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[. Introduction

In 1869, Thomas Andrews! first recognized the
presence of the critical point, which gave birth to a
new world of critical phenomena and supercritical
fluid science. Later in 1879, Hannay and Hogarth?3
measured the solubility of solid in supercritical fluid.
In 1895, Villard*® attempted to observe the changes
in the color of I, dissolved in CO, when CO, passed
through the critical point. These are the pioneering
works opened up the subsequent research of solubil-
ity and the microscopic observation of solvation in
supercritical fluids. In 1937, Michels et al.® made
precise measurements of the state of CO, near the
critical point, which is still referenced in many text
books for demonstrating the critical behavior of
substances. In 1950s, the solubility of dense gases
was a lively topic both from the scientific and
technological points of view. Since then, detailed data
on solubility and thermodynamic quantities of high
density gases including supercritical water have been
accumulated mainly from the practical interests of
chemical engineering. Physical chemists have been
rather indifferent to compressed dense gases except
for those who were interested in high-pressure chem-
istry.

Since 1980s several reviews on the spectroscopy
and reactions in supercritical fluids have been pub-
lished both from the scientific and engineering view-
points. Two important and pioneering reviews were
published by Troe’s group”® in which they discussed
the theoretical and experimental aspects of photo-
dissociation, recombination, and isomerization reac-
tions in the gas—liquid transition region. Then,
researchers in the field of chemical engineering made
an appreciable contribution to develop the physical
chemistry of supercritical fluid. An ACS Symposium
Series volume (no. 406, Supercritical Fluid Science
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and Technology) published in 1989° compiled many
excellent articles reviewing the field by that time. In
particular, first four reviews following the overview
by Johnston are closely related to the present review.
Two subsequent ACS Symposium Series volumes (no.
488 edited by Bright and McNally and no. 514 edited
by Koran and Brennecke)'%! also consist of reviews
of the related topics. A recent review by Savage et
al.’? is rather comprehensive and includes a large
number of reactions related to chemical engineering
applications. Another review appeared recently in
The Journal of Physical Chemistry B stresses the
effects of inhomogeneity on the solute dynamics in
supercritical fluids.!?

The present review intends to summarize the
studies of simple reactions which are important for
clarifying the significance of static and dynamic
solvent structure in the dynamic processes in super-
critical fluids. To gain insights into the reactions
taking place in supercritical fluids, one should first
know the characteristics of supercritical fluids, in
particular, near the critical point. The key charac-
teristics of supercritical fluids are the inhomogeneity
in space and the fluctuation in time. When a solute
molecule with attractive solute—solvent interaction
is placed in a supercritical fluid near the critical
point, fluid solvent molecules quickly gather around
the solute molecule due to the solute—solvent attrac-
tive interaction. The inhomogeneity thus caused in
supercritical fluids is quite pronounced as compared
with that in ordinary liquids. This process is often
called “solvation” or “clustering”. It is also called
“density augmentation” or “enhanced local composi-
tion”. The definitions of these terms are rather
ambiguous. In the present review, the attention is
focused on the effect of the solvent molecules in the
immediate vicinity on the energy transfer and chemi-
cal reactions of the solute molecule. Therefore, the
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term “solvation” is better than clustering because
clustering sometimes implies the gathering of an
enormous number of solvent molecules around the
solute molecule. When the term clustering is used in
this review, it means the enhancement of solvent
density within first two or three solvation shells.
Such a group of molecules consisting of a solute
molecule and solvent molecules in the nearby solva-
tion shells is called a cluster. Although the fluctuation
in the solvation structure with time has attracted less
attention so far, the coupling of such fluctuation with
dynamic processes in supercritical fluids will be an
attractive target of the future research.

After providing theoretical and experimental back-
grounds of the solvation in supercritical fluids in
section I, I would like to show in section 111 how this
solvation affects reaction dynamics in supercritical
fluids and why physical chemists are so interested
in studying the effects of the solvation on chemical
reactions and energy transfer processes. The funda-
mental theories underlying each type of reaction are
briefly summarized in the first part of each section
in order to recognize the merit of studying a given
reaction under supercritical fluid conditions. The
significance and the nature of the effect that the
solvation exerts on the dynamics is depending on the
character of the reaction considered. This is the
reason a variety of reactions have been studied in
supercritical fluids.

Il. Solvation in Supercritical Fluids

A. Thermodynamic Quantities in Terms of
Microscopic Molecular Interactions

In the formalism of thermodynamics, all the
important thermodynamic quantities can be derived
from Helmholtz free energy A and, therefore, the
key to analyzing the supercritical solution is to
evaluate Helmholtz free energy of binary mixtures
with specific molecular interactions:

A=—k;TInQ @)
Z
Q= N3N
NIA
N Nlj\sN f...fe_ﬁuN(rl’rz’"’rN) drp.dry  (2)

where Q is the partition function for a canonical
ensemble of N particles locating at {ry,r»,...ry}, and
A expresses the reciprocal of the one-dimensional
translational partition function, h/(2zmkgT)2. kg is
the Boltzmann constant and f depicts 1/(kgT). Uy
means the potential energy of the system consisting
of N particles.

If we assume that the potential energy of the
N-body system is pairwise additive as

Uy = zuij(rij) ©)

1>]

the distribution function g@(ry,r,) plays an important
role connecting the microscopic intermolecular



Solvation in Supercritical Fluids

T T T

— g, htr) 2
------- c(r)

1
—

h(r), c(r)

L
(AN

riA

Figure 1. Typical shapes of the radial distribution func-
tion gi»(r) and the direct correlation function cy,(r) for a
fluid. hyy(r) is defined as gi»(r) — 1.

potential ujx(r) and thermodynamic quantities.
g@(ry,r,) is proportional to the probability of finding
molecules 1 and 2 at r; and r», respectively. For
spherically homogeneous distribution, g®(ry,r,)
simply expresses the distribution of the relative
distance between molecules 1 and 2, and only the
function of the distance, r = |r, — ri|. Hereafter,
therefore, g@(ry,ry) is written as g(r). A schematic
shape of g(r) is shown in Figure 1. Within the hard-
sphere diameter, the second molecule cannot be
placed and g(r) is zero. Then, due to the packing
structure of molecules in fluid or dense gas, a peak
appears around the minimum of the interaction
potential, followed by alternating valleys and peaks.
In case of solid, the periodic location of molecules
makes the oscillation last for a considerable length.
In contrast, for liquid or dense gas, the oscillation
disappears quickly, approaching the random distri-
bution of the second molecule, i.e., g(r) — 1.

With the radial distribution function g(r), the
potential energy of the N-body system can be
expressed ast‘since

S fueNdr,..dry

0= - @
_ N(l;T;D [ fe MUy dry...dry,
= 2'\'_; L2 up(ng(ryaaridr, (5)
since
o(r) = ] NN~ 1) fmfe_iNNdrsmdrN (6)

Similarly, pressure p and chemical potential 4 can
be expressed in terms of g(r) as

p

2
— . __P o 2
T I kT Jo ru'(r)g(r4mr” dr (7

and

lf‘—T =In pA% + % Ji [ u(n)g(rie)dnr® dr d& - (8)

where £ is a Kirkwood coupling parameter expressing
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the variable interaction between the central molecule
1 and the other molecules in the system.*

Once the thermodynamic quantities are evaluated
in terms of the intermolecular potential, one can
derive all the important characters of liquids and
dense gases such as the P—V—T relation, partial
molar volumes and solubility even near the critical
region. However, it is not easy to evaluate g(r) for
dense fluids with a variety of interaction potentials.
Three types of approaches have been attempted at
this stage to confront this difficulty: solving integral
equation, performing molecular dynamics (MD)
calculations, and replacing g(r) with a much simpler
function or empirical parameters. In the first strat-
egy, one needs to solve an integral equation like the
Kirkwood equation** to obtain g(r). More often, the
Percus—Yevick (PY)*® or the hypernetted chain
(HNC)' equation with the Ornstein—Zernike proce-
dure'” has been used in combination with the
numerical integration method. This method is, how-
ever, not easy to apply to a variety of solvent—solute
systems used in actual experimental studies. The
molecular dynamics calculations, the second
approach, are rather easy to handle once the inter-
molecular potential parameters are given. However,
because of its nature, the MD computations are quite
time-consuming when one tries to evaluate thermo-
dynamic quantities accurately in various conditions.

The third approach is practical and convenient for
estimating thermodynamic quantities of many binary
systems actually used in chemical engineering. There-
fore, a variety of methods along this line have been
developed in the field of chemical engineering. One
example is the local composition model. Since the
attractive potential u;,(r) causes the enhanced local
concentration of molecule 2, the thermodynamic
guantities can approximately be expressed in terms
of the local composition in place of the radial distri-
bution function. Such treatment was first proposed
by Wilson'® and developed by Mollerup,’® Prausnitz
and co-workers,?°~22 and other groups. Johnston?®
extended this treatment to the mixtures in the
critical region. The appropriateness of the simplified
treatment has been evaluated by comparing the
enhancement of local composition and relevant ther-
modynamic quantities with those obtained by Monte
Carlo (MC) and molecular dynamic (MD) calcula-
tions?* of the same binary mixtures. The concept of
cluster stems from the local composition approxima-
tion to the radial distribution function.

B. The Cluster Concept

1. Solubility and Partial Molar Volume

One of the hot topics in Faraday Discussions held
in 19532 was the solubility of solids in dense gases.?®
Ewald et al.?” proposed an equation for the solubility
of solids at medium-density gas as

X5 1 3 1
|n(F = (V; - ZBlz)v + VgBu - §C112 ? +
2
4 1
V§C111 - §D1112 ? + ... (9)
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Figure 2. Partial molar volume of naphthalene dissolved
in supercritical CO;, at 308.4 K as a function of fluid
density. The plot is based on the data by Eckert et al. (ref
32).

where x, and xJ are the mole fractions of the solute
2 with and without gas molecules 1, respectively. V§
and V expresses the molar volume of the solid solute
and the solvent gas, respectively. Bi, denotes the
second mutual virial coefficient reflecting the inter-
action between the solute vapor and the solvent gas,
and is expressed by using the interaction potential
U1o @S

B, =3 [y [ — exp(~pugldar’ dr  (10)

Cijx and Dijq are respective virial coefficients. They
interpreted eq 9 by describing that “this excess
solubility may be expressed in terms of a virial
expansion in which the successive coefficients
represent the clustering of simple gas molecules, pair
of gas molecules, etc., around one molecule of solute”.
Franck?® further extend the idea to consider the
association equilibria between one solute and n
solvent gas molecules and succeeded in reproducing
the solubility curve such as naphthalene in ethyl-
ene,?®3% benzene in N, and so on.

On the basis of the measured partial molar vol-
umes of naphthalene in CO, and ethylene in the
critical region,3 Eckert proposed the concept of
cluster of solvent molecules around the solute mol-
ecule for an intuitive understanding of large negative
partial molar volume as shown in Figure 2. They also
have demonstrate that the simple treatment of
complexation equilibria

solute + n solvent = solute(solvent),

just like that proposed by Franck, can roughly
reproduce the pressure dependence of the partial
molar volume when n is assumed to be 10—50.31%2

Kim and Johnston® tried to combined such a
cluster concept with the local composition model by
comparing the solubility data with solvatochromism
in supercritical solutions. On the basis of the MD
calculations, Debenedetti®* 36 suggested that the
clustering of supercritical solvent molecules could be
related to the large negative partial molar volume.
However, Economou and Donohue®” argued that the
mean field theory can well reproduce the partial
molar volume and the cluster need not be considered.
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Although they admitted the local enhancement of the
solvent molecules as demonstrated by the solvato-
chromism, they considered neither the large solubil-
ity change nor the negative molar volume to be the
consequence of this enhancement around the solute.
Fernandez-Prini®® also examined the solubility in
near-critical region and pointed out that the existence
of cluster is not necessary to explain the observed
behavior.

2. Spectroscopic Detection of Clusters

In 1980s, the spectroscopic evidences for the en-
hanced solvent composition around a solute were
reported successively from several laboratories and
now the presence of such an enhanced local composi-
tion or clustering seems to be established. As sug-
gested in the preceding section, however, such
clustering does not necessarily explain all the
important phenomena observed in supercritical
solutions. In this chapter the spectroscopic evidences
for the solvation in supercritical fluid solutions will
be discussed briefly. The readers may find more
comprehensive collection of the evidences in a review
of this same volume written by Tucker. An excellent
review for the works in 1980s was given by Johnston.®®

a. Spectral Shifts in Absorption Spectra. Or-
ganic physical chemistry has a long history in
parametrization of reactivities for a variety of
reactions occurring in organic and inorganic solvents.
The reactivity is controlled by the reactant electronic
nature as well as the environment where the reaction
proceeds. The Hammett ¢ parameter?® and its varia-
tion express the controlling factor in the reactant side
whereas Y,* Q% 74 E4(30)* and Kamlet—Taft
a* 4546 values express the factors in the solvent side.
For example, the E+(30) value expresses the solvent
polarity by using the Sy — S; electronic transition
energy of betaine. Since the ground and excited states
of betaine are ionic and neutral, respectively, polar
environment stabilizes the ground state and conse-
qguently giving a blue shift in the absorption
spectrum. Therefore, the larger the Et value, the
greater the polarity of the solvent.

Hyatt* first determined the E+(30) value of liquid
and supercritical (SC) CO, and compared the value
(34 kcal/mol) with other liquid solvent, 30.9 for
n-hexane and 46.0 for acetonitrile. Sigman et al.*®
then examines the density dependence of the solvent
parameter s* for supercritical CO,. They observed a
large variation of 7* with varying density, though the
z* value for liquid CO, is almost similar to that of
SC CO, at the same density. Yonker et al.*>%0 also
determined the 7* parameters for supercritical CO,,
N,O, CCIsF, NH; Xe, SFs, and CO,—CH, mixtures.

Kim and Johnston®! first tried to use the batho-
chromic shift of absorption spectra, Er, as a measure
of the local solvent density. They measured the
density dependence of the Et value of phenol blue in
ethylene, CF3;H, and CF;Cl, and found that the Et
value at low density was smaller than that predicted
by the second-order quantum mechanical perturba-
tion theory of transition energies; the excited state
of phenol blue was more stabilized than expected.
This observation suggests that the local dielectric
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constant around a solute molecule is larger than that
of bulk fluid, indicating the occurrence of the local
density enhancement. They estimated the local
density near the solute molecule to be equal to the
bulk density that gives the same Er value in the
theoretical prediction using the bulk dielectric
constant of the fluid. Further, they predicted the
linearity between the Er value and the rate constant
in supercritical fluid solvents, which is now estab-
lished in a variety of reactions and even in energy
transfer as given in the next section. Yonker and
Smith%~54 also discussed the relation between the 7*
value and the local solvent density in terms of a
dielectric continuum model.

b. Stokes Shift in Fluorescence. When a mol-
ecule consists of electron-donating and electron-
accepting parts, the electron moves from the donor
to the acceptor on photoexcitation and the molecule
acquires a large dipole moment. Such reaction is
called the intramolecular charge transfer reaction
and known to be quite sensitive to the solvent
polarity. The fluorescence emitted from the charge
transfer (CT) state is largely red-shifted from the
excitation wavelength because of the large stabiliza-
tion of the CT state by polar solvent. Using such a
spectral shift, called as a Stokes shift, one can easily
evaluate the polar nature of the solvent including
supercritical fluids. Kajimoto et al.% first applied
such Stokes shifts to estimate the solvent clustering
around the CT molecule in polar supercritical CFzH.
They showed that the Stokes shift of 4-(N,N-di-
methylamino)benzonitrile (DMABN) in low-density
CF3H is much larger than the shift expected from
simple Onsager reaction field theory (Lippert—
Mataga equation) and attributed this to the local
enhancement of solvent density.

Y.-P. Sun et al.*¢ observed both the absorption and
fluorescence spectra of DMABN and ethyl 4-(N,N-
dimethylamino)benzoate (DMAEB) in supercritical
CF;3H, CO,, and ethane in a wide density range. They
found that DMAEB could form the CT state even in
nonpolar supercritical CO, due to the different excited-
state potential surface from that of DMABN as is
well-known in nonpolar liquid solvent. The trend in
the bathochromic shifts in the absorption spectrum
was found to be quite similar in both compounds. In
the bathochromic shifts in the CT fluorescence
spectra of DMAEB measured in CF3H, they observed
the same trend as that reported previously for
DMABN.55

c. X-ray and Neutron Diffraction Measure-
ments. X-ray or neutron diffraction is a powerful tool
to detect the time-averaged fluctuation or the inho-
mogeneity in supercritical fluid. With the small-angle
scattering experiment one can obtain the information
on the long-range structure of the fluids, whereas the
wide-angle scattering experiments provide the
information on the short-range order of the fluids.
Nishikawa et al.5"~%° applied this technique to super-
critical CO, and CF3H and estimated the radial
distribution function, which is shown in Figure 3 for
supercritical CO; at 308 K together with that of liquid
CO.. The thermodynamic parameters for the points
A—E are given in Figure 4. Although the radial
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Figure 3. Radial distribution functions of liquid and
supercritical CO, evaluated with the X-ray scattering
technique. Note that the ordinate is not g;;(r) but
47r2(g11(r) — 1). The top plot corresponds to liquid CO, and
other plots downward are for the states along the isotherm
at 308 K; the labels A—E depict the states as defined in
Figure 4. (Reprinted from ref 61. Copyright 1997 American
Chemical Society.)

P/MPa

Figure 4. Line of maximum fluctuation is shown by the
chain line on the P—p diagram. The line starts from the
critical point and extends upward. The fluctuation contours
are also shown by dotted lines. (Reprinted from ref 61.
Copyright 1997 American Chemical Society.)

distribution function of pure fluid, gii(r), is not
necessarily the same in its behavior as gi»(r) for a
solute—solvent system, it is worthy to know how g1(r)
changes with varying density. For liquid CO,, the
first to the third peaks are clearly seen in the range
of 4—15 A. For supercritical CO,, these peaks are
broadened and the radial distribution function takes
a positive value in a wide range of radial distance.
This positive region further increases as the critical
region is approached and could be considered as an
indication of a cluster. However, one should note that
g11(r) shows just the average enhancement, not
guaranteeing the real existence of the cluster of this
size. Further, Nishikawa and Morita®® evaluated the
spatial fluctuation (inhomogeneity) from the zero-
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angle X-ray scattering intensity 1(0) observed at
various (P,V) conditions near the critical point and
found that the fluctuation, [AN)?JONC] showed the
maximum along a line passing through the critical
point on the P—V—T chart®%6! as is shown in Figure
4. They considered this line to be a kind of third-order
phase transition.

Ishii et al.,®27%4 using the neutron diffraction tech-
nique, evaluated the radial distribution function and
the correlation length, a measure of the fluctuation,
along an isotherm. For supercritical Xe, CO,, and
CF3H, they showed that the fluctuation became
maximum at the critical density and the coordination
number was a linear function of the reduced density.

C. Applicability of the Cluster Concept to
Phenomena in Supercritical Fluids

Cluster is a simple and practical concept to explain
a variety of phenomena in supercritical fluids. How-
ever, one should be cautioned not to abuse this
concept. In the present section, the usefulness and
limitation of the cluster concept will be discussed
from the three viewpoints. First one is the spatial
range of the phenomena of interest, i.e., the short-
range or long-range phenomena. The second one is
the nature of interaction which governs the specific
phenomenon, the attractive or repulsive interaction.
The final viewpoint concerns the fluctuation. The
important features of supercritical fluids is its large
fluctuation of density both in space and in time,
which may control the phenomena occurring in
supercritical state, particularly near the critical
point.

1. Short-Range or Long-Range Phenomena

Supercritical fluids have been studied in many
aspects including the equation of state, partial molar
volume, compressibility, heat conductivity, solubility,
diffusion, and viscosity, in addition to spectroscopy
and chemical reactions. To classify these properties
in terms of their fundamental molecular interactions,
several viewpoints are proposed: microscopic or
macroscopic properties, short-range or long-range
interactions, and direct or indirect interactions.
Although these viewpoints are similar, the details are
different and sometimes the difference among these
viewpoints are ambiguous.

a. Macroscopic or Microscopic. The classifica-
tion by the term “macroscopic” or “microscopic” is
rather ambiguous. Table 1 represents the hierarchy
of properties of supercritical fluids or solutions in the
rough order of increasing microscopic character. The
guantities appearing in the upper part of the table
are usually obtained by means of macroscopic or bulk
measurements. On the other hand, the quantities in
the lower part are evaluated mainly by spectroscopic
methods which detect microscopic molecular interac-
tions acting within a few angstroms. Technique of
measuring the properties could be used as a part of
definition. The characteristic length necessary for the
property to appear would be a more quantitative
measure to differentiate macroscopic properties from
microscopic ones. Among the thermodynamic quanti-
ties in Table 1, some are closely related to the
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Table 1. Hierarchy in the Properties of Supercritical
Fluid in the Order of Increasing Microscopic
Character

Phenomena Detection Theory
Static Dynamic
<Macroscopic>
P-V-T Convection P-V-T Thermodynamics

Isothermal
compressibility
Partial molar volume

Thermal conductivity

Diffusion

Solubility Viscosity X-ray, Neutron g(r)
scattering
Spectral shift Energy transfer IR, Raman Local Composition
Reaction UV absorption Clustering
NMR, ESR

ps, fs-measurements ~ MC, MD
<Microscopic>

solvation or clustering while others are rather
insensitive to it. The macroscopic properties in the
upper part of Table 1 are usually not greatly affected
by the solvation. The property of solvent fluid mostly
characterizes the features; the solute molecules give
just a perturbation. On the other hand, the lower part
of Table 1 lists the solute properties in supercritical
fluids, which directly reflect the solvation structure
in the vicinity of the solute.

b. Short-Range or Long-Range. The term “short-
range” or “long-range” expresses the characteristic
length or diameter of the area where a static or
dynamic phenomenon of interest takes place. For
example, the isothermal compressibility expresses
the gathering of an enormous number of solvent
molecules and the range of gathering molecules is
quite long. On the other hand, solvation or clustering
ordinarily indicates the gathering of the solvent
molecules within a few angstroms and can be clas-
sified as a short-range phenomenon. The phenomena
discussed in the present review are spectral shifts,
energy transfer, and reactions, all of which belong
to short-range category and are closely related to the
clustering. The width of the solvation shell could be
used for a measure of the cluster; for instance, a
solute molecule and the solvent molecules within a
certain solute—solvent distance can be considered to
constitute a cluster. In a simple model of clusters,
the number of solvent molecules in the first solvation
shell is the important parameter controlling the
short-range phenomena. In terms of the radial
distribution function, the number of solvating
molecules could be estimated by integrating g(r) in
the range of the first solvation shell.

c. Direct or Indirect. According to the Ornstein—
Zernike relation:

h(ry,) = c(ryp) + pfc(r13)[g(r23) —1]dr; (11)

h(ri2) (=g(r23) — 1) consists of the two contributions,
direct and indirect. The direct contribution, expressed
by the direct correlation function c(ry2), represents
the direct interaction between the solute 1 and the
solvent molecule 2 in the fluid and could be
approximated by exp(—uiz(r)/kT) — 1 in the p — 0
limit. The second term of eq 11 represents the
indirect contribution, which is the sum of all the
contributions c(ri3) from the solvent molecules 3 being
present around the molecule 2 with the weight of



Solvation in Supercritical Fluids

01 02 03 04 035 06

Density /pC) ’

Figure 5. Partial molar volume of pyrene, evaluated from
PY calculations, in supercritical CO, at T, = 1.02 as a
function of CO, density. The contribution from the short-
range direct term is negligibly small. All quantities are
reduced in terms of solvent’s Lennard-Jones parameters.
The plot is based on the data by Chialvo and Cummings
(ref 65).

p(g(rzs) — 1). To illustrate these interactions, one can
imagine that the molecule 2 wears clothes. Then, the
direct part c(rq2) expresses the radial distribution of
the molecule 2 determined by the interaction between
the solute molecule 1 and the solvent molecule 2
without the clothes. On the other hand the indirect
part means the effect of the clothes on the distribu-
tion of molecule 2; if the clothes are very thick and
rough, they disfavor the presence of the molecule 2
in close vicinity of the molecule 1.

As shown in Figure 1, ¢(r12) is a monotonic function
of ry,. It decays monotonically to zero with increasing
ri; after passing the maximum. On the other hand,
g(r) — 1(= h(r)) shows an oscillation in its tail.
Therefore, the second term of eq 11, the indirect term,
is responsible for this oscillating tail. Since the
indirect term is proportional to the bulk density, the
oscillatory features are enhanced at high densities
such as pure liquid state. Thus, the density or the
number of solvent molecules in the first solvation
shell is determined by the two factors, c(ri2) and the
indirect term. The contribution of c(ri2) is usually
much larger than the indirect term. Roughly speak-
ing, the short-range phenomena are controlled by the
direct contribution c(ryp).

Using the above concept, Chialvo and Cummings®®
evaluated the direct and indirect contributions
separately in various thermodynamic quantities such
as partial molar volumes, isothermal compressibility,
and residual chemical potentials of the system
consisting of a solute pyrene and solvent CO, mol-
ecules. They have demonstrated that the partial
molar volume and isothermal compressibility are
determined by the indirect contribution whereas the
residual chemical potential is controlled by the direct
contribution. Figure 5 shows the partial molar
volume of pyrene in supercritical CO, as a function
of CO, density, together with the contribution, from
the short-range term. Apparently, the contribution
from the short-range term is negligibly small in all
the density range and the negative partial molar
volume around the critical density should be at-
tributed to the large compressibility of the solvent
itself in that region. That is, the long-range, indirect
contribution determines the features of the partial
molar volume.
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Munoz and Chimowitz% examined the controlling
factor of the chemical potential, which relates to
solubility, in near-critical fluid using integral equa-
tion calculations. They noticed that the chemical
potential was relatively invariant to the local density
enhancement because of countermanding energetic
and entropic effects. Their analysis showed that
although the observed solvation gave an appreciable
enthalpy gain to enhance the solubility, the entropy
loss due to the gathering of solvent molecules dis-
favored the solubility. Their findings suggest that we
must take the total thermodynamic balance of the
system into account to discuss the thermodynamic
guantities of supercritical solutions. It should be
noted, however, that for strongly interacting systems
such as ions in supercritical water, the chemical
potential is significantly influenced by the local
density enhancement.

d. Clustering Number and the Direct Contri-
bution. The above arguments led to the conclusion
that the concept of cluster should be applied only to
the properties reflecting the character of molecular
dimensions, i.e., short-range phenomena. For the
energy transfer and chemical reactions the short-
range interactions play a critical role and the concept
of cluster acts as an useful measure. For the
phenomena given in the lower part of Table 1, one
can develop the discussion based on the solvation or
clustering number of solvent molecules around a
solute.

The clustering number N, can be estimated by
integrating the radial distribution function within an
appropriate range, r; to rp, which defines the solva-
tion shell. As given in eq 12 and Figure 6, we
candivide the contributions to Ngs into two parts,

NY and N2

clus clus*
Nclus = 475:0,/;12912(’-)’-2 dr
= 4p (1 + hy(N)r? dr

= N{) + N& (12)

clus clus

N§2s = 4ap [ r" dr

N$s = 4ap [0 ,,(N)r? dr = 4zp [ e ,(r)r? dr

The first contribution N&. simply corresponds to
the volume of the solvation shell multiplied by the
bulk fluid density and equals to the average number
of solvent molecules in this volume. It increases

linearly with increasing bulk density as is shown in

Figure 6. The second contribution N equals to the
integration of hi,(r) within the solvation shell and
represents an increment of the solvent molecules due

to the local molecular interactions. After passing the

maximum around the critical density, N&.
decreases with increasing fluid density due to the
solvent—solvent repulsion. Since the main contribu-

tion to hyy(r) at the short distance comes from the

direct correlation function ci(r), N could be

approximated by the integration of ci»(r) instead of
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Figure 6. Clustering number derived from the radial
distribution function gi,(r) can be divided into two compo-
nents N{_and N&_. The density dependences of N§ and
N&_ are schematically illustrated. In the low-density
region, attractive interaction plays a significant role and
hence N&)_ gives a considerable contribution. In the high-
density region, however, N§). becomes the main compo-
nent.
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Figure 7. Plot of C*;; as a function of bulk density for
the pyrene—CO, and the DTBN—ethane systems calculated
by Chialvo and Cummings. (Reprinted with permission
from ref 65. Copyright 1994 American Institute of Chemical
Engineering.)

hi2(r) in the range of r; to r,. The behavior of this
integral must be parallel to that of the direct
correlation function integral C>;;

C=12 = 4mp [ Cyp(r)r* dr (13)

because ci(r) is small outside the range of r; to ry,
Figure 7 shows the plot of C*;, as a function of bulk
density for the pyrene—CO, system calculated by
Chialvo and Cummings.®® In the low-density region,
Ciz increases linearly to the fluid density, passes the
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maximum, and then decreases with increasing den-
sity. This behavior is caused by the negative value
of ¢(r12) at small ri2, which becomes prominent at high
densities.

On the basis of the density dependence of each

component, N and N%_ one can understand the
behavior of the clustering number Ns with varying
fluid density. As depicted schematically in Figure 6,
it increases linearly at low densities but more rapidly
than expected from the increase of the bulk density
when the molecular interaction ui»(r) attracts solvent
molecules toward the solute. In the medium-density

region, the contribution by the attractive interaction

N& _ decreases gradually, and at high densities the
total clustering number finally merges to the simple

density contribution N§).. Such a behavior of Ngjus
provides a basis for the Langmuir-type adsorption
model of solvation which will be discussed in section

11.D.

2. Attractive or Repulsive Compression

In various phenomena occurring in supercritical
fluids a plateau is often observed around the critical
density when the observed quantity is plotted against
the fluid density. One example from the pioneering
study by Simmons and Mason®’ is given in Figure 8.
The rate of the dimerization of CF,=CFCI showed a
plateau just around the critical density. Sun et al.%®
showed that the bathochromic shift in the absorption
and fluorescence spectra of DMABN and DMAEB
gave a similar trend. The recent measurements of
the energy transfer and spectral shifts reported from
Fayer's group®#%° provide us another example, which
will be discussed in section I11. A.

At low supercritical fluid densities, the attractive
force is the driving force for the cluster formation.
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Figure 8. Rate constant for the dimerization of CF,=CFCI
as a function of reactant density at 135 °C. A plateau is
observed around the critical density. (Reprinted with
permission from ref 67. Copyright 1972 Elsevier Science.)
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When the kinetic energy of fluid molecules is smaller
than the solute—solvent attractive potential, the
solvent molecules tend to gather around the solute
molecules to form a cluster. The number of clustering
solvent molecules increases with increasing fluid
density up to around the critical density and then
levels off toward the solvation number in the liquid
phase, as was shown in the preceding section. The
plateau observed in various experiments most prob-
ably has its origin in the leveling off or the saturation
in the solvation number, because such a plateau has
been observed for the short-range phenomena.

When the density is further increased in excess of
the liquid density, the repulsive interaction comes
into play. The repulsive compression then increases
the number of solvent molecules in the solvation
shell. Although the repulsive interaction disfavors the
enthalpy of the solvent system, the electronic per-
turbation from the surrounding solvent molecules
may be intensified. Consequently, the red shift of the
electronic spectrum and the rate of chemical reac-
tions again start increasing with increasing density.
It is important to recognize that the driving force is
different in different density regions; the attractive
interaction is predominant in the low-density region
while the repulsive interaction controls the phenom-
ena at high densities.

3. Fluctuation

a. The Features of Fluctuation Revealed by
MD Calculations. As is well-known, the salient
features of the supercritical fluid is “fluctuation” in
space and time. Although various phenomena can be
explained in terms of the average clustering number
hC]the important variables of supercritical fluids are
the space fluctuation of the clustering number [{AN)?0]
and the time-dependent fluctuation of n, [An(0)An(t)C
No definite experimental results showing the effect
of these fluctuations on energy transfer or reactions
have reported so far. A simple molecular dynamics
(MD) simulation was performed to illustrate these
fluctuations. A spherical solute atom of large attrac-
tive L-J potential was immersed in spherical solvent
atoms modeling Ar.” The solvent atoms within 5 A
of the solute atom was considered to form a cluster
and the solvation number was estimated. The aver-
age clustering number, the cluster size distribution,
and the time-dependent variation of the cluster size
were evaluated.

Figure 9 illustrates the density dependence of the
cluster size distribution evaluated from the above-
mentioned simulations. The distribution is widest at
the critical density. When the simulation is per-
formed close to the critical conditions, the cluster size
distribution becomes much wider. Using small-angle
X-ray scattering, Nishikawa et al.%%¢! showed that
the extremum of [An)2Oexists along the extension
of the coexistence curve of gas and liquid in the P—T
phase diagram of pure CO, and CFz;H solvents. We
can expect that the fluctuation of solvation number
or the size distribution also shows extremum on the
same curve. The effects of the wide size distribution
on the reaction and energy transfer, if any, would
become maximum along this line.
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Figure 9. Density dependence of the cluster size distribu-
tion based on a MD simulation (see text). The size distribu-
tion is widest at the critical density. (Reprinted with
permission from ref 70. Copyright 1997 Deutsche Bunsen
Gesellschaft fur Physikalische Chemie.)
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Figure 10. Time-dependent fluctuation of the solvation
number based on a MD calculation (see text).

The time-dependent fluctuation of the solvation
number is shown in Figure 10 based on the MD
calculations. Although the detailed features of the
fluctuation varies with the fluid density, the char-
acteristic time of the fluctuation seems to be about 1
ps. When the transition state is sensitive to the
environment, the instantaneous barrier height of the
reaction may fluctuate with this time scale. If the
rate of barrier crossing is of the same order to the
fluctuation, the rate would be significantly affected
due to the fluctuating barrier height. We have
conducted the electron-transfer reaction of N,N-
dimethylbenzonitrile in supercritical CF;H to detect
the effect of time-dependent environmental fluctua-
tion. Unfortunately, no definite clue of the interfer-
ence between the environmental fluctuation and the
barrier crossing rate have been recorded thus far.
Nevertheless, such experiments is extremely inter-
esting to clarify the interplay between fluctuation and
reaction dynamics.

b. Temperature-Dependent Features of Clus-
ters. The characteristics of clusters varies with
temperature as schematically shown in Figure 11.
Near the critical point at T ~ T, the solvent fluid
molecules themselves are apt to form clusters of
extremely large size, which change their shape and
range with time. When solute is dissolved into the
fluid under such conditions, the solute molecule is
ordinarily accommodated within a large clusters and
probably makes the cluster lifetime longer due to the
stabilization by attractive interaction. Thus, the
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Figure 11. Different character of clusters formed in
different temperature ranges. Near the critical temperature
the solvent molecules tend to form a large cluster even
without a solute molecule. At higher temperatures, the
solute molecule with strong attractive interaction is neces-
sary to trigger the clustering of solvent molecules.

lifetime of the polar environment for the solute
molecule becomes longer as the critical point is
approached. In addition, if the solute molecule is
located near the center of the solvent cluster, the
polarity fluctuation should be small, just like in the
liquid.

At the temperatures appreciably higher than the
critical temperature T > T, (T, = 1.05), the solvent
fluid itself is rather uniform and homogeneous as
depicted in the figure, and the isothermal compress-
ibility of the fluid is not large. However, when a
solute with large attractive solute—solvent inter-
action is placed in this fluid, the solvent molecules
form a cluster surrounding the solute molecule. The
number of solvent molecules participating in the
cluster under such conditions are rather small and
they form only the first and second solvation shells,
in contrast to the above-mentioned large clusters
near the critical point. The solute—solvent interaction
is more important at this temperature than the
solvent—solvent interaction. Depending on the
balance between the solute—solvent interaction and
the temperature (kinetic energy of solvent molecules),
the cluster lifetime varies probably in the range of
0.5 to 2 ps. The time scale of the fluctuation in the
environmental polarity will be the same order, which
is much shorter than that near the critical point. In
this way, by adjusting the temperature of the system,
one can adjust the lifetime of the cluster and conse-
quently the fluctuation (correlation time) of the polar
environment around the solute molecule.

c. The Lifetime of Clusters. The experimental
measurement of the cluster lifetime or the correlation
time of the density fluctuation has not yet been
conducted. Therefore, the cluster lifetime is estimated
from the MD calculations. Patsche and Debenedetti®*
carried out the MD calculations of the system con-
sisting of a Xe-like Lennard-Jones atom and Ne-like
Lennard-Jones atoms in supercritical conditions.
They noticed the enhancement of Ne density around
the solute Xe. Figure 12 shows the time dependent
location of the five Ne atoms surrounding the Xe
atom at T, = 1.4 and p, = 0.35. Three Ne atoms out
of five are still in the first solvation shell 2 ps after
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Figure 12. Time dependence of solute—solvent distance
corresponding to the five closest Ne atoms (indicated as
1-5 in the figure) surrounding a Xe atom at T, = 1.4 and
or = 0.35. All Ne atoms are located within 5 A during first
1 ps. The lifetime of clusters could be defined based on the
loss of originally clustering solvent molecules. (Reprinted
with permission from ref 34. Copyright 1989 American
Institute of Physics.)

the start. If the lifetime of cluster is defined from the
decay of the atoms originally surrounding the solute
atom, the lifetime is estimated to be 1—2 ps in the
present case. Since other Ne atoms can enter into the
solvation shell while these five atoms depart from it,
the actual polarity of the environment is maintained
for the period much longer than the cluster lifetime
defined here.

Liew et al.”* performed the MD calculation for the
pyrene—CO, system. They defined the cluster as
consisting of a pyrene molecule and the CO;
molecules having the radial kinetic energy less than
or equal to their pair potential energy. They found
that the clustering CO, molecules originally in the
first solvation shell remained there with a lifetime
of 2 ps.

In the above procedure of estimating the lifetime,
replacement of solvent molecules is stressed too
much. Even though the replacement takes place, the
polarity of the environment does not change. Only
when a solvent molecule departs from the solvation
shell and no solvent molecule comes in, the polarity
of the environment decreases. Therefore, the change
in the number of solvating molecules is important
rather than the replacement. The reaction dynamics
should be related to the correlation time for the
number of solvating molecules in the first solvation
shell.

D. A Simple Langmuir-Type Model of Clustering

1. Basic Idea

To explain the spectral shifts observed in the
absorption and fluorescence spectra, Kajimoto et
al.%5"2 proposed a simple Langmuir-type model for
the evaluation of actual clustering number in the first
solvation shell. When the intermolecular potential
between a solute and a solvent is given as ui»(r) and
the range of the first solvation shell is assumed as r;



Solvation in Supercritical Fluids

— Iy, the bulk solvent density p; which provides a
single solvent molecule in the solvation shell can be
evaluated in the low-density limit as

1=p, ff exp(—U,(N/kTdxr* dr  (14)

Then, the bulk density necessary for supplying m
molecules in the first solvation shell, pm, would be
obtained by putting m instead of 1 in eq 14. However,
the first solvation shell can accommodate only a
limited number of solvent molecules because of the
limited surface area of the solute molecule. To
express such restriction, the idea of Langmuir
adsorption equilibrium is adopted. If the maximum
number of molecules accommodated in the first
solvation shell is n, and m molecules are presently
accommodated, the Langmuir isotherm requires the
equilibrium like

m m
ko' = k1= o (15)

where the left-hand side is the out-going rate with
the rate constant of ko and the right-hand side
corresponds to the in-coming rate. Using the condi-
tion that p becomes p; for m = 1, the equation
becomes

m(n — 1)
P=PL " m (16)

The resulting equation expresses the relation
between the number of solvating molecules m and
the bulk density of the supercritical solvent p. By
applying this equation one can estimate the solvation
number at a given fluid density.

To apply this model to a specific solute—solvent
combination, one has to estimate the solute—solvent
intermolecular interaction potential ui(r) first and
calculates p; according to eq 14. A simple way of
obtaining the intermolecular potential is to measure
the solubility of the solute into the supercritical fluid
of interest. One could use absorption spectroscopy or
other analytical technique to measure the concentra-
tion of solute dissolved in supercritical fluid at
varying solvent density. Then, using eq 9, the mutual
virial coefficient B, is derived; By, in turn is a
function of the intermolecular potential as given in
eq 10. Equation 10 can be solved easily by numerical
integration with an assumed form of interaction
potential. Although Kajimoto et al. used the Suth-
erland potential with two parameters C and o

Up(N=—-- r>o an

= r<o
any potential could be used.

2. Applications

Although the above model looks too simple, it
turned out that this model excellently reproduces
various phenomena occurring in supercritical solu-
tions, in particular, the phenomena where the first
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solvation shell plays an essential role. Kajimoto et
al.’? measured the maximum of the absorption
spectrum of benzonitrile (BN) as a function of fluid
density and found that the observed red-shift
significantly deviates from that predicted from the
Onsager relation. On the basis of the spectral shift
observed for 1:n BN—CF3;H complexes in a supersonic
jet, they determined the spectral shift per attaching
CF3H molecule. By assuming the linear relation
between the clustering number and the red-shift in
supercritical fluid, they further estimated the solva-
tion number as a function of solvent density. The
clustering number thus evaluated in supercritical
fluid solvent is greatly enhanced in the lower density
region, gradually saturates toward high density, and
approaches to the solvation number in the liquid
phase. This behavior is in excellent agreement with
that expected from the Langmuir adsorption iso-
therm. Using the measured solubility of BN in CF3H,
they estimated the intermolecular potential and
calculated the solvation number as a function of fluid
density by means of the Langmuir-type model. If the
maximum number of solvent molecules in the first
solvation shell is assumed to be 6, the estimated
solvation number perfectly fits the curve obtained
from the spectral shift. Recently, Bulgarevitch et al.”®
measured the absorption spectra of 4-nitroanisole in
supercritical CO, at various fluid densities. They
found that the spectral shift was well reproduced by
the Langmuir-type model with the maximum number
of CO, molecules in the first solvation shell being 8.

Nakagawa’ showed that the ionization potential
of anthracene measured in supercritical Xe as a
function of Xe density can well be reproduced by
using the above model. Within the framework of the
Born approximation, the ionization potential should
follow the relation

eZ

=1 +V,——=
:  2RA-eH?

(18)

where Iy and V, are the adiabatic ionization potential
in the gas phase and the energy of the conduction
band for the injected electron, respectively. ¢ is the
dielectric constant of the fluid as a function of bulk
density. R expresses the radius of the molecule. As
Figure 13 shows, this relation does not reproduce the
observed trend. If one takes into account the
clustering number which is estimated by the above-
mentioned procedure, the observed trend was
precisely reproduced by the equation

mp
py(m—1) +p
(19)

lp =14+ Vo—nA=1,+V,— A

where A means the polarization energy induced by
association of one fluid molecule with the solute
molecule and taken to be —0.18 eV for an anthracene
molecule in supercritical Xe.

Schwarzer et al.”® also applied the Langmuir-type
cluster equilibrium for the analysis of vibrational
energy dissipation from highly excited ground-state
azulene molecule to supercritical fluid molecules
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Figure 13. lonization potential of anthracene measured
in supercritical Xe as a function of Xe density: (line A) born
approximation, and (line B) Langmuir-type approximation.
(Reprinted with permission from ref 74. Copyright 1996
Elsevier Science).

outside. They found that the energy transfer rate
would not increase linearly with increasing density
of supercritical fluid and, therefore, sought the mech-
anism which reduces the energy transfer efficiency
as the density increases. They proposed that the
solvent molecules in the immediate vicinity must
shield the hot molecule from direct collisions with the
solvent molecules outside the solvation shell. To
evaluate the shield efficiency, they estimated the
clustering number using the Langmuir-type model.
Although the model using the estimated solvation
number explained the observed trend in the low- and
medium-density region, it could not reproduce the
observation at high densities, where the energy-
transfer efficiency again becomes higher. The
discrepancy probably suggests that the mechanism
of energy dissipation at low density is different from
that at high density where the heavy packing of
solvent molecules may cause a different kind of
energy-transfer mechanism.

Flanagin et al.”® used the Langmuir-type model for
estimating the maximum solvation number of water
to various cation and anion species and found that
such a simple approximation well explains the
solvation in supercritical water. Using the molecular
dynamic simulation—statistical perturbation method,
they calculated the number of water molecules in the
immediate vicinity of the anion produced during the
course of the symmetric Sy2 reaction, CI~ + CH3Cl
— CH3CI + CI™. They found that the Langmuir-type
model could predict the water solvation number as a
function of fluid density and this solvation number
correctly predicted the free energy of solvation.
Furthermore, in the ion solvation in supercritical
water, the density dependence of the water solvation
number estimated from the model is in excellent
agreement with the result of MD calculations. They
evaluated the parameters of the Langmuir-type
model suitable for calculating the solvation number
for various alkali atom cations and halogen anions,
which provide the simple way of estimating the
solvation number and free energies of solvation at a
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variety of pressures and temperatures of supercritical
water.”’

3. An Extension

The above-mentioned model of clustering considers
only the solute—solvent attractive interaction explic-
itly and the solvent—solvent repulsion is taken into
account by assuming the Langmuir-type equilibrium.
Although such a model can well express the satura-
tion in the number of molecules in the first solvation
shell with increasing density, it cannot represent the
further increase of the solvating molecules at much
higher bulk density. As mentioned in section 11.C, at
such high density, we have to take into account the
effect of repulsive compression around the solute
molecule. The attractive interaction controls the
clustering up to slightly above the critical density.
Above this density the repulsive compression controls
the structure of the solvation shell. The repulsive
force from the outside further increases the number
of solvent molecules in the first solvation shell or it
compresses the radius of the first solvation shell,
making the effect of second solvation shell nonneg-
ligible.

Equation 12 suggests us how to incorporate the
effect of repulsive compression in the simple cluster-
ing model mentioned in section 11.D.1. The solvation
number Ny is determined by the two terms in eq

12. The first term N _ increases linearly with the

clus
density while the second term, N@_ increases
sharply in the low density region and then levels off
in the medium-density region. Both the linearly

increasing term and the contribution from N _ are
included in the Langmuir-type adsorption model
at low and medium densities. As indicated
schematically in Figure 6, gi2(r) is approximated as
exp(—u(r)/ksT) at the low-density limit. As the
density increases, this approximation fails because
of the repulsive interactions between the solvent
molecules, and the integration of hi,(r) decreases
rapidly above the critical density. However, even at

the higher densities, N{). still increases linearly
with the density. This increase is due to the repulsive
compression which pushes the solvent molecules to
the repulsive wall of the interaction potential. As
stated in section 11.C.2, the additional solvent mol-
ecules in the solvation shell could exert the electronic
effects on the solute molecule or enhance the removal

of the internal energy of the solute (chromophore).

To connect the N¢s value estimated in the attrac-
tive region to that in the repulsive region, one may

calculate the fluid density that makes N, equal to

the maximum solvation number n of eq 16, by

assuming N& ~ 0 at this density. One can connect
the curve from the Langmuir-type model to that for
the repulsive compression regime at this density, as
Figure 6 indicates. However, the density thus calcu-
lated is usually too high; in the case of DMABN in
supercritical CFzH, the density corresponding to
seven CFzH molecules (n = 7) in the first solvation
shell becomes 1.28 g/cm?®. Therefore, the range of the
solvation shell can be slightly extended because at
high densities the second solvation shell may make
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an additional contribution and N&_ still makes a
contribution at high densities. When the outer wall
of the solvation shell is extended to about 30% of the
original width of the solvation shell, the increase of
the solvation number can be smoothly connected
between the regions of two kinds of compression

regime.

lll. Effects of Solvation on Energy Transfer and
Chemical Reactions in Supercritical Solutions

A. Energy Transfer and Dissipation

Energy transfer in the gas and liquid phases is a
fundamental processes controlling the rate of chemi-
cal reactions. In the transition-state theory, the
thermal equilibrium is assumed all through the
reaction process and in the RRKM theory the com-
plete energy randomization within a microcanonical
ensemble is the basic prerequisite. When the
collisional energy transfer takes place much faster
than the barrier crossing, the reacting system could
be maintained in thermal equilibrium with the heat
bath. In the same way when the collision-induced
intramolecular energy transfer is very efficient, the
complete randomization of energy within a reacting
molecule could be achieved. In the low-pressure limit,
however, the actual reacting system may proceed
under nonequilibrium conditions. Then, the
collisional energy transfer rate as a function of
density/pressure is quite important in determining
the fundamental environment for reactions.

Usually in the liquid phase the energy transfer or
dissipation is expected to occur much faster than
any reactive processes and hence the complete
equilibrium or the establishment of the Boltzmann
distribution is assumed as a basis of reaction rate
theories. On the other hand, in the gas phase, the
energy transfer is a bimolecular event and hence the
collision number with bath gas molecules is the
fundamental quantity in determining the rate of
energy transfer. To extrapolate the gas phase theory
to liquid phase, one has to define the collision number
in the liquid phase. However, in the dense gas or the
liquid phase, it is difficult to define the separate
bimolecular collisions, since the average distance
between the energized molecule and the solvent
molecules is in the order of the collision diameter
defined in the gas phase. Furthermore, the bimol-
ecular collision may not be an independent event but
a significant number of termolecular collisions could
occur in the dense environment. In this sense the
observation of the energy transfer rate with varying
density is quite interesting from both the experimen-
tal and theoretical viewpoints.

1. The Independent Binary Collision Model

A simple method for estimating the collision num-
ber in the liquid phase is proposed by Helzfeld and
Litovitz as “Independent Binery Collision (IBC)
model”.”®7 They have assumed that the rate of

Chemical Reviews, 1999, Vol. 99, No. 2 367

vibrational energy transfer causing the i—j transition
in the liquid phase, k;;, can be expressed as

kij(p!T) = Pij(T)Zqu(p!T) (20)

where Pj; is the energy transfer probability per
collision and assumed to be independent of the
density of the liquid. Z,iq depicts the collision number
in the liquid phase, and usually estimated from the
gas-phase collision rate Zss and the values of the
radial distribution functions, giig(r*) and ggas(r*), at
a critical distance where the energy transfer mainly
occurs, i.e.,

Piigig(r™)

Zi,=Z
lig gas pgasggas(r*)

(21)

where pgas and piig denote the bulk density of gas and
liquid phases, respectively. This simple treatment
offers reasonable estimation of the energy transfer
in the liquid phase in many cases. For example,
Simpson and co-workers®%8! investigated the energy
transfer between N, and NO in both gaseous and
liquid xenon at the same temperature and found that
the rate constant for the nonresonant (AE > 150
cm™1) V-V energy transfer was the same in the both
phases. Harris and co-workers studied the vibrational
relaxation of hot I, molecule in liquid Xe of various
densities® 8 and found that the IBC model is correct
even for the molecular system with large amplitude
motions (170—210 cm™1). However, for near-resonant
V-V transfer where AE is small and AE/h becomes
closer to collision frequency, IBC model seems to be
inadequate in predicting the rate constant in liquid
phase.?

For the energy dissipation in polyatomic molecules,
Troe and co-workers have reported a series of experi-
ments using highly vibrationally excited Sy mol-
ecules. Schwarzer et al.® studied the deactivation of
highly excited ground-state azulene in supercritical
fluids of varying densities. Azulene molecules were
excited to S; state with a subpicosecond laser pulse
at 620 nm and allowed to make rapid internal
conversion to highly vibrationally excited S, state.
The deactivation was followed by using the probe
pulse at 580—600 nm which excited the deactivating
So azulene molecules to S, state. They found that the
decay of the average energy, [E[] of the excited
azulene molecule was expressed by the exponential
form

[E(t) 0= [E,Lexp(—tiz,) (22)

They first measured the phenomenological cooling
time, 7., for various solvent gases at low pressure.
The cooling rate, 1/z., is considered to be proportional
to the collision number Z at low pressure, and the
proportional constant depends on the energy trans-
ferred per collision with a selected bath gas molecule,
[AEL) as

1 [AEQ
—=— 23
T, EO (23)
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Figure 14. Collision frequency dependence of 7,71 for
energized azulene molecule in supercritical C,Hg, together
with the prediction by the Langmuir-type adsorption
model. The collision frequency Zp is calculated by using
the modified IBC model. (Reprinted with permission from
ref 85. Copyright 1996 American Institute of Physics.)

They examined whether this relation could hold at
high density, using the collision frequency, Z, derived
by the independent binary collision (IBC) model with
the use of eq 21 but using solvent self-diffusion
constant D instead of the radial distribution function
pg(r). Then they found [AEOin both dilute gas and
supercritical fluid to be quite similar for He up to very
high densities. However, for other gases such as N,
Xe, CO,, and C,Hg, [AEOgradually decreased above
the density of 1 mol/L. As Figure 14 shows, the
dependence of z.* on the collision frequency pre-
dicted by the modified IBC model is not linear as
depicted by the broken line but with a significant
curvature. This fact indicates that the evaluation of
collision number by the modified IBC model is no
longer valid at high densities for these gases. A
similar trend was observed for the collisional
deactivation of cyclooctatetraene in compressed
supercritical fluids.8®

To interpret the leveling-off behavior of 7.7,
Schwarzer et al. proposed three possibilities. The first
possibility is the ineffective heat transfer from the
first solvation shell to solvent molecules outside.
However, the macroscopic thermal conductivity is
even larger than the observed heat transfer rate. The
second interpretation is the incomplete IVR in the
azulene molecule, which could retard the energy flow
to the environment. This interpretation, however,
cannot explain the large difference between He and
Xe in the energy transfer efficiency. The final
possibility is the clustering. Clustering of solvent
could suppress the energy dissipation through the
collisions with outer solvent molecules because of the
indirect contact of colliding molecules with the
azulene molecule. In other words, clustering solvent
molecules act as a shielding against the efficient
energy transfer. On the basis of the final possibility,
Schwarzer et al. calculated the clustering number
using the Langmuir-type model®® and found that the
observed trend could be reproduced up to the fairly
large densities for various gases. The solid line in
Figure 14 depicts the trend predicted by the cluster
model. This model, however, could not reproduce the
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further increase of the energy transfer rate in much
higher density region.

Recently, Schwarzer et al.”® compared the energy
transfer rate of hot azulene with the spectral shift
in the absorption spectrum of the same molecule
under the same condition. They found that the
density dependence of these two quantities perfectly
coincided with each other. To explain the density
dependence, they used the standard IBC model
assuming the constant energy transfer probability
per collision. They evaluated the radial distribution
function of solvent molecules around the solute
molecule using Monte Carlo simulations with
Lennard-Jones potentials for solvent—solute and
solvent—solvent interactions. The density dependence
of the collision number was found to be in excellent
agreement with the trend observed in the density
dependence of the energy transfer rate. They also
demonstrated that with the use of the same radial
distribution function, the observed density depen-
dence of the spectral shift was well reproduced. These
results strongly suggest that both the energy transfer
and the spectral shift reflect the environment of
direct vicinity of the azulene molecule, i.e., the first
solvation shell.

2. A Fluctuation Model

Fayer and co-workers have examined the energy
relaxation process in dense gases using a carbonyl
compound, W(CO)s, whose CO stretching vibration
was excited to v = 1. Urdahl et al.®8%° studied the
relaxation process of vibrationally excited W(CO)g by
a pump—probe technique using picosecond IR pulses.®”
Their results are shown in Figure 15. In supercritical
CO; at 33 °C which is just above the critical temper-
ature, the lifetime T, of the vibrationally excited
W(CO)s first decreases smoothly from 900 ps at 0.09
g/cm?® to 700 ps at 0.22 g/cm?® and then stays at the
almost constant value of 670 ps between 0.3 and 0.65
g/cm?® and again starts decreasing above 0.65 g/cm?.
On the other hand, at 50 °C which is sufficiently
above the critical temperature, the above tendency
of forming the plateau becomes weak. They also
measured the bathochromic shift of CO stretching
vibrational frequency with increasing density in
supercritical CO; at 33 and 50 °C, and found that its
density dependence was in close parallel to the
lifetime of vibrationally excited W(CO)s at both
temperatures as shown in Figure 15.
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Figure 15. Lifetime of vibrationally excited W(CO)s and
the bathochromic shift of CO stretching vibrational fre-
quency with increasing density in supercritical CO; at 33
°C. The plots are based on the data by Urdahl et al. (ref
69).
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To explain the observed trend, Urdahl et al.
proposed a theory based on the force correlation
function formalism®8 combined with the thermo-
dynamic properties of supercritical fluids.®® With the
Hamiltonian for the harmonic oscillator of mass m
and natural frequency of w under the influence of
fluctuating force F(t) by solvent molecules

HP L s F(O)x (24)
2m 2

where x and p denote the displacement and the
momentum of the oscillator, the vibrational relax-
ation rate can be expressed as a Fourier transform
of a classical force autocorrelation function as

T,'= “ dtF()F(0) cos(wt)  (25)

1
mkoT

They evaluated the force autocorrelation function
using bulk properties of fluids such as thermal
compressibility «t, the thermal diffusivity D+, and the
correlation length &. After elaborate manipulation of
the equation using relations among these quantities
and a number of approximations, they finally derived
the equation at the limit of k& > 1,

/i
TIl 0 _I_Pl T'KT

C,1 (k=0) [ dtcos(wt) [dk x
exp(—DEKt) (26)

where p; denotes the solvent density and Cyi(k) is
the Fourier transform of the two-particle direct
correlation function c,;(r) between solute and solvent

S e ey (r) dr (27)

C21(k) could be approximated by C,1(0), since Cz1(K)
at large k makes small contribution near the critical
point.

On the basis of eq 26, they examined the variation
of T;* near the critical point and found that the
three quantities, [(o1cr)/k%)/E2, D&, and €, (0), in
the equation were all insensitive to the density. The
calculated density dependence of T, well reproduced
the observation. Since they only used the thermody-
namic properties of fluids, they claimed that the
microscopic concept of cluster was not necessary to
explain the observed insensitivity of the vibrational
relaxation rate to the density near the critical point.

Urdahl et al. further demonstrated that the IR
spectral shift Av could also be expressed in terms of
the above quantities near the critical point as

Cau(k) =

/K3
(Av)2 0 T2P1 T/KT

C1(0)* (28)

and again pointed out that the invariance of the
frequency shift near the critical point was explainable
within the framework of the fluctuation formalism.
Mayer et al.”! measured the temperature dependence
of the lifetime of vibrationally excited W(CQO)s near
the critical densities. The lifetime increases between
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300 and 370 K and then decreases at higher temper-
atures. According to their theory based on the
classical force autocorrelation function, the lifetime
should decrease monotonically with increasing
temperature. Although they suggested the inclusion
of the quantum correction into the classical theory
to improve the agreement, they have not yet come
up with a reasonable way of quantum corrections.

It should be pointed out here that the above
treatment based on the autocorrelation function
contains so many approximations and assumptions.
In particular, the replacement of the integral of Cai(k)
with constant x Czl(O) could lose the information of
molecular interaction with solvent molecules of im-
mediate vicinity. The density and temperature
dependence of the terms appearing in the above
equations should be evaluated carefully in the
approximation procedures.

3. IVR and Energy Dissipation

The energy transfer process from a highly excited
chromophore molecule to the environment could be
divided into two successive processes. The first
process is the intramolecular energy redistribution
(IVR) within the chromophore molecule and the
second one may be the energy dissipation from this
fully energy randomized molecule to the bath gas or
solvent molecules. The solvent molecules in the first
solvation shell may be involved in the first process.
Ordinarily, this first process takes place quite rapidly
and the majority of the experiments report the time
history of the second process.

In the vibrational relaxation of azulene given in
section 11.A.1, the vibrational energy in highly
vibrationally excited azulene is probably well
randomized among various vibrational modes through-
out the process of energy dissipation to solvent fluid
molecules. The vibrational mode coupling in the S;
— Sp internal conversion and also the presence of
many vibrational modes in azulene as well as the
large excess energy help the excess energy to be
distributed randomly before the energy dissipation
starts. On the other hand, in the experiments using
W(CO)s the vibrational population in a specific
vibrational mode of the chromophore molecule was
detected. It is therefore not certain whether the
vibrational energy is transferred to solvent molecules
(dissipation) or into other vibrational modes of W(CO)s
(IVR). In actual events, it may be difficult to
discriminate the energy dissipation to solvent from
the IVR process. These processes could occur simul-
taneously because the solute molecule and closely
located solvent molecules form a kind of complex and
the intermolecular vibrations within the complex
could participate in the IVR process. Such phenom-
ena are observed in rigid van der Waals complexes
formed in a supersonic jet.%?

From the above viewpoint, the density dependence
of the rates for both 1VR and energy dissipation is
quite interesting, particularly, in the supercritical
region. At low densities, clusters are well distin-
guished from the bulk area. The clusters in such
situation, may provide a chance to discriminate the
rapid IVR within the cluster, the chromophore plus
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several solvent molecules, from the slow energy
dissipation to distant solvent molecules through
collisions. The observation of both the energy loss
from the chromophore and the energy gain in solvent
molecules is critical for such discrimination. Recently,
in the liquid phase, the energy dissipation was found
to occur much faster than expected. Using thermal
grating technique, Terazima®® observed very rapid
(~3 ps) heating of solvent H,O after exciting the
chromophore ion Ni?*. The mode dependence of the
energy dissipation rate was also suggested in the
vibrational energy transfer from vibrationally excited
S; trans-stilbene to solvent molecules.®* Further
studies are necessary to elucidate the energy dis-
sipation process in the condensed phase.

B. Rotational Relaxation

The study of rotational relaxation in liquids has a
long history. The basic idea was provided by the
Stokes—Einstein—Debye (SED) equation®~°7 which
relates the rotational reorientational time 7, with the
hydrodynamic viscosity n of the solvent and the
volume of a rotating spherical molecule V as

_nv

T kT

(29)

For any general molecules, the equation can be
modified as

_nVv

" keT

fstiekC T 7o (30)

where 1y is the rotational reorientational time at zero
viscosity and qualitatively related to the free-rotor
correlation time. The shape factor fgik is a well-
specified dimensionless hydrodynamic frictional
coefficient for stick boundary condition and only
depends on the shape of a solute molecule. For
example, fqick of a prolate spheroidal with a ratio A
of its longitudinal to axial dimensions can be calcu-
lated as®®

fstiok =
2(A% + 1)(A% — 1)t*

3A{(2A% — 1) In[A + (A? — 1)°°] — A(A? — 1)*%}
(31)

The boundary condition parameter C expresses the
effect of solute—solvent boundary and is strongly
dependent on the shape of the solute, the solute—
solvent interaction, and the solvent density. In the
majority of cases, the boundary condition is taken to
be “stick”. That is, the solvent molecules in the first
solvation shell coherently rotate with the solute
molecule. When the solute molecule is spherical, both
f and C are set equal to unity and the equation is
reduced to the original SED equation. On the other
hand, for the “slip” boundary condition, where the
solvent molecules do not rotate, C becomes zero for
a spherical solute molecule; the spherical solute
molecule rotates freely and is independent of sur-
rounding solvent molecules. When the molecular
shape is not spherical but spheroidal, friction is
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operative between the solute and solvent molecules
even in the slip case, because the rotation of a
nonspherical molecule inevitably causes the displace-
ment of solvent molecules. The selection between the
stick and slip conditions largely depends on the
relative molecular size of the solute and the solvent
molecules. When the solute molecule is much larger
than the solvent molecule, the stick condition holds
in most cases, whereas the rotation of a relatively
small solute molecule is better expressed by the slip
model. This is due to the interstitial space formed
by solvent molecules where the small solute molecule
can rotate freely. In this sense, the microscopic
molecularity now enters into the macroscopic hydro-
dynamic formalism.

Following the original proposal of slip conditions
by Hu and Zwanzig,*® several research groups have
developed methods for evaluating C in a variety of
conditions. The most commonly used is the Dote—
Kivelson—Schwartz (DKS) equation based on their
guasihydrodynamic free volume model.1® In the DKS
equation, C is given by

C=[1+ylg]™ (32)
with

= (G Ve + 1 (33)
P

where Vp and Vs denote the volume of the solute and
solvent molecules, respectively. ¢ is a factor express-
ing the ratio of the effective rotational volume to Vp.
When the solute—solvent interaction is small, ¢ could
be taken to be fsik to a first approximation. AV is
the smallest volume of free space per solvent
molecule and can be represented as

AV = BiynkgT (34)

using hydrodynamic quantities such as «r and 7, and
the constant parameter B which is independent of
temperature.

As being apparent from the above explanation, the
microscopic features due to the molecular interaction
between the solute and solvent molecules are all
confined into the constant C. Despite its simplicity,
the above formalism has successfully explained, at
least qualitatively, a variety of solute—solvent
systems in the liquid phase.'®~192 The ordinary way
of comparison is to plot the measured rotational
reorientation time against (»/T). According to the eq
30, the slope and the intercept of the linear plot
correspond to VfC/kg and 7o, respectively. In some
cases, however, the linear plot is not appropriate to
express the relation between 7. and #/T, which
suggests modifications to the above treatment are
needed.

Experimentally, various methods have been used
to obtain the rotational reorientational time. The
most direct technique is to measure the anisotropy
decay of fluorescence using picosecond laser
system.'% The steady-state anisotropy measurement
in fluorescence, combined with the fluorescence life-
time measurement, has also been used.'®? Further-
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more, NMR spin—lattice relaxation times 1941% and
the evaluation of rotational diffusivity by simulating
ESR spectral® provide the correlation time for a
second-rank Legendre polynomial component P,(cos
0). Although, for symmetric top molecules, 7, can be
different for rotations parallel and perpendicular to
the top axis, one usually obtains a single weighted
average correlation time or the longer value of the
two correlation times.

Supercritical fluids, as discussed in the previous
section, can provide a variety of environmental condi-
tions for the energy transfer experiments, from
collision-controlled gaslike conditions to diffusion-
controlled liquidlike conditions. In addition, they also
provide various degrees of density fluctuation which
might affect the relaxation time. Such consideration
urged scientists to measure the rotational reorienta-
tion time in supercritical fluids. Anderton and Kauff-
man'®” measured the rotational correlation time of
trans,trans-1,4-diphenylbutadiene (DPB) and trans-
4-(hydroxymethyl)stilbene (HMS) in supercritical
CO; at 35 °C with a stationary anisotropy technique.
They found that in both cases the rotational correla-
tion time increases with increasing fluid density
between 0.3 and 0.8 g/cm?. To relate these correlation
time with the density augmentation or local density
around a rotating solute molecule, they have propose
a modified DKS model which explicitly includes the
local density of fluid as

|
n(p12)V
T = kBT fstickc(pllz) + To (35)

where the local density p}, is defined as

P1o(R) = p(L + F(gy,(r))) (36)

The local density parameter, F(gi2(r)), is an integral
equation in the radial distribution function g;»(r) of
solvent molecules and expresses the excess solvent
density in the region of a solute molecule. R repre-
sents the radius of the first solvation shell. The local
solvent viscosity n(pllz) is calculated from the den-

sity expansion of viscosity whereas C(pllz) is esti-
mated according to the DKS method except the
evaluation of AV using the relation:

M
AV === = Vg aqw (37)

P12

where M denotes the solvent molar mass and Vs yaw
means the van der Waals volume of the solvent
molecule. The analysis using the above equations
showed that, in the case of DPB, F(gi2(r)) is nearly
zero with a possible small positive value at low
densities whereas HMS gave the value of 0.4 for
F(g12(r)) in all the density region. This result suggests
that the rotational correlation time is influenced by
the solute-induced clustering with varying extent
depending on the solute—solvent interaction.

Heitz and Bright'® measured the rotational
reorientational time of N,N’'-bis-(2,5-tert-butyl-
phenyl)-3,4,9,10-perylenecarboxodiimide (BTBP) in
supercritical CO,, CFzH, and C;Hg at the reduced
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Figure 16. Rotational reorientational time of BTBP as a
function of fluid density p*(= p/pc) between 1.2 and 1.9. The
experimental results from Bright's and Maroncelli’s groups
are compared. The plots are based on the data by Heitz
and Bright (ref 108) and by Heitz and Maroncelli (ref 103).

temperature T* = 1.01 with a phase modulation
technique. In all three supercritical fluids, the rota-
tional reorientational time was unexpectedly long
and decreases with increasing fluid density p*(=p/
pc) between 1.4 and 1.9 as shown in Figure 16. At
the highest density, the reorientation time ap-
proaches the value of hydrodynamic prediction. Ap-
plying the above-mentioned Anderton—Kauffman
method to the observed data, they concluded the local
density to be 3 times larger than the bulk density
(p* = 0.9). However, such a high augmentation ratio
indicates that the local density at p* = 0.9 exceeds
the liquid density, which is quite puzzling.

Simulating the bandwidth of ESR spectra with the
parameters for rotational diffusivity and Heisenberg
spin exchange rate, de Grazia et al.!% estimated the
rotational correlation time of copper 2,2,3-trimethyl-
6,6,7,7,8,8,8-heptafluoro-3,5-octanedionate (Cufod) in
supercritical CO; at 35 °C. At low fluid densities (p*
= 0.7-0.8), they also reported an extremely long
correlation time, which decreases with increasing
density and approaches the value predicted by the
SED model at the highest density (o* = 1.8). The
Anderton—Kauffman analysis again suggests that
the local density at p* = 0.7 is by a factor of 4 larger
than the bulk density. The derived local density is
even larger than the highest bulk density used in
their experiments.

Recently, Heitz and Maroncelli'®® determined the
rotational correlation times of 9,10-bis(phenylethy-
nyl)anthracene (PEA) and BTBP both in liquid
hydrocarbons and in supercritical CO; at 35 °C with
picosecond time-domain measurements of fluores-
cence anisotropy. They found that the correlation
time was as short as 25 ps for BTBP at p* = 1.4 and
increased with increasing density, contrary to the
previous work by Heitz and Bright'®® who reported
the value of 180 ps at the same density. Comparing
with the predictions by the hydrodynamic formalism
discussed above, Heitz and Maroncelli concluded that
the behavior of BTBP is quite normal, whereas that
of PEA deviates significantly from the prediction near
the critical point. The observed trend for PEA sug-
gests that local density augmentation leads to in-
creased rotational friction on the solute rotation and
an effective density must be 50—100% greater than
the bulk density in the region of p* = 0.8—1.0. The
difference in the density dependence in the rotational
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correlation time between BTBP and PEA could be
attributed to the different density region used for
each experiment; the PEA experiment was performed
near the critical density, whereas the BTBP experi-
ment was conducted at higher densities due to its low
solubility. At the density region close to or lower than
the critical density, the local density is certainly
higher than the bulk density by about 50—100%
depending on the solute—solvent interaction. Heitz
and Maroncelli also measured the spectral shifts of
PEA and BPBT and estimated the density augmen-
tation around these solute molecules in supercritical
CO,. The augmentation estimated from the spectral
shifts were completely in parallel with that estimated
from the rotational correlation times. They suggested
that the discrepancy between the two observations,
theirs and those by Heitz and Bright, could be due
to the wavelength selected for fluorescence detection;
the wavelength chosen by Heitz and Bright may be
significantly affected by the solvent Raman band.

Although there are some disagreement in the
observed density dependence of the rotational cor-
relation time among the researchers, all agree that
the solvent density augmentation occurs in super-
critical fluids and significantly affects the solute
rotation. As pointed out by Heitz and Maroncelli, the
parallelism between the spectral shift and the
rotational correlation time is quite interesting since
these two phenomena are different in their nature,
static and dynamic, and hence may have different
length scale in their effective solute—solvent inter-
action. As stated in the preceding section, the density
dependence of vibrational energy dissipation was also
in parallel to that of the spectral shift.

C. Diffusion Controlled Reactions

1. Basic Concept of Diffusion-Controlled Reactions

The diffusion coefficient is also a density dependent
hydrodynamic quantity. It decreases monotonically
with increasing density or increasing collision num-
ber. The diffusion coefficient is defined by the Fick’s
law, which states that the number of molecules
moving in the x direction through a cross sectional
area of S per unit time is proportional to the
concentration gradient in that direction, that is,

dn_ _.dc
dt — PSux (38)

where n and c represent the number and the con-
centration of molecules (= the number of molecules
per unit volume), respectively, and D is the diffusion
coefficient. The negative sign indicates that the
diffusion occurs in the direction of decreasing con-
centration. In the low-pressure limit, a simple gas-
kinetic calculation for hard-sphere gas gives the
formula for the self-diffusion coefficient for a molecule
of mass m as

1 kgT
— 39
mo’c ¥ m (39)

D=svi=

N[

where v, 1, and o represent the mean velocity, the
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mean free path, and the collision diameter of the
molecule, respectively. This equation indicates that
the diffusion coefficient is inversely proportional to
the concentration c or the density of the gas.

On the other hand, the diffusion coefficient for a
spherical molecule of radius r in a medium with
viscosity » can be expressed by the Stokes—Einstein
equation as

kg T
D=
6anr

(40)

This equation is known to be appropriate for liquids
or high-pressure gases. Thus, the diffusion coefficient
is inversely proportional to the collision number at
low density, whereas at high density the collision
number is replaced by viscosity. In the density region
of supercritical fluids, the transition between these
two expressions must occur in parallel with the
increasing ambiguity in the definition of collision
number. Troe and co-workers therefore proposed to
use the inverse diffusion coefficient as a measure of
effective collision number for compressed gases.8109-111

In low-pressure gas, the maximum rate of a
bimolecular reaction without activation energy could
be the collision frequency and such a reaction is
called “gas kinetic”. In the liquid phase, however, the
diffusion process controls the encounter of two
reactant molecules and hence the bimolecular reac-
tions occurring in every encounter in solution are
often called “diffusion-controlled” reactions. A typical
rate constant for the diffusion-controlled reactions is
around 10 dm?® mol~* s7%. The rate of a diffusion-
controlled reaction can be derived by considering a
model where a reactant molecule B approaches to
another reactant molecule A with the diffusion
coefficient D. The reaction is assumed to occur with
unit probability when B reaches the spherical bound-
ary of radius R around the reactant molecule A.
Then, the rate of the bimolecular reaction is equal
to the flux of B toward the spherical sink around A,
and the rate constant kp can be evaluated by using
the method of Smoluchowski as

ko = 4n(D, + Dg)R (41)

where D is replaced by the mutual diffusion coef-
ficient (Da + Dg). In some cases, this equation is
expressed as a function of viscosity in place of the
diffusion coefficient. To replace the diffusion coef-
ficient with viscosity, the Stokes—Einstein law (eq
40) could be adopted. Using this equation one can
rewrite the mutual diffusion coefficient as

OIEREY

DA + DB == 6.7'[77 a r—B (42)

where ra and rg denote the radii of the reactants A
and B, respectively, and R equals ra + rg. Further-
more, if the molecular radii are equal, eq 41 can be
reduced to a simple form as

8kgT
D 37]

(43)



Solvation in Supercritical Fluids

In supercritical fluids, the rate of a barrierless
bimolecular reaction could be estimated by the above
equation at the high density limit. As the density
decreases, the approximation as a diffusion-controlled
reaction becomes poorer and the rate constant gradu-
ally approaches to gas kinetic in the low-pressure
limit. The transition, however, cannot be smooth and
simple, since the clustering near the critical point
may affect the diffusion process and the encounter
radius. To investigate these problems, the rates of
diffusion-controlled reactions have been measured by
several research groups. The three typical diffusion-
controlled reactions investigated in supercritical
fluids are pyrene excimer formation, Heisenberg spin-
exchange reaction between nitroxyl radicals, and
triplet—triplet annihilation of triplet benzophenone.
Among them, pyrene excimer formation is not truly
a bimolecular event since, at low pressures, the
excimer needs to be stabilized by a third body just
like atom—atom recombination reactions. However,
because of its large degrees of freedom, the pyrene
excimer is easily stabilized even at low pressures.
Therefore, the pyrene excimer formation is effectively
considered as a diffusion-controlled bimolecular reac-
tion. The quenching of an electronically excited
molecule in S; or T, state by efficient quenchers could
also serve as an example of diffusion-controlled
processes, when the lifetime of the excited state is
sufficiently long as compared with the diffusive
encounter.!!?

2. Pyrene Excimer Formation

Brennecke et al.® and Zagrobelny et al.l*4115
studied the excimer formation of pyrene in super-
critical CO,. When an electronically excited pyrene
molecule encounters another pyrene molecule within
its lifetime, the excimer consisting of two pyrene
molecules are formed and the emission from the
excimer can be observed around 460 nm. Both
research groups found that the excimer emission was
greatly enhanced in supercritical CO, than in ordi-
nary liquid hydrocarbon solvents. The emission spec-
tra characteristic to the excimer was detectable even
at the pyrene concentration of 107> M in supercritical
CO,, whereas 102 M was necessary in liquid hydro-
carbon solutions. The excimer emission became weaker
with increasing fluid density. Zagrobelny et al.1!4
determined the forward and backward rate constants
by time-resolved fluorescence spectroscopy and found
the rate constants for both directions to be 2 orders
of magnitude larger than those in liquid solutions.
Their observation indicates the equilibrium constant
for the excimer formation is not affected by changing
the medium from liquid to supercritical fluid.

They also found that the simple Stokes—Einstein—
Smoluchowski equation (eq 43) was able to predict
both the absolute value and the density dependence
of the observed forward rate constant. Since this
equation only includes the effect of bulk hydrody-
namic viscosity of the solvent, the observed large
forward rate constant is merely the consequence of
the 2 orders of magnitude smaller viscosity of super-
critical CO, as compared with that of liquid hydro-
carbons. That is, the solvent clustering around the
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pyrene molecule gives no effect on the excimer
formation rate constant in supercritical CO..

Then, what is the reason for the enhanced excimer
emission? Zagrobelny et al.}'* examined the rate of
excimer quenching in supercritical CO,, which was
an order of magnitude slower than that in liquids.
They suggested that the clustering by CO, molecules
around the pyrene excimer acts as a shield and
protects the excimer from being quenched by con-
taminating O, or other quencher molecules. If so, the
guantum vyield of excimer fluorescence is larger in
supercritical CO, than in liquids; therefore, the
fluorescence becomes detectable even for the small
equilibrium concentration of the pyrene excimer.
Zagrobelny et al.** later observed the same behavior
in supercritical C,Hg as in CO,. In supercritical
CF3H, however, the excimer formation rate was
smaller than the rate predicted from the Stokes—
Smoluchowski equation probably because the strong
clustering of CF3H retards the dimer formation when
the excited pyrene encounters a solvated ground state
pyrene molecule. It should be noted, however, that
the fluorescence lifetime of the pyrene excimer is
extremely sensitive to the O, contamination in fluid
or liquid solvents and such contamination could give
a significant effect on the above observations.

3. Heisenberg Spin Exchange

Heisenberg spin-exchange reactions between free
radicals are typical collision-controlled rapid reac-
tions in which the radicals with antiparallel spin
exchange their spin states. These reactions have been
studied with an electron spin resonance (ESR) tech-
nique. The spectral shape, the line width in particu-
lar, is simulated by fitting the two parameters, the
spin-exchange rate and the spin—rotation interac-
tions; the latter parameter alone is obtained at
extremely diluted conditions.

The rate constant for the spin-exchange, ke, can be
expressed as

1 JZTcz

ke=kpPpr =Kp5———
e DpR D21+JZTC2

(44)

where pr is the reaction probability. J represents the
exchange integral which only depends on the molec-
ular properties of the radical. The collision time ¢
means the time interval between collisions and
corresponds to the interaction time for the radical
pair. In liquid solutions, the combined use of the
above equation with the Stokes—Einstein—Smolu-
chowski (SES) equation of diffusion-controlled rate
constants generally gives a reasonable estimate of k.
Randolph and Carlier measured the Heisenberg
spin-exchange rate of tert-butyl nitroxide radical in
supercritical ethane.''® They found that at high
densities, the observed exchange rate was in good
agreement with the prediction from the SES equa-
tion; however, as the density decreases toward the
critical density, the observed value became larger
than the predicted value as shown in Figure 17.
There are two possible explanations to the above-
mentioned deviation; one is the effect of clustering
and the other is the limited applicability of the SES
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Figure 17. Heisenberg spin-exchange rate of tert-butyl
nitroxide radical in supercritical ethane at 308 K (circle)
and 313 K (diamond). The ordinate is the ratio of the
observed bimolecular rate constant to that predicted from
the Stokes—Einstein equation as a function of fluid pres-
sure. (Reprinted from ref 116. Copyright 1992 American
Chemical Society.)

equation to the lower density gases. The cage formed
by the clustering solvent molecules around the
colliding radicals may lengthen the interaction time
available for the spin exchange, resulting in the
enhancement of the exchange rate. However, if such
an effect is responsible for the enhancement, the rate
should be much enhanced in the high-density region
where the solvent cage is expected to be thick and
dense. Thus, the cage effect cannot be the reason for
the enhancement observed in the critical region.
Another explanation is the inadequacy of the SES
equation. Although Randolph and Carlier estimated
the exchange rate from the SES equation using the
viscosity of supercritical ethane,*'” the SES equation
itself may not be adequate for reactions in medium-
density fluid near the critical point. The transition
in the mechanism of rapid bimolecular reactions, i.e.,
from diffusion-controlled to collision-controlled, could
occur even around the critical density.

Recently, Batchelor''® measured the Heisenberg
spin-exchange rate between nitroxyl radicals (2,2,6,6-
tetramethyl-1-piperidinyloxy, TEMPO) in supercriti-
cal n-hexane and methanol and obtained the results
similar to those of Randolph and Carlier. To repro-
duce the enhancement of the exchange rate at lower
densities, he assumed the collision time 7c to be
inversely proportional to the solvent density,

7c = (kp[solvent])™ (45)

and obtained better agreement at lower densities.
This equation simply includes the effect of binary
collisions which decrease with decreasing density and
thereby increases ¢, resulting in the increase in
reaction probability pr. The success of such modifica-
tion again indicate the hydrodynamic regime is
inapplicable at low densities.

4. Triplet=Triplet Annihilation
The triplet—triplet annihilation (TTA) process

B+B—'B*+'B

in normal liquid solvents is known to be a typical
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diffusion-controlled reaction.'®1?° Roberts et al.?1122
measured the rate of the TTA process of benzophe-
none triplet in supercritical CO,, C,Hs, and CF3H
with a combination of laser flash excitation of
benzophenone and time-resolved transient absorption
detection of its triplet. Their data were in good
agreement with the diffusion-controlled bimolecular
rate constant derived by the SES equation in the
wide pressure range of 7.5—30 MPa at various
temperatures when the spin statistics factor (= %/g)
for the reaction was taken into account. To estimate
the diffusion-controlled rate constant precisely with
the SES equation, they measured the viscosity and
the diffusion coefficient in the pressure and temper-
ature range used in their Kinetic experiments. The
estimated rate constants agreed perfectly with the
observed ones and no deviation due to the effect of
clustering on this diffusion-controlled reaction was
observed. They also examined the rate constants for
the benzyl radical recombination followed by the laser
flash photolysis of dibenzyl ketone in the same
supercritical fluids. The obtained rate constants
showed again in good qualitative agreement with the
rate constants predicted by the SES equation and
there was no indication of the effect of clustering.

5. Effect of Clustering on the Diffusion-Controlled
Reactions

As pointed out by Troe,® the above-mentioned
reactions must show the transition from the diffu-
sion-controlled regime to the binary collision-
controlled regime with decreasing pressures. Al-
though, in the above example, the low-pressure limit
cannot be achieved because of the low solubility of
reactant molecules in supercritical fluids, the indica-
tion of the onset of transition was clearly observed.

In all three reactions, the simple Stokes—Einstein—
Smoluchowski (SES) formalism can well reproduce
the rate constants in the high-density supercritical
fluids (p > pc). As the density decreases toward the
critical density, the rate constant becomes larger
than the prediction by the SES equation. The reason
for this deviation is not due to the effect of clustering
but to the inapplicability of the SES formalism to
lower density medium, that is the onset of the
transition to the collision-controlled regime. In the
case of triplet—triplet annihilation, however, Roberts
et al.’?1122 showed that the SES equation can fit the
date even down to the critical density when the
measured viscosity value is used instead of the
estimation using the extrapolation formula. This
means that the SES equation may be used in the
transition region if the hydrodynamic viscosity is
correctly evaluated. However, at the density much
lower than pc, one should not use the SES equation
for estimating the rate of these reactions, since the
Smoluchowski equation becomes inapplicable.

In conclusion, there is no indication of the partici-
pation of clusters in the process of diffusion controlled
reactions. Although Zaglobelny et al.}'415 pointed out
that the clustering solvent molecules protected the
excimer from being quenched by O, or other contami-
nating component, clusters exerted no effect on the
diffusion process itself. This is not surprising when
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one notices the large difference in the time scale
between the cluster lifetime and the diffusion process
in supercritical fluids. Diffusion is a rather slow
hydrodynamic process as compared with the 1—-10
ps lifetime of the clusters estimated from MD
simulations.®>3% The solvent molecules forming a
transient cluster repeat the attachment and detach-
ment processes very rapidly and are almost indiffer-
ent to the slow movement of solute molecules. In the
supercritical state, the Kinetic energy between the
solute and solvent molecules are about equal to the
intermolecular potential energy; therefore, the drag
by the clustering solvent molecules has no significant
effect on the movement of the solute molecule even
though the intermolecular attractive potential has a
fairly deep well. Thus, the solvent molecules would
not retard the diffusion-controlled reactions, although
the solvent molecules around the solute can still exert
electronic interaction on the central solute molecule
to cause the spectral shift.

The reactions reviewed in the preceding sections
were performed in the density region where the
density augmentation by clustering is not appreciable
and the transition from diffusion control to collision
control could not be observed. Although Batchelor!®
took the transition into account to some extent in his
analysis of data in low-density region, no detailed
observation nor theoretical analysis for the transition
region have been conducted yet. For the solute—
solvent combination where the strong attractive force
or hydrogen bonding is operative, the kinetic energy
is not sufficient for the solute molecule to quickly
escape from the solvent molecules and the lifetime
of the cluster may be prolonged. In such a case, the
drag force exerted by solvent molecules may retard
the onset of collisional bimolecular processes and
consequently the transition to the collision-controlled
regime could shift toward lower density than in the
case of weak solute—solvent interaction. Further
studies are desirable to clarify the behavior of
diffusion-controlled reactions in the transition region.

D. Photodissociation and Recombination

In the photodissociation—geminate recombination
process as well as in ordinary recombination
processes between small radicals, the energy transfer
plays a crucial role. In addition, in the photo-
dissociation—geminate recombination process, the
presence of the solvent cage is the essential factor in
determining the efficiency of the process. Both the
cage effect and the energy transfer process dramati-
cally change with varying density of the environment
from the gas to liquid states. The studies in super-
critical fluid at gas—liquid transition region, there-
fore, offer rich information on photodissociation and
recombination reactions.

1. Atom—Atom Recombination

The atom—atom recombination process at low
pressure is a termolecular process, where the collision
of a third body gas is necessary to remove the energy
from the collision complex formed from recombining
atoms. Without the third-body collision, the transient
collision complexes with excess energy efficiently
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Figure 18. lodine recombination rate constant k.. and
photodissociation quantum yield ¢ in compressed CO, as
a function of the inverse diffusion coefficient D1, which is
a measure of the effective collision number. The line in the
upper figure is based on eq 51. The line in the lower figure
is based on the equation similar to eq 50, assuming that
the mechanism of the energy relaxation is same for both
geminate pair and the bimolecular collision complex. The
figure is slightly modified from the Figures 1 and 3 of ref
110. (Reprinted with permission from ref 110. Copyright
1984 American Institute of Physics).

redissociate and the diatomic molecules are never
formed except through the negligibly small radiative
deactivation process. The important parameter con-
trolling the efficiency of this termolecular recombina-
tion is the amount of energy removed per collision of
the specific third-body molecule. Usually, polyatomic
molecules with large degrees of freedom act as the
most efficient energy removers. Although the
efficiency is quite low with rare gas atoms, they can
still be used as the third body. In any case, the rate
of recombination increases with increasing density
of the third body gas.

The above simple picture of termolecular collisions
cannot be applied in liquids, where the removal of
excess energy occurs almost instantaneously by an
enormous number of collisions with solvent molecules
of immediate vicinity. Instead, the recombination in
liquids can be viewed as a diffusion-controlled
bimolecular process. Since the rate of diffusion-
controlled reaction decreases with increasing density
as shown in the preceding section, the bimolecular
recombination rate passes through the maximum
when the medium gradually changes from the low-
density gas to the liquid state.

Troe and co-workers investigated the reaction
dynamics in the supercritical region to clarify the
meaning of collision number in dense media.8109.110
In their pioneering studies they measured the atom—
atom recombination rate for halogen atoms,
especially iodine atoms. The thoroughly studied were
the effects of the excitation wavelength, tempera-
tures, and the third body gases and their pressures
on the recombination.'123 Figure 18 shows a typical
plot of the iodine recombination rate constant K. as
a function of the inverse diffusion coefficient D71,
which is a measure of the effective collision number.
As expected, the rate increases almost linearly (the
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unity slope in the log—log plot) in the low D~ region,
whereas in the high D! region it decreases gradu-
ally. The solid line is obtained from the expression

1 1 1
=T (46)
I(rec kgec I(diff

Kgefr IS given in the Smoluchowski limit as
Kgiss = 4TNARD A _\ 47)

where N, is the Avogadro number and Da-m denotes
the binary diffusion coefficient of A in solvent M. R
is the approximate encounter radius which is ob-
tained from the Lennard-Jones diameters oa and ow
as

R = v2(0, + 0y,)/2 (48)

kY. is the hypothetical recombination rate con-
stant in the absence of diffusion control, and assumed
to be able to extend to higher densities by multiplying
the ratio of the effective collision number D1

DX([M])
k?ec M =k?ec MoD) = — 49
[(M]) ([ o])D M) (49)

where [Mo] denotes the low gas density. This rate
constant constitutes the left part of the plot in Figure
18 which is linearly dependent on the inverse diffu-
sion coefficient. Although the above equation for Kyec
appears as a kind of simple interpolation formula, it
reproduced the collision number dependence of the
recombination rate constant in a wide density range.

When He was used as the third body gas, the
diffusion-controlled region cannot be reached even at
6000 bar, whereas the transition was clearly observed
for Ar, N, CO,, and ethane. The s-shape dependence
of krec Observed in the medium-pressure region of the
plot (Figure 18) may be explained by the presence of
clusters in this pressure region. Instead of the
termolecular reaction, the bimolecular reaction in-
volving the radical—bath gas complex, AM,

A+AM—A, + M

may become prominent since the increasing bath gas
concentration favors the equilibrium concentration
of AM

A+ M=AM.

The participation of such complexes in the recom-
bination reaction is clearly demonstrated by the
atom-cluster recombination reaction performed in the
supersonic jet.1?4

2. Photodissociation and Geminate Recombination

The quantum yield of photodissociation is generally
reduced with increasing density of the environment.

Kajimoto

When a solvent cage is formed around the dissociat-
ing chromophore molecule, the fragment produced in
the photodissociation may have a good chance to
recombine within the cage. This phenomenon is a
typical example of the cage effect. The recombination
of the fragment pair is called “geminate recombina-
tion” which should be distinguished from the
ordinary recombination discussed in the preceding
section. Figure 18 also shows the observed photo-
dissociation quantum yield of I, as a function of bath
gas pressure. The unit quantum yield at low density
gradually decreases with increasing gaseous pressure
up to around the critical density and then rapidly
drops to less than 1% in the liquid phase.

The iodine photodissociation consists of several
successive molecular processes as revealed by pico-
second time-resolved experiments in liquid phase.?®
With the light of 500—700 nm, iodine is excited to
its B state, makes an electronic curve crossing to
either aly(®IT) or the a'0,"(32") state, and predissoci-
ates along these potential curves into two ground-
state iodine atoms. These processes as a whole occur
very rapidly and are impossible to follow with ns time
resolution. The resulting iodine atoms possess a fairly
large kinetic energy depending on the excitation
wavelength and start to separate. However, the
collisions with the solvent molecules of immediate
vicinity remove the Kinetic energy of the iodine
atoms, preventing their escape from the solvent cage.
When the pair of iodine atoms loses kinetic energy
at a distance ro within the solvent cage, they start
making “geminate recombination” to either the A/A’
state or the ground X state, followed by the vibra-
tional relaxation in both electronic states. The vibra-
tional relaxation takes 10—100 ps, depending on the
complexity of solvent molecules. Of course, some
iodine atoms can get out of the solvent shell with
probability determined by the initial kinetic energy
and the energy removal efficiency of the solvent
molecules. These free atoms diffuse through the
solvent molecules and each finds a partner atom
generated from other iodine molecules. This last
process is the ordinary bimolecular recombination
reaction discussed in the preceding section.

The time resolution (0.1 us) of the system which
Troe's group used for studying bimolecular recombi-
nation was not sufficient for measuring the geminate
recombination rate. Instead of the direct measure-
ment, they estimated the rate of geminate recombi-
nation using the measured quantum yield of photo-
dissociation and an assumed model of geminate
recombination. At t = 0, the iodine atoms are located
on the sphere of radius ro and start diffusing to the
inner sink at R or toward outside. When the iodine
atoms reach the boundary at r = R, they are
stabilized to form an iodine molecule with a prob-
ability of k%./(47R?DN,). Using this model they
solved the diffusion equation and obtained the ex-
pression for the quantum efficiency as!'®

kg
p=1-_ e (50)
ro k?ec + kdiff



Solvation in Supercritical Fluids

L, X, 790nm Caging

100 |~

—e—- X=(CO)
—0— X=Ar,

80 ~

60

40

Percent Caged

20

s bl e besa oo

0 5 10 15 20 25 30
Initial Cluster Size (n)

Figure 19. Percentage of geminate recombination of I,
in the cage as a function of increasing clustering number
in I,—Ar, and 1,—(COy),. These data were obtained by
using the supersonic jet technique. (Reprinted with per-
mission from ref 126. Copyright 1996 American Institute
of Physics.)

The factor in braces corresponds to the probability
of energy relaxation within the cage, in competition
to diffusion out of the cage. The factor R/ry describes
the probability of “cage capture” in competition to
“cage break-out” during the initial photolysis. As
shown in Figure 18, the trend observed in the
photodissociation quantum yield in the high-density
region was best reproduced with eq 50. It should be
noted that if the expression for the nongeminate
recombination (eq 46) is rewritten as

kg

rec

- (51)
k?ec + kdiff

I(rec ~ kdiff

the factor in braces is the same as in eq 50, express-
ing the competition between the relaxation and
diffusion. Therefore, in the above scheme of geminate
recombination, the common competition mechanism
is assumed for both the geminate complex in the cage
and the collision complex formed in the bimolecular
atom—atom recombination.

The decrease of the quantum yield in the early
stage in low to medium density region is indicated
in Figure 18. Troe and co-workers consider this early
decrease to be caused by the clustering between the
bath gas and molecular iodine before the photolysis,

I, +M=1,M

The attaching bath gas molecule serves as an
energy absorber to reduce the Kkinetic energy of
departing iodine atoms, resulting in the reduction of
photodissociation quantum yield.

Using solvation clusters formed in a supersonic jet,
Lineberger and co-workers'?6-12% clearly demon-
strated the effect of clustering molecules on the
photodissociation quantum yield. As shown in Figure
19, with the increasing clustering number in I,”Ary,
the photodissociation quantum yield of I,~ decreases
gradually, and levels off at a certain clustering
number where the first solvation shell is filled by the
clustering Ar atoms.
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The real time measurements of the rapid predis-
sociation and the following geminate recombination
process have been conducted by Zewail and co-
workers.13%131 In their comprehensive account
published recently, they reported that the vibrational
coherence signal lasted for several picosecond even
under 2000 bar of He gas.'32132 Although the dephas-
ing rate increased with the density, the density
dependence was rather weak in He and Ne, less than
twice between 1 and 2000 bar. From the observed
decay of the B state population and the recovery in
the A/A" state population, they evaluated the rates
of predissociation from the B state to repulsive
surfaces and the rate of geminate recombination to
the A/A’ states, respectively. The predissociation rate
increased almost linearly with the bath gas density
and the difference in the efficiency among the rare
gases coincided with the magnitude of their disper-
sive molecular interactions. The geminate recombi-
nation rates including the vibrational relaxation
process to the bottom of the A/A’ states were 8 x 10%°
st and 3 x 10 s7* for Ar and Ne, respectively, at
the pressure of 1200 bar. The probability of geminate
recombination was found to be strongly dependent
on both the kind of bath gas and its density. For
example, the ratio of this probability among He, Ne,
and Kr at 1200 bar were found to be 0.02:0.26:1.0,
indicating the strong dependence on the molecular
interaction. They also reported that the shift of D' —
A' fluorescence is linearly dependent on the pressure.
The simple linearity observed in both the predisso-
ciation rate and the spectral shift is reasonable since
their experiments were performed at 293 K which is
far above the critical temperature of these gases and
not favorable for the cluster formation.

3. The Effect of Clustering on Photodissociation and
Recombination

As we have learned from the experiments men-
tioned above, the presence of cluster gives a signifi-
cant effect on the atom—atom recombination and
photodissociation. In contrast to the bimolecular
diffusion-controlled reactions, the recombination of
atoms or small radicals needs the removal of excess
kinetic energy to form a stable molecule and hence
the clustering with third-body molecules much
enhances the probability of recombination. This
behavior is often observed even in a low-pressure
region.

Photodissociation and following geminate recom-
bination are strongly affected by the solvent cage. As
the density increases, the solvent cage is formed more
easily and its effect may become more pronounced.
In supercritical fluids, the cage effect appears even
in low density region because clusters are easily
formed around the solute molecule. Furthermore, in
addition to the first solvation shell, the outer shell
could also play a role in stopping the flying fragments
as suggested by the Lineberger’s observation. Thus,
the microscopic observation of the size and lifetime
of clusters in various supercritical conditions are
crucial to understand the photodissociation processes
in supercritical fluids. The vibrational energy relax-
ation of W(CO)e in various conditions, for example,
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could be understood on the same basis as the gemi-
nate recombination. We are in need of a unified
theory for various energy transfer processes occurring
under supercritical conditions.

E. Isomerization

1. Basic Theory of Unimolecular Reactions for a Wide
Density Range

The simple but most powerful tool for predicting
or analyzing the rate of chemical reactions is the
transition-state theory (TST).134135 The fundamental
assumption in the transition state theory is the
complete thermal equilibrium of the reacting system
at any point along the reaction coordinate. Although
TST almost correctly predicts the absolute rate
constant in a variety of reactions, the observed rate
constants are usually smaller than the predicted
values

K= krsr (52)

where k(<1) denotes a correction factor.

Among the reasons for the deviation from the TST
rate, the activation in the reaction valley and the
recrossing at the transition state are most significant.
The former requires the explicit consideration of the
reactant activation process from the bottom of the
reactant valley to the top of the potential barrier.
This factor becomes crucial in the low-pressure gas-
phase reactions where the collisional activation of the
reactant is slower than the rate of barrier crossing.
The latter factor, recrossing at the transition state,
becomes significant for liquid-phase reactions. Al-
though TST assumes the transition state as a “point
of no return”, solvent molecules in the liquid phase
may push the reactant which has already passed the
transition state back to the reactant valley, or at least
retard the forward motion of the reactant at the
transition state region because of their frictional
force. The former problem is explicitly treated in the
RRKM theory of unimolecular reactions while the
latter factor is the primary concern in the Kramers
model of one-dimensional barrier crossing.

On the basis of the Lindemann mechanism which
explains the falloff curve of the unimolecular reaction
rates, the “Rice—Ramsperger—Kassel—Marcus
(RRKM)” theory was developed during 1930—1950.
The RRKM treatment explicitly takes into account
the activation process from the bottom of the reactant
valley to the barrier top. Another important feature
of the theory is the assumption of complete energy
randamization for energized molecules both in the
reactant valley and at the transition state.**® Since
the energy randomization occurs quite rapidly for
polyatomic molecules with large excess energy, RRKM
theory correctly predicts the absolute value and
tendency in the temperature and pressure depen-
dence of a variety of unimolecular reactions. In the
RRKM scheme, the pressure dependence of unimo-
lecular reaction rates can be expressed as

k F(e*) de*

= Je T g (kg [M]) (43)
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where F(e*) denotes the distribution function of the
reactants with the excess energy ¢* above the bottom
of the reactant potential valley. k, and kqy express the
rates of the forward reaction and the deactivation,
respectively, for the activated reactant molecules
with excess energy €*. Since the rate given by eq 53
approaches the TST rate in the high-pressure limit
where [M] — o, the equation can be rewritten as

_ ( ky[M]

KMl + K, < KT 9

__ act
=K Krst

where k, denotes the average forward rate constant
of the energized molecules and k&t means the cor-
rection factor due to the collisional activation process.
This expression gives the falloff curve which demon-
strates the pressure dependence of the unimolecular
reaction; the rate increases with increasing pressure
and asymptotically approaches the limiting high-
pressure value Krst.

On the other hand, the unimolecular reactions in
the liquid phase are usually analyzed with the
Langevin formalism where the reaction is considered
as one-dimensional movement of the reactant along
the reaction coordinate.’®"138 |n the liquid phase,
solvent molecules constantly collide with the reactant
molecules and give perturbation throughout the
course of the reaction. Such an effect by solvent
molecules are considered to be a drag or friction
against the barrier crossing. Solvent molecules also
exert random force which varies much more quickly
than the movement of the reactant along the reaction
coordinate. Thus the following Langevin equation
expresses the essence of the reaction process in the
liquid phase

A Y
Wy = 7 o T Guv + R (55)

where u denotes the reduced mass of the reactant
moving along the reaction coordinate x with the
velocity v. This equation is a classical Newton’s
equation and the right-hand side expresses the forces
exerted upon the reactant. The first term expresses
the external force due to the one-dimensional poten-
tial energy curve U(x) along the reaction coordinate,
and the second term is the linear dumping term due
to the friction which is proportional to the momentum
as —¢uv. The third term represents the fluctuating
force and F(t) has the following properties where the

F(t)O= 0 (56)
IF(t)F(t') 0= 26uks TO(t — t) (57)

angle brackets denote the ensemble average.
Kramers solved the above stochastic equation'3®
under several assumptions. He assumed U(x) as an
asymmetric double-well potential energy surface as
shown in Figure 20; the reactant a in a reactant
valley proceeds through the potential barrier at b
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Figure 20. Asymmetric double-well potential energy
surface U(x) used in the Kramers theory.

toward the product valley c. The bottom part of the
reactant valley can be expressed as

U(X) = U(x) + ' uw’(x = x))* (58
while the barrier at b can be represented as
U() = U(x) = o uwp’(x = x,)°  (59)

Since the reaction is considered to proceed along
the one-dimensional reaction coordinate, the remain-
ing degrees of freedom for the reactant and solvent
molecules are included in the heat bath which as a
whole exerts the friction ¢ and the random force F(t)
on the one-dimensional movement.

By solving the stochastic equation including the
random force, Kramers!¥”:1%8 derived the rate constant
for an unimolecular reaction with a relatively high
barrier as

[ T, @[ Ea
k_( 2an 1+(2wb))X2ﬂfeXp( kBT)

(60)

where «X" denotes the Kramers correction factor to
the TST rate. When the crossing region is small and
the friction is low, i.e., (¢/wy) < 1, the rate given by
eq 60 is reduced to the TST rate. On the other hand,
when (C/wp) > 1, the equation becomes

k=20 P2yl Ea (61)
¢ 27 P\ kT

The last equation demonstrates that the rate
constant becomes zero at the limit of infinite friction.

Combining above two extremes, the low density
limit and the high density—high friction limit, one
can imagine the trend in the unimolecular reaction
rate with increasing environmental pressure. The
rate initially follows the RRKM rate in low-density
region and increases with increasing pressure or
density toward the maximum value close to krst.
However, at appreciably high pressures, the frictional
force begins to work and the rate eventually
decreases with increasing pressure/density of the
environment as the Kramers theory predicts. That
is, collisional activation is replaced by the frictional
drag at a certain density. This trend is known as
“Kramers turnover”. Maneke et al.'®® demonstrated
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the Kramers turnover in the photoisomerization rate
of trans-stilbene in gaseous and liquid ethane. Lee
et al.'*? also observed the turnover in the same
reaction in supercritical ethane. However, both groups
found that the absolute value of the reaction rate was
much larger than predicted from the Kramers theory.

To improve the Kramers theory, modifications are
proposed from several research groups. The central
problem here is the evaluation of ¢. In estimating ¢
in the Kramers formula, one usually uses the hydro-
dynamic viscosity » as

€= aurnlu (62)

where r is the radius of the rotating moiety. o is the
constant expressing the boundary condition, 4 for slip
and 6 for stick boundary. It is not taken for granted,
however, to apply such macroscopic friction constant
to the microscopic interaction between the reactant
and the solvent. Lee et al.'*! proposed that ¢ in the
Kramers equation should be related to the micro-
scopic friction derived from the measured rotational
correlation time 7, through the Hubberd relation,4?
rather than the hydrodynamic » value, as

6k T
I

(63)

where | is the moment of inertia of the twisting
group. Such modification improves the fitting to the
observed value to some extent.

When a molecule starts rotation, more friction is
present in the initial stage than in the steady state.
That is, the friction could be time-dependent in
contrast to the constant friction assumed in the
Kramers theory. On the basis of such considerations,
Grote and Hynes!#31%4 proposed a theory based on the
generalized Langevin equation with the time-
dependent friction factor (t) as

W == 05— [ (e — ) dr + F(D) (64)
_ 1
C(t) - /f‘kBT [E:(O)F(t)golvents (65)

Note that the constant friction factor in Kramers
formalism can be expressed as

E= [ ) dt (66)

According to the Grote—Hynes theory, the unimol-
ecular rate constant can be written as

e LaP| o E,
k—(— 2wb+ 1+ 2(1)b XZTeXp_kB_T
;Lr
= ‘U_b x Krst (67)
= KGHkTST
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Figure 21. «®H (= k/kyst) value as a function of both &/wy
and the ratio between 7z, and w,~t. The numbers in the
figure represent the ratio w,~/z,. The bottom curve indi-
cates the Kramers limit. (Reprinted with permission from
ref 145. Copyright 1985 CRC Press, Inc.)

where {(4,) is the Laplace transformation frequency
component of the friction:

LAY = [ et dt (68)

at the reactive frequency A.. Although the barrier
crossing or reactive frequency is wy in the absence of
friction, the friction {(4,) retards the reactive
frequency to 4. To determine 4, one should solve the
following self-consistent equation

Ay =y TAe + EANTTY (69)

because the friction itself is the function of A.. The
ratio of the actual reactive frequency A, to the
frequency without the friction wy, then gives the
correction factor «®H to the TST rate as in eq 67.
Since the time correlation F(O)F(t)[bivenss 1S @
rapidly decreasing function, it is sufficiently realistic
4 )exp

to express ((t) as
t \2
—|== 70
tm (Zfr) ] 70

where . is a molecular relaxation time with the order
of 100 fs.1¥> Figure 21 shows the «®" value as a
function of (&/wy) for selected (wp~Yz,) values. When
the barrier crossing time w, ! is close to the relax-
ation time, i.e., wp Y1, = 1, large friction is exerted
on the reactant motion and therefore the rate
approaches to the Kramers limit. On the other hand,
when the solvent relaxation time is much longer than
the barrier crossing time, i.e., w, Y7, < 1, the average
friction during the crossing becomes small and the
rate approaches to the TST limit. Thus the use of
frequency-dependent friction makes the unimolecular
rate constant larger than that predicted from the
original Kramers theory, and consequently the agree-
ment with the observed rate constant for the rapid
barrier crossing reaction is much improved.

It should be noted, however, that since the
Langevin equation expresses the one-dimensional

&) = (
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diffusion along a hypothetical reaction coordinate
separated from other degrees of freedom, the friction
constant in the Langevin equation is not necessarily
the actual friction but includes all the complicated
interactions between the reaction coordinate and
other degrees of freedom. One of the promising
methods for taking these complexities into account
is the molecular dynamics calculation.

2. Experimental Observations in Stiloene Isomerization

trans-Stilbene is a prototype molecule in the study
of unimolecular isomerization in gases, liquids, and
supercritical fluids. In particular, the isomerization
of stilbene in the first excited state was extensively
investigated by observing the decay of the fluores-
cence or the transient absorption of excited trans-
stilbene. The trans-stilbene molecule excited to the
S; state crosses a small barrier along the reaction
coordinate (the twisting angle around the double
bond) toward the perpendicular structure which has
a deep potential well acting as a funnel to the ground
state cis- or trans-stilbene. The photoisomerization
of this prototype molecule is suitable for the RRKM
analysis in the gas phase and for the application of
the Kramers theory in the liquid phase.

In an isolated molecule limit at cryogenic temper-
atures, Zewail and co-workers'#¢147 measured the
photoisomerization rate with picosecond excitation at
various excitation energies. They found that at all
energies used, the IVR in an isolated stilbene mol-
ecule occurred faster than the isomerization, which
is the prerequisite for the RRKM analysis. They
determined the threshold energy of the reaction to
be about 1200 cm~*. They claimed, however, that the
isomerization rate derived from the RRKM theory
was an order of magnitude larger, and interpreted
this discrepancy in terms of the adiabaticity factor
at the barrier where diabatic curve crossing might
occur. Troe and co-workers'3%148 disagreed with the
interpretation and demonstrated that the RRKM
theory was able to correctly predict the isomerization
rate if the vibrational frequencies at the transition
state were appropriately estimated. Recently,
Gershinsky and Pollak!*® evaluated the RRKM rate
in the gas-phase based on the new potential of
Vachev et al.**° for the isomerization of S; stilbene.
Using the vibrational frequencies of the reactant and
the transition state and the potential barrier height
derived from the new potential energy surface, they
obtained the energy-dependent gas-phase isomeriza-
tion rate, which was in good agreement with the
measured rate. They also pointed out that the previ-
ously observed discrepancy between the observed rate
and the RRKM prediction given by the Zewail’s group
was just an artifact due to the potential energy
surface used.

In the liquid phase, on the other hand, the isomer-
ization rate observed is much larger than that
predicted by the Kramers theory and even larger
than that by the transition state theory.*®* Troe and
co-workers’ considered the reason to be the lowering
of the activation barrier by the solvent effect. Since
the transition state of the photoisomerization pos-
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sesses the zwitterion character due to its electronic
structure, the height of the activation barrier must
be sensitive to the polarity of the solvent. Even
though the solvent is nonpolar, the dispersion inter-
action could stabilize the polar transition state. As
an attempt to include such effect into the Kramers
theory, Anderton and Kauffman recently proposed
the isodielectric Kramers—Hubbard analysis,? 1%
where the activation barrier is assumed to be a
function of the solvent dielectric constant € which in
turn is the function of temperature. Although they
obtained a reasonable dependence of the activation
barrier on ¢ for the isomerization of stilbene in
n-alcohols, the dependence of w, (the frequency of the
reactant well) on € appeared unphysical.

Another significant discrepancy between the pre-
diction of the Kramers theory and the observed
viscosity dependence of the isomerization rate of
trans-stilbene in n-alkane solvents was reported.'>®
Rothenberger et al. adopted the Grote—Hynes modi-
fication of the Kramers theory and obtained the
better agreement with the observation; however, they
used an unphysically low curvature (~8 cm™1) for the
potential barrier. Lee et al.,*** on the other hand,
evaluated the microscopic ¢ in the Kramers equation
from the Hubberd relation, and showed that the
Kramers equation predicted the isomerization rate
quite well when & was evaluated from the rotational
correlation time 7, instead of the viscosity » of
n-alkane solvents. For further improvement, the
multidimensional effect in the barrier crossing should
be taken into account since the above theories are
based on the one-dimensional diffusion scheme.

For the gas—liquid transition region, Lee et al.}*°
determined the photoisomerization rate of trans-
stilbene in supercritical ethane of 0—170 atm at 350
K by observing the fluorescence decay of S; trans-
stilbene. They reported that the Kramers turnover
took place at much higher pressure than the critical
pressure. In the plot of isomerization rates against
the pressure, they noticed a plateau around the
critical pressure. A comment may be necessary to
their report. Although they reported the regions of
the turnover and the plateau in terms of pressure, it
is desirable to describe the regions in terms of density
because the density is more directly related to the
phenomena occurring in supercritical fluids. When
the rate is plotted against the density, the turnover
occurs at the density of 0.24 g/cm® which is close to
the critical density pc, 0.203 g/cm?. Similarly, the
plateau region appears around the density of 0.06
g/cm?® which is much smaller than pc. They also
noticed that the maximum isomerization rate at the
turnover region to be much larger than expected from
TST and suggested several reasons such as cluster-
ing, field effect and high dimensionality of the
potential surface.

Maneke et al.’®® measured the photoisomerization
rate of trans-stilbene in high-pressure gaseous ethane
and in liquid ethane under high pressure with
picosecond absorption spectroscopy. Their results
together with the observation from other groups are
summarized in Figure 22, which clearly shows the
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Figure 22. Photoisomerization rate of trans-stilbene in
high-pressure gaseous ethane and in liquid alkanes under
high pressure with picosecond absorption spectroscopy.
Symbols indicate the kinds of alkanes used as solvent (see
the original paper for details). The line 1 is based on the
isolated molecule specific rate constant k(E) and the
Kramers model. The line 2 is the prediction from a model
which takes into account the cluster- and cage-solvent
shifts of the threshold energy Eo,. (Reprinted with permis-
sion from ref 139. Copyright 1985 Deutsche Bunsen Ge-
sellschaft fur Physikalische Chemie.)

presence of the Kramers turnover. They attempted
to fit the data with the extrapolation formula

C(k /K,
L ~ (ko/Ks) _ (71)
Ko C[(Ky/k,) + 1] + (Ko/K.,)
k0 kdif‘f
C=il k.

where ko and k., are the low- and high-pressure limit
gas-phase rate constants, respectively, calculated
from the RRKM theory (note that ky includes the bath
gas pressure [M]). kqiss is the Kramers rate constant
at high viscosity limit

Wy,
Kaifr = 7 K, (72)

However, the prediction from the above equation was
an order of magnitude smaller than the experimental
rate as shown in Figure 22 (line 1). To explain the
discrepancy, Maneke et al. have proposed the in-
volvement of a stilbene—solvent cluster which lowers
the activation barrier, and accelerates the reaction.
They considered the equilibrium, A + M = AM, with
an equilibrium constant of K. and expressed the rate
constant as

K ~ Kk 1 1k KcI[M]
T 1 K IM] Y 1+ Ky [M]

(73)

where kin eq 71 is written as Ksee, and kg is the same
as k except that the activation energy is lowered
because of the stabilization by clustering. The line 2
in Figure 22 is obtained by putting K to be 10% cm?
mol~! and reducing the activation energy by 800
cm~1. They related the decrease of the barrier height
to the solvatochromic shift in the absorption spec-
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Figure 23. Kramers turnover in the isomerization of
2-vinylanthracene (2VA) studied in supercritical ethane
(m), supercritical CO, (®) and pressurized n-alkanes (pen-
tane O, hexane O, octane A, and decane V). (Reprinted from
ref 160. Copyright 1995 American Chemical Society.)

trum. Gehrke et al.*% observed the similar trend also
in the photoisomerization of diphenylbutadiene in
supercritical alkanes, CO,, SFg, and He.

3. Isomerization around a Single Bond

Isomerization around a single bond has been
carried out both in liquids and supercritical fluids to
assess the validity of the Kramers theory. In
particular, the isomerization of 3,3-diethyloxadicar-
bocyanine iodide (DODCI) and vinyl anthracene (VA)
derivatives has been extensively studied. Veisko et
al.’® measured the viscosity dependence of the
DODCI isomerization rate in a series of normal
alcohols and concluded that the prediction by the
Kramers theory, the linear dependence to the inverse
of 17, was not satisfied. The modified Kramers theory
by Grote and Hynes,'*® which incorporates the
frequency-dependent friction, gave a better fit to the
observed isomerization rate—viscosity relation. Later,
Hara and Akimoto,'® changing the solvent viscosity
over a wider range by means of high-pressure, also
demonstrated that the Grote—Hynes theory gave a
better fit than the Kramers theory.

Flom et al.*>® proposed another prototype system
for isomerization study, 2-vinylanthracene (2VA), and
again showed the validity of the frequency-dependent
friction formalism. Hara et al.1®0161 studied this
system in supercritical ethane and pressurized liquid
solvents using picosecond fluorescence decay mea-
surements. They observed the Kramers turnover as
shown in Figure 23 and found that the activation
energy decreased from the gaslike region to the high
viscosity limit by 1.6 kJ/mol. Recently, they6?
conducted a similar experiment with 2-(2-propenyl)-
anthracene (22PA) and observed that the rate
increases in supercritical region with increasing
collision number in line with the energy transfer
scheme proposed by Troe’s group.8

4. The Effect of Clustering on Isomerization Reactions

The clustering in supercritical region seems to
affect the isomerization reaction in two ways. One is
the enhanced friction against the deformation of
molecules such as the twisting motion, and the other
is the lowering of the activation barrier with a
possible change of the curvature (the imaginary
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frequency) at the transition state. The use of rota-
tional correlation time 7, instead of hydrodynamic
viscosity 7 for the evaluation of ¢ in the Kramers
equation is a promising method for incorporating the
effect of microscopic friction due to the clustering. It
is desirable, however, to provide a formalism for
correlating directly the clustering to the frictional
coefficient ¢. A simple way would be the estimation
of ¢ from the Stokes law with the use of effective
1(procar) N place of y(ppuik) as

& = anrn(pyoca)u (74)

where the viscosity is given as a function of p, and
the local density pca is directly related to the
clustering.

Concerning the lowering of the barrier height, Hick
et al.1%31%4 pointed out that the solvent effect on the
charge-transfer reaction was not due to the viscosity
but the polarity of solvents, and estimated the
activation barrier height E, using a measure of
solvent polarity, E1(30), for individual solvent as

E, = E2 — A[E(30) — 30] (in kcal/mol) (75)

where A expresses the sensitivity of the relevant
reaction to the solvent polarity. This type of modifi-
cation can be applied for the systematic reduction of
the barrier height as a function of clustering number.

F. Electron Transfer and lonic Reactions

Both intra- and intermolecular electron-transfer
reactions cause a dramatic change in the dipole
moment of the reacting system. In such reactions, the
polar character of the transition state makes the
energy and structure of the transition state extremely
sensitive to the polarity of the environment. The rate
of electron-transfer reactions therefore serves as a
sensitive measure of the polar character of super-
critical fluid as a function of density.

In ionic reactions, the transition state could be
more polar than the initial state in some cases, and
in other cases it is less polar. For example, in simple
Sn2 reactions, an electronic charge in the transition
state expands all over the molecular frame, in
contrast to the reactant state where the charge
locates on the attacking anion. Electromagnetism
teaches us that the more the charge is concentrated,
the more it is stabilized in polar solvent. Thus, the
activation energies of Sy2 reactions become consider-
ably higher in the more polar solvents. On the other
hand, in the heterolysis reaction where the neutral
reactant forms a cation and an anion, the transition
state is extremely polar because of the separating
charges and consequently the activation energy is
much lowered in polar solvents.

To discuss the polarity effect on these kinds of
reactions one should calculate the degree of stabiliza-
tion by polar solvent in both the reactant and the
transition states. The simple and convenient way is
to consider the environment as a continuum with a
dielectric constant ¢, and calculate the stabilization
of a dipole or ionic solute molecule in this continuum.
However, in supercritical fluids, the clustering occurs
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in the immediate vicinity of the polar solute molecule;
the actual environment for the solute molecule is not
uniform and cannot be approximated as a continuum.
A simple modification to incorporate such inhomo-
geneity is to use the effective dielectric constant
instead of the bulk value.

More accurate analysis could be possible if one
calculates the electronic state including a central
solute and many surrounding solvent molecules using
rigorous quantum mechanical formalism. However,
even with the high-speed computers available, rigor-
ous time-dependent calculations of a reacting system
consisting of a large number of molecules are quite
tedious and time-consuming. Therefore, we usually
use classical molecular dynamic (MD) calculations
where we assume the solvent—solute and solvent—
solvent molecular interaction potentials which are
either empirical or based on the rigorous molecular
orbital calculations. An extensive review on the MD
calculations of supercritical water was recently writ-
ten by Nakahara et al.16®

1. Theoretical Treatment of the Stabilization of Polar
State by Solvents

a. The Onsager’s Reaction Field Theory in
Continuum Media. The Onsager’s reaction field
theory66167 provides a simple and frequently used
formalism to estimate the stabilization energy of a
dipolar molecule in polar environment. His model
consists of a solute molecule of dipole moment ¢ in a
cavity of radius a formed in a continuum medium
whose dielectric constant and reflective index are ¢
and n, respectively. The dipole of the solute molecule
generates the electric field which affects the con-
tinuum outside the cavity. The polarization of the
continuum medium is increased by this electric field
and exerts an additional field to the central solute
molecule. Such additional field is called “reaction
field” and becomes the origin of the stabilization of
the solute molecule. According to his calculation, the
stabilization energy is given by,

_lu_22(e—l)

AE_as 2¢+1

(76)

Using this equation, one can derive the formula
known as the “Lippert—Mataga—Ooshika equation”,
expressing the absorption spectral shift Av,,s of a
molecule whose dipole moments of Sy and S; states
are uq and ue, respectively, as'68169
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21ty — te) (e—l_nz—l) an
3 e+l 2
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This equation is often used to estimate the spectral
shift in supercritical fluids. If the dipole moment of
the transition state is known or calculated, one can
also evaluate the stabilization energy of the transi-
tion state with eq 76.

b. A Compressible Continuum Model. For
considering ionic reactions in supercritical fluids, one
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has to consider both the simple electrostatic stabili-
zation and the compression of the medium simulta-
neously during the reaction. Recently, Luo and
Tucker proposed a new method,'™ a compressible
continuum model. Their idea is that the charge
distribution in the solute or reacting molecules
produces an electrostatic field E(r) which induces the
solvent compression or enhances the solvent density
p(E) as a function of the field strength. However,
since the dielectric constant is a function of the
solvent density as ¢(p) and the electric field is a
function of € as E(¢), this compression again changes
the electrostatic field. To reach the self-consistent
solution of E and p, Luo and Tucker solved the
Poisson’s equation iteratively with the finite-differ-
ence grid algorithm.

Using the above method, they calculated the local
solvent density of water in the course of anisole
hydrolysis reaction'”®

PhOCH, + OH, — PhO™ 4+ CH,0OH,"

They used the Hartree—Fock 6-31G** calculations
for obtaining the charge density distribution within
the reacting system. They found that even at the low
bulk density of 0.25 g/cm?, the local density of solvent
water within 2 A from the reactant molecule is almost
the same as that at 0.5 g/cm®. In the ordinary
continuum model, the free energy of solvation is
calculated as the sum of works for carrying the
charges in a vacuum together in the medium with
the dielectric constant €. In the present model, the
charges are carried together through the medium of
varying dielectric constant and the electronic field
E(r). The free energy of solvation was found to be 11.6
kcal/mol lower than the value expected from the
ordinary continuum (incompressive) model. They!"2
also applied the model to a typical Sy2 reaction

CI™ + CH4Cl — CH,CI + CI~

and compared with the MD calculations.”®173 As
compared with the incompressive model, the com-
pressible continuum model gave much better agree-
ment with the MD calculation in the solvation energy
along the reaction path.

The above model seems to be suitable for the ionic
reactions in supercritical water whose dielectric
constant varies appreciably with the density of water
at supercritical temperatures. For reactions in ordi-
nary supercritical fluids, where the density depen-
dence of dielectric constant is not large, the use of
ordinary continuum model modified by the effective
local density may still be useful for its simplicity.

c. Molecular Dynamics Calculations. With the
rapid progress in the fast computer technology,
classical molecular dynamic (MD) calculations of a
large system consisting of more than 1000 molecules
become possible. The calculations dealing with the
pure supercritical fluids have been performed for a
variety of fluid molecules such as Ar, Xe, CO,, H0,
and CF3H.®7 The binary systems consisting of a
nonreactive solute molecule and supercritical fluid
molecules have been studied with the MD calcula-
tions to demonstrate the existence of clusters and
characterize them in various fluid conditions.34~36
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The MD calculations of reacting systems are still
very difficult and only a few systems have been
treated rigorously. The most primitive way of incor-
porating the effect of solvent molecules on reaction
dynamics is the use of potential of mean force instead
of the potential energy surface for an isolated react-
ing system. Monte Carlo calculations are performed
in order to evaluate the potential of mean force by
averaging the effects of randomly located solvent
molecules on the electronic energy of the reacting
molecule. Thus obtained potential of mean force is
utilized in combination with the one-dimensional
diffusion model such as the Kramers formalism.

A variety of methods have been used for incorpo-
rating the effect of solvent molecules into the elec-
tronic energy of reacting molecules. With the charge
distribution of the reacting system being fixed, one
can calculate the Coulombic interaction energies
between the charge distribution of the reactant and
an ensemble of solvent molecules. One can also
explicitly include the effect of solute—solvent interac-
tion into the Hamiltonian of the reacting molecules
in SCF-MO calculations. Furthermore, the Hamilto-
nian of the total system consisting of all the solvent
molecules and the reacting molecules could be solved
directly by an ab initio SCF-MO method. Although
the last method formally gives the most precise
results, one needs enormous time on a high-speed
computer. Even for a single trajectory, one must solve
a time-dependent Hamiltonian equation starting
from a reactant pair immersed in solvent molecules
with randomly selected initial location to a final
product pair all through the reaction path. Neverthe-
less, theoreticians continuously pursue the new
algorithm to shorten the computation time.

The MD calculations are most effective in clarifying
the effect of solvent molecules on a rapid reaction
occurring with the time scale similar to the fluctua-
tion. Even with the MD calculation of ordinary level,
we can extract valuable information on the fluctua-
tion of the environment for reactions, which other
methods cannot provide.

2. Intramolecular Charge-Transfer Reactions

When a molecule possesses both electron-donating
and electron-accepting parts within a single molec-
ular frame, intramolecular electron transfer may
occur on electronic excitation. Hereafter, we call the
electron transfer from the donor to the acceptor parts
as charge transfer in the reverse direction, since the
phrase “charge transfer (CT)” has been commonly
used for organic donor—acceptor molecules. The
efficiency of charge transfer depends on the strength
of electron-releasing and electron-withdrawing ability
of the component parts, as well as the distance and
the orientation between them. When a typical elec-
tron donor—acceptor molecule, N,N-dimethylami-
nobenzonitrile (DMABN), is photoexcited in polar
solvent, anomalously red-shifted emission is observed
in addition to the normal fluorescence.'”® The origin
of this “anomalous” emission had been a subject of
controversy during 1960s and 1970s. Rotkiewicz,
Grellmann, and Grabowski have proposed that the
emission comes from a charge transfer state where
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the dimethylamino group twists by 90° from the
benzene plane.'”® Although several other suggestions
were made,'””178 the concept of “twisted intramolecu-
lar charge transfer (TICT)” state seems to be ac-
cepted.

The dipole moment of DMABN in S, state is
reported to be 7.6 D, whereas in S; state it increases
to 9.1 D. Further, the dipole moment of the CT state
is estimated to be 13 D. With such a dramatic change
of the dipole moment in every step, the reorganiza-
tion of polar solvent molecules should occur simul-
taneously on charge transfer in the DMABN molecule
and this reorganization of solvent may act as the
rate-determining step.'’® The rate constants for the
charge-transfer reaction of DMABN were determined
in a variety of liquid solvents and in some cases the
rate was found to be faster than the longitudinal
relaxation time of solvents.'8° This variety can be well
interpreted by the theory proposed by Sumi and
Marcus,'8! which uses the two-dimensional potential
surface consisting of the solvent coordinate and the
twisting coordinate, instead of the Kramers one-
dimensional picture. Although both the solvent re-
organization and the twisting of the dimethylamino
group are necessary to form the equilibrium charge
transfer state, the twisting could occur first to
facilitate the electron transfer and then solvent
molecules slowly adapt themselves. In this case, the
twisting motion controls the CT rate. The feasibility
of this motion is determined by the barrier height
along the twisting coordinate and the microscopic
friction exerted on the motion by the surrounding
molecules.

In supercritical fluid, Kajimoto et al.5>7? first made
a systematic analysis of the CT fluorescence of
DMABN observed in compressed CFs;H. Using sta-
tionary fluorescence spectroscopy, they demonstrated
that the CT fluorescence increased rapidly with
increasing density of polar fluid molecule CF;H from
0.025 to 0.7 g cm®. At the same time they observed
the red-shift of the fluorescence maximum with
increasing density. The latter observation indicates
that the increasing polarity of the environment
stabilizes the CT state to diminish the energy be-
tween the CT and the ground states. In comparison
with the spectral shift estimated from the Lippert—
Mataga equation for fluorescence,'®® the observed
shift was considerably large at low fluid densities.
This fact led the authors to interpret this excess shift
of the CT fluorescence in terms of clustering in
supercritical fluids. From the plot of the spectral shift
against density, the effective local density around the
molecule in the CT state could be evaluated at an
arbitrary bulk density. The ratio of the integrated
CT fluorescence to the S; fluorescence, on the other
hand, expresses the equilibrium constant of the CT
state formation in the excited state, which increases
with increasing density.

Kajimoto et al.”®18 then measured the rate of the
CT state formation of DMABN by observing both the
decay of the S; fluorescence and the rise of the CT
fluorescence with picosecond single photon counting
technique. They found that the rate of the CT state
formation increased with increasing fluid density as
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Figure 24. Rate of the CT state formation for DMABN in
supercritical CF3H as a function of fluid density. (Reprinted
with permission from ref 70. Copyright 1997 Deutsche
Bunsen Gesellschaft fur Physikalische Chemie.)

given in Figure 24. With increasing viscosity, the
twisting motion could be slowed and the rate of the
reaction may be retarded in liquid phase. However,
the stabilization of the transition state due to the
increasing environmental polarity is more important
in the present reaction and consequently the rate
increases with increasing density.

To relate the rate of the CT state formation to the
clustering of fluid molecules, they performed an MD
simulation of the fluid solvent with a single spherical
solute molecule which mimics a DMABN molecule
and exerts a large attractive force to the solvent
molecules.”® The computed average clustering num-
ber was found to be in excellent parallel to the
logarithm of the observed rate constant in their
density dependence. This implies that the activation
energy of the reaction decreases linearly to the
average clustering number n as

k = A exp[—(E2 — nAE)/kgT]. (78)

According to the MD calculation, the fluctuation
of the environment occurs in a time scale of 0.5—2
ps and varies with the fluid density. When the barrier
crossing time is much slower than the fluctuation
time, the reaction is then considered to proceed on
the potential of mean force, averaged over the solvent
fluctuation. Such situation probably corresponds to
the imaginary frequency of the barrier wp <5 cm™1.
On the other hand, when w, ~ 20 cm™2, the barrier
crossing time becomes comparable to the environ-
mental fluctuation or the fluctuation of the activation
barrier, and hence the reaction may seriously affected
by the fluctuation.'® Although, in the CT reaction
of DMABN, such effect is not obvious probably due
to the slow barrier crossing, the effects of fluctuating
polar environment or a fluctuating barrier height
must be taken into account in considering rapid
reactions in supercritical fluid. This type of fluctua-
tion also provides a challenging problem for the
theoretical analysis where the time-independent
potential of mean force has been used so far for the
barrier crossing problem.

The fluctuation of the polar environment in super-
critical fluids is primarily controlled by the fluctuat-
ing number of the clustering fluid molecules around
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a solute and its time scale seems to be a few hundred
femtoseconds. In contrast, in liquid solvents, the
librational motion of solvent molecules determine the
time scale of the solvent adaptation to the new dipole
created in the solution just like the formation of the
charge transfer state. Fleming et al. have recently
determined the time scale of this process for aceto-
nitrile using the dye molecule LDS-750 to be about
70 fs, 184

Schulte and Kauffman?®® observed the fluorescence
spectra and its decays of bis(4,4'-(dimethylamino)-
phenyl)sulfone (DMAPS) in mixed ethanol—CO, su-
percritical fluid solution, and estimated the enrich-
ment of ethanol in the immediate vicinity of the
DMAPS molecule to be 5—10 times of the bulk
composition. To estimate the effect of clustering on
the folding motion, Kauffman and co-workers!8®
studied the dynamics of folding in 9-anthryl-(CH,)s-
(4-N,N-dimethylaniline) and subsequent CT state
formation in mixed ethanol—CO; supercritical fluid
solution.

3. Intermolecular Charge-Transfer Reactions

Takahashi and Johna,'®” using pulse radiolysis
technique, examined the density dependence of the
intermolecular charge-transfer rate between a biphe-
nyl anion and pyrene in supercritical ethane. The
second-order charge transfer rates were found to be
nearly constant over the pressure range 55—133 bar.
They suggested two possible reasons for this observa-
tion, solvent clustering and the dependence of solvent
reorganization energy on pressure. Kimura et al.'®8
measured an electron-transfer (ET) rate in the hex-
amethylbenzene—tetracyanoethylene complex in su-
percritical carbon dioxide. The ET rate was found to
increase by almost a factor of 2 on increasing the
solvent density from p. to 2p.. The density dependence
was well simulated by the method based on the
theory of Marcus'® and Jortner,*®° although it pre-
dicts a somewhat smaller density effect in the higher
density region. Recently, Kimura et al.’®* studied the
back-electron transfer (b-ET) rate of the same charge
transfer complex in various supercritical fluids at
323.2 K. They found that the b-ET rate increased
with increasing density of CO, and N,O. On the basis
of the Marcus—Jortner theory, they estimated the
reaction free energy and the solvent reorganization
energy using the absorption spectral shifts. Both
parameters showed the stronger density dependence
at lower densities than at high densities.

4. lonic Reactions

lon—molecule reactions and ion generating reac-
tions have recently been studied in supercritical
fluids, particularly in supercritical water. MD simu-
lation of these ionic reactions has also been conducted
for supercritical water. The main interest of the
studies in supercritical water is the density and
temperature dependence of the rate of reactions
including charged species, since the dielectric con-
stant ¢ changes dramatically from 78 for ambient
condition to 2.6 at the critical temperature (374 °C)
and at the density of 0.16 g/cm3. Also interesting is
the solvation of ionic species by water molecules or
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water clusters. The local density, and hence local e,
of water could be still large even at high temperature
and low density because of the strong interaction
between the ionic species and water molecules. If this
is the case, the ionic reaction may occur easily in the
water cluster even at low bulk density. Since super-
critical water can dissolve inorganic gases as well as
nonpolar organic species, we now acquired an excel-
lent medium where both the ionic and nonpolar
species could exist in high concentrations and con-
sequently ion—molecule reactions proceeds quite
efficiently.

The general trend in the density dependence of the
ionic reactions can be explained from a simple idea
of stabilization by solvent in the transition state
relative to the reactant state. When the transition
state is more polar or possesses concentrated charge
distribution than the reactant state, the increase in
€ lowers the reaction barrier and accelerates the
reaction. This is the case in charge generating
reactions such as the proton transfer from 2-naphthol
to ammonia. On the other hand, when the charge
spreads over the reactants in the transition state, the
reverse is true as in the case of Sy2 reactions. This
type of stabilization most profoundly controls the
density and temperature dependence of the ion
reactions in supercritical fluid. The stabilization of
the polar transition state is then controlled by the
local € instead of bulk one; the local ¢ is determined
by the clustering under specific density and temper-
ature conditions.

Johnston, Fox, and Rossky at University of Texas
at Austin intensively studied the solvation and reac-
tions in supercritical water both experimentally and
theoretically. Ryan et al.'% studied the proton trans-
fer from 2-naphthol to both neutral (NH3; and H,O)
and anionic species (acetate and borate anions) in
supercritical water. For the latter species, they found
only modest deviations from Arrhenius-like behavior
from ambient temperature to near the critical tem-
perature. In contrast, the rates of proton transfer to
ammonia and water exhibited marked deviations
from Arrhenius-like behavior and went through the
maximum at high temperatures. The loss of local
water structure and changes in dielectric constant
with temperature exert a profound influence on the
charge-generating reactions. At temperatures above
250 °C, contact ion pair formation further inhibits
proton transfer. Ryan et al.»*® also observed the acid—
base equilibrium of acridine in supercritical water
and reported that the exothermic protonation at
ambient temperature turned to endothermic at 315
°C due to the decreasing dielectric constant with
increasing temperature.

Concerning the Sy2 reactions in supercritical wa-
ter, the Texas group made an extensive study using
molecular dynamics simulations.”®173 They found that
the coordination number of water around CI- was
almost unaffected as shown in Figure 25 despite the
enormous change in the bulk dielectric constant from
78 at ambient condition to about 3 at the critical
temperature. This indicates that the stabilization of
ionic species by water molecules still works quite
efficiently even in supercritical water. The change of
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Figure 25. Coordination number of water around Cl~ was
almost unaffected even by the enormous change in the bulk
dielectric constant from 78 to about 3: (a) coordination
number and (b) number of H-bonds of water to Cl-.
(Reprinted from ref 76. Copyright 1995 American Chemical
Society.)

the coordination number with density can well be
expressed by the Langmuir-type adsorption model,
and the enthalpy and free energy changes between
the reactant and the transition state can be explained
in terms of the variation in average coordination
number and hydrogen bonding. They also found that
the lifetime of the first solvation shell was about 4
times shorter in supercritical conditions than that in
ambient water solution. The useful formalism for the
MD calculations of ion reactions in supercritical
water is also proposed from other research groups!®+1%
and, as a test, both groups treated Sy2 reactions.

The Texas group also examined the ion solvation
in supercritical water using the similar MD calcula-
tions.”’"196.197 They found that the reduction of the
solvation number, during the change of condition
from ambient to supercritical, was less in strongly
interacting species such as Na* and large for weakly
interacting neutrals such as HCI. On the basis of the
MD simulation results, they proposed a theory pre-
dicting the density dependence of the solvation
number and solvation free energy, which is a com-
bination of a dielectric concentric shell model and the
simple Langmuir-type model of adsorption analogy
(see section 11.C).
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Experimentally, Wallen et al.'®® examined the
solvation of water around Br~ in supercritical water
using EXAFS measurements and found that the
solvation number changed drastically from 7.1 at
ambient temperature to 2.8 at 425 °C, whereas at
425 °C it was rather insensitive to the density change
of 1.5 times.

Apart from supercritical water, Zhang et al.l®
studied the ion-neutral reaction between arylmethyl
cation and tetramethylamine in supercritical CFzH
and C,Hgs using pulse radiolysis technique. They
found that the bimolecular rate constant decreased
with increasing density (polarity) probably because
of the increase of the activation barrier due to the
larger stabilization of the reactant state than that
of the transition state.

G. Other Reactions

Other reactions studied in supercritical fluids will
be described briefly from the viewpoint of clustering.
In some cases, the rate or the equilibrium constant
of reactions studied in supercritical fluids were found
to have a plateau around the critical density or show
an s shape when plotted against the fluid density.

In the dimerization equilibrium of 2-methyl-2-
nitrosopropane

2 tert-butyl-NO — (tert-butyl-NO—),

conducted in supercritical CO,, Kimura et al.?® found
that although the equilibrium constant of dimeriza-
tion increased with pressure at high-density region,
it decreased with pressure/density near the critical
density. Such a trend can be understood if one
considers the volume change of the dimerization
equilibrium. At high densities, the volume of the
dimer is less than the two monomers and hence the
repulsive compression favors the dimer. However, at
medium density where the attractive force helps to
form clusters between CO, and the reactant, the
volume of the initial state (two monomer clusters)
are smaller than that of the dimer; the dimerization
means the contact of two monomers, which reduces
the reactant surface where the CO, molecules could
be adsorbed. Such reversal of the reaction volume at
medium density makes the pressure dependence of
the equilibrium opposite in its direction. Thus, the
clustering near the critical density plays a crucial role
in determining the dimerization equilibria. Kimura
and Yoshimura®®! later observed the similar trend
in the rate of the forward reaction in the same
dimerization reaction.

In addition to the volume effect shown above, the
density change affects the polarity of the environ-
ment as discussed in the preceding two sections.
Johnston and Haynes?®? studied the pyrolysis of
chlorobenzylmethyl ether in supercritical CH3;CHF,
and observed more than 2 orders of magnitude
increase in the pyrolysis rate as the density of CHs-
CHF; increased from 0.1 to 1.0 g/cm?® at 403 K. In
the keto—enol isomerization equilibrium of acetylac-
etone in supercritical CFz;H and CF3Cl,203204 as well
as in the tautomerism of 2-hydroxypyridine in CH;-
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CHF,,%% the polar keto form is favored with increas-
ing density.

IV. Future Perspectives

In the present review, we followed the development
of the experimental and theoretical researches on the
reaction dynamics in supercritical fluids. The central
concept in analyzing the behavior of the dynamic
processes is solvation or clustering. The main interest
of physical chemists in early 1980s was the behavior
of collision-induced processes in the gas—liquid tran-
sition region. They then became interested in the
effect of clusters on the reaction dynamics. The
solvent molecules gathering around a reactant mol-
ecule could retard the dynamic processes of the
reactant by acting as an obstacle to the reactant
deformation or the movement. In other cases, the
clustering solvent molecules enhanced the polarity
in the vicinity of the reactant molecule to facilitate
the reactions with polar transition state. The recent
interest is extended to the exploration of the effects
of environmental inhomogeneity and fluctuations on
dynamic processes. Although the effect of the fluctua-
tion on dynamic processes has been a continual
theme in physics, no appropriate medium and tech-
niques were available to make the meaningful detec-
tion of the effect possible. Supercritical fluids, com-
bined with the developing detection techniques such
as ultrashort laser pulses, offer a special opportunity
for exploring this theme.

Although the practical applications of the reactions
in supercritical fluids were not described in this
review, the use of supercritical water as a reaction
medium now leads synthetic chemists to new findings
of a variety of unexpected reactions in addition to the
well-known hydrolysis and oxidation reactions. The
mechanism of these new reactions however, still
remains to be clarified.

In both the practical and the scientific aspects,
“reactions in supercritical fluids” is the extremely
interesting and promising gift which this century can
offer to the coming century.
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