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1. Introduction

A Review published in 1987 by Martin Jansen with the
title “Homoatomic d10–d10 interactions and their influence on
the structure and properties of matter” summarized for the first
time the experimental evidence for possible bonding inter-
actions between metal cations with a “closed-shell” electronic
configuration.[1] These observations had previously gone
largely unnoticed even though a large number of unexplained
pertinent phenomena had called for greater attention. The
majority of the cases compiled in Jansen�s Review of the mid-
1980s with about 150 references were taken from solid-state
silver(I) chemistry. Many binary and ternary solid phases
containing silver(I) as a major component, but also simple
silver(I) salts, had been shown to exhibit a strange aggrega-
tion of the silver cations in various structural domains leading
not only to light absorption in the visible region—and
therefore to color (yellow Ag3PO4) and photosensitivity
(AgBr)—but also to electronic conductivity and other proper-
ties unexpected for simple metal salts. The determination of
the crystal structure of the most common silver salt, AgNO3,
had shown that the silver cations are arranged in pairs with an
Ag–Ag distance of only 3.22 �,[2] and zigzag chains of silver
cations with short Ag–Ag spacings of 3.032 � were found, for
example, in the silver trisulfimide, Ag3(S3N3O6)·(H2O)3.

[3]

In contrast, only very few examples of comparable
phenomena had been observed and discussed in molecular
silver(I) chemistry. Therefore most of the early models used
for a theoretical description of the unexpected interactions
between metal cations with a d10 “closed-shell” configuration
were based on the situation in three-dimensional lattices.[1]

Molecular systems were treated first by Hoffmann et al.[4, 5] in
extended H�ckel molecular orbital (EHMO) analyses which
suggested that even at this then still crude level of theory
a hybridization of sets of s, p, and d atomic orbitals appears to
lead to significant bonding interactions between coinage

metal cations Cu+, Ag+, and Au+. This concept was also
shown to be valid for extended multidimensional systems.[6,7]

The 1980s also saw a rapid expansion of the chemistry of
gold in general, and of gold(I) coordination chemistry in
particular, and this development provided a plethora of
structural data of new mono- and polynuclear gold(I) com-
plexes.[8] Owing to the notoriously low coordination number
of gold(I) in its complexes (generally linear two-coordina-
tion),[9–11] the configurations and conformations of polynuc-
lear complexes, as well as the modes of aggregation of
mononuclear units in crystals, allow for many close intra- and
intermolecular contacts between Au+ centers.[12] For Ag+ ions,
the preference for two-coordination is less pronounced and
limited to complexes either with bulky or with particularly
strong and soft ligands, which reduces the number of
examples with a wide-open coordination sphere quite con-
siderably compared to the gold analogues.[11]

This progress in gold coordination chemistry prompted
the introduction of an illustrative terminology for the Au+–
Au+ interactions, and in 1988 the terms “aurophilicity”,
“aurophilic bonding”, and “aurophilic interactions” were
therefore proposed and have been met with rapid accept-
ance.[13–18] The combination of aurum (Latin for gold, used
also in its symbol as an element) and philein (Greek) for
a “distinct preference” or “affinity” (love) makes its meaning
(in chemistry) immediately obvious. For that reason, the
linguistically more logical combination with the Greek
chrysos for gold, to give “chrysophilic interactions”, was not
the alternative of choice. Shortly thereafter, the related
phenomena observed in silver chemistry were addressed as

The decade 1990–2000 saw a growing interest in aurophilic inter-
actions in gold chemistry. These interactions were found to influence
significantly a variety of structural and other physical characteristics of
gold(I) compounds. The attention paid to this unusual and counter-
intuitive type of intra- and intermolecular bonding between seemingly
closed-shell metal centers has rapidly been extended to also include
silver chemistry. Hundreds of experimental and computational studies
have since been dedicated to the argentophilicity phenomenon. The
results of this development are reviewed herein focusing on molecular
systems where two or more silver(I) centers are in close contact leading
to specific structural characteristics and a variety of novel physical
properties. These include strongly modified ligand-to-metal charge-
transfer processes observed in absorption and emission spectroscopy,
but also colossal positive and negative thermal expansion on the one
hand and unprecedented negative linear compressibility of crystal
parameters on the other.
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“argentophilicity”, “argentophilic bonding”, or “argentophilic
interactions”, using again the Latin “argentum” and not the
Greek “argyros”. To indicate the general validity of the
concept in coinage metal chemistry, the term “numismophi-
licity” was proposed (from the Latin word numisma for
a coin) by Vicente et al. in 1993,[19] but this was not used much
because an even more general notion was needed to include
closed-shell cations of metals outside the coinage-metal
group. When the term “metallophilicity” was introduced by
Pyykkç et al. in 1994,[20] this move has also found broad
acceptance, and the term is now used as a unifying label in
a rapidly growing number of texts.[21–27] A literature search for
the term now meets hundreds of publications particularly in
gold, silver, and copper chemistry.

1.1. A Note on Conflicting Terminologies

Surprisingly, the serious conflict in terminology that arose
with the introduction of the term “argentophilic” into
chemistry after 1990 went almost unnoticed. None of the
chemistry authors has since ever mentioned that this term had
already been introduced half a century earlier for a quite
different matter. This observation is a good illustration of the
broad gaps or high border walls between disciplines, in this
case between chemistry and medicine: Silver salts, and in
particular silver nitrate, have been used as analytical reagents
in histology throughout the 20th century and up to the present
time.[28] Distinct components of human and animal tissues
show a staining after treatment with silver salts either directly
or after reduction with formalin or other reductants, and these
components are called “argentophilic” proteins,[29] bodies,
plaques,[30] granules, globules,[31] fibers, papillar patterns,[32]

inclusions, reticulae, deposits, materials etc. The analytical
targets (“argentophilia”) are identified by their reaction with
silver salts used in various histochemical techniques to detect
“argentophilic” structures and characteristics.[33] The analyt-
ical methods based on this reaction are currently highly
relevant in the research and diagnosis of tumor tissues,
leukemia, Alzheimer, and Creutzfeld–Jakob and other dis-
eases.[32, 34, 35] A good part of the earlier pertinent publications
have used the fully Greek alternative, namely, “argyro-
philic”,[28] which clearly did not lead to any confusion for
those educated in both ancient languages. In addition, in

publications in German, the term “argentaffin” has
appeared,[36] but has not been used widely.

A similar development has taken place, on an as yet
smaller scale, for the term “metallophilic”. In medicine,
current literature now refers, for example, to “metallophilic
macrophages”,[34] “selective metallophilicity of microorgan-
isms”,[35] “metallophiles with specific receptors”,[36] “metal-
lophilic zones” of tissues etc. However, these notions do not
include the specific silver reactions mentioned above, but
refer to biological substrates which generally accumulate
certain metals.

Clearly, because researchers in chemistry and medicine
live in largely separated worlds, no confusions or conflicts
have yet been reported. Fortunately, there has not been
a similar overlap in the use of the term “aurophilic”. Even
though solutions of gold salts were also used as reagents in
histology and pathology to mark specific tissues,[28] the
response has not been called “aurophilic”.

In summary, scientists describing interactions between
metal atoms or ions with closed-shell electronic configuration
in chemistry can avoid nomenclature or terminology conflicts
by using the terms “metallophilic bonding” or “metallophilic
interactions”, which are generally not used in the medical
literature. In the present article, any close mutual approach of
silver centers in molecular silver compounds is addressed as
an “argentophilic contact” which is associated with an
“argentophilic interaction” that may be weakly bonding and
affect the structural and electronic characteristics in a way
that can be recognized by standard analytical techniques.

1.2. Scope of the Review

In this Review of argentophilic interactions, the literature
on the homoatomic metallophilic contacts between silver
atoms is critically presented, excluding heteroatomic combi-
nations of silver atoms with other metals. There is a wealth of
information on mixed-metal systems including, not only the
coinage congeners Cu and Au,[19] but also many of the other
neighboring elements of silver in the periodic table. It is
unfortunate that by this limitation, set to keep the article
within an acceptable frame, some of the important new
directions in this area of research cannot be accounted for.
Fortunately, some key developments have recently been
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reviewed by Sculfort and Braunstein, and their article reflects
the highlights of the art in this area.[37] In all the papers cited
and discussed herein, the authors themselves have explicitly
used the argentophilicity terminology to rationalize struc-
tural, spectroscopic, or other physical phenomena. In fact, the
publications can easily be found by following just this lead.

In a first part (Section 2), we introduce some generally
valid criteria that support the concept of argentophilic
bonding based on structural and other physical data of
simple, representative classes of compounds. The results
obtained in computational studies of related model systems
are also briefly introduced. The second part (Section 3)
presents a selection of classical and more recent results on
prominent groups of compounds which have been organized
according to the following structural principles:

For about two decades already, argentophilic interactions
have been differentiated in the literature as unsupported or
supported, depending on the absence (1a–c) or presence (2a–
g) of any ligand connectivity between the silver cations
concerned. In the unsupported, the Ag–Ag contact often
represents the closest approach between independent molec-
ular units and therefore its effect is easier to evaluate. In
contrast, for the ligand-supported cases the assessment of the
significance of any argentophilic interactions only on the basis
of, for example, the distance criterion (see Section 2.1) is
more difficult because clearly the structural requirements of
the ligand bridges may enforce either shortened or elongated
Ag+–Ag+ contacts. By definition, single and multiple unsup-
ported interactions are observed mainly between independ-
ent mono- or polynuclear units (i.e. intermolecular), sup-
ported argentophilic contacts are found within di- or poly-
nuclear units (i.e. intramolecular). With only one ligand
bridge, the contact is called mono- or semi-supported (2a,
2b), while two or three bridges make it double- or triple-
supported (2 c–g). The units involved can be simple oligonu-
clear molecules in the form of short or long chains, small and
large rings or cages, as well as layers.

As already indicated in the formulae 1 and 2, the silver
atoms may have coordination numbers of up to four, but for
tri- or tetracoordination the distances to the donor atoms are
generally very different suggesting that the third or fourth

donor is only loosely attached in a non-standard distorted
coordination geometry (not strictly trigonal planar or tetra-
hedral). This borderline situation arises mainly with chelating
or other polydentate ligands which place extra donor sites
close to the silver centers following their conformational
preferences. In exceptional cases the coordination number of
the silver cations may even exceed four.

The recent work on the clustering of silver cations at
a common central mono- or diatomic unit, such as in onium
cations of the types 3a, 3b with E representing a halide or
a chalcogenide anion, or in multi-cation clusters around
a sulfide or an acetylide anion for which the symbols
[S@(Ag)8]

6+ or [C2@Ag8]
6+ (3c) have been introduced,

deserves special consideration (Section 3.4). In these cases,
the close mutual approach of the cations leads to particularly
intimate argentophilic contacts.

Throughout this article, all silver atoms are in the “closed-
shell” + 1 oxidation state, which excludes, in particular, the
vast area of silver clusters in which mixed oxidation states of
the silver atoms (between 0 and + 1) lead to an entirely
different bonding situation not to be addressed as argento-
philic interactions.

2. Experimental and Computational Evidence for
Argentophilic Bonding

2.1. The Ag–Ag Distance Criterion

For more than two decades, assessments of argentophilic
interactions have been made mainly on the basis of short Ag–
Ag distances in and between a large variety of molecules, and
in multidimensional systems. For comparison, the 1984
edition of the standard treatise on “Structural Inorganic
Chemistry” mentioned less than half a dozen structures where
surprisingly close Ag–Ag contacts had been observed,
suggesting “some metal–metal interaction”.[38] In the discus-
sion of the results of the structure determination of a com-
pound [Me3PAgPMe3]

+ [Ph-C�CAgC�CPh]� by Corfield
and Shearer in 1966 the distance of 3.033 � between the silver
atoms in an alternating chain of cations and anions was still
listed under “non-bonding contacts”.[39] Similarly, even the
short Ag–Ag distance of 2.756 � in the dinuclear 1:1 complex
of 1,8-naphthyridine and AgClO4 (type 2c) went without any
notice of its possible significance.[40] In the late 1980s,[41]

following a structural study of dinuclear silver(I) formami-
dato complexes (also of type 2c, see Section 3.7.3), Cotton
et al. refuted explicitly the assignment of any Ag–Ag bonding
in these and related examples based only on the presence of
short intramolecular contacts. Even though the Ag–Ag
distance was found to be as short as 2.705(1) �, calculations
on the SCF Xa SW level seemed to indicate that neither p nor
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d bonding can make a significant bonding contribution, while
the s interactions are largely compensated by s* interactions
leaving little or no net Ag�Ag bonding. More recent detailed
theoretical analyses of metallophilic bonding between coin-
age-metal cations have provided a deeper and more balanced
insight into the specific correlations that can help to ration-
alize the interactions.[20–27, 42]

In the current literature there appears to be general
agreement that argentophilic interactions must be considered
to be present in all molecular and crystal structures where two
or more low-coordinated silver cations with a [Kr]4d10

electronic configuration appear in pairs or groups with sub-
van der Waals contacts between the metal atoms (shorter than
ca. 3.44 �).[43] The lower end of the range of distances to be
considered is marked by the length of the covalent bond
observed in the diatomic molecule Ag0

2 or in silver(II)
compounds with a [Ag2+

2]
4+ core, where the open shells

[Kr]d10s1 and [Kr]d9s0 allow for standard Ag�Ag single bonds.
For [Kr]d10s1, the gas-phase value of 2.5335(5) � in the Ag2

molecule is available,[44] but for [Kr]d9s0, there are no simple
representative examples. The midway between the border
regions is roughly set by the shortest interatomic distance in
the ccp crystals of silver metal (2.89 �).[38] The overall range is
about the same as the one previously accepted for aurophilic
interactions, mainly because Ag+ and Au+ have almost the
same cationic radius, with Au+ being only slightly smaller.[45]

It should be noted that the metallophilicity phenomenon
is counterintuitive not only because of the closed electronic
shell [Kr]4d10 for Ag+, but also because the interaction
between metal cations is expected to be Coulomb repulsive,
even though there may be some charge delocalization onto
the ligands. Moreover, and surprisingly, there is ample
experimental evidence that argentophilic interactions are
not limited to pairs of silver atoms. Multinuclear units
(Ag3

3+… Agn
n+) and finally chains, rings, or even layers of

silver atoms were also found to be held together by these
contacts. A silver cation may entertain these multi-argento-
philic interactions without a significant shortening or length-
ening of the standard distances (ca. 3.0 �), and with no
specific directionality.

Wherever possible, most experimental or theoretical
attempts to estimate the structure and energy characteristics
of argentophilic interactions have tried to rely on cases or
models of unsupported contacts (1a–c). These unsupported
interactions are particularly relevant in supramolecular
chemistry where in the absence of other functionalities the
aggregation of the components may seem at a first glance to
be solely determined by intermolecular Ag+–Ag+ contacts.

2.1.1. Simple Silver(I) Complexes with Ammonia, Water, and
other Small Ligands

Simple formally unsupported examples are found, for
example, in the classical crystal chemistry of di(ammino)silver
salts [H3N-Ag-NH3]

+ X� . In all cases known to date, with half
a dozen of different anions X� , the cations are aggregated to
form chains by argentophilic contacts with Ag–Ag distances
in the narrow range of 2.9–3.1 � and linearity for the Ag–Ag–
Ag assembly, including cases where polymorphism occurs

(4).[46–50] The N-Ag-N axes of neighboring cations are
generally close to orthogonal (staggered with regard to the
Ag–Ag axis), but with an exchange of the anions the dihedral
angles N-Ag–Ag-N nevertheless may deviate from the 908
standard very considerably. In all comparable cases (with the
same anions, investigated at about the same temperature), the
distances are only slightly larger (by ca. 0.03 �) than in the
corresponding gold(I) complexes. For gold(I) complexes,
a Mayer bond order[51, 52] of 0.168 has been calculated for
the unsupported Au–Au interaction, which accordingly is
expected to be only slightly less for Ag–Ag.[53] In another
theoretical study, the interaction of a di(aquo)gold cation
[H2O-Ag-OH2]

+ with two bis(imido)gold cations (5) has been
calculated as a model for the units found in the complex
structure with bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxydii-
mide ligands (drawn as maleinimide in model 5). This is a very
rare case in which a homoleptically two-coordinate aquo
complex of silver has been observed. An equilibrium Ag–Ag
distance of 3.11 � and a bond order of 0.15 have been
obtained for the model system. The former compares well
with the experimental data (3.087 and 3.114 �).[54]

[H3N-Ag-NH3]
+ cations have also been found attached by

argentophilic contacts to silver atoms engaged with other sets
of ligands. One of the examples has the composition [Ag4-
(NH3)4(npt)2(H2O)] with npt = 3-nitrophthalate. In the crys-
tals three silver atoms are associated into a triangle with Ag–
Ag contact edges of 3.0191(1), 3.128(1), and 3.301(1) �.
These three silver atoms have their N-Ag-N, N-Ag-O, and O-
Ag-O axes roughly perpendicular to the plane of the triangle
(O = phthalate oxygen atoms, N = ammonia nitrogen atoms,
6a). Further Ag–Ag contacts are extending from each corner
of the triangle to neighbouring silver atoms to give the planar
network shown schematically in 6b. This structure is an
illustrative example of infinite argentophilic bonding in two
dimensions. It should be noted that all Ag atoms are strictly
two-coordinate (close to perpendicular to the plane of the
sheet) and all Ag–Ag contacts thus unsupported. The silver
atoms can have two, three, or four nearest silver neigh-
bors.[55]

To give an example for cases with unsupported Ag–Ag
interactions between silver atoms with higher coordination
numbers, short Ag–Ag distances are also found between the
metal atoms of the dications [Ag2(NH3)8]

2+ in the isotypical
[ZrF6]

2� and [HfF6]
2� salts, where the two quasi-tetrahedral

[Ag(NH3)4]
+ units are strongly flattened and some of the

ammonia molecules more distant than others (Ag–N dis-
tances in the range 2.422(3)–3.142(4) �) such that a mutual
approach to give Ag–Ag distances of 3.1221(5)/3.1414(9) � is
possible (7). (For comparison, the Ag–N distances in the
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cation [H3N-Ag-NH3]
+ are much shorter at an average of

2.12 �). However, owing to the presence of so many of
ammonia molecules, the Ag–Ag contacts in both cases—and
in many others—may be taken as at least weakly supported by
the extensive network of hydrogen bonds in the crystals.[56]

This observation can also be made
with the 1:1 complexes of AgCN with
ligands such as ethylenediamine, in which
the silver atoms in the monomeric units
are three coordinate. The monomers are
organized in stacks with Ag–Ag contacts
of 3.18 �, supported by external hydro-
gen bonds (8, all hydrogen atoms omit-

ted).[57] An even more obvious case has been presented for
a compound with silver atoms bound to oxime functions
linked by strong hydrogen bonds (Ag–Ag 3.187(1) �).[58]

As another alternative, Ag–Ag interac-
tions may be supported by p–p stacking
interactions: the organization of di-
(pyridine)silver cations follows the same pat-
tern as in 4 with a slightly puckered chain of
silver atoms (in the presence of three different
non-coordinating anions). In a dinuclear unit,
the two N-Ag-N axes are staggered (9), and
these dimers are eclipsed relative to the
subsequent dimers in both directions along

the string of silver atoms. Depending only slightly on the
nature of the anion, the Ag–Ag distances are in the range
2.9642(2)–3.001(5) � for the dimers, but 3.34–3.37 � for the
inter-dimer packing. Interestingly, the average distance
between the pyridine rings is about 3.57 �, indicating that
the silver atoms are drawn closer together, even though the p–
p stacking of the pyridine rings is already optimized at
a longer distance. Accordingly, the N-Ag-N axes are bent (to
an average of 1758).[59]

Considering all these results, it has recently been pointed
out that even in the absence of ligand bridging by conven-
tional electron-pair bonding (1a–c), the Ag+–Ag+ interaction
may not really be “unsupported” in any condensed phase:
Many of the ubiquitous weak forces, such as hydrogen
bonding, p–p stacking, ion–ion, ion–dipole, and dipole–
dipole attraction, and last but not least, van der Waals
interactions, established between the ligands can influence
markedly the mode of aggregation and thus co-determine the
Ag+–Ag+ distance between the mononuclear compo-
nents.[21, 60]

Therefore, any estimation of the strength of the Ag�Ag
bonding based only on relative distances should be taken with
some reservation. There is generally a better correlation
between M�M bond strength and the vibrational force
constants of bonds in dinuclear homometallic compounds,[21]

but as shown below (in Section 2.2), presently very few studies
have been documented.[61]

It has further been demonstrated in extensive theoretical
studies by Pyykkç et al. that the nature of the ligands has
a significant influence on the distance and the strength of
metallophilic interactions. This effect is due to both the
symmetry (C1v, Cnv, Cs etc.) and the electronic structure of the
donor molecules which give rise to different mutual disper-
sion, induction, and dipole and multipole electrostatic inter-
actions. Any comparison of data of complexes with different
metals should therefore refer to comparable ligand systems.[62]

2.1.2. Simple Hypothetical Model Systems (AgX)4

Several different hypothetical model systems which may
best shed light on the role of argentophilic interactions owing
to their simplicity have been subjected to theoretical studies,
but for many of these cases there are no experimentally
characterized counterparts. This is true, for example, for the
series of the hypothetical tetranuclear model compounds
(AgX)4 with X = H, CH3, SiH3, GeH3, NH2, PH2, OH, F, Cl,
Br, and I recently investigated by DFT calculations. In the
square-planar silver metallacycles which are the ground-state
geometries (10), the Ag–Ag distances vary in the range 2.690–
2.822 � for electron-deficient systems (with X = H, CH3,
SiH3, and GeH3), while they are found near 3.010 � for
electron-pair donor–acceptor bonding (with X = halide, OH,
NH2), and up to as much as 3.851 � (for X = PH2). There is
significant long-range diatropicity (aromaticity for X = H,
CH3) and paratropicity (anti-aromaticity for X = halide etc.)
above/below and in the ring plane, respectively.[63] Note that
in this model (10) there are only supported Ag–Ag contacts,
which may make only very minor contributions to the overall
bonding and influence the ground state geometry of the
molecules very little. In the following two
Sections therefore two classes of silver com-
pounds (LAgX with L = tertiary phosphine or
N-heterocyclic carbene) are highlighted,
where unsupported interactions are the
focus, and where theoretical and experimen-
tal data are more complementary.
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2.1.3. Phosphine Complexes [(R3P)AgX]

The theoretical work in this area focused first mainly on
the dimerization of the phosphine complex [H3PAgCl],[42]

because the corresponding gold compounds of the type
[R3PAuX] are experimentally and theoretically well-docu-
mented reference systems.[15–26] In studies by the group of
Stoll, the structure of the monomer was optimized, and for the
dimer [{H3PAgCl}2] a model with a crossed (staggered)
conformation (11a) was selected for DFT and ab initio
calculations (MP2, MP2(CP), LMP2, LMP2(CP)). The results
gave Ag–Ag distances in the range 2.866–2.921 �. For any of
the methods of calculation, these distances are much larger
than those for the copper analogue (2.637–2.809 �), and
slightly shorter than those of the gold analogue (2.949–
3.025 �). The Ag–Ag interaction energies are in the range
�30.70 to �38.90 kJ mol�1 indicating significant bonding. The
values calculated for the Cu (�22.09 to �36.70) and Au
(�34.82 to �47.79 kJmol�1) compounds have broader ranges,
making a comparison difficult. The interaction is based on
both dispersive and non-dispersive forces.[42]

The studies on the triad [H3PMCl] with M = Cu, Ag, Au
were refined in frequently cited work by O�Grady and
Kaltsoyannis who employed methods beyond MP2 using
QCISD and coupled cluster approaches. DFT calculations
were also conducted, realizing though that this approach may
not be reliable for van der Waals-like attractions (dispersion
forces).[27] The staggered dimer was again selected as poten-
tially the most informative model regarding the influences
and the energy of the potential M–M interactions, even
though the calculations indicate that the antiparallel and
“shifted” (slipped) models (11b, 11 c) are both lower in
energy. Surprisingly, the results have suggested that even
though there is generally a substantial interaction energy, it
rises from Cu to Ag, but then decreases from Ag to Au (and to
element 111), while in MP2 calculations a steady increase had
been found. The interaction energy in the dimer [{H3PAgCl}2]
was determined to be approximately �15 kJ mol�1 which is
the largest in the [{H3PMCl}2] series.

In another subsequent study, the group of Schwerdtfeger
has confirmed this trend for the [{H3PMCl}2] dimers by DFT
and MP2 calculations with energy-consistent small-core
scalar-relativistic pseudopotentials and the corresponding
large-sized valence basis sets, arriving at roughly the same
value for the interaction energy. In this work, the staggered

trimers (dihedral angles constrained to 908, 11d) have also
been considered and found to exhibit even slightly larger
interaction energies per Ag–Ag contact.[64]

It should be noted, however, that a) no complex
[(H3P)AgX] is known, and that b) most complexes of tertiary
phosphines with silver halides, [R3PAgX], appear as mono-
mers only if very bulky phosphines are present which
preclude any aggregation. With less-bulky phosphines, oligo-
merization occurs either to four-membered ring dimers of the
type 12a or cubane-type tetramers 12b, the structural variety
being complemented by units with incomplete cubes or stair-
type arrangements. Therefore the [{H3PMCl}2] models are not
the best examples to trace metallophilic bonding.

The situation is different with anions other than halides:
The complex [Cy3PAuOC(O)CF3] (Cy = cyclohexyl) indeed
forms the expected “crossed” dimer with a monodentate
ligation of the trifluoroacetate group at linearly two-coordi-
nate silver atoms. The Ag–Ag contact of 3.095(1) � is in the
theoretically predicted range (13 a).[65] However, already with
the bidentate bis(dicyclophexylphosphino)methane, a triply
supported Ag–Ag contact of 2.8892(9) � is established (type
2 f ; 13b). The trifluoroacetate groups are bridging three-
coordinate silver atoms. Other examples of this type are
described below.

2.1.4. N-Heterocyclic Carbene Complexes [(NHC)AgX] and Their
Isomers

The situation is quite different for complexes
[(NHC)AgX] where NHC is an N-heterocyclic carbene
ligand and X a halogen. Because of the rapidly growing
importance of these compounds as catalyst precursors, there
is a much greater wealth of both experimental and theoretical
data. The extremely complex structural chemistry was
summarized early on in three Review articles.[66–68] As
shown therein, with very bulky NHCs the molecules are
heteroleptically substituted monomers with a linear C-Ag-X
axis, but in several cases ligand redistribution has led also to
ionic isomers made up of homoleptically substituted cations
and anions [Ag(NHC)2]

+ [AuX2]
� . These ions have linear C-

Ag-C and X-Ag-X axes, respectively. In crystal structures,
these ions may be either separated, or associated through
argentophilic contacts with only minor distortions of this
geometry, depending on the nature of the NHC ligand (14 a).

With smaller NHCs, [(NHC)AgX] complexes are aggre-
gated in virtually all cases known to date, but the structural
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pattern of the aggregates may be very different depending on
the distribution of the substituents at the NHC and their
electronic influence. Without ligand redistribution, two
monomers may form a dimer by establishing an Ag–Ag
contact retaining the C-Ag-X linearity at different torsional
angles (14 b, 14c). However, the vectors of the two monomers
may be shifted in opposite directions lengthening the Ag–Ag
distances and shortening the Ag–X distances to reach finally
a four-membered ring (Ag2X2) and induce a bending of the C-
Ag-X axes (14d). It should be noted that the dimers thus
reach an arrangement where the Ag2X2 ring resembles that in
complexes 12a, or one face of the cube [{(R3P)AgX}4] formed
by the complexes with tertiary phosphines (12b).

Moreover, with small NHCs ionic isomers are also
observed which have their ions arranged in ion pairs (14 a)
or in alternating chains built through argentophilic bonding
without major bending of the molecular axes (14e). Finally, in
a third structural alternative for the same 1:1:1 stoichiometry
(for L:Ag:X), the anions may be paired up in cyclic dimers
[(XAgX)2]

2� which have the two cations attached again
through Ag–Ag contacts (14 f).

As shown by the groups of Nolan and Ghosh, various
types of complexes indeed appear consistently as dimers (14 b,
14c) in the solid state and their structures and bonding
characteristics have been investigated in great detail.[69, 70] In
crystals of complexes [(NHC)AgCl] with NHC = 1,3,4,5-
tetramethyl-, 1,3-diisopropyl-, and 1,3-dicyclohexylimidazol-
2-ylidene, for example, the dimeric units have Ag–Ag
distances of 3.0673(3), 3.0181(6), and 3.124(2) �, respectively.
The gold analogue of the 1,3-dicyclohexylimidazol-2-ylidene
was also investigated and shown to have a slightly longer Au–

Au contact of 3.1566(6) �. For certain NHCs only a partial
ligand redistribution has been observed which leads to
trinuclear aggregates (14g) comprising an [(NHC)2Ag]+

cation, an [AgCl2]
� anion, and an [(NHC)AgCl] molecule

associated by two Ag–Ag contacts (3.0242(2) and
3.0752(2) �). With very bulky NHCs, the molecules are
monomers in the crystal structures, no doubt for steric
reasons.[70] Similar results have been obtained with imidazol-
based NHCs bearing a dangling w-aminoalkyl substituent.
The Ag–Ag contacts between [AgCl2]

� anions and
[(NHC)2Ag]+ cations along the chain of silver atoms are
near 3.20 � for a set of different substitution patterns.[71]

Crystals of the complexes of 1-benzyl-3-(N-tert-butylacet-
amido)imidazol-2-ylidene with AgCl and AuCl are isomor-
phous and contain dimers in staggered conformation (14b)
with very similar dimensions, including contacts Ag–Ag
3.1970(12) and Au–Au 3.2042(2) �. The C-Ag-Cl axis is
more strongly bent (to 167.3(2)8) than the C-Au-Cl axis (to
172.38(8)8) allowing a particularly close Ag–Ag contact. The
bonding in the dimers has been analyzed by DFT methods,
and interaction energies of 12.8 (Ag) and 8.6(Au) kcalmol�1

have been calculated.[69] These findings indicate that for this
type of compound argentophilic interactions are indeed
stronger than aurophilic interactions, and that bond length
and bond energy are correlated.[21] Between cations and
anions of compounds [Ag(NHC)2]

+
2 [Ag2X4]

2� with X = Cl, I
(14 f) short Ag–Ag contacts of 2.984(1) and 3.135(4) � have
been observed. This situation is remarkable since in this
combination the silver atoms have different coordination
numbers (2 in the cations, 3 in the anions), illustrating again
the versatility of this type of interactions.[72]

The most recent theoretical investigation by Pinter et al.
of [(NHC)MX] complexes and their dimers [{(NHC)MX}2]
with M = Cu, Ag, Au and X = F, Cl, Br, I used ab initio
interaction energies, Ziegler–Rauk-type energy decomposi-
tion analysis, the natural orbital for chemical valence
(NOCV) framework, and non-covalent interaction (NCI)
indices to further characterize the metallophilic interac-
tions.[73] The dimers were found to predominantly adopt the
head-to-tail arrangement (14c) with interaction energies of
�25 kcalmol�1 for M = Ag, Au and of �19.7 kcalmol�1 for
M = Cu. However, the inclusion of solvation effects and
thermal motions leads to a destabilization of the dimers by
about 15 (Ag, Au) and 8 kcal mol�1 (Cu) suggesting mono-
mer–dimer equilibria in solution. The major contribution to
the energy associated with the dimerization arises from
electrostatic interactions [(NHC)d+-Xd�] , followed by disper-
sion and orbital interactions. The results have confirmed the
similarity of argentophilic and aurophilic interactions and
that the cuprophilic interaction is significantly weaker. The
study of the influence of the four halide anions (F, Cl, Br, I) on
the gas-phase dimers has shown that iodide leads to the
shortest Ag–Ag contact (3.04 �) and fluoride to the longest
(3.64 �), but to higher interaction energies for fluoride (F
�26.3, Cl �22.6, Br �22.3, I �23.0 kcalmol�1), mainly owing
to electrostatic interactions [(NHC)d+-Xd�] and possibly
hydrogen bonding.

It has been pointed out that these results[73] deviate from
those of previous studies of the [{H3PMX}2] analogues,[22, 42,74]

Argentophilicity
Angewandte

Chemie

753Angew. Chem. Int. Ed. 2015, 54, 746 – 784 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


mainly owing to the consideration of different conformers:
the parallel head-to-tail conformation (14 c) as opposed to the
crossed conformation (14 b), where the [(NHC)d+-Xd�] inter-
actions play a less-prominent role.

The cations [(NHC)2Ag]+ with NHC = 1,3-bis(pyridinyl-
methyl)imidazol-2-ylidene and Cl� or PF6

� as the counterions
form dimers 14 h, but therein the Ag–Ag contact is as long as
3.650(2) �, and it is likely that the (Coulomb-repulsive)
dimerization is only supported by p–p stacking of the
imidazol rings.[75]

In a very recent experimental study by the group of
Braunstein, N- and N,N’-diphosphanyl substituted NHCs
have been employed as ligands for silver triflate. Dinuclear
complexes have the two silver atoms in a heteroleptic bonding
(phosphine/carbene), while for the trinuclear complexes the
homoleptic bonding (phosphine/phosphine or carbene/car-
bene) is enforced (15, 16). The Ag–Ag contacts in the
trinuclear complex trication, 2.7599(3) �, are among the
shortest found for (supported) argentophilic interac-
tions.[76]

The reactions of silver(I) thiolates (AgSR)n with PR3 or
NHC ligands (L) afford tetranuclear complexes
[Ag4(SR)4(L)2]. The structures are based on an eight-mem-
bered ring of alternating Ag and S atoms with transannular
Ag–Ag contacts and Ag–Ag edges bridged by S atoms. This
multinuclear type of strongly supported argentophilic con-
tacts is considered in Section 3.4.1.[77] It is generally true that
Ag–S interactions overrule Ag–Ag interactions owing to the
pronounced affinity of silver for sulfur.[78] Similar observa-
tions were made with gold(I) thiolate or thiophosphate
complexes.[15–18]

Carbene carbon atoms bridging two silver atoms have
been discovered in the trinuclear cation [Ag3(NHC)3]

3+ with
NHC = 1,3-dipicolylbenzylimidazol-2-ylidene. In the tetra-
fluoroborate salt the C3-symmetrical triangle of gold atoms
has short Ag–Ag distances of 2.777(1) � (Section 2.4).[79]

2.2. Vibrational Spectroscopy Criteria

Since argentophilic interactions must have consequences
for the internal molecular motions of molecules or aggregates
of molecules, a few detailed investigations have been
dedicated to the vibrational spectra of the silver compounds
under consideration. However, owing to the complexity of
most IR and Raman spectra of compounds with a variety of
ligands, and the low frequencies of Ag–Ag vibrations, few
studies have so far provided convincing evidence for signifi-
cant bonding interactions.

Examples for unsupported interactions are found in
crystals of various dicyanoargentates(I), M[Ag(CN)2],
where the anions are either paired or organized in linear or
zigzag chains through Ag–Ag contacts (Section 3.5). The
chains of Ag(CN)2

� ions found in crystals of the prominent
example Tl[Ag(CN)2] are illustrated schematically in formula
17. A detailed Raman study of this compound has shown that
lines for the n(Ag–Ag) vibrations can be detected in the range
ñ = 75–125 cm�1 (at 80 K) suggesting weak,
but significant bonding between the silver
atoms. The result was supported by
extended H�ckel calculations employing
relativistic parameters for all atoms for the
dimer, trimer, and pentamer {[Ag(CN)2]n}

n�

(n = 2, 3, 5) which resemble segments of the
chains of anions in the crystal. For the
appropriate conformations, binding ener-
gies of 0.13, 0.6, and 0.7 eV were found for
the depths of the corresponding potential
wells.[80]

According to the results of a crystal-structure determi-
nation, silver atoms accommodated in the macrocycles 18 a
are exposed on one side of the bowl-shaped ligand which
allows Ag–Ag contacts (3.126(1) �) between the bottoms of
two bowls shown schematically in 18b. Raman studies of the
complex (with triflate counterions) in the solid state with laser
excitation at lex = 514.5 nm showed new bands in the range
lem = 55–174 nm which have been assigned to Ag–Ag stretch-
ing modes. Detailed assignments were not possible owing to
the complexity of the structure in which there are three
different sites for tetracoordinate silver atoms. The support by
the counterions is uncertain. The compound is luminescent
(lex = 355 nm, lem = 410, 460, and 485 nm).[81] Similar contacts
have also been discussed for the dimers formed with other flat
macrocycles, but there also the role of the anions is a point of
concern.[60]

A Raman study of a supported argentophilic interaction
has been carried out for the cyclic dications, shown in formula
19, formed with 1,3-ditertiary phosphine ligands. In crystals of
the salt with the non-coordinating hexafluorophosphate anion
and R = Me, the Ag–Ag distances are 2.936(1) and 2.960(1) �
(for two independent molecules), suggesting significant
bonding. Accordingly, a n(Ag–Ag) stretching frequency was
found at ñ = 75 cm�1 (force constant F = 0.18 mdyn��1)
which again indicates argentophilic interactions. By contrast,
with bromide as a coordinating anion, the Ag–Ag distance is
lengthened to 3.605(2) � and the Raman line is shifted to
n(Ag–Ag) = 49 cm�1 (estimated force constant F =

0.030 mdyn��1).[82] In later work by Che et al. on the cations
19 with R = cyclohexyl and associated with trifluorometha-
nesulfonate or hexafluorophosphate anions, very similar

.Angewandte
Reviews

H. Schmidbaur and A. Schier

754 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 746 – 784

http://www.angewandte.org


results were obtained by resonance Raman spectroscopy (in
acetonitrile solution using the lex = 273.9 nm excitation):
d(Ag–Ag) = 2.948 �; ñ(Ag-Ag) = 80 cm�1; force constant
F = 0.203 mdyn ��1). This work has confirmed the earlier
conclusion that there is a good correlation between the

distance d and the force constant F. Since for
the corresponding gold complex the force
constant is significantly higher (ñ(Au–Au) =

88 cm�1; F = 0.449 mdyn��1) for a compara-
ble distance (2.987 �), it has been concluded
that in these specific cases the aurophilic
interactions are stronger than the argento-
philic interactions.[65, 83]

2.3. Thermal Contraction and Negative Linear Compressibility

Thermal expansion of crystalline materials is a common
physical property. Through the inherent anharmonicity of
bond vibrations, the average distance between bonded pairs
of atoms increases with temperature, and this increase is
reflected in the expansion on the macroscopic scale (positive
thermal expansion, PTE). Typical expansion coefficients
a are on the order of 10�6 to 10�5 K�1. Exceptional, but
technically widely exploited cases of near-zero thermal
expansion are rare and have been found mainly among
specific alloys where thermal expansion is balanced by
magnetorestiction effects. Other examples are lattices with
flat energy profiles for the bending of valence angles, such as
for Si-O-Si in quartz and silicates. A shrinking or contraction
of the dimensions of matter upon heating (also called
“negative thermal expansion”, NTE) is an even rarer
phenomenon.[84]

Extreme cases of thermal expansion (TE) and also of
“NTE” have recently been detected for a group of tri-silver(I)
hexacyanometallates(III) by Goodwin et al.[84,85] The effect
was so pronounced that the terms “colossal TE and colossal
NTE” have been created for cases where a is larger by about
an order of magnitude (10�4 K�1), and the effect has been
traced to strong argentophilic interactions. Crystals of
[Ag3{Co(CN)6}] are trigonal, space group P3̄1m (a-Po type),
and are built of alternating layers of silver cations and
[Co(CN)6]

3� anions. The silver atoms of a given layer form
a Kagom� net with Ag–Ag distances of approximately 3.4 �
(20), and the cobalt-centered octahedra are positioned above
and below the biggest “holes” in the Kagom� nets. Each
cyano ligand is a linear connector for a silver and a cobalt
atom: Ag-C�N-Co (Figure 1, top). Upon heating (20–300 K),
the crystals undergo drastic changes in the lattice parameters
a (PTE) and c (NTE) as shown in Figure 1, bottom, as found
by both X-ray and neutron diffraction studies. DFT calcu-
lations including a modest additional dispersive term (r�6)
have shown that argentophilic interactions contribute signifi-
cantly to the bonding in the Kagom� nets of the silver atoms
assisting in the shrinkage and resisting the expansion along
the relevant crystal axes. The isostructural crystals of
[Ag3{Fe(CN)6}] show the same behavior. In contrast, the
parent structure with deuterium cations replacing the silver
cations, [D3{Co(CN)6}], exhibits perfectly normal PTE. This

finding has corroborated the significance of
metallophilic bonding.[85, 86]

The reciprocal phenomenon, large “neg-
ative linear compressibility” (NLC), has also
been observed for [Ag3{Co(CN)6}] at room
temperature for the pressure range up to
7.65 GPa, which also includes a phase transition. Extremely
large compressibility constants Ka =+ 115 TPa�1 and Kc =

�76 TPa�1 for the a and c axis, respectively, have been
measured (Figure 2). In a summary of this work it has been
stated that the NTE and NTC effects observed in
[Ag3{Co(CN)6}] are the strongest yet reported and compara-
ble to those found for solid Xenon (+ 130 TPa�1 at 100 K).
This parallel supports the significance of strong dispersion
forces in metallophilic interactions.[87]

A similar connectivity pattern is found in the dicyanoar-
gentates(I) of some rare-earth-metal cations. Well investi-
gated examples have the general formula [M{Ag(CN)2}3-
(H2O)3] with M = EuIII[88,89] and TbIII.[90] The only major
difference arises from the higher coordination number of the
rare-earth cations (9 for Eu, instead of 6 for Co) which is
established by the addition of three water molecules. In the
overall layer structure the silver atoms are again assembled in

Figure 1. The trigonal lattice of the framework material [Ag3{Co(CN)6}].
The [CoN6] octahedra are shown in blue, the silver atoms of the
Kagom�-type lattice in red (top). Positive and negative thermal expan-
sion along the axes a and c, respectively, with the deformations
accentuated (bottom, Ref. [84]).
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planar Kagom� nets in which each silver atom is in
argentophilic contacts (e.g. Ag–Ag 3.3346(5) � for the Tb
compound) with four other silver atoms. Each silver atom is
also the center of a linear NC-Ag-CN unit connecting the Eu/
Tb atoms of the layers above and below. The corresponding
gold compound is isostructural (Au–Au 3.31(1) �), and
mixed-metal systems Ag/Au have also been studied.[91] All
the compounds of this series are luminescent, and the
emission can be tuned by altering the composition.[92, 93] To
our knowledge, the temperature- and pressure-dependence of
the crystal structure parameters and of the photophysical
properties have not been investigated in detail.

Unusual thermal expansion properties have also been
found for crystals of silver(I) pyrophosphonates, such as
[Ag3(pcp)(pcpH)] with pcp = pyrocyclohexylphospho-
nate(2�) and [Ag3(ptp)CN] with ptp = pyro-3-thienylphosph-
onate(2�). In the network structures of these compounds
there are sets of Ag–Ag contacts in the range 3.113–3.344 �
which are held responsible for the anisotropic temperature
dependence (50–298 K) of the lattice constants and for the
large expansion coefficients similar to those of
[Ag3{Co(CN)6}].[94]

It is yet unclear if argentophilic contacts play a role in the
unusual “breathing ” behavior of porous metal–organic
frameworks (MOFs) such as the one based on silver(I) 3,5-
bis(trifluoromethyl)-1,2,4-triazolate (tz; “fluorous” MOFs).
The structure contains Ag4(tz)4 clusters and shows positive
and negative expansion for different crystal axes. Moreover,
significant expansion is observed upon the absorption of gases
such as N2.

[95] Like these compounds, silver(I) 3,5-bis(trifluor-
omethyl)pyrazolate also shows an extensive network of Ag–
Ag contacts with other ligands (Section 2.5.3).[96]

2.4. NMR and ESR Spectroscopy

The inconvenient nuclear properties of the only stable
gold isotope, 197Au, s = 3/2, make 197Au NMR spectroscopy
a very tedious and ineffective technique. Aurophilic bonding
has therefore never been traced by this technique.[97] By
contrast, silver has two isotopes (107/109Ag) with s = 1=2 in high
abundance. This prerequisite should offer chances to charac-
terize any Ag�Ag bonding at least through spin–spin coupling
phenomena, but surprisingly so far very few pertinent studies

have been carried out. A very detailed analysis has been
presented by Catalano and Malwitz for the trinuclear carbene
complex 21 with its three short Ag–Ag distances (av. 2.724 �).
The NHC ligand bears two 2-pyridylmethyl substituents in the
N,N’ positions, drawn as linkers to Ag atoms. The 13C NMR
signal for the carbene carbon atoms shows all the expected
1J(107, 109Ag,13C) couplings which are compatible with signifi-
cant interactions between the silver atoms.[75]

31P NMR spectroscopy has been used by Karaghiosoff
et al. to follow the monomer–dimer equilibrium of the
complex [Ph3PAg(L)]+[OSO2CF3]

� with L = tetrazole-5-
thione in CH2Cl2 (22 a, 22 b). Depending on concentration
and temperature of the solution, the compound is associated
to dimers. Separate signals are observed for monomers and
dimers at �85 8C with different 107Ag–31P coupling constants
of 1J = 417.5 versus 318.5 Hz, respectively, which indicate
a change in the coordination number of the silver atoms. As
already mentioned above, the structure of the dimers in the
crystal has been elucidated and shown to have a head-to-tail
parallel alignment of the bent P-Ag-S axes with a slippage
that leads to an Ag–Ag distance of 3.0287(6) �.[78] (Compare
12a with SR for Cl.)

ESR studies were carried out by Eastland et al. on crystals
of bis(imidazole)silver perchlorate (23, L = imidazole) after
exposure to 60Co X-rays (at 77 K). The hexanuclear cations of
this compound have a unique structure of D3 symmetry:
Three silver atoms form an equilateral triangle with Ag–Ag
edges of 3.493(1) � and with the three N-Ag-N axes almost
perpendicular to the plane of the triangle. The three remain-
ing two-coordinate silver atoms are attached to the triangle by
short Ag–Ag contacts of 3.051(1) � and with their N-Ag-N
axes staggered relative to those of the triangle. It should be
noted that all six Ag–Ag contacts are unsupported, and that
the silver atoms are engaged in two (peripheral) and three
argentophilic bonds (central). At the time of its publication, it
was an unprecedented case of metallophilic bonding. Note,
however, the close similarity to the structure 6a for a com-
pound with a very different set of ligands.[98] The radical
generated upon irradiation of the compound 23 shows an
ESR signal with hyperfine coupling to three 107Ag/109Ag and

Figure 2. Large “negative compressibility” of [Ag3{Co(CN)6}]
(V = volume per formula unit, c = trigonal axis, p =pressure, T = tem-
perature, Ref. [87]).
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six 14N nuclei suggesting a delocalization of the extra electron
over the Ag3 core in an orbital mainly of 5s character.

2.5. Electronic Spectra
2.5.1. ESCA Criteria

When X-ray diffraction studies of the two crystalline
forms of AgNO3 had shown that the orthorhombic phase,
stable at room temperature, has the silver cations arranged in
pairs,[2] an ESCA analysis was carried out to find evidence for
Ag–Ag interactions.[99] An anomaly was found for the 4d
states, but no detailed assignments could be made at that
stage. It appears that work in this area has since not been
resumed.

2.5.2. UV/Vis Absorption

The electronic spectra of silver(I) compounds in the UV/
Vis region have been investigated extensively owing to the
associated photoluminescence phenomena. For a large
number of mono- and polynuclear complexes the excitation
spectra have been recorded as a basis for an interpretation of
the intriguing emission properties of the compounds. Only
few examples are selected herein which have given a deeper
insight into the nature of the Ag–Ag interactions in the
ground and excited state. Where ligands have suitably
positioned HOMOs, the absorption spectra are largely
determined by the individual electronic states of these ligands
and the related ligand-to-metal charge transfer (LMCT)
processes, but these appear to be modified significantly by the
presence of the Ag–Ag (M–M) interactions, designated as
ligand-to-metal-metal charge transfer (LMMCT).

In the absence of such suitable ligands, the absorption and
emission properties are based on metal-to-metal transfer
(MMCT): As already mentioned in Section 2.1.1, in crystals
of salts containing [H3N-Ag-NH3]

+ cations associated with
various anions (ClO4

� , NO3
�), the cations are aggregated into

chains by short argentophilic contacts (4). These materials
show strong luminescence upon irradiation at lex = 355 nm. In
the emission spectra, the bands are very broad and strongly
red-shifted to a range of lem = 450–600 nm. With only ligands
NH3 present, these characteristics cannot have their origin in
the excited state of the mononuclear complex of the cation
Ag+ (4d95s1), for which narrow bands at higher energies
would be expected. The phenomenon is therefore attributed
to the formation of excimers [(H3N)2Ag-Ag*(NH3)2]

2+ or
[(H3N)2Ag-Ag*(NH3)2-Ag(NH3)2]

3+ in which the bonding is
increased significantly over that of the original argentophilic
contact(s).[53]

The most convincing evidence for unsupported argento-
philic bonding between mononuclear units on the basis of
UV/Vis and luminescence spectroscopy has been presented
by the group of Patterson in the year of 2000.[100] They
investigated the concentration dependence of aqueous and
methanol solutions of K[Ag(CN)2]. From previous work by
Mason it had been known that dilute aqueous solutions of this
compound show UV absorptions that can be assigned to the
LMCT transitions of the monomeric anion.[101, 102] Similar
results are obtained for solid films of [(n-
C4H9)4N]+[Ag(CN)2]

� (at 40 K) where the anions are sepa-
rated by the bulky and branched cations ruling out any anion
association.[102] These transitions are the same for both water
and methanol as a solvent at low concentrations (5 � 10�4

m).
The resolution is much lower than that observed for
[Au(CN)2]

� , owing to the lower spin-orbit couplings for Ag
originating from smaller relativistic effects (Ag<Au).[100–102]

Patterson et al. have found that the absorptions are extremely
concentration-dependent. At higher concentrations (up to the
saturation limit of 0.80m), several new peak maxima appear,
and these maxima are shifted from lmax = 200 to as much as
lmax = 270 nm. Moreover, the intensities show a non-Beer�s
Law behavior, indicating the presence of far more than just
one species. These results are corroborated by the lumines-
cence properties of the solutions. At low concentrations,
aqueous solutions of K[Au(CN)2] (and their frozen glasses at
low temperature) are not luminescent, but with increasing
concentration emission maxima grow in the spectra which are
shifted up to lmax = 300 nm (at 70 K). Clearly, both phenom-
ena are associated with the formation of oligomers
[{Ag(CN)2}n]

n�. For the dimer and trimer (n = 2, 3; 24a,b)
the equilibrium constants and the DG values of the associa-
tion have been calculated. The results show that the
dimerization, and even more so the trimerization, are
exergonic processes. EH calculations of various model
dimers and trimers (linear or angular, staggered or eclipsed)
gave Ag�Ag bond energies of 21.0 and 29.5 kJ mol�1, both
lower than for the corresponding values for gold oligomers
[{Au(CN)2}n]

n� of 28.8 and 34.1 kJmol�1. Notably, each bond
in the trimer is stronger than the bond in the dimer for both
the silver and gold species. The results are confirmation of
ground-state metallophilic bonding in agreement with the
various current descriptions calling for higher participation of
Ag/Au s orbitals in the bonding owing to relativistic
effects.[103, 104]

Although there is not yet support from the corresponding
spectroscopic data, it should be noted that there is convincing
evidence that [Ag(CN)2]

� anions are also associated in ionic
liquids, such as the 1-ethyl-3-methyl-imidazolium salt. The
crystallized melt (m.p. 73 8C) features slightly puckered chains
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of anions with argentophilic contacts of Ag–Ag 3.226(1) � in
length. Neighboring anions have an almost perpendicular
orientation (17).[105]

Similar structural situations, but with much smaller
aggregates, arise upon doping of alkali halide crystals with
[Ag(CN)2]

� anions. In a KCl host lattice, the guest anions can
form pairs and triples in various assemblies which are bonded
through argentophilic contacts. These units give rise to
various UV/Vis absorption characteristics, and upon excita-
tion in different parts of the spectral range of absorptions, an
equally broad range of emission spectra can be generated.
This can be taken as an “exciplex tuning” of the luminescence
of this material extending over a range of more than ñ =

18000 cm�1. The energy characteristics have been interpreted
through ab initio calculations, the results of which account for
the broadness of the peaks, the absence of fine structure, and
the large Stokes shifts by assuming various [Ag(CN)2]n

n+*
excimer and exciplex geometries.[106]

Solutions in alcohols of the [(NHC)AgCl] complexes
mentioned above,[70] which are dimers in the solid state (14 b),
show UV/Vis absorptions in the lmax = 240–250 nm region
assigned to MLCT processes on the basis of calculated
HOMO–LUMO gaps. Since it has not yet been demonstrated
that the dimerization is retained in solution, it remains
unclear if metallophilic interactions are involved. Glassy
solutions (EtOH/MeOH at 77 K) are also luminescent (lmax =

483, 527, 580 nm for Ag, 427, 529, 575 nm for Au, upon
excitation at lex = 244 nm).

UV/Vis spectroscopy has also been employed for the
characterization of ligand-supported argentophilic interac-
tions in the dimetallacyclic complex dications 19 (R = cyclo-
hexyl).[65] The absorption maxima of the PF6

� and CF3SO3
�

salts (in CH2Cl2) appearing at lmax = 266 nm are assigned to
the 4ds*!5ps transition producing an Ag�Ag bonded
excimer. A slight shift to lmax = 261 nm is attributed to
coordination of solvent molecules at the Ag atoms. The
corresponding value lmax = 277 nm for the gold analogue
again indicates a significant difference in Au�Au and Ag�Ag
bonding.

2.5.3. Photoluminescence

It has long been known that some silver salts show strong
luminescence upon UV excitation in the solid state, in
particular at low temperature.[107] Over several decades
evidence has accumulated that this phenomenon is partic-
ularly common and pronounced for solid-state structures with
short contacts between the silver cations (see Section 2.1).
This does not mean, however, that all luminescence phenom-
ena observed for silver compounds are necessarily due to this
structural detail. Specific geometries and suitable ligand
combinations may also lead to strong luminescence of a very
different type.

In contrast, luminescence of discrete molecular silver
complexes in the gas or solution state is far less common. The
first example to be reported was probably the tetranuclear
cluster built of four molecules of chloro(trimethylphosphi-
te)silver(I), [{(MeO)3PAgCl}4], investigated by Vogler and
Kunkely.[108] Upon excitation at lex = 320 nm, frozen toluene

solutions (7.63 � 10�4
m, 77 K) of the compound show a strong

emission at lem = 483 nm, which has been assigned to intra-
molecular transitions following the excitation Ag4!Ag*-
(Ag3) in the tetrahedral cluster of the metal atoms (12b, R =

OMe). A simple MO diagram can be used to account
qualitatively for the energy levels responsible for the strongly
red-shifted emission.[109]

A large number of structures of tetranuclear complexes
[{R3PAgX}4] are known. The aggregation mode of the Ag4X4

core varies between an almost regular cube and a “stella
quadrangular” type, both composed of interpenetrating Ag4

and X4 tetrahedra of the same or a different size, respectively.
It appears that in all these variations the argentophilic
interactions in the silver tetrahedra are maintained and
contribute significantly to the stability of the tetramers.[110,111]

AgnXn cores are also present in more complex aggregates and
held responsible for the intense luminescence of such systems.
An example is shown in 25 repre-
senting the anion of (Bu4N)4-
[Ag10Br12(CN)2]. Its strong blue
luminescence (lem = 450 nm upon
excitation at lex = 397 nm) is as-
cribed to the manifold of Ag–Ag
contacts with distances in the range
of 3.190–3.591 �.[112]

The literature on the luminescence of silver compounds in
the solid state is extremely large and growing rapidly because
this research may lead the way to interesting applications in
sensor or phosphor technology. The majority of studies have
been dedicated to coordination polymers of silver(I) com-
plexes which show strong luminescence upon irradiation in
the spectral region where an extended ligand system has its
maximum absorption. In bi- or polynuclear silver complexes
of these ligands with short Ag–Ag contacts the emissions are
found strongly red-shifted, and the effect is plausibly assigned
to LMCT processes “perturbed by Ag–Ag interactions”
(LMMCT).[113–117] The strong temperature dependence of
the emission maximum and intensity of a complex with
multiple argentophilic contacts is shown in Figure 3. The

Figure 3. Temperature dependence of the emission spectra of [Ag3-
(BTC)(pyz)(H2O)] with BTC= benzene-1,3,5-tricarboxylate and pyr =
pyrazole (excitation at 363 nm) (Ref. [113]).
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effect has been ascribed to enhanced argentophilic interac-
tions at low temperatures.[113]

Similar results were obtained for the silver(I) 2-mercap-
tonicotinate anion [(mna)Ag]� , which forms a hexamer
[(mna)6Ag)6]

6� in the solid state of the ammonium salt with
six intramolecular Ag–Ag contacts. The connectivity is shown
schematically in formula 26. These contacts are modified
upon addition of [Zn(phen)]2+ cations (phen = phemanthro-
line)—which become attached to the hexanuclear cluster
through the terminal carboxylate groups—leading to signifi-
cant changes in the emission characteristics. The emission
maxima are strongly temperature dependent (lex = 365 nm:
lem = 551 nm at 298 K!571 nm at 77 K for [{(L)Ag}6]

6� ; lem =

544 nm at 298 K!565 nm at 77 K for [{(L)Ag}6{Zn2-
(phen)2}]

2�) and gain in intensity as the temperature is
lowered. The effect is assigned to the gradual shortening of
the Ag–Ag contacts at low temperatures.[118–120]

A particularly interesting octadecanuclear silver(I) com-
plex [Ag18(TMTTB)12][NO3]18·(H2O)30 was obtained in
a hydrothermal reaction of AgNO3 with 1,3,5-trimethyl-
2,4,6-tris(triazol-1-ylmethyl)benzene (TMTTB) (assisted by
phthalic acid). The 18 silver atoms are all homoleptically two-
coordinated by triazol nitrogen atoms and assembled in the
form of three hexagons stapled together by the trifunctional
benzene units above and below the layer of silver atoms. The
sandwich (ligands)-(silver atoms)-(ligands) has six-fold sym-
metry (27). The multiple Ag–Ag contacts between the six-
membered rings are 3.403(6) � long. The compound is
strongly luminescent, and the emission increases in intensity
as the temperature is lowered from 298 to 50 K (lex = 310 nm,
lem = 500 nm, at 50 K). The effect has been ascribed to the
decrease in Ag–Ag contacts at low temperature.[116]

Concentration-dependent emission was observed for
a compound prepared from a chromophore (chr) 28 a and
the trinuclear silver 3,5-bis(trifluoromethyl)pyrazolide [Ag3-
(pyr)3] (28 b). Crystals of this product show a dinuclear cation
where the two (chr)Ag silver units are bridged by a pyr ligand,
and the counterion is a pentanuclear cluster [Ag5(pyr)6]

� with

a quasi-square pyramidal configuration. In the cation 28 c
there is a semi-bridged Ag–Ag contact with a distance of
3.089(9) �, and in the anion (not shown) the shortest such
distance is 3.222(3) �. Solutions in acetonitrile are strongly
luminescent (lex = 330 nm) with an emission maximum at
lem = 550 nm at high concentration, but at lem = 460 nm at
high dilution. At intermediate concentrations, both maxima
are present. The luminescence of the crystals is temperature-
dependent with a dramatic increase in intensity from 180 to
4 K, and with a significant bathochromic from lem = 590 to
565 nm. Because of strongly different lifetimes of the emitting
states (0.4 s versus 96 ms at 77 K), both the green and orange
emission can be observed with the naked eye upon shutting
off of the UV irradiation (green afterglow after the bright
orange emission has subsided). The results have been
explained by a loosening of the Ag–Ag contacts by solvation
at high dilution in the solvent, and their tightening at low
temperature in the crystal.[96]

3. Selected Modes of Argentophilic Interactions

3.1. Unsupported Ag–Ag Contacts between Short and Long
Chains of Silver(I) Coordination Compounds

As already shown in Section 2.1.1, mononuclear com-
plexes (cations or anions) with chainlike ligands (29a) are
often found in an alignment as shown in 29 b, where the Ag–
Ag contact is directing the relative placement of the
neighboring components. This influence also offers the
chance to use this arrangement for regioselective coupling
reactions, mainly in the solid state. Thus the short-chain
cations present in crystals of the 2:1 complex of 4-stilbazene
and silver triflate aggregate in a parallel orientation to give
pairs (30a) with Ag–Ag contacts of 3.41 �. This distance is
the shortest between any atoms of the two cations. Such an
argentophilicity-induced dimerization supports the [2+2]
photodimerizations of the olefinic units in the ligands:
Upon UV irradiation of the crystals (!) the ligands dimerize
to the corresponding cyclobutanes (30 b). Interestingly, this

Argentophilicity
Angewandte

Chemie

759Angew. Chem. Int. Ed. 2015, 54, 746 – 784 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


rearrangement forces the silver atoms further apart because
the flat olefin spacers (sp2 carbon atoms) are converted into
angular cyclobutane spacers (with sp3 carbon atoms).[121]

In a further attempt to develop this concept, 4-vinyl-
pyridine was shown to afford a 2:1 complex with AgClO4

(31 a). In the crystal, the cations are again aligned into dimers
by Ag–Ag contacts, and this arrangement brings the free vinyl
groups into close proximity. UV irradiation leads to a [2+2]
cycloaddition reaction (31 b).[122] In two different studies, 4-
pyridyl acrylic acid and its methyl ester and amide were used
to form 2:1 complexes with AgNO3. The crystal structures of
the products showed that the cations (32 ; only one chain is
shown) are also aligned and connected by Ag–Ag contacts
(3.46 �). UV irradiation leads to the expected [2+2] cyclo-
addition reactions in nearly 100 % yield.[123] With 3-pyridyl
acrylic acid as a ligand, and with AgBF4 or AgClO4, the
structures of the cations follow the same principle and form
zigzag chains with strong hydrogen bonding between the
terminal carboxyl groups (Ag–Ag contacts are in the range
3.32–3.44 �). The photochemical [2+2] cycloaddition has
been demonstrated by NMR spectroscopy investigations of
the products.[124]

Silver atoms separated in a chain by a,w-difunctional
spacers are often found to establish argentophilic contacts
with neighboring chains to form ladder-type aggregates.
Depending on the structure and flexibility of the spacer, the
chains may run roughly parallel (33 a), cross each other (33 b),
or become intertwined in helical assemblies. For example, the
polycationic chains formed of AgNO3 and ethylenediamine
are interwoven in networks with a rhombic pattern where
each chain crossing leads to an Ag–Ag contact, with average
distances of 3.1 �.[125] With longer alkanediyl chains, as in 1,6-
diaminohexane, the chains are meandering with Ag–Ag
contacts pointing alternatingly to different neighboring
chains (33c ; cationic charge and anions omitted).[126]

For a large group of compounds these principles of
organization are roughly the same. Therefore, in the formulae
34a–o only the ligands are shown with the relevant donor

atoms marked in color. This selection of compounds shows
the enormous structural diversity in these systems, which as
yet are always based to some extent on argentophilic contacts.

1,3-Bis(4-pyridyl)propane (34a) reacts with silver salts to
give products with snake-like cationic chains. These chains are
associated into undulated sheets through Ag–Ag contacts
(3.06 �), but depending on the nature of the anions and of the
solvate molecules the neighboring N-Ag-N units may also
show a “slippage” which brings the Ag atoms closer to the
nitrogen atoms and lengthens the Ag–Ag distances (to 3.5 �).
The compounds are strongly luminescent in the solid state
(lex = 230 nm, lem = 382 nm).[127] Interconversion experiments
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with perchlorate and hexafluorophosphate, of which the
perchlorate shows fewer Ag–Ag contacts, have been taken as
evidence for the strong influence of these contacts on the
intermolecular assembly.[128] Analogous phenomena were
observed for ligands in which two imidazoles are connected
by the butanediyl chain (34 b). Helical chains with alternating
ligand–metal units are formed with AgClO4, and these chains
are paired up by short Ag–Ag contacts of 2.966(1) �.[129] With
the less-flexible di(2-methylimidazol-1-yl)methane ligand
(34 c, R = Me) and silver nitrite, zigzag chains are formed
with short inter-chain Ag–Ag contacts (2.9187(9) �), and the
chains are further linked into corrugated layers. The corre-
sponding compound with the unsubstituted di(imidazol-1-
yl)methane ligand (34c, R = H) and triflate anions features
similar zigzag chains, but these are interwoven “one-over/
one-under” (type 33 b), and at the cross-points the Ag-Ag
distances are 3.121(1) � long. Both compounds are only
weakly luminescent.[130]

The chains formed with 4,4’-bipyridyl (34d) and silver
cations in the presence of carboxylate and sulfonate anions
are arranged as ladders (33 a) or even double-ladders in which
the rungs are Ag–Ag contacts of 3.299(1) �.[131] The align-
ment of the shorter chains generated by using both 4,4’-
bipyridyl (34 d) and 4-(4-pyridyl)benzoic acid (34e) in 1:2
ratio is similar, with Ag–Ag contacts of 3.376(2) �.[132] Bis-
terminal pyridine ligands were further extended into flexible
examples, such as 2,2’-bis(4-pyridylmethyleneoxy)1,1’-
biphenyl (34 f). The resulting polycationic zigzag chains
show similar interstrand argentophilic interactions.[133]

Dimers established by hydrogen bonding between the termi-
nal carboxamide groups of isonicotinamide molecules (34 g)
can also function as N,N’-functional ligands, and chains are
formed accordingly. The Ag–Ag contacts between these
chains are 3.47(1) � long, but it must be assumed that they
are influenced by the sulfonate groups of the 2,6-naphthalene
disulfonate anions.[134]

1,4-Di-3-pyridyl-2,3-diazabuta-1,3-diene (34 h) has been
used as a more rigid a,w- linker for silver cations with
methylsulfonate or hexafluorophosphate anions. The poly-
cationic zigzag chains are fused periodically through Ag–Ag
contacts of 3.1402(8) and 3.259(1) �.[135, 136]

The 1D multi-cationic, double-stranded coordination
polymer formed from AgPF6 and the thiophene-based bis-
amide ligand 34 i has inter-chain Ag–Ag contacts of
3.176(2) �. In contrast, the reaction of the same ligand
containing 4-pyridyl instead of 3-pyridyl end groups with
AgNO3 affords dicationic dimetallamacrocycles with trans-
annular Ag–Ag contacts of 3.140(1)/3.038(1) � (two inde-
pendent heterocycles in the crystal). These macrocycles are
further aggregated into chains through Ag–Ag contacts of
3.48 �. In the corresponding trifluoroacetate and triflate
compounds, the anions have Ag–O contacts which lengthen
the transannular Ag–Ag distances to 3.3265(6) and even 3.42/
3.60 �, respectively (two independent molecules).[137]

Chains formed with the rigid V-shaped ligand 34j (R =

OMe) and AgOSO2CF3 are also linked through short Ag–Ag
contacts of 3.1500(8) �, but with other anions (BF4, PF6, NO3)
the organization of the chains is different, and short contacts
are not always maintained.[138] Ag–Ag distances of 3.084(3) �

have further been observed at the crossing points of
polynuclear chains formed in the complex of AgNO3 with
the multifunctional 4-(2-pyridyl)-6-(4-pyridyl)-2-aminopyri-
midine (34k).[139]

Silver 2-pyrimidinolate (34 l) forms ribbons with the silver
atoms far apart. However, these ribbons are stacked in the
crystal to establish Ag–Ag contacts of 3.302(1) � to the
ribbons above and below. The stacks are further connected by
hydrogen bonds including hydrate water molecules.[140] A
similar stacking has been found in crystals of the complex of
3-aminomethylpyridine (34m) with silver(I) triflate and two
bipyridines as auxiliary ligands (two Ag–Ag contacts of
3.0846(3) �).[141]

Chain-like coordination polymers may adopt a helical
structure through intra-chain Ag–Ag interactions which draw
the silver centers close together. An example was found in
crystals of [(L)Ag]OSO2CF3 with L = 2-pyridinyl-3-pyridinyl-
methanone (34n). In two polymorphs the cations are
associated into P- and M-helical chains with intrahelical
Ag–Ag distances of 2.998 � between every second silver
atom of the chain. The anions are embedded between the
helices.[142] In contrast, when L = di(3-pyridinyl)methanone
(34 o) was employed as a ligand for AgNO3, the crystals of
[(L)Ag]NO3 feature helices with inter-helical instead of intra-
helical Ag–Ag contacts (3.201 �).[143] In an extension of these
studies, the reactions of 34 o with silver perfluorocarboxylates
AgOC(O)CnF2n+1 (n = 1, 2, 3) have been shown to produce
metallamacrocyclic cations [Ag(L)]6

6+ with hexagonal sym-
metry. These macrocycles associate by Ag–Ag contacts (3.07–
3.31 �) into tubes filled with the anions and solvent mole-
cules.[144] Inter-helical Ag–Ag interactions (2.9996(8) and
3.3595(8) �, with every other silver atom of a chain interact-
ing with a different neighboring chain to generate a layer
structure) were detected in crystals of silver tetrazol-1-yl-
acetate (34p), which show a strong green luminescence (lex =

372 nm, lem = 540 nm).[145] Helical structures with intra-chain
Ag–Ag contacts (2.889(1) and 3.040(1) �) are also found for
the silver complexes with the 2,6-bis(5-pyrazolyl)pyridine
ligand (34 q R = iPr and R� = Me). The pyridine nitrogen atom
is not silver-coordinated.[146]

A particularly intriguing “triple helix of double helicates”
has been discovered in a study with the ligand 34r (L). In
a repeating unit [(L)2Ag2]

2+—the two silver atoms are N,N’-
chelated at the ends of the two ligands to become four-
coordinate in a double helicate structure. These units are
connected at both ends by Ag–Ag contacts (2.99 �, type 1c or
17) to give helical chains. Finally, three of these chains wrap
around a central spine of anions to give a triple helical braid.
Taken strictly, the array can also be addressed as a represen-
tative of type 35b with tetracoordinate silver atoms.[147]

Complex helical arrays have also been discovered for 3,3’-
di(4-pyridyl)-1,1’-biphenyl ligands exhibiting various torsions
of the central bonds of the bipyridyl core (34s). Their 1:1
combination with AgNO3, AgClO4, or AgPF6 leads to
homochiral coordination polymers which are folded into
two-, three- and fourfold helices, respectively. The twofold
helices are cross-linked by two different types of Ag–Ag
contacts of 3.211(1) and 3.488(1) � to give sixfold helices in
a chiral 3D network, while the three- and fourfold helices
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associate with each other in pairs to generate tubular
architectures that are also induced by argentophilic cross-
linking. Owing to the complexity of the system, the reader is
directed to the original publications for details.[148]

Argentophilic interactions between layered coordination
polymers are present in silver(I) complexes with melamine
(ma, 34t) which is a trifunctional spacer. These layers are
established in crystals of the compound [NH4Ag3(ma)2(suc)2]
with succinate (suc) as the counterion (Ag–Ag
3.184(1) �).[149] A similar distance (3.28 �) has been found
between layers of the compound [Ag2(tr2ad)2][ClO4]2 where
tr2ad designates 1,3-bis(1,2,4-triazol-4-yl)adamantane. The
rhombohedral grid with (4,4)-topology is tightly packed to
establish these contacts.[150]

A case of “distantly supported”, but particularly tight
argentophilic contacts (2.88 and 2.93 �) has been discovered
using the 3,5-bis(2-bipyridyl)pyrazole ligand LH (34u). In
a mixed-metal compound of the stoichiometry [Fe2Ag4(L)4]-
[BF4]6 the iron(III) cations are chelated by two bipyridyl
groups of two different ligands (green N atoms), while the
other bipyridyl group of each ligand chelates a silver(I) cation
(red N atoms).[151]

3.2. Unsupported Ag–Ag Contacts between Macrocyclic Units

In macrocycles with two or more silver atoms, the metal
atoms may be engaged in transannular interactions provided
that the ring is either sufficiently small, or large and flexible.
The X-Ag-Y axes may then be parallel or twisted with various
dihedral angles X-Ag-AgY (35a). Alternatively, more rigid
metallacycles can be found associated through Ag–Ag con-
tacts between rings (35b).[152] (There is also the isomeric
alternative 35c which allows for intra-chain Ag–Ag contacts,
but these contacts are ligand-supported.) This Section gives
examples for cases of the types 35 a,b which can appear as
isomers or polymorphs. There are also examples where an
extra silver atom becomes inserted between the two ring
silver atoms to generate a triatomic transannular metal
bridging arrangement (35 d). In the formulae 36a–f again
only the ligands are shown which form the metallacycles.

Schiff base ligands of the type 36 a (n = 2, 3) offer two
terminal coordination sites which take on silver cations upon
treatment with AgClO4 or AgOSO2CF3. The 2:2 complexes
have macrocyclic structures that allow for transannular Ag–
Ag contacts (3.0680(2)–3.3348(5) � for three different sol-
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vates, type 35 a), because both the inner and outer donor
atoms draw the metal atoms to the core of the large ring. A
2:3 complex has three silver atoms integrated between two
ligands with Ag–Ag distances of 2.7842(2) and 3.1100(7) �.
The third silver atom is accommodated in the center sharing
the N-atoms with two flanking ones (35 d).[152,153] Between the
silver atoms in the dicationic 2:2 complex with the large-span
bis-amide 36b (in crystals of the dinitrate) the Ag–Ag
distance of 3.3629(8) � is at the long side, probably owing
to an interference of the counterions.[154] The situation is
different with complexes of the smaller and thus less-flexible
ligand 36c. In the crystals of the perchlorate salt, the
macrocyclic dications have no transannular Ag–Ag contacts,
but associate to give chains because of external contacts
(3.344(5) �, type 35b). This pattern of interactions varies very
little with other anions (nitrate or C2F5CO2).[155] In the nitrite,
two silver atoms are located in a 28-membered ring. Instead of
a direct transannular argentophilic interaction, an additional
silver atom (with two nitrite ligands) becomes the central
element of an Ag–Ag–Ag bridge with distances of 3.014(1)
and 3.043(1) � (type 35 d).[156] In the 2:2 complex of di(2-
pyridyl)dimethylsilane (36 d) with AgClO4, two 16-membered
ring dications associate to give dimers establishing only one
inter-dimer Ag–Ag contact (3.145(1) �; 35b, but limited to
a dimer instead of a chain). It has been pointed out that the N-
Ag-N axis at the Ag atoms concerned is bent outwards to
allow this contact (168.9(2)8), while the axis at the Ag atoms
not engaged in argentophilic bonding is close to linear
(178.0(2)8).[157]

A particularly fascinating structure has finally been
discovered in crystals of the compound prepared from 1,4-
bis(2-methylimidazol-1-yl)benzene (L, 36 e) and AgBF4. The
compound [Ag2(L)3][BF4]2 contains sheets with hexagonal
arrays [(L)Ag]6

6+ with the silver atoms as triply connected
nodes in a trigonal-planar coordination. These units are
interwoven to give a Borromean sheet pattern (36e’). At the
crossing points of the rings, Ag–Ag contacts of 3.0619(4) �
are established which appear to direct the self-assembly of the
structure.[158]

In the silver complexes of the multifunctional ligand 36 f
with their chain-like organizations a manifold of coordination
interactions is established, including Ag–Ag contacts, which
are co-determined by the nature of the anion. The individual
contributions to the organization and stability of the parallel
or interwoven chains are difficult to assess.[159] Pyridine oxide
functions are the donor sites offered to coordination with
AgClO4 in reactions with the calixarene-like tris(isonicoti-
noyl-N-oxide)cyclotriguaiacyclene. In complexes with N-
methylpyrrolidone as an auxiliary ligand, the silver atoms
are connecting nodes for the NO functions of the ligands and
appear as linear trinuclear units with two equivalent distances
of 3.2753(9) � in an exceedingly complex structure.[160]

3.3. Unsupported and Supported Ag–Ag Contacts between
Polyoxometalate Clusters

Polyoxometalate anions (POMs) have been shown to
have a distinct preference for silver cations as linkers for their
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assembly into larger aggregates. Among other peripheral
faces, octamolybdate anions [Mo8O26]

4� offer two squares of
terminal oxygen atoms in trans positions, and between these
faces of neighboring clusters two Ag+ cations can be
accommodated which link the POMs into chains, thereby
establishing Ag–Ag contacts (37a, POMs drawn as cubes to
show the square faces). These columns are wrapped by the
flexible nBu4N

+ cations in the corresponding salts. The
crystals may contain various solvent molecules (DMF,
DMSO, MeCN). In the solvate-free crystals of the formula
[nBu4N]2[Ag2Mo8O26] the Ag–Ag distance is 2.870(1)/
2.853(4) � (from two independent studies),[161, 162] while in
the solvates it varies between 2.853(4) and 3.4543(6) �. The
results of DFT calculations have indicated a significant
bonding interaction.[161] The reaction of the nitrosylpolyox-
omolybdate [nBu4N]2[Mo5O13(OCH3)4(NO)Na(CH3OH)]
with AgNO3 in methanol afforded a product of the formula
[nBu4N]4[Ag2{Mo5O13(OCH3)4(NO)}2]. In the crystals, two
polyoxometalate clusters are connected by a pair of silver
atoms with an Ag–Ag distance of only 2.873(2) � (37 b ; the
single square face of each POM is shown as the contact
area).[163]

Similar results were obtained for the combination of
[H3W12O40]

5� anions with [Ag(NCCH3)2]
+ and [Ag-

(NCCH3)4]
+ cations in the ratio 1:4:1. Two [(MeCN)Ag-

(NCMe)]+ units form a pair through an Ag–Ag contact of
2.9075(2) � which links the POMs. Each of the two silver
atoms is positioned over an edge of a POM. The connectivity
through four edges of each anion produces a three-dimen-
sional porous framework (38a, the POMs shown as cubes, L =

MeCN; only one linkage is shown.). The tetrahedral cation
[Ag(NCCH3)4]

+ fills voids of the network. The results of DFT
calculations carried out on a model composition suggest
significant bonding Ag–Ag interactions.[164] Keggin polyoxo-
metalate cluster units [PW11O39]

7� and [PW12O40]
3� have been

found associated with silver cations and 2,2’-diimidazole
(diim) in various combinations which include tetranuclear
[Ag4(diim)4]

4+ cations (shown schematically in 38 b) and
larger pentanuclear silver aggregates (not shown) that act as
“cushions” between the POM units. The Ag–Ag contacts
(2.864(3)–3.247(4) �) in the two aggregates appear to be
essential for the flexible structures that can easily adapt to
structural preferences. The compounds are strongly lumines-
cent (lex = 336/370, lem = 415/493 nm for the crystals at room
temperature).[165]

Trinuclear units [Ag3(bipy)4]
3+ with a linear array of the

three silver atoms (Ag–Ag 2.927(1) �) have been found as
linkers between Keggin anions [PMo12O40]

3� in crystals of

a dihydrate. The two terminal silver atoms are chelated by
a bipy ligand, while the remaining two bipy ligands are
bridging between the central silver atom and the two terminal
ones (38 c). A similar chain of four silver atoms is present in
tetracations [Ag4(bipy)6]

4+ with Ag–Ag distances of 2.9363(3)
(outer) and 3.131(2) � (inner) which connect the anions
[PMo11VO40]

4�. In both cases, the connectivity is established
by the vertices of the POMs. The results of DFT calculations
of the bonding in semi-bridged Ag–Ag contacts using model
systems support the proposal of significant argentophilic
interactions. The compounds show strong luminescence (lex =

302, lem = 415 and 406 nm, respectively). See also Sec-
tion 3.6.2, 94).[166]

3.4. Multi-Argentation of Atoms

One of the most striking phenomena associated with
aurophilic interactions has been the multiauration of main-
group element atoms to give species of the type [E{Au(L)}n]

m+

with E = B, C, N, P, As, O, S, Se, Te, Cl, and Br, with n in the
range 2–6, the charge m depending on the nature of E, and
with L as a supporting donor ligand.[15–18] The composition and
structure, for example, of molecules or cations with the
formula [C{Au(PR3)}n]

n–4 (n = 4–6) have been confirmed, and
their bonding was the subject of several detailed theoretical
analyses.[13–18] Surprisingly, to date no analogous molecular
compounds with more than two silver atoms at a single
bridging carbon atom have been reported. It is unclear if there
were unsuccessful preparative attempts of polyargentation, or
if the synthesis has so far not seriously been tried. The same is
true for N- and O-centered analogues. As mentioned in the
Introduction, solid-state chemistry provides many examples
in which the combinations of silver cations and oxo- or imino-
anions lead to a multicontact pattern, but the role of
argentophilic interactions in these systems is far from clear.
Recent examples also include silver sulfonylamides, cyanox-
imates, or triazine complexes in which Ag–Ag contacts are
supported by multiple Ag–O or Ag–N coordination.[167–169]

While in earlier work these aspects had not been considered,
any such arrangement shows up prominently now in the
discussions of the bonding characteristics in the current
literature.
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There have been several computational approaches to
species with di- and poly-argentated atoms. One DFT study

has considered model compounds with cen-
tral CAg4 units surrounded by bidentate
auxiliary ligands, in a search for, among
other things, a square-planar configuration
of the carbon atom (39). It was found that
argentophilic bonding should support this
arrangement, but there is as yet no corrob-
orating experimental evidence.[170]

Molecules of the type [E{Ag(PR3)}2] and the correspond-
ing onium cations [E{Ag(PR3)}3]

+ with E = O, S, Se, Te are
still unknown, while most of their gold analogues have long
been prepared and structurally characterized.[15–18] Given the
importance of trigoldoxonium salts [{(L)Au}3O]+ X� in prep-
arative gold chemistry, it is very noteworthy that no silver
analogues have ever been introduced or considered. How-
ever, in a study of the reaction between silver triflate and
a [(Cp*)Ir(benzoquinone)] complex (Cp* = C5Me5), a product
has been isolated in which a quinone oxygen atom is capping
a triangle of silver atoms with Ag–Ag edges of 3.37 � ascribed
to significant argentophilic interactions (40, L = MeCN, X =

triflate).[171] Oxygen bridging between silver atoms has
appeared in the complex array of
silver cyanoximate (2-cyano-2-isoni-
trosamide) units [{Ag[NC-C(N = O)-
C(O)NH2]}n] with Ag–Ag distances
of 3.1934(8) � between hexacoordi-
nate silver atoms, which in the pres-
ent context is an extreme case
regarding the connectivity of the
silver atoms.[168]

3.4.1. Silver Clustering at Sulfur and Selenium

As a model of the sulfur series, [S(AgPH3)2] has been the
target of recent theoretical studies.[172,173] In several variants of
MP2 and DFT calculations its structure and those of the Cu
and Au congeners have been optimized and found to feature
narrow M-S-M angles with values in the range 76.4–80.08 for
all three cases. The M–M distances in the “A-frame” (41, M =

Cu, Ag, Au) are short for Cu (ca. 2.63 �), but comparable for
Ag and Au (ca. 2.9 and 3.0 �) with variations � 0.1 �
depending on the level of theory. In an attempt to separate
dispersion and ionic terms for the attraction between the
metal atoms, it was found that for Cu the role of the ionic
terms is exceptionally large, while for Ag and Au dispersion is
the dominant effect.[172] With a move to single- and multi-
reference range-separated DF perturbation theory, this
trend—and the unique position of Cu—has been con-
firmed.[173] It should be noted that for [S(MPH3)2] molecules
an aggregation into dimers by intermolecular metallophilic
interactions is to be anticipated, which is well known in gold
chemistry.

While examples of clusters with small
numbers of silver atoms attached to
a chalcogen atom are therefore still miss-
ing (3a, 3b, 41), the exhaustive clustering
of silver cations at sulfide and selenide

anions has been accomplished by introducing dithio- and
diselenophosphate anions as multidentate peripheral ligands.
In molecules of the composition [Ag8(S/Se){S/Se2P(OR)2}6]
the central sulfur or selenium atoms are located in a cube of
silver atoms with short Ag–Ag edges of average length
3.05 �. [(RO)2PS2]

� anions are attached to all six faces of the
cube with each sulfur atom bridging two silver atoms (42, only
one face shown covered with the dithiophosphonate
ligand).[174–176] In the series [Ag11(S/Se){(S/Se)2P(OR)2}6X3]
with X = halogen and R = alkyl the environment of the nona-
coordinate chalcogenide anion is a tricapped trigonal prism,
and the edges of this polyhedron are within the same range of
Ag–Ag distances. The two silver atoms capping the trigonal
faces are not close to the sulfur/selenium center (43). This
mode of clustering has also been found with halide anions as
coordination centers (see Section 3.4.2).[177]

Thiolato instead of sulfido bridging of silver atoms is more
common, and examples have been described for a variety of
thiol precursors. In early work it was shown that the general
formula [{RSAg}n] applies for both ring and chain structures.
For primary alkyl groups R, polymers with n =1 are
common, but for secondary and tertiary alkyl groups cyclic
structures are formed: for example, n = 12 for cyclohexyl and
n = 8 for tert-butyl (44). The 3-methyl-3-pentanethiolate,
however, also has a chain structure.[178–180] The connectivities
in the zigzag chains (45) are close to linear at the silver atoms
and bent at the sulfur atoms with angles Ag-S-Ag in the range
888–1008. This gives rise to intra-chain Ag–Ag contacts of
around 3.10–3.30 �. Shorter distances have been found
between neighboring chains, the shortest being as short as
2.886(4) �. These contacts were originally interpreted as just
signaling the limit of repulsion,[179] but meanwhile—as shown
in Section 2.1—there is generally more confidence in an Ag�
Ag bonding contribution in these contacts. Structures of
silver(I) thiophenolates have been determined for anions
[Ag6(SPh)8]

2� which are aggregated into a tubular framework
through close Ag–S and Ag–Ag interactions (the shortest at
2.959(1) �) with sulfur atoms bridging two or three silver
atoms.[181] In the presence of auxiliary ligands, as in [Ag4-
(SPh)4(PPh3)4], the silver atoms are also bridged by two
thiolate groups with small Ag-S-Ag angles and an Ag–Ag
contacts near 3.13 � (46).[182]

A similar case of thiolate bridging has recently been
discovered in a hexanuclear anion of the type [Ag6(L)6]

6�,
with L = 3-(4-methoxyphenyl)-2-sulfanyl-propenoate (47 a),
and studied in great detail also by theoretical calculations of
a model system.[183] The silver atoms form a planar hexagon
the edges of which are alternately bridged by the thiolate
sulfur atoms above and below the ring plane. Each silver atom
is further coordinated by a carboxylate oxygen atom in
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a chelate ring (chelation of the silver atoms by the carboxylate
group not shown in 47b for clarity). The Ag–Ag distances are
very short at 2.8036(6) �. Calculations of the model system
[Ag6(SH)6] (47 b with R = H) at the HF and MP2 level have
shown that inclusion of correlation effects is essential for
reproducing the structure of the molecule. This is evidence
that argentophilic bonding is indeed contributing significantly
to the bonding in and between the HSAg2 units. Energy
differences of up to 300 kJmol�1 between the HF and MP2
results have been found.[183]

Methylthiourea (mtu) forms a 2:1 complex with AgNO3 in
which the cations are associated in chains with the silver
atoms tetracoordinated by four bridging sulfur atoms. The
Ag–Ag distances are 3.105(3) � (48, + 1 charge for each
[Ag(mtu)2]

+ unit not shown).[184] Sulfur-bridging of silver
atoms by the thiolate groups of 2-mercaptonicotinic acid leads
to the formation of hexanuclear units in which all the silver
atoms are also coordinated by the pyridine N-atoms (type
47b, RS for mercaptonicotinate, but pyridine coordination

not shown). The carboxylate groups
are not involved in Ag coordination
but can be loaded with other metal
complexes to give heterometallic
aggregates which show thermochro-
mic luminescence.[185] Tri-argentation
of a sulfur atom has also been
observed in an adduct of Ph3PS at
hexanuclear silver(I) trifluoroacetate
(see Section 3.6.1).[186]

3.4.2. Silver clustering at halogens

There is no example of single halogen bridging in simple
dinuclear silver complexes [(L)AgXAg(L)]+ (49), but double
bridging is present in molecules (AgCl)2 and in anions
[{[AgX2}2]

2�. These units appear di- or tetracoordinated by
donor ligands (12a, 14d, 14 f) with three- and four-coordinate
silver atoms.[72, 187] Because the transannular Ag–Ag distances
(ca. 3.266 and 3.133 � for Cl and I, respectively)[72] are largely
determined by the halogen bridges, the role of argentophilic
bonding cannot be reliably estimated. Tetramers of silver
halides AgX are present in the cubane structures of the
classical tetramers [{(Ph3P)AgX}4] with X = Cl, Br, I already

introduced in Section 2.1.3 (12b). There is now a large
number of such cubane- or chair-type structures known in
the literature which have doubly or triply argentated
halogen atoms with Ag–Ag distances of approximately
3.00 �.[110,188, 189] From this wealth of data it has been
concluded that conservation of the Ag–Ag interactions
while minimizing the halide–halide repulsions are the
determining effects in the formation of the clusters
(cubane or distorted arrays as “stella quadrangular pat-
terns”).[110] Interestingly, a decamer has recently also been

discovered in a cluster complex of the formula
[(NHC)4Ag10Cl10] where NHC is 1-methyl-3-(2-dimethylami-
noethyl)imidazol-2-ylidene. The large aggregate with its
multiple Ag–Cl and Ag–Ag contacts is protected from further
aggregation by the NHC ligands (50 ; carbene bridgings shown
as bows).[71]

Capping of a triangle of silver atoms by bromine atoms
above and below the plane of metal atoms is present in the
structure of the cationic complex [(Ag3(dppm)3Br2]

+ Br� (51;
dppm = bis(diphenylphosphanyl)methane). Owing to the
large atomic radius of the bromine atom, the Ag–Ag distances
are on average 3.30 � suggesting only weak bonding.[190] m2

and m4 bridging of silver atoms by bromine atoms has been
observed with bis(diphenylphosphino)amine (dppa) ligands
as in [Ag4(dppa)2Br4]. The Ag–Ag distances are 2.964(3) and
3.081(2) � (52).[191]

Silver atoms bridged by iodine atoms have been found in
the 1:2 complex of N,N’-dimethylpiperazine-2,3-dithione (L)
with AgI. In crystals of [Ag2(L)I2] pairs of silver atoms with
distances Ag–Ag as short as 2.8139(9) and 3.1460(9) � (two
different structural units) are double-bridged by iodine atoms
with acute angles Ag-I-Ag of only 58.27(1)8 (53). The bonding
in the Ag2I2 rings contained therein has been analyzed by
DFT, MP2, and atoms-in-molecules calculations. Considering
bond and ring critical points, significant Ag�Ag bonding has
been proposed. Argentophilic interactions appear to gain in
importance rapidly as the distance is lowered to below
3.2 �.[192]

In a double salt (AgCN)(AgF)2(H2O)3 a m3-fluoride-
bridge has been detected, and this bridge is further supported
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by a water molecule. This structural unit is unknown in gold
chemistry. The water oxygen atoms, one fluoride anion, and
the three silver cations form a pseudo-cube (missing one
corner; 54).[193] However, with a different ratio of the
components, in (AgCN)3(AgF)(H2O)3, one of the cyanide
anions is di-argentated at both C and N, while the other two
cyanide anions have diargentated N and mono-argentated C
atoms, but the fluoride anion is in a terminal position Ag–F
and is only involved in hydrogen bonding.[193] In the ternary
system of the composition 4 CF3COOAg·Ag2C2·AgF·2RCN
(R = Me, Et) the fluoride anion is accommodated in a “lan-
tern-type” (quasi-trigonal prismatic) cavity formed by six
silver atoms and two tridentate triflate oxygen atoms (55).
The side edges of the prism (Ag–Ag av. 2.95 �) are also part
of the silver cages around the acetylide dianion (see also
Section 3.4.3).[194] Finally, in a compound AgCN·AgF·4AgO-
C(O)CF3·2 H2O the single fluoride anion is in an octahedral
coordination of six silver cations (56). This environment is the
same as in the rock-salt structure of AgF, with Ag–Ag
distances in the range 3.463–3.562 � and therefore at the
upper end of the range where argentophilic bonding could be
involved. However, the silver atoms are also part of double-
bridged eight-membered rings [{CF3COOAg}2] with typical
short transannular Ag–Ag contacts of 2.8835(8) � (see
Section 3.7.1).[195]

The situation is very different in halide-centered silver
clusters stabilized by dithiophosphate ligands. In a compound
[Ag8(F){S2P(OR)2}6]PF6 (R = Et, Pr), the fluoride anion
resides at the center of a cube of silver cations with Ag–Ag
edges in the range 3.04(1)–3.26(1) � (57, X = F, the ligation is
only shown for one of the six faces), similar to the structure of
the corresponding sulfur-and selenium-centered clusters (42).
It is important to point out that the Ag–Ag edges of the F-
centered cube are shorter that those of the F-centered
octahedra (in 56). The bonding situation in these clusters
has been analyzed by DFT calculations which suggest a high
electrostatic character, but also significant Ag–Ag interac-
tions.[175, 196] Similar results have been obtained with dithio-
phosphinite ligands [(PhCH2CH2)2PS2]

� .[197]

This chemistry has been extended to include interstitial
chloride and bromide anions. For the same stoichiometry of

the compounds, the two larger anions are
also found in a cubic environment (57,
X = Cl, Br) but the Ag–Ag edges in these
larger polyhedra are in the ranges 3.22–
3.42 and 3.32–3.41 �, respectively, indi-
cating much weaker interactions.[197] The
results are similar for Cl- and Br-centered cubes with the
corresponding diselenophosphate [Se2P(OR)2]

� ligands.[198]

However, with iodide the octacoordination is no longer
stable, and the polyhedron is enlarged to a cuboctahedral
structure making the halide anion dodeca-coordinated:
[Ag12I(S2PR2)6]I4. This polyhedron has six square faces for
the dithiophosphate ligands, and its Ag–Ag edges are again
shorter with an average of 3.11 � (58). The compound shows
a strong yellow luminescence both in solution and in the solid
state (lex = 444, lem = 560 nm for the solid at 77 K). The effect
was explored by computational studies which have shown the
HOMO of the cluster to be largely composed of 4d(Ag)
orbitals.[197] With a slightly different stoichiometry of reac-
tants ([Ag(MeCN)4]PF6 and [Bu4N]I with ammonium dialkyl
dithio- and ammonium dialkyl diselenophosphates), products
were obtained which have the iodide anion in the center of
a pentacapped trigonal prism of silver atoms. Ignoring the two
silver atoms capping the triangles of the prism which are
further apart, the iodide anion is nona-coordinate in the
trigonal prism tricapped at its square faces (59). The lengths
of the Ag–Ag edges cover a broad range, but are all within
limits which allow for argentophilic interactions. The com-
pounds are strongly luminescent both in solution and as solids
(lex = 379, lem = 598 nm at 77 K for the crystals of the
diisopropyl dithiophosphate).[199]

Halide anions encapsulated in even larger clusters of
silver cations are present in compounds [Ag14(C�
CtBu)12(X)]BF4 with X = F, Cl, Br. A rhombohedral cage is
established best described as an interpenetration of a cube
and an octahedron, or as a cube of silver atoms with its six
square faces capped by a silver atom (60). Two alkynyl ligands
are coordinated linearly to each of the apical silver atoms. The
Ag–Ag edges are in the ranges 2.90–2.92 (F), 2.95–2.99 (Cl),
and 2.97–3.01 (Br) and indicate metallophilic interactions.[200]

An almost linear Ag-Cl-Ag bridge has recently been
discovered in chains of dinuclear complexes with di(2-
pyridyl)phenylphosphine ligands (61). Short Ag–Ag contacts
are observed only within the dimetallacycles (see Sec-
tion 3.7.3).[201]

3.4.3. Silver Clustering at the Acetylide Dianion

The structural chemistry of silver(I) acetylides (“car-
bides”, “acetylenediides”, “ethynediides”, “ethynides”) has
recently been summarized by the group of Mak which has
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developed this field very extensively over the last two
decades.[202] Therefore, this material is not duplicated here,
and only the relevant aspects are highlighted.

It has been known for about two centuries that silver salts
yield a dark, explosive precipitate of “silver carbide” Ag2C2 if
acetylene gas is bubbled into their aqueous solutions. The
structure is not known, but assumed to be a coordination
polymer based not only on -Ag-C�C-Ag- coordinative
bonding in chains, but also on side-on p-bonding of the
metal cations to the acetylide units, and on argentophilic
interactions between these chains. In 1946 it was observed[203]

that the precipitate is readily dissolved in an aqueous solution
of an excess of AgNO3 to yield a “double salt” (Ag2C2)-
(AgNO3)6, and subsequently several other products of this
type were found with silver salts having anions other than
nitrate. These results have shown that there is a pronounced
affinity of the [C�C]2� dianion for silver cations, and in later
research it has been demonstrated that its poly-argentation
leads to a fascinating variety of C2-centered silver clusters in
current literature represented by formulae such as
[C2@Agn]

(n�2)+ (n = 6–10).
In early structural work is had already been demonstrated

that in crystals of the classical example (Ag2C2)(AgNO3)6 the
C2 dumbbell is surrounded by a rhombohedral Ag8 cage
([C2@Ag8]

6+, 62a).[203] In (Ag2C2)(AgNO3)5, isolated from the
same lot of crystals, the C2 unit is accommodated in a trigonal
prism monocapped at a square face or at a trigonal face
([C2@Ag7]

5+, 62b, 62 c).[194, 204] Dissolving Ag2C2 in a concen-
trated aqueous solution of AgF produces a complex of the
composition Ag2C2·8 AgF in which the C2 dumbbells are
located in the center of a capped square antiprism (62d) with
one external silver atom on the fourfold axis (described as
[{C2@Ag9}Ag]8+.[205] The mixed product
Ag2C2·AgF·4 CF3COOAg·CH3CN also has [C2@Ag7]

5+ clus-
ters with one silver atom capping a trigonal face of a trigonal
prism (62 c).[206]

This set of representative examples has further grown
enormously to include a number of larger C2-centered
polyhedra which then can share edges or faces to form
extended structures. The work published up to 2006 has been
reviewed.[202] Later work has provided additional systems
following the same pattern of clustering of silver atoms
around the acetylide dianion. Extensive work has recently
been dedicated to compounds with silver phenyl- and
benzylphosphonates, which can only be obtained by hydro-
thermal methods. In the products, the C2 units have been
found in a manifold of discrete silver clusters of the types
C2@Ag9, (C2)2@Ag14, and C2@Ag18, but also in chains of such
clusters and in layered aggregates.[207] Similar architectures
had already been observed in fluorocarboxylates, such as
2Ag2C2·12CF3COOAg·5 H2O.[208]

The bonding along the edges of the silver polyhedra (2.7–
3.4 � in length) has been ascribed to significant contributions
from argentophilic interactions. It is true that the stoichiom-
etry and structure of the C2@Agn units is mainly determined
by the nature of the counterions and can also be influenced by
auxiliary ligands. It is remarkable, however, that in virtually
all variations multiple Ag–Ag contacts are maintained
suggesting an essential stabilization of the clusters around
one or more C2 units.[202] With this background it is the more
remarkable that no related phenomena have been observed
for methanides C@Agn with a single carbon atom embedded
in a molecular silver matrix.

3.4.4. Silver Clustering at Alkynyl Anions [(C�C)n]
2�, [R-C�C]� ,

and [C�C-X-C�C]2�

A similar structural chemistry has emerged from studies
with the explosive “silver diacetylide” (butadiynide) Ag2C4 as
a rod-like nucleation unit for the aggregation of silver cations
at its ends. The work published up to 2007 has been
summarized also in a Review by Mak and Zhao.[209] In
standard cases, the linear [C�C-C�C]2� unit was found
accommodated between up to four or even five silver cations
in square or butterfly arrangements at either terminal carbon
atom. Representative compounds, such as
Ag2C4·16 C2F5COOAg·6CH3CN·8H2O (63 a) and
Ag2C4·6 CF3COOAg (63b) serve to illustrate the small
structural variations at the CAg4 terminals.

Very recently,[210] this work has been extended to include
the tri- and tetraacetylides (hexatriynide and octatetray-
nides). The highly explosive compounds Ag2C6 and Ag2C8 can
be protected by the addition of silver(I) triflate AgOSO2CF3

in compounds of the stoichiometry Ag2C6·8AgOSO2CF3,
crystallizing as a hexahydrate or as a DMSO solvate, and
5Ag2C8·20AgOSO2CF3 also as a DMSO solvate. The carbide
rods being arranged parallel in different connectivity patterns,
both ends of the rods are embedded in a group of three or four
silver cations (64, n = 1, 2) which are interconnected by Ag–
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Ag contacts in the range 2.75–3.57 � and further surrounded
by the counterions and solvate molecules (not shown).

Similar arrangements are encountered at terminal alkynes
like R-C�CH (R = alkyl, aryl) and dialkynyls like HC�C-
L-C�CH (L = difunctional linker). Through corner-, edge-,
or face-sharing of the clusters built around the terminal
alkynyl anions, multidimensional aggregates are formed, and
multidimensionality is also achieved by using multifunctional
terminal alkynes as also shown in very recent work.[209,211–213]

In several Review articles, the variety of bonding modes has
been summarized.[214–217] It is important to note that alkene
and non-terminal alkyne units can become engaged in
bonding with silver atoms through h2 side-on complexa-
tion.[214] If only arene units are available for silver coordina-
tion in addition to the terminal alkynyl groups, and if there is
a deficit in anion coordination, then the silver atoms entertain
h2-bonding to the edges of phenyl rings to assist in their
coordinative saturation.[203]

Butterfly-type Ag4 units have also been detected in the
supramolecular aggregates produced from 4-pyridylethyne
and CF3COOAg (1:6) or AgNO3 (2:4) with structural patterns
as shown in 65. The compounds are strongly luminescent in
the solid state (lem = 564 and 610/556 and 620, lex=362/380 nm,
respectively).[218] 3,5-Diethynylpyridine affords a more
extended framework, but each of the two ethynyl functions
is also embedded in butterfly-type C2@Ag4 units.[219]

The reactions of 4-ethynyl benzoic acid and its esters with
AgNO3 yield products with the C2 units anchored in polysilver
aggregates with stoichiometries such as (AgC2-C6H4-COOA-
g)·3AgNO3 featuring C2@Ag4 groups (66). The compounds
are luminescent in the solid state at room temperature with
lem = 527 nm (lex = 370 nm, life time 0.20 ms) for the quoted
example.[220]

With simple alkynes shielded by bulky substituents, as in
tBu-C�CH, smaller units are preserved in the crystals, as for
example, in tBu-C�CAg·3CF3COOAg·H2O. Ag–Ag distan-
ces are again found in the range 2.873(1)–3.351(2) �.[209] tBu-
C�CH has also recently been used to cover polyoxometalate
anions with a layer of silver cations assembled with the
acetylide anions as peripheral integrating units. The compo-

sitions of the vanadates, molybdates, and tungstates studied
by crystallography are, among others, [Ag40(tBuC�C)22-
(CF3COO)12(V10O28)],
[Ag40(tBuC�C)20(CF3COO)12(Mo6O22)],
[Ag60(tBuC�C)38(Mo6O22)2]

6+

[Ag70(tBuC�C)44(PW9O34)2(H2O)2]
8+,

[(V2O7)2@Ag44(tBuC�C)14@(V32O96)]10�, and
[(NO3)2@Ag16(PhC�C)14(tBuPO3)4V4O8]2(NO3)2].

As indicated by @ in the latter two formulae, anions may
be found encapsulated in multicentered silver alkynylide or
arylynide frameworks which are again wrapped by an outer
shell. An extensive network of argentophilic interactions and
the steric protection by the tert-butyl groups stabilize the
aggregates.[221–224] The core unit may also be a “single
molecule magnet (SMM)” as in [Ag42(tBuC�C)28Ho-
(W5O18)2Cl4(OH)].[225] POMs have also been found organized
around polysilver acetylide clusters C2@Agn with n = 6, 7.
Owing to the complexity of the structures, the reader is
directed to the original papers for details.[226, 227]

3.5. Supramolecular Aggregates Based on Cyanoargentate(I)
Anions [Agm(CN)n]

(n�m)�

Multi-argentation of cyanide anions is not as common as
for acetylide anions. Representative cases are found in the
quaternary compound
2Ag2C2·3AgCN·15 CF3COOAg·2 AgBF4·9H2O, in which the
cyanide anions are tri- and tetra-argentated (67),[228] and in
the ternary system AgCN·AgF·4AgOC(O)CF3·2 H2O already
mentioned in Section 3.4.2.[195] Apart from these rare cases,
silver(I) cyanide chemistry is dominated by the compositions
with the cyanide anions terminally coordinated by one silver
atom at either one or both ends, as in the solid-state structure
of silver cyanide: -Ag-C�N-Ag-C�N-.

Extensive work in gold chemistry has shown that dicya-
noaurates(I) with the anion [Au(CN)2]

� show a rich supra-
molecular chemistry.[229] The structures of many crystalline
systems are (co-)determined by aurophilic interactions.
Similar advances were recently achieved in silver chemistry,
where the anions [(N�C)Ag(C�N)]� also appear as parts of
equally linear dinuclear units [(N�C)Ag(C�N)Ag(C�
N)]� found much less often in gold chemistry. In short, the
two anions (68 a) can function as unique linear five-atom and
seven-atom linkers between metal atoms, but through their
argentophilic affinity they can also cross-link the resulting
structures to give them a higher dimensionality.
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The close approach of [Ag(CN)2]
� anions in the lattices of

simple salts such as K[Ag(CN)2] or Ca[{Ag(CN)2}2](H2O)2

establishing short Ag–Ag contacts has been documented
already in some very early literature.[230] This work has later
been extended to include the heavy main-group metals, as in
Tl[Ag(CN)2] mentioned in Section 2.2,[80, 231] which exhibit
strong luminescence owing to the presence of [{Ag(CN)2}n]

n�

chains (Ag–Ag distances 3.110(3) and 3.528(3) �) with
trinuclear repeating units (17). Similar aggregation has been
found in organic onium dicyanoargentates(I) (Ref. [105], see
Section 2.5.2).

A unique assembly of anions through argentophilic
interactions between both linearly two- and trigonally three-
coordinate silver atoms (Ag–Ag 3.0731(5) and 3.1495(5) �)
has been detected in the compound [NMe4][Ag3(CN)4]. The
structure consists of threefold interpenetrated three-con-
nected (10,3)-g nets. The grid of each single layer is composed
of hexagons with silver atoms at their corners and two long
(NCAgCNAgCN) and four short (NCAgCN) edges (68 b),
and these grids form interlayer Ag–Ag contacts. The com-
pound emits a green luminescence (lmax = 510 nm, life time
1.36 ns) upon excitation at lex = 398 nm.[232] In contrast, in

a compound of the composition
[NMe4]2[KAg3(CN)6] the silver
atoms are associated in triangular
units of C3 symmetry (69). The C-Ag-
C axes are bent to 166.88 allowing for
Ag–Ag contacts of 3.2008(9) �. The
complex shows a green luminescence
in the solid state (lex = 267, lem =

490 nm) which has been assigned to
LMCT processes by DFT calcula-
tions.[233]

If coordinatively saturated metal cations are present
instead of quaternary ammonium cations, the dicyanoargen-
tate(I) anions also form separate aggregates. In the three
isostructural CoIII, CrIII, and RuIII compounds of the type
[M(NH3)6{Ag(CN)2}(H2O)2] (M = Co, Cr, Ru), the anions are
organized in centrosymmetrical triples (24 b) with a staggered
conformation and with Ag–Ag distances of approximately
3.15 �.[234]

Recent work has largely focused on compounds with
coordinatively unsaturated transition-metal complex cations
where the cyano groups therefore function as connectors or
spacers establishing Ag-C�N-M linkages (M = Zn, Cu, Ni,
Co, Fe, Mn, Ru, Pt, Cd etc.). The reaction between CuII, NiII,
ZnII, and CdII salts with two equivalents each of ethylenedi-
amine and K[Ag(CN)2] thus yields complexes
[M(en)2{Ag(CN)2}2] which all feature Ag–Ag contacts in
chains of anions (17).[235] Replacing en by 1,2-diaminopropane
(pn) leads to similar results: [Cu(pn)2{Ag(CN)2}].[236]

A representative example for the structural variability is
the copper(II) complex with diethylenetriamine ligands
(dien) of the formula [Cu2(dien)2Ag5(CN)9] containing the
[Ag(CN)2]

� and the [Ag2(CN)3]
� anions in a ratio 3:1. Both

anions link the Cu centers through their terminal nitrogen
atoms and establish argentophilic Ag–Ag contacts as shown
schematically in 70.[237] In parallel studies a different ratio of
mono- and dinuclear anions (1:1) was found in [Cu(e-
n)2Ag3(CN)5]. In the chains of silver atoms, the two anions
alternate establishing Ag–Ag contacts of 3.102(1) � length
(71). With dien as a ligand, the stoichiometry can change to
[Cu(dien){Ag(CN)2}2{Ag2(CN)3}] in which the dinuclear
anion forms only Ag–Ag contacts while the mononuclear
anions function as ligands to five-coordinate copper
atoms.[238]

Independent 4-methylpyridine ligands (Mepyr) also build
five-coordinate copper(II) complexes with end-on coordinat-
ing [Ag(CN)2]

� anions in the complex [Cu-
(Mepyr)2{Ag(CN)2}2]. The anions are stacked to maintain
Ag–Ag contacts (3.232(1) �).[239] With an additional equiv-
alent of Mepyr, one of the two silver atoms becomes
tricoordinate, but its Ag–Ag contacts are even shorter
(2.9264(5) �) than that between the dicoordinated silver
atoms (3.2463(6) �). The compounds may contain traces of
copper(I).[240] With copper(II) complexed by both phenan-
throline and acetylacetonate [Cu(phen)(acac)]+, the
[Ag(CN)2]

� anions are arranged as pairs with orthogonal C-
Ag-C axes and an Ag–Ag contact of 3.2144(7) � (24 a).[241]

Through a stacking of layers formed in crystals of
a complex between dinuclear copper(II) 3-aminopropanolate
cations and [Ag(CN)2]

� anions (17) the silver atoms become
arranged in an almost straight line perpendicular to the sheet
structure (Ag–Ag 3.015(1) �). The corresponding gold(I)
compound is isomorphous.[242] The copper(II) complex with
a Schiff base ligand at the copper(II) center,
[{(L)Cu}Ag(CN)2] with L = 3-(E)-[(2-aminoethyl)imino]me-
thylphenolate, forms a coordination polymer with zigzag
chains -Cu(L)-NC-Ag-CN-Cu(L)-NC- which are intercon-
nected by argentophilic interactions (Ag–Ag 3.015(1) �),
again in a straight line of equidistant silver atoms (17). With
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a branched ligand side chain (L’= 2-aminopropanolate), the
complex [{(L’)Cu}Ag(CN)2] exists as a monomer, but there
are intermolecular Ag–Ag contacts of 3.0563(6) � in pairs of
molecules.[243]

The structural chemistry of the analogous zinc(II) dicya-
noargentates(I) follows similar patterns. With the tris(2-
aminoethyl)amine ligand (tren), a compound of the formula
[(tren)Zn{Ag5(CN)9}] has been crystallized. It contains
a sequence of [Ag(CN)2]

� and [Ag2(CN)3]
� anions and

(tren)Zn-NCAgCN units in chains formed exclusively
through argentophilic contacts (72).[244, 245]

The complex [Ni(en)2{Ag(CN)2}2] already mentioned
above has the anions arranged in chains in a staggered
conformation with the silver atoms on a straight line with Ag–
Ag distances of 3.221(2) � (17). In contrast, with an extra en
ligand and the nickel atoms thus coordinatively saturated, the
anions appear in pairs (24b) with the Ag–Ag distance not
very different, at 3.293(2) �.[235]

The structure of [Ni(en)2{Ag3(CN)5}] has been deter-
mined by two groups.[238, 246] It also contains [Ag(CN)2]

� and
[Ag2(CN)3]

� anions associating with each other at Ag–Ag
distances of 3.2627(3) �. Surprisingly, in the complex [(tren)-
Ni{Ag(CN)2}]2] the (tren)Ni units are linked by one half of the
anions into zigzag chains, while the other half is filling the
voids between these chains. The closest Ag–Ag contacts are as
long as 3.5607(6) � and therefore not indicative of any
significant bonding contribution. No explanation could be
offered for this unusual absence of metallophilic contacts.

The introduction of chiral macrocyclic ligands at the
nickel atom leads to a rich complexity for the dicyanoargen-
tate(I) complexes. The ligand employed in the studies was
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane
in its racemic and enantiopure forms. Helical chains of
complexes [(L)Ni{Ag(CN)2}2] with defined right-handed and
left-handed helicity have been obtained and structurally
characterized. The nickel atoms are surrounded by the
multifunctional ligand L and bear the two terminally N-
bonded [Ag(CN)2] units in a cis arrangement. The complex
molecules are linked by argentophilic contacts with Ag–Ag
distances in the range 2.9956(7)–3.353(3) � into dimers (73)
or 1D polymers depending on the configuration of the (L)Ni
components. The chirality has been traced by circular
dichroism (CD) measurements of two stereoisomers. The
compounds are strongly luminescent in the solid state with
emission maxima near lem = 425 nm (lex = 310 nm). The effect
is ascribed to LMCT processes (see Section 2.5.2).[247]

Iron(II) dicyanoaurates(I) have been prepared with sub-
stituted pyridines as auxiliary ligands. Compounds of the type

[Fe(3-Xpyr)2{Ag(CN)2}2] with 3-
Xpyr representing a 3-halogeno-pyr-
idine (X = F, Cl, Br, I) form corru-
gated layer structures in which the
iron center is octahedrally coordi-
nated including four [Ag(CN)2] con-
nectors. These layers form pairs
(double layers) through Ag–Ag con-
tacts (3.0–3.3 � depending on X).[248]

With 3,5-dimethylpyridine (dmp),
the compound [Fe(dmp){Ag3(CN)5}] was obtained in which
the equally hexacoordinated iron(II) centers are connected
by both [Ag(CN)2] and [Ag2(CN)3] spacers in trans positions.
Corrugated grids are formed which further associate into
double layers through argentophilic contacts. In magnetic
measurements it has been demonstrated that a spin transition
(from high spin (HS) to low-spin (LS)) occurs at 235 K. This is
accompanied by a phase transition (from C2/c to Cc), but the
structures are very similar. However, there is nevertheless
a shortening of the Ag–Ag contact from 3.224 (293 K) to
3.073 � (at 80 K). Notably, this shrinkage is very considerably
more pronounced than common thermal contraction (see
Section 2.3).[249] The crystal structure of the compound [Fe-
(3cp)2{Ag(CN)2}2(H2O)2/3] with 3cp = 3-cyanopyridine, has
also been determined both at 240 and 145 K. In this range
there is no phase transition, but a HS!LS cross-over. In the
crystal structure the components form 3D grids of the NbO
type. The Ag–Ag contacts between the interpenetrating grids
shrink from 3.256(2) to 3.1593(6) �, again a substantial
deviation from data for normal thermal expansion/contrac-
tion.[250] In earlier work, pyrazine and pyrimidine ligands had
given similar structural results.[251]

Manganese(II) is the coordination center in a compound
[Mn(dipy)2{Ag(CN)2}2H2O] with dipy = 2,2’-dipyridyl. In the
crystals of the complex, only one [Ag(CN)2] unit is a mono-
dentate ligand to the hexacoordinated manganese atom which
also bears two bipy ligands and a water molecule. The second
[Ag(CN)2] unit is a free anion and its only interaction is an
argentophilic contact to the coordinated Ag center (Ag–Ag
3.253 �).[252] With 2-aminopyrazine (ampyz) and benzimida-
zole (benzim) as ligands to manganese(II), the complexes
[Mn(ampyz){Ag3(CN)5}(H2O)(ampyz)] and [Mn-
(benzim)2{Ag(CN)2}2(benzim)] have been crystallized,
respectively. In the ampyz complex, the manganese atoms
are connected by [NCAgCN] and [NCAgNCAgCN] spacers
to form a corrugated grid of rectangles with wave-like edges
of 10.5 and 15.6 � length (Mn to Mn). Adjacent layers
establish Ag–Ag contacts of 3.0530(3), 3.0320(3), and
3.3420(4) �. The benzim complex also forms undulating
sheets, but with rhombic units having wave-like edges of
uniform length (Mn to Mn 10.7 �). Argentophilic contacts
between the layers have a distance of 3.2551(3) �. Interca-
lated between the sheets are [(benzim)AgCN] molecules
which entertain an Ag–Ag contact of 3.1225(5) � with silver
atoms of the sheets.[253]
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3.6. Mono-Bridged (Semi-Bridged) Ag–Ag Contacts

There is a large variety of silver(I) complexes with semi-
bridged intramolecular Ag–Ag contacts. In general, a neutral
or anionic ligand with two donor functions separated by one,
two, or more atoms has a silver cation attached at either end.
If the ligand is flexible, or if it has a fixed hair-pin geometry,
then the two silver atoms can approach each other to the
common Ag–Ag equilibrium distance of approximately
3.0 �. The coordination sphere of the silver atoms may be
strictly two-coordinate (2a, 2b) or contain additional ligands
or counterions (74 a, 74b). With only one ligand per silver
cation, the complex cations [(L)Ag]+ can form macrocyclic
aggregates [{(L)Ag}n]

n+ or chains [{(L)Ag}1]1+ (35 c).[186]

Examples of these modes of organization have been observed
with many different types of ligands. In the following, only
selected cases are presented including some more recent
work.

3.6.1. Carboxylate O,O-Mono-Bridging

The most common mono-bridging ligands are carboxy-
lates RCOO� . A classical example is the structure of disilver
succinate. Four silver atoms form a square with Ag–Ag
contacts of 2.938(1) �. Each edge is bridged by a carboxylate
group alternatingly above or below the plane of the silver
atoms (75, R = CH2CH2COO). These units are further con-
nected in the same way through the terminal carboxylate
groups at the substituents R to give a three-dimensional
diamantoid network.[167,254] Another illustrative case is the
hexanuclear complex [{Ag(CF3COO)}6]·6 Ph3PS. The
CF3COO groups are positioned alternately above and below
the ring of silver atoms, and the average length of the six Ag–
Ag contacts is 3.20 �. Three consecutive silver atoms are
always capped by the triphenylphosphine sulfide ligands
through Ag–S coordination (not shown in 76).[186] With the
involvement of N-donor functions at the carboxylic acid, as
for example, in silver pyrazine carboxylate,[255] the distance
between multi-N/O-coordinated silver atoms is
3.0686(7) �.

In trinuclear subunits of the stoichiometry [Ag3(tbb)3-
(NH3)2], two 4-tbutylbenzoate groups (tbb) are bridging the
three silver atoms while two NH3 molecules and the third
tbbH group are terminal ligands (77). These subunits are
grouped into chains by further Ag–Ag contacts (3.028(1)–
3.091(1) �). The crystals are strongly luminescent (lex =

300 nm, lem = 430 nm).[117]

3.6.2. Mono-Bridging with N,N-Donor Ligands

Mono-bridging by N,N donor ligands along chains is most
readily illustrated by the phenomena observed with trans-1,2-
diaminocyclohexane (78). The folding induced by the chiral
ligands (C2 symmetry) brings all the atoms along the chain
into contacts with slightly alternating distances of 3.126(1)
and 3.274(1) �. Alternatively, the Ag–Ag contacts may be
established between the chains with distances of
3.111(1) �.[256] In the nitrate salt, there are no intra-chain
Ag–Ag contacts, but the chains are linked by inter-chain
interactions (3.2327(6) �; type 33 a).[257] 2-Aminomethyl pyr-
idine (L) has also been found to establish single bridges
between silver atoms (2.9137(3) �) in the product with 3:2
stoichiometry (with triflate counterions; 79). For the 2:1
stoichiometry, only unsupported contacts (av. 3.02 �)
between the complex cations have been observed.[258] Similar
contacts (2.9749(5) �) are present in the complex generated
using a macrocyclic hexaaza ligand with four pendent 2-
pyridylmethyl groups and silver nitrate, but the structure is
otherwise exceedingly complicated.[259]

Mono-supported Ag–Ag contacts are frequently observed
with 2,2’-bipyridines (80a). As an example, complexation of
silver cations by 5-(thien-2-yl)-2,2’bipyridine with silver
hexafluorophosphate leads to dinuclear units with an Ag–
Ag distance of 3.087(1) � (80b).[260] Disubstituted 2,2’-
bipyridines (80a, R = H, Me, C(O)OEt, or C(O)OC16H33 in
the 5,5’ positions) react with silver salts to give products with
structures strongly depending on the nature of the substitu-
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ents and of the counterions. Owing to the promesogenic
nature of the bipyridine groups arising from a twist of the C�
C bond connecting the two pyridyl rings (80a) and the
influence of long hydrocarbon chains in the ester functions,
complex helical arrangements are formed which are co-
directed by the close Ag–Ag contacts.[261]

As perhaps expected, similar structures arise with terpyr-
idyls (81a) or a quinquepyridine (81 b).[262–264] A particularly
intimate aggregation by semi-supported Ag–Ag contacts has
been found in the 1:1 complex of AgPF6 with the terpyridine
81a phenylated in the 4-position. Pairs of silver atoms are tied
up by two tpy ligands to have one silver atom two-coordinated
and the other four-coordinated by the six nitrogen donors
(81 c). In these dinuclear dications with a two-bladed pro-
peller configuration, the Ag–Ag distances are as short as
2.8441(7) and 2.8955(6) � (two crystallographically inde-
pendent dications). These units are stacked in an alternating
sequence and linked by external Ag–Ag contacts of 2.879(7)
and 3.2148(7) �. The Ag-Ag-Ag angles are strictly linear by
symmetry keeping all silver atoms of a given chain on the
same line. The compound is luminescent at room temperature
(lex = 335 nm, lem = 420–500 nm).[265] Ag–Ag contacts
between chains formed by bridging silver cations with the
ligand 4,4’-bis(1,2,4-triazol-1-ylmethyl)biphenyl are 3.1332(5)
and 3.2745(6) � long, depending on the mole ratio of the
components (with azide as the counterion).[262]

Pincer-type ligands H2L such as 2,6-bis(5-methyl-1-H-
pyrazol-3-yl)pyridine (81 d) are bridging units for silver atoms
either in chains [{Ag2(H2L)}(NO3)2H2O}n] or in hexanuclear
aggregates [{Ag6(HL)4}(NO3)2] where one or two pyrazol
rings are protonated (R’= H). The Ag–Ag contacts are short
at 2.889(1) and 2.893(1) � in the chain and 2.874(1), 2.905(1)
and 2.908(1) � between and within two triatomic units.[266]

3.7. Double-Bridged Ag–Ag Contacts

The installation of two ligand bridges at a pair of linearly
two-, T-shaped three-, or pseudo-tetrahedrally four-coordi-
nate silver atoms is one of the most common structural
variants in which argentophilic contacts are established (2c,
2d, 2 e). Many examples are known in the literature, some of
them dating back to times when metallophilicity phenomena
were not yet the focus of structural studies.[267, 268] In this
Section, the results of a series of recent investigations is
presented which, however, cannot be taken as comprehensive
owing to the sheer number of examples.

The general formula 82 shows a prototype of complexes
where two bridging ligands form an eight-membered dime-
tallacycle which allows for a transannular Ag–Ag contact. In
most cases it is not easy to decide if the Ag–Ag interaction has
a major influence on the conformation and geometry of the
molecules, which may be largely imposed by the ligand
matrix. Note that there are all kinds of
distributions of X and Y, making the Ag
atoms either homo- or heteroleptically coor-
dinated with X = Y or X¼6 Y. There appears to
be no case where more than two different
donor atoms are present (no need to add
atoms Z etc.). The compounds may be without
an auxiliary ligand L (n = 0), but examples for
n = 1, 2 are much more common with silver
than with gold.

3.7.1. Double Support by Carboxylate O,O-Bridging

In a recent representative publication reporting the
crystal structure of silver(I) 3,5-dimethylbenzoate (83, type
2d), the result—an Ag–Ag contact of only 2.7719(5) �—was
discussed in the context of existing data in the CSD base,
which shows an average of 2.962 � for about a hundred
published examples.[269] The shortest distance known to date is
2.746(1) � in the silver benzoate dimer embedded in a com-
plex network with hexamethylenetetramine as a tetrafunc-
tional co-ligand, which can also be prepared with acetate
(Ag–Ag (2.9144(8) �) and maleate anions (2.8115(1) �).
Interestingly, with oxalate the chelation of the silver atoms
(84) is preferred over the metal bridging.[270] In [{Ag-
(CF3COO)}2]·C6H6 the contact is also short at 2.853/2.893 �
for two independent molecules.[268] In a 1:2 adduct of
trimethylenediamine with silver 4-fluorobenzoate, the contact
between the two N,O,O three-coordinate silver atoms is
2.798(2) �.[126] Silver(I) 4-methylbenzoate and silver 4-nitro-
benzoate were crystallized with di(2-pyridyl)amine. The
distance between the two N-coordinated silver atoms of the
silver 4-nitrobenzoate species is 2.855(3) �, complemented by
Ag–Ag contacts between the dimers (3.158(2) �).[271]

The eight-membered ring of [Ag2(RCOO)2] dimers
(shown in 83 as an example) can be completely planar,
slightly folded approaching a chair conformation, or subject
to some torsional twist (skew–skew) depending on the
substitution pattern of the carboxylate group or the auxiliary
ligands. The dimers can be linked into chains if an R–R
connectivity exists as in malic, succinic, suberic, or tereph-
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thalic acid (-R-R- CH2CH2, (CH2)6, 1,4-C6H4, 85)[272–274] or in
naphthalene-1,4-dicarboxylic acid.[275] Dicarboxylic acids with
a more constrained structure (phthalic and 3-nitro-phthalic
acid, 1,1’-biphenyl-2,2’-dicarboxylic,[276,277] and naphthalene-
2,3-dicarboxylic acid[278] etc.) afford more complex connec-
tivities, but the eight-membered ring motif still prevails.[55]

1,3,5-Benzene tricarboxylic acid in combination with pyrazine
affords a hexagonal three-dimensional framework with rods
of silver atoms aggregated through multiple Ag–Ag contacts
and connected by the tricarboxylate anions. The temperature
dependence of its emission was shown in Figure 3.[113]

The silver salts of benzene-1,2,3,4-tetracarboxylic
(H4btca) and -1,2,3,4,5-pentacarboxylic acids (H5bpca) form
fascinating honeycomb layers and tubular motifs templated
by the geometry of the multifunctional carboxylate ligands
and stabilized by an extensive network of argentophilic
interactions. The former has the composition [Ag(NH3)2Ag3-
(btca)·CH3OH·H2O]n with Ag–Ag distances in the broad
range of 2.988–3.384 �, very similar to those in [{Ag5(bpca)-
(H2O)2}n] with a range of 2.904–3.184 �. For details see
Ref. [279]. As expected, the structures obtained with 1,1’-
biphenyl-2,2’,4,4’-tetracarboxylic acid and 1,1’-biphenyl-2,2’-
dicarboxylic acid are also three-dimensional networks with
multi-connectivity including Ag–Ag contacts depending on
the counterions and on the solvation (in several
hydrates).[280,281] Extremely complex structures have been
found for silver(I) salts of all-cis 1,2,3,4,5,6-cyclohexane
hexacarboxylic acid. Ag–Ag distances in the multidimen-
sional frameworks are in the range 2.904(1)—3.329(2) � with
variations depending on the deprotonation step of the
polycarboxylic acid by base (ammonia).[282]

Distortions, but no fundamental changes of the eight-
membered rings of silver carboxylate dimers also arise upon
the introduction of donor or hydrogen-bonding functions at
the group R of the carboxylic acid, as recently demonstrated
for indol-3-butyric acid.[283] Silver(I) pyrazine-2,3-dicarboxy-
late in combinations with difunctional amines forms porous
three-dimensional frameworks in which Ag–Ag contacts
(3.10–3.3 �) appear to make significant contributions to the
overall stability. The products may have applications in gas
storage.[284] The use of 2-sulfobenzoate leads to multidimen-
sional aggregates through silver coordination at both the
thiolate and the carboxylate functions with various supporting
Ag–Ag contacts.[285] A similar structural pattern arises in the
double-chains generated in crystals of silver 4-[(1-H-imidazol-
4-yl)methylamino]benzoic acid (LH). The [L2 Ag2] molecules

are formed by a common eight-membered disilver dicarbox-
ylate ring (Ag–Ag 2.98 �). Double-chains arise through
a head-to-tail coordination of imidazole N atoms to silver
atoms of neighboring rings. The compound is luminescent
(lex = 347, lem = 381 nm).[286] With 4-(2-pyrimidylthiomethyl)-
benzoic acid, the eight-membered ring of type 83 has a trans-
annular Ag–Ag distance of 2.914(1) �. The silver atoms are
coordinated by a terminal pyrimidyl nitrogen atom of
neighboring molecules generating undulated layers.[287]

Isonicotinic acid (IsoH) has also been used to generate
extended chains with alternating N-Ag-N, C(O)O-Ag-N, and
C(O)O-Ag-O(O)C units. In a hemi-hydrate Ag2(Iso)2-
(H2O)the Ag–Ag contacts in the C(O)O-Ag-O(O)C units
are 2.8808(8) �.[288] The arrangement may be different
depending on the mode of preparation and the solvent
mixture employed. One of the connectivity patterns is shown
in 86.[289] In the complexes with the homologous 4-pyridyl-
acetic acid, the corresponding unit has the Ag–Ag distance at
2.983(3) �.[290] Eight-membered dimetallacycles have also
been detected in silver 2-pyridylphosphonates. In the O-P-O
double-bridged arrangements the Ag–Ag distance is
3.0543(6) � (87). These units are connected with external
silver atoms (3.3627(5) �) generating a zigzag chain sup-
ported by single- and double-bridging phosphonate
ligands.[291] There is also a resemblance to the structure of
silver pyridine-3-sulfonate.[292]

3.7.2. Double Support by N,O- and N,S-Coordinating Ligands

Eight-membered rings with N,O instead of O,O donor
functions in 1,3-position of the ligand have been found in
silver saccharinates (88) with the Ag–Ag distances near
2.85 � depending on the nature of the auxiliary ligands
(acetonitrile, ethylenediamine, N-methyl- and N,N’-dimethyl-
ethylenediamine, 2-pyridinylethanol, 2-methylpyrazine, pyr-
azine-2-carboxamide).[293–297] Further examples for N,O coor-
dination have been studied in 2,2’-biypridin-6-one and
phenanthroline-2-one complexes. The intramolecular Ag–
Ag contacts across the eight-membered rings are short at
2.7903(4) and 2.7886(5)/2.7963(5) � (two independent mole-
cules), and complemented by longer intermolecular Ag–Ag
contacts (ca. 3.15 �), which lead to an association into
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dimeric or trimeric units. The Ag–Ag interactions have been
studied by DFT calculations which have resulted in bond-
energy values of as much as approximately 25 kcalmol�1.[298]

N,O bridging has also been found in tetracarboxydiimides
based on a bicyclo[2.2.2]oct-7-ene linker (L). Interestingly,
the two silver atoms have a homoleptic coordination (O,O
and N,N) with an Ag–Ag contact of 2.993 �. The argento-
philic bonding was analyzed in a model system with malei-
nimide ligands (5). NBO calculations have indicated the
presence of weak interactions, as based on the Wiberg bond
indices (bond order 0.16). In the crystals of the compound
with the composition [Ag4(L)2(4,4’-bipy)(H2O)8] the dinu-
clear units are linked through unsupported Ag–Ag contacts of
the remaining three silver atoms (3.087 and 3.114 �) which
are coordinated by two imino nitrogen atoms or two water
oxygen atoms. The bond order of the contacts in stacks of
alternating model [(H2O)Ag(H2O)]+ cations and [(maleini-
mide)2Ag]� anions is smaller at 0.12. The parent compound is
strongly luminescent (lex = 246 nm, lem = 390 nm at room
temperature).[54]

The silver salt of 2-hydroxypyridine has a highly con-
densed columnar structure consisting of dimetallacycles with
transannular Ag–Ag contacts of 2.775(2) � (89). These units
are stacked to establish intermolecular contacts of 3.045(2)
and 3.064(2) �. The compound shows a blue emission (lex =

439.0 nm, lem = 459.5 nm for crystals at room tempera-
ture).[299] Silver isocyanurate crystallizes with 4,4’bipyridine
(L) to give two eight-membered rings with N-Ag-O coordi-
nation connected on one side by the bipy ligand (Ag–Ag
3.004(2) �, 90). These units are connected into layers through
hydrogen bonding to give honeycomb arrays, which are
further associated into bilayers through short interlayer Ag–
Ag contacts of 3.069(3) �. The crystals are strongly lumines-
cent (lex = 350, lem = 450 nm).[300]

Rings built with the corresponding N,S donor functions
are found in pyridine-2-thiolates (89, S for O) with larger Ag–
Ag distances near 2.95 � for several examples. The corre-
sponding alkylsulfides form dicationic rings with heteroleptic
coordination (91 a), but with the substituents tied together the
homoleptic alternative is enforced (91 b).[301] For the same
reason, 1,2-bis[(imidazol-2-yl)thiomethyl]benzene also forms
silver complexes with homoleptic N,N/S,S coordination.[302]

Eight-membered rings with two N,S ligands are also present in
the structures of silver thiosaccharinates (88, S for bridging
O). The N-Ag-S coordinated silver atoms are 2.9194(4) �
apart. With pyridine or phenanthroline as secondary ligands,

these units are bridged, but structurally largely unchanged
(Ag–Ag 2.9681(8) �). The results of DFT calculations of
model systems have provided evidence for significant argen-
tophilic bonding.[303, 304]

3.7.3. Double-Bridging by N,N, N,P, and P,P Coordinating
Ligands

Ligands with two 1,3-positioned N donor sites that can
give eight-membered dimetallacycles have long been used in
the coordination chemistry of the coinage metals. Classical
examples are the dinuclear formamidinato complexes
[{[RN(CH)NR]Ag}2] and related compounds. The molecule
with R = p-tolyl has a very short transannular contact of
2.705 � length which is typical for this type of ligand (92).[41]

In very early work the crystal structure of silver sulfadiazine
(a pharmaceutical for burn treatment) has been determined.
Surprisingly, its eight-membered ring is also formed exclu-
sively by the N-atoms, excluding any O–Ag coordination
(Ag–Ag 2.916(1) �, 93 a).[305, 306] A related structural pattern is
obtained with 1,2,5-sulfa- or -selenadiazolopyridine with
transannular distances near 2.931 �. The Ag–Ag interaction
has been probed by the atoms-in-molecules approach. Single-
point calculations gave a bond critical point between the
silver atoms substantiating weak metal–metal bonding
(93 b).[307]

Interesting macrocyclic variants have been discovered
with N-methyl-2,2’-dipicolylamine. In the perchlorate salt the
centrosymmetrical cations show a short transannular Ag–Ag
distance of 2.9152(3) � with N-Ag-N angles bent inwards to
161.78(5)8, which in the absence of other constraints show
significant metal–metal attraction.[308]

Ten-membered dimetallacycles (94) are formed with bi-
imidazole, and in the dications the Ag–Ag distances across
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the ring are as short as 2.818(1) and 2.844(1) � (in the sulfate
and oxalate salt). The corresponding perchlorate salt has
a chain structure in with the silver atoms are semi-bridged by
the ligands (type 35c). The crystals are luminescent (lex = 360,
lem = 439 for the sulfate).[309]

Even with the rotationally highly
constrained ligand 1,1’-bis(isoquinoline)
(L, 95a, compare 80 a) the resulting
macrocycle in [(L)2Ag2]OSO2CF3 has
only a slightly longer contact
(3.0737(6) �) across the ten-membered
ring achieved through a twist of the
ligands to reach an almost perpendicular
arrangement of the two isoquinoline
rings (95b), X = CF3SO3).[310] Ten-mem-
bered rings are also formed in the silver
complexes with tris(pyrazolyl)methane

ligands. In crystals of the tetrafluoroborate THF solvate,
one of the three N donor sites is less tightly bound and a short
Ag–Ag contact of 2.8664(4) � is observed.[311] Even in the
ten-membered rings formed upon 1:1 complexation of AgBF4

or AgOSO2CF3 with an “N-confused” bis-porphyrin (having
one “extrovert” N atom in each carbaporphyrinoid) the
perpendicular arrangement of the bis-porphyrins leads to an
Ag–Ag contact of only 3.107(2) �.[312]

Ten-membered rings with short transannular contacts
(average 3.0 �) were also found in the silver complexes of
Schiff bases derived from ethylenediamine owing to the
folding of the metallocycle (96).[313] Dimetallacycles with the
same ring size were again discovered with the oxime tautomer
of N6-methoxyadenine (97 a). The short Ag–Ag contacts
across the ring (2.803(1) and 2.919(1) � for ClO4 or NO3

counterions, respectively) arise from a significant inward
bending of the two N-Ag-N axes (165–1708).[314] Ligands of
the type 28 a give dinuclear complexes with AgClO4 or AgPF6

in which the Ag–Ag contact (2.9082(9) �) is double-bridged
by the central N atoms of the triazine rings and by the N
atoms of the terminal pyrazole rings.[169]

Twelve-membered rings with short transannular Ag–Ag
distances of 2.945(1) � have been observed with pyrazolyl-
methylpyridines (97b). The relevance of the argentophilic
interaction has been supported by an atoms-in-molecules
analysis of the electron density. The compound can be used as
a precursor for the deposition of silver thin films on steel.[315]

The tetrafunctional ligand 1,2,4,5-tetrakis(benzimidazol-
1-ylmethyl)benzene forms tetranuclear complexes with
AgNO3 with pairs of silver atoms in 22-membered rings
with transannular Ag–Ag distances of 3.3231(6) and
3.306(1) � (in two different solvates, 98, benzimidazoles
shown as arcs).[316] 24-Membered rings have been obtained in

crystals of the complexes of silver perchlorate or triflate with
a double Schiff base of type 96 with di(4-aminophenyl)-
methane as the parent amine.[313]

Ligands with N and P in 1,3-position,
as in 2-pyridylphosphines, also form
dinuclear dications with Ag–Ag contacts
of 3.094(1) � across the eight-membered
ring. The silver atoms may be two- or
three-coordinate depending on the
number of pyridyl substituents at the
phosphorus atom (already shown for the
Cl-bridged units in 61).[201, 317] The struc-
tural situation is similar in the complex of AgSCN with the
ligand 2-(diphenylphosphino)-1-methylimidazole. The eight-
membered ring of the dication (with two Ag-coordinated
acetonitrile co-ligands) has a transannular Ag–Ag contact of
2.993(1) �, which is significantly longer than in the corre-
sponding gold(I) complex (2.826(1) �) in which the acetone
solvate molecules are not Au coordinated.
Interestingly, the P-Ag-N axes are strongly
bent (157.5(1)8) while the P-Au-N axes are
close to linear (178.0(4)8) (99).[318] (Diphe-
nylphosphinomethyl)(2-pyridyl)alkylamines
also form dimetallacyclic dications in which
all three donor functions (N,N,P) are at-
tached to each silver atom. The transannular
distance between the three-coordinate silver
atoms in the strongly puckered rings is
2.890(2) �.[319]

Recent work has provided impressive examples for trans-
annular Ag–Ag contacts in macrocyclic systems with flexible
disiloxane- and 1,2-disilylethane linkers having terminal N-
donor centers. The 24- and 26-membered rings (100, E = O or
CH2CH2) have Ag–Ag distances of 3.231(4), 3.283(1), and
3.321(1) � in the 24-membered rings (depending on the
nature of the anion NO3

� , ClO4
� , CF3SO3

�) and 3.243(1) and
3.346(1) � (two independent dimers of the perchlorate) in the
26-membered rings. It is important to note that in all these
cases the metal atoms are significantly closer to each other
than the p–p stacked pyridine rings.[320–322] In the large
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dimetallamacrocycles produced by the coordination of AgO-
SO2CF3 or AgPF6 to a cyclotetraphosphazene bearing pyr-
idinoxy substituents, the folding of the ring depends on the
position of the pyridine nitrogen atoms: With 3-pyridinoxy
groups, Ag–Ag contacts of 3.199(2) are established across two
20-membered rings, while with 4-pyridinoxy groups the two
silver atoms are kept further apart owing to the ligand
constraints. Therefore, only an intermolecular contact of
3.408 � is established (101).[323, 324] 24-membered dimetalla-
macrocycles are also present in the complexes with 1,2-bi(1-
imidazolylmethyl)benzene ligands. A conformation is estab-
lished which allows Ag–Ag contacts of 3.27–3.35 � depending
on the anion. The silver atoms are brought close together
through a twist of the macrocycles (skew–skew) to reach
a crossing of the two N-Ag-N axes (not drawn in formula
102)[325,326]

As already mentioned in Section 2.2, it has long been
known that 1,3-diphosphorus functionality as in bis(diphe-
nylphosphino)methane (dppm) can be employed to generate
eight-membered rings with the coinage metals, for example,
[Ag2(dppm)2][NO3]2 (19). The Ag atoms in this example are
3.085(1) � apart,[327] and similar values have been found for
diphosphines with several substituents other than phenyl and
with other innocent anions.[65, 328] With strongly coordinating
anions, such as diisopropyl dithiophosphate [(iPrO)2PS2]

� ,
the silver atoms are in a quasi-trigonal planar SAgP2 environ-
ment owing to an additional SPS bridge (from 19 as type 2c,
to a variant of type 2g). The Ag–Ag distance is still in the
usual range (2.918(1) �).[329] As summarized in a recent
Review, the silver atoms in eight-membered rings of the type
2c (= 19) can also be further bridged (type 2g) by a series of
thiometalate anions with only minor alterations in the Ag–Ag
distances in the resulting tricyclic dinuclear complexes.[330]

The reaction of K3P7 with AgCl in an ethylenediamine
solution of a cryptand for the potassium cations leads to
a dinuclear complex [Ag2(P7H)2]

2� (103). The dianion has the
two silver atoms in eight- and ten-membered rings with
a short Ag–Ag contact of 2.947(1) �. The molecular structure
has been reproduced by DFT calculations.[331]

3.7.4. Double-Bridging with S,S-coordinating Ligands

Eight-membered dimetallacycles are also readily
obtained with difunctional S,S donors. Dicationic eight-
membered rings formed with S,S donors have been obtained
with dithioethers RS(CH2)SR. For R = benzyl and perchlo-
rate as the counterion, the transannular Ag–Ag distance in
the dication is 3.0361(1) � (104, R = Bz,R� = H).[332] More
recent examples have shown that dicationic dithioether
complexes can also be obtained with electroneutral bis(me-
thylthio)methylsilanes (104, R = Me, R� = SiMe3). In crystals
of the triflate salt, the dication shows a transannular Ag–Ag
distance of 3.1133(7) � which reflects the
larger atomic radius of sulfur as compared
to oxygen (Section 3.7.2).[333] With a higher
ligand-to-metal ratio, tricyclic complexes
are also formed which have a three-blade
paddlewheel structure (type 2e). Remark-
ably short transannular Ag–Ag contacts
are established (2.866(3) �).[334]

A remarkable structure with two eight-
membered rings has been discovered in the
product of the reaction of the CS2-adduct of the carbodi-
phosphorane (Ph3P)2C. The principle of the arrangement is
shown schematically in 105. The two metallacycles have their
best planes parallel, but are in a staggered conformation
(rotated by 908). The transannular Ag–Ag distances are
2.9425(4) and 2.9872(4) �, but there are additional Ag–Ag
contacts of similar length (2.9958(4)–3.0702(4) �) between
the rings which represent the remain-
ing four edges of the central Ag4

tetrahedron.[335] Similar arrange-
ments have been found in fluoren-
9-ylidene-methanedithiolates (105,
fluoren-9-ylidene for PR3).[336] This
family of compounds was later stud-
ied by DFT calculations.[337]

Compounds of type 82 with X
and Y representing carbon atoms are
extremely rare, and no crystal struc-
tures have been determined. However, analytical
and spectroscopic data have confirmed the exis-
tence of the silver dialkylphosphonium bis(methy-
lides) 106 for which there are also fully character-
ized gold(I) and copper(I) analogues.[338, 339]
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3.8. Complexes with Triangular Ag3 and Square Ag4 core units

For a long time, significant Ag–Ag interactions have been
suggested for compounds with a triangular Ag3 core where
the silver atoms have remarkably short Ag–Ag distances. The
edges of the triangle may be bridged by only one atom each or
by a difunctional donor with a larger span. An example for
single-atom bridges was found with NHC ligands bearing
extra donor substituents as already shown in formula 21 (Ag–
Ag 2.7725(1)–2.772(1) �).[75] The bonding situation in suit-
able models of carbene-stabilized units [Ag3(NHC)3]

3+ in
their ground and excited states has recently also been
analyzed by DFT calculations. The [Ag3]

3+ core appears to
be stabilized by a MO largely composed of 5s and 5p atomic
orbitals, complemented by contributions from a weakly
bonding 4d10 core.[340]

Two-atom bridging as observed with pyrazolates (107 a)
has been studied most extensively owing to the intriguing
photophysical properties of these systems with rigid nine-
membered triargentacycles. An early Review is available,
which accordingly is not duplicated herein.[341] The N–N
bridges between each pair of silver atoms lead to larger intra-
trimer Ag–Ag distances in the range 2.95–3.35 �. More often
than not, the triangle of silver atoms is not equilateral, but
irregular with significantly different Ag–Ag distances. In the
silver 3,5-diphenylpyrazolate trimer, the Ag–Ag contacts are
3.36, 3.49, and 3.52 � and all are longer than the intermo-
lecular contacts between stacked molecules (2.97 �).[342] The
various stacking modes of these compounds may lead to only
a single intermolecular Ag–Ag contact,[342] but two or three
contacts are also common.[343–345] With very bulky substituents,
the organization of the crystals is determined by other
contacts where available, mainly between halogen atoms.[346]

The arrangements are influenced not only by the substituent
pattern of the individual components, but also by the presence
of solvate molecules,[347] predominantly aromatic hydrocar-
bons.[348] The aromatic hydrocarbons become inserted
between the stacked metallacycles leading to modified UV/
Vis absorption and emission properties, observed, for exam-
ple, in the vapochromic behavior of the luminescent crystals
of these compounds.[96, 342–347, 349–351] The different results
obtained from crystals and solutions of the compounds have
suggested that the inter-trimer contacts are the origin of the
photochromic effects in most cases. The majority of pertinent
studies focused on gold compounds of this type, with the silver
analogues being complementary.

Similar structural characteristics and properties are found
in the carbeniates examples of which are shown in 107 b and
107 c.[350] As in coinage-metal pyrazolate chemistry, there is
ample precedent for these types of trinuclear carbeniate
complexes mainly in gold chemistry pioneered by the groups
of Balch, Bonati, Burini, and Fackler and widely quoted in the
literature.[351–353] In very recent work a P analogue of type
107 d has been prepared, but with Au instead of Ag. The silver
compound is still missing.[354]

A square-planar arrangement of four silver atoms is found
in the tetranuclear complex with pyrazole ligands bearing two
carbene functions in the 3,5-position (108 a). Two opposing
pairs of silver atoms are bridged by a pyrazole unit, and each

silver atom is further engaged in bonding with a carbene
substituent of the pyrazole bridge of the opposite pair (108 b).
The Ag–Ag distances are 3.295(2) (pyrazole bridged) and
3.208(2) �. The analogous gold complex is isostructural with
almost identical Au–Au distances of 3.292(1) (pyrazole
bridged) and 3.276(1) �. The two complexes are thus another
pair of compounds which show that silver and gold atoms
have very similar covalent radii, and probably comparable
metallophilic bonding capacities.[355] The bonding has there-
fore recently been analyzed in more detail by DFT calcu-
lations. It has been shown that compared to systems with
closer M–M distances, the Ag–Ag and Au–Au interactions in
this case (108 b) are on the weak side owing to the longer
distances (close to 3.3 �) imposed by the ligand span of the
pyrazole ligand.[356]

Rhomboide arrays of silver atoms in which the argento-
philic interactions are multi-supported not only by NHCs, but
also by halogen atoms which are capping edges or parts of the
faces (above and below), have been observed in compounds
of the type [Ag4(m3-I)2(m2-I)2(m2-S,CNHC)2]. The S-functional-
ized carbene ligands (S,CNHC) are of the N-mesityl-N’-[(2-
ethylthio)ethyl]imidazol-2-ylidene type.[357] This is another
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example of the many possible combinations of ligand support
for argentophilic bonding. As mentioned in the Introduction,
the scope is widened further by including other metals to
generate mixed-metal clusters.

4. Summary and Conclusions

Based on growing experimental evidence and on the
corroborative results of extensive theoretical calculations, the
concept of argentophilic interactions between silver(I) cen-
ters in and between molecules has found wide acceptance in
inorganic and organometallic chemistry. The delay of this
recognition was due no doubt to the simple fact that this
attractive interaction is clearly counterintuitive as it occurs
against Coulomb repulsion between atoms which were
assigned a “closed shell” of electrons. However, it is now
clear from a plethora of molecular and supramolecular
structures that—in the absence of any major steric hin-
drance—silver(I) centers are drawn together to sub-van der
Waals distances near 3.00 �. This average distance is about
midway between the sum of two standard van der Waals radii
(3.44 �) and the distance of a Ag–Ag single bond (e.g. 2.53 �
in Ag2), and close to the distance between silver atoms in
cubic close-packed crystals of metallic silver (2.89 �). The
high affinity responsible for the Ag–Ag contacts is most clear
from the ubiquitously observed phenomenon that independ-
ent molecules become aligned—or associated otherwise—in
an organizational pattern in which the silver atoms are placed
next to each other even in the absence of any discernible
constraints.

From IR, Raman, and UV/Vis spectral data for unsup-
ported aggregation, as well as from the thermodynamic data
for association equilibria in solution, the associated Ag–Ag
binding energy can be estimated to be in the range 5–
15 kcal mol�1 depending on the nature of the ligands and
counterions. These estimations have been confirmed by the
results of the quantum chemical calculations on various level
of theory. With these data, argentophilic interactions can be
rated as “weak forces”. They are closest in energy to
hydrogen bonding, with which they share the multiple affinity
and the lack of a clear directionality: Silver atoms may be
associated with several other silver atoms in various geo-
metries to produce oligomers, rings, chains, and layers.

These structural and dynamic features of silver(I) com-
pounds associated with argentophilicity are in many respects
qualitatively similar to those well established for aurophilic
interactions in gold(I) chemistry. A major difference arises
from the more pronounced tendency of silver(I) to adopt
coordination numbers higher than two, which causes an
abundance of argentophilically bonded silver centers each
carrying three, four, or even more ligands. In contrast, for
gold(I) there is a clear dominance of coordination number
two which is ascribed to stronger relativistic effects for gold.
Building on relativity considerations, it has also been assumed
that aurophilic bonding should be stronger than argentophilic
bonding, but even after quite a number of dedicated
experimental and theoretical investigations this point has
remained the subject of debate. The unsupported Ag–Ag and

Au–Au distances in pairs of analogous compounds are
generally found in the same range (2.9–3.1 �) owing to very
similar atomic radii of the two elements, which also arise from
the strong relativistic contraction of the gold orbitals. This is
borne out not only by the similar lattice constants of silver and
gold metal, but also by the structural data throughout the
chemistry of gold and silver. The Ag–Ag distance has been
found slightly smaller or larger than the Au–Au distance in
a given pair of compounds with metallophilic contacts, while
in their copper analogue the Cu–Cu distance is always much
shorter (ca. 2.6 �). From the distance criterion it can there-
fore be concluded that metallophilic bonding of Ag and Au is
very similar.

The paucity of data from criteria other than the Ag–Ag
distance means that there is little basis on which to draw
conclusions regarding Ag�Ag and Au�Au bond energies.
Notwithstanding, various specific thermal and spectroscopic
properties of silver(I) compounds are relevant and should be
given special consideration: Argentophilic interactions in the
Kagom� nets of silver atoms built in crystals of various
metal(III) dicyanoargentates lead to surprising macroscopic
properties, such as negative thermal expansion or compres-
sibility owing to an unusually modified thermal motion of the
silver atoms. Photochemical activation of silver atoms with
argentophilic contacts leads to the formation of excited states
in which the Ag�Ag bonding is stronger than in the ground
state, a situation that has remarkable consequences for the
emission properties. Both observations have attracted con-
siderable attention in recent years and are currently the focus
of many investigations which follow up previous studies in
gold chemistry. The emissive behavior can be strongly altered
by establishing Ag–Ag contacts, and the emission can also be
quenched by the insertion of other molecules thus providing
sensor capabilities for various uses. For all that, silver
chemistry offers more opportunities than gold chemistry
owing to the greater versatility in coordination numbers and
geometries, and also because of the economic advantages
even if the performance of analogous systems is not fully
comparable.

Another important development under way for quite
some time already is the clustering of silver cations around
atoms and pairs of atoms as nucleation centers. It is apparent
that after the highly successful endeavors with halide or
chalcogenide anions [X]n�, and even more so with various
even-number (of carbon atoms) carbide anions [(C�C)n]

2�

and alkynylide anions [R-(C�C)n]
� , there should be still

enormous potential and scope for further discoveries with
other elements as core units for silver clustering. This could
follow suit—or go beyond—some of the already well-
documented examples in gold chemistry.
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