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Abstract: The silver sulfonate network
presented herein, silver 3-pyridinesulfo-
nate, reversibly and selectively absorbs
MeCN while undergoing a major struc-
tural rearrangement. The origin of this
structural flexibility is a coupling of the
weak coordinating ability of the SO3

group with the geometrically pliant
silver(�) center. Single crystal and pow-
der X-ray structures of both the desol-
vated and solvated forms are presented

in addition to the mechanism of their
reversible interconversion. A heteroge-
neous gas chromatographic study show-
ing selective extraction of the MeCN is
also presented. Extended solid frame-

works which reorder to any extent are
not common but the structure presented
herein transforms from a tetragonal to a
triclinic crystal system. The results in-
dicate that cooperative interactions in
systems based on supposedly weaker
interactions can yield softer yet func-
tional networks with behavior unlike
that observed in more rigid inorganic
frameworks.
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Introduction

Coordination frameworks exhibiting permanent porosity
have now been realized.[1] These compounds couple the
functionality of a porous architecture with the structural
diversity inherent to coordination compounds. To maintain
the integrity of these networks, building units based on strong
metal�ligand bonds, such as metal carboxylate[2] or metal
phosphonate,[3] are typically employed. An alternative ap-
proach would be to employ multiple weaker interactions in a
cooperative fashion, one of the hallmarks of supramolecular
chemistry.[4] With regards to the assembly of extended net-
works, cooperative hydrogen bonding has been employed
with great success by Ward et al. in their guanidinium
sulfonate inclusion family.[5] These softer organic networks
have considerable conformational flexibility which leads to
extensive inclusion abilities. With respect to inorganic frame-
works, it is widely considered that in order for an extended
inorganic network to be functional, it must be structurally
rigid as with zeolite networks.[6] Inorganic networks coupling
stability with flexibility would, in principle, offer an added
dimension of functionality to a solid. Our approach to this is
to employ more weakly ligating groups and soft metal centers

to generate frameworks complementary to purely inorganic
solids.

Recently, we,[7] and others,[8, 9] have been interested in
studying the flexible coordination of metal sulfonates owing
to the weak Lewis basic properties of sulfonate anions. There
is a structural analogy of sulfonates with phosphonates
although the sulfonates are mono- versus dianionic. Metal
phosphonates are an extensively studied class of layered
compounds owing to the regular motifs observed for a broad
range of phosphonate R group.[3] In these two-dimensional
networks, the inorganic component serves as a rigid backbone
for the pendent organic groups and has led to materials
applications ranging from CO2 sensors,[10] to photolytic H2

production[11] to non-linear optical activity.[12] Sulfonate
coordination chemistry has been much less studied. With
regards to silver(�), a consistently observed trend is that, in a
1:1 assembly, silver sulfonates form layered networks.[7a,b, 8]

While these structures are also two-dimensional, the analogy
with metal phosphonates does not extend greatly beyond this.
Whereas metal phosphonates exhibit very consistent lamellar
structures with a broad range of R group, in layered Ag
sulfonates, a change as minor as going from benzenesulfo-
nate[7b] to p-toluenesulfonate[7a] results in an increased tilt in
the R group and a change in the coordination mode of the SO3

group from �6 to �5. Each individual sulfonate interaction is
weaker, however, the overall network stability is determined
via cooperative bonding of the multiple coordinating sites on
each -SO3 group yielding very stable systems.[13] To compare
the ligating properties of these two functional groups, a
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phosphonate can be thought of as ™nailing∫ an organic group
to the inorganic layer. For the -SO3 group, a more accurate
portrayal would be to adhere the organic group to the
inorganic layer with a ™ball of Velcro∫ in light of the multiple,
weaker interactions with the metals and the roughly spherical
shape of the SO3 group.

The current work presents a silver(�) sulfonate network
incorporating both strong Ag ±pyridine interactions and
weaker Ag ± sulfonate interactions in forming an extended
network. The result is a three-dimensional framework capable
of sorbing and desorbing MeCN in a highly selective fashion.
Remarkably, this occurs despite the network requiring major
structural rearrangement (tetragonal to triclinic crystal sys-
tems) to take up the sorbate. The flexibility of the framework
stems from the combination of the weaker interaction of
sulfonates with metal ions and the inherent pliant coordina-
tion sphere of silver(�), a d10 metal ion with no crystal field
stabilization energy.[14] Single crystal structures and thermal
analysis of both the dense and solvated forms of the complex
are reported. In addition, PXRD data showing the sorption
phenomenon, and a GC experiment to illustrate both
selectivity and that dissolution, as a mechanism for MeCN
uptake, is not occurring, are presented.

Results and Discussion

3-Pyridinesulfonic acid and Ag2CO3 were suspended in a 2:1
molar ratio in methanol and sonicated for 20 minutes. Over
this time, CO2 gas evolved as the CO3

2� was converted to
carbonic acid and the green color of Ag2CO3 changed to that
of the saturated white product. Diffusion of isopropyl ether
into a MeOH solution of the product gave small cube-like
crystals of [Ag(3-pySO3)]� , 1, suitable for a CCD X-ray
analysis. PXRD confirmed that this single crystal material was
representative of the phase of the bulk solid. Diffusion of
ethyl acetate into a MeCN solution of the white product gave
prismatic crystals of [Ag(3-pySO3)(MeCN)0.5]� , 2, suitable
for an X-ray analysis.

The silver complexes presented herein are a result of two
competing structural tendencies. Silver sulfonates have a
strong predisposition to form layered networks.[8a,b, 9] For
monodentate pyridine-based ligands with silver(�), the most
typically observed coordination mode is a 2:1 linear com-
plex.[15] The ligand, 3-pyridinesulfonate (L) presents both
pyridine and sulfonate moieties within the same monoanionic
unit.[16] Thus, if the linear coordination of the pyridine groups
is to be satisfied, only a single other silver ion could be present
to interact with the two sulfonate groups. This would exclude
the 1:1 silver sulfonate ratio observed in layered structures.
The result is an alternative framework constrained by the
mismatch of these competing structural motifs.

Structure 1, [Ag(3-pySO3)]�: The structure of the dense form
of the network, compound 1, is a three-dimensional solid
containing ribbons of silver ions. The asymmetric unit of this
structure consists of one equivalent of silver(�) ions, spread
over three sites in a 2:1:1 ratio, and a single type of
monoanionic 3-pySO3 molecule (Figure 1). Ag1 occupies

Figure 1. ORTEP plot of structure 1 showing the complex bridging mode
of the ligand. The asymmetric unit is labeled. Ellipsoids of 35% probability
are shown. The c axis runs parallel to the Ag1�Ag2 contact.

50% of the silver sites and is the only silver center which
forms bonds to the N atom of the pyridine moiety. The
coordination sphere about Ag1 is a highly distorted tetragonal
geometry comprised of two trans pyridine N donors (Ag1�N1
2.143(2) ä), two weakly interacting trans sulfonate oxygen
atoms (Ag1�O3 2.710(2) ä), and even longer contacts to two
adjacent silver centers (Ag1�Ag1 2.9878(7) ä, Ag1�Ag2
3.0148(4) ä). Ag2, which occupies 25% of the silver sites,
has a less distorted tetragonal geometry comprised of four
equivalent sulfonate oxygen atoms in an equatorial plane
(Ag2�O2 2.377(2) ä) and axial contacts to two Ag1 centers
with the previously quoted distance. Ag1 and Ag2 form the
ribbons of silver ions permeating this structure along the
crystallographically unique c axis in the tetragonal geometry
(Figure 2). The metals centers repeat in a Ag1-Ag2-Ag1 unit,
as there are twice as many Ag1 centers, with distances shorter
than the sum of the van der Waals radii (3.44 ä).[17] Ag3,
which occupies the final 25% of silver sites, is tetrahedrally
coordinated by four equivalent sulfonate oxygen atoms
(Ag3�O1 2.380(2) ä). These atoms, along with the ligands,
form a square arrangement, surrounding each Ag1-Ag2-Ag1
ribbon, down the c axis. Overall, the coordination mode of the

Figure 2. View perpendicular to the unique c axis, between the two a axes,
in the tetragonal structure of 1 with parallel ribbons of Ag ions permeating
the structure. Large spheres all represent silver but crystallographic
equivalents are shaded differently.
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ligand can be described as �4, �4 as each O and N atom forms a
single bond to a different silver center. Two sulfonate oxygen
atoms, O1 and O3, and the pyridyl N atom form the
coordinating ™sleeve∫ for the Ag1-Ag2-Ag1 ribbon. Crystal
data are summarized in Table 1. Selected bond distances and
angles are shown in Table 2.

Structure 2, [Ag(3-pySO3)(MeCN)0.5]�: The structure of
[Ag(3-pySO3)(MeCN)0.5]� , 2, is comprised of linked 24-
membered rings (Figure 3). Ag(pyridine)2 units in a distorted
linear geometry (Ag1�N1 2.148(5) ä, Ag1�N2 2.161(5) ä,

�N1-Ag-N2� 164.3(2)�) form the top and bottom borders of
each ring and the sides are comprised of SO3

� groups bridged
by a second silver center, Ag2. The coordination sphere of
Ag2 is a distorted tetrahedron comprised of three oxygen
atoms, from three different sulfonate groups, and a molecule
of MeCN (Ag2�O1 2.455(6) ä, Ag2�O5 2.333(5) ä, Ag2�O6
2.318(4) ä, Ag2�N3 2.203(6) ä). The rings have approximate
dimensions 7.9(1) ä high by 14.6(1) ä wide, defined by the
transannular Ag�Ag distance, as oriented in Figure 3. The
MeCN molecules bound to Ag2 are situated on opposite

Figure 3. ORTEP plot with labeling scheme showing the 24-membered
rings of structure 2 linking to the eight-membered rings. Thermal ellipsoids
of 50% probability are shown. Note the anti orientation of the MeCN
molecules.

sides of the plane of the ring. The 24-membered rings orient
along the c axis to form channels. Each channel is occupied by
two MeCN molecules, bound to an Ag2 atom from an
adjacent 24-membered ring. The extended packing of the
structure (Figure 4) reveals that the 24-membered rings are

Figure 4. View of the extended structure of 2 down the c axis, showing the
linking of the 24-membered, MeCN-filled channels by the eight-membered
rings. Large spheres all represent silver but crystallographic equivalents are
shaded differently.

Table 1. Crystal data and refinement summaries for structures 1 and 2.

Formula C20H16N4O12S4Ag4 (1) C12H11N3O6S2Ag2 (2)

Mw 1064.09 573.10
crystal system tetragonal triclinic
space group I4≈ P1≈

a [ä] 12.3336(5) 10.373(4)
b [ä] 12.3336(5) 11.252(5)
c [ä] 9.0174(5) 8.123(3)
� [�] 90 105.43(4)
� [�] 90 112.22(3)
� [�] 90 89.70(3)
V [ä3] 1371.71(11) 841.3(5)
Z 2 2
�calcd [g cm�3] 2.576 2.262
� [mm�1] 3.190 2.58
crystal dimensions [mm3] 0.28� 0.22� 0.11 0.30� 0.19� 0.08
� [ä] 0.71073 0.71073
� range [�] 2.34 to 30.48 2.69 to 25.05
reflections 1788 I� 4.0	I 1973 I� 3.0	I
total unique reflections 2086 2993
total measured reflections 5889 3171
R [I� 2	(I)] 0.0231 0.031
Rw 0.0451 0.032
goodness of fit 0.855 1.36
last D-map [eä3]
deepest hole � 0.568 � 0.540
highest peak 0.411 0.530

Rf� (�(Fo�Fc)/� (Fo), Rw� (�
(Fo�Fc)2/� 
(Fo)2)0.5.

Table 2. Selected bond lengths and angles for structure 1.[a]

Bond Length [ä] Bond Length [ä]

Ag1�N1 2.143(2) Ag1�Ag1 2.9878(7)
Ag2�O2 2.377(2) Ag1�Ag2 3.0148(4)
Ag3�O1 2.380(2) Ag1�O3 2.710(2)
S1�O1 1.439(2) S1�O2 1.436(2)
S1�O3 1.442(2)

Bond Angle [�] Bond Angle [�]

N1-Ag1-N1a 172.4(2) N1-Ag1-Ag1a 86.21(8)
N1-Ag1-Ag2 93.79(8) Ag1-Ag1a-Ag2 180.0
O2-Ag2-O2a 174.8(2) O2-Ag2-O2b 90.12(1)
O2-Ag2-Ag1 92.62(9) O2b-Ag2-Ag1 87.38(9)
Ag1-Ag2-Ag1a 180.0 O1-Ag3-O1a 104.73(6)
O1b-Ag3-O1a 119.4(1) O3-Ag1-N1 89.15(8)
O3-Ag1-O3a 157.1(1) O3-Ag1-Ag1a 101.5(1)
O3-Ag1-N1 92.35(8) O3-Ag1-Ag2 78.54(8)

[a] Symmetry transformations used to generate equivalent atoms: No. 1:
�x�2, �y�2, z ; No. 2: y, �x�2, �z ; No. 3: x�1³2, y�1³2, z�1³2 ; No. 4:
�x�3³2, �y�3³2, z�1³2 ; No. 5: �y�3³2, x�1³2, �z�1³2 ; No. 6: y�1³2, �x�3³2,
�z�1³2 ; No. 7: y, �x�2, �z�1; No 8: y� 1³2, �x�3³2, �z�1³2 ; No. 9: �x�1,
�y�2, z : No. 10: x� 1³2, y� 1³2, z� 1³2.
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cross-linked down the a axis, by the previously mentioned
Ag2�O5 interaction, to form smaller eight-membered rings.
There is also a weak interaction between Ag1 and O6
(Ag1�O6 2.619(3) ä) which links the channels in the b
direction. This interaction, coupled with the constraints of
forming the 24-membered ring, results in the distorted linear
geometry of Ag1. Crystal data are summarized in Table 1.
Selected bond distances and angles are shown in Table 3.

Interconversion of structures 1 and 2 : Significantly, structures
1 and 2 can be interconverted by the reversible sorption and
removal of MeCN. Differential scanning calorimetry (DSC)/
thermogravimetric analysis (TGA) of 2 gave a baseline signal
to 170 �C at which point loss of the MeCN molecules (7.26%
of sample weight) was observed. No further transitions were
observed until 320 �C at which point an irreversible endother-
mic transition, associated with the sample turning black, was
observed. In a study of layered networks, we have observed
loss of AgI-bound MeCN at 95 �C (cf. b.p. (MeCN) 82 �C).[18]

The observed value of 170 �C in 2 for loss of MeCN indicates
the solvent molecules are tightly bound by the framework and
that there are likely significant stabilizing interactions with
the surrounding channel. PXRD of the desolvated structure
showed that the sample was identical to structure 1. Structure
1 would reabsorb MeCN and convert to structure 2 if left in
contact with MeCN vapor over a period of 10 ± 14 days.
Alternatively, treatment of 1 with a small drop ofMeCN while
in the PXRD sample holder very rapidly (the time required to
start the PXRD) converted the structure to 2. This requires a
major reorganization required on the part of the network as
shown in the shift of tetragonal unit cell parameters for 1, and
triclinic for 2. Figure 5 shows the interconversion of the two
structures as monitored by PXRD. The solvation/desolvation
cycle was repeated twenty times with complete framework
integrity.[19]

The tetragonal to triclinic structural rearrangement exhib-
ited by 1 to form 2 is quite remarkable. From the perspective
of a purely inorganic network, it is difficult to perceive a
framework reordering to such an extent although thermal
phase transitions between monoclinic and orthorhombic
crystal systems have been observed in zeolite-like solids.[20]

Coordination networks with ™sponge-like∫ properties (i.e.,
they swell to incorporate guest molecules), incorporating

Figure 5. Powder X-ray diffraction patterns illustrating the interconver-
sion of 1 and 2. a) Simulated PXRD of structure 1 from the single-crystal
data. b) The desolvated framework, identical if obtained directly on a
sample of 1 or, as shown, by desolvating 2. c) 1 immediately (ca. 5 s) after
treatment with a drop of MeCNwhile in the PXRD sample holder, showing
conversion to 2. d) Simulated PXRD of 2 based on the single-crystal data.

flexible organic linkers, have also been reported.[21] However,
we are aware of only a few examples where the origin of this
flexibility is the actual metal coordination sphere and the
ligand interaction.[22±26] Cariati et al. have reported a Cu-
iodide structure with 4-picoline that converts between a one-
dimensional step-polymer and a cubane tetramer upon
toluene inclusion.[22] This requires a monoclinic to tetragonal
shift, however, the extended structure is not maintained. Long
et al. have reported an infinite network of Re-chalcogenide
clusters bridged to CoII by cyano groups.[23] These authors
demonstrate vapochromic behavior, after loss of water,
stemming from an octahedral to tetrahedral rearrangement
of the Co centers in the solid state. Selectivity of guest uptake
is also observed in this case, however, the structure of the
desolvated network was not determined. Ciani et al. have
reported a CuI 1,2,4,5-tetracyanobenzene extended network
which loses THF to rearrange from a monoclinic form to a
more dense orthorhombic form.[24] Reversibility of the process
was not facile as immersion of the desolvated material in
THF(l) for a week was required. It should be noted that, of
these three structures, two contain CuI, another d10 ion, and
the third contains CoII, which has the lowest ligand field
energetic preference for octahedral versus tetrahedral geom-
etry. Finally, Ripmeester and Soldatov have performed very
thorough work on a CuII-acetylacetonate derivative which
converts, with guest inclusion, between a porous cyclic
hexamer structure and a dense phase of discrete complexes.[25]

Table 3. Selected bond lengths and angles for structure 2.[a]

Bond Length [ä] Bond Length [ä]

Ag1�N1 2.146(6) Ag1�N2 2.160(6)
Ag2�N3 2.204(7) Ag2�O1 2.455(6)
Ag2�O5 2.333(5) Ag2�O6 2.318(5)
S1�O1 1.437(6) S1�O2 1.450(6)
S1�O3 1.427(6) S2�O4 1.436(5)
S2�O4 1.449(5) S2�O4 1.454(6)

Bond Angle [�] Bond Angle [�]

N1-Ag1-N2 164.2(2) N3-Ag2-O6 125.6(3)
N3-Ag2-O5 114.3(2) O5-Ag2-O6 106.7(2)
N3-Ag2-O1 105.5(2) O1-Ag2-O6 84.0(2)
O1-Ag2-O5 117.8(2)

[a] Symmetry transformations used to generate equivalent atoms: No. 1:
�x, �y, �z.
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The linking interaction in this example is a Cu ±methoxy O
bond which is cleaved in going from the porous (trigonal)
from to the dense (orthorhombic) form. None of the
structures discussed above undergoes the extent of structural
rearrangement (tetragonal crystal system to triclinic) ob-
served in the present work while maintaining a connected
extended structure.

A mechanism for the interconversion of structures 1 and 2
may be proposed based upon a comparison of the two single
crystal structures. Structure 2 contains two types of Ag ion in a
1:1 ratio, those sulfonate-ligated and those pyridine-ligated.
Upon removal of the MeCN from 2, the structure collapses to
fill the void space which would otherwise exist. The Ag ±O
interactions, ranging from 2.310 ± 2.619 ä, would be expected
to cleave rather than the stronger Ag�pyridine bonds (Ag�N
2.148 ± 2.161 ä). Figure 6a is a view of structure 2 where the
MeCN molecules in the lower half have been artificially
deleted. The proposed mechanism of conversion may be
considered very much like the collapse of a cardboard square
by bending one side to force it into the box×s cavity. The
rearrangement begins with the ™folding in∫ of one of the
sulfonate-ligated silver ions, the side of the square, to fill the
void generated by the loss of MeCN. This places this Ag ion in
proximity to the pyridine bound silver ions. This motion
would necessitate the translation of the second, originally
equivalent, sulfonate-ligated silver ion in the same direction
but away from the void (out of the square) to generate a third
type of Ag center in the framework. Figure 6b shows a view of
structure 1 along the diagonal between the a and b axes. As
described earlier in this article, three different types of silver
ion are observed in 1 in a 2:1:1 ratio, twice as many pyridine-
ligated silver centers being present as each sulfonate-ligated.
This is exactly the ratio which would result from the proposed
rearrangement mechanism. Furthermore, Figure 6b shows
that one of the sulfonate-ligated silver centers is now in
proximity (ca. 3.0 ä) from the pyridine-ligated silver ions and
that the other sulfonate-ligated silver ion is folded away from

Figure 6. Illustration of the mechanism of interconversion of a) structure
2, on the left, to b) structure 1, on the right. MeCN molecules have been
artificially deleted in 2 to illustrate the void which would exist. Large
spheres all represent silver but the crystallographically equivalents are
colored differently (pink, green, turquoise) to indicate this.

the pyridine-ligated silver centers. This is again, exactly as
would be anticipated based on the proposed mechanism.
Significantly, in order for the network to rearrange in the
manner proposed, only weak Ag ±O interactions need be
broken. This occurs as the sulfonate group rotates and new
Ag ±O interactions form. None of the stronger Ag�N bonds is
cleaved.

In this example, two factors contribute to the ability of the
network to rearrange. Firstly, the ™ball of Velcro∫ coordina-
tion of the sulfonate group allows the compromise of one
weak Ag ±O interaction while a new Ag ±O interaction
forms, enabling a reasonable continuum of silver ion ligation
by the sulfonate oxygen atoms. Secondly, silver(�) itself is
notorious for having a pliant coordination sphere stemming
from its d10 electronic configuration. Therefore, no single
geometry is overwhelmingly energetically favored.[14]

Selectivity of inclusion : In the above PXRD experiments, it
was noted that if propionitrile or butyronitrile was substituted
for MeCN in the above procedures (i.e., wetting and vapor
diffusion), the PXRD indicated no change from structure 1.
TGA analysis of these same compounds, revealed the loss of
the nitrile at the boiling point of the pure solvent, and
indicated no interaction with the network. The implication of
these observations was that structure 1 was selective for the
uptake of MeCN. To further verify this observation, an
experiment was performed where the desolvated compound,
1, was suspended in a solution of mixed nitriles in tetradecane.
Tetradecane was chosen as 1 had no solubility in this solvent
and did not interfere with detection of the other analytes via
gas chromatography. The purpose of this experiment was two-
fold. In addition to confirming that structure 1 was indeed
selective for the sorption of MeCN over other nitriles, the
experiment would verify that the observations in the PXRD
did correspond to a structural change with sorption rather
than a dissolution/recrystallization event.

A sample of the desolvated complex, 1, was treated with a
mixture of two equivalents of each of acetonitrile, propioni-
trile, butyronitrile, and hexanenitrile, as a 10% total solution
in tetradecane to prevent dissolution, and analyzed by gas
chromatography. The results of the GC experiments con-
firmed the resorption of MeCN and also quantified the
selectivity of the phenomenon. The process occurred with
complete selectivity over butyronitrile and hexanenitrile, and
a 2.25:1 selectivity over propionitrile. In the absence of
acetonitrile, propionitrile is not taken up by the framework.
Given the connectivity of the framework, many channels
would open simultaneously in the presence of MeCN and
under this circumstance, propionitrile is included.[27] Given
the fact that MeCN and EtCN contain identical functionality
and differ by only a methylene group, this level of selectivity is
remarkable. Other solvents which afforded no change in the
PXRD of 1 were THF, benzene, EtOH and even MeOH.

Conclusion

While a rigid coordination network displaying permanent
porosity is undoubtedly appealing,[1] framework flexibility is a
quality zeolite-like networks do not possess and this softer
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class of solids may provide a complementary approach to
porous materials. The present work shows a robust network
(�300 �C) which is able to rearrange to accommodate MeCN
with high selectivity despite relying on weakly ligating
sulfonate groups.

In a general sense, this complex illustrates the promise of
network structures based upon weaker interactions. In a
recent Concepts paper, Kahn discusses the potential of
designing novel magnetic materials based upon flexible
coordination frameworks.[28] In these materials, magnetism
would be regulated by reversible structural changes in the
network. Each form, as brought on by guest inclusion, would
allow a different degree of spin ± spin interactions. The use of
more weakly interacting groups in the generation of extended
inorganic frameworks may, at first, seem counterintuitive.
However, as shown, the resulting structures are not simply less
stable analogues, but rather, a different type of framework
with properties unlike those observed in more rigid structures.

Experimental Section

General procedures and instrumentation : Powder X-ray diffraction data
were collected on a Scintag SDX2000 powder diffractometer in the
Geology and Geophysics Department at the University of Calgary. DSC
and TGA were performed on a Netzsch 449C simultaneous thermal
analyzer under a nitrogen atmosphere. Gas chromatography was per-
formed on a Hewlett ± Packard 5971A GC/MSD. All chemicals were
purchased from Aldrich Chemical Company and used as received.

Synthesis of silver 3-pyridinesulfonate, Ag(3-PySO3): Ag2CO3 (0.276 g,
1.0 mmol) and 3-pyridinesulfonic acid (0.318 g, 2.0 mmol) were added to
methanol (25 mL), the pale green mixture was sonicated in an ultrasonic
bath for 20 min. During the reaction, CO2 gas was found to evolve, and the
powder changed color from the original green of Ag2CO3 to white. The
precipitate was filtered and washed with methanol. The methanol solutions
were evaporated to yield further white solid. Both white solids were found
to be identical and were identified as [Ag(3-PySO3)]� , 1. Combined yield:
0.518 g (97.5%). elemental analysis calcd (%) for: C 22.57, H 1.52; found: C
22.50, H 1.55; FT-IR data (KBr): �� � 3033 (w), 3020(w), 2364 (m), 1585(m),
1418(m), 1229 (s), 1200(s), 1142(m), 1047(s), 1011(s), 807(m), 749 cm�1(m).

Colorless single crystals of [Ag(3-PySO3)]� , 1, were grown from a MeOH
solution by diffusion of isopropyl ether. Colorless single crystals of

[Ag(3-PySO3)(MeCN)0.5]� , 2, were grown from a MeCN solution via
diffusion of ethyl acetate.

General X-ray crystallography : Crystals were selected under an optical
microscope, coated in oil and frozen onto a glass fiber. Data for

[Ag(3-PySO3)]� , 1, were collected on a Bruker SMART APEX CCD
diffractometer (MoK� radiation, �� 0.71073 ä) using the 
 scan mode
(3�� 2� � 57.3�). The structure was solved by direct methods and refined
by full-matrix least squares, based on F 2, using SHELXTL.[29] Data for
[Ag(3-PySO3)(MeCN)0.5]� , 2, were collected on a Rigaku AFC6S diffrac-
tometer using the 
-2� scan mode (3�� 2�� 50.1�) and solved using the
teXsan software program.[30] For both structures, silver and sulfur atoms
were located first and the remaining atoms found by difference Fourier
maps. All non-hydrogen atoms were refined anisotropically. For 1 and 2,
relevant crystallographic data and selected bond distances and angles are
shown in Tables 1 and 2, respectively.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-164218 (1)
and CCDC-133086 (2). 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).

GC Experiment : Equimolar amounts of acetonitrile, propionitrile, butyro-
nitrile, and hexanenitrile, corresponding to two equivalents per binding site
of MeCN (1.0 equiv with respect to total Ag), were mixed in tetradecane to
make a 10% solution. This mixture was treated with dried 1 for 15 minutes
and rapidly filtered. A standard mixture was prepared and treated in a
similar manner to ensure no solvent losses were due to evaporation. GC
analysis showed a significant loss of the MeCN signal. Comparable results
were obtained using one molar equivalent of the nitriles per Ag binding site
(0.5 equiv with respect to the total amount of Ag). As it turned out that it
was difficult to accurately integrate the MeCN peak after sorption in this
experiment, the results were quantified based upon the experiment
employing two equivalents of nitrile per binding site.

Acknowledgements

This research was supported by an award from Research Corporation and
by the Natural Sciences and Engineering Research Council of Canada. We
thank Charles Campagna at Bruker AXS for collection of the data for 1.

[1] a) H. Li, M. Eddaoudi, M. O×Keeffe, O. M. Yaghi, Nature 1999, 402,
276; b) S. S.-Y. Chui, S. M.-F. Lo, J. P. H. Charmant, A. G. Orpen, I. D.
Williams, Science 1999, 283, 1148; c) D. M. L. Goodgame, D. A.
Grachvogel, D. J. Williams, Angew. Chem. 1999, 111, 217; Angew.
Chem. Int. Ed. 1999, 38, 153; d) M. Kondo, T. Okubo, A. Asami, S.
Noro, T. Yoshitomi, S. Kitagawa, T. Ishii, H. Matsuzaka, K. Seki, K.
Angew. Chem. 1999, 111, 190; Angew. Chem. Int. Ed. 1999, 38, 140.

[2] a) O. M. Yaghi, H. Li, C. Davis, D. Richardson, T. L. Groy,Acc. Chem.
Res. 1998, 31, 474; b) M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M.
Reineke, M. O×Keeffe, O. M. Yaghi, Acc. Chem. Res. 2001, 34, 319.

[3] a) A. Clearfield, Prog. Inorg. Chem. 1998, 47, 371; b) G. Alberti, U.
Costantino, inComprehensive Supramolecular Chemistry,Vol. 7 (Eds.:
J. L. Atwood, J. E. D. Davies, D. D. MacNicol, F. Vˆgtle), Elsevier
Science, New York, 1996, pp. 1 ± 24.

[4] J.-M. Lehn, Supramolecular Chemistry, Concepts and Perspectives,
VCH, Weinheim, 1995.

[5] a) V. A. Russell, C. C. Evans, W. Li, M. D. Ward, Science 1997, 276,
575; b) J. A. Swift, A. M. Pivovar, A. M. Reynolds, M. D.Ward, J. Am.
Chem. Soc. 1998, 120, 5887; c) K. T. Holman, A. M. Pivovar, J. A.
Swift, M. D. Ward, Acc. Chem. Res. 2001, 34, 107.

[6] a) D. W. Breck, Zeolite Molecular Sieves : Structure, Chemistry and
Use, Wiley, New York, 1974 ; b) R. M. Barrer, Zeolites and Clay
Minerals as Sorbents and Molecular Sieves, Academic Press, New
York, 1978.

[7] a) G. K. H. Shimizu, G. D. Enright, C. I. Ratcliffe, G. S. Rego, J. L.
Reid, J. A. Ripmeester, Chem. Mater. 1998, 10, 3282; b) G. K. H.
Shimizu, G. D. Enright, C. I. Ratcliffe, K. F. Preston, J. L. Reid, J. A.
Ripmeester, Chem. Commun. 1999, 1485; c) A. P. Co√ te¬, G. K. H.
Shimizu, Chem. Commun. 2001, 251; d) J. O. Yu, A. P. Co√ te¬, G. D.
Enright, G. K. H. Shimizu, Inorg. Chem. 2001, 40, 582.

[8] a) G. Smith, B. A. Cloutt, D. E. Lynch, K. A. Byriel, C. H. L. Kennard,
Inorg. Chem. 1998, 37, 3236; b) G. Smith, J. H. Thomasson, J. M.
White, Aust. J. Chem. 1999, 52, 317; c) F. Charbonnier, R. Faure, H.
Loisleur, Acta. Crystallogr. Sect. B 1981, 37, 822.

[9] a) B. J. Gunderman, P. J. Squattrito, Inorg. Chem. 1995, 34, 2399;
b) B. J. Gunderman, P. J. Squattrito, Inorg. Chem. 1994, 33, 2924;
c) S. K. Sharma, C. E. Snyder Jr, L. J. Gschwender, Lubr. Eng. 1999,
55, 27; d) A. L. Arduini, M. Garnett, R. C. Thompson, T. C. T. Wong,
Can. J. Chem. 1975, 53, 3812; e) J. S. Haynes, J. R. Sams, R. C.
Thompson, Can. J. Chem. 1981, 59, 669; f) Y. Garaud, F. Charbonnier,
R. Faure, J. Appl. Crystallogr. 1980, 13, 190; g) B. J. Gunderman, I. D.
Kabell, P. J. Squattrito, S. N. Dubey, Inorg. Chim. Acta 1997, 258, 237;
h) V. Shakeri, S. Haussuhl, Z. Kristallogr. 1992, 198, 297; i) R. S. K. A.
Gamage, B. M. Peake, J. Simpson, Aust. J. Chem. 1993, 46, 1595; j) A.
Koeberg-Telder, H. Cerfontain, C. H. Stam, G. Kreuning, Recl. Trav.
Chim. Pays-Bas 1987, 106, 142; k) A. J. Shubnell, E. J. Kosnic, P. J.
Squattrito, Inorg. Chim. Acta 1994, 216, 101.

[10] L. C. Brousseau, D. J. Aurentz, A. J. Benesi, T. E. Mallouk, Anal.
Chem. 1997, 69, 688.



FULL PAPER G. K. H. Shimizu et al.

¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5182 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235182

[11] H. Byrd, A. Clearfield, D. Poojary, K. P. Reis, M. E. Thompson,Chem.
Mater. 1996, 8, 2239.

[12] G. A. Neff, M. R. Helfrich, M. C. Clifton, C. J. Page, Chem. Mater.
2000, 12, 2363.

[13] Both silver p-toluenesulfonate[7a] and silver benzenesulfonate[7b] are
stable, with respect to mass loss, to over �250 �C. The benzenesul-
fonate salt undergoes a phase change at �150 �C.

[14] Moore and co-workers have recently performed a comprehensive
search of the Cambridge Structural Database to quantify occurrences
of metal ion geometries, see D. Venkataraman, Y. Du, S. R. Wilson, P.
Zhang, K. Hirsch, J. S. Moore, J. Chem. Ed. 1997, 74, 915. Their results,
available at http://sulfur.scs.uiuc.edu, indicate that silver(�) may adopt
anywhere from a two to six-coordinate geometry but that three and
four-coordinate geometries are most common.

[15] a) S. Kitagawa, S, Matsuyama, M. Munakata, T. Emori, J. Chem. Soc.
Dalton Trans. 1991, 2869; b) L. M. Englehardt, C. Pakawatchai, A. H.
White, P. C. Healy, J. Chem. Soc. Dalton Trans. 1985, 117; c) H.
Adams, N. A. Bailey, D. W. Bruce, S. C. Davis, D. A. Dunmur, P. D.
Hempstead, S. A. Hudson, S. Thorpe, J. Mater. Chem. 1992, 2, 395;
d) T. Suzuki, H. Kotsuki, K. Isobe, N. Moriya, Y. Nakagawa, M. Ochi,
Inorg. Chem. 1995, 34, 530; e) F. Jaber, F. Charbonnier, R. Faure, M.
Petit-Ramel, Z. Kristallogr. 1994, 209, 536.

[16] The only other works citing 3-pyridinesulfonate as a ligand, although
not in the formation of extended structures, are: a) F. A. Cotton, L. M.
Daniels, M. L. Montero, C. M. Murillo, Polyhedron 1992, 11, 2767;
b) F. A. Cotton, L. M. Daniels, C. M. Murillo, Polyhedron 1992, 11,
2475; c) B. Walsh, B. J. Hathaway, J. Chem. Soc. Dalton Trans. 1980,
681. 2-Pyridinesulfonate forms extended structures with Ag, Cu, and
Zn but these contain no included solvent, Ag: d) F. Charbonnier, R.
Faure, H. Loissleur, Cryst. Struct. Comm. 1981, 10, 1129. Cu, Zn: e) K.
Kimura, T. Kimura, I. Kinoshita, N. Nakashima, K. Kitano, T.
Nishioka, K. Isobe, Chem. Commun. 1999, 497.

[17] A topical subject is that of ™argentophilicity∫, that is, favorable Ag ±
Ag (d10 ± d10) interactions. This is a continuing study of the present
work along with the CuI and AuI analogues. For examples of
argentophilic compounds: a) C.-M. Che, M.-C. Tse, M. C. W. Chan,
K.-K. Cheung, D. L. Phillips, K.±H. Leung, J. Am. Chem. Soc. 2000,
122, 2464; b) M. A. Omary, T. R. Webb, Z. Assefa, G. E. Shankle,
H. H. Patterson, Inorg. Chem. 1998, 37, 1380; c) M. A. Rawashdeh-
Omary, M. A. Omary, H. H. Patterson, J. Am. Chem. Soc. 2000, 122,
10371; d) Q.-M. Wang, T. C. W. Mak, J. Am. Chem. Soc. 2000, 122,

7608; e) Q.-M.Wang, T. C. W.Mak, J. Am. Chem. Soc. 2001, 123, 1501;
f) Q.-M. Wang, T. C. W. Mak, Angew. Chem. 2001, 113, 1164; Angew.
Chem. Int. Ed. 2001, 40, 1130.

[18] G. K. H. Shimizu, G. D. Enright, C. I. Ratcliffe, J. A. Ripmeester,
D. D. M. Wayner, Angew. Chem. 1998, 110, 1510; Angew. Chem. Int.
Ed. 1998, 37, 1407.

[19] No significant broadening of the PXRD peaks was observed even
after the twentieth sorption/desorption cycle. In contrast to clathrate
systems, this structure has, and maintains, a completely interconnected
network. It would, therefore, be expected to retain a higher degree of
ordering.

[20] a) B. F. Mentzen, M. Sacerdote-Peronnet, Mat. Res. Bull. 1993, 28,
1017; b) B. F. Mentzen, Mat. Res. Bull. 1992, 27, 831; c) B. F. Mentzen,
J.-M. Letoffe, P. Claudy, Thermochimica Acta 1996, 288, 1.

[21] a) L. Carlucci, G. Ciani, M. Moret, D. E. Proserpio, S. Rizzato,Angew.
Chem. 2000, 112, 1566; Angew. Chem. Int. Ed. 2000, 39, 1506; b) K.
Kasai, M. Aoyagi, M. Fujita, J. Am. Chem. Soc. 2000, 122, 2140; c) L.
Carlucci, G. Ciani, P. Macchi, D. E. Proserpio, S. Rizzato, Chem. Eur.
J. 1999, 5, 237.

[22] E. Cariati, X. Bu, P. C. Ford, Chem. Mater. 2000, 12, 3385.
[23] L. G. Beauvais, M. P. Shores, J. R. Long, J. Am. Chem. Soc. 2000, 122,

2763.
[24] L. Carlucci, G. Ciani, D. W. v. Gudenberg, D. M. Proserpio, New J.

Chem. 1999, 23, 397.
[25] a) D. V. Soldatov, J. A. Ripmeester, S. I. Shergina, I. E. Sokolov, A. S.

Zanina, S. A. Gromilov, Yu. A. Dyadin, J. Am. Chem. Soc. 1999, 121,
4179; b) D. V. Soldatov, J. A. Ripmeester,Chem. Mater. 2000, 12, 1827.

[26] Thompson et al. have made a preliminary account of an imidazolate
complex which undergoes two solid state conversions: B. O. Patrick,
W. M. Reiff, V. Sanchez, A. Storr, R. C. Thompson, Polyhedron 2001,
20, 1577.

[27] Nitrile coordination to the sulfonate-ligated Ag centers displaces
sulfonate oxygen atoms and triggers the rearrangement. The likely
origin of the selectivity is simply that only theMeCNmolecule is small
enough to initially access these Ag sites.

[28] O. Kahn, J. Larionova, J. V. Yahkmi, Chem. Eur. J. 1999, 5, 3443.
[29] Bruker AXS Inc., Madison, Wisconsin, 1997.
[30] teXsan Crystal Structure Analysis Program, Molecular Structure

Corporation (1985 & 1992).

Received: May 29, 2001 [F3296]


