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The synthesis and magnetic properties of a new member of the Mn12 single-molecule magnet family, [Mn12O12(O2CMe)8(O3SPh)8(H2O)4] (2), are reported. The compound was prepared by treatment of [Mn12O12(O2CMe)16(H2O)4] (1) with eight equivalents of PhSO3H in MeCN. Complex 2ⴢ4CH2Cl2 crystallizes in the triclinic space group
P1̄. The complex consists of a central [MnIV4O4] cubane held within a nonplanar ring of eight MnIII ions by eight
µ3-O2⫺ ions. Eight bridging acetate groups occupying equatorial sites, eight bridging benzenesulfonate groups in axial
sites, and four terminal water molecules complete the peripheral ligation of the molecule. The spin of the ground
state was established by magnetization measurements in the 2.00–7.00 T ﬁeld range and 1.80–4.00 K temperature
range. Fitting of the reduced magnetization data by full matrix diagonalization, incorporating only axial anisotropy,
gave S = 10, g = 1.96 and D = ⫺0.34 cm⫺1. The cluster exhibits out-of-phase ac susceptibility signals and temperaturedependent hysteresis loops at temperatures below 4.00 K, establishing 2 as a new single-molecule magnet.
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Introduction
One of the primary reasons for the current interest in high
nuclearity Mn carboxylate clusters is the study of singlemolecule magnets (SMMs). A SMM possesses a signiﬁcant
energy barrier to relaxation (reorientation) of its magnetization
vector, owing to a combination of a large ground state spin
(S ) value and a large easy-axis type of magnetoanisotropy
(negative axial zero-ﬁeld splitting parameter, D). The upper
limit of the energy barrier is given by S 2|D| or (S 2 ⫺ ¼)|D| for
integer and non-integer spins, respectively.1,2 The SMMs with
the largest energy barriers to date are the [Mn12O12(O2CR)16(H2O)4] (Mn12) family, and they have thus received a great deal
of attention.
Amongst the many studies that we have performed on Mn12
complexes have been attempts to derivatize them with noncarboxylate ligands in a site-speciﬁc manner, in order to direct
or enhance reactivity at selected sites and thus make regioselective reactions feasible. Such selectivity would be important
for achieving clean and controllable reactivity in a complex containing so many carboxylate groups, and would make more
feasible important objectives such as the binding of groups that
might enhance the shape anisotropy or magnetic properties of
the Mn12 complexes, and/or facilitate the binding of the latter to
surfaces, or to each other to give dimers (or higher aggregates)
of Mn12 species. One objective has been to replace just the eight
axial, or just the eight equatorial carboxylate groups with noncarboxylate ones, and thus obtain a mixed-ligand derivative
with the two types of groups in speciﬁc positions on the Mn12
molecule. Unfortunately, our previous attempts have met with
limited success, and we have been unable to substitute all axial
or all equatorial carboxylate ligands with non-carboxylate
groups to date. For example, four (but no more) of the
eight axial carboxylate groups could be replaced with NO3⫺
groups using nitric acid, giving [Mn12O12(NO3)4(O2CCH2But)12(H2O)4];3 additional equivalents of nitric acid caused decomposition. This incorporation of nitrate was a useful step forward but did not fulﬁll our desire to functionalize all axial sites
with non-carboxylate ligands. Similarly, we have been able to
replace eight of the carboxylate groups with diphenylphosphin-

ates (Ph2PO2⫺) to give [Mn12O12(O2PPh2)8(O2CCH3)8(H2O)4],4
but the steric bulk of the Ph2PO2⫺ groups resulted in them
distributing themselves equally between axial and equatorial
sites.
However, we can now report achievement of the above goal
by the introduction into all the axial sites of benzenesulfonate
groups, PhSO3⫺, with retention of the Mn12 structure and its
SMM properties. This also represents the ﬁrst incorporation of
S-based ligands into the Mn12 SMMs. The synthesis, structure,
and magnetic properties of the obtained complex are described.

Experimental
Synthesis
All manipulations were performed under aerobic conditions
using chemicals as received, unless otherwise stated. [Mn12O12(O2CMe)16(H2O)4] (1) was prepared as described in the
literature.5
[Mn12O12(O2CMe)8(O3SPh)8(H2O)4] (2). A solution of complex 1 (1.00 g, 0.54 mmol) in MeCN was treated with PhSO3H
(0.68 g, 4.30 mmol) in MeCN (25 mL). The solution was stirred
overnight and the solvent was removed. Toluene (25 mL) was
added to the residue, and the solution was evaporated to dryness. The addition and removal of toluene was repeated three
more times. The residue was dissolved in CH2Cl2 (50 mL) and
ﬁltered. An equal volume of hexanes was added to the ﬁltrate,
and the solution was allowed to stand at room temperature for
4 days. Black crystals of 2ⴢ4CH2Cl2 were collected by ﬁltration,
washed with hexanes, and dried in vacuo. The yield was 1.37 g
(96%). Calc. (Found) for 2ⴢ3CH2Cl2 (C67H78Mn12O56S8Cl6): C,
27.67 (27.81); H, 2.70 (2.80); N, 0.00 (0.07)%. Selected IR data
(cm⫺1): 1506(s); 1446(vs); 1245(m); 1203(m); 1127(s); 1037(m);
1018(s); 996(m); 981(m); 757(w); 732(m); 690(s); 671(s);
607(vs); 564(s).
[Mn12O12(O2CMe)12(O3SPh)4(H2O)4] (3). A solution of complex 1 (0.50 g, 0.27 mmol) in MeCN was treated with PhSO3H
(0.17 g, 1.07 mmol) in MeCN (25 mL). The solution was stirred
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overnight, and the solvent was then removed. Toluene (25 mL)
was added to the residue, and the solution was evaporated to
dryness. The addition and removal of toluene was repeated
three more times. The residue was dissolved in CH2Cl2 (25 mL)
and ﬁltered. An equal volume of hexanes was added to the
ﬁltrate, and the solution allowed to stand at room temperature
for ∼4 days. Black crystals of 3 were collected by ﬁltration,
washed with hexanes, and dried in vacuo. The yield was 0.49 g
(81%). Calc. (Found) for 3 (C48H64Mn12O52S4): C, 25.50 (25.73);
H, 2.85 (3.24); N, 0.00 (0.02)%. Selected IR data (cm⫺1):
1576(m); 1506(m); 1447(vs); 1330(m); 1192(s); 1128(s);
1039(m); 1019(s); 997(m); 761(w); 731(m); 673(vs); 646(s);
607(vs).

Table 1 Crystallographic data for [Mn12O12(O2CMe)8(O3SPh)8(H2O)4]ⴢ
4CH2Cl2 (2ⴢ4CH2Cl2)
Formula a
M
Space group
a/Å
b/Å
c/Å
α/⬚
β/⬚
γ/⬚
V/Å3
Z
Dc/g cm⫺3
T /⬚C
λ(Mo-Kα)/Å b
µ(Mo-Kα)/cm⫺1
R (Rw) c(%)

X-Ray crystallography and solution of structure
Data were collected using a Siemens SMART PLATFORM
equipped with a CCD area detector and a graphite monochromator utilizing Mo-Kα radiation (λ = 0.71073 Å). A suitable crystal of 2ⴢ4CH2Cl2 was attached to a glass ﬁbre using
silicone grease and transferred to the goniostat where it was
cooled to 193 K for characterization and data collection. A
preliminary search of reciprocal space revealed a triclinic unit
cell; the choice of the space group P1̄ was conﬁrmed by the
subsequent solution and reﬁnement of the structure. Cell
parameters were reﬁned using up to 8192 reﬂections. A full
sphere of data (1381 frames) was collected using the ω-scan
method (0.3⬚ frame width). The ﬁrst 50 frames were re-measured at the end of data collection to monitor instrument and
crystal stability (maximum correction on I was <1 %). Absorption corrections by integration were applied based on measured
indexed crystal faces.
The structure was solved using a combination of direct
methods (SHELXTL5) 6 and Fourier techniques. The asymmetric unit consists of the Mn12 cluster and four CH2Cl2
molecules of crystallization. Two of the CH2Cl2 molecules
are disordered. In one of them, the Cl atoms were disordered
over three positions and their site occupation factors reﬁned
to 0.85(1), 0.17(1) and 0.08(1). The second disordered molecule has its Cl atoms in two sets of sites with site occupation factors reﬁned to 0.56(1) and 0.44(1). The non-H
atoms were treated anisotropically. All hydrogen atoms (except
for those on the water groups) were calculated in idealized
positions on their respective carbon atoms. The water H
atoms were not found in any diﬀerence Fourier map. A total of
1406 parameters were reﬁned in the ﬁnal cycle of reﬁnement
using 16674 reﬂections with I > 2σ(I ) to yield R1 and wR2 of
3.79% and 9.90%, respectively. Reﬁnement was done using F 2.
Table 1 lists the unit cell and structure reﬁnement data for
2ⴢ4CH2Cl2.
CCDC reference number 191072.
See http://www.rsc.org/suppdata/dt/b3/b301785k/ for crystallographic data in CIF or other electronic format.
Other measurements
Infrared spectra were recorded in the solid state (KBr pellets)
on a Nicolet Nexus 670 FTIR spectrophotometer in the 4000–
400 cm⫺1 range. Elemental analyses (C, H and N) were performed at the in-house facilities of the University of Florida
Chemistry Department. Variable-temperature dc magnetic
susceptibility data down to 1.80 K were collected on a Quantum
Design MPMS-XL SQUID magnetometer equipped with a 7
Tesla dc magnet at the University of Florida. Pascal’s constants
were used to estimate the diamagnetic corrections, which were
subtracted from the experimental susceptibility to give the
molar magnetic susceptibility (χM). Ac magnetic susceptibility
data were collected on the same instrument employing a 0.35
mT ﬁeld oscillating at frequencies up to 1500 Hz. Dc measurements below 1.80 K were performed on single crystals using an
array of micro-SQUIDS.7
2244

Dalton Trans., 2003, 2243–2248

C68H80Cl8Mn12O56S8
2992.76
P1̄
15.9971(6)
16.0923(7)
22.0964(9)
94.742(2)
90.307(2)
104.262(2)
5492.1(4)
2
1.810
⫺80
0.71073
17.69
3.79 (9.90)

a
Including solvate molecules. b Graphite monochromator. c R = Σ| |Fo| ⫺
|Fc| |/Σ|Fo|; Rw = [Σ[w(Fo2 ⫺ Fc2)2]/Σ[w(Fo2)2]]1/2, where w = 1/[σ2(Fo2) ⫹
(0.0565p)2 ⫹ 0.00p] and p = [max(Fo2,0) ⫹ 2Fc2]/3.

Results and discussion
Synthesis
Our previous development and use of ligand substitution reactions on readily available complex 1 have allowed us access to
[Mn12O12(O2CR)16(H2O)4] derivatives with a large variety of
R groups. The ligand substitution reaction (eqn. (1)) is an
equilibrium that must be driven to completion by (i) using
a carboxylic acid with a much lower pKa than that of acetic
acid (4.76); and/or (ii) using an excess of RCO2H; and/or (iii)
removing the acetic acid as its toluene azeotrope.
[Mn12O12(O2CMe)16(H2O)4] ⫹ 16 RCO2H
[Mn12O12(O2CR)16(H2O)4] ⫹ 16 MeCO2H

(1)

The latter is particularly useful for incorporating carboxylate
groups whose conjugate acid has a pKa comparable to, or even
higher than that of acetic acid. The substitution reaction has
been successfully employed for ligands such as benzoate (and
substituted benzoates), and a variety of alkanecarboxylates.8
Of relevance to the present work is the fact that the substitution procedure has already been extended to non-carboxylate
ligands in the successful incorporation of Ph2PO2⫺ groups,4
as mentioned above. Thus, the reactions of 1 with another type
of organic acid were explored, namely benzenesulfonic acid
(pKa = 2.55).
The reaction of complex 1 with eight equivalents of benzenesulfonic acid (PhSO3H) in MeCN was followed by several cycles
of addition of toluene and its removal under vacuum. Note
that since only partial replacement of acetate groups was being
sought, excess acid could not be added, and the removal of
acetic acid as the toluene azeotrope thus was an essential step to
ensure complete reaction. This procedure successfully led to the
isolation and crystallization of [Mn12O12(O2CMe)8(O3SPh)8(H2O)4] (2) in essentially quantitative (96%) yield (eqn. (2)).
[Mn12O12(O2CMe)16(H2O)4] ⫹ 8 PhSO3H
[Mn12O12(O2CMe)8(O3SPh)8(H2O)4] ⫹ 8 MeCO2H

(2)

Crystallization from CH2Cl2–hexanes gave dark brown
crystals of 2ⴢ4CH2Cl2 suitable for X-ray crystallography.
Similarly, the reaction of 1 with four equivalents of PhSO3H
leads to the formation of [Mn12O12(O2CMe)12(O3SPh)4(H2O)4],
whose identity was established by elemental analysis and spectroscopic comparison with 2. This is summarized in eqn. (3).
[Mn12O12(O2CMe)16(H2O)4] ⫹ 4 PhSO3H
[Mn12O12(O2CMe)12(O3SPh)4(H2O)4] ⫹ 4 MeCO2H

(3)

Reactions of PhSO3H with other Mn carboxylate complexes,
including [Mn3O(O2CR)6(py)3]0,⫹ and [Mn4O2(O2CPh)9(H2O)]⫺, have also been carried out, but attempts to crystallographically characterize the products have all been unsuccessful
to date.
The carboxylate substitution with benzenesulfonate is reversible on treatment of 2 with eight equivalents of MeCO2H
in CH2Cl2, supporting the feasibility of using 2 for reactions
directed at site-speciﬁc replacement of axial PhSO3⫺ ligands
by some added reagent, taking advantage of the good leaving
properties of this group.

Table 2 Selected interatomic distances (Å) and angles (⬚) for [Mn12O12(O2CMe)8(O3SPh)8(H2O)4] (2)
MnIV–Oc (ax) a
MnIV–Oc (eq)
MnIV–Or
MnIV–Oax
MnIIIb–Or b
MnIIIc–Or c
MnIIIb–Oeq
MnIIIc–Oeq
MnIIIb–Oax
MnIIIc–Oax
MnIIIc–Ow
Or–MnIV–Or
Or–MnIIIb–Or
Or–MnIIIc–Or
MnIV ⴢ ⴢ ⴢ MnIV
MnIIIb ⴢ ⴢ ⴢ MnIIIc
MnIIIb ⴢ ⴢ ⴢ MnIV ⴢ ⴢ ⴢ MnIV
MnIIIb ⴢ ⴢ ⴢ MnIV
MnIIIc ⴢ ⴢ ⴢ MnIV

Crystal structure
A labeled ORTEP 9 plot of complex 2 is presented in Fig. 1, and
selected bond distances and angles are listed in Table 2.

1.863(2)–1.876(2)
1.9157(19)–1.9393(19)
1.854(2)–1.874(2)
1.907(2)–1.945(2)
1.883(2)–1.909(2)
1.880(2)–1.910(2)
1.920(2)–1.942(2)
1.929(2)–1.963(2)
2.163(2)–2.262(2)
2.174(2)–2.190(2)
2.216(2)–2.222(2)
83.27(9)–84.13(9)
81.70(9)–82.74(8)
94.83(8)–95.52(9)
2.8054(6)–2.9478(6)
3.352–3.454
175.99(2)–178.21(2)
2.7905(6)–2.8016(6)
3.416–3.466

Oc = cubane O2⫺, Or = ring O2⫺, Oax = axial carboxylate, Oeq =
equatorial carboxylate, Ow = water. b MnIIIb atoms: Mn(1,3,5,7);
c
MnIIIc atoms: Mn(2,4,6,8).
a

Fig. 1 ORTEP representation and stereoview of [Mn12O12(O2CMe)8(O3SPh)8(H2O)4] (2) with the atoms drawn at the 50% probability level.
Hydrogen atoms have been omitted for clarity. Only the ipso carbon
atoms of the phenyl groups are shown.

Complex 2ⴢ4CH2Cl2 crystallizes in the triclinic space group
P1̄ with the asymmetric unit consisting of one Mn12 molecule
and four CH2Cl2 molecules of crystallization. The Mn12 cluster
possesses an overall structure similar to that of complex 1, with
a central [MnIV4O4] cubane held within a non-planar ring of
eight MnIII ions by eight µ3-O2⫺ ions. The eight MnIII ions separate into two groups of four MnIII ions each. In the ﬁrst group,
each MnIII ion is coordinated to a single MnIV ion via two oxide
bridges (Mn1, Mn3, Mn5, Mn7), while in the second group
each MnIII ion is coordinated to two MnIV ions via two oxide
bridges (Mn2, Mn4, Mn6, Mn8).10 Four water molecules, eight

µ-carboxylate and eight µ-benzenesulfonate groups complete
the peripheral ligation about the [Mn12O12] core of the complex.
The eight MnIII centers exhibit a Jahn–Teller (JT) distortion, as
expected for a high-spin d4 ion in near octahedral geometry. As
is almost always the case for MnIII, the JT distortion in 2 takes
the form of an axial elongation of two trans bonds. Again as
is usually the case, the JT elongation axes avoid the Mn–O2⫺
bonds, the shortest and strongest in the molecule, and thus
the JT axes are all axially disposed, roughly perpendicular
to the [Mn12O12] disk-like core. As a result, there is a near
parallel alignment of the eight MnIII JT elongation axes. This is
also the origin of the signiﬁcant magnetic anisotropy in the
z direction that greatly inﬂuences the observed magnetic
properties (vide infra).
The MeCO2⫺ groups occupy the eight equatorial sites of 2,
while the PhSO3⫺ ligands are located at the eight axial sites
above and below the disk-like [Mn12O12] core. This selectivity in
axial vs. equatorial binding sites can be rationalized on the basis
of the relative basicities of acetate vs. benzenesulfonate. The
pKa value of PhSO3H is 2.55 while that of MeCO2H is 4.76. The
more basic, stronger donor MeCO2⫺ ligands favor occupation
of the equatorial sites where shorter, stronger Mn–O bonds can
be formed, to the beneﬁt of the overall energy stabilization of
the molecule.11 The less basic PhSO3⫺ ligands thus occupy axial
positions where they bridge either MnIIIMnIII or MnIIIMnIV
pairs and thus have one or both of their O atoms on the JT
elongation axes. There are twenty axial coordination sites,
of which sixteen lie on JT elongation axes, and these bonds
are lengthened by 0.1–0.2 Å and thus are weakened relative to
the equatorial, non JT-elongated Mn–carboxylate bonds. The
same rationalization based on relative acid pKa values also
explained the selective axial vs. equatorial disposition in mixedcarboxylate [Mn12O12(O2CR)8(O2CR⬘)8(H2O)4] complexes.11
In all [Mn12O12(O2CR)16(H2O)4] complexes studied to date,
the four water ligands coordinate only to the four MnIII ions in
the second group described above (Mn2, Mn4, Mn6, Mn8),12
either one water on each Mn, two each on two Mn, or similar.
Indeed, complex 2 similarly has two water ligands, O4 and O5,
on a MnIII ion of the second group (Mn2), and two water
ligands, O26 and O27, on another MnIII ion of the same group
(Mn6). This trans disposition of two pairs of H2O ligands has
also been observed for [Mn12O12(O2CPh)16(H2O)4], [Mn12O12(O2CC6H4Cl-4)16(H2O)4] and others.10,12
The formation of complex 3 from 1 represents an abstraction
of only four carboxylate groups from a [Mn12O12(O2CR)16(H2O)4] complex. This has been previously achieved exclusively
Dalton Trans., 2003, 2243–2248
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at the axial ligands bridging the MnIIIMnIII pairs, where the
four bridging carboxylates are the only ones to have both their
O atoms on JT elongation sites and thus are the most susceptible to substitution. Both [Mn12O12(NO3)4(O2CR)12(H2O)4] 3
and, subsequently, [Mn12O12(O2P(OPh)2)4(O2CPh)12(H2O)4] 13
have been crystallographically conﬁrmed to have their noncarboxylate bridging groups at these positions. Thus, although
we have not sought the crystal structure of complex 3, it is very
likely that it has the four PhSO3⫺ groups in axial positions bridging the same MnIIIMnIII pairs as the NO3⫺ and (PhO)2PO2⫺
derivatives.
Magnetochemistry
Dc magnetic susceptibility. Solid-state, variable temperature
magnetic susceptibility measurements were performed on a
vacuum-dried, powdered sample of complex 2, suspended in
eicosane to prevent torquing. Dc magnetic susceptibility (χM)
data were collected in the 2.00–300 K range in a 0.5 T magnetic ﬁeld. The χMT vs. T behaviour is similar to those of
previously studied [Mn12O12(O2CR)16(H2O)4] complexes with
S = 10 ground states, exhibiting a nearly temperature-independent χMT value of 21–22 cm3 K mol⫺1 in the 150–300 K range
which then increases rapidly to a maximum value of 45–46 cm3
K mol⫺1 at ∼20 K before decreasing rapidly at lower temperatures. The maximum indicates a large ground state spin
(S ) value, and the low temperature decrease is primarily due to
Zeeman and zero-ﬁeld splitting (ZFS) eﬀects.
A theoretical treatment of the susceptibility data via the
Kambé method 14 to determine the individual pairwise Mn2
exchange interactions was not possible owing to the topological
complexity and low symmetry of the Mn12 core. Instead, the
ground state spin of complex 2 was determined from magnetization (M ) measurements in the 1.80–4.00 K temperature
range and 2.0–7.0 T ﬁeld range, where N is Avogadro’s number,
µB is the Bohr magneton, and H is the applied magnetic ﬁeld.
The obtained data are plotted as (M/NµB) vs. H/T in Fig. 2. For
a system occupying only the ground state and experiencing
no ZFS, the various isoﬁeld lines would be superimposed and
M/NµB would saturate at a value of gS. The non-superposition
of the isoﬁeld lines in Fig. 2 is indicative of the presence of
strong ZFS. The data were ﬁt using the method described elsewhere 15 that involves diagonalization of the spin Hamiltonian
matrix, assuming only the ground state is occupied at these
temperatures and including axial ZFS (DŜz2), Zeeman interactions, and a full powder average of the magnetization. The
obtained ﬁt of the data, shown as solid lines in Fig. 2, gave
S = 10, g = 1.96 and D ∼ ⫺0.34 cm⫺1 (⫺0.49 K).16 Thus, complex 2 retains the same spin as 1, with ﬁtting parameters typical
for [Mn12O12(O2CR)16(H2O)4] clusters. The poorer quality of

Fig. 2 Plot of reduced magnetization (M/NµB) vs. H/T for complex 2
in applied ﬁelds of 2 (䉮), 3 (䊉), 4 (䉭), 5 (䉲), 6 (䊊) and 7 (䉱) Tesla. The
solid lines are the ﬁt of the data; see the text for the ﬁtting parameters.
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the ﬁt than is typically found for [Mn12O12(O2CR)16(H2O)4]
complexes likely results from population of an excited state of
the cluster that is lower-lying than normal; thus, the obtained
D value must be considered as only a rough approximation.11
The S = 10 value shows that, as previously seen with the
mixed-carboxylate [Mn12O12(O2CR)8(O2CR⬘)8(H2O)4] clusters,
the presence of two types of ligands with distinctly diﬀerent
basicities does not aﬀect the large ground state S value of the
Mn12 complex.11
Ac magnetic susceptibility. In an ac susceptibility experiment,
a weak ﬁeld (typically 0.1–0.5 mT) oscillating at a particular
frequency (ν) is applied to a sample to probe the dynamics of
the magnetization (magnetic moment) relaxation. An out-ofphase ac susceptibility signal (χM⬙) is observed when the rate at
which the magnetization of a molecule relaxes is close to the
operating frequency of the ac ﬁeld, and there is a corresponding
decrease in the in-phase (χM⬘T ) signal. At low enough temperature, where the thermal energy is lower than the barrier for
relaxation, the magnetization of the molecule cannot relax fast
enough to keep in-phase with the oscillating ﬁeld. Therefore,
the molecule will exhibit a frequency-dependent χM⬙ signal indicative of slow magnetization relaxation. Frequency-dependent
χM⬙ signals are an important indicator of SMMs.
Ac susceptibility studies were performed on complex 2 in the
1.80–10.0 K range in a 0.35 mT ﬁeld oscillating at frequencies
(ν) up to 1000 Hz. The in-phase (χM⬘) signal (as χM⬘T ) and outof-phase (χM⬙) signal are plotted vs. T in Fig. 3. Clearly evident
are a frequency-dependent decrease in χM⬘T at T < 10 K, concomitant with the appearance of a frequency-dependent out-ofphase (χM⬙) signal. These indicate that the magnetization of 2
cannot relax fast enough to stay in-phase with the oscillating
ﬁeld, and this is a strong indication that complex 2 is a singlemolecule magnet (SMM). Note that at each frequency there is
only one χM⬙ peak, and complex 2 does not therefore exhibit JT
isomerism. The latter is the presence of an abnormally oriented

Fig. 3 Plot of the in-phase (as χM⬘T ) and out-of-phase (χM⬙) ac
susceptibility signals vs. temperature for complex 2 at the indicated
oscillation frequencies.

JT axis, equatorial with respect to the Mn12 disk, that leads to a
lower barrier to magnetization relaxation and a χM⬙ peak at
consequently lower temperatures.17,18 Complex 2 is thus present
as exclusively the normal, slower-relaxing JT isomer.
Relaxation studies using ac and dc data. The χM⬙ vs. T plots
were used as a source of kinetic data to calculate the eﬀective energy barrier (Ueff) to magnetization relaxation. At a
given oscillation frequency (ν), the position of the χM⬙ peak
maximum is the temperature at which the angular frequency
(ω = 2πν) of the oscillating ﬁeld equals the relaxation rate (1/τ,
where τ is the relaxation time) at which a molecule’s magnetization vector relaxes between one orientation along the easy axis
(the z axis) to the opposite one. The relaxation rates at a given
temperature can thus be obtained from ω = 1/τ at the maxima
of the χM⬙ peaks. The peak maxima were accurately determined
by ﬁtting the peaks to a Lorentzian function.
The magnetization relaxation of a SMM obeys the Arrhenius
relationship (eqn. (4)), the characteristic behavior of a
thermally activated Orbach process,19 where Ueff is the eﬀective
anisotropy energy barrier and k is the Boltzmann constant.
(1/τ) = (1/τ0) exp(⫺Ueff/kT)

(4a)

ln (1/τ) = ln (1/τ0) ⫺ Ueff/kT

(4b)

The frequency dependence of the χM⬙ peak for complex 2 was
determined at eight oscillation frequencies up to 1500 Hz. To
supplement the ac data and thus provide for a more accurate
kinetic analysis, additional relaxation vs. temperature data were
obtained at temperatures below 1.8 K, the operating minimum
of our SQUID instrument, from dc magnetization decay vs.
time measurements. These data were obtained on single crystals
using a micro-SQUID apparatus. First, a large dc ﬁeld of
1.4 T was applied to the sample at about 5 K to saturate its
magnetization in one direction, and the temperature was then
lowered to a chosen value between 0.04 and 2.0 K. When the
temperature was stable, the ﬁeld was swept from 1.4 T to
zero at a rate of 0.14 T s⫺1, and then the magnetization in zero
ﬁeld was measured as a function of time. This gave a set of
relaxation time (τ) vs. T data, which were combined with the
ac data and used to construct an Arrhenius plot of τ vs. 1/T
(Fig. 4). The data above 2.5 K (1/T = 0.4 K⫺1) were ﬁt to
the Arrhenius relationship (eqn. (4)), and the ﬁt (dashed line in
Fig. 4) gave an eﬀective energy barrier (Ueff) of 67 K and a preexponential factor (τo) of 6.6 × 10⫺9 s. The Ueff value falls within
the normal range 42–50 cm⫺1 (60–72 K) observed previously for
several [Mn12O12(O2CR)16(H2O)4] complexes.1 Below ∼2.5 K,

Fig. 4 Arrhenius plot for 2 using ac χM⬙ data (䉱) on a microcrystalline
sample and dc magnetization decay data (䊉) on a single-crystal. The
dashed line is the ﬁt of the data in the thermally activated region to
eqn. (4); see the text for the ﬁtting parameters.

the τ vs. 1/T plot of Fig. 4 deviates from linearity as the
thermally-activated relaxation rate diminishes and the
relaxation via quantum tunneling through the anisotropy
barrier becomes more important. Eventually, at low enough
temperature, the plot would plateau and become temperatureindependent, as expected for the relaxation now being only via
quantum tunneling as the thermally activated relaxation rate
becomes insigniﬁcant.
Hysteresis studies below 1.8 K
Since complex 2 is a SMM, it should exhibit hysteresis below its
blocking temperature, T B, in a magnetization vs. dc ﬁeld
plot. Fig. 5 shows such magnetization vs. ﬁeld scans for 2 at
diﬀerent temperatures in the 2.0–4.0 K range and a constant
sweep rate of 4 mT s⫺1. Hysteresis loops were indeed observed
below 4.0 K, whose coercivities increase with decreasing temperature, as expected for a SMM. The loops are not completely
smooth, instead showing the step-like features characteristic of
quantum tunneling of the magnetization (QTM) through the
anisotropy barrier. Such steps are a common feature of the
hysteresis loops of many types of SMMs.20 However, the steps
in the loops for complex 2 in Fig. 5 are much less well deﬁned
than usual for [Mn12O12(O2CR)16(H2O)4] complexes.21 Instead,
they are rather broad and poorly resolved, although clearly
present at ﬁeld positions of zero, ∼0.65 and ∼1.3 T. Examination of many crystals gave comparable results, the steps
occasionally being almost totally smeared out. Such broadening of QTM steps is not uncommon, particularly in larger
SMMs such as Mn18 22a and Mn30 23b where no sign of a step
feature is evident even though the presence of QTM is conﬁrmed from other types of data such as temperature-independent relaxation rates and quantum hole digging. The primary
origins of step broadening are weak intermolecular interactions
(exchange and dipolar), and a distribution of molecular
environments arising from disordered solvent molecules of
crystallization, partial solvent loss, ligand disorder, crystal
defects, etc.22,23 A distribution of molecular environments
results in a distribution in D values, and thus a distribution
in step positions, which depend upon the D value. As a
result, the observed steps are broadened, or even smeared out
if the broadening is suﬃcient. Since intermolecular interactions are likely to be comparable in all Mn12 complexes
and the latter usually give well deﬁned steps, it is likely that the
main causes of step broadening in 2 are the other reasons
listed above, particularly the disorder in the CH2Cl2 solvents of
crystallization, their partial loss on removing crystals from their
mother liquor, and the slight crystal damage that results from
the latter.

Fig. 5 Magnetization (M ) vs. magnetic ﬁeld hysteresis loops for
complex 2 at the indicated temperatures and sweep rate; M is
normalized to its saturation value, Ms.
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Conclusions
Complete derivatization of all the axial sites with non-carboxylate ligands has been achieved for the ﬁrst time in an Mn12
complex by replacement of the axial carboxylate ligands of 1
with PhSO3⫺ groups. The resultant mixed-ligand product
retains both the high ground state spin value and SMM properties of the parent [Mn12O12(O2CR)16(H2O)4] complexes. Complex 2 is also the ﬁrst Mn12 species with sulfur-containing
ligands and thus represents a useful expansion of this family of
SMMs. In addition, with the more basic MeCO2⫺ groups blocking the equatorial sites, regioselective chemistry at the axial
positions should now be feasible with a variety of anionic
groups. Such reactions are currently under investigation.
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