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Herein we report the synthesis and characterization by single crystal X-ray diffraction of three new

silver(I) complexes {[Ag2$L2](NO3)2(H2O)4} (1), {[Ag2$L2](NO3)2} (2) and {[Ag2$L2](NO3)2} (3).

Whereas compounds 2 and 3 are polymorphs, compound 1 crystallizes as the pseudo-polymorphic

form of 2 and 3. These compounds were obtained from the reaction of silver nitrate with the flexible

ligand 2,20-oxybis(ethane-2,1-diyl) diisonicotinate (L). The main structural motifs for complexes 1–3

are zero-dimensional metallacycles, in which two silver(I) cations are coordinated by two ligands L and

their counterions. As a result of its unpredictable coordinating ability, the nitrate anion coordinates the

Ag(I) cation in a m1m2-fashion in complex 1, in 2 it is coordinated in an asymmetrical m2-mode, and in 3

the anion is strongly m2-symmetrical coordinating. The coordination of the NO3
� counterions to the

metal cation affects the overall supramolecular interactions in the crystalline state of the complexes

(e.g.Ag(I)/Ag(I), p/p, hydrogen bonds and C–H/p interactions). These interactions determine the

physical properties of these compounds. On heating, the crystals of compound 3 are irreversibly

transformed into compound 2. The conversion is supported by the change in the coordination mode of

the nitrate counterion toward the Ag(I) cation. The solubility dependence of AgNO3 in the different

organic solvents used for the reactions may determine the structural diversity in the supramolecular

architecture for these complexes.

Introduction

It was once claimed that: ‘‘a single grain of rice can tip the scale’’,

meaning how subtle effects on the small microscopic scale may

determine the macroscopic result. Supramolecular chemistry1–4 is

a good example of a field where small and big factors continu-

ously interplay, effecting the outcome based on energetic factors.

In this regard, one of the most important chemical phenomena is

the self-recognition and the self-assembly process, which may be

studied in solution or in the solid state. In the latter, the

formation of crystalline species in the solid state may be analyzed

by single crystal X-ray techniques, and may potentially lead to

promising applications in crystal engineering.5–11

Nevertheless, after the self-assembly process takes place, the

resulting crystalline structure is nothing but the frozen picture of

all inter- or/and intramolecular interactions in equilibrium. Over

the recent years, technological improvements in the measurement

and detection methods in crystallography, and the development

of new techniques in NMR and other analytical methods have

provided a great insight into chemistry in the solid state.

From studying the role played by metal cations and ligands as

the main building blocks of crystalline structures, the presence of

weak interactions has emerged as a second player of extreme

importance in the design of solid architectures. The importance

of these weak interactions has been outlined by several authors

with success, (e.g., hydrogen bonds,12–18 aromatic,19 van der

Waals,20–23 hydrogen–ions24 and hydrogen–aromatic interac-

tions25). The control of such forces allows to some extent the

construction of pre-defined arrays in the solid state.26–31

Whereas coordination numbers, ligand properties and solvent

effects can be quite well controlled, the role of anions is often

unpredictable. However, the counterion is of particular impor-

tance in the crystalline state. Together with the electrostatic

relationship with metal cations, the anions may be able to

generate hydrogen bonds or interact with aromatic rings. The use
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of different anions to generate diversity in the solid state has been

well documented in the literature.32,33 The results obtained are

independent of the ligand employed. The formation of a partic-

ular supramolecular array may be strongly dependent on the

counterion, and some examples include N-donor derived ligands

containing a combination of functional groups such as

pyridyl-oxadiazole,34 pyridyl-thioether,35,36 pyridyl-urea,37

pyridyl-glycol38 or pyridyl-sulfur.39 The appropriate choice of

counterion and the ligand may direct the formation of coordi-

nation networks,40–45 discrete structures46 or promote the cycli-

zation of complexes in the case of silver salts.47

Different anions may create certain diversity in the solid state.

It would be of great interest to generate different supramolecular

architectures based only on the polyvalent coordinating ability of

a single counterion38 thereby influencing the chemico-physical

properties.48

Using a ‘‘semi-rigid’’ ligand derived from the isonicotinic acid

and polyethylene glycol (Scheme 1, n¼ 1), we reported a number

of new structures.30,31,38,48–52 Most of these compounds were

infinite polymer networks arranged in layers, which were stacked

through p–p, p–Ag+ and other non-covalent interactions.

In order to study the different factors which influence the

formation of a particular crystal structure, the flexibility of the

chain spacer was increased (n¼ 2) and several counterion choices

were tested (NO3
�, PF6

�, ClO4
� and SO3CF3

�).53 With two

exceptions, (an infinite helical chain and a two-dimensional

polycatenated network)54 the obtained complexes crystallized as

discrete structures, in which weak supramolecular interactions

controlled the final array and dimensionality.

With the nitrate alone, three complexes were synthesized and

characterized by crystallographic methods. Significant differ-

ences were observed due to the variable coordinating behavior of

the counterion toward the metal cation. This behavior influences

the other weak supramolecular forces present within the crystal

structure conditioning the final motif in the solid state. Herein,

we report the synthesis and characterization of these three new

silver(I) complexes. Particular attention is paid to the role of the

nitrate counterion as coordinating and polyvalent ligand for the

formation of different supramolecular assemblies.

Results and discussion

When a THF solution of L and a water solution of silver(I)

nitrate are allowed to diffuse in an H-shaped tube through

a mixture of solvent (THF : H2O), single crystals of the

compound {[Ag2$L2](NO3)2(H2O)4} 1x, are obtained in

the water side of the recipient. Compound 1 crystallizes in the

monoclinic space group P21/n (No. 14). The complex lies about

an inversion centre, the asymmetric unit contains a silver(I)

cation coordinated by one organic ligand L, a nitrate anion and

two water molecules. The ligand L possesses a U-shape, with two

ligand molecules coordinating two silver(I) cations, generating

a zero-dimensional elongated ring-like motif, a metallacycle

[Ag2L2]
2+.

The ligand L coordinates to the silver(I) cations through the

nitrogen atoms located at the pyridine rings, with distances of

Ag(1)–N(1) 2.193(3) and Ag(1)–N(2)#1 2.181(3) Å. The carbonyl

function remains almost parallel to the plane formed by the

aromatic rings. One of the carbonyl groups on the pyridine rings

is twisted with respect to the plane of the aromatic ring by

�17.0(5)� (C2–C3–C6–O2) compared with �4.7(6)� for the

second carbonyl group (O4–C11–C14–C13). These differences in

the torsion angles may be an indication of the flexibility inherent

to the spacer chain between the COO- groups.

Scheme 1 Multitopic ligand used in the coordination of silver(I) salts. Increasing the ethylene glycol chain length (n > 1) may increase the flexibility of

the ligand.

x Crystal data for 1: {([Ag]2[C16H16N2O5]2)(NO3)2.4H2O}, monoclinic,
P21/n (No. 14), a ¼ 13.668(3), b ¼ 7.3268(15) and c ¼ 20.232(4) Å, b ¼
94.86(3)�. V ¼ 2018.7(7) Å3, Z ¼ 2, d ¼ 1.7183(6) Mg m�3, 4277
reflections collected, 3432 unique (Rint ¼ 0.0844), R1 ¼ 0.0454 (I >
2s(I)), wR2 ¼ 0.0606 (all data), CCDC 678543. Crystal data for 2:
{([Ag]2[C16H16N2 O5]2)(NO3)2}, monoclinic, P21/c (No. 14), a ¼
6.6811(13), b ¼ 12.263(3) and c ¼ 22.585(4) Å, b ¼ 94.74(3)�. V ¼
1844.1(7) Å3, Z ¼ 2, d ¼ 1.7512(7) Mg m�3, 3804 reflections collected,
1370 unique (Rint ¼ 0.2612), R1 ¼ 0.1237 (I > 2s(I)), wR2 ¼ 0.2719 (all
data), CCDC 678545. Crystal data for 3:
{([Ag]2[C16H16N2O5]2)(NO3)2} triclinic, P-1 (No. 2), a ¼ 6.9203(14),
b ¼ 12.156(2) and c ¼ 12.332(3) Å, a ¼ 63.18(3)�, b ¼ 87.13(3)�, g ¼
79.87(3)�. V ¼ 910.9(3) Å3, Z ¼ 1, d ¼ 1.7726(8) Mg.m�3, 3074
reflections collected, 2870 unique (Rint ¼ 0.0446), R1 ¼ 0.0386 (I >
2s(I)), wR2 ¼ 0.0423 (all data), CCDC 678544. The intensity data for
all crystals were collected at 276 K (rt) on a Stoe IPDS II-Image Plate
Diffraction System equipped with a two-circle goniometer and using
Mo Ka graphite monochromated radiation. Image plate distance
140–160 mm, u rotation scans 0–180� at f 0�, step Dw ¼ 1.0�, with an
exposure time of 1 min per image. The structures were solved by direct
methods using the program SHELXS.67 The refinement and all further
calculations were carried out using SHELXL-97. The hydrogen atoms
of the water molecules were located from Fourier difference maps. The
remainder of hydrogen atoms were included in calculated positions and
treated as riding atoms using SHELXL default parameters. The non-H
atoms were refined anisotropically, using weighted full-matrix
least-squares on F2.
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An oxygen atom (O3) of the spacer chain is disordered and was

modeled and mathematically refined in two different positions

(O3A and O3B with 72 and 28% occupancy). The values of

torsion angles for O3A, O2–C7–C8–O3A, �54.2(5)� and

O3A–C9–C10–O4, 67.7(5)� (both gauche), and for O3B, O2–C7–

C8–O3B, �8.2(10)� and O3B–C9–C10–O4, 21.7(10)� (more

eclipse), corroborated the preferential location of the oxygen

atom at the O3A position, which may be energetically favorable.

The nitrate counterions are linked to one metal ion in a

m2-fashion (Ag(1)–O(6), 2.747(4) and Ag(1)–O(7), 2.836(5) Å), as

well as coordinating the second symmetry equivalent silver(I)

cation in a monodentate manner with a distance O(7)–Ag(1)#1 of

2.765(5) Å. (Table 1.) Fig. 1.

Aromatic stacking interactions are relatively weak (distance of

3.763(2) Å) between metallacycles. Within the metallacycle these

interactions are excluded due to the distance (5.142(2) Å). The

metallacycles are stacked in a fishbone motif along the a-axis,

and the water molecules may be directly responsible for this

conformation. Indeed, water molecules are present in the crys-

talline structure of 1. Two water molecules O(9) and O(10) are

coordinated via hydrogen bonds mainly to the oxygen atom O(8)

of the nitrate counter ion. This atom (O8) does not participate in

the coordination toward the metal and remains ‘‘free’’ pointing

to the inside of the cavity formed between the metallacycles

(looking along the b axis). These water molecules and the nitrate

anions form a one-dimensional helical motif based on hydrogen

bonds (these helices are of alternate helicity from one helix to the

next)‡ (Fig. 2).

Finally, relatively short inter-metallacycle Ag(1)/Ag(1)#2

interactions are present (3.3206(9) Å). The final motif for this

compound is a two-dimensional architecture in the solid state.

Single crystals of the compound {[Ag2$L2](NO3)2} 2x were

collected from the side of the H-tube where the ligand was

initially dissolved (THF). In this compound, no water molecules

are found in the structure. Compound 2 crystallizes in the

monoclinic space group P21/c (No. 14). The asymmetric unit

possesses one Ag(I) cation, one nitrate counterion and one ligand

L, the last two are coordinating to the silver atom, the dimer

complex formed lies about an inversion centre.

Like in the previous compound 1, the ligand in 2 possesses

a U-shape conformation, forming a [Ag2L2]
2+ metallacycle.

Distances Ag(1)–N are in the usual range (2.189(6),

Ag(1)–N(1) Å and 2.186(6), Ag(1)–N(2)#2 Å) for this type of

compound. The angle N(1)–Ag(1)–N(2) is, however, distorted

(149.0(4)�). The strong interaction between the silver cation and

the nitrate counterion may be responsible for this effect

(Table 1). One nitrate coordinates to one silver atom in an

asymmetric m2-fashion (2.576(16), Ag(1)–O(6) Å and 2.741(16),

Ag(1)–O(7) Å), providing thus a distorted T-shape coordination

motif for the metal atom (Fig. 3).

Regarding the ligand L, the carbonyl group remains in the

same plane as the pyridine ring. The metallacycle in 2 is slightly

more elongated (17.5 Å in 2 versus 17.3 Å in 1), and the ring will

consequently decrease. As in compound 1, the oxygen atom O3

Table 1 Most important lengths [Å] and angles [�] present in compounds
1–3a

Compound 1 Compound 2 Compound 3

Ag(1)–N(1) 2.193(3) 2.189(7) 2.189(2)
Ag(1)–N(2) 2.181(3)#1 2.186(6)#2 2.175(3)#2

Ag(1)–O(NO2) 2.747(4), 2.576(17), 2.655(4),
2.836(5), 2.741(16) 2.650(4)
2.765(5)#1

Ag(1)/Ag(1) 3.3206(9)#2 3.332(3)#2, 3.402(3)#5 3.4339(9)#2

(inter-metallacycles)
N(1)–Ag(1)–N(2) 162.86(12)#1 149.0(4)#2 151.76(9)#2

a Symmetry transformations used to generate equivalent atoms #1 �x,
�y, �z, #2 �x, 1 � y, �z, #5 �1 � x, 1 � y, �z.

Fig. 1 Silver(I)metallacyclemotif in the crystal structure of compound 1.

(Ellipsoids are represented at the 40% probability level, #1 �x, �y, �z.)

Fig. 2 Helical array formed by hydrogen bond interactions between

oxygen O9 and O10 from water molecules (in dash lines, blue). These

arrays are supported by additional hydrogen bond interactions with the

counterion molecules (red dash lines). Ellipsoids are represented at the

40% probability level (#3 x,�1 + y, z, #9 x, 1 + y, z, #10�1/2� x,�1/2 +

y, �1/2 � z, #11 �1/2 � x, 1/2 + y, �1/2 � z).

Fig. 3 Silver(I) metallacycle motif present in the crystal structure of

compound 2 (Ellipsoids are represented at the 16% probability level.

#2 �x, 1 � y, �z.)
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of 2 located in the spacer chain is disordered and occupies two

different positions (70%, O3A and 30%, O3B). The torsion angles

in the polyether chain are for O3A, 36(4)� (O2–C7–C8–O3A) and

75(2)�, O3A–C9–C10–O4 and for O3B, 88(3)� (O2–C7–C8–O3B)

and 11(5)�, O3B–C9–C10–O4. This difference in the elongation

of the di-ethylene glycol spacer in 2, implies a distortion of about

30.8� on the intrametallacycle pyridine–pyridine stacking.

Short intra- and inter-metallacycle Ag/Ag distances are present,

with 3.332(3)#2 and 3.402(3)#5 Å, respectively. These metal–metal

contacts may induce the pyridine rings to share a common axis,

whichcrosses the twosilver cationswithinonemetallacycle.Thismay

be responsible for the significant distortion of the metallacycle in 2.

The presence of p–p aromatic stacking interactions is excluded due

to thedistance (4.007(7) Å between ring centroids).Themetallacycles

are stacked forming columns parallel to each other along the b axis.

They possess an undulated form along the c axis.

Single crystals of compound {[Ag2$L2](NO3)2} 3x, grew when

two DMSO solutions of ligand L and silver nitrate were mixed

together. Compounds 2 and 3 are polymorphs, differing signifi-

cantly in the coordination mode of the nitrate counterion toward

the metal cation. Compound 3 crystallizes in the solid state in the

triclinic system, space group P-1 (No. 2). The asymmetric unit

contains a silver cation coordinated by a ligand L and a nitrate

counterion, in a fashion similar to compound 2 and, as in

compound 2, the dimer complex lies about an inversion centre.

In compound 3, each nitrate anion coordinates to one silver

cation in an almost quasi perfect symmetrical bidentate mode

(Ag(1)–O(7), 2.650(4) Å and 2.655(4) Å, Ag(1)–O(6)) (Fig. 4).

Each silver(I) cation is linked furthermore by two pyridine

rings to form a distorted tetrahedral motif around the metal

atom (Ag(1)–N(1), 2.189(2) Å and 2.175(3) Å, Ag(1)–N(2)#1).

The angle N(1)–Ag(1)–N(2) is 151.76(9)� (Table 1).
The carbonyl group remains in the plane of the aromatic ring

(O1–C6–C3–C4, 3.6(6)� and O4–C11–C14–C13, �2.0(4)�) and

points to the outer side (exo) of the surface that contains the

aromatic ring. In the diethylene glycol spacer the oxygen atomO3

is disordered (occupancy 75% for O3A and 25% for O3B) but

differs from 1 and 2, both disordered positions possess a ‘‘gauche’’

type conformation with torsion angles for O3A of 47.2(6)�

(O2–C7–C8–O3A) and �80.3(4)� (O3A–C9–C10–O4), whereas

for O3B, they are �28.6(10)� (O2–C7–C8–O3B) and �32.1(7)�

(O3B–C9–C10–O4). The angle between the planes crossing the

pyridine rings is 9.6(8)�, which shows a slight bending and

asymmetry in the ring stacking. In compound 3,p–p interactions

are present, which are strongest in the inter-metallacycle region

(3.873(2) Å).

Weak intra-metallacycle Ag(I)/Ag(I) interactions are

present, and are longer than the Ag(1)/Ag(1) contacts between

the silver atoms from adjacent metallacycles (3.4339(9)#2 Å and

3.648(3)#7 Å respectively, #7 1 � x, 1 � y, �z). The aromatic

pyridine rings of the same ligand are twisted by 28.5(2)� from the

axis formed by the intra metallacycle Ag/Ag axis.

As found frequently in the solid state, the distance C1–H1/
centroid (aromatic ring) is �3.18 Å, suggesting a C–H/p

interaction.19 However, in the presence of this interaction, Ag/
Ag and p/p stacking should act in a synergistic manner.

Hydrogen bonds formed by the oxygen atom of the carbonyl

group of L, the oxygen atoms of the nitrate counterion and the

hydrogen atoms of the pyridine rings generate a three-dimen-

sional network in the solid state‡ (Fig. 5).

Counterion role in the crystalline state of compounds 1–3

Complexes 1, 2 and 3 possess the same crystal morphology and

crystallize as prism-type crystals. While compounds 2 and 3 are

polymorphs, all three compounds (1–3) may be considered

network isomers, as the water present in 1 does not affect the

overall array. Indeed, after removing the water, the structure

does not suffer structural decomposition as was confirmed by

TG/SDTA experiments.

In these compounds the polyvalence of the nitrate counterions

as strong coordinating anions toward the silver(I) cations is

expressed in different manners: in compound 1 it does so in a

m2–m1 fashion, coordinating two silver atoms from the same

metallacycle (Ag(1)–O(6), 2.747(4) Å; Ag(1)–O(7), 2.836(5) Å),

and O(7)#1–Ag(1), 2.765(5) Å). Weak exo-ring metal–metal

contacts (Ag(1)/Ag(1)#2, 3.3206(9) Å) are present and generate

a distorted square planar pyramid coordination around the

metal atom.

Fig. 4 Silver(I) metallacycle motif present in the crystal structure of

compound 3 (Ellipsoids are represented at the 16% probability level. #2

�x, 1 � y, �z.)

Fig. 5 Main hydrogen bond motif present in compound 3. The inter-

action between the oxygen atoms O1, O7 and O5 and the hydrogen atoms

H12 and H2, respectively, generate a two-dimensional network. Further

interactions present in the crystal structure increase the dimensionality

from 2D to 3D. (Ellipsoids are represented at the 50% probability level,

#1 �x, �y, �z, #2 �x, 1 � y, �z, #3 x, �1 + y, z, #12 x, y, �1 + z.)
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The monodentate coordination of the NO3
� in 2 is unusual.

Nitrate anions with three potential coordinating oxygen atoms,

more often bind in a bidentate fashion. Only a few monodentate

nitrate coordinating anions have been reported so far.55 In 2, the

second closest oxygen atom to the silver(I) atom is at 2.741(16) Å

(Ag(1)–O(7)), compared to the 2.576(16) Å for Ag(1)–(O6). This

coordination bond may not be relevant for the coordination

sphere of the silver cation.

The presence of such a strong coordination and consequently

the charge density decrease on the silver atoms probably induces

in 2 some weak intermetallic interactions (endo- and exo-

metallacycle distances Ag(1)/Ag(1), 3.33(3)#2 and 3.402(3)#5,

respectively). The nitrate molecules are partially included in the

region delimited by the metallacycle. In compound 3, however,

the counterion is displaced from the volume formed by one

metallacycle and occupies instead the space in-between two

different metallacycles. In 3, the nitrate coordinates the metal

cation almost as strongly as in 2, and in a symmetrical-bidentade

pincer fashion with distances Ag(1)–O(7), 2.650(4) Å and

2.655(4) Å for Ag(1)–O(6). Some weak Ag/Ag interactions are

thus also present in 3. These interactions are endo- and exo-

metallacycles (endo Ag(1)/Ag(1)#2, 3.4339(9) and exo Ag(1)/
Ag(1)#7, 3.648(3) Å), again a possible result of the strong coun-

terion coordination to the metal cation (Fig. 6).

Strong coordinating counterions like nitrates, which are poten-

tial hydrogen bond acceptors, enhance the probable presence of

water molecules in similar supramolecular compounds within the

crystalline structure.49,56 In compound 1, a helical array of water

molecules is present. These water molecules do not interact directly

with the silver cation or the ligand L, but the interaction with the

nitrate counterion does affect the overall crystalline packing.

The role of the water molecules directing the supramolecular

array of one particular compound has been well established.57–59

Particularly, water nanowires have been found in porous struc-

tures formed by calixarenes and their derivatives, which are suit-

able scaffolds for such arrays.60Discrete water clusters (formed by

4 water molecules in a plane) are more rare, although these were

recently observed in an example of a silver(I) metallacycle.61 This

type of array is strongly stabilized by the presence of hydrogen

bonds with the organic ligands. If such interactions are present we

may envisage the elongation in the direction perpendicular to the

plane formed by the water molecules to generate a helical array.

Toevaluate the roleof thewatermolecules in the crystal structure

of compound 1, TG/DSCmeasurements were performed on single

crystals. The results show a quantitative loss of water at 120 �Cand

decomposition of the sample at 202 �C.Adifference comparedwith

other reported compounds that possess a reversible system con-

taining water, is that compound 1 does not collapse when water is

removed thermally from the channel.62 In complex 1, the thermal

removal of water does not lead to chemical decomposition.

Inter-conversion between the hydrated and the dehydrated

structure has been tested under thermal conditions for several

compounds.63 In the case of 1, the dehydration is an irreversible

process.

The coordination mode observed for the NO3
� anion towards

the silver(I) cation may be responsible for the packing in the solid

state of these compounds. In 1, the presence of the water helix in

the cavity formed by metallacycles and the counterions elongates

the distances between parallel rings (Ag–Ag, �13.5 Å). At the

same time, it causes the twist of the metallacycles to the inside of

the cavity (Fig. 7a). An Ag–Ag distance of�12.9 Å is observed in

2, compared to the shorter distance (�12.1 Å) in 3 (Fig. 7b, c).

This variation in distances may depend on whether the coun-

terion coordinates in a m1-fashion (as in 1) or in a weak to strong

m2-fashion (like 2 and 3), with the m2-mode occupying less volume

thus making the crystalline packing more compact.

Fig. 6 Metallacycle stacking in the crystal structure of compound 1–3. The arrows are pointing to the position of the counterions along the crystal

packing. the metallacycles stacked columns are slightly displaced (represented in red and blue); (a) view along the a direction in compound 1, the packing

is distorted due to the presence of water molecules (yellow dots) and the interaction between these molecules and the NO3
� counterions; (b) view along

the [2, 0, 31] direction in compound 2, the parallel stacked columns are slightly displaced; (c) view along the c direction in compound 3.
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TG/SDTA experiments show that compounds 1, 2 and 3 melt

at different temperatures. This allowed us to identify three

isomers not just only in the crystalline state, but also when

polycrystalline or amorphous samples were obtained.

When single crystals of complex 3werewarmed (80 �C) for aweek,
the complex interconverted to compound 2, where the nitrate

counterion coordinates in a monodentate mode to the silver(I)

cation. The dependence of the coordination ability of the nitrate

counterion upon heating has been studied since 1996.64 In

compounds 2 and 3 this process is time and temperature dependent.

The conversionof compound3 to compound 2does not takeplace in

a shortperiodof time (a fewdays) andheatingover80 �Cdestroys the

crystallinity of the sample. The time required for this interconversion

limited the use of the TG/SDTA technique to follow the process.

Theoretical calculations on compounds 1–3

DFT calculations at the B3LYP/6–311++G** level were carried

out to estimate the stabilization energy due to ligand L in the

metallacycles. The crystallographic coordinates of the organic

ligand were extracted from the crystal structures of L : Ag

complexes (Lc) and used in the theoretical model without further

optimization. The calculated value from the crystallographic

data of the crystal structure of the ligand L (L1) was used as

a reference. All data obtained are expressed as the difference

between L1 and Lc.

The results obtained show the total energy (6Et), the energy

due to the p/p interactions (6Er) and stabilization energy due

to the diethylene glycol conformation (6Et) (Table 2).

As expected, the6Er may depend on the distance between the

aromatic ring centroids and the position at which the pyridine

rings are stacked.

Approaching the centroids of the two aromatic rings may

increase the repulsion between the aromatic electrons. This is

proportional to the values found for6Er. The increase of energy

is maximal at a distance of 4.149(8)Å (+3.00 kcal mol�1,

compound 3) and then drops to 4.082(9) Å (�7.22 kcal mol�1,

compound 2).

Concerning the spacer chain, the torsion angles of compounds

2 and 3 are relatively strained compared to the values found in 1.

This fact may in part explain the energy difference found in the

calculations. This strain significantly destabilizes the metallacycle

in both compounds 2 and 3 compared to compound 1.

The 6Et was calculated without taking into account the

ligand-to-silver(I) and silver(I)-to-counterion interactions in the

metallacycle. Thus, this result concerns only the ligand part of

the ring, and it is noteworthy that the value of 6Et is approxi-

mately equal to (6Er + 6Et).

The structural change of compound 3 to 2, where the silver(I)

cation is asymmetrically coordinated by the nitrate counterion

agrees with the plausible gain in energy for the ligand when

changing from 3 to 2 (about +54 kcal mol�1). However, previous

calculations on the metallacycles of 2 and 3, without considering

the counterion, show the opposite result. In that case the met-

allacycle in 3 seems to be energetically more stable than the

metallacycle in 2. The theoretical effect of the counterion in both

structures is currently under investigation and the results may

determine the reason for this interconversion process.

Fig. 7 Counterion coordination and metallacycle stacking in the crystal structure of compound 1–3. (a) View along the c direction in compound 1, the

interactions between the water molecules (yellow dots) and the NO3
� counterion molecules generate two different directions in the crystalline packing;

(b) view along the b direction in compound 2, the counterion molecules are contained in the layers formed by the metallacycles (black arrow), the

metallacycles stacked columns are slightly displaced (represented in red and blue); (c) view along the b direction in compound 3, the counterionmolecules

are located between the layers formed by the metallacycles (black arrow).

Table 2 DFT calculation results for the ligand in the metallacyclesa

Compound 6Et p–p/Å 6Er 6Et

Ligand L — 5.801(6) — —
1 +9.99 5.142(6) �7.22 +16.46
2 +20.07 4.082(9) �5.12 +25.42
3 +74.14 4.149(8) +3.00 +68.72

a All calculated energies are given in kcal mol�1.
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The solvent is another factor to be carefully analyzed. Solvent

polarity may indirectly promote the crystalline self-assembly of

compounds 1–3. By analyzing by ES-MS spectrometry samples

prepared in THF/water in variable proportions and DMSO we

were able to assess the presence of the metallacycle complex in

solution ({[Ag(L1)]2NO3}
+, 910 m/z), but after increasing the

concentration of the ligand, new polymeric species begin to

appear and become dominant in the spectra‡.

Although the presence of different compounds was evident

from ES-MS, the collection of single crystals from different

batches where several crystallization techniques were used

afforded only compounds 1–3.

The same results were obtained after changing the concentration

of the reactants. This may be an indication that the crystallization

process of the metallacycles is thermodynamically controlled

yielding only metallacycles when the system is undisturbed.

After being formed complexes 1–3 are remarkably stable.

Some assays to exchange NO3
� counterions for others counter-

ions (SO3CF3
�, PF6

�, ClO4
�) were carried out without success.

The crystals of complexes 1–3 remain stable under daylight for

several months. This phenomenon has been reported in a recent

publication.65

Conclusions

Three supramolecular assemblies with silver(I) nitrate and

a flexible organic ligand (L) were synthesized, two of these

compounds are polymorphs (2 and 3) whereas compound 1

crystallizes as the hydrated form of 2 and 3 and may be consid-

ered a pseudo-polymorphic form of these compounds. The

coordinating mode of the nitrate anion to the silver(I) ions varies

from m2m1—in compound 1, m1—in compound 2 to a m2—

symmetrical bidentade coordination in compound 3. These

flexible coordination modes enable the stacking of the metalla-

cycles in the solid state in column arrays, where aromatic and

metal-to-metal interactions are present. The availability of free

oxygen atoms, which may remain non-coordinating, allow the

formation of various hydrogen bonding networks. These may

control the interactions between the columns of stacking metal-

lacycles, and thus, the final supramolecular motif in the solid

state. The stronger bonding anion–cation may affect other weak

supramolecular forces (like metal-to-metal interactions), varying

the chemico-physical properties of such complexes in the solid

state.

The synthesis and characterization of complexes 1–3 enable

the investigation of the structural diversity inherent to the

polyvalent coordination ability of a single counterion. The

extension of this work to a similar type of supramolecular

systems may be fundamental to the study of the bonding inter-

actions present in the solid state.

Experimental

The synthesis of ligand L has been previously reported.66

Synthesis of compounds {[Ag2$L2](NO3)2(H2O)4} (1),

{[Ag2$L2](NO3)2} (2) and {[Ag2$L2](NO3)2} (3)

Crystals suitable for single X-ray diffraction were grown after

slow diffusion of L (30 mg, 0.094 mmol) dissolved in THF

(5 mL), through a mixture of water : THF 1 : 5, into a solution of

water (5 mL) containing AgNO3 (16.3 mg, 0.094 mmol).

The crystals taken from the silver side afforded complex 1

(hydrated). The crystals, which grew in the ligand side showed

the presence of complex 2, where the absence of water was

remarkable.

Yields (1): 19.9 mg (0.037 mmol, 40% calculated with respect

to AgNO3). Elemental analysis: calculated: C 36.78, H 3.86, N

8.05%; found: C 36.7, H 3.8, N 8.1%. IR: n(Ar–H) 3067.4 s,

n(–HC–H) 2910.0 s, n(C]O) 1721.9 s, n(C]C) 1548.9 w, n(ArC–

C, C]N) 1423.6 w, n (NO3) 1375.9–1273.7 s, n(–C–O) 1116.3 s,

n(ArC–H) 691.9 m

Yields (2): 13.8 mg (0.028 mmol, 30% calculated with respect

to AgNO3). Elemental analysis: calculated: C 39.51, H 3.32, N

8.64%; found: C 38.7, H 3.3, N 8.60%. IR: n(Ar-H) 3022.3 s,

n(–HC–H) 2919.2 s, n(C]O) 1715.0 s, n(ArC–C, C]N) 1412.1

w, n(NO3) 1362–1230.0 s, n(–C–O) 1124.1 s, n(ArC–H) 690.5 m

Synthesis of compound {[Ag(L)]NO3}2 (3)

L (60 mg, 0.18 mmol) was reacted with AgNO3 (32 mg, 0.18

mmol) in DMSO (15 mL). The solution was left in the dark for 1

month. Transparent single crystals suitable for X-ray diffraction

were collected. The crystals were filtered off and complex 3 was

measured.

Yields (3): 56.8 mg (0.11 mmol, 65% calculated with respect to

AgNO3). Elemental analysis: calculated: C 39.51, H 3.32, N

8.64%; found: C 39.5, H 3.30, N 8.62%. IR: n(Ar-H) 3050.0 s,

n(-HC–H) 2925.2 s, n(C ¼ O) 1720.3 s, n(ArC–C, C ¼ N) 1414.0

w, n(NO3) 1373–1228.3 s, n(-C–O) 1126.3 s, n(ArC–H) 694.3 m
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