
BearWorks BearWorks 

College of Natural and Applied Sciences 

9-1-2011 

An Excursion into the Intriguing World of Polymeric Tl(I) and Ag(I) An Excursion into the Intriguing World of Polymeric Tl(I) and Ag(I) 

Cyanoximates Cyanoximates 

Nikolay Gerasimchuk 
Missouri State University 

Follow this and additional works at: https://bearworks.missouristate.edu/articles-cnas 

Recommended Citation Recommended Citation 
Gerasimchuk, Nikolay. "An Excursion into the Intriguing World of Polymeric Tl (I) and Ag (I) Cyanoximates." 
Polymers 3, no. 3 (2011): 1475-1511. 

This article or document was made available through BearWorks, the institutional repository of Missouri State 
University. The work contained in it may be protected by copyright and require permission of the copyright holder 
for reuse or redistribution. 
For more information, please contact BearWorks@library.missouristate.edu. 

https://bearworks.missouristate.edu/
https://bearworks.missouristate.edu/articles-cnas
https://bearworks.missouristate.edu/articles-cnas?utm_source=bearworks.missouristate.edu%2Farticles-cnas%2F1663&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:BearWorks@library.missouristate.edu


Polymers 2011, 3, 1475-1511; doi:10.3390/polym3031475 

 

polymers 
ISSN 2073-4360 

www.mdpi.com/journal/polymers 

Review 

An Excursion into the Intriguing World of Polymeric Tl(I) and 
Ag(I) Cyanoximates * 

Nikolay Gerasimchuk 

Department of Chemistry, Temple Hall 456, Missouri State University, 901 South National Avenue, 
Springfield, MO 65897, USA; E-Mail: NNGerasimchuk@MissouriState.edu; Tel.: +1-417-836-5165 

* Dedicated to life of Ingeborg Percoco. 

Received: 30 June 2011; in revised form: 16 August 2011 / Accepted: 30 August 2011 /  
Published: 13 September 2011  
 

Abstract: The reaction of hot (~95 °C) aqueous solutions of Tl2CO3 with solid HL  
(HL = NC-C(=N-OH)-R is a cyanoxime, and R is an electron-withdrawing group; 37 ligands 
are known up-to-date) leads to crystalline yellow/orange TlL. Similarly, the reaction 
between AgNO3 and ML (M = K+, Na+; L = anion of the monodeprotonated cyanoxime) 
this time at room temperature in mixed ethanol/aqueous solutions leads to sparingly 
soluble, colored AgL in high-yield. All synthesized monovalent Tl and Ag complexes were 
characterized using a variety of spectroscopic methods and X-ray analysis, which revealed 
the formation of primarily 2D coordination polymers of different complexity. In all cases 
cyanoxime mono-anions act as bridging ligands. Thallium(I) cyanoximates adopt in most 
cases a double-stranded motif that is originated from centrosymmetric (TlL)2 dimers in 
which two Tl2O2 rhombs are fused into infinite “ladder-type” structure. There are very 
short (3.65–3.85 Å) intermetallic distances in (TlL)n, which are close to that (3.46 Å) in 
metallic thallium. This opens the possibility for the electrochemical or chemical generation 
of mixed valence Tl(I)/Tl(III) polymers that may exhibit electrical conductivity. 
Synthesized silver(I) compounds demonstrate a very significant (for multiple years!) 
stability towards visible light. There are three areas of potential practical applications of 
these unusual complexes: (1) battery-less detectors of UV-radiation, (2) non electrical 
sensors for gases of industrial importance, (3) antimicrobial additives to light-curable 
acrylate polymeric glues, fillers and adhesives used during introduction of indwelling 
medical devices. Chemical, structural, technological and biological aspects of application 
of Tl(I) and Ag(I) cyanoximes-based coordination polymers are reviewed. 

OPEN ACCESS
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1. Introduction 

Coordination polymers are different from conventional organic polymers because of at least two 
reasons. First of all, there are no pure covalent bonds between the monomeric unit of the former, but 
rather donor-acceptor type polar bonds instead. Secondly, coordination polymers form elaborate and 
frequently very complex 2D and 3D repetitive structures as opposed to a variety of different chains of 
conventional organic polymers. This fact leads to the higher density of coordination polymers and their 
much higher thermal stability, which is an important factor for their practical applications. These are, 
in particular, extended solids as magnetic materials [1] (and the references therein), 1D electrical 
conductors for molecular electronics [2] (and the references therein), and gas storage [3] (and the 
references therein).  

In this work we summarize up-to-date results of our studies of coordination polymers based on 
cyanoximes—a new class of small organic molecules that exhibit properties of excellent anionic 
ligands that bind a variety of metal ions [4-9]. The relationship between different subclasses of oximes 
and their precursors is shown in Figure 1. Within the last decade we developed three routes of the 
Meyer reaction [10] that afford cyanoximes in yields above 60% (Figure 2), with the route 3 using 
gaseous methylnitrite being the most successful in preparation of different aryl-ligands [11] 
(Electronic Supporting Information: ESI 1). Thus, using a large variety of readily available substituted 
acetonitriles, 37 different cyanoximes were obtained and characterized by means of different 
spectroscopic techniques and the X-ray analysis. The cyanoximes are weak acids and quite comparable 
in strength to carboxylic acids: their pKa values range from 4.2 to 6.2 [12,13]. However, they are much 
more acidic ligands than conventional monoximes and dioximes with typical pKa values for the latter 
around 9–10 [14,15].  

Figure 1. The relationship between different classes of oximes and their precursors. 
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Figure 2. Three developed high-yield routes to cyanoximes.  
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A complete list of these molecules is presented in Figure 3 with their commonly used abbreviations, 
while their rich stereochemistry is explained in ESI 2.  

The cyanoximes represent a new class of ampolydentate (not ambidentate) organic ligands because 
their binding ability is not limited to only two donor centers such as those in traditional NO2

−, NCO−, 
NCS−, and NCSe− ions that show linkage isomerism [16-18]. Thus, even in the case of one of the 
simplest cyanoxime anions, ACO−, there are possible several binding modes with many of them 
experimentally confirmed by the X-ray crystallography (Figure 4). In recent years we were specifically 
interested in synthesis and subsequent investigations of rather unique and interesting complexes of 
cyanoximes based on monovalent silver and thallium. These compounds turned out to be coordination 
polymers of different complexity in which anionic cyanoximes act as bridging ligands sometimes 
showing unusual binding modes. Silver(I) polymeric cyanoximates showed quite remarkable stability 
towards visible light, which can be utilized in several practical applications [19-21], while polymeric 
thallium(I) cyanoximates are attractive building blocks and templates [22] for the preparation of mixed 
valence Tl(I)/Tl(III) systems that may exhibit electrical conductivity. This is an important property in 
design of molecular wires and in other molecular electronics applications [23].  
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Figure 3. Currently known and studied cyanoximes. A red asterisk indicates compounds 
for which crystal structures were determined. 
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Figure 4. Some of the most probable binding modes of the acetamide-cyanoxime anion, 
ACO−. Framed structures with cited metals were confirmed by the X-ray analysis. 
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2. Some Aspects of the Chemistries of Tl(I) and Ag(I) 

Monovalent thallium and silver have many interesting common properties. Thus, they both readily 
form black basic oxides M2O, black sparingly soluble sulfides M2S, halogenides MHal (Hal = Cl, Br, 
I), phosphates M3PO4, and perchlorates MClO4. The affinity of halogens to the Tl(I) cation is 
significantly greater than that for Ag(I) as evidenced from values of their MHal bond formation 
enthalpies (ESI 3). This trend is widely used in synthetic organic, organometallic and inorganic 
chemistry in metathesis reactions when the use of Ag(I) salts, that are unstable around heat and light, is 
prohibitive. Further, black Tl2O is thermally very stable as opposed to Ag2O which spontaneously 
decomposes to metallic Ag and oxygen at room temperature, and quickly at elevated temperatures. 
Contrary to AgOH, yellow TlOH is a stable strong base, while Tl2CO3, Tl2SO4 are water soluble. This 
makes thallium(I) chemically resembling potassium, and that is successfully utilized, for example, in 
medical practice in studies by the 205Tl NMR method monovalent ions transport in vivo and their 
binding to biological molecules [24] (and references therein). In a sense, thallium does not possess 
specific and distinctive chemical properties and always “hides its face behind somebody else” [25]. 
Thallium(I) is an oxophylic, soft acid metal cation according to the HSAB principle [26] with a very 
low absolute hardness parameter η = 2.24 eV (Table 1).  
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Table 1. Physical and chemical data for thallium, silver and their monovalent cations. 

Parameter Tl Ag 
Electron affinity, kJ/M 19.2 125.5 
M---M bond energy, kJ/M 64.4 160.3 
Absolute hardness, η, eV 2.24 6.96 
M+ covalent radius, Å 1.45 1.45 
M+ ionic radius, Å 1.64 1.14 
Sum of M-O covalent radii 1, Å 2.11 2.11 
Sum of M-O ionic radii 2, Å 2.88 2.38 
Sum of M-N covalent radii 3, Å 2.16 2.16 
Sum of M-N ionic radii 4, Å 2.96 2.46 
M---M distance in pure metal, Å 3.456 4.086 
Covalent metal-metal bond, Å 3.408 2.889 
Most relevant redox potentials,5 V: Tl+  Tl0 = −0.336 Ag+  Ag0 = −0.799 

  Tl+  Tl3+ = 1.25 Ag+  Ag2+ = 1.980 
All data from reference [23]: 1- using oxygen covalent radius value of 0.66 Å; 2- for oxygen ionic radius value  
of 1.24 Å; 3 - for nitrogen covalent radius of 0.71 Å; 4- for nitrogen ionic radius of 1.32 Å; 5- against NHE. 

Thallium has trivalent state which is separated from the monovalent by rather high redox potential, 
with the former being a strong oxidizer (Table 1). An electron affinity of Tl(I) is ~6 times less than that 
for Ag(I) (Table 1), which makes thallium complexes very stable towards reduction as opposed to 
silver compounds. As a main group III element, monovalent thallium has a 6s2 lone pair, which always 
defines its stereochemistry and significantly distorts the shape of the Tl(I) coordination polyhedron 
and, respectively, its compounds. The latter, coupled with a fairly large size of Tl(I) ion (1.64 Å for 
six-coordinate environment [27]) and its polarizability leads to an interesting general trend in the 
structural chemistry of this metal: there are typically 2–3 short distances between the metal center and 
oxygen atoms in complexes, and 2–3 much longer electrostatic contacts with other donor atoms. This 
quite unusual for structural coordination chemistry distribution of bond lengths around the large in size 
metal center leads to the adoption of odd shapes of coordination polyhedra of Tl(I) in its complexes. 
This phenomenon will be shown later. 

Contrary to Tl(I), silver(I) is a transition metal ion with [Kr]4d105S0 ground state configuration, 
1.14 Å value of its ionic radius [27] and Ag(I) stereochemistry is defined by these factors. Thus, in 
silver(I) complexes the most typical coordination numbers are 2 and 3 with the adoption of the linear, 
or trigonal planar shapes due to the bonding electron pairs repulsion as predicted by VSEPR  
theory [28]. The Ag(I) is a pronounced nitrophylic soft acid metal cation [29] with its absolute 
hardness parameter of 6.96 eV, which is significantly greater than that for Tl(I) (Table 1). In its 
numerous coordination compounds silver(I) prefers nitrogen atoms to oxygen atoms in its environment 
as evident from their crystal structures. Relevant to the structural chemistry is a comparison of values 
for M---M bond formation energies for both metals (Table 1). Silver-silver bond energy is almost three 
times greater than that for Tl-Tl bond and provides a good explanation for observed very short 
intermetallic separations in many Ag-complexes that is frequently called “argentophilicity” [30] (and 
references therein), which also defines the shapes of their coordination polyhedrons. 
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3. Coordination Polymers of Tl(I) with Cyanoximes 

3.1. Synthesis, Characterization and Properties 

The majority of monovalent thallium oximate complexes can be prepared as shown in Scheme 1 
with the carbonate route 3 being the most effective in getting crystalline samples for different studies. 
Thus, to a hot (~95 °C) aqueous solution of Tl2CO3 small portions of the equivalent amount of solid 
HL are added within ~3–5 min. When all CO2 is ceased, a yellow solution of TlL is hot-filtered into a 
large mouth test tube immersed in the 5 L Dewar flask filled with boiling water, or preheated digital 
thermostat (ESI 4). Slow cooling within 4–5 days affords TlL crystals that are suitable for the X-ray 
analysis and other studies, which were filtered off and dried in a dessicator charged with CaCl2. Some 
physical-chemical parameters and crystal data for all Tl(I) cyanoximates that were obtained and 
studied up-to-date are presented in Table 2.  

Safety note: Although we have not encountered any problems during many years of laboratory work 
and handling, special care should be taken during work with thallium compounds because of their 
high toxicity [31]: 600 mg intake represents a lethal dose [32]. Both Tl(I) carbonate and cyanoximates 
are water-soluble compounds, and that emphasizes the absolute necessity for wearing protective 
gloves at all times when working with these compounds. However, no respiratory tract covers are 
required since Tl(I) compounds are ionic and not volatile.  

Scheme 1. Routes to polymeric Tl(I) cyanoximates. 
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Table 2. Some chemical-physical parameters and crystal structures data for known up to date polymeric Tl(I) cyanoximates.  

TlL Color 
m.p. 

(dec.p.) 
°C 

Crystal data  
Structure type 

Tl: 
C.N. 

Ref. crystal system, 
group 

unit cell dimensions, 
Å, [°] 

V, Å3 
(Z) 

Density 
g/mL 

Tl(CCO) Orange 205-9 Monoclinic, 
C2/c 

a = 15.5346; β = 129.69  
b = 8.2402;  
c = 10.5347 

1,037.7 
(8) 

3.82 Complex 3D network 
 

7 [19] 

Tl(ACO Orange 
 

>230 
(dec) 

 

Orthorhombic, 
Pna21 

 

a = 10.983;  
b = 13.270;  
c = 4.034;  

587.9 
(4) 

 

3.58 
 

3D framework based on 
double-stranded Tl2O2 sheets 

joined by H-bonds 

5 
 

[35] 

Tl(BCO) 
 

Pale-
yellow 

>210 
(dec) 

Triclinic, 
P-1 

 

a = 6.681; α=97.07  
b = 8.089; β=103.56 
c = 8.843; γ=96.04 

456.6 
(2) 

 

2.75 
 
 

2D; columns of slipped 
centrosymmetric dimers 

 

3 
 

[54] 

Tl(TDCO) 
 
 

Red 
 
 

~165 
(dec) 

 

Orthorhombic, 
P212121 

 

a = 25.800;  
b = 7.916;  
c = 4.046;  

826.3 
(4) 

 

2.90 
 
 

2D layered structure: Tl2S2 
rhombs are joint via O atoms of 

the oxime groups 

6 
 

[68] 

Tl(2PCO) 
 
 

Red-
orange 

 

164 
(dec) 

 

Monoclinic, 
P21/c 

 

a = 4.134; β = 92.55  
b = 8.875;  
c = 22.217;  

814.3 
(4) 

 

2.86 
 
 

2D polymer based on zigzag  
Tl---O---Tl chain 

4 
 
 

[69] 

Tl(3PCO) 
 
 

Yellow 
 
 

~228 
(dec) 

 

Triclinic, 
P-1 

 

a = 3.7364; α = 68.140 
b = 9.365; β = 86.965 
c = 12.156; γ = 79.763 

388.43 
(2) 

 

2.99 
 
 

2D polymer, double- stranded; 
Tl2O2 rhombs from [TlL]2 
centrosymmetric dimers 

3 
(4?) 

 

[70] 
 

Tl(4PCO) 
 
 

Orange 
 
 

~258 
(dec) 

 

Monoclinic, 
P21/n 

 

a = 3.8990; β = 93.54  
b = 12.3800;  
c = 16.7563;  

807.28 
(4) 

 

2.88 
 
 

2D polymer, double- stranded; 
Tl2O2 rhombs from [TlL]2 
centrosymmetric dimers 

5 
 
 

[70] 
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Table 2. Cont. 

TlL Color 
m.p. 

(dec.p.) 
°C 

Crystal data 
Structure type 

Tl: 
C.N. 

Ref. crystal system, 
group 

unit cell dimensions, 
Å, [°] 

V, Å3 
(Z) 

Density 
g/mL 

Tl(PiCO) 
 
 

Yellow 
 
 

~170 
(dec) 

 

Triclinic 
P-1 

 

a = 9.914; α = 82.73 
b = 11.540; β = 80.80 
c = 13.281; γ = 79.04 

1,465.3 
(1) 

 

2.431 
 
 

Very complex 3D polymer with 
three different binding modes of 

the anion to Tl(I) 

4 
 
 

[71] 
 
 

Tl(BTCO) 
 
 

Brown 
 
 

~160 
(dec) 

 

Monoclinic, 
P21/c 

 

a = 14.8621; β = 90.15 
b = 4.4277;  
c = 15.0453;  

990.1 
(2) 

 

2.728 
 
 

2D polymer, double- stranded; 
Tl2O2 rhombs from [TlL]2 
centrosymmetric dimers 

 

3 
 
 

[12] 
 
 

Tl(PhCO) 
 
 

Pale-
yellow 

 

270 
(dec) 

 

Orthorhombic, 
Pbca 

 

a = 15.2262;  
b = 6.9272;  
c = 32.4520;  

3,222.3 
(16) 

 

2.713 
 
 

2D polymer, double-stranded 
Tl2O2 blocks from [TlL]2 non-

centrosymmetric dimers 

3 
 
 

[72] 
 
 

Tl(2Cl-PhCO) 
 
 

Lemon-
yellow 

 

>280 
(dec) 

 

Monoclinic, 
P21/n 

 

a = 3.8382; β = 92.45  
b = 11.0065;  
c = 20.901;  

882.2 
(4) 

 

2.891 
 
 

2D polymer, double- stranded; 
Tl2O2 rhombs from [TlL]2 
centrosymmetric dimers 

3 
 
 

[22] 
 
 

Tl(2F-PhCO) 
 
 

Pale-
yellow 

 

~217 
(dec) 

 

Monoclinic, 
P21/c 

 

a = 4.1126; β = 93.59 
b = 6.5823;  
c = 30.905;  

834.9 
(4) 

 

2.924 
 
 

2D polymer, double- stranded; 
Tl2O2 rhombs from [TlL]2 
centrosymmetric dimers 

3 
 
 

 

Tl(4Br-PhCO) 
 
 

Orange 
 
 

~255 
(dec) 

 

Monoclinic, 
P21/n 

 

a = 13.1112; β = 92.14 
b = 4.0577;  
c = 17.0940;  

908.8 
(4) 

 

3.131 
 
 

2D polymer, double- stranded; 
Tl2O2 rhombs from [TlL]2 
centrosymmetric dimers 

3 
 
 

[22] 
 
 

Tl(TLCO) Orange 220 
(dec) 

Monoclinic, 
P21/n 

 

a = 3.837; β = 94.99  
b = 29.684;  
c = 14.805;  

1,679.7 
(2) 

2.932 tetramer, contains both chelate, 
and bridging nitroso- groups, 

which are disordered (syn- and 
anti- isomers !) 

4 [73] 
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Practically all TlL can be solubilized in water, forming dilute solutions upon application of the 
ultrasound and moderate heating to ~65 °C, but the attainable concentration of complexes depends on 
the hydrophilicity/hydrophobicity of the cyanoxime ligand. All TlL complexes that are soluble in 
water lose their solid state structures in solutions and form 1:1 type electrolyte which evidences their 
ionic character [19]. Synthesized TlL are much better soluble in strong donor solvents such as DMSO, 
DMF, pyridine and 2-picoline, and also form electrolytic solutions. Both aqueous and non-aqueous 
solutions can be used for the preparation of thin films of the TlL on a glass or quartz surface using 
either dipping or spin-coating methods.  

UV-visible spectra of the yellow-orange TlL show in all cases n π* transition in the cyanoxime 
ligand, in the range of 390–450 nm [33]. With the exception of only two complexes—Tl(BIHCO) [12] 
and Tl(CCO) [19]—all other investigated TlL complexes do not exhibit appreciable emission properties. 

3.2. Crystal Structures 

All ORTEP diagrams shown in this contribution are drawn at a 50% thermal ellipsoids probability 
level; other figures were drawn using the XP and Mercury software packages. 

Fourteen crystal structures of different TlL have been determined, and crystal data is summarized in 
Table 2. Without an exception all complexes represent dense coordination polymers in which anions 
always act as bridging ligands. The experimentally observed binding modes in thallium(I) cyanoximates 
are shown in Scheme 2. However, if there is an appropriate chance for the chelate ring formation with 
participation of other donor atoms (O, N or S), then this binding mode is present in addition to the 
bridging function of anions (Scheme 2(A)) as can be seen in the structures of Tl(2PCO), Tl(PiCO) and 
Tl(TDCO). The most abundant binding mode so far (6 structures) was found to be the one with the 
ligand in the oxime form and initiation of the μ3-oxo-bridge (Scheme 2(B); Table 2), with two closely 
related structures of Tl(3PCO) and Tl(4PCO) depicted on Scheme 2(E,F) respectively. In the latter 
complex the anion also shows a rare side-on coordination that was previously observed only for 
sterically constrained monomeric Tl(I) cyanoximates containing macrocyclic ligands [34]. An 
extensive bridging exclusively via oxygen atoms was detected in only one complex—Tl(ACO) [35] 
(Scheme 2(D)). The only one example of reliably assigned monodentate coordination of the  
cyano-group to the metal center was observed in another monomeric Tl(I) macrocyclic complex with 
H(BTCO)2

− anion [36], while formation of the coordination polymer with coordinated CN-group was 
recently reported in the structure of Tl(CCO) [19] as sketched in Scheme 2(D). 

Central metal ions in Tl(I) coordination polymers that have been synthesized and studied so far 
exhibit a variety of coordination numbers, and shapes of the coordination polyhedra are presented in 
detail in the ESI 5–10, but are out of the scope of this presentation. The 6s2 lone pair is stereoactive in 
all cases, and its location can be visualized from figures provided there. Hence, all building  
blocks—individual coordination polyhedral—in these complexes are significantly distorted. The 
organizations of 2D (in most cases) and 3D coordination-polymeric networks from coordination 
polyhedra Tl(I)-cyanoximates which are the most important for present discussion are shown in 
Figures 5–10. Since formation of a double-stranded, “ladder-type” 1D coordination polymer is the 
most common way of building the structure, we examined this topological motif in detail. A typical 
organization of such a motif consists of a centrosymmetric dimer (Figure 11(A)), with its Tl2O2 units 
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fused together by additional, longer auxiliary third contact with the oxygen atom of the neighboring 
dimer to form a “ladder” (Figure 11(B)). This double-stranded zigzag chains form infinite columns 
that represent a 1D coordination polymer in which individual columns have no chemical bonding 
between them in the lattice (Figure 11(C)), but are instead connected by means of the van-der-Waals 
forces. There are two rhombs 1 and 2 in this “ladder” motif, which are different both by Tl---Tl, Tl---O 
distances, and by the bend angle δ (Figure 12). Details of the geometry of such topology for these 
polymers are summarized in Table 3. The shortest intermetallic distance of 3.705 Å among polymeric 
compounds was found in the Tl(3PCO) complex, which is very close to 3.456 Å for metallic thallium. 

Scheme 2. Observed binding modes in Tl(I) cyanoximates.  
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Figure 5. Organization of a zigzag chain in 2D-coordination polymer in the structure of 
Tl(BCO). H-atoms are omitted for clarity.  
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Figure 6. Organization of zigzag chain in 2D-coordination polymer in the structure of 
Tl(2PCO). H-atoms are omitted for clarity.  

 

Figure 7. Organization of a double-stranded, ladder-type 2D sheets in this 3D-coordination 
polymeric structure of Tl(ACO).  
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Figure 8. Organization of a complex, unique 2D-coordination polymeric sheets in the 
structure of Tl(PiCO). H-atoms are omitted for clarity. 

 

Figure 9. Two arbitrary projections of the crystal packing showing the organization of a 
3D coordination-polymeric framework of Tl(CCO).  
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Figure 10. Organization of a layered type 2D coordination-polymeric structure of 
Tl(TDCO) by means of annealing of centrosymmetric Tl2S2 rhombs via oxygen atoms of 
the nitroso group of neighboring anions into infinite stacks. Adjacent layers of complexes 
are connected only by van-der-Waals forces between N.N’-dimethyl-thioamde fragment. 

 

Figure 11. Structure of the centrosymmetric dimer Tl2L2 (A), and its fusion into the 
double-stranded 1D “ladder type” coordination polymer (B), which appears as a column in 
the structure (C, view along a). An example of Tl(2Cl-PhCO) is shown. Individual infinite 
columns are connected with each other only via van-der-Waals contacts (C); H-atoms in B 
and C are not shown for clarity. 
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Figure 11. Cont. 

 

Figure 12. Typical double-stranded “ladder-type” polymeric motif in crystal structures of 
several TlL: two orthogonal views. The groups L are: monosubstituted-arylcyanoximes, 
such as 2Cl-PCO−, 2F-PhCO−, 4Br-PhCO−, and heteroarylcyanoximes such as 3PCO−, 
4PCO−, BTCO- (from Figure 3).  
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Table 3. Geometry of two different Tl2O2 fused rhombs (1 and 2) that are formed from the 
centrosymmetric (TlL)2 dimers and define the double-stranded ladder-type motif of 
coordination polymer of several Tl(I) cyanoximates. 

 
Complex Tl’---Tl’’, Å Tl’---Tl’’’, Å Tl’’---Tl’’’, Å δ angle, [°] Ref. 
Tl(ACO) 4.034 4.473 4.473 95.48 [35] 
Tl(BTCO) 4.428 4.329 4.767 107.35 [12] 
Tl(3PCO) 3.736 3.705 4.571 70.86 [71] 
Tl(4PCO) 3.899 3.899 4.418 92.47 [71] 
Tl(2Cl-PhCO) 3.838 4.184 4.440 90.70 [22] 
Tl(4Br-PhCO) 4.058 4.097 4.435 99.92 [22] 
Tl(2F-PhCO) 4.113 4.114 4.301 101.37  

Among other structural peculiarities of Tl(I) cyanoximates described here, should be mentioned an 
extensive H-bonding in the structure of the Tl(ACO) complex (ESI 11), which joins individual 2D 
double-stranded sheets into a robust, thermally stable coordination polymer. In the structure of 
tetrameric Tl(TLCO) (Figure 3: 2-cyanoxime-4-methyl-thiazol, 19) there are two types of the oxime 
groups: two are disordered over two positions, which makes the geometry of this fragment rather 
unusual, while the other two are ordered and act as chelating and bridging groups (ESI 12). 

Several reference sources provide slightly different values of ionic radii for oxygen, nitrogen and 
thallium(I) [37,38], so we used in our calculations the most current values available from the online 
source [27] which are now presented in Table 1. Therefore, all Tl-O distances in the synthesized Tl(I) 
cyanoximates shorter than 2.88 Å and all Tl-N distances shorter than 2.96 Å were considered as bonds, 
while longer distances were commented on as electrostatic contacts which are helping in crystal 
packing in the structures of these mostly ionic complexes.  

It should be noted that the staircase architecture was observed by Harrowfield in Tl(I) complexes 
with nitrobenzoates [39,40]. However, this motif we reported first in the structure of Tl(ACO) 
complex [35]. Also, a very similar structural motif was found in numerous Cu(I) halides and 
pseudohalides compounds containing neutral N-heterocyclic ligands [41-44] (and references in [41,43]) 
with several complexes showing quite remarkable photoluminescence properties.  

3.3. Aspects of Applications of Tl-Based Coordination Polymers 

Delocalized mixed valence compounds [45,46] have great potential as electric conductors. 
Discovery of highly conductive non-metallic substances and reliable superconducting material 



Polymers 2011, 3                            
 

1491

promises great reduction in future energy and materials consumption for transportation and use of 
electricity. Conductive coordination polymers based on an organic ligands network, promise certain 
advantages over semiconductors and metals/alloys since they can be applied as thin films as opposed 
to the bulk material. These conductive films alleviate the problem of heat dissipation in miniature 
electronic devices, while bulk materials practically are at the limit of their sizes and applications due to 
this problem of efficient heat removal. An electron transfer (hopping) between different oxidation 
states (ESI 13) is a key phenomenon in electric conductivity of mixed valence compounds [23]. 
Thallium is especially attractive since it has two electrons transition Tl+ ⇔ Tl3+ from the top 6s–6p 
valence shell; these electrons are thought to be coherent and form a pair similar to that offered by 
Cooper [47]. Established by Zusman [48] and Tsirlina [49] values for the rate of the Tl+/Tl3+ transition 
are ~2 × 103 s−1 and ΔG ~ 0.76 ev (~6,130 cm−1) making a formation of mixed valence thallium based 
coordination polymers that show electron hopping to be achievable.  

There are several important factors that guide the search for mixed valence coordination polymers 
that may exhibit an electrical conductivity and even lead to high-temperature superconductivity. These 
are: (1) the formation of well-organized one-dimensional polymeric motifs such as columns, chains, or 
narrow sheets connected by non-bonding interactions, which is important for the prevention of the 
“charge leakage” in other than main directions; (2) the close spatial location of metal ions in the crystal 
lattice due to appropriate bridging atoms/groups, or direct metal-metal interactions; and (3) similar 
coordination geometries and bonding properties for metal centers in different oxidation states. The 
latter property leads to a low energy barrier between two different oxidation states and creates the 
condition for electron transport (hopping) [23], induced by light or temperature. Thus, one of the key 
conditions for success in the search for conducting mixed valence compounds and materials is the 
discovery and exploration of new bridging ligand systems that can assure formation of the  
one-dimensional polymeric structures of complexes.  

The data that has been reported here represents a summary of the first stage of our project aimed at 
the preparation of mixed valence Tl-based conducting coordination polymers. We have developed a 
method of synthesis of Tl(I) polymers and performed their extensive characterization, analyzed 
structures and identified the most promising structural motif—double stranded “ladder-type”—with 
closest intermetallic separations. The next step will be the generation of mixed valence polymeric 
compounds using chemical or electrochemical methods. A successful realization of this project will 
add highly thermally stable conducting coordination polymers to the arsenal of tools for 
microelectronics and molecular electronics. Apparent toxicity of Tl-compounds should not preclude 
their practicality since similarly toxic arsenides (GaAs, and related) and selenides (ZnSe, CdSe) and 
tellurides (PbTe, CdTe) are widely used today in closed, non-serviceable electronic devices with 
limited access to their components. 

4. Polymeric Ag(I) Cyanoximates 

4.1. Synthesis of Complexes and Their Properties 

The preparation of polymeric silver(I) complexes from protonated cyanoximes HL represents a 
simple procedure depicted in the Scheme 3. The deprotonation of cyanoximes with the base (typically 
NaOH, or K2CO3) leads to yellow solutions of respective conjugated anions [19,20,50], which rapidly, 
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within seconds react with aqueous AgNO3 to form silver(I) cyanoximates of AgL composition. In all 
cases resulting complexes are thick, sparingly soluble in aqueous solutions precipitates of various 
colors that and can be easily separated from the reaction mixture by filtration, washed with water and 
cold methanol and dried in vacuum desiccator over H2SO4(c). Yields are typically above 90%. 
However, silver(I) cyanoximates with thioamides TCO− and TDCO− (4 and 5, Figure 3) cannot be 
obtained due to the fast decomposition to black Ag2S. Some physical-chemical characteristics and 
crystal data for characterized up-to-date AgL are presented in Table 4. All currently known silver(I) 
cyanoximates are not soluble in hydrocarbons, ether, THF and chlorohydrocarbons. However, solid 
AgL are dissolve in an excess of aqueous solutions of KCN, Na2S2O3 and ammonia with the loss of 
their solid state structures. Thus, [Ag(CN)2]−, [Ag(S2O3)2]3− anionic complexes, and [Ag(NH3)2]+ 
cationic complex [20] are formed similarly to those generated from silver(I) halides [35]. This turned 
to be an important property for the equipment and glassware clean-up for the last two reagents. 

Scheme 3. Synthesis of silver(I) cyanoximates. 
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Again, like silver(I) halides and pseudohalides [17,25], solid AgL are soluble in neat amines such as 
pyridine and its methylated homologs, aqueous NH3 and methylamines, and also easily dissolved in 
strong donor solvents such as DMSO, DMF and hexamethylphosphoramide (HMPA). A rapid addition 
of ~10:1 by volume excess of ether to these solutions results in precipitation of unstable amorphous 
AgL· 2Solv (Solv = DMSO, HMPA ans DMF) complexes that slowly lose the solvent and return to the 
starting AgL compounds [51]. Values of the electrical conductivity for solutions of AgL in strong 
donor solvents are close to those for 1:1 electrolytes and evidence the loss of solid state structures [19]. 
Finally, silver(I) cyanoximates also react with phosphines and stibines to form rather unusual 
monomeric tetracoordinated complexes [52].  

All 37 silver(I) cyanoximates (Figure 3) are known with many of them being not surprisingly  
light-sensitive compounds. However, there is a large group of 13 visible light insensitive AgL 
complexes, namely with L = CCO−, ACO−, DCO−, ECO−, PiCO−, BCO−, MCO−, BiPiPCO−, 2PCO−, 
BTCO−, BIMCO−, BIHCO−, BOCO− cyanoximes (Figure 3), which are stable to day light for years of 
continuous exposure (ESI 14). This property has several important practical implications [19-21] 
which will be briefly discussed further in this work.  

4.2. Solid State Structures 

Because of the practicality of the aforementioned thirteen light-stable complexes, a considerable 
effort has been made to characterize these complexes in solid state. Therefore, in recent years seven 
crystal structures of complexes with AgL composition were determined [19-21], as well as three 
crystal structures of solvates of AgL·S composition [51] (L = BOCO, S = DMF; L = BOCO,  
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S = DMSO; L = BTCO, S = H2O). It should be noted, however, that the growth of crystals of silver(I) 
cyanoximates that are suitable for the X-ray analysis is a challenge due to their polymeric nature and, 
therefore, low solubility in common organic solvents and water. Frequently numerous attempts and 
considerable time are required to obtain specimens of X-ray diffraction quality. We found that the best 
results were obtained using two methods: (1) quick hot filtration of an aqueous solution, saturated with 
appropriate AgL, into the test tube submerged into the thermostat with subsequent slow cooling of the 
solution within 4–5 days; this approach worked surprisingly well for Ag(CCO), Ag(ACO), Ag(PiCO) 
and Ag(BCO) complexes; (2) overlay of saturated CH3CN, DMSO or DMF solutions of AgL with 
ether at room temperature; this method was used for the growth of crystals of Ag(ECO), Ag(DCO) and 
solvates such as AgL·S (L = BOCO, S = DMF; L = BOCO, S = DMSO; L = BTCO, S = H2O). Actual 
microscopic photographs of single crystals of some AgL are presented in ESI 14 C,D. No darkening of 
any single crystals of the studied complexes upon exposure to X-rays (Mo, Kα) during data collection 
was detected.  

The binding modes of cyanoxime anions in the structures of silver(I) complexes that were 
experimentally observed are summarized in Scheme 4 and indicate their bridging mode for compounds 
without heterocyclic groups R (Scheme 4). In these complexes extended coordination polymers are 
formed. At the same time, for the 2-heterocyclic ligands BOCO− and BTCO− in their solvate 
complexes the chelate function is the most preferable way of their coordination to silver(I) atoms, 
although the bridging function of the nitroso- group is clearly present in two cases as well. In all these 
complexes—Ag(BOCO)·DMSO, Ag(BOCO)·DMF and Ag(BTCO)·H2O—there is also a disordered 
by two positions CNO group [51]. The first two complexes represent dimers, while the latter is a 
tetramer, and, hence, they formally do not belong to coordination polymers and will not be further 
discussed in this paper. 

Scheme 4. Observed binding modes in polymeric silver(I) cyanoximates. 
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Table 4. Some chemical-physical parameters and crystal structures data for known polymeric Ag(I) cyanoximates. 
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The most important chemical-physical and crystal data for studied the polymeric silver(I) 
cyanoximates of AgL composition that have been studied up-to-date are summarized in Table 4. There 
is a variety of both coordination numbers, ranging from two to eight, and shapes of coordination 
polyhedra in studied polymeric silver(I) cyanoximates. These “building blocks” are presented in the 
ESI 15–20, and detailed description of the peculiarities of their geometry is out of the scope of this 
work. It should be noted, though, that the shortest metal-ligand contacts are almost always Ag-N bonds 
from nitroso- and cyano- groups of bridging cyanoxime anions. These primarily covalent bonds are 
shorter than the sum of ionic radii and are arranged in practically linear fashion in structures of 
Ag(DCO), Ag(BCO) and Ag(ECO) with N1-Ag-N2 angles between 160 and 166° (ESI 15–17). There 
are also two, or three (like in Ag(PiCO) (ESI 18) and Ag(BCO) (ESI 17)) significantly longer than the 
sum of their ionic radii Ag---O contacts which have electrostatic origin and help in stabilization of a 
crystal lattice [21]. With those two (or three) longer distances the coordination polyhedra of silver(I) 
can be viewed as seesaw for Ag(DCO) and Ag(ECO) (ESI 15,16), or as distorted trigonal bipyramid 
for Ag(BCO), or distorted trigonal prism in the structure of Ag(PiCO) respectively (ESI 17, 18). The 
coordination number of the central atom in Ag(CCO) is four in the distorted [AgN3O] tetrahedron [19] 
(ESI 19), while in Ag(ACO) it is six despite two very short Ag---Ag distances of 3.193 Å [20]  
(ESI 20). These are typical of argentophilic interactions ranging from 2.9 to 3.3 Å and are well 
documented in the literature [53].  

Figure 13. Fragments of 3D-polymeric structure of Ag(CCO): (a) unit cell content view 
along c; (b) view along b direction. Coloring scheme here and in all following figures 
describing silver(I) cyanoximates: Ag—magenta, N— blue, O—red, C—grey, H—white.  

  
(a)       (b) 

The most important motif in crystal structures of Ag(I)-cyanoximates is a formation of complex 2D 
layered polymers with only one exception of well-defined 3D network in the case of Ag(CCO) [19]  
(Figure 13). Organization of very elegant, and yet completely different 2D coordination polymers in 
the structures of Ag(ACO), Ag(BCO), Ag(DCO), Ag(ECO) and Ag(PiCO) is shown in Figures 14–18 
respectively. In all these cases 2D sheets of different complexity and composition are connected into 
the framework either by means of extensive H-bonding like in the structure of Ag(ACO) [20]  
(Figure 14), or by means of van-der-Waals interactions C-H---H-C (aromatic) between phenyl groups 
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in the structure of Ag(BCO) [54] (Figure 15), or via C-H---H-C (aliphatic) interactions between 
ethoxy- and t-butyl- groups in structures of Ag(ECO) and Ag(PiCO) [21] (Figures 17, 18 respectively). 
An interesting case of electrostatic interlayer attractions between oxygen atoms of the nitroso- group 
and hydrogen atoms of methyl groups of the anion was determined in the structure of Ag(DCO) [21] 
(Figure 16). 

Figure 14. Organization of 2D, layered polymeric structure of Ag(ACO): one layer of 
“head-to-tail” packed molecules of the complex (A) and two views of multiple unit cells 
along a (B), and b directions (C) showing H-bonding (dashed lines) between layers.  
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Figure 15. Organization of layered 2D structure of Ag(BCO): view of two unit cells along 
b showing polymeric motif (A), and ab diagonal view of two unit cells (B). H-atoms are 
omitted for clarity.  

 
Figure 16. Organization of layered 2D structure of Ag(DCO): view of ten unit cells along 
c direction showing polymeric motif (A), and then view of the same ten unit cells along b 
(B) in which H-atoms are omitted for clarity.  
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Figure 16. Cont. 

 

Figure 17. Organization of layered 2D structure of Ag(ECO): view of two unit cells along 
a showing polymeric motif (A), and two views along b (B), and ab-diagonal of the unit  
cell (C). 

 

 

 

c 

b 
0 

c 

a 

A 

C B 



Polymers 2011, 3                            
 

1499

Figure 18. Organization of layered 2D structure of Ag(PiCO): view of two unit cells along 
a showing polymeric motif and inter-layer van-der-Waals interactions between t-butyl 
groups (A), and two views along c direction (B). 

 

 

In summary, silver(I) cyanoximates showed much greater structural diversity than their thallium(I) 
analogs. The AgL exhibited very interesting structures with no two looking alike. Also, there is much 
more covalent character in Ag---L bonds than similar Tl---L bonds since they are significantly shorter 
than the sum of ionic radii between metal and participating donor atoms of nitrogen and oxygen  
(ESI 21). Namely this feature is the cause of a rather remarkable visible light insensitivity of silver(I) 
coordination polymers described here. Thus, based on available up-to-date crystal data for studied 
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light-stable AgL, the visible light insensitive motif includes bridging nitroso-group (six out of  
six cases!) and metal to CN-group coordination (five out of six cases) as shown in Scheme 5. 
Therefore, an anion must act as at least tridentate bridging ligand and adopt the anti- configuration 
(ESI 2). 

Scheme 5. The “visible light insensitive motif” in structures of light stable AgL. 
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4.3. Practicality of the Light-Stable Ag(I) Cyanoximates 

There are three areas of potential interest to these complexes: (1) battery-less, colorimetric area 
detectors of UV-, and, possibly, even gamma-radiation; (2) non electrical sensors for gases of 
industrial importance; (3) antimicrobial additives to light-curable adhesives employed during 
introduction of indwelling medical devices.  

The first two fields of practical interest are dedicated to applications of AgL as sensors and new 
materials [19,20] that are immensely convenient to handle and work with since they do not require 
dark rooms and special conditions. The latter must be normally obeyed during work with common 
light-sensitive silver(I) compounds. Despite being very stable towards visible light, solid powders of 
AgL being exposed to the UV-light develop contrast and sharp images (Figure 19; ESI 22). A detailed 
investigation of the irreversible color change and samples darkening revealed that it occurs only on the 
surface of solid samples with the rest of the bulk sample left intact [19-21]. Moreover, the degree of 
change depends on a dose of absorbed by the sample UV-radiation (ESI 23), which can be utilized in 
further development of non-electrical, colorimetric detectors of UV-radiation and, perhaps, even for 
the detection of higher energy photons such as gamma radiation. Thus, sensors containing visible light 
insensitive silver(I) cyanoximates can be used similarly to the pH paper indicator which changes color 
depending on acidity of solution, while solid AgL will change color depending on a dose of absorbed 
radiation (Figure 20). Proposed battery-less sensors can be made as self-adhesive strips that, for 
example, may be attached to the walls in premises where there is a UV-radiation and can work as area 
detectors. They can be used, for instance, in: (1) production sites with intensive welding (automobiles, 
other machines manufacturing, interior constructions/repairs); (2) electronic industry (printed circuit 
boards); (3) habitable space objects and labs.  
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Figure 19. Images on the surface of solid powders of AgL developed after prolonged 
exposure to the short wavelength UV-radiation (254 nm); shown black cardboard masks 
and a coin for size comparison. 
 

   
 

Figure 20. Practicality of color change upon exposure of Ag(I) cyanoximates to  
short-wavelength UV-radiation: potential for the battery-less colorimetric area detector for 
high-energy photons. 
 

 
 
The darkening of studied AgL under intense and prolonged UV-irradiation is attributed to the 

photoreduction of Ag+ to a very fine particles of metallic silver that readily forms colloid solutions in 
organic solvents such as DMF, pyridine and DMSO [21,51]. Because of the significant degree of 
covalence in bonds between the bridging ligand and the silver atom in complexes, synthesized and 
studied coordination polymers of silver(I) cyanoximates undergo photodecomposition by photons of 
much higher energy than visible light, which is a tentative explanation for the visible light insensitivity 
of AgL. 

AgECO 
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Silver(I) cyanoximates were also found to exhibit decrease in their photoluminescence in the 
presence of several gases of industrial significance such as H2, CO, NO, SO2, C2H2 and C2H4 [19,20]. 
Using specially designed gas cuvette (ESI 24) it was possible to investigate the emissive properties of 
two complexes: Ag(CCO) and Ag(ACO). All measurements were carried out within some time 
intervals, at room temperature, and at normal pressure of the above gases. Typical results presented in 
Figure 21 and indicate certain trend in observed emissions quench with acetylene, nitrous oxide and 
sulfur dioxide being electron rich and the most responsive molecules [19,20]. The most interesting 
feature of these coordination polymers is in their developed sensitization: the initial solid AgL are not 
visible light sensitive, but being exposed to these gases of industrial importance become sensitized and 
rapidly, within minutes, irreversibly change color and darken. We attribute this behavior to the 
formation of a complex with the gas molecules on the surface of studied solids (ESI 25). Hence, this 
interesting effect can be used in the development of non-electrical sensors for these gases, which are 
highly flammable (H2, C2H4, C2H2) and make explosive mixtures with air, or represent health hazard 
being toxic (NO, CO) and irritant (SO2). For example, one can envision such sensor that can be 
attached again as self-adhesive strips to the walls of premises such as compressor and transfer stations, 
or to flanges/pipes and regularly monitored either visually, or via an optoelectronic pair as shown in 
Figure 22. Visible light stable AgL will change color and darken only in the presence of these gases, 
which provide the opportunity to detect gas leaks. A similar approach has been commercialized for the 
carbon monoxide detection. 

 
Figure 21. Changes in emission of solid sample of Ag(CCO) with time in the presence of 
acetylene (A), and time profile of photoluminescence of Ag(ACO) in presence of several 
gases of industrial importance (B). Asterisks indicate instrumental artifacts.  
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Figure 22. Schematic diagram of the optoelectronic pair working with silver(I) 
cyanoximates for quantitative detection of gases of industrial importance in closed, 
illumined premises. The light source could be a remote laser with remote detector 
measuring the intensity of reflected light from the surface of visible light stable AgL sensor 
(A). When the gas of interest is present, the surface of a sensor gets sensitized and darkens 
with little light reflected to the detector, which triggers the alarm circuit (B). 

 

The third application of polymeric silver(I) cyanoximates belongs to a new inter-disciplinary area of 
research between coordination chemistry and biomedical sciences such as microbiology/infectious 
diseases, and the use of implants/prosthetic devices. In this context it is important to mention that the 
number of patients requiring an internal fixation device or artificial joint has grown rapidly. In the 
United States alone more than 4.4 million people have at least one internal fixation device and more 
than 1.3 million people have an artificial joint [55]. Bacterial infection induced by implant placement 
is a significant rising complication and is associated with considerable morbidity and costs [56]. 
Clinical practice has shown that systemic antibiotics are unable to provide effective treatment for 
implant-associated infections. At the present time, only a high dose of antibiotics applied locally at the 
bone-implant interface can prevent such bacterial infections. However, this prophylaxis causes a 
number of side effects, such as increased bacterial resistance to antibiotics, allergic reactions, and 
microbial flora depletion. Thus, it is often the best solution to remove the device, treat the infection 
and repeat surgical introduction of a new device. This kind of procedure is costly, both financially and 
psychologically, as well as time consuming. The development of new infection-preventing strategies 
and antibacterial agents in particular are a critical priority as artificial implant therapy rapidly increases 
in use. One of the interesting options is an introduction of the non-antibiotic antimicrobial substance, 

B 
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for example, into the glue used during introduction of indwelling medical devises, or provide the 
surface treatment of such devices to prevent pathogenic cell adhesion and biofilm formation. Silver has 
long been known to exhibit strong inhibitory and bactericidal effects as well as a broad spectrum of 
antibacterial properties [57]. Since ancient times, people have known that water can remain suitable for 
drinking for a long time if stored in silver jars. One of the applications of silver and its compounds is 
reduction of postoperative infections caused by implants. Thus, silver compounds were loaded into 
some implant materials such as bioglass [58] and bone cement [59]. It is reported that the 
incorporation of silver into implants is a most promising method in reducing the infection rate, while 
exhibiting low toxicity towards cells and tissues [60]. Silver incorporating biomaterials, therefore, 
have tremendous potential for advancing the safety of internal implant therapies in the health care 
industry [61-63]. With the exception of several publications [64-67], there were no systematic studies 
regarding light-, heat-, chemically stable, water insoluble silver(I) antimicrobial compounds targeting 
specific infections, and no oxime-based compounds were tested on that matter at all.  

We have recently discovered that our polymeric silver(I) cyanoximates satisfy the aforementioned 
essential requirements for implant materials and additives as they are: (a) water insoluble,  
(b) chemically relatively inert and do not undergo further chemical transformations, (c) light stable to 
withstand curing with an intense 400 nm light for many minutes [19-21,51], (d) thermally stable up  
to 150 °C without decomposition, which is important property for materials/devices sterilization 
purposes. Synthesized AgL also exhibit antibacterial, but not cytotoxic, effect towards human cells and 
tissues. Thus, we performed in vitro studies of antimicrobial properties of ten synthesized light stable 
silver(I) cyanoximates both in solutions and in solid state. Gram-positive and gram-negative bacteria 
and yeasts, commonly isolated from patients suffering inplant-related infections, were employed in 
these investigations. The cultures included Escherichia coli, Pseudomonas aeruginosa, Klebsiella 
pneumoniae, Streptococcus mutans, Staphylococcus aureus, Mycobacterium fortuitum, Enterococcus 
hirae, Proteus sporidium. In addition, several multidrug-resistant bacterial strains isolated from patients 
with nosocomial infections Enterococcus faecium VRE (vancomycin-resistant), K. pneumoniae 244, 
Streprococcus pneumoniae PCI, P. aeruginosa, AMA, S. aureus (methicillin-resistant) were also 
included into the in vitro screenings [21]. The antimicrobial effect of solid silver(I) cyanoximates 
deposited as pressed 12 mm in diameter pellets was tested against 5 strains of microorganisms grown 
on agar plates. Figure 23 shows one example of growth inhibition experiments and demonstrated clear 
inhibition zones in P. aeruginosa growth in the presence of Ag(BOCO), Ag(CCO) and Ag(DCO) 
pellets. More complete and detailed quantitative data regarding these investigations was recently 
published [21]. 

In summary, described here light-stable silver(I) cyanoximates can be applied as antimicrobial 
additives to light-curable polymeric adhesives and composites used during introduction of indwelling 
medical devices, implants (ESI 26), and dental filling material. Presence of AgL will prevent infection 
from occurring keeping all other important properties of adhesives and composites intact. Results of 
our preliminary tests using conventional acrylate-based polymeric flowable dental composites and 
powdery samples of Ag(CCO) showed excellent miscibility and tolerance between them without any 
changes for the extended period of time (Figure 24; ESI 27). 
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Figure 23. Zones of inhibition by Ag(PiCO), Ag(BCO) and Ag(BIMCO) pellets in P. 
aeruginosa growth on solid media. Photographs of the agar plate showing zones of 
inhibition: (A) top view, (B) bottom view.  

  

Figure 24. Microscope photographs (×40) of solid samples of two different flowable 
dental composites that contain ~10 mass% of Ag(CCO). Different matrices required 
different time for solidifying by curing with 400 nm light from the LED source. 

  
40 s      140 s 

5. Conclusions 

(1) High-yield methods of synthesis of a large series of cyanoximes, total 37 up-to-date, were 
developed using modified Meyer reaction. Also, a big group of monovalent thallium and silver 
cyanoximates of ML composition (M = Tl, Ag; L = cyanoxime anions) were prepared using 
simple procedures employing Tl2CO2 or AgNO3 in aqueous solutions. All metal compounds are 
thermally stable up to ~160 °C and represent sparingly soluble in water crystalline materials. 
Synthesized complex compounds were characterized by the variety of spectroscopic methods 
and the X-ray analysis: 14 crystal structures of TlL and 6 structures of AgL complexes were 
determined. All obtained and studied complexes represent 2D and 3D coordination polymers in 
which cyanoxime anions act as bridging ligands of different denticity.  
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(2) Thallium cyanoximates demonstrate very interesting structures in which the 6s2 lone pair is 
stereoactive and affects (significantly distorts) the shape of coordination polyhedrons of the 
metal center in complexes. The most common structural motif found in these complexes is a 2D 
double-stranded “ladder-type” polymer. Some complexes demonstrate very short intermetallic 
separation of 3.66–3.74 Å, which is very close to that in metallic thallium (3.47 Å), and be 
utilized in preparation of mixed valence Tl(I)/Tl(III) coordination polymers that exhibit electrical 
conductivity.  

(3) Out of 37 synthesized AgL compounds 13 were found to be very resistant towards intense 
visible light for many years of exposure. However, within hours they develop irreversible and 
pronounced color change and darkening after exposure to short wavelength (254 nm)  
UV-radiation with absorbed doses up to ~200 J/cm2. This property can be utilized in further 
development of a battery-less, convenient area detectors of high energy photons such as  
UV-light and, possibly, X-ray and gamma radiation. Product of photodegradation of AgL is 
metallic silver, which in solutions aggregates into colloid suspensions of nano-size particles.  

(4) The origin of light insensitivity of obtained silver(I) cyanoximates is in strong covalent bonding 
in the structures of 2D-coordination polymers formed. 

(5) Synthesized visible light insensitive AgL complexes exhibit in the solid state photoluminescence 
quenching in the presence of several gases of industrial importance. They also demonstrate 
pronounced photosensitization and darken only after exposure to some of these gases, which 
opens the possibility for complexes’ application as non-electrical, colorimetric sensors, or as 
active color changing components of an optoelectronic pair.  

(6) Ten synthesized and studied silver(I) cyanoximates both in solutions and in solid state 
demonstrated pronounced antimicrobial activity against a number of bacterial species commonly 
associated with implant-related infections. Hence, complexes can be used as additives to  
light-curable acrylate polymeric composites used during the introduction of indwelling  
medical devices.  
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