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Three new silver sulfonate metal—organic frameworks are presented along with a design strategy for future
generations. { [Ags(mesitylenetrisulfonate),(H20)s]-2H20} o (1), { Ags(durenetetrasulfonate)(H,0)2} « (2), and { [Ags-
(1,3,5,7-tetrakis(4,4'-sulfophenyl)adamantane)(H,0),]+1.3H,0} . (3) represent a series of open-framework silver
sulfonate solids where the organic linker plays a key role in determining the overall structure. Compound 1 forms
a pillared layered structure, while compounds 2 and 3 form 3-D nets derived from cross-linking of 1-D columns of
silver sulfonates. All three solids incorporate water molecules, which can be removed to yield a solid stable to in
excess of 300 °C. Powder X-ray diffraction studies and vapor sorption experiments show, for 1 and 2, that the
solids retain their structure when guests are removed and, for all three, that water vapor is resorbed stoichiometrically
by the solids. An idealized silver sulfonate framework is proposed, and upon comparison to the reported structures,
guidelines are proposed for structural constraints in the design of future generations of 1-D and possibly 0-D
aggregate structures.

Introduction afford a tremendous breadth of structural motifs. However,

Increasingly, coordination solids that demonstrate porosity Ofténtimes, in attempts to sustain an open structure, geom-
or reversible guest sorption are being repo#tddlogical etries of metal ions and conformations of ligands are prone

design paradigm in the construction of such frameworks is © distortion, often leading to undesired, frequently dense,

to have metal and ligand components with well-defined structura}I motifs. In our research, we have been taking a
coordinative preferences to favor the formation of large contrasting approach. We have focused our efforts on the
pores? The elegance of this strategy is that, once suitable coordination chemistry of both metal ions and ligating groups
metal ions and ligand functional groups are recognized, Wlt.hOUt hllghly dlrec.t|on.al' coordinative preferences. The
variation in the geometry and size of the organic linker can rationale is that, while rigid components may assemble to
give a robust structure, ideal and sustained complementarity
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Design of Siber Polysulfonate Coordination Networks

family,® adopting the classic layered motif of hybrid inor- being sustained by weaker ligating groups, that compounds
ganic-organic solids. For metal phosphonates, the interlayer 1—3 are quite robust. Vapor sorption experiments show that
region may be made porous by alternating pillaring groups all of the structures can resorb lost guests.

with nonpillaring monophosphonate or phosphate gréups.

For silver(l) arenemonosulfonates, we have shown that the Experiment Section

§tructur¢s are highly dependent on the lateral breadth of, and General Procedures and Instrumentation. TGA/DSC analyses
interactions between, the pendant R group on the sulfofiates. yere performed on a Netzsch 449C simultaneous thermal analyzer
As with the metal phosphonates, in the absence of stronglyunder a dynamic Natmosphere at a scan rate ofG/min, with
structure-directing factors, dense solids are obtained. ThiSsamples heated in pierced hermetically sealed pans. All chemicals
work targets the formation of open silver sulfonate solids were purchased from Aldrich Chemical Co. and used as received.
by the selection of organic cores for the sulfonate ligands. L1'° and L3 were prepared by previously reported procedures.
Essentially, polysulfonate linkers are chosen such that the General X-ray Crystallography. Crystals suitable for X-ray
formation of a dense solid is prohibited. For the first two analysis were chosen under an optical microscope and quickly
compounds presented, this is achieved by appending multiplecoated in oil before bging mounted in a nylon loop and frozep under
sulfonomethyl groups to an arene core in a divergent manner.2 Stream of cryogenic nitrogen gas100°C) for data collection.
The final compound uses a tetrahedrally divergent tetrasul- Standard graphite-monochromated Ma Kadiation ¢ = 0.710 73

fonate ligand to orient sulfonate ar t a distance t A) was employed, and a full hemisphere of data was obtained
onate liga . 0 orent sullo ge groups at a distance 1o regardless of the crystal system indicated by data observed in initial
completely disfavor the formation of a layered structure. scans of the crystal. Single-crystal X-ray data were collected on a

Here we report three new open-framework metal sulfonate Nonjus kKappa CCD diffractometer using a data acquisition strategy

structures: {_[A93(|—1_)(H20)2.5]‘H20}m (1, where L1 = determined from the HKL2001 suite of prograts.ikewise, data
o,a’,0'"-mesitylenetrisulfonatef,Ags(L2)(H20)2} » (2, where were processed, and intensities were corrected for Lorentz and
L2 = a,0,a",a'""-durenetetrasulfonate), anf{Ag4(L3)- polarization effects and for absorption using this software. All

(H20),]1.3H:0}, [3, where L3 = 1,3,5,7-tetrakis(4,4 structures were solved by direct methods using SHELXS-87d
sulfophenyl)adamantane]. Compourddforms a pillared refined onF 2 by full-matrix least-squares procedures with SHELXL-
layered structure with interlayer guests. Compou@sd 97. All non-hydrogen atoms were refined with anisotropic displace-

3 both form open-channel 3-D structures anchored by 1-D ment parameters. Hydrogen atoms were included in calculated

columns of silver sulfonate aggregates, rather than Iayers_.positions with isotropic displacement parameters 1.5 times the

. . : isotropic equivalent of their carrier atoms. Final atomic coordinates,
These represent the first examples of homoleptic silver PIc €q

If ith col hi it ial thermal parameters, and a complete listing of bond lengths and
sulfonates with columnar (1-D) architectures. Differentia angles are deposited and are available from the Cambridge

scanning calorimetry/thermogravimetric analysis (DSC/TGA) cystallographic Data Centre. Pertinent structure refinement data
and powder X-ray diffraction (PXRD) data show, despite for 1—3 are given in Table 1.

. ) Preparation of Silver o, ,0'-Mesitylenetrisulfonate, { [Ags-
®) ((;)‘LCJ‘E}"\,\J,_';V,!'{S(? Ogj.'z(_:;hgénn‘g?f('zf%cﬁi%’l)g 6,\14'.;&,39(’:2?%%& " (L1)(H20).4*H:0} (1). a0’ 0" -Mesitylenetrisulfonic acid (0.25
Chem 2002 41, 4967. (c) Cai, J. W.; Zhou, J. S.; Lin, M. ll. Mater. g, 0.59 mmol) was dissolved in 10 mL of,8; Ag,CO; (0.24 g,
Chem.2003 13, 1806. (d) Atwood, J. L.; Barbour, L. J.; Hardie, M. 0.88 mmol, 1.5 equiv) was then added, generating a cloudy white
‘F]Q..Y; ﬁisgtﬁgé’(,:\)llff’&rghi;zﬂ ,&‘%el_.z;osoéuznzt%n?'E(f).rz:gnse%)f; éhith, suspension. The reaction mixture was stirred at room temperature
W. E.J. Chem. Soc., Dalton Tran2001, 2199. (f) Cai, J. W.; Chen, until the white turbidity disappeared and the evolution of ,CO
C. H,; Feng, X. L.; Liao, C. Z,; Chen, X. Ml. Chem. Soc., Dalton  ceased. The volume was reduced by a third to give a saturated
gg%résﬁogég%w(gj F\%ZL;’ g 5 s:bt}]; llil’ c\élvewvg“ bﬂgﬁo&hg?' solution, which was then filtered. Single crystals of netwbikere
1399. (i) Park, S. H.; Lee, C. EChem. Commur2003 1838. (j) obtained by vapor diffusion of acetone into the saturate® H
Chandrasekhar, V.; Boomishankar, R.; Singh, S.; Steiner, A.; Zacchini, solution of the product at 4C over a 3-week period. Yield: 0.22

S. Organometallic2002 21, 4575. (k) Kennedy_, A. R.; Kirkhouse, g, 50%. FT-IR (cm?, KBr): v 3448.2(br), 1640.1(s), 1607.3(s),
J. B. A.; McCarney, K. M.; Puissegur, O.; Smith, W. E.; Staunton,

E. Teat, S. J.; Cherryman, J. C.; JamesCRem—Eur. J.2004 10, 1459.8(s), 1416.1(s), 1268.6(s), 1224.9(vs), 1142.9(s), 1050.1(s),
4606. (I) Sun, Z. M.; Mao, J. G.; Sun, Y. Q.; Zeng, H. Y.; Clearfield, 1017.3(s), 886.2(w), 766.0(s), 705.9(s), 662.2(w), 591.2(m), 569.4-
A. Inorg. Chem.2004 43, 336. (M), 520.2(m). TGA/DSC: 2575°C, —2.78% obsd and-3.65%

(6) (a) Shimizu, G. K. H.; Enright, G. D.; Ratcliffe, C. I.; Rego, G. S.;

Reid, J. L.; Ripmeester, J. Achem. Mater.1998 10, 3282, (b) ~ calcd for loss of 30 320°C, decomposition of L1.

Shimizu, G. K. H.; Enright, G. D.; Ratcliffe, C. I.; Preston, K. F.; Preparation of Silver a,a’,a,a"’-Durenetetrasulfonate { [Ags-
Reid, J. L.; Ripmeester, J. &hem. Commuri999 1485. (c) May, (L2)1(H20)2]} = (2), and Silver 1,3,5,7-Tetrakis(4,4sulfophenyl)-
kéfguigﬁmz,;’ ?2 'T{higheKmAMaEer{rzigﬁ? g‘ le-7'K(SI)yS$hA'AP';D . adamantane {[Ag4(L3)(H20),]-1.3H,0} » (3). Compound® and
Dalrymplé, S. A.; Shimizu, G. K. HI.norg.YCh'eméOOZ 41, 287. (e) " 3 were prepared in a manner analogous to that,aémploying
Ma, J. F.; Yang, J.; Li, S. L.; Song, S. Y.; Zhang, H. J.; Wang, H. S.;  a,0/,0",&""-durenetetrasulfonic acid and tetrakis(4sdlfophenyl)-
Yang, K. Y. Cryst. Growth Des2005 5, 807 adamantane, respectively. For compouhdjield: 0.58 g, 82%.

(7) Cag, A. P.; Shimizu, G. K. HInorg. Chem.2004 43, 6663.
(8) (a) Clearfield, A.Prog. Inorg. Chem1998 47, 371. (b) Alberti, G.;

Costantino, U. IlComprehensie Supramolecular Chemistnitwood, (10) Dalrymple, S. A,; Parvez, M.; Shimizu, G. K. hhorg. Chem2002
J. L., Davies, J. E. D., MacNicol, D. D., \¢tle, F., Eds.; Elsevier 41, 6986.
Science: New York, 1996; Vol. 7. (c) Maeda, HWlicroporous (11) Hoffart, D. J.; Cté, A. P.; Shimizu, G. K. Hlnorg. Chem2003 42,
Mesoporous Mater2004 73, 47. 8603.

(9) (a) Alberti, G.; Costantino, U.; Marmottini, F.; Vivani, R.; Zappelli,  (12) Otwinoski, Z.; Minor, W. InMethods in Enzymologyarter, C. W.,
P. Angew. Chem., Int. EdEngl. 1993 32, 1357. (b) Alberti, G.; Jr., Sweet, R. M., Eds.; Pergamon Press: New York, 1997; Vol. 273,
Marmottini, F.; Murcia-Mascd® S.; Vivani, R Angew. Chem., Int. p 307.
Ed. Engl. 1994 33, 1594. (c) Clayden, N. J. Chem. Soc., Dalton (13) Sheldrick, G. M.SHELX-97, Program for X-ray Crystal Structure
Trans 1987, 1877. RefinementUniversity of Gdtingen: Gitingen, Germany, 1997.
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Table 1. Crystal Data and Refinement Summaries for Compoun€e3

Hoffart et al.

formula GH13012 553Ag3, C10H1601454A04, C34H26Ag4015 554,
[Ag3(L1)(H20)2.5-H20 (1) [Ag4(L2)(H20)7] (2) [Ag4(L3)(H20),]-1.3H0 (3)

fw 740.98 315.09 1244.28

cryst syst triclinic monoclinic monoclinic

space group P1 (No. 1) P2;/c (No. 14) P2/c (No. 13)

a(A) 8.7275(17) 9.929(2 11.462(2)

b (A) 9.782(2) 5.088(1) 6.8727(14)

c(A) 10.946(2) 19.249(4) 24.986(5)

a (deg) 97.94(3) 90 90

f (deg) 90.96(3) 99.77(3) 98.79(3)

y (deg) 107.81(3) 90 90

V (A3) 879.5(3) 919.95 1945.2(7)

z 2 2 2

Deatca(9/cn®) 2.798 3.188 2.119

u (mm-1) 3.728 4.539 2.270

2 (A) 0.71073 0.71073 0.71073

data | > 20(1)]/param 7352/497 1702/146 3000/265

GOF 1.196 1.095 1.031

final Rindices | > 20(1)]
final Rindices (all data)

R1=0.0204, wR2= 0.0545
R* 0.0227, wR2=0.0779

R1=0.0378, wR2= 0.0903
R1=0.0575, wR2=0.1188

R1= 0.0505, wR2= 0.1379
R1= 0.0576 wR2= 0.1444

FT-IR (cn?, KBr): v 3574.9(s), 3466.6(br), 1576.4(w), 1459.8-
(s), 1409.6(w), 1206.7(s), 1173.8(vs), 1128.9(s), 1104.6(s), 1038.2-
(s), 1021.4(s), 766.8(m), 728.3(w), 668.5(m), 599.8(s), 545.6(m),
529.3(m), 514.4(m). TGA/DSC: 50125 °C, —3.01% obsd and
—3.92% calcd for loss of 240D; 325°C, decomposition of L2. For
compound3, yield: 0.39 g, 80%. FT-IR (cmt, KBr): v 3446.7-

(br), 3466.6(br), 1700.1(m), 1495.9(m), 1398.1(m), 1357.6(m),
1226.7(vs), 1124.4(s), 1037.1(s), 1008.7(s), 834.6(s), 715.6(vs),
667.9(w), 623.0(s), 578.0(m),. TGA/DSC: 2875 °C, —4.71%
obsd and—4.77% calcd for loss of 3#D; 375°C, decomposition

of L3.

Results and Discussion

In a 1:1 ratio, silver(l) and a monosulfonate ion will adopt
a structure composed of layers of Ag ions bridged by SO
groups with the organic R group directed into the interlayer,
the classic hybrid inorganieorganic motifé2b.” The ideal
anchoring of the organic moieties is such that, with simple
aryl substituents, a dense interlayer results where interactions
between R groups play a significant role in determining the
mode of ligation of the S©group to the Ag ions. For
example, in silver 2-naphthalenesulfonatéhe naphthyl
groups adopt a herringbone motif like in naphthalene itself. the transannular G8C18 and C#C17 distances, and are
This is in direct contrast to metal phosphonates, where the occupied by two crystallographically unique water molecules.
metal oxo-ligand interaction is the dominating structure- The perpendicular interlayer distance is 10.95(1) A. The
directing factor. To further examine the extent of the aromatic rings of adjacent L1 molecules are canted with
structure-directing role of the linker groups in silver sul- respect to the metal sulfonate layers (thk plane) at
fonates, three different polysulfonate cores were synthesizedapproximately 45 The rings are alsa-stacked along tha
and complexed with silver(l). Structural descriptions of these axis with a separation of 3.850(2) A and an offsetdf.4
three compounds are presented followed by more generalA. The thickness of an individual layer is approximately 4.65-
commentary on the family. (5) A, defined by the trans-layer O-atom separations,

Structure of 1. The overall structure of compouridcan resulting in a gallery height of 6.30 A. Looking at an
be described as a pillared layered motif where sheets gf SO individual layer (Figure 2), there are six unique Ag centers
bridged Ag ions are separated by mesitylene units. Eachin the structure as well as two unique ligands. One Ag center,
molecule of L1 has one sulfonate group coordinating to one Agl, is four-coordinate, four (Ag2, Ag3, Ag4, and Ag6) are
layer and two sulfonate groups ligating to an adjacent layer. five-coordinate, and one (Ag5) is six-coordinate. None of
Along the a axis, adjacent mesitylene units are flipped. the centers has an ideal geometry for its respective coordina-
Notably, the pillars are not densely packed and guests aretion number, illustrating the relevance of the pliant coordina-
included in the channels. Figure 1 shows a view parallel to tion sphere of Ag(l)* With the exception of Ag2, which is
the Ag sheets. The channels perpendicular tobthelane ligated by five sulfonate O atoms, the Ag centers are
have dimensions of 8.50(5) A 4.25(5) A, as defined by  coordinated to both sulfonate and water O atoms. Ag1 bonds

8870 Inorganic Chemistry, Vol. 44, No. 24, 2005

Figure 1. View of compoundl showing the pillared layer structure. Note
the alternating pattern of mesitylene cores and the interlayer voids.
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Figure 3. View down theb axis of compoun@, where the 1-D columns
would be pointing out of the page. Each durene core links four different
columns.

Figure 2. View onto a single layer of compouridshowing the continuous
structure. Visible are coordinated water molecules, depicted with H atoms.

to three sulfonate O atoms and one molecule of water, Ag3

to four sulfonate and one water, Ag4 to three;%@d two

water, Ag5b to three SPand three water, and Ag6 to four

SO; and one water. The AgO sulfonate distances range

from 2.323(4) to 2.772(4) A, typical for silver sulfonate

complexes, and the AgO water distances range from 2.325-

(4) to 2.791(5) A. In addition to coordinate bonds between

the silver metal centers and the sulfonate groups, a number

of hydrogen bonds are also present, which serve to fortify

the layered interactions. Hydrogen bonds exist between QFigure 4. View showing, top to bottom, two columns of compould

atoms of the sulfonate groups and the terminally Coordinated_sepﬁrated gy a ribbon of coordinated water molecules. No continuous layer

IS observead.

water molecules [019-06 = 2.747(5) A] as well as the ) _ _ )

bridging water molecules [020012 = 2.722(5) A, 020 two types of Ag(l) ions, Agl, a trigonal-bipyramidal center

.-015= 2.811(5) A, 021--07 = 2.706(6) A, and 022 with homoleptic sulfonate ligation, and Ag2, a distorted

013 = 2.719(5) A]. The water molecules in the channels tetrahedral center ligated by three 3fBoups and a molecule

are also hydrogen bonded to the coordinated water molecule®f water. The coordinated water molecules are directed

on the silver centers [022024S= 2.691(6) A]. Additional between the 1-D aggregates and undergo H-bonding interac-

hydrogen bonds most likely exist in the sulfonate groups: tions with two sulfonate O atoms of neighboring columns

however, these were not located for the noncoordinated watedQ7S~04= 2.932(7) and O7SO4A = 3.250(7) A]_- Along

molecules. The AgO sulfonate distances range from 2.387- the c axis, there are no interactions between adjacent arene

(6) to 2.598(6) A for Agl and from 2.274(6) to 2.443(6) A 9roups; they are tilted 48with respect to the columns and

for Ag2, along with the ligated water molecule [AgD7S do not overlap laterally at all. The most notable feature of

= 2.312(7) A. this compound is the formation of 1-D columns as the
Structure of 2. Compound2, based on the 1,2,4,5- homoleptic silver sulfonate aggregation motif. There are only

tetramethylbenzene (durene) core, also forms a 3-D structurefWO reports where 1-D columns of silver sulfonates are

but it is not that of a pillared layered type. Rather, the silver cOmmented on, and both of these incorporate additional

sulfonate aggregation takes the form of 1-D columns, which ligation to either further coordinate the metal cetiter alter

run along theb axis. These columns are then further cross- the stoichiometry of silver sulfonate in the aggredate.

linked along thea andc directions by the durene cores, as ~ Structure of 3. Compound, like compound?, has a 3-D

shown in Figure 3. The distance between columns is 9.929-Motif composed of 1-D columns cross-linked in the other

(2) A along thea axis and 9.786(2) A along theaxis. The two dimensions by the organic linker. In this case, the

structure of the columns is shown in Figure 4. There are SPacing between columns is considerably greater, and the
overall structure of cross-linked columns is immediately

(14) (a) Aakeroy, C. B.; Beatty, A. MJ. Mol. Struct 1999 474, 91. (b)

Erxleben, A.CrystEngComnR002 472. (c) Bu, X. H.; Chen, W,; (15) Other 1-D structures have been observed that involve silver sulfonates,
Hou, W. F.; Du, M.; Zhang, R. H.; Brisse, Fhorg. Chem2002, 41, but these also incorporate additional ligating groups. Sun, D.; Cao,
3477. (d) Hirsch, K. A.; Wilson, S. R.; Moore, J. $iorg. Chem. R.; Bi, W.; Li, X.; Wang, Y.; Hong, M.Eur. J. Inorg. Chem2004

1997, 36, 2960. 2144,

Inorganic Chemistry, Vol. 44, No. 24, 2005 8871
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Figure 7. View of a single side of a layer of silver benzenesulfonate,
which is defined as the ideal silver sulfonate network, for purposes of
comparison. The three-SS distances depicted are S1%1b= 5.160(2)

A, S1b-S1c=5.198(2) A, and S1aSlc= 5.257(2) A.

homoleptic sulfonate coordination, four sulfonate O atoms
from four different L3 molecules. Ag2 also coordinates to
four sulfonate O atoms from four different ligands but has

- 5 View of  showing th inking of _ an additional molecule of water ligated. The geometry of

T o e g oh el | 62 is a slightly distorted square pyramid with water in an

voids are shown between organic linkers. equatorial site. All sulfonate groups ligate four Ag atoms
where two O atoms each coordinate one Ag center and the
third O atom bridges between two Ag centers. Adjacent
columns are offset by 3.436(1) A, half the length of the
axis.

Structural Constraints and Rationalizations for
Polydentate Silver(l) Sulfonates

In a previous work,we defined the “ideal” silver sulfonate
structure as that adopted by silver benzenesulfdtiathis
solid possesses a 2-D hybrid inorganarganic solid
structure with layers composed of a hexagonal grid of Ag
ions, bridged in au® fashion, by sulfonate groups. The
pendent phenyl ring is nearly perpendicular to the layer plane.
A view onto a single layer of this solid is shown in Figure
7. For purposes of assessing structural constraints enforced
by the ligands in this work, a rel@ant parameter is the
nearest sulfur-sulfur distance in a layer because this can
be viewed as the ideal anchoring distance to a single layer
for a di- or polysulfonate ligand. This distance in&F
benzenesulfonate is-5.2 A This value must then be

chigurGIG- Viewtof Ctompour:jdihperpendilt;ull(ar to thlat inf fri]guiet& Sﬂowing considered relative to the distance between sulfonate groups
T e A e S0n= IKIg ofe C1e JeveBhen/ace gictated by each organic igand cor. It should be noted that
this sulfur-sulfur distance does have some flexibility as-
evident, as shown in Figure 5. Two types of channels are sociated with it. For example, silver 2-naphthalenesulfonate,
defined by the adamantane cores of the ligand. The first iswith a broader R group, maintains a layered motif by the
primarily occupied by coordinated water molecules and has silver sulfonate layer, rearranging to sultsulfur distances
approximate dimensions of 7.4 5.9 A. The second is of 4.53(1) and 6.01(1) A to accommodate the broader
occupied by disordered water molecules (1.3 modeled perpendant group.However, it should be noted that these two
formula unit) and has dimensions of 8:3 6.0 A. The values are still centered roughly on the 5.2-A value.
distance between adjacent columns is 11.46(1) A along the For L1, owing to the mesitylene core, the only option for
a axis and 12.49(1) A along the axis. The framework  the sulfonate groups to coordinate in a lamellar solid would
formation induces some strain upon the adamantane corepe for two to coordinate to a single layer in a meta orientation
as evidenced by the-8S distances in a single ligand. Ideally and one to coordinate to another layer. For L2, owing to the
equal, in the direction of tha axis, this distance measures tetrasubstituted core, two sulfonate groups ligated to the same
8.519(4) A, while in the direction of the axis, it measures  side of a layer in ortho-, meta-, and para-substitution patterns
9.164(4) A. The structure of a single column is shown in exist as possibilities. For ortho substitution, the twozSO
Figure 6. Crystallographically, two types of silver(l) centers groups would be required to be almost overlaid and so this
comprise the column. Agl is a tetrahedral center with pattern is disfavored. For para substitution, the aryl ring
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would be required to lay almost parallel to the layers and preclude a simple layered solid. In compoudthe result
force the generation of void space between adjacent ligands;is again 1-D columns of silver sulfonate aggregation, which
this is also unfavorable. Thus, the most likely coordinating are then cross-linked in the other two dimensions. The
mode of L2 is also to have two sulfonate groups interacting network induces considerable strain on the organic core, and
with a single layer in a meta fashion, and this is ultimately the S-S distances observed in a given molecule of L3 are
what is observed. 9.070(2) A along the axis and 9.697(2) A along tHeaxis.
Looking at the structure of compourld there are two S-S distances along the diagonals of thandb axes, as
independent molecules of L1 and so two different values of represented in Figure 5, are 11.59(2) and 12.20(2) A. These
S—S separation, 5.731(2) and 6.364(2) A, enforced by the distances are, for the larger part, considerably shorter than
meta-coordination mode of the ligands to the layers. Both those in the minimized structure but are still enough to direct
of these distances exceed the separation of sulfonate S atoma 1-D network. The use of the much larger spacer in L3
in the ideal layered silver sulfonate structure (recall 5.2 A). than in L2 produces larger pores running through the solid,
In the case of compountl though, the observed motif is as described earlier, because both coordinated and guest
still that of a true layered solid. This is because L1 possessesvater molecules are present. A possibility, which did not
a third sulfonate group (S2 and S4 in each of the two materialize, was that 0-D clusters of silver sulfonates could
independent molecules of L1) that is less spatially restricted have been observed. We have previously reported L3 along
in regards to how it interacts with a given layer as the other with its B&* structure. This solid formed open-grid 2-D
two sulfonate groups in a given molecule of L1 are ligating sheets with tetrabarium clusters as nodes. To date, this
to an adjacent layer. Indeed, when one examines th& S remains the only solid reported that contains discrete metal
distances between S2 and S4 and their neighboring sulfonatesulfonate clusters.
groups, the distances average 5.224(4) and 5.071(4) A for Compounds2 and 3 represent the first structures where
S2 and S4, respectively. Moreover, the mean of these 1-D columns of homoleptic silver sulfonate interactions have
distances is 5.148 A, which is just under theSseparation ~ been observed. This observation is completely due to the
in silver benzenesulfonate. Thus, the “single” sulfonate group choice of the ligand spacer. This is of note for several
acts as a filler to bridge the gaps defined by thexylyl reasons. Silver(l) salts can often be air-, moisture-, and/or
spacers, and these sulfonate groups play a critical role inlight-sensitive. Silver sulfonates are somewhat anomalous
permitting the observed formation of a typical inorganic  because they are none of the above. This stability could
organic hybrid solid. As mentioned, the intraligand, meta- certainly be judged to originate from the 2-D structure, but
oriented S-S separation exceeds that which would allow a both compounds are quite stable, as will be discussed shortly.
layered solid to form. It is notable that the interligang & As far as implications for the design of othersit sulfonate
distance between these groups is considerably shorter thametworks, it would seem that any spacer that would juxtapose
the intraligand distance. The shortest distances between metasulfonate groups rigidly at a distance of greater than roughly
oriented S atoms intermolecularly are 4.945(2) and 5.110- 5.2 A should completely disfar a layered solid and would
(2) A, again more in the range expected for an ideal silver likely result in 1-D columns. When that thinking is further
sulfonate layer. extended, any ligand that imposed such a structural con-
Compound?2, with its durene core, can be viewed as straintin two dimensions could dictate the formation of 0-D
having two sets of-xylyl spacers constraining the structure. clusters.
Only half of L2 is crystallographically unique, and so there  Stability and Sorption Properties of Compounds 1-3.
are only two independent sulfonate groups. The met& S  Compoundsl—3 were all air- and light-stable. This is not
distance in L2 is 5.835(2) A, again considerably above the necessarily a given because a considerable number of silver-
ideal distance defined earlier. In the case of L2 though, in (I) salts decompose under such conditions. To further probe
contrast to L1, both sides of the ligand are constrained by the stability of these complexes, TGA of the compounds was
the ligand core, and there is no “filler” group to complete performed. Compountishowed an immediate onset of mass
the formation of a layer. This results in the observed 1-D loss corresponding to the loss of water, which continued to
structure rather than a 2-D network typical for silver 75°C. Losses of channel and coordinated water are merged
sulfonates. The shortest distances within a single column ininto one continuous mass loss. The desolvated structure was
compouna are 4.589(2) A along tha axis and 5.088(2) A then stable to 320°C. For compound?, because only
along theb axis. These are both sets of interligand distances coordinated water molecules are present, the onset of mass
and are interestingly shorter than distances in a typical layer.loss is a bit higher at 56C. All of the water molecules are
Because therxylyl fragment only slightly exceeds the ideal lost by 125°C, from which point no further changes are
sulfonate separation distance, it would not be expected thatobserved until decomposition at 326. Compound loses
the columns would be greatly separated and the gap betweenvater molecules, both channel and coordinated, from 25 to
columns can be efficiently filled by two coordinated mol- 275°C. This solid is then stable until 37&. The desolvated
ecules of water (Figure 4). thermal stabilities of these compounds are quite high relative
In the case of L3, the organic spacer has been enlarged tdo the majority of coordination solids. Given the sizable
a 4-substituted tetraphenyladamantane core. In its lowest-plateau of stability exhibited by each &f3, PXRD was
energy structure, this core orients sulfonate S atoms aperformed to elucidate whether the structure, or at least some
distance of 12.65 A apart, well beyond that required to degree of order, was retained by the solids after the water

Inorganic Chemistry, Vol. 44, No. 24, 2005 8873



Figure 8. PXRD data: 1, hydrated (a) and dehydrated (2); hydrated
(c) and dehydrated (dB, hydrated (e) and dehydrated (f).

Hoffart et al.

temperature to remove the channel and coordinated water
molecules, the PXRD pattern is virtually identical. Treated
similarly, compound2, a structure of cross-linked 1-D
columns, shows a shift in the midBZange of peaks. This

is to be expected because, 2n the water molecules are
coordinated but, more importantly, separate the columns.
Their loss should, therefore, be accompanied by a contraction
of the solid. Notably, this contraction does not come at the
cost of long-range order. Compouid also with a cross-
linked 1-D structure, shows a greater loss of order upon
heating than the other two solids reported here. That said,
the compound does still display peaks, albeit broadened, in
the PXRD at lower values oftRconsistent with the parent
structure.

The ability of compound4—3 to resorb guests was also
examined by dehydrating each sample on the TGA and then
running moist air over each. In the cases of compouhds
and 2, rapid re-uptake of water was observed. The mass
increase reached a plateau at an amount corresponding to
the stoichiometry of lost water. This result is significant for
the functionality of the solids. Fdr and2, the resorption is
portended by the very similar PXRD patterns after dehydra-
tion because minimal rearrangement should be required to
accommodate water molecules. In the case of comp8und
water uptake was considerably slower but also reached a
stoichiometric amount. As will be discussed in the ensuing
paragraph, sulfonate structures have an inherent flexibility
with respect to their coordinating ability. We have observed
exactly this “spongelike” resorption of guests with other
silver network$® as well as with B&.'7 It is also a
phenomenon observed in a number of other coordination
solids where desolvation/solvation processes are accompa-
nied by loss of order in the desolvated phé&se.

Adaptability of Silver(l) Sulfonates. Silver sulfonates
have been discussed in light of the less directional interac-
tions sustaining the networks. Essentially, the coupling of a
functional group with a multitude of ligating modes, the
sulfonate, with a pliant metal ion, theé%ksilver(l) center,
results in solids predisposed to a dynamic nature and/or
adaptable structures. This is observed even within 2-D solids
because there is no truly consistent bridging mode of the
sulfonate or no regular coordination geometry of the silver
ions827 This work takes our ongoing work quite literally
to another dimension because we have selected organic
linkers to deliberately disfavor the formation of simple 2-D
layered networks. The result is that, in the case2 afd3,
the silver sulfonate aggregation motif has adapted to form
1-D columns while still retaining a stable solid. This result
is perhaps well placed in context by contrasting it with a
phosphonate analogue. We have synthesized the ligand
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results of these studies.

Compoundil, with the true pillared layered structure, is
quite robust. When the PXRD is run at 100, a sufficient
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1,3,5,7-tetrakis(4,40hosphonophenyl)adamantane, the phos- and all three showed thermal stability in excess of 3G0
phonate analogue of L'3.Most divalent transition-metal upon dehydration. Compound$ and 2 showed good
cations will typically precipitate a layered inorgasicrganic retention of structure upon dehydration, while compo@nd
hybrid solid if mixed with a phosphonate ligand, which showed partial loss of long-range order. All three compounds,
permits the formation of a layered structure, and in this however, showed the ability to resorb water when subjected
regard, Nf" is not an exceptio® However, when the  to water vapor.

phosphonate analogue of L3 was mixed witlF\isingle Rules are proposed for the self-assembly of silver sul-
crystals may be obtained, which show an ion pair composedfgnates and the design of ligands. On the basis of comparison
of hexaaquonickel(ll) cations and the phosphonate ligand asiq an “ideal” lamellar silver sulfonate, a value for the nearest
a true counterioA? The deduction to be made from this jnyralayer S-S distances of 5.2 A was defined. The ligand
observation is that the coordinative preferences of the metalspacers were then compared to this value with respect to
ion and ligating group were incompatible with the structural \ynat structural constraints they imposed upon the solid
motif being enforced by the rigid ligand core, resulting in peqyork and rationalizations made about the resultant
the formation of a solvent-separated ion pair. This is in direct framework. In summary, ligands that provide a rigid
contrast to the formation of 1-D columns observed in the cqnsiraint of>5.2 A with respect to the distances between
case of silver sulfonates, and so we refer to these sulfonateqir sulfonate S atoms have good potential to direct the
aggregates as adaptable. structure away from a layered solid to 1-D aggregates. With
such distances as long as 12 A, as observed in compg&und
1-D aggregates can still be formed and used to open pores

Three new Si|ver(|) sulfonate Compounds have been in the solid. A COfO"ary of this would be that |igands that
presented, each containing a different polysulfonated organiccould be designed to enforce aS separation of5.2 A
core. Compound]_’ Containing a mesity|ene core, had a in two dimensions could be used to direct the formation of
classic pillared layered structure. Compoevith a durene  0-D inorganic clusters of silver sulfonates.
core, and compoun8, with a tetraphenyladamantane core,

possessed structures composed of 1-D inorganic columns Acknowlc;adgmgnt. 'I_'he aRuthors tr?agk the_INelz\tILérg:?im— ¢
cross-linked by the organic spacers into 3-D networks. ences an ngineering Researc ouncil ( ) 0

Compound® and3 represent the first examples of 1-D silver Canada for support of this research and for a postgraduate

sulfonate aggregates. All three compounds incorporated watescholarship to S.A.D.
in their structures whether as coordinated or free solvent,

Conclusions
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