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Graphic Abstract

Solvents dependent reactivities of di-, tetra- and hexanuclear
manganese complexes: syntheses, structures and magnetic
properties

Hua Yang,” Fan Cao,” Dacheng Li," Suyuan Zeng," You Song,*" and Jianmin Dou**

An unusual solvent effect on the syntheses of Di-, tetra- and hexanuclear
manganese complexes has been exhibited. Complex 5 displayed the first stacked,
off-set 8-MC-3 azametallacrown, and magnetic measurements showed slow magnetic

relaxation with S =4 ground state as well as field induced magnetization saturation.
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An unusual solvent effect on the syntheses of five manganese complexes [Mn,(Ly).(Py)s](1), [Mny(L,)»(DMSO),](2),
[Mn,(L2)4(OH)4](3), [Mny(L3),(DMSO);(H,0)](4), and [MngOx(L4)s(OAC)2(OMe),(DMSO),]-MeOH] (5), (HsLy = 5-(2-oxyphenyl)-
pyrazole-3-carboxylic acid; H,L, = 5-(2-oxyphenyl)-pyrazole-3-carboxylic acid amide; H,L; = di-[5-(2-oxyphenyl)-pyrazole]-3-
hydroxamic ether; and H,L, = 5-(2-oxyphenyl)-pyrazole-3-carboxylic acid methyl ester) has been reported. Five complexes have been
characterized by X-ray single crystal diffraction, IR, element analysis, thermogravimetric analysis and UV-vis spectra. The analysis
reveals that complexes 1 and 2 are isostructural with bimetallic six-membered ring and L; from the decomposition of the original Hsppha
(Hsppha = 5-(2-hydroxyphenyl)-pyrazole-3-hydroxamic acid) ligand. Complexes 3 and 4 are two tetranuclear clusters, and 3 possesses
an azal2-metallacrown-4 core with L, from the amide functionalization of the decomposition Lj; while 4 represents a novel linear
[Mn4NgO,] core with Lz from the condensation of L; and Hppha (Hsppha = 5-(2-hydroxyphenyl)-pyrazole-3-hydroxamic acid).
Complex 5 is the first Mng cluster linked by two stacked, off-set aza8-MC-3 subunits with [M—N—-N—-M-N-N-M-0] connectivity, and
L, derived from the esterification of L;. The magnetic behaviour of complexes 1-5 show the dominant antiferromagnetic interactions
between mental centers, whereas complex 5 further reveals the coexisting of antiferromagnetic and ferromagnetic interactions, and slow
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magnetic relaxation at T < 6 K with S = 4 ground state as well as field induced magnetization saturation.

Introduction

Due to the intriguing architectures, catalyses and magnetic
properties of the manganese coordination complexes,
considerable effort has been devoted to their designs and
syntheses from multidentate organic function ligands." In view of
Mn"' ion having high anisotropy and Jahn-Teller elongation in
the distorted octahedron coordinate environment, a survey reveals
that a great of manganese complexes involving Mn'"" ions usually
represent different magnetic phenomena, such as single-molecule
magnets (SMMs),**? single-chain magnets (SCMs),® and
magnetic frustration.* While these magnetic properties are
relative to the metal ions and the topology structures of
complexes. Thus, it is interesting to synthesize the attractive
architectures with multiple high-spin Mn"" ions into one complex
and explore the diverse magnetic properties.

A large number of manganese complexes focusing on the
distinct structure and composition have been obtained through
serendipity synthesis. The reason is that, in the experimental
process, various factors, including reaction temperature, reaction
period, concentration of the raw materials, metal-ligand ratio and
solution pH value, can affect the self-assembly of the resultant
products. Among these parameters, solvents usually play a
significant role in synthesizing coordination complexes.®
Numerous reports have revealed that solvent effect on the crystal
structures usually attributes to following factors, such as the
organic ligand solubility in solvents, solvent size and shape,
solvent polarity, protic/aprotic behaviour and stoichiometric ratio
of the mixed solvents.®® On the one hand, solvents as

coordination driven can assemble various structural topologies’
and induce the single crystal structural transformation.? A study
so Showed that the more polar solvents seemed to participate in the
self-assemble as coordination groups, whereas the less polar ones
prefer to promote the formation of coordination complex with
different structural aggregates.’ On the other hand, solvents can
give rise to the in-situ reaction of the original ligands, and the
ss resulting products can further function with metal ions to
generate unprecedented structures.'® Therefore, it is necessary to
explore diverse structures in different solvents to obtain expectant
complexes.
Metallacrowns (MCs) resemble organic crown with metal
0 atoms and nitrogen atoms replacing ring carbon atoms and
exhibit —[M—N-O]— repeat unit,”> while azametallacrowns
(azaMCs), an extension class of metallacrowns, possess
—[M-N-N],— ring cores.*?* These cyclic complexes classes
reported have been synthesized from hydroxamic acid,™®!
es oxime,* and hydrazine."®*'> A common feature is that these
organic structures contain the N—O or N—N bridging linkers. We
also reported a series of manganese complexes, some of which
displayed metallazrown'® or azametallacrown structures.'’
Interestingly, several cases involving pyrazolate organics with the
70 N-N bridging also exhibit azaMC structural types.’® Thus, we
expect to combine these two linkers (N—O and N—N) into one
organic ligand aiming to obtain a series of novel coordination
complexes. On the basis of the consideration, herein, we prepared
a new pyrazolate-bridging hydroxamic acid ligand, Hyppha
s (Hgppha = 5-(2-hydroxyphenyl)-pyrazole-3-hydroxamic acid),
which possesses the rigid phenyl and pyrazolate rings, and
flexible hydroxamic group. The reactions of Hyppha with

This journal is © The Royal Society of Chemistry [year]
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Dalton Transactions

manganese salts afforded five manganese complexes: two
bimetallic six-membered ring complexes, one tetranuclear azal2-
MC-4 complex, one linear [Mn,NgO,] unit,*® and a stacked, off-
set aza8-MC-3 complex. All five complexes were characterized
through single-crystal X-ray diffraction, IR, element analysis
thermogravimetric analysis and UV-vis spectra. The structural
analysis indicated the Hyppha ligand underwent hydrolysis or
concentration with the help of diverse solvents, and the resulting
products further assembled to the different building block
geometry. Moreover, the magnetic properties were discussed in
detail.

Experimental section
Materials and physical methods

All chemicals used in the experiments are commercially available,
and used as received without further purification. Elemental
analyses of C, H and N were determined using an Elementar
Vario EL analyzer. The IR (KBr pellet) spectra were measured on
a Perkin-Elmer Spectrum with 4004000 cm™ region.
Thermogravimetric experiments (TGA) were measured in a N,
ambience with a heating range of 40—-800°C using a PerkinElmer
TGAT instrument. UV-vis NIR spectra were recorded on a Varian
Cary 5000 spectrophotometer connected to a computer. The TGA
curves and UV-visible spectra are shown in Fig. S1 and Fig. S2
(see Supporting InformationT), respectively. Variable temperature
magnetic susceptibility measurements were performed on a
Quantum Design SQUID magnetometer MPMSXL in the
temperature range of 1.8—300 K and in the magnetic field of 1
kOe. Measurements were carried out on polycrystalline samples
of 23.6, 17.01, 21.23, 10.55 and 18.76 mg for 1-5, respectively.
Alternating current (ac) susceptibility measurements for complex
5 were carried out in the frequency range of 1-900 Hz with an
oscillating field of 2 Oe.

X-ray Crystallography

Single-crystal X-ray diffraction data for complexes 1-5 were
collected on a Bruker Smart CCD area-detector diffractometer
with Mo Ka radiation (A = 0.71073 A) by w-scan mode at room
temperature. The program SAINT was used for integration of the
diffraction profiles, and the semiempirical absorption corrections
were applied using SADABS. %! Al of the structures were solved
by direct methods using the SHELXS program of the SHELXTL
package and refined by full-matrix least-squares methods with
SHELXL.% Metal ions were located from the E maps, and the
other non-H atoms were located in successive difference Fourier
syntheses and refined with anisotropic thermal parameters on F
Generally, C-bound H atoms were determined theoretically and
refined with isotropic thermal parameters riding on their parents.
H atoms of water and solvents were first located by difference
Fourier E maps and then treated isotropically as riding.
Crystallographic and structure refinement data were summarized
in Table 1. The selected bond distances and angles were shown in
Table S1 (see Supporting Information). Crystallographic data
for the structural analysis have been deposited with the
Cambridge Crystallographic Data Center, CCDC reference
number 983027 for 1, 1003749 for 2, 1003748 for 3, 983029 for
4 and 1003747 for 5.
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Syntheses

Hippha ligand (L) (L
hydroxamic acid)

5-(2-hydroxyphenyl)-pyrazole-3-

1,3-Dioxo-1-(2-hydroxyphenyl)butyl methyl ester:?* A solution
of sodium ethoxide (prepared from sodium (7 g, 304 mmol)),
acetophenone (26 g, 191 mmol) and diethyl oxalate ( 52 g, 191
mmol) in ethanolic (250 mL) was refluxed for 1 h. The resulting
yellow solid was obtained by filtration, washed and dried at air.
Then, the solid was dissolved in H,O (200 mL), to which HCI (6
M) was added, and the brown precipitation was produced. The
precipitation was collected after filtration and recrystallization.
Yield: 28.69 g, 63.60%. 5-(2-oxyphenyl)-pyrazole-3-carboxylic
acid methyl ester:? Hydrazine monohydrate (4.064 g 40.6 mmol)
was added to an ethanolic solution of 1,3-Dioxo-3-(2-
hydroxyphenyl)butyl methyl ester (8 g, 33.9 mmol). The mixture
was refluxed for 5 h at 90°C, then, cooled, filtered and washed to
yield colorless product. Yield: 3.27 g, 41.63%. Hppha: The
mixture of hydroxylamine hydrachloride (2.98 g, 42.9 mmol), 5-
(2-oxyphenyl)-pyrazole-3-carboxylic acid methyl ester (1g, 42.9
mmol) and sodium hydroxide (5.15 g, 128.7 mmol) in ethanolic
solution was stirred for 5 h at ice bath. The resulting product was
filtered and dissolved in acid solution with pH = 3. The ochre
product was obtained with the yield 0.42g, 44.85%.

[Mny(L1)2(Py)a] (1)

The solution of Mn(OAc),-4H,0 (73.5 mg, 0.3 mmol) in MeOH
(10 mL) was added to the solution of Hyppha ligand (40.6 mg, 0.2
mmol) in pyridine (10 mL). The mixture was stirred for 5 h and
the resulting dark brown solution was obtained. The solution was
filtered and the filtration was allowed to evaporate slowly under
ambient temperature for two weeks. X-ray quality black crystals
were obtained and collected by filtration. Yield: 76% (based on
Mn). Anal. Calcd for C4oHz,MnyNgOs (%): C, 57.98; H, 3.65; O,
11.58; Found (%): C, 56.82; H, 3.04; O, 10.83. IR (KBr pellet,
cm ): 3431m, 3119w, 3063w, 1656m, 1600m, 1559w, 1498w,
1488w, 1451m, 1397m, 1314m, 1294w, 1262m, 1213w, 1197w,
1159w, 1123w, 1068m, 1036w, 1017w, 860w, 830w, 780w, 762m,
691m, 644w, 587w, 542w, 487w, 469w, 400w.

[Mn(L1)(DMSQ)4] (2)

Complex 2 was obtained by following the same procedure for 1
with the mixed solvents MeOH/DMSO (10 mL, viv = 1:1)
instead of pyridine. Yield: 56% (based on Mn). Calcd for
C28H34Mn2N401084 (%) C, 40.78; H, 4.15; O, 19.40; Found (%)
C, 41.23; H, 3.94; 0, 19.14. IR (KBr pellet, cm™): 3423s, 3119w,
3003w, 2915w, 1667s, 1598w, 1561w, 1498w, 1452m, 1396m,
1297m, 1259m, 1164w, 1131w, 1083w, 1037m, 1027m, 1000w,
946m, 863w, 836w, 794w, 767w, 684w, 643w, 565w, 538w,
453m.

[Mn4(L2)4(OH)4] (3)

Complex 3 was obtained by following the same procedure for 1
with the solvent DMF (10 mL) instead of pyridine. Yield: 11.5%
(based on Mn). Anal. Calcd for CygH,sMnyN1,04, (%): C, 47.85;
H, 4.01; O, 15.94; Found (%): C, 47.16; H, 3.54; O, 16.32. IR
(KBr pellet, cm™): 3417s, 3129w, 2925w, 1627s, 1563w, 1527w,
1503w, 1455m, 1394m, 1381w, 1300m, 1263m, 1212w, 1157w,

110 1125w, 1100w, 1080w, 1046w, 1035w, 986w, 866m, 840m, 784m,
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754m, 690m, 673w, 647w, 634w, 602w, 567w, 537w, 477w, 454w.

[Mn",Mn"",(Ls),(DMSO)7(H,0)] (4)*°

The same procedure for 1 was performed in the mixed solvents
MeCN/MeOH (10 mL, v/v = 2:1) replacing of pyridine, and the
s resulting precipitation was occurred. The precipitation was
resolved in DMSO, and the suitable crystals were obtained for
complex 4. Yield: 19% (based on Mn).

[Mng(u3-0),(L 4)4(OAC),(OMe),(DMSO),]-MeOH] (5)

Complex 5 was obtained by following the same procedure for 1

20

Table 1. Crystal data and refinement information for complexes 1-3 and 5.

10 with the mixed solvents MeOH/DMSO (10 mL, viv = 1:1)
instead of pyridine in the presence of NEts. Yield: 57% (based on
Mn). Anal. Calcd for CgoH76MngNgO46S (%): C, 42.72; H, 4.54;
0, 24.66; Found (%): C, 42.05; H, 4.23; O, 25.22. IR (KBr pellet,
cm™): 3434s, 3003w, 2951w, 1718m, 1700w, 1600w, 1548w,

15 1488m, 1450m, 1428w, 1409w, 1306w, 1294w, 1270w, 1246m,
1189w, 1146m, 1122w, 1077w, 1034m, 1015m, 960w, 864w,
853w, 807w, 775w, 749m, 675m, 656m, 586w, 534w, 486w,

430m.

Complex
Empirical

M

Crystal system
Space group
alA

b/A

clA

al®

BI°

y°

V/IA

z

Dcalcd/g Cm-3
wmm™*

F(000)

Crystal size/mm?
Reflections
collected/unique
Goodness-of-fit
on F?
R1[1>20(1)]
WR, (all data)

1
CagH3oMn,NgOg
828.6
Triclinic
P1
9.4334(7)
10.5064(10)
11.3707(12)
64.1630(10)
68.3970(10)
70.361(2)
922.05(15)

1

1.492

0.745

424
0.45x0.38x0.33
4606 / 3192
[R(int)=0.0182]
1.080

0.0326
0.0900

2
CagH34MN;N4040S,
824.71
Monoclinic
P2(1)/c
9.2195(8)
18.7801(19)
11.0378(12)

90

114.254(2)

90

1742.4(30

2

1.572

1.023

848
0.43x0.40x0.35
8586 / 3059
[R(int)=0.0254]
1.054

0.0555
0.1527

3 4
CagHigMNyN1,01, CsyHesMNyN1g015S7
1204.74 1586.34
Tetragonal Monoclinic
14(1)/a C2/c
22.683(2) 44.504(4)
22.683(2) 14.6592(11)
11.5196(9) 24.169(5)

90 90

90 103.539(2)

90 90

5926.9(9) 15330(2)

4 8

1.350 1.375

0.897 0.900

2464 6520
0.13x010x0.08  0.33 x0.31 x 0.13
12158 / 2618 38333/13513
[R(int)=0.1132]  [R(int) =0.1341]
1.009 1.006

0.0647 0.0782

0.1582 0.1622

5
CeoH76MngNgO26S4
1783.17
Triclinic
P1
11.2730(11)
12.4619(12)
13.9091(14)
108.769(2)
102.0300(10)
91.8560(10)
1799.0(3)

1

1.646

1.222

914
0.45%0.32x0.27
8733 / 6001
[R(int)=0.0996]
1.003

0.1218
0.3872

Results and discussion

Synthesis

All five complexes were obtained from the reactions of

2!

a

Mn(OAc),-4H,0 and Hyppha ligand in molar ratios of 1:1 in

different solvents (MeOH, Py, DMF, DMSO and MeCN) in the
presence/absence of NEt;. The same crystallization process (slow
evaporation) was used for all complexes. In the experimental
process, the original Hsppha ligand was hydrolyzed to 5-(2-

3

S

oxyphenyl)-pyrazole-3-carboxylic acid (HsL;) in the mixed

solvents of MeOH/Py or MeOH/DMSO. L, further underwent
amidation and esterfication with the help of DMF or MeOH to
form 5-(2-oxyphenyl)-pyrazole-3-carboxylic acid amide (H,L,)
and 5-(2-oxyphenyl)-pyrazole-3-carboxylic acid methyl ester

3

&

generate

(H,L,), respectively, or L; further condensed with Hippha to
di-[5-(2-oxyphenyl)-pyrazole]-3-hydroxamic

ether

(H4L3). In the mixed solvents of MeOH/Py, complex 1 was
obtained in the presence/absence of NEts. In the mixed solvents
of MeOH/ DMSO, complex 2 was synthesized without any base,

40 While the existence of NEt; leaded to the formation of complex 5.
The plausible mechanism was depicted in Scheme S17.

Crystal  structures  of
[Mny(L,),(DMSO0),] (2)

[Mny(L1)2(Py)s] (1)  and

Single-crystal X-ray diffraction analysis reveals that complexes 1
ssand 2 are isostructural and both feature the centro-symmetric
neutral molecules [Mny(L,)2(PY)4](1) and [Mn,(L;),(DMSQO),](2).
The molecular structure of complex 1 is presented in Fig. 1, and a
full description of its structure is given as representative example.

It crystallizes in triclinic space group P1 and consists of two Mn

s ions, two L;* ligands and four coordinated pyridine molecules.
Two Mn"" ions are bridged through couple N-N groups to form a
bimetallic six-membered ring [Mn(1)-N(1)-N(2)-Mn(1")-N(1")-
N(2]. Each tetradentate L;> ligand chelates two metal centers in
their bischelating fashion to show four five-membered and three

ss Six-membered rings in the equatorial plane. Thus, these multiple

rings enforce structural stability. Each Mn

" jon exhibits six-

coordinate, octahedral geometry with N,O, donor sets from two
L,*" ligands and two pyridine molecules. Four pyridine molecules

This journal is © The Royal Society of Chemistry [year]
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occupy the axial positions with the average Mn-N distance of
2.365 A, suggesting the Jahn-Tell elongation. In the structure,
Mn1---Mn1' distance is 4.020 A with Mn ion deviating from the
{Mn,N,} plane of 0.044 A. The dihedral angle of the least-
squares plane of the pyrazole ring relative to the Mn-N(pz)-
N(pz)-Mn plane is 6.5°, while the dihedral angle between
pyrazole ring and benzene ring is 13.25°, both of which indicate
the twisting of L,*" ligand.

For complex 2, four DMSO molecules replace four pyridine
molecules in the axial positions, respectively. The separation
distance of Mn1---Mn1' is 3.967 A with Mn ion deviating from
the {Mn,N,} plane of 0.032 A. The dihedral angle of the least-
squares plane of the pyrazole ring relative to the Mn-N(pz)-
N(pz)-Mn plane is 4.79°, while the dihedral angle between
pyrazole ring and benzene ring is 6.65°. The comparison of the
intermetallic distances and twisting of the ligand between
complexes 1 and 2 suggests the ligand flexibility and the steric
effect of the solvent molecules. The small intermetallic distances
favourably allow for through-space electronic interactions and
exchange through the bridging ligand.

Complexes 1 and 2 also represent the similar packing
arrangements. A 3D network is formed through the interactions
of the non-coordinating carboxylate O atoms, the coordinated
pyridine H atoms and pyrazole H atoms among complex 1 (Fig.
S3+, Table S2t), while a 3D network is only involved the
supermolecular interactions of the non-coordinating carboxylate
O atoms and pyrazole H atoms between complex 2 (Fig. S4+,
Table S27).

0@ S L .
i e N[ & §
4_/_’,_‘ NS > :r O . ~ 4 &C
|\ 0
Y [ b
|
g v .

Fig. 1. Overall molecular structures of complexes 1 and 2.
Hydrogen atoms have been omitted for clarity.

Crystal  structures  of  [Mny(L,)4s(OH),] and

[Mny(L3),(DMSO),(H,0)] (4)

©)

Complexes 3 and 4 are two tetranuclear complexes with different
structural types. Complex 3 crystallizes in tetragonal space group
14(1)/a and presents a classical azal2-MC-4 type (Fig. 2). The
whole molecule possesses an ideal S4 symmetry, and four Mn
ions are held together by four u,-OH™, and four L2 In the
structure, each u,-pyrazolyl unit spans per edge and points
towards opposite sides. These alternating orientations in turning
form a 12-MC-4 cyclic ring with —[Mn—N-N]- repeat unit.
Meanwhile, four 4,-OH™ also exhibit the similar bridging fashion
with pyrazole motif to form a 8-membered cyclic ring with
[Mn—0Q], linkage, sharing metal centers with azal2-MC-4 ring.

Fig. 2. Overall molecular structure of complex 3. Hydrogen

atoms have been omitted for clarity.
Each L, ligand connects two metal centers through pyrazole
moiety and forms a six-membered and a five-membered
so chelatting rings with one phenoxide oxygen atom on one side and
one acyl oxygen atom on the other side, respectively. Mn1 adopts
six-coordination, distorted octahedral coordination geometry with
N,O, donor sets. The equatorial bond lengths range in 1.877(4)-
2.012(5) A and the axile bond lengths are 2.150(4) and 2.406(5)

ss A, indicating Jahn-Teller elongation. The combination of bond
length, BVS calculation and the observed Jahn-Teller elongation
axles reveals that four Mn ions are trivalent (Table S37).

Furthermore, complex 3 also displays a 2 x 2 gridlike
tetranuclear core with the adjacent Mn---Mn distance of 3.528 A

s and the diagonal Mn---Mn distance of 4.941 A. Two reported
complexes with the different substituent groups in pyrazole were
closely relating to 3, one of which displays MeO™ group instead
of OH in the skeleton.”®® Besides, the supramolecular
interactions between the terminal O2 atoms and amide methyl H

es atoms afford a 3D network (Fig. S5+, Table S27).

The crystal structure of complex 4 is shown in Fig. 3. It was a
mixed-valent tetranuclear complex
[Mn",Mn'""5(L3),(DMSO),(H,0)] with a novel linear
[Mn",Mn"',NgO,] core. The molecular core consisted of two

70 dimanganese-di-N-N-bridging subunits connected by two u,-

hydroxamic-carboxylate oxygen and three contiguous rings form

a (4, 2, 4) oxo-manganses-nitrogen linear arrangement.

45

Fig. 3. Overall molecular structure of complex 4. Hydrogen
75 atoms have been omitted for clarity.

Crystal structure of
[MngO,(L4)a(OAC),(OMe),(DMSO),]-MeOH (5)

Complex 5 is a hexanuclear complex with the formula as
[Mng(us-0),(L4)4(OAC),(OMe),(DMSO),]-MeOH (5) (Fig. 4). It
g0 is located on an inversion center and has six Mn ions linked by

4 | Journal Name, [year], [vol], 00-80

This journal is © The Royal Society of Chemistry [year]
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two ﬂg-oz’, four L,> ligands, two u5-OMe™, two u,-OAC™ groups
and four coordinated DMSO molecules as well as one free MeOH.
The arrangement of six Mn ions forms an expanded, stacked 8-
MC-3 azametallacrowns with two parallel, off-set [Mn3(u5-0?)]
triangular subunits linked together through two u,-phenolate
oxygen atoms and two us-MeO™ groups. This complex also can
be recognized as the first manganese stacked 8-MC-3
azametallacrown with the pyrazole-bridge, and each [Mns(uz-0? )]
subunit ring exhibits [Mn—N-N-Mn-N-N-Mn-O-] connectivity.
All six Mn ions adopt six-coordination, octahedral geometries
with Jahn-Teller elongations in distorted octahedral geometry. In
complex, four L,% ligands display two coordination fashions:
ottt and portirtrt. Two OAC™ groups bridge Mnl and
Mn2 ions in their usual g, syn-syn fashions. Four
crystallographically independent DMSO molecules complete the
remaining coordination at Mn3 ion (and symmetry equivalent,
s.e). The combination of bond lengths, charge balance and bond
valence sum calculations reveals 2Mn" (Mn3 and s.e) and 4Mn""
ions (Mn1, Mn2 and s.e) (Table S37).

In each 8-MC-3 subunit, Mn---Mn distances are 2.813, 3.4718,
and 3.4718 A for Mn(1)---Mn(2), Mn(1)---Mn(3) and
Mn(2)---Mn(3), respectively. The Mn-O(10) bond lengths are
1.808 A for Mn(1), 1.796 A for Mn(2) and 2.069 A for Mn(3).
The Mn-O(10)-Mn angles are 102.6° for Mn(1)-O(10)-Mn(2),
127.0° for Mn(1)-O(10)-Mn(3) and 127.0° for Mn(2)-O(10)-
Mn(3). The u3-O® (10) ion deviates 0.173 A from the Mn; (Mni,
Mn2 and Mn3) plane.

Although several stacked 9-MC-3 complexes from oxime
ligands have been reported in Mng clusters,® this complex
exhibits some obvious difference: (i) complex 5 possesses
stacked, off-set 8-MC-3 triangular subunit with [Mn—-N-N-Mn—
N-N-Mn-0O-] connectivity; (ii) the MeO™ group is involved in
the formation of ring, and further bridge the third Mn ion of the
adjacent triangular subunit; (iii) Mn1, Mn1' Mn2, Mn2" and their
bridging oxygen atoms (O3, O3', 09, 09', 010 and 010') form a

fused defect-dicubane motif. Moreover, a 2D packing
arrangement is  formed via intermolecular C-H---O
supermolecular interactions (Fig. S61), and the C-H--xm

interactions further afford structural stability (Table S27).

Fig. 4. Overall molecular structure of complex 5. Hydrogen
atoms and solvent molecule have been omitted.

Magnetic Properties

Mn'"" ions are well known to possess four unpaired d electrons,

ssand can give rise to a large spin and molecular anisotropy
according to Jahn-Teller effect in complexes. Solid-state,
variable-temperature dc magnetic  susceptibility data for
complexes 1-5 were collected in the temperature range of
1.8-300 K on polycrystalline samples under an applied magnetic

so field of 1 kOe. The collected data are plotted as ymT vs T curves
in Fig. 5. The plots present similar near-plateaus above 50 K for
complexes 1-4. The yuT values of 5.6 (1), 6.03 (2), 11.9 (3), and
13.7 cm® K mol™ (4) at 300K are close to the spin-only values,
expected for magnetically isolated high-spin Mn"' and Mn" ions

55 (6.00 (1), 6.00 (2), 12.00 (3), 14.75 cm® K mol™ (4)). Upon
cooling, the yuT products decreased to 0.32 (1), 0.81 (2), 1.75 (3)
and 1.86 cm® mol ™ K (4) at 2 K. The decrease of ywT values
indicates dominant antiferromagnetic coupling in the overall
intramolecular exchange interactions.

60 For complexes 1 and 2, the Hamiltonian can be written as H =
-2JS:S, (J is the interaction parameter). Thus, the eigenvalues can
be given as E(S) = -JS(S+1) with S = S;+S,. In view of all
couplings, E(S) can be given as follows:

E(0)=0
65 E(l) =-2]
E(2) =-6J
E(3) =-12]
E(4) = -20]

For J < 0, which is usually the case, the ground state has the
70 Smallest spin and the most excited state has the highest spin.
Therefore, the magnetic susceptibility can be written as:

_2Ng°p* e”* +5e® +14e'** +30e”™

KT 1+3e™ +5e™ + 7™ + 9™

The fitting through the PHI® gives J = -1.02 cm ™, g = 1.96

for 1 and J = -0.70 cm™, g = 2.0 for 2. Moreover, the magnetic
75 susceptibility above 50 K can be fitted well by the Curie-Weiss
law ym = C / (T — 6), obtaining C = 5.73 cm® K mol %, 9= -4.36 K
for 1 and C = 6.20 cm® K mol %, 6= -6.89 K for 2. The negative 6
values and exchange couplings again suggest the existence of
antiferromagnetic interactions between the metal centers in

80 complexes.
20

0] 14 ] ! ]
0 50 100

X ] b 1 \J 1 ¥ 1 X '
150 200 250 300 350
T[K]
Fig. 5. The plots of y\ T vs T for complexes 1-5
For complex 3, the decrease of yuT value also indicated the

dominant antiferromagnetic interactions. The zero-field spin
s Hamiltonian is given: H = -2J(S;S, + S,S3 + S3S4 + S,S;). The

This journal is © The Royal Society of Chemistry [year]
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relative energies of the low-lying states can be deduced (ESIT),%

and all together there are 84 spin states. A good fitting® of the
experimental data gave g = 1.84 and J = -0.34 cm™*. While the
fitting of Curie-Weiss law yy = C / (T — 6) gave C = 12.85 cm® K
mol™ and 6= -27.48 K. The negative J and & values also again
indicated the antiferromagnetic interactions. The presence of a
maximum value in the yuT plot at low temperature maybe
attributed to the paramagnetic impurity. In structure, all the edges
were considered to be equivalent, and the exchange couplings
between neighboring manganese ions are equal. For J < 0, the
adjacent local spins are not aligned parallel (Fig. S77).

For complex 5, the T product steadily decreased from 17.25
cm® K mol™ at 300 K to reach 8.43 cm® K mol™ with a small
platform at 11 K. Upon cooling, the yT value sharply dropped to
6.36 cm® K mol™at 1.8 K. The yuT value at room temperature is
lower than the calculated spin-only value of 20.75 cm® K mol?,
suggesting the dominant antiferromagnetic interactions between
metal centers. The ywuT value of 8.35 cm® K mol™ at 6 K is
consistent with S = 4 ground state. The decrease in ;T product at
low temperature may be relative with the zero-field splitting
and/or Zeeman effect of the high-spin ground state, and/or
intermolecular interactions. The exchange parameters between
metal pairs can be given in Fig. 6. Many tries found that it was
difficult for the fitting to obtain appropriate result owing to the
multiple exchange interactions. To simple the parameters, J; and
J, can be combined into J. Then, the fitting® result of magnetic
susceptibility gave J = 4.83 cm %, J, = -0.96 cm *, J; = -14.38
cm *and g =1.98.

Fig. 6. The pairwise exchanging interaction in complex 5.

To determine S = 4 ground state spin of complex 5, the dc
magnetization was investigated with magnetic field range of 1-70
kOe and temperature range of 1.8—-20 K. The plots of M— H are
shown in Fig. S8%. The magnetization value rapidly increases at
the initial stage up to 20 kOe, and then steadily increases to 10.1
up at 70 kOe at 1.8 K. The magnetization still slightly increases
without saturation (Fig. S87 inset figure). The plots of M — H/T
are shown in Fig. S9f. The curves exhibit the nearly
superimposition as decreasing magnetization, which indicates
only the ground state populates in the complex.

The ac susceptibility for complex 5 was measured to check for
slow relaxation in the temperature range of 1.8—10 K with zero dc
field using a 2.0 Oe ac field oscillating in the frequency range of
10-700 Hz. The in-phase (y'mT) vs T and out-of-phase (y""m) vs T
plots have been shown in Fig. 7. As seen from the figure, there is
a near-plateau in y"uT vs T plots above ~6 K with the y"\T value
of 8.86 cm® K mol ™. Upon decreasing, there is a steady decrease

in y’uT value and no frequency-dependent x wT signals.
Extrapolation of the plot from values above 6 K (to avoid the
s0 effect of weak intermolecular interaction) to 0 K produces a value
of 8.5 cm® K mol™, which is consistent with S = 4 ground state.
Meanwhile, the ac susceptibility data reveals frequency-
dependent out-of-phase (y""w) signals at temperature below 6 K,
suggesting the superparamagnet-like slow relaxation of a SMM.
ss Despite the slow magnetic relaxation is observed at low
temperatures, the maximum of "\, may be detected down to 2.0
K. Therefore, we could not go further in the analysis of the slow
relaxation process (or the determination of the energy barrier and

the time constant).
9.0
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Fig. 7. AC in-phase y'uT vs T plots (above) and out-of phase
x“m vs T plots (below) in the temperature range of 1.8—12 K with
zero dc field.

In order to confirm the energy barrier U and 7, alternatively,
es another method recently employed by Bartolomé et al., assume
that there is only one characteristic relaxation process of the
Debye type with one energy barrier and one time constant. With
the assumption, the following relation is obtained:

In(x"! x) =In(wz,) +U,, / &T

70 which allows one to roughly evaluate Ut and zo. Early, this
method also has been applied to determine of the Mn;, acetate,?’
Dy, and Dy, complexes.® As shown in figure 8, by fitting the
experimental y"’/y" data, we extract an estimate of the activation
energy of ~1.24 K and the characteristic time of 107's. A more

75 precise result must wait for very low temperature measurements
(T < 1 K) by using a micro-SQUID.

60
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Fig. 8. Plot of natural logarithm of y""/x" vs 1/T for complex 5.
The solid line represents the fitting results over the range of 10 —
666 Hz. Slope corresponding to energy barrier Uy = 1.24 K.

s Theoretical Model for 5.

With all pairwise interactions, the complete spin Hamiltonian for
5 can be written as H = '2J18282,'2J2(8183+st3+81’83,+82,S3’)‘
2J3(51S,+51°S,”)-2J4(S1S,°+S1°S,). The degeneracy and individual
spin states of the hexanuclear Mn"""" complex will be large. It is
10 difficult to predict any particular ground state and not possible to
use the Kambe vector-coupling approach owing to the difficulty
in obtaining the absolute formula of energies states. A simple way
is to explore the triangular aza8-MC-3 subunit in complex 5. The
pairwise interactions in each subunit system also can be seen
s from figure 6. The Hamiltonian can be written as: H = -
2J2(8183+st3)'2J38182, SA = Sl+52| ST = SA+83. The eigenvalues
can be given as E(St,Sa) = -Jo[St(St+1)-Sa(Sat1)]-J3SA(Satl).
Figure 9 showed the energies of all 21 eigenstates ranging in St
from 1/2 to 13/2 in units of J, as a function of the ratio Ja/J,. For
20 both exchange interactions being antiferromagnetic, J, and J; are
negative values. There are three different ground states (the
ground state being defined by the bottom line for a given pointing
point along the x axis), with Sy values being 1/2, 3/2, and 5/2. The
PHI fitting® gives J3/J, = 15. Thus, the aza8-MC-3 triangular
25 subunit possesses S = 5/2 state.
400 =

350 - : 1) | Asa) g
300 3: »

g [f - N

200 7

150 -
100 -
50 -

“larda)

E-J,)

Fig. 9. Plots of the eigenvales for a triangular array of Mn"""

ions in units of J,. The states are labeled as (St, Sa). See text for
details.

s The local spin in such a triangular topology is represented
schematically (Fig. S10t). The magnetic susceptibility of
magnetic trimer in the low field was also given (ESIT). Due to
the large Mn"'-Mn"" antiferromagnetic interactions, the local
spins are aligned parallel along one of the two Mn"-Mn"" edges.?

35 Consequentely, each triangular subunit only has S = 5/2 state. If
each subunit can be considered as one paramagnetic ion, there are
six low-lying spin states with the overall ground state ranging in
0-5. Both dc magnetic susceptibility and ac in-phase y T have
provided enough evidence for the ground state spin S = 4. The

4 magnetization of 10.1 ug approaches saturation value, maybe, the
field only gives the sum of two trinuclear units saturation values
due to the very weak coupling interaction between two units.

Two triangular 8-MC-3 subunits are bridged through two
MeO™ and two wu,-phenolate oxygen atoms. The bond angles of

45 Mn1-03/09—-Mn2 are 99.07° and 104.43°, and Mn2—-09—-Mn2’
is 101.93°. The exchange interactions involving the four linkers
have two exchange parameters, namely J; and J,. The fitting of
magnetic susceptibility gave the total result of 4.83 cm™.
Therefore, according to the above analysis, and bond lengths and
angular, we can deduced J; > 0, J, < 0 and |J;| > |J4|. Thus, the
competitive result determined ferromagnetic interaction between
two 8-MC-3 triangules. In other words, complex 5 represents an
interesting example with antiferromagnetic and ferromagnetic
interaction coexisting.

5

S

ss Conclusion

Five Mn complexes have been obtained in different solvents. The
structural analysis revealed the solvents have a significant effect
on the syntheses and structures. The original ligand underwent
hydrolysis, or the resultant further functioned with solvents
depending on the intrinsic polar, acid-base property of solvents or
extra base. Complexes 1 and 2 are isostructural dinuclear
complexes with centro-symmetric neutral molecules. Complexes
3 and 4 are two different tetranuclear clusters with 3 displaying
azal2-MC-4 type possessing —-[M—N-N]- repeat unit and 4
exhibiting linear, novel Mn4;NgO, core. Complex 5 is the first
azametallacrown with stacked, off-set aza8-MC-3 structure
exhibiting rare  [Mn—-N-N-Mn-N-N-Mn-0O] connectivity.
Magnetic susceptibility measurements show the complexes 1-4
behave dominant antiferromagnetic coupling between mental
70 centers, while 5 shows slow magnetic relaxation at temperature
below 6 K with S = 4 ground state.
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