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ABSTRACT

The possibility of using correlations of 47/ * and 4/, and of AH* and AS* to
gain insight into the mechanisms of ligand-exchange rcactions in sclids arc discussed.
These correlations are tested uvsing literature values for the deaquation-anation
reactions of [Cr(NH,);(H.0)]X,, where X~ = CI7, Br—, I~ or NO;. The poor
agreement in the aclivation parameters reported in the literature precluded 2 meaning-
ful test of the 4 H-4H * correlation. This poor agreement suggests that these activation
paramecters are strongly influenced by experimental factors that have not becn
ccntrolled in studies to date. Nevertheless, there is a linear correlation of AH * and
A4S * which gives an isokinetic temperature of 367 2. 11 K. This isokinetic behavior
suggests thar the same mechanism is operative throughout the series.

INTRODUCTION

Kinetic investigations of the reactions of solids have focused primarily on
gaining insight into those aspects of the reactions that are peculiar to solids. The
concerns have been primarly to develop kinetic models in terms of nucleation and
growth of intcrphase boundaries, to assess the roles of lattice defects, and to under-
stand these phenomena in terms of both the microscopic and molecular-fevel struc-
tures of the solids?. However, litde attention has been paid to the kinetic effecis of
spectfic bond-breaking and bond-making processes in the solid.

We therefore hecame interested in several solid-phase ligand-exchange reactions
for which Syl or Sy2 mechanisms have been assigned®~'°®. These studies have
involved the displacement of a volatile ligand such as H,O or NH, from the coordina-
tion sphere of a complex ion and its replacement by an anion from the crystal lattice.
For example, studies have been performed on the deaquation-anation reactions of
aquopentaammine complexes of cobalt(III)*- *- ', chromium(11[)*~7-*2 and
ruthenium(I1)>:

[M(NH;)5(H:0)JX5(s) = [M(NH,);X]X1(s) + H,0(g) (1)



There are two features of these studies that have especially caught our attention.
First, the agreement in activation parameters rcported by different groups is poor.
This feature is alarming because the mechanisms have been assigned on the basis of
activation paramcters. Second, the mechanisms proposed for these reactions do aot
always agree with those proposed for similar ligand-exchange processes in solution.
For example, the ligand-exchange reactions of cobalt(l111) complexes in solution are
now generally believed to involve no bond-making between cobalt and the incoming
ligand in the transition state; the mechanism is therefore described as being Syl or
dissociative'? ~'*. The mechanism(s) for ligand-exchange at other tripositive centers
is currently subject to more debate, but anation of [Cr(NH;),(H,0)]** in water
also appears to be dissociative'®. It would be very intercsting, therefore, if the
mechanism for the same ligand-exchange in solids is S\2 or associative in character
as proposed for some of these complexes.

In this paper, we wish to discuss two tests that can be applied to aid in assessing
the activation parameters for solid-phase ligand-exchange reactions and to assist in
drawing mechanistic conclusions from these parameters. The first test involves a
possible correlation between Af+ and AH; the second involves a possible correlation
between 4177 and AS*. These twoe tests are applied to data reported in the literature
for the anation of complexes in the [Cr(NH;) (H,0)]X, series. Application of these
ideas to the [Co(NH,)s(H.0)]X; and [Ru(NH;)(H,0)]X; series will be reported
in forthcoming papers.

CAUTIONARY COMMENTS

Since itis our intent to look more closely at the possible mechanistic insight that
can be obtained from activation parameters, it is useful first to summarize several
warnings that have already appeared in the literature. There are many potential
problems associated with the use and interpretation of activation parameters for
solid-phase reactions'’. Some of these arc related to the problem of finding valid
kinetic descriptions. There is often considerable uncertainty in the choice of appro-
priate rate cquations. In many cases, a single rate expression is not sufficient to
describe the reaction through either the entire reaction or over the entire temperature
ranze selected to evaluate the activation parameters. Since the choice of rate law can
have a dramatic effect on the magnitudes of the activation parameters’ 2, the validity
of reported activation parameters is often questionable. However, even where the
question of rate-law is satisfactorily resolved, there still remains the question of the
meaning of the activation parameters, whether they reflect chemical processes
inherent to the sample or are dependent on experimental conditions such as sample-
bed thickness, paricle size or atmosphere. Activatlion paramelers obtained by non-
isothermal methods, in particular, are often suspect because the questions raised
above are generally left unresclved. Because of these problems, Garn has suggested
that the term “temperature coefficient of reaction™ be used instead of *“‘activation
enercy’’, a term that brings with it a well-defined meaning in homogeneous kinetics
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that might not be valid for solid-phase kinetics'®. Nevertheless, we maintain the use
of the term activation energy in our following discussion.

POSSIBLE RELATIONSHIPS BETWEEN E, AND AH

For the sake of our present discussion, let us assume that the solid-phase
reactions under discussion have well-defined transition states with associated activa-
tion cnergics. Now consider a series of compounds of the type [L,MY X, where M
is a2 metal, Y 2 volatile ligand, L a non-exchanging ligand of which » are required to
complete the coordination sphere, and X is an anion outside the coordination sphere.
The reaction that we are concerned with is one in which the volatile ligand is expelled
from the coordination sphere and replaced by the anion, X, as shown in eqn (2):

[LMY]X(s) - [LMX]() - Y(e) (2)

It is reasonable to believe that some insight into the mechanism of the X-Y ligand
exchange can be gained by studying 2 homologous series of compounds in which only
X wvaries through the series. One such series consists of compounds of the type
[Cr(NH;)(H,0)]X;; another is [ Co(DMG),py, ]X, where DMG is the dimethyl-
glyoximato anion and py is pyridine.

Dissaciative ligand exchanges

If we are dealing with 2 homologous series of gascous complexes and a dissocia-
tive mechanism is operative, the activation energy, £, will be constant through the
series, because the transition state reflects only the M-Y bond strength. This constancy
of E, will also be found for the corresponding reactions in a given solvent; indeed, the
constancy of E, has been used as a test of this mechanism?® 2!. However, when we
place the [L MY ] ion within a crystal lattice, the constancy of £, is no longer assured,
because ezch crystal lattice within the series can be and often is unique.

For the sake of our discussion, let us picture the [ L.MY ] ion as being placed in
several different reaction cavities, formed by the surrounding array of ions in the
crystal lattices. The activation energy will be constant through the series only if the
interaction in each case between the complex and its surrounding Iattice (the walls of
its reaction cavity) is the same in the transition state as in the starting complex; that is,
there is no change in the interaction between the complex and the surface of the
reaction cavity as the transition state is formed”. It seems reasonable that, for a
dissociative mechanism, the change in interaction would be minimal through the
scries unless perhaps the leaving group itself interacts strongly with the walls of the
cavity. Thus, a fairly constant E, through a homologous series implies a dissociative
meciianism; however, the mechanism can be dissociative without there being a
constant E,. We might further note that the broader the range of the enthalpy changes,

* The reader should note that it is not nscessary that the [LaMY] ion interact equally with the walls
of the different reaction cavities in order to obtain a constant E, through the series of compounds.
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AH, over which E, is constant, the more convincing the dissociative mechanism
becomes, because the range of 4 H values implies a range of different types of reaction
cavities.

Associative ligand exchanges

If we were dealing with solution reactions, we would expect E, to vary within
a homologous series if the ligand exchange were associative. Furthermore, since E,
reflects changes in M-X bond stability, we would anticipate a correlation of E, with
AH. Swaddle has reviewed the appiication of linear-free-energy relationships to
octahedral substitution reactions in solution®®. He has noted that a plot of E, vs. 4
with a siope close to 0.5 should be found for associative mechanisms in which bond-
making is essentially synchronous with bond-breaking. Hewever, reactions in solids
will reflect the interaction between the complex and its reaction cavity during the
course of the reaction.

If the interaction between the transition state and its reaction cavity is identical
to that between the product and the cavity, then a plot of E, vs. 4 will have a slope
of 1.0. Thus, such correlations of E, with A/ would offer evidence for an associative
mechanism and should be sought. However, the absence of such a correlation would
not rule out the associative mechanism, but could merely reflect an irregular trend in
the interaction of the complex with its reaction cavities as the transition state forms.
In the absence of a linear correlation of A and E,, it would be informative to seck a
series of compounds that are isostructural with each other. In such a series the reaction
cavities would be similar, and the likelihood of 4/ reflecting changes in E, would be
enhanced.

Application to {Cr(NH,)(H.0) X,

Both E, and AH values have been reported for the deaquation-anation com-
pounds in the [Cr(NH;)(H,0)]X, series. The fact that several groups have chosen
to study these reactions offers additional insight into the uncertainty of these para-
meters. Literature values are summarized in Table 1. Tsuchiya et al.3 obtained E,
from non-isothermal DTA and TG studies by assuming the rate-law to be first order;
they did not report values for AS*. Wendlandt and Bear'? performed isothermal
kinetic studies by following pressure changes using an isoteniscope. Théy reduced
their data in terms of a first-order rate law. Nagase and coworkers’ followed the
reaction in the same way, but analyzed their results in terms of the Prout-Tompkins
equation.

The agrecment in 4 H values obtained in different research groups is reasonably
good. However, the AH* and AS* values obtained by different workers show much
less agreement. Part of the lack of agreement can be ascribed to differences in experi-
mental procedures used to determine these parameters (isothermal vs. non-isothermal)
and part to differences in rate laws used. However, when the AH* values from a
particular research group arc plotted against 4H, no correlation is evident. The
absence of such a correlation and the great variation in literature values for AH*
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TABLE 1

LITERATURE VALUES FOR AH ¥, AS¥ AND AH FOR THE DEAQUATION-ANATION REACTION OF
[Cr(NH3)y(H:0)} X5

Anion, X~ JAH (kcal mol-1) AH* (kcal mol-!) AS* (ewn) Ref.
C1- 6.1 26 - 2s -— 5
6.1 = 0.5 16.8 ::: 0.4 —254 = 0.8° 12
42 £ 04 — 6
6.7 -— 6
6.5 264 - 25 7
Br- 9.0 37 i 1= — 5
783 2 06 26 =49 -122 ::. 34 12
59 =04 —_ — 6
8.5¢ —_ -_ 6
6.3 29.7 92 7
I- 10.8 13 . 1= — 5
6.3 = 05 56 303 —312 =07 12
4.8 _—:: 0.4 —_— —_— 6
8.6 —_— —_ 6
70 32.7 154 7
NO;3- 119 16 = 23 — 5
—_ 159 .- 03 -394 .09 12
38 ;:- 04 — — 6
13.0¢ — — 6
123 25.1¢ - 25 7
— 34.5¢ 20.2 7

& The values recorded for AH # are actually average E, values from nonisothermal DTG and DTA
studics; the error limits are average deviations from the mean.

b These values were calcuiated by least-square analysis from the rate constants given in ref. 12; ertor
limits are the standard deviation using three rate constants.

¢ These values were calculated from sealed-tube DTA using 4 for the vaporization of H20®,

4 Two crystalline forms of the nitrate were reported.

suggest that the activation energies are infiuenced by factors other than the rate of
bond-making and bond-breaking. It appears that the activation parameters are
strongly dependent on some uncontrolled experimental factor or factors rather thag
by intensive chemical processes inherent to the solids. Therefore, it has been sought to

examine the data in light of Garn’s observations of the kinetic compensation effect
19,23

THE ISOKINETIC RELATIONSHIP

Linear correlations of 4#/*+ and 4S* (or E, and log A) have been widely used,
especially in organic chemistry, to provide insight into the role of substituent effects
on reactions in solution®®. In this context, they have been referred to as isokinetic
relationships. Recently, Gam has pointed out the same corrclation for several
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Fig. 1. Isokinetic plot for the deaquation-anation of fCr{iNH3)s(H=0)1X3; A —= data from ref. 12;
o .- datafromref. 7. Slope - T - 367.5 - 04 K; intercept — :1G* — 26.8 -= 0.2 kcal mol-1.

solid-phase reactions, drawing comparisons from studies of heterogeneous catalysis,
and has referred to the correlation as the kinetic-compensation effect' - #°.

For reactions in solution, the existence of a linear correlation between AH ¥ and
A4S+ through a homologous series of compounds has been taken to mean that the
same reaction mechanism is operative throughout the series®** *. The slope of the
lincar plot of 4H + (as ordinate) vs. 45+ (as abscissa) has units of absolute tempera-
ture, because it represents the temperature at which all of the reactions represented on
the hine occur at the same rate. Below this temperature, the reaction rate is controlled
primarily by 4H ¢ while, above this temperature, 4S* is the dominant factor. The
former situation normally occurs when electronic effects are paramount, while the
latter occurs when solvent effects dominate.

Figure 1 shows that the deaquation-anation reaction of [Cr(NH;)(H,0)]X;
shows the isokinetic behavior. A linear least-squares regression analysis of the data
gives an isokinetic temperature of 367 =- 11 K, where the error iimit is the standard
deviation. The correlation coefficient for the fine is 0.9968. There are two additional
features of the correlation that are interesting. First, the fact that two difierent
ratc-laws were used 1o obiain rate-constants does not appear to affect the correlation.
Second, only one kinetic study was performed above the isokinetic temperature.
That single study was performed at 94.5°C (367.7°C) by Wendlandt and Bear on the
iodide salt!>.

The existence of isokinetic behavior strongly suggests that the mechanism is the

* In studying substituent effects in organic reactions, a linear relationship between J#H ¢ and :1S#
further indicates that the same interaction mechanism between substituent and the reactive center 1s
operative throughout the series.
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same throughout the scrics (same rate-controlling process). However, it is not
possible to say on this basis alone that the rate is controlled by ligand exchange.
Indced, the absence of a AH *-4 H correlation indicates that other factors are involved
in determining at least the magnitude of 4/7*. The existence of the isokinetic relation-
ship further underscores the unreliability of drawing mechanistic conclusions from
cither AH+* or 4S* trends alone. Furthermore, it supports our suggestion that there
are experimental factors influencing activation parameters that have not been control-
led in studying this series of reactions.

ACKNOWLEGMENTS

The author wishes to thank the Research Advisory Board of the University of
Nevada, Reno for financial support of this work, and Dr. Michael Babich for his
helpful discussions.

REFERENCES AND FOOTNOTES

See, for example, D. A. Young, Decomposition of Solids, Pergamon Press, Eondon, 1966.

J. Zsako, C. Varhelyi and E. Kekedy, J. Inorg. Nucl. Chem., 28 (1966) 2637.

J_P.Smithand W. W. Wendlandt, Natuie, 201 (1964) 291; secalso E. Lenz and R. K. Murmann,

Inorg. Chem., T (1968) 1880.

R. H. Gorec and W. W. Wendlandt, Thermochim. Acta, 1 (1970) 491.

R. Tsuchiya, Y. Kaji, A. Uchara and E. Kyuno, Bull. Chem. Soc. Jpn., 42 (1969) i881.

W. W. Wendland!, G. D. Ascenzo and R. . Gore, Thermochim. Acta, 1 (1970) 388.

K. Nagase and H. Yokabvahi, Bull. Chem. Soc. Jpn., 47 (1974) 2036.

K. Nagase and N. Tanaka, Bull. Chem. Soc., Jon., 46 (1973) 2435.

A. Ohyoshi, S. Hiraki, T. Odate, S. Kohata and J. Qda, Bull. Chem. Soc. Jpn., 48 (1975) 230.

10 A. Ohyoshi, S. Hiraki, T. Odate, S. Kohata and J. Oda, 5ull. Chem. Soc., Jpn., 48 (1975) 262,

11 W. W. Wendilandt, G. D. Ascenzo and R H. Gore, J. fiwrg. Nucl. Caem., 32 (1970) 3504.

12 W.W. Wendlandt and J. L.. Bear, J. Inorg. Nucl. Chem., 22 (1961) 77.

13 F. Basolo and R. G. Pearson, Mechanisms of Inorganic Reartiors, John Wilev, New York,
2nd ed_, 1967.

14 C.H.Lzngford 2ud V. S. Sastri, in M. L. Tobe(EdJd.), Reaction Mechanism:s in Inorganic Ckemis:ry:,
Butterworth, London, 1972

15 T. W. Swaddle, Coord. Chem. Rev., 14 (1974) 217.

16 T. Ramasami and A. G. Sykes, lnorg. Chem., 15 11976) 2885.

17 P. D. Gam, Crit. Rev. Anal. Chem., 4 (1972) 65.

18 J. M. Thomas and T. A. Clarke, J. Chem. Soc. (A), (1968) 467; see also P. S. Nolan and H. E.
1L.eMay, Jr.. Thermochim. Acta, 6 (1973) 179.

19 P. O. Garn, J. Therm. Anal., 10 (1976) 99.

20 H. K. J. Powell, Inorg. Nucl. Chem. Lert., 8 (1972) 157.

21 D. A. House and H. K. J. Powdl, fnorg. Chem., 10 (1971) 1583.

23 See H. K. J. Powell, J. Inorg. Nucl. Chem., 34 (1972) 2955.

23 P.D. Garn, J. Therm. Anal., 7 (1975) 475.

$ J. E. Lefiler and E. Grunwald, Rares and Eguilibria of Organic Reactions, John Wiley, New
York, 1963, Ch. 9.

Wt -

BB - SV



