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Crystal Engineering of Mixed-Metal Ru-Ag
Coordination Networks by Using the
trans-|RuCl,(pyz),] (pyz = pyrazine) Building
Block**

Lucia Carlucci, Gianfranco Ciani,* Francesca Porta,
Davide M. Proserpio, and Laura Santagostini

In the rational development of new strategies for the crystal
engineering of coordination networks!'! and of metal-based
supramolecular architectures®? the use of predetermined
building blocks has assumed an increasing relevance in recent
times. For example, molecular corners containing transition
metals with programmed coordination angles, such as cis-
protected Pd"! and Pt! square-planar complexes, have been
employed for the construction of frameworks and, particu-
larly, of macromolecular polygons or polyhedral cages,’! of
potential utility for molecular recognition. We have recently
employed the corner unit [Cu(2,2-bpy) >+ (2,2'-bpy=2,2'-
bipyridine) for the self-assembly of polymeric species*! and
new architectures.’! These building blocks generally work as
acceptors and can be used with a variety of spacer ligands with
different types of donor ends for the assembly of desired
arrays. A different type of potentially useful metal-containing
unit is represented by complexes containing ligands with exo-
oriented donor functions. These complexes can be considered
as nonconventional “ligands” in which the orientation of the
donor groups can be controlled by the nature of the
coordinated bases and by the coordination geometry at the
metal center. Few examples of such species have been as yet
reported, though they can find interesting applications for
many purposes, such as the deliberate construction of homo-
or heterometallic networks with specific topologies, or the
assembly of hydrogen-bonded frames, by using suitable
(hydrogen-donor) organic molecules as spacers. Square-
planar metal-porphyrinate complexes bearing four donor
4-pyridyl substituents on the macrocycle have been used, for
instance, for the deliberate assembly of cooperite-like net-
worksl®! and of other types of bimetallic frames.[”! Some other
metal-containing “ligands” have been employed,® such as the
anionic square-planar [Pt(CN),]>~P! and digonal [M(CN),]~
(M= Ag, Au)l' species.

We have prepared as a new building block the neutral
complex trans-[RuCl,(pyz),] (1; pyz=pyrazine): it was ob-
tained by reacting [RuCl,(dmso),] in toluene with a large
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excess (tenfold) of the pyrazine ligand. Complex 1 displays
four equatorial pyrazine molecules with free exo-oriented
N-donor atoms, in square-planar orientation (see Scheme 1).

° I
7k 4

Scheme 1.

It is a stable species that has many potential applications for
the crystal engineering of new polymeric materials, such as
bimetallic coordination networks of predictable topology, as
well as hydrogen-bonded arrays. The strongly bonded axial
chlorides can prevent the self-assembly of 1, which differs
from what occurs with the M!"—tetrapyridyl — porphyrinate
building blocks.'l On reacting 1 with digonal metal centers
(d'® metal ions or metal complexes with two free trans sites)
one can predict the formation of layers of square grids like I'in
Scheme 1, while square-planar metal centers can give layers
such as II in Scheme 1. However, the axial chlorides of 1 can
also play a noninnocent role, extending the array in the third
dimension through interactions with the other metals.

We report here on three new self-assembled networks
obtained from 1 with different silver salts (AgCF;SO; and
AgNO;), that is [RuCl,(pyz),Ag](SO;CF;) (2), [RuCl,-
(pyz)4Ag,(SO;CF;),] - C,H,Cl, - 0.5n-CH;3(CH,);0H (3) and
[RuCly(pyz),Ag]NO; (4). The latter two species exhibit
interesting mineralomimetic 3D structures!'? that can be
related to the prototypical lattices of rutile and rock salt,
respectively.

The reactions of 1 with AgCF;SO; afford different products
depending on the molar ratio of the reagents and on the
solvent system. Slow diffusion of a solution of the silver salt in
MeOH into a solution of 1 in CH,Cl, (molar ratio 1:1) gave
dark red crystals of 2. On the other hand, when AgCF;SO; in
n-butanol is diffused into a solution of 1 in 1,1,2,2-tetrachloro-
ethane (TCE), using a 2:1 molar ratio of the reagents, brown-
red crystals separated, corresponding to compound 3.

The crystal structures™® of these species revealed the
formation of polymeric bimetallic frames. Compound 2
consists of 2D double layers containing molecular square
units with alternate Ru and Ag corners (Figure 1 top; Ru---
Ag edges 7.21-726 A). Two of the pyrazine ligands of the
original Ru building block act as terminal ligands, while the

1908 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

other two form bridges to two silver atoms (Ru—N in the
range 2.06-2.09 A; Ag—N 2.37-2.38 A). The squares are
joined together through chloride bridges, two per metal
corner, that connect the octahedral Ru centers to the distorted
tetrahedral Ag corners (Ru--- Ag contacts 4.48—-4.59 A). The
chloride bridges are asymmetric and markedly bent (mean
Ru—Cl 2.40 A, mean Ag—Cl 2.56 A, and mean Ag-Cl-Ru
132°). The resulting 2D array is a double layer structure
schematically shown in Figure 1 (center) and displays parallel
channels running in the [010] direction, perpendicular to the
Ru,Ag, squares (see Figure 1 bottom), that contain half of the
triflate anions. The network topology of this double honey-
comb!" layer (436°) is, to our knowledge, unprecedented. The
double layers stack in the [100] direction (with AAA...
sequence) and exhibit strong m—z interlayer interactions
involving pairs of dangling pyz ligands (distance 3.33 A, offset
1.69 A).US] The interlayer regions contain the remaining
triflate anions.

Figure 1. Structure of compound 2: top: a square Ru,Ag, unit; center: a
schematic view of the double honeycomb layer, with the square units in red
and the Cl bridges in blue; bottom: a lateral view of the layer showing the
channels along the [010] direction.
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The structure of compound 3 consists of a single 3D
bimetallic network of alternating six-connected Ru centers
and three-connected Ag centers in the ratio 1:2. The Ru
complexes use in this case all the pyrazine ligands and the two
chloride ions for bridging to six different silver atoms. The
structure can be rationalized considering that the Ru building
blocks form with the silver atoms simple 2D undulated layers
of square meshes (Figure 2, top and center), with Ru-pyz-Ag-
pyz-Ru edges (Ru---Ag contacts of 717 A, Ru—N 2.05-
2.08 A, Ag—N 2.29-2.33 A), similar to those expected (see I

Figure 2. Two views, perpendicular (top) and lateral (center), of the
undulated layers of Ru,Ag, meshes contained in the 3D structure of
compound 3. The linkage of these layers (dashed) operated by the Cl
bridges is also schematically shown (bottom).

in Scheme 1). However, these layers are not isolated but
interconnected through Ru-Cl-Ag bridges (Ru--- Ag 4.44 A)
and superimposed to give the overall 3D network schemati-
cally illustrated in Figure 2, bottom. The coordination geom-
etry at the silver atoms is distorted tetrahedral, involving two
pyrazine ligands, one bridging chloride, and a terminal
O-bonded triflate ligand. As in 2 the chloride bridges are
asymmetric and bent (mean Ru—Cl 2.40 A, mean Ag—Cl
2.51 A, and Ag-Cl-Ru 134°). The topology of this network,
based on six- and three-connected nodes in the ratio 1:2, is the
same of the prototypical rutile,['> ' with Ru in the place of Ti
and Agin the place of O (see Figure 3, bottom left). Few other
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Figure 3. The 3D network in 3 down the [101] direction (top), and its
schematic view (bottom left) compared with the structure of rutile (bottom
right).

examples of coordination networks with this topology have
been previously reported.l') The channels along [101] (Fig-
ure 3, top) contain solvated molecules of TCE and butanol
(that are lost on heating the bulk samples above 120°C). It is
like that the templating effect of these guest solvents can also
prevent interpenetration. Note that the void spaces in the
framework, evaluated without the solvated molecules, repre-
sent about the 30 % of the cell volume.

A systematic investigation of the role of the solvents in
driving the formation of 2 or 3 has been carried out. Binary
combinations of the solvents TCE, n-butanol, methanol and
CH,Cl, were used for the syntheses of 2 (Ru/Ag=1/1) and 3
(Ru/Ag=1/2). The nature of the synthesised bulk products was
recognized by superimposing their XRPD spectra with the
patterns calculated using the atomic positions of single crystal.
It was pointed out that methanol and TCE are essential in driving
the formation of the 2D (2) and 3D (3) species, respectively. In
particular it was also observed that solid samples of 3 left in
methanol are transformed into 2 after a few hours.

Slow diffusion of AgNQOj; dissolved in MeCN into a solution
of 1 in CH,Cl, (molar ratio ca. 4:1) produces red crystals of
another species, (4), that, in spite of the fact that its
stoichiometry is similar to that of 2, shows a quite different
structure.['3] This species contains a 3D network with alternate
six-connected Ru and Ag octahedral centers. We can describe
the structure as comprising 2D layers like I in Scheme 1 (Ru-
- Ag 727 A), that are superimposed with a translation of
[“4 z] (in an A BAB stacking sequence) in such a way that the
Ru-bonded chlorides can form bridges to the silver atoms of
the two adjacent layers (Ru---Ag 5.28 A, Figure 4, top).
Though both metals display octahedral enviroments, these are
significantly different (Ru—N 2.06 versus Ag—N 2.40 A;
Ru—CI 2.40 versus Ag—Cl 2.88 A). All the bridges (Ru-pyz-
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Figure 4. Structure of compound 4: top: a single cage; bottom: the sphere-
packing view of the network down the tetragonal axis.

Ag and Ru-Cl-Ag) in these species (2—4) are asymmetric,
with longer distances to the silver atoms, but the asymmetry of
the Ru-Cl-Ag (exactly linear) bridges in 4 is particularly
pronounced (also taking into account the increased coordi-
nation number of Ag). The Ag—Cl interactions are rather
weak and highly ionic in nature (see, for example, the Ag—Cl
value of 2.77 A in AgCl). The octahedral coordination for
silver is unusual but we have already described a similar
situation in [Ag(pyz);]SbF, that contains an “octahedral”
network with the a-polonium topology.'’! Because of the
alternation of the two metal atoms in 4 a more proper
reference lattice, rather than a-polonium, is NaCl. The centers
of the cells (of dimensions 7.27 x 7.27 x 5.28 A, free internal
volume of about 53 A3) are all occupied by statistically
distributed nitrate anions with half occupancy. A view of the
packing in 4, showing the channels along the tetragonal axis is
given in Figure 4, bottom. It is worth noting that the frame-
work of 4 has the same composition as that of 2. This “network
isomerism” is clearly related to the different dimensions of the
counterions. While the nitrate anions can be accomodated in
the cells of 4 the bulkier triflate anions cannot occupy such
cavities, thus determining the different framework topology of
2, where much larger cells (of dimensions ca. 7.2 x 7.3 x 8.4 A,
free internal volume of ca. 122 A%) are present (see Figure 1,
center), each containing a triflate anion with full occupancy.
We have also obtained the [RuCl,(pyz),Ag]BF, species,

1910 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

though only as polycrystalline samples. The BF,~ ions, that
are only sligthly bulkier than the nitrates, can still be
accomodated inside the smaller cells, as evidenced by the
XRPD pattern that is almost the same as that of 4.

In conclusion, the results here described show that 1 is a
useful and stable building block for the construction of
networks that exhibit some predictable structural features. In
these silver species also the two trans-chlorides of the Ru
complex are involved in the networking process, but this can
be prevented by using other types of metal-based centers.
Investigations are in progress on other bimetallic frames
based on 1, with potential electronic properties, and on
architectures assembled by joining these building blocks
through hydrogen-bond bridges.

Experimental Section

1: A brown solution of pyrazine (1280 mg, 16.0 mmol) and [RuCl,(dmso),]
(200 mg, 0.413 mmol) in toluene (20 mL) was refluxed for 3.5 h to give a
brown precipitate. This was filtered off, washed with toluene, and dried in
vacuo for 2 h. Yield: 190 mg; 90 %. M.p. 165-170°C; elemental analysis
caled (%) for C;sHsCLLNgORu: C 37.6, H 3.56, N 22.0, Ru 19.8; found: C
37.1,H 3.50, N 21.5, Ru 19.7.

2: A solution of AgSO;CF; (7.50 mg, 0.0290 mmol) in MeOH (9.5 mL) was
added dropwise to a red-brown solution of 1 (13.9 mg, 0.0270 mmol) in
CH,Cl, (14 mL). After 45 min a precipitate was collected and filtered off.
This crude amorphous solid was treated with MeOH (15 mL) under
magnetic stirring for 45 min, then filtered off, washed with further MeOH,
and dried in vacuo for 3 h, to obtain a microcrystalline brown powder of 2.
Yield: 16 mg, 79 %. Elemental analysis calced (%) for C;;H;AgCL,F;NgO;-
RuS:C272,H2.15,N 14.9,Ru 13.5, Ag 14.4; found: C27.3, H2.70, N 13.6,
Ru 133, Ag 13.9; IR (KBr): #=1261, 1035 v(SO;), 1583 v(ring), 809,
630 cm™! 0(CH); UV/Vis spectroscopy of a solid sample: 1,,,~400 nm,
shoulders at 480 and 620 nm. TGA measurements show a weight loss of
22% between 120 and 280°C, probably due to the loss of two pyrazine
molecules (21.4 %). A second higher weight loss (about 50 % ) is observed
in the range 310-570°C corresponding to the complete decomposition of
the polymer to give a residue of metallic ruthenium and silver. Dark red
crystals were obtained by slow diffusion of a solution of AgSO;CF; in
MeOH (6.5 mL, 2.8 x 1073M) into a brown solution of [RuCl,(pyz),] in
CH,Cl, (2 mL, 1.8 x 10-3m).

3: A solution of AgSO;CF; (21.1 mg, 0.0820 mmol) in n-CH;(CH,);OH
(14 mL) was added dropwise to a brown-red solution of 1 (21.0 mg,
0.0410 mmol) in TCE (18.6 mL). The brown-red microcrystalline product
was filtered off after 1 h, washed with n-butanol, and dried in vacuo for 3 h.
Yield: 44.7 mg, 90%. Elemental analysis calcd (%) for C,,H,;Ag,ClsF-
N;yO4sRuS,: C21.8, H 1.91, N 9.25, Ru 8.34, Ag 17.8; found: C 21.1, H 1.90,
N 9.50, Ru7.70, Ag 18.9; IR (KBr): 7 = 1261, 1034 v(SO;), 1585 v(ring), 810,
638cm~! 0(CH). UV/Vis spectroscopy of a solid sample: 1, =380 nm,
shoulders at 500 and 600 nm. TGA measurements confirm the presence of
the solvents in the lattice; two weight losses between 120 and 235°C (caled
(found) [%]: 23.4 (21.0)) due to the losses of ¥ n-butanol, 1 tetrachloro-
ethane, and 1 pyrazine per formula unit, and a successive strong weight loss
in the broad range 235-600°C leading to the complete decomposition of
the polymer to give a metallic residue (ca. 27 %) of ruthenium and silver.
Brown-red crystals were obtained by slow diffusion of a solution of
AgSO;CF; in n-CH;(CH,);OH (5.5 mL, 5.8 x 103Mm) into a brown solution
of [RuCly(pyz),] in TCE (4 mL, 1.9 x 103M). An XRPD spectrum of the
massive product 3 fit the profile derived from the crystal structure.

4: A solution of AgNO; (38.4 mg, 0.230 mmol) in MeCN (10 mL) was
added under magnetic stirring to a red-brown solution of 1 (30.4 mg,
0.0590 mmol) in CH,Cl, (25mL). The microcrystalline product was
completely precipitated within 30 min, then filtered off, washed with
MeCN, and dried in vacuo for 3 h. Yield: 36 mg, 92 %. Elemental analysis
caled (%) for CsH;sAgCLNyO;Ru: C 29.0, H 2.44, N 19.0, Ru 15.3, Ag
16.3; found: C 28.7, H 2.30, N 19.0, Ru 15.5, Ag 15.6; IR (KBr): #=1357
v(NO;), 1583 v(ring C), 811, 635 cm~" 6(CH). An XPS survey analysis
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shows peaks of Rus,, Agsq, Ny, Cly, (respectively at the binding energy
(BE) values of 461.5, 367.2,399.2, and 197.1 eV) and elemental molar ratios
respectively equal to 1.0:1.07:7.63:2.10, that fit with the experimental
elemental analysis. TGA measurements show a weight loss of about 33 % in
the range 130—270°C due to the loss of three pyrazine molecules, followed
by a two-step demolition (range 270-600°C) leading to the metals (ca.
32%). An XRPD spectrum of the massive product 4 was found to be
identical to a simulated profile achieved from the single-crystal structure.
Red crystals were obtained by slow diffusion of a solution of AgNO; in
MeCN (3.5 mL, 7.1 x 1073Mm) into a brown solution of [RuCl,(pyz),] in TCE
(3 mL, 1.9 x 10-3m), by using pure MeCN (1.5 mL) as a spacer between the
two solutions.
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Synthesis of Metal Nanoparticles by Using
Polyoxometalates as Photocatalysts and
Stabilizers**
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Formation of colloidal metal nanoparticles is a topic of
great interest from a fundamental and practical point of
view.['l Metal nanoparticles have been obtained by ther-
mal,> > photochemical,l®) radiolytic,l” electrochemical,®l or
sonochemical methods,”! by using various reagents.

Polyoxometalates (POMs) are well-defined metal — oxygen
cluster anions.!' ' Their redox chemistry is characterized by

[*] A. Troupis, Dr. E. Papaconstantinou, Dr. A. Hiskia
Institute of Physical Chemistry
NCSR Demokritos
153 10 Athens (Greece)
Fax: (+30) 16511766
E-mail: atroup@chem.demokritos.gr, epapac@mail.demokritos.gr

A. Troupis

Chemical Engineering Department
National Technical University

157 80 Athens (Greece)

[**] We thank the Ministry of Development, General Secretariat of
Research and Technology of Greece, for supporting part of this work.
We also thank Dr. A. Travlos for help with the TEM images.

1433-7851/02/4111-1911 $ 20.00+.50/0 1911



