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Mechanism of Aquoﬁuxgzn of Carbonato Complex
s

By Franz A. Possy AND Hanay Tauss
Recrivep Fesruvary 20, 1053

Stranks and Harris' have reported that there is
no carbon isotope discrimination in the reaction

Co(NH;WCOs* + HyO + 2H* =
Co(NH ){(HiOn*** 4+ COy (1)

In an oxygen tracer study on a related reaction
Co(NHWCOs* + 2H* = Co(NH,; )y HsO*** + COy (2)

Hunt, Rutenberg and Taube? showed that in re-
lease of carbonate, the Co~O bond is not severed,
but rather the C-O bond. Since reaction (2)
is analogous to what can reasonably be supposed
to be a stage in the net reaction (1)

Co(NH;){(H0)COs* + 2H* =
Co(NH)(HiOx*** + COx (3)

there is an apparent inconsistency in the two ob-
servations which, while it can be resolved by one
of several assumptions, forces none as a conclusion.
We have therefore undertaken an oxygen tracer
study of reaction (1), for comparison with the
resuits obtained in reaction (2), similar to that
conducted for this reaction, but have increased
the power of the tracer results by examining also
the isotopic composition of the carbon dioxide
liberated both in reactions (1) and (2). The
method for isotopic assay of the water bound in Co-
(NH,)«{(H;0)s+++ was developed during the course
of other research on the ion, and will be described
more fully when these results are published.

Experimental

The salt (Co( NH,;)C04:)NO;-1/sHsO was prepared accord-
ing to the method of Grubitsch.® The purity was checked
by electrolytic determination of the cobalt content (calcu-
lated, 22.84%,; observed, 22.86%). The salt (Co(NH;)k-
CO0;)NOy-HyO was part of a preparation used previousaly.?

The tracer experiments with (Co( NH.).C&)!NO.J/.H
were performed by a solution of this compound
in water enriched in H,O ¥ Perchloric acid in water of
isotopic composition very near to that in the solution was
then added. During this operation, a rapid stream of nitro-
gen passed through the solution to carry off the carbon di-
oxide released. This was stripped from the gas by means
of a trap immersed in liquid nitrogen. The ion Co(NH,).

HsOxt** was precipitated from the solution with Co-
CN)®, and the salt (Co(NH;){(H;0)) (CO(CN)s) was re-
moved, washed, dried, and finally heated s vacuo to remove
the complex-bound water. The isotopic composition of the
water was determined by equilibrating it with carbon diox-
ide, and analyzing the carbon dioxide in a mass spectrome-
ter. The necessary blank determinations were conducted
as indicated by the procedures described. Separate experi-
ments were also conducted in which the solid carbonato
salts were dusted into perchloric acid in enriched water, and
the carbon dioxide swept out with nitrogen as before.

All operations were performed as rapidly as ible to
minimize exchange of Co(NH;}CO;* and Co(NH,){Hs-
O)*** with the environment. The solutions before addi-
tion of the acid were cooled to 0°, and maintained there for
precipitation of Co{NH,}{(H:OX{Co(CN)). In & typical
experiment, 1.5 g. of salt was used in 30 ml. of solution.

Results
N represents the mole fraction of O% in the species under

(1) D. R. Stranks and Q. W, Harris, J. Phys. Chem., 84, 900 (1083)

(2) 1. P. Hust, A. C. Rutenberg and H. Taube, Tuis Jounnat, 74,
208 (1959).

(3) H. Qerubltach, "Ascrganisch-praparative Chemie,” Springer
Verlag, Vienna, 1980, p. 441.

consideration. All results were normalized to 2.000 X 10-?
as the mole fraction of O in a sample of ordinary CO, kept
as a standard.

The method of isotopic assay of Co(NH)( HiO)*** was
tested by pitating the cobalticyanide from water en-
riched in O%, after leaving the aquo ion in contact under
conditions and for a time comparable to those obtaining in
the experiments with the carbonato ion. The results were:
N X 10? for inner sphere water of Co(NH;){HsO)*** pre-
cipitated from normal water = 2.235; N X 10* for normal
water = 1.928; N X 10? for inner sphere water when ﬂ‘!—
cipitated from enriched solvent = 2.348; N X 10? for H,O
in enriched solvent = 7.163. The results show 2.3% ex-
change of the aquo ion during the operation.

To learn the exchange to be expected for CO, liberated by
acid under the conditions of our experiments, a solution of
Na;CO, (of normal isotopic composition) was added to en-
riched water containing acid, with the following results:
N X 10? for COs from NasCOs in ordinary water = 1.906;
N X 103 for COy from NasCO, in enriched water = 2.077;
gloa 10? for enriched water = 5.985; exchange of CO; =

T%‘provide the necessary base values for the interpreta-
tion of the tracer experiments, the aquotization of Co( NHj)e-
CO,* was conducted in water of normal isotopic composi-
tion (N X 10* = 1.928). N X 10% for CO, from aquotiza-
tion = 2.008; N X 10? for inner sphere water = 1.985.

The results on the aquotization in enriched waterare: N X
10? for water in solution = 8.263; N X 103 for inner sphere
water = 5.147. Base value (1.985 X 10! corrected for
exchange expected in this environment = 2.120 X 10~
Fraction of inner sphere water derived from environment
= (.493. The carbon dioxide collected in this experiment
was found to have undergone 5.4% exchange with the en-
vironment, somewhat in excess of that observed using Nas
COs. A third experiment proved this exchange not to be
reproducible (~ 8%), and the method of adding the solid

was adopted.

With (Co(NH,)(CO;)NO,-1/sHO, the results were: N
X 10 for H;O in enriched solvent = 6.923; N X 10? fo
CO; released = 2.069. The value 2.089 compared with
2.009 for the release of CO, in normal water shows 1.2%, en-
richment.

With (Co(NHahCOs)NO:-HeO the results were: N X 102
for CO; released from normal water = 1.972; N X 10* for
COq released from enriched water = 2.048; N X 10* for
H4O in enriched solution = 5.685. In this experiment, the
carbon dioxide underwent 1.5% exchange with the solvent.

Discussion

It is necessary for the success of an experiment
of this type that the resulting aquo ion not ex-
change rapidly with the solvent. The blank
experiments with Co(NH;){(H 0),*+*, as well as
proving the method of isotopic analysis of the bound
water, prove the formula of this ion in water to be
Co(NH)):(H,O)yt++, and demonstrate its ex-
change with the solvent to be sufficiently slow for
the present purposes.

The experiments show that the ion Co(NHa),-
(H 0),++*, formed from Co(NH,)CO,;*, derives
only '/; of the oxygen from the solvent, the other
1/s being left by the carbonate when CO, is re-
moved. The possibility that the 509, exchange
appears equally distributed between the two posi-
tions, as an accidental value on the way to complete
exchange, can be excluded by considering the iso-
topic composition of the liberated CO, Such
enrichment could only take place with some form
of the carbonato ion (Co(NH,)«(HsO)st++ does not
exchange sufficiently rapidly) and would neces-
sarily result in enrichment of the CQO, which is
liberated. The slight enrichment of the CO,
observed (~1%,) is attributable to exchange follow-
ing its release.

Stranks and Harris have suggested the mechanism
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Co(NH;)COs* + H* + H,O =

Co(NH;)H;0 COH * (rapid) (4)
Co(NH,){HsO COH* ¢+ —>

Co(NH))((HyO)OH** + CO, (5)

The stepwise feature of the mechanism is certainly
reasonable, and is to some extent confirmed by
providing an explanation for our oxygen tracer
results. Applying our observations to this me-
chanism, it can be concluded that the Co-O bond
is severed in step (4), otherwise CO; would appear
at least 33%, exchanged with solvent. Reaction
5, involving Co(NH,)H,0* CO;H*+, then takes
place as demonstrated for the analogous ion Co-
(NH;)iCOsH *+, severing the C-O bond. The
fractionation experiments of Stranks and Harris,
obtained for the reaction in acid, find an explanation
if reaction (4) under these conditions is formulated
not as an equilibrium, but as a rate determining
step; no large carbon fractionation can be expected
in step (4) since the Co—O bond is severed there,
and none can take place in (5), since the ion is
completely decomposed to products.

It is interesting to note that the major conclusions
are indicated also by the experiments on aquotiza-
tion in ordinary water, the isotopic composition
of the inner sphere water (1.985 X 10-3) lying
fairly near the mean of that of the solvent (1.928
X 10-% and of the carbon dioxide (2.009 X 10-%).
The dependability of such a conclusion drawn from
this experiment, however, is reduced not only
because of the slight difference between the extreme
values, but also because fractionation effects inter-
fere. These can take place due to discrimination
by Co(III) between O and O'* in water, and in the
attached carbonate. The results show that a
slight excess of O'* is left on the Co(III).

If it is assumed that precisely 507, of the H,O
in the inner sphere is derived from the solvent, the
isotopic cecmposition expected for this water in the

Nortes

Vol. 76

experiment using enriched solvent is the mean of
8.263 X 10-* and 2.009 X 10~ or 5.136 X 10-3
When this is corrected for the exchange to be
expected for the aquo ion, the value 5.208 X 10-?
is obtained, to be compared with the experimental
value of 5.147 X 10-%. The result may indicate a
slightly greater rate of reaction of H;O" compared
to H,O",

A conclusion about mechanism which applies
to the results for CO,~ attached as a chelate, bound
at one position, or not bound at all, is that there
is no transfer of oxygen from the solvent to C at
any stage on the release of CO;. Thus it seems
likely that the activated complex whick in the case
of Co(NH;)sCOs*+ has the composition Co(NH,);-
COsH *+, does not have the structure reasonable for
this complex ion, but rather has tbe proton on the
oxygen bridging cobalt and carbon

++

O
(HaN)Co ?{CO

Since new Co(III) bonds are established during
the release of COy from Co(NH;)(COst, it will be
of interest to learn whether groups besides water
(e.g., C1-, SO4~) can enter during this rapid process.
It was this possibility that attracted interest to the
aquation of Co(NH;);CO;+, but could not be
realized in this reaction since oxygen is left attached
to Co(1II).
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Observations on the Mechanism of Electron
. Transfer in Solution

By Henry Taube, Howard Myers, and Ronald L. Rich

I W D TR MR S W B T

BT 1 T e e DGR T AN A2 KN ot SRR AL e

Ep—— -



K W wwr oo

— - -

T -

{Reprinted from the Journal of the American Chemical Soclety, 76, 4118 (1953).)
Copyright 1933 by the American Chemical Society and reprinted by permission of the copyright owner.

OBSERVATIONS ON THE MECHANISM OF ELEC-
TRON TRANSFER IN. SOLUTION!
Sir:

An important problem in the field of mechanisms
of “electron transfer’’ reactions is concerned with
the changes taking place in the codrdination spheres
of the oxidant and the reductant on electron trans-
fer. This problem has been but little elucidated
for reaction of cations, as for example Tit++ 4
Fet+t = Ti(IV) + Fe++ (net change) or Fe®* ++ +
Fet+t+ = Fe*+++ 4 TFett (virtual change).
Thus it is not known whether electron transfer
takes place by an electron jumnp through several
layers of solvent, or whether it accompanies the
transfer of a group such as OH from oxidant to re-
ductant; or H from reductant to oxidant.? Simi-
larly the particular role played by negative ions
such as C1- or F~ in catalyzing®*% the reaction of
cations is not understood. The principal reason
for the lack of a detailed understanding is that the
systems are generally very labile with respect to
changes in the codrdination sphere so that inter-
mediate stages which would supply evidence about
the nature of the activated complexes change to
final products too rapidly for convenient observa-
tion. One method of attack on these problems is to
alter conditions so as to slow up the changes;
another is to exploit the ions which are less labile
with respect to substitution under ordinary condi-
tions.

We have followed the latter line of attack, choos-
ing the reductant Cr*+ — Cr(IIl). This system
has the virtue that any group found in the coérdina-
tion sphere of Cr(111) when it is formed from Cr++
must have been present in the activated complex.
Substitution reactions on Cr(III) are sufficiently
slow so that entry of groups after completion of the
oxidation can be ruled out at least for some sys-
tems. (For Cr(II), however, substitutions are
rapid®.)

A significant result is that when Cr*+ is oxi-
dized by Fet++ in loric acid medium (1 A)
in a solution containing Cl— (0.05 Af), chloride
ion is found attached to the product Cr(III)
(0.5 mole/mole Cr(III) for these conditions).
Hence, we can conclude that CI-Cr bonds must
have been established in the activated complex.
The experiments, however, do not distinguish the
activated complexes [Cr~Cl-Fe]+ (1mplymg Cl

(1) This work was supported by the Office of Naval Resenrch under
Contract N6-Ori-03030,

(3) See W. F. Libby, “Symposium on Blectrou Transfer and Iso-
topic Reactions,” J. Phys, Chem., 86, 983 (1083); discusslon by R. W.
Dodson, N. Davidson, O. L. Forchheimer, pp. 868, of srq.

(3) J. Silverman asd R. W. Dodsos, J. PAgs Chem., 08, 840 (1058).

(4) D. J. Melor and C. 8. Garwer, ibid., 06, 853 (1953),
(3) H. C. Hornig sad W. . Libby. édid., 6. 800 (1838)

atom transfer as the act producing electron trans-
fer) or [CICr*-water-Fe*++] (implying electron
transfer through the solvent facilitated by Cl-
attached to Cr+t). A decision in favor of the
former type of explanation is reached on the basis
of experiments we have done using as oxidizing
agents complex ions which are slow with respect to
substitution. We find that when Co(NH,),Cl++
is reduced by Cr*+ in 1 M HCIO,, one Cl1- appears
attached to chromium for each Cr(IIl) which is
formed or Co(III) reduced. Furthermore, when
the reaction is carried out in a medium containing
radioactive chloride, the mixing of the Cl— at-
tached to Cr(I1I) with that in solutxon is found to
be less than 0.5%. The ¢ iment with radio-
active chloride shows that transfer of chlorine from
the oxidizing agent to the reducing agent is direct,
rather than by release and reéntry of Cl-, and
leads to the formulation of the activated complex as
[(NH.).Co—Cl—.Cr]“ (apart from the participation

by solvent and its ions). Transfer from Co(NHj,)s-
Br++ to Cr(lII) is also found to be complete.
In both cases the net changes are to form Cr-
(HsO)¢**++ and X~ as final products, with, how-
ever, CrX ++ as a recognizable intermediate stage.
The observations on relative rates are also sig-
nificant. Rates of reduction increase in the order:
Co(NH)e**++, Co(NH,)yH,0*+++, Co(NH,)Cl++,
Co(NH,)Br++, The groups HyO, Cl- and Br-
have available pairs of unshared electrons as points
of attack. the polarizability of the groups increasing
in the order named. With Co(NH.).+++ a proton
must be removed to provide a pair of electrons as
point of attack for Cr+*, or the electron must be
transferred through the proton codrdination shell.
We propose an activated complex of the type
[(NH,)Co~X-Cr]** as a model for processes in
which negative ions catalyze electron exchange be-
tween cations. Experiments are in progress to
determine whether oxygen atom transfer occurs in
the reaction of Cr++ with Co(NH,;)HOt+++.
These have significance in their relation to proc-
esses involving activated complexes such as
[Tit++Fet++jaq., [Fet+Fet+tJag, etc. We
recognize that an activated complex of the type we
have formulated is not always readily accessible,
as for example, when both partners are inert to
substitution changes. When at least one partner is
labile, the direct bridge complex seems a likely path.

(6) H. Taube, Chem. Revirws, 80, 00-101 (1983).
Groros HERBERT JONES LaBoRATORIES Hanay Tause
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The Studyof a System Involving Equilibrium
between Inner Sphere and Outer Sphere
Complex Ions: Co(NH,);H,0+** and SO;

By Henry Taube and Franz A. Posey
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The Study of a System Involving Equilibrium between Inner Sphere and Outer Sphere
Complex Ions: Co(NH,);H,0++* and SO,”

By HENRY TAUBE AND FrANz A, Posey
Recmivep Ocromer 10, 1052

The fractional conversion of Co(NH;}HO *++ to Co{ NH )80, * at equilibrium is observed to he almost indeaendent of

the concentration of sulfate ion over a wide range above ca. 0.01 M.

to be converted to a sulfate complex ion by outer sphere

is confirmed by obeervations on the ultraviolet a

sulfate ion. The change from the sulfato ion to the “isomeric’” outer sphere complex ion is governed by the energy
AH = =40 % 0.3 kcal. mole™!, AS = —13 cal. deg.~! mole™!,
An increase in lability is observed with increase in sulfate ion concentration. The

The bebavior is understood if the
at low concentration of sulfate ion.

uo ion is assumed
interpeetation

onbsndo(Co(NH.).B;O*"inthemedmyiuamni?of
tities:
The reactions are first order in the concentration of Co(111).

reactions are catalyzed by hydrorn ion.
is 23.7 £ 0.5

The activation energy for the change of the sulfato ion to the aquo ion is 19.3 = 0.5 and for the reverse change i

keal. mole-t,

In considering the structure in solution of a
complex jon the stoichiometry of which has been
established, the question arises as to its distribu-
tion between two forms, in one of which the addend
is directly attached to the central ion occupying a
position in the first sphere of cobrdination, and
in the other occupying a position outside the first
sphere of codrdination. e latter type of struc-
ture can be expected to have considerable stability
when the central ion has a high charge and when the
addend is an ion of high charge. The importance
of association of this type in water solution has been
proven by the work of Davies,! Linhard! and
Katzenellenbogen® using complex cations of the
type Co(NH;)¢*++*. Replacement of NH; by the
anion does not take place under the conditions
which were chosen and, in fact, the observations on
the spectra? suggest that the first sphere of co-
ordination is little disturbed in forming the outer
sphere complex jons. It is evident that inert com-
plex ions are extremely useful in defining the type
of association under study, owing to the great
difference in the speed at which association in the
inner sphere and outer spheres takes place. For
labile complex ions the distinction between the two
types is much more difficult to make because the
two forms are not readily separately characterized.

We have made use of an inert complex ion system
also in our study. Substitution of water by water
or other groups in Co(NH;)yH,0+++ takes place
very slowly.* Our data with this cation and with
SO~ as an anion provide a dramatic demonstration
of the presence in the solution of outer sphere
complex ions, and furthermore, since H;O and SO~
are eventually exchanged, have made possible a
comparison of the stabilities of inner sphere and
outer sphere “isomeric”” forms. The desirability
of a more complete study of this system was in-
dieated‘ bwk done on the water exchange |l'e-
action. experiments we are reporting supple-
ment those described by Adell* His study was
limited to the range of dilute solutions ((SO~)
~ 10~ or less) and therefore did not expose some
of the interesting phenomena we have observed.

(1) C. W. Davies, J. Clam. Soc., 3421 (1931).
{2) M. Liskerd, 2. Blebrochem., 80, 324 (1043).

(3) B. R. Katssuelionbogen, Paper Mo, 33, Division of Physical and
Inergasic Chemistry, American Chomica! Bociety Meeting. Neptember,
1080,

(4) A.C, Rutenberg and H. Tanbe, J. Chem. Phys., 89, 821 (10A2),
(B) B. Adelt, 2. amrg. allpem. Chem., 948, 303 (1942),

Experimental
ure was to follow the extinction of a solution

7

3
i g
g%
:
i
i
4

tinctions were measured lies on the long wave length
of a band with a maximum at 515 mu for the sulfato and
for the aquo ion. The two maxima in the visible
jons are not sufficiently well separated to
in analyzing the solution. While the
lhtmd does differ linrkedly for the two ‘:ubwueu.
onger wave length was preferred since use
ger BH,0+++ and

f¥
i

compared to the ultraviolet band. y
obalt cations obey Beer’s law in the solutions
within experimental error. The extinctions change slightly
with temperature—for example, there is an increase of ca.
3% in the extinction of the sulfato ion in 0.05 M NasSO,
as temperature rises from 25 to 31°—hence for a series
ext measurements were made at constant (#1¢)
temperature. In studying the variation of equilibrium con-
stant with temperature the solutious which had been stored
at different temperatures were all brought to the same tem-
perature for comparison of optical densities. No signifi-
cant readjustment in the inner sphere of codrdination took
place during the temperature change.

The substance [Co( NHZWS0,]HSO-2H,O was the source
of the sulfato fon. It was as described by Jorgen-
sen.' The content of Co and SO, were found to be 15.80%
(theoretical, 15.70) and 81.42% (theoreticaf, 5§1.47). Co-
(NH: 3 HO(Cl0¢)y was prepared as described clsewhere,¢
and served as the source of the aquoion. The agreement of
final optical densities starting with both salts shows that the
aquo salt was a sufficiently good preparation. Other re-
agents were of A. R. quality, used without further purifica-
tion. Solutions were made up using redistilled water.

Conditions and —In all ts except
expt. 11, Table I, the concentration of te was in excess
oltheeonmmtthi:noﬂhmp!:tan by.t‘unc&otdg:
greater. Over greater part range
theapedﬁcﬂteuwdluthequﬂﬂthdht;im
not very semsitive to the concentration of 80,, and the
initial recorded values which differ at most 7 or 8%
from ..u-% good de-

E

B e rat b e A e S bt g e e o i




L““mu EEFCECON r - T

Pt

——— T A ——

1464 Henry TAUBE AND FRANZ A. Pospy Vol. 78

Tasez 1
Dara on EQurasaium DIsTRIBUTION AND RATR A8 FUNCTION oF SULFATE CONCENTRATION
Temperature 31.1 = 0.02° except in expt. 8; S0, as Na,;SO, except in expts. 5 and 6

No. Z[SOs") Z{N*} & X 10 D#
1 2.90 0.80 11.3 0.401
3 1.15 1 8.3 405
8 0.57 .050 6.8 .501
4 .156 015 4.8 490
5 .166° .018 4.3 499
0 156 018 5.3 .503
7 .052 .010 4.1 .508
8 .053 . .010 17.0 .506
° .021 .010 3.4 .508

10 .0140 010 2.8 .510

11 .00216 .0081 512

¢ KeSO:. ® MgSO.. * Temperature 43.8°. 4 (RSOHSO,) = 0.00108 M; (HCIO,) = 0.005 M. No other electsolyte.

scriptions of the sulfate concentration prevailing. t
where recorded, sulfate was introduced as N .

Z[S0¢™] refers to total SO~ t, whether complexed
or not (and differs but slightly from uncomplexed sul-

Z[H*] represents concentration of H *+ present in all forms
R represents the radical Co{NH)
A -eu?‘t’lu total concentration of species contain-

[Skg?enu the total concentration of species containing

D, DA and Do the optical denaities (log
I/ I) of solutions con 8 initially, A initially and the
equilibrium mixture, respectively. For all solutions, cd =
0.0150 cm. mole 1. —1,

& is the specific rate of as measured in a plot of

logLD.-D.lmmt. It is to the sum &, +
kg where these specific rates refer to processes
s A
A8
the ratio [A at and is
Q. m [A]/(S] at equilibrium
Specific rates are expressed with time in minutes.
0.18
0.10 ;
0.08 .
__,.o.oo 1
[ ]
[~
] 0.04 1
s

A

10 20 0

Time, he,

Pig. 1.—The variation of optical density with time
mediam, Z{80,"] = 2.90 M, 2{H*], 03 M. Upper curve,
sulfato salt spproaching equilibrium; lower curve, roseo salt.
D same for both. _

D Db Qe ha X 106 As X 10¢
0.328 0.213 1.42 6.6 4.7
.839 214 1.28 4.6 3.7
845 213 1.18 3.7 3.1
345 214 1.17 2.6 2.2
847 214 1.4 2.3 2.0
348 218 1.16 2.8 2.4
.382 214 1.12 3.2 1.9
371 214 0.86 7.9 9.1
.345 217 1.28 1.9 1.5
.341 217 1.36 1.7 1.2
.321 221 1.91
Results
In Pig. 1 are ted typical data on the change of opti-
cal deni:ity with time h expchmt“whhom

, starting in one
aguo salt and in another with the sulfato salt.

Table I contains a of results obtained at rela-
concentration

at the levels used in the series in Table 1.
Table I1 is a summary of the data obtained on the varia-
tion of Q, with temperature. The data are shown plotted

Tamz 11
Variarion or EQUILIBRIUM CONSTANT WITH TEMPERATURE
-Hodh- ?. .g
Z(S0e~] ZH* 24.9° 1.1 as
2.90 0.30 1.67 1.43 1.1
0.052 .010 1.28 1.18 0.88
0.021 .010 1.4 1.27 1.01

in Fig. 3 to yield values of AH in keal./mole which are as
foliows for the change: S — A.

-4.1 £ 03at 2.6 M S0~

—4.0 =+ 0.3 at 0058 M 80

—3.6 & 0.3 at 0.031 M SO,

I
i
%
:
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TasLe 111
THr INFLURNCE OF NRUTRAL ELECTROLYTS
Temperature 31.1°
No. 2i80) Z(H*| (NaCIO) & X 104 D Da O ha X 100 Jm X 10¢
1 0.031 0.010 0.93 1.92 0.516 0.238 4.40 1.87 0.388
* 054 .010 .71 2.56 511 .233 3.18 1.74 0.83
3 .188 .010 .54 4.38 .5808 218 1.28 2.4 1.9
. 4 .084 .010 2.00 2.04 N 228 32.68 1.0 0.554
5 .158 .010 1.7 2.68 507 218 1.9 1.806 1.13

Tans IV
Tux INvLUBNCE OF BIsuLraTs ION
Temperature 31.1°

¢ The series was planned at constant s, but insuficient NaClO, was inadvertently added in this experiment.

e 5 R T e

No. (NasBOy)  (NaHSOJ (NaClO0 & X 10¢
1 0.054 0.10 0.60 3.61
2 .054 .30 .40 4.62
3 .084 .70 .00 6.34
4 54 .10 1.40 5.25
5 54 .40 1.10 5.85
6 54 1.50 0.00 9.02
Tamx V
RaATR AND EQUILIBRIUM DATA POR SOLUTIONS CONTAINING
NaHSO, anp H,SO,
Temperature 31.1°
No. HS& S5 A& pw 0 MoX Mo
1 0.00 3.00 16.1 0.488 2.87 11.9 4.2
2 100 20 125 408 2.14 8.5 4.0
3 3.00 0.00 102 498 1.61 6.3 3.9
4 000 6.00 27.5 485 2.2 19.1 8.4
5 3.00 3.00 21.0 .48 194 1830 7.1
6 500 100 188 490 100 11,6 6.9
7 0.00 9.00 36.0 400 1.40 21, 18.
Tamz VI

Tur UirravioLsr Exrmicrion Cossrrermnrs or Co-
(NH;RH,O*++ AT VaRIOUS CONCENTRATIONS OF SULFATS
Ion
Temperature 27 %= 1*; ¢ = 1/cd log s/ in 1. mole ~1em.™;
{RHyO(C1O:h) = 8.0 X 10-¢ M; (HCIO,) = 0.01 M

Ain mp 0.000 0.0063% 0,(’. Sl 0.041¢ 0.1060
I R Ve
a8 1 = 13 s

143 257 288 338 360
336 503 538 613 650
762 000 1010 1120 1180
1620 1910 1040

low sulfate ion concentration the equilibrium

RHO*+* 4 90~ &' RHO*++.80,~ (II)
presumably becomes important and RHO+++
as well as RH,O+++80, contributes to [A).
At concentration of 80,~, Q, will be altered by
salt on equilibrium (I) orbyfurtheranocu-
tion of lulfate with the com

3233 F

’l‘he eonclunon that RH,O+++ and SO~
strongly associated is by Davies’ cal-
culations' for the similar system Co(NHy)e*++
and SO~ which yielded 3.3 X 10° as the equi-
librium constant for the association reaction at

D Dw O Aa X 106 by X 104
0.508 0.3218 1.47 3.1 1.5

.500 215 1.85 3.6 2.0

.409 .314 1.44 3.7 2.6

.503 .2%4 1.07 2.7 2.8

.500 .219 .1.13 8.3 3.6

.500 214 1.43 8.4 3.6
zero ionic and 25°, The conclusion is

directly proven ythedatamTableVIonthe
ultrawolet extinctions of RH,O+++ in the presence
of varying concentrations of SO,~. Marked
changumﬂmextxncuonmoh.ervedmtheulm-
violet band, with the extinctions at 240 and 235
mu ap ing saturation values when (SO¢~)
is only 6 X 10-° M., More complete data will
be required to obtain values of equilibrium con-

v v

osr <

'

29 30 a1
1/T X 108,
Fig. 3.~The variation of Qs with temperature. Curves
are In order for 390, 0031 and 0.058 M, 2{S0"] reading
from top to bottom,

o S ot o g . 2 AR A2 A A
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stants, particularly because successive stages of
ussociation '?pmntly must be taken into account.
This is evideniced by the observation that the
rate of approach to saturation extinction values is
different at different wave lengths,

If the assumption is made that the ratio
(RH{O+++.50,7)/(RSO,*) remains constant be-
low 0.05 A SO, and is measured by the ratio
Qf' at this sulfate jon concentration, the value
of Kyt for expt. 11 {a calculated as 1.1 X 107,
When corrected for the difference itt y, this value
will be close to that reported by Davies for Co-
(NHs)e*++ and SO,=.

The measured heats of reaction on the inter-
pretation suggested apply to reaction I. It should
be noted that the change is exothermic. It is
interesting that the heat of transfer of SO~ from
inner sphere to outer sphere does not change
appreciably as (SO4~) changes from 0.05 to 2.6
M. The decrease in |AH| at. lower (SO,~) can be
attributed to participation by equilibrium (II).
Using the observed values of equilibrium constant
and oA at 0.05 M SO=, AS at this concentration
of sulfate is calculated as —13 e.u. An entropy
decrease can be expected since ions of opposite
chirge are separated in transferring SO~ from
inner sphere to outer sphere, thus increasing the
interaction with the solvent.

The effect of NaClO, on the equilibrium [A]/[S)
is presumably largely in increasing the concentra-
tion of RH,O+++ relative to RH,O*++SO.~
+ RSO(*. There may also be an effect on the
ratio (RH;O+*++.80,=)/(RSO,*), but this is im-
possible to decide from the data. Assuming that
the ratio is unaltered by NaClO and is given by
the value of Q. at 0.05 M SO,~, the quotient Ky
for expt. 1, Table III is calculated as 16, and for
expt. 2 of the same table, at somewhat lower ionic
strength as 20. The large change in Ku from the
conditions of expt. 11 to those obtaining in the
experiments of Table 111, is in line with the large
value of As?for reaction (II).

The data of Table IV suggest that salts do affect
the ratio (RHyO**+.S04~)/(RSO(*). While in
dilute solution (expts. 1, 2, 3, Table 1V) NaClO,
and NaHSO, influence Q. in approximately the
same way, in more concentrated solution (expts.
4, 5, 6) replacing NaClO, by NaHSO, enhances the
ratio. For concentrated electrolyte solutions
effects due to changes in the activity of water must
become important, The decrease in Q. as the
concentration of sulfuric acid is increased is attribu-
table, in part at least, to this cause.

Over the composition range investigated, which
includes variation of the initial concentration of
Co(III) from 0.0150 to 0.00150 as well as the
variation in concentrations of other ions, the re-
actions are first order in (Co(III)). Using solu-
tions at lower (SO) than we have in our rate
study, Adell* observed ks to be independent of
SO¢=, and kg to be given by an expression of the
form A* £(SO¢=) (RHyO+++), where { is a function
taking account of interionic attraction effects.
For the conditions we have adopted, RH;O*+++
is almost completely associated with SO, so that
the net change (except for further association of

e e [
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Co(IIl) and SO,~) is represented in equation (I),
The data of Table I exhibit the interesting feature
that ks and ks are about equally affected by the
concentration of sulfate ion for solutions in which
Co(III) can be presumed to be almost completely
associated with SO~ The catalytic e&ct of
sulfate ion is best demonstrated by observing its
effect on k4 for solutions at constant jonic strength.
Comparison of expts. 1, 2 and 3 of Table I1I shows
that SO, increases the rate of removal of SO~
from the inner codrdination sphere. Catalysis by
anions of substitution reactions in complex ions
has been observed in other cases.”

The two series of experiments in Table IV show
the influence of H* in increasing the lability of the
system. The effect is attributable specifically to
Ht* rather than HSO,~, since it decreases as
(S04~) increases. The specific effect of H* is not
great (and is not expected to be great since the
H* has only a slight affinity for SO~), and did not
appear over the variation in (H*) executed by
Adell® in dilute electrolyte solution. The differ-
ences in lability observed for solutions containing
K+, Na+ and Mg+*+ are probably significant, and
indicate increasing interaction between cation
and SO~ in the order presented. The results in
very acidic solution show general trends which are
consistent with the ideas presented. It may be
noted in addition, that the relatively slight increase
in ka from 6.0 M H,SO; to 9.0 M H;SO,isattribut-
able to the decrease in activity of the water.

Comparison of the specific rates at the two
temperatures leads to values of E and Q at 0.05
M SO~ corresponding to ka and ks of 19.3 = 0.5
and 23.7 = 0.5 kcal./mole, and 10'° and 10'3:%
1. mole=! min.~'. The change from RH,0*++*+.
SO~ to RSO,* has a normal frequency factor and
the over-all entropy change must appear in the
entropy of activation for the reverse change. This
implies that the charge separation in the activated
state is closer to that in RH,O+++.SO;~ than it is
in RSO+, This in turn is more in line with an
activated state of codrdination number 5 rather
than with one of 7.4

An original purpose in undertaking the kinetic
investigation of the present system was to attempt
to distinguish Sy1 and Sn2 mechanisms on the basis
that at high SO,~, a limiting rate would be ex-
pected (governed by the rate of formation of a
praumeg intermediate, such as Co(NH,)s*++ for
the Syl mechanism, whereas on the Sy2 mech-
anism, such a limiting rate would not be expected.
The effort to make such a distinction on kinetic
evidence is vitiated however by the association of
RH,Ot++ and SO~ which, in effect, changes
the nature of the reactants. However, in view
of the demonstrated effect of SO in increasing
lability of the system, the observation that the
rate of water exchange is diminished whea it occurs
in the presence of the net change to RSO+ becomes
stronger evidence for an important contribution by
the Sy1 mechanism. ¢

Various comparisons which can be made makes it
seem likely that the observations recorded here on

(7Y . J. Garrick, Trens. Faraday Soc., 84, 1088 (1939).
(8) R. A, Plane and H. Taube, J. PAys. Chem., 88, 33 (1983),
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the equilibrium between inner sphere and outer
sphere complex ions will find their counterpart in
labile systems of the same charge type, as for
example Fet++-SO~ and Ce+++-SO,~. In gen-
eral the equilibrium behavior of Co(NH,)H,O*++
in association reactions with anions s very nearly
the same as for other tripositive ions forming 1:1
complexes. Thus, the equilibrium constant for
association with Cl—- at 25° and 4 = 0.05 is 4.1°
and the association reaction is slightly endothermic.
This behavior is in striking similarity to that of
Fet++-Cl-." Furthermore, for Co(NH;)yt++ the
affinities decrease in order from Cl- to I -, as they
dofor Fe**++* The association constant observed!!
for La+++ and SOy~ at u = 1.00 and 25° is 25 and
for Cet*+ and SO~ under the same conditions is

(#) P. ). Garrick, Trans. Faraday Soc., 38, 486 (1937).

(10) E. Rabinowitch and W. H. Stockmayer, THis Jouanaw, 64,
335 (1942).

(11) K. L. Mattern, Thesis, University ol California, Berkeley,
1081,
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17.5.'* In the present system in the same salt
environment (but at 31.1°) the constant for asso-
ciation involving outer sphere complexes is only 16,
and if the inner sphere complexes are included, the
constant would be roughly doubled. These simi-
larities strengthen the view that for the labile sys-
tems consisting of SO~ and tripositive ion, the ra-

tio of concentrations of inner and outer sphere -

forms will also be of the order of magnitude of
unity.

Acknowledgments.—One of the authors (H. T.)
wishes to acknowledge the contributions of Dr.
Estelle R. Katzenellenbogen and Dr. W. K. Wil-
marth in directing his attention early in the in-
vestigation to the importance of outer sphere ion
association. We are also grateful to the Office of
Naval Research for support of this investigation
under contract N6-Ori-02026.

(12) T. W. Newton, private communication.

Cuicaco, ILLiNois



