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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 electronegaiivitgvalent radius,

and an effective charg&u, at the metal atom center. A simple electrostatic theory in wiighmodifies the
energies of the frontier molecular orbitals by Coulombic interactions with the charge densities at the atomic
7t centers is suggested. The relative change in electrostatic potential at a digtainoethe metal center is
AQwm/ra, whereAQu, 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 valyggland covalent radius

Arf,l. AQwm consists of two components: the major componé:@f,l, 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 compon&mjy 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 (.e, its typical “size”) and the particular orbital environment. For the series of metals that we examined,
we determined thaAQy, = (0.12+ 0.02) Aym. Significant contributions of\gu,n to AQwn Were found for

the changes in the energies of Wpolarized electronic transitionsy,Bnd Q and to a lesser extent the first
oxidation potentiaEéx. Minor contributions were found for the changes in the energies ok{belarized
electronic transitions Band Q and the first reduction potentidly,, 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 Complexes of proteins with chlorophyll (Chl), bacteriochlo-

Electronegativity is an important part of the intuitive approach ophyll (BChl), and Dan porphyrin are the key players in
that helps chemists in understanding nature. In particular, it fundamental biological electron transfer reactién's. Their in
provides a measure to the uneven distribution of electrons amongSit redox potentials (RP) and electronic transition energies (TE)
bound atoms and the probability of electron transfer among two are_fmely tuned_ to the_lr function as glectron dqnors, acceptors,
unbound atoms (or molecules). Still, the formulation of both ©r light-harvesting units. Yet, despite extensive research, the
atom and group electronegativity values in terms of fundamental Mechanism behind this tuning is still not understood. For
atomic forces is problematic.Such a formulation could provide ~ &xample, there is no rigorous explanation for the difference in
new insight to inter- and intramolecular electron transfer both 0xidation potentials of the Chls in P680 and P700, the primary
in the ground and excited states of complex biological systems, €lectron donors of photosystems I and I, respectively. Model
keeping in mind that group electronegativity describes the power Systems with systematically modified RP and TE are useful for
of a system to attract an electron based on the properties offesolving this mechanism. Such modifications were introduced

individual chemical components (atoms or chemical groups). BY metal substitution in the porphyrin or Chl macrocycle. The
* Author to whom correspondence should be addressed. observed linear relationships between the porphyrin RP and the
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the electronegativity of individual metal atoms with fundamental metals, such as Co(ll), Pd(ll), Mn(ll), and Ni(R}. The TE of
physical forces. the M-BChls were found to be linearly related to the metal
Redox reactions and the major electronic transitions in electronegativities according to Pauling,§, if the [M]-BChls
porphyrins and Chls occur within the two highest occupied and were grouped according to an experimental or putative coor-
lowest unoccupied molecular orbitals. Extensive theoretical dination state. Even better correlation was obtainegﬁ,if/vas
studies by Gouterman and others have indicated that the  divided by r!,, the metal ionic radius. Additional data con-
wavelengths of the four major electronic transitions in porphy- cerning the RP of [M]-BChls was provided by Geskes étal.
rins (Q, Qx Bx and B; in order of increasing energy) are  and Renner et a5 who conducted the first voltammetric
determined by the energies of the lowest unoccupied molecularmeasurements in tetrahydrofuran (THF). The linear correlation
orbltals.(LUMO and ITUMG%l), along wlth the relative energies ¢ the RP values Withcfn /r:m was fairly good but somewhat
of the highest occupied molecular orbital (HOMO and HOMO- g5 satisfactory than with the previously mentioned spectro-
1). The energies of HOMO and LUMO also determine the goqnic dat@? Furthermore, [M]-BChls seemed to be in some
potentials of ring-centered porphyrin oxidation and reduction. \ived coordination or aggregation state. This could be partly

Therefore, observed metal effects were thought to reflect 4o 1o mixed coordination states of some [M]-BChls in THF
modifications of charge densities in the LUMO and HOMO . aggregate formation.

induced by the electronegativity of the metaf 15> According The observed spectra and RP of [M]-Chis were explained

to Goutermar§,changes in the electron density can result from by the same inductive mechanisms as previously proposed for
two alternative mechanisms: (a) modifying the electric potential -
@ fying P Dan porphyrinst>~14 However, the data of Geskes et?4las

at the nitrogen’sr electrons, which then leads to electron flow s Lo ; 2
to or from the macrocycle toward the metal (inductive effect) well as our spectroscopic datare not in line with predictions
" that follow these models. In particular, Gouterrfianggested

and (b) mixing the metal d orbitals with the orbitals of the i ; : . .

macrocycle (conjugative effect). Although Gouterman sug- that both the |r](_1uct!ve and gonjuganve effec@s rely on the.h|gh

gested the predominance of the conjugative effect, most of hiselectron densities in the nitrogens of the involved orbitals.
Hence, inD4, porphyrins a strong metal effect is expected for

followers adopted the first mechanism, which could account :
for the observed trends in RP of metal-substituted porphyrins t€ @u (HOMO) and gy (LUMO and LUMO1) orbitals, but
not for the a, orbital (HOMO-1). In [M]-BChls, a, and gy

or Chlg? but failed by more than an order of magnitude to T H R ' . o

predict the experimental results quantitativilyFurthermore,  are significantly lifted above-a and g, respectively:® and

no clear connection was suggested between metal substitutio€come HOMO and LUM&1. Thus oxidation involves an
ionization of a,, whereas reduction involves an electron addition

in vitro and the in vivo modification of pigment environment. ) ) !
to the (virtual) g« orbital?” Using the suggested scheme for

One particular obstacle for semiempirical calculations of the D hvri h idati ial should th d |
frontier molecular orbitals in porphyrins and, to a lesser extent, ~ porphyrins, the oxidation potential should then undergo only
in metal-substituted Chl a ([M]-CH§:17 is the strong overlap minor variations upon metal (_axchange_ln both [M]-Chls and

[M]-BChls, whereas the reduction potential should depend more

of the different optical transitions, even in metallochlorins. = .
Tetrahydroporphyrins, such as BChl, have the advantage ofStrongly on the metal electronegativities. The experimental
studies of Geskes et #l.did not agree with this expected

relatively well-resolved electronic transitions. Unfortunately, ; . . . L
the few metal-substituted BChls ([M]-BChls) that were syn- behav!or:.desplte the.r.na]ordlfferencemrelectron distribution
thesized so faB19 did not provide sufficient information to &t their nitrogen positions?2°the energy change of tha.a
enable a systematic study of the metal effect on the frontier ©7Pital was almost the same as that of the @bital. The
orbitals. Hence, we set out to explore different avenues for concept of the inductive/conjugative effect is also in contrast
further metalation of bacteriopheophytin (BPhe). Initially, we With the spectral data for both [M]-CHis*®and [M]-BChls??
had developed mild methods for inserting Zn(ll), Cu(ll), and the Q TE should be strongly modified upon metal substitution
cd(ll) into the BPhe and derivativé&:23 Later, we developed if the energy of &, is much less sensitive to metal variations

a procedure for transmetalation of [Cd]-BChl with other divalent than that of g. In practice, the shift of the (band is only
20% of the Q band shift. Discrepancies between predictions

(5) Petke, J. D.; Maggiora, G. M.; Shipman, L. L.; Christoffersen, R. E. and observations in [M]-BChls were seen for oscillator strengths
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peripherally substituted octaethylporphyrisThe analysis is
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further complicated by the fact that thg Qut not the Q TE effective nuclear charg®u. These concepts gained theoretical
are strongly dependent on the coordination of the niétal. support from density functional theory (DFT). Parr et3have

In light of these considerations we examined alternative identified Mulliken’s definition of electronegativity with the
explanations for the correlation between the electronegativity electronic chemical potential, whereas Politzer et*diave
of the central metal and the orbital energies in [M]-Chls and provided theoretical justification to Gordy’s approach. They
[M]-BChls. Data presented in the preceding pdpsuggested showed thatr}, is linearly correlated withr,, the radius at
that incorporating metals with different electronegativities which the electrostatic potential of an atom equals its electronic
changes the effective positive charge in the center of the BChl chemical potential
macrocycle and therefore the energy of the individuatbitals.
We also proposed that this charge is inversely proportional to mo=ary, + B (1)
a corrected electronegativity, which is given jgﬁ(/r'M, where
rv, the metal ionic radius, is a function of the metal coordina- \yhereq and are semiempirical correlation factors. Hence,
tion r_1umber2.g Herg we e_attempt to prpwde arigorous evaluation V(Qu, 1) is given by
of this somewhat intuitive explanation. First, the metal elec-
tronegativity (according to Mulliken) is expressed in terms of V(Qy, 1Y) = O/ )
effective positive charges. Then it is shown that the electrostatic MM MM
interaction between these charges and the electron density of ) ) ]
eachs center in the frontier molecular orbitals changes the WhereQw is the effective atomic charge due to the nuclear
orbital energies, resulting in the observed modified RP and TE. charge screened by the electron densityaat ry. A linear
To simplify the theoretical considerations, the examination was correlation was found between Mulliken's electronegativity
focused only on macrocycle redox reactions (ring centered) andvalues gw) of 25 atoms and their theoretice(Qu, ry,) values
electronic transitions of [M]-BChls with not more than one axial
ligand. New measurements in acetonitrile solution containing V(Qu» ) = Vtm + 0 (3)
10% dimethylformamide (AN/DMF) provided the redox po-
tentials of the selected [M]-BChl and the corresponding \here again,y and & are the semiempirical correlation
spectroscopic data. These measurements were conducteflyefficients. Alonso and Balb#sdetermined that the param-
because [M]-BChl does not aggregate in thls_ solvent system etersa, B, y, andd in egs 1 and 3 equal 0.55, 0.75, 0.33, and
and the metals are tetra- or at most pentacoordirfétégnally, 0.22, respectively, for isolated ator#fs. The intramolecular
the calculated positive charge at the [M]-BChl center was found 5 ,es of these parameters are probably diffefént.

to be Illnearly co.rrelate.d' with the metal .ele'ctron'egatlvny At distancesr, larger thanry,, the electrostatic potential is
(according to Pauling) divided by the metal ionic radius. given by

Theoretical Considerations

V(Qu, Fa > ) = Qulra (4)
Relationship between Metal Electronegativity and Elec-

trostatic Potentials. The Pauling scale of electronegativity where the effective atomic charge is given by combining egs

refers to an average valence and coordination state of they, 2, and 3

individual atoms. Obviously, “The power of an atom in a

molecule to attract electrons to itsef® depends upon its — (€

molecular environment including state ofpcoordinrgtion and Qu = (@ + A0y +9) ©)

valence. Therefore, it is not surprising that the linear correlation

between the TE angf, 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 [, by ry,, which increases with the number of

ligands: the ionic radius in transition metals is inversely

proportional to the coordination numireflecting the electron

density around the nuclei and subsequently the atom electrone

gativity.l 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 moléétile. AQy =TAyy + AAry, (7a)

Because of limited experimental data, Mulliken’s electronega-

tivity values could not be calculated for many transition metals. where

However, the idea that the electronegativity of an atom in

If the electronegativity of the incorporated metal relative to Mg

Axm = Im ~ Xmg (6)

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

molecules depends on its valence_, state of coordination, etc. r= (ayr‘,f,.g + By) (7b)
has proven to be very useful and will be applied here. Another

definition of electronegativity was introduced by Gordywho (33) Parr, R. G.; Donnely, R. A.; Levy, M.; Palke, W. E.Chem. Phys.
suggested that it is the electrostatic potentgQu, re), 1978 68, 3801-3807.

. , 34) Politzer, P.; Parr, R. G.; Murphy, D. R. Chem. Phys1983 79,
created at the atom’s covalent radiu§ because of its 38é})3861_ phy y

(35) Alonso, J. A;; Balbs, L. C. InStructure and BondingSen, K. D.,

(29) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistnbth Jorgensen, C. K., Eds.; Springer-Verlag: Berlin, 1987; Vol. 66, pp78L
ed.; Wiley: New York, 1988. (36) The original values are 0.55, 1.42, 4.72, and 0.12. The present
(30) Pauling, L.The nature of the chemical bon@ornell University parameters are converted from the original atomic units coordinates into a
Press: New York, 1939. system where® and r* are measured in Ay in eV, andQ in electron
(31) Bratsch, S. GJ. Chem. Educ1988 65, 34—41. charge units.

(32) Gordy, W.Phys. Re. 1946 69, 604—607. (37) Liu, G. H.; Parr, R. GJ. Am. Chem. S0d.995 117, 3179-3188.
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and by central metal substitution. A similar assumption was recently
made in calculating the energies of frontier MOgedubstituted
tetraphenylporphyrin® (3) The electron density at each

) ) ) ) center is not modified by metal substitution. Specifically, the
Hence, a change in the metal’s effective charge is a function of meta| changes the BChl Hamiltonian, but the charge densities
both its electronegativity and covalent radius. Conversely, if gt the individual atoms of the HOMOs and LUMOs, composed

TE and RP are functions of an effective positive charge at the of p, orbitals, are indifferent to the substituted metal. Nonethe-

A = (ayypg T @0) (7c)

molecule center, they cannot be linearly correlated wijhof
[M]-BChls, unlessry, is the same for all studied metals (which
is not the case for our studied series of metals). A change of
AQw at the center of the molecule modifies the energy of an
electron density(ry) at a distance, from the molecule center

by

—AQup(ry)

AEy,=—!

(8a)

a

and the effect oAQu on the energy level of a MQj, with an
electron distributionpy(ry) is given by

00 nr
AEy = _AQM,/; el

dr,=AQuVy"  (8b)

Fa

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, ¢n, is given by

24
q)anea

a=

Pn 9)

where®,, is the coefficient of thexth MO at atom &” and 6,

is the p orbital of atom “a” (this representation includes the
conjugatedr centers of the BPhe macrocycle as well as the
C-3 acetyl and C-Zketo groups). In the porphyrin macrocycle,
each atom contributes omeelectron to the molecular system
except for two pyrrolenine-type nitrogens (N22, N24), which
contribute two electrons each. An electron that joins IO
leaves behind one positive charge that is equally shared amon
thesr centers. For 20 carbon and four nitrogerenters, there
are 26 such positive charges. In practice, the positive charge
can be displaced toward the molecule’s peripheral groups
through thes bonds. Taking this into account and approximat-
ing the electron density on atom “a” bybgn)?, we obtained
the following approximation for the effective electron distribu-
tion in the MO ¢,

Ka

267,

PolTe) X pap = (@) — (10a)

wherex, equals 2 for the pyrrolenine type nitrogens (see above)
and 1 for all the other atoms in thesystem. Z, is an empirical
parameter that accounts for the actuatlectron distribution.

S,

less, using the principle of electronegativity equalizafoff,o
electrons probably migrate toward the metal. This electron
migration may affect itd” and A values, which should reflect
the effect of the molecular environment on the atom electrone-
gativity.3” With these considerations and combining egs 7, 8,
and 10, metal substitution in BChl is expected to modify the
energy of thenth frontier MO by

pa,n
— (11a)
r

a

AEy, = AQuVR'~ (TAyy + AATR) Y
a

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

ABy; = (V]" = Vi)AQy (11b)
(4) As originally proposed by Gouterméngasonable 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) coefficient<;>10:11

IIIQy = Cog¥23 — Coi¥p1a (12)
IIIBy = Cipos t Cogpya
IIIQx = Cia¥13+ Cotpag

Wg = —Cop13+ Ciglizy

QNherewij = ¢i — ¢

Assuming thatl andK are constant and following Foresman
t al.2° the energy of an electronic transition “T” is given by

AEy ;= ZC§,TAEM,”
1]

e

(13a)

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

AEy 1 = VE'AQy ~ VE'(TAyy + AAry)  (13b)

Thus, the integral in eq 8b becomes a sum over the conjugatedvhereVe" = Zi,-Cﬁ’T(\/f“ — V",

7 centers

pa,n

Vel =

(10b)

ara

(2) We showed in the preceding paffethat the difference
between the lowest singlet and triplet excited states is indepen-

dent of the incorporated metal. Hence, we have assumed thaiijh

the exchange and Coulombic integradfsand J, respectively,
are independent cAQuy. Thus hybridization is not changed

Metal Effect on the Redox Potentials. The Koopman
theorem states that the vertical ionization energy () equals the
negative HartreeFock (HF) energy of the molecular orbiial
from which the electron has been remov@d? A symmetrical
statement is given for the electron affinity (A) and the lowest
unoccupied MOg;+1. Hence, changes in ionization potentials

(38) Sanderson, R. T.. Chem. Educl954 31, 2—7.

(39) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. J.
ys. Chem1992 96, 135-149.

(40) Levine, I.Quantum chemistry4th ed.; Prentice Hall: Englwood
Cliffs, NJ, 1991.
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and electron affinity of [M]-BChlAly andAAw, respectively,
are given by

Aly =
AAy =
whereAEy» is given by eq 11a.

The introduction of solvation energies enables the substitution
of RP for the ionization potentials and electron affinitle®

(14a)

_(EM,HOMO - EMg,HOMO) = _AEM,HOMO

(14b)

—(Em,Lumo — EMg,LUMO) = —AEy umo

— 4.44 eV+ AG, (15a)

1 —
EOx,M - IM

= A, — 4.44eV— AG, (15b)

ERed M

where 4.44 eV is the absolute potential of a normal hydrogen
electrode (NHE) at 298.15 & E(JxM is the first oxidation
potential, EerdM is the first reduction potential (vs NHE), and
AGg is the solvation energy for the cation or anion compared
to the neutral molecule. Hence,

AEOx M (EOx M

AERed M (ERed M

— Egumg) = Aly + AAG,, (16a)

Ereamg = Ay — AAG,  (16b)

Noy et al.

PHYTYL
M= Mg, Zn, Cu, Ni, Pd, Cd, Mn, Co, 2H

Figure 1. Metal-substituted BChl ([M]-BChl). M= Mg for BChl,

2H for BPhe. The directions of theéandY molecular axes are indicated
by the dashed lines. Nitrogens are numbered according to IUPAC
convention$®

states’® 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
YMm,HoMO-1—LumMo+1 With ¥mHomo—~Lumo. Therefore Ey q, is

Solvation energies for large aromatic molecules are generally a linear combination oy Homo—Lumo andEm Homo—1—LuMO+1.

constant!l4244therefore it is reasonable to assUMAGg ~
0. Hence, following eq 11

AE%)X,M = HOMOAQM

AERed M ViEMOAQM

HOMO(FAXM + AAry) (17a)

Viimo(TAxy + AAry)  (17b)

According to eq 13a

— 2 2
AEM,Qy - C23EM,HOMO—>LUMO + C14EM,HOMO—1HLUMO-¢—1 (20)

Substituting eq 19 into eq 20 yields

— 1 2
AEM Qy C 3(AEOX M Red,ND + C14EM,HOMO—1—-LUMO+1

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
state4?45

_AM+(J_2K)M

Using eqgs 1416 and assuming that the exchand® énd
Coulombic () integrals as well as solvation energy do not
change upon metal variatidf2841.42we obtain

Env Homo—Lumo = Im (18)

AEy Homo =
AEé)x,M - Red M (19)

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 correlatio?454éwhich is of prime importance when
trying to fit the experimental energies of the electronic transitions
in porphyrins with theoretical predictions.

Configuration interactions (Cl) partly compensate for the
effect of the electron correlation on the energy of the excited

AEM,HOMO—>LUMO = AEM,LUMO -

(41) Chen, H. L.; Ellis, P. E. J.; Wijesekera, T.; Hagan, T. E.; Groh, S.
E.; Lyons, J. E.; Ridge, DJ. Am. Chem. Sod.994 116, 1086-1089.

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

(43) Trasatti, SPure Appl. Chem1986 58, 955-966.

(44) Pearson, R. Gl. Am. Chem. S0d.986 108 6109-6114.

(45) Michl, J.; Becker, RJ. Chem. Physl967 46, 3889-3894.

(46) Salem, L.The molecular orbital theory of conjugated systeivs
A. Benjamin Inc.: New York, 1966.

(21)

AEwm Homo-1—Lumo+1 and AEy Homo—Lumo are proportional to
each other since they are determined by the same central
potential V(Qw, rs). Hence

= wAEy yomo—-Lumo =
w(AEOX,M

AEM HOMO—-1—LUMO+1 —

RedND (22)
Substituting into eq 21 yields

AEM,Q (Czs +wCj 4)(AEOX M

ElRed,wD =
E(AEG M — ABgeqn) (23)

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

2 2
AEM,By = CLEmHomo—-tumo T CasEm Homo-1-Lumo+1 =
(cuC%g 4)(AEOX M AE:Flied,ND (24)

Experimental Section

Syntheses.BChl (Figure 1: M= Mg(ll)) and BPhe (Figure 1: M
= 2H) were prepared and purified as previously descrifiégl.
Synthesis and purification of other [M]-BChls (Figure 1: #1Zn(ll),

Cu(ll), Pd(I1), Ni(ll), Cd(Il)) was according to Hartwich, Fiedor et
a|.20—22

(47) Scherz, A.; Parson, W. Biochim. Biophys. Actd984 766, 666—
678.

(48) Struck, A.; Cmiel, E.; Kathender, I;
Biochim. Biophys. Actd992 1101, 321—328.

Schafer, W.; Scheer, H.
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Absorption Spectroscopy. A Milton-Roy 1201 spectrophotometer 20 - a
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 | S/ SIS PP B B
eluted through an alumina B (ICN) column directly into the electro- 2 5 - 05 0 05
chemical cell. The dried solution was purged with dry nitrogen for 15 V vs. FeCp ¥\FeCp
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 AgN@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
elsewheré? 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 systéfisThe AgAg™ 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 0.3% 0.01V vs SCE. Thus, half-wave -2 -L5 -1 -0.5 0 0.5
potentials can be scaled to any aqueous reference system as well as to V vs. FeCp *\FeCp
the absolute potential scale (eq 15). It should be noted, however, thatFigure 2. Voltammograms of [Pd]-BChl (a) and [Ni]-BChl (b) in AN/
the error because of liquid junction potentials may be as large as 0.2 DMF with 0.1 M TBAF. Conditions are described in the Experimental
V. 17.52 Section.

Target Testing Factor Analysis (TTFA). Target testing factor Target 93M, a program written in Matlbby E. R. Malinowski,

analysis (TTFA) is a multivariate statistical method that helps to was used for the calculations. The program was purchased from E. R.
determine how many factors describe a set of observables and identiﬂeﬁvlalinowski at Stevens Institute of technology, Hoboken, NJ

them in terms of physically significant paramet&¥sUsing principal

factor analysis (PFA), the experimental data is reproduced by a Resylts

minimum number of orthogonal eigenvectors of the covariance matrix.

These eigenvectors are transformed into physically significant vectors Redox Potentials. Four-electrode reactions were observed

by target transformation using a least-squares method. A detailed for each [M]-BChl (typical voltammograms are shown in Figure

description of the mathematical derivation and techniques involved in 2). At a scan rate of 100 mV/s, the electrode reactions were

solving chemical problems with TTFA can be found in ref 53. reversible, except for the second oxidation of the different
Although all of our measurements were carried out in the same [M]-BChls (including BPhe). The RP of BChl and BPhe in

solvent, we could not use absolute values for the data analysis. TEAN/DMF (Table 1) are in agreement with respective RP of

values are excited-state energies relative to the ground state of thepentacoordinated BChl and BPhe in other solvéhts.

molecule, whereas RP are measured vs an arbitrary reference system. It is interesting to compare our RP measurement of [M]-BChls

To overcome this problem, we chose BChl as a reference moleculein AN/DMF to those measured in THF by Geskes et“alThe

and analyzecchangesin TE and RP because of substitution of the |atter are reported vs AAgCl, an aqueous reference system

central Mg atom by another metal, MEun = Eun — Evgn)- which is not useful for comparing RP in organic solvents (errors
For determining the minimum number of factors, it was assumed of up to 0.2 V can be expectEed. Hence, the RP values of

that the overall uncertainty in the data matrix due to experimental error [M]-BChls in THF were converted to the Fe€iFeCp internal

is about 0.02 eV. This assumption was based on an error estimate ofreference system (Table 2). Apparently, the solvent system

about 0.01 V in the redox measurements and a spectrophotometerstyongly affects the reduction potentials and there are notable

resolution of 1 nm, which corresponds to energy resolution of 0.01 &V ifferences also in the oxidation potentials. A similar trend was

in the Soret region and 0.004 and 0.002 eV in the Q regions, observed for other BChl as well as Chl systéfi®. The solvent

respectively. effect on the RP values is not clear at present and is the subject

(49) Noy, D. M.Sc. Thesis, Weizmann Institute of Science, 1995. of 0”90'”9 study in our laboratory. .

(50) The difference between tff&;, of BBCrt/BBCr (—1.07+ 0.01 V Absorption Spectra. The absorption spectra of tetra- and
vs AglAg*) and FeCp/FeCp (0.06+ 0.01 V vs AdAg™) is in agreement pentacoordinated [M]-BChls in AN/DMF are similar to those
with the value of 1.124+ 0.012 V that was found in 22 other solvents.

I[RA]

or b Esz

I{HA]

TS T I P

(51) Gritzner, G.; Kuta, JPure Appl. Chem1983 56, 461-466. (54) Matlab is an interactive matrix computation program by The
(52) Diggle, J. W.; Parker, A. Aust. J. Chem1974 27, 1617-1621. Mathworks Inc.
(53) Malinowski, E. R.Factor Analysis in Chemistry2nd ed.; Wiley: (55) Cotton, T. M.; Van Duyne, R. Rl. Am. Chem. Sod 979 101,

New York, 1991. 7605-7612.
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Table 1. First and Second Half-Wave OxidatioRY,, E3,) and
Reduction Ex., E4..) Potentials for [M]-BChls vs FeCgFeCp

compd solvent  E3, ES, Efeq Eeq
BChl AN/DMF - —-0.11 —-1.47 —1.82
THF? 0.32 —0.02 —-1.61 —1.95
BPhe AN/DMF 0.57 0.29 —-1.26 —1.66
THF 0.58 0.29 -—1.38 —1.72
Cd-BChl AN/DMF 0.30 —-0.01 —-1.39 —1.75
THF? 0.31 0.06 —1.46 —1.83
Cu-BChl AN/DMF 0.36 0.08 —-1.27 —1.65
THF 0.49 0.05 -—-1.46 —-1.79
Ni-BChl AN/DMF 0.29 0.08 —-1.23 —1.65
THF 0.39 —0.01 —-1.32 —1.68
Pd-BChl AN/DMF 0.52 0.23 —-1.23 —1.66
THF 0.69 0.29 -131 —-1.74
Zn-BChl AN/DMF 0.3% 0.00 —1.42 —1.76
THF 0.40 0.01 -—-1.52 —1.89

aFrom Geskes et &f. Although these authors used Cobaltcenium/
Cobaltcene (CoCpCoCp) redox couple as an internal reference, redox
potentials were reported vs the RgCl aqueous reference system.
We converted these redox potential to the FEE@Cp reference system
usingEyAFeCp/FeCp)— EyACoCp/CoCp)= 1.33 ¥ andEyACoCp'/
CoCp) vs AJAgCl = —0.96 V?* P|rreversible 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, By, Q« Qy, Respectively)

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

compd  ABy,  ABy,  AQ AQ,  AEL,  AEh,
BPhe 0.01 0.05 0.21 005 040 021
[Cd-BChl —0.06 0.00 -0.03 001 010 0.08
[Cul-BChl 015 0.01 013 000 019 0.0
[Ni]-BChl 022 0.02 018 —-0.01 019  0.24
[Pd]-BChl  0.29 0.08 018 004 034 024
[zn]-BChl  0.00 0.02 003 002 011 005

Table 3. Relative Oscillator Strengths of the Major Electronic
Transitions of [M]-BChls in DE*2

compd B, (total), % Q, % Q, %
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.

recorded in THF, pyridine, and BEexcept for some bandwidth
variations. In all four solvents, metal modification had a
profound effect on the energies of the @nd B, transitions
and a minor effect on their oscillator strengths (Table 3). The
only significant exception is BPhe, in which the oscillator
strength of the Qtransition is lower by approximately 10%
(~4 Debyé) relative to BChl. Note that following the previ-
ously mentioned coordination critetfathe positions of the Q
band in BChl and [Cd]-BChl (575580 nm) in AN/DMF and

DE reflect pentacoordination of the central metal, whereas the

Q« band of Pd, Cu, and [Ni]-BChl (528540 nm) indicates
tetracoordination. The coordination state of [Zn]-BChl in AN/
DMF is somewhat ambiguous since itg @ansition 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 apfi/r),

Noy et al.

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 R
XEA Eé)x V] —0.70 0.43 0.97
XEA E%zed \Y] —1.85 0.28 0.91
Q«[eV] E(ljx WY —-2.11 1.26 0.87
Q eV Erea[V] ~3.45 0.94 0.92
QyleV] Eéx — Eéed WY 1.27 0.25 0.97
2R = correlation coefficient.

28 [

—»— Bratsch values X
r O Cd Mg Zn H
@ Co,Mn a x
24 - A CuNiPd x
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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 forfdla(x).
Predicted values for Cu, Ni, and Pd){ Predicted values for Co and
Mn (®). The rest of the [M]-BChl central metals are marked with open
circles. See text for further explanation.

RP values are somewhat better correlated Wj@b) (alone
(Table 4). However, there is a good linear correlation between
the @ TE and RP (Table 4). Good linear correlation is also
found between the QJTE and the difference between the first
oxidation and reduction potentialgy, — Ex., as predicted by

eq 23. This is another experimental support to our assumption
that metal substitution does not affect thelectron distribution;
hence, the CI coefficients are unchanged. Nevertheless, the
linear correlation betweely, — Ex.qand the B TE predicted

by eq 24 is not observed. This is probably due to mixing of
higher transitions into the Bexcited state, a well-known limit

of the four-orbital modet$

Preliminary studies have indicated that the linear correlation
between the QTE and RP values of [M]-BChls can be applied
to other perturbations, even those directed at the molecule
periphery?® Hence, the position of the ,Qransition 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 betwggn
andyf, and the need to dividgf, by ther,, 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

have been presented in the preceding paper. The corresponding (56) Noy, D.; Scherz, A. Unpublished data, 1997.
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o5 [ Mulliken were converted to absolute values using eq 6 with
' amg = 4.11. The resulting values were converted to Pauling
electronegativities using the Bratsch formé&’ 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 val@&szigure

3 depicts the correlation between the Pauling and Mulliken
electronegativitied 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.

04
03

02

Predicted by TTFA

0t -

-0.1. 0 OA‘ Q.2 . 0.3 0.4. 05
Experimental

Figure 4. A plot of shifts in electronic transition energies and redox Good linear relationships between different properties within

potentials of [M]-BChls relative to BChl, as predicted by TTFA (eq a set of molecules indicate structural resembl&icélence,

27), vs experimental data. Straight line represents a 100% match.  the correlations found between RP and TE imply that replace-

Table 5. Central Metal Parameters (Scores) and Their Loading ment of Mg(l) by Pd(ll), Cd(ll), Zn(ll), Cu(ll), and even Ni-

Coefficients Used for the Reproduction of Experimental Electronic (Il in BChl does not alter the molecular geometry enough to
Transition Energies and Redox Potentials of [M]-BChls According ~ affect these properties, even though these metals probably have

Discussion

to eq 26 different coordination numbers and there are indications of
Scores distortions of the macrocycle in crystallized Ni-porphyrffis.
M Axm AT, Furthermore, our datr?l show that, like unsaturated porphyrins,
Cd 051 0.10 the free base BPhe fits into the category of metal-s_ub_s,ututed
Cu 251 —0.10 BChls (where M= 2 H). If [M]-BChls are structurally similar,
Ni 2.95 —0.17 the metal effect on the energies of the electronic transitions
Pd 3.73 —-0.16 probably originates in different electrostatic interactions with
Zn 0.88 0.04 the & and o electrons. Many researchers have indicated that
H 3.05 0.15 for D4y porphyrins such interactions are most likely related to
Loadings the metal electronegativify213
N L I Cor_relation between Fhe Theoretical Predictions and
. ’ Experimental Results. Figure 4 and Table 5 show that the
gy 8'8?2 _%7023 modifications in RP and TE of metal-substituted BChls can be
0. 0.056 0.02 described as the result of changes in the electronegativity and
Q 0.010 0.12 covalent radius of the central metal. This observed trend agrees
E, 0.104 0.53 with the definition of electronegativi#y—3° within DFT formal-
= 0.071 —-0.01 ism as exemplified by eqs—43. However, the coefficients of
Eeq 0.054 0.06 xm andrg, in these equations were derived for isolated atoms

and recent studies have indicated that they may vary significantly
for atoms in a particular molecular environméhtNonetheless,
and a set of physical parameters. It does not require a full setthe current application of TTFA requires that the metal
of test parameters; it provides predictions for missing ones. The electronegativity and covalent radius be kept independent of
quality of the prediction is an additional criterion for reliable the particular frontier orbital. Under these conditions, the
results. This unique feature of TTFA was essential here becausecalculated coefficients fokQy in eq 7 are given by combining
of the absence of literature data for Mulliken electronegativities eqs 13b and 17 with eq 26
of many transition metals.

Equations 13b and 17 suggest that changes in TE and RP of LN
[M]-BChls reflect modifications of two physical parameters, I'yn="% (27a)
most probably the metal electronegativity (according to Mul- N
liken) and its covalent radius

aValues in italics were predicted by TTFA.

AEyn =1, T nATY (26) AN= (27b)

wherel, n andl,  are the loading coefficients obtained by target ) ) " . .
transformatioR® and N stands for an observed TE or RP. Itis possible to chang¥y' by varying the CI coefficients for
Indeed, there is a good agreement between the experimentaft Certain transition or by changirg for a single atom. Thus
data and those reproduced according to eq 26 using theoretical N @d An could be optimized to achieve minimum standard
values and those found in the literature far andr¢, (Figure deviation between coefficients derived for the different observ-
4 and Table 5). The rms difference between experimental and  (57) Bratsch formula for the conversion of Mulliken electronegativities
reproduced data is 0.02 eV, i.e. within the estimated experi- jnto pauling scale ig? = 1_35@ — 1.37 where the superscripts m and

mental error. Target testing with other parameters such asp refer to Mulliken and Pauling scales, respectively.

P i ; (58) Allred, A. L. J. Inorg. Nucl. Chem196Q 17, 215-221.
xw andry, gave less satisfactory results. o (59) Sjestrom, M.; Wold, S.Acta Chem. Scand. Ser. B81, 53, 537.
The quality of the predicted Mulliken electronegativities was (60) Barkigia, K. M.; Thompson, M. A.: Fajer, Mew. J. Chem1992

estimated as follows: Relative electronegativities according to 16, 599-607.
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Table 6. Coefficients of Electronegativityl{), the Covalent Radius/X), and the Effective Electron Density‘xﬂ). See eqgs 7, 10, and 13in
Theoretical Considerations for Definition

B, B« Q Q = Efeq av %SO free atomf
r 0.09 0.14 0.14 0.11 0.15 0.09 0.12 21% 0.49
A —-1.72 0.29 0.04 1.32 0.75 —0.02 0.11 938% 0.79
\/ﬁlﬁc 0.42 0.10 0.41 0.09 0.71 0.75

2 Relative standard deviation ((SD/ax)100) in %.° Values derived from eq 7 using Alonso’s coefficients for free atémsFrom eqs 10 and
13. MO coefficients were taken from Scherz et%af, = 0.8, C14 = 0.475,Cp3 = 0.880,C13 = 0.810,C,, = 0.586. See text for further discussion.

Table 7. Values of AQy, and Agun Calculated from eq 28

AQY AQu, AQus, AdQu,q, AdQu,q, Aqu.Egy Ay Egeg
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
ables of the same metal. The best result was achieved (Table T
6) for C14 = 0.475,C,3 = 0.880,Cy3 = 0.810,Cp4 = 0.586, 0 . —0— Mg,Cd,CuNi,PdZn °
andZ, = 0.8 for all atoms. Under these conditiody, =T = T ¢ CoMn
0.12 £+ 0.02 for all observables, buty varies significantly. o g A
Therefore,AQwm varies slightly for each observable (Table 6) T
is gi ; [
and is given by CRN
AQun =TAxy + AyAry = AQy + Ady,  (28) o |
The first term on the right sideAQy,, is characteristic of the oF
central metal. It is independent of the molecular environment E 1 . .
and proportional to the electronegativity of the metal at a typical 01 . oo as 20 o5

valence state. The second terfgu n, reflects the interaction
of the metal atom with the molecular environment. It depends i

on the overlap between the metal and ligand orbitals and henceF_ 5 ch in th ical central metal ch funcii
changes both with the metal covalent radius.(its typical igure 5. Changes in the typical central metal charge® as a function

“size”) and the particular orbital environment. Table 7 gives of M'B(.:hls‘ XM/.ri’"" The cprrelation Coeﬁidenit s 0.98 and linear
the calculated values afQy, and Aqun. Significant contri- regression (straight line) yieldetiQ? = 0.26wry) — 0.48.
i N-
butions ofAgu,n to AQun were observed for 8 Q,, and to a
1 . - _
lesser extent,,, whereasAqgu,y had minor contributions 1o 4,1 provides better representation of the metal atom’s elec-

1 .
the changes of B Q. and Eg.s These observations cor-  {ronegativity in the rather rigid tetrapyrrole system. The good
responded with the mode of metal coordination to the central |inear correlation betweerAQ¢, and X:\’A/riM (Figure 5) de-

cavity and ther electron density at the ligating nitrogens in

In the previous paper we suggested that scalifig by

[M]-BChl. Two of them, N22 and N24, are of the pyrrolenine scribed by

type, whereas N21 and N23 are pyrrole-type nitrogens that P

maintain covalent bonding with the central metal. Stabilization AQS, = 0.12Ay,, = 0.26@ —0.48 (29)
of these bonds brings the metal into a typical divalent state where My

AQw ~ AQy,. This is exactly what happens in tkepolarized
excited states as well as in the LUMO of [M]-BChls, where confirms this notion. However, scaling the electronegativity is
high electron density is maintained on N22 and N24. not enough for a complete description of the interactions
However, they-polarized transitions as well as the HOMO of  between the metal atom and the rest of the molecule. Therefore,
the [M]-BChls have low electron density on the pyrrole-type using Agu as an additional correction factor enables more
nitrogens, the covalent bond is destabilized, and the metal isaccurate prediction of experimental data. Note that the present
not in a typical divalent state. Hence, the metal effective charge model does not require grouping the metals according to a
at this state should be different fromQyy; thus Agu putative coordination state, sina®gy accounts for all the
becomes more significant. environmental effects including the presence of an axial ligand.

Although decomposition oAQy into an inherent property The same concepts will probably enable quantifying linear
of the central metal and the effect of its molecular environment relationships found between RP, TE, arj¢ of other porphy-
lacks theoretical support, it agrees well with “chemical intu- rin systems, although the constant parameters may depend on
ition”. Recent studies have already used the same concept forthe molecular frame. At the same time, it explains the empirical
the electronegativity of atoms in a molecdlé?! Still, the full “stability factor” yp/ri, suggested by Buchl& for metal-
application of this approach is ahead of us, in particular since
there is no agreement on the partitioning of molecules.

(62) Buchler, J. W. IrPorphyrins and MetalloporphyrinsSmith, K. M.,
Ed.; Elsevier: Amsterdam, 1975; pp 15231.

(63) Shalev, H.; Evans, D. HI. Am. Chem. Sod989 111, 2667
(61) Komorowski, L.; Lipinski, JChem. Phys1991 157, 45-60. 2674.
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substituted porphyrins: the binding energy to the porphyrin ligand effect (via axial coordination) and ring substitution effects
macrocycle (the ligand) increases with the effective charge of (via the M-N ¢ bonding). Therefore, the electrostatic model
the central metal. In light of this argumentation, the metal size may account for the effect of ligation and site-directed mu-
alone may become a minor factor in determining the complex tagenesis on the BChl's TE and RP modifications. A similar

stability. model is expected to explain previously reported data in other

It is tempting to generalize the relationships betwee, metal-substituted porphyrin systems. The successful simulation

andy,/r), to other metals and ligand systems. However, the suggests that the orbitals can be considered “stiff”: there was
validity of such a generalization requires further support. no significant change in the electron densities of the frontier
molecular orbitals after metal substitution, but only in their HF

Conclusions and Perspectives energies. The suggested methodology should be applicable to

(1) The presented data and accompanying theoretical con-analyze the TE and RP of in vivo BChls and Chls in their native
siderations support the approach to electronegativity using DFT. €nvironment and their changes upon site-directed mutagenesis
(2) Incorporation of metals into porphyrins and, in particular, and replacement with modified pigments. It is also expected
BChls enables straightforward calculation of their electronega- to help in understanding the properties of complexes of unknown

tivity and its scaling into positive charge units. structure. Conversely, by systematic modification of a particular
(3) The experimental variations in RP and TE of [M]-BChls site and analysis of the results as described here, it should be

are determined by electrostatic interactions between the effectivepossible to estimate effective charges and electronegativities of

charge in the center of the molecule and the electron densitiesamino acid residues in the protein domain.

in the frontier molecular orbitals. Hence, it is subjected to both

(64) Relative oscillator strengths are estimated by integrating each Acknowledgment. We are grateful to Prof. I. RupmStem
transition band and dividing the result by the sum of integrated bands of and Dr. Y. Golan from the Department of Materials and
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