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Syntheses, Structures and Properties of Metal-Organic Frameworks
Based on Imidazolyl-Aromatic Multi-Carboxylate Acid Ligands
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Abstract: Three metal-organic frameworks, namely [PrL(HL)(H,0),]- H,O (1), Er(HysL), (2), and [CoL(H,0),]- H,O
(3) (H,L =5-(1H-imidazol-1-yl)isophthalic acid), have been synthesized under hydrothermal condition. Single
crystal X-ray diffraction indicates that all the three complexes belong to the monoclinic space group P2//c. The
Pr** jons in 1 are nine-coordinated, while the Er’** ions in 2 and Co** ions in 3 are both six-coordinated. In the
lanthanide complex 1 and 2, the nitrogen atom does not coordinate with any metal ions. Complex 1 shows a 2D
folding framework, while complex 2 exhibits a 3D network. In the transition metal complex 3, the nitrogen atom
coordinates with Co**, which helps to form a flat 2D framework. Complex 1 and 3 are further packed into 3D

framework by the intermolecular 77-7r interactions. All the three complexes display good thermal stability. CCDC:
1005562, 1; 1005563, 2; 1005564, 3.
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0 Introduction such as gas storage, ion exchange, separation, catalysis
and so on'". However, it is still a challenge to predict

In recent years, metal organic frameworks (MOFs) and control the final architectures of the desired
have been widely synthesized not only for gorgeous crystalline products due to the structural uncertainty
structures, but also for lots of their potential uses, and diversity, since the network formation is sensitive
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to many factors such as organic ligands, metal ions,
metal-to-ligand ratio, template, solvents, pH value,
method  of

reaction  temperature, and  the

crystallization, etc™9.

Among them, organic ligands and metal ions are
the two major aspects that should be considered in the
construction of MOFs. As it is known, multicarbo-
xylate ligands, such as 1,4-benzenedicarboxylate, 1,3,
5-benzenetribenzoate, 3,3',5,5'-biphenyl tetracarbo-
xylate, 1,1’-ethynebenzene-3,3’,5,5'-tetracarboxylate,
1,1’ -butadiynebenzene-3,3",5,5' -tetracarboxylate, have
been widely used to build MOFs with multi-dimen-
sional architectures and interesting properties because
of their rich and reliable coordination modes™. More-
over, ligands with nitrogen donors, such as 3,5-diethyl
-1,2,4-triazole, 1,4-bis(1-imidazolyl)benzene, 1,4-di(1H
-imidazol-4-yl)benzene, have also shown great ability
in the assembly of MOFs with novel structures and
natures”. Taking account the facts above, we designed
and synthesized a planar-shaped ligand containing
both O and N donors, named 5-(1H-imidazol-1-yl)
(H.L)  (Scheme 1), and further
synthesized with different lanthanide and transition
metal ions to give complexes [PrL(HL)(H,0),]-H,0 (1),
Er (HysL), (2) and [CoL (H)O),] +H,O (3) with diverse

structures. Herein we present the solvothermal synth-

isophthalic acid

esis, crystal structures, and luminescent properties of

these three novel coordination polymers.

HOOC
/\N
N
=
HOOC
Scheme 1 Molecular structure of ligand H,L

1 Experimental

1.1 Materials and measurements

All commercially available chemicals were of
analytical grade and used as received without further
purification. Elemental analyses (C, H and N) were
carried out on a Perkin-Elmer 240 analyzer. The
FTIR spectra were obtained on a VECTORTM 22

spectrometer with KBr pellet in the 400~4 000 cm™
region. 'H NMR spectra were recorded on a Bruker
DRX-500 spectrometer at room temperature with
tetramethylsilane as an internal reference. TGA-DTA
diagrams were recorded by a CA Instruments DTA-
TGA 2960 type simultaneous analyzer heating from
293 to 973 K in nitrogen atmosphere at a rate of 20
K-min™. Powder X-ray diffraction (PXRD) data were
recorded on a Shimadzu XRD-6000 X-ray diffracto-
meter with Cu Ka (A=0.154 18 nm) radiation at room

temperature with a scan speed of 5°+min™

size of 0.02° in 26.
1.2 Synthesis
1.2.1 Synthesis of the ligand H,L

The synthesis of H,L. was performed according to
the literature™. A mixture of K,CO;(6.00 g 0.043
(4.30 g. 0.015 mol),
imidazole (5.20 g, 0.076 mol) and CuSO,-5H,0 (0.010
g, 40 pwmol) were blended sufficiently. The powdered

and a step

mol), S-iodoisophthalic acid

reactant mixture was transferred into 20 mL Teflon-
lined autoclave, which was sealed and heated at 200
°C for 10 h. After cooling down, the reaction mixture
was dissolved in water and filtered off. The pH value
of filtrate was adjusted with dilute hydrochloric acid
to 2.0 ~3.0. The white precipitate was filtered and
washed by water then by ethanol. The production was
evaporated to dryness in vacuum. (Yield: 65%, based
on 5-iodoisophthalic acid). '"H NMR [(CD;),SO] &: 8.45
(s, 1H), 8.40 (s, 1H), 8.32 (s, 2H), 7.93 (s, 1H), 7.15
(s, TH); IR (KBr pellet, cm™): 3 430 (w), 3 112 (s), 2 502
(w), 1 944 (w), 1 701 (s), 1 592 (m), 1 391 (m), 1 233
(s), 1 064 (m), 855 (m), 761 (m), 693 (m). MS: m/z
231.42 (Caled. 231.13).
1.2.2  Synthesis of complex [PrL(HL)(H,0),]-H,O (1)
A mixture of Pr(NO;);-6H,0 (29.1 mg, 0.1 mmol),
H,L (4 mg, 0.017 2 mmol) and H,0 (6 mL) was under
ultrasound for 5 minutes and then put in a 10 mL
Teflon-lined stainless steel container, which was
sealed and heated at 160 °C for 72 h. After cooling to
room temperature, light brown crystals were collected
(Yield: 17.7% based on H,L). Anal. Caled. for
CxHN,OPr (%): C, 40.22; H, 2.89; N, 8.54. Found
(%): C, 40.23; H, 2.90; N, 8.52. IR (KBr pellet, cm™):
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3 404 (w), 3 150 (w), 3 118 (m), 1 625 (m), 1 552 (s),
1 457 (m), 1 387 (s), 1 249 (s), 1 058 (m), 875 (m),
783 (m), 666 (m).
1.2.3  Synthesis of complex Er(HysL), (2)

A mixture of Er(NOs);+6H,0 (29.1 mg, 0.1 mmol),
H,I. (18 mg, 0.077 6 mmol) and H,0 (6 mL) was
under ultrasound for 5 min and then put in a 10 mL
Teflon-lined stainless steel container, which was
sealed and heated at 200 °C for 12 h. After cooling to
room temperature, brown crystals were collected (Yield:
41.0% based on H,L). Anal. Caled. for C»H;3N,OgEr
(%): C, 42.01; H, 2.07; N, 8.90. Found (%): C, 42.22;
H, 2.09; N, 8.87. IR (KBr pellet, cm™): 3 432 (w),
3 164 (m), 3 107 (m), 1 625 (s), 1 548 (s), 1 452 (m),
1 424 (s), 1 367 (m), 1 267 (m), 1 070 (m), 901 (m),
876 (m), 778 (m), 632 (m).
1.2.4 Synthesis of complex [Col.(H,0),]-H,O (3)

A mixture of Co(NO;),-6H,0 (29.1 mg, 0.1 mmol),
H,L (7 mg, 0.030 2 mmol) and H,0O (6 mL) was under

ultrasound for 5 minutes and then put in a 10 mL

Teflon-lined stainless steel container, which was
sealed and heated at 200 “C for 12 h. After cooling to
room temperature, red block crystals were collected
(Yield: 42.4% based on H,L). Anal. Caled. for
CiHuNO:Co (%): C, 38.47; H, 3.50; N, 8.16. Found
(%): C, 38.45; H, 3.49; N, 8.15. IR (KBr pellet, cm™):
3460 (w), 3 146 (s), 3 101 (w), 1 631 (s), 1 581 (s), 1 429
(m), 1 384 (s), 1 261 (m), 1 165 (m), 1 075 (m), 940
(m), 835 (m), 728 (m), 648 (m).
1.3 Single crystal X-ray crystallography

Single crystal X-ray diffraction data were collected
on a Bruker Smart Apex II CCD diffractiometer using
graphite monochromated Mo Ka radiation (A=0.071 073
nm). Data reductions and absorption corrections were
performed with the SAINT and SADABS software
packages!"!!, respectively. Structures were solved by a
direct method using the SHELXT.-97 software package!"”.
The non-hydrogen atoms were anisotropically refined
using the full-matrix least-squares method on F2 All

hydrogen atoms were put at the calculated positions

Table 1 Crystal data and structure refinements for complexes 1, 2 and 3

Complex 1 2 3
Empirical formula CyHoN,O P CpH ;N OgEr CHpNO,Co
Formula weight 644.31 628.62 343.16
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2//c P2\/c P2/c

a/ nm 1.480 4(2) 0.478 78(5) 1.054 0(9)
b/ nm 0.796 58(12) 1.443 19(15) 1.658 6(14)
¢/ nm 2.002 4(3) 1.412 65(15) 0.724 6(6)
B 101.441(2) 90.824 0(10) 96.102(15)
T/K 296(2) 296(2) 291(2)

V/ nm? 2.314 4(6) 0.976 00(18) 1.259 5(18)
A 4 2 4

D./ (g-cm™) 1.849 2.136 1.810

m/ mm™ 2.177 4.365 1.401
F(000) 1 280 676 700.0

0 range for data collection / (°) 1.40~27.49 2.82~27.41 2.45~30.06
Reflns collected 19 762 6 898 11 680
Unique reflns 5220 2 191 3 026

Ry 0.077 7 0.057 0 0.099 1
GOF 1.094 1.092 1.032

R | wRy" (I>20(I))
R/ wR, (all data)

0.082 8/0.229 7
0.1025/02550

0.086 7/0.236 7
0.092 7/0.250 9

0.040 3/0.076 4
0.054 0/0.078 3

R=ZNF SV ZIE); wRo={ Z [w(F = F2P) X w2
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and refined riding on the parent atoms. Crystal data
and structure refinement information for the three
complexes are listed in Table 1. The main bond

lengths and angles are summarized in Table S1.

CCDC: 1005562, 1; 1005563, 2; 1005564, 3.
2 Results and discussion

2.1 Crystal structures
The purities of 1~3 are confirmed by powder X-
(PXRD) measurements. The PXRD

patterns of the as-synthesized products are in good

ray diffraction

agreement with the simulated ones, indicating that
they are in high phase purity (Fig.S1). Single crystal
X-ray diffraction indicates that complex 1 belongs to
the monoclinic space group P2//c, with its asymmetric
unit consisting of one Pr** ion, two deprotonated ligands
(the carboxylate 1>~ and the N4-protonated carboxylate
HL-, vide infra), two coordinated H,0 and one guest
H,0. As show in Fig.1a, the Pr’

to form a distorted tricapped trigonal prism coordination

* jon is nine-coordinated

geometry (Fig.4a), in which seven oxygen atoms (01,
02, 04, 05, 06, O7 and O11) come from the ligands,
(09 and 010) from two H,O

molecules. Among the seven oxygen atoms from the

two oxygen atoms

two ligands, six are from three bidentately chelated

coordinating carboxyl groups, and one from a
monodentately carboxyl group (Fig.4a). The Pr-O bond
lengths vary from 0.247 4(7) to 0.261 1(7) nm, which
are within the range of previously published lanthanide
complexes with carboxylic acids as bridging ligands™.
It should be noted that the two ligands in the asym-
metric unit are different, one should be deprotonated
as the carboxylate ligand [~ and the other as HIL-
since Pr'* ion has positive charge of three. That is to
say, the deprotonated ligand HL~ has one more
hydrogen atom. Considering the bond lengths of C18-
N5 and C24-N5 are different as 0.129 51(119) and
0.138 89(148) n
N4 and C3-N4 are almost the same,
0.133 45(145) and 0.134 42(146) nm, respectively,
the additive H in HL~ should be added on N4 of the

imidazole group. Moreover, from Fig.1b, it can be

m, respectively, while those of C15-

which are

seen that every Pr’* ion connects four ligands and every

ligand links two Pr** ions, generating a 2D folded sheet
framework. There are O—H---O hydrogen bonds within
(O9-H8W --- 06), which are detailed
(Fig.S2 and Table S2).

Besides the hydrogen bond interactions, 77-7 interac-

the frameworks

in the supporting materials

tions also exit between different layers with distances

of 0.372 8 and 0.398 0 nm, respectively (Fig.S3),

7 T
A s
O m:

Fig.1 (a) Asymmetric unit of 1 with thermal ellipsoids at

50% probability level (Symmetry codes: a: x, 1.5—
¥y, =0.5+4z; b: 2—x,-0.5+y, 1.5+z); (b) Packing
structure of 1 along the ¢ axis; (c) Topology of
complex 1 (green represents the 4-connected node
of Pr’* ion and gray represents the 2-connected

node of organic ligand)
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leading the 2D folded sheet to a 3D framework. From
the view point of topology, 1 can be described as a
(4,2)-connected network with Schlfli symbol of (4.6
since each Pr’* ion can be served as a 4-connected
node and every ligand can be considered as a 2-
connected node, which is shown in Fig.1c.

Complex 2 also belongs to the monoclinic space
group P2/c, and its asymmetric unit consists of half
Er* and one N-protonated carboxylate ligand (Hysl.'™).
It should be noted that the occupancy probability of
H3 added to N3 is set 0.5 for charge balance, thus
the N-protonated carboxylate ligand in 2 is termed as
HoysL"*". In complex 2, six oxygen atoms (01, 02, 04,
O1A, O2A and O4A) from the ligand coordinate to
Er'*  (Fig.2a), displaying a distorted octahedron (Fig.
4b). Unlike those in complex 1, the ligand in 2 uses
its three oxygen atoms of the two carboxyl groups to
coordinate with three Er’* ions in the monodentately
and bidentately bridging modes (Fig.4b), and each
Er** ion connects six ligands, leading to a 3D structure
with little void space because the imidazole part of
the ligand does not participate in the coordination and
it fills the channel formed along the a axis, which can
be seen clearly from its packing structure presented in
Fig.2b. As described above, Er** ion can be served as
a 6-connected node and the ligand can be considered
as a 3-connected node. Therefore, 2 can be topologically
interpreted as a  (6,3)-connected net based on the
assembly of two different kinds of nodes. Its Schlfli
symbol is (4.6%),(42.6".8% (Fig.2c).

Complex 3 belongs to the monoclinic space group
P2//c. Tts asymmetric unit consists of one Co* ion, one
deprotonated ligand (L*°), two coordinated water and
an uncoordinated water. As illustrated in Fig.3a, Co**
in 3 has a distorted octahedral coordination geometry:
three oxygen atoms (01, 02, 03) and one nitrogen atom
(N2) from ligand, the other two oxygen atoms (O1W,
02W) from two coordinated water (Fig.4c). Among
them, the three coordinated oxygen atoms from two
carboxyl groups of the ligand adopt monodentately and
bidentately chelated coordinating mode, respectively
(Fig.4c). The distance of Co-N bond is 0.204 8(2) nm,
and that of Co-O ranges from 0.203 2(2) to 0.230 6(2)

Fig.2

(a) Asymmetric unit of 2 with thermal ellipsoids at
50% probability level (the occupancy probability
of H3 added to N3 is 0.5); (b) Packing structure of
2 along the a axis; (c) Topology of complex 2
(purple represents the 6-connected node of Er**
ion and gray represents the 3-connected node of

organic ligand)
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nm. Complex 3 is a 2D network structure due to the
planar ligand coordinating with Co** ion along three
different directions, leading to -A-B-A-B- packing
layers along the ¢ axis (Fig.3b). Multiple 77-77 interac-
tions can be found between the adjacent layers, with
distances of 0.365 8 nm (between benzene rings) and
0.373 5 nm
(Fig.S4), generating a 3D framework. Topologically,

(between imidazole rings), respectively

04w

/’03
Cil / o
- 3

04

Fig.3 (a) Asymmetric unit of 3 with thermal ellipsoids at

50% probability level; (b) Packing structure of 3
along the ¢ axis; (c) Topology of complex 3 (cyan
represents the 3-connected node of Co* ion and
gray represents the 3-connected node of organic

ligand)

the framework can be interpreted as a 2D (3, 3)-conn-
ected net since every ligand coordinates with three
Co?* ions and each Co®** ion connects three different
ligands. Its Schlifli symbol is (3°.4%.5% (Fig.3c).
2.2 Comparison of the structures

Three coordination complexes of Pr(ll), Ex(l) and
Co(Il) were successfully obtained by the reactions of
the rigid ligand H,L. with the corresponding metal
salts under the same conditions. The results show that
the ligand adopts three different coordination modes
in 1,2 and 3 (Fig.4). Usually, both O and N donors
can coordinate with metal ions. However, since the
Ln* ions prefer O- to N-donors, the ligand coordinates
with Ln** jons in lanthanide complexes 1 and 2
through its two carboxyl groups, leaving the imidazole
group free of coordination. Some N atoms of the
imidazole group in these ligands are protonated. The
carboxyl groups adopt monodentately and bidentately
chelating modes in 1 (two ligands adopt different
coordination modes), and monodentately and bidentately
bridging modes in 2, respectively. While in the
transition metal complex 3, besides the oxygen atoms
of the carboxyl groups adopting monodentately and
bidentately chelating mode, the nitrogen atom of the
imidazole group also coordinates with Co* ions, resulting
in a flat 2D network. Moreover, when lanthanide ions
coordinate with ligands, usually, the bond direction is
not determined, so the space resistance may become
the major factor in determining the coordination
modes!"!. The radius of Pr’* ion is relatively 15% longer
than that of Er**, which makes more space for oxygen
atoms to coordinate with Pr’* ion. This little difference
generates two quite different structures, one is a 2D
framework consisting of nine-coordinated Pr®* ions,
while the other is a 3D network with six-coordinated
Er’* ions. As mentioned above, when the imidazole
group joins in coordination, the ligand L* turns into a
rigid  plane with three different coordinating
directions, which tends to form a 2D framework.
2.3 Thermal analysis
(TGA) were carried

out for complexes 1, 2 and 3 to determine their

Thermogravimetric analyses

thermal stability. As shown in Fig.5, complex 1 exhibits
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Fig.4 Coordination environment of the metal ions and the coordination modes of ligand in complexes 1 (a), 2 (b) and 3 (c)

a weight loss of 5.45% before 191 °C, corresponding
(Caled. 5.49%)

in the structure. Then it slowly liberates its remaining

to the release of two water molecules

coordinated water until 387 °C with a weight loss of
2.70% (Caled. 2.74%). After that, it starts to decompose.
For complex 2, as mentioned above, the channel of
the 3D structure is filled with the imidazole part, so

there is no obvious weight loss before the whole

1104
1004
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80
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60
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50
40
30

100 200 300 400 500 600 700
Temperature / ‘C

Fig.5 TG of complex 1, 2 and 3

structure collapses. Its framework can be stably
sustained before 520 °C. As for complex 3, there are
three successive and comparative weight loss process
before 160 °C . Its total weight loss of 15.03% is
attributed to the liberation of one guest and two
(Caled. 15.23%). It will
be collapsed when the temperature is higher than 390

coordinated water molecules

°C. From the decomposition temperature shown above,
the three complexes exhibit good thermal stability.
This is maybe due to their rigid framework and the

multiple 77-7 interactions between the aromatic rings.
3 Conclusions

Two lanthanide (Pr**, Er**) and one transition
metal (Co®*) coordination polymers based on the conj-
ugated carboxylate-imidazole ligand L were success-
fully synthesized under similar hydrothermal condi-
tions. The different nature of the metal ions makes the

ligand adopts three different coordination modes,
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resulting in three quite different structures. Compound
2 has a 3D structure, while compound 1 and 3 has a
2D layered structure, and this 2D structure is extended
to 3D structure by the intermolecular -7 interactions
between adjacent layers. All the complexes show good

thermal stability.
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