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Three novel coordination polymers based on M?* (M = Cu,
Zn), pyrazine (pyz) and the SiF¢>" ion, [Cu(SiFs)(pyz)(H20),],
(1a), {[Cu(SiFe)(pyz)s]-2H,0}, (1b D 2H,0) and {[Zn(SiF¢)-
(pyz)2]-2MeOH},, (2 D 2MeOH), have been synthesized and
characterized by single-crystal X-ray diffraction analyses.
Compound 1a forms straight one-dimensional chains of
—~Cu(OH,),—-pyz—, which are bridged by SiFg¢?~ ions to produce
two-dimensional sheets. Compound 1b O 2H,0O forms
straight two-dimensional sheets of —Cu(pyz),—pyz- chains
bridged by SiF2~ ions, where perpendicularly protruding pyz
planes are stacked to produce a three-dimensional frame-
work with 2.5 X 2.2 A2 pores. In compound 2 D 2MeOH, grids
of [Zn(pyz),], are bridged by SiFs?~ ions axially coordinating
to Zn?* ions to produce an open three-dimensional frame-

work. The 4.5X 4.5 A2 pores in 2 D 2MeOH are surrounded
by pyz panels, and they remain intact after removal of sol-
vents to give [Zn(SiFg)(pyz)2], (2). The permanent porosity of
2 was characterized by adsorption studies with solvent va-
pours such as MeOH (kinetic diameter 3.8 A), EtOH (4.3 A),
iPrOH (4.7 A) and Me,CO (4.7 A), showing a size-exclusive
effect at around 4.7 A. Furthermore, the H, adsorption/de-
sorption isotherm of 2 at 77 K shows a sharp uptake with a
slight hysteresis loop, which is attributed to both the small
size of the pore and the interaction between H, molecules
and fluorine (SiFg2") atoms that are exposed on the pore sur-
faces.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The synthetic investigation of porous coordination poly-
mers has been accelerated by the suggestion of reticular
synthesis based on secondary building units (SBUs),[!l and
numerous porous coordination polymers have been re-
ported.l'-® Because of their regulated porosities, researchers
have identified several uses for this promising material, es-
pecially for gas separation and H, adsorption, in the last
few years.”-'!1 Focusing on gas separation, size-exclusive ef-
fects within porous materials have played an important role
in their separation functions, whereby smaller molecules
can go through the microporous channels whereas larger
substrates are blocked. For example, [Zn,(BDC),(4,4'-bpy)],.
(BDC = 1,4-benzenedicarboxylate, 4,4'-bpy = 4,4'-bipyr-
idine) with 4.0x4.0 A2 cross-sectional channels shows
highly selective gas-chromatographic separation of alkanes,!!
and [VO(BDC)], (MIL-47),3] having 10.5X 11.5 A2 chan-
nels, also shows separation of Cg alkyl aromatic com-
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pounds.'Yl In addition, [Zn(cbIM),], (ZIF-95, cbIM = 5-
chlorobenzimidazole) with a 3.65 A pore aperture is a good
carbon dioxide reservoir, showing by a breakthrough curve
that only CO, (kinetic diameter: 3.30 A) is retained in the
pores while N, (3.64 A) passes through without hin-
drance.'! As observed in the above examples, to achieve
size-exclusive effects with porous coordination polymers,
the window aperture size of the channels should be close to
the size of the substrates that are expected to be separated.

H, storage is also one of the key technologies expected
to result from research on porous coordination polymers,
and much effort has focused on investigating this area in
the past few years.”"!'!l Although investigation of the extra
large surface area, which is difficult to obtain by carbon or
zeolite-type materials, has produced higher H, uptake,!'®
there still remains room for strengthening physisorption by
van der Waals interaction of H, molecules on porous mate-
rials. To strengthen adsorbate/framework interactions, two
major approaches have been considered. One is pore sur-
face engineeringl!” by introduction of unsaturated metal
centres into the pore surfacel!'! or increasing the polariz-
ability of the organic struts.'®! The other is pore-shape
and -size design, where small pores show a relatively high
affinity for H,.['%]

On the basis of this background, we reasoned that frame-
works with ultramicropores (with pore sizes smaller than
7 A) might well contribute to gas separation and yield novel
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results on H, adsorption. Although several interpenetrated
(interwoven) frameworks!'220-21 produce uniquely shaped
pores in this size range, rational syntheses with reticular
regulation have some difficulties because of the influence
of ligand lengths. As shown in Scheme 1, typical bridging
ligands, BDC and 4,4'-bpy, produce open octahedral coor-
dination polymers, [Zn,(BDC),(dabco)], (dabco = 1,4-di-
azabicyclo[2.2.2]octane)*  and [Cu(SiF¢)(4,4’-bpy),],!
with micropores of 7.5X 7.5 A% and 8.0 8.0 A2, respec-
tively. For separation and purification of smaller gas mole-
cules, such micropores need to be further narrowed to be-
come ultramicropores, as in Prussian blue (M(CN),) ana-
logues.3>33 When we focus on SiF4> -containing coordina-
tion compounds, [M(SiF¢) (4,4’ -bpy).], (M = Zn>*,
Cu?*),[31:34-361 which are compounds that can be regarded
as having been generated from square-grid coordination
polymers that are cross-linked by p-SiFg anions, replacing
4,4'-bpy by pyrazine (pyz) would produce the required ul-
tramicropores. Herein, we show the synthesis and charac-
terization of ultramicroporous coordination polymers with
formulae [M(SiF¢)(pyz),], employed for gas and vapour ad-
sorption studies and especially H, storage properties.
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Prussian Blue [Zn2(BDC)(dabco)], [Cu(SiFe)(4,4-bpy)2ln

¢ i

0 5 10A

Pore
Diameter

Scheme 1. Relationship between bridging ligand lengths and pore
diameters found in porous coordination polymers.

Results and Discussion

Synthesis and Crystal Structures of [Cu(SiF¢)(pyz)(H,0),],
(1a), {|Cu(SiF)(pyz);]-2H,0}, (1b D 2H,0) and
{[Cux(pyz);l(SiFe)}, (1c)

A compound with formula [Cu(SiF)(pyz)(H,0),], (1a)
was obtained by following the synthetic procedure for
{[Cu(SiF¢)(4,4'-bpy),]-8H,0},B) by mixing the starting
materials, Cu(BF,4),"xH,0, pyz and (NH,4),SiF¢, in water
in the ratio 1:2:1 at room temperature, which immediately
produced a blue precipitate. As time passed, the colour of
the precipitate changed from blue to violet.[*” This colour
change indicates that the blue compound is kinetically
stable, whereas the violet compound is thermodynamically
stable in this system.*®! As mentioned in the Experimental
Section, we succeeded in obtaining single crystals of both
2330
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the blue and the violet compounds, [Cu(SiFg)(pyz)(H,0)-],
(1a) and {[Cu(SiF)(pyz);]:2H,0},, (1b D 2H,0).

Figure 1 shows the coordination environment of the cop-
per ion in 1a. The copper(IT) centre is octahedrally coordi-
nated to the two nitrogen atoms of the pyz ligands and two
water molecules in a trans fashion with Cu(1)-N(1) dis-
tances of 2.031(2)A and Cu(1)-O(1) distances of
1.952(2) A. In addition, two fluorine atoms of SiF¢2 are
coordinated axially with a Cu(l)-F(1) bond length of
2.4121(16) A. In 1a, the copper(Il) ions are linked by pyz
ligands to form straight one-dimensional chains, which are
bridged by SiF¢> ions to produce a two-dimensional sheet
(Figure 1b). The closest Cu—Cu distance is about 6.8 A in
the chain and 7.8 A between adjacent chains. Each sheet
stacks along the (a + ¢) direction and is bound by hydrogen
bonds between coordinated water molecules and SiFg>~
anions; d[O(H,O)-F(SiF¢*)] = 2.63 A.

Figure 1. Crystal structure of [Cu(SiF¢)(pyz)(H-O),], (1a). (a)
ORTEP drawing of la at the 30% probability level. Hydrogen
atoms are omitted for clarity. (b) Overall structure of 1a. One-di-
mensional chains run in parallel to form a sheet, where SiF>
anions bridge chains.

Figure 2 shows the coordination environment of the cop-
per ion in {[Cu(SiF¢)(pyz)s]-2H,0},, (1b D 2H,0). The cop-
per(IT) centre is octahedrally coordinated to the four nitro-
gen atoms of the pyz ligands and the two SiF¢>~ groups. In
the equatorial plane, all of the Cu—N bond lengths are sim-
ilar to each other: Cu-N(1) 2.048(3)A, Cu-N(2)
2.009(12) A and Cu-N(4) 2.054(11) A. One of the coordi-
nated pyz ligands serves as a bridging ligand to produce a
one-dimensional chain with a Cu-Cu distance of 6.9 A,
while the other forms side arms of one-dimensional chains
acting as monodentate ligands. As shown in Figure 2b, the
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one-dimensional arrays run in parallel along the a axis,
where protruding pyz planes are stacked above each other
with a 3.5A separation. In addition, the SiF¢> ions are
coordinated axially [Cu—F(1) 2.402(3) A], and the bridged
copper ions have a Cu—Cu distance of 8.3 A. As shown in
Figure 2c, channels along the @ axis with a cross-sectional
area of 2.5x2.2 A23% are formed, which are occupied by
water molecules. This structure is similar to the network
motif of {[Cd(4,4'-bpy);(H,0),](NO3),-2(4,4'-bpy)-4.5H,-
0}, and {[Cu(2-pySOs)(4,4'-bpy)IH,0}, (2-pySO; = 2-
pyridinesulfonate),*!) and the interdigitated fashion of
{[Zn,(ip)-(4,4"-bpy),' DMF},, (H,ip = isophthalic acid).[*?]

25x22 A2

Figure 2. Crystal structure of {[Cu(SiF¢)(pyz);]-2H,0},, (1b D
2H,0). (a) ORTEP drawing of 1b D 2H,0 at the 30% probability
level. F(3), F(6) and hydrogen atoms are omitted for clarity. (b)
Overall structure of 1b D 2H,O along the ¢ axis. Two-dimensional
sheets run in parallel, where the pyridine planes are stacked to form
the three-dimensional structure. (c) Cross sectional view along the
a axis. The 2.5X2.2 A pores are formed. Water molecules filling
the pores are omitted for clarity.

Although the starting materials were mixed according
to the synthetic procedure for {[Cu(SiF)(4,4'-bpy),]:
8H,0},,31:3¢ the expected structure, in which pyz ligands
are incorporated in place of 4,4'-bpy ligands, was not ob-
tained. This is because the pK, value for pyz (0.65) is much
smaller than that for 4,4'-bpy (4.44).[431 To promote the re-
action, the mixed blue solution was heated to 120, 150 and
180 °C in a Teflon autoclave for 24 h. Although only light
green solutions were obtained at 120 and 150 °C, orange
crystals suitable for X-ray analysis were obtained at 180 °C.
Single-crystal X-ray diffraction analysis showed that the
orange crystal is {[Cu,(pyz);](SiF¢)}, (1c), which has been
previously reported.[** In 1¢, the oxidation state of the cop-
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per ion is +1, indicating that the starting Cu'! ions are re-
duced to Cu'. Such a reduction is probably induced by the
Gillard mechanism,*>#¢ where the attack by nucleophiles
at the 2-position in complexed pyridine ligands (py) induces
the reduction of the coordinated metal with release of H*
and H,0, species.*! Actually, the pH of the supernatant
solution of 1e¢ is 2.1, suggesting that high temperature pro-
motes this pathway in our case. This mechanism also might
be applicable for providing several Cu(I/II) mixed-valence
compounds“®>11 and Cu! coordination polymers;/>>>7)
high temperatures with py—X-py-type ligands probably as-
sist in the reduction of Cu' to Cu'.

Crystal Structures of {[Zn(SiFg)(pyz),|:2MeOH}, (2 D
2MeOH)

Simple mixing of ZnSiF¢xH,O and pyz in MeOH solu-
tion produced colourless single crystals, which formed the
expected crystal structure. Figure 3a shows the coordina-
tion environment of the zinc ion in {[Zn(SiF¢)(pyz)-]:
2MeOH}, (2 D 2MeOH). The zinc(Il) centre is octahe-
drally coordinated to the four nitrogen atoms of the pyz
ligands and to the two SiF¢> ions. In the equatorial plane,
the pyz ligands bridge the zinc ions [Zn-N(1) 2.172(5) A]
to produce grids with the closest Zn—Zn distance of 7.1 A.
In addition, the SiF¢>" groups are coordinated axially [Zn—
F(1) 2.057(5) A] and bridge zinc ions with a Zn-Zn distance
of 7.6 A, producing an open three-dimensional framework
(Figure 3b). As shown in Figure 3c, all pyz planes are paral-
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Figure 3. Crystal structure of {[Zn(SiF¢)(pyz),]-2MeOH}, (2 D
2MeOH): (a) ORTEP drawing of 2 D 2MeOH at the 30% prob-
ability level. Hydrogen atoms are omitted for clarity. (b) Overall
structure of 2 D 2MeOH along the ¢ axis. (c) Space-filling view
along the ¢ axis (left) and the b axis (right). Pores of dimensions
4.5% 4.5 A2 are formed.
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Table 1. Comparison of distances and angles in selected coordination polymers containing bridging SiF¢>~ anions.

Compoundsf?! M M-F(SiF¢?) distances/A M-N distances/A Canting angles/*®  Ref.
[Co(SiF)viz)], Co* 21432 2.09702) 79.1 foc
[Cu(SiF)4.4"-bpy)a], Cu¥  2.355(5) 2011(5) 639 B
[Cu(SF)2.6-Meapy2)il, cu* 2313(1), 2.83 2.023(1) 86.3 (67
{[Cu(SiFe)pyz)s2H,0}, (1b O 2H,0) Cu>* 240203 2.009(12), 2.048(3), 2054(11)  90.0 this work
[Zn(SiFo)@.4-bpy)], 7ot 2.082(10) 2.157(8) 90.0 34
{[Zn(SiFg)(bpp)s4H,0-2MeOH},, o2t 2.135(1) 2.145(2), 2.17002) 90.0 68
{[Zn(SiF)(4-PDS),} 3McOH},, o2t 2.135(1) 2.007(4)-2.1702) 734, 63.1 (69
([Zn(SiF)(py2,]2MeOH}, (2 D 2MeOH)  Zn®*  2.057(5) 2.172(5) 90.0 this work

[a] Abbreviations: viz. = N-vinylimidazole, 4,4'-bpy = 4,4'-bipyridine, 2,6-Me,pyz = 2,6-dimethylpyrazine, pyz = pyrazine, bpp = 1,3-
bis(4-pyridyl)propane, 4-PDS = 4,4'-dipyridyldisulfide. [b] Angles between xy coordination planes and coordinated pyridine planes.

lel to the c¢ axis, to produce pores with a cross-sectional area
of 4.5% 4.5 A2 surrounded by pyz panels. In this structure,
30% of the total crystal volume is void space,’® whereas
[Zn(SiF4)(4,4’-bpy),], contains 50% void space.’?¥

In the case of several coordination polymers containing
SiF¢> anions as guest molecules,>-%3! coordinated water or
solvent molecules result in a network that is of low dimen-
sionality and often forms no channels. On the other hand,
using SiF¢>~ anions as bridging ligands raises the dimen-
sionality; Table 1 summarizes MN4F,-type [coordination of
four N donor atoms to M (metal)] coordination polymers
containing bridging SiF¢> anions.3!-3460-%1 To the best of
our knowledge, only three metals (Co>*, Cu?* and Zn>")
have been used to construct these network motifs. Obvi-
ously, the distances between Cu®>* and F(SiF¢>") are longer
than those found in Co®>* or Zn>* compounds, and Jahn—
Teller distorted [CuNyF,] coordination octahedra are
formed in the Cu?>* compounds. Although the distances be-
tween M2 and F(SiF¢>) are shorter (< 2.14 A) in Co**
and Zn>* compounds, the orientation of the N donor li-
gands with respect to the xy coordination plane is almost
perpendicular in order to avoid steric interactions with the
SiF¢>. Also, in 2 D 2MeOH, the canting angle of the pyz
ring relative to the xy coordination plane is zero, which con-
tributes to the formation of effective 4.5 X 4.5 A2 open aper-
tures.

Framework Stability of {[Zn(SiF)(pyz),]:2MeOH}, (2 D
2MeOH)

The stability of the porous networks was studied by X-
ray powder diffraction (XRPD) measurements and thermal
gravimetric (TG) analysis. Figure 4a shows the thermogram
of 2 D 2MeOH in the temperature range 20-300 °C for a
heating rate f = 20 °Cmin'. In the temperature range 50—
140 °C, the thermogram of 2 O 2MeOH showed a mass
loss (observed = 15.3%) corresponding to guest molecules
and then a gradual decomposition with loss of the SiF¢*~
ions and pyz ligands. The guests are considered to be two
methanol molecules (calculated 14.8 %) of solvent, although
it is impossible to find them in 2 D 2MeOH by single-crys-
tal X-ray diffraction analysis. Therefore, the formula con-
taining guest molecules of 2 D 2MeOH is {[Zn(SiF¢)(pyz),]:
2MeOH}, (2 D 2MeOH). The XRPD pattern of dried
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[Zn(SiF)(pyz)-]., (2), which was obtained by drying as-pre-
pared 2 O 2MeOH in vacuo at 100 °C for 1 h, shows sharp
peaks at similar peak positions as 2 O 2MeOH, indicating
that compound 2 maintains its framework after removal of
the MeOH molecules.

100
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Figure4. TG analysis of {[Zn(SiF¢)(pyz),]'2MeOH}, (2 D
2MeOH) over the temperature range from 20 to 300 °C in a helium
flow (100 mLmin'). Heating rate: 20 °Cmin!. XRPD patterns of
(a) drying 2 D 2MeOH in vacuo at 100 °C for 1 h (2) and (b)
powder simulation of 2 D 2MeOH based on single-crystal X-ray
diffraction analysis.

Adsorption Measurements of [Zn(SiFg)(pyz).l, (2)

Three-dimensional porous coordination polymer 2 is use-
ful for the adsorption of several gases. A N, (kinetic dia-
meter: 3.64 A) adsorption experiment was carried out over
the pressure range from 0.035 to 0.993 atm at 77 K, as
shown in Figure 5. The adsorption isotherm displays a ra-
pid rise at low relative pressure followed by a monotonically
increasing curve. Compound 2 adsorbs 146 cm3g! of N, at
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77 K and 0.993 atm, corresponding to apparent Brunauer—
Emmett-Teller (BET) and Langmuir surface areas of 133
and 217 m?>g !, respectively. These surface areas are smaller
than expected on the basis of the crystal structure, a fact
that is attributed to the small amounts of adsorption at low
relative pressure. Despite the stable framework and a larger
pore diameter, effective N, diffusion into the micropores
was not observed. The reason is the strong interaction of
the N, molecules with the pore windows, which sub-
sequently block other molecules from passing into the
pore,l??l as is usually observed in other porous coordination

polymers,[2427.28.70-76]
160 |
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Figure 5. N, adsorption (filled circles) and desorption (open
circles) isotherms at 77 K for [Zn(SiF¢)(pyz)a], (2) over the pressure
range from 0.035 to 0.993 atm. Py is the saturation vapour pressure
of N, at 77 K.

Figure 6 shows MeOH (kinetic diameter:””) 3.8 A),
EtOH (4.3 A), iPrOH (4.7 A) and Me,CO (4.7 A) adsorp-
tion isotherms for 2 at 298 K. In spite of the difference in
saturation amounts among the adsorbates, all isotherms
show type-I curves, which are indicative of typical micro-
pores. Because the adsorbate sizes are larger, the saturation
amounts decrease. Table 2 summarizes the values of satura-
tion amounts (W) and adsorption energy related to the
adsorbate—adsorbent interaction (fE,) based on the Dubi-
nin-Radushkevich (DR) equation.’”®””) The noteworthy
feature found in the isotherms is that 2 adsorbs Me,CO
rather than /PrOH. These results suggest that 2 may behave
as a highly effective size-selective molecular sieve that can
discriminate, for example, between iPrOH and Me,CO or
iPrOH and EtOH.

To further clarify the adsorption of gaseous solvent, we
analyzed the adsorption phenomenon from a kinetic point
of view. Figure 7 shows how adsorption reaches equilibrium
from measurements on each solvent, calculated on the basis
of pressure decays, where M, and M, are the mass uptake at
time ¢ and at equilibrium, respectively. In these volumetric
measurements, the pressure change is proportional to the
adsorption volume. Within these structures, there are barri-
ers as a result of diffusion both through the windows and
along the pore cavities. Although these can be described by
a double-exponential (DE) equation,8%81 the kinetic pro-
files for MeOH, EtOH, iPrOH and Me,CO adsorption on
2 do not follow the DE model. However, the time ¢ required

Eur. J. Inorg. Chem. 2009, 2329-2337

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

120 -
a)
100 -
o 8 b)
o
» 60— d)
E
~ —{
I
20
eee C)
o
T T T T T T
00 02 04 06 08 10

PIPy

Figure 6. Adsorption isotherms for (a) MeOH, (b) EtOH, (c) iP-
rOH and (d) Me,CO at 298 K for [Zn(SiF)(pyz),], (2) over the
relative pressure range from 0 to 0.9. P, is the saturation vapour
pressure at 298 K: 16.913 (MeOH), 7.887 (EtOH), 5.930 (iPrOH)
and 30.816 (Me,CO) kPa.

Table 2. Calculated W, (mL(STP)g ') and BE, (kIJmol ') based on
adsorption isotherms of 2.

Adsorbate W, ImL(STP) g BE, /kJmol™!
MeOH 100.6 9.3

EtOH 69.3 12.9

iPrOH 8.0 21.2

Me,CO 54.6 11.4

for iPrOH to reach equilibrium is obviously longer than
that for other solvents, indicating that iPrOH interacts very
strongly with the pore windows, thereby blocking other
molecules from passing into the pore, as the framework has
no other additional open channel.

a)b d
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Figure 7. A comparison of adsorption kinetic profiles for M,/M,
vs. time for the adsorption of MeOH, EtOH, /PrOH and Me,CO
on 2: (a) MeOH (P = 0.0000-0.0388 kPa); (b) EtOH (P = 0.0000—
0.0139 kPa); (¢) iPrOH (P = 0.0000-0.0263 kPa); (d) Me,CO (P =
0.0000-0.0124 kPa).

In addition, a measurement of H, (kinetic diameter:
2.89 A) adsorption/desorption on 2 was carried out in the
range 0-100 bar at 77 and 298 K (Figure 8). The adsorption
isotherm at 77 K shows a sharp increase at low pressures
and then slightly increases towards saturation, showing up-
takes of 0.65wt.-% [73.4cm*(STP)g '] and 1.09 wt.-%
[123.4 cm*(STP)g '] at 1.0 and 100 bar, respectively. Conse-
quently, one pore, which is defined as the volume of a rect-
2333
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angle surrounded by eight Zn corners, could contain 2.0 H,
molecules at 100 bar. The density of H, stored in the cavi-
ties of 2 is 0.018 molecules A3, which is close to that of
liquid H, (0.021 molecules A 3).7¢) In contrast, the adsorp-
tion isotherm at 298 K shows a monotonic increase with an
uptake of 0.14 wt.-% [16.1 cm3(STP)g '] at 102 bar, where
the adsorption data follow the Langmuir equation closely
and predict a saturation of 0.40 wt.-% [44.8 cm?-
(STP) g '], indicating that additional H, molecules could
be adsorbed at higher pressure. The isosteric heat of ad-
sorption at zero coverage for 2 is 8.2 kJmol !, calculated
from the adsorption isotherms at 77 and 298 K. The signifi-
cant feature is that the desorption isotherms do not retrace
the adsorption isotherms, instead they show hysteresis.[]
There is the possibility that the slight hysteresis in H, ad-
sorption/desorption on 2 is attributed to the relatively high
isosteric heat of adsorption.
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Figure 8. Isotherm for H, adsorption (filled) and desorption (open)
on [Zn(SiF¢)(pyz),], (2) at 77 (circles) and 298 (squares) K. The
inset is a magnification of the 77 K isotherm.

The hysteresis in H, adsorption/desorption on porous
coordination polymerst!2-24-27.74.76.84-89 g classified into
two  types:  small  porest’47%37  and  flexible
pores.[12:24-27.84-86] Iny the former type, the small pores hin-
der diffusion of the H, molecules through ultramicropores
of comparable size, because the interaction potential of the
H, molecules is expected to be very strong due to the syner-
gistic effect of the neighbouring pore walls.'®7¢ Such a
strong interaction leads to slow adsorption kinetics, re-
sulting in adsorption/desorption hysteresis. On the other
hand, in flexible pores, the hysteresis is attributed to ad-
ditional steric hindrance caused by adjacent guests (kinetic
trapping), where such slow desorption kinetics might be the
result of the high H, loading of the porous framework at
low pressures, which impedes the flexibility and window
opening.®1 It is likely that the former small pore mecha-
nism operates in the hysteresis described here, because 2
keeps its robust framework. In addition, taking into ac-
count the reports that [Cu(hfipbb)(H,hfipbb), 5], [Hohfipbb
= 4 ,4-(hexafluoroisopropylidene)bis(benzoic acid)] with
5.1 X 5.1 A? ultramicrochannels®” and {Ag,[Ag,Tzg]}, [Tz
= 3,5-bis(trifluoromethyl)1,2,4-triazolate] with 6.6 X 4.9 A2
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ultramicrochannels show hysteresis, there is the possibility
that interactions between H, molecules and fluorine atoms
of SiF¢? are effective for trapping H, molecules in 2. Al-
though these results do not satisfy the standards set for
practical applications, hysteretic adsorption could poten-
tially lead to an effective means of H, storage.

Conclusions

This work was devoted to the syntheses of three coordi-
nation polymers prepared by using Cu>* or Zn>* (M = Cu,
Zn), pyz and the SiF¢> ion to form ultramicroporous
frameworks. Although the expected frameworks were not
obtained by Cu?* ions because of the low pK, value of pyz
and reduction of Cu?* to Cu*, we succeeded in obtaining
porous coordination polymers by simply mixing ZnSiFg
and pyz in MeOH. The ultramicropores (4.5X 4.5 A2) of
2 show the size-exclusive effect and a sharp uptake in H,
adsorption at 77 K, because the interaction potential is ex-
pected to be strong as a result of the synergistic effect of
the neighbouring pore walls. We have, therefore, developed
and contributed a series of SiF¢>-bridging porous coordi-
nation polymers with pyz that can be further narrowed
down for ultramicropores.

Experimental Section

Materials: Cu(BF,),'xH,0, ZnSiF¢xH,O and (NHy),SiFs were
obtained from Aldrich Chemical Co. Pyrazine was obtained from
Tokyo Kasei Industrial Co.

[Cu(SiF)(pyz)(H,0),],, (1a): To obtain the single crystals, an aque-
ous solution (2.0 mL) of pyz (0.36 g, 4.4 mmol) in a glass tube
(5 mL, 10 mm i.d.) was carefully layered onto an aqueous solution
(2.0 mL) of Cu(BF4),'xH,O (0.53 g, 2.2 mmol) and (NH,),SiFg
(0.40 g, 2.2 mmol). After two weeks, blue crystals of 1a and violet
crystals of 1b D 2H,0 were obtained at the bottom and the top of
tube, respectively. By careful separation, blue crystals of 1a suitable
for X-ray diffraction were obtained (yield: 31%). C4HgCuF¢N,O,Si
(322): caled. C 14.93, H 2.51, N 8.71; found C 14.09, H 2.17, N
8.75. The microcrystalline sample of 1a was prepared in a dilute
condition [pyz (0.36g, 4.4mmol), Cu(BF,),xH,O (0.53¢g,
2.2 mmol) and (NHy4),SiFg (0.40 g, 2.2 mmol) with H,O (12 mL)].
After stirring for one day and placement for 12 h, a blue powder
was obtained (yield: 5%). The crystallinity was checked by X-ray
powder diffraction as shown in Figure S3 (Supporting Infor-
mation).

{[Cu(SiF¢)(pyz);]-2H,0},, (1b D 2H,0): To obtain the single crys-
tals, water (0.25 mL) in a glass tube (5 mL, 10 mm i.d.) was care-
fully layered onto an aqueous solution (1.25mL) of Cu(BF,),
xH,O (0.48 g, 2.0 mmol) and (NH4),SiF¢ (0.36 g, 2.0 mmol), and
then an aqueous solution (1.25 mL) of pyz (0.32 g, 4.0 mmol) was
carefully layered. After two weeks, violet crystals of 1b D 2H,O
suitable for X-ray diffraction were obtained (yield: 43%).
C,H 6CuF¢NgO,Si (482): caled. C 29.91, H 3.35, N 17.44; found
C 30.04, H 2.76, N 17.84. The microcrystalline sample of 1b D
2H,0 was prepared with pyz (0.36 g, 4.4 mmol), Cu(BF,),-xH,O
(0.53 g, 2.2 mmol) and (NH4),SiF¢ (0.40 g, 2.2 mmol) with H,O
(10 mL). After stirring for one day, a violet powder was obtained
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(yield: 22%). The crystallinity was checked by X-ray powder dif-
fraction as shown in Figure S3 (Supporting Information).

{IZn(SiF)(pyz);]:2MeOH}, (2 D 2MeOH): In order to obtain the
single crystals, in a glass tube (5 mL, 10 mm i.d.) a methanol solu-
tion (2.0 mL) of pyz (0.10 g, 1.3 mmol) was carefully layered onto
a methanol solution (2.0 mL) of ZnSiF4xH,O (0.13 g, 0.6 mmol).
Colourless crystals of 2 D 2MeOH suitable for X-ray diffraction
were obtained (yield: 34%). CgH,F¢N40,SiZn (404): calcd. C
23.80, H 3.00, N 13.88; found C 23.29, H 2.09, N 13.87. Dried 2
is moisture sensitive, including H,O in the pores.

X-ray Crystallographic Analysis: Single crystals of 1a, 1b D 2H,O
or 2 D 2MeOH were mounted on a glass fibre and coated with
epoxy resin. X-ray data collection was carried out by using the
imaging plate detector of a Rigaku RAXIS-RAPID diffractometer
(1a and 1b D 2H,0) or the CCD two-dimensional detector of a
Rigaku Mercury diffractometer (2 D 2MeOH) with graphite mono-
chromated Mo-K, radiation (A = 0.7107 A). For 1a and 1b D
2H,0, the sizes of the unit cells were determined from reflections
collected on the setting angles of three frames by changing w by
3.0° for each frame, and intensity data were collected with a @ scan
width of 5.0°. For 2 D 2MeOH, the sizes of the unit cells were
determined from reflections collected on the setting angles of six
frames by changing @ by 0.5° for each frame, and intensity data
were collected with a w scan width of 0.5°. Two different y settings
were used. Empirical absorption correction!®”! was performed for
all data (Table 3). The structures were solved by the direct method
with the subsequent difference Fourier syntheses and refinement
with the SHELXTL (version 5.1) software package.”'! The non-
hydrogen atoms were refined anisotropically, and all hydrogen
atoms were placed in the ideal positions. In 1b D 2H,0, the F2-7
atoms were isotropically refined with a disorder relationship, and
water molecules (O1 and O2) were isotropically refined. CCDC-
700685 (1a), -700686 (1b D 2H,0) and -700687 (2 D 2MeOH) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Physical Measurements: Thermal gravimetry (TG) was carried out
with a Rigaku Instrument TGS8120 in a helium flow
(100 mLmin"). IR spectra were recorded with a JASCO FTIR-610
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spectrophotometer for which the samples were prepared with KBr.
X-ray powder diffraction (XRPD) data were collected with a Ri-
gaku RINT-2200YS diffractometer with Cu-K, radiation. The N,
(77 K) adsorption measurement was carried out in Quantachrome
Autsorb-1. The adsorption isotherms of gaseous MeOH, EtOH,
iPrOH and Me,CO were measured by using BELSORP18-Plus vol-
umetric adsorption equipment from BEL JAPAN. The adsorbent
sample (= 100 mg), which had been prepared at 393 K and 10! Pa
prior to measurement of the isotherms, was placed in the sample
chamber (volume = 19.5mL) maintained at 298 +0.03 K. The
larger gas chamber (176.51 mL) with a pressure gauge was kept at
318 0.1 K. The saturation vapour pressures were calculated by
using the following equation: log,(P = A — BI(T + C), where P is
the saturation vapour pressure in Torr, 7 is the temperature in de-
grees Celsius, and 4, B and C are constants defined by the adsorb-
ate. MeOH: 4 = 8.07246, B = 1574.99, C = 238.86; EtOH: 4 =
8.21337, B = 1652.05, C = 231.48; iPrOH: A = 8.39424, B =
1730.00, C = 231.45; Me,CO: 4 = 7.23967, B=1279.87, C = 237.5.

Hydrogen Adsorption Measurements: High-pressure hydrogen sorp-
tion isotherm measurements at 77 and 298 K on 2 were carried out
with a fully computer-controlled volumetric BELSORP-HP, BEL
JAPAN high pressure instrument. The hydrogen used for the high
pressure measurements is scientific/research grade with 99.999%
purity. For the measurements, approximately 1.00 g sample was
taken in a stainless steel sample holder and degassed at 120 °C for
a period of 16 h under 0.1 Pa vacuum. The dead volume of the
sample cell was measured with helium gas of 99.999 % purity. Non-
ideal correction for hydrogen gas was made by applying Virial coef-
ficients at the respective measurement temperature.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP drawing of 1b O 2H,O with disorder relationship
(Figure S1); crystal structure of 1¢ (Figure S2); XRPD patterns of
prepared samples and simulation for 1a, 1b D 2H,0 and 1c (Fig-
ure S3); IR spectra of 1a, 1b D 2H,O and 1c¢ (Figure S4); BET and
Langmuir plots based on N, adsorption at 77 K of 2 (Figure S5);
adsorption/desorption isotherms and DR analyses on 2 for MeOH
(Figure S6), EtOH (Figure S7), iPrOH (Figure S8) and Me,CO
(Figure S9); H, adsorption/desorption isotherms on 2 at 298 K

Table 3. Crystal data and structure refinement of [Cu(SiF)(pyz)(H,0),], (1a), {[Cu(SiF¢)(pyz);]-2H,0}, (1b D 2H,0) and {[Zn(SiF)-

(pyz),]:2MeOH},, (2 D 2MeOH).

Compound la 1b D 2H,0 2 D 2MeOH
Chemical formula C4HgCuF¢N>O,Si C,H ,CuF¢N¢O,Si CgHgF¢N,SiZn
Formula weight 321.75 47791 367.64
Crystal system monoclinic orthorhombic tetragonal
Space group C2/m Cm2m PAlmmm
Temperature/K 298 298 298

alA 10.737(2) 6.8879(14) 7.1409(10)
blA 6.84006(14) 16.140(3) 7.1409(10)
c/A 7.7630(16) 8.2562(17) 7.6068(15)
al® 90 90 90

pr° 128.12(3) 90 90

yI° 90 90 90

VIA3 448.6(2) 917.8(3) 387.89(11)
Z 2 2 1

DJgem™! 2.382 1.729 1.574
#(Mo-K,)/mm™! 2.655 1.335 1.716

20 range/® 6.7-54.9 6.4-54.9 7.8-54.9
GOF on F? 1.215 1.162 1.306

R [I>2.05(D)] 0.0239 0.0395 0.0498
wR,! (all data) 0.0640 0.1242 0.1847

[a] Ry = X(Fo| — [FD/E(FD). [b] wRy = {X[w(Fo? — FUZw(F) 2.
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(Figure S10); data for H, adsorption/desorption on 2 at 77 K
(Table S1) and 298 K (Table S2).
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