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Reactions of a flexible fluorinated ligand, 2,3,5,6-tetrafluoro-1,4-bis(imidazol-1-yl-
methyl)benzene (Fbix), with ZnX; (X =0OAc™ or NO37) lead to the formation of the two
new Zn! coordination polymers [Zn(Fbix)(OAc);], (1) and {[Zny(Fbix)3(NO3)>](NO3)2(H20)3},
(2), which have been characterized by elemental analysis, IR spectroscopy, and single-crystal
X-ray diffraction. Although the Zn!! centers of both 1 and 2 are in a similar tetrahedral coordination
geometry, each Zn'! ion in 1 is surrounded by two Fbix spacers and two terminal OAc™ anions to
form a highly undulated chain, whereas each Zn'! ion in 2 is embraced by three Fbix ligands and one
NO;3~ anion to result in a two-dimensional cationic network. Since 1 and 2 are synthesized under
the same conditions, the structural differences between them are attributable to the difference of the
counterions. The solid-state properties such as thermal stability and luminescence of 1 and 2 have

also been studied briefly.
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Introduction

Over the past decade, the design and construction
of coordination polymers and related metal-organic
frameworks have witnessed tremendous growth owing
to their intriguing structures and potential applications
as functional materials [1—4]. Indeed, the properties
of materials are determined by their structures. How-
ever, the formation of such coordination structures is
highly sensitive to many factors such as the coordi-
nation preference of metal ions [5], the nature of or-
ganic ligands [6], counterions [7], solvents [8], and
even the reaction temperature [9]. In particular, the
role of the counterions in self-assembly processes has
emerged as an increasingly important theme in recent
studies [10—12]. Therefore, the understanding of the
connection between complex structures and the factors
affecting the framework formation is of great impor-
tance for the rational design of crystalline materials,
but this still seems to be a long-term challenge.

Bis(imidazole) derivatives, as an important family
of N-heterocyclic bridging ligands, have attracted great
interest. Among them, 1,4-bis(imidazol-1-yl-methyl)
benzene (bix) and related spacers have shown a cer-
tain ability to bridge different transition metal ions to
give a variety of coordination motifs including dis-
crete metallomacrocyclic molecules, and one-, two-
and three-dimensional (1-D, 2-D, and 3-D) network
architectures [13—15]. For example, Robson and co-
workers reported a 2-D polyrotaxane structure of com-
position [Zn(bix);(NO3),]-2.5H,0 [14]. Ciani’s group
presented the assembly of bix with Zn'! sulfate, yield-
ing a new coordination framework [Zn;(bix)3(SO4)2]
containing an unprecedented parallel (1-D — 2-D) in-
terlacing array [15]. However, few examples have been
synthesized to date, and little is known of the structural
chemistry of fluorinated derivatives of bis(imidazole)
or bis(triazole) ligands in inorganic-organic hybrid
materials [16—19]. In this regard, Shreeve and co-
workers have reported a series of Cd!l, Co'l and Ag'
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complexes constructed from 2,3,5,6-tetrafluoro-1,4-
bis(imidazol-1-yl-methyl)benzene (Fbix, fluorinated
analog of bix), exhibiting diverse structures from 1-
D to 3-D [18]. Recently, we have illustrated the
solvent-regulated conformational isomerism of Fbix
on the construction of 1-D and 2-D Cu!' coor-
dination polymers [20]. As a continuation of our
research, herein, we wish to report two anion-
controlled coordination polymers [Zn(Fbix)(OAc);],
(1) and {[Zny(Fbix)3(NO3)2](NO3)2(H20)3}, (2),
which were assembled from Fbix with Zn! salts with
the anions OAc™ and NO;3; ™, respectively. In addition,
the spectroscopic, thermal, and luminescence proper-
ties of both complexes were also investigated as de-
scribed below.

Results and Discussion
Synthesis and general characterization

The ligand Fbix is very soluble in common or-
ganic solvents (such as CH,Cl,, CHClz, CH3OH, and
CH3CN), so that crystallization of its complexes with
metal salts occurs readily. Complexes 1 and 2 were
prepared by the reaction of Fbix with Zn(OAc),-2H,0
or Zn(NO3),-6H,0 in methanol solution at room tem-
perature. It should be pointed out that, in such spe-
cific reactions, the products do not depend on the
ligand-to-metal ratio. However, increasing the ligand-
to-metal ratio resulted in somewhat better crystal qual-
ity. We have not obtained any complexes suitable for
X-ray analysis under the same conditions while using
other Zn! salts, such as ZnCly, Zn(ClOy),-6H,0 and
Zn(BF4)-6H,0. The IR spectra of the two complexes
show absorption bands resulting from the skeletal vi-
brations of the aromatic rings in the 1600— 1400 cm™!
region. Bands with medium intensity at 3145 cm™!
for 1 and 3121 cm™! for 2 are associated with Ar—-H
stretching. For 1, the characteristic bands of the acetate
anions appear at 1618 cm™! for vyyc_o). 1398 cm™!
for veym(c—o) and 746 cm™! for §o_c_o). The value
A(vas—vsym) indicates that the acetate anion coordinates
to the Zn'! center in a monodentate mode. For 2, the
broad band centered at ca. 3446 cm ™! indicates the O—
H stretching of the water molecules. The absorption
band at 1384 cm™! is consistent with the existence of
the NO3 ™ anion in 2.

Structural description of complexes 1 and 2
[Zn(Fbix)(OAc)z], (1)

X-Ray diffraction analysis reveals that complex 1
crystallizes in the monoclinic space group C2/c and

@)

(b)

Fig. 1 (color online). Views of: (a) the coordination environ-
ment of the Zn!! center in 1 (symmetry code: #1, —x+ 1,
v, —z+ 1/2), (b) the polymeric chain of 1 and (c) the 3-D
supramolecular architecture (C—H- - -F hydrogen bonds are
shown as dashed lines, irrelevant hydrogen atoms are omit-
ted for clarity).



880

F. Tian et al. - Anion Effect on the Structural Diversity of Zinc(II) Coordination Polymers

Table 1. Hydrogen bond geometries in the crystal structures of 1 and 2.

Complex D-H---A H---A(A) D---A(A) D-H.: - -A (deg) Symmetry code
1 C3-H3---02 2.50 3.107(3) 123 —x+ 1y, —z+1/2
C4-H4A- --01 2.60 3.255(3) 125 —x+1,—y+1,—z+1
Cl-HI--F1 2.78 3.520(1) 137 —x+1/2, —y+1/2, —z+1
C1-HI---F2 2.70 3.534(4) 149 —x+1/2, —y+1/2, —z+1
2 O8-HS8A. --09 2.23 2.950(2) 141 x+1,y,2
C2-H2.--04 2.38 3.270(8) 160 —x+1,—y+1,—z+1
C16-H16- --05 2.58 3.463(1) 159 —x+1,—y+1,—z
O8-H8B- - -F2 2,51 3.251(9) 146 x+1,y.z
C3-H3---F6 2.75 3.477(5) 136 —x+ 1, —y+1,—z
C11-H11A. - -F5 2.76 3.507(7) 134 x—1,y,7
C18-H18B- - -F2 2.97 3.868(8) 155 x+1,y,z
O7-H7A.--06 1.75 2.590(2) 171
09-H9A. --05 2.36 3.030(1) 136
09-HYA. --06 2.18 3.011(1) 164
C3-H3---05 2.41 2.231(1) 148
C17-H17---04 2.46 3.198(8) 136

has a neutral chain structure. The asymmetric unit
of 1 contains one Zn! ion, one Fbix ligand and two
OAc™ anions. As shown in Fig. la, the tetrahedral
coordination sphere of the Zn'' center is provided
by two nitrogen donors from two Fbix ligands with
the Zn-N distance of 2.004(2) A, and two oxygen
atoms from two OAc™ anions with a Zn-O distance
of 1.962(2) A. The Fbix ligand adopts an anti config-
uration, and the benzene ring makes a dihedral angle
of 80.21(8)° with the imidazole ring, while two termi-
nal imidazole rings within each ligand are essentially
parallel. Thus, the Fbix ligand functions as a biden-
tate bridging spacer, using two terminal imidazole ni-
trogen atoms to link two Zn! ions and form a highly
undulated chain along the [001] direction (Fig. 1b),
within which the successive Zn- - -Zn separations are
13.449(3) and 13.717(3) A. In the packing arrange-
ment, these polymeric chains are further linked by
weak C—H- - -F hydrogen bonds (Table 1) between im-
idazole ring carbon atoms and fluorine atoms, leading
to a 3-D supramolecular architecture (Fig. 1c).

{[Zn>(Fbix)3(NO3)2[(NO3)2(H20)3}, (2)

When the metal salt Zn(OAc),-2H,0 was replaced
by Zn(NOj3),-6H,0, colorless block-shaped single
crystals of 2 suitable for X-ray structure analysis were
obtained by a similar synthetic procedure as that for
1. The structure determination shows that complex 2
crystallizes in the triclinic space group P1 and dis-
plays a cationic layered structure. The asymmetric

unit consists of three components: one cationic unit
[Zn(Fbix); 5(NO3)]*, one NO3~ anion, and one and
a half of lattice water molecules. As shown in Fig. 2a,
each Zn'" ion adopts a distorted tetrahedral coordi-
nation geometry and is coordinated by three nitro-
gen donors from three different Fbix ligands with the
Zn-N distances varying from 1.987(2) to 2.001(2) A,
and one oxygen atom from a monodentate nitrate an-
ion with the Zn-O distance of 2.009(2) A. Similar
to 1, the Fbix ligand in 2 adopts the anti conforma-
tion to avoid the steric hindrance, and the two im-
idazole rings are parallel to each other within each
Fbix, where the dihedral angles between benzene
rings and the imidazole rings are 75.0(1), 79.2(1)
and 88.8(1)°. In this structure, three kinds of crys-
tallographically independent Fbix ligands serve as 2-
connected spacers to link adjacent Zn'' ions with
the Zn- - -Zn distances of 12.951(1), 13.612(1) and
15.103(1) A. Convercely, each Zn" ion in 2 is linked
to three Fbix ligands, resulting in a 2-D (6,3) brick-
wall network parallel to the bc plane (Fig. 2b). The
rhombic tiles are of approximate parallelogram dimen-
sions 27.781(2) x 13.612(1) A2, with the NO3~ coun-
terions and guest water molecules being included in
the voids. These layers are packed in the ABCABC
sequence along the ¢ direction (Fig. 2c), with A, B
and C being related by the a glide plane. These lay-
ers are further linked by intermolecular C-H- - -O in-
teractions (C16-HI16A- - -O4, C9-H9A. - -04, C10-
HI10A---O5 and C17-H17A- - -O5, see Table 1 for de-
tails) between imidazole rings and the uncoordinated
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Fig. 2 (color online). Views of: (a) the coordination environ-
ment of the Zn!! center in 2, (b) the layer structure extending
along the bc plane and (c) the packing mode of parallel layers
of 2 along the ¢ direction.

NO3 ™ anions, leading to the final 3-D supramolecular
network.

Thermal stability

To investigate the thermal stability of complexes 1
and 2, thermogravimetric analyses (TGA) were car-
ried out from room temperature to 800 °C. The corre-
sponding curves are depicted in Fig. 3. For 1, the first
weight loss of 24.1 % may tentatively correspond to the
loss of two acetic acid molecules (calculated 23.9 %)
in the temperature range of 40— 180 °C. Then, pyrol-
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Fig. 3 (color online). TGA curves of complexes 1 and 2.

ysis of organic components is observed upon heating
to ca. 250 °C. Further heating to 800 °C reveals con-
tinuous weight losses, and the residual holds a weight
of 16.6 % of the total sample. In the case of 2, the TG
curve shows that the first weight loss of 4.3 % occur-
ring from 80 °C to ca. 160 °C corresponds to the re-
lease of lattice water molecules (calculated 3.9 %). The
decomposition of the residuary coordination frame-
work occurs from ca. 280 °C and ends at 600 °C. Upon
further heating to 800 °C, no weight loss is found,
and the final solid holds a weight of 12.1% of the to-
tal sample, which is close to that of ZnO (calculated
11.9%).
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Fig. 4 (color online). Solid-state fluorescence emission spec-
tra of the ligand Fbix, and of complexes 1 and 2.
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Photoluminescence properties

Taking into account the excellent luminescence
properties of many other d'® Zn'' complexes, the lu-
minescence behavior of the ligand Fbix and complexes
1 and 2 was investigated in the solid state at room tem-
perature. Their emission spectra are shown in Fig. 4.
Fbix exhibits an intense blue fluorescence emission
band centered at 495 nm upon excitation at 336 nm.
Both complexes show similar emission bands centered
at ca. 492 and 494 nm for 1 and 2, respectively, which
can be ascribed to intraligand fluorescence emissions.
It is clear from the comparison with the ligand that the
Zn'' complexes show an enhancement of the relative
emission intensity owing to ligation of the ligand to
the d'9 metal center [21, 22].

Conclusion

In summary, anion-regulated assemblies of Zn!! ions
with the flexible fluorinated ligand Fbix lead to the
formation of two new coordination polymers. Both
complexes adopt different structures from a neutral
chain to a cationic brick-wall network due to the dif-
ference in anion coordination. Obviously, the increase
of the terminally coordinated anions leads to a reduc-
tion of the dimensionality of the coordination frame-
works. The fascinating structure-function relationships
of such components will promote us to make a further
systematic study on the coordination chemistry of flex-
ible N-containing ligands with fluorinated backbones.

Experimental Section

All reagents and solvents for synthesis were commer-
cially available and used without further purification. In-
frared spectra were recorded with a Nicolet ESP 460 Fourier
transform (FT) spectrometer on KBr pellets in the range
of 4000-400cm™!. Elemental analyses were performed
with a PE2400II (Perkin-Elmer) elemental analyzer. Ther-
mogravimetric analysis (TGA) experiments were carried on
a Dupont thermal analyzer from room temperature to 800 °C
(heating rate: 10°C min—!, nitrogen stream). Fluorescence
spectra of the solid samples were recorded with a Varian Cary
Eclipse spectrometer at room temperature.

Synthesis of [Zn(Fbix)(OAc)» ], (1)

A methanol solution (15.0mL) of Fbix (31.0mg,
0.1 mmol) was added into a solution of Zn(OAc);-2H,0O
(21.9 mg, 0.1 mmol) in methanol (10.0 mL). Then, the mix-
ture was heated under reflux with stirring for ca. 30 min.

The resulting solution was filtered and left to stand at
room temperature. Colorless block-shaped crystals suit-
able for X-ray analysis were obtained after one week in
42% yield (20.7mg, on the basis of Fbix). — Anal. for
C18H6F4N4O4Zn (%): calcd. C 43.79, H 3.27, N 11.35;
found C 43.90, H 3.29, N 11.37. — IR (KBr pellet): v=3145

Table 2. Crystal structure data for 1 and 2.

1 2

Empirical formula C18H16F4N4O4ZI’1 C42H36F12N16015Zn2

M; 493.72 1363.61

Crystal size, mm> 0.22 x 0.20 x 0.20 0.24 x 0.22 x 0.20

Crystal system monoclinic triclinic

Space group C2/c P1

a, A 12.282(3) 9.887(1)

b, A 12.031(3) 11.246(1)

¢ A 13.449(3) 13.870(1)

a, deg 90 109.39(1)

B, deg 99.76(1) 94.63(1)

7, deg 90 105.81(1)

v, A3 1958.5(8) 1374.5(2)

V4 4 1

Degled.» g cm ™ 1.67 1.65

U(MoKy ), cm™! 13 1.0

F(000), e 1000 688

hkl range —15<h<+14 —-11<h<+11
—15<k<+15 —13<k<+13
—17<I1<+15 —16<1<+16

Refl. measured 6331 17968

Refl. unique / Rin 2242 / 0.0764 4504 / 0.0361
Param. refined 142 406

R/R,® 0.0423 / 0.0861  0.0489 / 0.1606
GOF (F?)° 1.003 1.045

Apgn (max/min), e A=3 0.43 / —0.66 0.96 / —0.35

ARl = 3||Fy| — |Fe||/Z|Fo); ® wR2 = [Ew(F2 — F2)? /Zw(F2)?]'/?,
w = [62(F2) + (AP)? +BP]~!, where P = (Max(F?2,0) +2F2)/3;
¢ GoF = [Zw(Fn2 — Fcz)z/(nobS — npamm)] 1/2

Table 3. Selected bond lengths ( A) and angles (deg) for 1 and
2 with estimated standard deviations in parentheses®.

1 2
Distances Distances
Zn1-01 1.962(2) Znl1-01 2.009(2)
Znl-N1 2.004(2) Znl-N1 2.001(2)
Zn1-N3 1.987(2)
Znl-N5 1.994(2)
Angles Angles
01-Znl1-0O1#1 100.0(1) 0O1-Znl-N1 94.8(1)
01-Znl-N1 103.50(8) 0O1-Zn1-N3 110.1(1)
O1-Znl1-N1#1 116.75(8) O1-Znl1-N5 118.9(1)
N1-Znl-N1#1 115.8(1) N1-Znl-N3 109.0(1)
N1-Znl-N5 109.0(1)
N3-Znl-N5 113.3(1)

2 Symmetry code for 1, #1: —x+1,y+1, —z+1/2.
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(m), 2990 (w), 2980 (w), 1618 (s), 1589 (m), 1520 (m), 1490
(s), 1441 (m), 1398 (m), 1351 (m), 1328 (s), 1278 (m), 1230
(m), 1174 (w), 1115 (m), 1093 (s), 1033 (s), 1017 (m), 952
(m), 922 (w), 852 (m), 834 (m), 770 (m), 746 (m), 673 (m),
661 (s), 648 (m), 615 (w), 582 (w) cm 1.

Synthesis of {[Zn;(Fbix)3(NO3)2](NO3)2(H20);3}n (2)

The same synthetic procedure as that described for
1 was used except that Zn(OAc);-2H,O was replaced
by Zn(NO3),-6H,0 (29.7 mg, 0.1 mmol), giving colorless
block-shaped crystals of 2 upon slow evaporation of the sol-
vent in 65 % yield (29.5 mg, on the basis of Fbix). — Anal. for
C42H36F|2N16015Zn2 (%)Z caled. C 37.01, H 2.66, N 16.44;
found C 36.81, H 2.69, N 16.57. — IR (KBr pellet): v =3446
(bs), 3121 (m), 2995 (w), 2976 (w), 1531 (m), 1494 (s), 1457
(w), 1384 (s), 1287 (m), 1241 (w), 1112 (m), 1091 (s), 1040
(W), 944 (m), 862 (w), 768 (m), 726 (w), 657 (s), 612 (w)
em™ !

X-Ray structure determinations

The single-crystal X-ray diffraction data for complexes
1 and 2 were collected on a Bruker Apex II CCD diffrac-
tometer with MoKy, radiation (A = 0.71073 A) at room tem-
perature. A semiempirical absorption correction was ap-
plied (SADABS) [23], and the program SAINT was used for

integration of the diffraction profiles [24]. The structures
were solved by Direct Methods using SHELXS and refined
by the full-matrix least-squares on F2 using the SHELXL
program [25-28]. All non-hydrogen atoms were refined
anisotropically. Carbon-bound H atoms were placed in ide-
alized geometrical positions and refined by using a riding
model. Oxygen-bound H atoms were localized by difference
Fourier maps and refined in subsequent refinement cycles.
Further crystallographic details are summarized in Table 2,
selected bond lengths and angles are listed in Table 3.

CCDC 1006840 and 1006841 contain the supplementary
crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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