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Exchange coupling parameters and isotropic >>Mn hyperfine couplings of fourteen mixed-valence Mn(lll)—Mn(IV)
dimers are determined using broken-symmetry density functional theory (DFT) and spin projection techniques.
A systematic evaluation of density functional approaches shows that the TPSSh functional yields the best exchange
coupling constants among all investigated methods, with deviations from experiment of the order of ~10—15%. For
the prediction of *Mn hyperfine couplings the deficiencies of DFT in the description of core-level spin-polarization and
the neglect of scalar relativistic effects lead to systematic deviations between theory and experiment that can be
compensated through the use of a universal scaling factor. We determine this scaling factor to be 1.49 and
demonstrate that the **Mn hyperfine couplings in mixed-valence Mn(lll,IV) dimers can be successfully and
systematicaltl_)y predicted with the TPSSh functional and the proposed spin projection techniques. The dependence
of isotropic >>Mn hyperfine couplings on the Mn(lll) zero-field splitting values is studied in detail using a dimer for which
the strong exchange approximation breaks down. In this case we apply a rigorous form of our spin projection technique
that incorporates zero-field splitting contributions to the site spin expectation values. These results form the basis for

future studies that aim at deducing unknown structures on the basis of computed spectroscopic parameters.

Introduction

Manganese clusters with magnetically interacting open-
shell ions feature prominently in diverse areas of modern
chemistry. The exchange interactions between paramagnetic
Mn centers lead to intriguing properties that justify the
central position these clusters occupy in research fields
ranging from biochemistry to molecular magnetism.
Mixed-valence manganese dimers have been extensively
researched because they are the building blocks of more
complex inorganic or biological systems, and they offer the
opportunity to probe fundamental properties in the simplest
possible chemical framework. Thus, they are the stepping
stone for a deeper understanding of biological systems like
the tetranuclear Oxygen Evolving Complex (OEC) in Photo-
system II or the active site of Mn catalases, and they form
the basis for establishing and evaluating theoretical proto-
cols that can be subsequently extended to larger systems. *
Many dinuclear complexes have been synthesized and studied
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over the years and of particular interest are those that mimic
structural, spectroscopic, and/or functional properties of
enzymes.' ® Modeling these properties using quantum che-
mical methods allows a direct connection between structure
and properties to be established, and thus is a fundamental
prerequisite for rationalizing observations, making predic-
tions, and planning future research.

A direct approach to the theoretical description of ex-
change-coupled metal clusters requires multideterminantal
methods. However, the high computational effort involved
imposes strict limits to the applicability of these methods. The
use of density functional theory %DFT)F9 in its bro-
ken-symmetry (BS) implementation'®'? offers a way to
circumvent this issue. Numerous studies have shown that the
BS-DFT approach can provide reasonably good geometries
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and energies, while the methodology can also be applied
to the calculation of molecular properties.”” ° As a promi-
nent example, the use of procedures based on the Spin
Hamiltonian (SH) formalism in combination with appropri-
ate spin projection allows the accurate prediction of magnetic
and spectroscopic parameters like exchange cou%ﬂin% con-
stants, hyperfine coupling constants, or g-tensors.' >

In this paper we will follow this approach to probe the
magnetic and spectroscopic properties of a series of mixed-
valence Mn(I1LIV) dimers. Particular emphasis is placed on the
correct prediction of hyperfine coupling constants, since these
form an invaluable set of experimental data in the field of OEC
research.”**> We will show that an approach based on BS-DFT
calculations combined with the determination of proper ex-
change coupling constants and on-site spin coefficients provides
a reliable way to predict the properties of these dimers.

Among the multitude of dinuclear complexes that have
been structurally characterized, several bridging modes tend
to appear repeatedly.! The simplest dinuclear structures
utilize a single oxo or hydroxo ligand. This bridging type is
not often encountered because dioxo- and dihydroxo-
bridged manganese dimers tend to be thermodynamically
more stable than their single oxo- and hydroxo-bridged
counterparts. The single u-oxo bridge is also less common
than the u-hydroxo or u-alkoxo motifs and is correlated with
linear Mn—O—Mn geometries. A multitude of bis(u-0xo)
dimanganese clusters have been synthesized and are the most
prevalent dimeric form of manganese in the literature. The
less common bis(u-hydroxo) and bis(u-alkoxo) equivalents
display remarkable similarities in core structure with the
bis(u-oxo) clusters even though they have quite different
chemical environments. In the case of the bis(u-ox0) core,
the dimers typically present high oxidation states (III,IV
or IV,IV) and the mixed valence clusters display valence
localization. The second most common type of core is the
bis(u-oxo)(u-carboxylato). This and the bis(u-oxo) core are
two of the bridging types that are generally accepted to occur
in the OEC.*"% Triply bridged (u-oxo)bis(u-carboxylato)
Mn dimers have been characterized and several interesting
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models exist that exhibit more than one mode of carboxylate
binding to the metal center. After surveying the existing
literature, we have compiled a set of fourteen mixed-valence
Mn(III/IV) complexes (see Table 1) that will be studied in the
present paper. Since our focus is on the correct prediction of
both magnetic and spectroscopic properties, the criterion for
this selection was the availability of both exchange coupling
and hyperfine parameters for unambiguously characterized
molecular structures. The compiled set contains all existing
Mn(IILIV) dimers for which reliable data on both types of
properties are available.

Methodological Details

Theoretical Methods. The interpretation of hyperfine cou-
plmg constants (HFCs) is based on the familiar Spin-Hamilto-
nian (SH) H=S-A-I, where [ is the nuclear spin operator, A the
hyperfine coupling tensor, and S the operator of the fictitious
ground-state electron spin. In the present case, the complexes of
interest consist of two antiferromagnetically coupled manga-
nese centers and are experimentally characterized as having
doublet ground states (total spin S;="'/»). Such coupled states
can be described reasonably well by the broken symmetry (BS)
approach,'®!? as already demonstrated in studies of related
systems.>!% It is well-established that the electron density of
the relevant BS state corresponds well to the electron density of
the real antiferromagnetic state owing to the variational adjust-
ment of the ionic and neutral components of the wave function,
even though the spin density is incorrect.'**! In a recent con-
tribution we have successfully set up a general procedure for
extracting the correct HFCs from a BS-DFT calculation of
exchange coupled oligonuclear complexes, allowing the direct
comparison of computed and experimentally determined HFC
values.! For that purpose, we used a set of pairwise exchange
couplings and exact diagonalization of the associated SH matrix
to calculate site-spin expectation values for each magnetic
center. Through the definition of appropriate spin-projection
coefficients we then arrive at effective isotropic and anisotropic
HFCs. The method has been discussed extensively for the
general case,'” so we will now offer only a brief outline.

By defining the system under investigation as consisting of
metal-centered subsystems with definite properties and assum-
ing that nucleus K belongs to subsystem A, we obtain the general
equation that directly connects the BS calculation to the ob-
servable HFC:

K K)o [(SH)
Ai(so) = Ai(so), site ( St (1)

where S is the flctltlous total spin employed in the analysis (‘/»in
our case), (S2) is the on-site spin expectation value, and
Agﬁfme is the intrinsic site isotropic hyperfine coupling constant

K <S:’>BS
A1<so) site — == Al(bo) BS ( SA (2)

where S4 is the “site-spin” of subsystem A, and the positive or
negative sign is applied depending on whether that fragment
carries majority (o) or minority () spin. (S:)gs = My is
simply the total Mg of the BS wave function and A,:f, BS the
calculated BS hyperfine coupling constant. Note that the on-
site spin expectation value (SY) is the key for arriving at the
correct HFCs. In the general formulation of our procedure we
consider the system of interest as divided into N subsystems
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Table 1. Mixed-Valence Manganese(I1I/IV) Complexes Included in the Present
Study

label compound’ references
1 [Mn(u-O)(bpmsed),]** 53

2 [Mn,(u-0)2(bpy)al** 57,58
3 [Mn,(u-O),(phen),** 58,59
4 [Mn,(u-0),(bispiMesen),] >+ 60

5 [Mn,(u-0),(bisimMe,en),]** 61

6 [Mn,(u-O),(bispicen),]* 62,63
7 [Mn,(u-O)y(tren),]* 62,64
8 [Mn(-0),(bpg)o] 65

9 [Mn,(u-0)(u-OAc)(dtne)** 58

10 [Mn,(u-0)(u-OAc)(Meydtne)* ™ 58

11 [an(y-O)Z(p-OAc)(tacnbf* 58,66
12 [Mn,(u-0),(p-OAc)(tpen)]*+ 67

13 [Mn,(u-0),(u-OAc)(bpea),]* " 68

14 [Mn,(hClysalpn),(THF)]* 55,69

“Ligand abbreviations: bpmsed = N, N-bis(2-pyridylmethyl)-N-salicyli-
dene-1,2-diaminoethane; bpy = 2,2’-bipyridyl; phen = 1,10-phenanthroline;
bispiMe,en=N,N'-dimethyl-N,N'-bis(2-pyridylmethyl)-1,2-diaminoethane;
bisimMe,en = N,N'-dimethyl-N,N'-bis(imidazol-4-ylmethyl))-1,2-diamino-
ethane; bispicen = N, N-bis(2-pyridylmethyl)-1,2-diaminoethane; tren = tris-
(2-aminoethyl)amine; bpg = N, N-bis(2-pyridylmethyl)glycinate; dtne =1,2-
bis(1,4,7-triazacyclonon-1-yl)ethane; Meydtne = 1,2-bis(4,7-dimethyl-1,4,7-
triazacyclonon-1-yl)ethane; tacn = 1,4,7-triazacyclononane; tpen = N,N,N',
N'-tetrakis(2-pyridylmethyl)-1,2-diaminoethane; bpea = N, N-bis(2-pyridyl-
methyl)ethylamine; hClysalpn = N,N'-bis(3,5-dichlorosalicylidene)-1,3-dia-
mino-2-hydroxypropane; THF = tetrahydrofuran.

interacting via N(N—1)/2 Heisenberg exchange couplings cor-
responding to the effective spin-Hamiltonian of eq 3.

Her = =23 JjSi-S; ()
i<j
The eigenstates of Hegr are

SAMs, ...

|SASE...Sy—1SySM) = oo

S Ms, .Sn Ms,

SyMs,,
VNS Mg, s ., Sy Mg,

4)

and for a given subsystem A, the on-site spin expectation value is
calculated as

SAMs, .
1

™y = 3 e Mg (s

SaMs, .Sy Msy

where |C3AMgn,...,SyMsy|* represents the weight of the basis
state |[SAMga,...,.SyMgyy in the ground state eigenfunction
[SASE...Sy—1SM) with M = S. The same procedure can be app-
lied for the determination of the correct dipolar hyperfine
coupling constants.

In the case of the strong exchange coupling limit, we have
already demonstrated that our approach reduces to the treat-
ment outlined by Bencini and Gatteschi.** Considering a dimer
dominated by Heisenberg exchange, the on-site spin expectation
value is related to the spin projection coefficient

A
Ca = % (6)
with
Ch = Se(St+1)+Sa(Sa+1) —Sp(Sp+1) (7)
Si(Si+1)

Sa and Sg being, respectively, the site spins of subsystems A and
B in the dimer of interest. However, when Heisenberg exchange
isnot dominant the previous treatment is no longer valid, and we
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need to account for the zero-field splitting (ZFS) contribution
that arises when at least one site has S; > '/,. This can be done by
simply including a new term in the effective spin-Hamiltonian of
eq 3:

Har = =288+ 8:-0" -8, 8)
i<j i

where D is the local ZFS tensor for site i. By accounting for this
term in our procedure, it is obvious that S is no longer a good
quantum number. In extreme cases if either Jis very small or D is
very large this may well obscure the multiplet structure to an
extent that the lowest magnetic sublevels can no longer be
described by a standard spin-Hamiltonian. However, as long
as the ground state multiplet remains a doublet upon inclusion
of the ZFS interaction, it is still reasonable to describe the system
of interest with Sepr = S = !/, even though the ground state is
not an eigenstate of S°. The calculation of the on-site spin
expectation value is then performed by following eqs 3—5 for
the general case of an exchange coupled system divided into
metal-centered subsystems. This procedure allows us to extend
our treatment of mixed-valence clusters into the intermediate
exchange coupling regime and arrive at reliable predictions of
HFC:s for this case as well.

Geometry Optimization. Crystallographic files of the com-
plexes were obtained from the Cambridge Structural Database.
The experimental structures were processed and cleaned up to
prepare the initial molecular geometries that were subsequently
completed by addition and optimization of hydrogen atoms.
These refined structures were fully optimized without symmetry
restrictions to ensure that all complexes are treated on an equal
footing and that subsequent spectroscopic properties are de-
rived from a consistent set of reference structures. Geometry
optimizations were performed with the BP86 functional®**
using TZVP basis sets for all atoms® and taking advantage of
the RI approximation with the auxiliary def2-TZV/J Coulomb
fitting basis sets*® as implemented in ORCA.* Increased inte-
gration grids (Grid4 in ORCA convention) and tight SCF
convergence criteria were used.

Magnetic properties. Broken-symmetry DFT calculations
were performed with six different density functionals that
represent most of the currently available approaches: the
%eneralized gradignt approximation (GGA) functionals BP§86

334 and PBE,*® % the meta-GGA functional TPSS,*' the
hybrid functionals B3LYP*™** and PBE(,* and the hybrid
meta-GGA functional TPSSh.*® Exchange coupling constants
were computed with the Yamaguchi formula*”*® (eq 9) which
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covers consistently the whole range of situations from the strong
to the weak exchange coupling limit.

Eys —Egs
NN
(S s —(S dss

Spectroscopic Parameters. >>Mn isotropic hyperfine coupling
constants Aj, and the traceless anisotropic dipolar HFCs were
calculated from Fermi contact terms and dipolar contributions
as the expectation values of the appropriate operators over the
spin density. The spin—orbit contribution (orbital part) to the
hyperfine interaction was also determined; its isotropic part
(pseudocontact shift) was added to the >>Mn isotropic Fermi
contact term Ajq,, while its anisotropic part was added to the
anisotropic tensor. All HFC calculations were performed with
ORCA using the TPSSh functional,*® which has been identified
as superior to other hybrid or GGA functionals for spectro-
scopic properties.'*?° The CP(PPP) basis set was used for Mn??
and TZVP basis sets®® for the remaining atoms. As previously
described, the increased flexibility of the triply polarized basis
set CP(PPP) in the core region is expected to provide results
close to the basis set limit for the isotropic contribution to the
HFC.?** To ensure the numerical accuracy of results the size of
the integration grid was increased to 7 (ORCA convention) for
the manganese atoms.>?> Additional hyperfine calculations were
performed at the scalar relativistic level of theory using the zero-
order regular approximation (ZORA) as implemented in
ORCA 732 In this case all basis sets were fully decontracted
to allow for a more accurate response of the inner atomic shells
to the relativistic potentials; the integration accuracy of the
metal centers was also increased to 14.

J=- 9)

Results and Discussion

Structures. The fourteen complexes under considera-
tion are listed in Table 1, and their optimized structures
are shown in Figure 1. As stressed in the Introduction, we
attempted to be exhaustive but discriminating in our
coverage of existing Mn(I11/IV) dimers; thus, the lack of
EPR studies and in particular HFCs for many otherwise
characterized complexes led us to exclude them from the
present reference set. For a detailed overview of the
literature on manganese clusters we refer the reader to
the comprehensive review by Armstrong and co-work-
ers.! Focusing on the available dimers collected in Table 1,
we note that the bridging motif of the dimanganese core is
largely determined by the denticity of the supporting
ligands. Thus, the use of a pentadentate N4O-donor
ligand in complex 1 results in a u-oxo bridge featurin%
an almost perfectly linear Mn—O—Mn arrangement.>
This is currently the only known example of a Mn(I11/1V)
dimer with a single u-oxo bridge. Complexes 2—8 contain
the more common bis(u-o0x0) core, while in complexes
9—13 the coordination sites that remain available
through the use of either two tridentate or one hexaden-
tate N-donor ligands accommodate an additional
u-carboxylato bridge. These 13 compounds cover the
oxo/carboxylato bridging combinations that are most
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frequently encountered in biological settings. No mixed-
valence Mn dimer is yet known with a (u-oxo)-
(u-carboxylato) core; a Mn(III/IV) dimer featuring a
(u-oxo)bis(u-carboxylato) core has been incompletely
characterized,”*>> while a dimer featuring bis(u-0xo)bis-
(u-carboxylato) bridging has been reported by Mukho-
padhyay and Armstrong,’® but is not included in the
present study because of the lack of detailed experimental
data necessary for our purposes. The last compound in our
set, dimer 14, is a special case that cannot be classified into
any of the usual core types: two hClsalpn ligands
(hClssalpn = N,N'-bis(3,5-dichlorosalicylidene)-1,3-diami-
no-2-hydroxypropane) coordinate over both Mn centers,
albeit with different ligation modes, leaving an alkoxy-
group of one ligand to play the role of direct bridge between
the manganese. This intriguing bonding situation leads to
magnetic and spectroscopic properties that are atypical of
the other Mn(III/IV) dimers, as will be discussed in the
following.

In all cases, the computed spin densities of the com-
plexes show clearly the inequivalent nature of the two
manganese sites and the existence of discrete Mn(I1I) and
Mn(IV) centers. A spin population of about 3.9 is as-
signed to the Mn(I1I) ion as antici}?ated for a high-spin d*
center, whereas the Mn(IV) ion (d”) carries a spin popula-
tion of 2.7—2.8. The localized nature of these mixed-
valence dimers is apparent in the optimized geometric
parameters because of the high structural asymmetry that
is present even when identical ligands are used for both
metal ions. In particular, the Mn(III) center exhibits a
large axial Jahn—Teller elongation, making the metal—
ligand bonds involved 0.2—0.3 A longer compared to the
corresponding bonds of the Mn(IV) center. It should be
noted that the Jahn—Teller axis is never found to lie along
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Figure 1. Optimized structures (BP86/TZVP) of the mixed-valence manganese(I1I/IV) dimers (hydrogen atoms omitted for clarity).

an oxo bridge. The equatorial bonds around Mn(III) are
also longer than those of the Mn(IV) center, but to a
smaller extent. In most cases, the equatorial elongation
(usually less than 0.1 A) is only noticeable in the bridging
Mn—O bonds and not in the Mn—N bonds with the
supporting ligands. Finally, we observe that geometric
features such as the distance between the manganese
centers are strictly defined for each particular type of
bridging and can span only a very limited range of values.
Specifically, complexes with the bis(u-oxo0) core (2—8)
have an intermetallic distance between 2.75 and 2.76 A,
coinciding with the hallmark value for one of the EXAFS-
derived Mn- - - Mn separations in the OEC.” The Mn,0,
moiety is perfectly planar and the Mn—O—Mn angles
remain almost constant at 96° in all these dimers. The
addition of a carboxylato bridge (complexes 9—13) en-
forces a bending of the Mn,O» ring along the O—O vector
by ~20° and reduces_the distance between the metal
centers to 2.66—2.69 A. The Mn---Mn distance is sig-
nificantly longer in complexes 1 and 14, at 3.73 A.
Heisenberg Exchange Coupling Constants. The values
of the exchange coupling constants obtained with the six
density functionals employed in this study are summar-
ized in Table 2. Across the set, exchange coupling is
uniformly predicted to be antiferromagnetic. The three
functionals that do not include Hartree—Fock exchange
(TPSS, BP86, and PBE) demonstrate the typical over-
estimation of the magnitude of the exchange coupling,
arising from the overdelocalization that is characteristic
of GGA functionals. BP86 and PBE show deviations in
excess of 50%, whereas TPSS is slightly better, with
average deviations of 43%. Incorporation of exact ex-
change in the hybrid functionals PBEO and B3LYP leads
to a clear improvement, reducing the deviation to 23% in
the latter case. For the hybrid functionals the tendency is
to underestimate the magnitude of the coupling constant,
possibly in part because of overstabilization of the

(70) Yachandra, V. K.; Sauer, K.; Klein, M. P. Chem. Rev. 1996, 96,
2927-2950.

Table 2. Exchange Coupling Constants J (in cm™ ") Computed with Different
Density Functionals: Comparison with Experimental Values

dimer TPSSh B3LYP PBEO TPSS BP8 PBE expt.

1 —120 —101 —85 —-168 —185 —187 —177
2 —147 —123 —100 —218 —239 242 —150
3 —147 —123 —100 —216 —237 —240 —134
4 —128 —109 —88 —189 —208 =210 —155
5 —127 —109 —89 —183 —-201 —203 —139
6 —125 —106 —86 —183 =201 —203 —140
7 —127 —106 —83 —190 —208 —209 —146
8 —118 —100 —82 —172 —188 —190 —151
9 —138 —114 —96 —-209 —-230 -232 -—110
10 —126 —105 —86 —-193 —-213 =215 —112
11 —118 -99 =81 —-178 —196 —198 —110
12 —129 —106 —87 -197 =217 =219 —125
13 —107 —91 =75 —161 —179 —180 —l64
14 —10 =7 —4 —18 —20 —20 —10

% AJ —6 =22 —37 42 56 58

% |AJ 14 23 37 43 56 58

high-spin states by the Hartree—Fock contribution.®
Overall, however, the hybrid meta-GGA TPSSh func-
tional yields the best results, with absolute deviations of
only 14%. These results reinforce the view emerging from
a number of recent studies'®*%”'~7* that TPSSh outper-
forms B3LYP in many situations and should be consid-
ered as the method of choice especially for modeling
magnetic and spectroscopic properties of exchange
coupled transition metal clusters.

When the computed values are looked at more closely,
itis somewhat surprising that no clear trends and correla-
tions appear between the J values and the bridging motifs
of the dimers. The experimentally fitted constants suggest
that the bis(«-0x0) core corresponds, in general, to stron-
ger antiferromagnetic coupling compared to the bis-
(u-oxo)(u-carboxylato) core. Dimer 13 constitutes an

(71) Biihl, M.; Reimann, C.; Pantazis, D. A.; Bredow, T.; Neese, F. J.
Chem. Theory Comput. 2008, 4, 1449-1459.

(72) Pantazis, D. A.; McGrady, J. E.; Maseras, F.; Etienne, M. J. Chem.
Theory Comput. 2007, 3, 1329-1336.

(73) Biihl, M.; Kabrede, H. J. Chem. Theory Comput. 2006, 2, 1282-1290.

(74) Jensen, K. P. Inorg. Chem. 2008, 47, 10357-10365.
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exception, since the reported J constant has the unusually
high value of —164 cm™'. This trend is not at all apparent
in the computed values, which are of comparable
magnitude for complexes 2—8 and complexes 9—13.
Another distinctive feature in the experimental data that
is not reproduced by the calculations is the magnitude
of the coupling constant for 1. According to the fitted J,
this mono(u-oxo) dimer was expected to display the
strongest coupling, but this is clearly not the case with
the DFT values. We attribute this particular deviation
to the lengthening of the Mn(III)—O bond upon optimi-
zation by 0.13 A with respect to the starting crystal
structure. This elongation, which is to be expected
for this type of linear bridging given the absence of
packing constraints in our models, should be enough to
cause the observed lowering in the absolute value of the
exchange coupling constant. Indeed, recalculating the
exchange coupling constant for 1 with the Mn—O
distances fixed at their crystallographic values leads to
J=-215cm . This demonstrates the high sensitivity of
the calculated J value toward changes in the Mn—O
distance, which regulates the dominant o superexchange
pathway for 1.

It is worth noting that the above observations are not
specific to any functional: all of the approaches presented
in Table 2 yield essentially the same relative magnitudes
for the J constants of the different complexes. We will not
pursue this issue here; in each individual case compar-
isons are inevitably complicated by a combination of ill-
defined factors such as experimental uncertainties in the
thermal depopulation measurements and/or the fitting
procedure, the possible influence of counterions and
crystal environment on geometries, intermolecular inter-
actions and intrinsic errors of the theoretical methods.
For our purposes, and for all practical purposes we can
envisage, it is sufficient that we have singled out an
adequately performing density functional (TPSSh) for
the broken-symmetry description of these complexes, so
we will now proceed to the analysis of the spectroscopic
properties of the Mn(III/IV) dimers.

Manganese Hyperfine Tensors. In previous theoretical
studies it has been shown that present-day density func-
tionals tend to underestimate the *>Mn isotropic hyper-
fine coupling constant because of the inadequate
description of spin polarization.**>”®> The observed devia-
tions turn out to be systematic and can be compensated by
applying a universal scaling factor that is specific to a
given combination of functional and basis set. In a
calibration study that compared experimental and calcu-
lated **Mn isotropic HFCs for some representative
mononuclear and binuclear manganese complexes a scal-
ing factor of 1.59 was determined for the B3LYP func-
tional using the CP(PPP) and TZVP basis sets for the
metal and the remaining atoms, respectively.?' Since we
are employing a different functional (TPSSh) an updated
scaling factor is necessary; the outcome of the new
calibration is presented in Table 3. To test the influence
of scalar relativistic effects we have also computed the
isotropic hyperfine coupling constants of the above set of
manganese complexes using the ZORA scalar relativistic
Hamiltonian.

(75) Munzarova, M.; Kaupp, M. J. Phys. Chem. 41999, 103, 9966-9983.
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The results in Table 3 suggest a scaling factor of 1.49 for
the non-relativistic TPSSh results. It is important to note
that the values obtained for the dimer [Mn'"'Mn'Y-
(u-0)2(u-OAc)(dtne)]*" confirm that the same scaling
factor also applies to metal centers involved in antiferro-
magnetic coupling, which is an important requisite for the
present study. The ZORA results appear better, reducing
the error roughly by half compared with the non-relati-
vistic case. However, the hyperfine coupling constants are
still underestimated on average by a factor of 1.24 with
respect to the experimental values. Most importantly, the
results are not more systematic than the non-relativistic
results, since scalar relativistic corrections do not improve
on the description of the bonding in the valence region.
Therefore, given that the use of the ZORA approximation
does not eliminate the need for a scaling factor and also
tends to be slightly more time-consuming than the usual
non-relativistic calculations, we consider it more conve-
nient to pursue this work by applying a scaling factor
on non-relativistic values. It simply should be kept in
mind that the factor of 1.49 accounts in about 1:1 ratio
for both spin polarization effects and scalar relativistic
corrections.

Usually, with bridging ligands such as those encountered
in the selected set of compounds, the ground state of a
mixed-valence Mn(IILIV) dimer is an antiferromagneti-
cally coupled doublet S, = '/, state, which can be described
by the BS state |2,—3/2). Furthermore, the major part of the
dimers under investigation is close to the strong exchange
coupling limit according to the results reported in Table 2.
Itis thus straightforward to calculate the corresponding on-
site spin expectations values by using eqs 6 and 7. For the
present doublet systems, we calculated (SYV) = 1 for the
Mn(III) ions (Sx = 1) and (S®) = —!/, for the Mn(IV) ions
(Sg = 3/2). With these values in hand, we subsequently
calculated the hyperfine coupling constants of the relevant
BS state Agf,?Bs. The conversion of these quantities
into “site values” Agf,?site and their multiplication with the
corresponding (S%)/S, ratio finally provided the correct
isotropic and anisotropic >>Mn HFCs. The results are
summarized in Tables 4 and 5, where the experimentally
deduced parameters are also given for comparison.

Looking first at the anisotropic contributions to the
HFCs (Table 4), our calculations confirm that the
Mn(III) center is the main source of anisotropy for the
entire set of complexes under investigation. The largest
component is predicted to be along the z-axis, in agree-
ment with available experimental data. This pointis also
consistent with the fact that all reduced sites in these
dimers exhibit a Jahn—Teller distortion in the axial
direction. Regarding now the magnitude of the com-
puted dipolar HFCs, the A~ values seem to be correctly
predicted since most of them are in the range of the
experimental data. However, the calculations clearly
overestimate the values of the A\ and A4} components
and it is also not clear whether they can reproduce
the rhombic or the axial nature of the corresponding
tensors. Nevertheless, it is worth bearing in mind that
it is difficult to reach any safe conclusions regarding
the performance of the method because the experi-
mental data vary widely in terms of consistency and
accuracy.
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Table 3. Determination of a Scaling Factor fi, for the Isotropic HEC: Comparison between Calculated (TPSSh) and Experimental Isotropic *Mn HFCs (MHz) of Selected

Mn Complexes”

NonRel ZORA
redox state complex Ajso (exp) Ajso (calc) fiso Ajso (calc) fiso
Mn" [Mn(H,0)]** —264 —201 1.31 -232 1.14
Mn"! [Mn(porph)(NH3)] —204 —123 1.66 —147 1.39
Mn" [Mn(porph)(OCH3),] —202 —139 1.45 —167 1.21
Mn'Y [Mn(salahe),] —216 —128 1.68 —154 1.40
Mn'!! Mn"™"Mn"Y (1-0),(u-OAc)(dtne)* —389 —278 1.40 —338 1.15
Mn"Y Mn™Mn"Y (4-0)>(u-OAc)(dtne)** 207 142 1.46 178 1.17

“Ligand abbreviations: porph = porphyrine; salahe = salicylaldehydeimine-1-hydroxyethane; dtne = 1,2-bis(1,4,7-triazacyclonon-1-yl)ethane.

Table 4. Calculated (TPSSh) **Mn Hyperfine Parameters (MHz): Spin Projected
Anisotropic HFCs for the Selected Mixed-Valence Complexes, Compared with
Experiment

MnAIII MnBIV

A A, A A A, A

1 Calc. +67 +39 —-106 -1 —11 +12

Expt. +99 +9 —-108 +3 +3 —6

2 Calc. +50 +46 -96 +1 +4 5

Expt. +49 +27 -76 -9 -3 +12

3 Calc. +51 +45 —96 +2 +5 -7

Expt. +50 +28 -78 -7 —4 +11

4 Calc. +50 +46 -96 -5 -2 +7

Expt. +28 +28 —-56 +4 +4 -8

5 Calc. +50 +47 -97 0 +7 -7

Expt. +24 +24 —48 +1 +1 -2

6 Calc. +43 +56 —-99 -3 -5 +8

Expt. +67 +19 —86 -9 0 +9

7 Calc. +47 +50 -97 -3 -3 +6

Expt. +22 +22 —44 0 0 0

8 Calc. +75 +34 —-110 -5 —6 +11

Expt. +20 +20 —40 0 0 0

9 Calc. +55 +50 -105 +3 +5 -8

Expt. +15 +79 —94 +12 +4 -16

10  Cale. +47 55 —-101 +5 +2 —6

Expt. +15 +77 -92 +11 +6 -17

11 Calc. +51 +50 -101 —1 -7 +8

Expt. +24 +71 —95 +6 +9 -15

12 Cale. +52 +50 —-102 +1 +3 —4
Expt.

13 Cale. +53 +48 -101 -6 -2 +8
Expt.

14  Calec. +54 +49 —-103 +7 +1 -8
Expt.

Indeed, although all EPR experiments were at least
performed on frozen solutions studied at low temperature
with the use of 9 GHz (X-band) spectrometers, the
simulations of the spectra were conducted at different
levels of approximation. For complexes 2—4 and 9—11,
an elaborate multifrequency approach was employed
with the use of extra high-field EPR experiments. The
resulting spectra were then carefully analyzed for an
accurate determination of hyperfine tensors allowing thus
a direct comparison of these data with our calculations.
For complexes 1 and 6 the X-band spectra were analyzed
by a least-squares fit allowing for rhombic hyperfine
tensors thus leading to an appropriate level of agreement
between experiment and simulation. However, only axial
tensors were employed for simulating the X-band spectra
of complexes 5 and 7—8, thus limiting the reliability of a
comparison between theory and experiment. Finally,
nothing can be said about complexes 12—14 since no
simulated data is available for these systems. Most im-
portantly for our purposes, from comparison of Tables 4

and 5, and in line with previous work,'?213% the aniso-

tropic components of the >>Mn hyperfine tensors are at
least three times smaller than their isotropic counterparts,
which were all properly determined from the EPR experi-
ments. Therefore, we will focus the rest of our analysis on
the isotropic parameters for the selected manganese
dimers. Note that the same complications arise in com-
paring the calculated g-tensors with experimental data
(see Supporting Information).

Correct signs for all calculated isotropic HFCs are
obtained with respect to the spin-up/spin-down popula-
tion carried by each fragment. We observe that the Mn-
(III) ions are characterized by similar intrinsic site values
for identical bridging topologies: —216 MHz on average
for bis(u-oxo) bridging (complexes 2—8) and —204 MHz
on average for bis(u-oxo)(u-carboxylato) bridging
(complexes 9—13). Interestingly, the situation is slightly
different for the Mn(IV) ions, which seem to be less
affected by the chemical nature of the bridge as they
display a common Aj, site Value of =213 MHz. Thus, this
parameter for the Mn(IV) center is not sensitive to the
bridging environment. Furthermore, the largest isotropic
values are predicted to correspond to the Mn(III) sites,
consistent with the EPR simulations. Finally, comparison
of the calculated and experimental > Mn isotropic HFCs
Ajso reveals very good agreement between theory and
experiment with average absolute deviations of only 5%
and 3% for the Mn(III) and Mn(IV) sites, respectively.
The only unusually high deviation from experiment is
observed for complex 13, with the calculated isotropic
HFCs underestimating the experimental values by 16%
and 11% for the respective manganese ions. However, the
experimental HFC values for this complex appear to be
somewhat high when compared to its closely related
analogue 12. No detailed justification has been provided
to rationalize the difference in experimentally deduced
values between dimers 13 and 12. Thus, we do not
consider this deviation to be of great concern. Overall,
the present results confirm the reliability of the procedure
elaborated for extracting the isotropic HFCs from a BS
solution in the strong exchange limit.

In the above discussion, the comparison of calculated
and experimental isotropic HFCs has been focused on
complexes 1—13. We will now turn our attention to dimer
14, which is a special case when compared to the other
complexes in our set of selected dimers. Thus, this com-
plex will benefit from a specific treatment that we will
discuss in the following. At first, as shown in Table 4, we
calculated the >Mn isotropic HFCs of this dimer by
applying the same methodology we used for complexes
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Table 5. Calculated (scaled TPSSh) **Mn Hyperfine Parameters (MHz): Site Values and Spin Projected Isotropic HFCs for the Selected Mixed-Valence Complexes,

Compared with Experiment

MnAIII MnBIV
Aiso.site Aiso (calc) ‘Aiso‘ (exp) AAiso Aiso.site Aiso (calc) ‘Aiso‘ (exp) AAiso

1 —178 —356 381 25 —181 181 183 2
2 —235 —471 452 19 —213 213 219 6

3 —233 —465 451 14 —212 212 220 8

4 —-217 —434 408 26 —214 214 230 16
5 —209 —417 456 39 —217 217 216 4

6 —201 —402 413 11 —212 212 218 6
7 —211 —422 428 6 —206 206 207 1

8 —203 —406 430 24 —214 215 210 S

9 —207 —414 391 23 —211 211 209 2
10 —206 —411 405 6 —212 212 210 2
11 —195 —389 388 1 —213 213 215 2
12 —208 —417 448 31 —213 213 224 11
13 —203 —407 482 76 —215 215 241 26
14 —146 —292 387 95 —197 197 308 111
MAE 23 7

1—13, assuming the case of the strong exchange limit.
Our predictions clearly disagree with experiment, the
calculated isotropic HFCs being drastically underesti-
mated when compared to the experimental values. Such
deviation was expected for this complex as it features a J
value that is an order of magnitude smaller than the
values obtained for other dimers. Thus, complex 14
actually corresponds to the case of intermediate ex-
change, and for that reason we have to account for the
Zero Field Splitting (ZFS) interaction to predict the
spectroscopic parameters of this system. In this respect,
we will apply the procedure described in the theoretical
section (eq 8). This will lead us to new values for the on-
site spin expectation coefficients and will provide cor-
rected isotropic HFCs that can be directly compared to
experiment.

To illustrate the role of the ZFS term in the actual
modeling of the hyperfine couplings, we have calculated
the relevant quantities, that is, the on-site expectation
values (S™Y and the isotropic hyperfine coupling constants
A for different values of the D, and Jj; parameters, using
exact diagonalization of the spin-Hamiltonian defined in eq
8. For this purpose, we only considered the case of anti-
ferromagnetic coupling (Jag =< 0), and we varied the
Jap parameter to cover the range of experimental data:
—5cm ! < Jap < —175cm” L. Then, we assumed that we
could neglect the ZFS of the Mn(IV) ion, while we varied
the local ZFS parameter D 4 of the Mn(III) ion over a range
of typical values: —1 cm™' < Do < —4cm™ ' 217477 Finally,
the intrinsic site isotropic HFCs used for the analysis were
the values previously determined from DFT calculations
for complex 14, that is, Agg?me =—146 MHz for the Mn(III)
ion and Ai(sBo),site 197 MHz for the Mn(IV) ion. The
dependence of the two quantities under study on the Dy
and Jp values is illustrated graphically in Figure 2.

According to the results, the two parameters (S%) and
AL depend strongly on the values of D, when the
exchange interaction is no longer dominant, that is, when

(76) Yano, J.; Sauer, K.; Girerd, J.-J.; Yachandra, V. K. J. Am. Chem.
Soc. 2004, 126, 7486-7495.

(77) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A.;
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. D. J. Am. Chem. Soc. 2000, 122,
10926-10942.

approximately |Jap| < 75 cm™'. In this situation, the
parameters for the Mn,'"" and Mng'" sites are particu-
larly sensitive to the ZFS of the Mn(I1II) ion with varia-
tions of up to 200 MHz for the calculated AL From these
plots we can infer that a good agreement between theory
and experiment would be obtained for dimer 14 by using
Jap~ —10 cm ™! and a value of DA between —3 cm™ ! and
—4 cm™'. In this case, the corresponding on-site spin
expectation coefficients are (&) = 1.27 and (SP) =
—0.77 when Do =—3cm™ !, and (S™))=1.35 and (S®)) =
—0.85 when Da = —4 cm™ . On the basis of these values
we then calculated the *Mn isotropic HFCs that are
reported in Table 6. For comparison, we also include the
effective HFCs that would be obtained by using smaller
values for Dx.

Comparison of the calculated isotropic HFCs 4, with
experiment shows that the average absolute deviation for
model 14 becomes 4% and 8% for the Mn"! and Mn""
sites, respectively. Thus, the present results confirm that
our procedure can be reliably extended for predicting the
spectroscopic features of a system being in the situation of
intermediate exchange coupling. Furthermore, the main
advantage of our approach is the use of a limited number
of assumptions, since the calculation of the on-site spin
expectation coefficients is performed in an exact way as
long as upon inclusion of the ZFS term the ground spin
state under investigation remains a doublet (S, ="/,).

Conclusions

In the present work, we have presented a systematic
evaluation of density functional approaches for the predic-
tion of the leading magnetic and spectroscopic parameters
that are accessible in mixed-valence Mn(III)—Mn(IV) di-
mers: the exchange coupling parameter as well as the iso-
tropic *°Mn hyperfine coupling parameters. Overall, broken-
symmetry DFT is seen to provide fairly reasonable estima-
tions of the investigated properties. The predicted structures
are of the same quality as one is used for DFT calculations on
monomeric transition metal complexes.

For the Heisenberg exchange, the results of this study
clearly demonstrate that hybrid functionals are more accu-
rate than GGA functionals. This is consistent with results
available in the literature,'*° at least if the strong interaction
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Figure 2. Calculated on-site spin expectation coefficients (SEK)) and isotropic HFCs A® as a function of the DA and Jap values.

Table 6. Comparison of Calculated (scaled TPSSh) and Experimental **Mn Hyperfine Data (MHz) for Dimer 14 for Different Values of the ZFS Parameter D

MnA”I MnBlv
DA Aiso,sitc Aiso (calc) ‘Aiso‘ (exp) AAiso Aiso,sitc Aiso (calc) ‘Aiso‘ (exp) AAiso
0cm™! —146 —292 387 95 —197 197 308 111
—lem™! —146 —319 387 68 —197 233 308 75
—2cm™! —146 —346 387 41 —197 269 308 39
—3cm! —146 —371 387 16 —197 303 308 5
—4cm™! —146 —394 387 7 —197 335 308 27

regime is assumed in the calculation of J values. It is pleasing
to observe that the functional that has previously been
identified as being the best one available for hyperfine
predictions, the meta-GGA hybrid functional TPSSh, also
turns out to deliver the best exchange coupling constants
among all investigated methods. The deviations of theoretical
and experimental J values are only on the order of ~10—15%
which is considered to be sufficient for most intents and
purposes.

For the prediction of metal hyperfine couplings, it is still
necessary to employ an empirical scaling factor that accounts
for the shortcomings of DFT in the description of core-level
spin-polarization. If scalar relativistic effects are taken into
account (for example by the ZORA procedure), a deviation
of 25% between theoretical and experimental >Mn HFCs
still remains. However, this deviation is very systematic and
can be essentially eliminated by one scaling factor that is once
and for all fixed by a calibration study. It only depends on the
functional and metal being investigated. However, if one
does not want to deal with the intricacies of relativistic

calculations, it is even easier to also compensate for the
25% scalar relativistic contribution to the isotropic >Mn
hyperfine coupling with a combined scaling factor that turns
out to be 1.49. Thus, this factor contains in equal proportions
corrections due to the shortcomings of DFT and to the
neglect of scalar relativistic effects.

Importantly, this scaling factor does not change upon
coupling the manganese ions to antiferromagnetically coupled
dimers. We expect that the same scaling factor will be valid for
higher nuclearity clusters, although this remains to be proven
in future studies. Thus, we have demonstrated that the >>Mn
hyperfine couplings in mixed valence Mn(IIL,IV) dimers can
be successfully and systematically predicted with the TPSSh
functional and the spin projection techniques that we have
introduced earlier and that reduce to the Bencini—Gatteschi
treatment in the case of dimers. This treatment is sound,
simple, and successful as long as one is on the strong exchange
limit. If, however, the exchange coupling becomes weak or the
zero-field splitting (essentially dominated by the Mn(III) sites)
becomes strong, the strong-exchange approximation breaks
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down and then it becomes essential to employ a rigorous
form of our spin projection technique that takes care of the
ZFS contributions to the site spin-expectation values. In this
study, we have demonstrated in one particular example that if
the magnitude of the J value drops below 75 cm™' the
isotropic **Mn hyperfine couplings are very stronf%ly affected
by Mn(III) D values on the order of =3 to —4cm™ . Thisisan
important result for future studies that aim at deducing
unknown structures on the basis of computed spectroscopic
parameters.

Having now a carefully calibrated DFT approach for Mn
dimers available, we believe that the door is open for studying

Orio et al.

higher nuclearity manganese clusters and complex biochem-
ical systems. Work along these lines is in progress in our
laboratory.
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