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Abstract: A new tetragonal (P4212)
crystalline form of [Cr8F8Piv16] (HPiv�
pivalic acid, trimethyl acetic acid) is
reported. The ring-shaped molecules,
which are aligned in a parallel fashion
in the unit cell, form almost perfectly
planar, regular octagons. The interaction
between the CrIII ions is antiferromag-
netic (J� 12 cm�1) which results in a S�
0 spin ground state. The low-lying spin
excited states were investigated by can-
tilever torque magnetometry (CTM)
and high-frequency EPR (HFEPR).
The compound shows hard-axis aniso-
tropy. The axial zero-field splitting

(ZFS) parameters of the first two spin
excited states (S� 1 and S� 2, respec-
tively) are D1� 1.59(3) cm�1 or
1.63 cm�1 (from CTM and HFEPR,
respectively) and D2� 0.37 cm�1 (from
HFEPR). The dipolar contributions to
the ZFS of the S� 1 and S� 2 spin states
were calculated with the point dipolar

approximation. These contributions
proved to be less than the combined
single-ion contributions. Angular over-
lap model calculations that used param-
eters obtained from the electronic ab-
sorption spectrum, showed that the
unique axis of the single-ion ZFS is at
an angle of 19.3(1)� with respect to the
ring axis. The excellent agreement be-
tween the experimental and the theo-
retical results show the validity of the
used methods for the analysis of the
magnetic anisotropy in antiferromagnet-
ic CrIII rings.
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Introduction

Since the discovery that the [Mn12O12(CH3COO)16(H2O)4]
molecule shows slow relaxation of the magnetization at low

temperatures,[1, 2] intense scientific investigations of this and
other single-molecule magnets (SMM) have been performed
because they are promising newmaterials for data storage and
quantum computing. Apart from the need for a high-spin
ground state, a molecule that is to function as a SMM should
have a large negative zero-field splitting (ZFS) to create a
barrier for magnetization inversion. Progress in synthetic
chemistry has made rational design of high-spin cluster
molecules possible and spin ground state values of as large
as S� 51³2 have been obtained.[3] The other factor, that of
ZFS, is less understood at this moment, and concurrently
less controllable. Since the discovery of Mn12, many other
complexes were synthesized that behave as SMM, for
example, [Mn4O3Cl(O2CCH3)3(dbm)3] (Hdbm� dibenzoyl-
methane),[4] [Fe4(OCH3)6(dpm)6] (Hdpm� dipivaloylmeth-
ane),[5] [Fe8O2(OH)12(tacn)6]Br8 (tacn� 1,4,7-triazacyclono-
nane),[6] and [V4O2(O2CR)7(bpy)2] (bpy� 2,2�-bipyridine).[7]

However, for all of these complexes, lower temperatures than
in the case of Mn12 are needed to observe SMM behavior. This
means that over the past years no progress has been made
towards SMMs that function at higher temperatures. There-
fore, it is a necessity to gain an understanding of the origins
and to control the magnetic anisotropy to make rational
design of SMMs possible.
Antiferromagnetic even-membered rings are characterized

by an S� 0 ground state, which makes them unsuitable as a
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SMM. However, they are interesting because they can serve
as model systems for 1-D magnetic materials, as well as show
large quantum effects, such as tunneling of the Ne¬el vec-
tor.[8±13] Another matter of interest for this kind of system is
that they form a very suitable series of complexes to
investigate the origins of magnetic anisotropy, partly because
of their high symmetry, which is often crystallographically
imposed, but sometimes idealized. The magnetic anisotropy
can manifest itself not only in the response of the ions
in a molecule to an external field (g value anisotropy), but also
as a splitting of a spin state manifold in the absence of a
magnetic field (zero-field splitting, ZFS). In general, the total
magnetic anisotropy of clusters is the sum of several
factors:[14] 1) The sum of the single-ion anisotropies of the
transition metal ions. This factor is determined by the nature
of the ground state of the metal ion and its separation from
excited states, by the nature of the ligands, their geometry
around the metal center as well as the size of the spin-orbit
coupling (SOC) constant. 2) The dipolar interaction between
the ions, which depends on the distance between them. 3) The
anisotropic exchange interaction between the ions, which
relies on the admixture of excited states into the ground state
by SOC.[15]

Recently, systematic approaches have been made to ration-
alize the magnetic anisotropy in antiferromagnetic iron(���)
rings. Many different techniques, including high-field EPR
spectroscopy, inelastic neutron scattering, torque magneto-
metry, and diamagnetic dilution were used to show that the
observed anisotropy is given by a sum of two terms, namely
single-ion anisotropy and dipolar interactions.[16±21] In partic-
ular, the interplay between these factors can be very sensitive
to slight changes in the coordination geometry around
the metal atom. For example, if the cation M in
[MFe6(OCH3)12(R-dbm)6]� is changed from Li� to Na�, then
the axial ZFS parameter D1 of the first excited spin state (S�
1) changes from 1.16(1) cm�1 to 4.32(3) cm�1. This effect could
ultimately be related to a relatively small change in the
coordination geometry around the FeIII ions.[17±19] So far, all
sophisticated magnetic anisotropy studies have been per-
formed on FeIII rings. Therefore, it would be of interest
to analyze in detail the magnetic anisotropy of antiferromag-
netic rings of other paramagnetic ions, such as CrIII. This
study aims to investigate whether the experimental and
theoretical methods and techniques, that were used so
successfully in the FeIII rings, are valid for rings of ions that
are expected to behave more like quantum spins, for example
CrIII. It is necessary to know if these methods are generally
applicable in the study of the anisotropy of paramagnetic
compounds.
Here we present the synthesis, crystal structure, magnetism

and magnetic anisotropy of [Cr8F8Piv16] (HPiv� pivalic acid,
trimethyl acetic acid) (1). A new crystal form of 1 (which is
tetragonal, 1 t, in contrast to the previously published mono-
clinic form, 1m, vide infra) is reported. Furthermore, the zero-
field splittings (ZFS) of the first excited spin states are studied
by cantilever torque magnetometry and high-frequency EPR.
The total ZFS is separated into single-ion and dipolar
contributions by means of point-dipolar and angular overlap
model (AOM) calculations.

Results and Discussion

Synthesis : [Cr8F8Piv16] (1) is the highest nuclearity Cr�F
compound known to us. Other Cr�F complexes include the
dinuclear and tetranuclear complexes [Cr2F2L2] and [Cr4F4L4]
(L is a tetrahydrosalen derivative)[22, 23] and (NEt4)3[Cr2F9].[24]

Complex 1 is one of quite a few ring-shaped first-row
transition metal complexes that have been reported the last
few years; examples include Cr8,[25, 26] Cr10,[27] Mn6,[28] Fe6,[19]

Fe10,[29] Fe12,[30] Fe18[31] and Ni12.[32]

Crystal structure : The crystal structure of 1, crystallized from
acetone, was reported in the literature to be monoclinic (P21/
c) with four molecules in the unit cell.[33, 34] In the following,
complex 1 in this crystal form will be denoted 1m. In contrast,
crystallization from hexane reproducibly yields crystals be-
longing to the tetragonal space group P4212; these crystals will
be denoted 1 t. In these crystals, the molecules are aligned in a
parallel fashion, and one unit cell contains four halves of
molecules. An ORTEP plot of one molecule of 1 t viewed
down the c axis of the crystal is shown in Figure 1.

Figure 1. Displacement ellipsoid plot of 1 (50% probability level). The
disordered solvent molecule as well as the (disordered) methyl groups have
been omitted for clarity. In the case of the disordered C2 atom (see text),
one position is shown (C21c).

The asymmetric unit consists of two chromium and fluoride
ions, as well as four pivalate groups. The coordination
environment of the chromium ions is slightly distorted
octahedral. The bond angles around the CrIII ions range from
86.46(17)� to 92.9(2)� (cis) and from 177.72(15)� to 179.23(16)�
(trans). Table 1 lists the most important bond lengths and
angles for 1 t. The CrIII ions form an almost perfectly planar
octagon (maximum deviation from the least-squares plane
through the Cr ions is 0.08 ä). The average nearest neighbor
distance, Cr ¥¥¥ Cr, is 3.388� 0.002 ä. At the molecular level,
both crystal forms are very similar: in 1m the average
distances and angles are: Cr ¥¥¥ Cr 3.389� 0.007 ä, Cr�F
1.916� 0.006 ä, Cr�O 1.947� 0.007 ä, Cr-F-Cr 124.4� 0.2�.
The largest difference between 1m and 1 t is the maximum
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deviation of the CrIII ions from the Cr8 plane, which is 0.20 ä
in the case of 1m.[33, 34]

Magnetic properties : Preliminary measurements showed that
there is a weak antiferromagnetic interaction between the
CrIII ions in 1m.[35] In fact, the �T versus T curves, recorded on
polycrystalline powder samples of 1 t and 1m show a �T value
close to zero at low temperatures, and a maximum in � at 40 K
(Figure 2). This indicates a dominating antiferromagnetic

Figure 2. �T (�) and � (�) of 1m together with the fit (drawn lines) for g�
1.98 and J� 11.9 cm�1 (1m).

interaction between the CrIII ions and hence an S� 0 ground
state. At 300 K, the �T value reaches a value of
12.6 emuKmol�1 for 1 t (12.7 emuKmol�1 for 1m). The
calculated value for eight non-interacting CrIII ions and g�
1.98 is slightly higher (14.70 emuKmol�1). Using the effective
Heisenberg spin Hamiltonian [Eq. (1)] the experimental data
were fit by the Clumag program.

H� J
�7

i�1
Si ¥ Si�1 � JS8 ¥ S1 (1)

This program reduces the size of the matrices that describe
the magnetic interactions by means of the total spin symmetry

of the molecule by irreducible tensor operator techniques,
grouping the (2S� 1)N� 48� 65536 states into matrices with
equal total spin.[36] Thus, the largest matrix that has to be
calculated is that for S� 3 (1505� 1505). This procedure
yields antiferromagnetic exchange interaction constants J of
12.1 cm�1 for 1 t and 11.9 cm�1 for 1m (Figure 2), which fit the
experimental data rather well. These J values are comparable
to those of other Cr8 rings, for example J� 12.0 cm�1 for
[Cr8(OH)8(O2CPh)16],[26] and J1� 9.5 cm�1 and J2� 6.2 cm�1

for [Cr8(OH)12(O2CH3)12],[25] as well as to those for four-
membered CrIII rings [Cr4F4L4] (L is a tetrahydrosalen
derivative)[23] where the nearest-neighbor exchange-interac-
tion parameter is given by J� 9.7 cm�1 and 11.1 cm�1 for two
different ligands L, respectively. Slightly larger exchange
couplings were found for antiferromagnetic Fe6 rings (12 ±
20 cm�1).[19, 20, 28, 29, 37, 38] A much smaller coupling constant was
found for [Cr10(O2CMe)10(OEt)20] (0.9 cm�1), while for the
corresponding OMe complex, even ferromagnetic exchange
interaction was found.[27]

Cantilever torque magnetometry (CTM): From the fit of the
magnetic susceptibility data, an energy gap between the S� 0
ground state and the S� 1 first spin excited state (�1) of
6.70 cm�1 was found in the absence of a magnetic field. Since
in a magnetic field that is applied parallel to the molecular z
axis the energy levels vary as E�MS ¥ g ¥ �B ¥H, the MS��1
component of the S� 1 triplet state is expected to cross the
S� 0 state at H��1/g ¥ �B� 7.25 T. A CTM study on a single
crystal of 1 t was undertaken to verify this expectation, as well
as to derive the anisotropy parameters of the S� 1 spin state.
Because the molecules are positioned in a parallel fashion in
the crystal, which has a tetragonal space group, the crystal
anisotropy corresponds to the molecular anisotropy and must
be of the unique axis type, where the unique axis is the ring
axis. The cantilever can be rotated along one axis, which is
perpendicular to the magnetic field. In these studies, the
crystal is mounted on the cantilever so that the unique axis is
perpendicular to the axis of rotation (Figure 3). The capaci-
tance between the plates can then be measured as a function

Figure 3. Cantilever setup, showing the direction of the unique axis and the
magnetic field.

Table 1. Important bond lengths [ä] and angles [�] of non-hydrogen atoms
of 1 t. Esd in digit in parentheses.

Bond length [ä] Bond angle [�]

Cr1�F1 1.911(3) Cr1-F1-Cr2 124.35(14)
Cr1�F2 1.917(3) Cr2-F2-Cr14[a] 124.63(15)
Cr2�F2 1.907(3) F1-Cr1-F2 89.77(12)
Cr2�F1 1.920(3) O1a-Cr1-O1c 91.2(2)
Cr1�O1a 1.951(4) O2b-Cr1-O2d 91.8(2)
Cr1�O1c 1.942(4) F2-Cr1-O2b 92.19(14)
Cr1�O2b 1.950(4) F1-Cr1-O2b 177.82(15)
Cr1�O2d 1.947(4) F2-Cr1-O1a 178.37(14)
Cr2�O1b 1.964(4) O1c-Cr1-O2d 179.23(16)
Cr2�O1d 1.949(4) F2-Cr2-F14[a] 90.51(12)
Cr2�O2a 1.955(4) O2a-Cr2-O2c 91.5(2)
Cr2�O2c 1.963(4) O1b-Cr2-O1d 92.9(2)

F1-Cr2-O2a 91.87(15)
F1-Cr2-O1b 177.72(15)
F22-Cr2-O2a[a] 177.28(14)
O2c-Cr2-O1d 178.99(17)

[a] Symmetry-equivalent atom, generated by the fourfold axis.
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of magnetic field and of the angle between the unique axis and
the field.
Indeed, the torque curve recorded as a function of the

magnetic field shows a distinct step at about 7 Tesla, which is
rather broad at 4 K, but quite pronounced at 0.4 K (Figure 4).
The torque signal for an anisotropic paramagnet with spin S
and ZFS parameterDS saturates to a value proportional toDS

in high fields.[18] Hence, the step points to a nonzero magnetic

Figure 4. The change in capacitance signal of the oriented single crystal of
1t as a function of the magnetic field (�exp� 45�).

anisotropy in the S� 1 state as compared to the non-magnetic
character of the singlet ground state.[14] Because the capaci-
tance decreases, that is the gap between cantilever plates
widens, it is clear that the crystal tends to orient the unique
axis perpendicular to the magnetic field going from the S� 0
to the S� 1 state (Figure 1). Thus, it is clear that the cluster
has a hard-axis anisotropy along c.
The expression that describes the dependence of the field at

the inflection point as a function of the angle between the
unique axis and the applied field (at high magnetic field)[14, 18]

simplifies to Equation (2) in this particular case of an S� 0 to
S� 1 transition.

Bc�
�1 � �cos2�� 1�3� � 1�2D1

g�B

(2)

In Bc is the critical field at the inflection point in the torque
curve, �1 is the separation between the singlet state and the
barycenter of the triplet state (at zero field), �� �exp � �0 is
the real angle between the unique axis and the applied
magnetic field, �exp is the experimentally determined angle
between the unique axis and the magnetic field, �0 is the
misalignment angle of the crystal,D1 is the zero-field splitting
of the S� 1 state and �B� 0.4669 cm�1T�1. Figure 5 shows the
plot of Bc versus �exp, recorded at 0.4 K. The error bars
indicate the difference in inflection point between the upfield
and downfield sweeps, and show that instrumental hysteresis
is negligible. Least-squares fitting of the Bc versus �exp plot to
Equation (2), yields the following parameters: �1�
6.509(8) cm�1, D1� 1.59(3) cm�1, �0��9.6(9)�. The g value
was set to 1.98, which is a common value for CrIII, and
confirms to that observed in X-band EPR measurements of

Figure 5. The crossing field as a function of the angle between unique axis
and the applied magnetic field (T� 0.4 K).

1m,[33, 34] and indeed is obtained from the fit of the HFEPR
data (vide infra). The �1 value, obtained from the fit of the Bc

versus �exp plot (6.509(8) cm�1), compares well with that found
from the fit of the magnetic susceptibility data (6.70 cm�1).

High-frequency EPR (HFEPR): HFEPR provides another
way to obtain the magnetic anisotropy parameters of para-
magnetic clusters with an accuracy comparable to CTM.[14, 18]

The spectra were recorded on powder samples of 1 at various
temperatures (1.6 to 25 K) at 115 and 230 GHz on a pellet of
ground powder, in order to prevent orientation effects. The
spectra recorded at 230 GHz are shown in Figure 6. The
spectra have been truncated at 6 T for reasons of clarity. In
addition to the shown lines, one strong line was observed at
4.02 T and is attributed to the �MS� 2 transition. Note that
the sharp, intense feature at 8.68 T has been truncated so that
the less intense bands are discernible. The 230 GHz frequency

Figure 6. High-frequency (230 GHz) EPR spectra recorded on a powder
sample of 1 at various temperatures.
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was obtained by frequency doubling of the 115 GHz funda-
mental. Because no low-pass filter was employed, the third
harmonic (345 GHz) is also present (albeit in low intensity) in
the irradiating beam. This gives rise to the signal at 6.15 T in
the spectrum (Figure 6). From the temperature dependence
of the spectra, it is clear that the spectra consist of varying
contributions from the S� 1 and S� 2 states. Thus, at 1.6 K
only the bands from the S� 1 state are visible. On warming
the sample, signals from S� 2 appear. At temperatures higher
than 15 K, a strong signal at 8.33 T appears. This is attributed
to peaks from higher lying excited states.
The spectra were fitted by independently simulating spectra

for S� 1 and S� 2 at various temperatures, which were then
added. Before adding the simulated spectra together, the
spectrum for S� 2 was multiplied by a factor that reflects the
magnetic field-dependent Boltzmann population difference
between the S� 1 and S� 2 states. The best-fit parameters for
S� 1 are g� 1.98,D1� 1.63 cm�1, E1� 0.03 cm�1, and for S� 2
they are g� 1.98, D2� 0.37 cm�1, E1� 0.009 cm�1. Figure 7
shows the fit at 5 K. These parameters fit both the 115 GHz
and 230 GHz spectra as well as the spectra at the various

Figure 7. High-frequency (230 GHz) EPR spectrum recorded on a powder
sample of 1 at 5 K (top) together with the best obtained fit (bottom): S� 1:
D1� 1.63 cm�1, E1� 0.03; S� 2: D2� 0.37 cm�1, E2� 0.009 cm�1. The
numbers 1 and 2 denote signals from the S� 1 and S� 2 states, respectively.
The asterisk denotes a signal from the 345 GHz third harmonic of the 115
fundamental frequency.

temperatures. Inclusion of a small g value anisotropy did not
result in a better fit; whereas inclusion of a small rhombic
distortion did, in spite of the fact that rhombic distortion is not
expected for a tetragonal system. The explanation of this
apparent discrepancy might lie in the fact that the measure-
ments were performed on powdered crystals pressed into a
pellet. During this process, the sample has probably lost its
lattice solvent which might have resulted in the small
distortion observed. Although this fitting procedure does
not directly give a standard deviation in the resultingD1 value,
we expect it to be similar to that from the torque measure-
ments. Note that the fit does not reproduce well the sharp,
intense features at 4.02 T and 8.68 T (Figure 7).
Many antiferromagnetic rings do not give rise to clear EPR

signals. This might be caused by extreme dipolar broadening

or fast spin-lattice relaxation effects. To our knowledge, this is
only the second example of an antiferromagnetic ring that
yields clear EPR spectra, after [Fe6(tea)6] (H3tea� triethanol
amine).[37] The D1 value obtained for 1 from the HFEPR
spectra (1.63 cm�1) corresponds very well to that found from
the torque measurements (1.59(3) cm�1, vide supra). To our
knowledge, this is the first antiferromagnetic CrIII ring for
which the ZFS parameters of the excited spin states have been
determined. The D1 value is quite similar to that of [LiFe6-
(OCH3)12(dbm)6]PF6 (D1� 1.16(1) cm�1), while for other anti-
ferromagnetic rings, D1 values between 0.2 cm�1 ([NaFe6-
(tea)6]Cl)[20] and 8.2 cm�1 (Fe6(tea)6])[37] were found. For CrIII

dimers a number of ZFS parameter data exist, for ex-
ample [Cr2(OH)3(Me3tacn)2](ClO4)3 (Me3tacn� 1,4,7-tri-
methyl-1,4,7-triazacyclononane), �D1 �� 2.28 cm�1 (from
EPR)[39] or D1��2.25(1) cm�1 (from optical spectrosco-
py).[40] In other cases, the axial ZFS parameter was found to
be negative as well,[41] in contrast to 1 and to other
antiferromagnetic rings. This might be peculiar to dimers,
since the calculated dipolar contribution to the ZFS in dimers
is negative.[41]

Calculations : The system under study may be described by the
spin Hamiltonian given in Equation (3).

H� �Bg ¥B ¥ S � S ¥DS ¥ S (3)

Where DS is the ZFS tensor. As mentioned in the
introduction, the ZFS tensor is the combination of the
single-ion ZFS tensor and the spin ± spin interaction ZFS
tensor. The ZFS tensor of the total spin state S, DS, can be
expressed by projecting the individual spins on the total spin
[Eq. (4)].[15]

Ds�
�N

i�1
dSiDi �

�N

i�j

dSijDij (4)

Where N is the number of metal ions in the ring, di are the
single ion projection coefficients, dij are the spin ± spin
interaction coefficients, and Di and Dij are the single-ion and
spin ± spin ZFS tensors, respectively. In principle, the spin ±
spin ZFS tensors include contributions from dipolar and
anisotropic exchange terms. An order-of-magnitude estimate
for the latter is given by (�g/g)2 ¥ J	 0.01 cm�1 (where �g is
the deviation of the g value from the spin-only value).[15]

However, it must be remembered that the use of J in the
order-of-magnitude estimation is not correct because theo-
retically one should use the interaction between one ion in the
ground state and the other in the excited state. In fact, large
deviations from this behavior were clearly observed in
dinuclear copper(��) complexes.[15] Indeed, some authors
attribute the spin ± spin ZFS contribution in chromium(���)
compounds completely to dipolar interactions,[42] while in
other cases the dipolar interaction does not account com-
pletely for the axial ZFS found.[39, 41] However, in these latter
cases, the axial ZFS parameters were of the order of a few
hundredths of a wavenumber, which makes the relative error
quite large. In the sulfur-centered tetranuclear CrIII complex
[SCr4(O2CCH3)8(H2O)4](BF4)2 ¥H2O, anisotropic exchange
was thought to be present; it caused broadening of the
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observed EPR lines.[43] The contribution of the anisotropic
exchange to the axial ZFS is assumed to be negligible in the
case of 1.
The di and dij coefficients can be calculated by means of a

suitable coupling scheme for the spins. For this it is necessary
to know the nature of the ground state. By analogy to the
method used in the analysis of the antiferromagnetic iron(���)
rings,[19] the octanuclear ring was divided into two squares of
next-nearest neighbors which are ferromagnetically coupled
to give the states of maximum multiplicity, SI� 6. The two
resulting SI states are then coupled to give S� 0. The spin
functions can therefore be expressed as �S1 S3 S13 S5 S135 S7 S1357
S2 S4 S24 S6 S246 S8 S2468 SM
. The analysis of the iron(���) rings
showed that the lowest lying �SM
 levels are well described by
the above functions. The behaviour of CrIII that has a spin of
3/2 is closer to that of a quantum spin than FeIII. This could
mean that the above functions are not a valid description of
the lowest spin states anymore. However, a �lumag calcu-
lation, that uses this coupling scheme, showed that the lowest
spin states are still quite well (	70%) described by the above
functions. The calculated coefficients are reported in Table 2.
Calculations on spin states with the same total spin but
described by other functions gave almost the same ratio of the
two dij coefficients. Hence the results should be quite
insensitive to the approximation that we made in the
description of the spin states. The Dij tensor was then
calculated, in the point dipolar approximation, by summing
all the possible interactions (nearest neighbor, next-nearest
neighbor and so on), taking into account the angle of the
vector between the interacting ions and their distance. This
procedure finally resulted in a dipolar contribution to the ZFS
parameter of the S� 1 state,D1

dip, of 0.490 cm�1. For the S� 2
state, the corresponding contribution is lower, namely D2

dip�
0.122 cm�1. If the exchange anisotropy contribution is ne-
glected, then the axial ZFS parameter of spin state S is given
by the sum of the dipolar and total single-ion contributions,
DS�DS

dip � DS
si. Subtracting the dipolar contribution from

the total axial ZFS parameter gives a total single-ion
contribution of D1

si� 1.120 cm�1 for S� 1 (D1 was taken as
1.61 cm�1, the average of the values obtained from CTM and
HFEPR). Since the single-ion axial anisotropies are projected
on the total anisotropy for S� 1 with a calculated coefficient
di of�0.75 (Table 2), the component along the ring axis of the
single-ion contribution to the axial ZFS parameter per Cr ion
is dzzCr��0.187 cm�1. Projecting this dzzCr value on the S� 2
state gives a total single-ion contribution,D2

si� 0.248 cm�1 for
S� 2. That means that the total axial ZFS parameter for S� 2
is D2� 0.248�0.122� 0.370 cm�1. This is exactly the same
value that was found from the EPR fitting. In view of the
excellent agreement of calculated and experimental values, a
neglect of the anisotropic exchange part of the spin-spin
interaction contribution to the ZFS seems to be justified. All

the contributions to the axial ZFS parameters of both the S�
1 and S� 2 states of 1 are given in Table 2.
Similar calculations were performed for [LiFe6(OCH3)12-

(dbm)6]� and [NaFe6(OCH3)12(pmdbm)]� (Hpmdbm� 1,3-
di(4-methoxyphenyl)-1,3-1,3-propanedione).[18] These proved
that the dipolar contributions toD1 for the two derivatives are
similar to each other (1.24 and 1.15 cm�1, respectively) and to
that of 1, while the total single-ion contribution, D1

si is hugely
different (�0.08 and 3.17 cm�1, respectively). This latter result
was assumed to originate in a larger twist angle around the
FeIII ions for the sodium derivative.
Many CrIII single-ion axial ZFS parameters have been

reported in the literature. A large number were derived from
measurements of mononuclear complexes,[44, 45] or CrIII doped
in inorganic lattices,[46] with absolute values ranging between
practically negligible to 	0.7 cm�1. For dimeric complexes,
typical values range from �Dzz

Cr �� 0.198(2) cm�1,[42] to Dzz
Cr�

�0.658 cm�1.[22] The single-ion axial anisotropy found for 1
fits into this range. A method to obtain direct experimental
evidence for the single-ion contribution to the ZFS is the
replacement of paramagnetic ions in the compound under
study by diamagnetic ones. This method was successfully
applied for the substitution of CrIII by CoIII in CrIII dimers,[47]

and also in by doping a six-membered ring GaIII with FeIII in
the case of the Fe6 rings described above.[16]

Angular overlap model (AOM) calculations were used to
obtain an indication of the direction and magnitude of the
single-ion ZFS of 1. This model was used to calculate the ZFS
parameters from the spin-orbit coupling constant, the Racah
B and C parameters as well as parameters that describe the �

and � bonding capabilities of the ligands, e� and e�,
respectively.[48, 49] The coordination geometry around Cr was
assumed to be non-distorted octahedral. From a combination
of the UV/Vis spectra and literature data, reasonable values
can be obtained for the mentioned parameters. In a first-order
approximation the energy of the spin-forbidden 4A2g� 2Eg

transition (in Oh notation) is given by 9B � 3C.[49] A typical
value for the Racah B parameter in CrIII complexes is
600 cm�1.[49, 50] Since the spin-forbidden quartet ± doublet
transition is observed for 1 at 14728 cm�1 in hexane, this
yields a value of 	3000 cm�1 for C. The symmetry of the
coordination around the chromium atoms in 1 is actually C2v

and not Oh. It can be shown that the 4A2g ground state in Oh

symmetry becomes 4B1 in cis-[MX4Y2] complexes with C2v

symmetry. The lowest quartet level (4T2g in Oh) splits up into
4B2 and 4E.[51] The relative position of the latter two levels
depends on the relative Dq values of the X and Y ligands. In
the present case Dq(O2CR�) is expected to be larger than
Dq(F�).[50] This means that 4E should be higher in energy than
4B2.[51] In the UV/Vis spectrum, a band is observed at ��
16474 cm�1 which has two shoulders at 15337 and 15625 cm�1.
The band is attributed to the 4B1� 4E transition, while the

Table 2. Calculated single-ion and dipolar interaction coefficients (di and dij respectively) for 1.

Spin state di di,i�1�di,i�3 di,i�2� di,i�4 DS
dip [cm�1] DS

si [cm�1][a] DS
tot (calcd) [cm�1] DS

tot (obs) [cm�1]

S� 1 � 0.750 � 1.125 1.063 0.490 1.120 1.61[b] 1.61
S� 2 � 0.166 � 0.248 0.259 0.122 0.248 0.370 0.37

[a] The component along the ring axis of the single-ion contribution per Cr ion, dzzCr��0.187 cm�1. [b] Used to calculate D1
Cr, see text.
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two shoulders are attributed to the transition to the 4B2 energy
level. For a cis-[MX4Y2] complex, the energies of those two
transitions are given by �E(4B1� 4B2)� 5Dq(X) � 5Dq(Y)
and �E(4B1� 4B2)� 15³2Dq(X) � 5³2Dq(Y).[51] In 1, X�
O2C(CH3)3� and Y�F�, leading to Dq(O2CR�)� 1745 cm�1

and Dq(F�)� 1355 cm�1. This Dq(F�) value is slightly lower
than the typical value of 1500 ± 1700 cm�1.[49, 50] The spin-orbit
coupling constant of the free CrIII ion is �� 276 cm�1,[46] which
is expected to be smaller in actual complexes. In this study, 0.8
was used as a reduction factor since this yielded acceptable
values for g (1.97) in the resulting fit. For the F� and
�O2C(CH3)3 ligands, values of 0.46 and 0.50 were used for the
2e�/e� ratio; these are typical values obtained from litera-
ture.[49, 50] Inserting the above parameters in the program, first
of all resulted in calculated spin-forbidden transitions at
	14000 cm�1, and two spin-allowed transitions at 15500 and
16330 cm�1. This is in good agreement with the observed
values of 14728, 	15500 and 16474 cm�1, respectively. With
these parameters, a total single-ion axial ZFS for one Cr ion of
DCr��0.06 cm�1 was calculated. Furthermore, the calcula-
tions showed that the principal direction of the single-ion ZFS
is the O-Cr-O axis, which is at an angle of 19.3(1)� with respect
to the ring axis. This means that the single-ion D tensors are
not co-linear with the unique molecular axis, but deviate much
less than in the case of [NaFe6(OCH3)12(pmdbm)6]ClO4,
where this angle is 79.2(4)�.[16] The component of DCr along
the ring axis is given by DCr(ZZ)�DCr(cos2�� 1/3), neglect-
ing rhombic ZFS, where � is the angle between the principal
direction of the ZFS and the ring axis. Hence, from the
effective single-ion axial ZFS per Cr atom (�0.187 cm�1, vide
supra), the real single-ion axial ZFS per Cr atom is calculated
to be �0.334 cm�1, or more than five times the value found
from the AOM calculations.
While the AOM model is too simple to predict the

magnitude of the single-ion ZFS correctly, it does yield its
direction. It was shown that the direction of the single-ion
ZFS tensor is of the utmost importance: it was recently
demonstrated that the two magnetization relaxation mecha-
nism processes in Mn12Ac are caused by molecules with
differently aligned ZFS axes.[52] This means that from this
relatively simple model, an estimate of the single-ion con-
tribution to the ZFS can be obtained from the UV/Vis spectral
data and literature parameters. This is in contrast to the case
of the FeIII, where the UV/Vis spectra are much less
informative.

Conclusion

Both cantilever torque magnetometry and high-frequency
EPR (HFEPR) are excellent tools to study the magnetic
anisotropy of the spin excited states of antiferromagnetic
rings. In general, they yield results with comparable accuracy.
In this study, the results obtained from both techniques agreed
perfectly. The HFEPR results indicate that accurate zero-field
splitting (ZFS) parameters of the spin excited states of
antiferromagnetic rings may be obtained by using powder
samples, and that single crystals are not necessary.

By performing calculations in the point-dipolar approxi-
mation, the observed zero-field splittings may be separated
into single-ion and dipolar interaction contributions. It was
shown that both play a significant role in determining the
magnetic anisotropy of 1, while anisotropic exchange certainly
plays a minor role.
Moreover, the combination of UV/Vis spectral and X-ray

crystallographic data with AOM and point dipolar calcula-
tions can provide an estimate of the axial ZFS of the lowest
excited spin states. This is a very important result, since it
allows the screening of compounds before embarking on
extensive physical studies.
Finally, this study shows that the experimental and theo-

retical methods used successfully for the FeIII rings are also
excellently suited to the study of the magnetic anisotropy in
rings of ions with more quantum spin behaviour, such as CrIII.

Experimental Section

Synthesis : The complex [Cr8F8Piv16] (1) was prepared according to a
slightly modified literature procedure.[33, 34] CrF3 ¥ 4H2O (Aldrich, 97%;
5.0 g, 28 mmol) and HO2CC(CH3)3 (HPiv, Acros, 99%; 11.3 g, 111 mmol)
were dissolved in DMF (Acros, 10 mL) and heated with stirring to 140 �C
for 4 h. The product was extracted with hexane (50 mL) and separated on a
silica gel column using toluene as the eluent. The first fraction from the
column was collected and the solution was evaporated to dryness. The final
product was crystallised from hexane. Yield: 32% as a green crystalline
solid. Elemental analysis calcd (%) for C80H144O32Cr8F8 ¥ C6H14: C 45.46, H
7.01, F 6.69; found C 44.85, H 7.18, F 6.21%; UV/Vis (hexane): E� 14728,
15337 sh, 15625 sh, 16474, 23474 cm�1.

Single-crystal structure determination of 1 t : Suitable crystals of 1 t were
grown by slow evaporation of a hexane solution of 1. Crystal data:
C80H144O32Cr8F8 ¥ 0.25C6H14, green plate, 0.4� 0.3� 0.08 mm3, tetragonal,
P4212 (no. 90), a�b� 20.09(2) ä, c� 16.80(2) ä, V� 6782(7) ä3, Z� 2,
�� 1.079 gcm�1. The data were collected with a Rigaku RAXIS diffrac-
tometer, with a rotating anode (MoK� , �� 0.71069 ä) in 94� 3 degree �
oscillations of 30 minutes per exposure at ambient temperature and then
processed with the DENZO software.[53] The structure was solved by direct
methods with SHELXS��.[54] 102178 measured reflections, of which 5889
were unique (Rint� 0.066). The structure was refined with SHELXL97[55]

against F 2 for all reflections with 283 parameters and 48 restraints. The
asymmetric unit consists of 1/4 of the molecule, the remainder is generated
by operation of the fourfold rotation axis. In addition, a solvent fragment
lies on the fourfold axis. This was assumed to be disordered hexane, and
therefore, the atoms were defined as carbon and assigned occupancies of
0.5. The tBu groups were highly disordered: in each case, two sites were
found for each Me group, whose occupancies were constrained to a sum of
1.0. In the case of one pivalate group, two sites were also found for the C2
atom. Restraints on the bond lengths and angles were also necessary. The
ordered non-hydrogen atoms were refined anisotropically, whilst the
disordered atoms were refined isotropically. H atoms were included in
calculated positions. R(I� 2	(I)): R1� 0.0679, wR2� 0.1842. R(all data):
R1� 0.0848, wR2� 0.2015.

Crystallographic data (excluding structure factors) for the structure in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-164814. Copies of the data
can be obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (�44)1223-336033 or e-mail : deposit@
ccdc.cam.ac.uk).

Physical measurements : The UV/Vis absorption spectrum was recorded on
a Perkin-Elmer Lambda9 spectrophotometer. Magnetic susceptibilities
and magnetizations were measured on a Cryogenics S600 SQUID
magnetometer. The data were corrected for the diamagnetic contribution
using Pascal×s constants. Cantilever torque measurements were performed
in Grenoble with a CuBe cantilever (� upper plate 	2 mm) mounted in a
3He cryostat in an Oxford Instruments 10 T superconducting magnet. The
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sample was rotated in the plane defined by the magnetic field and the
unique axis. The variation in capacitance, which was assumed to be linearly
dependent on the deflection between the plates, was measured with a
General Radio1616 precision capacitance bridge, in combination with a
Stanford Research SR830DSP lock-in amplifier. The field strength was
manually swept at 	90 Gs�1 while recording the signal with home-written
software. The temperature was monitored with a calibrated RuO2 resistor.
The setup has been described in the literature and is depicted in
Figure 3.[16±18, 56]

On account of the complex morphology of the crystals, indexing the faces
proved to be an unsuitable method to find the unique axis. Instead, a crystal
of 1 t was mounted on a goniometer head and the unit cell was determined
on a diffractometer. The direction of the unique axis was indicated by a
small piece of glass fibre glued to the crystal mounting fiber. The mounting
fiber was then cut and the crystal was put on the top plate of the cantilever
under an optical microscope and covered with silicone grease, with the
unique axis perpendicular to the axis of rotation and in the plane of the
cantilever plates (Figure 3). The positions of the a and b axes were not
determined. Transverse anisotropy could be present, albeit only in fourth
order, since the crystal space group is tetragonal. However, fourth order
transverse anisotropy was shown to have little influence on CTM measure-
ments.[56]

High-frequency EPR (HFEPR) measurements were performed in Greno-
ble with a previously described single-pass transmission setup, that
consisted of an Oxford Instruments 12 T superconducting magnet, a
115 GHz Gunn diode, with frequency doubler and high pass filter as the
excitation source, and a He-cooled InSb bolometer as the detector.[57, 58]

The signal from the detector was passed through a lock-in amplifier. Data
acquisition and magnet sweeping (typically 50 ± 100 Gs�1) were controlled
by home-written software. The powder sample was pressed in order to
prevent orientation of the crystallites in the magnetic field. The spectra
were fitted using H. Weihe×s SIM program.[47, 59]
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