


three-dimensional network. The structure also exhibits channels

which contain the water molecules (see Fig. 3, top). It is closely

related to iron,8 cobalt9 and manganese10 [M(INA)2] structures,

but based on five-coordinate rather than octahedral metal centres.

The similarity between the XRPD pattern of material 1, and that

simulated for [Cu(INA)2]?2H2O (BAHGUN) indicates that they

have similar structures. However, there are some differences

between the two patterns, for example between 2-h values of 17

and 26u (see Fig. 2, middle, for a comparison of the two XRPD

patterns). These differences could arise from the inclusion of acetic

acid in the channels 1, which is a by-product of the solvent-free

reaction, as opposed to the water present in BAHGUN, or

conceivably conformational differences between the frameworks

due to their different methods of preparation.

Other groups have also reported on the [Cu(INA)2] framework

structure in various solvated forms. The group of Lu and

Babb have reported the synthesis of single crystals of the

[Cu(INA)2]?solvent, where solvent 5 2H2O, MeOH, EtOH, and

n-PrOH.7b Further, they reported that the dihydrate could be

dehydrated by heating to 200 uC for three hours, to leave the

empty porous host [Cu(INA)2]. They also described the single

crystal structure of this dehydrated product (CCD letter code

UFUMUD). This dehydrated product has identical framework

connectivity to the starting dihydrate, but has no water molecules

in the channels. Therefore, the Cu(INA)2 framework structure

has been shown to be sufficiently robust that it can support

open cavities. Also, they showed that the desolvated material

exhibited selective sorption behaviour with regard to organic

guests. The ethanol solvate [Cu(INA)2]?EtOH has also been

reported by the group of Lin et al.7c It was obtained from

isonicotinic acid and copper nitrate by heating for five days in a

mixture of ethanol, acetonitrile and water.

It should be noted that during our solvent-free synthesis of

material 1, no evidence of a liquid, melt phase was observed

even if the grinding was stopped at various intervals to inspect

the contents of the reaction vessel. In addition, grinding

Cu(OAc)2?H2O and INAH by hand produced an indentical

colour change as did use of the ball mill, indicating the formation

of material 1, but once again no liquid phase was observed. These

observations make an interesting comparison with certain reac-

tions between organic compounds for which liquid phases have

been clearly observed.1d

Fig. 2 Top: comparison of XRPD patterns of starting materials

Cu(OAc)2?H2O, isonicotinic acid, and the product material 1. Middle:

comparison of XRPD pattern of material 1 and the pattern for

[Cu(INA)2]?2H2O calculated from its single-crystal diffraction data

(CCD code BAHGUN). Bottom: comparison of XRPD patterns of

material 2 and the calculated pattern for [Cu(INA)2] (CCD code

UFUMUD).

Fig. 3 X-Ray crystal structures of [Cu(INA)2]?2H2O (CCD code

BAHGUN)7a and desolvated [Cu(INA)2] (CCD code UFUMUD).7b
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Strikingly, we also found that in the solvent-free synthesis,

grinding was actually only required to initiate the reaction, and it

was not necessary to continue grinding to drive it to completion.

In particular, if grinding was applied for only one minute, the

reaction still proceeded in quantitative yield to give 1 although the

reaction was slower to go to completion, requiring 6 hours overall.

The progress of this reaction, as monitored by XRPD is illustrated

in Fig. 4. It seems that the essential role of the grinding is to finely

divide and intimately mix the two reactants, and that once this

has happened the reaction can proceed unaided, although it is

accelerated by continued grinding.

Also interesting is that different microscopic morphologies are

exhibited by samples prepared by grinding for 1 minute, compared

to those prepared by grinding for longer times, such as 5 minutes.

In particular, the SEM images shown in Fig. 5, which were taken

after two such samples had been left to stand for one week, show

that the 1-minute sample consists of crystals which are larger and

have more clearly defined faces and edges than those of the

5-minute sample. Clearly, these different morphologies suggest

that grinding time during the reaction may be important in

determining the bulk properties of MOFs prepared by the solvent-

free method. The XRPD patterns of a samples prepared by

1 minute of grinding also showed more intense peaks at higher 2-h

values (see ESI{).

We next investigated whether samples of material 1 could be

converted to the empty structure Cu(INA)2, the single crystal

structure of which was reported previously by Lu et al.,7b as

described above. We observed that, after removal from the

reaction vessel, microcrystalline samples of material 1, which had

been prepared mechanochemically by 10 minutes grinding, lost

between 15–20% by weight on standing in air over several days,

due to partial or complete loss of acetic acid and water (as

supported by the reduction of the O–H stretching band in their

IR spectra). After six days, such a sample was analysed by

thermogravimetric analysis to determine if any water or acetic

acid remained. This showed a further 5% weight loss between

25 uC and 150 uC. This weight change is most likely due to loss of

remaining acetic acid, or one equivalent of water (loss of water

from [Cu(INA)2]?H2O corresponds to 4.2% weight loss).

We fully desolvated a bulk sample of material 1 (which had been

prepared by 10 minutes grinding) by heating it to 200 uC for

3 hours. This indeed gave a second crystalline material, material 2,

as indicated by a change in its XRPD pattern. The XRPD pattern

of material 2 can be compared with that simulated from the single

crystal data for the empty framework host [Cu(INA)2] (CCD letter

code UFUMUD) as reported by Lu and Babb.7b The comparison,

shown in Fig. 2 (bottom) reveals a very close match, confirming

that the crystal structures are essentially identical. For reference,

the single crystal structure determined by Lu and Babb for the

empty structure (UFUMUD) is shown in Fig. 3 (bottom).

We have also begun to investigate whether other MOFs can

also be prepared under similar solvent-free conditions. Preliminary

results show that it is indeed possible to prepare a second

microporous MOF, in particular Cu3(BTC)2 (BTC 5 1,3,5-

benzenetricarboxylate),11 by 10 minutes grinding under the same

conditions as used for material 1. Cu3(BTC)2 has larger pores

than Cu(INA)2 and is of interest for gas separation applications.11b

We will report in more detail on this and other solventless MOF

syntheses in due course.

In summary, grinding together metal salts and bridging organic

ligands is demonstrated here as a convenient and effective

preparative method for a robust, 3-dimensional microporous

metal–organic framework. The method is quick and gives a

quantitative yield, without the need for solvents or external

heating. Clearly, it can present higher efficiency in terms of

materials, energy and time compared to solvothermal methods.
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