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ABSTRACT: The synthesis and characterization of a family of Mn,"Mn,"Ln"", complexes (Ln =
Gd (1), Tb (2), Dy (3), and Ho (4)) of formula [Mn,Ln,0,(0,CBu")¢(edteH,),(NO;),] are
reported, where edteH, is N,N,N',N'-tetrakis(2-hydroxyethyl)ethylenediamine. The analogous
Mn,Y, (5) complex has also been prepared. They were obtained from reaction of Ln(NOj3); or
Y(NOs,); with Mn(O,CBu"),, edteH,, and NEt; in a 2:3:1:2 molar ratio. The crystal structures of
representative 1 and 2 were obtained, and their core consists of a face-fused double-cubane
[Mn,Ln,(us-O>),(u3-OR),] unit. Such double-cubane units are extremely rare in 3d metal
chemistry and unprecedented in 3d—4f chemistry. Variable-temperature, solid-state dc and ac
magnetic susc%)tibﬂity studies on 1—35 were carried out. Fitting of dc )T vs T data for § gave Ji,;,
(Mn™- - -Mn™) = —32.6(9) cm ™, Jp, (Mn"---Mn™) = +0.5(2) em ™!, and g = 1.96(1),
indicating a |n, 0, n) (n = 0—S5) 6-fold-degenerate ground state. The data for 1 indicate an § = 12
ground state, confirmed by fitting of magnetization data, which gave S =12, D = 0.00(1) cm ™ ! and
g = 1.93(1) (D is the axial zero-field splitting parameter). This ground state identifies the

Mn"- - - Gd" interactions to be ferromagnetic. The ac susceptibility data independently confirmed the conclusions about 1 and § and
revealed that 2 displays slow relaxation of the magnetization vector for the Mn,Tb, analogue 2. The latter was confirmed as a single-
molecule magnet by observation of hysteresis below 0.9 K in magnetization vs dc field scans on a single crystal of 2-MeCN on a micro-
SQUID apparatus. The hysteresis loops also displayed well-resolved quantum tunneling of magnetization steps, only the second 3d—4f

SMM to do so.

B INTRODUCTION

Polynuclear 3d transition metal cluster chemistry continues to
attract workers from around the world owing to the fascinating
structural architectures such molecules often possess and the
fascinating properties they often exhibit. Our own interest, and
that of many other groups, has centered on manganese chem-
istry, a metal whose Mn/O cluster chemistry is of relevance to
many diverse areas, from bioinorganic chemistry areas such as the
oxygen-evolving complex of photosynthesis," through molecules
with abnormally high-spin (S) values,” or molecular refrigerant
properties,” to single-molecule magnets (SMMs).*® SMMs are
molecules with a significant barrier to magnetization relaxation as
aresult of a combination of a high ground state spin (S) value and
easy axis magnetic anisotropy. SMMs also straddle the classical/
quantum interface by displaying not just classical magnetization
hysteresis but also quantum tunneling of magnetization (QTM)”
and quantum phase interference.® These properties make SMMs
potential candidates for use as quantum bits (qubits) in quantum
computation.9 More recently, mixed 3d—4f clusters have at-
tracted much interest in the SMM field as workers have sought to
amalgamate the often large spin and anisotropy of Ln*" (Ln =
lanthanide) ions, particularly Tb**, Dy**, and Ho®*, with the
propensity of Mn, clusters to possess large spin S values. As a
result, the first 3d—4f SMM, a Cu, Tb, complex, was reported in
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2004"° and also later that year the first Mn—Ln SMM, a MngDyj
complex.'" In the subsequent several years, a large number of
other Mn—Lan clusters have been reported,”'? spanning various
nuclearities such as Mn,Ln,, Mn,Lns, Mn,Ln,, Mn,Lns, Mn,Lng,
Mnsln,, Mnglny,, MngDys, MngDys, Mnjolny MnyDyy,
Mn,;;Gdy, Mn;,Gd, Mn,;gDy, and Mn,,Dy. Preparation of these
clusters has involved the use of polydentate chelating ligands, N-
substituted di- and triethanolamines, carboxylate groups, and tripo-
dal ligands. All these ligands feature either alcohol or carboxylate
arms which, upon deprotonation, foster formation of high-nuclearity
products.

More recently, our group has been exploring the potentially N,
N,0,0,0,0-hexadentate chelate N,N,N’,N'-tetrakis(2-hydro-
xyethyl)ethylenediamine (edteH,) in transition metal chemistry.
To date, both Mn and Fe homometallic clusters of various
nuclearities have been obtained, establishing this chelate as a
flexible ligand in transition metal chemistry as a result of its four
alcohol/alkoxide arms,'® and therefore, we more recently turned
our attention to employing it in mixed 3d—4f cluster chemistry.
In the present work, we describe the initial exploration of edteH,
in Mn—Ln chemistry in the presence of carboxylate groups as
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coligands. We report the syntheses, crystal structures, and
magnetic characterization of a family Mn,Ln, (Ln = Gd, Tb,
Dy, Ho) complexes with an unprecedented 3d—4f metal topol-
ogy consisting of a face-fused double cubane. We also report the
corresponding Mn,Y, complex containing diamagnetic Y
atoms to assist the magnetic studies. In addition, the Tb analogue
has been found to be a new addition to the SMM family.

/\
FN N—\
\OH HO/
OH HO

edteH,

B EXPERIMENTAL SECTION

Syntheses. All preparations were performed under aerobic condi-
tions using reagents and solvents as received. Mn(O,CBu'), was
synthesized as described in the literature."*

[Mn,Gd,05(0,CBU")s(edteHs),(NO3),] (1). To a stirred solution of
edteH, (0.20 g, 0.84 mmol) and NEt; (0.25 mL, 1.68 mmol) in MeCN/
MeOH (20/1, v/v) was added Mn(O,CBu"), (0.66 g, 2.52 mmol). The
resulting red-brown solution was stirred for 20 min under mild heating,
and then Gd(NO3); (0.76 g, 1.68 mmol) was added to the solution and
stirred for a further 2 h. The solution was then filtered and the filtrate left
undisturbed at room temperature. X-ray-quality, orange-brown plate-
like crystals of 1-3MeCN slowly grew over 2 days, and they were
collected by filtration, washed with Et,O, and dried under vacuum; the
yield was 12%. Anal. Calcd (Found) for 1 (solvent free): C, 34.01
(33.73); H, 5.59 (5.56); N, 4.76 (4.67). Selected IR data (cm™"): 3405
(br), 2967 (m), 2678 (w), 1566 (s), 1484 (s), 1415 (br, s), 1308 (m),
1228 (s), 1072 (s), 1032 (m), 897 (m), 795 (w), 741(w), 594 (br, s), 530
(w), 454 (m).

[Mn,Tb,0,(0,CBU")s(edteHs)(NO5)5] (2). Preparation is similar to
that for 1, except that Tb(NO3;)3 (0.73 mg, 1.68 mmol) was used as the
Ln salt. The crystals were identified crystallographically as 2 - MeCN, but
vacuum-dried solid analyzed as solvent free. The yield was 15%. Anal.
Calcd (Found) for 2 (solvent free): C, 33.95 (33.78); H, 5.58 (5.58); N,
475 (4.71). Selected IR data (cm™"): 3393 (br), 2967 (m), 2906 (m),
2679 (w), 1566 (s), 1484 (s), 1416 (br, s), 1309 (m), 1228 (s), 1114
(w), 1072 (s), 1031 (m), 925 (w), 898 (m), 795 (m), 743 (w), 594 (br,
s), 531 (w), 454 (m).

[Mﬂ4D)/202(OchUr)5(edteH2)2(NO3)2 (3). Preparation is similar to
that for 1, except that Dy(NO3); (0.58 mg, 1.68 mmol) was used as the
Ln salt. The yield was 15%. Anal. Calcd (Found) for 3 (solvent free): C,
33.81 (33.61); H, 5.56 (5.58); N, 4.73 (4.98). Selected IR data (cm™"):
3392 (br), 2970 (w), 2739 (w), 2677 (w), 1567 (s), 1484 (s), 1412 (br,
s), 1311 (m), 1228 (s), 1171 (w), 1072 (s), 1033 (s), 926 (w), 898 (s),
825 (m), 794 (w), 744 (w), 595 (br, s), 533 (w), 455 (m).

[Mn4Ho,0,(0-CBUY)s(edteH,),(NOs), (4). Preparation is similar to
that for 1, except that Ho(NO3)3 (0.74 mg, 1.68 mmol) was used as the
Ln salt. The yield was 15%. Anal. Calcd (Found) for 4 (solvent free): C,
33.72 (33.54); H, 5.55 (5.54); N, 4.72 (4.73). Selected IR data (cm™"):
3370 (br), 2967 (br), 2678 (w), 1567 (s), 1418 (br, s), 1312 (s), 1227
(s), 1114 (w), 1072 (s), 1031 (s), 897 (s), 820 (w), 795 (w), 746 (w),
595 (br, s), 533 (w), 455 (m).

[Mn4Y202(OQCBUt)é(edteHZ)Z(NO3)Z (5). Preparation is similar to
that for 1, except that Y(NO3); (0.58 mg, 1.68 mmol) was used. The
yield was 14%. Anal. Calcd (Found) for § (solvent free): C, 36.87

Table 1. Crystallographic Data for 1-3MeCN and 2-MeCN

parameter 1 2
formula Cs6H103Gd;MngNgO,g Cs,HosMnyN,0,4Tb,
fw, g/mol 1884.73 1805.97
cryst syst monoclinic monoclinic
space group C2/c C2/c
a, A 24.733(4) 24.2909(15)
b, A 13.810(2) 14.4236(9)
¢ A 22.262(4) 21.8221(13)
B, deg 104.651(9) 109.987(1)
v, A 7357(2) 7185.1(8)

z 4 4

T,K 100(2) 100(2)
radiation, A* 0.71073 0.71073
p, g/cm’ 1702 1.669
u, mm 2.527 2.705
R1%* 0.0368 0.0300
wR2? 0.0901 0.0606

“ Graphite monochromator. “I > 20(I). “RI = S(IF,| — |Fd)/Z|F,|.
“WR2 = [Zw(F,* — F2)]/Z[w(E,?)"]%, w = 1/[0*(F,?) + [(ap)” +
bp], where p = [F,” + 2F.]/3.

(36.58); H, 6.06 (6.01); N, 5.16 (5.18). Selected IR data (cm™"): 3396
(br), 2967 (s), 2905 (m), 1567 (s), 1484 (s), 1417 (s), 1374 (m), 1314
(m), 1228 (s), 1072 (vs), 1032 (s), 925 (m), 898 (m), 818 (w), 796 (w),
747 (w), 594 (br, s), 530 (w), 456 (m).

X-ray Crystallography. Data were collected for 1-3MeCN and
2+-MeCN at 100 K on a Bruker DUO system equipped with an APEX II
area detector and a graphite monochromator utilizing Mo Ka radiation
(4 =0.71073 A). Cell parameters were refined using 9999 reflections. A
hemisphere of data was collected using the w-scan method (0.5° frame
width). Absorption corrections by integration were applied based on
measured indexed crystal faces. The structure was solved by direct
methods in SHELXTL6 and refined on F* using full-matrix least-squares
cycles. The non-H atoms were treated anisotropically, whereas the H
atoms were placed in calculated, ideal positions and refined as riding on
their respective C atoms. Unit cell data and structure refinement details
are listed in Table 1.

For 1:-3MeCN, the asymmetric unit consists of a half Mn,Gd, cluster
on an inversion center and 1.5 solvent MeCN molecules (the half
molecule is located on a 2-fold rotation axis). Fragment 02—C9—C10
was disordered and refined in two parts. A total of 448 parameters were
refined in the final cycle of refinement using 5716 reflections with
I>20(I) to yield R; and wR, of 3.68 and 9.01%, respectively.

For 2-MeCN, the asymmetric unit consists of half a Mn,Tb, cluster
on an inversion center and half a MeCN solvent molecule. The latter was
too disordered to be modeled properly; thus, the program SQUEEZE, '®
a part of the PLATON package of crystallographic software, was used to
calculate the solvent disorder area and remove its contribution to the
overall intensity data. There are two disordered regions in the cluster.
The C10—04 group of the edteH, ligand is disordered and refined in
two parts with their site occupation factors dependently refined. The
three methyl groups on atom C22 are disordered and were treated in the
same manner. In the final cycle of refinement, 8260 reflections (of which
6090 are observed with I > 25(I)) were used to refine 403 parameters
and the resulting R1 and wR, of 3.00 and 6.06%, respectively.

Physical Measurements. Infrared spectra were recorded in the
solid state (KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer in
the 400—4000 cm ™' range. Elemental analyses (C, H, and N) were
performed by the in-house facilities of the University of Florida,
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Chemistry Department. Variable-temperature dc and ac magnetic
susceptibility data were collected at the University of Florida using a
Quantum Design MPMS-XL SQUID susceptometer equipped with a 7
T magnet and operating in the 1.8—300 K range. Samples were
embedded in solid eicosane to prevent torquing. Magnetization vs
field and temperature data were fit using the program MAGNET. ¢
Pascal’s constants were used to estimate the diamagnetic correction,
which was subtracted from the experimental susceptibility to
give the molar paramagnetic susceptibility ()y). Low-temperature
(<1.8 K) magnetic measurements were performed in Grenoble
using an array of micro-SQUIDs."” The field can be applied in
any direction by separately driving three orthogonal coils. The
applied field was aligned parallel to the easy axis (z axis) of the
molecules using a published method."® The high sensitivity of this
magnetometer allows the study of single crystals of the order of
10—500 um.

B RESULTS AND DISCUSSION

Syntheses. A variety of reaction systems involving different
reagent ratios and solvent media was explored to develop the
procedure described here. Reaction of edteH; with Mn-
(0,CBu'),, GA(NO;);, and NEt; in a 1:3:2:2 molar ratio in
MeCN/MeOH (10/1,v/v) afforded a red-brown solution from which
[Mn,Gd,0,(0,CBu)4(edteH,),(NO3),] (1; Mn",Mn",Gd™)
was subsequently isolated in 12% yield. Its formation is summarized
ineql

4MH(OZCR)2 + 2Gd(NO3)3 + 2edteH4 + 4NEt3 + Hzo

+ 0502 - [Mn4Gd202(OZCR)é(edteHz)z(NO3)2]
+ 2Bu'CO,H + 4NHEt;NO; (1)

The NEt; functions as a proton acceptor, as well as providing
the basic conditions to facilitate oxidation of Mn" to Mn'"' by
atmospheric O, gas. Using only MeCN as the solvent also
leads to the same product, but the mixed-solvent system led
to the most crystalline product in the highest yield. The same
product in comparable yield was obtained using Mn(NO3),,
MnCl,, or Mn(ClO,), and ‘BuCO,H in a 1:2 molar ratio
instead of Mn(O,CBu'),. The reaction scheme was general
and successfully yielded the analogous Mn4Ln, compounds
with Ln = Tb (2), Dy (3), and Ho (4) as well the correspond-
ing Mn,Y, (5) complex. In all cases the yields were low
(12—15%), but the products were reproducibly obtained in
highly crystalline and analytically pure forms, the latter no
doubt assisted by them crystallizing directly from a reaction
solution that probably contains a mixture of products.
Indeed, the filtrates were still highly colored, but we were
not able to isolate additional crops of MnyLn, complexes
from them.

Description of Structures. The partially labeled structure, a
stereoview, and the core of 1 are presented in Figure 1; selected
interatomic distances and angles are listed in Table 2. The
centrosymmetric molecule possesses a [Mn,Gd,0,(OR),]*"
core (Figure 1, bottom) consisting of a face-fused, double cubane
comprising four Mn and two Gd atoms bridged by two t4-O>~
(05) and four u3-OR™ (O1, O4) groups. The two edteH,*”
groups are each hexadentate chelating on a Mn"" atom (Mn1),
and their two deprotonated alkoxide arms provide the x#3-OR™
groups bridging the Mn"" atom to the neighboring Mn"" (Mn2)
and Gd atoms. The edteH,”  groups are thus in an overall
'ttt o, ligation mode, as shown in Figure 2. The

Figure 1. Partially labeled structure (top), stereopair (middle), and
face-fused double-cubane core (bottom) of centrosymmetric 1. Mn™ J T
axes are shown as green lines. Hydro§en atoms have been omitted for
clarity. Color code: Mn™, purple; Mn™, cyan; Gd, pink; O, red; N, blue;

C, light gray.

four Mn""Gd pairs are each additionally bridged by a carboxylate
group in their common syn,syn 77':;7" ;1 mode, and the peripheral
ligation is completed by a chelating ‘BuCO, "~ and a chelating
NO; ™ on each Gd. As a result, Mn1 (Mn"), Mn2 (Mn™), and
the Gd are seven, six, and nine coordinate, respectively. The Mn
oxidation states were confirmed by bond-valence sum (BVS)
calculations (Table 3).*

The two Mn"" atoms are near-octahedral and display JT axial
elongations along the O1—Mn2—04 axes (green bonds in
Figure 1, top). The elongated Mn—O bonds are >0.2 A longer
than the others, and the two JT axes are essentially parallel. The
protonation level of all O atoms was determined by O (BVS)
calculations (Table 4)."° In particular, edteH,*” O atoms O1 and
04 have BVS values of ~2.0, confirming them to be deproto-
nated, as expected from their /¢3-bridging modes. In contrast, O2
and O3 have values of 1.45 and 1.29, respectively, confirming
them as protonated; the increased values from the expected
1.0—1.2 range are due to their involvement as donors in O—
H:+-O hydrogen bonding, thereby lowering their apparent
‘protonation level. The significantly larger value for O2 is due
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Table 2. Selected Interatomic Distances (A) and Angles (deg)” for 1-3MeCN

Mn(2)- - -Mn(2") 2.8813(14)
Mn(2)- - -Mn(1") 3.1442(9)
Mn(2)---Gd(1") 3.3195(8)
Gd(1)—0(5) 2.331(3)
Gd(1)—0(6) 2.364(3)
Gd(1)—0(10) 2.415(3)
Gd(1)—0(4) 2.442(3)
Gd(1)—0(9) 2.445(4)
Gd(1)—0(1) 2.470(3)
Gd(1)—0(12) 2.495(3)
Gd(1)—0(13) 2.498(4)
Gd(1)—0(8) 2.586(3)
Mn(1)—0(4) 2.176(3)
Mn(1)—0(1) 2.192(3)
Mn(2)—0(1)—Gd(1) 92.26(10)
Mn(1)—0(1)—Gd(1) 107.89(12)
Mn(1)—0(4)—Mn(2') 91.30(14)
Mn(1)—0(4)—Gd(1) 109.42(13)
Mn(2')—0(4)—Gd(1) 90.65(11)
Mn(2')—0(5)—Mn(2) 98.01(16)

“ Primed and unprimed atoms are related by symmetry.

Mn(1)---Mn(2) 3.1442(9)
Mn(1)- - -Mn(2) 3.1673(11)
Gd(1)---Mn(2) 3.3195(8)
Mn(1)—0(5") 2.275(3)
Mn(1)—0(2) 2.296(9)
Mn(1)—N(2) 2.335(5)
Mn(1)—0(3) 2.344(4)
Mn(1)—N(1) 2.379(3)
Mn(2)—0(5") 1.902(3)
Mn(2)—0(5) 1.916(3)
Mn(2)—0(11") 1.954(4)
Mn(2)—0(7) 1.964(4)
Mn(2)—0(1) 2.163(3)
Mn(2)—0(4) 2.221(3)
Mn(2')—0O(5)—Mn(1") 98.24(12)
Mn(2)—0(5)—Mn(1") 96.88(15)
Mn(2))—0(5)—Gd(1) 102.83(15)
Mn(2)—0O(5)—Gd(1) 103.61(11)
Mn(1')—0(5)—Gd(1) 148.03(16)
Mn(2)—0(1)—Mn(1) 9331(12)

/\\/
/\

n‘ ' n'm'in’s n3 m

Figure 2. Coordination mode of the edteH,*” groups in 1 and 2.

to its forming two such contacts in a bifurcated hydrogen bond
(02---08=2.846 A and O2---011 = 2.850 A), whereas O3
forms a single contact (O3 - -08 = 2.677 A).

The partially labeled structure of complex 2 is presented in
Figure 3; selected interatomic distances and angles are listed in
Table 5. The structure of 2 is almost su?erlmposable with that of
1, except that the Ln atom is not Tb'™". In particular, the Mn
oxidation states were confirmed by BVS calculations (Table 3),
and the Mn"" JT axes are again parallel. As expected, there are
only small differences in interatomic distances and angles. As a
result and because elemental analyses and IR spectra indicated
the other products were also all isostructural with 1 and 2, the
crystal structures of 3, 4, and 5 were not pursued.

The face-fused, {MgOg} double-cubane topology is a very rare
structural type. There is no previous example of such a discrete
unit in 3d—4f chemistry, but four homometallic Mng examples
have been reported: [MngO,(OMe),(0,CMe),(Mesalim),]
(Mesalim™~ = methyl salicylimidate anion),*** [MngO4(OMe),-
(0,CPh),(dphmp),] (dphmp = the anion of diphenyl(pyri-
dine-2-yl)methanol),**° Mn604(OMe)Z(OZCMe)4(szbg)4
(Hpzbg~ = monopyrazolyl biguanide anion),”* and [MngO,-
(teaH2)4(02CMe)4 (teaH, = the monoanion of triethanol-
amine).? Apart from the Mng vs Mn,Ln, difference, the cores of
these complexes differ from those of 1 and 2 in other ways: (i) the
homometallic complexes are Mn™¢** ¢ or Mn",Mn""Mn'",>*!

Table 3. Bond-Valence Sums’ for the Mn Atoms of 1 and 2°

complex atom Mn** Mn** Mn*
1 Mnl 224 2.09 2.04
Mn2 3.39 3.13 3.07

2 Mnl 3.35 3.09 3.04
Mn2 223 2.13 2.07

“The oxidation state of a particular atom is the nearest integer to the
underlined value. ” The underlined value is the closest to the charge for
which it was calculated.

whereas 1 and 2 are Mn",Mn",Ln",, and (ii) the Mng cores
contain four O*~ and two MeO™ ions, except one>™ that has two
O and four RO~ as in 1 and 2. A heterometallic complex
containing a {MgOs} double-cubane subunit is also known.*'
Magnetochemistry: Direct Current Magnetic Susceptibil-
ity Studies. Solid-state, variable-temperature dc magnetic sus-
ceptibility ()5r) measurements were performed on vacuum-dried
microcrystalline samples of complexes 1—5. The data were
collected in the 5.0—300 K range in a 0.1 T (1000 Oe) dc
magnetic field, and they are shown as y/T vs T plots in Flgure 4.
For 1—4, the ¥ T at 300 K are in the 27.71—39.52 cm® K mol
range, a little smaller than the expected values for a noninteract-
ing MnyLn, system, as summarized in Table 6. Upon lowering
the temperature, )T stays fairly constant down to the 20— 50 K
region and then increases markedly to 48.76—70.39 cm K
mol ! at 5.0 K (Table 6). The ynT at 5.0 K of 63.93 cm® K
mol " for 1, which contains two isotropic Gd"" atoms, suggests a
ground state spln of S=11 or 12 (spin-only g = 2.0 values are
66.0 and 78.0 cm® K mol ', respectively). For S, whose para-
magnetism is only from the Mn atoms, the XMT decreases slightly
from 11.36 cm® K mol ™" at 300 K to 8.02 cm® K mol " at 5.0 K.
The data for complex 5 were fit in order to determine the
exchange interactions between Mn, pairs (Figure 5). If the
Y atoms are ignored, the four Mn form an oxo-bridged Mn,
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Table 4. Bond-Valence Sums for the O Atoms of Complex 1*

atom BVS assignment group
o1 2.05 RO~ edteH,>”
02 1.45 ROH edteH,>™
03 1.29 ROH edteH,>~
04 1.99 RO~ edteH,>~
05 1.96 0> 0>

“BVS values for O atoms of 0>, ROH, and H,O groups are typically
1.8—2.0, 1.0—1.2, and 0.2—0.4, respectively, but can be affected by
hydrogen bonding.

013

Figure 3. Partially labeled structure of complex 2. Mn™ JT axes are
shown as green lines. Hydrogen atoms have been omitted for clarity.
Color code: Mn'", purple; Mn', cyan; Tb, green; O, red; N, blue; C,
light gray.

rhombus commonly called a ‘defective dicubane’. The corre-
sponding Heisenberg spin Hamiltonian is given by eq 2 using the
atom labeling of Figure S(inset (Mn1 = Mn3 = Mn"" and Mn2 =
Mn4 = Mn"))

T = —2($1°8 + S1+84 + 8-S + $3-84) — 2w S-S5

(2)

E|ST,Sa,S8)= — Jub[St(St + 1) — Sa(Sa + 1) — Sp(Sp + 1)]
— Job[Sa(Sa + 1)] (3)

where J,;, and Ji,;, are Mn"Mn™ and Mn™Mn™ interactions,
respectively. The eigenvalues of eq 2 are given by eq 3, where
Sy=S; + 33, Sp=S, + 34, Sy =Sa + Sp, Sy is the total spin of the
molecule, and E|St, Sy, Sg) is the energy of state St arising from
particular S5 and Sp.2*?* There are 110 Sy states ranging in value
from 0 to 9. These together with eq 3 and the Van Vleck equation
were used to derive a theoretical ;T vs T expression for 5, which
was used to least-squares fit the experimental data in the 8.0—
300 K range. Data below 8 K were ignored because the small decrease
in ynT will likely be due to weak intermolecular interactions,
ZFS, and/or Zeeman effects. The fit (solid line in Figure S) gave
Job = —32.6(9) cm ™, Jo, = +0.5(2) em !, and g = 1.96(1), with
temperature-independent paramagnetism (TIP) fixed at 400 X
10~ ® cm® mol ', The obtained Job and ], values indicate a

degenerate ground state for 5, as evident in the St state energy
diagram (Figure S1 of the Supporting Information). The ground
state is 6-fold degenerate comprising the [St, S5, Sg) = |0, 0, 0),
[1,0,1),2,0,2),3,0,3), 4, 0,4), |5, 0, 5) states. This can be
rationalized as follows: the large negative (antiferroma§netic,
AF) value for Ji,;, leads to a ground state in which the Mn' spins
are aligned perfectly antiparallel, ie, Sy = 0, and since it is
assumed that there is no interaction between the distant Mn""
atoms (Mn2 and Mn4 in Figure §, inset), the Sz = 5, 4, 3, 2, 1,
and 0 combinations of the two Mn' spins are degenerate. The
expected yMT for only this degenerate ground state being
populated is 8.75 cm® K mol ' for g = 2.0 and 840 =+
0.9 cm® K mol ™" for g = 1.96(1) from the fit, close to the
experimental value at 5.0 K. Of course, the ground state is
unlikely to be truly 6-fold degenerate, since the long-distance
Mn"Mn" interactions are unlikely to be exactly zero. Never-
theless, the 5.0 K value suggests describing S as having a
degenerate ground state is a reasonable approximation.

Job < 0 and 3, > O represent competing exchange interactions
(spin frustration) within the Mn, triangular subunits. However,
Job| = Jup for S, and thus the ferromagnetic (F) J,p, is overcome,
leading to the degenerate ground state. The sensitivity of the spin
state energies and resulting ground state to the Jyp/Jup ratio is
shown as E/J, VS Jub/ Job in Figure 6. For |Jub/Jib| > 0.8, the four
F ], overcome the one AF Ji,;, and the spins all align parallel to
give a |9, 4, 5) ground state. However, when |Jb/Jub| < 0.2, as
found for S, the ground state is the degenerate |n, 0, n) (n=0—5)
state. At intermediate 0.8 < |J,p/Job| < 0.2 values, the ground
state can be |8, 3, 5), |7, 2, S), or |6, 1, 5), corresponding to the
intermediate spin alignments defined by the S, values. Similar
situations of apparently degenerate ground states have been
reported for [Mn40,]%" complexes with a butterfly topology.”*

It should be noted that in discrete homometallic Mn'™",Mn",
complexes with the defective-dicubane structure, both Jy,;, and J,1,
are almost always F with J,;, > J,,;, and the complexes thus have an
St =9 ground state for all J,p/Jib ratios.”> The obvious question
is why does § have such a strong AF interaction? We believe the
answer is to be found in the orientation of the Mn"" JT axes. The
Mn, defective dicubanes almost always have x3-OR™ (R = H,
alkyl) groups bridging each Mnj; triangular subunit, and the JT
axes align to include these and are thus ‘in-plane’ with respect to
the central Mn""O,Mn"" plane (case I in Figure 7). Since the JT
axis defines the z axis of the singly occupied d.. orbital, this gives
strong d.»/d,2_,» 0 overlap with the empty d,._,., which will be a
major F contribution to the overall observed J;,. In contrast, §
has 3-O> ions and the JT axes avoid these, as JT axes usually
do, and they are now oriented ‘out of plane’ (case II in Figure 7).
The d,»/d,>_» F overlap is lost, and the coupling is dominated by
AF contributions giving an overall AF Ji;,. Support for this
explanation is provided by [Mn,Gd,0,(0,CBu")s(HO,CBu"),-
(MeOH),],*® which has a defective-dicubane core with Mn™
atoms in the central positions (as in 5) and two Us-0>" bridges.
The JT axes are out of plane, and the Mn""+ - - Mn"" coupling is
Job = —31.45 cm !, very similar to that in S.

With the magnetism of 5 established, the T vs T plots for
1—4 in Figure 4 clearly indicate ferromagnetic Mn—Ln interac-
tions to be present. For complex 1, which contains two isotropic
Gd"™ (S = 7/2) atoms, the ground state was investigated with
magnetization (M) data collected at 1.8—10 K in fields (H) up
to 7 T. Data are plotted in Figure 8 as reduced magnetization
(M/Nug) vs H/T, where N is Avogadro’s number and ug is the
Bohr magneton. The saturation value is ~24.0, as expected for an
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Table 5. Selected Interatomic Distances (A) and Angles (deg)” for 2- MeCN

Mn(1)- - -Mn(1") 2.8964(10)
Mn(2)---Mn(1") 3.1609(7)
Mn(1)---Tb(1") 3.3210(5)
Tb(1)—0(7) 2.318(2)
Th(1)—0(6) 2.325(2)
Th(1)—0(10) 2.367(2)
Tb(1)—0(8) 2437(2)
Tb(1)—0(2) 2459(2)
Tb(1)—0(1) 2.460(2)
Tb(1)—0(12) 2475(2)
Tb(1)—0(13) 2.475(2)
Tb(1)—0(9) 2.616(2)
Mn(1)—0(7") 1.897(2)
Mn(1)—0(7) 1.918(2)
Mn(1)—0(5) 1.967(2)
Mn(1)—0(11") 1.973(2)
Mn(1)—0(1) 2.176(2)
Mn(1)—O(1)—Mn(2) 93.01(8)
Mn(1)—O(1)—Tb(1) 92.04(8)
Mn(2)—O(1)—Tb(1) 108.61(9)
Mn(2)—0(2)—Mn(1") 92.37(8)
Mn(2)—0(2)—Th(1) 109.85(9)
Mn(1")—0(2)—Tb(1) 90.46(7)

“Primed and unprimed atoms are related by symmetry.

Mn(1)---Mn(2') 3.1609(7)
Mn(1)---Mn(2) 3.1767(7)
Tb(1)---Mn(1") 3.1609(7)
Mn(1)-0(2") 2.213(2)
Mn(1)—Mn(1') 2.8964(10)
Mn(1)—Mn(2') 3.1609(7)
Mn(1)—Mn(2) 3.1767(7)
Mn(1)—Tb(1’) 3.3210(5)
Mn(2)—0(2) 2.168(2)
Mn(2)-0(4) 2.198(6)
Mn(2)—0(1) 2.203(2)
Mn(2)—0(7") 2.291(2)
Mn(2)—0(4) 2.330(6)
Mn(2)—0(3) 2.342(3)
Mn(2)—N(1) 2.343(3)
Mn(2)—N(2) 2.389(3)
Mn(1)—0(7)—Mn(1) 98.8(1)
Mn(1')—0(7)—Mn(2') 98.21(9)
Mn(1)—0(7)—Mn(2') 96.95(9)
Mn(1')—0(7)—Tb(1) 103.54(9)
Mn(1)—0(7)—Tb(1) 103.82(9)
Mn(2")—0(7)—Tb(1) 146.99(10)
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Figure 4. yT vs T plots for complexes 1—5 in a 0.1 T (1000 Oe)
dc field.

S =12 spin state and g &~ 2. The data were fit using the program
MAGNET,' which diagonalizes the spin Hamiltonian matrix
assuming that only the ground state is populated, incorporating
axial anisotropy (DS.”) and Zeeman terms, and employing a full
powder average. The corresponding spin Hamiltonian is given by
eq 4, where S, is the z-axis spin operator and i, is the vacuum

permeability
= DS." + guyuy,S-H (4)

The fit (solid lines in Figure 8) gave S = 12, D = 0.00(1) em” ),
and g = 1.93(1). An equally good fit with S = 11, D = 0.00-
(1) em™ ', and g = 2.10(1) was discarded due to the high g value.
The very small D value was somewhat surprising given the

Table 6. Summary of Direct Current Magnetic Data for
Complexes 1—5*

La™/y™ AmT for exptl ymT  exptl

free-ion ground noninteracting at amT

compounds state ions 300K atSK
Mn,Gd, (1) 58,/ 30.51 2771 6393
Mn,Th, (2) "Fs 38.39 3557 7039
Mn,Dy, (3) *Hys)s 43.09 3742 5924
Mn,Ho, (4) °Ig 42.89 39.52 4876
Mn,Y, (5) 'S, 14.75 11.36 8.02

“ Units: cm® K mol %,

orientation of the JT axes but is consistent with the essentially
superimposed isofield lines (vide infra); the fit error surface
(Figure S2 of the Supporting Information) shows no other fit
minimum with a nonzero D. One remaining worry was that 1
might not really have an S = 12 ground state but instead the dc
field was stabilizing an S = 12 excited state and making it seem
that it was the ground state. To probe this possibility and to
explore if 1—5 might exhibit slow magnetization relaxation, we
turned to ac susceptibility studies.

Alternating Current Magnetic Susceptibility Studies.
These were performed on microcrystalline samples of 1—5 in a
3.5 Oe ac field oscillating at S—1500 Hz. The in-phase (%'y) ac
susceptibility is invaluable for assessing S without any complica-
tions from a dc field, and this is plotted in Figure 9 as '\ T vs T'in
the 1.8—1S5 K range at 250 Hz. For §, x'\T is essentially constant
down to ~4 K at ~8.6 cm® K mol !, consistent with a well-
isolated and degenerate |1, 0, n) (n = 0—S5) state. There is a slight
decrease below 4 K, but this is very slight and consistent with
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Figure 6. Energies, normalized to Jy,p, of the spin states of § as a function
of the J,u/Jpp ratio for the J1, > 0 and Ji,p, < O situation.

11

Figure 7. (I) Central Mn™,(43-OR™), unit of a Mn, defective

dicubane with Ji;, > O showing the in-plane orientation of the JT
elongation axes (thick bonds). (II) Central Mn"™, (15-0%7), unit of 5
with J, < 0 showing the out-of-plane orientation of the JT axes.

essentially no ZFS or significant long-distance interaction be-
tween the Mn" atoms. The ac data thus confirm the conclusions
from the dc studies. For 1, ¥'uT increases with decreasing T,
indicating depopulation of excited states with a smaller S than the
ground state, and reaches a plateau value of ~76 cm® K mol "
consistent with S = 12 and g & 1.97, again confirming the
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Figure 8. Reduced magnetization (M/Nug) vs H/T plots for 1 at
applied fields of 0.1—7.0 T in the 1.8—10 K temperature range. Solid
lines are the fit of the data; see text for fit parameters.
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Figure 9. Alternating current susceptibility in-phase (y'y;) signals at
250 Hz for 1—5 in the 1.8—15 K range plotted as /'y, T vs T. Solid lines
are guides to the eye.

conclusions of the dc studies. The combined dc and ac data for 1
and 5 allow us to rationalize the S = 12 ground state of the former
as comprising paired Mn"" spins as a result of the strong Jip
interaction and parallel alignment of the Mn" and Gd"" spins due
to ferromagnetic interactions to give an S = 5 + 7 = 12 ground
state. Ferromagnetic interactions involving Gd and transition
metals, including Gd and Mn, are with precedent.lz}"%27 The
strong J,1, also ensures the S > 12 excited states are very high in
energy and thus cannot be stabilized sufficiently by dc fields up to
7 T to prevent the saturation value of ~24 uy for S = 12 being
obtained in the reduced magnetization plot. In addition, this
explanation also rationalizes the absence of significant anisotrog}f
(D value): as a result of the strong AF coupling of the two Mn""
atoms, at low temperature the Mn"", pair is in the diamagnetic
S = 0 ground state and does not contribute to the molecular
S = 12 giant sgin or its anisotropy. In effect, the compound
behaves asa Mn',Gd™, complex,anda D~ 0 cm™ ' value for the
ground state is thus to be expected.

The y'pT vs T plots for 2—4 are overall similar to that for 1 but
also exhibit spin—orbit effects. The large \T values coupled
with the greater anisotropy of these Ln atoms suggested that 2—4
might be new SMMs, but only the Tb analog 2 was found to
exhibit out-of-phase ac susceptibility (") signals above 1.8 K
characteristic of slow magnetization relaxation. 2 exhibits a
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Figure 10. Alternating current susceptibility in-phase )’y signal (as
M’ T) (top) and out-of-phase )"y signal (bottom) in the 1.8—15 K
range for complex 2 at the indicated frequencies.

frequency-dependent decrease in y'\T below ~3 K and a
concomitant frequency-dependent y"y that is the tail of a peak
lying below 1.8 K (Figure 10); it is likely that 3 and 4 also show
% m signals but below the 1.8 K limit of our magnetometer.
Such " signals indicate the slow relaxation of magnetization
of a SMM, and confirmation of this was sought from hysteresis
loop studies.

Single-Crystal Hysteresis Studies for 2 below 1.8 K. Mag-
netization vs dc field scans for a single crystal of 2-MeCN at
various temperatures and scan rates are shown in Figure 11.
Hysteresis loops are evident below a blocking temperature (Tg)
of 0.9 K whose coercivity increases with decreasing temperature
and increasing scan rate, as expected for SMMs. 2+ MeCN is thus
confirmed as a new member of the SMM family. Unusually for a
mixed 3d—4f SMM, the hysteresis loops display well-resolved
steps due to quantum tunneling of magnetization (QTM) at
periodic field values.”® This was first observed in 3d—4f SMMs
for a Mn;,Gd complex, where it was assigned to a (relatively)
well-isolated ground state, which is not the usual situation when
Ln atoms are present.121 This was evident as a plateau in y'yT
below ~5 K, showing ~100% population of the ground state.
Complex 2 also displays a plateau in ' T but only at ~2 K, so its
ground state is not as well isolated as that of Mn;,Gd but still
enough to show QTM steps. The hysteresis loop for 2 exhibits a
large first step at zero field, where the double-well potential
energy curve is symmetric and M; levels on one side of the barrier
are in resonance with those on the other, allowing tunneling to
occur through the barrier. Additional steps are also observed at
periodic fields when M levels are once again brought into
resonance. In Mn;,Gd, the Mn—Gd exchange coupling was
enhanced by the many O*~ bridges coupling the Gd to the Mn,,

poH (T)

Figure 11. Magnetization (M) vs dc field hysteresis loops for a single
crystal of 2-MeCN at the indicated temperatures with a 0.035 T/s scan
rate (top), and the indicated scan rates at 0.04 K (bottom). Magnetiza-
tion is normalized to its saturation value, M.

ey g ey

10 1
1IT (1/K)

Ln

Figure 12. Relaxation time (7) vs 1/T plot for 2-MeCN constructed
using dc magnetization decay data. The dashed line is the fit of the
thermally activated region to the Arrhenius equation. See text for fit
parameters.

framework. In 2, there are only two O>~ bridges plus four RO~
bridges, so the coupling is expected to be weaker, as the hysteresis
loops indicate.

In order to determine the effective barrier (U,g) to magnetiza-
tion relaxation, relaxation rate vs T data at various temperatures
down to 0.04 K were obtained from a magnetization decay vs
time study (Figure S3, Supporting Information). The resulting
relaxation rate (1/7) vs T data were used to construct an
Arrhenius plot, shown as 7 versus 1/T in Figure 12, based on
the Arrhenius relationship of eq 5

ln(‘L') = ln(‘L’o) + Ueff/kT (5)

the characteristic behavior of a thermally activated Orbach
process where Ul is the effective energy barrier and k is the
Boltzmann constant. The fit to the thermally activated region
gave Uy =203 Kand 75 = 1.4 X 107! 5. Below ~0.3 K, the
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relaxation becomes independent of temperature, consistent with
relaxation only via QT'M through the anisotropy barrier.

B CONCLUSIONS

The initial use of edteH, in Mn—Ln chemistry has led to four
Mn,Ln, (Ln = Gd, Tb, Dy, Ho) complexes, and the correspond-
ing Mn,Y, product was also accessible. The complexes contain a
faced-fused double-cubane core that is unprecedented in 3d—4f
chemistry, although there are a few examples in homometallic
Mng chemistry. This work continues to support edteH, as a
useful route to a variety of new structural types not accessible
with other chelates. Detailed magnetic characterization has
allowed the nature of the coupling within the core to be
characterized, and the Mn,Gd, complex has a large ground state
of § = 12. When the more anisotropic Ln"" atoms are introduced,
the Tb™ complex 2 was confirmed as a new SMM with an
anisotropy barrier (U.g) of 20.3 K. Its blocking temperature is
only 0.9 K, but the compound is noteworthy in exhibiting well-
resolved QTM steps in the hysteresis loops, characteristic of
fairly strong exchange interactions between the Ln and the Mn
atoms. Further work with edteH, is continuing.
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