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Electronic structure and bonding in metal porphyrins,
metal =Fe, Co, Ni, Cu, Zn
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A systematic theoretical study of the electronic structure and bonding in metsdtetraphenyl
porphines MTPP, MFe, Co, Ni, Cu, Zn has been carried out using a density functional theory
method. The calculations provide a clear elucidation of the ground states for the MTPPs and for a
series of MTPP]* ions (x=2+, 1+, 1—, 2—, 3—, 4—), which aids in understanding a number of
observed electronic properties. The calculation supports the experimental assignment of unligated
FeTPP as’A,,, which arises from the configuratiord,()®(d,2)%(dy,)*(d,,)*. The calculated
M—-TPP binding energies, ionization potentials, and electron affinities are in good agreement with
available experimental data. The influence of axial ligands and peripheral substitution by fluorine
are in accord with the experimental observation that not only half-wave potenialg (©f
electrode reactions, but also the site of oxidation/reduction, may be dependent on the porphyrin
basicity and the type of axial ligand coordination. Z02 American Institute of Physics.

[DOI: 10.1063/1.1480872

I. INTRODUCTION ability to undergo facile reduction and oxidation; indeed re-
dox processes involving metal porphyrins play a critical role
There has been much interest in the electronic structurg living systems’! Yet the electronic structures of the result-
of porphyrins and related compounds. This interest stems ifhg species remain unclear. Successive formation of mono-,
part from their biological significance and catalytic di-, tri-, and tetra-negative ions has been observed for a num-
properties.? The biologically important porphyrin deriva- per of porphyrins and their metal complex@23 Copper
tives are all metal porphyrins, principally iron. Metal por- porphyrins, for example, may be reduced by as many as
phyrins have also received much attention in connection witlseven electron® and a variety of metal porphyrins undergo
their intrinsically interesting spectroscopic, magnetic, andwo successive one-electron oxidatidRs.Irikura and
electrochemical properties. The last decades have witnessggauchamff have generated a wide variety of both cationic
an explosion of experimental studies of metal porphyrinsand anionic metal porphyrin ions in the gas phase. However,
which have yleldEd very useful information about their eleC-the character of the acceptor orbitals is poor|y underé{ood
tronic structure and optical spectra, but it has not alwayss is the nature of oxidized species, i.e., whether it is in fact
been possible to provide a well reasoned explanation of thehe metal or ligand that is oxidized. For instance, the sugges-
results obtained. tion that Felll) porphyrins can be oxidized to a (¢) spe-
With their high molecular symmetry(square-planar cjes is neither confirmed nor refuted by electrochemical
D4n), metal porphyrins are also of considerable theoreticabyperiment£® Correct assignment of the ground states for a
interest in their own right. Few large molecules have enjoyedgries of metal porphyrin ions is rather difficult experimen-
such popularity among theorists. Very early theoretical study)ly and theoretical studies of this aspect are clearly war-
ies of porphyrins were limited to semiempirical methbds ranted.
which were able to explain some features of the optical spec-  \ynat is the influence of axial ligands on the electronic
tra, but required the use of adjustable parameters. Th@lirst gt cture of metal porphyrins? It is known that axial ligation
initio calculation was done by Almfeon free-base porphine 55 a substantial influence on the redd?2 and photo-
with minimal basis set.Later, a number ofb initio, "™ yojaic® properties of metal porphyrins. Iron porphyrins with
discrete variationak,, ,* multiple scatteringX,, (MS-Xa),"*  ¢coordinating axial ligands are diamagnet®<0),2* in con-
INDO-SCF/CI;* and density functional theoly*calcula- st to the four coordinate specie8=1). The elucidation
tions were carried out in order to explore the electronic angyt the electronic structure of metal porphyrins with axial
other observed properties of metal porphyrins. Nonetheles§igands is also important for understanding their biological
in spite of a large amount of experimental and theoreticak,q catalytic functions.
data, there are still many unknowns regarding the structural, Tnhe electronic structure of the porphyrin ring is subject
electronic, and bonding properties for various metal porphy;o 5 number of influences, one of which arises from periph-
rins, and many fine details remain to be elucidated. ~eral substituents. Ghosét al3! have performedab initio
One of the striking features of metal porphyrins is their (ariree—Fock and local density functional studies of sub-
stituent effects on a series of free-base porphyrins, mainly
dElectronic mail: scheiner@cc.usu.edu devoted to ionization potentials, but little is known about the
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H H4 ent molecule of the porphyrins, calculated results for the MP
model systems are presented for the sake of comparison.

I. COMPUTATIONAL METHODS

Quantum chemical calculations were carried out using
the Amsterdam density functionéADF) program package
developed by Baerends and co-work&&his formalism
uses an expansion of molecular orbitals in atomic-centered
STO basis sets, and the atomic core orbitals are calculated at
the Dirac—Slater level, then frozen and transferred to the
molecular calculation. Relativistic valence-shell effects are
calculated quasirelativisticall} A number of exchange-
correlation potential functionals are included in the suite of
programs, and these may be combined to form various func-
tionals. A frozen-core approximation was employed.

The density functional used was based on the Vosko—
H H Wilk—Nusair (VWN) local spin-density potenti#l plus

(a) Metal meso-Tetraphenylporphine Becke’s(_B) gradient correction for e_xchan@%and Perdew’s
(MTPP) (P) gradient correlation for correlatioii.It has been shown
that this VWN—-B—P functional can provide accurate bond
energies for both main group and transition metal syst€éms.
There is also evidence that the energies and topologies of
molecular orbitals calculated by DFT methods provide useful
information¢-18:38omparable to conventionab initio mo-
H o H1 lecular orbitals.
\C = N7 ~x C/ Large triple-zeta STO basis sets were used for the metal
3s, 3p, 3d, and 4, C/N 2s—2p, and H 1s valence shells,
single< STOs for core orthogonalization. Polarization func-
tions were added to the valence basis sets: grgyge func-
tion for the metal, one &-type for C/N, and one 2-type for
H. The 1s?2s?2p°® configuration on the metals and?.con-
figuration on C/N were assigned to the core and kept frozen.
For the open-shell states, the unrestricted Hartree—Fock spin-
density functional approach was used.
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¥ " Ill. RESULTS AND DISCUSSION
(b) Metal Porphine (model system)
(MP) The molecular structures and atomic numbering schemes
of MTPP and MP are presented in Fig. 1. While the metal
FIG. 1. Atomic numbering schemes G) MTPP and(b) MP. porphines exhibit a nearly planar,;, structure®® the larger
MTPP appears to undergo certain ruffling distortions in the
effects of peripheral substitution on the electronic structuresrystal, depending upon the identity of the metal. Monoclinic
and properties of metal porphyrins. ZnTPP, for example, belongs to thB,, point grouf®
This work represents a systematic theoretical study ofvhereas NiTPP adopts the classialruffling.*! It is logical
the electronic structure and bonding in a series of metal porto presume that these different structures are not too dissimi-
phyrins using a DFT method. Five complexes mise lar in energy since, for example,,JHPP crystallizes in both
tetraphenyl porphines, with first-row transition metals fromthe triclinic form with an effectively planar macrocycle
Fe to Zn, are chosen. The metaksetetraphenyl porphines (D,,) and tetragonal in which the macrocycle is distorted
[MTPP in Fig. 1a)] are examined first because a great deainto C,, symmetry*?
of experimental information is available. All previous high- To further probe the influence of ruffling on the proper-
level ab initio and DFT calculations on metal porphyrins ties of the MTPPs, NiTPP was taken as a prototype, and its
considered only the unsubstituted metal porpHiM®) sys- geometry was optimized under bdih,, andS, point group
tem, whereas a number of different groupsethyl, vinyl,  restrictions. The optimized structures are illustrated in Fig. 6,
etc) are found on the periphery of the porphyrin ring in the which underscores the arrangements of the peripheral phenyl
naturally occurring hemes. Some of the systems that havengs, perpendicular to the macrocycleln,, and ruffled in
been synthesized have as substituents phenyl and ethy,. As may be seen in Table VIII, the deviation from per-
which may have some alternate effects on the properties gfendicularity has only a minor effect on the calculated prop-
metal porphyrins. Since porphine can be regarded as the pagrties. The energies differ by only 0.05 eV, and the lengths of

A. Structures
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TABLE I. Calculated bond length6}) in MTPP and MP(in parenthesésAtom labels from Fig. 1. Experi-
mental dat&reported for comparison.

FeTPP CoTPP NiTPP CuTPP ZnTPP
Ry  Calc 1.9701.979 1.9671.980 1.96§1.969 2.0272.029 2.0602.062
Expt 1.972 1.949 1.957 1.981 2.042
Ru.c; Calc 1.3961.390 1.3931.382 1.3891.382 1.3971.374 1.3791.372
Expt 1.382 1.383 1.396 1.385 1.374
Repc, Calc 1.3981.384 1.3921.383 1.391(1.380 1.4021.391) 1.41G1.399
Expt 1.392 1.384 1.398 1.369 1.409
Reocs  Calc 1.43%1.430 1.4371.440 1.4401.440 1.4451.445 1.4471.447
Expt 1.436 1.435 1.427 1.449 1.425
Rescy  Calc 1.3641.366 1.3621.362 1.3601.361 1.3631.365 1.3661.367
Expt 1.353 1.346 1.335 1.337 1.374

#X-ray diffraction data: FeTPP, Ref. 44; CoTPP, Ref. 45; NiTPP, Refim@ickel etioporphyrif; CuTPP, Ref.
46; ZnTPP, Ref. 46in ZnTPP(H,0),]; the experimental values are averaged to dlg symmetry.

the Ni—N bond by only 0.02 A. lonization potentials are a number of related ions are displayed in Table Il. The cal-
scarcely affected at all, as is the electron affinity of this speculated energy gaps between the highest occupied molecular
cies. Indeed, our finding of only minor perturbations con-orbital (HOMO) and lowest unoccupied molecular orbital
firms prior calculations. The ruffling of JTPP was found by (LUMO) in the MTPPs and their ions are listed in Table III.
AM1 and PM3 to change its ionization potentials by less  Before describing the structures of the individual sys-
than 0.1 e\#? The distortion of theD ,;, geometry of NiTPP  tems, there are a number of important patterns to note in Fig.
to S, was calculated by DFT-SQM to lower its energy by 2. The HOMO and LUMO of the uncomplexed TPP arg
0.07 eV*in good agreement with our own value of 0.05 eV. anda,,, respectively. Both of these orbitals are stabilized by
In view of the small twists fronD,, symmetry, combined the addition of the metals, as in tig, orbital, but the en-
with their minimal effects upon the calculated properties, theergies of these porphyrin MOs are rather insensitive to the
various MTPPs were optimized under this geometrical resature of the particular metal. As one moves across the pe-
striction. riodic table from Fe to Zn, the energies of the metal

The optimized bond lengths for the various MPs andd-orbitals tend to drop. This pattern is most evident and dra-
MTPPs are collected in Table I, together with their experi-matic in thed,2_,2 orbital. Note also that as the energy of
mental correlates. For these large systems, there are onilis orbital falls into the range of the porphyrin MOs, the
x-ray crystal diffraction data availabfé=*® Since the crys- fractional contribution of the metal to the , orbital dimin-
tals exhibit small deviations frorD,;,, the reported experi- ishes, as a result of mixing. A similar trend of progressive
mental values are averaged@q, symmetry. stabilization is apparent for theedd, and b,,d,, levels.

The calculated M—N bond distances in FeTPP, CoTPPThis mixing can result also in deviations from the general
and NiTPP are all close to 1.97 A, notably shorter than intrend, causing, for instance, a jump in ttg energy from
CuTPP and ZnTPP, which are around 2.05 A. The bond beCoTPP to NiTPP.
tween the N and the C of the imidazole ring shows similar
clustering, with the Fe, Co, and Ni derivatives about 0.01 Al FeTPP
longer than for Cu and Zn. However, the remainder of the  The lowest energy electronic configuration of FeTPP
molecular geometry is little affected by the nature of the(and FeR corresponds tg . .. ](byg)*(a14)*(1eg)? a Ay,
metal. Elimination of the four phenyl groups in TPP has little state, in agreement with the recent nonlocal DFT calculations
effect upon the geometry, as witnessed by the similarity obf FeP by Kozlowskiet al?° This is in agreement with the
the values in parentheses in Table |. The agreement betweexperimental assignmefft*’~*°but differs from the previ-
the calculated and the available experimental data is quiteus DFT(DMol) calculation$>!8 that assign a ground state
good, particularly when considering the potential perturba-of 3Eg to FeP.(Note from Table Il that the ordering of the
tions that might arise from crystal forces; the largest deviastates in FeTPP is the same as that in JF@Br data indicate
tion is 0.05 A for bond length and 1.5° for bond angle. that3Eg is the second lowest state, 0.12 eV higher in energy.
Mossbauer studies of FeTPP lead to a separation of 1.35
X435 cnit (0.07 eV} between thé’A,; and 3E, statesi?
agreeing very well with the calculated value. BecaﬁEg

The computed energies of some of the higher occupieand3A29 are so close in energy, they may be mixed by spin—
and lower unoccupied molecular orbitai#0s) for the  orbit coupling?®4° The third lowest statéBzg, is some 0.3
ground state of the five MTPP molecules are diagrammed ieV above the ground state. Bogtial*® used magnetic sus-
Fig. 2. UndeD 4, symmetry, the five metd@d-orbitals trans-  ceptibility measurements, together with ligand field calcula-
form asa;4(d,2), big(dy2_y2), €4 (d, i.e., dy, andd,,), tions, to conclude that the ground state%g followed by
andby4(d,,). The populations of some of the metal MOs are3Eg and382g (in ascending order of energyconsistent with
reported in parentheses so as to assist in interpretation. Thoair calculations. The quintet sta?é‘lg lies 0.75 eV above
relative energies of a variety of states of FeTPP, CoTPP, anﬂkzg , In comparison with a magnetic susceptibility measure-

B. Electronic structures of MTPP and its ions
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FIG. 2. Orbital energy levels for the outer orbitals of T left, with no H atoms in the porphyrin cagand MTPPs. Metal 8 AO contributions of some
MOs are listed in parentheses. Electron occupancies are indicated for frontier MOs.

ment that yielded a value of 5000 ¢m(0.62 e\).** The  porphyrin a;, energy level, indicating that the interaction
lowest closed-shell staté,Alg, lies 1.5 eV above the ground between the metat and the porphyrinr orbitals is minimal.
state. Examination of the orbital levels in the smaller FeP reveals
Perusal of the second column of Fig. 2 shows that thehat the outer MOs are quite similar to those of FeTPP. The
four occupied 8l-like orbitals byy(d,y), a;4(d;2), and major difference is that the MO diagram of MP does not
ley(d,), all lie above the porphyria,, orbital. Thed,2 and  contain the phenyl orbitals which form a band at relatively
d, orbitals are weakly antibonding; higher in energy than thdow energy.
nonbondingd,, . The unoccupiet,4(d,2_,2) is strongly an- Examination of Fig. 3 illustrates the behavior of the vari-
tibonding, lying above the empty porphyrimy,. The a,, ous orbital energies as electrons are removed f(leifiy) or
and 24(7*) are the HOMO and LUMO, respectively, of the added tdright) the FeTPP species. The effect of reduction is
porphyrin ring in FeTPP. The latter orbital contains a contri-fairly simple in that the orbitals all move upward in energy.
bution of about 10% from the metal. The occupieg, and  The amount of this upward translation is not quite uniform
a,, from the porphyrin are almost degenerate and well sepafrom one to the next, resulting in some switching of the
rated from lower-lying levels, a feature of free-based porphy-metal d-orbitals in going from FeTPP tpFeTPR?>. The
rins (H,P).>* There is little influence of the metal on the oxidation patterns are more complex in that while all orbitals
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TABLE II. Calculated relative energiggV) for selected configurations of MTPP and MiR parentheses

Oxidation or
reduction
Configuration Term = product

FeTPP e-lu)2(a2u)Z(bZQ)Z(alg)z(leg)2 3A29 0 (0)
(a1U)*(824)*(b2g)*(a14) *(1eg)° 3Eq4(A) 0.12(0.12
(alu)z(aZU)z(bZQ)z(alg) 1(189)4 3Bzg 0.28 (0.26)

(a1)?(azu) *(b2g) (a1g)*(1eg)* °Ey(B) 0.72(0.74
(a10)%(820) *(b2g) (21g) *(1eg) *(b1g)* *Ag 0.75(0.79)
(a10)%(820) *(b2g) *(219) *(1eg) *(b1g)* ®Bag 1.09(1.09
(a10)%(820) 2(D2g) *(214) °(1eg)* Aq 1.15(1.49

[FeTPH+ (alu)z(aZU)z(bZQ)z(alg) 1(169)2 4Alg 0 (0) [Fé”TPPTr
(alu)2(a2u)2(ng)l(alg)z(leg)2 4Blg 0.33 (0.34)

(alu)z(aZU) l(b29)2(a1g)2(1eg)2 4Alu 0.58 (0-71)
(alu)l(a2u)2(b29)2(a1g)2(1eg)2 4A2|_| 0.68 (0.71)
(a10)*(20) *(b2g) *(a1g) *(1eg)* %E, 0.94(0.97

[FeTPH_ (bZQ)Z(alg) l(leg)4 2A1g 0 (0) [FéTPP]_
(b2g)?(a14)%(1ey)® 2B, 0.25(0.26
(bZQ)Z(alg)z(leg)z(zeg)l 4Eg 0.56

[FeTPR® (bag)?(1eg)*(asg)?(2eg)" E, 0 [FETPPE
(b29)2(1eg)4(alg)1(2eg)2 4Azg 0.05

CoTPP €10)%(220)(219) (1) * Ag 000
(a10)%(a20)*(a1g)*(1ey)® %E, 0.22(0.26

[CoTPH* (a10)%(82u)*(a1g) *(1ey)? Asg 0(0) [cd"TPP*
(a10)?(az2y) H(agg) "(1eg)* 3L, 0.23(0.26
(a10)M(a20)*(a1g) H(1eg)* A, 0.30(0.28
(a10)*(a20)*(219) ' (1eg)° = 0.38(0.36

[CoTPAZ (1) (@20)*(a19)*(Leg)* “Agy 0 [C'TPPR*
(alu)z(aZU) 1(alg)2(1eg)2 4Alu 0.03

[CoTPA* (1eg)*(asg)*(2eg)?(b1g)* “Byg 0 [CTPPI*~
(1eg)*(asg)*(2eg)*(by1g)° B, 0.48

NiTPP (alu)z(aZU) 2(1eg)4(alg)2 lAlg

[NTPPI™  (ay)X(aa) (1eg)(asg)? 2Ag 00 [Ni"TPP]*
(a1u)'(az0)*(1eg) *(azg)® Ay 0.07(0.03
(a10)%(820)%(1eg)¥(a14)? %E, 0.33(0.25
(a10)%(220)*(1eg) *(a19) " 2Asq 0.86

[NiTPP:|2+ (a2u)l(a1u) 1(leg)4(alg)2 3A29 0 [Ni“TPP]2+
(a2u)l(alu)2(leg)3(a1g)2 3Eg 0.19
(aZU)l(alu)z(leg)A(alg)l 3A2u 0.81

[NITPP]™ (Leg)*(a1g)*(2€4) *(byg)° ’E, 0(0) [Ni"TPP]~
(leg)*(a19)%(2e4)°(b1g)* By 0.08(0.02

[NITPPE™ (Leg)*(a1g)%(2€4)*(byg)° *Aag 0(0) [Ni'"TPPP
(1eg)A(alg)2(zeg)l(blg)l 3Eg 0.21(0.10

[NITPPI* (1eg)*(azg)*(2eg)*(b1g)° 2, 0(0.17 [Ni"TPP-
(leg)A)(alg)z(zeg)z(blg)l 4ng 0.08 (0)

[NITPP]* (:I-eg)“(alg)2(291\:1)3(blg)1 3Eg 0(0.89 [NiITPP]‘F
(Leg)*(a19)%(2e4)(byg)? *Asg 0.10(0)
(1eg)*(a19)?(2e4)*(b14)° Asg 0.28(1.98

CuTPP elu)z(azu)z(blg)l 2Blg

[CUTPFTr (aZU)l(alu)z(blg)l 3Bzu 0 (0) [CU”TPPTr
(azu)*(azy) ' (b1g)* By 0.16(0.07
(320)*(14)(b1g)° "Agg 0.38(0.27

[CuTPR** (az0) (1) (b1g)* ®Byg 0 [CU'TPP*
(azu) " (a10)*(b1g)° Mgy 0.28

[CuTPRA™ (a10)*(820)*(b1g) ' (289) " °Eq 0(0) [CU'TPP|
(alu)z(aZU)z(blg)z(zeg)o 1Alg 0.24(0.15

[CUTPA®™  (a1,)*(32,)(b1g) (2€9)° “Bag 0(0) [CU'TPPR-
(alu)z(aZU)z(blg)z(zeg)l zEg 0.25 (0.24}

[CUTPR®™  (ay,)X(a20) X(b1g)(269)° 3E, 0(0.23 [CU TP
(alu)z(aZU)z(blg)z(zeg)z 3Azg 0.02 (0)

[CUTPA*  (a1,)*(82,)*(b1g) (2ey)° ’Eq 0(0) [CUTPP*
(a10)%(a24)*(b1g) *(2eg)* By, 0.26(0.92

[ZnTPRT (@) (@) A 0 (' PP
(a10)"(azu) A, 0.17

209
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TABLE lll. Calculated energy gapeV) between the LUMO and HOMO in MTPnd MP and related ions.

M=Fe M=Co M=Ni M=Cu M=Zn

[MTPPJ2* 2.14 2.43 2.04 1.85 2.57

[MTPPJ** 2.642.77 2.422.42 2.092.03 1.821.82 2.592.66)
MTPP 1.861.87) 2.502.55 2.132.10 1.711.75 2.492.60
[MTPPI*™ 1.581.65 1.301.3) 0.350.53 1.421.75 1.471.74
[MTPPJ2~ 0.891.17 0.791.47 0.480.39 1.061.689 1.091.68
[MTPPF~ 0.590.99 0.691.16 0.540.86 0.931.03 0.941.62
[MTPP]*~ 0.350.08 0.861.04 0.851.40 1.01(1.48 0.891.55

are stabilized by extraction of the first electron, the occupied?. CoTPP
MOs move upward in energy when the second electron is
removed. Since the magnitudes of these energy changes are FOr the low-spin 6=1/2) CoTPP/ the ground state
highly variable, there is a good deal of orbital switching configuration is known to bed(,)*(d,)*(d,2)* from analy-
associated with mono- and dioxidation. sis of the ESR spectrd.Our calculation is consistent with
As indicated in Table II, the ground state of cationic this assignment. Although tre 4 orbital lies below E, (see
[FeTPR™ corresponds td‘Azg[(bzg)z(alg)l(leg)2]- Thus Fig. 2), the ground state is neverthelésslg from configu-
the first oxidation takes place from the central methb), in  ration (@;4)*(1eg)*, leaving the &, HOMO fully occupied.
accord with electron spin resonandSR measurements.  This effect may be due to the favorable electrostatic energy
It is noteworthy that the singly occupieay, is situated be-  of the electrons offsetting the less favorable ligand field en-
low a number of doubly occupied orbitals in the monocation.ergy. On the other hand, tHf&, state arising from configu-
A second oxidation ofFeTPR™ to yield[FeTPR?* occurs  ration (a;5)*(1eg)® lies only 0.2 eV higher in energy than
from the a,, orbital (see Fig. 3 i.e., the porphyrin ring, the?A;, ground state. Tha,, anda,, orbitals of the por-
leaving this ion with four unpaired electrons. This is again inphyrin lie between the two latter orbitals, and represent
agreement with ESR measuremefitdhe first and second HOMO-1 and HOMO-2, respectively. Unlike FeTPP, the un-
reductions of FeTPP to yielfFeTPR~ and[FeTPR?* in-  occupiedb;4(ds2_,2) is lower thanb,,, but still lies above
volves electron addition to the low-lying half-filled metal the 224 LUMO. Again compared to FeTPP, the LUMO in
d-orbitals. [FeTPR~ has a ground state of CoTPP contains less contribution from M.
A4l (bag)?(a14)*(1ey)*] wherein the added electron goes ~ The[CoTPR™ ion has @A,4 ground state, quite similar
into 1ey, along with some rearrangement of tthelectrons.  to the isoelectronic neutral FeTPP. According to the calcula-
For the third and fourth reductions, electrons enter thdion, the first ionization potential gfCoTPA™ corresponds
LUMO 2e4 on the porphyrin ring, as the metaly is com-  to the removal of an electron from the porphyay, orbital,

pletely filled. leaving the higher-energy e}, orbitals occupiedsee Sec.
by
b1u ,,::—:____._
by D _===="" umo)
b //——=———~‘5— 7 LMoy S e
by =77 by, 19 . -
o S S ST e
g 7 y P e 29
a 2eg / / T bZQ
/—_/ / b
7 2e -7 (LUMO) / 29
byg »° 8 -~ /
___////(LUMO} 1eg / ay,
a e’
{LUMO) /-,II-,-II-;}’ 8y - a7 -
/7 (@) """ ! FIG. 3. Orbital energy levels ¢FeTPR and its ions in
1e, 7/ o B the HOMO—LUMO region.
/+ // a2u ,4/ e b
/// a1g / ;a_/ ,,/’T 2u
/1 o pZal 7 by, !
1e 70 T2e oS 4-
9 7 7 7 3- [FeTPP
a1u1 -l\—\‘~ B2 5/ ::'a_/ _// [FeTPP]z- [erTPP] [(3A2 )]
(a,g)1ﬁ\\\_¢.—/‘”_’—_’//, o by, (‘A (Ey) 9
(azu) SO e— // Y _
bag ™ e / [FeTPP]
b2u a1g b2u (2A1g)

[FeTPP>* [FeTPP]" FeTPP
Ca Ay (A

Downloaded 13 Jun 2011 to 129.123.124.169. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 117, No. 1, 1 July 2002 Metal porphyrins 211

Il C for more detail. Therefore the initial oxidation of tween®B,, and®B,, is reduced to 0.07 eV, so it may be that
CoTPP involves the abstraction of an electron from the porperipheral substituents are necessary to distinguish between
phyrin ring to yield a[ Cd'TPP]" radical. Then an internal these two states. The second oxidation is calculated to occur
redistribution of electrons takes place, i.e., an electron transat the porphyrin 4&,,), again in agreement with
fers from metal to ring: Cb—Cad". A further oxidation to  experiment:®

[CoTPR?* occurs from the porphyrimy,, but there is a Based upon the MO energy diagram of CuTPP in Fig. 2,
near degeneracy 6R,, with *A;,,, which results from elec- one might expect an added electron to go into the
tron abstraction frona,, . b14(dy2-y2) orbital, ad*® configuration. However, the calcu-

In the case of reduction, the MO energy diagram oflation assigns this additional electron teg:edg) by 0.24 eV,
CoTPP suggests that the added electron ought to be placeddonsonant with polarographic stud®@Our calculation thus
the low half-filleda, 4(d,2) level. Indeed, electron uptake by does not support the XBSand MS-Xx calculated® results
a metal-centered orbital has been evidenced by a polaravhich favord'®. Our preference for & may be due to the
graphic study of CoTP® X-ray photoelectron spectroscopy relatively larged—d repulsion energy involved in pairinigy 4
(XPS) results are consistent, revealing the formation of Coelectrons. The second reduction step corresponds to addition
specie$’ The second and third reductions involve electronto 2e4 as well. The third reduction may involve eithiey, or
addition to the porphyrin &;. On the fourth reduction, how- 2e4 because théEg and 3Azg states are almost degenerate.
ever, an added electron is accommodated in the metdFor the model system CuP, the third electron is clearly

big(dy2-y2), resulting in the formation of co added to théd;4.) On a fourth reduction, the electron enters
Dig-
3. NITPP
The Ni porphyrin is calculated to be diamagndtitosed 5. ZnTPP
shell, in agreement with experimental observatidin con- The 3d-orbitals are particularly low in energy for Zn.

trast to the Fe and Co cases, thg(d,2) orbital rises above [ndeed, contrary to the other molecules, the HOMO in
1ey(d,,) to become the HOMO. Thb,4(dy2_,2) orbital is ZnTPP is no longer a M—@orbital. Theb,4 has lost all but

located well above the HOMOag,) but lower than 2,, ~ 18% of its M contribution, and is largely porphyria in
making it the LUMO. Theb,, orbital retains its heavg,, character. The first oxidation of ZnTPP leads ter&ation

In contrast to an earlier suggestion that the first oxidatiodeading to &A,, ground state. This is in accord with ESR.

of NiTPP occurs at the central mefdlthe calculations indi- The second oxidation givesadication with a°Azg state. In

cate instead that it is a porphyray, (or a;,) orbital from the reduction stages, four electrons are accommodated in the
which the electron is removed, and not from the higher-lyingtUMO 2ey(7*), again in agreement with experiméfitin
metala,; (HOMO) or 1ey (HOMO-1) orbitals.[Ni"' TPP]* the[ZnTPP]“ anions, there is rlod}lik_e orbital near 2,

was found to be unstable and gradually decayed via intern&lifferent from the othefMTPP]*" species.

electron transfer to Ni"TPP]" cation radicaf* in accord

with our calculations which find the former to be 0.33 eV 6. HOMO-LUMO gaps

less stable than the latter. The second oxidation occurs from  The difference in energy between the HOMO and

the other porphyrin4,,) orbital. In the case of reduction, | ymo of each of the various TPP complexes is reported in
the first three electrons are added to the porphyEf(2*)  Taple IIl. As one goes across the periodic table from Fe to
orbitals, leavingb,4(dy2_y2) unoccupied, since addition of 7zp there is a fluctuating trend in these energy gaps for the
electrons to 2, raises the energy dfq, placing the latter neytrals. The gap increases from Fe to Co, then decreases
above the former. However, the fourth reduction takes placgqrough Ni and Cu, before rising again in the case of Zn. The
into the metab;y(dy2-2). addition of electrons gradually leads to a progressive reduc-
The smaller model system NiP obeys much the samgqn in the energy gap, although there are discrepancies, e.g.,
trends for the first two added electrons. However, in the CaseMTPP]3~ to [MTPP]*~ for Co, Ni, and Cu. Removal of
of the third reduction, the electron goes not to the porphyrirg|jectrons yields erratic trends in the HOMO—-LUMO gaps, in
but rather to the metal, and [NiP]*" the byg is fully oc-  some cases not much of a change from the neutral. It might

cupied. be noted lastly that the change from TPP to the simpler P
produces large changes in the energy gap in a number of
4. CuTPP cases, particularly for the highly charged anions.

The 3d-orbitals of Cu are low in energy and the odd ) ) )
electron occupies thé,4(dy2_y2) HOMO. As evident in 7. Mulliken population analysis
Table Il, the first oxidation occurs from,,(°B,,) although The calculated gross populations of selected atomic or-
the HOMO lies some 0.8 eV higher. Our calculation agreesitals and Mulliken atomic chargeQg,) are collected in
with the ESR measuremeritshut differs from the prior Table IV. The “effective” charge of each metal atom, corre-
MS-Xa calculation'® which indicates that the first electron sponding to the fourth row of Table 1V, lies in the range of
is removed from the porphyria,, orbital. Oxidation from  +0.5=0.1 for the neutral molecules, quite different from the
ay,, Which gives &B,,, state, requires 0.2 eV more than that classical picture of M"(TPP?~, wherein two 4 electrons
from a,,. For the model CuP system, the energy gap behave been lost by the metal. This discrepancy may be ratio-
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TABLE IV. Gross Mulliken populations and atomic chargé3)(in MTPPs and their ions, and MP analo@s

parenthesgs
M=Fe M=Co M=Ni M=Cu M=Zn
MTPP 3d 6.586.57) 7.60(7.60 8.628.61) 9.529.5) 10.010.0
4s 0.460.49 0.360.39 0.450.43 0.420.4) 0.590.58
4p 0.330.33 0.470.47 0.520.5) 0.520.52 0.8000.79
Qwm 0.630.66 0.570.59 0.420.49 0.550.57 0.610.63
Qy  —049-047 —0.46-0.43 -0.44-042 —0.45-0.43 -0.45-0.43
Qe —0.020.10 —0.020.10 —0.020.10 —0.030.09 —0.030.08
Qcs 0.280.26) 0.280.26) 0.280.27) 0.270.26) 0.270.26)
[MTPP]*  3d 6.506.49 7.537.52 8.638.61) 9.529.52 10.0110.0
4s 0.330.3) 0.4000.38 0.430.4) 0.4000.39 0.580.56
4p 0.412(0.40 0.460.46 0.500.50 0.500.49 0.780.77
Qu 0.770.80 0.600.63 0.450.48 0.580.60 0.640.67)
[MTPP?* 3d 6.39 7.54 8.63 9.52 10.0
4s 0.32 0.39 0.41 0.39 0.57
4p 0.42 0.45 0.49 0.49 0.77
Qum 0.88 0.62 0.47 0.60 0.66
[MTPP]~ 3d 6.686.68 7.727.72 8.628.67) 9.529.51) 10.0110.0
4s 0.370.35 0.500.48 0.470.47 0.430.42 0.600.59
4p 0.350.35 0.390.39 0.520.48 0.530.53 0.800.79
Qum 0.6000.62 0.390.4) 0.390.38 0.520.59 0.6000.61)
[MTPP]Z~ 3d 6.696.69 7.727.73 8.638.62 9.529.51) 10.0110.0
4s 0.560.56 0.530.53 0.490.49 0.440.449 0.61(0.61)
4p 0.31(0.30 0.390.39 0.520.52 0.540.59 0.81(0.80
Qwm 0.450.49 0.360.35 0.370.39 0.510.5) 0.580.59
[MTPPP~ Qy 0.41(0.34 0.320.27) 0.350.31) 0.490.41) 0.570.57)
[MTPP*" Qy 0.370.32 0.290.35 0.330.39 0.480.45 0.560.56)

nalized on the basis af/7 bonding and charge transfer from The exception is FeTPP where these increments in atomic

(TPP?~ to M?*. As one goes across the periodic table fromcharge are 0.14 and 0.11, respectively. Theobitals of the

Fe to Ni, this charge diminishes from 0.6 to 0.4, but thenFe parallel these changes fairly closely while thepbpula-

climbs again on going from Ni to Zn. The metas $opula-  tion increases upon going from 0 tel. As in the case of the

tion lies in the vicinity of 0.4—0.6 with no obvious pattern cations, the charge assigned to the metal in the anionic

from one metal to the next. Thep4populations are of a [MTPP] is also quite similar to that in the neutral, except

similar magnitude and appear to climb on going across fronfor M=Co, where the charge [lCoTPH™ is 0.2 less posi-

Fe to Zn. The fractional occupation numbers of tlileshells  tive than in CoTPP. From the last rows of Table IV, it may be

show the most dependence upon the nature of the metaeen that further reductions add only small increments of

climbing from a minimum of 6.5 for Fe up to the full occu- atomic charges to the metal.

pancy 10 of Zn. With the exception of the latter, there are

about 0'6. adQItlonaI.elegErgns m. the w3)rbl'Fal§, beyonq C. M=TPP binding energies, ionization potentials, and

the classical ligand field"™ < configuration. This increase in electron affinities

the M-3d populations can be ascribed to backdonation from

the 7 orbitals of the porphyrin skeleton to the Md3atomic Table V displays the calculated values for M—TPP bind-

orbitals. ing energies Eyi,g), first and second ionization potentials
Turning to the porphyrin, the high electronegativity of (IP), and electron affinitie¢EA), together with any available

nitrogen leads to some accumulation of charge. The negxperimental dat&!~®*These quantities are defined in terms

charge on N is—0.45 to —0.50 in the complexes with the Of the energies of the various species as follows:

metals, some 9.2—0.3 more negative'than in .th<.a uncom-  _p . — E(MTPP)—{E(M)+E(TPP],

plexed porphyrin. The Catoms that bridge the imidazole

rings are essentially neutral, and are little affected by com-  IP=E(MTPP**1Y*)—E(MTPP*) (x=0,0),

plexano_n with the metal. The £atoms, part of the imidazole EA—E(MTPPX* 1D~ )—E(MTPP")  (x=0,1,2.3.

rings, pick up a small amount of positive charge when the

metal is added. The remainder of the porphyrin atoms ar@he calculated binding energy is 10.1 eV for FeTPP, rises to

insensitive to complexation. It is further important to stress10.8 eV for CoTPP, and then diminishes steadily until reach-

that the orbital populations and atomic charges are nearling a minimum of 6.3 eV for ZnTPP. The equivalent quanti-

identical for MTPP and its smaller model MP analogs. ties for the model MP analogs are consistently larger by 0.2
Concerning the ions, removal of the electrons has only &V, indicating that the peripheral phenyl rings act to reduce

small effect upon the charge of the metal, only 0.03 for thethe binding of the metal by this small amount. These strong

first electron, and 0.02 for the second. The atomic orbitalsnteractions between the metal and the porphyrin can be re-

are similarly insensitive to the ionic nature of the complex.lated to the high thermal and chemical stability of metal
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TABLE V. Calculated M—TPP binding energies in MTPB,(,y), first and second ionization potentials of MTAP), electron affinities of MTPP[* (EA)
(x=0,1—,2—,3-), and disproportionation reaction energie¥) for reaction ZMTPP*" —[MTPP]*~ Y~ +[MTPP]** 1~ Values in parentheses refer to
the model MP systems. All quantities in electron volts.

M=Fe M=Co M=Ni M=Cu M=2Zn
Epind 10.0710.25 10.81(11.01) 9.9410.13 7.637.82 6.326.52
First IP Calc 5.9%6.29 6.576.99 6.597.01) 6.51(6.96 6.506.949
Expt 6.44 6.49 6.42
Second IP 9.630.59 9.6510.57 9.61(10.69 9.6210.69 9.61(10.61)
EA (x=0) Calc -1.82—-1.66 -2.13-1.99 -1.49-1.3) -1.571-1.38 -1.60—1.40
Expt® —1.87+0.03 —1.51+0.01
(x=-1) 1.592.22 1.522.29 1.342.14 1.272.02 1.241.99
(x=-2) 3.915.56 4.025.63 4.095.63 3.825.46 4.045.649
(x=-3) 6.488.95 6.197.61) 6.207.26 6.198.26 6.438.89
Disproportionation
reaction energies
2IMTPP]”—MTPP+[MTPP?~ 3.66 3.65 2.83 2.84 2.84
2[MTPP?” —[MTPP|” +[MTPP]*~ 2.32 251 2.76 2.80 2.80
2IMTPPE™—[MTPPL~ +[MTPP]*~ 2.57 2.17 2.11 2.14 2.38

2Reference 57.
PReference 63.

porphyrins. The M—TPP bond strength follows the same pateonsequently independent of the metal. Four phenyl groups
tern derived from consideration of infrared spectral ddta. added to MP reduce the second IP by about 1 eV.
The relatively weak Zn—TPP interaction is likely due to the  The calculated electron affinitidgEAs) of MTPP are all
absence of 8-orbital interactions, precludingr backdona- quite negative, which indicates a strong attraction of an elec-
tion. The trend in the binding energies parallels the M—Ntron for each MTPP species. FeTPP and CoTPP are stronger
bond lengths(see Table )l in that largeEy;,q is associated in this regard than are the others. This observation can be
with shorterRy,_y . understood on the basis of the electronic structures of the
The first calculated IP is 6.0 eV for FeTPP, and 6.5-6.dMTPP]™ ions. The added electron ifFeTPR~ and
eV for the various other MTPP species. Experimental gasfCoTPH ™~ occupies a low-lying bonding orbital, whereas in
phase IPs have been reported for FeTPP, NiTPP, CuTPP, atite otherf MPc] ™~ ions, the added electron goes into a high-
ZnTPP?’ Because the M-8 electron bands are hard to lying antibonding porphyrin 8,. Experimental gas-phase
detect® the UV PE spectrd mainly show the porphyrinr  EAs are available for FeTPP and NiTPRand are in excel-
bands, and therefore the firdbwes) detectable IP spectral lent agreement with the calculations. The calculated EAs for
bands arise from orbitals of the porphyrinsystem without MP are uniformly about 0.2 eV smaller. The progressively
metal contribution. According to the calculation, the electronmore positive entries for the anions in Table V are due to the
is first removed from a @-like orbital for FeTPP, while it is increasing Coulomb repulsion between the ring charge and
in fact removed from the porphyrifr system for the other the added electrons.
MTPPs. It is thus understandable that the first IPs for CoTPP  Prior electrochemical measurements by Heskal > of
through ZnTPP are similar, and notably larger than that othe energies of disproportionation reactionsMZPP*~
FeTPP. Both calculation and experimeht® show that the —[MTPP]* 1~ +[MTPP]*"1)~(x=1,2,3) revealed that
IPs from porphyrin orbitals are insensitive to the nature ofthe disproportionation energies are positive and remarkably
metal. Moreover, the calculated IPs are in quantitative agreezonstant over a range of porphyrin structures, whénid/a
ment with the gas-phase PES valdéshe error being less closed-shell system. The calculated energies of these reac-
than 0.15 eV. tions are reported in the last rows of Table V. They are all
There seems to be no qualitative relation or correlatiorpositive by more than 2 eV, and are of comparable magni-
between the first IPs and the electrochemical oxidation potudes(2.8 eV) for M=Ni, Cu, and Zn, and fox=1 and 2,
tentials €4/ of the porphyrin ring which exhibit substantial and diminish to the 2.1-2.4 eV range fo& 3. The pattern
dependence upon the central méfalThe a;, orbital in  for Fe and Co are different, owing to the different electronic
NIiTPP has a higher IP than doag,, but the reverse situa- structure of FeTPP/CoTPP, as compared to NiTPP/CuTPP/
tion is found for the other species. Another notable finding isZnTPP.
that the ionized state of CoTPHA,,,(a2,) (a1g)*(1eg)*]
associated with the first ionization is different from the
ground state of the catioPA,g, (az,)%(a1)*(1e,)?], after
electron transfer from metal to ligand has taken place. The It is known that axial ligation has a substantial influence
IPs of MP are consistently 0.3—0.5 eV higher than those obn the redox properties of metal porphyrfi$*?° Six-
MTPP, roughly consistent with the orbital energy shift. Thiscoordinate iron porphyrins [e.g., FeTPRyridine),,
trend is in agreement with experimental PES data fg®°H  FeTPRpiperiding,, FeTPRpyridine)(CO)] are low-spin,
and H,TPP52 The second IP corresponds to electron ioniza-diamagnetic $=0) specieg*** While the ground state of
tion from the porphyrira,, (a,, in the case of M=Ni) andis  four-coordinate cobalt porphyrins is somewhat ambigudus,

D. Effects of axial ligands
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TABLE VI. Calculated properties of MTPP with two axial ligands(L=Co, HCN).

M=Fe M=Co M=Ni M=Cu M=Zn
Epind® (eV) L=Co 2.06 0.49 0.01 0.01 0.01
L=HCN 1.00 0.12 0.01 0.01 0.01
Ry (A) L=CO 1.82 2.01 3.00 2.85 2.60
Expt 1.77
L=HCN 1.85 2.16 3.00 2.86 2.87
Expt 2.13 2.44
Ru_n (A) L=CO 2.02 2.03 1.97 2.03 2.07
Expt 2.02
L=HCN 2.01 2.00 1.97 2.01 2.06
Expt 2.00 1.99
No L 1.97 1.97 1.97 2.03 2.06
Qum L=CO 0.31 0.21 0.40 0.43 0.47
L=HCN 0.50 0.47 0.50 0.56 0.65
No L 0.63 0.57 0.42 0.55 0.61
Q. L=CO 0.10 0.12 0.04 0.07 0.09
L=HCN 0.10 0.14 0.02 0.04 0.03
IP (eV) L=CO 6.38@,, ,first) 5.81@yq ,first)
6.36(@2u)
L=HCN 6.05@,, ,first) 6.03(@,, ,first)
6.21(1ey) 6.05@44)
6.30(02)
No L 5.97(@,4 ,first) 6.57(@y, ,first)
6.55(@,,) 8.82(y4)
EA (eV) L=CO —1.56(2,) —1.58(2%y)
—0.84(ayg)
L=HCN —1.20(2%,) —1.16(2%,)
—0.32(ag)
No L —1.82(1ey) —2.13@4g)
—1.51(2%y) —1.47(Z,)
#Binding energy between MTPP and two L's. ‘In crystal FeTPRiperiding, complex(Ref. 67.

bIn crystal FeTPRpyridineCO complex(Ref. 63. d4In crystal CoTPRpiperiding, (Ref. 66.

it appears certain that the ground statez/@e;._g in solvent-  with R(Fe—G,) the shortest, followed bR(Co-GC,). The
coordinated complexé¥.In a number of metal porphyrins, calculatedR(Fe—G,) of 1.82 A compares favorably with the
the site of oxidation/reduction is dependent on the nature of 77 A measured in the FeTR®ridineCO crystal® The
axial ligands?* These phenomena suggest that interactiomddition of two CO ligands to FeTPP expands the equatorial
with axial ligands may modify the electronic structure of Fe—N bond distanceR(Fe—-N,) by 0.05 A compared with
metal porphyrins, motivating a systematic investigation ofthe unligated FeTPP, again in good agreement with the crys-
their effects on the electronic structure and other propertieg| structure dat&® A similar M—Ne, bond lengthening of

of the MTPPs. Two types of axial ligand were examined: COp .06 A is found in CoTPECO),. In the other MTPECO),

is & strongm acceptor and HCN has stromgdonor capacity  complexes, the M-}y distances are almost unchanged,
but is a relatively weakr-bonder. These two molecules rep- again because of the extremely weak interaction between the
resent strong- and weak-field axial ligands, respectively. CQuyo CcOs and the MTPP.

molecules were attached to the central metal WithC—O The perturbations caused in the MO energy diagram of
in a linear arrangement, perpendicular to the porphyrinTpp are illustrated in Fig. 4 with the HCN ligand effects
plane. This geometry has been observed in experiments Wil the left, and the CO effects on the right. Perhaps the most
CO adsorbed on various metals. HCN was added in a similagtriking feature of Fig. 4 is the very strong sensitivity of the
geometry, with a lineaM—N-C—H orientation, which was  energy of thea; 4(M-d,2) orbital in FeTPP and CoTPP to the
confirmed by geometry optimization. The calculated properpresence of the ligands. This orbital is lifted by 2.6 and 2.2
ties of MTPRL), (L=CO,HCN are collected in Table VI gy i FeTPRCO), and CoTPFCO),, respectively. The
and the changes of orbital levels in FeTPP and CoTPP alfyands also act to separate thg, anda,, orbitals which are

illustrated in Fig. 4. rather close in energy in their absence. Owing to the strong
M—CO#* backbonding, the d,(M-d) orbitals are stabi-
1. L=CO lized, placing them even lower than the porphya, or-

The binding energy between FeTPP and a pair of C(bital. These reorderings result in a shift of electrons such that
molecules is quite large, 2.1 eV. Much smaller but still ap-the HOMOs in FeTP&O), and CoTPRCO), become, re-
preciable at 0.5 eV is the same quantity for COTRBO),, spectively, @,,)%> and (alg)l, yielding lAlg and 2Algj
whereas the binding energies of the other MTPPs listed iground states(CoTPP has e?tAlg ground state, even in the
Table VI are nearly zero. The axial M—C distances,absence of ligands
R(M-C,), correlate with the energetics to some degree, The ligand-induced perturbation of the electronic struc-
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ture changes the calculated properties of the iron and coba@ckbonding of HCN below thb,g. Note, in contrast, that
porphyrins. In FeTPEO),, the first ionization now arises 1€ is raised in the Co analog, such thatbackdonation
from the porphyrina,, () orbital and the following ioniza- Seems to disappear, consistent with the I&{Go—N,,) and
tion occurs at the,. This assignment is in agreement with the very small expansion of the equatorial Cqgistance.
electrochemical experimeffswhich showed a change in This longerR(Co-N,) may, in turn, be due to the presence
oxidation site upon axial coordination of RuTPP, a complexof an electron in the,4(M—d,2) orbital in COTPRHCN)s.

that is isoelectronic with FeTPP. The first IP value of The experimental crystal structure of CoTpiperiding,
FeTPRCO), is 0.4 eV higher than that of FeTRRhich is  shows the same trend in the CogJ¥, bond distancé® The
from the metala,4), while the CO ligands lower tha,, IP  calculated R(Fe—-N,,) of 1.85 A is comparable to the
by about 0.2 eV. Concerning reduction, the first electron iR(Fe—G,) in FeTPRCO),. The experimental axial Fe—N
added to the porphyrin &(=*) orbital in FeTPRCO),, bond distance in crystal FeTRiperidine, is as large as
again different from the unligated complex. The second elec2.13 A’ probably the consequence of severe steric interac-
tron is also added to€ to yield a porphyrin di-anion. The tions between piperidine hydrogen and porphinato nitrogen
EA of FeETPRCO), is 0.26 eV smaller than that of FeTPP. atoms.

In the case of CoTREO),, the first electron is now The binding energy of FeTPPHCN), was computed to
abstracted from the metal 4 without electron transfer from be 1.0 eV, much smaller than the FeTRE0), value. The
metal to ligand. The increase in the energyagf leads to a same is true for COTPRHCN), and its CO analog. The
relatively small IP from the orbital. Therefore, solvent coor- weaker binding with the HCN ligands can be attributed to its
dination to the central metal is able to reduce the oxidationweakers backbonding ability. The interactions of the other
potential of the metal ion and one can expect more facileMTPP speciesM=Ni, Cu, Zrn) with HCN are extremely
oxidation to Cd'. The first reduction of CoTREO), takes  weak (0.01 eV} and contain very long M—} distances. In
place into the porphyrin &, although the singly occupied these MTPPs, the M-8 is fully occupied, which prevents
a4 lies lower in energy. The addition of an electronag, the close association of any axial ligands.
results in an EA which is nearly 0.8 eV smaller than the EA The first ionization of FeTPIPCN), involves the ab-
to 2ey. The EA of COTPRCO), is about 0.6 eV smaller than  straction of an electron from the porphymn, although the
that of CoTPP. metal b,, and I, lie above this orbital. The IP from,,
(6.05 eV is 0.16 eV smaller than frome, ; the IP fromb,

2. L=HCN is even larger. It may be anticipated that with a longer sepa-

With L=HCN, there is also large upshift in the position ration between the Fe and the HCN ligands, the order of the
of a4, similar to the l=CO case. With regard to the other IPs would revert to that of the unliganded complex, making
valence MOs, however, the electron-donating HCN has athe IP from a metal orbital the lowest one. It is interesting to
opposite effect to CO, shifting them upward. The exceptiomote that in CoTPE@ICN),, the IPs froma,y and a,, are
is 1ey, which is lowered in FeTRIPICN), by the weakm  approximately equal and hence one-electron oxidation of the
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TABLE VII. Calculated properties of metal porphyrins and their fluorinated derivatives.

M=Fe M=Co M=Ni M=Cu M=Zn
Ebind MP 10.25 11.01 10.13 7.82 6.52
eV MPF, 9.19 9.93 9.02 6.75 5.49
MTPP 10.07 10.81 9.94 7.63 6.32
MTPPFR; 9.61 10.36 9.55 7.32 6.11
Ru.n  MP 1.98 1.98 1.97 2.03 2.06
A MPF, 1.97 1.97 1.97 2.03 2.06
MTPP 1.97 1.97 1.97 2.03 2.06
MTPPR 1.96 1.96 1.98 2.02 2.06
Qu MP 0.66 0.59 0.44 0.57 0.63
MPF, 0.68 0.61 0.46 0.59 0.64
MTPP 0.63 0.57 0.42 0.55 0.61
MTPPF 0.64 0.59 0.44 0.54 0.64
P MP 6.29@4  first) 6.98@,,) 7.01(@y,) 6.96(@,,) 6.94(@,,)
eV 7.00@,,) 7.08(1ey) 7.04(@@y,) 7.23(b4) 7.93014)
7.26(1e,)
MPF, 6.77(ay) (first) 7.04(@y,) 7.07(@y,) 6.99(@,,) 6.96(@,,)
7.03(@y,) 7.52(ley) 7.52(@4,) 7.58(b4) 8.55(b1)
7.52(1e,)
MTPP 5.97@) (first) 6.57(@y,) 6.59(@1,) 6.51(@,,) 6.50(@,,)
6.55(@,,) 6.72(1e,) 6.65@,,) 6.89(01,) 7.42(014)
6.91(ley)
MTPPR 6.38(a4,) (first) 7.06(1e,) 7.16(@y,) 7.09@,,) 7.09@,,)
7.08(@,,) 7.12(@y,) 7.22(@4,) 7.45(0,4) 7.63(014)
7.23(1ey)
EA MP —1.66(1eg) —-1.96@y,) —1.31(%,) —1.38(%,) —1.40(2,)
eV -1.29b;y)  —1.23(1,)
MPF, —2.07(1ey) —243@y,) —1.83by) —1.76(1,) —1.74(%y)
—1.64(%2,) —1.73(2%,)
MTPP —1.82(ley) —213(@;,) —1.49(%,) —157(%;) —1.60(2%,)
—1.4101y) —1.34(4)
MTPPF; —2.32(ley) —2.69@;) —2.170) —2.22(0,5) —2.09(2,)
Expf® —2.15+0.15 -1.99(%,) —2.11(2,)

aExperimental value for FeTPRE Ref. 63a)].

complex may occur at either the metal or ring. In the case ofaries from 1 eV for MP to 0.2—0.5 eV for the larger MTPP.
reduction, the situation for £HCN is the same as for Despite this weakening effect, there is very little change ob-
L=CO, except that the calculated EA values are of coursgerved in the M—R, bond distances. The presence of the F

quantitatively different. atoms tends to make the atomic charge on M slightly more
positive, by 0.01-0.02.
E. Peripheral substitution As is evident in Fig. 5, fluorosubstitution has a lowering

rﬁffect on most of the molecular orbitals. The magnitude of

There has been a great deal of interest in substituent . ) e , )
this shift, surprisingly uniform from one MO to the next, is

effects in porphyrind! For example, some halogenated 4 , !
MTPPs are much more active as catalysts than pure MTPPEOME 0.4 eV(The main exceptions are thg, orbital of FeP,
In order to understand this increased catalytic activity, it is®"dPzu of FETPP, which are shifted downward by a much
necessary to have a detailed understanding of their electronfimaller amount As a result, the ordering of the MOs is left
properties. The effects ofmesefluorine and pyrrolic unchanged by the substltut_lon. _In_general, fluo_rlnatlon effects
B-fluorine substituents in the MTPPs were addressed her@n the simpler FeP are quite similar to those in FeTPP.
where the foumesephenyl groups and eight pyrrolig—H’s The trends in evidence in Fig. 5 for the Fe complexes are
were replaced by F atoms. Since F is a strongly electront€@sonably well reproduced for the other MP complexes. A
withdrawing substituent, the multiple substitutions are ex-Principal finding in common is the small lowering of thg,
pected to exert strong electronic effects in the metal porphyorbital upon fluorosubstitution, confirmed by spectroscopic
rins. The calculated properties of the metahese and electrochemical studies of 2-substituted MTEPBhe
tetrafluoroporphyrins  MPF and metal B-octafluoro- near degeneracy af,, anda,, in MP/MTPP is hence re-
porphyrins MTPPEare collected in Table VII, together with moved upon fluorination. Any variation in the relative ener-
the corresponding data of MP and MTPP for comparisongies ofa,, anda,, is expected to have significant effects on
The changes of the orbital levels are illustrated in Fig. 5 forthe physical properties and on reactivities of porphyrins and
M=Fe and Co. their 7 cations® In the cases of M-Co and Ni, for example,
The first section of data in Table VIl illustrates that fluo- the mesetetrafluorination causes the relative order af,
rosubstitution weakens the interaction of each porphyrin witrand le, orbitals to reverse.
the metal. The magnitude of this binding energy reduction = Corresponding to the downshift of the valence MOs, the
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calculated IPs of MTPRFare 0.4—-0.6 eV higher than those [NiTPP] 1. The stabilization of thév, 4 orbital is somewhat

of MTPP; the IPs of MPFexceed those of MTPP by 0.5-1.0 larger than for 2,. As a result, the orbital that accepts an
eV, depending on the metal and particular orbital. Thus thelectron to form the anion is the low-lying metaj, orbital
mesesubstituents exert a stronger effect on the IPs than théor the fluorinated Ni and Cu porphyrins.

same substituents placed in tBeposition of the porphyrin.

!\lotg that for CoTPPg? Fhe orbital from which the first ion- |\, syuMMARY

ization takes place is different than that for CoTPP. The same

is true for NiPR and NiTPPE. The[NiPF,]" cation clearly (1) The electronic structure of FeTPP is rather complex.
has a?A,, ground state because the IP framy, is 0.5 ev  The four3d-like orbitals (,4,a14,1€5), Which are close in
less than that froma,,. [CoPR] " has a ground state of €nergy, generate three low-lying triplets in the energy range
A4, 0.13 eV lower than théA,, state; there is no longer Of 0-0.3 eV, and a fourth at 0.7 eV. Tl structure has a
charge transfer from metal to ligand when the first electron i§A2q_ground state which arises from the configuration
ionized fromas,, . One can also draw the general conclusion(dxy)*(d;2)*(dy)*(dy,)*, in agreement with experimental
that the first IP is reduced by electron-donating substituents

such as a phenyl group, while it is increased by electron-
withdrawing F, in agreement with the trend in experimental
oxidation potentials i;,).%*

Substituents also exert an effect on electron affinity. As
evident in the last section of Table VII, the EA is increased
by 0.5-0.7 eV from MTPP to MTPRFand by 0.1-0.3 eV
from MTPP to MPR, which implies that the effect ahese
substituents is weaker than that of pyrrgiesubstituents, in
contrast to the substituent effect on the IPs. Cleial®®
have measured gas-phase EAs for some halogenated Fe
PPs. The calculated EA value of FETRRF2.32 eV} is in

good agreement with the experimental value for FeTBPF _ ,0.‘:.3. .
(—2.15+0.15 e\). An argument has been proposed that the ?g;":" S

increase of EA in electron-withdrawing substituted NiTPP
suggests significant delocalization of charge into the ligand D g
in the metal porphyrifi® According to the calculations on “ 4

_[NiTPPFS_]_ and_[NiP_F4]_, however_, the Unp_aimd electron giG. 6. Different optimized structures of NITPB,;, structure top-view
in the anion resides in a metal orbitdd,(), different from  (upper pantand side-viewlower pan, S, structure top-view and side-view.

Downloaded 13 Jun 2011 to 129.123.124.169. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



218 J. Chem. Phys., Vol. 117, No. 1, 1 July 2002 M.-S. Liao and S. Scheiner

TABLE VIII. Comparison of the calculated propertfesf NiTPP between the optimizeB,, and S, (C,)

structures.

Ruin Ebing P IP, [ IP, IPs EA
Dan 197 994  6.5%,) 6.65@y) 6.91(l,)  7.46@,)  7.480,) 1.49
S, 1.95 9.99 657 6.64 6.92 7.56 7.48 1.47
A(S;~Dg) —0.02 0.05 —0.02 -0.01 0.01 0.10 0.00  —0.02

®Ni—N bond lengthR in A, Ni-TPP binding energg in eV, ionization potential$P for the outer MOs in eV,
electron affinity EA in eV.

measurement¥,~4"=*0put differs from priorab initio’®° In contrast, the effect ahesetetrafluoration has only a small

calculations. The order of the five lowest states is calculatedpparent influence on ttee,, orbital with respect to the other

to be 3A,;<3Ey(A)<®B,q<3E4(B)<°A;4. Our calcula- valence MO levels.

tions also support the ground state assignment of CoTPP as (8) The use of MP as a model for larger and more com-

(d,2)*(dy,)?(dy,)?, or?A;4, 0.2 eV more stable thafE,. plicated systems is justified, provided suitable caution is ex-
(2) The porphyrin MOs are interspersed with therbit-  ercised. Many electronic properties of the metal porphyrins

als of the central metal atom. The HOMOs in Fe, Co, Ni, andare insensitive to the presence of phenyl groups. Four phenyl

Cu are metal 3d-like, whereas in Zn, the HOMO is localizedgroups added to MP changes the valence IPs by 0.3-0.5 eV,

on the porphyrin ring. The energies of the dvbrbitals tend  while the EA is altered by some 0.2 eV. The ordering and

to go down along the series, particulady,, which sees the relative positions of the outer MO levels in MP and MTPP

contribution of 3,22 to this orbital drop to as low as 18%. are the same. For many anions, however, the porphine—
(3) Oxidation does not necessarily occur from a HOMO phenyl interaction can result in different ground states, and

in each case. The first oxidation of FeTPP and CoTPP occuithe mesetetraphenyl substitution leads to considerably lower

at the central metal, in contrast to the ligand oxidation in theEAs for [MTPP]*".

Ni, Cu, and Zn analogie§The ground state ofCoTPH*

does not correspond to the state of the first IP which ariseSCKNOWLEDGMENT
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