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A method for analyzing the &/A,, contents of metalloporphyrin-cation radicals is developed and applied

to a series of unsubstituted planar metalloporphines (MPsyI@r, Mn, Fe, Co, Ni, Cu, and Zn). The
structures and electronic properties of the MPs and their cation radicals were calculated by density functional
theory (DFT) and subsequently analyzed. It was found that the MPs with small core sizes have a tendency
to form Aqtype radicals, while the MPs with large core size have a preference fopgtyge. Neither of

these pure-state species, however, is stable und@tr®/mmetry, and both radical cation types are subject

to pseudo-JahnTeller (pJT) distortion. The pJT distortion leads to structures with lower symmetry and states
that have mixed character with respect to theakd A, components. The degree of mixing could be estimated

by employing orbital projection technique or a complementary spin density decomposition. Both techniques
produce very similar results, pointing out that the frontier orbital, which becomes empty upon electron removal,
plays a critical role in determining electronic properties.

Introduction

Metalloporphyrins (MPs, Figure 1) play an important role in
biological systems where they serve as active species with the
ability to bind ligands, facilitate light-harvesting photosynthetic
reactions, transfer electrons, and catalyze enzymatic reaéions.

There are many reasons why nature uses MPs in such a diverse Q
way; however, redox chemistry appears to be one of the most
important features among them. Oxidation of MPs may occur

at the central metal, at the porphyrin ligand, or at both locations.

The latter, doubly oxidized MP structures have been implicated e
in the catalytic cycles of heme peroxidageR450 monooxy-

genase$ or catalase®Characterization of MB-cation radicals

is thus of interest because of their widespread occurrences in

nature and because of the unusual chemistry in which they
participate.

Porphyrins have two closely spaced, nearly degenerate highest
occupied molecular orbitals (HOMOS) of @and &, symmetry Figure 1. Molecular structure of metalloporphine (MP), with carbon
in the D4, molecular framework (Figure 2). The relative energies atoms G, Cs, and Gesolabeled explicitly.
of these orbitals are influenced by several factors, such as the
position and type of substituents on the porphyrin macrocycle, s
or the nature of the axial ligand(s) to the transition metal. As
such, removal of an electron can lead to a radical with an A
or Ay, ground state, depending on which orbital lies higher in
energy. An important question related to the intermediates of
many oxidative heme enzymes and nonenzymatic MP radicals
is whether they can be described ag-for A, type radicals.

A great variety of experimental techniques, including YV
visible (UV—vis), electron paramagnetic resonance (EPR),
NMR, magnetic circular dichroism (MCD), and vibrational
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Among these techniques, resonance Raman (RR) spectrosfurther investigated model compoundZp(P) ]2 employing
copy819 provides a powerful tool for probing the molecular DFT to obtain the influence of dimer formation on bond lengths
and electronic structure of MPs. The frequencies of the RR in the macrocycles. The results showed that dimerization has
bands are sensitive to changes in bonding and conformation,relatively little impact on the bond length alternation in the
while their intensities are sensitive to the nature of the resonantindividual rings.

electronic state. Although A and Ay, may be reasonable While the aforementioned computational studies have been
approximate designations for the radical type, experimental data,carried out on divalent complexes, Xu et?ainvestigated the
including density profiles based on EPR spectrosédbpy the ground-state geometries and electronic properties of the mono-

appearance of f RR active modes at much lower frequenéies,  lithium porphyrin (LiP) z-radical of related reduced/oxidized
strongly suggest that these states are frequently mixed. This isspecies, including [LiP], [LiP]2~, and [LiP]" as well as LiOEP,
because the ground and excited states are subject to deformation&iOEP]~, LiTPP, and [LiTPP], and assessed the effect of the
(vibronic coupling), which lead to mixed-symmetry states. peripheral substitution. It is interesting to note that—Li
Indeed, the near-degeneracy of the frontier orbitals can beporphyrins such as LiTPP, LiPFP, or LITBP are neutral
expected to produce a pseudo-Jafieller (pJT) effect. The  m-radicals, and their EPR spectra show g-values~@f00,
pJT effect exerts the most pronounced consequences on theonsistent with organic free radicals. Employing DFT, Xu et
porphyrin ring, leading to alternation of the bond lengths in the al. showed that LiP, [LiP], and [LiP]* have planarDan
perimeter of the inner 16-membered ring. The bond alternation structure, while the [LiF}~ dianion has a rectangular distorted
was observed in the X-ray structure of [Zn(OgP.2122 Do, structure, due to the ground-state Jafiieller effect.
Despite the importance of these radical cations and the largeFurthermore, it was found that the ground state of LITPP has a
body of experimental data associated with them, relatively little Normal porphyrin ring with effectivé®a, symmetry, while the
attention has been given to elucidating their structural and ground-state LIOEP has a porphyrin ring with pronounced bond
electronic properties using methods of electronic structure !€ngth alternation and, hence, effecti@a, symmetry due to
calculations. Only several theoretical studies have been pub-the PJT distortion along anzlike coordinate.
lished that specifically addressed this is3&@® For a long time, The aim of the present work is to investigate, by means of
the pioneering work of Prendergast and Sfireas been the ~ DFT, the structural and electronic properties of MRation
only source of significant theoretical analysis of pJT distortions fadicals, and suggest a resolution of the long-standing problem
in MP z-cation radicals. These authors carried out MNDO/3 regarding the nature of the mixed.A-Az, states of porphyrin
semiempirical calculations on zinc porphine (ZnP), which has radical cations. Emphasis is placed on two issues: the first is
an a, HOMO, and on zinanesatetrafluoroporphine (ZnTFP), ~ a@ssociated with structure of the porphyrin ring and the changes
which has an a HOMO. Extraction of an electron from ZnTFP ~ @ssociated with the pJT distortion. More specifically, the
to give an A, radical cation increased thesC; and GCn, electronic and structural propert|e_s will be placed in the con_text
lengths and decreased thgG3 lengths, leading to a slight core of the pJT effect and correlated W|t_h_core size. Th(_a second issue
expansion, whereas extracting an electron from ZnP to give anaddresses the extent of the/R2, mixing by employing orbital

Ay, radical decreased the;C; lengths and increased the G projection technique and spin density decomposition.
lengths (consult Figure 1 for the atomic labels). Interestingly, ) )

when the symmetry was restricted @4, the MNDO/3 Results and Discussion

calculation failed to converge for ZnFbut not for ZnTFP. 1. Computational Details. All the calculations reported in
Relaxation toD, led to a pronounced alternation of the@, this work were carried out using nonlocal DFT with the hybrid

and GN bonds of the inner 16-membered ring for Zniut Becke-Lee—Yang—Parr (B3LYP) functional and the 6-31G-
not for ZnTFP". The bo_nd alternation is due to the mixing of (d) basis set (5d components) as implemented in the Gaussian
the Ay and A, electronic states along arpfcoordinate. This  gyite of program@® This level of theory was found to be
pJT effect has previously been inferred from the appearance of3pnropriate for the structural analysis, vibrations, and electronic
Aag modes at unusually low frequencies in the RR spectra of properties of MPs, leading to excellent agreement with experi-
MP cation radicald? mental data. To elucidate the structural and electronic properties
Ghosh and co-workets applied for the first time density  of z-cation radicals, a series of MPs without peripheral
functional theory (DFT) to investigate the energetics, molecular substituents was analyzed, incorporating a variety of transition
structures, and spin density profiles of MPcation radicals. metals. For each MP under consideration €MCr, Mn, Fe,
These studies demonstrated that the common practice to describ€o, Ni, Cu and Zn), the structure has been fully optimized
these radicals in terms of the;#A,, dichotomy is often not assumingDa, symmetry, and the resulting electronic configu-
justified because the actual picture is further complicated by ration was verified to correspond to a stable electronic minimum
the pJT effect, as was initially recognized by Spiro and co- by performing an analysis of the stability of the wave function.
workers!®23 Ghosh et aP* established that the porphyrin  For each optimum geometry, harmonic frequencies were
m-cation radicals undergo a pJT distortion if the energy calculated to verify that the optimized structures correspond to
difference between th#A;, and2A,, z-cation radicals, opti- stable minima. In all cases, the stable minimum was confirmed,
mized underD4, Ssymmetry constrains, is less than 0.15 eV. with the exception of Niporphine, which possessed one
Interestingly, it was concluded that not all MiPPcation radicals imaginary frequency associated with the ruffling of the porphine
are subject to a pJT distortion. For example, employing the macrocycle; this feature was analyzed and explained in previous
energy difference criteria, they showed that metalloporphine studies?®
(MP) and metallooctaethylporphyrin (MOEP) should always be ~ Employing these minimized structures as well as optimized
pJT-distorted, while metallmesetetrahalogenoporphyrin radi- ~ wave functions, the series of correspondingation radicals
cals should not. When the pJT distortion takes place, a have been generated from neutral MPs by the removal of one
significant bond length alternation around the central 16- electron. The resulting geometries were optimized uridlgr
membered ©N, is observed. Because many MPs exist as symmetry constraints, and the identity of each radical species
cofacial dimers in the crystalline phase, Ghosh and co-wotkers was verified by natural orbital analysis. In the majority of cases,
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Figure 4. Comparison of core size dependence for MP,*\iRy,),

and MP*(Ay,) plotted as a function of metal'@lectrons if = 4—10).

been reoptimized witkCs, Symmetry constraints. At the end of
each optimization, the status of the structure with lower
symmetry, MP*(mixed), was confirmed to be a stable minimum
by frequency analysis.

Figure 3. D4 — Can Symmetry lowering of a porphine 16-membered 2. Molecular Structure of MP*"(Ay,) and MP*7(Az)

ring upon ag (aw x a) pJT distortion. Radicals. The incorporation of transition metals with different
occupancies of d-orbitals between 4 and 10 allows one to
the resulting radical was found to be of the,Aype; however, investigate the MPs with different spin states ranging from

some cases (like MnP) exhibited an/Aype. To generate the  singlet to sextet, as well as the coverage of the range of
second type of radical from an already computed type, the experimentally known metainitrogen bond lengths (denoted
frontier HOMO orbitals were swapped, and the resulting as M—Ny); the M—N, bond lengths are commonly referred to
structure was optimized. By imposing symmetry constraints and as the core sizeThe most relevant bond lengths are collected
appropriate orbital occupancy for each MP, a pair of corre- in Table 1. The comparison of the core size dependence for
sponding cation radicals MR(A1,) and MP*(A,,) was gener-  MP, MP*(Ay,), and MP*(A,) plotted as a function of an
ated for each MP. Frequency analysis showed that none of theincreasing number of d-electrons is shown in Figure 4. The
MP**t(A1,) or MP(Ayy) radicals under theDs, symmetry largest core size (2.083 A) is observed for MnP, while the
constraints corresponded to a stable minimum. This finding is shortest core size (1.957 A) is observed for NiP. The range of
consistent with previous theoretical studies and is a consequence&omputed M-N, values covers the range of experimentally
of the pJT effect that lowers the symmetry (Figure 3). observed values without complications associated with periph-
Consequently, the symmetry of each MRadical has been  eral substituents. The formation of either amAor an Ay
distorted along the imaginary-fmode, and the structure has type radical has a very systematic influence on the core size,

TABLE 1: Symmetry Unique Bond Lengths for MP and Corresponding MP** Radicals

molecule M=-N Co—Np Co—Cieso Cs—Cs Co—Cs
CrP 2.0424 1.3768 1.3951 1.3638 1.4440
CrP*(Aw) 2.0330 1.3757 1.3948 1.3528 1.4600
CrP(Azy) 2.0487 1.3728 1.4027 1.3671 1.4403
CrP*(mixed) 2.0370 1.3604 1.3898 1.3784 1.4157 1.3563 1.4537 1.4564
MnP 2.0830 1.3722 1.4035 1.3664 1.4481
MnP* (A1) 2.0749 1.3706 1.4035 1.3554 1.4645
MnP*(Az) 2.0884 1.3690 1.4108 1.3686 1.4449
MnP*(mixed) 2.0834 1.3529 1.3867 1.3866 1.4298 1.3635 1.4532 1.4516
FeP 1.9927 1.3793 1.3867 1.3614 1.4398
FePt(AL) 1.9837 1.3778 1.3866 1.3505 1.4559
FeP*(Azy) 1.9989 1.3756 1.3939 1.3648 1.4362
FeP*(mixed) 1.9850 1.3691 1.3862 1.3766 1.3977 1.3515 1.4536 1.4554
CoP 1.9761 1.3806 1.3834 1.3591 1.4399
CoP*(Aw) 1.9684 1.3781 1.3835 1.3485 1.4560
CoP*(Az) 1.9828 1.3766 1.3907 1.3626 1.4364
CoP*(mixed) 1.9688 1.3733 1.3828 1.3778 1.3894 1.3488 1.4552 1.4560
NiP 1.9574 1.3808 1.3797 1.3578 1.4385
NiP** (A1) 1.9493 1.3787 1.3799 1.3474 1.4544
NiP(Az) 1.9642 1.3771 1.3870 1.3616 1.4348
NiP**(mixed) 1.9494 1.3759 1.3812 1.3766 1.3832 1.3475 1.4539 1.4548
CuP 2.0072 1.3756 1.3883 1.3611 1.4429
CuP*(A) 1.9990 1.3737 1.3888 1.3506 1.4586
CuP*(Az) 2.0128 1.3726 1.3957 1.3644 1.4387
CuP*(mixed) 2.0046 1.3570 1.3902 1.3717 1.4116 1.3556 1.4503 1.4520
ZnP 2.0437 1.3733 1.3957 1.3637 1.4458
ZnP+(Aw) 2.0354 1.3717 1.3958 1.3529 1.4616
ZnP*(Az) 2.0490 1.3703 1.4030 1.3665 1.4419

ZnP*(mixed) 2.0412 1.3548 1.3880 1.3781 1.4198 1.3584 1.4525 1.4544
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Figure 5. Symmetry unique bond lengths for MP(neutral) and the

MP-*(A4,) radical plotted as a function of core size. Solid lines represent
neutral MPs, while dashed lines represent theegation radicals.
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Figure 7. Comparison of core size dependence for MP and™MP
(mixed), plotted as a function of metat dlectrons f = 4—10).

contrary to the mixed type (see Figure 7). In thg, Padicals,
the core size contracts, while, for the,Aype, the core size

Hirao et al.
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Figure 8. Effects of symmetry lowering and orbital mixing during
electron removal.
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geometric parameters. Upon removal of an electron from the
ayy orbital, the biggest bond lengthening is observed for the C

Cs bond, due to a loss of-bonding interaction between,C
and G in the a, orbital. Bond lengthening is also noticeable
for C,—Cn to a lesser degree. On the other hand, the G
bond is shortened because of the alleviation of the antibonding
s-type interaction between the two atoms; a slight shortening
is also observed for NC,. These changes are consistent with
the nodal pattern of thegorbital. When an electron is removed
from an g, orbital, the largest degree of lengthening is observed
for Co—Cin, while that for G—Cg is smaller. Shortening is found
for both N-C, and G—Cs, and again these changes are
consistent with the nodal pattern of the, arbital. These
implications of bond length changes are particularly important
for understanding the nature of the structure-sensitive vibrations,
which can be used as markers of radical formation.

3. pJT Distortions. The structural analysis of the;faand
A,y radicals was performed under the assumption that resulting
radicals possess unchang®d, symmetry of the porphine
macrocycle with respect to the neutral MP structure. The actual
picture of MP* is more complicated because thg and ay
HOMO orbitals become degenerate, the resulting nuclear and
electronic configurations become unstable, and the system
experiences a pJT distortion along ap @i, x &) coordinate.
The consequence of this distortion iDa, — Csn Symmetry
lowering (Figure 3), upon which;g—ag, orbital mixing takes
place (Figure 8). This particular example of symmetry lowering
is demonstrated for the Zrimixed) radical, which shows the
extent to which the @ and a, orbitals are mixed (Figure 9).
The mixed frontier orbitals no longer have a plane of symmetry
perpendicular to the plane of the molecule but still possess a
center of inversion when symmetrieg, ar &, are effectively
lowered to a

The pJT distortion has a pronounced effect on the porphine
macrocycle ring, which, upon distortion, results in the structure
having alternant bond lengths (Figure 3). The effect of distortion
leads to two categories of bonds with respect to the parent
neutral MP structure, which can further be denoted as “short”
and “long” (see Table 1). When symmetry lowering fr@m,

expands; the degree of contraction or expansion of the core sizeto Cy, takes place, the bond alternation is primarily observed
is very systematic across the range of investigated transitionfor the G,—C,, and N-C, in the 16-member inner ring. The

metals (Figure 4).

change in core size (Figure 7) is less systematic than it is in the

To further explore geometric changes upon the formation of case of “pure” A.- or Ax-type radicals (Figure 4). It appears
MP z-cation radicals, the symmetry unique bond lengths were that, for short M-N,, bond lengths (i.e., less than2.0 A), the
plotted as a function of core size, as shown in Figures 5 and 6.core size shortens when MPmixed) is formed, while the

An increase in the bond lengths for,€Cs, C,—Cp, and G—
Cs and a decrease for NC, is observed for the range of
analyzed core sizes (1.92.09 A). With increasing core size,

opposite is observed for largerWN, bond lengths, where the
core size expands for MA(mixed). These changes in core size
may indicate that, for short values, the preference is for the

the rigid porphine skeleton compensates by adjusting otherformation of a radical having a dominant£character, while,
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assume the relation

x=x (1)
Then, the canonical KSOs of the mixed states can be written
as
¢, =¢C 'C, = ¢D, ®)
Pp= ¢C71C'ﬁ = ¢Dy 9)

By analyzing theD matrices, the origins of the KSOs of the
mixed state can be reliably estimated. That is, the distorted KSOs
of the mixed state are now expressed in terms of the KSOs of
the neutral state containing purguaand a,, the squared
coefficients of these pure orbitals in the mixed ones allow for
estimation of the corresponding mixing weights. For the four
relevant mixed orbitals (Figure 9), the sum of the squared
coefficients for a, and a, was almost 1.0 (Table 2), indicating
that the mixed orbitals are predominantly composed,paad
apu. As such, we further normalized the coefficients by dividing
them by (¢%+c,?)'2, so that the sum of the squared coefficients

’ is exactly 1.0. By this scheme, we can gain insight into the
HOMO-1 (a) HOMO (B) a1 /ay mixing ratio of the distorted orbitals such as those

Figure 9. Mixing of the frontier orbitals due to pJT distortion. depicted in Flgure 9. . . .
MOLEKEL softwaré’ was used to generate molecular orbitals. Table 2 provides a summary of frontier orbital decomposition
for the four orbitals in Figure 8, in all seven MPs under

for large core size values, the removal of an electron producesconsideration. For example, the HOM@) (of the mixed state
a radical that is better characterized as an tpe. of ZnP is expressed by the orbitals of the neutral state as
4. Orbital Decomposition. The analysis of frontier molecular ~ 0.81Gpa1y + 0.586Gpa2, USiINg the normalized coefficients, and
orbitals (MOs) obtained upon pJT mixing (Figure 9) leads to is composed of 65.6% ofiaand 34.4% of a.
the following two questions: (i) To what extent do the frontier 5. Spin Density AnalysisAn alternative analysis of the f
MOs correspond to the ideaj,zand a, symmetry as shown in Ay, composition of MP" species was carried out by resolving
Figure 2? and (ii) To what extent does the mixing between them the atomic spin densities into the corresponding contributions
take place? To answer these questions, we applied the orbitafrom the pure symmetry species. The formation of a MP radical
decomposition (projection) method, which can be summarized cation is naturally associated with the overall spin change,
as follows: the Koha-Sham orbitals (KSOs) of the neutral MP  which, in consequence, leads to the presence of one unpaired
state expressed in terms of the linear combination of atomic electron located on the porphyrin ring. To elucidate the nature

orbitals (LCAO) have the form of this change, the spin density profiles have been computed
for the series of MP" by means of spin-unrestricted calculations
¢=,C (1) on the corresponding optimized geometries (see Supporting

Information for details). The analysis of spin distribution shows

where ¢ andy are KSOs and basis atomic orbitals (AOs), that, upon formation of the A-type radical, the spin density is

respectively: primarily located on the Cand G carbons, while, for the 4\
b= by by ) @) type radical, it is on the Nand Gyesoatoms; these spin density
172 N distribution patterns are consistent with the atomic contributions
2 =01 L o 70 3) to the two highest occupied orbitals (Figure 2).
1A ANR Unraveling the mixing of electronic states in terms of spin
andC is the matrix of the LCAG-KSO coefficients: densities is complicated by the presence of unpaired spin density

that arises for porphyrins having an open-shell transition metal.
C11 Cip *+ Ciy To overcome this_(_jifficulty, the analysis was shifted tpwar(_j
Coy Gy +or Cop relatlye spin densities (Table 3) where the difference in spin
L . densities have been computed/gs= [MP**(...) — MP] with
: : . (4) respect to the particular type of radical denoted as™IP). It
Cni Cn2 ot Cun is interesting to note that the relative spin densities are more
systematic and similar to each other, regardless of the specific
Theith column contains the LCAGKSO coefficients of the  identity of the MP*. The central metal has small residual value
ith KSO, andN is the number of basis AOs. Similarly, the KSOs that can be neglected as a first approximation. On average, the

C:

of the mixed state are represented as biggest change for MP(Ay,) is observed forACy (0.1773),
and the smallest is observed faC, (0.0241). The overall
¢.=xC\, (5) change in spin density associated with th€, and ACg pair
of atoms multiplied by the total number ofandf carbons in
¢'s=xCly (6) the porphine macrocycle (i.e., eight) gives a value of 1.6112.

This is greater than 1, but the difference of 0.6112 is
Because these two states have very similar structures, here weompensated by the negative change in spin density oAlhe
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TABLE 2: Projection of Orbitals in the Mixed State into the A 1, and a, Orbitals in the Neutral State

ci(rawy? Co(raw)? ci(normy ca(normy ratio(ay)°® ratio(ay)°©
CrP
a-90(HOMO-4) —0.937 0.336 —0.941 0.337 0.886 0.114
a-94(HOMO) 0.349 0.941 0.348 0.938 0.121 0.879
$-89(HOMO) 0.487 0.867 0.490 0.872 0.240 0.760
£-90(LUMO) —0.876 0.496 —0.870 0.493 0.757 0.243
MnP
o-93(HOMO-2) —0.464 0.875 —0.468 0.884 0.219 0.781
o-94(HOMO-1) 0.885 0.480 0.879 0.477 0.773 0.227
/-89(HOMO) 0.791 0.601 0.796 0.605 0.634 0.366
£-90(LUMO) —0.613 0.799 —0.609 0.793 0.371 0.629
FeP
a-93(HOMO-1) 0.988 0.157 0.988 0.157 0.975 0.025
o-94(HOMO) —0.165 0.987 —0.165 0.986 0.027 0.973
p-90 (HOMO-1) 0.268 0.960 0.269 0.963 0.072 0.928
£-92(LUMO) —0.967 0.274 —0.962 0.273 0.926 0.074
CoP
a-93(HOMO-1) 0.996 0.106 0.994 0.105 0.989 0.011
a-94(HOMO) —0.110 0.994 —0.110 0.994 0.012 0.988
B-92(HOMO) 0.148 0.987 0.149 0.989 0.022 0.978
£-93(LUMO) —0.993 0.152 —0.989 0.151 0.977 0.023
NiP
o-93(HOMO-1) —1.000 0.062 —0.998 0.062 0.996 0.004
a-94(HOMO) 0.065 0.997 0.065 0.998 0.004 0.996
/-93(HOMO) —0.080 0.995 —0.081 0.997 0.006 0.994
£-94(LUMO) 1.001 0.082 0.997 0.082 0.993 0.007
CuP
a-93(HOMO-1) 0.625 0.769 0.631 0.776 0.398 0.602
o-94(HOMO) —0.780 0.637 —0.774 0.633 0.600 0.400
B-93(HOMO) 0.607 0.786 0.612 0.791 0.374 0.626
£-94(LUMO) —0.796 0.617 —0.790 0.613 0.625 0.375
ZnP
a-94(HOMO-1) —0.578 0.806 —0.583 0.813 0.339 0.661
a-95(HOMO) 0.816 0.591 0.810 0.586 0.656 0.344
p-94(HOMO) —0.654 0.747 —0.659 0.752 0.434 0.566
f£-95(LUMO) 0.758 0.664 0.752 0.659 0.566 0.434

aRaw coefficients from thé® matrix. ® Normalized coefficients: Calculated from the squared normalized coefficients.

TABLE 3: Spin Density Changes during Electron Ejection from Metalloporphines [MP**(...) — MP]

MP** radical AM ANp AC, ACheso ACy
CrP*(Aw) —0.0227 —0.0505 0.0236 —0.0969 0.1779
CrP*(Az) 0.0064 0.1140 0.0037 0.2999 —0.0801
CrP*(mixed) —0.0149 —0.0098 —0.0288 0.0679 —0.0014 0.1557 0.0731
MnP*(Ay) —0.0066 —0.0532 0.0232 —0.1005 0.1795
MnP*(A2) 0.0061 0.1204 0.0003 0.3039 —0.0816
MnP*(mixed) 0.0022 0.0585 —0.0387 0.0577 0.1546 0.0567 —0.0311
FeP*(Aw) —0.0093 —0.0505 0.0243 —0.0957 0.1750
FeP*(Az) 0.0039 0.1096 0.0054 0.2951 —0.0771
FeP*(mixed) —0.0080 —0.0383 —0.0066 0.0529 —0.0671 0.1811 0.1309
CoP* (A1) —0.0244 —0.0540 0.0252 —0.0950 0.1774
CoP*(Az) —0.0052 0.1045 0.0061 0.2894 —0.0713
CoP*(mixed) —0.0239 —0.0502 0.0411 0.0086 —0.0864 0.1581 0.1852
NiP* (A1) —0.0162 —0.0540 0.0253 —0.0944 0.1761
NiP**(Azy) 0.0028 0.1025 0.0068 0.2879 —0.0713
NiP**(mixed) —0.0160 —0.0529 0.0159 0.0344 —0.0919 0.1819 0.1669
CuP* (A1) 0.0062 —0.0563 0.0242 —0.0976 0.1770
CuP*(Az) 0.0151 0.1080 0.0030 0.2933 —0.0744
CuP*(mixed) 0.0104 0.0080 —0.0333 0.0671 0.0489 0.1238 0.0378
ZnP* (A1) 0.0058 —0.0558 0.0235 —0.0998 0.1785
ZnP*(Az) 0.0147 0.1075 0.0030 0.2971 —0.0760
ZnP*(mixed) 0.0106 0.0129 —0.0358 0.0675 0.0610 0.1184 0.0284
MP**(A1u)average —0.0535 0.0241 —0.0971 0.1773
MP**(Azy)average 0.1095 0.0040 0.2952 —0.0760

and ACnesoatoms, which is equal te-0.6024. In the case of  atoms, which is essentially compensated by the negative change
the MP™(A,,) radical, the biggest change is observed for in ACsz with an overall value of 0.608.

ACnmeso Which is equal to 0.2952, and that fAN, is almost 3 The spin change associated with the radicals described as
times smaller, being 0.1095. Again, the total balance of spin MP**(mixed) is not systematic. To explore the extent of mixing
density gives a value of 1.6188 for all fodN, and ACmeso in terms of A, and Ay, components, it was found that the use
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TABLE 4: Group Spin Density Ap(N,Cn)? and Ap(Cq,Cp,Co',Cs')P Based on Relative Spin Density Values [MP{(...) — MP]

AN, ACmeso  Ap(N,Cr) AC, AC; Ap(Ca,Cs,Co',Cy)
CrP*(Auy) —0.0505  —0.0969  —0.1474 0.0236 0.1779 0.4029
CrP*(Az) 0.1140 0.2999 0.4139 0.0037 -0.0801 ~0.1528
CrP+(mixed) —0.0098  —0.0014  -0.0112  —0.0288  0.0679 0.1557 0.0731 0.2679
MnP(A1,) —-0.0532  —0.1005  —0.1537 0.0232 0.1795 0.4054
MnP+(Az,) 0.1204 0.3039 0.4243 0.0003 ~0.0816 ~0.1628
MnP-+(mixed) 0.0585 0.1546 02131  -0.0387  0.0577 0.0567 —0.0311 0.0446
FeP* (A1) ~0.0505  —0.0957  —0.1462 0.0243 0.1750 0.3986
FeP*(Az) 0.1096 0.2951 0.4047 0.0054 ~0.0771 ~0.1434
FeP*(mixed) —0.0383  —0.0671  —0.1054  —0.0066  0.0529 0.1811 0.1309 0.3583
CoP*(Axy) —0.0540  —0.0950  —0.1490 0.0252 0.1774 0.4053
CoP*(Az) 0.1045 0.2894 0.3939 0.0061 ~0.0713 ~0.1304
CoP*(mixed) —0.0502  —0.0864  —0.1366 0.0411  0.0086 0.1581 0.1852 0.3930
NiP** (A1) ~0.0540  —0.0944  —0.1484 0.0253 0.1761 0.4027
NiP*(Az,) 0.1025 0.2879 0.3904 0.0068 ~0.0713 ~0.1290
NiP*+(mixed) ~0.0529  —0.0919  —0.1448 00159  0.0344 0.1819 0.1669 0.3991
CUP*(Axy) ~0.0563  —0.0976  —0.1539 0.0242 0.1770 0.4025
CuP*(Az) 0.1080 0.2933 0.4014 0.0030 ~0.0744 ~0.1428
CuP*(mixed) 0.0080 0.0489 00569  —0.0333  0.0671 0.1238 0.0378 0.1933
ZnP*(Ayy) —0.0558  —0.0998  —0.1556 0.0235 0.1785 0.4040
ZnP+(As) 0.1075 0.2971 0.4046 0.0030 ~0.0760 ~0.1459
ZnP+(mixed) 0.0129 0.0610 00739  —0.0358  0.0675 0.1184 0.0284 0.1784
MP**(A 1)average ~0.1506 0.4028
MP**(Ay)average 0.4047 ~0.1440

a Ap(N,Cr) = A(N) + A(Cresd- ® Ap(Ce,Cs Co!,Cs') = A(Ca) + A(Cp) + A(C) + A(CY).

of group of atoms is more effective toward this end than the On the basis of the above, it is therefore reasonable to express
use of the spin density changes of individual atoms. Conse- the Apmix quantity as a linear combination #foa1, andApazu
quently, two groups of atoms have been introduced. The first components:

group is a sum of thet and carbons, and the overall change

of spin density associated them consequently is defined as Apmix = CLAPA1 T CAPA, (15)

Ap(C,,Cs,C,,Cs) = AC, + AC; + ACy + AC,  (10) The resultantc; and ¢, coefficients, obtained by solving

) o . simultaneous equations, were normalized by dividing each of
where the prime label distinguishes nonequivalent carbon atomsthe coefficients byc;+ c,.

in the pyrrole ring upon the pJT distortion. The second group |t should be noted that the above protocol does not allow for

is defined as a pair of nitrogen and meso carbon atoms; the netthe mixing 0fAp(Co,Cs,Ca’,Cs') @andAp(N,Crmes) COMponents.
spin change associated with them is as follows: This approach will further be referred to as decomposition
. method 1 (DM1). The alternative approach, allowing for the
A'o(Np'CmesQ = ANy + ACheso (11) mixing of both components, will be referred to as decomposition

These two groups of definitions are in fact consequences of method 2 (DM2). In this case, eq 15 simply becomes eq 16:

an orbital pattern observed for the two highest MOs of
symmetry, @, and a,, respectively. The g orbital is mainly
concentrated on £and G, while the a, is concentrated on N

and Greso(Figure 2). Following this through, the change of spin
profiles can now be described in terms of two quantities, that
iS, Ap(Cy,Cs,Cd’,C4'") andAp(Np,Cinesd, @S summarized in Table

4. Again, the point of interest is the average spin density change
for both groups, \.NhiCh’ in the case'o.f theAadical is 0.4028 Both the DM1 and DM2 protocols have been numericall
and—0.1506, while, for the A, type, itis—0.1440 and 0.4047,  ot0y ang applied to the gecomposition of the mixed sp)i/n
respectively. The sum in both cases gives nearly 0.25 as onedensity with respect to 4 and A, components. The optimal
should expect for a quarter of the molecule. Using the definitions sets ofc, andc, coefficients by DM for all seven MP(mixed)

of the group spin densities given by egs 10 and 11, the Changeradicals are summarized in Table 5. Both DM1 and DM2

?f over:;l_l S?'n densi)lty upon the (l;o_rm?tlon Oﬁfﬁme or A tprotocols predict essentially the same extent of mixing between
ype radicals can be expressed In terms o 0 componen A1 and Ay, with the exception of the ZnP(mixed) radical,

quantities defined as which shows sensitivity with respect to the applied protocol.
— o However, its dependence can be explained by the fact that, in
Aary = [A0a1(Car Gy Co' G, Apar(N.Crresd] (12) the case of Zn‘F’FT the mixing of Ay agd Aoy is glmost equal
and and thus allows the components of spin groups to be used for
additional mixing, thus having a noticeable influence on the
Appzy = [APa2(CosCs Co' s Cs)s Appny(N,Crresd] (13) final results. In other cases, when one type of radical has a
dominant contribution, both methods give essentially the same
Similarly, the change in spin density in the case of the mixed results.
state is expressed as follows: 6. Comparison of Orbital Decomposition Results and Spin
Density Analysis.The most interesting observation is the close
Appix = [Apmix(ca’cﬁlca'vcﬁ')v Appix(N,Crresd]  (14) similarities for optimization of the coefficients determined by

Aiomix = C1Apallu + CZAPaZU (16)

with similar constraints (i.e¢; + ¢, = 1) imposed for linear
coefficients. Here,Apa1y is the sum of the spin density
differences at €Cs,Cy/,Cs', N, and Gneso and thus we do not
separate the regions as in DM1. These two equations allow us
to obtainc; andc; values.
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TABLE 5: Group Spin Density Ap(N,Cn,)2 and
Ap(C,Cp,Co’ ,C,,’F))b Bpased on }%elaéf)lS/e ST))ln Density Values Yo = 101019V 20% 2+ Vo1 Vi-10) Yol (17
[MP*(...) — MP] The doubly occupied orbital shell may be associated, for
MP** radical Ap(N.Cm) Ap(CaCpCu'.Cs) ©1° C° ¢ cf example, with a simple spin-restricted wave function or with a
P (A 01474 0.4029 set o'f correspondlr!g orbitals magle from an open-shell wave
CrP*+(Aay) 0.4139 —0.1528 function, or even with natura_l orb_ltals with occupancies plose
CrP+(mixed) —0.0112 0.2679 0.757 0.243 0.783 0.217 t0 2.0. The nature of the orbitals in the closed-shell part is not
MnP(A)  —0.1537 0.4054 so important, since the closed-shell part of the Slater determinant
MNP+ (Azy) 0.4243 —0.1628 in eq 17 is invariant to orbital transformation (unitary transfor-
MnP*(mixed)  0.2131 0.0446 0.365 0.635 0.384 0.616 mation). Therefore, we may consider these orbitals to be
FeP+(Ay)  —0.1462 0.3986 identical for the neutral MP and its radical cation. As such, if
FeP*(Az) 0.4047 —0.1434 the singly occupied orbital has a mixed characgg), and is
FeP*(mixed) —0.1054 0.3583  0.926 0.074 0.935 0.064 3 |inear combination of the corresponding pure symmetry a
CoP* (A1) —0.1490 0.4053 and a, orbitals,

CoP*(Az) 0.3939 —0.1304

CoP*(mixed) —0.1366 03930  0.977 0.023 0.980 0.020 Vi = B1¥atue) T ¥a2up (18)
“:21223 _8éggi —o(_)i42%207 The total wave function of the radical cation would then be
NiP**(mixed) —0.1448 0.3991 0.993 0.007 0.994 0.006 e€xpressed as a linear combination qf,And Ay, components:
gﬂﬁigﬁig _8-}18?2 _00-1‘202285 Wyp: = &l (W11 200V 28)+ ¥r-1(@) Pr-1)Paruey! T

A
;:;rérAmx)ed) _(?f::; (()):(?jj 0.620 0.380 0.644 0.356 & (V10 V15V 200V 2 Yr-1(@) Yn-1(8) Vazue! (19)
ZnP*(A;E) 0.4046 —0.1459 which are weighted by the corresponding orbital coefficient of
ZnP*(mixed)  0.0739 0.1784 0.590 0.410 0.618 0.382 the orbital from which the electron was ejected, which is also
A AP(N,C) = A(N) + A(Cresd. bAp(Ca,Cﬁ Ci'\Cf) = A(Cy) + the LUMO of the radical ca}tion. Qf course, the weights of the

A(Cs) + A(Cy) + A(Cy). °DML. 9 DM2 A1, and Ay, components will be given by the square of these

coefficients. While this is a qualitative explanation, it neverthe-

emp|0ying the orbital projection technique app||ed to the less serves to link the two methods of state prOjection.
pB-lowest unoccupied molecular orbitgh-LUMO) and spin

density technique based on the DM1 protocol. This is consistent Conclusions

with Figure 8, which shows that the origin of net spin density  \We have presented here a pJT analysis of radical cations of
difference used for the spin density analysis actually correspondspp++ species and developed three methods for projecting the
to the hole from which the electron was removed. The hole has gmounts of pure A and Ay, components in the resulting states.

a character of the mixe@-LUMO, and is comprised of a  One method is based on projection of the mixed orbitals into
mixture of the a, and @, orbitals. Consequently, they oy their &, and a, components, and the other two (DM1 and DM2)
ratio of theﬁ-LUMO should reflect the NAzu ratio, since these are based on an expansion of the Changes in the group Spin
orbitals characterize this state. In the orbital analysis (egs 8 anddensities into weighted changes of thg, And A, components.

9), the mixed orbitals were expressed in terms of the pure @ When one compares the projecteg,And Ay weights of the

and a, components. This is similar to the condition imposed LUMO to those of the spin-density-based DM1 method, the
in the DM1 protocol (egs 1216), in which the spin density  results are in very good agreement. A qualitatively simple
associated with the grouf€q,Cg'Co'Cy'} and{Np,Cres¢ Were rationale shows why the two methods are actually linked. Of
not allowed to mix. Therefore, the orbital projection and the course, one caveat with the orbital projection method is the
DM1 scheme both have constrained character and showassumption that the AOs of the MP and MPspecies are
essentially the same trends, despite the difference in the applieddentical. This is, of course, not true in the general case of strong
procedure. distortion (such as ruffling or doming). However, our prelimi-

When the two electronic states mix, the spin density distribu- nary results show that, even in such cases, the results of the
tion may get delocalized over the whole molecule. The DM2  orbital projection and DM1 techniques are very similar. As such,
protocol was applied in order to take into account such a these methods will be applied in the future to the analyses of
situation. Consequently, in the DM2 scheme, constrains were more complex MPs with ring substituents and to species of heme
not imposed on the spin densities, and flexibility with respect enzymes.
to mixing was fully allowed. When one electronic state has a
dominant character, as, for example, in the case of NiP, both  Acknowledgment. The research of S.S. and H.H. was
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