
L84 Inorganica Chimica Acta, 24 (1977) L84-L86 
@ Elsevier Sequoia S.A., Lausanne - Printed in Switzerland 

Acid Aquation of Inert Transition Metal Complexes. 
Correlation of Entropies and Volumes of Activation 
- Entropy of Activation as a Criterion of Reaction 
Mechanisms 

MARTYN V. TWIGG* 

ICI Corporate Laboratory, The Heath, Runcorn, Cheshire, 
U.K. 

Received July 21, 1977 

The pressure dependence of the rate of a reaction 
in solution affords its volume of activation (AV’). 
This is a measure of the difference between the molal 
volume of the initial and transition states, and it is 
generally considered to serve as a particularly perti- 
nent criterion for distinguishing between possible 
reaction mechanisms. The appeal of assigning mecha- 
nisms in this way is, no doubt, largely based on the 
ease with which results can be (but possible nai’vely) 
“visualised” directly in mechanistic terms. Negative 
values of AVf are anticipated for an associative 
mechanism, and positive values for a dissociative 
mechanism. 

The interpretation of volumes of activation in 
terms of mechanism is, however, not necessarily 
straightforward. Observed values can be considered 
to be composite parameters consisting of the volume 
change of the reactant(s) on forming the transition 
state, and the concomitant change of the volume of 
solvating molecules. Indeed, the latter may be impor- 
tant, and will be effected by, for example, the charge 
of the reactant(s) via electrostatic attraction with the 
dipole (permanent or induced) of the solvent mole- 
cules. It is not intended to discuss such electrostric- 
tive effects here, but to emphasise that, qualitatively, 
factors influencing both the sign and magnitude 
of AVf are directly related to the change in freedom 
of motion on going from the solvated initial state to 
the solvated transition state. It is, therefore, antici- 
pated that for a given class of reactions, under similar 
conditions, a correlation between AV’ and the more 
routinely determined entropy of activation (AS’) 
should exist. The pioneering ICI research group classi- 
fied reactions into three classes according to their 
collision frequency factors, and the retarding or 
accelerating effect of applied pressure [l] . Thus a 
possible interdependence of AVf and AS’ was 
indicated. However, it was not until some twenty 
years later (in 1959) that Laidler [2] collected 
together results for a variety of organic and inorganic 
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reactions, and demonstrated the existence of an 
approximate correlation between AV’ and AS’. 
A reliable correlation of this type, if only valid within 
a class of reaction, would be ofvalue since the deter- 
mination of AVf requires additional sophisticated 
high pressure apparatus that is not necessary for the 
precise measurement of AS’. 

Recently volumes of activation of a number of 
inorganic reactions have been determined with the 
intention of providing a reliable criterion of mecha- 
nism. This approach has been increasingly applied to 
the acid aquation of ligand substitution inert d3 
and d6 transition metal complexes, and water ex- 
change reactions of related aquo-complexes. 

[ LSMX] I,+ + [LsMH20] (m+n’+ •t Xm- 

X = HzO*, halide ion etc. 

For reactions in this class that have been the subject 
of pressure dependence studies, we have collected 
published rate constants determined over a suffi- 
ciently wide temperature range to enable reliable 
values of AS’ to be calculated. Whenever possible 
results were selected that had been obtained under 
similar conditions to that used in the corresponding 
high pressure studies. Unfortunately, and rather sur- 
prisingly, sufficient reliable rate data are not available 
for several of the reactions for which AV’ has been 
determined. Nonetheless about twenty data sets are 
available that encompass the experimental range of 
both AVf and AS’. These are shown in the form of 
a plot of AV’ against AS’ in the Figure. There is a 

AV*/ccmol-’ 

Figure. Plot of volume of activation against entropy of 
activation for acid a uation 

B 
and water exchange reactions 

of low-spin d3 and d complexes. Indicated errors in fkSSf 
correspond to 95% confidence limits; errors in AV* are twice 
the standard deviations quoted by the original authors. 
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TABLE. Entropies and Volumes of Activation for Acid Aquation and Water Exchange Reactions of Low-Spin d3 and d6 
Complexes. 

Codea Reactant AS+,IXb 
(cal K-‘mol-l) 

AV%s’ 
(cm3 mol-‘) 

A&cd 
(cm3 molP) 

&l.lcd Reference 
(cal K-‘mol-*) 

1 [Fe(N02-phen)3] 2+ +20.18 f 0.56 
3 [ Fe(phen)s I’+ +20.82 + 0.66 
4 [ Fe(Me2 -phen)s] 2+ +13.53 * 1.42 
5 [Co(NHs)sH20] 3+ +4.65 + 1.03 
6 Pr(NH&H20] 3+ +3.39 + 0.60 
7 [CO(NH~)~NCS] 3+ -1.69 f 3.7 
8 [Rh(NH&HzO] 3+ -0.69 f 2.4 
9 lCr(NH3)sHzOl 3+ +2.21 f 2.2 

10 [Co(NH3)sNOs] 2+ +1.87 f 0.32 
11 [Co(NH3)5Br] 2+ -4.43 + 0.31 
14 [CO(NH~)~CI] ?+ -10.5 + 0.8 
16 [ Cr(NH3)sCll 2+ -11.08 f 2.26 
17 lCr(H2O)sNOsl 2+ -5.10 + 0.25’ 
18 ICo(NHs)sS04] + -12.53 f 0.44 
19 trans-[Coenz(Se03H)H20] 2+ +12.7 c 1.0’ 
20e.g trans-[Coenz(H20)2] 3+ +24.0 + 1.2c 
21f*g trans-[Coenz(H20)2] 3+ +15.3 + l.OC 
22b tram-[Coenz(H20)2] 3+ 20.1 + 3.1 
23’ [Co(en)2(OH)(HzO)l 2+ 2.30 c 1 .ooc 
24j [Fe(CN)S(3,5_Me2py)] 2- 14.0 i 2.OlC 

2 [Co(NH&N3] 2+ 
15 [Cr(NHs)sBr] 2+ 

+17.9 * 0.3 
+15.4 + 0.4 
+11.6 * 0.6 

+1.2 + 0.2 
-3.2 f 0.1 
-4.0 + 1.0 
-4.1 + 0.4 
-5.8 f 0.2 
-5.9 + 0.4 
-8.7 i 0.2 
-9.9 * 0.5 

-10.6 f 0.3 
-12.7 f 1.0 
-17.0 t 0.6 

+8.0 t 0.6 
+14.3 + 0.2 
+13.2 f 0.7 

+5.9 r 0.2 
+4.6 + 0.4 

+20.5 t 0.8 
+16.0 f 0.4 
-9.9 * 0.3 

+16.6 + 2.9 
+17.2 f 2.9 

+9.7 f 3.0 
+0.4 + 0.7 
-0.9 f 1.2 
-6.2 f 4.6 
-5.1 + 3.1 
-2.1 f 2.5 
-2.5 i 0.7 
-9.0 + 1.1 

-15.3 t 2.3 
-15.9 * 4.0 

-9.7 + 1.0 
-17.4 + 2.1 

+8.8 f 2.5 
+20.6 ?r 3.9 
+11.5 f 2.8 
+16.5 f 5.2 
-2.0 f 0.5 

+10.2 + 3.6 

4 
4 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
17 
18 
19 
20 

t19.6 +_ 2.3 21 
-5.3 k 1.9 21 

aAs used in Figure. bErrors are standard deviations corrected for the number of degrees of freedom such that doubling them 
produces 95% confidence limits. 
eAt 0.05 mol 1-l HC104. 

‘Values and error limits as given by original authors. 
fAt 1.0 mol 1-l HCIOo. 

reaction with C203-. 1Reaction with CN-. 
gIsomerization to cis<omplex. 

dCalculated using equation 1. 
‘Water exchange. ‘Interchange 

fairly good correlation between AV’ and AS’, and 
graphical analysis of these data affords the relation- 
ship: 

AVz = (1.04 *O.lO)AS# -(4.4 + 0.3) cm3 mol-’ 

(1) 
It is notable that included in the correlation are reac- 
tions involving charged and neutral leaving groups, 
with examples from both associative and dissociative 
mechanistic classes. The correlation therefore holds 
across the range of mechanism. It is also noteworthy 
that this graph does not pass through the origin, so 
that the significance of AS’ = 0 is not the same as 
that of the easily visualisable AV’ = 0. The slope of 
this plot is close to unity but this, in itself, is not 
significant since in different units (e.g. SI) it would 
be totally different. This correlation does, however, 
vindicate the suggestion that factors influencing the 
value of AV’ for a given reaction are the same as 
those determining AS+ under the same conditions. 
Within this class of reaction there could be several 
causes for deviations from that predicted by the 
correlation, for instance the use of different experi- 
mental conditions (e.g. ionic strength, pH), as well 

as unreliable data. If AS’ is not temperature inde- 
pendent (e.g. conditions change with temperature, or 
ACp’ = 0 as appears to be the case for some of the 
reactions considered [3]) it is highly desirable that 
the mid-point of the temperature range over which 
AS’ is determined corresponds to the temperature 
at which AVf is obtained. Moreover, in a number 
of instances AVf is pressure dependent, and cor- 
recting or not correcting doubtfully curved logk/P 
plots can have a considerable effect on reported 
values of AV’ . 

Given reliable values of AS’, this correlation 
enables reasonable estimates of AV+‘ to be calculated 
for other reactions in this class. This approach is 
illustrated in the Table which contains observed and 
calculated values of AV’. Given reliable values of 
AS’, the corresponding calculated values of AV’ are 
meaningfully close to the observed value, implying 
that here AS’ is as useful a criterion of mechanism as 
is AV#. This conclusion provides further justification 
for the routine determination of fairly precise activa- 
tion parameters [22]. Moreover, the Table also con- 
tains predicted values of AS’ calculated by means of 
equation (1) for reactions for which AV’ has been 
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determined, but accurate rate constants over a range 
of temperatures are not available. It will be of interest 
to compare these with values determined directly 
from rate constants obtained under similar conditions 
in the pressure dependence experiments. 
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