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Abstract: The capability of the density functional broken symmetry approach for the calculation of various
EPR parameters of exchange coupled metal clusters is demonstrated by studying the experimentally well-
investigated [Mn"Mn"(u-0),(u-OAc)DTNE]*" complex. Geometry optimizations of the complex in its broken
symmetry and high spin states yielded structures with two distinct manganese sites and geometrical
parameters in good agreement with the X-ray structure. Exchange coupling constants were calculated
from the energy differences between the high spin and broken symmetry states using the Heisenberg spin
Hamiltonian. Very good agreement between theory and experiment was achieved with the B3LYP hybrid
functional. The g-tensor calculations were performed employing the coupled perturbed Kohn—Sham
equations. A strategy for the computation of g-tensor site values is presented and provides single-site
g-tensors that are in good agreement with the expectations for Mn"' and Mn', respectively. Spin projection
gave the g-tensor of the coupled manganese complex in very good agreement with the experimental results.
Complete 5°Mn hyperfine tensors, including spin—orbit contributions, were calculated and spin-projected.
The source of anisotropy in this system could be traced back to the Mn'" ion in line with the experimental
results. The isotropic manganese hyperfine coupling constants were underestimated by factors between
1.4 and 2.5. It is shown that this deficiency is systematic in character and not anchored in the broken
symmetry approach. Nuclear quadrupole splitting of the 5>Mn nuclei is shown to be small in this system. In
addition, *N and *H ligand hyperfine data were calculated and compared well with the experimental results.
The quality of the extended point-dipole model was demonstrated in application to *H anisotropic hyperfine

coupling constants.

1. Introduction

methane monooxygena&el4 Likewise, computational inves-

Exchange coupled metal clusters play an important role in tigations of the water oxidizing tetranuclear manganese clusters

. . . . . i ,16 i
biochemistry, where they provide the functional basis of many ©f Photosystem II are availablé.l* The main focus of these
native redox systems such as copper, manganese, or irorstudies was the calculation of geometrical parameters, reaction

. . . i i 57,
proteins! Over the last years, an increasing number of model Pathways, Heisenberg exchange coupling constants; &
systems of redox protein cofactors has been studied theoreticallyMOssbauer data. While there is substantial progress in the

This includes work on iron sulfur clustetsé the manganese
catalase active site? nitrogenase®}%11and the cofactor of
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calculation of spectroscopic properties of metalloproteins in
general’ there were only a few attempts for the calculation of
electron paramagnetic resonance (EPR) or electnuclear
double resonance (ENDOR) parameters of exchange coupled
metal clusterd. This situation is especially promising for
theoretical work due to the rich EPR and ENDOR spectra of
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these species. In this context, exchange coupled manganese

enzyme active sites are ideal systéfi$EPR methods are well-

suited for the investigation of redox protein active sites since

they are only sensitive to open shell systems such as metal

cofactors, while the rest of the (diamagnetic) protein backbone

is EPR silent. The geometric and electronic structure information

available from EPR and ENDOR experiments on open-shell

systems is condensed in ttgetensor, hyperfine coupling \2

constants (hfc's), and nuclear quadrupole coupling constants /

(ngc’s). These properties describe the full interaction between

the radical and the magnetic field, between the unpaired

electrons and magnetic nuclei, and between nonspherical nuclear

charge distributions and electric field gradients, respectively. tFr:g“[’,\‘jrﬁlMﬁfvn(ftgr)‘:w”gr:gfé'{ﬁ'E?zﬂdcé'ﬁpﬁgifcg#a,\zgoorld'znﬁfg(fftf_m of
Exchange coupled metal clusters are characterized by weaktriazacyclonon-1-yl)ethane).

interactions between two magnetic metal centers with unpaired

electrons. In these systems, the individual spins of the metal the information content of the spectra to its full potential, an as

sites are coupled to a number of energetically close lying detailed as possible interpretation of the spectroscopic param-

electronic leveld:?° A direct approach to the theoretical eters is necessary. It is this area where the theoretical methods

description of such a coupled spin system requires multideter- have their highest potential. However, prior to any application,

minant-based methodk:?* They are limited, however, to rather it is essential to rigorously assess the reliability of a given

small molecules due to the high computational effort involved, theoretical procedure. Since there are very few theoretical EPR

i.e., active sites of protein systems are usually out of reach. A spectroscopic studies on exchange coupled dimers, we have

way out of this dilemma is the use of the broken symmetry decided to focus first on the experimentally well-investigated

density functional method (BS-DF#J-20In this approach, the
real multideterminant electronic state with unpaired and

synthetic, mixed valence dinuclear manganese compleX'fMn
Mn" (u-O)(u-OAC)DTNEF" (Figure 1, complexl). This

p-electrons involving both metal centers is described by a single- species and related dinuclear manganese complexes have been

determinant KohaSham wave function with unpairexdt and
B-electrons partially localized at different metal sif@sThe

experimentally investigated as a basis for obtaining a deeper
understanding of the manganese catalase and the oxygen-

energies, spin expectation values, and spin densities of the bsvolving complex of photosystem#:34 A few similar clusters
(broken symmetry) state differ from those of the multidetermi- were already the subjects of quantum chemical studies. Delfs
nant antiferromagnetic state, but its exchange coupling constantsand Stranger investigated the influence of the bridging oxo-

hyperfine coupling constants, agedensor can be obtained from

ligands and the metal oxidation states on the magnetic coupling

“mapping procedures” using spin Hamiltonians and spin projec- in dimeric manganese complexes, but with the simplification
tion method$:31 The BS-DFT approach can provide reasonable that ammonia was used as the terminal ligaf¥d¥’ A similar
geometries, energies, and exchange coupling constants, as hakeoretical study on dinuclear manganese complexes was

been shown in many studies. The calculatiog-cdind hyperfine

performed employing the more rigid, tridentate TACN (1,4,7-

tensors is, however, rather limited and was done, for example, triazacyclononane) ligand8Other theoretical data can be found

for 2-Fe ferredoxin model syster&s.

for the [Mn"Mn" (u-O)(u-OAC)(CH3)sTACN),]2" complex in

Ultimately, our goal is to combine theory and experiment to @ study combining optical spectroscopy with BS-D¥T.

elucidate the geometric and electronic structures of oligonuclear

In this work, the suitability of different density functionals

manganese complexes in proteins. These sites are often inacand basis sets for the calculation of EPR parameters from BS-
cessible to X-ray crystallography, because either they are short-DFT is tested in application to the dinuclear manganese complex
lived (in the case of intermediates) or the protein is difficult to 1. Results from geometry optimization are reported together with
crystallize. In these cases, spectroscopy must be relied on asHeisenberg exchange coupling constants. Furthermore, and to
the only source of structural information. However, to develop the best of our knowledge, theoretical hyperfine and nuclear
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guadrupole tensors as well as molecgdensors are given for
the first time for such a MH/Mn'vV complex.

2. Methodological Details

Complexl is characterized by two magnetic metal centers with site
spins ofS; = 2 for Mn" and$; = 3/2 for MnV. Parallel and antiparallel

(33) Schier, K. O.; Bittl, R.; Zweygart, W.; Lendzian, F.; Haselhorst, G.;
Weyherniller, T.; Wieghardt, K.; Lubitz, W.J. Am. Chem. Sod 998
120, 13104-13120.
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H. L.; Hendrickson, D. NInorg. Chem.1997 36, 1198-1217.

(39) Brunold, T. C.; Gamelin, D.
122 8511-8523.
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Scheme 14 the dinuclear metal complex are treated as isolated spin systems with
a) b) g-tensor site valueg; and**Mn hyperfine site valueg\;(Mn"') and
- v A(Mn"). These site values should be comparable to spectroscopic
Mn~ Mn — E - -
hs parameters of similar mononuclear systems. Furthermore, each magnetic
hs state .H.H_ _H.]_ 12J ligand nucleush (e.g.,*N or *H) can be assigned to one of the spin
Y —E, sitesi and is described likewise by a hyperfine site vahig). The
bs state | | H‘l 3J criterion for assigning a nucleus to either the'Mar the MrlV site is
= E, based on the distance to the respective Mn center. Such an assignment

(a) Formal “site spin” orientations in the high spin (hs) and broken is safe for thg nitrogen atoms and t_he_neig_hboring hydrogen nuclei of
symmetry (bs) states of a MMn' complex. (b) The Heisenberg exchange complex1 (Figure 1). However, bridging ligands cannot be treated
coupling constani can be used for estimating the energy separation between based on this criterion. Vector coupling of the two magnetic sites leads
the hs, bs, and the real antiferromagnetic (af) states. to the following equations for the calculation of the effectgreensor

and the nuclear hyperfine coupling constants (also tensors) of the

coupling of the individual spins yields effective spins\d§ = 7/2 for exchange coupled complék:

the high spin (hs) state arids = 1/2 for the broken symmetry (bs)

state (Scheme 1). The energetical arrangement of the spin states is C,C

determined by the Heisenberg exchange coupling const&ntploying 9=C0 TGOt =5 (9, — 9I(3c, + 1)-d; — (3¢, + 1)-d;] (5)
the standard definition for the spin-Hamiltonian

a
H=—-2JSS, @) Ar=Cay — 55 GCI(3C, + 1)-d; — (3¢, + 1)dy] (6)
J can be calculated from the energy differences between high spinand , _ ﬁ o .
broken symmetry state8: A =Gt 5J Ciel(3¢, + 1)-dy = (3¢, + 1)d) 7
Ens — Eps For the present system, spin projection coefficients 2 andc, =
J=- 4SS, @ —1 result from the spin coupling model for the Mrand MrV sites,
respectively?® However, the additional zero-field splitting contributions
J determines the energies of the entire spin state ladder by (d) arising in egs 57 can be neglected in first order for this Nih
Mn"V complex due to the largé-value 100 cnt?) that dominates
E(9 =—-J9S+1) 3) over the relatively small zero-field splitting of the manganese ions (

< 5 cnr).3133 |n consequence, the equations for the spin projection
and can be used for determining the energy separations between thean be simplified to

electronic states of interest (see Scheme 1). Equation 2 is valid only
for the weak interaction limit and is equivalent to the expressions used g=0¢0, +C0, (8)
in other studies on mixed valence systef¥ Alternatively,J can be

evaluated from Yamaguchi's expressiorft AL= Cay ©
3 Ens — Eps @ A= Gy (10)
[$nsz|j_ [50525 The additional error introduced by this approximation is certainly
<10%.
as it was shown previousfy Note that the Heisenberg spin-Hamiltonian In contrast to the hfc’s, thg-tensor is an integral property of the

implies that the spatial part of the wave functions remains identical dinuclear complex. Thugy-tensor site values must be obtained prior
for all spin multiplets. Furthermore, resonance delocalization was not to the spin projection of eq 8. In this work, tiyetensor site values are
taken into account in this work due to the trapped valence character of extracted from the calculated effectiggensors of both, the hs and bs
complex1.33 states: The hg-tensor can be decomposed into contributi@sand
The electron density of the bs state should correspond very well to C, from sites 1 and 2. Neglecting electronic relaxation, the hs and bs
the electron density of the real antiferromagnetic stateconsequence, states differ only by a spin flip of all magnetic electrons on site 2; see,
electric field gradients and nuclear quadrupole coupling constants for example, eq 17. Therefore, one can assume thaj-teasor of the
calculated for the bs state can be directly compared to experimental bs state is made up from the same contributi®npsind C,, differing
results obtained for the antiferromagnetic state. In contrast, the only in the sign ofC; due to the rotation of the spin vector on that site:
calculated spin densities of the bs state differ considerably from those
of the antiferromagnetic state. Therefore, the computed hyperfine data Ons = i(Cl +C) (11)
andg-tensors have to be corrected by spin projectighi. s
In this paper, we will use the approximation of strong exchange
coupling and construct the total (observable) magnetic interaction and
tensors from fictitious local single-site tensors using straightforward 1
spin coupling algebra3'-33The problem is thus reduced to computing Os==(C,—C) (12)
these local site tensors from DFT calculations on the high spin and Shs

broken symmetry states, respectively. The two spin sitesl, 2 of Defining g-tensor site values:

(40) Mouesca, J. M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D. A. 1
Am. Chem. Socdl994 116, 11898-11914. g,==C (13)
(41) Soda, T.; Kitagawa, Y.; Onishi, T.; Takano, Y.; Shigeta, Y.; Nagao, H.; 1 Sl 1

Yoshioka, Y.; Yamaguchi, KChem. Phys. Let200Q 319 223-230.

(42) Yamaguchi, K.; Takahara, Y.; Fueno, T.Applied Quantum Chemistry
Smith, V. H., Schaefer, F.. Morokuma, K., Eds.: Reidel: Dordrecht, The and
Netherlands, 1986; p 155.

(43) Ghosh, P.; Bill, E.; Weyheritiar, T.; Neese, F.; Wieghardt, KI. Am. 1
Chem. S0c2003 125 1293-1308. g, =<=C, (14)
(44) Sands, R. H.; Dunham, W. R). Rev. Biophys.1974 7, 443-504. Sz
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and inserting these equations in eqs 11 and 12, we obtain the following  Refined Single-Point Calculations Hyperfine coupling constants,
expressions for the calculation of tgeensor site valuesMgsz S+ nuclear quadrupole coupling constants, @agtnsors were obtained
S and Mgs =S — 9): from single-point calculations with more accurate methods employing
the optimized geometries of compléxThe integration accuracy was
1 hs b enhanced to decrease the errors in the spin densities caused by their
9= El[ghsMS + goMs] (%) oscillation with respect to the numerical integration accuracy (ADF:
L ACCINT = 6 and ORCA: SpecialGridintAce 7 for the Mn nucleif?
— hs _ b The basis sets used in the ORCA calculations were replaced with basis
% ZSz[ghSMS GodMs] (16) functions better adapted for the calculation of core groperties: The
TZVPP manganese basis set was substituted with the triply polarized
3. Computational Details (17s11p5d1f)— [17s7p3d1f] core property basis set CP(PPRhe
DZP basis functions for H, C, N, and O were replaced with the EPR-II
Geometry Optimization. Geometry optimizations of compleiin basis set§ In addition, the Rl approximation was abandoned to avoid
the hs and bs states were performed to study the influence of different possible artifacts arising from the incompleteness of the auxiliary basis
density functionalg? the basis sets, and the frozen core approximation sets. An additional B3LYP single-point calculation was performed with
on the geometrical parameters. For that purpose, two different quantumoRCA employing the geometries obtained with the BP functional in
chemical programs were used: ADF 2000%¥2and ORCA 2.27 Both ORCA. This was labeled as ORCA-3.
programs offer pure density functional methods such as the BP  spectroscopic Parameters.Exchange coupling constants were
functionalf®° while hybrid density functionals such as B3LYP are  calculated from the energy differences of the hs and bs states according
only available in ORCA* %3 In contrast, the frozen core approximation tg eq 2. The exchange pathways are discussed by an analysis of the
is available only in ADF. The ADF calculations were performed with  corresponding orbitals of all magnetic electrons, based on the formalism
the triple< Slater type basis set IV for manganese and the dofible- introduced by Amos and Haff.
basis sets Il for all other elements from the ADF |ibral’y, respectively. Theg_tensor calculations were Only performed with ORCA because
The ORCA calculations were performed employing Gaussian-type basisthe ZORA methoff-¢used in ADE can only be applied to the case of
sets: TZVPP* for Mn and DZP>® for all other elements from the a Sing|e unpaired electron. T@Shﬁts Ag from the free e|ectrorge
Turbomole 5.3 library, respectivef{. Altogether, five geometry  vajue of 2.002319 were obtained employing the coupled-perturbed

optimizations were performed: Kohn—Sham equatiofi$ in conjunction with a parametrized one-
(1) ADF-1: BP functional. Basis sets IV (Mn), Il (other elements).  electron spir-orbit operatofé-7° This approach covered spimrbit
1s frozen core for C, N, and O. coupling, spin-polarization, relativistic mass, and diamagnetic gauge
(2) ADF-2: BP functional. Basis sets IV (Mn), Il (other elements).  corrections. The-tensor was calculated as a second derivative property
1s-3p frozen core for Mn, 1s for C, N, and O. of the energy with respect to the external magnetic field and the electron
(3) ADF-3: BP functional. Basis sets IV (Mn), Il (other elements).  magnetic moment. The dominant cross term contribution between the
All-electron calculation. orbital Zeeman (OZ) and the spitorbit coupling operators (SOC),
(4) ORCA-1: BP functional. Basis sets TZVPP (Mn), DZP (other Ag®Zs°C is expressed through the first-order wave function coefficients
elements). All-electron calculation. U with respect to a magnetic field perturbatit:

(5) ORCA-2: B3LYP functional. Basis sets TZVPP (Mn), DZP
(other elements). All-electron calculation. 02/S0C 1 s o
Both ORCA calculations were speeded up using the Rl approxima- A0 = = — z (-1) Hﬂ.z Im(Uig )

tion.57-5% For that purpose, the TZV/J (Mn) and SV/J (H, C, N, and O) BS oSz i.ago
auxiliary basis set&®° from the Turbomole 5.3 basis set library were o - o
usedst g g Im(0; (0)| ZE(rA) [as| 9290 (@7)

(45) ADF 2000.02; Department of Theoretical Chemistry, Free University of . . . Lo
Amsterdam: Amsterdam, The Netherlands, 2000. In this equationr is a component of the magnetic field<€ x, y, 2)
(46) Velde, G. T.; Bickelhaupt, F. M., Baerends, E. J.; Guerra, C. F.; Van andsis a component of the electron spin vector operaser &, y, 2),

Szlsgegrf]fgms J- A Snijders, J. G.; Ziegler,JT Comput. Chem2001, p denotes the Bohr magneton aBds the total spin of the system,

(47) Neese, F.ORCA version 2.2; an ab initio, density functional, and  ?® describes the occupied zeroth order molecular orbitals with

ehoria? |Rbmlg;cq;gargn;e;)raéla%?’eg\él?mx;;l;n%a2§t|twt5wanorgan|sche a, B, and 2@ stands for the virtual orbitalsixs is the angular
(48) Becke, A. D.Phys. Re. A 1988 38, 3098-3100. momentum of the electron relative to nucléysand&(r,) is the function

(49) Perdew, J. PPhys. Re. B 1986 34, 7406.

(50) Perdew. J. FPhys. Re. B 1086 33, 88228824, describing the sp'rﬂorbit coupling by _effective nuclear charg‘"é_s?0

(51) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. Theg-tensor site values were obtained from the approach discussed

83 glt%eevhc- T';Jaj‘gbw'rT'; Easf: Ehcihﬁls- RI?" (5:1238':3_1 58%753}?' in section 2. The moleculag-tensors of the antiferromagnetic state
Cheen_el%‘°54 98"’1155';1'116‘27': apaiowsil, & ., Frisen, 1. BhyS. were then calculated from spin projection according to eg'§.was

(54) sé:gger A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829 subsequently diagonalized to yield the final dingetensor, i.e., its

(55) Schiger, A.; Horn, H.: Ahlrichs, RJ. Chem. Phys1992 97, 2571-2577. principal values and orientation.

(56) Ahlrichs, R.; Ba, M.; Baron, H.-P.; Bauernschmitt, R.; Bker, S.; Ehrig,

M.; Eichkorn, K.; Elliot, S.; Furche, F.; Haase, F.i'$¢a, M.; Horn, H.; (62) Neese, Flnorg. Chim. Acta2002 337, 181-192.
Héttig, C.; Huber, C.; Huniar, U.; Kattannek, M.; Ka, A.; Kdmel, C.; (63) Barone, V. InRecent Adances in Density Functional Methgd§hong,
Kollwitz, M.; May, K.; Ochsenfeld, C.; ®@m, H.; Scligr, A.; Schneider, D. P., Ed.; World Scientific: Singapore, 1996.

U.; Treutler, O.; von Arnim, M.; Weigend, F.; Weis, P.; Weiss, H.  (64) Amos, A. T.; Hall, G. GProc. R. Soc. Londof961, 263 483—-493.
Turbomole version 5.3; Quantum Chemistry Group, University of Karlsru-  (65) van Lenthe, E.; Wormer, P. E. S.; van der Avoird JAChem. Physl997,

he: Karlsruhe, Germany, 2000. 107, 2488-2498.

(57) Eichkorn, K.; Treutler, O.; Ohm, H.; Haser, M.; Ahlrichs, Bhem. Phys. (66) van Lenthe, E.; van der Avoird, A.; Hagen, W. R.; Reijerse, B. Phys.
Lett. 1995 242 652-660. Chem. A200Q 104, 2070-2077.

(58) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chem. Acc. (67) Neese, FJ. Chem. Phys2001, 115 11080-11096.
1997 97, 119-124. (68) Koseki, S.; Schmidt, M. W.; Gordon, M. 3. Phys. Chem1992 96,

(59) Neese, F.; Olbrich, @Chem. Phys. LetR002 362 170-178. 10768-10772.

(60) Eichkorn, K.; Treutler, O.; Ohm, H.; Haser, M.; Ahlrichs, Bhem. Phys. (69) Koseki, S.; Gordon, M. S.; Schmidt, M. W.; MatsunagaJNPhys. Chem.
Lett. 1995 240, 283-289. 1995 99, 12764-12772.

(61) The basis sets can be downloaded from the ftp server of the Turbomole (70) Koseki, S.; Schmidt, M. W.; Gordon, M. $. Phys. Chem. A998 102,
home page: http://www.turbomole.com. 10430-10435.
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5Mn, 1N, and'H isotropic hyperfine coupling constands, and Table 1. Geometrical Parameters of the bs State of Complex 12
the traceless anisotropic dipolar hf@s were calculated directly by bond BP B3LYP
both programs from Fermi contact terms and dipolar contributions as distance expt® ORCA-1 ~ ORCA-2  BPADF-1 BPADF2  BPADF-3
the expectation values of the appropriate operators over the spin densityyin,—Mn, 2.55 2.59 (2.65) 2.62 (2.65) 2.55 (2.64) 2.57 (2.64) 2.56 (2.64)
Furthermore, thé®Mn spin—orbit contribution (“orbital” part) of the Mn;—O; 1.83 1.83(1.88) 1.87(1.88) 1.82(1.88) 1.83(1.89) 1.82(1.88)
hyperfine interaction was calculated with ORCAlts isotropic part Mn;—O, 1.83 1.83(1.89) 1.87(1.88) 1.82(1.88) 1.84(1.89) 1.83(1.88)

i : ! Mn,—O; 1.78 1.80(1.79) 1.77(1.78) 1.80(1.79) 1.81(1.80) 1.80 (1.80)
(one-third of the trace of the orbital hyperfine tensor) was added to the Mn,—O, 178 180(L79) 177 (1.77) 1.80(179) 180 (180) 180 (1.79)

55Mn isotropic Fermigontactterranso, while the anisotropic contribu.tion Mni—N; 221 2.24(2.31) 2.29 (2.31) 2.27 (2.31) 2.28 (2.32) 2.27 (2.31)
was added to the anisotropitMn tensora'. All calculated hyperfine Mn;—0O; 2.14 2.15(2.21) 2.20(2.20) 2.16(2.21) 2.18(2.22) 2.16 (2.21)
coupling constanta,;s, Of the bs state were converted to intrinsic site Mn,—N; 2.10 2.11(2.14) 2.13(2.13) 2.12(2.13) 2.14(2.15) 2.12(2.13)

isotropic hvoerfin lina con ) Mn;—O; 1.97 1.96 (1.94) 1.94(1.93) 1.95(1.94) 1.97 (1.95) 1.95 (1.94)
isotropic hyperfine coupling constarsie by Mn;—N; 2.08 2.14(2.12) 2.13(2.12) 2.13(2.11) 2.15(2.12) 2.13(2.11)

Mni—Ns  2.07 2.15(2.13) 2.14 (2.13) 2.14 (2.12) 2.16 (2.13) 2.14 (2.12)

CIY s Mn—Ns 2.08 2.11(2.13) 2.13(2.14) 2.10(2.12) 2.13 (2.14) 2.11 (2.13)
an,site:—:ts (18) Mno—Ne  2.07 2.11(2.13) 2.13(2.13) 2.11 (2.12) 2.14(2.14) 2.11 (2.13)
RMS 0.04 (0.06) 0.05 (0.06) 0.03 (0.05) 0.05 (0.06) 0.04 (0.06)

S is the site spin of the closer manganese center. The positive sign 2 High spin (hs) state parameters in parenthesis. Comparison with

; i i i . 0 experimental data (antiferromagnetic state). All bond distances in angstroms.
was applleg f:])r all atoms qn the majorllt_yds;;_)ln sr:te (here.hthé .Mn_ Basis sets: TZVPP (Mn) and DZP (other elements) for all ORCA calcu-
center), and the negative sign was applied for those on the minority |a¢ions: 1v (Mn) and Il (other elements) for all ADF calculations. ADF-1:

spin site (MiV). The final valuesAs, that can be compared with the 15 frozen core for N, C, and O. ADF-2: 1s frozen core for N, C, and O and
experimental values were then calculated from spin projection according 1s—3p frozen core for Mn. ORCA and ADF-3: no frozen core. RMS: root-

to eqs 9 and 10. The same procedure was applied to the dipolarmean-square deviation between theory and experiment for all displayed bond
h f v I.d' th . ected anisotropic h f i distances; see Figure 1 for numberifig-ray data of the [MHMn"-
yperiine part, yielding the Spin projected anisotropic hypertine coupling (,_o),(,-0Ac)DTNER*+ complex (counterions: tetraphenylborate).

constantsA'.
The electric field gradients;, calculated with the quantum chemical
programs, were converted to nuclear quadrupole coupling congtants

by

A was measured for the closely related complex [Nm'V-
(u-O)2(u-OAC) TACN,]?+ with tetraphenylborate (BB coun-
terions?® By contrast, a rather large distance of 2.67 A was
¥i = constV;+Q (19) calculated for the [MHMn'"V (u-O),(u-OAc)(NHz)e] " dication®®
underlining the influence of rigid multidentate ligands on the
Employing the electric field gradient in atomic units and the nuclear metal-metal distance. Other studies have shown that the-Mn
quadrupole momer® in barn (102 m?), we used a factor of const Mn distance depends also noticeably on the nature of the metal-

234.96 (1072 x el/Aheqa;) for the calculation of; in MHz. Nuclear bridging ligands and the oxidation states of the manganese
guadrupole tensor elemeri®s and coupling constanjg were related atoms3637 It is, however, interesting to note that the MKIn

by distances are similar to the F€&e distances obtained for
i comparable ligand sets. For example, a value of 2.63 A was
Pi = ZI(Tu—l) (20) calculated for an antiferromagnetically coupled dinuclear iron
system with an P¥FeV(u-O),(u-OAc), core, modeling the
Here, | is the nuclear spin®Mn: | = 5/2, N: | = 1). Nuclear intermediate Q of methane monooxygenéise.
quadrupole moments @(>Mn) = 0.4 barn and(*4N) = 0.01 barn Considering the MaO bond distances of complelx Table
were used for the calculation gfandP.7 1 shows, in general, very good agreement between the theoreti-

cal results for the bs state and the experiment, while somewhat
larger deviations up to 0.1 A were observed for the weaker
4.1. Geometries All geometry optimizations of the mixed  metal-nitrogen bonds. Nevertheless, the expected Jaker
valence compled in its hs and bs states yielded two distinctly  distortion of the M#!' site with a high spird* configuration is
different manganese sites in accordance with the X-ray structurevery well reproduced in all calculations.
(Table 1) Better agreement between theory (hs and bs states) Note that such a detailed comparison between experimental
and experiment (af state) was achieved in general for the bsand calculated geometries requires very accurate X-ray data as
state geometries, but the differences between the geometricakould be obtained for the [MAVINY (1-O)x(u-OAc)DTNE]-
parameters of the high spin and broken symmetry states turnedBPh,), complex3® Many other crystal structures of mixed
out to be rather small. Similar geometrical parameters were yalence metal complexes suffer from statistical disorder that
obtained from the BP calculations with ORCA and ADF despite |eads to arithmetically averaged bond distances. This was found,
the use of different basis sets. A comparison of the ADF results for example, for the methylated derivative of the DTNE
shows that the frozen core approximation is of minor influence complex or the related [MHMn" (4-O)a(u-OAC)(TACN),)-
on the geometries. In general, the B3LYP geometry optimization (BPhy),73 and for [Mrl""Mn' (4-O)x(phen)](ClO.)s species’
yielded somewhat less accurate geometrical parameters for the 4 o Spin Density AnalysisMulliken spin densities of the
bs state than the BP functional. manganese centers of compléxare given in Table 25 In
Mn—Mn distances between 2.55 and 2.62 A were calculated general, the calculated values for the high spin and broken
in our work for complexl in its broken symmetry state and  symmetry states clearly indicate the trapped character of the

were in good agreement with the experimentally determined mixed valence MH/Mn'v complex, in line with the results from
metal-metal distance of 2.55 A2 A comparable value of 2.59

4., Results and Discussion

(73) Wieghardt, K.; Bossek, U.; Zsolnai, L.; Huttner, G.; Blondin, G.; Girerd,

(71) Neese, FJ. Chem. Phys2003 118 3939-3948. J. J.; Babonneau, B. Chem. Soc., Chem. Commu887, 651—-653.
(72) Weltner, W., JrMagnetic Atoms and MoleculeBover Publications: New (74) Stebler, M.; Ludi, A.; Burgi, H. Blnorg. Chem.1986 25, 4743-4750.
York, 1983. (75) Mulliken, R. S.J. Chem. Phys1962 36, 3428-3439.
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Table 2. Manganese Mulliken Spin Densities? Table 3. Calculated Exchange Coupling Constants Jcm~1 @
BPORCA-1  B3LYPORCA2 BPADF-1  BPADF2  BPADF-3 BP B3LYP  B3LYP//BP BP BP BP
high spin state ORCA-1  ORCA2 ORCA-3 ADF-1  ADF2  ADF-3
Mn'" +3.79 +3.86 +3.77 +3.76 +3.77 bs//hs; hg  —237  —120 -119 —253 —252 —254
Mn'v +2.75 +2.87 +2.71 +2.71 +2.71 bs; hs —-297  —127 -90 —310 —296 —309
w4347 bf'gesnfymmegjg‘e ©aa6 344 aExperimental value of the [MAMNY (u-O)(u-OAC)DTNE](BPh);
MnlV _2'37 _2'73 _2'31 _2'33 _2'32 complex: J = —110 cn11.33 All computed values from eq 2. Basis sets:
n : : : : : TZVPP (Mn) and DZP (other elements) for all ORCA calculations; IV (Mn)
a Al val t the level of optimizati and Il (other elements) for all ADF calculations. ADF-1: 1s frozen core
values at the level of optimization. for N, C, and O. ADF-2: 1s frozen core for N, C, and O ane-3p frozen

core for Mn. ADF-3: no frozen coré.E,s from bs single-point calculation
geometry optimization. The obtained Mn spin densities are close on hs state geometrygxs from geometry optimizatiorf. Eys and Exs from
to the formal values of four (MHI) and three (M"Y) and show geometry optimizations of the respective electronic states.
the rotation of the spin vector at the Mrcenter between the  exchange coupled syste#? Figure 2 shows the correspond-
hs and bs states. The ADF results indicate that there is nojng orhitals of the seven magnetic electrons of compler
influence of the frozen core approximation on the manganese e ps state. They give rise to three exchange pathdass
spin densities. Furthermore, these results are in very goodyith reasonable overlap. Pathways characterized as a crossed
agreement with the BP results from ORCA despite the use of 5/ pathway with in-plane oxg-orbitals. Pathway® and 3
very different basis sets (GTOs in ORCA and STOs in ADF). can be described as symmetritr pathways caused by the
The calculated values compare well with the manganese spininteraction between out-of-plane oxp-orbitals and metal
densities of+3.2 and—2.3 obtained from BP calculations on ¢ orbitals. This indicates that the exchange interaction is
the bs state of the [MAMn" (4-O)y(u-OAC)(TACN)]** com- mediated by superexchange via fh@xo atoms that is in line
plex3® The B3LYP spin densities from our study turn outto be ith the results obtained for other oxo-bridged dinuclear
somewhat larger than the BP values. This is expected from themanganese complex&s37:39.42

general tendency of hybrid functionals to give more ionic 4 4. The Molecularg-Tensor. An almost axially symmetric
metal-ligand bonds compared to GGA functionals that tend to molecularg-tensor withg, ~ g, close toge and g, = 1.9838
overestimate metalligand covalencie®’” The origin of this was found for complex in the experimentsg, and g, were
effect may be attributed to a reduced self-interaction error in griented along the connecting lines between ghexo atoms
the hybrid functionalg? 0; and G and the metal centers, respectively (Figuré3g}.
4.3. Heisenberg Exchange Coupling Constantd4agnetic These properties were well-reproduced in our calculations:
susceptibility studies yielded an exchange coupling constant Similar g-tensor orientations could be obtained, and the
of =110 cnt! for complex1.33 The antiferromagnetic coupling  characteristic shift of thg, component was also obtained, while
indicates that the low spin state is more stable than the high g-values close ta. were calculated fogy and g, (Table 4).
spin state, which is well reproduced by our calculatiahsan Better agreement between theory and experiment was found for
be calculated either employing the adiabatic energy difference the B3LYP calculations. The underlyingtensor site values
of the hs and bs states (denotedEas and Esg) or using the  using egs 15 and 16 turned out to be physically meaningful.
energy difference between the hs state from geometry optimiza-This is additional support for our simple model for the extraction
tion and the bs state employing the hs state geome&iyng. of g-tensor site values from the calculations on the hs and bs
Theoretically, the former approach is preferred since the states. At the B3LYP level of theory, values@f= 2.001,g,
experiment clearly is an adiabatic measurement. Calculations= 2,000, andy, = 1.992 were calculated for the Mrsite. These
at one fixed geometry are necessarily biased in favor of the numbers compare very well with; = 2.00 andg, = 1.99
state for which the geometry optimization has been carried out. obtained for M#' in TiO,.89 Furthermore, three negatigeshifts
In the present case, the changes in the calculateslues are  are also expected from ligand field theory for transition metals
limited though not negligible, which underlines the difficulty  with high spind* configuration® The calculatedy-tensor site
of an accurate calculation of the small energetic separationsvalues for M weregy = 1.998,g, = 1.999, andy, = 2.001
between the different spin states (Table 3). The strong depen-(B3LYP). Again, three negativg-shifts were in accordance with

dence of these energy gaps on the -Muin distance was ligand field theory and experimenfts82
investigated by Delfs and Stranger in their study on theMn 4.5. Manganese Hyperfine TensorsExperimental5®Mn
(u-O)3(NHs)e]?* complex (cf. Figure 3 in their world hyperfine data are available from simultaneous fits of EPR

Employing the BP functional, we found the typical overestima- spectra taken at X- (9 GHz), Q- (34 GHz), and W-band (94

tion of J. In contrast, very accurate results were obtained by GHz) frequencied334 These values are given in Table 5 and

the B3LYP hybrid functional. are compared with our computed manganese site vaj4ésite)
Very similar exchange coupling constants were obtained and the spin-projected isotropic and anisotropic hfg:s and

employing Yamaguchi’'s eq #,which indicates the validity of A’

the weak coupling regime implied by eq 2. The calculations nicely reproduce the main qualitative features
As shown previously, plots of the corresponding orbitals are of the experimentatMn hyperfine tensors: (i) Correct signs

helpful for a better understanding of the electronic structure in

(79) Herebian, D.; Wieghardt, K. E.; Neese,Jz.Am. Chem. So2003 125,

10997-11005.
(76) Szilagyi, R. K.; Metz, M.; Solomon, E. . Phys. Chem. 2002 106, (80) Gerritsen, H. J.; Sabisky, E. Bhys. Re. 1963 132 1507.

2994-3007. (81) Neese, F.; Solomon, E. I. Magnetism: Molecules to Material$/iller,
(77) Neese, FJ. Phys. Chem. 2001, 105 4290-4299. J. S., Drillon, M., Eds.; Wiley VCH: Weinheim, Germany, 2003; pp 345
(78) Patchkovskii, S.; Autschbach, J.; Ziegler,JI.Chem. Phys2001, 115 466.

26—42. (82) From, W. H.; Dorain, P. B.; Kikuchi, CPhys. Re. A 1964 135 A710.
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S=0.15

Figure 2. The corresponding magnetic orbitals from the B3LYP calculation
(bs state), labeled by the number of the molecular orbitals (MO) in every
spin representation. The interaction of the four magnetic (unpaired) Mn
a-electrons with the three magnetic Mnj3-electrons gives reasonable
overlap for three superexchange pathways, e.g., pathwayl is caused

by an interaction of MO 128 with MO 1235. S denotes the calculated
overlap values for pathwayk-3.

Table 4. Calculated g-Tensors from Coupled Perturbed
Kohn—Sham Theory (ORCA)?

BP//BP B3LYP//B3LYP B3LYP//BP exptl®
Ox 1.992 2.003 2.002 2.0013
Oy 1.996 2.001 2.002 1.9974
[ 1.981 1.983 1.982 1.9838
Oiso 1.989 1.996 1.995 1.9942

aBasis sets for single-point calculations: CP(PPP) (Mn) and EPR-II
(other elementsy Data for the [MA'Mn" (u-O),(u-OAC)DTNE](BPhy)»
complex34
of the isotropic hfc’s were obtained in all cases for both metals
except for the ADF-2 calculation with an unreasonable large
1s-3p manganese frozen core (data not shown). (i) The
computed MH isotropic hfc’s were about twice as large as those
of Mn'"V, and both manganese ions showed similar intrinsic site
values. (iii) Rhombic dipolar hyperfine tensors were obtained

Table 5. 5°Mn Hyperfine Data (MHz): Site Values aiso(Site) and
Spin-Projected Isotropic and Anisotropic hfc's Ais, and A'@

BP//BP B3LYP//B3LYP  B3LYP//BP  BP//BP BP//BP
ORCA-1 ORCA-2 ORCA-3 ADF-1 ADF-3 exptl®

Mn" aeq(site) —129 (—123) —134 (—128) —137 (-131) —82 —82 —195

A —258 (~246) —267 (—255) —275 (—263) —164 —164 —389
Ay —57(-59) —55(-59) —58(-63) —61 —61 —17
A, —29(-31) -52(-56) -50(-54) -25 -25 —81
A, +86 (+90) +106 (+115) +109 (+117) +85 +86 +92
MnV ag(site) —124 (-119) —142 (-131) —139 (-129) —84 —84 —207
Ao +124 (+119) +142 (+131) +139 (+129) +84 +84 +207
A, —8(-8)  —3(-1) —4(-4) -8 -8 +14
A, +31(+28) +8(+7) +11(+10) +26 +26 —14
A —24(-20) -5(-5) -7(-6) —18 -18 +6

a|n Parenthesis: Results from ORCA without Sprbit Contributions.
Basis sets for single-point calculations: CP(PPP) (Mn) and EPR-II (other
elements) for all ORCA calculations; IV (Mn) and Il (other elements) for
all ADF calculations. ORCA-1, ORCA-2, ORCA-3, and ADF-3: no frozen
core. ADF-1: 1s frozen core for N, C, and O. For coordinate system, see
Figure 1. Experimental data of the [MhMn" (4-O),(u-OAc)DTNE](B-
Phy)2 complex3*

for both metals. (iv) The strongest anisotropy was observed for
the Mn'" site. (v) An almost collinear axis system for the
g-tensor and the hyperfine tensors was found (typical deviations
of ~10°).

Despite this qualitative agreement, rather different manganese
hyperfine data were obtained by ADF and ORCA. This is only
to a minor extent due to the inclusion of the orbital hyperfine
part in the ORCA calculations (Table 5). It is therefore likely
that the rather large (17s11p5d1f) [17s7p3d1f] manganese
Gaussian-type basis set used in ORCA is responsible for the
better isotropic hfc’s obtained with this program in comparison
with the ADF results.

From the work of Munzarovand Kaupp, the deviation
between the calculated and measutedn isotropic hfc’s is
expected® These authors attribute the underestimation of the
experimental isotropic values to the inadequate description of
spin polarization by present day density functional methods. In
the present case, the calculated values are too small in
comparison with the experimental values by a factor

_ Agexptl)
~ Aucalcd)

of 1.4—1.7 (ORCA) and 2.42.5 (ADF). Somewhat surprising,
very similar isotropic hfc’s were obtained with the two density
functionals BP and B3LYP in the ORCA calculations. Regard-
ing the anisotropic hfc’s, very similar results were obtained with
ORCA and ADF at the BP level, which indicates the expected
weaker basis set dependence than in the case of the isotropic
hfc’s.

The underestimation of the isotropieMn hfc's appears to
be a general problem of such DFT studies and is also observed
in calculations on comparable mononuclear manganese com-
plexes. Considering the [Mn@®)s]?>" complex as a typical
example, an experimental hfgs, = —264 MHz was found*
In contrast, isotropic hfc’'s 0f-163 MHz (B3LYP//BP, ORCA)
and —120 MHz (BP//BP, ADF) were calculated in this work
employing the same basis sets (see Tables 5 and 6) as for the
dinuclear manganese complex. From eq 21, factoo$ 1.6
(ORCA) and 2.2 (ADF) were calculated, similar to those

(21)

(83) MunzarovaM.; Kaupp, M.J. Phys. Chem. A999 103 9966-9983.
(84) Luckhurst, G. R.; Pedulli, G. AViol. Phys.1971, 22, 931-935.
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Figure 3. Geometry-optimized structures (using BP functional, TZVPP (Mn), and DZP (other elements) basis sets; ORCA) of the mononuclear manganese
complexes [MA(H20)e]2" (2), [Mn"(Porph)(NH)Z] (3), [Mn!Y (Porph)(OCH)Z] (4), and [MrY(SALAHE),] (5). Porph= porphinate, HISALAHE = 1-hydroxy-
2-methyl-2-(salicylideneamino)ethane.

Table 6. Theoretical Isotropic 5°Mn hfc's (B3LYP//BP, ORCA) of Table 7. Calculated 5>Mn Nuclear Quadrupole Tensor
Mononuclear Manganese Complexes (see Figure 3)2 Components P of [Mn"Mn"V(u-O),(u-OAc)DTNE]?" (MHz), in
Comparison with Experimental Data of Related Mn""Mn"V Systems?

Ao (caled) — AZ (exptl)  f(Ao)

BP/BP B3LYP/B3LYP B3LYP//BP BP//BP BPIBP expt expt
R mononuclear Complexeies 6k 16 ORCA1 ORCA2  ORCA-3 ADF-1 ADF-3 MDTNE®  BIPY®
n n - - .
IMn(Porph)(NH)] _115  —2%0# 18 M P, +1.7 423  +23 +18 +1.9 —03 +15(+165)
v Bineoon) O i A i3 noor et o con e imigacis
_ _ 2z —A1. —Z. —Z. —1. —1. —1. —Z2.4 (—o.
e -G e e e 7l e+ -
Inuclear complexes y —2. —1. —1. —2.2 —2.1 —1. —0.0 (—0.
Mn'' [Mn""MnV (u-O)(u-OAC)DTNERY  —267  —389 1.5 P, +38  +3.1 +3.1 +35 +35 +2.3 +15(1.4)

MY [Mn"MnY(u-O)(u-OAC)DTNER+  +142  +207 15

aBasis sets for single-point calculations: CP(PPP) (Mn) and EPR-I|
aEstimated ratid between experimental and calculafifin isotropic (other elements) for all ORCA calculations; IV (Mn) and Ill (other elements)
hfc’s in comparison with the BS-DFT results for the [MKIN"Y (u-O),(u- for all ADF calculations. ORCA and ADF-3: no frozen core. ADF-1: 1s
OAC)DTNEJ* complex. Results from B3LYP single-point calculations with ~ frozen core for N, C, and @.Experimental data for the [MhMn' (u-
basis sets CP(PPP) (Mn) and EPR-II (other elements) on geometry-optimizedO),(u-OAc)(CHs)aDTNE](BPh), complex8 ¢ Experimental data for the
structures from BP calculations employing the TZVPP (Mn) and DZP (other [Mn""Mn"V (u-O):BIPY4](ClO4)3 complex from Schi@r®® and Randall et
elements) basis setsExperimental hyperfine data from studies performed al. in parenthese®.
on [Mn''(Hx0)g]%".84 ¢ Experimental hyperfine data from studies performed

on [Mn'"TPP]8 9 Experimental hyperfine data from studies performed on : :
[MrEIVTPP(O]CI_i)Z]_85987 eExperirXSntaI hyperfine data frompstudies per- €xperimental nuclear quadrupole data are available for the

formed on [MAY (SALAHE)].8%  Experimental hyperfine data from studies ~ closely related complex [MHAMN' (u-O)z(u-OAc)(CHs)s-
performed on [MHMn" (u-O)(u-OAc)DTNE](BPh).* TPP= tetraphe-  DTNE]J2+ and other dinuclear manganese systems (see Table
nylporphinate. 7)889The tensor componen® (see Figure 1 for the molecular
axes system) have negative signs for'Mand positive signs

for Mn', both in the calculations and experiments. This is in
line with the model of a prolate electric field gradient along
the z-axis for the JahnTeller distorted MH' site and an oblate
electric field gradient on MM and consistent with basic ligand
field arguments? These different electronic distributions around
the metals are clearly displayed in the geometries: considering
the Mn" site, the “axial” Mn—0,4 bond is longer than the “in
plane” Mn—N, and Mn—N3 bonds, while at the MM site,

the Mn,—Oj3 bond is shorter than the corresponding A5

and Mn—Ng bonds (see Figure 1 and Table 1).

obtained for the manganese atoms in the dinuclear DTNE
complex1 (ORCA: 1.4-1.7, ADF: 2.4-2.5). Other experi-
mental hyperfine data are available for [MPP]8 [Mn'V-
(TPP)(OMe})], and [MnV(SALAHE),].8 Calculations on these
systems were performed employing the model syst@ms
displayed in Figure 3 (B3LYP//BP, ORCA). Also for these
complexes, similar ratiosbetween theoretical and experimental
isotropic 5°Mn hfc’s were obtained (Table 6). This indicates
that the underestimation of the isotropivin hfc’s in complex

1 is not basically anchored in the broken symmetry and spin

rojection formalisms. A systematic deviation allows, however, . .
bro) 4 4.7. Nitrogen Hyperfine Tensors and Nuclear Quadrupole

the use of scaling factors for the estimation of experimental Coupling Constants. Only one large, almost isotropléN hfc
data, and we propose the use of the value 1.5 for future studies ) . ' .
brop f ~10 MHz was found in the cw-ENDOR experiments of

on such dinuclear manganese systems employing the same leveY . . )
of theory g y ploying complex1.23 The signal was assigned to the nitrogen atom N

4.6. Manganese Nuclear Quadrupole Tensor3.he almost Wh'Ph 'S ax!ally bound 1o the M center. (Flgure. 1). This
- . . assignment is corroborated by our calculations, which show one
octahedral environment of both metal ions of complexs dominant isotropic hyperfine coupling constat, = 8—12
expected to result in rather small nuclear quadrupole tensors. pic hyp piing ©

o - . MHz for this nitrogen nucleus (Table 8). Nevertheless, the
This is confirmed by the calculations. Independent of the chosen . A . ) RO
. calculations gave significant dipolar hyperfine contribution in
method or program, no eigenvalue of tH##n nuclear quad-

. . : ntr he almost isotropic experimental signal. In view of
rupole tensors larger than 4 MHz was obtained in this work contrast to the aimost Isotropic experimental signa ewo

. i " o | L
(Table 7). Considering the experimental data, a quadrupole previous studies ofN hfc's in CU' complexes it is likely,
splitting could not be detected in the pufS¥in ENDOR spectra  (g7) camenzind, M. J.; Hollander, F. J.; Hill, C. Inorg. Chem.1983 22,

of complex1 due to line widths of about 8 MH% Nevertheless, 3776-3784.
(88) Schier, K. O.Exchange Coupled Manganese Complexes: Model Systems

for the Active Centres of Redoxproteinsugstigated with EPR Techniques.

(85) Perfe-Fauvet, M.; Gaudemer, A.; Bonvoisin, J.; Girerd, J. J.; Boucly- Dissertation, Technische Univergitaerlin, Germany, 2002.
Goester, C.; Boucly, Anorg. Chem.1989 28, 3533-3538. (89) Randall, D. W.; Sturgeon, B. E.; Ball, J. A;; Lorigan, G. A.; Chan, M. K.;
(86) Kessissoglou, D. P.; Li, X. H.; Butler, W. M.; Pecoraro, Vlhorg. Chem. Klein, M. P.; Armstrong, W. H.; Britt, R. DJ. Am. Chem. S04995 117,
1987, 26, 2487-2492. 11780-11789.
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Table 8. Spin-Projected 1N Hyperfine Data and Nuclear Table 9. Spin-Projected H Hyperfine Coupling Constants (MHz)?
Quadrupole Coupling Constants (MHz)2

BP//BP B3LYP//B3LYP  B3LYP//IBP BP//IBP BP//BP

BP//BP  B3LYP//B3LYP  B3LYP/BP  BP//BP  BPI/IBP ORCA-1 ORCA-2 ORCA-3 ADF-1 ADF-3 exptl
ORCA-1 ORCA-2 ORCA-3 ADF-1 ADF-3 H—Ns, site 1
sitel N As +84 +12.0 +12.6 +11.1 +8.7 Aiso +4.9 +4.9 +4.6 +5.1 +5.1 +3.1
AL -1.8 —-2.4 -2.3 -1.8 -1.8 Al -7.1 -8.1 -7.8 -7.2 -7.2 —-8.7
A, -1.6 —-2.2 —-2.2 -16 -1.6 A, -5.8 -6.5 —6.4 -5.9 -5.9 -8.0
Aj +3.4 +4.6 +4.5 +2.3 434 A;  +12.9 +14.6 +14.2 +13.1 +13.1 +16.7
x| 2.1 2.4 2.4 1.9 1.9 H—Ny, site 1
Noo Mo 25 I VT Ass  +5.3 +5.3 Y49  +58 458 431
Il : - - : - A -70 -8.0 -78 —69 -69 -87
Ns lAi‘SO B -8 L TR 08 A,  -57 -6.3 -62 -58 -58 —80
X . . . U
site2 N Asy 424 119 123 16 411 Az +12.7 +14.3 +14.0 +12.6 +126 +16.7
x| 1.6 1.6 1.6 1.4 1.4 H—Ns, site 2
Ns Aiso +3.0 +1.6 +1.7 +2.3 +1.7 Aiso —2.4 —2.7 -2.9 —2.4 2.4 -15
[ 1.7 1.7 1.7 15 15 AL —-5.8 —6.9 —6.8 —5.6 -5.6 -7.2
N Aiso +2.8 +1.3 +1.6 +2.3 +1.6 A, +2.2 +2.9 +2.7 +2.2 +2.1 +2.8
x| 1.7 1.7 1.7 1.4 1.4 Az +3.5 +4.1 +4.1 +3.4 +3.4 +4.4
] ] ] ] H—Ns, site 2
aBasis sets for single-point calculations: CP(PPP) (Mn) and EPR-Il A, -28 -3.0 —-3.2 -3.0 -3.0 -15
(other elements) for all ORCA calculations; IV (Mn) and I (other elements) A} —-57 -6.8 —-6.7 —-5.6 —-5.6 —-7.2
for all ADF calculations. ORCA and ADF-3: no frozen core. ADF-1: 1s A, +2.3 +2.9 +2.8 +2.2 +2.2 +2.8
frozen core for N, C, and O. Very similar results were obtained with an A5 +3.4 +3.9 +3.9 +3.3 +3.3 +4.4
additional Mn 1s-3p frozen core (ADF-2, results not shown). Experimental
values of the [MH"V'n'V(“'O)ZW'OA_C)(C"@“DENE](Bph)“ complex: A aBasis sets for single-point calculations: CP(PPP) (Mn) and EPR-II
= 9.8 MHz andy = 2.20 MHz, assigned to ¥ (other elements) for all ORCA calculations; IV (Mn) and I1l (other elements)

for all ADF calculations. ORCA and ADF-3: no frozen core. ADF-1: 1s

however, that the hyperfine anisotropy of this metal bound frozen core for N, C, and O. Very similar results were obtained with an
. ' is al . di lculatiGiee additional Mn 1s-3p frozen core (ADF-2, results not showRExperi-
nitrogen atom is also overestimated in our calculatiGii8. mental data of the [MAMN™ (u-O)x(u-OAC)(CHs)sDTNE](BPh) com-

Much smaller isotropic hfc’s have been calculated for all other plex32 Similar hfc’s were obtained for the hydrogen atoms attachedto N

nitrogen nuclei, and experimental hyperfine data for these nuclej Nz and to N/Ne, respectively.

in complex1 are not available. However, a furthéN hfc of H

2.9 MHz could be obtained, e.g., for the [MNn" (u-O)x(u-

OAC)(TACN),]J(CIOg4)3 complex from ESEEM spectroscopy, ‘\@/

and was assigned to the equatorial nitrogens at thé kite33 ry ry
Table 8 also include¥N nuclear quadrupole coupling con-

stants. The largest values figif were obtained for N(1.9-2.4 Mn”l——MnN

MHz), in very good agreement with the experimental value of 1 2
2.20 MHz33 Figure 4. Geometrical parameters used in the extended point-dipole model

. . for the estimation ofH anisotropic hfc's.
4.8. Hydrogen Hyperfine Tensors.In the experimental P

study, significantH hyperfine interactions were only found for ~ with

those hydrogen atoms directly attached to the nitrogen nuclei

of complex1 (Figure 1)33 Furthermore, the hydrogen atoms at d=2r°-r1,° (23)
N2/N3 and, likewise, at N are exposed to rather similar
chemical environments. In consequence, only hbyperfine r= §\/4r16 — 4rI3 r;3 cos(20) + rZ*G (24)
tensor could be measured for each site (Table 9). The calcula- 2

tions are in agreement with these findings and show similar wherec = gefegnfin/h = 79.2 MHz A for protons.ge andgy
= = 79. Oe

hyperfine data for both pairs of hydrogen atoms. In general, are the electron and nuclegwalues . andfy are the electron
good agreement between theory and experiment has been 1‘oundand nuclear Bohr magnetons, ands Planck’s constant
Similar results were obtained with the BP and B3LYP density i 1o the frequent use of the extended point-dipolé model

functionals. o o for predicting geometrical details from EPR/ENDOR param-
Through application of the extended point-dipole model, the eters, e.g., for dinuclear manganese compl@k&s2it was
location of hydrogep atoms in dinuclear excha_nge coupled meta'interesting to check the quality of this approximation in
glusters ce'm be estimated from measured anlsgtﬁd}plwper- application to complex. Therefore,!H hfc’'s were estimated
fine datgA 2 in the op.posne way, théH hyperfine data can from this model employing the geometrical parametgrsg,
be obtained from the distances re, and the angl® between 5,4 from the available X-ray structufeand from the DFT
the hydrogen nucleus and the spin centers (Figure 4). Making goometry optimizations performed in this work. From Table
use of the spin projection coefficients of = 2 for Mn" and 10 it is evident that the hyperfine data from the extended point-
¢ = —1 for Mn'"" one obtains: dipole model are very close to the experimentalhyperfine
values, underlining the validity of the model for the manganese
complex under investigation. Furthermore, thenyperfine data
: . from the extended point-dipole model compare better with the
8‘3 %Enggvﬂl'VC.'EFéhJﬁﬁbegh%g?ae&tggﬁihtﬁ;%%oin3ﬁeﬁr7ktrg%%n ge. €Xperimental data than the hfc’s directly obtained in the DFT
mischvalenten Mangankomplexen als Modelle dias wasserstoffoxidier-

ende Enzymsystem im PhotosysterDisertation, Technische Univerdita (92) Randall, D. W.; Gelasco, A.; Caudle, M. T.; Pecoraro, V. L.; Britt, R. D.
Berlin, Germany, 1995. J. Am. Chem. S0d.997, 119, 4481-4491.

A = codiag(d, =T + 6/2, T + 6/2) (22)
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Xablehlfé- Csm(r?:arison 10)%*; Hypzr?ne Délta (MHz) forEthe Pcriotctim shows the potential of the BS-DFT approach for the calculation

ttached to N3 (Figure tained from Experiments, Extende H H H H H H H

Point-Dipole Model, and DFT Calculations of EP_R parameters in comblnatlor_l with spin projection or
mapping procedures. Such calculations will be valuable for a

extended point-dipole extended point-dipole DFT calcd . . .
exptl?  model on exptl structure® model on calcd structure® B3LYP//B3LYP ORCA-2¢ deeper understanding of Fhe electronic structure of magnetically
~ 57 5 3 o1 coupled metal systems in general and to evaluate structural
A,: 80 g 8> 65 proposals from spectroscopic studies. Thex(rO)x(u-OAc)
A3 +16.7 +17 +16.5 +14.6 structural motif of the investigated cluster is similar to the active
center of the manganese catalase. Two X-ray structures are
* Measured data of the [MMn" (u-O)z(u-OAc)(CHy).DTNE](BPh) available for the MHMn'"! states of the enzymes frobacto-
complex33 bhfc's from the extended point-dipole model employing the . . 04
X-ray data of [MH!'Mn"(u-O)(u-OAc)(CHs):DTNE](BPh), but with bacillus plantarumand Thermus thermophilu¥:°* The super-
modeled N-H bond lengths (values from Sdiea et al.)®® hfc’s from oxidized MA'"Mn'V state of the manganese catalase is experi-

the extended point-dipole model employing geometrical parameters from i imi
the B3LYP geometry-optimized structure (ORCA-2Lalculated DFT mentally well characterized and shows data rather similar to

results (ORCA-2). those of the DTNE complex investigated hé&%959 |n
consequence, the use of BS-DFT to evaluate the plausibility of
calculations. This is somewhat surprising since the point-dipole possible structures for this system appears to be promising and
model makes use of idealized spin densities (only) at the wjl| pe addressed in detail in a forthcoming publication.
manganese centers, while the spin density distributions from Fyrthermore, we plan to extend this work to the lower oxidation
the DFT calculations should be closer to reality. states of the manganese catalase active site that are directly
5. Summary and Conclusions relevant for the proposed catalytic cycle of this enzythe.
) However, these calculations will require an adequate treatment
The electronic structure of the [MiMn" (u-O)(u-OAc)- of the zero-field splitting interaction, the theory of which is
DTNE]?* complex was investigated by density functional theory currently under development in our laboratory.
employing the broken symmetry approach and spin projection.  The ejucidation of geometric and electronic structures of
Geometry optimization of the complex yielded distinctly dif-  gligomeric transition-metal active sites on the basis of a
ferent Mri' and Mrl" sites for the high spin and broken  comparison between calculated and measured spectroscopic data
symmetry states. This trapped valence character is in agreemen 4 fajrly challenging task and requires the capability to calculate
with the experimental results. A comparison of the geometrical ¢ many observables as possible with an adequate accuracy.
parameters from theory with the X-ray structure shows good \ye hope that this study, which is focused on geometries,
agreement. Somewha‘; smaller deviations between theory ?”dexchange coupling constantgfensors, and metal and ligand
experiment were obtained for the broken symmetry state in hyperfine as well as nuclear quadrupole couplings, will prove

comparison to the high spin state geometry. The BP functional 4 e a useful basis for further studies on such systems.
yielded more accurate geometrical parameters than the B3LYP

method. In the next step, the Heisenberg exchange coupling Acknowledgment. Tiging Liu (Scripps Institute, La Jolla,
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