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Abstract: Interactions of water and methanol with a mixed valence Mn(III)Mn(IV) complex are explored with1H
electron spin echo (ESE)-electron nuclear double resonance (ENDOR) and1H and 2H ESE envelope modulation
(ESEEM). Derivatives of the (2-OH-3,5-Cl2-SALPN)2 Mn(III)Mn(IV) complex are ideal for structural and
spectroscopic modeling of water binding to multinuclear Mn complexes in metalloproteins, specifically photosystem
II (PSII) and manganese catalase (MnCat). Using ESE-ENDOR and ESEEM techniques,1H hyperfine parameters
are determined for both water and methanol ligated to the Mn(III) ion of the complex. The protons of water directly
bound to Mn(III) are inequivalent and exhibit roughly axial dipolar hyperfine interactions (Tdip ) 8.4 MHz andTdip
) 7.4 MHz), permitting orientations and radial distances to be determined using a model where the proton experiences
a point dipole interaction with each Mn ion. General equations are given for the components of the rhombic dipolar
hyperfine interaction between a proton and a spin coupled dinuclear metal cluster. The observed ENDOR pattern
is from water protons 2.65 and 2.74 Å from the Mn(III) which make an Mn(IV)-Mn(III)-H angle of∼160°. For
the alcohol proton in the analogous methanol bound complex, a 2.65 Å Mn(III)-H distance is observed. Three
pulse2H ESEEM gives best fit Mn(III)-2H(1H) radial distances of 3.0, 3.5, and 4.0 Å for the three methyl deuterons
in this complex.

Introduction

Mixed-valence multinuclear manganese complexes have been
synthesized for many years, (reviewed in refs 1-6) in part with
the purpose of providing spectroscopic and structural models
for multinuclear manganese enzymes, including manganese
catalase (MnCat) and the oxygen evolving complex (OEC) of
Photosystem II (PSII). Both of these enzymes are of consider-
able biological importance: manganese catalase disproportion-
ates H2O2 to H2O and O2,7,8 while the OEC oxidizes H2O to
O2.9-11 X-ray absorption experiments on these enzyme systems
implicate high valence Mn atoms separated by distances as short
as 2.7 Å in the OEC12-14 and in a super-oxidized form of MnCat

(MnCat(III,IV)).15 Such high valence Mn complexes are often
modeled with small synthetic complexes containing Mn(III)-
Mn(IV) valence trapped bis-µ-oxo cores with similar Mn-Mn
distances. The ligation environments of the enzymatic metal
complexes are crucial to enzymatic function. In particular, water
is a ligated substrate of the OEC in PSII,9-11,16 and water has
also been proposed to be a ligand to MnCat in some oxidation
states. Small alcohols (e.g., methanol and ethanol) are substrate
analogs for PSII which bind to the Mn cluster.17

EPR spectroscopy has been an important tool for probing
the electronic environment of the manganese ions in these
complexes. EPR spectra have been reported for the biological
systems18-20 and model compounds.21-31 Manganese hyperfine
interactions of the 100% abundant55Mn nucleus with the† Keywords: pulsed EPR, mixed-valence manganese, water ligation,

dipolar hyperfine interaction.
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strongly antiferromagnetically exchange coupled electron spins
of the Mn ions dominate the EPR spectra of these com-
plexes.21,32-34 55Mn ESE-ENDOR experiments on PSII and
model compounds have revealed information about the55Mn
hyperfine and55Mn quadrupolar couplings and also confirmed
the presence of a tetranuclear Mn cluster in the OEC of PSII.10,35

To describe theS) 1/2 ground spin state EPR spectra of these
strongly antiferromagnetically exchange coupledn-nuclei clus-
ters, a spin Hamiltonian in the coupled representation is
appropriate:21,36

whereâe is the Bohr magneton,ŜBT is the total electronic spin
operator, theg̃ matrix describes the interaction between the
electronic spin and the magnetic fieldBB, IB is the nuclear spin
operator, andÃ is the effective hyperfine interaction matrix.
The considerable line widths of the55Mn EPR powder

patterns of these complexes preclude resolution of superhyper-
fine interactions from magnetic ligand nuclei unless the higher
resolution techniques of electron nuclear double resonance
(ENDOR) and/or electron spin echo envelope modulation
(ESEEM) are used.37 The superhyperfine interactions give
insight into ligand orientation and interactions with these
antiferromagnetically exchange coupled manganese clusters.
Ligand interactions in the biological systems have been probed
by 1H, 14N, and 15N ENDOR16,38-40 and 2H, 14N, and 15N
ESEEM16,17,41-45 with considerable success. ESEEM and

ENDOR experiments performed on model compounds39,40,46-50

have probed14N and nonwater1H interactions with the Mn(III)-
Mn(IV) core. Though crystal structures exist for model
complexes containing water directly bound to manganese,51,52

magnetic resonance techniques capable of exploring water
proton-dinuclear manganese complex interactions (ENDOR and
ESEEM) have not been applied, until now, to these systems, in
spite of the considerable biological relevance.
In this paper we use advanced EPR methods to explore the

geometries of such biologically relevant ligands with respect
to a dinuclear Mn complex utilizing a set of solvent-ligated
complexes derived from the symmetric (2-OH-3,5-Cl2-SALPN)2
Mn(III)Mn(IV) complex 1.53-55 In solutions containing1 and
an electron donating solvent such as water, THF, or methanol,
dinuclear Mn(III)Mn(IV) complexes are formed in which the
solvent is directly ligated to the Mn(III) ion.53 Representations
of the molecular structures determined from X-ray crystal-
lography on1 and1 + THF are presented in Figure 1 along
with the 2-OH-SALPN ligand. Twoµ-alkoxo moieties bridge
the antiferromagnetically coupled Mn ions in1. With the
solvent-ligand (e.g., water, THF, or methanol) binding along
the Jahn-Teller distorted axis of Mn(III) to make1 + ligand,
the symmetry is reduced by breaking one of theµ-alkoxo
bridges. Complex1, with or without ligated solvent-ligands,
differs from µ-oxo bridged Mn(III)Mn(IV) model complexes
(e.g., bipyridyl ligated). The Mn-Mn distance is significantly
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Figure 1. Crystal structures of1 and1 + THF. Adapted from refs 53
and 54.

H ) âeŜBT‚g̃‚BB + ∑
i)1,n

ŜBT‚Ã i‚ÎBi (1)
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longer (3.32 Å in1,54 3.65 Å in1 + THF53) compared to∼2.7
Å in bis-µ-oxo bridged model compounds.2,6 The geometry
differences between theµ-alkoxo andµ-oxo bridged complexes
affect a greater than 10-fold reduction in the exchange coupling
constant,J (J1≈ -2 cm-1)54 compared to that observed in
complexes containingµ-oxo (and acetato) bridges (|J| g 100
cm-1).2,6 The smallJ value of1 and its solvent-ligand bound
derivatives yields strongly temperature dependent EPR spectra.
A ∼12 line EPR pattern atg ) 2 is observed at 4.2 K.
Spectroscopic features attributed to thermally populated excited
spin states are observed at higherg value (gg 4) with increasing
temperature.53 Zhenget al.33 interpret the unusual∼12 line
EPR pattern by invoking frequently neglected terms in perturba-
tion theory equations describing the effective55Mn hyperfine
interaction matrix (Ã) observed in exchange coupled systems
Mn(III)Mn(IV) ( Vide infra). Such interactions have been
frequently utilized in magnetic studies of dinuclear non-heme
iron proteins.56-58

We have performed ENDOR and ESEEM studies of both
water and methanol ligation to theµ-alkoxo bridged Mn(III)-
Mn(IV) complex. Analysis of the1H ENDOR and ESEEM
spectra for water bound to Mn(III) in theµ-alkoxo bridged
Mn(III)Mn(IV) core using a model where the proton experiences
a dipolar interaction with spin coupled Mn ions39,40,56provides
an accurate measure of the distance between protons on the
ligated water and the Mn(III) as well as some measure of their
relative orientation. Equations for the components of the dipolar
hyperfine interaction described in this model are presented. The
alcohol proton in methanol is found to assume a similar
geometry to the bound water protons. Interactions of methyl
deuterons (protons) in methanol bound to theµ-alkoxo core are
probed by three pulse ESEEM to established distances and
orientation with respect to the Mn(III)Mn(IV) core. This
analysis of ligand interactions with the well-defined manganese
core of this model compound provides a basis for parallel
analyses of water16 and alcohol17 ligation to the Mn cluster in
PSII.

ENDOR and ESEEM Background. In cases where super-
hyperfine coupling is not resolved in the EPR spectrum, ENDOR
and ESEEM can determine hyperfine coupling interactions
which can be interpreted to yield structural information.59-61

In general, both techniques monitor nuclear magnetic spin
transitions of nuclei coupled to electrons. In the ENDOR
experiment, changes in the EPR amplitude are recorded as
incident RF power is incremented in an appropriate range to
drive nuclear magnetic spin transitions.60-62 In an ESEEM
experiment, the electron spin echo (ESE) amplitude is observed
as a function of interpulse time in a spin echo pulse sequence.
The ESE is modulated at frequencies which depend on the nature
and magnitude of the electron-nuclear interaction. The depth

of the modulation depends on the amount of quantum mechan-
ical state mixing within the coupled electron-nuclear system.63

The relevant nuclear spin Hamiltonian for a system with both
electron and nuclear spins of 1/2 (S) 1/2, I ) 1/2) is comprised
of the (super) hyperfine interaction and the nuclear Zeeman
interaction:64,65

The nuclear Zeeman interaction is isotropic and analogous to
the electronic Zeeman interaction. The hyperfine interaction
depends on the coupling between the unpaired electron and
surrounding magnetic nuclei. In matrix notation it is described
as the sum of isotropic and dipolar (anisotropic) matrices

where1̃ is a unit matrix andAiso is the isotropic Fermi-contact
interaction due to unpaired electron density at the coupled
nucleus. The second contribution to the hyperfine (eq 4) is an
anisotropic dipole-dipole interaction between the spin of the
unpaired electron (SB) and the spin of the coupled nucleus (IB).
The magnitude of this interaction varies as 1/r3, wherer is the
distance between the unpaired electron and the nucleus. A
principal axis system exists where the dipolar portion (Ãdip) has
no off-diagonal terms and is traceless with componentsAxx

d ,
Ayy
d , andAzz

d along orthogonal axes. The interaction between
two such point dipoles isolated from other magnetic dipoles
has axial symmetry. In this common situation, two components
of the interaction matrix are equal while the third is twice as
large but opposite in sign (i.e.,Axx

d ) Ayy
d ) -1/2Azz

d ). In this
situation, the components of the dipolar hyperfine interaction
matrix (Ãdip) depend on a single parameter denotedTdip )
- Axx

d ) - Ayy
d which depends on the radial distance between

the coupled electronic and nuclear spins. For this case the
dipolar hyperfine interaction,Ãdip, can be written as

wherege, âe, gN, andâN are the respective electronic and proton
nuclearg-factors and magnetons.65 To the extent that a metal
ion is approximated by a point charge, the radial distance (r)
between the electronic and coupled nuclear spins is determined
from Tdip:

For a spinI g 1 nucleus, a nuclear quadrupolar interaction
(ÎB‚P̃‚ÎB) must be added to equation 3. The small quadrupole
moment of theI ) 1 deuterium nucleus (2H) typically broadens
2H ENDOR or ESEEM peaks, though well resolved quadrupolar
structure is reported in some cases.60,66 In situations where the
electronic magnetic moment is distributed between two metal
atoms as in1, a more complex analysis is required, because
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H ) HHF + Hn.Z (2)

H ) ŜB‚Ã‚ÎB - âN ÎB‚g̃N‚BB (3)

Ã ) Aiso1̃+ Ãdip (4)

Ãdip ) Tdip∆̃ )
ge âe gN âN

hr3 (-1 0 0
0 -1 0
0 0 2) (5)
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the proton will experience a dipolar interaction with the unpaired
electron spin density on both metal atoms (Vide infra).

Experimental Section

Samples and Synthesis.Compound1was prepared by the method
described previously.53, 54 Various solvent adducts of1were prepared
by the addition of isotopically labeled solvents. The following solvent-
ligands were used:1H2O (double deionized);2H2O (Cambridge Isotope
Labs, 99.8% isotopic purity); CH3OH (Fisher, natural abundance); CD3-
OD (Aldrich, 99.8% isotopic purity); and CH3OD (Aldrich, 99.5%
isotopic purity). To prepare the complexes for EPR analysis,1 was
dissolved in acetonitrile (Mailinckrodt, analytical reagent grade), and
an equal volume of dichloromethane (Fisher, certified ACS grade) was
then added to the solution, followed by the addition of the solvent-
ligand. The resulting samples were∼10 mM in Mn complex in a
solvent system of 9:9:2 (CH3CN:CH2Cl2:solvent-ligand). The OH-

ligated1was prepared by reacting [(2-OH-SALPN)2Mn(III) 2] with 1.1
equiv of tert-butyl hydroperoxide in CH2Cl2 at -20 °C. Addition of
1 volume of heptane followed by evaporation of the CH2Cl2 at -20
°C afforded pure [(2-OH-SALPN)2(OH)Mn(III)Mn(IV)] (i.e., 1-OH)
as shown by elemental analysis, UV-vis, EPR, and IR.67 To obtain
the O1H- and O2H- ligated compounds used for the ENDOR experi-
ments, OH- ligated1was incubated for 30 min at-30 °C in a solvent
system of 9:9:2 CH3CN:CH2Cl2:1H2O/2H2O. In all these samples, the
solvent ligand was in>500-fold molar excess. After preparation,
samples were placed in 3.8 mm OD precision quartz EPR tubes
(Wilmad) and then immediately cooled to 77 K for storage.
Spectroscopy. ESE.The spin echo spectrometer used to perform

the ESE-EPR, ESE-ENDOR, and ESEEM experiments has been
described elsewhere.66,68 All experiments were performed at X-band
microwave frequencies with the sample immersed in liquid Helium
(4.2 K). ESE-EPR field sweeps were recorded as the magnetic field
dependence of the spin echo amplitude induced by aπ/2-τ-π-echo pulse
sequence, whereπ andπ/2 indicate the turning angles of the microwave
pulses. ESE-ENDOR experiments utilized the pulse sequence of
Davies69 (π-T-π/2-τ-π-echo).60,61 In this sequence, RF power is applied
during the timeT to drive nuclear spin transitions. The pulsed nature
of ESE-ENDOR is advantageous because contributions from matrix
(distant) protons are minimized, and the ENDOR signal is detected in
the absence of high RF and microwave power which often leads to
baseline distortions in continuous wave (CW) ENDOR.59-61 Two pulse
ESEEM experiments were performed in the usual manner by observing
the τ-dependence of the electron spin echo induced by theπ/2-τ-π-
echo pulse sequence.70 Three pulse ESEEM experiments measure the
T dependence of the stimulated echo amplitude from theπ/2-τ-π/2-T-
π/2-echo pulse sequence.70 Frequency domain spectra were obtained
from Fourier analysis of the time domain modulation patterns following
the deadtime-backfill method described by Mims.71

CW-EPR. CW-EPR spectra were recorded using a Bruker ECS-
106 spectrometer with a TE102 dual-mode cavity operated in the
conventional perpendicular polarization mode (B1 ⊥ B0). The temper-
ature was maintained at 4.2 K with an Oxford liquid He flow system
(ESR900).
UV-visible. UV-visible spectra were measured on Perkin-Elmer

Lambda 9 UV-vis-nearIR spectrophotometer equipped with a PE 3600
data station.

Results and Discussion

UV-visible. UV-visible electronic spectroscopy demon-
strates that when prepared as described, the complexes exist
with the solvent ligand bound to the Mn core. Water was added
to a 1:1 acetonitrile:dichloromethane solution of the symmetric

dimer [2-OH(3,5-Cl2-SALPN) Mn(III)Mn(IV)] ClO 4 (i.e., 1),
and the conversion was monitored by electronic spectroscopy.
Electronic spectra of1+ 1000 equiv of H2O (0.1% v/v), 30 000
equiv of H2O (2.9% v/v), and 100 000 equivalents of H2O (9%
v/v) show the conversion to the asymmetric complex [{2-OH-
(3,5-Cl2-SALPN)}(H2O) Mn(III)Mn(IV)] ClO 4 (i.e.,1+ 1H2O)
(data not shown).72,73 Further addition of water (up to 25%)
showed no further change in the electronic spectra. Similar
experiments with methanol as the exogenous ligand showed
similar results with 10% methanol converting1 to [{2-OH(3,5-
Cl2-SALPN)}(CH3OH) Mn(III)Mn(IV)] ClO 4 (i.e.,1+ MeOH).

CW-EPR. The CW-EPR spectra of1, 1+ 1H2O,1+ 2H2O,
and1+ MeOH at 4.2 K are shown in Figure 2 and are identical
to those previously reported by Larsonet al.53 Little variation
is observed in these spectra, requiring higher resolution tech-
niques such as ENDOR and ESEEM to probe the ligand
environment in these complexes. Also presented in Figure 2
is a numerical derivative of the ESE-EPR spectrum of1+ 1H2O.
Though the basic spectral features are similar, the numerical
derivative of the ESE-EPR spectrum gives slightly better
resolution than the CW-EPR spectra. In all cases, approximately
12 of the 36 EPR transitions21,32,33,35expected for an effective
electron spinS) 1/2 coupled to two inequivalent55Mn nuclei
(I ) 5/2 ) are resolved. Anisotropy in the electronic Zeeman
interaction (g̃) and 55Mn hyperfine interactions (Ã) of the
µ-alkoxo bridged systems leads to poorer resolution of55Mn
hyperfine structure than typically observed in more strongly
exchange-coupled Mn(III)Mn(IV) systems.2,6 Zhenget al.33

attribute such a CW-EPR spectrum to an antiferromagnetically
exchange-coupled Mn(III)Mn(IV) system where the exchange
coupling is weak compared to the zero-field splitting (ZFS) of
the isolated ions and where additional terms are needed to
adequately describe the effective hyperfine matrix. The EPR
spectrum depends on the effective hyperfine interaction matrix
(Ã) for each Mn nucleus which is related to the isolated ion
hyperfine interaction matrix (ã) and the ratio of the isolated
ion ZFS D parameter to the exchange coupling constant
(J)33,56-58

(67) Caudle, M. T.; Riggs-Gelasco, P.; Gelasco, A. K.; Penner-Hahn, J.
E.; Pecoraro, V. L.Inorg. Chem. 1996, 35, 3577-3587.

(68) Sturgeon, B. E.; Britt, R. D.ReV. Sci. Instrum. 1992, 63, 2187-
2192.

(69) Davies, E. R.Phys. Lett. 1974, 47A, 1-2.
(70) Mims, W. B.; Peisach, J. InBiological Magnetic Resonance;

Berliner, L. J., Ruben, J., Eds.; Plenum Press: New York, 1981; pp 213-
263.

(71) Mims, W. B.J. Magn. Reson. 1984, 59, 291-306.
(72) Caudle, M. T.; Pecoraro, V. L.J. Am. Chem. Soc, in press.
(73) Hsieh, W.; Caudle, M. T.; Pecoraro, V. L. Unpublished results.

Figure 2. CW-EPR spectra of1 with and without solvent-ligands. A
numerical derivative of the ESE-EPR spectrum of the+1 H2O ligated
complex is included for comparison and labeled d(ESE). The added
ligands are labeled on the graph. Experimental CW-EPR parameters:
νMW ) 9.68 GHz; MW power) 2.0 mW; modulation amplitude) 5
G; modulation frequency) 100 kHz; temperature) 4.2 K; time
constant) 10.24 ms; scan time) 84 sec. ESE-EPR parameters:νMW
) 9.3738 GHz;τ ) 400 ns;π/2 ) 100 ns; MW power≈ 2 W;
repetition rate) 500 Hz; temperature) 4.2 K. The ESE-EPR derivative
has been offset by 109 G to account for the field shift ofg ) 2 due to
different microwave frequencies.
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whereD̃ is the 3× 3 ZFS matrix whose magnitude depends
only on the scalarD value (D̃ ) (D/3)‚∆̃) when the rhombic
ZFSE parameter is zero. Due to the high symmetry around an
isolated Mn(IV) ion, its ZFSD parameter is assumed to be 0.
Assuming that the isolated Mn(III)D values are comparable in
µ-oxo andµ-alkoxo bridged species, theg10-fold smallerJ
value in theµ-alkoxo bridged systems alters the effective
hyperfine interactions and leads to different (∼12-line) EPR
spectra than observed for theµ-oxo bridged systems. In the
µ-oxo bridged systems, terms inD/J are effectively ignored due
to the largerJ values.33 The largeD/J ratio observed in the
2-OH-SALPN ligated Mn(III)Mn(IV) complexes studied here
profoundly affects the effective55Mn hyperfine tensors (Ã): the
anisotropic ZFS tensor for isolated Mn(III) contributes signifi-
cant anisotropy to the effective hyperfine interactions of both
Mn(III) and Mn(IV).33

ESE-ENDOR. Water Ligation. Davies1H ENDOR spectra
of 1 + 1H2O and1 + 2H2O are presented in Figure 3. The
position in the ESE-EPR envelope where the ENDOR experi-
ment was performed (4250 G) is indicated in the inset. The
ENDOR transitions marked with ¶ and § do not track as protons
with magnetic field (not shown) and are assigned to other
magnetic nuclei in the complex, possibly14N, 35Cl/37Cl, and/or
55Mn. The ENDOR spectra of the+ 1H2O and + 2H2O
complexes are similar and include hyperfine couplings to protons
in the 2-OH-3,5-Cl2-SALPN ligand. Hyperfine coupling values
for these protons are given in Table 1. Of particular interest
are hyperfine parameters for the protons of the water ligated to
the Mn(III)Mn(IV) complex. 1H ENDOR resonances attribut-
able to ligated water protons disappear upon deuteration:
ENDOR features are absent in the+ 2H2O ligated complex at
frequencies ofν1H ( 8.8 MHz,ν1H ( 3.8 MHz, andν1H ( 2.3
MHz. The 1H2O - 2H2O subtraction spectrum shows the
ENDOR signature of the protons of the ligated water.74

Our assignment of the ENDOR spectral features for the two
ligated water protons uses a pair of inequivalent axial hyperfine
interactions. We have also considered an alternative assignment
to a single rhombic hyperfine interaction from spectrally
equivalent protons, but we eliminate this possibility since both
OH- and methanol ligated complexes show only a single peak
in this region (Vide infra) and the fact that metrical parameters
which would give the required rhombic spectrum are physically
inconsistent with the known binding mode for these ligands
(Vide infra). In a weakly hyperfine-coupledS) 1/2, I ) 1/2
system (gâB/Ag 40),75 a first order perturbation theory analysis
predicts symmetrically placed ENDOR transition frequencies
at64

whereνN is the Larmor frequency and equalsgNâNB, andmS)

+1/2 or-1/2. The hyperfine term isA ) Aiso + Tdip (3 cos2θ
- 1),64 whereθ is the angle between the vector connecting the
electron and nuclear spin and the static external magnetic field.
For our frozen glass samples,θ ranges from 0° to 90°, and
equation 9 describes the overlapping ENDOR “powder pat-
terns,” symmetric about the Larmor frequencyνN for each
proton, which are plotted in Figure 3.76 The more intense
features observed atν1H ( 3.8 MHz andν1H ( 2.3 MHz in the
powder patterns for the two inequivalent protons are from
complexes oriented such thatθ ) 90°. The intensity decreases
monotonically toν1H ( 8.8 MHz corresponding to molecules
oriented such thatθ ) 0°, where no differences are resolved
between the spectral patterns assigned to inequivalent protons.77

(74) While the ENDOR response may be somewhat nonlinear, the1H
ENDOR signal that obviously disappears in theA| region upon2H2O
subsitution must be from protons in ligated1H2O. The ENDOR spectra of
the 1H2O and2H2O samples are subtly, but definitely, distinct in theA⊥
region as well. We present the data as a subtraction spectrum to emphasize
the lineshape differences. Such a subtraction is valid since any nonlinearities
in the 1H ENDOR response should be identical in theA⊥ region of the
+1H2O and+ 2H2O spectra and will not contribute to the subtraction
spectrum. Finally, the ESEEM technique (Vide infra) provides an indepen-
dent measure ofTdip, which is consistent with our interpretation of the
subtracted ENDOR lineshape.

(75) Sturgeon, B. E.; Ball, J. A.; Randall, D. W.; Britt, R. D.J. Phys.
Chem.1994, 98, 12871-12883.

(76) This is for the case where the nuclear Zeeman interaction dominates
(A e νN).

(77) The intensities of the perpendicular turning points are less than
shown in the simulations. However, the conditions under which the
experiment was performed (relatively short microwave pulses), transition
intensities are reduced near the proton Larmor frequency (Doan, P. E.; Fan,
C.; Davoust, C. E.; Hoffman, B. M.J. Magn. Reson. 1991, 95, 196-200,
and ref 61) where the perpendicular turning points are expected.

ÃIII ) +2ãIII +
2ãIII
5 J

(7D̃III + 2D̃IV ) (7)

ÃIV ) -1ãIV -
2ãIV
5 J

(7D̃III + 2D̃IV ) (8)

νENDOR) |νN + mSA| (9)

Figure 3. Davies1H ENDOR spectra of1with 1H2O and2H2O ligated
to Mn(III). An 1H2O-2H2O ENDOR difference spectrum is so labeled.
Simulations of the ENDOR patterns expected from the two hyperfine
parameter sets (large vs smallTdip), each with inequivalent proton
hyperfine couplings, are shown. The field at which ENDOR is
performed is marked on the ESE-EPR spectrum in the inset. Experi-
mental parameters:νMW ) 10.762 GHz;B) 4250 G;τ ) 400 ns;π/2
) 25 ns; MW power≈ 20 W; RF pulse) 8 µ s; RF power≈ 1 kW;
repetition rate) 500 Hz; temperature) 4.2 K.

Table 1. 1H Hyperfine Coupling Constants (MHz) Observed in
Solvent Ligated (2-OH-SALPN)2Mn(III, IV) Systems

+ Water + Methanol

Not Isotopically Exchanged
0.3(?) 0.35
1.0 1.0
1.4 1.4

2.45
4.7 5.0
6.8 6.4

Isotopically Exchangeable “OH” Protons
17.6 (A|) 17.6 (A|)
6.6 (A⊥) 6.4 (A⊥)
17.6 (A⊥)
4.6 (A⊥)

Methyl Protons,Aiso ) 0
2.2 (Tdip)
3.6 (Tdip)
5.7 (Tdip)
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The inequivalence of the water protons is confirmed by
comparing isotopic subtraction spectra (protons- deuterons)
from complexes where either water or hydroxide are ligated to
1 (Figure 4). The two lower traces in Figure 4 were performed
using longer microwave pulses. Such “soft” microwave excita-
tion accentuates the weakly coupled portion (ν1H ( ∼5 MHz)
of the spectrum. The two intense features atν1H ( 3.8 MHz
andν1H ( 2.3 MHz are present in the ENDOR spectra of1 +
H2O obtained with both short (hard) and long (soft) microwave
pulse conditions (traces a and b). While these1H2O- - 2H2O
subtraction spectra exhibit two peaks in this spectral region from
the two water protons,78 the O1H- - O2H- subtraction shows
only a single set of peaks atν1H ( 1.9 MHz, corresponding to
the single hydroxide proton. The hydroxide ligated subtraction
shows no evidence of rhombic character (Vide infra) to the
hyperfine interaction. The splitting of the peak for the hydroxide
ligated complex is less than either splitting in the water ligated
complex.
Though in general a rhombic pattern is expected for protons

coupled to a spin-exchanged metal cluster as reported by
Khangulovet al.40 and DeRoseet al.56 (see Appendix also),
spectra which appear axial are observed for the isotopically
exchangeable water protons in this system. The pairwise
splittings between the prominent features in each ENDOR
powder pattern are designatedA⊥ (θ ) 90°) andA| (θ ) 0°),
and these terms are related toTdip andAiso: Tdip ) Axx

d ) (A| -
A⊥)/3 andAiso ) trace{Ã} ) (A| + 2A⊥)/3. The entire1H
ENDOR powder pattern is observed in these samples due to
the selection of the full range of angles within several55Mn
EPR hyperfine powder patterns. The ENDOR turning points
due to the bound water proton exhibiting theν1H ( 3.8 MHz
andν1H ( 8.8 MHz features can be analyzed assuming one of
the two possible hyperfine patterns shown in dashed lines
simulated at the bottom of Figure 3. The simulations differ in
the relative signs ofA| andA⊥: opposite signs give a largely
dipolar parameter set (Tdip ) (8.4 MHz, Aiso) -0.8 MHz),
while identical signs give a largely isotropic parameter set (Tdip
) (3.3 MHz, Aiso ) -10.9 MHz). Similarly, the ENDOR
features of the other water proton give eitherTdip ) (7.4 MHz,

Aiso ) -2.8 MHz for oppositely signedA| andA⊥andTdip )
(4.3 MHz,Aiso ) -8.9 MHz forA| andA⊥ of the same sign.
ENDOR cannot easily determine the magnitude of dipolar
interaction, since the spectral region in which the spectra are
most different, the region immediately surrounding the Larmor
frequency, suffers from spectral interference from the more
weakly coupled ligand backbone protons. Suppression of
ENDOR intensity in this region in the Davies ENDOR sequence
further complicates the matter.
Fortunately, two pulse ESEEM spectroscopy can be used to

independently determine the dipolar part of the hyperfine
interaction for anS) 1/2, I ) 1/2 spin system.79,80 We have
thus employed ESEEM to determine which hyperfine parameter
set is appropriate for water bound to the Mn(III)Mn(IV)
complex. A two-pulse ESEEM pattern follows the form81

where

Equation 10 predicts modulation at the nuclear precession
frequencies of the coupled nuclei (νâ

R) and inverted modulation
at their sum and difference frequencies (ν(). For a relatively
large nuclear Zeeman component (|Tdip + 2Aiso| , 4νN), the
ω( modulation components will present inverted features at
frequencies of∼0 and∼2νN which are particularly sensitive to
the dipolar hyperfine interaction (Tdip).79

Time domain two-pulse ESEEM patterns for the1H2O and
2H2O ligated complexes are presented in Figure 5, panel A. The
two-pulse echo decays over the relatively short phase memory
time (∼T2), causing the modulation to damp out in less than
3.2 µs. The frequency domain spectra obtained from Fourier
analysis71 of these modulation patterns are presented in panel
B. In the+1H2O ligated complex spectrally isolated features
are observed at∼ν1H and∼2ν1H, while a complex frequency
spectrum due to14N is observed at lower frequency (e8 MHz).82

These features, in addition to2H resonances at∼ν2H and∼2ν2H,
appear in the+2H2O ligated complex. The1H feature at∼2ν1H

in the1H2O ligated complex is particularly useful in determining
the magnitude of the dipolar interaction,|Tdip|.79 In addition to
the large inverted feature at precisely 2ν1H due to numerous
weakly coupled protons, a smaller feature (νR + νâ) from
strongly dipolar coupled protons is present at a frequency

(78) In a rhombic interpretation of the ENDOR spectrum, the peaks at
ν1H ( 3.8 MHz in the1H2O-2H2O subtraction spectrum would be rhombic
shoulders. On the contrary, these spectral features in short (hard) microwave
excitation subtraction spectrum (Figure 4, trace a) appear to be peaks,
showing little resemblance to rhombic shoulders.

(79) Reijerse, E. J.; Dikanov, S. A.J. Chem. Phys. 1991, 95, 836-845.
(80) Lai, A.; Flanagan, H. L.; Singel, D. J.J. Chem. Phys. 1988, 89,

7161-7166.
(81) Mims, W. B.Phys. ReV. B 1972, 5, 2409-2419.
(82) In this system, the nitrogen hyperfine does not meet “exact field

cancellation conditions”, which would lead to sharp14N ESEEM transitions
when the nitrogen hyperfine is largely isotropic andA14N/2 ) ν14N. Further
analysis of the14N ESEEM is outside the focus of this paper.

(83) Since the exact shift in (νR + νâ) depends on the complex line shape
of this ESEEM peak, the values determined from the ENDOR data are
preferred.

Figure 4. ENDOR difference spectra (1H-2H) for water and hydroxide
ligated to1. Trace a is the difference spectrum for water ligated to1
recorded using short, high-power microwave pulses (from Figure 3).
Trace b is the difference spectrum for the same complex but recorded
using longer, lower-power microwave pulses. Trace c is the difference
spectrum for hydroxide ligated to1 recorded using longer, lower-power
microwave pulses. Experimental parameters (traces b and c):νMW )
10.000 GHz (water), 10.062 (MeOH);B ) 3775 G (water), 3880 G
(MeOH); τ ) 350 ns;π/2 ) 100 ns; MW power≈ 1 W; RF pulse)
8 µs; RF power≈ 1 kW; repetition rate) 500 Hz; temperature) 4.2
K.

V(τ) ) 1- k
2{1- [cos(ωRτ) - cos(ωâτ)] +

1
2
[cos(ω+τ) + cos(ω-τ)]} (10)

ω
â
R ) 2πν

â
R ) 2π[((A/2- νN)

2 + B2/4]1/2

A) Aiso + Tdip (3 cos
2 θ - 1)

B) 3Tdip cosθ sinθ (10a)

k) (νNB
νRνâ

)2
ω( ) ωR ( ωâ
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slightly higher than 2ν1H. The magnitude of the shift is directly
related toTdip:79

An expanded plot of the 2ν1H region for the+1H2O and+2H2O
samples is included as an inset of Figure 5B. The+1H2O ligated
complex shows an inverted feature 2.33 MHz above 2ν1H

(marked νR + νâ in Figure 5B) which disappears upon
deuteration. According to this equation, this 2.33 MHz shift is
due to a dipolar interaction (|Tdip|) of approximately 7.8 MHz.
Similar dipolar shifts in theνR + νâ ESEEM feature consistent
with a large|Tdip| are observed across the EPR envelope, as
demonstrated Figure 6. The average|Tdip| value for five points
across the envelope is 7.7 MHz( 0.1 MHz. This is between
the 7.4 and 8.4 MHz values of|Tdip| from the strongly dipolar
coupled ENDOR parameter sets for the two water protons.83

The magnitude ofTdip determined using equation 11 is
completely independent of the values determined from the
ENDOR pattern in Figure 3. We thus conclude that the strongly
dipolar coupled parameter set (Table 1) is the correct one for
describing water bound to the Mn(III) ion in this system.
With the magnitude of the dipolar coupling determined, the

position of the protons on the ligated water with respect to the
Mn(III) nucleus can be established. A simple radially symmetric
point dipole approximation (equation 5) is inappropriate for this
system. For multinuclear metal clusters it is important to
consider the effects of electron spin density distributed among
the metal ions.16, 39,40,56 For the model used here,16,39,40,56a
proton experiences a dipolar interaction with each Mn ion of

the exchange coupled manganese complex: the dipolar interac-
tions with the Mn(IV) ion and the Mn(III) ion contribute
additively to the observed dipolar hyperfine interaction

where the primes emphasize that the addition is performed in a
common axis system, andÃq,dip was defined in equation 5. In
general, the individual dipolar hyperfine interactions have
distinct principal axis systems, and a matrix rotation (unitary
transform) is required to bring them into the same axis system
before the addition (see appendix). Thepq terms are quantum
mechanical “projection factors” which are a consequence of
converting from an uncoupled basis set to a coupled basis set.
The projection factors are dependent on the electronic spin,Sq,
of the isolated ions:pq ) 〈S′, mS′; S′1, S′2|ŜBT‚ŜBq /ŜBT

2|S, mS;
S1,S2〉 (see Appendix). Consequently, the projection factors
depend on the oxidation states of the isolated ions as well as
whether they are high or low spin. For high spin, Mn(III)pMn(III)
) +2, and for Mn(IV),pMn(IV) ) -1.21,32,33 In this model, the
dipolar field experienced by the proton arises from its interaction
with two nearby metal centers that are both treated as point
dipoles dependent upon the projection factors. For extremely
short Mn-H distances, the point dipole approximation breaks
down because the unpaired electron resides in radially diffuse
d-orbitals. This model would also be inappropriate if significant
charge were delocalized onto the ligands and/or bridging groups.
Neither of these limiting conditions is met, and therefore this
model represents this system well.
The relative geometry of a generalized water proton and the

Mn(III) and Mn(IV) ions is defined in the inset to Figure 7.
The proton experiences a dipolar interaction which depends on
the Mn(III)-H radial distance (rA) and the Mn(IV)-H radial
distance (rB). The matrix rotations required for the addition in
equation 12 may introduce rhombicity into the total dipolar
hyperfine interaction (Ãdip). The principal components of the
resulting hyperfine interaction can be determined analytically
(see appendix):

where

These equations allow us to examine the dependence ofrA and

Figure 5. Time domain (panel A) and frequency domain (panel B)
two pulse ESEEM of1 ligated by1H2O and2H2O. 1H and2H Larmor
frequencies and combination features are marked. The inset shows an
expanded view of the1H νR + νâ region from which the magnitude of
the dipolar interaction of the bound water can be determined.
Experimental parameters:νMW ) 10.228 GHz;B ) 3437 G; starting
τ ) 120 ns;π/2 ) 15 ns; MW power≈ 50 W; repetition rate) 500
Hz; temperature) 4.2 K.

δ ) (νR + νâ) - 2νN ) 9
16

(Tdip)
2

νN
(11)

Figure 6. Graph showing the dipolar-induced shift from 2ν1H (δ) in
two pulse ESEEM spectra across the EPR envelope of1 + 1H2O. The
error bars correspond to the digital resolution of the ESEEM spectra.
The magnetic fields are 3327 G, 3437 G, 3535 G, 3637 G, 3937 G;
other experimental conditions in Figure 5.

Ãdip ) pMn(III) Ã′Mn(III),dip + pMn(IV) Ã′Mn(IV),dip (12)

A′x ) 1
2
(2TA - TB - 3Γ) (13a)

A′y) -(2TA - TB) (13b)

A′z ) 1
2
(2TA - TB - 3Γ) (13c)

Γ ) [4TA
2 + TB

2 - 4TATB cos(2R + 2â)]1/2 (13d)
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â on any component of the hyperfine interaction matrix. For
comparison with the ENDOR data, we choose to follow a
contour of constantAy, since this feature has maximum ENDOR
intensity in a rhombic powder pattern. The solid and dotted
portion of the polar plot in Figure 7 shows where the the
hyperfine interaction componentAy is constant at 8.4 MHz (Ax
andAz are unrestricted). The solid trace in Figure 7 shows the
region where the rhombicity,ø, of the hyperfine interaction (Vide
infra) is small, such as in the observed spectra,ø ) (Ax - Ay)/
Az e 0.2, while the dotted portion of the trace shows where the
polar parameters (rA, â) give a hyperfine interaction which is
more rhombic than observed. All such contours are axially
symmetric about the Mn(III)-Mn(IV) axis. Little angular
dependence is observed in the radial distance forâ > 120° in
theTdip 8.4 MHz contour shown in Figure 7. The opposite signs
of the projection factors for Mn(III) and Mn(IV) give opposing
dipolar fields, which tend to cancel each other in the region
between the Mn nuclei. Thus,Ay is held constant by moving
the proton closer to the Mn(III) nucleus in the region between
nuclei (smallâ) than in the end regions (largeâ). This is
exemplified in the values ofrA obtained by setting equation
13b for theAy component equal to 8.4 MHz at the possible
extremes forâ : for â ) 180°, rA ) 2.63 Å; while at 0°, where
the proton is between Mn ions,rA is 1.90.
The value of 8.4 MHz forAy was chosen since this value of

Tdip was determined from the ENDOR data for one of the water
protons. The ENDOR spectra we observe for this system are
axial in appearance. The rhombic hyperfine parameters for this
system at large angleâ (i.e.,â > 90°) show small rhombicity,
ø e 0.2. The finite line width of the ENDOR transitions makes
a purely axial ENDOR spectrum (ø ) 0) indistinguishable from
a slightly rhombic one (ø e 0.2). For instance, atâ ) 90° the
rhombicity is less than 0.2, and it decreases in a sharp monotonic
manner for larger angles. Thus, the axial appearance of the
ENDOR transitions for1H2O ligated to1 constrains the angle
â to be greater than∼90°. TheAz component of the dipolar
interaction is spectrally separated fromAx andAy, and it also
depends on the angleâ: for â > 135° an insignificant difference
of e0.2 MHz is observed between experimental and calculated
values. Thus, the observed parallel turning point (Az) further
limits â to be greater than 135°. The analogous plot for the
other water proton (Tdip ≈ 7.4 MHz) shows similar features.

Overlaid on the contour plot (at the same scale) is a model
of the water boundµ-alkoxo bridged Mn(III)Mn(IV) system.
The two Mn nuclei and one water proton define the plane of
the page (in the view shown, the other water proton is mostly
hidden behind the water oxygen). This molecular skeleton is
based on the radial distance and orientation of the ligated water
(determined above) and the crystallographically characterized
THF complex of1.53 In the water bound model depicted in
Figure 7, the Mn(III)-Mn(IV) distance is fixed at 3.65 Å, the
same as observed in the THF ligated crystal structure. The bond
lengths and bond angles around both Mn(III) and Mn(IV) are
assumed to be identical with those in the THF bound structure,
except for the Mn(III)-O(water) bond length,λ. The water
orientation shown is not uniquely determined by the techniques
used here, which are primarily sensitive to Mn(III)-H radial
distances: the Mn(III)-H radial distance is determined by the
bond lengthλ as well as the angle (ú) which H-O-H plane
makes with this bond. In the model shown the angleú is 120°,
and the bond lengthλ is 2.20 Å. These values ofλ andú were
chosen because they represent a reasonable compromise between
the angleú in the limit of sp3 hybridization for O(water) and
the Mn(III)-O(water) distance,λ, observed in other complexes
where water binds along the Jahn-Teller axis.84 Increasing the
angleú further shortens the bond lengthλ to unreasonably short
distances. The bond lengthλ is 0.1 Å shorter in this water
ligated model than the THF ligated structure.53 Reduced steric
hindrance of water compared to THF may allow water to get
closer to the Mn(III) ion. Torsion of water about the Mn(III)-O
axis is not specified by the experimentally determinedTdip: the
Mn(III)-H distance shows little dependence on the torsional
angle for largeâ. Thus, a model for the water bound complex
can be constructed from the ENDOR and ESEEM data.
Above we discounted a rhombic origin for the protons of

ligated water based on the appearance of the1H2O-2H2O
ENDOR spectrum in Figure 3. Using eqs 13, a rhombic
interpretation of the data can independently be eliminated based
on the contradiction between the known binding mode of
solvent-ligands to the Mn(III)Mn(IV) core and the geometry
defined by the metrical parametersrA andâ that would give a
rhombic spectrum for equivalent protons matching that in Figure
3. Such a rhombic hyperfine interaction (isotropic+ dipolar)
would have components of [-4.6,-7.6,+17.6] MHz. For this
rhombic parameter set, the value ofAiso is +1.8 MHz and the
principal components ofÃdip are [-6.4,-9.4,+15.8] MHz. A
numerical evaluation of the dipolar hyperfine interaction
components for the entirerA, â parameter space indicates that
parameters ofrA ≈ 2.745 Å andâ ≈ 76° give this dipolar
hyperfine interaction. While this value ofrA is reasonable, aâ
of 76° is entirely inconsistent with water ligation in the known
binding motif roughly along the Mn(III)-Mn(IV) axis. It is
clear that this rhombic interpretation of the ENDOR spectra is
unfounded, based on the sum of three individually convincing
arguments: the single peak in the OH- spectrum (Vide supra),
the axial lineshape of the1H2O - 2H2O subtraction spectrum
(Vide supra), and the physically inconsistent binding mode
predicted by the metrical parameters required to give a rhombic
powder pattern.
The1H ENDOR and ESEEM results obtained on water bound

to a Mn(III)Mn(IV) dinuclear complex can be compared to those
obtained on the [Mn(H2O)6]2+ complex, which has been
analyzed in both an aqueous glass85,86 and in a magnetically

(84) Mikuriya, M.; Yamato, Y.; Tokii, T.Bull. Chem. Soc. Jpn. 1992,
65, 1466-1468.

(85) Sivaraja, M.; Stouch, T.; Dismukes, G.J. Am. Chem. Soc. 1992,
114, 9600-9603.

Figure 7. Polar plot showing the contour where the intermediate
hyperfine value,Ay, is held constant at 8.4 MHz. Superimposed on the
polar plot is a model showing water bound to the complex. The model
is based on the ENDOR and ESEEM results and the crystal structure
of the THF adduct. The two Mn atoms and the water proton lie in the
plane of the page. The inset shows the schematic representation of the
geometry of Mn(IV), Mn(III), and a water proton. The dotted portion
of the trace indicates where the rhombicityø is greater than 0.2.

4488 J. Am. Chem. Soc., Vol. 119, No. 19, 1997 Randall et al.



dilute crystalline lattice.87 Both [Mn(H2O)6]2+ systems exhibit
largely dipolar hyperfine interactions, as observed for water
ligated to1. In the crystalline work, Mn2+-H radial distances
determined from crystallography compared favorably ((0.1 Å)
with those determined from a point-dipole analysis (equation
5). In both [Mn(H2O)6]2+ systems, radial distances of∼2.85
Å are observed, which is 0.1-0.2 Å longer than the Mn(III)-H
radial distance observed in1+ 1H2O. A slightly shorter Mn-H
distance in the latter system is expected since Mn-O(water)
bond distances tend to be shorter for Mn(III) than for Mn2+,
shortening the Mn-H distance. In single crystal studies of [Mn-
(H2O)6]2+, de Beeret al.87 observed an isotropic hyperfine (Aiso)
of ∼0.9 MHz. For a frozen glass sample of [Mn(H2O)6]2+,
Tanet al.86 report anAiso of 0.9( 0.1 MHz, while Sivarajaet
al.85 report anAiso of 0.8( 0.3 MHz. The 0.9 MHzAiso of one
of the terminally bound water protons in this dinuclear Mn
system correlates well with these values, while the 2.7 MHz
value is somewhat higher.
Methanol Ligation. The CW-EPR spectrum of1+ MeOH

is included in the Figure 2. The Davies ENDOR of1 ligated
with C1H3O1H and C2H3O2H is presented in Figure 8. A C1H3-
O1H-C2H3O2H difference spectrum is shown. The difference
trace resembles that observed for water: a peak atν1H ( 8.8
MHz disappears upon deuteration. With the single alcohol
proton, however, only a single perpendicular turning point is
observed atν1H ( 3.8 MHz. Ensuring that the difference is
indeed from the alcohol proton, theν1H ( 8.8 MHz parallel
turning point andν1H ( 3.8 MHz perpendicular turning point
disappear in the C1H3O2H ligated complex (not shown).
Therefore, it appears that the alcohol proton in methanol assumes
a similar orientation with respect to the Mn complex as the water
proton, which has a largeTdip interaction with a radial distance
of ∼2.65. The simulation shown beneath the subtraction uses
the strongly dipolar coupled parameter set from the water ligated
complex. In addition to the ENDOR signature of the exchange-
able deuteron, the difference trace exhibits contributions from

the methyl deuterons. In comparison with the water subtraction
trace, there is more intensity atν1H ( 3.0 MHz. The alcohol
proton contributes a portion of this intensity, but some intensity
is due to methyl protons. Matrix-suppression effects in the
Davies sequence (discussed above) preclude determining the
significance of features atν1H ( ∼0.7 MHz in the subtracted
spectrum which could be attributed to more weakly coupled
methyl protons.
Three pulse2H ESEEM provides an excellent method for

probing Mn-2H distances.16,17 Three pulse ESEEM is preferred
over two pulse ESEEM for this study since three pulse
modulations decay with the longerT1 relaxation time, which
facilitates observation of multiple cycles of low frequency
modulations, such as those from2H nuclei. For a negligible
nuclear quadrupole interaction, which is generally a valid
assumption for2H, the three pulse ESEEM modulation pattern
is given by

where

whereVR(T, τ) andVâ(T, τ) represent the contributions to the
modulation pattern from each electron spin manifold. Three
pulse modulation patterns for1+ C2H3O2H and1+ C1H3O2H
are shown in Figure 9. The depth of the modulation is much
greater for the1+ C2H3O2H complex due to the greater number
of coupled deuterons and the strength of their interactions. The
observed modulation function is the sum of the product of
modulation patterns in the two electron spin manifolds:

In the limit of weak isotropic hyperfine interactions, which will
be the case for methyl deuterons, the modulations from each
spin manifold will be equal (VR(T,τ) ≈ Vâ(T,τ)) and the
modulation functionV(T,τ) can be approximated by applying
the sum before the product:

(86) Tan, X.; Bernardo, M.; Thomann, H.; Scholes, C. P.J. Chem. Phys.
1993, 98, 5147-5157.

(87) de Beer, R.; de Boer, W.; van’t Hoff, C. A.; van Ormondt, D.Acta
Crystallogr. B1973, 29, 1473-1480.

Figure 8. Davies1H ENDOR of C2H3O2H and C1H3O1H ligated to1,
the ENDOR difference spectrum, and simulation of the powder pattern
due to the alcohol proton. The trace labels indicate the isotopic
composition of the ligated methanol. The inset shows the position in
the EPR envelope where ENDOR was performed. Experimental Davies
parameters:νMW ) 10.5022 GHz;B ) 3830 G;τ ) 410 ns;π/2 ) 25
ns; MW power≈ 20 W; RF pulse) 8 µs; RF power≈ 1 kW; repetition
rate) 500 Hz; temperature) 4.2 K.

Figure 9. Three pulse ESEEM patterns of1 ligated by C2H3O2H and
CH3O2H. The ratioed trace labeled C2H3/CH3 is the isolated modulation
from the methyl deuterons. Experimental parameters:νMW ) 9.26082
GHz;B ) 3080 G;τ ) 229 ns; startingT ) 71 ns;π/2 ) 15 ns; MW
power≈ 200 W; repetition rate) 500 Hz; temperature) 4.2 K.

V(τ,T) ) 1
2
[VR(T, τ) + Vâ(T, τ)] (14)

VR(T, τ) ) 1- k
2
[1 - cos (ωR(τ + T))] sin2

ωâτ
2

(14a)

Vâ(T, τ) ) 1- k
2
[1 - cos(ωâ(τ + T))] sin2

ωRτ
2

V(T, τ) )
1

2[∏i VR,i(T, τ) + ∏
i

Vâ,i(T, τ)] (15)
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In this limit, the modulation pattern of methyl deuterons can
be isolated by ratioing the modulation pattern88-90 from the1
+ C2H3O2H complex to that of the1 + C1H3O2H complex, as
displayed in trace c. The methyl2H modulation pattern is
largely due to the three methyl deuterons of the bound methanol.
Contributions to the modulation also arise, however, from more
weakly coupled methyl deuterons of unbound solvent methanol.
Modulation patterns for the2H nuclei can be simulated,16,88,91

and the effective dipolar hyperfine interaction can thus be
determined. Figure 10 shows such a simulation of the experi-
mental ratioed2H/1H trace (C2H3/C1H3) from Figure 9. The
pattern was simulated with three purely dipolar deuterium
interactions of (values scaled for protons in parentheses)Tdip
) 0.337 (2.19) MHz, 0.552 (3.60) MHz, and 0.877 (5.71) MHz
and a matrix contribution from 30 distant deuterons with dipolar
couplings of 0.10 (0.67) MHz. The simulations include the
effects of the2H quadrupole moment.91 The∼500-fold molar
excess of C2H3O2H gives rise to these matrix deuterons.
Figure 11 depicts three contours with dipolar interactions

corresponding to the three methyl deuterons (protons). These
contours are calculated in an identical manner to those calculated
for 1 + 1H2O. A structural model which is consistent with
these results is overlaid on the polar plot of Figure 11. The
structural model was constructed in a manner analogous to that
of the water bound structure in Figure 7. The three nonequiva-
lent Mn(III)-D(H) distances of 3.0, 3.5, and 4.0 Å are
determined by the dipolar hyperfine values from the2H ESEEM
simulation and the “spin-coupled point pair” model. Again the
dotted portion of the traces show where the rhombicityø of the
hyperfine interactions is larger than 0.2. By maintaining
tetrahedral angles in the methyl group the smallest H-O-C-H
dihedral angle is∼52°. Less than 0.1 Å difference is observed
between modeled and experimentally determined Mn(III)-D(H)
distances. Again, torsion about the Mn(III)-O bond is unspeci-
fied by the data. The alcohol proton dipolar interaction is similar
to that of one water proton, requiring that they be at similar
distances and orientations with respect to the Mn(III)Mn(IV)
core.

Conclusions

Dipolar hyperfine interactions measured with1H ESE-
ENDOR, 1H ESEEM, and2H ESEEM of small molecules
ligated to aµ-alkoxo bridged mixed valence Mn(III)Mn(IV)
complex reveal Mn-H radial distances. The presence of
electron spin density on both the Mn(III) and the Mn(IV) ions
of the complex necessitates an analysis of the dipolar interactions
using a model where the coupled proton experiences a point
dipolar interaction with each Mn ion. Equations are presented
for the components of the resulting total dipolar hyperfine
interaction matrix. Using this model, analysis of the1H ENDOR
and combination frequencies in two pulse ESEEM gives radial
Mn(III)-H distances of 2.65 and 2.74 Å for protons of ligated
water and a distance of 2.65 Å for the alcohol proton of ligated
methanol. These protons form Mn(IV)-Mn(III)-H angles (â)
that are larger than 135°. Similar analysis of three pulse2H

ESEEM patterns from the methyl-ligated system gives
Mn(III)-H distances of 3.0, 3.5, and 4.0 Å. This work provides
a direct basis for analyzing water and alcohol binding to
biological Mn complexes such as the tetranuclear Mn cluster
of the OEC and the dinuclear Mn core of MnCat.
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Note Added in Proof. Recently Fiegeet al. published a
report on the1H ENDOR of the OEC.92 In it they derive the
equivalent of our eqs 13. Despite of some similarity in the
notation, our equations, which are essentially identical to theirs,
were derived independently.

Appendix

When considering dipolar hyperfine coupling of protons in
the immediate vicinity of dinuclear metal complexes such as
those of the model complex considered in this paper or in
biological systems such as methane monooxygenase (MMOH),
manganese catalase (MnCat), and ribonucleotide diphosphate
reductase (RNR), the familiar point-dipole approximation (equa-
tion 5) breaks down.40,56 Rather, the net dipolar interaction is

(88) Mims, W. B.; Davis, J. L.; Peisach, J.J. Magn. Reson. 1990, 86,
273-292.

(89) Warncke, K.; Babcock, G. T.; Dooley, D. M.; McGuirl, M. A.;
McCracken, J.J. Am. Chem. Soc. 1994, 116, 4028-4037.

(90) Lorigan, G. A.; Britt, R. D.; Kim, J. H.; Hille, R.Biochim. Biophys.
Acta1994, 1185, 284-294.

(91) Britt, R. D.; Zimmermann, J. L.; Sauer, K.; Klein, M. P.J. Am.
Chem. Soc. 1989, 111, 3522-3532.

(92) Fiege, R.; Zweygart, W.; Bittl, R.; Adir, N.; Genger, G.; Lubitz,
W. Photosyn. Res. 1996, 48, 227-237.

Figure 10. Experimental (circles) and simulated (solid trace)2H
ESEEM pattern for the methyl deuterons of methanol bound to1. The
experimental trace is the C2H3C1H3 ratio from Figure 9. The dipolar
hyperfine parameters utilized in the simulations are given in the text.
No isotropic hyperfine interactions were included in the simulation,
and the2H quadrupolar parameters aree2Qq) 0.22 MHz andη ) 0.1
for each deuterium nucleus.

Figure 11. Polar plot obtained by maintainingAy at constant values
corresponding to the dipolar interaction for methyl deuterons with1.
The dipolar interactions used were those obtained from the three pulse
ESEEM simulation. The Mn(III) nucleus is centered atrA ) 0. The
three traces correspond to the three methyl deuterons. The dotted portion
of the trace indicates where the rhombicity,ø, is greater than 0.2.

V(T,τ) ≈∏
i

Vi(T, τ) (16)
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a sum of point-dipolar interactions between the proton and
metals. When there is exchange coupling between metal atoms,
each dipolar hyperfine term in the sum is multiplied by the spin
projection factor of the respective nucleus (equation 12).
DeRoseet al.56 present analytical equations for the components
of a dipolar hyperfine interaction where the proton forms an
isosceles triangle with equidistant metal centers in mixed
valence, Fe(III)Fe(II), MMOH. Khangulovet al.40 use numer-
ical methods to address the more general case of a proton
oriented anywhere relative to the metal ions of superoxidized
mixed valent, Mn(III)Mn(IV), MnCat. Here we follow the
treatment of DeRoseet al.56 to extend their analytical equations
for the hyperfine components in the general case of Khangulov
et al.40 where a proton assumes any position relative to two
exchange coupled metal ions whose whose the spin projection
factors are variables in the equations.
This system is parameterized by spin projection factorspA

andpB in addition to the metrical parameters defined in Figure
12.56 The spin projection factors are36

whereSA g SB andST is a member of the set{SA - SB, ...,SA
+ SB}. In the common situation of antiferromagnetic coupling,
ST is the first member of this set. Equation 12 gives the net
dipolar hyperfine interaction matrix in a common axis system
(denoted by the primes):40,56 Ã′dip ) pAÃ′A

dip + pBÃ′B
dip. The

dipolar hyperfine interaction in its principal axis system is given
by equation 5. The unique axis of the individual dipolar
hyperfine interactions is alongrq, the line between metal atom
q and the proton (i.e.,zA and zB in Figure 12). Since the
principal axis systems of the two dipolar interactions are only
coincident for the case ofâ ) 180°, the individual hyperfine
tensors must be rotated into a common axis system before the
addition indicated in equation 12 is performed. It is convenient
to use a unitary transform to rotate both hyperfine interactions
to a common axis system whosez′ direction (the prime denoting
the common axis system) is along the intermetal axis. The
corresponds to a rotation ofÃA

dip by angle-â and a rotation of
ÃB
dip by angle-R (clockwise rotations correspond to negative

angles), which is accomplished by use of unitary transforms
(i.e., Ã′q ) Ψ̃†‚Ãq‚Ψ̃ ) 1̃:93 where the prime denotes the

common axis system (the “dip” is dropped for notational
convenience),Ψ̃ is the rotation matrix, andΨ̃† its transpose
such thatΨ̃†‚Ψ̃ ) 1̃:93

Following the rotation of each individual diagonal hyperfine
interaction matrix into the common axis system (the primed
axis system of Figure 12) the summation in equation 12 is
performed. The resulting net dipolar hyperfine interaction
matrix, Ã′dip, is nondiagonal. Diagonalization ofÃ′dip gives the
principal components of the net dipolar hyperfine interaction,
which is rhombic40,56

where

When the angleâ ) 180°, theΓ term equals (pATA + pBTB),
giving A′x ) A′y. This confirms that a purely axial spectrum is
expected when the proton lies on the Mn(III)-Mn(IV) axis.
These equations evaluated withpA ) +2 andpB ) -1, give eq
13.
Dipolar plots such as those in Figures 7 and 11 require these

equations to be expressed as a function of a single radius (rA)
and angle (â). This can be accomplished, since the Mn(III)
ion, Mn(IV) ion, and proton form the points of a triangle, and
the laws of sines and cosines can be used

whererB andR are given by

To compare with the results of DeRoseet al.56 on the
µ-hydroxo proton which is equidistant from the Fe(II) and Fe(III)
atoms in MMOH, we evaluate eq A.3 wherepA ) +7/3,pB )
-4/3,rA ) rB ) 2.5 Å, andR ) â ) 51° to obtain the following
for the principal components of the hyperfine tensor:

The equations can also be evaluated using the parameters of
Khangulovet al.40 which were determined for an exchangeable
proton in the vicinity of an exchange coupled Mn(III) Mn(IV)
pair in superoxidized MnCat. For their case I(a) (Table 4)40 pA
) +2, pB ) -1, rA ) 3.8 Å, rB ) 3.9 Å,R ) 71° andâ ) 67°

Altering rA and rB by less then 0.05 moves the agreement
significantly closer.

JA963682S
(93) Zare, R. N.Angular Momentum; John Wiley and Sons: New York,

1988; pp 77-81.

Figure 12. Geometrical representation of a proton, H, that is dipolar
coupled to two exchange coupled metal atoms, A and B. The unprimed
zq axes are the unique axes in the principal axis system of the two
dipolar interactions. The primed axis system is the one in which the
total dipolar hyperfine is calculated.

Ψ̃ ) (cosθ 0 sinθ
0 1 0
-sinθ 0 cosθ ) (A.2)

Ã′dip ) [12(pATA + pBTB - 3Γ), -(pATA + pBTB),

1
2
(pATA + pBTB + 3Γ)] (A.3)

Γ ) [pA2TA
2 + pB

2TB
2 + 2pApBTATB cos(2R + 2â)]1/2

(A.3a)

TA )
ge âe gN âN

hrA
3

; TB )
ge âe gN âN

hrB
3

(A.4)

rB ) [rA
2 + rMn

2 - 2rArMn cosâ]1/2;

R ) arcsin[rArB‚sinâ] (A.5)

{-25.18,-4.81, 30.00} MHz
compare to{-25,-5,+30} MHz

{-3.72,-1.55,+5.26}MHz
compare to{-3.93,-1.73,+5.67} MHz

pA ) 1
2{1+

SA(SA + 1)- SB(SB + 1)

ST (ST + 1) } (A.1a)

pB ) 1
2{1-

SA(SA + 1)- SB(SB + 1)

ST (ST + 1) } (A.1b)
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