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Two novel hydrogen-bonded isomeric water-imdn aggregations

were observed in two Co(II) coordination compounds, formu-

lated as {[Co(2,29-bpy)3][(imdn)2(H2O)4]}(1) and {[Co(4,49-bpy)2]

[(imdn)2(H2O)4]}n(2) (bpy = bipyridine, Himdn = 2H-imidazole-

4,5-dicarbonitrile). The water-imdn aggregation in 1 is a 1D

hydrogen-bonded tape based on an octamer water cluster. For 2,

two imdn and four water molecules are hydrogen bonded to an

unprecedented bag-like binary supramolecular cluster which acts

as a tetrahedral node to be hydrogen-bonded to its four

neighbors, giving a 3D network with a diamond topology. Two

translationally equivalent diamond networks mutually interpene-

trate each other to form the resulting 2-fold diamond network.

The different host structural motifs are responsible to the

dissimilarity of two isomeric water-imdn aggregations.

Accompanying the recent upsurge of interest in metal–organic

frameworks (MOFs), hydrogen bond in supramolecular network has

attracted considerable attention due to their directionality and

robustness.1 Compared to the widely reported interpenetrated

MOFs, there are few instances involving entangled hydrogen-bonded

network,2 which is still a major challenge in the crystal engineering of

molecular solids due to elusive linking mode between the

supramolecular synthons. One of the most famous hydrogen-bonded

interpenetrated network was an elongated 5-fold diamond structure

based on tetrahedral adamantane-1,3,5,7-tetracarboxylic acid.3 On

the other hand, water has captured more interest because of its

fundamental importance in many biological and chemical processes.4

Small water clusters are the subject of considerable theoretical and

experimental interest as they are the first step toward understanding

the behavior of bulk water as well as its anomalous behavior.5

Diverse water aggregations such as discrete tetramers,6 hexamers,7

heptamers,8 octamers,9 nonamers,10 decamers,11 dodecamers,12

tetradecamers,13 hexadecamers,14 octadecamers,15 icosadecamers16

and infinite 1D chains,17 1D tapes,18 2D layers19, 3D water

structures20 have been characterized in the cavities of MOFs or

metal-free organic hosts by X-ray crystallography. As a branch of

water chemistry, anion-water aggregations are important in under-

standing the behaviour of anions in water-based biological systems.21

As we know, only limited examples related to inorganic anion-water

aggregations such as [(NO3)4(H2O)6]
42, [Cl(H2O)4]

2, [Cl2(H2O)6]
22,

and [Br2(H2O)6]
22 have been reported so far,22 and what is less

recognised, however, is organic anion-water aggregations.23 Two

different well-resolved 2D dicarboxylate-water aggregations,

{[(bdc)2(H2O)12]
42}n

24a and {[(bdc)(H2O)8]
22}n

24b (H2bdc = 1,3-

benzenedicarboxylic acid) have been observed in a silver(I) and a

copper(II) supramolecular frameworks, respectively.

As we know, 2H-imidazole-4,5-dicarbonitrile (Himdn) is a poten-

tial versatile ligand in the construction of MOFs due to (i) up to four

N coordination sites with different orientations, (ii) various depro-

tonated forms; (iii) vulnerable CN group which can form a

carboxylate or tetrazole group through in situ ligand reaction. We

previously reported two open Zn(II) MOFs based on 2H-imidazole-

4,5-dicarboxylic acid and 4,5-di(1H-tetrazol-5-yl)-2H-imidazole,

which are in situ generated from hydrolysis of Himdn and

cycloaddition of Himdn with azide, respectively.25 Nevertheless,

because of its strong coordination ability and vulnerable nature, the

imdn inclusion compounds, especially hydrated imdn species are very

scarce.26

Considering the points mentioned above and our previous work,

we selected chelating 2,29-bipyridine (2,29-bpy) and bridging

4,49-bipyridine (4,49-bpy) as ligands incorporating 2H-imidazole-

4,5-dicarbonitrile as auxiliary ligand to construct Co(II) MOFs, and

surprisingly obtained two supramolecular compounds, formulated as

{[Co(2,29-bpy)3][(imdn)2(H2O)4]} (1) and {[Co(4,49-bpy)2][(imdn)2-

(H2O)4]}n (2) (Himdn = 2H-imidazole-4,5-dicarbonitrile) featuring

two novel isomeric water-imdn aggregations with the same

composition of [(imdn)2(H2O)4]n (Scheme 1). The water-imdn

aggregation in 1 is a 1D hydrogen-bonded tape based on an octamer

water cluster, while water-imdn aggregation in 2 becomes a 3D

2-fold interpenetrated diamond network based on an unprecedented

[(imdn)2(H2O)4] binary supramolecular cluster.
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0.0423, wR2 = 0.0918, m = 0.486 mm21, S = 1.013. Crystal data for 2:
C30H26CoN12O4, fw = 677.56 g mol21, tetragonal, space group I41cd, Z = 8,
T = 173(2)K, a = b = 16.2028(3), c = 24.4818(9) Å, V = 6427.2(3) Å3, Dc =
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Complexes 1 and 2 were obtained by adding aqueous solution of

Co(NO3)2?6H2O, Himdn and tetrabutyl ammonium bromide to bpy

in the cuvette (see ESI{). The mixtures were capped and allowed to

stand at room temperature until crystals formed within ten days. The

thermal stabilities of 1 and 2 were explored by thermogravimetric

analysis (TGA, Fig. S1). The TGA curve of 1 shows the weight loss

of 37.8% in the temperature range of 30–300 uC, corresponding to

the exclusion of four lattice water molecules and two imdn (calcd:

36.7%), then the residual component collapses. Complex 2 shows the

weight loss of 43.8% from 30 to 350 uC (calcd: 45.2%), corresponding

to the losses the guest components and two coordinated water

molecules, then the guest-free framework starts to decompose. The

+2 oxidation states of Co atoms in 1 and 2 are determined on the

basis of charge balance consideration and bond valence sum (BVS)

calculations.27

The crystal structure of 1 was determined by single-crystal X-ray

diffraction analysis (see ESI{). Complex 1 crystallizes in monoclinic

space group of P21/c with an asymmetric unit that contains one

Co(II) ion, three 2,29-bpy ligand, two imdn anions and four water

molecules. As shown in Fig. 1a, the Co1 is coordinated by six N

atoms from three 2,29-bpy ligand, displaying an octahedral geometry.

The Co–N bond lengths range from 2.109(2) to 2.154(2) Å, which are

comparable to the related Co(II) compounds.28 The N–Co–N angles

range from 76.63(8) –171.71(8)u. The [Co(2,29-bpy)3]
2+ complex

cation and imdn anion are connected by non-classic C–H…NCN

hydrogen bonding interactions. Although the supramolecular

systems based on [Co(2,29-bpy)3]
2+ unit and various anionic

counterparts (such as polyoxovanadate and octamolybdate) were

widely observed,29 marriage of imdn anions and this common

cationic unit is unprecedented.

The most noteworthy feature of 1 is a 1D hydrogen-bonded imdn-

water aggregation based on an octamer water cluster. As shown in

Fig. 1b, the centrosymmetric octamer water cluster consists of four

water molecules (O1W-O4W) and their centrosymmetric equivalents.

The short contacts and the angles between them indicate the

existence of hydrogen bonds, which drive the formation of a

hydrophilic octamer water cluster. The water octamer can be seen as

a chair-like hexamer in the core which links two additional water

molecules dangling at two diagonally opposite ends of the chair with

a distance of 8.573(3) Å, which is structurally analogous to the simple

hydrocarbon (1r,4r)-1,4-dimethylcyclohexane. In the cyclic hexamer,

each water molecules act as single hydrogen bond donor and single

hydrogen bond acceptor, as a result, the hydrogen bonding motif is

R6
6(12), according to the graphset analysis nomenclature.30 The

O3W derivates from the plane determined by O1W, O2Wiii, O1Wvi

and O2Wi of 0.73 Å. As listed in Table 1, the O…O distances in the

octamer water cluster fall in the range of 2.678(3)–2.774(3) Å with an

average value of 2.729(3) Å, compared to 2.76 Å (290 uC) in

hexagonal (Ih) ice,31 2.74 Å in cubic (Ic) ice32 or 2.85 Å in liquid

water.33 The O…O…O angles vary from 93.91(9) to 117.63(10)u with

an average value of 111.9u which slightly deviates from the angle of

109.3u in hexagonal ice. The deprotonated Himdn used the

heterocyclic N atoms as double hydrogen bond acceptors to bridge

the octamer water clusters into 1D tape along the a axis (Fig. 1c).

The O…N contacts span the range of 2.831(3)–2.875(3) Å with an

average value of 2.858(3) Å, which is y0.1 Å longer than that of

O…O distances. In the 1D tape, two imdn anions and three water

molecules (O1Wiii, O2W and O4Wii) are hydrogen-bonded to a

Fig. 1 (a) ORTEP representation of 1 showing the local coordination

environment around Co(II) center with 50% thermal ellipsoid probability.

Hydrogen atoms on C atoms have been omitted for clarity. (b) Octamer

water cluster based on a chair-like hexamer (Symmetry codes: (i) x 2 1, y, z;

(ii) 2x + 1, 2y + 1, 2z + 1; (iii) 2x + 1, 2y + 1, 2z; (vi) 2x, 2y + 1, 2z;

(vii) x 2 1, y, z 2 1). (c) 1D hydrogen-bonded water-imdn aggregation in 1.

Table 1 The hydrogen bond geometries (Å and u) for 1–2

Compound 1a

D–H…A D–H H…A D…A D–H…A
O1W–H1WA…O3Wi 0.85 1.88 2.717(3) 170.1
O1W–H1WB…N11 0.85 2.01 2.855(3) 170.3
O2W–H2WA…N9ii 0.85 2.13 2.831(3) 140.0
O2W–H2WB…O1Wiii 0.85 1.88 2.678(3) 156.2
O3W–H3WA…O4Wiv 0.85 1.95 2.774(3) 162.9
O3W–H3WB…O2W 0.85 1.93 2.746(3) 161.9
O4W–H4WA…N12v 0.85 2.03 2.870(3) 171.6
O4W–H4WB…N10 0.85 2.09 2.875(3) 154.3
a Symmetry codes: (i) x 2 1, y, z; (ii) 2x + 1, 2y + 1, 2z + 1; (iii) 2x
+ 1, 2y + 1, 2z; (iv) x, y, z 2 1; (v) x, y, z + 1.

Compound 2b

O1W—H1WA…N3iv 0.85 1.90 2.718(5) 161.0
O2W—H2WA…O3W 0.85 1.87 2.713(4) 174.8
O3W—H3WA…N4v 0.85 1.94 2.778(5) 168.4
O3W—H3WB…N5 0.85 2.09 2.938(5) 175.2
b Symmetry codes: (iv) y + 1, x 2 1/2, z 2 1/4; (v) 2y, x 2 1/2, z + 1/4.

Scheme 1 The isomeric water-imdn aggregations in 1 and 2.
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R5
5(14) motif which is further bound together with its inversion-

related equivalent by O3W and O3Wiii (Fig. S2{). (Symmetry codes:

(i) x 2 1, y, z; (ii) 2x + 1, 2y + 1, 2z + 1; (iii) 2x + 1, 2y + 1, 2z;

(vi) 2x, 2y + 1, 2z).

When using the bidentate bridging ligand in the replacement of

bidentate chelating ligand, we obtained compound 2 as a 2D sheet

with (4,4)-sql topology. Compound 2 crystallizes in tetragonal crystal

system of I41cd space group. The asymmetric unit of 2 contains one

Co(II) ions with half occupancy, one 4,49-bpy, one imdn anion, and

three water molecules, two of which are half occupancy. One

crystallographic 2-fold axis passes through the Co1, O1W and O2W.

As shown in Fig. 2a, the Co(II) ion also locates in an octahedral

coordination environment, completed by four N atom from four

different 4,49-bpy and two O atoms of water molecules. The rigid

bridging 4,49-bpy ligands link the Co(II) centers to form a 2D sheet

along the ab plane with the window size of 11.46 6 11.46 Å, which is

suitable to accommodation of a pair of imdn anions. The pairs of

imdn anions in each grid are packed together through weak p…p

interaction with an inter-centroid distance of 3.764(2) Å (Fig. 2b). A

similar 2D (4,4)-sql net has been observed in a [Zn(4,49-bpy)2-

(NO3)2]n coordination polymer where pairs of o-dichlorobenzene

(o-DCB) molecules were located within the square grids and pyrene

molecules were intercalated between the 2D nets. The inclined

interpenetration was also found between the [(o-DCB)2(pyrene)]n
noncovalent sheets and the (4,4)-sql nets.34

The most striking feature of 2 was disclosed by close inspection of

the supramolecular networks formed between hydrogen-bonded

water molecules and imdn anions. As shown in Fig. 3a, two imdn

anions and four water molecules are hydrogen-bonded (2.713(4)–

2.778(5) Å) to an unprecedented bag-like [(imdn)2(H2O)4] supramo-

lecular cluster which is further tetrahedrally linked by its four

neighbors through the O3W…N5 hydrogen bond (2.938(5) Å) to

form the resulting 3D network. From the topology point, the

[(imdn)2(H2O)4] supramolecular cluster can be seen as a four-

connected node (Fig. 3b), as a result, the whole 3D hydrogen-bonded

network is topologically similar to diamond, in which [(imdn)2-

(H2O)4] replaces adamantyl nucleus as super-C atom. The smallest

subunit of this diamond network looks like a superadamantane

which has a top-to-bottom length of 24.4818(9) Å, equivalent to

crystallographic c-axis length, and consists of 60 molecules (20 imdn

and 40 water) linked together by 72 hydrogen bonds (20 O–H…O

and 52 N–H…O) (Fig. 3c). This large superadamantane gives the

single diamond network huge void, which is filled by another

identical net leading to 2-fold interpenetration (Fig. 3d). The distance

between adjacent four-connected nodes belonging to two distinct

diamond networks is y11.46 Å (Fig. S3{). Notably, hydrogen bonds

occur only within a particular diamond network but not between

different networks. To the best of our knowledge, the diamond

networks can be obtained by connecting tetrahedral centers such as

Td-symmetry metallic or organic compounds. Particularly, self-

complementary multiple hydrogen bonds have realized the construc-

tion of diamond networks based on tetrahedral carboxylic acid,

pyridone, and diaminotriazine derivatives.35 However, most known

Fig. 2 (a) ORTEP representation of 2 showing the local coordination

environment around Co(II) center with 50% thermal ellipsoid probability.

Hydrogen atoms on C atoms have been omitted for clarity. (Symmetry

codes: (i) 2x + 1/2, y + 1/2, z; (ii) x + 1/2, 2y 2 1/2, z; (iii) 2x + 1, 2y, z). (b)

Ball-and-Stick representation of the 2D (4,4)-sql net with encapsulated imdn

anions in the grids represented with space-filling mode.

Fig. 3 Ball-and-stick representation of [(imdn)2(H2O)4] supramolecular

cluster. (b) Tetrahedral linking mode of the supramolecular cluster. (c)

Formation of superadamantane framework in 2. (d) Two-fold interpene-

trated diamond networks.
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hydrogen-bonded diamond networks obtained so far are homo-

molecular species2h and using binary supramolecular cluster to

construct the multi-component organic diamond networks is still

rare.36 A related example is a 1 : 2 adduct of tetrahedral tetrakis[4-(3-

hydroxyphenyl)methane] and linear benzoquinone which are hydro-

gen-bonded to an elongated diamond network showing the largest

known superadamantane unit and highest recorded 11-fold inter-

penetration.37

It is worth stressing that water-imdn aggregations in 1 and 2 have

the identical chemical composition with the same molecular formula

of [(imdn)2(H2O)4]n, but they have different hydrogen-bonded

networks, 1D tape and 3D 2-fold interpenetrated diamond network,

belonging to a pair of isomers. The different water-imdn aggrega-

tions are strongly relevant to the environment of void created by the

hosts. In 1, three bidentate chelating 2,29-bpy ligands ligated one

Co(II) to form mononuclear [Co(2,29-bpy)3] units, which were

packed in the crystal lattice to form 1D channel where accom-

modates the 1D [(imdn)2(H2O)4]n tape. In 2, bidentate bridging

4,49-bpy ligands connected Co(II) to form a 2D (4,4)-sql net possesses

nano-sized windows which are traversed by 2-fold interpenetrated

hydrogen-bonded diamond networks (Fig. S4). These results

demonstrate that the water-imdn aggregations form not only by a

simple void-filling but also by somewhat templating effect, that is to

say, the shape and size of the void somewhat determines the

morphologies of the water-imdn aggregation. To the best of our

knowledge, most supramolecular isomers refer to the coordination

frameworks with or without consideration of the guest species,38

however, supramolecular isomeric hydrogen-bonded guests still

received less attention.39

In summary, we observed two novel isomeric water-imdn

aggregations in two different hosts. The water-imdn aggregation in

1 is a 1D tape containing an octamer water cluster, while a 3D 2-fold

interpenetrated diamond network based on a supramolecular cluster

was observed in 2. The results unambiguously unearth that different

host structural motifs are responsible to the dissimilarity of two

isomeric water-imdn aggregations.
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