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ABSTRACT: An analysis of the electronic structure of the
[MnHMnIH(,u—OH)-(,u—piv)z(Me3tacn)2](ClO4)2 (PivOH)
complex is reported. It displays features that include: (i) a
ground 1/2 spin state; (ii) a small exchange (J) coupling
between the two Mn ions; (iii) a mono-u-hydroxo bridge, bis-
U-carboxylato motif; and (iv) a strongly coupled, terminally
bound N ligand to the Mn'", All of these features are observed
in structural models of the oxygen evolving complex (OEC).
Multifrequency electron paramagnetic resonance (EPR) and
electron nuclear double resonance (ENDOR) measurements
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were performed on this complex, and the resultant spectra simulated using the Spin Hamiltonian formalism. The strong field
dependence of the >*Mn-ENDOR constrains the *>Mn hyperfine tensors such that a unique solution for the electronic structure can
be deduced. Large hyperfine anisotropy is required to reproduce the EPR/ENDOR spectra for both the Mn' and Mn"" ions. The
large effective hyperfine tensor anisotropy of the Mn", a d* ion which usually exhibits small anisotropy, is inter})reted within a
formalism in which the fine structure tensor of the Mn'" ion strongly perturbs the zero-field energy levels of the Mn"Mn"" complex.
An estimate of the fine structure parameter (d) for the Mn'" of —4 cm ™" was made, by assuming the intrinsic anisotropy of the Mn""
ion is small. The magnitude of the fine structure and intrinsic (onsite) hyperfine tensor of the Mn" is consistent with the known
coordination environment of the Mn"" ion as seen from its crystal structure. Broken symmetry density functional theory (DFT)
calculations were performed on the crystal structure geometry. DFT values for both the isotropic and the anisotropic components of
the onsite (intrinsic) hyperfine tensors match those inferred from the EPR/ENDOR simulations described above, to within $%.
This study demonstrates that DFT calculations provide reliable estimates for spectroscopic observables of mixed valence Mn

complexes, even in the limit where the description of a well isolated S = 1/2 ground state begins to break down.

1. INTRODUCTION

Several u-oxo/hydroxo bridged Mn cofactors have been found
in biological enzymes. Important examples include (a) the
dimanganese catalase,"> which catalyzes the dismutation of
H,0, to H,0 and O,; (b) the recently identified Mn containing
class Ib ribonuclotide reductase;>* and (c) the tetra-manganese
oxygen evolving complex (OEC) of reference PSII which per-
forms the multistep oxidation of H,O to O,. To understand
the chemistry these complexes perform it is important to
resolve, in detail, their geometric and electronic structures.
Synthetic complexes play a crucial part in this exercise, allowing
specific features to be examined separately. In multielectron-
reactions such as water-splitting the catalysts must cycle through
several different oxidation states, many of which are paramagnetic.
As such, electron paramagnetic resonance (EPR) spectroscopy is
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an invaluable tool for the elucidation of the properties of these
comglexes. Mixed valence complexes such as Mn"Mn™" and
Mn""Mn", typically exhibit antiferromagnetic coupling leading
to the ground state configuration of total electron spin (St) of
1/2. The St = 1/2 state manifests itself in CW-EPR as a charac-
teristic multiline signal centered at g ~ 2. The large number of
spectral lines observed arises from the coupling of the two >>Mn
nuclei to the total unpaired electronic spin. In principle, the
electronic structures can be derived from these measurements.
However, the analysis of EPR spectra of exchange-coupled
systems is often complicated by the presence of multiple terms
of similar energetic importance in the spin Hamiltonian. In
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general it is impossible to obtain unique parameters for the
Hamiltonian from a single EPR spectrum. One solution to this
problem is to measure the EPR spectrum at multiple frequencies
(X-, Q-, and W-band). As the different components of the Spin
Hamiltonian have different magnetic field dependence, this
allows the relative contributions to be resolved.”® An important
complementary approach is electron nuclear double resonance
(ENDOR) spectroscopy.”® **Mn-ENDOR spectra are usually
much simpler to analyze because of the lower number of over-
lapping transitions and its insensitivity to the exact geometry of
the hyperfine tensors relative to each other. As a consequence,
reliable information on the hyperfine couplings, and, to a lesser
extent, nuclear quadrupole couplings of the >*Mn (I =">/,) nuclei
can be readily obtained using such measurements. In studies on
mixed valence Mn""Mn"Y complexes the combination of both
multifrequency-EPR and *>Mn-ENDOR has allowed not only a
determination of the effective G and hyperfine tensors (A,, A,)
but also their relative orientations. While there are mul-
tiple EPR/**Mn-ENDOR studies on synthetic and biological
Mn""Mn" complexes®®®~'* all efforts, including our own, to
obtain such measurements for Mn"Mn"" complexes have failed
thus far. The reason for this is the very fast T relaxation in such
complexes.'® As such only CW-EPR studies have yet been
reported for Mn"Mn"™ model complexes.>'®""* Here we de-
monstrate for the first time that pulsed >>Mn ENDOR measure-
ments at Q-band frequency can be successfully employed
for deriving the electronic structure of an exchange coupled
Mn"Mn" complex. The complex used is the well characterized
[MnHMnIH(,u—OH)—(‘u—piv)z(Me3tacn)2](C104)2 (PivOH)
complex previously reported by Bossek et al.”® This complex
contains a y-hydroxo (#-OH) and two u-carboxylato (u-piv)
bridges between the two Mn ions (see Figure S). The oxidation
states of the two Mn ions could be identified from the crystal
structure because of the elongation of the Mn(2)—N(5) and
Mn(2)—O(3) bonds. This elongation represents the Jahn—
Teller axis of the Mn""

Static magnetization measurements have estimated the ex-
change coupling between the two Mn ions as antiferromagnetic
J=—8.5cm ' with an unusually large on-site zero-field splitting
for the Mn™ ion, |dIH| =8 cm  (see ref 21). Subsequent
pulse EPR measurements on frozen solution samples agree with
this result; ] was found to lie within —9.3 to —8.2 cm™ ', see ref
1S. Thus this complex represents a system where the J coupling
alone does not describe well the energy-levels of the system. A
demonstration of how additional terms in the Spin Hamiltonian
contribute to the total zero-field splitting of the complex and the
experimental manifestation of these effects are discussed.

2. MATERIALS AND METHODS

2.1. Magnetic Susceptibility Measurements. Measurements
were performed on powder samples of solid material in the temperature
range 2—300 K by using a SQUID susceptometer with a field of 1.0 T
(MPMS-7, Quantum Design, calibrated with standard a palladium
reference sample, error <2%). Multiple-field variable-temperature mag-
netization measurements were done at 1 T, 4 T, and 7 T also in the range
2—300K with the magnetization equidistantly sampled on a 1/T
temperature scale. The experimental data were corrected for underlying
diamagnetism by use of tabulated Pascal’s constants,”>** as well as for
temperature-independent paramagnetism. The susceptibility and mag-
netization data were simulated with the program julX for exchange
coupled systems.** Simulations presented are based on the Spin

Hamilton formalism (see Theory section 3). The magnetic moments
were obtained from the eigenfunctions ¥; of the appropriate Spin
Hamiltonian (H) by using the Hellman—Feyman theorem u (B) =
—(1;|dH/dB |1p;) where B denotes the applied magnetic field. Powder
summations were done by using a 16-point Lebedev grid.zs’26 Inter-
molecular interactions were considered by using a Weiss temperature,
Oy, as perturbation of the temperature scale, kT' = k(T — Oyy) for the
calculation.

2.2. EPR Measurements. Q-band CW-EPR measurements were
performed using a Bruker ESR 200D spectrometer equipped with an
Oxford Instruments ESR 935 cryostat and ITC4 temperature controller.
For data acquisition and spectrometer control a computer was used
running a lab-written control program. The microwave frequency
and magnetic field strength were monitored using a Hewlett-Packard
5352B frequency counter and a Bruker ERO3SM NMR gaussmeter,
respectively.

Q-band pulse EPR and **Mn-Davies ENDOR measurements were
performed at 4.2 K using a Bruker ELEXSYS E580 Q-band pulse EPR
spectrometer equipped with an Oxford-CF93S$ liquid helium cryostat
and an ITC-503 temperature controller. Electron spin echo-detected
(ESE) field-swept spectra were measured using the pulse sequence:
71/2—T—m—T—echo, where 7 = 80 ns and 7 = 440 ns. SSMn-Davies
ENDOR spectra were collected using the pulse sequence:
T—ngp—T—m/2—T—m—T—echo, where 71 = 80 ns, T = 440 ns , TyE
(RF pulse, radio frequency) = 3.5 us and a delay of T = 600 ns. To
measure hyperfine couplings larger than 150 MHz, an external home-
built computer console (SpecMan4EPR control software'>*”*%) was
used with the ELEXSYS E580 Q-band pulse EPR spectrometer, coupled
to a external RF generator (SMTO2 signal generator) and RF amplifier
(ENI 5100 L). A shot repetition rate of ~300 Hz was used for all mea-
surements. Mn-ENDOR experiments were performed using the random
(stochastic) acquisition technique as described in Epel et al.*® Usual
sequential acquisition in this ENDOR experiment with the PivOH com-
plex resulted in a severe distortion of the Mn-ENDOR spectrum caused
by “heating artifacts”. This is described in more details in Kulik et al.®

2.3. CW-EPR/>*Mn-ENDOR Simulations. CW-EPR/**Mn-EN-
DOR spectra were simultaneously fit assuming an effective spin S =1/2
ground state (see Theory section 3.2). The same Spin Hamiltonian was
used for both CW-EPR and **Mn-ENDOR spectra. The electron
Zeeman term was treated exactly. The nuclear Zeeman, hyperfine, and
quadrupole terms were treated using second order perturbation theory.
Spectral simulations were performed numerically using Scilab-4.4.1, an
open source vector-based linear algebra package (www.scilab.org) and
the EasySpin package®® in MATLAB. Linewidths (fwhm) used for the
simulations presented in Figures 1 and 2 are CW-EPR 6.5 MHz; Pulse-
EPR 2.7 MHz; Pusle-ENDOR 5.0 MHz. An anisotropic line broadening
was included in simulations with principal values [320 163 112] MHz. A
Gaussian profile was used to describe the excitation line width, with a
fwhm of 20 MHz.

2.4. Computational Details. 2.4.1. Geometry Optimizations.
Geometry optimizations used the BP86 density functional®"** along
with the 2010 DFT dispersion corrections from Grimme et al.** and the
zero-order regular approximation (ZORA) to account for relativistic
effects.®* 3® The segmented all-electron relativistically contracted
(SARC) def2-SVP basis sets were used for the hydrogen and carbon
atoms while the SARC def2-TZVP(-f) basis sets were used for all
other atoms.>” Optimizations took advantage of the RI approximation
with the decontracted auxiliary def2-TZVP/J Coulomb fitting basis
sets®® as implemented in ORCA.*” Increased integration grids (Grid4 in
ORCA convention) and tight SCF convergence criteria were used
throughout.

2.4.2. EPR Parameter Calculations. The exchange coupling constant (7),
hyperfine tensors, and nuclear quadrupole tensors were calculated for
the manganese ions and nitrogen atoms in each model of PivOH using
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the broken-symmetry density functional theory (DFT) methodology
(BS-DFT).**~* The hybrid meta-GGA TPSSh functional** was used
with the chain-of-spheres (R[JCOSX) approximation to exact exchange.**
Scalar relativistic effects were included with ZORA paired with the SARC
def2-TZVP(-f) basis sets and the decontracted def2-TZVP/] Coulomb
fitting basis sets for all atoms. Increased integration grids (Grid4 and
GridX4 in ORCA convention) and tight SCF convergence criteria were
used in the calculation of all EPR parameters. For the calculation of the
manganese hyperfine and quadrupole tensors specially constructed basis
sets, based on SARC def2-TZVP, were used for the Mn, N, and O atoms.
These basis sets contain fully decontracted s-shells with three additional
steep primitives added to the core (details are presented in the Supporting
Information S7). This construction is similar to that used previously in the
Core Properties (CP) basis set,* with the benefit of being consistent with
the ZORA method used. The integration grids were increased to an
integration accuracy of 11 and 9 (ORCA convention) for Mn and N/O,
respectively. Picture change effects were applied for the calculation of the
>>Mn hyperfine and quadrupole tensors. The application of the BS-DFT
approach and the performance of the TPSSh functional for the calculation
of exchange coupling constants and hyperfine coupling constants in
manganese systems has been extensively discussed, benchmarked and

calibrated in previous studies of manganese dimers,*’~* trimers,** and

51,52
tetramers.

3. THEORY

3.1. The Spin Hamiltonian Formalism. Here we consider
an antiferromagnetically exchange coupled Mn"Mn'"" dimer.
A basis set that describes the Mn-dimer spin manifold can be
built from the product of the eigenstates of the two interacting
spins:

|3152M1M21112m1m2> (1)

Here §; refers to the electronic spin state of Mn;, M refers to
the electronic magnetic sublevel of Mn;, I; refers to the nuclear
spin state of Mn;, and m; refers to the nuclear magnetic sublevel
of Mn,. S; takes the value °/, for Mn" and 2 for Mn'"'; M takes the
values: S; Si-1, ......, 1-S;, -S;; I; takes the value */, for >>Mn (100%
natural abundance) and; m; takes the values —I,, 1-I; ....,, I-1, I.
The Spin Hamiltonian that describes the spin manifold of the Mn
dimer is

H= Zﬁeﬁo@i@i — Y gBBoT; + Zgi'aifi

1 1 1
+Zj:f)zi: + Zgi‘di‘gi—zgl'j'gz (2)

It contains (i) an electronic Zeeman term for each Mn ion ; (ii)
anuclear Zeeman term for each **Mn nucleus; (iii) an electron—
nuclear hyperfine term for each **Mn nucleus; (iv) a nuclear
quadrupole term for each **Mn nucleus; (v) a fine structure term
for each Mn ion; and (vi) a electron spin coupling term for the
Mn—Mn interaction.

3.2. Effective Spin 1/2 Ground State. The electronic cou-
pling between the two Mn ions in mixed valence Mn dimers is
usually dominated by the through bond exchange interaction and
sufficiently large that the spin manifold can be treated within the
strong exchange limit. In this instance the exchange interaction
between the two Mn ions is significantly larger than any other
term of the Spin Hamiltonian. The resultant electronic spin
states of the manifold are then adequately described by a single
quantum number, the total spin (St). The “multiline” EPR signal
observed for the PivOH complex is derived from only one total
spin state, the ground state of the spin manifold with total spin

St =1/2. The basis set that describes this subspace takes the form
1
| E M m 1 my > (3)

Where M takes all half-integer values —1/2 < M < 1/2; and m;
(where i = 1—2) takes all half integer values —°/, < m; < °/,.
The effective Spin Hamiltonian that describes the ground state of
the spin manifold (St = 1/2) is

I:I - ﬂeﬁo'é'g
+ Y.(gB,BoT + S-A-I + I-P-T) (4)
7

It contains (i) the electronic Zeeman term for the total elec-
tronic spin; (i) nuclear Zeeman terms for each >>Mn nucleus;
(iii) electron—nuclear hyperfine terms for each **Mn nucleus,
and (iv) nuclear quadrupole terms for each **Mn nucleus.

3.3. Isotropic Spin Projections. A mapping of the spin
subspace in section 3.2 onto the original basis set as described
in section 3.1 can be made. This was first described by Sage
et al.>* in relation to the dimeric iron cofactor of purple acid
phosphatase and extended to mixed valence manganese com-
plexes by Zheng et al."” and Peloquin et al."' This allows the
intrinsic g and hyperfine tensors of the four Mn ions (g;, a; see
eq 2) to be calculated from the effective G and hyperfine tensors
(A, see eq4). For an exchanged coupled Mn"Mn™ complex the
effective g-factor G, hyperfine tensors A; and quadrupole tensors
P, are related to the parameters of the complete spin Hamiltonian
of the exchange-coupled system>»* by the spin-projection
coefficients, where the isotropic spin projection coefficients

(p1, p2) are defined as:

my _ Si(Si + 1) =8(S + 1) + 8(S + 1)
py(Mn') = 28(S + 1)

my - S2(S + 1) =SS + 1) + S(S + 1)
py(Mn') = 255 + 1)

(5)

and effective G and hyperfine values (4,), assuming all g; and a
are isotropic:

G=pg +0p+ %(g —2)[(Bp, + 1)di —(3p, + 1)dy]

Ay = o= a2 (30 + 1di = (36, + 1))
_ P1P2
Ay = pyar + S (Bpy + 1)di — (3p, + 1)dy]
Py =p
P, =p (6)
Foran Mn"Mn"™ dimer, S 1(Mn1) = */,;and SZ(MnIH) =2 which
gives isotropic spin projection values of p; ='/3 and p, = —*/3,

respectively. In the limit where exchange cou}?hng ] is large, the
above relations are approximately: G = 7/5g" — */5¢", A" =
7fpalh AT = 4y GMUpH I plT 135

3.4. Anisotropic Spin Projections. It is noted that the
expressions above derived from first order perturbation theory
break down in systems where J is not large. In systems that have a
pseudo-well isolated ground state it is often more convenient to
describe the spin projections p; as a tensor as opposed to a scalar
quantity, that is, the correction to the projected g/hyperfine tensor
(second/third terms of eq 6) is subsumed into the spin projection
coefficient itself. This formalism can also be readily generalized to
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the large spin systems. Here the Mn ion fine structure terms are
included in the Spin Hamiltonian that describes the spin manifold
(total zero-field splitting) of the complex.

H = —2]§1-§2 + §1'ti1'§1 + §2'612'§2 (7)

The fine structure tensors are traceless and as such be
expressed in terms of two parameters d; , and e; »:

1
—g (dt - 36,‘) 0 0
R 1
d; = 0 -3 (di +3e) O (8)
2
0 0 ~d
3

The projection of the total spin onto the individual Mn centers
is defined as the ratio of the on-site spin expectation value (S;) of
the i-th Mn to the “total spin” St or equally (S,):>"

= @ or = <SlZ>
pi - <SZ> pi - ST

For the St = 1/2 electronic spin-manifold the expectation
value of the spin operator (S;) is 1/2 and thus eq 6 can re-
expressed as

)

b, = 2:(5)) (10)

The effective G and hyperfine tensors (A;) are a weighted,
linear sum of the intrinsic g and hyperfine tensors (a;) of the
individual Mn ions.

G =g + g

Al = p1a

Ay = poiy (11)
P, = P

P, = P2

3.5. Calculation of Mn—Mn Exchange Couplings Using
Broken Symmetry (BS) DFT. The calculation of the exchange
coupling (J) was performed assuming the “isotropic” Heisenberg
Hamiltonian shown below, that is, the same as eq 7 but excluding
the fine structure terms.

H= —2JS$-S, (12)

Within the formalism of BS-DFT the exchange coupling constant
(J) can be calculated in a number of ways. Here the method of
Yamaguchi was used (eq 13), which has been shown to correctly
estimate exchange couplings over the entire range of co 5phng
regimes, that is, from the weak to strong coupling limit.>®

_ Ens — Egs
(s — (S*)ps

The calculation of the exchange coupling constants can be
performed using either an adiabatic or a single geometry
approach For the adiabatic approximation of J, the energies
and (S?) values from both the optimized high-spin and broken-
symmetry geometries are entered into eq 13. The more common
approach is to s1mp1y use the high-spin and broken-symmetry
energies and (S”) values for a single geometry, usually optimized
in the high-spin state. The adiabatic approximation is the better

] = (13)

representation of the measured exchange coupling as the experi-
ments are inherently adiabatic.

3.6. Hyperfine Couplings from Broken-Symmetry DFT. A
technique which allows for the extraction of hyperfine couplin
constants from BS-DFT calculations was develog)ed recently.®
The approach was shown to give calculated *>Mn hyperfine
couplings that can be meanin. §7qu3’ compared with experimental
values of manganese dimers, trimers,® and tetramers.>>*
The main concepts of the method will be highlighted here, for
more detailed descriptions of the method see refs 51,52.

For a system composed of metal-centered subsystems, in this
case subsystems centered on the Mn"" and Mn"" ions, the general
equation linking the isotropic BS calculated hyperfine coupling
constants to experiment is given below for a nucleus j within
subsystem i.

A(l,l) :Al!] <S >

iso iso,site S
T

(14)

where St is the effective total spin (1/2), (SYis the on-site spin
expectation value, and Al(sa z,te is the site isotropic coupling
constant defined as follows:

<SZ>BS

()
= AISO BS < S.

A

iso,site (15 )

Here §; is the site-spin of subsystem i and is positive or negative
depending on whether the subsystem carries majority or minor-
ity spin. (S.)ps is the total Mg of the BS wave function and
Ailps is the “raw” hyperfine coupling constant calculated
directly from the BS calculation. The final projection of the site
isotropic coupling constant into the correct effective hyperfine
coupling constant is poss1b1e through the use of the 1sotr0p1c spm
projection coefficients, 7/5 and —*/5 for Mn" and Mn", or
alternatively, the anisotropic spin-projection coeflicients as de-
scribed in the previous section. It has been previously established
that calculations of hyperfine components of Mn are under-
estimated with the BS-DFT method and require an empirically
determined scaling factor.*”***"** As the methodology used
here differs from previous reports we redetermined the scaling
factor to be 1.50 for the basis set and density functional used here.
See the Supporting Information S8 for more information on the
determination of the scaling factor.

4. RESULTS

4.1. Magnetic Susceptibility. Pure samples of the Mn"Mn™

PIVOH complex used in this study were synthesized as described
in ref 20. In the Supporting Information S1 the temperature
dependence of the magnetic susceptibility of a powder sample of
the PivOH complex recorded at an applied field of B =1 T
(plotted as ;T vs T) is shown. A small offset on the y-axis (yT) is
inferred and is assigned to a paramagnetic impurity. This
impurity presumably represents the fraction of complexes which
have decomposed to a monomeric Mn®* species (see section
4.2.1). The data could be readily modeled using the Spin
Hamiltonian given in the Theory section 3.1 (eq 2). In these
simulations only the electronic terms are considered. The nuclear
terms (hyperfine, quadrupole) are sufficiently small, of the order
of MHz, that they form no significant contribution to the total
zero-field splitting of the complex, which is of the order of cm ™"

The simulation strongly depends on the SIgned magnltude of
the exchange coupling J, estimated to be —8.6 cm ™. In contrast,
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CW-Q-Band (33.92 GHz)

Pulse- Q-Band (33.99 GHz)

Pulse- Q-Band pseudo-mod. (33.99 GHz)

1100 1150 1200 1250 1300 1350
Magnetic Field B, (mT)

Figure 1. CW and pulsed Q-band EPR spectra of the Mn"Mn"" PivOH
complex. (A) CW-Q-band. Experimental parameters: microwave fre-
quency: 33.92 GHz; microwave power: 8 mW; modulation amplitude:
0.2 mT, 1.5 kHz; temperature: 10 K. (B) Q-band pulse EPR, ESE-
detected field sweep. Experimental parameters: microwave frequencies:
33.69 GHz; shot repetition rate: S us; microwave pulse length (77):
80 ns, 7: 240 ns, 320 ns, 420 and 1420 ns, temperature: 4.2 K. (©)
Corresponding pseudomodulated ‘CW like” EPR lineshapes for the
absorption spectra presented in panel B. These spectra were generated
by convoluting the original absorption spectra with a Bessel function of
the 1st kind. The peak-to-peak field modulation used was 3 mT. Solid
lines represent the experimental data. The red dashed lines super-
imposing each data trace represent a least-squares fitting to the whole
data set (see Figures 1 and 2) using a model based on the Spin
Hamiltonian formalism (see Theory eq 4). It is noted that the CW-Q-
band EPR spectrum contains a small contribution of free Mn’*. In
solution Mn*" usually appears as a narrow EPR signal centered at g ~ 2,
with 6 sharp peaks with peak-to-peak separation of 8—10 mT. The
contribution of the Mn>* signal is shown by the green dashed traces and
is included in the simulation profile shown by the red dashed traces. All
fitting parameters are given in Table 1.

the fine structure parameters of both Mn ions (d;, d,) are not
well-defined. This is plausible because the ground state is a
doublet, without zero-field splitting and the splitting in the
excited manifolds should barely affect the values of }T. An error
correlation diagram for the exchange coupling constant J and the
fine structure parameter d, of Mn(III) as shown in the Support-
ing Information S1 which shows this feature of the static
magnetic measurements.

4.2.EPR Spectroscopy. 4.2.1. CW EPR. The CW-Q-band EPR
frozen solution spectrum of the Mn'"'Mn"" PivOH complex is
shown in Figure 1A. The samples were dissolved in a mixture of
purified dry CH;CN and CH,Cl, (1:3 v/v) at a concentration of
~1 mM. This solvent combination was previously seen to impart

Magnetic Field B, (mT)
1100 1150 1200 1250 1300 1350

1220 mT A

z)
3 <«

Pulse- Q-Band (33.99 GH

SSMnIII
[ |

Pulse- Q-Band Davies ENDOR

100 200 300 400
Radio Frequency v, (MHz)

Figure 2. Pulsed Q-band EPR and ENDOR spectra of the Mn"Mn'"
PivOH complex. (A) Q-band pulse EPR, ESE-detected field sweep
(as shown in Figure 1B). (B) A decomposition of the EPR simulation
along the three principal axes, x, y, and z. (C, D, and E) **Mn-ENDOR
spectra collected at three field positions within the EPR absorption
profile: 1117 mT, 1220 mT, and 1320 mT, respectively. The black, solid
line represents the experimental data. The red dashed lines super-
imposing each data trace represent a least-squares fitting to the whole
data set (see Figures 1 and 2) using a model based on the Spin
Hamiltonian formalism (see Theory eq 4). The optimized parameter
sets are given in Table 1. The contribution of the Mn" and Mn"" ions to
the >*Mn-ENDOR spectra is shown by the black bars.

good relaxation properties (T, T5). The spectrum is centered at
g~ 1.97, and it contains at least 23 spectral lines spread over a
field range of 220 mT. The hyperfine line spacing is of the order
of 10—12 mT, as estimated from the spectral lines at the low and
high field edges of the spectrum. The center of the hyperfine
pattern has a slightly different hyperfine spacing suggesting a
small contamination from a monomeric Mn>" species. Mono-
meric Mn*" typically manifests itself as a “six line” EPR signal,
centered at g ~ 2.0, with hyperfine line spacing of ~9 mT. The
estimated contribution of the Mn®" species is shown by the green
dashed line (Figure 1A).

The spectral pattern observed for the Mn"Mn™" PivOH com-
plex is typical of antiferroma%netically coupled, mixed valence
manganese dimers (Mn"'Mn"'/Mn""Mn""). The coupled Mn
dimer can be treated as an effective spin 1/2 state, where the
inhomogenous line width of the spectrum (the total spectral
breadth) is defined by the **Mn hyperfine couplings of the
two Mn nuclei to the fictitious electron spin Sy = 1/2. The
G-tensor anisotropy of such systems is typically small and not
resolved at low microwave frequencies (X, Q-band); that is to say
the G-anisotropy is smaller than the line-broadening/line-split-
ting due to the hyperfine interaction. Regardless, an estimate can
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be made of the G-anisotropy by comparing the total spectral
breadth of the spectrum measured at both X and Q-band
frequencies. The CW-X-band EPR spectrum of the Mn"Mn"™
PivOH complex was previously reported in refs 5,57 with total
spectral breadth of ~180 mT. This is approximately 40 mT
narrower than that measured at Q-band. As the G-tensor is the
only term of the effective Spin Hamiltonian (eq 4) that is
dependent on the magnetic field, the increase in the total spectral
breadth of the signal measured at the Q-band is a direct measure
of the G-anisotropy. Thus a AG of ~0.1 is inferred, where AG
represents the difference between the largest and smallest
component of the G-tensor, as seen for previous Mn"Mn'™"
model complex studies.>'”*”

Pulse-Q-band EPR spectra of the Mn""Mn"" PivOH complex
are shown in Figure 1B. These spectra were detected using a
Hahn-echo detection sequence (77/2-7-77-T-echo) with varying
pulse spacing of 7 = 240 ns, 320 ns, 420 and 1420 ns. At each of
these pulse spacings (7) a different absorption line shape is
observed. This is due to the large "*N hyperfine couplings of the
Mn ligands (see Figure S), which modulate the detected Hahn-
echo as the magnetic field is swept (see ref 58 and references
therein). This effect can be partially suppressed by using longer 7
values. Importantly, the total spectral breadth for all pulse spectra
is the same and approximately that seen using CW-EPR. It is
noted that the exact frequency of the CW-Q-band spectrum was
calibrated such that the edges of the spectral envelope matched in
the CW and pulse experiments. The corresponding pseudomo-
dulated “CW-like” spectra are shown in Figure 1C. These spectra
were generated by convoluting the original pulse (absorption)
spectra with a Bessel function of the first kind. The hyperfine
pattern observed is similar, but not identical to the CW spectrum.
This appears to be mainly due to a difference in the line width.
Spectral simulations are described in section 4.2.3.

The absorption lineshapes for pulse Q-band spectra regardless
of the values of 7 (Figure 1B) are not Gaussian, but instead are
skewed such that the spectra are elongated on their low field
edge. This observation is consistent with a pseudo axial G-tensor
of large anisotropy, as described above, and suggests the unique
axis (z-component) of the G-tensor (Gy) is larger than that the
other two components (Gx and Gy). This result is expected for
Mn"Mn"™ complexes and has been previously inferred from
spectral simulations of CW-EPR data (see section 4.2.4). It is
pointed out that this feature of the PivOH complex can be
demonstrated simply by using a higher frequency pulse-EPR
experiment without the need to perform any spectral simulation. It
should be noted that the inverse is seen for Mn""Mn" complexes;
the unique axis, G, is always smallest in these systems.>*"~'*

4.2.2. **Mn-ENDOR. Pulsed-Q-band Davies **Mn-ENDOR
spectra of the Mn""Mn"' PivOH complex are shown in Figure 2.
Spectra were recorded at the center of the absorption envelope
(powder position) and at the low and high field edges of the
absorption envelope (single crystal orientations). ENDOR sig-
nals assigned to the two **Mn nuclei are observed over the
100—380 MHz range. Additional signals are seen in the region of
40—70 MHz. These are assigned to ' H nuclei associated with the
Mn"Mn"™ PivOH complex, for example the u-hydroxo proton,
see Fi%ure S.

Mn", Mn"™, and Mn" complexes typically resolve ENDOR
signals across a large radio frequency range. At all obtainable
microwave frequencies available (X, Q, W-band etc), the hyper-
fine coupling of the **Mn nuclei is significantly larger than that of
the **Mn Larmor frequency. As such, *>Mn-ENDOR spectral

lines appear at about half the hyperfine coupling (a/2) split by
the nuclear Zeeman interaction.”” The magnitude of the **Mn
quadrupole couplings is 2 orders of magnitude smaller than the
therﬁne coupling and as such has only a small effect on the
5*Mn-ENDOR spectrum. Onsite **Mn hyperfine couplings (a)
for Mn", Mn™, and Mn" monomeric, dimeric, and tetramer
complexes in the current literature all fall within the range
140—260 MHz, and as such **Mn-ENDOR signals are expected
for the Mn"Mn™ PivOH complex between 70 and 130 MHz,
that is, a/2. It can be clearly observed in Figure 2 that this is
not the case; experimentally **Mn-ENDOR signals extend to
380 MHz. The reason for this is that the effective hyperfine
parameters of the coupled cluster measured in the EPR experi-
ment represent scaled versions of the onsite (or intrinsic)
hyperfine parameters of the two Mn ions. These scaling factors
or spin projections (see Theory section 3.3-3.4) result in a
spreading of the **Mn-ENDOR spectrum across a larger fre-
quency range. It is noted that the isotropic spin projections for
the Mn" and Mn"" ions (7/5 and —*/5, respectively) are suffi-
ciently different such that the **Mn-ENDOR signals arising from
the Mn" and Mn"" nuclei are spectrally resolved. This is shown
by the black bars in Figure 2D. This same basic [ghenomenology
has been observed for mixed valence Mn""Mn'" complexes, see
refs 5,6,9—14. Spectrum D represents the powder position. Here
all orientations contribute approximately equally to the **Mn-
ENDOR signal. The spectral breadth of the Mn"" ENDOR signal
is approximately 3 times smaller than that of the Mn" ENDOR
signal. An increase in the spectral breadth of the Mn'" ion is
expected as it carries the larger spin projection, and this increase
can be estimated by taking the ratio of the two isotropic spin
projections, that is, //5:*/5 = 1°/,. This is approximately 2 times
smaller than that seen experimentally suggesting the effective
hyperfine tensor associated with the Mn"" ion is intrinsically more
anisotropic than that of the Mn"'. This surprising result is
discussed further in section 4.1.4.

The magnitude of the effective hyperfine tensor components
along the three principal axes (x, y, z) for the Mn" and Mn"" ions
can be deduced from the **Mn-ENDOR spectra (C and E)
collected at the low and high field edge of the absorption
envelope respectively. The low field edge, which here is defined
by G, displays the largest hyperfine tensor component (Ay) for
the effective hyperfine tensor associated with Mn" and is
estimated as ~670 MHz; twice the midpoint of the doublet that
appears between 320 and 360 MHz. Similarly, the Mn'" A,
component is estimated to be 270 MHz. In contrast, the high
field edge which is here defined by G,, that appears to define the
middle component of the Mn" hyperfine tensor, is estimated to
be ~540 MHz. The corresponding Mn"" hyperfine component
is ~260 MHz. The Mn" hyperfine tensor component along Gy
can thus be deduced from the powder pattern spectrum. It must
be of the order of ~450 MHz to explain the low-frequency edge
of the Mn"-ENDOR signal, not seen at either of the single crystal
orientations. The corresponding Mn"" hyperfine component is
~260 MHz.

Radio-frequency nutation curves for three positions within the
S*Mn-ENDOR spectrum are shown in Figure 3. It is readily
observed across the 100—400 MHz radio frequency range, that
the optimal 77,¢ pulse length for the *Mn-ENDOR experiment
varies. From these results the effective B, (rf) field was estimated
throughout the >>Mn-ENDOR signal envelope. As expected the
B, field falls off at high frequencies, leading to a partial suppres-
sion of **Mn signals above 250 MHz. More unexpectedly, the B,
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Figure 3. **Mn-ENDOR intensity profile of the Mn"Mn™ PivOH
complex. (A) Q-band pulse **Mn-ENDOR spectrum collected at the
central field position 1220 mT of the EPR absorption profile. The
superimposed red squares show the effective B, (rf) field. (B) The
Davies ENDOR microwave and radiowave pulse sequence. (C) Radio-
frequency nutation curves for the three >*Mn-ENDOR positions marked
with the colored arrows. The contribution of the Mn" and Mn™ ions to
the **Mn-ENDOR spectra is shown by the black bars.

field also drops at low frequency, a consequence of the decrease
in the hyperfine enhancement factor. The net consequence of
this is that the relative line-intensities of **Mn-ENDOR signals
reported are only an approximation of the real line-intensities as
they in part reflect the response of the instrument. It is noted
though that although the ENDOR signals are dampened at either
end of the radiofrequency range probed, none of the signal
envelope is completely suppressed.

4.2.3. Spectral Simulations. Spectral simulations of the entire
data set were performed using the Spin Hamiltonian formalism
described in the Theory section. Simulations of the data are
shown in Figures 1 and 2, see red-dashed lines. All simulation
parameters are given in Table 1. More emphasis was placed
on reproducing the pseudomodulated derivative spectrum
than the corresponding CW-line shape as the pulse spectra
resolved more hyperfine structure and was free from Mn’*
artifacts. The isotropic line width used for the pulse and CW
simulations differed by a factor of 2. An anisotropic line width
broadening was included in the simulation that presumably
accounts for unresolved hyperfine couplings ('*N etc), see
Materials Methods 2.2.

The semiquantitative estimates of the Spin Hamiltonian
parameters given in sections 4.2.1-4.2.2 all approximately agree
with the fitted values. Single crystal orientation EPR simulations,
solved for By aligned along the three principal axes (x, y, z) are
shown in Figure 2B. As expected, the single crystal orientation for
which B coincides with the molecular z-axis, is the broadest,
spanning 1116—1285 mT and defines the low-field of the
spectral envelope. Similarly, the single crystal orientation where
By coincides with the molecular y-axis, is narrower, spanning
1171—1322 mT and defines the high-field edge of the spectrum.
The single crystal orientation where By coincides with the
molecular x-axis, is narrower still and is located in the center of
the spectral envelope, 1170—1300 mT. This requires G, > G, >
|Gy ;llnd the Mn" hyperfine tensor components to be |A,| > |4,| >
A

Table 1. Principal Values of the Effective G and >*Mn
Hyperfine Tensors for the Simulations of the Mn"Mn""
PivOH Complex”

spin hamiltonian parameters

hyperfine (MHz)

projected (4;) intrinsic (¢;)  quadrupole (P, MHz)

G Ml’lH Ml’lIH Ml’lH MnIII MnII MIIIH
x 1.964 —453 255 —240 —287 —324 1.50
y 1947 —544 279 —239 —218 2.80 3.00
z 2022 —696 260 —240 —137 0.44 —4.00
iso (P) 1978 —S64 264 —240 —214 —1.62 —2.00
aniso (77) 0.066 —207  —7 -1 116 0.73 0.38

“The isotropic G, and A; i, (i = 1—2) values are the average of the
individual values: Gis, = (G, + G, + G;)/3and A; ;o= (A + A, + A;.) /3.
The perpendicular and parallel G and A, values are defined as G, = (G, +
G,)/ 2,Gi=G.and A, = (Ajx+A4;,)/2, Ay = A, .. The anisotropy in the G
and A; values is expressed as the difference between the parallel and
perpendicular component of the tensor. The nuclear quadrupole coupling
constant P is defined as: P = (¢’qQ)/(4hI(2I — 1)) = (P3/2) and 17 =
(Py — P,)/(P3). Py, P, and P; are defined such that |P,| < |P,| < |P3L.As a
consequence, the axis system for the quadrupole tensors of the Mn" and
Mn"ions are different. Their principal axes are rotated 90° relative to each
other. The intrinsic hyperfine tensor components (a;) are equal to the
projected hyperfine tensor compoents (4;) divided by the spin projection
coefficients p; as defined in the Theory section. The sFin projection
coefficients [p, Py 0.] for the Mn" and Mn"™ ion are Mn" = [1.90 2.28
2.89] and Mn™" = [—0.90 —1.28 —1.89].

The simultaneous fitting of both the EPR and ENDOR data
did not require an axis rotation of the Mn"/Mn"" hyperfine
tensors relative to the G-tensor. The simulations shown in the
text assume the G tensor, hyperfine tensors A; and A, and
quadrupole tensors Q; and Q, are collinear. It can be seen in
Figure S that there is no structural requirement for this to be the
case, the ligand sphere of the two metal ions is such that all
components of the onsite axis system of the Mn" do not
coincide with the Mn" ion. A three Euler angle rotation (ot =
53°, 8 =81°,y =48°) is required to map the onsite axis system of
the Mn'" to the Mn". This is a unique feature of the PivOH
complex. All current EPR/ENDOR studies of mixed valence Mn
dimers have been performed on complexes which contain a
bridging network that enforces a common onsite axis system,
such as the bis-u-oxo bridge template.%'*7%° Simulations that
included an axis rotation are shown in the Supporting Informa-
tion S3. In contrast to the hyperfine tensors, it was found that to
reproduce the high frec%uency (250—400 MHz) **Mn ENDOR,
a rotation of the Mn" quadrupole tensor was required. This
rotation consisted of a permutation of the principal values of the
tensor, that is, corresponded to a 90° rotation of the quadrupole
tensor. The same rotation was not required for the Mn'" ion.
Both of these observations can be readily explained and stem
from the effective Spin Hamiltonian description used to model
the system.

4.2.4. Calculation of the Onsite (Intrinsic) Spin Hamiltonian
Parameters. A mapping of the effective (fitted) Spin Hamiltonian
parameters described in section 4.2.3 to the onsite (intrinsic)
Spin Hamiltonian parameter can be made for the Mn"Mn'"
PivOH complex as described in the Theory section 3.3-3.4.
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Figure 4. (A) Surface of the anisotropy of the onsite Mn"" hyperfine
tensor (Aduniso) as a function of both the Mn"—Mn™ exchan%e
interaction (J) and the onsite fine structure parameter of the Mn'"
ion d(Mn™). (B) The projection of the surface shown in panel A, where
the Adyniso(Mn") is approximately zero. The trend is linear over the
range —2 to —10 cm™ ', consistent with the eq 6. The onsite fine
structure tensor for the Mn" ion was assumed to be 0 cm ™' for all
calculations.

The procedure described here is similar to that reported
earlier.""'***% This mapping requires knowledge of all con-
tributions to the zero-field splitting of the coupled dimer, namely,
an estimate of the exchange coupling between the two Mn ions
and an estimate of the fine structure tensors for both Mn ions.
As stated in the Introduction, good estimates exist for the
exchange coupling between the two Mn ions. Static magnetiza-
tion measurements reported earlier in Bossek et al.”® and
repeated here (see Section 4.1) yield a value of —8.6 cm ™'
consistent with that previously reported by Kulik et al,'® as
estimated from the temperature dependence of the T relaxation
time using pulse-EPR experiments."® Similar reliable estimates
do not exist for the fine structure tensors of the two Mn ions and
as such, a unique mapping of the effective parameter space to the
intrinsic parameter space can not be made without further
restrictions. Here we use two key assumptions that pertain to
the nature of Mn" which is a d°, °S ion (S = °/,). As all of the
d-orbitals on Mn" are half filled it can be expected that the
valence electron shell is approximately spherically symmetric.
This electronic configuration typically en§enders small fine
structure and hyperfine tensor anisotropy.®' Literature values
for the anisotropy of the fine structure and hyperfine tensors of
Mn" complexes are of the order of 1000 MHz. Of particular
relevance are the dimeric equivalent Mn"Mn"" complexes which
contain a similar bridging template as seen for the PivOH
complex. For these model systems small values have been
reported for the effective zero-field splitting tensors of the
St =1 and St =2 spin manifolds, consistent with the dipolar
interaction between the two Mn" ions dominantly defining the
zero-field splitting within these manifolds,®> that is, the

contribution of the onsite Mn" fine structures to the zero field
splitting is small. Thus it is ex&)ected that the contribution of the
fine structure tensor of the Mn " ion to the zero-field splitting of the
PivOH complex is negligible®> ®° and that the anisotropy of its
onsite hyperfine tensor should be small. It is these two properties
that can be used as constraints to solve the remaining Spin
Hamiltonian parameters, namely, the onsite fine structure and
hyperfine tensors for the Mn"" ion.

The calculation of the onsite (intrinsic) Spin Hamiltonian
parameters amounts to determining the spin projection coeffi-
cients for the two Mn ions. The spin projection coeflicients are
described in detail in the theory section. They can be thought of
simply as scaling factors which take into account the effect of the
exchange coupling (J) and the fine structure tensors (d; and d,)
in the coupled basis. Spin projection coefficients were calculated
numerically (see Theory eqs 7—11). The anisotropy of the
exchange interaction was considered to be small and was thus
not included in the calculations. The dipole—dipole coupling
between the two manganese centers is of the order of 1200 MHz
(0.04 cm™ ).

The solution space for the onsite anisotropy (Ad,nio = a1 — a1)
of the Mn" ion as function of both the exchange coupling and the
onsite fine structure parameter (d) of the Mn'" ion is shown in
Figure 4A. Each point on the surface represents a different estimate
for the spin projections of the two Mn ions and thus a different
estimate for the onsite Mn™/Mn™ hyperfine tensor. This figure was
generated by assuming the fine structure parameter d for the Mn"
ion was zero and by approximating the effective (fitted) hyperfine
tensor of the Mn"" as axial. This approximation is simply used to
conveniently display the onsite anisotropy surface. An estimate of
the rhombicity of the fine structure tensor was also made.

It is observed that there is no unique solution as no global
minimum can be identified (Figure 4A). Instead, a trough is
observed, such that for every choice of ] there is a value for d(Mn™)
that is consistent with a virtually isotropic onsite Mn'" hyperfine
tensor. The 2D projection of this solution is shown in Figure 4B.
There is a clear linear dependence of d(Mn™) on the value of ] over
the range —10 to —2 cm™ ' range. This behavior is the same as
predicted by the analytical expressions (eq 6) given in the theory
section that has been derived from first order perturbation theory
(see Supporting Information S2). The first order solution is also
shown in Figure 4B (green dashed line). It is slightly offset from the
numerical solution (red line), overestimating the magnitude of
d(Mn™). This offset presumably describes the contribution of
higher order terms to the total zero-field splitting of the complex.
As J for the PivOH complex has already been determined,” an
estimate of d(Mn™") can be made. The EPR experimental range of
J (—82to —9.3 cm™ ') is shown in Figure 4B by the cyan shaded
area and corresponds to d(Mn™) of —3.49 to —3.95 cm™ .

Table 1 also lists the calculated onsite hyperfine parameters for
Mn" and Mn™ at the midpoint of the allowed range of ], that is,
J=—878cm ', d(Mn™) = —3.72 cm ™!, ¢/d(Mn"") = 0.315. By
design, this point yields an isotropic Mn'" hyperfine tensor with
isotropic component (a10(Mn™)) of —239 MHz, typical of Mn"
comglexes. Similarly, the isotro&)ic component of the onsite
Mn'" hyperfine tensor (a;,o(Mn™")) is —213 MHz and is within
the range seen for model complexes (—165 to —225 MHz).
Unlike the Mn" onsite hyperfine tensor, the Mn"" hyperfine
tensor is highly anisotropic, as expected. Furthermore, the
anisotropy as defined by the difference between the parallel
and the perpendicular components of the hyperfine tensor is
positive, consistent with the sign of the inferred fine structure
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tensor, that is, d(Mn"™"). Thus the anisotropy of the two Mn ions
in the coupled representation (section 4.2.3) is reversed when
mapped to the original basis. A similar “transfer of anisotropy”
has been previously observed in >*Mn-ENDOR studies of
Mn""Mn"™" complexes' " albeit somewhat smaller and was
inferred from simulations in the cw-EPR study of Mn'Mn'"/
Mn""Mn" complexes by Zheng et al."’

The sign of the fine structure tensor parameter d(Mn'")
accurately describes the coordination sphere of the Mn'" ion.
Mn™ (§=2) is a d* ion, which does not usually exhibit Kramers
degeneracy at zero-field.'”*"**®” The inherent asymmetry of the
valence electron configuration leads to a large Jahn—Teller
distortion. Spin—orbit coupling removes the de%eneracy of the
5Eg energy-levels, which gives rise to either a "A;; or a B,

round state.**%® It was demonstrated in refs 68 and 69 that (i) a
Ay, ground state is obtained for a trigonal bipyramidal (5
coordinate) or a tetragonally compressed octahedral (6 coor-
dinate) ligand geometry with a vacant electron d.. orbital.
Spectroscopically this manifests itself as both a positive fine
structure parameter (d(Mn'")) and yields a negative hyperfine
tensor anisotropy (Aduiso = @l — ay, see above); (ii) a SBlg
ground state is obtained for a square-pyramidal (S coordinate) or
tetragonally elongated (6 coordinate) ligand geometry. In this
case the vacant electron orbital is now the d,» _ ,» orbital.
Spectroscopically this manifests itself as both a negative fine
structure parameter (d(Mn'")) and yields a positive hyperfine
tensor anisotropy. This behavior was observed for monomeric
Mn" model complexes and mixed valence Mn"Mn"™ and
Mn""Mn"" dimers. The only exception known is the complex
trans-[Mn(cyclam)1,]1,”° which is thought to have unique, low-
lying charge transfer states which strongly perturb the ground
state multiplet. As the Mn"" ion of the PivOH complex displays a
negative fine structure parameter (d(Mn"")) and the anisotropy
of its hyperfine tensor is positive, its ground state is expected to
be sBlg. This is consistent with the X-ray crystal structure of the
PivOH complex which demonstrates the Mn"" ion has a tetra-
gonally elongated (6 coordinate) ligand field. Thus all onsite
parameters calculated using the method described above are
consistent with literature benchmarks.

The large anisotropy of the effective G-tensor noted in section
4.2.1 can be explained using the calculated anisotropic spin
projections described above. It is again expected that the onsite
g-anisotropy of the Mn' ion is small and thus the fitted
anisotropy is a consequence of the onsite g- anisotropy of the
Mn""ion. This anisotropy is enhanced in the coupled basis as the
parallel and perpendicular spin projections are significantly
different; that is to say the G-anisotropy is large because the
exchange coupling between the two Mn ions is small. Again it is
the onsite fine structure tensor of the Mn'" ion that maps into the
effective G-tensor as described above for the Mn"/Mn"" hyper-
fine tensors. The onsite g-anisotropy of the Mn'" ion must be
such that the parallel component of the g-tensor (g,) is smaller
than the equatorial components of the g-tensor (g, gy). This
is consistent within the set of mixed valence Mn dimers
(Mn""Mn" and Mn"Mn"™). Note that the same g-anisotropy
for the Mn"" ion in Mn""Mn"" comlflexes results in the opposite
G-anisotropy as seen in Mn"Mn" complexes since in the
former the Mn"" carries the larger (positive) spin projection as
opposed to the latter where it carries the smaller (negative) spin
projection.

4.3. DFT. Calculations of EPR parameters using DFT were
performed to further refine and support the analysis of the

1 1

Figure 5. Geometries for models 1 and 1’ based on XRD erystal
structure coordinates. All but the bridging hydroxo hydrogen atoms
are omitted for clarity. Mn, C, N, O, H, Cl are colored purple, gray, blue,
red, white, and green, respectively.

experimental EPR data. The calculated values, including the
tensor orientations, are consistent with the presented interpreta-
tion of the experimentally recorded EPR spectra. The implications
of the calculated results on future computational studies of more
complex but related systems, such as the OEC, are discussed.

4.3.1. Model Complex Geometries. Six models were consid-
ered in the calculations. Models 1,1/, 2,2/, 3, and 3’ were generated
from the X-ray crystal structure published previously.”® Model 1
was constrained to the previously determined X-ray crystal struc-
ture coordinates”® while optimizing the positions of the hydrogen
atoms. Model 2 represents the high-spin geometry optimization
(S = ?/,) while model 3 represents the optimized geometry
obtained using the broken-symmetry formalism with an effective
spin of St = 1/2. Additional models (1’,2’, and 3'), which include
the CIO,  counterion located near the bridging ¢-OH seen in the
X-ray crystal structure were also examined and optimized in exactly
the same way. Figure S shows the geometries for models 1 and 1’
and the oxidation states for each Mn.

In the Supporting Information S4 selected geometric para-
meters for each model of the PivOH complex are given. The
crystal structure (models 1 and 1’) contains two well separated
Mn transition metal centers with a largely uniform octahedral
ligand environment around the Mn" ion and a Mn" ion in a
tetragonally elongated octahedral ligand field, with the Jahn—
Teller axis located along the Mn""--N(5) bond (see Figure $).
The optimized geometries of the PivOH complex (models 3
and 3') using the broken-symmetry approach lead to similar
geometric features with shorter Mn--Mn distances and longer, on
average, Mn--N bond lengths. Significantly, the broken-symme-
try optimized geometry without the counterion, 3, shows an out
of plane bend of the hydrogen on the 4-OH bridge with respect
to the plane formed by the two Mn ions and the oxygen atom of
the bridge, see the Supporting Information S4. This is incon-
sistent with the other models where the proton of the ©-OH
bridge is coplanar with the Mn ions and the oxygen atom of the
bridge, as depicted in Figure S. It should be noted that the
geometries optimized in the hi§7h—spin state, the current preferred
methodology for Mn dimers*** have symmetric Mn centers,
indicating a delocalization of the unpaired electrons between the
two transition metal centers. This interpretation is further
supported by an analysis of the calculated Mulliken spin popula-
tions, presented in Supporting Information SS. In the high-spin
state, S = °/,, model geometries 1, 1/, 3, and 3’ show well-defined
spin populations near 5.0 and 4.0 for the Mn" and Mn",
respectively. For the models 2 and 2/, optimized in the high-spin
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Table 2. Calculated Intrinsic >*Mn Hyperfine Coupling Constants (MHz)*

onsite **Mn hyperfine tensors (MHz)

MIIH MnIII

Ax ay a Aiso Aaniso Ayx ay a Aiso Aaniso rmsd
1 —226.8 —225.7 —234.1 —228.9 —7.8 —273.9 —234.3 —127.2 —211.8 126.9 12.2
1 —227.5 —226.7 —234.2 —229.5 =71 —280.1 —227.0 —129.3 —212.1 124.2 9.2
2 —=219.2 —216.0 —228.9 —2214 —11.2 —262.7 —254.3 —121.0 —212.7 137.5 23.1
2/ —212.8 —211.1 —2274 —217.1 —15.4 —284.7 —218.1 —117.5 —206.8 133.9 184
3 —228.7 —228.2 —234.2 —230.4 —5.7 —261.9 —221.0 —119.0 —200.6 122.4 14.1
3 —227.2 —225.8 —232.9 —228.7 —6.4 —260.8 —208.4 —110.1 —193.1 124.5 17.5
exp. —239.7 —238.8 —240.0 —239.5 —-0.7 —286.6 —218.1 —136.6 —213.8 115.8

“ Calculated values scaled by a factor of 1.50, see the Supporting Information S8. The a values are the average of the individual value: a;, =
(a, + a, + a.)/3. The perpendicular and parallel a values are defined as: a; = (a, + ay)/Z, ay = a,. The anisotropy of 4; is expressed as the difference
between the parallel and perpendicular component of the tensor. Calculated tensor components were re-oriented to the experimental.

state, each Mn center shows a spin population of approximately
4.5 indicating a delocalization of electron spin between the two
metal centers. Application of the broken symmetry approach
leads to a localization of spin of approximately 5.0 and —4.0 for
the Mn" and Mn"", respectively.

4.3.2. Heisenberg Exchange Coupling Constants. The ex-
change coupling constant for the PivOH complex has been
determined experimentally to be antiferromagnetic and small, on
the order of —10 cm™ . In our previous BS-DFT study of Mn
dimers, exchange coupling constants calculated using the single
geometry approach described in Theory section 3.5 gave a
variation between experiment and theory of 27.1 cm ™' (rmsd),
see Orio et al,*® three times greater than the experimental
exchange coupling for PivOH. Given the relatively large error
found in this previous study the extent to which the single
geometry approach can produce reliable estimates for exchange
constant (J) for the PivOH complex is marginal at best.

Calculated “single geometry” exchange coupling constants for
each model complex are given in the Supporting Information S6.
Models 1, 1/, 2, and 2’ indicate ferromagnetic behavior for the
PivOH complex, contrary to experiment. Models 2 and 2’ have
strongly ferromagnetic calculated values near 140 cm ™', indica-
tive of spin delocalization as discussed above. Only models 3 and
3’ show the correct antiferromagnetic behavior. For these
models, 3 and 3/, the calculated couplings deviate from the
experimental value determined from EPR measurements by
9.65 cm ™' and 4.47 cm ™' respectively, both of which can be
considered well within the expected error seen in the previous
study.* The better estimation for the exchange coupling in
model 3’ over 3 can be attributed to the presence of the CIO,
counterion. As stated above, model 3, without the counterion,
shows an out of plane bend of the #-OH bridge proton with
respect to the plane formed by the two Mn ions and the bridging
oxygen atom (see the Supporting Information S4). The effect of
this subtle change in geometry, which presumably describes
some change in the superexchange pathway between the two
Mn ions, leads to an increase in the energy gap between the
calculated high-spin and the broken-symmetry states giving a
larger calculated antiferromagnetic coupling for model 3 than for
model 3'.

The methodology for the calculation of exchange coupling
constants as described by Orio et al.*® can be improved by using
the adiabatic energy difference as seen for calculations on a

Mn"'Mn" DTNE model complex and models of dimaganese
catalase.*”””" The calculated adiabatic exchange coupling con-
stant, using eq 13 (see Theory section 3.5), includes respective
terms from the high-spin and broken-symmetry geometries.
From a theoretical perspective this treatment for calculating
the exchange coupling constants is preferred, as the experiments
are adiabatic in nature. For a more complete discussion of the
adiabatic approach see ref 40. For the models presented here,
extremely good agreement, with an error of 4.9 cm ™ ! is achieved
between theory and experiment using the adiabatic energy
difference for models 2’ and 3'. A further improvement in the
calculated exchange coupling constant can be made through the
application of a van der Waals (VDW) correction,* accounting
for weak interactions within each model structure which are
different for the high-spin and broken symmetry geometries. For
exchange coupling constants using a “single geometry” approach
the VDW DFT dispersion correction does not contribute
because of cancelation, see eq 13. This is because the VDW
correction gives an energy correction related to the geometry and
density functional used, but is not related to the spin state of the
system being studied. As such both the high-spin and broken
symmetry states for a single geometry have the same correction
applied. Using both the adiabatic approximation and the VDW
correction, the adiabatic energy difference for models 2 and 3’
gives an error of only 2.6 cm ', However, similar agreement is
lacking for the calculated exchange using models 2 and 3. Again,
this is due to the aforementioned out of plane bend of the 1-OH
bridge proton which leads to a significant stabilization of the
broken-szrmmetry geometry over that of the high-spin geometry.

4.3.3. >>’Mn Hyperfine Tensors. The calculated intrinsic site
*Mn hyperfine values are shown in Table 2 as compared to the
experimental determination discussed above. Comparison of
intrinsic site values was chosen over the more conventional spin
projected comparison, because of the largely anisotropic spin
projection tensors determined from the analysis of the on-site
fine structure parameter of the Mn"". Within the framework of
BS-DFT it is currently not possible to account for the on-site fine
structure parameters of individual ions in complexes of effective
ground state spins of St = 1/2, such as PivOH. However, as is
shown in Table 2 the intrinsic site hyperfine couplings for
transition metal ions within such systems can be calculated to a
high degree of accuracy. Excellent agreement (within $%) is
seen between the experimental values reported in section 4.2.4
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Table 3. Calculated **Mn Nuclear Quadrupole Coupling
Constants®

nuclear quadrupole couplings (p;)

MnH MnIII

p n b4 n
1 —1.83 0.661 2.49 0.838
1 —0.74 0.783 —3.52 0262
2 —1.84 0.446 2.18 0.787
2 —0.76 0.749 —2.72 0.614
3 —1.86 0.614 2.14 0.908
3 —0.72 0.460 —223 0.439
exp. —1.62 0.73 —2.00 0.38

“The nuclear quadrupole coupling constant p is defined as: p =

(€qQ)/(4hI(2I — 1)) = (p3/2) and 77 = (p1 — p2)/(p3)- py, P, and
p3 are defined such that |p;| < |p,| < |ps].

(Table 1) and the calculations presented here. It is noted that a
comparison of experimental (the fitted or effective Spin Hamil-
tonian parameters) and the projected DFT values, using the
standard method of scalar, isotropic spin-projections still yields a
reasonably good agreement (within 10%) of the experimentally
determined A;,, values; however, the agreement of the calculated
anisotropy is, as expected, much poorer.

As has been discussed earlier, the anisotropy of the Mn
transition metal centers in the coupled basis is inverted from
the anticipated solutlon, that is, that of a largely isotropic Mn"
and an anisotropic Mn"". In section 4.2.4, this was explained by
the inclusion of the fine structure tensor of the Mn'" ion. It was
shown that if this term is included, the intrinsic hyperfine
parameters for both Mn ions match expectations derived from
monomer studies. The DFT calculations presented here support
this analysis (Table 2 and Supporting Information S9). The
calculated intrinsic site values reproduce the tensor amsotroples
seen for the experiment, namely, an isotropic Mn" (Aaniso<
10 MHz) and a highly anisotropic Mn"" ion (d,ys0™~ 100 MHz)
and thus support the notion that the projected anisotropies of the
Mn centers cannot be explained without the use of tensor spin-
projections. The best agreement with experiment is given by
model 1’ with models 1, 3, and 3’ giving slightly larger errors. The
models optimized in the hlgh spin state, 2 and 2/, show larger
anisotropies for the Mn", symptomatic of the symmetric geo-
metry observed in these models. It should be noted that the high
spin models, 2 and 2/, still show remarkable agreement with
experiment with maximal errors of 17% and 14% in the tensor
components with respect to the experimentally determined
values, respectively. Indeed errors for the isotropic component
of the intrinsic site hyperfine tensors is less than 10% and as low
as 0.5% for the high spin models, although this level of agreement
is achieved through a convenient cancelation of errors. For more
complete agreement between the calculated and experimentally
determined values the models based on either the crystal
structure geometry or the broken-symmetry optimized geome-
tries are needed.

4.3.4. *Mn Nuclear Quadrupole Tensors. The calculated
nuclear quadrupole couplings for each **Mn nucleus are shown
in Table 3. The best agreement with experiment is found in
models without the ClO4 counterion, although the electric field
gradient of the Mn™ for all models is calculated as much too

Figure 6. Relative orientation of calculated electric field gradient
components in model 1 following the standard convention: |p;| =<
| p2| < |p3| Red, green, and blue arrows represent the orientation for p;,
pa, and ps on Mn", respectively. Yellow, magenta, and cyan arrows
represent the orientation for py, p,, and p; on Mn". All other models
without the CIO,  counterion show similar electric field gradient
component orientations, see Supporting Information S10.

rhombic. In the presence of the counterion, model 1’ glves good
values with the exception of the magnitude of the Mn"" nuclear
quadrupole coupling p(Mn"), which is calculated as approxi-
mately 1 MHz too small. The significant differences seen
between models 1 (2, 3), and 1’ (2, 3’) indicate the sensitivity
of the calculated electric field gradient to the presence of the
counterion even though it is more than 5 A away from either Mn.
A similar situation has previously been encountered for Fe
complexes.”> Tt is possible that the inclusion of additional
counterions, seen in the crystal structure,”® would improve the
calculated results of the electric field gradient at the Mn.

The orientation of the quadrupole components were analyzed
previously in the context of fitting the experimental spectrum.
Figure 6 shows a representative depiction of the calculated
relative orientations of the electric field gradient components
for Mn" and Mn"". The calculated orientations for all three
models broadly agree with the experimentally determined or-
ientations, that is, through fitting of the experimental spectra,
namely, that the components are roughly collinear but trans-
posed (see also Supporting Information S10).

W DISCUSSION

5.1. Comparison of EPR/ENDOR Data with BS-DFT Calcu-
lations. The BS-DFT calculations presented above for the
PivOH complex demonstrate the increasing utility of DFT
theory with regard to spectral analysis of complicated exchange
coupled systems. Here it is shown that even for a complex with a
small exchange coupling, that is to say only a small energetic
separation between the effective ground spin 1/2 state and the
first excited state, robust estimates for all EPR observables can be
made. In these systems though, care must be taken when
comparing spectroscopic observables to onsite properties. Spec-
troscopic observables (**Mn/'H/"*N-hyperfine couplings) as
deduced from the simulation of EPR/ENDOR data solved in the
coupled basis represent effective values that must be correctly
mapped to the uncoupled basis to yield the onsite values of the
individual Mn ion. It is only then that these measurements
provide meaningful results; they provide a window into the
coordination sphere of Mn ions and their individual electronic
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structure. The mapping requires a complete understanding of the
zero-field splitting of the complex including the onsite contribu-
tion of each Mn. For this complex, which contains an isotropic
spin center (Mn"), this can be achieved.

As demonstrated above, the appropriately mapped experi-
mental EPR/ENDOR data and the onsite properties as estimated
from DFT essentially match. All >>Mn hyperfine tensor compo-
nents agree to within 10%. Thus, the EPR/ENDOR analysis,
DFT calculations, and crystallographic data all arrive at the same
result. All three correctly assign the nature of the Mn"" ion, its
ground electronic state, and its coordination sphere and in doing
so have the potential to accurately predict the chemistry the
complex can perform.

5.2. Implications for Further BS-DFT Studies on Mn Sys-
tems. Current techniques for the calculation of *Mn EPR
parameters using BS-DFT focus largely on the calculation of
the high-spin %\e]ometry. Importantly, it has been shown that for
Mn"™ and Mn"" ions and related dimeric complexes, the calcu-
lated high-spin geometry yields a good representation of the real
geometry of the complex as assessed by comparison to crystal-
lographic data. The same is not seen here for the PivOH
complex, a weakly coupled Mn-dimer which contains a Mn"
ion. The calculated high-spin geometry is significantly different
from that of the crystal structure. The high spin geometry
contains a unique electron delocalization and a bias toward
ferromagnetic coupling, in contrast to all existing data seen in
mixed valence Mn complexes studied so far. As such, particular
care should be taken when applying BS-DFT methods to weakly
coupled systems and those that contain low Mn oxidation states
for the calculation of EPR parameters.

The inclusion of the ClO, counterion had a non-negligible
impact on the calculated EPR parameters presented in this work.
Specifically the calculated electric field gradient of both Mn ions
was remarkably sensitive to this distant counterion (~$ A). This
observation is of importance for studies on metallocofactors in
proteins. DET models of these metal sites must be constructed in
such a way that the influence of remote ions is considered,
including counterions such as calcium or chloride and charged
amino acid residues such as arginine or lysine. Without the
inclusion of these charged groups, DFT estimates of charge
sensitive properties, such as the nuclear quadrupole coupling
constants, are limited.

5.3. Implications for Current Studies of the OEC. The
combined experimental (EPR/ENDOR) and theoretical analysis
(DFT) presented above validates a recent study R/erformed in our
laboratory on the tetramanganese (Mn™Mn"3) cluster that
comprises the OEC. In our earlier work we investigated the
effect of the replacement of the Ca®" ion with Sr**.”* Ca®" is an
essential cofactor of the OEC that is structurally coupled to the
Mn ions via #-oxo or y-hydroxo bridges. It was shown that this
replacement does not significantly alter the overall electronic
structure of the OEC. The changes that were observed were
interpreted as evidence of a small modification of the fine
structure tensor of the only Mn"" ion and was deduced using
the same procedure as described here. It was further sug%ested
that the sign of the fine structure parameters d of the Mn'"" ion
(d(Mn™)) must be negative to reproduce the fitted Spin
Hamiltonian parameters, which requires the Mn™" ion to have
a 5 coordinate square-bipyramidal or 6 coordinate tetragonally
elongated ligand field. This result is of importance as it poten-
tially identifies one of the sites of substrate water binding. The
only DFT structural model of the OEC in the current literature

consistent with the Ca®" replacement study described above is
the Siegbahn model.”* As in models proposed by EXAFS
spectroscopy”” it contains three short Mn—Mn distances, and
one long (3.3 A) Mn—Mn distance. The long Mn—Mn distance
is inside a distorted cuboidal structure and forms its open site.
The missing “corner oxygen” leads to a S coordinate square-
pyramidal ligation for the Mnp,"" ion in the S, state. It is to this
open coordination site that one of the substrate “waters” (H,O,
OH ") could bind during the S,—S; transition (either from bulk
water, or water bound to Ca®"). The 3.3 A Mn—Mn distance
within the distorted cuboid could then provide an ideal geometry
for low energy barrier O—O bond formation during the
S3—8,—So transition.”*7¢~ 78

The results and analyses presented here are equally applicable
to the lower oxidation states of the OEC including the Spand S_,
states. Sq, the lowest oxidation state obtained by the OEC during
the catalytic cycle, most probably contains three Mn'" ions and
one Mn'” (see refs 13,79). The S_, state is instead a reduced
form of the OEC. It is generated by the addition of exogenous
chemical reductants such as NH,OH, NH,NH,, or NO.% 783 1¢
is thought that this state may regresent an assembly intermediate
with net oxidation state (Mn'");Mn".***° These states both
represent weakly antiferromagnetically coupled systems where
an intrinsically isotropic spin (Mn", octahedral Mn"") is coupled
to an intrinsically anisotropic spin (Mn'"), the same situation
seen for the PivOH complex.

6. CONCLUSIONS

The Mn"Mn"™ PivOH and related dimeric complexes repre-
sent robust structural mimics of several metallocofactors of
biological enzymes. The relevance of the PivOH complex for
the OEC of Photosystem II was discussed above, but a compar-
ison can be equally made for (i) the dimanganese catalase,"
which catalyzes the dismutation of H,O, to H,O and O,; or (ii)
the recently identified Mn containing class Ib/Ic ribonuclotide
reductases,”*~*® to name but two examples. The experimental
and theoretical methodologies developed for the PivOH com-
plex described above should be directly applicable to these
biological systems. Similarly, this model provides important
empirical benchmarks for all spectroscopic observables.

The EPR/ENDOR measurements and DFT calculations
presented here serve as a demonstration that these methods,
when used in tandem can provide a complete picture of the
electronic structure of highly complicated metal systems. In the
circumstance where X-ray crystallography is unattainable or at
very least compromised, the combined EPR/ENDOR and DFT
approach described here is the obvious recourse as it essentially
provides complementary information. This is of particular re-
levance to metallocofactors in proteins, which cannot often be
measured using crystallographic techniques, especially when
poised in catalytically relevant higher oxidation states.

Future studies on manganese containing enzymes such as
these systems require a shift in scope. From the results presented
here, BS-DFT can provide reliable estimates for nearly all
magnetic spectroscopic parameters when appropriately opti-
mized for the system of interest. This includes the hyperfine
tensor anisotropy, which is often disregarded in the discussion of
BS-DFT results. It is this feature that will provide important
information with regard to the ligand geometry of metal ions of
multicenter active sites and the subsequent elucidation of their
reaction mechanisms.
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