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Abstract

Organosulfonates (RSO) are largely regarded as poor ligands by coordination chemists, and have typically been employed as ‘non
coordinating’ anions in past synthetic and structural work. Indeed, the majority of transition metal aqua complexes with sulfonate counter
anions show that the sulfonate group cannot readily displace water from the coordination sphere of the metal ion. There exists a strong structural
analogy between the Rg0and the phosphonate REO group, a functionality which has been employed with great success in the generation
of functional extended architectures. The contrast lies in the fact that individual metal—oxygen interactions with the sulfonate group are weaker,
when employed with suitably soft metal cations, but may be employed cooperatively, to still yield a stable solid. This review deals with some
of the functional frameworks we have reported which take advantage of the inherent coordinative pliancy of the sulfonate group to generate
extended networks. Features of the discussed frameworks include sponge-like guest sorption, anion exchange, and topotactic intercalation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction solid with the functionality of a porous metal oxide (sieve
properties, ion exchange, catalysis) [4-12] yet with the
1.1. Extended coordination solids tunability offered by the library of synthetic organic chem-

istry available to modify the molecular components. Seem-

The concept of an ‘organic zeolite’, a self-assembled ingly, functional groups can be appended to the walls of the
porous solid built from organic molecules, is highly ap- cavities to alter the polarity of the channels or to form sec-
pealing[1-3]. The name conjures images of an extended ondary interactions with included species. Efficient enan-
tioselective separations instinctively become more feasible.

* Corresponding author. Tekt1-403-220-5347; Another gdvantage offered by using a network b'uildir!g
fax: +1-403-289-9488. block derived from molecular, rather than an atomic unit,
E-mail addressigshimizu@ucalgary.ca (G.K.H. Shimizu). is that, in principle, larger pore sizes are attainable simply
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by employing a larger organic molecule. The shape of void poor ligands. Certainly for the majority of transition metal
regions may also be adjusted in this manner. The major complexes, sulfonate anions are generally considered to be
shortcoming of this organic approach, depending on the weakly interacting or non-interactingtO]. This notion is
proposed application, is certainly the marked lower thermal particularly true for the trifluoromethanesulfonate (triflate,
stability of these solids as they are necessarily sustained by~ OTf) anion. Indicative of the significance ofOTf coor-
purely non-covalent interactions. dinative tendencies, Lawrence published a review in which

In comparison to a metal oxide framework and a wholly the known coordination chemistry was discusp&]. This
organic assembly, a coordination chemistry approach offerspre-eminent perception of sulfonate anions as weakly coor-
a compromisg13-20] If we consider an aluminosilicate dinating though is largely justified based upon the library
structure as a starting point for a hypothetical modification, of transition metal sulfonate crystal structures obtained un-
polytopic organic ligands can be considered as replacementgier hydrous conditiongl2—46] The vast majority of these
for the & anions, thus providing the advantages of or- compounds show a completely hydrated metal ion with the
ganic molecules listed above, and other metal ions can takesulfonate functioning as a true non-coordinating counter ion
the place of the A& and Sf* ions. Incorporation of dif- [47,48] Thompson et al. have published a series of papers
ferent metal centers, particularly transition metals, presentsdealing with homoleptic sulfonate coordination to transition
further opportunities for tuning the structure not readily of- metals, however this was primarily an infrared investigation
fered by either the wholly inorganic or organic approaches that required strict anhydrous conditiof#9-52]
[21]. Choice of an octahedral or square planar metal cen- As discussed, with most metal ions under hydrous condi-
tre incorporates a 90angle into the structure thus giving tions, sulfonate ions do not efficiently displace solvent from
more options for defining the shape of a pore. While 109.5 the primary coordination sphere. Exceptions to this state-
and 120 angles are easily attainable with aluminosilicate ment are alkali ions, larger alkaline earth ions, and silver(l).
units or solely organic molecules, right angles typically are The common feature of these ions is that none of them have
not. Moreover, the electronic properties of the metal center, stringent preferences with respect to coordination nhumber
whether they be related to color, magnetism, luminescence,or geometry. In our research group, our realization of these
etc. become part of the extended framework. The metal cen-coordinative possibilities began with the structural elucida-
ters could also be employed as Lewis acid centers for cat-tion of the silverp-toluenesulfonat¢s3] and silver benzene
alytic applicationg22], an enticing prospect especially when sulfonate structuregs54]. Both of these compounds have
coupled with a guest selective support framework. layered structures, reminiscent of metal phosphonate ana-

In choosing an approach to construct a zeolite mimic, se- logues, but in stark contrast to metal phosphonates, minor
lecting the latter ‘metal-organic’ methodology has been met changes in the nature of the R group on the sulfonate result
with the most success. Numerous examples have now beerin a change in the bridging mode of the anion. For example,
reported employing metal-carboxylate or metal—-pyridine in silver p-toluene sulfonate, each $@roup bridges five
units to build robust architectures that display permanent metal centers, while for silver benzene sulfonate six metal
porosity [23-27] The large pores offered in some these centres are bridgedrig. 1 shows a comparison of the layer
compounds have shown considerable potential for gas stor-structures of AgOTs and AgPhSO
age application§28—30] Upon examining the connectivity of AgOTs and AgPhSO

In introducing this review on functional networks con- structures, the important role of cooperative interactions in
structed from sulfonates (RS0O) a specific mention and  the formation of these and other extended structures becomes
comparison of the networks formed by the phosphonate evident. Quite robust infinite solids can be generated based
(RPQs27) group is merited31,32] The phosphonate bearsa upon interactions which individually would be regarded as
strong structural analogy to the sulfonate group, in that they not particularly strong. In effect, it is simply not possible to
are both trioxy anionic units with an organic pendant hav- break individual bonds, a great many bonds must be broken
ing local C3, symmetry. The obvious difference being the simultaneously55]. With regards to the coordination chem-
greater dianionic charge associated with the phosphonateistry of the sulfonate group, this factor is particularly sig-
The phosphonate group has been extensively studied owingnificant as it applies both to a single sulfonate group and to
to the regularity of its assembly into layered networks with polysulfonated ligands (vide infra). The thermal stability of
a wide range of pendant R groups. The two-dimensional layered silver sulfonate salts to up to 358 is a reflection
structures are typically highly robust and can in fact be ex- strength of the cooperativity observed in metal—sulfonate
foliated to films[33—38] This field has recently been thor- aggregation patterris4].

oughly reviewed by Clearfiel{B9]. For a single sulfonate group, while each individual
metal-oxygen atom interaction is weaker, each oxygen
1.2. The sulfonate group atom has the potential to bridge more than one metal center.

While formally a single sulfonate oxygen atom can bond to

The coordination chemistry of sulfonate group has, until three metal centers, more typically, the oxygen atoms of a
quite recently, remained relatively unstudied. The reason for sulfonate group will bridge a maximum to two metal ions.
this has simply been that sulfonate anions are regarded as-ig. 2 shows a sampling of some of the possible coordi-
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(a) (b)

Fig. 1. Comparison of the sulfonate bridging modes in (a) AgOTs and (b) ABBO

nation modes for the sulfonate group. We have observed a[57—-61] Multiply sulfonated ligands have much greater po-

maximum of six metal centers bridged by a single sulfonate tential to form a higher dimensional, and hence more sta-

group as observed in the AgPhg&tructure[54]. ble structure. Atwood and Raston have independently used
The large bridging numbers like the andp.® modes ob- metal ions in primary and secondary sphere roles to assem-

served in AgOTs and AgPhS@re unattainable with other  ble sulfonated calix[4]- and calix[5]aren§62—68] These

commonly employed classes of ligands such as carboxylateswvorks illustrate the utility of polysulfonated ligands to form

and pyridines. Notably, whereas the ligating directionality multidimensional, usually layered, structures and have been

of a pyridine or a carboxyl group is confined to a plane, the reviewed elsewherfg9].

spherical shape of the electron density that encompasses a

sulfonate group allows metal coordination to an additional 1 3. Scope of review

dimension, serving to further increase the connectivity of the

network and favour the formation of a robust structure. This  Thjs review will provide an overview of some of the

coordinative flexibility in terms of bridging modes, com- ecent work in our group in the context of the topics dis-
bined with the roughly spherical shape of thes3@it, has  cyssed above. Examples will be presented which show that
led us to draw the analogy between a sulfonate group and agyifonate ions can be employed to not only generate highly
‘Ball of Velcro’ [56]. robust and functional architectures, but also ‘softer net-
In addition to the multiple bridging modes possible for a \yorks whose properties are best described as sponge-like.
sulfonate group, a more obvious means of using cooperativeThjs |atter class of compounds represents a divergence from
bonding interactions is to simply have more than one sul- traditionally held notions that functional properties can
fonate group on a ligand. An important factor in considering only pe imparted to extended solids that exhibit permanent
the previous works on metal sulfonates is that the majority porosity. As will be shown, a structurally pliant solid may

of these complexes dealt with simple monosulfonate anions, stjl| possess function and, in fact, offers opportunities not
although recently, Cai et al. have reported studies on the hogsible in more rigid networks.

coordinating preferences of some disulfonate anions with
various metal ions in the presence of other stronger ligands

2. Rigid and robust sulfonate frameworks
with Ba?* ions

M M M M M M
cl> O/ \ c|> | o \/ . . L ;
\S/O \S/O \S/O \S/O Ba?* ions have a large radius (Pauling ionic raditd..35
o |\ l\o |\o A) and are typically observed to have irregular geometries
R R R [70]. These properties combine to allow for a soft cation
. ) - ) 2 with a lower affinity for aqua ligands. With respect to the

n yl W n°u coordination of a sulfonate group, Baions provides a
Fig. 2. Possible coordination modes for sulfonate anions in the solid-state. Coordmatlvely accessible cation, in both a substitutional and

Combinations of these coordination modes also occur for a single SO geometrical sense. Moreover, the doubly positive charge on
group. the metal ion versus the monoanionic charge on a sulfonate
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group would necessarily mean that, with the appropriate this network results in a very robust solid that is stable
ligands, a higher degree of intermolecular aggregation would to >400°C, clearly illustrating that solids generated with
occur to maintain a charge balance. This choice of ligand a coordinatively flexible building blocks are not compro-
could also then provide the opportunity to generate void mised by poor structural stability. This is further illustrated
space within the solid. by the capability of{Ba[(1)(H,O)]-H2O}* to reversibly
sorb hydrogen sulfide and water. Heating a bulk sample
2.1. Gas sorption in a pillared metal sulfonate network of {Ba[(1)(H,0)]-H20}* to 110°C for 10 min selectively
removes the water molecules that exist in the channels with-
Our first example of a functional sulfonate coordina- out altering the structure as confirmed by PXRD analysis.
tion network arose from the preparation of the barium This leaves empty channels imprinted with the shape of the

salt of 4,5-dihydroxybenzene-1,3-disulfonat#), (which guest water molecules. When the atmosphere exposed to
presented a pillared layered structure having the formulathe empty network{Ba[(1)(H20)]}* is changed to a flow
{Ba[(1)(H20)]-H20}* (Fig. 3) [71]. of H2S or humid N their uptake can be measured gravi-
metrically. With respect to an equivalent of displaceCH
HQ SO3° 0.93 equivalents of b5, and near quantitative uptake of
H»0 is observed. The network is also selective, and rejects
HO other small molecules such as,HD,, Clo, SO, COp, Ar,

MeOH, and CH [78]. The latter substrate is of specific
importance to the petroleum industry where abatement of
sour gas, largely comprised of,H and CH, is of partic-

ular concern. IndeedBa[(1)(H20)]}* can sorb HS from
Here we drew another contrast to layered metal phos-a mixed atmosphere of GHand HS. From a synthetic
phonates. Attempts to generate void space by using astandpoint, the preparation ¢Ba[(1)(H,O)]-H20}- is ex-
diphosphonate ligand as a pillar to bridge layers, leads totremely facile. Phase pure, and functional, polycrystalline
the formation of a dense structure where the ligands be- {Ba[(1)(H20)]-H20}* is obtained in one step from the
come close packed. In order to generate a porous solid incommercially available sodium salt when equimolar aque-
these systems, a mixture of a diphosphonate pillar and aous solutions of Ngl and BaC} are mixed, resulting in
monophosphonate with a small R group is required to gen- a metathesis reaction where the barium network sponta-
erate an alternating sequence of pillars and spacers betweeneously precipitates from solution in 95% yield.

the layers[72—74] Unfortunately, the ordering of pillars

and spacers in these structures tends to be random, and thig.2. Anion exchange in a robust barium coordination

lack of ordering results in a non-uniform distribution of pore network using a trisulfonate ligand

sizes throughout the network. Our disulfonate ligdnchn

be regarded as being a ‘bent pillar’, whereby a microporous  The ligand used in this study was the pseudo-trigonally
network is predisposed to form owing to the dissymmetric symmetric trisulfonate ligand 1,3,5-tris(sulfomethyl)-benzene
nature of the ligand. The network does not pack efficiently (2). The design of this ligand, based on a mesitylene core,
in the solid-state and compensates by including water within was rationalized on the expectation that the organic groups
the interlayer region in-4 A diameter channels. Scheme 1 would not be able to pack efficiently in two dimensions
illustrates these three different possibilities for the pillaring upon coordination in the solid state. Moreover, the spherical
of layered networks. Indeed, if a linear disulfonate ligand shape of the sulfonate group would enable the coordinating
is employed, dense structures are also obtai7&d-77] ability of 2 to extend beyond two dimensions.

However, with phosphonate groups, the option to simply
alter the geometry of functional groups on a ligand while
retaining a layered structure would not be as facile due to
the more rigid coordinative demands of theRfpoup. The
4,5-diol moiety ofl plays an important role by further an- SOs°
choring the ligand to the layer and directing the 1,33SO

SOy

1

"0,;8

: . SO5
groups to oppose each other as illustrated in Scheme 1.
The aggregation pattern ofBa[(1)(H20)]-H20}* is 2
complex with 1 coordinating to six different barium cen- Upon complexation oR with BaCbh, the highly robust

ters and each barium in turn being nine-coordinate with an network of the formul&Bap[(2)(H20)s]Cl }* was obtained,
irregular geometry. The coordination sphere is comprised with the same synthetic ease and efficiency as for the prepa-
of six sulfonate oxygen atoms, from five different sulfonate ration of {Ba[(1)(H20)]-H2O}* (Fig. 4) [79]. The resultant
groups, the catechol oxygen atoms which coordinate in a structure also has a pillared layered motif despite the greater
doubly protonated form, and a water molecule that projects spatial divergence of the SQyroups in2 as compared to
into the interlayer. The highly crosslinked nature of the 1. The most significant feature dBay[(2)(H20)s]Cl}* is
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Fig. 3. Extended structure dBa[(1)(H20)]-H20}* showing the water filled channels in the pillared interlayer region.
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Fig. 4. Extended structure dBa[(2)(H20)s]Cl}* showing the chloride containing channels running along the crystallograpémes.

the inclusion of chloride anions in channels running through water but retains its phase and crystallinity until decom-
the interlayer region, resulting in an anti-zeolitic cationic posion at 420C. The stability of this network is also
framework. demonstrated by its very low solubility. Ultimately hy-
Upon heating,{Bap[(2)(H20)s]Cl}* undergoes minor  drothermal conditions were required in order to convert
structural contraction € 3%) upon loss of coordinated polycrystalline ‘as synthesized’ material to single crystals.
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Scheme 1. Pillaring of layered networks showing (a) close packing of linear pillars with no void space; (b) alternating pillars and small R-groups to
generate porosity; (c) use of ‘bent’ pillars to creat pores with a single type of R group.

It is somewhat unexpected that this material, particularly such an arrangement. As shownhig. 5, the passage of
the solid obtained at ambient conditions, would incorpo- CI~ and F~ need not occur on a line between the two near-
rate both2 and chloride anions given the high insolubility est transannular barium centres. A more likely mechanism
of other ‘homo-anionic’ barium organosulfonate networks. has the two ions passing along a line defined by two Ba cen-
This is a strong indication of the stability of the cationic ters laterally displaced down the channel. This is a distance
skeleton. The observation of mixed ions is also rare in of 10.37 A, which converts to 6.37 A when van der Waals
phosphonate chemistry. We are aware of only a few exam-radii are considered. Comparing this value with the effective
ples where this is the case and these actually incorporatechannel dimensions shows that an additional 0.07 A is re-
cationic viologen pillarg80,81] The overall structure of  quired for a two-way passage of ions. This additional space
{B&[(2)(H20)5]CI}* can be described as ruffled layers of is easily accommodated for the anions residing in small
SOs-bridged B&* ions, ‘pillared’ by the mesitylene core of  pockets and dips that exist between adjacerit'Bans.
2 to generate the chloride containing channels. The dimen-
sions of the channels are approximately 9.1.9 A, which 2.3. Other dimensions: a 1D-barium sulfonate network
translates to 5.% 6.7 A when van der Waals radii are con-
sidered (cf. van der Waals radius of €11.75 A). Water Previously, it has been generally preconceived that all
molecules in the structure are coordinated t§Band form Ba sulfonates are layered networks and, on this basis,
long hydrogen bonds with the Clions. The ligand adopts a  these compounds have found considerable use as lubricants
cis—cis-transconformation with respect to the orientation of [88]. We have found that this is not the case as evidenced
the methylenesulfonate groups and the central ring, giving by the 1D network{[Ba(3)2(H20)4]-EtOAc5}* which
2 a roughly chair-like profile. Again a highly crosslinked results upon crystallization of 2-pyridine ethanesulfonate
network is obtained and overdllbridges ten B&" centers. (3) with Ba2t from water/ethylacetatf89]. The complex
The ion exchange capabilities of this network were ex- is composed of inorganic Ba—gQ@olumns with pendant
amined. In the presence of one equivalent of fluoride ion, a pyridylethane groups which serve to define hydrophobic
75-80% exchange of the chloride ions is achieved. This waschannels capable of organic guest inclusibiy( 6).
confirmed by gravimetric analysis, PXREPF-NMR spec-

troscopy, C, H, Cl, F elemental microanalysis, which also X SOs

discounted the potential formation of BaAnion exchange | _N

in coordination networks is rare, and generally occurs only

if a large excess of the new anion is presf82-87] To 3

our knowledge the exchange {Bag[(2)(H20)s]Cl}* is the Although this framework irreversibly collapses to a 2D
most facile exchange reported in a coordination network to structure (PXRD) upon heating and loss of EtOAc guests,
date. The affinity of Bap[(2)(H20)s]Cl}* for F~ is surpris- it serves to exemplify that a corollary to coordinative flex-

ing; whereas the bromide analogue is easily attained usingibility is greater structural diversity. As there are me-w
an analogous preparation using BaBhe fluoride analogue  stacking interactions in this structure, the 1-dimensional mo-

of cannot be synthesized starting with Bafrhis result fur- tif is entirely ‘supported’, or driven, by van der Waals and
ther corroborates the stability of the cationic framework in weak hydrogen bonding interactions between the columns
{B&[(2)(H20)s]Cl}*. and guest EtOAc. This suggests that, not only may the coor-

The mechanism for ion exchange was proposed to oc-dination motif of a sulfonate network be strongly governed
cur from the two-way passage of ions in the channels of by ligand preorganization, but also the role of guest tem-
{B&[(2)(H20)s]Cl}*. Conducting the exchange inzD, plation in metal-sulfonate aggregation patterns is also quite
it was observed that 20% of the water in the structure is significant.
ejected during exchange. Thus the aquo ligands are labile,
and mobile within the channels. Given that the van der
Waals radii for CI and F~ are 1.75 and 1.47 A, respec- 3. Flexible sulfonate frameworkswith Agt or Ba* ions
tively, a minimum channel breadth of 6.44 A is required for
two-way passage. Recalling the channel dimensions were Silver(l) cations are renowned for having pliant coordi-
5.09x 6.71 A, this is apparently too small to accommodate nation spheres due primarily to theit%electronic config-
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Fig. 5. Space-filling representation, at van der Waals distancefBa&f(2)(H20)s]CI}*, showing a cross-section of a single channel. The figure depicts
the two-way passage of Cland F~ ions within the confines of each channel. As the water molecules are labile they are not included in the picture.

Fig. 6. View down thea-axis of {[Ba(3)2(H20)4]-EtOAcy5}* showing the orientations of the 1D columns in the structure and the hydrophobic EtOAc
filled channels which run parallel.

urations[90]. Coordination numbers from two to nine have that, in turn, can lead to their adaptive responses towards
been observed, often with distorted coordination geometriesexternal stimuli from guest molecules. Barium cations can

owing to the inherent lack of ligand field stabilization ef- also act in this respect, but owing to their harder Lewis

fects. Along with its soft Lewis acidic properties, Agpns acidity water tends to also be incorporated within their co-

are a particularly good match for the flexible coordinative ordination spheres. In this light, often a sulfonate network’s

tendencies of sulfonate anions. This unique combination function can be defined by the structural transformations it
leads to networks that are readily capable of rearrangementaindergoes.
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3.1. A sponge-like luminescent coordination framework

An Aufbau approach was used to assemble the porous lu-

minescent networkBag(H20)4[Euds(H20)2](H20)s5 44Cl}*

by taking advantage of the differences in the Lewis
basicity of the sulfonate andN-oxide components of
4,4 -disulfo-2,2-bipyridineN,N’-dioxide @) [91].

058 SOy

Chelation of E&" via the hardN-oxide oxygen donors of
4 results in a discrete complex in which the sulfonates are
directed outwards from the Eu center. Using this now sul-
fonate functionalized Eu complex as a ligand, this building
block was then cross-linked through the $5@¥oups via in-
teractions with BaGl (Fig. 7).

The crystallized network forms a three-dimensional
framework, consisting of a columnar motif of Ba—$0O

interactions that organize the Eu centres along the crys-

tallographicb-axis (Fig. 8). The channels that run along
the c-axis as shown irFig. 7, having dimensions of ap-
proximately 12.49<9.84 A as defined by the shortest

A.P. @3té, G.K.H. Shimizu/Coordination Chemistry Reviews 245 (2003) 49-64

320°C. A PXRD analysis revealed that the sample becomes
amorphous after dehydration, indicating that the network
collapses, but not totally as a small internal surface area re-
mains (15.3 rAg~1). Upon reintroduction of water vapour,
the PXRD pattern remains amorphous, however TGA data
revealed that, in fact, the network resorbs >95% of the lost
solvent, a value that requires the uptake of both coordinated
and free HO. The sorption/desorption cycle can be repeated
with >950% efficiency. The fact that the solid does not com-
pletely revert to its nascent form with each cycle is sufficient
to yield the observed amorphous PXRD pattern.

One of the primary rationales for a coordination chemistry
approach to generating extended solid networks is not only
the prospect for greater structural diversity, but also for the
incorporation of unique functional featurfs3-18] So, in
addition to its structural role, the Bti ions in the network
also impart luminescent properties. The expected red lumi-
nescenceexc = 464 NM,iem = 612 nm) of a E&+ coor-
dination complex is observgd82-95] Investigation into the
solvent dependence of the luminescence has initially shown
that the intensity of the hypersensiti¥®g to ’F» transition
decreases-50% in the absence of water and’0% in the
presence of nitrobenzene.

3.2. Highly selective guest uptake imparted by a tetragonal
to triclinic shift in the solid-state

trans-channel metal-metal distances. These values convert 3-Pyridinesulfonic acid §) was used in this work to

to ~8.5x 5.8 A when van der Waals radii are taken into
account. Uncoordinated water molecule$.5 per Eu cen-
ter as modeled crystallographically, occupy the channels.
Chloride anions (not seen Ifig. 8) exist in small ‘grottos’
off the axis of the channels behind the Eu centers and form
hydrogen bonds with coordinated water molecules from Ba
and C-H hydrogen bonds with theprotons of4. Coor-
dinated water molecules projecting into the channels from
both Eu and Ba centres defindrans-channel distances of
8.41 and 5.34 A. Due to the lability of these aquo ligands
the former channel dimensions were chosen (vide supra).
The {Bap(H20)4[Euds3(H20)2](H20)5.44Cl}* is a hy-

form networks incorporating a combination of both strong
Ag—pyridine interactions viaN-coordination and weaker
Ag-sulfonate interactionfs6].

SO3”
X
N
5

Extended networks based on pyridine ligands with Ag
most consistently give a 2:1 linear coordination mode about

brid structure and adopts some of the features presentedhe metal centef96—100] while as presented earlier, silver

in earlier networks. The columnar Ba—$@ggregation is
observed, albeit of a different coordination motif, is now

salts of monosulfonates generally form layered structures
[53,54] Therefore, for ligand, there exists a competition

forms part of a three dimensional structure using a prop- between two recognized structural motifs. If the linear co-
erly designed building block This structure also displays ordination of pyridine groups were to be observed, only a
a high degree of aggregation betweer?Baons and sul- single other silver ion could be present to interact with two
fonate anions, the two types of Ba centers crosslink four pendant sulfonate groups. This would exclude the possibil-

and five [Eu4(H20)]3~ building blocks, respectively.
The {Bap(H20)4[Euds(H20)2](H20)s5.44Cl}* structure also
exhibits both solvent and anion inclusion.

In keeping with the analogy of the sulfonate group act-
ing as a ‘Ball of Velcro'[56], {Bax(H20)4[Euds(H20),]-
(H20)5.44Cl}* exhibits sponge-like sorption behavior. Ther-
mogravimetric analysis of this network showed a steady
mass loss to 108C corresponding to loss of both free and

ity for the formation of a layered structure as the required
1:1 silver sulfonate ratio seen in AQOTs and AgPh$Mot
available. The result is an alternative framework that arises
from the interplay between these two competing structural
motifs.

Initially we formed the network [Adf)(MeCN)ys]®,
which is comprised of linked 24-membered ringsg; 9.
Here the expected linear coordination geometry about Ag

coordinated water molecules. The sample is then stable tois observed defining the top and bottom borders of each
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Fig. 7. Extended structure dfBax(H20)4[Euds(H20)2](H20)s5.44Cl}* showing the channels along tleaxis. The disordered included water molecules
are omitted for clarity.

Fig. 8. {Bap(H20)4[Euds(H20)2](H20)544Cl}* viewed slightly off thea-axis showing the location of Clions within the ‘grottos’. Dashed bonds
indicate hydrogen bonding interactions.



58 A.P. @3té, G.K.H. Shimizu/Coordination Chemistry Reviews 245 (2003) 49-64

ring. The sides of the rings are composed of3SfPoups actions are ‘mobile’ and serve to saturate the coordination
bridged by a second silver centre. The coordination spheresites left vacant upon removal of MeCN. Ag—sulfonate bonds
of this metal centre is a distorted tetrahedron containing participate in the bond making and bond breaking processes.
three oxygen atoms, from three different sulfonate groups Comparing the two crystal structures kig. 11, it can be
that cross-link the structure together, and a molecule of seen, thatin order to fill the void space, the rings collapse like
MeCN. The rings pack along the crystallograpbiaxis in a cardboard square by bending one side to force it into the
an eclipsed fashion to give channels containing the MeCN box’s cavity. The rearrangement begins with ‘folding in’ of
guests. The channel dimensions are 7.9(1) high by 14.6(1)one of the sulfonate-ligated silver ions, the side of the square,
A wide as defined by the transannular Ag—Ag distances of to fill the void generated by the loss of MeCN. This silver ion
the rings. now becomes proximal to the pyridine bound silver atoms.
Upon heating [Ag)(MeCN)y5]®, no mass loss is ob-  This motion requires the translation of the second, originally
served until 170C at which point the tightly held MeCN  equivalent, sulfonate-ligated silver ions in the same direc-
guests are lost. The reversion to the desolvated form,tion, but out of the square and away from the collapsing
[Ag(5)]°, is a crystal-to-crystal transformation that involves void, to generate the third type of Ag center in [AY(.
a shift from the triclinic crystal system of the solvated state  The factors contribute to the ability of the network to rear-
to the tetragonal [Ad)]*. Remarkably, this transformation range are as follows: The coordinative pliancy of the coordi-
is completely reversible simply by exposing the desolvated nation sphere of Agprovides a surface over which sulfonate
powder to MeCN vapor despite the network requiring a groups can move as a ‘Ball of Velcro’, i.e. as one Ag—O link-
major structural rearrangement. Treatment of the apohostage is compromised, a new Ag-O interaction is generated,
with other nitriles, even propionitrile, MeOH, EtOH, THF, enabling a continuum of silver ion ligation throughout the
yielded no change in the observed PXRD, indicating selec- conversion event. This process was repeated 20 times with
tivity for MeCN. no observed broadening of peaks in PXRD pattern of the
The apo-host is a dense 3D solid containing ribbons of tested material. The efficient reversibility between the order-
silver ions. Stoichiometrically, only one silver ion is con- ing of these two structures, triggered by MeCN uptake/loss,
tained in the asymmetric unit of [Ag)]°® but is distributed owes to the weak Ag—sulfonate interactions and indicates
over three partially occupied sites in a 2:1:1 ratio, with only the ease with which the framework can re-organize to at-
one unique molecule & present. Agl occupies 50% of the tain its energetic minimum. The smooth transition between
silver sites and is the only silver center which forms bonds structures demonstrates the flexibility of Ag—sulfonate net-
to the N atoms of pyridyl rings. It also has two longer con- works, in contrast to the eventual disordering of a network
tacts to sulfonate oxygen atoms and two even longer contactdn systems with stronger, more directional, bonding.
to two adjacent silver centres, Ag2 and symmetry related
Agl’. Agl and Ag2 form the ribbons of silver ions perme- 3.3. Topotactic intercalation into silver triflate
ating through this structure, repeating in a Agl-Ag2—-Agl
unit, with distances shorter (2.988-3.015 A) than the sum  The triflate anion (trifluoromethanesulfonateQTf) can
of van der Waals radii (3.44 A)101-105] Ag3 is coor- be considered as the weakest of the weakly coordinating
dinated by four equivalent sulfonate oxygen atoms. Thesefamily of sulfonate ligands due to the strongly electron
atoms, along with the ligands, define a square surroundingwithdrawing effects of the —GFmoiety markedly lower-
each{Agl-Ag2-Ag1* ribbon, with the two sulfonate oxy-  ing the Lewis basicity of the coordinating —g@roup (Ka
gen atoms and pyridyN-atoms acting as the ‘coordinating HOTf < —12 vs. MeS@H = ~—2.5). For these electronic
sleeve’ Fig. 10. reasons triflate ions have been regarded as the quintessential
The interconversion between these structures involves a‘non-coordinating’ anion in classical coordination chemistry
redistribution of coordinative interactions about the silver [40].
cations within the structure. For coordination networks, hav- ~ As with other silver monosulfonates, AgOTf is also a
ing a structural rearrangement where the structure change infayered material as determined by PXRD analysis which
volves the metal coordination sphere is quite [aG6-112] show the characteristic set of equally spaced intense Bragg
The majority of these past examples involve a change from reflections from the low order planes of layered solids.
a discrete complex to an infinite inclusion network, and, for Surprisingly, there is no single crystal X-ray structure of
other cases, where a guest induced change between extendefigOTf [113].1 Since we previously determined that AgOTs
networks was observed, the selectivity and/or reversibility was capable of intercalating nonylamifte3], we sought
was not high. Notably, our system undergoes a transition to also investigate the intercalation capabilities of AgOTf
that involves the greatest extent of structural rearrangement,[114].
and demonstrates the highest selectivity for guest uptake.
The mechanism for interconversion relies on the differ- — :

S S . . AgOTf undergoes two reversible phase changes at 280 andC323
entiation in Coordmatlon_ pO\_Ner between_ pyrlcﬂyldongtlo_n This observation is indicative of the ability of the layers to reorient. We
versus sulfonat®-coordination. The pyridine coordination  have also found that AgOTF can intercalate alkyl acetates, cyclic ethers,
anchors the ligand to Agwhile the weaker sulfonate inter-  and nitroalkanes.
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Fig. 9. View of the extended structure of [AJ(MeCN)ys]® looking down thec-axis, showing the MeCN channels formed from the linking of the
24-membered rings.
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Fig. 10. View of [Ag®)]*® perpendicular to the-axis illustrating the ribbons of Ag ions permeating the structure. Large spheres all represent silver but
crystallographic equivalents are shaded differently.
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(b)

Fig. 11. lllustration of the mechanism of interconversion of (a) B\@{IeCN)s]® and (b) [Ag6)]®. The included MeCN molecules in (a) have been
artificially deleted to show the void that would exist. Large spheres all represent silver but crystallographic equivalents are shaded differently.
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Fig. 12. Plot ofdgpi1-spacing vs. the number of carbon atoms contained in the primary alcohols intercalated into AgOTf, demonstrating regular linear
increase in layer spacing that occurs.
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Fig. 13. View of the lamellar network from by AgOT EtOH, showing the C§and EtOH groups directed into the interlayer region.

AgOTf was exposed to a series of primary alcohols of oxygen of EtOH bridging two Agcenters within the layer,
varying chain lengths ranging from 2 to 20 carbon atoms. while the ethyl and —C£groups project into the interlayer
PXRD analysis identified these products as layered materialsregion Eig. 13.
having a monotonic increase in thespacings for the prin- To determine if the nature of the host-guest interaction
cipal (0 0 1) Bragg reflections with respect to the number for the all the intercalates was consistent, the PXRD data
of carbon atoms in the alcohol alkyl chain. This indicated obtained for the rest of the intercalates was correlated with
that the AgOTf layers are pushed further apart by longer al- the single crystal data obtained for the EtOH intercalate.
cohols Fig. 12. Thus, the reaction of a primary alcohols |n EtOH 6 AgOTf the distance between symmetry-related
with AgOTf spontaneously leads to formation of a polycrys- EtOH oxygen atoms on opposite sides of a layer following
talline intercalation compound, whose interlayer spacing can the c-axis is 8.22(2) A. Summing this value with the ideal
be controlled by the length of the alcohol's carbon chain.  O—Ggmina distances obtained from MM2 calculations for

Structural characterization of the intercalates was chal- the other alcohols, assuming all-trans conformations, gives

lenging and only the crystal structure of the ethanol inter- the distance corresponding to the (0 0 1) peak®. in
calate was attainable. The structure shows that the nature othe PXRD patterns for each of the intercalatéig( 14).

the host—guest interaction is coordinative, with the hydroxyl From this the following may be concluded: (1) The longer

Fig. 14. lllustration of the calculation alpp1 from AgOTf 6 EtOH crystallographic parameters and MM2 calculations. Note that a unit cell translation
of 1/2c from the origin used for the determination AgOBfEtOH has been made for this calculation to give an integral relationship.
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