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a b s t r a c t
The use of a convenient source of MnIII ions, namely the [Mn(OR)(O2CR0 )2]n (R = H, Me, and R0 = Me, But)
family of 1-D coordination polymers, afforded two new enneanuclear and decanuclear molecular clusters,
homometallic [Mn9O7(O2CBut)13(MeCN)2] (3) and heterometallic [Mn10xFex(OMe)20(O2CMe)10] (x < 10)
(4), respectively. Compound 3 was synthesized by a solvent-induced structural transformation, whereas
complex 4 resulted from the reaction of [Mn(OH)(O2CMe)2]n with an FeIII source. The core of 3 comprises
two [Mn4O2]8+ butterﬂy units and a [Mn3O]7+ triangular unit fused together by sharing one Mn atom.
Magnetic susceptibility measurements of 3 revealed dominant antiferromagnetic interactions within
the molecule, and a ground state of S = 1 with many low-lying excited states. Complex 4 is a mixed
FeIII/MnIII single-strand molecular wheel, which forms 3D nanotubular stacks arranged in a zig–zag fashion. The described work suggests that the [Mn(OR)(O2CR0 )2]n compounds represent excellent starting
materials for MnIII carboxylate cluster chemistry.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
Nanotechnology has been the focal point of many research projects worldwide over the last decade or so, for reasons including
environmental concerns, fuel economy, the need for increased computational power, and high-density information storage, among
others [1]. For the latter two cases, nanomagnets have been proposed as viable future solutions. The ﬁeld of single-molecule magnetism, developed as a molecular approach to nanomagnetism,
involves zero-dimensional, polynuclear transition-metal assemblies with a high ground state spin (S) and large axial anisotropy
that behave as nanoscale magnets below a blocking temperature
(TB) [2,3]. Most such species are clusters incorporating MnIII ions
[3a–c], and this is consistent with the axial Jahn–Teller (JT) elongation of a d4 ion in octahedral geometry, which is a source of significant single-ion magnetoanisotropy. For a polynuclear MnIII cluster,
parallel (or nearly so) orientation of JT axes on different MnIII ions
will lead to signiﬁcant uniaxial molecular anisotropy, which can
lead to SMM behavior if the S value is also large enough [4].
There is thus a continuing interest in the development of original synthetic procedures to new high-spin MnIII clusters from simple reagents, whether for SMM applications or not. However, in
contrast to FeIII, there are only a handful of simple, readily available
MnIII sources, and synthetic chemists have thus been overcoming
this problem using four ways: (i) oxidation of MnII salts under basic
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reaction conditions [5], (ii) in situ comproportionation reactions
between MnII and MnVII reagents [6], (iii) reductive aggregation
of MnVII sources under acidic conditions [7], and (iv) use of preformed Mn clusters, which already contain MnIII ions [8]. The last
approach requires an extra step of synthesizing the preformed
cluster, but this is usually a minor inconvenience and all four strategies are thus convenient and have proved successful in the past.
Indeed, the use of preformed species has proved particularly successful employing as starting materials the family of oxo-centered,
carboxylate-bridged triangular compounds of general formula
[Mn3O(O2CR)6L3]n+ (n = 0, 1; R = various; L = terminal ligands)
[8b–d], and more recently the mixed-valence SMM archetype
[Mn12O12(O2CR)16(H2O)4] (R = various; 4 MnIV, 8 MnIII) [5a,8a].
Herein we report a new and convenient MnIII carboxylate starting
material for MnIII cluster chemistry, which has a 1-D polymer
structure (Scheme 1), and which we have used in preliminary work
to synthesize a homometallic MnIII
9 cage and a heterometallic
III
MnIII
10xFe x (x < 10) wheel. Note that derivatives of this family of
1-D polymeric species have been originally reported by Murray
and coworkers [9a–c], but never used before as starting reagents
for the syntheses of higher nuclearity MnIII carboxylate clusters.
2. Experimental
2.1. General and physical measurements
All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received.
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Table 1
Crystallographic data for complexes 3  toluene, and 4.
Parameter
a

Scheme 1. A portion of the chain structure of the [MnIII(OR)(O2CR0 )2]n family of
polymers.

{[Mn(OH)(O2CMe)2]  2MeCO2H  H2O}n (1) was prepared as described elsewhere [9d].
Microanalyses (C, H, N) were performed by the in-house facilities of the Chemistry Department at the University of Florida. IR
spectra (4000–450 cm1) were recorded on a Nicolet Nexus 670
spectrometer with samples prepared as KBr pellets. Variable-temperature dc and ac magnetic susceptibility data were collected at
the University of Florida using a Quantum Design MPMS-XL SQUID
susceptometer equipped with a 7 T magnet and operating in the
1.8–300 K range. Samples were embedded in solid eicosane to prevent torquing. Pascal’s constants were used to estimate the diamagnetic corrections, which were subtracted from the
experimental susceptibilities to give the molar paramagnetic susceptibilities (vM).

Formula
Formula weight (g mol1)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
a (°)
b (°)
c (°)
V (Å3)
Z
qcalc (g cm3)
Radiation, k (Å)b
Temperature (K)
l (mm1)
R1c,d
wR2e

3  toluene

4

C76H131Mn9N2O33
2095.29
Monoclinic
C2/c
45.371(6)
16.005(2)
28.249(4)
90
92.165(3)
90
20499(5)
8
1.358
0.71073
173(2)
1.141
0.0484
0.0964

C40H90Fe5Mn5O40
1765.07
Monoclinic
P21/c
25.747(2)
15.882(1)
29.232(2)
90
114.240(2)
90
10899(2)
6
1.614
0.71073
173(2)
1.892
0.0589
0.1467

a

Including solvate molecules.
Graphite monochromator.
I > 2r(I).
d
R1 = 100R(||Fo|–|Fc||)/R|Fo|.
e
wR2 = 100[R
[w(F2o–F2c)2]/R[w(F2o)2]]1/2,
p = [max (F2o, O) + 2Fc2]/3.
b

c

w = 1/[r2(F2o) + [(ap)2 + bp],

where

2.2. Compound preparation
2.2.1. [Mn(OMe)(O2CBut)2]n (2)
Compound 2 was synthesized following the same procedure as
1, except that a solvent mixture of MeOH/ButCO2H was used in

Fig. 1. Partially labeled PovRay representation of the structure of 3, with the hydrogen atoms omitted for clarity. Color code: MnIII blue, O red, N green, C grey. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 2
Selected interatomic distances (Å) and bond angles (°) for complex 3  toluene.

Fig. 2. (Top) PovRay representation of the labeled core of 3; (bottom) The Mn9
topology, emphasizing the butterﬂy [Mn4(l3-O)2]8+ and triangular [Mn3(l3-O)]7+
subcores. Color code: MnIII blue, O red, C grey.

place of H2O/MeCO2H. The identity of 2 was established by means
of IR spectroscopic comparison with authentic material of 1, and
elemental analysis (C, H, N). Yield: 70 % (based on Mn). The dried
sample analyzed as solvent-free. Anal. Calc. for C11H21O5Mn: C,
45.84; H, 7.34; N, 0.00. Found: C, 45.84; H, 7.42; N, 0.01%. Selected
IR data (KBr pellet, cm1): 2974s, 1705w, 1576s, 1549s, 1482s,
1406s, 1358s, 1226s, 1003m, 939w, 896w, 785w, 630s, 553s,
459m.
2.2.2. [Mn9O7(O2CBut)13(MeCN)2]  toluene (3  toluene)
Freshly prepared solid complex 2 (0.20 g, 0.70 mmol) was
added to a solution composed of MeCN (25 mL) and toluene
(15 mL). The resulting reddish-brown slurry was stirred overnight, during which time most of the solid dissolved, and the color of the solution changed to dark brown. A small quantity of
undissolved material was removed by ﬁltration, and the ﬁltrate
was allowed to stand undisturbed at room temperature. After
24 h, X-ray quality dark brown crystals of 3  toluene were
collected by ﬁltration, washed with Et2O (2  5 ml), and dried
under vacuum. Yield: 60% (based on Mn). Material that had been
dried under vacuum for 10–12 h and then stored in air was
found to have lost the bound MeCN groups, which were replaced
with H2O molecules; thus, vacuum-dried solid analyzed as
[Mn9O7(O2CBut)13(H2O)2]. Anal. Calc. for C52H121O35Mn9: C,
39.89; H, 6.23; N, 0.00. Found: C, 40.28; H, 6.08; N, 0.02%. IR
(KBr pellet, cm1): 3853w, 3748w, 3433mb, 2969s, 2921s,
2355m, 1637m, 1558s, 1487s, 1421s, 1370s, 1229s, 1164m,
1114m, 1067mb, 903w, 788w, 692m, 625m.

Mn1–O133
Mn1–O130
Mn1–O12
Mn1–O31
Mn1–O2
Mn1–O42
Mn2–O136
Mn2–O133
Mn2–O62
Mn2–O32
Mn2–O52
Mn2–O42
Mn3–O136
Mn3–O135
Mn3–O61
Mn3–O81
Mn3–O71
Mn3–O92
Mn4–O135
Mn4–O131
Mn4–O112
Mn4–O82
Mn4–O102
Mn4–O92
Mn5–O135
Mn5–O134
Mn5–O22
Mn5–O72
Mn5–O101
Mn6–O131
Mn6–O132
Mn6–O122
Mn6–O111
Mn6–O91
Mn6–N2
Mn7–O134
Mn7–O132
Mn7–O130
Mn7–O131
Mn7–O136
Mn8–O130
Mn8–O134
Mn8–O21
Mn8–O11
Mn8–O41
Mn8–N1
Mn9–O133
Mn9–O132
Mn9–O51
Mn9–O121
Mn9–O1
O2–Mn1–O42
O52–Mn2–O42
O71–Mn3–O92
O102–Mn4–O92
O91–Mn6–N2
O41–Mn8–N1
Mn8–O130–Mn1
Mn8–O130–Mn7
Mn1–O130–Mn7
Mn6–O131–Mn4
Mn6–O131–Mn7
Mn4–O131–Mn7
Mn9–O132–Mn6
Mn9–O132–Mn7
Mn6–O132–Mn7
Mn9–O133–Mn1
Mn9–O133–Mn2
Mn1–O133–Mn2
Mn8–O134–Mn5
Mn8–O134–Mn7
Mn5–O134–Mn7
Mn5–O135–Mn4
Mn5–O135–Mn3
Mn4–O135–Mn3
Mn3–O136–Mn2
Mn3–O136–Mn7

1.874(3)
1.881(3)
1.948(3)
1.962(3)
2.124(3)
2.259(3)
1.854(3)
1.881(3)
1.934(3)
1.993(3)
2.234(3)
2.309(3)
1.851(3)
1.885(3)
1.936(3)
1.993(3)
2.225(3)
2.276(3)
1.872(3)
1.888(3)
1.939(3)
1.963(3)
2.106(4)
2.254(3)
1.855(3)
1.880(3)
1.922(3)
1.930(3)
2.052(4)
1.861(3)
1.876(3)
1.947(3)
1.958(3)
2.123(4)
2.354(5)
1.899(3)
1.907(3)
1.928(3)
1.934(3)
2.173(3)
1.865(3)
1.870(3)
1.946(3)
1.954(3)
2.132(3)
2.325(4)
1.859(3)
1.874(3)
1.919(3)
1.935(3)
2.055(3)
170.77(12)
166.66(12)
165.89(12)
170.51(13)
170.13(15)
171.23(16)
121.99(15)
97.80(13)
120.38(15)
122.57(15)
97.84(13)
119.76(14)
125.54(16)
120.41(15)
98.28(13)
128.45(16)
123.65(16)
106.73(13)
124.94(15)
98.68(13)
120.58(15)
128.81(17)
123.83(15)
106.38(14)
126.60(16)
116.47(14)
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Table 2 (continued)
Mn2–O136–Mn7
Mn4–O92–Mn3
Mn1–O42–Mn2
Mn1Mn2
Mn3Mn4
Mn6Mn7
Mn7Mn8

116.91(14)
83.21(10)
82.55(10)
3.0133(11)
3.0079(11)
2.8614(9)
2.8591(10)

Table 3
Bond valence sum (BVS) calculations for the Mn atoms in 3.a
Atom

MnII

MnIII

MnIV

Mn(1)
Mn(2)
Mn(3)
Mn(4)
Mn(5)
Mn(6)
Mn(7)
Mn(8)
Mn(9)

3.15
3.20
3.22
3.34
3.27
3.35
2.99
3.38
3.27

3.03
2.93
2.95
3.06
2.99
3.08
2.73
3.10
2.99

3.18
3.07
3.10
3.21
3.14
3.16
2.87
3.23
3.14

a
The underlined value is the one closest to the charge for which it was calculated. The oxidation state of a particular atom can be taken as the nearest whole
number to the underlined value.

2.2.3. [Mn10xFex(OMe)20(O2CMe)10] (4)
To a slurry of freshly prepared complex 1 (0.50 g, 2.00 mmol) in
MeCN (25 mL)/MeOH (1 mL) was added solid Fe(NO3)3  9H2O
(0.10 g, 0.25 mmol). The resulting reddish-brown slurry was stirred overnight, during which time most of the solid dissolved and
the color of the solution changed to dark brown. A small quantity
of undissolved material was removed by ﬁltration, and the ﬁltrate
was allowed to stand undisturbed at room temperature. After several days, only a handful of dark brown prismatic crystals of 4 had
appeared, and these were devoted solely to single-crystal X-ray
diffraction studies.
2.3. Single-crystal X-ray crystallography
Data for complexes 3  toluene and 4 were collected at 173 K on
a Siemens SMART PLATFORM equipped with a CCD area detector
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and a graphite monochromator utilizing MoKa radiation
(k = 0.71073 Å). Cell parameters were reﬁned using up to 8192
reﬂections. A full sphere of data (1850 frames) was collected using
the x-scan method (0.3° frame width). The ﬁrst 50 frames were remeasured 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 structures were solved by direct methods
in SHELXTL6 [10], and reﬁned on F2 using full-matrix least squares.
The non-H atoms were treated anisotropically, whereas the H
atoms were placed in ideal positions and reﬁned as riding on their
C atoms. Unit cell parameters and structure solution and reﬁnement data are listed in Table 1.
For 3  toluene, the asymmetric unit contains one Mn9 cluster
and one toluene molecule of crystallization. There are ﬁve disordered But groups, and each was reﬁned in two parts with their site
occupation factors dependently reﬁned. A total of 1071 parameters
were reﬁned in the ﬁnal cycle of reﬁnement using 9621 reﬂections
with I > 2r(I) to yield R1 and wR2 of 4.84 and 9.64%, respectively.
For 4, the asymmetric unit consists of one and a half M10 ring
located on an inversion center. All metal positions are disordered
between Fe and Mn. Each position of the metal on the ring was reﬁned with one Fe and one Mn with their site occupation factors
dependently reﬁned in the early reﬁnement stages. All of the site
occupation free variables reﬁned to 50%, and thus they were all
ﬁxed at 50%. Each position of Fe/Mn metal atoms was constrained
to maintain equivalent coordinates and displacement parameters.
There are also several disordered methoxy groups where the
methyl group was reﬁned in two parts. Several electron density
peaks of 2.5 electrons or less were observed around the rings and
did not make chemical sense. Most likely, those are a result of ring
disorder in the plane of the wheel. A total of 1266 parameters were
reﬁned in the ﬁnal cycle of reﬁnement using 13 806 reﬂections
with I > 2r(I) to yield R1 and wR2 of 5.89 and 14.67%, respectively.
3. Results and discussion
3.1. Syntheses
Slow dissolution with stirring of [Mn(OMe)(O2CBut)2]n (2) in
MeCN/toluene gave a dark brown solution from which was obtained [Mn9O7(O2CBut)13(MeCN)2] (3) as 3  toluene in good yields
(60%). The reaction is clearly a hydrolysis involving adventitious
water, causing an undoubtedly complicated structural rearrange-

Fig. 3. PovRay representation of a pair of Mn9 cages. Color code: MnIII blue, O red, N green, C grey.
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Table 4
Selected interatomic distances (Å) and bond angles (°) for 4.

Fig. 4. (Top) Labeled PovRay representation of the structure of 4, with the hydrogen
atoms omitted for clarity; (bottom) side-view emphasizing the wheel planarity and
O/M/O layered structure. Color code: M (Mn/Fe) blue/green, O red, C grey.

ment but no redox changes since the product contains only MnIII
atoms like the starting material 2. The MeCN is essential for a
high-yield transformation; reactions in neat toluene gave only a
very low yield (10%) of a product whose IR spectrum is almost
identical with that of 3 and is assumed to be the form with two
bound water molecules instead of MeCN. Changes to the exact
MeCN:toluene ratio had no effect on the identity of the product,
only small changes to the yield. With the identity of 3 established,
we also tried similar reactions with [Mn(OH)(O2CMe)2]n (1) and, on
the basis of IR spectroscopy and elemental analysis data, concluded
that the product was the acetate version of 3 and thus did not
study this product further. The reaction of 2 in MeCN/MeOH under
various conditions yielded the known Mn84 complex [11], and/or
non-crystalline materials difﬁcult to characterize.
We have in the past used complex 1 as the starting material for
the preparation of the heterometallic compound [CeMn8O8(O2CMe)12(H2O)4] [12], and so we now also investigated the use of 1
and 2 in reactions with another 3d metal, namely iron. Thus, the
reaction of 1 with Fe(NO3)3  9H2O in a 8:1 ratio in MeCN/MeOH
was explored. It was difﬁcult to isolate pure products from this
reaction system, and ﬁnally obtained some dark brown crystals
in extremely low yields of what proved to be the decanuclear
mixed-metal complex [Mn10xFex(OMe)20(O2CMe)10] (x < 10) (4).
The color of the crystalline material 4 clearly precludes assignment
of all the metal ions as FeIII (x – 10) since [Fe10(OMe)20(O2CMe)10]
is a known compound that has a light yellow color. On the other
hand, it was also clear that this was not the completely MnIII version [Mn10(OMe)20(O2CMe)10] (x – 0). The product thus had to be
mixed-metal, but the relative metal content was not possible to
be accurately obtained from the reﬁnement of the crystal structure

M1–O40
M1–O3
M1–O39
M1–O4
M1–O1
M1–O38
M2–O7
M2–O3
M2–O4
M2–O8
M2–O2
M2–O5
M3–O8
M3–O7
M3–O12
M3–O11
M3–O9
M3–O6
M4–O12
M4–O11
M4–O16
M4–O15
M4–O13
M4–O10
M5–O15
M5–O19
M5–O16
M5–O20
M5–O17
M5–O14
M6–O19
M6–O23
M6–O20
M6–O24
M6–O21
M6–O18
M7–O28
M7–O24
M7–O23
M7–O27
M7–O22
M7–O25
M8–O32
M8–O31
M8–O28
M8–O27
M8–O26
M8–O29
M9–O31
M9–O35
M9–O36
M9–O32
M9–O30
M9–O33
M10–O40
M10–O35
M10–O39
M10–O36
M10–O34
M10–O37
M1–O3–M2
M2–O4–M1
M3–O7–M2
M3–O8–M2
M4–O11–M3
M4–O12–M3
M5–O15–M4
M4–O16–M5
M6–O19–M5
M6–O20–M5
M6–O23–M7
M7–O24–M6
M7–O27–M8
M7–O28–M8
M8–O31–M9
M8–O32–M9
M10–O35–M9

1.969(3)
1.974(2)
1.985(2)
2.007(2)
2.033(3)
2.063(2)
1.984(2)
1.986(2)
1.999(2)
2.001(3)
2.040(3)
2.043(2)
1.977(2)
1.984(3)
1.989(2)
1.991(3)
2.032(2)
2.064(2)
1.968(3)
1.979(2)
1.985(2)
2.002(3)
2.038(3)
2.071(3)
1.963(2)
1.988(2)
1.993(3)
2.002(2)
2.024(2)
2.047(3)
1.975(2)
1.978(2)
1.993(3)
2.002(2)
2.040(3)
2.066(2)
1.966(3)
1.991(2)
1.991(2)
1.996(2)
2.040(3)
2.045(3)
1.971(2)
1.976(3)
1.997(2)
2.000(3)
2.023(2)
2.081(2)
1.976(2)
1.980(2)
1.984(3)
2.002(3)
2.038(3)
2.039(3)
1.968(2)
1.976(3)
1.989(3)
1.999(2)
2.039(3)
2.043(2)
99.70(10)
98.15(10)
99.68(11)
99.37(11)
99.24(11)
99.65(11)
99.75(10)
99.30(10)
99.79(11)
98.69(11)
99.43(10)
98.63(10)
98.48(11)
99.58(12)
99.83(11)
99.12(11)
100.07(10)
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Table 4 (continued)

22
99.17(10)
98.36(11)
99.63(11)

(vide infra). Reasons such as the similar Mn and Fe electronic densities and the complicated overall structure of 4 with a relatively
large molecular weight preclude safe conclusions about the exact
identity of the metal ions present. Unfortunately, not enough crystals were obtained to allow a metal analysis, and we were unable
to increase the yield by varying the solvent ratio. With the identity
of 4 established, we also tried to obtain the homometallic [Mn10(OMe)20(O2CMe)10] wheel, but were unsuccessful. Reactions of 1 in
pure MeOH, for example, gave only uncharacterized MnII products.

20
18

χMT (cm3 mol-1 K)

M9–O36–M10
M1–O39–M10
M10–O40–M1

16
14
12
10
8
6
4
2

3.2. Description of structures

0
0

50

100
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250

300

Temperature (K)
Fig. 5.

vM T vs. T plot for complex 3.

3.3. Magnetochemistry
Variable-temperature dc magnetic susceptibility data were collected on a powdered polycrystalline sample of 3, restrained in
eicosane, in a 1 kG (0.1 T) ﬁeld and in the 5.0–300 K range. vMT
for 3 steadily decreases from 19.86 cm3 Kmol1 at 300 K to
2.29 cm3 Kmol1 at 5.00 K (Fig. 5). The rate of decrease increases
below 50 K. The room temperature vMT value is much less than
the spin-only value (g = 2.0) of 27 cm3 Kmol1 for nine non-interacting MnIII ions, indicating predominantly strong antiferromagnetic interactions within the molecule and a low, but possibly
non-zero, ground state S value. To determine the ground state of
the complex, magnetization data were collected in the magnetic
ﬁeld and temperature ranges 1–60 kG and 1.8–10.0 K. However,
we could not get an acceptable ﬁt using data collected over the
whole ﬁeld range, which is a common problem caused by low-lying excited states, especially if some have an S value greater than
that of the ground state. A common solution is to only use data col-

5.0
4.5
4.0

χM'T (cm3 mol-1 K)

The molecular structure and the core of complex 3 are depicted
in Figs. 1 and 2, respectively. Selected interatomic distances and
angles are listed in Table 2. Complex 3 contains a [Mn9O7]13+ core
that can be described as two fused [Mn4O2] butterﬂies (Mn1, Mn5,
Mn7, Mn8, and Mn4, Mn6, Mn7, Mn9) sharing one Mn atom (Mn7).
The remaining two Mn ions (Mn2 and Mn3) are connected to the
fused butterﬂy unit through an O2 ion (O136) forming a [Mn3O]
triangle with Mn7. The [Mn3O4] base of this unit (Mn6, Mn7 and
Mn8) is non-planar, the Mn6–Mn7–Mn8 angle being 145°. The
metal ions are all MnIII, as deduced by consideration of structural
parameters and by bond valence sum (BVS) calculations (Table 3)
[13]. Atoms Mn5, Mn7, and Mn9 are ﬁve-coordinate with distorted
square pyramidal geometry (s = 0.28, 0.09, and 0.35, where s is 0
and 1 for ideal square pyramidal and trigonal bipyramidal geometries, respectively [14]), and their axial bonds [2.052(4)–2.173(3)]
are signiﬁcantly longer than the basal ones [1.855(3)–1.935(3)].
The remaining Mn atoms are all six-coordinate with distorted octahedral geometries, and display Jahn–Teller axial elongations. Eleven But CO
2 groups bind in the common l-bridging mode and
two in the rarer l3-mode, with one O atom bridging two metals.
The two MeCN molecules are terminally bound to Mn6 and Mn8.
Complex 3  toluene crystallizes in pairs, as shown in Fig. 3, in a
head-to-head arrangement with the MeCN ligands interlocked and
the two molecules rotated by 90° with respect to each other to
give an S4 symmetry dimer. Compounds with a similar core to that
in 3 have been previously reported [15], some containing Na+ or K+
ions, namely [Mn9Na2O7(O2CPh)15(MeCN)2] [15c] and [Mn9K2O7
(O2CBut)15(HO2CBut)2] clusters [15d], respectively; 3 is the third
structurally characterized Mn9 complex with the general formula
[Mn9O7(O2CR)13(L)2] (R = Ph, L = terminal ligands, such as pyridine
or 2,4-dimethyl-6-hydroxypyrimidine) [15a,8a].
The structure of complex 4 is shown in Fig. 4. Selected interatomic distances and angles are listed in Table 4. The structure is
essentially identical to previously characterized Fe10 ‘ferric wheels’
[16] except that it is clearly a mixed-metal species. Several reﬁnement cycles of the Mn/Fe content led to the conclusion that the
compound contains both metals statically disordered about all 10
sites; thus, a general Mn10x–Fex (x < 10) metal content description
was clearly the best ﬁt to the observed electron density. The complex has virtual D5d symmetry and comprises a near-planar
(±0.003–0.040 Å) wheel of 10 octahedral metal atoms with each

M2 pair bridged by one MeCO
2 and two MeO groups, giving layers
of O atoms above and below the M10 wheel (Fig. 4, bottom). The
wheel has a central hole of 3 Å diameter unoccupied by any guest
molecule. The M10 molecules pack in the crystal on top of each
other forming supramolecular nanotubular stacks parallel to the
a axis, but with each molecule slightly tilted relative to this axis.
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Fig. 6. Plot of the in-phase (v0M ) ac magnetic susceptibility, as v0M T vs. T, in a 3.5 Oe
ﬁeld oscillating at the indicated frequencies for complex 3.
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lected with low ﬁelds (61.0 T) [5a,5b]. However, it was still not
possible to obtain a satisfactory ﬁt assuming that only the ground
state is populated in this temperature range. This suggests that the
complex possesses particularly low-lying excited states that are
populated, even at these relatively low temperatures.
Thus, we turned to ac susceptibility measurements in a 3.5 G ac
ﬁeld oscillating at frequencies in the 50–1000 Hz range. The inphase v0M T vs. T data are shown in Fig. 6 and reveal several pertinent features: (i) v0M T for 3 decreases linearly with decreasing temperature in the whole temperature range, indicating depopulation
of a high-density of low-lying excited states with spin S greater
than that of the ground state, in agreement with the conclusion
from the dc studies; (ii) extrapolation of the v0M T data to 0 K gives
a value of 1 cm3 Kmol1 for 3, indicative of an S = 1 ground state
with g  2. It does appear that the complex does indeed have a
non-zero ground state spin, although it could be possible that there
are extremely close S = 0, 1 and even 2 states. In any event, complex 3 clearly has a very small ground state spin. As expected, there
were no out-of-phase ac signals down to 1.8 K.
4. Conclusions
The use of the carboxylate-bridged MnIII polymeric compound
of general formula [Mn(OR)(O2CR0 )2]n (R = H, Me; R0 = Me, But)
has provided access to two new homo- and heterometallic MnIIIbased clusters. The homometallic Mn9 complex 3 has a rare metal
core topology, comprising adjacent [Mn4O2] butterﬂy and [Mn3O]
triangular subunits. The heterometallic M10 (M = Mn/Fe) wheel
complex 4 is analogous to the known family of Fe10 ferric wheels,
and clearly contains both Mn and Fe with a varying Mn:Fe ratio.
Unfortunately, we have yet to develop a high-yield route to such
mixed Mn/Fe wheels to allow us to study this point further, as well
as to characterize the magnetic properties, and attempts along this
direction are continuing.
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Appendix A. Supplementary data
CCDC 704819 and 704818 contain the supplementary crystallographic data for (3toluene) and (4). These data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12
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doi:10.1016/j.poly.2008.11.026.
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