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Abstract 

 A new family of oligonuclear cyano compounds incorporating transition (Pt) and main 

group (Tl) metals bound with a non-buttressed Pt-Tl bond was synthesised in aqueous solution. The 

metal-metal linkage is formed in the reaction between platinum and thallium in their stable 

oxidation forms, Pt(II) and Tl(III), or vice versa: Pt(IV) and Tl(I). Four binuclear complexes with a 

general composition [(CN)5Pt-Tl(CN)n(aq)]n- (n = 0-3) and a trinuclear species [(NC)5Pt-Tl-

Pt(CN)5]3- were identified and structurally characterised in solution by multinuclear NMR, EXAFS 

and vibrational spectroscopy. In aqueous solution the complexes exist in equilibrium. The 

distribution between the species can be altered by varying the molar ratio Pt/Tl, cyanide 

concentration and pH. Stability constants of the compounds were determined.  

 A new compound (NC)5PtTl was also prepared in solid and its crystal structure solved by a 

combination of X-ray powder diffraction and EXAFS. Altogether the values of 195Pt-205Tl spin-spin 

coupling constants (25-71 kHz), interatomic Pt-Tl distances (2.598-2.638 Å), and vibration 

stretching frequencies ν(Pt-Tl) (159-164 cm-1) are fully indicative of a direct and unsupported Pt-Tl 

bond. The calculated values of Pt-Tl force constants (1.56-1.74 N⋅cm-1) are characteristic for single 

metal-metal bond. The oxidation status in the compounds can be viewed as intermediate between II 

and IV for platinum, and between I and III for thallium, as reflected by the chemical shifts of 195Pt 

and 205Tl nuclei, C≡N stretching frequencies and electron binding energies.  

 The compounds are capable to undergo a photoinduced two-electron transfer between the 

coupled hetero-metal ions. Upon irradiation into the metal-to-metal charge transfer absorption band, 

effective photoredox reaction takes place. It results in scission of the Pt-Tl bond and formation of 

various complexes of oxidised platinum (Pt(III, IV)) and reduced thallium (Tl(I)). The values of 

photodecomposition quantum yields were determined from a stationary photolysis study of the 

heterometallic complexes. Nanosecond laser flash photolysis of the heteronuclear Pt-Tl cyano 

compounds was performed in the timescale range 1⋅10-6 - 5⋅10-2 s and several intermediate species 

were detected and characterised by optical spectroscopy.  

 The heteronuclear Pt-Tl cyano compounds can be further modified in terms of their 

stability, solubility, and light absorption characteristics. It has been found that the platinum 

pentacyano unit of the [(NC)5Pt-Tl(CN)n(aq)]n- species is inert towards the tested ligands, whereas 

the thallium “part” of the complexes can be tuned significantly. A number of complexes [(NC)5Pt-

Tl(L)m]x- (L-ligand) were prepared and characterised in solution. Compounds [(NC)5Pt-

Tl(nta)(H2O)]3-, [(NC)5Pt-Tl(bipy)(DMSO)3], and [(NC)5Pt-Tl(bipy)2] have been prepared in solid 

and their structures determined by single-crystal X-ray diffraction. 

Keywords: thallium, platinum, cyanide, metal-metal bond, non-buttressed, heterobimetallic, photoinduced, 
electron transfer, redox reaction, NMR, chemical shift, spin-spin coupling constant, Raman, EXAFS, X-ray 
diffraction, equilibrium, oxidation state, oxidative addition, photolysis 
.
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1. Introduction 

 It has been known for many years that compounds containing an element in two different 

oxidation states show unusually intense coloration which does not appear to be simply related to the 

colours of the either of the individual ions. Thus, Berzelius pointed out that the deep colour of ink 

made from gall might be due to formation of a double salt containing both FeII and FeIII. He drew 

the analogy between this and blue colour obtained from Prussian blue, [Fe4{Fe(CN)6}3]⋅xH2O - the 

oldest known coordination compound1. Werner,2 in his study of complex platinum compounds 

noticed that the colour of some substances was much deeper when they contained platinum in two 

oxidation states. Many authors have commented upon this phenomenon later when discussing the 

colours of inorganic compounds. It was however only in 1967, when Robin and Day made a 

classification of this class of compounds, and introduced the phrase ”mixed valence” (MV) for the 

description of the systems.3 They defined the MV compounds as species which contain an 

electronically coupled donor/acceptor pair of metal ions within the same molecular unit, either as an 

outer-sphere ion pair, directly bonded to each other, or connected by a ligand bridge. The 

compounds were classified according to the strength of the interaction between the metal centres, 

and for the first time theory was applied in order to explain mixed valence effects.  

 Nevertheless, detailed studies of the properties of inorganic MV compounds were not initiated 

before the late 1960s when the Creutz-Taube ion, [(NH3)5Ru-pyrazine-Ru(NH3)5]5+, formally 

containing RuII and RuIII, was synthesised.4,5 A unique property of the MV species is the presence 

of a metal-to-metal charge-transfer (MMCT) (or intervalence transfer – IT) band in their electronic 

spectra which is absent in the spectra of the pure molecular fragments.6 Thus, the intense colour in 

Prussian blue is believed to arise from a MMCT transition, whereby an electron is transferred from 

an FeII to an FeIII centre via a cyanide bridge. The MMCT transition is not possible in either 

oxidised (FeIII-FeIII) or reduced (FeII-FeII) states, resulting in loss of the blue coloration. Usually, as 

illustrated by the two examples above, these mixed-valence compounds contain one metal in two 

different oxidation states connected by a bridging ligand. Such homobinuclear complexes are 

characterised by low-energy MMCT absorption bands (1570 nm for the Ru2+→Ru3+ MMCT in 

Creutz-Taube ion) that are assigned to an electronic transition from the reducing to the oxidising 

metal ion. 

 Irrespective of the extent of electron coupling between the metal ions most MV 

compounds are of limited interest to inorganic photochemistry since they do not undergo a 

permanent chemical change upon MMCT excitation. In a symmetrical MV complex an electron 

exchange between both metals does not cause a change of chemical composition. In addition, 

electron exchange occurs also thermally under ambient conditions. Another obvious disadvantage 
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for photochemical applications is that MMCT bands of such complexes usually appear in the near 

IR.7 

 In a more general sense the concept of mixed-valence compounds can be extended to 

heteronuclear complexes that contain different metals as reducing and oxidising centres. Due to the 

redox asymmetry of such systems, MM’CT bands are shifted to higher energies and a thermal 

electron transfer does not take place. Moreover, the metal centres are weakly coupled which often 

makes heteronuclear complexes of this type light-sensitive. Irradiation of the compounds into this 

MM’CT band leads to an optical electron-transfer process, which can be detected in either transient 

absorption spectra of the compounds or by the subsequent decomposition of the redox products. 

The complexes [(NC)5CoIII-(µ-NC)-MII(CN)5]6- (M = Fe, Ru, Os) are typical examples. Upon 

MM’CT excitation they undergo redox reaction leading to formation of [CoII(CN)5]3- and 

[MIII(CN)6]3-.8,9 An interesting trinuclear photochromic system capable of two-electron transfer has 

been described by Bocarsly and Pfennig: [(CN)5-FeII-(µ-CN)-PtIV(NH3)4-(µ-NC)-FeII-(CN)5]4-.10-12 

When it is illuminated by visible light into the intervalent band, electron transfer occurs between the 

metal ions yielding [FeIII(CN)6]3- and [PtII(NH3)4]2+. When the light is switched off, the two metal 

ions immediately recombine forming the starting trimetallic complex. The procedure can be 

repeated unlimited number of times. 

 The examples above are typical for MM’CT transitions: electronic communication between 

the oxidising and reducing metal centres in polynuclear complexes occurs via bridging ligands 

(Mred-L-Mox).13 However, there is also another, interesting and not well-established, type of 

MM’CT transitions appearing in heteronuclear complexes with direct, but polar metal-metal bonds 

(Mred-Mox), and metals of different electronegativities. Metal-metal coupling is strong in this case 

and electron delocalisation is only limited by the different energies of the overlapping metal 

orbitals.7 Under certain conditions the compounds are capable to mediate electron transfer between 

the coupled metal ions via this bond. A number of transition metal complexes belonging to the latter 

type and undergoing photoinduced redox reaction upon irradiation into the corresponding MM’CT 

band was prepared and studied by Vogler and co-workers.14-16  

Conversion of light into chemical energy via a redox-type mechanism can be used 

practically due to the ability of the chemical system to transfer electrons upon light absorption. In 

an effort to develop molecular systems that are capable of multi-electron transfer several pathways 

have been explored.17 One of the approaches is to utilize charge transfer reactions where more than 

one electron is involved, so that multiple electrons can be transferred upon absorption of light 

quanta, a so-called photoinduced multi-electron charge transfer process. Of thousands reported 

electron transfer reactions involving inorganic compounds, only a few are capable to undergo 
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multielectron redox reactions. Metal cations possessing two stable oxidation states separated by two 

or more electrons are of potential interest. Notable examples include transition metals V(III/V), 

Cr(III/VI), Pt(II/IV) and main group metals Tl(I/III), Sn(II/IV), and Pb(II/IV).18 

The discussion in the literature on the photochemistry of coordination compounds is almost 

exclusively restricted to complexes of transition metals. On the other hand, main group metals have 

often advantages over transition metals.19 Non-transition metals may have better capability for 

reactions as photocatalysts, which require multi-electron transfer processes. The well-known kinetic 

lability of the main group metals may prevent a gradual decomposition of the photocatalyst in 

undesirable side reactions. However, the applications may be hampered by the fact that most main 

group metal compounds are colourless and require irradiation in the UV region. 

With regard to the potential photochemical applications, combined redox couples of p- and 

d-block metals in multi-center compounds seem promising since it would allow to take advantage 

of various features of both classes of metal cations.19 The key feature of such chemical systems is 

that under certain conditions it is possible to connect transition and main-group metals in their 

donor/acceptor form by a direct metal-metal bond. The compounds are then stable in dark, but when 

exposed to light, photoinduced redox reaction takes place. This results in formation of oxidised and 

reduced homometallic species. The heterometallic compounds can be viewed as metastable 

intermediates, stabilised by the metal-metal bond, in the course of electron transfer reaction. 

Apart from selection of a proper redox couple of the two hetero metal ions, photo- and 

electrochemical properties of such oligometallic complex can be fine-tuned by the variation of the 

first coordination sphere and the solvent. All this would provide good possibilities to design light-

harvesting oligometallics with desirable characteristics. 

In view of constructing such photo-reactive inorganic systems, platinum and thallium seem 

to be ideally suited because they both form stable oxidation states in their complexes of Pt(II) and 

Pt(IV), Tl(III) and Tl(I), respectively, while the Pt(III) and Tl(II) species are unstable and short-

lived.18,20 Both platinum and thallium have been shown to mediate net two-electron transfer in 

many redox processes.18,21,22 The linkage between these two metal ions can be expected to be 

favourable because of the possible metallophilic attraction between the heavy neighbouring 

elements of the sixth row of the Periodic Table, having valence orbitals of close energy, and can 

result in an effective metal-metal bonding.23 An additional and important advantage of these metal 

ions is their rich coordination chemistry in solution (including aqueous solution), which would 

allow design and modification of the complexes with adjustable photochemical and photophysical 

properties to fit their possible applications in the field of solar energy conversion. 
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 Metal-metal linkage between platinum and thallium atoms attracted interest when trans-

Tl2Pt(CN)4 was synthesised and its crystal structure determined.24 This compound does not possess 

the usual for platinum(II) tetracyanide salts Pt-Pt linked columnar structure, but involves two Pt-Tl 

bonds with weakly covalent character.24,25 The unusual structure and strong luminescence 

exhibited by the compound initiated several studies of its electronic properties.24-27 Later, a Pt-Tl 

bond was also reported in some other compounds in the solid state.28-39 Platinum is either zero- or 

divalent in these compounds, while thallium is always monovalent except for one case where it has 

a rare oxidation state +2. Taking into account the ability to form complexes, trivalent thallium 

seems to be more suitable for metal-metal bonding with platinum. While TlI is known for the highly 

ionic nature of its compounds,22 complexes of TlIII are among the strongest metal complexes 

known.20 Previous attempts to react PtII and TlIII species have not resulted in formation of a metal-

metal bond between these two atoms.40,41 

In search of appropriate ligands to form coordination environment of the metal ions, we 

have dwelt on cyanide, because both platinum (II and IV) and thallium (III) form extremely stable 

cyano complexes.42,43 Also, cyanometalate complexes are sensitive to the environment of the 

cyanide nitrogen lone pair and even moderate changes in the solvent medium usually lead to 

significant variations of the absorption spectrum and redox potential.44 These properties are 

valuable for tuning a redox couple in order to achieve light absorption characteristics, redox 

potential and electron transfer kinetics suitable for photochemical energy conversion. It should also 

be mentioned that the “renaissance” in the chemistry and physics of polynuclear metal cyanides is 

to a large extent nourished by application-oriented topics including design of light-harvesting 

devices.45-48 

 The work presented in this thesis covers a study of formation, structure and equilibria of a 

new family of heterometallic compounds with non-buttressed Pt-Tl bonds obtained by interaction 

between PtII and TlIII complexes, and in some cases between PtIV and TlI. Metal-metal bonding, 

oxidation states of the metal atoms, and some photophysical properties of the compounds are also 

considered. The compounds are capable to undergo a photoinduced two-electron transfer reaction 

between the directly coupled heterometal ions. Photoexcitation of the complexes into their MM’CT 

absorption bands results in redox reaction giving rise to cleavage of the metal-metal bond and 

formation of various complexes of oxidised platinum (PtIV and PtIII) and reduced thallium (TlI). The 

intermediates, kinetics and mechanism of photoinduced electron transfer in the heterometallic 

complexes are also reported. 
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2. Principal Experimental Methods  

The multinuclear NMR technique has been one of the key tools in the present work. It has 

allowed to obtain the major block of information on the speciation of the heterometallic platinum-

thallium complexes in solution. The strong advantage of NMR, and especially 195Pt and 205Tl 

spectra, is the large range of chemical shifts covered by the studied species, which makes it easy to 

distinguish individual complexes even at minor concentrations and excludes superposition of the 

characteristic signals of the compounds. For this reason the formation and equilibrium data, 

together with structural characterisation of the complexes were based mainly on multinuclear NMR 

study of the system. The heterometallic complexes have been also characterised in solution by 

vibrational (IR and Raman) and UV-visible spectroscopy, while the information on the metal-metal 

and metal-ligand bond lengths, along with structural description of the metals’ coordination 

polyhedra was obtained using Pt LIII and Tl LIII edge EXAFS analysis.  

 Pt-Tl compounds in the solid state were characterised by X-ray powder and single-

crystal diffraction, EXAFS, IR and Raman spectroscopy. In the case of (NC)5PtTl, a combination of 

X-ray powder diffraction and EXAFS was used to determine the crystal structure of the compound. 

X-ray photoelectronic spectroscopy (ESCA) was also applied for the determination of the 

composition and for assessment of the metals’ oxidation states in the solid compound.  

 In order to study photoinduced electron transfer in the oligometallic systems both 

stationary and nanosecond laser flash photolysis have been carried out. The former technique 

applied in combination with absorption and NMR spectroscopy allowed to identify products of 

photodecomposition and to determine values of quantum yields. The intermediates of the 

photoinduced metal-to-metal electron transfer have been detected and characterised by flash 

spectrophotometry. Kinetics of transients formation and decomposition has been studied in the time 

scale range from 10-6 to 5⋅10-2 s.  
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3. Heterobimetallic Platinum-Thallium Bonded Cyano Compounds in 

Aqueous Solution and in Solid. 
3.1. Formation of Platinum-Thallium Compounds  

The trivalent thallium cation is a strong oxidising agent (Eo = 1.25 V for the Tl3+/Tl+ redox 

couple);49 this property is an important feature of its chemistry. Coordination of readily oxidised 

ions (or ligands with oxidisable groups) by Tl3+ cation is accompanied, in certain cases, by notable 

oxidation of the ligands (sometimes redox processes dominate over complex formation).20,50,51 

Obviously, when reaction between Tl3+ and Pt2+ ions is considered, electron transfer can be 

expected because of the availability of the stable tetravalent oxidation state of platinum and 

monovalent for thallium, and the readiness of the Pt2+/Pt4+ system to undergo two-electron transfer 

(Eo =0.73 V for the PtCl6
2-/PtCl4

2- redox couple 52).18 The question appears whether it is possible at 

all to stabilise the metal-metal bonding in the course of this reaction, or if oxidation of the platinum 

cation will take place instead. Thus, reactions between cyclometallated platinum(II) compounds and 

thallium(III) carboxylates lead to a direct elimination of monovalent thallium and an oxidative 

addition product of tetravalent platinum.41 This can be further illustrated by the interaction between 

Tl(H2O)6
3+ (in an acidic solution of Tl(ClO4)3) and PtCl42- ions in aqueous solution. When solutions 

of thallium(III) hexahydrate and tetrachloroplatinate(II) are mixed, an immediate precipitation of a 

yellow-brown crystalline powder takes place. X-ray diffraction showed that TlI
2PtIVCl6 forms 

indicating a complete two-electron transfer reaction between platinum and thallium.53  

Substitution of the ligands in a complex is an effective way to change the value of the redox 

potential of a metal ion. It can be expected that replacement of chloride ligands by cyanide in the 

platinum(II) square planar complex and formation of the extremely stable [Pt(CN)4]2- species (logβ 

= 35-65)54 will increase the “oxidation resistance” of the Pt2+ cation. Indeed, when an aqueous 

solution of K2[Pt(CN)4] is slowly diffused into aqueous Tl(ClO4)3, colourless crystals of 

KTl[Pt(CN)4]2⋅14H2O are formed. The latter compound contains both thallium and platinum in the 

original oxidation states confirming the lack of electron transfer.40 However, no bonding between 

platinum and thallium atoms occurs in the structure; the shortest Pt...Tl separation is 5.592 Å.  

 On the other hand, when the reaction is carried out between equimolar amounts of [PtII(CN)4]2- 

and [TlIII(CN)2(aq)]+ in aqueous solution, in 205Tl NMR spectra two new groups of pseudo-triplet 

signals appear (with intensity ratio ~ 1:4:1, Figure 3.1.1) centred at 786 and 1371 ppm, and assigned 

to complexes I and II, respectively, (see Table 3.1.1 for notation). The two small peaks in each 

triplet arise from the spin-spin coupling between the 205Tl and 195Pt nuclei (195Pt: I=1/2, natural 

abundance 33.8 %), and together with the central uncoupled peak they give the intensity ratio of 

1:3.9:1 as expected for thallium bonding to one platinum atom. The coupling constants J(205Tl-195Pt) 
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are ∼71 and ∼57 kHz for I and II, respectively. The same values of coupling constants were 

obtained from 195Pt NMR spectra of these solutions (Figure 3.1.2). The latter spectra consist of two 

pairs of 1:1 doublets, with the intensity ratio of approximately 2.4, due to the spin-spin coupling to 

the two isotopomers of thallium (205Tl and 203Tl, both have I = 1/2, natural abundance 70.5% and 

29.5%, respectively), which are centered at 473 ppm and 383 ppm for I and II, respectively (Figure 

3.1.2). Along with the 205Tl NMR data, this unambiguously shows that the complexes are indeed 

heterobinuclear. The extremely large values of coupling constants provide a strong indication of a 

direct Pt-Tl bond.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1.1. 205Tl NMR spectrum of an aqueous solution of complex I; * - back-folded signal of 
complex II. 

 Further addition of cyanide to the [Pt(CN)4]2--[Tl(CN)2(aq)]+-H2O system ([CN]tot/M > 6) 

allows to detect two more groups of signals (III and IV) in the 205Tl NMR spectra, which also arise 

from binuclear platinum-thallium complexes (Table 3.1.1). Increase of the concentration of CN- 

also results in an increase of the basicity of the solution. Thus, for solutions containing IV as the 

dominating binuclear complex, pH is >8 and the anions [Tl(CN)4]- and [Pt(CN)4]2- appear in the 

solution indicating some dissociation of the Pt-Tl species.  

 Acidity has a profound effect on the speciation in this system. Both H+ and OH- 

titration of the solutions at constant [CN]tot/M ratio revealed a pH dependence of the equilibrium 

between the binuclear species. Decrease of acidity gives rise to a small increase of the concentration 

of the complexes in a sequence: I→II→III→IV. Apart from this, it has also been observed that 

change of pH affects (to some extent) 205Tl NMR chemical shifts of the signals of binuclear species. 

While complex IV exhibits no pH dependence, complex I shows a pronounced high-frequency shift 

(more than 100 ppm) (Table 3.1.1). Such a sensitivity of 205Tl chemical shift can be naturally 

attributed to the hydration of thallium atom in the binuclear species (see section 3.2).  

(ppm)
600650700750800850900950
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Table 3.1.1. Selected NMR parameters for the Pt-Tl-CN complexes in aqueous solution 

Species δTl (ppm) δPt (ppm) 1JTl-Pt (Hz) 

[(NC)5PtTl(aq)] (I): pH<1 
 pH=5 

786 
900 

474 71060 
66000 

[(NC)5PtTlCN(aq)]- (II) 1371 383 57020 

[(NC)5PtTl(CN)2(aq)]2- (III) 1975 184 47260 

[(NC)5PtTl(CN)3]3- (IV) 2224 68 38760 

[{(NC)5Pt}2Tl]3- (V) 1237 599 25168 

 

 Conversely, an increase of acidity allows a continuous shift of the equilibrium from IV towards 

I via all the “intermediate” species. The upper limit of the pH range depends on the cyanide 

concentration in solution and is restricted by hydrolysis of thallium(III); the hydrolysis threshold 

increases with increasing [CN]-. The lower limit of the pH is governed by a solubility factor: 

precipitation of a white powder readily occurs at pH < 1, where complex I is present at notable 

concentrations (see section 3.5).  

 

 

 

 

 

 

 

 

Figure 3.1.2. 195Pt NMR spectrum of an aqueous solution of complex II. 

 A similar effect as for the acid titration was obtained when the [Pt(CN)4]2- - [Tl(CN)n(aq)]3-n 

system was titrated by an aqueous solution of AgClO4 (1.83 M). Due to the low solubility of AgCN 

(2.3·10-5 g/100 ml at 20 oC) it readily precipitates from the cyanide-containing solutions allowing a 

decrease of the concentration of CN- without significant change of pH; this shifts the equilibrium 

between the binuclear complexes towards species I (see section 3.3). 

(ppm)
100200300400500600700
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 Varying the molar ratio Pt:Tl in the range 1:1 - 1:4 did not result in the formation of additional 

Pt-Tl compounds. When excess of [Tl(CN)n(aq)]3-n (n = 2-4) was used, the same heteronuclear 

species were observed as described above, but limited by the amount of available platinum. 

 A different situation occurred when tetracyano platinum was added in excess. In [Pt(CN)4]2- - 

[Tl(CN)2(aq)]+ solutions with Pt:Tl ratio ≥ 2:1, a pentet with intensity ratio 1:7.7:17.3:7.7:1 was 

observed in 205Tl NMR spectra, centred at δTl = 1237 ppm (see Paper I). This intensity distribution 

almost ideally coincides with the values 1:7.8:17.3:7.8:1 predicted for a 205Tl resonance of a 

trinuclear Pt-Tl-Pt complex (V) considering all possible combinations of magnetic and non-

magnetic Pt-nuclei. The value of the 205Tl-195Pt spin-spin coupling constant in this trimer amounts 

to 25 kHz. 195Pt NMR spectra of this species show two doublets due to coupling with 205Tl and 203Tl 

nuclei (δPt = 599 ppm) confirming that the platinum atoms in the complex are bound to one thallium 

atom.  

 Looking for alternative ways to prepare oligometallic Pt-Tl complexes, reactions were studied 

between various cyano complexes of tetravalent platinum and monovalent thallium. Neither 205Tl 

nor 195Pt NMR spectra show any interaction between [Pt(CN)6]2- and Tl+ (TlICN (s)) in aqueous 

solution. Neither in the solid state were any contacts observed between the two metals in the crystal 

structure of Tl2Pt(CN)6 (see Section 5.2). On the other hand, when [Pt(CN)5I]2- complex was used 

instead of [Pt(CN)6]2- and in excess of Tl+ (TlICN (s)), compound IV was formed in aqueous 

solution as proved by NMR.  

 However, this reaction is not straightforward (see Section 3.4). First, the sparingly soluble TlII 

is formed and precipitates out from the solution. Only after a complete removal of the iodide ions 

from the system, appearance of the binuclear species is detected by NMR spectra. The same result 

was obtained for another platinum(IV) complex, [Pt(CN)4I2]2-, but higher excess of Tl+ (TlICN) was 

required in this case. Increase of the solution acidity or/and decrease of the concentration of the free 

cyanide had the same effect as for the PtII-TlIII-CN- system discussed above; in both cases the 

equilibrium was gradually shifted and compounds III, II and I formed. 

 Concluding, altogether five oligonuclear Pt-Tl compounds exhibiting strong coupling between 

the thallium and platinum nuclei were obtained in aqueous solution. The trinuclear Pt-Tl-Pt 

complex (V) could be stabilised in solutions with excess of platinum(II) tetracyanide. The formation 

of the four binuclear Pt-Tl complexes I-IV (Table 3.1.1) is governed by the concentration of free 

CN- ions in solution. This indicates that the main difference between these species is the number of 

cyanides, which strongly influences both the 195Pt and 205Tl chemical shifts and the spin-spin 

coupling constants, J(195Pt-205Tl), of the complexes.  
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3.2.  Structure Determination of the Complexes in Aqueous Solution  

3.2.1. Characterisation of the Complexes by Multinuclear NMR.  

Composition of the Binuclear Pt-Tl Complexes and Assignment of the Cyanide Sites. In order to 

obtain detailed information about the number of cyano ligands, their function and position in the 

structures of the bimetallic compounds, additional experiments were performed where the starting 

solutions, [Pt(CN)4]2- and [Tl(CN)2(aq)]+ in water, were 99% enriched with 13CN. This procedure 

allowed to collect complete 205Tl, 195Pt and 13C NMR data for all soluble binuclear Pt-Tl species, 

which was sufficient for the determination of their structures.  

 In several cases, a technique of partial 13C enrichment was very helpful for spectral 

assignment. Thus, for the compounds I, II and V (formed in acidic solution) it was found that the 

cyano ligands of the [Pt(CN)4]2- entity are sufficiently inert with respect to the ligand exchange 

with [Tl(CN)2]+ and heterometallic complexes. This allowed preparation of selectively 13C labelled 

compounds I, II, and V by the reaction between [Pt(12CN)4]2- and [Tl(13CN)2(aq)]+ (or [Pt(13CN)4]2- 

and [Tl(12CN)2(aq)]+) and valuble structural information was obtained. No significant cyanide 

exchange (between the different sites) was noticed during a period of several days. On the contrary, 

in the case of compounds III and IV (formed at higher pH) the cyanide ligands bound to platinum 

are more labile and the procedure of selective 13C labeling was not possible.55 

 Binuclear Pt-Tl Complexes. Despite some minor differences, the general appearance of the 
195Pt, 205Tl and 13C NMR spectra is common for all the 13C enriched complexes I-IV which 

indicates a similar structure of these compounds. Multinuclear NMR allowed to distinguish totally 

three groups of non-equivalent carbon-13 nuclei in the complexes. Two different sets of carbons 

can be readily detected by 205Tl NMR spectra of complexes I and II, as illustrated in Figure 3.2.1.  

 Apart from the large spin-spin coupling between 205Tl and 195Pt, the spectrum of complex I 

shows also that 205Tl is coupled to a 13C nucleus of one cyanide ligand (1:1 doublet; CA) with very 

large coupling constant (12.7 kHz) (Figure 3.2.1 a). In addition, splitting each signal into 1:4:6:4:1 

pentets indicates a presence of four chemically (and magnetically) equivalent carbon nuclei (CC). In 

contrast to complex I, the spectrum of II points to the presence of one more cyanide (CB) in the 

complex, resulting in an additional (1:1 doublet) splitting of the signals (Figure 3.2.1 b). A 

consequent increase of the number of cyanide ligands (CB) in the complexes III and IV is 

accompanied by a decrease of the thallium-carbon coupling constants which together with the 

variation of J(205Tl-13C) values gives rise to less-well resolved multiplets. Only for complexes I and 

II the number of coupled spins and accurate values of coupling constants for all types of carbon 

nuclei could be determined directly from the 205Tl NMR spectra, while for the species III and IV 

spectral simulation was required. The NMR spectra of the complexes were assigned in terms of the 
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AnMX4 spin system for the carbon sites. The resulting NMR parameters obtained from 205Tl NMR 

were fully in agreement with 13C NMR spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1. 205Tl NMR spectra of 99% 13C enriched complexes I (a) and II (b) in aqueous solution 
 

 The three different cyanide types CA(M), CB(A), and CC(X) were assigned on the basis of 
13C NMR spectra. The four equivalent cyanides, CC, have both 13C NMR chemical shift and 
1J(13CC-195Pt) values typical for mononuclear platinum cyano complexes (Table 3.2.1, see Paper I 

for the full set of NMR parameters). One can suppose that the original coordination geometry of the 

cyanide ligands in the starting [PtII(CN)4]2- anion is maintained in the Pt-Tl compounds and the 

carbons still form a square plane around the platinum atom. The equivalence of the carbon (CC) 

nuclei implies also linearity of the CA -Pt-Tl fragment. Another group of chemically and 

magnetically equivalent cyanides, CB, completes the structural picture where the number of BCN 

ions varies from 1 to 3 in the binuclear complexes. The values of the chemical shift for CB are much 

closer to those for the [Tl(CN)n(aq)]3-n (n = 1-3) complexes (141-147 ppm)43 than to those for the 

platinum cyano species (see Table 5.1 in Section 5.1).  
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Table 3.2.1. Selected NMR parameters for the Pt-Tl-CN complexes in aqueous solution: δ- 
chemical shifts (ppm), J- spin-spin coupling constants (Hz), n- number of cyanides 
bounded to thallium 

Species δCA δCB / 
n 

δCC 2JTl-CA 1JTl-CB 2JTl-CC 1JPt-CA 2JPt-CB 1JPt-CC

[(NC)5PtTl(aq)]  
(pH<1) (I) 

93.4 - / 
0 

90.3 12746 - 592 909 - 820 

[(NC)5PtTl(CN)(aq)]- 
(II) 

101.7 164.8 / 
1 

91.1 9743 2446 452 843 200 821 

[(NC)5PtTl(CN)2(aq)]2- 
(III) 

110.6 156.9 / 
2 

93.4 8446 948 338 783 128 832 

[(NC)5PtTl(CN)3]3- 
(IV) 

116.1 141.9 / 
3 

97.0 7270 78 
 

255 742 ~0 843 

[{(NC)5Pt}2Tl]3- 
(V) 

117.0 - 95.5 4600 - 308 700 
 

- 858 

 
 The position of the cyanide CA in the structure of the family of compounds requires a special 

discussion. Its 13C NMR chemical shift and the coupling constant 1J(13CA -195Pt) are both in the 

range characteristic for platinum cyano complexes, which supports its direct bonding to the 

platinum atom. On the other hand, this carbon nucleus shows a very strong coupling to 205Tl (~ 7 - 

13 kHz) which is typical for thallium cyanides and is more than three times larger than 1J(13CB -
205Tl) (Table 3.2.1). Moreover, CA and CB couple to each other whereas no coupling to CC could be 

detected. Several alternatives can be considered for a correct location of this cyanide ligand CA in 

the structure of the complexes. Four binding modes of cyanide have been reported for binuclear 

complexes of metal ions. Apart from the coordination through the carbon at a single metal centre 

(A), different types of cyanide bridging between two hetero metal centres as in B,56-58 C,57,59 or 

D60-63 are possible: 

M C N
M C N M’ M

C
M’

N

N M C N

M’
B DCA  

 

Structure B with a CA cyanide forming a linear -C≡N- bridge between Pt and Tl atoms is unlikely in 

the present case: the very strong coupling between 195Pt and 205Tl indicates that platinum and 

thallium centres are linked by a direct metal-metal bond. Bonding of two metals to the CA carbon 

atom as in C or D could both explain the values of J(13CA-195Pt) and J(13CA-205Tl) due to formation 
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of direct bonds with both metals and also the strong coupling between platinum and thallium 

centres because in this case the metal-metal bond is strongly supported by the presence of the 

bridging group. However, the equivalence of the four CC cyanides (observed in all NMR spectra) 

does not agree with such a structure.  

 Another argument against the presence of a bridging cyanide in the structure is provided by 

comparison of pairs of coupling constants of JPt-CA and JPt-CC, and JTl-CA and JTl-CB. Due to the fact 

that bridging atoms have a higher coordination number than terminal ones it is commonly observed 

that the magnitudes of 1J(M-L) to bridging atoms are smaller than those to terminal atoms.64 As can 

be seen from Table 3.2.1, the spin-spin coupling constants of the platinum nucleus to the CA and to 

the terminal (CC) carbons have very similar values, whereas for thallium JTl-CA is several times 

larger than JTl-CB which makes the possibility that the ACN ligand occupies a bridging position 

between Pt and Tl centres less probable. It can also be noted that C and D types of cyanide bridging 

have been found only in homonuclear compounds. Thus, the only possible location of the CA 

cyanide in the complex seems to be a direct coordination to platinum in a trans position to the 

thallium atom as depicted by the proposed structure of the binuclear Pt-Tl compound:  

 

 

 

 

 

 

 

 Summarising, four closely related binuclear complexes with a general formula [(NC)5Pt-

Tl(CN)n(aq)]n- (n=0-3) were identified in aqueous solution. Only the number of cyano ligands 

bound to the thallium atom varies in the compounds (accompanied by a change of the number of 

water molecules of hydration, vide infra) while the coordination environment of platinum remains 

unchanged. Information available from the NMR data is not sufficient to clarify the structural 

arrangement of cyanides in the coordination sphere of thallium. Equivalence of the four equatorial 

carbons (on the actual NMR timescale) at platinum implies a linearity of the AC-Pt-Tl-BC entity in 

the structure of [(NC)5Pt-TlCN(aq)]-. In the case of [(NC)5Pt-Tl(CN)2(aq)]2- and [(NC)5Pt-

Tl(CN)3]3-, both exhibiting equivalence of cyano ligands coordinated to thallium, symmetrical 

ordering of the coordinated cyanides around the thallium atom is assumed: possible local symmetry 

is C2v and C3v, respectively (see section 3.2.2).  
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 It seems rather improbable that in complex I, with no cyanide ions directly bonded to 

the thallium, the metal ion remains “naked” in aqueous solution. Obviously, some hydration of the 

thallium should take place. This is indeed clearly indicated by the pH dependence of the Tl NMR 

chemical shift (section 3.1). It is naturally to suppose that also for the other three binuclear Pt-Tl 

complexes in solution, water molecules occupy the remaining coordination sites of the thallium 

atom (sees Sections 3.2.2 and 3.2.5). The only exception is probably the complex [(NC)5Pt-

Tl(CN)3]3- where, owing to the high number of cyanides on the thallium atom and its pseudo-

tetrahedral environment, no water coordination has to be considered (see section 3.2.2).  

 Trinuclear Pt-Tl-Pt Complex. Determination of the structure of the trinuclear Pt-Tl-Pt 

complex in solution was carried out in two steps. First, a selectively 13C-labeled complex was 

prepared by the reaction between [Pt(12CN)4]2- and [Tl(13CN)2(aq)]+. 205Tl NMR spectrum of the 

compound showed, in addition to the coupling to 195Pt (a five-line spectrum), splitting of each 

signal into a 1:2:1 triplet due to coupling to 13C which indicates presence of two equivalent cyanide 

ligands in the structure. When both starting complexes were enriched to 99% in 13CN, the 205Tl 

NMR signals were additionally splitted into nine lines due to coupling to carbons of two equivalent 

Pt(CCN)4 units. These findings were also confirmed by 13C NMR spectra of the compound 

exhibiting, like in the case of complex I, signals of only two groups of carbon nuclei with the 

intensity ratio 1:4 and chemical shifts compatible with assignment to ACN and CCN ligands, 

respectively. All NMR parameters for the trinuclear complex are given in Table 3.2.1.  

 The 205Tl NMR chemical shift of the Pt-Tl-Pt compound is very close to II. The magnitudes 

of both JTl-Pt and JTl-C
A are approximately one half of those for II. This can be interpreted as a result 

of substitution of BCN ligand in II by the Pt(CN)5 entity. Chemical and magnetic equivalence of the 

eight carbon nuclei (on the actual NMR timescale) indicates the linearity of the AC-Pt-Tl-Pt-AC 

fragment and the lack of twisting of the Pt(CN)4 units in the complex. Altogether, these data lead to 

the following structure of the trimer: 

 

 

 

 

 

 

 

 In this structure the thallium atom can be considered as bridging between the two 

platinum moieties. It is interesting to note that very recently the complex anion [Tl{Pt(C6F5)4}2]2- 

containing a linear Pt-Tl-Pt core with both metals in oxidation state +2 has been prepared and 
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structurally characterised.31 The linear trinuclear M-Tl-M fragment was also found in the complex 

anion [Tl{Cr(CO)5}2]- which contains, according to the authors,65 Tl-1 as a four-electron building 

block. On the other hand, when thallium is in the oxidation state +1, the M-Tl-M unit is strongly 

bent due to the stereoactive lone electron pair at the central Tl(I) as was shown for complexes with 

M = Pt 29 and Ir 66. Formation of the diamagnetic compound [(NC)5Co-Tl-Co(CN)5]5- (closely 

related to V) obtained from the reaction of thallium(I) with pentacyanocobaltate(II) ions in aqueous 

solution is also discussed in ref. 67. 

 For platinum, this type of Pt-M-Pt coordination geometry seems more common. Apart from 

thallium, up to now trinuclear complexes with linear Pt-M-Pt entities have been obtained for such 

M as Pb(II),68 Cu(II),69 and Ag(I) 70. In contrast to complex V with six-coordinated platinum atom, 

in all these compounds platinum has coordination number five and a square-pyramidal geometry; its 

oxidation state is +2. 

3.2.2. Study of the Complexes by EXAFS 

 Metal-metal bonding. The Pt-Tl distances, which could be obtained by means of both Pt and 

Tl LIII-edge EXAFS data for each complex, show satisfactory mutual agreement (Table 3.2.2). For 

the compounds II, III, and IV these short distances unambiguously demonstrate formation of a 

direct Pt-Tl bond (no useful EXAFS data could be obtained for compound I in solution due to its 

low solubility and rapid redox decomposition in the intense synchrotron x-ray beam). An increase 

in the number of cyano ligands bound by the thallium atom in the complexes [(NC)5Pt-Tl(CN)n]n-  

(n = 1, 2 and 3) results in a smooth increase in the metal-metal bond distance, 2.598(3), 2.618(4) 

and 2.638(4) Å, respectively (Table 3.2.2). 

 Platinum coordination. The Pt LIII-edge EXAFS data did not show any significant difference 

between the axial and equatorial cyano ligands for the species [(NC)5Pt-Tl(CN)n(aq)]n-, n = 1 – 3 

(see Paper IV for discussion). Therefore, a model with a mean value for the five Pt-C and Pt-N 

distances was used for all samples, including the multiple scattering paths. The obtained mean Pt-C 

and Pt-N distances are similar in the series of the binuclear species, with the Pt-N distance in all 

cases about 1.15-1.16 Å longer, consistent with a linear Pt-C-N configuration.  

 Thallium coordination. From the Tl LIII EXAFS the cyano ligands coordinated to the 

thallium atom in [(NC)5Pt-Tl(CN)n(aq)]n- (n = 1-3) were found to be equivalent within each of the 

compounds. The difference between the thallium-carbon and thallium-nitrogen distances did not 

show any significant deviation from linearity of the Tl-C-N coordination (Table 3.2.2). This was 

also evident for the previously studied mononuclear thallium cyano complexes, [TlIII(CN)n+1(aq)]3-

(n+1).71 
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Table 3.2.2. Results of Pt LIII and Tl LIII edge edge EXAFS analysis. For refined model parameters 
estimated standard deviations are given within brackets. Fourier-filtered, k3-weighted 
EXAFS data were used. 

Species Scattering 

Path 

Distance 

(Å) 

Scattering 

Path 

Distance 

(Å) 

 Pt LIII edge Tl LIII edge 

[(NC)5Pt-Tl(CN)(H2O)4]- Pt – C 2.009 (2) Tl – C 2.128 (6) 

 Pt – Tl 2.602 (2) Tl – O 2.505 (5) 

   Tl – Pt 2.595 (1) 

[(NC)5Pt-Tl(CN)2]2- Pt – C 2.003 (2) Tl – C 2.206 (6) 

 Pt – Tl 2.613 (3) Tl – Pt 2.622 (3) 

[(NC)5Pt-Tl(CN)3]3- Pt – C 2.008 (2) T l– C 2.203 (6) 

 Pt – Tl 2.637 (4) Tl – Pt 2.639 (8) 

 

  

 
 

 

 

 

 

 

 

 

 

 

Figure 3.2.2. The structural model proposed for the complex [(NC)5Pt-Tl(CN)(H2O)4]- in aqueous 
solution (distances in Å). 

 All thallium-carbon distances in the series of complexes [(NC)5Pt-Tl(CN)n(aq)]n- (and the 

thallium-oxygen distance in [(NC)5Pt-Tl(CN)(H2O)4]-) are longer than those for the corresponding 

binary thallium cyano species. This effect is obviously caused by the metal-metal bonding which 

leads to a partial electron transfer from platinum to thallium. The weakening of the Tl-C bonds can 

be explained by the lower effective charge on the thallium atom in the binuclear complexes; this is 

confirmed by the vast variation in the corresponding 205Tl NMR chemical shifts (see Table 3.1.1 and 

discussion in section 4.2).  
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 The binuclear complex [(NC)5Pt-Tl(CN)(H2O)4]- can be considered as a product of a 

substitution of one cyano ligand in trans-[Tl(CN)2(H2O)4]+ by a Pt(CN)5 group. Both the Tl-C and 

Tl-N distances (2.128(4), 3.284(6) Å), are longer in the binuclear complex than in the mononuclear 

one, (2.092(4), 3.263(3) Å); but are in both cases consistent with linear coordination of the cyano 

ligands (Table 3.2.2). As in the parent trans-[Tl(CN)2(H2O)4]+ species the coordination environment 

of the thallium atom is probably pseudo-octahedral, with the weakly coordinated equatorial water 

molecules giving a hydrated [(NC)5Pt-Tl(CN)(H2O)4]- complex (Figure 3.2.2). However, the short 

Tl-Pt distance to the bulky Pt(CN)5 group may cause some steric interaction as it is indicated in the 

figure. The Tl-O bonds are longer in the bimetallic species, 2.51 Å, than in the mononuclear 

complex, 2.43 Å, as expected from the lower actual oxidation state of the thallium atom (see section 

4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.3. The structural model proposed for the complexes [(NC)5Pt-Tl(CN)3]3- (a) and 
[(NC)5Pt-Tl(CN)2]2- (b) in aqueous solution (distances in Å). 

 Also for the complexes [(NC)5Pt-Tl(CN)2]2- and [(NC)5Pt-Tl(CN)3]3-, the Tl-C and Tl-N 

distances increase significantly, but are still consistent with linear Tl-C-N bonding (Table 3.2.2). 

The Tl-C bond length increases to 2.22 Å for the [(NC)5Pt-Tl(CN)3]3- species, which indicates a 

change to tetrahedral coordination geometry of the thallium atom (Figure 3.2.3 a). A similar 

transition from octahedral to tetrahedral geometry was observed for the corresponding mononuclear 

complexes [Tl(CN)2(H2O)4]- and [Tl(CN)4]+.71 A trigonal coordination geometry of the thallium 

atom seems likely for the [(NC)5Pt-Tl(CN)2]2- complex (Figure 3.2.3 b), similar to that for the 

analogous halide complexes with additional hydration of the thallium ion [TlX3(H2O)2] (X = Cl, 
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Br).71 Possibly there is also weak hydration of the thallium atom as in the halide species, even 

though no Tl-O interaction could be detected in the EXAFS data.  

3.2.3. Characterisation by Infrared and Raman Spectroscopy 

 Pt-Tl stretching vibration. The stretching vibration of the Pt-Tl bond occurs at low 

wavenumbers (159-164 cm-1, (Figure 3.2.4 and Table 3.2.3)) due to the large masses of the two 

bound atoms and appears as an intense polarized Raman band. The depolarisation ratio (ρ) of these 

Raman bands was found to be less than 0.3 in all cases which is consistent with an assignment to a 

symmetric M-M’ stretch. The vibration frequency decreases as expected with increasing platinum-

thallium separation in the series of complexes [(NC)5Pt-Tl(CN)n(aq)]n- (n = 1 - 3), but is not very 

sensitive to the change in the metal-metal distance (Tables 3.2.2-3). However, a comparison based 

only on the wavenumbers of this vibrational mode may be an unreliable indicator of changes in the 

metal-metal bond strength.  

Figure 3.2.4. Low frequency region of the Raman spectra of complexes II, III, and IV in aqueous 
solution. 

 Strictly, force constants rather than stretching frequencies should be used and interactions 

due to different steric effects between the ligands surrounding the thallium atom and the Pt(CN)5 

group should be taken into account. Full normal coordinate analysis including Pt, Tl, C, and N 

atoms in the complexes [(NC)5Pt-Tl(CN)n(aq)]n- (n = 1 - 3) was carried out. The platinum-thallium 

force constants, K(Pt-Tl), were calculated: 1.74, 1.69, 1.56 N/cm, for the species II, III and IV, 

respectively (see Paper IV for the details of bands assignment and calculation of the force 

constants). Comparison with the force constant calculated with the diatomic oscillator 

approximation (1.58, 1.56, and 1.49 N/cm for the species II, III and IV, respectively) shows that 
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contribution of the purely Pt-Tl stretch exceeds 90 % in all cases. Therefore, the latter approach can 

be reasonably used to assess metal-metal bonding in situations where complete set of vibrational 

frequencies is lacking.  

 The generalization drawn from the available data on bimetallic compounds is that single 

metal-metal bonds unsupported by bridging ligands usually display M-M stretching bands which 

occur at wavenumbers lower than 200 cm-1, while multiple bonding or ligand bridging in 

conjunction with a M-M single bond leads to vibrational band wavenumbers which are larger than 

200 cm-1.72,73. The obtained values of the stretching force constants are also characteristic for 

single bonds.72,74  

Table 3.2.3. Vibrational frequencies (cm-1) from Raman and IR spectra of the binuclear Pt-Tl cyano 
complexes in aqueous solution. Abbreviations: def – deformation, sym – symmetric, asym – 
asymmetric, br - broad, m - medium, p - polarized, s - strong, vs - very strong, w - weak, vw - very 
weak, eq – equatorial, ax - axial. 

Raman/IR frequencies Assignment 

[(NC)5PtTl(CN)(aq)]–  [(NC)5PtTl(CN)2(aq)]2– [(NC)5PtTl(CN)3]3–   

2200.1 vs, p/ 2199.5 m  2195.6 vs, p / 2196 s 2191.8 vs,p / 2192 w  CN stretch (eq) 

2189.8 s, m / 2175.4 s 2183.3 m / 2169.4 s 2180.5 m / 2165.5 s CN stretch (eq) 

2177.6 s, br 2167.8 s, br 2160.5 vs CN stretch (ax) 

2177.6 s, br 2167.8 s, br / 2169.4 s 2160.5 vs / 2165.5 s CN stretch (Tl) 

468 m 468 m 468 m PtC stretch (eq), 
PtCN def (eq) 

  439 w PtCN def (eq) 

411 m 414 vw 415 w PtC stretch: (eq), (ax); 
PtCN def: (eq), (ax) 

362 w 333 w 376 m TlC sym stretch 

 392 w 328.8 w TlC asym stretch 

260 vw 267 w 269.8 w TlCN def 

163.7 vs 162.6 vs 159.1 vs PtTl stretch 

 
 Pt-C stretching vibration. Only one prominent peak (468 cm-1) can be detected in the Pt-C 

stretching region of Raman spectra (Figure 3.2.4). According to the assignment made for the series 

of pentacyanoplatinum(IV) complexes [(NC)5PtX]n- (X = Cl-, Br,- I-) this is the symmetric (A1) Pt-C 

breathing mode which was found in the range 463-467 cm-1.75 The frequency of the Pt-C band is 

not sensitive to the change in thallium coordination. For the [Pt(CN)6]2- ion the corresponding (A1g) 

band was found at 469 cm-1. We could not detect the axial A1 stretching mode for any of the three 

[(NC)5Pt-Tl(CN)n(aq)]n- (n = 1 - 3) species, which may be overlapped by the breathing A1 mode. 
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 Tl-C and Tl-O stretching vibrations. The vibrational spectra are more difficult to 

interpret for the -Tl(CN)n group than for the (NC)5Pt- unit of the bimetallic complexes. Several 

broad bands were observed in the frequency range expected for Tl-O and Tl-C stretchings (350-400 

cm-1) (Figure 3.2.4).  

Figure 3.2.5. C≡N region of the IR spectra of complexes II, III, and IV in aqueous solution. * - 
band of [Pt(CN)4]2-. 

 C≡N stretching vibration. The two intense Raman bands appearing in the cyanide stretching 

region of the bimetallic species can be assigned, assuming C4v symmetry of the [(NC)5Pt-] group, to 

the A1 (breathing) and B1 modes and the strongest infrared band to the E mode (Figure 3.2.5).75 The 

frequency of the A1 breathing mode of the three [(NC)5Pt-Tl(CN)n(aq)]n- species decreases slightly, 

2200, 2196 and 2193 cm-1 for n = 1, 2 and 3, respectively (Table 3.2.3). This is consistent with an 

increasing electron density on the platinum atom with the weaker Pt-Tl bond, which would facilitate 

the extent of back-donation to the π* orbitals of the cyano groups. No trans-influence could be seen 

in the cyanide stretching region probably because the symmetric stretching vibration (A1) of the 

apical cyano ligand, expected for C4v symmetry, was overlapped by the B1 mode.75 

 The broad band appearing at the lowest frequency in the cyanide stretching region of 

the Raman spectra, 2177, 2167, and 2162 cm−1, with increasing intensity for n = 1, 2 and 3, 

respectively, was tentatively assigned to CN-ligands bound to the thallium atom (Table 3.2.3). The 

C≡N vibrations of the corresponding mononuclear [TlIII(CN)n(aq)]3-n complexes appear at higher 

wavenumbers: 2196, 2187, 2180 cm−1.  
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3.2.4. Electronic Absorption Spectra. 

 A new and very intense band is detected in the UV region of the electronic absorption 

spectra upon mixing of equimolar amounts of aqueous solutions of platinum(II) tetracyanide and 

thallium(III) cyano complexes (Figure 3.2.6). In all cases the band is almost perfectly described by 

a single Gaussian contour.  

Figure 3.2.6. Electronic absorption spectra of the binuclear platinum-thallium cyano complexes in 
aqueous solution: concentration (C) = 3.7⋅10-5, 8.8⋅10-2, 5.6⋅10-2, and 6.5⋅10-2 M for complexes I, 
II, III, and IV, respectively; optical path length (l) = 0.1 cm for solution of I, and 1⋅10-3 cm for 
solutions of II, III, and IV. Dotted line shows a spectrum of [Pt(CN)4]2- (C = 1.2⋅10-3 M; l = 0.1 
cm). * - The strongest (216 nm) absorption of [Pt(CN)4]2- present in equilibrium with IV. 
 

 Appearance of the new feature is attributed to the formation of the binuclear species 

[(NC)5Pt-Tl(CN)n(aq)]n- (n = 0-3). While the mononuclear [Tl(CN)n(aq)]3-n species have negligible 

absorption in this region, the [Pt(CN)4]2- complex exhibits a number of bands between 216 and 280 

nm (Figure 3.2.6).76, 77  However, due to the very high stability constants, the equilibrium is almost 

totally shifted to the formation of the binuclear species, with the only exception of complex IV (see 

Section 3.3), and no band overlapping with [Pt(CN)4]2- occurs. Apart from this, the extinction 

coefficients of the bands of the Pt-Tl complexes are substantially higher compared to the bands of 

the tetracyanoplatinate(II) ion: 2.9 104 (259), 4.5 104 (238), 6.9 104 (242) and 6.4 104 (247) for n = 

0, 1, 2, and 3, respectively (extinction coefficient ε in M-1⋅cm-1 and wavelength in nm in brackets).  
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 Very large extinction coefficients of the bands (exceeding 104 in all cases) point to a 

substantial change in the instantaneous dipole moment accompanying an electronic transition, 

which usually serves an indication of charge transfer excitations.78,79 The charge-transfer character 

of the transition is further confirmed by the observation of solvatochromic behaviour of the 

absorption band (see Section 5.2.2).80 In the present case it is less probable that the formation of the 

metal-metal bond would strongly enhance ligand-to-metal (LMCT) or metal-to-ligand (MLCT) 

charge transfer transitions. We therefore believe that the optical band in the spectra of the binuclear 

complexes arises from a MM’CT excitation.7  

 The metal-metal interactions in the series of complexes [(NC)5Pt-Tl(CN)n(aq)]n- (n = 

0-3) can be qualitatively explained by a simplified molecular orbital diagram (Figure 3.2.7). The 

frontier orbitals are generated by the overlap of the filled 5dz2 Pt orbital (the HOMO (5a1g) in the 

[Pt(CN)4]2- complex consists of 91% Pt (76% 5dz2 and 15% 6s) and 7% CN- character)25 and the 

empty 6s Tl orbital of the Pt-Tl moiety (in C∞v local symmetry). The close values of atomic orbital 

energies: 8.8 and 10.2 eV for Pt (5dz2) 81 and Tl (6s) 82, respectively, imply that overlapping should 

be effective. Two σ molecular orbitals (bonding and antibonding) are formed from a symmetry-

adapted linear combination of atomic orbitals. The narrow NMR signals of the bimetallic 

complexes indicate that the compounds are diamagnetic. The electron pair, provided by the 

platinum atom, is accommodated in the bonding molecular orbital. According to the MO scheme 

the electronic transition should occur from the occupied σb orbital. Although substantial 

delocalisation of the electron density certainly occurs between the two coupled metals, and 

participation of some ligand orbitals in the metal-metal bonding should be probably taken into 

account as well (see Sections 3.2.5 and 4.1), in a limiting description the σb → σ* transition can be 

viewed as a Pt(II) to Tl(III) MM’CT transition. In this case bonding orbital has a strong Pt (5dz2) 

character, while the antibonding orbital is probably largely confined to the thallium atom, which 

suggest high polarity of the metal-metal bond. The transition is then logically assigned to the 

intense absorption observed in the electronic spectra of the binuclear Pt-Tl complexes.  

 To the best of our knowledge, only one example of MM’CT transitions in 

heterobinuclear complexes with unsupported polar metal-metal bond has been reported so far: the 

complex [Ph3AuI-CoI(CO)4] exhibits Co(-I) → Au(I) MM’CT band in the absorption spectrum. 
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Figure 3.2.7. Simplified MO diagram of the Pt-Tl moiety (C∞v local symmetry) of the complexes 
[(NC)5Pt-Tl(CN)n(aq)]n-. 

 There is a continuous shift of the band to the red when the number of cyanide ligands 

in the complexes [(NC)5Pt-Tl(CN)n(aq)]n- increases from one (n = 1) to three (n = 3). This notable 

decrease of the energy of the transition fully correlates with other indicators of the metal-metal 

bonding in the binuclear Pt-Tl complexes, namely: 1J(195Pt-205Tl), interatomic Pt-Tl distance and 

K(Pt-Tl), showing weakening of the platinum-thallium linkage accompanying coordination of the 

CN- ions to the thallium atom (see Section 4.1). Position of the absorption band of the complex 

[(NC)5Pt-Tl(aq)] does not follow the expected trend and appears at the lowest energy of the series 

of binuclear species. This can be attributed to a significant change of the coordination environment 

of thallium in the complexes which occurs when going from [(NC)5Pt-Tl(H2O)5] 83,84 to the 

“cyanide” compounds [(NC)5Pt-Tl(CN)n(aq)]n- (n = 1-3). 

 In the family of bimetallic Pt-Tl complexes only the trinuclear species [(NC)5Pt-Tl-

Pt(CN)5]3- absorbs light in the visible region (λ = 435 nm, ε = 2 M-1⋅cm-1); it also shows a very 

strong absorption in the UV: λ = 309 nm, ε = 6.36 104 M-1⋅cm-1 (Figure 3.2.8). Similarly to the 

binuclear complexes [(NC)5Pt-Tl(CN)n(aq)]n-, the appearance of new features in the absorption 

spectra is associated with the metal-metal bonding and assigned to the MM’CT transitions. 
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Figure 3.2.8. Electronic absorption spectra of complex [(NC)5Pt-Tl-Pt(CN)5]3- in aqueous solution: 
C = 1.5⋅10-5 M; optical path length (l) = 1.9⋅10-3 cm (a), and 1 cm (b). The absorption bands in the 
range 216-280 nm originate from of [Pt(CN)4]2- species present in equilibrium with the trinuclear 
species. 

 Presence of very intense bands in the absorption spectra seems to be characteristic for 

heterotrinuclear systems with direct bonds between reducing and oxidising metal ions. A number of 

structurally and chemically related trinuclear cyano compounds, [(NC)5Co-M-Co(CN)5]n- (M=CdII, 

HgII, TlI and SnCl2), exhibiting high values of the extinction coefficient for the bands arising from 

the metal-metal linkage have been previously found: 3.0 104 (λ = 348 nm), 5.1 104 (λ = 361 nm), 

5.7 104 (λ = 389 nm) and 1.0 104 M-1 cm-1 (λ = 405 nm) for Cd,85 Hg,16,85 Tl,67 and Sn,86 

respectively. Further examples are provided by carbonyl Co-M-Co (M = Zn, Cd, Hg) compounds.14 

As in the case of binuclear Pt-Tl complexes the bands were assigned to the MM’CT transitions.7 

However, it should be noted that appearance of a weak low energy feature has not been reported for 

any of these complexes. On the other hand, a weaker counterpart assigned to the spin-forbidden 

(triplet) transition was observed for a number of homo- and heterobinuclear compounds of heavy d-

metals (Pt, Au) with ligand-supported metal-metal bonds.87 

 Symmetry-adapted combination of three valence atomic orbitals (two 5dz2 (Pt) and 

one 6s (Tl)) in the linear trinuclear Pt-Tl-Pt entity, localised along the z-axis (D∞h symmetry), 

results in formation of three σ molecular orbitals. Two electron pairs occupy bonding and non-

bonding orbitals (Figure 3.2.9). The molecular orbital diagram shows that the lowest energy 

2 0 0 3 0 0 4 0 0 5 0 0
0 ,0

0 ,5

1 ,0

1 ,5

2 ,0

2 ,5

 

 

b

a

Ab
so

rb
an

ce

W a ve le n g th , n m



 
25

electronic transition should therefore occur between σn (A1u) and σ*(A1g) molecular orbitals, which 

in a simplistic description can be viewed as Pt(II) to Tl(I) MM’CT. In this light the absorption 

bands at λ=309 and 435 nm can be attributed to the singlet and triplet σn → σ* transitions (allowed 

in D∞h symmetry), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.9. Simplified MO diagram of the Pt-Tl-Pt moiety (D∞h local symmetry) of the complex 
[(NC)5Pt-Tl-Pt(CN)5]3-. 
 

3.2.5. Computational Study. 

Very recently, several computational investigations have been independently initiated on the 

[(NC)5Pt-Tl(CN)n(aq)]n- (n = 0-3) compounds.83,84,88 Russo and Kaltsoyannis have studied the 

geometric structures of the complexes using quasi-relativistic gradient-corrected density functional 

theory.84 Autschbach and Ziegler have performed density functional computations on nuclear spin-

spin coupling in the complex [(NC)5Pt-Tl(CN)(aq)]- using “zeroth order regular approximation” 

(ZORA) relativistic method; the relativistic geometry optimisation of the complex has been also 

carried out (see Section 4.1).88 We have calculated the structures of the complexes [(NC)5Pt-

Tl(CN)n(aq)]n- (n = 0-3) at the Hartree-Fock level.83 Selected results of geometry optimisations of 

the complexes are presented in Table 3.2.4.  
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Table 3.2.4. Calculated and experimental bond lengths (Å) for the complexes I-IV. 

Compound Methoda Pt-Tl Pt-CA Pt-CC Tl-CB 

HF 3.860 1.913 2.022 - 
[(NC)5Pt-Tl] ADF 3.10 1.94 2.01 - 

HF 2.68 1.999 2.031 - 

I 

[(NC)5Pt-Tl(H2O)5] ADF 2.60 1.94 2.01 - 
HF 2.708 1.981 2.036 2.170 

ADF 2.60 1.98 2.03 2.24 [(NC)5Pt-Tl(CN)]- 
ADF* 2.544 1.926 1.971 2.148 

HF 2.650 2.066 2.035 2.147 
ADF 2.62 2.05 2.02 2.17 
ADF* 2.546 1.980 1.951 2.113 

II 

[(NC)5Pt-Tl(CN)(H2O)4]- 

Exp. 2.602 2.009 2.128 
HF 2.654 2.066 2.039 2.210 

ADF 2.63 2.02 2.03 2.30 [(NC)5Pt-Tl(CN)2]2- 
Exp. 2.613 2.003 2.206 III 

[(NC)5Pt-Tl(CN)2)(H2O)2]2- ADF 2.65 2.07 2.02 2.26 
HF 2.706 2.165 2.044 2.259 

ADF 2.70 2.08 2.03 2.34 IV [(NC)5Pt-Tl(CN)3]3- 
Exp. 2.638 2.008 2.203 

a HF - restricted Hartree-Fock, SDD basis set, 18 VE and 3 VE pseudopotentials on Pt and 
Tl respectively;83 ADF – Amsterdam density functional program suite, frozen core approximation, 
quasi-relativistic frozen 1s (C, N, O) and 4f (Pt, Tl) cores, the Vosko-Wilk-Nusair local density 
parameterisation in conjunction with Becke’s gradient correction;84 ADF* - ibid, but without 
gradient correction 88. 

 

Table 3.2.4 shows that the DFT calculations provide a reasonably good agreement between 

the experimental and calculated values of the Pt-Tl separations already for the non-hydrated 

complexes II and III, while the effect of co-ordinating of water molecules in the species is not 

large. Although we have not been able to obtain experimental bond lengths for complex I in 

aqueous solution (see Section 3.2.2), a Pt-Tl distance in the range 2.58-2.59 Å can be expected from 

the linear extrapolation of the metal-metal separations in the series of [(NC)5Pt-Tl(CN)n(aq)]n- 

species to n = 0. This is also consistent with the strongest 1J(Pt-Tl) spin-spin coupling observed for 

complex I. Apparently, the calculations carried out on the free molecule I strongly overestimate the 

Pt-Tl distance: ~0.5 Å and more than 1.2 Å for the ADF and HF levels, respectively. When 

hydration of the thallium atom in the complex is taken into account, calculations converged only in 

the case of a pentaaquated species in C2v symmetry (Figure 3.2.10). The hydration results in a 
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dramatic shortening of the Pt-Tl bond (Table 3.2.4), and for the ADF level the metal-metal distance 

is very close to the expected “experimental” value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.10. Optimised (HF level) structure of complex I.  

 The calculations also provide interesting information on the variations of the 

platinum-carbon bond lengths in the [(NC)5Pt-Tl(CN)n(aq)]n- series occurring upon change of the 

number of cyanide ligands. Although EXAFS measurements (see Section 3.2.2) fail to distinguish 

between axial and equatorial Pt-C distances in the complexes, all the computations applied clearly 

show a pronounced difference between the two geometrical positions in the platinum polyhedron 

(Table 3.2.4). Moreover, the Pt-C bond length in trans position to the thallium atom appears to be 

very sensitive to changes in the metal’s coordination environment. Thus, while the variations in the 

Pt-CC separations in the series of compounds are barely significant, a total change of the Pt-CA is 

~0.14 Å. Interestingly, Pt-CA in I is substantially shorter (~0.07 Å from ADF) than Pt-CC. With 

increasing n, the axial bond length continuously increases, and in IV it is already 0.05 Å longer than 

Pt-CC. These results are consistent with the data on one-bond spin-spin coupling constants, 1J(Pt-C), 

showing both pronounced weakening of 1J(Pt-CA) along the series of the compounds and an 

inverted 1J(Pt-CA)/1J(Pt-CC) ratio: 1.11 and 0.88 for complexes I and IV, respectively (Table 3.2.1). 
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3.3. Equilibria in Aqueous Solution 

When describing formation and structures of the oligometallic Pt-Tl complexes (section 3.1) 

we have shown that the speciation of the complexes in aqueous solution varies at different total 

concentrations of the components, Tl3+, Pt(CN)4
2-, CN- and H+. Changing the concentration of any 

of the components shifts the distribution of the reactants and/or products, and demonstrates an 

existence of several types of chemical equilibria in the solutions. The formation of the metal-metal 

bond is not instantaneous, especially at low pH values. All spectra of the samples were recorded 

after equilibration. Stepwise complex formation equilibria can be reached much faster (vide infra). 

 In solutions with molar ratio Pt:Tl ≤ 1, heterobimetallic compounds are present only 

as binuclear species I-IV, at Pt:Tl > 1 a trimer V can be also formed. The formation of the 

complexes in solution can be described by the following equilibrium: 

mPt(CN)4
2- + Tl3+ + nCN-  [PtmTl(CN)4m+n](3-2m-n)-  

 (3.3.1) 

giving the following overall stability constant: 

 βN = [PtmTl(CN)4m+n
3-2m-n] / {[Pt(CN)4

2-]m·[Tl3+]·[CN-]n}  

 (3.3.1a) 

where m = 1, n = 1, 2, 3 and 4 for I, II, III and IV; and m = 2, n = 2 for V, respectively. The 

following simultaneous equilibria taking place in this system must also be considered: 

Tl3+ + nCN-  Tl(CN)n
3-n    (3.3.2) 

with βn = [Tl(CN)n
3-n] / {[Tl3+]·[CN-]n}, 43 and 

CN- + H+  HCN     (3.3.3) 

with KH = Ka
-1 = [HCN] / {[CN-][H+]}.89 

The species Pt(CN)4
2- was treated as a stable component in the calculations because of its very high 

stability (different values of logβ4 can be found in the literature, ranging from 35 up to 65) 54 and 

kinetic inertness.54  

The "addition reactions" between the complexes Pt(CN)4
2- and Tl(CN)n

3-n resulting in 

binuclear complexes: 

Pt(CN)4
2- + Tl(CN)n

3-n    [PtTl(CN)4+n ](n-1)-   

 (3.3.4) 

can be represented by the equilibrium constants,  



 
29

KN
add = [PtTl(CN)4+n (n-1)-]  

/ {[Pt(CN)4
2-

 ]·[Tl(CN)n
3-n]}   

 (3.3.4a) 

for n = 1, 2, 3 and 4, referring to complexes I, II, III and IV, respectively. These constants can be 

calculated from the 205Tl NMR signal integrals of the Tl-containing species, and the concentration 

of Pt(CN)4
2-. The latter can be calculated from the following mass balance equation : 

[Pt]tot = [Pt(CN)4
2-] + [ I ] + [ II ] + [ III ] + [ IV ] + [Pt(CN)6

2-]  (3.3.5) 

where the concentration of Pt(CN)6
2- can be assumed to be practically equal to that of Tl+, due to the 

redox reaction: Tl(III) + Pt(II)  Tl+ + Pt(IV) (see section 5.2). Equilibrium constants were 

determined:  

logKII 
add

 = 4.2 (±0.3), logKIII 
add = 3.6 (±0.3), logKIV

 add = 2.3 (±0.1).  

Tl(CN)2+ was not observed at any of the current experimental conditions; hence, a direct 

determination of KI
add  was not possible. The values of stability constants obtained for the 

complexes II-IV demonstrate high thermodynamic stability of the bimetallic Pt-Tl complexes as 

compared to the reagents. 

 The formation of the bimetallic species, II, III and IV can also be described by a 

stepwise coordination of CN-  ions to I:  

[PtTl(CN)4+(n-1)](n-2)-   + CN-  [PtTl(CN)4+n](n-1)-  

 (3.3.6) 

giving equilibrium constants, KN = [PtTl(CN)4+n
(n-1)-] / {[PtTl(CN)4+(n-1)

(n-2)-]·[CN-]} for n = 2, 3 and 

4, referring to the complexes n = II, III and IV, respectively. These constants, KN, can be calculated 

from the signal integrals of the Pt-Tl-containing species, measured for suitable titration points and 

using [CN-] calculated from the mass balance equation: 

[CN]tot = [CN-] + [HCN] + ∑
=

4

1
 

n
[Tl(CN)n

3-n] + 4[Pt(CN)4
2-] + 5[I] + 6[II] +7[III] +8[IV] + 6[Pt(CN)6

2-] (3.3.7) 

It should be noted, that the protonation equilibrium must also be considered when calculating values 

of KN. Free cyanide concentrations were calculated by means of eq 3.3.3 from the equilibrium 

hydrogen ion concentration, [H+], obtained from pH-potentiometric titrations. The calculated values 

are: log KII = 10.8 (±0.2) and log KIII  = 6.6 (±0.4). The trend of the constants follows the normal 

decrease of the stepwise stability constants, although the decrease is somewhat smaller compared to 

the corresponding values for the parent complexes, Tl(CN)2
+ (logK2 = 13.2), Tl(CN)3 (logK3 = 

8.5).43 The pronounced weakening of the bond between thallium and cyanide ligands in II and III 

compared to Tl(CN)2
+ and Tl(CN)3, respectively, can be attributed to the strong influence of the 

(NC)5Pt- unit coordinated to the thallium atom in these complexes. 
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 A trinuclear complex [(NC)5Pt-Tl-Pt(CN)5]3- (V) is formed in solutions where the 

Pt/Tl ratio is larger than 1. The complex can be considered as an adduct of II and Pt(CN)4
2-:  

 [PtTl(CN)6 ]- + Pt(CN)4
2- [Pt2Tl(CN)10]3-  

 (3.3.8 ) 

with an equilibrium constant, 

KV
add = [Pt2Tl(CN)10

3-]/ {[Pt(CN)4
2-]·[PtTl(CN)6

-]}   (3.3.8a) 

 Kv
add can easily be calculated from the signal integral ratios of II and V (R = [II] / [V]) 

measured by 205Tl NMR, and from the equilibrium concentration of Pt(CN)4
2- derived from 195Pt 

NMR; Kv
add = 1/(R⋅[Pt(CN)4

2-]); this leads to Kv
add = 1.44 ±0.03 (see Scheme). 

 The equilibria describing the chemical system (components: Pt(CN)4
2-, Tl3+, CN- and H+) are 

presented in the Scheme. It shows how the reactions 3.3.4, 3.3.6 and 3.3.8 result in formation of the 

different Pt-Tl complexes. These equilibria are related to each other and some of them can be 

 

 

 

 

 

 

 

 

 

 

 

 

 

calculated independently. From the known stepwise stability constants (logKn) for the parent 

complexes, [Tl(CN)n]3-n, 43 and the values of logKII
add, logKIII

add, logKIV
add and Kv

add determined in 

this work, we obtain: 

logKIII = logK3 + logKIII
add - logKII

add  = 7.9  and 

logKIV = logK4 + logKIV add - logKIII
add = 6.2. 

In the following, when calculating the overall stability constants βN, this value of logKIII is used 

instead of the directly determined and less reliable one.  

In addition the Scheme gives one more constant which is not directly measurable: 

logKI
add = logK2 + logKII

add - logKII = 6.6.  

These data can easily be converted to overall stability constants:  
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logβN  = logKN 
add  + logβn (N = I - IV) and  

logβV = logβII + log KV
add  (cf. eq 3.3.1a) 

The values of logβ are given in Table 3.3.1. 
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Table 3.3.1. Overall Stability Constants of the Oligometallic Pt-Tl Complexes I-V at t = 25 oC, and 
I = 1 M (NaClO4). βN = [Pt mTl(CN)4m+n

3-2m-n] / {[Pt(CN)4
2-]m ·[Tl3+]·[CN-]n} 

Complex logβN 
[(NC)5PtTl] (I) 19.9±0.4 

[(NC)5PtTl(CN)]- (II) 30.7±0.3 
[(NC)5PtTl(CN)2]2- (III) 38.6±0.3 
[(NC)5PtTl(CN)3]3- (IV) 44.8±0.2 

[{(NC)5Pt}2Tl]3- (V) 32.1±0.3 
 
 A typical distribution diagram of the studied chemical system, calculated using the 

data of Table 3.3.1 and ref. 43 is given in Figure 3.3.1. The increase of the free cyanide ion 

concentration with increasing pH causes further coordination of CN- to the thallium atom of the 

binuclear Pt-Tl species and thus the equilibrium shifts towards the formation of Pt-Tl complexes 

with a higher number of cyanide ligands. In presence of excess of Pt(CN)4
2-, compound II can also 

be transformed into V, but the formation of the trinuclear complex might be supressed by CN- 

competition resulting in formation of compound III. At higher pH, the mononuclear complexes of 

platinum (Pt(CN)4
2-) and thallium (Tl(CN)4

-) are also present (i.e. equilibrium 3.3.4 is shifted to the 

left). Decrease of the pH shifts reaction 3.3.4 to the right, showing that the metal-metal bond 

formation in aqueous solution is reversible. Certainly, varying the pH shifts also the equilibrium of 

reaction 3.3.6, similarly as for the parent Tl(CN)n
3-n species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1. Typical distribution of oligometallic Pt-Tl cyano species in aqueous solution as a 
function of pH, calculated from the determined stability constants (Table 3.3.1). [Pt] = 40 mM, [Tl] 
= 30 mM, [CN]tot = 280 mM. 
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3.4. Mechanistic Considerations 

The thermodynamic data (KN
add) described in the previous section could be used as a 

quantitative measure of the stability or strength of the Pt-Tl bond only if the simple formation of an 

adduct between platinum and thallium cyanides took place by means of the hypothetical reaction: 

[Pt(CN)4]2- + [Tl(CN)n+1(aq)]3-(n+1)  [(NC)4Pt-Tl(CN)n+1(aq)]n- (3.4.1) 

and if the entropy term is negligible. However, the structure of oligometallic Pt-Tl compounds 

clearly shows that in all complexes five cyanides are coordinated directly to the Pt-center while the 

sixth position in platinum pseudooctahedron is occupied by a Tl atom. Thus, from the structural 

point of view the “addition reaction” 3.3.4 is more correctly presented as: 

[Pt(CN)4]2- + [Tl(CN)n+1(aq)]3-(n+1)  [(NC)5Pt-Tl(CN)n(aq)]n- (3.4.2) 

It can be seen now that stability constants represent in fact an overall process comprised of at least 

three steps: (i) formation of platinum-thallium bond, (ii) coordination of the fifth cyanide to the 

platinum atom, and (iii) scission of one of the thallium-carbon bonds. The study of formation 

kinetics of complexes and has been recently undertaken, and the results are fully in agreement with 

these considerations.90  

It has been observed that the rate of the formation reaction is dramatically dependent on pH. 

Hence, the time scale for the formation of the various Pt-Tl complexes varies by several orders of 

magnitude: from few seconds at pH > 8, to several hours at pH < 5. Such a strong acceleration of 

the reaction with decrease of acidity indicates that it is the “free” cyanide ion (present in aqueous 

solution in equilibrium with HCN, see section 3.3) which is coordinated to the platinum atom, when 

the reaction is completed, and should be included into the rate law. This implies that the overall rate 

law for the kinetics of the formation reactions of the binuclear Pt-Tl complexes is of third-order: 

rate = k⋅[Pt(CN)4
2-]⋅[Tl(CN)n+1(aq)3-(n+1)]⋅[CN-]  

 (3.4.3) 

It seems unreasonable that an extra cyanide ligand would be coordinated to the square planar 

d8 platinum complex without a “preoxidation” of the metal ion (no information on formation of the 

[PtII(CN)5]3- species is available, vide infra); hence, the formation of the [(NC)5Pt-] entity must be 

preceded or accompanied by a formation of the Pt-Tl linkage leading to a partial withdrawal of 

electrons from platinum to thallium. After the metal-metal bond has been established, platinum 

reacts with the free cyanide ion filling an axial side of its pseudooctahedron. The final step is a 

cleavage of one of the Tl-CN bonds and geometrical rearrangements resulting in [(NC)5Pt-

Tl(CN)n(aq)]n- complexes. This mechanism is consistent with the kinetic results and can be 
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illustrated by a set of successive reactions leading to formation of the complex [(NC)5Pt-

Tl(CN)(aq)]-:  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Considering the “platinum” part of the bimetallic complexes, reaction (3.4.2) resembles 

typical oxidative addition reactions of [PtII(CN)4]2-, such as e.g. formation of pentacyano 

complexes:91-94  

[Pt(CN)4]2- + XCN  [(NC)5Pt-X]2-  (X = Br, I)  (3.4.4) 

Similarly as for the reaction between tetracyanoplatinate(II) and thallium(III) cyano complexes 

discussed above, the rate of the reaction 3.4.4 is dependent on [CN-], and the determined rate law 

was: 

rate = k⋅[CN-]⋅[Pt(CN)4
2-]⋅[XCN]   (3.4.5) 

The observed decrease of entropy (∆S≠ = -5.6 cal/mol for X = I) indicates an associative reaction 

mechanism.92 In this respect [Tl(CN)n+1]3-(n+1) complexes, in similar way as halogen cyanides, can 

be considered as oxidative additive agent. An obvious difference between the oxidative addition 

reactions of halogen and thallium(III) cyanides is that in the latter case platinum is not completely 

oxidised (see section 4.2) whereas the interaction with XCN involves complete two-electron 

transfer leading to a PtIV ion. 

Regarding transformations of thallium cyano complexes, reaction 3.4.2 can be roughly 

treated as a simple substitution of one cyano ligand by the [(NC)5Pt-] unit and retaining original 

coordination geometry of the parent [Tl(CN)n+1(aq)]3-(n+1) compounds (see section 3.2.2). Taking 

into account the above discussion on the necessity of a preliminary formation of the Pt-Tl bond, an 

associative mechanism of the substitution reaction (A or Ia), in which an intermediate is formed 
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with a higher coordination number (5 or 7, depending on the [Tl(CN)n+1(aq)]3-(n+1) reactant),71 

seems appropriate.  

 Because of the importance of the bridging function of the CN-group in the 

coordination chemistry of platinum cyano complexes 95-97 an alternative associative mechanism 

including formation of a cyanide-bridged intermediate instead of direct Pt-Tl bonding should also 

be considered: 

 

 

 

 

 

 

In this case there is no increase of the coordination number of the thallium atom in the transient 

compound. Metal-to-metal charge transfer is mediated via the bridging CN group which is then 

released from the compound simultaneously with formation of the direct platinum-thallium bond. 

This model can also account for the breaking of a strong Tl-CN bond instead of a much weaker Tl-

OH2. 

 One more example of metal-metal bonding of trivalent thallium that should be 

mentioned here is represented by its interaction with another d8 cation, IrI. Addition of thallium(III) 

acetate to a square-planar complex Ir(CO)Cl(PPh3)2 results in the formation of [(CH3CO2)2Tl(µ-

O2CCH3)Ir(CO)(PPh3)2)(O2CCH3)] with a short (2.611 Å) Ir-Tl bond supported by an acetate-

bridge.98 The coordination number of the iridium atom increases to six which together with other 

spectroscopic evidence indicates that the iridium centre in a binuclear complex is oxidised. 

Similarly to the Pt-Tl assemblies described above, the Ir-Tl compound was viewed as a result of an 

oxidative addition of the TlIII acetate unit to the IrI precursor leading to a charge transfer between 

the coupled metal ions.  

 Formation of the trinuclear [(NC)5Pt-Tl-Pt(CN)5]3- compound is a more complex 

process. When the reaction between excess of [Pt(CN)4]2- (required to shift the equilibrium between 

oligometallic complexes to the trinuclear species, see section 3.3) and [Tl(CN)2]+ in aqueous 

solution is carried out, an induction period is observed on the otherwise exponential kinetic curve 

which indicates the presence of at least two stages in the formation of the Pt-Tl-Pt compound 

(Figure 3.4.1). This is in agreement with the proposed formation reaction of V (3.3.8, section 3.3), 

namely as an adduct of [(NC)5Pt-Tl(CN)(aq)]- and [Pt(CN)4]2-. A simultaneous collision of three 

metal atoms to form the Pt-Tl-Pt entity is much less probable compared to the two stepwise 

bimolecular reactions.  
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Figure 3.4.1. Formation kinetics of complex [(NC)5Pt-Tl-Pt(CN)5]3- in aqueous solution at pH = 
3.0. Data sets represent concentrations  of the starting [Pt(CN)4]2- and [Tl(CN)2(aq)]+ complexes: 
0.13 M and 0.02 M (a), 0.10 M and 0.02 M (b), 0.10 M and 0.016 M (c).  

 Indeed, when kinetic measurements were carried out with the [(NC)5Pt-Tl(CN)(aq)]- 

and [Pt(CN)4]2- species as the reactants, first-order concentration dependence was observed for both 

components, while no influence of cyanide concentration on the reaction was detected:90 

rate = k⋅[Pt(CN)4
2-]⋅[(NC)5Pt-Tl(CN)(aq)]-   (3.4.6) 

 Formation of the Pt-Tl complexes by interaction between substituted cyano complexes 

of tetravalent platinum and monovalent thallium cyanide (see Section 3.1) shows that the same Pt-

Tl linkage can be formed by either of the two reactions between the oxidizing and reducing metal 

centers: 

PtII + TlIII   →←1
   Pt-Tl   →←2

     PtIV + TlI 

Because of its complicated nature, route 2 has not been widely used in this work but it deserves a 

short discussion.  

Tetravalent platinum is known for the extreme kinetic inertness of its complexes.99 In this 

light it is not surprising that a replacement of a CN- group in the hexacyanoplatinate(IV) anion by a 

monovalent thallium cation does not take place (section 3.1). On the other hand, pentacyanohalide 
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complexes of platinum(IV) already contain a [-Pt(CN)5] core (which is also present in all 

oligometallic Pt-Tl compounds). Apart from it, because of the trans effect exerted by the apical 

cyanide,75 the Pt-X (X-halide) bond is labilised sufficiently to make substitution reactions of X-

ligand possible. The low solubility of thallium(I) halides and especially TlII (1⋅10-5 M at 25 oC) 100 

allows to replace iodide by thallium in the platinum coordination sphere in a two-step process. 

Interaction between equimolar amounts of platinum(IV) pentacyanoiodide and thallium(I) cation 

(TlICN) in aqueous solution results in precipitation of TlII at the first stage. Withdrawing of an 

iodide ion from the platinum environment is not accompanied by filling of the vacant sixth position 

in the polyhedron by OH- (at the current pH) or CN- present in the system. This conclusion has been 

drawn from the lack of formation of [Pt(CN)5OH]2- or [Pt(CN)6]2- species (see Section 6.2), no 

other signals could either be detected in the solution by means of 195Pt NMR. 

 However, when additional TlICN is introduced into the solution, the signal of the bimetallic 

complex [(NC)5Pt-Tl(CN)3]3- (preferably formed in solution at current pH/CN- conditions) can be 

observed in 195Pt NMR spectra. We suppose that the experimental findings can be described by the 

set of two successive reactions:  

[(NC)5PtI]2- + Tl+ + CN-  [(NC)5Pt]- + TlI↓ + CN-  

 (3.4.7) 

[(NC)5Pt]- + 2Tl+ + 3CN-  [(NC)5Pt-Tl(CN)3]3- + Tl+  (3.4.8) 

Although we have not been able to detect it, we believe that the pentacoordinated platinum cyano 

complex is formed at the first step. Apart from a number of possible dynamic reasons preventing 

registration of a 195Pt NMR signal of the species, redox interactions between platinum and thallium 

leading to formation of a paramagnetic Pt(III) complex cannot be ruled out.17,101,102 The platinum 

pentacyanide reacts then readily with thallium in presence of free cyanide to form a Pt-Tl bonded 

complex.  

3.5. Structure of the Compound (NC)5Pt-Tl in the Solid State 

 As mentioned in section 3.1 when dealing with heterobimetallic Pt-Tl species in 

solution, a solid compound can be obtained from the Pt2+-Tl3+-CN--H+/H2O system under certain 

conditions. This is a white powder which slowly precipitates from the solutions at high acid and/or 

low free cyanide concentration. The compound is sparingly soluble in water and in diluted acids (3.7 

mM) and a characteristic for the binuclear Pt-Tl complexes pseudo-triplet signal is observed in 205Tl 

NMR spectra of the mother solution. The chemical shift and the platinum-thallium spin-spin coupling 

constant of the signal is close to that of compound I, and both are strongly pH-dependent. Thus, at pH 



 
38

= 5, δTl = 900 ppm and 1J(195Pt-205Tl) = 66 kHz (compare with Table 3.1.1). Increase of acidity results 

in shift of the signal to lower frequency accompanied by an increase of the coupling constant. In 

contrast to water and water/H+ systems the compound dissolves completely in aqueous solution of 

ionic cyanides giving rise to formation of complexes II - IV.  

Elemental analysis shows that the white solid contains platinum and thallium in the molar ratio 

Pt/Tl 1:1 and cyanide with molar ratio CN/M (M=Pt, Tl) 5:1. These data are in agreement with the 

results of ESCA measurements of the compound. Lines characteristic for the elements Tl, Pt, C and N 

with binding energies of 118.20 (4f 7/2), 74.94 (4f 7/2), 397.64 (1s) and 284.6 (1s) eV, respectively, 

were observed in the photoelectron spectrum of the powder sample. The intensity data of the peaks 

confirm the total stoichiometry (NC)5PtTl of the compound, i.e. the same composition as for complex 

I obtained in solution. Together with the experimental observation that powder formation is more 

efficient from solutions with higher percentage of compound I (see section 3.1), this strongly 

indicates that the powder compound is closely related to the complex [(NC)5Pt-Tl] formed in aqueous 

solution.  

All attempts to obtain single crystals of the solid failed, and the structure of the compound was 

solved from a combined powder X-ray diffraction (XRD) and EXAFS study. The XRD method 

gave precise unit cell dimensions and reliable heavy atom positions, while structural information of 

the coordination of the light atoms was obtained from Pt LIII and Tl LIII EXAFS data, and used to 

complete the description of the structure. The relatively low Rf (0.058) value from the XRD study 

indicates that the overall structure is essentially correct. Well-determined atomic positions were 

obtained for the heavy atoms Pt and Tl which dominate the scattering. The XRD value of the Pt-Tl 

bond length, 2.628(3) Å, is in excellent agreement with the corresponding distance obtained from 

both Pt LIII and Tl LIII EXAFS: 2.627(2) and 2.627(4) Å, respectively. However, the relatively small 

contribution from the carbon and nitrogen atoms, together with systematic errors indicated by 

asymmetric XRD peakshapes, led to uncertain and in some cases unrealistic values of the metal-

carbon and metal-nitrogen distances. The positional parameters of the light atoms in the structure 

were therefore determined indirectly by adjusting their XRD positions to give metal-ligand 

distances consistent with those obtained from the EXAFS study (see Paper III for structural 

details).  

The XRD data showed the heavy metal atoms and one cyano group (C2-N2) to be positioned on 

the four-fold axis of the space group P4/nmm, forming linear ...N2-C2-Pt-Tl-N2-C2-Pt... chains 

along the c-axis (Figure 3.5.1). Four crystallographically equivalent cyano ligands surround the 

platinum atom, which is slightly displaced from the square plane formed by the carbon atoms (C1), 

giving a distorted octahedral coordination geometry. The nitrogen atoms (N1) of these equatorial 

cyano groups are connected to the thallium atoms of the neighboring anti-parallel chains, and the 
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nitrogen atom (N2) of the axial cyano ligand forms a short linear bond to thallium (Figure 3.5.1). 

Thus, the thallium atom is surrounded by five nitrogen atoms of bridging cyanide groups, with the 

platinum atom completing a highly distorted octahedral geometry. The interatomic distances around 

thallium were obtained from the Tl LIII edge EXAFS data. The two Tl-N distances differ 

significantly for the cyanides in the equatorial and axial positions and could be refined 

independently to 2.50(1) and 2.31(3) Å, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.1. Structure of the solid compound (NC)5PtTl, showing two linear -N2-C2-Pt-Tl-N2-C2-
Pt- chains (along c-axis) connected by bridging cyano (C1-N1) groups. 

 

 As for the [(NC)5Pt-Tl(CN)n(aq)]n- (n = 1 – 3) complexes in solution, it was not 

possible from the Pt LIII edge EXAFS to distinguish between axial and equatorial cyano ligands 

around platinum, and only a mean value of 2.003(1) Å was obtained for the five Pt-C bonds.  

 The platinum-thallium bond length increases for the three complexes [(NC)5Pt-

Tl(CN)n(aq)]n- from n = 1 to 3 in aqueous solution (section 3.2.2). Extrapolating this correlation to n 

= 0 would give a Pt-Tl separation in the range 2.58–2.59 Å for the hydrated [(NC)5Pt-Tl(aq)] 

complex in solution. However, the Pt-Tl distance in the solid compound (NC)5PtTl is 2.627(2) Å. 

The main cause of this Pt-Tl bond lengthening in the solid is probably the presence of CN-bridges 

within and between the antiparallel ...N2-C2-Pt-Tl-N2-C2-Pt... chains. Attraction between the 

thallium atom and the nitrogen atoms of the strongly bonded linear N2-C2-Pt entities in the same 

chain and in adjacent chains (N1-C1-Pt) (Figure 3.5.1) is expected to cause an elongation of the Pt-

Tl distance. Moreover, the Pt-C1-N1-Tl bridges between neighbouring chains hold the cyanide 
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groups in eclipsed positions. Because of the short Pt-Tl bond, there is strong π−π repulsion between 

these antiparallel C1-N1 cyanide groups, which increases their contact distance to about 3.9 Å. This 

repulsion causes the platinum atom to be slightly displaced from the equatorial plane despite the 

four strong Pt-C1 bonds, and also leads to a Tl-N1-C1 angle of about 149o.  

 Both Raman and IR spectra of the compound show the highest frequency band of the 

C≡N stretching region at 2233 cm-1 (Table 3.5.1). This can be assigned to the bridging cyano group of 

the linear ...Pt-Tl-N2-C2-Pt... chain since it is well known that the bridging ν(C≡N) shifts to higher 

frequency with 40 cm-1 or more in similar cyano-bridged metal complexes.73  

Table 3.5.1. Vibrational fundamental frequencies (cm-1) from Raman and IR spectra of the 
(NC)5PtTl compound (see Paper III for the details of the assignment). 

IR Raman Assignment 

2235 s 2233 s CN stretching (axial) 

2219 w, 2196 vs 2210 vs, 2205 vs CN stretching (equatorial) 

503 w 501 w PtC stretching (axial) 

474 w 489 m, 476 m PtCN linear bending (axial) 

438 w, 411 vw 456 w, 431 w, 
419 w 

PtC stretching (equatorial) 

343 w, 317 vw 398 vw, 338w, 
315 w 

PtCN linear bending (equatorial) 

194 w, 150 m 211 s, 196 m,  
164 s, 152 m 

Pt-Tl stretching 

 
The more intensive band of the four equatorial cyano groups (C1≡N1) appears at 2195 cm-1 in IR 

spectrum, while the Raman degenerate stretching frequency splits into the doublet at 2210 and 2205 

cm-1. For the binuclear Pt-Tl complexes in solution the cyanide stretching frequencies of the 

[(NC)5Pt-] unit fall in the range between the corresponding values of [PtII(CN)4]2- and [PtIV(CN)6]2- 

indicating an intermediate oxidation state of platinum in the bimetallic species (see section 4.2). In the 

solid (NC)5PtTl ν(C1≡N1) shows up at higher frequencies (IR: 2206-2233 cm-1) compared to 

K2[Pt(CN)6] (IR: 2190 cm-1). As in the case of the axial (C2≡N2) groups this can be attributed to the 

bridging effect. In contrast to the complexes in solution, in the solid compound both axial and 

equatorial cyanides form bridges between platinum and thallium atoms. 

The badly resolved set of bands in the region from about 410 to 500 cm-1 in the vibrational 

spectra was assigned, according to the literature,73,75 to the Pt-C stretching modes of the axial cyano 

ligand, and equatorial cyano ligands (Figure 3.5.2 and Table 3.5.1). This result in a reasonable force 

field in the normal coordinate calculations (see Paper III for the details of vibrational assignment). 
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The force constants show that an axial Pt-C bond is substantially weaker (2.08 N⋅cm-1) than the 

equatorial ones (2.68 N⋅cm-1), which can be related to the features of  cyanide bridging in the 

compound. In particular, the axial (C2-N2) cyano bridge is significantly stronger than the equatorial 

(C1-N1) ones, as shown by the Tl-N distances 2.29 Å (axial) and 2.50 Å (equatorial). This, in turn, 

results in weakening of the axial Pt-C bond. 

 

Figure 3.5.2. Low-frequency region of IR and Raman spectra of the solid compound (NC)5PtTl. 

 The Raman spectrum of the (NC)5PtTl compound reveals four intense bands in two groups in 

the range between 152 and 211 cm-1, and two IR bands at 194 and 150 cm-1 (Figure 3.5.2). For an 

isolated (NC)5PtTl complex in C4v point group symmetry a single Pt-Tl stretching band of A1 

symmetry would be expected, which for Z = 2 in D 7
4h  space group symmetry, splits into a pair with 

one Raman active (A1g) and one IR active (A2u) mode. The number of observed Raman and IR 

bands shows conclusively that the number of interacting Pt-Tl oscillators must be larger than the 

two which are present in the crystallographic unit cell. Calculations of frequencies for differently 

sized segments of the polymeric N2-C2-Pt-TlN2-C2-Pt-Tl chain showed that there must be 

strong coupling between neighbouring Pt-Tl stretching oscillators in order to account for the 

observed large splitting (~45 cm-1) between the two groups of Raman bands (Table 3.5.1). Beside 

this direct interaction within the chain, there is an additional splitting (15 cm-1) of the Raman bands 

of the Pt-Tl stretching vibrations which is probably due to a coupling between the chains. This 
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splitting, mainly visible in the metal-metal stretching region, is caused by the large masses of the 

metal atoms, which totally dominate the vibrational coupling.  

 The force constant of the Pt-Tl stretching, 1.65 N⋅cm-1, is close for the corresponding values 

calculated for the binuclear [(NC)5Pt-Tl(CN)n(aq)]n- complexes in solution (1.56-1.74 N⋅cm-1) and 

is characteristic for single metal-metal bonds. However, it should be noted that in contrast to the 

latter case, with a “pure” non-buttressed platinum-thallium linkage, bonding in solid can be to some 

extend influenced by ligand bridging.  

 One more solid can be obtained in the system when, instead of [Tl(CN)n(aq)]3-n 

complexes, hexaaqua thallium(III) cation is reacted with tetracyanoplatinate(II) species. In contrast 

to slow diffusion of K2[Pt(CN)4] into aqueous Tl(ClO4)3 yielding colourless crystal compound 

KTl[Pt(CN)4]2.14H2O 27 (see section 3.1), mixing of equimolar amounts of [Tl(H2O)6]3+ (in form of 

an aqueous acidic solution of either Tl(ClO4)3 or Tl(NO3)3) and [Pt(CN)4]2- results in an immediate 

and practically quantitative precipitation of a yellow powder. Upon drying in a vacuum desiccator 

over silica gel at room temperature the colour of the powder changes to grey. The powder is very 

slightly soluble in concentrated acids, but similarly to the solid (NC)5PtTl, it dissolves completely 

upon addition of cyanide indicating further coordination of the CN- ligands to the metal ion.  

 Elemental analysis shows the presence of both Pt and Tl in the compound, in the molar 

ratio Pt/Tl = 1:1; CN/M = 4:1 (M = Pt, Tl). In the IR spectra the only strong band due to CN 

stretching vibrations appears at 2180 cm-1. The lower frequency of the CN- stretch can be attributed to 

a lower oxidation state of platinum in this compound compared to (NC)5PtTl. No bands of ClO4
- or 

NO3
- anions were observed in the spectra. However, a band was detected in the region characteristic 

for O-H stretching vibrations (3271 cm-1). In the absence of any detectable products of redox 

disproportionation in the system it can be assumed that the total positive charge of 5 of the Pt and Tl 

cations is kept in the compound. In spite of the fact that the starting solutions of both perchlorate and 

nitrate were very acidic (pH<0), the requirement to compensate the cationic charge +5 in the 

compound and the presence of the high frequency vibration band made us to suppose that one OH- 

anion is present in the complex. Appearance of only one CN- vibration excludes coordination of 

cyanide ligands to the thallium atom and thus the Pt(CN)4 unit of the parent tetracyanoplatinate 

complex seems to remain intact in the solid. In this light the composition of the compound would be 

(NC)4PtTl(OH). In contrast to (NC)5PtTl, we were not able to solve the structure of (NC)4PtTl(OH) 

from its powder diffraction pattern. However, the close resemblance of the diffractograms of the two 

compounds indicates that their structures are similar, but (NC)4PtTl(OH) seems to be ordered in the 

xy-plane and disordered in the z-direction. This fact is also compatible with the presence of Pt(CN)4 

units with nitrogens coordinated to the Tl atoms. 
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However, it is possible that the real structural and bonding situation in this solid phase is more 

complicated. This is indicated by notable magnetic features exhibited by the compound. The 

magnetic moment (0.96 BM, determined at room temperature) is lower than the spin-only value, 

1.73 BM for one unpaired electron. Appearance of non-paired spins can be attributed to interactions 

between platinum and thallium resulting in formation of a hybrid triplet molecular orbital populated 

with unpaired dz2 electrons submitted by platinum. Another indication of a different bonding 

situation in the compound can be provided by the readiness with which it is decomposed when 

exposed even to minor thermal or/and pressure effect. Changes were followed via CN-stretching 

vibrations and formation of the parent [PtII(CN)4]2- complex was observed. The accompanying 

pronounced colour changes (up to black) of the solid may also indicate that reductive 

disproportionation of the compound takes place to some extent and partially oxidised/reduced 

species of platinum and thallium, respectively, are formed as well. 

4. Characterisation and Properties of the Metal-Metal Bond in the Studied 

Compounds. 

4.1. Metal-Metal Bonding in the Compounds  

 One of the most striking features of the studied oligometallic complexes is the very large 

value of the spin-spin coupling constant between the 195Pt and 205Tl nuclei. From several known 

compounds containing a direct Pt-Tl linkage (vide infra), the values of 1J(195Pt-205Tl) were reported 

only for a few, namely for the complex cations [Tl(crown-P2)Pt(CN)2]+ (3825 Hz),28 

[TlPt3(CO)3(PCy3)3]+ (2032 Hz),32 [Pt2Tl(P2L)3]+ (L = bipy (6100 Hz), phen (5560 Hz)),38 and 

[Pt(PPh2Py)3Tl]+ (6382-7030 Hz) 39 all containing monovalent thallium and either zero- or bivalent 

platinum. As can be seen from Table 3.1.1, even the lowest of the platinum-thallium coupling 

constants observed in the compounds I-V are more than 3.5 times larger than the previously known 

values. 

 When considering spin-spin coupling constants involving such heavy elements as platinum 

and thallium relativistic effects have to be taken into account.64 Especially, it is important for 

thallium due to the presence of s valence orbitals. The relativistic contraction of the 6s shell of 

thallium leads to an increase of 6s electron density on the nucleus. This in turn contributes to the 

dominant Fermi contact term (defined as being due to 6s orbitals) for the spin-spin coupling 103 and 

is reflected in the large values of J(205Tl-X). For instance, 1J(205Tl-13C) was found to be 14636 Hz in 

[TlIII(CN)(aq)]2+ cation.43  

 In this light, the dramatic difference in 1J(195Pt-205Tl) values between the series of species I-

V and the other known Pt-Tl compounds may arise from varying 6s character of thallium in the 
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metal-metal bond influenced by the oxidation state of the thallium atom. This phenomenon can be 

qualitatively considered in terms of the ns2 “inert pair” effect which is a classical feature of the third 

main group of the Periodic Table.22 In the monovalent oxidation state thallium preserves its 6s2 

filled shell and in spite of some mixing of s and p orbitals, which occurs in nonsymmetric molecules 

due to significant differences in the energies of the orbitals, the s contribution in the relevant 

occupied antibonding MO will be much greater than the p contribution, resulting in the s orbital 

population close to 2. The minimal participation of thallium(I) s electrons in bond formation is 

supposedly reflected by TlI-X spin-spin coupling. Indeed, in spite of the fact that numerous 

compounds of TlI have been investigated using 205Tl NMR technique, only a few spin-spin coupling 

constants have been found 104 and the values of 1J(195Pt-205TlI) are among the largest coupling 

constants known for compounds of monovalent thallium. Therefore, the values of platinum-thallium 

spin-spin coupling constants observed for the series of compounds I-V can serve as an indication of 

a very strong contribution of thallium 6s orbitals to the Pt-Tl bond.  

 In Section 3.2.4 we have already shown that the metal-metal bonding in the heteronuclear 

Pt-Tl complexes can be qualitatively described as overlapping of filled 5dz2 Pt and empty 6s Tl 

orbitals either in binuclear (Pt-Tl moiety in C∞v local symmetry) or trinuclear (Pt-Tl-Pt moiety in 

D∞h local symmetry) pattern. On the other hand, structural characterisation of the compounds 

indicates that both bi- and trinuclear species incorporate stable [(NC)5Pt-Tl] unit where thallium can 

be treated as a ligand bound to platinum in a pseudooctahedral coordination. Thus, molecular orbital 

description can be extended to a hypothetical binuclear molecule with a C4v symmetry, which holds 

18 electrons on the valence orbitals. Considering only σ bonding in this complex gives rise to the 

set of symmetry-adapted combinations of 6 σ ligands’ orbitals. Irreducible representation for the 

MX4XY molecule is then: Γ= 3A1 + B1 +E, from which 2A1 belong to the orbitals of Tl atom and 

axial CN-. In C4v geometry, A1 irreducible representation can be presented only by s, pz, and dz2 

orbitals. In this light both thallium 6s and carbon 2pz (2pz orbital of carbon atom (11.26 eV) is 

HOMO in CN- 105) orbitals match in symmetry with platinum 5dz2 and can form linear tree-center 

molecular orbitals. Such bonding scheme could account for strong interaction between thallium and 

the axial cyanide as indicated by the exceptionally large values of two-bond spin-spin coupling, 
2J(Tl-CA), (see Section 3.2.1).  

 This qualitative desciption of bonding situation in the Pt-Tl cyano compounds is in 

agreement with the recent DFT computational study on the nuclear spin-spin coupling in the 

complex [(NC)5Pt-Tl(CN)(aq)]- undertaken by Autschbach and Ziegler.88 The authors have now 

demonstrated that relativistic density functional calculations are able to reproduce the 

experimentally observed nuclear spin-spin coupling pattern of the complex ([(NCA)(NCC)4Pt-
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Tl(CBN)(H2O)4]-) showing e.g. that 2J(Tl-CA) >> 1J(Tl-CB) (see Section 3.2.1). They showed that 

both relativistic effects and hydration should be taken into account if the calculated parameters 

should match the experimental ones. The solvent effect is of a special importance and changes e.g. 

the Pt-Tl coupling by more than 100 %. Furthermore, analysis of electron localisation function in 

the molecule gives no indication of localised bond between platinum and thallium. It was concluded 

that the complex exhibits delocalised multicenter bonding along the linear CA-Pt-Tl-CB pattern. This 

multicenter character of the Pt-Tl bond, relativistic increase of s-orbital density at the heavy nuclei, 

and charge donation by solvent are responsible for the observed coupling pattern in the complex. 

 The Pt-Tl bond distances found both for the solution species [(NC)5Pt-Tl(CN)n(aq)]n- (n = 1-

3) and in the solid compound (NC)5PtTl fall in the range 2.598-2.638 Å. This can be compared to 

the bond lengths Pt(III)-Pt(III) and Tl(II)-Tl(II) in homobinuclear compounds, with the metal atoms 

in oxidation states representative for the present case (see below). A recent structural study of a 

dimeric complex of trivalent platinum, [(NC)5Pt-Pt(CN)5]4-, gives a direct unsupported Pt-Pt bond 

length in aqueous solution of 2.729 Å (see Section 5.1). No similar Tl(II) complexes have been 

found, but a reasonable value can be obtained from the structure of tetrakis(hypersilyl) 

dithallium(II) where the Tl-Tl distance is 2.914 Å.106 The Pt-Tl distances in the [(NC)5Pt-

Tl(CN)n(aq)]n- (n = 0-3) compounds are significantly smaller than the mean value of these two 

distances, 2.822 Å, and indicate a strong covalency of the Pt-Tl bond. This is also in agreement with 

the values of platinum-thallium force constants (1.56-1.74 N/cm) calculated from the vibrational 

frequencies of the binuclear complexes II-IV (see Section 3.2.3) characteristic for a single metal-

metal bond. 

 Recently, Uson et al. reported the structure of a number of bimetallic compounds with direct 

Pt(II)-Tl(I) contacts.37 They concluded that an increasing donor character of the platinum atom 

reduces the Pt-Tl distance. However, in the present case the donor property of the platinum center is 

virtually constant in the series of [(NC)5Pt-Tl(CN)n(aq)]n- complexes. Hence, it is the increase in the 

acceptor character of the thallium atom when reducing the number of cyano ligands from 3 to 1, 

which results in the shortening of the metal-metal bond.  

 In an overview of Pt-Tl distances for the structurally characterized compounds three 

cases can be distinguished depending on the formal oxidation state of the metal atoms: TlI-Pt0 (Tl-Pt 

= 2.860-3.047 Å),32,33,38,39 TlI-PtII (Tl-Pt = 2.876-3.140 Å),24,28-30,35-37 and TlII-PtII (Tl-Pt = 

2.698-2.708).31 The presently studied complexes, [(NC)5Pt-Tl(CN)n(aq)]n- (n = 0 - 3), with the Pt-Tl 

distances in the range 2.598-2.638 Å, can be considered as stable intermediates in a two-electron 

transfer process between PtII and TlIII. It appears that the Pt-Tl bond becomes shorter when the 

oxidation state of thallium increases from TlI to TlIII which is consistent with the decreasing size of 

the thallium cation and with increased acceptor properties of thallium. 
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4.2. Oxidation States of the Metals. 

4.2.1. Binuclear Pt-Tl Complexes in Aqueous Solution. 

 Trends in 205Tl and 195Pt NMR Chemical Shifts and Oxidation States of the Metals. 
205Tl NMR chemical shifts cover a region of more than 5000 ppm and are very indicative of the 

oxidation state of thallium. Thus, in aqueous solution the range of chemical shifts for TlIII is usually 

between +1800 and +3600 ppm (excluding a few heavy halide compounds), and for TlI between -

200 and +200 ppm.20,104 The chemical shifts for the binuclear [(NC)5Pt-Tl(CN)n(aq)]n- species lie 

in the wide range between the values characteristic for TlI and cyanide complexes of TlIII (Table 

3.1.1). The lowest δTl is 786 ppm for I and is much closer to the values of monovalent than to those 

of trivalent thallium. Coordination of additional CN- ligands to the thallium atom results in the 

same trend as for binary thallium(III) cyanides, namely an increase of 205Tl chemical shift (Figure 

4.2.1), which was previously interpreted in terms of back-donation of the electron density from the 

metal to cyanide;71 for complex IV the shift is close to the range of [TlIII(CN)n(aq)]3-n species 

(2300-3000 ppm). 

 Similarly as for thallium, the values of 195Pt NMR chemical shifts for the complexes I-IV lie 

between the two oxidation states of platinum in its cyano complexes - PtIV ([Pt(CN)6]2-) and PtII 

([Pt(CN)4]2-), but the trend of the δPt change with increasing n in [(NC)5Pt-Tl(CN)n(aq)]n- species is 

just the opposite (Figure 4.2.1). δPt has the highest value for I and it is only 180 ppm away from 

δPt for hexacyanoplatinate(IV), whereas in IV it is 280 ppm from tetracyanoplatinate(II). 

Therefore, the decreased shielding of the thallium nucleus in the binuclear complex when additional 

cyanide ligands are coordinated is accompanied by an increased shielding of the platinum nucleus. 

In the absence of a direct Tl-CN bond, as in I, the electron pair provided by the Pt atom to the 

molecular orbitals has the largest density on the thallium centre, accordingly, the highest s 

contribution to the Pt-Tl bond which gives rise to the strongest coupling constant 1J(195Pt-205Tl) for 

the series of the binuclear compounds. Coordination of the cyanide ions to thallium results in a 

smooth transfer of electrons from thallium back to platinum, decreasing the s-character of metal-

metal bond, which is in turn reflected by a decrease in the Pt-Tl spin-spin coupling and the opposite 

trends of the δPt and δTl values. Based on the chemical shift data for related complexes of platinum 

([Pt(CN)6]2-: 655 ppm; [Pt(CN)4]2-: -213 ppm) and thallium (Tl+⋅aq: 0 ppm; Tl(CN)3⋅aq: 2842 ppm) 

with known oxidation states, and δPt/δTl values in the series of binuclear species [(NC)5Pt-

Tl(CN)n(aq)]n- (n = 0-3), following charges on the metal atoms can be estimated for the latter: I 

(Pt3.6/Tl1.6), II (Pt3.4/Tl2.0), III (Pt2.9/Tl2.4), and IV (Pt2.7/Tl2.6). 
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Figure 4.2.1. 205Tl (filled circles) and 195Pt (open circles) NMR chemical shifts of binuclear 
[(NC)5Pt-Tl(CN)n(aq)]n- complexes as a  function of the number of cyano ligands bound to the 
thallium atom 

 Correlation between cyanide stretching frequencies and platinum oxidation state. 

Additional, but less direct, information on the oxidation state of platinum in the binuclear Pt-Tl 

compounds is provided by Raman data. Frequencies of the cyanide stretching region of 

coordination compounds are usually very indicative for the metal oxidation state and gradually 

increase with increase of the charge of the metal atom.73 Thus, the two intense Raman bands 

attributed to A1 and B1 vibration modes of the C≡N group in platinum cyano complexes appear at 

much higher frequency for [PtIV(CN)6]2- (2210 and 2205 cm-1) compared to [PtII(CN)4]2- (2167 and 

2148 cm-1), which is consistent with a minimal amount of back-donation by highly charged PtIV to 

antibonding orbitals of the cyanide ion.42 The corresponding cyanide frequencies of partially 

oxidised tetracyanoplatinate compounds are intermediate between the values of the two main 

oxidation states: e.g. 2182 and 2165 cm-1 for K2[PtII(CN)4]Br0.33.107 Similar situation is observed 

for the binuclear [(NC)5Pt-Tl(CN)n(aq)]n- (n=1-3) complexes exhibiting A1 and B1 vibration 

frequencies of the [-Pt(CN)5] unit in the range between the corresponding values of PtII and PtIV 

cyano complexes (Table 3.2.2). The bands are shifted to lower frequencies with increase of the 

number of cyanides in the compounds indicating decrease of the platinum charge when going from 

compound I to IV. The intermediate oxidation situation of the platinum in the binuclear Pt-Tl 

complexes and the trend of the Pt charge variation along the series is in agreement with the 
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conclusions drawn from 195Pt NMR chemical shifts about the presence of the partially oxidised 

platinum in the complexes. 

4.2.2. Solid compound (NC)5PtTl 

 The data on the binding energies of the 4f electrons of the thallium and platinum atoms in 

the solid compound (NC)5PtTl obtained from ESCA measurements were used to assess the metals’ 

oxidation states. We have determined binding energies for thallium and platinum in the compounds 

where they have known oxidation states +1 and +3, and +2 and +4, for Tl and Pt, respectively 

(Table 4.2.1). This allowed to estimate the actual charge for the thallium and platinum centres in the 

bimetallic compound as 1.6 and 3.2, respectively.  

Table 4.2.1. Binding Energies for the 4f (7/2) Electrons of Thallium and Platinum Atoms in 
Selected Compounds 

 
Binding energy  (eV) Compound 

Tl Pt 

Tl2SO4 (Tl+) 118.73  

Tl2O3 (Tl3+) 116.98  

K2Pt(CN)4 (Pt2+)  73.01 

K2Pt(CN)6 (Pt4+)  76.30 

(NC)5PtTl 118.20 74.94 

 

 In contrast to the binuclear Pt-Tl complexes in solution, for the compound (NC)5PtTl in 

solid it is not possible to assess charge of the platinum atom from vibration frequencies of C≡N 

groups because of the bridging function of cyanides in the latter structure which by itself, apart 

from the metal oxidation effect, tends to shift the cyanide stretching bands to higher frequency (see 

section 3.5). 

4.3. Related phenomena - Photoluminescence.  

 Metal-metal bonding in transition metal compounds is often associated with 

photoluminescence. This phenomenon is referred both to the complexes with an open-shell 

configuration (dn, n < 10) and to the closed-shell (d10) transition metal systems. The former class of 

compounds has received considerable attention for interesting photophysical properties of metal-

metal bonded dimers of RhI, IrI, and PtII.87 The latter metal systems have gained a lot of interest in 

recent years particularly because of various potential applications in gold chemistry (AuI 

complexes).23,108 
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Photophysical properties of the platinum-thallium linkage have also been subjected to 

several studies which revealed luminescence of the Pt-Tl-bonded compounds in a number of 

cases.24,26,28,35,37,109,110 Depending on the compound (or complex in solution) emission bands 

associated with the metal-metal bond are observed in a wide range of energies between 316 and 678 

nm. All the compounds reported in these references contain platinum(II) and thallium(I) ions.  

 The white polycrystalline (NC)5PtTl compound shows a remarkable red luminescence at 700 

± 3 nm when irradiated in the near UV, with the uncorrected excitation maximum found at 240 nm. 

The very large Stokes shift (~27400 cm-1) points to pronounced structural reorganization between 

the ground and excited states. The excitation band correlates well with the absorption spectra 

obtained from a glycerol suspension of a polycrystalline (NC)5PtTl showing a broad peak at about 

270 nm.  

 The electronic absorption spectrum of the solid (NC)5PtTl compound is very similar to that 

of an aqueous solution of [(NC)5Pt-Tl(aq)], which exhibits a broad maximum at 259 nm (see 

Section 3.2.4) . Such a similarity between the monomeric species in solution and the polymeric 

solid suggests that the optical properties are dominated by the metal-metal interaction, whereas the 

cyano bridging both within and between the chains does not have a noticeable effect. This allows to 

apply the same molecular diagram as used for description of the electronic transitions in the series 

of [(NC)5Pt-Tl(CN)n(aq)]n- complexes (Section 3.2.4.). Thus, the luminescence can be assigned to a 

σb ← σ* transition.111  

Another compound showing interesting photophysical properties is a trinuclear [(NC)5Pt-Tl-

Pt(CN)5]3- species. The optical absorption properties of the compound have been discussed in 

Section 3.2.4, while the associated photochemical properties are further considered in Section 6.3. 

When an aqueous solution of the [(NC)5Pt-Tl-Pt(CN)5]3- complex is irradiated into its strong 

MM’CT band (λ = 309 nm, ε = 6.36⋅104 M-1cm-1) with λ = 308 nm, an intense greenish emission 

centred at 480-530 nm is observed. On the basis of its short lifetime, estimated to be shorter than 50 

ns, the luminescence is assigned to a σn ← σ* electronic transition (fluorescence).111 
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5. Electron Transfer in the Platinum-Thallium Cyano Compounds. 
5.1. Spontaneous Redox Reactions in the Complexes. 

 In Section 3.1 we have described formation of the binuclear and trinuclear Pt-Tl-

bonded species via the reactions between cyano complexes of bivalent platinum and trivalent 

thallium in aqueous solution. However, at certain conditions heterobimetallic complexes are not 

stabilised in solution. Instead, an irreversible redox reaction between the metal ions occurs. Thus, 

when equimolar amounts of [Pt(CN)4]2- and [Tl(CN)2(aq)]+ species react in solution with high 

acidity (pH ≤ 1), notable quantities of monovalent thallium and different complexes of oxidised 

platinum (vide infra) can be detected indicating unavoidable redox interactions. On the other hand, 

when the metal-metal bond has been formed, the Pt-Tl complexes are not so sensitive to the acidity, 

and can be kept in solutions with relatively low pH without significant degradation. Moreover, the 

species [(NC)5Pt-Tl(aq)] undergoes redox hydrolysis in aqueous solution (see Section 5.2) and can 

be preserved only in acidified solutions (pH ≤ 1). 

 In contrast to the binuclear Pt-Tl species, formation of the complex [(NC5)Pt-Tl-

Pt(CN)5]3- is sensitive not only to pH variations, but also to the order of mixing of the components. 

When an excess of tetracyanoplatinate(II) is added to a solution of thallium(III) bis-cyanide, a 

trinuclear Pt-Tl-Pt complex is formed (see Papers I and II). Conversely, a slow (dropwise) addition 

of [Tl(CN)2(aq)]+ to the [Pt(CN)4]2- solution with Pt/Tl molar ratio ≥ 2 (meaning even much higher 

local temporary excess of platinum over thallium) at low (≤ 1) pH can result in almost quantitative 

reduction of thallium into its monovalent state. However, no [Pt(CN)6]2- complex (expected to form 

as a result of the final oxidation of the platinum cyano compounds in presence of excess of cyanide) 

was detected in the 195Pt NMR spectra. Instead, the only 195Pt resonance observed in these solutions, 

apart from the characteristic signals of the bimetallic Pt-Tl species and the signal of the [Pt(CN)4]2-, 

was an intensive singlet peak positioned at 116 ppm.  

 When the reaction was carried out between [Pt(CN)4]2- and a 13C-enriched 

[Tl(CN)2(aq)]+ complex, the signal at 116 ppm appeared as a symmetrical multiplet (Figure 5.1.1). 

This spectral pattern can be easily explained in terms of a binuclear symmetrical complex 

containing Pt-Pt bond, with both Pt atoms coordinated by the same type of ligands. In such 

compounds, the 195Pt nuclei are chemically equivalent but are rendered magnetically non-equivalent 

by coupling to the two X nuclei in the X-Pt-Pt-X entity (where X = 13C), which gives rise to the 

second-order NMR spectrum. Similarly, a symmetrical second-order pattern was observed in a 13C 

NMR spectrum of the solution. Final confirmation of the structural model and complete 

determination of the species composition was obtained from spectra of solutions where all cyanide 

was 13C-enriched. The spectra were simulated using the corresponding spin models, followed by 
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iteration; this procedure gave the complete set of coupling constants for the Pt-Pt bonded dimer 

[Pt(CN)5]2
n- (Table 5.1) (see Paper VI for the details of NMR assignment).  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1. 195Pt NMR spectrum of solution prepared from [Pt(12CN)4]2- (100 mM) and 
[Tl(13CN)2(aq)]+ (50 mM) at pH = 0.43, and showing 13C-195Pt-195Pt-13C pattern. 

Table 5.1. NMR Parameters (chemical shifts in ppm and spin-spin coupling constants in Hz) for 

Pentacyano Compounds of Platinum in Aqueous Solution. 

Species δPt δCcis δCtrans 
1JPt-Ccis/ 
2JPt-Ccis 

1JPt-Ctrans/ 
2JPt-Ctrans 

1JPt-Pt
 2JCtrans-Ccis 

 
3JCtrans-Ccis 

[Pt(CN)4]2- -213 130.2  1031     

[Pt(CN)5H2O]- 1767 95.8 65.6 828 1096  4.9  

[Pt(CN)5OH]2- 1639 98.4 83.2 846 904  4.7  

[Pt(CN)5]2Tl3- 599 95.5 117.0 858 700    

[Pt(CN)5]2
4- 116 100.6 93.2 878 / 19.8 618 / 291 1800 5.2 48 

a [Pt(CN)4(H2O)]2
2- -231 103.6  885 / 39     

[Pt(CN)6]2- 653 88.8  806     
 
a No spectral simulation was applied. 

 In all solutions with the molar ratio between the starting [Pt(CN)4]2- and 

[Tl(CN)2(aq)]+ species ≥ 2, the resulting molar ratio between the products, monovalent thallium and 

platinum dimer, is 1:1. No other products of redox reaction can be detected. This indicates that the 

electron transfer gives rise to trivalent platinum: 

TlIII + 2PtII →  TlI + 2PtIII   (5.1.1) 

(ppm)
110120130
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The two platinum(III) entities dimerise to give binuclear cyano complex with a Pt-Pt bond: 

2PtIII →  [PtIII]2   (5.1.2) 

Trivalent oxidation state of platinum in the dimer compound is compatible with its NMR chemical 

shifts exhibiting δ(195Pt) of the species close to the average of those for [PtII(CN)4]2- and 

[PtIV(CN)6]2- complexes (Table 5.1).  

It seems reasonable to suppose that the redox reaction between PtII and TlIII species goes via 

intermediate stage of formation of the trinuclear [(NC)5Pt-Tl-Pt(CN)5]3- compound. The rate of 

decomposition of the Pt-Tl-Pt species is very much dependent on the PtII/TlIII ratio in the solution 

and increases strikingly at larger excess of platinum.  

The relatively large 1J(Pt-Pt) value of 1800 Hz found for the dimeric [(NC)5Pt-Pt(CN)5]4- 

species is indicative of a direct metal-metal bond in the compound. It is further supported by 

appearance of a strong band in the Raman spectrum of the solution at 145 cm-1, which is assigned to 

the symmetrical stretching frequency (Pt-Pt). The corresponding force constant of the metal-metal 

bond calculated with two-atomic approximation is 1.21 Ncm-1.  

 The spectroscopic characterisation of the platinum-cyano dimer in solution was 

complemented by an EXAFS study. Fully in agreement with the NMR assignment, the Pt LIII 

EXAFS measurements of the solution sample, followed by calculations taking into account 

contributions from different cyano ligands, and considering several scattering pathways, reveal the 

structure of the compound (Figure 5.1.2) (See Appendix I). The [Pt(CN)5]2
4- complex is a rare 

representative of an unbridged binuclear platinum(III) compound.74,112,113 

 

 

 

 

 

 

 

 

Figure 5.1.2. The proposed structure of the [Pt(CN)5]2
4- complex. 

 The short Pt-Pt bond distance, 2.729 Å, found for the [Pt(CN)5]2
4- complex indicates 

that the structure must have a staggered conformation of the Pt(CN)4 units. Similarly, also the two 

Pt Pt

2.729 Å

N C
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other reported platinum(III) dimers with short non-buttressed metal-metal bond, 

[Pt2Cl6{HN=C(OH)C(CH3)3}4] (Pt-Pt = 2.694 Å),112 and [Pt(C8doH)2Cl]2 (Pt-Pt = 2.696 Å),113 

have staggered conformation. 

 The importance of the order in which the starting platinum(II) and thallium(III) 

components are mixed can be further illustrated by the TlIII(ClO4)3 - [PtII(CN)4]2- system. In Section 

1 we have mentioned preparation of the solid compound KTlIII[PtII(CN)4]2⋅14H2O by diffusion of an 

aqueous solution K2[PtII(CN)4] into a slight excess of aqueous TlIII(ClO4)3.40 However, if an acidic 

solution of TlIII(ClO4)3 is slowly added (with effective stirring) to an excess (Pt/Tl molar ratio ≥ 2) 

aqueous solution of [PtII(CN)4]2-
, almost quantitative reduction of thallium takes place yielding TlI. 

Since there are no extra cyanide ions in this system, formation of [Pt(CN)5]2
4- species cannot be 

expected unless disproportionation of platinum tetracyanide occurs. Indeed, no signals of bis-

pentacyanoplatinum(III) species could be detected by 195Pt NMR spectra of the solutions. On the 

other hand, a new signal at –231 ppm appeared in the spectra along with the resonance of “free” 

[Pt(CN)4]2- (Table 5.1.).  

 When a 13C-enriched tetracyanoplatinate(II) is used instead, both 13C and 195Pt NMR 

spectra of the solution exhibit symmetrical multiplets which cannot be obtained through 195Pt-13C 

coupling in a mononuclear complex. Similarly to the [Tl(CN)2(aq)]+ - n[Pt(CN)4]2- system, the 

second-order NMR patterns have been interpreted in terms of formation of a symmetrical Pt-Pt 

bonded cyanide complex. In this case the multiplets can be only assigned to a [(NC)4Pt-Pt(CN)4]n- 

entity with four equivalent cyanides occupying equatorial (with respect to the metal-metal bond) 

positions around each platinum atom. The one- and two-bond 195Pt-13C spin-spin coupling constants 

are “directly” read from the spectra (Table 5.1.).  

The concentrations of TlI and the dimer species in solution show that the products are 

formed in a stoichiometric 1:1 ratio implying that platinum is trivalent in the binuclear complex. 

The question arises whether the platinum atoms are five- or six-coordinated in the dimer. By 

analogy with a [Pt(CN)5]2
4- complex, one could also expect coordination number of six for the 

metal centre in this case. Since there are no other coordinating ions in the solution, only water 

molecules (rather than hydroxyl ions, the current pH values are 1-1.5) can occupy the “vacant” 

apical site of the platinum polyhedron. This could be further confirmed by the pH dependence of 

the 195Pt NMR of the complex (see Section 5.2). However, the complex can be stabilised only in a 

very narrow pH region: it does not form at higher pH values (because of hydrolysis of thallium(III) 

competing with the redox reaction) or it decomposes.  
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5.2. Thermal Decomposition of the Pt-Tl Bond. 

In contrast to the trinuclear complex, the binuclear Pt-Tl species [(NC)5Pt-Tl(CN)n(aq)]n- in 

aqueous solution are stable towards redox decomposition in the dark at room temperature (295 K) 

(as mentioned in Section 5.1, the only exception is [(NC)5Pt-Tl(aq)], which undergoes redox 

hydrolysis at pH ≥ 1). However, the compounds decompose when heated or exposed to light (see 

Section 5.3). The rate of heat decomposition is dependent on the complex, and decreases when n 

increases from 0 to 3. The products of decomposition indicate that irreversible redox reaction takes 

place between the coupled metal ions in the compounds. Thus, the only thallium product found in 

the solutions is monovalent cation, Tl+, implying its two-electron reduction. Considering 

complementary electron transfer reaction between platinum and thallium in the binuclear species, 

one could expect formation of tetravalent platinum as a result of its oxidation by thallium. Indeed, 

only hexacyanoplatinate(IV) species (δPt = 653 ppm) is detected by 195Pt NMR in the solutions of 

thermally decomposed [(NC)5Pt-Tl(CN)n]n- (n = 2, 3). Therefore, the following heat-induced overall 

redox reaction can be suggested in this case: 

[(NC)5Pt-Tl(CN)2]2-  →temp  [Pt(CN)6]2- + Tl+ + CN-  (5.2.1) 

Hexacyanoplatinate anion readily crystallises from aqueous solution with monovalent 

thallium as a balancing cation leading to the water-free compound Tl2[Pt(CN)6] (5.2.1) (Figure 

5.2.1) (See Appendix II). The platinum environment in the solid is a slightly distorted octahedron 

formed by carbon atoms with Pt-C distances in the range 1.95(5)-2.12(4) Å. The platinum-thallium 

separations in the structure exclude presence of any metal-metal interactions. 
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Figure 5.2.1. Platinum coordination polyhedron in the crystal structure of Tl2[Pt(CN)6]
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Decomposition of the complex [(NC)5Pt-TlCN(aq)]- in aqueous solution gives rise to two 

different platinum products as indicated by 195Pt NMR. Apart from the signal of [Pt(CN)6]2-, one 

more singlet peak with the chemical shift in the range 1639-1767 ppm (depending on pH) can be 

observed in the spectra of the solutions of [(NC)5Pt-TlCN(aq)]- which had been subjected to heating 

(Table 5.1). On the contrary, in the case of [(NC)5Pt-Tl(aq)] complex only the latter 195Pt resonance 

is observed. Similarly to the considerations above, and in the lack of other detectable oxidised 

products in the system, it is naturally to suppose that the signal represents a complex of tetravalent 

platinum. 

It has been also found out that the same platinum product is formed upon heat 

decomposition of a sparingly soluble compound (NC)5PtTl. Under prolonged heating (up to 12 

hours) at 80 oC in slightly alkaline aqueous solutions it decomposes completely into water-soluble 

products: TlI and an unknown PtIV species. To determine the structure of the resulting platinum 

complex, a thermal reaction of the fully 13C-enriched compound (NC)5PtTl was undertaken. The 
13C and 195Pt NMR spectra of the resulting solution (Figure 5.2.2) unambiguously demonstrates 

presence of Pt(CN)5 entity in the compound with four equivalent cyanide ligands in an equatorial 

plane around platinum atom and one cyanide in an apical position (see Paper VI for the details of 

NMR characterisation). 

 
 

 

 

 

 

 

 

 

 

 

Figure 5.2.2. 195Pt NMR spectra of 50 mM aqueous solutions of [Pt(13CN)5(OH)]2- obtained from 
decomposition of the solid compound (N13C)5PtTl at pH 5.46. 

 It is reasonable to assume that after the dissociation of the Pt-Tl bond an extra ligand 

will be coordinated by the platinum atom to fill the vacant sixth position of the PtIV 

pseudooctahedron. In the studied aqueous platinum-cyano system only a water molecule (or 

hydroxyl) can saturate the platinum coordination sphere in the pentacyano complex. Presence of a 

coordinated water molecule in the compound can then easily account for the observed strong pH 
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dependence of the 195Pt NMR shift of the species. The degree of protonation of the oxygen atoms 

has usually a profound effect on the platinum complexes through the Pt-O bond, which is in turn 

reflected by the 195Pt NMR shift.114-118 The two well-defined pH regions allow to discern the 

complexes [Pt(CN)5(H2O)]- and [Pt(CN)5(OH)]2- (Figure 5.2.3). The following reaction can 

summarise redox decomposition of the (NC)5PtTl compound: 

(NC)5PtTl + OH-  →temp  Tl+ + [Pt(CN)5(OH)]2-  →←
++ H  [Pt(CN)5(H2O)]- (5.2.2) 

These findings have been further supported by the Pt LIII EXAFS study of the platinum(IV) 

pentacynides. The Pt-O bond distance of 2.028 and 2.037 Å was evaluated for a hydroxy and 

aqueous species, respectively.  

The continuous shift of the 195Pt signal to higher δPt suggests fast (on the NMR time scale) 

proton exchange between the two platinum species. The observed 195Pt chemical shift is therefore a 

concentration-weighted average of the individual values for [Pt(CN)5(H2O)]- (δH22O) and 

[Pt(CN)5(OH)]2- (δOH). The position of the averaged signal (δobs) is then related with the proton 

dissociation constant of [Pt(CN)5(H2O)]- by the following equation: 

pKa = pH + log[(δOH-δobs)/( δobs-δH22O)]  (V.I) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.3. 195Pt NMR chemical shift of the complex [Pt(CN)5(aq)] as a function of pH. 

Experimental (δobs vs. pH) data were least-squares fitted giving the dissociation constant of the 

complex (50 mM in 1M NaClO4), pKa=2.51 (±0.01), and the values of δH2O and δOH of 1766.7 
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(±0.6) and 1638.7 (±0.6) respectively (Table 5.1, see also 13C chemical shifts of the non-equivalent 

carbon sites, and spin-spin coupling constants). The Ka value for the pentacyano species is almost 

one order of magnitude lower than the recently reported dissociation constant in the hydrated 

pentachloro complex of PtIV, [PtCl5H2O]-/[PtCl5OH]2-, (pKa = 3.48 (±0.04).118 Much easier 

deprotonation of the former species is attributed to the weakening of the Pt-O bond because of 

strong platinum binding of the cyanide ions. 

 From the alkaline solution of the decomposed compound (NC)5PtTl crystals of 

Tl2[Pt(CN)5(OH)] (5.2.2) were obtained and their structure was solved by single-crystal X-ray 

diffraction (Figure 5.4) (See Appendix II). The Tl-Pt separations in the compound (4.041-4.099 Å) 

exclude bonding between the two metals. Coordination geometry of platinum atom in 5.2.2 is a 

slightly distorted pseudooctahedron. Two geometric positions of carbon atoms in the polyhedron 

exhibit distinct difference in Pt-C distances. The trans Pt-C1 bond is substantially (ca. 0.05 Å) 

shorter than the cis bonds. This is best rationalised in terms of trans influence (strengthening) of the 

Pt-Ctrans bond, as compared to the metal-carbon distances in the [Pt(CN)6]2- octahedron (Pt-Caverage = 

2.03 Å in the crystal structure of Tl2[Pt(CN)6]), caused by hydroxyl ligand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Platinum coordination polyhedron in the crystal structure of Tl2[Pt(CN)5(OH)] 
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5.3. Photoinduced Electron Transfer. 

One of the most interesting and exciting properties of the family of oligometallic Pt-Tl 

cyano compounds is their ability to undergo photoinduced electron transfer reactions. In the 

previous sections we have already mentioned that in dark and at room temperature the compounds 

are usually very stable and can be kept in solution for several years. However, photoexcitation of 

the compounds brings about electron transfer between the directly coupled metal ions. This results 

in cleavage of the metal-metal bond and initiates irreversible redox reactions. Below we describe 

the results of a stationary flash photolysis study of the family of compounds, which was aimed to 

determine quantum yields of photodecomposition and characterise the products of photoredox 

reactions. Also time-resolved experiments (nanosecond laser flash photolysis) on the compounds 

have been undertaken in order to detect reactive intermediates of electron transfer and to provide 

kinetic information about formation and decomposition of these intermediates.  

5.3.1. Stationary photolysis of the binuclear complexes [(NC)5Pt-Tl(solv)] in solution. 

Electronic absorption spectra of the binuclear species [(NC)5Pt-Tl(CN)n(aq)]n-, and in particularly 

those of the [(NC)5Pt-Tl(aq)] complex have been discussed in Section 3.2.4. Steady illumination of 

the complex results in continuous decrease of the intensity of the band at 259 nm (Figure 5.3.1 a). 

Degradation of the band is accompanied by appearance of a new absorption at ~213 nm.  

Disappearance of the strong MMCT band can itself serve an indication of cleavage of the 

Pt-Tl bond. According to the thermally induced decomposition of the compound in aqueous 

solution (Section 5.2), pentacyano complex of tetravalent platinum and monovalent thallium ion are 

formed as final products of the redox reaction between the two coupled metal ions, as detected by 
195Pt and 205Tl NMR. While the former species does not display an expressed maximum in UV-

visible spectra, the latter one exhibits an intense broad band with maximum at 213 nm (ε = 4860 M-

1⋅cm-1).119 Therefore, the band with growing intensity appearing at 213 nm in the optical spectra of 

the photolysed [(NC)5Pt-Tl(aq)] species is attributed to the non-complexed TlI ion. This 

unambiguously points to a complete electron transfer reaction between the coupled platinum and 

thallium ions followed by scission of the metal-metal bond. Similarly to the case of thermal reaction 

occurring in solutions with higher concentration (20-50×10-3 M), it is natural to suppose that 

[(NC)5Pt(H2O)]- complex is formed as a result of platinum oxidation at this pH value (pH = 1) as 

well. The overall photoinduced redox reaction for the complex [(NC)5Pt-Tl(aq)] resembles therefore 

the thermal process (5.2.2):  

[(NC)5Pt-Tl(aq)] → νh  [(NC)5Pt(H2O)]- + Tl+   (5.3.1) 

The quantum yield of the photodecomposition of the complex was determined: Φ = (9.1 ± 0.1)⋅10-3. 
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Figure 5.3.1. Stationary photolysis of the [(NC)5Pt-Tl(H2O)x] complex (3.1⋅10-4 M) in aqueous 
solution in presence of 0.1 M HClO4 (a) and of the [(NC)5Pt-Tl(dmso)x] complex (2.5⋅10-3 M) in 
dimethylsulphoxide solution (b). Irradiation by excimer XeCl pulse laser light (308 nm) in a cuvette 
of 0.1 cm thickness; curves for 0-120 pulses (a) and 0-50 pulses (b). 

 Similarly to the case of [(NC)5Pt-Tl(H2O)x] complex in water, a strong absorption 

attributed to the MMCT transition is detected in the optical spectrum [(NC)5Pt-Tl(dmso)x] 

compound in dimethylsulphoxide solution,  λ = 297 nm (ε = 21080 M-1⋅cm-1) (see also Section 6.2). 

Steady-state photolysis of the complex results in continuous decrease of the intensity of the band at 

297 nm (Figure 5.3.1 b). No new bands appearing in the course of photoreaction could be detected 

in the range of wavelengths “transparent” for DMSO (≥ 260 nm). Still, a shoulder with a growing 

intensity below ~250 nm can be clearly observed in the spectrum.  

 As in the case of the photo-redox process in aqueous solution, one can expect 

formation of Tl+ ion as final product of thallium reduction. Indeed, the band attributed to 

monovalent thallium ion (TlINO3) in dimethylsulphoxide solution is found at 249 nm (ε = 2600 M-

1⋅cm-1) which should be reflected by the optical spectrum of the photolysed solution. One can 

further assume that, similarly to the situation in water, oxidation of platinum in presence of 

dimethylsulphoxide would result in formation of mono-solvated complex of PtIV, [(NC)5Pt(dmso)]-. 

Thus, the overall photoredox reaction can be presented as: 

[(NC)5Pt-Tl(dmso)x] → νh  [(NC)5Pt(dmso)]- + Tl+   (5.3.2) 
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The overall quantum yield of the photodegradation of the complex in dimethylsulphoxide solution 

was determined: Φ = (4.6 ± 0.1)⋅10-3. 

5.3.2. Stationary photolysis of the trinuclear complex [(NC)5Pt-Tl-Pt(CN)5]3- in aqueous 

solution. The results of steady-state photolysis of the complex [(NC)5Pt-Tl-Pt(CN)5]3- carried with 

a laser irradiation at 308 nm are shown in Figure 5.3.2. Photodegradation of the compound results 

in continuous decrease of the intensities of both MMCT bands attributed to the complex - at 309 

and 435 nm (see Section 3.2.4). Disappearance of the former band is also accompanied by growing 

of the absorbance with a maximum at ~277 nm; an isosbestic point at 286 nm can be observed. 

Similarly, when the solution is irradiated with a monochromatic light at wavelength of 435 nm (150 

W Xenon arc lamp, SPEX Fluorolog monochromator), both low- and high-energy bands of the 

trinuclear complex disappear simultaneously indicating that they belong to the same compound.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.2. Stationary photolysis of the [(NC)5Pt-Tl-Pt(CN)5]3- complex in aqueous solution (C = 
0.011 M). Irradiation by excimer XeCl pulse laser light (308 nm) in a cuvette of 19 µm (a) and 0.1 
cm (b) thickness. Curves for 0 - 70 pulses (a), and 0 - 2400 pulses (b). 

 As for the above-mentioned binuclear Pt-Tl species, photochemical decomposition of 

the trinuclear complex yields monovalent thallium. However, the corresponding final product of 

platinum oxidation differs - a hitherto unknown diamagnetic dimer of trivalent platinum, 

[Pt(CN)5]2
4-, is formed instead (see Section 5.1): 
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[(NC)5Pt-Tl-Pt(CN)5]3- → νh  [(NC)5Pt-Pt(CN)5]4- + Tl+   (5.3.3) 

The products of photoinduced reaction point to a non-complementary two-electron transfer 

occurring between platinum and thallium in the trinuclear Pt-Tl-Pt species. The trinuclear complex 

disappears with a quantum yield of Φ = 0.46 at λirr = 308 nm. 

Since Tl+ has absorbance at 213 nm (vide supra), a new intense band appearing at 277 nm 

can be only attributed to the platinum dimer. A high extinction coefficient of the band (1.26×104 M-

1cm-1) is typical for PtIII-PtIII complexes and is characteristic for the singlet transition.87,120-122  

 A similar very efficient photolysis with a close value of the quantum yield (Φ = 0.36 

at λirr = 366 nm) occurring upon MMCT excitation was previously described for both structurally 

and electronically (d8-d10-d8 system) related trinuclear complex [(NC)5CoI-HgII-CoI(CN)5]6- in 

aqueous solution:16  

[(NC)5Co-Hg-Co(CN)5]6- → νh  2[CoII(CN)5]3- + Hg0  (5.3.4) 

Similarly to the Pt-Tl-Pt case, MMCT excitation leads to a photoredox reaction and an 

accompanying net transfer of two electrons. Although a monomeric [CoII(CN)5]3- complex is 

formed in this case, the metal-metal bonded dimer (Adamson’s salt), [(NC)5Co-Co(CN)5]6-, is also 

well-known, and can be obtained from aqueous solution of [CoII(CN)5]3-.123,124  

5.3.3. Time-resolved spectroscopy of the complexes [(NC)5Pt-Tl(solv)] in solution. 

Immediately after the laser pulse a new broad absorption band with maximum at ~345 nm appears 

in the optical spectra of an aqueous solution of the [(NC)5Pt-Tl(aq)] complex (Figure 5.3.3 a). The 

extinction coefficient of the band was measured by determining the optical density of the transient 

absorption at 345 nm and the corresponding decrease in the optical density of the band of the 

original complex at 260 nm. The value ε345 = 750 ± 80 M-1cm-1was obtained. Degradation of the 

transient species with time is accompanied by a continuous shift of the band to higher energies. 

Thus, 190 mcs after the laser pulse, the maximum is estimated to be already positioned at ~300 nm.  

 The kinetic traces (Figure 5.3.4 a) cannot be described by simple first- or second-order 

rate reactions. Two regions can be distinguished in the decay of the transient absorption. A short 

time period of about 20-30 µs after the laser pulse shows a substantially faster decay rate, compared 

to the following “slow” degradation period ranging up to 800 µs. Together with the shift of the band 

maximum, this can be an indication of formation of more than one intermediate species. In order to  
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Figure 5.3.3. Laser flash photolysis of: (a) [(NC)5Pt-Tl(H2O)x] complex (4.3⋅10-4 M) in aqueous 
solution in presence of 0.1 M HClO4, lines for difference absorption spectra taken after 0, 3.2, 6.4, 
12.8, 25.6, 51.2, and 190.4 µs after the laser pulse; (b) [(NC)5Pt-Tl(dmso)x] complex (1.2⋅10-4 M) in 
dimethylsulphoxide solution, lines for difference absorption spectra taken after 0, 1.6, 6.4, 25.6, 
48.0 µs after the laser pulse. Irradiation by excimer XeCl pulse laser light (308 nm) in a cuvette of 
1.0 cm thickness. 

obtain additional information on the reaction kinetics, the optical density was varied by changing 

the laser pulse strength. Plotting the observed rate constant as a function of initial optical density at 

345 nm (concentration of the transient species) for the first (“fast”) period of the kinetics shows 

independence of kobs on ∆D345 (see paper VII for details); the value of kobs = (4.3±0.5)×104 s-1 was 

evaluated from averaging the experimental data points. This in turn testifies that decay of the 

intermediate complex occurs in a first-order reaction. Similarly, first-order behaviour was found for 

the second (“slow”) period of the reaction. The observed rate constant value of 71±38 s-1 was 

estimated for this time interval. 

 Considering the mechanism of photoinduced decomposition of the [(NC)5Pt-Tl(aq)] 

complex, a number of schemes could be suggested. Below only a few pathways are considered 

which are supposed to give the most reasonable account for the experimental findings. Because of a 

very probable presence of at least two intermediates in the course of photodegradation of the 

compound, heterolytic cleavage of the Pt-Tl bond directly yielding PtIV and TlI species cannot be 

valid. 
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Figure 5.3.4. Typical kinetic curves of the transient species detected in solutions of: (a) [(NC)5Pt-
Tl(H2O)x] (4.3⋅10-4 M) in aqueous solution in presence of 0.1 M HClO4 at 345 nm; (b) [(NC)5Pt-
Tl(dmso)x] (1.2⋅10-4 M) in dimethylsulphoxide solution at 420 nm. 

Alternatively, a homolytic fission can be considered. Homolysis of the Pt-Tl bond would 

yield [Pt(CN)5]•2- and [Tl(aq)]•2+ radicals. This stage is probably followed by solvation of the PtIII 

species, and then an electron is transferred in an outer-sphere fashion. In such a scheme the transient 

absorption band at 345 nm could be tentatively assigned to the [PtIII(CN)5]•2- species scavenged by a 

water molecule. The aquated PtIII radical is then supposed to absorb at low wavelengths being 

responsible for the continuous shift of the band. However, the evaluated rate laws for the 

disappearance of the band of the intermediate imply only first-order reaction kinetics, which does 

not agree with the second-order electron transfer reaction between the platinum and thallium radical 

species. 

A model can be suggested to account for the number of detected intermediates and their 

kinetic decay (Scheme 5.3.1). We suppose that cleavage of the apical Pt-CN bond in the [(NC)5Pt-

Tl(aq)] complex can compete with the Pt-Tl bond cleavage rate in the excited state. Because of 

some bond delocalisation occurring in a three-center linear C-Pt-Tl pattern, one can expect the 

ligand in trans position to the thallium atom can be sensitive to the population of the σ* molecular 

orbital in the complex. This situation is not unusual. It has been observed for a series of 

heteronuclear carbonyl compounds with metal-metal bonds between transition and main group 14 

metals that M-M’ bonds are not efficiently cleaved compared to efficiency of the M-CO 

cleavage.125  
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Scheme 5.3.1 

[(NC)5Pt-Tl(aq)]  → νh
 ([(NC)5Pt-Tl(aq)])*    

 (A) 
 
 
 
[NC        (NC)4Pt-Tl(aq)]                  [(NC)4Pt-Tl(aq)]+ + CN-   (B) 
 
[(NC)4Pt-Tl(aq)]+                    [PtIV(CN)4] + Tl+

aq   
 (C) 
 
[PtIV(CN)4] + H2O                   [PtIV(CN)4(H2O)]   
 (D) 
 
[PtIV(CN)4(H2O)] + CN-                    [PtIV(CN)5(H2O)]-   (E) 

 

Accordingly, the band at 345 nm can be assigned to a Pt-Tl-bonded intermediate, which disappears 

fast with formation of a coordinatively unsaturated complex of tetravalent platinum. The PtIV 

species would certainly tend to fill two empty apical vacancies. Pseudo first-order aquation 

(reaction D) would be followed by a second-order reaction with a cyanide ion (reaction E). The 

latter reaction has not been detected in the experiment. Shift of the transient band to the higher 

energies can be then attributed to absorbance of the [Pt(CN)4] species and its consequent 

scavenging by water. 

In this scheme we consider heterolytic scission of the metal-metal bond (reaction C) 

resulting in PtIV and TlI species. Alternatively, reaction C could be a homolytic fission yielding 

[Pt(CN)4]•- and Tl•2+species. The reactions analogous to D and E, but with a PtIII radical, would then 

occur followed by a fast outer-sphere electron transfer. 

 Similarly to the case of [(NC)5Pt-Tl(H2O)x] complex in water, formation of an intermediate 

complex was detected in the flash photolysis of the [(NC)5Pt-Tl(dmso)x] species in 

dimethylsulphoxide solution. A band centered at ~420 nm appears in the transient optical spectra 

immediately after the laser pulse (Figure 5.3.3 b). The extinction coefficient ε = 1170 ± 180 M-1cm-

1 was calculated for the band. In contrast to the situation in aqueous solution, the decay of the band 

is not accompanied by a shift of its maximum. However, a new shoulder appears at about 330 nm 

along with the disappearance of the main band. An isosbestic point at 350 nm is also detected which 

implies mutual relation between the two bands. In the range of wavelengths around 300 nm, where 

the complex [(NC)5Pt-Tl(dmso)x] has a strong absorption band (Figure 5.3.1 b), the disappearance 

of transient species is accompanied by a decrease of optical density. 
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 The transient kinetic traces of the species in DMSO cannot be described by simple first- or 

second-order rate reactions (Figure 5.3.4 b). Two regions can be distinguished in the decay of the 

absorption band at 420 nm, which can be an indication of a formation of more than one intermediate 

species. A short period of about 20-30 µs after the laser pulse shows substantially faster decay rate, 

compared to the following “slow” period ranging to 800 µs. Independence of kobs on ∆D420 and 

consequently the first-order reaction was found for the first (“fast”) period of the kinetics and the 

rate constant kobs = (3.1 ± 0.4)×105 s-1 was evaluated (see paper VII for the details). On the other 

hand, the linear relationship between kobs and ∆D420, outcoming from the origin, was detected for 

the second (“slow”) period of the reaction, and can serve as indication of purely second order 

reaction kinetics. From the line’s slope and arbitrary transient’s concentration (derived from the 

extinction coefficient of the band at 420 nm and corresponding transient absorption) a bimolecular 

rate constant kbim = (1.3 ± 0.3)×108 M-1s-1 was calculated. 

 Taking into account the information on the rate laws of the photodecomposition of [(NC)5Pt-

Tl(dmso)x] in dimethylsulphoxide (based on both first- and second-order kinetics of disappearance 

of the transient band at 420 nm) and the mechanistic consideration on the photolysis of [(NC)5Pt-

Tl(H2O)x] in aqueous solution (vide supra), two mechanisms of the reaction can be suggested 

(Schemes 5.3.2 and 5.3.3): 

Scheme 5.3.2. 

[(NC)5Pt-Tl(dmso)x]  → νh
 ([(NC)5Pt-Tl(dmso)x])*    

 (A) 
 
 
 
[(NC)5Pt         Tl(dmso)x]                   [Pt(CN)5]•2- + [Tl(dmso)x]•2+   (B) 
 
[Pt(CN)5]•2- + DMSO                   [Pt(CN)5(DMSO)]•2-   
 (C) 
 
[Pt(CN)5(DMSO)]•2- + [Tl(dmso)x]•2+                     [PtIV(CN)5(DMSO)]- + TlI

dmso (D) 
 

Scheme 5.3.3. 

 
[NC        (NC)4Pt-Tl(dmso)x]                   [(NC)4Pt-Tl(dmso)x]+ + CN-   (B) 
 
[(NC)4Pt-Tl(dmso)x]+                    [PtIV(CN)4] + TlI

dmso   
 (C) 
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[PtIV(CN)4] + DMSO                   [PtIV(CN)4(DMSO)]   
 (D) 
 
[PtIV(CN)4(DMSO)] + CN-                    [PtIV(CN)5(DMSO)]-  
 (E) 
 

Similarly to the discussions above (see Scheme 5.3.1), reaction C (Scheme 5.3.3) could be a 

homolytic fission yielding [Pt(CN)4]•- and Tl•2+species. The reactions analogous to D and E but 

with a PtIII radical would then occur followed by fast outer-sphere electron transfer 

 From the experimental results it is not possible to distinguish between these two reaction 

pathways (Schemes 5.3.2 and 5.3.3). Although a possible argument, supporting Scheme 5.3.3, 

implies that photolysis of the complex in two solutions might be expected to follow the same 

mechanism, it should be noted that at this time we have no data on stabilizing or destabilizing effect 

of DMSO on to the Pt-Tl bond as compared to water. 

5.3.4. Time-resolved spectroscopy of the trinuclear complex [(NC)5Pt-Tl-Pt(CN)5]3- in 

aqueous solution. Immediately after the laser pulse a new intermediate absorption band with 

maximum at 450 nm (transient A) appears in the in the optical spectra of aqueous solution of the 

[(NC)5Pt-Tl-Pt(CN)5]3- complex (Figure 5.3.5). Degradation of the intermediate with time is 

accompanied by a continuous increase of a new absorption at 385 nm (transient B). An isosbestic 

point at 423 nm can be clearly seen in the transient spectra for the whole period of registration (50 

µs). Moreover, the observed rate constants for both degradation of the intermediate at 450 nm and 

formation of the one at 385 have close values. All this unambiguously implies that the two 

transients are mutually related – disappearance of one result to formation of another. 

An extinction coefficient of the transient absorption band at 385 nm was measured by 

determining the optical density of the absorption at 385 nm and the corresponding decrease in 

optical density of the band of the original complex at 309 nm. The value ε385 = 4000 ± 350 M-1cm-1 

was obtained. Extinction of the intermediate at 450 nm was calculated from the ratio between 

∆A450/∆A385 and ε385. The value ε450 = 1150 ± 100 M-1cm-1 was obtained. 

Typical kinetic decay traces of the two intermediates are shown in the inset of Figure 5.3.5. 

Transient A disappears fast with a half-life ~10 µs. The degradation of the species cannot be 

described by simple first- or second-order rate reaction. The two regions can be distinguished in 

kinetics of the decay transient absorption spectra, which can be an indication of formation of more 

than one intermediate species. A short period of about 20 µs after the laser pulse shows 

substantially faster decay rate, compared to the following “slow” period ranging to 800 µs. The 

dependence of the observed rate constant of disappearance of the intermediate A at the first (“fast”) 
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period on the initial optical density at 450 nm was studied. The linear increase of kobs and the 

existence of an intercept on the ordinate testify that the decay of this species happens in both the 

second- and first-order reactions (see paper VII for details). The intercept on the ordinate provides 

the value of the first-order rate constant: kobs = (5.5 ± 0.8)×104 s-1. The observed rate constant for 

the second-order reaction is taken from the line’s slope: kobs = (5.8 ± 0.7)×105 M-1s-1. Further, the 

bimolecular rate constant can be evaluated from the corresponding value of kobs and an arbitrary 

transient’s concentration (derived from extinction coefficient of the band at 450 nm and 

corresponding transient absorption), kbim = (6.6 ± 1.4 )×108 M-1s-1 was calculated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.5. Laser flash photolysis of [(NC)5Pt-Tl-Pt(CN)5]3- complex in aqueous solution (C = 
0.011 M). Irradiation by excimer XeCl pulse laser light (308 nm) in a cuvette of 1.0 cm thickness. 
Lines 1-8 for difference absorption spectra taken after 0, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, and 48.0 µs 
after the laser pulse, respectively. Inset - typical kinetic traces for the two observed intermediates. 

In contrast to the “fast” period of the absorption decay, no dependence between kobs and 

∆D450 can be observed for the “slow” range of the kinetic traces. This points to the first-order 

reaction. Fitting the experimental data points with a constant gives the rate constant kobs = (8.1 ± 

0.2)×104 s-1. 

Compared to the intermediate A, degradation of transient B takes much longer time. A half-

life of ~150 ms can be estimated from the decay of the absorption at 385 nm. The values of 
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observed rate constant of disappearance of absorption at 385 nm were plotted against the signal 

amplitude. Independence of kobs on ∆D385 testifies that decay of the intermediate complex happens 

in the first-order reaction. The value of observed rate constant of the reaction, kobs = 4.24 ± 0.7 s-1, 

was evaluated. 

 In view of at least two mutually related intermediate products of the photoinduced 

decomposition of the [(NC)5Pt-Tl-Pt(CN)5]3- complex, a mechanism of this reaction proceeding as 

reductive elimination at the Tl centre in a concerted fashion, and resulting in direct formation of a 

dimer species [(NC)5Pt-Pt(CN)5]4-, can be ruled out. Neither a model with two successive homolytic 

cleavages of the Pt-Tl bonds (Scheme 5.3.4) can be valid in this case: 

Scheme 5.3.4. 

[(NC)5Pt-Tl-Pt(CN)5]3-  → νh
 ([(NC)5Pt-Tl-Pt(CN)5]3-)*   (A) 

 
 

[(NC)5Pt         Tl-Pt(CN)5]3-                    [(NC)5Pt]•2- + [Tl-Pt(CN)5]•-  (B) 
 
[Tl         Pt(CN)5]•-                    [(NC)5Pt]•2- + Tl+    
 (C) 
 
2[(NC)5Pt]•2-                  [(NC)5PtIII-PtIII(CN)5]4-    
 (D) 
 

On the other hand, a scheme considering successive heterolysis of the trimetallic unit allows for 

accounting of both the number of related transient species and the kinetics of their degradation 

(Scheme 5.3.5).  

Scheme 5.3.5. 

[(NC)5Pt         Tl-Pt(CN)5]3-                    [(NC)5Pt]- + [Tl-Pt(CN)5]2-  (B) 
 
[(NC)5Pt]- + [Tl-Pt(CN)5]2-                    [(NC)5Pt]•2- + [Tl-Pt(CN)5]•- (C) 
 
[Tl         Pt(CN)5]•-                    [(NC)5Pt]•2- + Tl+    
 (D) 
 
2[(NC)5Pt]•2-                  [(NC)5PtIII-PtIII(CN)5]4-    
 (E) 
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According to this scheme, intermediates A and B correspond to the binuclear complexes [Tl-

Pt(CN)5]2- and [Tl-Pt(CN)5]•-, respectively.  

 Alternatively, a mechanism similar to the above-mentioned for the photolysis of the 

[(NC)5Pt-Tl] complexes, involving cleavage of the axial Pt-CN bond(s) could be considered. 
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6. Modification of Physical Properties of the Pt-Tl Complexes:  

Stability, Solubility and Light-Absorption Characteristics. 

In previous sections we have considered platinum-thallium complexes containing cyanide and 

water molecules as the only ligands. The question arises whether only CN- can stabilise these 

metastable intermediates of electron transfer between platinum and thallium ions or it is possible to 

replace cyanide ligands in the complexes by other ligands. Our preliminary experiments show that 

the family of the Pt-Tl bonded compounds can be substantially extended and modified by 

replacement of the cyano ligands. It has been found that the platinum pentacyano unit of the 

[(NC)5Pt-Tl(CN)n(aq)]n- species is inert towards the tested ligands, whereas the thallium “part” of 

the complexes can be tuned significantly. We have detected formation of binuclear Pt-Tl 

pentacyano complexes with the following ligands coordinated to the thallium site: halide ions (F, 

Cl, Br, I); pseudohalide ions (SCN); molecular ligands (en, bipy, phen, tetraphenylporphyrine) and 

aminopolycarboxylate ligands (nta, edta). Two preparative routes can be used for synthesis 

[(NC)5Pt-Tl(L)n] (L – ligand) complexes, namely: 

1. dissolving of compound (NC)5PtTl in solutions containing coordinating ions or groups (L), or  

2. reactions between [Pt(CN)4]2- and corresponding thallium coordination compounds (TlIII(L)n) in 

presence of cyanide ion (in order to form the [(NC)5Pt-] unit).  

Below we present several examples of such “modified” compounds, obtained by both preparative 

routes. 

6.1 Solubilizing the (NC)5Pt-Tl Entity by Attaching Complexonates to the Thallium Site. 

In Section 3.5 (see also Papers I and III) we have described formation and the solid state 

structure of the compound (NC)5PtTl. Both the electroneutrality and polymeric structure of the 

compound result in its very low solubility in water. On the other hand, the solubility of the 

compound can be substantially increased by addition of ionic cyanide. This is related to strong 

binding between TlIII and CN- in aqueous solution,43 and results in formation of soluble [(NC)5Pt-

Tl(CN)n(aq)]3-n species (see Paper I). In this light it is natural to suppose that ligands, which form 

stable complexes with thallium(III), would tend to solubilize of (NC)5PtTl in water. In order to 

increase the solubility of the compound in aqueous solution and modify the thallium coordination 

environment we have used complexones.  

This large class of aminopolycarboxylate anions is well-known because they form very 

stable complexes with almost all metal ions. The high values of the stability constants of the 

complexes formed by these ligands are due to the presence of basic secondary or tertiary amino 
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groups, and to the large negative charges of the ligand ions, as well as to the formation of stable 

five-membered chelate rings with the metal ions.126 

 A number of aminopolycarboxylate complexes of thallium(III), including 

nitrilotriacetate (nta) and ethylenediaminetetraacetate (edta), have been characterised previously 

both in aqueous solution and the solid state.51,127-131 Thallium(III) ethylenediaminetetraacetate, 

Tl(edta)-, is one of the most stable metal-edta complexes with log K = 37.8 132 Information on the 

stability constant of the mono Tl-nta species is lacking, while the preferable formation of a stable 

bis-complex, [Tl(nta)2]3- (log K = 32.5 127) in aqueous solution is generally accepted.  

 (NC)5PtTl - nta3- - H2O system. When a powder sample of (NC)5PtTl reacts with an 

equimolar amount of an aqueous solution of either potassium or guanidine salts of nitrilotriacetate 

(pH = 9.9) at room temperature, the solid completely dissolves. In the 205Tl NMR spectrum of the 

solution a characteristic for binuclear Tl-Pt bonded complexes intensity pattern (~1:4:1, 1J(205Tl-
195Pt) = 60280 Hz) centred at 1297 ppm can be observed (Figure 6.1). Apart from the coupling to a 

platinum nucleus, the thallium signal is also further splitted into 7 lines (~1:6:15:20:15:6:1, J(205Tl-
1H) = 223 Hz). The latter splitting unambiguously indicates coupling of thallium with six 

chemically equivalent protons belonging to the three methylene groups of the nitrilotriacetate 

ligand. No other signals except those of the Tl-Pt species can be detected in the 205Tl NMR 

spectrum. 

The presence of the nta3- anion in the bimetallic compound is further confirmed by 13C 

NMR spectrum showing spin-spin coupling of both methylene and carboxylic carbons to the 

thallium nucleus (Figure 6.2, Table 6.1). Hence, the complex [(NC)5Pt-Tl(nta)]3- is formed in the 

heterogeneous reaction: 

(NC)5Pt-Tl (s) + M3nta  →
OH 2

 [(NC)5Pt-Tl(nta)]3- + M+   

 (6.1). 

Depending on the balancing cation, concentration of the Pt-Tl complex of 0.015-0.020 M 

can be obtained. 

Table 6.1. Selected 1H, 13C, 195Pt, and 205Tl NMR data (chemical shifts (δ, ppm) and spin-spin 
coupling constants (J, Hz)) of the complex [(NC)5Pt-Tl(nta)]3- in aqueous solution. 

δ J 

Tl 
 

Pt 
 

CC
 

(Pt(CN)4) 
C1 

(CH2) 
C2 

(COO)
H1 

(CH2)
(Tl-Pt)

1J 
(Pt-CC)

1J 
(Tl-CC) 

2J 
(Tl-C1) 

2J 
(Tl-C2)

2J 
(Tl-H1)

3J 

1267 363 88.0 62.6 
 

177.1 2.9 65850 
 

831 449 
 

17 54 220 
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Figure 6.1. 205Tl NMR spectrum of (C(NH2)3)3[(NC)5Pt-Tl(nta)] in aqueous solution. 

 From the solution of guanidine salt of [(NC)5Pt-Tl(nta)]3- crystals of 

(C(NH2)3)3[(NC)5Pt-Tl(nta)(H2O)] (6.1) were obtained and the structure solved by single-crystal X-

ray diffraction (See Appendix II). The thallium coordination environment is therefore a strongly 

distorted pseudooctahedron. The Pt-Tl bond distance (2.6113 Å) in the structure of 6.1 is the 

shortest hitherto observed separation between these two metals in the solid state, and should reflect 

strong metal-metal bonding. Indeed, a band at 173 cm-1, attributed to the Pt-Tl stretching vibration, 

can be observed in the Raman spectra of the solid sample. The Pt-Tl force constant in the molecule 

of 1.76 N/cm has been estimated using the di-atomic oscillator approximation. Both the vibration 

frequency and the corresponding value of the force constant are higher compared to the values 

obtained for the parent Pt-Tl cyanide complexes: 157-161 cm-1 and 1.45-1.53 N/cm, respectively, 

and is still attributed to a single metal-metal bond.74 

 Strong platinum-thallium bonding is in turn exerted within the linear Tl-Pt-C fragment 

to the axial cyanide in the platinum pentacyano unit of the compound. In the platinum 

pseudooctahedron the Pt-Ceq distances have very close values (mean Pt-Ceq = 2.0046 ± 0.0065 Å), 

the Pt-Cax is substantially longer – 2.0884 Å. Thus shortening of the Pt-Tl bond results in 

lengthening or weakening of the bond in trans position, which can be therefore treated as a 

pronounced trans influence.  

In contrast to the situation in aqueous solution, the carboxylic branches of the nta ligand are 

not equivalent in the solid (Figure 6.3). This is in part caused by coordination of a water molecule to 

the thallium atom in the solid compound. A water molecule completes a highly distorted 

pseudooctahedral coordination geometry of the thallium atom in the compound.  
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Figure 6.2 13C NMR spectrum of (C(NH2)3)3[(NC)5Pt-Tl(nta)] in aqueous solution.  

* C(NH2)3
+, ** Pt(CN)4 – unit of the complex. 

 Coordination of the nta ligand to the thallium atom of the binuclear Pt-Tl compound is 

accompanied by a small shift of the MM’CT band to the red: λ = 268 nm (ε = 2.52×104 M-1cm-1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. View of the binuclear anion in the crystal structure of (C(NH2)3)3[(NC)5Pt-
Tl(nta)(H2O)] compound (ellipsoids at 50% probability level). 
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 (NC)5PtTl - edta4- - H2O system. Similarly to the (NC)5PtTl - nta system, the 

compound (NC)5PtTl readily reacts with an equimolar amount of an aqueous solution of 

ethylenediaminetetraacetate at room temperature and pH = 1.9; the solid completely dissolves 

within a few minutes. The Tl-Pt pseudo-triplet pattern (~1:4:1, 1J(205Tl-195Pt) = 59100 Hz) is found 

at 1351 ppm in the 205Tl NMR spectrum of the solution. In contrast to the complex formation with 

nta, no additional splitting of thallium signals can be detected. Instead, the signals are very broad 

(~4600 Hz). Such a pronounced broadening of 205Tl signals is attributed to coupling with at least 

three non-equivalent groups of 1H nuclei of an edta-ligand (8 methylene, 4 ethylene, and probably 2 

“acidic” protons for a symmetric coordination mode of edta at this pH value). No other species 

could be identified in the solution, and thus complex formation in the system can be represented by 

the following reaction: 

(NC)5Pt-Tl (s) + Na2H2edta  →
OH 2

 [(NC)5Pt-Tl(H2edta)]2- + 2Na+    (6.2) 

Concentration of the Pt-Tl-edta complex obtained in this way is 0.04 M. 

6.2. Platinum-Thallium Cyano Complexes in Various Solvents. 

 So far we have dealt with the solution chemistry of heterobimetallic Pt-Tl cyano 

complexes only in one solvent – water. At the same time, it is well-known that cyanometalate 

complexes are sensitive to the environment of the cyanide nitrogen lone pair and even moderate 

changes in the solvent medium usually leads to significant variations of the redox potential of the 

metal ions and the absorption spectra of the species.12,44,95 Apart from the influence on the 

characteristics of the compounds through the C≡N-ligands, the solvent should also have a strong 

impact on the complexes via direct solvation of the thallium atom in the [–Tl(CN)n(solv)] entity. 

Below we explore the solvent dependence of the 205Tl NMR chemical shifts of the binuclear Pt-Tl 

species, and the solvatochromic behaviour of the [(NC)5Pt-Tl(solv)] complex. 

6.2.1. The Solvent Dependence of the 205Tl NMR Chemical Shifts in the Binuclear Pt-Tl 

Complexes. 

 Because of the relatively high solubilities of the starting compounds: K2[Pt(CN)4], 

[Tl(dmso)6](ClO4)3, and KCN in dimethylsulphoxide, the [(NC)5Pt-Tl(CN)n]n- complexes can be 

prepared in DMSO similarly to the procedure described in Section 3.1. Four binuclear complexes 

[(NC)5Pt-Tl(CN)n(dmso)p]n- (n = 0-3) have been detected in dimethylsulphoxide solution and 

characterised by 205Tl NMR. Table 6.2.1 shows the 205Tl chemical shifts for the series of complexes 

in DMSO; for comparison, the corresponding values for the species in aqueous solution are also 

given.  
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Table 6.2.1. 205Tl NMR chemical shifts of the [(NC)5Pt-Tlsolv(CN)n]n- (n = 0-3) complexes in water 

and dimethylsulphoxide 

  Species 
  [(NC)5PtTlsolv] [(NC)5PtTlsolvCN]- [(NC)5PtTlsolv(CN)2]2- [(NC)5PtTl(CN)3]3- 

H2O 786 (pH ≤ 1) 

900 (pH = 5.0) 

1371 1975 2224 δTl  

(ppm) 
DMSO 887 1602 2007 2148 

 

Being a direct reporter of the thallium environment, 205Tl NMR chemical shifts are usually 

very sensitive to solvation.104 It is particularly true for the present case, where vacant sites of the 

thallium coordination can be filled with solvent molecules. The only exception is the complex 

[(NC)5Pt-Tl(CN)3]3-, where according to the EXAFS data no water molecules are directly bound to 

the metal atom in aqueous solution. As was mentioned above, an indirect effect of the solvent (via 

cyanides) on the chemical shift is also expected, but it should be significantly weaker compared to 

the solvation of thallium. 

 Although the DMSO has much stronger coordinating ability compared to water 

(Gutmann Donor Numbers for the two solvents are 29.8 and 18.0, respectively 133) both are linked 

to the metal via oxygen. The thallium atom in the binuclear species has therefore the same chemical 

environment of Pt, C, and O atoms, and no strong variations of 205Tl chemical shifts with change of 

solvent should be expected unless the coordination geometry of the metal is changed. The data in 

Table 6.2.1 show that solvation by DMSO causes some deshielding of the thallium nucleus in the 

series of complexes, compared to aqueous solution, (except for the compound [(NC)5Pt-Tl(CN)3]3-, 

see below).  

The high-frequency shift of the corresponding 205Tl signal in dimethylsulphoxide solution is 

probably attributed to strong Tl-DMSO interactions, which lowers the ability of thallium ion to 

accept electron density from platinum. This is readily indicated by weaker 205Tl-195Pt spin-spin 

coupling constant in DMSO compared to aqueous solution: e.g. 65850 and 71060 Hz (at pH ≤ 1), 

respectively, for the [(NC)5Pt-Tl(solv)] species. If, by analogy with the situation in water, we 

assume that no coordination of solvent molecules occurs in dimethylsulphoxide solution of 

[(NC)5Pt-Tl(CN)3]3- compound either, then the apparent shielding of the thallium nucleus in the 

complex in DMSO can be related to the cyanide-solvent interactions. Being better electron pair 

acceptor, water can more effectively than DMSO accept the lone pairs of the cyanide nitrogen 

atoms. This lowers the energy of the cyanide π* molecular orbitals, facilitating Tl-C backbonding in 
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aqueous solution. Alternatively, one can suppose that because of its stronger coordinating ability, 

DMSO can enter the thallium coordination sphere in [(NC)5Pt-Tl(CN)3]3-, which in turn would 

increase the electron density on the thallium nucleus.  

6.2.2. Solvatochromism of the MM’CT Transition in the [(NC)5Pt-Tl(solv)] Complex. 

 The charge-transfer character of the transition is most often demonstrated by 

solvatochromic behaviour of the absorption band. The observation of solvatochromism indicates a 

large change in the molecular dipole accompanying the transition.80 Many transition-metal 

complexes display solvatochromic shifts resulting from the solvent dependence of the energies of 

the charge-transfer absorption bands. Mostly this phenomenon is observed for the MLCT and 

LMCT transitions,134,135 although a few examples of the solvent dependence of MMCT transitions 

have been reported.12,95,136,137 The latter type refers to transitions occurring in polynuclear 

complexes with ligands bridging between the metal centres (M-L-M). To the best of our knowledge, 

no solvatochromism has been so far observed for the MM’CT transitions arising from directly 

bonded metal atoms (M-M’).  

 In Section 3.2.4 we have shown that a strong MM’CT band associated with Pt-Tl 

bonding in the [(NC)5Pt-Tl(aq)] complex can be observed in the absorption spectra of the acidified 

aqueous solution of solid compound (NC)5PtTl. Despite the low solubility of the solid, a very high 

extinction of the band allows to detect it readily in the spectra. In a similar way, low-concentrated 

solutions of the compound in a number of organic solvents can be prepared. All the solutions 

exhibit a characteristic MM’CT band (Figure 6.2.1 and Table 6.2.2). 

 The profound influence that solvent can have on MM’CT band energy in the 

[(NC)5Pt-Tl(solv)] complexes is illustrated in Figure 6.2.1 where the spread in band energy 

difference as a function of the solvent is ca 4900 cm-1. Table 6.2.2 gives the band maxima (λmax) 

and corresponding values for the energy of the optical transition (Eop) in a series of solvents. Such a 

strong effect of the solution medium should be undoubtedly attributed to the coordinating function 

of the solvent – direct binding to the metal centre occurring in the present case. The solvent reacts 

with the solid (NC)5PtTl compound breaking its polymer structure (see Section 3.5) followed by 

ligation of the thallium atom. In this light, from a set of various physical and chemical 

characteristics of solvents the one describing its coodinating ability or “donicity” becomes the most 

important. This property is usually characterised by the donor number (DN) introduced by 

Gutmann.133 A plot of Eop of the [(NC)5Pt-Tl(solv)] complexes versus solvent donor number is 

shown in Figure 6.2.2. 
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Figure 6.2.1. MM’CT absorption band for the [(NC)5Pt-Tl(solv)] complex in: saturated solution of 
acetonitrile (solid), and 1.7⋅10-4 M dimethylsulphoxide (dotted); l = 1 mm. 

Table 6.2.2. Spectral data for the MM’CT transition of the [(NC)5Pt-Tl(solv)] complex in various 
solvents.  

 λmax (nm) ν max (cm-1) ε (M-1cm-1)
Water 259 38610 29000 

Methanol (MeOH) 261 38310  

Acetonitrile (AN) 257 38910  

Dimethylphormamide (DMF) 282 35460  

Dimethylsulphoxide (DMSO) 294 34010 21080 

 

 It is quite clear that the correlation with donor number is successful and a linear 

relationship (correlation coefficient R = 0.98) between Eop and DN is observed. It is notable that the 

plot for the MM’CT has negative slope, showing that the energy of the optical transition decreases 

as the electron-donor ability of the solvent increases. Interestingly, negative solvatochromic plot 

(Eop vs. DN) is usually observed for the MLCT transitions, while the LMCT transitions exhibit the 

opposite trend.134 The intercept of the plot is a measure of the energy of the optical transition in a 

solvent with a zero donicity. In this hypothetical case isolated molecules of a [(NC)5Pt-Tl] complex 

should be preserved in the medium of totally non-coordinating solvent. This gives rise to substantial 
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destabilisation of the excited state resulting in increase of the energy of the optical transition up to 

~44130 cm-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.2. Energy of the optical transition, Eop, for the MM’CT band vs. solvent donor number 
(DN) for the [(NC)5Pt-Tl(solv)] complex.  

6.3. Tuning of the Light-Harvesting Properties by Binding Chromophore Molecules and 

Groups. 

Possible photoelectrochemical applications of the bimetallic Pt-Tl cyanide compounds are 

limited because the absorption occurs only in the UV region and the electron transfer is not 

reversible (vide infra). In order to shift the absorption into the visible range and to improve the 

light-absorption and the redox characteristics, the complexes should be modified while keeping the 

Pt-Tl entity intact. This can be done, e.g. by substituting the cyano ligands in the thallium 

coordination environment by photochemically active groups, such as polypyridines or porphyrines, 

accompanied by changing the solvent medium (see Section 6.2). In this chapter we consider 

possibilities to tune absorption characteristics of the bimetallic compounds by attaching 2,2'–

bipyridine and tetraphenylporphyrine molecules to the thallium atom.  

6.3.1. NC-Pt-Tl-bipy system 

Metal complexes of nitrogen-heterocyclic ligands, such as pyridines and oligopyridines 

represent an important class of chromophores which have received increasing attention over the last 

decade. Particularly, this interest can be attributed to efficient charge-transfer photosensitizing 

properties of [RuII(bipy)m]-based complexes and their applications in photovoltaic devices.47,138 
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Apart from a strong MLCT transition resulting in the redox processes of the metal ion, the 

compounds have outstanding performance as a solar-light absorber. One cannot of course expect 

that charge-transfer transitions in the [TlIII(bipy)m] species have similar nature as in the complexes 

of transition metals because of the lack of valence d-electrons. However, due to the partial electron 

transfer from the platinum atom in the bimetallic [(NC)5Pt-Tl(L)m]x- (L - ligand) complexes, the 

situation is more intricate. Although several studies on the speciation of thallium(III) with 2,2'-

bipyridine in aqueous, nitrobenzene and acetonitrile solutions have been reported,100,139,140 the 

information on electron absorption characteristics of the complexes is lacking. The only hitherto 

established crystal structure of the TlIII-bipy compound is, to our knowledge, [Tl(bipy)2(NO3)3] 

where thallium is eight-coordinated and one of the nitrate groups is bidentate.130 

 In contrast to the previously described interaction between (NC)5PtTl and 

aminopolycarboxylate ions (Section 6.1), reaction between the solid bimetallic compound and 

equimolar amount of 2,2'-bipyridine in aqueous solution does not result in formation of soluble 

products. Instead, formation of another, also white and barely soluble solid was observed when 

stirring the heterogeneous mixture during several hours. Collected and properly dried white 

precipitate appeared to be soluble in dimethylsulphoxide.  

A typical “Tl-Pt” pseudo-triplet signal (intensity ration ~1:4:1, 1J(205Tl-195Pt) = 64.9 kHz) 

centred at 1016 ppm was observed in the 205Tl NMR spectrum of the solution. The characterisation 

of the coordinated bipy in the bimetallic Pt-Tl species in dmso solution by means of both 1H and 13C 

NMR is hampered by the ligand/solvent exchange processes (see paper V for the details of NMR 

characterisation and discussion). In all cases the spectra show four broad signals of the ligand in 

the range of 8.0-9.2 (∆H1/2 = 30-80 Hz) and 124-149 ppm (∆H1/2 = 30-55 Hz) for the 1H and 13C, 

respectively; no coupling of the nuclei to thallium could be detected. Although the signals have 

large line-width, they all are in the range characteristic for coordinated 2,2'-bipyridine. Thus, one 

can conclude that formation of [(NC)5Pt-Tl(bipy)(dmso)x] species occurs in the solution; the 

thallium atom is probably also solvated by dmso molecules. Crystals of [(NC)5Pt-Tl(bipy)(dmso)3] 

(compound 6.3.1) were obtained from the solution and the structure determined by X-ray 

diffractometry (Figure 6.3.1) (see also paper V for the crystallographic and structural details). 

 Two other principal preparative routes can be used to obtain [NC)5Pt-

Tl(bipy)m(dmso)p] complexes in dimethylsulphoxide solution, namely: 

1. a reaction between [(NC)5Pt-Tl(dmso)4] 141 and 2,2'–bipyridine in dimethylsulphoxide solution. 

2. a reaction between equimolar amounts of [Pt(CN)4]2- and [Tl(bipy)m(dmso)p]3+ in presence of 

excess cyanide ([CN-]excess/[M] = 1:1 (M = Pt, Tl)) in dimethylsulphoxide solution. 
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Figure 6.3.1. Molecular structure of [(NC)5Pt-Tl(bipy)(dmso)3] (ellipsoids at 50% probability level, 
hydrogen atoms are omitted for clarity). 

 When route (1) is used, and bipy is added to a dimethylsulphoxide solution of 

[(NC)5Pt-Tl(dmso)x] (bipy/Tl = 0.6), an equilibrium between two bimetallic species is established: 

[(NC)5Pt-Tl(dmso)p] + bipy  →←dmso  [(NC)5Pt-Tl(bipy)(dmso)x] + (p-x)dmso 

 (6.3.1) 

Figure 6.3.2 shows a typical spectrum of the system exhibiting signals of both [(NC)5Pt-Tl(dmso)p] 

(a) and a mono-bipy species, [(NC)5Pt-Tl(bipy)(dmso)x] (b).  

Further addition of 2,2' –bipyridine to the solution (up to the bipy/Tl = 6) does not lead to 

appearance of new signals in the 205Tl NMR spectra. The intensity of the signal at 1016 ppm 

gradually decreases, while its line width increases substantially and at bipy/Tl ≥ 6 the signal 

broadens beyond detection. Similarly, no signals of the bimetallic Pt-Tl compounds were detected 

by 195Pt NMR. Neither 1H nor 13C NMR spectra were helpful in distinguishing the signals of the 

individual complexes. As for the case of [(NC)5Pt-Tl(bipy)(dmso)x] complex, only four broad lines 

were observed in each case; increase of the bipy concentration results in a continuous shift of the 

signals to low frequency. Nevertheless, even without direct experimental confirmation of further 

coordination of bipy to the complex, the results of the crystal structure determination (vide infra) 

allow to propose a presence of a [(NC)5Pt-Tl(bipy)2(dmso)y] species in the [(NC)5Pt-Tl(dmso)p]-

bipy-dmso system at higher bipy concentrations. 

The situation is apparently similar to the speciation in Tl3+-bipy-dmso system, where the 

tris-bipy complex, [Tl(bipy)m(dmso)p]3+, cannot been detected by 205Tl NMR due to fast chemical 

exchange (see paper V for further discussion). In the present case, coordination of the (NC)5Pt- unit 
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apparently saturates the coordination ability of the thallium atom, and the [(NC)5Pt-

Tl(bipy)2(dmso)y] complex is probably the highest bipy species formed in this system. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.2. 205Tl NMR spectrum of dimethylsulphoxide solution of [(NC)5Pt-Tl(dmso)p] (Cinit = 30 
mM in presence of 2,2'–bipyridine (18 mM). 

When additional cyanide ions are introduced into a dmso solution of [(NC)5Pt-Tl(bipy) 

(dmso)x] complex up to CN/Tl ratio of 1, a new platinum-coupled signal is detected at δTl = 1772 

ppm (1J(205Tl-195Pt) = 50.1 kHz) in the 205Tl NMR spectrum. Both the signal intensities in the 

“triplet” pattern and the 195Pt NMR spectrum of the solution indicate that it is a binuclear Pt-Tl 

compound, while the 1H and 13C spectra show characteristic signals of the bipy ligand. When the 

complex is 13CN enriched, both its 13C and 205Tl spectra unambiguously point to the presence of one 

extra cyanide ligand, CB, in the compound, directly bound to the thallium atom (see Paper V for the 

details of NMR characterisation). Therefore, the composition of the species is [(NC)5Pt-

Tl(bipy)(CN)(dmso)z]-; it is probable that the coordination environment of thallium in solution is 

completed by one or two dmso molecules.  

The same complex can be prepared from a solution of [(NC)5Pt-Tl(bipy)2(dmso)y], by 

addition of free cyanide (CN/Tl = 1); this results in an immediate formation of [(NC)5Pt-

Tl(bipy)(CN)(dmso)z]- which is easily detected by 205Tl NMR. This means that one bidentate bipy 

ligand is replaced by a CN- group, while the second vacant place in the coordination sphere of 

thallium is probably filled by a dmso molecule. Further increase of the concentration of free cyanide 

in the solution results in substitution of the second bipy molecule by two CN- ions. This is 

 720 800 880 96010401120
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unambiguously shown by the appearance of a characteristic signal of [(NC)5Pt-Tl(CN)3]3- (δTl = 

2148 ppm, 1J(205Tl-195Pt) = 42.3 kHz) in the 205Tl NMR spectrum. These considerations can be 

expressed by the following set of equilibrium reactions taking place in the solution: 

[(NC)5Pt-Tl(bipy)2(dmso)y] + CN-  →←dmso  [(NC)5Pt-Tl(bipy)(CN)(dmso)z]- + bipy 

 (6.3.2) 

[(NC)5Pt-Tl(bipy)(CN)(dmso)z]- + 2CN-  →←dmso  [(NC)5Pt-Tl(CN)3]3- + bipy + z(dmso)   (6.3.3) 

Apparently, the very high stability of mono- 43 and bimetallic (see Paper II) thallium cyanide 

complexes allows the cyanide to compete with the bidentate bipy ligands for coordination to the 

thallium atom.  

 Taking advantage of preparative route (2), when using tris-bipy thallium complex, provides 

an opportunity to obtain complex [(NC)5Pt-Tl(bipy)2] (6.3.2) in solid. This compound crystallises 

from the dimethylsulphoxide solution containing equimolar amounts of [Pt(CN)4]2- and 

[Tl(dmso)6]3+ species, ionic cyanide, and three-fold of excess of bipy (Figure 6.3.3) (see paper V for 

the crystallographic and structural details).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3.3. Molecular structure of [(NC)5Pt-Tl(bipy)2] (ellipsoids at 50% probability level, 
hydrogen atoms are omitted for clarity). 

In the crystal structure [(NC)5Pt-Tl(bipy)2], thallium is five-coordinated and the ligands 

form a distorted square-pyramid. In contrast to the mono-bipy compound, [(NC)5Pt-

Tl(bipy)(dmso)3], no solvent molecules are bound to the thallium atom. The apparent decrease of 

the coordination number of the metal atom (from 6 to 5 when going from mono- to bis-bipy 
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structure) should be probably attributed to the bulky 2,2'–bipyridine molecule and mutual repulsion 

of two bipy ligands in the compound. Coordination of the second bipy does not leave enough space 

for binding dmso molecules.  

Another notable feature of the molecular geometry of the two complexes is the mutual 

arrangement between the Pt(CN)4 and Tl(O3N), Tl(N4) units. The four equatorial ligand atoms 

around Tl are in a staggered conformation to the adjacent square planar Pt(CN)4 unit in structure 

6.3.1, while in 6.3.2, an eclipsed conformation between the two bipy groups and the cis cyanide 

ions is favoured.  

The main structural feature of these bimetallic compounds is certainly the very short and 

unbuttressed Pt-Tl bond: 2.6187(7) and 2.6117(5) Å for compound 6.3.1 and 6.3.2, respectively. 

The distances fall into the range of values obtained for the family of related compounds, all 

containing [(NC)5Pt-Tl(L)n] (L – ligand) entity with a variety of ligands coordinated to the thallium 

site: [(NC)5Pt-Tl(CN)n(aq)]3-n (n = 0-3; Pt-Tl = 2.598-2.638 Å) (see Papers III and IV), [(NC)5Pt-

Tl(nta)(H2O)]3- (Pt-Tl = 2.6113 Å) (see Section 6.1), [(NC)5Pt-Tl(dmso)4] (Pt-Tl = 2.6131 Å),141 

and [(NC)5Pt-Tl(en)2] (Pt-Tl = 2.6348 Å).141 The differences in the metal-metal separations 

between two bipy compounds are attributed to the composition and to the geometry of the thallium 

coordination environment in the complexes. The shorter Pt-Tl distance in the structure bis-bipy 

complex can be related to higher ability of the thallium atom (due to its lower coordination number) 

to accept electrons from platinum.  

The Pt-Tl stretching vibrations in Raman spectra for the crystalline compounds [(NC)5Pt-

Tl(dmso)3(bipy)] and [(NC)5Pt-Tl(bipy)2] were detected at 153 and 169 cm-1, respectively. The Pt-

Tl force constants in the molecules: 1.38 and 1.68 N/cm, respectively, have been estimated using 

the di-atomic oscillator approximation. The larger force constant in the latter case indicates the 

stronger metal-metal bonding, which is in agreement with the Pt-Tl separations in the two crystal 

structures.  

 The optical spectra of the binuclear complexes [(NC)5Pt-Tl(CN)n(aq)]n- (n = 0-3) in 

aqueous solution have been discussed in Section 3.2.4, and those for the [(NC)5Pt-Tl(solv)] species 

in different organic solvents, including dimethylsulphoxide in Section 6.2. In all the cases 

absorption properties of the compounds are dominated by a strong MMCT band. Figure 6.3.3 shows 

electronic absorption spectra for the complexes [(NC)5Pt-Tl(bipy)m(dmso)p] (m = 1, 2) and the 

“parent” [Tl(bipy)m(dmso)p]3+ (m = 1, 2) species in dimethylsulphoxide solution:  

Because of equilibria between the [(NC)5Pt-Tl(bipy)m(dmso)p] species in solution, and the 

narrow energy range of the corresponding electronic transitions, no individual bands of complexes 

could be distinguished. Compared to [(NC)5Pt-Tl(dmso)p] (cf. Figure 6.2.1), the spectra of the 

species [(NC)5Pt-Tl(bipy)m(dmso)p] have more complex band shape. This can be related to the 
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electronic transitions occurring between the orbitals largely confined to the bipy-ligand and the Tl-

bipy entity of the complex. Especially intense are intraligand (π→π*) transitions. Thus, the 

strongest band of 2,2' –bipyridine in dmso appears at 284 nm with extinction coefficient of 1.2×104 

M-1cm-1. The bands of the transitions attributed to the Tl-bipy entity are substantially weaker (cf. 

spectra of [Tl(bipy)m(dmso)p]3+ complexes, Figure 6.3.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.3. Electronic absorption spectra of dimethylsulphoxide solutions of: 1.18×10-3 M 
[Tl(dmso)6]3+ and 1.18×10-3 M bipy (dashed); 8.5×10-4 M [Tl(dmso)6]3+ and 1.70×10-3 M bipy 
(dotted); 4.6×10-4 M [(NC)5Pt-Tl(bipy)(dmso)3] (solid); 5.9×10-4 M [(NC)5Pt-Tl(bipy)2] (dash-
dotted).  

The spectra of the solutions of complex [(NC)5Pt-Tl(dmso)p] with varying amounts of added 

bipy can be described by at least three overlapping bands (not counting the solvent’s contribution at 

≤ 260 nm). The strongest band in each set (ε ≥ 1.6×104 M-1cm-1 in all cases) is only slightly affected 

by changes in the thallium coordination and is found to shift from 295 to 303 nm when varying the 

bipy/Tl ratio between 0.6 and 2.0, respectively. Both similar energy and intensity of the absorption 

band allows to assign this feature to the MM’CT transition. It can be concluded that attaching of 

bipy ligands neither shifts nor notably extends the absorption of the bimetallic complexes to the 

visible region. Coordination of 2,2’-bipyridine to the thallium atom in the heterobimetallic 
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complexes has a barely significant influence onto the MM’CT transition compared to the 

solvatochromic effect (see Section 6.2). 

6.3.2. NC-Pt-Tl-tpp system 

 Porphyrin systems have received much attention owing to their great variety and their 

important role in biology, in particular in photosynthesis.142 In natural photosynthetic systems, the 

primary electron transfer step occurs from a porphyrin-based complex. In the metalloporphyrin 

systems, the chromophore absorbs light energy and channels it very effeciently by singlet energy 

transfer to the photochemical reaction centers.143 Porphyrin complexes are widely used in transition 

metal photochemistry,144 and a number of porphyrin-based metal compounds mimicking natural 

photosynthetic systems have been developed.145 

In a search of a suitable porphyrin ligand for coordination to the thallium site of the 

bimetallic Pt-Tl compounds, we have selected tetraphenylporphyrine (tpp) because of: 1). the 

known stability of thallium(III) tetraphenylporphyrinates see e.g. ref.:146-152 and 2). the ability of 

[TlIII(tpp)X] compounds to react with [RhI(tpp)] species (isoelectronic to PtII, d8 configuration) to 

form heterometallic porphyrinate dimers with a rhodium-thallium bond.153 In similar way, the 

porphyrin thpp (5,10,15,20-tetrakis(4-hydroxyphenyl)-21H, 23H-porphine) can be used to 

synthesise the bimetallic Pt-Tl complex. Using thpp allowed to carry out all preparative steps in a 

single solvent – dimethylsulphoxide. 

Reaction between a solution of [TlIII(tpp)(O2CCF3)] (1:1 mixture of methylene chloride and 

tetrahydrofuran) and [PtII(CN)4]2- (solution of anhydrous K2Pt(CN)4 in dimethylsulphoxide) in 

presence of sodium or potassium cyanide (molar ratio Tl : Pt(CN)4 : CN = 1:1:1) results in 

appearance in 205Tl NMR spectra of a new pseudo-triplet signal (δ = 1716 ppm, intensity ratio 

~1:4:1, 1J(205Tl-195Pt) = 47.8 kHz) which is characteristic for the binuclear metal-metal bonded 

platinum-thallium complexes. The same coupling constant is provided by 195Pt NMR spectra of 

these solutions (a pair of doublet signals from coupling to 205Tl and 203Tl centred at 362 ppm). 

Platinum pentacyano unit, directly attached to the thallium atom in the binuclear compound has 

been further established via a technique of selective 13C cyanide enrichment. In the case of thpp as 

the ligand very similar NMR parameters have been observed for the bimetallic species: (δTl = 1706 

ppm, δPt = 370 ppm, 1J(205Tl-195Pt) = 48.3 kHz). 

Identification of the porphyrine ligand of the Pt-Tl complex is hampered by presence of other 

thalliumporphyrinates in solution and unavoidable redox reaction between thallium(III) and tpp (or 

thpp). Concentration of the binuclear species does not exceed 15% of all thallium containing species 

in either case. In this situation neither 1H nor 13C NMR spectra provide sufficient information on the 
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porphyrine attached to the thallium in the bimetallic species. However, even with the lack of direct 

indication, the following data allow us to suppose formation of [(NC)5Pt-Tl(tpp)]2- complex in 

solution (Figure 6.3.4): 

(i) There are no other coordinating ions or molecules in the solutions except tpp2- (or thpp2-

), DMSO, and CN- which could be linked to the thallium atom in [(NC)5Pt-Tl(L)n] complexes.  

(ii) The NMR characteristics, and especially 205Tl NMR chemical shift, which is a very 

sensitive indicator of thallium coordination environment, of [(NC)5Pt-Tl(CN)n(dmso)p]n- species are 

substantially different from the values observed for [(NC)5Pt-Tl(tpp)]2- complex (Table 6.2.1).  

Therefore, similarly to the reaction between the cyano complexes of PtII and TlIII, (see papers 

I and II) the oxidative addition on the [PtII(CN)4]2- entity by thallium porphyrinate is accompanied 

by coordination of a cyanide ion to the vacant axial position of the platinum pseudooctahedron: 

[PtII(CN)4]2- + [TlIII(tpp)(O2CCF3)] + CN-  [(NC)5Pt-Tl(tpp)]2- + CF3CO2
- 

 (6.3.4) 

Simultaneously to the metal-metal bond formation (reaction (6.3.4)), a ligand exchange reaction 

takes place in the solution of [TlIII(tpp)(O2CCF3)]:  

[TlIII(tpp)(O2CCF3)] + CN-  [TlIII(tpp)CN] + CF3CO2
-   (6.3.5) 

As in the case of the oligometallic cyano complexes, [(NC)5Pt-Tl(CN)n(aq)]n-, in aqueous solution, 

the platinum-thallium bonded species are in equilibrium with the highly stable thallium cyano 

compounds (see paper II). All metal complexes involved in the above-mentioned equilibria were 

detected by means of 13C and 205Tl NMR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.4. The structural model proposed for complex [(NC)5Pt-Tl(tpp)]2- 

N

N

N

Tl

N

Pt

CN
NC

CN

CN
NC



 
89

8. Conclusions  

 A new family of heteronuclear cyano compounds incorporating transition (Pt) and main 

group (Tl) metals bound with a non-buttressed Pt-Tl bond was synthesised. The metal-metal linkage 

is formed during the reaction between platinum and thallium in their stable form, PtII and TlIII, or 

vice versa: PtIV and TlI. The compounds are capable of photoinduced two-electron transfer reaction 

between the coupled heterometal ions when excited into their metal-to-metal charge transfer 

absorption bands. It results in scission of the Pt-Tl bond and formation of various complexes of 

oxidised platinum (PtIII, PtIV) and reduced thallium (TlI). The heteronuclear Pt-Tl cyano compounds 

can be therefore viewed as metastable inner-sphere precursor complexes of (photoinduced) electron 

transfer between PtII and TlIII ions, where the precursors are stabilised by a direct metal-metal bond.  

 The Pt-Tl cyano compounds were prepared by the reaction between cyano complexes of 

bivalent platinum and trivalent thallium in aqueous solution. Four binuclear complexes I-IV with a 

general formula [(CN)5Pt-Tl(CN)n(aq)]n- (n = 0-3) and a trinuclear species [(NC)5Pt-Tl-Pt(CN)5]3- 

(V) were identified and structurally characterised in solution by multinuclear NMR, EXAFS and 

Raman spectroscopy. The compound (NC)5PtTl was also obtained in solid, and its structure studied 

by a combination of X-ray powder diffraction and EXAFS techniques. Three types of cyanide 

ligands can be distinguished in the compounds. Four equivalent cyanide ions form a square plane 

around the platinum atom, and one cyanide occupies an apical position trans to the thallium atom in 

the pseudo-octahedrally coordinated platinum. The pentacyano platinum unit is a stable building 

block of the compounds while the coordination environment of thallium varies. Varying number of 

cyanide ligands and water molecules coordinated to thallium in the binuclear species gives rise to 

four different compounds. In contrast to the situation in aqueous solution with “isolated” Pt-Tl 

complexes, in the solid (NC)5PtTl the platinum and thallium atoms are, in addition to the metal-

metal bond, bound by two types of cyanide bridges: through axial and equatorial CN groups 

forming altogether a pseudooctahedral (5 nitrogen atoms and platinum atom) coordination 

environment of thallium. 

 In aqueous solution the oligometallic Pt-Tl cyano complexes exist in equilibrium. The 

distribution between the species can be altered by varying the molar ratio Pt/Tl, cyanide 

concentration and pH. High values of the stability constants calculated for the complexes mean their 

thermodynamically favourable formation including both the metal-metal bond and the (CN)5Pt- 

unit. The latter six-coordinated platinum entity can be considered as a result of oxidative addition of 

a [TlIII(CN)n+1(aq)]3-(n+1) complex to a square planar [PtII(CN)4]2- species followed by a coordination 

of the fifth CN- group to the axial position of the platinum polyhedron. Alternatively, under certain 

conditions Pt-Tl linkage can be obtained by substitution of a halide in pentacyanohalide complexes 

of tetravalent platinum by a monovalent thallium cation. The possibility to carry out the latter type 
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of reaction indicates reversibility of the redox reactions between platinum and thallium cations 

occurring via a Pt-Tl bond. 

 Altogether, the values of 195Pt-205Tl spin-spin coupling constants (25-71 kHz), the short 

interatomic Pt-Tl distances (2.598-2.638 Å), and vibration stretching frequencies ν(Pt-Tl) (159-164 

cm-1) are fully indicative of a direct and unsupported Pt-Tl bond. The calculated values of force 

constants (1.56 –1.74 N⋅cm-1) are characteristic for a single metal-metal bond. Change of the 

number of CN- ligands in the complexes has a distinct effect on the metal-metal bond: coordination 

of additional cyanides to the thallium atom results in a monotonous weakening of the Pt-Tl bond.  

 The oxidation state of the metal ions in the compounds is reflected by the chemical shifts of 
195Pt and 205Tl nuclei, C≡N stretching frequencies, and by electron binding energies. It can be 

viewed as intermediate between II and IV for platinum, and between I and III for thallium. In the 

series of the binuclear complexes an increase of the number of cyanide ions coordinated to the 

thallium atom results in a gradual increase of its positive charge accompanied by a corresponding 

decrease of the charge at the platinum atom. 

 The heteronuclear Pt-Tl cyano compounds exhibit a rare case of a metal-to-metal 

charge transfer (MM’CT) via a direct polar metal-metal bond, as indicated by an intense band in 

their electronic absorption spectra. Solvatochromic behaviour of the MM’CT absorption band has 

been studied for the binuclear complex [(NC)5Pt-Tl(solv)]. It was found that solvent has a profound 

impact on the MM’CT band, and a linear dependence between optical transition energy (Eop) and 

electron-donor ability (DN) of the solvent was evaluated: Eop decrease with increasing DN.  

 Upon irradiation into the MM’CT band the Pt-Tl cyano compounds undergo net two-

electron transfer processes between platinum and thallium ions. This results in a cleavage of the 

metal-metal bond and a redox decomposition of the compounds into homometallic species. The 

products of the photoinduced reactions were characterised in solution by means of NMR, EXAFS, 

vibrational and electronic absorption spectroscopy.  

 Complementary two-electron transfer takes place in the case of binuclear Pt-Tl 

complexes which results in formation of a number of PtIV complexes ([Pt(CN)5(OH)]2-, 

[Pt(CN)5(H2O)]-, [Pt(CN)6]2-) and TlI. Compounds Tl2[Pt(CN)5(OH)] and Tl2[Pt(CN)6] were 

prepared in solid and their structure determined by X-ray diffraction. Non-complementary two-

electron transfer occurs in the trinuclear complex [(NC)5Pt-Tl-Pt(CN)5]3- yielding monovalent 

thallium and a dimer of trivalent platinum with a non-buttressed metal-metal bond: [(NC)5Pt-

Pt(CN)5]4-. The EXAFS study of the latter species revealed Pt-Pt distance of 2.729 Å. 

 The values of quantum yields of the photodecomposition were determined from a 

stationary photolysis study of the heterometallic complexes. The most efficient photolysis takes 
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place in the case of trinuclear complex [(NC)5Pt-Tl-Pt(CN)5]3- which disappears with quantum yield 

Φ = 0.46.  

 Nanosecond laser flash photolysis of the heteronuclear Pt-Tl cyano compounds was 

performed in the timescale of 1⋅10-6 - 5⋅10-2 s. A number of intermediate species was detected and 

characterised by optical spectroscopy. Kinetics of formation and decomposition of the transients 

was studied and allowed to suggest possible mechanisms for photoinduced decomposition of the 

complexes. It was concluded that in no case a scheme with heterolytic cleavage of the Pt-Tl bond 

directly yielding PtIV (PtIII) and TlI species can be valid. 

 The heteronuclear Pt-Tl cyano compounds can be further modified in terms of their stability, 

solubility, and light absorption characteristics. It has been found that the platinum pentacyano unit 

of the [(NC)5Pt-Tl(CN)n(aq)]n- species is inert towards the tested ligands, whereas the thallium 

“part” of the complexes can be tuned significantly. Formation of binuclear Pt-Tl pentacyano 

complexes has been detected in aqueous and a number of organic solutions with the following 

ligands coordinated to the thallium site: halide ions (F, Cl, Br, I); pseudohalide ions (SCN); 

molecular ligands (en, bipy, phen, tetraphenylporphyrine) and aminopolycarboxylate ligands (nta, 

edta). Compounds [(NC)5Pt-Tl(nta)(H2O)]3-, [(NC)5Pt-Tl(bipy)(DMSO)3], and [(NC)5Pt-Tl(bipy)2] 

have been prepared in solid and their structures determined by single-crystal X-ray diffraction. 
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