
lkmwchimica Acta, 23 (1978) 349-355 
@ Elsmii Scktilic Publishing Company. Arnstcrdam - Ptinrec! in The Netherlands 

POSSIBLE TESTS FOR THE MECHANISMS OF LIGAND EXCHANGE IN 

SOLIDS 

TIIE DEAQIJATION-ANATION OF [Cr(NH,)5(H20)]X3 SALX 

H. EUGENE LFMAY, JR. 

Depwrmenr of Chemisrry. Uniwsity of Nera&. Rmo. WV 8N5i (U.S.A.) 
(Rccei\zd 4 May 1977) 

‘11e possibility of using correlations of Aif c and dil. and of dfI’I+ and ASt to 

@n insight into the mechanisms of ligandexchange reactions in solids arc discussed. 

These correlations are tcstcd using, literature values for the deaquation-anation 

reactions of [Cr(NHs)5(H20)]X3r where X- - Cl-, Br-, I- or NO,. The poor 

agreement in the activation parameters reported in the litcnturc precluded a meanins- 

ful test of the A ff-AH + correlation. This poor agreement suggests that these activation 
parameters are strongIy influenced by cxpcrimcntzi factors that hnvc not been 

ccntrolled in studies to date. Nevertheless, there is a linear correlation of d1f * and 
AS* which gives an isokinctic temperature of 367 & 11 K. This isokinctic behavior 
su~~csts that the same mechanism is operative throughout the series. 

I?aRODL’crION 

Kinetic investigations of the reactions of solids have focused primarily on 

-gaining insight into those aspects of the reactions that arc peculiar to solids. The 
concerns have been primarily to develop kinetic models in terms of nucleation and 
growth of intcrphzsc boundaries, ta assess the roles of lattice defects, and to undtr- 
stand these phenomena in terms of both the microscopic and molecular-lcwl stpc- 
tures of the solids*. However, lirtk attention hzxs &en ptid to Ihc kinetic effcc~s of 

specific bond-breaking and bond-making processes in the solid. 
We therefore became interested in several solid-phase li_gandexchangc reactions 

for which Ssl or SN2 mechanisms have been assigned”‘O. These studies hzve 
involved the displacement of a volatile ligand such as H # 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)3~ ‘= ‘I, chromium(Ill)5”- I2 and 
nithenium(III)O: 
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There a.re two features of these studies that have esgecially caught our attention. 

First, the agreement in activation parameters reported by dificrent groups is poor- 

This feature is alarming bemuse the mechanisms have been assigned on the basis of 
activation paramctc_s. Second, the mechanisms proposed for these reactions do not 
always agre with those proposed for similar ligandexchangc pr-s in solution. 

For example, the ligand+xchangc reactions of cobalt(lll) complexes in solution are 
now ~cncrally believed to involve no bond-m&ins between cobalt and the incoming 
Iipnd in the transition stntc: the mechanism is thcrcforc descrilwd m beins S,I or 
dismiiitivc’ j - I 5_ The mechanism(s) for ligandtxchange at other tripositive centers 

is currently subject lo more d&ate, but anation of [Cr(NI~~),(ff,O) J3 ’ in water 

also ZlppCilrS to be dissociative . ” It would bc very interesting, therefore, if the 

mrrhanism for the same ligand-exchangc in solids is Ss2 or ,associative in character 

as propo?;Cd for some of these complexes. 
In this paper, UC wish to discuss two tats that can bc applied to aid in assessing 

111~ activation parameters for solid-pha.se ligznd-exchangc reactions and to assist in 
drawing mechanistic conclusions from these parameters. The first test involves a 

possible correlation between AIf + and Air; the .sccond involves a possible correlation 
bctwcen Ail* and AS*. These tWc ES& are applied to data reported in the literature 
for the anation ofcomplcx~ in the [Cr(NH5),(H20)]X3 series. Application of these 

ideas to the [Co(NIf,),(H,O)]X, and [Ru(NH~)~(H~O)]X, series will be reported 
in forthcoming papers. 

Since ir is our intent to look more closely at the possible mechanistic insight that 

can be obtained from xtivation parameters, it is useful ik.t to summarize several 
warning that have already nppcarcd in the iilerclture- There are many potential 

problems associntcd with the wse and interpretation of activation parameters for 
solid-phase reactions’ ‘. Some of tht-c arc related tu the problem of finding valid 
kinetic descriptions. There is often considerable uncertainty in the choice of appro- 

priate rate cquatiox. 111 many cxes. a single rate expression is not suficient to 

describe rhc reaction rhrough either the entire reaction or over the entire temperature 
range selected to evaluate the activation parameters. Since the choice of rate law can 
have ;L dramatic effect on the magnitudes of the activation parameters’ *, the validity 

of reported activarion parameters is often questionable. However, even where the 
question of rate-law is _wtisfactorily resolved. there still remains the question of the 
meaning of the xtivation parameters, whether they reelect chemical processes 
inherent to the sample or are dependent on experimental conditions such as sample- 
bcr! thickness, p5clc size or atmosphere. Activation parameters obtained by non- 

isothermal methods, in particular, are often suspect because the questions raised 

above are r.enerally left unresolved. Because of these problems, C&n has su_ggested 
that the term “tL’npcrature coefiicient of reaction” be used instead of “activation 
energy”, a term that bring with it 3 well-defined meaning in homogeneous kinetics 
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that might not be valid for solid-phase kinetics ‘9 Nevertheless, WC maintain the use . 

of the term activation ener_q in our following discussion- 

POSSIBLE RELAT!D!GSIiipS BkWEEN E, AKD LiH 

For the sake of our present discussion, let us assume that the solid-phase 
reactions under discussion have well-defined t.ransition states with az+&ated activa- 
tion cner&s. Now consider a xries of compourrds of the &ypc [L,MY]X, where hi 

is a metal, Y a volatile ligand, L a non-exchanging @and of which n are rcquircd to 

complete the coordina:ion sphere, and X is an anion outside the coordination sphere. 
The reaction that WC 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): 

[L,XIY]X(s) --, [L,MX](s) -: Y(s) (2) 

It is rezsonablc to bclievc that some insight into the mcxhanism of the X-Y lizand 
exchange can be gained by studying a homologous seria of compounds in which only 
X varies through the series. One such series consists of compounds of the type 

LWNW,(H,O)IX 3: another is LCo(DMG),py,]X, where D.MG is the dimethyl- 
glyoximato anion and py is pyridine. 

if WC arc dealing with a homologous series of gaseous complexes and a dissocia- 
tive mechanism is opcrzGvc, the activation enqq, Ea will be constant throu& the 
series, because the transition state refiects only the M-Y bond strength. This constancy 

of Ea will also be found for the corresponding reactions in a given solvent; indetd, the 

constancy of E, has been used as a test of this mechanismzo~ “_ However, when we 
place the [L,MY] ion within a crystal lattice, the constancy of E, is no longer assured, 
bcxz~~se each cry-,tA lattice within the series czzn bc 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 
cryst31 lattices. The a&&on energy will bc constant through the series only if the 
interaction in each case between the complex and its surrounding lattice (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 surf&c of the 

reaction cavity as the transition state is formed’. It seems reasonable that, for a 
dissociative mechanism, the chanpc in intemction would be minimal through the 
series 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 
mechanism; however, the mechanism can be dissociative without there bein_e a 
constant E’. We might further note that the broader the nngc of the entha!py changes, 

_ _._ -. 

l The reader should note tkt it is not m that the [LAY] ion interact equally wifh tk W& 
of rbc diicrent restion c&k in order IO obtain a constant G through Abe saics of annpounk. 



Aff, over which E, is constan& the more convincing the dissociative mechanism 
becomes, ‘mause the range of AH dues implies a range of different types of reaction 
czvi ties. 

Assnciariw &anti exchnges 

If we were dealing with solution re.actions, we would expect E, to vary within 
3 homologous series if the li_gand exchange were associative. Furthermore, since E, 
reflects chanses in M-X bond stability, we would anticipate a correlation of E, with 
AN. Swaddle h&as reviewed the appiication of linear-freeener,ny relationships to 
octahedral substitution reactions in solution’5. He has noted that a plot of ES YS. Al! 
with a slope close to 0.5 should be found for associative mechanisms in which bond- 
making is essentially synchronous with bond-breaking. Hcwevcr, 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. dli will have a slope 
of 1.0. Thus, such correlations of E, with Aif would offer evidence for an associative 
mechanism and should be sought. However, the absence of such a correlation would 
not rule out the x..wciatiyc 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 Aff and E,, it would be informative to seek a 
series of compounds that are isostructural with each other. In such a series the reaction 
cwities would lx similar, and the likelihood of dN refbctins chnngs in E, would be 
enhanced. 

Both E, and AH values have been reported for the deaquation-anation com- 
pounds in rhe [Cr(NH3)5(HIO).JX, series. The fact that several groups have chosen 
to study these reactions offers additional insight into the uncertainty of these pan- 
meters. Litcnture values arc summarixd in Table I. Tsuchiya et al.’ 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 chanses using an isoteniscope. They reduced 
their data in terms of a first-order rate law. Nagase! and coworkers’ fqllowed the 
reaction in the same way, but analyzed their results in terms of the Prout-Tompkins 
equation. 

The agreement in dff values obtained in different research groups is reasonably 
good. However, the AH* and AS* ~alucs obtained by different workers show mu& 
less agreement. Part of the lack of aE_ment can he ascribed to differences in expcri- 
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 r-h group arc plotted against AH, no correlation is evident. The 
absence of such a correlation and the great variation in literature values for AH* 
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TABLE I 

I_~~ERATIJRE VALUES FOR Ati * , A.$= ASi udff WR THE DUQUAIIOS-A.*iA-rwX RfAC3-~.4i Ok 

ICr(NHa)sU-hO~lX~ 
w--m- -- .- - - --- - --- -... _- __-_ --- 

Anitwt, x- .I t1 (kcal mol-‘) .?iff l (kcaf nwl-‘) ns* (at.) Rr/: 
._-._--..-.-. ------ ----P-d-._- .- . _ . ._.._ . 

a- 6.1 26 5 2a -c 5 
6.1 5 0.5 16.8 5 0.4b -25.4 -i 0.8b 12 
4-2 &. 0.4 - 6 
6.7= _- 6 
6.5 26.4 -. 25 7 

nr- 

1 -’ 

NOi 

9.0 37 2: 1’ - 5 
7.8 A 0.6 22.6 + 4.9 -- 122 :i: 3.4 12 
5.9 & 0.4 - - 6 
8.5C - 6 
6.3 29.7 9.2 7 

10.8 IS J: 1’ - 5 
6.3 1 0.5 15.6 1: 0.3 -31-2 + O-7 12 
4.8 :: 0.4 - 6 
8.6C - 6 
7.0 32.7 15.4 7 

11.9 16 L 2’ -. 5 
- IS.9 & 0.3 -29-4 A 0.9 12 
3.8 :I- 0.4 - -. 6 

13.w - - 6 
123 25.1” - 25 7 
- usa 20.2 7 

_ _.___. _____. .- ._._-- - ----- -.- --- .--..-_-__-- ._._ --.-- _ 

The V&JCS rccordcd for AH* are actually awragc L Arcs from nonisothermal DTG and DTA 
studi: the -or limits are awyage deviations frcxn the mean. 
-lItuc values wue calculated by lust-squxc aMl)sis from the rate wnstzn~~ given In ref. 12; error 
limits are the stmdard deviation using thra rate un~~~nts. 
Tlxsc Mlucs were calculalcd from sulcd-tube DTA using -IN for he vaporiz;itiun of iIzO~~- 
Two crptallinc forms of the ni!rr?tc U’tTc refxwled. 

suggst that the activation ener@cs are infiuencecl by factors other than the rate of 
bond-meking and bond-breaking It appcan that the activation pnmeters arc 
strongly dependent on some uncontrolled experimental factor or factors rather thad 
by intensive chemical processes inherent to the solids. Therefore, it has been soqht t6 
examine the data in Ii&t of Garn’s observations of the kinetic compensation effect 
19.23 . 

THE SOKISETIC RELATIOSSHIP 

Linear conre1ation.s of AH* and AS* (or E, and log A) have been widely used, 
especially in organic chemistry, to provide insight into the role of substituent efi&ts 
on reactions in solution’*. In this context, they have been referred to as isokinetic 
relationships. Recently, Gam has pointed out the same correlation for several 



354 

-30 -20 -10 0 IO 20 
AS*. C.U. 

Fig. 1. lsokitmic plot for the &aquaGorr-anation of [CrGWa)~Iiz0)lX~; & 2 data from rd. 12; 
:-. . . , data from ref. 7. Slope -. 7 .- j67.5 _F 0.4 K; inrcrcqx - .:JG* - 26.8 ._L 0.2 kul rr.01~~. 

solid-pha.sc rcxtions, drawing comparisons from studies of heterogeneous catalysis, 
and hzs referred to the correlation as the kinetic-compensation effect’9B “_ 

For reactions in solution, the existcncc of a linear correlation between AH* and 
AS= through a homologous scerk of compounds has been taken to mean that the 
same reaction mechanism is operative throughout the serie?’ l _ The slope of the 
linear plot of AN + (as ordinate) vs. AS * (as abscissa) has units of absolute tcmpen- 
ture, because it represents the temperature at which all of the reactions represented on 
the lrne occur ar the 3iimc rate. Below this tempcratu~, the reaction raft is controlled 
primarily by AH’ while. above this t~cm~pcnturc, AS* is the dominant factor. The 
former situation normally occurs when electronic effects are paramount, while the 
latter occurs when solvent effcccs dominate_ 

Figure I shows that the deaquation-anation reaction of [Cr(NH,)JH20)]XJ 
shows the isokinetic behavior. A Iin-r least-squares regression an‘alysis of the data 
gives an isokinetic temperaLure of 367 x 11 K, where the error iimit is the standard 
deviation. The correlation cocfjicient for the line is 0.!$368. There are two additional 
features of the correlation that are interesting_ First, the fact that two difitzrent 
mu-laws wert: used ID obmin rate-constants does not appear to affect the correlation. 
Second, only one kinetic study was performed above the isokinctic temperature. 
That single study was performed at MST (367.7’C) by Wendiandt and Bear on the 
iodide salt”. 

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

-_-. _-- - 
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same throughout the scrims (same ~tt-controliing process). However, it is not 
possible to say on this basis done that the rate is controlled by ligand exchange. 
Indeed, the absence of a AN*-AHcorrelation indicates that other factors arc involved 
in determining at least the magnitude of dfl* . The existence of the isokinetic relation- 
ship further underscores the unreliability of drawing mechanistic conclusions from 
either AH* or AS* trends alone. Furthermore, it supports our su_qestion that there 
are experimental factors influencing activation parameters that have not been control- 
led in studying this series of reactions. 
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