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The Mn12 family of single-molecule magnets (SMMs) has been extended to a fourth isolated member. [Mn12O12(O2-
CR)16(H2O)4] (1) exhibits three quasi-reversible one-electron-reduction processes at significantly higher potentials
than [Mn12O12(O2CMe)16(H2O)4]. This has allowed the previous generation and isolation of the one- and two-
electron-reduced versions of 1 to now be extended to the three-electron-reduced complex. For cation consistency
and better comparisons, the complete series of complexes has been prepared with NPrn

4
+ counterions. Thus,

complex 1 was treated with 1, 2, and 3 equiv of NPrn
4I, and this led to the successful isolation of (NPrn

4)[Mn12O12(O2-
CCHCl2)16(H2O)4] (2), (NPrn

4)2[Mn12O12(O2CCHCl2)16(H2O)4] (3), and (NPrn
4)3[Mn12O12(O2CCHCl2)16(H2O)4] (4),

respectively. Another three-electron-reduced analogue (NMe4)3[Mn12O12(O2CCHCl2)16(H2O)4] (5) was prepared by
the addition of 3 equiv of NMe4I to 1. Direct current magnetization data were collected on dried microcrystalline
samples of 2−5 and were fit by matrix diagonalization methods to give S ) 19/2, D ) −0.35 cm-1, and g ) 1.95
for 2; S ) 10, D ) −0.28 cm-1, and g ) 1.98 for 3; S ) 17/2, D ) −0.25 cm-1, and g ) 1.91 for 4; and S )
17/2, D ) −0.23 cm-1, and g ) 1.90 for 5, where D is the axial zero-field splitting parameter. Thus, the [Mn12]3-

complexes 4 and 5 possess significantly decreased absolute magnitudes of both S and D as a result of the
three-electron addition to 1, which has S ) 10 and D ) −0.45 cm-1. The D value of the series 1−4/5 shows a
monotonic decrease with electron addition that is consistent with the progressive loss of MnIII ions, which are the
primary source of the molecular anisotropy. Nevertheless, when studied by ac susceptibility techniques, the [Mn12]3-

complexes still exhibit frequency-dependent out-of-phase susceptibility signals at e2.5 K, indicating them to be
single-molecule magnets (SMMs), albeit at lower temperatures compared with 1 (6−8 K range), 2 (4−6 K range),
and 3 (2−4 K range); the shifts to lower temperatures reflect the decreasing S and D values upon successive
reduction and hence the decreasing energy barrier to magnetization relaxation. Thus, the [Mn12]3- complexes
represent a fourth isolated oxidation level of the Mn12 family of SMMs, by far the largest range of oxidation levels
yet encountered within single-molecule magnetism.

Introduction

Single-molecule magnets (SMMs) are molecules that
possess a significant barrier (vskT) to reorientation of their
magnetization (magnetic moment) vector as a result of the
combination of a large ground-state spin (S) and Ising (easy-
axis) magnetoanisotropy (negative axial zero-field splitting
parameter (D).1 As such, they represent a molecular (bottom-
up) approach to nanomagnetism. The first SMM was
[Mn12O12(O2CMe)16(H2O)4]‚2HO2CMe‚4H2O2 (Mn12-Ac;

MnIV
4MnIII

8), and many more have since been synthesized.3

Although complexes displaying SMM behavior are known
for a variety of 3d, 4d, 4f, and mixed-metal complexes,4,5

manganese carboxylate clusters have proven to be the most
fruitful source of SMMs.3a,b,6With the use of only a limited
palette of ligands and starting materials, a wide range of Mn
SMMs has been obtained with nuclearities ranging from 2
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to 84.7 Among the known Mn SMMs, the Mn12 family
continues to be attractive for study as a result of its ease of
preparation, stability, ready modification in a variety of ways,
high ground-state spin (S ) 10) and anisotropy, and the
access to derivatives that crystallize in high-symmetry
(tetragonal) space groups.8

The various modifications of the Mn12 family of SMMs
that have been accomplished to date have proven extremely
useful for a myriad of reasons and studies and have permitted
advances in our knowledge and understanding of Mn12

complexes and the SMM phenomenon in general. In this
regard, carboxylate substitution9 represented a big step
forward because it provided an extremely useful and
convenient means of accessing other carboxylate analogues,

which provided benefits such as isotopic labeling, tunability
of redox properties, and increased solubility in a variety of
organic solvents. One of the most informative impacts of
the latter two points was the observation of multiple,
reversible redox processes and the subsequent generation and
isolation of one-electron-reduced complexes, i.e., salts of the
[Mn12O12(O2CR)16(H2O)4]- anion, abbreviated as [Mn12]-.10

The crystal structures of such salts revealed minimal change
to the structure on reduction, with the added electron
localized on an outer, formerly MnIII atom giving a trapped-
valence MnIV4MnIII

7MnII situation.10 The [Mn12]- salts al-
lowed an assessment of the structural, magnetic, and
spectroscopic consequences of changing the electron count,
as well as allowing the study of the differences in quantum
properties due to the integer vs half-integerS value, since
[Mn12]- salts have anS ) 9 1/2 ground state.10-12 The
subsequent introduction of carboxylates with more electron-
withdrawing substituents into the Mn12 complexes made two-
electron reduction easier and led to the successful generation
andisolationoftwo-electron-reduced[Mn12O12(O2CR)16(H2O)4]2-

complexes, [Mn12]2-, such as salts of [Mn12O12(O2CCHCl2)16-
(H2O)4].13 The [Mn12]2- anion was again found to be of
trapped-valence type, with a MnIV

4MnIII
6MnII

2 oxidation state
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description, and the spin was found to beS) 10, the same
as that of the Mn12 parent compound.

The above efforts had thus provided the Mn12 family of
SMMs in three oxidation states, providing a wealth of
comparative chemical and physical data. So much so that it
was considered desirable to extend this family to a fourth
oxidation level if at all possible. The three-electron reduction
of Mn12 complexes is in fact observable in the cyclic
voltammetry,13b and so we decided to pursue the generation
and isolation of this oxidation state. This effort has proved
successful, and we herein report the synthesis and charac-
terization of the [Mn12]3- salts (NPrn4)3[Mn12O12(O2CCHCl2)16-
(H2O)4] and (NMe4)3[Mn12O12(O2CCHCl2)16(H2O)4].

Experimental Section

Syntheses.All manipulations were performed under aerobic
conditions using materials as received, unless otherwise noted.
[Mn12O12(O2CCHCl2)16(H2O)4] (1) was prepared as described
elsewhere.13b

(NPrn
4)[Mn 12O12(O2CCHCl2)16(H2O)4] (2). Solid NPrn4I (0.03

g, 0.1 mmol) was added to a stirred dark brown solution of complex
1 (0.30 g, 0.10 mmol) in MeCN (15 mL). The resulting solution
was stirred for 4 h with no noticeable color change. After 4 h,
hexanes (20 mL) were added, causing the formation of two phases,
and the mixture was shaken to facilitate the extraction of I2 into
the hexanes phase. The hexanes layer was then removed, and the
extraction process was repeated a few more times until the hexanes
layer was colorless. The two layers were then separated, and the
MeCN solution was evaporated to dryness. The residue was
dissolved in MeCN (10 mL), and Et2O/hexanes (1:1 v/v, 20 mL)
was added. The resulting microcrystalline product was isolated and
dried in vacuo. Yield, 70%. Anal. Calcd (Found) for2‚MeCN
(C46H55N2Mn12O48Cl32): C, 17.28 (17.60); H, 1.73 (1.62); N, 0.87
(0.53).

(NPrn
4)2[Mn 12O12(O2CCHCl2)16(H2O)4] (3). Complex 3 was

synthesized following the same procedure as for complex2, except
that 2 equiv of NPrn4I (0.06 g, 0.2 mmol) were employed, and the
reaction mixture was stirred for 10 h. Yield, 65%. Anal. Calcd
(Found) for3‚MeCN (C58H83N3Mn12O48Cl32): C, 20.59 (20.82);
H, 2.47 (2.26); N, 1.24 (0.88).

(NPrn
4)3[Mn 12O12(O2CCHCl2)16(H2O)4] (4). Complex 4 was

synthesized following the same procedure as for complex2, except
that 3 equiv of NPrn4I (0.09 g, 0.3 mmol) was employed, the
reaction mixture was stirred for 40 h, and the product was not
recrystallized. Yield, 85%. Anal. Calcd (Found) for4 (C68H108N3-
Mn12O48Cl32): C, 23.14 (22.85); H, 3.08 (2.78); N, 1.19 (1.16).

(NMe4)3[Mn 12O12(O2CCHCl2)16(H2O)4] (5). Complex 5 was
synthesized following the same procedure as for complex4, except
that 3 equiv of NMe4I (0.06 g, 0.3 mmol) was employed, and the
reaction mixture was stirred for 48 h. Yield, 80%. Anal. Calcd
(Found) for5‚MeCN (C46H63N4Mn12O48Cl32): C, 17.08 (16.92);
H, 1.96 (1.90); N, 1.73 (1.78).

Other Studies.Elemental analyses (C, H, and N) were preformed
at the in-house facilities of the University of Florida, Chemistry
Department. Direct current (dc) and alternating current (ac)
magnetic susceptibility studies were performed at the University

of Florida on a Quantum Design MPMS-XL superconducting
quantum interference device (SQUID) susceptometer equipped with
a 7 T magnet and operating in the 1.8-300 K range. Samples were
restrained in eicosane to prevent torquing. Pascal’s constants were
used to estimate diamagnetic corrections, which were subtracted
from the experimental susceptibility to give the molar paramagnetic
susceptibilities (øM).

Results and Discussion

Syntheses.Electrochemical studies on various [Mn12O12(O2-
CR)16(H2O)4] complexes have revealed a rich redox chem-
istry involving several quasi-reversible oxidation and reduc-
tion processes.10,13b,14In addition, the redox potentials are,
as expected, very sensitive to the electron-withdrawing and
electron-donating ability of the carboxylate ligand. For
example, the value ofE1/2 (vs ferrrocene) for the first
reduction varies by almost a volt from 0.91 V for the R)
CHCl2 complex to 0.00 V for the R) p-C6H4OMe complex.
The particularly high electron-withdrawing capability of the
R ) CHCl2 group, as reflected in the very low pKa value of
1.48 for CHCl2CO2H, brought the second reduction potential
to 0.61 V (Figure 1), well within the reducing capability of
our preferred reducing agent, iodide (0.14 V vs ferrocene in
MeCN).15 This led to the subsequent successful generation
and isolation of (PPh4)2[Mn12O12(O2CCHCl2)16(H2O)4] re-
ported elsewhere.13 Similar results were found for the R)
C6F5 substituent, which has also been used for the synthesis
of the two-electron-reduced complex (NMe4)2[Mn12O12(O2-
CC6F5)16(H2O)4]16 from the reaction of [Mn12O12(O2CC6F5)16-
(H2O)4] with 2 equiv of I-.

(13) (a) Soler, M.; Chandra, S. K.; Ruiz, D.; Huffman, J. C.; Hendrickson,
D. N.; Christou, G.Polyhedron 2001, 20, 1279. (b) Soler, M.;
Wernsdorfer, W.; Abboud, K. A.; Huffman, J. C.; Davidson, E. R.;
Hendrickson, D. N.; Christou, G.J. Am. Chem. Soc.2003, 125, 3576.
(c) Soler, M.; Wernsdorfer, W.; Abboud, K. A.; Hendrickson, D. N.;
Christou, G.Polyhedron2003, 22, 1777.

(14) Chakov, N. E.; Zakharov, L. N.; Rheingold, A. L.; Abboud, K. A.;
Christou, G.Inorg. Chem.2005, 44, 4555.

(15) Connelly, N. G.; Geiger, W. E.Chem. ReV. 1996, 96, 877.
(16) Chakov, N. E.; Soler, M.; Wernsdorfer, W.; Abboud, K. A.; Christou,

G. Inorg. Chem.2005, 44, 5304.

Figure 1. CV at 100 mV/s (top) and DPVat 20 mV/s (bottom) for complex
1 in MeCN containing 0.1 M NBun4PF6 as supporting electrolyte. The
indicated potentials are vs ferrocene.
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For the present work, we chose to employ the R) CHCl2
carboxylate complex because it has a particularly well-
resolved third one-electron reduction in the cyclic voltam-
mogram (CV) and differential pulse voltammogram (DPV)
(Figure 1), and one that is still within the reducing capability
of I-. A fourth, clearly irreversible reduction at∼0.1 V
represented a potential problem, so we avoided the use of
an excess of reducing agent beyond the stoichiometric 3
equiv. Thus, complex1 was treated with 3 equiv of NMe4I,
NPrn4I, NBu4I, and PPh4I in MeCN for different lengths of
time; the formation of I2 was confirmed by its extraction
into a hexane phase. It was found that longer reaction times
of g40 h were required to give complete conversion of
[Mn12] to [Mn12]3,- as established by subsequent character-
ization of the product; these are much longer times than
routinely employed for the [Mn12]- and [Mn12]2- com-
plexes.13,16This suggests that the reduction may involve the
binding of I- to the [Mn12]z- ion prior to electron transfer,
which would become disfavored with increasing chargez-.
Samples of [Mn12]3- salts that were analytically pure (and
subsequently shown by magnetism studies to be pure
[Mn12]3-), were obtained with the NMe4

+ and NPrn4
+ cations,

but we were not satisfied with the purity of the NBu4
+ and

PPh4+ salts. Thus, we used only the NMe4
+ and NPrn4

+ salts
for the detailed studies below. In addition, for better
comparisons of [Mn12]z- (z) 0-3) complexes with the same
cation, we also prepared the NPrn

4
+ salts of the [Mn12]- and

[Mn12]2- complexes. The transformations of1 into 2-4 are
summarized by general eq 1, wherez ) 1, 2, or 3.

It soon became apparent that the [Mn12]3- anion is far less
stable in solution than [Mn12]- and [Mn12]2-. Numerous
attempts to grow crystals of a [Mn12]3- salt with various
cations and under a number of crystallization conditions were
all unsuccessful, giving amorphous powders and/or crystals
that turned out to be the [Mn12]2- salt on analysis and
magnetic examination. However, in reality a crystal structure
would not have told us anything that we did not feel we
already knew about the [Mn12]3- anion on the basis of
previous observations of what happens to the structure of a
Mn12 complex on one- and two-electron reduction. The most
important structural question about these other complexes
had been where does(do) the added electron(s) go, and the
answer was on the outer ring of MnIII atoms. This is
summarized in Figure 2, which shows the distribution of Mn
oxidation states within the [Mn12O12] cores of these com-
pounds. The neutral Mn12 (Figure 2, top) has four central
MnIV atoms within a nonplanar ring of eight outer MnIII

atoms. The latter divide by symmetry into two classes, and
the addition of one or two extra electrons leads to the
localization of these electrons onto MnIII atoms of only one
class leading to their conversion to MnII, giving MnIV

4MnIII
7-

MnII and MnIV
4MnIII

6MnII
2 oxidation state descriptions,

respectively. This was established from the crystal structures
of multiple [Mn12]- and [Mn12]2- complexes10-13,16 and is

shown in the two central structures of Figure 2. This
counterintuitive preferential reduction of a MnIII atom rather
than a MnIV atom was rationalized on the basis that the
reduction of a central MnIV atom would convert it into a
MnIII atom that would show a characteristic Jahn-Teller
distortion, as expected for a high-spin d4 configuration (and
exhibited by the outer MnIII atoms). This would introduce
strain into the relatively rigid central Mn4O4 cubane, and so
the reduction of an outer MnIII becomes thermodynamically
preferred since it causes no significant structural perturbation.
We are thus certain that the third added electron in the
[Mn12]3- complexes also has added to a formerly MnIII atom
of the same symmetry class, giving the MnIV

4MnIII
5MnII

3

situation depicted in Figure 2 (bottom).
On the basis of the above arguments, the decreased

stability of the [Mn12]3- anion in solution compared with
the [Mn12]z- (z) 1, 2) anions is perhaps not surprising given
the now high content of MnII in a complex that still contains
four MnIV atoms. It is reasonable that such a species would
be susceptible to structural degradation initiated perhaps by
the lability of the MnII centers and/or intramolecular redox
transitions. This would also rationalize the observation in
Figure 1 that the four-electron-reduced species [Mn12]4-,

[Mn12O12(O2CR)16(H2O)4] + zI- f

[Mn12O12(O2CR)16(H2O)4]
z- + z/2I2 (1)

Figure 2. The [Mn12O12] cores of1-3 and that proposed for4. Color
code: MnIV, green; MnIII , blue; MnII, yellow, O, red.
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which would be expected to be MnIV
4MnIII

4MnII
4, rapidly

degrades even on the electrochemical time scale and thus
does not show a well-formed peak in the DPV or even a
reversible CV wave at the faster CV scan rate.

Magnetochemistry. dc Magnetic Susceptibility Studies.
Solid-state, variable-temperature dc magnetic susceptibility
data in a 0.1 T field and in the 5.0-300 K range were
collected on powdered crystalline samples of complexes2-5,
restrained in eicosane to prevent torquing. The obtained data
are plotted asøMT vs T in Figure 3. TheøMT values for2-5
slowly increase from 22.7, 21.8, 21.5, and 22.3 cm3 K mol-1

at 300 K to a maximum of 46.2, 50.1, 38.8, and 38.1 cm3 K
mol-1 at 10 K, respectively, and then decrease at lower
temperatures due to Zeeman effects from the applied field,
any weak intermolecular interactions, etc. TheøMT vs T
profiles of 2 and 3 are essentially identical to those of
previously reported [Mn12]- and [Mn12]2- complexes.10-13,16

Their maxima of 46.2 and 50.1 cm3 K mol-1 at 10 K are
indicative ofS) 19/2 andS) 10 ground states, respectively,
and g < 2 as expected for Mn. This is in agreement with
the ground states found in previous work for [Mn12]- and
[Mn12]2- complexes.10-13,16 The calculated, spin-only (g )
2) values are 49.9 and 55.0 cm3 K mol-1 for S) 19/2 andS
) 10, respectively.

The øMT vs T profiles of 4 and 5 are essentially
superimposable with each other throughout the whole tem-
perature range and with those of2 and3 in the 100-300 K
range. Below 100 K, they diverge from those of the latter
and reach maxima significantly below those of2 and3. This
shows that4 and5 are indeed at a different oxidation level
from either2 or 3 and also that they have a smaller ground-
stateSvalue than the latter. Remembering that a MnIV

4MnIII
5-

MnII
3 complex must have a half-integer ground state, then

the øMT maxima at 10 K of 38.8 and 38.1 cm3 K mol-1

suggest that4 and5 have anS) 17/2 ground state withg <
2; the spin-only (g ) 2) value is 40.4 cm3 K mol-1.

Confirmation of the above preliminary conclusion was
sought from fits of magnetization (M) data collected on
complexes4 and 5 in the 0.1-4 T and 1.8-10 K ranges.
The obtained data are shown as reduced magnetization (M/

NµB) vs H/T plots in Figure 4, whereN is Avogadro’s
number andµB is the Bohr magneton. The data were fit using
the programMAGNET17 by diagonalization of the spin
Hamiltonian matrix, assuming that only the ground state is
populated, incorporating axial anisotropy (DŜz

2) and Zeeman
terms, and employing a full powder average. The corre-
sponding spin Hamiltonian is given by eq 2

whereSz is the easy-axis spin operator,µ0 is the vacuum
permeability, andH is the applied field. The last term in eq
2 is the Zeeman energy associated with an applied magnetic
field. The best fits for4 and5 are shown as the solid lines
in Figure 4, and the fit parameters wereS) 17/2, D ) -0.25
cm-1, andg ) 1.91 for 4 andS ) 17/2, D ) -0.23 cm-1,
andg ) 1.90 for5. Fits of the data withS) 15/2 or 19/2 gave
unreasonableg values of 2.21 and 1.72, respectively and were
therefore discounted. For a comparison of the data for
complexes with different degrees of reduction but with the

(17) Davidson, E. R.MAGNET; Indiana University: Bloomington, IN,
1999.

Figure 3. Plot of øMT vs T for complexes2-5.

Figure 4. Plots of reduced magnetization (M/NµB) vs H/T for complex4
(top) and complex5 (bottom). The solid lines are the fit of the data; see
the text for the fit parameters.

H ) DŜz
2 + gµBµ0Ŝ‚H (2)
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same cation, we also collected variable-temperature and
variable-field magnetization data for complexes2 and3; the
corresponding (M/NµB) vs H/T plots and fits are provided
in the Supporting Information. The fit parameters wereS)
19/2, D ) -0.35 cm-1, andg ) 1.95 for2 andS) 10, D )
-0.28 cm-1, andg ) 1.98 for3. The obtained ground-state
S values of2 and3 are the same as those previously found
for several other [Mn12]- and [Mn12]2- complexes.10-13,16

To confirm that the obtained fit minima were the true
global minima and to assess the hardness of the fit, a root-
mean-squareD vs g error surface for the fit was generated
for representative complex4 using the programGRID,18

which calculates the relative difference between the experi-
mental (M/NµB)data and those calculated for various com-
binations ofD andg. This is shown as a two-dimensional
(2-D) contour plot in Figure 5 covering theD ) -0.10 to
-0.50 cm-1 andg ) 1.86-1.98 ranges. Only one minimum
was observed, and this was a relatively soft minimum; we
thus estimate the fitting uncertainties asD ) -0.25( 0.01
cm-1 andg ) 1.91 ( 0.01.

Comparison of the Magnetic Properties of the [Mn12]z-

(z) 0-3) Family. The combined results for complexes2-5,
as well as those for neutral complex1,13 are collected in
Table 1. Considering first theSvalues, it is well-known that
the spin ground state changes very little on one- and two-
electron reduction, fromS) 10 toS) 19/2 and then back to
S) 10 along the series1 (z ) 0), 2 (z ) 1), and3 (z ) 2),
respectively. Thus, the Mn12 core acts almost as a “spin

buffer”, picking up electrons with little change to the ground-
state S value. However, on three-electron reduction to
complexes4 and5, there is a more significant change toS
) 17/2. This is no doubt due to the increased MnII content
and the general weakening of many of the exchange
interactions in the core. However, the [Mn12O12] core is a
complicated one with many symmetry-inequivalent exchange
interactions, many of them competing, and it is thus not easy
to provide a quantitative rationalization of theS) 17/2 ground
state. Indeed, neither has it been possible in the past to
rationalize those of the [Mn12]- and [Mn12]2- complexes.

The g values given in Table 1 are provided only for
completeness and should not be taken as particularly ac-
curate. It is well-known that fits of bulk magnetization data
are not a good way to obtain accurateg values. While we
prefer to quote the actual values obtained by having theg
value as a free parameter, rather than fixing it at a value at
or near 2.0, we do not attempt to draw any conclusions from
resulting differences ing. It would require studies with a
more sensitive technique such as EPR spectroscopy to
provide more accurate g values.

In contrast to theS value, the axial zero-field splitting
parameterD does exhibit a monotonic change with the extent
of reduction; there is a clear decrease in|D| with progressive
one-electron reduction. This is exactly as expected because
the molecular anisotropy, as gauged by the magnitude of
|D|, is the projection of the single-ion Mn anisotropies onto
the molecular anisotropy axis. MnIV and MnII are relatively
isotropic ions, and the primary contributions to the molecular
D value are thus the MnIII ions, which are significantly Jahn-
Teller distorted. Since reduction involves the addition of
electrons onto formerly MnIII centers, converting them to the
MnII state, the greater the extent of reduction, the fewer the
remaining MnIII ions and the lower the molecular anisotropy
|D|. This assumes that other factors remain the same, such
as the overall structure of the Mn12 complex and the relative
orientation of the MnIII Jahn-Teller axes essentially parallel
to the molecularz axis. It should be added that theD values
in Table 1 have been obtained by fitting the magnetization
data with the rhombic (transverse) zero-field splitting
parameter (E) fixed at E ) 0. In fact, these complexes do
not have axial symmetry, andE is unlikely to be exactly
zero. In our experience, however, bulk magnetization fits
are usually not very sensitive toE, and theD values in Table
1 are therefore expected to be very reasonable, especially
for the assessment of relative magnitudes within a series, as
here. Nevertheless, for information purposes, we provide in
the Supporting Information the fit of the magnetization data
of 4 as a function ofD andE, with g held constant at 2.0;
the fit is shown as a contour plot of the error surface. The
best-fit parameters areD ) -0.24 cm-1 and |E| ) 0.065
cm-1. TheD value has changed only very slightly from the
-0.25 cm-1 value obtained withE ) 0, while the nonzero
E value is consistent with the low symmetry of a three-
electron-reduced [Mn12]3- complex.

The final entries in Table 1 for each compound are the
values of theU, the anisotropy barrier to magnetization
relaxation, whose upper limit is given byS2|D| and (S2 -(18) Davidson, E. R.GRID; Indiana University: Bloomington, IN, 1999.

Figure 5. 2-D contour plot of the error surface for theD vs g fit for
complex4.

Table 1. Magnetism Data for [Mn12]z- (z ) 0-3) Complexes1-5

z ) 0 (1) z ) 1- (2) z ) 2- (3) z ) 3- (4) z ) 3- (5)

S 10 19/2 10 17/2 17/2
g 1.86 1.95 1.98 1.91 1.90
D/cm-1 -0.45 -0.35 -0.28 -0.25 -0.23
D/K -0.65 -0.50 -0.40 -0.36 -0.33
U/Ka 65 45 40 26 24

a Calculated asS2|D| for 1 and3 and as (S2 - 1/4)|D| for 2, 4, and5.
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1/4)|D| for integer and half-integerS, respectively. In practice,
the true or effective barrier (Ueff) is smaller than this upper
limit because the magnetization vector need not go over the
top of the barrier but can tunnel through its upper regions
via higher-lying MS levels. This quantum tunneling of
magnetization (QTM) is a characteristic of all SMMs. Since
the value of|D| monotonically decreases with reduction,
whereas the value ofSstays roughly the same or decreases,
then it would be expected thatU would decrease with
reduction, and this is what is indeed seen. TheU value for
[Mn12]3- complexes4 and5, coming from theirS) 17/2 spin
and a|D| value that has been decreased but is still reasonable,
is still relatively large, and even a decrease by QTM might
still be sufficient for them to function as SMMs. In order to
explore whether these [Mn12]3- complexes do in fact exhibit
slow relaxation, we investigated their magnetization dynam-
ics using ac susceptibility.

ac Magnetic Susceptibility Studies.In ac studies, a weak
field (1-5 G) oscillating at a particular frequency, typically
up to 1500 Hz, is applied to a sample to probe the dynamics
of the magnetization relaxation. If the magnetization vector
can relax fast enough to keep up with the oscillating field,
then there is no imaginary (out-of-phase) susceptibility signal
(øM′′), and the real (in-phase) susceptibility (øM′) is equal to
the dc susceptibility. However, if the barrier to magnetization
relaxation is significant compared with thermal energy (kT),
then there is a nonzeroøM′′ signal and the in-phase signal
decreases. In addition, theøM′′ signal will be frequency-
dependent. The ac susceptibilities of [Mn12]z- (z ) 0-2)
complexes1-3 have been previously reported, but they were
remeasured here for better comparison with those of4 and
5 under identical conditions.

The ac susceptibilities for complexes1-5 were collected
on microcrystalline samples in a 3.5 G ac field, and the
obtained data for complexes4 and 5 at representative
frequencies of 50, 250, and 1000 Hz are shown in Figures 6
and 7, respectively, asøM′T vs T andøM′′T vs T plots. The
in-phase (øM′T) ac signal is invaluable as an additional and
independent means to determine the ground-state spin of a
molecule, without any complications from a dc field.19

Inspection of Figures 6 and 7 shows that theøM′T values
are essentially temperature independent down to∼5 K, below
which they show decreases due to slow relaxation (vide
infra). The temperature-independentøM′T shows that only
the spin ground state of the molecule is populated at these
temperatures and can be used to calculate itsS value. The
øM′T values of 40.5 and 39.5 cm3 K mol-1 for 4 and 5,
respectively, correspond toS ) 17/2 andg ) 2.00 andS )
17/2 and g ) 1.98, in very satisfying agreement with the
conclusions from the fits of the dc magnetization data
discussed above. Note that forS) 15/2 or 19/2 states, aøM′T
value of∼40 cm3 K mol-1 would requireg values of 2.24
and 1.79, which are unreasonable for Mn. We conclude that

[Mn12]3- complexes4 and5 are confirmed to possessS )
17/2 ground states.

Below ∼5 K, the in-phaseøM′T signals for4 and 5 in
Figures 6 and 7 exhibit a frequency-dependent decrease
concomitant with the appearance of frequency-dependent out-
of-phase (øM′′) signals. This is indicative of the onset of slow
magnetization relaxation relative to the ac field, i.e., the
magnetization vector can no longer relax fast enough to stay
in-phase with the oscillating field. This is the characteristic
superparamagnet-like behavior of a SMM and parallels that
previously observed for the other oxidation levels of the
[Mn12]z- (z ) 0-2) family. On the basis of the comparative
data presented in Table 1, the appearance of theøM′′ signals
at very low temperatures of∼2.5 K and below are as
expected for the barrier to magnetization relaxation in
[Mn12]3- complexes, those of4 and 5 being smaller than
those in [Mn12]z- (z) 0 - 2) complexes. This is emphasized
by the comparative ac data presented in Figure 8, which
shows theøM′′ signals for complexes1-4 at equivalent
frequencies of 50, 250, and 1000 Hz. In each case, theøM′′
signals are frequency-dependent and exhibit a monotonic
shift to lower temperatures with increasing reduction: 6-8
K for 1 [Mn12]; 4-6 K for 2 [Mn12]-; 2-4 K for 3 [Mn12]2-;
and e2.5 K for 4 [Mn12]3-. For better comparisons at
identical ac frequencies, theøM′′ signals for1-4 at 50 and
1000 Hz are plotted together in Figure 9, bottom and top,
respectively. A clear shift to lower temperature is seen with

(19) (a) Brechin, E. K.; Sanudo, E. C.; Wernsdorfer, W.; Boskovic, C.;
Yoo, J.; Hendrickson, D. N.; Yamaguchi, A.; Ishimoto, H.; Concolino,
T. E.; Rheingold, A. L.; Christou, G. Inorg. Chem.2005, 44, 502. (b)
Sanudo, E. C.; Wernsdorfer, W.; Abboud, K. A.; Christou, G.Inorg.
Chem.2004, 43, 4137. (c) Murugesu, M.; Habrych, M.; Wernsdorfer,
W.; Abboud, K. A.; Christou, G.J. Am. Chem. Soc.2004, 126, 4766.

Figure 6. Plot of the in-phase (øM′T) and out-of-phase (øM′′) ac
susceptibility data for4.
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each reduction step. The combined data in Figures 8 and 9
are thus perfectly consistent with the conclusions from the
data in Table 1 and the discussion above, since the barrier
to magnetization relaxation scales withS2|D|, and either one
or both of these quantities decrease with each one-electron
reduction.

Note that it is not expected that that there should be a
linear decrease in barrier with reduction, since there are so
many factors that determine the actual magnitude of the true
or effective barrier,Ueff, includingS, D, the rhombic zero-
field splitting parameter (E), fourth-order spin Hamiltonian
parameters, precise QTM rate and tunneling channel (i.e.,
which Ms levels are involved), spin-phonon coupling
strengths, and others. Thus, there are too many parameters
that contribute to the observedUeff value to permit a more quantitative comparison between different oxidation levels.

Since we have not been able to obtain single crystals, micro-
SQUID hysteresis measurements could not be performed.
Note, in addition, that theøM′′ signals for complex1 in
Figures 8 and 9 also exhibit a weaker signal at lower
temperatures, which is due to the faster-relaxing form of
neutral Mn12 arising from a different Jahn-Teller isomer,
i.e., a form in which one of the MnIII Jahn-Teller axes is
abnormally oriented toward a bridging oxide ion in the
molecule.20 These isomeric forms are known to possess
smaller barriers to magnetization relaxation and thus to
exhibit theirøM′′ signals at lower temperatures.

(20) (a) Sun, Z.; Ruiz, D.; Dilley, N. R.; Soler, M.; Ribas, J.; Folting, K.;
Maple, M. B.; Christou, G.; Hendrickson, D. N.Chem. Commun.1999,
1973. (b) Aubin, S. M. J.; Eppley, H. J.; Guzei, I. A.; Folting, K.;
Gantzel, P. K.; Rheingold, A. L.; Christou, G.; Hendrickson, D. N.
Inorg. Chem.2001, 40, 2127. (c) Aubin, S. M. J.; Sun, Z.; Eppley,
H. J.; Rumberger, E. M.; Guzei, I. A.; Folting, K.; Gantzel, P.
K.; Rheingold, A. L.; Christou, G.; Hendrickson, D. N.Polyhedron
2001, 20, 1139. (d) Soler, M.; Wernsdorfer, W.; Sun, Z.; Ruiz, D.;
Huffman, J. C.; Hendrickson, D. N.; Christou, G.Polyhedron2003,
22, 1783. (e) Soler, M.; Wernsdorfer, W.; Sun, Z.; Huffman, J. C.;
Hendrickson, D. N.; Christou, G.Chem. Commun.2003, 2672. (f)
Zhao, H. H.; Berlinguette, C. P.; Bacsa, J.; Prosvirin, A. V.; Bera, J.
K.; Tichy, S. E.; Schelter, E. J.; Dunbar, K. R.Inorg. Chem.2004,
43, 1359.

Figure 7. Plot of the in-phase (øM′T) and out-of-phase (øM′′) ac
susceptibility data for5.

Figure 8. øM′′ vs T plots for [Mn12]z- (z ) 0-3) complexes1-4 at the
indicated frequencies.
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Conclusions

The Mn12 family of SMMs has been successfully extended
to four isolated oxidation states by the three-electron reduc-
tion of [Mn12O12(O2CCHCl2)16(H2O)4] to (NR4)3[Mn12O12(O2-
CCHCl2)16(H2O)4] (R ) Me, Prn) with NR4I. The [Mn12]3-

complexes are unstable in solution, which has prevented us
from obtaining crystals suitable for X-ray crystallography,
but this is not unduly disappointing because it is clear on
the basis of the structural characterization of the three other
Mn12 oxidation states that the third electron will have added

to an outer, formerly MnIII ion, giving a MnIV
4MnIII

5MnII
3

trapped-valence situation. We do not believe it will be
possible to extend the Mn12 family of SMMs to five members
by four-electron reduction, given the marked instability
demonstrated by the putative [Mn12]4- species in the
electrochemical studies.

The [Mn12]3- complexes4 and 5 both possess a half-
integerS ) 17/2 ground state and a|D| value smaller than
that for the [Mn12]2- complex3, which supports the above
assertion that the third added electron is localized on a
formerly MnIII ion, since the Jahn-Teller-distorted MnIII ions
are the primary source of the molecular anisotropy. As a
result of the decreasedS andD values relative to those of
the other Mn12 oxidation states, the barrier to magnetization
relaxationU is also smaller than for the other oxidation states
but is still sufficient to yield out-of-phase (øM′′) ac suscep-
tibility signals indicative of slow magnetization relaxation.
Thus, we conclude that the [Mn12]3- complexes4 and5 are
SMMs. Note that the observation oføM′′ signals is indicative
of a SMM but not normally sufficient proof of one. In this
case, however, the well-established fact that theøM′′ ac
signals for the other Mn12 oxidation states are correctly
identifying SMMs, as proven by single-crystal hysteresis
studies, leaves little doubt that these same signals for the
[Mn12]3- complexes4 and5 are also due to SMMs. Thus,
although we do not have single crystals with which to carry
out micro-SQUID studies down to 0.04 K to observe
magnetization hysteresis loops for4 and5, there seems little
doubt that the available data are indicating that the Mn12

family of SMMs now spans four isolated oxidation levels.
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Figure 9. Comparison of theøM′′ vs T plots for [Mn12]z- (z ) 0-3) at
1000 Hz (top) and 50 Hz (bottom).
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