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From the hydrothermal in situ amidation reactions of aromatic polycarboxylates and hydrazine

hydrate (N2H4?H2O), four complexes, dinuclear [Cu(m2-H3bbch)(H2O)]2?2H2O (1), 3-D grid-like

[Fe3(m5-Hbbch)2(m2-H2O)2(H2O)2]?2H2O (2), 2-D layer [Zn(m2-H2bbh)(m2-N2H4)1/2(H2O)]?2H2O

(3) and 3-D supramolecular structure [Cd(H2bch)2(2,29-bpy)(H2O)2][Cd(m2-

H2bch)(2,29-bpy)(H2O)2](H2bch) (4) have been prepared. The two different in situ amidated ligands in

1, 2 and 3, benzene-4,5-bicarboxylate-1,2-hydrazide (H4bbch) and benzene-1,2,4,5-bihydrazide

(H4bbh), were formed through adjusting the ratios of pyromellitic acid (PMA) and N2H4?H2O, of

which H4bbch was generated through hydrothermal in situ amidation reactions for the first time.

Benzene-4-carboxylate-1,2-hydrazide (H3bch), displaying three new coordination modes in 4, was

also an in situ amidation product of benzene-1,2,4-tricarboxylic acid (H3btca) and N2H4?H2O. 1–4

were characterized by elemental analysis, infrared spectroscopy, and thermogravimetric analysis.

Their structures were determined by single-crystal X-ray diffraction. The fluorescence properties of

compounds 1, 3 and 4 were also investigated.

Introduction

The rational design and synthesis of metal–organic frameworks

(MOFs) is a current hot topic owing to their fascinating

architectures and potential applications.1 Recently, in situ

synthesis of ligands under hydro- or solvo-thermal conditions

is of great interest for the discovery of new organic reactions and

for the preparation of unusual coordination complexes as such

transformations are generally achieved in the presence of certain

metal ions.2–7 To date, an increasing number of in situ ligand

reactions have occurred under hydrothermal conditions includ-

ing hydroxylation,3 hydrolysis,4 formation of triazoles and

tetrazoles,5 formation of carbon–carbon bonds,6 and so on.

Using the ligands in situ in reactions between organic carbox-

ylates and organic amines, several novel compounds have been

generated.7 However, to the best of our knowledge, only two

kinds of in situ amidation cyclization reactions have been found

and a series of coordination compounds were obtained under

hydrothermal conditions. One type is where benzene-1,2,4-

tricarboxylic acid (H3btca) in situ reacts with p-phenylenediamine

to give 2-(4-amino-phenyl)-1,3-dioxo-2,3-dihydro-1H-isoindole-5-

carboxylic acid with one five-membered ring formed.7h Another

type is that between hydrazine hydrate (N2H4?H2O) and poly-

carboxylic acids containing two adjacent carboxylic groups to

form six-membered amide rings.7a–7g Several coordination com-

plexes with amidated ligands generated from the in situ reactions of

N2H4?H2O and different polycarboxylic acids, including pyromel-

litic acid (PMA), H3btca, phthalic acid, pyridine-2,3-dicarboxylic

acid, pyridine-3,4-dicarboxylic acid, 4,5-dichlorophthalate,

5-ethylpyridine-2,3-dicarboxylic acid, 6-methylpyridine-2,3-dicar-

boxylic acid and 4,49-oxydiphthalic anhydrous, were obtained.

Interesting coordination modes of the amidated ligands and

intriguing architectures of the corresponding metal complexes

offer impetus for further research of similar reactions.7

Among these polycarboxylic acids, PMA has been widely used

for the hydrothermal synthesis of coordination polymers of

transition metals because of its multiform coordination modes.8

It has two pairs of adjacent carboxylic groups which indicates

that if we adjust the ratio of PMA and N2H4?H2O, different

amidated ligands may be formed. Although several coordination

polymers have been generated via in situ amidation cyclization

between PMA and N2H4?H2O, only benzene-1,2,4,5-bihydrazide

(H4bbh) was obtained with one PMA and two N2H4?H2O.7a–7d

On the other hand, another useful polycarboxylic acid, H3btca

has three carboxylic groups containing one pair of neighbouring

carboxylic groups. One H3btca can react with one N2H4?H2O to
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give the in situ amidation cyclization ligand benzene-4-carboxylate-

1,2-hydrazide (H3bch), which has been proved to be a good

candidate ligand.7a,7e Recently, we have been focusing on the

investigation on the reaction systems containing multidentate

aromatic polycarboxylates (PMA and H3btca) and N2H4?H2O,

expecting to obtain new compounds with in situ amidation

cyclization ligands. Finally, we successfully obtained four coordi-

nation compounds, [Cu(m2-H3bbch)(H2O)]2?2H2O (1), [Fe3(m5-

Hbbch)2(m2-H2O)2(H2O)2]?2H2O (2), [Zn(m2-H2bbh)(m2-N2H4)1/2

(H2O)]?2H2O (3) and [Cd(H2bch)2(2,29-bpy)(H2O)2][Cd(m2-

H2bch)(2,29-bpy)(H2O)2](H2bch) (4), containing three in situ

amidation cyclization ligands, H4bbch, H4bbh and H3bch,

respectively. Notably, H4bbch and H4bbh were formed via two

different in situ amidation cyclization reactions of PMA and

N2H4?H2O through adjusting the ratio of the two reagents, of

which H4bbch was generated through hydrothermal in situ

amidation cyclization reaction to construct coordination polymers

for the first time.9 In this paper, we report the syntheses, crystal

structures and thermogravimetric analyses of the four compounds,

as well as the fluorescence properties of compounds 1, 3 and 4.

Experimental section

Material and physical measurements

All chemicals were obtained from commercial sources and used

without further purification. IR (KBr pellets) spectra were

recorded in the 4000–400 cm21 range using a Perkin-Elmer

Spectrum One FT-IR spectrometer. Elemental analyses (C, H,

and N) were performed on a Perkin-Elmer 2400 elemental

analyzer. Thermogravimetric (TG) behaviours were investigated

on a Perkin-Elmer TGA-7 instrument with a heating rate of

10 uC min21 in air. Fluorescent data were obtained using a Cary

Eclipse fluorometer at room temperature.

Syntheses

[Cu(m2-H3bbch)(H2O)]2?2H2O (1). A mixture of CuSO4?5H2O

(0.25 g, 1.0 mmol), PMA (0.25 g, 1.0 mmol) and H2O (20 mL)

was stirred for 2 h at room temperature. Its pH was then

adjusted to 4 with an aqueous solution of N2H4?H2O (10%,

0.6 mL). The resulting mixture was sealed in a 25-mL Teflon-

lined stainless steel autoclave and heated at 170 uC for 4 days,

after which it was cooled over 12 h to room temperature. The

product was obtained as orange block-shaped crystals in 40%

yield (based on Cu). Anal. Calc. for Cu2C20N4O16H18 (697.48):

C, 34.44; H, 2.60; N, 8.03%; Found: C, 34.59; H, 2.71; N, 7.91%.

IR (KBr, cm21): 3415 m, 1704 m, 1649 s, 1562 m, 1511 m,

1389 m, 1321 w, 1281 m, 1223 m, 1133 w, 1090 w, 929 w, 847 w,

773 w, 729 m, 684 w, 581 w.

[Fe3(m5-Hbbch)2(m2-H2O)2(H2O)2]?2H2O (2). Compound 2

was obtained in 58% yield (based on Fe) as brown block-

shaped crystals by a similar procedure with FeSO4?7H2O (0.28 g,

1.0 mmol) in place of CuSO4?5H2O. Anal. Calc. for

Fe3C20N4O18H18 (769.93): C, 31.25; H, 2.32; N, 7.25%; Found:

C, 31.32; H, 2.28; N, 7.14%. IR (KBr, cm21): 3738 s, 1692 m,

1546 s, 1508 m, 1463 w, 1377 m, 1141 w, 9415 m, 838 m, 753 w,

696 m.

[Zn(m2-H2bbh)(m2-N2H4)1/2(H2O)]?2H2O (3). Compound 3 was

prepared analogously using a mixture of ZnCl2 (0.14 g,

1.0 mmol), PMA (0.25 g, 1.0 mmol), H2C2O4 (0.13 g, 1.0 mmol)

and H2O (20 mL) (pH = 6, adjusted by using a 1.5 mL 10%

aqueous solution of N2H4?H2O). The product was obtained as

yellow block-shaped crystals in 44% yield (based on Zn). Anal.

Calc. for ZnC10N5O7H12 (379.62): C, 31.64; H, 3.18; N, 18.45%;

Found: C, 31.71; H, 3.22; N, 18.34%. IR (KBr, cm21): 3638 s,

1622 s, 1559 s, 1491 s, 1379 m, 1376 m, 1300 m, 1173 m, 974 s,

887 m, 849 m, 721 m, 672 m, 585 m.

[Cd(H2bch)2(2,29-bpy)(H2O)2][Cd(m2-H2bch)(2,29-bpy)(H2O)2]

(H2bch) (4). Compound 4 was prepared analogously using a

mixture of CdCl2?2.5H2O (0.23 g, 1.0 mmol), H3btca (0.21g,

1.0 mmol), 2,29-bpy (0.16 g, 1.0 mmol) and H2O (20 mL) (pH = 7,

adjusted by using a 0.5 mL 10% aqueous solution of N2H4?H2O).

The product was obtained as yellow block-shaped crystals in 53%

yield (based on Cd). Anal. Calc. for Cd2C56N12O20H44 (1429.83):

C, 47.04; H, 3.15; N, 11.78%; Found: C, 47.15; H, 3.21; N, 11.87%.

IR (KBr, cm21): 2991 m, 1657 s, 1610 m, 1582w, 1551 m, 1349 m,

1388 s, 1308 m, 1218 s, 1060 w, 816 m, 769 s, 650 m.

X-Ray crystallography

Diffraction data for compounds 1 and 2 were collected at 293 K

on a Rigaku R-AXIS RAPID IP diffractometer with Mo Ka

radiation (l = 0.71073 Å). The data for 3 and 4 were collected at

293 K on a Bruker-AXS Smart CCD diffractometer (Mo-Ka, l

= 0.71073 Å). Anisotropic thermal parameters were applied to all

non-hydrogen atoms. In compounds 2–4, all hydrogen atoms

attached to C, N and O atoms were placed geometrically. In

compound 1, the hydrogen atoms attached to O2W and N1 were

located from difference Fourier maps and refined isotropically,

while those attached to other O and C atoms were placed

geometrically. The structures were then refined on F2 using

SHELXL-97. CCDC numbers of compounds 1–4 are 742939,

742273, 802480 and 802479, respectively.{ Details of the final

refinement are given in Table 1. Selected bond lengths and angles

are listed in Table S1.{ Hydrogen-bonded parameters are listed

in Table S2.{

Results and discussion

Synthesis

Aromatic polycarboxylic acids containing two neighbouring

carboxylic groups can react via in situ amidation cyclization with

N2H4?H2O to form amidated ligands.7 PMA has two pairs of

adjacent carboxylic groups which indicates that the two pairs of

carboxylic groups or only one pair can react with N2H4?H2O.

H4bbh, characterized with two newly-formed six-membered

acylhydrazidate rings, has been reported before,7a–7d and was

generated by one PMA and two N2H4?H2O through in situ

amidation cyclization reaction in a nearly neutral environment.

When we used one PMA and one N2H4?H2O at pH about 4, only

one pair of adjacent carboxylic groups were in situ amidated and

H4bbch with one newly-formed six-membered acylhydrazidate

ring was hydrothermally generated for the first time by our

group. The pH value is influential, in that H4bbch can be

obtained at a pH value of about 4 and H4bbh at neutral pH. In

4720 | CrystEngComm, 2012, 14, 4719–4727 This journal is � The Royal Society of Chemistry 2012
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the process of preparing compound 3, we tried to only add one

PMA and three N2H4?H2O with the pH being 9 to react with

ZnCl2, but we obtained powders. Only when oxalic acid was

added to adjust the pH to about neutral, was compound 3,

constructed with H4bbh and N2H4, produced. H3bch, with only

one six-membered acylhydrazidate ring, can be produced from

the reaction starting with one H3btca and one N2H4?H2O in a

neutral environment according to this paper and references.7a,7e

The reactions between PMA and H3btca with N2H4?H2O are

shown in Scheme 1. We attempted to obtain the corresponding

crystals of H4bbch and H3bch ligands with PMA, H3btca and

N2H4?H2O, but failed.

It should be noted that in addition to the ratio of the reagents,

the nature of the metal ions and auxiliary ligands have also been

shown to have significant influences on the reaction outcome.

For example, we have used other metal salts such as MnCl2 or

NiSO4 to react with PMA and N2H4?H2O, but no suitable

crystals constructed with H4bbch or H4bbh were obtained. As

another example, the in situ amidation cyclization reaction

occurred hydrothermally using a mixture of CdCl2, H3btca,

N2H4?H2O and 2,29-bpy at pH = 7, affording compound 4. In

the absence of 2,29-bpy, however, we only got white powders.

Structural description

[Cu(m2-H3bbch)(H2O)]2?2H2O (1). As shown in Fig. 1a, 1

possesses a dinuclear structure constructed by two Cu(I) ions

coordinated with two H3bbch2 ligands generated via in situ

amidation cyclization reaction. The identity of Cu(I) is verified

by the sum of bond-valence calculation of 0.813 for Cu1.10 Cu1

adopts a distorted trigonal planar geometry, being coordinated

by one nitrogen atom (N2) from one H3bbch2 ligand, one

oxygen atom (O2A) from the other H3bbch2 ligand, and one

water molecule (O1W). The distance of Cu1–N2 (1.889(3) Å) is

comparable to that of Cu1–O2A (1.862(3) Å). The Cu1–O1W

distance (2.516(3) Å) is consistent with a weak bonding

interaction between Cu1 and O1W.11,12 In compound 1, the

coordination of Cu1 shows a T-shaped coordination geometry

with the angles of N2–Cu1–O1W, O2A–Cu1–O1W, and N2–

Cu1–O2A being 87.94(12), 103.15(12), and 168.75(12)u, respec-

tively. This may not only be attributed to the rigid structure of

H3bbch2 ligand, but also to the bidentate coordination mode of

neighbouring N2 and O2 atoms in the H3bbch2 ligand. The

H3bbch2 ligand adopts a m2-bidentate mode in which one amide

group coordinates two Cu atoms using its monodentate O and N

atoms. Two H3bbch2 ligands coordinate simultaneously to two

Cu atoms, forming an octagon core of Cu2C2N2O2. The Cu…Cu

distance of 2.6291(13) Å is shorter than the sum of the van der

Waals radius of Cu(I) (2.8 Å), but slightly longer than the Cu–Cu

separation of 2.56 Å in metallic copper, indicating weak

Cu(I)…Cu(I) interactions.13 The hydrogen bonding and p…p

interactions play important roles in stabilizing 1. The uncoordinated

Table 1 Crystal data collections and structure refinements for 1–4

1 2 3 4

Formula Cu2C20H18N4O16 Fe3C20H18N4O18 ZnC10H12N5O7 Cd2C56H44N12O20

M 697.48 769.93 379.62 1429.83
T/K 293(2) 293(2) 296(2) 293(2)
Crystal system Triclinic Triclinic Monoclinic Orthorhombic
Space group P1̄ P1̄ P21/c Pca21

a/Å 6.6226(13) 6.4427(13) 9.4252(16) 18.683(11)
b/Å 9.6570(19) 9.5515(19) 20.219(3) 7.826(5)
c/Å 9.752(2) 10.224(2) 7.0187(12) 37.85(2)
a (u) 95.92(3) 107.45(3) 90 90
b (u) 108.90(3) 91.15(3) 108.742(2) 90
c (u) 94.26(3) 101.70(3) 90 90
V/Å3 583.1(2) 585.5(2) 1266.6(4) 5534(5)
Z 1 1 4 4
Dc/Mg m23 1.986 2.183 1.991 1.716
m/mm21 1.921 1.943 1.992 0.861
F(000) 352 388 772 2880
h Range/u 3.27–27.48 3.24–25.00 2.01–26.92 2.15–27.48
Reflections collected 5796 4630 7233 33 927
Independent reflections (Rint) 2658 (0.0459) 2047 (0.0527) 2739 (0.0515) 12 231 (0.1062)
GOF 1.005 1.033 0.963 1.048
Final Ra,b indices [I . 2s(I)] R1 = 0.0456, wR2 = 0.1121 R1 = 0.0792, wR2 = 0.2211 R1 = 0.0422, wR2 = 0.0889 R1 = 0.0779, wR2 = 0.1874
R indices (all data) R1 = 0.0689, wR2 = 0.1242 R1 = 0.1030, wR2 = 0.2358 R1 = 0.0715, wR2 = 0.1016 R1 = 0.1097, wR2 = 0.2439
a R1 = g||Fo| 2 |Fc||/g|F|. b wR2 = |gw(|Fo|2 2 |Fc|

2)2/g|w(F)2|1/2.

Scheme 1 The reactions between PMA (H3btca) and N2H4?H2O.

This journal is � The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 4719–4727 | 4721
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carboxylic O5 atom, acting as a hydrogen-bond donor, links the

oxygen atom O1B of the uncoordinated amide group of a

neighbouring molecule, forming a 1-D chain along the b axis

(O5…O1B = 2.604(4) Å, O5–H5…O1B = 173.6u; symmetry

code: B, x, 1 + y, z). Lattice water O2W, acting as both a

hydrogen-bond donor and an accepter, simultaneously links

O1B and O4D from neighbouring chains, leading to the

observed 2-D supramolecular layers (O2W…O1B = 2.764(5)

Å, O2W–H2WB…O1B = 162(8)u; O4D…O2W = 2.651(5) Å,

O4D–H4D…O2W = 172.2u; symmetry codes: B, x, 1 + y, z; D,

2x, 1 2 y, 2z) (Fig. 1b). Coordinated water O1W, acting as a

hydrogen-bond donor, is bonded to O3E, O2WE, and O6F of

neighbouring layers (O1W…O3E = 3.094(5) Å, O1W–

H1WA…O3E = 127.6u; O1W…O2WE = 3.190(5) Å, O1W–

H1WA…O2WE = 143.3u; O1W…O6F = 2.820(4) Å, O1W–

H1WB…O6F = 142.1u; symmetry codes: E, 1 + x, 21 + y, z; F,

2 2 x, 2y, 1 2 z) (Table S2{). The 2-D supramolecular layers

are self-assembled into a 3-D supramolecular network (Fig. 1c)

via interlayer hydrogen bonds and, simultaneously, the offset

face-to-face p…p stacking interactions, characterized by separa-

tion of 3.35 Å (Table S3{), between the aromatic rings of the

two H3bbch2 ligands.

[Fe3(m5-Hbbch)2(m2-H2O)2(H2O)2]?2H2O (2). Compound 2

displays a 3-D structure. Fe1 displays a distorted octahedral

coordination geometry; its two axial sites are occupied by two

carboxylic oxygen atoms from two Hbbch32 ligands (Fe1–O6C

= 2.125(6) Å; Fe1–O5E = 2.150(6) Å, symmetry codes: C, 2x,

2y, 2 2 z; E, 1 2 x, 2y, 2 2 z), while its equatorial sites are

bonded to O1 and N1 from the third Hbbch32 ligand (Fe1–O1 =

2.120(6) Å; Fe1–N1 = 2.277(7) Å), O4D from the fourth

Hbbch32 ligand (Fe1–O4D = 2.017(6) Å, symmetry code: D, x,

y, 21 + z), and one water molecule O3W (Fe1–O3W = 2.221(6)

Å). Fe2 has a slightly distorted octahedral geometry with the

coordination of four water molecules at equatorial sites and two

carboxylic oxygen atoms from two Hbbch32 ligands at the axial

sites. The Fe–O distances range from 2.017(6) to 2.289(6) Å.

O3W and the carboxylic group (–C9O3O4) bridge three

neighbouring Fe cations into a trinuclear cluster with a double

six-member rings structure. The distance of Fe1…Fe2 is 3.79 Å.

The Hbbch32 ligand adopts a special m5-hexadentate bridging

mode in which one amide group chelates one Fe atom while each

of four the carboxylic oxygen atoms (O3, O4, O5 and O6) is

monodentate. Fe1 atoms are linked by Hbbch32 ligands through

one amide group (O1 and N1) and three carboxylic oxygen

atoms (O4, O5 and O6), producing a grid-like 2-D double-metal

layer structure (Fig. 2b). The neighbouring Hbbch32 ligands are

stacked in opposite directions to realize strong face-to-face p…p

interactions with distances of 3.21 and 3.22 Å (Table S3{).

Through the bridging water (O3W and its symmetric partners)

and the fourth carboxylic oxygen atom (O3 and its symmetric

partners), the 2-D double layers are linked by Fe2 cations into

a 3-D framework (Fig. 2b). If the Hbbch32 ligands can be

considered as four-connected nodes and the trinuclear Fe

clusters viewed as eight-connected nodes, the overall structure

of 2 can be reduced to a (4, 8)-connected flu (CaF2) network and

a schematic diagram (OLEX) shows that the Schläfli symbol14a is

(46)2(412, 612, 84) (Fig. 2c). As one of the most important

structure types in minerals, the fluorite topology has met limited

success in reported metal–organic frameworks, owing to its

8-connected node.14c To date, compounds with such connectivity

are rare reported.14b,14c

[Zn(m2-H2bbh)(m2-N2H4)1/2(H2O)]?2H2O (3). Compound 3

displays a 2-D layer structure. As shown in Fig. 3a, Zn1 exhibits

a distorted tetrahedral geometry, surrounded by two acyl oxygen

atoms (Zn1–O1 = 1.980(2) Å, Zn1–O3B = 1.948(2) Å, symmetry

code: B, 2 2 x, 1/2 + y, 3/2 2 z) from two H2bbh22 ligands, one

nitrogen atom (N5) from one N2H4 ligand (Zn1–N5 = 2.042(3)

Å), and one aqua ligand (Zn1–O1W = 2.103(3) Å). The H2bbh22

ligand adopts a m2-bidentate mode with its two para acyl oxygen

atoms coordinated to two Zn atoms, each in a monodentate

fashion; the Zn atoms are linked into a 1-D zigzag chain by

H2bbh22 ligands along the b axis. Complexes featuring N2H4 are

relatively rare.15 In 3, N2H4 molecules not only take part in the in

situ amidation reaction with PMA, but also act as m2-bidentate

bridging ligands for the coordination of Zn atoms of neighbour-

ing chains and linking the zigzag chains into 2-D layers with

(44?62) topology in the ab plane as shown in Fig. 3b. Water

molecules (O1W and its symmetric partners) coordinate Zn

atoms from both sides of the layer planes. Two N2H4 and four

H2bbh22 ligands link six Zn atoms into a ring structure with

Fig. 1 (a) The dinuclear structure of 1 (symmetry code: A, 3 2 x, 2y,

1 2 z); (b) the 2-D supramolecular layer structure formed via inter-

molecular hydrogen bonds for 1 (symmetry codes: B, x, 1 + y, z; C, 2x,

2y, 2z; D, 2x, 1 2 y, 2z); (c) the 3-D supramolecular structure of 1

constructed through hydrogen bonds and the p…p interactions.
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opposite Zn…Zn distances at 13.16, 20.36 and 21.24 Å,

respectively. The layers are staggered and all neighbouring

aromatic rings of the H2bbh22 ligands between layers are

stacked with respect to each other. Strong p…p interactions are

present with the face-to-face separation of 3.20 and 3.24 Å and

the dihedral angle between H2bbh22 ligands at 1.00u (Table S3{).

N2, N4, and O1W acting as hydrogen-bond donors, respectively,

are bonded to O4D, O2E and O3F of neighbouring layers

(N2…O4E = 2.804(4) Å, N2–H2…O4E = 175.5u; N4…O2D =

2.838(4) Å, N4–H4…O2D = 176.3u; O1W…O1F = 2.718(3) Å,

O1W–H1WB…O1F = 154.1u; symmetry codes: D, 1 + x, y, 1 +

z; E, 21 + x, y, 21 + z; F, 2 2 x, 2 2 y, 1 2 z), leading to an

open structure with continuous tunnels along the a axis where

Fig. 2 (a) The coordination environment of the Fe atoms in compound

2 (symmetry codes: A, 1 2 x, 1 2 y, 1 2 z; B, 1 2 x, 1 2 y, 2 2 z; C, 2x,

2y, 2 2 z; D, x, y, 21 + z; E, 12x, 2y, 2 2 z; G, 1 + x, 1 + y, 21 + z; H,

x, 1 + y, 21 + z); (b) Fe2 cations link the 2-D grids-structure layers into a

3-D framework through the bridging water O3W and the carboxylic

oxygen atom O3 (symmetry codes: C, 2x, 2y, 2 2 z; E, 1 2 x, 2y, 2 2 z;

F, x, y, 1 + z); (c) a schematic view of the (46)2(412, 612, 84) topology of

compound 2 (blue points represent the trinuclear Fe clusters and red

points represent the Hbbch32 ligands).

Fig. 3 (a) The coordination environment of the Zn atoms in compound

3 (symmetry codes: A, 1 2 x, 2 2 y, 1 2 z; B, 2 2 x, 1/2 + y, 3/2 2 z; C, 2

2 x, 21/2 + y, 3/2 2 z); (b) N2H4 acting as m2-bidentate bridging ligands

coordinate to Zn atoms of neighbouring zigzag chains into a 2-D layer;

(c) the lattice waters fill in the tunnels of the supermolecule linked via

hydrogen bonded interactions (symmetry codes: D, 1 + x, y, 1 + z; E, 21

+ x, y, 21 + z; F, 2 2 x, 2 2 y, 1 2 z).
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the lattice waters are located (Fig. 3c). There are hydrogen

bonding interactions between the lattice waters and the frame-

work (Table S2{). The layers are self-assembled into a 3-D

supramolecular network via the interlayer face-to-face p…p

stacking interactions and hydrogen-bond interactions.

[Cd(H2bch)2(2,29-bpy)(H2O)2][Cd(m2-H2bch)(2,29-bpy)(H2O)2]

(H2bch) (4). The asymmetric unit of 4 contains one unit of

[Cd(H2bch)2(2,29-bpy)(H2O)2] (A), one unit of H2bch2 (B), and

one cation [Cd(m2-H2bch)(2,29-bpy)(H2O)2]+ (C), as shown in

Fig. 4a. In part A, Cd1 is coordinated by two nitrogen atoms

(N9 and N10) from a 2,29-bpy ligand, two carboxylic oxygen

atoms (O7 and O8) from one H2bch2 ligand, one acyl oxygen

atom (O1) from another H2bch2 ligand, and two aqua ligands

(O17 and O18), showing a distorted pentagonal bipyramidal

coordination geometry. The distances of Cd–N [2.378(8)–

2.418(8) Å] and Cd–O [2.292(7)–2.534(8) Å] in part A are in

the normal range of those observed in reported Cd(II)

compounds.16b It is very interesting that H2bch2 ligands display

a bidentate-chelating coordination mode and a monodentate

mode, respectively, avoiding linking Cd1 cations into a 1-D

chain. There exit weak p…p interactions (Table S3{) with a

distance of 3.57 Å between the two kinds of H2bch2 ligands of

neighbouring molecules that link the discrete molecules into a

1-D supermolecule structure along the a axis (Fig. 4b). In part

C, Cd2 is also coordinated by two nitrogen atoms (N11 and

N12) from a 2,29-bpy ligand, two carboxylic oxygen atoms (O11

and O12) from one H2bch2 ligand, one acyl oxygen atom

(O10A) from another H2bch2 ligand, and two aqua ligands

(O19 and O20), showing a distorted pentagonal bipyramidal

coordination geometry. The distances of Cd–N [2.391(9)–

2.418(8) Å] and Cd–O [2.354(8)–2.514(9) Å] are in the normal

range of those observed in reported Cd(II) compounds. H2bch2

adopts a m2-tridentate bridging mode in which the two

carboxylic oxygen atoms coordinate Cd2 with a bidentate-

chelating mode, and the oxygen atom of the amide group at the

same site coordinates Cd2 in a monodentate fashion. The

bridging m2-H2bch2 ligands link Cd2 cations into a 1-D chain

along the b axis, while 2,29-bpy acting as auxiliary ligands

chelate Cd2 on the opposite site of the chain (Fig. 4b). The

dihedral angles between neighbouring 2,29-bpy ligands and

between neighbouring H2bch2 ligands in part C are 40.9 and

50.1u, respectively. There exist bpy–bpy p…p interactions

between part A and part C with a distance of 3.59 Å. Part A

and part C are linked into 2-D double metal supramolecular

layers along the b axis through the p…p interactions. The

H2bch2 anions, part B, acting as counter ions to part A, fill in

the double metal supramolecular layers. It is very interesting

that all H2bch2 anions of part B are almost parallel to the

H2bch2 ligands of part C, arranged in the same direction with

the dihedral angle being only 0.24u; p…p interactions with

distances of 3.89 and 3.96 Å can be realized between them. The

hydrogen bonds are also important for the supramolecular

structure of 4, and pertinent parameters are listed in Table S2.{
In summary, the p…p interactions and hydrogen bonds both

link the three parts of 4 into a stable 3-D supramolecular

architecture.

Character of the acylhydrazidate ligands

Three different kinds of acylhydrazidate ligands (H4bbch, H4bbh

and H3bch) were generated from in situ amidation cyclization

reactions in the present study, as shown in Scheme 1. To the best

of our knowledge, H4bbch was obtained for the first time by our

group through the reaction of one PMA and one N2H4 under

hydrothermal conditions. According to the reaction mechanism,

the three in situ amidation cyclization ligands should exhibit a di-

keto form (Scheme 2). But the X-ray analysis revealed that the

two C–O bond lengths and the two C–N bond lengths of each

acylhydrazidate group are not consistent with each other (Table

Fig. 4 (a) The asymmetric unit of 4 (symmetric code: A, 1/2 + x, 2y, z);

(b) the 1-D chain structure of part C; (c) there exit p…p interactions in

part A, between part A and C and between part B and C (symmetric

code: B, 1 2 x, 1 2 y, 1/2 + z).
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S4{), all of which indicate that one acylamino group of the

acylhydrazidate group isomerizes into a hydroxylimino group.

In compounds 1 and 2, H4bbch ligands adopt a m2-bidentate

mode and a m5-hexadentate mode, respectively (Scheme 3 (a) and

(b)). It appears that H4bbch may be a good candidate for the

construction of MOFs with diverse coordination modes. In

compound 3, H4bbh ligands display a m2-bidentate bridging

mode (Scheme 3 (c)) which has been reported before.7d Five

kinds of coordination modes of H3bch have been found by Xu

(Scheme S1{).7a,7e In compound 4, three new coordination

modes are observed, namely, bidentate-chelating, monodentate,

and m2-tridentate bridging modes (Scheme 3 (d)–(f)). H3bch,

exhibiting fascinating coordination modes, can coordinate one,

two, three, four or five metal ions.

These acylhydrazidate ligands (H4bbch, H4bbh and H3bch) all

display fascinating coordination abilities. Firstly, they all present

multiple coordinating points to construct novel metal–organic

frameworks with various bridging modes. Secondly, the two or

three rigid rings of the ligands are coplanar, so the p…p

interaction in the compounds containing these ligands can be an

important noncovalent one. In addition, the amido groups or

carboxylic groups can easily form hydrogen bonding interactions

compounds. The results described above show that H4bbch,

H4bbh and H3bch are good ligands for designing and construct-

ing new MOF materials.

Fluorescence properties

The luminescent properties of compounds with d10 metal centers

have been attracting great interest owing to their potential

applications in chemical sensors, photochemistry, and electro-

luminescent displays. The solid luminescence at room tempera-

ture of compounds 1, 3, 4 and free H4bbh has been investigated

(Fig. 5 and Fig. S1{). Compound 3 exhibits blue light with one

fluorescent emission band at lmax = 481 nm upon photo-

excitation at 400 nm, and the emission band of 4 shows at lmax =

490 nm (lex = 403 nm). The emissions of 3 and 4 are neither

metal-to-ligand charge transfer (MLCT) nor ligand-to-metal

transfer (LMCT) in nature since the Zn2+ or Cd2+ ions with d10

configuration are difficult to oxidize or reduce, but rather are

assigned to intraligand emission.16 Comparing with the max-

imum emission peak at 558 nm of free H4bbh ligand (Fig. S1{)

and the emission with lmax = 531 nm (lex = 394 nm) of 2-D layer

compound [Zn(m4-H2bbh)1/2(m2-H2bbh)1/2(H2O)]n,7d the emission

band of 3 is blue-shifted. This may be rationalized in terms of the

charge transfer between N2H4 and H2bbh22 ligands.

Different from compounds 3 and 4, compound 1 exhibits a

purple emission at 413 nm when excited at 300 nm. In order to

understand clearly the emission mechanism, time-dependent

density functional theory (TDDFT)17 calculations were carried

out in both the ground and the excited states of compound 1.

The calculation details are stated as below: in the calculations,

the calculated complexes display Ci symmetry, the ground and

the excited states structures of 1 were optimized by the Becke’s

three parameter functional and the Lee–Yang–Parr functional

(B3LYP)18 and single-excitation configuration interaction (CIS)

methods.19 On the basis of the optimized excited-state structures,

the spectroscopic properties related to the emission were carried

out by using TDDFT method. The STO-3G basis sets were

employed for C, H, O and N, and the LANL2DZ basis sets

associated with the pseudopotential were employed for Cu. All

calculations were performed with the Gaussian 03 (Revision

C.02) software package.20 The dimensional plots of molecular

configurations and orbitals were generated with the GaussView

program.21 The TDDFT calculation results indicate that there is

a strong emission at 405 nm (f = 0.0425), corresponding to the

Scheme 2 The isomerization equations of H4bbch, H4bbh and H3bch.

Scheme 3 The coordination modes of the three acylhydrazidate ligands.

Fig. 5 The fluorescent emissions of compound 1 (lex = 300 nm), 3 (lex =

400 nm) and 4 (lex = 403 nm) in the solid state at room temperature.
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electronic transition from orbital 115 to orbital 117 and orbital

116 to orbital 118. Obviously, the emission peak is similar to the

observed result (413 nm). Fig. 6 illustrates the characteristics of

these orbitals for compound 1. The electron densities of the

occupied MO (115 and 116) are located at the H4bbch ligand,

while those of the unoccupied MO are distributed mainly on

metal Cu for MO 117 and H4bbch for MO 118. Therefore, the

fluorescence emission at 405 nm of the compound 1 can be

predominantly described as originating from ligand-to-metal and

intraligand charge transfer (LMCT/ILCT) transition.

TG analysis

Thermogravimetric analyses were performed to verify the

thermal stability of the compounds. As shown in Fig. 7, 1 is

thermally stable up to 220 uC, and 2 to 170 uC. Weight loss is ca.

9.08% (calc. 10.33%) for 1 between 220–305 uC and 12.06% (calc.

14.04%) for 2 between 170–220 uC, corresponding to the loss of

the lattice water and coordinated water. The weight loss of

69.38% (calc. 71.45%) for 1 from 375–445 uC and 62.41% (calc.

64.20%) for 2 from 350–645 uC can be attributed to the

decomposition of the organic ligand. We speculate that the final

products of the thermal decomposition be metal oxide with the

weight loss of 21.54% (calc. 22.81%) for 1 and 25.53% (calc.

27.99%) for 2. For 3, a weight loss of 13.08% (calc. 14.23%) was

observed in the temperature range of 205–235 uC, corresponding

to the release of both the lattice and coordinated water, and then

the compound loss of 66.00% (calc. 68.54%) from 505–610 uC is

attributed to the decomposition of H2bbh2 and N2H4 ligands;

the final decomposition product (20.92%) might be ZnO (calc.

21.44%). Compound 4 was stable up to 218 uC, and then a

weight loss of 5.50% (calc. 5.04%) was found between 218–

282 uC, in agreement with the loss of the coordinated water

molecules. The weight loss of 77.91% (calc. 79.23%) from 315–

530 uC corresponds to the decomposition of H2bch2 and

2,29-bpy ligands, producing CdO as the final decomposition

product at the remaining weight of 16.59% (calc. 17.96%).

Conclusions

Presented here are the results from our continuous efforts in the

study of in situ amidation reaction between polycarboxylic acids

and N2H4?H2O. It has been found that the ratio of poly-

carboxylic acids and N2H4?H2O has a significant influence on

the reaction outcome in terms of the identity of the ligands

produced in situ under hydrothermal conditions, and therefore,

on the structure of the resulting complexes featuring these

ligands. In this work, we report for the first time the synthesis of

H4bbch with one PMA and one N2H4?H2O. On the other hand,

N2H4 molecules can not only take part in the in situ amidation

cyclization reaction with PMA to form H4bbh, but also act as m2-

bidentate bridging ligands to coordinate metal ions. Three new

kinds of coordination modes of H3bch were observed. With the

diverse coordination modes of these ligands, it is possible to

construct MOFs with fascinating structures and interesting

properties.
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