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Brownian and molecular dynamics simulations are used to study rapid bimolecular 
reactions at near-in finite dilution in near-critical and supercritical fluids. We probe 
the dynamics of both nonreactive and reactive collisions and measure rate constants 
f o r  reaction and collision. Collision rate constants are nearly independent of bulk 
solvent density, but affected by local solute-solute density enhancements at a given 
density: their magnitudes depend on the length scale for  molecular encounters (cy- 
botactic radius) in the reaction through the equilibrium solute-solute radial distri- 
bution function. In contrast, reaction rate constants asymptotically approach the 
gas-kinetic limit at low densities and the Smoluchowski liquid-like limit at high 
densities. They also display the same radial dependence as collision rate constants 
at lower densities and a direct dependence on the cybotactic radius at higher densities 
(as in the Smoluchowski theory). Their behavior is explained in terms of a transition 

from a collision-limited regime at low densities to a diffusion-limited regime at 
higher densities. The transition between these regimes depends on the cybotactic 
radius and the density of the system, the interplay of which causes shifts in the 
transition region which depend not only on the properties of the near-critical solvent: 
they differ for  different reactions, even at the same solvent density. This explains 
some of the apparent inconsistencies among previous experimental and computa- 
tional studies of reactions in supercritical fluid media. 

Introduction 
There are certain classes of extremely rapid reactions where 

mass transfer is the rate-limiting step. Almost all free-radical 
reactions require so little activation energy that they are dif- 
fusion-controlled at liquid-like densities; examples of such re- 
actions include atom recombinations, low molecular-weight 
free-radical reactions, and macroradical reactions such as free- 
radical polymerization (North, 1964). While these limitations 
could be relieved by carrying out these reactions in the gas 
phase, gas-phase reactant solubilities are often extremely low. 
The supercritical fluid phase provides a balance between the 
high solubilities provided by liquids and the high mass-transfer 
rate achievable in gases. 
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The use of supercritical fluids (SCFs) as reaction media is 
an area of current technological development. Some of the 
unique features that characterize SCFs are liquid-like densities, 
gas-like viscosities, and diffusivities that are intermediate be- 
tween typical gas and liquid values. Perhaps the most important 
feature is the ability to vary widely these properties of a SCF 
using small changes in temperature and pressure. Despite these 
potential advantages, fundamental understanding of the effect 
of supercritical fluid structure on reactivity is still incomplete, 

Reactivity of a solute in a supercritical solvent is strongly 
dependent on its local environment (Johnston and Haynes, 
1987). Studies of reactions in supercritical fluid media have 
shown that local solvent structure has a substantial effect on 
reaction rate constants, which has been explained in terms of 
local density variations of the solvent in the environment sur- 
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rounding the solute (Johnston and Haynes, 1987). Local den- 
sity augmentation of solvents around solute molecules has been 
measured in various spectroscopic studies (Kim and Johnston, 
1987; Kajimito et al., 1988; Yonker and Smith, 1988; Johnston 
et al., 1989; Brennecke and Eckert, 1988, 1989; Brennecke et 
al., 1990; Betts et al., 1992; Carlier and Randolph, 1993). 
Computational approaches and integral equation theories have 
provided further evidence of these local density variations. 
Molecular dynamics (MD) simulations of Knutson et al. (1992) 
showed local density enhancements of supercritical carbon 
dioxide around dilute naphthalene solutes which qualitatively 
resemble enhancements measured using fluorescence spec- 
troscopy. Debenedetti (1987) has applied fluctuation theory 
analysis to partial molar volume data for naphthalene in su- 
percritical carbon dioxide, and has predicted an excess of over 
100 solvent molecules around each solute molecule. Such sol- 
vent excesses have also been calculated using integral equation 
theory, using the Percus-Yevick closure for a model of xenon 
at infinite dilution in neon (Wu et al., 1989). 

Experimental studies of reaction rate constants have not 
clearly shown how local density enhancements (either solvent 
about solute, or solute about solute) affect reactions in general. 
Johnston and Haynes (1987) studied the unimolecular decom- 
position of a-chlorobenzylmethyl ether and found that solvent- 
solute clustering increases the reaction rate. Chateauneuf et 
al. (1992) reported that the rate of ketyl radical formation 
from excited state benzophenone is enhanced by the clustering 
of 2-propanol which is a cosolvent. In addition, electron par- 
amagnetic resonance spectroscopy (EPR) spectroscopic studies 
of the Heisenberg spin-exchange reaction between di-ferf-butyl 
nitroxide radicals in supercritical ethane provided evidence that 
local density enhancements of solvents around solutes affects 
reaction rate constants. There was no evidence, however, of 
any effect of solute-solute clustering on the reaction rate (Ran- 
dolph and Carlier, 1992). Similarly, steady-state and time- 
resolved fluorescence spectroscopic studies of the photophysics 
of pyrene emission in supercritical CFIH indicated that solvent- 
solute clustering strongly affects the pyrene excimer reaction, 
but that solute-solute clustering has no effect (Zagrobelny and 
Bright, 1992). However, laser flash photolysis studies of the 
triplet-triplet annihilation process of benzophenone and the 
self-termination reaction of benzyl radical in supercritical car- 
bon dioxide and ethane showed no effect of either the solvent- 
solute or solute-solute clustering on the reaction rate constants 
(Roberts et al., 1993). Studies of the photolysis of iodine (Otto 
et al., 1984) showed solvent-solute clustering to have a strong 
effect on the reaction rate (Combes et al., 1992) and studies 
of the photodimerization of 2-cyclohexen- 1-one indicated that 
solute-solute clustering affects the rate of cyclohexenone di- 
merization (Combes et al., 1992). 

There have been several experimental and theoretical studies 
on the transition behavior of the reaction rate constants for 
recombination, dissociation, and isomerization reactions over 
a wide density range from low density gas-phase conditions to 
compressed liquids (Kramers, 1940; Troe, 1986; Zawadzki and 
Hynes, 1989; Schroeder and Troe, 1987). These studies dealt 
with various aspects that characterize this class of reactions 
such as intramolecular rearrangements, intermolecular energy 
transfer, radiationless electronic transitions, diffusive frag- 
ment separation, and reactant approach. This article deals with 
a simplified system whose reactivity is not a function of the 

above factors, recognizing that our predictions cannot capture 
all of the complexities represented in these reactions. 

The local microstructure around reacting solutes in super- 
critical media is not just spatial, but also temporal. For ex- 
ample, O'Brien and co-workers (1993) carried out molecular 
dynamics and Monte-Carlo simulations mimicking very dilute 
solutions of di-ferf-butyl nitroxide (DTBN) radicals in super- 
critical ethane, and showed that long-lived solvent clusters 
form around the solutes at densities somewhat below the crit- 
ical density. Corti and Debenedetti (1993) recently reported 
the existence of similarly long-lived solvent-solute clusters in 
the pyrene-carbon dioxide system. To investigate directly the 
effects of the local microstructure (both solvent-solute and 
solute-solute) on the reaction rate constants, we have carried 
out Brownian dynamics and molecular dynamics simulation 
studies. Our simulations are designed to mimic the fast bi- 
molecular Heisenberg spin-exchange reaction, which is dif- 
fusion-limited in most liquid solvents. Theoretical and 
computational evidence of large solvent-solute and solute-sol- 
Ute clustering have not been unequivocally corroborated by 
experimentally measured reaction rates; this discrepancy mo- 
tivates our microscopic level studies through computer simu- 
lation of reactions. 

Background and Methodology 
Equilibrium Brownian dynamics (BD) and molecular dy- 

namics (MD) simulations were carried out to model the Hei- 
senberg spin-exchange reaction of DTBN in near-critical and 
supercritical ethane. Details of the Heisenberg spin-exchange 
reaction are provided in some detail elsewhere (Carlier and 
Randolph, 1993). Spin exchange is an extremely fast bimolec- 
ular reaction in which the collision of radicals with opposite 
spin states results in an exchange of spin states. Because they 
differ only in spin states, the products of the reaction are 
chemically identical to the reactants. In our computations, 
ethane and DTBN were approximated as Lennard-Jones (L- 
J) molecules having the intermolecular potential: 

All quantities were made dimensionless using the L-J pa- 
rameters in the following fashion (Allen and Tildesley, 1987): 

kT T * = -  
E 

temperature 

pb "PO3 density 

At = timestep ; At 
( a m )  

length * r  r E- 
0 

diffusivity .\lm/E D * = D -  
U 
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Table 1. Lennard-Jones Parameters Used in the Simulations 

o,, [A1 E,,  [kcal/mol] 

Ethane-Ethane 5.22 0.386 
Ethane-DTBN 6.89 0.578 
DTBN-DTBN 9.09 0.865 

For the purposes of making clearer their relationship to the 
critical point, some results are expressed in reduced form in- 
stead, that is, normalized with respect to the corresponding 
critical quantity as follows: 

T,= T /Tc=  T* /T’ ,  temperature 

p,= p/pc = p / p  
* *  density 

The critical properties used to form the ratios are those of the 
L-J fluid, which have been computed precisely by Smit (1989) 
to be ~ ‘ , , ~ ~ = 0 . 3 1  and T:,LJ= 1.31. 

For the MD simulations, the solvent L-J parameters were 
used as the nondimensionalizing parameters, while for the BD 
calculations, the solute L-J parameters were used. A cutoff 
radius (see Eq. 1) of r,= 3.0 uZ2 was used in the BD calculations, 
and for the MD simulations, rc=3.6 uII was used. The L-J 
parameters for ethane are from Prausnitz (1969). The tech- 
nique used to estimate the L-J parameters for DTBN is de- 
scribed by O’Brien et al. (1993). Table 1 lists the L-J parameters 
that were used in the simulations (ethane = 1 ,  DTBN = 2). 

Brownian dynamics simulations 
The basis of Brownian dynamics is the approximation of 

the solvent as a structureless viscous medium, as opposed to 
discrete molecules. We have used the BD method to probe the 
interactions between solute (DTBN) molecules in a solvent- 
effective viscosity field (which represents ethane). The solute 
molecules do not interact with the individual molecules of the 
medium; instead the medium (which behaves like a continuum) 
exerts a stochastic force on the solutes. Consequently, no ex- 
plicit solute-solvent and solvent-solvent interactions are con- 
sidered. 

BD simulations were carried out by numerically integrating 
the Langevin equation using the “velocity-first” scheme (Er- 
mak and Buckholtz, 1980). The BD technique is based on the 
Langevin equation of motion of a particle, which is integrated 
numerically to solve for the trajectories of the solute molecules. 
The Langevin equation is: 

dv 
dt 

m -= - m p v + F + X  

where = kT/mD,, for equilibrium Brownian motion. The first 
term in the Langevin equation, - mpv, is the frictional or drag 
term. This drag force is assumed to be Stokesian in nature, 
but a suitable slip correction factor can be added if necessary. 
The term F is the external (in this case intermolecular) force, 
while X is the Brownian force which represents the constant 
buffeting of the solute molecules by the molecules of the fluid 
medium. It is assumed that this Brownian force is independent 
of u, the velocity, and it is also assumed to vary rapidly com- 
pared to variations in the velocity (Chandrasekhar, 1943). 
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Collision rate constant, k t c  vs. the square root 
of temperature, dT*. 
kLs are normalized by the square of the dimensionless collision 
radius. These measurements were carried out at three different 
collision radii; temperature is in solute L-J units. The variation 
is linear, as predicted from kinetic theory. 

The integration scheme used assumes that the forces are 
essentially constant over a timestep which must, therefore, be 
chosen carefully. The timestep chosen for our particular sim- 
ulation was based on the two-fold requirements that the forces 
should not change more than 5% over a given timestep, and 
the maximum displacements of the molecules should be com- 
parable to a single diffusive step. All of the production BD 
simulations used a constant timestep of At* = 0.0064 in solute 
L-J units. Simulation runs as long as 600,000 steps were carried 
out, especially for the reactive collision dynamics. The effective 
density of the system was changed by changing the value of 
the input diffusion coefficient; this was precomputed in a MD 
simulation. The Verlet neighbor list technique (Allen and Til- 
desley, 1987) modified with an automatic list updating scheme 
(Chialvo and Debenedetti, 1990, 1991) was implemented to 
speed up the simulations. 

A useful check of our simulations is given by kinetic theory, 
which predicts that the collision rate constant is directly pro- 
portional to the square root of the temperature. Since all of 
the simulations in this work were done at a constant temper- 
ature, we carried out a series of runs at different temperatures 
and estimated collision rate constants as a function of tem- 
perature as shown in Figure 1. It can be seen that the collision 
rate constants normalized by the square of the collision radius 
vary linearly with the square root of the dimensionless tem- 
perature. 

Note that we do not explicitly specify a solvent density in 
BD. Instead, we use as input a diffusion coefficient. In order 
to facilitate comparisons, however, we quote as the “effective 
solvent density” the density in the MD simulation which pro- 
vided the value for the diffusion coefficient. 

Molecular dynamics simulations 
We also carried out NVE molecular dynamics simulations 

of the reaction mixture. A description of this technique is 
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Figure 2. Diffusion coefficient D:2 vs. reciprocal dimen- 
sionlessdensity in solvent L-J units, l / p * ,  from 
very long MD runs. 
These diffusion coefficients are computed from time integrals of 
the velocity autocorrelation function and serve as an input to the 
BD simulations. 

available in the literature (Allen and Tildesley, 1987) and our 
specific modifications are described in O’Brien et al. (1993). 
A system of 490 solvent and 10 solute molecules was simulated 
over various densities. A reduced timestep of At* =0.003 (in 
solvent L-J units) was used. The first 2,000 steps of each run 
were allowed for equilibration time, after which data collection 
commenced. 

As described above, one of the inputs to the BD simulation 
is the solute diffusion coefficient Dj2. In order to provide this 
diffusivity for a range of densities, a series of very long MD 
runs of 450,000 steps with a reduced timestep of At* =0.003 
(corresponding to a total simulated time of about 3 ns) were 
carried out to measure both the self-diffusivity Dll  and the 
cross-diffusivityDI2 for a series of densities, as sbown in Figure 
2. The diffusion coefficients were measured by two different 
techniques using the time-integral of the velocity autocorre- 
lation function and the mean-squared displacements of the 
solute molecules. The diffusion coefficients computed from 
each technique were in good agreement with each other. 

Kinetics vs. transport: theory 
In order to facilitate comparison of our simulation results 

with the known high-density and low-density behavior of re- 
actions, we review that behavior below. We consider the case 
of unuctivured reactions, where all collisions result in reaction 
(infinitely fast kinetics). For a bimolecular reaction of the 
form: 

x+x 2 Y+Y (3) 

We can write the reaction rate as: 

d[Xl  - kdJ [XI’ 
dt (4) 
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where kd,x is the reaction rate constant. We can also write the 
rate of collisions as: 

( 5 )  
1 
2 

collision rate = n = - kd,, [a2 

where kd,= is the collision reaction rate constant, and X is the 
concentration of the solute molecules which is given by the 
number of solute molecules per unit volume. We have applied 
the factor of ‘‘112’’ since the rate of reaction is twice the rate 
of collisions. 

At liquid-like densities, the Smoluchowski theory (Smolu- 
chowski, 1917) predicts that diffusional transport limits re- 
action, and the reaction rate constant varies directly as the 
diffusivity : 

Since the diffusion coefficient at the densities that we consider 
is nearly inversely related to the density, the rate constant 
predicted from the Smoluchowski theory is inversely propor- 
tional to the density and directly proportional to the collision 
radius. The theory assumes that around each of the reactant 
molecules, a concentration gradient for the other reactants is 
set up. The resulting flux of reactant molecules is given by 
Fick’s law, with the boundary condition that the concentration 
of the reactant molecules is zero at a radius R,, the collision 
radius, that is, the minimum distance of approach of two 
molecules required for reaction to occur. With this boundary 
condition, the steady-state diffusion equation yields a concen- 
tration profile of the form: 

(7) 

For low densities on the other hand, the kinetic theory of 
gases (Hirschfelder et al., 1954) predicts that the collision rate 
constant is given by: 

0,s 

k:,,=47r(R:)’(3 (8) 

This is simply the rate of encounter between particles moving 
at the mean relative thermal velocity. At low densities the rate 
constants for collision and reaction should be equal, since each 
measures intrinsic kinetics only under these conditions. Thus 
the gas kinetic limit predicts a reaction rate constant that is 
independent of density and is proportional to the square of 
the collision radius. 

Kinetics vs. transport: simulation 
We describe now how we compute the rates of collision and 

reaction in our simulations. The following applies equally to 
BD and MD, except that we carried out only collision rate 
measurements using MD, due to the extremely high compu- 
tational costs. 

( a )  CoIIision. During the course of the simulation, when 
two particles approach within a distance R,, we record the 
beginning of a collision. That collision is deemed to have ended 
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the first time this pair of particles gets further apart than R,, 
at which time we add 1 to the total number of collisions Ncoll 
to date. After a simulated time, t ,  we compute the volumetric 
collision rate from: 

(9) 

We then compute the collision rate constant, kd,o using Eq. 
5. 

( b )  Reaction. In order to measure the reaction rate con- 
stant using BD, we devised the following scheme (Randolph 
et al., 1994). At the start of the simulation, all the molecules 
were “tagged.” We defined a collision in the same manner as 
for the nonreacting system. If two “tagged” molecules col- 
lided, then at the end of the collision, we “untagged” the two 
colliding molecules. Note that molecules were “untagged” only 
if both the colliding molecules were “tagged” before collision. 
Even when one of the molecules is “untagged,” it continues 
to be physically present in the simulation and its L-J parameters 
remain unchanged. This ensures that the system continues to 
be conservative. 

Using this scheme, every time a “reaction” takes place (a 
pair of “tagged” molecules collides), the number of reactant 
molecules decreases by two. By recording the time at which 
each successful reaction occurs, we obtain a concentration vs. 
time history. Then, integrating Eq. 4, that is, using the standard 
techniques of chemical kinetic analysis, the slope of the plot 
of [Xtagged]-’ against time gives the reaction rate constant kd,x. 

Results 
We carried out collision and reaction measurements over 

different collision radii. Since the cybotactic radius (or collision 
radius) R,varies depending on the nature of the reacting species 
(that is, whether they are ionic, dipolar, and so on), it is useful 
to have a measure of how the reaction rate varies with this 
collision radius. All of the simulations, both MD and BD, were 
carried out at a reduced temperature of T,= 1.08 (a dimen- 
sionless temperature, in solvent units, of T* = 1.42). 

Nonreactive collisions 
Both BD and MD simulations were used to count the number 

of collisions that took place over the course of a run. In order 
to test the dependence of the collision rate constant on both 
density and collision radius, two sets of experiments were de- 
signed for each of the simulation techniques. 

For BD 
simulations, the first experiment consisted of carrying out col- 
lision number measurements at three different collision radii 
for each density point. The radii chosen were R,, = 1.0 azz, 
R,, = 1.57 a,, and Rc3 = 2.14 a,,. The first corresponds to the 
diameter of the DTBN molecule, the second corresponds to 
the sum of the DTBN diameter and one ethane solvent shell, 
while the third corresponds to the sum of the DTBN diameter 
and two solvent shells. Collision numbers were measured for 
these three radii for all the densities and collision rate constants 
were estimated for each radius for a given density using Eqs. 
5 and 9. 

We found that the collision rate constant kd,, was nearly 

Collision Rate Constant as a Function of Density. 
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Figure 3. Collision rate constant, k>,c vs. effective 
dimensionless density in solvent L-J units, * 
P eitecttvw 

Each of the sets of points corresponds to BD simulations carried 
out over three different collision radii: 7 ,  R,, = 1 .O u22; , 
Rc2= 1.57 022; , Rc3=2.14 uZ2; -, results from kinetic theory 
(nondimensionalized in solute L-J units) for all three collision 
radii. I, 95% confidence intervals based on 20 measurements. 
Here k;,, is in solute L-J units. 

independent of the density of the system for all three collision 
radii. Also, the value of the collision rate constant corre- 
sponded to that predicted from the kinetic theory of gases for 
the collision radii RCI and Re3, as shown in Figure 3. However, 
for the collision radius R,, the two values showed some dis- 
crepancy. This difference can be explained from the assump- 
tion involved in the derivation of the gas-kinetic limit, which 
assumes that the number of molecules at any distance r from 
a given molecule is related to the bulk concentration, whereas 
it is actually given by the local concentration of the fluid at 
that spatial location. This effect is not seen at R,, and Rc3, 
where the local density nearly matches the bulk density, that 
is, gz2(Rc1) =g2,(RC3) = 1 (see Figures 6a-6c). At Rc2= 1.57 uz2, 
however, this effect would influence the value predicted from 
kinetic theory. 

We carried out the same experiment using MD for the same 
three collision radii ( R c l  = 1.746 u I I ,  RC2= 2.74 a l l  and 
Rc3 = 3.742 uII  in solvent L-J units). The collision rate constants 
were well predicted from kinetic theory at the smallest collision 
radius. However, at the higher collision radii, they differed 
substantially from the kinetic theory result. This is illustrated 
in Figure 4. The explanation here is the same as that for the 
collision rate constants from BD. Note that the radial de- 
pendence of collision rate constants from MD is solvent-me- 
diated, since solvent affects the radial distribution functions, 
causing regions of enhancement and depletion to form beyond 
the first peak. Such effects do not exist in BD simulations 
where g,, ( r )  is essentially structureless beyond the first peak 
at all densities. 

Collision Rate Constant as a Function of Collision Ra- 
dius. The second experiment entailed counting collisions over 
a range of collision radii for afixed density. The same exper- 
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Figure 4. Collision rate constant, k>,c vs. dimensionless 
density in solvent L-J units, p*.  
Each of the sets of points corresponds to MD simulations carried 
out over three different collision radii as follows: v , RC1 = 1.746 
all; e, R,=2.74 all; m ,  Rc3=3.142 all. Each line corresponds 
to the result from kinetic theory for a different collision radius as 
follows: - , Rc1=1.746 all; ----, Rc2=2.14 oil; ..-..-..-, 
R,=3.742 ull. All of the gas-kinetic limits as well as the rate 
constant k:,, are in solvent L-J units. 

iment was carried out using both BD and MD. The rate con- 
stant for a given collision radius calculated from these 
measurements was normalized by the corresponding gas-ki- 
netic limit prediction. This ratio was plotted against the col- 
lision radius, as shown in Figures 5a-5c and Figures 6a-6c. 
The ratio, as a function of radius, appears to be exactly equal 
to the radial distribution function g Z 2 ( r ) .  This result makes 

'I --.j 

Figure 5a. Effect of collision radius R', (nondimension- 
alized in solute L-J units) on the collision rate 
constant, k>,c : p,= 0.2909. 
Here aMD is k:,, from MD simulations normalized by the gas- 
kinetic limit. The line is the radial distribution function g 2 2 ( r * )  
obtained from the same MD runs; there is exact quantitative 
agreement between the two, demonstrating that local density 
enhancements of solutes around solutes do affect collision rate 
constants. The density of the system is p,=0.2909. 
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Figure 5b. Effect of collision radius R*, on the collision 
rate constant: pr= 0.4364. 
Other parameters are the same as in Figure 5a. 

sense because the number of solute collisions should be directly 
related to the local fluid structure surrounding the solute mol- 
ecules. This is not necessarily the case when a reaction occurs, 
especially at the higher densities where the equilibrium radial 
distribution function is eroded by the disappearance of reactant 
molecules. Rather, the high-density concentration profile ob- 
tained under reactive conditions varies as l / r .  

Reactive collisions 
We carried out reaction rate measurements using BD over 

an effective density range of pr= 0.1455 to 1.7455 for the three 
collision radii that we used for the nonreactive collision dy- 
namics. The plots of [XtaggJ1 vs. time were linear which 
confirmed the bimolecular nature of this reaction, and these 
are shown in Figure 7. The reaction rate constant kd,x asymp- 
totically approaches the gas-kinetic limit at low densities and 
the Smoluchowski limit at high densities for all three collision 
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Figure 5c. Effect of collision radius R', on the collision 
rate constant: pr= 1.7455. 
Other parameters are the same as in Figure 5a. 
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Effect of collision radius R', (nondimension- 
alized in solute L-J units) on the collision rate 
constant, k>,c : p,,erf = 0.2909. 
Here agD is k:< from BD simulations normalized by the gas- 
kinetic limit. The line is the radial distribution function g Z 2 ( r ' )  
obtained from the same BD runs. There is close agreement and 
this supports the conclusion from MD simulations that solute- 
solute clustering effects do affect collision rate constants. The 
effective reduced density of the system is p,.eff = 0.2909. 

- 1  - 1  - 1  

radii, as shown in Figures 8a-8c. This is consistent with pre- 
vious reaction studies, which have seen the same transition 
from collision-limited to diffusion-controlled behavior when 
moving from the gas to the liquid phase (Otto et al., 1984; 
Troe, 1986). 

To test the dependence of the reaction rate constant on the 
collision radius, we carried out a series of runs over varying 
collision radii and density and plotted the reaction rate con- 
stant, again normalized by the kinetic theory result, vs. col- 
lision radius, as shown in Figures 9a-9c. The radial dependence 
of this ratio is similar at low densities for both the collision 
rate constant and the reaction rate constant. This is to be 
expected since at low densities, the collision rate constant and 
the reaction rate constant should converge. At higher densities 

- 1  

I 

K; 

Figure 6c. Effect of collision radius R*, on the collision 
rate constant, k>,c : pGeff = 1.455. 
Other parameters are the same as in Figure 6a. 

however, the ratio bears a less quantitative resemblance to the 
equilibrium g,, ( r )  and except at small collision radii begins to 
drop off as r - ' ,  that is, exactly as the ratio of the Smoluchowski 
limit to the gas-kinetic limit. In other words, as the reaction 
changes from being collision-limited at low densities to dif- 
fusion-limitation at the higher densities, the radial dependence 
of this ratio changes from that of the equilibrium g , , ( r )  to a 
r -  ' dependence. 

Reactive collision simulations using MD would additionally 
provide information on the effect of solvent-solute clusters on 
reactivity. However, MD simulations of the same density and 
concentration ranges as the BD would require simulations hav- 
ing upward of lo5 molecules in order to obtain adequate sta- 
tistics. We are currently exploring optimizations (such as 
parallel computation) that will allow us to carry out these 
simulations. 

i 70000 

60000 

zooooF- 10000 

4 0  

-1 -' 1 - 1  

Kc 

Figure 6b. Effect of collision radius R*, on the collision 
rate constant, k>,c : pr,eff = 0.5818. 
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Other parameters are the same as in Figure 6a. 
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Figure 7. Second-order reaction kinetics plot to deter- 
mine the reaction rate constant k>..x from the 
reaction BD simulations. 
The slope of the line is the rate constant. Each line corresponds 
to a different effective density as follows: , P , , . ~ ~  = 0.2909; A , 
p,,,=0.8727; m ,  pr,eff= 1.455. The collision radius is R,= 1.57 
622. 
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Figure 8a. Reaction rate constant, k*,,vs. diffusion coef- 
ficient, D’;2 in solute L-J units (top axis): 
R,= 1.0 U2.p 

The corresponding effective inverse reduced density, l/p,,,, is 
also plotted as the lower axis; points are from BD reaction 
simulations. - (horizontal) corresponds to the value from 
kinetic theory, while ------- and - (skewed) correspond 
to the Smoluchowski limit. The rate constants from BD asymp- 
totically approach the gas-kinetic line at low densities and the 
Smoluchowski line at high densities. The collision radius is 
R, = 1 .O uI2. 

Discussion 
BD and MD simulations of collision dynamics of solutes in 

near-critical and supercritical solvents have revealed that col- 
lision rate constants are nearly density independent. Also, they 
are a function of the cybotactic radius and this function is 
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Figure 8b. The effect of collision radius I?,= 1.57 u22 on 
reaction rate constant. 
Other parameters are the same as Figure 8a. 
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Figure 8c. The effect of collision radius R,= 2.14 u~~ on 
reaction rate constant. 
Other parameters are the same as Figure 8a. 

proportional to the solute-solute pair correlation function for 
all density ranges. Reaction rate constants measured from BD, 
however, asymptotically approach the gas-kinetic limit at low 
densities and the Smoluchowski limit at high densities. This is 
consistent with current understanding of reaction behavior 
over wide density ranges. 

Reaction rate constants appear to reflect solute-solute cor- 
relations only at the lower densities. At the higher densities, 
the reaction becomes diffusion-limited; the consequent con- 
centration gradient around the solute mutes the effect of any 
equilibrium solute-solute correlation on the reaction rate. It is 
important to note that the effect of solute-solute correlations 
on the reaction rate constant also depends on the cybotactic 
length scale. For a reaction having a cybotactic length scale 
close to the hard-sphere value, the density range spanning the 
crossover from dependence on the equilibrium g I 2 ( r )  to dif- 
fusion limitation falls in the near- and supercritical regions. 

’ The density at the crossover from the collision-limited gas- 
kinetic behavior to the diffusion-limited Smoluchowski be- 
havior increases with decreasing collision radius. The range of 
densities over which a reaction can be diffusion-limited is there- 
fore a function of the cybotactic radius required for that re- 
action to occur which, in turn, depends on the nature of the 
reacting species. For example, the critical exchange distance 
for Heisenberg spin exchange has been shown to be between 
one and three times the hard-sphere collision length scale (Bar- 
tels et al., 1988). On the other hand, many electron-transfer 
reactions have a characteristic cybotactic radius of about 10 
A (Goldansky, 1973), corresponding to a dimensionless value 
of about three hard-sphere diameters. At the same solvent 
density, two reactions may not be in the same controlling 
regime, even if each has infinitely fast intrinsic kinetics. There- 
fore, care must be taken when inferring solvent effects on 
reactivity on the basis of density alone. This explains some of 
the apparent inconsistencies when reactions are used as a probe 
of solvent/solute structure in near- and supercritical fluids. 
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Figure 9a. Effect of collision radius R', (nondimension- 
alized in solute L-J units) on reaction rate 
constant, k>,x : pr,etf = 0.1455. 
Here ogD is k;,r from BD simulations normalized by the gas- 
kinetic limit. - is the equilibrium radial distribution function 
g,,(r*)  obtained from the same BD runs; ------- is the Smo- 
luchowski limit normalized in the same manner. At this density 
of P,,~,,= 0.1455, the normalized reaction rate constant data 
closely resemble the equilibrium g2,(r) .  This indicates that at 
low densities, when the reaction is collision-limited, the reaction 
rate constant shows the same radial dependence as the collision 
rate constant. 

Conclusions 
BD and MD studies of collision dynamics and BD studies 

of reaction dynamics have shown that solute-solute clustering 
affects collision rate constants for all densities, and reaction 
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Figure 9b. Effect of collision radius R', on reaction rate 
constant: pr,sff = 0.5818. 
For this case, the reaction rate constant data begins to show a 
dependencq that is intermediate between the equilibrium g,, ( r )  
and the r -  dependence. 
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Figure 9c. Effect of collision radius R', on reaction rate 
constant: pr,sff = 1.455. 
The data agrees closely with the normalized Smoluchowski limit, 
which shows that at higher densities, the reaction is indeed dif- 
fusion-limited. 

rate constants only for lower densities. While these studies 
were carried out for reactions having rapid intrinsic kinetics, 
local density enhancements of solutes around solutes should 
affect more strongly reactions that are limited by activation 
energy constraints; computational studies of such reactions are 
currently under way. The experimental results appear to sup- 
port this conclusion: examples of solute-solute clustering af- 
fecting reaction rates have been reported for reactions with 
activation energy limitations (Combes et al., 1992). 

The transition between the two limiting regimes for the re- 
action rate constant depends on both the cybotactic radius for 
the reaction and the solvent density. Any assumption made 
regarding the rate-determining step of a reaction should, there- 
fore, be carefully examined. The interplay between these two 
factors may cause different shifts in the transition region for 
different reactions; this explains some of the apparent dis- 
crepancies that have been reported in the literature. 

Finally, we have adapted the Brownian dynamics technique 
to study reactions in SCFs. Conventionally, BD has been used 
to investigate equilibrium colloidal (such as Ermak and 
McCammon, 1978) and nonequilibrium flow (Gupta and Pe- 
ters, 1985; O'Brien, 1989) problems, but we have suitably 
modified it to study collision and reaction dynamics with con- 
siderable accuracy. When compared with MD techniques which 
are computationally very intensive, equilibrium BD offers a 
fast, easily implemented scheme, at the expense of solvent 
structural information. This technique shows considerable 
promise as a rapid computational scheme to study microstruc- 
ture and reactions. 
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Notation 
NVE = conditions of constant number of molecules, volume and 

g ( r )  = radial distribution function 
internal energy (the microcanonical ensemble) 

k = Boltzmann constant 
L = simulation cube length 
m = molecular mass 
i = volumetric rate of collision 

N,,,, = cumulative number of collisions 
r = radial distance, spatial position 

r, = cutoff radius for interactions 
R, = cybotactic or collision radius 

Greek letters 
a = ratio of the collision rate constant to the gas-kinetic limit 
@ = Stokesian drag term 

E = L-J well-depth parameter 
p = density 
u = L-J length parameter 
w = ratio of the reaction rate constant to the gas-kinetic limit 

r ( r )  = Lennard-Jones potential energy function 

Subscripts 
c = critical property 

coll = collision 
11 = property of solvent, component 1 
12 = solvent-solute cross property 
22 = property of solute, component 2 

r = reduced property 
r,eff = effective reduced parameter 

Superscripts 
* = dimensionless property/parameter 
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