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A statistical mechanical analysis of the solvation effects on the kinetic rate constants 
of reactions in near and supercritical solvents is presented to understand the experimen- 
tal findings regarding the thermodynamic pressure eflects. This is an extension of the 
solvation formalism of Chialuo and Cummings to the analysis of the microscopic basis 
for the macroscopic pressure and temperature effects on the kinetic rate constants of 
reactions conducted in the compressible region of the solvent phase diagram. This anal- 
ysis is illustrated with integral equations calculations involving Lennard - Jones in- 
finitely dilute quaternary systems to describe the species in solution during the reaction 
of triplet benzophenone (3BP) with a cosolvent (either 0, or 1,I-cyclohmdiene) in 
supercritical CO, along the supercritical isotherms T, = 1.01 and 1.06. The role of the 
species molecular asymmetries and consequently their solvation behavior in determining 
the thermodynamic pressure and temperature effects on the kinetic rate constant of 
reactions at near-critical conditions are discussed. 

Introduction 
Chemical reactions at supercritical conditions have re- 

cently become the focus of intense fundamental research be- 
cause of their potential application to environmentally 
friendly new technologies such as waste treatment, material 
processing, biomass to fuel conversion, as well as electro- 
chemical and enzymatic reactions (Hutchenson and Foster, 
1995; Kiran and Brennecke, 1993; Kiran and Levelt Sengers, 
1994; Levelt Sengers, 1991a). While the most compelling rea- 
son to carry out reactions at (near) supercritical conditions is 
our ability to tune the solvation conditions of the medium 
(chemical potentials) and attentuate transport limitations by 
adjustment of the system pressure and/or temperature (Bruno 
and Ely, 1991; McHugh and Krukonis, 19941, there has been 
considerable speculation on explanations for the unusual be- 
havior (occasionally referred to as anomalies) in reaction ki- 
netics at near and supercritical conditions (for a summary see 
(Brennecke, 1993; Clifford, 1994; Savage et al., 1995)). Strictly 
speaking, one expects that true near-critical anomalies in re- 
action equilibria, if any, will manifest themselves only within 
an extremely small neighborhood of the system's critical point 
(Milner and Martin, 1986; Wheeler and Petschek, 19831, 

which is unattainable for all practical purposes. This is be- 
cause the near-critical anomaly in the equilibrium extent of 
reaction has the same near-critical behavior as the internal 
energy, that is, - [(T - Tc)/T']l-a with a = 0.12. However, it 
is not as clear that the kinetics of reactions should be free of 
anomalies in the near-critical region. Therefore, a more accu- 
rate description of solvent efSect on the kinetic rate constant 
of reactions conducted in or near supercritical media is desir- 
able and is the goal of our study. 

The solvent effect (or, more precisely, the solvation effect) 
on the kinetic reaction rate has most frequently been inter- 
preted within the framework of the transition state theory 
(TST) (Hynes, 1985; Reichardt, 1979; Steinfeld et al., 19891, 
and its thennodynamic formulation has become the most 
commonly used approach to study the changes of Gibbs free 
energy of activation, as well as its temperature and pressure 
derivatives, because it gives a simple mathematical form for 
inter- and extrapolation purposes. Solvation plays a signifi- 
cant role in reacting systems not only by affecting the kinetic 
rate but also the reaction selectivity, resulting from the dif- 
ferential stabilization (or preferential solvation) of reactants, 

AIChE Journal March 1998 Vol. 44, No. 3 667 



products, and transition state (TS) species according to the 
strength of their molecular asymmetries with respect to the 
solvent (Hynes, 1985; Reichardt, 1979; Steinfeld et al., 1989). 

The thermodynamic approach to solvation effects on reac- 
tion rates was earlier pursued to study atom-transfer reac- 
tions (Benson, 1960; Moelwyn-Hughes, 19711, by invoking 
a wide variety of new concepts for its implementation, such 
as free volume (Benson, 1960; Frost and Pearson, 1961), sol- 
ubilities (Bell, 1939; Martin, 19661, and TS boiling points 
(Benson and Golden, 1975). More recently, it has been sug- 
gested that the experimental isothermal kinetic rate con- 
stants of some reactions at near and supercritical conditions 
could not be explained solely by the thermodynamic pressure 
effect, but from the combination of local composition en- 
hancement and density augmentation around reactants 
(Brennecke, 1993; Bunker and Sun, 1995; Chateauneuf et al., 
1992; Ellington and Brennecke, 1993; Savage et al., 1995). 

Although these variations on the TST argument have often 
been successful in providing qualitative agreement with ex- 
perimentally observed trends, they have not yielded quantita- 
tive predictions of the solvation effect on the reaction rate. 
One possible reason for this lack of quantitative prediction is 
that the main players in the approach, the species solvation 
properties, are microscopic quantities that, in macroscopic 
modeling, are indirectly described by macroscopic properties, 
which are difficult to measure or hard to predict accurately. 

In this article we attempt to rationalize the experimental 
findings and their interpretations by drawing an explicit link 
between the thermodynamic pressure or temperature effect 
(macroscopic) and the species solvation (microscopic) behav- 
ior through a statistical mechanical analysis of the reaction 
rate constant at near and supercritical conditions. Because 
this solvation approach (Chialvo and Cummings, 1994, 1995) 
hinges upon the rigorous Kirkwood-Buff's fluctuation for- 
malism of mixtures (Kirkwood and Buff, 1950, and it is ap- 
plied to precisely defined model mixtures, we are able to make 
unambiguous connections between the species molecular 
asymmetries, the solution microstructure, and the kinetically 
relevant macroscopic properties. 

Furthermore, throughout this work we use integral equa- 
tions (IE) calculations for Lennard-Jones infinitely dilute 
quaternary systems to study a simple model for the pressure 
dependence of the kinetic rate constant for the reaction of 
triplet benzophenone (3BP) with a solvent (either O,, or 1,4- 
cyclohexadiene) in supercritical CO, (Roberts et al., 1995a,b). 
The IE calculations are used not only to generate the mi- 
crostructural details of the systems, but also to calculate the 
required macroscopic thermophysical properties involved in 
the determination of the pressure effect on the kinetic rate 
constant. In doing so, we maintain an internal consistency 
between the microstructure and the corresponding (macro- 
scopic) thermophysical properties. 

The article is organized as follows. First we introduce the 
main expressions behind the application of the formalism to 
the kinetic problem, whose details are given in the Appendix. 
Then, we illustrate the approach with integral equations cal- 
culations, and discuss the results in terms of molecular asym- 
metries and solvation behavior of species in solution. Finally, 
we discuss briefly some aspects of the use and validity of the 
TST for reaction kinetics at near-critical conditions. 

Fundamentals 
In this section we present the main ideas behind the solva- 

tion approach to studying the thermodynamic pressure effect 
on the kinetic reaction rate constant. We must emphasize that 
we are considering solely equilibrium solvent effects on the ki- 
netic rate constant according to the TST formalism: that is, 
while the possibility of the breakdown of the TST hypotheses 
caused by the solvent dynamics is another important issue to 
consider, it will not be addressed here (Hynes, 1985). 

With that purpose let us assume the following simple reac- 
tion, 

solvent 
vR R + v,S z==? 8 -+ products 

where R is a solute reactant, S is the cosolvent, %* is the 
activated complex in equilibrium with the reactants in solu- 
tion, and the prefactors are the stoichiometry coefficients. 
Here we consider the case in which the cosolvent might par- 
ticipate in the reaction as reactants. 

According to the TST of reactions (Hynes, 1985; Steinfeld 
et al., 1989), the reaction rate constant is given by 

(2) 

where k and f i  are the Boltzmann and Planck constants, re- 
spectively, T is the absolute temperature, KO is a factor that 
gives the correct units for kTsT, and Kr is the molar-based 
equilibrium constant for the activation process given by Eq. 
1. In order to study the pressure effect on the kinetic rate 
constant, we first rewrite Kr in terms of the species fugaci- 
ties, and then determine the pressure coefficient of In kTsT 
(see Appendix A for details), 

where A v f  = vRVg + vsV," - vaZG is the actual activation 
volume (Eckert, 1972). 

Typically the actual kinetic rate constant kexpt, is obtained 
from kTST by correcting the latter by the transmission coeffi- 
cient ,y, which takes care of the actual barrier recrossing, 
that is, kexptl = xkTST.  Moreover, it is frequently assumed that 
x # x ( P , T )  or taken as unity (the TST case). This is a very 
important assumption that should be borne in mind (Hynes, 
1985; Steinfeld et al., 19891, and that will be discussed later. 

Although Eq. 3 gives a macroscopic expression for the pres- 
sure derivative of the TST kinetic rate constant, it will allow 
us to introduce the solvation contributions in a precisely mi- 
croscopic way. To achieve this goal we express the partial 
molar volumes in terms of the derivative (dP/dxu)T, ~,~~ ", 
whose critical value is the corresponding Krichevskii's param- 
eter (Levelt Sengers, 1991a) for the infinitely dilute solute 
species labeled by the subscript u. This derivative is an ap- 
pealing quantity because it measures the isothermal-iso- 
choric finite pressure change induced by the solvent rear- 
rangement in the solvation of an infinitely dilute solute 
(Chialvo and Cummings, 1994, 1995; Chialvo et al., 19961, and 
allows us to make an explicit separation between solvation 
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and compressibility-driven contributions to the species partial 
molar volumes at infinite dilution. In fact, and according to 
Appendix A. 1:q. 3 can be rewritten either as 

( 7 F - ! I ,  

tion functions for the solute-solute, solute-solvent, and sol- 
vent-solvent interactions). Yet, in order to take full advan- 
tage of this formalism we must be able to generate the sys- 
tem’s microstructure from the knowledge of the species 
molecular asymmetries (force-field parameters of the inter- 
molecular models). For this purpose here we use integral 
equation calculations for Lennard-Jones systems to generate 
the solution microstructures, and consequently, the solvation 
macroscopic properties to determine the pressure effects on 
the kinetic rate constant of a model reaction. 

d In k ‘,ST 
- A Y ( K ’ c -  K ) -  Kp[V,(PG(sR)- p - ’ )  

vR(v;(sR) - p -  I )  - v,(u;(s~) - p -  I ) ]  (4) 

or 

where p = (I/%!)). the superscripts IG denote ideal gas prop- 
erties, and the solvation contribution to the partial molar vol- 
umes Pr(SR) can be interpreted microscopically in terms of 
either total or direct correlation function integrals, as dis- 
cussed in detail in (Chialvo and Cummings, 1994, 1995; 
Chialvo et al.. 1996) and summarized in Appendix A. Thus, 
the pressure coefficient of the rate constant can be factorized 
into two terms: one involving the solvent’s isothermal com- 
pressibility, and the other containing short-range solvation 
contributions to the species in solutions relative to their ideal 
gas contributions (absence of solute-solvent interactions). 
Note that the difference (Fum(SR) - P,“’G’(SR)) actually sub- 
tracts the trarislational or “ideal gas” contribution from the 
vu (SR), and therefore, contains only contributions from in- 
termolecular interactions. Moreover, for reactions with A v = 

0, the “ideal gas”contributions cancel out, see Eqs. 4-5, and 
the pressure effect becomes equal to the solvation contribu- 
tion to the activation volume, [ v,F,“(SR) + v,F,”(SR) - 
v!,< 5;( SR)]. magnified by the solvent’s isothermal compress- 
ibility. 

According to Eqs. 4-5, whatever the isothermal thermody- 
namic pressure effect might be, this becomes predominant at 
near-critical conditions unless the coefficient of the isother- 
mal compressibility, the solvation factor, is zero (a truly un- 
likely situation). Our previous statistical mechanical analysis 
indicated that pF,”(SR) is a well-behaved finite quantity 
(Chialvo and Cummings, 1994, 1995), a conclusion that can 
also be reached through purely thermodynamic arguments 
(Levelt Sengers. 1991a). Since thermodynamic stability de- 
mands that the solvent isothermal compressibility be positive, 
the solvation tactor determines the sign of the pressure effect 
at near-critical conditions. This prefactor is a function of the 
relative molecular asymmetry between the solute reactant and 
the activated complex (as well as the solvent, should this par- 
ticipate in the reaction). 

The advantage of this formalism resides in that it does not 
rely on any assumption regarding type of interactions or 
molecular asymmetry, number of components in solution, or 
painvise additivity, and only requires the center-of-mass spa- 
tial distribution functions of species in solution as descriptors 
of the system’s microstructure (Kirkwood and Buff, 1951). 
Thus most thermophysical properties, including the ones in- 
volved in the solvation process, are determined as integrals 
over the microstructure of the system (i.e., the radial distribu- 

.-_ 

Integral Equations Calculations 
In this section we illustrate the solvation behavior of 

Lennard-Jones mixtures composed of a solvent and three in- 
finitely dilute species, one of them being a cosolvent. These 
model systems provide a very much simplified model of the 
actual reacting systems studied by Roberts et al. (1995a,b), 
that is, the triplet benzophenone (3BP) as an infinitely dilute 
reactant, either 0, or 1,4-cyclohexadiene as an infinitely di- 
lute reactive cosolvent, the infinitely dilute transition state 
species (TS), and the supercritical solvent CO,. Even though 
our goal is not to mimic the actual system, the reasons be- 
hind the choice of this model are manifold, namely: (1) we 
know the phase diagram for the pure solvent with adequate 
accuracy (Panagiotopoulos, 19871, that is, we can locate our 
system relative to the solvent critical point using correspond- 
ing state variables ( p, = p/p,, T, = T/T,, where the subscript 
c denotes critical conditions); ( 2 )  the near-critical (divergent) 
effects are common to any (real or model) fluid system ex- 
hibiting liquid-vapor critical behavior, that is, there is no need 
for a realistic model to get useful insight into the near-critical 
solvation phenomenon; (3) the solution of the Ornstein Zer- 
nicke equation via the Percus-Yevick approximation gives an 
accurate representation of the Lennard-Jones fluid (Barker 
and Henderson, 1976); and (4) because we generate the en- 
tire solvation thermodynamics and structural information, us- 
ing the same formalism for a (microscopically) well-defined 
system, we eliminate any possible ambiguity in the interpreta- 
tion of the theoretical results. 

Tables 1 and 2 show the force-field parameters for the 
species used in this study. Unlike interactions are initially de- 
scribed by the Lorentz (size) and Berthelot (energy) combin- 
ing rules (Hansen and McDonald, 1986). In a subsequent step, 
we might perturb these combining rules, especially for the 
solvent-TS interactions to assess the extent to which our im- 
perfect (due to the lack of better experimental information) 
description of the TS molecular asymmetry might change the 
outcome of the pressure dependence of the kinetic rate con- 
stant. 

Table 1. Lennard-Jones Potential Parameters for the 
Reacting Quaternary Mixture 

Interaction Type Eusilon/k (K) Sigma (A) 
co, -co2 
p 2  - 0 2  
BP-3BP 

TS-TS* 

~~~ ~ 

232.2 3.643 
119.0 3.355 
625.7 6.580 
681.7 7.291 

*Parameters determined from the critical properties given by Roberts et 
al. (1995a,b). 
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Table 2. Lennard-Jones Potential Parameters for the 
Reacting Quaternary Mixture 

Interaction Type Epsilon/k (K) Sigma (A) 
co, -co, 232.2 3.643 
1,4-C6-1,4-C6* 436.7 5.227 
3BP-3BP 625.7 6.580 
TS-TS** 791.8 8.247 

* l,.l-cyclohexadiene. 
Parameters determined from thc critical properties given by Roberts et 
al. (1995a.b). 

** 

To interpret the possible preferential solvation of the 'BP 
around the cosolvent, and to make contact with the mea- 
sured rate constants, we also study the solvation effects on 
the pressure dependence of the kinetic rate constant when 
the repulsive cosolvent 0, is replaced by the attractive cosol- 
vent 1,4-cyclohexadiene. By repulsive and attractive (Debe- 
nedetti and Mohamed, 1989) cosolvents we mean that their 
associate (dP/dxu)T, p ,  xi i  will be positive and negative, re- 
spectively, that is, they will behave as volatile and nonvolatile 
species, respectively (Levelt Sengers, 1991a). 

The study of the cosolvent effect on reactivity, and the con- 
comitant solvation features, is intended to provide insight on 
the possible connection between the local cosolvent composi- 
tion around the reactant 3BP (preferential solvation) and the 
resulting pressure or temperature effect on the kinetic rate 
constant. 

Partial molar volumes of species in solution 
Because the partial molar volume of species in solution 

plays the most important role in this formalism, we first de- 
termine the density dependence for the three species at infi- 
nite dilution along the near-critical isotherms T, = 1.01 and 
T, = 1.06 as shown in Figures 1 and 2 in comparison with the 
corresponding i;,"(SR). (Note that because 100 volume units 
= 2.9 L/mol in these illustrations, the species partial molar 
volumes at near-critical conditions vary from 3 L/mol (oxygen) 
to - 30 L/mol (transition state complex). In contrast, the cor- 
responding solvation contributions go from 0.15 L/mol to 
- 1.45 L/mol.) 

For illustration purposes, we have also included in these 
pictures the properties of two limiting cases, a "solute" in the 
ideal solution (IS), that is, the pure solvent, and the ideal gas 
solute (IG). These cases are very convenient references be- 
cause they encompass two extreme molecular asymmetries, 
that is, the presence of intermolecular forces with no 
solute-solvent asymmetry, and the absence of solute-solvent 
interactions, respectively. Moreover, the difference ijL:( SR) - 
v, ( I S )  = i,"(SR) - p -  is the so-called solute-induced effect, 
the actual volumetric contribution to the solvation driving 
force (Chialvo and Cummings, 1994, 1995). 

As the solute becomes less repulsive, with respect to that 
of an ideal gas (see Appendix A), ( d P / d ~ , ) ~ , ~ , ~ ~ + ~  reaches 
zero for the IS, and then becomes negative for the more pro- 
nounced molecular asymmetries (see Figures 3 and 4). Note 
that this function can show an extreme finite value at a den- 
sity greater or smaller than the critical, depending on the 
molecular asymmetry, with the exception of the IS for which 

-cr 
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Figure 1. Density dependence of species partial molar 
volume Z; and its solvation counterpart 
vu(SR) at T, = 1.01 (upper) and T, = 1.06 
(lower) for the reactive system 3BP+30,+ 
CO, - TS. 
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(dP/dx,)",. p , x x  = 0 at any state condition. Correspondingly, 
the partial molar volumes 5; becomes less positive as we 
turn on the molecular interactions (IG + IS), and reaches 
large negative values as we increase the molecular asymmetry 
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Figure 2. Density dependence of species partial molar 
volume i j ;  and its solvation counterpart 
v,(SR) at T, = 1.01 (upper) and T, = 1.06 
(lower) for the reactive system 3BP + 1,4-C, + 
CO, - TS. 
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Figure 3. Density dependence of species ( a f /  
axu)l;,r, x k  at T, == 1.01 (upper) and T, = 1.06 
(lower) for the reactive system 3BP+302 + 
CO, 9 TS. 
Density and pressure in units of v& and 
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with respect to the solvent. In all cases, except for the IS, ii," 
exhibits an extreme value around the density where the 
isothermal compressibility does. In contrast, T:(SR) shows 
positive values with a monotonic density change for the IG 
and IS cases. Then, for more pronounced asymmetries, 
vLi ( S R )  exhibits a positive extreme depending on the behav- 
ior of ( dP/dxL,  );, p,*i j,. 
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Figure 4. Density dependence of species ( a f /  

ax,);,,, x~ at T, = 1.01 (upper) and T, = 1.06 
(lower) for the reactive system 3BP+1 ,4-C, + 
CO, CJ TS. 
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The positive partial molar volume at infinite dilution 
exhibited by the oxygen, the signature of a volatile, 
( d P / d x : G ,  p i x k  ~ > 0 (Levelt Sengers, 1991b). or repulsive 
(Debenedetti and Mohamed, 1989) solute is the expected be- 
havior for a dissolved gas in a near-critical solvent. In con- 
trast, the 1,4-cyclohexadiene, the triplet benzophenone, and 
the corresponding transition state complexes (TS) exhibit the 
typical nonvolatile, (dP/dx,)T, P , x k r  < 0, or attractive behav- 
ior usually associated with bulky (strongly interacting) sol- 
utes. This behavior can be clearly seen in Figures 3 and 4, 
where we display the corresponding density dependence for 
( d P / % X .  p ,  X k  ")  the macroscopic quantity that most suc- 
cinctly characterizes the solvation phenomenon (Chialvo and 
Cummings, 1994, 1995; Chialvo et al. 1996). 

Microstructural solvent behavior around reactants 
The system's microstructure is characterized here by the 

spatial (radial) pair distribution functions for all possible like 
and unlike pair interactions (McDonald, 1973). In Figures 5 
and 6 we display the radial distribution functions for the sol- 
vent-reactant and cosolvent-reactant interactions for the 
system 3BP +30, + CO, - TS and 3BP + 1,4-C, + CO, = TS 
at T, = 1.01 and p, = 1.0. All radial distribution functions de- 
cay to one (the local densities approach the bulk values) from 
above one, with the exception of that for the C0,-0,  inter- 
actions, which does it from below one. This behavior can be 
understood by considering that the introduction of a solute 
into the solvent induces a local perturbation of the solvent 
structure, whose magnitude depends on the strength of the 
solute-solvent interactions, and its effect propagates as far as 
the solvent correlation length allows. The magnitude of this 
(solvation) effect is macroscopically determined by 
(dP/dx,)-i,, p ,  ' i k  u ,  and its (compressibility-driven) propagation 
is manifested by the slow-decaying tail of the radial distribu- 
tion functions (Chialvo and Cummings, 1994, 1995). 

When referring to the short-range microstructural features 
of a near or supercritical solvent around a dilute solute, the 
literature frequently highlights the fact that the solvent is lo- 

3.5 ; 

3.0  5 
2.5 k 

2.0 1 

1.5 L 

1.0 > 

0 5 1 0  1 5  2 0  2 5  3 0  

radius (A) 
Figure 5. Solvent-solvent, solute-solvent, solute- 

cosolvent, transition state-solvent radial dis- 
tribution functions for the reactive system 
3BP+1,4-Cs+C02-TS at T,=l.Ol and p r =  
1 .o. 
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Figure 6. Solvent-solvent, solute-solvent, solute- 

cosolvent, transition state-solvent radial dis- 
tribution functions for the reactive system 
3BP+302+C0, -TS at T,=1.01 and p,=l.O. 

cally denser than its bulk value (Brennecke, 1993; Carlier and 
Randolph, 1993; Combes et al., 1992; Eckert and Knutson, 
1993; Ellington et al., 1994; Savage et al., 1995; Sun and 
Bunker, 1995; Zhang et  al., 1995). Likewise, when the near- 
critical system involves a cosolvent, the literature refers to 
the relative denser environments around species in solution 
in terms of local compositions differing from the global com- 
positions (Brennecke, 1993; Chateauneuf et al., 1992; Elling- 
ton and Brennecke, 1993; Zhang et al., 1995). 

It is worth noting, however, that this is not an inherently 
near-critical or supercritical mixture phenomenon: it occurs 
at all state conditions ranging from near-ideal gas mixtures to  
dense liquids. Levent Sengers (1991a,b) has argued, based on 
the series expansion of the residual Helmholtz free energy 
(A'(T, pV-', xu )  around the critical point of the pure solvent 
x u  = 0, that the short-range solvent density augmentation or 
depletion around a solute should occur with similar results 
away from the critical point, and that the divergence of the 
solute partial molar volume is an incidental effect related only 
to  the solvent's criticality. In fact, these thermodynamic argu- 
ments involve the coefficient ( dP/dxu)y,  p.*i ,,, which is a 
well-defined macroscopic analog of the microstructural 
changes induced by the solute-solvent molecular asymmetry 
in the solvation process (Chialvo and Cummings, 1994, 1995). 

As previously suggested (Chialvo and Cummings, 1994), 
since a locally denser region of solvent is observed even 
around a solvent molecule at any state condition, the focus in 
solvation should be on the difference between solvent struc- 
ture around a solute molecule and solvent structure around a 
solvent molecule. Moreover, with the exception of the IS, for 
which the strength of the like and unlike intermolecular in- 
teractions are all identically the same (and therefore the cor- 
responding solute-solute, solute-solvent, and solvent-solvent 
pair distribution functions will be also identical to one an- 
other, indicating that neither species shows preference for 
any other), the relative molecular asymmetry in the inter- 
molecular interactions will translate into microstructural ar- 
rangements (solvation shells) with enrichment (depletion) of 
one component over the other with respect to what we would 
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find in the corresponding pure system (ideal solution). For 
example, in our model calculations at both near-critical con- 
ditions studied here 3BP enriches its solvation shell over that 
of the corresponding pure solvent C 0 2  (see Figure 5) and 
gives rise to solvent-solvent ( v v )  and solute-solvent total pair 
correlation integrals (uv) such that Gj,, < G:L,, and according 
to Eq. A9, to (dP/dx,)T,  p .  x k  ,, < 0 (see Figure 41, that is, an 
attractive or nonvolatile solute. Conversely. 0, depletes its 
solvation shell over that of the corresponding pure solvent 
CO, (see Figure 6) and gives rise to G,", > Gt,,, with the con- 
sequent (dP/dx,);, p ,  x k  ,, > 0 (see Figure 31, that is, becoming 
a repulsive or volatile species. 

These relative (to the ideal solution) changes in the solva- 
tion shell population (preferential solvation), measured by 
(dP/dx,)T, ~ , , ~ ~  I , ,  are the microstructural manifestation of 
the molecular asymmetry between solvent-solvent and 
solute-solvent interactions and take place at any state condi- 
tions, including the highly compressible regions of the solvent 
phase diagram. Indeed, preferential solvation has been theo- 
retically studied and experimentally observed in aqueous or- 
ganic and electrolyte systems under ambient conditions 
(Ben-Naim, 1988, 1990; Covington and Newman, 1976) for 
many years. In fact, there are two main aspects to consider, 
namely: (1)  even a small degree of preferential solvation of 
one species over another (density perturbation) at near-criti- 
cal conditions (in contrast to normal conditions) will be sub- 
stantially magnified by compressibility effects (propagation of 
the perturbation), resulting in large partial molar volumes (see 
Eq. A6), and most importantly, (2) even if we (experimentally 
or theoretically) observed preferential solvation of the reac- 
tive solute and/or the dilute cosolvent, the pressure (temper- 
ature) coefficient of the kinetic rate constant does not de- 
pend on an individual species preferential solvation, or its 
partial molar volume counterpart, but on the relative solva- 
tion of all species in solution. 

In particular, according to Eq. 5,  the preferential solvation 
of a reactant by the dilute cosolvent has no direct impact on 
the pressure dependence of the kinetic rate constant. This is 
the message conveyed by the microscopic interpretation of 
the finite term in Eq. 5. In other words. for the specific reac- 
tion under study, we might observc preferential solvation of 
the reactive 'BP in Figures 7 and 8, species R,  by the solvent 
CO, over the dilute cosolvent O,, species S, and conclude 
that the experimentally observed ( d  In kcxp t , / dP)T , , ,  > 0 (see 
Figure 8 in Roberts et al., 199%) is consistent with the idea 
of a local composition of cosolvent O2 bein lower than the 
solvent C 0 2  around the reactive solute 'BP. While this 
appears to be consistent with our I E  calculations (Figure 91, 
the same argument would predict the local composition of 
1,4-cyclohexadiene around the reactive solute 'BP should 
be higher than the solvent CO,, since the observed 
( d  In kexpt , /dP)7 ,  ~ < 0 for the 'BP + 1,4-C, + CO, - TS sys- 
tem. However, even though we observe preferential solvation 
of 'BP by the 1,4-cyclohexadiene over CO,, we also observe 
that ( d  In krsr/c?P)r,x > 0 (Figure lo), that is, a similar be- 
havior as for cosolvent 0, and opposite to the experimentally 
determined quantity (see Figure 8 of Roberts et al., 199%). 

These results suggest that the connection between the co- 
solvent's preferential solvation of the reactants and the sign 
of the pressure effect within the TST framework can be more 
subtle than previously supposed, and propose that we must 
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Figure 7. Radial distribution functions for the 3BP- 
solvent (or cosolvent) interactions in compar- 
ison to that for the solvent-solvent at T, = 1.01 
and pr=l.O. 

seek an explanation to this dilemma: What is wrong with 
the preferential solvation hypothesis in explaining the 
( r:, In k r s  V d P  1 I ,  ~ behavior? The answer lies in the missing 
solvation contribution of the TS (species %*I. According to 
Eq. 5 we cannot reach a meaningful conclusion about the 
connection between the solvation behavior and the pressure 
effects unless we analyze the (preferential) solvation of all 
species in solution, rather than that of an individual reactant 
alone. The obvious corollary to this statement is that we are 
also required to consider the molecular asymmetry of the TS 
with extreme caution, because of the large near-critical sensi- 
tivity of its partial molar properties to small perturbation of 
its molecular asymmetry (as analyzed below). 

For the sake of illustration of this point, let us imagine the 
following molecular asymmetry between reactants and TS 
species: the TS and 3BP have similar (but not necessarily 
identical) asymmetries with respect to the solvent CO, so that 
their solvation properties will also be similar to each other 

- ' . O  -2 .0  1 r pr=;l.p.- y= 'Ol1  , , , j 
-3.0 - 

0 5 1 0  1 5  20 2 5  30 

radius (A> 
Figure 8. Difference between the radial distribution 

functions for the 3BP-solvent (or cosolvent) 
interactions and that for the solvent-solvent 
interactions at T, = 1.01 and p, = 1 .O. 
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Figure 9. Comparison between (8 In krsB8P), , ,  and 
( 8  In kTSP8p),,, for the reactive system 3BP 
+302 +C02 TS and at T, = 1.01 and pr = 1 .O, 
with ( 5 = (E,,/E,") = 1 .O, 9 = ( U , , , / U ~ ~ )  = 1 .o) 
(upper), and ( 5  = (E,./E,",) = 0.94, Q = 
( uu,,/u~, 1 = 0.93) (lower). 

(actual1 both species exhibit similar molecular asymmetries 
in the BP+30, +CO, - TS, see Table 1 and Figures 1, 3, 
and 6). Moreover, for the sake of argument let us make the 
TS species equally or less attractive than 3BP, meaning that 
( d p / d x ! X ) T ,  p , x k  (dp/dxR)T, p , x k  R' Then, even though 
3BP will be solvated preferentially by CO, rather than by 0, 
(see Figure 81, the reaction will exhibit a ( d  In kTST/dP),,* < 0 
(Figure 9), rather than the positive experimentally observed 
value (Roberts et al., 1995b), because of the relative sizes 
of @p/dx,);,  p , x x  1 ( i =  S ,  R, %* in Eq. 5). Note that this 
behavior (( d In k T S v d P ) T , x  < 0) will show up even if 
(dP/dx!X)T, p ,  X k +  = (dP/dxR)T, p x h  I < 0, that is, when the 
TS and the 'BP are equally solvated. 

Thus, the conclusion here is that we cannot suggest an 
explanation for the lack of agreement between the experi- 
mentally observed behavior of ( d  In kexpt l /dP)T,x and the cor- 
responding behavior predicted by an equation of state (EOS), 
regardless of its lack of accuracy, unless we take into account 
the solvation behavior of all species in solution, including the 
TS complex. While the preferential solvation of the reactive 
solute might give, in some cases, a consistent interpretation 
of the experimentally observed behavior, it cannot by itself 
explain it because it does not give a complete account of all 
solvation effects. Moreover, caution must be exercised in the 
preceding calculations due to the lack of accuracy in the EOS 
predictions of solute partial molar volumes at near-critical 
conditions, as discussed by Eckert et al. (1983). A less obvi- 
ous defect in these EOS calculations is associated with the 

Y 
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positive quantity defined by Eq. A16, and A v  = v R  + vs - v ! ~  
is typically positive or zero (see Appendix A). Equation 6 
clearly indicates that the pressure effect on the rate constant 
depends on a solvation balance between reactants and acti- 
vated complex species, that is. on the relative molecular 
asymmetries of all species in solution. 

For the sake of simplicity (and to make contact with the 
previous section) let us first assume that the transition state 
complex 9It behaves as the reactant R, that is, their molecu- 
lar asymmetries are identical to each other regurdless of its 
type. Thus, a negative pressure effect on the rate constant, 
( d  In k T S T / d P ) T , x  < 0, is always possible as long as V,"(SR) < 
- ( A  v/v,)E,""'(SR) < 0, that is, when the reactive cosolvent 
behaves as an "attractive"(Debenedetti and Mohamed, 1989) 
or nonvolatile species (( dP/dx,);, p ,  l i  ~ < 0 (Levelt Sengers, 
1991a)), regardless of the type of solvation behavior of 
the other species. A similar situation occurs when IRf and S 
show the same solvation behavior, for example, in that 
( d  In k T S v d P ) , ,  I < 0 requires that Ei( SR)  < 0. 

Otherwise, ( d  In k T S y d P ) , , ,  > 0 will be observed at near- 

% 

3 

- - 1 5  

/ critical conditions as long as. 
- 5 0 0  - 2 0  " " ~ " ' " " " I '  " ' 

0.1 0.2 0.3 0.4 0.5 v, ,VG(SR) < v,V,"(SR)+ v,F;(SR)+ AvEL?'"'(SR). ( 7 )  
reduced density 

Figure 10. Comparison between ( 8  In k r S y 8 P ) , , ,  and 
( a  In kTSy8p),,,  for the reactive system 3BP 
+ 1,4-C, +CO, - TS and at T, = 1.01 and p, = 
1 .O, with ( 4  = (E, , /E ,")  = 1 .O, q = ( u, , , /u~~)  = 
1 .O) (upper), and ( 6 = ( eU ,,/E:,, ) = 0.89, q = 
(u,,,,/u~,,) = 0.87) (lower). 

incompatibility of the most commonly used mixing rules, the 
vdWlf, with the structure of mixtures involving volatile sol- 
utes as discussed by Chialvo (1993a). 

Molecular asymmetry effects on the solvation behavior of 
the activated complex 

It is very difficult to ascribe a priori some molecular asym- 
metry to  the activated complex (Kiran and Brennecke, 1993), 
this being the most troublesome feature of the TST ap- 
proach. It is also clear that the activated complex is not the 
product of reaction, and therefore, it may be inappropriate to 
assign it the product's asymmetry, as is sometimes assumed 
(Clifford, 1994; Knutson et al., 1995). In light of these diffi- 
culties, it appears more insightful to determine how the 
molecular asymmetry of the activated complex, and conse- 
quently its solvation behavior, can affect the kinetic rate con- 
stant at near-critical conditions rather than trying to specu- 
late on its molecular description. 

For example, by recalling that the isothermal compressibil- 
ity is a positive definite quantity, we can conclude that the 
sign of the pressure derivative on the lefthand side of Eq. 5 is 
determined by the linear combination of the short-range con- 
tributions to the species partial molar volumes Y,:(SR) such 
that, 

v,V",SR) > v,V;(SR) + v,Vy(SR) + AvE"('")(SR) (6) 

will give rise to ( d  In kTST/dP),., < 0, where V;('"(SR) is a 

If the transition state complex !RT behaves similarly to the 
reactant R (or S) species, then the condition of Eq. 7, Y,"(SR) 
> - ( A v / v , ~ ) V ~ ' ~ ) ( S R )  (or V i ( S R )  > - ( A V / V , ) F ~ " ~ ) ( S R ) ) ,  
is satisfied by a species S (or R )  behaving as a repulsive 
(0 5 E,T(SR) I p- ' )  solute. Alternatively, note that when 
V : ~ V ~ ; ~ ( S R )  = vRYG(SR) + v,V,"(SR) + AvE?";'(SR) in the 
compressible region of the solvent, ( d  In k'SvdP) , ,x  will show 
a very flat dependence with density (pressure), a behavior al- 
ready observed by Knutson et al. (1995) for Diels-Alder re- 
actions in propane. 

The dependence of the sign of the ( d  In k T s T / d P ) T , x  on 
the relative asymmetries between solute species and the sol- 
vent becomes more evident when considering the sensitivity 
of the solvation properties to the solute-solvent combining 
rules. More precisely, we have used the Lorentz and Berth- 
elot rules throughout our calculations, that is, 

where uv and uu denote solvent-solvent and solu_te-solu_te in- 
teractions. Note, however, that small perturbations of these 
rules have profound effects on the corresponding excess 
properties (Chialvo, 2997). For example, a deviation of 4% 
on the Berthelot rule, 5 = ( E ~ , , / E , ~ ) =  0.96, and 7% on the 
Lorentz rule, 7 = (qLv/o,t) = 0.93, for the TS-CO, interac- 
tions, suffices to match the asymmetry of the 'BP-CO, inter- 
actions, and therefore, to change the sign of the pressure de- 
pendence in the reaction 3BP f302  + CO, 0 TS from 
(6'  In kTS7/JP),,, > 0 to ( d  InkT 'ydP) ,  ~ < 0 (Figure 9). 
Likewise, deviations of 5 = (E,. /E,",)  = 0.89 and q = 

(fluv/uut)= 0.87 for the TS-CO, in the 3BP+1,4-C, +CO, 
from positive 

to negative (Figure 10). 
TS, will reverse the sign of ( d  In kTrr /dP) ,  
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Isothermal pressure us. density coeficients of the kinetic 
rate constant 

Because we adjust the system density by manipulating the 
system pressure, it appears natural to analyze how the system 
properties change with pressure (as done in the previous sec- 
tion). While there is nothing inherently wrong with this ap- 
proach, the large and implicit compressibility effects can ob- 
scure our interpretation of the actual solvation mechanism. 
This appears to be the case in the study of the pressure effect 
on the kinetic rate constant in the vicinity of the solvent criti- 
cal point, where the solvent becomes highly compressible, that 
is, where small pressure perturbations induce large changes 
in density. If we analyze (or measure) the change in the rate 
constant as a function of the system pressure along a near- 
critical isotherm, we will inevitably find a large change (in- 
crease or decrease) of the rate constant in the vicinity of the 
solvent critical conditions (unless we have the unlikely situa- 
tion of zero volume of activation). 

Solvation phenomena, by their very nature, involve interac- 
tions occurring within nearest coordination shells, that is, fi- 
nite correlation distances. Near criticality, however, is simply 
a useful state since it allows adjusting the solvent's solvation 
power (large changes in density') by small perturbations of the 
system pressure and temperature. To observe the actual sol- 
vent effect wc must eliminate the compressibility contribu- 
tion from Eq. 5 and determine the corresponding density co- 
efficient, that is, 

Isobaric us. isochoric temperature coeficients of the ki- 
netic rate constant 

An alternative way to tune the solvation power of a near- 
critical solvent is by manipulation of the system temperature 
at constant pressure. As done previously, we can factor the 
temperature coefficient into compressibility and solvation ef- 
fects as indicated in Appendix B. The resulting expression is 

where A H ,  is the standard heat of formation of the activated 
complex at the system temperature, hzr = h:'(7, P )  is the 
residual molar enthalpy of the pure solvent, and the super- 
scripts ZG indicate ideal gas properties. Consequently, the 
solvation effect becomes 

which not surprisingly indicates that the solvation effects are 
finite everywhere. At the solvent's critical point, this density 
derivative becomes proportional to a linear combination of 
the Krichevskii's parameter of species in solution, that is, 

Therefore, should any "near-critical effects on the kinetic rate 
constant" exist, Eq. 11 will show it as a change in the behav- 
ior of ( a  In krs7/dp)T,x  in the vicinity of the solvent's critical 
point. According to Figures 9 and 10, the righthand side of 
Eq. 10 exhibits an isothermal quasi-linear dependence with 
the solvent density, especially in the vicinity of the solvent's 
critical density. Equations 10 -11 support earlier arguments 
on the advantages of isochoric rather than isobaric studies of 
the variation of Ink (Eckert, 1972). 

Summary and Concluding Remarks 
In this article we attempt to interpret experimental find- 

ings by pointing out that the thermodynamic pressure or tem- 
perature coefficient and the species solvation behavior are 
the macroscopic and microscopic expressions of the same 
phenomenon, by presenting a statistical mechanical solvation 
analysis of the thermodynamic pressure or temperature de- 
pendence of the kinetics rate constant at near and supercriti- 
cal conditions. 

The solvation formalism tells us that no matter how we 
approach the system, either microscopically or macroscopi- 
cally, the macroscopic pressure or temperature coefficient of 
the kinetic rate constant will reflect the behavior resulting 
from the actual (local) distributions of reactant and TS species 
in solution at a microscopic level. Within the framework of 
the TST, this analysis suggests two immediate consequences: 
(1) we cannot separate the solvation behavior from the pres- 
sure or temperature coefficient in the kinetic analysis, and 
(2) we cannot assess properly the solvation contribution to 
the pressure or temperature coefficient by using macroscopic 
correlations, such as equations of state, due to lack of precise 
information about the molecular asymmetry of the transition 
state complex (Brennecke, 19931, its ambiguous connection 
to the EOS's adjustable parameters, and the consequent in- 
herent inaccuracy of the species partial molar properties 
(Eckert et al., 1983). An obvious corollary is that the combi- 
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nation of microscopic tools and macroscopic EOS’s may lead 
to ambiguous conclusions about the disagreement between 
experimental results and EOS predictions. 

Thus, before we attempt to seek a plausible explanation 
for the observed disagreement between experimentally ob- 
served and predicted pressure and temperature effects, we 
must assess the impact of missing information in current ki- 
netic treatments. One aspect usually overlooked when deal- 
ing with reactions at high temperature and pressure is the 
fact that the TST approach could be inaccurate or even in- 
valid for specific reactions in supercritical solvents, and con- 
sequently, any attempt to rationalize experimental data based 
solely on EOS predictions would certainly be meaningless. 
TST relies on the hypothesis (among others) that the concen- 
tration of reactant and TS species are in equilibrium and no 
barrier recrossing by any species is possible (Hynes, 1985; 
Reichardt, 1979; Steinfeld et al., 1989). However, the recross- 
ing assumption might become hardly acceptable at near-criti- 
cal conditions, as a result of the solvent’s large density fluctu- 
ations, and its validity should be carefully analyzed. 

As a sample of this phenomenon, let us consider the kinet- 
ics of interconversion of ion-pair configurations in infinitely 
dilute NaCl aqueous solutions. On the one hand, the simula- 
tion results for the transmission coefficient ,y = k/kTsT for 
this reaction at ambient conditions indicate a value of - 0.2 
(Guhrdia et al., 1991; Rey and Guhrdia, 1992; Smith and 
Haymet, 1992). On the other hand, our molecular simulation 
studies a t  supercritical conditions indicate that this coeffi- 
cient becomes very small, - 0.05 (Chialvo et al., 1997). As a 
matter of fact, the literature reports transmission coefficients 
in the range of 1 to (Hirschfelder et al., 19541, that is, a 
hardly acceptable approximation for ,y = 1. 

The alternative treatment of experimental pressure or tem- 
perature effect on the kinetic rate constant is to consider ex- 
plicitly the temperature or pressure dependence of the corre- 
sponding transmission coefficients (Van Eldik et al.. 1989): 

so that, 

(15) 

and 

Thus, activation volumes and energies obtained in the regres- 
sion of experimental data become effective (apparent) values, 
in that they include other less obvious effects, and are useful 
expressions for interpolation purposes. However, and as al- 
ready emphasized by Whalley (19671, and Troe (19781, these 
activation quantities cannot be considered within the TST 
framework unless we first analyze the consequences of the 
breakdown of the TST. 
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Here we are interested in highly dilute reactants, therefore, 
Eq. A4 is taken at infinite dilution, that is, 
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where K is the isothermal compressibility of the pure solvent, 
V, indicates the partial molar volume of species u,  and the 
superscript m denotes infinite dilution. Now, after invoking 
the following identity (Chialvo and Cummings, 19951, 

Equation A5 becomes 

1 
= - A U K  + A d  p k T Y  

where Gv" = p -  I ,  subscript v denotes solvent, and the corre- 
lation function integrals are given by (O'Connell, 1971) 

c,, = 437PjZC,,, 0 

and (Kirkwood and Buff, 1951) 

G,, = 4r/1(g,p(r 
0 

where c,,(r) and gap(') are the direct and total pair corre- 
lation functions, respectively (Hansen and McDonald, 1986). 

There are three important references for the behavior of 
(dP/dx,)~ * i e , r  and its associate V,:(SR), namely: (a) an 
ideal solution; (b) an ideal gas solute in a real fluid; and (c) 
an ideal gas solute in an ideal gas solvent. The first case is 
trivial since YI:(ZS) = 5"' = p - ' ,  and therefore (dP/d~~);,~,,~~,, 
= 0. For the two other cases, the virial theorem allows us to 
show that for an ideal gas solute in a real solvent (Hansen 
and McDonald, 1986), 

where we identify (Chialvo and Cummings, 1994) 
and consequently that 

in terms of the short-ram contributions to the partial molar 
volume of species u at intinite dilu,:on in the solvent. Thus, 

which highlights the effect of the species solvation contribu- 
tions (Vr(SR)-  ?:I. 

To make contact with the microstructure of the system we 
express (dP/dx,)", p, xi in terms of total pair correlation 
function integrals (TPCFI), or alternatively, in terms of direct 
pair correlation function integrals (DPCFI) as follows 
(Chialvo and Cummings, 1994; Chialvo et al., 1996), 

so that, the short-range portion of the species partial molar 
volume at infinite dilution becomes 

Now, if the solvent becomes an ideal gas, that is, K + K ' ~  

and p + ( P / k T ) ,  then Eqs. A14-A16 reduce to 

and 

The expressions Eqs. A15-Al6 in conjunction with Eq. A9 
suggest yet another appealing form for the thermodynamic 
pressure effect. By recognizing that 

then 
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- 

and therctorc. that 

036) 

In addition, from Eq. A l l  we also have that 

Appendix B: Derivation of Eq. 12 
From Eq. 43 we have that 

-I 

PV,‘ - 

where a,’ = ( d  In p/dT),, r: is the thermal expansivity of the 
5olvent. and A H ,  is the standard heat of formation of the 
activated complex at the temperature of the system. By in- 

Finally, by introducing Eq. B9 into Eq. B3. and after some 
we have that 

voking the following identity 
AH,-Avh; 1 

- k T 2  + - + A v [ a p + K ( g ) P )  T 

+ I ,  i dT -) d f  

032) 
- h:: 
k T Z  ’ 

( d l n d l T / d T ) p = -  

wherc KC i\ the residual partial molar enthalpy of an in- 

p(p ,  d ( v , q S R ) +  v,V;(SR)- V q V : , ( S R ) )  

finitely dilutc solute u,  Eq. B1 becomes 
- ~ p ( $ )  (v,VG(SR)+ v,V,”(SR)- v ,VG(SR)) .  (B10) 

P 

If we recall that a,, = K ( ~ P / ~ T ) ~ ,  from Eq. B10 we have, 

where a;“ = T-I .  Please compare Eq. B11 with Eq. A14. By 
recognizing that kT( ap/a,’G> = (T/pXdP/dT),. Eq. B11 be- 
comes 

and the corresponding expression for the residual partial mo- 
lar enthalpy of the pure solvent by 
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We might also want to study the temperature derivative at 
constant density (instead of pressure), that is, 

so that, by replacing Eqs. A14 and B10 in Eq. B13 we obtain 

which tells us that the density dependence of temperature 
effect on the kinetic rate constant is always finite, the result 
of solvation contributions. 
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