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We compare molecular dynamics and electron paramagnetic resonance spectro- 
scopic experiments on very dilute solutions of nitroxide free radicals in nearcritical 
and supercritical ethane. The measurement of the effective local density of solvent 
in the cybotactic region of the probe solute shows that maxima in local density 
enhancements occur in both computer and spectroscopic experiments at about haw 
of the critical density, well removed from the maximum in the solvent’s isothermal 
compressibility. 

Remarkably, at the bulk density where the maximum enhancement occurs, we 
observed long-lived clusters in the vicinity of the solute molecule. Geometrically 
defined clusters persist for at least IOOpicoseconds of simulated time. The persistence 
of these clusters is corroborated by the behavior of the solute dvfusion coefficient, 
which shows fluctuating values over simulated time periods as long as 1.3 nano- 
seconds. We argue that fluctuations in the local solvent density about a solute 
molecule are not a long-ranged solvent critical effect. Rather, they represent a 
localized, short-ranged quasicritical phenomenon induced by the solute, which may 
be described in terms of a transition between weakly attractive and attractive be- 
havior. We discuss the implications of time-varying microstructure for reactions in 
supercritical fluid media. 

Introduction 
Supercritical fluids offer many advantages as a milieu for 

reactions. Diffusivities are about an order of magnitude higher 
than those in liquids, and solubilities of solids can be much 
higher than those in gases at comparable temperatures. Perhaps 
most important is the fact that solvent properties (density, 
viscosity, dielectric, conductivity, and so on) can be varied 
over a wide range of values with relatively small changes in 
temperature or pressure. These varying solvent properties can 
in turn induce marked changes in reaction rate constants (John- 
ston and Haynes, 1987), in reaction equilibria (Peck et al., 
1989), and even in reaction mechanisms (Ikushimaet al., 1992). 
Yet, in spite of the numerous potential advantages of super- 
critical fluid solvents for reactions, understanding of super- 
critical fluid effects on reactions is still incomplete. A greater 
understanding of the fundamental physical chemistry of su- 
percritical fluid mixtures is required to provide rational criteria 
to design supercritical fluid solvents for a particular reaction. 

Correspondence concerning this article should be addressed to J .  A. O’Brien or T. W. 
Randolph. 

In particular, near-infinite dilution mixtures of supercritical 
fluids are interesting both for industrial application and the- 
oretical reasons (Debenedetti, 1987). Indeed, as pointed out 
by Debenedetti and Chialvo (1992), most supercritical mixtures 
of practical interest are dilute in at least one component. In 
the case of a reacting system, it is imperative to understand 
the dilute-solution behavior (both dynamic and thermody- 
namic) of various components of the reaction mixture, such 
as catalysts and initiators. 

The microstructure of supercritical fluid solvents has been 
implicated in several density-dependent solvent effects on re- 
actions under supercritical conditions. Local, short-range 
structure in supercritical fluid mixtures may cause large de- 
viations from bulk conditions in the local solvent density about 
a solute. Such local density augmentations have been observed 
in numerous spectroscopic studies (Brennecke and Eckert, 1988, 
1989; Brennecke et al., 1990; Combes et al., 1992; Betts et al., 
1992; Johnston et al., 1989; Kajimoto et al., 1988; Kim and 
Johnston, 1987; Yonker and Smith, 1988; Carlier and Ran- 
dolph, 1993). In addition, local density augmentation of solutes 
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around solute molecules has been observed by EPR spectros- 
copy (Randolph et al., 1988) and by fluorescence spectroscopy 
(Brennecke et al., 1990), although the latter result appears to 
be in some doubt (Bright et al., 1991). According to existing 
theory (Kim and Johnston, 1987; Debenedetti, 1987), the local 
density enhancement p'ocal/pbulk should exhibit a maximum near 
the maximum of the isothermal compressibility, which occurs 
at a reduced density near unity for temperatures near the critical 
temperature. In general, however, the experimental data on 
local solvent density enhancements reported in the literature 
either do not exhibit clear maxima or show maxima at lower 
reduced densities of about 0.2-0.6. Experimentally, the local 
density enhancement is far less sensitive to changes in tem- 
perature than is the isothermal compressibility. Kamlet and 
Taft A* data plotted vs. Onsager reaction field for 2-nitroan- 
isole in COz at T,= 1.01 and T, = 1.06 are nearly indistinguish- 
able (Yonker and Smith, 1988), and maxima in local density 
enhancements of ethane around di-tert-butylnitroxide differ 
only slightly between T,= 1.01 and T, = 1.08 (Carlier and Ran- 
dolph, 1992). In contrast, the maximum in the isothermal 
compressibility of ethane varies by almost an order of mag- 
nitude between T,= 1.01 and T,= 1.08. 

Computational approaches have also shed light on super- 
critical microstructure. Knutson et al. (1992) have shown that, 
at densities near 1/3 of the critical density and at slightly 
supercritical temperatures, solutions of Lennard-Jones mole- 
cules show significant short-range augmentation in solvent 
density in the vicinity of a solute. The local density enhance- 
ment p'ocal/pbu'k computed from molecular dynamics simula- 
tions was in qualitative agreement with estimates of 
enhancements from fluorescence spectroscopic measurements. 
The temperature dependence of the computed local density 
enhancements was weak, decreasing by less than a factor of 
two as temperature was increased from T,= 1.01 to T,= 1.14. 
Integral equation approaches have revealed long-range density 
correlations in the density of solvent molecules about a solute 
(Cochran et al., 1988; Cochran and Lee, 1990; McGuigan and 
Monson, 1990) resulting in large excess numbers of solvent 
molecules around a solute (for attractive mixtures). Indeed, 
Debenedetti (1987) has calculated solvent excesses of over 100 

density led us to probe further the local solvent density around 
free radicals in ethane (Carlier and Randolph, 1993). To en- 
hance our microscopic understanding of our own experimental 
results, we decided to undertake molecular simulations of a 
system chosen to mimic dilute solutions of the free radical di- 
tert-butylnitroxide (DTBN) in ethane. The methodology em- 
ployed and the results obtained are described below. 

Materials and Methods 
Electron paramagnetic resonance spectroscopic meas- 
urement of local densities of ethane around DTBN mol- 
ecules at near infinite dilution 

The materials and methods for estimating effective local 
densities of ethane around the stable free radical DTBN have 
been described previously in greater detail (Carlier and Ran- 
dolph, 1993; Randolph and Carlier, 1992). In short, nitrogen 
hyperfine coupling constants A N  for dilute (mole fraction about 
lo-') solutions of DTBN in near- and supercritical ethane were 
measured as a function of pressure and temperature. AN values 
were fitted to experimental electron paramagnetic resonance 
(EPR) spectra using modified programs based on the EPR 
simulation programs of Schneider and Freed (1989). Effective 
local densities were computed on the basis of the solvato- 
chromic theory of McRae (1956), using A N  values measured 
for seven nonhydrogen-bonding solvents as well as literature 
values (Knauer and Napier, 1976). 

Simulations-general methods 
Molecular dynamics and Monte Carlo simulations were car- 

ried out by approximating DTBN and ethane as spherical mol- 
ecules, each characterized by Lennard-Jones (L-J) size and 
energy parameters u and E ,  that is, assuming the L-J potential 
functions: 

r z r ,  (" . .  
molecules based on partial molar vohme data for naphthalene 
in COz. Excesses of over 100 solvent molecules were also cal- 
culated from integral equations using the Percus-Yevick clo- 
sure for an attractive mixture of dilute Xe in Ne; negative 
excesses were seen for the repulsive mixture of dilute Ne in Xe 

The minimum cutoff value, r,, was 2.8u,2 which was equivalent 
to 3 . 6 9 ~ ~ ~  for our system. All quantities were made dimen- 
sionless in the usual way (Allen and Tildesley, 1986), using the 
properties of the solvent, component 1: 

(Wu et al., 1990). Similar results from molecular dynamics 
calculations showed that energetically defined solvent-solute 
clusters had a characteristic life span greater than 1.88 pico- 
seconds (Petsche and Debenedetti, 1989). 

Supercritical fluids are particularly interesting as candidates 
for free radical reactions. The high diffusivities exhibited in 
the supercritical state may serve to reduce cage effects, which 
in turn may reduce undesirable side reactions such as geminate 
pair recombination of free radical initiators (Odian, 1981). 
Supercritical carbon dioxide has recently been demonstrated 
to be a suitable solvent for free radical-based fluoropolymer 
synthesis, eliminating some of the need for ozone-depleting 
chlorofluorocarbons (DeSimone et al., 1992). We have been 
examining the effect of solvent structure on free radical re- 
actions in supercritical ethane (Randolph and Carlier, 1992). 
Unusual behavior of reaction rate constants as a function of 

T' = kT/E temperature 

P* Z P d l  density 

t* = t / ( q 1 d G )  time 

r* =r/ulI length 

D* = D d G / u l I  diffusivity 

Infinite dilution was modeled using a single solute molecule 
in 599 solvent molecules, so each of our production simulations 
was for 600 molecules. While this corresponds to a mole frac- 
tion somewhat more than 0.001, the bulk solvent behavior 
seemed consistent with that of pure solvent (Appendix 11). The 
L-J parameters and the methods by which they were chosen 
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are detailed below. All of our runs were at a dimensionless 
temperature r' = 1.42, which corresponds to a reduced tem- 
perature of T,= 1.084, using the best available value of T, = 1.3 1 
for the L-J fluid (Smit et al., 1989). A useful reference for 
those unfamiliar with the general techniques of molecular dy- 
namics (MD), upon which we will not elaborate here, is the 
book by Allen and Tildesley (1986). We did make certain 
modifications to the usual MD techniques, particularly in the 
way of implementation, as detailed in Appendix I. 

We carried out simulations over a range of densities, chosen 
to bracket the critical density of p* =0.31. For each density, 
all of the usual thermodynamic properties were computed such 
as the configurational internal energy and specific heat, the 
internal virial (and, therefore, the compressibility factor or the 
pressure), as well as microstructural information in the form 
of the radial distribution functions, g,, ( r )  and glz( r). In ad- 
dition, we computed the instantaneous sizes of clusters around 
both the lone solute molecule and one randomly-chosen solvent 
molecule. For these purposes, we defined a cluster in the geo- 
metric sense as the total excess number of solvent molecules 
within a certain distance of the molecule of interest. Two such 
distances were used, one corresponding approximately to a 
single shell of solvent molecules around a solute (r= 1 . 8 7 ~ ~ ~ )  
and the other to between two and three shells (r=3.0aI,). 

Model parameters 
While DTBN is actually dipolar, we have modeled both of 

our components using the nonpolar Lennard-Jones potential. 
Although the results of such a calculation are more qualitative 
than quantitative, previous workers have successfully justified 
this approximation, at least for the purposes of gaining pre- 
liminary insight into a problem (for example, Cochran and 
Lee, 1989). 

L-J parameters for ethane (a= 5.22 A ,  E = 0.812 kcal/mol) 
were taken from Prausnitz (1969). A group contribution 
method was devised to estimate parameters for DTBN as fol- 
lows. A multisite L-J model for DTBN was first constructed 
using the following groups: six methyl groups (a=3.96 A ,  
e = 0.145 kcal/mol) (Jorgensen et $., 1984); two tetrahedrally- 
bonded carbon atoms (a= 3.80 A ,  E = 0.050 kcal/mol) (Jor- 
gensen et al., 1984); one nitrogen atom with trigonally planar 
bonds(a=3.25 A ,  ~=0.170kcal/mol)(Jorgensenetal., 1990); 
and an oxygen atom with either ketonal character (a= 2.96 A ,  
e = 0.210 kcal/mol) (Jorgensen and Tirado-Rives, 1988) or hy- 
droxyl character (a = 3.07 A ,  E = 0.170 kcal/mol) (Jorgensen, 
1986). Based on structures of other nitroxide free radicals 
(Capiomont et al., 1972; Bordeaux et al., 1973; Lajzerowicz- 
Bonnetau, 1976), we used bond lengths and angles as follows: 
C-CH3 bond lengths were taken as 1.52 A ,  the N-0 bond 
length as 1.26 A ,  and the C-N bond lengths as 1.482 A. CH3- 
C-CH3 bond angles were assumed to be 109.47", and the three 
planar bond angles to the nitrogen were assumed to be 120". 

The average potential rI2 between a DTBN molecule and an 
ethane molecule, at a given separation distance r between their 
two respective centers of mass, was calculated by averaging 
the sum of L-J contributions from all nine grqups over all 
solid angles. The separation was varied in 0.1 A increments 
and both polar angles in 5" increments, to construct a spher- 
ically averaged r12(r) curve; the average was weighted by the 
size of each volume element. Since DTBN is very nearly spher- 

Table 1. Lennard-Jones Parameters Used in Simulations 

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

ical, little angular dependency of the potential was observed, 
except at very small separations. The unlike-pair L-J param- 
eters aI2 and eI2 were then estimated by fitting the L-J potential 
to the curve. Finally, pure component L-J parameters 
aZ2 and E~~ for DTBN were calculated using a geometric com- 
bining rule for both u and e. While this differs from the more 
typical arithmetic averaging for u, it is consistent with the 
approach of Jorgensen and coworkers (1984,1986,1988,1990) 
upon whose group L-J parameters our potential is based. Two 
sets of L-J parameters for DTBN were calculated, attributing 
either a) a ketonal or b) a hydroxyl character to the oxygen 
of DTBN; the results differed only slightly, so an average of 
the two was used in all subsequent calculations. The final values 
of the L-J parameters used in all simulations are shown in 
Table 1. 

We are not aware of any thermodynamic data that would 
permit an assessment of the quality of the L-J parameters we 
have estimated for DTBN. Therefore, to check the estimates 
of L-J parameters we compared the critical properties of DTBN 
as calculated from group contribution methods to those re- 
sulting from our L-J parameters. Critical temperatures for 
DTBN calculated by the methods of Ambrose, Joback and 
Fedors (Reid et al., 1977) ranged from 545 K to 608 K, de- 
pending on the method and on the character (ketonal or hy- 
droxyl) of the oxygen atom. The critical temperature of DTBN 
calculated from the L-J parameters (using Tcj, = 1 .31eu/k) is 
570 K, in good agreement with critical temperature estimates 
from other group contribution methods. For comparison, the 
L-J parameters for ethane give a critical temperature of 262 
K, while the actual value is 305.4 K. Another check of the L- 
J parameters shows that the ratio U ~ ~ / U , ,  is close to the cube 
root of the ratio of molecular masses (1.73 vs. 1.69). 

Local density enhancements from MD simulations 
Following the example of Knutson et al. (1992), we compute 

the local density enhancement p'""( r)/pbu" from the modified 
partial fluctuation integral G iZ: 

where 

and r,, is the separation at which g,,, the radial distribution 
function, first becomes significantly nonzero (here nearly con- 
stant at r = 1.  19al,). Local density enhancements were com- 
puted for two radial values, r =  1 . 8 7 ~ ~ ~  and r=3.0aI,. 

Results 
Computed local density enhancements are shown in Figure 
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Figure 1. Dimensionless density enhancement against 
both dimensionless density p* and corre- 
sponding density p. 
0 ,  v = MD results for two different radial positions; = EPR 
spectroscopic measurements (Carlier and Randolph, 1992). An- 
alytic zero-density results on the two lower (MD) curves, plWa’/ 
pbU”, computed in this manner (Eq. 2) are not unity at low density. 
Error bars represent 95% confidence intervals. 

1. Each point is the result of a 200,000-step MD run, repre- 
senting a real time span of 1,350 ps. The results from EPR 
spectroscopic experiments, nominally taken at the same re- 
duced temperature (T,= 1.08), are also shown in the same plot. 
It should be noted that local density effects on the nitrogen 
hyperfine coupling constant fall off with an r -6  radial de- 
pendence; thus, the EPR experiment probes at most two solvent 
shells. While the gross features are similar, the most striking 
difference is that the experimental local density enhancement 

Figure 2. Radial distribution functions, subaveraged 
over long production simulations. 

is always larger than the enhancement computed by simula- 
tions, and the disagreement between experiment and compu- 
tation reaches a maximum at about one-third to one-half the 
critical density (p* = 0.31). A maximum in the experimental 
results is clearly seen, while the computed results show a muted 
maximum at best. This subdued maximum is in good agreement 
with the computations of Knutson et al. (1992), who showed 
a maximum in local density enhancement for the pyrene-CO, 
system that was clearly evident at T,= 1.02 and grew progres- 
sively weaker as temperature was increased. 

To estimate the computational uncertainty in the local den- 
sity measurements, we calculated local density enhancements 
every 10,000 MD steps (67 ps) over the duration of a 200,000- 
step MD run. (Data recording was always preceded by a 4,000- 
step melt-and-anneal equilibration sequence.) Error bars for 
the local density enhancements plotted in Figure 1 are 95% 
confidence limits based on these 20 measurements. It is inter- 
esting to note that the error bars are the largest at about one- 
half the critical density, rather than at the critical density, where 
long-ranged solvent fluctuations might be expected to cause 
greater variability, or at the lowest densities, where statistics 
are poor. In fact, the error bars are surprisingly large; 67 ps 
is apparently not a period of sufficient duration to accurately 
probe the thermodynamic average local density. For a given 
measurement taken over 67 ps, the 95% confidence limits 
would be f i  larger, so that the upper error bars would very 
nearly match the spectroscopically-measured local density en- 
hancements. As will be discussed later, this may not be mere 
coincidence. X-band EPR spectroscopy operates at a frequency 
of about 10 GHz or a characteristic time period of about 100 
ps. Thus, processes with a duration of order 100 ps will strongly 
affect the EPR results and give rise to large uncertainties in 
computations carried out over similar time spans. 

It is instructive then to examine the uncertainty in the com- 
putational results in greater detail. Figure 2 shows plot of 
g , 2 ( r )  vs. radial separation distance at a density of p* =0.131 
for 20 consecutive runs of 10,000 MD steps (67 ps) each. Over 
the time span of the entire simulation (> 1 ns) there are very 
large variations in g,, (r), especially at small separations. As 
shown in Figure 3, such temporal variations are even more 
apparent in plots of GI2(r) ,  the excess number of solvent 
molecules around the solute: 

These results are again plotted every 10,000 MD steps over the 
course of a 200,000-step MD simulation, but this time for a 
system of three times the size (1 solute molecule in 1,799 solvent 
molecules). It is evident that the number of excess solvent 
molecules around the solute undergoes fluctuations which per- 
sist for at least 10,OOO MD steps. The dark line is the prediction 
of integral equation theory in the Percus-Yevick approximation 
(McGuigan and Monson, 1990); it appears to represent well 
the mean simulation result. 

The density dependence of the fluctuations in local solvent 
density is also remarkable. Figure 4a shows the standard de- 

Each curve in this figure corresponds to an average Over NXGf@ 
MD steps during the course of a 200,000-step simulation at p = 3.0 
mol/L. There are obviously large fluctuations Over the of 
the simulation. 

viation of the excess number of solvent molecules around a 
solute as a function of bulk density for two different radial 
separations. The standard deviation is calculated from 20 con- 
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Partial fluctuation integrals against distance, 
subaveraged over long production simula- 
tions. 
Each curve corresponds to an average over 10,OOO MD steps during 
the course of a 200,000-step simulation at p = 3.0 mol/L. Results 
were obtained using a tripled system containing I solute molecule 
in 1,799 solvent molecules. The thick line is the corresponding 
result computed using integral equation theory in the Percus- 
Yevick approximation. 

secutive MD runs, each of 10,OOO MD-step duration. A strong 
maximum is seen at a reduced density near p,=O.5, indicating 
larger relative fluctuations in local solvent density in this den- 
sity regime. For comparison, the isothermal compressibility of 
the solvent, computed using the L-J equation of state of Nicolas 
et al. (1979) is also plotted in Figure 4a. The maximum in 
isotherm31 compressibility, where critical clustering effects are 
expected to be most pronounced, occurs close to the critical 
density, rather than at 0.5. 

In contrast, as shown in Figure 4b, the standard deviation 
of the excess number of solvent molecules around a randomly- 
chosen solvent molecule is about an order of magnitude smaller 
and tends to peak closer to the maximum in isothermal com- 
pressibility. In this system of limited size, solvent-solute clus- 
tering effects cause “echoes” in solvent-solvent interactions, 
so it is difficult to separate the two. This is because the par- 
ticular solvent molecule around which we are counting other 
solvent molecules may, during the course of the simulation, 
become part of the cluster surrounding the solute, which in 
turn has a long persistence. However, it is apparent that the 
solvent-solute density fluctuations are much more pronounced 
than any fluctuations in solvent-solvent density, at least at this 
temperature. (Closer to the solvent’s critical temperature, it is 
expected that solvent-solvent clusters would be the most pro- 
nounced.) 

While the standard deviation of the excess number of solvent 
molecules around a solute provides useful information, little 
temporal information can be obtained, except to note that the 
process causing the high standard deviation must persist for 
times of the same order of magnitude as the observation period 
(10,000MD steps, 67 ps). To further probe the time dependency 
of solvent-solute density fluctuations, we recorded the instan- 
taneous number of solvent molecules in a shell of thickness 
1 . 8 7 ~ ~ ~  or 3.00,, surrounding the solute molecule every 0.2 ps 
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Cluster fluctuations against density. 
sI2 is the standard deviation of the instantaneous solvent cluster 
size around a solute molecule, observed over 67 ps (10,OOO MD 
steps). The peak at a reduced density p, of about 0.5 indicates 
larger relative fluctuations of theseclusters in this density regime. 

=molecules within a radius r = 3 u l l ;  o =those within 
r =  1 . 8 7 ~ ~ ~ .  The line is the isothermal compressibility of the sol- 
vent (computed from the L-J equation of state) which peaks 
close to the critical density. 

for a run of total time of 1.3 ns. We then subtracted the mean 
number of solvent molecules around the solute to obtain an 
instantaneous excess number. These instantaneous excesses 
were autocorrelated in time by Fourier transform techniques, 
using the commercial signal processing software package 
DADiSP. Figure 5 shows the autocorrelation functions for the 
number of solvent molecules around a solute, and for solvent 
molecules around a randomly-chosen solvent, both as a func- 
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Figure 4b. Cluster fluctuations against density. 
sII is the standard deviation of the solvent cluster size around 
a solvent molecule, observed over 67 ps (l0,OOO MD steps). The 
key is the same as for Figure 4a; the peak in s is now much 
smaller and occurs nearer the critical density. 
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Figure 5. Autocorrelation functions of instantaneous 
solvent-solvent and solute-solvent clusters. 
Solvent-solvent ACFs are on the left panel and solvent-solute 
ACFs on the right. Each horizontal pair corresponds to a partic- 
ular ethanedensityin [mol/L]: u= 1.67, b = 2 . 0 ,  c=2.5, d=2.75 ,  
e=3.0,f=3.5,g=4.0,h=5.0,i=7.0,andj=10.0.Plottedfunc- 
tions were obtained by taking the time autocorrelation of (in- 
stantaneous cluster size at r=3.0011 less its mean, normalized by 
its standard deviation) and then autocorrelating a second time. 
There are dramatic effects, but the solute-solvent effect occurs at 
about half of the critical density (panels d-f) while the solvent- 
solvent effect occurs at the maximum in the isothermal com- 
pressibility (h). Abscissa in each case represents 2.7 ns, a time 
equal to twice the total simulation time. There are pronounced 
phenomena which occur only several times per simulation run. 

tion of bulk density. The abscissa in each case represents a 
time equal to twice the run time (2.7 ns). Strong periodicity is 
seen in the autocorrelation function of the solvent-solute fluc- 
tuations, especially in the reduced density region of about 0.4- 
0.5. In this region, the most pronounced fluctuations have a 
remarkably long lifetime of about 200 ps. 

In sharp contrast, there is very little structure evident in the 
autocorrelation function of the solvent fluctuations about a 
randomly-chosen solvent molecule. A notable exception occurs 
near the solvent's critical density, where well-defined period- 
icity is apparent. These results indicate that the solvent-solvent 
clusters have longer persistence at the critical density of the 
solvent, whereas the solute-solvent clusters become persistent 
at a lower density. 

The ultimate goal of this work is to enhance our under- 
standing of reaction processes in supercritical fluid media. 
Since it is likely that the rates of very fast reactions such as 
spin-exchange are transport-limited (Randolph and Carlier, 

1 /P' 

Figure 6a. Diffusion coefficient of solute, D:2, against 
reciprocal reduced density, l/p*. 
Straight line through the points is the best-fit line from Figure 
6b, scaled by the ratio of diffusion coefficients predicted by 
Chapman-Enskog theory (Appendix 11). 

1993), we determined the diffusion coefficient of the lone solute 
in the solvent, D:2r and the self-diffusion coefficient of the 
solvent, D:I, in each of our simulations. The diffusion results 
provide further evidence for the existence of the temporal 
density correlations described above. Figures 6a and 6b are 
plots of Df2 and Dfj,  respectively, against l/p*. Note the large 
scatter in Figure 6a, at intermediate values of the dimensionless 
density, p * .  It becomes more difficult to obtain a good estimate 
of D:2 at precisely the same range of densities where the long- 
lived clusters, described above, are present. This is reasonable 
since, if the cluster surrounding the solute is sufficiently per- 
sistent, the solute will spend much of the simulation period 
diffusing in an anomalous environment. The straight line in 
Figure 6a was computed from the best-fit line on Figure 6b, 
dividing the slope by 2.7, the ratio of D:1/D:2 given by Chap- 
man-Enskog theory (Reid et al., 1977; see also Appendix 11). 

3.0 

1 /P' 

Figure 6b. Diffusion coefficient of solvent, D;,, against 
reciprocal reduced density, lip*. 
The straight line through the points is a least-squares fit to all 
points. 
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For D f , ,  on the other hand, no such effect is evident, and 
the self-diffusion coefficient of the solvent varies roughly lin- 
early with l / p * ,  as required by Chapman-Enskog theory (Reid 
et al., 1977). The straight line through the points is a least- 
squares best fit to all of the plotted points. Since the self- 
diffusion coefficient was determined using ten times as many 
molecules as for D’;, (see Appendix I), it might be fairer to 
scale the scatter in Figure 6a by a factor of 3( = m). Even 
in this case, however, the discrepancies are clearly evident. 

Discussion 
The density of solvent around solute molecules fluctuates 

dramatically within the first few solvent shells; these fluctua- 
tions have remarkably long periods. Because we are operating 
close to the solvent’s critical temperature, it is tempting to 
propose that the effect is related to the critical behavior of the 
solvent. However, closer examination reveals that the effect 
does not scale with the isothermal compressibility of the solvent 
and, therefore, is not likely to be associated with long-ranged 
solvent critical fluctuations. Indeed, the most dramatic solvent- 
solute density fluctuations are seen at a density of about one- 
half of the solvent’s critical density and are much less sensitive 
to temperature than is the isothermal compressibility of the 
solvent. 

These observations suggest that a solute induces local be- 
havior in the solvent that is reminiscent of critical behavior in 
the pure solvent. This behavior, however, is different from 
pure-fluid critical behavior in at least one important aspect: it 
is a short-ranged molecular effect. This short range guarantees 
that the effect has limited influence on bulk solvent thermo- 
physical properties. Despite the absence of bulk effects, short- 
ranged phenomena having characteristic times comparable to 
the cluster fluctuation period, such as chemical reactions, may 
still be affected when the reaction rate depends strongly on 
microtransport behavior (such as cage effects). This is evident 
from the temporal variation of solute diffusivities measured 
over such time scales. 

This viewpoint is supported by the classification scheme of 
Debenedetti and coworkers (Debenedetti and Mohamed, 1989; 
Petsche and Debenedetti, 1991) for solute-solvent interactions 
in nearcritical fluids. In this scheme, systems are classified as 
repulsive, weakly attractive, or attractive, based on whether 
the infinite-dilution direct correlation function integral eP, is 
less than 0, between 0 and 1 ,  or greater than 1 ,  respectively. 
In the limit where solute and solvent become identical, the 
boundary between weakly attractive and attractive behavior 
at CSP, = 1 corresponds to the pure fluid critical point or = 1 .  
In mixtures, the boundary implies a change in sign of the partial 
molar volume of the solute, e, from positive (solubility 
depression) under weakly attractive conditions, to negative 
(solubility enhancement) under attractive conditions. 

The density at which C7, becomes unity may be computed 
for a van der Waals fluid (Petsche and Debenedetti, 1991) 
using: 

( 5 )  

where a=a,/a, ,  the ratio of van der Waals a parameters for 
solute and solvent, respectively, and y = b2/bl,  the correspond- 
ing b parameter ratio. Through corresponding states theory, 

y=  (33 
Using the L-J parameters in Table 1 ,  we compute using Eq. 
5 a weakly attractive/attractive transition at T,= 1.08 
(7“ = 1.42)andpr=0.21. Incontrast, bothEPRandMDmeas- 
urements show the maximum effect at p,=O.45. While the 
agreement is only approximate, it is interesting to note that 
exactly the same discrepancy was observed by Knutson et al. 
(1992) for the pyrene-CO, system; for the latter system, we 
compute a weakly attractive/attractive boundary at T, = 1.01 
and p,=0.14, whereas the local density enhancements from 
MD calculations showed a maximum at about p,=0.33. It is 
likely, therefore, that the discrepancy in both cases is due 
entirely to the inadequacy of the approximate model on which 
the boundary computation is based and that the actual weakly 
attractive/attractive boundary is closer to the value measured 
in both sets of MD simulations. Further, the boundary is rel- 
atively insensitive to temperature in the region of interest. For 
the DTBN-ethane system, the boundary shifts from pr= 0.21 
at T,= 1.08 to p,=O.19 at T,= 1.01. In a similar fashion, max- 
ima in local density enhancements measured by EPR (Carlier 
and Randolph, 1992) shift only slightly on going from T, = 1.01 
to T,=1.08. 

Therefore, we conjecture that the local behavior observed 
in the simulations and in the EPR measurements is a mani- 
festation of local quasicriticality about an infinitely dilute sol- 
ute molecule. The behavior occurs at bulk conditions 
corresponding to the weakly attractive/attractive boundary; 
for a pure fluid, this is precisely the critical point. In dilute 
mixtures, critical behavior at the weakly attractivelattractive 
boundary is limited to the immediate vicinity of a solute mol- 
ecule. At these conditions, a small positive perturbation in 
local solvent density around a solute molecule causes the system 
to become more attractive, whereas a negative perturbation 
causes it to become more repulsive in nature. These effects are 
obviously cooperative, and on the local level the boundary is 
an unstable condition. This instability, coupled with material 
balance requirements, may well be at the root of the persistent 
clusters we have observed in our MD simulations. 

Conclusions 
We have demonstrated, using both MD simulation and EPR 

spectroscopy, a long-lived clustering phenomenon of solvent 
around solutes at infinite dilution in solvent fluids near their 
critical temperature. We conjecture that this is due to a phe- 
nomenon we have termed local quasicriticality . Geometrically 
defined clusters, which exhibit lifetimes of order 100 ps, are 
observed at densities near the weakly attractive/attractive 
boundary. Such long-lived clusters may in turn influence: 
microtransport properties, as shown by molecular dynamics 
diffusivity measurements; local density enhancement meas- 
urements, as shown by EPR spectroscopy; and even reaction 
rate constants (Randolph and Carlier, 1992). These clusters 
are short-ranged in nature and not strongly correlated with the 
isothermal compressibility of the solvent. 

As shown by the comparison of the MD and EPR results, 
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care must be taken in relating spectroscopic results to ther- 
modynamic properties. The persistence of the clusters, com- 
bined with the intrinsic nonlinearity of the spectroscopy’s 
response to local density, may sometimes lead to results that 
say more about kinetics than they do about thermodynamics. 
Difficulties in relating spectra to thermodynamic properties 
will be most pronounced under conditions where quasicritical 
clusters have life spans of the same order of magnitude as the 
characteristic period of the spectroscopic technique. In fact, 
we see maximum discrepancy between EPR and MD meas- 
urements of local density enhancements in the density regime 
where the 100 ps life span of the clusters corresponds to the 
10 GHz frequency of the stimulating microwave radiation of 
X-band EPR spectroscopy. 
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Notation 
Acronyms and abbreviations 

ACF = autocorrelation function 

EPR = electron paramagnetic resonance 
L-J = Lennard-Jones 
MC = Monte Carlo 
MD = molecular dynamics 

DTBN = the free radical di-tert-butylnitroxide 

NVE = conditions of constant number of molecules, volume and 

NVT = conditions of constant number of molecules, volume and 
internal energy (microcanonical ensemble) 

temperature (canonical ensemble) 
a = constant in van der Waals equation of state 

AN = nitrogen hyperfine splitting constant 
b = constant in van der Waals equation of state 
D = diffusion coefficient 
E = internal energy 

g ( r )  = radial distribution function 
G ( r )  = partial fluctuation integral (Eq. 4) 

G ’ ( r )  = modified partial fluctuation integral (Eq. 3) 
k = Boltzmann constant 
m = molecular mass 
r = radial position, molecular separation 
s = standard deviation of instantaneous cluster size over por- 

tion of simulation (Figure 4) 
t = time 
T = temperature 
U, = configurational internal energy 

Greek letters 
a = ratio of van der Waals constants (Eq. 5 )  
y = ratio of van der Waals constants (Eq. 5 )  

r ( r )  = Lennard-Jones potential energy function 
e = L-J well-depth energy parameter 

K~ = isothermal compressibility 
p = molar density 
u = L-J molecular diameter size parameter 

Subscripts 
11,l = property of solvent, component 1 

22,2 = property of solute, component 2 
12 = solvent-solute cross property 
c = critical property 
r = reduced property 

Superscripts 
bulk = property of the bulk solvent 
local = property of the solvent close to the solute 

* = dimensionless property/parameter 
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Appendix I: Simulation Details 
Molecular dynamics 

All of the production simulation runs described here were 
NVT molecular dynamics simulations (Allen and Tildesley, 
1986) of 1 solute molecule in 599 solvent molecules. The sim- 
ulations were carried out by the constraint method, with leap- 
frog integration (Allen and Tildesley, 1986). A few NVE runs 
were also carried out for checking purposes; in these runs, the 
equations of motion were integrated using the velocity form 
of the Verlet algorithm. The length of the cubic simulation 
box was determined by the density under consideration in a 
given run. Both solute and solvent were assumed to be Lennard- 
Jones molecules, with parameters generated as described above 
and reported in Table 1. The intermolecular potential was cut 
off at long range, with the minimum cutoff at 2 . 8 ~ ~ ~ .  At the 
lower densities for which results are reported, the cutoff was 
even longer in order to capture faithfully the more gas-like 
regime, where the particles could be separated by distances on 
the order of the cutoff distance; the cutoff in this case was 
taken as twice the average expected molecular separation. A 
run consisted of 2 x lo5 MD time steps, each of duration 0.003 
in units of u , a ,  where 1 is the solvent species. Assuming 
that the solvent is ethane, based on its molecular mass and 
Table 1 ,  the time step corresponds to 6.751 x lo-’’ s, which 
translates to a total simulated time of 1.35 x s. This is an 
extremely long simulated time compared to typical liquid sim- 
ulations (Allen and Tildesley, 1986). 

The starting configuration was a simple cubic lattice of mol- 
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ecules having Gaussian distributed velocities corresponding to 
the chosen temperature. The system was allowed to equilibrate 
for 4,000 time steps, the first 2,000 of which were at three 
times the nominal temperature to speed the melting of the 
initial defective crystal; the temperature was reset after 2,000 
steps by rescaling the molecular momentums. To speed up the 
simulations, the Verlet neighbor list (Allen and Tildesley, 1986) 
technique was implemented, in association with the automatic 
list updating method described by Chialvo and Debenedetti 
(1990, 1991). As recommended by Chialvo and Debenedetti, 
the SKIN parameter was taken to be 0.5. 

Implementation 
Several computer programs were written to carry out these 

simulations. All were run on a Hewlett-Packard 9000/720 Unix 
workstation. The production MD simulations were written in 
Pascal, and their output checked against an independently 
written, but unoptimized, FORTRAN MD code, as well as a 
simple Monte Carlo code. A typical NVT-MD run with 600 
molecules and 2x lo5 time steps consumes some 16 hours of 
CPU time. For some of the comparison runs, much shorter 
simulations were adequate. The comparison with the results 
of Brown and Clarke (1984), for example, required a run of 
only about 15 min. 

Several modifications to the usual analysis techniques were 
adopted to increase the speed and reduce the disk storage 
requirements of the simulations. 

Radial Distribution Functions. The usual way of comput- 
ing the radial distribution functions, g V ( r ) ,  is to store the 
configurations of the molecules periodically on disk and, once 
the simulation has finished, to read them and compute the 
necessary separation histograms (Allen and Tildesley, 1986). 
For a system of 600 molecules and runs of several hundred 
thousand time steps, this would be prohibitive in terms of disk 
space, requiring tens to hundreds of megabytes in order to 
store every configuration. The usual approach is to analyze 
only some fraction of the configurations. Instead, the radial 
distribution functions were computed in place using every con- 
figuration, by storing in memory the pair separation arrays 
for each type of pair (1-1 or 1-2). Of course, this restricts the 
most precise computation of go( r )  to within the separations 
that are updated on each time step; however, the longer-ranged 
g V ( r )  may be computed during Verlet neighbor list updates, 
when all intermolecular separations become available. For the 
conditions we studied and the SKIN parameter used, this fre- 
quency varied between every 10 and every 40 MD steps. 

The memory requirements for this approach are much greater 
than for a traditional MD simulation. (A little less than 2Mb 
of memory is needed to store the pair arrays and the neighbor 
list for 600 particles.) Memory, however, is typically cheap 
and plentiful on modern workstations, whereas disk storage 
space is often still not as abundant as on larger supercomputers. 
We anticipate that this trend in scientific computing will con- 
tinue as workstations become cheaper and more numerous; 
programming techniques for conserving memory in scientific 
computations will become less relevant relative to those for 
conserving disk space. 

The diffusion coefficients for both 
component 1 (D:,) and for component 2 in component 1 
(D:& were computed by integrating the velocity autocorrela- 

Diffusion Coefficients. 
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Figure A l .  Compressibility factor, z= PlpkT, against re- 
duced density, p * ,  on the isotherm T* = 1.42. 
The points are simulation results, and the line is the equation 
of state of Johnson et al. (1992). 

tion function of the molecules. The autocorrelation function 
was also computed in place by storing in a circular buffer a 
velocity history of 2,500 time steps or channels. Every 10 time 
steps, the buffer velocities were correlated against themselves 
(see, for example, Allen and Tildesley, 1986) and added into 
an accumulator array. For the solvent, the autocorrelation 
function was averaged over 10 molecules; in the case of the 
solute, since there was only one molecule, statistics were col- 
lected only for this molecule and may be expected to be some- 
what poorer. 

Appendix II: Simulation Verification 
Since we are using the simulation results to draw far-reaching 

conclusions in this article it is obviously incumbent upon us 
to check the results to the best of our ability. We carried out 
tests of several types to verify the correct operation of the 
simulation program. 

Low density limit 
In the limit of low density, a radial distribution function 

should degenerate into the Boltzmann factor of the intermo- 
lecular potential energy function, since the only interactions 
present are direct pair interactions: 

('41) 

We carried out simulations at a reduced density p* =0.063, 
and the simulated results agreed well with Eq. A1 . 

lim g,, ( r )  = exp[ - Prij(r)l 
P - 0  

Pseudomixture 
To test the algorithms for computing each of the g i j ( r ) ,  we 

carried out simulations of mixtures with identical molecular 
parameters: these were not really mixtures at all. Under these 
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Table Al .  Comparison with Simulations of Brown and Clarke 
(1984) 

B&C lNVEl B&C lNVT1 This Work [NVT] 
~~ 

U,/NkT - 8.331 - 8.315 - 8.320 
E / N k T  - 6.836 - 6.774 - 6.828 
D;, [vacfl 0.0341 0.0334 0.0336 
D:, idisD1 0.0328 0.0327 0.0334 

conditions, all of the g V ( r )  should be equal. This was verified 
to be the case, although the statistics are obviously not as good 
for the low-concentration pseudocomponent, since there are 
fewer pairs to count in the histograms. 

Lennard-Jones equation of state 
The substantial amount of existing L-J simulation data has 

been synopsized by Nicolas et al. (1979) by fitting it to the 
modified Benedict Webb Rubin equation of state. This syn- 
opsis has recently been updated (Johnson et al., 1992). In 
Figure A1 we plot compressibility factor z against density p* 
along the r' = 1.42 isotherm, which is the one we have been 
simulating throughout the article. The points are the simulation 
results, while the line is computed from the L-J equation of 
state of Johnson et al. (1993). The excellent comparison be- 
tween the two proves that our results are the same as those 
measured in previous simulations. The initial slope of the curve 
agrees with the second virial coefficient, as computed for L- 
J molecules by Hirschfelder et al. (1954). The agreement be- 
tween the equation of state for pure solvent and our results, 
which are for solute at infinite dilution in solvent at the same 
bulk conditions, supports our assertion that there is no global 
effect on the solvent thermodynamics due to the solvent-solute 
clustering. 

Typical simulation results 
We have tested our program using several sets of parameters 

previously reported in the literature. We compared g ( r )  for a 
pure L-J fluid (r* = 1.273, p* = O M )  computed using both our 
NVT-MD and NVT-MC codes to the results of Verlet as re- 
ported by Lee (1988). The agreement is excellent in both cases, 
and the plotted curves are indistinguishable. 

For a more comprehensive thermodynamic test, we have 
simulated the system discussed by Brown and Clarke (1984). 

This is a 256-particle system of L-J molecules near the L-J 
triple point, which they simulated using several techniques, 
among them the constraint method for NVT-MD. Table A1 
shows the comparison of the latter to our run for the same 
conditions, time step and number of steps. We compare con- 
figurational internal energy UJNkT, total internal energy E /  

NkT, and diffusion coefficient, D;l (computed via two dif- 
ferent methods), all of which agree within the experimental 
accuracy of the simulations. In the table, [vacfl denotes a 
diffusion coefficient calculated by integrating the velocity au- 
tocorrelation function, while [disp] denotes one calculated from 
the slope of (displacement) against time. 

Finally, we have duplicated one run from the study by Petsche 
and Debenedetti (1989) for an attractive mixture of 863 solvents 
and 1 solute at p* =0.35 and r' = 1.4. We obtained the same 
g , ( r )  as the latter authors to within a couple of percent. 

Time step and system size 
We checked the adequacy of the time step At* =0.003 by 

carrying out simulations at p* = 0.135 with time steps of 0.5At* 
and 2At*, respectively. In each case, the total number of time 
steps was adjusted to obtain the same simulated time. The 
results were not distinguishable within the experimental error. 
Therefore, the chosen At* is verified to be adequate. As a 
further check, we simulated a systems of 1,OOO and 1,800 
molecules, again at p* = 0.135 and using At* = 0.003. The re- 
sults were indistinguishable from those obtained using 600 
molecules. 

Diffusion coefficient scaling 
Using the theory of Chapman and Enskog for diffusion 

coefficients in terms of collision integrals, as outlined by Reid 
et al. (1977), we computed the ratio D:l/D';z using the param- 
eters and thermodynamic conditions appropriate to our sys- 
tem. This ratio ought to be independent of density, at least in 
the low-density regime where this approach is valid. The Chap- 
man-Enskog value was computed to be 2.7, which we also 
observed in the simulations (see Figure 6a). 

Potential cut0 f f  
We investigated the effects of the cutoff imposed in the L- 

J potential function by simulating several state point with 
different cutoffs. No differences were observed in the ther- 
modynamic functions, once the appropriate tail corrections 
were added; in fact, there are points on the z vs. p* curve of 
Figure A1 which were computed using several different cutoff 
values. As described above, we set our cutoff to be at least 
3 . 6 9 5 ~ ~ ~  (= 2 . 8 ~ ~ ~  for the parameters in our simulations). This 
is greater, for example, than the value of approximately 2.5012 
used by Knutson et al. (1992). Further, at low density we 
increased the cutoff in proportion to the average particle sep- 
aration. 
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