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Porous metal-organic frameworks (PMOFs) showing framework
flexibility have attracted much attention as gas adsorbents of better
and unique performance, because of an excellent designing of the
pore geometry through careful selection of ligands, metals, and
counter anions.1 Usually PMOFs have micropores whose width is
less than 2 nm and give an adsorption isotherm of type I in IUPAC
classification.2 Only a few microporous MOFs, which change their
structures by external stimuli, exhibit an unique sorption isotherm.3

For example, [Cu(bpy)2(BF4)2] (bpy ) 4,4′-bipyridine),4 comprising
stacked square-grid layers, shows a single-step vertical sorption
jump known as a “gate phenomenon”. We clarified that such unique
sorption properties arise from the small molecular size of BF4

-

anions. Apparently, the interlayer spacing between the two-
dimensional (2D) sheets appears to be not wide enough for the
incorporation of gas molecules, and only at a particular pressure
condition does the structure vary to form accessible open mi-
cropores.

We have therefore focused our research on the use of different
counter anions because they should play a key role for unique gas
sorption in such 2D layered PMOFs. Here we present the syntheses,
structures, nitrogen sorption properties, and structural transforma-
tions of a 2D layered square-grid open framework of Cu(II) with
the more bulky OTf (OTf) trifluoromethanesulfonate) anion.
Indeed the N2 sorption isotherm of such species shows a unique
double-step curve, that is accompanied by a reversible and
significant structure change; the total amount of adsorbed N2 at 77
K in the guest-free species corresponds to about the double of the
original void volume of the crystal.

Previous studies of the reactivity of Cu(OTf)2 and bpy have
produced a flexible 3D network, [Cu(bpy)2(OTf)2], exhibiting
noteworthy nanoporous properties.5 To obtain this species, the
presence of solvents like THF or CH2Cl2 is necessary. On the other
hand, using H2O/ethanol, we have synthesized the 2D layered
compound{[Cu(bpy)2(OTf)2]‚2EtOH‚H2O} (1).

The X-ray crystal structure of1 is shown in Figure 1.6 The Cu-
(II) ions are octahedrally coordinated to four bpy ligands at the
equatorial positions to give 2D square-grid sheets (Cu‚‚‚Cu
squares: 11.15× 11.15 Å2) while two OTf anions occupy the two
trans axial sites. The 2D layers stack along thec-axis with an
interlayer distance of 7.17 Å and an offset of 6.10 Å.

Layered frameworks similar to1 have also been obtained using
different alcohols as a solvent (methanol, 1-propanol, or 2-propanol).
A single-crystal X-ray structure7 of the species from methanol
(compound2) shows that the interlayer regions contain only some
residual peaks due to disordered guest solvents, with a decreased
layer stacking distance ofca. 6.8 Å. Compound2 gradually loses
guest solvent molecules when removed from the mother liquor.

Almost complete removal of guest solvents in1 and2 and in species
containing the other solvents can be achieved by leaving the crystals
in the air for long times or by evacuation with a heating treatment.
In all cases, the XRPD pattern of the guest-free product is almost
the same.

To elucidate the structure of guest-free compound (1a), we have
attempted to obtain single crystals suitable for an X-ray analysis
from 1. However, the single crystals of1 lost the transparency in
the guest-removal process, and they were not suitable for single-
crystal X-ray analysis. We have, therefore, tried to get a crystal
structure from guest-free2 (2a); despite the rather modest diffrac-
tion, small isolated crystals enabled us to obtain an acceptable
structural model.8 The heat-treatment of1 at 363 K in vacuo for 2
h produced a polycrystalline material that was analyzed by
synchrotron X-ray diffraction. The XRPD pattern of1a is very
similar to the one calculated from the single-crystal structure of
2a, and it was submitted to Rietveld refinement starting from the
2a single-crystal structure model.9 The framework structure of1a
(very similar to2a, see Figure 2) is slightly different from that of
1; this is mainly due to the unequal stacking distances of the layers
that exhibit the alternant of two distinct values (5.86 and 6.73 Å).10

The average interlayer separation is smaller than the value in1
and, for this reason, the percentage of free void decreases from
31% to 17.9%.(11)
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Figure 1. Representations of crystal structure of1: (a) square-grid sheet
framework structure, (b) side view of 2D sheets, and (c) straight channels
filled with guest molecules. The Cu(II) (4+2) coordination shows Cu-N
and Cu-O bond lengths of 2.017-2.031 and 2.362 Å.

Figure 2. Structural transformation from1 to 1a by guest removal. In
compound1a the copper coordination exhibits Cu-N and Cu-O bond
lengths of 2.005-2.035 and 2.373, 2.387 Å.
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An N2 sorption isotherm of1a is shown in Figure 3a. The
adsorption branch is characterized by a definite double step and a
marked hysteresis is present. The amount of adsorbed N2 at the
first uptake (0.138 mL/g at P/P0 ) 0-0.11) is in good agreement
with the void volume of1a calculated from the crystal structure
(0.141 mL/g)11 and can be completely attributed to the open pores
present in the structure. The second uptake at P/P0 ) 0.16-0.22
should originate from an increase of the pore volume by expansion
of the interlayer regions and corresponds to about 0.274 mL/g, so
that the total amount of adsorbed N2 is about the double of the
void volume of1a.

Synchrotron X-ray diffraction patterns of1a sorbing after the
first and the second uptake (1b) were measured at 77 K (Figure
3b). Almost all the main peaks remain in the same positions on N2

sorption corresponding to the first uptake, although the peak width
becomes broader and some new peaks appear, showing the
formation of fine crystallites and no significant structural change
with respect to1a. When1aundergoes a second uptake, some main
peaks shift to lower angle, suggesting the increase of the unit cell
volume. Compound1b converts to1a when the initial conditions
are restored. A structure determination of1b was also attempted
using this diffraction pattern.12 This analysis has shown that the
interlayer distance of the 2D sheets in1b (7.2 Å) is increased with
respect to the mean value in1a (6.31 Å) and that the calculated
void volume changes from 17.9% for1a to 38% for1b.

We have focused on 2D layered MOFs having the structural
flexibility. An analogue 2D compound [Cu(bpy)2(BF4)2] shows the
gate adsorption accompanied with the expansion of the interlayer
distances,4 and the adsorption stems from a clathrate formation.3c

Since the framework structure of1a is quite similar to that of [Cu-
(bpy)2(BF4)2], it is plausible that the second step is also due to the
formation of a clathrate compound. Thus, the definitive double step
sorption phenomenon is attributed to the specific nature of the parent
framework that exhibits both open microporosity and expansibility
derived from the clathrate formation.

Although many MOFs showing a structural change by external
stimuli have been reported, only a few show a definite stepwise
sorption isotherm related to a “blocking effect”13 or to a “breathing
effect”.3d In the present case, the observed stepwise isotherm derives
from a mechanism that is apparently different from the reported
ones. Compared with [Cu(bpy)2(BF4)2], that shows a single step
isotherm,3a,4 the difference consists in the presence of open
micropores due to the pillaring role of the OTf anions that fix
neighboring sheets at an appropriate position and prevent the
clogging of micropores.

In conclusion, we synthesized a novel 2D flexible Cu(II)
framework that can store N2 molecules of two times larger amount

than that of the original pore volume of the guest-free primary
structure through the formation of a clathrate compound.
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Figure 3. (a) N2 gas sorption isotherm on the compound1aat 77 K. Solid
and open symbols denote adsorption and desorption, respectively. (b)
Synchrotron XRPD patterns of (i)1a, (ii) 1a sorbing after the first step,
and (iii) 1b.
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