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ABSTRACT 

The controversy regarding the mechanisms of anation reactions in the solid state is examined. 
Historically, these reactions have been considered as S,2 since the nature of the anion affects the reaction. 
However, principles of reaction kinetics for solid state processes lead to as many as 17 possible rate laws. 
The role of free space, which increases as the difference between the sizes of the cation and anion increases, 
appears to be ratedetetmining in some cases. In most instances, the observe-d anion effect is readily 
explained in terms of free space (a defect-diffusion model) rather than SN 1 or Sr,,2. Consequently, rate 
laws based on nucleation or diffusion control appear to be more applicable to anation reactions. The 
review of a large number of anation reactions is presented to show the applicability of the defectdiffu- 
sion model. 

1. INTRODUCTION 

Solid-state reactions of coordination compounds have been studied for many 
years. For example, the reaction 

CCrCNHJ),H,OIX,(s)-rCCr(NH,),XIX,(s)+ W%) (1) 

l Dedicated to the memory of Professor John C. Bailar, Jr. 
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(where X = Cl, Br, I, or NOJ) was first studied over 100 years ago [l]. The loss of 
ethylenediamine from [Cr(en),]Cl, and [Cr(en),](NCS)3 to yield cis-[Cr(en),Cl,]Cl 
and trans-[Cr(en),(NCQ]NCS, respectively, was studied long ago by Pfeiffer and 
co-workers [2,3]. The Bailar school, consisting of Rollinson [4,5], O’Brien [6], 
LeMay [7,8], House [9,10] Hertzenberg [11,12-J, Kutal [13], Fujiwara [14-161, and 
others continued the study of solid-state reactions of coordination compounds. These 
studies include anation and racemization as well as geometrical and linkage isomer- 
izations. The influence of Professor Bailar was particularly strong in this area for 
almost 50 years. 

It has been stated that the substitution of one ligand in the coordination sphere 
of a complex is the most fundamental reaction in coordination chemistry. 
Undoubtedly, the loss of a neutral volatile ligand and its replacement by an anion, 

CMLs YIKds) + CMLS XIX - I (4 + Y(g) (2) 

is the most fundamental reaction of solid complexes. While many reactions of this 
type are known, their mechanisms are not well understood and have been the subject 
of controversy for many years. Part of this stems from attempts to use concepts 
applicable to gas- or solution-phase processes to explain reactions in solids. Other 
difficulties are those which are attendant to the study of reactions in solids. In 
this review, some of these problems will be discussed for anation reactions in an 
attempt to provide a framework for interpreting the mechanisms of reactions of this 
type. However, only a few of the thousands of known anation reactions will be 
discussed. 

2. REACTIONS IN THE SOLID STATE 

2.1 General considerations 

The rate of a reaction in the solid state cannot be expressed in terms of 
concentration since any particle of a solid material has the same concentration. 
Generally, the fraction of the reaction complete, u, is chosen as the reaction variable. 
It is readily apparent that if a is the fraction of the sample reacted, (1 - a) is the 
fraction of the material remaining unreacted. Many of the rate laws are expressed 
as functions of (1 - a). The reaction rate can be expressed as da/dt = k(T) f(a), and a 
reaction is complete when a = 1. If we examine the behavior of a as a function of 
time for many reactions in the solid state, the general relationship is as shown in 
Fig. 1. 

Reactions in which a volatile ligand is evolved are conveniently followed by 
thermogravimetric analysis (TGA) by comparing the observed mass loss with that 
expected for a complete reaction. Several regions may be present in the a vs. time 
curve. For example, region A represents the rapid evolution of adsorbed gases, 
resulting in a small initial mass loss. Region B represents an induction period where 
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Fig. 1. A typical plot of a vs. time for a solid state reaction. 

the rate is beginning to increase. In the region labeled C, the reaction is taking place 
at its maximum rate. Region D is called the decay region, and it represents a state 
where the reaction is slowing down as it approaches completion. In this region, the 
diffusion of a volatile product through a solid product phase may limit the rate of 
reaction. 

Reactions may not show all the steps illustrated in Fig. 1. In fact, the majority 
do not show desorption of gas, and although induction periods are fairly common, 
they are by no means universal. Consequently, it is frequently observed that the 
reaction starts off at its maximum rate. It is also sometimes observed that the reaction 
never progresses to a = 1, for several reasons. One of the most common is the 
retention of a gaseous product in the solid product or reactant phases. Retention is 
regarded as the adsorption or chemisorption of a volatile product. The coalesence 
of particles due to sintering reduces surface area and increases the possibility that 
volatile products may be retained. Because of these factors, it is frequently found 
that a single rate law does not represent the entire reaction. 

2.2 Factors affecting reaction rates 

Reactions of materials in the solid state are strongly influenced by a variety of 
factors, and complete treatment of this vast subject is beyond the scope of this review 
[ 17,181. If the reaction takes place on the surface of the solid, the particle size may 
be important because the smaller the particles, the larger the surface area for a given 
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volume of material. However, in many cases the reaction rate is independent of 
particle size, even when a volatile product is liberated. For example, the dehydration 
of CaCz O4 - Hz 0, a model system for testing kinetic methods for reactions in solids, 
is independent of particle size [19,20]. For specific systems, it is not always possible 
to ascribe kinetic differences between samples to particle size variations, although it 
is frequently tempting to do so. 

The nature of the surface itself is frequently important since the reaction is 
controlled by the topochemistry, the nature of the reactant/product interface. Solid 
state reactions may also depend on the formation and growth of active sites called 
nuclei. For some kinetic models, the geometric nature of the growth of these nuclei 
determines the form of the rate law for the reaction. Phase boundary advancement 
from these nuclei is another factor of importance. It is apparent that the rate of 
diffusion of material may play an important role in the kinetic behavior of the 
reaction. Lattice defects are also important since these defects promote diffusion and 
reactivity in general because they represent high-energy centers in the solid. Finally, 
the historical treatment of the sample up to the time when its reaction is studied 
may be significant. This treatment may cause surface damage, cracks, pores, etc. 
Also, defects may have been quenched in by the preparative methods or they may 
have been annealed out. For example, it has recently been found that aging of 
CaC,O, * Hz0 for one year causes the dehydration to occur more easily [20]. It 
appears that this effect is caused by changes in cracks and pores in the crystals. All 
of these factors make it quite likely that materials having the same apparent composi- 
tion may react in somewhat different ways or at different rates. 

2.3 Rate laws 

Rate laws for reactions in the solid state may be grouped into several categories. 
In some cases, these groupings are based on the nature of the a vs. time curve. For 
example, those having maximum rates initially which decrease thereafter are called 
deceleratory rate laws. Those which have sigmoidal-shaped a vs. time curves are 
referred to as sigmoidal rate laws. A third (but small) category is that which follows 
an acceleratory rate law. Space does not permit the derivation of these rate laws 
based on model processes [21], but 17 rate laws are usually tabulated [22]. 

If a reaction follows a first-order rate law and W, represents the amount of 
reactant initially present, it is easy to show that 

ln(W,/W) = kt 

and the fraction reacted, a, is 

w, - w 
a=T= 1-g 

0 
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so that 

-ln(l - a) = kt (4) 

For spherical particles (V= 4nr3/3) reacting so that the reaction takes place on 
the surface (S = 47rr’) 

dV 
-dt=kS=4xk = k’V213 

The rate law is said to be “2/3-order” or a contracting volume rate law. From this 
equation, one can easily derive the equation 

VA’3 _ j/1/3 = 4 

Now 

v,-v 1-1 a=-= 

v, v, 
so that 

1 - (1 - cp = k”t (5) 

where k” = k’/VAj3 = [4ka(3/4n)2’3]/3 V A” Similar procedures could be used to derive . 
other deceleratory rate laws and those based on diffusion control. 

When the rate of the reaction depends on nucleation on the surface of the 
particles, several cases result from the random nucleation rate law [21]. The general 
form of the rate law is 

[-ln(1 - a)]l/” = kt (6) 

where n is called the index of reaction. The Avrami-Erofeev rate laws are of this 
type with indices of 1.5, 2, 3, or 4. Sigmoidal a vs. time plots characterize these rate 
laws designated as A1.5, A2, A3, and A4, respectively. While the Al.5 case is referred 
to as a one-dimensional growth of nuclei model, it has also been shown to be related 
to diffusion [23]. The A2 and A3 cases are called the two- and three-dimensional 
growth of nuclei models, respectively. 

Table 1 summarizes 17 rate laws which have applicability to solid state reac- 
tions. It is apparent that several of these rate laws have very similar mathematical 
forms. The nature of sample-to-sample variation for kinetic runs is such that a single 
rate law is unambiguously identified only very rarely [24-271. Consequently, it is 
necessary to make a large number of kinetic runs to obtain a clear indication of 
which rate law fits the majority of experiments. This fact is frequently overlooked as 
is the fact that one must test a variety of rate laws. It appears that, in some older 
work to be discussed later, only the familiar “order”-type rate laws1 were considered. 
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TABLE 1 

Mechanisms of solid state reactions f(a) = kt 

Name of the function f(a) 

1. Acceleratory a-time curves 
Power law 
Exponential law 

a1/2 

In a 

2. Sigmoidal a-time curves 
Al.5 Avrami-Erofeev one-dimensional growth of nuclei 
A2 Avrami-Erofeev two-dimensional growth of nuclei 
A3 Avrami-Erofeev three-dimensional growth of nuclei 
A4 Avrami-Erofeev 
Bl Prout-Tompkins 

[-ln(1 - a)]2/3 
[-ln(1 -a)]‘/’ 
[-ln(1 - a)]1’3 
[-ln(1 - a)]1’4 
ln [a/( 1 - 41 

3. Deceleratorv a-time curves 
3.1 

3.2 

3.3 

Basei on geometrical models one-dimensional 
contraction 
R2 contracting area 
R3 contracting volume 
Based on diffusion mechanisms 
D 1 one-dimensional diffusion 
D2 two-dimensional diffusion 
D3 three-dimensional diffusion 
D4 Ginstling-Brounshtein 
Based on order of reaction 
Fl first order 
F2 second order 
F3 third order 

1 - (1 - a)2/3 
1 -(1 -a)lj2 
1 -(1 -a)l13 

a2 
(1 -a) ln(1 -a) + a 
[1 -(1 - a)113]2 
[ 1 - (2a/3)] - (1 - a)2/3 

-ln(l -a) 

l/(1 -a) 
CM1 - a)12 

2.4 The anion effect in anation reactions 

By the term “anion effect” is usually meant a difference in the kinetics of an 
anation reaction when different anions are present with the same cation. One of the 
earliest observations on the anion effect involved the deaquation-anation reactions 
of [M(NH,),H,O]X, where M = Co, Cr, or Ru and X = Cl, Br, I, or N03. 
Wendlandt and Bear studied these reactions of [C!r(NH,), H,O]X, compounds [28] 
and reported that the reactions take place between 50 and 150°C. The order of 
stability of the compounds was given as chloride < nitrate < bromide < iodide. The 
rate of water loss was followed by observing the change in vapor pressure with time. 
Because plots of log[p,/( pf - p,)j (where pf is the final pressure and pt is the pressure 
at time t) vs. t were linear, the reactions were all presumed to be first order [28]. 
Activation energies were reported to be 75 + 8, 103 f 13,75 + 8, and 67 + 8 kJ mol- ‘, 
for the chloride, bromide, iodide, and nitrate compounds, respectively. 

The [Cr(NH,),H20]X3 compounds were also studied by Tsuchiya et al. 
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[29]. Thermal stability was reported to vary as nitrate < chloride c bromide < iodide 
with activation energies of 67, 111, 155, and 79 kJ mol-‘, respectively, for the 
deaquation-anation reactions. A first-order process was presumed to represent the 
reactions. Tsuchiya et al. also studied the dehydration-anation reactions of the 
sulfate and sulfite compounds and found activation energies of 160 and 136 kJ mall ‘, 
respectively. 

Negase and Yokobayashi also studied the deaquation-anation reactions of the 
[Cr(NH3)5H20]X3 compounds using TGA and DSC [30]. It was reported that the 
initial mass loss occurs at 75,51,56,76, and 83°C for the nitrate(I), nitrate( chloride, 
bromide, and iodide complexes, respectively. The nitrate(I) and nitrate(I1) were 
samples described as more (I) and less (II) crystalline. The reactions were followed 
by means of vapor pressure measurements and all but that for the nitrate(I) were 
analyzed using the first-order, ln(1 - c1), rate expression. Curves for the nitrate(I) 
compound were sigmoidal and were analyzed by means of the Prout-Tompkins rate 
law, ln[cr/(l - cr)]. Activation energies for the anation reactions were reported as 
144.3, 101.7, 110.5, 124.3, and 136.8 kJ mol-’ for the nitrate(I), nitrate( chloride, 
bromide, and iodide compounds, respectively. 

Studies on the [CO(NH~)~H,O]X, compounds began with the perchlorate 
[31]. Thermal studies indicated that this compound does not lose the coordinated 
water at temperatures up to 200°C. Smith and Wendlandt studied the compounds 
[M(NH3)5HzO](C104)J where M = Co, Cr, or Rh and reported that only the 
rhodium compound dehydrated to give [M(NH3)5C104](C104)2 [32]. Later, 
Wendlandt and Bear studied aquapentamminecobalt(II1) chloride, bromide, iodide, 
and nitrate [33]. It was reported that the temperatures at which dehydration began 
were 40, 50, 70, and 80°C for the chloride, nitrate, iodide, and bromide compounds, 
respectively. Kinetic studies were carried out by measuring the increase in pressure 
due to water loss in a closed system. It was reported that the anation reactions were 
first order since plots of log[p,/(p, - p,)] were linear. However, there was no indica- 
tion that other rate laws were tested. Deaquation-anation of the chloride, bromide, 
and nitrate has activation energies of 80, 105, and 130 kJ mol- ‘, respectively. Gore 
and Wendlandt used mass loss data to determine activation energies of 155, 130, 
and 138 kJ mol-’ for the anation reactions of the chloride, bromide, and iodide 
compounds, respectively [34]. 

One of the most interesting studies on deaquation-anation reactions is that of 
Ohyoshi et al. [35]. In that work, the behavior of aquapentammineruthenium(II1) 
complexes was studied and compared with that of the chromium(II1) and cobalt(II1) 
complexes. The kinetic analysis was performed using the rate law 
log[M,,/(M, - Mt)] = kt where M,, is the initial mass and M, is the mass at time t. 
Table 2 shows some of the data for the Ru(III), Cr(III), and Co(III) complexes. 

The data shown in Table 2 indicate that, in general, the activation energies for 
the anation reactions for each series of metal complexes increuse in the order 
NO3 <Cl c Br < I. The activation energies decrease as Ru <C!b < Cr when the 
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TABLE 2 

Kinetic parameters for the deaquation of aqua complexes’ 

Complex k, 104 s-r 
(Temp., “C) 

t 

(“k; mol-‘) $l.) 

CRWHdsH2OlG 1.12(43) 95.0 
CWNWdWlW 0.77(40) 97.9 
CRWWs Hz 0113 0.71(40) 111.7 
CRWHdsH2WNOd3 2.38(41) 80.8 
CCrPJH3M-bOlC13 2.41(65) 110.5 
CWNH3 15 H2 01% 2.43(76) 124.3 
CWNHdsHzW3 1.61(82) 136.8 
CCrPJWdW3(NW3 1.38(U) 101.7 
CW’JHds Hz OlCl, 4.27(86) 79 
CCdNH3 I5 H2 Wr3 4.79(85) 105 
CWNWsH2WNW3 2.51(85) 130 

-7.1 
-5.2 

5.8 
-15.9 
-2.53 

9.2 
15.4 

-2.49 
- 
- 
- 

*Data from ref. 35. 

different metal ions are considered. Further, the AS* values show an increase in the 
series as NO3 < Cl < Br < I. These observations led Ohyoshi et al. to propose the two 
possible mechanisms shown below. 

Mechanism Z (S, 1) 

CBu(NH,), Hz 01X, + NW-b h X3 + Hz 0 
CRWHMX, --) CRWWAX, 
Mechanism ZZ (S,2) 

CRN’W), H2°1X3 + ERWH~SW,O)X~X, 
CRWW,(H,O)WX, -+CRWWJl& + H20 

If the loss of water is the rate-determining step, as shown in Mechanism I, kinetics 
of the anation should not depend on the anion. If, however, coordination of the 
anion is the rate-determining step, the nature of the anion would affect the reaction 
rate, as is observed. Accordingly, it was concluded that the deaquation-anation 
reactions are SN2 [35]. 

The studies described in this section have clearly demonstrated an anion effect 
in the deaquation-anation reactions of complexes having the formula 
[M(NH,), H, 01X,. Also, the rate of racemization of (+)-[Co(en),]X3 (where X = Cl, 
Br, I, or NCS) in the solid state has been shown to decrease in the order 
I > Br > NCS > Cl [ 131. Since this review is concerned with anation reactions, 
racemization reactions will not be discussed further. A detailed review of solid-state 
racemizations is available [36]. Because of the inherent difficulties in considering 
anation reactions as SN 1 or SN2 based on principles of solid state chemistry, a more 
realistic explanation of the origin of the anion effect was sought. A brief description 
of this model will now be provided [37]. 
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3. THE DEFECT-DIFFUSION MODEL AND ITS APPLICATIONS 

3.1 The defect-di$usion model 

When a reaction takes place in a solid, the formation of the transition state 
results in a point defect in the lattice. These defects are analogous to the substituted 
ion, Schottky, and Frenkel defects which are familiar in solid state science [38]. 
While racemization reactions are not being considered here, such a process taking 
place by a twist mechanism [39-411 could be considered as producing a distorted 
ion which differs from the ion normally present at that site. Thus, it behaves as a 
substituted ion type of defect which occupies a different volume and causes lattice 
distortion at the site. If lattice expansion results, the formation of the transition state 
will be hindered when the lattice energy is higher. Thus, the ease of racemization of 
(+)-[Co(en),]X3 compounds decreases in the order I > Br >> Cl since the lattice energy 
is greater for smaller anions for a given size of the cation [13]. 

In an anation reaction, an anion must leave its site in the crystal lattice and 
migrate to the complex cation. This leaves a missing ion or Schottky type of defect. 
Formation of Schottky defects involves an energy, E,, which can be written as [42] 

E 

s 
= ul - Cl - (l/D)1 

42 - (l/n)1 
(7) 

where U is the lattice energy, D is the dielectric constant, A is the Madelung constant, 
and n is the exponent in the repulsion term of the lattice energy equation 

(8) 

When a volatile ligand is lost from a complex in a cation site, the free ligand 
is forced into an interstitial position in the lattice. Such a situation is analogous to 
the formation of a Frenkel defect. If this occurs before the anion enters the coordina- 
tion sphere of the metal, a dissociative mechanism is being followed. The volatile 
ligand may either diffuse through the lattice or return to the coordination sphere of 
the metal ion. The diffusion coefficient for the volatile ligand through the lattice will 
depend on the fraction of free space, which in turn depends on the relative sizes of 
the ions. It can be shown that the fraction of free space in a crystal increases as the 
difference between the size of the cations and anions increases [43]. Accordingly, 
even if the anation reaction follows a dissociative pathway there will be an anion 
effect. For example, it has been shown that the fraction of free space in the lattices 
of LiNO, and Sr(NO,), alters the way in which NO; and d fragments from 
NO; dissociated by X-rays recombine [44]. In a similar way, the/ tendency for the 
liberated ligand to reattach to the metal ion should decrease as t 

I 

e fraction of free 
space increases. These events are more in line with the princip es of solid state 
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chemistry than are the SN1 and SN2 labels which can be used for reactions taking 
place in solution. 

If a reaction such as 

CCo(NH,)sH,01X,(s)-,CCo(NH,)sXIX,(s) + HzW (9) 

were to take place by an SN2 process, it would be unusual since most substitution 
reactions in Co(II1) complexes follow an SN1 pathway. In an SN2 process, an anion 
would have to leave an anion site and migrate to the complex cation to form a 
seven-bonded transition state. In the case of [Cr(NH3),H20]C13, the activation 
energy is about 110 kJ mol-‘. Formation of the transition state would require the 
loss of 4.26 Dq [45] with Dq being about 2100 cm-’ for [CI(NH~)~H~O]~+ [46]. 
The crystal field activation energy alone would amount to 105 kJ mol- l. However, 
the formation of the Schottky defect by moving the anion from its lattice position is 
known to involve a high energy for compounds with high lattice energy [42].. 
Therefore, the observed activation energy of 110 kJ mol-’ appears to be much too 
low for an SN2 process. For an SN2 pathway, the migration of an anion from its 
lattice site would require the sacrifice of part of the lattice energy. Therefore, the 
reaction rates should decrease as the lattice energy increases, which occurs with a 
given cation as the sizes of the anions decrease. For the [M(NH3)sH20]X3 com- 
plexes, the trend in activation energies is exactly opposite to this prediction. 

If the dehydration-anation of [CO(NH~)~H~O]X~ takes place by the loss of 
water from [Co(NH,), H, 0] 3+, the nature of the anion should not affect the activa- 
tion energy. If a square-based pyramid transition state is formed, 4 Dq of CFSE is 
lost. If a trigonal bipyramid transition state is formed, 11.48 Dq of CFSE is lost 
[45]. Since Dq is about 2290cm-’ for [CO(NH,),H,O]~+ [47], these losses of 
CFSE amount to 110 and 314 kJ mol-‘. When the formation of a Frenkel type of 
defect by the liberated water is considered, the total activation energy would be quite 
high. However, as shown in Table 2, the activation energy for the anation reaction 
of [CO(NH~)~H~O]C~~ is only 79 kJ mol-‘. From these considerations, it appears 
that neither the SN1 nor the SN2 pathway is consistent with the observations on 
these reactions. 

3.2 The role offree space 

Diffusion of interstitial defects depends on the comparative size of the anion 
and cation [42]. The greater difference between the size of the cation and anion, the 
greater the fraction of free space in the crystal. If water is set free from the complex 
ion and enters interstitial positions, the diffusion of water through the crystal will 
be easiest when the difference between the sizes of the cation and anion is largest. 
The radius of [CO(NH~)H~O]~+ is about 240 pm, while that of the Cl- ion is about 
181 pm. On the other hand, the radius of I- is 220 pm. Accordingly, the loss of 
water would be easiest for the chloride compound and most difficult for the iodide, 
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exactly as is observed (see Table 2). The radius of ClO; is 236 pm, almost exactly 
the same as the radius of the cation. Since the fraction of free space is much lower 
when the cations and anions are of equal size, the perchlorate compounds should 
undergo deaquation-anation with difficulty. This is also what is observed experimen- 
tally [31,48]. The expected difficulty for accommodating water in interstitial positions 
in the [Co(NH3),H,0]X, compounds should be ClO; > I- > Br- > NO; > Cl-. 
The nitrate compound appears to be out of order. However, the thermochemical 
radius of NO; is 189 pm. In the case of the nitrate compound, there will be a larger 
free volume than expected based on the size of the anion and cation since the 
NO; ion is not spherical. Thus, the actual order with respect to ease of the deaqua- 
tion-anation reaction is CIO; > I- > Br- > Cl- > NO;, exactly as predicted on the 
basis of the defect-diffusion model. The anion effect can be explained on the basis of 
free volume without attaching a label such as SN2 to the reaction. 

The entropy effects shown by the data given in Table 2 may be explained by 
the relative sizes and the free volume. Where there is a large difference between the 
size of the cation and anions, as in [Cr(NH,),H,0]C13, the water molecule may be 
able to slip into an interstitial position, causing little or no lattice distortion. 
Therefore, the entropy of activation is small and negative. Where the cation and 
anions are of approximately the same size, water can occupy an interstitial position 
only with considerable lattice expansion so that the entropy of activation is positive. 
If this is, in fact, the case, one would expect the AS* values for dehydration of aqua 
complexes of the second- and third-row transition metals to be more negative for 
the chloride and less positive for the iodide. The data shown in Table 2 show that 
this is, in fact, the case. Again, the case of the nitrate compounds reveals that NO; 
generates an anion effect similar to that produced by a smaller anion owing to its 
smaller volume. Hydrogen bonding of the liberated water may also play a role in 
assisting the molecules to enter interstitial positions. Again, the Ru(II1) complexes 
follow the same trends in E, and ASS. 

3.3 Anation reactions and the defect-diffusion model 

In describing the defect-diffusion model, its application to the anation reactions 
of the [M(NHJ)SHzO]X, compounds has been illustrated. However, there are many 
other anation reactions for which this approach can be used to explain trends in the 
data. A small number of these reactions will be described here. 

Recently, a study of the kinetics of the anation reactions of [Ir(NH,), H, 01X, 
(where X = Cl, Br, or I) was conducted [49]. In this study, it was found that the 
reactions followed an Avrami rate law (A2.5 for the chloride and bromide, and A2 
for the iodide). The activation energies for the anation reactions reported were 75, 
105, and 120 kJ mol-‘, respectively [49]. With the [Ir(NH,),H,@]3+ cation, the 
greatest fraction of free space would be present in the chloride and the smallest 
fraction would be present for the iodide. Therefore, the expected order of activation 
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energies for the anation reactions is chloride < bromide < iodide, exactly as is ob- 
served. It appears that the diffusion of water through interstitial positions correlates 
with the free space in the crystals. 

Heating compounds having the formula [M(NH,), Hz 0] [Co(CN),] (where 
M = Co(III), Rh(III), or Ir(II1)) results in an anation reaction in which a cyanide 
bridge forms [SO-521. 

CM(NH,), Hz 01 CfWW,I 6) + [(NH,), M-NC-COW), l(s) + Hz O(g) (10) 

Ribas and Monfort studied these reactions and reported that, when M = Co(III), the 
reaction follows an Avrami Al.5 rate law, [-ln(1 - a)]‘j3. This rate law was also 
indicated for the M = Rh(II1) case but a zero-order or power law gave an equally 
good fit to the data. For the Ir(II1) compound, the best fitting rate law was A3: 
[-ln(1 - a)]1’3 or a power law, P2: a “’ Thus, none of the reactions appear to follow . 

a first- or second-order rate law. 
Activation energies of 129, 110, and 94 kJ mall ’ were reported for M = Co(III), 

Rh(III), and Ir(III), respectively [52]. This trend is expected on the basis of free space 
since the anion [CO(CN),]~- is the same in all cases and the cations increase in size 
for the series of complexes Co(II1) < Rh(II1) < Ir(II1). Therefore, the rate of diffusion 
of water would be expected to vary for the series in the reverse order, which accounts 
for the observed activation energies. 

Ribas et al. have studied the anation reactions of compounds having the 
formula [M(NH3)5H20][Cr(CN)6] and [M(NH,),H,O][CrNO(CN),] where 
M = Cr(III), Co(III), Rh(III), or Ir(II1) [53]. These anation reactions lead to com- 
pounds containing M-NC-Cr linkages. It was reported that the reactions gave the 
best fit with an Avrami rate law of the type An where n varied from 1 to 2. It was 
stated that the rate plots were sigmoidal and that an average value of n = 2 gave the 
most consistent fit to the rate data. There was no indication that a first- or second- 
order rate law represented the data for these reactions. However, the activation 
energies for the anation reactions are as follows: 

CCo(NH3 )5 HZ 01 CCrNWWJ 104.1 + 5 kJ mol-’ 

CRh(NH3 )5 H2 01 CCWW 114.5f2kJmoll’ 

CRh(NH3 )s Hz 01 CCrNWNh 1 118.6+ 1 kJmol_’ 

CIr(NH3)5H201CCr(CN)61 135.2 + 5 kJ mall’ 

CIr(NH& Hz 01 CCrNWN), 1 127.8 &- 5 kJ mol-’ 

For this series of compounds, there is not a very large variation in activation energies. 
It appears, however, that in this case the availability of free space is not controlling 
the reactions since the greatest difference in cation and anion size would be for the 
Ir(II1) complexes. Since Ir(II1) is a third row transition metal ion, it may be that 
crystal field effects are more important than free space because of the increase in Dq 
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values for metals in the order third row > second row > first row. More information 
is needed to explain the observed trend in activation energies. 

Corbella and Ribas have studied the deaquation-anation reactions of 
trans-[Cr(en), H, OF]X2 where en = ethylenediamine and X = Cl, Br, I, or (l/2)$ OS 
[54]. For these complexes, the activation energies reported were 107.6, 125.9, 152.0, 
and 148.5 kJ mol-’ for the chloride, bromide, iodide, and dithionate complexes, 
respectively. For the complexes in the same order, the values for AS* were -13.2, 
- 6.75,15.3, and 12.4 cal mol- ’ K- ‘. It was found that the kinetic data were modeled 
best by a power law or by an Al.5 Avrami rate law except for the iodide compound. 
These observations are consistent with the defect-diffusion model rather than a 
reaction based on the concept of order. While the data will not be discussed here, 
complexes having 1,3_diaminopropane and 1,2-diaminocyclohexane were also studied 
with similar results [54]. Complexes containing cations with mixed diamine ligands 
have also been studied and the kinetic results are consistent with the free space 
model [SS]. 

While the studies described thus far have shown the effect of varying the entire 
anion in a compound, a similar effect exists when the anion is a complex ion and 
some of the ligands are altered. An illustration of this is provided by the work on 
the complexes [Co(NH&HzO] [CoX(CN),] where X = CN, Cl, Br, I, NOz, or N, 
[43]. The deaquation reaction in this case leads to the formation of cyanide bridges 
of the type [(NH,),Co-NC-Co(CN),X]. For all of the reactions except that of the 
azide, an Avrami A1.5, [- ln(1 - a)]2/3 rate law, gave the best fit to the kinetic data. 
In the case of the azide compound, the best fit was provided by an A2.5 rate law. 
The activation energies reported were as follows for the various identities of X: CN, 
124.0; Cl, 120.5; Br, 91.8; N02, 84.0; N3, 70.2; I, 63.5 kJ mol-’ [43]. When X is one 
of the smaller ligands such as CN or Cl, the cation and anion are approximately of 
equal size. As X is changed to the larger ligands such as N, or I, the overall size of 
the anion increases and the difference between the size of the cation and anion 
increases. Accordingly, the removal of water and placing it in an interstitial 
position becomes easier and the activation energy decreases. This is precisely the 
effect seen from the trend in activation energies. 

Ribas et al. have studied the loss of water from [Co(NH,),H,O],[M(CN),], 
compounds where M = Ni, Pd, or Pt leading to complexes of type 
[(NH3)5 Co-NC-M(CN),], [M(CN),] [56]. It was found that the activation ener- 
gies for the dehydration reactions were 117.4, 131.0, and 66.7 kJ mol- ’ for the Ni, 
Pd, and Pt complex anions, respectively. This is in accord with the expected order 
except for the Pt complex. In the case of the Pt(CN)Z- anion, Pt-Pt interactions 
distort the lattice, resulting in easier diffusion of water through the lattice. However, 
the kinetic data obtained were shown to fit sigmoidal (a, t) plots and Avrami or 
growth rate laws. Consequently, these deaquation-anation processes are not SN 1 or 
SN2 reactions. An additional study of this type involved the/ preparation of 
[(NH,), M’-CN-M(CN),], [M(CN),], by the dehydration of [M’(NH,),H,O],- 
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[M(CN),], where M’ = Rh or Ir and M = Ni, Pd, or Pt [57]. In this case, the 
activation energies for the Rh complexes were 105, 115, and 90 kJ mall’ for the 
Ni(CN)i-, Pd(CN)i-, and Pt(CN):- compounds, respectively. For the Ir complexes, 
the corresponding values were 107, 118, and 92 kJ mol- ‘, respectively. The low value 
for the Pt complex was interpreted in terms of the Pt-Pt interaction. The activation 
energies for dehydration of the Rh and Ir complexes presumably are lower than 
those for the Co complexes because there is a greater difference between the size of 
the anion and cation in those cases. 

The effects of lattice anions on the ligand substitution reactions of the type 

l?Whenh I& 6) -+ CM(phenh X2 I(4 + phen (11) 

have been investigated where M = Fe(II), Co(II), or Ni(I1); X = Cl, Br, I, or (1/2)SO,; 
and phen = l,lO-phenanthroline [SS]. Kinetic analysis was carried out using a pro- 
cedure which tests most of the rate laws shown in Table 1 [59]. For the Fe(I1) 
complexes, the activation energies were as follows: chloride 164 kJ mol-‘, bromide 
239 kJ mol-‘, iodide 335 kJ mol-‘, and sulfate 368 kJ mol-‘. For the Ni(I1) com- 
plexes in the same order, the activation energies were reported to be 98, 183, 206, 
and 227 kJ mol- ‘. Activation energies for the Co(I1) complexes showed little variation 
with the nature of the anion. The data for the Fe(I1) and Ni(I1) complexes are 
consistent with the fact that the smaller the size of the anion, the larger the volume 
of free space and the lower the expected activation energy for the loss of a volatile 
ligand [58]. 

An extensive, highly replicated study of the deaquation-anation reaction 
of [Co(NH3),H20]C13 has recently been completed using both isothermal and 
non-isothermal methods [60]. Two independently prepared batches of 
[Co(NH3),H20]C13 were used. When studied non-isothermally (32 runs using each 
batch), kinetic analysis showed that the most appropriate rate law was either Al.5 
or A2 with A1.5: [-ln(1 -cd1213 giving the best fit to more of the runs. For the 32 
isothermal experiments on one batch, 26 gave the best fit with the Al.5 rate law and 
four gave the best fit with the A2 rate law. These results show clearly that the 
reaction 

P(NH~)sH~OIC~~(~)+ ~C”(NH3),C11C12(s) + H2W (12) 

has been misinterpreted as SN1 or SN2 for many years, probably because of incom- 
plete kinetic analysis of the data. However, LeMay and Babich have made important 
contributions to understanding these reactions by studying the effects of procedural 
variables on the processes [61]. The results of that study showed that particle size, 
sample size, sample bed thickness, heating rate, and nature of the atmosphere around 
the sample can all affect the kinetics of the reaction. 

Studies have also been conducted using hexammine complexes. Ohyoshi et al. 
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have studied reactions of the type 

CCrWW61&@)-+ CCWW5CW2(s) + NH&) (13) 

(where X is Cl or Br) in the solid state using thermal methods [62]. It was reported 
that the reaction “can be regarded as a first-order reaction with respect to the 
reactant” on the basis of linear log [a&-x)] plots, where a is the initial mass and 
(a - x) is the mass at time t. The activation energies reported were 126 kJ mall ’ for 
the chloride compound and 180 kJ mol- ’ for the bromide compound. These results 
are in agreement with the fact that there is less free space when the larger bromide 
ion is present. 

This study is typical of many of those in the earlier literature in that there is 
no indication that the kinetic data were tested with the wide range of rate laws 
shown in Table 1, which are known to apply to processes in the solid state. Many 
of the earlier studies were based on the assumption that anation reactions should be 
described in terms of first- or second-order rate laws based on the anion effect. Also, 
many of the activation energies reported in the literature are questionable, having 
been based on very few experiments. It has been amply demonstrated that highly 
replicated kinetic studies are necessary to identify consistent rate laws and to deter- 
mine accurate activation energies [24-271. It is clear that the mechanisms of reactions 
of coordination compounds in the solid state are different from those proposed for 
the corresponding reactions in solutions. In many cases, it appears that the defect- 
diffusion model can provide realistic approaches to interpreting kinetic results 
[36,37]. 

There has been rapid improvement in the instruments and data analysis tech- 
niques used to study solid state reactions, including those of coordination compounds. 
The use of established principles of solid state science to answer questions about 
reactions of coordination compounds in thesolid state is becoming more widespread. 
Since such reactions are important for synthetic purposes and as processes necessary 
to prepare a wide range of materials, it is inevitable that this area will receive 
increased attention in the future. 
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