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DFT calculations using the B3LYP functional support the suggestion that the [(terpy)(H.0)Mn"(-0),Mn"(H,0)-
(terpy)]** (terpy=2,2":6,2"-terpyridine) complex functions as a synthetic O, catalyst. The calculated barrier for 0-0
bond formation with water is 23 kcal/mol. In this complex, as well as in models of the oxygen evolving complex in
PSII, the active species is a Mn'V-oxyl radical. From comparisons with inactive Mn"-oxo complexes, it is proposed
that radical formation is actually a requirement for O, formation activity in Mn-complexes.

I. Introduction Mn-phorphyrin dimeP. These synthetic complexes can either
be considered as early precursors for a large scale solar
energy conversion system or merely as tools that can be used

process takes place in the oxygen evolving complex (OEC) to increase t.he u.nderstandlng of photosynthess in plants.
in photosystem Il (PSII). Experimental data show that this T the goal is to increase the understanding g®@olution

is a tetramanganese complex, linked by several oxo-britiges, IN Photosystem Il (PSII), the most interesting s|\3//nthetic
and X-ray structures with increasing resolution are in C&talystis probably the Mn-complex [(terpy {B)Mn™ (u-

progresg:? Despite the wealth of experimental information ©)2Mn" (H0)(terpy)F™ (terpy = 2,2:6,2"-terpyridine)? It
available, the mechanism for this fundamental reaction is IS the active synthetic complex that is most similar to the
not yet fully understood. It is well-known that oxidation of ~OEC. with both complexes having Mn atoms linkedibgxo
water to Q takes place through a series of four one-photon bridges. Due to the structural similarities, it is reasonable to
one-electron transfer steps, taking the manganese COmme).pelleve that (}_O bond formation proceeds through similar
through the states,;$0 Si. From S, O is released, returning |nte.rmed|ates in the two complgxes. _ _
the complex to the Sstate. However, the nature of the highly ~ Limburg et al., who synthesized the active Mn-dimer,
oxidized states is still unclear, as are the details of th@d2O  Propose that the active state uH_D) bond forma_tlon, in the
bond formation reaction. synthetic complex as well as in the OEC, is the highly
Only a few man made biomimetic complexes can perform oxidized MrY-oxo state®. However, well characterized Mn
the task of catalytic @formation from water, mainly Ru- ~ 9X0 cc_)mgl_%xes exist that are not active in-O bond
and Mn-complexe$ Two truly catalytic Mn-complexes are ~ formation;® so formation of a highly oxidized Mfioxo

the Mn-dimer [(terpy)(HO)Mn" (u-O),Mn'" (O)(terpy)P+ state cannot be the only requirement for O bond forma-
(terpy= 2,2:6,2'-terpyridine¥ and ano-phenylene bridged tion. The true requirements for this fundamental reaction are
thus not yet known.

In their process of solar energy harvesting, higher plants
have developed the ability to form,Grom water. This

* Corresponding author. E-mail: marc@physto.se. Phohé6-8-55 37 The goal of the present investigation is to analyze the
87 06, Fax: 446-8-55 37 86 0. nature of the highly oxidized species and the requirements
(1) Yachandra, V. K.; Sauer, K. Klein, M. Ehem. Re. 1996 96, 2027~ ghly oxidiz p a
2950. for O—0O bond formation in Mn-complexes. The tool used

(2) Zouni, A.; Witt, H.-T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger, ; i ; ; i ;
W.: Orth. P.Nature 2001 408 739743, is density functional theory (DFT) with the hybrid functional

(3) Kamiya, N.; Shen, J. Reroc. Natl. Acad. Sci. U.S.2003 100, 98—

103. (7) Collins, T. J.; Gordon-Wylie, S. WJ. Am. Chem. Sod989 111,
(4) Rutinger, W.; Dismukes, G. CChem. Re. 1997, 97, 1—24. 4511-4513.
(5) Naruta, Y.; Sasayama, M.; Sasaki, Angew. Chem., Int. Ed. Engl. (8) Caollins, T. J.; Powell, R. D.; Slebodnick, C.; Uffelman, E.JSAm.
1994 33, 1839-1841. Chem. Soc199Q 112 899-901.
(6) Limburg, J.; Vrettos, J. S.; Chen, H.; de Paula, J. C.; Crabtree, R. H.; (9) MacDonnel, F. M.; Fackler, N. L. P.; Stern, C.; O'Halloran, T.J.
Brudvig, G. W.J. Am. Chem. So2001, 123 423-430. Am. Chem. Sod 994 116, 7431-7432.
264 Inorganic Chemistry, Vol. 43, No. 1, 2004 10.1021/ic0348188 CCC: $27.50  © 2004 American Chemical Society

Published on Web 11/25/2003



O—0 Bond Formation in Synthetic Mn-Catalyst

consistent with the reaction scheme presented in ref 6.
However, even if a numerical correction has to be introduced,
it seems clear that {Jormation with water really does occur
and that this reaction has a barrier that+s3lkcal/mol higher
than the barrier for @formation with oxone.

This theoretical study covers the step in the catalytic cycle
shown in black in Figure 1, i.e., the actuaHQ bond
formation step. In the present investigation, the electronic
structure of the highly oxidized intermediate is studied in
detail but not its formation. Furthermore, only-@ bond
formation with water is modeled, not the same reaction with
oxone. One reason for not studying the two oxone reactions
is that the major task is to find similarities between this
complex and the OEC, and for this purpose the reactions
with oxone are not relevant. Other reasons are problems

. ) . . encountered when modeling the negative oxone close to the
Figure 1. Reaction scheme for Qevolution by the Mn-dimer [(terpy)- ., . .
(H0)MnV (4-O)Mn" (H,O)(terpy)] adapted from ref 6. The present POSitive complex. In the calculations, the HOMO in the
theoretical study focuses on the species and the reaction step shown in blackpxone is an orbital with a positive eigenvalue, indicating that
the O-0 bond formation step. the electronic configuration of the total system is not well
B3LYP.19!1 The advantage of theoretical methods is the described. ; . -

ik ! X . c When comparing the theoretically calculated barrier for
relative ease _Wlth yvh|ch different _OX|dat|on _states aqd 0—0 bond formation to the experimentally determined
electronic configurations can be studied. DFT with a hybrid 5 e it should be noted that according to Limburg et al.
functional, e.g., B3LYP, is the only theoretical method with it is the formation of the M¥-oxo intermediate that is the
sufficient accuracy that can treat the large models required rate-limiting step of the reaction, a step that is not modeled

in this study. in this study. This means that the barrier fog formation

Assuming Fhat a formal Mfioxo state is ipvolved in©0 with oxone must be lower than 18 kcal/mol and the barrier
bond formation, the calculated electronic structure of the for O, formation with water should be lower than 491

synthetic complex with this oxidation state is compared t0 | 51/mol.

the electronic stru_cture of the other kqown active Mn- The O evolution reaction in the OEC has previously been
complex, the OEC in PSII. These two active COMPIEXES are yoataq theoretically at different levels of theory. A previous
then compared to two inactive Mroxo complexes, trying B3LYP study of a model of the OEC suggested an oxygen
to find a dividing factor between active and inactive radical mechanisi?3 In that mechanism, the highly

complexes. The ©0O bond formation reaction for the iqied MrY-oxo state never appears; instead, a'vbxyl
synthetic complex is then studied in detail. This is required radical is formed in § The MrV-oxyl radical state has the
to show that the ©0 bond can form from water with @ same formal oxidation state as the Woxo state but a

reasonable barrier. _A good match between the e?(pe”ment""ldifferent electronic configuration. This radical state was
and calculated barrier would support the conclusion that the ¢ ,nd to be active in ©0 bond formation. at least in that

synthetic complex really can be regarded as a reasonablg,,qe| of the OEC. Another B3LYP study treating a simpler
model of the OEC. Mn-dimer model also found that oxidation of a M(u-O),-

In their paper, Limburg et al. propose a reaction scheme 1w species oxidizes an oxygen to a radical rather than any
for oxidation of water by the synthetic Mn-dim&in that of the MY species to MK.14

scheme, which is outlined in Figure 1, the active Mn-dimer
is oxidized by the oxygen-atom transfer reagent oxone
(HSQy), from a MrlV-Mn!" state to a MiY-MnV-oxo state.
After formation of the MY-oxo intermediate, the oxo group All calculations in this investigation were made using the DFT
in this intermediate can form {y reacting with either water  hybrid functional B3LYP>11The B3LYP functional can be written
or oxone. The measuréd,.x for O, formation is 2420+ as

490 mol @ h™* mol™*. Using transition state theory, this

roughly corresponds to a reaction barrier of 18 kcal/mol. By F*>1"" = (1— AR+ AFF + BFE**+ CF'" + (1 - Q)R ™™
performing the reaction with oxone containing #® isotope

and water labeled with tH8O isotope, O-O bond formation ~ Where F2*® is the Slater exchangds," is the Hartree-Fock
with water can be distinguished from the competing reaction eXChangLeYExB_eCkeiS the gradient part of the exchange functional of
with oxone. The results are complicated by exchange Becke\,/a?\‘ .|s the correlatlgn functhnal of Lee, Yang, ar.1d Parr,
between water and the oxo group in the intermediate, andand F¢ is the correlation functional of Vosko, Wilk, and
the relative amounts ofO,, %40,, and 2¢O, are not fully

[I. Computational Details

(12) Siegbahn, P. E. Mnorg. Chem.200Q 39, 2923-2935.

(13) Siegbahn, P. E. MCurr. Opin. Chem. Biol2002 6, 227—235.
(10) Becke, A. DJ. Chem. Physl1993 98, 1372-1377. (14) Aullon, G.; Ruiz, E.; Alvarez, SChem. Eur. J2002 8, 2508-2511.
(11) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. (15) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.
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Nusairl® A, B, andC are the coefficients determined by Becke
using a fit to experimental heats of formation, where the correlation
functionals of Perdew and WaHgvere used instead &' and

F:'" in the expression above. The accuracy of the B3LYP method
has been estimated using several benchmark tests, most recently
the extended G3 set (376 entries). Including only the 301 entries
that are most relevant when only a few bonds are formed or broken,
the B3LYP functional has an average error of 3.29 kcalftfol.

It has been claimed that the B3LYP functional favors high spin
states over low spin states. As seen in the definition above, the
B3LYP functional contains an HF exchange term. In HF calcula-
tions, high spin states are favored since contributions from Fermi
correlation are included in the calculation of exact exchange while
contributions from Coulomb correlation are not. Recently, it has
been suggested that the energy splitting between different spin states
in an iron complex is more accurately described if the coefficient
in front of the HF exchange term in the B3LYP expression (A in
the B3LYP formula above) is decreased from 0.20 to @%IEhis
modification of the functional has been used when investigating
the ground state of the oxidized complex and to calculate modified Figure 2. Optimized structure (full model) of the oxidized state of the
reaction barriers. active complex [(terpy)(ED)Mn"V (u-O),Mn'V (O*)(terpy)]. Distances are

The coordinates of the Mn-complex were obtained from the given in A, and spins are taken from Mulliken spin populations using the
Cambridge Crystallographic Data Centre as entry CCDC 11278g, 'ani2dz basis set.
The crystallized complex is in the M-Mn'" oxidation state, but
in the X-ray structure the two Mn-atoms appear to be identical since
they are on inversion centers. Despite the difference in oxidation
states, the X-ray structure is used as a starting point for the
optimization of the oxidized MM—MnV state.

The oxidized complex consists of 66 atoms, out of which 44 are
heavy atoms. A full model of the oxidized complex, in this paper
referred to as the large model, is shown in Figure 2. To decrease
the computational effort, especially for Hessian calculations, the
complex was modeled by 42 atoms by removing parts of the
terpyridine ligands. This model, in this paper referred to as the
small model, is shown in Figure 3. Most of the results reported
in this paper are obtained using the small model. The large
model has only been used to add corrections to the energy profile
for the G, formation reaction, originally calculated using the small
model.

Some changes occur when going from the large to the small
model. Mulliken spin populations change by 0.10 and less, and

- Figure 3. Optimized structure of a small model of the active complex in
the core Mr-O distances change by up to 0.04 A. Selected the oxidized state. Compared to the large model of the complex, parts of

distances and spin _populations for the qxidized fqrm of the WO the terpyridine ligands have been removed. The maximum difference
models are shown in Table 1. The relative energies of different between the small and the large complex is 0.10 for spin populations and
spin states are also affected to a minor extent. In both models, there0.04 A for distances. Distances are given in A and spins are taken from
is significant spin on oxygen (O3 in Figure 2). In the large model, Mulliken spin populations using the lani2dz basis set.

the state where the spin on O3 is aligned antiparallel with the spin
on the closest Mn (Mn2) lies 4.7 kcal/mol (lacvp basis set only)  the calculation of the activation barrier involves finding a fully
below the state where the spins on O3 and Mn2 are parallel. In timized transition state, and for this purpose a Hessian calculation
the small model, the corresponding value is 5.6 kcal/mol. The g required. To enable these calculations in a reasonable time, the
error of 0.9 kcal/mol when using the small model is considered gy complex is used in the calculation of the reaction energy
tolerable when discussing energy differences between different SPiNprofile. Solvent, large basis, zero point, and thermal effects are all
states. calculated using the small model. In the calculations of the O
- ] ) formation reaction with water, a minor problem occurs in the small
(17) Perdon. 3. P Wano, Phys. e, B 1005 45, 13044 13540 Perdew,  Model. The water molecule participating in the-O  bond
J. P. InElectronic Structure of Solig&Ziesche, P., Eischrig, H., Eds.; formation forms an artificial hydrogen bond to an-N proton
Akademie Verlag: Berlin, 1991. Perdew, J. P.; Chevary, J. A.; Vosko, that does not exist in the large model of the complex. To correct

S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; Fiolhai®lys. . . .
Rev. B 1992 46, 66716687, for this error and possibly other errors resulting from the use of a

(18) Curtiss, L. A.; Raghavachari, K.; Redfern, R. C.; Pople, J.A&hem. small model, the large model is used in optimizations with the

Phys.200Q 112, 7374-7383. reaction coordinates frozen from the smaller model. Single point
(19) ?;fl%esr, M.; Salomon, O.; Hess, B. Aheor. Chem. Ac001, 107, calculations with the modified B3LYP functional proposed by
(20) Limburg, J.; Vrettos, J. S.; Liable-Sands, L. M.; Rheingold, A. L.; Reiher et al® are used to estimate the sensitivity of the calculated

Crabtree, R. H.; Brudvig, G. WSciencel999 283 1524-1527. barriers to the functional form.
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Table 1. Selected Core Distances and Mulliken Spin Populations for the Large and the Small Model of the Oxidized Form of the Active Mn-Dimer

spin population distance (A)
Mnl Mn2 03 04 05 Mn2-O3 Mn2—-04 Mn2—-05
large complex 2.79 —-2.83 0.89 —0.05 0.12 1.77 1.85 1.97
small complex 2.74 —2.73 0.86 —0.08 0.16 1.76 1.83 1.96

aSpin populations are calculated with the lanl2dz basis set.

Geometries are optimized using a doublbasis set, either the  for antiferromagnetic coupling between the two Mn-centers stays
lanl2dz or the lacvp basis set. The lanl2dz basis set is a d95 basisapproximately constant during the reaction studiedJ-%alue
set! with a nonrelativistic ECP (effective core potenttéafior the correction is also calculated between a high spinvMenter and
manganese atoms. The lacvp basis set uses the same ECP but an oxyl radical. The calculatedtvalue is 3.74 kcal/mol, and the
based on the 6-31G basis set. Optimization with a small basis setJ-value correction for the splitting between the parallel and
has been shown to be sufficient since the final energy is rather antiparallel spin solution is calculated to be 1.87 kcal/mol. This
insensitive to the quality of the geometry optimizatféithe lanl2dz value is included in the energy difference between the active species
basis set is used for the Hessian calculations. Optimized equilibriumwith low spin and the active species with high spin. It is assumed
structures are accepted if the Hessian only has positive eigenvaluesthat this correction does not change significantly during the redox
Transition states (TS) are also obtained by full optimizations and reaction either. No separalevalue corrections have been performed
are characterized by a single negative eigenvalue of the Hessianfor transition states and intermediates.

The Hessians are also used to estimate zero-point, thermal, and

entropy effects on the relative energies. Following the geometry |||. Results

optimization, the electronic energy is calculated using the lacv3p**

basis set with polarization functions added to all atoms. The lacv3p Illa. Electronic Structure of the Highly Oxidized
basis set is of triplé-quality and uses an EGHor the manganese ~ Complex. The present investigation largely follows the
atoms. The calculations in this investigation are performed with reaction scheme proposed by Limburg €t @hey suggested
the programs Jaguérand Gaussian98. that the active species in-@ bond formation for the

The part of the solvent that is not explicitly included in the gynthetic complex is the MA-MnV-oxo state. In principle,
model is treated as a homogeneous medium with a dielectric there exists a large number of different spin states for a
constar_lt of 80, to mimic the p_ropertles of solvent water. All so_lvent complex with these formal oxidation states, and the first
corrections are calculated using the PoissBnltzmann solver in computational task is to identify the electronic structure of

Jaguars .
Finally, DFT does not correctly describe the spin-coupling in the state with the lowest energy.

open shell antiferromagnetic states. To be able to correct the energy 10 Simplify the discussion, the formal Mroxo species

of the low-spin state, states with both the highest and lowkst IS first discussed separately, without including the second
values should be calculated.Jvalue can then be obtained using Mn center of the dimer. A Mhion has two electrons in the
the Heisenberg Hamiltonian formalisifin principle, the correction ~ 3d-orbital, making up a possible low spin singlet state, termed
should be applied to all states with antiferromagnetic coupling. The S1, and a high spin triplet state, termed T1. These two states,
J-value for the two high-spin MHK-centers in the active species and other spin states for the formal Moxo species, are
(see Figure 3) is calculated to be 0.67 kcal/mol, andJtvalue shown schematically in Figure 4. Starting from T1, an
correction for the splitting between ferro- and antiferromagnetically alternative triplet state can be formed if one of the bonding
coupled dimers is 0.99 kcal/mol. The correction is almost the same . . o
(1.01 kcal/mol) if the second center also includes the spin on the elnectr?n E)ralrrls beiaNeten I\r;r?nvgvi?ehsi andn(])xyglyN(/eln Iﬁ;?gt’ with
oxyl radical. In the present study, it is assumed that the correction gtheeretgcoxc;/gegr:) V\?hi(?h be(,:omecs aneg)c()yl ?as dinT This ztate
(21) Dunning, T. H., Jr.; Hay, P. J. IMethods of Electronic Structure 1S termed T2. The difference compared to the first triplet

Theory, Modern Theoretical Chemisti§chaefer, H. F., Ed.; Plenum  state T1 is in the distribution of unpaired spins on Mn and
Press: New York, 1976; Vol. 3, pp—128.

(22) Hay, P. J.: Wadt, W. RI. Chem. Phys1985 82, 299-310. O, as indicated by their Mulliken spin populations. The

(23) Siegbahn, P. E. M. IlNew Methods in Computational Quantum  Mn—O bond distance is also longer in the radical triplet since

Mechanics, Adances in Chemical PhysicBrigogine, I., Rice, S. A., ; ; ; ;

Eds.; Wiley-Interscience: New York, 1996; Vol. XClIIl, pp 33387. the Mn—O bo”q order is reduce,d' From this trlplet radical
(24) Jaguar 4.1; Schdinger Inc.: Portland, OR, 19922000. state T2, the spin on the oxyl radical can be reversed to make
(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, jt parallel to the three spins on Mngiving a total of four

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; llel . . .

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, Paraliel spins, 1.€., a quintet, termed Q.

A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, In an analogous fashion, an oxyl radical state S2 can be

V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; . . . ..
Ciifford, S.; Ochterski. J.; Petersson. G. A.; Ayala, P. Y.; Cui, Q.; formed from the low spin singlet state S1, if the oxyl spin is

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;  antiparallel to the spin on Mhand a triplet state T3 if the

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; ; B ;
Liashenko, A.: Piskorz, P.: Komaromi. |.: Gomperts, R.: Martin, R. spins are parallel. All these states are shown in Figure 4.

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, In the Mn-dimer, the six different spin states of the formal
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G, \nV-oxo species combine with the spin of three 3d electrons
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, P . . . P .
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998. of the Other M onin th? dimer. The M ion can form
(26) lzarrl]ncrlr, E;- JR;_Marttlag, B’\-/;| Mér%féy, ge.;\/\l/:rlgsnﬁlr,ﬁ. A %tkgff, D.; alow spin and a high spin state, and the two Mn ions can
ICholls, A.; Ringnalda, M.; Godaard, . AL, NI Ronig, B Am. : . . - .
Chem. $0¢1994 116, 11875-11882. couple either ferromagnetically or antiferromagnetically. This

(27) Noodleman, L.; Case, D. Mdwv. Inorg. Chem1992 38, 423-470. gives a total of 24 different spin states for the dimer.
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Table 3. Mulliken Spin Populations for the Small Model of the
Reactant in the ©0 Bond Formation Reactién

atom labels from Figure 3

calculation Mn1l Mn2 03 04 05 06
basic model 274 —-273 0.86 -—0.08 0.16 0.00
modified functional 2.66 -2.58 0.75 -0.07 0.17 0.00
neutral model 272 —-265 084 -0.13 0.17 0.00
solvent 276 —-2.74 084 -0.07 014 0.01
large basis 280 —2.77 0.82 -0.06 0.15 0.00

a2The model has been modified to test the amount of radical character
on the oxyl radical (O3 in Figure 3). Spin populations are calculated with
the lanl2dz basis set, except for the solvent calculation where the basis set

. . . . is lacvp and the large basis calculation where the basis set is lacv3p**.
Figure 4. Possible spin states for a formal Nhoxo species when oxyl

radical states are considered. Arrows symbolize unpaired electrons. The Testing the Oxyl Radical State.Studying the states in
spin state labels are those referred to in the text. Table 2 more carefully, there is not a single Yoxo state.

Table 2. Nine Possible Spin States for the Formal 'XtaMnV Dimer, All Mn V-oxo states are on the same spin surface as 'd-Mn
Including Oxyl Radical Statés oxyl radical state, and if the structures are fully optimized
) ) ) relative the most stable of the two in all these cases is the oxyl radical
formal spin Mulliken spin energy L .

I state. However, it is possible to get more oxo character by
no. multiplicity Mnl1 Mn2 O3 Mnl Mn2 03 (kcal/mol) . . .
T doublet s 3 1 273 273 o085 .00 restricting the Mr-O distance. In the fully optimized

u - . —Z. . . . . .
> sextet 3 3 -1 272 273 -080 4304 complex, the Mr-O dlsta}nce is 1.76 A (see Figure 3). If
3 doublet -3 3 1 -279 255 120 +5.62 the Mn—O bond length is frozen to 1.60 A, the spin on
4 octet 3 3 1 271 263 1.23+10.04 oxygen drops from 0.86 to 0.56 (lanl2dz basis set), but the
5  quartet 3 -1 1 260 -052 0.83 +11.90 . keal/mol. Sh | h
6 doublet -1 3 —1 151 268 077 41977 energy increases by 5.4 kcal/mol. Shorter _bond engths
7 quartet 3 1 -1 271 101 -055 +420.00 increase the energy further and when the restricted structures
8  quartet 1 3-1 077 263-077 +20.55 are released, they return to the Whoxyl radical state with
9  doublet 1 -1 1 165 —047 —0.90 +26.13

a bond distance of 1.76 A. In the present calculations the
s o e o st o oman s Ol radical sate isclatly the most stable fr his complex
geea:metry optimigzations ofgthe small Enod%lr()Figure 3) using the lacvp basis It could be argued that the present method and model have
set. Energies do not includevalue corrections or corrections for solvent, @ tendency to overestimate the radical character and that the
zero-point, and thermal effects. Formal spins with integral numbers are gxy| radical therefore is an artifact of the method. Since the
assigned to facilitate the rationalization of the different spin states. results of the present investigation suggest that the formation
However, not all these states appear as minima on theof an oxyl radical is a requirement for-@D bond formation,
potential energy surfaces if the structures are geometryit is important to analyze the situation further. Therefore,
optimized. As an example, for a Mroxo species, the triplet  several tests of both method and model have been performed.
state with high spin on Mn (T1 in Figure 4) is converted They are all described below, and the effects of the
into the MnV-oxyl radical state (T2 in Figure 4) without an maodifications on the Mulliken spin population of the oxyl
energy barrier upon geometry optimization. After this radical species are summarized in Table 3.
consideration, there are still 16 different spin states for the  Test 1.As discussed in the Computational Details section,
dimer. Table 2 lists nine of these. The missing spin statesit has been claimed that the B3LYP functional favors high
have low spin on one or both Mn atoms and should therefore spin states over low spin states due to the effect of the HF
have a higher energy than at least the first eight states inexchange term. Changing the coefficient in front of the HF
Table 2. exchange term in the B3LYP expressidhifl the B3LYP
From the relative positions of the different spin states in formula in the Computational Details section) from 0.20 to
Table 2, two rules can easily be observed. As expected, the0.15, as proposed by Reiher et ‘dlwould decrease the
spins on two neighboring centers are preferably antiparallel, tendency of the calculations to show radical character for
and high spin is preferred over low spin on an individual the terpyridine complex. If the structure is reoptimized with
center. Accordingly, the most stable state is an antiferro- the modified functional, the spin on oxygen decreases from
magnetically coupled dimer with two high spin Mnand 0.86 to 0.75, but this is still a significant radical character
an oxyl radical on the terminal oxygen with its spin on oxygen. At the same time, the Mi® distance decreases
antiparallel to the closest Mn. The Mulliken spin population slightly (from 1.76 to 1.73 A). These results can further be
on oxygen is not exactly 1.0 but 0.85 (lacvp basis set). compared with calculations without any contribution from
However, this is definitely more radical than oxo character, HF exchange. If the HF exchange contribution is set to 0.0
and the species will be termed an oxyl radical throughout in a modified B3LYP functional, the spin population on
the text. The spin on the closest Mn+2.73, which is close  oxygen is 0.45 for the original B3LYP geometry but drops
to the expected spin for a NMhion. These calculations to —0.25 (parallel to the spin on Mn) during geometry
therefore indicate that the active state of the synthetic optimization. At the same time, the Mi©O distance decreases
complex is a MfY-oxyl radical state and not a Mroxo state, to 1.62 A. The nonhybrid BLYP functional gives a spin
as proposed by Limburg et al. population of 0.50 on oxygen for the original B3LYP
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geometry. During geometry optimization, this spin population
drops to—0.07, and the MrO distance becomes 1.64 A.
There are thus significant differences between results with
and without contributions from HF exchange. However,
benchmark tests consistently show that the hybrid functional
B3LYP performs better compared to the nonhybrid BLYP
functional. In the benchmark test described in the Compu-
tational Details section, the mean absolute deviation is 3.29
kcal/mol for B3LYP and 6.17 for BLYP. Looking at all 376
entries in the G3/99 test, the mean absolute deviation is 4.27
kcal/mol for BALYP and 7.60 for BLYP. A relevant example
for Mn is the calculation of the terminal-€H bond strength
of the permanganate ion Ma(@H)~. The estimated bond
strength from experiment is 80 3 kcal/mol?¢ B3LYP gives
a reasonable result of 77.2 kcal/mol while BLYP gives an figyre 5. MnY-oxo complex inactive in @formation? It has a tetraamide

O—H bond strength of 59.5 kcal/mol, approximately 20 kcal/ ligand and square pyrimidal coordination. Distances are given in A. The
mol lower than the experimental valge. computed distances agree well with those determined from X-ray structures.

. . The most stable state is a closed shell singlet state, in full agreement with
Test 2. The nominal charge of the complex 3, and experiment. 9 9

since counterions are not included, the computational model
has the unusually high charge #8. This positive charge  common feature of the present terpyridine model complex
creates a strong Coulomb attraction that may attract periph-and different models of the OEC in B3LYP calculatidd$*
eral electrons, thus creating artificial radicals. This could be To test if the B3LYP treatment always leads to a preference
the case for the radical Mfroxyl state, where an electron  for the oxyl radical state, independent of the type of Mn-
has moved from a terminal bond to the highly charged Mn complex, the attention was turned to some experimentally
ion. To test this, three negative counterions were added towell characterized Mroxo complexes, known to be low
the model. In the computational model,; @bns were chosen  spin . Two of these MM-oxo complexes, known to be
as counterions instead of the BiQons as in the experiments.  inactive in Q formation, were selected for investigatioh.
After optimization, one Cl ion is hydrogen bonded to the The first inactive complex investigated has a tetraamide
water molcule (O6 in Figure 3) while the other two are [igand, forming a square pyramidal Mioxo complex (see
hydrogen bonded to amide protons (at N9 and N12 in Figure Figure 5)? The second one has a bis-amido bis-alkoxo ligand,
3). In the neutral model, the spin on oxygen is almost and the geometry is again square pyramidal (see Figute 6).
unchanged compared to the charged model, 0.84 comparedhpart from information about the ground state, which in both
to 0.86. cases is known to be low spin, the X-ray structures of the
Test 3.Using a similar argument as above, a gas phasetwo complexes are also available.
calculation does not shield the electrostatic interactions In these cases, the computational results can be compared
properly and may therefore favor the Mroxyl state to reliable experimental data for geometry and spin states, a
compared to the Mfroxo state. The complex was therefore possibility that does not exist for the two active complexes,
reoptimized in a water solvent, treated as a homogeneousthe OEC and the synthetic complex investigated in the
dielectric medium. This treatment does not change the spinpresent study. The investigation also makes it possible to
on oxygen significantly; the Mulliken spin population of the  compare the results for active and inactive complexes, and
oxyl radical in a water solvent is 0.84 (lacvp basis set).  find differences between the two types of complexes that
Test 4. The double basis set is a rather small basis set, can help to understand the mechanisms for@ bond
and it can be argued that increasing the number of basisformation.
functions on each atom might increase the ability of oxygen  As discussed above, the possible spin states for a nominal
to keep a high partial negative charge. However, a single MnV-oxo species, if oxyl radical states are included, are
point calculation using the larger lacv3p** basis set did not singlet, triplet, and quintet. First, for the complex with the
show any significant change in the Mulliken spin population tetraamide ligand, the singlet (low spif) dnV-oxo state is
on oxygen (Mulliken spin of 0.82). the most stable, in agreement with experiment. The calculated
From these results, summarized in Table 3, it is clear that Mn—O distance is 1.559 A, which is in good agreement with
the amount of unpaired spin on oxygen is rather independentthe experimental distance of 1.555 A. This is much shorter
of the model. Together, the results suggest that the activethan the 1.76 A calculated for the Mi© bond length in the

synthetic complex is better described as &'Moxyl radical  active terpyridine complex. The results are summarized in
state than as a Mroxo state. Table 4.
Inactive MnV-Oxo Complexes.The preference for an A triplet state is found 13.1 kcal/mol above the singlet.

oxyl radical state over a MRoxo state seems to be a However, in contrast to the active complex, the triplet state
. is still mainly a Mr¥-oxo state, as seen by the relatively low
(28) Gardner, K. A.; Mayer, J. MSciencel995 269, 1849-1851.

(29) Siegbahn, P. E. M.; Blomberg, M. R. Annu. Re. Phys. Chem. Mu”iken .spin population of t'he oxygen.—(O.23). The
1999 50, 221-249. increase in MR-O bond length is small, going from 1.559
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Table 4. Relative Energies, Selected Distances, and Spin Populations of Singlet, Triplet, and Quintet States for Two Inde®® I@omplexes
Experimentally Known to Be Low Spin Singléts

spin population distance (A)

energy
ligand multiplicity Mnl 03 N1 N2 N3 N4 MntO3 Mnl-N1 Mnl-N2 Mnl-N3 Mnl-N4 (kcal/mol)
tetraamide singlet 0.00 0.00 0.00 0.00 0.00 0.00 1.56 1.90 1.90 1.90 1.90 0.0
tetraamide triplet 197 -0.23 0.03 0.03 0.07 0.07 1.63 1.92 1.92 1.90 1.90 13.1
tetraamide quintet 2.57 0.72 0.11 0.11 0.08 0.08 1.73 1.93 1.93 1.89 1.89 19.5
spin population distance (A) energy
ligand multiplicity Mnl1  O5 N1 N2 03 04 MntO5 Mnl-N1 Mnl-N2 Mnl1-03 Mnl-04 (kcal/mol)
bis-alkoxo bis-amido singlet 0.00 0.00 0.00 0.00 0.00 0.00 1.56 1.89 1.89 1.83 1.83 0.0
bis-alkoxo bis-amido triplet 2.04 -0.16 —-0.06 0.01 0.12 0.02 1.62 1.90 1.94 1.84 1.80 4.3
bis-alkoxo bis-amido quintet 2.50 0.79 0.05 0.16 0.15 0.02 1.74 1.93 1.94 1.84 1.85 12.4

aSee refs 7 and 9. Labels refer to Figures 5 and 6, respectively. Distances and Mulliken spin populations are obtained after optimizations uping the lac
basis set. Relative energies are calculated with the lacv3p** basis set and include solvent effects.

Figure 7. Model reactant for ©O bond formation. Note that, in this
model, the water molecule accepts two hydrogen bonds from the ligand,
but these hydrogen bond donors are not present in the large model of the
complex. Distances are given in A, and spins are taken from Mulliken spin
populations using the lanl2dz basis set.

lllb. © —O Bond Formation with Water. Before dis-
Figure 6. MnV-oxo complex inactive in @formation? It has a bis-alkoxo cussiqg similarities -between the- OEC and the Oxyl radicgl
bis—amid-o ligand and square pyrimidal coordinatidn. Distances are given Stat.e in the §ynthetlc co_mplex, It_ mqst be sh'own.that this
in A. The computed distances agree well with those determined from X-ray radical species actually is an active intermediate in the O
structures. The most_stable state is a closed shell singlet state, in full formation reaction with water. The computational task is
agreement with experiment. therefore to determine the activation barrier for the @
bond formation reaction.

to 1.563 A. The oxyl radical state appears first for the quintet  In the reaction, a water molecule, or possibly a hydroxide
state (Mulliken spin on oxygen of 0.72), but this state lies ion, should form an &0 bond with the oxyl radical of the
19.5 kcal/mol above the singlet. The M@ distance is 1.726  complex. A single water molecule was therefore added to
A, which is similar to the oxyl radical state in the active the small model of the terpyridine complex (see Figure 7).
complex. During the G-O bond formation reaction, the water molecule

The results for the second Mioxo complex with a bis- must lose one of its protons to a base. In the computational
alkoxo bis-amido ligand (see Figure 6) are similar to the model, the base is one of the bridging oxygens (04 in
results presented above. Splittings between energy levelsFigure 7). During the reaction the Mn having an oxyl ligand
bond distances, and Mulliken spin populations differ slightly, (Mn2) receives an electron from the oxyl radical and is
for details see Table 4, but the low spin K4axo is clearly reduced to MH.
the most stable one, in agreement with experiment. For these The previous analysis of the different spin states of the
complexes, there seems to be agreement between experiactive species showed that the three spins ol Mnd the
mental and computational data. The results also show that aspin on the oxyl radical are preferably antiparallel, together
B3LYP treatment is able to give a Mroxo species and does forming a triplet state. Note that the spin of the second Mn
not always prefer a radical species. (Mn1 in Figure 7) does not change during this reaction and
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these spins are therefore not included in this discussion. If
the electron is transferred from the oxyl radical to the active
Mn, this results in a triplet M. However, it can be expected
that MA" with its d* configuration prefers to form a high
spin quintet state. The low energy reactant, which has
antiparallel spin between the three electrons orVMimd
the electron on the oxyl radical, is thus not directly
electronically connected to the most stable product, where
the spins of these four electrons are parallel.
The more stable high spin product can be reached by spin
flipping in the triplet Md" product. Another alternative
reaction path is to start from the excited high spin reactant,
where the three spins on Ninand the spin on the oxyl
radical are already parallel, and perform the reaction from
this species.
As mentioned above, the spectator Mn (Mn1 in Figure 7)
is not considered in the discussion of the two different spin
surfaces. It remains high spin Mrthroughout the reaction,
with its spins coupled antiparallel to those on Mn2. The
analysis of different spin states in Table 2 shows that any
other configuration of the spins on Mn1 results in a higher Figure 8. Model reactant for the ©0 bond formation using the large
energy. Since the spins on Mn1 are not believed to have amodel of the complex. This model has been used to calculate corrections
large influence on the relative energy of the TS compared Elt_)hteh?n%r;tari?ny surface obtained by detailed calculations on the small model.
portant difference is the position of the water molecule, now
to the reactant, nothing is gained by adding Mnl to the donating a hydrogen bond to the bridging oxo group (O4). Distances are
discussion. The terms antiparallel and parallel therefore referdiven in A, and spins are taken from Mulliken spin populations using the
. . . lanl2dz basis set.
only to the spins on the active Mn (Mn2) and the oxyl radical
(03).
The attention is first turned to the reaction on the
antiparallel spin surface, starting at the ground state of the
reactant. In the large model, the water molecule donates a
hydrogen bond to the-oxo group in the reactant (see Figure
8). The reaction proceeds by approaching the oxygen of the
water molecule (O44) toward the oxyl radical (O3). As the
O—0 bond is formed, the water molecule must lose one
proton. In the model, the proton that initially forms a
hydrogen bond to thg-oxo group (04) will be transferred
to this group. At the same time, Mn (Mn2) is reduced by
accepting an electron from the oxyl radical, going from"Min
to Mn"". In contrast to high spin Mh, the low spin MH'
that I,S fo_rmed does not have a Jafireller aX,IS ,S,O the Figure 9. Fully optimized TS for the GO bond formation reaction on
coordination geometry of Mhdoes not change significantly.  the antiparallel spin surface. The calculated reaction barrier is 23.4 kcal/
In the antiparallel reaction that forms a low spin 'Mthere mol. Distances are given in A, and spins are taken from Mulliken spin
are only two major reaction coordinates, the -@344  PoPulations using the lani2dz basis set.
distance and the ©H distance in water. A TS with a single
imaginary frequency was found at 23.4 kcal/mol above the state which is believed to be fast due to a large spirbit
reactant, see Figure 9. All effects on the height of the TS coupling on the metal.
barrier are shown in Table 5. The TS appears rather late The alternative reaction path starts with a reactant where
along the reaction coordinate since, on this spin surface, thethe spins on the oxyl radical and the Mrare parallel. This
reactant is more stable than the product. This is manifestedspin configuration lies 8.8 kcal/mol higher in energy than
in the short G-O distance, which is as short as 1.69 A in the antiparallel reactant. Note that this value includigalue
the TS. The G-H distance is still very short (1.05 A). At  corrections as well as corrections for solvent, zero-point, and
this point, most of the spin has been transferred to Mn2 which thermal effects. The value is therefore slightly different from
has a spin of—2.11 while 0.10 remains on the oxygens, the one reported in Table 2 which only includes the electronic
mainly O44. After the TS, triplet Mt (Mulliken spin of energy from a small basis set calculation.
1.91) is formed 19.1 kcal/mol above the reactant. The Proceeding along the parallel spin surface,“Whurns
Mulliken spin populations of all species are shown in Table into a high spin MH. On this surface, the TS is difficult
6, and the energy surface is shown in Figure 10. From thisto find, and one reason for this is that high spin'Mis
low spin product, the spin on Mhcan flip to a high spin ~ Jahn-Teller active. Ligands along the Jahieller axis are
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Figure 10. Energy diagram for the ©0 bond formation reaction. The two energy surfaces represent the antiparallel and the parallel spin surface, respectively.
The location of the crossing between the two spin surfaces has not been determined.

Table 5. Calculated Reaction Barrier for-dD Bond Formation Including Correctichs

spin surface small basis large basis solvent thermal model size exchangeJ-value corr sum
antiparallel 22.74 +5.39 —-0.24 +0.10 —-3.14 —1.48 0.00 23.37
parallel 28.35 +0.93 2.04 -3.15 —3.53 +1.07 1.87 27.58

aThe table shows calculated values for the parallel and the antiparallel spin surface.

Table 6. Mulliken Spin Populations (lanl2dz Basis Set) and Relative from 2.02 A in the reactant to 2.27 A in the product 'Mn
Energies for Reactant, TS, Intermediates, and Product Involved in the state. This change in Iigand distance must be included in
O—0 Bond Formation Reaction ) . . . "

the reaction coordinate to find the transition between the

Spin population energy reactant and the product 2D energy surfaces. An initial
Ml Mn2 O3 04 OS5 Od4keal/mol) Hessian is then calculated at a geometry where the Mulliken

antiparallel reactant  2.75-2.73  0.84—0.06 0.13 0.00 ~ 0.0 spin is between the values expected for'vamd Mri'. From
P TS s S50 15 90 0% 020010 B4 s Hossian,it s possibe 0 locae the TS. I the TS, te
parallel reactant —2.79 258 1.19 0.03-0.06 0.00 8.8 Mn—N distance is 2.14 A (see Figure 11). This TS lies at
parallel TS —2.60 348 0.39-0.12-0.28 0.10 27.6 27.6 kcal/mol above the antiparallel reactant, and this is

parallel product  —2.47  3.85-0.06 ~0.06 ~0.42 0.04 8.9 higher than the TS on the antiparallel surface. The spin on

) _ ) Mn (Mn2) is 3.48, which is halfway toward Mh and a
weakly bonded with very long metaligand bond distances.  gpin of 0.39 remains on the previous oxyl radical (03). In

Therefore, the reaction coordinate must include a large the TS, the G-O bond is 1.87 A, which is much longer than
change in ligand distances along the Jaffieller axis.  for the antiparallel TS. As can be seen in Figure 11, the
Simply decreasing the €0 distance and increasing the proton on water shows no tendency to leave for the bridging
O—H distance from the reactant does not lead to the desiredoxo group in the TS. However, after passing the TS, the
product, only to a very high energy Mrstructure. Starting  hydrogen goes to the bridging oxo group without any barrier
from the product and approaching the reactant leads to aduring the geometry optimization. The product is the high
completely different 2D energy surface, now staying at spin Mn"-OOH product discussed above, see Figure 12. As
Mn"" independent of the ©0 and C-H distances. It is  expected, this state is 10.2 kcal/mol more stable than the
necessary to involve several Miigand distances as well  low spin product.

to locate the TS. Consideration of the Jafireller axis of The energy profiles of both the parallel and the antiparallel
the high spin MH' species is the most important. The Jahn  reaction surfaces are shown in Figure 10.

Teller axis is preferentially aligned to include only the Without inclusion of spir-orbit coupling, there is no
terpyridine ligand. The Mn2N ligand distance increases connection between the two spin surfaces. However, the
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analyzing and testing some arguments for why the calcula-
tions possibly could have an exaggerated tendency to display
radical character, the conclusion is that the calculations are
expected to give the correct spin distribution of this highly
oxidized complex. Although not all these tests have been
performed for the model of the OEC, the oxyl radical seems
to be a common factor for the two active Mn-complexes.
Calculations on the models of the OEC are more uncertain
since the relative positions of the Mn-ions are not known
and the ligands are unknown. By showing that the same
species is involved also in a different complex that is also
active in O-0 bond formation increases the credibility of
the oxyl radical suggestion for the OEC.

The electronic structure of the two active complexes can
then be compared to the electronic structures of othef-Mn

) - ) ) oxo complexes, known not to be active in—O bond

Figure 11. Fully optimized TS for the @O bond formation reaction on . . . Lo .

the parallel spin surface. The calculated reaction barrier is 27.6 kcal/mol. formation, in order to find a d|V|d'ng factor between active

Distances are given in A, and spins are taken from Mulliken spin populations and inactive complexes. Calculations on two inactive com-

using the lanl2dz basis set. plexes show that they preferably form singlet Wxo states
for the same formal oxidation state as the active complexes
form an oxyl radical. The electronic structures of the inactive
complexes are in agreement with experiments. These results
show that the B3LYP method is able to calculate"Myxo
species correctly and that the method does not always give
radical states.

There seems to be two major differences between the two
inactive MrY-oxo complexes on one hand and the active Mn-
dimer on the other hand. In the inactive complexes, the most
stable state has low spin on MnFor the Mn-dimer, the
state that is closest to this singlet state is state 5 in Table 2.
This state has low spin on Mn but lies approximately 12
kcal/mol above the ground state. The inactive complexes
investigated also prefer oxo character over oxyl-radical

Figure 12. Peroxide product with a high spin Mn Note that the Jahn character, both in the singlet and triplet states. In the active

Teller axis is along the axis that has two nitrogen atoms from the terpyridine ; ;
ligands. This structure lies 8.9 kcal/mol above the most stable reactant. complex, both states correspondlng to these Species form Oxyl

Distances are given in A, and spins are taken from Mulliken spin populations radicals.
using the lanl2dz basis set. In the inactive complexes, the stability of the Kaoxo

states is derived from the strong ligand field. The influence
of the ligands is also shown in the preference for a low spin
d? configuration, indicating the presence of a strong ligand
field. Furthermore, a MYroxo complex prefers five-

antiparallel spin surface starts below and ends above the
parallel one, and it is therefore clear that the two spin surfaces

must cross each other at some point. A possibility is that o o
. S . coordination because of the strong oxo trans effect. If it is
the crossing occurs between the two TS, as indicated in . o : |
possible, Mn loses its sixth ligand when going from '¥in

Figure 10. In this case, the path from reactant to product to MnY. However, in the active dimer the terpyridine ligand
does not have to go through any of the two calculated . . . . . :

" . ) : is tridentate. This constrains the active Mn to a six-
transition states, and the highest point on the potential energy

: ) . |
surface can actually be lower than any of the calculated TS ;O&rr?v'ns?:s envirenment, thus favoring a Wiatate before

energies. The assumption that the reaction proceeds through . . .
the lowest of the two transition states is therefore conserva- Althpugh the ngmber of investigated Mn-comp[e Xes 15
very limited, a difference between active and inactive

five. complexes can be detected by studying the degree of radical
character of the oxo group. It is possible that this degree of
radical character, as given by a theoretical calculation, can

The goal of the present investigation was to find the give information about the possible activity of different
requirements for @0 bond formation in Mn-complexes. complexes, even before synthesis has been attempted. Of
The calculations show that the active synthetic complex course, the calculations give only a limited amount of
forms a stable Mi-oxyl radical state, the same state that information and cannot say much about the possibility to
previously was proposed to be the active state in the OEC synthesize the high oxidation state or the presence of possible
in photosystem Il on the basis of similar calculatidfhAfter side reactions.

IV. Discussion
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Also, concerning the 60 bond formation reaction, the Within the present model, a lower activation energy can
discussion is limited to a formal MY¥MnV-oxo dimer. It also be encountered if the crossing point between the parallel
can be considered a limitation that the calculations in this and the antiparallel spin surfaces is used to calculate the
paper follow the suggestions from the experimental paper barrier instead of the lowest of the two transition states.
of Limburg et al. and that no other reaction paths or oxidation  Since only parts of the reaction have been modeled, the
states have been considered. To prove that this oxyl radicalcalculated energy profile is based on some assumptions. First,
state really is active in ©formation, the calculated barrier it is assumed that the active complex is stable compared to
for O—0O bond formation with water is calculated to be 23 the complex in the MM—Mn'" oxidation state; i.e., no
kcal/mol or lower, depending on where the spin crossing energy is required to form the oxyl radical state from oxone.
occurs. The experimental reaction rate corresponds to a totalf there is such an energy penalty, this would add directly to
rate-limiting barrier for G-O bond formation with water of  the barrier. Furthermore it is assumed that none of the
19-21 kcal/mol. If the rate-limiting step is the formation of following steps has a higher barrier than the-O bond
the active species, not-6GD bond formation, the real barrier  formation step.
for O—O bond formation with water must be lower than these  The results show that-©0 bond formation with water is
19-21 kcal/mol. The calculated barrier of 23 kcal/mol is possible in this complex which supports the conclusion that
therefore slightly too high compared to the experimental the synthetic complex really can be regarded as a functional
result. However, if the error is limited to only 3 kcal/mol, model of the OEC.
this is within the average error of the method and has to be
considered acceptable. V. Summary

Minor model modifications that would lead to a lower
barrier can also be proposed. Possibly, the @ bond
formation reaction could occur with a hydroxide ion instead

of water. Taking this into account could result in a lower X0 state. From this state - bond formation with water

barper.l A mlno;f problerr]n with the mf’del' might be Inon_l occurs with a barrier of 23 kcal/mol. This is a few kcal/mol
optimal steric effects when using a single water molecule pqpor than the experimental estimate but still within the

both in O-O bond formation and protonation of the bridging - gy e cted uncertainty, and the conclusion is that this reaction

oxo group. The location of the water in the reactant might 5 ,qqgiple. This result supports the suggestion that the active
also be a problem although parts of this problem are removedMn_dirner is a functional model of the OEC

when going to the large model. From the values in Table 5,
it can be seen that the effects of going from the small to the
large model are not negligible (lowers the barrier by 3 kcal/
mol). This effect is not due to a different description of the
electronic structure of the core of the complex, but rather in
the treatment of the water molecule. In the small model, the
water molecule can form hydrogen bonds. to amide protons, Supporting Information Available: Additional structure files.
but these protons are artifacts of the modeling of the complex. this ‘material is available free of charge via the Internet at
These hydrogen bonding possibilities are removed when np://pubs.acs.org.

going to the large model, and this removes the artificial

stabilization of the reactant. 1C0348188

B3LYP investigations of a synthetic,@atalyst show that
this Mn-dimer, as well as models of the oxygen evolving
complex, prefers a M-oxyl radical state rather than a Mn

Calculations on well characterized inactive Yoxo
complexes correctly predict that they prefer a singlet/Mn
oxo state. Although the number of investigated complexes
is quite limited, it is proposed that radical formation is
actually a requirement for £formation in Mn-complexes.

274 Inorganic Chemistry, Vol. 43, No. 1, 2004





