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ABSTRACT: A straightforward approach to heterometallic Mn—Fe cluster-based
coordination polymers is presented. By employing a mixed-valent p;-oxo trinuclear
manganese(II/III) pivalate cluster, isolated as [Mn''Mn'",0-
(0,CCMe,)¢(hmta);]-(solvent) (hmta = hexamethylenetetramine; solvent = n-propanol
(1), toluene (2)) in the reaction with a pj-oxo trinuclear iron(IIl) pivalate cluster
compound, [Fe;0(0,CCMe,)s(H,0);]0,CCMe;2Me;CCO,H, three new hetero-
metallic {Mn"Fe',} cluster-based coordination polymers were obtained: the one-
dimensional polymer chain compounds {[MnFe,O(0,CCMe;)s(hmta),]-0.5MeCN},
(3) and {[MnFe,0(0,CCMe;)4(hmta),]-Me;CCO,H-(n-hexane)}, (4) and the two-
dimensional layer compound {[MnFe,0(0,CCMe,)¢(hmta), ;]-(toluene)}, (S). Single-
crystal X-ray diffraction analysis reveals a yi;-oxo trinuclear pivalate cluster building block
as the main constituent in all polymer compounds. Different M:hmta ratios in 1—S5 are
related to the different structural functions of the N-containing ligand. In clusters 1 and

2, three hmta ligands are monodentate, whereas in chains 3 and 4 two hmta ligands act as bridging ligands and one is a
monodentate ligand; in S, all hmta molecules act as bidentate bridges. Magnetic studies indicate dominant antiferromagnetic
interactions between the metal centers in both homometallic {Mn;}-type clusters 1 and 2 and heterometallic {MnFe,}-type
coordination polymers 3—5. Modeling of the magnetic susceptibility data to a isotropic model Hamiltonian yields least-squares
fits for the following parameters: J;(Mn"=Mn"") = —6.6 cm™ and J,(Mn"-Mn") = —5.4 cm™" for 1; J; = —5.5 cm™ and
L(Mn™-Mn™) = —3.9 cm™ for 2; J;(Mn"—Fe™) = —17.1 cm™ and J,(Fe"™—Fe™) = —43.7 cm™ for 3; J, = —23.8 cm™ and J,

S.

B INTRODUCTION

Magnetic coordination polymers have received considerable
attention in recent years due to their great potential in the
development of “intelligent” multifunctional materials, includ-
ing magnetic sensors and future spintronic devices, in which the
charge transport and tunneling characteristics of such magnetic
materials are exploited to realize diode or transistor
functionalities.”> One promising approach for the creation of
magnetic coordination polymers is based on the assembly of
molecular “building blocks” constituted of paramagnetic
transition-metal ions and bridging organic linkers. Variation
of the size, connectivity, charge, and functionality of complex
building blocks and/or ligands then allows us to gain control
over the dimensionality of the resulting coordination polymers
and, to an increasing degree, impart desired physical properties
to the final solid-state materials.”

Polynuclear carboxylate complexes of Mn(II/III) or Fe(Il/
III) are especially versatile building blocks, which may be used
to construct a diverse range of molecular magnetic arrays and
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—53.4 cm ™! for 4; J; = —13.3 cm ™' and J, = —35.4 cm™" for . Intercluster coupling plays a significant role in all compounds 1—

offer numerous advantages: (i) they can exhibit magnetic
metastability and hysteresis phenomena that enable magnetic
state switching (summarized as single molecule/single-chain
magnet features);” (i) the carboxylate ligands can be partially
substituted e.g. by redox-active inorganic ligands such as
polyoxometalates® or organic radical ligands,® resulting in
increasingly complex magnetic materials with functional
properties such as charge-state switching of magnetic ground
states and anisotropy; (iii) their terminal ligands frequently are
labile, providing an opportunity to assemble the metallic
clusters into extended networks through exchange of these
terminal ligands by judiciously selected bridging moieties; (iv)
they can be deposited and grouped on different surfaces in a
controlled manner by functionalizing the peripheral ligands that
define their surfaces. Nevertheless, despite the relatively vast
body of work focusing on the properties of discrete polynuclear
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Table 1. Crystal Data and Details of Structural Determinations for 1-5

1 2
empirical formula CsHogMn;N,0,, CssHogMn;N,045
M, 1268.32 1300.27

T (K) 130(2) 130(2)

cryst syst hexagonal monoclinic

space group P6s/m P2,/c

a(A) 14.8402(8) 12.3263(9)

b (A) 14.8402(8) 20.8656(15)

c (A) 18.0477(18) 24.9857(17)

a (deg) 90 90

B (deg) 90 94.876(1)

7 (deg) 120 90

Vv (A%) 3442.2(4) 6403.0(8)

Z,p (Mg m™) 2, 1224 4, 1.349

u (mm™") 0.604 0.650

F(000) 1350 2764

cryst size (mm) 0.32 X 0.22 X 0.18 0.28 X 0.25 X 0.17

0 range for data collection (deg)  1.95—27.99 2.03-25.00
index ranges -19<h<19 -14<h<14
-19<k<19 -24 <k<24
-23<1<23 -29<1<29
no. of unique/collected rflns (Ry,,) 46 549/2863 (0.0674) 50923/11271
(0.0501)
completeness to 0., (%) 100.0 99.9
no. of data/restraints/params 2863/6/127 11271/0/767
final R indices (I > 26(I))
R, 0.0577 0.0375
wR, 0.1674 0.0962
R indices (all data)
R, 0.0702 0.0482
wR, 0.1783 0.0997
goodness of fit on F2 1.007 1.007
largest diff peak, hole (e A7) 0.848, —0.752 1.114, —0.893

3 4 S
Cy3HzosFe;MnNg O3 CsoHysFe,MnNg O, 5 CooHi0FesMnyN ;006
1090.29 1214.98 2183.60
150(2) 150(2) 130(2)
orthorhombic orthorhombic monoclinic
Aba2 Pben P2,/n
23.127(5) 51.2141(12) 17.8948(13)
24.574(5) 12.2883(3) 23.8818(17)
19.600(S) 19.6383(4) 25.2878(18)
90 90 90
90 90 90.634(1)

90 90 90

11139(4) 12359.1(S) 10806.3(13)

8, 1.300 8, 1.306 4, 1.342

0.800 0.730 0.823

4624 5184 4632

0.16 X 0.11 X 0.06 0.15 X 0.10 x 0.07 0.27 X 0.20 X 0.14
1.76-21.97 2.91-24.00 1.42-26.48

24 < h<24 =57 < h <45 -22<h<22
—-25<k<25 -14<k<8 -29<k<29
-20<1<20 -19<1<22 -31<1<31

32387/6809 (0.1258)

28 83/9477 (0.0744)

98 441/22 266 (0.0665)

99.9 97.8 99.6

6809/1/628 9477/24/704 22266/110/1239
0.0620 0.0770 0.0491

0.1386 0.1902 0.1289

0.0867 0.1273 0.0731

0.15156 0.2047 0.1366

1.073 0.998 0.961

0.768, —0.400 1.030, —0.710 1.379, —0.666

coordination clusters of transition metals, including those
exhibiting SMM properties, surprisingly little analogous work
has been aimed at constructing magnetic cluster-based
coordination polymers through the linking of high-nuclearity
oxo—metal complexes with nontrivial magnetic properties.
There has been a recent effort directed at creating coordination
polymers from polynuclear carboxylate clusters by several
groups. Christou and Tasiopoulos et al. succeeded in the
preparation of one-, two-, and three-dimensional polymers with
unprecedented {Mn,,O;}"* or {Mn,40,;}"" magnetic building
blocks—note that the {Mn;o}-based coordination polymer
displays a single-molecule magnet behavior. Linear chain
compounds composed of oxo-centered trinuclear {Mn;0}® or
hexanuclear {MngO,}° carboxylate clusters have also been
reported. Among the latter, the {MnsO,} pivalate-based
compounds with nitronyl nitroxide radical molecules acting as
exo-bidentate spacer ligands exhibit SMM properties.”®
Concerning Fe oxo carboxylate clusters, only a zigzag chain
coordination polymer'® and two-dimensional layers'"'? that
are built up from oxo-centered trinuclear {Fe; 03" or
heterometallic {Fe,MO} (M = Co, Ni)"* carboxylate clusters
have been designed.

Recently, we have reported the synthesis and characterization
of one-dimensional manganese chain coordination polymers
composed of carboxylate cluster blocks with {Mn;0},"
{Mn,0,},"® and {MngO,}'* metallic cores bridged by N-
donor ligands and iron chain coordination polymers consisting
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of the pivalate cluster building units with a {Fe,O,} metallic
core and hmta linkers."® In a continuation of this work, we
present here convenient synthetic routes to new one- and two-
dimensional heterometallic Mn—Fe coordination polymers
which are based on the use of mixed-valent y;-0xo trinuclear
manganese (II/II11) pivalate clusters, [Mn;O-
(0,CCMe;)s(hmta);]-(solvent) (hmta = hexamethylenetetr-
amine; solvent = n-propanol (1), toluene (2)) and the
homovalent yy-oxo trinuclear iron(III) pivalate cluster [Fe,O-
(0,CCMe;)4(H,0);]0,CCMe;-2Me;CCO,H. The  resulting
network structures include one-dimensional chains in
{[MnFe,0(0,CCMe;)s(hmta),]-0.5MeCN}, (3) and
{[MnFe,0(0,CCMe;)4(hmta),]-Me;CCO,H-(n-hexane)},
(4) and two-dimensional layers in {[MnFe,0O-
(0,CCMe;)4(hmta), s]-(toluene)}, (5). Herein we focus on
the structures and thermal and magnetic properties of these
compounds.

B EXPERIMENTAL SECTION

Materials and Methods. All reactions were carried out under
aerobic conditions using commercial grade solvents. [Mn-
(0,CCMe;),] and [Fe;0(0,CCMe;)s(H,0),]-
0,CCMe;-2Me;CCO,H were synthesized as described elsewhere.'¥'¢
Commercially available ligands were used without further purification.
Infrared spectra were recorded on a Perkin-Elmer Spectrum One
spectrometer using KBr pellets in the region 4000—400 cm™'. TGA/
DTA measurements were carried out with a Mettler-Toledo TGA/
SDTA 851 in dry N, (60 mL min~") at a heating rate of 10 K min™".
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Magnetic susceptibility data were recorded using a Quantum Design
MPMS-SXL SQUID magnetometer as a function of field (0.1-5.0 T)
and temperature (2.0—290.0 K). Experimental data were corrected for
sample holder (PTFE capsules) and diamagnetic contributions
calculated from tabulated values (yy, = —6.370 X 10™* emu mol™
(1), =6.501 x 107* emu mol™ (2), —5.410 X 10™* emu mol™* (3),
—6.057 X 107 emu mol™! (4), —=5.461 X 10™* emu mol™! (5)). Mn
and Fe contents were determined via ICP-OES (Zentralabteilung fiir
Chemische Analysen, Forschungszentrum Jiilich).

X-ray Crystallography. Diffraction data sets for 1—3 and S were
collected on a Bruker APEX II diffractometer and for 4 on an Oxford
Xcalibur CCD diffractometer, both equipped with graphite-mono-
chromated Mo Ka radiation. A summary of the data collection and the
crystallographic parameters of compounds 1—$ is given in Table 1.
After collection and integration the data were corrected for Lorentz
and polarization effects. The structures were solved by direct methods
and refined by full-matrix least squares on weighted F* values for all
reflections using the SHELX suite of programs.'” All non-hydrogen
atoms in clusters 1—5 were refined with anisotropic displacement
parameters. The disordered atoms of propanol in 1 and acetonitrile
molecules in 3 were refined isotropically. Hydrogen atoms were placed
in fixed, idealized positions and refined as rigidly bonded to the
corresponding atom. In compound 4, two positions have been
specified for hydrogen atoms of three methyl groups. Three different
mixed Fe/Mn sites were refined in the same way. In each position the
Fe and Mn atoms were constrained to have identical coordinates with
site occupation factors of /5 for Fe and '/; for Mn. The thermal
parameters were also constrained to be identical.

Synthesis of Complexes. [Mn;0(0,CCMes)s(hmta)s;]-nPrOH
(1). Hexamethylenetetramine (0.16 g 1.141 mmol) was added
to a solution of manganese(II) pivalate (0.3 g, 1.166 mmol) in
n-propanol (S mL). The resulting solution was stirred at 60 °C
for 1 h and left in an open flask. Dark green crystals suitable for
X-ray analysis were filtered off the next day, washed with n-
propanol and acetonitrile, and dried in air (yield 0.15 g, 31%
based on Mn). Anal. Found (caled) for Cs;HgsMn3N,O1y: C,
48.65 (48.30); H, 7.66 (7.78); N, 13.10 (13.25). IR (KBr pellet,
v/cm™): 3431 br, w, 2958 m, 2927 sh, 2902 sh, 2874 sh, 1615
vs, 1480 m, 1459 m, 1413 s, 1370 s, 1295 m, 1230 s, 1186 m,
1054 w, 1024 s, 998 vs, 893 w, 867 w, 816 m, 803 m, 777 m,
709 sh, 701 m, 670 m, 660 sh, 599 w.

Recrystallization of 1 from Hot Toluene To Give [Mn;O-
(O,CCMe;)s(hmta);]-(toluene) (2). Anal. Found (calcd) for
CssHogMnyN,0,5: C, 50.79 (50.80); H, 7.7 (7.6); N, 12.95
(12.93). IR (KBr pellet, v/cm™): 2957 m, 2927 sh, 2902 sh, 2873
sh, 1604 vs, 1481 m, 1459 m, 1411 s, 1368 s, 1253 sh, 1229 s, 1054 w,
1024 s, 998 vs, 894 w, 833 w, 806 w, 786 w, 761 w, 710 m, 695 w, 661
m, 599 w.

{IMnFe,0(0,CCMe3)s(hmta),]-0.5MeCN}, (3). Compound 1 (0.06
g, 0.0472 mmol), [Fe;0(0,CCMe;)s(H,0);]-
0,CCMe;-2Me;CCO,H (0.06 g, 0.0521 mmol), and MeCN (S mL)
were placed in a sealed PTFE-lined steel autoclave and heated to 120
°C for 4 h and then slowly cooled to room temperature over 48 h.
Crystals of 3 were filtered off, washed with MeCN, and dried in air
(yield 0.05 g, 63% based on Fe). Anal. Found (calcd) for
C43HyosFe,MnN O,5: C, 46.69 (47.36); H, 741 (7.35); N, 9.67
(10.92); Mn, 5.23 (5.04); Fe, 10.30 (10.24). IR data (KBr pellet, v/
cm™): 2959 m, 2928 sh, 2873 sh, 1613 sh, 1593 vs, 1551 sh, 1483 vs,
1460 m, 1413 vs, 1371 vs, 1358 vs, 1247 m, 1230 vs, 1051 m, 1023 s,
998 vs, 931 sh, 918 w, 892 w, 828 w, 806 sh, 797 sh, 787 m, 697 s, 680
sh, 663 m, 600 s, 582 sh, 522 m, 429 m.

{[MnFe,O(0,CCMe;)4(hmta),]-Me;CCO,H-(n-hexane)},, (4). A sol-
ution of 1 (0.2 g 0.158 mmol) and [Fe;0(0,CCMe;)s(H,0);]-
0,CCMe;-2Me;CCO,H (0.2 g, 0.174 mmol) in n-hexane (1S mL)
was refluxed for 1 h. The warm solution was filtered off and placed in a
closed vial at room temperature. Dark green crystals of 4 suitable for
X-ray analysis were filtered off after 2—3 days, washed with n-hexane,
and dried in air (yield 0.13 g, 41% based on Fe). Anal. Found (calcd)
for CsoHosFe,MnNgO;5: C, 49.27 (49.24); H, 7.71 (7.88); N, 8.91
(9.22); Mn, 4.37 (4.52); Fe, 8.87 (9.19). IR data (KBr pellet, v/cm™):
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3433 w, 2958 m, 2928 sh, 2873 sh, 1713 m, 1615 vs, 1595 vs, 1548 sh,
1481 s, 1461 m, 1413 vs, 1371 s, 1293 w, 1246 sh, 1228 vs, 1180 m,
1050 sh, 1022 vs, 997 vs, 933 sh, 919 w, 893 w, 866 w, 826 w, 804 m,
788 w, 776 sh, 758 sh, 696 m, 680 sh, 664 m, 601 m, 583 sh, 525 w,
429 m.

Note that for all syntheses deviations from the reported metal to
ligand ratios for the reactants prevented the formation of crystals
suitable for single-crystal X-ray diffraction measurements.

{IMnFe,0(0,CCMes)s(hmta), s]-(toluene)}, (5). Compound 1 (0.06
g, 0.0472 mmol) was added to a solution of [Fe;O-
(0,CCMe,)¢(H,0);]0,CCMe;2Me;CCO,H (0.06 g, 0.0521
mmol) in toluene (5 mL). The resulting mixture was refluxed for 6
h and kept in a closed flask. Crystals suitable for X-ray analysis were
obtained after 4 days, washed with toluene, and dried in air (yield 0.04
g, 47% based on Fe). Anal. Found (calcd) for C,¢HgoFe,MnN(O,3: C,
49.88 (50.60); H, 7.47 (7.39); N, 7.76 (7.69); Mn, 5.56 (5.03); Fe,
11.00 (10.23). IR data (KBr pellet, v/cm™): 2959 m, 2929 sh, 2873
sh, 1613 vs, 1592 vs, 1542 sh, 1483 s, 1460 m, 1413 vs, 1370 s, 1358 s,
1247 sh, 1225 s, 1051 m, 1022 vs, 996 vs, 928 w, 892 w, 843 sh, 827 w,
797 m, 787 sh, 729 sh, 695 m, 680 sh, 662 sh, 600 m, 582 sh, 520 w,
429 m.

B RESULTS AND DISCUSSION

Syntheses and Preliminary Characterization. Trinu-
clear pi;-oxo-bridged carboxylate complexes of the type
[M;0(0,CR)4L;]*"° (where M = Mn, Fe; L = H,0, acid, N-
donor ligand) have served as precursors in the synthesis of
various multidimensional cluster-based coordination poly-
mers.” #1215 In this study, the use of uj-oxo trinuclear
manganese(II/III) and iron(III) pivalate complexes in one-pot
reactions in different solvents led to heteronuclear one- or two-
dimensional coordination networks. The solvothermal reaction
of the pi;-oxo trinuclear Mn and Fe pivalate complexes with
hexamethylenetetramine in MeCN at 120 °C for 4 h in a
PTFE-lined stainless autoclave followed by slow cooling to
room temperature over 48 h gave the heterometallic chain
polymer {[MnFe,O0(0,CCMe;)4s(hmta),]-0.5MeCN}, (3). In
contrast, using the same starting materials, but refluxing in n-
hexane, afforded the solvated heterometallic chain polymer
{[MnFe,0(0,CCMe;)4(hmta),]-Me;CCO,H-(n-hexane)},
(4). Treatment of trinuclear pj;-0xo manganese and iron
pivalates with a hot toluene solution of hexamethylenetetr-
amine resulted in the precipitation of the 2D heterometallic
coordination network {[MnFe,O(0O,CCMe;),-
(hmta); s]-(toluene)}, (5). The yields for 3—5 range from ca.
40 to 60%.

The infrared spectra of all complexes 1—5 display strong and
broad bands in the 1615—1592 and 1413—1411 cm™! regions,
arising from asymmetric and symmetric vibrations of the
coordinated carboxylate groups of the pivalate ligands,
respectively.'® Solvated pivalic acid in 4 caused the appearance
of a band at 1712 cm™" corresponding to vibrations of the
uncoordinated carboxylic groups. The C—H asymmetric and
symmetric stretching vibrations for the tert-butyl group of
pivalates are observed in the range 2961—2869 cm™’, along
with a strong single band at 1483—1459 cm™ and a doublet at
1371—1358 cm™!, which correspond to asymmetric and
symmetric bending vibrations for methyl, respectively. Several
well-separated very strong and sharp bands at 1247—1225 and
1024—996 cm ™" can be assigned to the C—N stretching modes
of the coordinated hmta groups."

Thermogravimetric analyses (25—600 °C) for all compounds
were performed under an N, flow. TGA data for 1 and 2 show
a first mass loss from 90 to 160 °C due to removal of solvent
molecules (1 (nPrOH), obsd 4.0%, calcd 4.7%; 2 (toluene),
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obsd 10.9%, calcd 7.1%). At higher temperatures organic
ligands (six pivalate and three hmta) decompose. For 1, in the
temperature range from 160 to 350 °C a total mass loss of
77.0% (calcd 74.3%) was observed, whereas for 2 from 160 to
470 °C the weight loss amounts to 78.9% (calcd 72.5%). The
1D coordination polymer 3 is stable up to 140 °C, followed by
a three-step decomposition of organic constituents up to 470
°C with a total mass loss of 84.9% (calcd 86.5%). For the 1D
coordination polymer 4, in the temperature range of 80—200
°C a 15.4% two-step mass loss corresponds to the release of n-
hexane and solvate pivalic acid molecules (caled 15.5%). The
decomposition of coordinated pivalate and hmta ligands occurs
up to 450 °C (74.5%, calcd 77.6%). For the 2D coordination
polymer S, the loss of solvate toluene molecules (7.5%, calcd
8.4%) up to 190 °C is followed by decomposition of the
metal—organic frameworks in two steps up to 470 °C.
Crystal Structures. The structures of the five pu;-oxo-
centered M; compounds [Mn;O(0,CCMe;)¢(hmta);]-nPrOH
(1), [Mn;0(0,CCMe;)s(hmta);]-(toluene) (2), {{MnFe,O-
(0,CCMe;)4(hmta),]-0.5MeCN}, (3), {[MnFe,O-
(0,CCMe,)4(hmta),]-Me;CCO,H:(n-hexane)}, (4), and
{[MnFe,0(0,CCMe;)4(hmta), ;]-(toluene)}, (5) have been
characterized by single-crystal X-ray diffraction analysis (CCDC
837612—837616). Compounds 1—5 share a common similar
structural fragment (Figure 1; see Figures S1 and S2 in the

Figure 1. The [M;0(0,CCMe;)s(hmta);] moiety common to
compounds 1—5: Fe or Mn, green spheres; N, blue spheres; O, red
spheres; C, gray sticks; H, light gray lines.

Supporting Information for ORTEP plots). Each M site (M =
Mn, Fe) in the pi;-oxo-bridged trinuclear [M;0(0,CCMe;)4]
core fragment adopts a distorted-octahedral geometry and is
coordinated to the central y;-O atom, four equatorial O centers
from four bridging pivalate ligands, and the nitrogen atom of
the hmta ligand (trans to u3-O). All six pivalates act as
bidentate bridging ligands (see Table 2 for metal—ligand bond
distances). The different M:hmta ratios in 1—5 are related to
the different structural functions of the N-containing ligand. In
clusters 1 and 2, all three hmta ligands are monodentate,
whereas in chains 3 and 4 two hmta ligands carry out a bridging
function and one remains a monodentate ligand; in §, all hmta
molecules act as bridges.

H3-Oxo-Bridged Trinuclear Clusters 1 and 2. The
neutral charge of the complexes results in a mixed-valence
Mn"Mn", composition. In the lattice, the trinuclear clusters in
1 reside around a special position of a 6-fold inversion axis,
resulting in a Cj,-symmetric planar Mn;O core and
indistinguishable positions of Mn" or Mn"™" atoms. The Mn—

5113

(u5-O) distance equals 1.9051(4) A, Mn—O distances with
pivalate ligand are 2.026(2) and 2.030(2) A, and Mn—N
distance is 2.201(3) A, with a Mn---Mn separation of 3.300(1)
A. The propanol solvent molecule is disorderd around the 6-
fold axis. No specific intermolecular interactions have been
found between the structural elements (Figure S3, Supporting
Information).

The clusters in 2 reside in general position. The Mn—(5-O)
[2.136(1) A] and Mn—N [2.342(2) A] distances for the Mn2
atom are longer than those for Mn1 [1.832(2) and 2.180(2) A,
respectively] and for Mn3 [1.828(1) and 2.194(2) A,
respectively]. The Mn2—QO,,;, distances are in the narrow
range of 2.155(2)—2.169(2) A, while the Mn1—0,,,, distances
vary from 1.976(2) to 2.176(2) A and Mn3-O., from
1.991(2) to 2.154(2) A. The Mn,—O,—Mn,; and Mn,—O,—
Mn; angles are equal to 117.82(7) and 116.21(7)°, respectively,
while Mn;—O,;—Mn; angle is 125.97(8)°. These geometrical
parameters show that molecular symmetry of Mn;O core is
close to C,, and that the manganese atoms form an isosceles
triangle in contrast to equilateral one in 1. The data are
comparable to known Mn"Mn,™O trinuclear complexes® and
assume that the formal oxidation state of Mn2 atom is +II,
while the Mn1 and Mn3 oxidation states are +IIL. In the y;-oxo
triangle the Mn1--Mn3 separation of 3.260(1) A is notably
shorter than the Mnl--Mn2 [3.401(1) A] and Mn2:--Mn3
[3.369(1) A] distances. The deviation of the central y;-O from
the Mn; plane centroid is only 0.0024 A.

One single weak C—H--N interaction can be noticed
between the neighboring trinuclear complexes with C---N
distance of 3.519(3) A leading to the formation of 1D
hydrogen-bonded chains in 2. Besides those, the structure of 2
contains the outer-sphere toluene molecules that are connected
with the main structural unit through weak C—H---O hydrogen
bonds at a distance of 3.482(3) A (Figure S4).

1D (3 and 4) and 2D (5) Coordination Polymers. The
positions of Mn and Fe atoms in M;O metallic cores of 3—3 are
undistinguishable from X-ray data. The bond distances in all
cases are similar but not regular (Table 2). The M—p;-oxygen
bond distances in 3—S5 are in the range of 1.879(5)—1.963(5)
A. The M—O,,,, bond distances vary from 2.047(6) to 2.084(6)
A in 3, lie in the range of 2.037(5)—2.092(S) A in 4, and
2.031(2)—2.098(2) A in S. Average values of M—O,,; bond
distances are 2.068, 2.056, 2.063 A for 3, 4 and $, respectively.
The average values of M—N bond distances are 2.359 for 3,
2.364 for 4, and 2.382 A for §. Thus, the average bond distances
in the core of complexes 3—5 are comparable and have
intermediate values between the corresponding bond distances
for Fe(III) and Mn(II) coordination environments.*' Valence
states in three positions of metal atoms were calculated through
a bond valence sum (BVS) analysis,** and the BVS values for
metal atoms in 3—S5 are close to each other (2.488—2.787; see
Table S6 in the Supporting Information). These parameters
assume that Mn and Fe atoms are statistically disordered over
three positions in the vertex of the approximately equilateral
triangle. Elemental analysis yields the actual Mn:Fe ratio as 1:2
for all coordination polymers 3—S5.

The heterotrinuclear clusters in 3 and 4 are connected by
two hmta molecules into a similar one-dimensional polymeric
chain, as shown in Figure 2. Another similar polymeric chain
was found in {[Mn"Mn™,0(0,CCHMe,)4(hmta),]-
‘EtOH},."* The third hmta ligand coordinated to the metal
atom in the trinuclear cluster is terminal. The distinction in the
structural function of hmta ligands occurs in M—N bond
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Table 2. Selected Metal—Ligand Bond Distances (A) for 1-5

5
1 2 4

M1—(u;-0) 1.905(4) 1.832(2) 1.879(S) 1.900(4) 1.897(2) 1.935(2)
M2—(u5-O) 2.136(1) 1.924(6) 1.963(4) 1.943(2) 1.892(2)
M3—(u;-0) 1.828(1) 1.963(5) 1.904(4) 1.929(2) 1.942(2)
M1-Oy 2.026(2) 1.976(2) 2.049(6) 2.037(3) 2.044(2) 2.048(2)
2.030(2) 1.994(2) 2.060(6) 2.052(5) 2.045(2) 2.071(2)

2.105(2) 2.068(6) 2.057(5) 2.051(2) 2.077(2)

2.176(2) 2.079(6) 2.060(5) 2.052(2) 2.093(2)

M2-0, 2.155(2) 2.047(6) 2.058(5) 2.056(2) 2.029(2)
2.156(2) 2.060(6) 2.062(3) 2.067(2) 2.031(2)

2.161(2) 2.064(6) 2.074(5) 2.072(2) 2.050(2)

2.169(2) 2.074(6) 2.092(5) 2.098(2) 2.072(2)

M3—O, 1.991(2) 2.071(6) 2.027(5) 2.051(2) 2.062(2)
1.994(2) 2.073(6) 2.045(5) 2.064(2) 2.073(2)

2.126(2) 2.083(6) 2.051(3) 2.065(2) 2.080(2)

2.154(2) 2.084(6) 2.053(5) 2.081(2) 2.088(2)

M1-N 2.201(3) 2.180(2) 2.303(7) 2.332(5) 2.442(3) 2.372(3)
M2-N 2.342(2) 2.403(7) 2.398(6) 2.388(3) 2.381(3)
M3-N 2.194(2) 2.371(8) 2.361(6) 2.355(3) 2.353(3)

Figure 2. View of the polymeric chain in 3 and 4: Fe or Mn, green
spheres; N, blue spheres; O, red sticks; C, gray sticks. Solvent
molecules and hydrogen atoms are omitted for clarity.

distances. There is one short M—N distance for the terminal
hmta ligand (2.303(7) A for 3 and 2.332(5) A for 4) and two
longer distances (2.371(8) and 2.403(7) A for 3; 2.398(6) and
2.361(6) A for 4). The M--M distances in 3 are 3.292(2),
3.327(2), and 3.369(2) A; the out-of-plane deviation of the y;-
O amounts to 0.029 A. The corresponding values in complex 4
are 3.298(1), 3.334(1), and 3.355(1) A and only 0.008 A for
the u3-O out-of-plane deviation.

The crystal lattices of 3 and 4 are built up from similar
polymeric chains propagating along the ¢ axis (Figures SS and
S6, Supporting Information). In accordance with the polar
space group Aba2 (Table 1) all chains are parallel in the crystal
of 3 and antiparallel (alternate in antiparallel directions) in 4,
consistent with the centrosymmetric space group Pbcn. If one
assume at least partial ordering of the metals in clusters along
the chains one may expect the difference in the bulk magnetic
properties between 3 and 4. The intercluster separation within
each chain (ie, the period of the polymer) is equal to
approximately ¢/2. The shortest intrachain intercluster M--M
distance through the hmta spacer equals 6.591(2) A in 3 and
6.661(1) A in 4. The packing of chains differs in 3 and 4 also
because of the template effect of solvent molecules. In 3 the
total potential solvent volume equals 1447.2 A® (13%) of the
unit cell volume of 11139.0 A%, whereas in 4 the solvent
volume equals to 2826.1 A® (22.9%) of the unit cell volume of
12359.1 A% The shortest interchain M-~M distance equals
9.683(3) A in 3 and 10.249(1) A in 4. The cavities in 3 contain
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solvate acetonitrile molecules, and the channels between chains
in 4 are filled by pivalic acid and n-hexane molecules. Solvate
pivalate molecules form O—H--N = 2.782(1) A hydrogen
bonds with adjacent terminal hmta ligands in the structure of 4.
The asymmetric unit of § contains two similar [MnFe,O-
(0O,CCMe;)g(hmta); 5] cluster moieties. As mentioned above,
the values of bond distances and angles in both crystallo-
graphically independent complexes are virtually identical and
have intermediate values between those for Fe and Mn"
coordination environments. The M:--M separations are
3.325(1), 3.322(1), and 3.344(1) A in one triangle and
3.310(1), 3.330(1), and 3.350(1) A in the second complex.
All hmta ligands adopt bridging binding modes and connect
neighboring M, clusters into a 2D layer structure (Figures 3
and 4). The corrugated layers are parallel to the ac plane and
are stacked in an ABAB manner. The solvent toluene molecules
are disordered into interstitial voids. The intercluster M---M
distances through the hmta spacers in § are 6.489(1), 6.552(1),
and 6.595(1) A. The shortest M---M distance between layers is
11.151(1) A. This compares to intercluster M---M separations

Figure 3. Fragment of the layer of the 2D coordination polymer S:
metal coordination environments, green polyhedra; N atoms, blue
sticks; O atoms, red sticks; C atoms, gray sticks. H atoms and solvate
toluene molecules are omitted for clarity.
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Figure 4. Corrugated layers in S. Color codes are as in Figure 3.

of 6.591(2) and 6.611(2) A in the 1D coordination polymers 3
and 4, respectively.

Magnetochemical Analysis. The magnetochemical anal-
ysis of triangular mixed-valent {Mn;} complexes frequently
showcase the limitations of spin-only, isotropic model
Hamiltonians, as evident from several published studies of ;-
O-bridged trinuclear mixed-valent manganese complexes that
report isotropic g values between 2.05 and 2.10,> although this
value should be <2.0 for Mn" (§ = %/,) and Mn™ (S = 2)
centers in octahedral coordination environments due to ligand-
field and spin—orbit coupling effects (Figure S7, Supporting
Information). Given that both intra- and intercluster inter-
actions affect the susceptibility data of all presented compounds
within the experimental parameter range, we are probing the
extent to which the simplest possible model descriptions can
accurately reproduce the experimental data, employing our
computational framework CONDON 2.0.** In the following,
isotropic Heisenberg-type exchange coupling assesses all
intracluster coupling between spin-only centers, whereas
intercluster interactions are taken into account by the molecular
field approximation, ¥, ™" = ¥~ — Amp where y,,’ denotes the
susceptibility of a discrete {M;} spin cluster, and a negative
value of the molecular field parameter A corresponds to net
antiferromagnetic intercluster coupling.

The low-field susceptibility data for compounds 1 and 2
(Figure S) indicate antiferromagnetic magnetic exchange
interactions between the spin centers, mediated by y;-O and
carboxylate bridges as well as the htma groups, and conform to

7, T/em® K mor™'

50 100 150 200 250 30C
TIK

150
TIK

100 300

Figure 5. Temperature dependence of y,,T (inset: y,,"") of 1 (blue)
and 2 (red) at 0.1 T: (open circles) experimental data; (solid graphs)
least-squares fits to model Hamiltonian (see Table 3 for parameters).
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Curie—Weiss expressions only at higher temperatures (y,, " vs
T only becomes linear above ca. 200 K; see inset in Figure S).
Within the limitations of the employed model, we note that a
least-squares fit of the susceptibility data for compounds 1 and
2 containing discrete {Mn"Mn"™,} spin clusters to an isotropic
Heisenberg-type exchange Hamiltonian for an isosceles spin
triangle (H,, = —=2[J,(5;°S; + $,S3) + ,81-S;); J1 parametrizes
the two Mn™--Mn"™" contacts, assumed to be identical, and J,
the Mn"™--Mn"" coupling) results in a parameter set with an
unrealistic g, > 2. If g, is constrained to <2, the best-fit results
are J; =—6.6cm ), J,=—54cm ', and g, =2.0 for 1 and ], =
=55 em™, J, = =3.9 cm™’, and g, = 2.0 for 2; these values
reflect the pronounced differences in geometry of the Mn;(y5-
O) fragments (see above). The ground states originating from
this intramolecular exchange coupling are characterized as S =
!/, for both 1 and 2 (Figure S10, Supporting Information). For
both compounds, the quality of the fit increases significantly
upon inclusion of intercluster interactions.

Table 3. Results of the Magnetic Analysis for Compounds
1-5

compd 1 2 3 4 s
Ji/em™ —6.6 -5.5 -17.1 -23.8 -13.3
Jo/em™! —54 -39 —43.7 —53.4 —35.4
Amg/mol cm™ —-0.39 —0.17 —-0.219 —0.096 —0.051
SQ/% 0.9 15 0.8 1.1 12

“Fits constrained to g, < 2.

In compounds 3—5 the octahedrally coordinated Mn" and
Fe'" (S =°/,) ions in the {Mn"Fe',} clusters are interlinked by
htma ligands into polymeric 1D and 2D networks, and intra-
and intercluster exchange interactions, as well as weaker
coupling between neighboring chains or layers (mediated e.g.
by hydrogen bond contacts or involving solvent molecules),
again have to be taken into account in modeling the
susceptibility data. Here, no linear y,, ' vs T behavior is
observed up to room temperature (Figure 6). For the individual
{Mn"Fe™,} cores, the spin Hamiltonian H,, = —2[J,(S,S, +
$,-S3) + J»,S,-S5] describes the intracluster isotropic magnetic
exchange interaction. We here assume the exchange inter-
actions involving the two Fe' ions to be equivalent: J, = J;, =

150 200

TIK

100

Figure 6. Reciprocal molar susceptibility y,, ™" vs T plots of 3 (red), 4
(blue), and 5 (black) at an applied field of 0.1 T: (circles)
experimental data, (solid graphs) least-squares fits with parameters
given in Table 3. Insets: coupling connectivity for individual {MnFe,}
clusters (top; S; and S;, Fe'; S,, Mn™) and temperature dependence
of y,T at 0.1 T (bottom).
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J3 for the two Mn"—Fe™ contacts and J, = J;; for the Fe'—
Fe'" contact, i.e. an isosceles spin triangle (Figure 6, inset). The
magnetic building block in the 1D chain compounds 3 and 4
can indeed be approximated by an isosceles spin triangle, with
one shorter (ca. 3.295 A, J,) Fe—Fe and two slightly longer (ca.
3.331 and 3.362 A, J;) Mn—Fe contacts. As for compounds 1
and 2, all intercluster interactions are again modeled using a
molecular field model approximation. The two-dimensional
heterometallic coordination polymer S shows nearly the same
magnetic behavior as the 1D chains, but the layer structure does
not translate into long-range magnetic ordering. In all three
network compounds, the coupling within the {Mn"Fe",} units
results in an effective S’ = 3/, ground state, with well-separated
first excited states (3, 32.3 cm™., S =5/,; 4,470 cm™, S =1/
5, 223 ecm™!, S = 3/, see Figure S11 in the Supporting
Information).

On comparison of the results derived from the isotropic
models, both the discrete compounds 1 and 2 and the
networked compounds 3—3 all exhibit comparable intercluster
coupling interactions, which is in part due to the aliphatic
backbones of the hmta ligands acting as intercluster super-
exchange pathways in 3—5. Minor geometric differences of the
M, (pu3-O)(carboxylate)4 cluster cores, on the other hand, have
the most significant effects on the observed susceptibility data.

B CONCLUSION

In summary, the use of i5-oxo trinuclear manganese(II/11I) and
iron(1II) pivalate clusters in one-pot reactions has led to a series
of new heterometallic {Mn"Fe™,}-based coordination poly-
mers in which these yi;-oxo/pivalate-bridged building blocks are
interlinked by hmta ligands into 1D and 2D coordination
networks. The solvothermal reaction of these starting materials
in MeCN results in the 1D coordination polymer {[MnFe,O-
(0,CCMe;)4(hmta),]-0.5MeCN}, (3), whereas the same
reaction under refluxing in n-hexane or toluene produces 1D
({[MnFe,0(0,CCMe,)s(hmta),]-Me;CCO,H-(n-hexane)},
(4)) and 2D ({[MnFe,0(0,CCMe;)s(hmta), ¢]-(toluene)},
(5)) coordination networks. All of the compounds, manganese
clusters (1 and 2) and heterometallic Mn—Fe coordination
polymers (3—5), display dominant antiferromagnetic exchange
interactions between metal centers, with significant intercluster
interactions observed for all compounds. Motivated by these
results, the design and synthesis of novel 3D coordination
polymers from ps-oxo trinuclear carboxylate clusters are
currently underway.
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CIF files giving X-ray crystallographic data for complexes 1-35,
selected bond lengths and angles for 1—5 (Tables S1-SS),
ORTERP representations of the metal cores in 1—5 with atom
numbering scheme (Figures S1 and S2), packing diagrams
(Figures S3—S6), simulated y,,T data for several ligand fields
for Mn(III) (Figure S7), field-dependent magnetization
(Figures S8 and $9), magnetic energy spectra (Figures S10
and S11), TGA/DTA curves (Figures $12—S16), and BVS
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the Internet at http://pubs.acs.org.
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