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ABSTRACT: The spin frustration and other magnetic properties of the
“cartwheel” heptanuclear cluster [Fe™,0;(0,C'Bu)y(Me-dea);(H,0);] (Me-
deaH, = N-methyldiethanolamine) have been previously investigated; we present
here a Mo0ssbauer spectroscopic study and sub-Kelvin magnetization and ac
susceptibility measurements which enable a complete magnetic picture of this
frustrated cluster. ’Fe Mossbauer spectra above 150 K showed three doublets in a
1:3:3 ratio, which could be assigned by their respective quadrupole splittings to
the central Fe(1) and the peripheral Fe(2) and Fe(3). The field dependence of
the corresponding magnetic sextets at 3 K showed that the spins on the central
Fe(1) and the three peripheral Fe(2) sites with OsN coordination are oriented
mutually coparallel, while these are antiparallel to the spins on the peripheral
Fe(3) sites with Og4 coordination, resulting in an overall S = §/2 ground state.
This provides experimental confirmation of the previously proposed spin ground

state structure. Upon cooling to sub-Kelvin temperatures, a crossover to spin blocking with Ty ~ 0.21 K could be observed. This
single-molecule magnet behavior had been expected but had not been observable with a conventional SQUID. The anisotropy
barrier, of 3-fold symmetry, can be described in terms of the parameter D/ky = —0.47 K and a fourth-order perturbation; the latter
enables thermally activated quantum tunneling through the excited sublevel m, = + 3/2, with an activation barrier of U/kg = 1.9 K.

INTRODUCTION

Cyclic complexes have been of particular interest as models of
one-dimensional chain compounds and in the study of
quantum-size effects.’ A particularly interesting class is the
so-called molecular ferric wheels with nuclearity Fe, ranging
from 6 to 36 Fe' ions.””"’ The magnetization of the ferric
wheels exhibits step-like field dependencies at low temper-
atures due to the importance of finite-size quantum
effects.'*™"” Initially, these systems were regarded as ideal
models for the finite-size version of the linear 1D Heisenberg
chain, but subsequently, it was realized that their magnetic
behavior at low temperatures is best described by a quantized
rotation of the Néel vector and, hence, is more similar to that
of 2D and 3D materials.'*"*° Moreover, quantum phenomena
such as Néel-vector tunneling were demonstrated.”’ Because of
the rich physics observed in molecular wheels and a promising
potential for quantum computing,”** this class of molecules
has become increasingly important.

Ethanolamine ligands have been employed extensively in the
construction of a variety of wheel-shaped complexes some of
which have shown single-molecule magnet (SMM) proper-
ties.'”***® The group of Saalfrank developed the use of
diethanolamine-based ligands to create cyclic six and eight-
membered Fe rings with a central templating alkali metal ion

which is akin to the axle of a cartwheel.” Replacing this central
diamagnetic templating ion with Fe' switches on spin
frustration effects.”*™*

TEST BEDS FOR SPIN FRUSTRATION

Over the last three decades, the concept of spin frustration has
been defined in different ways, at least partly depending on the
background of the researcher and the nature of the frustrated
system.”* The strict definition of Kahn, preferred by physicists,
states that a frustrated polynuclear system has a degenerate
ground spin state.”> Schnack proposed a similar but broader
version of this, in which a frustrated spin system is one that
cannot be described as bipartite.”* In contrast to this is the
more simplistic concept, described by Christou’s group as
“most useful to molecular chemists”, in which a polynuclear
system is unable to adopt any simple Ising-like “spin-up/spin-
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(a)

Figure 1. (a) Cores of Fe', clusters in which the central tetrahedral Fe

(b)

is linked to the remaining six by three (u3-O)*~ bridges,w*“’}'3 the

doubly brid3ging oxygens are either alkoxido or hydroxido. (b) Core and molecular structure of the clusters [Fe™,(13-O);(R-dea);(piv)o(OH,)s]

(R = —Me,
white; R, cyan; organic H atoms omitted for clarity.

down” spin structure in which the relative orientations of the
spins on each pair of coupled ions is consistent with the sign of
the respective coupling between them.***” More recently,
Winpenny’s group have reviewed both definitions and
proposed the adoption of three categories of frustration, in
which their Type I corresponds to the Kahn definition, while
Types II and III involve systems more aligned with the
“molecular chemists” approach.”® Specifically, their Type II
systems have a spin ground state lower than that achievable
with simple parallel and antiparallel classical spins, while Type
III systems have a ground state in which a spin structure that
can be described in terms of a “spin up/spin down” coexists
with competing antiferromagnetic interactions.

Within Fe' chemistry, the triangular “basic carboxylate”
coordination clusters [Fe™(u3-O)(0,CR)4(L);]* proved an
early test-bed for studies on spin frustration, since the three S =
5/2 spins involved are unable to adopt any simple Ising-like
“spin-up/spin-down” spin structure consistent with all three
antiferromagnetic Fe—Fe couplings. Indeed, such compounds
are often drawn with a “spin-up/spin-down/spin-up” structure,
which generally results in an overall S = 1/2 ground state
spin®” corresponding to Type II frustration.

The next step up involves systems built up from edge-
sharing Fe''; triangles. Here, the study of Fe'", clusters in
which a central Fe™ is surrounded by a hexagonal ring of six
further such ions has proved particularly fruitful for a number
of reasons. First, the planar spin topology with its 3-fold
symmetry allows the number of distinct coupling constants ] to
be kept to a manageable number (four, or fewer if comparable
couplings can be grouped). Second, such systems are closely
analogous to an § = 5/2 Heisenberg star, one of the few
frustrated spin systems which can be solved exactly.*>*!

Finally, the structures of many higher-nuclearity Fe''

% 1la; —CH,CH,0H,***” 1b; —CH,CH(Me)OH,*® 1c; —Bu",*” 1d; —Ph,”’ 1e). Color code: Fe, green; O, red; N, blue; C, gray; H,

coordination clusters can be viewed as having a central Fe'',

core, with the remainder of the cluster being extended from the
rim of this core.*””** or built onto a face of the disc.”>** Some
polynuclear Fe(III) clusters can be envisaged as small versions
of double hydroxide clay type structures related to brucite, as
in Fe|; and Fe g clusters described in ref 42. Understanding the
possible spin structures of these Fe, subunits can then prove
crucial to the rationalization of the overall spin structure and
the often high ground state spin of these larger clus-
tors 33434650

In contrast to the triangular Fe'';(u3-O) systems, where the
spin frustration generally results in the minimum possible S =
1/2 spin ground state, it has been previously shown that in
higher-nuclearity clusters such as the Fe'; clusters described in
the previous paragraph the spin frustration can result in rather
large spin ground states.””*” Such Fe'™, systems can, in theory
at least, adopt spin ground states S = (2n + 1)/2 ranging from
1/2 up to 35/2, depending on the signs and relative
magnitudes of the various coupling constants. However,
since with Fe" we are dealing almost exclusively with
antiferromagnetic interactions the realistic maximum for § is
25/2, with parallel 5/2 spins on the six outer ring Fe'" ions and
an antiparallel 5/2 spin on the central Fe'" axle. This would be
the case if the couplings between the central Fe'" and those in
the surrounding ring are much more strongly antiferromag-
netic than those between the six Fe'' ions in the ring.

The coupling scheme in a group of clusters, in which a
central Fe'"' with a tetrahedral geometry is linked via three (y5-
0)*" oxido bridges to the outer six Fe'", which are then
bridged by a combination of alkoxido and carboxylato bridges
(Figure la) approaches this situation. The overall spin ground
state of these clusters was found to depend critically on the
nature of the bridging ligands around the outer ring. This tunes
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the Fe—oxo—Fe angles and hence the magnetic coupling
constants J. For this reason, a wide range of ground states, S =
7/2 or 9/2, 15/2, and 21/2, has been reported for such
clusters.””™*"** The latter value approaches the 25/2 limit
mentioned earlier, but without reaching it. As such they do not
fit the Type II or III spin frustration categories proposed in
Baker et al,”® and are best categorized as Type L

By contrast, the family of clusters (Figure 1b) with formula
[Fe,(u3-0);(R-dea);(piv)y(OH,);], where (R-dea)®~ corre-
sponds to a doubly deprotonated N-substituted diethanol-
amine or triethanolamine ligand (R = Me,** 1a; R =
—CH,CH,OH,***” 1b; R = —CH,CH(Me)OH,* 1¢; R =
—Bu**” 1d; R = —Ph,”’ le) all have a well-defined ground
state with S = 5/2, and thus are categorized as showing Type
III frustration. A series of papers has focused on how the
interplay of the antiferromagnetic couplings within these
clusters gives rise to such a ground state, and on the relative
orientations of the spins on the constituent Fe'" centers within
that ground state, and the work presented here on the methyl
analogue 1a completes this study. It is therefore convenient to
summarize the previous work here.

In 2006, Jones et al. reported the structures and magnetic
properties of the clusters 1b and 1c from this series.”’
Magnetization and susceptibility measurements gave very
similar results for the two compounds, and indicated S = 5/
2 spin ground states, while powder X-band electron para-
magnetic resonance (EPR) measurements on 1b yielded values
of D = +0.28 em™! and E/D = 0.21, although they stated that
even these parameters did not simulate the data well. Indeed,
one can note that a powder X-band measurement will lead to
almost complete overlap of the expected signals.

The following year, some of us reported the structures of the
hydroxyethyl, n-butyl, and phenyl analogues 1b, 1d, and le,
and confirmed the § = 5/2 ground state.”” However, SQUID
measurements on an orientated single crystal of the butyl
analogue 1d showed unequivocally that D < 0, with these Fe'',
clusters having easy-axis anisotropy, and a value of D =
—0.30(2) cm™, i.e,, the same magnitude but the opposite sign
compared to the value found in ref 26, was obtained. It was
also noted that the large E/D ratio found in ref 26 was
inconsistent with the C; symmetry of the molecules, for which
one would expect E = 0, and it was suggested that single-crystal
EPR measurements might clarify the situation.

Single-crystal high frequency- electron paramagnetic reso-
nance (HF-EPR) measurements on the analogous cluster with
R = Me, la, were indeed published by Datta et al.>' These
confirmed the uniaxial easy-axis nature of the cluster, since that
the five peaks all increased in intensity with increasing applied
field. A value of D = —0.36 cm™"' was obtained and the data
could be fitted well without the need for an E parameter. The
cluster was thus described as an SMM, even though no slow
relaxation effects had been experimentally observed. It was also
noted that the HF-EPR spectra showed three weak peaks, in
addition to the five corresponding to the § = 5/2 ground state.
Several possible explanations for these were suggested,
including the presence of a low-lying excited state with S =
3/2. However, it was noted that no such low-lying state is to be
expected in this system and density functional theory (DFT
calculations on the isostructural analogue, in which the pivalate
ligands had been replaced by benzoates, showed that the first
excited state has § = 7/2 and is 157 cm™ above the S = 5/2
ground state.”

In 2022, Hale et al. reported®” the crystal structure of
compound 1a, which was found to crystallize in the trigonal
space group R3 with the cluster molecule having 3-fold site
symmetry. However, one should note the possibility of a
symmetry-breaking phase transition between 173 K (the
temperature of their structural determination) and the much
lower temperatures of the EPR and magnetization measure-
ments. They also made a detailed analysis of the
antiferromagnetic couplings within the cluster core, which
they determined both from their magnetostructural correla-
tion>>>> and by broken-symmetry DFT calculations (for their
coupling constants, see S1). Both methods gave similar
coupling constants and both sets of couplings gave simulated
susceptibilities and magnetizations in good agreement with the
experimental data. Once again a well-isolated S = 5/2 ground
state was confirmed. From the coupling constants this was
rationalized in terms of parallel S = 5/2 single ion spins on the
central Fe" and on the three outer Fe'! to which the Me-dea
nitrogen atoms are coordinated with the spins on the other
three outer Fe'! (those with O4 coordination environments)
oriented antiparallel. It was briefly mentioned that no y”y
signal could be observed. A second paper reported a similar
dual magnetoelastic correlations/density functional theory-
(MSC/DFT) approach to the analogous cluster to 1a but with
benzoate instead of pivalate as the carboxylate ligand, with
similar conclusions being drawn.”

In this paper, we report what could be considered to be the
final pieces of the jigsaw puzzle that is the [Fe',(u3-O);(R-
dea),(piv)o(OH,);] family of coordination clusters. We
present a variable-field *’Fe MGossbauer spectroscopic study
of compound 1a, which gives experimental confirmation of the
spin structure deduced by Hale et al,’” together with sub-
Kelvin ac susceptibility and single-crystal magnetization
measurements that show experimentally that this compound
is indeed an SMM, albeit one with a blocking temperature of
only 0.21 K. We also show that the three weak peaks observed
by Datta et al.”" in the HF-EPR spectrum of 1a can indeed be
explained in terms of a low-lying excited state, but an m, = 3/2
sublevel of the ground state rather than an excited state with S
= 3/2.

EXPERIMENTAL SECTION
Synthesis of [Fe';0;(0,C'Bu)g(Me-dea);(H,0);] (1a). Our

synthesis of 1a is given here as it differs from that of Hale et al.**
All reagents were obtained from commercial sources and were used as
received, without further purification. All reactions were carried out
under aerobic conditions. The elemental analyses (CHN) were
performed using an Elementar Vario EL analyzer. Fourier transform
IR spectra were measured on a PerkinElmer Spectrum One
spectrometer with samples prepared as KBr pellets.

To a stirred mixture of [Ni,(4-OH,)(0,CCMe,),(HO,-CCMe,),]
(0.09 g 0.10 mmol) and [Fe;0(0,CCMe;)s](0,CCMe;) (0.10 g,
0.10 mmol) in MeCN (20 mL) was gradually added a solution of N-
methyldiethanolamine (2.00 mmol) in MeCN (S mL). The presence
of Ni(II) gives rise to a very pure Fe(III) only product, as was shown
earlier in ref 27. The resulting mixture was stirred at ambient
temperature for 2 h, filtered and allowed to evaporate. Small needle-
like crystals of cluster la were obtained after 24 h, collected by
filtration, washed with acetonitrile and dried under vacuum. Yield: 41
mg, 54% based on Fe. Calculated (found) for C¢H,,,Fe,N;O5p: C
41.07 (41.10), H 6.89 (6.77), N 2.39 (2.63). Selected IR data (KBR
disk cm™): IR (KBr [em™]): 423 (w), 482 (w), 528 (m), 580 (s),
603 (m), 684 (m), 761 (vw), 785 (w), 879 (w), 902 (w), 1000 (m),
1029 (m), 1059 (w), 1102 (m), 1144 (vw), 1227 (s), 1262 (vw),
1287 (vw), 1357 (s), 1370 (s), 1408 (s), 1422 (vs), 1459 (m), 1483


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04191/suppl_file/ic4c04191_si_001.pdf

(vs), 1571 (vs), 2812 (w), 2867 (s), 2901 (s), 2926 (s), 2959 (s),
3499 (m, br).

Crystallography. Data were collected at 100 K on a Bruker
SMART Apex CCD diffractometer using graphite-monochromated
Mo Ka radiation. Semiempirical absorption corrections were made
using SADABS.>® The structure was solved by direct methods using
SHELXS,* followed by full-matrix least-squares refinement against F*
(all data) using SHELXL-97°* and SHELXL-2019/3.%

Anisotropic refinement was used for all ordered non-H atoms;
organic H atoms were placed in calculated positions, while
coordinates of hydroxo H atoms were refined. The refinement
allowed for the presence of both merohedral and inversion twinning.
Crystallographic information and refinement details are summarized
in Table S1. Our crystal structure, measured at 100 K, is essentially
identical to the structure determined at 173 K and published by Hale
et al.>* Note that in ref 32 the CCDC deposition number for the Hale
structure was accidentally omitted; it is CCDC 2164410. To avoid
duplication in the database, our CIF file has not been deposited but
can be found in the Supporting Information to the present paper.

Magnetic and Massbauer Measurements. Magnetic measure-
ments were conducted on immobilized powder samples using a
SQUID MPMS-SS. Susceptibility data were collected over a
temperature range of 1.8 and 300 K under applied magnetic fields
of 1 and 10 kOe. Additionally, magnetization isotherms were
measured up to 50 kOe at temperatures ranging from 1.8 to 8 K.
The magnetization measurements for the powdered sample of 1a (see
Figures S1 and S2) were in good agreement with data previously
reported by Hale et al.>* thus confirming the identity and purity of our
sample.

In addition, low-temperature magnetization measurements at T =
0.38, 0.78, and 1.2 K were performed on a single crystal using a
MicroHall magnetometer. The sensor consists of a GaAs/GaAsAl
heterostructure, which generates a bidimensional electron gas, and is
designed with two in-line crosses of 200 X 200 ym® A needle-shaped
single crystal, with dimensions of 1.47 X 0.23 X 0.23 mm (0.08 mm?,
1.0 X 107* g), was fixed with vacuum grease on one sensor cross and
oriented with the c-axis aligned along the direction of the applied
magnetic field. The field is applied parallel to the sensor plane. The
signal from the bare cross is subtracted from the sample signal with a
lock-in differential amplifier. The input current was I = 20 A to avoid
any heating of the sample at low temperatures. The sensor was in
thermal contact with the cold finger of a *He refrigerator, and the
temperature was automatically controlled. The sensitivity of the
microHall sensor magnetometer is 107 emu.*

Ac susceptibility measurements in the very low temperature range
of 0.1-3 K were performed on a powder sample using a
susceptometer implemented in a *He—*He cryostat. The excitation
field was set at h,. = 120 mQOe, and the frequencies used were f =
0.133, 0.333, 1.333, and 13.33 kHz. The data in the overlap region
with the SQUID ac susceptibility measurements were used to convert
the low temperature data from arbitrary units to absolute units.

Mossbauer spectra (MS) were acquired using a conventional
spectrometer in constant-acceleration mode, equipped with a Co
source (3.7 GBq) in rhodium matrix. Isomer shifts are given relative
to a-Fe at room temperature. The sample was placed inside an Oxford
Instruments M0ssbauer-Spectromag 4000 Cryostat, which has a split-
pair superconducting magnet system for applied magnetic fields up to
70 kOe. These fields are oriented parallel to the sample holder and
perpendicular to the y-ray direction. The sample temperature can be
varied between 3 and 300 K. The fitting of the spectra and parameter
optimization were performed using the NORMOS program.sh8

RESULTS AND DISCUSSION

Synthesis and Structure. Compound 1a was obtained in
high yield using a different method from that previously
reported by Datta®' and Hale.”” The structure of 1a has been
previously described,” but it is briefly described here to aid in
the understanding of the magnetic results and has similarities
with previously reported related clusters.”*”*"

Compound 1a crystallizes in the trigonal space group R3,
and occupies a site with crystallographic 3-fold symmetry. The
molecular structure and cluster core are shown in Figure 1b.
The core topology consists of an outer ring of six peripheral
Fe'l which are each linked to a central Fe', which can be
described as a cartwheel with the central Fe' representing the
axle of the wheel. The structure of 1a consists of an [Fe'™, (u;-
0),]"* core, with the peripheral ligation provided by six u,-
bridging pivalate ligands and three chelating-bridging (Me-
dea)®” ligands, with three terminal unidentate pivalate ligands
and three H,O ligands coordinated to Fe(3) and its symmetry
equivalents. Three types of Fe' centers can thus be
distinguished based on their coordination environments.

Static Magnetic Properties. The magnetization M(H)
curves measured at T = 0.38, 0.78, and 1.2 K on a single crystal
of 1a are shown in Figure 2, together with the isotropic § = 5/2
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Figure 2. Magnetization as a function of the applied magnetic field,
M(H), for 1a with the field parallel to the c-axis measured on a single
crystal using a microHall magnetometer at (a) T= 12K, (b) T=10.78
K, and (c) T = 0.38 K. Solid red lines: simulations for uniaxial S = 5/
2, with cluster crystal-field anisotropy parameter D/ky = —0.47 K and
g = 2. Dashed black lines: Brillouin function for S = §/2. “fu” =
formula unit.

Brillouin function for comparison. Since all molecules have
their trigonal axes parallel to the crystal c-axis, the
experimentally determined magnetization along the c-axis is
identical to that of the single molecule. The M(H) measure-
ments have been scaled to the saturation magnetization M(10
kOe) = S ug/fu.

The experimental M(H) data at these three temperatures
can be fitted well using a spin Hamiltonian for an § = 5/2
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molecular ground state in a C; symmetry crystal-field,
including zero-field splitting and a Zeeman interaction term:

Hcl = DSZZ - BZ:O[: - quBSsz (1)

yielding a crystal field cluster anisotropy D/kg = —0.47 K =+
0.05 K (—0.33 cm™") and g = 2.00. The higher order term
B30; provides a negligible contribution to the magnetization at
these temperatures, however for the dynamics at T < 1 K it will
be shown to be significant, vide infra. The M(H) curves
measured with a conventional SQUID on a powder sample of
1a over the 1.8—8 K temperature range could also be simulated
well using the same parameters (Figure S2).

These parameters are in good agreement with those
obtained from the HF-EPR study:"' g = 2.00(1) and D =
—0.36 cm™'. Our parameters are also comparable to those
recently reported by Hale et al.” from the fitting of M(H) data
measured on a powder sample in the 1.8—10 K range with g =
1.98, D = =042 cm™".

On the other hand, the susceptibility-temperature product
¥T(T) measured between 1.8 and 300 K for a powdered
sample of 1a could be well explained under the coupling model
shown in Figure S1, incorporating four antiferromagnetic (AF)
exchange parameters J,—J, with the exchange constants
calculated by Hale et al.” (see Figure S3a).

Our crystallographic determination of the structure was
performed at T = 100 K; ie., below 173 K at which the
measurements by Hale et al.’> were performed (CCDC
2164410). The results are similar (see Table S1). A Peierls
transition implies abrupt pairing of spins at finite temperatures
that gives rise to abrupt jumps in the magnetic suscepti-
bility.””** Such an abrupt jump has not been observed in our
magnetic measurements above or below 100 K or at even
lower temperatures, as shown in Figure S3 of the Supporting
Information. So, we can disregard this type of transition.

The emerging model is that of a Fe'", cluster with peripheral
Fe moments AF coupled, thus providing a zero contribution to
the net magnetic moment. From our analysis, it is concluded
that the cartwheel S = 5/2 magnetic ground state is then split
by the crystal field into three Kramers’ doublets with 15/2, +5/
2) as the lowest doublet and 15/2, +3/2) as the first excited
doublet located at AE = 4IDl/ky = 2 K.

Since we deal with Fe(III) ions with a high spin S = S/
2, the Fe orbital moment is in general negligible. However, as
in the present case, anisotropy constants of the order of tenths
of K (IDI/ky = 0.30—0.6 K) are found in Fe(III), clusters.’!
This magnetic anisotropy probably arises from the single-ion
anisotropies of the 7 coupled Fe ions and from intramolecular
dipolar interactions. The second-order Dzyaloshinskii—Moriya
interaction (DMI) is much smaller than the Fe—Fe exchange
interactions involved, which range between S and 40 cm™L
Besides it is a current discussion about whether Fe'
compounds show DMI or only dipolar interactions.”

AC Magnetic Susceptibility. The in-phase component of
the ac susceptibility as a function of temperature down to 0.1 K
at different frequencies, y'(T, f), measured under zero applied
field for a powder sample of 1a is shown in Figure 3a. The data
show superparamagnetic behavior down to a blocking
temperature Ty that depends on the frequency f of the ac
field; Ty increases with increasing frequency, as expected for
spins relaxing via a phonon-assisted process.

The out-of-phase components, y”(T, f) (Figure 3b), also
have frequency-dependent maxima, each at Tg™* (w = 2xf),
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Figure 3. (a) In-phase and (b) out-of-phase components of the ac
susceptibility of 1a, measured as a function of temperature under H =
0, at different frequencies. The solid lines show the ac susceptibility
calculated, using the model described in the text, for randomly
oriented molecules relaxing via thermally activated quantum tunneling
(TAQT). (c) Logarithm of the relaxation time as a function of the
inverse temperature fitted to an Arrhenius law giving an activation
energy barrier U/kg = 1.9 K. (d) Schematics of the relaxation process
in 1a through a TAQT process.

and a small shoulder at about T = 0.4 K, which also shifts in
temperature as a function of frequency. The shoulder could be
due to a small fraction of the clusters having slightly different
relaxation rates, as was reported for some Mn,;, SMMs.** We
assign the blocking temperature Ty = 0.21 K to the maximum
of the y"(T, f) curve at f = 133 Hz. This behavior is
characteristic of a spin system with a well-defined spin
relaxation time 7. Then, the ac susceptibility can be described
by the well-known Debye law:
)(T - )(S

AT T (2)
where yg and yp are respectively the high-frequency and
equilibrium limits of the susceptibility. The y” maxima can be
used to get an estimate of 7, since 7@ = 1 approximately holds
at T = Tg™. The results are shown in Figure 3c. The spin
relaxation time follows an Arrhenius law:

—lnw=Ihrt=In7+ U/kgT,, (3)

that is characteristic of relaxation taking place via a thermally
activated process. Fitting the data using eq 3 gives the
activation energy U/kg = 1.9 + 0.1 K and the prefactor 7, =
1077 s. Comparing U with the level scheme derived from the
spin Hamiltonian (see Figure 3d), suggests that relaxation
involves spin tunneling via the m, = +3/2 excited state.

In order to understand these results, it is of crucial
importance to consider the proper C; symmetry of the spin
Hamiltonian (1). Previous studies of this molecule have only
considered it as purely uniaxial®’ or orthorhombic, with
second-order off-diagonal terms.”’ Within these approxima-
tions, tunneling between m, = +3/2 is largely forbidden. By
contrast, the term BjO; allowed by the C; symmetry, opens
this tunneling path. Tunneling through the m, = +5/2 doublet
is, in principle, forbidden even in this case. However, this
selection rule can be partly lifted if one considers the effect of
environmental magnetic fields. Even though the ac suscepti-
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Figure 4. (a) Calculated relaxation time 7 vs T~ for different values of B3/ky (colored lines) in comparison with the experimental data for 1a
(black dots). (b) Activation energy calculated for 1a as a function of the fourth-order off-diagonal anisotropy parameter B3. The energies of the six
magnetic states, 2S + 1 = 6 for S = 5/2 (dotted lines), and the activation energy determined experimentally (red horizontal line, with the
experimental error depicted as a colored band) are also shown. (c) Calculated ac susceptibilities in the three principal directions y,.,, Xy and ., 04

solid lines, y” dotted lines).

bility measurements were performed under zero applied field,
dipole—dipole interactions with neighboring molecules gen-
erate additional terms. As a first approximation, these
interactions can be taken into account by adding a dipolar
effective field Hy to the Zeeman interaction in the spin
Hamiltonian (1). Different components of Hy have a different
influence on the spin tunneling probabilities. On the one hand,
Hg, and Hgy, enable tunneling between states, like m, = + §/2,
for which B;O; alone would not give any tunneling probability
(see details in ref 64). On the other hand, Hy, suppresses
tunneling via the ground state that would only occur at exactly
H, = 0. As typical values of the different components of Hy, we
have taken Hy, = guS/c* ~ 42 Qe, that is, equal to the field
created by a nearest neighbor molecule located at a distance ¢
=10.40 A, and Hy, = gupS/A® ~ 12 Oe, where A = 15.54 A is
the distance to a n.n.n. molecule. This approach is justifiable if
the anisotropy axes of the molecular clusters point along the c-
axis.”® In any case, the results do not critically depend on the
actual values taken for Hy, and Hy,.

We can put this idea on a more quantitative basis by means
of a theoretical model®”**®” that incorporates thermally
activated processes between exact eigenstates of the full spin
Hamiltonian (1) into a quantum master equation. The
numerical diagonalization of a Pauli’s master equation that
governs the time-dependent populations of the magnetic
energy levels, provides the relaxation times 7, associated with
the multiple (2S) spin relaxation modes (see Section S4 in S.L
for details). One of these modes characterizes the slow spin

reversal process, with a time scale 7; close to that measured
experimentally while all others are typically much faster. An
important point is that the states used are exact energy
eigenstates of the full Hamiltonian, which enables calculations
to be performed under weak and strong magnetic fields or
when tunneling probabilities are relatively high. As discussed in
S4, the calculations show that the contributions to the
susceptibility from fast relaxing modes®® can be neglected in
this case. Then, the complex ac susceptibility may be written as
the Debye eq 2 with 7 = 7, and y5 = yyv the van Vleck
susceptibility. The latter arises from the effect of the magnetic
field on the wave functions of the energy states.

The relaxation times calculated for different values of the
fourth-order anisotropy parameter B} are shown in Figure 4a.
The energies of the 2§ + 1 = 6 eigenstates of the spin
Hamiltonian (eq 1) are given in Figure 4b as a function of Bj.
For B} = 0, we obtain E;;, = 1.9 K, and E, ), = 2.84 K. The
relaxation times approximately follow the Arrhenius law (3)
with an activation energy U that decreases as Bi increases, as it
is also shown in Figure 4b. As we have mentioned above,
increasing B} promotes tunneling via the m, = +3/2 states with
respect to the classical thermally activated relaxation over the
full barrier (i.e., via m, = £1/2 states). In order to match the
experimental U/ky = 1.9(1) K, values of B}/ky > 0.015 K are
required, thus pointing to the presence of strong tunneling
terms in this cluster.

Thus, the model ends up with just one dominant, slow
relaxation time 7 = 7, exp(—U/kT). With these parameters,
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the in-phase y’ and out-of-phase y” magnetic susceptibility
components were calculated, for any orientation of the ac field,
by solving the quantum master equation and then applying
Debye eq 2. Figure 4c shows results obtained for the three
principal directions Y., %, and y. As it is well-known, only
the longitudinal susceptibility (i.e., measured along the
anisotropy axis) depends on frequency whereas the transverse
susceptibility mainly contributes to ys. Since the experiments
were performed on a powdered sample, we have to average
over the random distribution of anisotropy axes. For the linear
response, the averaged susceptibility gives

1 2(1 1
A= T S Ty

3 3 (4)

The y' and y” magnetic susceptibility contributions were
calculated by solving the quantum master equation and then
applying Debye eq 2 (see Section S4). As Figure 3a,b shows,
the experimental data can be excellently reproduced for an
anisotropy value D/ky & —0.47 + 0.02 K, and yyy = 2.0 emu/
mol Oe in very good agreement to that estimated from the fit
of the equilibrium magnetization data at low T (D/ky = —0.47
+ 0.05 K) (vide supra).

As regards the observation of magnetic hysteresis in a SMM,
we note that at the lowest temperature where we have
measured M(H); ie, T = 0.38 K, this system remains in the
paramagnetic regime. Therefore, one does not expect to
observe magnetic hysteresis at that temperature if the blocking
temperature is as low as Ty = 0.21 K. On the other hand, the
observation of nonzero y” below Tj is indeed a signal of SMM
behavior since y” is proportional to the area of the
magnetization loop induced by the oscillatory field. Thus, we
can conclude that the Fe™, cartwheel cluster 1a behaves as a
SMM, with a slow relaxation process due to thermally activated
assisted tunneling (TAQT). We note that the SMM behavior
in (la) could not be detected by Hale et al.*” since ac
susceptibility measurements performed by these authors were
limited to 1.8 K, of the same order than the activation energy.

Méossbauer Spectroscopy. The Mdssbauer spectra of a
polycrystalline sample of 1a measured between 375 and 77 K
under zero applied field are shown in Figure 5a. The electron
relaxation covered almost the whole temperature range up to
375 K, as can be seen from the line-width values. The spectra
down to 150 K are typical for three overlapped doublets each
with a distinct isomer shift (5z) and quadrupole splitting
(AEy), as a result of motional narrowing of the lines in fast
relaxation condition with respect to the Larmor precession
time 7; ~ 10™% s. The spectra were fitted to three doublets with
relative intensity 1:3:3 as derived from the occupancy of the
three different types of Fe' sites (Figure 5b). The obtained g,
and AE are given in Table 1. The J, values are typical for S =
5/2 Fe'lions and decrease with increasing temperature,”” see
also Table 1. Thus, the existence of three different types of
Fe''!, as suggested by the crystal structure determination, is also
confirmed by MS. The spectrum at 77 K shows a full spin—
lattice relaxation process and therefore was not fitted.

In Figure Sb, the low temperature spectra (10 and 3 K)
under H = 0 exhibit three sextets, for which the line-widths
evidence the system is still relaxing. Narrower lines and better
separation appear under increasing applied field. The
Mossbauer parameters Op, and AEq obtained for the three
sextets at T = 3 K are summarized in Table 1. Since the
coordination is octahedral for all Fe' jons, the different
relaxation time found for each sextet is mainly influenced by
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Figure 5. ’Fe Mossbauer spectra for 1a. (a) In zero-field at indicated
temperatures. (b) At T = 10 K and T = 3 K in zero-field and for the
latter temperature under magnetic fields of 40, 50, and 60 kOe.

the type of Fe neighbors and the Fe-ligand bond strength. The
splitting of the three sets of sextet lines are discernible in the
velocity ranges of roughly +8, +4 and, respectively, +2 mm-
s71, as shown in Figure 5b, at 3 K and H = 0. It can be seen
from the lineshapes that the relaxation covers the whole
investigated temperature range, including both the intracluster
magnetic incipient ordering (10 and 3 K, Figure Sb) as well as
the paramagnetic region (77—375 K), with highest effect at 77
K (Figure Sa).

The correct assignment of the M0ssbauer doublets/sextets
to the three distinct types of octahedrally coordinated Fe'
centers (Figure 6b) is clearly crucial for the determination of
the spin structure. Doublet 1 can be readily assigned to the
central Fe(1) since the ratios of the different Fe environments
is 1:3:3. The other two doublets, 2 and 3, can be assigned
through consideration of their respective quadrupole splittings
(AEg) and isomer shifts (8g,) using the values in Table 1 for T
= 150—300 K. These parameters have been shown to correlate
with values from bond length distortion (BLD) and bond
valence sum (BVS) analyses, respectively, for a given Fe''
center.”’”"* These are listed and compared to the Mssbauer
parameters in Table 2. The AE, parameter is also sensitive to
the variation in strength of the six Fe—O/N bonds.”*

For the central Fe(1) the six Fe—O bond lengths are similar,
which results in the smallest BLD. Fe(3) also has O
coordination with the bond lengths giving a larger BLD,
while Fe(2), with its OsN coordination, has the largest BLD of
the three Fe' types. In the spectra of 1a, the AE( parameters
are quite different for the three Fe sites in the molecule, and
from the values given in Table 2, it is clear that the quadrupole
splitting AEq follows the same trend as the BLD values. In
addition the X—Fe—X angles around Fe(2), 78.3(4)—98.3(4)°
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Table 1. Parameters of the Mossbauer Spectra as a Function of Applied Field (H,,,) and Temperature for 1a?

H,p1 (kOe) T (K) pattern IHyg (kOe) H,, (kOe)
0.0 300 doublet 1 0
doublet 2 0
doublet 3 0
0.0 220 doublet 1 0
doublet 2 0
doublet 3 0
0.0 150 doublet 1 0
doublet 2 0
doublet 3 0
0.0 3 sextet 1 53
sextet 2 210
sextet 3 393
40 3 sextet 1 383 —343
sextet 2 367 —327
sextet 3 413 +373
NY 3 sextet 1 383 —233
sextet 2 360 =310
sextet 3 432 +382
60 3 sextet 1 358 —298
sextet 2 356 —296
sextet 3 443 +383

Spe” (mm/s) AEq (mm/s) I' (mm/s) 0 (deg) area (%)
0.369(5) 0.21(1) 0.29(2) 14.28
0.415(1) 1.345(3) 0.29(3) 42.85
0.350(2) 0.508(9) 0.377(7) 42.85
0.403(3) 0.191(8) 0.29(1) 14.28
0.448(2) 1.373(7) 0.547(9) 42.85
0.401(2) 0.663(9) 0.52(1) 42.85
0.446(4) 0.21(2) 0.49(6) 14.28
0.486(2) 1.403(7) 0.590(7) 42.85
0.432(3) 0.63(2) 0.67(1) 42.85
0.48" 0.02(3) 1.13(5) 41.3¢ 14.28
0.51° 0.02(1) 1.67(3) 41.3¢ 42.85
047" 0.02(1) 1.69(3) 41.3¢ 42.85
0.48" —-0.01(1) 0.59(3) 65.8° 14.28
0.51° —0.042(8) 0.70(1) 65.8° 42.85
0.47° 0.08(1) 1.02(2) 65.8° 42.85
0.48° —0.064(9) 0.49(1) 71.6 14.28
0.51° —0.028(4) 0.626(7) 80.7 42.85
0.47° 0.083(8) 0.98(1) 62.2 42.85
0.48" —0.30(1) 0.39(1) 81.0 14.28
0.51° 0.101(7) 0.450(1) 73.9 42.85
0.47° 0.14(1) 0.74(1) 63.0 42.85

“Relative to a-Fe at room temperature. The statistical errors are given in parentheses. The relative areas for the spectra have been constrained to
the 1:3:3 ratio. “Fixed (constrained) values. “Fixed to be equal for all Fe sites. I': line width at half-maximum. In column 3, doublets (sextets) 1, 2,
and 3 correspond to Fe(1), Fe(2), and Fe(3), respectively. “The spectra measured at 10 and 3 K at H = 0 were not considered for the parameter

optimization because of apparent relaxation broadening.

Figure 6. (a) Spin structure for la obtained from the Mdssbauer
study, which confirms that proposed by Hale et al.* for the coupling
scheme shown in (b). The four interactions constants (J;—],) were
found to be antiferromagnetic, with IJ;| > IJ,I > I],| > IJ5| (see details in
S2).

Table 2. Bond Length Distortions (BLD) and Bond Valence
Sum (BVS) Calculation Parameters for the Fe(1), Fe(2),
and Fe(3) Sites in 1a in Combination with Mossbauer
Parameters at 300 K

Fe site BLD AE, (mm/s) 300 K BVS Spe (mm/s) 300 K

Fe(1) 0.600 0.21(1) 3.19 0.369(5)
Fe(2) 3.672 1.345(3) 3.18 0.415(1)
Fe(3) 2.930 0.508(9) 322 0.350(2)

and 160.5(4)—174.5(4)° deviate more from 90 and 180 than
those for Fe(3), 83.3(4)—96.3(4)° and 168.2(4)—174.9(4)°,
which will also lead to a higher AEq,. Furthermore, the
presence of one covalent Fe—N bond in the coordination
sphere of Fe(2) will also tend to increase AEq. On the basis of
the AE( values doublet 2 can therefore be assigned to Fe(2)
and doublet 3 to Fe(3).

The isomer shift (5) is mostly governed the electron
density near the nucleus (s-electrons), which perturb the
nuclear charge. The bond valence sum (BVS) for an Fe™
should therefore show an inverse correlation with Jg,, since a
larger electron density near the nucleus will increase O
From Table 2 the variation in the BVS values is rather low, but
the Fe(2) does have the lowest BVS value and doublet 2 the
highest Jg.’s, probably reflecting the different Os—N
coordination, which is consistent with the assignments
previously made from the AEq values.

For Fe'l, the internal field, ﬁint, results from the Fermi
contact interaction between the nucleus and the s-electron
density, and dominates over other terms. It encompasses the
effect due to its own magnetic moment and that of the
neighboring atoms, and is negative; i.e,, it is opposed to the
magnetic moment of the ion. When an external magnetic field

-

Happl

sum of the internal and applied fields:

is applied, the observed hyperfine field ﬁeﬂ is the vector

- —

Heff = H, + Happl (5)

Thus, the variation of the Mossbauer spectra measured as a
function of an increasing magnetic field allows the determi-
nation of the relative orientations of the Fe'" spins within the
cluster. For clarity, the individual sextets in Figure Sb are
drawn with the same colors as the corresponding doublets in
Figure Sa from which they result on application of a magnetic
field.

On inspection of data measured at T = 3 K under different
H,pp (Figure Sb and Table 1) it is observed that, with
increasing magnetic applied field, two of the three sextets
(corresponding to doublets 1 and 2) show an inward evolution
of the positions of the lines, thus demonstrating antiparallel
orientation to the field, showing that the internal field from the
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unpaired d-electrons is oriented antiparallel to the applied
field.””

However, the third sextet (corresponding to doublet 3)
shows the reverse behavior, with an outward displacement of
sextet lines on increasing applied field, with the spins of the d-
electrons now parallel to the applied field. Thus, given our
previous assignment of the doublets, it is clear that the spins on
Fe(1) and the three Fe(2) are all oriented coparallel, with
those on the three Fe(3) antiparallel to those of Fe(1) and
Fe(2) (Figure 6). The Mossbauer study presented here thus
provides direct experimental confirmation of the spin structure
proposed by Hale et al.,* leading to the observed total spin S =
5/2 for the Fe, cluster.

At 3 K, when the magnetic field is applied perpendicular to
the y-radiation direction and parallel to sample plane, the
increased intensities of the Am = 0 lines (lines 2 and 5 of the
sextet) increase relative to the others, suggesting that the
magnetic moments are orienting toward the applied field, as
expected. In the case when the quadrupole interaction
represents a small perturbation and the absorber thickness is
negligible, then for S’Fe the relative intensities of the outer,
middle and inner pairs of lines making up the sextet lines (R1,
lines 1 and 6; R2, lines 2 and S; R3, lines 3 and 4) are given by

RI = 3(1 + cos® 0) (6a)
R2 = 4sin’ 0 (6b)
R3 = (1 + cos” 6) (6¢)

For a given sextet, made up of lines 1—6, where 1 and 6 are
the outer lines, the ratio of the intensities of lines 2 and 5 of the
sextet (R2) compared to those of the two central lines 3 and 4
(R3) yields information on the angle 0 between H,; and the
incident y rays, and hence the direction of the magnetic
moments versus y-rays. “” This ratio R2/R3 can take values
from zero (when the magnetic moment is parallel to the
incident y-radiation and perpendicular to the sample plane) up
to four (when the magnetic moment lies within the plane of
the sample). It should be noted that for measurements
performed on polycrystalline samples or powders that have
been carefully grounded to make a homogeneous Mossbauer
absorber, the intensity ratios within each sextet show smaller
values than the theoretical ones (3:2:1)”7 for a random
distribution calculated from Clebsch—Gordan coefficients. The
calculated 0 values for each sextet are collected in Table 1. One
notes that the angle increases practically to a parallel alignment
with the applied field for sextets 1 and 2, that is for atom sites
Fe(1) and Fe(2), while it is noticeably smaller for sextet 3, i.e.,
for Fe(3). This result further supports the result of the analysis
of the H dependence on increasing field given above; ie.,
Fe(1) and Fe(2) have their respective spins parallel to each
other, while those on Fe(3) are antiparallel.

The intracluster interactions were previously proposed to be
AF in the trend IJ;| > IJ,l > I],l > I3, where J; and ], are
comparable in intensity, J, is intermediate and J; is weak.’
This scheme is represented in Figure 6b, by the intensities of
the lines depicting the exchange paths. The cartwheel spin
configuration may be envisaged as comprising six triangles,
each sharing two of their sides. When the intra-atomic
couplings are AF one may expect the appearance of frustration.
This has been addressed in refs 40 and 27, which discuss the
frustrated and unfrustrated cases giving rise to the different
ground states possible, ranging from S = 1/2 to 35/2. In the

present case, the AF ] and J, favor an unfrustrated coupling to
a S = 5/2 ground state. The intermediate AF ], just reinforces
their coupling, and thus to the S = 5/2 unfrustrated ground
state. The weak AF J; coupling perturbs the ground state and
may bring about some frustration, but in fact does not modify
the S = 5/2 ground state. This kind of spin structure leading to
a nonzero ground, enabled by coexisting competing AF
interactions corresponds to Type III of frustration, according
to Winpenny’s definition.

The very large temperature range (from 3 K to somewhere
above 120 K) of a fast spin—lattice relaxation, well-illustrated
by the 77 K MS collapsed spectrum, is an evidence for complex
interactions between each type of Fe' in this hepta-nuclear
molecule. Such a crossover from fast to slow relaxation regime,
as temperature is lowered, is not unusual for high-spin Fe'",
particularly for small molecules because their spin—orbit-lattice
relaxation can be essentially slow via a vanishing orbital
moment.

From eq 3 it may be calculated that at T = 3 K the spin
relaxation time is 7, = 2 X 1077 s, which is an order of
magnitude larger than the Larmor precession time 7; ~ 107% s.
This indicates that at 3 K even at H,,; = 0 we are in a slow
relaxation regime, which is consistent with a blocking
temperature of Ty = 021 K found from the magnetic
susceptibility data.

CONCLUSIONS

Magnetic investigations using SQUID magnetometry down to
1.8 K, micro-Hall magnetometry down to 0.3 K, and ac
susceptibility measurements down to 0.1 K were conducted on
the “cartwheel” coordination cluster [Fe™,05(0,C'Bu)y(Me-
dea);(H,0);] (1a). From the magnetization M(H) curves
measured on a single crystal it is concluded that the molecule
has an § = 5/2 ground state with a uniaxial crystal field
anisotropy D/ky = —0.47 K, consistent with previous EPR
findings.

The ac susceptibility results reveal a superparamagnetic
behavior down to a blocking temperature Ty = 0.21 K. The
experimental y', y” (f, T) data could be fitted with a model
considering quantum tunneling relaxation through the
thermally excited m, = +3/2 doublet. The Fe, molecule
shows SMM behavior which is consistent with its uniaxiality
and with an activation barrier of U/kz = 1.9 K.

S’Fe Méssbauer spectra of 1a at 3 K exhibit three sextets,
which could be unambiguously assigned to the three distinct
Fe sites in the cluster. The isomer shift and quadrupole
splitting parameter determination confirmed all the Fe' to be
in the § = 5/2 state. Narrower lines and better separation were
observed under an applied magnetic field up to 6 T. Analysis
with NORMOS code of the evolution of the sextets on
increasing field showed that the spin on the central Fe(1) is
parallel to those on the peripheral Fe(2) sites with ON
coordination from the chelation by the Me-dea ligands, while
the spins on the Fe(3) centers, with O4 coordination, are
antiparallel to those on Fe(l) and Fe(2). This provides
experimental confirmation of the spin structure previously
deduced from coupling constants by Hale et al.”* According to
Winpenny’s definition, it corresponds to a Type III frustration
case.

Spectral line broadening even at H = 0 and T = 3 K indicate
that the spins are still far from blocking at this temperature,
consistent with the blocking temperature (x0.21 K) found
from the susceptibility data.



These magnetic and Mossbauer studies have thus provided
the final two pieces of experimental evidence and completed
the magnetic analysis of [Fe'',0;(0,C'Bu),(Me-
dea);(H,0);] (1a). This and previous studies on la and
analogous isostructural compounds demonstrate how a “multi-
pronged” approach, bringing together a range of comple-
mentary experimental and theoretical techniques, leads to a
complete magnetic description of this frustrated Fe'l,
cartwheel system. Magnetic measurements at sub-Kelvin
temperatures were crucial to prove the SMM behavior of
this molecule.
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