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The volumes of activation for the acid hydrolysis of PtC1h2- and Pt(NH3)Cla- have been determined by measurement of 
the effect of hydrostatic pressure on the reaction rates. The values of A V* are, respectively, - 17 and - 14 ml/mole with an 
error of approximately 2 ml in each. The effect of pressure on the equilibrium constants is too small for reliable measurement 
and the volumes of reaction are therefore nearly zero. It is inferred that, in the transition state, the formation of two Pt- 
OHz bonds is nearly complete, and the Pt-C1 bond is nearly intact. 

Introduction 
In recent years the measurement of activation volume 

has proved to be a useful tool in the study of reaction 
mechanisms. The aquation reactions of platinum(I1) 
complexes appear to be well suited to investigation by 
this method because their reaction rates lie in a con- 
venient range, accurate kinetic and equilibrium data a t  
ordinary pressure are already recorded, and a variety of 
types of evidence support the postulation of a mecha- 
nistic pathway.2p a 

It has been shown in previous studies that the sub- 
stitution reactions of platinum(I1) complexes can be 
divided into two classes. One class includes the re- 
actions of the poor nucleophilic reagents whose rates 
are first order in complex, zero order in reagent, and 
approximately the same for all substitutions on a given 
complex. The other class includes the good nucleo- 
philic reagents whose rates are higher than those of the 
first and are first order in both complex and reagent. 
It is believed that the square-planar complexes of Pt(I1) 
possess, in addition to the four strong bonds to ligands 
in the plane of the complex, two weak bonds to solvent 
molecules above and below the plane of the complex. 
In  the mechanistic path postulated for the first class of 
reactions a five-coordinated intermediate (resembling 
either a square pyramid or trigonal bipyramid) is 
formed when two solvent molecules move in closer to 

(1) (a) S. D. Hamann, “High Pressure Physics and Chemistry,” Val. 11, 
Academic Press Inc., New York, N .  Y., 1963, pp 163-205; (b) S. D. Hamann, 
“Physico-Chemical Effects of Pressure,” Butterworth and Co.  Ltd., London, 
1957; (c) S. D. Hamann, A n n .  Reu. Phys. Chem., IS, 349 (1964); (d) E. 
Whalley, Advan.  Phys.  Org .  Chem., 2 ,  93 (1964). 

(2) R. G. Pearson, H. B. Gray, and F. Basolo, J .  A m .  Chem. SOC., 82, 787 

(3) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions,” 
(1960). 

John Wiley and Sons, Inc., New York, N. Y., 1958, pp 186-190. 

the complex and help displace the leaving group, 
viz. 2 1 3  
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Since the theory of platinum(I1) substitution reac- 
tions imputes such an important role to the solvent 
in the rate-determining step, i t  seemed desirable to 
measure first the volume of activation in the hydroly- 
sis of one of the complexes. Determination of kinetic 
order is unable to reveal any participation of solvent 
in the formation of the activated complex, but measure- 
ment of activation volume has revealed the bimolecular 
nature of several hydrolysis reactions of organic sub- 
strates. * 

The volume of activation can be attributed either to a 
change in the volume of the molecules in the activated 
state or in the volume of the solvent provided a change 
in the electrical polarization accompanies the formation 
of the activated The acid hydrolysis (first 
aquation) of Pt(NH8)Cls- which is described by the 
reaction 

k-1 

ki  
Pt(NH3)CL- + H20 Pt(NHS)Cl%(HzO) + C1- ( 2 )  

seemed best suited for a volume of activation study 
since the charge type of reactant and product ions is the 
same, and consequently the volume change due to sol- 
vent effects should be negligible. In  the acid hy- 
drolysis of PtC142- described by the reaction 

(4) (a) J. Koskikallio and E.  Whalley, Trans. Favaday SOL, I S ,  815 (1959); 
(b) B. T. Baliga and E. Whalley, Can.  J .  Chem., 43, 1019 (1984). 
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k-1 

ki 
PtC14'- + HzO __ PtCla(H20)- + C1- (3 

the formation of two single negative ions from one 
double negative ion involves the dispersal of charge 
and a possible volume change due to solvent effects. 
It is therefore essential in this case and highly desirable 
in the first case to measure the over-all volume of reac- 
tion. 

Experimental Section 
Materials.-K2PtC14 was prepared by the reduction of KJPtCIG 

with hydrazine sulfate.6 The pxoduct was washed with metha- 
nol and ether. Anal. Calcd for KlPtCla: Pt ,  47.0; C1, 34.2. 
Found: P t ,  46.4; C1,33.'7. 

KPt(rU"3)Cla was prepared from KzPtCla according to a pro- 
cedure reported elsewhere.@ Anal. Calcd forK Pt(KH8)Cla: 
P t ,  54.6; C1, 29.8. Found: Pt ,  54.4; C1, 29.8. 

Platinum was determined gravimctrically by reduction to the 
metal with hydrazine sulfate. The analysis for chloride as AgCl 
was made gravimetrically. 

Equipment.-pH measurements mere made with a Beckman 
Model 96 pH meter calibrated with standard buffer solution a t  
pH 9. The high-pressure equipment consists of a Micro Series 
reactor from the American Instrument Co. Inc., Superpressure 
Division, Silver Springs, Md. ,  and a hand pump and Bourdon 
gauge from Autoclave Engineering Inc., Erie, Pa.  The high- 
pressure bomb was thermostated in an oil bath, and the tem- 
perature was controlled to 1.02'. 

Rate Measurements.-To prepare each 0.0166 M solution a 
sample of K2PtC14 or KPt(KH3)C13 was weighed in a small test 
tube and 2 ml of freshly distilled water was added. The tube 
was filled to  the brim with carbon tetrachloride which served as a 
liquid seal between thc solution and the pressurizing fluid, and 
the tube was inverted inside a larger test tube which was then 
filled with carbon tetrachloride. Preliminary experiments 
showed that no acid titer was produced by carbon tetrachloride 
in blank runs a t  1 atm or high pressure. Titration curves were 
obtained for both reactions in order to  locate the end points. 
Each solution was quickly titrated to  the end point with standard 
0.01 M XaOH, and the number of equivalents of acid was 
calculated. 

Partial Molar Volumes.-Densities of aqueous solutions of 
sodium maleate and sodium malate were measured to an ac- 
curacy of 1 part in 10,000 with a pycnometer, and apparent 
molar volumes were obtained from the equation 

(4) 
1000(do - d )  M 

do 
_ -  d ( V  = cdo 

in which c is the concentration of solute, do the density of the sol- 
vent, d the density of the solution, and iW the molecular weight 
of the solute. The partial molar volumes of sodium maleate 
(46.3 ml) and sodium malate (56.0 ml) were found by plotting 
the apparent molar volumes a t  1.0, 0.4, and 0.1 M against c'/~ 
and extrapolating to  zero concentration. 

Treatment of Data.-The course of acid hydrolysis (first 
aquation) of tetrachloroplatinate(I1) ion and trichloroammine- 
platinate(I1) ion was followed by titration of the acidic products 
PtCL(H20)- and P t  (NH3)C12 (HzO), respectively, against stand- 
ard alkali with a pH meter as described in earlier work.6-* 

The equilibrium constants and the forward rate constants 
were measured first a t  1 atm in order to  check the recorded values. 
For a 0.0166 M KzPtC14 solution with no added electrolyte a t  

(5) Kh. I. Gil'dengershel and G. A. Shagisultanova, Zh. Pvikl. Khim., 26, 

(6) T. S. Elleman, J. W. Reishus, and D. S. Martin. Jr., J. Am. Chem. 

(7) C. I. Sanders and D. S. Martin, Jr., ib id . ,  85, 807 (1961). 
(8) L. F. Grantham, T. S. Elleman, and D. S. Martin, Jr., ibid., 77, 2965 

(1955). 

222 (1953). 

Soc., 80, 536 (1958). 

25" we find that the hydrolysis reaction is 72 1. 2y0 complete a t  
equilibrium (K,  = 0.030 I 0.003 M )  and the value of the for- 
ward rate constant is 4.2 X sec-'. The recorded values are 
72.5% (K,  = 0.031 M) for a 0.0163 M solution a t  p = 0,6 and 
3.9 X sec-I for a 0.0166 M solution a t  p = 0.318,s respec- 
tively. For a 0.0166 M KPt(SH8)Cls solution with no added 
electrolyte a t  26" we find that the equilibrium constant is 0.018 1. 
0.002 M, and the forward rate constant is 3.9 X 10-6 sec-1. 
For a 0.0166 Jl KPt(r\"3)C13 solution a t  p = 0.318, the recorded 
value of the equilibrium constant is 0.015 iVf a t  26" and the for- 
ward constant is 3.6 X 10-6 sec-' a t  25" and 5.8 X sec-' a t  
30°.5 

In the previous studies6!* the following differential equation was 
used 

dX/dt KI(U - X) - k - i ( ~ ) ( b  + X) ( 5 )  
The solution of eq 5 is 

(X - Xm) [ X o  - x m  + d ( b  + K)2 -T 4Ka] -:I = 

b o  - x- ) [X  - x- + l/o2+4Ka] 
K - ~ t d ( b  + K ) 2  + 4Ka (6) 

In 1 
where K is the equilibrium constant, n is the original concentration 
of KzPtC14 or KPt(KH3)C13, his the original concentration of C1-, 
x is the concentration of PtCla(Ha0)- or PtlSHz)C12(H*O) a t  
timet, x,is the concentration of PtCls(HzO)-or Pt(SH3)C12(H20) 
at  equilibrium, and xg is the value of x a t  t = 0. I t  seemed pos- 
sible that a simpler expression involving only the forward reaction 
could be used if the measurements were made before hydrolysis 
had proceeded far enough for the back reaction to be important. 
The rate would then be expressible by 

dX/dt = K ~ ( u  - X) 

In [a/(a - x)] = k$ 

( 7 )  

(8) 

and the solution would be 

when x = 0 a t  t = 0. 
The plot of In [ a / ( a  - x)] w s .  time a t  1 atm gave a straight 

line as far as 4570 hydrolysis of PtC1i2-. Measurement of the 
equilibrium constant for both PtCL2- and Pt(NH3)CI3- showed 
that an increase in pressure did not greatly affect the position of 
equilibrium. At 1 and 1200 atm, K ,  for the former has values of 
0.030 I 0.003 and 0.024 ct 0.003 M ,  respectively. This differ- 
ence corresponds to  a volume change of +4 ml. For the latter 
the figures are 0.018 1. 0.002 and 0.019 =k 0.002. Since the 
objective of this research was to  measure the variation in the 
rate constant with pressure rather than find its absolute value, i t  
seemed desirable to  determine all rate constants a t  the same 
stage of reaction so that systematic errors would be cancelled 
in the ratio of rates a t  ordinary and high pressure. It was de- 
cided, therefore, to  analyze the reaction mixtures a t  approxi- 
mately 457, conversion and calculate the rate constant from eq 8. 
In order to  compare our results with the reported rate constants 
a t  atmospheric pressure, values of k were also calculated from eq 
6 and were about 57, higher than those from eq 8. Both equa- 
tions gave the same value of k,/kl within 0.017, for all kinetic 
data. 

B correction was made in each high-pressure rate constant for 
the fiaction of reaction time a t  atmospheric pressure while the 
high-pressure apparatus was either being closed or opened. For 
example, if the reaction proceeded a t  atmospheric pressure 57, 
of the total reaction time, the apparent acceleration k,'/kl (where 
k,' is the apparent high-pressure rate constant and k1 the con- 
stant a t  1 atm) was multiplied by 1.05 to find the true accelera. 
tion. The true high-pressure rate constant, k,, and In (k,/kj) 
were then calculated from the corrected acceleration. 

The volume of activation was determined graphically using a 
plot of In (k,/kl) against pressure according to the expression (g)T = A V* 

(9) 
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where A V* is the molar volume change when the reactants are 
converted to an activated complex. From the graphs in Figures 
1 and 2 the volumes of activation for the acid hydrolysis of PtCla2- 
and Pt(NH3)ClS- were found to be -17 ml/mole and -14 ml/ 
mole, respectively. Kinetic data for these reactions are given in 
Table I. 
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Figure 1.-Acid hydrolysis of PtC1d2-; plot of In ( k , / k l )  vs. 

P (atm). 
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Figure 2.-Acid hydrolysis of Pt(NHs)C13-; plot of In ( k , / k l )  

TABLE I 
Rate Rate 

constant, constant, 
Pressure, 1O'k Pressure, lObk 

atm sec-1 ln(k,/kd atm sec-1 ln(kp/kl) 

0.0166 M 0.0166 M 
K(Pt(NH2)Ct a t  26' 

1 4.2 0 1 3 .9  0 
367 5.6 0.29 333 4 . 8  0.19 
333 5.9 0.34 333 5.0 0 .23  
733 7 .1  0.52 333 5 .4  0.31 
667 6.8 0.49 500 4 . 8  0.20 

1000 8.1 0.66 500 4 . 9  0.22 
1167 7 .5  0.58 467 5.2 0.28 
1200 7 .6  0.60 667 6 . 3  0.47 

667 5 .6  0.35 
658 5 .4  0.32 
800 6 .0  0.42 
833 6.0 0.41 

1067 6 . 9  0.55 

K2PtC14 a t  25" 

The deviation of the points a t  highest pressure in Figure 2 is 
probably due to  experimental difficulties rather than pressure 
dependence of A V*. In  no case recorded in the literature is there 
a definite indication of curvature for an aqueous reaction in the 
range of pressure from zero to 1000 atm. However thdt may be, 
the datum of interest is the instantaneous slope a t  zero pressure. 

The mean deviation of duplicate rate measurements is about 
570. The error in the 
volume of activation is 2 mljmole, and it arises almost entirely 
from the lOY0 uncertainty in In ( k p / k l ) .  

Pressures were controlled to k 2 0  atm. 

Discussion 
The interpretation of activation volumes has been 

amply discussed elsewhere1 and will be only briefly 
reviewed here. A complication which must always be 
considered is that reactions which involve the genera- 
tion or destruction of ionic charges in water with no 
change in the total number of particles, e.g., proton 
transfers to and from acids and bases, are accompanied 
by volume changes up to 28 ml/mole.la The reactions 
under discussion here were selected because they do not 
entail a change in the number of ionic charges. Al- 
though i t  would be d.fficult in this case to provide ex- 
perimental support, i t  seems reasonable to suppose that 
the transition state has the same charge type as re- 
actants. For a group of organic reactions which do not 
change their course when the solvent is changed, it has 
been found that electrostriction effects are predictable 
on the basis of the charge types of reactants and prod- 
u c t ~ . ~  It is also reaskuring that a wide variety of 
reactions of the same type we think we have here (ionl + neutral1 - ion2 + neutralz) do not show capriciously 
variable activation volumes, but rather AV* lies in the 
range of -5 to -13 ml with a mean of -9 ml and a 
mean deviation of 2 ml.1° The decrease of volume is 
ascribed to the coalescence of two separate particles into 
one. 

The activation volumes for the hydrolysis of PtC1k2- 
and Pt(NH3)CIa- are - 17 i 2 and - 14 i 2 ml/mole. 
Rather than attempt to estimate volume changes on 
an absolute basis, i t  is safer to interpret these results 
by analogy to measured volume differences in model 
compounds and volumes of activation for analogous 
reactions of firmly established mechanism. It is pos- 
ible, of course, to propose any number of imaginative 
mechanisms which would be consistent with the results 
of a single measurement, and we will restrict our atten- 
tion to a pathway which has been proposed on other 
grounds by Basolo, Pearson, et aL2Va Some of the fea- 
tures of this pathway are shown by eq 1. 

It is easy to obtain volume differences for real or 
hypothetical reactions in which water combines with 
an unsaturated compound to give a stable adduct. 
Table I1 shows representative data which are based 

Reagents 

Acetone 
2-Methox yethanol 
Allyl alcohol 
Propylene glycol 
2-Pentene 
Ethyl propyl ether 
Styrene 
Phenetole 

TABLE I1 
VOLUMES OF HYDRATION 

VOl. of 
Molar vol., hydration, 

ml/mole ml/mole 

73.2 -12.5 
78.7 

73.2 
68.0 -12.8 

108 -8.0 
118 
115 -7 .0  
126 

on recorded densities of the various pure liquids. 
It can be seen that the "hydrates" have molar volumes 

(9) K. R. Brower, J .  Am. Chem. Soc., 85, 1401 (1963). 
(10) W. J. Le Noble and M. Duffy, ibicl., 86, 4512 (1964). 
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from 7 to  13 ml less than those of the starting mate- 
rials. In  order to provide a more detailed model, i r e  
have measured the partial molar volumes of sodium 
maleate and sodium malate and thereby obtained a 
value of -8.3 ml for the hydration of an unsaturated 
divalent ion. Several activation volumes for reactions 
involving the combination of an ion with a water mole- 
cule are available, and they lie in the range from -6 
to - 10 ml. Examples are the hydrolysis of epoxides4a 
and the hydration of olefins.4b The theoretical im- 
plications of these results are discussed in the references 
cited. 

Another piece of information needed for the inter- 
pretation of the results is a knowledge of the volume 
change which would result from stretching of the Pt-C1 
bond. Although specific information about this bond 
is not available, the activation volume for the decom- 
position of CC13- into CClz and C1- is reported to be 
+ 16 ml/mole. lo Other unimolecular decompositions 
of univalent ions have positive values ranging up to 19 
ml and averaging about 10 mL1l 

In  order to complete the formulation of a transition- 
state model i t  is necessary to postulate that the follow- 
ing physical processes are involved in greater or less 
degree. (I) One or more water molecules move in- 
ward and contribute to the formation of the Pt-OH2 
bond found in the product. ( 2 )  One of the Pt-C1 bonds 
elongates. We also postulate that the transition state 
has the same net charge as the original complex and 
constricts the same volume of solvent. It seems clear 
a t  the outset that the contribution of (2) is small since 

(11) K. R. Brower, B. Gay, and T. L. Konkol, J .  A m .  Chem. Soc., 88, 1681 
(1966). 

the activation volume i s  strongly negative. If the co- 
ordiiiation number of thc Pt i s  not to rise above 6 ,  thc 
contribution of (1) is limited to an extreme of twice 
-8.3 ml (the volume of hydration of maleate ion), and 
this is nearly equal to the observed activation volume. 
If the previously mentioned dissociative mechanism is 
correct, then a structural representation of the mecha- 
nism which would be consistent with our data is ac 
follows (X = NH3 or C1) 

1 

OH, 

OHz 73'' 7 G r  HOH ''6~~ 
X X , OHz 

OH? OH2 

Other recent evidence which has a bearing on the 
transition-state structure is the determination of ac- 
tivation energies and entropies for these complexes.12 
The entropies for PtC1lZ- and Pt(h'Ha)C13- are -16 
and -23 eu. These values are consistent with a 
transition state in which increased bonding to the nu- 
cleophile is the dominant feature. 
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The equilibrium quotients of the reactions 

Cr03C1- + HzO = HCrOi- + C1- + H +  

HzCrOa = HCr04- + H +  

were determined spectrophotometrically a t  the wavelengths 320, 330, and 340 mp a t  l5.0,25.0, and 35.0' in solutions of unit 
ionic strength containing lithium perchlorate, lithium chloride, perchloric acid, and hydrochloric acid. The  AH and A S  of 
the dissociation of Cr03C1- are -1.13 kcal and -8.6 eu, respectively. The AH and A S  of the dissociation of I-InCrOa are 
-8.5 kcal and -26 eu, respectively. 

The existence of trioxochlorochromate(V1) ion, vestigated in liquid ammonia. 4-6 Chloro complexes have 
been postulated in the mechanism of oxidation of iso- Cr03C1-, in solids has been known for many years. 

X-Ray studies have been reported On KCro3C1''2 and On 
(3) F. Hanic and J, Madar, Chem, Zuesti ,  10, 82 (IQjS), 

NH4Cr03C1.3 The reactions of KCr0&!1 have been in- (4) H. H. Sisler, Trans. Kansas Acad. Sci., 46, 136 (1943). 
( 5 )  H. H. Sisler and F. E. Jirik, J .  Am.  Chem. Soc., 66, 1344 (1944). 
(6) S. I. Tannenbaum, R. S. Drago, and H. H. Sisler, i b i d . ,  79, 1815 

(1957). 
(1) S. Gawrych, Roczrziki Chem., 19, 413 (1939). 
(2)  T,, Helmholz and W. R. Foster,yJ. A m .  Chem. Soc., 72, 4071 (1950). 


