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Abstract—One three-dimensional Sr(I1) coordination polymer [Cq(MIm),][Sr3(1,4-NDC),] (I) (C¢(MIm), =
1,3-bis(3-methylimidazolium-1-yl)hexyl, 1,4-H,NDC = 1,4-naphthalenedicarboxylate acid) has been synthe-
sized using an ionothermal method and structurally characterized by IR spectroscopy, UV-Vis spectroscopy,
XRPD, and X-ray single-crystal structure analysis (CIF file CCDC 1033958). Two types of strontium centers
are bridged by two coordination modes of 1,4-H,NDC ligands to form a Sr(II) chain. Each Sr(II) chain is cross-

connected to four other chains to generate a 3D coordination polymer, in which CG(MIm)gJr cations as charge
balancing species are filled in the channels of the anionic framework. The polymeric solid of I exhibits strong

luminescent emission at room temperature.
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INTRODUCTION

The field of coordination polymers (CPs) has been
growing tremendously over recent years because of
their various intriguing architectures and excellent
properties as well as potential applications in many
fields, such as adsorption, separation, purification and
catalysis [1—4]. One of the remarkable synthesis
methods of CPs developing recently is ionothermal
synthesis [5]. With the unusual properties such as good
thermal and chemical stability, extended hydrogen
bonding and template providers, ionic liquids (ILs)
can act as “supersolvents” to provide excellent reac-
tion environment that can make specific changes in
the self-assembly process at the molecular level and
give rise to generating solid materials with fantastic
structural motifs and outstanding properties [6—8].
Although quite a lot of examples of ILs participating in
the synthesis of CPs have been reported, most of them
are on monocationic ionic liquids (MILs) such as
imidazole-containing MILs [9—13]. In contrast to
MILs with monovalent cations, geminal dicationic
ionic liquids (DILs), possessing higher densities and
viscosities, greater thermal stabilities and wider liquid
ranges, could afford a peculiar environment for the
synthesis reaction. Especially, the higher electric

! The article is published in the original.

charge density could make them the better structure-
director to get unprecedented structures. In 2014, we
have explored the ionothermal synthesis of Ni(Ac),—
1,4-H,NDC system using four geminal 1,3-bis(3-
methylimidazolium-1-yl)alkyl bromide DILs as sol-
vents for the first time [14]. Herein, as a part of our
continuing investigations on the alkaline earth-
organic frameworks [9], we report ionothermal syn-
thesis and structural characterization of an interesting
3D coordination polymer [Cq(MIm),][Sr;(1,4-
NDC),] (I) displaying strong fluorescent emission
using 1,3-bis(3-methylimidazolium-1-yl)hexyl bro-
mide as solvent.

EXPERIMENTAL

Materials and methods. All chemicals employed in
this study were analytically pure, from commercial
sources and used without further purification. Ionic
liquid C4(MIm),Br,, 1,3-bis(3-methylimidazolium-
1-yl)hexyl bromide, was prepared according to the lit-
erature method [15, 16]. Elemental analyses (C, H,
and N) were performed on a Perkin-Elmer 240C ana-
Iytical instrument. IR (KBr pellets) spectra were
recorded using a Nicolet 170 SXFT-IR spectropho-
tometer in the 400—4000 cm™! range. The UV-Vis
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Table 1. Crystallographic data and structure refinement information for I

Parameter Value
Diffractometer Bruker Smart APEX II CCD
Temperature, K 296(2)
Crystal system Monoclinic
Space group P2,/n
a, A 12.8639(8)
b, A 13.9067(8)
¢, A 16.0119(10)
B, deg 99.757 (1)
v, A3 2823.0 (3)
Z 2
Pcaled> 8 Cm73 1.609
u, mm~! 2.901
F(000) 1380
6 Range for data collection, deg 1.88—25.00
Scan mode ®
Number of unique reflections (N;) 4972 (R, = 0.0594)
Number of reflections with 7> 26(1) (N,) 2894
Number of parameters refined 385
GOOF (F?) 1.042
R, for N, 0.0699
WR, for N, 0.1850
AP 1/ AP mins € A3 1.422/—0.887

spectra were obtained on a Shimazu UV-250 spec-
trometer in the range of 800—190 nm in the solid state.
X-ray powder diffraction patterns (XRPD) were
recorded on a D/max-y A rotating anode X-ray dif-
fractometer with Cu sealed tube (A = 1.54178 A). The
luminescent spectra were performed on a Hitachi F-
7000 fluorescence spectrophotometer.

Synthesis of complex I was carried out by ionother-
mal method. A mixture of Sr(NO), (0.284 g,
1.0 mmol), 1,4-H,NDC (0.216 g, 1.0 mmol) and
NaOH (0.080 g, 2.0 mmol) in C¢(MIm),Br, (1.0 g)
was sealed into a 25 mL Teflon lined stainless-steel
container and heated at 180°C for 120 h. Then the
autoclave was cooled to room temperature and the red

crystals were isolated and washed with ethanol. The
total yield was 54% based on 1,4-H,NDC.

For C62H48N4016SI‘3 (M: 136790)
Anal. calcd., % C, 54.44 H, 3.54
Found, % C, 54.67 H, 3.42

N, 4.09
N, 3.95

IR (KBr; v, cm™!): 3341 m, 1649 m, 1553 s,
1462 m, 1419 s, 1371 s, 1262 m, 1211 w, 1168 w, 883 w,
842 m, 824w, 797 m, 619 m, 586 m, 454 w, 434 w.
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X-ray crystallography. A suitable crystal of size 0.34
x 0.21 x 0.18 mm was chosen for the crystallographic
study and mounted on a Bruker Smart APEX II CCD
diffractometer. All diffraction measurements were
performed at room temperature using graphite-mono-
chromatized MoK, radiation (A = 0.71073 A). The
structure was solved by direct methods and refined on
F? by using full-matrix least-squares methods with the
SHELXL-97 program [17, 18]. Space group, lattice
parameters and other relevant information are listed in
Table 1 and selected bond lengths and angles are given
in Table 2.

Supplementary material for structure I has been
deposited with the Cambridge Crystallographic Data
Centre (no. 1033958; www.ccdc.cam.ac.uk/data_re-
quest/cif).

RESULTS AND DISCUSSION

The IR spectrum of polymer I exhibits the charac-
teristic bands of the carboxy group coordinating to the
metallic ion. The strong absorption band at 1553 cm™!
shows the characteristic stretching frequency of
v,(CO,), and the bands at 1419 and 1371 cm™! are

No.7 2018
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Table 2. Selected bond lengths (A) and bond angles (deg) of I*

Bond d,A Bond d, A
Sr(1)—0(1) 2.490(5) Sr(1)—0(5) 2.575(6)
Sr(1)—0(4F) 2.499(5) Sr(2)—O@FH) 2.412(7)
Sr(2)—O(5B) 2.748(5) Sr(2)—0(2) 2.483(6)
Sr(2)—0O(6B) 2.447(8) Sr(2)—0(7D) 2.617(8)
Sr(2)—0(8C) 2.577(8) Sr(2)—0(8D) 2.677(8)

Angle , deg Angle , deg
O(1)Sr(1)O4F) 91.5(2) Oo(H)Sr(1)O4G) 88.5(2)
Ol G)Sr(1)0(5) 94.0(2) O(1)Sr(1)O(5) 92.7(2)
O(1)Sr(1)O(5B) 87.3(2) 0(2)Sr(2)O(5B) 86.7(2)
O4F)Sr(1)0(5) 86.0(2) 0(2)Sr(2)0(8C) 154.1(3)
0(2)Sr(2)O(8D) 92.1(2) 0(2)Sr(2)O(7D) 78.2(2)
OB FHSr(2)0O(5B) 84.0(2) O F)Sr(2)0(6B) 120.6(3)
OB FHSr(2)0(2) 80.8(2) O3FH)Sr(2)0(8C) 89.6(3)
OB FHSr(2)0(8D) 128.3(2) O(3F)Sr(2)O(7D) 158.5(3)
O(6B)Sr(2)O(5B) 49.9(2) O(6B)Sr(2)O(7D) 75.5(3)
0O(6B)Sr(2)0(2) 123.1(3) O(6B)Sr(2)O(8D) 106.1(3)
O(7D)Sr(2)O(5B) 99.1(2) O(6B)Sr(2)0(8C) 82.5(3)
O(BO)Sr(2)O(5B) 116.3(2) O(8D)Sr(2)O(5B) 147.1(2)
O(7D)Sr(2)O(8D) 48.7(2) O(BC)Sr(2)O(8D) 75.1(2)
O(8O)Sr(2)0(7D) 107.6(3)

* Symmetry codes: (B)2—x,1—y,—z,(C) 0.5+ x,05—y,—05+z,(D)25—x,05+y,05—z(FH25—x,—05+y, 05—z

(G) —0.5+x, 1.5—y, —0.5+z.

assigned as the v, (CO,) stretching frequency [9, 19].
The separation value of 134 cm™! indicates that the
carboxyl groups of 1,4-H,NDC have joined in differ-
ent coordination modes, which agrees well with the
date of the other relevant compounds [9, 20, 21].
These results were finally confirmed by X-ray crystal-
lography.

The structure analysis by X-ray single crystal dif-
fraction reveals that I exhibits a new crystalline 3D
coordination polymer constructed through the coor-
dination of deprotonated 1,4-NDC?" ligands and
strontium(II) metal ions with [C4(MIm),]?* cations as
templates.

There are two crystallographically independent
strontium(II) metal ions and each has a different coor-
dination environment (Fig. 1). Sr(1) atom (in inver-
sion center) is bound to six oxygen atoms O(1), O(1B),
O(4F), O(4G), O(5) and O(5B) from six 1,4-NDC?~
ligands to attain a distorted octahedral geometry. The
Sr(1)—O distances are in the range of 2.490(5)—
2.575(6) A. The seven-coordinated Sr(2) ion adopts a
capped trigonal prismatic coordination mode, which
bonds to two oxygen atoms (O(2), O(3F)) of two |,-
n'm! groups and five oxygen atoms (O(5B8), O(6B),
O(7D), O(8C) and O(8D)) of three 1,-n*mn' groups.
O(7D) occupies the capped position with the Sr—O
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distance of 2.617(8) A. The rest of Sr(2)—O distances
are in the range of 2.412(7)—2.748(5) A.

In the asymmetric unit of I, two deprotonated 1,4-
NDC?" ligands present two bridging modes, [14-(1,-n":
nH)-(-n'm') (NDC-1) and py-(1,-n*MY)-(Lp-n*m')
(NDC-2), respectively (Fig. 2). The linkages of Sr(1)
and Sr(2) are two W,-n'm! carboxyl groups of two
NDC-1 and one W,-n*n! group of NDC-2, while the
linkages of adjacent two Sr(2) are a pair of [,-n%n'
groups of two NDC-2 (Fig. 3). The Sr---Sr distance is
4.36 A for Sr(1)-Sr(2) and 4.17 A for Sr(2)-Sr(2),
respectively. Therefore, adjacent Sr atoms are linked by
the above bridging coordination interactions to generate
a [Sr(1)--Sr(2)-Sr(2)], chain running parallel to the x
axis with Sr(1)---Sr(2)---Sr(2) angle of 172°. Each chain
links to the neighboring four chains through NDC-1
and NDC-2 giving rise to a 3D anionic framework
structure, in which there are two types of C—H--*m inter-
actions between two benzene rings of NDC-1 and
NDC-2 with the C—H-~7 separations of 3.29, 3.03 A
and the C—H---w angles of 118.8°, 129.7°, respectively
(Fig. 4). [C4(M1Im),]?* cations acting as extra charge
balancing species occupy the channels of the anionic
framework and have a great influence on structure in
the solid state (Fig. 5). It is interesting to note that there
are obvious face-to-face m—m interactions and C—H--wt

No.7 2018



428

0(8)

O(1B)

ZHU et al.

O3 c©)
C(7) e

{C6)
j C(5)

C3) CH
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Fig. 1. A perspective view of I with the atom numbering scheme. All the H atoms are omitted for clarity. Symmetry codes: (B) 2 —
X 1=y,—z(C)0.5+x,05—y,-05+7(D)2.5—x,05+y,05—7(FH25—x,—05+»,05—2(G)—05+x,1.5—y,—0.5+z.

interactions involving benzene rings of NDC-1 and
imidazole rings of [C¢(MIm),]>". The T—m interactions
are characterized by the centroid-centroid separation of
3.70 A, the shortest interplanar atom—atom separation
of 3.54 A, and the dihedral angel of 12.0°, respectively.
The C--1 separation is 3.86 A and the C—H--m angle is
73.5°. In addition, multiple hydrogen bonds can be

Sr(1)

Sr(2)
Sr(2)

Sr(2)

[

Sr(2) Sr(2) Sr(1)

NDC-1 (s-(lo-n'mD-(ua-n'm")  NDC-2 (us-(1o-n*m")-(na-nZn'))

Fig. 2. Crystallographically established coordination
modes of 1,4-NDC? in L.
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found in three-dimensional framework (Table 3).
Apparently, the cooperativity of multiple interactions
throughout the crystal plays an important role in stabi-
lizing the solid structure.

To confirm the phase purity and to examine the
crystallinity of bulk samples, XRPD measurement was
performed for polymer I. The peak positions of simu-
lated and experimental patterns are in good agreement
with each other, demonstrating the phase purity of the
products. The dissimilarities in intensity may be due to
the variation in preferred orientation of the crystalline
powder samples during collection of the experimental
XRPD.

The UV-Vis absorption spectrum of polymer I in
solid state has been measured in range of 190—700 nm
at room temperature. As shown in Fig. 6a, the absorp-
tion edge of polymer I is around 700 nm. The obvious
absorption peak at about 304 nm and a shoulder peak
at 246 nm are observed, which are assigned to ligand-
centered T—nt* charge transition from 1,4-H,NDC.

The band gap (E,) is a major factor determining the
electrical conductivity of a solid and generally refers to
the energy difference between the highest valence
band and the lowest conduction band. To research the
conductivity potential of polymer I, the E, value is
obtained as the intersection point between the energy
axis and the line extrapolated from the linear portion
of the absorption edge in a plot of Kubelka—Munk
function Fagainst energy E, in which F= (1 — R)?/2R

No.7 2018
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Fig. 4. The 3D structure of I and the C—H--'&t interactions between two types of 1,4—NDC2_.

and R is the reflectance of an infinitely thick layer at a
given wavelength. The F versus F plots is shown in
Fig. 6b. The E, value of polymer I can be assessed at
3.38 eV, which is very similar to that of zinc oxide
(3.37 eV) at 300 K.

A strategy of the introduction of 1,4-naphtha-
lenedicarboxylic acid as a photochemically active
compound into coordination polymers is anticipated
to obtain functional hybrid materials with excellent
optical properties [22, 23]. Luminescent properties of
polymer I have been investigated in the solid state at
room temperature. As expected, the emission spec-
trum of I shows a strong emission band at 388 nm
when excited at 345 nm, which is similar to that of
(EMIm),[Sr,,(1,4-NDC),Br,] at 377 nm (Fig. 7) [9].
The emission of I may be assigned to cooperativity of
aromatic components n—n* charge transition and
oxygen to Sr(II) charge transfer transitions.

Thus, a new coordination polymer [Cy(MIm),]-
[Sr;3(1,4-NDC),] (I) based on 1,4-naphthalenedicar-
boxylic acid has been ionothermally synthesized with
an imidazolium-based geminal dicationic ionic liquid

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
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Fig. 5. The 3D framework of I containing [C6(MIm)2]2Jr
cations (Sr, cyanic polyhedra). The hydrogen atoms have
been omitted for clarity.
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Table 3. Geometric parameters of hydrogen bonds for I

ZHU et al.

Distance, A

D—H--A Angle DHA, Symmetry codes of atom A
D—H H+A DA deg
C(4)—H(4A4)--0(7) 0.93 2.59 3.502(11) 166 5/2—x,1/2+y,1/2—z
C(8)—H(8A4)-0O(3) 0.93 2.30 2.868(10) 119
C(11)—H(11A4)--0(1) 0.93 2.44 2.989(9) 118
C(17)—H(17A4)---O(7) 0.93 2.41 2.736(14) 100
C(20)—H(20A4)--0O(8) 0.93 2.32 2.944(17) 124
C(25)—H(25A4)---0(3) 0.96 2.60 3.387(13) 140 5/2—x,—1/2+y,1/2—2z
C(26)—H(264)--0(4) 0.93 2.33 3.190(10) 154 5/2—x,—1/2+y,1/2—z2
C(27)—H(27A4)--0(6) 0.93 2.53 3.339(14) 145 1/2+x,1/2—y,—1/2+z
C(28)—H(28A4)---O(2) 0.93 2.52 3.416(12) 162 —1/2+x,12—y,—1/2+¢
(a) (b)
0.9 2.5
) 2.0
5060 g
8“ ‘g 1.5
= 2
g 0 =10
2 >
0.5
1 1 1 1 1 J O
200 300 400 500 600 700 .

Wavelength, nm

Fig. 6. The UV-Vis absorption spectrum of I in the solid state (a); diffuse reflectance UV-Vis spectrum of K—M function

versus E (b).
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C¢(MIm),Br, as solvent. The structure of I has been
established by single-crystal X-ray diffraction analysis
and exhibits a crystalline three-dimensional polymer
constructed by the connection of Sr(I1I) and two bridg-
ing types of deprotonated 1,4-NDC?" ligands, [4-(l,-
n'mH-(p-n'mY) and pe-(u-nPmH-(u-nm?), in
which [C¢(MIm),|>" cations as structure templates
and charge compensating groups enter the resulting
framework. Band gap of 3.38 eV implies that polymer
I is potential semiconductor. As expected, polymer I
exhibits the obvious luminescence emission in the
solid state due to the introduction of functional

organic

ligand.

So

ionothermal synthesis

is

an efficient way to the design and construction of
functional coordination polymers. Further such stud-
ies are currently underway.

Fig. 7. The emission spectrum (a) (A, = 345 nm) and
excitation spectrum (b) (A, = 388 nm) of I in solid state
at room temperature).
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