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ARTICLE INFO ABSTRACT

Keywords:
Mixed-valence thallium(III)-thallium(I) com-

At the dissolution of solid anhydrous thallium(IIl) trifluoromethanesulfonate, TI(CF3SOs3)s, or thallium(III) tri-
fluoroacetate, TI(CF3COO)s, in dimethylsulfoxide (dmso) or N,N,N’,N’-tetramethylurea (tmu), intensely red-
plex colored complexes are formed. This red thallium complex is stable for years in dmso, while it is reduced fairly
Red-colored complex rapidly to thallium(l) in tmu with a half-life time of an hour. At the dissolution of TI(CF3SO3)3 in N,N-dime-

Dimethylsulfoxid
Nm;,e N}j]\?l‘{te(i:;nfethyl urea thylpropyleneurea (dmpu) an immediate reduction to thallium(I) takes place. A stable colorless aqueous thallium
S;méture (III) solution is obtained at the dissolution in acidic water. Stable dmso solutions and solid dmso solvates of

thallium(III) perchlorate, nitrate and trifluormethanesulfonate can be prepared by adding dmso to concentrated
acidic aqueous thallium(III) solutions. These experimental observations conclude that the pure solids Tl
(CF3S03)3 and TI(CF3COO0)3 play an essential role in the formation of the red-colored thallium complexes. 20517
NMR data show that the red thallium complex contains equal amounts of thallium(III) and thallium(I). The
structure of the red thallium complex in dmso, as determined by EXAFS, has T1-O bond distances of 2.216(3) and
2.80(2) f\, which are in very close agreement with the bond distances obtained in the pure dmso solvates of the
thallium(III) and thallium(I) ions, respectively, and a Tl---Tl distance of 3.49(1) A bridged by oxygen atoms. From
the EXAFS data it is impossible to distinguish if dmso molecules and/or trifluoromethanesulfonate ions act as
bridges. DFT calculations could eliminate some structures due to the irrelevant structural parameters or the
energetics of the proposed reactions.

Decomposition rate

1. Introduction some days. The structure of the dmso solvated thallium(III) ion is a

regular octahedral complex with mean Tl-O bond distances of 2.224 and

In attempts to prepare dimethylsulfoxide (dmso) solutions of thal-
lium(I1II) by dissolving anhydrous thallium(III) tri-
fluoromethanesulfonate, TI(CF3SO3)3, and thallium(III) trifluoroacetate,
TI(CF3COO0)s, in freshly distilled dmso, intensely red-colored solutions
are formed, while they become orange in dilute solution, vide infra. The
formed complexes in dmso are stable over long periods of time, years.
Contrary to this observation, a stable dmso solvated thallium(III) ion is
obtained by adding a small volume of concentrated aqueous thallium
(ITI) perchlorate solution to freshly distilled dmso [1]. Stable solid [Tl
(dmso)e](ClO4)3 crystals are obtained by evaporating this solution for

* Corresponding authors.

2.22 A in solid state and dmso solution, respectively [1]. A crystal
structure of [T1(dmso)e](NO3)s also reports a mean T1-O bond distance
of 2.224 A [2].

Dissolution of TI(CF3SO3)s in another organic solvent, N,N,N’,N’-
tetramethylurea (tmu), also resulted in a red-colored solution, which
faded away within less than a day. When N, N,-dimethylpropyleneurea
(dmpu) is used as solvent, no red color was observed, and reduction to
thallium(I) takes place instantaneously. Dissolution of TI(CF3SO3)3 in
perchloric or trifluoromethanesulfonic acidic water results in stable
colorless thallium(III) solutions. The red color observed in dmso and tmu
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may indicate that a mixed-valence complex is formed as both thallium
(111 and thallium(I), as d'° and d'%? metal ions, respectively, form
colorless complexes separately.

The perchlorate and trifluoromethanesulfonate ions are regarded as
non-coordinating ligands, and therefore, they are often used when hy-
drated, and solvated metal ions are studied in solution. The thallium(III)
ion is hexahydrated in the solid perchlorate salt, [TI(H20)¢1(ClO4)3 [3],
as well as in aqueous solution [4,5]. On the other hand, with tri-
fluoromethanesulfonate as counter ion, thallium(IIl) forms a neutral
complex binding three water molecules and three tri-
fluoromethanesulfonate ions in solid state, [TI(H20)3(OSOCF3)3] [6].
The isoelectronic mercury(Il) ion displays a similar pattern in solid state
by forming a hexahydrate with perchlorate, [Hg(H20)g1(ClO4)2 [7].
With trifluoromethanesulfonate as counter ion, a polymeric hydrated
mercury(II) compound is formed, [Hg(H20)2(0OSO2CF3)2]ls [6]. This
indicates significant interactions between thallium(IIl) and tri-
fluoromethanesulfonate ions, and may impact the formation of the red-
colored thallium complex.

The coordination chemistry of thallium(l) in solution is less explored
than thallium(III) due to the weak bonds thallium(I) forms. No hydrate
but a couple of thallium(I) solvate complexes have been reported in solid
state [8]. Two examples are tris(4-nitrophenoxo)-thallium(I) 4-nitrophe-
nolate [9] and tetrakis(diethylether)thallium(I) bis(tris(penta-
fluorophenyl)borato)ammonium[10] with O-Tl-O bond angles in the
range 72.4-123.4 and 86.8-133.3°, respectively. All thallium(I) com-
pounds characterized crystallographically show a significant gap in the
coordination sphere [8]. A structure study of the hydrated and dmso
solvated thallium(I) ions in solution showed very weak Tl-O bonds in
the region 2.8-3.2 A, but it was not possible to describe any geometric
coordination figure [11]. 205T] NMR has been shown to be a sensitive
tool to determine the solvation strength of thallium(I) in solvents [12].
The 2%T] NMR shifts of thallium(I) in a series of solvents have a linear
correlation with the donor strength scale, Dg [13], showing the soft
binding character of thallium(l), Fig. S1.

The coordination chemistry of thallium(I) is expected to be strongly
influenced by its electron configuration, 5d'%s% The tendency of the
heavier main group elements to adopt an oxidation state two steps below
being fully oxidized was originally attributed to the effect of the so-
called “inert electron-pair” [14] connected with the relativistic stabili-
zation of the 6s orbital, caused by the direct relativistic effect and the
presence of the filled 4f subshell. According to the valence bond theory,
the inert electron-pair can either occupy a hybrid orbital formed by
mixing the 6s and 6p orbitals on the metal ion and becomes stereo-
chemically active, or be a pure s electron-pair and thereby stereo-
chemically inactive. The hybrid orbital with a lone electron-pair can,
in terms of coordination number, be considered as at least an additional
ligand in the coordination sphere, normally taking up more space than
that of an ordinary ligand [15,16]. However, according to molecular
orbital theory, the classical concept of 6s/6p orbital hybridization on the
isoelectronic lead(II) ion is regarded as incorrect as the energy levels of
these orbitals are too different and have very different spatial distribu-
tion of their wave-functions [17-20]. This should certainly also apply to
the isoelectronic thallium(I) ion as it displays a similar kind of coordi-
nation chemistry as lead(Il) and bismuth(IlI). The strong stereo-
chemical activity observed in a large number of lead(II) and bismuth
(III) complexes must instead be a result of an anti-bonding metal 6s-
ligand np (6s/np) interaction which causes structural distortions to
energetically minimize these unfavorable covalent interactions [18-21].
It can therefore be assumed that thallium(I) also forms a huge gap in its
coordination sphere, as seen in the few examples mentioned above.

A light-sensitive mixed-valence thallium(III)-thallium(I) porphyrin
complex has been reported [22]. In this complex thallium(III) is bound
to nitrogens in a porphyrin core, while thallium(I) is attached to a side-
chain. This complex was formed at exposure to indirect sunlight, and
dissociates in direct sunlight, and does not show the stability the mixed
valence thallium(III)-thallium(I) complex reported in this study has.
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The aim of this study is to get a deeper understanding of the oxida-
tion state(s) and structure of the red-colored thallium complexes formed
at the dissolution of solid T1(CF3SO3)3 and TI(CF3COO)3 in dmso and
tmu. A series of physico-chemical and structural studies on solutions
with dissolved T1(CF3SO3)3 have been performed in water, dmso, dmpu,
and tmu. The structure and the oxidation states of the red thallium
complexes in dmso and/or tmu have been determined by 2°>TI-NMR, X-
ray absorption spectroscopy, and cyclic voltammetry. Electronic spectra
have been recorded to characterize the red complex in the tmu solution
and to follow the spontaneous reduction of the red thallium complex in
this solvent. The experimental studies on dmso solutions of the red
thallium complex have been complemented with DFT simulations to
find the most stable structure of a mixed valence thallium(III)-thallium
(D) complex with trifluoromethanesulfonate as a counter ion. Despite the
highly poisonous properties of thallium, its compounds are still a curious
research object [23-26]. The possibility of thallium occurring in two
oxidation states with very different coordination chemistry, makes its
connections for structural and materials studies interesting [27-31]. The
redox processes between the two oxidation states of thallium are also
eagerly studied [32,33]. However, potential applications such as using
thallium(III) complexes as radiopharmaceuticals or chemotherapeutics
to fight cancer may be particularly essential [34,35].

2. Experimental
2.1. Chemicals

Solvents. Dimethylsulfoxide, (CH3)2SO (dmso, Merck), N,N’-dime-
thylpropyleneurea, (CH3)3(N(CH3))2CO (dmpu, BASF) and N,N,N’,N’-
tetramethylurea, ((CH3)2N)2CO (tmu, Chemicon) were distilled over
calcium hydride, CaH,, (Fluka) immediately before use.

Salts. Thallium(IIl) trifluoromethanesulfonate, TI(CF3SO3)3, was pre-
pared as described elsewhere [1]. Thallium(l) trifluoromethanesulfonate,
TICF3SOs, was prepared by dropwise addition of tri-
fluoromethanesulfonic acid (Fluka) to an aqueous slurry of thallium(D)
carbonate, T1,CO3, (Sigma-Aldrich, 99%) until a clear solution was ob-
tained. This solution was filtered, and finally excess water and tri-
fluoromethanesulfonic acid were boiled off in an oven at 450 K.
Thallium(I) and thallium(IIl) trifluoromethanesulfonate are white
powders, which were stored in an oven at 450 K to minimize the uptake
of water. A much faster preparation route of hexakis(dmso)thallium(III)
nitrate, [TI(OS(CH3)2)6](NO3)3, than reported in ref. 2 can be made by
adding dmso to saturated thallium(III) nitrate in 10 mol-dm 2 nitric acid
resulting in a pale yellow precipitate. In an attempt to prepare hexakis
(dmso)thallium(III) trifluoromethanesulfonate, [TI(OS(CH3)2)6]
(CF3S803)3, in the same way as the nitrate and perchlorate salts resulted
in white milky precipitation. Most importantly, by using this prepara-
tion procedure no red mixed-valence complex was formed.

Preparation of solutions. Weighed amounts of dry TI(CF3SO3)s or
TICF3SO3 were dissolved in the respective solvent to the concentration
applied in the different experiments, see text below.

2.2. Experimental methods

2.2.1. UV-Vis spectrophotometry

Electronic absorption spectra were recorded in the range 200-700
nm with a scan rate of 200 nm/min on a double beam Thermo Scientific
Evolution 600 UV-Vis spectrometer. The spectra were collected using
quartz cuvettes with a 1 cm path length.

20571 NMR. 2°>Thallium-NMR spectra were measured at 8.46 Tesla,
on a Bruker Avance I 360 MHz spectrometer using a (home modified) 5
mm BB probe tuning the BB-channel to the frequency of 2°°Tl, 207.74
MHz. The probe temperature was kept at 25.0 (+0.1) °C. Thallium
chemical shifts were referenced externally to infinitely diluted TICIO4 in
water as 0 ppm, using 50 mM thallium(I)- and thallium(III)-perchlorate
solutions, TI*: —4.72 ppm and TI**: 2039 ppm for 2°°TI and 2°°TI
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spectra. Typical instrument parameters were used, TD = 16 K, SW =
150- 360 ppm, pl = 12.6 ps (45°), d1 = 1.5-3 s, with 8-256 transients.
20511 longitudinal relaxation time constants (T7) were determined at
room temperature by an inversion recovery experiment (n-delay-n/2
pulse sequence) in pseudo 2D mode provided with the Bruker Avance I
360 MHz spectrometer. The results were calculated by a non-linear
parameter fitting using the TopSpin© software (Bruker AG) [36].

2.2.2. EXAFS spectroscopy

Thallium Lz edge X-ray absorption data were collected in trans-
mission mode at the Balder beamline at the MAX IV synchrotron light
facility, Lund University, Sweden [37,38], and at Stanford Synchrotron
Radiation Laboratory (SSRL), wiggler beamline 4-1 (old station). At
MAX 1V, spectra were acquired using a continuous scan scheme, where
the Bragg axis as well as the vertical beam offset are moved simulta-
neously with constant velocity to fix the vertical position of the beam
[38], while data collection at SSRL was performed in step scan mode.
The radiation was monochromatized by Si(111) double crystal mono-
chromators. The solutions were contained in sample cells made of a 3.0
mm Teflon spacer and Kapton foil windows hold together with titanium
frames. The XAS spectra recorded at the Balder beam-line were
measured in continuous energy scanning mode at a speed of 50 sec/full
EXAFS spectrum (kpax = 14.5 A™1). The monochromatic flux at the
sample was ~ 102 photons/sec with a spot size of approximately 0.10
(horizontal) x 2.0 (vertical) mm?. For each sample, 20 repeats were
examined for possible radiation damage and afterwards accumulated
into an average spectrum. Immediately before the start of each repeat,
the sample was shifted by 0.20 mm into a fresh position to avoid radi-
ation dose accumulation. In general, only a single EXAFS scan was
recorded on each sample position. The energy axis was calibrated with
repeated spectra of a selenium foil with first inflection point assigned as
12658 eV, which is identical to the energy of the L3 edge of metallic
thallium [39]. The EXAFSPAK program package was used for the data
treatment [40]. The EXAFS oscillations were extracted using standard
procedures for pre-edge subtraction, spline removal and data normali-
zation. Model fitting, including both single and multiple back-scattering
pathways, was performed with theoretical phase and amplitude func-
tions calculated ab initio by means of the computer code FEFF7 [41]. The
k®-weighted EXAFS oscillation was analyzed by a non-linear least-
squares fitting procedure.

2.2.3. Cyclic voltammetry

Electrochemical experiments were performed using a CHI 650D
electrochemical workstation (CHI Instruments Inc., Austin, Texas, USA).
A conventional three-electrode system with a non-aqueous Ag/AgCl
electrode in tetrabutylammonium chloride/methanol with a double
junction was used as the reference electrode. This secondary salt bridge
was filled with the electrolyte solution used in the experiments. A
platinum foil was used as the counter electrode and the glassy carbon
electrode (GCE) of 3 mm diameter (GCE, BASi® West Lafayette, Indiana,
USA) as the working electrode. All experiments were performed at 25 °C
in 0.2 mol-dm 2 tetra-n-butylammonium trifluoromethanesulfonate ((n-
C4Hg)4N(CF3S03)) in dry tmu as the supporting electrolyte. The refer-
ence electrode was calibrated using the process of ferrocene oxidation in
the same (n-C4Hg)4N(CF3SO3)/tmu solution. During the experiment,
argon was used to deaerate the solution, and an argon blanket was
maintained over the solution. The GC electrode was polished mechani-
cally with 1.0, 0.3 and 0.05 pm alumina powder on a Buehler polishing
cloth to a mirror-like surface and rinsed with water and dmso.

2.3. DFT methods

Density Functional Theory (DFT) calculations have been carried out
using the Gaussian09 software package [42]. Geometry optimizations
have been performed with the MO6 functional [43]. TZVP basis sets [44]
for the non-metal elements while CRENBL ECP and the related basis sets
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are used for the thallium atoms [45]. Frequency calculations have been
done at the theoretical level of geometry optimization. Relative free
energies (AG) are reported at 298.15 K and atmospheric pressure. The
solvent effect is accounted for the Integral Equation Formalism Polar-
ized Continuum Model (IEF-PCM) [46]. All stationary points, minima
and transition states (TS) have been proven by frequency analysis where
minima have all positive frequencies, and TSs have one imaginary fre-
quency related to the actual movement of the reaction coordinate. All
energies are given in kJ-mol ™!,

3. Results and discussion

3.1. Structure of solid anhydrous thallium(III) trifluoromethanesulfonate,
TI(CF3S03)3

The XANES spectrum of solid anhydrous thallium(IIl) tri-
fluoromethanesulfonate, TI(CF3SO3)s, is in very close agreement with
those of aqueous and dmso solutions of thallium(III), Fig. 1a. Refine-
ment of the EXAFS data reveals a TI-O bond distance of 2.205(2) 10\, and
a multiple T1Og scattering pattern strongly indicating regular octahedral
coordination. The mean T1-O-S bond angle was determined to 149(2)°.
The fits of the raw EXAFS data and the Fourier transform are given in
Fig. S2, and the refined structure parameters in Table S1. The TI-O bond
distance in TI(CF3SO3)s is in close agreement with other octahedral
thallium(III) complexes/compounds, Table S2. As no Tl---Tl distance was
observed in the EXAFS study of solid TI(CF3SO3)s, Table S1 and Fig. S2,
the shortest T1---T1 distance is certainly longer than 5-6 A. Thereby, it
seems likely that thallium(III) binds to different oxygens in bridging
trifluoromethanesulfonate ions.

3.2. Conditions for the formation of red thallium complexes

Red-colored mixed valence thallium(III)-thallium(I) complexes form
at the dissolution of solid anhydrous T1(CF3SO3)3 and TI(CF3COO)3 in
dmso and tmu. The addition of water to such solutions does not alter the
color. A stable colorless aqueous thallium(III) solution is obtained at the
dissolution of T1(CF3SO3)3 in acidic water. On the other hand, at the
dissolution of solid TI(CF3SO3)3 in dmpu, an instantaneous reduction to
thallium(I) takes place. The dmso solvated thallium(III) ion is stable in
both solution and solid state with perchlorate and nitrate as counter ions
[1,2], as well as for trifluoromethanesulfonate when it is prepared by the
addition of dmso to saturated aqueous thallium(III) solution in highly
concentrated trifluoromethanesulfonic acid. Furthermore, no visible
reaction occurs when dmso solutions with equimolar amounts of thal-
lium(III) perchlorate and thallium(I) trifluoromethanesulfonate are
mixed, and neither when an excess sodium trifluoromethanesulfonate is
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Fig. 1a. XANES spectra of thallium(I) in aqueous (purple line), dmso (black
line), tmu (green line) and dmpu (brown line) solution, no offset, red thallium
(red line), offset: 0.2, and thallium(III) in aqueous (dark blue line) and dmso
(yellow line) solution and solid TI(CF3SO3)3 (cerise line), offset: 0.4.
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added. The experimental observations described above show that the
red-colored thallium complexes form only when anhydrous thallium(III)
trifluoromethanesulfonate or trifluoroacetate are dissolved in dmso or
tmu. The key factors for the formation of the red thallium complex seem
to be that thallium(III) must be coordinated by a counter ion bridging
other thallium(IIl) ions, and that the solvent has well tuned reducing and
coordination ability to stabilize the mixed-valence thallium(III)-thal-
lium(I) complex. Dmso seems to be more or less perfectly tuned for this
system, while tmu, and especially dmpu, are too strong reducing agents.
On the other hand, water is too weak as a reducing agent to reduce
thallium(III) in TI(CF3SO3)3 to thallium(I).

3.3. Determination of oxidation states of thallium in red thallium
complexes

3.3.1. 2%°T1 NMR

A 205T] NMR spectrum of a red thallium dmso solution stored for
three months at room temperature shows two signals attributed to
thallium(III) and thallium(I), at chemical shifts of 2010 and 475 ppm,
respectively, see Table 1. The intensity ratio of the two signals is 0.97, i.
e. the thallium(III)/thallium(I) concentration ratio is close to 1:1 with a
small excess of thallium(I). As the sample has been prepared to form at
0.20 mol-dm™2 TI(CF5SO3)s solution, the concentration of a dimeric
mixed valence complex is ca. 0.10 mol-dm 3. As the thallium(III)/
thallium(I) ratio is close to one in the red thallium complex it clearly
indicates a redox reaction between the thallium(IIl) and dmso, which
most likely stops due to the stability of the mixed valence thallium(III)-
thallium(I) complex. Two signals with equal intensity might be attrib-
uted to a mixture of thallium(III) and thallium(I) or to a compound with
thallium(III) and thallium(I) in 1:1 ratio. The chemical shift values of Tl
(dmso)g+ and Tl(dmso)y in dmso solution are known from our earlier
studies; 1886 and 361 ppm in the presence of perchlorate as counter
anion, respectively [1]. The differences of +124 and +114 ppm,
respectively, are not dramatic considering the large chemical shift scale
of 29°T] NMR, and the sensitivity of the chemical shift to concentration,
counter ion, solvent (purity), temperature etc. [12]. In addition, the
absence of scalar spin—spin coupling between closely located Tl-atoms
<(TI-O-TL, i.e. ZJ(Tl_Tl)) does not support the formation of a complex
containing both thallium(III)-thallium(I). However, we do not know and
cannot predict the ZJ(TI_TD value in the case of a thallium(II)-thallium(I)
entity bridged with one or several O-atom(s). 2Jri.1) values measured
for thallium(IID)-thallium(IIl) coupling ranges 800 Hz and 2700 Hz in

Table 1

205T] NMR parameters of thallium(I) and thallium(III) in dmso solutions.

Species Anion Shift Shift Ty T Ref.
Tl "y Ty 1Yy
ppm ppm ms ms

TI"/dmso ClO; 361 - - - 1
TI/dmso ClOg 360 - 287 - This
work

TI**/dmso Cloy - 1886 - - 1
TI**/dmso ClO; - 1885 - 291 This
work
T 4T3/ ClOy 360 1883 501 245 This
dmso * work
TI* + TI**/  ClO; + CF3S03 351 1883 343 75 This
dmso ° work
TI* + TI3*/ ClO; + CF3S03 335 1879 345 90 This
dmso ® +01M work

dimethyl sulfone

T**/dmso ¢ ClOy + CF3S03 1881 - - This
work
Red CF3SO3 474 2012 380 223 This
thallium work

2 ¢(T1M) = ¢(TI*Y) = 0.01 M, ¢(ClOZ) = 0.04 M; ® ¢(TIH) = ¢(T1*") = 0.1 M, ¢
(ClO3) = 0.4 M, c(CF3S03) = 0.3 M; © ¢(TI3") = 0.1 M, ¢(ClOz) = 0.3 M, ¢
(CF3803) = 0.3 M.
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two polyoxometallates (POM) containing two Tl-atoms. However, no
data are published for the thallium(I)-thallium(III) interaction, and this
coupling constant could be much smaller, even unmeasurable [47,48].

The interaction of thallium(IIl) and thallium(I) might affect the
longitudinal relaxation time constant (T;) of the thallium(III) and thal-
lium(I) signals. Therefore, the T; values in the “red thallium” sample at
8.46 Tesla have been measured to 223 and 380 ms, respectively. For
comparison, we have also determined T; of Tl(dmso)g+ and TI(dmso);
in the presence of perchlorate anion in separated samples (cy; = 0.02
mol-dm~3); the measured values are 291 and 287 ms, respectively.
These time constants are slightly smaller than the T; value measured for
the aqueous TI(H,O)2" ion ranging from 310 to 2020 ms, depending on
the acid content, ionic medium, and magnetic field strength [49].
Interestingly, after mixing thallium(III) and thallium(I) (cmiam = ¢ =
0.01 mol-dm 3, perchlorate counter anion), the measured T; values in
this colorless solution are somewhat (although not dramatically)
different from the values measured in “pure” samples, 245 ms and 501
ms, respectively. This solution remains colorless after adding KCF3SO3
salt to the solution. The chemical shift of thallium(I) is slightly changed,
while the chemical shift of thallium(III) is not affected. At the same time,
the T; values for both thallium(I) and thallium(III) are shortened
significantly, indicating some interaction between the CF3SO3 anion and
both thallium(I) and thallium(III). A dmso solution containing thallium
(D), thallium(III) and dimethylsulfone, likely the product of oxidation of
dmso by thallium(IIl) in the “red thallium” sample, but neither any
color-change, nor a chemical shift change indicate any role of dime-
thylsulfon. In the case of the above mentioned Tl-containing POM,
[Tl:Nay(H20)2(P2W150s6)2]1 6, the measured T; = 22 ms for 2°°Tl
longitudal relaxation time of thallium(Ill) is substantially shorter
compared to the actual 75-500 ms values measured in dmso solution
[38]. The large decrease in the POM can likely be attributed to the strong
TI-T1 interaction and different chemical shift anisotropy (CSA) mecha-
nism instead of a spin-rotation mechanism suggested for a thallium(III)
ion with non-distorted Oy, symmetry in a small molecule [49].

205T] NMR experiments show that the dissolution of solid TI
(CF3S03)3 or TI(CF3C0OO0)3 in dmso results in stable red-colored solu-
tions with half of the thallium(II) reduced to thallium(I). The experi-
mental NMR parameters, neither the chemical shift values nor the T;
time constants of the”red Tl sample”, show any significant differences
compared to a colourless dmso solution prepared by dissolving thallium
(D and thallium(III) salts in equimolar amounts.

3.3.2. XANES

X-ray absorption near-edge structure (XANES) spectra at the Tl Ls-
edge were collected on a two-day old red thallium dmso solution, and of
TICF3SO3 dissolved in water, dmso, tmu and dmpu, and previously re-
ported XANES spectra of thallium(III) perchlorate in aqueous and dmso
solution [1] are shown in Fig. 2a. The XANES spectra of thallium(I) are
similar without any features on the edge and an edge position at about
12665 eV; the XANES spectra of thallium(I) are plotted with offset for
better visibility in Figure S3. The absorption edge position of the sol-
vated thallium(I) follows nicely the reversed order of the electron-pair
donor ability [13] and 205T] NMR shift [12], Fig. S1, showing the soft
bonding character of thallium(I). The XANES spectra of thallium(III)
have two pronounced shoulders on the absorption edge with inflection
points at 12655 and 12671 eV, and a weak white-line peaking at ca.
12685 eV. Red thallium has a XANES spectrum in between thallium(I)
and thallium(Ill), but there are significant differences between the
XANES spectrum of the red thallium complex in dmso and the mean
spectrum (1:1) of the spectra of thallium(III) and thallium(I) in dmso,
Fig. 1b. Especially, the first shoulder on the absorption edge appears at
significantly lower energy than both thallium(I) and thallium(III). This
shows that the red thallium complex is different from the mean of the
solvated thallium(I) and thallium(III) ions in dmso solution, and thereby
not a mixture of separate dmso solvated thallium(IIl) and thallium(I)
ions.
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Fig. 1b. XANES spectra of thallium(I) trifluoromethanesulfonate in dmso so-
lution (black line), thallium(III) perchlorate in dmso solution (yellow line), red
thallium dmso solution formed at dissolution of solid TI(CF3SO3)3, (red line),
and the mean of the thallium(I) and thallium(III) dmso solutions (grey line).
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Fig. 2. Fit of raw EXAFS data of red thallium in dmso solution, black line —
experimental data, and red line calculated EXAFS function the parameters given
in Table 2. The individual contributions to the applied model are TI'"-O, single
scattering (SS) — light blue line, offset: —2.5, TI'"...TI' SS — cerise line, offset:
—5.0, TI"™...S, SS — light green line, offset: —6.0, TI"-O-S three leg scattering —
green line, offset: —7.2, linear multiple scattering within TI"™'Og entity, light
brown, brown and orange lines, offsets: —7.8, —8.3 and 8.8, and TI-0, SS —
purple line, offset: —9.3.

3.3.3. EXAFS study of the red thallium complex in dimethylsulfoxide

The information obtained from XANES and 2°°T] NMR spectra show
that the red thallium dmso solution contains both thallium(I) and thal-
lium(III), and it is different from the mean of individual solvated thal-
lium(III) and thallium(I) ions, vide ultra. It is clearly seen in the high k
part of the EXAFS function of the red thallium complex that there are
two strong contributions. The only reasonable contributions at k > 11
A1 are TI"O and TI---Tl single scattering. A model with an octahedral
geometry around a thallium(III) site which bridges through two oxygens
to a thallium(I) site with a TIl---T1 distance of 3.49(1), and mean Tl-O
bond distances of 2.216(3) and 2.80(3) A to the thallium(III) and thal-
lium(I) sites, respectively, has been applied, Table 2. The observed TILO
and TI™-0 bond distances are in full agreement with the structures of the
dmso solvated thallium(III) and thallium(I) ions, respectively [1,11].
The mean TI™-O-S bond angle is determined to 120° from the TI.--S
single and the T1-O-S three-leg scattering paths, which is in full agree-
ment with structures of the dmso solvated thallium(III) ion in solid state
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Table 2

Mean bond distances, d/A, Debye-Waller factors, 62/A2, number of distances, N,
the threshold energy, E,/eV, the amplitude reduction factor, $2, and the good-
ness of fit, F, as defined in ref. 26, of the studied red thallium complex in dmso in
the k range 2-15 A~! at ambient room temperature.

Solvent N d 62 E, s2 F
Interaction

TI(CF3S03)3 in dmso solution (red thallium)

TI"™.0 3 2.216(1)  0.0058 12688.4 0.84 19.9
@ @ (€]
MS (T1Og) 3*3  4.433(2)  0.021(1)
TI™...§ 3 3.275(5)  0.0176
9
TI"-0-S 6 3.481 0.0083
12) (8
T1.--Tl 1 3.490(3)  0.0080
@
TI-0 2 2.80(2) 0.023(3)

and dmso solution [1]. The refined structure parameters are summarized
in Table 2, and the fit of the experimental EXAFS raw data together with
individual contributions of the applied model are shown in Fig. 2.

3.3.4. DFT simulations

The starting point in the DFT simulation is the results from the EXAFS
study of the red Tl dmso solution summarized in Table 2. The different
TI-0 and TI™-0 bond distances can be attributed to an adduct formed
from solvated thallium(I) and thallium(III) entities bridged by two p-O
atoms of dmso molecules and/or trifluoromethanesulfonate ions. The
formation of the complex is basically concluded from the relatively short
T1---T1 distance at 3.49 A observed by EXAFS. Studying the possible
forms of the “TI' —~O,-TI"™™ complex by DFT calculations, structures with
only dmso ligands including bridging ones or with dmso and CF3SO3
anion(s) both in bridging and terminal positions either at thallium(I) or
thallium(II) have been considered. The anion certainly plays a crucial
role in the redox reaction during the reduction of thallium(III) to thal-
lium(I), and it might decrease the obviously strong electrostatic repul-
sion between the + 1 and + 3 charged cations in the proposed mixed-
valence thallium(III)-thallium(I) complex.

The [(dmso)sT1"-- T (dmso)e] ** and [(dms0)2(CF3-SO3)
TIL--TI™(dmso)e] 3+ complexes have several isomers. However, there are
only two structural types with low energy showing fairly good agree-
ment with the structural parameters calculated from the experimental
EXAFS data, Fig. 3 (see Table 2 and with bond angles described vide
ultra).

In the case of the [(dmso)ngI~-~Tlm(dmso)6]4+ species (1), there is a
weak interaction between thallium(I) and one of the sulfur atoms (3.42
A), the following structural parameters have been calculated including
two bridging dmso molecules: TI.--T1 3.48 A, TI“Oldmso 2.76 A, 11"
~024mso 2-81 A, Oldmso-TI'-024mso 64°, mean TI-0 2.27 A, TI*
—Olgmso-TI™" 87° and TI“O024meo-TI™ 85°. In the case of the
[(dmso)z(CFg-SQo,)Tl---Tl(dmso)ﬁ]e'+ complex isomer (2) the following
structural parameters including again two bridging dmso molecules can
be distinguished: TI-T1 3.47 A, TI“O1gmso 2.75 A and TI-024mso 2.74 A,
O1dmso-T1'-024mso 65°, both TI“O1g¢mso-TI™ and TI'-O1 4mse-T1 ™ 87°.
In 2 there is also a weak TI'-S bond (3.48 f\), while the CF3-SOj3 ligand is
coordinated by two oxygen atoms, however, one of them has a shorter
TI-O distance. The Gibbs free energy of the reaction 1 + CF3SO3 22 +
dmso is —20.6 kJ mol ! predicting the dominant existence of 2 (almost
100%). The binding of a trifluoromethanesulfonate ion to the thallium
(1) site is supported by 2°T1 NMR measurements with excess potassium
trifluoromethanesulfonate, vide ultra.

It is important to note that those [(drnso)ng-~-T1(CF3SOg)(dmso)5]3+
complexes, where the CF3SO3 ligand is located in a terminal position on
thallium(III) or in a bridging position, have higher energies (+18-27 kJ
mol™1) than 2 and the TI---Tl distance shows a wide variety (3.28, 3.53
or 4.08 [D\). These species (5, 6 and 7) can be seen in Fig. S4. With two or
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2 TI-TI:3.47 A

Fig. 3. The optimized structures of 1 and 2 with the TI-O and TI-S distances (10\).

three CF3503 ligands binding to T1' initiated a significant lengthening of
the T1.--Tl distance to 3.75-4.25 A.

From the geometrical point of view, in both DFT calculated com-
plexes 1 and 2, the thallium(III) center has rather a distorted trigonal
antiprismatic geometry than a distorted octahedral one, while the [Tl
(dmso)]®t complex exists in a slightly distorted octahedral geometry
calculated by DFT. The [TI(dmso)s]* has a capped octahedral (Csy)
geometry where the gap in the coordination sphere is an anti-bonding
orbital as discussed in the Introduction section.

Simulated UV-Vis spectra of complexes 1 and 2 show a maximum in
absorbance around 465 nm, which is in agreement with the recorded
UV-vis spectra even though it is not displaying a Gaussian shape, most
likely due to the high absorbance, Figs. S5 and S6. Neither [Tl(dmso),] "
nor [Tl(dmso)ﬁ]3+ has an absorption in the visible region, while both 1
and 2 have a quite intensive absorption band around 465 nm as also
observed experimentally. In summary, it can be declared that the DFT
and TDDFT calculations propose the existence of a [(dmso)2(CF3-SO3)
Tl---TI(dmso)e] 3+ complex there most likely the tri-
fluoromethylsulfonate ligand coordinates to the thallium(I) ion.

3.3.5. Kinetics of the reduction of the red thallium complex in tmu

The kinetics of the reduction of the red thallium complex has been
followed by XANES spectroscopy, UV-Vis spectrophotometry and cyclic
voltammetry. XANES spectra of the red thallium complex in tmu were
collected during 135 min to follow the spectral changes, and additional
spectra were collected after 6 and 24 h when the decomposition of the
red thallium complex was assumed to be completed, Fig. 4. The
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< 0.180
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0.170
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Fig. 4. XANES raw data of a 0.2 mol-dm 3 tmu solution collected 35 min after
the dissolution of TI(CF3S03)3 (black line), after 60 min. (pink line), 85 min.
(orange line), 110 (light blue), 135 min. (purple line), 6 h (green line) and 24 h
(red line).

reduction reaction clearly follows first order kinetics with a half-life time
of 63 + 3 min, Fig. S7.

In general, the UV-Vis spectrum of the thallium(III) triflate solution
in tmu displays intense absorption in the range of 300-500 nm without a
clear point to which the maximum absorbance value can be attributed,
Fig. 5. For comparison, the pure tmu spectrum shows strong absorption
up to approximately 300 nm. A gradual disappearance of the presented
thallium(IIl) spectrum can be observed in time as shown in Fig. 5, and
after about 24 h from the preparation of the solution, its spectrum be-
comes similar to that obtained for the pure solvent. The half-life time (t;,
2) of the studied system can be estimated assuming a logarithmic
disappearance of its concentration, Fig. S8. From the slopes of the
marked straight lines, the estimated t; /5 values are equal to 52.1, 51.3,
50.2, 49.5 and 48.5 min for 410, 420, 430, 440 and 450 nm, respec-
tively, giving an average value of 50 min for these five wavelengths.

In turn, in the cyclic voltammetry studies, two peaks in the reduction
half-cycle and one peak in the oxidation part were observed after dis-
solving thallium(IIl) trifluorosulfonate in tmu, Fig. 6a. The smaller and
wider peak at a positive value of potential (at ca. +0.13 V) is responsible
for reduction process: thallium(IIl) to thallium(I) while the higher but
narrower peak at a negative value of potential (at ca. —0.81 V) is caused
by the reduction process: thallium(I) to thallium(0). Only one peak
originating from the oxidation of thallium(0) to thallium(I) was regis-
tered in the oxidation half-cycle at approximately —0.58 V. For the so-
lution of thallium(I) trifluorosulfonate in tmu, the peak at +0.13 V was
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T T ]
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Fig. 5. Time evolution of UV-Vis absorption spectra for ca. 10”3 M solution of
TI(CF3S03)3 in tmu (recorded at 15 min intervals beginning from the second
spectrum; the first spectrum was recorded after 7 min).
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Fig. 6. (a) Time evolution of cyclic voltammetry curves (recorded at 20 min intervals; the first curve after 3 min, the second after 20 min) for the ca. 103 M solution
of TI(CF3803)5 in tmu/0.2 M (n-C4Ho)4N(CF3S05) (scan rate: 50 mV-s1); (b) Cyclic voltammogram for the solution of TICF3SOj3 in tmu/0.2 M (n-C4Hg)4N(CF3SO3).

not observed, Fig. 6b. Under the conditions of electrochemical mea-
surements the oxidation of thallium(I) to thallium(III) was not achieved.
As seen in Fig. 6a, the decrease of the peak at positive potential and
increase of the peaks at negative values were registered in time. More-
over, a quite good linear correlation connected with the loss of thallium
(II1) amount with a half-life time of approximately 111.8 min is
observed, Fig. S9, which is surprisingly about two times longer than that
observed by the UV-Vis technique.

The determination of the half-life time of the studied system by
UV-Vis spectroscopy may be burdened with considerable error due to a
lack of a clear maximum absorbance point in the spectra. Therefore this
value was estimated as an average value from a few different wave-
lengths. Similarly, in the case of electrochemical curves, some deviations
in the position of the TI(II)/TI(I) reduction peak may have an impact on
the correct t; /5 value. In contrast to the solution of TI(CF3SO3)3 in tmu,
no signal corresponding to the reduction of TI(III) to T1(I) was observed
in the cyclic voltammetry curve for its solution in dmpu (Fig. S10).

4. Conclusions

When solid anhydrous thallium(III) trifluoromethanesulfonate, T1
(CF3S03)3, or thallium(III) trifluoroacetate, TI(CF3COO)3, are dissolved
in organic solvents as dimethylsulfoxide (dmso) and N,N,N’,N’-tetra-
methylurea (tmu) a red-colored mixed-valence thallium(III)-thallium(I)
complex is formed. This red thallium complex is stable in dmso for at
least years, but it reduces fairly rapidly to thallium(I) in tmu with a half-
life time of an hour, and in N,N-dimethylpropyleneurea (dmpu) an im-
mediate reduction to thallium(I) takes place. In acidic aqueous solution,
stable hydrated thallium(IIl) ions are obtained. The observations
strongly indicate that the trifluoromethanesulfonate and tri-
fluoroacetate ions play an essential role in the formation of the red
thallium complex, even though they do not necessarily bind to thallium
in the red complex formed. 2°>T] NMR data show that the red thallium
complex contains equal amounts of thallium(IlI) and thallium(I). The
structure of the red thallium complex, as determined by EXAFS, shows
T1-O bond distances of 2.216(3) and 2.80(2) [o\, which are in very close
agreement with the bond distances obtained in the dmso solvates of the
thallium(III) and thallium(I) ions, respectively [1,11], and a T1---T1 dis-
tance of 3.49(1) A bridged by oxygen atoms. It is not possible from the
EXAFS data to distinguish if dmso molecules and/or tri-
fluoromethanesulfonate ions act as bridges. DFT calculations indicate
that dmso molecules bridge the thallium(I) and thallium(III) sites with a
trifluoromethanesulfonate binding to the thallium(I) ion, which
certainly reduces the repulsion between the two thallium sites. DFT
calculations could also eliminate some structures due to the irrelevant
structural parameters or the energetics of the proposed reactions based
on the experimental studies. The striking stability of the red-colored

mixed-valence thallium complex in dmso, characterized in this study,
makes it to an ideal strong oxidizing agent in kinetic redox studies due to
the color change. Whether this mixed-valence thallium complex can be
further stabilized by multi-dentate ligands is an area of future research,
and possible use in e.g. nuclear medicine [34].
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