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Abstract

The synthesis, structure and magnetic properties are reported of Fe,Ln,, Fe,Y,, Mn,Yb, and Mn,Y, complexes. The compound
[FesHo,(OH),(teaH),(O>CPh)4(INO3),] (1), where teaHj is triethanolamine, was obtained from the reaction of eight equivalents of teaHj3
with one equivalent each of Ho(NOs3); and [Fe;0(0,CPh)(H,0)3](O>CPh) in MeCN/MeOH. The use instead of Dy(NO3)3; or Tb(NO3);
leads to the structurally similar products [Fe,Dy,(OH),(teaH),(O,CPh)g] (2) and [Fe,Tb,(OH),(teaH),(O,CPh)s] (3). The compounds
[Fe>Y,(pdmH)sCl4]Cl, (4) and isostructural [Fe,Ho,(pdmH)gCl4]Cl, (5), where pdmH, is pyridine-2,6-dimethanol, were prepared from
the reaction of four equivalents of pdmH, with two equivalents of YCl; or HoCls, respectively, and FeCl, in MeOH. The compounds
[Mn,Y,0,(0,CPh)s(OMe)4(MeOH)4] (6) and [Mn,Yb,O,(O,CPh)s(OMe)y(MeOH),] (7) were prepared by methanolysis of
(NBu})-[Mns0,(0,CPh),(H,0)] in the presence of Yb(NO;); or Y(NO3);, respectively. Complexes 1-3, 6 and 7 contain a ‘defect dic-
ubane’ M, core (including the first mixed 3d/4f examples of this type to contain Fe'™ or Mn""), whereas 4 and 5 have a U-shaped core.
Variable-temperature solid-state magnetic susceptibility studies of 1-6 in the temperature range 5.00-300 K were carried out, and for all
the complexes predominantly antiferromagnetic exchange interactions between the metal centers was observed. Magnetization versus
applied field sweeps on single crystals of 1 and 2 at low temperature reveal hysteresis loops, confirming these species to be new examples
of single-molecule magnets (SMMs). Thus, complexes 1 and 2 are the first examples of Fe/4f SMMs.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Iron; Manganese; Lanthanide; Single-molecule magnet; Crystal structures; Hysteresis

1. Introduction

A major reason for the current intense interest by many
groups around the world in polynuclear 3d transition metal
clusters is the often unusual and even novel magnetic prop-
erties such species possess. In particular, some of these
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clusters have been found to be single-molecule magnets
(SMMs), which are individual molecules capable of func-
tioning as nanoscale magnetic particles and which thus rep-
resent a molecular approach to nanomagnetism [1-3]. In
addition, there continues to be a great bioinorganic chem-
istry interest in 3d metal clusters, which are of relevance to
objectives such as understanding the assembly of the mul-
tinuclear Fe/O core of the iron-storage protein ferritin,
and elucidating the nature and mechanism of action of
the Mn4Ca core of the water oxidizing complex of
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photosystem II [4-8]. For these and other areas, there con-
tinues to be a great need for synthetic methods to new
examples of homometallic and heterometallic metal clus-
ters, to increase our knowledge of the structural, magnetic,
and other properties of high nuclearity paramagnetic
species.

The present paper reports results of relevance to the
nanomagnetism field. SMMs, which are molecular super-
paramagnets, derive their properties from the combination
of a large ground state spin (S) value and a large and neg-
ative magnetoanisotropy (negative zero-field splitting
parameter, D). This combination results in a significant
energy barrier to magnetization reversal, and hence slow
relaxation of the magnetization is observed at low temper-
atures. The latter can be detected as: (i) frequency-depen-
dent signals in AC susceptibility measurements; (ii)
hysteresis in magnetization versus applied DC field sweeps
[1-3,9-12]. There are now many homometallic SMMs,
most of them Mn species [13], and new approaches into
heterometallic species have been more recently explored
as a route to distinctly different properties. As a result of
such work, we and others have recently reported some
mixed transition metal/lanthanide SMMs [14-16]. In this
paper, we report the extension of our studies along these
lines and describe new Fe/Ln and Mn/Ln clusters. Not
all of these are new SMMs, but they are all nevertheless
valuable new additions to the growing family of mixed
3d/4f clusters possessing a variety of structural and other
properties. We also have extended this work to Y instead
of Ln, which has proven useful for understanding the
magnetic properties of the isostructural Ln-containing
species.

To facilitate the formation of polynuclear products, this
work has employed the polydentate chelate-forming mole-
cules triethanolamine (teaH3) and pyridine-2,6-dimethanol
(pdmH,). Both molecules contain alcohol arms, which are
good metal-bridging groups on deprotonation and thus
foster formation of polynuclear products [17-20]. In addi-
tion, since lanthanides show strong affinity towards oxygen
donors [23], both chelates were thought likely to lead to
mixed 3d/4f products, and this has proven to be the case.
We herein report the synthesis, crystallographic character-
ization and magnetic properties of a family of mixed 3d/4f
M/Ln (M = Mn, Fe) and mixed M/Y (M = Mn, Fe) com-
plexes. These are also the first crystallographically charac-
terized tetranuclear Fe''/Ho'™, Fe™/Y™ Mn'V/Yb™ and
Mn"V/Y™ complexes in general.

HO
B
N =
_\_ <
OH
HG OH OH
teaHs pdmH,

2. Experimental
2.1. Compound preparations

All manipulations were performed under aerobic condi-
tions using materials and solvents as received. [Fe;O-
(OQCR)6(H20)3](02CR) and (NBUZ)[MIMOz(OzCPh)Q
(H,0)] complexes were prepared using the procedures
reported previously [24,25].

2.1.1. [Fe2H02(0H)2(leaH)2(02CPh)4(N03)2] -6 MeCN
(1-6MeCN)

Solutions of [FC3O(02CPh)6(H20)3](02CPh) (026 g,
0.25mmol) in MeCN (30mL), and Ho(NO;); - 5SH,O
(0.11g, 0.25mmol) and teaH; (0.298 g, 2 mmol) in
MeCN/MeOH (50/5 mL) were mixed to give a yellow/or-
ange solution. This was layered with Et,O and left undis-
turbed at room temperature. After 7 days, small yellow
rectangular crystals of 1-6MeCN were collected in 40%
yield and dried in vacuum. Anal Calc. for 1: C, 34.85;
H, 3.51; N, 4.06. Found: C, 34.99; H, 3.54; N, 4.38%.
Selected IR data (cm™'): 3510 (br), 2860 (s), 1595 (s),
1541 (m), 1381 (m), 1095 (s), 909 (s), 723 (m), 674 (m),
595 (s), 460 (s).

2.1.2. [Fe;Dy;(OH )y (teaH);(O;CPh)s] - 4MeCN - 3H,0
(2-4MeCN - 3H,0)

This was prepared in a similar way as 1, but using
Dy(NOs); - 6H,O instead of Ho(NOj);- 5SH,0. After 2
days, pale yellow rectangular crystals of 2-4MeCN -
3H,0 were collected in 52% yield and dried in air. Anal.
Calc. for 2-4MeCN - 3H,O: C, 43.55; H, 4.47; N, 4.91.
Found: C, 43.48; H, 4.20; N, 4.90%. Selected IR data
(cm™'): 3420 (br), 2860 (m), 1595 (s), 1544 (m), 1448
(m), 1095 (m), 1025 (s), 907 (s), 721 (m), 674 (s), 594
(s), 460 (s).

2.1.3. [Fe;Thy(OH )y (teaH)>(O;CPh)s] - 4MeCN - 3H,0
(3-4MeCN -3H,0)

This was prepared in a similar way as 1, but using
Tb(NO3)3 - 6H,O instead of Ho(NOj); - SH,O. After 2
days, pale yellow rectangular crystals of 3 - 4MeCN - 3H,O
were collected in 49% yield and dried in air. Anal. Calc. for
3-4MeCN - 3H,0: C, 43.73; H, 4.49; N, 4.93. Found: C,
43.66; H, 4.15; N, 4.86%. Selected IR data (cmfl): 3380
(br), 2860 (m), 1595 (s), 1545 (m), 1448 (m), 1094 (m),
1025 (s), 905 (s), 718 (m), 674 (s), 593 (s), 459 (s).

2.14. [Fe;Y,(pdmH)sCly]JCl, - 2MeOH (4-2MeOH)
Solutions of FeCl, - 4H,0 (0.10 g, 0.50 mmol) in MeOH
(20 mL), and YCl;5 - 6H,0 (0.15 g, 0.50 mmol) and pdmH,
(0.14 g, 1.0 mmol) in MeOH (20 mL) were mixed to give a
yellow solution. This was layered with Et,O and left undis-
turbed at room temperature. After 7 days, small yellow
rectangular crystals of 4-2MeOH were collected in 42%
yield and dried in vacuum. Anal. Calc. for 4: C, 37.87; H,
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4.05; N, 6.02. Found: C, 37.51; H, 3.93; N, 5.87%. Selected
IR data (cm™'): 3376 (br), 3075 (br), 1607 (m), 1579 (s),
1447 (m), 1368 (s), 1360 (s), 1163 (s), 1072 (m), 1046 (m),
783 (m), 654 (s), 554 (s), 497 (s).

2.1.5. [Fe;Hoy(pdmH )sClL JClL - 2MeOH (5-2MeOH)

Solutions of FeCl, - 4H,O (0.10 g, 0.50 mmol) in MeOH
(20 mL), and HoCl;-6H,O (0.19g, 0.50 mmol) and
pdmH, (0.14 g, 1.0 mmol) in MeOH (20 mL) were mixed
to give a yellow/green solution. This was layered with
Et,O and left undisturbed at room temperature. After 7
days, small yellow/green rectangular crystals of 5 were col-
lected in 37% yield and dried in vacuum. Anal. Calc. for 5:
C, 34.15; H, 3.65; N, 5.43. Found: C, 34.23; H, 3.54; N,
5.26%. Selected IR data (cm™'): 3437 (br), 3317 (br),
3007 (br), 2834 (br), 2713 (br), 2621 (br), 1609 (m), 1582
(s), 1448 (m), 1310 (m), 1042 (m), 797 (s), 725 (s), 667(s),
576(s), 475(s).

2.1.6. [Ml’l2Y202(02CPh)6(0M6)4(M€0H)4] - 2MeOH
(6-2MeOH)

(NBuy) [ Mn40,(0,CPh),(H,0)] (0.50 g, 1.0 mmol) was
dissolved in a solution of Y(NOj);-6H,O (0.24 g,
2.0 mmol) in MeCN/MeOH (20/5mL) and stirred for
25min to give a brown solution. This was filtered and
more MeOH (10 mL) added to the filtrate. The resulting
solution was left undisturbed at room temperature for a
week to slowly produce orange crystals of 6-2MeOH,
which were collected in 25% yield and dried in vacuum.
The same product was obtained using YCl;- 6H,O
instead of Y(NOs;); - 6H,0. Anal. Calc. for 6: C, 46.24;
H, 4.50. Found: C, 46.15; H, 4.46%. Selected IR data
(ecm™'): 3412 (br), 1594 (m), 1545 (s), 1448 (w),
1391 (s), 1025 (w), 718 (s), 681 (m), 623 (s), 540 (m),
474 (w).
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2.1.7. [Mn,Yb,05(0,CPh)s(OMe)  MeOH )] - 2MeOH
(7-2MeOH)

(NBuj)[Mny0,(0,CPh),(H,0)] (0.50 g, 1.0 mmol) was
dissolved in a solution of YDb(NO;);-5SH,O (0.31g,
2.0 mmol) in MeCN/MeOH (20/5mL) and stirred for
25 min to give a brown solution. This was filtered and more
MeOH (10 mL) added to the filtrate. The resulting solution
was slowly concentrated by evaporation at room tempera-
ture for 5 days, during which time brown crystals of
7 - 2MeOH slowly grew. These were collected in 10% yield
and dried in vacuum. Anal Calc. for 7: C, 40.94; H, 3.99.
Found: C, 40.87; H, 3.96%. Selected IR data (cm*]):
3426 (br), 1600 (m), 1540 (m), 1384 (s), 1026 (w), 718 (s),
682 (m), 624 (s), 545 (m), 476 (w).

2.2. General and physical measurements

Elemental analyses (C, H and N) were performed in the
in-house facilities of the University of Florida Chemistry
Department. Infrared spectra in the 400-4000 cm ™! range
were recorded in the solid state (KBr pellets) on a Nicolet
Nexus 670 FTIR spectrometer. Variable temperature DC
magnetic susceptibility data down to 5.0 K were collected
using a Quantum Design MPMS-XL SQUID susceptome-
ter equipped with a 7T DC magnet. Pascal’s constants
were used to estimate the diamagnetic corrections, which
were subtracted from the experimental susceptibilities to
give the molar magnetic susceptibilities (). Microcrystal-
line samples were restrained in eicosane by suspending the
solid for 15 min in eicosane maintained at a temperature
above its melting point (35-37 °C), and then the tempera-
ture was gradually decreased below the melting point to
solidify the eicosane. Low-temperature (<1.8 K) hysteresis
loop and DC relaxation measurements were performed at
Grenoble using an array of micro-SQUIDs [26].

Table 1
Crystallographic data for complexes 1, 4, 5, 6 and 7
Compound 1 4 5 6 7
Formula C52H66F62H02N10022 C46H64C1(,F62N60|(,Y2 C46H64C16F62N6016H02 C52H66Mn2024Y2 C52H66Mn2024Yb2
Formula weight 1624.17 1459.25 1611.29 1362.75 1531.01
Space group Pl 2/a 2/a P2,/c P2,/c
a (A) 12.0151(8) 20.9871(15) 20.9871(15) 15.6620(12) 15.5610(11)
b (A) 12.1189(8) 19.1467(14) 19.1467(14) 24.9417(19) 24.9105(18)
¢ (A) 12.8580(8) 14.6204(11) 14.6204(11) 7.8231(6) 7.8259(6)
o (°) 116.348(2) 90 90 90 90
B (©) 94.752(2) 92.745(2) 92.7450(10) 95.819(2) 96.120(2)
7 (°) 103.419(2) 90 90 90 90
14 (A3) 1594.42(18) 5868.2(7) 5868.2(7) 3040.2(4) 3016.3(4)
V4 1 4 4 2 2
T (°C) 173(2) 173(2) 173(2) 173(2) 173(2)
Radiation Mo Ka Mo Ka Mo Ka Mo Ka Mo Ko
Peate (g/em™3) 1.692 1.652 1.824 1.489 1.686
u(mm™") 2.981 2.785 3.494 2.372 3.558
R*® 3.55 4.02 3.59 3.48 3.11
wR,* 8.62 9.94 9.62 7.27 7.67

& 1> 2a(1).

® Ry =100 32(]|Fo| — IFell)] 32 IFol.

€ wRy = 100[[w(Fy = F2)%)/ SSw(ER) )%, w = 1/[62(F3) + [(ap)’ + bp], where p = [max(F3,0) +2F2]/3.
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2.2.1. X-ray crystallography and solution of structures

Data were collected at 173 K on a Siemens SMART
PLATFORM equipped with a CCD area detector and a
graphite monochromator utilizing Mo Ko radiation
(A=10.71073 A). Cell parameters were refined using up to
8192 reflections. A full sphere of data (1850 frames) was
collected using the w-scan method (0.3° frame width).
The first 50 frames were re-measured at the end of data col-
lection to monitor instrument and crystal stability (maxi-
mum 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
SHELXL6 [27], and refined using full-matrix least squares.
The non-hydrogen atoms were refined anisotropically,
whereas the hydrogen atoms were placed in ideal,

calculated positions and refined isotropically as riding
on their respective carbon atoms. For complex
1:-6MeCN, a total of 405 parameters were refined in
the final cycle of refinement using 5899 reflections with
1> 20(I). For complex 4-2MeOH, a total of 365 param-
eters were refined in the final cycle of refinement using
4504 reflections with 7> 2a(I). For complex 5-2MeOH,
a total of 365 parameters were refined in the final cycle
of refinement using 4670 reflections with 1> 2a(I). For
complex 6-2MeOH, a total of 378 parameters were re-
fined in the final cycle of refinement using 2803 reflec-
tions with 7> 20¢([). For complex 7-2MeOH , a total
of 378 parameters were refined in the final cycle of
refinement on F° using 4821 reflections with 1> 2a(J).
Unit cell data and the final refinement indices R; and
WR, are listed in Table 1.

Fig. 1. ORTEP representation and stereopair at the 50% probability level of complex 1. All H atoms have been removed for clarity.
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3. Results and discussion
3.1. Syntheses

The reaction of a [M3O(02CR)6L3]0’+ (M = Mn, Fe;
L = py, H,0, etc.) complex with a chelating ligand repre-
sents a commonly employed and successful route to a wide
range of higher nuclearity clusters of Fe and Mn. For
example, the use of triethanolamine (teaH3) or 2-(hydroxy-
methyl)pyridine (hmpH) has led to a large variety of prod-
ucts, depending on the precise reaction conditions and
ratios, including Mny [28], Mng [21], Feg [22], Mn; [29],
Mnq [30], Mn;, [31], and Feg [32] clusters. As stated ear-
lier, the alkoxide arms of the tea®~ and hmp~ ligands nor-
mally adopt bridging modes, fostering formation of higher
nuclearity products. Thus, we have employed [Fe;O-
(0,CPh)¢(H,0);]" or FeCl, and a lanthanide Ln®" (or
Y*") source in reactions with teaHs or pdmH, in MeOH
or a mixed MeOH/MeCN solvent system (to ensure ade-
quate solubility of all reagents).

The reaction of [Fe;O(O,CPh)g(H,0)3)(O,CR), Ln
(NOs3)3 (Ln = Ho, Dy, Tb) and teaH3in a 1:1:8 molar ratio
in MeCN/MeOH gave yellow solutions from which yellow
rectangular crystals of [Fe,Ho,(OH),(teaH),(O,CPh),-
(NO3)2] (1), [Fe,Dyy(OH)y(teaH)2(O,CPh)s] (2) and
[Fe;Tby(OH),(teaH),(O,CPh)g] (3) slowly formed in
~40-50% yields. If the reaction solutions were left undis-
turbed for longer periods (~2 weeks), orange crystals of
the known homometallic complex [FegO3(O,CPh)o(tea)-
(teaH)3] were also obtained [22]. The reactions are likely
complicated equilibria involving several species of various
nuclearities, both homo- and heterometallic, and the crys-
tallization of the main product directly from the reaction
solution is probably beneficial in providing pure material.
In all cases, the filtrates are still colored, but we have not
pursued isolation of other species (other than [FegOs-
(O,CPh)y(tea)(teaH);)).

Treatment of an equimolar mixture of FeCl, and YCl;
in MeOH with two equivalents of pdmH, gave a yellow
solution, and layering this with Et,O gave small rectangu-
lar yellow crystals of [Fe,Y,(pdmH)sCl4]Cl, (4) in 42%
yield. The same reaction but with HoCl; gave the analo-
gous [Fe,Hoo(pdmH)sCl4ICL, (5) complex in 37% yield.
Small changes to the Fe:Ln:pdmH, ratio still gave the same
products.

A different strategy was used for the Mn reactions. In
this case, neither teaH3z or pdmH, were employed, the reac-
tion instead comprising the methanolysis of a Mn'! species
in the presence of a Yb>" or Y** source. The chosen Mn
starting material was the readily prepared, tetranuclear
(NBuj)[Mny0,(0,CPh),(H,0)] (4Mn") complex [25], and
treatment of this with Yb(NO3); - 5H,O in a 1:2 molar
ratio in MeCN/MeOH led to brown crystals of [Mn,Y,-
Oz(OzCPh)6(OMC)4(MCOH)4] (6) or [anszoz(Ochh)é-
(OMe)4(MeOH)y4] (7) in 10-25% yields. Note that in both
these Mn-containing complexes that there are also MeO™
groups from the MeOH solvent, whereas none of the

Fe-containing complexes 1-5 contain MeO™ groups. Again,
there are likely other products from these complicated reac-
tions in the colored filtrates, but we have not pursued any
further separations.

3.2. Structural description of
[FexHo>(OH)>(teaH)>(O,CPh)4(NO3)>] (1)

A labeled ORTEP plot and stereoview of the [Fe,-
Hoy(OH),(teaH)»(O,CPh)4(NO3),] (1) are provided in
Fig. 1. Selected bond distances and angles are listed in
Table 2. Complex 1 - 6MeCN crystallizes in triclinic space
group P1, the cluster lying on an inversion center and con-
sisting of a planar Fe;Ho, rhombus. Each Fe,Ho trinuclear
sub-unit is bridged by a pu3;-OH™ ion (oxygen atoms O1 and
Ola). Each of the two teaH>™ ligands binds in a tetraden-
tate chelate fashion to Hol or Hola, with their protonated
alcohol arms (O8 and O8a) binding terminally to the Ho,
and their two deprotonated alkoxide arms each bridging
to an adjacent Fe atom (O3 bridging Fel/Hol, and O35
bridging Fela/Hol). There is also a chelating NO;~ group
on each Ho atom, and ligation is completed by a syn, syn,
bridging benzoate group across each of the four HoFe
edges of the rhombus. The Fe and Ho atoms are six- and
nine-coordinate, respectively.

The overall structure of the core of complex 1 can be de-
scribed as two face-sharing [M4O4] cubanes with a metal
atom missing from one vertex in each cubane. Such a
‘defect double-cubane’ unit with a resulting planar My
rhombus is relatively common in both homo- and hetero-
metallic cluster chemistry, and is often on a crystallo-
graphic center of symmetry. Such examples are known

Table 2

Selected bond distances (A) and angles (°) for complex 1

Fel---Fela 3.243(6)
Fel---Hol 3.3935(6)
Fel---Hola 3.4027(6)
Fel-Ol 2.067(3)
Fel-02 2.031(3)
Fel-0O3 1.943(3)
Fel-O4a 2.002(3)
Fel-O5a 1.972(3)
Fel-Ola 2.044(3)
Hol-Ola 2.356(3)
Hol-03 2.293(3)
Hol-O5 2.313(3)
Hol-06 2.329(3)
Hol-07 2.408(3)
Hol-08 2.414(3)
Hol-09 2.494(3)
Hol-010 2.514(3)
Hol-N1 2.572(3)
Hol-N2 2.911(4)
Fela-O1-Fel 104.13(12)
Fela-Ol-Hola 100.68(12)
Fel-Ol-Hola 100.35(12)
Fel-O3-Hol 106.18(12)
Fela—O5-Hol 104.87(12)
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with different transition metals [28,33], and there are also a
very few examples of mixed 3d/4f examples [14b,34], but no
mixed iron-lanthanide complexes have previously been ob-
tained. We also carried out preliminary X-ray crystallo-
graphic studies on complexes 2 and 3 and found that
they are isostructural with 1 except that the two chelating
NO,~ groups have been replaced by two chelating
PhCO," groups, as we had suspected from the similar for-
mulas and IR spectra of 1-3. For this reason, the structures
of 2 and 3 will not be discussed further here.

3.3. Structural descriptions of [Fe,Y,(pdmH )sCl,]Cl, (4)
and [Fe;Ho,(pdmH )sCly]CL (5)

Labeled ORTEP plots and stereoviews of the cations of
complexes 4 - 2MeOH and 5 - 2MeOH are shown in Figs. 2
and 3, respectively. Selected bond lengths and angles are
listed in Tables 3 and 4, respectively. The complexes both
crystallize in monoclinic space group I2/a, with the cations
on a crystallographic C, rotation axis; the two complexes
are isostructural. The cores of the cations (Fig. 4) can best

Fig. 2. ORTEP representation and stereopair of the cation of complex 4 at the 50% probability level. All H atoms have been removed for clarity.
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Fig. 3. ORTEP representation and stereopair of the cation of complex 5 at the 50% probability level. All H atoms have been removed for clarity.

be described as twisted U-shaped, with the Fe''

the two ends, and either two Y™ (complex 4) or two Ho
(complex 5) atoms on the inside. Each pair of adjacent me-
tal atoms is bridged by two alkoxide O atoms from mono-
deprotonated pdmH™ groups. There are two of the latter as
tridentate chelates on each of the inner Y (4) or Ho'™ (5)
atoms, with their alkoxide arm bridging to an adjacent
atom (O1, O3), as mentioned, and their protonated (alco-
hol) arm (02, O4) and N atom binding terminally. There
are two additional pdmH™ groups, attached in a bidentate
chelate fashion to the Fe'" atoms, their alkoxide arm (O5)

atoms at
111

bridging to an inner metal and their protonated arm unli-
gated (06). Ligation is completed by two terminal Cl™
ions on each of the Fe'"' atoms. The two Fe atoms are
five-coordinate and the two inner Y or Ho™ atoms are
eight-coordinate. There are intramolecular m—m stacking
interactions, and many intermolecular hydrogen-bonds
involving the pdmH™, MeOH and Cl~ groups, the latter
serving to bridge separate Fe,Y,(Ho), clusters. For exam-
ple for 4, the unbound pdmH™ alcohol group (O6) hydro-
gen-bonds to interstitial MeOH atom O7 (06---O7 =
2.695 A), with the latter also hydrogen-bonding to free
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Table 3

Selected bond distances (A) and angles (°) for complex 4

Y1---Fel 3.4487(6)
Y1---Yla 3.7121(7)
Y1-0O1 2.283(2)
Y1-Ola 2.252(2)
Y1-02 2.416(3)
Y1-03 2.316(2)
Y1-04 2.374(3)
Y1-05 2.329(2)
Y1-N1 2.466(3)
Y1-N2 2.480(3)
Fel-0O3 1.943(2)
Fel-O5 1.926(2)
Fel-N3 2.218(3)
Fel-Cl1 2.2541(10)
Fel-CI2 2.2209(11)
Y1-Ol1-Yla 109.87(9)
Fel-03-Y1 107.80(9)
Fel-05-Y1 107.94(10)
Table 4

Selected bond distances (A) and angles (°) for complex 5

Hol---Hola 3.7153(5)
Hol- - -Fel 3.4702(9)
Hol-0O1 2.286(3)
Hol-Ola 2.248(3)
Hol-02 2.419(4)
Hol1-03 2.325(3)
Hol-04 2.375(4)
Hol-05 2.316(4)
Hol-N1 2.462(4)
Hol-N2 2.482(4)
Fel-0O3 1.983(4)
Fel-O5 1.928(3)
Fel-N3 2.211(4)
Fel-Cl1 2.2532(15)
Fel-CI2 2.2331(16)
Hol-Ol-Hola 110.04(13)
Fel-0O3-Hol 107.04(14)
Fel-O5-Hol 109.35(15)

Cl" ion CI3 (O7---CI3 = 3.072 A). In addition, this Cl™ ion
hydrogen-bonds to bound pdm?*~ O atom O2 (CI3---02 =
2.976 A) of a neighboring cluster.

The U-shaped core seen in these complexes is not com-
mon, although it is with precedent, for example in the
complex [Mny(6Me-hmp)Cly] - 4H,0 (6Me-hmp = 6-methyl-
2-(hydroxymethyl)pyridine) [35].

3.4. Structural descriptions of
[Mi’lgY202(02CPh)6(0M6)4(M€0H)4] (6) and
[ Mn> Yb>05( 0>CPh) 5( OMe) o MeOH ) 4] (7)

Labeled ORTEP representations of the centrosymmetric
structures of 6 - 2MeOH and 7 - 2MeOH are presented in
Fig. 5, and selected bond distances and angles are listed
in Table 5. The two complexes both crystallize in the
monoclinic space group P2,/c with the molecules lying on
an inversion center; the two complexes are isostructural.
The cores of the complexes possess the defect-dicubane

" Q ' \j .033
O1a

. Hola

(«% 03a

03 Fela

Fel

Fig. 4. Comparison of the cores of the cations of complexes 4 (top) and
5 (bottom).

structure of complex 1, with two Mn'Y atoms at the central
positions and either two 2Y™ (complex 6) or two Yb™
(complex 7) atoms at the end positions. However, there
are two major differences between the cores of 6/7 and that
of 1: First, the two p3-O atoms (O8, O8a) capping each tri-
angular sub-unit are O~ ions rather than OH™~ ones; and
secondly, each of the four edges of the My rhombus in
6/7 is bridged by a MeO™ ion (07, O7a, Ol11, Olla) rather
than an alkoxide arm of a chelate. The fully labeled cores
of 6 and 7 are provided in Fig. 6, which emphasize the near
superimposibility of the mixed 3d/4d complex 6 with the
mixed 3d/4f complex 7. Peripheral ligation about the cores
is provided by four syn, syn bridging benzoate groups
bridging each Y/Mn or Yb/Mn edge of the rhombus,
two monodentate benzoate groups, one on each of the
Y/Yb atoms, and four terminal MeOH molecules, two on
each of the Y/Yb ions. As a result, the Y and Yb'™! atoms
of 6 and 7, respectively, are eight-coordinate, and the Mn'¥
atoms are six-coordinate. There are intramolecular
OH- - -H hydrogen bonds between the unbound O atom
(O1) and the terminal MeOH ligand (Ol---O10=
2.577 A). In addition, there are intermolecular OH---H
hydrogen bonds between the bound MeOH (09) and inter-
stitial MeOH (O12) molecules (O9---012 =2.656 A), and
between this interstitial MeOH and the unbound O atom
(O1) of a neighboring cluster (O12---0O1 = 2.687 A). Thus,
the hydrogen-bonding through the interstitial MeOH mol-
ecules links adjacent metal clusters in the crystal, which
also likely provides a pathway for superexchange interac-
tions between molecules (vide infra).
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Fig. 5. PovRay representations of complexes 6 (top) and 7 (bottom).

It should be noted that mixed Mn,Ln, complexes with
the same kind of defect-dicubane core have previously been
reported for Ln = Dy, Gd and Tb [14b,34]. However, in all
of these previous cases, the Mn atoms were in the Mn'"
oxidation state, so 6 and 7 are the first to instead contain
Mn". The Mn'Y oxidation level is suggested by overall
charge considerations and inspection of metric parameters;
in particular, Mn—-O bond distances all lie in the range
1.84-1.97 A, as expected for Mn'Y, and thus do not show
the Jahn-Teller axial distortion expected for Mn"! in near
octahedral geometry. The Y-O and Yb-O bond distances
are very similar, lying in the 2.30-2.42 and 2.27-2.38 A
ranges, respectively, consistent with eight-coordinate Y™/
Yb'™ centers. The Mn'Y oxidation states and the proton-
ation levels of the O>~, MeO~ and MeOH were confirmed
by bond valence sum (BVS) calculations, shown in Tables 6
and 7. The BVS values for the Mn atoms are clearly ~4,
confirming the Mn"" oxidation level. Values of ~2 are ex-
pected for O atoms in the O"~ oxidation level and that

Table 5

Selected bond distances (A) and angles (°) for complexes 6 and 7
Complex 6

Y1 - -Mnl 3.3168(7)
Mnl---Mnla 2.7819(9)
Y1-07 2.365(2)
Y1-08 2.356(2)
Y1-09 2.416(2)
Y1-010 2.351(2)
Y1-0O11 2.299(2)
Mn1-0O8 1.859(2)
Mnl-Ol1 1.913(2)
Y1-O11-Mnl1 102.08(9)
Mnl1-O8-Mnla 97.52(9)
Y1-O8-Mnl 103.18(9)
Complex 7

Ybl---Mnl 3.2886(6)
Mnl---Mnla 2.7769(11)
Ybl1-0O7 2.336(2)
Ybl-08 2.331(2)
Ybl1-09 2.383(3)
Ybl1-010 2.323(3)
Ybl-O11 2.269(2)
Mnl-O8 1.866(2)
Mnl1-Ol11 1.912(3)
Ybl-O11-Mnl 101.79(11)
Mnl-O8-Mnla 97.05(11)
Ybl-O8-Mnl 102.61(10)

Fig. 6. Comparison of the cores of complexes 6 (top) and 7 (bottom),
emphasizing their near superimposibility.

have no attached atoms that cannot be seen in X-ray crys-
tallography (i.e., H atoms). This confirms that O7, O8 and
011 are MeO~, 0%, and MeO, respectively. In contrast,
if there is a H atom which is not visible and its contribution
to the BVS of that O atom is therefore not included, a
lower BVS value is expected, typically 1-1.5 (depending
on the degree of its participation in hydrogen-bonding);
this is clearly the case for O9 and O10, which are therefore
confirmed as MeOH groups.
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Table 6
Bond valence sums (BVS)* for the Mn atoms of complexes 6 (Y) and 7
(Yb)

Atom Mn!! Mn'!! Mn'Y Assignment
Mnl (6) 4.132 3.779 3.967 Mn'Y
Mnl (7) 4.124 3.772 3.959 Mn'Y

% The underlined value is the one closest to the charge for which it was
calculated. The oxidation state of a particular metal is the nearest whole
number to that value.

Table 7

Bond valence sums (BVS) for the O atoms of complexes 6 (Y) and 7 (Yb)
Atom BVS (6) BVS (7) Assignment
o7 1.972 1.972 MeO™

08 1.898 1.859 0>

09 1.210 1.198 MeOH
010 1.339 1.342 MeOH

O11 2.038 2.016 MeO™

The occurrence of Mn'Y in 6 and 7 is noteworthy given
that the reaction employed a Mnf‘II starting material and
either Y™ or Yb™, neither of which are good oxidizing
agents. This points to either the participation of atmos-
pheric O, gas as the oxidizing agent or the disproportion-
ation of Mn" to Mn'V and Mn'". We favor the latter
possibility given the low yields of these complexes, but we

have not sought Mn'" species in the filtrates to confirm this.
4. Magnetochemistry
4.1. DC magnetic susceptibility

The magnetic properties of 1-6 were investigated by so-
lid state magnetic susceptibility (yp;) measurements in the
5.0-300 K range in a 0.1 tesla (T) DC field. The resulting
data for complexes 1-3, 4-5 and 6 are shown as ;7 versus
T plot in Figs. 7-9, respectively. For complex 1, the ymT
value of 33.1 cm® K mol ™' at 300 K is slightly less than
the value expected for 2Fe"! (§=5/2, g =2) and 2Ho™
(S=2, L=6, °Iy) non-interacting ions of 36.9 cm®K
mol !, consistent with antiferromagnetic exchange interac-
tions, and decreases steadily to 24.2 cm® kmol ™' at 50 K
and then 13.7 cm® kmol ™" at 5.0 K. Complexes 2 and 3 be-
have in a similar fashion to complex 1. For complex 2, the
amT value of 37.1 cm?® kmol ™' at 300 K is essentially that
expected for 2Fe' (S =5/2, g =2) and 2Dy" (S = 5/2,
L=35, 6H15/2) non-interacting ions of 36.94 cm® kmol ™!,
and it decreases with decreasing temperature to
30.3 cm® kmol ™! at 50 K, and then to 23.8 cm® kmol ™! at
5.0 K. For complex 3, the yy7 value of 35.5 cm® kmol ™!
at 300 K is slightly greater than that expected for 2Fe'™
(S=5/2, g=2)and 2Tb"": § = 3, L = 3, "F¢ non-interact-
ing ions of 32.4 cm® kmol ™!, and it decreases with decreas-
ing temperature to 29.1 cm® kmol ' at 50 K, and then to
22.4 cm® kmol ! at 5.0 K. The data suggest predominantly
antiferromagnetic exchange interactions within all three
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Fig. 7. Plot of y\T vs. T for complexes 1 (@), 2 (A) and 3 (H).
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Fig. 8. Plot of ym7 vs. T for complexes 4 (O) and 5 (@).

complexes, but with perhaps some ferromagnetic contribu-
tions. The presence of strong spin—orbit coupling effects in
these three lanthanide derivatives makes the fitting of the
data to obtain Fe'"Fe and FeLn™" exchange parame-
ters far from straightforward. Such an analysis would in
fact greatly benefit from the availability and parallel study
of the corresponding Gd** (S=7/2, L=0) and Y**
(S = 0) derivatives, but unfortunately neither of these are
available at the present time. A more complete magnetic
analysis of complexes 1-3 and other derivatives is thus
the objective of future work.

Complex 4 has a ;7 value at 300 K of 6.9 cm® kmol !
which is less than that expected for two non-interacting
Fe'" centers of 8.8 cm?® kmol ™! with g = 2, and it decreases
only slightly with decreasing temperature to 6.3 cm® kmol ™!
at 35 K, but then much more rapidly to 4.9 cm® kmol ! at
5.0 K (Fig. 8). This behavior is probably due to a very weak
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Fig. 9. Plot of ymT vs. T for complex 6.

antiferromagnetic exchange interaction between the Fe'''

ions via the intervening, diamagnetic Y™ ions, but we can-
not get a good fit of the data over the entire temperature
range to the Van Vleck equation for a S} = S, = 5/2 dimer.
We suspect this is due to the exchange interaction being so
weak as a result of the large separation between Fe'"' atoms
that it is thus comparable in magnitude to intermolecular
interactions mediated by the multiple intermolecular hydro-
gen-bonds between adjacent clusters, as described above.
Complex 5 has a yy 7 value of 30.8 cm® kmol ™! at 300 K,
which, as for 1, is again less than the 36.9 cm? kmol™!
expected for two Fe''' (§=5/2) and two Ho™ (S=2,
L=6, 5Ig) non-interacting ions; it then decreases to
28.4 cm®kmol™' at 100K, and then more rapidly to
20.8 cm® kmol ' at 20 K then finally to 12.3 cm? kmol ™
at 5.0 K (Fig. 8). The overall behavior is consistent with
antiferromagnetic exchange interactions between the con-
stituent metal atoms.

Complex 6 has a y\7T value that steadily decreases al-
most linearly from 3.13cm®kmol™! at 300K to
1.52 cm® kmol ! at 50 K, and then more rapidly decreases
to 0.49 cm® kmol ! at 5.0 K (Fig. 9). The value at 300 K is
less than the expected spin-only (g = 2) value for a complex
consisting of two non-interacting Mn"" ions (S = 3/2; the
2Y" jons are diamagnetic) of 3.75 cm?® kmol ™!, indicating
an antiferromagnetic exchange interaction between the
Mn" ions and a resultant S =0 spin ground state. At-
tempts to fit the yy\;7 versus T data using the isotropic Hei-
senberg-Dirac-van Vleck Hamiltonian described by
H = —2J5,S,, where S; = S, = 3/2 and J is the magnetic
exchange interaction gave poor fits that did not reproduce
the data over the whole temperature range, particularly the
higher 7" data. However, it did suggest the J value is rela-
tively weak, in the J= —10 to —15cm™' range, which in
fact is consistent with the relatively acute Mn*'—-O* —
Mn*" (Mn1-O8-Mnla) angles of 97.52°. As for 4, we
believe the problem is intermolecular exchange interac-
tions, via the hydrogen-bonding network described above,

which are not incorporated in the model. These points are
being considered further as we seek to reach a more de-
tailed magnetic understanding of this whole family of
mixed-metal species, as well as others being prepared.

4.2. AC magnetic susceptibility

AC magnetic susceptibility measurements are a very
convenient method to assess whether a molecule exhibits
a slow magnetization relaxation rate, which is a necessary
(but not sufficient) property of a species that might be a sin-
gle-molecule magnet (SMM). Thus, such measurements
were carried out in the 1.8-10 K range using a 3.5 G AC
field oscillating at 50-1000 Hz, seeking the detection of a
non-zero out-of-phase AC susceptibility signal (yy;). The
latter indicates that the sample’s magnetization vector can-
not relax (reorient) fast enough to keep up with the oscillat-
ing field. None of the complexes in this work gave a clear
zy signal above 1.8 K, the operating minimum of our
SQUID magnetometer, but complex 2 showed a weak, fre-
quency-dependent tail of what might be a peak lying at
<1.8 K. We thus chose 1 and 2 for more detailed studies
involving single-crystal magnetization versus applied DC
field sweeps on a micro-SQUID apparatus down to milli-
kelvin temperatures [26]. The observation of hysteresis
loops in such studies is the classical diagnostic property
of a magnet.

The magnetization versus applied DC field sweeps for a
single crystal of complex 1 - 6MeCN are shown in Fig. 10.
At very low temperatures (0.3 K and below) and at a
0.14 T/s applied field sweep rate, hysteresis loops are ob-
served with a very small coercivity and only a slight tem-
perature dependence. The small coercive field and the
overall shape of the loops suggest the presence of intermo-
lecular interactions and some degree of ordering as the
main source of the hysteresis. Indeed, a closer examination

0.14T/s

M/M

0.04 K
0.2K
0.3K
1 1 1 1 1 1 1 J
-1.2 -0.8 -0.4 0 0.4 0.8 1.2
poH(T)

Fig. 10. Magnetization (M) vs. applied DC field hysteresis loops for a
single crystal of 1-6MeCN at the indicated temperatures and a 0.14 T/s
sweep rate. The magnetization is normalized to its saturation value, Ms.
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of the crystal structure of 1 - 6MeCN reveals intermolecular
n—m stacking overlaps (~3.7 A) between the aromatic rings
of benzoate groups, and this is likely the pathway for inter-
molecular exchange interactions. At best, therefore, com-
plex 1 could be regarded as an exchange-biased SMM
[36], although it is clearly difficult to separate the intermo-
lecular interactions and the SMM behavior.

Clearer evidence for a SMM was observed when the
same studies were performed on 2 -4MeCN - 3H,O. Hys-
teresis loops were again obtained, and now they were much
more characteristic of a SMM. The hysteresis loops obtai-
ned with a field sweep rate of 0.14 T/s and at various
temperatures below 1.1 K are shown in Fig. 11 (top), and
those obtained from a sweep rate dependence at a constant
temperature of 0.04 K are shown in Fig. 11 (bottom). The
coercivities increase with decreasing temperature and with
increasing sweep rate, as expected for the superparamag-

0.14T/s

M/M

M/M s

0.280 T/s

0.035 T/s
0.017T/s }
0.008 T/s
0.004 T/s
0.002 T/s
0.001 T/s

0.5 1

HoH (T)

Fig. 11. Magnetization (M) vs. applied DC field hysteresis loops for a
single crystal of 2 - 4MeCN - 3H,O at (top) the indicated temperatures and
a 0.14 T/s sweep rate, and (bottom) at the indicated field sweep rates and a
temperature of 0.04 K. The magnetization is normalized to its saturation
value, Ms.

net-like behavior of a SMM. The dominating feature in
these loops is the large relaxation step at zero-field, which
can be assigned to fast quantum tunneling of the magneti-
zation (QTM) through the barrier to relaxation. This is
commonly seen in previous SMMs containing lanthanide
ions [14b]. In fact, this very fast QTM step at zero field
makes the magnetization decay very rapidly in zero field
and prevents magnetization versus time decay data being
collected and used to construct an Arrhenius plot; the latter
kinetic analysis is commonly used to determine the effective
barrier to relaxation. Again, this is as found for previous
mixed 3d/4f SMMs, which show fast QTM at zero field.
Steps at other field positions are also expected, but they
are poorly resolved, almost unobservable, and this is
assigned to broadening effects from a distribution of mole-
cular environments, which would give a distribution of
relaxation barriers and thus a distribution in step positions.
Additional broadening is also expected from intermolecu-
lar interactions from both dipolar and superexchange
pathways.

5. Conclusions

A new group of mixed 3d/4f and 3d/4d tetranuclear clus-
ters have been synthesized from the reactions of Fe' or
Mn' sources with teaHs or pdmH,, or simply by methanol-
ysis. These products represent new additions to what is still a
very small family of such mixed-metal species. While the
magnetic properties are complicated by the large spin—orbit
coupling effects of most Ln'" ions, making difficult the
quantitative elucidation of the magnitude of the exchange
parameters within these molecules and their resulting
ground state description, hysteresis loop determinations
have established that additional examples of SMMs have
been provided from this area. However, lanthanide-contain-
ing SMMs still suffer from the disadvantage of fast QTM
rates. This represents a diminution of the effective barrier
for magnetization relaxation, and thus the temperature
below which the relaxation is blocked and the complex will
function as a SMM. Nevertheless, the use of lanthanides to
modulate the magnetic properties of transition metal SMMs
is still an interesting area that promises much new science as
it matures.

6. Supplementary material

Crystallographic data have been deposited with Cam-
bridge Crystallographic Data centre, CCDC Nos. 276642—
276646. Copies of this information may be obtained from
The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (fax: +44 1233 336033; email: deposit@ccdc.
cam.ac.uk or www.ccdc.cam.ac.uk).
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