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Reactions of 3,3'-azodibenzoic acid (H,azdc) with Mn(II) and Cd(II) in the presence of 1,10-phenan-
throline (phen) yield two new metal-organic coordination polymers, {[Mn(azdc)(phen)(DMF)
(H,0)]}, (1) and {[Cd(azdc)(phen)]},, (2), which display 1-D azdc-bridged coordination arrays with
different topology. 1 was synthesized under ambient conditions and exhibits a zigzag chain structure,
further extending into a 2-D supramolecular double layer through C-H: - -7 and C-H- - -O hydrogen
bonds. Solvothermally 2 was obtained and shows a double-chain structure. Adjacent double chains
are linked by C—H- - -N hydrogen bonds to give a 2-D supramolecular wavy double layer. Distinct
extended 3-D supramolecular network architectures are further constructed with weak secondary
interactions, especially aromatic stacking and hydrogen bonding as supramolecular driving forces.
The coordination modes of azdc®™ and crystalline architectures of the complexes depend on the
central metal ions. The desolvation—resolvation behavior of 1 has been explored. Thermal stabilities
of 1 and 2 have been studied. Solid-state fluorescence of 2 has been investigated.
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1. Introduction

One target of contemporary crystal engineering is the development of new metal-organic
coordination polymers (MOCPs) with various functions and possible applications, such as
molecular adsorption, magnetism, nonlinear optics, molecular sensing, heterogeneous
catalysis, and photoactive materials, although the rational design and synthesis of MOCPs
with desired structure and function remains a long-term challenge [1-11]. The construction
of MOCPs depends on the combination of several factors, such as the coordination geome-
try of metal ions, the nature of organic ligands, the reaction temperature, the use of non-
covalent interactions (hydrogen bonding, z—z interactions, or their combination in different
ways), and sometimes, the reagent ratio [12—15]. Understanding, how these considerations
affect metal coordination and influence crystal packing is at the forefront of controlling
coordination arrays. Geometries of organic ligands play crucial roles in determining the
polymeric structures [16].

Polycarboxylate aromatic ligands have been employed in the construction of multidimen-
sional MOCPs. Carboxylates are attractive as metal-binding units in MOCPs because the
negative charge enhances their ability to coordinate with metal nodes, contributing to stabil-
ity of the resulting coordination polymers. A variety of coordination modes available to
polycarboxylate-based ligands not only allow access to a wide variety of coordination poly-
mers, but also make it difficult to predict coordination geometries and node connectivities
[17-24]. Azo-based polycarboxylate systems, such as 3,3',5,5'-azobenzenetetracarboxylic
acid (Hjabtc) and 3,3'-azodibenzoic acid (H,azdc) representing one type of bridging aro-
matic polycarboxylate ligand, have been employed in generation of some MOCPs [25-30].

To better understand the coordination chemistry of azo-based polycarboxylate ligands
and construction of the related MOCPs, recently, we have undertaken a systematic study of
MOCPs with azo-based polybenzoate ligands. Herein, we describe our recent results of two
new MOCPs with Hyazdc in the presence of auxiliary chelating phen, {[Mn(azdc)(phen)
(DMF)(H,0)1}, (1), and [Cd(azdc)(phen)]}, (2) (scheme 1). 1 exhibits a zigzag chain struc-
ture, while 2 shows a double-chain structure. Both 1 and 2 further extend into a 2-D

Mn?

Scheme 1. Simplified representation of the metal ion-dependent crystalline architectures and desolvation/resolvation
behaviors of 1 and 2.
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supramolecular double layer with the aid of hydrogen bonds. The desolvation—resolvation
behavior of 1 has been investigated. Thermal stabilities of 1 and 2 have been studied. The
solid-state fluorescent property of 2 has been explored.

2. Experimental

2.1. Materials and measurements

The 3,3'-azodibenzoic acid (Hpazdc) was prepared according to the literature method [31,
32]; other reagents were purchased commercially and used without purification. Elemental
analyses (C, H, and N) were carried out on a 240-C Elemental analyzer. FT-IR spectra
(400-4000 cm™") were recorded from KBr pellets in a Magna 750 FT-IR spectrophotome-
ter. Powder X-ray diffraction (PXRD) data were collected at room temperature on a com-
puter-controlled Bruker D8 Advanced XRD diffractometer equipped with Cu Ka
monochromator (A = 1.5418 A) at a scanning rate of 0.024° s~' from 5° to 50°. Solid-state
fluorescence spectra were recorded using an F 4500 fluorescence spectrometer. Thermo-
gravimetric analyses were taken on a NETZSCH STA 409 PG/PC instrument at a heating
rate of 10 °C min in N,.

2.2. Crystal structure determination

Crystallographic data were collected with a Siemens SMART CCD diffractometer using
graphite-monochromated (Mo-Ka) radiation (2 =0.71073 A), v and ® scans mode. The
structures were solved by direct methods and refined by full-matrix least-squares on F~
using SHELXL-97 [33]. Intensity data were corrected for Lorenz and polarization effects
and a multiscan absorption correction was performed. All nonhydrogen atoms were refined
anisotropically. The carbon-bound hydrogens of both complexes were added geometrically
and allowed to ride on their respective parent. The oxygen-bound hydrogens of water were
located in the difference Fourier map and then kept fixed. The contributions of these hydro-
gens were included in the structure factor calculations. Details of crystal data, collection,
and refinement are listed in table 1.

2.3. Synthesis of the complexes

2.3.1. Synthesis of {{Mn(azdc)(phen)(DMF)(H,0)]}, (1). A mixture of Hazdc (0.027 g,
0.100 mmol) in DMF (5 mL) and NaOH (0.004 g, 0.100 mmol) (0.2 mL, 0.5 mol L™") was
added to an aqueous solution of MnCl,-4H,O (0.019 g, 0.1 mmol) in water (5 mL) while
stirring. To this solution, phen (0.020 g, 0.100 mmol) in DMF (5 mL) was added. The fil-
trate was kept at ambient temperature for several days and pale yellow crystals were formed
(vield: 48 mg, 80% based on Hjazdc). Anal. Calcd for C,oH,sMnNsOg: C, 58.59; H, 4.24;
N, 11.78. Found: C, 58.49; H, 4.16; N, 11.65%. IR cm ™' (KBr): 3339(w), 3056(w), 1631
(s), 1601(vs), 1556(vs), 1519(m), 1429(s), 1385(vs), 1212(w), 1094(m), 929(w), 846(s),
779(s), 719(s), 689(s), 667(W).
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Scheme 2. Simplified representation of the coordination modes of azdc®™ in 1 and 2.

2.3.2. Synthesis of [Cd(azdc)(phen)]}, (2). A mixture containing Cd(NO;),-4H,0
(0.016 g, 0.050 mmol), Hyazdc (0.027 g, 0.100 mmol), phen (0.020 g, 0.100 mmol), and
the mixed water-DMF solvent (3 mL : 3 mL) was sealed in a Teflon reactor, which was
heated at 120 °C for three days, and then cooled to room temperature at 5 °C h™'. Dark red
block crystals were collected in 56% yield (31 mg, based on Hjazdc). Anal. Caled for
C,6H 14CdN4O, : C, 55.68; H, 2.88; N, 9.99. Found: C, 55.79; H, 2.97; N, 9.89%. IR cm ™'
(KBr): 3064(w), 1670(w), 1586(vs), 1556(vs), 1429(s), 1391(vs), 1220(w), 1145(w), 854
(s), 817 (s), 779(s), 727(s), 667(m).

The phase purities of 1 and 2 were further verified by the PXRD data of the bulk samples
which are consistent with the corresponding simulated ones from single-crystal X-ray
diffraction data (figure 5 for 1 and figure S1 for 2).

3. Results and discussion

3.1. Synthesis of the complexes

The assembly between Mn(II) and Cd(II) with H,azdc in the presence of phen leads to 1
and 2. It should be noted that 2 can only be synthesized solvothermally, while 1 can only
be synthesized using typical solution method at ambient temperature. NaOH was used to
neutralize the acid. The molar ratio of Hyasba:NaOH is important for the growth of single
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crystals. The molar ratios of Hyasba:NaOH (1:1 for 1 and 1:0 for 2) were used during the
synthesis. During the synthesis of 1 and 2, if N,N-dimethylacetylamide (DMA) was used as
the mixed cosolvent, the same products as 1 and 2 were obtained, indicating that DMF and
DMA have almost no influence on the construction of 1 and 2. All the carboxylate groups
in 1 and 2 are deprotonated as verified by IR spectra (see below) and the results of crys-
tallographic analysis (vide post). The work presented here also indicates that the central
metal ions, Cd(II)/Mn(Il), affect the crystalline architectures and consequently tuning the
functional properties of the resulting MOCPs.

3.2. Crystal structure descriptions

3.2.1. Structural description of {{[Mn(azdc)(phen)(DMF)(H,0)l}, (1). Complex 1 crys-
tallizes in the triclinic system with space group P-/ and has a zigzag chain structure. Each
Mn(II) is six coordinate by two nitrogens from phen and two oxygens from two carboxylate
groups of two different azdc”~ ligands, one oxygen from coordinated water, and one oxygen

(A)

Figure 1. (A) The coordination environment of Mn(Il) in 1. (B) Zigzag chain. (C) 2-D supramolecular double
layer formed through C-H:--O and C-H- - -z interactions. (D) 3-D supramolecular network directed by interlayer
hydrogen bonds.
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Figure 1. (Continued).

from coordinated DMF, adopting a distorted octahedral coordination geometry [figure 1(A),
table 2]. Each azdc?™ bridges two Mn(II) centers in bis-monodentate (k')—(k")-u, bridging
to form a zigzag chain [scheme 2, figure 1(B)] with the intrachain Mn- - -Mn distances of
15.162 and 15.371 A, respectively, whereas the closest interchain Mn---Mn distance is
10.737 A. The chain structure of 1 is quite different from that of reported Mn(II) complex
based on 5,5'-dithiobis(2-nitrobenzoate) and phen, which consists of a paddle wheel-shaped
SBU [17c]. The chains run along the b-axis and connect with each other through the strong
C17-H17- - -z interaction [the distance between the H17 and the centroid of the nearest aro-
matic ring (C1-C6) in azdc®": 2.563 A] and the C11-H11---O1 hydrogen bonds (3.514 A)
between the aromatic carbon (C11)-bounded hydrogen H11 and coordinated oxygen atom
O1 of carboxylate group in the nearest chain. If these C17-H17---z interactions and
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Table 2. Selected bond lengths and angles for 1 and 2.

Complex 1

Mn(1)-0O(3) 2.141(4) Mn(1)-N(2) 2.299(5)
Mn(1)-O(1 W) 2.174(5) Mn(1)-N(1) 2.301(5)
Mn(1)-0O(1) 2.189(4) Mn(1)-0(5) 2.245(5)
O(1 W)-Mn(1)-O(1) 84.11(18) O(3)-Mn(1)-0(5) 95.73(17)
O(1 W)-Mn(1)-O(5) 86.17(19) O(1)-Mn(1)-0(5) 167.95(16)
O(3)-Mn(1)-N(2) 85.88(18) O(1 W)-Mn(1)-N(2) 156.54(19)
O(1)-Mn(1)-N(2) 87.93(16) O(5)-Mn(1)-N(2) 98.32(18)
O(3)-Mn(1)-N(1) 156.06(18) O(1 W)-Mn(1)-N(1) 86.67(19)
O(1)-Mn(1)-N(1) 92.33(17) O(5)-Mn(1)-N(1) 80.00(18)
O(3)-Mn(1)-O(1 W) 116.73(18) O(3)-Mn(1)-O(1 W) 116.73(18)
N(2)-Mn(1)-N(1) 71.62(19)

Complex 2

Cd(1)-O(3)#2 2.316(2) Cd(1)-0(2) 2.410(2)
Cd(1)-0O(1) 2.335(3) Cd(1)-N(1) 2.416(2)
Cd(1)-N(2) 2.358(2) Cd(1)-O(4)#3 2.424(2)
Cd(1)-O(3)#3 2.498(3)

O3)#2—Cd(1)-0(1) 100.04(10) O3)#2—Cd(1)-N(2) 140.31(8)
O(1)-Cd(1)-N(2) 102.69(8) O3)#2-Cd(1)-0(2) 90.21(9)
O(1)-Cd(1)-0(2) 55.05(8) N(2)-Cd(1)-0(2) 129.47(9)
O3)#2—Cd(1)-N(1) 79.54(8) O(1)-Cd(1)-N(1) 86.18(8)
N(2)-Cd(1)-N(1) 70.06(8) O(2)-Cd(1)-N(1) 137.63(8)
O(3)#2-Cd(1)-O(4)#3 107.97(9) O(1)-Cd(1)-O(4)#3 125.00(9)
N(2)-Cd(1)-O4)#3 84.65(8) O(2)-Cd(1)-O4)#3 78.13(8)
N(1)-Cd(1)-O(4)#3 144.15(8) O(3)#2-Cd(1)-O(3)#3 78.56(9)
O(1)-Cd(1)-O(3)#3 176.59(7) N(2)-Cd(1)-O(3)#3 80.19(8)
O(2)-Cd(1)-O(3)#3 121.70(7) N(1)-Cd(1)-O(3)#3 96.58(7)
O(4)#3-Cd(1)-O(3)#3 53.09(7)

Symmetry transformations: #2 —x + 3/2,—y — 1/2,—z+ 1; #3 x + 1/2,—y — 1/2, z + 1/2 for 2.

C11-H11---O1 hydrogen bonds are considered, then the zigzag chains were extended into
a 2-D supramolecular double layer [figure 1(C)]. It should be noted that such C17-H17- - -&
interaction also exists in the Mn(I) complex based on the 4-(benzimidazol-1-ylmethyl)ben-
zoate ligand [16d].

Further investigation on the crystal packing indicates that 2-D supramolecular double
layers are arranged in a parallel fashion along [0 1 0] direction and assembled into a 3-D
supramolecular network by the interlayer O1W-H1WA. - -04 [3.805(4) A] hydrogen bonds,
in which O4 is the uncoordinated oxygen in the carboxylate group O3C2904 of the
adjacent double layer [figure 1(D)].

3.2.2. Structural description of {{Cd(azdc)(phen)]}, (2). Complex 2 contains one unique
Cd(II), one azdc®~ ligand, and one phen in each asymmetric unit. The Cd(II) shows a sin-
gle-capped trigonal prism coordination geometry [CdN,Os] completed by five carboxylate
oxygens from three azdc®™ ligands and two nitrogens from phen [figure 2(A)]. The bond
lengths of Cd—Ocarboxylate and Cd—Npyen are within normal ranges (table 2), also in agree-
ment with those in the other reported Cd(I) complex [16c]. The carboxylate group
03C704 from azdc®~ exhibits chelating/bridging conformation, resulting in the formation
of centrosymmetrical carboxylate-bridged dinuclear secondary building unit (SBU)
[Cd,(COO),(phen),]. The other carboxylate group O1C802 shows chelating coordination.



Downloaded by [Mizoram University] at 14:45 28 December 2015

3962 L. Zhang et al.

So, azdc®™ has (K*—k'-ur)—(k'—k')-u, coordination (scheme 2). The Cdl---Cdl#2 (#2:
—x+3/2, =y — 1/2, =z + 1) separation in each SBU is 3.725 A. There are strong offset
7- - - stacking interactions between the symmetric pyridyl rings (C15-C18N1) of phen [the
centroid—centroid distance: 3.587 A] within the SBU. The SBUs were double linked by
azdc®”, resulting in formation of the zigzag double chain [figure 2(B)]. The chains are
parallel with each other. Adjacent chains are linked by C16-H16---N3,,, [2.6282(2) A]
hydrogen bonds to give a 2-D supramolecular wavy double layer [figure 2(C)].
C22-H22---01 [2.421(2) A] hydrogen bonds exist between the 2-D supramolecular
double layers (table 3). The phen ligands are alternately located at both sides of this 2-D
pattern in a slanted fashion. The phen segments in each chain are stretched outward to pro-
duce the space sites for offset aromatic z- - -7 stacking with those from two neighboring
chains in the adjacent layers evidenced by the distance between the centroids of C20-24N2
and C18-C21C25C26): 3.6283(3) A, which is quite different from the structure of 1. So, in
this manner, these 2-D supramolecular layers, organized in a sequence of A(—A)
centrosymmetry operation), are extended into a 3-D supramolecular network [figure 2(D)].

3.3. FT-IR spectra and thermogravimetric analyses

The FT-IR spectral data show features attributable to the carboxylate stretching vibrations of
both 1 and 2 (figure S2). The absence of bands from 1680 to 1760 cm™" indicates complete
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Figure 2. (A) View of the coordination geometry of the Cd(II) and centrosymmetrical dinuclear SBU unit in 2.
Symmetry transformations: #2 —x + 3/2,—y — 1/2,—z + 1; #3 x + 1/2,—y — 1/2, z + ', (B) Zigzag double chain, (C)
2-D supramolecular double layer formed through C16-H16---N3 [2.6282(2) A] hydrogen bonds and (D) 3-D
supramolecular network showing the C24-H24---O1 [2.421(2) A] hydrogen bonds and interlayer strong offset
- - -7 stacking interactions connecting the adjacent 2-D supramolecular layers.
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Figure 2.  (Continued).

deprotonation of Hrazdc in these complexes. In the FT-IR spectrum of 1, the broad band
centered around 3339 cm™' corresponds to the —OH stretching vibrations of water and the
band at 1631 cm™' may be attributed to the stretching vibration of the amide group ~CON—
in DMF. The characteristic bands of the carboxylate groups are 1556-1601 cm™" for the
asymmetric stretch and 1391-1429 cm™! for the symmetric stretch [34].

To study the thermal stability of the materials, the thermogravimetric analysis (TG) was
performed on all samples under a nitrogen atmosphere in flowing N, with a heating rate of
10 °C min~" (figure 3). TGA of 1 suggests that 1 exhibits a weight loss of 12.12% from
104 to 160 °C, corresponding to loss of both coordinated water and DMF molecules (Calcd
12.78%). The second weight loss beginning at 347 °C corresponds to decomposition of the
framework.

Table 3. The details of the hydrogen bonds for 1 and 2.

D-H---A d(D-H) dH---A) d(D-:--A) £DHA Summetry of A
Complex 1

O1 W-H1 WA...04 0.86(5) 1.86(5) 2.714(6) 174(7) 2-x,1-y, -z
O1W-H1WB-: --02 0.86(11) 1.75(10) 2.583(8) 162(9)

C10-H10---03 0.9300 2.5400 3.118(8) 121.00

C20-H20---04 0.9300 2.4600 3.266(9) 145.00 2-x,1-y, —z
Cl11-Hl11---01 0.9300 2.603(1) 3.514(9) 166.33(7)

Complex 2

C22-H22.--01 0.9300 2.4200 3.147(4) 135.00 2-x,1-y,1-z
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Figure 3. TGA curves of 1 (red) and 2 (black) (see http://dx.doi.org/10.1080/00958972.2015.1080362 for color
version).

No weight loss is observed below 370 °C in the TG curve of 2, which further confirms
the absence of lattice water in the phase. Complex 2 decomposes at 370 °C, revealing that
2 has high framework stability.

3.4. UV-vis spectra

The solid-state diffuse reflectance UV—vis spectra of free acid Hyazdc and 1 have similar
shapes (figure 4). The sharp absorption maximum at 310 nm in 1 is attributed to the n — z*
transition of C=0 in azdc®". The red shifts of the maximum absorption and weak strengths
compared with that in free Hrazde (297 nm) may result from the coordination effect of
azdc®”. In addition, we observed an additional weak shoulder at 400—540 nm for 1, which
may originate from the d—d spin-forbidden transition of the d°> (Mn*") ion [35, 36].

1.8 < —_— Hzazdc
1.6 - —1

1.4 4

1.2 4

1.0 4

0.8 4

0.6
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Figure 4. The solid-state diffuse UV-vis reflectance spectra of 1 (red) and Hyazdc (black) (see http://dx.doi.org/
10.1080/00958972.2015.1080362 for color version).
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Figure 5. The PXRD patterns of 1.

3.5. Desolvation—resolvation of 1

Thermogravimetric analyses (TGA) show clearly that both the coordinated water and DMF
in 1 could be excluded upon heating. To study the desolvation—resolvation property of 1,
the in situ variable temperature PXRD was performed on 1 from 30 to 160 °C for 1 in air
(figure 5). The PXRD patterns clearly show that 1 undergoes irreversible desolvation—
resolvation behavior; upon exposure of the desolvated material in the mixed DMF and
water solvent for about one week, the desolvated phase resolvates, resulting in a new phase
which is different from the original crystal structure. The desolvated phase of 1 still retains
its integrity after both the DMF and water molecules are lost, but the structure of the
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Figure 6. Solid-state fluorescence emissions recorded at room temperature for Hpazdc (red) and 2 (black)
(Zex = 300 nm) (see http://dx.doi.org/10.1080/00958972.2015.1080362 for color version).
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desolvated material is changed, as supported by the in situ variable temperature PXRD
pattern. This observation clearly indicates that during desolvation—resolvation in 1 the
framework exhibits a phase transition.

3.6. Fluorescent property

The fluorescent properties of 2 together with the free acid Hyazdc were studied in the solid
state at room temperature. To compare the relative fluorescent intensities of 2 and Hjazdc,
we determined both emission spectra with the same excitation wavelength. The emission
spectra of 2 and H,azdc have been measured under the same condition (slit width = 5 nm).
Excitation of 2 and free Hyazdc at 300 nm leads to the generation of similar blue fluores-
cent emissions with the maximum emission centered at 473 nm and a shoulder at 415 nm
(figure 6). These observations suggest that coordination of azdc®~ with Cd(II) in the pres-
ence of phen as auxiliary ligand has almost no influence on the emission mechanism of the
compound [37]. Therefore, the fluorescence of 2 may be ligand-based emission, ascribed to
the intraligand 7 — 7* or n — z* transitions of azdc®~ [38, 39]. The relatively stronger
fluorescence intensity of 2 compared with that of Hyazdc may be attributed to ligation of
azdc®™ to the d'® Cd(II) center enhancing the rigidity of the ligand and reducing the loss of
energy through a radiationless pathway [40, 41].

4. Conclusion

The present study further shows that azdc®~ can act as convenient building blocks for con-
struction of MOCPs. In this way, Mn(II)/Cd(Il) MOCPs based on Hyazdc were generated
with their architectures dependent on the central metal nodes. 1 exhibits a zigzag chain
structure, while 2 exhibits a double-chain structure. These two CPs further extend into a
3-D supramolecular network through hydrogen bonding and strong offset z- - -z stacking
interactions. 1 shows irreversible desolvation—resolvation behavior. 2 exhibits blue
fluorescent bands in the solid state. This work gives us impetus to further investigate the
coordination chemistry of azdc®>~ and fabrication of the related MOCPs.

Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic Data
Center with Nos. 1016752 (1) and 1016751 (2). Copies of the data can be obtained free of
charge via the Internet at http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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