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in explaining the invariance of the energy of acti-
vation from one halo complex to another. The
reorientation of the solvent around the reacting
complex must then be a real effect. The variable
portion of this effect must be associated with the
leaving group since it would appear to be the only
variable within the system. If this is a correct
assumption, then the differences in the entropy
of activation between the complexes ought to
roughly parallel the differences in the thermody-
namic entropies of the reactions corresponding to
I. Latimer and Jolly* have suggested a pro-
cedure for the estimation of the thermodynamic
entropy of any reaction of this type. In general
form this reaction is rewritten

lialogen (bound) + H,Oq —>

H,O(bound) + halide (aq) (1II)

Values that have been estimated? for the various
entropy terms in IIT are 9.4 e.u. for bound water,
21 e.u. for free bromide, 16.7 for free water and 9
for bound bromide. These values lead to a cal-
culated value for AS: for reaction 1 of 4+4.7 e.u.
A similar treatment applied to the hydrolysis of the
chloro and iodo complexes leads to values of
+0.8 and 7.2 e.u., respectively. These values have

(25) W. M. Latimer and W. L. Jolly, J. Am. Chem, Soc., T8, 1548
(1953).

(26) W. M. Latimer, "Oxidation Potentials,’’
Hall, Inc., New York, N. Y,, 1952,

2nd Ed., Prentice-
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approximately the same relationship to one another
as do the entropies of activation for the hydrolysis
reaction. The principal difference between the
thermodynamic entropies of the reaction leading
to the replacement of halogen by water in the
complex is the entropy of formation of the various
halide ions in solution (Cl—, 15 e.u., Br—, 21 e.u.;
I 27 e.u.).¥ A correlation between the entropy
of activation for the hydrolysis reaction and the
thermodynamic entropy of hydration of the ion
seems to be reasonable on the basis of this data.
The relative order and magnitudes of these values
is not greatly different from that observed be-
tween the entropies of activation for the three com-
plexes. Such considerations as these indicate
very strongly that the solvent sheath is a direct
participant in both the pH independent and the pH
dependent reactions. Furthermore the similarity
of the variation of the entropy terms in the two
reactions which behave so differently to changes
in the pH indicates that both have transition states
which interact with the solvent sheath in the
same way. There is however, no indication as
to whether a single solvent molecule is specifically
involved in the transition state. It is not possible
then to assign these reactions on the basis of the
observations reported in this paper to either of
the Sx 1 or Sy2 classifications.

(27) W. M. Latimer, K. S. Pitzer and C. M. Slansky, J. Chem. Phys..
7, 108 (1939).
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The acid hydrolysis of czs-[Pt(INH;).Cls] has been studied at 25 and 35°

For the first acid hydrolysis

cis-[Pt(NH;):Cls] 4+ H:0 —> c¢s-[Pt(NH;).CI(H.0)] + 4+ Cl~

the equilibrium constant, Kj, is 3.3 X 1073 mole/l. and the rate constant, %, is 2.5 X 1073 sec. 7! at 25°.
nificant direct exchange between the chloride ligands of ¢7s-[Pt(NH;).Cl:] and Cl1-.

There is no sig-
For the second acid hydrolysis

cis-[Pt(NHj3):CI(H:0)] * 4+ H:0 —> cis-[Pt(NH;)(H.0)] ¥+ + Cl~

the equilibrium constant K, is 4 X 1073 mole/l., at 25°.

i The exchange of chloride with ¢is-[Pt(INH3)CI(H20)] occurs at a
rate which is chloride-independent and is characterized by a first order rate constant, k; = 3.3 X 1075 sec. 71 at 25°.

Tt ap-

pears likely that this exchange also occurs by only an acid hydrolysis mechanism.

Introduction

When the compound which was originally
designated by Werner® as cis-[Pt(NHj)sCly 1s
dissolved in H,0O, the solution possesses the very low
conductivity of a non-electrolyte. However, an
increase in the conductivity of its solutions has
been noted by a number of investigators.?—*
Jensen® proposed that the increase in conductivity

(1) Contribution No. 924. Work was performed in the Ames
Laboratory of the U. S. Atomic Energy Commission.

(2) (a) A. Werner, Z. anorg. Chem., 8, 267 (1893).
and A. Miolati, Z. physik. Chem., 12, 49 (1893).

(3) H. D. K. Drew, I'. W. Pinkard, W. Wardlaw and E. G. Cox,
J. Chkem. Soc., 988 (1932).

(4) D. Banerjea, F. Basolo and R. G. Pearson, J. 4m. Chem. Soc.,
79, 4035 (1937).

(3) K. A. Jensen, Z. anorg. Chem., 229, 252 (1936).

(b) A. Werner

of the solutions upon aging can be explained in
terms of acid hydrolysis or aquation of the chloride
ligands according to

Ry
cis-[Pt(NH;)Cl] + H:0 <=3
Ry
cis-[Pt(NH;).CI(H,0)]* + Cl-, K1 (1)
R_
cis-[Pt(NH;).Cl(H:0)] + + H.0 _)6
Ry
cts-[Pt(NH;3)(H.0)o) ++ + Cl—, Ko (2)
The R's are the rates for the indicated reactions
and the K's are the equilibrium constants. In
the present work, the rate expressions assumed to
apply are
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R = k| DPH{NH;g).Cl (3)
Ry = k_1[Pt{NH;).CI(H,0)*][Cl] (4)
Ry = ko[Pt(NH,;).CI(H,0) *] (5)
R_, = k_s[Pt(NH;):(H.0),* +][C1 7] (6)

where the brackets imply concentrations of the
enclosed species in mole/1.

Banerjea, Basolo and Pearson* measured the
rate at which Cl— formed in solutions of cis-
[Pt(NH;):Cl] in 0.01 M NaNO; and concluded
that at 25° %; was 3.8 X 1078 sec.”1. They also
noted that the rate of substitution was unchanged
by the presence of 0.016 3/ NaOH.

The titration of the acidic hydrogen in the aquo-
complexes of platinum(II) has served in this Labo-
ratory to characterize the acid hydrolysis in the
systems containing [PtCL = and [Pt(NH;)Cl;]—.6—?

In the present investigation, this method has been
applied to solutions of ¢zs-[Pt(NH;).CL]. Also,
since the acid hydrolysis provides a means for the
isotopic exchange of the chloride ligands with free
chloride ion, this isotopic exchange has been meas-
ured to ascertain if alternative means for the ex-
change are important.

Experimental

Materials.—The cis-[Pt(NT;),Cly] was synthesized from
iridium-free K,{PtCl,], whose preparation was described in
an earlier work.? The miethod eof Lebedinskii and Golov-
nyal® was used in which 6 g. of KCl and 6 g. of K,[PtCl,]
were refluxed for 30 min. in a 209 ammonium acetate
solution. After the solution cooled, the greenisli-yellow
precipitate was recovered. It was recrystallized three
times froin hot water which was acidified with HCl. Analy-
ses of tlhie product yielded: 64.79%, Pt and 23.69, Cl.
Caled. 65.09 Pt and 23.6%, Cl.

The ultraviolet absorption spectruin yielded the muost
seusitive criterion of purity. For a preparation a ratio of
at least 4.5 for the absorbance of tlie peak at 300 myu to the
absorbatice of the valley at 247 mu was considered to repre-
seut a satisfactory purity (Cary Recording Spectropho-
tometer Model 12). When the compound was dissolved in
11,0, the molar conductivity initially observed was 1.7 1./
mole ohin cm.

Chlorine-36 was obtained from the Isotopes Division,
United States Atomic Energy Commission, Oak Ridge,
Teunessee. The isotope was delivered iu the form of ap-
proximately 2 N I1Cl, and it was used without further prepa-
ration.

The ion exchange resins used were Amberlite IR-120 for
catinns a1id Dowex 1 for anions, 50 to 100 mesh. The resius
were packed i1 columns 2 cm. in diam. with 12-14 cm. beds.
The beds were supported by coarse sintered glass filters to
provide a rapid flow.

Other chemical reagents were of reagent grade materials
wliich were certified to mieet American Chemical Society
specifications. All water was drawn froin the distilled
witer tap and was then redistilled from alkalinie permanga-
nate.

Equipment and Methods.—The equipment and methods
for the titrations of the hydrolysis products in the solution
and for the preparation, counting aud weighing of samples
in the evaluation of specific activities of the radioactive
sarmples have been described in the reported studies of
[PtCly) = and [Pt(NH;)Cl;) —.6—9

Titrations of Equilibrium Solutions.—Equilibrium solu-
tions of the desired concentration and volume were prepared

(6) L. F. Grantham, T. §, Elleman and D. S, Martin, Jr., J. 4m,
Chem. Soc., 17, 2965 (1955).

(7) T. 8. Elleman, J, W. Reishus and D. S. Martin, Jr., ibid,, 80,
536 (1938).

(8) T.S. Elleman, J. W. Reishus and D. S. Martin, Jr., 1b4d., 81, 10
(1959).

(%) C. I. Sanders and D. S. Martin, Jr., ibid., 83, 807 (1961).

(10) V. V. l.ebedinskii and V. A. Goulovnya, Izvest. Sektora Platiny ¢
Drug. Blagorod. Mustal., Inst. Obsachei § Neorg. Khim., Akad. Nauk
S.S.S.R., 20, 95 (1947)
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by dissolving the calculated quantity of cis-{Pt{ NI1;)2Cly]
and NagS0y, to yield an ionic strength of 0.318, in H.O.
Solutions were aged in a therinostat for oue to three days
to attain steady states. Generally, the solutions were
kept in flasks that were covered with opaque tape to exclude
light. Solutions were titrated with standard NaOH, and
a glass indicator electrode was used. The end-points
were taken from the maxima in plots of ApH/Aml. NaOH.
An average pH of 8.9 was obtained for tlie end-points.
After an end-point had been approximately established by a
complete titration, additional sainples were titrated rapidly
by adding a sufficient amount of base initially to approach
the end-point. Titres of equilibrium solutions are given in
Table I.

Determination of the Rate of the First Acid Hydrolysis.
Freshly prepared solutions of ¢zs-[Pt(INHj;):Cly] and Na.SO,
were placed in a thermostat. Aliquots were withdrawn at
intervals and were titrated to evaluate the extent of hy-
drolysis as a function of time. Typical results for two solu-
tions have been plotted in Fig. 1. The rates of the acid
hydrolysis were obtained from the initial slopes of suclt
curves. There was some ambiguity in locating the origin
for these plots because 10 to 30 minutes were required to
dissolve the solid compound completely. The time of
dissolving was dependent somewhat upon the concentration
to be attained and varied between different preparations.
The initial portions of the curves were approximately
linear and gave a well defined slope which could be used for
a satisfactory evaluation of an initial reaction rate.

Isotopic Exchange of Chloride.—Initially, the obvious
procedure for the separation of free chloride ion from the
complexed chloride by precipitation as AgCl was attempted.
However, a separation-induced exchange occurred in such
cases which precluded consistent results for the exchange
kinetics and the method was abandoned.

The ion exchange separation, wlich proved satisfactory,
was developed next. The exchange was initiated by the
addition from a micropipet of a quantity of the tracer
Cl~ solution (5~20p 1.) so that only a negligible change in
volume of Cl~ concentration resulted. At intervals there-
after aliquots (15-25 ml.) were withdrawn from the solutions
and passed through an anion exchange column in the nitrate
form. The column was washed with 100 ml. of water.
This operationt required 12-20 min. The anion exchanger
effectively removed free chloride ion, and the effluent was
assumed to contain the cis~-[Pt(NH;).Cly] and [Pt(NH;j)e-
Cl(H.0)] * without fractionation.

Other aliquots from the exchange solutions were passed
througlt botlt the anion exchange column and a cation
exchange column in the sodium forin. These columns
also were washed with 100 ml. of H;O, to leave only cis-
[Pt(NH;).Cly] in the effluent. Solutions collected from the
ton exchange coluinns were heated for 30 min. with excess
aqueous NHj; to displace the complexed chloride. Finally,
the solutions were acidified, and AgNO; was added to pre-
cipitate AgCl. The specific activity of the AgCl (cts./min.
ing. Cl) was determined.

Exchange solutious were prepared by weighing the cal-
culated amounts of «is-[Pt(NH;).Cl)], KCI and Na:SO,
into a volumetric flask and adding H:O to the mark. For
the evaluation of exchange rates in equilibrium systems tlie
solutions were aged for 1-3 days in a thermostat before the
chloride tracer was added. The solutions were generally
contained in flasks covered with opaque tape, but in a few
cases the solutions were exposed to laboratory lights without
any observed effect. In several experiments exchange was
initiated iinmediately after the solution was prepared.
Such experiments make possible the evaluation of direct
excliange between Cl~ and c¢is-[Pt(NHj;).Clz] which may oc-
cur before the formation of significant quantities of the hy-
drolysis preducts. Results with typical aged solutions are
in Fig. 2, and some fresh-solution exchanges are shown
in Fig. 3.

Treatment of Data.—Tor the treatment of tlie kinetics
and exchange the following terius are defined:

total coucentration of Pt in the solu. (added as cis-
[Pt(NH;).Cls], mole/l.

initial concentration of Cl~, added as KCl

concn. of C136 in Cl1~, cts./min. 1.

conen. of C1% in ¢is-[Pt(NH;).Cl], cts./min. 1.

conen. of CI% in ¢is-[Pt(NH;).,CI(H:0)] *, cts./min.
1.

a

b
s
%
v

o
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I = u -+ v+ s = concn. total C]%
S = s/[C17]. (Specific activity of chloride ion)
U = u/2[Pt(NH;)Cl]. (Specific activity of cis-[Pt-
(NH;)Cly])
V = v/[Pt(NH;),CI(H:0)*]. (Specific activity of cis-

[Pt(NH,;).CI(H:0)] *)
titer of solution, equivalents of acid/l.

T

Equilibrium quantities are indicated by a « subscript and
initial quantities by a 0 subscript.

Aquation Reactions.—If one proton from each complexed
H,O is titrated, the titer for the solution is

T = [Pt(NH:).Cl(H:0)*] + 2[Pt(NH;)(H0)**] (7)

It was shown in earlier work® that the titer in the equilibrium
system satisfies the expression

Ei(b + ToXe — Tw) + KiKo(2a — Tw) =
Ta(d + Tw)? (8)

K; and K, are equilibrium concentration quotients for re-
actions 1 and 2 which were presumed to be constants since
the ionic strength was inaintained nearly constant at 0.318
mole/l. in all the experiments.

If the titers of a freshly prepared solution of cis-[Pt-
(NHj,).Cl;] were measured at intervals after its preparation,
the rate constant for reaction 1, %1, was obtainable from the

expression
ki = (dT/dt)e/a (9)

The rate constant k_; was then obtained from the familiar
expression

ko1 = h/K, (10)

No unambiguous method was found for the evaluation of k.
and k-..

Exchange in Aged Solutions.—Reactions 1 and 2 provide
for the introduction of tagged (Cl%*)~ into the comiplexes.
However, alternative direct exchange processes may occur
which will be written

cis-[PH{NH;):Cly] + CI* —>
RI

cis-[Pt(NIL;),CI*Cl] + Cl1= (11)
cis-[Pt(NH;).CI(H,0)} + + Cl*~ —>
RII

cis-[Pt(NH;):,CI*(H.0)] + + Cl= (12)

The differential equations for the rate of appenrance of radio-
active chlorine in the complexes are then

du/dt = —R2U+ R.(V+ S)+ R(S—1T)

and
dp/dt = RiU — Ry V — RV 4+ R..S+ R(S — V)
(14)

Under the conditions of equilibrium with respect to reactions
1 and 2 (aged solution exchange), Ry = R_;, R; = R_,,
and R’ and R” can be considered constants. Equations
13 and 14 become first order linear differential equations
for # and v, and they possess solutions with a double ex-
ponential form

1 — u/the = Are7at 4 oot = 1 — U/Us (15)
1 — 9/ve = Bie~art + Boe~art = 1 — V/Vs (16)

Although these solutions are double exponentials, ex-
change variables such as U/U« and V/ Ve can be followed
with reasonable accuracy only from the starting values of
0 to about 0.7-0.8. 1In this region the semi-log plots of
(1-U/U&)and (1—V/V o) deviate only slightly from straight
lines and the curves can not be resolved into the two com-
ponents. However, the time for half-exchange of a fraction
serves as a useful parameter. For the fraction ¢is-[Pt-
(NHj;):Cly] the time of half-exchange is defined as the time,
T1/au, at which (U — Up)/Ue ~ Uy) = '/; and similar ex-
pressions serve for the V and S variables. It is to be em-
phasized that in a three component system such as this, the
time of half-exchange is different for the various fractions,
and the time for %/, exchange for a fraction does not equal
2 X Ty, for that fraction. Also, values for a fraction of
exchange >1 are obtainable under certain conditions.

It was found that the rate of exchange of the cis-[Pt~
(NH3):Cly] fraction was relatively insensitive to the rates
Ry or R, It was not possible to isolate the [Pt(NHj)o-

(13)
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Cl(Hz0)] * fraction but the anion exchange separation

procedure was devised to leave the [Pt(Nil3),Cl;] and

[Pt(NHS,):Cl(H.0)] * in solution so that (# + v) could be

measured. From eq. 15 and 16 it is clear that

(1 —L"'_’”_> = Ce~at + Cee~art = 1 — Fupy (17)
Uo + Vo

The quantities, «i, 41, Bi, Ci, in the solutions of the ex-
change, eq. 15, 16 and 17, can be evaluated from the
quantities @, b, K1, K», k1 and the natural parameters R’/
Ra1, Ria/Rar and R”/Ray. Since it was not possible to
separate the reaction rates, Rwsand R’’, a single parameter
(Rxs + R’’)/R= was used in place of the last two. From
a set of calculated values of the ai, 41, and C; the times of
half-exchange, 7%/;u and Ti/3u+v), were readily obtained
from plots of the corresponding calculated fractions of ex-
change.

Exchange in Fresh Solutions.—The rate of exchange in
freshly prepared solutions of cis-[Pt(NH;).Cly] gives addi-
tional informatinon about the magnitude of R’. Under the
condition that [Pt(NH3).Cl(H;0)]t <<a<b tlie approxi-
mation for Eq. 13 can be written

du/dt = k_1[Pt(NH;3):CI(H,0)*] I 4+ k'ab~11 (18)
where R’ is taken as first order in [Pt(NI1;).Cl.] and nth
order in Cl1~. During the interval that eq. 18 is valid, the
concentration of [Pt(NHj;):CI(H,0)] *is given by
[Pt(NH;),Cl(H:0)*] = [Pt(NH,):CI(H:0)*]o + % af

(19)

A concentration, [Pt(NH;).CI(H20) *],, greater than zero
is required because 15-20 min. are needed to dissolve the
samples before the exchange can be started. The inte-
gration of eq. 18 under these conditions yields
U/Us = {k_1[Pt(NH;),CI(H,0)*]o (b + 2a)t/2a } +

{kotka(b + 2a)2/4} + {B'071 (0 + 2a)/2} (20)
This equation is a very satisfactory approximation for
values of U/Uq of less than 0.2.
Results and Discussion

The titers of equilibrium solutions at 25 and 35°
have been listed in Table I. In several cases the
experiments were repeated, and the reproducibility
was generally within £39%;. Because of the low

TABLE I

T1TRATION OF AGED SOLUTIONS OF cis- [Pt(NH;):Cl;]-EQui-
L1BRIUM CONSTANTS FOR AC1D HYDROLYSIS

Initial
{Pt- Caled. Caled,
(NHs)sz- Initial {Pt- {Pt-
Clpl® [KCI] {N'Has)2Cl- (NHj)s- ~~Titer, *T''—
it i *'h’ (H20) *lo (H20):* %] Obsd. Caled.
25.0°
K (average) = 3.3 X 107% K, (average) = 4 X 104
mole/l. mole/l.
2.50 0 1.36 0.31 1.97 1.98
2.50 1.00 1.27 .21 1.68 1.68
5.00 0 2.40 .34 3.08 3.10
5.00 1.03 2.21 .26 2.72 273
35°
K1 (average) = 3.9 X 107% K, (average) = 2 X 1074
mole/l. mole/1.
1.50 0 1.01 0.16 1.32 1.31
2.50 0 1.57 .16 1.90 1.90
5.00 0 2.71 .18 3.06 3.06

a All concentrations are 103 X mole/l.

solubility of the compound and the need for suffi-
cient concentrations to provide satisfactory titra-
tions, the extent of the concentration range was not
high. ZEquilibrium constants, K; and K, were
calculated by the use of Eq. 8 from each combina-
tion of two titrations at a given temperature. The
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Fig. 1.—Titer of cis-[Pt(NHj;).Cly]
temp. = 25°, ux = 0.318. @, initial concentration =
mole/l., 0.0050 mole/1.

averages of these calculated constants are in Table
I. The concentration of each of the complex
species and the titer, calculated from the equi-
libriwun constants, have been included for each
experiment in Table I. The agreement of these
calculated titers with the observed values attests to
the consistency of the equilibrium constants, It is
noted that the calculated concentration of the [Pt-
(NH;):(H:0),]**+ was never large and, therefore,
the constant K, was not well defined. If for the
25° experiments, K, was arbitrarily set equal to zero
and K; was calculated from the experiment at a =
5.00 X 103 mole/l. and & = 0, the calculated
titre for ¢ = 2.50 X 107% mole/l. and & = 0 was
N9 low. This deviation in the calculated titer
was well outside the experimental reproducibility,
and the result indicated that the second aquation
was real. It was calculated, however, that a 3%,
change in one titer of these two experiments
changed pK, by 0.10 and pK, by 0.25. This
result also indicates the greater uncertainty in K.
Some of the equilibrium solutions were prepared
with added KCl to assure that a possible small
chloride impurity did not seriously affect the data.

The value of K, for ¢is-[Pt(NH3):Cly)] 1s about
one order of magnitude smaller than the constants
for [PtCly]= and [Pt(NH;)Cl;]~, which are nearly
equal. However, K, for cis- [Pt(NH;),CL] is,
approximately equal to the value for [PtCL]=,
which in turn about an order of magnitude larger
than the constant for [Pt(NH,;)Clz]-. Although
the data are not sufficiently precise to permit a good
evaluation of AH? for the reactions, they are at
most only a few kcal. in all cases. The effect of
the structure on the relative stability of the hy-
drolysis species in aqueous solutions is apparently
subtle with no outstanding trends.

The rate constants for the first acid hydrolysis,
ki, were obtained from the graphs, of which those
in Fig. | are typical, by the application of eq. 9.

In five determinations at 25° in which the initial
cis-[Pt(NH;),Cl;] concentration ranged from 2.5-
6.0 X 10—% mole/l., values for &y of 2.5-2.7 X
105, av. 2.5 X 107 sec.”!, were obtained. In
four experiments at 35° with the initial cis-[Pt-
(NH;):Cla] concentrations in the range of 2.5-
5.0 X 10~% moles/1., the values for A1 of 7.2-8.1 X

solutions wus, tinie,
0.0025
O, initial concn. =
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Fig. 2.—Typical exchange experiments in aged (equilib-
rium) solutions of c¢is-[Pt(NH;)Cl:]. Tewmp, = 25°, u =
0.318.

1075, av. 7.6 X 107 sec.!, were obtained. All
of these results were for solutions in which an ionic
strength of 0.318 mole/l. was established by the
addition of Na,SQ,. They indicated a AHF =
19.7 kecal., and AS*¥ = —14 e.u. for reaction I.

The value at 25° of 2.5 X 107% sec.~* for &; is in
rather poor agreement with the value of 3.8 X 107
sec.~!reported by Banerjea, ¢f a/.* They measured
the appearance of Cl— and presumably prepared
the semi-log plot, log (1 — [C17)/[Cl7] ) us.
time, which is normally prepared for a first order
non-reversible reaction. Plots of log (1 — 7/T..)
#s. time have been prepared from the data of the
present experiments. These plots exhibited a
definite although not large curvature. It was
noted that In 2 divided by the time at which 7/
T = 1/, agreed fairly well with the value reported
by Banerjea, et al. It is believed, therefore, that
their high value resulted from a failure to consider
the reversibility of Reaction 1 or the possibility of
the second aguation.

The results of some typical exchange experiments
are shown in Figs. 2and 3. The effectiveness of the
ion exchange procedure in removing the ionic com-
ponents is clearly shown in Fig. 3 from which it
can be seen that any apparent exchange, induced
by the separation procedure or resulting from its
failure to achieve complete separation of Cl—, was
of the order of 0.5 to 1.09%. The conditions for all
of the exchange experiments with aged solutions
together with the observed times of half-reaction
have been included in Table II. For equilibrium
solutions which contained high Cl— concentration
(>0.1 M), the concn. of [Pt(NH;),Cl(H0)]+
was very low. In practice only the specific ac-
tivity of cis- [Pt(INH3):Cly] in these systems could
be determined. The half-time exchange for these
chloride solutions were calculated with the assump-
tion that R’ = 0 and that (R; + R"") < R, (eq
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TABLE 11
Excnance BrrwesN CHLORIDE, cis-{Pt(NIL).Cl.] AND ¢is-[Pt(NIL)L.CI(H,0)] * N Eguinisrium Sorurions. loNIC
STRENGTH = 0.318
1nitial
[Pt{NH;)e2- 1nitial Equilibrium Equilibrium
Cla] jKen [Pt(NHj)s- [Pt (N'Hz)o- oo ee————Times of half-exchange———————w
T BRI CUHO) *lo  {(H2O)2* e e TV TVam v
s /1. role/1, e /1. Obsd., aled., Obsd., Caled.,
Bt elek RIS Rt hr. o Br. *nr. (Re + R™)/Ry
25°
5.00 1.00 2,22 0.26 5.32 5.00 3.90 3.80 1.0
5.00 2.50 1.96 18 5.50 5.50 4.33 4.30 0.9
5.00 5.00 1.60 .10 6.40 6.20 .. 5.20 7
5.00 10.00 1.13 04 7.45 7.40 6.90 6.80 D
5.00 134 0.12 13.3 14.5 14.5
5.0 268 .06 13.8 14.9 14.9
2.5 134 .06 13.8 15.0 15.0
35°
5.0 2.50 2.19 0.09 2.32 2.00 1.48 1.53 1.0
5.0 10.0 1.28 0.02 2.75 2.54 36 2.32 0.6
5.0 134 0.14 4,33 5.04 5.04
15. These calculated values are included in Table stantial rate for either Reaction 2 or Reaction 12

IT under the column 7ij.catea.. The satisfactory
agreement between these calculated and observed
times of half-exchange indicate that the first acid
hydrolysis, Reaction 1, accounts for the exchange
between c¢is-[Pt(NH;)2Cly] and Cl— and that any
contribution of Reaction 11, which is first or
higher order in chloride, is negligible.

The chloride exchange for fresh solutions were
mnvestigated to explore the possibility of a con-
tribution of Reaction 11 which might be zero order
in chloride. In Fig. 3 are plotted values of U//U,
for a freshly prepared and for an aged solution of
cis-[Pt(NH;3):Cl;]. The uncertainty of 0.5-1.09%,
introduced by the separation procedure, limit the
conclusions concerning the inrtial exchange rate.
However, it can be seen that in the aged solutions
the introduction of the tracer into cis-[Pt(NHj)e-
Cly] satisfactorily follows the calculated curve.
Further, the introduction of tracer into cis-[Pt-
(NH;):Cl] in the fresh solution occurred at a
much lower rate than in the equilibrium solution,
and the experimental points in Fig. 3 rather satis-
factorily followed the curve which was calculated
with the assumptions that R’ = 0 and that the
time for dissolving the solid compound was equiva-
lent to 10 min. It has been concluded, therefore,
that any direct exchange for Reaction 11 which is
zeroth order in chloride also must be less than 109
of the acid hydrolysis. It isnoted that the isotopic
exchange process is considerably slower than
would be possible with the higher hydrolysis rate
constant of Banerjea, ef al.!

For exchange experiments in which the chloride
concentration was low so that appreciable concen-
trations of [Pt(NH;),Cl(H,O)]+ existed, the ob-
served times of half exchange, 7, and also
T/ (u 4 1), When the latter was determined, have been
included in Table II. In the analysis of this data,
it was assumed that there was no fractionation of
[Pt(NH3>2C12] and [Pt(NHQgCl(HgO)]'*‘ in the
anion exchange columns. In general, weights of
AgCl counting samples corresponded rather closely
to the expected weights of total chloride so that it s
believed that fractionation was not serious. Since
T, (v~ » Wwas generally smaller than ry,,, a sub-

was indicated. The times of half-exchange were
calculated for various values of the parameter,
(R; + R"')/R,, and under the condition that R’ =
0. The value of this parameter, to the nearest
0.1, which was considered to give the most satis-

factory set of times of half-exchange have been
s
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Fig. 3.—Initial part of exchange experiments for aged and
fresh solutions of cis-|{Pt(NH3).Cl). Temp. = 25° u =
0.318, 2 = 5.0 X 10~ mole/l. and b = 5.0 X 10~2 mole/l.
O, exchange in fresh solution; @, aged solution — [Pt(NH;),-
CI(H:0)*™] = 1.60 X 107% mole/l., [Pt(NH;)(H:0):**] =
0.10 X 1073 mole/l.; calculated curve, fresh solu-
tion: U/Ue = {k-1[Pt(NH;):CI(H,0)*], (b + 22)t/2a} +
{k-1kt?(b + 2a2)/4} where [Pt(NH;):Cl(H:0)*]y = ¢ X 105
mole/l. (10 minutes aging); — — —, calculated curve aged
solution: U/Ue = ki1(b + 2a)t/2[C17).

indicated in Table II. Also included are the calcu-
lated values for these times of half-exchange. It
can be seen that it has been possible to select values
of (R: + R'")/R: which account rather well for
the observed times of half-exchange. However,
since it is the exchange of all the Ligand-chloride
which was measured, the relative uncertainty in
the parameter becomes rather large, especially for
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Fig. 4—Plots of (R, + R”)/[Pt(NH,),Cl(H,0)*] vs.
chloride concentration. Indicated AH* = 20.3 kcal., AS* =
—1l e u.

values of the parameter less than 1.0. In Fig. 4
has been plotted the quantity (R, + R')/[Pt-
(NH,),Ci(H,O) +] vs. [C1~] for all cases in which it
was calculated. Although the values do increase
somewhat with [Cl~], it was felt that the increase
was not significant in view of the uncertainty in the
parameter at the higher chloride concentration.
1t has been concluded, therefore, that the reaction
rate sum (R, + R’’) is substantially zero order in
chloride. The weighted averages for the indicated
first order rate constants (b + #£’’), together with
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values for AH* and AS¥* have been included with
the data in Fig. 4.

It has not been possible to separate the mndividual
reaction rates Ry and R”’. Since reaction 12, with
the rate R’’, is chloride independent and is uot a
solvation process, it presumably would have to
proceed by a dissociative mechanisii. It 1is possible
that the entire exchange is carried by the acid
hydrolysis, 7.¢., 2"’ < ko.

In the experiments which have been completed
with the systems of [PtCly=, [Pt(NH;)Cl;]~ and
cis-[Pt(NH3),Cly’, it has been fouud that the acid
hiydrolysis accounts completely for the exchange of
the species, [PtCly]= and cis-[Pt(NH;).Cly]. All
the other exchange processes in these systems are
also chloride independent. In addition, all thesc
first order reaction rate constants lie in the narrow
range of 2.5-10 X 107% sec.”!, and all indicate
rather similar entropies and energies of activation.

Basolo and Pearson!! have indicated that the
similarity of reaction rates for complex species
whose charges ranged from —2 to 1 indicate that a
simple dissociative mechanism to a coordination of
3 does not occur in the substitution reaction. The
present experiments appear to support such a con-
clusion. It does appear likely that all the chloride
exchange processes in these three systems occurs
by the acid hydrolysis, and the chloride ion cannot
compete with the solvent in the replacement of a
chloride ion under the concentration conditions
which have been studied. Apparently, the water
ligand can be replaced rapidly by chloride or by
many other substituting groups so the rate of the
acid hydrolysis controls the rate of many substitu-
tion reactions, including the rate of base hydrolysis.

(11) F. Basolo and R, G. Pearsou, "*Mechanisms of Inorganic Reac-
tions,”’ John Wiley and Sons, Inc., New York, N. ¥., 1938, p. 194.
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Neodymium(II) Chloride and Iodide’

By LeoNaARrRD F. DRUDING aND Jou~N D. CORBETT
REecEIVvED NOVEMBER 14, 1960

Lower Oxidation States of the Lanthanides.

Investigation of the salt-rich portions of the Nd-NdCls; and Nd-Ndl; phase diagrams establishes the existence of the iu-
congruently melting NdCly.s, (680°), NdCls.s, (702°) and NdCly.e (841°) and the congruently melting NdIjes (562°)

Neodymium(II) chloride is isomorphous with SmCl, and NdI; ¢ with SmBr.. The composition and powder patterns of
solid solutions of cerium in NdCla.s, suggest substitution of a reduced cerium species, presuitiably Ce™?, therein. The

formation of a face-centered-cubic (Nd, Ce)Cly.2 phase at higher Nd/Ce ratios is considered in terms of anion substitution in

the body center of the fluorite structure.

A new method is given for the preparation of the pure rare earth metal trichlorides

and iodides by the reaction of HCl or I with the metals in molybdenum or tungsten containers, respectively.

Introduction

The solubilities of certain metals in their molten
salts have evoked considerable interest in recent
vears as the chemist has turned to the study of
reactions at higher temperatures. Recent 1in-
vestigations have centered upon the alkali®*—*

(1) Presented at the 138th meeting of the American Chemical So-
ciety, New York, N. V., Sept. 14, 1960. Work was performed in the
Ames Laboratory of the J. S. Atomic Energy Commission.

{2) M. A. Bredig, . R. Bronstein and W. T. Smith, Jr., J. Am.
Chem. Soc.. T7, 1434 (1955).

(M J. W. Dhuson and M. A. Bredig, J. Phys. Chem., 62, 604
OELS

alkaline earth®7 and post-transition’—* metal
metal halide systems. Although the phenomenon

(4) M. A. Bredigand H. R. Bronstein, ibid., 64. 64 (1960).

(5) D. Cubicciotti and C. D, Thurmond, J. 4m Chem. Soc.. T1.
2149 (1949).

(6) H. Schafer and A. Niklas, Angew. Chem.. 64, 611 (1952).

(7) P. 8. Rogers, J. W, Tomlinsuvn and F. D. Richardson, Trans.
Met. Soc. AIME, 1n press.

(8) T D Corbett and 8. v. Winbush, J. Am. Chem Soc., 77, 3904
(1955).

(9) J. D. Corbett, S. v. Winbush and F. C. Albers, sbil., 79, 3020
(1957).

(10) J. D. Corbett, W. J. Burkhard and L 1.
76 (1B61)
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