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ABSTRACT: A family of Mn""/Ni" heterometallic clusters, [MnHI4NiHS(OH)4(hmcH)4(pao)8C12] : . °

SDMF (1:SDMEF), [Mn"™;Ni"(N;),(pao);o(hmcH),(OH),]Br-2MeOH-9H,0 (2-2MeOH-
9H,0), [Mn"Ni"5(N3)4(pao)s(paoH),(OH),](ClO,)-MeOH-3H,0 (3-MeOH-3H,0), and
[Mn",Ni", (hmcH), (pao),(OMe),(MeOH),] - 2H,0 - 6MeOH (4-2H,0+6MeOH) [paoH = pyr-
idine-2-aldoxime, hmcH; = 2, 6-Bis(hydroxymethyl)-p-cresol], has been prepared by reactions of
Mn(1I) salts with [Ni(paoH),Cl,], hmcH;, and NEt; in the presence or absence of NaNj and
characterized. Complex 1 has a Mn™,Ni"'s topology which can be described as two corner-sharing
[Mn,Ni,O,] butterfly units bridged to an outer Mn atom and a Ni atom through alkoxide groups.
Complex 2 has a Mn",Ni' topology that is similar to that of 1 but with two corner-sharing
[Mn,Ni,O,] units of 1 replaced with [Mn3NiO,] and [MnNi;O,] units as well as the outer Mn atom of
1 substituted by a Ni atom. 1 and 2 represent the largest 3d heterometal/oxime clusters and the biggest
Mn""Ni" clusters discovered to date. Complex 3 possesses a [MnNis(u-N3),(u-OH),]** core, whose
topology is observed for the first time in a discrete molecule. Careful examination of the structures of

1—3 indicates that the Mn/Ni ratios of the complexes are likely associated with the presence of the different coligands hmcH?> ™ and/
or N3 . Complex 4 has a Mn",,Ni", defective double-cubane topology. Variable-temperature, solid-state dc and ac magnetization
studies were carried out on complexes 1—4. Fitting of the obtained M/(Nug) vs H/T data gave S= S, g= 1.94,and D = —0.38 cm
for 1and $ =3, ¢=2.05,and D = —0.86 cm™ " for 3. The ground state for 2 was determined from ac data, which indicated an § =5
ground state. For 4, the pairwise exchange interactions were determined by fitting the susceptibility data vs T based on a 3-] model.
Complex 1 exhibits out-of-phase ac susceptibility signals, indicating it may be a SMM.

B INTRODUCTION

The synthesis and study of polynuclear 3d metal clusters have
been attracting intense interest in the past 20 years. This is mainly
due to the relevance of this type of species to biological system'
and molecular magnetism,” as well as to their aesthetically beauti-
ful structures. Some of these complexes possess high-spin ground
states and easy-axis-type magnetic anisotropy, resulting in a
significant energy barrier to reversal of the magnetization vector
and functioning as “single molecular magnets” (SMMs).> SMMs
are of particular interest in physics, chemistry, and materials
science because of their fundamental properties, such as quan-
tum phenomena, finite-size effects, and potential applications in
magnetic devices. To date, the majority of SMMs have been
found among homometallic Mn clusters containing Mn(III)
atoms,” which is because such clusters often have large spin
ground states as well as large negative magnetoanisotropy
associated with the presence of Jahn—Teller-distorted Mn(1II)
atoms. On the other hand, by incorporating heterometal spins, it
is possible to affect the spin ground state, magnetic anisotropy,
and magnetic exchange interactions within SMMs. In this regard,
considerable efforts have also been made to develop heterome-
tallic species for seeking new routes to distinctly different
properties.5
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The oxime ligands are well known for their propensity to form
polynuclear complexes, both homo- and heteronuclear. Activa-
tion of oximes by 3d transition metals toward polynuclear
compounds with various architectures and interesting magnetic
properties is becoming a fruitful area of research,’ among which
some of the compounds have been recently found to exhibit
single-molecule magnetism’ or single-chain magnetism® behav-
ior. So far, a number of 3d homometallic clusters with oxime
ligands have been prepared,” with nuclearities ranging from 3 to
14. However, their heteropolgnuclear analogues are limited to
those with low nuclearities,éa’ 19 most of which are di-, tri-, or
tetranuclear complexes, with a hexanucluear Mn",Ni"}, com-
pound'®* being the highest one. Searching for higher nuclearity
heterometallic clusters would be interesting as they may present
distinctly different architectures and magnetic properties com-
pared with the homometallic ones.

The strategy of using “metal oximates” as ligands has proven
successful in preparing the metal/oxime clusters. Various “metal
oximates” have been used as building blocks, such as [NaFe-
(RL);] *H,O (RL™ = arylazo oximate),11 [Cu(DopnH)]"

Received:  July 1,2011
Published: September 16, 2011

10342 dx.doi.org/10.1021/ic201403k | Inorg. Chem. 2011, 50, 10342-10352



Inorganic Chemistry

Scheme 1. Structural Formula of Pyridine-2-aldoxime and
2,6-Bis(hydroxymethyl)-p-cresol (top), and Coordination

Modes of the pao hmcH>™, and N3 Ligands Present in
Complexes 1—4 (bottom)
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(H,Dopn  =3,9-dimethyl-4,8-diazaundeca-3,8-diene-2,10-dione
dioxime),"* [Ni(pao),(py),] (pao~ = pyridine-2-aldoximate), "'
[M(PyA);]" (M = certain 3d metal, PyA™ = pyridine-2-
aldoximate),'%®!? and [Cu(DapdoH,),]** (Dapdo®™ = 2,6-
diacetylpyridine dioximate)."* However, most of the “metal
oximates” building blocks used previously contain only the
coordinating functional groups, namely, the oximate coordina-
tion donors. Here, we attempt to use [Ni(paoH),Cl,],"* a “metal
oximate” containing both coordinating functional groups and
exchangeable terminal ligands, as the building block. In addition
to the pair of oximate coordination donors, [Ni(paoH),Cl,] also
possesses two exchangeable terminal Cl ™ ligands, which could be
easily replaced by other bridging groups potentially functioning
as magnetic pathways between magnetic centers. By introducing
the coligands NaN; and 2,6-bis(hydroxymethyl)-p-cresol (hmcHj)
(Scheme 1), the latter of which has been used sparingly in
manganese cluster chemistry,'® together with the metalloligand
[Ni(paoH),Cl,], we obtain a family of Mn""/Ni" heterometallic
clusters with various nuclearities: [Mn"™,Ni"s(OH),(hmcH),-
(pao)sCl,]-SDMF (1-SDME), [Mn"";Ni"s(N3)(pao),o-
(hmcH),(OH) ] Br-2MeOH -9H,0 (2+-2MeOH-9H,0), [ Mn"Ni's-
(N3)4(pao)¢(paoH),(OH),](ClO,) -MeOH-3H,0 (3-MeOH-
3H,0), and [Mn™Ni",(hmcH),(pao) (OMe),(MeOH),] -2H,0-
6MeOH (4+2H,0-6MeOH).

The syntheses, structures, and magnetochemical characteriza-
tions of these complexes are described in this paper. To our
knowledge, 1 and 2 are the largest 3d heterometal/oxime clusters
and the biggest Mn""Ni" clusters discovered to date.

B EXPERIMENTAL SECTION

Syntheses. All reagents are of commercially available analytical
reagent grade and were used without further purification. [Ni(paoH),-
Cl,] was prepared according to the literature method."> WARNING:
Azido and perchlorate salts are potentially explosive; such compounds
should be used in small quantities and handled with caution.

[Mn";Ni"5(OH)4(hmcH).(pao)sCl,]- 5DMF (1-5DMF). To a
stirred green solution of [Ni(paoH),Cl,] (0.19 g, 0.5 mmol), MnCl,
4H,0 (0.1 g, 0.5 mmol), and hmcH; (0.084 g, 0.5 mmol) in DMF
(10 mL) was added NEt; (0.56 mL, 4 mmol). The resulting dark
solution was stirred for 30 min and filtered. The filtrate was layered with
Et,O/hexane (15 mL, 1:1 v/v) for 2 weeks to deposit black crystals of
1-SDMF in ~47% yield. Anal. Calcd (found) for 1 (solvent free): C,

44.14 (43.72); H, 3.70 (4.11); N, 9.80 (9.60). Selected IR data
(KBr, cm™"): 3413 (mb), 1650 (m), 1604 (s), 1524(w), 1472 (s),
1258 (m), 1224 (w), 1159 (w), 1122 (s), 1078 (s), 1017 (w), 811 (m),
733 (m), 643 (m).

[Mn"3Ni"¢(N3)5(pao);o(hmcH),(OH),41Br - 2MeOH - 9H,0 (2-
2MeOH -9H,0). To a stirred light brown solution of [Ni(paoH),Cl,]
(0.19 g 0.5 mmol), Mn(OAc),-4H,0 (0.24 g, 1 mmol), and hmcH;
(0.084 g, 0.5 mmol) in MeOH/DMF (15/1 mL) were added NEt;
(0.56 mL, 4 mmol) and solid NaN; (0.65 g, 1 mmol). The resulting dark
brown suspension was stirred for 4 h before NBu,Br (0.32 g, 1 mmol) was
added. After stirring for another 30 min, the suspension was filtered and the
filtrate was left undisturbed at room temperature for 2 weeks to give black
crystals of 2 mixed with crystals of a known' cluster [Ni(Pao)s-
Mn(Pao);Ni]™. 2 was separated by recrystallization of the products from
MeOH. Anal. Calcd (found) for 2 (solvent free): C, 40.87 (40.39); H, 3.25
(3.59); N, 15.89 (15.47). Selected IR data (KBr, cm™): 3410 (mb), 2069
(s), 1653 (w), 1602 (s), 1524 (m), 1473 (s), 1220 (m), 1117 (s), 1093 (s),
779 (m), 687 (m).

[Mn""Ni"5(N3)4(pao)s(paoH),(OH),1(CIO,) - MeOH - 3H,0 (3-
MeOH - 3H,0). To a stirred white suspension of ammonium triacetic acid
(0.095 g, 0.5 mmol), Mn(ClO,),-6H,0 (0.18 g, 0.5 mmol), and NaN;
(097 g, 1.5 mmol) in MeOH (1S mL) was added a green solution of
[Ni(paoH),CL] (0.19 g, 0.5 mmol) in DMF (S mL). The resulting brown
solution was added NEt; (0.56 mL, 4 mmol) and stirred for a further
30 min and filtered. The filtrate was left undisturbed at room temperature
for 2 months to deposit dark brown crystals of 3 in ~20% yield. Anal. Calcd
(found) for 3 (solvent free): C, 35.57 (35.23); H, 2.74 (2.97); N, 24.20
(23.90). Selected IR data (KBr, cm™'): 3444 (mb), 2063 (s), 1602 (m),
1536 (w), 1474 (m), 1110 (m), 1082 (s), 776 (w), 683 (w).

[Mn",Ni",(hmcH),(pao)4(OMe),(MeOH),] - 2H,0 - 6MeOH
(4-2H,0-6MeOH). Complex 4-2H,0 : 6MeOH was prepared in the
same manner as complex 1 but using MeOH in place of DMF. The
filtrate was left undisturbed at 4 °C for 2 weeks to deposit black needle-
like crystals in ~33% yield. Anal. Calcd (found) for 4 (solvent free): C,
4721 (46.72); H, 4.65 (4.51); N, 9.58 (9.40). Selected IR data
(KBr, cm™'): 3419 (mb), 2921 (m), 2819 (m), 1603 (s), 1539 (w),
1470 (s), 1255 (m), 1222 (w), 1114 (m), 1091 (s), 1015 (m), 700 (m),
604 (w).

Physical Measurements. Elemental analyses were carried out on
aVario EL III Elemental Analyzer. IR spectra were recorded on a Magna-
7S FT-IR spectrometer using KBr pellets in the range of 4000—
400 cm ™. Variable-temperature dc and ac susceptibility magnetic data
for complexes 1—4 were measured on a PPMS-9T superconducting
magnetometer employing the dried and finely ground polycrystalline
samples kept in a capsule. Diamagnetic corrections were made with
Pascal’s constants for all the constituent atoms of the complexes.

X-ray Crystallography. X-ray single-crystal data of complexes
1—4 were collected on a Saturn 70 diffractometer with Mo Ka radiation
(4 = 071073 A) using an w-scan mode. The program SADABS" was
used for absorption correction. The structures were solved by direct
methods and refined by full-matrix least-squares techniques using the
SHELXTL-97"® program package. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were determined with geometrical
calculations riding on the related atoms, and their positions and thermal
parameters were fixed during structure refinement. The solvent mol-
ecules of complex 1 are disordered and treated using the SQUEEZE"?
option in PLATON. Selected crystallographic data and refinement
details for complexes 1—4 are displayed in Table 1.

B RESULTS AND DISCUSSION

Synthesis. Reactions of the “metal oximate” [Ni(paoH),CL]
and the coligands hmcHj; and/or NaN; with manganese(II) salts
in the presence of the base lead to a family of Mn'™/Ni"
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Table 1. Selected Crystallographic Data and Refinement Details for 1-SDMF, 2-2MeOH -9H,0, 3-MeOH-3H,0, and

4-2H,0-6MeOH
1.SDMF 2-2MeOH-9H,0 3-MeOH-3H,0 4.2H,0.6MeOH
formula® CooH,16ClMn,N, NisOso CsoH100BrMnsN,NigOs5, CoHs,CIMnN,gNiO 1 Cs>HgoMn,NgNi, Oz,
fw, g mol 2651.27 2518.68 1707.14 1398.56
cryst syst triclinic monoclinic monoclinic monoclinic
space group P-1 C2/c C2/c P2(1)/n
a A 16.097(4) 17.9792(14) 37.188(9) 9.092(4)
b A 18.556(5) 15.5876(11) 16.461(4) 17.554(7)
o A 22.290(6) 35.996(3) 24.156(6) 18.843(8)
a, deg 109.646(2) 90.00 90.00 90.00
B, deg 98.1000(10) 103.096(4) 112.829(4) 102.304(7)
7, deg 108.283(3) 90.00 90.00 90.00
V,A3 5724(3) 9825.6(13) 13629(5) 2938(2)
V4 2 4 8 2
T, K 123.1500 113.1500 150.1500 150.1500
Peatedy g 1.324 1.693 1.664 1.581
u, mm ™’ 1.342 1.994 1.660 1.137
F(000) 2324 5092 6960 1464
Rlb 0.0649 0.0731 0.0650 0.0688
wR,* 0.1878 0.2112 0.1700 0.1890

“Including solvent molecules. PR, = (| |Fo| = |Fe| )/ |Fo|. “wRy = [ Ew(E,> — F2)?/Ew(F,>)*] °°.

Scheme 2. Synthesis of Complexes 1—4
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heterometallic clusters ranging in nuclearity from four to nine.
The synthetic routes and products obtained are shown in
Scheme 2. HmcH; was selected as one of the coligands because
it has three potential O donors which could give rise to a variety
of coordination modes and probably provide an effective mag-
netic pathway between the metal atoms as well as this ligand has
not been fully explored. NEt; acts as the base to facilitate both
deprotonation of the oxime and hmcHj; ligands and air oxidation
of the Mn(II) starting material, since it is well known that higher
pH values favor formation of Mn(III) ions.

The first obtained complex is the tetranuclear 4 with a
Mn",Ni", topology, which was prepared by reaction of
[Ni(paoH),Cl,] with MnCl,-4H,0 and hmcH; in MeOH in
the presence of NEt;. However, the same reaction carried out in
DMEF gave 1, a nonanuclear cluster with a Mn"™,Ni' topology,
suggesting that the reaction products are solvent dependent, as is
often seen in the transition metal cluster chemistry.

Since the structures of 1 and 4 reveal the presence of bridging
hydroxide/methoxide groups, it is expected that adding NaN;
to the reaction system may foster formation of clusters with
higher ground-state spin values if the hydroxide/methoxide
bridges are replaced by the end-on N3 bridges. As expected,
reactions of [Ni(paoH),Cl,] with Mn(II) salts, hmcHj, and
NaNj3 in the presence of NEt; gave two new clusters with end-
on N3 bridges within them, but unexpectedly, the N5~
bridges substitute for the alkoxide bridges of the hmcH>~
ligands other than the hydroxide/methoxide bridges. The
nonanuclear 2 with a Mn"";Ni"'¢ topology and the hexanuclear
3 with a Mn"'Ni'g topology are structurally related to
complex 1, containing similar units that clearly distinguish
1-3 from 4. Careful examination of the structures of 1—3
indicates that the Mn/Ni ratios of the complexes are likely
influenced by the presence of the ancillary ligands hmcH>~
and/or N3 .
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a)

Figure 1. (a) Structure of complex 1. (b) Representation of the
[Mn"™,Ni" (15-OH) 4,(u-OR),]"** core of 1. (c) Complete [Mn"™,-
Ni's(143-OH) 4 (1-OR) ,(u-ON)g(u-Cl),] core. Color scheme: Mn,
yellow; Ni, cyan; O, red; N, blue; C, gray; Cl, green. Hydrogen atoms
have been omitted for clarity.

We also explored a variety of other reactant ratios for each
system, most of which can afford the corresponding complex in
varying yields, indicating that reactant ratio is not a key factor.

During the preparation of 2, crystals of a known" cluster
[Ni(pao);Mn(pao);Ni] " were presented together with 2, which
could not be eliminated by changing the synthetic conditions.
Taking advantage of their different solubility in MeOH (2 is well
soluble, while the latter cluster is insoluble), we separated 2
from the known cluster by recrystallization of the products
from MeOH.

A problem arising from the preparation of 3 is the low yield
and presence of byproduct. Since its structure does not contain
hmcH; ligand, we tried first to remove hmcHj from the reaction
system but no isolable product was obtained. After several un-
successful attempts, we finally established an alternative route to
synthesize 3 in better yields and higher purity by using ammo-
nium triacetic acid instead of hmcH;,

Description of Crystal Structures. The structure of complex
1 is presented in Figure la, and selected interatomic distances
and angles are listed in Table 2. Complex 1- SDMF crystallizes in
the triclinic space group P-1. Charge consideration, bond-valence-
sum (BVS)* calculation, and the detection of Mn™ Jahn—Teller

elongation axes indicate that 1 has four Mn™ atoms and five Ni"
atoms. The structure consists of a [Mn"",Ni"(15-OH) ;(1»-OR) 4] ***
(RO*™ = hmcH?>") core which can be described as two corner-
sharing [Mn,Ni,O,] butterfly units (Mn2—Mn4—Ni2—Nil
and Mn2—Mn3—Ni4—Ni$ related by four 13-OH) bridged to an
additional Mn atom (Mn1) and a Ni atom (Ni3) through u-alkoxo
groups of the hmcH>~ ligands (Figure 1b). The hmcH>~ ligands
coordinate in a 7":)”:u fashion, with the phenoxide O atom
bound terminally, one deprotonated alkoxide arm bridging two Mn
atoms, and the other protonated alkoxide arm unbound. Peripheral
ligation is provided by two Cl™ ions and eight pao™ ligands, where
the oximate groups bridge in two distinct ways: six in the 17":27":17" ;14
fashion and two (06 and 019) in the 5'#'m’u; fashion
(Figure 1c). All Mn atoms are six coordinate with slightly distorted
octahedral geometries. Except for Mn1, which is bound to an O,Cl,
donor set, the other Mn atoms are all bound to an Og set. All Ni
atoms possess slightly distorted octahedral geometries in which Nil
and Ni$ are bound to an O;N,ClI donor set and the other Ni atoms
to an O,Ny set. The metal- - - metal distances range from 3.078(1)
to 3.577(1) A, the shortest two [3.078(1) A (Ni4- - -Mn2) and
3.123(1) A (Ni2- - -Mn2)] of which are via a pair of z¢3-OH bridges.

Complex 2-2MeOH-9H,0 (Figure 2a) crystallizes in the
monoclinic space group C2/c. The asymmetric unit consists of
one-half of a [Mn""3Ni"¢(N3),(pao) ;o(hmcH),(OH),]" cation
and one-half of a Br™ anion, as well as several solvate molecules;
the latter will not be further discussed. Selected interatomic
distances and angles are listed in Table 3. Charge consideration
and bond-valence-sum (BVS)?° calculation indicate that 2 has
three Mn'"" atoms and six Ni" atoms. The [Mn"™;Ni"(us-
OH),(1-OR),(u-N3),]""* (RO*™ = hmcH>") core consists of
two corner-sharing butterfly units of [MnNi;O,] and [Mn;-
NiO,] (Mn1—Ni2—Ni3—Ni2A and Mn1—Mn2—Ni4—Mn2A
related by four u;-OH  ions) bridged to two outer Ni atoms
(Nil and NilA) through end-on u-N;~ ligands and y-alkoxo
groups of the hmcH” ™ ligands (Figure 2b). Peripheral ligation is
completed by 10 NO™~ oximate groups, where the oximate
groups also bridge in two ways: eight in the 1":7":1";u fashion
and two (09 and O9A) in the 17":5":)”:u5 fashion (Figure 2c).
All Mn atoms are six coordinated to an Og donor set with slightly
distorted octahedral geometries. All Ni atoms possess distorted
octahedral geometries, and the chromophores are NilONj,
Ni20O;Nj3, and Ni(3,4)O,N,. The metal- - *metal separations
range from 3.050(2) to 3.591(3) A, the shortest two [3.050(2) A
(Ni3+++Mnl) and 3.072(0) A (Ni4- - -Mn1)] of which are viaa
pair of u3-OH groups.

The cluster of 2 is thus structurally similar to that of 1, with the
differences being (i) two corner-sharing butterfly units of
[Mn3NiO,] and [MnNi;0,] in 2 versus two [ Mn,Ni,O,] units
in 1, (ii) replacement of an outer Mn'" atom surrounded by two
hmcH>™ ligands and two CI~ ligands in 1 by a Ni'' atom
surrounded by two pao~ ligands, one N; ligand, and one
hmcH>*~ ligand in 2, and (jii) replacement of one hmcH?>~
ligand which bridges the outer Ni"" atom and the butterfly units in
1 with one N3 ligand in 2.

So far, there is a small family of nonanuclear metal/oxime
clusters, of which are five Nig’**'*~ clusters with a centered
hexagonal bipyramid core of [Nig(L) ;0(¢3-OH),(¢t,-OH), (¢,-
OH,),(H,0)s]* (L = pyridine-2-aldoximate or 1-methylimida-
zole-2-aldoxime) and a Mny>* cluster [Mng(t4-O),(13-0)4-
(CH3CO,)4(pao)s(paoH),] with a nearly planar core. Obviously,
1 and 2 are quite distinct from these clusters in structural topology
besides participation of the coligand hmcH;. 1 and 2 are the first
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Table 2. Selected Interatomic Distances (A) and Angles (deg) for Complex 1-SDMF

Mnl- - -Nil 3.3370(11) Nil—CI2 2.3710(12)
Mnl- - -Ni§ 3.3209(12) Ni2—NS$ 2.050(4)
Mn2- - -Nil 3.3683(12) Ni2—N4 2.059(4)
Mn2- - -Ni2 3.123(1) Ni2—N6 2.077(4)
Mn2- - -Ni4 3.0781(10) Ni2—N3 2.081(3)
Mn2---Ni$§ 3.4181(12) Ni2—018 2.120(3)
Mn2. - -Mn3 3.2181(11) Ni2—021 2.122(3)
Mn2- - -Mn4 3.3089(13) Ni3—N10 2.031(3)
Mn3. - -Ni3 3.4496(12) Ni3—N7 2.046(4)
Mn4- - -Ni3 3.4132(10) Ni3—N8 2.078(4)
Nil- - -Ni2 3.5771(12) Ni3—N9 2.096(4)
Ni4- - -NiS 3.5368(10) Ni3—013 2.110(3)
Nil—N2 2.024(4) Ni3—012 2.129(3)
Nil—020 2.028(3) Ni4—0S 2.043(3)
Nil—N1 2.093(4) Ni4—N12 2.070(4)
Nil—021 2.135(3) Ni4—N14 2.070(4)
Nil—03 2.145(3) Ni4—N11 2.089(4)
NI-Nil—021 164.98(13) N8—Ni3—013 167.49(13)
020—-Nil—03 176.93(12) N9—Ni3—012 164.80(12)
N2—Nil—CI2 173.68(10) N12—Ni4—N14 165.31(14)
N5—Ni2—N4 167.82(13) 05—Ni4—N11 156.69(14)
N3-Ni2—018 160.86(13) N13—Ni4—07 156.90(14)
N6—Ni2—021 161.11(13) N16—Nis—05 164.49(14)
N10—Ni3—N7 175.39(15) 04—Ni5—022 178.95(12)

Ni4—N13 2.095(4) Mn2—07 1.988(3)
Ni4—07 2.261(3) Mn2—019 2.006(3)
NisS—04 2.046(3) Mn2—05 2.062(3)
Nis—N15 2.047(4) Mn2—018 2.171(3)
Ni5s—N16 2.092(4) Mn3—010 1.881(3)
Nis—05 2.110(3) Mn3—012 1.931(3)
NisS—022 2.130(3) Mn3—08 1.956(3)
Nis—Cll1 2.3831(14) Mn3—07 2.016(3)
Mnl—02 1.878(3) Mn3—011 2.131(3)
Mnl1-023 1.892(3) Mn3—06 2.247(3)
Mnl—022 1.951(3) Mn4—016 1.875(3)
Mnl-03 1.958(3) Mn4—017 1.950(3)
Mnl1—CI2 2.6483(14) Mn4—013 1.967(3)
Mnl1—Cl1 2.6744(15) Mn4—018 1.980(3)
Mn2—021 1.925(3) Mn4—014 2.134(3)
Mn2—06 1.978(3) Mn4—019 2.294(3)
N15—Nis—Cl1 176.76(10) 012—Mn3—-08 176.28(14)
02—Mnl1—-022 173.78(14) 010—Mn3—07 165.88(14)
023—Mnl1-03 173.34(15) 011-Mn3—-06 166.73(12)
Cl2—Mn1-Cl1 166.96(4) 017—Mn4—013 172.79(13)
021—Mn2—07 170.11(12) 016—Mn4—018 172.51(13)
06—Mn2—019 163.41(13) 014—Mn4—019 164.49(12)
05—Mn2—018 164.14(11)

heterometallic nonanuclear metal/oxime clusters discovered to
date.

Complex 3-MeOH:3H,0 crystallizes in the monoclinic
space group C2/c. The asymmetric unit includes a [Mn"'Ni"s-
(N3)4(pao)s(paoH),(u3-OH),]" cation, a ClO,  anion, and
several solvate molecules; the latter will not be further discussed.
Selected interatomic distances and angles are listed in Table 4.
The 1Mn"", SNi"' oxidation state situation of 3 was established by
charge consideration, bond-valence-sum (BVS)*® calculation,
and detection of Mn"" Jahn—Teller elongation. The six metal
atoms are held together by two u3-OH ™ ions, four end-on
bridging N3~ ions, and six 7":17":57";u pao~ ligands. Peripheral
ligation is completed by two chelating neutral paoH groups on
Ni3 and Ni4 (Figure 3). The [MnNis(u-N3),(15-OH),]%* core
of the complex can be described as two corner-sharing
[Mn"'Ni", (15-OH)] triangles (Mnl1—Ni2—Ni3 and Mnl—
Ni4—Ni3) bridged to an outer Ni" (Nil) atom through two
N, ions. The Mn"" atom has a slightly distorted octahedral
geometry with the coordination environment defined by four
oximate oxygen atoms and two hydroxo oxygen atoms, where
one hydroxo oxygen and one oximate oxygen occupy the apical
positions. All Ni'" atoms adopt slightly distorted octahedral
geometries, with Ni(3,4) bound to an ONj donor set, Ni(2,5)
to an N4O, set, and Nil to an Ny set. The distances between
Mn'"" and Ni" atoms are 3.423(2) and 3.487(0) A, respectively,
while the separations among Ni' atoms range from 3.124(2)
to 3.475(2) A, in which two monatomic bridges (u#3-OH ™ and
1-N37) afford the shortest two [3.124(2) and 3.197(3) A].

Complex 3 is the third member of the hexanuclear Mn/Ni
clusters after complexes Mn[Mn(hfac),]3[Ni(pao);], (hfac™ =
hexaﬂuoroacetylacetonate7)10 and [Mn,NiO,(PhCOO);,-
(DMF),].>® The [MnNis(4-N3),(u3-OH),]** topology in 3 is
observed for the first time in a discrete molecule; however, it

should be pointed out that it is similar to the fragments of two
higher nuclearity Ni clusters previously reported,”® which are
arranged as [Nig(-N3),(us-OH),]*".

Complex 4:2H,0-6MeOH crystallizes in the monoclinic
space group P2,/n, with the cluster lying on an inversion center.
Selected interatomic distances and angles are listed in Table S.
The structure reveals the presence of Mn,Ni, tetranuclear
molecules. The metal atoms are located at the four corners of a
defective face-sharing double cube and bridged by two 13-MeO ™
groups, two NO ™ oximate groups, and two u-alkoxo groups of
the hmcH” " ligands (Figure 4). The pao~ groups adopt a chelat-
ing mode and a #7":17":5";u-bridging fashion, respectively. BVS
calculations™ and the presence of Jahn—Teller distortions
suggest the Mn atoms to be trivalent. Each Mn atom has a
slightly distorted octahedral geometry with the equatorial plane
defined by the chelating hmcH>~ group, an oximate O atom, and
a methoxide ¢3-O atom. The apical positions are occupied by a
terminal methoxide O atom and a methoxide u3-O atom. Each
Ni" atom adopts a slightly distorted octahedral geometry sur-
rounded by two pao~ groups, one methoxide 45-O atom, and
one alkoxide O atom of the hmcH> ligand. The distance
between Mn atoms is 3.355(1) A, and the distances between
Mn and Ni atoms are 3.104(5) (Mn1- - +Nil) and 3.592(9) A
(Mnl’- - -Nil).

4 joins a handful of Mn,Ni, clusters, three of which possess a
linear-type core'®** and four have a defective double-cubane
core.”®>> Compared with the defective double-cubane clusters
previously reported, which contain only monatomic bridges
between the metal centers, 4 has two NO bridges, and it is noteworth?;
that the Mn'" atoms in 4 are positioned in the central sites and the Ni
atoms reside in both edges, is in contrast to the others.

Structural Correlation of Complexes 1—3. As shown in
Figure S, both structures of complexes 1 (Figure S, bottom) and
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2 (Figure S, middle) contain the fragments of [Mg(u3-OH), (u-
OR),,(4-N3),_,,] which are similar to the core of complex 3
(Figure S, top). Thus, the core of 1 and 2 can be seen as
two torsionally fused [Mg(u3-OH),(1-OR),(#-N3),_,,] units
sharing three common metal atoms. It was noticed that the

a)

Figure 2. (a) Structure of complex 2. (b) Representation of the
[Mn"™Ni"4(145-OH) 4 (1-OR) ,(14-N3),] " core of 2. (c) Complete [Mn"'5-
Ni"(143-OH) 4(u-OR),(14-N3),(u-ON) 0] core. Color scheme: Mn, yel-
low; Nj, cyan; O, red; N, blue; C, gray; Cl, green. Hydrogen atoms have been
omitted for clarity.

bridging group of u-OR>™ or u-N; is in close correlation with
the presence of Mn or Ni atom. The presence of the Mn atom is
concomitant with the u-OR>~ group, and each 4-N;~ group
bridges two Ni atoms. This may originate from the different
affinity of the metal atoms to the O or N donors. Thus, it is likely
that the participation of the different coligands hmcH* ™ and/or
N3~ could affect the process of self-assembly and thus influence
the Mn/Ni ratios of the complexes.

Direct Current Magnetic Susceptibility Studies. The variable-
temperature dc magnetic susceptibility data for 1—4 were col-
lected in the temperature range 2.0—300 K in an applied field of
0.5 T. Plots of y,, T vs T for complexes 1—3 are shown in Figure 6.
The shapes of the curves are very similar, which decrease at first
and then increase with decreasing temperature before a final drop
at low temperature. This behavior indicates a mixture of both
ferro- and antiferromagnetic exchange interactions within the
complex, which is consistent with the presence of the bridging
end-on azide groups/alkoxide groups and OH ™ /oximate groups,
since the former two typically give ferromagnetic interactions
and the latter two typically give antiferromagnetic interactions.
The final decrease at the lowest temperatures is assigned to
Zeeman effects, zero-field splitting, and/or weak intermolecular
interactions.

For 1, the j,,, T value decreases slightly from 13.74 cm® Kmol ™!
at 300 K to reach a plateau in the 64—80 K region and then
increases to a maximum of 14.16 cm® K mol " at 9.5 K before its
final decrease down to 9.07 cm® Kmol ' at 2 K. The y,,, T value at
300 K is lower than the spin-only (g =2) value of 17 cm® K mol '
for four Mn™ and five Ni"" noninteracting ions, suggesting the
presence of antiferromagnetic interactions. The maximum value
at 9.5 K is close to the spin-only value expected for a complex
with an § = § ground state (15 cm® mol ' K) with a g factor
slightly less than 2.0. For 2, the room-temperature ),,,T value
is 14.97 cm® K mol ™', close to the spin-only (g = 2) value of
15 cm® K mol ' for three Mn"" and six Ni'' noninteracting ions.
The maximum value of 16.93 cm® Kmol " at 28 Kis close to the
spin-only value expected for a complex with an § = § ground state
with g > 2. Similar to that of 1, the room-temperature ,,,T value
(726 cm® K mol ") for 3 is lower than the expected spin-onl
(g = 2) value of 8 em® K mol ™! for one Mn" and five Ni"
noninteracting ions. The maximum value at 18 K is 6.55 cm® K
mol !, close to the spin-only value expected for a complex with
an § = 3 ground state (6 cm® mol ™' K), with g > 2 as expected for
Ni" atoms in majority.

Table 3. Selected Interatomic Distances (A) and Angles (deg) for Complex 2-2MeOH - 9H,0

Nil - - -Ni2 3.4681(9) Nil—N2 2.039(5)
Nil - - - Mn2* 3.4109(11) Nil—N1 2.078(4)
Mnl- - -Ni2 3.3788(9) Nil—N13 2.089(5)
Mnl- - -Ni3 3.0502(15) Nil—03 2.110(3)
Mnl- - -Mn2 3.2862(8) Nil—N9 2.122(4)
Mnl. . -Ni4 3.0720(15) Ni2—06" 1.990(4)
Ni2- - -Ni3 3.5913(9) Ni2—02 2.015(4)
Mn2- - -Ni4 3.5583(9) Ni2—N7 2.019(4)
Nil—N12 2.036(5) Ni2—N9 2.098(4)
NI12—Nil—N2 176.69(19) 02—Ni2—N7 173.14(17)
NI12—Nil—Nl1 100.91(18) 06"—Ni2—N9 178.12(16)
N13—Nil—03 167.04(17) N8—Ni2—07 167.13(17)
N1-Nil—N9 166.51(18) N4°—Ni3—N4 166.2(3)

C—x+1,y,—z+1/2.

Ni2—N8 2.102(8) Mnl1—08 2.025(4)
Ni2—07 2.106(3) Mnl1—09 2.062(4)
Ni3—N3 2.076(5) Mn2—04" 1.882(4)
Ni3—N4 2.079(5) Mn2—03° 1.926(3)
Ni3—07 2.123(3) Mn2—010 1.936(4)
Ni4—N5 2.058(4) Mn2—08 2.053(3)
Ni4—N6 2.088(4) Mn2—01¢ 2.139(4)
Ni4—08 2.122(3) Mn2—09 2.247(4)
Mnl—07 1.973(3)

N3“—Ni3—07 156.93(17) 09—Mn1-09" 178.1(2)
NS—Ni4—NS§* 172.3(2) 03—Mn2—010 175.20(16)
N6—Ni4—08 158.53(15) 04“—Mn2—08 168.78(17)
07—Mnl—08 166.43(14) 01°—Mn2—09 166.82(15)
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Table 4. Selected Interatomic Distances (A) and Angles (deg) for Complex 3-MeOH-3H,0

Nil- - -Ni2 3.4752(10) Nil—N24 2.105(4)
Nil - - - NiS 3.4577(10) Ni2—N7 2.025(4)
Ni2. - -Ni3 3.1973(11) Ni2—01 2.063(3)
Ni4- - -Ni$§ 3.1242(9) Ni2—N6 2.070(4)
Mnl---Ni3 3.4232(11) Ni2—N8 2.093(4)
Mnl- - -Ni4 3.4870(11) Ni2—N3 2.094(4)
Nil—N27 2.029(4) Ni2—03 2.101(3)
Nil—N2 2.029(4) Ni3—N12 2.029(4)
Nil—N1 2.081(4) Ni3—N11 2.072(6)
Nil —N28 2.090(4) Ni3—03 2.086(3)
Nil—N3 2.093(4) Ni3—N14 2.092(4)
N27—Nil—N2 176.42(15) N6—Ni2—03 165.13(14)
NI-Nil—N3 166.53(14) N11-Ni3—03 163.9(3)

N28—Nil—N24 168.97(15) NI12—Ni3—N14 167.08(18)
N7-Ni2—01 173.95(14) N13—Ni3—N8 170.99(16)
N8—Ni2—N3 171.36(16) N15—Ni4—N18 164.32(16)

Ni3—N13 2.097(4) NiS—010 2.050(3)
Ni3—N8 2.104(5) Nis—08 2.057(3)
Ni4—08 2.031(3) NiS—N19 2.081(4)
Ni4—N15 2.043(4) Nis—N24 2.112(4)
Ni4—N18 2.067(4) Mnl—07 1.944(3)
Ni4—N16 2.082(4) Mnl—04 1.963(3)
Ni4—N17 2.109(4) Mnl—06 1.970(3)
Ni4—N19 2.110(4) Mnl1-03 1.987(3)
NiS—N22 2.043(4) Mnl1—08 2.137(3)
Nis—N23 2.048(4) Mn1-05 2.140(3)
08—Ni4—N16 162.13(14) N19—Nis—N24 174.17(15)
N17—Ni4—N19 171.14(16) 07—Mnl—04 173.90(14)
N22—-Nis—010 175.06(14) 06—Mnl1—-03 178.72(13)
N23—NiS—08 166.59(14) 08—Mnl1—0S$ 177.82(13)

\_._.ﬂ-,,,_ﬁ/ L - N

Figure 3. Representation of the complete [MnNis(u-N3),(«-OH),(u-
ON)g]* core of 3 (top), and structure of the [Mn""Ni"s(N3).(pao)¢-
(paoH),(¢3-OH),]" cation (bottom). Color scheme: Mn, yellow; Ni,
cyan; O, red; N, blue; C, gray; Cl, green. Hydrogen atoms have been
omitted for clarity.

Table 5. Selected Interatomic Distances (A) and Angles
(deg) for Complex 4-2H,0-6MeOH

Mnl-01 1.878(3) Nil—O1 2.042(2)
Mnl1—03 1.894(3) Nil—N3 2.052(3)
Mnl—06" 1.941(3) Nil—N1 2.072(3)
Mnl—-02 1.992(2) Nil—N2 2.079(3)
Mnl1—-04 2.237(3) Nil—N4 2.093(4)
Mnl-02° 2.329(2) Nil—02 2.132(3)
01-Mnl1—-06" 165.85(12) N3—Nil—N1 168.51(13)
03—Mnl1—-02 168.00(11) 01-Nil—N2 174.36(12)
04—Mnl1-02° 170.18(10) N4—Nil—02 165.57(12)

C—x+1, -y, —z+2.

To confirm the ground states and evaluate the magnitude of
the ZFS parameter D for complexes 1—3, magnetization data

Figure 4. Structure of complex 4. Color scheme: Mn, yellow; Ni, cyan;
O, red; N, blue; C, gray. Hydrogen atoms have been omitted for clarity.

(M) were collected in the dc magnetic field range 0.1—5 T at
2.0—10 K. The data for complexes 1, 2, and 3 are shown in
Figure 7 (top), Figure S1, Supporting Information, and Figure 7
(bottom) as reduced magnetization (M/Nug) versus H/T };lots.
The data were fitted using the program ANISOFIT 2.0 by
assuming only the spin ground state of the molecule is populated
and the spin Hamiltonian employed to fit is H = DS, + E(S,” +
Syz) + GisotsS* B. The best fits are shown as the solid lines in
Figure 7 with parameters S=5,g=1.94,and D = —0.38 cm” ! for
1 (using the data <2 T) and S= 3, ¢g=2.05,and D = —0.86 cm !
for complex 3. Alternative fits with S = 4 or 6 for complex 1 and
S =2 or 4 for complex 3 gave unreasonable values of gand D and
thus were rejected. No satisfactory fit of the data was obtained for
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Figure S. Comparison of the structures of 1—3, emphasizing the
common units of [Mg(43-OH),(#-OR),,(4-N3),_,]. (Top) Core of
3, showing unit of [MnNis(u3-OH),(u-N3),]. (Middle) Core of 2,
showing units of [Mn,Niy(¢3-OH),(¢-OR)(¢-N3)]. (Bottom) Core of
1, ShOWi.l’lg units of [MI13Ni3(‘U3-OH)2(Iu-OR)2] and [anNL;(lll-OH)z-
(#-OR),]. Color scheme: Mn, yellow; Ni, cyan; O, red; N, blue; C, gray.
Oximate groups and hydrogen atoms have been omitted for clarity.

complex 2, and a poorer quality fit was obtained for 1 using data
up to 5 T, possibly due to population of low-lying excited states at
low temperatures, which is a common problem in large clusters.”’

For complex 4, plots of y,,T and ), vs T are shown in Figure 8
(top). The ymT value is 8.09 em® K mol " at 300 K, close to the
spin-only value (8.00 cm® K mol ', g =2) expected for two Mn™"
and two Ni" noninteracting ions. The ¥, T value gradually
decreases with decreasing temperature to 0.75 cm® K mol " at
2 K, suggesting an overall antiferromagnetic interaction within
the complex and an S = 0 ground-state spin. In order to deter-
mine the pairwise exchange interactions, the susceptibility data
was fitted using the magnetism package MAGPACK®® based on
the interaction pattern (Figure 8, bottom) and the corresponding

Hamiltonian (eq 1) from a temperature above 20 K>*** to avoid
the influence of zero-field splitting.
I:I = — 2]1 (SIS4 + 3233) — 2]2(&132 + 3334) — 2]33133

(1)

The best-fit parameters obtained are J; = —0.70 cm ), 15 =
10

8.50 cmfl, Jz = —4.50 cmfl, g =202, and R = 1.61 x

16 :'\\\k complex 2

X, h
°©
&L a3l ¢ complex 1
£ .
S
~ A4 @
=~ %
E 8
> = ki abaas
6 -( o complex 3
4
2 T ¥ T ¥ T ¥ T ] T L T ¥ T ' 1
o 50 100 150 200 250 300 350
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Figure 6. Plots of y,,T vs T for complexes 1—3.

M/Np,

M/ Np,

o0 05 10 15 20 25
HT 1 TK™

Figure 7. Plots of M/Nug vs H/ T for complexes 1 (top) and 3 (bottom) at
the indicated applied fields. Solid lines represent the best fits of the data.

(deﬁned as Z|:(Xm)calccl - (Xm)obsd]z/z [(Xm)obsd]z)' The anti-

ferromagnetic coupling (J;) between Mn"" and Ni"" atoms via
u-methoxo-u-oximato linkage is consistent with those found for the
other Mn™ Ni"" complexes via oximato bridges ™% ~¢!'3%
although in a weaker strength, which may be attributed to the
deviation of the structure. The ferromagnetic interaction (J,)
between Mn"" and Ni" atoms via #-methoxo-u-alkoxo linkage is
consistent with those for comparable exchange couplings.***” In
addition, the antiferromagnetic interaction (J5) between the Mn™
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Figure 8. (Top) Plots of x,,,T (O) and y,,, (O) vs T for complex 4. Solid
lines represent the best-fit curves using the parameters described in the
text. (Bottom) Spin topology for 4 assuming three different J values.

atoms is in agreement with those for other dimanganese(IIl) units
with g-methoxo bridging groups.®’

Alternating Current Magnetic Susceptibility Studies. The
ac susceptibility measurements were carried out on complexes
1—4 in the temperature range 2—15 K with a 3.0 G ac field
oscillating at six frequencies between 311 and 2311 Hz. For 1, the
in-phase )/, T value increases slightly with decreasing tempera-
ture from 15 K, plateaus at ~14.37 cm® mol ' Kin the 7.5—11 K
region, and then decreases with decreasing temperature, where
the lower temperature drops may be attributed to the inter-
molecular interactions and zero-field splitting (Figure 9, top). As
described elsewhere, the in-phase ac susceptibility signal ()',,) is
a useful way to determine the ground-state spin S of a molecular,
since it can avoid the g_otential complications of measurements in
an applied dc field. *”**”*3! In this case, the y/,,T value is almost
temperature independent in the 7.5—11 K region and the value
indicates an S = § ground state with g < 2, which is consistent with
the determination from the dc magnetic susceptibility data.
Below ~2.5 K, 1 displays a frequency-dependent decrease in
%' mT and concomitant appearance of out-of-phase y”,, signals,
indicating it may be a SMM with slow kinetics of magnetization
reversal (Figure 9). The peaks of the y”,, signals are located at
temperatures well below 1.8 K.

To the best of our knowledge, only a small family of Mn""Ni"*
SMMs has been reported to date. All of them are tetramers,
including four distorted Mn";Ni" cubanes®® with formula
[Mn""3Ni" (hmp)30(N;)3(0,CR);] (hmpH = pyridinemetha-
nol), a linear-type Mn",Ni", complex'® achieved by che-
mical modification of a known Mn'" Salen-type SMM, and
the complex [Mn",Ni",Cl,(salpa),]°¢ (salpa = N-(2-hydro-
xybenzyl)-3-amino-1-propanol) with an incomplete double-
cube core.

145 4
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Figure 9. In-phase (') (as y'wT, top) and out-of-phase ()"n,
bottom) ac susceptibility signals of complex 1 in a 3.0 G field oscillating
at the indicated frequencies.
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Figure 10. In-phase ()';) (as %' T) ac susceptibility signal of complex
2in a 3.0 G field oscillating at the indicated frequencies.

For 2, the in-phase )/, T value decreases slowly below 15 K
(Figure 10), indicating depopulation of excited states with S
greater than that of the ground state, and extrapolation of the plot
to 0 K from the high—temgerature linear section gives a value
of approximately 15.37 cm® mol " K, which suggests an S = 5
ground state with g > 2, consistent with the determination from
the dc magnetic susceptibility data.

For 3, the in-phase /T value is almost temperature inde-
pendent in the 13—15 K region and decreases gradually to 2 K
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Figure 11. In-phase ()';,) (as %' T) ac susceptibility signal of complex
3in a 3.0 G field oscillating at the indicated frequencies.

(Figure 11). Extrapolation of the high-temperature linear sec-
tion of the %', T plot to 0 K gives a value of approximately
6.35 cm® mol ' K, which suggests an S = 3 ground state with
g > 2, in agreement with the determination from the dc magnetic
susceptibility data.

For 4, the ac in-phase }’,,,T versus T data (Figure S2, Support-
ing Information) steadily decreases below 15 K and heads for
approximately 0 cm® mol " K at 0 K, which supports an S = 0
ground-state spin.

No out-of-phase ac signal is observed for complexes 2—4.

B CONCLUSIONS

Use of “metal oximate” ligand [Ni(paoH),Cl,] with the
coligands hmcH; and/or NaNj in a reaction system involving
the simple Mn(II) reagents affords a family of heterometallic
Mn"™/Ni" clusters with various nuclearities. Complexes 1 and 2
represent the first heterometallic nonanuclear metal/oxime
clusters as well as the largest 3d heterometal/oxime clusters
discovered to date. Complexes 1—3 contain similar units of
[Mg(u5-OH),(u-OR),,(4-N3),_,.], which differ in Mn/Ni ratio
and the presence of the coligands hmcH?~ and/or N; . The
deviation of the structures indicates the influence of the coligands
on the assembly of the clusters, which may originate from the
different affinity of the metal atoms to the O donors or N donors.
The same reaction carried out in DMF gives a nanonuclear
complex 1 while in MeOH yields a completely different tetra-
nuclear 4, suggesting the solvent dependence of the reaction
products.

The magnetic susceptibility study of 1—3 indicates a mixture
of both ferro- and antiferromagnetic exchange interactions with-
in the complexes, which is consistent with the presence of the
bridging end-on azide groups/alkoxide groups and OH™/
oximate groups. 1 exhibits out-of-phase ac susceptibility signals,
indicating it may be a SMM, while 2—4 do not exhibit out-of-
phase ac susceptibility signal. For 4, the couplings via different
pathways between Mn'" and Ni" ions as well as between Mn™"
ions have been evaluated based on a 3-] model.

The synthetic methodology described in this work is now
being extended, and several other oximate-based metalloligands
or coligands are being introduced to the system to construct
novel heterometallic complexes with interesting architectures
and magnetic properties.
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© Supporting Information.  X-ray crystallographic data for
complexes 1—4 in CIF format and Figures S1 and S2. This
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