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Abstract: Changes in the electronic transition energies and redox potentials because of metal substitution in
bacteriochlorophyll a justify the recently suggested correlation between electronegativityøM, covalent radius,
and an effective charge,QM, at the metal atom center. A simple electrostatic theory in whichQM modifies the
energies of the frontier molecular orbitals by Coulombic interactions with the charge densities at the atomic
π centers is suggested. The relative change in electrostatic potential at a distancera from the metal center is
∆QM/ra, where∆QM, the change in the metal effective positive charge because of Mg being substituted by
another metal, varies with the change in metal electronegativity (Mulliken’s values)∆øM and covalent radius
∆rM

c . ∆QM consists of two components: the major component,∆QM
o , characteristic of the central metal, is

independent of the molecular environment and proportional to the electronegativity of the metal at a typical
valence state. The second component,∆qM,N, reflects those perturbations induced by the molecular frame. It
depends on the overlap between the metal and ligand orbitals hence changes both with the metal covalent
radius (i.e., its typical “size”) and the particular orbital environment. For the series of metals that we examined,
we determined that∆QM

o ) (0.12( 0.02)∆øM. Significant contributions of∆qM,N to ∆QM,N were found for
the changes in the energies of they-polarized electronic transitions By and Qy and to a lesser extent the first
oxidation potentialEOx

1 . Minor contributions were found for the changes in the energies of thex-polarized
electronic transitions Bx and Qx and the first reduction potentialERed

1 . The model agrees well with target
testing factor analysis performed on the entire data space. Simulations of the experimental redox potentials
and the four electronic transitions required mixing of single-electron promotions; however, the coefficients for
the configuration interactions were assumed to be metal-independent within the examined series because the
relative oscillator strengths of the various transitions did not show significant changes upon metal substitution.
The reported observations and the accompanying calculations provide experimental support to the modern
concepts of electronegativity and may help in better understanding biological redox centers consisting of
porphyrins or chlorophylls.

Introduction

Electronegativity is an important part of the intuitive approach
that helps chemists in understanding nature. In particular, it
provides a measure to the uneven distribution of electrons among
bound atoms and the probability of electron transfer among two
unbound atoms (or molecules). Still, the formulation of both
atom and group electronegativity values in terms of fundamental
atomic forces is problematic.1 Such a formulation could provide
new insight to inter- and intramolecular electron transfer both
in the ground and excited states of complex biological systems,
keeping in mind that group electronegativity describes the power
of a system to attract an electron based on the properties of
individual chemical components (atoms or chemical groups).

Complexes of proteins with chlorophyll (Chl), bacteriochlo-
rophyll (BChl), andD4h porphyrin are the key players in
fundamental biological electron transfer reactions.2-4 Their in
situ redox potentials (RP) and electronic transition energies (TE)
are finely tuned to their function as electron donors, acceptors,
or light-harvesting units. Yet, despite extensive research, the
mechanism behind this tuning is still not understood. For
example, there is no rigorous explanation for the difference in
oxidation potentials of the Chls in P680 and P700, the primary
electron donors of photosystems II and I, respectively. Model
systems with systematically modified RP and TE are useful for
resolving this mechanism. Such modifications were introduced
by metal substitution in the porphyrin or Chl macrocycle. The
observed linear relationships between the porphyrin RP and the
metal electronegativities, which are in line with the concept of
group electronegativity, could shed light upon the control
mechanisms of redox reactions in biological complexes and link
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the electronegativity of individual metal atoms with fundamental
physical forces.
Redox reactions and the major electronic transitions in

porphyrins and Chls occur within the two highest occupied and
lowest unoccupied molecular orbitals. Extensive theoretical
studies by Gouterman and others5-11 have indicated that the
wavelengths of the four major electronic transitions in porphy-
rins (Qy, Qx, Bx, and By; in order of increasing energy) are
determined by the energies of the lowest unoccupied molecular
orbitals (LUMO and LUMO+1), along with the relative energies
of the highest occupied molecular orbital (HOMO and HOMO-
1). The energies of HOMO and LUMO also determine the
potentials of ring-centered porphyrin oxidation and reduction.
Therefore, observed metal effects were thought to reflect
modifications of charge densities in the LUMO and HOMO
induced by the electronegativity of the metal.6,12-15 According
to Gouterman,6 changes in theπ electron density can result from
two alternative mechanisms: (a) modifying the electric potential
at the nitrogen’sσ electrons, which then leads to electron flow
to or from the macrocycle toward the metal (inductive effect),
and (b) mixing the metal d orbitals with theπ orbitals of the
macrocycle (conjugative effect). Although Gouterman sug-
gested the predominance of the conjugative effect, most of his
followers adopted the first mechanism, which could account
for the observed trends in RP of metal-substituted porphyrins
or Chls12 but failed by more than an order of magnitude to
predict the experimental results quantitatively.13 Furthermore,
no clear connection was suggested between metal substitution
in vitro and the in vivo modification of pigment environment.
One particular obstacle for semiempirical calculations of the

frontier molecular orbitals in porphyrins and, to a lesser extent,
in metal-substituted Chl a ([M]-Chl)16,17 is the strong overlap
of the different optical transitions, even in metallochlorins.
Tetrahydroporphyrins, such as BChl, have the advantage of
relatively well-resolved electronic transitions. Unfortunately,
the few metal-substituted BChls ([M]-BChls) that were syn-
thesized so far18,19 did not provide sufficient information to
enable a systematic study of the metal effect on the frontier
orbitals. Hence, we set out to explore different avenues for
further metalation of bacteriopheophytin (BPhe). Initially, we
had developed mild methods for inserting Zn(II), Cu(II), and
Cd(II) into the BPhe and derivatives.20-23 Later, we developed
a procedure for transmetalation of [Cd]-BChl with other divalent

metals, such as Co(II), Pd(II), Mn(II), and Ni(II).22 The TE of
the M-BChls were found to be linearly related to the metal
electronegativities according to Pauling (øM

P ), if the [M]-BChls
were grouped according to an experimental or putative coor-
dination state. Even better correlation was obtained iføM

P was
divided by rM

i , the metal ionic radius. Additional data con-
cerning the RP of [M]-BChls was provided by Geskes et al.24

and Renner et al.,25 who conducted the first voltammetric
measurements in tetrahydrofuran (THF). The linear correlation
of the RP values withøM

P /rM
i was fairly good but somewhat

less satisfactory than with the previously mentioned spectro-
scopic data.22 Furthermore, [M]-BChls seemed to be in some
mixed coordination or aggregation state. This could be partly
due to mixed coordination states of some [M]-BChls in THF
or aggregate formation.
The observed spectra and RP of [M]-Chls were explained

by the same inductive mechanisms as previously proposed for
D4h porphyrins.12-14 However, the data of Geskes et al.24 as
well as our spectroscopic data22 are not in line with predictions
that follow these models. In particular, Gouterman6 suggested
that both the inductive and conjugative effects rely on the high
electron densities in the nitrogens of the involved orbitals.
Hence, inD4h porphyrins a strong metal effect is expected for
the a2u (HOMO) and egx,y (LUMO and LUMO+1) orbitals, but
not for the a1u orbital (HOMO-1). In [M]-BChls, a1u and egy
are significantly lifted above a2u and egx, respectively,26 and
become HOMO and LUMO+1. Thus oxidation involves an
ionization of a1u, whereas reduction involves an electron addition
to the (virtual) egx orbital.27 Using the suggested scheme for
D4h porphyrins, the oxidation potential should then undergo only
minor variations upon metal exchange in both [M]-Chls and
[M]-BChls, whereas the reduction potential should depend more
strongly on the metal electronegativities. The experimental
studies of Geskes et al.24 did not agree with this expected
behavior: despite the major difference inπ-electron distribution
at their nitrogen positions,5,8,26 the energy change of the a1u

orbital was almost the same as that of the egx orbital. The
concept of the inductive/conjugative effect is also in contrast
with the spectral data for both [M]-Chls11,16 and [M]-BChls:22

the Qy TE should be strongly modified upon metal substitution
if the energy of a1u is much less sensitive to metal variations
than that of egx. In practice, the shift of the Qy band is only
20% of the Qx band shift. Discrepancies between predictions
and observations in [M]-BChls were seen for oscillator strengths
as well: no significant changes in the oscillator strengths
accompanied a profound shift of the Qx TE in [M]-Chls and
[M]-BChls. Note that the oscillator strengths did vary in metal-
substituted tetraphenylporphyrins,6,7,13octaethylporphyrins,13 and
peripherally substituted octaethylporphyrins.28 The analysis is
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further complicated by the fact that the Qx but not the Qy TE
are strongly dependent on the coordination of the metal.22

In light of these considerations we examined alternative
explanations for the correlation between the electronegativity
of the central metal and the orbital energies in [M]-Chls and
[M]-BChls. Data presented in the preceding paper22 suggested
that incorporating metals with different electronegativities
changes the effective positive charge in the center of the BChl
macrocycle and therefore the energy of the individualπ orbitals.
We also proposed that this charge is inversely proportional to
a corrected electronegativity, which is given byøM

P /rM
i , where

rM
i , the metal ionic radius, is a function of the metal coordina-
tion number.29 Here we attempt to provide a rigorous evaluation
of this somewhat intuitive explanation. First, the metal elec-
tronegativity (according to Mulliken) is expressed in terms of
effective positive charges. Then it is shown that the electrostatic
interaction between these charges and the electron density of
eachπ center in the frontier molecular orbitals changes the
orbital energies, resulting in the observed modified RP and TE.
To simplify the theoretical considerations, the examination was
focused only on macrocycle redox reactions (ring centered) and
electronic transitions of [M]-BChls with not more than one axial
ligand. New measurements in acetonitrile solution containing
10% dimethylformamide (AN/DMF) provided the redox po-
tentials of the selected [M]-BChl and the corresponding
spectroscopic data. These measurements were conducted
because [M]-BChl does not aggregate in this solvent system
and the metals are tetra- or at most pentacoordinated.20 Finally,
the calculated positive charge at the [M]-BChl center was found
to be linearly correlated with the metal electronegativity
(according to Pauling) divided by the metal ionic radius.

Theoretical Considerations

Relationship between Metal Electronegativity and Elec-
trostatic Potentials. The Pauling scale of electronegativity
refers to an average valence and coordination state of the
individual atoms. Obviously, “The power of an atom in a
molecule to attract electrons to itself”30 depends upon its
molecular environment including state of coordination and
valence. Therefore, it is not surprising that the linear correlation
between the TE andøM

P of atom “M” in [M]-BChls was
improved after grouping the molecules according to their
putative coordination number. The same is true for the need
to divide øM

P by rM
i , which increases with the number of

ligands: the ionic radius in transition metals is inversely
proportional to the coordination number,29 reflecting the electron
density around the nuclei and subsequently the atom electrone-
gativity.1 Mulliken’s definition of electronegativity being half
the sum of the electron affinity and ionization potential explicitly
takes into account the valence state of the atom in a molecule.1,31

Because of limited experimental data, Mulliken’s electronega-
tivity values could not be calculated for many transition metals.
However, the idea that the electronegativity of an atom in
molecules depends on its valence, state of coordination, etc.
has proven to be very useful and will be applied here. Another
definition of electronegativity was introduced by Gordy,32 who
suggested that it is the electrostatic potentialV(QM, rM

c ),
created at the atom’s covalent radiusrM

c because of its

effective nuclear chargeQM. These concepts gained theoretical
support from density functional theory (DFT). Parr et al.33 have
identified Mulliken’s definition of electronegativity with the
electronic chemical potential, whereas Politzer et al.34 have
provided theoretical justification to Gordy’s approach. They
showed thatrM

c is linearly correlated withrM
µ , the radius at

which the electrostatic potential of an atom equals its electronic
chemical potential

whereR andâ are semiempirical correlation factors. Hence,
V(QM, rM

µ ) is given by

whereQM is the effective atomic charge due to the nuclear
charge screened by the electron density atra < rM

µ . A linear
correlation was found between Mulliken’s electronegativity
values (øM) of 25 atoms and their theoreticalV(QM, rM

µ ) values

where, again,γ and δ are the semiempirical correlation
coefficients. Alonso and Balbas35 determined that the param-
etersR, â, γ, andδ in eqs 1 and 3 equal 0.55, 0.75, 0.33, and
0.22, respectively, for isolated atoms.36 The intramolecular
values of these parameters are probably different.37

At distancesra larger thanrM
µ , the electrostatic potential is

given by

where the effective atomic charge is given by combining eqs
1, 2, and 3

If the electronegativity of the incorporated metal relative to Mg
is

then, the change in charge,∆QM, at a BChl molecule center
because of metal substitution is given, to a first-order ap-
proximation, by

where

(29) Cotton, F. A.; Wilkinson, G.AdVanced Inorganic Chemistry, 5th
ed.; Wiley: New York, 1988.
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rM
µ ) RrM

c + â (1)

V(QM, rM
µ ) ) QM/rM

µ (2)

V(QM, rM
µ ) ) γøM + δ (3)

V(QM, ra > rM
µ ) ) QM/ra (4)

QM ) (RrM
c + â)(γøM + δ) (5)

∆øM ≡ øM - øMg (6)

∆QM ) Γ∆øM + Λ∆rM
c (7a)

Γ ) (RγrMg
c + âγ) (7b)
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and

Hence, a change in the metal’s effective charge is a function of
both its electronegativity and covalent radius. Conversely, if
TE and RP are functions of an effective positive charge at the
molecule center, they cannot be linearly correlated withøM of
[M]-BChls, unlessrM

c is the same for all studied metals (which
is not the case for our studied series of metals). A change of
∆QM at the center of the molecule modifies the energy of an
electron densityF(ra) at a distancera from the molecule center
by

and the effect of∆QM on the energy level of a MO,φn with an
electron distribution,Fn(ra) is given by

Metal Effects on the Energies of the Electronic Transi-
tions. The following assumptions were made in predicting the
metal effect on the energy of the frontier orbitals of [M]-BChls:
(1) A frontier MO, φn, is given by

whereΦa,n is the coefficient of thenth MO at atom “a” andθa
is the pz orbital of atom “a” (this representation includes the
conjugatedπ centers of the BPhe macrocycle as well as the
C-3 acetyl and C-132 keto groups). In the porphyrin macrocycle,
each atom contributes oneπ electron to the molecularπ system
except for two pyrrolenine-type nitrogens (N22, N24), which
contribute two electrons each. An electron that joins aπ MO
leaves behind one positive charge that is equally shared among
theπ centers. For 20 carbon and four nitrogenπ centers, there
are 26 such positive charges. In practice, the positive charges
can be displaced toward the molecule’s peripheral groups
through theσ bonds. Taking this into account and approximat-
ing the electron density on atom “a” by (Φa,n)2, we obtained
the following approximation for the effective electron distribu-
tion in the MOφn

whereκa equals 2 for the pyrrolenine type nitrogens (see above)
and 1 for all the other atoms in theπ system.Za is an empirical
parameter that accounts for the actualσ-electron distribution.
Thus, the integral in eq 8b becomes a sum over the conjugated
π centers

(2) We showed in the preceding paper22 that the difference
between the lowest singlet and triplet excited states is indepen-
dent of the incorporated metal. Hence, we have assumed that
the exchange and Coulombic integrals,K andJ, respectively,
are independent of∆QM. Thus hybridization is not changed

by central metal substitution. A similar assumption was recently
made in calculating the energies of frontier MOs ofâ-substituted
tetraphenylporphyrins.28 (3) The electron density at eachπ
center is not modified by metal substitution. Specifically, the
metal changes the BChl Hamiltonian, but the charge densities
at the individual atoms of the HOMOs and LUMOs, composed
of pz orbitals, are indifferent to the substituted metal. Nonethe-
less, using the principle of electronegativity equalization,35,38σ
electrons probably migrate toward the metal. This electron
migration may affect itsΓ andΛ values, which should reflect
the effect of the molecular environment on the atom electrone-
gativity.37 With these considerations and combining eqs 7, 8,
and 10, metal substitution in BChl is expected to modify the
energy of thenth frontier MO by

Hence, the change in the energy of a single electron promotion
ij is

(4) As originally proposed by Gouterman,6 reasonable repre-
sentations of the four electronic transitions to the lowest excited
states of BChl and its metal derivatives are provided by linear
combinations of the single electron promotions from the
HOMOs to the two LUMOs weighted by the configuration
interaction (CI) coefficientsCij

5,10,11

whereψij ≡ φi f φj.
Assuming thatJ andK are constant and following Foresman

et al.,39 the energy of an electronic transition “T” is given by

Since the relative oscillator strengths of the four electronic
transitions are insensitive to the incorporated metal, theCij

coefficients are considered to be the same for all examined
compounds. Substituting eq 11b into 13a yields the predicted
shift of the electronic transition “T”

whereVT
eff ≡ ∑ijCij ,T

2 (Vj
eff - Vi

eff).
Metal Effect on the Redox Potentials. The Koopman

theorem states that the vertical ionization energy (I) equals the
negative Hartree-Fock (HF) energy of the molecular orbitalφi
from which the electron has been removed.39,40 A symmetrical
statement is given for the electron affinity (A) and the lowest
unoccupied MO,φi+1. Hence, changes in ionization potentials

(38) Sanderson, R. T.J. Chem. Educ.1954, 31, 2-7.
(39) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. J.J.

Phys. Chem.1992, 96, 135-149.
(40) Levine, I.Quantum chemistry, 4th ed.; Prentice Hall: Englwood

Cliffs, NJ, 1991.

Λ ) (RγøMg + Rδ) (7c)

∆EM,F )
-∆QMF(ra)

ra
(8a)

∆EM,n ) -∆QM∫0∞Fn(ra)
ra

dra ) ∆QMVn
eff (8b)

φn ) ∑
a)1

24

Φa,nθa (9)

Fn(ra) ≈ Fa,n ) (Φa,n)
2 -

κa

26Za
(10a)

Vn
eff ) ∑

a

Fa,n

ra
(10b)

∆EM,n ) ∆QMVn
eff ≈ (Γ∆øM + Λ∆rM

c )∑
a

Fa,n

ra
(11a)

∆EM,ij ) (Vj
eff - Vi

eff)∆QM (11b)

ΨQy
) C23ψ23 - C14ψ14 (12)

ΨBy
) C14ψ23 + C23ψ14

ΨQx
) C13ψ13 + C24ψ24

ΨBx
) -C24ψ13 + C13ψ24

∆EM,T ) ∑
ij

Cij ,T
2 ∆EM,ij (13a)

∆EM,T ) VT
eff∆QM ≈ VT

eff(Γ∆øM + Λ∆rM
c ) (13b)
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and electron affinity of [M]-BChl,∆IM and∆AM, respectively,
are given by

where∆EM,n is given by eq 11a.
The introduction of solvation energies enables the substitution

of RP for the ionization potentials and electron affinities41,42

where 4.44 eV is the absolute potential of a normal hydrogen
electrode (NHE) at 298.15 K,43 EOx,M

1 is the first oxidation
potential,ERed,M

1 is the first reduction potential (vs NHE), and
∆Gsol is the solvation energy for the cation or anion compared
to the neutral molecule. Hence,

Solvation energies for large aromatic molecules are generally
constant;41,42,44therefore it is reasonable to assume∆∆Gsol ≈
0. Hence, following eq 11

Thus according to eqs 13 and 17 the changes in TE and RP
are functions of the change in a central effective charge, which
by itself is a function of both the metal electronegativity and
covalent radius (mentioned above).
Linear Relationships between Changes in Redox Poten-

tials and Electronic Transition Energies. Koopman theorem
states40,45

Using eqs 14-16 and assuming that the exchange (K) and
Coulombic (J) integrals as well as solvation energy do not
change upon metal variation,22,28,41,42we obtain

At the HF level, the left-hand side of eqs 18 and 19 equals the
lowest excitation energy. However, this level of theory ignores
electron correlation,40,45,46which is of prime importance when
trying to fit the experimental energies of the electronic transitions
in porphyrins with theoretical predictions.
Configuration interactions (CI) partly compensate for the

effect of the electron correlation on the energy of the excited

states.39 In particular, the four lowest lying excited states
of [M]-BChls are well represented by eqs 12. Here, a
correlation effect is introduced, for example, by mixing some
ψM,HOMO-1fLUMO+1 with ψM,HOMOfLUMO. Therefore,EM,Qy is
a linear combination ofEM,HOMOfLUMO andEM,HOMO-1fLUMO+1.
According to eq 13a

Substituting eq 19 into eq 20 yields

∆EM,HOMO-1fLUMO+1 and∆EM,HOMOfLUMO are proportional to
each other since they are determined by the same central
potentialV(QM, ra). Hence

Substituting into eq 21 yields

where ω and ú are proportionality factors. Equation 22,
Gouterman’s four-orbital model (eq 12) and eq 13a imply that

Experimental Section

Syntheses.BChl (Figure 1: M) Mg(II)) and BPhe (Figure 1: M
) 2H) were prepared and purified as previously described.47,48

Synthesis and purification of other [M]-BChls (Figure 1: M) Zn(II),
Cu(II), Pd(II), Ni(II), Cd(II)) was according to Hartwich, Fiedor et
al.20-22

(41) Chen, H. L.; Ellis, P. E. J.; Wijesekera, T.; Hagan, T. E.; Groh, S.
E.; Lyons, J. E.; Ridge, D.J. Am. Chem. Soc.1994, 116, 1086-1089.

(42) Heinis, T.; Chowdhury, S.; Scott, S. L.; Kebarle, P.J. Am. Chem.
Soc.1988, 110, 400-407.

(43) Trasatti, S.Pure Appl. Chem.1986, 58, 955-966.
(44) Pearson, R. G.J. Am. Chem. Soc.1986, 108, 6109-6114.
(45) Michl, J.; Becker, R.J. Chem. Phys.1967, 46, 3889-3894.
(46) Salem, L.The molecular orbital theory of conjugated systems; W.

A. Benjamin Inc.: New York, 1966.

(47) Scherz, A.; Parson, W. W.Biochim. Biophys. Acta1984, 766, 666-
678.

(48) Struck, A.; Cmiel, E.; Kathender, I.; Schafer, W.; Scheer, H.
Biochim. Biophys. Acta1992, 1101, 321-328.

∆IM ) -(EM,HOMO - EMg,HOMO) ) -∆EM,HOMO (14a)

∆AM ) -(EM,LUMO - EMg,LUMO) ) -∆EM,LUMO (14b)

EOx,M
1 ) IM - 4.44 eV+ ∆Gsol (15a)

ERed,M
1 ) AM - 4.44 eV- ∆Gsol (15b)

∆EOx,M
1 ) (EOx,M

1 - EOx,Mg
1 ) ) ∆IM + ∆∆Gsol (16a)

∆ERed,M
1 ) (ERed,M

1 - ERed,Mg
1 ) ) ∆AM - ∆∆Gsol (16b)

∆EOx,M
1 ) VHOMO

eff ∆QM ≈ VHOMO
eff (Γ∆øM + Λ∆rM

c ) (17a)

∆ERed,M
1 ) VLUMO

eff ∆QM ≈ VLUMO
eff (Γ∆øM + Λ∆rM

c ) (17b)

EM,HOMOfLUMO ) IM - AM + (J- 2K)M (18)

∆EM,HOMOfLUMO ) ∆EM,LUMO - ∆EM,HOMO )

∆EOx,M
1 - ∆ERed,M

1 (19)

Figure 1. Metal-substituted BChl ([M]-BChl). M) Mg for BChl,
2H for BPhe. The directions of theX andYmolecular axes are indicated
by the dashed lines. Nitrogens are numbered according to IUPAC
conventions.66

∆EM,Qy
) C23

2 EM,HOMOfLUMO + C14
2 EM,HOMO-1fLUMO+1 (20)

∆EM,Qy
) C23

2 (∆EOx,M
1 - ∆ERed,M

1 ) + C14
2 EM,HOMO-1fLUMO+1

(21)

∆EM,HOMO-1fLUMO+1 ) ω∆EM,HOMOfLUMO )

ω(∆EOx,M
1 - ∆ERed,M

1 ) (22)

∆EM,Qy
) (C23

2 + ωC14
2 )(∆EOx,M

1 - ∆ERed,M
1 ) )

ú(∆EOx,M
1 - ∆ERed,M

1 ) (23)

∆EM,By
) C14

2 EM,HOMOfLUMO + C23
2 EM,HOMO-1fLUMO+1 )

(ωC23
2 + C14

2 )(∆EOx,M
1 - ∆ERed,M

1 ) (24)
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Absorption Spectroscopy. A Milton-Roy 1201 spectrophotometer
was used for optical absorption spectroscopy. Spectra were recorded
in the electrolyte solution prior to electrochemical measurements of
the pigments (see below) and in diethyl ether. Standard 10 mm and
0.1 mm quartz cells were used for the measurements in diethyl ether
and the electrolyte solution, respectively.

Measurements of Redox Potentials.The [M]-BChls electrochemi-
cal oxidation and reduction potentials were measured by linear sweep
cyclic voltammetry with a standard three-electrode configuration. A
potentiostat (Pine Instruments Co.) and a XY recorder (BBC SE-790)
were used for the measurement.

Acetonitrile solution containing 10% dimethylformamide (AN/DMF)
and 0.1 M tetrabutylammonium tetrafluoroborate (TBAF) was used as
electrolyte solution. The solution was kept over molecular sieves and
eluted through an alumina B (ICN) column directly into the electro-
chemical cell. The dried solution was purged with dry nitrogen for 15
min before a voltammogram was recorded.

A platinum wire cleaned by heating in a flame prior to each
measurement was used as a counter electrode. The reference electrode
(Ag|Ag+) was a silver wire in a 0.1 M AgNO3 electrolyte solution
connected to the main cell compartment by a Luggin capillary sealed
with a Vycor frit. The working and counter electrodes were made of
platinum. Electrode preparation and sample handling are described
elsewhere.49 The potential was scanned at a rate of 100 mV/s starting
in the negative direction. Scan range was set to include both reduction
and oxidation potentials in the same sweep. Ferrocene (FeCp) (Aldrich)
or bis-biphenyl-chromium (BBCr) (kindly provided by Prof. G. Gritzner,
Institute of Inorganic Chemical Technology, University of Linz, Austria)
was used as internal reference redox systems.50,51 The Ag|Ag+ reference
electrode potential was measured vs a saturated calomel electrode (SCE)
in the electrolyte solution prior to and after each measurement. The
potential was found to be 0.37( 0.01V vs SCE. Thus, half-wave
potentials can be scaled to any aqueous reference system as well as to
the absolute potential scale (eq 15). It should be noted, however, that
the error because of liquid junction potentials may be as large as 0.2
V.17,52

Target Testing Factor Analysis (TTFA). Target testing factor
analysis (TTFA) is a multivariate statistical method that helps to
determine how many factors describe a set of observables and identifies
them in terms of physically significant parameters.53 Using principal
factor analysis (PFA), the experimental data is reproduced by a
minimum number of orthogonal eigenvectors of the covariance matrix.
These eigenvectors are transformed into physically significant vectors
by target transformation using a least-squares method. A detailed
description of the mathematical derivation and techniques involved in
solving chemical problems with TTFA can be found in ref 53.

Although all of our measurements were carried out in the same
solvent, we could not use absolute values for the data analysis. TE
values are excited-state energies relative to the ground state of the
molecule, whereas RP are measured vs an arbitrary reference system.
To overcome this problem, we chose BChl as a reference molecule
and analyzedchangesin TE and RP because of substitution of the
central Mg atom by another metal, M (∆EM,N ≡ EM,N - EMg,N).

For determining the minimum number of factors, it was assumed
that the overall uncertainty in the data matrix due to experimental error
is about 0.02 eV. This assumption was based on an error estimate of
about 0.01 V in the redox measurements and a spectrophotometer
resolution of 1 nm, which corresponds to energy resolution of 0.01 eV
in the Soret region and 0.004 and 0.002 eV in the Qx, Qy regions,
respectively.

Target 93M, a program written in Matlab54 by E. R. Malinowski,
was used for the calculations. The program was purchased from E. R.
Malinowski at Stevens Institute of technology, Hoboken, NJ.

Results

Redox Potentials. Four-electrode reactions were observed
for each [M]-BChl (typical voltammograms are shown in Figure
2). At a scan rate of 100 mV/s, the electrode reactions were
reversible, except for the second oxidation of the different
[M]-BChls (including BPhe). The RP of BChl and BPhe in
AN/DMF (Table 1) are in agreement with respective RP of
pentacoordinated BChl and BPhe in other solvents.17,55

It is interesting to compare our RP measurement of [M]-BChls
in AN/DMF to those measured in THF by Geskes et al.24 The
latter are reported vs Ag|AgCl, an aqueous reference system
which is not useful for comparing RP in organic solvents (errors
of up to 0.2 V can be expected17,52). Hence, the RP values of
[M]-BChls in THF were converted to the FeCp+/FeCp internal
reference system (Table 2). Apparently, the solvent system
strongly affects the reduction potentials and there are notable
differences also in the oxidation potentials. A similar trend was
observed for other BChl as well as Chl systems.17,55 The solvent
effect on the RP values is not clear at present and is the subject
of ongoing study in our laboratory.
Absorption Spectra. The absorption spectra of tetra- and

pentacoordinated [M]-BChls in AN/DMF are similar to those

(49) Noy, D. M.Sc. Thesis, Weizmann Institute of Science, 1995.
(50) The difference between theE1/2 of BBCr+/BBCr (-1.07( 0.01 V

vs Ag|Ag+) and FeCp+/FeCp (0.06( 0.01 V vs Ag|Ag+) is in agreement
with the value of 1.124( 0.012 V that was found in 22 other solvents.

(51) Gritzner, G.; Kuta, J.Pure Appl. Chem.1983, 56, 461-466.
(52) Diggle, J. W.; Parker, A. J.Aust. J. Chem.1974, 27, 1617-1621.
(53) Malinowski, E. R.Factor Analysis in Chemistry, 2nd ed.; Wiley:

New York, 1991.

(54) Matlab is an interactive matrix computation program by The
Mathworks Inc.

(55) Cotton, T. M.; Van Duyne, R. P.J. Am. Chem. Soc.1979, 101,
7605-7612.

Figure 2. Voltammograms of [Pd]-BChl (a) and [Ni]-BChl (b) in AN/
DMF with 0.1 M TBAF. Conditions are described in the Experimental
Section.
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recorded in THF, pyridine, and DE22 except for some bandwidth
variations. In all four solvents, metal modification had a
profound effect on the energies of the Qx and By transitions
and a minor effect on their oscillator strengths (Table 3). The
only significant exception is BPhe, in which the oscillator
strength of the Qy transition is lower by approximately 10%
(∼4 Debye2) relative to BChl. Note that following the previ-
ously mentioned coordination criteria22 the positions of the Qx
band in BChl and [Cd]-BChl (575-580 nm) in AN/DMF and
DE reflect pentacoordination of the central metal, whereas the
Qx band of Pd, Cu, and [Ni]-BChl (528-540 nm) indicates
tetracoordination. The coordination state of [Zn]-BChl in AN/
DMF is somewhat ambiguous since its Qx transition shifts from
558 nm in DE to 564 nm in AN/DMF. This shift indicates
that a mixture of tetra- and penta-coordinated species of [Zn]-
BChl exists in AN/DMF.
Correlation between the Electronic Transition Energies,

Redox Potentials, and the Electronegativities of the Incor-
porated Metals. Linear relationships between TE andøM

P /rM
i

have been presented in the preceding paper. The corresponding

RP values are somewhat better correlated with (øM
P ) alone

(Table 4). However, there is a good linear correlation between
the Qx TE and RP (Table 4). Good linear correlation is also
found between the Qy TE and the difference between the first
oxidation and reduction potentials (EOx

1 - ERed
1 ) as predicted by

eq 23. This is another experimental support to our assumption
that metal substitution does not affect theπ-electron distribution;
hence, the CI coefficients are unchanged. Nevertheless, the
linear correlation betweenEOx

1 - ERed
1 and the By TE predicted

by eq 24 is not observed. This is probably due to mixing of
higher transitions into the By excited state, a well-known limit
of the four-orbital model.26

Preliminary studies have indicated that the linear correlation
between the Qx TE and RP values of [M]-BChls can be applied
to other perturbations, even those directed at the molecule
periphery.56 Hence, the position of the Qx transition can be
used as a spectroscopic marker for estimating the RP of in vivo
BChls.
Although the simple linear correlations have practical value,

more elaborate statistical analysis was needed for testing our
theoretical predictions, in particular, the relations betweenøM
and øM

P and the need to divideøM
P by the rM

i in order to get
linear relationships with TE but not with RP.
Target Testing Factor Analysis (TTFA) of Electronic

Transition Energies and Redox Potentials.Principal factor
analysis determines the minimum number of factors required
to describe a database of experimental observations. Target
testing examines a proposed correlation between these factors

(56) Noy, D.; Scherz, A. Unpublished data, 1997.

Table 1. First and Second Half-Wave Oxidation (EOx
1 , EOx

2 ) and
Reduction (ERed

1 , ERed
2 ) Potentials for [M]-BChls vs FeCp+/FeCp

compd solvent EOx
2 EOx

1 ERed
1 ERed

2

BChl AN/DMF - -0.11 -1.47 -1.82
THFa 0.32 -0.02 -1.61 -1.95

BPhe AN/DMF 0.57b 0.29 -1.26 -1.66
THFa 0.58 0.29 -1.38 -1.72

Cd-BChl AN/DMF 0.30b -0.01 -1.39 -1.75
THFa 0.31 0.06 -1.46 -1.83

Cu-BChl AN/DMF 0.36b 0.08 -1.27 -1.65
THFa 0.49 0.05 -1.46 -1.79

Ni-BChl AN/DMF 0.29b 0.08 -1.23 -1.65
THFa 0.39 -0.01 -1.32 -1.68

Pd-BChl AN/DMF 0.52b 0.23 -1.23 -1.66
THFa 0.69 0.29 -1.31 -1.74

Zn-BChl AN/DMF 0.35b 0.00 -1.42 -1.76
THFa 0.40 0.01 -1.52 -1.89

a From Geskes et al.24 Although these authors used Cobaltcenium/
Cobaltcene (CoCp+/CoCp) redox couple as an internal reference, redox
potentials were reported vs the Ag|AgCl aqueous reference system.
We converted these redox potential to the FeCp+/FeCp reference system
usingE1/2(FeCp+/FeCp)- E1/2(CoCp+/CoCp)) 1.33 V63 andE1/2(CoCp+/
CoCp) vs Ag|AgCl ) -0.96 V.24 b Irreversible electrode reaction.

Table 2. Changes in TE and RP of [M]-BChls in AN/DMF
Relative to Native (Mg Containing) BChl (3.51, 3.16, 2.16, 1.62 eV
for By, Bx, Qx, Qy, Respectively)

relative transition energies [eV] and redox potentials [V]

compd ∆By ∆Bx ∆Qx ∆Qy ∆EOx
1 ∆ERed

1

BPhe 0.01 0.05 0.21 0.05 0.40 0.21
[Cd]-BChl -0.06 0.00 -0.03 0.01 0.10 0.08
[Cu]-BChl 0.15 0.01 0.13 0.00 0.19 0.20
[Ni]-BChl 0.22 0.02 0.18 -0.01 0.19 0.24
[Pd]-BChl 0.29 0.08 0.18 0.04 0.34 0.24
[Zn]-BChl 0.00 0.02 0.03 0.02 0.11 0.05

Table 3. Relative Oscillator Strengths of the Major Electronic
Transitions of [M]-BChls in DE64 a

compd Bx,y (total), % Qx, % Qy, %

BChl 70 7 (574) 23 (771)
BPhe 80 7 (524) 14 (750)
[Cd]-BChl 73 6 (575) 21 (761)
[Cu]-BChl 71 7 (535) 22 (767)
[Ni]-BChl 69 6 (531) 25 (780)
[Pd]-BChl 68 7 (527) 26 (754)
[Zn]-BChl 73 7 (556) 20 (759)

a Peak positions in nm are given in parentheses.

Table 4. Some Linear Correlations between Redox Potentials and
Spectroscopic Transition Energies of [M]-BChls in AN/DMF and
Central Metal Electronegativity (Pauling Values)

linear correlation:y) a+ bx

x y a b Ra

øM
P EOx

1 [V] -0.70 0.43 0.97

øM
P ERed

1 [V] -1.85 0.28 0.91
Qx [eV] EOx

1 [V] -2.11 1.26 0.87
Qx [eV] ERed

1 [V] -3.45 0.94 0.92
Qy [eV] EOx

1 - ERed
1 [V] 1.27 0.25 0.97

a R≡ correlation coefficient.

Figure 3. Comparison of published electronegativities with those
obtained from target testing factor analysis of M-BChl’s redox potentials
and transition energies: Mulliken electronegativities for 25 metals
converted to Pauling scale according to Bratsch formula31,57 (×).
Predicted values for Cu, Ni, and Pd (2). Predicted values for Co and
Mn (b). The rest of the [M]-BChl central metals are marked with open
circles. See text for further explanation.
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and a set of physical parameters. It does not require a full set
of test parameters; it provides predictions for missing ones. The
quality of the prediction is an additional criterion for reliable
results. This unique feature of TTFA was essential here because
of the absence of literature data for Mulliken electronegativities
of many transition metals.
Equations 13b and 17 suggest that changes in TE and RP of

[M]-BChls reflect modifications of two physical parameters,
most probably the metal electronegativity (according to Mul-
liken) and its covalent radius

wherelø,N andlr,N are the loading coefficients obtained by target
transformation53 and N stands for an observed TE or RP.
Indeed, there is a good agreement between the experimental
data and those reproduced according to eq 26 using theoretical
values and those found in the literature forøM andrM

c (Figure
4 and Table 5). The rms difference between experimental and
reproduced data is 0.02 eV, i.e. within the estimated experi-
mental error. Target testing with other parameters such as
øM
P and rM

i gave less satisfactory results.
The quality of the predicted Mulliken electronegativities was

estimated as follows: Relative electronegativities according to

Mulliken were converted to absolute values using eq 6 with
øMg ) 4.11. The resulting values were converted to Pauling
electronegativities using the Bratsch formula.31,57 Although Co
and Mn were not included in the database (since they undergo
metal centered redox reactions), their electronegativities could
be found by extrapolation of the available metal electronega-
tivities (Table 5) and their respective Pauling values.58 Figure
3 depicts the correlation between the Pauling and Mulliken
electronegativities31 of 25 atoms (after incorporating the pre-
dicted values of some atoms that could not be found experi-
mentally). All values fell within the same statistical error,
suggesting that the numbers derived here using TTFA faithfully
represent the Mulliken electronegativities.

Discussion

Good linear relationships between different properties within
a set of molecules indicate structural resemblance.59 Hence,
the correlations found between RP and TE imply that replace-
ment of Mg(II) by Pd(II), Cd(II), Zn(II), Cu(II), and even Ni-
(II) in BChl does not alter the molecular geometry enough to
affect these properties, even though these metals probably have
different coordination numbers and there are indications of
distortions of the macrocycle in crystallized Ni-porphyrins.60

Furthermore, our data show that, like unsaturated porphyrins,
the free base BPhe fits into the category of metal-substituted
BChls (where M) 2 H). If [M]-BChls are structurally similar,
the metal effect on the energies of the electronic transitions
probably originates in different electrostatic interactions with
the π andσ electrons. Many researchers have indicated that
for D4h porphyrins such interactions are most likely related to
the metal electronegativity.6,12,13

Correlation between the Theoretical Predictions and
Experimental Results. Figure 4 and Table 5 show that the
modifications in RP and TE of metal-substituted BChls can be
described as the result of changes in the electronegativity and
covalent radius of the central metal. This observed trend agrees
with the definition of electronegativity33-35 within DFT formal-
ism as exemplified by eqs 1-3. However, the coefficients of
øM and rM

c in these equations were derived for isolated atoms
and recent studies have indicated that they may vary significantly
for atoms in a particular molecular environment.37 Nonetheless,
the current application of TTFA requires that the metal
electronegativity and covalent radius be kept independent of
the particular frontier orbital. Under these conditions, the
calculated coefficients for∆QM in eq 7 are given by combining
eqs 13b and 17 with eq 26

It is possible to changeVN
eff by varying the CI coefficients for

a certain transition or by changingZa for a single atom. Thus
ΓN andΛN could be optimized to achieve minimum standard
deviation between coefficients derived for the different observ-

(57) Bratsch formula for the conversion of Mulliken electronegativities

into Pauling scale isøp ) 1.35xøm - 1.37 where the superscripts m and
p refer to Mulliken and Pauling scales, respectively.

(58) Allred, A. L. J. Inorg. Nucl. Chem.1960, 17, 215-221.
(59) Sjöström, M.; Wold, S.Acta Chem. Scand. Ser. B1981, 53, 537.
(60) Barkigia, K. M.; Thompson, M. A.; Fajer, J.New. J. Chem.1992,

16, 599-607.

Figure 4. A plot of shifts in electronic transition energies and redox
potentials of [M]-BChls relative to BChl, as predicted by TTFA (eq
27), vs experimental data. Straight line represents a 100% match.

Table 5. Central Metal Parameters (Scores) and Their Loading
Coefficients Used for the Reproduction of Experimental Electronic
Transition Energies and Redox Potentials of [M]-BChls According
to eq 26a

Scores

M ∆øM ∆rM
c

Cd 0.51 0.10
Cu 2.51 -0.10
Ni 2.95 -0.17
Pd 3.73 -0.16
Zn 0.88 0.04
H 3.05 0.15

Loadings

N lø,N lr,N

By 0.039 -0.72
Bx 0.014 0.03
Qx 0.056 0.02
Qy 0.010 0.12
EOx
1 0.104 0.53

ERed
1 0.071 -0.01

ERed
2 0.054 0.06

a Values in italics were predicted by TTFA.

∆EM,N ) lø,N∆øM + lr,N∆rM
c (26)

ΓN )
lø,N

VN
eff

(27a)

ΛN )
lr,N

VN
eff

(27b)
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ables of the same metal. The best result was achieved (Table
6) for C14 ) 0.475,C23 ) 0.880,C13 ) 0.810,C24 ) 0.586,
andZa ) 0.8 for all atoms. Under these conditions,ΓN ) Γ )
0.12 ( 0.02 for all observables, butΛN varies significantly.
Therefore,∆QM varies slightly for each observable (Table 6)
and is given by

The first term on the right side,∆QM
o , is characteristic of the

central metal. It is independent of the molecular environment
and proportional to the electronegativity of the metal at a typical
valence state. The second term,∆qM,N, reflects the interaction
of the metal atom with the molecular environment. It depends
on the overlap between the metal and ligand orbitals and hence
changes both with the metal covalent radius (i.e., its typical
“size”) and the particular orbital environment. Table 7 gives
the calculated values of∆QM

o and∆qM,N. Significant contri-
butions of∆qM,N to ∆QM,N were observed for By, Qy, and to a
lesser extentEOx

1 , whereas∆qM,N had minor contributions to
the changes of Bx, Qx, and ERed

1 . These observations cor-
responded with the mode of metal coordination to the central
cavity and theπ electron density at the ligating nitrogens in
[M]-BChl. Two of them, N22 and N24, are of the pyrrolenine
type, whereas N21 and N23 are pyrrole-type nitrogens that
maintain covalent bonding with the central metal. Stabilization
of these bonds brings the metal into a typical divalent state where
∆QM ≈ ∆QM

o . This is exactly what happens in thex-polarized
excited states as well as in the LUMO of [M]-BChls, where
high electron density is maintained on N22 and N24.5,7

However, they-polarized transitions as well as the HOMO of
the [M]-BChls have low electron density on the pyrrole-type
nitrogens, the covalent bond is destabilized, and the metal is
not in a typical divalent state. Hence, the metal effective charge
at this state should be different from∆QM

o ; thus ∆qM,N
becomes more significant.
Although decomposition of∆QM into an inherent property

of the central metal and the effect of its molecular environment
lacks theoretical support, it agrees well with “chemical intu-
ition”. Recent studies have already used the same concept for
the electronegativity of atoms in a molecule.37,61 Still, the full
application of this approach is ahead of us, in particular since
there is no agreement on the partitioning of molecules.

In the previous paper we suggested that scalingøM
P by

1/rM
i provides better representation of the metal atom’s elec-

tronegativity in the rather rigid tetrapyrrole system. The good
linear correlation between∆QM

o and øM
P /rM

i (Figure 5) de-
scribed by

confirms this notion. However, scaling the electronegativity is
not enough for a complete description of the interactions
between the metal atom and the rest of the molecule. Therefore,
using ∆qM as an additional correction factor enables more
accurate prediction of experimental data. Note that the present
model does not require grouping the metals according to a
putative coordination state, since∆qM accounts for all the
environmental effects including the presence of an axial ligand.
The same concepts will probably enable quantifying linear

relationships found between RP, TE, andøM
P of other porphy-

rin systems, although the constant parameters may depend on
the molecular frame. At the same time, it explains the empirical
“stability factor” øM

P /rM
i suggested by Buchler62 for metal-

(61) Komorowski, L.; Lipinski, J.Chem. Phys.1991, 157, 45-60.

(62) Buchler, J. W. InPorphyrins and Metalloporphyrins; Smith, K. M.,
Ed.; Elsevier: Amsterdam, 1975; pp 157-231.

(63) Shalev, H.; Evans, D. H.J. Am. Chem. Soc.1989, 111, 2667-
2674.

Table 6. Coefficients of Electronegativity (Γ), the Covalent Radius (Λ), and the Effective Electron Density (VN
eff). See eqs 7, 10, and 13 in

Theoretical Considerations for Definition

By Bx Qx Qy EOx
1 ERed

1 av %SDa free atomb

Γ 0.09 0.14 0.14 0.11 0.15 0.09 0.12 21% 0.49
Λ -1.72 0.29 0.04 1.32 0.75 -0.02 0.11 938% 0.79
VN
effc 0.42 0.10 0.41 0.09 0.71 0.75

aRelative standard deviation ((SD/av)× 100) in %.b Values derived from eq 7 using Alonso’s coefficients for free atoms.35 c From eqs 10 and
13. MO coefficients were taken from Scherz et al.65 Za ) 0.8,C14 ) 0.475,C23 ) 0.880,C13 ) 0.810,C24 ) 0.586. See text for further discussion.

Table 7. Values of∆QM
o and∆qM,N Calculated from eq 28

∆QM
o ∆qM,By ∆qM,Bx ∆qM,Qx ∆qM,Qy ∆qM,EOx

1 ∆qM,ERed
1

Cd 0.06 -0.17 0.03 0.004 0.13 0.07 -0.002
Cu 0.30 0.17 -0.03 -0.004 -0.13 -0.07 0.002
Ni 0.35 0.30 -0.05 -0.007 -0.23 -0.13 0.003
Pd 0.45 0.27 -0.05 -0.007 -0.21 -0.12 0.003
Zn 0.11 -0.08 0.01 0.002 0.06 0.03 -0.001
H 0.36 -0.26 0.04 0.006 0.20 0.11 -0.002

∆QM,N ) Γ∆øM + ΛN∆rM
c ) ∆QM

o + ∆qM,N (28)

Figure 5. Changes in the typical central metal charge∆Qo as a function
of M-BChls’ øM/rM

i . The correlation coefficient is 0.98 and linear
regression (straight line) yielded∆Qo ) 0.26(øM/rM

i ) - 0.48.

∆QM
o ) 0.12∆øM ) 0.26

øM
P

rM
i

- 0.48 (29)
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substituted porphyrins: the binding energy to the porphyrin
macrocycle (the ligand) increases with the effective charge of
the central metal. In light of this argumentation, the metal size
alone may become a minor factor in determining the complex
stability.
It is tempting to generalize the relationships between∆QM

o

andøM
P /rM

i to other metals and ligand systems. However, the
validity of such a generalization requires further support.

Conclusions and Perspectives

(1) The presented data and accompanying theoretical con-
siderations support the approach to electronegativity using DFT.
(2) Incorporation of metals into porphyrins and, in particular,

BChls enables straightforward calculation of their electronega-
tivity and its scaling into positive charge units.
(3) The experimental variations in RP and TE of [M]-BChls

are determined by electrostatic interactions between the effective
charge in the center of the molecule and the electron densities
in the frontier molecular orbitals. Hence, it is subjected to both

ligand effect (via axial coordination) and ring substitution effects
(via the M-N σ bonding). Therefore, the electrostatic model
may account for the effect of ligation and site-directed mu-
tagenesis on the BChl’s TE and RP modifications. A similar
model is expected to explain previously reported data in other
metal-substituted porphyrin systems. The successful simulation
suggests that the orbitals can be considered “stiff”: there was
no significant change in the electron densities of the frontier
molecular orbitals after metal substitution, but only in their HF
energies. The suggested methodology should be applicable to
analyze the TE and RP of in vivo BChls and Chls in their native
environment and their changes upon site-directed mutagenesis
and replacement with modified pigments. It is also expected
to help in understanding the properties of complexes of unknown
structure. Conversely, by systematic modification of a particular
site and analysis of the results as described here, it should be
possible to estimate effective charges and electronegativities of
amino acid residues in the protein domain.
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