(lau— 5e)) 3.51 0.1465 3.65 B
51E, 61%(12@— 7hyg); 28%(4g— 2byy) 3.67 0.0300
6'E, 38%(4a,— 5&)); 22%(12@— 7hig); 17%(4g— 2by); 8%(la,— 5&) 3.89 0.9220 3.91 N
7E, 969%(3g— 2byy) 5.15 0.0051

aThe major one-electron transitions contributing to the SAOP/ALDA solution vectors are also Yhterane solution spectrum of

Ni-octaethylporphyrazine (NiOEPz), this work.

orbitals in NiPz causes the ila— 5¢, and 4a, — 5¢, one-
electron transitions to mix very little. This has important

NiPz is very different from the character predicted by Weiss et
al? for these bands in the case of MgOMPz, the B and N states

consequences for the nature and intensity of the lowest excitedof NiPz involving to a large extent MLCT and LMCT
states. The *E, excited state is mainly (84%) described by the transitions. The observed sensitivity to the metal of the energy

la, — 5 transition, the 4a — 5g; entering with only minor

and intensity of the B and N bands in transition metal

weight (14%). The cancellation of the transition dipoles of the porphyrazines, not observed in metal porphyfihsggests that

la, — 5g and 4a, — 5g, configurations that occurs in the

the presence of MLCT and LMCT transitions in the-B region

lowest excited state in systems such as free-base porphin ands not a peculiarity of the nickel porphyrazine.

NiP, leading to very low intensity of the Q bands, occurs to a

Athough the B and N bands have a different nature in

much lesser extent in NiPz, leading, in agreement with experi- transition metal and in alkaline-earth metal porphyrazines, one

ment, to an intense Q bantl< 0.2692). The 2, — 5¢, and
3a, — 5§, configurations occur almost purely in the wedie2

could nevertheless argue that they originate by the same
mechanism. This is in essence the mixing of the high-energy

and 3E, excited states, respectively, at lower energy than that combination of thé(4a,5e; and*(la5e;) excited configura-

of the second Gouterman transition, the 4a 5e; (which mixes
with some 1a,— 5¢, and other configurations, vide infra). The
low intensity of the 2E, and 3E, states fits in with the ,e
character of the 2 and 3a, orbitals. We note that the small

tions, which is actually mostl{(4a.5ey and is raised in energy
by the downward shift of the 4g with the closest lying
available configurations, which are of MLCT (e~ 2I,,) and
LMCT (12e, — 7byg) type in nickel and presumably in other

change in composition of these orbitals due to the aza substitu-transition metal porphyrazines and of— p* type in magne-

tion in the ring now makes the 2b— 5¢, the more intense
one of the two, leaving virtually zero transition moment for

sium, zinc, and free-base porphyrazines.
SCMO PPP results on MgOMPand our results on NiPz

3a, — 58, just opposite to the situation in NiP. We assign the already point to this mechanism, but a definitive assessment

2'E, and 3E, states to the shoulder sht 3.30 eV.
Due to the downward shift of the 4a the high-energy
combination of the 4a — 5 and la, — 5e; excited

comes from TDDFT calculations of the excited states of MgPz
we have performed with the purpose of clarifying this question.
In Table 4b, the excitation energies and oscillator strengths

configurations undergoes further configuration interaction with calculated for the'E, states of MgPz and the experimental

the nearly degenerate gke- 2by, d, — * and the 12g— 7byq
Np(l.p.) — do* excitations. (What we call “the high-energy
combination of the 4 — 5g and la, — 5, to stress the

energy values determined from the solution spectrum of
MgOEPz shown in Figure 9 are reported. According to our
results, the &, and 4E, excited states calculated at 3.31 and

analogy with the NiP case, has actually rather little weight of 3.61 eV and responsible for the B and N bands appearing in

lay, — 5, the lifting of the la/4&, degeneracy in the

the spectrum at 3.08 eV (402 nm) and 3.74 eV (332 nm),

porphyrazine suppressing the mixing of the Gouterman transi- respectively, are, as thought, a mixture of the high-energy
tions to a large extent.) It should be noted that due to its bridge combination of thé(4a,5e; and*(1a5e;) excited configura-

lone pair character, the 12&s in NiPz at much higher energy

tions with thel(3a,5g;) 7—a* configuration. One may wonder

than the N(I.p.) 12¢ in NiP (see Figure 2). Three excited states why the(3a5e;) 7—x* configuration mixes with thé(4a.-

result from this configurational mixing, thé®&,, 5'E,, and 6E,

5ey and(1a,5g,) excited configurations in MgPz but not in

calculated at 3.51, 3.67, and 3.89 eV, respectively. As for the NiPz, where it remains pure. The reason is that in MgPz, owing

states which contain the high-energy combination of thg 4a
— 5g, and la, — 5 excited configurations, namely, thé&,

to the ring deformation caused by the increased hole size of
the macrocycle (the MN, distance is 1.998 A in MgPz and

and 6E,, the phases of the mixing coefficients and the transition 1.894 A in NiPz), the 4g is pushed up by 0.3 eV compared to

dipoles of the involved transitions are such that tRE,as
much lower intensity f(= 0.1465) than that of thelg, (f =

NiPz. As a consequence, the high-energy combination of the
Y4apbey) and Y(laybe,) excited configurations is at lower

0.9220). According to their energy and oscillator strength, the energy in MgPz than in NiPz and, hence, more suitable to
41E, and 6E, excited states are responsible for the B and N interact with the'(3a,,5¢;) configuration. The shift to lower

bands, respectively.

energy of the high-energy combination of tHda,5e;) and

In the region between 3.89 and 5.8 eV, we find only a weak (la,56,) excited configurations on going from NiPz to MgPz

excited state at 5.15 eV, théE], which is mainly described
by the 3¢ — 2y, 7 — &* transition. Since we do not believe

is just at the origin of the red shift of the-BN system in MgPz.
The rise in energy of the 4alevel also causes the mixing of

our calculations can be so much in error, the shoulders to thethe }(4a.5e; and(1a,5e;) excited configurations in thelf,

blue of the most intense UV peak,sit 4.0 eV (310 nm) and
shs at 4.29 eV(289 nm), should be vibrational in origin.

excited state to occur in MgPz to a slightly larger extent than
in NiPz, as inferred from the composition of this state reported

It should be noted that the character of the B and N bands of in panels a and b of Table 4 for NiPz and MgPz, respectively.
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TABLE 4b: Calculated Excitation Energies (eV) and Oscillator Strengths ) for the Optically Allowed !E, Excited States of
MgPz2 Compared to the Experimental Date

exp.
state compositich exc. en. f MgOEPZ assignment
11E, 74%(la,— 5&); 22%(4a,— 5&) 2.34 0.2308 2.08 Q
21E, 97%(2b— 5&) 2.81 0.0235
3E, 58%(3a,— 56,); 37%(4a,— 5&); 4%(1la,— 5&) 3.08 0.0540 3.31 B
41E, 39%(4ay— 5&y); 35%(3a,— 5&y); 19%(la,— 5&) 3.74 1.7084 3.61 N
51, 92%(3g— 2byy) 4.36 0.2290 452 L

a2 The major one-electron transitions contributing to the SAOP/ALDA solution vectors are also given. The calculations refer to the dpiimized
structure of the molecule. Relevant geometrical parameters are the following:Ntg 1.999 A; N—C, = 1.371 A; G—N, =1.345 A; G—Cs
= 1.463 A; G—Cs = 1.366 A; 1C,—Np—Co= 124.T; 0Cu—Np—C,= 108.9; 0Csy—C,—Ny= 108.2; 0Cs—Cs—C, = 107.2. P For ease of
comparison, the same orbital numbering as that in NiPz is adopkégkane solution spectrum of MgOEPz, this work.

A few other points are worth mentioning concerning the obviously deviate in several respects from the experimental
excited states of MgPz and NiPz. situation. Solvent effects, which are not considered in our

In MgPz, the lowest excitation out of the-éerived set of calculations, could influence the relative intensities of these
orbitals to 5g orbitals, the 2k, — 5e, is found to not mix at bands, as suggested by the observed pronounced sensitivity to
all with other configurations, at variance with SCMO PPP the solvent of the intensity and often of the energy of the main
results? but in line with our results on NiPz, NiP, as well as bands in metatporphyrazines? The effect of the substituents
with CASPT2 results on MgFP® This transition is buried under  is important as well, as found in the case of NiP. Our
the B band in MgPz, while it results in a distinguishable calculations predict indeed an increase of the oscillator strength

shoulder, sh of the B band in NiPz. of the Q state going from NiPz to the methyl substituted niekel
The 3¢ — 2by transition that in NiPz is found almost purely  porphyrazine.
in the high-lying, very weak'E, excited state is found in MgPz NiTBP. The renaissance of work on tetrabenzoporphyrins

to dominate a state, thém,, that is much lower-lying and much  during the last five years is certainly due to the discovery of
more intense thanli, state of NiPz, as it is calculated (see new one-pot template synthetic methods yielding gram quantities
Table 4b) at 4.36 eV, with an oscillator strength of 0.2290. This of unsubstituted and both ring and meso-substituted spe-
state nicely accounts for the band denoted as L appearing incies®”66:6’Free-base tetrabenzoporphyrin and MgTBP4ipy)
the spectrum of MgOEPz to the blue of the N band at 4.52 eV = pyridine) have been recently thought to be constituents of
(274 nm). That the %, state of MgPz and theli, state of interstellar dus which has stimulated the investigation of the
NiPz have such different energies and intensities although theyspectroscopic properties of tetrabenzoporphyrins. Though now
are both dominated by the ge- 2y, transition is understand-  readily synthesizable, NiTBP, whose electronic spectrum is
able in the light of the different composition and energies of being investigated in the present work, is only slightly soluble
the g-derived 3g orbital in the two complexes. In MgPz, the in most noncoordinating organic solvents. It dissolves ap-
3g, is a pure gderived Pz orbital with large amplitude or, N preciably in chloroform or dichloromethane after addition of a
(35%) and G (57%) atoms, whereas in NiPz, the;3& pushed few percent of pyridine, but optical spectra taken in these
to lower energy by the 3d4e, and acquires a 29% of metallic  mixtures are not suitable for comparison with theoretical data,
character at the expense of the @16%) character. The  since, as recently demonstraf@dNiTBP axially binds two
decreased gamplitude sensibly reduces the on site overlap with pyridine ligands. The axial coordination of the metal modifies
the 2h,, the resulting transition dipole moment of the;3e substantially the ground-state electronic structure, and significant
2by, being in NiPz half that in MgPz (0.32 vs 0.69 au). spectral changes are observed in the Soret band region.

Finally, we would like to make some comments on the  To have optical spectra of NiTBP to which to compare our
intensities of the main features of the electronic spectra of NiPz results, we have run a spectrum of a diluted solution of this
and MgPz. compound in dichloromethane, in the range-1550 eV. This

The relative intensities of the Q,B and N bands (cf. the relative spectrum is displayed in Figure 10. The visible region is
heights of the bands in Figure 9) do not seem to be well dominated by a rather intense Q band centered at 2.01 eV (617
reproduced by our calculations. The stronger intensity of the N nm) showing a complex vibrational structure. The near-UV
band than the B band, in particular in MgPz, is correctly region of the spectrum is characterized by a narrow Soret (B)
reproduced, but we calculate a rather low oscillator strength band at 3.00 eV (413 nm) with maximum extinction coefficient
for the Q band as compared to that for the N band. This does 1.7 times that of the Q band, followed by two less intense and
not necessarily mean, however, that the calculated oscillator broader absorptions centered at 3.22 eV (385 nm) and 3.60 eV
strengths are incorrect. (354 nm), which we label D and E, respectively. The UV region

As shown by Gouterman in the case of free base and-zinc shows a very broad absorption, which, beginning from 4.0 eV
phthalocyanine& one should not compare calculated oscillator (310 nm), steeply increases in intensity and shows a prominent
strengths to measured maximum extinction coefficieats,f shoulder denoted as F at 4.59 eV (270 nm).
but, more realistically, to the experimental oscillator strengths, In Table 5, the excitation energies and oscillator strengths
which are approximately proportional to the maximum extinc- calculated for the allowetE, states are reported together with
tion coefficients times the half-bandwidth/, (f O €max A1r2). the experimental band maxima. Just as the aza bridges, the benzo
Given the considerable broadening of the-IB system in rings have the effect of removing the degeneracy of {head
MgOEPz and NiOEPz, it is likely that the experimental oscillator &, levels present in porphyrins; they act, however, in the
strengths of the B, N, and Q bands, if available, would better opposite direction, the aza bridges depressing therwd the
agree with the calculated oscillator strengths than the maximumbenzo ring destabilizing the @ As already discussed, the;2a
extinction coefficients do. HOMO of NiTBP is upshifted with respect to the}af NiP,

We also have to take into account that the calculations due to the antibonding with the benzo ringsi(da g, -derived),
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TABLE 5: Calculated Excitation Energies (eV) and Oscillator Strengths €) for the Optically Allowed E, Excited States of

NiTBP Compared to the Experimental Date?

state composition exc. en. f experimerit assignment
11E, 82%(2a,— 78y); 17%(5a,— 7&,) 2.08 0.3130 2.01 Q
21, 57%(5a,— 78y); 24%(2a,— 8ey); 9%(2a,— 7&) 2.95 0.7144 3.00 B
31E, 72%(2a,— 8ey); 17%(5a,— 7&y) 3.10 0.5354 3.22 D
41E, 93%(3by— 7&y) 3.44 0.0021
51E, 74%(2hy— 7&y); 13%(5a,— 8&y) 3.58 0.0616
6E, 83%(4a,— 7e) 3.62 0.0627 ~3.5 E
71E, 83%(5a,— 8&) 3.72 0.0018
81E, 77%(6g— 4byy); 15%(6g— 6an); 3.89 0.1361
9'E, 76%(6@— 6apy); 11%(66— 4byy) 4.03 0.2982
10'E,  54%(la,— 7ey); 34%(6¢— 3by) 4.14 0.0702
11'E,  55%(6g— 3by); 34%(la,— 78) 4.15 0.0454
12E,  54%(2a,— 98); 29%(5¢ — 4by); 23%(19¢— 11byy) 4.41 0.3594
13'E,  43%(5¢— 4by); 21%(2a,— 9ey) 4.48 0.2874
14,  29%(2a,— 9&y); 29%(19¢— 11biy); 19%(18e— 11by) 4.53 0.3802 4.59 F
15,  58%(5¢— 6a); 25%(2h,— 8e&y); 10%(5¢ — 4byy) 4.61 0.0244
16E,  71%(3by— 8ey) 4.68 0.2590
17'E,  60%(5¢— 3bu); 33%(4a,— 8&y) 4.77 0.00121
18'E,  66%(4g— 4hy); 21%(4a,— 8ey); 4.85 0.0002
19,  30%(4¢— 6an); 13%(4a,— 8ey); 15%(2h,— 8ey); 11%(18e— 11hyy) 4.93 0.1102
20'E,  40%(5a,~ 9ey); 30%(18@— 11by); 13%(4g— 6an) 4.96 0.0769
21%,  34%(2h,— 8gy); 28%(4g— 6a); 15%(la,— 8&) 5.02 0.1750
221E,  35%(5a,~ 9ey); 18%(18@— 11by); 10%(4g— 3byy); 10%(4g— 6a) 5.15 2.212
2 The major one-electron transitions contributing to the SAOP/ALDA solution vectors are also §@erCl, solution spectrum of NiTBP, this
work.
B presence of additional low-lying* levels introduced by the
D benzo rings. Two intense excited states result, filg @nd the
124 ¢ 31E, calculated at 2.95 and at 3.10 eV, respectively, the former
o B largely (57%) composed of the ha— 7¢; and the latter
‘§ Q dominated (72%) by the 2@— 8g, transition. The phases of
R .08 3 the mixing coefficients and the transition dipoles of the involved
3 transitions are such that thé® has higher intensityf(=
g 0.7144) than the &, (f = 0.5354). The energy and intensity
.04+ of the 2E, and 3E, excited states make unambiguous their
assignment to the B band centered at 3.00 eV (413 nm) and to
its shorter wavelength peak at 3.22 eV (385 nm).
-00 T T T T T I I
250 350 450 550 630 750 The next excited states covering the energy range-33422

Wavelength (nm)

Figure 10. Absorption spectrum of NiTBP 2.5« 10® M in
dichloromethane at room temperature.

whereas the 5ais unaffected by benzo substitution and remains
mostly a (CH) orbital. The result is that, unlike in NiP but
similar to NiPz, the 2a — 7¢; and the 5a, — 7¢; one-electron
transitions involving the four orbitals of the four-orbital model
mix very little.

The I'E, excited-state calculated at 2.08 eV that is responsible

eV are also oft — z* type, but much weaker, the summed
oscillator strength of these states amounting to 0.12. They
involve transitions from the BzPy orbitals of thg eset, the
43y, and the 3b, and from the ¢ /e, -derived 2, to the 7¢
LUMO as well as transitions from the (Cidpased orbital, the
5a&,, to the lowest additionatr* orbital introduced by benzo
rings, the 8g

All these states account for the almost flat band, E, separating
the absorption at 3.22 eV (385 nm) from the broad band rising
at ~3.9 eV (318 nm) and extending up to 5.0 eV (248 nm).

In the region of this broad band, we find a plethora of states,

for the Q band centered at 2.01 eV (617 nm) is indeed mainly the lowest of which, the &, 9'E,, 10'E,, and 11E, calculated

(82%) described by the 2a— 7eg, transition, the 5a — 7
entering with only minor weight (17%). The oscillator strength

at 3.89, 4.03, 4.14, and 4.15 eV, respectively, have a predomi-
nant MLCT character, involving the lowest allowed MLCT

associated with this state is, for the same reason as that in NiPz{ransitions of 5 symmetry, which are from the gel, orbital

quite large (0.3130), in line with the Q band being in

to the low-lyingz* levels (4ky, 6&., and 3h,). A gap of 0.3

tetrabenzoporphyrins and azaporphyrins, much more intense thargV separates the MLCT states from a set of closely spaced

in porphyrins. The upshift of the 2a@also causes the Q band to
move slightly to the red in NiTBP compared to NiP and NiPz.
As found in NiPz, the high-energy combination of theba
— 7g and 2a, — 7g transitions, the former with the largest
weight undergoes further configuration interaction. Being,
however, at much lower energy than that in NiPz (both thg 5a
and 23, levels are upshifted in NiTBP compared to NiPz), it
cannot mix with the too high-lying MLCT or LMCT transitions.
It does so instead with the 2a— 8¢, w — &* transition that is
the lowest of the numerous — x* transitions enabled by the

excited states spanning the region 4-4168 eV. They all have
m — z* character, except for the 12, and 14E,, in which
the 19@ — 11big Np(l.p.) = o* transition enters with consider-
able weight. The energy and the intensity of the excited states
belonging to this set nicely account for the prominent shoulder
appearing in the UV region of the spectrum at 4.59 eV(270
nm).

The higher-lying excited states up to 5.15 eV involving
mainly = — z* transitions are much weaker, except for the
highest, the 2%, for which a very large (2.212) oscillator
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TABLE 6: Calculated Excitation Energies (eV) and Oscillator Strengths ¢ ) for the Optically Allowed 'E, Excited States of
NiPc Compared to the Experimental Dat&

state composition exc. en. f experimerit assignment
1'E, 93%(2a,— 7gy) 1.97 0.6520 1.90 Q
2'E, 96%((3by— 7&) 2.99 0.0244

3'E, 55%(2h.— 7ey); 26%(5au— 76y); 12%(2a.— 8ey); 4%(4au— 7ey) 3.16 0.00001

4E, 58%(5au— 7&y); 25%(2hu— 78y); 8%(4au— 78)); 5%(2a.— 8ey) 3.20 0.3396 ~3.40 B
5'E, 76%(2a,— 8gy); 14%(2hu— 7&y) 3.32 0.0934

6'E, 87%(19¢— 11big); 8%(4a,— 7ey) 3.40 0.0160

T'Ey 55%(la,— 7&y); 36%(4au— 7&y); 3% (58— 7&y) 3.61 0.2254

8'E, 38%(lay— 7&y); 36%(4au— 7ey); 5%(5a.— 7ey); 3.85 0.4650 3.79 B
9'E, 90%(6¢ — 3byy) 3.91 0.0952

10'E, 81%(6g— 4b,.); 13%(6¢— 6ap); 4.02 0.2162

11'E,  80%(6g— 6an); 9%(6g— 4hyy) 4.22 0.5744 4.37 EB
12'E, 62%(5¢— 3b1); 32%(2a,— 9&y) 4.56 0.1437

13'E, 59%(5¢ — 4bpy); 22%(2a,— 9ey); 9%(5¢ — 6py) 4.63 0.0011

14E, 27%(2a,— 9ey); 26%(3y— 8ey); 19%(5¢ — 3byy); 13%(5¢— 4bs.) 4.67 0.0116

15'E, 48%(3by— 8ey); 39%(5a,— 8ey) 4.77 0.1853

16'E, 57%(5¢— 6a.); 39%(2h,— 8ey) 4.82 0.0005

17'E, 77%(18g— 11hyy); 19%(17@— 11byy) 4.94 0.2596 5.27 EB
18'E, 36%(4¢— 4b,.); 31%(5a,— 8ey) 5.01 0.3020

19'E, 73%(4g— 3by); 11%(2h,— 8ey) 5.05 0.0032

20'E, 34%(4g— 4byy); 15%(4a,— 8ey); 14%(4g— 3by); 12%(2h,— 8ey) 5.09 0.00004

21'E, 74%(4a,— 8ey) 5.15 0.0546

22'E, 50%(4¢ — 6ax); 26%(1la,— 8ey); 9% (4 — 4bny); 5%(2by— 8&y) 5.27 0.1360

23'E, 85%(2b,— 7&y) 5.35 0.1360

24'E, 25%(17@— 11byy); 21%(16@— 11byg); 17%(4g— 6ay) 5.48 1.5268 5.69 EB
25'E, 54%(16@— 11byg); 29%(6¢— 3aw) 551 0.1918

26'E, 45%(6g— 3aw); 20%(16@— 11byy); 5.58 0.6334

27'E, 78%(3a,— 7gy); 9%(la.— 8&y) 5.70 0.0287

28'E, 22%(1a,— 8ey); 13%(3by— 9&y); 11%(3au— 7§&,); 8%(2bu— 9&) 5.83 0.1116 5.90 C
29'E, 19%(17¢— 11byy); 12%(5¢— 3aw); 7%(1la,— 8ey); 6%(4g— 4by) 5.91 0.0010

30'E, 41%(3by— 9ey); 26%(6¢— 5by); 20%(5a,— 9&y) 6.05 0.0319

2The major one-electron transitions contributing to the SAOP/ALDA solution vectors are also §Bas-phase spectra of NiPc, from ref 7.
¢ Solution spectrum of NiPc, from ref 67.

T2 1 C band characteristic of the phthalocyanine ring at 5.90 eV (210
Q nm).
B The excitation energies and oscillator strengths calculated for
the lowest'E, states of NiPc are compared in Table 6 with the
experimental band maxima obtained from the gas-phase spec-
trum.” The excellent agreement with experiment of the calcu-
lated excitation energy and oscillator strength leaves no doubt
~ on the assignment of the'l, state at 1.97 eV to the Q band
o centered at 1.90 eV (651 nm). Due to the combined effects of
200 300 400 500 600 700 800 aza bridges and benzo rings on and a, orbitals, the 1E, is
a nearly pure (93%) 32a— 7e, state, so the oscillator strength
of this state is entirely determined by the transition dipole
Figure 11. GaS-phase absorption spectrum of NiPc from Ref. moment of the zﬁl — 7% transition, which is very |arge (413
au), larger than that of the corresponding.ta 5g, transition
strength is predicted, in agreement with the high intensity of of NiP and NiPz. This explains why in NiPc the oscillator
the UV envelope appearing in this region of the spectrum. The strength of the Q band is, in agreement with experiment, the
large oscillator strength of this state is due to the fact that the largest along the investigated nickeetrapyrrole series. The
transition dipole moments of the contributing transitions, downward shift of the 7ginduced by the aza bridges, combined
although not particularly large being for all of them of 0.5 au, With the upshift of the 2a induced by benzo rings, causes the
have parallel direction. 2a/7ey energy gap in NiPc to be the smallest among the
NiPc. Vapor absorption spectra in the range2612 eV have nickel—tetrapyrroles here investigated, which fits in with the
been reported by Edwards and Gouterféor a number of Q band being in NiPc sensibly shifted to the red (phthalocyanine
metallophthalocyanines, including NiPc. The spectrum of NiPc solutions are blue, whereas porphyrin, porphyrazine, and tet-
(see Figure 11) is characterized by an intense feature in therabenzoporphyrin solutions are red).
visible identified as the Q band showing a shoulder to the blue, No more allowed excited states are calculated in the-1.97
which is all that can be seen of the Q{(D) vibronic band that 2.99 eV energy region, which confirms the vibronic nature of
is clearly resolved at low temperatureAn intense B band is  the feature to the blue of the Q band with maximum at 2.08 eV
located in the near-UV region, with a maximum at 3.79 eV (594 nm).
(327 nm). The B band shows a pronounced tail to the red region, In the energy regime of the broad B band, we find seven
which falls to the baseline at+3.0 eV (413 nm). The UV  excited states, three of which, théE4, the 2E,, and 8E,
spectrum of NiPc shows three “extra bands” with maxima at calculated at 3.20, 3.61, and 3.85 eV, respectively, have large
4.37 eV (284 nm), 5.27 eV (235 nm), and 5.69 eV (218 nm) oscillator strength and are therefore responsible for the intensity
interpreted in terms of MLCT &> z* transitions and an intense  of this band. A crucial role in the mechanism leading to these

Optical Density —

Wavelength (nm)
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states is played by the two valencg, arbitals of NiPc, the 4.22 eV, respectively. They involve transitions from thg ég

5a, and 4a,. The character of these orbitals has been discussedorbital to the low-lyingz* orbitals of the BzPy g2 set. In

in the previous section, leading to the conclusion that it is the the region of the second extra band centered at 5.27 eV (235
4, rather than the 5g that should be identified as the nm), according to our calculations, among a number of closely
Gouterman orbital. Due to the near-degeneracy af With the spacedr — z* states, only one state, the ', has a LMCT

e, /e, t-derived 2k, the 5a,— 7g; and 2k, — 7¢, transitions character, involving Nl.p.) — do* transitions. This suggests
mix in the 3E, and in the previously mentioned®, excited that the second extra band has a less pronounced metallic
state where, as shown in Table 6, we find also a minor character than the first extra band. ThéBycalculated at 4.94
contribution from both the 4a— 7e, and 2a,— 7g transitions. eV with an oscillator strength of 0.2596 and théB&alculated

This configuration mixing does not lead to a significant splitting at 5.01 eV with oscillator an strength of 0.3020 provide the
of the 3E, and 4E, states, which are only 0.04 eV far apart, major contributions to the intensity of the EBand.

but causes their intensities to be significantly different. The In the energy regime of the third extra band, =Bentered
phases and the magnitude of the mixing coefficients of the at 5.69 eV (218 nm), we predict three excited states of mixed
transitions with major weight, the ha— 7¢; and 2k, — 7e,, MLCT and LMCT character, namely, the ,, 25'E,, and

are indeed such that the large (2.20 au) transition dipole moment26'E, calculated at 5.47, 5.51, and 5.58 eV, respectively, two
of the 5a, — 7¢; and the smaller transition dipole moment of of which, the 24E, and 26E,, have very large oscillator

the 2h, — 7¢; (1.20 au) cancel in the very weakg, (f = strengths. According to our calculations, the C band centered
0.000 01) and reinforce in the quite intens&d(f = 0.3396). at 5.90 eV (210 nm) arises, in agreement with the observed
As observed above, it is the faather than the 5a that insensitivity of its energy to the metal, from excitations involving
correlates with the 4g of NiP and 5a, of NiTBP. Due to the ring orbitals, with the excited state mainly responsible for this
downshifting effect of the aza bridges on the.git is so low band, the 2&, calculated at 5.83 eV, having a clear— 7*

in NiPc as to come very close to thgébased 1a, (see Figure character. The summed oscillator strength of 0.1732 calculated
2). This 4a/1ay, (bridge/g*) degeneracy is reminiscent of the for the C band seems to be somewhat too low compared to the
extensively discussed degeneracy of the highest occupiedsummed oscillator strengths of 0.8858, 1.2336, and 2.3566
orbitals of a/ay, (bridge/g) character in NiP and causes the calculated for EB EBp, and EB extra bands, respectively, and
4ap,— Tgyand la, — 7g transitions to undergo configuration 0 the relative optical density m_easured for the C and the three
mixing, just as the 4a — 5e, and 1a, — 5e, are undergoing extra bands. Howeyer, as pre\{lously stressed, only the knowl-
it in NiP, resulting in the &, and 8E, excited states where ~ €dge of the experimental oscillator strengths of these bands
the 5a, — 7eq also enters, although with minor weight. The would provide a d_efinitive assessment of the correcteness of
transition dipole moments of the fa— 7g, and la, — 7g, the calculated oscillator strengths.

transitions, however, are not almost equal, but the transition
dipole moment of the Gouterman-type transition4a 7€y is

by far larger than that of the 1a— 7¢, (1.36 vs 0.14 au). As

a result, the oscillator strength of the lower-lying combination  Time-dependent density functional calculations have been
where they have opposite direction is not aimost zero, but itis performed on the excited states of the nickel tetrapyrrole series,
half that of the higher-lying combination where they have Nip, NiPz, NiTBP, and NiPc. For NiPc and NiP, the theoretical
parallel direction. The oscillator strengths of thi&yand 8£, results are compared to the available gas-phase spectra; for
excited states are indeed both quite large, amounting to 0.2254\;TBP and NiPz, comparison is made with the spectra we have
and 0.4650, respectively. According to our calculations, the cojlected in diluted solutions of noncoordinating solvents for
closely lying 7E, and 8E, excited states are responsible for NiTBP and for the newly synthesized octaethyl nickel por-
the B band main peak at 3.79 eV (327 nm), denotethH able phyrazine, NiOEPz. The theoretical results prove to agree very
6, whereas the'&, accounts for the intense shoulder to the red \el| with the experimental data, providing an accurate descrip-
of the B band main peak (Bn Table 6). This feature cannot  tjon of the UV-vis spectra.

be exactly located in the broad red fail of the B band in the  11¢ effects on the optical spectra of introducing aza bridges,
gas-phase spectrum by Edwards and Goutefhanitis clearly  pon,q rings, both aza bridges and benzo rings in the basic

distinguishable at-3.4 eV (365 nm) in the solution spectrum o ohyrinic ring, and complexation with a transition metal ion
of NiPc reported by Nakamura et @ That an extra band is  haye heen highlighted and interpreted on the basis of the
part of the red edge of the B band envelope has also beengjgcironic structure changes occurring along the series. A
deduged from the MCD spectra of a number of phthalqcyanlnes fragment approach where the four pyrrole or indole rings and
by Stillman and Nyokongd? who proposed to denote this band  he  methine or aza bridges are taken as building blocks has
as B and the main peak of the B band as B proven to be a very important tool not only to fully understand
As for the remaining weak excited states computed in the the electronic structure changes occurring along the investigated

6. Conclusions

red edge of the B band, thé&, and the 2, originate fromz series, but also to predict the effects of further chemical
— n* transitions, the former being a nearly pure;3b> 7¢g modifications of the basic macrocycles.
state and the latter being dominated by thg, 2a8e, transition, The results may be summarized as follows:

whereas the ¥, originates from the 19e—~ 11bg, Ny(l.p.) — (i) In NiP, the proximity of the 1a, and 4a, orbitals causes
do* transition. Thus, except for the presence of thiglld.) — the (near-) degenerate (1%e,) and (4a,5e,) configurations to
do* state, the B band of NiPc has a clear— 7* character.  strongly mix in the 1E, and 2E, excited states. The phases of
Edwards and Gouterméamredicted that metal orbitals are  the mixing coefficients and transition dipoles are such that the
involved in the excited states responsible for the extra bands oflow-energy combination occurring in thég, state responsible
NiPc. This is confirmed by our calculations of the higher-lying for the Q band has low intensity, due to opposite directions of
excited states. In the energy regime of the first extra band the two large transition dipoles, while the high-energy combina-
centered at 4.37 eV (284 nm), we predict indeed three MLCT tion occurring in the 3£, state responsible for the B band has
excited states, thelB,, 10'E,, and 11E,, at 3.91, 4.02, and parallel transition dipoles and therefore high intensity.
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experiment, the largest along the investigated nickel-tetrapyrrole

series.

(if) The breakdown of the (near-) degeneracy of thegg and
(aouey) configurations also causes the B band of NiTBP, NiPz,
and NiPc to be different in origin from the B band of NiP and
all metat-porphyrins.

The high-energy combination of thei{g;) and (a.e;) con-
figurations that is at the origin of the B band in NiP loses indeed
the contribution of the (@ey) configuration to an increasing
extent in NiTBP, NiPz, and NiPc and, moreover, mixes with
other configurations.

In NiTBP, it does so with the lowest of the numerous—> 7*
transitions enabled by the presence of additional low lyifig
levels introduced by the benzo rings, the2a 8g;. Of the
two resulting intenseE, and the 3E, excited states the former

is responsible for the B band, the latter for its shorter wavelength

peak, the D band.

In NiPz, the high-energy combination of the (&) and (a.ey)
configurations it so destabilized by the downward shift of the
4, that it mixes with the nearly degeneratey4e 2b,, d, —

a* and 12 — 7byg Ny(l.p.) — do* excitations. Two of the
resulting three excited states, the inten¥g,@&nd the relatively
less intense ¥, account for the N and B bands, respectively.
In NiPc, the actual Gouterman orbital, the,gas so low as to
come very close to thg/e-based 1a, causing a configuration
mixing of the Gouterman configuration (4dgy) not with the
other Gouterman configuration (Rde,;) but with the non-
Gouterman (1a7ey) configuration. The closely lying and intense
7'E, and 8E, excited states which result from this configura-
tional mixing are responsible for the B band main peak).(B
The close proximity of the higher-lyingo@orbital, the 5a,,
with the 2h causes, in turn, the (ba@ey) and the (27¢)
configurations to mix thoroughly in the weaRE, and in the
relatively intense ¥, excited state, the latter accounting for
the shoulder (B to the red of the B band main peak.

(iii) Although the introduction of the 3d levels does not make
radical changes in the absorption spectra, the d transitions
being parity forbidden, the remarkable sensitivity to the metal
of some features of the spectra fits in with the MLCT-¢ 7*
and the LMCT (l.p.)— do* (either Ny-(I.p.)or Ny-(l.p.))
transitions coming into play. As a matter of fact, in NiP the L
band has mainly g— 7* MLCT character, and in NiTBP, the

region to the blue of the Soret band is dominated by numerous

d, — &* transitions, the N(l.p.)—do* LMCT transitions

Supporting Information Available: Selected optimized
structural data for the investigated Ni(ll) tetrapyrrole series
together with the recent high-quality X-ray data of RiR1
page), for the whole series, and for selected MOs an atomic
orbital population analysis (2 pages). This material is available
free of charge via the Internet at http://pubs.acs.org.
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