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Abstract: [Ru2Mn(O)(O2CtBu)6(py)3] has an S = 5/2 ground
state with a very large zero-field splitting (ZFS) of D =

2.9 cm�1, as characterized by EPR spectroscopy at 4–
330 GHz. This is far too large to be due to the MnII ion (D
< 0.2 cm�1), as shown from the {Fe2Mn} analogue, but can be
modeled by antisymmetric exchange effects.

The magnetic anisotropy in transition-ion clusters is of
fundamental importance in areas such as molecular magnet-
ism, for example giving rise to memory effects,[1] through to
the characterization of metalloenzyme active sites.[2] When
the ground state can be described by a total electron spin S>
1=2, arising from dominant isotropic exchange, the magnetic
anisotropy tends to be dominated by the zero-field splitting
(ZFS) of the (2S + 1)-fold multiplet. This is generally assumed
to be dominated by the projection of the local ZFSs of the
metal ions.[3] When the local spins are s = 1=2 (and have no
ZFS) or when they are intrinsically isotropic, such as the 6S
MnII ion, it is well understood that anisotropic components of
the exchange are the main contributions to the ZFS. In
contrast, the general significance of the antisymmetric
component of the exchange interaction on S> 1=2 states is
not so clear: here we introduce an example where it provides
the source of very large ZFS effects.

Antisymmetric exchange (ASE; also known as Dzyalosh-
inski–Moriya exchange) is the origin of spin canting (weak
ferromagnetism) in extended lattices. In terms of molecular
systems, ASE was first observed and discussed in trigonal
clusters of half-integer spins.[4,5] This is because they provide
the simplest discrete systems in which spin frustration can be
studied,[6] since antiferromagnetic coupling in an equilateral
triangle leads to two degenerate S = 1=2 lowest energy states
(2E term). ASE provides a mechanism for breaking the 2E
degeneracy, and these effects can be quantified by EPR
spectroscopy as they are manifested as unusual effective g-

values.[3, 4] The unusual EPR signatures of some trimetallic
Cu[7] and FeS[8] enzymes can be explained by these effects.
ASE effects on S> 1=2 states are much less studied, although it
has been proposed as a mechanism for otherwise-forbidden
magnetization quantum tunneling steps in Mn12 and other
single molecule magnets[9] and also for the origin of high-
order ZFS effects.[10]

Belinsky[11] and Tsukerblat et al.[12] have calculated the
effects of the ASE on the maximum S = 3/2 state (as ground or
excited state) in CuII

3 and VIV
3 triangles. They showed that

components of the ASE within the M3 plane could break the
degeneracy, that is, introduce a ZFS. However, in-plane
components are symmetry forbidden when the M3 triangle
lies on a mirror plane.[5] They further showed that symmetry-
allowed components normal to the triangle do not split the
quartet unless there is a large isosceles distortion.[11] Here we
show that this can explain the huge ZFSs in the S> 1=2 ground
state of the heterometallic triangle [Ru2Mn(O)-
(tBuCO2)6(py)3] ({Ru2Mn}, py = pyridine; Figure 1), which
we have characterized by multifrequency EPR spectroscopy
from 4 to 330 GHz.

{Ru2Mn} and its {Fe2Mn} analogue both crystallize in the
P21 space group with one molecule per asymmetric unit (ESI):
the Mn site is not crystallographically resolved. They have the
classic structure of basic metal carboxylate triangles,[13] with
bridging pivalate and terminal pyridine groups (Figure 1).
The acetate analogues of these complexes have been
reported,[14,15] and we find similar magnetic susceptibility (c)
behavior. {Ru2Mn} has cT= 4.42 cm3 K mol�1 (Figure 2), the

Figure 1. Molecular structure of {Ru2Mn}.[26] Scheme: Ru/Mn (large
spheres), O (gray), N (white), C (black), H omitted for clarity. Average
M···M and M-O distances: 3.36(4) and 1.94(4) � in {Ru2Mn} and
3.32(4) and 1.91(5) � in {Fe2Mn}, respectively.
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value expected for an isolated S = 5/2 state, hence the magnetic
properties appear at first sight to be those of the isolated MnII

ion. Using the isotropic Hamiltonian Ĥiso [Eq. (1)]:

Ĥiso ¼
X

i
gibŝ

i
H � 2J1 ŝ

1
�ŝ

2

� �
� 2J2 ŝ
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�ŝ

3
þ ŝ

2
�ŝ

3

� �
ð1Þ

where s1 = s2 = 1=2 (RuIII, low-spin d5) and s3 = 5/2 (MnII, high-
spin d5), this corresponds to the j 0,s3i ground state (jS12,Si). A
simple Kamb� treatment gives this ground state for J1/J2> 3.5,
with the first excited state (j 1,3/2i) at a relative energy of
7J2�2 J1. Test calculations show that j J1 jmust be greater than
ca. 103 cm�1 and that J1/J2 must be greater than ca. 10 for there
to be no evidence of excited-state population in cT(T) at high
temperature. Large j J1 j values are justified by the large radial
extent of the 4d wavefunctions, and indeed direct overlap as
opposed to super-exchange is possible. Couplings of this
magnitude have been observed in homometallic RuIII cages.[16]

Fitting the low-temperature drop in cT(T), and magnet-
ization (M) data (Figure 2), for an isolated S = 5/2 with ĤZFS

[Eq. (2)], gives the axial ZFS parameter jD j= 3.0 cm�1 (E =

0, with fixed g = 1.98).[17]

ĤZFS ¼ gibŜH þD Ŝ2
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y
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This is much larger than estimated previously for the
acetate analogue by low-frequency EPR spectroscopy;[15]

therefore, we have measured the value of D directly by
high-frequency EPR spectroscopy.[18] Spectra at low frequen-
cies are those of an axial effective spin 1/2 with geff,?� 6 and
geff,k � 2, consistent with a ground-state M =� 1/2 Kramers
doublet, with resolved 55Mn hyperfine for frozen solution
samples (Figure 3a and see Figure S1 in the Supporting
Information). Spectra recorded at 220 and 330 GHz
(Figure 3) unambiguously define the S = 5/2 multiplet, and
simulation[19] with ĤZFS gives D =+ 2.9 cm�1 (E = 0) with g =

1.98 (see Figure S2 in the Supporting Information).
In this simple model the ZFS of the j 0,5/2i state should

correspond to that of the isolated MnII site. However, this is
absurd: the largest values reported for six-coordinate MnII

ions with O,N donor sets are jD j< 0.2 cm�1.[20] To test the
model we have prepared and studied the equivalent 3d
complex {Fe2Mn} in which the MnII ion has the same
coordination environment. Fitting cT(T) for {Fe2Mn} to Ĥiso

with s1 = s2 = 5/2 gives J1 =�63.5 and J2 =�21.9 cm�1 with g =

2.0 (Figure 2), similar to its acetate analogue.[21] This gives the
j 1,3/2i ground state, as confirmed by low-temperature
magnetization and EPR measurements. Modeling the latter
with ĤZFS for S = 3/2 gives D =+ 0.25, jE j= 0.04 cm�1 (fixed
g = 2.0; Figures 2 and 4). While the j 1,3/2i ZFS has contri-
butions from all three metal ions, assuming it arises entirely
from MnII (an over-estimation) gives DMn =+ 0.13 cm�1. This
is in the range known for O,N-donor six-coordinate MnII,[20]

but negligible compared to the ground-state ZFS of {Ru2Mn}.
Hence {Ru2Mn} has a contribution of about 3 cm�1 to its ZFS
from another source.

Given the predictions for ASE effects in the high-spin
state of s = 1=2 triangles,[11] we have investigated this model by
the Hamiltonian Ĥiso þ Ĥanti, where di are the ASE vectors,[4]

and Ĥanti is defined in Equation (3).
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If we neglect the torsion angles of the terminal pyridine
ligands, then {Ru2Mn} is an isosceles triangle with C2v

symmetry. We define the normal to the trimetallic plane as
the z axis to maintain consistency with the literature reports

Figure 2. cT(T) values for {Ru2Mn} (circles) and {Fe2Mn} (squares)
measured in an applied magnetic field (H) of 0.1 T, with simulations
(lines) as described in the text. Inset: M(H) at 2 and 4 K.

Figure 3. EPR spectra of {Ru2Mn} at 10 K, measured at: a) 3.87 GHz
on a CH2Cl2/toluene solution; b) 220.8; and c) 331.2 GHz on a poly-
crystalline sample. Simulations (red) based on Hamiltonian Ĥiso þ Ĥanti

with the parameters in the text; the S-band simulation included an
isotropic 55Mn hyperfine coupling (Aŝ

3
�Î

3
; I3 = 5/2) of

jA j = 85 � 10�4 cm�1 (typical for this coordination environment[20]).
Gaussian linewidth parameters: a)15 (x,y) and 3 (z)G, with an A-strain
of 2%; b,c) 1500G Gaussian linewdith with 5% strain in dz

2 (see text
for definition of the z direction).
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on M3 triangles. In this case, all three metal–metal vectors lie
on a mirror plane and the only non-zero components of di are
dz

i . Such components do not lead to ZFS in the high-spin
states of equilateral triangles.[11, 12] In our case we have
a system that is isosceles not only in terms of the strength of
the J coupling (often seen in homometallic triangles), but in
the identity of the spins themselves.

Hamiltonian Ĥiso gives the 24 � 24 energy matrix compris-
ing the ground j 0,5/2i (with eigenvalue + 3 J1/2) and excited
j 1,3/2i (�J1/2 +7J2), j 1,5/2i (�J1/2 +2J2), and j 1,7/2i (�J1/
2�5J2) states. Applying Ĥanti, with only dz

i 6¼ 0, as a perturba-
tion to this coupled basis gives the non-zero matrix elements
(labeling states as jS12,S,Mi):

There are no first-order corrections to the eigenvalues, but
each ground-state M component mixes with all excited states
with DM = 0. The three Kramers doublets are separated and,
to second order, the jM j= 1/2 to 3/2 gap is half the 3/2 to 5/2 gap.
This is the form of an isolated S = 5/2 state under Hamil-
tonian (2), with separations of 2D and 4D, respectively. To
second order, D is then given by Equation (4),

D ¼
� 2dz

2J1 þ dz
1J2

� �2

2J1 � 7J2ð Þ 2J1 � 2J2ð Þ 2J1 þ 5J2ð Þ
ð4Þ

where the denominator is the product of the gaps to the three
excited states.

Excellent simulations of the EPR spectra (Figure 3 and
see Figure S3 in the Supporting Information), including
variable-temperature and hyperfine effects, are obtained by
full diagonalization of Ĥiso þ Ĥanti (with gMn = 1.98 and gRu =

2.0; the simulations are insensitive to the latter), and fits to
the low-temperature cT(T) and M(H) are indistinguishable
from those in Figure 2. For these calculations we have taken
J1 =�1000 cm�1 with J1/J2 = 10 (see above). Clearly, more
than one set of dz

1,d
z
2 components can generate a given

D value. If we take dz
1 ¼ 0, then we find dz

2 ¼66 cm�1

(Figure 3; calculations are insensitive to the sign of dz
i );

much larger values of dz
1 are required to generate equivalent

D values [see Eq. (4)]. Adjustment of J1 and J2 will give
different dz

i values, but the conclusion does not change: very
large ZFS effects (several cm�1) have been introduced to the
S> 1=2 ground state by ASE effects in second-order. (There
are also higher-order contributions: the calculated jM j= 5/2 to
3/2 gap is not exactly double the 3/2 to 1/2 gap from
diagonalization using Ĥiso þ Ĥanti.) Moreover, the simple
description of the magnetic properties of {Ru2M} as being
“those of the isolated M ion” is wrong.

The ASE parameters we have found here are entirely
reasonable: dz

i values of greater than 100 cm�1 have been
found for antiferromagnetically coupled CuII triangles.[5, 7,22] It
has been argued that the latter are due to the favorable
alignment of ground- and excited-state d orbitals,[7] because
ASE arises from exchange between the electronic ground
state of one ion and the excited state of another through spin–
orbit coupling (SOC). In {Ru2M}, the ASE will be favored
both by the large SOC of RuIII, and the strong exchange
interactions arising from the large radial extent of the 4d
orbitals. The perturbative expressions above show that this
can also be viewed as mixing of the ground-state MnII

functions (S12 = 0) with the “ferromagnetic” excited state
(S12 = 1) of the {Ru2} unit. This is equivalent to an alternative
description of the electronic structure proposed for some oxo-
bridged RuIII oligomers, where direct exchange between the
4d functions results in delocalized singlet and “low lying” (in
electronic spectroscopy terms) triplet states.[23, 24]

In summary, we have shown the ASE interaction can lead
to very large spin ground-state ZFSs in polymetallic com-
plexes, even through a second-order perturbation on the
isotropic exchange. The model reproduces spectroscopic
observations across two orders of magnitude in field/fre-
quency regime of EPR spectroscopy. The results show that
these effects cannot be ignored, particularly when 2nd and 3rd

Figure 4. EPR spectra of polycrystalline {Fe2Mn} measured at 10 K and
a) 9.76 and b) 33.97 GHz (5 K), with simulations (red) based on
Hamiltonian ĤZFS with the parameters in the text. Gaussian linewidth
of 300 G.
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row metal ions are involved, as is becoming popular as a route
to introduce magnetic anisotropy into molecular magnets.
Furthermore, it is possible that ASE is much more widespread
than generally imagined in coupled systems, and assigned to
anisotropic exchange or local ZFS effects; for example,
a ground state D = 0.25 cm�1 for {Fe2Mn} can equally well be
derived from dz

2 ¼0.67 cm�1, similar to values observed in
{Fe3} triangles.[5] This is important because different aniso-
tropy terms in the spin Hamiltonian result in different mixing
between ground and excited states, which have important
consequences for phenomena such as magnetic relaxation,
including, as discussed by others, a possible origin of
“forbidden” quantum tunneling steps and avoided crossings
observed in several molecular nanomagnets.[9,25]
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