J. Am. Chem. So2000,122,3937-3944 3937

Optical Absorption and Computational Studies of
[Ni]-Bacteriochlorophylla. New Insight into Charge Distribution
between Metal and Ligands

Dror Noy, T* Roie Yerushalmi,"” Vlad Brumfeld, T Idan Ashur,™ Hugo Scheer!
Kim K. Baldridge, # and Avigdor Scherz**

Contribution from the Department of Plant Sciences, Weizmann Institute of Science, 76100tRishael,
Botanisches Institut der Upnérsita, D-80638 Munchen, Germany, and Department of Chemstry,
University of California, San Diego, California

Receied October 20, 1999

Abstract: The relation between electronegativity and the electronic chemical potential provides new avenues
for investigating chemical entities and their dynamics. One particular application concerns the tuning of biological
redox centers consisting of metals and different ligands, where the effective charge at the metal center and the
association and dissociation of the ligands play a key role. To quantify these factors we have recently synthesized
a set of metal-substituted bacteriochlorophylls ([M]-BChls), whereby the caged metal can bind various axial
ligands of biological significance and the BCiisystem is used as a “molecular potentiometer” to estimate
the metal's effective charge. Here, we have concentrated on modifying this charge by axial ligation. We
specifically selected [Ni]-BChl because (1) it forms three states of coordination with nitrogenous ligands, (2)
Ni(ll) has biological significance, and (3) [Ni]-porphyrins are extensively used for modeling [Fe]-porphyrins.
The pure spectrum of each state of coordination and the equilibrium constants for monoliatiorb (6 +

0.2 and 29.6t 1.1 M~1) and biligation K, = 35.14 0.9 and 26.8k 0.9 M™1) of pyridine (Py) and imidazole

(Im), respectively, were determined by factor analysis. Following the principle of electronegativity equalization
and the model described in our previous paper (Noy, D.; Fiedor, L.; Hartwich, G.; Scheer, H.; Sch&rz, A.
Am. Chem. S0d.998 120, 3684-3693), we estimated that 0.30 and 0.27 electron charge units migrated from
imidazole and pyridine, respectively, into the [Ni]-BChl central core upon monoligation. An additional, similar
amount was transferred with the second ligation. High-level hybrid density functional theory (HDFT) calculations
performed for [Ni]-BChl and [Ni]-BChlim in the gas phase were in very good agreement with the empirical
results, suggesting that the [Ni]-BChl central core is enriched by 0.21 electron charge units upon ligation to
a single Im molecule. Moreover, the Ni(ll) covalent radius expanded by 0.07 and 0.09 A upon monoligation
and by 0.13 and 0.18 A upon biligation with pyridine and imidazole, respectively. These results are in good
agreement with X-ray data for ligated [Ni]-porphyrins (Jia, S. L.; Jentzen, W.; Shang, M.; Song, X. Z.; Ma,
J. G.; Scheidt, W. R.; Shelnutt, J. forg. Chem.1998 37, 4402-4412) and our HDFT calculations (0.085

A expansion upon Im monoligation). Line shape analyses of thba@ds indicated that the initial excited-
state lifetimes of [Ni]-BChl were 75, 153, and 184 fs when ligated with zero, one, or two molecules of imidazole.
The lifetimes for the analogous complexes with pyridine were 50% longer. Excitation of [Ni]-B@&ldaused
dissociation of the ligands (irr100 ps), which recovered after a much longer time.

Introduction cytochrome® or its ligands (e.g., the chlorophyil-system in
photosynthetic reaction centérs

Metal complexes are found in the active sites of many In many metalloenzymes a tetrapyrrole macrocycle occupies
enzymes. They participate in catalysis of biochemical reactions four of the metal's coordination sites. The remaining axial
as well as in the storage and transport of small molecules, ions,positions are occupied either by substrate molecules or by amino
protons, and electrod<: Specific metat-ligand interactions, acid residues, the most common ohéeing the thiolate of
which frequently involve association and dissociation, are key cysteins, the imidazole of histidines, the carboxylate of aspartic
factors that determine the functionality of the enzyme’s active and glutamic acids, as well as the phenolate group of tyrosines.
site, which can be either a metal (e.g., the heme iron in Metallotetrapyrroles, particularly metalloporphyrin derivatives,
have been extensively studied not only for understanding their

» Jo whom correspondfence should be addressed. biological functions but also for investigating the fundamental
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optical spectra and redox behavior of metalloporphyrins have By monitoring changes in the metal’'s effective charge, we
often been used to follow the interactions between a metal cagedobtained information about the electronic properties of the
by the pyrrolic macrocycle and various biologically relevant ligand. [Ni]-BChl was chosen because data from in vitro and
axial ligands. However, because the porphyrins’ major electronic in vivo experiments showed that it could be found at three states
transitions are degenerate, the interpretation of experimental dataof coordination. It was monoligated in reconstituted bacterial
is complicated!13 As a result, the effect of axial ligation on  reaction centers (RC8},whereas the biligated and nonligated
the redox behavior of metalloporphyrins has not yet been forms were observed in coordinating and noncoordinating
sufficiently understood. solvents, respectivekt22 The Q transition energies of each

Electronegativity, defined as the chemical potential of an species were substantially different and provided information
electron within an atom or a chemical group, provides a means about the particular state of coordination. We have shown that
to estimate such effects even in large and complex systems suclwhen small amounts of nitrogenous ligands such as pyridine
as redox protein¥:15When two chemical entities interact, their ~ (Py) and imidazole (Im) are added to a solution of [Ni]-BChl
electron densities redistribute until their electronegativities in acetonitrile (AN), all three coordination states are in
equalize'®18 Therefore, redox potential tuning can be described thermodynamic equilibrium. The characteristic electronic spec-
in terms of electronegativity equalization between different trum of each state of coordination and the respective axial
chemical groups such as coordinated metals and their ligandsligation constants were derived from spectrophotometric titra-

Many years ago Gouterm&hand later Fuhrhop et & tions through modeling factor analy2sWe used the resolved
described the linear correlation between spectroscopic transitionsspectra to quantitatively estimate charge migration from the axial
and redox potentials of metal-substituted porphyrins and the ligands to the central metal based on electronegativity equaliza-
electronegativities of their incorporated metals. However, tion considerations. As a first test case we compared the
changes in the electronegativity of a particular metal upon ligand semiempirical results with high-level hybrid density functional
binding (as a result of electronegativity equalization) were not theory (HDFT) calculations for nonligated and monoligated [Ni]-
considered. Such changes should also be reflected in theBChl. We have also examined some kinetic aspects of axial
electronic transitions and redox potentials of the porphyrin’s ligand photodissociation as a consequence of excitation of the
m-system. Unfortunately, the resolution @f-sr transitions in BChl macrocycle.
D4 porphyrins is insufficient for quantifying these relationships.

Recently, we have introduced metal-substituted BChls ([M]- Materials and Methods
BChls), a group of reduced metalloporphyrins with highly

resolvedz—z* transition energies and redox potentidide [Ni]-BChl was prepared according to Hartwich e?alAN and Py

followed Gordy’s definition of electronegativity in its modern ~ (Aldrich) were dried over activated 3A molecular sieves (Sigma)
according to Burfield et af$?”degassed, and transferred under vacuum.

formulatior?? and showed that changes in the electronic spectra : : X . ;

d redox potentials upon metal substitution can be accountedsomt'cmS of Im (Sigma) in dry AN were prepared just before measuring.
an . L . .~ “All the sample preparations were carried out in a glovebox under inert
for in terms of electrostatic interactions between the effective

- and dry atmosphere.
charge at the metal center and theslectron density of the

23 Absorption spectra of [Ni]-BChl in dry AN were recorded in a
macrocycle: Consequently, the-electron system of BChl can standard 10-mm quartz cuvette using a Cary 5 UV-Vis-IR double-beam

be used as a molecular “potentiometer” whereby the electrostaticspectrophotometer. The cuvette was sealed with a Teflon-coated septum
potential at the metal center is monitored by the electronic stopper through which Py or Im was injected with a microliter syringe.

spectra and redox potentials of the [M]-BChftssystem. Time-resolved absorption spectroscopy of [Ni]-BChl dissolved in

Here, we have used [Ni]-BChl for monitoring charge migra- 0.5 mL of diethyl ether (DE) that contained millimolar concentrations
tion into and out of a metal center as a result of axial ligation. of Py (DE/Py) was carried out using a purprobe setup. Samples
were measured in a 2-mm quartz cuvette sealed with a Teflon stopper
to prevent evaporation of solvents. The sample was excited at 690 nm
by 14-ps 90-mJ pulses generated from a Continuum PD10 dye laser
that was pumped by a frequency-doubled Nd:YAG laser (532 nm, 38
ps). White-light pulses (480860 nm), generated by focusing the
residual fundamental beam (1064 nm, 38 ps) of the Nd:YAG laser on
a 5-cm path length cylindrical water cell, were used for probing. The
pump—probe interval was controlled by an optical delay line. Spectra
were detected using a double diode array (DIDA 512) with dedicated
software (Winspec), all from Princeton Instruments. Pump pulse
intensity was monitored by a power meter (Coherent LabMaster). The
measurement accuracy was about 0.01 absorbance units.

Resolving the Optical Absorption Spectrum of [Ni]-BChl at Each
State of Coordination. Analysis of the digitized spectra was carried
out with Matlab software using custom programs as well as Matlab’s
standard optimization and statistics toolboxes.
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spectra of [Ni]-BChl in the different states of coordination. The

(24) Chen, L. X.; Wang, Z. Y.; Hartwich, G.; Katheder, I.; Scheer, H.;
Scherz, A.; Montano, P. A.; Norris, J. Rhem. Phys. Lett1995 234,

(22) Gordy defined the electronegativity of an atom as the electrostatic 437—444.

potential at its covalent radius due to effective nuclear charge (Gordy, W.

Phys. Re. 1946 69, 604-607). This definition was verified 37 years later
by Politzer et al. (Politzer, P.; Parr, R. G.; Murphy, D. R.Chem. Phys.
1983 79, 3859-3861) using density functional theory.

(23) Noy, D.; Fiedor, L.; Hartwich, G.; Scheer, H.; Scherz,JAAm.
Chem. Soc1998 120, 3684-3693.

(25) Malinowski, E. R.Factor Analysis in Chemistry2nd ed.; Wiley:
New York, 1991.

(26) Burfield, D. R.; Lee, K. H.; Smithers, R. H. Org. Chem1977,
42, 3060-3065.

(27) Burfield, D. R.; Smithers, R. H.; Tan, A. S. @.Org. Chem1981,
46, 629-631.



[Ni]-Bacteriochlorophyll-a
evolution model considers two equilibrium constants
[Ni]-BChl + L == [Ni]-BChl-L K,y

[Ni]-BChl-L + L ==[Ni]-BChl-L, K, )
The mole fractionp;, of each coordination state is expressed as a
function of the axial ligation constants; and K, and the ligand

concentration [Lj] in thejth sample

py = LA
Py = Ky[L] j/A
Ps = Kl’Kz‘[L]jZ/A 2

where A = 1 + Ky+[L]; + Ki*Kz[L];? and the indices 1, 2, and 3
correspond to [Ni]-BChl, [Ni]-BChiIL, and [Ni]-BChl-L,, respectively.
The constant&; andK; were optimized by searching f¢p;}, which

minimizes the root-mean-square error (RMSE) in the data reproduction

given by®

n m 3
RMSE= \/ Z Z (dg— ) sapy)(men)
L) £ £

where {dg} represents the absorbance of flie sample at thekth

®)
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maximum of the Lorentzian component,

Lo() = ») = W20)/[(v(D) = »)*+ U207 (50)
is determined by the excited-state finite lifetime(FWHM_ = 1/r).

The parameters and o(T) were estimated by fitting eq 5 to the
symmetrized @Qbands by using PeakFit software.

Estimating the Changes in Electronegativity, Covalent Radius,
and Effective Charge at the Central Metal. The changes in
electronegativity Ay, covalent radiusAr, and effective charge\Q°,
were estimated by applying the model derived in our previous work
for [M]-BChls.?® The model is given in matrix notation by

AE=R-L (6)
where the rows of the experimental data matig, correspond to
the [M]-BChl species and the columns to changes in the main four
transition energies (B By, Q. and Q) and redox potentials. The
respective values oAy and Ar are arranged in the columns of the
scores matrixR. The loading matrixl., contains the respective loading
coefficients ofAy andAr.

Here, the changes in electronegativity and covalent radius upon
adding axial ligands to the central Ni(ll) atom are given by

R=AE-L" 0
whereAE represents the changes in the electronic transition energies
of the axially ligated [Ni]-BChl species with respect to nonligated [Ni]-
BChl, andL* is the pseudoinverse af, which contains the loading

wavelength and constitutes the elements of the experimental data matrix coefficients |, y andl., from ref 23. Changes in the effective positive

D. The pure spectral components mati$y,in which an elements,
represents the absorbance of tile coordination state at thkth
wavelength was calculated by using the pseudoinverse of e
matrix, P,

S=D-P" (4)

Confidence intervals fak; andK; were calculated according to O’'Dea
et al?8 Substituting these intervals into eqs 2 and 4 yielded confidence

intervals for the mole fractions and pure spectral components, respec-

tively.

Estimating the Qy Singlet Excited-State Lifetime.The Q transition
bands of pure [Ni]-BChl, [Ni]-BChiPy, [Ni]-BChl-Py,, [Ni]-BChl-
Im, and [Ni]-BChkFIm, were symmetrized by mirroring their low energy

half about the center of the band. This treatment assured that only the(RECP)”

0—0 electronic transition contributed to the line shape and circumvented
complications arising from mixing high-frequency vibronic states.
Following Cupane et af%-3! the symmetrized band was described by
a Voigt function

V(v) = M2 SG(¥) ® L(v(T) — v) (5a)
where® is the convolution operator, denotes frequencyy(T) is the
temperature-dependent transition frequency, and the constaatsl
S are proportional to the electronic dipole matrix element and the
vibronic coupling factor, respectively. The Gaussian component

G(v) = Llo(T)-exp[-v*/20%(T)] (5b)

describes the effect of inhomogeneous broadening, where the temper

ature-dependent parametetf]T), determines the Gaussian full width
at half-maximum [FWHM = 20(T)-4/In(4)]. The full width at half-

(28) O'Dea, J.; Osteryoung, J.; Lane, JI Phys. Cheni986 90, 2761
2764.
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Unger, E.; Schweitzer-Stenner, R.Phys. Cherml996 100, 14192-14197.

(31) Cupane, A,; Leone, M.; Unger, E.; Lemke, C.; Beck, M.; Dreybrodt,
W.; Schweitzer-Stenner, R. Phys. Chem. B998 102 6612-6620.

charge were calculated by eq 29 in ref 23

AQ°=0.12Ay (8)
Quantum Mechanical Methods.Molecular structures were obtained
by employing HDFT technique&,using the algorithms contained with
the GAUSSIAN98 packag® The HDFT functional used was the
B3LYP3* functional which employs the Le€Yang—Parr correlation
functionaf® in conjunction with a hybrid exchange functional first
proposed by Beck& HDFT techniques are particularly important for
studying structures of the size considered here, since they implicitly
include electron correlation effects at a great saving in computer time
compared with the conventional methods. The size of the complexes
involved and the presence of the transition metal influenced our choice
of basis set. The Hay and Wadt relativistic effective core potentials
were employed for the Ni atom. Specifically, the effective
core potential/basis set combination used was LANL2DZ (Los Alamos
National Laboratory 2-doublé&: the “2” indicating that the valence
and “valence-1" shells are treated explicit§)The LANL2DZ basis
set is of double: quality in the valence and “valence-1" shells, whereas
the RECP contains Darwin and mass-velocity contributfé#%!*°Using
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Molecules Oxford University Press: New York, 1989.
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Figure 1. Spectroscopic titration of [Ni]-BChl in AN with Im (a) and Py (b).
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Figure 2. Spectral components and relative concentrations (inset) of nonligadeannoligated  —), and biligated {--) [Ni]-BChls obtained
by applying modeling factor analysis on the spectroscopic titrations of [Ni]-BChl in AN with Im (a) and Py (b).

RECP has been found to be computationally very efficient and reliable  Atomic charges were derived from a least-squares fit to the

for handling relativistic effects, which must be accounted for in the electrostatic potential (ESP), calculated at points selected according to

complexes involving Ni atom&. the Merz-Singh—Kollman schemé®“6 and subject to the constraint
While this choice of basis set combination is sufficient for the types Of constant total molecular charge. Many points are thus chosen on

of comparisons made here, our preliminary studies (data not shown) nested Connolly surfaces with a density of 1 point/A. The method

reveal a general tendency of this particular doublbasis set to samples points at 1.4, 1.6, 1.8, and 2.0 times the van der Waals radius

overestimate €N bond lengths by approximately 2.0 pm due to of the atoms. An atomic radius of 1.63 A was used for Ni.

the lack of polarization functionality. One can easily remedy this effect

for first and second row elements by increasing the basis set. However,Results

since here we focus on bond lenglffferencesrather than absolute

values, we have chosen to keep this basis set combination for the present The Optical Absorption Spectrum of [Ni]-BChl at Each

structural analysis with the knowledge that 8 bonds will be slightly State of Coordination. Figure 1 presents the evolution of [Ni]-

longer, investing further computational efforts in computing electronic BChl absorption spectra in AN to which Im (part a) and Py

properties. We are pursuing more rigorous structural investigations on (part b) were added. With the addition of Im, a distinct

a larger series of [M]-BChl complexes to determine an optimal basis ghsorption band increased at 573 nm, characteristic of the Q

set combination, WhICh WI|| pr_owde more a_bsolute §:0_n5|stency across yransition of monoligated [M]-BChl (Figure 1a, inset). When

all bond types while malntal.nlng computatlon'al efﬂuepcy. . __more Im was added, the biligated form appeared with the

o T S ettt o econ properies, gl PO pharacteristc Qabsorpton band at 608 nm. Wit Py, the Q

and shifted from 535 to 597 nm with increasing ligand

LANL2DZ +1, which consists of the LANL2DZ basis set augmented . L . S
with a single set of f functions (exponents determined by Frenkling concentration, which is characteristic of biligation. No clear band

and co-worker®4) on Ni, and the standard Dunning’s cc-pvdz could be observed at 56380 nm, but there was a systematic
(correlation consistent polarized valence doujléasis set ([4s3pld/ red shift of the “isosbestic” point in that region (Figure 1b, inset).
3s2pld/2s1p]) on first and second row atoms. Table 1 and Figure 2 present the spectra of non-, mono-, and
biligated [Ni]-BChl with Im (part a) and Py (part b) ligands as
(41) Siegbahn, P. E. MAdy. Chem. Phys1996 93, 333 387. well as their binding constants derived by m_odellng factor
(42) Ehlers, A. W.; Bohme, M.; Dapprich, S.; Gobbi, A.; Hollwarth, ~analysis (eqs24). The quality of data reproduction was at the
A.; Jonas, V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
Chem. Phys. Letf1993 208, 111-114. (44) Dunning, T. H.J. Chem. Phys1989 90, 1007-1023.
(43) Hollwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, (45) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chen199Q

A.; Jonas, V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G. 11, 431-439.
Chem. Phys. Lettl993 208 237—240. (46) Singh, U. C.; Kollman, P. Al. Comput. Chenil984 5, 129-145.
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Table 1. Binding Constants for the First (eq K;) and Second (eq XKy) Ligands, Absorption Characteristics, Temperature-Dependent
Inhomogeneous Broadening()], and Initial Excited State Lifetimesr) of Non-, Mono-, and Biligated [Ni]-BChl

[Ni]-BChl [Ni]-BChl -Py [Ni]-BChl-Im [Ni]-BChl-Py, [Ni]-BChl+Im,
K. M 5.6+0.2 29.6+1.1 35.1+ 0.8/-0.9 26.8+0.9
By [nm] 337 350 350 363 362
By [nm] 391 391 391 391 391
Q«[nm] 535 569 573 597 608
Qy [nm] 780 767 767 764 764
o(T) [em™)2 199+ 4 242+ 3 230+ 2 214+ 2 203+ 2
7 [fs]? 75+2 235+ 10 153+ 6 308+ 13 184+ 6
aObtained by fitting eq 5 to the symmetrized Qand.
a b 00s5F
0.01p
0lg
-0.01 or
-0.02
b 5 £
003t .::g
-0.05} %
~0.04 + °
—005} 0.05 hd
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Figure 3. Difference absorption spectra of the @) and Q (b) regions of [Ni]-BChl in DE/Py 50 ps{) and 200 ps®) after excitation. The
spectra were simulated by linear combination either of non- and biligated [Ni]-B€nhb( non-, mono-, and biligated [Ni]-BChls«(—). The
kinetics of Q bleaching (inset) is single exponential with a lifetime of 100 ps.

spectrophotometric accuracy level of the Cary 5 (RMSB
x 107 and 4 x 10~* absorbance units for the Py and Im
titrations, respectively).

The resolved [Ni]-BChl spectra were characteristic of [M]-
BChis2123The energy of the Qtransition showed the highest
sensitivity to the coordination state: it shifted to the red from
534 nm for [Ni]-BChl to 569 nm in [Ni]-BChiPy and increased
to 597 nm for [Ni]-BChtPy». The ligand effect was even larger
when Im was added (573 and 608 for [Ni]-BGlInh and [Ni]-
BChl-Im,, respectively). The Qtransition band blue shifted
from 780, 767, and 764 nm in the non-, mono-, and biligated
species, respectively.

Nitrogenous Ligand Binding to [Ni]-BChl in AN. Table 1
presents the axial ligation constants of Py and Im. The low

considerably, indicating that excited-state lifetimes depend both
on the state of ligation and the type of axial ligand. The shortest
lifetime, 75 fs, was observed for nonligated [Ni]-BChl and the
longest, 308 fs, for [Ni]-BChPy.,. Intermediate lifetimes of 153,
184, and 235 fs were observed for [Ni]-BClmh, [Ni]-BChl-
Im,, and [Ni]-BChkPy, respectively.

Time-Resolved Absorption Spectroscopy of [Ni]-BChl in
the Presence of Pyridine Figure 3 shows typical difference
absorption spectra of [Ni]-BChl in DE/Py, 50 and 200 ps after
excitation at 690 nm with a 14-ps pump pulse. The ground-
state recovery of [Ni]-BChl in pure DE was too fast to be
detected by the 38-ps prob&*The Q, (763 nm) and Q(597
nm) absorption bands of [Ni]-BCt®y, bleached and did not
completely recover even after 400 ps. During that time, two

RMSE values and narrow confidence intervals indicate that the hew absorption bands developed at 534 and 780 nm, corre-
model described in eqs 1 and 2 accurately represents thesponding to the Qand Q bands of nonligated [Ni]-BChl,

evolution of [Ni]-BChl coordination states during the titrations.
Note that the axial ligation of either AN or residual water seems
to be negligible. Additionally, the binding constant of the first
Py (K1) is substantially smaller than the binding constant of
the second PyK>), which accounts for the low concentrations
of [Ni]-BChl-Py throughout the titration. With InkK is slightly
larger tharK,. As a result, monoligated [Ni]-BChl significantly

respectively. We were able to reasonably simulate the difference
spectra by using linear combinations of the pure [Ni]-BChl and
[Ni]-BChl-Py, spectra (Figure 3, solid lines). Adding the
spectrum of [Ni]-BChiPy to the simulation did not improve

its quality (Figure 3, dashed lines). The kinetics of ground-state
recovery from O to 400 ps could be described by a single-
exponential decay with a time constant of about 100 ps (Figure

contributes to the absorption spectra even at high Im concentra-3b, inset).

tions, and can be observed directly.

Lifetimes of the Q-Excited Singlet State in Different States
of Coordination. Table 1 presents the results of fitting the
symmetrized Qtransition bands of pure [Ni]-BChl, [Ni]-BChl
Py, [Ni]-BChl-Pys, [Ni]-BChl-Im, and [Ni]-BChkIm, with the
Voigt function in eq 5. The widths of the Gaussian components
are almost constant (with a relative standard deviation of 8%)

HDFT Calculations of [Ni]-BChl and [Ni]-BChl :Im. The
calculated change in charge density and size of the [Ni]-BChl
central core (central Ni atom and four BChl nitrogens) upon
ligation with a single Im molecule are shown in Table 2.
Structures were fully optimized with HDFT methods as detailed

(47) Rodriguez, J.; Holten, Ol. Phys. Chem1989 91, 3525-3531.
(48) Musewald, C.; Hartwich, G.; Lossau, H.; Gilch, P.; Pollinger-

as expected from temperature-dependent inhomogeneous broachammer, E.: Scheer, H.: Michel-Beyerle, M. E. Phys. Chem. B999

ening3® However, the widths of the Lorentzian components vary

103 7055-7060.
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Table 2. Changes in Transition Energies, Central Metal Electronegativity, Covalent Radius, and Effective Positive Charge of Mono- and
Biligated [Ni]-BChl with Respect to the Nonligated Species

[Ni]-BChl-Py [Ni]-BChl-Im [Ni]-BChl -Py, [Ni]-BChl-Im;
ABy [eV] —-0.14 —-0.14 —0.27 —0.26
ABy [eV] 0.00 0.00 0.00 0.00
AQx[eV] —-0.14 —0.16 —0.24 -0.28
AQy[eV] 0.03 0.03 0.03 0.03
Ay [eV]? —2.24 —2.46 —3.89 —4.46
Ar [A] a 0.09 0.07 0.18 0.13
AQ° [e]P —-0.27 —0.30 —0.47 —-0.54
AQ%ore[€7]¢ -0.21
AQoliganel [ei]d 0.23
Arcore [A] e 0.085

a2From eq 7.° From eq 8¢ Difference between the MK-ESP calculated charge of monoligated and nonligated [Ni]-BChl cores (central Ni and
four nitrogen atoms)? Difference between the MK-ESP calculated charge of free Im and Im ligated to [Ni]-BCiifference between the mean
Ni—N distance in monoligated and nonligated [Ni]-BCffls.

in the Materials and Methods section. Both singlet and triplet transitions inD4, porphyrins makes the interpretation of the
states were considered for the [Ni]-BGhh. The resulting experimental results difficuft~13.1°
energy difference between the two states is 12.4 kcal/mol at  The binding constant of the first Py is about six times smaller
this level of theory, indicating that the [Ni]-BCHin ground than the binding constant of the first Im, whereas the binding
state is a triplet state. Details of the structure show that the constant of the second Py is larger than the binding constant of
singlet state has a twisted conformation with the Ni remaining the second Im. This phenomenon may reflect a larger trans
in the plane of the macrocycle, whereas the triplet state retainsinfluencé* of Im with respect to Py. The subject is currently
planarity, with the Ni slightly out of plane. The distance from being investigated with a larger series of ligands.
the Ni to the axial imidazole ligand is nearly 2.06 A in the triplet The advantage of using reduced porphyrins such as BChls
state, whereas the Nim distance in the singlet state is 0.7 A 15, studying metal coordination is that each state of ligation is
greater?? characterized by a well-resolved, @and?1-23non-, mono-, and
Comparing [Ni]-BChl to [Ni]-BChHim reveals a binding  pjligated [M]-BChls absorb at 536550, 566-580, and 596
energy of 16.6 kcal/mol, typical of experimental values. Upon 620 nm, respectively. Another advantage is the enhanced
ligation of Im, the metal center expands considerably. The meanfiexibility of the macrocycle with respect tB4, porphyrins.
distance from the Ni to the macrocycle nitrogens obtained from This flexibility enables core expansion upon axial ligation, which

the optimized structures of [Ni]-BChl and [Ni]-BCtiin is is especially important for the binding of Im, a common
2.0056 and 2.0901 A, respectively, indicating an increase of nycleophilic biological ligand. In fact Im ligation D, [Ni-
0.085 A upon ligation as reported in Tablé®2. porphyrins is unusual in vitr8® whereas reduced porphyrins

The Merz-Kollman electrostatic potential (MK-ESP) method  such as [Ni]-tri8-oxoporphyrin bind it readily® In our previous
of determining atomic charges has been employed for all paper?®we claimed that core expansion is sufficient to account
computed structures. This method has been shown to give bothfor the effect of macrocycle distortion on [M]-BChl’s optical
excellent electrostatic moments as well as electrostatic poten-spectra. The good agreement between the core expansion derived
tials*° In addition, the prediction of such charges using the here from optical spectra and that calculated by HDFT supports
B3LYP HDFT method has been shown to be in excellent this assumption. Both HDFT-calculated core expansion and the
agreement with high-level conventional, dynamically correlated empirically derived increase in the Ni(ll) covalent radius (Table
schemes (e.g., MP2, et€’)MK-ESP computations were carried  2) are in good agreement with recent results from the literature
out on both the nonligated and monoligated optimized structures.based on crystal structure, Raman spectra, and force-field
The results indicate that the monoligated core is 0.2tieher calculation$” which indicate an increase of about 0.1 A in the
than the nonligated core, in agreement with our empirical model. core size of [Ni]-TPP upon binding the first axial ligand. This
Accordingly, the Im ligand is 0.237epoorer when compared increase has been assigned to a change of the metal’s d electron

with isolated Im. configuration. In the nonligated [Ni]-BChl complex (square
) ) planar), the Ni(ll) is in a low-spin electronic configuration,
Discussion where the g orbital is doubly occupied and thezdy orbital is

empty>8 In terms of ligand-field theorythe interaction between
the lone pair electrons of the axial ligand and the electrons that
occupy the ¢ orbital raises the energy of the latter close to the
empty de-2 energy level. When the energy gap between d

Axial Ligation to [Ni]-BChl. [Ni]-porphyrins and [Ni]-BChl
with only one axial ligand have been observed only in
reconstituted hemoglobifhand bacterial RC% respectively.
To the best of our knowledge, the electronic absorption spectrum

O_f a pure mOPOI'gated [Ni]-porphyrin was never reSOI\/ed_ in (53) The most direct evidence for the formation of monoligated porphyrin

vitro.3 This is partly because the degeneracy of optical in solution was recently observed in the Raman spectra of [Nil-TPP (Jia,

S. L.; Jentzen, W.; Shang, M.; Song, X. Z.; Ma, J. G.; Scheidt, W. R.;
(49) As pointed out in the Quantum mechanical methods section, using Shelnutt, J. Alnorg. Chem.1998 37, 4402-4412).

the double¢ basis sets results in slightly overestimated bond lengths. (54) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistyybth

Nevertheless, relative values are accurately assessed because this effect &d.; Wiley: New York, 1988.

constant and all the structures are treated similarly. We are actively pursuing  (55) Pasternack, R. F.; Spiro, E. G.; Teach, MInorg. Nucl. Chem.

more accurate basis set combinations for handling [M]-BChl derivatives 1974 36, 599-606.

(50) Sigfridsson, E.; Ryde, Ul. Comput. Chem1998 19, 377—395. (56) Connick, P. A.; Haller, K. J.; Macor, K. Anorg. Chem1993 32,
(51) DeProft, F.; Martin, J. M. L.; Geerlings, Ehem. Phys. Letl.996 3256-3264.
250, 393-401. (57) Jia, S. L.; Jentzen, W.; Shang, M.; Song, X. Z.; Ma, J. G.; Scheidt,

(52) Shelnutt, J. A.; Alston, K.; Ho, J. Y.; Yu, N. T,; Yamamoto, T.; W. R.; Shelnutt, J. Alnorg. Chem.1998 37, 4402-4412.
Rifkind, J. M. Biochemistryl986 25, 620-627. (58) Ake, R. L.; Gouterman, MTheor. Chim. Actd97Q 17, 408-416.



[Ni]-Bacteriochlorophyll-a J. Am. Chem. Soc., Vol. 122, No. 16, 208043

and de-y2 becomes smaller than the electron repulsion energy, among atoms in molecules. An extensive computational and
the high-spin configuration in which one electron is promoted experimental study of [Ni]-BChl with a series of axial ligands
from dz to de-2 becomes favorable. Electronegativity equaliza- follows.

tion theory provides an alternative approach whereby the  Excited-State Dynamics and Axial Ligand Photodissocia-
redistribution of the metal's electrons is induced by the tjon. Recently, Musewald et al. have studied the photodynamics
contribution of electron density from the ligand to the metal of [Ni]-BChl in noncoordinating (toluene) and coordinating (Py)
and is not necessarily confined to d-orbitals. solvents by femtosecond time-resolved absorption and fluores-
The Amount of Charge Exchanged by a Ligand and Metal cence spectroscop§ S0 Their proposed relaxation mechanisms,
Center. We have recently utilized the correlation between which borrow from extensive theoretical and experimental
electronegativity and electrostatic potential for calculating the studies of photoexciteB,, [Ni]-porphyrins (with and without
amount of net charge at the center of [M]-BCPis he charge axial ligands)/30:47.58.6%64 g ggest that nonligated [Ni]-BChl
can be changed either by modifying the incorporated metal or, undergoes ultrafast internal conversion (IC) witkih0O0 fs from
because of electronegativity equalization, by binding different its initial 1|S;, 1(d?)Ostaté® to al|Ty, 3(d,d)Ostate. When [Ni]-
ligands to the same metal. Here, we monitored charge modifica-BChl is axially coordinated, the initial excited state is a triplet
tions at the center of [Ni]-BChl in the presence of two different 3|S;, 3(d,d)(that relaxes by ultrafast IC to ti#¢T,, 3(d,d)Cstate
nitrogenous ligands. Once the spectra of [Ni]-BChl at three within ~200 fs, followed by intersystem crossing (ISC) to the
coordination states were resolved, we could derive the corre-1|0, Y(d?)Ostate, which is antibonding for the axial ligands,
sponding changes in electronegativity, effective charge, and theresulting in their dissociation within-100 ps.
covalent radius of Ni(ll) by using eqs 7 and 8. Table 2 presents  Ajthough the measurements and accompanied analysis sig-
the values derived for each coordination state and ligand. pjficantly contribute to understanding the photophysics of [Nil-
There is a good correlation between the changes in effective porphyrins, they could not provide information about the lifetime
positive charge of Ni(ll) upon axial ligation, the number of axial of monoligated [Ni]-BChl which is essential for interpreting the
ligands per metal center, and the electron donor properties ofelectron and energy transfer in modified photosynthetic RCs
each ligand. Specifically, (i) the stronger nucleophile, Im, and LHCs%6:67 We have provided such information first by
donates about 10% more negative charge than the weaker onesesolving the [Ni]-BChl spectra at three states of coordination
Py, and (ii) adding a second ligand almost doubles the effect and then analyzing the (Qabsorption line shape of each
of the first one, for both Im and Py. These observations support component. Importantly, the results of our line shape analysis
our assumption that the effective positive charge at the metal are in agreement with the experimental results. The marked
center becomes partly screened because of net electron densityorentzian character of the yQabsorption bands (Figure 2)
migration from the ligand to the [Ni]-BChl central core. The indicates ultrafast excited-state relaxation. The calculated life-
results of the empirical approach and the HDFT/MK-ESP times of nonligated and biligated [Ni]-BChls (75 and 5800
calculations for [Ni]-BChilm are in very good agreement. Both  fs, respectively) are in good agreement with the measured
methods indicate migration of negative charge from the Im relaxation times in toluene and Py (100 and 200 fs, respectively),
moiety to the [Ni]-BChl upon ligation (0.3 vs 0.21 electron which validates our estimated lifetimes of monoligated [Ni]-
charge units) as well as an increase of the metal’s covalent radiussChl (153+ 6 and 235+ 10 for Im and Py, respectively).
(0.07 vs 0.085 A). Moreover, the HDFT calculations support  ppotogissociation of axial ligands was evident in the time-

the assumption that the negative charge is mostly localized at,ggq)ved difference absorption spectra of [Ni]-BChl in DE/Py.
the. molecule’s central core. The dlffgrence between the The good separation of the,@nd Q transitions of [Ni]-BChl
deficiency of electron density at the Im ligand (0.23 end and their sensitivity to axial ligation enabled observing the
the excess density at the [Ni]-BChl core (0.2 sndicates that  jncreasing absorption bands at 780 and 534 nm, respectively,
practically no electron density has been transferred to the BChl hich reflects the formation of photodissociated [Ni]-BChl.
7i-electron system. Additional experiments and corresponding Geminate rebinding of the axial ligands does not seem to occur
HDFT calculations on [Ni]-BChl with several other ligands are - yjhin the picosecond time range. As indicated by Musewald
currently being carried out in our labs. et al.5 the time constant for ground-state recovery is more than
The experimental approach presented in this paper predicts2 ns.
a similar increase in the net electronic charge around the metal
center (0.3 and 0.27 electron charge units for axial ligation of  (60) Musewald, C.; Gilch, P.; Hartwich, G.; Pollinger-Dammer, F.;
Im and Py to [Ni]-BChl, respectively). The good agreement gé:gier, H.; Michel-Beyerle, M. E1. Am. Chem. S0d999 121, 8876~
between high-level HDFT calculations and our empirical (1) Eom, H. S.; Jeoung, S. C.: Kim, D.; Ha, J. H.; Kim, Y.RPhys.
derivation of partial charges as described here has encouragedhem. A1997 101, 3661-3669. _ ‘
us to apply the empirical approach for studying complex lgg%Z)zgogb;Syflgsg:lL, T.; Straub, D.; Rentzepis, P.Rhotochem. Photobiol.
biological systems where ab initio methods are not directly " (63) Uesugi, Y.; Mizutani, Y. Kitagawa, T. Phys. Chem. A998 102,
feasible. Furthermore, whereas ab initio calculation is the most 5809-5815.

; ; iri (64) Drain, C. M.; Kirmaier, C.; Medforth, C. J.; Nurco, J.; Smith, K.
rigorous theoretical approach, our empirical method based onM_; Holten, D.3. Phys. Chemi996 100, 1198411093,

Qlectronegativity equa!izatiqn pffers both a quantitative descrip- (g5) The electronic states of [Ni-BChl are marki, ™(Y)Owhere X
tion of charge distribution within a molecule and an understand- denotes the macrocycle state (0, S, and T for ground, singlet, and triplet
ing of the driving force for this distribution. Since partial atomic ~ €xcited states, respectively), Y denotes the metal stétéo(da doubly

. occupied ¢ orbital and d,d for singly occupiedzdand de-y2 orbitals,
charges are not quantum mechanical observabfsa sys- respectively), and n and m indicate the overall and metal spin multiplicity,

tematic application of our approach to various ligands will respectively.

provide an experimental point of reference for different com-  (66) Hartwich, G.; Friese, M.; Scheer, H.; Ogrodnik, A.; Michel-Beyerle,
. i S . .. M. E.Chem. Phys1995 197, 423-434.

putational techniques whose aim is to resolve charge distribution (67) Bandilla, M.; Ucker. B.. Ram, M.; Simonin, |.; Gelhaye, E.;

McDermott, G.; Cogdell, R. J.; Scheer, Biochim. Biophys. Actd998

(59) Chermette, HJ. Comput. Cheml999 20, 129-154. 1364 390-402.
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Conclusion by their protein surrounding, and (iii) estimating the charge

[Ni]-BChl was found in three states of coordination. Axial density at catalytic metal centers in homogeneous catalysis.

ligation involves net charge migration from the ligand to the

BChl core, thus changing the metal’s effective charge. These Acknowledgment. This research was supported by a-JS
changes are reflected in the modified spectra of the BChl Israel binational science foundation grant (9800323), a sonder-
m-system and can be measured quantitatively. Such measureforschungsbereich grant (533), and the Wilisgt-Avron-
ments open the way for (i) estimating the electronic chemical Minerva foundation for photosynthesis.

potential of various ligands including those of biological

significance, (ii) accounting for the tuning of metal coenzymes JA993761E



