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A new methane adsorbent was synthesized from a coordination polymer. This ma-
terial adsorbs the gas to a remarkable extent and opens up new dimensions for the
study of inorganic —organic hybrid adsorbents based on coordination polymers. Find
out more on the following pages.

{_:nn.'-;tl:uch:d from a MNarrow Pore-Size
Coordination Polymer ) 13- Distribution

_ : High Methane
Absclute Adsorption Adsorption Capacity
 mmaol g" [

Angew. Chem. Int. Ed. 2000, 39, No. 12 '“ 2“ 4“ 2081

P/ atm



COMMUNICATIONS

A New, Methane Adsorbent, Porous Coordina-
tion Polymer [{CuSiF4(4,4'-bipyridine),},]

Shin-ichiro Noro, Susumu Kitagawa,* Mitsuru Kondo,
and Kenji Seki

The chemistry of microporous compounds has been
studied extensively because of their unique applications,
which includes size-selective separation, gas adsorption,
heterogeneous catalysis. The creation of porous materials as
adsorbents is an attractive research field for the storage and
transport of natural gas. So far, porous inorganic materials
such as zeolites, aluminum phosphates, and their derivatives
have been studied in great detail.'"3] More recently, coordi-
nation polymers constructed from transition metal ions and
bridging organic ligands have afforded new types of robust
crystals with high degree of porosity.*”) Although a large
number of these crystals have been hitherto synthesized, still
lacking are examples of coordination polymers in which the
pores are usefully large and which the coordination frame-
work is sufficiently robust and is maintained over a wide
pressure region at ambient temperature. In addition, since
nature dislikes a vacuum, the target of a large channels is
fraught with difficulties during synthesis, which include 1) the
occupation of counteranions in the channels; 2) the need to
readily form an interpenetrating network; and that 3) the
channel network may be disrupted upon removal of the guest
molecules.

Therefore, a rational synthetic strategy is a most significant
point for the creation of porous coordination polymers.
Generally, when water or other solvents coordinate to metal
ions, the resulting network is of low dimensionality and often
forms no channels. In this paper, we report a novel 3D
coordination polymer, [{[CuSiF4(4,4-bpy),]-8H,0)},] (1;
4.4'-bpy = 4,4"-bipyridine). For this compound, we selected
Cu'" and SiF4>~ as the building blocks for the construction of a
coordination framework with high dimensionality. The Cu"
ion (d°) is liable to undergo Jahn — Teller distortion and results
in weakly coordinated bond sites in the axial positions.
Consequently, SiFs>~ can coordinate to Cu!' more easily than
water or other solvents. Since the SiF >~ anion can link the
copper atoms located in each nearest-neighbor square-grid
layer, the resulting 3D framework is expected to be robust and
free from the occupation of channels by uncoordinated
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counteranions. We report herein on the successful synthesis
of a porous coordination polymer using Cu'! and SiF4>~.
Single crystals were obtained by mixing Cu(BF,),-6H,0,
(NH,),SiF,, and 4,4'-bpy in a water/ethylene glycol (1:3)
solvent. X-ray analysis demonstrates the 3D network is based
on a square grid of [{Cu(4,4'-bpy),},] and pillars of SiF>~ ions.
the coordination of the Cu ion in

Figure 1 shows

Figure 1. ORTEP representation of the structure around a Cu'' center
(atomic colors: Cu blue; N red; Si green; C and F gray). Hydrogen atoms
and one pyridine ring of the disordered 4,4'-bpy ligand are omitted for
clarity. Selected bond lengths [A]: Cu—F 2.355(5), Cu—N 2.011(5).

the crystal. The pyridine rings of the 4,4-bpy ligand are
disordered over two positions and four (pyridine) nitrogen
atoms are coordinated to the Cul! center. Association of two F
atoms of the SiF; anions provides a (4+2) environment.
Bridging the Cu™ ions with 4,4'-bpy affords a 2D square grid
network. The layers are linked with coordingating SiF>~ ions
to give a 3D structure without interpenetration (Figure 2c¢).
This network yields channels with dimensions of about 8 x
8 A2 along the ¢ axis and about 6 x 2 A2 along the a and b axes,
as shown in Figure 2a and 2b, respectively. The channel is
filled with eight crystallized water molecules per Cu' ion. A
similar network has been obtained for Zn" the compound
[{Zn(4,4"-bpy),(SiFe)},] (2)® was prepared in dimethyl form-
amide/dioxane (5:2). It has been previously reported that
[{Zn(4,4"-bpy),(H,0),},(SiF),], which contains interpenetrat-
ing 2D [{Zn(4,4'-bpy),(H,0),},] sheets and no channels, was
isolated from an aqueous media containing ZnSiF; and 4,4'-
bpy.’l The framework in 2 is sensitive to the solvent used. In
the case of 1, the choice of dianion was essential and in the
preliminary experiments we observed that a use of GeFg?~
instead of SiFs~ forms a similar porous 3D network,
[{CuGeF4(4,4'-bpy),}.], under the same reaction conditions.
The surface area, pore size distribution, and micropore
volume of 1 were calculated from argon gas adsorption at
873 K measured with a volumetric adsorption apparatus
(Micromeritics ASAP 2001M); the data was fitted to the BET
equation and to a Horvath—Kawazoe differential pore
volume (HK) plot.'” The HK plot shows only one sharp
peak at about 7.8 A (Figure 2d) to reveal that this material
does have a square pore (8 x 8 A2) and agrees quantitatively
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methane adsorption in the pressure range 0—
36 atm at 298 K. Desorption/readsorption ex-
periments for 1 trace the same isotherm, which
indicates that the channel structures are re-
tained throughout this process. At 36 atm, the
density of methane adsorbed in the micropores
of 1 is 0.21 gmL~". The density of the com-
pressed methane at 300 K and 280 atm is almost
the same as that in 1 at 298 K and 36 atm
(=0.16 gmL!), indicative of a concentration
effect from strong micropore filling in the
cavities. The high pressure adsorption of super-
critical methane in micropores has been studied
with the following extended Dubinin-Ra-
dushkevich (DR) equation.[”]

[In (%) 2= (%) (In Py, —InP) 1)

Here, the parameters W, SE,, and P, are the
degree of adsorption at a pressure P, the
adsorption energy, and the saturated vapor
pressure of the quasi-vaporized supercritical
methane, respectively. The large inherent mi-
cropore capacity, Wy, of 10.0 mmolg™! is ob-
tained from the Langmuir plot. This isotherm
matches the DR equation well. The methane
adsorption quantity at high pressure (about
6.5 mmol g~! at 36 atm) is much larger than that

dra, ——=

of zeolite 5A (about 3.7 mmolg! at 36 atm).
The obtained parameters are SE,=8 kJmol™!
and P,, =284 atm. In conclusion, this material

Figure 2. a) Space filling model of the channel structures along the ¢ axis. b) Along
the a or b axes. ¢) The 3D network. Atomic colors are as per Figure 1. The hydrogen

atoms, one pyridine ring of the disordered 4,4'-bpy ligand, and crystallized water
molecules are omitted for clarity. The pore size given in the text was estimated from a)
this Figure when all the hydrogen atoms are added to the 4,4'-bpy molecules in a
space-filling model. d) Horvath—Kawazoe differential pore volume plot. Only one
sharp peak at approximately 7.8 A was observed, which indicates that the size of

microporous channels are regular.

with the result of the X-ray analysis. The argon molecules
cannot pass the rectangular pore (6 x 2 A2) because of the
larger diameter of argon. The micropore volume and specific
surface area, on the basis of argon adsorption, are calculated
to be 0.56 mLg~! and 1337 m?g~1, respectively.

The stability of this network was studied by X-ray powder
diffraction (XRPD) and thermal gravimetric (TG) analysis.
Figure 3 shows the XRPD patterns at 373 K under high
vacuum (approximately 0.1 mm Hg) with a simulated pattern
based of the single-crystal data without crystallized water
molecules. The TG analysis reveals that the crystallized
solvent molecules are absent under the measurement con-
ditions.'"!l The good agreement between the peaks in both
diagrams demonstrates that the porous network is retained in
this phase and indicates that the network is retained in the
absence of any guest molecules in the channels.

Methane adsorption experiments were also carried out on 1
and on zeolite SA, which has the highest known methane
adsorption capacity.l'>'¥l Figure 4 shows the isotherms for
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Figure 3. a) Simulated XRPD pattern upon removal of the water mole-
cules from the single crystal and b) the observed pattern under reduced
pressure at 373 K.
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Figure 4. Methane adsorption isotherms at 298 K over a pressure range
0-36 atm (A = absolute adsorption).

has the high adsorption ability and opens up a new dimension
for the study of adsorbents of inorganic—organic hybrid
materials based on coordination polymers.

Experimental Section

Crystals of 1 suitable for single crystal X-ray analysis were prepared by
diffusing an aqueous ethylene glycol solution containing a mixture of
Cu(BF,),-6H,O (1.00 mmol) and (NH,),SiF, (1.00 mmol) into an ethylene
glycol solution of 4,4"-bpy (2.00 mmol) using a straight-type glass tube at
room temperature. After one week, purple block-shaped crystals had
precipitated. Four water molecules per unit cell evaporated in air to give a
partly dehydrated compound (yield: 88%). Elemental anal. calcd for
[{[CuSiF4(4.4-bpy),] - 4H,0},]: C 40.71, H 4.10, N 9.50; found: C 40.81, H
3.50, N 9.27. IR (KBr pellet): 7=3412 (br), 3098 (w), 3045 (w), 1610 (m),
1535 (w), 1493 (w), 1412 (w), 1221 (w), 1078 (w), 995 (w), 812 (s), 742 (s),
644 (m), 482 cm™! (s).

For the X-ray diffraction, a crystal was mounted on a glass fiber coated with
epoxy resin. Measurements were made on a Rigaku Mercury charge-
coupled device (CCD) system with graphite monochromated Mok,
radiation. Crystal data: C,,H;,CuF¢N,O4Si, M = 662.12, tetragonal, space
group P4/mmm (No. 123), a=11.108(1), c =8.1107(9) A, V=1000.8(1) A3,
Z=1, Paea=1098gem3,  A(Mog,)=0.71069 A,  F(000)=341.00,
u(Mog,) =6.38 cm™!, T=233 K, 260,,,,=54.9°, 7187 reflections measured,
937 observed (I >20([)), 50 parameters; R =0.056, R, =0.050. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-142080. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

The adsorption isotherms of methane gas on the sample were measured
according to the reported procedure.l' ¥l The apparatus was equipped with
a Cahn R-100 electrobalance contained within a SUS steel pressure
chamber connected with two separate lines for evacuation and adsorbate
gas pressurization. After the sample was placed in the apparatus, the
solvated molecules in the channels were removed under reduced pressure
at 298 K. The removal process was monitored by the reduction in weight.
The methane was admitted into the adsorption chamber and then the
change in weight of the sample was monitored. The entire adsorption
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isotherms at 298 K were determined by increasing the adsorbate gas
pressure to a maximum of 36 atm. All changes in weight were corrected for
buoyancy.

Zeolite SA was purchased from Bayer. The adsorption isotherms of
methane gas were measured with the same method as for the sample.
The reported methane adsorption of zeolite SA by Mentasty et al.l'¥]
(2.9 mmolg~' at 36 atm) was smaller than our result (3.7 mmolg™! at
36 atm). Therefore, we used the higher methane adsorption quantity as
comparison data with 1.
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