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Electronic Structure of Some Substituted Iron(ll) Porphyrins. Are They Intermediate or
High Spin?
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The electronic structure of some substituted, four-coordinate iron(ll) porphyrins has been investigated with
DFT methods. These systems include iron tetraphenylporphine (FeTPP), iron octamethyltetrabenzporphine
(FeOTBP), iron tetraf,a,o,a-orthopivalamide)phenylporphine (FeTpivPP, also called “picket fence” por-
phyrin), halogenated iron porphyrins (FeTRPX = F, Cl; n = 20, 28), and iron octaethylporphine (FeOEP).

A number of density functionals were used in the calculations. Different from the popular, intermediate-spin
FeTPP, the ground states of FeOTBP, FeTRP@hd FeTPPR3Cls are predicted to be high spin. The
calculated result for FeOTBP is in agreement with the early experimental measurement, thereby changing the
previous conclusion drawn from the calculations with only the BP functiohaChem. Phys2002 116

3635). But FeTpivPP might have an intermediate-spin ground state, a conclusion that is different from the
“experimental” one. With a notably expanded-H¢ bond length, FeOEP might exist as an admixed-sin (

=1, 2) state. We also calculated the electron affinities (EASs) for the various iron porphyrins and compared
them to experiment. On the basis of the calculated trends in the EAs and in the orbital energies, the experimental

EAs for FeTpivPP, FeTPRE and FeTPPG} may be too small by 040.5 eV.

be of particular interest, since the ground state is intermediate
) ) o _spin in FeTPP or FeOEP.

The electronic structure of t.he iron ion in iron .porphyrln With the existence of a number of low-lying states, the
complexes has been the subject of much experimental andg|ectronic structure of iron porphyrins has proven to be difficult
theoretical work because of its importance for understanding 5 gescribe theoretically. The HartreEock method is inad-
biological processes involving heme proten&or certain equate, as it does not account for electron correlation. Early
transition metals (e.g., Cr, Mn, Fe, Co), the open d-shells may HE cajculation&*-15 on simple iron porphine (FeP) predicted a
result in a number of energetically close-lying electronic states. high-spin5A,, state to be lower in energy th&A,, by more
Ferrous (i.e., P§ porphyrins, with six d-electrons, can existas  than 1 eV. This failure was ascribed to the fact that the high-
intermediate-$= 1), low- (S= 0), and high-spin&= 2) states,  gpin state is always favored in the HF-type theories since the
depend|ng on the coordination and the environment of the iron HF exchange contains 0n|y Fermi Corre'ation, but not Coulomb
ion. Many experimental studies have focused upon the electroniccorrelationté In the same vein, recent high-quality CASPT2
structures of iron tetraphenylporphine (FeTPP) and iron octa- stydies7-18of FeP remain in disagreement with experiment since
ethylporphine (FeOEP), the two most popular synthetic iron they predict the lowest state to BAg
porphyrins; they agree that the ground state is of intermediate  Naturally, density functional theory (DFT) has been applied
spin, but differ in the details of the electronic Conf|gurat|0n. A to iron porphyrins and appears to be a good choice in this aspectl

1. Introduction

3A,g ground state arising from the £)P(d,)?(d2)? configuration
was indicated by Mssbaue?;® magnetic} and proton NMR*6

Calculations on FeP by Kozlowski et &lusing the BP and
B3LYP functionals predicted the ground state to¥eg, in

measurements on FeTPP. On the other hand, Raman spectra ¢f{greement with the experiment on FeTPP. However, it is also

FeOEP were interpreted in terms ofE, state arising from the
(dy)?(d-)3(d2)* configuration’ A detailed analysis of the various
experimental data by Sontum efalast doubt on the assignment
of the ground state of FEOEP asH, state, which is also not
supported by the calculatiofis.

There are two four-coordinate 'Feporphyrin complexes
which may be different from FeTPP or FeOEP: the so-called
“picket-fence” porphyrin, iron tetra(o,o.,c.-orthopivalamide)-
phenylporphine (FeTpivPP)!! and iron octamethyltetraben-
zporphine (FeOTBPY Their magnetic moments were reported
to be 5.0ug and 5.9ug, respectively, suggesting a high-spin
ground state witts = 2. The specific reasons underlying this
electronic ground state of fén FeTpivPP or FeOTBP would

* Address correspondence to this author. E-mail:
jsums.edu.

mhuang@chem.

10.1021/jp070734z CCC: $37.00

known that the ability of DFT to calculate the relative spin-
state energies is sensitive to the type of functiofalg/e
recently investigated the behaviors of a large variety of density
functionals in describing the energetics for iron porphyrins and
related compounds and found that several functionals, namely
B3LYP, B97, B97-1, andr-HCTH-hyb, were able to yield
satisfactory results for all the systems considéfed.

On the basis of our recent investigatidgAsye want to further
explore the electronic structures of some substituted, four-
coordinate iron porphyrins that include FeOTBP, FeTpivPP,
FeTPPLy, FeTPPLs, FeTPPCls, and FeTPPRS3Cls. The
FeTPP and FeOEP systems were also included in the study for
the sake of comparison.

FeOTBP was once calculated by one of us with the BP
functional?! which gave an intermediate-spin ground state for
this system. It is shown that BP greatly overestimates the energy
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X=H, Y=H: FeTPP; X=H, Y=F: FeTPPF,,

FeTpivPP
X=F, Y=F: FeTPPF,g; X=Cl, Y=F: FeTPPF,,3Clg P

FeOTBP FeOEP
Figure 1. Molecular structures of the various iron porphyrins.

of the high-spin state, and so FeOTBP needs to be re-examinedut the larger MTPP appears to undergo a certain ruffling
by using suitable functionals. FeTpivPP is the most studied hemedistortion in the crystal, depending upon the identity of the metal.
model from an experimental point of vielt has steric For example, monoclinic ZnTPP belongs to tBe, point
shielding on one side of the porphyrin, reversibly oxygenating groug’ while NiTPP adopts the class® ruffling.28 It is logical

in solution. This model simulates the stereochemical propertiesto presume that these different structures are not too dissimilar
of myoglobin (Mb) and hemoglobin (Hb). Using the CPMD in energy since, for example, PP crystallizes in both the
program, Rovira and Parrinello reported DFT/BP calculations triclinic form with an effectively planar macrocycl®$,) and

on five-coordinate FeTpivPP(2-Melm) and six-coordinate FeT- the tetragonal form in which the macrocycle is distorted into
pivPP(2-Melm)(Q) complexes$? but not on the unligated, four-  C,, symmetry?® Another example is NiOEP; it exists in three
coordinate one. Polyhalogenated metal porphyrins have attractettrystal forms: triclinic A and B are planar, whereas the
much interest because of their potential as selective oxidative tetragonal C form is ruffled®3In solution, NiTPP or NiOEP
catalysts. Chen et &.measured the gas-phase electron affinities exists as a mixture of planar and ruffled conform@rsé On
(EAs) of a series of substituted iron tetraphenylporphyrins the other hand, there have been some detailed theoretical
including, among others, FeTpivPP, FeTRRFeTPPClg, and investigations on the nonplanar distortion issue foll PP37
FeTPPEy5Clg. In a recent study of COTPR4L), (L is an axial NiP38 NiTPP36 and NiOEP¥® It is found that the energy
ligand)?* we showed that the F substituents at fhpyrrole difference between a planar and a ruffled structure is very smalll
position cause a notable decrease in the relative energies of thgqr each system, consistent with the experimental observations
high-spin states. On the basis of our recent results on FeP, Weyentioned above. Nickel porphyrins were particularly assumed
expect that some substituted, four-coordinate iron porphyrins v, haye a ruffling distortion as the ionic radius of'N& relatively
may have a high-spin ground state. Traditionally, there was an gia| (100 small for the natural porphyrin cavity size). A ruffling
argumertt® that an intermediate-spin ¥én should be precisely ¢ a1 jron porphyrin is expected to be smaller than that of a
centere_d among the four_porphlnato_ nitrogen atoms, Whe"?as acorresponding nickel porphyrin because the ionic radius bf Fe
high-spin Fé ion should lie substantially out of the porphyrin (0.76 A) is larger than that of Ni(0.72 A). In fact, FeTPP
plane. The present investigations will help clarify the influence possesses a quite planar framework in the crysta{IIine phase.
of th_e nature of the macrocycle on the electronic spin state of Concerning the halogenated metal porphyrins MTPRX=

Fé! in these systems. 20, 28), the substituents appear to produce little geometrical
changed? In the case of FeOTBP, there should be little or no
S ruffling of the porphyrin core because of the fused benzene

The molecular structures of the various iron porphyrins ings in OTBP:
studied here are illustrated in Figure 1. For computational —On the basis of the above discussion, we have taken a high
convenience, taking a proper symmetry for the molecule is of symmetry for each of the systems in the calculations. That is,
importance. The macrocycle of porphyrins is conjugated and FeTPPX (n= 0, 20, 28) and FeOTBP were assumed to belong
expected to be planar. Indeed, simple, unsubstituted transitionto the D4, point group, wherea€,, symmetry was adopted for
metal porphines (MPs) exhibit a nearly plary, structure?® FeTpivPP. The four phenyl groups of TPP were assumed to be

2. Computational Details



Electronic Structure of Some Substituted Iron(Il) Porphyrins J. Phys. Chem. A, Vol. 111, No. 26, 2006929

TABLE 1: Functionals Used in the Calculations

functional formulation

BP Becke’s 1988 gradient correction for exchange (ref 45) plus Perdew’s 1986 gradient
correction for correlation (ref 46)

PBE Perdew Burke—Ernzerhof's 1996 corrections for both exchange and correlation (ref 47)

revPBE revised PBE functional proposed in 1998 by Zhang and Yang (ref 48)

RPBE revised PBE functional proposed in 1999 by Hammer, Hansen, and Narskov (ref 49)

mPBE modified PBE functional proposed in 2002 by Adamo and Barone (ref 50)

BOP Becke’s 1988 correction for exchange plus Tsure&l&zumura-Hirao’s 1999
one-parameter progressive correlation functional (ref 51)

OPBE Handy-Cohen’s 2001 OPTX correction for exchange (ref 52) plus
Perdew-Burke—Ernzerhof's 1996 correction for correlation

OPerdew OPTX correction for exchange plus Perdew’s 1986 gradient correction for correlation

OLYP OPTX correction for exchange plus LYP correlation functional (ref 53)

HCTH/407 HamprechtCohenr-Tozer—Handy 1998 correction for both exchange and correlation (ref 54), containing
15 parameters refined against data from a training set of 407 atomic and molecular systems (ref 55)

Becke00 Becke’s 2000 correction for both exchange and correlation, where the kinetic-energy density
7 [=3(V¢i)3 is included (ref 56)

7-HCTH the kinetic-energy densityis included in the HCTH/407 form (ref 57)

B3LYP Becke’s 1993 three-parameter hybrid functional (ref 58), using the LYP correlation functional

B97 Becke’s 1997 hybrid functional that contains 10 adjustable parameters (ref 59)

B97-1 the adjustable parameters in B97 were reoptimized in a self-consistent manner (ref 54)

7-HCTH-hyb HF exchange is introduced into théiCTH functional (ref 57)

molecular structure with use of different functionals are in
fact small and do not lead to notable errors in the calculated
energies? To further support these arguments, Supporting
All calculations were carried out with the Amsterdam Density Information has been provided, which presents (1) the optimized
Functional (ADF) program package (version 2005814 To Fe—N bond lengths for selected states of FeTPP and FeOTBP
obtain reliable results and for the sake of comparison, a numberwith different functionals and (2) a comparison between the

perpendicular to the porphyrin plane, as shown by experi-
ments240 Distorted conformers, if any, were not considered
here.

of density functionat$—59 were used in the calculations; they
include GGA functionals (BP, PBE, RPBE, revPBE, mPBE,
BOP, OPBE, OPerdew, OLYP, HCTH/407) that contain a
generalized gradient approximation (GGA) correction, meta-
GGA functionals (BeckeOQ;-HCTH) that contain the electron
kinetic energy density [=5 (Vi) (in addition to GGA), and
hybrid-GGA functionals (B3LYPz-HCTH-hyb, B97, B97-1)
that contain a fraction of the HF (or exact) exchange. A brief
description of their formulation is given in Table 1. The various

non-SCF and SCF calculated relative energies for selected states
of FeTPP and FeOTBP with the PBE, OPBE, or OLYP
functional. For any molecule in any state. n changes by

less than 0.02 A from one functional to another, although two
different functionals (e.g., BP and OPBE) can give rather
different relative energies for a state. On the other hand, the
non-SCF calculated relative energies are indeed very close to
the SCF ones with any functional used here, consistent with
previous calculationt49

functionals have their specific advantages and disadvantages. The STO basis set employed is the standard ADF-TZP set,
For example, BP and PBE yield reliable results for the which is triple< for valence orbitals plus one polarization

intermediate-spin states but overestimate the energies of thefunction. To obtain accurate results, the valence set on Fe
high-spin states. The OPBE, OPerdew, and OYLP functionals included subvalence 3s and 3p shells. For C, N, F, and O, 2s
that use the OPTX correction for exchange show good perfor- and 2p were included as valence shells. The other shells of lower

mance for calculating the high-spin energetics of some iron
porphyrins®-61put their results for the intermediate-spin states
are questionabl®. The hybrid-GGA functionals considered here
are able to provide a reliable description of different electronic
states of iron porphyrin®, but calculations with them are very
time-consuming within the ADF framework when the calculated

energy, i.e., [Ne] for Fe and [He] for C/N/F/O, were treated as
core and kept frozen according to the frozen-core approxima-
tion.#! Relativistic corrections for the valence electrons were
calculated by the quasirelativistic (QR) metH8dror the open-
shell states, the unrestricted Koh8ham (KS) spin-density
functional approach was adopted. Spin contamination in the

systems are large. In many cases, meta-GGAs perform com-ynrestricted calculations was found to be small, as is shown in

parably to the hybrid-GGA, and was thought to be a good
alternative to the HF exchange mixiPlt would be of interest

to compare the performances of the DFT methods for calcula-

tions on these iron porphyrins.
In the present version of ADF, the meta-GGA and hybrid-
GGA functionals are treated in a non-self-consistent field (non-

SCF) manner. That is, the meta-GGA or hybrid-GGA energies

are evaluated with orbitals and densities from LDA or GGA
calculations. Previous calculations by?tiand other® show

other calculations on comparable compouHd8:6'Hence, the
energetics obtained from the DFT calculations can be expected
to be meaningful.

3. Results and Discussion

Placing the molecule in they plane, the five metal 3d-orbitals
transform as, D, symmetry, @ (d2), big (d-y?), & (d, i.€.,
dyzand d,), and bg (dyy). Different occupations of six electrons

that non-SCF and SCF procedures yield very close results.in these d-orbitals can yield a number of possible low-lying
Because these functionals do not have an implementation forstates. To determine the ground state, relative energies of eight
the exchange-correlation (XC) potential, geometry optimizations selected configurations were calculated; they include four
cannot be performed with them. In our calculations, the intermediate-spiS = 1), three high-spin§ = 2), and one
molecular structures are optimized by using the BP functional. low-spin (§= 0) states. Geometry optimization was performed
Generally, DFT (e.g., the BP functional) gives an excellent (using the BP functional) separately for each state considered.
description of the molecular structure of a given electronic state It should be pointed out again that the structures of the various
for transition metal systenfd. The changes in calculated states can be well described by different density functionals.
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TABLE 2: Optimized Equatorial Fe —N Bond Lengths R, in A) for Selected States of the Various Iron Porphyrins with the BP

Functional
configuration Ree-n
Oy dz d, Oy state FeTPP FeOTBP FeTPRF FeTPPCls FeTPPRp FeTPPRy5Clg FeOEP
2 2 2 0 3A2g 1.965 2.005 1.982 1.998 1.966 1.998 1.996
2 1 3 0 3y (A) 1.967 2.011 1.985 2.000 2.001 1.999
1 1 4 0 3Bag 1.975 2.016 2.000 2.010
1 2 3 0 3y (B) 1.966 2.007 1.984 1.999
1 2 2 1 5A1g 2.031 2.074 2.054 2.059 2.032 2.061 2.057
1 1 3 1 5 2.037 2.077 2.063 2.066
2 1 2 1 5Bag 2.029 2.072 2.047 2.046
2 0 4 0 Ay 1.981 2.023 2.003 2.015
experimental bond length 1.972

TABLE 3: Optimized Structural Parameters (distance R, in A)2 for Selected States of FeTpivPP with the BP Functional

configuration

Oy dz d; Oy state Rre-n Retnay--Fe Retnay-ct(cs) Reinay--cirs)
2 2 2 0 3A, 1.967 0.012 0.081 0.169
2 1 3 0 3E(A) 1.970 0.010 0.080 0.168
1 1 4 0 3B, 1.980 0.010 0.086 0.176
1 2 3 0 SE (B) 1.969 0.013 0.081 0.169
1 2 2 1 5A; 2.035 0.020 0.110 0.222
1 1 3 1 SE 2.041 —0.01% 0.100 0.202

2 1 2 1 5B, 2.033 —0.016 0.102 0.204
2 0 4 0 AL 1.986 —0.057 0.085 0.173

aCt(N4): centroid of the plane defined by the four pyrrole nitrogen

atoms. Ct(C8): centroid of the plane defined by the eight peripheral carbon

atoms. Ct(H8): centroid of the plane defined by the eight peripheral hydrogen dtblegative value foRcynay-re means that Fe displaces out of

the porphyrin plane toward the unencumbered side of the porphyrin.

For the consideretEy(A), 3Eq(B), and®Ey states, three electrons
occupy the degeneratg/@, orbitals. According to the Jakn
Teller theorem, the molecule will be unstable and will undergo

can be summarized as follows: (1) With the BP functional, the
calculated ground state 8,4, in agreement with most of the
experiments; 6 A4 is the lowest quintet state, lying 0.73 eV

a geometrical distortion that removes the degeneracy. In ourabove the ground state. (2) The PBE and BOP functionals yield

case, the symmetry of the molecule will be loweredtg. We
have investigated the spontaneous Jaheller effect for these
states in FeTPP. In reducé&b, symmetry, the gd, orbitals
are split into bydy, and zg/dy,. Geometry optimizations were
carried out undeb,, symmetry and with a @yd,)?(bag/dx,)*
occupation. The calculated relative energies aneNrédond
lengths for selected states of FeTPMip andD,, symmetries
are also provided in the Supporting Information (Table S3)
together with a figure (Figure S1) that displays the orbital energy
level diagrams of FETPP in thiEg(A) (Dan) and 3Bag (Da2n)
states. When the constraints Bfy, symmetry are relaxed to
Dan, the Fe-N1 distance becomes 0.60.02 A shorter than
Fe—N2. The smallness of this distortion may be attributed to
the rigidity of the porphyrin macrocycle. The total molecular
energy is lowered by 0.670.08 eV. This energetic stabilization
is not large enough to change the ground st&eg obtained
by a number of GGA functionals. Consequently, we neglected
Jahn-Teller effects for all the exciteEy(A), 3E4(B), and®Ey
states.

The optimized equatorial FeN bond lengthsRee—n) for the
molecules wittD4, symmetry are collected in Table 2, together
with available experimental data for FeTPP in the cry3{alo

out-of-plane displacement of Fe has been found in any of the

results which are similar to those of BP, while a revised or
modified PBE (i.e., RPBE, revPBE, or mPBE) leads to a
decrease in the relative energies of the high-spin states (by 0.1
0.2 eV for *Ayg). (3) The functionals that use the OPTX
exchange yield very different results from those of the other
GGA functionals. First, OPBE, OPerdew, and OLYP predict
the 3E4(A) state to be lower thaPA,g in energy, in contrast to
the energy ordering obtained by the other GGA functionals. In
addition, the high-spin states now have rather small relative
energies (0.250.30 eV for°A;g. (4) With the HCTH/407
functional, the relative energies of the high-spin states become
even smaller (only 0.04 eV f§A1g). (5) By including the kinetic
energy density in the HCTH functional, the relative energies
of the high-spin states are further decreased. N@wg has
become the ground state and lies 0.17 eV belowtAhg state.
But this is qualitatively inconsistent with experiment. (6) With
the hybrid-GGA functionals, théAi5—3A,4 energy gap is
estimated to be 0-10.2 eV, which is believed to be a reliable
energy range based on a recent sttfgiuot all spin states were
calculated by using the hybrid-GGA functionals because
calculations of large systems with them are very time-consuming
within the ADF framework.)

3.2. FeOTBP. The results for FeOTBP are presented in

electronic states. See also ref 21.) Table 3 reports the optimizedTable 5. With the BP functional, the intermediate-spin stAtg

structural parameters for FeTpivPP; they inclirte-n, Reynay
-re (the displacement of the metal out of the porphyrin plane),
and Reynay-ctcs) OF Reynay-crs) (& measure of the doming of
the macrocycle ring).

3.1. FeTPP.The calculated relative energieE'{2aive for

is calculated to be the lowest in energy, similar to the situation
for FeTPP. But the results indicate a significant decrease in the
relative energies of the high-spin states from FeTPP to FeOTBP.
Here the BP value of™?ivefor A4 is only 0.48 eV. On the
basis of the recent stuéfyand the results for FeTPP, the BP

selected states of FeTPP with various density functionals arefunctional overestimates the relative energy of the high-spin state

presented in Table 4 (th&®a™e of 3Ay, is set to zero).
Compared to the previous results on the simple i Erelative

by 0.5-0.6 eV. Therefore, theA 4 state in FeOTBP is expected
to be lower tharfA,4 in energy. This expectation is confirmed

values for FeTPP have little changes. The main results hereby the calculations with the OPBE, OPerdew, OLYP, and the
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TABLE 4: Calculated Relative Energies E, eV) for Selected States of FeTPP with Various Density Functionals

Erelative, eV
*Azg Eg(A) ®Bag 3Ey(B) *Ag °Ey ®Bag Ag
GGA BP 0 0.12 0.26 0.70 0.73 0.86 1.08 1.49
PBE 0 0.11 0.25 0.67 0.70 0.82 1.06 1.47
RPBE 0 0.11 0.23 0.68 0.53 0.66 0.90 1.43
revPBE 0 0.10 0.22 0.68 0.57 0.69 0.93 1.43
mPBE 0 0.11 0.25 0.68 0.66 0.78 1.02 1.47
BOP 0 0.17 0.32 0.73 0.71 0.86 1.13 1.33
OPBE 0 -0.11 0.05 0.56 0.26 0.27 0.49 1.38
OPerdew 0 —0.07 0.09 0.57 0.27 0.31 0.53 1.44
OLYP 0 0.00 0.16 0.61 0.29 0.37 0.65 1.39
HCTH/407 0 0.04 0.19 0.54 0.04 0.17 0.49 1.56
meta-GGA Becke00 0 0.10 0.23 0.62 0.33 0.43 0.79 1.35
7-HCTH 0 0.06 0.29 0.56 —-0.17 —-0.01 0.30 1.65
Hybrid-GGA B3LYP 0 0.19
7-HCTH-hyb 0 0.16
B97 0 0.12
B97-1 0 0.12
TABLE 5: Calculated Relative Energies E, eV) for Selected States of FeOTBP with Various Density Functionals
Erelativel eV
3A29 3EQ(A) 3829 3EQI(B) SAlg SEQ SBZQ lAlg
GGA BP 0 0.12 0.20 0.75 0.48 0.61 0.83 1.43
PBE 0 0.11 0.18 0.72 0.45 0.57 0.81 1.42
RPBE 0 0.11 0.15 0.73 0.25 0.40 0.63 1.37
revPBE 0 0.10 0.15 0.73 0.29 0.43 0.66 1.37
mPBE 0 0.11 0.18 0.72 0.39 0.52 0.77 1.41
BOP 0 0.15 0.24 0.77 0.44 0.59 0.88 1.25
OPBE 0 —0.09 0.01 0.62 —0.06 —0.02 0.20 1.35
OPerdew 0 —0.06 0.05 0.63 —0.04 0.02 0.24 1.41
OLYP 0 0.01 0.12 0.67 —0.02 0.09 0.36 1.35
HCTH/407 0 0.04 0.16 0.59 —-0.25 -0.10 0.23 1.52
meta-GGA Becke00 0 0.13 0.29 0.69 0.16 0.30 0.63 1.41
7-HCTH 0 0.08 0.22 0.62 —0.49 —-0.30 —-0.01 1.59
Hybrid-GGA B3LYP 0 —0.03
7-HCTH-hyb 0 —-0.05
B97 0 —-0.10
B97-1 0 —0.08
TABLE 6: Calculated Relative Energies E, eV) for Selected States of FeTpivPP with Various Density Functionals
Erelative’ eV
3A, 3E(A) 3B, 3E(B) 5A; 5E 5B, 1A,
GGA BP 0 0.13 0.27 0.70 0.73 0.86 1.08 1.49
PBE 0 0.10 0.20 0.69 0.64 0.77 1.01 1.37
RPBE 0 0.11 0.17 0.70 0.48 0.61 0.85 1.34
revPBE 0 0.13 0.17 0.70 0.52 0.64 0.87 1.33
mPBE 0 0.11 0.20 0.69 0.60 0.73 0.97 1.36
BOP 0 0.16 0.26 0.75 0.66 0.81 1.08 1.23
OPBE 0 —-0.12 0.01 0.57 0.20 0.21 0.44 1.30
OPerdew 0 —0.09 0.04 0.59 0.21 0.26 0.48 1.35
OLYP 0 —-0.01 0.12 0.63 0.24 0.32 0.60 1.30
HCTH/407 0 0.04 0.15 0.56 —0.02 0.13 0.45 1.45
meta-GGA Becke00 0 0.10 0.63 0.28 0.36 0.71 1.28
7-HCTH 0 0.06 0.58 —0.20 —0.03 0.28 1.54
Hybrid-GGA B3LYP 0 0.15
7-HCTH-hyb 0 0.10
B97 0 0.05
B97-1 0 0.06

hybrid-GGA functionals; theilE™"aive values for®A4 are all show a decrease in thé 4 relative energy by 0.040.07 eV
negative here, indicating that FeOTBP is high spin. This is in from FeTPP to FeTpivPP. This energy decrease seems to be
contrast to the previous conclusion drawn from the BP results too small to cause the ground state to change from the
only 2! According to Table 2, the FeN bond in FeOTBP is intermediate- to the high-spin state because, according to the
notably longer (by~0.04) than that in FeTPP. This lengthening “reliable” calculations with the hybrid-GGA functional?\ 4
of the bond changes the spin state. in FeTpivPP still lies 0.050.15 eV abovéA,y. We note that

3.3. FeTpivPP.The results for FeTpivPP are presented in the calculation with HCTH vyields a slightly negatigelative
Table 6. In contrast to FeOTBP, the ground state of FeTpivPP for °Ay4in FeTpivPP and also suggests that FeTPP is intermedi-
is predicted to béA,g, i.e., the same as that of FeTPP. Even ate spin. The trend in the HCTH results seems to be qualitatively
the BP calculatede™®aive of %A,4 in FeTpivPP is the same as  consistent with the arguméfthat FeTpivPP is different from
that for FeTPP. But the calculations with the other functionals FeTPP in spin state. However, the HCTH functional probably
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TABLE 7: Calculated Relative Energies E, eV) for Selected States of FeTPPJg with Various Density Functionals
Erelative, eV
*Azg SE4(A) *Bag *Eq(B) *Alg = *Bag A
GGA BP 0 0.10 0.35 0.82 0.64 0.74 0.90 1.49
PBE 0 0.09 0.33 0.79 0.74 0.85 0.99 1.49
RPBE 0 0.09 0.29 0.80 0.53 0.66 0.80 1.44
revPBE 0 0.08 0.29 0.80 0.58 0.69 0.83 1.44
mPBE 0 0.09 0.32 0.79 0.68 0.80 0.94 1.48
BOP 0 0.13 0.36 0.84 0.71 0.84 1.03 131
OPBE 0 -0.11 0.17 0.68 0.25 0.28 0.41 1.45
OPerdew 0 —0.08 0.20 0.69 0.28 0.33 0.46 151
OLYP 0 —0.01 0.25 0.73 0.29 0.37 0.56 1.43
HCTH/407 0 0.02 0.27 0.65 0.04 0.17 0.43 1.59
meta-GGA Becke00 0 0.16 0.49 0.78 0.56 0.69 0.98 1.58
7-HCTH 0 0.04 0.34 0.68 —0.19 —0.03 0.14 1.65
Hybrid-GGA B3LYP 0 0.21
7-HCTH-hyb 0 0.20
B97 0 0.13
B97-1 0 0.15
TABLE 8: Calculated Relative Energies E, eV) for Selected States of FeTPP@4 with Various Density Functionals
Erelativel eV
3A29 3EQ(A) 3829 3EQI(B) SAlg SEQ SBZQ lAlg
GGA BP 0 0.10 0.33 0.81 0.45 0.55 0.72 1.48
PBE 0 0.08 0.31 0.78 0.42 0.52 0.70 1.46
RPBE 0 0.10 0.29 0.81 0.24 0.35 0.54 1.42
revPBE 0 0.10 0.28 0.80 0.28 0.38 0.56 1.42
mPBE 0 0.09 0.30 0.79 0.37 0.47 0.66 1.45
BOP 0 0.14 0.36 0.85 0.40 0.52 0.74 1.28
OPBE 0 -0.12 0.13 0.66 —0.06 —0.03 0.14 1.40
OPerdew 0 —0.09 0.16 0.68 —0.04 0.01 0.17 1.46
OLYP 0 —0.02 0.22 0.72 —0.03 0.05 0.27 1.39
HCTH/407 0 0.01 0.24 0.63 —0.28 —0.16 0.14 1.54
meta-GGA Becke00 0 0.08 0.33 0.73 0.06 0.18 0.59 1.38
7-HCTH 0 0.07 0.36 0.70 —0.47 —0.31 —0.09 1.65
Hybrid-GGA B3LYP 0 —0.08
7-HCTH-hyb 0 —0.09
B97 0 —0.14
B97-1 0 —0.12

TABLE 9: Calculated Relative Energies €, eV) for Selected States of FeTPP, FeTPPR3Cls,

Density Functionals

and FeOEP with Various

Erelative,ev
FeTPPko FeTPPRo3Clg FeOEP
*Azg *Axg *Azg *E4(A) *A1g *Azg *E4(A) *A1g
GGA BP 0 0.73 0 0.09 0.45 0 0.18 0.57
PBE 0 0.72 0 0.14 0.45 0 0.17 0.54
RPBE 0 0.58 0 0.15 0.27 0 0.17 0.38
revPBE 0 0.62 0 0.14 0.31 0 0.16 0.41
mPBE 0 0.68 0 0.14 0.40 0 0.17 0.50
BOP 0 0.77 0 0.19 0.45 0 0.21 0.56
OPBE 0 0.23 0 —0.06 —0.04 0 —0.05 0.07
OPerdew 0 0.25 0 —0.03 —0.02 0 —0.02 0.09
OLYP 0 0.30 0 0.04 0.01 0 0.06 0.12
HCTH/407 0 0.01 0 0.06 —0.25 0 0.10 —0.13
meta-GGA Becke00 0 0.43 0 0.17 0.15 0 0.16 0.24
7-HCTH 0 —-0.10 0 0.12 —-0.44 0 0.13 —0.35
Hybrid-GGA B3LYP 0 0.19 0 —0.05 0 0.06
7-HCTH-hyb 0 0.17 0 -0.10 0 0.01
B97 0 0.12 0 —0.13 0 —0.02
B97-1 0 0.12 0 -0.12 0 —0.01
underestimates the relative energies of the high-spin sfates. rather limited influence on the electronic state of the iron

Examining the calculated structural parameters of FeTpivPP porphyrin.
(Table 3), we see that the equatoriaH®™ bond length in this

complex shows very slight core expansion0(01 A) as

the bulky substituents at thmesephenyl positions have a

3.4. FeTPPkg and FeTPPChs. The results for these two
systems are presented in Tables d &n, respectively. For a
compared to that in FeTPP. The displacement of Fe from the given state, the FeN bond length in FeTPPRE is about
porphyrin plane is very small even in the high-spin state 0.02 A larger than that in FeTPP. As a result, gigative of
(0.02 A), as is the doming of the macrocycle ring. It seems that SAigis 0.1 eV lower for the former than for the latter system

according to the BP results. However, the other functionals do
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not yield a decrease in the high-spin state’s relative energy from F(;IP;’ FeTpivPP FeoTEP
FeTPP to FeTPRE; indicating that this halogenated system has =1 Wjiw (') FeTPPRy (A
the same’A,q ground state as FeTPP. 3 °“"$\\ b A Fe:;:f'):zoﬁct e =
In the case of FeTPPg| the calculated FeN bond length %-2- \(@\\ @) ‘ (3,;) (5:1“) G
of a given state is about 0.01 A smaller than that in FeOTBP & 26 o . ’ j
but 0.02 A larger than that in FeTPRFContrary to the fluoride, S N N7 :“(:%) o)
the chloride system is predicted to be high spin, and most 5 _ @@\ﬁo AN
functionals predict th&"/atve of 5A 14 to be even slightly lower 4 S N e A
than that in FeOTBP. =N T v
3.5. FeTPPRo, FeTPPRg3Clg, and FeOEP.The results for SIMER W w1 B B
these three systems are collected in Table 9. Here only the states _— \”szty\?rgm%’ ﬁé’j "3 e
of particular interest were calculated. An FeTRR¥ystem was S5 BN N P "
also considered because we want to see how the Cl substituents = =, ===
at thef positions influence the electronic structure of the iron 26 I :— = - - -
porphyrin. According to the calculations, the-R¥ bond length o -= -
for any given state in FeTPR§s very close to that in FeTPP, 81 I

indicating that the F substituents at timesephenyl positions ) ) o )
have little effect on the molecular structure of the iron porphyrin. Figure 2. Orbital energy levels of the various iron porphyrins.
For 5A14 in FeTPPRo, most GGA and all hybrid-GGA func-
tionals yield anEaive that is the same or nearly the same as
that in FeTPP. These results indicate that FeTFs$ not
different from FeTPP for botiRee_n and Erelative

From FeTPPfpyto FeTPPE(SClg, the Fe-N bond lengthens
and the relative energy of the high-spin state is lowered
significantly. FeTPPkgSClg is actually very similar to FeTP-

3.6. Electron Affinities. There have been experimental
measurements of electron affinities (EAs) for a series of
substituted iron porphyrins in the gas phés&he EA of a
halogenated metal porphyrin is suggested to be a useful measure
of electronic effects on catalyst activity. We have thus
calculated EAs for most systems studied here. It would be of
oltive g interest to make comparison between the experimental and
PChs for both Ree-n and E®#1¢ and so it should also be @ 5icylated EAs. Another purpose of these calculations is to
high-spin system. examine whether the EAs are significantly different for different

Concerning FeOEP, the F&l bond length calculated for a  spin states. To better examine the accuracy of the density
given state is nearly the same as that in FeTQREHs, the functionals in predicting the EAs, we included in the calculations
difference inRee-n between the two systems being less than another two systems, namely FeTPP(CI) (Cl is an axial ligand

0.005 A. Being electron-donating substituents, the ethyl groups here) and NiTPP, for which experimental gas-phase EAs are
seem to cause a smaller decrease in the high-spin state’s relativgyailable as wel3

energy than do the Cl substituents; &€2"*of %Ay in FeOEP The calculated EAs for the various iron porphyrins and NiTPP
is systematically~0.1 eV higher than that in FeTPRBCls, with various functionals are collected in Table 10. They were
independent of the functional used. Thus, the B3LYP functional, optained by the so-callellSCF method in which separate SCF

which yields a negativeE™a™ve of —0.05 eV for *Ayq in calculations for the neutral molecule and its anion are carried

FeTPPR5Cls, gives a positive value of 0.06 eV f6Aq in out and—EA = E(X~) — E(X). One obvious feature of the EA
FeOEP. Then, the calculations with the other hybrid-GGA values is that the calculated EAs for the intermediate- and high-
functionals show?A,q and °Ayq to be nearly degenerate, the  spin states are very close for every system with any functional.
energy difference being at most 0.02 eV between the two states Another feature here is that the added electron in the iron
FeOEP was suggested to be intermediate spin in the literéfture. porphyrin always goes into the déd,) orbital, whether the
The room temperature susceptibility of the system indicated an system is in an intermediate- or high-spin state. This may be
effective magnetic moment of 4%, which lies between the  the reason why the different spin states have close EAs. In this
spin-only values of 2.8 and 48 expected foilS= 1 and 2 case, the calculated EAs for different spin states cannot be used
states, respectively, but larger than the valuei44neasured  to judge whether an iron porphyrin is intermediate spin or high
for FeTPP2 On the basis of calculation and experiment, we spin.
hypothesize that FeOEP might exist as an admixed-spia ( Examining the BP results, we see that the calculated EAs
1, 2) state. for FeTPP, FeTPPR3Clg, FeTPBg, FeTPP(CI), and NiTPP
The orbital energy level diagrams of the various iron agree very well with the experimental values, the error being
porphyrins are illustrated in Figure 2. The orbital energy levels less than 0.1 eV. The HCTH/407 results are the same or nearly
are shifted down from FeTPP to FeTpivPP to FeTRRB the same as the BP ones (for every system). The other
FeTPPRySClg and then shifted up from FeTPRBCls to functionals give EAs which are more or less smaller than those
FeTPPCls. The antibonding & orbital (de-?) is particularly obtained with BP; in fact, the calculated EAs are not very
destabilized through its interaction with the porphyrin nitrogens sensitive to the functional used. For FeTpivPP, FeTR&{&hd
so that it lies above the porphyrin antibonding, brbital in FeTPPR, however, the EAs of BP are too large by about
FeTPP. FeTpivPP is different from FeTPP in tha{lles below 0.5 eV as compared to the experimental data. According to the
by, in the former. In this respect, FeTpivPP is similar to calculation, the EA increases by ca. 0.2 eV from FeTR§OI
FeTPPE5Clg or FeTPPClg, the latter two systems are predicted FeTPPRK3Clg. But from the experiment, the magnitude of this
to be high spin. If we compare the energy level diagram of increase is as large as 0.6 eV. It is shown that the lower the
FeOTBP to that of FeTPP, we can see that the addition of four orbital energy levels are (see Figure 2), the larger the EAs.
benzo groups to the porphyrin ring removes the near degeneracyMoreover, the magnitude of the increase of the calculated EA
of &, and a,, raising the latter to a large extent. Owing to a from one system to another is found to be consistent with the
lengthening of the FeN bond in FeOTBP, the 1§ (de-?) magnitude of the decrease of the, bebital energy. To facilitate
orbital is lowered and so it becomes occupied in this system. comparison among these quantities, Figure 3 displays the
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TABLE 10: Calculated Electron Affinities (EA, in eV) for Various Iron Porphyrins and NiTPP

EA, eV
FeTPP FeTpivPP FeTPPgl  FeTPPRy  FeTPPRCls FeTPPks  FeTPP(CB NiTPP
3Azg 5A1g 3Az 5A1 3A29 5Alg 3A29 3AZQ 5Alg 3AZg 4A2 6Al lAlg
BP 182 183 251 253 3.09 312 263 3.30 3.32 3.17 210 213 148
PBE 1.74 1.75 2.44 2.45 3.00 3.03 255 3.21 3.23 3.08 2.02 204 140
RPBE 1.64 1.65 2.32 2.34 2.89 292 243 3.08 3.10 2.94 1.92 195 131
revPBE 1.64 1.65 2.33 2.34 2.90 292 243 3.09 3.11 2.95 1.92 195 131
mPBE 1.72 172 241 242 297 3.00 252 3.18 3.20 3.05 200 202 138
BOP 1.46 1.46 2.15 2.16 2.73 276  2.28 2.95 2.97 2.84 1.76 1.78 111
OPBE 162 162 230 230 291 293 241 3.09 3.11 2.94 189 192 130
OPerdew 1.74 1.74 2.42 2.43 3.03 3.05 254 3.21 3.23 3.07 2.02 204 143
OLYP 147 148 216 217 274 277 228 2.95 2.97 2.83 176 179 115
HCTH/407  1.82 1.83 2.51 2.53 3.10 3.13 2.65 3.33 3.34 3.22 2.11 214 1.49
Becke00 159 161 230 232 3.09 312 247 3.22 3.27 3.05 191 190 1.26
7-HCTH 1.73 1.74 2.41 2.43 2.99 3.01 252 3.18 3.20 3.03 1.99 201 141
exptP 1.874+0.03 2.07+0.03 2.59+ 0.11 2.15+ 0.15 3.21+ 0.03 2.15+ 0.15 1.51+0.01
aHere Cl is a axial ligand® Reference 23.
3.5 - the 3A,q state ovePA14 by 0.05-0.15 eV. This seems to be at
< variance with the assignment of a high-spin state for this

) complex!?

3.0 1 The relative energy of the high-spin state in FeOEP is notably
smaller than that in FeTPP. The calculated results with the
hybrid-GGA functionals show the ground state to be eithey

251 or *A4g; their energies are too close to distinguish. This complex
might exist as an admixed-spi € 1, 2) state.
It should be pointed out that the calculated ground states for
2.0 1 FeTPPCls and FeTPPRSClg are subject to verification through
experimental studies. On the other hand, more detailed experi-
15 . . mental investigations are desirable which might help to resolve
“FeTPP [ FeTPPF,, FeTPPCl, the question of the FeTpivPP and FeOEP electronic structure.
FeTpivPP FeTPPF,,Cl, In this respect, the most useful experimental method would be

Figure 3. Schematic illustration of the calculated and experimental an X-ray st_ruc_tural C.ZaraCtenzatlon tﬂatr:s abrie to pr0V|dedth_e
electron affinities (EAS)Aconiia represents the difference of thegle ~ MOSt convincing evidence as to whether the compound Is
orbital energies between FeTPP and a substituted iron porphyrin.  intermediate or high spin because for iron porphyrins, there is
an apparent correlation between the-fRebond length and the
calculated and experimental EAs, together with the difference SPin state of the iron ion (see Tables 2 and 3). Sometimes, the
of the 1g orbital energies {Aeoia) between FeTPP and a obser\{ed electromagnetic properties s.uch as magnetic moment
substituted iron porphyrin. Here the orbital energy of FeTPP is @nd Mssbauer resonance might not give a direct indication of
set equal to the calculated EA of this system. We see that thethe nature of the ground state. o
calculated EAs are in excellent agreement with th&eopital Finally, the experimental results for the electron affinities
values. On the basis of the trend shown in the figure, the (EAS) of FeTpivPP, FeTPRE and FeTPPGh may need to be
accuracy of the experimental EAs for FeTpivPP, FeT8Rhd refined; they appear to be too small by 6@5 eV based on
FeTPPCJs appears to be questionable. our calculated trends in the EAs and in the orbital energies.
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Compared to FeTPP, there is a significant—Re bond
expansion in FeOTBP, FeTPRgl and FeTPPkRSCls, ac-
companied by a significant decrease in the relative energy of } ] . o .
the high-spin state. Therefore, the ground states of the latter Supporting Information Available: Optimized equatorial
three systems are all predicted to be high spin, where the energy~€—N bond lengths for selected states of FeTPP and FeOTBP
ordering is reversed between tRa,, and %Ay states. The ~ With different density functionals (Table S1), comparison
calculated result for FeOTBP is in agreement with the early between the Non-SCF and SCF calculate.d relative energies for
experimental measurement’ thereby Changlng the previousselected states Of FeTPP and FeOTBP W|th the PBE, OPBE, or
conclusion drawn from the calculations with only the BP OLYP functional (Table S2), calculated relative energies and
functional. In these high-spin state complexes, no out-of-plane Fe~N bond lengths for selected states of FeTPMDip and
displacement of Fe is found. Don symmetry (Table S3), and Orbital energy level diagrams

In FeTpivPP, the relative energy A4 decreases by ca. of FeTPP in th€Eg(A) (Dan) and*Bzg (Dar) states (Figure 91
0.05 eV as compared to that in FeTPP; the “picket fence” This material is available free of charge via the Internet at http:/
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