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Based on the mixed-ligand system, five new entangled coordination polymers have been synthesized, namely, [Co;5(1,3-

bdc)ys(tib)(H20)] (1), [Ni(1,3-bdc)(tib)(H,0),]:0.5H,0 (2), [Cu(Hbtc)(Htpim)] (3), [Co(bpndc)(pytpy)(H,0)]-0.5H,0 (4),
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[Ni(bpndc)(pytpy)(H,0)]-0.5H,0 (5), (1,3-bdc = 1,3-benzenedicarboxylate, btc = 1,3,5-benzenetricarboxylate, bpndc = 4,4'-

benzophenone dicarboxylate, tib = 1,3,5-tris(1-imidazolyl)benzene, Htpim = 2,4,5-tri(4-pyridyl)-imidazole, pytpy = 2,4,6-

tris(4-pyridyl)pyridine). Their structures were determined by single-crystal X-ray diffraction analyses and further

characterized by elemental analyses, IR spectra and TG analyses. Compound 1 exhibits a new trinodal (3,4,4)-connected 3D

self-penetrating framework with (8%),(6°.82.9),(8".9.10) topology. Compound 2 displays an interesting 2D -> 3D

polythreading framework constructed from sidearm-containing 2D 6>-hcb nets. Compound 3 exhibits an unusual (2D -

3D) entangled array with coexistence of polythreading and interdigitation self-assembled from sidearm-containing 2D

double-edged nets. Compounds 4 and 5 both show an intriguing 3-fold interpenetrated PtS-type (4,4)-connected 3D

framework containing meso-helices. In addition, the magnetic properties of compounds 1-5 have been investigated in the

temperature range 2-300K.

Introduction

In recent years, the rational design and synthesis of metal-
organic frameworks (MOFs) have been rapidly developed, in
view of their extensive potential application in gas adsorption
separation,1 molecular magnetism,2 heterogeneous
catalysis and nonlinear optics (NLO) 4 Heretofore, a
considerable amount of literature indicate that diverse
structures and intriguing topologies presumably contribute to

and

functional applications.3b’5 Thereupon huge endeavours have
been constructing and developing different
structures. Entangled networks,6 as one of the most active

made to

subclass among MOFs, are flourishing and a vast number of
entangled networks, self-
penetrating and new entanglements
polythreading,9 interdigitation ° etc. have been intensively
explored. Likewise, exploitation of entangled structures could
be helpful for both modulating structures of MOFs and
understanding the relationships between the entangled
structure and function of MOFs."

To attain entangled coordination networks, it is crucial to take

. . 7
such as interpenetration,

some named

the factors, such as nature of metal, organic ligands, solvent system,
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pH value etc., into consideration.™ Among various organic ligands,
the N-donor ligands as good candidates for fabricating entangled
networks, have been introduced to synthetic strategy many times."
To date, a variety of linear N-donor ligands, such as 4,4’—bipyridy|,14
1,2- bis(4—pyridy|)ethane,15 1,4—bis(imidazol—l—yl)butane,16 1,4-
bis(1,2,4-triazol-1-yl)butane v and 1,4-bis(imidazol-1-
ylmethyl)benzene 8b, have been widely used to construct numerous
entangled networks. In contrast with linear ligands, trigonal N-
donor ligands are relatively rarely employed to build entangled
structures, and some literatures also reveal that MOFs constructed
from trigonal N-donor ligands have no entanglements.18
Nevertheless, there are some successful entangled exmaples with
trigonal N-donor ligands, for example, Mukherjee and co-workers
have synthesized a 2-fold interpenetrated 2D network with tib (tib
= 1,3,5-tris(1-imidazolyl)benzene, Scheme 1a);19 our group has
reported one compound consisting of two identical 3D self-
threading frameworks with CdSO, topology based on Htpim (Htpim
= 2,4,5-tri(4-pyridyl)-imidazole, Scheme 1b).20 Recently, Wang et
al. have obtained a crystal with 2-fold interpenetrated three-
dimensional framework via using pytpy (pytpy = 2,4,6-tris(4-
pyridyl)pyridine, Scheme 1(:).21 Therefore, in some degree, these
trigonal N-donor ligands could be feasible to fabricate novel
entangled structures for the followed merits: (i) On the one hand,
used as large tritopic ligands, trigonal N-donor ligands could
generate large voids that may result in entangled structures. (ii) On
the other hand, they can act as long bidentate bridging ligands with
side arms, which provide great possibilities for the formation of
polythreading or interdigitation.

With the above stated aspects in mind, we mixed these
three trigonal N-containing ligands (tib, Htpim, and pytpy) with
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aromatic polycarboxylate ligands to react with transition metal
salts under hydrothermal conditions. By unceasing efforts of us,
five novel entangled structures have been successfully
synthesized, namely [Co,s(1,3-bdc),s(tib)(H,0O)] (1), [Ni(1,3-
bdc)(tib)(H,0),]-0.5H,0 (2), [Cu(Hbtc)(Htpim)] (3),
[Co(bpndc)(pytpy)(H,0)]-0.5H,0 (4) and
[Co(bpndc)(pytpy)(H,0)]-0.5H,0 (5) (1,3-bdc = 1,3-
benzenedicarboxylate, btc = 1,3,5-benzenetricarboxylate,
bpndc = 4,4'-benzophenone dicarboxylate, Scheme 1). The
syntheses, crystal structures and properties of these
compounds and the effects of the N-donor ligands on the
structures will be represented and discussed in this paper.

(a)

(d)

H_bpndc
Scheme 1 Schematic drawing of tib, Htpim, pytpy, 1,3-H,bdc, Hsbtc
and H,bpndc ligands.

Experimental
Materials and methods

The chemicals and solvents were commercially purchased and
used as received without further purification. The tib,22 Htpim
% and pytpy 2 ligands were synthesized according to the
reported procedures, respectively.

Elemental analyses (C, H and N) were performed on a
Perkin-Elmer 2400 CHN Elemental Analyzer. Ni, Co and Cu
were determined by a tps-7000 Plasma-Spec(l) inductively
coupled plasma-atomic emission spectrometer (ICP-AES). IR
spectra were recorded in the range 400-4000 cm™ on a Bio-
Rad FTS-185 FT/IR Spectrophotometer using KBr pellets. TG
analyses were performed on a NETZSCH STA 449C instrument
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in flowing N, with a heating rate of 10 °C-mint. XRPD data
were recorded on a XD-3 diffractometer using Cu Ka radiation.
Variable-temperature magnetic susceptibility data were
obtained on a SQUID magnetometer (Quantum Design, MPMS-
7) in the temperature range of 2—300 K with an applied field of
1.0 kOe. All the magnetic susceptibility data were corrected
from diamagnetic contributions estimated from Pascal’s
constants.

Syntheses of compounds 1-5

Synthesis of [Co,5(1,3-bdc), 5(tib)(H,0)] (1). A mixture of
Co(OAc),-4H,0 (0.075 g, 0.3 mmol), 1,3-H,bdc (0.025 g, 0.15
mmol), tib (0.041 g, 0.15 mmol), NaOH (0.3 mL, 2M) and
distilled water (9 mL) was stirred about 15 min in air, then
transferred and sealed in a 17 mL Teflon-lined autoclave,
which was heated at 170 °C for 72 h. After slow cooling to
room temperature, dark purple block crystals of 1 were
filtered off, washed with distilled water, and dried at ambient
temperature (yield: 47% based on Co). Elemental analysis (%)
calcd for C,;H,0Co;5NgO5: C, 51.57; H, 3.21; N, 13.36; Co,
14.06 %. Found: C, 51.81; H, 3.41; N, 13.15; Co, 13.83 %. FT/IR
data (cm'l): 3445(m), 3141(w), 2360(w), 2171(w), 1616(s),
1558(m), 1507(m), 1474(w), 1398(s), 1356(w), 1301(w),
1263(w), 1242(m), 1140(w), 1105(m), 1077(m), 1015(m),
946(w), 930(w), 905(w), 849(w), 819(w), 757(s), 737(w),
719(w), 675(w), 649(s), 622(w), 563(m), 454(w), 419(w).

Synthesis of [Ni(1,3-bdc)(tib)(H,0),]-0.5H,0 (2). A mixture
of Ni(OAc),-4H,0 (0.037 g, 0.15 mmol), 1,3-H,bdc (0.025 g,
0.15 mmol), tib (0.041 g, 0.15 mmol), EtsN (0.5 mL) and
distilled water (8 mL) was stirred about 15 min in air, then
transferred and sealed in a 17 mL Teflon-lined autoclave,
which was heated at 170 °C for 72 h. After slow cooling to
room temperature, green block crystals of 2 were filtered off,
washed with distilled water, and dried at ambient temperature
(yield: 73% based on Ni). Elemental analysis (%) calcd for
Cy3H»1NiNgOg <: C, 50.77; H, 3.89; N, 15.44; Ni, 10.79 %. Found:
C, 51.07; H, 4.10; N, 15.21; Ni, 10.51 %. FT/IR data (cm™):
3447(s), 3136(w), 2360(w), 1622(s), 1569(w), 1512(w),
1473(m), 1398(w), 1351(w), 1308(s), 1253(m), 1105(w),
1077(m), 1017(m), 990(m), 935(m), 894(w), 871(w), 850(m),
762(w), 733(m), 706(m), 676(m), 654(w), 569(w).

Synthesis of [Cu(Hbtc)(Htpim)] (3). A mixture of
Cu(NO3),-:3H,0 (0.097 g, 0.4 mmol), H3btc (0.042 g, 0.2 mmol),
Htpim (63 mg, 0.2 mmol), NaOH (0.4 mmol) and distilled water
(9 mL) was stirred about 15 min in air (solution pH = 1.7), then
transferred and sealed in a 17 mL Teflon-lined autoclave,
which was heated at 170 °C for 72 h. After slow cooling to
room temperature, green block crystals of 3 were filtered off,
washed with distilled water, and dried at ambient temperature
(yield: 35% based on Cu). Elemental analysis (%) calcd for
C,7H;7CuNsOg: C, 56.79; H, 3.00; N, 12.27; Cu, 11.13 %. Found:
C, 56.52; H, 3.22; N, 12.06; Cu, 11.39 %. FT/IR data (cm™):
3420(m), 3126(m), 2748(w), 2605(w), 2556(w), 2361(w),
1965(w), 1920(w), 1865(w), 1827(w), 1794(w), 1771(w),
1718(s), 1608(s), 1578(s), 1540(w), 1491(w), 1431(w), 1398(s),

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Crystal data and structure refinements for compounds 1-5.
Compound 1 2 3 4 5
Empirical formula Cy7H0Co1 5sNgO7 Cy3H,NiNgOg 5 Cy7H7CuN;O04 C35Hp6CoN4Og 5 C35H6NiN4Og 5
M, (g mol’l) 628.88 544.17 570.99 665.53 665.31
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic Monoclinic
Space group C2/e Pbca C2/e C2/c C2/e
aA) 28.3457(5) 15.65677(16) 23.2430(12) 31.982(2) 31.9008(6)
b (A) 11.56051(10) 15.8377(2) 9.9760(5) 8.0580(6) 7.98993(8)
¢ (A) 20.1709(4) 17.8327(2) 20.9258(11) 28.638(2) 29.2439(5)
o ) 90 90 90 90 90
B 130.063(3) 90 106.8580(10) 122.4490(10) 124.349(3)
() 90 90 90 90 90
V(A% 5058.8(2) 4421.92(9) 4643.6(4) 6228.0(7) 6154.0(2)
zZ 8 8 8 8 8
Peatea (grem™) 1.651 1.635 1.633 1.420 1.436
p(mm™) 8.335 1.783 0.998 0.606 1.377
F(000) 2564.0 2248.0 2328 2744.0 2752.0
20 range/° 8.152-143.102 9.364-143.114 3.658-56.314 3.014-57.804 11.098-142.994
Reflections collected 46039 38853 14227 18836 43596
Unique data (Rin) 4932(0.0484) 4293(0.0398) 5539(0.0209) 7523(0.0272) 5967(0.0327)
GOF on fz 1.056 1.079 1.026 1.046 1.052
Ry" IwR 0.0340/0.0847 0.0386/0.1029 0.0305/0.0788 0.0420/0.1160 0.0432/0.1312
(20 0)
falll g;ﬁz) 0.0388/0.0879 0.0395/0.1037 0.0407/0.0841 0.0658/0.1297 0.0446/0.1327
“ Ry = SIFol-FCl/EIFol; * wRy = Y [w(Fo-F VL IwFs ) 1"
and 292 K, respectively. Suitable single crystals of 3 and 4 were
1373(s), 1252(s), 1219(m), 1178(m), 1129(m), 1111(w), selected for single-crystal X-ray diffraction analysis

1067(w), 1026(m), 1002(w), 968(w), 924(w), 884(m), 864(m),
841(m), 824(m), 800(s), 751(s), 725(s), 678(m), 614(m), 569(m),
526(m), 507(w), 458(w), 444(w), 416(w).

Synthesis of [Co(bpndc)(pytpy)(H,0)]-0.5H,0 (4). A mixture
of Co(OAc),-4H,0 (0.050 g, 0.2 mmol), H,bpndc (0.054 g, 0.2
mmol), pytpy (0.062 g, 0.2 mmol), EtzN (0.10 mL) and distilled
water (10 mL) was stirred about 15 min in air, then transferred
and sealed in a 17 mL Teflon-lined autoclave, which was
heated at 160 ‘C for 72 h. After slow cooling to room
temperature, purple crystals of 4 were filtered off, washed
with distilled water, and dried at ambient temperature (yield:
79% based on Co). Elemental analysis (%) calcd for
CssHy6CoN,Ogs: C, 63.16; H, 3.94; N, 8.42; Co, 8.85 %. Found: C,
62.94; H, 4.15; N, 8.19; Co, 9.09 %. FT/IR data (Cm'l): 3413(w),
3130(s), 1647(w), 1597(m), 1525(m), 1501(w), 1400(s),
1300(w), 1272(m), 1218(w), 1176(w), 1134(w), 1104(w),
1066(w), 1016(w), 999(w), 935(m), 906(w), 876(w), 853(w)
826(m), 781(w), 731(s), 692(w), 665(w), 637(w), )
560(w), 525(m), 506(w), 432(w).

Synthesis of [Ni(bpndc)(pytpy)(H,0)]-:0.5H,O0 (5). The
preparation of 5 was similar to that of 4 except that
Ni(OAc),-4H,0 was used instead of Co(OAc),-4H,0. Glaucous
block crystals of 5 were collected (yield: 82% based on Ni).
Elemental analysis (%) calcd for C3sH,6NiN4Ogs: C, 63.19; H,
3.94; N, 8.42; Co, 8.82 %. Found: C, 62.93; H, 4.16; N, 8.21; Co,
9.07 %. FT/IR data (cm'l): 3550(w), 3477(w), 3413(m), 3129(s),
1639(w), 1615(m), 1597(m), 1525(m), 1501(w), 1400(s),
1300(w), 1272(m), 1217(w), 1135(w), 1105(w), 1067(w),
1016(w), 998(w), 935(m), 877(w), 857(w), 826(m), 781(w),
732(m), 694(w), 637(m), 624(w), 526(w), 506(w), 432(w).

’

624(m),

X-Ray crystallography

Suitable single crystals of compounds 1, 2 and 5 were selected
for single-crystal X-ray diffraction analysis (diffractometer
device type: SuperNova, Dual, Cu at zero, EosS2). They were
collected with Cu Ka radiation (A = 1.54184 A) at 290 K, 279 K

This journal is © The Royal Society of Chemistry 20xx

(diffractometer device type: Bruker Smart Apex CCD). They
were collected with Mo Ka radiation (A = 0.71073 A) at 293 K.
Using Olex2,25 the structures of 2-5 were solved with the
Superflip % structure solution program using Charge Flipping,
while the structure of 1 was solved with the ShelXS *’ structure
solution program using Direct Methods. Moreover, the
structures of 1-5 were refined with the ShelXL %’ refinement
package using Least Square minimization. All non-hydrogen
atoms were refined anisotropically. The organic hydrogen
atoms were generated geometrically. The aqua hydrogen
atoms were located from difference Fourier maps and refined
with displacement parameters. The detailed
crystallographic data and structure refinement parameters for

isotropic

compounds 1-5 are summarized in Table 1. Selected bond
lengths for 1-5 are listed in Table S1. The topological analyses
were done with the TOPOS program.28

Results and discussion
Crystal structures

[Co,5(1,3-bdc), 5(tib)(H,0)] (1). Compound 1 is a new
trinodal (3,4,4)-connected 3D self-penetrating framework with
(83)2(63.82.9)2(84.9.10) topology. Single crystal X-ray diffraction
analysis reveals that 1 crystallizes in the monoclinic system
with space group C2/c, and contains two kinds of Co(ll) ions,
two kinds of 1,3-bdc ligands, ligand and one
coordinated water molecule in the asymmetric unit of 1. As

one tib

shown in Fig. 1la, the Col center is coordinated by four
carboxylate oxygen atoms (Co-O 1.9931(15)-2.3442(16) A)
from three 1,3-bdc ligands and one nitrogen atom (Co-N
2.0484(18) A) from one tib ligand, to yield a distorted trigonal-
bipyramidal geometry. The Co2 center adopts a slightly
distorted octahedral geometry, being coordinated by four
nitrogen atoms (Co-N 2.1266(17) A and 2.2067(16) A) from
four different tib ligands at the equatorial positions, and two

J. Name., 2013, 00, 1-3 | 3
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oxygen atoms (Co-O 2.0965(15) A) from two coordinated
water molecules at the axial positions. The 1,3-bdc ligands
adopt two different coordination modes. For convenience, the
1,3-bdc ligands containing O5 and O1 are designated 1,3-bdc'
and 1,3-bdc", respectively. The 1,3-bdc' adopts (Kl)-(Kl)-[lz
coordination mode connecting two Co(ll) atoms, while the 1,3-
bdc" adopts (KZ)-(KI)-[JZ coordination mode connecting two

(a) ; 07

Fig. 1 For compound 1: (a) ORTEP diagram showing the
coordination environment for Co atoms in 1. (b) Perspective
(upper) and simplified (down) views of the two different four-
connected Co atoms and three-connected tib ligand.
Perspective (c) and simplified (d) views of the (3,4,4)-
connected 3D self-penetrating network with
(8%),(6°.8%.9),(8".9.10) topology.
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Co(ll) atoms (Table S3). In addition, using three imidazole
groups, each tib ligand acts as a tridentate ligand to link three
Co atoms (Table S3 and Fig. 1b).

These different connection modes among Co atoms and
ligands result in an interesting complicated 3D network (Fig.
1c). As depicted in Fig. 1b, both Col and Co2 centers can be
considered as 4-connected nodes, and the tib ligands can be
regarded as 3-connected nodes. So the resulting structure of 1
can be rationalized as a (3,4,4)-connected network with
(83)2(63.82.9)2(84.9.10) topology, which represents a new
topological prototype (Fig. 1d). Additionally, self-catenation of
the 8-membered shortest rings by other 8-membered rings in
self-penetrating network 1 is depicted in Figs. 1c and 1d.

There are intermolecular hydrogen bonding interactions
between the coordinated water molecules and the carboxylate
oxygen atoms (O7-H7A--05 and O7-H7B---04, Table S2),
which further stabilize the whole structure of 1.

[Ni(1,3-bdc)(tib)(H,0),]-0.5H,0 (2). When the cobalt
acetate was further replaced by the nickel acetate, a quite
different structure of 2 was obtained. Single crystal X-ray
diffraction analysis reveals that 2 crystallizes in the
orthorhombic Pbca space group and exhibits an interesting 2D
-> 3D polythreading framework constructed from sidearm-
containing 2D 6°-hcb nets. The asymmetric unit of 2 consists of
one Ni(ll) ion, one 1,3-bdc ligand, one tib ligand, two
coordinated water molecules and half a lattice water molecule.
As shown in Fig. 2a, the Nil atom is coordinated by one
carboxylate oxygen atom (Ni-O 2.0869(13) A) from one 1,3-bdc
ligand, three nitrogen atoms (Ni-N 2.0833(15)-2.0958(15) A)
from three different tib ligands as well as two oxygen atoms
(Ni-O 2.0933(15) and 2.1214(16) A) from two aqua ligands, to
yield a distorted octahedron geometry. The tib ligand acts as a
tridentate ligand using its three imidazole groups to link three
Ni(ll) atoms (Table S3 and Fig. 2b). When the tib ligand is
considered as a 3-connected node, the Ni atoms are connected
by tib ligands to form an infinite 2D 6°-hcb network with large
hexagonal windows (dimensions 13.30 A x 13.24 A x 8.69 A by
diagonal, Fig. S2a). Each 1,3-bdc ligand acts as a one-end
coordinated ligand, which only uses one carboxylate oxygen
atom to connect a Ni(ll) ion, while the other one is protonated
and fails to bind to any metal ion (Table S3 and Fig. 2b).
Interestingly, the 1,3-bdc ligands are just like lateral arms
which graft on the Ni centers, protruding slantwise from both
sides of the 2D layer (Fig. 2c).

The most outstanding feature for 2 is that the structure
displays a 2D > 3D polythreading array assembled from 2D 6°-
hcb motifs. As shown in Fig. 2d, the 2D layers are stacked in a
parallel ABAB sequence at a distance of 7.83 A; while the
lateral 1,3-bdc ligand has an effective length of 8.22 A (Fig.
S2a). As a result, the dangling arms of each layer are threaded
into the hexagonal cavities of two adjacent layers above and
below. Every hexagonal void of each layer is just pierced by
one arm coming from above or below layers alternately (Fig.
S2c). Finally, this unique mutual threading of adjacent layers in
2 leads to a novel 2D -> 3D polythreading framework,
originating from infinite sidearm-containing 2D 6°-hcb
networks (Fig. 2d). So far, such 2D - 3D polythreading

This journal is © The Royal Society of Chemistry 20xx
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frameworks are still very rare in the entangled systems. To the
best of our knowledge, compound 2 represents the fourth 2D
-> 3D polythreading framework that is built from 2D 6°-hcb
networks.”’

(a)

a
Fig. 2 For compound 2: (a) ORTEP diagram showing the
coordination environment for Ni atoms in 2. (b) Perspective
(left) and simplified (right) views of the four-connected Ni
atom and three-connected tib ligand. (c) Perspective (left) and
simplified (right) views of a 2D network with distinct dangling
arms. (The arms of 1,3-bdc ligands are highlighted by orange
lines.) (d) The schematic representation of the (2D - 3D)
polythreading network.

In addition, the water molecules and the carboxylate oxygen
atoms participate in hydrogen bonding interactions to form

This journal is © The Royal Society of Chemistry 20xx
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(O6-H6B--04, O7-H7A--04 and O7-H7B--04)
bonds (Table S2).

[Cu(Hbtc)(Htpim)] (3). Compound 3, obtained by using
another trigonal N-containing ligand in the presence of the
tricarboxylic acid ligand Hsbtc, is an unusual (2D = 3D)

hydrogen

IR

¢ ¢ 0 00 0 0 '

Fig. 3 For compound 3: (a) ORTEP diagram showing the
coordination environment for Cu atoms in 3. (b) Perspective
(left) and simplified (right) views of the linkages of a dimetallic
SBU with four equivalent neighbors. Four "double-bridges"
serve as four double-edged linkers. (c) Perspective (left) and
schematic views (right) of a single double-edged 2D network
with two distinct dangling arms. (The arms of Htpim ligands
are highlighted by cerulean lines, the arms of Hbtc ligands are
highlighted by purple lines.) (d) Perspective and space-filling
(highlighted by purple) (left) and schematic views (right) of the
polythreading of three 2D layers.

entangled array with coexistence of polythreading and
interdigitation self-assembled from sidearm-containing 2D
double-edged nets. As shown in Fig. 3a, there are one Cu(ll)
ion, one Hbtc ligand and one Htpim ligand in the asymmetric
unit of 3. Each Cu(ll) ion is five-coordinated by two nitrogen
atoms of two Htpim ligands (Cu-N 2.042(2) and 2.274(2) A),
and three oxygen atoms from three carboxylate groups of
three different Hbtc ligands (Cu-O 1.955(1)-2.029(2) A),
showing a slightly distorted trigonal-bipyramidal geometry.
The partly deprotonated Hbtc ligand acts as V-shaped ditopic

J. Name., 2013, 00, 1-3 | 5
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linker which uses only two of the three carboxylate groups to
connect three Cu(ll) ions, while the other one is protonated
(Table S3). Similar with Hbtc, the Htpim ligand also uses only
two-thirds of the pyridine groups to bridge two Cu(ll) ions,
while the residual one is uncoordinated (Table S3).

On the basis of these connection modes, two Cu(ll) ions are
connected by two p,-carboxylate ends to form a dinuclear
copper unit as a secondary building unit (SBU). The
nonbonding Cu--Cu distance in the dinuclear copper unit is
4.444 A. Each dimetallic SBU is further linked to four
equivalent neighbors through two pairs of Hbtc ligands and
two pairs of Htpim ligands (Fig. 3b), which orient in four
different directions and each pair of them acts as “double-
bridges” chelating to another SBU, to generate an unusual 2D
network (Fig. 3c). Topologically each dimetallic SBU acts as a 4-
connected node, and four “double-bridges” serve as four
double-edged linkers (Fig. 3b). Then, this 2D network is finally
defined as a 2D double-edged (4,4) network with two distinct
lateral arms (Fig. 3c). The two distinct lateral arms have the
effective lengths of ca. 5.82 A and 10.36 A respectively (Fig.
S3a). Moreover, the large tetragonal windows exist in the
single double-edged network with maximum dimensions of
9.71 A x 9.98 A, which is formed by four dimetallic SBUs linked
by two pairs of Hbtc ligands and two pairs of Htpim ligands as
“double-bridges”. This remarkable feature of the single
network is a necessary condition for the formation of
polythreading and interdigitation. As shown in Fig. 3d, the 2D
layers are stacked together in an parallel ABAB sequence with
a interlayer distance of 10.01 A. Interestingly, each tetragonal
window of each layer is threaded by two long arms (i.e. the
pyridine groups of Htpim ligands) and interdigitated by two
short arms (i.e. the protonated carboxylate groups of Hbtc
ligands) that belong to the two nearest adjacent layers (one
above and one below) (Figs. 3d and S3b). Then a new (2D =>
3D) entangled network containing both polythreading and
interdigitation characters is obtained, originating from infinite
sidearm-containing 2D double-edged frameworks. To the best
of our knowledge, a 2D double-edged layer as a structural
motif is quite rare in entangled systems.30

Additionally, there are two kinds of hydrogen bonds in the
structure (N4—H4---04 and O6-H6---N5, Table S2), which
further stabilize the whole structure of 3.

[Co(bpndc)(pytpy)(H,0)]-0.5H,0 (4) and
[Ni(bpndc)(pytpy)(H,0)]-0.5H,0 (5). When choosing another
trigonal N-containing ligand (pytpy) to react with aromatic
dicarboxylate ligand (bpndc) and cobalt/nickel salts, two
intriguing 3-fold interpenetrated PtS-type (4,4)-connected 3D
frameworks containing meso-helices were obtained.
Compounds 4 and 5 are isostructural, so only the structure of 4
will be discussed in detail. In the asymmetric unit, there are
two kinds of Co(ll) ions lying on inversion centers, one bpndc
ligand, one pytpy ligand and half a free water molecule. As
shown in Fig. 4a, the Col center is coordinated by four
carboxylate oxygen atoms (Co-O 2.1242(15)-2.1267(16) A)
from two different bpndc ligands at the equatorial positions,
and two nitrogen atoms (Co-N 2.1959(17) and 2.1960(17) A)
from two different pytpy ligands at the axial positions, to yield

6| J. Name., 2012, 00, 1-3

(a)

ci1 Cc1o

+ b

Fig. 4 For compound 4: (a) ORTEP diagram showing the
coordination environment for Co atoms in 4. (b) Perspective
(upper) and simplified (down) views of the two different four-
connected Co atoms. (c) Perspective (left) and simplified (right)
views of a single 3D framework. (d) Perspective (left) and
schematic (right) views of the meso-helix. (e) Scheme of the
complete structure consisting of three interpenetrated nets
with the pts topology.

a slightly distorted octahedral geometry. Similarly, the Co2
center adopts a slightly distorted octahedral geometry, being
coordinated by four oxygen atoms (Co-O 2.0524(15)-2.1451(16)
A) from two bpndc ligands and two aqua ligands, and two
nitrogen atoms (Co-N 2.1603(18) A) from two pytpy ligands.
The bpndc ligand adopts (Kl)-(KZ)-uz coordination mode
bridging two Co atoms, while the keto group (03) is
uncoordinated (Table S3). Each pytpy ligand performs as a V-
shaped ditopic linker; only two pyridine groups are used to
connect two Co atoms, while the other one fails to bind to the
metal ion (Table S3). In this way, the pytpy ligands bridge the
Co(ll) ions to form a single-stranded meso-helical chain which

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 11



Page 7 of 11

RSC Advances

is extended along the crystallographic ¢ axis with a pitch of
28.638 A (Figs. 4d and S5). Furthermore, these meso-helical
chains are interlinked by the bpndc ligands to furnish a 3D
framework (Fig. 4c and Table S3).

Topologically, the Co atoms can be regarded as four-
connected nodes (Fig. 4b). So the resulting structure can be
reduced to a (4,4)-connected net with the pts topology (Fig.
4c). To date, meso-helical structures are quite uncommon in
pts net, and only one example has been reported by Yuan and
Yang.31 Moreover, in order to minimize the large voids from a
single 3D framework and stabilize the structure, three identical
frameworks interpenetrate each other, thus giving a new 3-
fold interpenetrated pts net, as depicted in Figs. 4e and S6. An
analysis of the interpenetration topology with the TOPOS
program reveals that it belongs to Class la, that is, the three
identical interpenetrated nets are generated only by
translation and the translating vector is [010] (8.06 A). Due to
such threefold interpenetration, the solvent-accessible voids
of 4 are radically reduced to be 8.1% of the crystal volume as
calculated by PLATON.*?

There are versatile hydrogen bonding interactions between
the coordination water and pyridine nitrogen atoms, the
lattice water and the carboxylate oxygen atoms, and the
coordination water and the solvent water (Table S2).

Effects of trigonal N-donor ligands

In this work, three trigonal N-containing ligands (tib, Htpim
and pytpy) play a key role in determining the structures of the
coordination polymers. In 1 and 2, three imidazole groups of
the tib ligand participate in the coordination connecting three
metal atoms to form 2D layers (Figs. S1 and S2b). In 3, two of
three pyridyl moieties of Htpim ligand link metal centers and
third pyridyl moiety dangles as a lateral arm which can thread
through a cavity from an adjacent layer (Fig. 3b). This means
that trigonal ligands may provide the lateral arms to form the
ploythreading structure, when the terminals of the ligands are
not fully employed. In 4 and 5, the pytpy ligands also perform
as V-shaped ditopic linkers; only two-thirds of the pyridine
groups are used to bridge metal centers and generate a single-
stranded meso-helical chain (Fig. S5). Another example,
reporded by Ma and co-workers,33 confirms that trigonal N-
donor ligands can be utilized to build meso-helical chains when
they serve as bidentate bridging ligands. To sum up, these
large trigonal N-donor ligands not only can generate large
voids that may result in entangled structures, but also can act
as long bidentate bridging ligands with side arms to provide
great possibilities for the formation of polythreading or
interdigitation.

X-Ray powder diffractions and thermal properties

In order to check the phase purity of compounds 1-5, the X-ray
powder diffraction (XRPD) patterns were recorded at room
temperature. As shown in Figs. S7-S11, the peak positions of
simulated and experimental patterns are in good agreement
with each other, demonstrating the phase purity of the

This journal is © The Royal Society of Chemistry 20xx

products. The differences in intensity may be due to the
preferred orientation of the crystalline powder samples.

Thermal gravimetric analyses (TG) were performed on
compounds 1-5 to investigate their thermal stabilities (Figs.
S$12-S16). The TG curve of 1 exhibits three steps of weight
losses (Fig. S12). The first weight loss is 3.0% in the
temperature range of 55 - 390 °C which corresponds to the
loss of coordinated water molecules (calcd 2.86%). The second
weight loss starts from 391 °C to 488 °C and the third weight
loss is going on and continues up to 784 °C, both
corresponding to the release of organic components. The total
weight loss of 78.6% is less than the calculated value of 82.11%
if the final product is assumed to be CoO, which indicates that
the decomposing process is not complete due to the use of
nitrogen protection. In the DSC curve of 1, the endothermic
peak at 197 °C and the exothermic peak at 445 °C correspond
to the loss of coordinated water molecules; the endothermic
peak at 465 °C and the exothermic peaks at 525 °C and 705 °C
are all related to the release of the organic ligands.

The TG curve of 2 is shown in Fig. S13, the TG curve exhibits
two steps of weight losses. The first weight loss is 8.57% from
room temperature to 348 °C, which corresponds to the loss of
the coordinated and non-coordinated water molecules (calcd
8.28%). Then the structure decomposes in the range of 349 -
670 °C to form NiO as the residue (obsd 14.03%, calcd 13.73%).
From the DSC curve of 2, we can sense that the endothermic
peak at 189 °C corresponds to the loss of lattice water and
coordinated water molecules; the exothermic peaks at 483 °C
and 684 °C are both related to the release of the organic
ligands.

The TG curve of 3 displays three steps of weight losses, as
depicted in Fig. S14. The first weight loss is 39.13% from the
room temperature to 400 °C, then the second weight loss
(25.0%) is going on and continues up to 524 °C, the last weight
loss is going up to 784 °C with a weight loss of 19.94%,
corresponding to the release of Hbtc ligands and Htpim ligands.
The total weight loss of 84.07% is slightly less than the
calculated value of 85.99% if the final product is assumed to be
CuO, which indicate that the decomposing process is not
complete due to the use of nitrogen protection. From the
corresponding DSC curve of 3, the endothermic peak at 393 °C
and exothermic peaks at 494 °C and 610 °C are all related to
the release of Hbtc ligands and Htpim ligands.

The TG curves of 4 and 5 illustrate highly similar features in
Figs. S15 and S16. Both of these two curves exhibit two-step
weight losses. For compound 4, the first step occurs from 41 °C
untill 372 °C, resulting in a 3.93% weight loss, while for
compound 5, the mechanism starts at 39 °C until 389 °C,
leading to a weight loss of 4.17%. These weight losses
correspond to the loss of the coordinated and non-
coordinated water molecules (both calcd 4.06%). The second
weight losses start from 373 °C for 4 and 391 °C for 5, both
corresponding to the release of organic components. For
compounds 4 and 5, the total weight losses of 83.90% and
74.36% are less than the calculated value of 88.74% and
88.77% if the final products are assumed to be CoO and
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NiO, respectively, which indicates that the decomposing
processes are not complete due to the use of nitrogen
protection. In their DSC curves (Figs. S15 and S16), the

504 °C, 623 °C, 693 °C for 4, the endothermic peak at 420 °C
and the exothermic peaks at 483 °C, 571 °C, 631 °C, 691 °C for
5, are all related to the decomposition of the organic ligands.

endothermic peak at 393 °C and the exothermic peaks at
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Fig. 5 Thermal variation of x,, and y\, 7 for compounds 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e). Inset: Plot of thermal variation of)(,\,,'1 for

the respective compound.

Magnetic Properties

The magnetic properties of compounds 1-5 were measured in
the temperature range of 2-300 K at a direct current field of
1.0 kOe (Fig. 5).

For 1, the x,,T value at 300 K is 3.043 cm® K mol™ (4.934 ug;
Fig. 5a), which is slightly higher than the expected value (2.813
cm®Kmol™, 4.744 ug) of one and a half isolated spin-only Co(ll)
ions (S 3/2, g 2.0). As T is lowered, xuT decreases
continuously to a value of 2.410 cm® K mol™ at 2 K, which is
attributed to the zero-field splitting (ZFS).

For 2, the T value at 300 K is 1.295 cm® K mol™ (3.219 ug;
Fig. 5b), which is higher than the expected value (1.000 cm® K
mol'l, 2.828 ug) of one isolated spin-only Ni(ll) ion (S=1, g =
2.0). As T is lowered, yuT continuously decreases and reaches
a local minimum of 1.246 cm® K mol™ at 55.9 K, and then

increases to a value 1.273 c¢cm® K mol® at 14.3 K, before
dropping quickly to 1.117 cm® K mol™ at 2 K. The magnetic
behavior of 2 is unusual and interesting, indicative of a strong
antiferromagnetic interaction admixture with a very weak
ferromagnetic interaction.*

For 3, the x,,T value at 300 K is 0.425 cm® K mol™ (1.844 ug;
Fig. 5¢), which is slightly higher than the expected value (0.375
cm? K mol'l, 1.732 ug) of one isolated spin-only Cu(ll) ion (S =
1/2, g 2.0). Upon cooling, the xuT value decreases
monotonically and tends to zero at low temperature (the yuT
value of 0.020 cm® K mol™ at 2 K), while the Xw Value increases
to a rounded maximum of 0.018 cm® K mol™ at 12.4 K and then
drops rapidly. These suggest

features a dominant

8| J. Name., 2012, 00, 1-3

antiferromagnetic coupling between the Cu(ll) ions. Because
the dinuclear copper clusters are interconnected by large Hbtc
and Htpim ligands, the overall antiferromagnetic interaction
should be attributed to the magnetic exchange coupling within
the dinuclear copper cluster.

For 4, the x,T value at 300 K is 2.948 cm® K mol™ (4.856 ug;
Fig. 5d), which is much higher than the expected value (1.875
cm?® K mol'l, 3.873 ug) of one isolated spin-only Co(ll) ion (S =
3/2, g = 2.0), which can be ascribed to the strong orbital
contribution to the magnetic moment of Co(ll) centers.®> As T
is lowered, yuT decreases continuously to a value of 1.801 cm?
K mol™ at 2 K, which is attributed to the zero-field splitting
(ZFS).

Table 2 The Curie-Weiss fitting of 1/x,, for compounds 1-5.

Compound T (K) C (t:m3 K mol'l) 9 (K)

1 2-300 2.938 -0.928
2 2-300 1.239 0.040

3 20-300 0.4312 -2.507
4 2-300 3.095 -14.407
5 2-300 1.094 2.653

For 5, the yuT value at 300 K is 1.148 cm® K mol™ (3.031 ug;
Fig. 5e), which is slightly higher than the expected value (1.000
em? K mol'l, 2.828 ug) of one isolated spin-only Ni(ll) ion (S=1,
g = 2.0). The ymT value increases gradually as the temperature
is lowed and reaches a maximum value at 9.5 K (1.249 cm? K
mol'l). Below the temperature, the yuT product decreases
sharply to 0.816 em® K mol™ at 2 K. The high temperature

This journal is © The Royal Society of Chemistry 20xx
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regime is observed for paramagnetic systems that exhibit
dominating ferromagnetic interactions while the yu T decrease
at low temperature is usually the signature of weak
antiferromagnetic interaction between Ni(ll) metal ions and/or
zero-field splitting (ZFS) effect.

Conclusions

In summary, five novel coordination polymers based on three
large trigonal N-containing ligands (tib, Htpim and pytpy) and
polycarboxylate ligands have been successfully synthesized
and characterized. These compounds show different
fascinating entangled networks. The structural diversities of
them indicate that trigonal N-donor ligands play an important
role in modulating the entangled modes of coordination
polymers. Therefore, the successful isolation of these solid
materials not only provides novel examples in the realm of
entanglement, but also confirms the introduction of suitable
trigonal N-donor ligands may provide a promising approach to
constructing new entangled structures. Further studies in this
respect are underway in this laboratory.
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Graphical Abstract
Syntheses, structures and properties of five entangled coordination
polymers constructed with trigonal N-donor ligands
Yu Chen, Juan Yang, Xi-Chi Wang, Yu-Ci Xu, Hui-Ling Xu, Xiao-Shan Zeng

and Dong-Rong Xiao*
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Five new entangled coordination polymers have been synthesized by mixing large
trigonal N-donor ligands with aromatic polycarboxylate ligands and transition metal
salts, which present different entangled networks with self-penetrating, polythreading,

interdigitation and interpenetration features.



