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MOLECULAR CLUSTERING IN SUPERCRITICAL SOLUTIONS

H. D. Cochran R.-S. Wuand L. L. Lee

Chemical Technology Division  School of Chemical Enginecring

Oak Ridge National Laboratory and Materials Science

P. O. Box 2008 University of Oklahoma

Oak Ridge, TN 37831-6224 Norman, OK 73019
ABSTRACT

Molecular explanations have recently identified massive solvent clusters sur-
rounding the dissolved solute as the causalive agent of the striking solvent
properties of supercritical fluids. Such clusters were first inferred from the
large negative values of the solute partial molar volume near the solvent criti-
cal point; these clusters were estimated to contain about 100 solvent
molecules per solute molecule in excess of the bulk average. Subsequent evi-
dence from visible and ultraviolet absorption and fluorescence spectroscopy
and from chemical reaction studies have provided qualitative support for the
notion of solvent-solute clusters. Other spectroscopic evidence suggests the
formation of solute-solute aggregates, as well, near the solvent critical point.
Such structures on a molecular Jevel are describable in terms of the molecular
distribution functions. We present results on the size and radial profile of
solvent-solute clusters and on solute-solutc aggregation for systems rcpresen-
tative of typical dilute, attractive, supercritical solutions calculated from
integral equation theories. The microstructure of theoretically-predicted dilute,
repulsive, supercritical solutions exhibits a deficit of solvent molecules sur-
rounding the solute. Solute partial molar volume and chcmical potential are
predicted to increase dramatically in such repulsive mixtures as density is
increased toward the critical point at slightly supercrilical temperatures.

INTRODUCTION

Dilute supercritical solutions are important in separation processes such as super-
critical fluid extraction and supercritical fluid chromatography; as we shall suggest later,
other separation processes based on the behavior of supercritical solutions may also be
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possible. To understand why the behavior takes place an understanding of the mixture on
the molecular level is necessary. This understanding will greatly expand our ability to
formulate and search for new processes that will perform new separation tasks. We shall
review briefly the experimental evidence that the behavior of dilute supercritical solutions
near the critical point (CP) of the pure solvent is related to clustering of solvent
molecules around solute molecules and aggregation of solute molecules around one
another. Theoretical studies of dilute supercritical solutions are consistent with these
suggestions of solvent-solute clustering and solute-solute aggregation.

The solute partial molar volume in dilute supercritical solutions as measured by
Eckert and coworkers (1,2) became negative and large in magnitude as the CP was
approached — ca. 100 times the bulk molar volume of the solvent. These results sug-
gested to the authors "...that the solution process represcnts a disappearance of more than
100 moles of solvent/mole of solute. This suggests some sort of clustering process,
perhaps akin to electrostriction about an ion in a protic solvent.”

Kim and Johnston (3) observed a shift with solvent density in the frequency of the
IR absorption maximum of a solute in a supercritical solvent; that the magnitude of Jic
shift was greater than would have been expected based on the bulk density of the solvent
suggested that the local density of solvent molccules surrounding the solute was higher
than the bulk density. Thus, Kim and Johnston interpreled their spectroscopic results as
independent experimental evidence of solvent-solute clustering in supercritical solutions.
Other spectroscopic results (4-11) are consistent with this molecular picture.

Collins et al., (12) studied the disproportionation reaction of toluene over ZSM-5
molecular sieve catalyst in toluene at states which included some near the CP of pure
toluene. As the CP was approached the selectivity of the reaction to p-xylene over o- and
m-xylene was increased. Clustering of toluene about the p-xylene primary reaction pro-
duct was invoked to explain these results as follows: if it had not been for the steric
shiclding due to clustering, the p-xylene would have readily isomerized to an equilibrium
mixture of p-, 0-, and m-isomers on and within the catalyst particles.

The spectroscopic studies of Brennecke and Eckernt (10,11) suggested that another
type of molecular clustering may occur in dilute supercritical solutions. For example,
they observed the UV fluorescence spectrum of a solution of pyrene in supercritical
ethylene near the CP of pure ethylene. At pyrcne mole fraction y; = 5.5x107%, well below
saturation, a broad band appeared at a longer wavelength which was interpreted as the
spectrum of excited state pyrene dimers, or cxcimers, cven at this extremely dilute condi-
tion. The relative band areas of the pyrene and the excimer spectra indicated that ca.
50% of the pyrene molecules exist as excimers. From knowledge of the expected lifetime
of pyrene excimers and the kinetics of excimer formation at the prevailing bulk condi-
tions, Brennecke and Eckert concluded that the strong excimer band was evidence of
significant solute-solute aggregation in dilute supercritical solutions near the CP of the
solvent.

In the following section we shall review the theoretical evidence suggesting
solvent-solute clustering and solute-solute aggregation in dilute supercritical solutions.
These results offer deeper insight into the factors at a molecular level which influence the
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important properties of supercritical solutions. Then, we review the theoretical evidence
(13,14) for another type of dilute supercritical solutions — repulsive solutions in which
the solute is surrounded by a deficit rather than an excess of solvent molecules. Recent
experimental evidence (15,16) suggects that Ar, C,H,, and Xe may form such repulsive
mixtures in supercritical water.

THEORY OF MICROSTRUCTURE IN DILUTE SUPERCRITICAL SOLUTIONS

Kim and Johnston (3) and Debencdctti(17) have interpreted the partial molar
volume data of Eckert et al., (1,?) in terms of the isothermal compressibility of the pure
solvent and the number of excess solvent molecules in the cluster around each solute
molecule; thus, for dilute solutions

T = pkT xr - P73 M
where T is the cluster size, defined as

IF'spGy = pl dranr?g,s (r) — 1] )

The magnitude of I' was found (17) to be ca. 100 excess solvent molecules around each
solute molecule near the CP by using an equation of statc to estimate the isothermal
compressibility of the pure solvent. Kim and Johnston focused on the effects due to the
excess solvent molecules at short distances from the solute. The solvent shift in the IR
absorbtion frequency is a measure of the local solvent density surrounding a solute
molecule; the local solvent density was found to be ca. 50% greater than the bulk solvent
density based on the spectroscopic results. Debenedetti's (17) analysis was based on
Kirkwood-Buff solution theory (18) and expressed in terms of the Kirkwood fluctuation
integral

Gop = [ dranr’gap(r) - 1) 3

0
or, equivalently, in terms of the fluctuations in the number density of the solvent and the
infinitely dilute solute near the CP of the pure solvent. The isothermal compressibility

and partial molar volumes may be expressed in terms of the fluctuation integrals. For a
binary A—B mixture

{1 +pxa (Gan - G,w)}

PV = Q)
{1 + px,xp A}

and

1+ pxsGas + pxgGag + p*xaxa(Gas Gap - GAZII)}

pkT X1 = (5)
{1 + PxsXxp A}

where
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A=Gyy +Gpp — 2Gyup. (6)

The behavior of the Kirkwood fluctuation integrals for a binary A—B mixture in
the vicinity of a CP has been studied previously; for example, see the monograph by
Munster (19). Although the correlation range tends to infinity at a CP, the magnitude of
the pair corrclation function, ga(r), remains always of order unity. Munster (19) shows
that G4, and Ggp diverge at a CP, but that

lim ——92’;— =1. )
7T, | (GaaGps)

Thus, G.p also tends to infinity at a CP, and the correlation functions and bulk properties
are describable by a single correlation function (19). Divergence of the G, may, in fact,
be taken as an indicator of criticality (19-21). Thus, while the short-range structure sur-
rounding a solute in supercritical solution increases as the CP is approached, so too does
the long-range structure; the growth without limit of the infinite dilution solute partial
molar volume and other bulk thermodynamic quantitics ncar the CP of the pure solvent
results from increase without bound in the correlation range. There are both short-range
and long-range aspects of fluid microstructure of interest and importance.

Many supercritical solutions of experimental or technological importance are quite
dilute; we are interested in the implications of the asymptotic condition of infinite dilu-
tion in supercritical solutions. Let us simply statc Debenedetti’s results (17)

li[nm{GM +Gpp—2Gag }z GA+GH-2GY = finite except at a CP 8)
*p

limo{GBB ~Gag }= Gis~GAy = finite except at a CP )
IB—)

where here and after the superscript zero indicates the value of the quantity at the limit
of infinite solute dilution.

Molecular distribution functions and fluctuation theory then present a rich and
appropriate formalism within which to explore the structure and properties of supercriti-
cal solutions. Both the short-range microstructure, as probed by spectroscopic techniques,
and the long-range growth in the correlation of density fluctuations, as rcfiected in the
growth of the solute partial molar volume, can be described within this framework.

In a series of papers (22-26), Cochran and coworkers presented results calculated
from integral equation theories showing the structure of dilute solutions of Lennard-Jones
(LJ) particles representative of typical supercritical solutions. Integral cquation theories
are, of nccessity, approximate although the Reference Hypemetted Chain (RHNC) and
the Hybrid Mean Spherical Approximation (HMSA) theories have been shown to be
accurate within the uncertainty of simulation results for most states and, for moderate-10-
low densities, even the Percus-Yevick (PY) thcory is accurate (See, for example,
(27,28)). The PY theory (and probably the RHNC and HMSA theorics which have not
been evaluated for this question) exhibit mean-ficld behavior in the immediate vicinity of
a CP and, thus, cannot be accurate in this region; however, the results reported here and
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the states of technological interest are sufficiently far from the CP that this limitation is
not of concem.

Figure 1 shows the partial molecular volume of naphthalene in supercritical carbon
dioxide at reduced temperature T/T, = 1.01; the data are from Eckert et al., (1), and the
line is from PY theory with LJ potentials. The satisfactory agreement lends support to
the credibility of results that follow which were calculated from this simple model. Fig-
ure 2 compares the solvent-solute pair corrclation function of a dilute supercritical solu-
tion calculated by molecular dynamics (29) with the result from PY theory (for a repul-
sive mixture, see below). Calculations used the same LJ potential parameters and were at
the same state. The simulation results exhibit marked statistical fluctuations beyond the
first peak. Again, the satisfactory agreeement lends support to the results from PY theory
that follow.

pY,

E
I
o
)

|
o
o

—-150

SOLUTE PARTIAL MOLAR VOLUM

—200 - T
0.0 0.5 1.0 1.5 2.0

P*/pg

Fig. 1. Partial molar volume of naphthalenc in supercritical carbon dioxide vs.
reduced density at reduced temperature 1.01. Data points from Eckert et al.
(1); curve calculated from PY theory.
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Fig. 2. Solvent-solute pair comelation function for Ne in supercritical Kr
(repulsive mixture). Full line from molecular dynamics (25); dashed line cal-
culated from PY theory.

Figure 3 presents solvent-solvent, solvent-solute, and solute-solute pair correlation
functions calculated for a system representative of a typical, dilute supercritical solution
near the CP of the solvent. Quantitative examination shows that all three pair correlation
functions have long-range tails with g,g>1 for a dilute solution near the CP of the pure
solvent. Figure 3b shows how the solvent-solute pair correlation function grows as the
CP of the pure solvent is approached. The growth in the long range tail is responsible for
the growth of the partial molar volume, and the increase in the area under the first max-
imum, for spectroscopic effects. At the same time that the solvent-solute pair correlation
function is becoming long-ranged near the CP of the solvent, so also the solute-solute
pair correlation function becomes long-ranged. Because of the extreme diluteness of the
solute, such solute-solute microstructure has been characterized as aggregation. Figure 3¢
shows the growth of both short- and long-range structure in the solute-solute pair correla-
tion function as the CP of the pure solvent is approached. This high degree of solute-
solute aggregation appears entirely consistent with the spectroscopic results of Brennecke
and Eckert (10,11) which indicated a significant amount of excimer formation, even in
extremely dilute solutions, as the CP of the solvent is approached.

In addition to typical, attractive, dilute supercritical solutions which form large sol-
vent clusters around each solute molecule near the CP of the solvent, Debenedetti and
Mohamed (14) showed that repulsive systems are possible in which a deficit of solvent
molecules surrounds each solute molecule. For obvious reasons such systems were said
to form dilute, repulsive, supercritical solutions. Biggerstaff and Wood (15,16) have
recently measured apparent molar volume and heat capacity for Ar, C,H,4, and Xe in
supercritical water; these results indicate a deficit of ca. 40 water molecules in these
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a) Solvent-solvent pair correlation function.
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b) Solvent-solute pair correlation function.
Fig. 3. Pair correlation functions for pyrene in supercritical carbon dioxide
calculated from PY theory vs. reduced density, p* = pai4, at reduced tempera-

ture, T* = kT /e, = 1.415.

(continued)
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Fig. 3. (contd.) Pair correlation functions for pyrene in supercritical carbon
dioxide calculated from PY theory vs. reduced density, p* = poi,, at reduced
temperature, T° = kT/gq, = 1415,

repulsive mixtures. From Equations (1) and (2) it can be seen that a repulsive system
will exist, I' < 0, when (pkTxr — p¥) is negative. Since the first term is always positive,
this implies that the partial molar volume should be positive (opposite of the attractive
case), and that the magnitude of the partial molar volume term should exceed that of the
isothermal compressibility term. Equivalently, a repulsive system will exist when the
solvent-solute fluctuation integral is negative, G4 <0. By thermodynamic analysis
Debenedetti and Mohamed showed that if a dilute solution of B in A near the CP of A
forms a typical attractive solution, then a dilute solution of A in B near the CP of B
forms a repulsive solution. For example, since a dilute solution of krypton, Kr, in ncon,
Ne, near the CP of Ne forms a typical, attractive solution, then a dilute solution of Ne in
Kr near the CP of Kr will be a repulsive solution. Indeed, Petsche and Debenedetti (29)
performed molecular dynamics simulation studies of LJ mixtures representing both the
autractive Kr in Ne and the repulsive Ne in Kr systems and the short-range structure of
solvent molecules around the solute molecule exhibited just the clustering expected in the
attractive system and the rarefaction expected in the repulsive solution. Figure 4, from
PY theory, shows the cluster of excess solvent molccules around an attractive solute; also
shown is the cluster of solvent molecules around a solute identical to the solvent and the
deficit of solvent molecules surrounding a repulsive solute molecule.

Two recent studies (25,26) present results of integral equation calculations for LJ
mixtures representative of dilute, repulsive, supercritical solutions. Figure 5 presents
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Fig. 4. Cluster size (number of excess solvent molecules surrounding each
solute) vs reduced distance for an attractive solute, a solute identical to the
solvent repulsive, and a repulsive solute calculated from PY theory.

solvent-solute pair correlation functions for such a system as the CP of the pure solvent
is approached. Quantitative examination shows that the correlation functions have a
long-range tail with g,z <1 for a dilute solution near the CP of the pure solvent. Figure 6
presents the deficit in the number of solvent molccules compared with the bulk average
within a distance L from a solute molecule for the same states as Figure 5. The positive
contributions from the first, second, ... solvation shells and the large negative contribution
from the long-range structure are shown in clear perspective. For dilute repulsive super-
critical solutions, the negative growth of G, would result in a dramatic increase in the
fugacity and a large positive partial molar volume.

In repulsive systems as in attractive systems, at the same time that the solvent-
solute pair correlation function is becoming long-ranged near the CP of the solvent, so
also the solute-solute pair correlation function becomes long-ranged. While the solvent-
solute microstructure for a repulsive system indicates a deficit of solvent molecules
around each solute, the solute-solute structure indicates solute-solute aggregation as in the
attractive system. Figure 7 shows the growth of both short- and long-range structure in
the solute-solute pair correlation function for the repulsive system as the CP of the pure
solvent is approached. Figure 8 shows the solute aggregation surrounding the dilute,
repulsive solute for the same states as Figure 7.

Except the recent work by Biggerstaff and Wood (15,16) there is no experimental
evidence of the macroscopic effects of the fluid microstructure for a dilute, repulsive sys-
temn near the CP of the solvent. Theoretical studies, however, appear to be consistent.
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Fig. 5. Solvent-solute pair correlation functions for a repulsive mixture as the
CP of the pure solvent is approached calculated from PY theory.
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Fig. 6. Solvent-solute cluster size (number of excess solvent molecules sur-
rounding each solute) vs reduced distance for a repulsive mixture as the CP of
the pure solvent is approached calculated from PY theory.
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Fig. 7. Solute-solute pair correlation functions for a repulsive mixture as the
CP of the pure solvent is approached calculated from PY theory.
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Fig. 8. Solute-solute cluster size (number of excess solute molecules sur-
rounding each solute) vs reduced distance for a repulsive mixture as the CP of
the pure solvent is approached calculated from PY theory. As the bulk con-
centration of the solute is very dilute, pg = ppai, = 1107, the degree of
aggregation shown exceeds twice the bulk concentration.
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Figure 2 showed the solute-solvent pair correlation functions for a dilute, repulsive super-
critical solution (modeling dilute Ne in supercritical Kr near the Kr CP). The solid line is
the result from molecular dynamics simulation (29) and the dotted line is the result from
integral equation calculations (26). The repulsive behavior is evident in both results, and
the results show reasonable agreement for the short range microstructure where the simu-
lation is accurate. For practical reasons, molecular simulations of supercritical solutions
cannot be extended to explore long-range microstructure or solute-solute interactions.
These important phenomena may be examined experimentally by neutron scattering stu-
dies.

MICROSTRUCTURE EFFECTS ON SEPARATIONS

Through theoretical calculations we have examined the interesting microstructure of
dilute solutions near the CP of the solvent for the typical attractive supercritical solutions
as well as for the repulsive supercritical solutions that are suggested by theory. Equations
1—6, from Kirkwood-Buff solution theory, relate important bulk properties to the fluid
microstructure. Cochran and Lee (30), following work by Debenedetti and Kumar (31),
showed that the concentration dependence of the fugacity coefficient of a solute B, ¢z,
can be calculated from its value at infinite dilution, ¢§ using the following expression:

08/08 = exp(—A%pxs) = explpxs [G™ + G - 2G™]) (10)

where A was defined in terms of the Kirkwood fluctuation integrals in Eq. (6) which are
evaluated at the infinite dilution limit in this case.

The fugacity cocfficient of a typical attractive solute decreases rapidly in a super-
critical solvent as the solvent is compressed toward its CP. The dramatic effects on solu-
bility of non-volatile solutes in supercritical solvents, then, follow directly from the
changes that occur in the solution microstructure. The solubility effects form the basis of
separations processes such as supercritical extraction and supercritical fluid chromatogra-
phy. The equilibrium performance of the separation process may be predicted from
theory based on understanding of the changing fluid microstructure. Applications to
dilute binary supercritical solutions have been presented previously (32-34). The funda-
mental solubility equation from Kirkwood-Buff solution theory

[4
kTdpg = ppGapdP + X Ips pi(Gpi — Gui) + Bpippldu; an
isA

describes the behavior of solute B in solvent A in a c-component mixture. For a dilute
solution of a pure, incompressible solid

kTdpglps = (G + v§)dP (12)

where v§ is the constant molecular volume of the solid. From Eq. (12) it is seen how
the equilibrium solute concentration increases with the solvent-solute fluctuation integral,
Gyp , for typical attractive solutions. For a dilute, repulsive solution, however, the sign of
G.p is negative so dpg/dP is negative, and the equilibrium solute concentration may be
expected to exhibit a dramatic decrease as the pressure is raised toward the critical pres-
sure. Also, for dilute repulsive solutions, solute partial molar volume is predicted to
become large and positive near the critical point. The experimental results of Biggerstaff
and Wood (15,16) support these predictions. The fugacity or chemical potential of a
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dilute, repulsive solute is likewise predicted to increase dramatically as the pressure
increases toward the critical pressure; thus, one might expect the solute to experience an
increasing tendency to leave solution under such a compression.

The effects of a second solute and the effects of an added co-solvent on the solubil-
ity of B are expressed through Eq. (11) in terms of the Kirkwood fluctuation integrals
which are directly related to the solution microstructure. Quantitative theoretical examina-
tion of these interactions in temary supercritical solutions is to be presented in a forth-
coming paper (35).
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