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Two new compounds, [Zn(aip)(phen)], (1) and [Mn(aip)(phen)], (2) (H,aip=5-aminoisophthalic
acid, phen=1,10-phenanthroline), have been synthesized by solvothermal methods and structurally
characterized. X-ray diffraction analyses indicate that 1 and 2 have a 2-D layer structure, with
aip®~ adopting two coordination motifs. The coordination configuration of the metal plays a crucial
role in formation of different topological structures. Thermogravimetric analyses of 1 and 2 show
considerable thermal stability. The fluorescence of 1 and 2 in the solid state has also been
investigated.
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1. Introduction

Synthesis of coordination polymers (CPs) stems from intriguing architectures and
topologies [1-5] and also from potential applications as functional materials, including
luminescence [6], gas absorption and separation [7], catalysis [8], and magnetism [9]. One
of the most effective approaches to obtain CPs is hydro(solvo)thermal assembly by
incorporating appropriate metal ions (connectors) with multifunctional bridging ligands
(linkers) [10]. However, construction of CPs can be influenced by several factors, such as
the nature of the metal ions, solvent, and temperature [10, 11]. Among those factors, the
coordination configuration of metal ions usually governs topological structures. Through
elaborate choice of organic ligands and metals, a multitude of CPs with different topologi-
cal architectures have been reported, and several of them (such as ZIF-8, HKUST-1, and
MIL-53) are available commercially [12, 13]. Of the reported CPs, many are based on
polyfunctional organic ligands containing both carboxylate and amino groups, such as
2-aminoterephthalic acid [14], 3-aminobenzoic acid [15], and 5-aminoisophthalic acid [16].

5-Aminoisophthalic acid (H,aip) has been chosen as ligand for construction of CPs
based on two considerations. One, H,aip can adopt various coordination modes and can be
an outstanding candidate for construction of multiple structural moieties due to its bridging
fragments. Two, limited effort has been made so far towards investigation of CPs
constructed from Hsaip [17], and further work is needed. Moreover, the introduction of
N-containing ligands such as 1,10-phen or 4,4-bipy (4,4'-bipy =4,4"-bipyridine) may
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induce new topologies. A 1,10-phen or 4,4-bipy may provide potential 7z—=z stacking
interactions and supramolecular recognition sites for hydrogen bonding [18-20]. Herein,
we report two 2-D CPs, [Zn(aip)(phen)], (1) and [Mn(aip)(phen)], (2), based on H,aip and
1,10-phen. The fluorescence properties of 1 and 2 in the solid state are also discussed.

2. Experimental

2.1. Materials and methods

All reagents and solvents were commercially available and used directly without purifica-
tion. C, H, and N elemental analyses were performed on a Perkin-Elmer 240C analyzer.
Infrared (IR) spectra were recorded as KBr pellets from 4000 to 400cm ™' on a Nicolet
Avatar 360 FTIR spectrometer. Thermogravimetric analyses were obtained on a TA Q20
USA instrument with a heating rate of 10°C min~' from 50 to 800 °C under nitrogen. The
fluorescence properties were measured on a FluoroMax 4 spectrofluorometer.

2.2. Synthesis

2.2.1. [Zn(aip)(phen)], (1). A mixture of Hraip (0.5mM, 0.09057g), 1,10-phen
(0.5mM, 0.0901 g), and Zn(NO;),-6H,0O (0.5mM, 0.1487 g) was added to 10 mL DMF/
H,O (V/V=1) in a 25 mL Teflon-lined stainless steel vessel and stirred at ambient temper-
ature for five minutes. The vessel was sealed and heated at 120 °C for three days. After
cooling, colorless sheet-like crystals (0.0846 g, 40% based on Zn) were obtained by filtra-
tion and washed with H,O and EtOH several times. Anal. Calcd for C,oH;3N304Zn (%):
C, 56.51; H, 3.06; N, 9.89. Found: C, 57.31; H, 3.15; N, 9.93. IR (KBr, cm™"): 3265(w),
1620(s), 1580(w), 1556(s), 1517(s), 1426(w), 1395(w), 1351(vs), 1314(s), 1144(vw),
1087(s), 959(w), 851(s), 778(vs), 727(s).

2.2.2. [Mn(aip)(phen)],, (2). A mixture of Hjaip (0.25mM, 0.0453g), 1,10-phen
(0.25mM, 0.0451 g) and Mn(OAc),-4H,0 (0.25 mM, 0.0617 g) was added to 10 mL DMF/
EtOH (V/V=1) in a 25mL Teflon-lined stainless steel vessel and stirred at ambient
temperature for ten minutes. The vessel was sealed and heated at 150 °C for three days.
After cooling, brown, block-shaped crystals (0.0495 g, 48% based on Mn) were obtained
by filtration and washed with H,O and EtOH several times. Anal. Caled for
CooH13MnN;04 (%): C, 57.93; H, 3.14; N, 10.14. Found: C, 58.12; H, 3.20; N, 10.25. IR
(KBr, cm™'): 3446(s), 3349(s), 1572(s), 1544(s), 1515(w), 1468(s), 1423(s), 1376(s), 1141
(vw), 1101(w), 1002(w), 849(s), 782(s), 723(s), 638(w), 575(w), 433(w).

2.3. X-ray crystallography

Data were collected at 293 K using a Bruker Smart Apex II diffractometer with graphite
monochromated Mo Ka (1=0.71073 A) radiation in @ scan mode. These structures were
solved by direct methods and refined with Fourier techniques. Anisotropic thermal
parameters were used for all non-hydrogen atoms in the full matrix least squares
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Table 1. Crystal data and structure refinement parameters for 1 and 2.

1 2
Empirical formula C20H13N304Zn C20 H13 Mn N304
Formula weight 424.72 414.27
Crystal size (mm) 0.25x0.2x0.2 0.25x0.25x0.3
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P-1 P2(1)/n
a (A) 8.2982(17) 11.231(2)
b (A) 8.4293(17) 12.599(3)
c (A) 13.305(3) 13.981(3)
a (°) 75.08(3) 90
£ 84.37(3) 99.25(3)
7 (°) 78.89(3) 90
U (A% 881.3(3) 1952.6(7)
VA 2 4
D (caled) (Mgm ™) 1.601 1.409
u (mm~") 1.427 0.706
F(0000) 432 844
0 range for data collection (°) 3.03-25.01 3.01-25.01
Limiting indices —9<h<9, —10<k<10, —13<h<13, —14<k< 14,
—15<I< 15 —16</< 16

Reflections collected/unique
Completeness to theta%
Refinement method
Data/restraints/parameters
Goodness-of-fit on

Final R indices [>20 (I)]
R indices (all data)

7192/3042 [R(int)=0.1509]
98.2

Full-matrix least-squares on F>
3042/4/187

0.906

R,*=0.0576, wR,°=0.1101
R*=0.1068, wR,°=0.1238
0.787 and —0.801

16,563/3434 [R(int)=0.0674]
99.8

Full-matrix least-squares on F~
3434/0/261

1.135

R;*=0.0618, wR,°=0.2012
R*=0.0760, wR,*=0.2126
1.780 and —0.367

Largest diff. peak and hole
(e.AY)

R =3[|Fo| — |FL/ZFol. "WR (F2)=[Ew(F? — F2)*/Zw(F2)*]"2. w=1/[c*(P)*+0.00"P]; with P=(Max (F2, 0)+2
F2)/3 for 1. w=1/[a*(F2)+(0.1285P)* + 1.97*P], where P=(Max (F2, 0)+2 F2)/3 for 2.

refinements based on F>. All calculations were performed with SHELXL-97 [21]. The
crystallographic data and structure refinement parameters for 1 and 2 are given in table 1.
Selected bond distances and angles for 1 and 2 are listed in table 2.

3. Results and discussion

3.1. Structure descriptions of 1 and 2

The single-crystal X-ray diffraction analysis revealed that 1 has a 2-D layer structure and
crystallized in the triclinic space group (P-1) with one Zn®*, one aip®~, and one 1,10-phen
in the asymmetric unit. As shown in figure 1(a), Zn*>" displays a distorted trigonal-bipyra-
midal geometry and is surrounded by two carboxylic oxygens [Zn(1)-O(1)=2.140(3) A
and Zn(1)-0(2A)=2.121(3) A] from two distinct aip®>~ and three nitrogens [Zn(1)-N(1)
=2.260(5) A, Zn(1)-N(2)=2.167(4) A and Zn(1)-N(3B)=2.257(5) A] from one 1,10-phen
and one aip® . N(1) and N(3B) are axial and the equatorial plane is occupied by O(1), O
(2A), and N(2). The O(1)-Zn(1)-O(2A), O(2A)-Zn(1)-N(2), and N(2)-Zn(1)-O(1) angles
are 100.62°, 112.03°, and 139.79°; the sum is 352.44°. The angles between the axial atoms
and the equatorial atoms range from 76.38° to 104.27°. The bond distances and angles all
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Table 2. Selected bond lengths (A) and angles (°) for 1 and 2.

Compound 1

Zn(1)-02)* 2.121(3) Zn(1)-N(1) 2.260(5)
Zn(1)-0(1) 2.140(3) Zn(1)-N(3)® 2.257(5)
Zn(1)-N(2) 2.167(4)

0(2)*~Zn(1)-0(1) 100.62(12) N(2)-Zn(1)-N(1) 76.38(17)
0(2)*~Zn(1)-N(2) 112.03(14) N@3)B-Zn(1)-N(1) 172.35(12)
O(1)~Zn(1)-N(2) 139.79(13) 0(2)*~Zn(1)-0(3) 157.07(12)
0(2)*~Zn(1)-N(3)® 98.63(14) O(1)-Zn(1)-0(3) 56.91(11)
O(1)-Zn(1)-N(3)® 92.91(14) N(2)-Zn(1)-0(3) 87.24(12)
N@2)-Zn(1)-N(3)? 104.27(18) N(3)B-Zn(1)-0(3) 87.91(13)
0(2)*~Zn(1)-N(1) 88.05(15) N(1)-Zn(1)-0(3) 84.50(14)
O(1)-Zn(1)-N(1) 82.13(14)

Compound 2

Mn(1)-O(1) 2.099(3) Mn(1)-N(2) 2.249(4)
Mn(1)-0(2)* 2.143(3) Mn(1)-O(3)B 2.294(3)
Mn(1)-0(4)® 2.229(3) Mn(1)-N(3) 2.314(4)
O(1)>-Mn(1)-02)* 99.93(13) 0(2)*~Mn(1)-0(3)® 89.50(12)
O(1)-Mn(1)-O(4)® 99.43(13) 0(4)®-Mn(1)-0(3)® 58.11(11)
0(2)*-Mn(1)-O(4)® 95.29(13) N(@2)-Mn(1)-0(3)"® 95.60(13)
O(1)-Mn(1)-N(2) 103.54(14) O(1)-Mn(1)-N(3) 89.61(14)
0(2)*~Mn(1)-N(2) 100.57(14) 0(2)*-Mn(1)-N(3) 169.55(13)
O(4)®-Mn(1)-N(2) 149.22(14) O(4)®-Mn(1)-N(3) 87.26(15)
O(1)-Mn(1)-O(3)® 156.59(13) N(2)-Mn(1)-N(3) 72.81(15)
0(3)®-Mn(1)-N(3) 83.24(14)

Symmetry transformations used to generate equivalent atoms: “x — 1, y+1, z, Bx— 1, y, z for 1; *—x+2, —y+2,
—z, Bx—1/2, —y+3/2, z— 1/2 for 2.

b
N(3) \ L-

~

A S \{
FE AT

NGSB}

(a)

Figure 1. (a) Coordination environment of Zn in 1 with 30% probability thermal ellipsoids; symmetry
transformation: 4, x— 1, y+ 1, z; B, x— 1, y, z; all hydrogens are omitted for clarity. (b) View of 2-D layer
network along the a axis.

lie in the normal range for reported Zn complexes [22-25]. In 1, the carboxylate of aip>~
is monodentate bridging and the amino of aip>~ ligates Zn>". Each aip®~ bridges three
metal centers and extends the structure into a 2-D layer. The 1,10-phen ligands are located
on one side of the layer (figure 1(b)) and there are 7z—= interactions between them. The



Downloaded by [Renmin University of China] at 10:48 13 October 2013

2582 J.-J. Wang et al.

face to face distance of parallel benzene rings (C9, C11, C18, C13, C19, and C12) of
1,10-phen in neighboring layers is 3.890 A. Every pair of layers are interconnected by
N-H---O hydrogen bonds (table 3) between the amino and the carboxylate of different
aip”~, packing into a 2-D network (figure S1).

X-ray diffraction analysis revealed that 2 crystallized in the monoclinic space group
P2(1)/n and consists of a 2-D layer structure. In the asymmetric unit of 2, there are one
unique Mn?®", one aip?~ and one 1,10-phen. As shown in figure 2(a), Mn*" is six-coordi-
nate in a distorted octahedral geometry, consisting of two nitrogens [Mn(1)-N(2)=2.249
4)A and Mn(1)-N(3)=2.314(4)A] from one 1,10-phen and four oxygens [Mn(1)-O(1)
=2.0993) A, Mn(1)-0(2A)=2.143(3)A, Mn(1)-O(3B)=2.294(3)A and Mn(1)-O(4B)
=2.229(3)A] from three different aip®~. The distortion from octahedral geometry can
mainly be attributed to the acute chelate angles from phen (N(3—-Mn(1)-N(2)=72.81°)
and the chelated carboxylate (O(4B—-Mn(1)-O(3B)=58.11°). N(3) and O(2A) are axial,
and the equatorial plane consists of O(1), O(4B), O(3B), and N(2). Bond distances and
angles lie in the normal range of reported Mn complexes [26-28]. In 2, one of the two
carboxylates adopts a chelating coordination mode while the other bridges two Mn,
forming an eight-membered Mn,C,0,4 ring. In the ring, O1-Mn—-O2A angle is 99.945°
and the distance of Mn---Mn is 4.4465A, both of which are close to corresponding
values for [Mn(pbc),], (pbc=3-pyridyl-3-ylbenzoic acid) [29]. The chelating carboxylate
has longer Mn—O bonds than the monodentate bridging one (2.294(3) and 2.229(3)
A>2.099(3) and 2.143(3)A). Each aip®  links three Mn®" cations through four
carboxylic oxygens to form an infinite 2-D layer structure in which there are N-H---O
hydrogen bond interactions between adjacent aip>~ (figure S2, table 3). The 1,10-phen
ligands are located on both sides of the layer. The dihedral angle is 82.77° between
1,10-phen and the phenyl ring of aip” . The layers are packed along the b axis (figure
2(b)).

The aip>~ adopts two coordination motifs. The coordination configuration of the metal
ion plays a crucial role in construction of CPs. The difference between 1 and 2 is the
location of phen and the coordination of aip®~, caused by the different metal centers with
different coordination numbers and geometries. Both 1 and 2 have some structural
similarity, in that aip?~ links metal ions to form layered structures. In reported compounds
containing similar ligands [30-32], aromatic dicarboxylic acid ligands are excellent linkers
to form 2-D layer structures. In addition, [Zn(HA),(2,2'-bipy)], (HA=2-hydroxy-3-naph-
thoate) [33] and [Mn(CgH405)(2,2"-bipy)]-H,O (CgH4Os5=5-hydroxyisophthalate) [34]
have the same geometrical configuration as 1 and 2, respectively. The eight-membered
Mn,C,04 ring is also present in [Mn(CgH405)(2,2"-bipy)]-H,O.

Table 3. Hydrogen bond lengths (A) and angles (°) for 1 and 2.

D-H---A d(D-HyA d(H---AYA dD---AYA /D-H---A/°
Compound 1

N3-H3A---O1 #1 0.86 2.37 3.056(5) 137
Compound 2

NI1-H6---04 #1 0.89(7) 2.09(7) 2.953(6) 163(6)
NI1-H7---01 #2 0.96(5) 2.52(5) 3.172(5) 125(4)

Symmetry codes: #1: 1 —x, 1 —y, —z for 1; #1: 3 —x, 2—y, | —z, #2: 5/2 —x, 1/2+y, 1/2 —z for 2.
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MnllA)
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Figure 2. (a) Coordination environment of Mn in 2 with 30% probability thermal ellipsoids; symmetry
transformation: A4, —x+ 2, —y+ 2,—z; B, x— 1/2, —y+ 3/2, z— 1/2; all hydrogens are omitted for clarity. (b) View
of 2-D layer network along the b axis.

3.2. PXRD, IR spectra, and thermal properties

Simulated and experimental PXRD patterns of 1 and 2 obtained at room temperature are
shown in figure S3. Diffraction peaks of simulated and experimental patterns match well
in relevant positions, indicating that the phase purities of 1 and 2 are good.

6x10° -

5x10°

4x10°

3x10°

Intensity (a.u.)

2x10°

1x10°

397nm

380nm

360nm
Compound 1

350 400 450 500 550
Wavelength (nm)

Figure 3. Solid-state fluorescent emission spectrum of 1 at room temperature.
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In the IR spectrum of 1 (figure S4), characteristic bands of the dicarboxylate unit occur
from 1620-1556 cm ™" for the asymmetric stretch and 1425-1351cm ' for the symmetric
stretch. In the IR spectrum of 2 (figure S4), peaks at 3446 and 3349 cm ™' are due to N-H
stretches, caused by formation of two hydrogen bonds between —NH, and carboxylate
oxygens. The strong peaks at 1572—1544 and 1423-1376cm ™' can be assigned to asym-
metric and symmetric stretches of dicarboxylate, respectively. There are no characteristic
vibrations for -COOH between 1680 and 1760 cm ™!, which indicates coordination via the
carboxylate in 1 and 2. IR results are in agreement with the results from the crystal
structures.

As depicted in figure S5, 1 was stable to 380°C. The TGA curve of 1 exhibited an
initial mass loss of 40.88% between 380 and 760 °C, corresponding to loss of 1,10-phen
(calcd: 42.43%). Upon further heating, aip?~ gradually decomposed, leading to collapse of
the polymeric network. Compound 2 is stable to 250 °C and, upon further heating, suffers
a two stage weight loss pattern similar to that for 1.

3.3. Fluorescent properties

The d'© MOFs have been widely investigated as excellent candidates for potential photolu-
minescent materials. The solid state fluorescence spectrum of free phen displayed two
strong emission maxima at 360 and 380nm with excitation at 218 nm, while a stronger
fluorescent emission band was observed at 397nm for 1 upon excitation at 300 nm,
as shown in figure 3. Compared with free phen, a red-shift of emission occurred in 1.

8x10° o
2 467nm
7x10° 4
6x10°

5x10°

4x10°

Intensity (a.u.)

i Compound 2

H2a|p
2x10°

1x10° 0 ' . r 1 ; r ; q . :
350 400 450 500 550 600
Wavelength (nm)

Figure 4.  Solid-state fluorescent emission spectrum of 2 at room temperature.
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This emission arises from the 7~z of phen [35]. Fluorescent emission of H,aip is much
weaker than that for phen, thus aip?~ had almost no contribution to fluorescent emission
of the complexes [36].

The solid state fluorescence spectrum of 2 at room temperature is depicted in figure 4.
Compound 2 exhibited an intense emission at 467 nm at the excited wavelength of 300 nm.
All emission spectra are similar with free H,aip in shape and position. Compared with 1,
the emission intensity of 2 was reduced due to quenching by the paramagnetic Mn(II) [35].

4. Conclusion

A number of complexes with isophthalic acid and N-heterocyclic ligands coordinated to
metal ions have been reported [14—16, 23]. Through self-assembly of 1,10-phen with Zn
(I) and Mn(II) in the presence of Hjaip, we have synthesized two new complexes, [Zn
(aip)(phen)], (1) and [Mn(aip)(phen)], (2). In the 2-D layer compounds 1 and 2, aip®~
possesses two types of coordination modes. The coordination configuration of metal ion
plays a critical role in formation of the resulting topological structures. The change of
metal ion influences coordination environment of the metal centers and the conformation
of aip®~, and thus influences the detailed architecture of the CPs. Furthermore, the thermal
and luminescent properties of 1 and 2 have been studied.

Supplementary material

Figures of the H-bonding interactions, experimental and simulated PXRD patterns, IR
spectra, and TGA curves for 1 and 2. CCDC 908382 and 908383 contain the supplemen-
tary crystallographic data for 1 and 2. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK [Tel: +44 (0)1223 762906; E-mail: deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.
uk/services/structure deposit/].
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