636 James H. EspENsON aND D. JoE BooNE

Inorganic Chemistry

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY AND THE INSTITUTE FOR ATOMIC RESEARCH,

Iowa STaTE UNIVERSITY, AMES, Iowa 350010

Kinetics and Mechanism of Oxidation of the Tantalum Halide Cluster Ion
(Ta(Cl,;)** by Cobalt(IIT) Complexes and by Miscellaneous Oxidizing Agents'

Bv JAMES H. ESPENSON anp D. JOE BOOXNE

Received October 27, 1967

Kinetic studies have been carried out on the reaction of (TasCl)?* and amminecobalt(II1) complexes.

Most extensive

studies were carried out on the oxidation by ¢is-Co(NH3)(OH,)CI2+; the second-order rate constant is 2.5 &= 0.2 3~ sec—!

at 34.7° and ¢ = 0.052 M. The value of k; was independent of the specific anion used to maintain ionic strength and inde-
pendent also of the charge type of the inert cations present. In a series of experiments at varying ionic strength (0.009 <
u < 0.052), the value of % followed the relation log £ = log (1.35) + 0.51 X 4.0 X u'/?, consistent with the limiting Brgn-
sted—Debye-Hiickel relation. Activation parameters were obtained at u = 0.05 M. No spectral evidence for ion association
of (TagCli)?* and Cl~ was obtained over the concentration range 2 X 1075 < [CI7] < 0.1 M. In a period of 13 hr, chloride
exchange of (TasCli2)?™ and Cl~ was negligible. Mercury(I1), cerium(IV), and copper(II) oxidized (TagCli2)?™ to the 3+
cluster with second-order rate constants of 3.46, 1.5 X 107, and 0.027 3/~ sec™!, respectively, at 25.0° in 1.00 F perchloric
acid. Electron exchange between cluster ions proved to be immeasurably rapid at 25° in 1.0 F perchloric acid. For the
reproportionation reaction of (Ta¢Br;)?* and (Ta¢Bry;)* ™ we concluded 2 > 5 X 107 4! sec™?, and for the net oxidation of

(TasClip)?t by (TasBri2)* "k > 1 X 108 M 1sec™l

Introduction

The inechanisms of electron-transfer reactions in-
volving cluster ions have received relatively little
previous study, although similar reactions with iron-
(I11)? and vanadium(V)® have been reported, as
have electron-transfer reactions of polytungstate spe-
cies.* Reactions such as these involve a species rather
different from simple first-row metal complexes. It
1s a question of some interest to learn whether the
general ideas of mechanism that have been developed
in the latter cases can be extended to the former.

We report here on studies of reactions involving
cobalt(III) complexes, cerium(IV), mercury(II), and
copper(II). In addition, two types of reactions in-
volving electron transfer between different cluster
ions were also studied.

Experimental Section

Materials,—Solutions of (Ta¢Cli:)?" and (TagBrip)*™ were
prepared as before.® Solutions of (TasX2)" were prepared by
chlorine oxidation, the excess of which was removed in a stream
of nitrogen. The 3+ cluster, (TasX2)**, was prepared from
equimolar amounts of 24 and 44. Solutions of (TagXi)2™
were analyzed on the basis of the known extinction coefficients at
6370 4.2

The cobalt(TII) complexes used were cis-[Co(NH;j)( OH,)Cl]-
804, [Co(NH;);0H,]Cl;, cis- and trans-[{Co(en),Cly]Cl, [Co-
(NH;);Cl]Cl,, and ¢rs-[Co(NH;)(OH2),]Clz. The complexes
were prepared according to the directions given in the ref 5 and 6.

Other oxidizing agents were used as their perchlorate salts in
acidic solution. Mercury(Il) was prepared from the oxide;?
cerium(1V) and copper{IIl) were available commercially (G. F.

(1) Work performed in the Ames Laboratory under the auspices of the
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Smith). Lithium and barium perchlorates were prepared from
their carbonates and recrystallized before use. Barium chloride
and lanthanum chloride (prepared from the oxide) were also
recrystallized. Conductivity water was used in all solutions.
Other materials were reagent grade chemicals.

Procedures.—Rate measurements were made spectrophoto-
metrically, generally at 6370 A where (TaeX2)? ions have high
molar absorptivities. A Cary Model 14 recording spectropho-
tometer and a Beckman Model DU, the latter modified by a Gil-
ford absorbance converter unit and a potentiometric recorder,
were used for most of the reactions studied here. The general
procedure has been described previously.®® A few of the more
rapid reactions were studied by the stopped-flow technique.l

Most of the reactions considered here were studied under condi-
tions where a large excess of oxidizing agent was present. Insuch
cases, precise knowledge of the initial concentration of TagX;.2t
proved to be immaterial; the values from the spectrum sufficed.?
Cobalt(I1l) complexes generally were analyzed spectrophoto-
metrically as Co(1I) in 509, acetone solutions containing thio-
cyanate iom;!'  reduction was accomplished with Cr2t or with
metallic tin. Most cobalt(I11) solutions were analyzed in this
fashion, a separate solution and a separate analysis being made
for every run. Less frequently, cobalt(IIT) solutions were
analyzed from the molar absorptivity values established from
many determinations. Other materials were analyzed by stau-
dard procedures based on volumetric or spectrophotometric
methods.

Results

Association of (TasTls)2+ and Cl—.—The cluster ion
(TaeX12)2t may possibly associate with anions; such
outer-sphere complexes or ion pairs are known for
more conventional complexes of transition metals.
Moreover, derivatives containing added KCl are
known (e.g., K4TasCli). Such compounds probably
contain the (TasX;:) X!~ unit. 12

It was shown by cation exchange that dilute (10—
10—% M) solutions contained a cationic cluster unit
whether prepared from TasClyy or from the KCIl ad-

(8) J. H. Espenson, J. Am. Chem. Soc., 86, 3101 (1964).
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(12) R. E. McCarley and J. L. Meyer, private communication.
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duct. The cluster is also taken up by cation-exchange
resin, and not by anion resin, in solutions of either
starting material in HCI solution. Spectra of solu-
tions from either source are also identical.

A careful series of measurements was made of the
spectrum of (TasCly)?* in the uv region in a series of
solutions of varying [Cl~] at constant [H*] = 1.0
M and unit ionic strength. Measurements covered
the range 2 X 10785 < [Cl—] £ 0.1 M; over that en-
tire range the spectrum showed no observable shifts
in wavelengths of maximum or minimum absorption
and no detectable changes in intensity. Three in-
terpretations can be made. Either the spectral pro-
cedure is not sensitive to such ion-pair formation, or
such association was complete at the lowest chloride
ion concentration, or association was quite small at
the highest concentration. In view of the ion-exchange
results cited above, we favor the latter interpretation.

Cobalt(III) Complexes.—The most extensive series
of kinetics experiments were carried out on the reac-
tion of ¢is-Co(NH;)«(OHy)Cl2t with (TagCly)2t.
The stoichiometry of the reaction is given in eq 1.
Co(NH3)o(OH,)CI2t + (TaeClp)?t + 4H+ = Co?* +

(TasCli)?* + 4NH,* + H,O + Cl~ (1)
This result was established by analyzing both the
Co(II) and (TaeClip)®*t produced in a reaction with
excess Co(III) complex. The Co(Il) was analyzed
spectrophotometrically as the thiocyanate complex,
and a qualitative and quantitative analysis for (Tae-
Clyp)?* was obtained from its known absorption spec-
trum at 7000-8200 A. The concentrations so deter-
mined were equal to one another within experimental
error, and were also equal to the (TasCly)?T originally
introduced.

Attempts to obtain precise and reproducible ki-
netic data for reaction 1 were at first unsuccessful.
The possibility of metal ion catalysis was investigated
by adding ~107% 3 aluminum(III) or iron(III} ions,
both of which may be present at somewhat lower con-
centration in the cluster complex. No rate effects
were noted. Strict adherence to the preparative de-
tails for the cobalt(III) complex, its conversion from
the sulfate to a solution containing chloride or bromide
counteranions (by anion exchange immediately before
use), and the exclusive use of conductivity water gave
reaction rates that were the same for a number of in-
dependent preparations of the complex. Even with
extensive precautions and purification steps, rates
were generally reproducible to within a standard
deviation of only ~109%, whereas our experience has
been that similar procedures and analyses generally
vield data with 3-59 standard deviations under sim-
ilar conditions.

The reactants are both cations of the same charge
type, and several series of experiments were performed
to learn the type of medium best suited for minimizing
salt effects. In particular the question was raised
of whether the low precision of the rate constants
could have been attributed to an unaccounted for
change in medium, for instance in a series with varying
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cobalt(IIT) concentration. Control of ionic strength
may not be the most suitable parameter in reactions
of two cations of high charge.!* Moreover, specific
cation effects have been noted in reactions between
anions,!4—16

A series of rate experiments was carried out at
[Co(III)] = 0.003 M with 0.020 M H* at u = 0.053
M (maintained with Lit or Na™* salts) and 34.7°;
starting tantalum concentrations were small relative
to [Co(III)], typically 2-4 X 10—* M. Any given
experiment followed pseudo-first-order kinetics quite
closely; the rate constant (eq 2) was calculated from

—d[(TasCl)2*]) /dt = E1{(TasCli)?t] (2)

the slope of a plot of log (D — D..) vs. time (D = ab-
sorbance) or from a plot based on the Guggenheim
procedure. The reproducibility of duplicate runs was
usually within an average deviation of 5-897.

Values (M—! sec™!) of the second-order rate con-
stant ke (ky/[Co(III}]) are as follows: with [Cl~] =
0.047 M, ky = 2.60 M~ sec™; [Br—] = 0.047 M,

By = 2.87; [ClOs~] = 0.041 M + [Cl-] = 0.006 M,
By = 2.62; [NO;—] = 0.034 M + [Br—] = 0.013 M,
By = 2.65; and [PFs~] = 0.040 M + [ClO:~] = 0.004

M 4 [Cl=] = 0.004 M, bk, = 2.42. The results of this
and similar series of experiments with [X~—] and
simultaneously held constant served to establish that
there was no specific anion effect within experimental
error, in contrast to results cited above on reactions
between anions.14-18

Over the range of cobalt(III) 0.5-4 X 1073 M,
values of &y at 4 = 0.53 M and 34.7° were nearly con-
stant. Such experiments covered a small range of
anjon concentrations of 0.045-0.049 M and did not
check the dependence of rate upon u and/or [X—]. The
average ky was 2.48 = 0.29 M1 sec™! in 55 runs.

A series of experiments was done in which a major
portion of the MX electrolyte was replaced by a 1:2
electrolyte BaBr,, up to 0.012 M Ba?t, at constant
ionic strength. The average value of ky was some-
what higher than before, 2.99 M~! sec™! (0.4l in
ten experiments). Considering the precision obtain-
able in the rate constants, the difference of this value
from that in MX solutions was not established. A
further series of experiments was done with 0.004—
0.006 M LaCls used to replace all of the 1:1 electrolyte
except a small concentration of HCl. At x = 0.051
M and 34.7°, k; was found to be 2.40 = 0.03 M-!
sec™! (six runs). The total concentration range of
[CI~] in this series was 0.030-0.036 M. The various
experiments cited here served to establish that at con-
stant ionic strength (u = 0.052 M) the value of k;, was
reasonably independent of anion concentration, which
was varied from 0.03 to 0.05 3/, insensitive to the
particular anions present and independent of the charge
type of inert electrolyte used to maintain ionic strength.

(13) A. R. Olson and T. R. Simonson, J. Chem. Phys., 1T, 1167 (1949).

(14) R. J. Campion, P. King, and A. C, Wahl, 142nd National Meeting
of the American Chemical Society, Division of Inorganic Chemistry, At-
lantic City, N. J., Sept 1862, Paper 74,

(15) J.C. Sheppard and A. C. Wahl, J. Am. Chem. Soc., 79, 1920 (1957).

(16) E. V. Luoma and C. H. Brubaker, Jr., Inorg. Chem., 8, 1637 (1966).
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The total variation in [H*] was 0.0001-0.03 M,
with most runs at 0.01-0.02 3. Within experimental
error k; was independent of [H¥] in this range. The
concentration of HT in any run was always sufficiently
great, >4[(TaeClp)?*]s, that the solutions remained
acidic.

The proposed rate equation, eq 3, can be checked
—d[(TasCln)?*]/dt = k:[Co(NH;)y OH,)CI2+] [(TasChe)**] (3)

further by studying the ionic medium effect upon
ks. The predicted slope of a plot log ks vs. v/u is 4.07
according to the Brgnsted-Debye-Hiickel relation.
A series of experiments was carried out with the ionic
strength contribution from various mixtures of HBr
and BaBr; over the range 0.009 < p £ 0.052 M. A
plot of ky vs. u/* is shown in Figure 1. In the fol-
lowing relation (eq 4) between k; and u, the value of

log by = log by + 0.51A(Z%)= pi/s (4)

b was 1.35 M~ sec™! and the slope was 4.0, in agree-
ment with the prediction of 4.07 from eq 3. This re-
sult confirmed the rate equation proposed before,
eq 3, and in particular it ruled out a specific anion
pathway, (TasCli)?™ + Co(NHy)4(OH,)Cl2+ + X~ —
( #)F for which the predicted slope is zero.

The temperature dependence of k; was examined in
a HCI-LaCly medium of 0.05 M ionic strength. &k
values (M—! sec™?) were as follows: 25.0°, 0.953 =
0.017; 34.7°, 2.40 £ 0.03; and 44.2°, 4.07 = 0.35.
According to the Eyring equation, values of AH™
and AST are 13.5 = 0.6 kcal mole~! and —13 =+ 2
cal mole™! deg™!, respectively.

Several radiotracer experiments on reaction 1 were
carried out employing chlorine-36. It was first
established that anionic chloride ion does not exchange
measurably with either (TasClw)?+t or (TasClip)?™
in a period of 13 hr at [C1=] = 0.050 M and [(TasCly)]
= 5 X 10=¢ A. A reaction of Co(NH;):(OH,)*CI**
with TagCl?+, each at a starting concentration of 5 X
10—% M, was allowed to proceed for 13 hr, the time
calculated for 969, reaction. At the end of this time
Cl~ was separated {rom (TasCly2)*+ by caticn exchange,
and the latter was counted on the resin phase. The
chloride solution was taken up by a column of anion-
exchange resin (Dowex 1, Cl~ form) and also counted
on the recin. Thke (TasClyp)?* fraction had negligible
activity above background, and the Cl~ fraction had
the total activity of *Cl added in Co(N;)4(OH,)CI2+
within the precision of this method (£209;). This
experiment established that the oxidation-reduction
in reaction 1 is not accompanied by chloride transfer
from the Co(III) complex to the framework of the
tantalum cluster jon.

Less detailed experiments were carried out for the
oxidation of (TaCly)2* by several other cobalt(ITI)
complexes. The stoichiometry of the oxidations in all
of these cases appeared to be analogous to eq 1;
no further oxidation to (TaeClwp)¢T was detected. At

(17) E. L. King in “Catalysis,” Vol. 1I, P. H. Emmett, Ed., McGraw-
Hill Book Co., Inc., New York, N. Y., 1958, p 350
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Figure 1.—The depenc_lence of the second-order rate constant
for the reaction of Co(NIIg)i(OH:)C1?™ and (TasCly)?™ upon
ionic strength. The plot gives &y (log scale) vs. /% according
to eq 4.

34.7°, the rate constants (M ~'sec™!) were: Co(NHjy);-
NC82*, 027 = 007 (@ = 0.05); cis-Co(NHjy),-
(OH):*F, 1.11 £ 0.05 (& = 0.05); Co(NH;);0Hz3",
0.14 (u = 1.0); cis-Colen),Clyt, 3.5 = 0.2 (u = 1.0);
trans-Co(en)Cl,*, 4.0 = 0.1 (u = 1.0); Co(NHy);-
CI2t, ~0.2 (u = 0.05);'® Co(NHj);N?F, ~24 (u =
0.05). The rate experiments were not especially de-
tailed, but they served to establish the rough pattern
of reactivity.

Mercury(II).—The oxidation of (TasCly;)2* by Hg?2+
proceeded only to (TasClis)?*, eq 5. Studies were car-

Hg?t + (TaeCl)?t = 0.5Hg:2" + (TasCly,)s+ (3)

ried cut at 25.0° in 1.00 F perchloric acid (u = 1.0
M). The initial concentration of (TagClp)2+ was 1.7
X 1074 A in all of the runs, and [Hg?*] was varied
from4 X 107*to 2 X 107% 3. The reaction followed
pseudo-first-order kinetics to >809, completion, and
the average ku, (eq 6) was 3.46 = 0.25 M ! sec™! in

~d[(TaeCle)?*]/df = ku[Hg?T]{(TasClz)*"] (6)

four experiments. In single experiments carried out
at [H*] = 0.50 and 0.25 M, using Ea(Cl0.), to main-
tain unit ionic strength, the values of & were 2.68 and
2.07 M~' sec™!. The data are not sufficient to define
the kinetics completely, but they do point to a de-
crease in rate with decreasing [H*+].
Copper(II).—Oxidation of (TasCly)?* produced only
a single oxidation step, even at high [Cu®~] (eq 7). The
Cu?t 4 (TaeCle)?* = Cu™ + (Taglly)* (1)

reaction was written giving Cu™* as the product. At the
high copper(II) concentrations, 0.01-0.08 M, Cu(I) was
stable with respect to disproportionation below ~107¢

(18) In the case of Co(NH3)sCl2+ a great deal of difficulty was encoun-
tered in getting reproducible results. The scatter wan high within any given
set of experiments, aud independent preparations of Co(NH;3)sCl2* gave sub-
stantially different results, up to k2 ~ 0.6 3/ "1 sec™1. The valce cited, k2 =
0.2 M ~1sec!, was obtained in several preparations and was also the lowest
value observed., Attempts were made to learn what substance was re
spounsible for the effect of adding likely contaminants to either of the stock
solutions. None of the substances chosen (Fed3™, Al3~¥, Co?7, Co(NHs)s-
OHs3+, Co(INHj3)s2*) had a noticeable effect.
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M2 The kinetic studies were carried out at 25.0°
in 1.00 F HCIO;. The reaction followed pseudo-
first-order kinetics, and the computed second-order
rate constant (eq 8) was kcu = 0.027 = 0.005 M~!
sec™t,

—d[(TagCha)?*] /dt = kou[(TasCly)?*] [Cu*] (8)

Cerium(IV).—Oxidation by Ce(IV) in perchloric
acid readily proceeded in two stages: first to (Tas-
Clyp)3+, then to (TasCli)4+. The stoichiometry was
not investigated in detail beyond the limit [Ce'V]o/
[(TaeClp)2+]o = 2.0, but it appeared that subsequent
oxidation reactions took place at higher Ce(IV) con-
centrations. The first stage of oxidation was ex-
tremely rapid. A single set of concentration conditions
was studied: [(TasCli)2+], = 6.6 X 107% M, [Ce-
(IV)]o = 9.7 X 10-5 M in 1.00 F HCIO, at 25.0°. The
experiment was repeated four times; assuming the
reaction followed mixed-second-order kinetics (eq 9),
we computed kce = 1.5 = 0.3 X 10" M~ sec™

—d[(TasCls)?*] /dt = kce[Ce(IV)][(TasCle)?*] (9)

Iodine, Iodate; and Bromate.—Preliminary experi-
ments indicated that oxidation to (TaeXiz)!+ with Iy
is a fairly rapid reaction. In 1 F HCIO4 at 25° rough
values of second-order rate constants are: (Tae-
Bry)2*, 5 X 102 M1 sec™!; (TagCl)?*, 7.4 X 10°
M~ sec™t.

Each of the halate ion reactions is very definitely
autocatalytic. We have not examined these reactions
extensively, but it appeared that either the free ele-
ments or the oxyanions of lower oxidation number react
at a higher rate than the halate itself.

Reaction of (TaXp)2t and (TasXy)*+.—Stopped-
flow rate experiments were carried out on the repro-
portionation reaction, eq 10, which is known? to lie well

(TasX12)?T + (TasXp)tT = 2(TaXn)®t (10)

toward the product side for both the bromide and the
chloride cluster ions. In no experiment did we obtain
a result indicating other than a completed reaction at
the time of first observation. One experiment on the
bromide compound had equal initial concentrations,
each 3.4 X 107 M in 1.0 F perchloric acid. If we set
the rather conservative estimate of <909, completion
within 5 msec, the computed second-order rate con-
stant is >5 X 107 M~ sec™.

Reaction of (Ta:X;z)?* and (TasXy,)?+.—The position
of equilibrium was examined in the reaction of bromide
and chloride cluster ions of ionic charge 3+ and 2+
(eq 11). These experiments consisted of comparing

(TasChg)“ + (TaaBr12)3+ = (Taaclm)3+ + (TaeBr12)2+ (11)

the observed spectra in the uv, visible, and ir regions
with the individual components. Such spectral meas-
urements were made on solutions prepared from
roughly equimolar concentrations of (TagClip)?*+ and

(19) It has recently been shown, however, that even in the absence of a
large excess of Cu?*, disproportionationoccurs slowly enough that metastable
solutions can be prepared.2

. (20) J..H..Espenson, K.:Shaw, and O: J. Parker, J. Am. Chem. Soc., 89,
5730 (1967).
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(TagBri2)3* and also from mixtures of the products.
The spectrum of a mixture of (TagClp)®* and (Tas-
Brip)?+ was merely the sum of the independent spec-
trum of each component. The other mixture had an
identical spectrum, but it was not the sum of the com-
ponents from which it was made. We conclude that
the equilibrium quotient for reaction 11 is greater than
unity. Since small spectral discrepancies could not be
evaluated precisely, we made conservative estimates
from these data and placed a lower limit of K > 5.
Thus (TagCly)?* is a more powerful reducing agent
than its bromide analog by a potential of >0.03 V.

Stopped-flow measurements were carried out at
a wavelength at which a large absorbance change ac-
companied the reaction. One experiment had [(Tas-
Cli)?2*]o = [(TaeBrw)®*]ls = 3.2 X 10 M in 1.00 F
perchloric acid at 25°. No indication of a measurable
rate was obtained; making the conservative estimate
that >959, reaction occurred within 5 msec, we com-
puted a second-order rate constant >10% M ! sec™!.

Discussion

The original purpose of the investigation of the co-
balt(III) complexes lay in comparing these cluster ion
reactions with those of first-row reducing agents such as
Cr2+, V2+ and Fe!*. We were not able to obtain data
of an adequate degree of precision. The complex cis-
[Co(NH;),(OH,)CI2*] was studied most extensively;
even in that reaction the reproducibility of kinetic
data was less than anticipated. The tracer result
established the lack of chloride transfer, and the par-
ticipation of anions in the reaction was shown to be
negligible.

Reactions of tantalum cluster ions may well prove
extremely useful for studies of kinetic salt effects and
medium effects. The high molar absorptivities per-
mit precise rate measurements at exceptionally low
concentrations. Moreover, one need not contend with
acid-base equilibria, unlike aquometal ions. Hernce,
the lower limit of u is not fixed by some H concen-
tration needed to suppress an acid dissociation equi-
librium. The cobalt(III) complexes seemed to be
ideally constituted for such studies, since acid dis-
sociation equilibria likewise were not involved. Our
inability to obtain rate data of high precision for these
reactions limited the studies we had originally planned.

The unusual H* dependence noted in the reactions
of Hg?*+ and TasBry,®+, an increasing rate with increasing
[H*], deserves further investigation.

The equilibrium quotient for the reproportionation
reaction is quite large. From crudely estimated po-
tential values, we compute X for reaction 10 is 101°-1015,
In contrast, the reaction of (TaeClp)?* and (Tas-
Bry,)3* involves but a small free energy change. These
two processes involve electron transfer between two
cluster ions and are accompanied by a minimum of
structural change. On the other hand, reactions with
dissimilar oxidizing agents likewise involve little
structural change for the.cluster ion, and -their low

_rates in.ecomparison ‘with chuster-cluster reactions are
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remarkable. The tentative conclusion we draw from
these comparisons is that electron transfer between
cluster ions has available a favorable mechanism that
cannot operate for the nonsymmetrical reactions. In
this connection it has been shown?! that the formation

of polymolybdate anions from monomer units is also
a very rapid process.
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Several new anionic and neutral complexes of thallium(III) chloride and iodide have been prepared. These include (CoHs)s-
NTICLI, (C.H,)NTICLB, TICl;- 1.5pyz, (T1Xs):- terpy, TICls terpy, and Tll;-py, where X = Clor I, B = 2,2’-bipyridyl
or 1,10-phenanthroline, pyz = pyrazine, terpy = 2,2’ 2''-terpyridyl, and py = pyridine. Molecular weight measurements
in acetone and acetonitrile show that these and other complexes of thallium(III) [TICl;-2py, TIClz-3+-pic, and TICl-
2DMSO] are appreciably dissociated in polar media. TICl;:3~-pic, TICl;-2py, TICl;-2DMSO0, and TiX;-bipy behave as
weak electrolytes in these two solvents, whereas (T1X;)s - terpy are typical 1:1 electrolytes. The above solution data together
with the far-infrared and Raman (for TICLKI™ and TICl;-2DMSO) spectra of the solid complexes indicate the structures:
TICLX ~ (X = Br or I), pseudo-tetrahedral; TIX;B~ (X = Clor Br, B = bipy or phen), cis-MXL; type structure; TICls-

3~-pic, c2s-TIC3NG;

TICl;-1.5pyz, trans-TIClsNs; (T1Xg)s-terpy, [T1Xs-terpy] T[T1X,] ~; TICl;-2DMSO, frans-trigonal

bipyramid; T1Cl;-2py, T1Cls-bipy, and T1Cls- phen, halogen-bridged dimers or polymers. Comparisons are made where pos-

sible with the analogous indium(III) halide systems.

Introduction

In contrast to the considerable amount of data
which has recently been accumulated on the acceptor
properties of the indium(III) halides!—* and other
salts, e.g., nitrates and perchlorates,®® relatively little
work has been carried out on the analogous thallium-
(ITII) halide systems. Infrared and Raman spectral
studies?”—® have been used as a guide to the structure
of adducts of indium(III) chloride, bromide, and iodide
and complex halides of the type [InXi,]¢+™-,
where # = 0, 1, or 2. The development of a conve-
nient method for the ¢n situ preparation of thallium(IIT)
chloride has resulted in renewed interest in the chem-
istry and stereochemistry of thallium(III) halide sys-
tems. Following the work of Spiro!!—* and Johnson
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and Walton! on the Raman and infrared spectra of
[T1Xsy, ™~ it is now possible to establish the
presence or absence of these particular species in other
systems. In the absence of a single-crystal structure
determination on any adduct of the indium(III) or
thallium(IIT) halides, these spectroscopic techniques
would seem to offer at present the most rewarding means
of studying the nature of these species.

To investigate further the reactivity of the thal-
lium (III) halides and the structure and stability of the
resulting complexes, detailed molecular weight, con-
ductivity, and far-infrared spectral studies (500-33
cm™!) have been carried out. During this work several
new complexes of thallium(IIT) chloride and iodide
were isolated.

Experimental Section

All reagents and solvents, with the exception of pyridine-2-
carboxaldehyde 2-pyridylhydrazone (abbreviated PAPHY),
were commercially available. The above named compound was
prepared as described by Geldard and Lions.!*

Preparation of Compounds.—The same method as that de-
scribed previously?®-'® was used to prepare complexes of thallium-
(II1) chloride; %.e., thallous chloride, suspended in acetonitrile,
was oxidized with chlorine and the appropriate reagent was then
added to this solution. (Ce¢H;)/AsTICL;, (C.H;)NTIX, (X = Cl
or Br), TICl;-2py, TICl;-2DMSO, TICl;-bipy, and TICl;-phen
were prepared as before.!:0

(14) J.F. Geldard and F. Lions, ibid,, 2, 270 (1963).



