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We present a three- and four-connected 3D-net based on

4-aminopyridine coordinated to Ag(I) and hydrogen bonded to

nitrate with the unusual, high symmetry, topology (83)(86)2-tfa.

The examples of possible practical applications of three-dimen-

sional coordination polymers (‘‘metal–organic frameworks’’) and

hydrogen bonded analogous systems are growing.1 However, such

systems have to a large extent been based on highly symmetric

building blocks and this has resulted in a high number of structures

containing srs{ (or (10,3)-a),2 dia (or diamond), nbo (or boron-

nitride) and pcu (or a-polonium), and a number of other high

symmetry nets.3–5

More recently, the use of unsymmetrical building blocks or

combining ‘‘tectons’’ with different connectivities is now leading to

the synthesis of a growing number of ‘‘less common nets’’. The use

of specifically tailored building blocks in order to prepare these

nets has also been identified as an important synthetic strategy.4,6

Nets containing both three- and four-connected nodes form one

such class of networks where we can envisage controlling the

structure via both the geometry of the building blocks (most

trivially by the choice of tetrahedral or square planar four-

connected nodes) and the stoichiometry of the nodes. Arguably the

most symmetric of these is the (83)(86)2-tfa net, see Fig. 1. It

contains only eight-membered rings, has two different types of

nodes, two different types of links (edges) and is of genus 3 (thus

one of the eight minimal nets7).

Given the abundance of all other high symmetry nets it is

somewhat surprising that the tfa net has not been observed among

the three-dimensional coordination polymers and hydrogen

bonded nets so far.4,5 In fact, prior to this study on aminopyr-

idines, we knew of only one example of this net, the borate net in

Cs(B9O14).
8,9

The aminopyridines can act as three-connected nodes through

hydrogen bonding and coordination (one could also consider the

Ag(I) ion as a hydrogen bond mimicker10) and nitrate can accept

several hydrogen bonds, making it a potential three- or four-

connected node.11 However, while the reactions of 2- and

3-aminopyridine with AgNO3 gave only 2D nets,12 in [Ag(4-

aminopyridine)2]NO3§ 1 (Scheme 1), we found a hydrogen bond

pattern corresponding to the tfa net, see Fig. 2." The reason for

this difference in behaviour may lie in the higher symmetry of the

4-aminopyridine and the possibility of the other compounds to

‘‘fold back’’ and form discrete or 2D units.

As the geometry of the complex ion [Ag(4-aminopyridine)2]
+ is

unsurprising,13 we will concentrate on the intermolecular interac-

tions and the interpretation of these in the form of a net.

There are three such interactions that need to concern us. A

classical coordination (or dative) bond between nitrate oxygens and
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Fig. 1 The (83)(86)2-tfa net is arguably the most symmetric net contain-

ing both three- and four-connected nodes. Note that the stoichiometry is

1 : 2.

Scheme 1 The molecular unit of [Ag(4-aminopyridine)2]NO3. Two

symmetrically independent complex ions (Ag1 in a general position and

Ag2 on a twofold axis, the same applies to NO3
2) are present in the

structure with N–Ag–N angles 173.0(3)u and 173.4(2)u.

Fig. 2 Hydrogen bond pattern (striped bonds) in [Ag(4-

aminopyridine)2]NO3 1 giving the (83)(86)2-tfa net. Same view as in Fig. 1.
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Ag(I) is unlikely because of the long Ag–O distance (2.867–2.900 Å)

and the near linear N–Ag–N unit,12 but there will always be some

electrostatic interaction. However, this is a long range force and its

effect on individual pairs of molecules is difficult to judge.

However, the centroid–centroid distance of y3.5 Å, a centroid

offset angle ofy20u and ay3.3 Å plane-to-plane separation clearly

indicate efficient interactions between the p-systems according to a

recent survey.14 Even so, in energy terms such interactions are weak,

around 2 kJ mol21, and as each molecule in the stack has two

contributions we would sum this to about 4 kJ mol21.

N–H…O hydrogen bonds normally have N…O distances in the

range 2.81–3.04 Å15 so the interactions in this structure may be

interpreted as weak, being 2.943(9)–3.178(9) Å. However the

N–H…O angles are 154u–167u and this indicates a stronger bond16

and a search in the Cambridge Structural Database17 does indeed

show that between organic amines and nitrate the hydrogen bonds

are somewhat longer, in the range 2.85–3.15 Å.I
The energetics of these hydrogen bonds are complicated by the

possibility of ‘‘charge-assisted hydrogen bonding’’,18 since the

positive charge from the soft silver ion may delocalise and a

significant charge develop on the NH2 group that will reinforce the

hydrogen bond to the nitrate ion, see Fig. 3.

Nevertheless, strong, inorganic, N–H…O hydrogen bonds have

been placed around 59 kJ mol2115 and the ‘‘medium’’ hydrogen

bonds at 17–63 kJ mol21 (2.5–3.2 Å, 130u–180u).16 We tentatively

estimate our hydrogen bonds at 25 kJ mol21, giving a schematic

view of the energetics in the structure as presented in Fig. 4.

This survey indicates that the links between the nodes of the net

are indeed stronger than other (directional) intermolecular interac-

tions and that the structure can justly be represented by a net.

As more and more examples of 3D-nets are found, or

deliberately synthesised, the classification and nomenclature

become increasingly important issues.4,5,7,9,19–22 The topology of

this net was established by computing{{ the vertex symbol23

(extended Schläfli or long symbol) giving 84?84?84 for the three-

connected and 82?82?83?83?83?83 for the four-connected node and

comparing both the symbol and the experimental net with the ideal

net.{
However, 1 does, in fact, contain two interpenetrated nets and

the overall net structure is shown in Fig. 5. Moreover, just as it is

important to describe the topology of the nets formed, so it is

important to describe the topology of interpenetration.22 Recently

a stringent nomenclature has been proposed,5 where the most

important distinctions are made between structures containing nets

related by displacement vectors only (Class I, the most common),

those where the nets are symmetry-related (Class II) and those that

are related by both symmetry and displacement vectors (Class III).

The interpenetration in 1 is Class II since the two nets are related

by inversion (symmetry operation 2x, 2y, 2z).

Finally, the attribution of nodes needs to be discussed since this

is a somewhat subjective choice,5,6a,21 and different nets may

indeed be assigned to the same structure! In the case of 1 we could

also consider the entire complex ion as one node and nitrate as the

other giving a very distorted version (or embedding19) of the

diamond (dia) net (‘‘tetrahedral’’ angles of 50u and 140u), see Fig. 6.

There is no common practice for net assignment, but two

principal ways may be distinguished. Naturally, a connectivity

approach is one possibility.24 However, connecting the centres of

gravity of the tectons may result in links traversing empty space in

the structure. Another possibility is to make the links in the net

follow the real chemical bonds that form the structure. This can be

exemplified by the two (pseudo)polymorphs of 3,395,59-tetra-

methyl-4,49-bipyrazole that based on connectivity both give the dia

net but when the directionality of the hydrogen bonds are

considered two distinctly different nets can be seen in these

structures; the ths (or (10,3)-b) and the chiral bto (or (10,3)-c) net.25

In the present case, connectivity based on the 4-aminopyridine

ligand will give the tfa net. If we want the links of the net to follow

the real bonds in the structure as closely as possible, we also get the

Fig. 3 Electrostatic potentials mapped on the electron density surface

calculated by DFT** for [Ag(4-aminopyridine)2]
+ (top) and 4-aminopyr-

idine (bottom). Note the significant increase in positive potential for NH2

in 1.

Fig. 4 Tentative diagram over the most important intermolecular

interactions binding the ‘‘black’’ complex ion to its ‘‘blue’’ neighbours in 1.

Fig. 5 The two interpenetrated three- and four-connected tfa nets in 1.

The four-connected nodes are NO3
2 and the three-connected nodes are –

NH2.

Fig. 6 Different choice of nodes giving different net topologies. Red and

violet giving the dia net and blue and violet the tfa net.
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tfa net. On the contrary, we get the dia net if we base the

connectivity on the [Ag(4-aminopyridine)2]
+ complex ion.

However, as is clear from Fig. 6, these links then pass trough

empty space in the structure and moreover the resulting net is very

distorted while the corresponding tfa net is closer to the ideal

embedding.

We also note that the tfa assignment gives us a superior

opportunity to understand the complete structure: the net

designates the strongest intermolecular interactions, the long

parallel links of the two nets have ‘‘p–p’’ interactions in between

them, and the mid-points of these links (Ag+ ions) are located right

beside the ‘‘tetrahedral’’ links corresponding to the nitrate ions

thus, at least seemingly, maximising the charge–charge interactions

between nets as well, see Fig. 5. In conclusion it seems appropriate

to cite A. F. Wells who in 1954 pointed out that in some sense

‘‘nets have a deeper structural significance than space groups’’.26
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