CrystEngComm

Accepted Manuscript

s s e This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

.. ‘w Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

CrysttngComm

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

Q?@ﬁgggﬁ; apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWw.rsc.org/crystengcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 13 CrystEngComm

J Oumal Name Dynamic Article Links »

Cite this: DOI: 10.1039/c0xx00000x

ARTICLE TYPE

Mn(II) Coordination Polymers Assembled from 8 or 9-Connected

WWW.I'SC.Org/XXXXXX

Trinuclear Secondary Building Units: Topology Analysis and Research

of Magnetic Properties

Lu Liu®, Xiaofeng Lv", Lin Zhang®, Li’an Guo®, Jie Wu**, Hongwei Hou*", Yaoting Fan"

s Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

Two new Mn(II) coordination polymers, namely, {[Mn;L,(pbbm)]-CH;CN}, (1) and [Mn;L,(CH;CN),],
(2) (pbbm = 1,1'-(1,5-pentane)bis-benzimidazole) have been prepared by engaging a 3,4-bi(4-
10 carboxyphenyl)-benzoic acid (H;L) ligand under solvothermal conditions. Single-crystal X-ray diffraction
studies indicate that 1 and 2 are all three-dimensional frameworks fabricated by trinuclear Mn(II) subunits.
Topological analysis manifests that 1 is a 3-nodal (3,4,9)-connected new topology with the Schlafli
symbol of (3-4%)(3-4%-6%) (3*:4°-5%6'*-7%); while 2 is a 4,8-c flu network topology with the Schlafli
symbol of (4%)(4'>-6'2-8%). 1 and 2 possess excellent chemical resistance to boiling water and organic
1s solvents. The variable temperature magnetization measurements (y,,7-T and y,; '-T) make clear that both
of the complexes display ferrimagnetic interactions at the low-temperature region. The value of field-
dependent magnetization measurements M(H) does not reach the clear saturation values because of
magnetic anisotropy of the polycrystalline sample. By the alternating-current (AC) susceptibility
measurements, the frequency-dependent peaks do not appear in all of in-phase (x") and out-of-phase (")
20 curves, indicating that there is no slow relaxation behavior of the magnetization. Markedly, the field-
cooled (FC) and zero-field-cooled (ZFC) data of 1 display the divergence over the temperature range
40-3.5 K, which could be on account of the presence of long-range magnetic ordering, or the impact of
superparamagnetic behavior. Specially, 2 is based on a typical —JJiJ,— sequence, featuring the
ferrimagnetic chain of a (572, 10/2) spin topology.
»s Introduction methods by connecting the paramagnetic transition-metal ions
(spin carriers) through multidentate bridging ligands (bridges).”
45 The reciprocity between the magnetic nature of the spin carrier
(distorted coordination environments and single-ion anisotropy)
and the superexchange interaction by bridging magnetic bridges
affects the magnetism of the entity in a certain extent, which are
tanglesome and hard to predict.” Therefore, the reasonable design
so and synthesis of new molecular magnets is still a formidable
challenge. The bridging ligands invariably play a key role in the
construction of molecular magnets, since they can act as efficient
superexchange pathways to convey various magnetic information

In recent years, an upsurge of attention has been paid to the
construction of magnetic metal-organic frameworks (MOFs)
because they display fascinating structures/topologies and
magnetic properties synchronously.'? The investigation of

30 magnetic MOFs may be in favor of comprehending the magneto-
structural corelations, and will also furnish an efficient platform
for further development of novel functional magnetic materials.*
Most of magnetic materials are accomplished in bottom-up
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among the spin carriers.”™ Averagely, the shorter and more
conjugated bridges will lead to the more favorable magnetic
coupling transmission between two spins.® However, shorter
bridges are slightly lacking on the multiformity of bridging
modes.” Acknowledged polycarboxylic bridges owning abundant
coordination modes are well-suited candidates to fabricate
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Chart 1. Different Coordination Modes of H;L in Complexes 1 and 2

molecular magnets. They are able to not only transmit the
magnetic coupling interactions to varying degrees,'® but also
aggregate metal ions into metal clusters (as secondary building
units) with specific coordination geometry'' and extend the metal
clusters into aesthetically enjoyable frameworks with exquisite
structural topologies.'?

These metal clusters as SBUs are very significant for the
understanding of the magnetism of MOFs. As the metal clusters
increase in size, MOFs would display surprising magnetic
properties. Besides, the applications of SBUs have also been
recommended involving the field of quantum computing'® and
memory devices'*. It is a pity that the creation of expected SBUs,
particularly high-connected SBUs, is proved to be difficult,
considering these SBUs always in situ generated discretionarily."
Thus, we purposefully choose an asymmetric tripodal
multicarboxylic ligand 3,4-bi(4-carboxyphenyl)-benzoic acid
(H;L) (as shown in Scheme S1) as bridges to construct high-
connected clusters-based magnetic architectures. The conjugated
H;L ligand possesses important superiorities due to the rigid
multicarboxylic groups and consequent tendency to be
completely or partially deprotonated, and these anions exhibiting
different coordination modes may serve as bridging ligands to
generate polynuclear clusters and also can propagate better
magnetic superexchange between metal ions. From the viewpoint
of property investigation, the magnetic 3d transition metal ions,
such as Mn(II), Cu(Il), Fe(II), Co(IT) and Ni(I) can offer good
opportunities for the magnetic investigation, both experimentally
and theoretically.'® Herein, we have mainly focused on Mn(II)
ion as the paramagnetic center for two reasons: first, the high-
spin Mn(II) includes up to five unpaired electrons, and the
combination of Mn(Il) with polycarboxylate is inclined to the

formation of larger SBUs and stretched solids, such as Mn2, Mn3,

Mn4 and Mn—OCO-Mn chain;'” second, Mn(II) clusters always
display large, and sometimes more larger spin (S) values in the
ground state, and S is combined with a large anisotropy, perhaps
leading some of these species to be single-molecule magnets
(SMMs). '8

In this article, we have succeeded in obtaining single crystals of
two high-connected trinuclear Mn(II)-clusters molecular
ss magnetism {[Mn3L,(pbbm)]-CH;CN}, 1) and
[Mn;L,(CH3;CN),],  (2)  (pbbm = 1,1'<(1,5-pentane)bis-

S

&

benzimidazole) by employing a H;L ligand to self-assemble with
Mn(II) under solvothermal conditions. The solvent resistance
property and thermal stability have been investigated. Their
variable temperature magnetization measurements (y,7-7 and
s '-T), field-dependent magnetization measurements M(H),
field-cooled and zero-field-cooled magnetization measurements
(FC-ZFC) and alternating-current (AC)  susceptibility
measurements have also been detailedly inquiried and deeply
discussed. Both of them exhibit ferromagnetic behaviour at the
low-temperature region. The FC and ZFC data of 1 embodies the
divergence over the temperature range 40—3.5 K. 2 features the
ferrimagnetic chain of a (5/2, 10/2) spin topology.

Experimental section

Materials and Physical Measurements.

All of materials were commercially improvable without any
further purification. The ligand pbbm were synthesized according
to the literature.”® The FT-IR spectra of samples were carried out
with KBr pellets and achieved in the region of 400-4000 cm '
using a Bruker-ALPHA spectrophotometer. Elemental analyses
of C, H, and N were calendared on a FLASH EA 1112 elemental
analyzer. All the PXRD patterns were recorded on a PANalytical
X’Pert PRO diffractometer with the use of Cu Ko, radiation.
Thermal analyses of samples were executed adopting a Netzsch
STA 449C thermal analyzer with a heating rate of 10 °C min™
from ambient temperature under an air atmosphere.

Synthesis

Synthesis of {[Mn;L,(pbbm)]-CH3CN}, (1). A mixture of
MnCl,-4H,0 (0.0197 g, 0.1 mmol), L (0.0181 g, 0.05 mmol),
pbbm (0.0152 g, 0.05 mmol) (pbbm = 1,1'-(1,5-pentane)bis-
benzimidazole), CH;CN (7 mL) and H,O (3 mL) was heated at
160 °C for three days in a 25 mL Teflon-lined stainless steel
vessel. After the mixture was cooled, colourless leaf-shaped
crystals suitable for X-ray diffraction were separated, then
washed with mother solution, and air-dried (yield, 73% based on
Mn). Anal. Calcd for C43HysMn3NsOy; (%): C, 61.57; H, 3.69; N,
5.69. Found: C, 61.54; H, 3.71; N, 5.65. IR (KBr, cm’l): 3447(w),
3041(vw), 2924(w), 2863(w), 2249(vm), 1628(m), 1597(m),
1583(m), 1537(m), 1500(w), 1463(w),

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

[journal], [year], [vol], 0000 | 2

Page 2 of 13



Page 3 of 13

20

25

CrystEngComm

Figure 1. (a) Coordination environment of Mn(II) ion in 1 with hydrogen atoms omitted for clarity. Symmetry code: A=x, -1 +y, z; B

0=2-%x1-y,-05+2C=2-x,1-y,05+z D=1.5-x,y, 0.5+ z (b) The syn-anti-u,-':5' carboxylate bridges (011-C24—012)
link the trinuclear Mn(II) SBUs into a 1D chain. (c) Schematic diagram of the 2D network accomplished by the 1D chain and pbbm
linker. (d) The defined 3-, 4- and 9-connected nodes. (¢) Schematic representation of topological net of 1.

1396(s), 1292(w), 1258(w), 1188(w), 1174(w), 1149(w),
1099(vw), 1014(w), 967(w), 941(w), 921(w), 907(w), 892(w),

35 871(w), 864(w), 857(w), 847(vw), 799(vw), 782(m), 766(m),
751(m), 742(m), 729(m), 714(m), 681(w), 655(w), 635(w),
610(w), 575(W), 560(w), S15(w), 485(m), 469(m).

Synthesis of [Mn;L,(CH3CN),], (2). The preparation process of
2 is similar to that of 1, except that Hatz (Hatz = 1H-1,2,4-triazol-
40 3-amine) was used instead of pbbm (0.0042 g, 0.05 mmol). Yield,
59% (based on Mn). Anal. Caled for Cy4HpsMn3N,Op, (%): C,
57.22; H, 2.92; N, 2.90. Found: C, 57.20; H, 2.89; N, 2.93. IR
(KBr, cm™'): 3410(m), 2278(w), 1664(w), 1607(m), 1577(m),

1520(m), 1402(s), 1228(w), 1183(m), 1145(w), 1016(m),
5 1004(m), 929(w), 898(w), 862(m), 838(w), 796(w), 781(m),
730(w), 715(m), 688(w), 569(w), 467(W).

Crystal Data Collection and Refinement.
The collections of crystallographic data of 1 and 2 were
performed by using a Rigaku Saturn 724 CCD diffractomer at
soroom temperature (Mo-Ka, A = 0.71073 A). Absorption
corrections were accomplished using multi-scan program. The
Lorentz and polarization effects were used for correcting the data.
The structures were solved by immediate methods and refined
based on F* with a full-matrix least-squares technique adopting
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Figure 2. (a) Coordination environment of Mn(II) ion in 2 with hydrogen atoms omitted for clarity. Symmetry code: A=2—-x,1 —y,—z

B=1+x,-1+y,zC=1-x,2-y,-zD=1-x,1-y,1 -z E=1+Xx,y, -1 + z (b) The three-core Mn(II) units links eight L

ligands leading to the presence of a beautiful “butterfly” pattern. (c) Perspective view of 1D metal carboxylate chains. (d) The defined 4-
»s and 8-connected nodes. (e) Schematic representation of topological net of 2.

the SHELXL-97 crystallographic software package.”' All of the
non-hydrogen atoms were refined anisotropically. The hydrogen
atoms of ligands were assigned at idealized positions using a
riding model and then refined isotropically. Experimental details
30 of the X-ray analyses for 1 and 2 are summarized in Table 1.
Selected bond lengths and bond angles of 1 and 2 are listed in
Table S1 in the Supporting Information. Crystallographic data for
1 and 2 have been deposited at the Cambridge Crystallographic
Data Centre with CCDC reference numbers 996998-996999.

35 Solvent Resistance Experiment.
The experiment was surveyed by suspending crystal samples in
boiling common solvents for 48 h. During this process, the
samples were monitored under a SZM45 optical microscope
periodically. The refluxed samples were bathed with water and

s then dried naturally. Single-crystal X-ray diffraction was
employed to implement the measurement of the unit-cell
parameters.

Magnetic Experiment.

Variable-temperature magnetic susceptibilities were carried out
ss on a SQUID MPMS XL-7 instrument with phase-pure crystalline

samples under the applied field of 1 kOe in the temperature

region of 2—300 K. The field dependences of magnetization (M)
have been performed at 2 K from —80 to 80 kOe. The field-
cooled (FC) and zero-field-cooled (ZFC) magnetization
so measurements were collected in the temperature range 50-2 K
under a 20 Oe low field. The alternating-current (AC) magnetic
susceptibility were recorded with oscillating frequencies (from
10000 to 10 Hz) at a zero direct-current (DC) field with an AC
field of 3 Oe. The diamagnetic corrections were conducted
ss utilizing Pascal’s constants.*?

Results and discussion

Preparation of the Complexes.
Complexes 1 and 2 were prepared from the solvothermal reaction
between MnCl,-4H,0 and 3,4-bi(4-carboxyphenyl)-benzoic acid
o together with secondary ligands in a 2:1:1 molar ratio. The
reaction medium was acetonitrile and water (7:3) under 160 °C.
The employment of pbbm (pbbm = 1,1'-(1,5-pentane)bis-
benzimidazole) led to the generation of the perfect single crystal
1. Here, pbbm participated in the coordination with metal ions,
es resulting in a new nine-connected trinuclear SBUs. When the
Hatz (Hatz = 1H-1,2,4-triazol-3-amine) was introduced into the
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Table 1 Crystallographic data and structure refinement details for complexes 1 and 24P

Complex 1 2
formula Ce3sHysMn3NsOq,  CygHogsMn3N,Oq,
fw 1228.86 965.52
T/K 293(2) 293(2)
A (Mo K), A 0.71073 0.71073
Cryst syst Orthorhombic Triclinic
Space group Pca2,; P-1
a(A) 25.926(5) 8.8451(18)
b (A) 13.837(3) 10.334(2)
c(A) 15.243(3) 11.762(2)
a(®) 90 77.05(3)
B(®) 90 81.50(3)
v(°) 90 75.82(3)
V (A% 5468.4(19) 1011.0(4)
VA 4 1
Deateq.(g-cm™) 1.493 1.586
abs coeff/mm™ 0.753 0.993
F(000) 2516 489
6 2.06-25.50 1.79-25.00
GOF 1.001 0.995
R, (I>2sigma(I))* 0.0885 0.0510
WR(I>2sigma(I))° 0.1574 0.1210

Ry = SUF-IFISIF,). "WRy = [Sw(F,2-F )Y w(F.H)H".

synthetic system, the transparent crystal of 2 can be obtained,
displaying an eight-connected trinuclear SBUs. The architectural
s differences of 1 and 2 will be exactly discussed below.

Crystal Structure of {{Mn;L,(pbbm)]-CH3CN}, (1).
Crystal structure determination reveals that 1 crystallizes in
orthorhombic space group Pca2(1). The asymmetric unit of 1
contains three crystallographically independent Mn" atoms, two
10 completely deprotonated L* ligands, one pbbm ligand and one
guest CH;CN molecule in the lattice. As illustrated in Figure la,
Mn1 ion is in a six-coordinated mode (MnOsN), in which Mnl1 is
equatorially bonded to carboxylic oxygen atoms (O1, O2, O3 and
012D) from three different L*~ ligands (Mnl—O1 = 2.299(6),
15 Mn1-02 = 2.306(6), Mn1-03 = 2.124(6), Mn1-012D = 2.067(6)
A). The two axial sites on the metal are occupied by one N atom
from one pbbm ligand (Mn1-N1 = 2.228(7) A), and one carboxyl

O from one L*” ligand (Mn1—07 = 2.298(6) A). Mn2 is also has a
six-coordinated geormetry MnOsN, with five carboxyl O atoms
2 from five different L* ligands (Mn2—02 = 2.223(6), Mn2—-04 =
2.127(6), Mn2—-05 = 2.145(6), Mn2—07 = 2.279(6), Mn2—-09 =
2.095(6) A), and one N atom from one pbbm ligand (Mn2—-N4E =
2.268(8) A). Contrary to Mnl and Mn2, Mn3 atom is four-
coordinated by four oxygen atoms (06, O8, O10 and O11) from
»s four L* ligands (Mn3—-06 = 2.025(6), Mn3-08 = 2.028(6),
Mn3-010 = 2.043(7), Mn3-011 = 2.009(6) A), showing a
slightly distorted tetrahedral geometry (z, = 0.94).%
The H;L in 1 are completely deprotonated, exhibiting two
interesting coordination modes:  (x*-x)-(ic"-k")-(ic 1" -115)-pt7
3 (Mode 1) and («'-x")-("-")-(ic"-k")-11s (Mode 1I), as shown in
Chart 1. In the first mode, three carboxylic groups act as -7,
ws-i*n', and syn-syn-u-n'n' modes in a clockwise direction to

This journal is © The Royal Society of Chemistry [year]
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Table 2. The unit-cell parameters of complexes 1 and 2 under specific conditions

H,0
Complex 1 a(A) 13.85
b (A) 15.25
c(A) 25.92
a (%) 90
B 90
Y (°) 90
V (A% 5473
Complex 2 a(A) 8.85
b (A) 10.36
c(A) 11.76
() 77.33
B () 81.66
() 75.94
vV (A% 1017

bridge seven Mn(II) ions, severally. In the second mode, three
carboxylic groups serve as syn-syn-ur-n':n', syn-anti-up-n":n', and
s syn-syn-ir-n1' ;' modes in a clockwise direction, singly, to bridge
six Mn(II) ions. On the basis of these connection modes, Mnl1 is
linked to Mn2 via three carboxylate groups with the Mn1---Mn2
distance of 3.443 A, Meanwhile, Mn2 is connected to Mn3 via
three carboxylate groups with a Mn2---Mn3 separation of 3.867
10 A, thus forming a trinuclear Mn cluster (sea green polyhedron).
The trinuclear Mn SBUs are further connected through syn-anti-
- n" carboxylate bridges (011-C24—012) and assembled into
a 1D chain (Figure 1b). These 1D chains are stitched to each
other by pbbm with two different Nygpor'*"N-Cyp3--*Cgp3 torsion
15 angles of 78.565° and 94.576° resulting in infinite 2D nets
(Figure 1c), which are further linked by L*~ with coordination
mode I and II to construct a 3D framework.
At the sight of topology, the trinuclear SBU can be defined as a
nine-connected node, connecting with seven L*~ anions and two
20 pbbm ligands. The L*" ligands in mode I link three trinuclear
SBUs, while the L*" ligand in mode II link four trinuclear SBUs.
Thus, the L*" ligands in mode I and II are considered as 3-
connected nodes and 4-connected nodes, singly (Figure 1d). The
final 3D framework exhibits a 3-nodal (3,4,9)-connected
s topology with the Schlafli symbol of (3-4%)(3-4%6%)
(3*-45-5%-6'*-7%), which is a new topology (Figure le).

Crystal Structure of [Mn;L,(CH3CN),], (2).
Single-crystal X-ray structural analysis reveals that 2 crystallizes
in the triclinic system with P1 space group. As depicted in Figure

MeOH EtOH MeCN DMF
13.82 13.82 13.80 13.77
15.23 15.20 15.22 15.36
25.89 25.86 2591 25.92
90 90 90 90
90 90 90 90
90 90 90 90
5450 5433 5443 5485
8.82 8.89 8.87 8.87
10.33 10.41 10.44 10.33
11.75 11.84 11.80 11.75
77.28 77.23 77.36 77.19
81.61 81.56 81.77 81.63
75.90 75.95 76.00 75.77
1008 1031 1029 1013

30 2a, the asymmetric unit contains two crystallographically
independent manganese atoms, two completely deprotonated L*
ligands, and two coordinated CH;CN molecules. The Mnl center
adopts a distorted octahedral geometry, which is completed by
four oxygen atoms from four different L*~ ligands (02, O2A,

35 O4B, and O4C) composing the equatorial plane, and two oxygen
atoms from two different L*~ ligands (O5D and O5E) at the axial
positions. The bond angles around Mn1 range from 78.67(11) to
180.00(13)°, and the Mn1—0O bond lengths range from 2.133(3) to
2.270(3) A. Mn2 also adopts a distorted octahedral coordination

40 geometry, but which is coordinated by five carboxylic oxygen
atoms (O1, 02, O3B, OSE, and 06) from four different L
ligands, one nitrogen atom (N1) from one coordinated CH;CN
molecule. The axial positions are filled with O3B and N1 with an
O3B—Mn2—-N1 bond angle of 173.47(18)°. The Mn2-O/N

ss coordination bond distances range from 2.067(3) to 2.269(3) A.
In 2, the L ligand has one coordination mode (Mode I of Chart 1:
(P-1")-("-K")-(rc" 1" -u3)-17) to coordinate with Mn*" cations
through six carboxyl oxygen atoms, in which three carboxyl
groups adopt y,-17:57'-chelate/bridge, syn-syn-pi,-n':n'-bridge, and

s0 ua-1":7"-bridge coordination modes, severally. Mnl and Mn2 are
interconnected by carboxyl groups to form a Mn; s unit, which
further links its symmetric part Mn2A (A = 2—x, 1—y, —z) through
the L ligands to furnish a three-core Mn unit (pink polyhedron).
The Mn-Mn distance of 3.303 A is noticeably shorter than that in

ss the carboxylate-bridged trinuclear Mn(II) subunits.* The three-
core Mn units are connected by bridges of carboxyl groups
(05-C11-06) to give rise to metal carboxylate chains with the

This journal is © The Royal Society of Chemistry [year]
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Figure 3. The y,,7 vs T plot and y,;' vs T plot for polymers 1 and 2 at H =1 kOe from 2 to 300 K.

terminal CH3CN molecules (Figure 2c). The metal carboxylate
chains are further bridged by L ligands to yield a 3D framework.
20 Furthermore, topological analysis is carried out to get insight of
the structure of 2. The three-core Mn unit links eight L ligands,
which leads to the presence of a beautiful “butterfly” pattern
(Figure 2b). Thereby, the three-core Mn units can be regarded as
8-connected nodes. Each L*" ligand links four three-core Mn
units. Hence, all crystallographical independent L*~ ligands act as
4-connected linkers (Figure 2d). As a result, the whole structure
can be represented as a 4,8-c flu topology network (with the
Schlatli symbol (4°)(4'%-6'*-8%) (Figure 2e).

Analyses of Thermal Stability.

30 The TG analysis of complexes 1 and 2 was performed in the
temperature range of 30—800 °C under air atmosphere, and their
TG curves are exhibited in Figure S2 (Supporting Information).
For 1, the first step mass loss of 3.20% from 145 to 384 °C could
be associated with the release of one guest CH;CN molecule
(caled 3.34%). The second weight loss from 384 to 512 °C
corresponds to the losses of pbbm and L*". The TG curve of 2
shows the mass loss of 8.01% from 160 to 368 °C, which may be
due to the release of two coordinated CH3;CN molecule (calcd
8.49%). The weight loss occurring between 388 and 513 °C could
be assigned to the decomposition of the organic ligands.

Analyses of Solvent Resistance Property.

By imitating representative industrial chemical processes, the
chemical resistance of complexes 1 and 2 was inquiried by
suspending samples in boiling acetonitrile, ethanol, methanol,
water and DMF for 48 h. During this process, samples were
observed under an optical microscope in cycles. We found that
both of them could maintain their original shapes in all the
aforementioned solvents. Single-crystal X-ray diffraction
indicated that their unit-cell parameters almost did not change
(Table 2). Clearly, their primary frameworks were intact and
impervious. The outstanding chemical resistance of the two high-
connected complexes in refluxing water and frequently-used
organic solvents may be attributed to the following reasons. First
of all, three benzene rings in the organic linker Hs;L can better
ss support the space to present the rigid character, which is likely to
be an important factor affecting their chemical stability. Next, the

existence of trinuclear Mn(II) clusters as nodes of the entire
network could be in favour of the stability of the skeletons.
Finally, high connectivity of the clusters give rise to their dense
structures, which would also prevent the decomposition of the
framework.

Magnetic Properties Measurements.

The magnetic susceptibility measurements on a powdered
crystalline sample of complexes 1 and 2 have been conducted in
the range of 2-300 K at the applied field of 1 kOe and the
magnetic behaviors are displayed in Figure 3. At 300 K, the y,T
values of 1 and 2 are 13.14 and 12.58 cm® K mol ', respectively,
consistent with the spin-only value as anticipated for three
isolated Mn?" ions (13.125 cm® mol™' K with S = 5/2) with g =
2.0 per formula unit. The temperature dependence of the
reciprocal molar magnetic susceptibility data (1/y,,) as a function
of temperature is linear (above 10 K for 1; above 20 K for 2),
obeying the Curie—Weiss law of 1/y,, = (T — 6)/C with the Curie
constant C = 13.86 cm® mol™' K and the Weiss constant § =
—15.67 K over the temperature range 10—-300 K for 1, and C =
13.23 cm® mol' K and 6 = —15.58 K over the temperature range
20-300 K for 2, respectively.

Their curves of y,,T versus T exhibit analogous diversification in
the high-temperature range. As the temperature is lowered, their

s0 ¥y value slowly decreases and then falls more quickly under 50

K reaching a minimum value of 5.70 cm® mol™' K at 7 K for 1
and 4.19 cm® mol ™' K at 5.5 K for 2, singly, which demonstrates
dominant intramolecular antiferromagnetic interactions among
the Mn*" ions. The y,,T rises abruptly to 10.88 cm® mol ' K for 1
and 16.59 cm® mol ' K for 2 at 2 K, which is probably because of
ferrimagnetic behavior or spin-canting response that develops
into a long-range ordering.

Careful inspection on the crystal structure of 1, the three main
magnetic exchange pathways between neighboring trimeric Mn(II)
ions for 1 have been found. One comprises one syn—syn carboxyl
bridge (Mn-OCO-Mn) and one p-Ocapoxyt bridge with the
exchange angle Mn-O oy -Mn of 98.919° between Mnl and
Mn2 (J;,). The other is consist of two syn—syn carboxyl bridges
(Mn-OCO-Mn) between Mn2 and Mn3 (J,3). The third one is

os made up of one syn—anti carboxylate bridge (from one u3-7>:7'-

carboxylate group) (Ji3). There are also possible magnetic

This journal is © The Royal Society of Chemistry [year]
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Figure 4. The field-dependent isothermal magnetization for polymers 1 and 2 at 2 K.
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Figure 5. ZFC & FC curves at H =20 Oe for polymers 1 and 2 from 2 to 50 K.

35 pathways between trimeric units through the syn—anti carboxyl
ligand bridges (012-C24-0O11) with a Mn(II)---Mn(II) distance of
5.171 A, which could be very weak. The magnetic susceptibility
data of 1 can be fitted to a trinuclear-Mn(II) model. The
Hamiltonian describing the plight of the trimer is given as A = -
2J12§1'§2-2J23§2'§3-2J13§1'§3. To Slmphfy the calculation, w¢
suppose that the exchange coupling within the cluster is Ji, = Jj3
= Jy, Ji3=J,. The expression of magnetic susceptibility, induced
from the Hamiltonian, is given by:*

CNBg X Sp(S, 1) 28, +1)e
YT > (28, +1)e

4

S

4

o

4 = X
" 1220/ NSy,

ss Best fitting results lead to the following parameters: g = 2.03, J; =
-1.57 em™, J, = 0.64 cm’!, zJ' = 0.14 K (/' stands for the
intercluster coupling constants in between trinuclear units) and R
= 1.71x10™, making clear that the results are authentic. (The

agreement factor R = E[({1)obs — Our)earel E[()o]?). Distinctly,
e the negative J; value and an antiferromagnetic state were
acquired.
From the viewpoint of magnetism, the Mn(Il) chains of 2 are
parted by the L® bridges, exhibiting an alternating —J,.J;J»—
coupling sequence. The magnetic behavior may derive from
es intra-chain magnetic interactions. According to the chain
topology of 2, there are two sets of magnetic exchange pathways
within the chain: one composes of two u,-O bridges (from a u,-
n*n' and a us-n*in' carboxylate group, respectively; with the
exchange angle Mn-Ogypoxy-Mn  of 94.350° and 96.788°,
70 severally.) between Mnl and Mn2 and a syn—syn carboxylate
bridge (J;); the other is mainly made up of two syn—anti
carboxylate bridges from two us-7°:'-carboxylate groups (J5)
(Chart S1-above). To obtain noncompensation in spin moments
within such a chain, the interaction through the former species of
75 bridges should be antiferromagnetic (AF) and that through the
latter species should be ferromagnetic (F), resulting in an AF-AF-
F repeating sequence on the basis of a representative (5/2, 10/2)
ferrimagnetic chain topology (Chart S1-down).?
In order to quantitatively evaluate intra-chain magnetic
so interactions of 2, a best fit of the observed magnetic data based
on the theoretical expression proposed by Escuer et al.?’ was
performed. The fits over the temperature 3-300 K range lead to

This journal is © The Royal Society of Chemistry [year]
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Figure 6. The in-phase y’ and out-of-phase y"" components of the AC susceptibility of 1 and 2 measured at different frequencies (10, 100,
300, 500, 700, 900, 1000, 1100, 1300, 1500, 1700, 1900, 5500, 10000 Hz) in an applied AC field of 3 Oe.

current (AC) susceptibility measurements are also carried out in
60 the temperature range 50—2 K under Hpc = 0 Oe and Hyc = 3 Oe
for oscillating frequencies (from 10000 to 10 Hz). As depicted in
Figure 6, frequency-dependent peaks did not consistently appear
in all of in-phase (y) and out-of-phase (x") curves, revealing that
there is no slow relaxation behavior of the magnetization. The
results suggest that complexes 1 and 2 are not single-molecule
magnets (SMMs).

2 the following satisfactory parameters for 2: J; = -2.33 cm™, J, =
0.08 cm™, g=19 and R = 9.59x10*. The negative J; value has
correlation with antiferromagnetic (AF) exchange between Mn(II)
ions through 1,-O bridges/syn—syn carboxylate bridges, which
corresponds to the reported Mn(II) complexes with the same
bridging modes.”® The positive J, value is related with weaker
ferromagnetic (F) interaction through the dual syn—anti bridges,
which could be on account of the unexpected orthogonality
between magnetic orbitals in the surrounding of Mn(II) ions.>”

The magnetic behaviors of the two complexes are further
30 characterized by field-dependent magnetization measurements at
2 K, as their low-temperature magnetizations are distinctly
different from each other. As shown in Figure 4, the
magnetization curves M(H) sharply increase to reach a value of
about 9.56 NP for 1 and 5.86 NP3 for 2 at a field of 30 kOe, singly.
Sudden rise of the curves at the low field signify the presence of
ferromagnetic couplings.””> Then the M(H) curves slowly
increases to a value of 13.40 Nf for 1 and 10.20 Nf for 2 at 80
kOe, respectively, but does not reach the clear saturation values.
In addition, the M value at the highest field of 80 kOe is not in
40 line with the value expected for a net spin value of S = 5/2 with g ferromagnetic couplings, because the relevant Mn-Ogypoxyi-Mn
=2.0 (3 x 5.00 NB) for three isolated Mn(II) ions. The situation angles (87.97-100.69°) are within the range anticipated for a
of the M vs H plot at the high field may be due to the significant  ferromagnetic interaction.’'™ ** In 1, the existence of Mn-OCO-
magnetic anisotropy of the polycrystalline sample and/or possible Mn with the syn-syn conformations between Mnl and Mn2/ Mn2
low-lying excited states in the complex systemm. No hysteresis and Mn3, 1-Ocupoxyi bridge with small exchange angle Mn-
loop in 1 and 2 was observed upon cycling of the field between — Ocarboxy-Mn of 98.919° and the syn-anti carboxylate bridges
80 and 80 kOe at low temperature, typical of a soft magnet.! between Mnl and Mn3 are verified. Meanwhile, two u-O
The field-cooled (FC) and zero-field-cooled (ZFC) magnetization s bridges with the exchange angle Mn-Ogypoxy-Mn of 94.350° and
measurements were performed in the temperature range 50-2 K 96.788°, severally, and a syn—syn carboxylate bridge between
under a low field (H = 20 Oe) (Figure 5). The FC and ZFC data Mnl and Mn2 dwell in 2, presenting a —J,J,J,— sequence. For 1,
of 1 display the divergence over the temperature range 40-3.5 K, the negative J; makes it reveal antiferromagnetic interaction. For
but the magnetization (y,,) increases continuously with decreasing 2, the negative value of J; and the small positive value of J,
temperature and no maximum was observed. The branch of the s verify that there is an antiferromagnetic (AF) interaction within
FC and ZFC data of 1 could be due to the presence of long-range the trimers as well as a ferromagnetic (F) interaction among the
magnetic ordering or superparamagnetic behavior.”> However, trimers, namely, an alternating AF-AF-F sequence. The AF
there is almost no discrepancy in the field-cooled and zero-field- interaction occupies one dominating status in 2, seeing that |J5g|
cooled magnetization below 50 K for 2. The phenomenon is much larger than |Jg|. Additionally, by comparing magnetic
manifests the absence of any long-range magnetic ordering. os behaviors of the above 3D coordination polymers with trimeric
To further examine the magnetization dynamics, their alternating- SBUs, we find that the magnetic exchange coupling constants is

2

S

A

Magneto-structural Correlation Studies.

The magnetic exchange system in the MOFs is very intricate in
nature. Among the super exchange pathways between the
adjoining Mn(II) ions, ferro- or antiferromagnetic couplings
could happen relying on the versatile carboxylate bridging
fashions. A syn-syn carboxylate bridging pattern furnishes small
metal-metal separations, which will trigger antiferromagnetic
coupling between the metal centres.®® The syn-anti carboxylate
bridging mode may yield antiferromagnetic or ferromagnetic
coupling between metal atoms.** Besides, in the light of
Goodenough’s rules, the -Ocupoxyt  bridge can mediate
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S

3
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-
S
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o

S
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also consistent with the structural of 3D frameworks, particularly
the exchange angles of magnetic exchange pathways and
metal---metal distances. Nevertheless, the magnetic exchange
angles of 1 and 2 are close to each other. Herien, we only
consider the effect of metal---metal distances. The shorter
metal---metal distances (1: 3.867 and 3.443 A; 2: 3.303 A) within
SBUs can both bright about strong antiferromagnetic coupling
interactions (1: J, = - 1.57; 2: J; = -2.33).

w

Conclusions

10 To sum up, two high-connected trinuclear Mn(II)-clusters
frameworks have been successfully fabricated by adopting H;L as
ligand to self-assemble with Mn(II) under suitable solvothermal
conditions. They show different 3D frameworks with elegant
topologies. The results demonstrate that the versatile coordination

15 modes of the carboxylate ligands give play to important effect on

tuning the structures of final coordination network. 1 and 2 own

high thermal stability (up to 384 °C/388 °C) and distinguished
chemical resistance in boiling water and common organic
solvents. Both of them exhibit ferromagnetic behaviour at the
low-temperature region. Their magnetization curves M(H) does
not reach the clear saturation values, and no hysteresis loop was
observed. Nevertheless, the FC and ZFC data of 1 particularly

display the divergence over the temperature range 40-3.5 K.

More gratifying, 2 features the ferrimagnetic chain of a (5/2, 10/2)

spin topology. To some extent, the aforesaid discussion will offer

a helpful perspective for the construction of polynuclear

complexes and also promote the rapid expansion of magnetic

materials. The more systematic work will be done to elucidate the
synthetic methods of new types of multinuclear clusters and

30 construct polymers with higher-connected topology and
outstanding magnetic properties.
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