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High-field, multifrequency EPR data are presented for the alum CsMn(SO4)2‚12D2O, containing the [Mn(OD2)6]3+

cation. The data are interpreted using the conventional S ) 2 spin Hamiltonian, and the following parameters
determined for the data obtained below 30 K: D ) −4.491(7) cm-1, E ) 0.248(5) cm-1, gx ) 1.981(5), gy )
1.993(5), gz ) 1.988(5). Although the deviation of the MnO6 framework from idealized D4h symmetry is small, the
magnitude of E/D is significant. The E parameter is related to ligand field parameters derived from the optical
absorption spectrum. The rhombic anisotropy is shown to arise as a consequence of the π-anisotropic nature of
the manganese(III)−water interaction.

1. Introduction

The high-field, multifrequency EPR technique has been
increasingly employed to elucidate the electronic structure
of non-Kramers transition metal compounds.1,2 These studies
have rendered a very precise determination of the ground-
state spin-Hamiltonian parameters and have rekindled interest
in ligand field theory.2-4 Clusters and monomers containing
the manganese(III) cation continue to receive particular
attention, owing to their ubiquity in biology and material
science,1 the factors governing the values of the zero-field-
splitting parameters being the preoccupation of a number of
articles.4-8 The rhombic zero-field-splitting parameter pro-
vides a measure of the deviation of the molecule from axial

symmetry, and has been generally rationalized in terms of
the relative magnitudes of the manganese-ligand bond
lengths.2,5 In this article, high-field multifrequency EPR data
are presented for the cesium manganese alum, CsMn(SO4)2‚
12D2O (CsMnSD), the molecular and electronic structure
of which have been probed by elastic9 and inelastic10 neutron
scattering experiments. This alum undergoes a cubic (Pa3h)
to orthorhombic (Pbca) phase transition at∼156 K, driven
by the cooperative Jahn-Teller effect, resulting in the
lowering of the site symmetry of the [Mn(OD2)6]3+ cation
from S6 to Ci.9 At 5 K, the aqua ion is tetragonally elongated,
with Mn-O bond distances of 2.129(2), 1.929(1), and 1.924-
(1) Å, and all O-Mn-O bond angles within 1.4° of 90°.
The water molecules are all rotated about the Mn-O bond
vectors by the angleæ ∼ -19°, depicted in Figure 1a of ref
9. Despite the deviation of the MnO6 framework from
idealizedD4h symmetry being only slight, the magnitude of
the rhombic zero-field-splitting parameter is significant. This
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is shown to arise as a consequence of theπ-anisotropic nature
of the manganese(III)-water interaction.

2. Experimental Section

2.1. Collection of EPR Data.High-field, multifrequency EPR
data were obtained for protonated and deuterated powdered samples
of CsMn(SO4)2‚12(H,D)2O, at the high magnetic field laboratory,
Grenoble, France. Details of the synthesis have been provided
previously.9 The cesium manganese alum is hygroscopic and
decomposes readily at room temperature. Grinding of the alum to
a fine powder was, therefore, carried out in the presence of dry
ice, under dry nitrogen. Powdered samples were transferred to a
Teflon container, which was placed in the EPR spectrometer
described previously.11 Excitation frequencies of ca. 95, 190, 285,
345, and 380 GHz were employed in conjunction with a static field
ranging from 0 to 12 T. The field was calibrated against a DPPH
standard (g ) 2.0036), measured at frequencies of ca. 95, 190, 285,
115, and 230 GHz. Spectra were recorded at temperatures ranging
from 150 down to 5 K.

2.2. Collection of Electronic Spectra.A Cary 5e spectrometer
was used to collect UV/vis/NIR spectra. The polished crystal was
sealed in a home-built copper cell and cooled to ca. 20 K using an
Air Products closed cycle refrigerator.

3. Results

3.1. EPR Data.At 150 K, no EPR lines that could be
assigned to Mn(III) species were observed. Broad features

could be discerned at 130 K, which sharpened and gained
intensity as the sample was cooled. At 110 K, the EPR lines
were sufficiently narrow to allow interpretation, using an
EPR simulation program described previously.12 Data sets
were obtained at 110, 80, 40, 30, 15, and 6 K for the
deuterated sample. As there appeared to be a slight variation
of the resonance positions with temperature, the data sets
obtained at a given temperature were analyzed independently
down to 30 K, below which no notable change in the
resonance positions was observed. For the protonated sample,
data were obtained at 6 K only. The EPR spectra were
interpreted using the spin Hamiltonian

The five spin Hamiltonian parameters were extracted from
the experimental spectra by numerical diagonalization of the
matrix representation of eq 1, acting in the basis of the five
S ) 2 spin functions, and minimizing the function

whereN is the number of observations,Bobs,i andBcalc,i are
the ith observed and calculated resonance magnetic fields,
respectively, andσi is the measurement error associated with
the ith resonance magnetic field. A total of six data sets were
analyzed withN ranging from 8 to 29. No further improve-
ment in the fits was obtained by including higher order spin-
Hamiltonian terms. In Figure 1 are shown the angular
dependencies of the EPR transitions calculated at a frequency
of 344.6985 GHz, along with simulated and experimental
spectra of the deuterated sample.

In all spectra, discrepancies in the observed and calculated
intensities were found. This can be attributed to a partial
alignment of the crystallites due to the strong external field,
which is often observed in the high-field EPR spectra of
Mn(III) complexes.6 As well as affecting the intensities, the
nonuniform distribution of crystallites also distorted the band
profiles, limiting the precision with which the field position
of a given resonance could be determined. This is possibly
compounded by the mixing of the in-phase and out-of-phase
signals. Nevertheless, the spin-Hamiltonian parameters were
determined with relatively good precision. At temperatures
below 30 K, values ofD ) -4.491(7),E ) 0.248(5) cm-1,
gx ) 1.981(5), gy ) 1.993(5), andgz ) 1.988(5) were
obtained for the deuterated salt. The values of the zero-field-
splitting parameters are in fair agreement with those ofD )
-4.539(2) andE ) 0.272(9) cm-1, derived from an earlier
inelastic neutron scattering study, in the same temperature
range.10 A shift in the resonance positions occurred upon
hydrogen for deuterium substitution, with the following
parameters determined for the protonated salt:D ) -4.431-
(9) cm-1, E ) 0.258(8) cm-1; gx ) 2.001(5),gy ) 1.997(7),
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Figure 1. (a) Angular dependencies of the resonances. Thin gray and thick
black lines refer to thexz andyz planes, respectively. The ordinate is the
angle between the magnetic field and the molecularz axis. A necessary
condition for a line to appear in the powder spectrum is first a nonzero
transition probability for the corresponding transition as well as a vertical
tangent in the corresponding angular dependence curve. (b) Experimental
and simulated powder EPR spectra of CsMn(SO4)2‚12D2O at 60 K and
344.6985 GHz. The noise in the experimental spectrum in the range∼8-9
T is due to the coarse nature of the powder.
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gz ) 1.966(12). Although a definite shift in the resonance
positions was also observed upon change of temperature, the
spin-Hamiltonian parameters could not be determined with
the precision required to warrant an interpretation of the
temperature dependence. The zero-field-splitting parameters
determined from this study are presented in Figure 2.

3.2. Electronic Spectra.Single-crystal absorption spectra
of CsMnSD were collected in the temperature range 15-
200 K. The unpolarized radiation was transmitted through
polished faces of the type [111] (cubic phase). At 170 K,
the absorption spectrum consists of two broad bands centered
at ca. 21100 and 9800 cm-1. On cooling to 20 K, both
features exhibit a decrease in intensity, in accordance with
the vibronic origin of the intensity; the energy of the NIR
band increases slightly to 10400 cm-1, and the higher energy
band is more structured; the spectrum is presented in Figure
3. The band maxima are similar to those recently reported
for a powdered sample of CsMnSD, conducted at 80 K.13

In the temperature range 20-200 K, the absorption
spectrum of CsMnSD is characteristic of that expected for a
tetragonally distorted six-coordinate manganese(III) complex.
The NIR band may be reproduced by a single Gaussian
function, and is assigned as the transition between the
tetragonally split components of the5Eg (S6) ground term.
The higher energy band is asymmetric, and is assigned as
the transition from the5Ag (Ci) ground term to states, which
in octahedral symmetry transform as components of5T2g.
Transitions to spin-forbidden bands are also expected in this
region, and our ligand field calculations suggest that these

states mix appreciably with states of the5T2g (Oh) term.
Hence these transitions should be broad, carry significant
intensity, and will contribute to the width of the convoluted
band. Attempts to fit the profile to a superposition of
Gaussian functions proved unconvincing.

4. Discussion

The absorption spectrum at 170 K is characteristic of a
tetragonally distorted complex, whereas the crystallographic
data can be satisfactorily modeled assuming equal Mn-O
bond lengths. This is because of the dynamical nature of
the Jahn-Teller effect. The thermal ellipsoids at this
temperature are in fact anomalous, and provide a measure
of the quantity,RJT: the displacement of the potential energy
minimum along theν2(MnO6) stretching coordinate.9 It is
this quantity which governs the energy of the intra-5Eg

transition. The energy of the NIR band and the average
Mn-O bond distance increase on cooling through the phase
transition. These observations are consistent with density
functional theory calculations, which suggest that an increase
in the average Mn-O bond length, from the 170 K value, is
concomitant with a greater value ofRJT and hence a greater
Jahn-Teller stabilization energy.9 The room temperature
absorption spectrum of the [Mn(OH2)6]3+ cation in solution
has also been recorded, and features centered at ca. 21000
and 14500 cm-1 have been identified.14 The shift in the NIR
band suggests a change in the Jahn-Teller potential energy
surface, with the minima displaced farther along theν1(MnO6)
andν2(MnO6) stretching coordinates in solution, compared
to the solid state.

The angular overlap model (AOM) provides a useful
framework for the interpretation of optical data of transition
metal aqua ions,15,16and this approach is employed to model
the data for CsMnSD. The observed optical absorption bands
correspond to intra-5D transitions, and depend only on the
energies of the one-electron orbitals. For the5Ag (S6) f 5Ag

(S6) transition at 10400 cm-1, and the5Ag (S6) f 5T2g (Oh)
at 21140 cm-1, the following equations can be written down,
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Figure 2. Dependencies of the zero-field-splitting parameters of CsMnSD
on temperature and isotopic substitution.

Figure 3. Single-crystal absorption spectrum of CsMnSD, recorded at
20 K.
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relating the transition energies to the AOM bonding param-
eters:17

where the superscripts a and e refer to the axial and equatorial
ligands, respectively. The crystallographically inequivalent
equatorial ligands are treated on the same footing, as the
difference in bond lengths is barely significant (1.924(1),
1.929(1) Å). In deriving the AOM parameters appertaining
to the [Mn(OH2)6]3+ cation, we may be guided by spectro-
scopic studies on the isostructural vanadium(III) alum, from
which the following parameters were proffered for the
symmetric [V(OH2)6]3+ cation: eσ ) 6950 cm-1; eπ ) 465
cm-1, with eπ⊥ ) 930 cm-1 andeπ| ) 0 cm-1 parametrizing
the π-bonding normal tosand in the plane ofsthe water
molecule.15 The values of theeπ parameters are expected to
be more sensitive to changes in the bond lengths compared
to eσ parameters, as the molecular orbitals mediating the
π-bonding interaction may be constructed from linear
combinations of multipoles, that are necessarily higher in
order than those mediating theσ-bonding interaction. As-
suming a 1/r6 dependence of theeπ parameters on the bond
lengths, the following parameters are obtained:eπ

a ) 314
cm-1, eπ

e ) 572 cm-1. From eq 1 and 2, we then obtain
eσ

e ) 7695 cm-1, eσ
a ) 2495 cm-1. The large difference in

the eσ parameters incorporates the stabilization of the 3dz2

orbital by 3dz2-4s mixing.18

The factors determining the sign and magnitude of the
parameterD have been discussed extensively by several
authors.2,4-8,19 The novel aspect of the present study lies in
the significant value ofE, with no apparent rhombic
distortion of theσ-bonding framework. For the [Mn(OH2)6]3+

cation, the anisotropy is governed by the strength and nature
of theπ-bonding in the complex, and an analytical expression
relating E to the optical spectral data may be formulated
following the procedure outlined by Griffith.20 Under the
action of the spin-orbit coupling operator, the ground term
interacts with several excited terms, of which3T1(t24) is the
lowest in energy. To second-order in perturbation theory,
the contribution from3T1 to the spin Hamiltonian parameter
E is

whereEn(3T1x) andEn(3T1y) are the energies of thex andy
components of3T1, ú is the spin-orbit coupling parameter,

andµ ) En(3T1y) - En(3T1x) ) En(dzx) - En(dyz). At æ )
0, µ may be expressed in terms of AOM parameters as
follows:

Equations 5 and 6 predict a linear dependence of the
parameterE upon theπ-anisotropy, which is borne out by
calculations performed using the program LIGFIELD,21

incorporating all terms arising from the 3d4 configuration.
Using the AOM parameters derived from interpreting the
absorption spectrum, and settingú and the RacahB andC
repulsion parameters arbitrarily, to 80% of the free-ion
values,22 we calculateEn(3T1) ≈ 8000 cm-1. Assuming the
water ligand to be a pure out-of-planeπ-donor, i.e.,eπ⊥

a )
628 cm-1, eπ|

a ) 0 cm-1, eπ⊥
e ) 1143 cm-1, eπ|

e ) 0 cm-1, E
is calculated as∼0.15 cm-1 from eq 5 and 6, which compares
very well to the value of 0.12 cm-1 calculated numerically,
using the full electronic basis. A complicated dependence
of E upon on the angleæ is predicted, with the magnitude
remaining significant for all geometries, as shown in Figure
4. The relation was calculated numerically, with all O-Mn-O
bond angles set to 90°. Further calculations were carried out
using the O-Mn-O angles obtained from the 5 K crystal
structure, and the values ofE so obtained were all found to
be within 10% of those presented in Figure 4. Furthermore,
setting the quantity (eπ⊥ - eπ|) to zero, E was found to
decrease by an order of magnitude, demonstrating that the
small rhombic perturbation of the MnO6 framework is not
responsible for the significant value of the parameterE.

For the experimental value ofæ ) -19°, E is calculated
to be∼0.12 cm-1, which is half of that determined from the
EPR measurements. Agreement could be obtained by choos-
ing different Racah and spin-orbit coupling parameters.
However, as the information available from the absorption
spectrum is limited, further modeling of the data would be
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2(eσ
e - eσ

a) ) 10400 cm-1 (3)

3eσ
e - 4(eπ

a + 2eπ
e

3 ) ) 21140 cm-1 (4)

E ) ú2

8( 1

En(3T1x)
- 1

En(3T1y)) ≈ ú2

8
µ

[En(3T1)]
2

(5)

Figure 4. Variation of the zero-field-splitting parameterE, with the
geometric angle,æ. The curve was calculated incorporating all terms arising
from the 3d4 configuration with the following parameters:eσ

a ) 2495
cm-1, eσ

e ) 7695 cm-1, eπ⊥
a ) 628 cm-1, eπ|

a ) 0 cm-1, eπ⊥
e ) 1143 cm-1,

eπ|
e ) 0 cm-1, B ) 760 cm-1, C ) 3290 cm-1, andú ) 281 cm-1. All

O-Mn-O bond angles were set to 90°.

µ ≈ 2[(eπ⊥
e - eπ|

e ) - (eπ⊥
a - eπ|

a )] (6)
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unwarranted. Furthermore, the foregoing analysis takes no
account of dynamical Jahn-Teller coupling, which modifies
the effect of certain electronic operators23 and can give rise
to a dependence of the zero-field-splitting parameters upon
temperature24 and isotopic abundance. Further experimental
and theoretical work is in progress to establish the influence
of the dynamical Jahn-Teller effect on the energies of the
low lying electronic states.

A high-field EPR study on the isostructural [Cr(OH2)6]2+

cation in frozen aqueous solution has also been reported.19

In this medium, the [Cr(OH2)6]2+ cation is reported to be
“perfectly axial” with zero-field-splitting parametersD )
-2.20(5),E ) 0.0(1) cm-1. Qualitatively, eq 5 and 6 account
for the lowE value as follows: AOM parameters for divalent
transition metal aqua ions are generally between half and
two-thirds of those of trivalent aqua ions. This roughly
doubles E(3T1) and halvesµ. Furthermore, the ratio of
the free-ion spin-orbit coupling parameters22 is ú(Cr2+)/
ú(Mn3+) ) 229/351) 0.65. Collecting these factors we
obtain E[Cr(OH2)6]2+/E[Mn(OH2)6]3+ ≈ 0.1, in agreement
with experiment. Finally, for the [Mn(OH2)6]3+ cation in
CsMn(SO4)2‚12D2O, the mode of water coordination is
trigonal planar, which maximizes (eπ⊥ - eπ|). Theπ-anisot-

ropy is known to be reduced significantly for trigonal
pyramidal coordination.25,26

5. Conclusion

High-field, multifrequency EPR data have been presented,
providing a precise characterization of the ground-state
electronic structure, as a function of temperature. The
magnitude of the orthorhombic zero-field-splitting parameter,
E, is significant, despite the MnO6 framework being close
to idealizedD4h symmetry. The value ofE in this system is
governed largely by the energy of the higher-lying3T1g (Oh)
term, theπ-anisotropic nature of the manganese(III)-water
interaction, and the disposition of the water molecules. This
study demonstrates that although the nature of the metal-
ligand π-interaction has a negligible effect on the Jahn-
Teller interaction in manganese(III) complexes, it plays a
significant role in determining the resulting magnetic ani-
sotropy.
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