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Advances in ligand-unsupported argentophilic
interactions in crystal engineering: an emerging
platform for supramolecular architectures
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Functionality of silver metal ions in coordination chemistry in addition to in crystal engineering is one of
the most important research topics. These compounds have been extensively examined thanks to their
distinctive properties and various arrangements of structural designs, with the presence of important
argentophilic interactions. Various compounds are useful both in the absence and presence of ligand-
supported interactions, which are established to obtain appreciably diverse molecular/structural and
physical/physicochemical characteristics from silver core-based compounds. In some cases, weak inter-
actions have seen to be useful for Ag—Ag contacts and in some cases, Ag—Ag contacts cooperate in the
erection of a variety of interactions and result in topological variations in molecular structures. The out-
comes of various developmental studies are appraised herein, focusing on molecular structural systems in
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which more than two silver cores are accessible at a close distance, supporting the required structural
characterization. This review describes examples of various ligand-unsupported argentophilic inter-
actions, emphasizing reticular design methods, synthetic approaches, and characterization techniques for
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Introduction

In the last couple of decades, the study of argentophilic
interactions'® in silver chemistry is one of the most rapidly
growing fields in crystal engineering and supramolecular
chemistry.”™* Silver ions can participate in argentophilic inter-
actions, even at distances little more than the sum of their van
der Waals radii (3.44 A),"> maintaining angular specificities.
From the literature survey, it has been found that weak argen-
tophilic interactions are speculated to result in double bonds
within a distance of 4.2 A.*® Strongly bridging counter anions,
like carboxylate ions,"”>* bridge silver atoms very strongly,
with observed Ag-Ag distances as short as 2.778 A.

Amid the weak bridging ions, NO,;~ ions***** have shown
more enhanced bridging capabilities than ClO,”, PFs~, and
BF,~ anions.">*™*® These interactions can be manipulated by
various types of ligands used for the construction of com-
pounds with Ag" ions. The nature of the ligand®>® has a note-
worthy influence on the distance between silver atoms and the
robustness of the argentophilic interactions. The role of the
ligand in favoring and enforcing argentophilicity is vital, as
shown by the large number of compounds containing “ligand-
supported” interactions®**°* in comparison with the rare
“ligand-unsupported” examples (Table 1).***” The above-men-
tioned interactions are distinguished in earlier reported data
as either unsupported or supported, depending on the pres-

Inorg. Chem. Front., 2020, 7, 3735-3764 | 3735


www.rsc.li/frontiers-inorganic
http://orcid.org/0000-0003-2810-1762
http://crossmark.crossref.org/dialog/?doi=10.1039/d0qi00447b&domain=pdf&date_stamp=2020-09-28
https://doi.org/10.1039/d0qi00447b
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI007019

Published on 07 lugliu 2020. Downloaded on 16/03/2026 16:44:33.

Review

View Article Online

Inorganic Chemistry Frontiers

Table 1 A description of coordination compounds with ligand-unsupported argentophilic interactions

Ag--Ag (A)
No. Compound Geometry around Ag(1) (ligand-unsupported) Description Ref.
1. [Ag(imid),][ClO,] Linear 3.051(1), 3.493(1) — 1
2 [Ag(pyrazole)]s Linear 3.414(5), 3.431(4) — 10
3. [Ag;(INA),]BF, — 2.969(5)-3.236(5) — 11
4. [Ag3(2-(3(5)-pz)py)sl2-2py — 3.227, 3.655, 3.702 1D polymer 13
5. TI[Ag(CN),] Distorted square planar 3.110(3) — 14
6. [Ag(2,4-bpy)]ClO, Trigonal 3.153(6) — 32
7. [Ag,(bsdab);],(NO3),, Trigonal 2.934(2) — 25
8. [Ag,(bsdab);],(ClO,),, Trigonal 2.946(2) 3D network 25
9. [Ag(4,4"-bpy)(NO3)] Trigonal 2.977(1) 3D network 23
10. [NBu4]4[Ag2{M05013(OMe)4(NO)}2] — 2.873(2) 3D polymer 24
11. [Ag,(NH,),(npt)], — 3.110(7), 3.434(8) 2D sheet 17
12. [Ag»(NH;)(npt)], — 3.205 2D 4*-sql net 17
13. [Ag4(NH,),(npt),-H,0], — 2.948(8)-3.301(10) 2D network 17
14. [Ag(4,4"-bpy)][H2PO4 ], [H3PO4], T-shaped 3.286(2) 3D network 47
15. [Ag,(tren(mim);),](CF3S03),-2H,0 Distorted T-shaped 3.117(2) 1D polymer 57
16. [Ags(p-depm),JX, (X = CF3S03, PFe) T-shaped 2.907(1)-2.960(1) Dimeric 12
17. [Ags(py-hep),](ClO,);5-0.5CH;CN T-shaped 3.179(1) 2D brick wall 65
18. [Ag(bpp)]ClO., [Ag(bpp)]PF, Linear 3.221(10), 3.085(9) 2D layer 26
19. Ag,C,-6CF3;C0O,Ag-3CH;CN — 2.917(4) 2D network 48
20. [Ag,(ppa),-(0x)]-9H,0 T-shaped 3.202(1) 2D p-sheet 3
21. [{Ag(H,btc),{Ag,(Hbtc)}, Distorted trigonal 2.963(12)-3.278(8) 3D polymer 18
22. [Ag4(3-CP)g(SiFs)2(H20)2], Distorted square planar 3.307(5), 3.024(6) 2D network 67
23. [Ag(L)]X, (X~ = NO;™, ClO,, PFy") T-shaped 3.200(1)-3.670(1) Discrete 27
24. [(Ag3(INA),)NO;], — 3.096(7) — 19
25. [Ag(en)Ag(dnbc),],-2nH,0 — 3.177(4) 2D layer 68
26. [Ags(1-3,5-Ph,pz);], T-shaped 2.971(14) — 69
27. [Ag(NO,)(BPDMS)] — 3.002(2) 2D sheet 31
28. [Ag,(ophen),],-6H,0 — 3.199 Dimer 70
29. [Ag,(0bpy);],-4.5H,0-0.5DMF — 3.023, 3.092 Dimer 70
30. [Ag,(obpy),]3-18H,0 — 3.171, 3.173 Trimer 70
31. {[Ag»(BMIMB);](BF,),} Trigonal planar 3.062(4) — 28
32. [Ag(2-amp)2(tfa)] Trigonal-bipyramidal 3.007(4) Dimer 71
Square pyramidal

33. [Ag(rac-chxn)|BF, T-shaped 3.110 2D network 72
34. Ag(imidazolate) T-shaped 3.159(5), 3.445(5) 2D network 4
35. Ag(3-amp)OTf T-shaped 3.182(4) 2D network 73
36. Ag»(2,2"-bpy),-p-(3-amp)(tfa), Distorted square planar 3.058(3) 1D polymer 73
37. Agy(2,2"-bpy),-p-(3-amp)(OTf), T-shaped 3.085(3), 3.040(3) Dimeric 73
38. Agy(5,5'-bm-2,2"-bpy),(4-amp)(BF,), T-shaped 3.348(1) Polymer 74
39. (Ag(3-amp)BF,), — 3.289(1) Polymer 30
40. Ag,(2,2"-bpy),-p-(3-amp)(BF,), Trigonal pyramidal 2.988(4) Dimeric 30
41. [Ag(dach)],(NO3), T-shaped 3.233(4) 2D 75
42. [Ag5(CN)5(2,2"-bpy)s, ] Distorted square planar 3.276(2)-3.342(2) 3D 46
43. [(Me4N)Ag;(CN)4], Distorted square planar 3.073(5), 3.149(5) 3D 46
44. [Ag(pmtmb)],, — 3.336(11) 2D layer 20
45. {[AZ2(C10H14N,),](C10,).} T-shaped 2.966(1) 1D 76
46. [Ag(py).]' "X~ (X = ClO,, BF,, PFy) Distorted square planar 2.960-3.000 1D 77
47. [Ag(PCPA)(PCPAH)(4,4"-bpy)H,0], T-shaped 3.209(13) 1D ladder 78
48. {[Ag(4,4"-bpy)][Ag(HSIP)-(4,4"-bpy)](H,0),}» — 3.473 2D network 79
49. [Aga(HoL3)p(HLy),] Distorted square planar 3.040(1) Dimeric 80
50. {[Ag,(bpdc)(bpp)(H,0)]-2H,0},, — 3.080, 3.170 3D network 21
51. Ag>(4,4"-py);.5(dpa)(H,0) — 2.880 3D 82
52. [Ag(SS-chxn)](X™)-1.5H,0 Trigonal pyramidal 3.002(8) 1D chain 83
53. [Ag,(dmt),(suc)-H,0], Square planar, seesaw 3.106(15) 2D sheet 84
54. [Ag,(dmt),(suc)(H,0)-0.5H,0] Trigonal pyramidal 3.146(16) 2D polymer 84
55. [Ag(3-PAH),]-(BF,) Distorted square planar 3.340 2D polymer 5
56. [Ag(3-PAH),](ClO,)-H,O Distorted square planar 3.340 2D polymer 5
57. [Ag(3-PA)-1.5H,0 Square pyramidal 3.610 2D polymer 5
58. [Ag,(L1),-AgNO;]. — 3.173(11) 2D network 6
59. [Ag:.s(apym)(nta) s, Trigonal pyramidal 3.020(3) 3D framework 7
60. {[Ag4(pa-pzdc),(p-en),]-H,0}, — 3.096, 3.307 3D framework 8
61. {[Ags(NMP)4(L1),]-3(Cl0,)}e0 — 3.275(9) 3D 9
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Table 1 (Contd.)
Ag--Ag (A)
No. Compound Geometry around Ag(1) (ligand-unsupported) Description Ref.
62. [Ags(tbb);(NH;),], Square planar 3.028(14)-3.091(2) 1D chain 22
63. Ag,L,(4,4"-bpy)(H,0),-6H,O Square planar 3.087,3.114 2D sheet 49
64. [Ag(HL1)(OTf)],; [Ag(HL2)(OTf)] Square pyramidal 3.132(4)-3.263(7) Dimer 39
65. [Ag(Hdpma)](NO;),-H,0 T-shaped 3.068(6) 2D polymer 50
66. [Ag(dpma-NO)(NO,)], — 3.094(5) 1D chain 50
67. [Ag(CH;CN),CAg;(bis-MeOEtIm),|(NO;)(BF,), Trigonal pyramidal 2.823(4), 2.995(4) Discrete 85
68. [(AgL)CIO,] & [(AgL)BF,] T-shaped 3.098(13) 2D and 3D 86
69. [Ag,(Hssa)(daoc)], — 3.131(11) 3D polymer 34
70. [Ag(CF;3S0;){OPPh,N(H)CMe;}, {Ag(OPPh,N T-shaped and five coordinated 2.897(3) Dimer 35
(H)CMe;),}]SO;CF;

71. [Ags(HacacPz)s|-2EtOH T-shaped 2.906, 3.007 Dimer 36
72. [Ags(HacacPz)s|-4EtOH T-shaped 2.905 Dimer 36
73. [Ags(HacacPz)s]-0.5DCM-1.5Et,0 T-shaped 2.912, 2.969 Dimer 36
74. [(AgO,C,F3),°Ly] Trigonal pyramidal 2.943(2), 3.173(13) Dimer 37
75. [Cu(en),][Ag.(CN);][Ag(CN),] Square planar 3.102 2D 33
76. [Cu(dien)Ag(CN),],[Ag,(CN);][Ag(CN),] T-shaped 3.172 3D 33
77. [AgNa(C505)(H20)y]» — 3.170(2) polymer 51
78. {Fe(pmd)[Ag(CN),][Ag:(CN);]} Square planar 2.980-3.020 3D 52
79. {[Ni( f-rac-L)][Ag(CN)z]z},, T-shaped 3.048(1) 2D network 53
80. [AgsZn,(tren),(CN)o] Square planar 3.335(6)-3.376(7) 1D polymer 54
81. [CuAg(CN),(dien)],[Ag(CN),][Ag2(CN)3] T-shaped 3.160-3.300 2D 87
82. [Me,N],[KAgs(CN)g] — 3.201(9) 2D network 88
83. {[Ag(H,biim)s][PW,;030]}-Cl-H;0 Trigonal pyramidal 3.184(4) 2D network 55

ence or absence of any connectivity via ligands between the
silver centers in the molecular system. In unsupported
systems, the Ag—-Ag contacts habitually signify a close approach
between two or more independent molecular units and, there-
fore, the effects become less complicated to evaluate. By
description, single and multiple systems of unsupported inter-
actions are classified essentially as either self-regulating
mono- or polynuclear entities (i.e., intermolecular). Such
ligand unsupported interactions (Scheme 1) are important in

/\ = /Ag

Ag‘\

\
Ag

Scheme 1 Various examples of ligand-unsupported argentophilic
interactions reported in the literature relating to the crystal engineering
of supramolecular coordination polymers.
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supramolecular chemistry, even in the absence of other func-
tionalities. The accumulation of the constituents could appear
at first glance, to be solely examined based on intermolecular
Ag-Ag contacts. This topic has been a matter of some debate
thanks to the scarcity of unambiguous experimental evidence
showing silver aggregates that are stable in the absence of sta-
bilizing ligands.?® It has been noticed that even in the absence
of ligand bridging via conventional electron-pair bonding, the
Ag'-Ag" interactions might not be “unsupported” in every con-
densed phase.

Numerous ubiquitous weak forces, like H-bonding, n-x
stacking, ion-ion, dipole-dipole, and ion-dipole attractive
interactions, have been established to exist between ligands,
distinctly manipulating the mode of aggregation and deter-
mining the Ag-Ag distance between components.*® The con-
struction of multidimensional frameworks with metal-metal
especially within monovalent coinage metal
(Ag, Au, and Cu) based systems, is a viable design approach
for the rise of dimensionality or the enrichment of supramo-
lecular topology, according to previous work. The strengths
of the argentophilic interactions**™*> have an order of mag-
nitude comparable to that of H-bonding interactions,
suggesting that they could be a useful tool for strengthening
the intended frameworks.’® In this review, the literature
pertaining to ligand-unsupported homometallic*’>° and
bimetallic metallophilic contacts®*'>* between silver
atoms and in polyoxometalate-based compounds®° is
decisively presented (Table 1). There is a wealth of data
relating to discrete compounds,’” and dimeric'®'® and
17:26,4657 structures, including diverse geometries

interactions,

polymeric
around Ag" ions.
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The literature around polyoxometalate-cluster-based com-
pounds containing ligand-unsupported argentophilic inter-
actions has been summarized as a subtopic as part of a
broader review. This review aims to give a concise overview
focused on recent developments relating to advanced synthetic
strategies for noncovalent interactions, highlighting weak to
strong interactions and other aspects for improving the qual-
ities of these compounds. The last part of this article will
address theoretical evidence, the spectroscopic characteriz-
ation of relevant compounds, and the roles of other support-
ing interactions in the formation of extended networks.

Early observations

Earlier, the 1984 edition of “Structural Inorganic Chemistry”
divulged fewer than half a dozen compounds where astonish-
ingly close Ag-Ag contact exists had been scrutinized,
suggesting that “some metal-metal interaction” studies had
been published.”® Martin Jansen, in 1987, published the first
review explaining the influence of d'°~d" interactions on the
structures and properties of compounds and recapitulated the
experimental support for plausible metal-metal bonding inter-
actions with a “closed-shell” electronic configuration.>® Later,
Pyykke et al., in 1994,°° introduced the term “metallophilicity”
for metal-metal interactions in a broad sense, involving silver,
gold, mercury, copper, platinum, palladium, etc. Progress in
silver coordination chemistry research incited the introduction
of descriptive terminology for Ag-Ag interactions.®’®® The
terms ‘argentophilicity’ and ‘argentophilic bonding or inter-
actions’ were proposed, based on the Latin word “argentum”
and not the Greek word “argyros”, to describe various kinds of
Ag-Ag interactions within silver compounds. In the current lit-
erature, it has emerged as a general concurrence that argento-
philic interactions must be considered as present in all mole-
cular and crystal structures where two or more low-coordinated
silver metal ions appear in groups with van der Waals radii
between two silver atoms shorter than ca. 3.44 A. In the last
few decades, argentophilic interactions have been differen-
tiated on the basis of the absence or presence of any ligand
connectivity between silver metal ions. In unsupported cases,
the Ag-Ag interactions habitually represent the closest
approach between independent molecular units and, there-
fore, it is easier to appraise their existence in terms of short
Ag-Ag contacts between two atoms in molecules within multi-
dimensional systems, as compared to ligand-supported com-
pounds. The appraisal of the significance of any supported
argentophilic contacts made only on the basis of distance is
more difficult because the structural requirements of the
ligand may enforce either shortened or elongated Ag-Ag con-
tacts. Wherever possible, most of the time, experimental or
theoretical attempts to estimate the structural and energy
characteristics of argentophilic interactions have tried to rely
on cases of unsupported contacts. These unsupported inter-
actions are particularly relevant in the area of supramolecular
chemistry, where other functionalities are absent and the
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aggregation of components may seem at first glance to be
solely determined by intermolecular Ag-Ag contacts.

In the early eighties, Symons, Russell, and coworkers" suc-
cessfully synthesized the silver-imidazole perchlorate 1. The
basic structural unit has crystallographic D; symmetry and
consists of six linear [Ag(imd),]" cations and six [ClO,]”
anions. The crystal structure reveals the presence of a planar
(Ag")s, cluster, in which three radiating pairs of Ag’ ions,
3.051(1) A apart, are located at the corners of an equilateral
triangle, with the inner Ag" ions being 3.493(1) A apart (Fig. 1).
There are two of these hexameric units in the rhombohedral
unit cell, but there are no other Ag-Ag contacts with distances
of less than 5 A.

In 1994, Sironi and coworkers synthesized the trimeric com-
pound [Ag(pyrazole)]; (pz = pyrazole), 2, which was solved
about the crystallographic 2-fold axis in the Phcn space group
and acquires idealized D3, symmetry. It consists of an almost
regular triangle (Fig. 2) of non-bonded silver atoms (Ag1-Ag2 =
3.414(5) A and Ag2-Ag2F = 3.431(4) A), whose sides are bridged
by pyrazolato groups, in a plane running parallel to the crystal-
lographic ¢ direction."™

In 1998, Burrows and coworkers performed the reaction of
AgBF, with isonicotinic acid (HINA), leading to the formation

Fig. 1 The hexamer unit made of [Ag(imid),]*" cations in 1, viewed
along the crystallographic three-fold axis. There is a two-fold axis along
each Ag™—Ag* vector, and hydrogen atoms are removed for clarity.

Fig. 2 The structure of [Ag(pz)ls, 2; two adjacent units are shown, and
the hydrogen atoms are removed.

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/d0qi00447b

Published on 07 lugliu 2020. Downloaded on 16/03/2026 16:44:33.

Inorganic Chemistry Frontiers

Fig. 3 A polymeric chain of 3 with Ag—Ag contacts; hydrogen atoms
and tetrafluoroborate anions are omitted for clarity.

of an unusual polymeric structure [Ag;(INA),|BF,, 3, consisting
of Ag; triangles (Ag-Ag = 2.969(5)-3.236(5) A) linked together
via two isonicotinic ligands (Fig. 3). This coordination polymer
consists of both bridged and unbridged short Ag-Ag contacts.
The fact that the two unsupported contacts are longer than
those supported by bridged carboxylate suggests that the
ligands do have a significant effect on Ag"-Ag" separation."

In the year 1997, the reaction between Ag(O;SCF;) and 2-[3
(5)-pyrazolyl|pyridine anions was performed by Stavropoulos
and coworkers, yielding colorless, light-sensitive rods of
[Ag3(2-(3(5)-pz)py)s]>-2py (where pz = pyrazolyl; and py = pyri-
dine), 4. With the help of this compound, the authors suc-
ceeded in presenting strong evidence of Ag-Ag contacts that
have possibly managed to survive without any supportive brid-
ging ligand. The Agl-Ag3 (3.227 A), Agl-Ag2 (3.655 A), and
Ag2B-Ag3 (3.702 A) interactions (Fig. 4) demonstrate the exist-
ence of 1D chain structures through unsupported Ag-Ag con-
tacts, which are somewhat masked by the existing coulombic
interactions."

In 1998, Patterson and coworkers synthesized TI[Ag(CN),],
5, which consists of three crystallographically inequivalent Ag
sites in the unit cell (Fig. 5) with a Ag-Ag distance of 3.110 A.
The Ag(CN),~ ions are stacked in two patterns throughout the
crystal structure, in which Agl is present on the inversion
center of one pattern and Ag2 is present on the inversion
center of other pattern. The stacking in the Agl environment

®c
ON
0Ag

Fig. 4 A molecular pair from [Agsz(2-(3(5)-pz)py)slo-2py, 4, in which
ligand-unsupported Ag—Ag contacts are clearly shown. Hydrogen atoms
and pyridine molecules in the lattice are omitted.

This journal is © the Partner Organisations 2020
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Fig. 5 The compound TI[Ag(CN),l, 5, showing three crystallographically
distinct silver atom sites with ligand-unsupported argentophilic
interactions.

results in a trimer of interacting Ag(CN),” ions with a linear
arrangement of the three silver atoms. The Agl atom is sur-
rounded by two opposite images of Ag3 in this environment,
with an Ag1-Ag3 contact distance of 3.110(3) A. The other
stacking pattern is observed in the Ag2 environment and can
be described as a pentamer of Ag(CN),” ions with distorted
square planar geometry. Ag-Ag contact distances of 3.528(3)
and 3.899(1) A are present between the central Ag2 atom and
each of the opposite images of Ag3 and Agl terminal atoms,
respectively. The Ag-Ag interactions in TI[Ag(CN),] are ligand-
unsupported, suggesting that argentophilicity is likely impor-
tant in coordination compounds of Ag" ions, in a similar way
to aurophilicity in Au™-based compounds.**

In 1998, Chen and coworkers prepared the compound
[Ag(2,4"-bpy)]ClO, (Where 2,4"-bpy = 2,4"-bipyridine), 6, in which
the helical [Ag(2,4-bpy)]infinicy chains are racemic, surrounded
by perchlorate counter ions. The Ag" ion is linked to two nitro-
gen atoms from 2,4-bpy groups from two different ligands in
addition to the oxygen atom of the counter ion. Adjacent
helical chains (Fig. 6) are linked via weak ligand-unsupported

Fig. 6 Ligand-unsupported argentophilic interactions forming helical
chains in 6, resulting in a 2D network; perchlorate counter ions and
hydrogen atoms are removed.

Inorg. Chem. Front., 2020, 7, 3735-3764 | 3739


https://doi.org/10.1039/d0qi00447b

Published on 07 lugliu 2020. Downloaded on 16/03/2026 16:44:33.

Review

Ag-Ag (3.153(6) A) interactions, resulting in an open 2D
network with compressed hexagons as building units. This
symbolizes a structural example of the presence of asymmetric
cavities in a non-interpenetrating network. The Ag'-ClO,~
bond is a relatively weak bond, but its weak nature probably
contributes to the strength of the Ag-Ag interaction, which pre-
sumably stabilizes the crystal structure.*>

In 1999, Chen and coworkers synthesized the novel 3D
non-interpenetrating networks [Ag,(bsdab);],(NO3),,, 7, and
[Ag,(bsdab);],,(ClO,),,, 8, (bsdab = N,N-bis(salicylidene)-1,4-
diaminobutane) in which bis-monodentate phenol groups of a
Schiff base ligand serve as bridging units.>® Each silver atom is
coordinated by three phenol groups from three bsdab ligands
in an unusual perfect trigonal arrangement (Fig. 7). Each pair
of adjacent centrosymmetrically related Ag' ions is joined by a
ligand-unsupported Ag-Ag bond (2.934(2) A); this bond lies on
a crystallographic threefold axis and the 3D network consists
of rhombohedral building blocks. In the rhombohedron, each
top site is occupied by a pair of ligand-unsupported Ag" ions,
which is surrounded by six phenol groups.

Network 8 is isomorphous to 7, and the structural para-
meters are very similar. The Ag-Ag distances (2.934(2) A in 7
and 2.946(2) A in 8) are similar to the ligand-unsupported Ag-
Ag distance (2.977(1) A) in the 3D polymer [Ag(4,4"-bpy)
(NO;)].**** These distances are well below the summation of
the van der Waals radii of two silver atoms (3.44 A) and are
very close to the Ag-Ag separation in silver metal (2.89 A),
which suggests significant Ag-Ag bonding. In the compound
[NBu,]4[Ag,{M050,3(0OMe),(NO)},], a shorter ligand-unsup-
ported Ag-Ag bond (2.873(2) A) is reported, where the bridging
polyoxoanions most probably play a role in fixing the Ag-Ag
separation.> It is noteworthy that, neglecting the Ag-Ag inter-
actions, the frames of 7 and 8 are formed by 2D highly undu-
lated simple layers of (6,3) topology that catenate in a parallel
fashion to give a 3D overall network, instead of the usual 2D
one.

View Article Online
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Ligand-unsupported argentophilic
interactions in homometallic
compounds

In conventional chemistry relating to crystals, simple unsup-
ported examples of [H3;N-Ag-NH;]'X™ salts have originated,
with a variety of examples. In all related cases identified to
date, with different X~ anions, the cations combine to form
chains via Ag-Ag contacts (distances in the range of 2.910 to
3.110 A) with linearity for Ag-Ag-Ag assembly. [H;N-Ag-NH;]"
cations have also been found to attach via argentophilic
contacts to Ag' ions engaged with other sets of ligands.
Sun and coworkers, in 2013, synthesized and structurally
characterized new Ag'-ion-based coordination polymers based
on 3-nitrophthalic acid (H,npt), namely [Ag,(NH;),(npt)],, 9,
[Ag>(NH3)(npt)],, 10, and [Ag(NH;)s(npt),-H,0],, 11."7
Compound 9 shows a 1D chain of binuclear silver atom based
secondary building units, in which [Ag(NH;),]" is connected
on two sides of this chain (Fig. 8a) through ligand-unsup-
ported argentophilic interactions (Agl-Ag2 = 3.110(7) A).
Another ligand-unsupported weak Ag-Ag interaction (Ag2-Ag2 =
3.434(8) A) extends the 1D chain into a 2D sheet-like structure.
The interesting point about this compound is the existence of
a silver wire of -Ag1-Ag1-Ag2-Ag2- repeating units in a 2D
sheet with an alternating arrangement of diverse Ag-Ag inter-

Fig. 7 The coordination environment of silver atoms in [Agz(bsdabs],,(NO3),,,
7; ligand-unsupported argentophilic interactions form a 3D network
consisting of rhombohedral building blocks.
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Fig. 8 (a) The formation of a 1D chain in 9 and the ligand-unsupported
argentophilic interactions between Agl and Ag2 atoms, (b) the 2D 4*-sql
net in 10, and (c) the 2D silver net in 11, formed from purely ligand-
unsupported Ag—Ag contacts.
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actions. Compound 10 is a 2D 4*-sql net constructed from npt
ligand bridged centrosymmetric Ag, rhombus secondary build-
ing units, in which the Ag-Ag contact (3.205 A) is a ligand-
unsupported interaction (Fig. 8b). In compound 11, all neigh-
boring two-coordinated Ag" ions propagate to form an infinite
1D silver wire with the arrangement of -Ag3-Agl-Ag2-Ag4-
Ag2-Ag1-Ag3- through purely ligand-unsupported Ag-Ag inter-
actions (Ag1-Ag2 = 3.019(11) A, Ag1-Ag3 = 2.948(8) A, and Ag4-
Ag2 = 3.092(8) A). Moreover, Ag5 is established between adja-
cent 1D silver wires and furnishes another three ligand-unsup-
ported argentophilic interactions, with Ag-Ag contact dis-
tances in the range of 3.128(12)-3.301(10) A, extending the 1D
silver wires to a 2D silver net (Fig. 8c).

Kraus and coworkers gave examples of novel compounds
with unsupported Ag-Ag interactions between silver atoms
with higher coordination numbers. Ag-Ag contacts with
smaller distances are established between silver atoms of the
[Ag.(NH;)s]*" units in [ZrFe]* - and [HfF,]* -ion-based salts.
Two quasi-tetrahedral [Ag(NH3),]" units are highly flattened in
this compound and mutual approach between these two units
gave Ag-Ag distances of 3.122(5)-3.141(9) A.°* Chen and co-
workers, in the year 2000, reported a ladder motif of [Ag(4,4'-
bpy)lintiniey (4,4-bpy = 4,4"-bipyridine) side pieces that were
crystallographically documented in [Ag(4,4'-
bpy)|.[H2PO4],-[H3PO,],, 12, synthesized from the self-assem-
bly of silver(i) salt with 4,4"-bpy."” The crystal structure consists
of molecular ladders with [Ag(4,4"-bpy)linfiniy and ligand-
unsupported Ag-Ag contacts, H,PO,~ counter ions, and H;PO,
molecules. Each Ag" ion in T-shaped coordination geometry is
coordinated with two 4,4-bpy units; each pair of [Ag(4,4'-
bpy)lintiniey chains is linked into a 1D molecular ladder via
ligand-supported Ag-Ag interactions with a separation of 3.286
(2) A (Fig. 9). These 1D ladders are gathered into a layered
structure, which is organized in an auxiliary fashion by a
H-bonded 3D network with the help of counter ions (H3PO,)
and water molecules.

In the year 2000, Chen and coworkers prepared the com-
pound [Ag,(tren(mim);),](CF3S03)4-2H,0 (where tren(mim); =
tris{2-[2-(1-methyl)imidazolyl] methyliminoethyl}amine), 13,
which consists of discrete tetranuclear [Ag,(tren(mim);),]*
cations, trifluoromethanesulfonate anions, and water mole-
cules, where two ligands encapsulate four Ag' ions in an inter-
locking fashion.”” One arm of each tren(mim); component

Fig. 9 The rectangular unit in 12; hydrogen atoms and lattice water
molecules are omitted.
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Fig. 10 A perspective view showing a dimeric form of [Agaltren
(mim)3),]** cations in 13 connected by weak ligand-unsupported Ag—Ag
interactions.

uses its imine and imidazole nitrogen atoms to bind Agl (or
Ag4) in bidentate chelate mode; the second arm bridges Agl
and Ag2 using its imidazole and imine nitrogen atoms; and
the third arm links to Ag3 using its imidazole nitrogen atom
as a unique donor. A couple of tetranuclear cations unite to
form an octanuclear cation via ligand-unsupported contacts
between two Ag' ions (Ag4-Ag4 = 3.117(2) A) belonging to
different tetranuclear cations. Although the Ag4-Ag4a distance
is relatively long, it is comparable to other ligand-supported
metallophilic separations.”®*°> Since the four imidazole
rings ligated to Ag4 and Ag4 are arranged in an off-set fashion,
there are no significant n-n interactions between imidazole
groups from different tetramers (Fig. 10). Each Ag' ion is co-
ordinated in distorted T-shaped geometry, connected with a
five-membered chelate ring; the metallic chain thus adopts a
zigzag fashion with Ag-Ag-Ag angles in the range of 116.44(3)-
156.83(4)°.

Che, Phillips, and coworkers performed a reaction between
stoichiometric amounts of Ag(O,CCF;) and tricyclohexyl-
phosphine (PCy;) in dichloromethane to afford crystals of
[Ag,(p-depm), X, (X = CF3S0;5: 14, PF4: 15; depm = bis(dicyclo-
hexylphosphino)methane) upon recrystallization from di-
chloromethane/n-hexane. Ag,P,C, cores are present in the
molecular structures of 14 and 15 (Fig. 11), adopting chair con-
formations; ligand-unsupported Ag-Ag separations of 2.936(1)
and 2.960(1) A are observed in 14 and separations of 2.907(1)
and 2.938(1) A are observed in 15.**

In 2001, Sun and coworkers reported the assembly of a flex-
ible tetradentate ligand, namely 1,7-bis(4-pyridyl)-2,6-diaza-
heptane (py-hep), with AgClO,-H,O0, giving rise to a fascinating
2D brick-wall network of the compound [Ags(py-hep),]
(ClO4)3:0.5CH;CN, 16. The network comprises Ag' ions with
trigonal and linearly coordinated geometries. In the cationic
part of the structure, three Ag' ions and two ligands are
present in the repeating unit, and dissimilar coordination
behaviors have shown around the two- and three-coordinate
Ag' ions. Both Ag1 and Ag2 are coordinated three-fold by two
NH groups from py-hep and one pyridine group from another
py-hep, with Ag-N distances in the range of 2.234(5)-2.374(5)
A. The atom Ag3 is coordinated two-fold by two nitrogen
atoms from pyridine, with an Ag-N distance of 2.108(6) A. It is
clear that each Ag' ion is coordinated by two different py-hep

Inorg. Chem. Front., 2020, 7, 3735-3764 | 3741


https://doi.org/10.1039/d0qi00447b

Published on 07 lugliu 2020. Downloaded on 16/03/2026 16:44:33.

Review

Fig. 11 Perspective views of [Ag,(u-dcpm),IX; (where X = CF3SOs3 for
(a) and PFg for (b)); the anions CF3SO3z and PFg are present in the lattices
of compounds 14 and 15, respectively.

entities and, in turn, each py-hep ligand connects three Ag"
ions (Fig. 12). The distance of 3.179(1) A between Ag3 and
Ag3B indicates the existence of weak ligand-unsupported Ag-
Ag metal interactions, which are responsible for the generation
of a polymeric network.®?

Wang and coworkers, in the same year, reported the assem-
bly of [Ag(bpp)]ClO,, 17, and [Ag(bpp)|PFs, 18 (where bpp =
1,3-bis(4-pyridyl)propane), two coordination polymers with
novel and distinct cationic network structures. In their
research paper, the authors described well the irreversible con-
version of 17 into 18 upon treatment with NaPF¢. This conver-
sion is unique because it is driven by the formation of stronger
Ag-Ag bonds in the polymeric cation, which are absent in the
silver(r)-based coordination polymers described above. In both

Fig. 12 The coordination environment of two-coordinate Ag* ions in
[Ags(py-hep),](ClO,4)3-0.5CH=CN, 16, and the formation of a brick-wall
network via weak ligand-unsupported Ag—Ag interactions.
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Fig. 13 (a) A 2D polymeric chain formed via Ag—Ag contacts in [Ag
(bpp)IClO,4, 17; ClO,4~ counter anions and hydrogen atoms are removed
for clarity. (b) Strong ligand-unsupported Ag8-Ag8 interactions in
Ag,C,-6CF3sCO,Ag-3CH3CN, 19, resulting in the construction of a 2D
network.

17 and 18, each Ag" ion is coordinated by two pyridyl nitrogen
atoms from different bpp units in approximately linear geome-
try (Fig. 13a). In the cationic network, there are two types of
crystallographically and chemically equivalent Ag" ions, both
of which form 1D sinusoidal chains with the coordinated bpp
molecules, where each -CH,—-CH,-CH,- spacer adopts TT con-
formation. Adjacent chains consist of one type of Ag' ion,
cross-linked through argentophilic bonding to form 2D layers,
as evidenced by the Ag-Ag contact distances (3.221(10) A in 17
and 3.085(9) A in 18). Comparing the extended structures of 17
and 18, it has been reasoned that the latter is more stable than
the former, primarily because of the greater number and
strength of Ag-Ag bonds.>*

In 2001, Kristiansson reported a ligand-unsupported silver(i)
aggregate, namely catena(p;-0,0',N-4-aminobenzoato)(jL,-O,
N-4-amino-benzoato)disilver(i)acetone solvate, with higher
complexity and shorter Ag-Ag distances.’® The crystals are
assembled from rhombohedral Ag, units, which are co-
ordinated with eight p-aminobenzoate ligands (four oxygen
atoms from carboxylate groups, and four nitrogen atoms from
amino groups), and these rhombohedral units are exclusively
linked via ligand unsupported Ag-Ag interactions. The Ag,
units are further linked to form infinite chains via Ag-Ag inter-
actions supported by bis(carboxylato-0,0') bridges (Ag-Ag =
2.946(6) and 3.025(4) A). Polymeric chains interlinked via
unsupported dimeric Ag-Ag interactions (3.161(4) A) have pre-
viously been observed in silver imidazolate.®®

Mak and coworkers, in the same year, reported the com-
pound Ag,C,-6CF;CO,Ag-3CH;CN, 19, consisting of a zigzag
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chain of edge-sharing triangulated dodecahedra, which can be
regarded as arising from the fusion of two sets of tetrahedra.
The dodecahedra share edges of the type Ag5-Ag6 to generate
a chain-like structure. The silver atoms Ag5 and Ag6 help to
assemble a virtually planar zigzag chain in which silver atoms
Agl to Ag4 attached through binding with C,>~ anions. The
remaining silver atoms of type Ag7 and Ag8 are attached
around the chain via trifluoroacetate bridges and are both
four-coordinated, but the latter has its fourth coordination site
saturated by an unsupported Ag8-Ag8 interaction with a dis-
tance of 2.917(4) A (Fig. 13b). These composite chains are
interlinked through such interactions to construct a 2D
network.*®

In 2002, Tong, Kitagawa, and coworkers reported a com-
pound [Ag,(ppa),-(0x)]-9H,O (ox = oxalate, ppa = N-(4-pyridinyl-
methyl)-4-pyridinecarboxamide), 20, consisting of an open 3D
neutral network of rectangular channels with lattice water
molecules. The overall network consists of p-sheets with ox>~
ligands as pillars. Each Ag" ion, in T-shaped coordination geo-
metry, is ligated by two ppa units and one relatively weakly co-
ordinated ox>~ counterion; adjacent Ag-ppa chains are linked
into interesting 2D f-sheet-like layers via weak ligand-unsup-
ported Ag-Ag contacts (3.202(1) A).® It is noteworthy that the
ligand-unsupported Ag-Ag contacts and side-to-side interchain
offset stacking interactions extend the 1D coordination chains
into 2D sheets (Fig. 14).

Cao, Hong, and coworkers, in the same year,'® constructed
a luminescent polymer [{Ag(H,btc),{Ag,(Hbtc)}], (Hpbtc =
benzene-1,3,5-tricarboxylic acid), 21, consisting of silver chains
formed from ligand-unsupported Ag-Ag interactions and
H,btc™ and Hbtc®~ spacers (Fig. 15).

It comprises two independent building units, Ag,(H,btc),
(A) and Agg(Hbtc),/3 (B). The two silver atoms in unit A are
bridged by two deprotonated carboxyl groups with an Ag-Ag
distance of 2.976(13) A. Two A units in each case are connected
through weak Ag-O(carbonyl) cONtacts; the geometry around the
Ag' ion is distorted trigonal and a 1D chain-like structure is
formed. Every two adjacent chains that are aligned in different
directions are combined via ligand-unsupported Ag-Ag inter-
actions (Ag1-Agl: 2.963(12) A), forming a 3D structure. Each B
unit is arranged with four Ag, subunits, united via two car-

Fig. 14 The 2D sheet-like network of 20 constructed via Ag—Ag con-
tacts, shown in the ab plane.
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Fig. 15 The structure of the silver() chain formed via ligand-unsup-
ported Ag—Ag interactions in [{Ag(Hbtc)}{Aga(Hbtc)}l,, 21.

boxyl groups from the ligand. Two Ag3-Ag4 subunits (Ag3-
Ag4: 3.210(11) A) are joined via ligand-unsupported Ag-Ag
interactions (Ag3-Ag3: 3.092(16) A), generating a linear Ag,
chain, which connects two Ag2-Ag2 (2.989(13) A) subunits
through weak Ag-O bonding and ligand-unsupported Ag-Ag
interactions (Ag2-Ag3: 3.185(6) A). Owing to the ligand-unsup-
ported Agl-Ag2 (3.278(8) A) interactions between the two
kinds of 3D structures, they interpenetrate, producing linear
distorted ladder-like silver(i) chains and the final condensed
3D structure.

In 2004, Henderson and coworkers prepared the compound
[Ag4(3-CP)g(SiFe)2(H20)2]n (3-CP = 3-cyanopyridine), 22, where
[Ag4(3-CP)]"" is essentially a centrosymmetric linear tetranuc-
lear cationic cluster, containing four [Ag(3-CP),]" units con-
nected via three Ag-Ag interactions and n—n contacts between
adjacent monocoordinated 3-CP ligands (Fig. 16). The three
Ag-Ag bond lengths (3.307(5), 3.024(6), and 3.307(5) A) in this
centrosymmetric tetramer are shorter than the van der Waals

Fig. 16 The structure of the centrosymmetric [Ag4(3-CP)gl** unit in
compound 22.
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contact distance (3.40 A). Each 3-CP ligand is terminally co-
ordinated to an Ag' ion via its pyridyl nitrogen and the nitrile
group remains uncoordinated. The absence of coordination
between Ag" ions and these pendant nitrile groups highlights
the significance of the n—r stacking interactions between adja-
cent aromatic rings. The Ag, skeleton is not quite linear, with
Ag-Ag-Ag angles of 160.50(19)°. Neglecting this fact, this com-
pound represents an unusual example of a 2D network based
on discrete linear Ag, clusters.®”

In 2004, Jun and coworkers reported unique molecular rec-
tangles of [Ag(L)],X, (X~ = NO;: 23; ClO,: 24; PFs: 25;
CF;S0;7: 26) via the slow diffusion of AgX with O(SiMe,(4-Py)),.
In these rectangular systems, transannular metallophilic inter-
actions compete with the interactions between Ag" ions and
the anions (Fig. 17). The order of strength for argentophilic
interactions is: NO;~ > ClO,~ > PFs~ > CF3SO;~ based on the
anion exchange distances, ranging from 3.20(1) to 3.81(1) A
without the demolition of the cyclic framework. It has been
noted that a transannular Ag-Ag interaction (3.200(1) A in 23)
exists in the solid-state, and this distance is much shorter than
the corresponding distance of ligand-unsupported Ag-Ag inter-
actions recorded in the literature. All four structures are basi-
cally similar, but the argentophilic interaction distances
(3.20(1) A for 23, 3.41(1) A for 24, 3.67(1) A for 25, and 3.81(1)
A for 26) along with the related N-Ag-N angles are very sensi-
tive to the bite-size of each anion. The Ag-Ag interaction
strengths are inversely proportional to the bite-sizes of the
anions. NO;~ (2.13(1) A), ClO,~ (2.36(1) A), and CF5S0;™ (2.39(1) A)
anions exhibit substantial differences in the bite-size.””

In 2005, Liu and coworkers reported the assembly of
isonicotinate acid (HINA) and Ag' ions via a layer-separating
diffusion method at ambient temperature, which gave
rise to two structural coordination polymers, namely,
[(Ag4(INA),)-H,0-0.5CH;0H],,, 27, and [(Ag3(INA),)NO;],, 28.
Compound 27 is the primary example of a double-layered
structural design, and it involves an unconventional stacking
mode with Ag-Ag, Ag-O contacts and n-n interactions. The
construction of double-layer network in 28 presents an oppor-
tunity to examine the functionality of counter anions in
ligand-unsupported Ag-Ag interactions. Fascinatingly, ligand-
unsupported Ag-Ag interactions (3.096(7) A for Ag2-Ag4) are
available only in the interlayers of the structural design. In

(a)\ \’ p (b) ¢ . -
f | i i
0-1 \ w{-.

(C)\ ) , (d)

Fig. 17 The solid-state structures of (a) 23; (b) 24; (c) 25; (d) 26
showing transannular Ag—Ag interactions. The anions can be clearly
observed, and hydrogen atoms are removed for clarity.
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Fig. 18 The crystal structure of 29 shows weak ligand-unsupported
argentophilic interactions, extending it into a 2D layered structure.

addition to the Ag-Ag contacts, n-n interactions can only be
obtained between pyridyl rings, and the interlayer connections
are completed by them."® In 2005, Zhu and coworkers reported
the polymeric compound [Ag(en)Ag(dnbc),],-2nH,0 (en: ethy-
lenediamine, dnbec: 3,5-dinitrobenzoic acid), 29, in which Ag1
and Ag2 atoms show ligand-unsupported weak argentophilic
interactions (Ag-Ag distance = 3.177(4) A). The amine ligands
bridge Ag" ions to form a coordination polymer chain with an
Ag(dnbc), coordination fragment attached via Ag-Ag inter-
actions (Fig. 18), and this helps the extension into a 2D layered
structure.®®

A solution of sodium 3,5-diphenylpyrazolate [Na(Ph,pz)]
with Ag(tht)NO; in dichloromethane reacts to afford an unsol-
vated and photostable dimer of trimers [Ag;(1-3,5-Ph,pz);],, 30.
These two trimers are rotated anti to each other (Fig. 19).
Three silver atoms bridge through exobidentate pyrazolate
groups to form a slightly puckered nine-membered ring with a
shortest Ag-Ag intramolecular interaction distance in the
metallocycle of 3.357(8) A. The other two silver centers are
weakly interacting, with an Ag3-Ag1 distance of 3.49 A and
Ag3-Ag2 distance of 3.52 A. The Ag-Ag intermolecular inter-
action distance between the two trimers is 2.971(14) A.*°

In 2005, Jung and coworkers carried out the synthesis of
the compound [Ag(NO,)(BPDMS)], 31, with AgNO, and bis(4-
pyridyl)-dimethylsilane (BPDMS). The 1:1 adduct of Ag'-

Fig. 19 The structure of [Agsz(Phypz)sl,, 30, showing ligand-unsup-
ported argentophilic interactions; hydrogen atoms have been omitted.
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Fig. 20 The coordination environment around Ag* ions, with ligand-
unsupported argentophilic interactions forming a zigzag chain in [Ag
(NO,)(BPDMS)], 31.

BPDMS and NO,~ was been obtained and a linear relationship
between the ligand to metal ratio and anion coordinating ability
was observed. This compound has a unique sheet-like structure
containing double helices that are joined to each other into a
unique sheet through Ag-Ag (3.002(2) A) contacts (Fig. 20). It has
been demonstrated that the silicon atom based bipyridine
ligand is a mesmerizing structural forming unit, exhibiting
minute strain in the manufacture of diverse skeletons, like a
double-helical sheet with ligand-unsupported Ag-Ag contacts in
a five-coordinated Ag" ion based compound, a sheet consisting
of nano-tubes, ladder-type tubes, and 2D sheets.>*

Chen and coworkers, in 2005, successfully designed the com-
pounds [Ag,(ophen),],-6H,0, 32, [Ag,(obpy),],-4.5H,0-0.5DMF,
33, and [Ag,(obpy),]s-18H,0, 34 (Hophen = 1H-[1,10]phenan-
throlin-2-one, and Hobpy = 1H-[2,2']bipyridinyl-6-one), in which
all compounds consist of the desired [Ag,L,] (L = ophen or
obpy) structural unit.”® The [Ag,L,] dimers are further dimer-
ized in compounds 32 and 33 (Fig. 21a and b), whereas the
[Ag,(obpy),] molecules are associated into a trimer (Fig. 21c) in
compound 34. X-ray analyses show that the interdimer Ag-Ag
separations in [Ag,-(ophen),], (3.199 A) are remarkably shorter
and, also, the face-to face n—rn interactions hinder rather than
sustain important interdimer Ag-Ag interactions. In the
trimer-of-dimers structure in [Ag,(obpy),]s, the ligand-unsup-
ported Ag-Ag contact distances lie in the range of 3.171 to
3.274 A. From the crystal structure, it is evident that the oligo-
merization process involving Ag,L, molecules is privileged due
to stronger argentophilic and comparatively weaker face-to-
face n—m interactions.

In 2005, Barbour reported an infinite 2D Borromean entan-
glement coordination framework {[Ag,(BMIMB);]|(BF,),}
(BMIMB: 1,4-bis(2-methylimidazol-1-ylmethyl)benzene), 35,
which was obtained via the reaction of a flexible ligand with
AgBF, and stabilized via ligand-unsupported argentophilic
interactions.”® The coordination environment around the Ag*
ions is trigonal planar, and three imidazole rings are oriented
in a propeller-like arrangement with their 2-methyl groups
located on the same face of the plane. Each (AgL;) motif is
associated with an identical symmetry-related motif through
an argentophilic interaction (Ag-Ag = 3.062(4) A).

In the same year, Klausmeyer and coworkers reported the
compound [Ag(2-amp)2(tfa)] (2-amp = 2-(aminomethyl)pyri-

This journal is © the Partner Organisations 2020

View Article Online

Review

Fig. 21 The molecular structures of (a) [Ag.(ophen),l,:6H,0, 32, (b)
[Agz(obpy),l>-4.5H,0-0.5DMF, 33, and (c) [Ag(obpy),]s-18H,0, 34,
showing ligand-unsupported argentophilic interactions.

dine, and tfa™ = trifluoroacetate), 36, in which both trigonal-
bipyramidal and square-based pyramidal geometries are
present in a single structure. The crystal structure of the com-
pound displays short Ag-Ag contacts (3.007(4) A) (Fig. 22) and
shows similarity with metal-isolated counterparts. These
species are held together by weaker n-stacking and H-bonding
interactions with the lattice or coordinated anions.”"

Englert and coworkers, in the year 2006, reported the com-
pound [Ag(rac-chxn)|BF, (rac-chxn = rac-1.2-diaminocyclohex-
ane), 37, in which Ag" ions in neighboring strands are not sep-
arated by additional ligands but rather they remain di-co-
ordinated”® with additional ligand-unsupported short Ag-Ag
(3.110 A) contacts (Fig. 23).

In 2006, Chen and coworkers structurally established two
supramolecular isomers of Ag(imidazolate) [38 and 39], exhi-
biting 2D (6,3) and (4,4) networks, respectively, through short
interchain Ag-Ag contacts (3.159(5) A for 38 and 3.445(5) A for
39).* In fact, attributable to the different relative orientations
between adjacent imd ligands, the crystal structure of 38 con-
tains four crystallographically unique Ag(imd) units, whereas
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Fig. 22 The molecular structure showing ligand-unsupported Ag—Ag
contacts in 36.
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Fig. 23 The packing of Ag* ions in 37 showing ligand-unsupported
short Ag—Ag contacts; hydrogen atoms and anions are omitted.

that of 39 contains two crystallographically unique Ag-(imd)
units; also, because of different relative orientations, the
associated Ag-Ag contacts are also different. In 38, there are
two crystallographically unique Ag" ions and short Ag-Ag con-
tacts between adjacent chains (3.159(5) A) have been shown.
These chains extending along the [2 0 1] direction are inter-
linked into a 2D network through short Ag-Ag contacts.
Further, it can be simplified to a uninodal (6,3) net, with two
unique Ag' ions that have short Ag-Ag contacts acting as three-
connected nodes and two other Ag' ions and imd ligands also
with short Ag-Ag contacts acting as linkers (Fig. 24a). In con-
trast, only one crystallographically unique Ag" ion in 39 has
short Ag-Ag contacts (3.445(5) A, a value slightly longer than
the sum of the van der Waals radii of silver atoms (3.40 A)
between adjacent chains). These chains are extended along the
c-axis and are linked to each other through Ag-Ag contacts to
construct a 2D (4,4) network (Fig. 24b).

Klausmeyer and coworkers, in 2005, synthesized a variety of
silver() compounds, Ag(3-amp)OTf, 40, Ag,(2,2"-bpy),-p-(3-
amp)(tfa),, 41, and Ag,(2,2"-bpy),-p-(3-amp)(OTf),, 42, using
the mixed-donor ligand 3-amp with AgX (X = OTf~ or tfa’;
3-amp = 3-(aminomethyl)pyridine; OTf = triflate; tfa = trifluor-
oacetate; and 2,2-bpy = 2,2-bipyridine). The structural fea-
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Fig. 24 The formation of a 2D network via short Ag—Ag contacts in (a)
38 and (b) 39.

tures, such as the dimensionality of the overall compound,
coordination number, and coordination environment were
controlled based on variations in the counter ion and ligand
to metal ratio.”® The 1D chain is connected to an identical one
via Ag-Ag interactions (3.182(4) A for 40, 3.058(3) A for 41, and
3.085(3) and 3.040(3) A for 42), such that the two 3-amp
bridges are arranged head-to-tail with respect to one another.
The effect of these Ag-Ag contacts is to join the isolated poly-
mers into 1D zigzag chains or 2D sheets due to closed-shell
Ag-Ag interactions involving the planar metals, holding the
monomers together. In 40, the Ag-Ag interactions appear to be
supported by the interpolymeric zn-stacking of 2,2-bpy rings,
and the effect of this interaction is to join would-be isolated
polymers into 2D sheets. The resulting sheets exhibit a stag-
gered array of interlaced hexagons, similar to a chain-link
fence (Fig. 25a). Similar to 40, the Ag-Ag interactions appear to
be supported by the n-stacking of 2,2"-bpy rings, forming a 1D
chain (Fig. 25b) in 41 and dimeric units (Fig. 25¢) in 42.

In other work, Klausmeyer and coworkers, in the same year,
managed to prepare another compound Ag,(5,5-bm-2,2'"
bpy),(4-amp)(BF,), (4-amp = 4-(aminomethyl)pyridine; and
5,5-bm-2,2-bpy = 5,5-bismethyl-2,2"-bipyridine), 43. The
typical Ag-Ag interaction lengths are 3.348(1) A and appear to
be supported by the zn-stacking of pyridyl and bipyridyl rings
bound to the silver metal. The unique and interesting feature
of this structure is that it is actually a linear polymer that
expands along the direction of the Ag-Ag interactions (3.348(1)
A) with an infinite Ag-Ag backbone. This backbone shows only
a slight bend at each metal center, with a Ag-Ag-Ag angle of
174.85(2)°. Perpetuation of the polymer sees the molecular
axis of each monomer shifted nearly perpendicular to the adja-
cent units, giving the overall polymer a saw-tooth appearance
(Fig. 26).”*
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Fig. 25 Ligand-unsupported Ag—Ag contacts forming (a) a 2D network
in 40, (b) a 1D polymeric chain in 41, and (c) dimeric units in 42.

[ ]
@ Ag

Fig. 26 The molecular structure of Ag,(5,5-bm-2,2'-bpy),(4-amp)
(BF4)2, 43, showing ligand-unsupported Ag—Ag contacts.

Klausmeyer and coworkers reported the compounds (Ag(3-
amp)BF,),, 44, and Ag,(2,2"-bpy),-p-(3-amp)(BF,),, 45 (3-amp =
3-(aminomethyl)pyridine), in the year 2007. Depending upon
the ratio of the reactants used and the crystallization tempera-
ture, asymmetric 3-amp with AgBF, results in an array of struc-
tural motifs. With a 1:1 ratio of 3-amp to silver atoms, the
linear coordination polymer 44 is formed, depending upon
whether the crystals are grown at —35 or 5 °C. The Ag-Ag dis-
tance herein is a bit lengthy at 3.289(1) A, but the contact
appears to be completely unsupported with virtually no
n-stacking occurring between the rings of the connected Ag'
ions in 44. There do appear to be, however, substantial
n-interactions between silver metal and the 2,2"-bpy rings of

This journal is © the Partner Organisations 2020
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Fig. 27 The ligand-unsupported Ag—Ag contacts in (a) compound 44
and (b) compound 45.

the polymer strands stacked above and below the silver atoms
that hold the two halves of the polymer chain together. The
n-clouds of the 2,2"-bpy rings approach to the silver atoms
within the range of 3.031(9) to 4.176(9) A (the distances
between the silver and ring atoms), constructing a pseudo-
double-metal sandwich arrangement (Fig. 27a). In 45, sym-
metry-equivalent units are held close together via a Ag-Ag
interaction distance of 2.988(4) A (Fig. 27b). This relatively
short Ag-Ag interaction, which is over 0.3 A closer than the
others described herein, is held tightly together by the reso-
nance stacking of the three coordinated rings connected to
neighboring silver atoms. This interaction is not achievable
with contrasting amine-bound silver atoms due to the projec-
tion of amine hydrogen atoms into the space required for ring
stacking.*°

Zhu and coworkers, in the year 2003, reported the coordi-
nation polymer [Ag(dach)],(NO;), (dach = 1,2-diaminocyclohex-
ane), 46, which has a 1D chain-like structure that is extended
by ligand-unsupported Ag-Ag interactions (3.233(4) A), and
hydrophobic and hydrogen-bonding interactions into a 2D
supramolecular (Fig. 28) array.””

Guo and coworkers, in the year 2006, prepared two novel
silver compounds, namely [Ags(CN)s(2,2"-bpy),]., 47, and
[(Me,N)Ag;(CN),4],, 48, via a solvothermal technique.*® In 47,
the 1D chains link with each other to form a 2D wavelike layer

Fig. 28 Ligand-unsupported Ag—Ag interactions forming a 2D network
in the compound 46.
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Fig. 29 Ligand-unsupported argentophilic interactions forming 2D net-
works in (a) compound 47 and (b) compound 48.

extending along the [0,1,0] and [1,0,1] directions through
ligand-unsupported Agl-Ag2 (3.276(2) A) and Ag3-Ag4
(3.314(1) A) interactions (Fig. 29a). These layers stack together
tightly to form a 3D framework through ligand-unsupported
Agl-Ag5 (3.373(1) A) and Ag4-Ag5 (3.342(2) A) argentophilic
interactions. In the adjacent 3-connected (10, 3)-g nets in 48,
ligand-unsupported Ag1-Ag3 (3.073(5) A) and Ag2-Ag4
(3.149(5) A) argentophilic interactions exist, which play an
important role in forming the stable framework (Fig. 29b).
Hong and coworkers, in the year 2006, prepared the novel
coordination polymer [Ag(pmtmb)],, 49, with a flexible asym-
metrical bridging ligand, namely 4-(2-pyrimidylthiomethyl)
benzoic acid (Hpmtmb).>° The 2D layer of 49 consists of
unusual zigzag silver chains based simultaneously on mixed
ligand-supported and ligand-unsupported Ag-Ag interactions.
However, the ligand-unsupported Ag-Ag interaction is weaker,
with a distance of 3.336(11) A. Li and coworkers, in 2007, pre-
pared the compound {[Ag,(C10H14N4),|(ClO,),},, 50, which is a
1D coordination polymer formed from Ag’ ions linearly
bridged by 1,10-(butane-1,4-diyl)diimidazole molecules. The
chains have a double-helical arrangement (Fig. 30) and pairs
of chains are held together by a rarely reported ligand-unsup-

Fig. 30 The formation of a double-helical chain via ligand-unsup-
ported Ag—Ag interactions in 50.
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Fig. 31 A view of the zigzag chain of cations that is present in 51 and
52; the hydrogen atoms and counter-anions were omitted.

ported Ag-Ag interaction (2.966(1) A). The double-helix con-
sists of rotated 24-membered macrocyclic rings, in which four
Ag' ions (lying on a two-fold axis) and two pmtmb ligands are
present in the crystal structure.”®

Lee and coworkers, in the year 2007, synthesized and
characterized three simple 1:2 silver(1)-pyridine adducts with
different counter anions, [Ag(py).]' X~ (X = ClO4: 51; BF,: 52;
and PFg: 53).” Structural studies of 51-53 reveal the presence
of strong ligand-unsupported argentophilic interactions
(Ag-Ag = 2.96-3.00 A) between [Ag(py),]” ions, forming pairs of
[Ag(py).].>" ionic units. In 51 and 52, pairs of [Ag(py).],>" are
further linked into 1D infinite chains via a combined set of
multiple Ag-Ag close contact (3.34-3.37 A), offset ‘head to
head’ n-r stacking, and anion bridging interactions (Fig. 31).
In contrast, 53 shows the presence of octahedral PFs~ as a
counter anion, and a couple of [Ag(py),].>" units are managed
into a 3D framework with the collective help of a pair of Ag-F
contacts, C(H)-F bonds, and ‘head to tail’ n-n stacking inter-
actions. No extended 1D polymeric chains of Ag' ions are
present in 53.

Zhang and coworkers, in the year 2007, reported
[Ag(PCPA)(PCPAH)(4,4-bpy)H,0],, (4,4-bpy = 4,4"-bipyridine;
PCPA = p-chlorophenoxyacetate; and PCPAH = p-chlorophenox-
yacetic acid), 54, with a 1D molecular ladder structure. This
supramolecular framework is built via coordination bonds,
weak interactions between Ag’ ions, m-m stacking, and
H-bonding interactions. It consists of molecular ladders with
[Ag(4,4"-bpy)], sidepieces, ligand-unsupported Ag-Ag rungs,
PCPA counter anions, neutral PCPAH, and lattice water
molecules. Two [Ag(4,4-bpy)], chains are linked into a 1D
molecular ladder via ligand-unsupported Ag-Ag interactions
(3.209(13) A) (Fig. 32).”8

Fig. 32 The 1D molecular ladder made of [Ag(4,4'-bpy)], sides and
ligand-unsupported Ag—Ag interactions in 54.
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Fig. 33 A view of the 2D network and ligand-unsupported Ag—Ag
interactions in compound 55.

Liu and coworkers, in 2008, produced a new silver(i) coordi-
nation polymer {[Ag(4,4"-bpy)][Ag(HSIP)(4,4-bpy)|(H,0)z}n, 55,
via the self-assembly of Ag(NO3), with 5-sulfoisophthalic acid
monosodium salt (NaH,SIP) in the presence of 4,4"-bipyridyl
(4,4"-bpy). 4,4'-bpy bridges Agl atoms to form a 1D chain along
the b axis, and the Ag-Ag distance is comparable to a value of
2.89 A. Then, a 2D supramolecular network (Fig. 33) is formed
from Ag-4,4’-bpy double chains and HSIP ligands through a
combination of coordination bonds, ligand-unsupported Ag-
Ag interactions (3.473 A), and weak Ag-O coordinative
interactions.”

Chen and coworkers, in 2008, prepared another dinuclear
compound [Ag,(H,L3),(HL,),] (HyLz = 2,6-bis(5-phenyl-1H-
pyrazol-3-yl)pyridine, HL, = 6-(5-phenyl-1H-pyrazolyl-3-yl)pico-
linate), 56, in which ligand-unsupported Ag-Ag contacts are
present between two Ag" ions (3.040(1) A) (Fig. 34). This dis-
tance is slightly longer than the Ag-Ag separation in metallic
silver (2.889 A), but shorter than the sum of the van der Waals
radii (3.44 A) reported in the literature.®® Ghosh and co-
workers, in the year 2008, synthesized the neutral dimeric
silver compound {[1-(benzyl)-3-(N-tert-butylacetamido)imid-

Fig. 34 The molecular structure showing the ligand-unsupported
argentophilic interactions in 56.
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Fig. 35 The molecular structure showing ligand-unsupported Ag—Ag
contacts in dimeric 57.

azol-2-ylidene]-AgCl},, 57, wusing a N/O-functionalized
N-heterocyclic carbene ligand. It displayed attractive argento-
philic interactions (Fig. 35) in the form of close ligand-unsup-
ported Ag-Ag contact (3.197(12) A), as observed from X-ray
diffraction studies.®"

Wang and coworkers, in the same year, reported a novel
coordination polymer {[Ag,(bpdc)(bpp)(H,0)]-2H,0},, (H,bpdc
= 2,2'-bipyridyl-4,4'-dicarboxylic acid, bpp = 1,3-bis(4-pyridyl)
propane), 58. The use of the multifunctional bpdc ligand with
N- and O-donor sites in combination with the flexible ligand
bpp presents a versatile approach for assembling multi-coordi-
nation silver(r) polymers. Analysis of the crystal structure indi-
cates the existence of two kinds of ligand-unsupported Ag-Ag
(3.08, 3.17 A) contacts (Fig. 36), linking the Ag" ions in tetra-
nuclear 1D silver strings into a 2D network. The unusual
coordination modes of bpdc provide potential supramolecular
recognition sites to construct a 3D architecture.”"

Yao and coworkers, in 2009, reported supramolecular
chains of {Ag,(dpa)(H,O)}, units in the compound Ag,(4,4"
bpy):.s(dpa)(H,0) (Hpdpa = 1,1"-biphenyl-2,2"-dicarboxylic acid;
and 4,4-bpy = 4,4"-bipyridine), 59. Two terminal Ag2 atoms
from adjacent tetranuclear units are connected through
ligand-unsupported argentophilic interactions (2.88 A)
(Fig. 37a) to extend these building units into a 1D supramole-
cular chain substructure. Another prominent feature related to

Fig. 36 The coordination environment of Ag* ions in 58; free water
molecules and hydrogen atoms have been omitted.
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Fig. 37 The compounds (a) Agx(bpy). s(dpa)(H>0), 59, and (b) a-[Ag(bpy)ls-
(Hdpa), 60, showing ligand-unsupported argentophilic interactions.

the 1D chain substructure is the coexistence of ligand-sup-
ported and ligand-unsupported argentophilic interactions. In
another compound, a-[Ag(4,4"-bpy)];(Hdpa), 60, two different
[Ag(4,4"-bpy)(Hdpa)] 1D supramolecular double chains are
found (Fig. 37b), which are sustained by a combination of
weak Ag-O interactions, n-n stacking interactions, and argen-
tophilic interactions.®>

Englert and coworkers, in 2010, synthesized the compound
[Ag(SS-chxn)](X7)-1.5H,0 (chxn = trans-1,2-diaminocyclohex-
ane, and X~ = 4-methylbenzoate), 61, in which Ag-Ag contacts
increase the dimensionality of the solids from chain polymers
(Fig. 38) to layer structures. The neighboring chains follow a
perpendicular arrangement to create a layered network with
short, ligand-unsupported argentophilic interactions (Ag-Ag =
3.002(8) A).*3

Huang and coworkers, in 2011, reported the compounds
[Ag,(dmt),(suc)-H,0],, 62, and [Ag,(dmt),(suc)(H,0)-0.5H,0],
63 (dmt = 2,4-diamino-6-methyl-1,3,5-triazine, H,suc = succi-
nic acid).®* 62 exhibits a 2D sheet structure, having two Ag"
ions in an asymmetric unit (Fig. 39a); the two-fold axis passes

Fig. 38 The 1D polymeric structure of 61, showing ligand-unsupported
Ag-Ag contacts.
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Fig. 39 The molecular structure of (a) [Agz(dmt),(suc)-H,0l,, 62, and
(b) [Aga(dmt),(suc)(H,0)-0.5H,0], 63, showing ligand-unsupported
argentophilic interactions.

through Agl and Ag2, and, as a result, both Agl and Ag2 are
half-occupied and the geometries of the Agl and Ag2 atoms
are nearly square planar and seesaw, respectively. The Ag1-Ag2
contact distance is 3.106(15) A, indicating the existence of
argentophilicity, which promotes the aggregation of silver(r)
centers. Tetranuclear 63 is composed of two suc-bridged sym-
metry-related dinuclear [Ag,(dmt),] subunits, in which a
ligand-unsupported Ag-Ag separation distance of 3.146(16) A
was observed (Fig. 39b).

Vittal and coworkers, in 2011, attempted to orient the C=C
bonds in trans-3-(3'-pyridyl)acrylic acid (3-PAH) in Ag' ion
coordination polymers,” utilizing Ag-Ag contacts. Both neutral
and deprotonated ligands were employed to synthesize the
compounds [Ag(3-PAH),]-(BF,), 64, [Ag(3-PAH),](ClO,)-H,0, 65,
and [Ag(3-PA)-1.5H,0], 66. Both 64 and 65 are isotypical hydro-
gen bonded polymers of Ag'-based compounds, whereas 66 is
a coordination polymer. Two [Ag(3-PAH),]" cations stack in a
parallel orientation, which may be attributed to weak anion
unsupported argentophilic interactions (Fig. 40a and b), with a
Ag-Ag distance of 3.34 A in both compounds 64 and 65. In 66,
the pyridyl N atoms are bonded to neighboring [Ag(3-PA)]
repeating units to form a 1D ribbon-like polymer, which
extends approximately along the [0 1 1] direction. These 1D
ribbons (Fig. 40c) are further slip-stacked in a parallel arrange-
ment (with a Ag-Ag-Ag angle of 34°) via ligand-unsupported
argentophilic interactions, with a Ag-Ag distance of 3.61 A. In
the compound [Ag,(HH-4,4-BPCD)(H,0)]-(2H,0)(0.5MeOH)
(HH-4,4-BPCD = 3,4-bis(4'-pyridyl )cyclobutane-1,2-dicarboxylic
acid), 67, each HH-4,4-BPCD ligand is bonded to four different
Ag" ions, giving rise to a 2D polymeric structure (Fig. 40d). The
connectivity of the 2D polymeric sheets involves rhomboids,
and these are commonly known as (4,4) grids, which further
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Fig. 40 Ligand-unsupported argentophilic interactions forming (a) a
zigzag chain in 64, (b) a polymeric chain in 65, (c) a ribbon-like network
in 66, and (d) a 2D polymeric network in 67.

accumulate through ligand-unsupported argentophilic inter-
actions (Agl-Ag2 = 3.11 A). These Ag-Ag contacts lead to the
construction of rare examples of 16-, 20-, and 24-membered
argentophilic interaction assisted metallomacrocycle rings.

Zhang and  coworkers, in 2011, synthesized
[Ag,(L1),-AgNOs],, (L1 = 4-C,C¢H,CO,CHj3), 68, via reacting
one ethynide group with three Ag" ions to form a complex
unit. These units aggregate via sharing Ag" ions with the other
three units to afford silver columns,® which are further linked
through argentophilic interactions (Ag2-Ag2C = 3.173(11) A) to
generate a 2D network (Fig. 41). Huang and coworkers, in
2011, prepared the compound [Ag; s(apym)(nta),s], (apym =
2-aminopyrimidine, and Hjznta = nitrilotriacetate), 69, in
which the p,-apym ligands link Ag" ions to form a 1D double-
chain incorporating ligand-unsupported Ag-Ag interactions
with a distance of 3.020(3) A. The nta,~ ligands extend the 1D
double-chains (Fig. 42) into a 3D framework.”

Yesilel and coworkers, in 2012, reported a 3D framework
{[Ag4(pa-pzdc)y(p-en),]-H,O},,, 70, obtained via the reaction of
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Fig. 41 The formation of a 2D network via ligand-unsupported argen-
tophilic interactions in 68.

Fig. 42 A view of the 1D double chain involving ligand-unsupported
Ag—Ag contacts in 69.

silver(1)-pyrazine-2,3-dicarboxylate (pzdc) with ethylenedia-
mine (en). All four Ag" ions show variable coordination geome-
tries and are connected via the carboxylate oxygen atoms of
pzdc to construct a 1D tetranuclear building unit. The adjacent
1D blocks are connected through (en) ligands to form a 2D
layer structure, which is further connected into a 3D frame-
work via ligand-unsupported argentophilic interactions (Agl-
Ag2 = 3.096 A and Ag3-Ag4 = 3.307 A). Thus, the presence of
argentophilic interactions plays a vital role in the formation of
the 3D coordination framework (Fig. 43). The presence of such
useful interactions was also established on the basis of
measured (2.36 kcal mol™) and calculated (1.74 kcal mol™)
stabilization energies.®

Hardie and coworkers, in 2012, synthesized the compound
{[Ag3(NMP)¢(L1),]-3(ClO,)} (L1 = tris(isonicotinoyl-N-oxide)
cyclotri-guaiacylene, and NMP = N-methylpyrrolidone), 71. In
the crystal structure, two crystallographically dissimilar Ag"
ions (Agl and Ag2) are present. Of these two, Ag1 is positioned
on a 3-fold inversion axis and Ag2 is located on a 3-fold
rotation axis. The geometry around Ag1 is distorted octahedral
and it is connected to one pyridyl-N-oxide group from six sym-
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Fig. 43 The 3D metal-organic framework formed through ligand-
unsupported argentophilic interactions in 70.

metry equivalent ligands (L1). There are further interactions
with two Ag2 ions through ligand-unsupported argentophilic
interactions with Ag-Ag separation (3.275(9) A). The Ag3 argen-
tophilic trimer in 71 is centrosymmetric and exactly linear.
The 3D coordination polymer formed between the Ag® ions
and L1 has 3,6-connectivity with a pyrite-like (pyr) network.’

In 2012, Sun, Huang, and coworkers reported a novel silver
(1) wire sustained via 4-tert-butylbenzoate and ligand-unsup-
ported Ag-Ag interactions. This compound, [Ag;(tbb)s;(NH;),],
(Htbb = 4-tert-butylbenzoic acid), 72, has three tbb ligands co-
ordinated with three Ag" ions to form a trinuclear subunit.
The inversion-related subunits are further extended into an
infinite 1D zigzag silver(i) wire through ligand-unsupported
Ag-Ag contacts (3.028(14)-3.091(17) A) (Fig. 44), which play an
important role in forming the infinite silver(1) wire.**

In 2012, Song, Zhang, and coworkers synthesized a novel
coordination polymer Ag,L,(4,4-bpy)(H,0),-6H,0 (H,L =
bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxydiimide, and 4,4"-
bpy = 4,4"-bipyridine), 73, which exhibits a two-fold interpene-
trated array. Remarkably, adjacent sets of 2D interpenetrating
sheets are ultimately cross-linked into an unusual 3D self-

View Article Online
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Fig. 45 The 3D structure, in which adjacent sets of parallel interpene-
trating (4,4) nets are joined together through ligand-unsupported Ag—
Ag bonds, of compound 73.

penetrating network (Fig. 45) with mbe topology when ligand-
unsupported Ag-Ag bonds (3.087 A for Ag3-Ag5 and 3.114 A
for Aga-Ag5) are taken into account.*

In 2013, Manzano and coworkers synthesized two dimeric
compounds [Ag(HL1)(OTf)],, 74, and [Ag(HL2)(OTf)],, 75 (HL1
= N,N-diethyl-4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-
2-amine, and HL2 = 2-methoxy-4,6-bis(3,5-dimethyl-1H-
pyrazol-1-yl)-1,3,5-triazine). The monomeric units are situated
in a parallel and head-to-tail fashion to form dimers (Fig. 46a
and b) that are apparently connected via unsupported argento-
philic interactions.?® The distances of these Ag-Ag contacts are

Fig. 44 The 1D silver wire incorporating ligand-supported and unsup-
ported Ag—Ag contacts in 72.

3752 | Inorg. Chem. Front,, 2020, 7, 3735-3764
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Fig. 46 The molecular structures of (a) [Ag(HL1)(OTf)l,, 74, and (b)
[Ag(HL2)(OTf)l,, 75, showing ligand-unsupported argentophilic interactions.
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3.194(7) and 3.263(7) A for 74 and 3.132(4) A for 75, which are
comparatively shorter than the summation of van der Waals
radii for silver atoms. In addition to the Ag-Ag contacts, other
supramolecular interactions, such as hydrogen bond, anion-=,
CH-r contact, and n-n stacking interactions, are also present
in the dimers.

In 2014, Wu and coworkers synthesized an infinite silver(i)
coordinated 4;-helical chain, [Ag(Hdpma)](NO;),-H,0O, 76, via
the self-assembly of AgNO; and dpma (di(3-pyridylmethyl)
amine). This helix is interweaved 5-fold and has a topologically
diamondoid-like net (Fig. 47a) that is extended via ligand-
unsupported helix-to-helix argentophilic interactions (3.068(6)
A) into a 3D framework. Distinctive anion-exchange reactions
result in a significant single-crystal-to-single-crystal structural
conversion from the 1D helix structure of 76 to the 0D mole-
cular loop [Ag(dpma-NO)(NO,)],, 77, which is an N-nitroso
compound (Fig. 47b). Compound 77 forms a chair like Ag,L,
molecular loop structure, and these molecular loops stack well
along the crystallographic a axis, with an intermolecular argen-
tophilic interaction distance of 3.094(5) A, and create an infi-
nite chain-like array with the appearance of a strip of fused
loops. Afterward, this chain interacts with another chain via
n-n interactions (3.62 A) between the closed pyridine rings,
forming a 2D supramolecular layer array.*®

Miguel and coworkers, in 2014, first isolated the precursor
[H,bisMeOEtIm]I, (bisMeOEtIm = methylenebis(N-2-methoxy-
ethyl)-imidazole-2-ylidene) as a crystalline material. After that,
a solution of this precursor in acetonitrile was treated with
AgNO; to achieve anion exchange and, subsequently, with
Ag,0 to yield [Ag,(bisMeOEtIm),|(NO;),, 78. From the solid-
state characterization of compound 78, Ag-Ag contacts are the

Fig. 47 (a) The diamondoid-like network extended via ligand-unsup-
ported helix-to-helix argentophilic interactions in 76, and (b) the ligand-
unsupported argentophilic interactions forming polymeric chains in 77.
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Fig. 48 The molecular structure of 79, showing ligand-unsupported
argentophilic interactions.

only bonding interactions between the host and guest, over-
coming their inherent electrostatic repulsion. The Ag1-Ag2 dis-
tance (3.451(5) A) slightly exceeds two times the silver-atom
van der Waals radius (3.44 A). However, considering the
absence of additional remarkable interactions of Ag" ions with
surrounding atoms, despite this long Agl-Ag2 distance, the
existence of Ag-Ag interactions should not be fully discarded
here.?> After the addition of LiBF, to a solution mixture of 78
and AgNO;, suitable crystals for X-ray analysis were isolated as
[Ag(CH;CN),CAg,(bis-MeOEtIm),](NO3)(BF,),, 79. The Ag-Ag
host—guest distances are relatively short, 2.823(4) A (Ag1-Ag3)
and 2.995(4) A (Ag2-Ag3), and this robustly suggests the exist-
ence of Ag-Ag contacts between Ag3 (guest atom) and both
Agl and Ag2 (hosting atoms) (Fig. 48). Thus, it represents a
clear example of ligand-unsupported argentophilicity. The
existence of same kind of Ag-Ag interactions has been estab-
lished in the solution state; this might be identified as a pre-
liminary step in a transmetalation mechanism using closed-
shell metal centers as transferring agents.

Liu, Cui, and coworkers, in 2014, synthesized the com-
pounds [(AgL)ClO,], 80, and [(AgL)BF,], 81 (L: a C,-symmetric
1,1’-biphenyl-type ligand with ortho positions functionalized
with pyridyl Schiff-base groups), via layering a solution of
AgClO, in CH3;CN-isppropyl alcohol and a solution of AgBF, in
CH;CN-THF, respectively. In 80, a chiral 2D lamellar network
is assembled from interlinked 1D polymeric chains via argen-
tophilic interactions (Fig. 49a). Strong interchain argentophilic
interactions (Ag-Ag = 3.167(2) and 3.195(2) A) are sustained by
mono- or bidentate ClO,~ ions via weak Ag-O contacts with
distances in the range of 2.436(11)-2.748(11) A, directing the
pack of parallel 1D chains into a 2D network in the ab plane.
Compound 81 is also a 2D chiral framework built from inter-
twined polymeric chains (Fig. 49b). Adjacent Ag" ions are thus
linked via the biphenyl backbones of the ligands to give an
infinite zigzag chain along the [1 0 1] direction. These 1D
strands are interlinked via ligand-unsupported short argento-
philic interactions, with Ag-Ag separation of 3.098(13) A (sig-
nificantly shorter than the van der Waals contact distance of
3.44 A), to form 2D lamellar frameworks, which stack on top of
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Fig. 49 (a) The chiral 2D lamellar network in 80, and (b) the 2D chiral
framework built from intertwined polymeric chains in 81.

each other along the a axis in a staggered fashion to generate a
3D supramolecular structure.®®

Yesilel and coworkers, in 2014, reported the compound
[Ag,(Hssa)(daoc)], (Hssa = 5-sulfosalicylate, and daoc = 1,8-dia-
minooctane), 82, in which zigzag polymeric chains assemble
from alternating Ag" ions and ligands (Hssa and daoc) linked
via unsupported Ag-Ag interactions. The [Ag,(Hssa),] metallo-
ligands produce a 1D coordination polymer running parallel
to the [1 0 0] direction (Fig. 50), with Ag1-Ag1 separation of
7.722 A. These 1D polymeric chains are connected via ligand-
unsupported argentophilic interactions to form a 3D coordi-
nation polymer, with an Ag1-Ag2 distance of 3.131(11) A.>*

Fig. 50 Zigzag polymeric chains assembled via ligand-unsupported
argentophilic interactions in compound 82.
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Fig. 51 The molecular structure of compound 83 showing ligand-
unsupported argentophilic interactions; hydrogen atoms are excluded
for clarity.

Zyl and coworkers, in 2015, prepared a rare silver(i) dinuc-
lear compound, [Ag(CFs;SO;){OPPh,N(H)CMes}, {Ag(OPPh,N
(H)CMes3),}|SOsCF3, 83, with N-tert-butyl-1,1-diphenylphosphi-
namine (Ph,P-N(H)CMes), which was subsequently treated
with solid AgSO;CF; in THF. The compound consists of ligand-
unsupported Ag-Ag interactions at a distance of 2.897(3) A,
coordinating through two oxygen donor atoms from the two
separate silver units (A & B) (Fig. 51). The silver unit A consists
of a three-coordinate silver center that is twisted considerably
from linear geometry because of coordination with the triflate
oxygen donor atom, but unit B remained effectively as a two-
coordinate system with linear geometry.*

Englert and coworkers, 2016, prepared the compounds
[Age(HacacPz)¢|-2EtOH, 84, [Age¢(HacacPz)e]-4EtOH, 85, and
[Age(HacacPz)¢]-0.5CH,Cl,-1.5C4H;00, 86, from HyacacPz
(3-(3,5-dimethylpyrazol-4-yl)pentane-2,4-dione) with Ag(PhCO,)
in different solvent systems. The ligand H,acacPz may be
deprotonated at either the N or O donor site in the presence of
Ag" ions. Silver benzoates are adequately basic to deprotonate
the pyrazolyl component. The deprotonated HacacPz~ then
bridges two Ag" ions, and this type of coordination approach
results in analogous distinct [Ags(HacacPz)s] molecules in
compounds 84, 85, and 86. In all independent [Ags(HacacPz)y]
molecules, pairs of Ag; triangles are formed; their Ag-Ag edge
distances range between 3.3 and 3.5 A. The accumulation of
Ag; triangles into a hexanuclear moiety is accomplished via
considerably shorter Ag-Ag contacts (2.9 A), which arise unde-
viatingly in addition to the absence of any bridging ligand.
Due to the concomitant presence of ligand-supported and
ligand-unsupported contacts (Fig. 52), the more general
expression “aggregate” is preferred. In the solids 84, 85, and
86, solvent molecules fill the voids between the large
[Age¢(HacacPz)s] aggregates. 84 contains two molecules of
ethanol per unit cell or hexanuclear aggregate. In 85, eight
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Fig. 52 Agg(HacacPz)¢ cores in compounds (a) 84, (b) 85, and (c) 86,
showing ligand-unsupported argentophilic interactions.

molecules of ethanol per unit cell occupy two voids. A more
complex situation is encountered in the case of 86. The com-
pound contains well-localized CH,Cl, with half-occupied atom
sites in general positions, i.e., one CH,Cl, per unit cell and
three strongly disordered molecules of 2-butanol in two voids
per unit cell.*®

In 2017, Omondi, Nyamori, and coworkers, synthesized
novel [(AgO,C;F;),-L,] compounds (where L = (E)-N-(1-(pyridin-
2-yl)ethylidene)aniline for compound 87, and L = (E)-N-
(pyridin-2-ylmethylene)aniline for compound 88) via the reac-
tion of AgO,C,F; with 2-pyridinyl Schiff base ligands. From
structural studies of compounds 87 and 88, they were shown
to be dinuclear, with each Ag" ion chelated by a ligand in a
bidentate manner via pyridinyl and imine nitrogen atoms. The
geometries of 87 and 88 allow for strong unsupported argento-
philic interactions, where the Ag-Ag bond distances are 2.943
(2) A in 87 and 3.173(13) A in 88 (Fig. 53), both shorter than
the sum of the van der Waals radii (3.44 A) of two silver atoms.
The difference between the Ag-Ag bond distances in 87 and 88
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Fig. 53 The molecular structures of (a) 87 and (b) 88, showing ligand-
unsupported Ag—Ag contacts.

can be attributed to the presence of imine carbon, which plays
a crucial role in stabilizing closed-shell d'°-d"’ interactions.
The fact that these Ag-Ag interactions are not ligand-sup-
ported points towards the presence of a real bond.*”

Ligand-unsupported argentophilic
interactions in bimetallic compounds

Leznoff and coworkers, in 2002, reported the compound [Cu
(en),][Ag2(CN);][Ag(CN),] (en = ethylenediamine), 89, which
forms 1D chains of alternating [Ag(CN),]” and [Ag,(CN);]~
units via argentophilic interactions at a distance of 3.102(1) A
(Fig. 54). These 1D chains are further united into a 2D arrange-
ment via strong Ag-cyano(N) (2.572(3) A) interactions. Another
reported compound, [Cu(dien)Ag(CN),],[Ag,(CN);][Ag(CN),]
(dien = diethylenetriamine), 90, also forms 1D chains of alter-
nating [Cu(dien)]”" and [Ag(CN),]” units with Cu®" ions con-
nected in an apical/equatorial fashion. These chains are cross-
linked through the [Ag,(CN);]” units via argentophilic inter-
actions (3.172(8) A) and held weakly in a 3D array via argento-
philic interactions (3.289(5) A) between [Ag(CN),]™ in the 2D
array. The influence of argentophilic interactions on the struc-
tures of 89 and 90 is apparent, with Ag-Ag bond lengths
ranging from 3.102(1) to 3.289(5) A. An increase in dimension-
ality from zero to one in [Cu(en),][Ag,(CN);][Ag(CN),], 89, is
assisted by Ag-Ag contacts. The dimensionality of [Cu(dien)Ag
(CN),].[Ag,(CN);][Ag(CN),], 90, is raised from 1D chains to a
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Fig. 54 The molecular structures of (a) [Cu(en),][Ag2(CN)sI[Ag(CN),],
89, and (b) [Cu(dien)Ag(CN),]>[Ag(CN)3I[Ag(CN),], 90, showing the
ligand-unsupported Ag—Ag contacts.

3D network as a sole result of Ag-Ag contacts, exhibiting their
use as an element in crystal engineering design, the same as
Au'-Au' interactions.>?

In 2003, Chaudhuri and coworkers prepared a heterometal-
lic 3D coordination polymer [AgNa(C505)(H,0),], (Cs05>" =
the croconate dianion), 91, in which croconate dianions inter-
weave alternately aligned and layered -Na—(u-H,O),-Na—(p-
H,0),- and -Ag-Ag-Ag- chains along the b direction. The infi-
nite ~Ag-Ag-Ag- zigzag chains have a Ag-Ag distance of 3.170
(2) A, which is shorter than twice the van der Waals radius
(3.44 A), indicating the presence of argentophilic interactions.
The Ag-Ag contacts are unsupported by bridging ligands, and
the distances lie within the range observed for other argento-
philic bonds in the literature.”® The -Ag-Ag-Ag- and -Na-
(p-H,0),-Na—(u-H,0),—- chains line up alternately and strictly
in the ab plane (Fig. 55).

In 2005, Goeta and coworkers reported the compound {Fe
(pmd)[Ag(CN),][Ag2(CN);]} (pmd = pyrimidine), 92, which has
five [FeNg| pseudo-octahedral sites linked via pmd, [Ag(CN),],
and [Ag,(CN);]~ bridging ligands to form unprecedented 3D
(6,6) topology (Fig. 56). The iron layers are associated through
[Ag(CN),]” and [Ag,(CN)3]™, and the separation of such layers
occurs via dense layers of silver atoms with the help of
observed strong argentophilic interactions. These ligand-
unsupported Ag-Ag interactions define linear trinuclear,
angular trinuclear, and hexanuclear moieties. The shortest Ag—
Ag distances between [Ag(CN),]” and [Ag2(CN);]” are in the
range of 2.98-3.02, only slightly longer than the silver metal
distance (2.89 A).>

In 2008, Jiang, Lu, and coworkers reported a 1D helical
chain of {[Ni(frac-L)][Ag(CN),],}., 93, and one trimer of [Ni(f
rac-L)Ag(CN),]3:(ClO,4);, 94, which were prepared from the
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Fig. 55 A perspective view showing the connectivity of —~Ag—Ag—-Ag-—
and —Na—(p-H,0),—Na—(u-H,0),— chains in the ab plane in compound 91.

Fig. 56 The coordination environments around crystallographically
inequivalent iron and silver atoms and the ligand-unsupported argento-
philic interactions in {Fe(pmd)[Ag(CN),]l[Ag,(CN)sl}, 92.

racemic and enantiopure macrocyclic compounds [Ni(R-rac-L)]
(ClO,), and K[Ag(CN),]. In 93, [Ni(fRR-L)][Ag(CN),], enantio-
mers alternately coordinate with [Ni(fSS-L)][Ag(CN),], enan-
tiomers to form a 1D meso-helical chain (Fig. 57a) via ligand-
unsupported Ag-Ag interactions (3.048(1) A). These 1D chains
are further connected through interchain H-bonds to generate
a 2D network.”® In compound 94, three p,-[Ag(CN),]” units
alternately bridge three [NiL]** cations to generate a trimer
(Fig. 57b). Three macrocycles within a trimer adopt unsymme-
trical RR/RR/SS or RR/SS/SS configurations and, thus, each
trimer is chiral; the whole compound of 94 crystallizes in the
space group P1, is achiral, and shows closest intra- and inter-
molecular Ag-Ag interactions calculated at distances of
5.764(6) and 8.117(20) A, respectively.

Zhang and coworkers, in 2006, reported a heterobimetallic
(Zn®*-Ag")  cyano-bridged coordination compound,
[AgsZn,(tren),(CN)o] (tren = tris(2-aminoethyl)amine), 95, fea-
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Fig. 57 Ligand-unsupported argentophilic interactions supporting the
polymeric structures in (a) compound 93 and (b) compound 94.

turing rare linear pentameric units with dicyanoargentate(i)
ions as building blocks, assembled via ligand-unsupported
d'°-d" interactions. Remarkably, five [Ag(CN),]” ions are
assembled into unusual pentameric strings, and pentanuclear
silver cords are further knotted through CN™ bridges between
adjacent [Ag(CN),7]s groups, forming one unique zigzag 1D
framework (Fig. 58) with ligand-unsupported Ag-Ag distances
of 3.335(6) to 3.376(7) A.>*

In 2002, Cerndk and coworkers reported the compound
[CuAg(CN),(dien)],[Ag(CN),][Ag>(CN);], 96, which was isolated
from [Cu(dien),](NO;3), and KJ[Ag(CN),] (dien = diethyl-
enetriamine) in distilled water. This structure is fashioned
from [-Cu(dien)-NC-Ag-CN-],"" chains with two isolated centro-
symmetric [Ag(CN),]|” and [Ag,(CN);]™ ions (Fig. 59), in which
short ligand-unsupported argentophilic interactions (Ag-Ag =
3.16-3.30 A) are present in the crystal structure.®”

In 2014, Liu and coworkers reported the doping of potass-
ium ions into a silver cyanide compound, which further led to

Fig. 58 Ligand-unsupported d'°-d' interactions forming a unique
zigzag 1D framework in 95.
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Fig. 59 Short ligand-unsupported argentophilic interactions in the
polymeric compound 96.

Fig. 60 The polymeric compound [Me4N]>[KAgz(CN)el, 97, showing
ligand-unsupported argentophilic interactions.

a heterometallic silver-potassium cyanide compound, ie.
[Me,N],[KAg;(CN)g], 97. This compound consists of a typical
NaCl-type framework®® with distinct ligand-unsupported
argentophilic interactions (Ag-Ag = 3.201(9) A) between three
adjacent [Ag(CN),]” subunits (Fig. 60).

Ligand-unsupported argentophilic
interactions in polyoxometalate-based
compounds

In 2013, Peng, Li, and coworkers hydrothermally synthesized
the unusual a-Keggin-based compound
{[Ag,(H,biim)5][PW1,03¢]}-Cl-H;0 (H,biim = 2,2-biimidazole),
98, with multinuclear silver clusters. It displays a 2D network
featuring dimerized monolacunary Keggin anions {PW,;034},,
which are connected through hexanuclear silver clusters.
Interestingly, besides the {Ags}>" clusters, other kinds of
ligand-unsupported argentophilic {Ag,}*" clusters coexist. The
{Ag,}*" cluster is approximately square, with four crystallogra-
phically unique silver atoms, and it is constructed via bridging
H,biim ligands and ligand-unsupported argentophilic inter-
actions between Ag2 and Ag4, having a distance of 3.131 A and
Ag2-Ag4-Ag4A bond angle of 166.315° (Fig. 61). The spatial
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Fig. 61 The molecular structure of 98, showing ligand-unsupported
argentophilic interactions.

Fig. 62 The molecular structure of 99, showing ligand-unsupported
argentophilic interactions.

arrangement also allows a high degree of orbital overlap
between the two silver centers and results in short Ag-Ag dis-
tances (Ag1-Ag2 = 3.184(4) A), suggesting short argentophilic
interactions.””

In 2009, You, Su, and coworkers reported a novel a-Keggin
anion-based coordination polymer, [{Ag(2,2"-bpy)},{Ag4(2,2"
bpy)sH{PMo1:VO40}]  [{Ag(2,2-bpy)}2{PM01:VOs0} (2,2-bpy =
2,2"-bipyridine)], 99, with argentophilic {Ag;}**/{Ag,}"" clusters.
It consists of isolated bisupporting [{Ag(2,2"-bpy)}»{PMo;,VO,0} ]~
anions and infinite 1D cationic chains of [{Ag(2,2'-
bpy)}{Ag4(2,2"-bpy)s HPM01,VO40}]*" constructed from
[{Ag(2,2"-bpy)},{PM0;,VO,,}]*~ anions bridged via {Ag,(2,2"
bpy)e}*” clusters (Fig. 62), and ligand-unsupported argentophi-
lic ({Ag;}*" and {Ag,}"") interactions do exist in this polymer.>®

Synthetic approaches and reticular
design

The combination of various processes or systems (mixing and
stirring; grinding; precipitation; and hydro-/solvothermal
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methods) for synthesis, the types of ligands and metal salts
that are used as starting materials, and the types of solvents
and environmental conditions (temperature of the reaction
mixture and pH of solution'®*?) are all factors that can affect
the desired final compound. To obtain the expected product
with the desired molecular/crystal structure and reticular
design, learning about or better understanding the whole
system is necessary. Since before the year 2000, researchers
have used different procedures for the synthesis of com-
pounds, such as the simple mixing of two reagents and slow
evaporation at room temperature,>?3*:63:67:697483 precipitation
methods,>'*>**3% refluxing the reaction mixture,>” the layer-
ing of solutions of reagents,'®***® and diffusion
processes.?”31:3%70:73.75.76  [midazole-based’, mono/di/tri-sub-
stituted aromatic carboxylates,'™'71972%7%:82:83 N-heterocyclic
carbene,®"** cyanide,'***>*%7%8 triazine-based,**** biphenyl-
type,*®%*% and pyrazolyl ligands'®'*?%%*%% are important
ligands for the preparation of silver compounds with supramo-
lecular networks. Pyrazolyl ligands are a kind of multifunc-
tional organic ligand that often display an exo-bidentate
coordination mode, and bipyridyl****® can be used as a
ligand or co-ligand. C,-Symmetric 1,1"-biphenyl-type ligands
are excellent candidates for making helical polymers.®® For the
synthesis of compounds with aromatic carboxylate ligands, the
pH of the reaction mixture is an important factor for control-
ling the deprotonation of different labile hydrogen atoms
attached to the oxygen or nitrogen atoms of the ligand."® The
crystal structure of the compound produced by reacting isoni-
cotinic acid with Ag" ions in the low pH medium shows no p;-
bridging mode between the isonicotinate anion and Ag" ion.
Ligand-unsupported argentophilic interactions involving com-
pounds 27 and 28 are produced upon adjusting the solution
acidity to a high pH value. The diversification in the structures
of compounds 59 and 60 reveals that the use of controlled syn-
thetic experiments, via regulating the molar ratios of reactants
or the pH value of the solution mixture, presents an effective
synthetic approach for the design and construction of novel
supramolecular assemblies with unique structural traits.®* It is
worth mentioning that envisaging and organizing the final
structures of supramolecular compounds is an immense chal-
lenge. Relevant structural features, such as Ag-Ag contacts, not
only depend on the choice of counteranion but also reflect the
influence of the chirality of the bridging ligand.”” To obtain
possible supramolecular structures, researchers have switched
to hydro(solvo)thermal methods**"***>*%%% for the prepa-
ration of compounds, e.g., the synthesis of silver(r) imidazo-
lates,” in contrast to previously utilized conventional solution
methods." In racemic compounds®’? with heterochiral
strings, argentophilic interactions may arise between two
adjoining polymer chains.””> In homochiral structures,®® the
diaminocyclohexane ligand adopts a new conformation, which
allows for short Ag-Ag distances within the chain.”*”>% Both
the chirality of the trans-1,2-diaminocyclohexane ligand and
the substitution pattern of the benzoate anion have a strong
impact on the nature of secondary interactions perpendicular
to the polymer strands. Ag-Ag interactions can increase the
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dimensionality of solids from chain polymers to layer struc-
tures.®® To make fluorescent coordination polymers, a conju-
gated and semiflexible 1,1-biphenol ligand with ortho posi-
tions functionalized via pyridyl Schiff-base groups was chosen.
N-Heterocyclic carbene behaves as a strong c-donor entity in
terms of the stabilization of compounds 78 and 79. Both com-
pounds are widely employed as transfer agents with transmeta-
lation mechanisms that are relatively unexplored.®> Assemblies
of 17 and 18 involve novel and distinct cationic networks, and
the irreversible conversion of 17 into 18 upon treatment with
NaPF, has been carried out. This conversion is unique in that
it is driven by the formation of more and stronger Ag-Ag
bonds in the polymeric unit; no such transformations have
been previously reported for other silver compounds to date.>®
It is observed from the extended structures of 17 and 18 that
the latter is more stable than the former, primarily because of
the greater number and strength of Ag-Ag contacts. This
rationale encourages the study of the possibility of transform-
ing 17 into 18 via anion exchange.>

Ligand-unsupported argentophilic interactions also affect
the orientations of ligands and metal ions within the mole-
cular structures of compounds and give rise to a variety of
architectures, e.g., hexamers (1), rhombohedral units (7),
ladders (12, 54), zigzag chains (13, 31, 72), brick-wall networks
(16), sinusoidal chains (17 & 18), p-sheets (20), cyclic structures
(23-26), layered structures (29), uninodal (6,3) (38) and (4,4)
(39) networks, saw-tooth appearances (43), pseudo-double-
metal sandwiches (44), wavelike layers (47), double-helical
chains (50), 1D ribbons (67), pyrite-like (pyr) networks (71),
diamondoids (76), and chiral lamellar networks (80).

Experimental evidence for
argentophilic effects

Patterson and co-workers reported that the temperature depen-
dence of the very low energy part of Raman spectra provides
more direct evidence for the significance of Ag-Ag contacts in
TI[Ag(CN),]."* However, Raman spectra at room-temperature
are not well-resolved and for better resolution, spectra should
be recorded under low-temperature conditions (e.g., 10 and
80 K). It has been observed that the relative intensity of the
broad band at ~100 cm ™" increases in comparison to the band
at ~50 cm™" at a temperature of 10 K because the phonon or
lattice bands turn out to be less important at low temperature.
Therefore, it is believed that the band at ~100 cm™" is not due
to lattice vibrations but, instead, is due to Ag-Ag bonding
gaining additional strength. The position of the peak at
~88 em™' at room temperature is in the range where bands
usually assigned to metal-metal stretching frequencies are
observed.

The Raman-active bands at 120 and 83 cm™ for
[Agy(bsdab);],(NO3),, 7, and 121 and 82 cm™' for
[Ag,(bsdab);],(ClO,),,, 8, (Where bsdab = N,N'-bis(salicylidene)-
1,4-diaminobutane) may be assigned to Ag-Ag vibrations and
are comparable to those found in related compounds.'®® In

1
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[Ag,(p-depm),]X, compounds (X = CF3SO3: 14, PF4: 15; depm =
bis(dicyclohexyl-phosphino)methane), due to the optical trans-
parency of the phosphine ligands, the UV-vis absorption band
at 261 nm in acetonitrile is assigned to the 4dc* — 5po tran-
sition derived from Ag-Ag bonding interactions. The argento-
philicity of this absorption band is authenticated based on
Raman spectroscopy at an excitation value of 273.9 nm, where
effectively all of the Raman intensities appear as fundamental
Ag-Ag stretches with a value of 80 cm™ and as overtone
bands."?

ESR studies were carried out by Russell, Symons, and co-
workers' on crystals of bis(imidazole)silver perchlorate, 1, after
exposure to ®°Co X-rays at 77 K. It should be noted that in this
compound, all six Ag-Ag contacts are unsupported, and silver
atoms are engaged in two (peripheral) and three argentophilic
bonds. The radical generated upon irradiation shows an ESR
signal with hyperfine coupling to three '°’Ag/'*°Ag and six "*N
nuclei, suggesting delocalization of the extra electron over the
Ag; center in an orbital primarily of 5s character.

Theoretical approaches

Besides experimental evidence based on short Ag-Ag distances
in crystal structures, the presence of significant Ag-Ag inter-
actions in TI[Ag(CN),], 5, is also supported theoretically."*
Extended Hiickel calculations from the literature indicate the
thermodynamically constructive propensity of Ag(CN),™ units
to accumulate. This is concluded from the decreasing total
energy and increasing binding energy as one proceeds from a
monomer to a dimer, and then to a trimer and a pentamer.
The formation of potential wells for dimer, trimer, and penta-
mer units of Ag(CN),” at relatively short Ag-Ag distances pro-
vides further support for the existence of Ag-Ag bonding. The
dimer [{H;PAgCl},] with staggered conformation was selected
for theoretical studies and ab initio calculations (MP2, MP2
(CP), LMP2, and LMP2(CP)). The results gave Ag-Ag distances
in the range of 2.866-2.921 A. The Ag-Ag interaction energies
are in the range of —30.70 to —38.90 kJ mol™", indicating sig-
nificant bonding interactions.’® In some cases when DFT cal-
culations were conducted, it was realized that this approach
may not be reliable for van der Waals-like attractions (dis-
persion forces).”!

The compound {[1-(benzyl)-3-(N-tert-butylacetamido)-imida-
zol-2-ylidene]AgCl},, 57, is isomorphous and contains dimers
in staggered conformation, with a Ag-Ag contact distance of
3.197(12) A. The bonding in these dimers has been analyzed
via DFT methods, and the interaction energy is calculated to
be 12.8 kcal mol %%

Other supporting interactions

The pyridyl rings of 4,4"-bpy in [Ag(4,4-
bpy)|.[H2PO4],[H3PO,],, 12, are virtually coplanar with each
other, only with smaller twisting angles from 3.6(1)° to 7.4(2)°.

Inorg. Chem. Front., 2020, 7, 3735-3764 | 3759


https://doi.org/10.1039/d0qi00447b

Published on 07 lugliu 2020. Downloaded on 16/03/2026 16:44:33.

Review

The sides of adjacent ladders are separated by ca. 3.44 A° in
12, suggesting significant n-n stacking interactions. Each pair
of [Ag(4,4-bpy)finfiniy chains is linked into a 1D molecular
ladder via ligand-supported Ag-Ag interactions with a separ-
ation of 3.286(2) A. Tt is to be noted that the Ag-Ag distances
are considerably shorter than the face-to-face distances of the
intra-ladder pyridyl rings. In a sense, the Ag-Ag distances pre-
sented here provide further experimental evidence for the
existence of argentophilic attraction without any weak support-
ing ligands.*” Face-to-face n-n interactions are important non-
covalent intermolecular forces in d'® compounds, which may
be denoted as “n-n stacking supported metallophilic
interactions”.

The ophen ligand in the compound [Ag,(ophen),],-6H,0,
32, should undergo more significant n-rn interactions than
obpy in the compounds [Ag,(obpy),],-4.5H,0-0.5DMF, 33, and
[Ag,(obpy),]3-18H,0, 34, due to differences in conjugation size
and rigidity, similar to phen versus 4,4-bpy.”® In the com-
pounds Ag(3-amp)OTf, 40, Ag,(2,2"-bpy),-p-(3-amp)(tfa),, 41,
and Ag,(2,2-bpy),-p-(3-amp)(OTf),, 42, the Ag-Ag interactions
are supported by the interpolymeric n-stacking of 2,2"-bpy
rings, and the effect of this interaction is to join would-be iso-
lated polymers into 2D sheets in 40, 1D chains in 41, and
dimeric units in 42.”° In the same category of interactions,
Ag,(5,5'-bm-2,2"-bpy),(4-amp)(BF,),, 43, also shows Ag-Ag
interactions, supported by the n-stacking of bipyridyl rings and
H-bonding from the amine groups of the 4-amp ligands,
resulting in an infinite polymer with a saw-tooth appearance.””

[Ag(py),] X~ compounds (X = ClO,4: 51, BF,: 52; PFg: 53) are
perfect examples showing the importance of n-n stacking
interactions. In 51 and 52, pairs of [Ag(py).],>" ions are linked
into 1D infinite chains via multiple Ag-Ag contacts, supported
by offset ‘head-to-head’ n—r stacking in addition to anion brid-
ging interactions. In the case of 53, pairs of [Ag(py),],>" ions
are organized into a 3D network via a combined set of Ag-F
and C(H)-F contacts, and ‘head-to-tail n-n stacking
interactions.””

The properties of silver compounds
containing ligand-unsupported
argentophilic interactions

Metal compounds with ligand-unsupported argentophilic
interactions have drawn a lot of interest because of their dis-
tinctive properties in the fields of magnetism,* cytotoxicity,”>
luminescence,® 17722:33755,71,79-81,82°88  oag  gtorage,®  anti-
microbial activity,>®® and electrocatalysis,”>® and because
they can behave as catalytic reagents for ring-opening polymer-
ization reactions.®” The high cytotoxicity of 46 implies that it is
a potential candidate for use in antitumor agents.”’
Luminescence properties have been exhibited by compounds
7-11, 16, 36, 47-48, 55-60, 62-63, 68-73, 80-82, 87-88, 93-95,
and 97-99; compound 97 also demonstrates a relationship
between structure and photoluminescence, and amendable

8,83

3760 | /Inorg. Chem. Front., 2020, 7, 3735-3764

View Article Online

Inorganic Chemistry Frontiers

luminescence effects via K ion doping, which were well inves-
tigated via  density functional theory  analysis.®®
Electrochemical and electrocatalytic behavior has been exhibi-
ted by compound 98.>> Compound 70 is an important candi-
date for gas storage applications and it also showed good anti-
microbial activity (36-63 ug mL™") against the studied microor-
ganisms.® Compounds 64-67 show photodimerization in
head-to-head fashion in the solid state.® In the case of com-
pound 99, the electrochemical behavior of a polymer-modified
carbon paste electrode and its use in the electrocatalytic
reduction of nitrite were investigated.>® Compounds 87 and 88
were studied for the ring-opening polymerization of e-caprolac-
tone, where e-polycaprolactone polymers were obtained with
average molecular weights and good polydispersity indexes.>”

Conclusions

In this review, the role of ligand-unsupported argentophilic
interactions in the design and synthesis of coordination poly-
mers has been summarized. The indagation about argentophi-
lic interactions in crystal engineering is in the middle of a
period of inundation with respect to experimental data, being
accrued in relation to the production of new supramolecular
compounds involving various interactions (such as n-r stack-
ing, H-bonding, van der Waals forces, etc.). A major goal of
these studies is to establish the correlations between supramo-
lecular interactions and the structural characteristics of these
compounds.

Widespread interest has centered on attractive interactions
between formally closed-shell metal centers; these relatively
weak Ag-Ag interactions are defined as argentophilic. In this
review, using knowledge relating to Ag'-based coordination
polymers, a preliminary attempt at the analysis of this kind of
interaction has been done. From earlier literature reports
based on argentophilic interactions, most of them are ligand-
supported, and merely a handful are divulged to be ligand-
unsupported examples. Ligand-unsupported closed-shell Ag—
Ag attractive interactions are established to be prospective
sources for the establishment of enthralling structures.

There are numerous reports of silver-metal and mixed-
metal compounds in which silver atoms connect with other
silver atoms in a variety of geometries leading to the construc-
tion of discrete dimers or oligomers, 1D chains or rings, or 3D
polymeric structures, with the help of ligand-unsupported
argentophilic interactions. A three-fold interpenetrating net
derived from the cross-linking of chains, 2-3-4-connected self-
penetrating species, and a class of 1-D to 3-D supramolecular
architectures, all assembled via the assistance of ligand-unsup-
ported Ag-Ag interactions, have been successfully reported by
Yaghi’s group, Chen’s research lab, and Guo and coworkers,
respectively.

Many of these interactions have characteristics (Ag-Ag bond
lengths, Ag-Ag-Ag angles, low binding energies, etc.) similar to
those of ligand-supported argentophilic Ag-Ag contacts.
However, mixed-metal (between two metal ions other than Ag"
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ions) metallophilic bonding has not been included here, even
though it certainly is one of the most interesting, intriguing,
and quickly emerging areas in the field of metal-metal
bonding interactions.

The existence of ligand-unsupported Ag-Ag aggregating
interactions in compounds has been confirmed via various
spectroscopic techniques, e.g., IR, Raman, and UV/vis spectral
studies. These evaluations have also been authenticated by the
outcomes of density functional theory (DFT) calculations and
quantum chemical calculations. From these studies, ligand-
unsupported argentophilic interactions can be considered as
weak forces, and these are closest in energy value to
H-bonding.

It is worth mentioning that the examples of metal com-
pounds with ligand-unsupported argentophilic interactions
are few, and this has led many researchers in solid-state chem-
istry to postulate the existence of “weak Ag-Ag interactions”
between silver centers. This is not only true for simple halides
and chalcogenides, but also for carboxylate-, phosphonate-,
and sulfonate-based ligands and a few other systems involving
polyoxometalates.
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