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Abstract: The syntheses, structures and
magnetic properties of three new Mn™
clusters, [Mn,,0,7,(OH)z(OMe) F,-
(bta),(MeOH),,(H,0),] (1), [MnO¢-
(OH),(bta)s(py)sFs] (2) and [NHEt],-
[Mn;O(bta)eF5] (3), are reported (bta=
anion of benzotriazole), thereby dem-
onstrating the utility of MnF; as a new
synthon in Mn cluster chemistry. The
“melt” reaction (100°C) between MnF;
and benzotriazole (btaH, CsH;sN;)
under an inert atmosphere, followed by
dissolution in MeOH produces the
cluster [Mn,cO,7(OH)g(OMe) F,-
(bta),(MeOH),(H,0),] (1) after two
weeks. Complex 1 crystallizes in the tri-
clinic space group P1, and consists of a
complicated array of metal tetrahedra
linked by u;-O* ions, ps- and p,-OH™
ions, W,-MeO™ ions and ,-bta™ ligands.
The “simpler” reaction between MnF;
and btaH in boiling MeOH (50°C)
also produces complex 1. If this reac-
tion is repeated in the presence of
pyridine, the decametallic complex
[Mn;,Os(OH),(bta)s(py)sFs] (2) is pro-
duced. Complex 2 crystallizes in the tri-
clinic space group P1 and consists of a

“supertetrahedral” [Mn™,,] core bridg-

ed by six p,-O*" ions, two p;-OH™ ions,
four p,-F~ ions and eight p,-bta™ ions.
The replacement of pyridine by tri-
ethylamine in the same reaction
scheme produces the trimetallic species
[NHEt;],[Mn;O(bta)¢F;] (3). Complex
3 crystallises in the monoclinic space
group P2,/c and has a structure analo-
gous to that of the basic metal car-
boxylates of general formula
[M;0(RCO,)¢L;]"*, which consists of
an oxo-centred metal triangle with p,-
bta” ligands bridging each edge of the
triangle and the fluoride ions acting as
the terminal ligands. DC magnetic sus-
ceptibility measurements in the 300-
1.8 K and 0.1-7 T ranges were investi-
gated for all three complexes. For each,
the value of y\,T decreases with de-
creasing temperatures; this indicates
the presence of dominant antiferro-

Keywords: cluster compounds
density functional calculations
fluorides - magnetic properties -
manganese « N ligands

[a] L. F. Jones, G. Rajaraman, Dr. J. Raftery, Dr. E. K. Brechin,

Dr. D. Collison

Department of Chemistry, The University of Manchester

Oxford Road, Manchester, M13 9PL (UK)

Fax: (+44)161-275-4616

E-mail: euan.k.brechin@man.ac.uk
david.collison@man.ac.uk

[b] J. Brockman, Dr. M. Murugesu, E. C. Safiudo, Prof. G. Christou
Department of Chemistry, University of Florida

Gainesville, Florida 32611-7200 (USA)
[c] Dr. W. Wernsdorfer

Laboratoire Louis Néel-CNRS

38042 Grenoble, Cedex 9 (France)
[d] Dr. S. 1. Teat

CCLRC Daresbury Laboratory

Daresbury, Warrington, Cheshire, WA4 4AD (UK)

O Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

5180

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

magnetic exchange interactions in 1-3.
For complex 1, the low-temperature
value of yyT is 10 cm*Kmol™' and fit-
ting of the magnetisation data gives
S=4, g=2.0 and D=-0.90cm™'. For
complex 2, the value of T falls to a
value of approximately 5.0 cm*Kmol ™!
at 1.8 K, which is consistent with a
small spin ground state. For the trian-
gular complex 3, the best fit to the ex-
perimental y, T versus T data was ob-
tained for the following parameters:
J,==501cm™, J,=4+9.16cm™' and
g=2.00, resulting in an S=2 spin
ground state. DFT calculations on 3,
however, suggest an S=1 or §=0
ground state with J,=-2.95cm™" and
Jy=—212cm™'. AC susceptibility
measurements performed on 1 in the
1.8-4.00 K range show the presence of
out-of-phase AC susceptibility signals,
but no peaks. Low-temperature single-
crystal studies performed on 1 on an
array of micro-SQUIDS show the
time- and temperature-dependent hys-
teresis loops indicative of single-mole-
cule magnetism behaviour.

Introduction

Many Mn-based clusters have been reported over the last
20 years for two main reasons: the first is biological in

origin, because Mn is prominent in the active sites of many

metallo-biomolecules.'! The most commonly studied is the
water-oxidising complex (WOC) of photosystem II (PS II),
the species in plants (and cyanobacteria) that brings about
the oxidation of water into dioxygen. The WOC is a tetranu-
clear Mn cluster of yet unknown structure. Thus, numerous
Mn, complexes have been synthesised as models to probe

DOI: 10.1002/chem.200400301

the structural changes and mechanistic processes occurring
in PS ILP! The second reason is the paramagnetic nature of
Mn clusters, many of which exhibit large ground spin states
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(S). This, coupled with a large zero-field splitting parameter
(D) (derived from the single-ion anisotropy of Mn™), gives
rise to the superparamagnetic-like property of a barrier to
magnetisation relaxation, which can be observed as hystere-
sis loops in magnetisation versus DC field studies.! There-
fore, these discrete molecules behave as magnets below
their blocking temperatures and have been termed single-
molecule magnets (SMMs).”) One consequence of this phe-
nomenon is the possibility of using single molecules as infor-
mation-storage devices. The last ten years has seen many at-
tempts to produce new SMMs in the same mould as the
original SMM [Mn;,0,,(OAc),,(H,0),]-4 H,0-2 CH,CO,H,
and this has led to the discovery of numerous SMMs ranging
in nuclearity from 4 to 84." The majority of SMMs reported
to date have been clusters that contain Mn™ ions.® In each
case, the clusters have been made, at least initially, by seren-
dipitous assembly of Mn starting materials with flexible or-
ganic bridging ligands, such as carboxylates or alkoxides.
Manganese clusters have often displayed unusually large
spin ground states, especially with respect to other 3d transi-
tion metals, and large and negative magnetoanisotropies re-
sulting from the presence of Jahn-Teller distorted Mn™ ions.
However, this presents a synthetic problem: there are few
“simple” readily available sources of Mn'™. This has resulted
in the use of two alternative techniques: 1) the use of the
basic  metal carboxylates of  general formula,
[M;O(RCO,)L;]”*, which can contain either two or three
Mn'" ions, and 2) the oxidation of Mn" salts with permanga-
nate (MnO,"). Both of these techniques have been success-
ful, particularly the former.”! However, continual use of car-
boxylates will restrict the diversity of the products obtained
and, as an alternative, we have begun to in-
N vestigate the chemistry of MnF; with the pro-
CE ;N ligand benzotriazole (btaH) and its deriva-
N tives.
H Benzotriazole has previously been used to
produce model compounds for corrosion in-
hibition studies!"” and in M" cluster chemistry;!""! however,
until recently, it has never been used in the synthesis of M™
clusters.'? Metal fluorides have been used to good effect in
the synthesis of polymetallic chromium carboxylates™ and,
to a lesser extent, of Fe' clusters, including the synthesis of
an open-shell Keggin iron ion," but have thus far rarely
been used in manganese cluster chemistry."") The main dis-
advantage of the use of metal fluorides is their relative in-
solubility and therefore the apparent need for more “com-
plicated” synthetic procedures. Indeed, the majority of fluo-
ride-containing clusters have been isolated at elevated tem-
peratures.") We have previously reported the synthesis of a
[Mny] cage from MnF; in a preliminary communication.!'”)
Herein we report an improved synthesis of this cluster and
“simple” new routes to other large Mn™ clusters by the use
of MnF;.

Results and Discussion

Synthesis: In order to overcome the relative insolubility of
MnF; in common organic solvents, our initial approach was
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to react MnF; in a “melt” reaction. Here the MnF; and the
organic ligand (btaH) are mixed together and heated, under
nitrogen or argon, to the melting point of the organic ligand
(100°C). As the ligand melts, the MnF; dissolves and the re-
action proceeds. The resultant solid mixture can then be ex-
tracted into various solvents and crystallised. Complex 1 was
synthesised by extracting this solid mixture into MeOH and
diffusing Et,O into the filtered solution over a period of two
weeks. A simpler route to the same product was subsequent-
ly found: reaction of MnF; and btaH in boiling MeOH for
10 minutes, followed by filtration of the hot solution and
Et,O diffusion produces complex 1 in a larger yield. The
repetition of this process in the presence of pyridine produ-
ces the decametallic complex 2. The replacement of pyridine
with triethylamine produces the trimetallic complex 3.

Figure 1. Top: Structure of complex 1. Middle: Core of complex 1.
Bottom: Core of complex 1 showing the positions of the Jahn-Teller
axes.
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Some broad conclusions can
be drawn from the above ob-
servations. The reaction per-
formed with no base produces
the largest cluster (1) with the
lowest Mn/F ratio and was iso-
lated in the lowest yield. The
introduction of a weakly coor-
dinating base (py, pK,=5.25)
produces the second largest
cluster (2), and the introduc-
tion of a strong non-coordinat-
ing base (NEt;, pKa=11.01),
which also acts as a cation on
protonation, produces the
smallest cluster (3) in the larg-
est yield. As in most cases of
Mn cluster chemistry, it is ex-
tremely unlikely that com-
plexes 1-3 are the only ones
present in solution at any one

Table 1. Crystal data and structure refinement for complexes 1-3.

1 [Mny]

2 [Mny]

3 [Mn;]

formula
M[gmol™]
crystal size [mm]
crystal habit
colour

crystal system
space group
a[A]

b[A]

c[A]

al?]

Bl

7[°]

VI[AY

T[K]

V4

20max
Peacalgem™]
p[mm™]

data collected
unique data
unique data [/>20(F)]
R1, wR2

Cl 51 .S(IHI ‘JﬁFl l)Mn26Nﬁﬁo4ﬁ.5[l

C9Z.4()H83.60F8Mn 1 ON33.5()O 10.15

CsoHgF3Mn; N, O3

5304.18 2527.13 1215.03
0.08x0.04x0.01 0.18x0.08 x0.04 0.30x0.20x0.01
plates plates plates
orange/brown orange/brown green
triclinic triclinic monoclinic
P1 P1 P2,/c
17.9570(10) 17.5090(12) 21.440(2)
24.0865(14) 18.1168(13) 12.5632(12)
27.3871(16) 18.6737(13) 20.0675(19)
98.907(2) 90.541(2) 90
95.758(2) 99.171(2) 91.643(2)
101.778(2) 98.173(2) 90
11349.2(11) 5785.2(7) 5403.0(9)
150(2) 150(2) 100(2)

2 2 4

40.14 40.14 57.28

1.552 1.451 1.494

1.48 1.131 0.764
37727 37509 42491

23486 (R, =0.0521)
13934
0.0786, 0.2218

19469 (R,, =0.0761)
13582
0.0761, 0.2490

12792 (R, =0.0743)
7057
0.0417, 0.0717

given time. Thus the loss of F~  goodness of fit 1.019

1.042 0.798

ions and the appearance of

OH-, O* and MeO~ ions, is

also likely to involve the de-

protonation/protonation, structural rearrangements and
redox chemistry of other species present in solution. Howev-
er, complexes 1-3 can all be described as aggregated trian-
gular {Mn;O} units: complex 3 consists of one triangular
unit, 2 is made from eight edge-sharing units and 1 contains
twenty such units. This perhaps suggests that complex 3, in
the form [Mn;O(bta)sF;]>", may be present in all of the
above solutions, and that the identity of the isolated crystal-
line product is then dependent on the base or counterion
added. When NEt; is added, complex 3 is isolated instantly
in high yield, as it not only deprotonates the btaH ligands,
but the resultant cations [HNEt;]*t stabilize the complex.
Pyridinium ions, on the other hand, are “poor” cations (in
crystallisation terms); however, pyridine molecules are fre-
quently seen to act as terminal ligands in Mn"™" clusters. This
allows time for the hydrolysis and aggregation of the
{Mn;O(bta)sF;} units into larger fragments, crystallizing as
complex 2 after one week in a comparatively moderate
yield. When no base is added (and thus there is no direct de-
protonation of the btaH ligands) the hydrolysis process
takes even longer (~2 weeks), and complex 1 crystallizes,
albeit in a poor yield.

Attempts to interconvert 1-3 have proved unsuccessful so
far. For example, dissolution of 3 in a MeOH/py solution
does not result in the isolation of complex 2. This investiga-
tion continues, however.

Crystal structures: The structure of [MnyO,;,(OH),-
(OMe),F;y(bta),,(MeOH),4(H,0),] (1) is shown in Figure 1
(top), the crystal data are given in Table 1 and selected
bond lengths are given in Table 2. A complete list of angles
is available in the Supporting Information (Table S1). The
[Mn™,0;,(OH)s(OMe),]*** core of 1 (Figure 1, middle) can
be described as a central distorted tetraface-capped octahe-
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dron (Mn9-Mn18), either side of which are attached two
vertex-sharing tetrahedra (Mn2-Mn8 and Mn19-Mn25),
centred on Mn6 and Mn21. A pseudo-C, axis passes through
the direction defined by Mn13 and Mnl7, situated at the
“top” of the molecule. The O* ions all bridge in their usual
ys-fashion to form {Mn;O}’* units. The OH™ ions are of two
types: four are p,;-bridging (010, O11, O14, O16) and are
situated within the tetraface-capped octahedron, while the
remaining ions are W,-bridging (OS5, 06, 012, 015, 022,
023) and are situated both in the tetraface-capped octahe-
dron (O12 and O15) and within the two vertex-sharing tet-
rahedra (O5, 06, 022 and 023). The 22 deprotonated bta~
ligands are of two types: four use all three nitrogen atoms
to bond to three Mn™ centres, while the remaining eighteen
use only two nitrogen atoms to bond to two Mn'" centres,
the third nitrogen atom forms hydrogen bonds to adjacent
MeOH, H,0O or OH" ligands. The four MeO™ ions are all
W,-bridging; however, there are also two MeOH molecules
that act as p,-bridges (O7M, O12M) between Mn6-Mn7 and
Mn20-Mn21, respectively. In each case, the O atom of the
MeOH molecule is not deprotonated, as confirmed by the
observed bond lengths (2.393-2.476 A), bond valence sum
analysis (vide infra) and the presence of a hydrogen bond
between each O atom and an unbound N atom of a p,-
bridging bta~ ligand (e.g., O7TM—N73, 2.738 A). The ten F~
ions are all terminal with bond lengths ranging from
1.800(8) to 1.844(8) A. The Mn centres all lie in distorted
octahedral geometries and display the Jahn-Teller elonga-
tions expected for high-spin Mn™, although these axes are
not co-parallel (Figure 1, bottom). The MeOH solvent mole-
cule is hydrogen-bonded to an MeOH molecule attached to
the [Mn,g] core (O1S—O9M, 2.806 A) and to an unbound N
atom of a p,-bta” ligand (O1S—N53, 2.819 A). The oxidation
states of both the metal and non-metal ions were deter-
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Table 2. Selected interatomic distances [A] for 1.

Mnl1-F1 1.800(7) Mn1-O1 1.867(7) Mn1-N21 2.054(11) Mnl-N11 2.058(11)
Mn1-02M 2.147(9) Mn1-O1M 2.176(9) Mn2-01 1.878(8) Mn2-02 1.902(8)
Mn2-03 1.905(8) Mn2-N12 2.102(10) Mn2-03M 2.194(8) Mn2-N42 2.228(10)
Mn2—Mn3 2.872(3) Mn2—Mn7 3.033(3) Mn3-01 1.878(8) Mn3-02 1.913(8)
Mn3-04 1.920(8) Mn3-N22 2.106(12) Mn3-04M 2.194(9) Mn3-N32 2.259(11)
Mn3—Mn4 3.028(3) Mnd—F2 1.839(9) Mnd—O4M 1.891(9) Mnd—04 1.909(9)
Mnd—N52 2.065(15) Mnd—06 2.147(8) Mnd—O1W 2.260(11) Mn5-F3 1.813(10)
Mn5-04 1.870(10) Mn5-N31 2.016(11) Mn5-N51 2.041(14) Mn5-05 2.103(8)
Mn5-05M 2.231(13) Mn6-07 1.826(8) Mn6-05 1.873(7) Mn6-02 1.904(8)
Mn6-N61 2.055(10) Mn6-06 2.118(8) Mn6-O7M 2.393(9) Mn7-F4 1.812(7)
Mn7-03M 1.867(8) Mn7-03 1.911(8) Mn7-N81 2.027(10) Mn7-0O6M 2.260(10)
Mn7-O7M 2.476(9) Mn8-03 1.877(7) Mn8-08 1.888(7) Mn$-N8§2 2.026(10)
Mn8—N41 2.055(10) Mn8-07 2.073(8) Mn8-N91 2.428(10) Mn8—Mn9 2.907(2)
Mn9-07 1.851(7) Mn9-09 1.899(7) Mn9-08 1.914(8) Mn9-N62 2.101(10)
Mn9-N72 2.257(10) Mn9-N102 2297(11) Mn10-09 1.863(8) Mn10-012 1.867(7)
Mn10-0O11 1.960(7) Mn10-010 1.978(9) Mn10-N71 2.092(11) Mn10-O8M 2.121(10)
Mn10-Mn17 3.000(3) Mn11-013 1.904(9) Mn11-08 1.921(8) Mn11-010 1.942(8)
Mnl11-N92 2.035(10) Mnl11-014 2.121(7) Mn11-N8&3 2.408(10) Mn11-Mn13 2.949(3)
Mn12-F5 1.804(9) Mn12-013 1.876(10) Mn12-N131 2.045(12) Mn12-N93 2.080(11)
Mn12-015 2.129(7) Mn12-09M 2.197(12) Mn13-N12B 1.85(2) Mn13-013 1.915(9)
Mn13—-017 1.921(9) Mn13—-010 2.005(9) Mn13—-016 2.031(8) Mn13—-N132 2.090(13)
Mn13—-N122 2.37(2) Mn13—Mnl5 2.946(3) Mn14-F¢’ 1.792(13) Mn14-F6 1.837(13)
Mn14-017 1.865(11) Mn14-N121 1.925(17) Mn14-N171 2.042(13) Mn14-012 2.123(9)
Mnl14-N12A 2.18(2) Mn14—010M 2.490(18) Mn15-017 1.891(9) Mnl15—016 1.915(9)
Mn15-018 1.919(7) Mn15-N172 1.992(13) Mn15-011 2.146(8) Mn15-N181 2.458(12)
Mn16-019 1.863(8) Mnl16-015 1.881(7) Mnl6-016 1.969(9) Mnl16-014 1.979(7)
Mn16—O11M 2.093(10) Mn16—N141 2.108(11) Mn16—Mn17 2.993(3) Mn17-09 1.968(7)
Mn17-019 1.989(8) Mn17-014 2.101(8) Mn17-011 2.140(8) Mn17-N111 2.192(10)
Mn17-N101 2.234(10) Mn18—-020 1.850(7) Mn18—-019 1.888(7) Mn18—018 1.917(8)
Mn18—-N152 2.080(11) Mn18—-N142 2.259(11) Mn18—-N112 2.296(10) Mn18-Mn19 2.894(3)
Mn19-021 1.884(7) Mn19-018 1.889(7) Mn19-020 2.040(8) Mn19-N182 2.070(11)
Mn19-N161 2.080(12) Mn19-N173 2.377(13) Mn20-F7 1.844(8) Mn20—O13M 1.852(9)
Mn20-021 1.907(9) Mn20-N183 2.028(11) Mn20-O14M 2.222(11) Mn20—-O12M 2.464(9)
Mn20-Mn25 3.029(3) Mn21-020 1.836(8) Mn21-022 1.883(7) Mn21-024 1.909(8)
Mn21-N151 2.062(11) Mn21-023 2.142(6) Mn21-012M 2.443(9) Mn22-F8 1.816(9)
Mn22—-025 1.869(9) Mn22—-N19C 1.96(3) Mn22-N221 2.007(14) Mn22-N22A 2.05(2)
Mn22-022 2.106(7) Mn22-N192 2.114(17) Mn22-015M 2219(12) Mn23-F9 1.828(8)
Mn23—-016M 1.880(10) Mn23—-025 1.903(8) Mn23—-N191 1.913(16) Mn23—-023 2.112(7)
Mn23-0O17M 2.281(10) Mn23-N19B 2.32(3) Mn23-Mn24 3.009(3) Mn24—026 1.895(8)
Mn24-025 1.913(9) Mn24-024 1.926(8) Mn24—-N202 2.112(12) Mn24—-N22B 2.12(3)
Mn24-O16M 2.179(9) Mn24-N222 2.321(16) Mn24—Mn25 2.878(3) Mn25-026 1.871(9)
Mn25—-024 1.895(9) Mn25—-021 1.900(8) Mn25—-N212 2.099(12) Mn25-013M 2.175(9)
Mn25-N162 2226(12) Mn26-F10 1.814(8) Mn26-026 1.870(8) Mn26-N201 2.050(12)
Mn26—N211 2.054(12) Mn26—0O18M 2.172(10) Mn26—O19M 2.177(10)

mined by means of charge balance considerations, bond
length analysis and bond valence sum (BVS) calculations
(Table 3). All twenty six Mn ions are Mn'"" ions. This is sup-
ported by the BVS analysis and the presence of Jahn-Teller
elongation axes at each metal centre. Of the twenty us-
bridging single ions, sixteen give BVS values equal to 2 and
were assigned as O?". Two (O11, O14) give BVS values
equal to 1, and were assigned as OH™. The remaining two
ions (010, O16) give intermediate BVS values of approxi-
mately 1.5, and bond lengths in the range 1.978-2.031 A.
These ions were assigned as half OH™ and half O*". Of the
six p,-bridging single ions, four give BVS values equal to 1
and were assigned as OH™. However, two (06, 023) give
intermediate values of approximately 0.6 and have bond
lengths of the range 2.112-2.147 A. Therefore, these were
assigned as half OH™ and half H,O. The ten terminal single
ions all give BVS values close to 1, and both the observed
bond lengths and F analysis indicate the presence of ten F~
ions. Therefore, the formula is given as
[Mny,0,,(OH)s(OMe),Fy(bta),(MeOH),4(H,0),], but it ap-
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pears that the H* ions may be delocalised around the com-
plex. While the core of 1 shows little disorder, three of the
twenty-two bta~ ligands have two components, while anoth-
er ten have displacement parameters that indicate the pres-
ence of disorder. Thus, the coordination environments
around many of the Mn'™ centres have an element of disor-
der associated with them.

The structure of [Mn",,O¢(OH),(bta)y(py)sFs] (2) is
shown in Figure 2 (top), the crystal data are given in Table 1
and selected bond lengths and angles are given in Table 4.
The core of the decametallic structure of 2 can be described
as a “supertetrahedron”, consisting of a tetrahedral array of
Mn™ ions (Mn1, Mn5, Mn7 and Mn9), with Mn™ ions Mn2,
Mn3, Mn4, Mn6, Mn8 and Mnl0 capping each edge
(Figure 2, middle). The Mn ions comprising the tetrahedron
are each bonded to three edge-capping Mn ions through
one s-oxide (O1, O5, O6 and O7) and one p,-fluoride
bridge (F5—F8). The F bridges are all asymmetric and dis-
play one short (~1.86 A) and one long (~2.1-2.14 A) bond,
as a consequence of at least one Mn—F bond lying on a

— 5183
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Table 3. Bond valence sum calculations for complex 1.
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remaining four ps-bridges (02,

Atom Mn" Mn!! Mn'Y Atom Mn! Mn!! MnV O3, O4 and O8) show an inter-
Mnl 3350 3112 3212 Mn14 2.979 2.867 2850 ~mediate charge of approxi-
Mn2 3.291 3.055 3.133 Mnl5 3.267 3.036 3.110 mately 1.57. To satisfy the
Mn3 3.207 2.978 3.055 Mnl6 3.545 3.250 3.390 Charge balance7 thlS leads to
Mn4 3.277 2.994 2.893 Mnl17 2.839 2.753 2.791 . .
Mn5 3.400 3.170 3.287 Mn18 3.341 3.118 3.173 ais1gnment of the Ho brldges as
Mn6 3423 3162 3.093 Mn19 3.243 3.036 3073 F ions (FS‘Fé)’ four of the
Mn7 3.198 2.945 3.047 Mn20 3.207 2.955 3.088  Ms-bridges as O (01, O35, O6
Mn8 3.293 3.072 3.128 Mn21 3.309 3.057 3.160 and 07) with the remaining
Mn9 3.294 3.073 3.128 Mn22 3.400 3.170 3.264 four pq-bridges assigned as half
Mn10 3.479 3.300 3.433 Mn23 3.330 3.064 3.210 _ 7 5
Mnl1 3.143 2.942 3.018 Mn24 3.227 2.991 3.073 OH", half O (02’ 03, O4
Mn12 3.305 3.072 3.149 Mn25 3.349 3.110 3190 and O8). BVS analyses suggest
Mn13 3.472 3.233 3.229 Mn26 3.305 3.071 3167 that O3 is almost certainly
Atom BVS Assignment Atom BVS Assignment OH™; however, because all
O3M 0935 MeO- 06 0.638 OH /1,0 four of these ions are related
04M 0.889 MeO~ 05 0.993 OH~ by symmetry (non-crystallo-
oM 0.309 MeO/MeOH 023 0.631 OH/H,0 graphic)—each bonds in a ps-
8}21\4 O-gzg Megf 8?? 0322 8H7 fashion to three of the four
M 0. MeO~ 0. H- o 2
O12M 0.295 MeO /MeOH 012 0.988 OH~ edg? caps ,a, half-O™, ha,lf
OH" description for all four is
o1 1.944 o o7 1.814 o> perhaps more accurate. Addi-
02 1771 o (O} 1.765 o> tional evidence for this assign-
2 2
03 1.817 o 09 1.768 O ment comes from the fact that
04 1.810 o 010 1.567 O*/OH~ h of th . fall th
ol 1.127 OH~ 017 1.849 o> cach ot these 1ons fais on the
013 1.815 o+ 018 1784 o Jahn-Teller axis of a Mn"" ion.
014 1.155 OH~ 019 1.759 o* It is unusual for O*" ions to
016 1.486 Oj/OHf 020 1.825 027 fall on Jahn-Teller axes as
021 1.820 o~ 025 1.833 (05 .
04 1752 o o026 Loo0 o these are characterised by
much longer bond lengths.
F1 0.641 F- F6 0.573 F- The structure of the anion of
P2 0.569 P F7 0561 P [NHELL[Mn,O(bta)y(F);] (3)
E3 0.616 F F8 0.611 F is shown in Figure 3, the crys-
F4 0.617 F F9 0.588 F tal dat 5 in Table 1
F5 0.633 F F10 0.614 F- al data are given 1n lable

Jahn-Teller axis. The edge-capping metal centres are
bonded to each other by a combination of ps;-oxides and ps-
hydroxides. The OH™ ions (02, O3, O4 and O8) only bridge
between the edge-capping centres. Each bta™ ion bridges be-
tween apex and edge-capping Mn'" centres in a p,-fashion,
while each pyridine ligand bonds terminally. The coordina-
tion at each apical Mn™ ion is completed by a terminal fluo-
ride ion (F1-F4). These F~ ions form hydrogen bonds to
water molecules in the lattice, which in turn form hydrogen
bonds to the MeOH molecules of solvation, which also form
hydrogen bonds to the btaH molecule of crystallisation.
Each Mn centre displays a distorted octahedral geometry,
with the expected Jahn-Teller -elongations (Figure 2,
bottom). The oxidation states of the Mn ions were deter-
mined by bond lengths, charge balance considerations and
BVS calculations (Table 5). These clearly indicate that all
the Mn ions are in the 3+ oxidation state. Identification of
the inorganic bridges was also investigated by BVS analysis.
Elemental analysis showed the presence of eight F~ ions,
four of which bond terminally. Thus four of the remaining
W or ps-bridges must be F~ ions. BVS calculations (Table 5)
show that each p,-bridge has a charge of 17; four of the us-
bridges (O1, O5, O6 and O7) have a charge of 27, but the
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and selected bond lengths and
angles are given in Table 6.
The [Mn;O(bta)¢(F);]*~ anion
in 3 consists of three Mn™ centres arranged in a triangle,
linked by one central ps-oxide (O3). Each p,-bta™ ligand
bridges two Mn centres along one edge of the triangle. The
coordination at each metal centre is completed by a termi-
nal fluoride ion (F1-F3). The Mn™ ions are in Jahn-Teller
distorted octahedral geometries, but the Jahn-Teller axes
are not co-parallel, defined by N2-Mn1-N5, N17-Mn2-N14
and N8-Mn3-N11. The angles around the central O*~ range
from 119.3-120.6°. Despite each edge of the triangle having
the same bridges, the {Mn;O} unit tends towards being isos-
celes with the Mn3—Mnl and Mn3—Mn2 distances being
3.260 A in length with the Mn1—Mn2 distance slightly short-
er at 3226 A. The MeOH solvent molecules are hydrogen-
bonded to either an unbound N atom of a bta™ ligand (e.g.,
N18-01, 2.737 A) or to the cation (e.g., N20—O1, 2.695 A).

The oxidation states of the Mn ions were determined by a
combination of bond lengths (the observed Jahn-Teller
elongations), charge balance considerations and bond va-
lence sum (BVS) calculations.

Magnetic susceptibility studies: The magnetic properties of
complex 1 were investigated by solid-state magnetic suscep-
tibility () measurements in the 5-300 K temperature range

www.chemeurj.org Chem. Eur. J. 2004, 10, 5180—5194
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Figure 2. Top: Structure of complex 2. Middle: The “supertetrahedral”
metallic core in 2. Bottom: Core of complex 2 showing the positions of
the Jahn-Teller axes.

and in a DC field of 1 T (Figure 4, top). The room-tempera-
ture yy7T value of approximately 55 cm®Kmol™' is below
that expected for 26 non-interacting Mn™ ions
(78 cm®*Kmol ™), which indicates the presence of strong an-
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tiferromagnetic interactions, even at 300 K. The value then
drops slowly with decreasing temperature to a value of
~30 cm’Kmol ™! at 50 K. Below 50 K, yyT decreases more
sharply to a value of ~15cm’Kmol™" at 5.0 K. This behav-
iour is consistent with overall antiferromagnetic exchange
interactions between the Mn'™ centres with a non-zero spin
ground state, with the low-temperature value indicating an
S=4 or 5 spin ground state.

To determine the spin ground state value for complex 1,
magnetisation measurements were carried out in the range
1.8-4K and 0.1-0.5T (0.1, 0.2, 0.3, 0.4 and 0.5 T, Figure 4,
bottom). The data were fit by a matrix-diagonalisation
method (with the program MAGNET!™) to a model that as-
sumes only the ground state is populated, includes axial
zero-field splitting (DS,?) and carries out a full powder aver-
age. The best fit gave S=4, g=2.0 and D =—-0.9 cm'. When
fields up to 7 T were employed, a poorer quality fit was ob-
tained. This behaviour is characteristic of low-lying excited
states with S values greater than the ground state of S=4.
Low-lying excited states are a common problem in large
clusters,” and the use of only low-field data in the fits helps
to avoid this problem and provides more reliable results.

The energy barrier (U) for the relaxation of magnetisation
for an integer spin system with S=4 and D=-0.9cm™! is
given by $*|D|=145cm™ or 20.9K. In order to probe
whether 1 acts as an SMM, AC susceptibility measurements
were performed in the 1.8-8 K temperature range in a 3.5 G
AC field oscillating at 50-1000 Hz. Frequency-dependent
AC susceptibility signals are seen below ~3 K, but no peaks
are observed (Figure 5). The magnitude of the in-phase y'yT'
versus T signals at >3 K supports a spin ground state of S=
4. This strongly suggests that 1 exhibits SMM behaviour. To
determine whether 1 is an SMM, low-temperature magnetic
measurements were performed on single crystals with a
micro-SQUID instrument equipped with three orthogonal
field coils that allowed the applied magnetic field to be
turned in all directions."

Hysteresis loops were measured on a single crystal of 1
with the field applied along the easy axis of magnetisation.
Below 1.2 K, hysteresis loops were observed in magnetisa-
tion versus field studies. Their coercivities increased with de-
creasing temperature at a sweep rate of 0.14 Ts™! (Figure 6).
The loops do not show the steplike features usually associat-
ed with quantum tunnelling of magnetisation (QTM), but
appear to be typical for a cluster with a distribution of
energy barriers. The steps may be present, but they broad-
ened out owing to the inherent disorder associated with the
crystal of 1, resulting in a distribution of Mn'" environments.
These observations have been reported for other large
SMMs.[ Relaxation data at very low temperatures were de-
termined from DC relaxation-decay measurements
(Figure 7, top). The procedure used to obtain these curves
was the following: 1) a strong field was applied in order to
saturate the magnetisation M to M, and 2) the external field
was suddenly set to zero. This defined the time r=0s, and
M was measured as a function of time. The relaxation in
crystals of SMMs is often very complicated and leads to
non-exponential relaxation laws. The M/M; versus t curves
of Figure 7 (top) could not be fitted by a simple law, such as
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Table 4. Selected interatomic distances [A] and angles[°] for 2.

Mnl1-O1 1.863(4)  Mnl-Fl 1.814(4) Mn1-F5 2.126(5) Mnl1-N12 2.055(7)
Mn1-N21 2.006(7)  Mnl-N91 2.248(8) Mn2-Mn4 29214(15)  Mn2-Ol 1.871(4)
Mn2-02 2.165(5)  Mn2-03 1.921(4) Mn2-F6 1.859(3) Mn2-N11 2.059(6)
Mn2-N101 2245(6)  Mn3-Mn6 2.8933(14)  Mn3-02 1.916(5) Mn3-04 2.152(4)
Mn3-05 1.871(5)  Mn3-F5 1.867(4) Mn3-N31 1.866(14) Mn3-N31' 2.200(12)
Mn3-N111 2274(8)  Mn4-Mn8 2.8695(17)  Mn4-O1 1.916(5) Mn4—03 2.087(4)
Mn4—04 2.000(5)  Mn4-06 1.905(5) Mn4-N22 2.118(6) Mn4—-N42 2.079(7)
Mn5-07 1871(4)  MnS5-F2 1.816(4) Mn5-F6 2.139(3) Mn5-N51 2.021(6)
Mn5-N62 2060(6)  Mn5-N121 2.316(13) MnS5-NI12A 2.301(8) Mn6-Mn10 2.8874(14)
Mn6-02 2028(4)  Mn6-05 1.904(5) Mn6-07 1.915(5) Mn6-08 2.046(4)
Mn6-N52 2.117(6)  Mn6-N72 2.113(6) Mn7-05 1.873(5) Mn7-F3 1.813(5)
Mn7-F7 2.126(4)  Mn7-N32 2.228(17) Mn7-N32/ 1.982(11) Mn7-N71 2.027(6)
Mn7-N131 2257(6)  Mn8-O4 1.904(5) Mn8-06 1.864(5) Mn8—08 2.195(4)
Mn8—F7 1.862(4)  Mn8-N8I 2.044(6) Mn8-N141 2.309(7) Mn8-N14A 2.221(12)
Mn9-06 1.872(4)  Mn9-F4 1.801(4) Mn9-F8 2.103(3) Mn9-N41 2.023(7)
Mn9-N8§2 2.068(6)  Mn9-N151 2.261(6) Mn10-03 2.186(4) Mn10-07 1.869(4)
Mn10-08 1.891(4)  Mnl0-F8 1.856(3) Mn10-N61 2.029(5) Mn10-N161 2.284(5)
01-Mnl1-F1 175.1(2) O1-Mnl1-F5 88.14(18) 01-Mn1-N12 86.5(2) 01-Mn1-N21 88.1(2)
01-Mn1-N91 99.2(2) F1-Mnl-F5 87.0(2) F1-Mn1-N12 93.3(2) F1-Mn1-N21 923(2)
F1-Mn1-N91 85.6(3) F5-Mn1-N12 87.8(2) F5-Mn1-N21 93.7(2) F5-Mn1-N91 171.7(2)
N12-Mn1-N21 174.3(2) N12-Mn1-N91 88.7(3) N21-Mn1-N91 90.5(3) Mn4-Mn2-O1 40.09(14)
Mn4-Mn2-O2 83.29(12) Mn4-Mn2-O3 45.48(12) Mn4-Mn2-F6 141.06(11) Mn4-Mn2-N11 125.87(19)
Mn4-Mn2-N101 97.16(14)  0O1-Mn2-02 94.61(19) 01-Mn2-03 84.46(18) 01-Mn2-F6 177.3(2)
O1-Mn2-N11 87.7(2) 0O1-Mn2-N101 90.2(2) 02-Mn2-03 86.25(17) 02-Mn2-F6 88.05(17)
02-Mn2-N11 89.8(2) 02-Mn2-N101 172.99(17) 03-Mn2-F6 96.23(16) 03-Mn2-N11 170.9(2)
03-Mn2-N101 89.10(18) F6-Mn2-N11 91.8(2) F6-Mn2-N101 87.24(19) N11-Mn2-N101 95.6(2)
Mn6-Mn3-02 4435(14)  Mn6-Mn3-O4 84.50(11) Mn6-Mn3-05 40.38(15) Mn6-Mn3-F5 139.69(17)
Mn6-Mn3-N31 133.4(4) Mn6-Mn3-N31" 121.8(3) Mn6-Mn3-N111 99.0(2) 02-Mn3-04 87.05(18)
02-Mn3-05 83.7(2) 02-Mn3-F5 95.7(2) 0O2-Mn3-N31 177.6(4) 0O2-Mn3-N31" 165.6(4)
02-Mn3-N111 91.4(3) 04-Mn3-0O5 95.21(19) 0O4-Mn3-F5 89.00(18) 04-Mn3-N31 93.6(3)
04-Mn3-N31’ 87.4(3) 04-Mn3-N111 173.1(3) O5-Mn3-F5 175.7(2) 0O5-Mn3-N31 93.9(5)
05-Mn3-N31' 83.6(4) 05-Mn3-N111 91.3(2) F5-Mn3-N31 86.6(5) F5-Mn3-N31" 97.5(4)
F5-Mn3-N111 84.5(2) N31-Mn3-N31' 12.6(5) N31-Mn3-N111 88.3(4) N31-Mn3-N111 95.6(3)
Mn2-Mn4-Mn8 114.98(4) Mn2-Mn4-O1 38.97(12) Mn2-Mn4-O3 41.03(11) Mn2-Mn4-O4 93.47(14)
Mn2-Mn4-O6 133.88(13) Mn2-Mn4-N22 122.63(19) Mn2-Mn4-N42 101.09(18) Mn8-Mn4-O1 136.77(15)
Mn8-Mn4-O3 92.31(12) Mn8-Mn4-O4 41.40(14) Mn8-Mn4-O6 39.90(13) Mn8-Mn4-N22 102.9(2)
Mn8-Mn4-N42 123.49(19) 0O1-Mn4-0O3 78.98(17) 0O1-Mn4-0O4 97.6(2) O1-Mn4-06 172.73(18)
O1-Mn4-N22 84.0(2) O1-Mn4-N42 98.6(2) 03-Mn4-04 98.47(17) 03-Mn4-06 94.28(17)
03-Mn4-N22 162.5(2) 03-Mn4-N42 87.67(19) 04-Mn4-06 80.56(19) 04-Mn4-N22 87.6(2)
04-Mn4-N42 163.5(2) 06-Mn4-N22 102.9(2) 0O6-Mn4-N42 83.7(2) N22-Mn4-N42 91.02)
O7-Mn5-F2 17625(17)  O7-MnS-F6 89.00(16) O7-Mn5-N51 87.5(2) O7-Mn5-N62 86.48(19)
O7-Mn5-N121 92.1(3) O7-Mn5-N12A 99.5(2) F2-Mn5-F6 87.26(16) F2-Mn5-N51 92.6(2)
F2-Mn5-N62 93.3(2) F2-Mn5-N121 91.7(3) F2-Mn5-N12A 84.2(2) F6-Mn5-N51 92.78(19)
F6-Mn5-N62 86.23(16)  F6-Mn5-N121 178.4(3) F6-Mn5-N12A 167.2(2) N51-Mn5-N62 174.0(2)
N51-Mn5-N121 86.1(4) N51-Mn5-N12A 97.2(2) N62-Mn5-N121 95.0(4) N62-Mn5-N12A 84.7(2)
N121-Mn5-N12A 13.1(3) Mn3-Mn6-Mn10 114.66(4) Mn3-Mn6-O2 41.33(14) Mn3-Mn6-05 39.54(15)
Mn3-Mn6-O7 136.90(13)  Mn3-Mn6-O8 91.85(11) Mn3-Mn6-N52 102.80(17) Mn3-Mn6-N72 122.70(17)
Mn10-Mn6-O2 9391(13)  Mn10-Mn6-O5 134.05(14) Mn10-Mn6-O7 39.67(12) Mn10-Mn6-O8 40.76(12)
Mn10-Mn6-N52 12272(18)  Mn10-Mn6-N72 101.79(17) 02-Mn6-05 79.9(2) 02-Mn6-07 97.90(19)
02-Mn6-08 98.58(17)  O2-Mn6-N52 86.7(2) 02-Mn6-N72 162.3(2) 05-Mn6-07 173.48(18)
05-Mn6-08 94.74(18)  O5-Mn6-N52 102.5(2) 05-Mn6-N72 833(2) 07-Mn6-08 79.46(17)
07-Mn6-N52 83.4(2) O7-Mn6-N72 99.4(2) 08-Mn6-N52 162.6(2) 08-Mn6-N72 88.3(2)
N52-Mn6-N72 91.5(2) 05-Mn7-F3 1783(2) 05-Mn7-F7 90.22(19) 05-Mn7-N32 79.5(5)
05-Mn7-N32 91.7(4) 05-Mn7-N71 87.4(2) 05-Mn7-N131 94.8(2) F3-Mn7-F7 88.09(19)
F3-Mn7-N32 100.4(5) F3-Mn7-N32/ 88.1(4) F3-Mn7-N71 92.8(2) F3-Mn7-N131 86.8(2)
F7-Mn7-N32 87.0(3) F7-Mn7-N32' 85.9(2) F7-Mn7-N71 92.9(2) F7-Mn7-N131 172.7(2)
N32-Mn7-N32' 12.3(5) N32-Mn7-N71 166.9(5) N32-Mn7-N131 88.6(3) N32-Mn7-N71 178.5(3)
N32'-Mn7-N131 88.6(3) N71-Mn7-N131 92.6(2) Mn4-Mn8-O4 44.02(14) Mn4-Mn8-O6 40.96(14)
Mn4-Mn8-O8 84.18(12) Mn4-Mn8-F7 140.67(14) Mn4-Mn8-N81 126.49(18) Mn4-Mn8-N141 104.46(19)
Mn4-Mn8-N14A 91.5(3) 04-Mn8-06 84.2(2) 04-Mn8-08 84.95(17) 04-Mn8-F7 97.2(2)
04-Mn§-N81 170.4(2) 04-Mn8-N141 97.2(2) 04-Mn8-N14A 86.1(4) 06-Mn8-08 95.52(18)
06-Mn8-F7 177.8(2) 06-Mn8-N81 86.7(2) 06-Mn8-N141 94.8(2) 06-Mn8-N14A 86.6(3)
08-MnS8-F7 86.38(16)  OS8-MnS8-N81 93.1(2) 08-Mn8-N141 169.6(2) 08-Mn8-N14A 170.6(3)
F7-Mn8-N81 92.1(2) F7-Mn8-N141 83.3(2) F7-MnS8-N14A 91.7(3) N81-Mn8-N141 86.4(3)
N81-Mn8-N14A 96.2(4) N141-Mn8-N14A 13.2(4) 0O6-Mn9-F4 176.98(19) 0O6-Mn9-F8 89.94(16)
06-Mn9-N41 87.3(2) 06-Mn9-N8§2 85.4(2) 06-Mn9-N151 94.7(2) F4-Mn9-F8 87.18(16)
F4-Mn9-N41 93.9(2) F4-Mn9-N82 93.5(2) F4-Mn9-N151 88.1(2) F8-Mn9-N41 95.48(19)
F8-Mn9-N8§2 84.79(19) F8-Mn9-N151 172.7(2) N41-Mn9-N8§2 172.6(2) N41-Mn9-N151 90.4(2)
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Table 4. (Continued)
N82-Mn9-N151 89.9(2) Mn6-Mn10-O3 83.44(11) Mn6-Mn10-O7 40.87(14) Mn6-Mn10-O8 44.95(13)
Mn6-Mn10-F8 140.99(12) Mn6-Mn10-N61 127.24(15) Mn6-Mn10-N161 98.06(13) 03-Mn10-O7 95.71(16)
03-Mn10-O8 85.12(17) 0O3-Mn10-F8 86.50(15) 0O3-Mn10-N61 91.59(18) 0O3-Mn10-N161 168.04(18)
O7-Mn10-O8 84.76(19) O7-Mn10-F8 177.44(17) O7-Mn10-N61 88.1(2) O7-Mn10-N161 93.06(18)
0O8-Mn10-F8 96.74(17) 0O8-Mn10-N61 171.8(2) 0O8-Mn10-N161 87.61(19) F8-Mn10-N61 90.54(18)
F8-Mn10-N161 84.94(17) N61-Mn10-N161 96.81(19)
Mn1-O1-Mn2 125.5(2) Mn1-O1-Mn4 124.7(3) Mn2-O1-Mn4 100.93(19) Mn2-02-Mn3 128.02)
Mn2-02-Mn6 1242(2) Mn3-02-Mn6 94.3(2) Mn2-O3-Mn4 93.48(16) Mn2-03-Mn10 127.71(19)
Mn4-03-Mn10 125.1(2) Mn3-04-Mn4 124.3(3) Mn3-04-Mn8 129.3(2) Mn4-04-Mn8 94.58(19)
Mn3-O5-Mn6 100.1(2) Mn3-O5-Mn7 124.9(2) Mn6-O5-Mn7 125.5(3) Mn4-O6-Mn8 99.14(19)
Mn4-06-Mn9 124.6(3) Mn8-06-Mn9 126.3(2) Mn5-O7-Mn6 125.1(2) Mn5-0O7-Mn10 125.1(2)
Mn6-0O7-Mn10 99.5(2) Mn6-08-Mn$ 125.8(2) Mn6-08-Mn10 94.28(19) Mn8-08-Mn10 128.0(2)
Mn1-F5-Mn3 138.4(2) Mn2-F6-Mn5 139.0(2) Mn7-F7-Mn8 137.5(2) Mn9-F8-Mn101 39.1518
Table 5. Bond valence sum calculations for complex 2. mation #/z(T). This leads to the
Atom Mn" Mn"™ Mn" Atom Mn" Mn™ Mn"™  scaling plot of M(t) versus
Mnl 3.330 3.153 3.263 Mn6 3.288 3.058 3127 t/t(T) shown in Figure7
Mn2 3.307 3.062 3.192 Mn7 3.278 3.058 3.174 (bottom)_ This scaling analysis
Mn3 3.392 3.145 3.267 Mn8 3.327 3.052 3.181 allows ‘L’(T) to be determined
Mn4 3.319 3.283 3.155 Mn9 3.352 3.062 3.247 ithout ki ticul
Mn5 3.269 3.052 3.162 Mn10 3367 3.118 3249 ~ WIHhoOUul making any particuiar
- - assumption about the relaxa-
Atom BVS Assignment Atom BVS Assignment .
- - tion law, and allows the mean
Ol 2072 027 B 05 2.073 027 relaxation time 7(7) to be ex-
02 1.406 O“/OH 06 2.089 O d. A fit of th d
03 1.259 O*/OH- o7 2.062 o> tracted. %t of these data to
04 1475 0% /OH" 08 1.408 OH /0> the Arrhenius Law [Eq. (1),
Figure 8] gave an effective
F5 0.986 F F7 0.996 F mean barrier for the reversal
F6 0.991 F F8 1.028 F

Figure 3. Left: Structure of complex 3. Right: Side view indicating the positions of the Jahn-Teller axes.

exponential, stretched exponential, square root, and so
forth. To extract the temperature dependence of the mean
relaxation time 7(7), we used a single scaling function
f(t/t(T)).Y! The master function f(x) is such that f(t=0)=M
and f(t=e0)=0. All the data points of the relaxation meas-
urements between 0.04 and 1.2K and between r=2 and
1000 s are scaled on a single master curve using the transfor-
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of magnetisation of approxi-
mately 15K and a pre-expo-
nential factor of 7,=3x107"’s.

T=T1, exp(Ueff/kT) (1)

Below ~0.2 K, the relaxa-
tion rates become independent
of temperature, which strongly
suggests the presence of QTM
in the ground state. The exper-
imentally derived U, value of
15 K is comparable to the the-
oretical value (U=20.9K).
Indeed, U is expected to be
larger than U, because the re-
versal of magnetisation has
two components: 1) thermally
activated relaxation over the
barrier and 2) quantum tunnel-
ling of magnetisation (QTM)
through the barrier.

The magnetic properties of
complex 2 were investigated by solid-state magnetic suscept-
ibility (y,) measurements in the 5-300 K temperature range
in a DC field of 1 T. (Figure 9). The room temperature yyT
value of ~21 cm*Kmol™' K, which is below that expected
for ten noninteracting S=2 centres (~30 cm*Kmol "), drops
slowly to a value of 12cm®*Kmol™! at 50K, and then de-
creases more rapidly to 5.4 cm’Kmol ™' at 5 K. These data
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Table 6. Interatomic distances[A] and angles [°] for 3.

F1-Mn2 1.8108(14) F2—Mnl 1.8072(14) F3—Mn3 1.8049(14) Mn1-03 1.8741(17)
Mnl1-N12 1.996(2) Mnl1-N16 2.022(2) Mnl1-N5 2.305(2) Mn1-N2 2.334(2)
Mn1—Mn2 3.2259(6) Mn2-03 1.8635(16) Mn2—N7 2.003(2) Mn2—-N3 2.024(2)
Mn2—-N14 2.295(2) Mn2—-N17 2.372(2) Mn3-03 1.8894(16) Mn3—-N13 2.011(2)
Mn3—N4 2.012(2) Mn3—N11 2.317(2) Mn3—N8 2.362(2)
F2-Mn1-03 178.80(7) F2-Mn1-N12 92.43(8) 0O3-Mn1-N12 86.72(8) F2-Mnl1-N16 91.83(8)
0O3-Mnl-N16 88.98(8) N12-Mn1-N16 175.07(8) F2-Mn1-N5 99.13(7) 0O3-Mnl1-N5 81.73(7)
N12-Mn1-N5 89.94(8) N16-Mn1-N5 91.83(8) F2-Mn1-N2 96.46(7) 0O3-Mn1-N2 82.68(7)
N12-Mn1-N2 89.24(8) N16-Mn1-N2 87.82(8) N5-Mn1-N2 164.41(8) F2-Mn1-Mn2 149.63(5)
0O3-Mn1-Mn2 30.24(5) N12-Mn1-Mn2 105.83(6) N16-Mn1-Mn2 69.26(6) N5-Mn1-Mn2 104.83(5)
N2-Mn1-Mn2 60.56(5) F1-Mn2-0O3 179.39(7) F1-Mn2-N7 92.75(8) 0O3-Mn2-N7 87.00(8)
F1-Mn2-N3 91.45(8) 0O3-Mn2-N3 88.81(8) N7-Mn2-N3 175.59(8) F1-Mn2-N14 96.76(7)
0O3-Mn2-N14 82.68(7) N7-Mn2-N14 88.11(8) N3-Mn2-N14 92.73(8) F1-Mn2-N17 98.95(7)
0O3-Mn2-N17 81.60(7) N7-Mn2-N17 88.89(8) N3-Mn2-N17 89.13(8) N14-Mn2-N17 164.12(8)
F1-Mn2-Mn1 150.15(5) 0O3-Mn2-Mnl 30.43(5) N7-Mn2-Mnl 107.12(6) N3-Mn2-Mnl 68.49(6)
N14-Mn2-Mn1 105.74(5) N17-Mn2-Mn1 60.44(5) F3-Mn3-03 179.89(8) F3-Mn3-N13 91.43(8)
0O3-Mn3-N13 88.67(8) F3-Mn3-N4 91.61(8) 0O3-Mn3-N4 88.29(8) N13-Mn3-N4 176.90(8)
F3-Mn3-N11 99.67(8) 0O3-Mn3-N11 80.35(8) N13-Mn3-N11 92.09(8) N4-Mn3-N11 88.00(8)
F3-Mn3-N8 100.18(8) 0O3-Mn3-N8 79.80(8) N13-Mn3-N8§ 87.26(8) N4-Mn3-N§ 91.60(8)
N11-Mn3-N8 160.15(7) Mn2-O3-Mnl 119.33(8) Mn2-O3-Mn3 120.59(9) Mn1-O3-Mn3 120.07(9)
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Figure 4. Top: Magnetic susceptibility data for 1, plotted as y\T versus 7.
Bottom: Magnetisation data for 1, plotted as reduced magnetisation
(MIN,,) versus H/T.

strongly indicate antiferromagnetic exchange interactions
between the Mn' ions, leading to a small spin ground spin
state, possibly S=0. To determine the value of the spin
ground state, magnetisation measurements were carried out
at 1.8-4 K and 0.1-7 T. Attempts to fit the data (using the
same procedure as above) resulted in poor quality and unre-
liable fits (Figure S1 in the Supporting Information). This is
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Figure 5. Plots of the in-phase (x),) signal as y,,7 and out-of-phase (yy,
signal in AC susceptibility studies versus 7 for complex 1.

probably attributable to the presence of low-lying excited
states, which are a common problem with large cluster ag-
gregates. In this case, they may result from the presence of
bridging fluorides that are expected to promote weak ex-
change interactions between the metal centres. Variable-
temperature AC susceptibility experiments were performed
over the temperature range of 1.8-8 K at frequencies of 50—
1000 Hz, with zero applied DC magnetic field and a 3.5 G
oscillating AC magnetic field. Extrapolation of the in-phase
susceptibility plot suggests a low ground-spin state close to
zero (Figure S2 in the Supporting Information). In addition,
no frequency-dependent AC signals are seen. The above
data suggest complex 2 probably possesses an S=0 spin
ground state with low-lying excited states.
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Figure 6. Magnetisation (M) of 1 (plotted as a fraction of the maximum
value M,) versus applied magnetic field (x,H.). The resulting hysteresis
loops are shown at different temperatures (top) and different field sweep
rates (bottom).

Solid-state DC magnetic susceptibility studies were per-
formed on 3 in the 5-300 K temperature range in a field of
1T. The room temperature y,7 value of approximately
8.8 cm®*Kmol™! (which is consistent with the spin-only value
for three noninteracting Mn™ ions; ~9 cm*Kmol™') drops
slowly with temperature, reaching a yy7 value of
~8cm®*Kmol™" at 125 K, before falling more sharply to a
value of ~2 cm*Kmol™! at 5K (Figure 10, top). These data
suggest dominant antiferromagnetic exchange interactions
between the Mn™ metal centres with a small spin ground
state. Complex 3 can be regarded as either an equilateral or
isosceles triangle, because there is only a small “distortion”
present in the triangle topology. Attempts to fit the data to
a one J model proved unsatisfactory, and a better replication
of the experimental data was found with a two J model that
employed the spin Hamiltonian shown in Equation (2), in
which J, represents the Mn3—Mnl and Mn3—Mn2
(3.260(6) A) exchange interaction parameter, and J, repre-
sents the Mn2—Mnl (3.226(6) A) exchange interaction
(Scheme 1).

H = —2[13(335’2) +Ja(‘§3‘§l) +Jb(S2S1)] (2)

Chem. Eur. J. 2004, 10, 5180-5194 www.chemeurj.org
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Figure 7. Top: Relaxation data for 1, plotted as fraction of maximum
value M, versus time. Bottom: Scaling of the relaxation of 1 to a master
curve.
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Figure 8. Arrhenius plot of 1 from DC decay data on a single crystal. Fit
of the data in the thermally activated region (—) and fit of the temper-
ature-independent data (-----).

The fit at high temperature (>20 K) to the experimental
auT data (Figure 10, top) suggests a ground state spin of S=
2 with the following parameters: g=2.00 and J,=
—5.01 em™, Jy=+9.16 cm™". Thus, the ground state spin S=
2 could be rationalised by considering two “spin-up” and
one “spin-down” Mn™ centres. The first excited state (S=3)
was predicted to be 30.1 cm™' above the ground state. At-
tempts to fit the data with different parameters (which in-
cluded generating an S=1 ground state with this model, see
below) resulted in much poorer fits.

In order to identify the ground state, magnetisation meas-
urements (M) were then carried out in the temperature
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Figure 9. Variable-temperature magnetic susceptibility data for 2, plotted
as yu1 versus T.

range 1.8-4.0 K in nine different external magnetic fields of
0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0T (Figure 10,
bottom). Although the data at the highest field and lowest
temperatures saturates at a M/N,, value of 3.2—only slightly
lower than the expected value of 4.0 for an S=2 ground
state with g=2.0—no satisfactory fit of the data could be
obtained. Clearly the presence of low-lying excited states is
responsible for this problem and as such no definite value
for the spin ground state can be obtained from the DC
measurements alone. Therefore, AC susceptibility experi-
ments were performed over the temperature range of 1.8
8K at frequencies of 50-1000 Hz, with zero applied DC
magnetic field and a 3.5 G oscillating AC magnetic field. Ex-
trapolation of the in-phase susceptibility (y,/T) plot suggests
a low ground-spin state, but one that is more consistent with
an S=1 ground state rather than an S=2 ground state (Fig-
ure S3 in the Supporting Information). The AC and DC
data thus confirm the presence of low-lying excited states
and hence the difficulty in fitting the DC data. The fitting
above [that used the Hamiltonian in Eq. (2)] suggests a fer-
romagnetic exchange between Mnl and Mn2. This result is
somewhat surprising, firstly, given that the two ions are
bridged by an O*" ion at an angle of approximately 119°
and secondly, because previous studies of {Mn;O} units have
indicated weak antiferromagnetic exchange,”” although
weak ferromagnetic exchange has been observed in mono-
oxo bridged Mn""-Mn"" dimers.””! Indeed, given the topolo-
gy we would expect complex 3 to be subject to some degree
of spin frustration. In order to address this problem, to iden-
tify the spin ground state and to gain more detailed under-
standing of the exchange interactions involved in 3, DFT
calculations were performed.

Noodleman’s broken symmetry approach has been widely
used to evaluate exchange interactions in metal com-
plexes®®! and a combination of the B3LYP functional with
Ahlrich’s basis set has been shown to yield good numerical
estimates of exchange interactions.>*® Recently, the evalua-
tion of exchange interactions in polynuclear metal com-
plexes has been formulated and tested on several bench-
mark systems.*! Here, we have performed density function-
al calculations on the anion of 3, [Mn;O(bta):F5]*", (in
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Figure 10. Top: Variable-temperature magnetic susceptibility data for 3
plotted as yy T versus T; (m) experimental; (—) experimental fit; (-----)
DFT fit. Bottom: Magnetisation data for 3, plotted as reduced magnetisa-
tion (M/N, ) versus H/T.
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Scheme 1. The exchange interactions present in 3.

which the counterions have been removed from the crystal
structure to reduce computational time) in order to calcu-
late the exchange interactions between the neighbouring
metal centres. The calculations were performed with the
GAUSSIANOS suite of programs.””! Ahlrich’s triple-zeta
basis set was used for the metal atoms and a double-zeta
basis set on the non-metals. To avoid convergence problems,
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Jaguar 5.0 was used to generate the initial guess, and this
was then transferred to Gaussian to proceed further. Con-
sidering the degree of accuracy needed for the evaluation of
energies of the spin configurations, single-point calculations
were performed with tight convergence criteria. In the pres-
ent case, the experimental fitting was carried out with two
non-equivalent exchange interactions (J,=-5.01 cm™' and
Jy=4+9.16 cm™), and so the DFT calculations have been
performed assuming the same exchange topology. The
energy differences between the calculated spin configura-
tions can be related to the exchange interactions by a pair-
wise interaction model.®™ The spin configurations
(ST1-ST3) used to calculate the energies are shown in
Figure 11. The relationship between the exchange interac-
tions and the energy difference is given in Equations (3) and

4):

| I

Mn,—— Mn,
/ Mn,——— M,
Mn, \M4
n3
ST1 ST2
Mn,——— M,
Mn,
ST3

Figure 11. The spin configurations (ST1, ST2, ST3) chosen to calculate
the exchange interactions.

Est—Esr
155 +s,  2h2h 3)
Esr1—Esrs _

155+, “)

In these equations S, and S, are the spins on the metal
centres, in this case §;=S,=2. Calculations yield J,=
—2.95cm™" and J,=—2.12 cm™'. This suggests that both in-
teractions are weakly antiferromagnetic, in contrast to the
experimental values in which J, is ferromagnetic. A compar-
ison of the experimental curve with the DFT calculated
values (Figure 10, top) gives a poorer fit in the high-temper-
ature region, but a better fit in the low-temperature region.
However, it is important to note that the theoretical calcula-
tions do not take account of the anisotropy arising from the
presence of Mn'" ions, which is likely to be important at
lower temperatures, especially given that the exchange inter-
actions are small. The DFT calculated values give a ground

Chem. Eur. J. 2004, 10, 5180-5194 www.chemeurj.org

state of S=0 with two S=1 states at 1.46 cm ' and 5.9 cm™!,
and an S=2 state at 6.1 cm™! above the ground state. This
helps to explain our inability to obtain a satisfactory fit of
the DC magnetisation data. The ground state of this mole-
cule can be changed from 0 to 2 by introducing small
changes in the exchange interaction J,. The ratio of J /J,
versus the Eigen values obtained for these exchange param-
eters is shown in Figure 12. For a value of J,// <1, the

h > N
/\\' '
|

ol /
5,=1

T T T T T T 1
05 10 15 20

Figure 12. Plot of calculated eigen values versus J,/J,, for 3.

ground state spin value varies from S=2 to S=1, for J/J,=
1 the ground state becomes S=0 and for J,/J,>1 the ground
state varies from S=0 to S=2. For the DFT calculated
values, the J,/J, ratio is found to be 1.37 and the ground
state is S=0. However, it is also clear from Figure 12 that
the energy levels are very closely separated for J,/J, > 1, and
the fact that the ground state depends on the ratio of J,/J,
reveals that a degree of spin frustration exists in the triangle.
At lower and higher values of J,/J, the degree of spin frus-
tration is minimal, giving rise to an =2 ground state that
can be accounted for by a simple pairwise exchange interac-
tion. At intermediate values of J,/J,, spin frustration causes
a net spin vector alignment, which cannot be accounted for
by considering a simple pairwise exchange interaction, and
the value of the ground state depends on the degree of spin
frustration. This kind of behaviour has been observed in
mixed valence (2xMn'", 1 xMn") manganese triangles.”

DFT-calculated spin densities can serve as a basis for un-
derstanding the nature of magnetic interactions and can be
used to explain the mechanism of the exchange operating in
a molecule.””** The DFT-computed spin densities for the
ST1 and ST2 configurations are shown in Table 7 and the
plotted spin density for the high spin state (ST1) is given in
Figure 13. The modulus of the spin densities on each manga-
nese atom is calculated to be >3.8 for both configurations,
indicating that the magnetic orbitals are centred on the
metals and that there is some unpaired spin density on the
ligands.

Starting at the atom with the highest unpaired spin densi-
ty (Mn in this case), a spin polarisation mechanism will
result in spin density of opposite sign in atoms bonded di-
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Table 7. DFT-computed spin densities on atoms for configurations ST1
and ST2.

Atom ST1 ST2

Mnl 3.836 3.812
Mn2 3.837 -3.793
Mn3 3.845 3.821
o3 0.013 0.001
F2 0.066 0.061
F1 0.065 —0.057
F2 0.064 0.060
N4 —0.035 —0.037
N5 0.046 0.046
N11 0.050 0.050
N12 —0.035 —0.036
N8 0.047 0.035
N7 —0.034 0.034
N13 —0.035 —0.034
N14 0.048 —0.037
N3 —0.033 —0.032
N2 0.043 —0.033
N17 0.046 0.035
N16 —0.033 0.034
N18 0.016 —0.016
C31 0.001 0.007
C36 0.003 —0.004
C35 —0.002 0.002
C34 0.006 —0.005
C33 —0.004 0.004
C32 0.012 —0.008

Figure 13. DFT-calculated spin density distribution for the spin configuration ST1.

rectly to it and the same sign for atoms that are two bonds
away. This alternation in sign is continued through the
bonds and attenuates with the distance from the primary
source of the unpaired spin density. In a spin delocalisation
mechanism, spin density of the same sign is generated on
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the directly bonded atom, as well as on atoms that are two
or more bonds away, and attenuates with distance from the
primary source of the unpaired spin density. The net spin
density (given in Table 7) at a particular atom is the sum of
the spin densities of each atomic orbital of that atom. The
net spin density results from the combination of the two
mechanisms and the sign of the net spin density is deter-
mined by the predominant mechanism (for a directly
bonded atom, a positive spin on the “source” atom will give
positive if spin delocalisation predominates and negative if
spin polarisation predominates). In Figure 13, a net spin
density that arises from a pure delocalisation mechanism is
represented in white, and a pure polarisation mechanism is
represented in black. If both mechanisms are operating on a
particular atom, this can be observed as a combination of
both colours.

The terminal fluoride ions have the same sign of the spin
density as the Mn atoms to which they are bound in both
ST1 and ST2; this indicates that the spin delocalisation
mechanism dominates. The total spin density on the ps-
oxygen atom is 0.013 for ST1 and 0.001 for ST2. This sug-
gests that the mechanisms of spin polarisation and delocali-
sation are competing here, as can be seen in Figure 13,
noting also that the spin densities on the remote carbon
atoms of the benzotriazolate rings are in the range 0.001-
0.012. In general, spin delocal-
isation attenuates with dis-
tance from the metal centre.
At a “two-atom” distance
from the metal centre spin al-
ternation appears (e.g., C33,
C34, C35, C36), and this re-
veals that spin polarisation is
the predominant mechanism
here.

There are two kinds of spin
density distribution observed
for the bridging nitrogen
atoms: a positive spin density
is found along one metal axis
(e.g., N2-Mn1-N5), with a neg-
ative spin density on the other
axis (e.g., N16-Mn1-N12). The
positive and the negative spin
densities arise from spin delo-
calisation and spin polarisa-
tion mechanisms, respectively.
Thus, spin delocalisation is ob-
served to dominate on the
Jahn-Teller axes of the Mn™
ions.

Considering that spin densi-
ty distribution in a molecule
with unpaired electrons results
from these two mechanisms, if the unpaired spin density is
in the metal & orbital (e.g., t,,), spin density on the ligands
may be negative due to spin polarisation—if spin delocalisa-
tion is very small. This is true for most electronegative
atoms, such as F and O. If the unpaired spin density is on
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the metal o orbital (e.g., e,), spin delocalisation is always
the predominant mechanism. In the present case, unpaired
spin density is found on both the m and o orbitals and,
hence, a competition between the two mechanisms occurs
on the most electronegative atoms, such as F and O. In the
case of the N atom, spin delocalisation predominates on the
o orbital (Jahn-Teller) axis and spin polarisation dominates
on the others.

The spin density distribution can be used to predict the
nature of interactions in metal clusters, although it is com-
plicated because both mechanisms operate; however, the
sign of the spin density is determined by the dominant
mechanism. This result shows that, in the case of a Jahn—
Teller distorted octahedral Mn'™ ion, the elongated axis will
favour a spin delocalisation mechanism.

Conclusion

This work shows that MnF; is an excellent precursor for the
synthesis of high nuclearity Mn™ clusters. It provides a
source of Mn™ without the need for oxidising Mn" species
or the use of the triangular [Mn;O(O,CR)4(L);]"* species.
Complexes 1-3 were all made from similar reactions, where-
by the identity of the cluster isolated is controlled by the
nature of the base added. Complex 1 is the first polymetallic
cage to be synthesised from MnF;, achieved by the simple
reaction between MnF; and btaH in hot MeOH. It is a rare
example of a Mn™ cluster predominantly composed of nitro-
gen-based bridging ligands. Complex 1 is the third largest
Mn cluster, and the third largest cluster to exhibit SMM be-
haviour. Complex 2 is a rare example of a cluster with a “su-
pertetrahedral” metal core, and possesses an S=0 spin
ground state. Complex 3 is a rare example of an oxo-centred
trimetallic cluster in which the M™ centres are bridged by li-
gands other than carboxylates and in which the terminal li-
gands are fluorides. Its magnetic behaviour suggests an S=0
or S=1 spin ground state with a low-lying S=2 excited
state. The synthesis of 1-3 suggests that the addition of dif-
ferent bases and counterions might lead to even more prod-
ucts, and, given the success [Mn;O(O,CR)s(L);]”* species
have had as starting materials for the synthesis of large Mn
clusters, complex 3 may represent a new and alternative
route to Mn complexes with novel magnetic properties. Spin
density calculations on 3 suggest that, in the case of a Jahn-
Teller distorted Mn™ ion, the elongated axis may favour a
spin delocalisation mechanism.

Experimental Section

[Mn,0;,(OH)3(OMe),Fyy(bta),,(MeOH),,(H,0),]-MeOH (1-MeOH)

Method A: Anhydrous MnF; (0.5¢g) and benzotriazole (3 equiv, btaH,
1.6 g) were ground together and placed in a Schlenk tube under an inert
atmosphere and heated at 100°C for 30 min. The resulting black “melt”
was dried in vacuo and allowed to cool to form a black solid. The solid
was dissolved in MeOH (20 mL at 50°C) to result in a black solution
from which black crystals of 1 were obtained after 2 weeks upon diffusion
of Et,0. Yield: 10%.
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Method B: Anhydrous MnF; (0.5 g) and benzotriazole (btaH, 3 equiv,
1.6 g) were heated in methanol (20 mL) at 50°C under aerobic conditions
for 10 min. The resulting black solution was filtered, and black crystals of
1 were obtained after 2 weeks upon diffusion of Et,O. Yield: 15%; IR
(KBr): 7=1654 (w), 1637 (w), 1617 (w), 1570 (w), 1560 (w), 1542 (w),
1508 (w), 1490 (w), 1442 (m), 1374 (w), 1294 (w), 1269 (m), 1225 (m),
1146 (m), 1017 (w), 990 (w), 920 (w), 792 (s), 747 (s), 643 (m), 580 cm™'
(w); elemental analysis caled (%) for C5;H;7,NgO4F10Mnye: C 34.44, H
3.29, N 17.56, F 3.61; found: C 34.65, H 3.09, N 17.89, F 3.55.

[Mn,,04(OH),(bta)(py)sF;]-0.75 H,0-0.5btaH-1.4 CH,OH
(2+0.75H,0-0.5btaH-1.4 CH;0H): Anhydrous MnF; (0.5 g) and benzotria-
zole (btaH, 3 equiv, 1.6 g) were heated in methanol (20 mL) at 50°C
under aerobic conditions for 10 min. The resulting black solution was fil-
tered, and pyridine (1.00 mL) was added dropwise. Black crystals of 2
were obtained after 2 weeks upon diffusion of Et,O into the solution.
Yield: 20%; IR (KBr): #=1599 (s), 1570 (w), 1487 (w), 1443 (s), 1290
(w), 1217 (m), 1130 (m), 1068 (w), 1036 (w), 1008 (w), 990 (w), 917 (w),
791 (m), 749 (s), 699 (s), 641 (m), 603 (m), 564 cm™! (w); elemental anal-
ysis caled (%) for CgH7N3,OgFMn,,: C 43.87 H 3.10, N 18.60, F 6.30;
found C 43.58, H 2.88, N 17.98, F 6.45.

[NHEt;],[Mn;0(bta)F;]-2MeOH (3-2MeOH): Anhydrous MnF; (0.5 g)
and benzotriazole (btaH, 3equiv, 1.6g) were heated in methanol
(20 mL) at 50°C under aerobic conditions for 10 min. The resulting black
solution was filtered, and triethylamine was (0.33 mL) added. Upon evap-
oration in air, green crystals of 3 were obtained after 24 h. Yield: 80 %;
IR (KBr): 7=1609 (s), 1572 (s), 1485 (m), 1444 (s), 1390 (w), 1321 (w),
1283 (w), 1265 (w), 1219 (m), 1129 (m), 1104 (m), 1035 (w), 992 (w), 916
(W), 785 (m), 752 (s), 660 (s), 639 (m), 571 (w), 554 cm~! (m); elemental
analysis caled (%) for CuHgN,O,F;Mn;: C 50.09, H 4.90, N 24.34, F
4.82, Mn 14.32; found C 49.50, H 5.01, N 24.04, F 4.78, Mn 14.55.
X-ray crystallography: Crystallographic data for 1-3 are collected in
Table 1.

Crystal data for I: Synchrotron radiation (CCLRC Daresbury Laborato-
1y, Station9.8,=0.6867 A) Bruker AXS SMART 1K CCD diffractome-
ter,'”) narrow frame o rotations, and corrected semi-empirically for ab-
sorption and incident beam decay (transmission 0.88-0.97).

Crystal data for 2: Synchrotron radiation (CLRC Daresbury Laboratory,
Station 9.8,=0.6867 A) Bruker AXS SMART 1 K CCD diffractometer,”
narrow frame o rotations, and corrected semi-empirically for absorption
and incident beam decay (transmission 0.88-0.97).

Crystal data for 3: A Bruker SMARTAPEX CCD diffractometer, 1=
0.71073 A with 0.3° o frame rotations.

CCDC-194440 (1), CCDC-234429 (2) and CCDC-234430 (3) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB21EZ, UK; fax: (444)1223-336033; or deposit@ccdc.cam.uk).

Magnetic measurements: Variable-temperature, solid-state direct current
(DC) magnetic susceptibility data down to 1.80 K were collected on a
Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T
DC magnet at the University of Florida. Diamagnetic corrections were
applied to the observed paramagnetic susceptibilities using Pascal’s con-
stants. The DC measurements below 1.80 K were performed on single
crystals by using an array of micro-SQUIDS.!"*!
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