CHAPTER 5

Spectroscopic Investigations of Intermolecular
Interactions in Supercritical Fluids

M. A.KANE, S.N. DANIEL, E.D. NIEMEYER, E. V. BRIGHT

5.1
Introduction

Solvent choice is amongst the most important factors governing the efficiency,
selectivity, and outcome of a chemical reaction, extraction, or separation. How-
ever, as a result of recent environmental legislation, the use of several common
organic and especially chlorinated liquid solvents has been limited or even ban-
ned [1]. For this reason, researchers have begun intensive work to develop and
exploit more “environmentally-friendly” or “green” solvents. At the forefront of
this research has been the development of supercritical fluid technologies as an
alternative to hazardous solvents currently in use [1-6].

When a pure substance is raised above its critical point (defined by its cha-
racteristic critical temperature (T,) and pressure (P,)), the liquid and gas phases
coalesce into a single phase, known as a supercritical fluid (Table 5.1). Once in
the supercritical state, the properties of the fluid can be tuned continuously by
simply adjusting the system temperature and/or pressure. Figure 5.1 illustrates
the effects of system pressure and temperature on the bulk density and dielec-
tric constant of supercritical CO, (scCO,) at reduced temperatures (T, =Tey,/T.)
of 1.01 and 1.10. Examination of these isotherms shows that near the critical
temperature, small changes in system pressure can lead to significant changes in
the bulk fluid density. However, as one increases the system temperature
(T,>1.00) and moves further from the system critical point, one sees that the
changes in density are not nearly as sensitive to pressure changes (Fig.5.1B,C).

Table 5.1. Critical data for several common supercritical fluids

Fluid Critical Pressure Critical Temperature Critical Density
(bar) (K) (g/ml)
CO, 74 304 0.472
C,Hy 49 306 0.204
C,H, 50 282 0.214
CF;H 49 300 0.506
CF;Cl 39 302 0.585
Xe 58 290 1.096
H,0 221 648 0.281

N,0 72 310 0.445
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Fig. 5.1a-c. Tunability of a supercritical fluid: a generic phase diagram for a pure substance;
b density; ¢ dielectric constant isotherms as a function of pressure for supercritical CO, at
T.=1.01 and 1.10

One should also note that other physicochemical properties (e.g., refractive in-
dex, viscosity, diffusion coefficient), which scale with density, are also tunable
with pressure and temperature. Thus, a supercritical fluid can be adjusted con-
tinuously between gas- and liquid-like properties without physically changing
the solvent. Supercritical fluids also possess liquid-like solvation properties and
have more gas-like diffusivities which can lead to higher mass transport rates in
comparison to normal liquids. For these reasons, the uses of supercritical fluids
continues to grow [1-6].

To date, the most commonly used supercritical fluids have been CO, and H,O.
Carbon dioxide is inexpensive, non-toxic, nonflammable, and it has relatively
mild critical parameters (Table 5.1). Supercritical CO, has been used for the de-
caffeination of tea and coffee, the extraction of hops, spices, and flavorings, the
extraction of pharmaceuticals from seeds and barks, to harden and strengthen
Portland cement and building materials, and even as an alternative to perchloro-
ethylene in the commercial dry cleaning process. Supercritical water (SCW) has
attracted substantial interest because of its potential for hazardous waste dis-
posal. Moreover, when water is raised above its critical point (Table 5.1),
environmentally harmful organics can be rapidly and efficiently oxidized to
benign compounds such as CO,, H,0, and simple inorganic acids and salts. Cur-
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Fig. 5.2. A depiction of the solute-fluid density augmentation process with an increase in
local density (@joc,) surrounding the solute compared to the bulk fluid density (@p,y)

rently, there are several commercial waste disposal plants in operation in the US
and Europe based on SCW wet oxidation technology. Supercritical water has
also been used for the destruction of chemical arms and even of used auto-
mobile tires.

One of the most interesting phenomena observed in supercritical fluid sys-
tems is an apparent increase in the local fluid density, relative to the bulk dens-
ity, surrounding a dissolved solute when the system is near the mixture critical
point [7-10]. This increase in fluid density has been termed “solute-fluid clus-
tering”, “molecular charisma”, or “local density augmentation.” A simplified
depiction of the solute-fluid clustering process is shown in Fig. 5.2, with an in-
creased local fluid density (@) surrounding the solute compared to the lower
bulk fluid density (@p,u). The solute-fluid clusters observed in supercritical
fluids are dynamic in nature, constantly exchanging fluid molecules with the
bulk fluid on a sub-picosecond time scale [11]. This augmentation phenomena
is thought to influence a wide variety of processes including reaction rates and
outcome, solute conformational equilibria, and extractions.

The remainder of this chapter will highlight several of the more varied appli-
cations of UV-Vis absorbance spectroscopy, fluorescence spectroscopy, and
laser flash photolysis as they have been applied to the study of solute-fluid in-
teractions within supercritical fluid systems. The reader should also realize that
there is an extensive literature using, for example, infrared absorbance, Raman
scattering, NMR, XAFS, and thermal optical methods that are intentionally not
discussed in this chapter.

5.2
Instrumentation

It is well-known that certain chromophores/dyes exhibit features that are a
strong function of the physicochemical properties of their surroundings [12]. As
a result, one can use these sorts of chromophores as solute probes of their local
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Fig. 5.3. Simplified schematic for a typical spectroscopy set-up for studying supercritical
fluids

microenvironment. In this context techniques like absorbance and emission
spectroscopy are almost ideal for addressing question about the local micro-
environment surrounding a solute dissolved in a supercritical fluid. These tech-
niques are also attractive because they allow one to assess the local microen-
vironment surrounding a solute, if the solute absorbs and/or emits, under con-
ditions when the solute concentration is reasonably low. In this way one can
minimize solute-solute interactions and focus exclusively on solute-fluid/sol-
vent interactions.

To get a handle on the local microenvironment surrounding a solute dissolv-
ed in a supercritical fluid, one needs several pieces of equipment (Fig. 5.3). First,
one needs a spectrometer. A spectrometer can range from a simple UV-Vis ab-
sorbance spectrophotometer up to a sophisticated time-resolved laser system.
One needs a high-pressure optical cell to house the fluid. The high-pressure cell
body is often made of stainless steel or some other suitable material (e.g., tita-
nium). The choice of the cell material depends on the corrosive tendencies of the
fluid itself and the temperature range to be studied. One also requires optical
ports that will allow one to bring the electromagnetic radiation into and out of
the fluid. In the UV/visible region, one might seal windows (quartz or sapphire)
directly into the cell body or one might use optical fibers mounted within the cell
body. Again, some care must be exercised in selecting the optical port materials
depending on the sealing method that one intends to use (e.g., Teflon O-rings,
Au seals), the temperature and pressure range of the experiments, and the cor-
rosive nature of the fluid. A careful look at Fig. 5.2 shows that it is also important
to control accurately and precisely and know the actual pressure and tempera-
ture within the high-pressure cell. A pump can serve to generate the pressure, a
precision gauge is used to monitor the pressure within the high-pressure cell,
and cartridge heaters are often used in concert with a thermocouple feed back
system to control the cell/fluid temperature.
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5.3
Sample Preparation and Precautions

There are several challenges associated with performing good spectroscopic
measurements of solutes dissolved in supercritical fluids. Foremost amongst
these issues is to ensure that the solute is actually dissolved completely in the
fluid and not adsorbed to the interior cell walls or the optical ports. This chal-
lenge can be met by working at solute concentrations in the low micromolar
range and by taking special care to look for and minimize signs of solute ad-
sorption and/or aggregation. Unanticipated shifts in the spectral profiles with
changes in fluid density, beyond continuum model predictions, are always good
indicators of adsorbed species and/or aggregates, but these must always be de-
coupled from the intrinsic shifts induced by changes in the physicochemical
properties of the fluid with changes in fluid density. A low micromolar solute
concentration range also sets practical limits on the types of probes/solutes that
one can effectively study. An ideal solute is one with: (1) a reasonably high com-
bination of solubility in the fluid of choice over the density range in question,
high molar extinction coefficient, and high fluorescence quantum yield and (2)
a spectroscopically accessible signature (e.g.,absorbance or emission spectrum,
lifetime) that is strongly dependent on the physicochemical properties of the
solvent. Examples of the more common solutes used for studying supercritical
fluids include pyrene (I;/I; band ratio depends on the solvent), DMABN (under-
goes twisted-intramolecular charge transfer to an extent that depends on the
solvent properties), or N,N’-bis-(2,5-tert-butylphenyl)-3,4,9,10-perylenecar-
boxodiimide (rotational reorientation dynamics depend on the solvent micro-
viscosity).

In our laboratory we always make sure the solutions are thoroughly mixed
and we check for adsorption or aggregation by recording the static electronic
absorbance spectra in a given fluid as a function of fluid density. In general, an
absorbance profile that remains more or less constant (save for the shifts induc-
ed by changes in the fluid’s orientational polarizability caused by changes in
fluid density with changes in pressure) in magnitude is indicative of a fully dis-
solved solute. In questionable situations, we run a series of control experiments
over a range of solute concentrations.

5.4
Selected Applications

The electronic absorbance and emission characteristics of a solute can be used
to provide information on the local environment surrounding the molecule in
its ground and excited state [12]. For this reason, absorbance and fluorescence
studies have been one of the most popular methods to quantify solvation phe-
nomena in supercritical fluids. For example, solvatochromic shifts in the ab-
sorbance and fluorescence spectra of solutes dissolved in a variety of super-
critical fluid systems have been used extensively to quantify solute-fluid inter-
actions. Time-resolved measurements have also been used to provide insight
into solvation in supercritical fluids.
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Fluorescence-based measurements are particularly attractive because the
emission process contains a wealth of information that is related to the fluoro-
phore (i.e., the solute) and its surroundings. Specifically, one can conveniently
divide fluorescence techniques into two forms: static and dynamic. These can in
turn be divided still further into subcategories with particular features:

Static

Intensity

- Concentration of species

- Quenching of species (accessibility, conformational changes, kinetics of
change)

Spectral

- Information on the local environment about the fluorophore (e.g., polarity,
pH).

- Distances between sites via energy transfer techniques

Polarization/Anisotropy
- Average size of a rotationally reorienting species
- Mobility or motional restriction

Dynamic

Excited-State Decay Kinetics

- Resolve static emission into the contribution from the individual emissive
centers

- Study ultrafast kinetic processes (e.g., solvation)

- Unravel excited-state decay kinetics

- Elucidate origin of quenching processes

- Study exchange processes and heterogeneity (e.g., continuous lifetime distri-
butions)

Excited-State Decay of Anisotropy

- Detailed reorientational dynamics of non-spherical rotors (e.g., diffusion
kinetics)

- Overall shape of the rotating body

- Discrimination between local and global motions in a complex system

It is common for chemists and engineers to add a small amount (1-10 mol%) of
a cosolvent (e.g.,an alcohol) to scCO, to improve extractions and increase solute
loadings. Although this is a common practice, there is a limited amount of in-
formation on exactly how the cosolvent, fluid, and solute interact with one ano-
ther. By using the n — 7* absorbance shift of benzophenone, Eckert and co-
workers [13] recently investigated the behavior of benzophenone dissolved in
binary supercritical solutions composed of C,H4 and a large variety of cosol-
vents. Because the benzophenone n — m* transition is sensitive to its local sol-
vent environment, increases in local solvent dipolarity or specific solute-fluid
interactions (i.e., hydrogen bonding) result in a blue shift of the n — 7* absorb-
ance. By using supercritical C,Hg the authors were able to eliminate any possible
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specific interactions with the benzophenone carbonyl and the fluid. The cosol-
vents that were chosen had hydrogen bonding abilities with the benzophenone.
The authors found a maximum in the benzophenone n — 7* shift occurred
when they used the cosolvent 2,2,2-trifluoroethanol (TFE) and this shift was
density independent at higher TFE concentrations. Upon examination of other
cosolvents, with a lesser ability to hydrogen bond to benzophenone, the authors
concluded that hydrogen bonding is the primary reason for changes in the
n — m* absorbance shift within the supercritical C,Hq/cosolvent/benzophenone
system.

A chemical-physical model was developed to predict benzophenone n — m*
shifts in the TFE/C,H, system. This model was based on the benzophenone
n — m* shifts in liquids, and it assumes that the shifts observed in liquids and
supercritical fluids arises from similar changes in local solvent dipolarity. The
model was used to predict the maximum benzophenone n — m* shift as a func-
tion of C,Hg density. The model under-predicted the experimental benzo-
phenone n — 7* shift at lower fluid densities and over-predicted the shift at hig-
her fluid densities. This particular result was explained in terms of the model’s
inability to account for changes in local density and local cosolvent composition
enhancements surrounding the benzophenone molecule in proximity to the
fluid critical point. Additional integral equation analysis showed that, while this
model assumed that the coordination number surrounding the benzophenone
remains constant as a function of fluid density, the coordination number ac-
tually varies near the mixture critical point.

Schulte and Kauffman have exploited the fluorescence from twisted intra-
molecular charge transfer (TICT) molecules to quantify changes in the local sol-
vent permittivity in a binary supercritical mixture composed of CO, and etha-
nol. A TICT compound contains both an electron donor and electron acceptor
group which must twist in the excited state for charge transfer to occur [14, 15].
TICT compounds are strongly solvatochromic and can exist as two isomers, ei-
ther a locally excited (LE) or charge transfer (CT) configuration. If the TICT
molecule is dissolved in a dipolar solvent, after electronic excitation it may twist
to form the CT complex which has a much larger dipole moment and is there-
fore stabilized in the polar solvent. The CT emission band is strongly red shifted
with respect to the LE band and its fluorescence quantum vyield is strongly de-
pendent on the solvent dipolarity. Due to their strongly solvatochromic charac-
teristics, TICT compounds have been very popular for use in quantifying solva-
tion in supercritical fluids. Schulte and Kauffman used bis(4,4"-aminophenyl)
sulfone (APS) [14] and bis(4,4’-dimethylaminophenyl)sulfone (DMAPS) [15] to
probe changes in local permittivity in ethanol-modified CO, systems. Inter-
estingly, although these compounds are structurally similar, APS is only soluble
in ethanol-modified CO, while DMAPS is soluble in either neat or ethanol-
modified CO,.

Comparison of LE and CT spectral shifts and intensities were made between
APS in a 5 mol% mixture of ethanol in CO, and APS dissolved in liquid n-alco-
hols. The authors found that in the low density fluid region, APS exists in an en-
vironment that is similar in permittivity to liquid n-butanol, but as the fluid
pressure is increased (>124 bar) the permittivity becomes more similar to liquid
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n-octanol. Additionally, ratios of the CT to LE quantum yields were used to de-
termine local solvent permittivity. Experimentally determined permittivities
were compared to the empirically calculated bulk permittivities for the etha-
nol/CO, system. From this comparison, the authors showed that, in proximity to
the fluid critical density, the permittivity was 810 times greater than the bulk
permittivity. These results were discussed in terms of preferential solvation of
the alcohol cosolvent surrounding the solute near the fluid mixture critical
point.

When DMAPS was dissolved in neat CO,, changes in the fluid pressure result-
ed in no detectable spectral shifts, indicating that the spectral shifts noted above
are a result of changes in the local solvent environment/composition and are not
pressure induced. The authors also noted that the DMAPS emission intensity
was much higher in the ethanol-modified CO, than in neat CO, due to the
increased DMAPS solubility. As observed for APS in ethanol-modified CO,, in
order for local permittivities to agree with the bulk ethanol/CO, permittivities,
a local solvent enrichment factor, indicative of cosolvent-fluid compositional
augmentation, was needed to describe the data.

The local microenvironment surrounding pyrene molecules perturbs the p-
electronic orbitals via Herzberg-Teller symmetry distortions and this affects the
B2 and B! interstate coupling efficiency. This vibronic coupling enhances the
otherwise forbidden transition from the B2 excited state to the ground state, re-
sulting in an I, emission band intensity (normally appearing near 373 nm) and
excited-state singlet fluorescence lifetimes that are strongly dependent on the
physicochemical properties of the local environment. The environmental sensi-
tivity is manifest by changes in the pyrene I;/I; band ratio and the excited-state
fluorescence lifetime. Specifically, the pyrene I,/I; increases with increasing sol-
vent dipolarity. Thus, by measuring the pyrene I,/I; ratio as a function of bulk
fluid density and/or composition, insight can be gained into the local environ-
ment surrounding the pyrene within the supercritical fluid mixtures.

Brennecke and co-workers [16] have recently used the steady-state fluores-
cence emission of dilute pyrene solutions to determine the nature of solvation
in sub- and supercritical fluid mixtures of CO, and CF;H as a function of fluid
density. Mixtures of CO, and CF;H were chosen for this study because they have
similar critical points (see Table 5.1) and their mixtures maintain highly com-
pressible regions similar to neat supercritical fluids. These experiments showed
that the pyrene I,/I; always increased with fluid density at all temperatures and
with all fluids (neat and mixtures). In addition, I,/I; is linear with bulk fluid den-
sity in the higher density region (similar to pyrene in other fluids) [17]; however,
there were substantial nonlinearities in I;/I; in the density region near and be-
low the critical density. This deviation in the low density region was used to esti-
mate the local fluid composition/density surrounding the pyrene in the neat
fluids as well as the fluid mixtures. The calculated @j,c.i/@pui (@ measure of the
extent of density augmentation surrounding the pyrene molecules) for all sys-
tems was found to be smaller overall at higher temperatures and to reach a ma-
ximum well below the bulk critical density. The authors estimated that the sol-
vent strength for CO, in a CF;H rich mixture was nearly the same in the inter-
mediate density region as pure CF;H, indicating an exclusion of CO, in the
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pyrene solvation sphere and, hence, preferential solvation of the pyrene by the
CF;H. For the mixture in which CO, predominated, analysis of solvent strength
also indicated preferential solvation by CF;H in the high density region. How-
ever, in the intermediate pressure range, the solvation strength was more simi-
lar to a CO,-like environment, indicating a depletion of CF;H before returning
to a more CF;H rich environment at lower bulk fluid densities.

Fluorescence quantum yields and excited-state lifetimes of a model solute (9-
cyanoanthracene, 9cA) dissolved in supercritical C,Hg, CO,, and CF;H over a
wide density range were used by Rice et al. [18] to quantify energy dissipation
processes within solute-fluid “clusters.” The fluorescence quantum yield (@) of a
solute is related to its excited-state fluorescence lifetime (7) and its radiative de-
cay rate (k,) by the following equation:

k.= o/t (5.1)

where the radiative decay rate (k,) is related to the non-radiative decay rate (k,,
where k. = 1/7-k,). Thus, by determining the fluorophore quantum yield and
excited-state fluorescence lifetime, one can access directly how the solute dissi-
pates energy to the solvent bath.

The 9CA quantum yield is effectively unity in liquids. However, the experi-
mentally determined 9CA quantum yields in supercritical C,H,, CO2,and CF;H
are significantly less than unity at low fluid densities before approaching unity
in the high density liquid-like region. Rice et al. also found that k, and k,, were
strongly density dependent, with the nonradiative rate dominating in the low
density region and the radiative rate dominating in the high density region. The
Strickler-Berg relationship provides a theoretical construct between the mea-
sured fluorophore radiative decay rate and the solvent physical properties:

k, = 2900 n2v2 [e dv (5.2)

In this expression n denotes the solvent refractive index, v, is the peak frequency
of the fluorophore absorption spectrum, and Js dvis the integrated area under a
curve of the molar extinction coefficient as a function of wavenumber. In liquids
the 9CA radiative rate is well described by Eq. (5.2). Rice et al. found that signi-
ficant deviations from the Strickler-Berg expression occurred in the low density
regions for each of the fluids and that corrections accounting for the change in
refractive index and the change in absorbance shift for 9CA could not account
fully for the observed deviations. The authors proposed that changes in the 9CA
molar absorptivity in the low density region below the critical point is partially
responsible for the deviation from the Strickler-Berg equation. The authors also
argued that the dependence of k. and k, on bulk fluid density was ultimately a
result of local solute-fluid solvation and density-dependent, fluid-induced chan-
ges in the Franck-Condon factors between the 9CA S, singlet state and a nearby
triplet state T,.

Anderton and Kauffman used fluorescence depolarization measurements to
examine the effects of solute functionality on fluid density augmentation in su-
percritical CO, [19]. By using two fluorescent solutes that have structures differ-
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ing primarily by only a hydroxyl moiety (trans, trans-1,4-diphenylbutadiene
(DPB) and trans-4-(hydroxymethyl)stilbene (HMS)) the authors were able to
determine how a single functional group affected the degree of local density
augmentation in CO,. The authors found that, over a CO, density range from 0.3
to 0.8 g/ml, DPB exhibits a slight increase in rotational reorientation time (¢) as
a function of fluid density. In contrast, HMS (the hydroxylated analog) exhibits
amuch larger increase in its rotational reorientation time as the fluid density in-
creased. Anderton and Kauffman proposed a model to interpret this rotational
data based on a radial distribution function formalism in which the local solvent
density, ¢} ,(r), surrounding a solute is related to the bulk fluid density (¢) and
pair distribution function, g; ,(r), (where r is the distance between solvent,
molecule 1, and solute, molecule 2):

el =1[1+F(g,(M)] (5.3)

and F (g, ,(r)) is an integral equation in g, ,(r) over the spatial coordinates that
describe the local solvent density surrounding the solute molecule. By modeling
the boundary conditions for the system as a function of the local fluid density,
the solvent density augmentation parameter, F (g, ,(r)), was used to predict the
rotational reorientation times which were in turn used with the experimentally
recovered solute rotational reorientation times to estimate the extent of solute-
fluid density augmentation. In this formalism, when F(g; ,(r)) =0, the local
density equals the bulk fluid density (i.e., no solute-fluid density augmentation is
occurring). In contrast, when F(g, ,(r)) = 1 the local fluid density is twice the
bulk density. The authors found that the local fluid density surrounding HMS was
approximately 40 % greater than that surrounding DPB, but there appeared to be
no bulk density dependence in the degree of local density augmentation. The dif-
ferences between HMS and DPB were explained in terms of an increase in degree
of CO, local density augmentation surrounding the HMS hydroxyl moiety result-
ing from specific intermolecular interactions between CO, and HMS.

Heitz and Bright [20] used the Anderton and Kauffman model to explain the
rotational reorientation of a large model solute (N,N’-bis(2,5-tert-butylphenyl)-
3,4,9,10-perylenecarboxodiimide (BTBP)) in supercritical CO,, CF;H, and C,Hg.
The rotational reorientation time (¢) for BTBP in liquids was shown to follow
simple hydrodynamic theory and obeyed the Debye-Stokes-Einstein (DSE)
equation:

¢ = nVIRT (5.4)

where 7 is the solvent viscosity, V is the volume of the reorienting species, R is
the gas constant, and T is the absolute temperature. In supercritical fluids, the
authors found that the BTBP measured rotational reorientation time deviated
significantly from Debye-Stokes-Einstein predictions in the low density fluid re-
gion. At higher fluid densities/viscosities, the experimentally measured BTBP
rotational reorientation times were well described by the DSE equation; how-
ever, at low fluid densities nearer the critical point, the BTBP rotational reorien-
tation times were much higher than predicted. This was attributed to local den-
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sity augmentation of the fluid about the BTBP which led to slower rotational
reorientation times via either an increased reorienting species volume or an in-
creased local viscosity surrounding the BTBP molecule compared to the bulk
fluid. Using the Anderton and Kauffman model to determine the degree of local
density augmentation surrounding the BTBP, the authors estimated that the ex-
tent of local density augmentation surrounding BTBP was approximately three
times the bulk fluid density. Assuming that the deviation from DSE was a result
of a larger rotating unit (i.e., BTBP + fluid molecules), the solute-fluid cluster
size was estimated. The authors estimated that the BTBP-fluid cluster radius was
approximately double the BTBP radius alone in CF;H at the largest degree of
density augmentation. Using the van der Waals volume for the fluid and the
volume of the solute cluster, it was estimated that as many as three layers of fluid
molecules were in the immediate solvation shell surrounding the BTBP in the
low density region.

Although supercritical water shows tremendous promise for hazardous waste
disposal (see above) there have been a limited number of fluorescence or ab-
sorbance spectroscopic studies to date on supercritical water. Most of the dearth
of spectroscopic data arises from the fact that it is relatively difficult to work
with and generate supercritical water. Johnston and co-workers have developed
special optical cells and used absorbance spectroscopy [21] in tandem with
steady-state and time-resolved fluorescence [22, 23] to characterize the acid-
base behavior of a model solute in supercritical water. This work has focused on
the behavior of B-naphthol, a fluorescent compound in which the lowest excited
singlet state is significantly more acidic (pK% =2.5) than its ground state
(pK, = 9.5) in liquid water near ambient conditions. Initially, the equilibrium
constant for the reaction between -naphthol and the hydroxyl ion was studied
using the solvatochromic shifts of the f-naphtholate anion. More recently, John-
ston’s team used time-resolved fluorescence measurements to quantify the ex-
cited-state deprotonation of S-naphthol in sub- and supercritical water solu-
tions [22]. Although the proton transfer rate from B-naphthol to water follows
Arrhenius behavior up to 353 K, the authors found that there were deviations
from Arrhenius behavior above 383 K. On increasing the temperature to the cri-
tical point, the deviation from the Arrhenius model became much larger. This
deviation was attributed to the unique properties of supercritical water that af-
fected deprotonation at high temperatures in ways not well-described by extra-
polation of the Arrhenius model. Most recently, Johnston’s group extended this
work to study excited-state proton transfer reactions from f-naphthol dissolved
in supercritical water [23]. They determined that deprotonation of S-naphthol
by acetate and borate anions in supercritical water leads to very small deviations
from Arrhenius behavior. In contrast, deprotonation by ammonia or water leads
to much greater deviations from the model. These results were explained in
terms of the dependence of these reaction rates on changes in electric charge
throughout the reaction where isocoulombic reactions differ little from Ar-
rhenius behavior. The authors also showed that extrapolation of low tempera-
ture measurements to higher temperatures can approximate kinetic behavior
well at high temperatures for the isocoulombic reactions of f-naphthol with ace-
tate and borate anions.
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5.5
Laser Flash Photolysis

Laser flash photolysis (LFP) and transient absorption measurements have been
used for the quantification of energy transfer and diffusion-controlled reactions
in supercritical fluids [24-31]. For example, Worrall and Wilkinson [24] have
studied the rate of triplet-triplet energy transfer for the anthracene/azulene and
benzophenone/naphthalene donor/acceptor systems and determined how the
reaction rate is affected by cosolvent concentration in scCO,. By first studying
the effect of changing cosolvent (CH;CN or n-hexane) on the anthracene/azu-
lene system, the authors determined that the rate of energy transfer for this sys-
tem was not affected by the cosolvent used. Further, by studying the rate of
energy transfer for the benzophenone/naphthalene system in liquid n-hexane,
the rate of energy transfer was shown to be statistically similar for both systems
for a given mol fraction of n-hexane modifier. The authors also showed that
above 0.5 mol fraction modifier the diffusion rates for all systems were nearly
identical to those in the neat cosolvent. Rate constants for energy transfer were
calculated for each of the systems, and from this, values for the probability of
energy transfer (p) was calculated. As the limit of zero mol fraction was ap-
proached, the value for the probability of energy transfer exceeded the value
measured in neat modifier. These deviations at low mol fractions were explained
by a model wherein the local concentration of modifier (and quencher) sur-
rounding the solute was greater than the concentration in the bulk, possibly re-
sulting in the greater energy transfer efficiency observed.

Brennecke and coworkers have done extensive work using laser flash photo-
lysis to study diffusion-controlled reactions in supercritical fluids [25-29].
However, the authors have had to estimate the true solute diffusion coefficients
in the supercritical fluid mixtures because there is significant deviation between
the diffusion coefficients predicted by hydrodynamic theories and the available
true values that have been measured in supercritical fluid solutions near and be-
low the critical points. In one series of experiments, Brennecke and coworkers
used the triplet-triplet annihilation of benzophenone (*BP) and self-termina-
tion of the benzyl radical to investigate how supercritical fluids might affect dif-
fusion-controlled processes [25, 26]. The triplet-triplet annihilation of *BP and
the benzyl radical recombination reactions are bimolecular processes that are
diffusion controlled in liquids. The triplet-triplet annihilation of *BP exhibited
clean second order decay kinetics in supercritical CO,, CF;H, and in 1 mol%
CH;CN-modified CO,. Further, there was no indication that addition of a cosol-
vent in any way slowed or impeded the diffusion-controlled reaction. The ben-
zyl radical termination reaction also exhibited clean second order kinetics at the
diffusion-controlled limit in supercritical CO, and C,H¢ when spin statistical
factors were taken into account. In addition, the photodecomposition of diben-
zylketone (DBK) and subsequent decarbonylation of the phenylacetyl radical
showed that the rate constants were approximately the same between the reac-
tion in CO,, C,Hy, CF;H, and CH;CN-modified CO,. All of this evidence com-
bines to show that diffusion-controlled reactions, despite increases in local sol-
vent density surrounding a solute near the critical point, exhibit no significant
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change in reaction kinetics due to any local phenomena. That is, because these
reactions occur at the diffusion-controlled limit in neat and/or cosolvent-modi-
fied fluids, there was no indication that solvent-solute or solute-solute interac-
tions changed the reaction kinetics. In addition, adding small amounts of a co-
solvent were shown to have no effect on the diffusion-controlled reaction rates.

5.6
Basic Picture Revealed by These Studies

Based on the results from a wide range of spectroscopic techniques, a clearer
view of the molecular-level interactions occurring within these supercritical
fluids has begun to emerge [32]. From initial work involving absorbance and
fluorescence measurements of solvatochromic dyes in supercritical fluids, the
solute-fluid density augmentation process has become better understood in
simple fluid systems involving a single dissolved solute. It is known that an in-
crease in local density with respect to the bulk occurs near the fluid critical point
with a maximum in this local density occurring at around one-half the critical
density. Moreover, the addition of a cosolvent has been shown to increase the
local cosolvent composition surrounding a dissolved solute near the critical
point which leads to preferential solvation of a solute by the cosolvent that can
be controlled by adjusting the fluid pressure.

5.7
The Future

Although we have learned much about supercritical fluids over the past decade,
we will continue to see new efforts to understand ever more complex, multi-
component fluid systems. We can foresee three major areas where spectroscopy
will impact supercritical fluid science and technology.

Several research groups have recently shown that one can form thermodyn-
amically stable reverse micelles and microemulsions in scCO, [33-37]. The
most widely reported of these new micelle systems are those based on PFPE
(perfluoropolyether ammonium carboxylate) surfactants [33, 38-40]. Over the
past few years several key aspects of the PFPE/scCO,/H,0 system have been in-
vestigated, including their phase equilibria, water pool and micelle shape, and
internal dynamics [38], the pH within an unbuffered PFPE water pool [39] and
a means to control the water pool pH within PFPE micelles [40]. Several re-
searchers have also shown that one can use the PFPE/CO,/H,0 system to per-
form inorganic [41] and organic [42, 43] reactions directly within the micelle
water pool. Researchers have also used these micelles to prepare tailored, uni-
form CdS nanoparticles [44]. Finally, researchers have performed enzymatic re-
actions within micelles/microemulsions formed in liquid [45] and scCO, [46].
We envisage questions on the behavior of proteins and the like within these
microemulsions to be addressed by optical spectroscopic methods.

In solution, polymer behavior can be controlled by the choice of solvent, so-
lution composition, or temperature. For example, the tail-tail segment dynamics
of a polymer dissolved in a “good” solvent are significantly different to those of
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the same polymer dissolved in a 6 or “bad” solvent. Given this, one can clearly
control polymer dynamics, especially at the tail segments, by adjusting the sol-
vent properties. DeSimone and his group have shown [47, 48] that one can per-
form homogeneous free radical polymerizations and the like by using environ-
mentally friendly near- and supercritical CO, as the reaction solvent. The results
of these efforts have been remarkable and they demonstrate the tremendous po-
tential of supercritical CO, as a polymerization solvent [47, 48]. However, even
though the promise and potential of polymerization reactions in supercritical
CO, are great, there have only been a limited number of reports [49-55] on the
molecular-level events that dilute polymer solutions undergo within a supercri-
tical fluid. It seems clear that spectroscopic measurements can be used to help
elucidate polymer behavior within supercritical fluid systems.

The interactions between an enzyme and a supercritical fluid are of great in-
terest to many researchers because the inherent tunability of the fluid conti-
nuous phase (Fig. 5.2) could provide a means to tune enzyme activity. In an ef-
fort to determine how a supercritical fluid affects the conformational changes of
an enzyme, Ikushima et al. [56, 57] have used FTIR spectroscopy to determine
the interactions between a model enzyme (Candida cylindracea (CCL)) and su-
percritical CO,. The enzyme amide infrared absorption bands were used to pro-
vide information about the secondary protein structure. The authors deter-
mined that there was a decrease in a-helical structure within the enzyme near
the CO, critical point. This result was related to the opening of the “lid” within
the enzyme that exposed possible active sites for the biocatalysis reaction. Thus,
near the CO, critical point, these large conformational changes in the enzyme
were likened to a “stereoselective machinery” capable of tuning the product
enantiomeric excess. Again, this and other systems are amenable to spectro-
scopic investigation.

In summary, we envision fluorescence continuing to play an important role in
the determination of fundamental processes of complex systems within super-
critical fluid systems.
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