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ABSTRACT

The rate of the exchange reaction between thallium (I) and
thallium (III) in 2.19f sulfuric acid vas determined as a function
of chloride concentration,

The exchange rate was fouud to be considerably decreased for
formal ratios of chloride to thallium (III) between 0:1 and 2.5:1
and strongly accelerated above the formal ratio of 2.5:1. The study
was limited to ratios below 10:1 since precipitation occurred in the
reaction mixtures of higher ratios.

The overall variation of reaction rate is on the order of 103,
with a minimum occurring at a chloride to thallium (IXII) ratio of
about 2.5:1, followed by & rate increase with a chloride dependence
slightly greater than second order.

The data were interpreted by a procedure developed by E. Penna-
Franca and R. Dodson (1) in their interpretation of the very similar
effect of cyanide on this exchange reaction im perchloric acid.
Through this procedure an expression was derived which predicted the
rate constants for [Cl"] :[‘I‘I(III)] ratios less than 2:1 with a precision
of S 8.2%.

The variation in exchange rate was concluded to be due to the
formation of thallium (III) chloride complexes.

The relative magnitude of the association constants of the first
two of these postulated thallium (III) chloride complexes, TLC1** and

Tlclz’, was determined as 0.0130 for solutions of ionic strength 3.68f.

LITERATURE CITED

(1) K. Penna-Franca and R. W. Dodson, J. Am. Chem. Soc., 77, 2651 (1953).
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INTRODUCTION

Oxidation and reduction reacticus are of grest importamss teo
the chemist. Arising from thesse types of reactions 1is an increasing
interest in the mode of electron transfer which eccurs. Electres ex-
change reactiocns, which involve the simultamecus oxidatiom and reduce
tion of atoms of the same element vwithout affecting the everall cea~
centrations of the two exidation states, sre of great interest beceuss
they represent the simplest oxidatioa and reduction reactiens amd may
even invelve the direct transfer of slectrems from eme species to the
ether, The rate of electron-transfer reactions is the teol, cbtained
from such investigations, with which the chemist bopes to expese the
actual path used by aa electrom in transferring frem ems species to
snethex. Various factors mey govera this rate of tramefer. (1) The
mumber of electrons involved should be considered; that is, the
transfer of twvo electrons may be much more difficult than the tramse
fer of one. (2) Electrostatic charges of involved species with like
sign may hinder close approach and decrease the probability ef elec-
tron trensfer. (3) The structure and composition of the reacting
specise is important. For example, groups surrounding the ceatral
atom (e.g. R0, N3, C1°, CN") may hinder electron transfer by inter-
ferring with the extension into space of the orbitals fnvelved in
electron transfer, or they may aid transfer by incressinmg the sises
of the reacting species and decreasing the forces of coulombic repule
sion between them, Another possibly important factor is the similare
ity in the structures of the reacting species. According to the
Franck-Condon principle, slectronic transitions are very rapid compared
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to the motioa of nuclei; and, therefore, the most probable electromnic
transitions are those that do not require the relsative position of
the muclef to change. (4) The enviroement of the reactants is alee
a factor; metallic conductors in solutiom may offer an easy path for
electron transfer and thus catalyss the reaction.

All of the above factors may affect the rate ¢f electroa trans-
fer, but too little information is svailable to evaluate their relstive
importances.

Ia this experimental work the third factor is thought to be
the most influential. The sensitivensss of reaction rates due te the
addition of various anions such as chloride, cysnide and nitrate, vhich
are capable of forming complexses with one or both of the reactants,
hes been observed by several workers.

The purpose of this work was te study the effect of chloride
on the exchange rate of the thallium (I)-thallium (III) reactiocn in
sulfuric ecid of constant ioniec strength of 3.68f.






HISTORICAL

The thalliua (I)-thallium (III) exchange reaction was first
investigated by two groups of workers, G. Harbottle and R. Dodson (2)
and R. Prestwood and A. Wahl (3). Both groups have extended their
wvork and have investigated the kinetices of the reaction. Under all
the conditions that have been studied, the reaction rate has been
found to be dependent on the first power of the thallium (I) concen-
tration and the first power of the thallium (III) concentratiom.

Prestwood and Wahl (3) have cbserved the effect on the rate
constant of the thallium (I)-thallium (III) reaction in perchloriec
acid at & constant {onic strength of 3.68f, with variations in the
concentrations of the reactants, the hydrogen ion concentration and
the nitrate concentration. Their results indicate a decrsase in re-
action rate with increasing hydrogen ioa concentration. The depende
ence of the reaction rate with decreasing hydrogen fon concentration
i{s interprated as being due to the increass of an active exchange
species formed by hydrolysis of the thallium (III). From kinetic
data they interpret their results in tems of two reacticn mechanisms:

(1) TI* ¢ 71 —11%* ., e1*

(2) TI* & *TIGH*™—> TIoH™® & WT1%%¢
A third mechaniem of electron transfer is proposed for mixtures con-
taining nitrate ions:

(3) T1* » *MIxoy** — TINO,** » WMt .,
They have also determinad the variation of the exchange rate of the
reactioa mixture in the presence of platinum black and silica gel.
The half time of exchange for the reaction im the presence of platimm



4

black was decreased by a factor of 40, The presence of pulverized
8ilica gel resulted in no measurable change in rate.

G. Harbottle and R. Dodson (2), working with mixtures of sodium
perchlorate and perchloric acid in which the ionic strength was maine
tained at 6.0f, studied the variation of exchange rate with decreasing
acid concentrations. They also found that the rate of exchange de-
creases with increasing hydrogen ion concentration. They suggest that
hydrolysis of thallium (III) ion occurs and that the hydrolyzed species
exchanges more rapidly. They interpret their data as indicating that
both thallium (III) and hydroxo=thallium (II1) are present in signifi=
cant concentrations, but only the hydroxo=thallium (III) exchanges with
the thallium (I). These results are in agreement with the previous
work of Prestwood and Wahl (3), but the variation of exchange rate
does not follow the Prestwood and Wahl rate law.

More recently C. H. Brubaker and J. P. Mickel (8) have investie
gated this exchange reaction in 2.19f sulfuric acid solutions of the
same congtant ionic strength, 3,68f, and hydrogen ion concentration
that Prestwood and Wahl (3) had used for their investigations of the
reaction in perchloric acid. They found that the rates of reaction
are about 200 times those reported by the latter investigators.

They have correlated their data with the following equation

Rz 0.0345 ¢ 0.7(u*)2(s043) + 12(H*)2(50,3)3

@ L2 k@) ¢+ KK e K3 (s0s3)] [1 ¢ Ka(s0,3)]
where
K1 s (TloH**) (%), K, = (T09)(HY)
(T1+3) (T10H**)
K3 s (Tlsosh) K, s (T1S04%)

(T1¥3) (50,2) (T1*)(5043).
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They have suggested that & combination of exchange processes such as
Tit3 & TIS0° —> T1*3 ¢ eTiso,”

3 LA n(so‘)zi —>T150,* m(so,,)z‘:'
may be the reason for the increased rate of exchange.

All workers have used the assumption that the activity coefiie
cients of the resctants are constant at constant ionic strength., The
decrease in rate vith increasing acid concentrstion could be emtirely
dus to changing activity coefiicients of the reactants and transitiom
states involved in ths treusfer mechanisms (7). '

| Dodson and lhtbcttlo. (2) have also investigated electron trans-
fer rates for mixtures containing mixed hydrochloric and perchloric ecids
at coustant fonic strength 6.0f. They found the rate to be considersbly
depressed by low concentrations of chloxride, while it is strongly
accealerated at higher chloride concentrations. The minimum rate occurs
at & [cl-]s['n(xu)] ratio of 1.3 and subsequently rises. The ioe
creass is little less than second ordar im chloride. These data, sup~
plemented with transfsrence measuraments, wers interpreted as resulting
from the formation of thallium (111) chloride complexes. The initial
depression is believed dus to the formatioa of less resctive TIC1**
and TIC1;* species while the acceleration upon increased chloride come
centration is belisved due to the formation of a more reactive TICl,°
species and possibly & weakly associated thallium (I) complex such as
the TICl3% er TICl,F proposed by Frowhers and Lik (6). The postulated
existence of ninblc thallium (III) chloride complexes is compatible
vith the observations of Benoit (5), who has estimated dissociation



constants of 1081, 10°5.5, 10°2:2 and 16°2:2 for the successive com-
plexes from T1C1** to TICl,".

E. Peuna-Franca and R. Dodson (4), working with reaction mixe
tures of cyanide and perchloric acid solutions of constant ionic
strength of 0.5f, have observed that cyanide has a drastic effect on
the rate of electron exchange. A total variation of about 10,000 fold
in the rate is observed. Swall amounts diminish the rate, & minimum
at less than 1% of the initial value is observed at a [av]:[Ti(111))
ratio of 3.5, followed by an increase in rate about as the third pover
of (CN"). They believe the rate varistion is best explained by the
formation of thallium (II1) cyanide complexes. The initial effect is
attributed to the formation of TLCH'* and TIC(M;* cowplexes which are
inert to the exchange reaction. The increase in rate is ascribed to
the formation of higher thallium (1II) cyauide complexes. They inier
that TI(CH)3 or T1(CM)," reacting with T1* are responsible for the
increase near the minimum. Evidence for the lower complexes TICu**
and TICNZ’ is further substantiated by kinetic data which enubled
them to calculate tie relative magnitudes of the equilibrium constants

of those two speciea.
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MATERIALS

Thallium (I) nitrate was obtained from E. H. Sargent and
Company, sodium dichromate from Merck and Company, sodium cyanide
from the Mallinckrodt Chemical Works and all acids and ssmonium
hydroxide from B. 1. du Pont de Kamours ard Cowpeny.

Radioactive thallium (T1204) was obtained as the unitrate from
the U, 3. Atomic Energy Commission, QOak Ridye, Tennesses.

The thallium (1) sulfate and radiocactive thallium (111) sulfate
solutions used were prepared by C. Knop sccording to the procedure
outlined by J. P. Mickel (12).

The thallium (1I11) sulfate solution was prepared from & sate
ursted solution of recrystallised thallium (I) sulfate. The sulfate
was oxidised to thallium (III) oxide with potassium hexacyanoferrate
(II1) in 0.1f sodium hydroxide. The oxide was washed fres of hexa-
eyanoferrate (1I) end (1II1) by decanting the supernate and washing
with distilled water., Thallium (II1) sulfate was then prepared by
dissolving the oxide in 20 ml of 10.6f sulfuric acid. The volums of
solution vas fncreased to 200 ml. The resulting thallium (III) sule-
fate lﬁlution was analyzed for total thallium content by reduction
and precipitation as thallium (1) chromate. The thallium (III) con-
tent of the sulfate solutfon was determined with another sample by
precipitation as the exide. The procedure used in both precipitations
fs descrided by lundell and Hillebrand (1). The analyses agreed
within 1.0%7 indicating that the thallium content of the sulfate solu-
tion 1is essentially completely thallium (IXI).

The residual sulfuric acid concentration was calculated by

deteruining the amount of sulfuric acid which had reacted with

CELYRL L 31w



thallium (III) oxide according to the reaction

T1203 ¢  3H2804—> T12(804)3 ¢ 3Mz0.

The amount determined was then subtracted from the initial formality
of the acid, indicating the formality of the residual sulfuric acid
ia the sulfate solution.

A standard sodium hydroxide solution was prepared free of
carbonate and standardised with potassium acid phthalate, S$tandard
acids were then prepared and analysed by comparison with this sodium
hydraxide solutioa.

All of the reactions were run in 2,19f sulfuriec acid solutions.
From equilibriua concentrations of sulfate, bisulfate and hydrogen
ion dats obtained by E. M. smith (9) and by a method deseribed by
T. F. Young and L. A. Blats (10), J. P. Mickel (12) has calculated
the fouic strength of & 2.19f sulfuric acid solution as 3.68f., Since
the concentration of added chloride ranged between 0.0091f and 0.06f,
ite effect on the ioniec strength of any solution vas considered
negligible; and & constant ionic strength of 3.68f is assumed for
all reactions.

The councentrations of all solutions im thallium (I) and
thallium (II1) wvere varisble. 7They ranged between 0,0105f te 0.0064f
in thallium (III) and 0.010f to 0.005f in thallium (I), depending
upon the formal concentration of the chloride. All reactions were
carried out in 100 ml volumetric flasks.



PROCEDURES

Beaction mixtures were prepsred by the addition of en appre~
priate amount of each stock solutiom to 100 ml velumetries flasks.
The sulfurie acid wes first added te sach flask, followed by the
addition of ths thallium (I), thallium (III) and hydrochleris acid
solutions. Enough distilled water was thea added to essh flask te
bring the final volume to spproximately ene =l less them 100 ml. The
flasks wers them immersed im & water bath kept at 24.94% 0.01°C.
These flasks remained {n the bath for at least thres heurs im exder
for the sclutions te reach thermal equilibrium befors the astive
thalliwm (1II) sulfate was added.

The ective thallium (IIXI) sulfate was them added (1.2 ml).
The flask vas thean shaken and breught upright twelve times. The sero
‘time wes taken as the time of first shakiag. Separatios of the exie
detion states was accomplished by precipitatiea of the thalliwm (I)
as the chromate. The first precipitation was usually done withia
three minutes.

Before each precipitatiom a Whatman #540, 2.7 cm filter paper
wvas dried for at least one hour and weighed,

Freshly prepared precipitant was used for each precipitation.
The composition of the precipitant was sodium dichromate 0,2f, sedium
cyanide 2.0f, smmonium hydroxide 9.0f and 10% by volums ethyl alcohol.
The precipitant was saturated with thallium (I) sulfate, filtered,
and stored in an ice bath prior to use.

Frem dats obtained by J. P. Mickel (12), half times for the
fsotope exchange were calculated and ten precipitations were timed to
vary betweenm sero and ten times the calculated half time.
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A 5 wl aliquot of the reaction mixture was pipetted into a
150 ml Brlenmeyer flask containing twice {ts volume in freshly prepared
precipitant, except for runs in which the total thallium content was
approximately 0.01f, in which case 10 ml aliquots were used. The
solution was swirled in an ice bath during the addition of the sample
to counteract the heat of ncutralization. For wore efficlent separation
the solution was allowved to a;ze for at least five minutes before the
thalliua (1) chromate was collected on & filter., The filtration was
carried out in a steel funnel with a removable chimmey. The filter
paper was placed on the flat support end the chimney on top. At the
point of contact with the filter paper the chimney was 19 mm 4in
diameter., The filtration was aided by an aspirator. Included in the
aspiration system was an arrangecment for bleeding in air im order to
completely control the rate of filtration. Too rapid a filtration
greatly reduces the efficiency of the separation. The time of cone
tact between the precipitate and supernate from precipitation to
separation was kept to within thirty miautes in all cases. Prestwood
and Wahl (3) have shown that the heterogescous exchange between
the complexed theallium (III) species and the thallium (I) chromate
is very slow and would be negligible under these conditioms. After
filtration the precipitate was washed with four 0.5 ml portions of
the precipitant followed by four 0.5 ml portions of distilled water,
The chimney was removed, and the precipitate was transferred to a
metal plate. A metal cylinder was placed on top of it to prevent the
filter paper from curling upon drying. They were dried for at least
one hour at 11U°C, weighed and mounted on 3% x 2% inch cardbeerd cards

which wvere marked for ceutering. Callulose tape was placed directly



11

over the sample. Each sample was mounted directly ia frout of and

4 om from the one inch end window of & G-M tube. Am R.C.L. Mark 13,
Model 1, Serial A-189 scaler wvas comnected to the G-M tube. The tube
had & flat platess of ever 200 volts. Samples were counted uwaing &
voltage 100 volts sbove the "kuee”, Sample weights varied frem 7 ng
te 12 mg. The samples usually weighed between 10 mg and 12 mg. Now~
ever, because the rate of filtratiem of the precipitates imwvelving the
10 ml aliquots was increased te kesp the sontect time between precie
pitats and supernate within the thirty-minsuts limit, there was some
loss of precipitate and 7 = 10 mg samples resulted.

The samples were counted over aa interval of time sufficieatly
long to ebdtaia 10,000 coumts. Am everags of thres such countiag
intervals for ecach sample was used as the correst valuwe. The dead
tims for the G-M tube used in these messuremsnts was & x 10~ sec,
Coincidence end background eorrections were made for esch reading.
Bquilibrium specific astivity wvas takem as the activity ef that sample
precipitated after a time finterval of ten half lives. Simce the half
11fe of T129% 44 4.0 yeoars, it was wnnecessary to sorrvect fer radie-
active decay.

Exchengs half times wers thea determined from graphs of log
(1=F) versus tima, wvhere P 1is defined as the ratieo of the specific
astivities (counting rate per mg of sample) of time ¢ to time ¢t
(ten times t}). Rach graph wes prepazed using frem six to nine ex-
perimental points.

Rate constants were salculsted from half timee and concentra~
tions of thallium (1) ead (IIX). Craphs of exchangs reactioms with
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short half times usually gave excelleamt straight lines. Newever,
graphs of these exchange reastions imvelving loig Iul.f‘thu were
semetimes scattered. Maximm deviations of the ul;ulltod'luu times
of these reactions were within £ 10%. This maximm deviatien is ia
agreement with that assigned te this reactiea by Brubaker and Nickel

(9).
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EESCLTS AYD DISCUSSIOR

The variation in rate cof the thallium (I)=thallivm (IIX) ex=
change reaction ia 2.12f sulfuric acid of constaut ilonic streyth
was determined as a function of chloride concentration.

The rato data were iuterpreted in terms of the McRay (11)
forrmla, applicable to exchange reactions which are first order in
the overall conceuntration of each oxidation gtate ani occur at
equilibrium

In (1 = X/xe) @« = R/ab (a ¢ b)t.

The x and x,, are the specific activities at time t and at infinite
time (tem times t}%), respectively. Specific activity i3 defined as
the ratio of the activity in counts per second per millizram of pre-
cipitated thallium (1) chromate. Tie a and b are the overall fourw:al
concentrations of thallium (I) and thalljum (III), respectively; and R
is the rate of exchange of the electron transfer reaction in units of
for:nality'ltime‘l.

The rate of exchaenge of the thallium (I)-thallium (III) ree
action in 2.19f sulfuric acid was shown, by C. H. Brubaker aud
J. P. Mickel (3), to be dependent on the first powers of the thale
lium (I)-thallium (III) concentrations. Thcy assumed

Rs k [n(x):r ['nun)]p
and found that alpha equals 0.98 % 0.05 and beta equals 1.09 2 0.01.

The half time of reaction, the time when x/xo equals %, can
be evaluated from a plot of la (1 = x/xe ) versus time. Typical
exchange rate data interpreted by the above formula are indicated in

Figure 1.
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0.1 1 1 1 A A A
0 : 400 800 1200

Minutes

Fig. I - Typical rate data. Curve A, [C17]:[T1(III)] 0:1, curve B,
[c17]) : Dri(111)] 0.87:1; curve C, cl7): ['rl(nl)] 1.06:1.
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It can be seen in Figure I that at tims sere thers is between
3% end 10% exchange indicated. This apparemt sero-time exchange is
due to an accelerated exchange rate eccurring either dﬁrtng the shert
time betwesa mixing and separatisa or durimg the separetism. MNewever,
by keeping the amount separated and the rate of presipitatien as cen-
stant as possible for all precipitations of any givea rum, the error
dus te this apparest sere-time exchange vill be & constamt factor and
mot affect the slope of the exchangs plot, from which the half time of
reaction 1s determined. This 5% te 10% apparent sere-time exchange 1s
in agreement vith previeus werk (2, 8) on this exchange reastica where
separation was effected by presipitation of thallium (I) chremats.

Substitution inte the above equatiem, x/x, 2 § whem t 3 t},
gives the eguatien

2/ab 2 0.63915/(a + b)tk.
Thus, R/sb may be ealculated from the knewn consentrations of & and b
and the measured half time of reactioa.

The ct(océ of increasiag chloride comceatraticn em the rate of
exchange {s shewn ia Table IX.

It can be seea that the rats of exchange is extremely sensitive
to variatiea in chloride eencentration. The initial effect is &
gradual deerease im rate followed by & drastisc reductiea in rate
starting at am approximate [cl‘] : [n(nx)] zatio of 0.5:1 and reach-
ing & minimm at a [€1°] s [T1(I11)] ratic ef appreximstely 2.5:1. At
this point the overall effest is & rate decrsase em the order of 103,
At higher [ €-] [n(ux)] the rate again increases with a chloride
dependence slightly greater tham secend order., The study vwas limited to
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s nxiu[m‘] 3 [n(nx)] ratio of 10:1. Preparation of reaction mixtures
above a ratie of 10:]1 was accempanied by the formation of a presipitate.
The precipitate has am empirical formulas, T1,Cl;.

TABLE I

DEPEMDENCE OF EXCHANGE RATE ON CHLORIDE COMCENTRATION AT 259¢C.,
Py e 3.68, H280, ¢ 2,19¢
17/

C1°(2) THIII(L) TI(I)(L) C€1°/TI(IIT) r::h. 1l th(mia.)
0.000 0.0108 0.010 0.00:1 0.796 40.9
0.0091 0.0105 0.010 0.866:1 0.167 203
0.012 0.0118 0.010 1.06:1 0.0893 360
0.014 0.0118 0.010 1.23:1 0.0485 663
0.017 0.0115 0.010 . 1.49:1 0.0137 2,348
0.023 0.0118 0.010 2.00:1 0.0026 13,248
0.023 0.0115 0.010 2.17:1 0.0021 15,408
0.027 " 0.0115 0.010 2.35:1 '~ 0.0019 16,416
0.035 0.0114 0.010 3.07:1 0.0025 12,960
0.025 0.0065 0.003 3.85:1 0.00408 14,758
0.030 0.0063 0.00S 4.61:1 0.00641 9,400
0.033 0.0064 0.003 5.47:1 0.00928 6,560
0.061 0.006S 0.00S 9.53:1 0.0344 1,000

The effect on the rate of reaction with increasing chloride can
be explained en the same basis that R. W. Dedson and gco-werkers (2, 4)
have used in their interpretation of the effect of chleride and cyanide
on Teastion rates in perchleric acid of eonstant iomic strength (6.0f).

The {nitial reductiem ia the exchange rate ean be axplained on
the basis of the fermation of thallium (III) complexes. These complexes
spparently are of such & nature as te disfaver a riptd electron exchange

mechaniem. This will result in a decrease fn the concentration of the
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thallium (III) exchenge species normelly present ia the absesce of
chloride end & subsequent decresse im the everall resstiom vate. The
most probable formsef the esmplex thallium (III) ioms ars TIC1** and
tlt:lz’. The assumption that the thalliwm (III) and mot the thalliwm (I)
1s favolved 1a complex formativn is based en the werk of Bemeit (3),
vhe has investigated the TIC1** and T1C1;* tens and feund them te be
strong complexes with sssccistion comstants on the order of 108 and -
107, vespectively. Purther suppert for this assumption is gained from
the receat work of Nair aad Nameollas (13). They have msasured the
association constant for the TICl speciss and obtained ths valus 1.8
at 40°C. Comparisea of this value with those values ebtained by
Beneit (3) for the thalliwm (II1) complanss indicates that the latter
would be the predeminant species. The subsequent increass in rate of
resction is theught to be due to the formatiem of TICl; and TIC1,°,
vhich appareatly have & greater ability to exchange them the TIC1** and
T1Cl3*. The asseciation constants for these lstter complexes were alse
deternined by Benoit (5) end were estimated te be sbout 102,

If the increased rate is completely due te the formatioa of
T1Cly and TICl,", the rate of exchange should approsch a senstamt
valus vhen all of the thallium (I1X) hes cambined to form the T1Cl.°
eemplex. This should eccur near & [C1°] :[T1(I1I)] ratio of 4:1. From
on examinetion of Table I it can be seen that this 1s mot the case.
The censtant rate increass from & [C1%]:[T1(III)] ratio of 4:1 to
1011 sust be due to the formation of weak thallium (I) chloride come
plexes vhich exchange rapidly with T1Cl,. The formatica of such thale
lium (I) ecmplexes as TICl;% and TICL,Z bas been postulated by Fromhers
and Lih (6). |
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The exchange rate data were analyzed by a method used by
K. Penna-Franca and R. H. Dodson (4) in their analysis of the thal-
lium (I)=thallium (III) reaction in the presence of cyanide 15 pere
chloric acid of constant fonic strength (6.0f).

Included in the analysis are data on exchange rates for the
reaction between a [€17]:[T1(111)] ratio of 0.185:1 and 0.740:1,
obtained by J. P. Mickel (12).

The following terms are defined:

[i1‘3] 2 A total uncomplexed thallium (III)
[Tl(III)]: A, total thallium (III)
[c1-] = x,

[T1c1%4] 2 ax
[r1c1,*] 2 ax,
ks » [1101**) / [11*3[c1-]
K 3 [nc12‘J / [mer*¥] [e17] & ax,/ax(x)
(1) Ks 3 AX2 or Ag LAﬁ
Kg AXz(A) K5 AX;
The concentrations of chloride and thallium (III) can be ex~
pressed as
(2) X, 8 AX ¢+ 2 AX, assuming all C1° is complexed
and
(3) As Ay - X - AXy
upon substitution of equation (2) into (3)
(4) AX g 2A, = X, = 2A
and (4) into (2)

(5) AXg8A - A, ¢ X,
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The following relations are defined

Alhg 875 i AX/Ag 3y i AXg/Ag 8 y) i Xo/Ag 3
upon dividing equation

(4) by A
AX/Ay 2 2 = Xo/A, = 2 A/A,
or
Y1 3 2 -2y,
equation
(5) by A,
AXo/Ag 8 A/A, ¢ X /Ag = 1
or

Y85, *x =1
and equation

(1) by A,
NAy s Bg (AX)2(A5)
Kg (AX;) (Ao)2

Yo2 K¢ ylz s &(2 = 2y, -x)?

or

K5 y2 Ks (X= 1 ¢ y,)
upon rearrangement
(6) K¢/Ks = Y (x=1 4-__,_2)

(2 = 2y, = %)?

If one assumes that neither AX nor AX, react, and that higher com-
plexes may be neglected for alpha less than 2, then k/k, g Yos
where k is the observed second-order rate constant; and ko 1is its
value in the absence of the complexirg agent X.

The results obtained upon substitution of appropriate alpha

and k/k, values into equation (6) are indicated in Table II.
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TABLX 11
alphe /iy Xe/Xs
0,740 0.2701 0.0233
0.866 0.2098 0.0194
0.926 0.1508 0.0311
1.06 0.1112 0.0369
1.23 . 0.0609 0.0421
. #1.39 0.0239 0.0313
1.49 0.0172 90,0386

Avg. 0.0318
3 valuas obtained frem J. P. Mickel (12).

It appears that the valuwe Rg/Ks is essentially a cemstant,
with an average value of 0.0318.

Rearrangemeat of eguation (6) and substitution of 0.0318 fer
Ee gives an equation of the form
s (7) Yol ¢ Yoo 0.854) = 0.0364 (2 ~=)2 8 0,
This expression was selved for y, and svaluated for values of
alpha betweea 0,185 end 1.80.

The agresmeat betweea the actual values of the reaction rate
and tino obtained frem the above equation (k predicted) is imdicated
in Table III.
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TABLE IIX

THALLIOM (I)TRALLIUM (III) EXCHANCE IN THE PRESENCK OF CHLORIDE AT 23°C.

AXD _ION1C STRENGTN 3, 68¢
alpha Yo k(experimental)  k(predicted) % Daviation
*0, 185 0.8196 0.68 0.66 2.8
0,278 0.7251 0.62 0.58 (W
20,463 0.5479 0.41 0.43 4.9
0,740 0.2420 0.22 0.20 .1
0.866 0.1930 0.17 0.13 12.0
%0,926 0. 1444 0.12 0.12 (Y
- 1.060  0.1040 0.090 0.083 8.6
1.230 0.0502 0.049 0.040 18.4
*1.390 0.0240 0.018 0.019 5.5
1.490 0.0145 0.014 0.012 14.3
1.60 0.0079 ‘ 0.0063
1.70 0.0040 0.0031
1.80 0.0020 0.0016
*1.85 0.0008 0.0023 0.00064

hvg. 8.20%

%k values ebtained frem J. F. Miekel (12).
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Figure II is a log-log plot of reaction rate versus [:CI‘] :[n(:n)] .
The broken line represents those values of k obtained from equation (7),
and the solid line represents experimental values of the reactionm rate
for the higher [Cl'] :|T1(11I)] ratios at which the assumptions made
in the derivation of equation (7) are mo longer valid,

The close agreements between experimental and predicted values
for the rate constants lend support to the assumptions made in the
derivation of equation (7): (1) neither AX nor AX; react; and (2) higher
complexes may be neglected for [C1°) s[u(nx)] ratios less than two.
Apparently the formation of TIC1** and T1Cl,* hinders electron exchange.
This hindrance could be due to two factors: (1) the coulombic repulsion
of species of like sign; and (2) the dissimilarity im the structures of
reacting species, assuming the thallium (I) is present essentially as
the T1* ion. At low [cl’]:[n(xn)] ratios the predominant species
are probably T1C1** and T1*. Since these postulated reaction species
are small ions with a relatively concentrated electrostatic charge,
the coulombic repulsion effect may be the most important fu.:tor. For
[CI‘] :[1:1(111)] ratios from 1:1 to 2:1 the predominant species are
most likely T1C1;* and T1*, and in this case the dissimilarity in
structure may be the important factor contributing to the retardation
of the electron transfer. The increased rate, evident after a
[c17] : [T1(121)] ratio of 2:1, is thought to be dus to two phenomena:

(1) the formation of higher thallium (III) complexes, ‘1'1013 and
T1C1,"; and (2) the formation of thallium (1) chloride complexes.

Possible mechanisms, involving these complexes, which favor electron
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transfer are

(1) *TI1Cly ¢ TIC1;™ —>*TIC13" ¢ TICl,

(2) *TIC1,” # TIC13S —>*TIC1,5 ¢ TICI,".

¥echanism (1) 13 considered to be favorable to an increased electron
transfer rate by virtue of the absence of a coulombic repulsion be-
tween reacting species and structural similarity of the reacting
species. Mechanism (2), at first glance, seems to disfavor rapid
elactron exchange because of coulombic repulsion effects; however,
if the sizes of the reacting species are considered and the fact that
the existing charges are spread out over a large ionic surface area,
the structural similarity effect may very well predominate.

Consideration of the chlqrido and the very similar cyanide
effect on this exchange reaction seems to favor a mechanism for the
electron transfer rcaction in sulfuric acid (8) similer to the type
shown above. It may be that the increased exchange rate, compared
to that observed by Prestwood and Wahl (3) im perchloric acid of
similar ionic strergth, may be best explained by the combination of
processes

*T1(S04,)* ¢ TI*—>TI(S04)" ¢ +*11*
and
"1(S0,) 2" ¢ TL1(SO4)" ——p*T1(S04)" ¢ TI(S04)2".

The coulombic attraction effect afforded by the previously suggested
processes (8) are overshadowed by the more favorable mechaniem of
electron transfer through & sulfate bridge indicated in the above

processes.
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The value of 0.0318 for the ratio of the association con-
stants of the TLC1** and T1C1,* complexes is not a true prediction
of the relative magnitudes of these spacies. It was assumed in the
derivation of the expression which leads to the evaluation of Kg/Kg
that A, the total uncomplexed thallium (II1), was in the form of the
T1*** jon. This wvas certainly not a valid assumption. Brubaker and
Mickel (8) have shown that the thallium (III) species im 2.19f
sulfuric acid is both hydrolyzed and complexed with sulfate. There-
fore

A e [ 2 [1109 o+ [mon*y] o [m1s0,7] o [11,*3]

wvhere

1109 « gmowd; [mowsd] = x [1143)
[k <] (& 9

[‘1‘130,.’] s K ['!1,"3] EBO;F] ; [‘!‘1,"’3] s total uncomplexed T1*3

A-E!l"ﬂgErlo‘s_l!zElo K+ K Eso,ﬁ]ol
[hﬁ]Z [ﬁf]
The values of the K's are
K; 8 0.77, K 8 0.071 (14), K3 s 2 (15,8).
The values of H* and 804% for & 2.19f sulfuric acid solution are
2.90f and 0.70f, respectively (12).
Evaluation leads to the equation

Az [11*3) & 2,44 Eno‘:’]

Since it was assumed

Xe/Xs & [1143] [11c1,°]
TiC1**
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then the actual value of the ratio is
Ke/Xs 8 2.44 [11,#3] [r1c1,*] [11c1%4)2 4 0.0318

Bencit (5) has determined the values of K5 and K¢ at infinite dilue-
tion to be 1.28 x 103 and 3.16 x 10°, respectively. These values
ware corrected for applicability with solutions of fonic strength,
3.68f. These corrected values give the ratio Ks/Kg to be 0.0037.

The deviation of this latter value from the value 0.013 is not
surprising since the activity coefficients used in correcting Benoit's
values were only approximate in nature. Activity coefficients were
selacted so that the ionic size and valence type were compara:le to
the species involved in each cquilibrti. Values for the activity

coefficients of the actual species have not been determined.
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SIMMARY

The variation ia rete of the thallium (I)-thallium (II1)
electron exchangs reaction in 2.19f sulfuric acid has been deter-
mined as a function of chloride concentration.

The overall rate of exchange was found to vary by s factor of
103. The initial effect of adding chloride to the system was a rapid
decrease in exchange.rate. This effect was attributed to the forma-
tion of the thallium (III) chloride complexes, T1C1** and T1C1;*, which
are apparently imert to an electron exchange. A.Idﬂilﬁl‘tltl vas
observed at a echloride to thallium (IXI) ratio of about 2.5:1,
followed by a rapid increase im exchange rate. This increase in
exchange rate was attributed to the formation of the thallium (III)
chloride complexes TICl, and rIc14°. The increase has & chloride
depcﬁdcnce slightly greater tham second order. The failure of the
reaction rate to approach a limiting value was believed due to
the formation eof thallium (I) chloride complexes favorable te a rapid
sxchange mechanism. Exchange mechanisms have been proposed. Those
vhich appear favorable te an increased reaction rate involve electrom
transfer through & chloride bridge.

By assuming (1) that higher complexes above TICI*® and TICI;*
may be neglected for [cl‘] x[!l(m)] ratios below 2:1 and (2) that TiC1%™
and rlciz‘ do mot roaci;lit was possible to derive an expression vﬁich
predicted the rate constants fer tytl reaction with a per cent pre-
cision of £ 8.2 for .[(:1‘] 1(T1(111)] raties less then 2:1,

Further mathemutical development afforded am evalustion of

the relative magnitudes of the association constants for the 11012’
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and TI1C1** eemplexss. Corvestiem for hydrolysis and sulfate complex
formation gave a value of 0.013 for the ratio K;/Ks in solutions of
constant ionie strength, 3.68f; where

ks [rict] g. [r1c1,%]

[r1+3] (2] [r1c1°¥]| ]
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The initial research assignment was the preparation o.f
compounds charactexized by metallic ions of large ionic sizas,
high charge, and which are not extensively hydrolyzed in solution.
The preparation of platinum (1IV) chelate compounds was considered
to be the most promising approach to the solution of this problem.

Initial interest centered upon the preparation of a
tris (2,2 dipyridyl) platinum (IV) compound,

An extensive preliminary search through the available
literature revealed that the preparation of this compound had not
been previously reported. However, preparations of similar come
pounds, e.g. Rh(dipy); Cl3°3H0 (1), Os(dipy); Cl3-H;0 (2), and
Ru(dipy)3 Clz (3) [whcn “dipy" 1s 2,2 dipyridyl] had been reported.
The procedures for the preparation of the above complexes were
noted with a viev that similar procedures might prove useful in
the synthesis of the tris (2,2 dipyridyl) platinum (IV) complex.

The first attempt at a synthesis involved the dissolution
of HyPtClg in & saturated aqueoui solution of dipyti&ji. Upon
heating and separation, the filtrate yielded a small amount of a
red, vaxy compound and the residue consisted of a yellow, fibrous,
extremely insoluble compound.

Analysis of the residue indicated that this compound coun=-
tained 39.3% platinum. It was believed te be Pt(dipy) Clg , which
Ih“ a theoretical composition of 39.6% platinum,

Ou the basis of its greater ionic character, Pt(dipy); Cl,

should be the most soluble compound of the dipyridyl substituted
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platinum (IV) chloride series, [?t(dipy) cl‘]. [}t(dipy)z Clz] Cl,,
[?t(dipy)aﬂcl‘. The red crystals obtained from the filtrate were
considered to be Pt(dipy); Cls. Bfforts to increase the yields of

this red compound led to experiments involving ethyl alcohol,
acidiceaqueous solutions, and water-alcohol mixtures as the solvent

for the reaction. Nome of the above methods increased the yield appreci-
ably, and in all cases the yellow insoluble complex was the predominant
compound formed.

Further preparative attempts were based on a precedure used
by F. M. Jaeger and J. A. van Dijk (1) in their synthesis of
Rh(dipy)3 Cl3°3H20. This procedure involved the addition of anhydrous
PtCl, to boiling 2,2 dipyridyl. This mixture was then heated on a
water bath, after the addition of some water and ethyl alcohol, for
several hours. Separation of the reaction mixture yielded a small
amount of & black residue and a dark red filtrate. Upon evaporation
of this filtrate, the fibrous yellow compound began to form although
the filtrate remained bright red im celor,

Recrystallization wvas carried out several times until the
yellow complex was no longer formed during crystallization. Several
procedures were utilized for the crystalliszatioa process in an effort
to prevent the formation of the yellow complex. These were slow
evaporation at room temperature, vacuum distillation and evaporation
at higher temperatures. None of the above procedures prevented the
formation of the yellow complex during crystallization.

The final product obtained from repeated recrystallizations

consisted of a dark red, hygroscopic compound.
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This substance vas dissolved {in water and repeatedly
extracted with ethyl ether until the ethar extract, upon evaporse
tion, showed no traces of dipyridyl.

Analysis of various prepsrations of this sudbstance for
platinum coutent did not give consistent results. The analysis
ranged from 142 to 222 for platinum countent. The theoretical com-
position of the Pt(dipy); Cl, complex is 24.23Z platinum. This
inconsistency in analysis was thought to be dus to dipyridyl
hydrochloride impurities. Purther liquid-solid extraction vas
done utilizing & soxhlet extractor and anhydrous sther as the ex-
tracting agent. Continuous extraction was carried out for eight
to ten weeks. BEvaporation of the extracting solvent indicated a
substance similar to dipyridyl or dipyridyl hydrochloride was being
extracted.

The final product was & hygroscopic, dark red, flat diamond-
shaped cryutalline compound. It was easily soluble in alcohol and
insoluble in benzene or ether. Tha absorption spectrum of an
aqueous solution of this substance shows a wide absorption band
in the visible region with & maximm at 527 my. The absorption
spectrum for the ultra-violet region between 340 mpy and 240 mp was
more complex; however, absorption peaks were soted at 237 mpy, 297 ap
and & suall side band at 320 mp. The final ytleld of this substance
was 80 small that analysis for platinum vas mot attempted.

A variation in the reaction procedure was tried im bhopes
that the red compound might be insoluble in molten dipyridyl im the

shsence of ethyl alcohol and water. 1If this were true, the
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scparation and crystallization steps could be eliminated from

the above procedura. BExperiment revealed that the yellow compound
was formed almost immediately upon aidition of PtCIA to molten
dipyridyl but no trace of the red coaxplex was detected even when
the reaction was allowed to proceed for several days. However,
upon the addition of ethyl alcohol and water the red substance
sppeared within a few hours.

Another variation employed was the use of ethyl alcohol
alons as a solvent in the reaction proccdure in order to reduce
the time for evaporation.

Decause of tha low yilelds ani the expense of the reagents
these expurimcents were sabandoned.

Interest next centered upon possidble preparations of the
similar compounds Pt(py)g Cl; and Pt(phen); Cl, [vhoro “py" is pyridine
and "phen' 1s l.lO—phananthroliné]. The procedure for preparation
of the pyridine cowplex consisted of dissolving anhydrous PtCl, in
pyridine at a temjperature slightly below boiling. Immediately
upon mixing & yellow, fibrous compound was formed. This compound
vas found to be extremely insoluble in water. Evaporation of the
filtrate gave no fudication of the presence of another compound.

Preparation of Pt(phen); Cl, was attempted by the same pro-
cedure used for the uipyridyl complex. This method resulted in
an insoluble brwwn residue and an orauge colored filtrate. Evapora-
tion of the filtrate yielded a small amocunt of & waxy, orange coupound,

Repeated extraction with ethyl ether failed to rewmove enough of the
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impur{ties, believed to be excesa phenanthroline, to give well
defined crystals.

The results of thesa preparations cannot be considered
conclusive; however, the following generalization might be made.
Formation of tris(2,2-dipyridyl)platinum (IV) chlortde and related
comipounds is apparently deterred by the initial production of the
mono dipyridyl substituted compound. The extreme insolubility
of this compound effcctively removes it from solution and prevents

further substitution from occurring,
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