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a b s t r a c t
The syntheses, structures, and magnetic properties are reported of two new high nuclearity Ce–Mn oxo
carboxylate clusters at high CeIV/MnIII oxidation states and with nuclearities of Ce5Mn11 and Ce3Mn7. The
compounds are (NnBu4)2[Ce5Mn11O13(OH)2(O2CPh)24(NO3)2](NO3) (1) and [Ce3Mn7O8(O2CPh)17(H2O)4]
(2). 1 was prepared from the oxidation of Mn(O2CPh)2 by (NnBu4)2Ce(NO3)6, whereas 2 was obtained from
the comproportionation reaction of Mn(O2CPh)2 and NnBu4MnO4 in the presence of Ce(NO3)3. Both compounds possess unprecedented structures, comprising an irregular metal topology of several edge-fused
triangular units with overall virtual C2 symmetry. Variable-temperature, solid-state dc and ac magnetization studies on 1 and 2 in the 1.8–300 K range revealed predominantly weak antiferromagnetic exchange
interactions within the complexes. For 1, the combined dc and ac data indicate an S = 5 ground state but
with low-lying excited states consistent with the high nuclearity. For 2, even lower-lying excited states
were observed, precluding clear determination of the ground state but with an estimate of S = 2 or 3, or
less. Complexes 1 and 2 are new additions to the Ce–Mn family of clusters and the broader class of 3d/4f
molecular systems, and 1 is the highest nuclearity Ce–Mn cluster to date.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
We are continuing in our group to explore polynuclear
complexes containing high oxidation state metals such as CeIV
and MnIII/IV because of their relevance to a number of areas and
applications. The latter include inorganic, organic, biological,
environmental, and industrial chemistry for a wide variety of
reasons ranging from the often unusual magnetic properties of
homo- and heterometallic clusters of Mn through their versatility
in oxidizing both inorganic and organic substrates [1–4]. For
example, the latter property parallels the catalytic activity of bulk
CeIV/MnIV composite oxides previously explored in many applications in sub- and supercritical catalytic wet oxidations for the
treatment of wastewater containing toxic organic pollutants such
as ammonia, acetic acid, pyridine, phenol, polyethylene glycol,
and others [3–6]. Similarly, molecular species such as CeIV compounds have been employed in homo- and heterogeneous catalysis
with Ru complexes for oxidation of water to molecular dioxygen
[2], and MnIII–VII and CeIV are commonly employed as oxidants in
organic and inorganic synthesis [3,4].
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In the molecular magnetism ﬁeld, the synthesis of MnIII containing clusters continues to be an important source of new single-molecule magnets (SMMs), which are individual molecules
capable of functioning as nanoscale magnetic particles and thus
represent a bottom-up molecular approach to nanomagnetism
[7,8]. Molecular clusters of Mn containing at least some MnIII display a common propensity to possess high ground state spin (S)
values, and when coupled with the signiﬁcant easy-axis-type magnetoanisotropy (negative zero-ﬁeld splitting parameter, D) resulting from MnIII Jahn–Teller axial elongations, they may also be
SMMs [9]. In addition, they can also display other fascinating properties such as quantum tunneling of magnetization (QTM) [10] and
quantum phase interference [11].
The inclusion of lanthanide ions into MnIII clusters has also
become strongly prevalent in the ﬁeld during the last decade due
to the additional anisotropy provided by the orbital angular
momentum of many lanthanides [12–15]. Ce holds a special place
among the lanthanides due to its ability to exist in two stable oxidation states, III and IV, under normal conditions. Within the ﬁeld
of SMMs, CeIII is of much greater interest than CeIV due to the anisotropy CeIII can contribute in addition to the spin of S = 1/2,
whereas CeIV is diamagnetic [16]. However, the two oxidation
states of Ce can also give rise to interesting electrochemical properties, especially when coupled to 3d metal ions bearing multiple
oxidation states, such as Mn [4,6]. Additionally, the oxophilic
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nature of CeIII and CeIV fosters the formation of hard O2 ions,
which when combined with Mn ions yields a promising route to
high nuclearity oxide-bridged mixed-metal clusters [17]. Herein
we report two new CeIV–MnIII clusters at high oxidation states
and possessing uncommonly large metal nuclearities and unprecedented structures. These clusters were obtained using Mn carboxylate and Ce nitrate sources in MeNO2 and include the highest
IV
nuclearity cluster yet observed in Ce–Mn chemistry, MnIII
11Ce5 , as
III
IV
well as a new Mn7 Ce3 .
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2. Experimental

Department. Infrared spectra in the 400–4000 cm1 range were
recorded in the solid state (KBr pellets) on a Nicolet Nexus 670
FTIR spectrometer. Variable temperature dc and ac magnetic susceptibility data down to 1.8 K were collected using a Quantum
Design MPMS-XL SQUID magnetometer equipped with a 7 T dc
magnet. Magnetization versus ﬁeld and temperature data were
ﬁt using the program MAGNET [20]. Pascal’s constants were used to
estimate the diamagnetic corrections, which were subtracted from
the experimental susceptibilities to give the molar magnetic susceptibilities (vM) [21]. Microcrystalline samples were restrained
in eicosane to avoid torquing.

2.1. Syntheses

2.3. X-ray crystallography

All manipulations were performed under aerobic conditions
using materials and solvents as received. NnBu4MnO4,
(NnBu4)2Ce(NO3)6, and Mn(O2CPh)24H2O complexes were prepared using the procedures reported previously [18,19].

Data were collected at 173 K on a Siemens SMART PLATFORM
equipped with a CCD area detector and a graphite monochromator
utilizing Mo Ka 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 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 structures were
solved by the direct methods in SHELXTL6 [22] and reﬁned using
full-matrix least-squares cycles. The non-hydrogen atoms were
reﬁned anisotropically, whereas the hydrogen atoms were placed
in idealized, calculated positions and reﬁned isotropically as riding
on their respective carbon atoms.
For 17MeNO2, the asymmetric unit consists of the cluster anion,
two NnBu+4 cations, one nitrate anion, and seven nitromethane solvent molecules of crystallization. The solvent molecules and the
nitrate anion were disordered and could not be modeled properly,
thus program SQUEEZE [23], a part of the PLATON package of crystallographic software, was used to calculate the solvent disorder
area and remove its contribution to the overall intensity data.
Distances and angles of the counter ions were constrained to maintain ideal values during the reﬁnement. Three benzoate ligands
were disordered and were resolved: Ligand C310 was reﬁned in
two parts while ligands C340 and C370 were reﬁned in three parts
each. A total of 2232 parameters were included in the ﬁnal cycle of
reﬁnement using 29 762 reﬂections with I > 2r(I) to yield R1 and
wR2 of 6.96 and 17.99%, respectively.
For complex 26MeNO2, the asymmetric unit consists of the
Ce3Mn7 cluster and six nitromethane solvent molecules. The latter
were disordered and could not be modeled properly, thus program

III
2.1.1. (NnBu4)2[CeIV
5 Mn11O13(OH)2(O2CPh)24(NO3)2](NO3) (1)
To a hot stirred solution of benzoic acid (1.00 g, 8.25 mmol) in
nitromethane (20 mL) was added solid Mn(O2CPh)2 (0.75 g,
2.25 mmol). The reaction was stirred for 5 min after which solid
(NnBu4)2Ce(NO3)6 (1.01 g, 1.00 mmol) was added in small portions.
The solution was stirred for a further 10 min and ﬁltered hot. The
ﬁltrate was left to concentrate for a period of 5 days, during which
small dark brown block-like crystals of 17MeNO2 formed. For the
X-ray crystallographic studies, crystals were maintained in mother
liquor to prevent degradation until a suitable crystal was selected.
Otherwise, the crystals were collected by ﬁltration, washed with
hexanes, and dried under vacuum; the yield was 40% based on
Mn. Anal. Calc. (Found) for 15MeNO2 (C205H209Ce5Mn11N10O82):
C, 45.35 (45.57); H, 3.88 (3.90); N, 2.58 (2.67)%. Selected IR data
(KBr, cm1): 3422 (w), 3060 (m), 3027 (w), 2533 (w), 1963 (w),
1914 (w), 1819 (m), 1690 (s), 1605 (vs), 1569 (vs), 1493 (s), 1420
(vsb), 1384 (s), 1176 (s), 1155 (m), 1068 (m), 1025 (m), 1002
(w), 936 (w), 839 (m), 814 (m), 720 (s), 686 (sb), 607 (mb), 530
(m), 464 (w), 419 (w).

III
2.1.2. [CeIV
3 Mn7 O8(O2CPh)17(H2O)4] (2)
To a hot stirred solution of benzoic acid (1.00 g, 8.25 mmol) in
nitromethane (20 mL) was added solid Mn(O2CPh)2 (0.75 g,
2.25 mmol). The solution was stirred for ﬁve minutes before solid
Ce(NO3)3 (0.87 g, 2.00 mmol) was slowly added causing a color
change from pale pink to deep red. To this solution was added solid
NEt4Br (0.10 g, 0.50 mmol), the solution stirred for a further 5 min,
and then solid NnBu4MnO4 (0.18 g, 0.50 mmol) was added slowly
in small portions over 2 min. The reaction was stirred for a further
10 min and ﬁltered hot. The ﬁltrate was allowed to slowly concentrate over 5 days during which time reddish brown block-like crystals of 26MeNO2 formed. For the X-ray crystallographic studies,
crystals were maintained in mother liquor to prevent degradation
until a suitable crystal was selected. Otherwise, the crystals were
collected by ﬁltration, washed with hexanes and dried under vacuum; the yield was 30% based on Mn. Anal. Calc. (Found) for
22MeNO2 (C121H99Ce3Mn7N2O50): C, 45.62 (45.65); H, 3.21
(3.13); N, 0.88 (0.75)%. Selected IR data (KBr, cm1): 3413 (mb),
3063 (m), 1596 (s), 1543 (s), 1493 (m), 1414 (vs), 1177 (m), 1069
(m), 1025 (m), 1000 (w), 938 (w), 845 (m), 821 (w), 718 (s), 683
(m), 658 (m), 615 (m), 583 (m), 434 (m).

2.2. General and physical measurements
Elemental analyses (C, H and N) were performed by the
in-house facilities of the University of Florida Chemistry

SQUEEZE was again used to calculate the solvent disorder area and
remove its contribution to the overall intensity data. The eight
coordinated water protons were obtained from a difference
Fourier map and were reﬁned as riding on their parent oxygen
atoms. A total of 1576 parameters were included in the ﬁnal cycle
of reﬁnement using 13 934 reﬂections with I > 2r(I) to yield R1 and
wR2 of 7.35 and 14.38%, respectively.
Unit cell data and the ﬁnal reﬁnement indices R1 and wR2 are
listed in Table 1.

3. Results and discussion
3.1. Syntheses
Most of the known Mn/Ce clusters to date have been synthesized under ambient conditions by the oxidation of a MnII salt by
a CeIV source, often in the presence of a carboxylate source and
in the presence or absence of chelating ligands. Such procedures
have successfully led to the preparation of a number of
heterometallic Ce/Mn products [24]. Some of the more notable of
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Table 1
Crystal data and structure reﬁnement parameters for complexes 1 and 2.

a

Formula
Fw (g mol1)
Space group
a (Å)
b (Å)
c (Å)
a (°)
b (°)
c (°)
V (Å3)
Z
T (K)
Radiation (Å)b
qcalc (g cm3)
l (mm1)
R1c,d
wR2e

17MeNO2

26MeNO2

C208H216Ce5Mn11N12O85
5548.87

P1

C125H111Ce3Mn7N6O58
3430.14
P21/n
28.964(3)
17.1760(17)
29.677(3)
90
114.339(2)
90
13 451(2)
4
100(2)
0.71073
1.694
1.723
0.0735
0.1438

20.3396(14)
20.7771(14)
31.128(2)
96.975(1)
103.792(1)
115.530(1)
11150.5(13)
2
173(2)
0.71073
1.653
1.690
0.0696
0.1799

a

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

The synthesis of 2 employed a new type of reaction in this area,
a comproportionation between MnII and MnVII in the presence of
CeIII. Thus, the reaction in MeNO2 of Ce(NO3)3, Mn(O2CPh)2, and
NnBu4MnO4 in a 2:2.25:0.5 ratio in the presence of NEt4Br and
PhCO2H gave a dark red solution from which was isolated
III
II
VII
[CeIV
ratio
3 Mn7 O8(O2CPh)17(H2O)4] (2) in 30% yield. The Mn :Mn
III
gives an Mn average and the total Ce:Mn = 2:2.75, so it is not
necessary to invoke the involvement of O2 to yield 2 in this more
complicated stoichiometry, as summarized by Eq. (2).

5MnðO2 CPhÞ2 þ 2MnO4 þ 3Ce3þ þ 7PhCO2 H þ 4H2 O
! ½CeIV 3 MnIII 7 O8 ðO2 CPhÞ17 ðH2 OÞ4  þ 7Hþ

ð2Þ

Additional reactions were, of course, explored with slightly
altered Ce:MnII:MnVII ratios to attempt to improve the yield of 2,
but they all gave 2 in lower yield and/or mixtures of products. At
room temperature, the synthetic procedure to 2 gave instead the
previously reported [CeMn8O8(O2CPh)12(L4)] (L = H2O or MeNO2)
[25].

b

c

3.2. Description of structures
P
w = 1/[ 2(F2o) + [(ap)2 + bp],

where

these include the several CeIVxMnIVy aggregates that were the ﬁrst
Ce/Mn molecular clusters to be reported [24], as well as family of
IV
III
III
IV
III
III
III
CeIVMnIII
8 complexes, and Ce2 Ce2 Mn10, Ce6 Mn8 , Mn4 Ce2 , and
III
IV
MnIV
Mn
Ce
clusters
[17,25–29].
To
date,
the
highest
nuclearity
2
2
6
in such a molecular cluster has been a Ce6Mn8 species [27].
In the present work, we have followed a somewhat similar
approach to previous work but with some distinct differences, such
as the use of heated rather than room temperature reaction solutions to ensure adequate solubility of all reagents in the MeNO2
solvent. Other than this, the synthesis of 1 involved the reaction
of (NnBu4)2Ce(NO3)6 and Mn(O2CPh)2 in a 1:2.25 ratio in MeNO2
in the presence of an excess of PhCO2H, yielding a dark brown soluIV
tion from which was isolated [MnIII
11Ce5 O13(OH)2(O2CPh)24(NO3)2]
(1) in 40% yield. It thus employed a typical CeIV/MnII redox reaction
in a 1:2.25 ratio, giving a product with essentially the same ratio, i.e.
Ce5Mn11. This is almost certainly coincidental, since in our experience the mixed metal reagent ratio rarely is the same as the ratio
in the product from such complicated high nuclearity cluster
syntheses. What is more noteworthy, however, is that the
CeIV:MnII = 1:2.25 ratio is expected to give a CeIIIMnIIIMnII1.25 reaction
mixture, whereas isolated 1 is CeIVMnIII
2.25, so either there are
MnII-rich products in the ﬁltrate or atmospheric O2 has provided
additional oxidizing equivalents. The fact that the ﬁltrate is still
III
darkly colored, consistent with MnIII, and that 1 contains CeIV
5 Mn11
(i.e. not just all-MnIII but also CeIV not CeIII) suggests the involvement
of O2; thus, Eq. (1) summarizes the proposed redox chemistry
involved in the formation of 1.

11MnðO2 CPhÞ2 þ 5½CeðNO3 Þ6 2þ þ 11=4O2 þ 2HO2 CPh þ 19=2H2 O


! ½CeIV 5 MnIII 11 O13 ðOHÞ2 ðO2 CPhÞ24 ðNO3 Þ2  þ 19Hþ þ 28NO3
ð1Þ
This conclusion is in fact consistent with our previous observations
of Ce/Mn reaction products at much higher oxidation levels than
the metal reagent ratios would predict, which we have rationalized
as being due to the greater ease of oxidation of CeIII when within a
hard oxide environment, and thus its oxidation by O2 [29]. In effect
the Ce would be acting as a catalyst for the oxidation of MnII to MnIII
by O2, and such catalytic activity by Ce has indeed already been
proposed in the oxidation of alcohols by O2 catalyzed by a CeMn6
cluster [30].

III
The structure and a stereoview of the [CeIV
5 Mn11O13(OH)2
(O2CPh)24(NO3)2] anion of 1 are shown in Fig. 1. Its [Ce5Mn11
O13(OH)2]4+ core contains ﬁve CeIV and eleven MnIII atoms held
together by ﬁve l4-O2, eight l3-O2 and two l3-OH ions. The
oxidation state of the metal atoms and the protonation levels of
the O atoms were determined by inspection of metric parameters,
charge considerations, and bond valence sum (BVS) calculations
(Tables 2 and 3). Selected interatomic distances and bond angles
are available in Table S1. The core contains a [Ce5O7(OH)2] subunit,
with the l3-OH ions (O6 and O15) both bridging the central Ce3 triangle (Ce1, Ce2, Ce3), and this is linked via bridging O2 ions to nine
MnIII atoms on one side and two MnIII atoms on the other.
Alternatively, the core can be described as an irregular collection
of edge-fused metal triangles, tetrahedra and butterﬂy subunits, all
held together by bridging O2 and OH ions. Peripheral ligation
around the core is provided by six l3- and eighteen l-benzoate
groups: two of the former (O52/O53 and O56/O57) each bridge a
Mn2Ce unit in the rare g2:g2:l3 mode, and the other four bridge
Mn3 units in the g2:g1:l3 mode. The eighteen l2-benzoate groups
bridge Mn2 or CeMn pairs in their common syn, syn g1:g1:l2 ligation
mode. Two g2 chelating nitrate groups, one each on Ce4 and Ce5,
complete the ligation. All MnIII atoms are six-coordinate with distorted octahedral geometries, whereas Ce1 is ten-coordinate, Ce2
and Ce3 are nine-coordinate, and Ce4 and Ce5 are eight-coordinate.
As expected, the MnIII atoms all show a Jahn–Teller axial elongation.
Complex 1 possesses C1 crystallographic symmetry but virtual C2
symmetry, the C2 axis passing through Mn1, Ce1, and O3, and it is
the largest discrete molecular Ce–Mn cluster reported to date.
III
The structure and a stereoview of [CeIV
3 Mn7 O8(O2CPh)17(H2O)4]
(2) are shown in Fig. 2. Selected interatomic distances and bond
angles are available in Table S2. Its [Ce3Mn7O8]17+ core comprises
three CeIV and seven MnIII atoms held together by two l4-O2 and
six l3-O2 ions. The metal oxidation states and protonation levels
of the O atoms were again determined by inspection of metric
parameters, charge considerations, and bond valence sum (BVS) calculations (Tables 2 and 3). As for the anion of 1, the core of 2 possesses a somewhat irregular structure consisting of edge-fused
triangular M3 units, and shows some similarity as a sub-fragment
of the core of 1. There is a central Ce3 subunit encased between
seven MnIII atoms, but unlike 1 the latter are all connected and the
core can thus also be described as a serpentine (S-shaped) chain of
MnIII atoms around a V-shaped Ce3 unit, all held together by the
bridging O2 ions. Peripheral ligation is provided by three l3-,
twelve l2-, two g2 chelating benzoate groups, and four terminal

291

A.E. Thuijs et al. / Polyhedron 103 (2016) 288–294
Table 3
Bond valence sums and assignments for selected O atomsa in 1 and 2.
Atoma

BVS

Assignment

1

O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15

2.12
2.16
2.16
2.1
2.11
1.23
2.08
2.08
2.09
2.15
1.88
2.16
2.14
1.9
1.23

O2
O2
O2
O2
O2
OH
O2
O2
O2
O2
O2
O2
O2
O2
OH

2

O1
O2
O3
O4
O5
O6
O7
O8
O43
O44
O45
O46

2.11
2.11
2.14
2.08
2.03
2.19
2.1
2.2
0.24
0.27
0.25
0.24

O2
O2
O2
O2
O2
O2
O2
O2
H2O
H2O
H2O
H2O

a
An O BVS in the 1.8–2.0, 1.0–1.2 and 0.2–0.4 ranges is indicative of non-,
single- and double-protonation, respectively.

g1:g1:l2. All MnIII atoms are six-coordinate with near-octahedral
Fig. 1. (top) The labeled core of complex 1 with all ligands removed except for some
doubly-bridging carboxylate O atoms, and (bottom) a stereopair of the complete
structure but with Ph rings removed except for their ipso C atoms. Color code: MnIII
green, CeIV purple, N blue, O red, C gray. (Color online).

Table 2
Bond valence sums and assignments for Mn and Ce atoms in 1 and 2.
Atoma
1

2

MnII

MnIII

MnIV

Atoma

CeIII

CeIV

Mn1

3.35

3.07

3.22

Ce1

4.28

3.85

Mn2

3.32

3.03

3.18

Ce2

4.6

4.14

Mn3

3.33

3.04

3.19

Ce3

4.67

4.20

Mn4

3.29

3.01

3.16

Ce4

4.72

4.25

Mn5

3.24

2.96

3.1

Ce5

4.68

4.22

Mn6

3.3

3.02

3.17

Mn7

3.2

2.93

3.07

Mn8

3.25

2.97

3.12

Mn9

3.25

2.97

3.12

Mn10

3.27

2.99

3.14

Mn11

3.24

2.97

3.11

Mn1

3.19

2.92

3.07

Ce1

4.34

3.90

Mn2

3.31

3.03

3.18

Ce2

4.53

4.07

Mn3

3.25

2.98

3.12

Ce3

4.73

4.26

Mn4

3.25

2.97

3.12

Mn5

3.26

2.98

3.12

Mn6

3.27

2.99

3.14

Mn7

3.23

2.95

3.1

a

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

H2O molecules (two each on Mn1 and Mn4). The benzoates again
bridge in a variety of modes: one g2:g2:l3 (as in 1) on the Ce3 unit,
two unusual g2:g1:l2 on CeMn pairs, and twelve common syn, syn

geometries and JT elongation axes involving the O atoms of benzoate
and H2O groups, the central Ce1 is ten-coordinate, and Ce2 and Ce3
are nine-coordinate. As for 1, the structure of 2 is unprecedented.
Also as for 1, complex 2 possesses C1 crystallographic symmetry
but virtual C2 symmetry, the C2 axis passing through Mn5 and Ce1.
3.3. Magnetochemistry
3.3.1. Direct current (dc) magnetic susceptibility studies
Solid-state, variable-temperature dc magnetic susceptibility
measurements were performed on powdered microcrystalline
samples of dried 15MeNO2 and 22MeNO2 in the 5–300 K range
and in a 1 kG (0.1 T) ﬁeld. The samples were restrained in eicosane
to prevent torquing.
For 15MeNO2, vMT decreases smoothly from 24.33 cm3 K mol1
at 300 K to a near-plateau of 17.17 cm3 K mol1 at 25 K before
decreasing more steeply to 13.90 cm3 K mol1 at 5 K (Fig. 3). All
the paramagnetism in the system is from MnIII since CeIV is diamagnetic (f0), and the value of 24.33 cm3 K mol1 at 300 K is much
lower than the spin-only (g = 2.0) value expected for eleven noninteracting MnIII ions of 33.00 cm3 K mol1, indicating dominant
but weak antiferromagnetic (AF) interactions within the molecule.
The structural separation of the eleven MnIII atoms into groups of
nine and two by the Ce5 unit (Fig. 1) suggests a possible rationalization of the overall vMT versus T proﬁle of Fig. 3. The higher T
data could be reﬂecting weak AF interactions within each of the
Mn9 and Mn2 units, and only below 25 K is an additional decrease
due to antiferromagnetic exchange interactions between the two
units observed; the latter are expected to be much weaker since
they are through the Ce atoms. On this basis, the vMT at 5.0 K of
13.90 cm3 K mol1 would be consistent with a ground state of
S = 5 (spin-only value 15.00 cm3 K mol1) for the complete molecule. Although we do not observe signiﬁcant intermolecular p–p
stacking in the structure, we cannot rule out weak intermolecular
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6
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M/Nμ

Β

4
0.1 T
0.2 T
0.3 T
0.4 T
0.5 T
0.6 T
0.7 T
0.8 T
0.9 T
Fit

3
2
1
0

0

1

2

3

4

5

6

H / T (kG / K)
Fig. 4. Plot of M/NlB vs. H/T for 15MeNO2 at the indicated applied ﬁelds. The solid
lines are the ﬁt of the data; see the text for the ﬁt parameters.
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Fig. 2. (top) The labeled core of complex 2 with all ligands removed for clarity, and
(bottom) a stereopair of the complete structure with Ph rings removed except for
their ipso C atoms. Color code: MnIII green, CeIV purple, N blue, O red, C gray. (Color
online).
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Fig. 5. Plot of vMT vs. T for complex 22MeNO2.
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Fig. 3. Plot of vMT vs. T for complex 15MeNO2.

AF interactions also contributing to the decrease at the lowest
temperatures.
In order to probe the ground state further, we collected magnetization (M) data in the 1.8–10 K range in applied dc ﬁelds (H) up to
7 T. Attempts were made to ﬁt the data, using the program MAGNET
[20], to a model that assumes only the ground state is populated at
these temperatures and ﬁelds, and incorporates an isotropic
Zeeman interaction, axial zero-ﬁeld splitting (DŜz2) and a full powder average. A satisfactory ﬁt could not be obtained, consistent
with the high Mn nuclearity, and the weak AF interactions and

low-lying excited states expected to be present. We thus used only
data collected at low ﬁelds in the 1–9 kG range to try to minimize
the effect of these problems, and they are plotted in Fig. 4 as
reduced magnetization (M/NlB) versus H/T, where N is
Avogadro’s number and lB is the Bohr magneton. A fair ﬁt was
obtained with S = 5, g = 1.95(4), and D = 0.57(1) K (solid lines in
Fig. 4), supporting the conclusion from the vMT versus T plot.
For 22MeNO2, vMT decreases gently from 19.52 cm3 K mol1 at
300 K to 18.19 cm3 K mol1 at 35 K, and then decreases more steeply to 9.08 cm3 K mol1 at 5 K (Fig. 5). The overall proﬁle indicates
only weak AF interactions, weaker on average than those in 1, and
indeed the value of 19.52 cm3 K mol1 at 300 K is only slightly
lower than that expected for seven non-interacting MnIII ions
(spin-only 21.00 cm3 K mol1). Also as expected, we could obtain
no reasonable ﬁt of reduced magnetization data collected as for
1, which is clearly due to the presence of particularly low-lying
excited states.
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Ce–Mn clusters, and 3d–4f clusters in general. Further work in
Ce–Mn chemistry is in progress and will be reported in due course.
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CCDC 775362 and 775363 contain the supplementary crystallographic data for 17MeNO2 and 26MeNO2, respectively.
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 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.poly.2015.03.017.

Fig. 6. Plots of ac in-phase v0M T vs. T for complexes 15MeNO2 and 22MeNO2 in a
3.5 G ac ﬁeld at 1000 Hz oscillation frequency.
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