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Abstract: Template-controlled reactions of 3,3′,5,5′-tetramethyl-4,4′-bipyrazole (H2bpz) with [Ag(NH3)2]+

or [Cu(NH3)2]+ give binary metal bipyrazolates [M2(bpz)] (M ) Ag, Cu) as two supramolecular isomers (1
and 2). Isomer 1 possesses four-fold interpenetrated (10,3)-a coordination networks, two-fold interpenetrated
(10,3)-a channel networks, and guest-accessible coordinatively unsaturated metal clusters. Isomer 2
possesses eight-fold interpenetrated (62‚10)(6‚102) coordination networks and isolated, small pores. These
metal bipyrazolates are chemically stable and thermally stable up to 300-500 °C. Their exceptional
framework flexibilities have been demonstrated by adsorption measurements and single-crystal diffraction
analyses. The guest-accessible Ag(I)/Cu(I) UMC clusters have also been demonstrated to facilitate the
accommodation of unsaturated hydrocarbons such as benzene, toluene, mesitylene, and acetylene via
weak metal‚‚‚π interactions.

Introduction

The construction and characterization of porous coordination
polymers (PCPs) have attracted much attention in recent years,
and progress has been achieved in the aspects of stability,
porosity, and pore shape/size regarding the application such as
storage, separation, and catalysis.1-8 However, the rational
construction of PCP remains a great challenge for the difficulty
in predicting the overall metal-organic connectivity or even
the local coordination geometry.2-6

Due to the weak bonding between metal ions and organic
ligands, coordination polymers usually collapse after guest
removal and cannot show permanent porosity. Regarding this

background, researchers have pursued the synthesis of highly
porous and robust metal-organic frameworks by using rigid
building blocks.1-3,7,8However, framework flexibility has been
recognized as an advantage for high-performance molecular
recognition, separation, and sensing applications.1,4 In contrast
to the rigid porous materials, a flexible PCP can expand, shrink,
or distort its soft coordination network to fit the target molecules
(Scheme 1).9-17 In the case of a multiple interpenetrated PCP,
pore deformation can also be derived from the internetwork
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sliding. Such structural transformations are expected to occur
uniformly throughout the whole coordination network as
required by the extended cooperative effect of the crystal lattice.
Therefore, the structural transformation of the host framework
and the location of the guest molecule can be monitored by
X-ray diffraction. Nevertheless, the stresses derived from the
structural transformations tend to fracture the particles, especially
the large ones. In general, strong bonding, high flexibility, and
small structural change favor the so-called single-crystal-to-
single-crystal transformations, which facilitate the precise
structural determination by convenient single-crystal diffraction
techniques. Besides the guest inclusion-induced structural
transformations, the host frameworks of PCPs sometimes need
to temporarily open their small apertures to allow the passage
of large guest molecules, accompanying gate opening or
hysteresis sorption behavior as a typical implication. Overall
structural bistability is not necessary for this kind of framework
flexibility; hence, the structure of the host framework may
remain unchanged after guest inclusion.15

In addition to the framework flexibility, which offers close
contact between the host framework and the guest molecule,
PCPs also provide opportunity for direct pore surface engineer-
ing,5 which is difficult for conventional porous materials such
as inorganic zeolites and carbon molecular sieves. The pore
surfaces of PCPs can be readily tailored by modification of the
organic ligand withπ-π interaction, hydrogen bonding, and
electron donor/acceptor functionalities.16,17Using coordinatively
unsaturated metal centers (UMCs) represents a more intriguing
strategy for pore surface modification, since transition metal
ions can strongly interact with guest species. Although UMCs
can also be introduced to inorganic porous materials, UMCs
located inside PCPs take advantage from their uniform arrange-
ments and well-understood surrounding environments. Studies
of UMCs are mainly focused on the catalytic action, guest
sensing, and hydrogen storage. Generating a UMC on the pore
surface usually requires thermal liberation of the terminal ligand
without destroying the host framework. Consequently, the most
studied UMCs are based on “stable” coordination geometries,
such as square planar Cu(II) and tetrahedral Zn(II), as well as
some alkaline metal ions and lanthanide ions.18-23

The monovalent coinage metals Ag(I) and Cu(I) are attractive
UMC candidates as soft Lewis acids. They can adopt diverse
coordination geometries such as linear, trigonal planar, tetra-

hedral, etc. In the two- and three-coordinated forms, Ag(I)/Cu-
(I) retains large unoccupied space and is readily accessible for
other soft Lewis base molecules. Ag(I)/Cu(I)-exchanged zeolites
have shown high activities toward many important gases such
as nitrogen, hydrogen, carbon monoxide, and unsaturated
hydrocarbons.24 Despite similar coordination behaviors, Ag(I)
and Cu(I) UMCs can take different advantages from their
different chemical/physical properties. For example, Ag(I) and
Cu(I) are substantially different in electrochemical and photo-
physical properties. It should be noted that coordinatively
unsaturated Cu(I) is a fundamental metal ion in the biological
systems.25 PCPs with guest-accessible Cu(I) centers may
potentially serve as solid-state metalloenzyme mimics. Consid-
ering the density and price, copper is also more important than
silver in a common sense. Nevertheless, immobilizing Ag(I)/
Cu(I) UMC on the pore surface of a PCP is very difficult. First,
Ag(I)/Cu(I) tends to have energetically stable tetrahedral
coordination geometry rather than linear or trigonal planar ones.
Second, Ag(I)/Cu(I) coordination complexes are very unstable
and sensitive to light, heat, air, moisture, etc.

The concept of a binary metal azolate framework can be used
to solve these problems.26 Thanks to the strong metal azolate
coordination bonds, binary metal azolate frameworks have
demonstrated very high thermal stability and chemical sta-
bility.27-30 More importantly, the coordination numbers of the
monovalent metal centers are always equal to, or lower than,
the numbers of nitrogen of the ligand, since each nitrogen donor
can only coordinate to one metal center. For example, the
coordination numbers of Ag(I)/Cu(I) are always two in the Ag-
(I)/Cu(I) imidazolates and pyrazolates. Nevertheless, simple Ag-
(I)/Cu(I) imidazolates and pyrazolates can only form discrete
or chain-like, two-connected coordination structures. To con-
struct a three-dimensional framework with two-coordinated
metal centers, a tridentate or tetradentate ligand is necessary.
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3,3′,5,5′-Tetramethyl-4,4′-bipyrazole (H2bpz) has been exten-
sively studied as a hydrogen-bonding synthon31 and neutral
bidentate ligand,32 but deprotonated bpz has received less
attention.33,34The coordination geometries of the coinage metal
3,3′,5,5′-tetramethyl-4,4′-bipyrazolate [M2(bpz)] (M ) Ag, Cu)
can be readily predicted: each coinage metal ion should be
coordinated by two nitrogen donors from two bpz ligands, and
each bpz ligand is coordinated by four different metal ions.
Because coinage metal 3,5-disubstituted pyrazolates frequently
self-assembly as [M3(pz)3] triangles,35,36 this robust motif can
be expected as a targeted secondary building unit for [M2(bpz)].
Considering that two 3,5-disubstituted pyrazolate moieties (pz)
of bpz cannot be coplanar but reside at an dihedral angle
between 50° and 90°, the default topology for [M2(bpz)] should
be a three-dimensional (3D) (10,3)-a net rather than a 2D (6,3)
one (Scheme 2).37

Using this strategy, we have isolated a (10,3)-a network
structure of [Ag2(bpz)] and demonstrated the unusual framework
flexibility of this framework material.34 As an extension, we
have successfully synthesized and structurally characterized the
(10,3)-a network structure of [Cu2(bpz)], which possesses not
only large porosity but also guest accessible, two-coordinated
Cu(I) centers unprecedented for PCPs. We also found that [M2-
(bpz)] can crystallize as different structures at different condi-
tions. Nevertheless, template-controlled supramolecular isom-
erism has been established for these metal bipyrazolates. The
porous properties of these compounds are greatly influenced

by the framework flexibility and UMC, which are further
monitored by single-crystal diffraction studies.

Experimental Section

Materials and Physical Measurements.Commercially available
reagents are used as received without further purification. 3,3′,5,5′-
Tetramethyl-4,4′-bipyrazole (H2bpz) is prepared by literature method.32a

Thermal gravimetry (TG) was carried out with a Rigaku TG8120 in a
nitrogen atmosphere except where indicated. X-ray powder diffraction
(XRPD) data were collected on a Rigaku RINT-2200HF (Ultima)
diffractometer with Cu KR radiation. Gas adsorption isotherms were
measured by using an Autosorb-1-C volumetric adsorption equipment
from Quantachrome, U.S.A. Each point in the isotherms has an error
less than(0.15%, which is caused by the resolution of the pressure
gauge.

Synthesis ofr-[Ag2(bpz)] (1-Ag). To a solution of Ag2O (0.34 g,
2.0 mmol) dissolved in aqueous ammonia (28%, 20 mL), 150 mL of
MeOH, and 5 mL of mesitylene was slowly added a solution of H2bpz
(0.38 g, 2.0 mmol) dissolved in MeOH (200 mL) with rigorous stirring
at room temperature in ca. 1 day. The resultant white precipitate was
solvent exchanged with MeOH (200 mL, 2 h with stirring, 6-8 times)
until all mesitylene was removed. Finally, the solid was filtered and
dried at reduced pressure to give a white powder (yield 450 mg, 55%).
Single crystals of1-Ag can be obtained by layering a solution of H2-
bpz (20 mM) dissolved in EtOH (or MeCN) on a solution of Ag2O (20
mM) dissolved in aqueous ammonia (28%). Colorless single crystals
of 2-Ag are also found in these diffusion reactions. The phase
composition varies with different solvents and different batches.

r-[Cu2(bpz)] (1-Cu). A mixture of Cu2O (0.143 g, 1.0 mmol),
aqueous ammonia (28%, 30 mL), MeOH (30 mL), toluene (2.0 mL),
and H2bpz (0.19 g, 1.0 mmol) was transferred into a 100-mL Teflon-
lined autoclave and heated at 120°C for 2 days. The resultant white
precipitate was filtered, washed by MeOH, and dried at reduced
pressure. Finally, toluene guest was removed by heating the white
powder at 200°C under vacuum (yield 240 mg, 75%). Heating the
mixture at 150°C for 10 days gave a few colorless single crystals with
maximum dimension of ca. 0.1 mm. These single crystals were then
heated at 200°C under vacuum to remove the toluene and used for
single-crystal X-ray diffraction studies.

â-[Ag2(bpz)] (2-Ag). To a solution of Ag2O (0.34 g, 2.0 mmol)
dissolved in aqueous ammonia (28%, 20 mL) and 150 mL MeOH was
slowly added a solution of H2bpz (0.38 g, 2.0 mmol) dissolved in MeOH
(200 mL) with rigorous stirring at room temperature in ca. 1 day. The
resultant white precipitate was filtered, washed by MeOH, and dried
at reduced pressure. (yield 480 mg, 60%). Colorless single crystals can
be obtained by layering a solution of H2bpz (20 mM) dissolved in
MeOH on a solution of Ag2O (20 mM) dissolved in aqueous ammonia
(28%)

â-[Cu2(bpz)] (2-Cu). A mixture of Cu2O (0.143 g, 1.0 mmol),
aqueous ammonia (28%, 10 mL), MeOH (30 mL), and H2bpz (0.19 g,
1.0 mmol) was heated at 120°C for 2 days. The resultant white
precipitate was filtered, washed by MeOH, and dried at reduced pressure
(yield 250 mg, 80%). Colorless single crystals can be obtained by
heating the mixture at 150°C for 4 days.

X-ray Crystallography. Diffraction intensities were collected on a
Rigaku Mercury diffractometer (Mo KR). Empirical absorption cor-
rection by using REQABA38 was performed for all data. The structures
were solved with direct methods and refined with a full-matrix least-
squares technique with the SHELXTL program package.39 For 1-Ag‚
I , anisotropic thermal parameters were only applied to the metal atoms,
and the bpz ligands were softly restrained to standard geometries.
Although residual electron density can be found in the channel of1-Ag‚
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I , they are not involved in the structure refinement due to the low
diffraction data quality and the disorder of guest molecules. For other
compounds, anisotropic thermal parameters were applied to all non-
hydrogen atoms. The organic hydrogen atoms were generated geo-
metrically. Crystal data as well as details of data collection and
refinements for the complexes are summarized in Table 1.

Results and Discussion

Crystal Structures. The binary coinage metal bipyrazolates
[M2(bpz)] (M ) Ag or Cu, bpz) 3,3′,5,5′-tetramethyl-4,4′-
bipyrazolate) crystallize in two structural typesR-[M2bpz] (1)
andâ-[M2bpz] (2).6 The local coordination geometries of the
two isomers are virtually identical as predicted and only slightly
vary at the bond distances and angles. The Ag/Cu ions are
linearly coordinated by two nitrogen donors from two bpz
ligands, and each bpz ligand is coordinated to four Ag/Cu ions.
The secondary structural motifs of these isomers are also
identical. Three Ag/Cu ions are bridged by three pyrazolate
moieties to form a triangle M3(pz)3, which is frequently observed
in coinage metal pyrazolates,35 pyridinates, and amidinates, etc.36

Since two pyrazolate moieties of the bpz ligand are connected
by a C-C single bond, the resultant [M2(bpz)] coordination
framework is polymeric. Nevertheless, the overall 3D structures
of isomers1 and 2 are different in the network topologies,
interpenetration numbers, and pore structures.

r-[M 2(bpz)]. The M2(bpz) coordination network of1 can be
simplified as a uniform (10,3)-a topology by considering the
M3(pz)3 SBUs as three-connected nodes and the bpz ligands as
linkers (Figure 1). The (10,3)-a topology, having the highest
symmetry among all three-connected topologies, is expected as
the default topology for the M2(bpz) system, as M3(pz)3 SBU
and the rotation angle of bpz ligand fully match the geometry
requirement of (10,3)-a topology. Compared to the ideal (10,3)-a
topology, the M2(bpz) coordination networks of1 are highly
distorted. This distortion should mainly arise from the rotation
of bpz ligands, as the ideal (10,3)-a topology possesses a 70.5°
dihedral angle between adjacent trigonal nodes, while the
dihedral angles of the bpz ligands are 67.4° and 63.4° in 1-Ag
and1-Cu, respectively. Nevertheless, the distortion of the M3-
(pz)3 SBUs from the ideal trigonal planar geometry also
contributes the overall network distortion. Distorting from the
highest symmetry always results in the contraction of volume.
Using a node-to-node distance of 11.0 Å as determined in the
crystal structure of1-Ag, a nondistorted [Ag2(bpz)] network
requires a cell volume of ca. 30,000 Å3, 50% higher than the

that of the distorted one in1-Ag. Nevertheless, a single distorted
M2(bpz) coordination network still occupies a very small fraction
of the crystal volume. Actually, the whole 3D structure of1
consists of two pairs of racemic (10,3)-a networks (Figure 1),37

and retains about 30.3% and 33.7% voids forR-[Ag2(bpz)] (1-
Ag) and R-[Cu2(bpz)] (1-Cu), respectively.40 The M2(bpz)
networks are interlocked by face-to-face, staggered, metallo-
philic stacking between two M3(pz)3 SBUs of two adjacent nets.
One of the two triangular M3(pz)3 faces remains unoccupied,
leaving the M3 triangles as UMCs. Interestingly, the extra
frameworks in1 are divided into two intersecting channels
having a pair of racemic (10,3)-a topologies, in which the three-
connected nodes are defined by the void space located between
two M3(pz)3 SBUs or sandwiched by two M3 UMC clusters,
and the three-connected nodes are interconnected by small
apertures (d ≈ 3.4 Å) (Figure 2).

â-[M 2(bpz)]. Although the crystallography asymmetric unit
of 2 contains 12 metal ions and 6 bpz ligands, the coordination
network of 2 can be described as a binodal three-connected
topology (62‚10)(6‚102) by using the same simplification rule
as that for1. A single (62‚10)(6‚102) M2(bpz) network of2 is
even more porous than that of1, allowing the eight-fold
interpenetration (Figure 3). Actually,2 contain only ca. 11%

(40) Spek, A. L.PLATON; Utrecht University: Utrecht, The Netherlands, 2003.

Table 1. Crystallographic Data and Structure Refinements

cmpd 1-Ag 34 1-Ag−I 1-Ag‚M 1-Cu 2-Ag 2-Cu

formula C10H12Ag2N4 C90H108Ag18N36 C222H276Ag30N60 C10H12Cu2N4 C60H72Ag12N24 C60H72Cu12N24

FW 403.98 3635.78 7021.13 315.32 2423.86 1891.90
space group I4h3d I4h2d I41/a I4h3d Ccca Ccca
a/Å 27.2326(15) 27.1756(8) 61.7239(11) 26.407(3) 19.2056(5) 18.537(2)
b/Å 47.9669(16) 46.211(5)
c/Å 81.019(3) 26.9189(5) 36.2063(9) 34.925(4)
V/Å3 20196.1(19) 59833(3) 102557(3) 18415(4) 33354.4(16) 29917(5)
Z 48 16 16 48 16 16
Dc/g cm-3 1.594 1.614 1.819 1.365 1.931 1.680
T/K 213(2) 123(2) 153(2) 293(2) 213(2) 123(2)
µ/mm-1 2.310 2.340 2.289 2.753 2.798 3.389
R1 (I > 2σ)a 0.0613 0.1664 0.0548 0.0642 0.0494 0.0512
wR2 (all data)a 0.1012 0.3870 0.1158 0.2063 0.0975 0.1109
GOF 1.010 1.437 1.051 1.013 1.014 1.029

a R1 ) ∑||Fo| - |Fc||/∑|Fo|, wR2 ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2.

Figure 1. Four-fold interpenetrated (10,3)-a coordination networks of1-Cu
(ball: Cu3, triangle, stick: bpz ligand).
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extra frameworks, and the small cavities are virtually isolated
from each other since they are only interconnected by very small
apertures with diameter less than 2 Å (see Supporting Informa-
tion). The net-to-net contact of2 is very different to that of1.
Few M3(pz)3 SBUs form face-to-face, offset, metallophilic
stacking dimers, while the others form infinite, face-to-face,
offset, metallophilic stacking dimers (Figure 4). Therefore, the
pore surfaces of2 are mainly constituted by methyl groups of
the bpz ligands; meanwhile, only a small fraction of the pore
surfaces is in contact with the M3 triangles.

Syntheses and Supramolecular Isomerism.Similar to other
binary metal azolates, the [M2(bpz)] system is also highly
insoluble. Preliminary crystallization trials showed that single
crystals of1-Ag can be obtained by liquid diffusion between
[Ag(NH3)2]+ and H2bpz in ethanol.34 However, repeated experi-
ments revealed that the reproducibility of this reaction is poor,
as sometimes the final products also contain more or less2-Ag
crystals. This phenomenon is termed concomitant polymor-
phism, which is fundamental to the understanding of the

crystallization processes of organic and metal-organic systems.
Actually, the [M2(bpz)] coordination networks can be viewed
as the hydrogen-bonding network analogues of the H2bpz ligand

Figure 2. Two-fold interpenetrated channels (a) and the local pore environment (b) of1-Cu.

Figure 3. Eight-fold interpenetrated coordination networks of2-Ag (ball: Ag3, triangle, stick: bpz ligand).

Figure 4. [Ag3(pz)3] stacking modes of1-Ag (a), and2-Ag (b and c).
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itself by considering the structural similarity of N-M-N
coordination bonds and N-H‚‚‚N hydrogen bonds. H2bpz
ligands do form multiple framework solids in different solvents,
and one of them resembles the structure of1.

Controlling the crystallization of a supramolecular isomerism
system is an important step toward the understanding of crystal
engineering. Considering that the UMC cluster-functionalized
pores of 1-Ag are suitable to accommodate small arene
molecules, we have tested the template effect of benzene,
toluene, and mesitylene in the crystallization process of1-Ag.
In the presence of mesitylene, [M2(bpz)] can be selectively
crystallized as1-Ag‚mesitylene in both slow-diffusion and
rapid-mixing reactions. Benzene and toluene have weak template
effects toward1-Ag. Concomitant polymorphism or structurally
unidentified powder samples are observed when benzene and
toluene are used as templates. Finally,2-Ag can be obtained as
a pure phase in the absence of arene molecules.

The reaction of [Cu(NH3)2]+ and bpz2- tend to precipitate
as powder rather than as a large, single crystal, since the
solubility of [Cu2(bpz)] in common solvents and aqueous
ammonia is even lower than that of [Ag2(bpz)]. Probably
because of the smaller cavity size of1-Cu, not only mesitylene
but also benzene and toluene can template the rapid-mixing
crystallization of1-Cu‚arene powder samples. Hydrothermal
treatment of these reaction mixtures can increase the crystal size
of 1-Cu‚arene. However, the synthesis of a1-Cu‚areneor 1-Cu
single crystal large enough for X-ray diffraction analysis is
extremely difficult. A few single crystals of1-Cu‚toluenewith
maximum diameter of ca. 0.1 mm can be obtained by hydro-
thermal treatment at 150°C for two weeks. On the other hand,
1-Cu‚benzenetransforms to2-Cu at the same reaction condi-
tions. Surprisingly, in slow-diffusion experiments, all templates
mentioned above give rise to the formation of2-Cu single
crystals rather than the1-Cu‚arene ones. Nevertheless, in the
absence of template,2-Cu powder or single crystal is formed
at rapid mixing or slow diffusion reactions, respectively.

The thermodynamic potential of [M2(bpz)] isomers can be
tuned by the addition of an arene template. From benzene,
toluene, to mesitylene, the larger molecule has the higher ability
to stabilize the four-fold interpenetrated (10,3)-a network phase
1. The remarkable difference of crystallization behavior between
the rapid-mixing and slow-diffusion methods implies the
importance of kinetic factors. As rapid mixing provides a
homogeneous reaction environment for crystallization, the
thermodynamically favored isomer can be obtained in a single
phase. On the other hand, slow diffusion provides a heteroge-
neous reaction environment, and two isomers can start to
crystallize at different regions. The crystal growing/recrystal-
lization speed of2-Cu should be much higher than that of1-Cu‚
arene; hence, only2-Cu single crystals can be observed even
in the presence of strong templates. As summarized in Table 2,
the [M2(bpz)] supramolecular isomers and their molecular
building blocks have delicately thermodynamic and dynamic

balance, and [Cu2(bpz)] has a higher tendency than [Ag2(bpz)]
to form phase2.

Framework Stability. No color change is evident while [Ag2-
(bpz)] isomers are exposed to ambient light for two weeks. The
microcrystalline powder samples of1-Cu can be handled in air
for short time, and its color changes from white to light green
after 2 days, reflecting the oxidation of Cu(I) ions in air.
However, after 1 month of exposure, the XRD pattern of the
light-green powder still resembles that of1-Cu, although peak
broadening and intensity decreasing are observed. The stability
of 2-Cu toward air and moisture are even higher, which can be
ascribed to its nonporous structure.

The thermal stability of1 and 2 are estimated by thermo-
gravimetric (TG) and XRD diffraction measurements. The [Ag2-
(bpz)] isomers1-Ag and2-Ag decompose above 300°C and
350°C, respectively, which are higher than those of other Ag-
(I) coordination polymers. In nitrogen atmosphere, the [Cu2-
(bpz)] isomers are stable up to 500°C (Figure 5), which is
comparable to those of the most thermally stable MOFs.
Nevertheless, in the air atmosphere, they start to decompose
above 400°C (see Supporting Information).33

The stability of these coinage metal bipyrazolates are remark-
able since Ag(I)/Cu(I) coordination complexes are very unstable
and sensitive to light, heat, moisture, air, etc. The highly
interpenetrated framework structure and strong metal-pyra-
zolate coordination bonds should be responsible. Mutually
interlocked coordination frameworks have been shown to
increase thermal stability of MOFs. Compared to common
nitrogen donors such as amine and pyridine, azole coordinates
more strongly to transition metal ions because of the combina-
tion of strong basicity andπ-accepting character. After depro-
tonation, the coordination ability of the resultant azolate ligand
further increases from the gain of negative charge and higher
basicity. Many binary metal azolates have been reported to have
very high thermal stability and chemical stability.

Porosity and Framework Flexibility. From a static point
of view, the small window opening (d ≈ 3.4 Å) of 1 can only
allow the adsorption of very small molecules, while the isolated
pores of 2 are not accessible to the guest molecules. Gas
adsorption isotherms of1 and 2 were measured by using
nitrogen, carbon dioxide, or oxygen. The kinetic diameters of

Table 2. Crystallization Behavior of [M2(bpz)]

benzene or toluene mesitylene no template

Ag
rapid mixing mixture/unidentified 1 powder 2 powder
slow diffusion mixture/unidentified 1 crystal 2 and1 crystal

Cu
rapid mixing 1 powder 1 powder 2 powder
slow diffusion 2 crystal 2 crystal 2 crystal

Figure 5. TG curves of1-Ag (green),1-Cu (black),2-Ag (blue), and2-Cu
(red).

A R T I C L E S Zhang and Kitagawa

912 J. AM. CHEM. SOC. 9 VOL. 130, NO. 3, 2008



nitrogen, oxygen, and carbon dioxide are 3.6, 3.46, and 3.3 Å,
respectively.

Compound1-Ag showed a typical type-I nitrogen adsorption
isotherm, having an apparent Langmuir surface area of 600 m2/g
and a pore volume of 0.218 mL/g. Assuming the crystal structure
does not change during adsorption process, the pore volume of
1-Ag is calculated to be only 0.188 mL/g. The excess adsorption
of nitrogen implies that the host framework of1-Ag undergoes
structural transformation during the adsorption process. How-
ever, no obvious multistep feature is found in the nitrogen
adsorption, implying that the host framework of1-Ag may
transform continuously and smoothly in a wide region of guest
pressure.

The CO2 isotherms of 1-Ag revealed two consecutive
adsorption/desorption steps and a hysteresis. The apparent
Langmuir surface areas of the low and the highP/P0 regions
are about 540 and 720 m2/g, respectively. The sudden increase
of the surface area demonstrates the large difference of host
structure at the two steps.9 However, a continuous structural
transformation cannot be ruled out for the lowP/P0 region since
the surface area is still larger than expected.

Similar N2 and CO2 adsorption/desorption isotherms are also
observed for2-Ag. Regarding that the aperture size of2-Ag is
smaller than 2 Å, the abrupt increase of N2 isotherm at very
low P/P0 unambiguously demonstrates the framework flexibility.
Moreover, as in the case of1-Ag, the measured pore volume
(N2, 0.079 mL/g) of2-Ag is also much higher than the calculated
one (0.056 mL/g). Similar to the CO2 adsorption isotherm of
1-Ag, a sudden phase transition also occurs for2-Ag (Figure
6).

Compound1-Cu also has a type-I N2 sorption isotherm
similar to that of1-Ag. Although the measured pore volume
(0.250 mL/g) is only slightly larger than the calculated value
(0.247 mL/g), a structural transformation should be taken into
consideration, since the measured pore volumes of rigid PCPs
are usually significantly lower than the calculated ones.
Nevertheless, the extent of this structural transformation should
be smaller than that of1-Ag. In contrast to1-Ag, only a one-
step uptake was revealed from the CO2 isotherm of 1-Cu.
Interestingly, the CO2 isotherm of1-Cu resembles that of1-Ag

at the low P/P0 region. Therefore, the sudden structural
transformation of1-Ag, induced by CO2 at P/P0 ) 0.22, does
not occur in the case of1-Cu.

Different to the above-mentioned compounds,2-Cu cannot
adsorb N2 at 77 K, but readily adsorbs O2 at the same
temperature. Because the pore aperture of2-Cu is significantly
smaller than the kinetic diameters of N2 (3.6 Å) and O2 (3.4
Å), it can be concluded that the host framework is flexible but
not flexible enough for N2 molecules. Similar to other rigid
PCPs, the measured pore volume of2-Cu lower than the value
calculated from its crystal structure. The adsorption of CO2 also
demonstrates the framework flexibility, but the absence of
sudden structural transformation indicates that2-Cu is not as
flexible as the Ag(I) compounds (Figure 7).

The gas sorption behaviors of [M2(bpz)] show a clear
tendency in the extent of framework flexibility, i.e.,1 > 2 and
Ag > Cu (Table 3). The higher flexibility of isomer1 should
be attributed to the lower interpenetration number and larger
free space. Moreover, isomer1 possesses an uncommon
internetwork metallophilic interaction conformation between the
M3(pz)3 SBUs, which may easily transform to the energetically
stable one as observed in the isomer2 and other related
compounds. The lower flexibility of [Cu2(bpz)] isomers can be
explained by their shorter and stronger metal-nitrogen coor-
dination bonds, which make the coordination network stiffer.

Besides small gas molecules, the highly flexible frameworks
of isomer1 also allow the reversible uptake/release of larger
molecules, such as benzene (smallest cross section: 3.3 Å×
6.6 Å), toluene (4.0 Å× 6.6 Å), and mesitylene (4.1 Å× 8.2
Å).41 Considering the cavity shape and pore surface, the arene
molecules should be sandwiched by the M3 triangles in a face-
to-face fashion. Obviously, the M3 triangle separations (1-Ag
8.9 Å, 1-Cu 8.4 Å) are too large for one benzene ring but too
small for two. Theoretically, a rigid host framework can
accommodate only one benzene ring in each pore, and the
remaining space is not utilizable. In the case of flexible host
frameworks, the pores would either shrink to fit one benzene
ring or expand for two or more benzene rings. Remarkably,

(41) Webster, C. E.; Drago, R. S.; Zerner, M. C.J. Am. Chem. Soc.1998, 120,
5509-5516.

Figure 6. Nitrogen and carbon dioxide adsorption (solid) and desorption (open) isotherms of1-Ag (green) and2-Ag (purple).
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single crystals of1 retain single crystallinity during these uptake/
release processes, providing direct structural evidence of the
structural transformations. Single-crystal X-ray analyses of1-Ag
fully loaded with benzene (1-Ag‚B), toluene (1-Ag‚T), and
mesitylene (1-Ag‚M ) revealed a new phase (tetragonal,I41/a,
V ≈ 100,000 Å3) differentiated form the guest-free phase (cubic,
I4h3d, V ≈ 20,000 Å3) in symmetry and complexity. On the basis
of X-ray data, the formulas of1-Ag‚B, 1-Ag‚T, and1-Ag‚M
are refined as [Ag30(bpz)15]‚10(C6H6), [Ag30(bpz)15]‚9(C7H8),
and [Ag30(bpz)15]‚8(C9H12), respectively.

As exemplified by the structural comparison of1-Ag and
1-Ag‚M , the [Ag2(bpz)] network retains metal-ligand con-
nectivity, but the cavities do not uniformly shrink or expand
upon mesitylene inclusion. In1-Ag‚M , some cavities shrink to
fit a mesitylene monomer, and simultaneously others expand
to fit a mesitylene dimer so that every five adjacent cavities
rearrange to form a new periodic arrangement, having 8
mesitylene molecules in 5 cavities. The shortest Ag‚‚‚C contacts
(ca. 3.3 Å) are shorter than the sum of Van der Waals radii of
Ag (1.72 Å) and C (1.70 Å)42 but significant longer than the
coordination bonds of silver-arene complexes, indicating the
existence of weak Ag‚‚‚π interactions between the UMC clusters
and the unsaturated hydrocarbons. The unique molecular
structure of the interpenetrated [Ag2(bpz)] network is responsible
for this unique structural transformation. Obviously, the Ag3-
(pz)3 dimers have changed from staggered to slipped conforma-
tions, reflecting significant sliding between the interpenetrating

networks. Nevertheless, the complicated pore size/shape rear-
rangement between1-Ag and1-Ag‚M is not achieved by simply
sliding as observed in other flexible PCPs, since sliding can
only double the complexity in one dimension. Significant single-
network deformation is evident by comparing the [Ag2(bpz)]
networks of the cubic and tetragonal phases. Rotation freedom
of the bpz ligand plays an important role in the deformation of
the [Ag2(bpz)] network upon mesitylene inclusion. The bpz
ligands in1-Ag‚M possess a variety of dihedral angles (56.9-
63.7°, av 60.2°), which are significantly smaller than the uniform
value 67.4° presented in the guest-free framework. Additionally,
the two coordinated silver centers also show certain flexibility
in the bond lengths and angles. In other words, the whole [Ag2-
(bpz)] framework simultaneously expands, shrinks, distorts, and
slides different parts of its coordination frameworks, behaving
like a noncrystalline, soft material.

Considering the second-order-like phase transition behaviors
of 1-Ag during initial gas uptake, we also tried to determine
the structures of the single crystals with partially loaded arene
molecules. Although the shape and transparency of the single
crystals do not change during the whole adsorption process, their
X-ray diffraction behaviors change drastically, depending on
the uptake amount. Three kinds of intermediate phases are
observed from the “single crystal” diffraction patterns: (1) new
single-crystal phases, (2) twinned or polycrystalline phases, and
(3) amorphous-like phases. All of these intermediate states can
be transformed back to the initial cubic phase by using the same
“single crystal”, implying that the metal-ligand connectivity
retains integrity in the intermediate phases. However, the new
single-crystal phases are always associated with much larger
unit cells and lower symmetries compared to the guest-free cubic
phase. The instability and the complexity of these single-
crystalline phases baffle the diffraction data collection. The
twinned or polycrystalline phases should be ascribed to the
coexistence of multiple periodic domains in the same sample.
The observation of amorphous-like phases indicates that in some
stage of guest uptake level, the long-range order of the metal-
ligand connectivity is almost destroyed by the random distribu-
tion of the guest, or the new periodic units exceed the resolution
limit of the X-ray diffraction. All of these observations refer to(42) Bondi, A.J. Phys. Chem.1964, 68, 441.

Figure 7. Nitrogen, carbon dioxide, and oxygen adsorption (solid) and desorption (open) isotherms of1-Cu (green) and2-Cu (purple).

Table 3. Porous Parameters of [M2(bpz)]

apparent
surface areaa

[m2/g]
pore volumec

[mL/g]
voidd

(%)
pore volumee

[mL/g]

1-Ag 600 0.218 30.3 0.188
1-Cu 660 0.250 33.7 0.247
2-Ag 220 0.079 10.9 0.056
2-Cu 140b 0.045b 10.7 0.064

a Calculated from N2 adsorption isotherms using Langmuir model except
where indicated.b Oxygen as adsorbate.c Calculated from N2 adsorption
isotherms using Dubinin-Radushkevich equation except where indicated.
d Calculated from crystal structures by PLATON.e Calculated from void
percentage and crystal density.
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the soft nature and the existence of multiple, metastable,
intermediate states of the [Ag2(bpz)] networks. It should be
noted that these intermediate states are difficult to be character-
ized by powder X-ray diffraction techniques, which provide a
sum of information on multiple crystallites in different states.

Nevertheless, one of the intermediate phases (1-Ag‚I , tet-
ragonal,I4h2d, V ≈ 60,000 Å3) provided single-crystal X-ray
diffraction data, which is sufficient for the refinement of atomic
positions of the [Ag2(bpz)] networks. The [Ag2(bpz)] network
structure of1-Ag‚I represents an intermediate stage of the
structural transformation from1-Ag to 1-Ag‚M . The Ag3(pz)3
dimers of1-Ag‚I exhibit as staggered, slipped, and partially
slipped conformations, implying the energetic similarity of these
molecular arrangements (Figure 8). The cavities are also
disproportioned, but their sizes and shapes are similar to those
of 1-Ag (Figure S9). More interestingly, the structural com-
parison among1-Ag, 1-Ag‚I , and 1-Ag‚M demonstrates the
interpenetrating [Ag2(bpz)] networks change symmetry, shape,
and relative position in a complicated, nonlinear manner at
different guest-uptake stages. As depicted in Figure 9, in the
case of1-Ag‚I , structural distortion (complication) mainly occurs
in the c-axis, while for 1-Ag‚M , it mainly occurs in theab-
plane.

We have also measured the X-ray diffraction pattern for1-Ag
single crystals with CO2 inclusion. The diffraction pattern can
be indexed to a very large unit cell (cubic,I lattice,a ) 55.583-
(13) Å, V ) 171,725(3) Å3). Although the extremely compli-
cated structure and the insufficient diffraction ability preclude
structure solution, each Ag2(bpz) moiety can be estimated to
occupy 447 Å3 (Z × Z′ ) 48 × 23), 6.2% higher than that of
1-Ag (421 Å3, Z × Z′ ) 48), corresponding to ca. 20% increase
of the void volume. Therefore, the unique gas sorption isotherms
of 1-Ag can be explained by the existence of multiple metastable
structures, which possess different cavities suitable for different
guest aggregates. Similar conclusions are also applicable to its
isomer and the Cu(I) analogue.

Coordinatively Unsaturated Metal Centers.As shown in
the crystal structures of1-Ag‚B, 1-Ag‚T, and1-Ag‚M , the Ag3

UMC clusters are able to form weak interactions with the
aromatic rings. However, considering the comparable sizes of
the cavities and the arene molecules, as well as the flexible
nature of the host framework, the confinement effects should
be significant. Therefore, large molecules are not suitable for
examining the UMC effects of1. Acetylene is known to form
metal-π complexes with Ag(I) and Cu(I) with low coordination
numbers. Separation of acetylene from carbon dioxide is highly
demanded since they are similar in equilibrium sorption
parameter and molecular size and shape.43-46

[M2(bpz)] shows reversible type-I isotherms for C2H2 and
CO2 at 273 and 298 K (Figure 10), respectively, indicating no
chemical sorption process is occurring during the measurements
(see Supporting Information). At room temperature, 1.0 atm,
the C2H2 uptakes of1-Ag (44.1 mL/g) and1-Cu (57.9 mL/g)
are comparable or higher than those of carbon molecular sieves
(45 mL/g),43 coordination polymer CPL-1 (42 mL/g),44 and
organic hostp-tert-butylcalix[4]arene (18 mL/g),45 but slightly
lower than those of Mg(HCOO)2 (65.7 mL/g) and Mn(HCOO)2

(51.2 mL/g) formate.46 At the same condition, the CO2 uptakes
of 1-Ag and 1-Cu are 30.3 and 39.1 mL/g, corresponding to
C2H2/CO2 uptake ratios of 1.46 and 1.48, respectively. On the
other hand, isomers2 can adsorb less C2H2 and exhibit lower
C2H2/CO2 uptake ratios (Table 4).

The C2H2/CO2 uptake ratio can be used to estimate the
relative affinity of C2H2 and CO2 toward the pore surface.
Carbon molecular sieves (1.25) andp-tert-butylcalix4arene (1.25)
have low C2H2/CO2 uptake ratios, since their pore surfaces
cannot distinguish between the similar gas molecules. Higher
C2H2/CO2 uptake ratios are observed for Mn(HCOO)2 (1.34)
and Mg(HCOO)2 (1.47), which contain hydrogen-bond-accept-
ing carbonyl oxygen atoms on the pore surfaces. The uncoor-
dinated carbonyl groups of CPL-1 are suitable to form strong
hydrogen bonds to C2H2, thus giving a very high C2H2/CO2

uptake ratio.
The isosteric heats of C2H2 and CO2 were estimated by the

Clausius-Clapeyron equation (273 and 298 K). In general, the
isosteric heat of C2H2 for the individual compound is higher
than that of CO2. The four-fold interpenetrated isomers1 exhibit
substantially large isosteric heat difference between C2H2 and
CO2. In contrast, the isosteric heat difference between C2H2 and
CO2 are very small for the eight-fold interpenetrated isomers
2. Regarding the electronegativity of the framework components,
the hydrogen-bonding ability of the pore surface of [M2(bpz)]
is much weaker than that of metal carboxylate. Comparing the
structures of the pore surfaces of1 and2, the narrower cavity
and less accessible UMC give rise to the higher contribution
from the confinement effect and the lower contribution from
the metal‚‚‚π interaction, thus decreasing the C2H2/CO2 selectiv-
ity and isosteric heat difference. Enlightened by the crystal
structures of arene inclusion complexes of1-Ag, we concluded
that the weak metal‚‚‚π interactions formed between UMC
clusters and C2H2 molecules should be responsible for the
discrimination effect of C2H2 from CO2.

One may notice that the isosteric heats of C2H2 for the four-
fold interpenetrated isomers1 are exceptionally low. The
isosteric heat of C2H2 for 1-Ag are substantially lower than those
for CPL-1 (42.5 kJ/mol), Mg(HCOO)2 and Mn(HCOO)2 (38.5
kJ/mol),46 and even lower than that for2-Ag. It should be noted
that the measured isosteric heat contains not only the host-
guest binding energy but also the structural transformation
energy. First-principle calculation has demonstrated the slight
distortion of CPL-1 consumes 6.9 kJ/mol upon C2H2 adsorption.
The isosteric heats of C2H2 for magnesium and manganese
formats are relatively high because the adsorption does not
induce structural transformation, although only very weak
hydrogen bonding is observed between the C2H2 and the pore

(43) Reid, C. R.; Thomas, K. M.Langmuir1999, 15, 3206-3218.
(44) Matsuda, R.; Kitaura, R.; Kitagawa, S.; Kubota, Y.; Belosludov, R. V.;

Kobayashi, T. C.; Sakamoto, H.; Chiba, T.; Takata, M.; Kawazoe, Y.; Mita,
Y. Nature2005, 436, 238-241.

(45) Thallapally, P. K.; Dobrzan´ska, L.; Gingrich, T. R.; Wirsig, T. B.; Barbour,
L. J.; Atwood, J. L.Angew. Chem., Int. Ed.2006, 45, 6506-6509.

(46) Samsonenko, D. G.; Kim, H.; Sun, Y.; Kim, G.-H.; Lee, H.-S.; Kim, K.
Chem. Asian J.2007, 2, 484-488.

Figure 8. Three different dimer conformations of [Ag3(pz)3] SBUs in1-Ag-
I .
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surfaces. We have shown that the atomic positions of1-Ag can
potentially move more than 3 Å upon guest inclusion (Figure
9). On the other hand, the potential atomic movements for2-Ag
should be very small due to the highly interpenetrated networks,
low porosity, and low flexibility. Therefore, the absolute
adsorption isosteric heats of a given gas for [M2(bpz)] represent
relative flexibility rather than the gas binding energy of the host
framework.

Conclusions

The coinage metal bipyrazolate [M2(bpz)] is an intrinsic
supramolecular isomerism system, though the coordination
geometries of the metal ions and the organic ligands are
predictable. Four metal organic frameworks, based on two basic
structural types (isomers1 and2) and two similar coinage metals
(Ag and Cu), are selectively synthesized by precise control of
the reaction conditions. The interesting crystallization behaviors
of these isomers demonstrate the importance of kinetic factors
in this low-solubility system, arising from the strong metal-
pyrazolate coordination bonds and the polymeric nature of [M2-
(bpz)]. Despite four- and eight-fold interpenetration of the
coordination networks, [M2(bpz)] isomers still contain extra
frameworks. The combination of high stability and UMCs in
the porous [M2(bpz)] frameworks, in particular in the highly
porous four-fold interpenetrated isomer1, are remarkable since
Ag(I)/Cu(I) species are usually very unstable and not suitable
for the construction of porous coordination polymers.

[M2(bpz)] can adsorb different guest molecules with molec-
ular sizes larger than the pore apertures, reflecting the framework
flexibilities of these highly interpenetrated networks. Excess
adsorption and unusual adsorption isotherms are also observed
for some of these compounds. Depending on the structural types
and metal ions, the extent of framework flexibilities varies in
these compounds with a general trend that four-fold interpen-
etration is greater than eight-fold interpenetration and Ag>
Cu. Importantly, the [M2(bpz)] crystals retain single-crystallinity
during guest uptake/release. Single-crystal diffraction studies
on 1-Ag revealed that the structural transformations are carried
out in a complicated way rather than simply expanding,
shrinking, or sliding the whole framework. In response to
different guest-uptake levels, the coordination framework rear-
ranges its pore size and shape nonuniformly to fit different guest
oligomers. Moreover, single-crystal diffraction studies of the
intermediate structures (partial guest loading) illustrated that the
structural transformation does not monotonously change with
increase of guest loading as generally believed for flexible PCPs.
Finally, the UMC clusters are demonstrated to facilitate the

Figure 9. Parallel projection of a single [Ag2(bpz)] network of1-Ag (a), 1-Ag-I (b), and1-Ag‚M (c) along the crystallography four-fold symmetry axis.
A [Ag2(bpz)] network of1-Ag (red) is superimposed on that of1-Ag‚M to highlight the structural deformation.

Figure 10. C2H2 (square) and CO2 (triangle) adsorption isotherms of1-Ag
(green),1-Cu (black),2-Ag (blue), and2-Cu (red) at 298 K.

Table 4. C2H2/CO2 Separation Parameters of [M2(bpz)] Isomers

1-Ag 1-Cu 2-Ag 2-Cu

C2H2 uptakea [mL/g] 44.1 57.9 14.1 6.9
CO2 uptakea [mL/g] 30.3 39.1 10.2 5.0
C2H2/CO2 uptake ratioa 1.46 1.48 1.38 1.38
∆H(C2H2)b [kJ/mol] 28.4 32.0 33.2 32.0
∆H(CO2)b [kJ/mol] 19.5 27.5 30.3 30.2
∆H(C2H2) - ∆H(CO2) [kJ/mol] 8.9 4.5 2.9 1.8

a Adsorption amount at 298 K, 1.0 atm.b Calculated from fractional
coverage 0.1 mol/g at 273 and 298 K using Clausius-Clapeyron equation.
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accommodation of unsaturated hydrocarbons such as benzene,
toluene, mesitylene, and acetylene via weak metal‚‚‚π interac-
tions.

In summary, we have demonstrated that not only Ag(I) but
also Cu(I) can be immobilized as a guest-accessible, soft Lewis
acid site in a PCP with a large cavity. The guest sorption and
single-crystal diffraction studies revealed that these metal
bipyrazolates are much softer than other crystalline materials.
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