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ABSTRACT

The use of carboxylates in the synthesis of 3d/4f clusters, with or without a second organic ligand, has
afforded a series of tetranuclear M,Gd, complexes (M =Fe or Mn), and two new trinuclear M,Gd
(M = Fe or Mn) molecular compounds. Only one of these, [Mn,Gd,0,(0,CBu‘)g(HO,CBu")4] (1), does not
contain a multidentate chelate ligand. Two other similar tetranuclear clusters were synthesized from
the use of triethanolamine (teaHs) and 1,1,1-tris(hydroxymethyl)ethane (thmeHs). [Mn,Gd,(O-
H),(0,CPh)4(NOs),(teaH),] (2) has very similar structure with 1, bearing a defective incomplete dou-
ble-cubane core bridged by p3;-O atoms, whereas in the core of [NHEts],[Fe,Gdo(0,CPh)y(thme),
(NOs)4] (3) the thme®~ ligand caps the two incomplete cubane units, providing the triply-bridging alkox-
ides needed for bridging. Two new oxide-centered triangular clusters were synthesized bearing the
Schiff-based chelate 2-{[2-(dimethylamino)ethylJmethylamino}ethanol (dmemH), namely [Fe,GdO(O,C-
Bu‘),(dmem),(NO3)3] (4), and [Mn,GdO(0,CBu"),(dmem),(NO5);] (5). Magnetic susceptibility measure-
ments and/or reduced magnetization studies established that complexes 1 and 3 have an S=5 ground
state, complex 2 has S = 4, and complexes 4 and 5 are S = 7/2 in their ground states. These complexes por-
tray the feasibility of obtaining products bearing metal cores commonly found in homometallic clusters,
even when these include metals with completely different coordination chemistry and electronic struc-
ture, such as lanthanides.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Mixed-metal materials have been attractive to solid-state
chemists and condensed-matter physicists for many years as
routes to new metal alloys, intermetallics, and perovskite-type me-
tal architectures [1]. The importance of these materials arises from
their heterometallic nature, which together with other factors can
result in properties such as ferromagnetism, ferroelectricity, ferro-
elasticity and ferrotoroidicity [2]. Molecular chemists have been
also interested in mixed-metal complexes for a variety of reasons.
For example, heterometallic complexes are known in biology as the
active sites of many enzymes, such as nitrogenase [3], mammalian
superoxide dismutase [4], phosphatases [5], the water oxidizing
complex near Photosystem II [6], and others [7]. Polynuclear
3d/4f complexes have also been investigated in the field of mole-
cule-based magnets and single-molecule magnets (SMMs) as an
alternative to homometallic transition metal compounds [8].
SMMs are individual molecules that can function as nanoscale
magnetic particles below a blocking temperature; this property is
intrinsic to the molecule and is not due to intermolecular interac-
tions as in traditional magnets or molecule-based magnets [9].
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With the main requirements for SMMs being a high spin ground
state and a large uniaxial anisotropy [10], 3d/4f clusters are a log-
ical extension to homometallic SMMs because of the large single-
ion anisotropy most trivalent lanthanides possess, and to date sev-
eral 3d/4f species have been identified as SMMs [11]. In order to
achieve a deeper understanding of the magnetic properties of such
molecules, it is useful to consider small 3d/4f clusters that would
allow an investigation of the transition metal-lanthanide exchange
interactions [12], and this is one of the objectives of the present
work. The unpaired electrons of a lanthanide reside in 4f orbitals,
which leads to weak exchange coupling, and the rare earth ion thus
behaves as a free ion to a first approximation [13]. Also, the spin-
orbit coupling is much larger for a trivalent lanthanide than for a
3d metal ion, which further complicates the magnetic investigation
of heterometallic complexes. In this respect, isotropic lanthanides
are useful in order to probe the magnetic properties of 3d/4f clus-
ters [11e,12b].

Several synthetic strategies have been employed by molecular
chemists in the search for new structural types of 3d/4f complexes
and interesting magnetic properties. One such strategy is the
employment of small flexible ligands such as carboxylates
(0,CR7). Carboxylates are versatile ligand types, since the R group
can vary from simple alkyl to bulkier phenyl moieties, and even
functionalized R groups facilitating specific properties or behavior
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(electrochemical, spectroscopic, surface-binding ability, etc.)
[10a,14]. Dicarboxylates have also been used, albeit not extensively
[15]. Other ligands that have been central players in the formation
of polynuclear clusters have been the extended families of oxi-
mates [16], phosphonates [17], as well as several polyalcohols
[18]. Design and use of multifunctional ligands has been proven
a particularly interesting approach to new structural motifs and of-
ten SMMs [19]. In the present work, the syntheses and properties
are reported of several M/Gd (M = Mn and Fe) clusters incorporat-
ing a range of ligands, including simple carboxylates, tripodal alk-
oxides, and Schiff-based chelates (Scheme 1), all of which have
been previously successful in bridging homometallic complexes.
Furthermore, the possibility of obtaining Mn/Ln clusters with sim-
ilar structural features as found in homonuclear complexes, de-
spite the differences in the electronics and the relative sizes of
3d and 4f metals, provided additional motivation for this work.

2. Experimental
2.1. General and physical measurements

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received.
Mn(0,CPh), 2H,0 [20], [Mn30(0,CPh)s(py)2(H20)] [21], [Mn3O
(0,CBu")s(py)s] [21], and [Fe;0(0,CBu‘)s(H,0)3](OH) [22] were
prepared as described.

Microanalyses (C, H, N) were performed by the in-house facili-
ties of the Chemistry Department at the University of Florida. IR
spectra (4000-450 cm™!) were recorded on a Nicolet Nexus 670
spectrometer with samples prepared as KBr pellets. Variable-tem-
perature dc and ac magnetic susceptibility data were collected at
the University of Florida using a Quantum Design MPMS-XL SQUID
susceptometer equipped with a 7 T magnet and operating in the
1.8-300 K range. Samples were embedded in solid eicosane to
prevent torquing. Pascal’s constants were used to estimate the dia-
magnetic corrections, which were subtracted from the experimen-
tal susceptibilities to give the molar paramagnetic susceptibilities

(xm)-
2.2. Compound preparation

2.2.1. [anGdzOz(OZCBut)g(HOZCBu[)zd (1)

To a stirred solution of Mn(0,CMe),-4H,0 (0.50 g, 2.0 mmol) in
molten pivalic acid/water (40/15 mL) was added freshly prepared
NBuysMnO, (0.36¢g, 1.0 mmol) and Gd(O,CMe)s;-xH,0 (0.83 g,
2.5 mmol). The solution was stirred overnight, filtered, and the fil-
trate layered with a mixture of acetone and ether. After 3 days, or-
ange plate-like crystals had formed. The crystals were kept in
mother liquor for the X-ray analysis, and dried under vacuum for
other solid-state studies. Yield, 45%. Anal. Calc. for 1.5H,0: C,
44.85; H, 7.65; N, 0.00. Found: C, 44.51; H, 7.31; N, 0.02%. Selected
IR data (KBr, cm™!): 2977(bm), 2580(bw), 1702(vs), 1586(sm),
1485(vs), 1460(sm), 1415(sm), 1367(sm), 1304(vs), 1202(vs),
936(bm), 896(bm), 767(bm), 590(vs), 546(vs).

OH

i N\
N 2
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teaH; thmeH, dmemH
Scheme 1.

2.2.2. [anGdz(OH)Z(Ochh)4(N03)2(teaH)2] (2)

To a stirred solution of [MnsO(0,CPh)s(py)(H20)] (0.27 g,
0.25 mmol) in MeCN (20 mL) was added teaHs (67 pL, 0.5 mmol)
and solid Gd(NO3)3-6H,0 (0.45 g, 1.0 mmol). The reaction mixture
was kept under magnetic stirring for 30 more minutes, and then
filtered. The filtrate was left undisturbed for 2 days, during which
time orange-brown plate-like crystals slowly formed. The crystals
were maintained in the mother liquor for X-ray crystallography
and other single-crystal studies, or collected by filtration, washed
with Et,0, and dried in vacuo. Yield, 80%. Anal. Calc. for 2: C,
39.91; H, 4.02; N, 4.65. Found: C, 39.55; H, 3.72; N, 4.49%. Selected
IR data (KBr, cm™!): 3650(sm), 3241(bm), 2963(bm), 2883(bm),
1857(bm), 1597(vs), 1557(vs), 1438(s), 1383(vs), 1175(bw),
1081(vs), 904(s), 818(sw), 721(vs), 675(bm), 607(bm), 506(bm).

2.2.3. [NHEtg]Z[FezGdz(OZCPh)4(thm€)2(N03)4] (3)

An orange-red solution of [Fe30(0,CPh)g(H,0)3](NO3) (0.256 g,
0.25 mmol) in acetonitrile/methanol (10:1) was treated with
Gd(NOs)3-6H,0 (0.34g, 0.75 mmol), thmeH; (0.06 g, 0.5 mmol)
and NEt; (0.14 mL, 1 mmol). The reaction mixture was kept under
magnetic stirring for one hour, filtered, and the filtrate was left
undisturbed for a period of 5 days, during which time orange-
brown plate-like crystals slowly formed. The crystals of 3 were
maintained in mother liquor for X-ray crystallography and other
single-crystal studies, or collected by filtration, washed with
Et,0, and dried in vacuo. Yield, 25%. Anal. Calc. for 3: C, 37.63; H,
4.60; N, 5.14. Found: C, 37.50; H, 4.66; N, 5.24%. Selected IR data
(KBr, cm™'): 2872(s), 2845(s), 2682(vs), 1599(m), 1559(m),
1488(mb), 1392(mb), 1298(m), 1176(sm), 1127(sm), 1056(m),
1022(m), 997(s), 836(s), 817(s), 727(m), 675(m), 609(sm),
581(sm), 454(bm), 411(vs).

2.24. [F62GdO(OzCBut)z(dmem)z(NOg)gj (4)

2.2.4.1. Method A. To a stirred solution of dmemH (0.09 mL,
0.56 mmol) in EtOH (15 mL) was added solid Gd(NOs)3;-6H,0
(0.19g, 0.42mmol) followed by [Fe30(0,CBu')s(H,0)3](OH)
(0.24 g, 0.28 mmol). The mixture was left under magnetic stirring
for 2 h, and filtered to remove undissolved solid. Then Et,0 was al-
lowed to diffuse into the filtrate, and X-ray quality crystals formed
after 1 day. These were collected by filtration, washed with Et,0,
and dried in vacuo. Yield, 20%. Anal. Calc. for 4: C, 29.91; H, 5.44;
N, 10.17. Found: C, 29.89; H, 5.38; N, 10.09%. Selected IR data
(cm™1): 3425(m), 2975(m), 2907(m), 2841(m), 1563(s), 1487(s),
1424(s), 1380(s), 1302(s), 1228(m), 1179(w), 1113(w), 1086(s),
1061(m), 1029(m), 990(m), 936(w), 908(w), 888(m), 817(w),
787(m), 740(w), 688(m), 612(m), 581(m), 516(m), 443(m).

2.2.4.2. Method B. To a stirred solution of Fe(NO3)3-9H,0 (0.35 g,
0.87 mmol) and Gd(NOs);-6H,0 (0.20g, 0.44 mmol) in MeCN
(15 mL) was added solid NaO,CBu‘ (0.06 g, 0.48 mmol), dmemH
(0.14 mL, 0.86 mmol), and NEt; (0.12 mL, 0.86 mmol). The mixture
was stirred for 2 h and filtered to remove undissolved solid. Then
Et,0 was allowed to diffuse into the filtrate, and X-ray quality crys-
tals formed after 2 days. The crystals were collected by filtration,
washed with Et,0, and dried in vacuo. Yield: 10%. The product
was identified by IR spectral comparison and elemental analysis
with material from Method A. Anal. Calc. for 4: C, 29.91; H, 5.44;
N, 10.17. Found: C, 30.21; H, 5.65; N, 9.81%.

2.2.5. [anch(OZCBLlt)z(dmem)z(N()g)g] (5)

2.2.5.1. Method A. To a stirred solution of Mn(NOs),-xH,0 (0.16 g,
0.89 mmol) and Gd(NOs3);-6H,0 (0.20g, 0.44 mmol) in MeCN/
MeOH (12/1 mL) was added NaO,CBu' (0.06g, 0.48 mmol),
dmemH (0.14 mL, 0.86 mmol), and NEt; (0.18 mL, 1.28 mmol).
The mixture was stirred for 3 h and filtered to remove undissolved
solid. Then Et,0 was allowed to diffuse into the filtrate, and X-ray
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quality crystals formed after 2 days. The crystals were collected by
filtration, washed with Et,0, and dried in vacuo. The yield was 20%.
Anal. Calc. for 5: C, 29.97; H, 5.45; N, 10.19. Found: C, 29.97; H,
5.45; N, 10.10%. Selected IR data (cm™'): 3433(m), 2972(m),
2917(m), 2867(m), 2800(w), 1573(s), 1486(s), 1460(s), 1421(s),
1384(s), 1298(s), 1227(m), 1175(w), 1114(w), 1078(m), 1064(
1030(m), 1009(w), 990(w), 938(w), 907(w), 890(w), 81§(
787(w), 740(w), 693(m), 645(w), 629(w), 586(w), 541(w),
517(w), 479(w).

w
w

y

)
),
)
)

2.2.5.2. Method B. To a stirred solution of dmemH (0.09 mL,
0.56 mmol) in MeCN/MeOH (13/2mL) was added solid
Gd(NO3)3-6H,0 (0.19 g, 0.42 mmol), and [Mn30(0,CBu)s(py)s]
(0.25 g, 0.24 mmol). The mixture was stirred for 2 h and filtered
to remove undissolved solid. Reddish-orange needle-like crystals
of 5 formed after two days upon vapor diffusion Et,O into the fil-
trate. These were collected by filtration, washed with Et,0, and
dried in vacuo. Yield: 15%. The product was identified by IR spec-
tral comparison and elemental analysis. Anal. Calc. for 5: C,
29.97; H, 5.45; N, 10.19. Found: C, 29.99; H, 5.40; N, 10.01%.

2.3. Single-crystal X-ray crystallography

Data for all complexes were collected at 173 K on a Siemens
SMART PLATFORM equipped with a CCD area detector and a graph-
ite monochromator utilizing Mo Ko radiation (4 = 0.71073 A). Suit-
able crystals of 1-5 were attached to glass fibers using silicone
grease and transferred to a goniostat where they were cooled to
173 K for data collection. An initial search for reciprocal space re-
vealed an orthorhombic cell for 1, a triclinic for 2, a monoclinic cell
for 3, and orthorhombic cells for 4 and 5; the choices of space
groups Pbca (1, 4, 5), P1 (2), and P2¢/n (3), were confirmed by the
subsequent solution and refinement of the structures. Cell param-
eters 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 collection to monitor instrument and crystal stability (maxi-
mum correction on I was <1%). Absorption corrections by integra-
tion were applied based on measured indexed crystal faces. The
structures were solved by direct methods in sHeLxTL6 [23], and re-
fined on F? using full-matrix least-squares. The non-H atoms were
treated anisotropically, whereas the H atoms were placed in calcu-
lated, ideal positions and refined as riding on their respective C

atoms. Unit cell parameters and structure solution and refinement
data are listed in Table 1.

For 1, dimers of Mn,Gd, are located on inversion centers. There
is a disorder in the methyl groups on C27, which were refined in
two parts with their site occupation factors dependently refined.
Hydrogen atoms H1 and H3 on O atoms O1 and 03, respectively,
were located from a difference Fourier map and refined without
any constraints. A total of 427 parameters were refined in the final
cycle of refinement using 7516 reflections with I > 2¢(I) to yield R,
and wWR, of 2.98% and 6.69%, respectively. For 2, the asymmetric
unit consists of a half Mn,Gd, cluster and three MeCN solvent mol-
ecules. Protons H1 and H7, on O1 and 07, respectively, were ob-
tained from a Difference Fourier map and refined freely. A total
of 405 parameters were refined in the final cycle of refinement
using 6690 reflections with I> 2¢(I) to yield Ry and wR, of 2.62%
and 6.13%, respectively. For 3, the asymmetric unit consists of a
half Fe,Gd, cluster and one NHEt;* cation; the H atom on the cat-
ion, H3, was located in a difference Fourier map and refined freely.
A total of 392 parameters were refined in the final cycle of refine-
ment using 6192 reflections with I > 2¢(I) to yield R; and wR; of
2.76% and 6.33%, respectively. For 4, the asymmetric unit consists
of the Fe,Gd cluster. A total of 451 parameters were refined in
the final cycle of refinement using 5302 reflections with I>2a(I)
to yield R; and wR, of 3.60% and 6.66%, respectively. For 5, the
asymmetric unit consists of the Mn,Gd cluster. The three methyl
groups on C21 were disordered and were isotropically refined in
three parts. A total of 463 parameters were refined in the final cy-
cle of refinement using 7274 reflections with I>2a(I) to yield R;
and wR, of 2.58% and 6.43%, respectively.

3. Results and discussion
3.1. Syntheses

Several synthetic methods have been employed over the years
to incorporate lanthanide ions into transition metal clusters. Prob-
ably the most successful one has been the reaction of a simple Mn"
salt with an oxidizing agent in the presence of a lanthanide source.
Another approach is the reaction of a preformed transition metal
cluster with a lanthanide salt. Both these methods have produced
several mixed-metal carboxylate complexes [11a,11g,24]. How-
ever, the use of potentially chelating ligands combined with car-
boxylates has been poorly explored as a route to mixed-metal

Table 1

Crystallographic data for 1-5.

Parameter 1 2 3 4 5

Formula CooH112Gd,Mn,056 CsyHeeGdaMn,N1902; Cy5H3sFeGdN3045 Cy4Hs,Fe;,GdN,O46 Cy4Hs5,Mn,GdN;046
Formula weight (g mol~1) 1673.88 1607.53 798.66 963.65 961.83
Space group Pbca PT P24/n Pbca Pbca

a(A) 19.908(2) 12.064(1) 12.284(8) 18.4052(17) 18.2689(11)
b (A) 18.578(2) 12.228(1) 17.046(11) 18.8604(18) 18.6402(11)
c(A) 20.984(2) 12.879(1) 15.706(10) 22.168(2) 22.4775(14)
o (°) 90 117.284(1) 90 90 90

B(°) 90 94.928(1) 107.298(1) 90 90

v (°) 90 102.558(1) 90 90 90

V (A3) 7761(1) 1610.0(2) 3139.9(4) 7695.3(13) 7654.4(8)

z 4 1 4 8 8

T (°C) —100(2) -100(2) -100(2) —100(2) —100(2)
Radiation (A%) 0.71073 0.71073 0.71073 0.71073 0.71073
Peatc (g cm ™) 1.433 1.658 1.689 1.664 1.669

w (mm~) 2.074 2.496 2.622 2.521 2.436

Ry (WRy) (%)P€ 2.98(6.69) 2.38(6.13) 0.028(0.066) 0.036(0.067) 0.026(0.064)

4Graphite monochromator.
" Ry = Z|IF,| - IF|l/Z|Fo].

€ WR, = [Z[W(F,2 — F2)?)| Z[w(F2)?1]"? where S = [Z[wW(F,2 — F2)?]/(n — p)]'2, w = 1][6?(F,?) + (mp)? + np], p = [max(F,2, 0) + 2F.?]/3, and m and n are constants.
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clusters. The complexes reported here were synthesized using a
collection of these synthetic strategies.

Complex 1 was synthesized using pivalic acid as a co-solvent.
Molten pivalic acid has been widely used in the synthesis of chro-
mium clusters [25], but this is its first use in 3d-4f cluster chemis-
try to our knowledge. The comproportionation reaction we used
resembles the synthesis of [Mn;,01,(0,CMe);5(H20)4] [26] but in
the presence of Gd>* ions and using pivalic acid instead of acetic
acid. Using KMnOy as an alternative source of Mn’* ions produced
the same product in a lower yield. The reaction of Mn(O,C-
Me),-4H,0, NBusMnO,4 and Gd(0O,CMe)s-xH,0 in a 2:1:2.5 molar
ratio in a solvent mixture comprising of molten pivalic acid and
water, gave a brown solution, which upon layering with ether/ace-
tone led to the isolation of 1. The stoichiometric reaction is sum-
marized below in Eq. (1)

8Mn?* + 2Mn’* + 10Gd** + 60HO,CCMe; + 10H,0
— 5[Mn,Gd,0,(0,CCMe;3 ) (HO,CCMes),] + 60H* (1)

The use of excess of pivalic acid is critical in this synthesis, since
the other solvent is water. The use of neat water as solvent in poly-
nuclear Mn""" cluster chemistry would lead to hydrolysis and the
formation of an insoluble MnO, precipitate. However, under acidic
conditions the latter is prevented, or at least minimized to a minor
by-product, which can be separated by filtration. Analogues with
other lanthanides can be obtained through the same procedure,
which were identified by IR and elemental analysis, but they were
not further characterized in this work.

The reaction of a preformed triangular complex [M3O0
(05CR)6L3]%" (M = Fe, Mn, etc.; L=py, H,0, etc.) complex with a
chelating ligand represents a commonly employed and successful
route to a wide range of higher nuclearity Mn clusters. For exam-
ple, the use of triethanolamine (teaHs) has led to a variety of prod-
ucts depending on the precise reaction conditions and ratios,
including the largest iron cluster Feg4 [271], Mn clusters with nucle-
arities currently up to 18, and a Cu;7Mnj,g cluster with T4 symme-
try and S =51/2 [27]], to highlight a few [27]. The alkoxide arms of
the tea®~ ligand normally adopt bridging modes, fostering forma-
tion of higher nuclearity products. In the present work, the reaction
of [Mn30(0,CPh)s(py)2(H20)], GA(NO3)3 and teaHs in a 1:4:2 molar
ratio in MeCN gave a brown solution from which orange-brown
crystals of 2 slowly formed. The preparation of 2 can be summa-
rized by Eq. (2)

2[Mn;0(0,CPh), (py), (H20)] + 6Gd(NOs), + 6teaHs;
+1/20, + H,0 — 3[Mn,Gd,(OH), (0,CPh),(NO3), (teaH),]
+12NO, ™ +4py + 12H" 2)

The reactions are likely complicated equilibria involving several
species of various nuclearities, both homo- and heterometallic, and
the crystallization of the main product directly from the reaction
solution is probably beneficial in providing pure material. The
teaHs tripod has been used in the past in homonuclear Mn and
Fe chemistry, producing several clusters with often high nuclear-
ities and unusual metal topologies. In 3d/4f cluster chemistry,
teaHs has afforded a small family of Fe,Ln, (Ln = Ho, Dy, Tb) com-
plexes [11e], which are structurally similar to 2 and 3 (vide infra).

Tripodal thmeHs has been widely employed in the synthesis of
various transition metal clusters with varying nuclearities, but its
chemistry has proven significantly different from that of teaHs or
other tripodal chelates [18b]. We thus decided to employ thmeH3
in Fe/Ln reactions, using triangular iron clusters as starting materi-
als; this methodology in homonuclear Fe cluster chemistry has in
the past afforded a variety of products, including Feg [28e,f], Fe;
[28b], Feg [28e], Feg and Fe;s wheels [28a], Feo [14f,28d], and an
Fe,s sigmoidal cluster [28c], to name a few [28]. In the present

work, the reaction of [Fe30(0,CPh)g(H,0)3](NO3) with
Gd(NO3)3-6H,0 and thmeHs5 in the presence of NEt3 ina 1:3:2:4 ra-
tio in an acetonitrile/methanol (10:1) solvent mixture followed by
slow evaporation led to the isolation of yellow crystals of 3 in 25%
yield. The reaction is summarized in Eq. (3).

2[Fe;0(0,CPh)g(H;0)5](NO3) + 6Gd(NOs), + 6thmeH; + 6NEt;
— 3(NHEts),[Fe,Gd, (0,CPh),, (thme), (NOs),] + 8H*
+8NO,~ + 8H,0 3)

The same product can also be isolated from reactions with dif-
ferent reagent ratios, but in lower isolated yields.

The previous use of tridentate 2-{[2-(dimethylamino)
ethylJmethylamino}ethanol (dmemH) in Fe chemistry has afforded
several homometallic species [29]. As an extension to this work,
dmemH was employed in both Fe/Ln and Mn/Ln reactions. Various
reagent ratios and conditions were explored, and finally the reac-
tion of [F930(02CBUt)5(H20)3](OH) with Gd(NO3)36H20 and
dmemH in a 2:3:4 ratio in EtOH followed by slow addition of
Et,0 produced green crystals of [Fe,GdO(0,CBu'),(dmem ),(NOs)s]
(4) in 20-30% non-optimized yields (Method A of Experimental
section). The reaction is summarized in Eq. (4).

2[Fe30(0,CBu"),(H,0),](OH) + 3Gd(NO3), + 6dmemH
— 3[Fe,GdO(0,CBu"), (dmem), (NOs),] + 7H,0
+ 6Bu‘CO,H 4)

The same product can be obtained from neat MeCN, but other
products precipitate as well, which could not be separated and
characterized. The same product was also obtained by treatment
of an MeCN/MeOH solution of Fe(NOs); and Gd(NOs3); with sodium
pivalate and dmemH in a 2:1:1:2 ratio (Method B), but in a lower
yield than that from Method A. Addition of extra base to the reac-
tion did not change the identity of the product, but instead led to a
small improvement in yield.

The reaction of Mn(NOs),-xH,0, Gd(NOs3);-6H,0, NaO,CBu’,
dmemH, and NEts in a 4:2:2:4:5 ratio in MeCN/MeOH produced
a dark red solution, from which dark red crystals of [Mn,GdO(0,C-
Bu’),(dmem),(NOs)s] (5) were obtained in 20% after addition of
Et,0. The reaction is summarized in Eq. (5)

4Mn(NOs), + 2Gd(NO3), + 4Bu‘CO?>" + 4dmemH + O,
— 2[Mn,GdO(0,CBu'),(dmem), (NOs),] + 4H" + 8NO,~  (5)

Attempts were made to increase the yield, and this could be
achieved by small increases in the amounts of Gd** or Bu’CO,",
but the product could only be obtained in a microcrystalline pow-
der form under these conditions.

3.2. Description of structures

The complete structure and the partially labeled core of
[Ml‘lzGdzOz(OzCCMe:;)3(H02CCM€3)4] (1) are shown in Flg 1. Se-
lected interatomic distances and angles are listed in Table 2. Com-
pound 1 crystallizes in the orthorhombic space group Pbca. The
compound contains a [Mn¥'GdY(u5-0),]%" core consisting of a
Mn,Gd; planar butterfly (or rhombus) with the Mn atoms at the
body positions and each Mn,Gd triangular unit bridged by a pi3-
0%~ ion (013). The core is additionally mono-atomically bridged at
each MnGd edge by an O atom of an n':n?:p pivalate group. The
other four pivalates also bridge these edges, but in the more familiar
n':n':u triatomic modes, and the four pivalic acid groups are termi-
nally bound to the two Gd atoms. The two Gd atoms are nine-coor-
dinate with distorted capped square-antiprismatic geometry, and
the two Mn atoms are six-coordinate with near-octahedral geome-
try. The Mn oxidation states were established by charge consider-
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Fig. 1. The structure of complex 1 (top) and its partially labeled core (bottom). The
Mn™ Jahn-Teller elongation axes are denoted as orange bonds. Color code: Mn™
green, Gd" purple, O red, C gray. (For interpretation of the references in color in this
figure legend, the reader is referred to the web version of this article.)

Table 2

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

Gd1-011 2.341(1) Mn1-05 1.960(2)
Gd1-013 2348 (1) Mn1-012’ 1.967(2)
Gd1-06 2.371 (1) Mn1-010 2.188(2)
Gd1-04 2.394(2) Mn1-07 2.266(2)
Gd1-09 2.457(2)

Gd1-010 2.513(1) Mn1-07-Gd1 92.54(6)
Gd1-07 2.518(2) Mn1/-010-Gd1 93.42(6)
Gd1-02 2.523(2) Mn1-013-Mn1’ 98.24(8)
Gd1-08 2.527(2) Mn1-013-Gd1 108.84(8)
Gd1-011 2.341(2) Mn1’-013-Gd1 107.16(8)
Gd1-013 2.348(2)

Mn1-013 1.895(2) Gd1.-Mn1’ 3.429(1)
Mn1-013' 1.901(2) Mn1--Mn1’ 2.870(1)
Symmetry code: ' = —x, -y +2, —z.

ations, bond-valence sum calculations (Table 3), and their clear
Jahn-Teller (JT) axial elongations; as expected, the elongated
Mn"™-0 bonds are 0.1-0.2 A longer than the other Mn"-0O bonds.
In addition, these JT axes are in a normal orientation, containing car-
boxylate O atoms and thus avoiding the short Mn-02~ bonds. As a
result, the JT axes are parallel and are oriented roughly along the
long axis of the core. All terminal pivalic acids form intramolecular

Table 3
Bond valence sum calculations and assignments for the Mn® ions in complexes 1, 2,
and 5.

Complex Mn ion Mn" Mn" Mn"
1 Mn1 2.97 2.73 2.84
2 Mn1 3.00 2.77 2.87
5 Mn1 3.12 2.90 2.97

Mn2 3.16 2.93 3.00

¢ The underlined value is the one closest to the charge for which it was calcu-
lated. The oxidation state can be taken as the whole number nearest to the bond
value.

hydrogen-bonds to adjacent oxygen atoms (average O---O distance
2.567 A). There are no intermolecular hydrogen-bonds. Finally, it
should be noted that a similar compound to 1 has been previously
obtained from a different synthetic procedure involving the reaction
of a preformed Mng pivalate cluster with Gd(NOs); in a CH,Cl,/
MeOH mixture. This previous compound differs from 1 in possessing
terminal MeOH groups on the Gd atoms, rather than pivalic acids
[24a].

The complete structure and the partially labeled core of
[Mn,Gd;(OH),(0,CPh)4(NO3),(teaH),| (2) are shown in Fig. 2. Se-
lected interatomic distances and angles are listed in Table 4. Com-
plex 2 crystallizes in triclinic space group P1 with the cluster lying
on an inversion center. The structure is overall similar to that of 1,
but with some distinct differences: it consists of a MnJ'GdY'
planar butterfly (rhombus) with each Mn,Gd triangle bridged by a
H3-OH™ ion (oxygen atoms O1 and O1’); the Mn oxidation states
and the protonated nature of the pi3-OH™ ions were confirmed by
BVS calculations on the Mn (Table 3) and the O atoms (Table 5). Each
of the two teaH?~ groups is a tetradentate chelate to a Gd atom, with
the protonated alcohol arms (O7) binding terminally to the Gd, and
the two deprotonated alkoxide arms (06, 08) each bridging to an
adjacent Mn atom. There is also a chelating NO;~ group on each
Gd atom, and ligation is completed by an n':n!:p-0,CPh~ group
bridging each MnGd edge of the rhombus. The Mn and Gd atoms
are six- and nine-coordinate, respectively. The Mn atoms are again
JT axially elongated, but, unlike the situation in 1, they now lie
roughly along the short axis of the rhombus and contain the i3-
OH™ ions. Intermolecular hydrogen-bonds are present in 2; one of
the nitrate oxygen atoms (O11) is hydrogen-bonded to protonated

Fig. 2. The structure of complex 2 (top) and its partially labeled core (bottom). The
Mn" Jahn-Teller elongation axes are denoted as orange bonds. Color code: Mn"
green, Gd" purple, O red, N blue, C gray. (For interpretation of the references in
color in this figure legend, the reader is referred to the web version of this article.)
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Table 4

Selected bond distances (A) and angles (°) for complex 2.

Gd1-06 2.329(1) Mn1-05 1.953(2)
Gd1-03 2.331(1) Mn1-01 1.973(2)
Gd1-01 2.370(1) Mn1-02 2.176(2)
Gd1-08 2.397(1) Mn1-01' 2.209(2)
Gd1-04’ 2.428(1)

Gd1-07 2.444(1) Mn1-01-Mn1’ 103.69(7)
Gd1-010 2.535(1) Mn1-01-Gd1 101.74(7)
Gd1-09 2.541(1) Mn1/-01-Gd1 97.71(7)
Gd1-N1 2.614(2)

Mn1-06 1.885(1) Gd1---Mnl 3.3784(4)
Mn1-08’ 1.899(1) Gd1.--Mn1’ 3.4503(4)
Symmetry code: = —x+1,-y+1,-z+1.

Table 5

Bond valence sum calculations and assignments for the triply-bridging O* ions in
complexes 1, 2, 4, and 5.

Complex O atom BVS Assignment
1 013 1.79 0%
2 01 1.31 OH~
4 01 2.02 0>
5 01 2.02 0%

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

arm (07) of the teaH?~ ligand, thus creating a one-dimensional
hydrogen-bonded array of Mn,Gd, complexes (see Supplementary
data).

The overall structures of the cores of complexes 1 and 2 can also
be described as two face-sharing [M404] cubanes with a metal
atom missing from one vertex of each cubane. Such a “defective
dicubane” unit with a resulting planar M, rhombus is relatively
common in both homo- and heterometallic cluster chemistry
[11f,24a,30], and is often on a crystallographic center of symmetry.
The biggest difference between the two cores is the identity of the
us-O atoms, being 02~ versus OH™ in 1 and 2, respectively. This
then leads to the other major difference between 1 and 2, the posi-
tions of the Mn'" T axes, which lie along the Mn"-13-OH~ bonds in
2. This is reasonable given the longer nature of Mn"'-i5-OH~ bonds
compared with Mn"-13-0%~ ones, and this is also the situation
commonly seen in Mn, “defective dicubanes” where the i3-O
atoms are alkoxides.

The complete structure and the partially labeled core of the
[Fe,Gd5(0,CPh)4(thme),(NO5)4]?>~ anion of 3 are shown in Fig. 3.
Selected interatomic distances and angles are listed in Table 6.
Complex 3 crystallizes in the monoclinic space group P2/n with
the cluster lying on an inversion center. The core consists of a pla-
nar Fe,Gd, rhombus and a “defective dicubane” topology as in 1
and 2, but now all p; and p13 monoatomic bridges are the alkoxide
arms of two thme>~ groups, each bound in the n?:n%:n3:u, bridg-
ing mode. Each FeGd edge of the rhombus is additionally bridged
by an n':n':u-0,CPh~ group. There are also two chelating (1?) ni-
trate ions on each Gd atom. Both Fe ions are six-coordinate with
distorted octahedral geometries, while the Gd atoms are both
nine-coordinate with distorted capped square-antiprismatic geom-
etries. Note that although 2 and 3 both contain tripod-like chelate
groups, there are some very important differences: (i) the ligand
thme3~ in 3 is bound in a very different way than the teaH?~ in
2; (ii) the p3-0 atoms are alkoxides from the thme®~ arms in 3,
whereas they are p3-OH™ ions in 2; and (iii) the ligation of the
Gd ions in 3 is completed by two chelating NO;~ ions, whereas
by only one in 2. These are no doubt also significantly responsible
for the differences in the M- --Gd distances (3.45(4) and 3.38(4) A

Fig. 3. The structure of complex 3 (top) and its partially labeled core (bottom).
Color code: Fe'"' orange, Gd" purple, O red, N blue, C gray. (For interpretation of the
references in color in this figure legend, the reader is referred to the web version of
this article.)

Table 6

Selected bond distances (A) and angles (°) for complex 3.

Fel-010' 1.9563(17) Gd1-010 2.3621(17)
Fe1-012 1.9649(17) Gd1-02 2.3641(19)
Fel-01 1.9994(19) Gd1-012’ 2.3719(18)
Fe1-013 2.0034(17) Gd1-03 2.3908(17)
Fe1-011 2.0901(18) Gd1-011 2.4066(17)
Fel-011 2.1072(17) Gd1-08 2.4778(18)
Gd1-04 2.633(2) Gd1-07 2.481(2)
Gd1-N2 2.895(2) Gd1-05 2.5472(19)
Gd1-012-Fel 104.78(2) Gd1-011-Fel’ 99.17(2)
Fe1-010-Gd1’ 105.31(2) Fe1-010-Fel’ 99.14(4)

for Mn---Gd in 2 versus 3.44(4) A for both Fe---Gd in 3), the
M. - -M distances (3.29(5) A for the Mn. - -Mn in 2 versus 3.19(3) A
for Fe---Fe in 3), and the M-p3-0O-Gd angles (97.71(7)° and
101.74(7)° in 2 versus 99.8(2)° and 104.8(2)° in 3). Thus, the two
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complexes are significantly different, even though their cores ap-
pear to be similar.

The complete structure and the labeled core of [Fe,GdO(0,C-
Bu‘),(dmem),(NOs)s] (4) are shown in Fig. 4. Selected interatomic
distances and angles are listed in Table 7. Complex 4 crystallizes in
the orthorhomic space group Pbca. The structure consists of two
Fe" ions and one Gd™ atom in a triangular arrangement bridged
by a central p3-0%~ ion (O1). The triangular unit is essentially isos-
celes (Fel---Fe2 = 3.172(8) A, Fe1/Fe2...Gd1 = 3.362(7) A) with the
oxide 0.645 A out of the Fe,Gd plane. The Fel- - -Fe2 edge is bridged
by two n':n':p-0,CBu’" groups while the Fel/Fe2---Gd1 edge is
bridged by an alkoxide O atom of the dmem™ ligand. Three chelat-
ing (n?) nitrates complete the ligation of each nine-coordinate Gd
ion, while the Fe atoms are six-coordinate with distorted octahe-
dral geometries.

The complete structure and the partially labeled core of
[Mn,GdO(0,CBut),(dmem),(NO3);] (5) are shown in Fig. 5. Se-
lected interatomic distances and angles are listed in Table 8. Com-
plex 5 crystallizes in the orthorhomic space group Pbca. Complex 5
is essentially isostructural with 4, the only difference being the Mn
atoms in place of Fe. The Mn" oxidation state was established by
charge balance considerations and inspection of Mn-O and
Mn-N bond distances, and confirmed quantitatively by bond-va-

Gd1

Fig. 4. The structure of complex 4 (top) and its partially labeled core (bottom).
Color code: Fe'" orange, Gd" purple, O red, N blue, C gray. (For interpretation of the
references in color in this figure legend, the reader is referred to the web version of
this article.)

Table 7

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

Fel-O1 1.848(3) Fe2-N4 2.232(3)
Fe1-02 1.959(3) Gd1-03 2.321(3)
Fe1-07 2.030(3) Gd1-02 2.367(3)
Fe1-04 2.061(3) Gd1-01 2.368(3)
Fel-N1 2.216(4) Gd1-012 2.462(3)
Fel-N2 2.242(3) Gd1-09 2.473(3)
Fe2-01 1.841(3) Gd1-08 2.479(3)
Fe2-03 1.978(3) Gd1-011 2.502(3)
Fe2-06 2.031(3) Gd1-015 2.505(3)
Fe2-05 2.040(3) Gd1-014 2.544(3)
Fe2-N3 2.197(4)

Fe2-01-Fel 118.60(14) Fe1-02-Gd1 101.56(12)
Fe2-01-Gd1 105.34(11) Fe2-03-Gd1 102.57(11)
Fe1-01-Gd1 105.10(12)

lence sum (BVS) calculations (Table 3). The Mn'! centers are both
six-coordinate with distorted octahedral geometries, and exhibit
a JT axial elongation along the 04-Mn1-N4 and O5-Mn2-N2 axes,
each involving a carboxylate O and dmem N atom. It should be
added that such triangular oxide-centered M,Ln complexes
(4 and 5) are unprecedented in the literature; only the recently re-

Fig. 5. The structure of complex 5 (top) and its partially labeled core (bottom). The
Mn" Jahn-Teller elongation axes are denoted as orange bonds. Color code: Mn"
green, Gd" purple, O red, N blue, C gray. (For interpretation of the references in
color in this figure legend, the reader is referred to the web version of this article.)
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Table 8

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

Mn1-01 1.8398 (15) Mn2-N2 2.352(2)
Mn1-03 1.9042(16) Gd1-02 2.3350(16)
Mn1-06 1.9703(17) Gd1-02 2.3471(15)
Mn1-N3 2.114(2) Gd1-03 2.3754(16)
Mn1-04 2.2868(18) Gd1-011 2.4759(19)
Mn1-N4 2.379(2) Gd1-015 2.479(2)
Mn2-01 1.8373(15) Gd1-012 2.4813(19)
Mn2-02 1.9162(16) Gd1-014 2.4894(19)
Mn2-07 1.9855(17) Gd1-09 2.506(2)
Mn2-N1 2.096(2) Gd1-08 2.527(2)
Mn2-05 2.1531(18)

Mn2-01-Mn1 120.47(8) Mn2-02-Gd1 102.67(7)
Mn2-01-Gd1 104.79(7) Mn1-03-Gd1 102.34(7)
Mn1-01-Gd1 105.50(7)

ported [MnGd,0(0,CPh);(0,CMe)(dapdo)(dapdoH);] (dapdoH, = 2,
6-diacetylpyridine dioxime) is currently known [12b], but this is dif-
ferent from 4 and 5 in having an excess of the Ln atoms over the 3d
metal.

3.3. Magnetochemistry

3.3.1. Dc magnetic susceptibility studies

Solid state, variable-temperature magnetic susceptibility mea-
surements were performed on vacuum-dried microcrystalline
samples of complexes 1-5 suspended in eicosane to prevent torqu-
ing. The dc molar magnetic susceptibility (m) data were collected
in the 5.0-300 K range in a 0.1 T (1000 Oe) magnetic field, and are
shown in Fig. 6 as ymT versus T plots. For complex 1, ymT is
~17.7 cm® K mol~! at 300 K, gradually decreasing with decreasing
temperature to ~15.6 cm® Kmol~! at 25.0K, below which it is
essentially constant until a small final drop to ~15.3 cm® K mol !
at 5.0 K. The yuT value at 300K is lower than the spin-only value
(g=2) of ~21.8 cm® K mol~! expected for two Mn'" (S =2) and two
Gd"™ (S = 7/2) non-interacting ions, which indicates antiferromag-
netic interactions between the metal centers. For 2, ymT is
~18.3 cm® Kmol ! at 300K, remains essentially constant down
to 150K, and then decreases gradually with decreasing tempera-
ture to ~10.4 cm® K mol~" at 5.0 K. The 300 K value and the overall
profile are again indicative of dominant antiferromagnetic interac-
tions between the metal centers. For 3, T is ~24.5 cm® K mol !
at 300 K, which is the expected value for four non-interacting me-
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Fig. 6. ymT versus T plots for complexes 1-5 in the temperature range 5.0-300 K in
0.1 T applied dc field. The solid lines, where available, are fits to the experimental
data; see the text for the fit parameters.

tal ions (2 Fe'", 2 Gd™), and then gradually decreases with decreas-

ing temperature to ~16.3 cm® Kmol ! at 5 K.

The isotropic Heisenberg-Dirac-VanVleck (HDVV) spin Hamil-
tonian describing the exchange interactions within the butterfly
(rhombus) M4 topology of 1-3 with effective C;, symmetry is given
by Eq. (6), where J; denotes the Mn- - -Mn interaction between the
‘body’ Mn atoms, and J, denotes the Mn- - -Gd interactions on the
four edges. S; (i = 1-4) is the spin

#=-20,85 -8 =251 -S+8-54+8 -85 +5;-54) (6)

operator for metal atom M; (i=1 and 3 for M; i=2 and 4 for Gd).
The Gd.--Gd exchange interaction (J3) is assumed to be zero and
is omitted from Eq. (6). The eigenvalues of Eq. (6) can be determined
analytically using the Kambe vector couplmg method [31] and the
substitutions S =$; + S5, S5 =5, + S, and S7 =5, + Sy (ST is the total
spin of the molecule), as described previously [32]. The resulting
eigenvalue expression is given in Eq. (7), where E|St, Sa, Sg> is the
energy of state Sy arising from spin vectors S, and Sg, and

E[Sr,Sa,S8 >=—J1[Sa(Sa+1)] —J5[St(Sr+1) = Sr(St+1) — Sp(Ss +1)]
™)

constant terms contributing to all terms have been omitted. Thus,
an expression for the molar paramagnetic susceptibility, yy, can
be derived using the above and the Van Vleck equation [33], and
assuming an isotropic g tensor. This equation can then be used
to fit the experimental yyuT versus T data in Fig. 6 as a function
of the two exchange parameters J; and J,, and the g factor. For
complex 1, we could not get an acceptable fit, which we assume
is due to all interactions being very weak, which is as expected
for 3d-4f and even commonly Mn"...Mn" interactions [11e-
g,12b,24a,34]. In accordance with this, a similar problem was
encountered for 2. Different variations of the temperature-inde-
pendent paramagnetism (TIP) and the paramagnetic impurity
terms also failed to provide us with a reasonable fit for the data.
For 3, the problem was not so severe, presumably due to the
stronger nature of Fe', interactions. In fact, a satisfactory fit was
obtained for 3 assuming the magnitude of the Fe-Gd coupling to
be negligible compared to the Fe-.-Fe coupling, i.e. J, ~ 0. Fitting
of the data revealed an antiferromagnetic Fe---Fe interactions,
with J=—-3.4(1) cm~! and g=2.07(5).

For trinuclear complex 4, yuT decreases from 9.60 cm® K mol
at 300K to 7.81 cm?® K mol~" at 5.0 K. The 300 K value is much low-
er than the spin-only (g = 2) value of 16.63 cm® K mol~! expected
for two non-interacting Fe'' and one Gd" spins, suggesting strong
antiferromagnetic interactions within this molecule. The 5 K value
suggests an S = 7/2 ground state. For 5, ;T steadily decreases from
13.60 cm® K mol~" at 300 K to 7.91 cm?® K mol~" at 5.0 K. The 300 K
value is only slightly less than the spin-only (g=2) value of
13.87 cm® Kmol ! expected for two non-interacting Mn" and
one Gd"™ spin centers, suggesting weaker antiferromagnetic inter-
actions in 5 than in 4, as expected for the Mn' versus Fe'" differ-
ence. Again, the yuT value at 5 K suggests an S = 7/2 ground state
for 5.

The pairwise Fe---Fe and Fe---Gd exchange interactions in 4
were obtained by fitting the variable-temperature susceptibility
data to the appropriate theoretical expression. An isosceles triangle
model was used involving two exchange parameters, and the
resulting 1sotrop1c Helsenberg spin Hamiltonian is given by
Eq. (8), where 51, Sz, and S3 are the spins of Fel, Fe2, and

Ho=-2(8-5+5-5)-25 -5 (8)

Gd1, respectively, and J and J are the Fe''Gd" and Fe"Fe'" ex-
change interactions (Scheme 2).

The eigenvalues of Eq. (8) can again be determined using the
Kambe vector coupling method, with the substitutions Sx = S +8;
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and S;=584+5,, and these are given in Eq. (9), where constant
terms contributing to all terms have been omitted.

E[St,Sa >= —J[St(St + 1) — Sa(Sa + 1)] = J'[Sa(Sa + 1)] 9)

For complex 4, S; =S, = 5/2; S3 = 7/2 and the overall multiplicity
of the spin system is 288, made up of 32 individual spin states
ranging from Sr=1/2 to 17/2. An expression for the molar para-
magnetic susceptibility was derived for this complex using the
Van Vleck equation. This was then used to fit the experimental
xmT versus T data, with fit parameters of J, J' and an isotropic g va-
lue. The fit is shown as the solid line in Fig. 6, which gave
J=-59(3) cm™!, J=1.2(3) cm™!, and g=2. This indicates the
ground state to be the |Sr, Sa>=7/2, 0>, i.e. the Fe'' spins are
aligned perfectly antiparallel (S5 = 0); owing to the large difference
in magnitude between J and |J'| (J{J' = 0.02), the ] magnetic pathway
is completely frustrated in its preference to align the two Fe spins
antiparallel to the Gd spin and thus parallel to each other.

To confirm the above ground state conclusion for 4, magnetiza-
tion (M) data were collected in the 0.1-7 T and 1.8-10 K ranges.
The resulting data are shown in Fig. 7 (top) as a reduced magneti-
zation (M/Nug) versus H|T plot, where N is Avogadro’s number and
up is the Bohr magneton. The saturation value at the highest fields
and lowest temperatures is ~7.0, as expected for an S=7/2 spin
state and with g slightly less than 2; the saturation value should
be gS in the absence of complications from low-lying excited states
or significant anisotropy. The data were fit, using the program mac-
NET [35], by diagonalization of the spin Hamiltonian matrix assum-
ing only the ground state is populated, incorporating axial
anisotropy (D§Zz) and the Zeeman interaction, and employing a full
powder average. The corresponding spin Hamiltonian is given by
Eq. (10), where S, is the z-axis spin operator, i is the vacuum per-
meability, and H is

H=DS2+gligtyS - H (10)

the applied field. The last term in Eq. (10) is the Zeeman term asso-
ciated with the applied magnetic field. The best fit for 4 is shown as
the solid lines in Fig. 7 (top), and gave fit parameters of S=7/2 and
either of two sets of parameters: g=2.01 and D=0.15cm™!, or
g=2.01 and D=—-0.14 cm™ . It is common to obtain two acceptable
fits of magnetization data for a given S value, one with D > 0 and the
other with D <0, since magnetization fits are not very sensitive to
the sign of D. In order to assess which is the superior fit for 4, and
also to ensure that the true global minimum had been located,
the root-mean-square error surface was calculated for the fit as a
function of D and g using the program crip [36], which calculates
the relative difference between the experimental M/Nug data and
those calculated for various combinations of D and g. For 4, the error
surface clearly shows the two minima with positive and negative D
values, with both fits being of comparable quality (see Supplemen-
tary data). It is thus not possible to safely conclude from these mag-
netization fits what the true sign of D is, and more sensitive
techniques such as EPR is required.

Magnetization data were collected similarly for complex 5, but
a satisfactory fit of the resulting M/Nug) versus H/T plots could not
be obtained using all the data collected up to 7 T. This is typically
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Fig. 7. Plots of the reduced magnetization, M/Nug versus H|T (a) for complex 4 in
the field range 0.1-7 T; (b) for complex 5 in the field range 0.1-1 T. The solid lines
are fits with negative D; see the text for the fit parameters.

the case when low-lying excited states are present, and we have
found that such complications can often be avoided if only lower
field data are considered [15a,e,29,37]. Indeed, a satisfactory fit
(solid lines in Fig. 7 (bottom)) was obtained for 5 using data for
fields only up to 1.0 T, with fit parameters S=7/2, D=—-0.16 cm™,
and g=1.9. This is again in agreement with the preliminary esti-
mate from the data in Fig. 6. Similar problems assignable to low-
lying excited states were also encountered in attempts to fit re-
duced magnetization data for complexes 1-3, but in these cases
not even the use of only low-field data would allow acceptable fits
to be achieved. We thus resorted to AC susceptibility studies.

3.3.2. Ac magnetic susceptibility studies

In order to determine or confirm the ground state spins of com-
plexes 1-5, alternating current (AC) magnetic susceptibility mea-
surements were performed in the 1.8-15 K temperature range in
a 3.5 Oe AC field oscillating at 50-1000 Hz. The in-phase (y,,’) com-
ponents of the AC magnetic susceptibilities for 1-5 are presented
in Fig. 8 as y,,'T versus T plots. The in-phase signal for 1 is essen-
tially constant in this temperature range at ~16cm® K mol™!,
which is as expected for two uncoupled S=7/2 Gd" atoms
(15.8 cm® K mol~! for g = 2), suggesting the Mn'" spins have paired
by this temperature leaving only the Gd™ spins uncoupled. There is
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Fig. 8. Plot of the in-phase (),’) ac magnetic susceptibility as /T versus T in a
3.5 Oe field oscillating at the frequency range 50-1000 Hz for complexes 1-5.

no out-of-phase (y,,”) signal for 1, i.e., as expected this complex is
not a SMM.

In contrast to 1, the (,, )T for complex 2 decreases only slightly
with temperature down to ~7K and then more steeply to
~6 cm®Kmol™! at 1.8K, and seems to be heading to ~0 at 0 K.
Since intermolecular hydrogen-bonding was observed in the struc-
ture of 2 (vide supra), we assign the steep drop below 7 K to weak
intermolecular antiferromagnetic interactions, whose effect will
only become evident at the lowest temperatures. Extrapolation
to 0K of the data above ~7 K gives a value of ~10 cm® K mol~!,
suggesting an S ~ 4 ground state but with likely many low-lying
excited states. Such an intermediate ground state is also consistent
with spin frustration effects, as expected in triangular units with
competing exchange interactions. This would suggest that, unlike
the case in 1, the Mn- - -Gd coupling is stronger in 2 than in 1, which
is consistent with the differing orientations of the JT axes in the
two complexes, and thus the d,. magnetic orbital which lies along
it. Again, no y,,” signal was observed for this complex.

For complex 3, the yx,,'T decreases only slightly with decreasing
temperature from ~18.5cm>Kmol™! at 15K to ~15.7 cm®>K
mol~! at 1.8 K. This suggests a situation analogous to that in 1,
i.e. the Fe' spins are antiparallel aligned as a result of their antifer-
romagnetic interaction, leaving the two Gd spins uncoupled as a
result of very weak Gd- - -Fe interactions.

For complex 4, 7,,/T is essentially constant at ~8 cm® K mol~’,
which is analogous to the proposed situation in 3, i.e. that the Fe
spins are paired and the observed y,,'T is due to an S = 7/2 ground
state arising from the uncoupled Gd spin (7.9 cm® K mol~! for
g=2). For complex 5, the overall y,,'T profile is similar to 4, and
an analogous rationalization is proposed that therefore assumes
that the Mn- - -Mn coupling is stronger than the Gd-.--Mn one.

4. Summary and conclusions

A series of new transition metal-lanthanide species have been
obtained from the use of a variety of synthetic methods employing
carboxylates and a range of chelating ligands, except in the case of
complex 1 for which no chelate was employed and which therefore
is a purely carboxylato-bridged Mn,Gd, cluster. Complex 2 is anal-
ogous to 1, but contains a tripodal chelating ligand, teaH?>~. Com-
plex 2 is also Mn,Gd, and has no exact precedent in the
inorganic literature, but is similar to some Fe,Ln, complexes previ-
ously reported. From the use of the tripodal thmeHs chelate in Fe-
Gd chemistry, a related Fe,Gd, complex was obtained. In contrast
to these M,Ln, complexes 1-3, the use of dmemH has provided

two oxide-centered trinuclear M-Gd clusters with M =Fe (4) or
Mn (5), which are both unprecedented in the literature. It is clear
that the employment of various chelates in mixed 3d/4f cluster
chemistry offers the continuing possibility of new and interesting
types of mixed-metal clusters, and work in this area is continuing.
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CCDC 729493, 729494, 729492, 729491, and 729490 contain
the supplementary crystallographic data for 1-5. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223 336
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ciated with this article can be found, in the online version, at
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