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The self-assembly of polymeric open networks from different
Ag(I) salts and the potentially tetradentate ligand hexamethylene-
tetramine (hmt) has revealed a variety of possible structural
motifs, depending on the reagent ratios and the counterions, that
are discussed in comparison. Three new Ag(I) coordination poly-
mers are here described, namely [Ag,(u,-hmt)(Tos),] (Tos = p-
toluenesulfonate) (1), [Ag,(us-hmt),(CF;S0;)(H,0)](CF;S05)-
H,O0 (2), and [Ag;(us-hmt),(H,0),]1(PF); (3), that contain two-
dimensional infinite layers of different types. Crystal data:
1 ConzﬁAg2N406SZ, mOnOCliniC, CZ/C, Z= 4, a= 9.482(3) A,
b=8539(3)A, c =28.461(10) A, p =91.75(2)°, V= 2303.3(13) A°,
R =10.043 (I>26(D)); 2 C4H;3Ag,FsNOsS,, monoclinic, P2,/c,
Z=4, a=6429Q)A, b=25247(3)A, ¢=16.162(2)A, p=
91.54(2)°, V'=2622.4(9)A%, R=0.050 (I>25(l)); 3 Ci,Hs,
Ag:F sNgO,P3, monoclinic, C2/c, Z=4, a=16.675(4) A,
b=11.102(5) A, c =18.455(3) A, p =111.48(2)°, V' = 3179.2(17) A%,
R =0.040 (I>206(I)). Compound 1 is composed of layers of
square grids, with the silver ions acting as spacers and interacting
with the anions through Ag—O contacts and also via = bonds with
the aromatic rings. Compound 2 consists of layers of hexagons,
with alternate triconnected Ag(I) ions and tridentate hmt ligands,
while compound 3 contains layers of larger hexagonal meshes,
with six hmt ligands at the vertices and six biconnected silver
atoms as spacers. The latter two species give rise, via hydrogen-
bond bridges involving coordinated water molecules, to three-
dimensional arrays of new topologies. © 2000 Academic Press
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INTRODUCTION

The deliberate design of new nanoporous materials based
on polymeric coordination compounds (1), of interest for
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their potential properties in molecular selection, ion ex-
change, and catalysis, requires the use of suitably tailored
building blocks. Different strategies have been employed,
involving either coordinative interactions [with neutral (2)
or anionic (3) ligands] or hydrogen bonding (4). In the
former case the use of polydentate bases of suitable geo-
metry [trigonal (5), square planar (6), tetrahedral (1a,7)]
introduces into the frameworks also organic centers in addi-
tion to the metallic ones, which can give rise to new and
variated topological types. It is also possible that polyden-
tate ligands assembled with digonal metal centers (L-M-L
metallic synthons, like biconnected silver ions) can entirely
dictate the topology of the array (8). In this concern the
self-assembly of the potentially tetradentate ligand hexa-
methylenetetramine (hmt) with the coordinatively versatile
silver ions can produce interesting architectures, paralleling
the supramolecular organic chemistry of adamantyl tem-
plates with different synthons (9, 10). Some possible target
structural motifs for Ag-hmt systems are those illustrated in
Scheme 1, which include the hexagonal layers I and IT and
the supertetrahedral networks IIT and IV. Indeed, super-
diamond frames like IIT and IV have been observed in two
species containing the related adamantanoid cage anion
(Ge4810)4_, namely in [MH(GC4810)](NM€4)2 (11) and
[Cux(GesS10)](NEts), (12), respectively. Also wurtzite-like
nets can be considered as target structures, taking into
account that Ermer has recognized this topology in the
hydrogen bonded network of the [NH4(hmt)](BF4) adduct
(13).

Working on these lines we have reacted hmt with different
Ag(I) salts of poorly coordinating anions under different
conditions and we have already reported on many novel
networks, showing interesting topologies (14-17). Though
no supertetrahedral species was isolated, we have continued
our investigations in order to get more information on these
systems and we report here on three novel polymeric
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SCHEME 1

species, namely [Aga(ua-hmt)(Tos),] (Tos = p-toluenesul-
fonate) (1), [Agz(/l3-h1’Il‘[)2(CF3SO3)(H20)](CF3SO3) : Hzo
(2), and [Ags(us-hmt)>(H20)4](PFe)s (3), containing differ-
ent types of infinite layers that form extended three-dimen-
sional architectures via supramolecular interactions, like
n—7 stackings or hydrogen bonds. A survey of all the struc-
tural motifs as yet found for Ag-hmt systems is also re-
ported, with a brief comparative discussion.

EXPERIMENTAL

All the reagents and solvents employed were commercial-
ly available high- purity materials (Aldrich Chemicals), used
as supplied, without further purification. Elemental analyses
were carried out at the microanalytical laboratory of this
university. IR spectra were collected on a Perkin-Elmer
FT-IR Paragon 1000 spectrometer. Thermal analyses were
performed on DSC 7 and TGA 7 Perkin-Elmer instruments
with a heating rate of 10°C/min under nitrogen flux. X-ray
powder diffraction spectra were collected on a Philips PW
1820 vertical-scan diffractometer.

Synthesis of [Aga(pa-hmt)(Tos),] (Tos = p-toluenesulfon-
ate) (1). Compound 1 was obtained by layering over
a solution of hexamethylenetetramine (0.040 g; 0.28 mmol)
in CH,Cl, (3 ml) a solution of silver tosylate (0.78 g,
0.28 mmol) in CH3CN (3 ml). The solution was left for some
days in the dark, affording a white powder which was
recovered by filtration, washed with CH,Cl,, and dried in
the air (yield ca. 80%). The nature of this material as pure
1 was confirmed by X-ray powder diffraction data com-
pared with the spectrum calculated from the single-crystal
X-ray structure. Single crystals of 1, suitable for structural
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analysis, were obtained by slow evaporation of more diluted
solutions of the metal salt and hmt in molar ratio 1: 1. Anal.
Calcd. for C1oH13AgN,0;5S: C, 3440; H, 3.75; N, 8.02.
Found: C, 34.62; H, 3.68; N, 7.80. Main IR bands in Nujol
mull: 1593w, 1232s, 1213s, 1166s, 1118s, 1025s, 1003vs, 811s,
680s cm~!. TGA analysis of 1 shows a weight loss starting
at 230°C (ca. 60%), the residue being mainly metallic silver
as evidenced by X-ray powder diffraction.

Synthesis  of [Ag(ps-hmt),(CF5S0;)(H,0)](CF5805)-
H,O (2). On a solution of hexamethylenetetramine
(0.0622 g, 0.44 mmol) in CH,Cl, (4 ml) we have layered
a solution of AgCF3SO3 (0.114 g, 0.44 mmol) in ethanol
(4 ml). The solution, left to slowly evaporate for many days
in the dark, gave a white precipitate of 2, which was filtered,
washed with ethanol, and dried in the air (yield > 80%).
The white powder was confirmed as pure 2 by X-ray powder
diffraction data compared with the spectrum calculated
from the single-crystal X-ray structure. Small needle-shaped
colorless single crystals of 2, suitable for structural analysis,
were obtained by slow evaporation of more diluted solu-
tions of AgCF3SO3; and hmt in molar ratio 1:1. Anal.
Caled. for C7H14AgF3N4O4S: C, 20.25; H, 3.40; N, 13.50.
Found: C, 20.82; H, 3.10; N, 13.80. Main IR bands in Nujol
mull: 3517s, 3472s, 1631w, 1223vs, 1193s, 1174s, 1023vs,
1004vs, 988vs, 799s, 695s, 643scm~'. TGA analysis of
2 shows a weight loss of 4%, corresponding to the water
content, in the range 70-160°C, and then starts to decom-
pose at 200°C. On heating up to 600°C the residual sample
is mainly metallic silver as evidenced by X-ray powder
diffraction.

Isolation of [ Ags(us-hmt),(H20)4](PFe); (3). Compound
3 has been isolated as a minor product from the reaction of
AgPFg¢ in i-propanol with hmt in CH,Cl, in molar ratio of
2:1. Slow evaporation (almost to dryness) of these mixtures
gave few flat colorless crystals of 3, together with a domi-
nant amount of the already described species [Ag(hmt)]
(PF6)- H2O (14). The nature of 3 has been established by
single crystal X-ray analysis.

Crystallography. Colorless crystals of compounds 1-3
were mounted at room temperature (293 K) under a coating
of cyanoacrilic glue on an Enraf-Nonius CAD-4 diffrac-
tometer, and 25 intense reflections having a 6 value in
the range 9.0-12.0° were centered using graphite-mono-
chromated MoK radiation (2 = 0.71073 A). Least-squares
refinement of their setting angles resulted in the unit-cell
parameters reported in Table 1. Crystal data and details
associated with data collections and structure refinements
are also given in Table 1. An w-scan mode was used with
a scan interval of 1.1° for 1 and 0.8° for 2 and 3, with
a 0 range of 3-25° for all species. Intensities were checked by
monitoring three standard reflections every 3 h; a decay of
2.5% was observed for 1, while no significant crystal decay
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Crystallographic Data and Structure Refinement for Compounds 1-3

Compound 1 2 3
Empirical formula C,0H,6A2:N,04S, C4H,3Ag,F¢NgOsS, C,,H3,Ag3F sNgO4P;
Formula weight 698.31 830.30 1110.98
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c (No.15) P21/c (No. 14) C2/c (No. 15)
Unit cell dimensions a=9482(3)A a=64292)A a=16.6754)A
b =8.539(3)A b =2524713)A b =11.102(5A
¢ =28461(10)A c=16.1622)A c = 18.4553)A
B =91.7512)° = 91.54(2)° p=111.48(2)°
Volume 2303.3(13) A3 2622.4(9) A3 3179.2(17) A3
Z 4 4 4
Density (calculated) (g/cm?) 2.014 2.103 2.321
Absorption coefficient (mm ™ 1) 1.928 1.752 2.124
F (000) 1392 1648 2160
0-Range for data collection 3-25° 3-25° 3-25°
Index ranges —11<h<11,0<k <10, —7<h<7,0<k<?29, —19<h<18,0<k<13,
0<1<33 0<I<19 0<l<21
Reflections collected 2066 4595 2766
Independent reflections 2026 [R(int) = 0.0293] 4595 [R(int) = 0.0000] 2765 [R(int) = 0.0231]
Data/restraints/parameters 2026/0/155 4595/61/251 2765/55/218
Goodness-of-fit on F? 1.175 0.976 1.049
Obs. refl. criterion 1> 20(I) I>20(1) I>20()

Final R indices*®

R indices (all data)
Weighting parameters, a, b®
Largest diff. peak and hole

R1 = 0.0435, wR2 = 0.0860
R1 =0.1071, wR2 = 0.0957
0.0226, 13.633

0.666 and — 0.571 eA ™3

R1 =0.0503, wR2 = 0.1089
R1 =0.2275, wR2 = 0.1439
0.0619, 0.0

1.410 and — 1.365eA ™3

R1 =0.0398, wR2 = 0.1027
R1 =0.0788, wR2 = 0.1149
0.0603, 17.7018

0.948 and — 0.808 eA ™3

‘Rl =Y || Fol — |Fell/ Y] Fol,s
PwR2 = [Yw (FZ — F2)*/Y wF} "2

“Weighting: w = 1/[¢*(F2) + (aP)* + bP], where P = (FZ + 2F2)/3.

was observed in 2 and 3. The diffracted intensities were
corrected for Lorentz, polarization, decay, and background
effects. An empirical absorption correction was applied,
based on y-scans of three suitable reflections having
x values close to 90° (yy 0-360°, every 10°). The structures
were solved by a combination of direct methods (SIR97) (18)
and difference Fourier methods and refined by full-matrix
least-squares on F2, using all reflections. One of the PFg
anions in 3, lying in a special position on a twofold axis,
was found disordered and was refined using a model involv-
ing two octahedra sharing the same apical F(21) atoms and
with double equatorial fluorines of different weight,
centered on the unique P atom. Anisotropic thermal dis-
placement parameters were assigned to all nonhydrogen
atoms in 1 and 3 (except for the four disordered fluorines),
and only to the Ag atoms and the triflate anions in 2. The
hydrogen atoms were located on calculated positions and
introduced in the final stages of refinement as fixed atom
contributions riding on their parent atoms. All calculations
were performed using SHELXL-97 (19). Final atomic coor-
dinates for compounds 1-3 are given in Tables 2-4. Molecu-
lar drawings were produced with the SCHAKAL-97
program (20).

RESULTS AND DISCUSSION

Our previous investigations on the self-assembly of hmt
and the salts AgPF¢ (14-16), AgSbF¢ (15), and AgClO4 (17)
have revealed some trends in this chemistry: (i) the reactions
lead often to mixtures of derivatives and the first product
formed (favoured by kinetic factors) can give further reac-
tions on standing in the solution; (ii) the counterions, the
molar ratio of the reagents, and the solvent system play
a fundamental role in orienting the self-assembly; (iii) the
silver ions show a variety of coordination modes and the
hmt ligands can behave as bidentate, tridentate, or tetraden-
tate. All these factors make quite difficult any project of
deliberate design of networked materials. Nevertheless, the
interesting structural results already obtained and the hope
of getting a better insight into the self-assembly of these
systems have prompted us to attempt reactions of hmt with
other silver salts, containing larger counterions, as p-tol-
uenesulfonate (tosylate) and triflate.

Silver p-toluenesulfonate has been reacted at room tem-
perature with hmt in different ratios, from 2:1 to 1:1, in
CH;CN/CH,Cl, affording in all cases as unique product
the polymeric compound [Agx(us-hmt)(Tos),] (1). The
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TABLE 2
Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (A?) for 1

CARLUCCI ET AL.

Structure of [Ag,(us-hmt)(Tos),] (Tos = p-toluenesulfon-
ate) (1). The crystal structure of 1 consists of two-dimen-
sional undulated [Ag,(u,-hmt)] layers of square meshes,
with four-connected hmt ligands at the nodes of the frame-
work and the silver ions acting only as spacers (see Fig. 1).
Considering the rigid tetrahedral bonding geometry of the
hmt ligands, the square grid can be obtained thanks only to
the nonlinear coordination at the Ag(I) ions. The metal
atoms coordination sphere is highly distorted tetrahedral,
involving two N atoms of two hmt molecules, one oxygen
atom of an anion, and a n'-bonded aromatic ring of another
close anion. This 7 interaction of silver [Ag-C 2.688(8) A]

x v z Uleq)

Ag 025821(5)  0.50553(9)  0.32589(2)  0.03780(18)
S 0.5083(2) 0.7980(3) 0.13884(7)  0.0393(5)
o(1) 0.4664(9) 0.9242(8) 0.1098(3) 0.091(3)
02 0.6494(6) 0.8126(10)  0.1569(3) 0.095(3)
0(3) 0.4107(9) 0.7676(9) 0.1742(3) 0.106(3)
C(14) 0.5078(8) 0.6263(9) 0.1038(2) 0.0351(18)
C(15) 0.3834(9) 0.5550(10)  0.0920(3) 0.047(2)
C(16) 0.3798(11)  0.4204(12)  0.0650(3) 0.060(3)
C(17) 0.5031(13)  0.3542(11)  0.0497(3) 0.063(3)
C(18) 0.6310(11)  04295(11)  0.0616(3) 0.059(3)
C(19) 0.6327(9) 0.5653(10)  0.0877(3) 0.048(2)
C(110) 0.5017(14)  0.2048(12)  0.0215(4) 0.090(4)
N(1) 0.0863(6) 0.8605(6) 0.2187(2) 0.0286(14)
N@©) — 0.0946(5) 0.6560(6) 0.2200(2) 0.0284(13)
c(s) — 0.0074(7) 0.7582(9) 0.1905(2) 0.0292(17)

C(6) 0.0000 0.5589(11)  0.2500 0.029(2)
c(7) 0.0000 0.9579(10)  0.2500 0.028(2)

C(@8) 0.1795(6) 0.7572(8) 0.2491(2) 0.0279(16)

product is air and light stable for long times and almost
insoluble in the common organic solvents. Thermal analyses
(DSC and TGA) have shown that the polymeric network is
stable up to ca. 230°C and starts to decompose at this
temperature after an exothermic peak.

In a similar way we have prepared compound 2 by reac-
ting silver triflate in ethanol with hmt in CH,Cl,, using
different molar ratios. The product precipitates as very
small needle-shaped crystals. As for 1, we have ascertained
the pure nature of the bulk product by X-ray powder dif-
fraction methods. The thermal behavior of 2 is similar to
that of other previously reported Ag-hmt polymeric species
containing solvated water molecules that lose endothermi-
cally the water content at T < 160°C and start to decom-
pose above 200°C after an exothermic peak (14, 17).

Further investigations on the reactivity of AgPFs, that
has already afforded four different Ag-hmt species, have
also been carried out under variated reaction conditions.
A solution of the silver salt in i-propanol was reacted with
hmt in CH,Cl; in the molar ratio 2: 1. Evaporation almost
to dryness gave as main product the already known com-
pound [Ag(hmt)](PFs)- H,O (14). Examination under the
microscope of samples of the product revealed the presence
of few crystals of a new species, identified by single crystal
X-ray analysis as [Ags(us-hmt),(H,0)4](PFe)3 (3). Unfor-
tunately we have been unable to find a synthetic route for
3 or to get more information on this species.

The structural investigations have revealed that all these
compounds are polymeric species and are discussed below.
Selected bond distances and angles for 1-3 are given in
Table 5.

TABLE 3

Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (A?) for 2

X y z U(eq)
Ag(1) —0.23809(13) 0.14836(3) 0.26308(5) 0.0335(2)
Ag(2) 0.25736(14) 0.33236(3) 0.08968(5) 0.0353(2)
N(11) 0.7531(14) 0.3816(3) — 0.0958(5) 0.0271(19)
N(12) 0.9469(13) 0.3706(3) 0.0356(5) 0.027(2)
N(13) 0.7546(14) 0.4521(3) 0.0066(5) 0.032(2)
N(14) 0.5646(13) 0.3704(3) 0.0319(5) 0.027(2)
C(11) 0.9404(15) 0.3586(4) — 0.0536(6) 0.027(2)
C(12) 0.5671(16) 0.3592(4) — 0.0586(6) 0.029(2)
C(13) 0.7523(18) 0.4398(4) — 0.0813(7) 0.035(3)
C(14) 0.9412(18) 0.4290(4) 0.0474(7) 0.040(3)
C(15) 0.7551(15) 0.3479(4) 0.0706(6) 0.027(2)
C(16) 0.5680(17) 0.4289(4) 0.0439(7) 0.032(3)
N(21) 0.2559(12) 0.2424(3) 0.1175(5) 0.0234(19)
N(22) 0.2472(13) 0.1521(3) 0.0624(5) 0.030(2)
N(23) 0.4516(12) 0.1707(3) 0.1884(5) 0.0251(19)
N(24) 0.0674(12) 0.1720(3) 0.1915(5) 0.0244(18)
C(21) 0.4483(16) 0.2272(4) 0.1666(6) 0.029(2)
C(22) 0.0751(16) 0.2291(4) 0.1685(6) 0.030(3)
C(23) 0.2484(17) 0.2085(4) 0.0429(6) 0.033(3)
C(24) 0.4348(17) 0.1393(4) 0.1107(6) 0.036(3)
C(25) 0.0669(17) 0.1399(4) 0.1129(6) 0.034(3)
C(26) 0.2625(16) 0.1589(4) 0.2379(6) 0.031(3)
Oo(1W) 0.3323(16) 0.3598(4) 0.2272(6) 0.075(3)
O(2W) 0.2480(18) 0.4645(4) 0.8277(7) 0.093(3)
S(1) 0.7086(5) 0.21642(11) —0.11879(17)  0.0346(7)
O(11) 0.7415(11) 0.2256(3) —0.0328(4) 0.0380(19)
0(12) 0.4974(11) 0.2090(4) —0.1438(4) 0.055(2)
O(13) 0.8188(13) 0.2512(3) — 0.1698(5) 0.062(3)
C(1) 0.8311(18) 0.1519(5) — 0.1353(6) 0.055(4)
F(11) 1.0299(13) 0.1541(4) — 0.1165(5) 0.102(4)
F(12) 0.8094(14) 0.1378(4) —0.2122(5) 0.105(4)
F(13) 0.7507(19) 0.1157(3) — 0.0893(7) 0.134(4)
S(2) 0.2536(6) — 0.00495(13) —0.2127(2) 0.0561(10)
021 0.186(2) 0.0379(3) —0.2578(7) 0.137(6)
0(22) 0.4735(17)  — 0.0147(8) —0.2189(10) 0.220(10)
0(23) 0.144(2) —0.0521(4) —0.2243(7) 0.149(7)
C(2) 0.226(2) 0.0106(5) — 0.1037(10) 0.125(9)
F(21) 0.321(2) 0.0545(5) — 0.0854(8) 0.176(7)
F(22) 0.284(2) — 0.0264(4) — 0.0563(6) 0.180(7)
F(23) 0.028(2) 0.0198(6) —0.0930(9) 0.201(8)
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TABLE 4

Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (A?) for 3

x y z Uleq)

Ag(l) 0.16872(4) 0.40668(5) 0.73132(3)  0.0446(2)
Ag(2) 0.0000 0.0000 0.5000 0.0464(2)
N(1) 0.2558(3) 0.0485(4) 0.6812(3) 0.0256(10)
NQ) 0.1881(3) 0.2473(4) 0.6628(3) 0.0263(10)
N@) 0.1204(3) 0.0848(4) 0.5710(3) 0.0295(11)
N() 0.2539(3) 0.1750(5) 0.5727(3) 0.0293(11)
(1) 0.2377(4) 0.1566(5) 0.7198(3) 0.0274(12)
Q) 0.1727(4) — 0.0034(5) 0.6305(3) 0.0288(12)
) 0.3039(4) 0.0875(6) 0.6310(3) 0.0292(13)
Cc@) 0.1052(3) 0.1923(5) 0.6127(3) 0.0286(13)
c(s) 0.2368(4) 0.2795(5) 0.6122(4) 0.0320(14)
C(6) 0.1724(4) 0.1217(6) 0.5236(3) 0.0327(14)
O(1W) 0.0253(4) — 0.4865(7) 0.6836(4) 0.084(2)
o2W) 0.0890(5) 0.2949(7) 0.8125(4) 0.091(2)
P(1) 0.13148(14)  — 0.34204(18)  0.53850(11)  0.0519(5)
F(11) 0.1140(4) — 0.2224(5) 0.4883(3) 0.0859(17)
F(12) 0.0717(7) —0.2912(8) 0.5780(6) 0.173(4)
F(13) 0.1931(5) — 0.3893(7) 0.4983(4) 0.112(2)
F(14) 0.1463(6) — 0.4581(5) 0.5909(4) 0.117(2)
F(15) 0.2102(5) — 02774(5) 0.6014(3) 0.109(2)
F(16) 0.0547(5) — 0.4023(7) 0.4734(5) 0.147(3)
P(2) 0.0000 — 0.0803(3) 0.7500 0.0577(8)
F(21) —0.0237(5) — 0.0769(14) 0.6615(4) 0.210(7)
FQ2A®  — 0.0976(7) —0.0301(12) 0.7265(7) 0.082(5)
FQ3A¥  — 0.0869(8) —0.1347(16) 0.7474(8) 0.098(5)
F(22B)  —0.0319(14) 0.0454(14) 0.7650(14)  0.179(10)
F23BY  —0.0467(15)  — 0.2042(17) 0.7456(14)  0.191(9)

“SOF for F(22A), F(23A) = 0.473(15); for F(22B), F(23B) = 0.527(15).

falls within the limits observed in many recently reported
Ag-aromatic complexes (21). In each square mesh two an-
ions are disposed in such a way to cross-link the silver ions
on the opposite edges, as shown in Fig. 1 (bottom), forming
a small adamantane-like cage.

Similar two-dimensional [Ag,(u4-hmt)] square layers are
present in the recently reported species [Ag,(u4-hmt)

(SO4)(H,0)]-4H,0

(22), containing two nonequivalent

Ag(I) spacers, with trigonal and T-shaped coordination geo-
metries. Both polymeric species can be described as layers of
tetrahedra sharing four vertices, but with different config-
urations (see Fig. 2), which can be referred to the prototypi-
cal structures of Hgl, (red) and SrZnO,, respectively,
according to Wells (23a).

The layers of 1 stack along the crystallographic ¢ axis,
with a separation of 1/2 ¢ [14.23 A (Fig. 3)]. The aromatic
rings of the anions of each layer show n-= interactions with
the rings in the adjacent (upper and lower) layers (stacking
distance 3.7 A, offset 2.2 A).

Structure of [ Agy(ps-hmt),(CF5SO;)(H,

0)1(CF;50s)- H,0

(2). The crystal structure of 2 consists of two-dimensional
infinite [Ag(us-hmt)] layers of hexagonal meshes, formed by

alternate three-connected hmt ligands and silver ions (Fig.
4). The layers are markedly undulated as schematically
shown in Fig. 5. This 2D motif is common to other Ag-hmt
polymers, like [Ag(us;-hmt)](NO3) (24) and [Ag(us-
hmt)](ClO,) (17), though different conformations of the
six-membered rings are observed, due to the variable coord-
ination geometries at the Ag(I) centers, which range from
trigonal to tetrahedral, depending on the presence of weak
bonds with the anions or with solvent molecules. In 2 there
are two different types of silver ions: Ag(1) shows an essen-
tially trigonal environment, involving the N atoms of three
hmt ligands (Ag-N mean 2.387 A), but presents an addi-
tional longer contact with one oxygen atom of a triflate
[Ag-O 2.585(10)A], while Ag(2) is distorted tetrahedral,
with three Ag-N(hmt) bonds (mean 2.366A) and one
Ag-O(H,0) bond [2.365(10)A].

It is noteworthy that the coordinated water molecules
give hydrogen bonds with the coordinated anions belonging
to adjacent layers (O---O 2.76 A). A three-dimensional
(3, 4-connected) network is thus generated by these
Ag-O(H,0)---O(triflate)-Ag bridges. We have previously
reported that intercalation between the layers of [Ag(us-
hmt)](ClO,) of additional Ag(I) ions, acting as spacers that

TABLE 5
Selected Bond Lengths (A) and Angles (°) for 1-3
Compound 1
Ag-N(1) 2.331(5) N(1)-Ag-N(2) 113.68(19)
Ag-N(2) 2.374(5) N(1)-Ag-O(3) 89.1(2)
Ag-0(3) 2.587(8) N(2)-Ag-0(3) 91.7(2)
Ag-C(19) 2.688(8) N(1)-Ag-C(19) 111.5(2)
N(2)-Ag-C(19) 128.8(2)
0(3)-Ag-C(19) 111.8(3)
Compound 2
Ag(1)-N(23) 2.372(8) N(23)-Ag(1)-N(24) 112.7(3)
Ag(1)-N(24) 2.382(8) N(23)-Ag(1)-N(11) 121.1(3)
Ag(1)-N(11) 2.406(8) N(24)-Ag(1)-N(11) 125.5(3)
Ag(1)-0(23) 2.585(10) N(23)-Ag(1)-0(23) 107.5(4)
Ag(2-N(21) 2.316(7) N(24)-Ag(1)-0(23) 85.2(3)
Ag(2)-N(12) 2.364(8) N(11)-Ag(1)-0(23) 86.9(3)
Ag(2-O(1W) 2.365(10) N(21)-Ag(2)-N(12) 117.7(3)
Ag(2)-N(14) 2.407(8) NQ1)-Ag(2)-O(1W)  96.1(3)
O(IW)---0(21)  2.762(13 N(12)-Ag(2)-O(1W)  112.1(3)
O(2W)---0(22)  2.596(1 ) N(21)-Ag(2)-N(14) 118.3(3)
N(12)-Ag(2)-N(14) 112.8(3)
(1W)-Ag(2)-N(14) 95.7(3)
Compound 3
Ag(1)-N(2) 2.265(5) N(2)-Ag(1)-N(1) 141.36(17)
Ag(1)-N(1) 2.276(5) N(2)-Ag(1)-O(1W) 118.9(2)
Ag(1)-O(1W) 2.522(6) N(1)-Ag(1)-O(1W) 97.5(2)
Ag(1)-O(2W) 2.648(7) N(2)-Ag(1)-O(2W) 98.8(2)
Ag(2)-N(3) 2.170(5) N(1)-Ag(1)-O(2W) 100.7(2)
O(1W)---O(1W)  2.868(13) O(IW)-Ag(1)-O2W)  79.0(2)
O(IW)---O2W)  3.102(12) N@3)-Ag(2)-N(3) 180.0
OQ2W)--0OQ2W)  3.019(14)
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FIG. 1.
mesh with the bridging anions (bottom left) forming an adamantanoid cage
(schematized at bottom right; bar, baricenters of the hmt molecules).

A view of a two-dimensional layer in 1 (top) and a single square

join the layers, leads to a tridimensional (3,4)-connected
open framework with (6°)(6,8)-b topology (17). In 2 hydro-
gen bonding plays a similar role in connecting the layers but
the resulting topology, schematically shown in Fig. 6, is
more complex [(3,4)-connected tetranodal] with three-con-
nected hmt and four-connected silver atoms. The channels
are occupied by the uncoordinated anions and by solvated
water molecules.

Structure of [Ags(us-hmt),(H,0),J(PF¢); (3). Also the
structure of compound 3 is composed of two-dimensional
layers of hexagonal meshes, but at difference from 2, each
hexagon presents six three-connected hmt ligands at the
vertices, joined by six two-connected silver ions acting only
as spacers (see Fig. 7). The hexagonal edges are, therefore,
quite longer than in 2 (on average 7.17 A vs 3.87 A). There
are two different types of silver ions: Ag(2) shows a sym-
metry imposed digonal coordination with two hmt ligands

CARLUCCI ET AL.

FIG. 2. Schematic views of the layers of tetrahedra sharing four
vertices in compound 1, of the Hgl, type (top), and in [Ag,(us-
hmt)(SO4)(H,0)]-4H,0 (22), of the SrZnO, type (bottom). Black small
spheres represent silver atoms and big shaded spheres stand for the htm
molecules.

[Ag-N 2.170(5) A], while Ag(1) is four-coordinated, to two
N atoms of hmt ligands [mean Ag-N 2.270A, N-Ag-N
141.36(17)°] and two water molecules (mean Ag-O 2.585 A).
This difference is mainly responsible of the marked devi-
ation from planarity of the layers, that can also be described
as a system of parallel helical chains, hmt-Ag(1)-hmt-
Ag(1)-hmt, extending along the b crystallographic axis,
joined together by the Ag(2) spacers.

The layers are interconnected via hydrogen bonds involv-
ing the coordinated water molecules, as shown in Fig. 8.
The resulting 3D three-connected array is schematically

FIG. 3. Crystal packing of 1 down the a axis showing the stacking of
the aromatic rings of the anions of adjacent layers.
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FIG. 4. A lateral view of an undulated layer of 2, with partial atomic
labeling.

illustrated in Fig. 9. This topology was classified by Wells as
the Archimedian binodal 3D net (8%10)-b (23b). We have
recently found the same topology in the species [Cu(us-
TCNB)(THF)](PFs) (TCNB = 1,2,4,5-tetracyanobenzene)
(6¢).

Comments on the structural and topological properties of
the Ag—hmt systems. Many Ag-hmt species have been re-
ported in the literature, especially in recent times, and are
listed in Table 6. These exhibit a variety of structural types,

FIG. 5. Schematic representation of the layers of 2, in two mutually
perpendicular directions (solid small spheres, Ag(I); empty big spheres,
baricenters of the hmt molecules, here and in the following figures).
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FIG. 6. The schematized 3D network of 2, formed by the hydrogen
bonds joining the [Ag(hmt)] layers via Ag—(H,O) - (triflate)-Ag bridges.
The free triflate anions and solvated water molecule, that fill the channels,
are omitted for clarity.

which are schematically illustrated in Scheme 2, that include
a finite cage, a polymeric ribbon, three types of 2D layers
and different examples of 3D networks, all noninterpenet-
rated. A comparison of all these results can enlighten some

FIG.7. A single hexagonal layer in compound 3. The Ag(1) ions form
helical chains extending in the [0 1 0] direction.
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Ag2

Ag1

FIG. 8. The hydrogen bond bridge joining different layers of 3. A par-
tial atom numbering is given.

common structural properties and can be helpful for a ra-
tionalization of the self-assembly processes. We are parti-
cularly interested to those species that contain poorly
coordinating anions, being not directly involved in net-
working, but either free or weakly bonded, without
topological relevance. This is not the case for the last three
species (n—p), which will not be discussed in detail. We have
included in Scheme 2 only the 3D frame of compound n,
which is sustained by Ag(u-MeCO,),Ag bridges (dotted
lines), because of its interesting topology.

CARLUCCI ET AL.

FIG.9. The ideal (8210)-b network (top) and the schematic 3D frame
formed by hydrogen bonds (dotted lines) in compound 3 (bottom).

The list of Table 6 shows that different stable frames are
obtained on varying the counterion and/or the Ag/hmt
ratio. For example, with AgPF five different species have
been isolated, exhibiting Ag/hmt ratios in the range from
0.833:1 to 1.8:1, that illustrate the complex nature of the
reaction processes. Other salts that have allowed the isola-
tion of more than one product are AgNO; and AgCIO,.

TABLE 6
The Structurally Characterized Ag-hmt Polymeric Species
Compound Network® Ag2C? Ag/hmt Ref.
a [Ag(us-hmt)](NO3) 2D hexagons 0 1/1 24
b [Ag,(us-hmt)(NO3),] 3D (6°,8) CdSO, 2 2/1 25
¢ [Ag(us-hmt)](ClOy,) 2D hexagons 0 1/1 17
d [Ags(us-hmt),(H,0),](ClO,); 3D (6%)(6°,8)-b InS 1 1.5/1 17
e [Ags(u,-hmt)s](PF)- 3CH,Cl, 0D Dg,, cage 3 0.83/1 16
f [Ag(us-hmt)](PFg)- H,O 3D (103-a) SrSi, 0 111 14
g [Ag4(ps-hmt)3(H,O)](PF¢), - 3EtOH 3D (6,10%)5(10%) 3 1.33/1 16
h [Ags(u3-hmt),(H,0),](PFy); 2D hexagons 3 1.5/1 This work
i [Ag1(ug-hmt)s(H,0);0](PFg); 1 -4H,O 3D 34-C 3 1.8/1 15
j [Ag,(14-hmt)(SO4)(H,0)]-4H,0 2D squares 2 2/1 22
k [Agy(po-hmt)(uz-hmt)(H,O)(SbFe)] 1D ribbons 1 1/1 15
1 [Ag,(pt3-hmt),(CF3SO;3)(H,0)](CF3S03)- H,O 2D hexagons 0 1/1 This work
m [Ag,(u4-hmt)(Tos),] 2D squares 2 2/1 This work
n [Ag,(us-hmt)(O,CCH;)](CH;CO,)-4.5H,0 3D (6%)(6°,8) new 1 2/1 22
0 [Ag4(us-hmt)Cl,] 3D complex 0 4/1 26
p [Ag4(us-hmt)Br,]¢ 3D complex 0 411 27

“Only the coordinative bonds are considered.
» Number of biconnected silver atoms per formula unit.
¢Isomorphous with the chlorine analog.
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These two salts give 1:1 adducts (a and c) that contain quite
similar 2D hexagonal layers, while in the presence of an
excess of silver ions, 3D frameworks with hmt ligands, all
four-connected, are recovered in both cases (b and d), but
showing a different stoichiometry. The equimolar Ag/hmt
step seems less influenced by the anion (see also the case of
the triflate, 1), probably because the 2D layers obtained
present interlayer regions that can accomodate with poor
selectivity the counterions. Note, however, that an Ag/hmt
ratio of 1:1 does not ensure the formation of a 2D layered
polymer, as shown by the 1D ribbon structure of k and the
3D frame of f (both containing additional solvated water
molecules).

Table 6 shows that hmt acts as a tetradentate ligand in
50% of the cases and that it plays in all the networks the
role of a node, while the silver ions are often only spacers.
This confirms that the choice of target structural motifs like

ITand IV of Scheme 1 in the engineering of these polymers is
reasonable, and, in fact, compound 3 contains type II ex-
tended layers. On the other hand, the 2D nets of j and m and
the 3D frame of b were rather unpredictable, being their
reference topological types associated to the presence of
square planar, rather than tetrahedral, centers (see Scheme
2). Indeed, many square grid layers have been assembled by
using pseudo-square planar metal centers with linear biden-
tate rod-like ligands, and a 3D (interpenetrated) network of
the CdSO, topology (like b) has been recently reported,
containing Cu(Il) pseudo-square planar centers and the
rigid spacer ligands bis(4-pyridyl)ethene (28). Structures like
those of j, m, and b can be obtained thanks only to the
versatility of the silver ions, which can assume coordination
geometries spanning with continuity all the situations, from
the ideal digonal, to the trigonal, to the tetrahedral one. The
observed deviations from linearity are due to the (rather
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weak) interactions of the Ag(I) ions with the anions or
solvent molecules, that, though they do not have a topologi-
cal role, seem to be of fundamental importance in orienting
the formation of the polymeric array.

Many of the Ag-hmt systems contain as constituting
units the basic hexagons of I or II in Scheme 1, but no
example of the superdiamond nets III or IV has been
observed. Compounds having the correct [Ag(hmt)]
stoichiometry for giving III (a, ¢, f, k, and 1) show the
preference for 2D or 3D structures with lower connectivity
(all three-connected). This is very probably due to the fact
that the adamantanoid cages of III (with edges of 3.7-3.9 A)
are too small to contain the counterions, as we have already
outlined on discussing the structure of f (Scheme 2), that can
be ideally derived by III on breaking a specific set of Ag-N
bonds. The lack of a structure like the diamondoid IV (with
ideal edges of ca. 7.6 A) in the three cases showing the right
[Ag,(hmt)] composition (b, j, and m) can be in part ex-
plained taking into account the above-mentioned devi-
ations from linearity of the hmt-Ag-hmt bridges. Note,
however, that the network in compound d represents a sort
of intermediate situation between III and IV, containing
hexagonal layers (I) that are not directly superimposed (as in
I1I) but are connected via Ag(I) spacers.

Taking into account that subtle factors can drive the
self-assembly processes of these Ag-hmt systems into differ-
ent directions, the obtainement of new types of networks
(possibly also of IV) cannot be ruled out on further changing
the reaction conditions.
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