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The effects of peripheral substituents and axial ligands on the electronic structure and properties of iron phthalocyanine,
HisPcFe, have been investigated using a DFT method. Substitution by electron-withdrawing fluorinated groups
alters the ground state of HisPcFe and gives rise to large changes in the ionization potentials and electron affinity.
For the six-coordinate adducts with acetone, H,0, and pyridine, the axial coordination of two weak-field ligands
leads to an intermediate-spin ground state, while the strong-field ligands make the system diamagnetic. The electronic
configuration of a ligated iron phthalocyanine is determined mainly by the axial ligand-field strength but can also
be affected by peripheral substituents. Axial ligands also exert an effect on ionization potentials and electron affinity
and can, as observed experimentally, even change the site of oxidation/reduction.

1. Introduction complexes may be attributed to the electron-withdrawing

, . substituents at the periphery of the macrocycle that cause a
Metal phthalocyanines (PcMs) have attracted considerable|,qe jncrease in the ionization potential (IP) of the system,

interest because of their numerous applications in indéstry, a0 thus protect the catalyst from oxidative destruction.
which benefit from the ease of tuning or modifying the Recently, several novel octakis(perfludrsF-)(perfluoro)-
properties of the ring system. One of the principal strategies p.p compounds have been synthesZEgPcM (M = Zn 22
for the molecular design and control of properties of PcMs Co? Fe) complexes can be used to produce singlet
involves ring substitution, and so far many novel substituted oxygen?2 catalyze the aerobic formation of-RHC=PR;
phthalocyanines have been synthesized. Compared to PUr§jides (R = acetyl, R= alkyl, aryl) via oxidatior?® and
PcMs, some of the metal complexes with multiple electron- oxygenate G-H bondsZ These EPcM species are stable
withdrawing peripheral substituents are more stable and More,,qer harsh oxygenation conditions. In contrast, it was found
active catalysts for a variety of hydrocarbon oxygenation w,4¢ even fluorinated PcFe’s and related porphyrin complexes
reactions”'* The high stability of the substituted metal 15y jimited stability as catalysts for oxidation reactidns.
To obtain insight into the changes induced by peripheral
substitution, theoretical calculations have been carried out
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here for RPcFe with multiple Rperfluoroalkyl groups, as
well as for the parent perfluorinated,PcFe. The latter
system was reported by Jones and Twigg 35 year$ Bgbe
was chosen as a prototype here also because this system
interesting in its own right. The®d=€' ion can exhibit three
spin states:S = 0 (low spin),S = 1 (intermediate spin),
andS = 2 (high spin). Experimental investigaticn$ have
definitively established th8 = 1 ground state for the planar,
tetracoordinate HPcFe but differ in their conclusions

regarding the details of the ground-state electronic config-

uration. A%B,g ground state was originally suggested faeH
PcFe on the basis of magnetic wérkut later magnetic

circular dichroism spectra have shown that the ground state

is in fact®A,4.” Our own previous calculatidrsupported the
experimental assignment of #PcFe as’A,q. The present
study is intended to examine the influence of strongly
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been carried out here (see also ref 11), and a comparison of
the results among different computational methods is reported
in Appendix 1. The success of ADF calculations on iron
isorphyring®®e1l |ends confidence in applying the same
program to the iron phthalocyanines.

2. Computational Details

The molecular structure of the parent iron phthalocyanine
HiePcFe is illustrated in Figure 1a, and that of (perflun@sF7)—
(perfluoro) phthalocyanine,sfPcFe, is in Figure le. In order to
examine in detalil the effect of electron-withdrawing substituents,
the perfluoroi-C3F; and perfluoro groups were added in stages.
First, all benzo H atoms of {gPcFe were replaced by F, to give
FisPcFe, Figure 1b. Next, the two peripheral F atoms on each benzo
group were replaced by GFyielding the RPcFe species of Figure
1c. RgPcFe refers to the species illustrated in Figure 1d, wherein
the latter Ck groups were enlarged to @BF;. The final goal,

electron-withdrawing substituents on the electronic structure g, pcre in Figure 1e, corresponds to the replacemeatfoatom

and properties of PcFe complexes.

of each CEk portion of the CECF; groups by CE, yielding

X-ray crystal structural data have been reported for the CF(CF;), groups. It should be noted that th€sF; (in Fg4PcFe),

six-coordinate adducts of gfPcFe with HO and with
pyridine (Py)% Both FssPcFe(HO), and RsPcFe(Py) are
diamagnetic $ = 0), in contrast to axially coordinated,
perfluorinated PcFe(Ace) (where Ace stands for acetone).
The latter system exhibits an intermediate-spin st&te= (

1) with measured effective magnetic moment of £3.2
us.* On the other hand,;EPcFe in pyridine solution produces
a diamagnetic bis-pyridine adductsPcFe(Pyj,* similar to
FesPcFe(Py). The capacity for additional coordination of
axial ligands is one of the most important properties of the

C.Fs (in F4gPcFe), and CE(in FzPcFe) groups all hava C atom
bound to the aromatic ring, and thus, the terminaj @®up, which
is modeled by F, is separated from the Pc ring by this C. The
FigPcFe system (Figure 1b) is fundamentally different, in that each
of the eighti-C3F; groups in k4PcFe is replaced by a single F
atom, and so each aromatic benzo ring jgPEFe has four F atoms
bonded directly to it. An important consequence is the possibility
of F w-back-bonding in the latter complex, but not in the former,
R{PcFe, ones.

All calculations were carried out using the Amsterdam Density
Functional (ADF) program package (version 2.0.1) developed by

PcFe molecules. A second purpose of this work is an Baerends and co-workel3A triple-Z STO basis was used for Fe

examination of the sensitivity of electronic structure and

3s—4s shells plus one 4p polarization function, a triglbasis for

properties of the ligated iron phthalocyanines to the nature C/N/O 2s-2p shells plus one 3d polarization function, a double-

of the axial ligands.

basis for F 2s-2p shells, and a doublgbasis for the H 1s shell.

The large size and complexity of the molecules makes it It has been shown that high-quality basis sets (tripleasis plus

difficult to use standard ab initio methods. Fortunately, the
refinement of density-functional theory (DFT) methods in

recent years has made them a suitable, and sometime:%J
preferable, alternative to ab initio approaches. While the DFT

method, based on the Kohisham one-electron equation,

one polarization function) are required for the atoms within the
macrocycle ring of the phthalocyanine in order to obtain the correct
round states of BHPcFe and its derivativé8.The inner orbitals,

.e., 1s-2p for Fe and 1s for C/N/O/F, were considered as core
and kept frozen according to the frozen-core approximatidn.
Among the various exchange-correlation potentials available, the

is not generally applicable to excited states, it can be useddensity-parametrization form of Vosko, Wilk, and Nusair (VV¥N)
to good effect to calculate the lowest-energy state of eachplus Becke’s gradient correction for exchange'fgind Perdew’s

symmetry for a particular systehiThere have been many

gradient correction for correlation Bwere employed. It has been

applications of DFT methods to calculations of excited states shown that the combined VWN-B-P functional can provide accurate

in unligated and ligated iron porphyrins (e.g., ref +@3.
To assess the validity of the ADF method used in this work
(see section 2), calculations on iron porphine (PFe) have als
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bonding energies for both main-grdlipand transition met&}
systems. The effect of different density-functional formalisms has
also been examined (see Appendix 2). (No hybrid density func-
tionals that mix nonlocal exchange with exact Hartréeck
exchange are available in the present ADF program.) Relativistic
corrections of the valence electrons were calculated by the
quasirelativistic (QR) methot. For the open-shell states, the
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Figure 1. Molecular structures of iron phthalocyanine;6AcFe) and its fluorosubstituted derivatives.

unrestricted KohaSham (UKS) spin-density functional approach ultraviolet (UV)—visible (vis) absorption spectra. In the present
was adopted. The UKS equation is the analogue of the unrestrictedADF program, E®x¢ can be evaluated using the time-dependent
Hartree-Fock (UHF) equation; the N-particle wave function is a density-functional theory (TDDFT) method. However, the imple-
single determinant and not necessarily an eigenfunction of the spinmentation of this method supports only closed-shell molecules. Most
operatoré?. There is no implementation of an evaluation & in of the systems studied here (including all unligated PcFes) have
the present ADF program, and hence, spin contamination could an open-shell state, and we are hence unable to directly calculate
not be directly assessed. In this case, we performed a set ofthe effects of peripheral substituents and axial ligands Ugsh
additional spin-restricted (R) calculations for several complexes, It should be understood that the calculations deal specifically
the purpose of which is to examine whether the UKS and RKS with free molecules, i.e., gas phase, while the experimental results
calculated geometric parameters are similar. relate to the solid state or solution.
Our analysis focuses on the following properties of the systems . .

considered: electronic structure configurations, charge distributions 3- Results and Discussion
on .the .metal, Fepc binding energies,.criFicaI geometric parameters, 31, H,PcFe, RePcFe, RPcFe, and RsPcFe. For
ionization po@en_tlals, and (_alectron affinities. We have not calculgted computational purposes, the symmetry and geometry of the
electron excitation energie&€9°s) that are related to electronic first metal coordination sphere as well as that of the entire
(19) Ziegler, T. Tschinke, V.; Baerends, E. J.. Snijders, J. G.. Ravenek, Pc molecule is of critical importance. Unsubstituted transition

W. J. Phys. Chem1989 93, 3050. metal PcM’s have been shown to have square pl&ngar
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Table 1. Calculated Relative Energieg’s, eV) for Different Configurations in PcFe, ksPcFe, B2PcFe, and sPcFe

configuratioRt E (RP
g/ Oy ang/d2 leyd, b1g/die-y2 state HePcFe FePcFe RoPcFe RsPcFe

2 2 2 0 SAag 0 (1.922% 0(1.922) 0(1.925) 0(1.924)

2 1 3 0 3E, (A) 0.05 (1.929) 0.01 (1.926) —0.02 (1.930) —0.02 (1.926)

1 1 4 0 3Byg 0.07 (1.927) 0.04(1.923)  —0.05 (1.924) —0.05 (1.922)

1 2 3 0 3, (B) 0.53 (1.916) 0.53 (1.915) 0.47 (1.918) 0.47 (1.915)
1 2 2 1 Asg 1.13 (1.982) 1.07 (1.981) 1.08 (1.984) 1.10 (1.978)
1 1 3 1 5E, 1.17 (1.987) 1.08 (1.985) 1.04 (1.988) 1.04 (1.985)
2 1 2 1 5By 1.50 (1.986) 1.42 (1.980) 1.39 (1.988) 1.43 (1.980)
2 0 4 0 TAxg 1.42 (1.941) 1.35(1.938) 1.29 (1.942) 1.28 (1.938)

aQOrbital energy levels illustrated in Figure 2Values in parentheses refer to optimized-HR§eq) bond length (in A) for the pertinent state.

symmetry? X-ray crystal structure daia indicate that

the same for each state. The energetic orderings of the various

substituted EyPcFe possesses in the solid state a planarstates are displayed in Table 1, along with the optimized

aromatic unit, as required by ti®, symmetry. The solution
UV —vis spectra are also consistent with, symmetry, as
departure from planarity for a nonperipherally substituted
PcFe, which results in the lowering of molecular symmetry

Fe—N bond length of each.

We consider the unsubstituteddRcFe first: the lowest
energy electronic configuration is calculated to be
[...)(b2g)%(aug)*(1ey)?, a 3Ay State, in agreement with the

to Dg, induces absorptions at wavelengths longer than thosemagnetic circular dichroism measureménthe second

of the Q-band&’ Such absorptions are not observed in the
spectra of EPcFel;, with L = H,O or Py, recorded in
various solventd¢ A search of the Cambridge Crystal-
lographic Database (CCDB) for hexacoordinated Fe(ll)
phthalocyanines witliR < 7% revealed nine complexes, all
of HigPcFe type, i.e., with unsubstituted peripheral ligand
(see Supporting Information). Their average-# & (phtha-
locyanine) bond lengtrRreneq = 1.935(6) A (variance=
3.38 x 1079), a value which is statistically identical with
the 1.938(2) A value of the FeN(eq) bond lengths of &
PcFe(Py). Moreover, in all the literature complexes, the Fe
is located in the plane of the N4 equatorial coordinating set,
a feature preserved infPcFe(Py) and R,PcFe(HO),,%¢ as
well as the Zn and Co complexes of thes/c ligand?a?
The invariability of the Fellchromophore geometry upon
substitution of the peripheral H positions bBZsF; R groups

strongly suggests that the geometry will not change for steric

reasons when thieCsF; groups are replaced by less bulky
groups in kesPcFe, BPcFe, and [gPcFe. The same conclu-
sion can be drawn for the nonperipheral substitution of H,
Figure 1a, by F in all FP.cFe complexes, including the most
sterically hindered, but planar, onessfcFe(L).

Therefore, PcFe, BPcFe, and PcFe were all as-
sumed to belong to th®4, point group. If some limited
distortion from planarity of the macrocycle core does occur,
this was shown to have only a very small influence on the
calculated molecular propertiés?! After placement of the
molecule in thexy plane, the five Fe 3d-orbitals transform
as aq (d2), big (de—y?), & (d,, i.e., dzand 4,), and bg (dyy).

Different occupancies of six electrons in these d-orbitals can

yield a number of possible low-lying electronic states. The

purpose of this paper is to elucidate the ground state and
several low-lying excited states that are usually considered

in the literature. Geometry optimization was performed for

all states of each molecule. The program allows one to assign

electrons to specific molecular orbitals (MOs), and therefore,

every state can be obtained by explicit occupations of the
necessary MOs. The procedure of geometry optimization is

(20) Fukuda, T.; Homma, S.; Kobayashi, Ghem. Commur2003 1574.
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lowest state, only 0.05 eV higher th&f.g, is 3Ey wherein
one of the g electrons has been transferred tq. IEhe
energy of3B,4 also comes quite close to that ¥,,. The
lowest quintet iSA4, lying 1.13 eV above the ground state.
The closed-shelfA;4 configuration (Bg*(a1g)°(1ey)* lies
higher than the ground state by 1.42 eV. As indicated in
Table 1, the calculated FeN bond length for theS = 0
state, 1.94 A, is slightly longer than the 1-:92.93 A range
that characterizes the triplets. For the high-sfir-(2) states,

an occupied f (d-y?) orbital and its repulsive (antibonding)
interaction with N lone pairs lead to lengthening of the-IRe
bond length to 1.981.99 A. Two other density functionals
were tested in the calculations and the results reported in
the Appendix 2; they indicate that the nonlocal gradient
corrections (to the local density functionals) play an impor-
tant role in the calculations of the relative energies.

From HgePcFe to kgPcFe, the3E;—3Az, energy gap
essentially disappears entirely; tf&, state of kgPcFe lies
only 0.01 eV abovéA,,, leaving the identity of the ground
state in doubt. ThéB,4—3A,4 energy gap is also reduced in
FisPcFe. On balance, the substitution of all 16 peripheral
H-atoms with F-atoms barely changes the overall energetics
of the various states or the F&l distances.

(21) Some controversies exist in the literature concerning the effects of
nonplanar deformation on the optical spectra of porphyrins. Large red
shifts in the U\-vis absorption bands are observed for highly
encumbered porphyrins which were originally ascribed to nonplanar
distortion. However, recent calculations by DiMagno et al. Am.
Chem. Socl1995 117, 8279), and later by Ryeng and Ghosh Am.
Chem. Soc2002 124, 8099), indicated that ruffling of porphyrins
does not cause sizable red shifts in the electronic spectra of some
free-base porphyrins. These authors argued that “the observed red shifts
are not intrinsic to ring distortion, but result from different substituent
effects in planar and nonplanar conformations.” On the other hand,
more recently, Haddad et alJ.(Am. Chem. So@003 125 1253)
used a semiempirical INDO/CI method to show that nonplanar
distortions indeed cause the red shifts and that the lack of large red
shifts in the model calculations of DiMagno et al. and of Ryeng and
Ghosh resulted from unphysical porphyrin structures obtained by
artificial constraints imposed on the structures used in the calculations.
The semiempirical results of Haddad may need to be verified by more
sophisticated computational methods. The molecular properties con-
sidered here are total energies, bond lengths, ionization potentials, and
electron affinities, and they are indeed scarcely affected by limited
nonplanar distortions (see ref 11 for more details).
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Figure 2. Orbital energy levels of HPc (on left, with no H atoms in the ring cage) and the various iron phthalocyanines.

The picture, however, changes considerably fgPEFe.
The order of the three lowest states’Byg < °Ey < %Az,
opposite to the previous two cases. This substitution pattern
also produces a uniform, albeit small, elongation of the ke
distances in the various states. On going frogPEFe to
FssPcFe, the enhanced fluorosubstitution produces almost no
change in any of the quantities reported in Table 1. This
result implies that an F atom can very adequately mimic the
effects of a Ck within a larger, aliphatic @, substituent,
and so the simplergPcFe is able to reproduce the essential
properties of the larger,sPcFe and by implicationdgPcFe.

More evidence for this contention comes from examination
of Figure 2, which illustrates the valence molecular orbital
(MO) energy levels for the ground states of the four
molecules. For simplicity, and to avoid the complication of
two sets of orbitals¢ andf), the MO energy levels shown
in the figure were obtained by spin-restricted calculations.
In this case, for some open-shell systems suchzgcFe
and RgPcFe, a singly occupied MO may lie lower than a
doubly occupied MO. But this does not necessarily imply
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(&)
N
>
o
—
[)

C
L

-4 ]

94

Unrestricted Restricted Unrestricted
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that an empty spin—orbital would lie lower than an occupied Figure 3. Unrestricted and restricted orbital energy levels gffeFe.
one?? To further clarify this point, Figure 3 displays the MO energies are all slightly shifted with respect to the

unrestricted MO energy levels fogfPcFe, together with the

unrestricted averages.)

restricted MOs for comparison. It may be clearly observed  We consider first HiPcFe: the occupied MOs are divided
that all occupied spinors lie lower than the empty ones, in into two groups. Those of higher energy asg/d, &, ad

accordance with Janak’s theoréf{As usual, the restricted

dz, and 1¢/d,, which are well separated from the lower-
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Table 2. Comparison of the FeN(eq) Bond Lengths (in A) Obtained Table 4. Calculated FePhthalocyanine Binding EnergieBynd's),

by Spin-Restricted KohaSham (RKS) and Spin-Unrestricted lonization Potentials (IPs), and Electron Affinities (EAs), All in Units of
Kohn—Sham (UKS) Calculations eV
H1ePCcFE hePcFe RoPcFe HiePcFe fiePcFe RoPcFe ksPcFe
state RKS UKS RKS UKS RKS UKS Ebind 9.82 9.55 9.94 10.02
*Agg 1911 1922 19010 1o22 1915 1925 '°° &~ 639(Ash  784(lsy - 87L(Is)  8.91(1st)
3 afdz  6.43 7.88 10.63 10.82
Es(A) 1925 1929 1921 1926 1925  1.930 b
3 g0y 6.60 8.06 9.90 10.11
Bag 1921  1.927 1918 1923 1920  1.924 leyd, 724 8.69 8.92 9.10
3, (B) 1.908 1.916  1.908 1.915 1912  1.918 Ty : : '
5A1g 1976 1982 1975 1981 1978 1984 ., v 80L e o8 " o, 59 _%06%5(11 3
SE, 1980 1.987 1979 1985 1981  1.988 : 9 : e : :
*Bzg 1977 198 1972 1980 1979  1.988 a See Figure 2 for orbital energy levels.
Table 3. Mulliken Orbital Populations and Atomic Charged'§) on . .
Fe P oY) the population of the Fe 4s orbital decreases as the level of
fluorosubstitution rises; again, there is little change beyond
HisPcFe ePcFe RoPcFe RsPcFe =
32-
3d 6.59 6.58 6.59 6.59
s 0.41 0.37 097 0.6 Table 4 presgnt; the calpulat?d \_/aIL_Jes. of the-Fe
4p 0.26 0.25 0.27 0.26 phthalocyanine binding energieB,(4'S), ionization poten-
Qre 0.74 0.80 0.87 0.88 tials (IPs) (for several outer MOs), and electron affinities

(EAS). Eping is defined as the energy required to pull the Fe

lying levels. The ¢ and d orbitals, which are nearly  apart from the macrocycle ring. In the case affPtFe, for
degenerate, are weakly antibonding, higher in energy thanexample, we have

the nonbonding g, and represent a group of HOMOs. The
ay, orbital from the Pc ring lies betweendand ay. The 2¢ —Eying = E(H,¢PcFe)— {E(Fe)+ E(H,Pc)
orbital represents the LUMO, which is mainly composed of
the Pc antibondingz* orbitals. The metal by (de-y) is whereE(HysPcFe),E(Fe), andE(H1¢Pc) represent the total
unoccupied and lies above the empty Rgdrbital. energies of HPcFe, Fe, and HPc, respectively. (The
The F atoms are strongly electron-withdrawing, acting to geometries of hPcFe and HPc are independently opti-
lower the orbital energies. The valence MO levels igF  mized.)
PcFe are uniformly shifted downward (byl1.5 eV) as The IPs and EAs were calculated by the so-call&CF
compared to those infPcFe for the sam#g state. (Since  method which computes each property as the difference in
in FidPcFe theE, state is nearly degenerate withyg, Figure  total energy between the neutral and ionized species.
2 also presents the MO energy levels for the former state, The calculated binding energy of 9.8 eV fosdAcFe is
and it may be seen that the two states differ in their d-orbital reduced S||ght|y for PcFe, Suggesting that the periphera|
energies and ordering.) Upon substitution of eight peripheral F sybstituents weaken the interaction between the metal and
F-atoms with Ck-groups, as occurs in going fromdPcFe  the ring by some 0.27 eV. The opposite effect, a strengthened
to FszPcFe, there is additional downshift of the MO levels, interaction, however, is connected with the presence af CF
consistent with hlgher overall eIeCtronegativity of th83CF or GFs substituents; the strongest bmdmg occurs fgPEFe.
group. Because the ground electronic state §PéFe is The calculations associate thg arbital of the ring with
different than that of &PcFe, the magnitude of this shift the lowest IP for all of the systems examined, even though
varies from one d-orbital to the next. For example, te d it lies below the metal g and 1q orbitals. The calculated
and d; orbitals are lower to a lesser extent thanjg @he  first IP of 6.39 eV for HgPcFe is in excellent agreement
transition from BPcFe to kgPcFe shifts the MO levels down  with the photoelectron spectra (PES) value of 6.36 eV,
by about 0.2 eV, but the MO pattern is essentia”y UnChanged.measured for HSPCFe in the gas phaé@Corresponding to
Table 2 provides a comparison of the-Ae(eq) bond  the downshift of the valence MOs, the IPs of the substituted
lengths obtained by RKS and UKS calculationge R™S molecules are considerably higher than those ofPEFe.
values lie quite close to RS, suggesting that spin  The first IPs of kPcFe, hPcFe, and BPcFe are 7.84, 8.71,
contamination in these systems is small, and the relative and 8.91 eV, respectively. Paralleling the MO energy levels
energies in Table 1 can be considered reasonably reliablejn Figure 2, there is a systematic increase of 0.2 eV in the
The gross populations of Fe 3d, 4s, and 4p orbitals are |Ps on going from EPcFe to FsPcFe.
reported in Table 3, along with the atom’s Mulliken atomic  This pattern is repeated for the electron affinities indicated
charge. The “effective” charge of Fe increases on going from in the last row of Table 4. Beginning with a calculated EA
HigPcFe (0.74 e) to sPcFe (0.88 e), but the difference in - of 1.5 eV for HePcFe, this quantity rises by 1.5 eV in
Qre between EPcFe and PcFe is only 0.01 e. The Fe 3d  F,4PcFe, and by another 1.4 eV upon going tg¥€Fe. The
and 4p populations are6.59 anc~0.26 e, respectively, and  further fluorosubstitution associated withgPcFe raises the
are insensitive to the substitution of the Pc ring. In contrast, EA by only an additional 0.25 eV.
3.2. Effects of Axial Ligands. The next point to be
considered involves the effects of a pair of axial ligands upon

(22) In DFT, Janak’s theorem (ref 23) states that, for the ground state,
only the lowest orbitals or spin-orbitals are occupied and all empty
ones are higher or degenerate.

(23) Janak, J. FPhys. Re. B 1978 18, 7165. (24) Berkowitz, JJ. Chem. Phys1979 70, 2819.
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Table 5. Calculated Relative Energies (eV) for Different Specis,( Containing Axial Ligands L

configuration Erelative

Cyy dz dy, dyz stat@® L = Ace L=Hy0 L =Py
H]_GPCFe(L)

2 2 1 1 3B1g (PAz9) c 0.60 (1.927/2.633) 1.92 (1.930/2.796)

2 1 2 1 3Byq [PE4(A)] 0(1.936/2.3379 0 (1.936/2.264) 1.01 (1.938/2.355)

1 1 2 2 3B1g (°B2g) 0.17 (1.928/2.382) 0.18 (1.929/2.283) 1.15(1.932/2.352)

2 0 2 2 A1 (*A1g) 0.15 (1.945/1.962) 0.05 (1.941/2.002) 0 (1.940/2.013)
FlsPcFe(L)

2 2 1 1 3B1g (PAzg) 0.58 (1.927/2.870) 0.63 (1.930/2.656) 2.15 (1.933/2.740)

2 1 2 1 3Byq [PE4(A)] 0 (1.934/2.314) 0 (1.934/2.259) 1.11 (1.940/2.347)

1 1 2 2 3B1g (°B2g) 0.21 (1.926/2.342) 0.20 (1.925/2.275) 1.28 (1.931/2.349)

2 0 2 2 A1 (*A1g) 0.11 (1.943/1.965) 0 (1.937/2.001) 0 (1.937/2.030)
F32PCF€(L)

2 2 1 1 3B1g (PAzg) 0.74 (1.931/2.759) 0.83 (1.934/2.580) 2.33(1.937/2.705)

2 1 2 1 3Byq [PE4(A)] 0 (1.937/2.291) 0.04 (1.938/2.251) 1.14 (1.940/2.347)

1 1 2 2 3B1q (*Bag) 0.17 (1.926/2.323) 0.20 (1.927/2.275) 1.25 (1.928/2.346)

2 0 2 2 Ay (*Ag) 0.07 (1.943/1.970) 0 (1.941/2.001) 0 (1.930/2.034)

2 States in parentheses refer to the corresponding designations in unligated RoFeinimum Fe-L distance was found for the Jgi(d2)2(dy,)?(c)*
— 3Bgq [3E4(B)] state.¢ No minimum Fe-L distance  Values in parentheses represent the optimizedNf@c) and Fe-L bond lengths (in A), respectively.

the electronic structure and properties q§fPtFe, ksPcFe, so, for all the RPcFe systems in Table 1, the situation is
and RoPcFe. (The previous section has shown that the clearly quite different when the ligands are added. ¥hg
smaller BPcFe mimics the essential properties of the larger state {By4 after the ligands are added) lies between 0.6 and
FssPcFe.) The axial ligands considered here include acetone0.8 eV higher than the ground state for= Ace or HO,
(Ace), HO, and pyridine (Py). Considering itstype MOs, and even higher for |= Py.

Py represents a relatively strong-field ligand, and itis well-  The ground state of {fPcFe(Ace)is calculated to béB,g
known for its ability to coordinate Fecomplexes. While [(dx)2(d2)X(d)?] (which corresponds to th#E,(A) state in
both Ace and HO possess electron pairs to coordinate the HigPcFe); the same is true for bothegPcFe(Ace) and
central metal, neither contains appropriat&1Os, and thus FsPcFe(Ace). The closed-sheltAq is the second lowest
they have weaker coordinating properties. Concerning thestate, 0.15 eV higher in energy. This energy gap is lowered
geometry of the ligated iron. phthalocyanines, each_ a_xial to 0.11, and then 0.07 eV, respectively, fagFcFe(Ace)
ligand was attached to Fe with the O or N atom pointing 5ng RoPcFe(Ace). Slightly higher in all three cases is the
toward the metal; the molecular plane of the axial ligand 3By, state. The triplefBy, is also the ground state for
was perpendicular to phthalocyanine, bisecting itsHé—N HiPcFe(HO),, although'Ay, lies very close in energy.
angles. This geometry has been observed in the X-ray crystal,ndeed, these two states are indistinguishably closedn F
structures of [HePcFe(4Me-Py)*> and R.PcFe(Py)* PcFe(HO),, and then they reverse indPcFe(HO),. In all
The coordination of the two axial ligands lowers the three systems, thi,, state lies about 0.2 eV higher. There
symmetry toDz, and splits the g—dy, degeneracy. Relative s no ambiguity concerning the ground state for strong-field
energies of the variouS = 1 states were computed, along  py |igands, where theA, state is separated from the others
with the singlet. (A high-spir = 2 state is unlikely to be by at least 1 eV. Whether jsPcFe(Py), FiPcFe(Py), or
a ground state for the ligated systems in view of the very g, pcFe(Py), the next two states in order of increasing
high energy of the f/d-y orbital.) The results for k- energy are’B,, and then®B,,. Summarizing, although the
PcFe(L), FiPcFe(L), and kPcFe(L) (L = Ace, O, PY)  electronic configuration of a ligated iron phthalocyanine is
are reported in Table 5, along with the optimized-fgeq) governed mainly by the axial ligand-field strength, this

(Pc) and Fe'L bond lengths of each state. The states are gtherwise intrinsic property also depends on the peripheral
listed in the same order as in Table 1, to more clearly g pstituents.

emphasize changes in the energy ordering caused by the axial
ligands. One obvious difference with the four-coordinate
system is that double occupation of theatbital, as in the
3B1g (A in unligated PcFe) antB;q [*Eqy(B)] states, results
in infinite or a very long Fe-L distance, which implies that
3B14 ((A2g) is no longer the ground state ingPcFe(L) and
FisPcFe(L).

3.2.1. Electronic Structure. The first and perhaps most
important effect of the ligands has to do with tey state.
While this is the ground electronic state, or at least nearly

The calculated results appear to agree with available
experimental information. The computations fesFeFe(Ace)

are consistent with early magnetic measurentethsit
indicate the complex is of intermediate spin. The prediction
of a low-spin ground state for spPcFe(Py) is in full
agreement with experimefft.

Figure 4 illustrates the manner in which the MO energies
are affected by the nature of the ligands, comparingPeFe
with HigPcFe(Ace), HigPcFe(HO),, and HgPcFe(Py).
Owing to repulsive interactions, the principal effect of the

(25) Cariati, F.; Morazzoni, F.; Zocchi, M. Chem. Soc., Dalton Trans. axial ligands is to raise the ef‘ergy of thf@ @) orbital. In
1978 1018. general, the stronger the axial ligand field, the greater the
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Table 6. Calculated Properties of lsPcFe, kePcFe, and EPcFe with Two Axial Ligands at the Ground State

HlePCFe(L} Fj_ePCFe(L} F32PCF€(L>
L: Ace (Bzg)  H20 (B Py (A1g) Ace (Bzg H:0 (A Py (Aug Ace (B2  H20 (*A1g Py (A1)
Reenpo(A)  1.936 1.936 1.940 (1.935) 1.934 1.937 1.937 1.937 1.941 1.939 (1.938)
Reet (A) 2.337 2.264 2.013 (2.040) 2.314 2.001 2.030 2.291 2.001 2.034 (2.038)
EpindPcFe- 0.22 0.26 1.88 0.58 0.52 2.26 0.83 0.73 2.54
L) (eV)
Qre(€) 0.78 0.84 0.63 0.82 0.85 0.66 0.81 0.84 0.66
IPed (eV) 6.10(a) 6.28(a)  6.13(hy 722(a) 7.73(lby 7.49(hg 7.94(ag  8.58(lhy 8.23 (hg
572(1bs)  5.90(lbs)  5.97(lbsg) 713(1sg  7.92(hg  7.33(lbs) 7.93(lbs) 8.67(hg  8.12(lbsg
601(hg 610(hy  6.04 (lhy 741(hy 756  7.41(lby 815(hg  847(a)  8.21(lbg
5.97 (aJ 6.16 (au) 5.99 (ay) 7.37 (au) 7.93 (kg  7.36(au) 8.27 (ay 8.78 (b  8.25(ay)
EAC(eV)  —2.29 (lbg —2.40(lb) —1.70(2hg  —3.72(lbg —3.90(a) —3.10(2hg —4.71(lby) —4.89(a) —4.15(2hg

—1.68 (ag

—3.19 (2hy) —3.04 (ay —4.28 (2by) —3.97 (ay)

aThe values in parentheses are experimental distances for PcFe(4M@ePy?5). The values in parentheses are experimental distancesfecfe
(ref 2c).¢ See Figure 4 for the orbitals in parenthesEBhe first IP is indicated in bold.

PcFe  PcFe(Ace), PcFe(H,0), PcFe(Py),

3 3 3 1
CAyg) By By (Agy
—~ dye. a,, (dey?)
> (dey?) /a“’( " ayOey) 87
IR E R ——
e ~ by,
2 -2 By / @19l
L /
25 2, 2by,
2e4 o7 gy 2b 7 2b,,
34 —= (LUMO) 39/ 9
(LUMO) (LUMO) // (LUMO)
&) €2 /
-4 - / Ay ()
(dy) (dyy) b
(dr) /1B (dy) 1g  (dy,)
1e 9 1byq v = b
(dzz)_L 9 /i/ EE;;——ZZE; bSQ
-5 S by, M T a0
A== (de) 1(523 x
29 Xz
(dyy) b
-6 2 b byy
mm—nl u _——=
b1u /////: ;;:: ;;;/_
&, ——— 72~ -
e
'7- g qu

Figure 4. Orbital energy levels of IHPcFe when complexed with a pair

of axial ligands.

dz-orbital destabilization, and the more likely it is that a low-
spin state will be observed. InHPcFe(Py), the large
elevation of the g orbital results in a low-spin complex. In
contrast, the axial coordination of Ace or,®l leads to a
smaller rise in @, permitting it to be singly occupied. (While

the MO energy level diagram shows,}tbelow 1k, it is

the latter that contains the other odd electron.)

3.2.2. Structural and Energetic Properties.The calcu-
lated properties of the various iron phthalocyanines with two
axial ligands, in their ground states, are collected in Table
6, together with available experimental d## The equato-
rial Fe—N(eq) distance in the ligated systems shows a certain
amount of core expansion-0.02 A) as compared to that in
unligated HgPcFe. This distance is relatively insensitive to
the nature of the ligand, as well as to the degree of

fluorosubstitution. Owing to occupation of the 8drbital,
the axial Fe-L distance in HgPcFe(L) for L = Ace or HO

is considerably longer than that indfPcFe(Py), and itis in
fact close to the CoN(axial) bond length in PcCo(4Me-
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Py),%> where an unpaired electron is localized in thez3d
orbital of Cd'. While the Fe--Py distance is almost
independent of fluorosubstitution, both the-+Ace and
Fe--H,0O distances contract as more F atoms are added to
the system. It is gratifying to note that the calculated-Fe
N(eq) and Fe-N(Py) distances are in good agreement with
the X-ray crystal structural data of similar systethi¥.

The binding energieH;ing's) reported in Table 6 refer to
the energetics of adding the two axial ligands to the system.
This quantity is in the 0.20.3 eV range for Ace and 40
bound to He¢PcFe but grows to nearly 1 eV as the latter is
fluorosubstituted. Py, on the other hand, is bound much more
strongly. Its binding energy is 1.9 eV forkPcFe and grows
to as much as 2.5 eV forfPcFe. In contrast to {fPcFe(Ace/
H,0),, where the ligands increase the positive charge on Fe,
the Py ligands decrease this charge, indicating a flow of
electrons to Fe.

Unlike HigPcFe, where the first ionization occurs from a
Pc orbital, that of HsPcFe(L) takes place from a metal
d-orbital (1k34/d,,). This result is in agreement with experi-
mental observation on fsPcFe(Py).26 Owing to upshifts of
the MOs, the IPs of IkPcFe(L) are decreased notably as
compared to those of PcFe, suggesting that the former
will be easier to oxidize than unligatedifPcFe. The axial
ligands also reduce the electron affinity, especially forL
Py. Note that the added electron i fAcFe(Pyj~ occupies
a high-lying antibonding Pc 2porbital, whereas the added
electron in HePcFe goes into a low-lying bonding orbital
to yield a [HePE Fe]~ species. The calculated redox
properties of HsPcFe are in agreement with electronic
spectroscopy and electron spin resonance (ESR) measure-
ments on the positive and negative ighs.

For fluorosubstituted fsPcFe(Ace) and RsPcFe(Py), the
first ionization occurs from the 1p(dy,) orbital, similar to
the case of kPcFe(L). For HigPcFe(HO),, however, the
IP from the Pc g, orbital is lowest (if a closed-shell ground
state is considered for this system), and the EA corresponds
to the addition of an electron to thega(d?) orbital.
Fs.PcFe(L) behaves similarly to fsPcFe(L) except that the

(26) Lever, A. B. P.; Wilshire, J. Anorg. Chem.1978 17, 1145.

(27) (a) Clack, D. W.; Yandle, J. Rorg. Chem1972 11, 1738. (b) Myers,
J. F.; Canham, G. W.; Lever, A. B. horg. Chem.1975 14, 461.
(c) Minor, P. C.; Gouterman, M.; Lever, A. B. lorg. Chem1985
24, 1894.
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Table 7. Comparison of Relative State Energies (eV) among Different Computational Methods on Iron Porphine (PFe)

state VWN-B-P VWN-B-Pb B3LYP® CPMD? LDFe CASPTZ MRMP9 exptl
3 ,g 0 0 0 0 0 0 0 0
3E, (A) 0.12 0.08 0.27 -0.19 0.02 -0.23 0.07
3By, 0.26 0.22 0.62 0.39 0.59 —0.05
3£, (B) 0.74 0.92 1.05 0.40
Asq 0.71 0.67 0.30 0.64 1.33 -0.83 —0.60 0.62
SEq 0.85 0.77 0.54 —0.69 -0.41
5Bag 1.05 0.95 0.77 1.57 —0.54 -0.23
Ay 1.49 1.36 1.67 1.05 1.50 ~0.06

aPresent ADF calculations using VWN-B-P functional and triplbasis sets (see also ref 12)ADF calculations by Kozlowski et al. using VWN-B-P
functional and doublé-basis sets on the C/N/H atoms (ref 1080RFT calculations by Kozlowski et al. using hybrid B3LYP functional (ref 10dpFT
calculations by Rovira et al. based on the Cd?arrinello Molecular Dynamics method (ref 10&).ocal density functional calculations by Matsuzawa et
al. (ref 10b).f Multiconfigurational second-order perturbation calculations with complete active space self-consistent field (CASSCF) reference fynctions, b
Choe et al. (ref 29)¢ Multireference Mgller-Plesset perturbation calculations by Choe et al. (ref 2Beference 30.Reference 31.

calculated IP and EA values for the former system are The Py ligands are bound much more strongly than are
significantly larger. the acetone and water. While the-F@y distance is almost
independent of fluorosubstitution, both the-+Ace and
Fe--H,O distances contract as more F atoms are added to
The ground electronic state ofPcFe is?A,q with 3E, the system. The axial ligands also induce a certain amount
andBy slightly higher (<0.1 eV) in energy. The first quintet ~ Of COre expansion within the PcFe systems. The ionization
and singlet are well separated from these triplets. IntroductionPotential of all species is reduced by axial ligation, as is the
of the electron-withdrawing peripheral substituents on the €lectron affinity. In contrast to {PcFe, the first IP in
Pc ring progressively lowers tHi, and 3By, states. As a  HisPCFe(L} corresponds to removal of an electron from a
result, the three triplet states are nearly degenerate formetal d-orbital. Therefore, the coordination of axial ligands
FiPcFe, andB,, becomes the ground state fopFcFe. No ~ ¢an change not only the redox potentials but also the redox
further changes occur when the £gfoups in .PcFe are site of_ the system, as observe_d experlmen_f’ﬁlly.should
replaced by GFs. The strong similarity of the calculated D€ pointed out that when adding or removing an electron
results between £PcFe and RPcFe suggests that either ffom & metal 3d-orbital, the Mulliken population analysis
system can mimic the essential properties of the fully does notyield a charge difference of unity betw&ga in
fluorinated FJPcFe. That is, CFgroups can be safely [PCFel"” andQein [PcFef. Infact, the atomic charge on

replaced by F atoms, so long as the latter are separated fronihe metal is changed by only a little, as the Pc macrocycle
the phenyl ring by the requisite single C-atom. plays the role of an electron buffer in the metal oxidation

The fluorosubstitution progressively lowers the energies and reductiorf.This behavpr is understandab.le becagse the
of the individual molecular orbitals. It is the differential Ccharge tends to delocalize over the entire conjugated
changes among the highest occupied MOs that account formolecule in order to _reduce the electfoeiectron repulsion.
the aforementioned changes in ground state. These orbitafNEVertheless, experiments are able to determine whether the
shifts are also responsible for the strengthened binding ©Xidation/reduction takes place at the metal or at the
energies of Fe to the macrocycle, and the increased ionizationfh@crocycle ring, and the calculated redox sites can be
potentials and electron affinities. The latter effects would compared to experimental results.
lead to the prediction of more difficult oxidation and more ~ Taken together, these calculations suggest ways to obtain
favorable reduction for more highly fluorosubstituted species. New phthalocyanine materials and catalysts whose steric and
Again, these quantities are rather similar fagfeFe and electronic properties could be designed in a rational fashion
F.sPCFe. taking into account the effects of the ligand and metal

The electronic structure and properties offPtFe are  Substituents.
influenced by axial ligand coordination. First and foremost, Acknowledgment. This work was supported by Grant

the A, state, with its double 4 occupancy, is raised  paAAD19-99-1-0206 (to S.S.) from the Army Research
considerably in energy and is no longer the ground state,ofﬁce, and, in part, by Air Products and Chemicals (to
not even for unfluorinated HPcFe(L). When two weak- SM.G.).

field axial ligands (Ace or KO) coordinate, kPcFe(L)
exhibits a®Bg intermediate-spin state. Fluorosubstitution, Appendix 1. ADF Calculations on Iron Porphine (PFe)
however, leads to a progressive stabilization of the low-spin ) ) )
1Ay, state. While this effect is insufficient to alter the nature ~ T"ere have been a number of prior theoretical calculations
of the ground state for = Ace, 'A;, becomes the ground ~ ©niron porphine (PFe) with various computational methods,
state for B.PcFe(HO),. In the case of L= Py, the strong- providing a data set by which to assess the present ADF
field ligands raise the energy of the FeAafbital to a larger formalism. The calculated relative energies for different states
degree, thereby making the'Fmn diamagnetic in A4 (28) (@) Kadish, K. M- L. 9 van C PTR————

H H a) Kaaisn, K. l.; LI, J.; Van Caemelpecke, E.; Ou, Z. F.; Guo, N.;
ground state. The latter remains unamblguously thg ground Autret, M. D'souza, F.. Tagliatesta, Rorg. Chem1997, 36, 6292,
state for L= Py, even as the system is fluorosubstituted. (b) Cocolios, P.; Kadish, K. Mlsr. J. Chem1985 25, 138.
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Table 8. Calculated Relative Energieg’s, eV) for Different Configurations of IbPcFe, ksPcFe, and BPcFe, with VWN-PW91x-PW91lc andX
Functionals

configuratio? E (RP
D2g/ Ay a1g/dz2 leyd, b1g/dxo—y? state HePcFe fePcFe RoPcFe
With VWN-PW91x-PW91c Functionél

2 2 2 0 3Aog 0(1.913% 0 (1.915) 0(1.917)
2 1 3 0 3Eq (A) 0.04 (1.921) 0.00 (1.921) —0.05 (1.923)

1 1 4 0 ®Byg 0.07 (1.918) 0.03(1.918) —0.08 (1.917)

1 2 3 0 3Eq (B) 0.52 (1.907) 0.52 (1.908) 0.44 (1.909)
1 2 2 1 *A1g 1.17 (1.975) 1.14 (1.969) 1.15 (1.969)
1 1 3 1 = 1.20(1.981) 1.11 (1.975) 1.08 (1.973)
2 1 2 1 5Bag 1.54 (1.979) 1.46 (1.968) 1.45(1.974)
2 0 4 0 A 1.38(1.935) 1.32(1.933) 1.24 (1.933)

With X, Functionaf

2 2 2 0 3A2g 0(1.887) 0(1.889) 0(1.892)
2 1 3 0 3Eq (A) —0.13 (1.894) —0.15 (1.896) —0.21 (1.898)

1 1 4 0 3By 0.00 (1.893) —0.04 (1.893) —0.17 (1.892)

1 2 3 0 %y (B) 0.34 (1.882) 0.33(1.883) 0.25(1.883)
1 2 2 1 5A1g 0.98 (1.952) 0.96 (1.944) 0.95 (1.950)
1 1 3 1 SEy 0.88 (1.957) 0.82 (1.951) 0.74 (1.955)
2 1 2 1 5By 1.29 (1.956) 1.23(1.944) 1.19 (1.956)
2 0 4 0 1A 1.64 (1.906) 1.60 (1.909) 1.50 (1.909)

aQrbital energy levels illustrated in Figure 2Values in parentheses refer to optimized-R§eq) bond length (in A) for the pertinent statd.ocal
spin-density functional of Vosko, Wilk, and Nusair (VWNplus Perdew-Wang's 1991 gradient correction for exchange (PW&1ahd PerdewWang's
1991 gradient correction for correlation (PW92%¢)d Simple X, functional @ = 0.7).

in PFe are presented in Table 7, together with the resultscalculations by Kozlowski et at’® who found the ground
obtained by other DF*P* ¢ and advanced ab initio methdls  state to béA,g, in agreement with most of the experiments.
from the recent literature. Available experimental data The calculated relative energies compare particularly favor-
are listed in the last column of the table for comparison. ably with the available experimental data. Our results
One essential question concerns the ground state config-calculated with the same ADF program and density func-
uration of the F&ion. It is generally accepted that the ground tional show slight differences from those of Kozlowski et
state is intermediate spi$ & 1), and only the!A,q state is al., because we have employed higher-quality basis sets on
compatible with M@sbauer, magnetic, and proton NMR the nonmetal C/N/H atoms as compared to the calculations
data3®31From a theoretical perspective, early Hartré®ck by Kozlowski et al.
(HF) calculation® on PFe agree with experiment tifét,,
is indeed the most stable of various triplet states but find a APpendix 2. Effects of Different Density Functionals
high-spinSA,, state to be even lower in energy by more than upon Calculated Relative Energies

1 eV. The inclusion of correlatiéh helps to repair this To examine possible effects of different density functionals
artificial advantage of the quintet but does not fully reverse g the calculated relative energies, a comparison with two

the incorrect order of spin multiplicities. In the same vein, her functionals, VWN-PW91x-PW91c ang Xvas carried
recent h|gh-qgallty CASPT2 and MRMP studiesf PFe ot on the three unligated sPcFe, FePcFe, and BPcFe

by Choe et af? remain in disagreement with experimentin - mojecules. PW91x and PWO91c refer, respectively, to Per-
predicting the lowest state to B8 The large magnetic  ge—wang's 1991 gradient correction to exchange and
moment observed for the iron porphyrie¢ = 4.4 1) was Perdew-Wang's 1991 gradient correction to correlatfdn;

thought by these authors to support their high-spin ground X, represents the simple€unctional witho. = 0.7. The
state. However, detailed ligand-field calculatifreoncluded results are displayed in Table 8.

that this large moment is based upon a coupling between Compared to Table 1, the VWN-PW91x-PW91c and
the *Az, and °Eq states. Moreover, the core size of the \,\yN.B-p functionals yield similar results for botRee y

porphyrin ring of the°’A4 state is considerably larger than ;4 Erelative the differences being less than 0.01 A and 0.05
the experimental finding. When coupled with the correlation eV, respectively. Importantly, the order of the relative
between FeN bond length and spin statéthis core size  onergies calculated with VWN-B-P is the same as that
of the iron porphyrin is incompatible with a high-spin ground  gpoineq with VWN-PW91x-PW91c. The experimental

state but rather argues for an intermediate-spin sate. Fe—N bond length in solid kkPcFe is about 1.93 & very

Probaply the best and most accurate calculations on the |yce t the VWN-PW91x-PW91c or VWN-B-P calculated
electronic structure of PFe to date are the recent ADF  .i,e of 1.92 A for the ground state.

(29) Choe, Y.-K.; Nakajima, T.; Hirao, K.; Lindh, R. Chem. Phys1999 For X, however, the predicted F&\ bond lengths of the
111, 3837. various states are notably shorter than those obtained by the

(30) '1-3989'6%*5323”3"""”’ K.; Reed, C. A.; Collman, JJPChem. Phys.  \/\WN-PW91x-PW91c functional. As a result, the underes-

(31) Boyd, P. D. W.; Buckingham, A. D.; McMecking, R. F.; Mitra, S.

Inorg. Chem.1979 18, 3585. (34) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
(32) For a review of early HF and ClI calculations on PFe, see ref 10d. M. R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671.
(33) Scheidt, W. R.; Reed, C. Rhem. Re. 1981, 81, 543. (35) Kirner, J. F.; Dow, W.; Scheidt, W. Rnorg. Chem1976 15, 1685.
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timation of the bond lengths yields a significant lowering of B,y decreases on going fromi$fPcFe to EPcFe, consistent
the relative energy fofEy(A), and this state is clearly the  with the VWN-PW91x-PW91c or VWN-B-P results.

ground state for IkPcFe, in disagreement with experiment.

Both F¢PcFe and BPcFe have &Eg(A) ground state too at Supporting Information Available: Bibliographic information

the X, level. These results indicate that the nonlocal gradient op structurally cha'racterize_d hgxacogrdinated Fe(ll) phthaloc_yanines
corrections (to the local density functional) play an important With R < 7%. This material is available free of charge via the
role in the calculations of the relative energies. But even at "Mt€"Met at http://pubs.acs.org.

the X, level, an obvious trend is that the relative energy of 1C035263J
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