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On the Structures of the Thallium(III) Chloride Complexes in
Solution. I. Evidence for Tetrahedral TICl, and Octahedral
TICI?~ Species in Aqueous Solution

JULIUS GLASER

Department of Inorganic Chemistry, Royal Institute of Technology, S-100 44 Stockholm 70, Sweden

The structures of the TICl; and the TICl;~ com-
plexes have been determined from X-ray diffraction
measurements on concentrated aqueous solutions
of thallium(IIl) (0.9 M —2.7 M) and chloride (6.2
M—123 M). The TICl complex is tetrahedral
with a TI—Cl distance of 2.43(1) A and a C1-Cl
distance of 3.96(3) A. The TICI2~ complex is octa-
hedral with a TI—Cl distance of 2.59(1) A and a
Cl—Cl distance of 3.69(6) A. There is no evidence
that polynuclear species are present in the investi-
gated solutions. These results are in agreement with
Raman spectra for solutions and for solids contain-
ing discrete thallium(IIT) chloride complexes.

The complexes formed between TI3* and Cl™ in
aqueous solution are among the strongest metal
ion-chloride complexes known.! They have been
the subject of several studies,” and some of their
properties have been elucidated. The stability con-
stants *~% and the enthalpies of formation > can be
explained assuming the TICI3 ~" species (n=0,1,2,3,4)
to be present in dilute aqueous solutions. The
existence of higher complexes (n>4) has, however,
for a long time been a matter of controversy.?
Ultraviolet spectra’ indicate the existence of the
fifth complex, TIC1Z~, with the formation constant
Ks=[TICIZ"}/[TICI; ][C1"])=0.8(2) M. Ex-
traction measurements have also been interpreted
in terms of weak bonding of the fifth chloride ligand
(Ks=03 M™Y® aithough other workers using
the same method found no evidence for complexes
higher than TICl;.°

In concentrated aqueous solutions clear evidence
for at least one higher species, possibly octahedral
TICI2~, was found by Spiro!® and Davies'! from
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Raman spectra. TI NMR spectra also indicate the
formation of complexes with more than four
chlorides per thallium.'?'3 Figgis'? claimed that
the most stable species at higher chloride con-
centrations is T1,CI3~, a structural unit previously
found to be present in the crystal structure of
Cs,T1,Cly.'* Very little is known about the struc-
tures of the TI** halide complexes formed in
aqueous solution. The only information existing on
this subject is inferred from vibrational spectra,
where the interpretation of the data is difficult and
ambiguous, particularly when two or three com-
plexes coexist. 21015

In the solid state, several discrete thallium(III)
chloride species have been found. In TICl; - 4H,0,'6
as well as in TICl;(C¢H,N,0),,'” a trigonal bi-
pyramidal complex, TICl1;0,, exists, with the thal-
lium atom 0.072(3) A off the plane of the three
chlorides. In tetrachlorothallates(III), the only dis-
crete T(III) unit found is the TICl; tetra-
hedron.!8 ~2! The existence of the higher complexes,
TICIZ2~ and TICI? ™, in the solid state is also evi-
dent.22 72424728 The TICIZ™ unit has a distorted
square-pyramidal geometry in [N(C,H),],TICl,,*®
but in salts obtained from aqueous solutions, such as
Cs,TICI4(H,0) or Rb,TICl;-H,0, a water mole-
cule coordinates to TIC12~ and thus completes the
octahedral geometry.22~2# In hexachlorothallates,
octahedral TICI?~ units have been found.?*™ 2%
Polynuclear complexes have also been found in the
solid state.!*24 T1,C13~ (see above) is composed of
two TIClg octahedra sharing one face,'* and
T1,Cl4, contains two octahedra sharing one edge.2*

In order to elucidate the structures of the thal-
lium(III) halide complexes in solution, a series of
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investigations has been started. The distribution of
TIII) among the different TIX2 ™" species (X=
Cl1,Br) in dilute and concentrated aqueous solutions
have been determined by the 2°>TI NMR method.3°
The highest ligand number is proved to be six for
the TI(IIT) chloride system and is probably the same
for the TIBr? ~" complexes, but the stability constant
is much lower in the latter case.

Accurate bond lengths within the different
TIX,(H,0)3 ™" complexes have been derived from
crystal structures, eg. Refs. 16b, 21, 27. These give
plausible models for the complexes existing in
solution. Finally, X-ray diffraction measurements
and Raman spectra have been recorded for con-
centrated aqueous solutions. The first part, dealing
with thallium(ITI) aqua- and bromide complexes,
was presented in the preceding paper.®! In the
present article, the structures of the TICl; and
TIC12~ complexes are elucidated.

EXPERIMENTAL

The solutions were prepared and analyzed as
described previously.>? The compositions of the
solutions investigated by X-ray diffraction are given
in Table 1. The 68— 6 diffractometer was used in the
same way as previously.3® The scattered radiation
(Amoka=0.7107 A) was monochromatized by a fo-
cusing LiF crystal and measured by a scintillation
counter as a function of the scattering angle. The
intensities were collected at discrete points at
intervals of 0.1° for 1.5°<60<20° and of 0.25° for
20°<0<70°, which corresponds to 0.3 A™!<s=
(4nsin B)/2<16.7 A=, Typically, 10° counts were
collected for each point. A complete data collection
was performed twice for each solution in order to
eliminate any long-term experimental drift. Raman
spectra were collected on a Cary 82 and a Coderg
T800 laser source spectrophotometer.

DATA TREATMENT AND RESULTS

The data processing was performed as described
in the preceding paper.3! The curves were calculated
for a stoichiometric unit of volume containing one
Tl atom.

Fig. 1. The experimental reduced intensity curves,
multiplied by s, for the investigated solutions ().
The solid lines are calculated for the interactions
shown in Fig. 2, including the Cl1—(H,0) and the
long T1—(H,0) contributions.
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Fig. 2. Comparison between the experimental radial distribution functions, D(r) — 4nr?p , and the peak shapes
calculated for the nearest neighbour interactions. The curves to the right show the peak shapes calculated for
the following interactions: —, sums of the “background” contacts O —H and Li(H,0); ; --, the tetrahedral
TICI; complex; ---, the octahedral TICl(H,0)*~ complex; — — —, the octahedral TICI3~ complex.
The curves to the left represent: —, the experimental D(r)—4nr?p, functions; ‘-, the sums of the peak shapes
shown in the figures to the right; ---, the differences between the experimental and the calculated curves;
— — —, the differences between the experimental and the calculated curves when also the C1—H,0O and the

long T1—H,O interactions are taken into account.
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Table 1. Compositions (in mol/l) of the solutions investigated by X-ray diffraction. The concentrations of
the TICI3 ™" complexes have been calculated using the stability constants in Ref. 30, determined for similar

total Tl concentrations.

Solution Tl Cl Li H,0 Ratio TICl, TIC1Z~ TICIZ~
Cl/Tl

CLS 1.29 6.23 236 48 48 0.99 0.20 0.10

CL13 0.92 12.3 9.54 42 134 0.06 0.13 0.73

CL4, 2,65 10.87 292 41 4.1 257 - 0.08

The experimental reduced intensity values, multi-
plied by s, for the investigated solutions, are given in
Fig. 1. The radial distribution functions (RDF’s)
D(r)—4nr’p,, (p, is the average scattering power
per stoichiometric volume3*) obtained through
Fourier inversion of the reduced experimental
intensities, 3* are shown in Fig. 2.

Parameters for intramolecular interactions were
obtained by a least-squares refinement procedure,
using different ranges of s in order to reduce the
influence of systematic errors in different parts of
the intensity curves. The refined parameters were:
the distance, r, the mean-square variation in the
distance, I, and the number of distances per Tl
atom, n. The refinements were performed in different
ways:(I)Atfirst,only the T1 — Clinteractions (ry—¢;
3, _ o and ny_ ) were refined, without any assump-
tions about the existing complexes, using the high

Table 2. Results of least-squares refinements (r,, is the distance in Angstrom units between atoms “p

angle region of the intensity curves. The results are
given in Table 2a. (II) Next, the minor TICI3~"
complexes were included with distances found in
the appropriate crystal structures.?*-22:27 The con-
centrations were calculated using the stability
constants from Ref. 30 (cf Table 1) and the TI—Cl
contributions within the major species were refined.
Finally, the Cl—ClI interactions were also refined.

The results from all the calculations under point
(IT) are given in Table 2b. For the solution CLS,
the C1—Cl interactions contribute too little to the
intensity curve and consequently could not be
refined.

Raman frequencies for some aqueous solutions
of TI(III) and Cl1~, as well as for several solid com-
pounds containing discrete TICI3™" complexes,
are presented in Table 3.

669

and

“q”;nis the number of distances per Tl atom; and [? the mean-square variation of the distance, in A2). Only
the parameters for which the estimated standard deviations are given were refined. The standard deviations
are those obtained in the least-squares procedure, but they were increased in order to account for the
variation of the parameters when different s-ranges were used in the refinements.

a. Tl—Cl interactions only (no other complexes included).

Solution fri-a Bi-a nn-ci
CL5 2.458(3) 0.011(2) 4.2(5)
CL13 2.568(3) 0.011(2) 5(1)

CL4 2.436(2) 0.009(1) 4.2(5)

b. TI-Cl and Cl—Cl interactions within the dominating complex (the minor TI(III) complexes included

with constant parameter values).

Solution The dominat- 'n-q Bica An-cl Tci-c1 o Rei-c ra-of
ing complex rr-c
CLS TICl, 2.446(2) 0.010(1) 4.6(6) - - - -
CL13 TICIg~ 2.590(3) 0.009(2) 5.5(7) 3.69(6) 0.04 13(2) 1.42
CL4, TICl, 2.433(1) 0.009(1) 4.2(3) 396(3) 0.04 5(1) 1.63
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Table 3. Raman band frequencies for aqueous solutions of TI(IIT) and C1~. (1 M TICl, ; means [Ti(III)]=
1 M; [Cl™ ],o/[ TI(III)] =4.1). The concentrations of the dominating TI(III) species are given in percent of
the total thallium content according to the stability constants in Ref. 30. Data for some solid compounds
with known structures, containing discrete TIIII)—Cl~ complexes, are given for comparison (the weakest
peaks are omitted). The following abbreviations are used: s =strong, m = medium, w = weak, sh =shoulder,

br=broad.
Dominating Frequencies in cm ™! Ref.
complex
Solutions
A. IMTICl, , 97 % TICl, 305s, ~81 w,br 10
B. 27M TICl, , 97 % TICl; 303s, ~78 w, br This
(“CL4,”) work
C. 1.3MTICl, 4 77 % TICl; 302 s, 260—285 sh, ~120sh, ~90 w, br ”
(“CLS”)
D.27MTICl, ¢ 72 % TICl, 303 s, 260—290 sh, ~120sh, ~85w, br ?
E. 25M TIClg , 79 % TICIZ~ 275s, ~110 w, br ”
F. 09 M TICl,; , 79 % TICIZ~ 270s, ~120 m, br ”
(“CL 1 399)
Solid
[As(C¢Hs),]TICL, 312,296 w, 78, 60 10
MTCl, 300(+3) s, 289(+5)w, 125(+7)m, 96(+ 1) m 24
(M =K,Rb,TI(I))NH,) This
work
Rb,TICI(H,O) 294, ~249w, ~143 m 24
(NH,),TICls(H,0) 2865, ~194m, ~169m ”
Cs,TICIs(H,0) 264s,152m, 131 m This
work
M,TICl; - nH,0 270(+7)s, 116(+24) m 24,39
(M =Na,TI(I),Co(NH)¢,NH,) This
work
Cs,T1,Clg 2855s,260w, 229 w, 155w, 130 m, 108 m 40
This
work
DISCUSSION

Intramolecular interactions. For all the investi-
gated solutionsthe first prominent peak in the RDF’s
occurs at about 2.5 A, a value close to the TI—Cl
distance found in several crystal structures.!’ 28
Thus, it can be identified as representing the T1—Cl
interactions within the different thallium(III)
chloride species. The TlI—Cl distances, refined
without any assumptions concerning the complexes
present in the solutions (Table 2a), increase notice-
ably from 2.436(2) A for the CL4, solution to 2.568(3)
A for CL13 solution. The number of such distances
per Tl atom could not be determined very precise-
ly because of the low scattering power of the Cl
atoms. Nevertheless, these results of the X-ray
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scattering measurements given in Table 2a are con-
sistent with the formation of higher TICI " (n>4)
complexes predicted by the stability constants
determined for the same concentrations using
TI—NMR.3° Thus, it seemed reasonable to include
the minor TICI3™" species (¢f. Table 1) when
refining the parameters of the dominant complex
(Table 2b). The results for the CL4 solution
provide the structure of the TICl; complex: the
ratio r¢ -ci/rm— ¢ 18 equal to 1.63, to be compared
with the theoretical value for a tetrahedron, \/Q_ /
(/3/2)=1.633. The numbers of the TI-Cl and
the C1—Cl interactions, 4 and 6, respectively, are
also consistent with those expected for a tetrahedron.

6
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The parameters determined for the C113 solution
are in agreement with an octahedral TICI2~ com-
plex: the ratio r¢,_¢)/rri-c1=1.42 can be compared
with the theoretical value, \/f= 1.414, and the
frequencies, ny,_¢ and ng,_ ¢, are not significantly
different from the expected ones, 6 and 12, respec-
tively. A comparison of the peak shapes, calculated
on the basis of the parameter values in Table 2b
for the TICI3~" complexes and of the previously
reported values for the “background” interactions
(O—H and Li(H,0);),* with the observed D(r)—
4nr?p, functions is given in Fig. 2. Raman spectra
reported by Spiro,'® Davies'! and in the present
work (see Table 3) are consistent with the conclusion
reached on the basis of the X-ray diffraction and
the NMR3? results. For the solutions where the
TICl; complex dominates (TICl,; and TICl, 4
in Table 3) the major peak is observed at about 303
c¢m ™! (v,) and a minor, broad band occurs at 80 —90
cm™! (v,), in agreement with the Raman spectra of
seversl solid tetrahalothallates containing discrete
tetrahedral TICl; units.'>-?* Similar v, and v,
frequencies were observed for solutions of [NBu,]-
TICl, in several non-coordinating solvents,>® where,
presumably, a tetrahedral TICl, complex is present.
Furthermore, infrared spectra for the CL4, solution
and for a 0.2 M solution of [NBu,JTICl, in CH,Br,
are very similar to each other, with the dominating
peak at 293 cm ™! (v3) and a minor, broader peak at
about 100 cm ™! (v,),3” i.e. essentially the same as the
IR spectrum for the solid KTICl,(s), containing
tetrahedral TICI; units.?

When the ratio Rq=[Cl™],/[ TIIII)] increases
above 4.1, the major peak becomes broader and its
centre moves towards lower frequencies. For
[TIII)]~1 M, it reaches the frequency of ~270
cm™! at Rg~9 and does not shift upon further
addition of chloride up to R¢;~13,!! whereas the
intensity of the peak increases continuously.!® For
the CL13 solution, in addition, a very broad peak
centered at ~120 cm™! arises. Thus, the spectrum
of the CL13 solution shows the same major fre-
quencies as those observed in the Raman spectra
of several crystalline hexachlorothallates containing
octahedral TICI} ~ species (cf. Table 3). Such changes
in the spectra for the solutions with R, >4 are
nicely explained by the distribution of the com-
plexes according to the stability constants for | M
solutions.>® For R¢, values between 4 and 6 the
concentration of the TICl; complex decreases,
whereas the concentrations of the higher species
increase. For 6 <R, <8 the concentrations of the

TICl;, TICIZ2~ and TICI}~ complexes are all of
the same order of magnitude and no species domi-
nates. Finally, for R, ~9, about 60 % of the total
thallium is present as TICI? ™ and the concentration
of this complex increases upon further addition of
chloride, reaching about 80 ; of the total thallium
for R =14, where the solubility limit is reached.

The spectra for the solutions C and D are very
similar to each other (see Table 3). The same is
true for the solutions E and F. This gives no support
for the assumption of Figgis ' that T1,Cl3~ domi-
nates for R¢,>4.5, since formation of polynuclear
complexes should be more pronounced for the more
concentrated solutions and thus alter the spectral
patterns.

It is of interest to compare the distances deter-
mined for the TICI; and the TICI3~ units in solu-
tion with the accurate values obtained for the same
complexes in the solid state. The Tl1— Cl distance of
2433(1) A and the Cl—Cl distance of 3.96(3) A
calculated for the CL4, solution (Table 2b) can be
compared with the values 2.433(3) A and 398 A
(average), respectively, determined for the tetra-
hedral TICI; in the crystal structure of KTICI,.!"*
For the CLS solution the T1— Cl distance is about
0.01 A longer, but this slight increase may not be
significant. Because of the high relative and absolute
concentrations of the TICl; complex in the CL4,
solution as compared with that in CL5 (¢f. Table 1),
the value of 2.433 A is more reliable.

The distances r_=2.5903) A and rg_q
=3.69(6) A found for the TICI2 ~ complex in solution
are not significantly different from the values
2.593(3) A and 3.68 A, respectively, for the crystal
structure of Na,TIClg - 12H,0.27*

Finally, it may be noted that the results in Table
2a are not consistent with the dominance of the
T1,CI13~ complex'? (see above) in the solutions
investigated. The high scattering power of the thal-
lium atoms would result, if the T1,Cl3~ complex
reached any considerable concentration, in a domi-
nating T1—TI peak at ~3.6 A'* in the RDF’s. For
the CL4, and CLS solutions, there are no peaks at
this distance. For the CL13 solution, the broad peak
centered at 3.4 A can be satisfactorily explained by

*The distances in the crystal structures have been
corrected for thermal motion,>® assuming “riding” motion
for the TI —Cl distances and independent motion for the Cl
—Cl distances. Note that an uncorrected distance for the
atoms “p” and “q”, r,,, is obtained as [(r,)—(r )/ ina
crystal structure, but as|{ r,— r )| ina solution (r denotes
a vector and the brackets mean values.

Acta Chem. Scand. A 36 (1982) No. 5



the Cl—Cl interactions in the TICIZ~ complex and
the generally accepted *° “background” interactions
(tetrahedral Li(H,0); species and C1—H,O dis-
tances). Moreover, in this type of complexes,
M,CI13~, the M —Cl distances are ~0.2 A shorter
for the terminal chlorine atoms than for the bridging
ones, at least in the solid state.!*2* If this property
is retained in solution, as may be expected, it would
lead to a significant increase of the mean-square
variation of the T1— Cl distance, 12, in Table 2a. Such
an increase in 1> would also be expected if, for
instance, two of the TI—Cl bonds in TICls2~ were
appreciably shorter than the remaining ones. Ap-
parently, the TICI2~ octahedron is regular.

Intermolecular interactions. In the difference curves
(Fig. 2, left side, short dashes) between the experi-
mental RDF’s and the peak shapes calculated for
the intramolecular interactions, as described above,
there remain broad maxima centered at ~3.2 and
~4.6 A. In this region, several types of intermolec-
ular interactions can be expected, e.g. H,O—H,0
(—2.8 A), C1- H,0 (3.2 A)*3 and distances between
the Tl atom and the molecules in its second coordi-
nation sphere.

Close-packing of water molecules around the
TICI3~" complexes, as assumed in the preceding
paper for the TIBr; complex,?! is less probable in
the present case because of the higher tendency of
the chloride ions to participate in hydrogen bonds.
Such a model would lead to TI—H,O distances
slightly shorter than 4.0 A, which are not present in
the difference curves (Fig. 2).

In the crystal structure of the water-rich com-
pound, Na;TICl4-12H,0, three water molecules
are hydrogen bonded to each of the chlorines within
the TICI3~ octahedra, leading to 12 TI-H,O
distances between 4.47 and 4.79 A.27 Similarly,
it was assumed that in solution water molecules are
arranged around the TICI3™" complexes at the
T1—H,O0 distances of ~4.55 A, which also leads to
several Cl1—H,O distances at ~3.2 A, In addition
to the generally accepted tetrahedral Li(H,0);
unit,>® already included in the calculated peak
shapes (see above), the free chloride ions were also
assumed to be in contact with water molecules
(~3.2 A).3° The difference curves between the ex-
perimental RDF’s and the peak shapes, where the
T1—-H,O0 and Cl-—-H,0 intermolecular interactions
(described above) were also included in the calcula-
tions, are shown in Fig. 2 (long dashes). The agree-
ment in the high angle region between experimental
s - i(s) values and the theoretical curves calculated

Acta Chem. Scand. A 36 (1982) No. §
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for the same model (Fig. 1) finally confirms the
conclusions drawn above concerning the structures
of the complexes.
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