5832 J. Am. Chem. Soc. 1995, 117, 5832—5839
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Abstract: We experimentally address the issue of solute—fluid and solute—solute interactions in dilute supercritical
solutions. Using the fluorescent probe pyrene, we carry out a detailed spectroscopic study of pyrene—pyrene and
pyrene—fluid interactions as a function of CO, density. UV —vis absorbance and steady-state fluorescence experiments
confirm that the excimer-like emission seen for pyrene is not the result of soluble pyrene aggregates nor does it
result from detectable, dissolved ground-state pyrene species. The extent of local density enhancement surrounding
pyrene molecules is also independent (within experimental error) of pyrene concentration for the ground- and excited-
state species, indicating that the pyrene molecules are solvated individually, not in pairs or higher aggregates. The
magnitude of local density enhancement surrounding an excited-state pyrene molecule is, however, 1.5 times that of
the ground-state pyrene species. This particular result is in excellent agreement with predictions based on the
electrostatic interaction energy of ground- and excited-state pyrene with CO,. Together these results provide strong
evidence against dissolved ground-state solute—solute preassociation between pyrene molecules in CO, and provides
the first experimental evidence on state-dependent local density enhancements in dilute supercritical fluid solutions.

Introduction

Supercritical fluids present unique features which have made
them the subject of much research and led to their use in areas
ranging from chromatography'-? and extractions>* to chemical
reactions.’~"" Unfortunately, the use of supercritical fluids has
actually outpaced our understanding of intermolecular solute—
fluid and solute—solute interactions in dilute supercritical fluid
solutions.'2-16

Over a decade ago, Eckert and co-workers'” measured solute
partial molar volumes of naphthalene in ethylene and found that
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the values were extremely large and negative, indicating a
“collapsing” of the fluid around the solute. This seminal work
lead to the concept that as a dilute mixture approached its critical
point, the local environment (i.e., the cybotactic region)
surrounding dissolved solute molecules deviated substantially
compared to the bulk properties of the fluid. This intriguing
phenomenon has been termed “molecular charisma”,'® “density
augmentation”,'? or “fluid clustering”.2° The reader is directed
to several edited volumes and recent papers that summarize the
experimental and computational work in this area,'2=16:21-29

Kurnick et al.?® reported that the solubility of a solute in a
supercritical fluid is significantly enhanced by the presence of
a second solute. That is, there can be a synergism between
solutes in supercritical mixtures. The extent and magnitude of
this solute—solute interaction too has been studied using
spectroscopy and computational methods.'2~'62'=2% Many of
the experimental reports on solute—solute clustering in super-
critical fluids®'~33 used pyrene as the solute because it is a
chromophore, it is fluorescent, and its photophysics have been
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investigated in liquids,3~3% at interfaces,”* and in organized
media.* In normal liquids, pyrene can form an excited-state
dimer (excimer) that is generally observed when the pyrene
concentration exceeds ca. 1072 M.** In supercritical fluids,
Brennecke et al.?' first observed excimer-like emission at pyrene
concentrations in the micromolar range and attributed this to
an increase in pyrene—pyrene interactions (i.e., solute—solute
clustering) in proximity to the fluid critical point. Zagrobelny
et al.’? confirmed this excimer-like emission in supercritical
fluids at concentrations lower than those observed for liquids,
thereby supporting the conclusion that some aspect of the fluid
leads to an increase in excimer-like emission. However, static
emission and excitation spectra’23340 over a broad temperature
and pressure range were consistent with a homogeneous pyrene
ground state;*' no evidence for any form of preassociated pyrene
in the ground state was detectable. Time-resolved fluorescence
showed3233.40 that the excimer-like emission was indeed due to
an excited-state dimer, and this formation step was essentially
diffusion controlled in supercritical fluids.*> Thus, the excimer
emission seen previously’' in the supercritical fluids arises
because pyrene molecules can simply diffuse more rapidly in
the supercritical fluids. Other more recent work has shown that
nearly all systems that are diffusion controlled in normal liquids
also follow diffusion control in supercritical fluids.>*3

In this journal, Sun* recently reported on pyrene in super-
critical CO; and suggested a supercritical fluid-assisted solute—
solute clustering mechanism. Sun studied a single pyrene
concentration (20 #M) and investigated the absorbance and
fluorescence in supercritical CO, at T = 45 °C over a wide
density range. Sun observed pyrene excimer-like emission at
a reduced density (0r = Qexp/Qcrit; Qexp = €Xperimental density
and Q. = critical density) of 0.282 and concluded that two
solvent environments exist about dissolved pyrene molecules
and that efficient excimer formation results from the pyrene
molecules which are better solvated.** In other words, Sun’s
work provided evidence suggesting that more than one pyrene
molecule is included within a fluid cluster, and it is this close
proximity of the two pyrene molecules which allows, in part,
excimer formation at lower fluid densities. However, this result
runs somewhat counter to previous results from our labora-
tory32334042 and other results on diffusion control reactions >*?

In this paper, we present new results on pyrene in supercritical
CO; which show there are no ground-state solute—solute
interactions for dissolved pyrene in supercritical CO,. We also
compare, for the first time, the extent of local density enhance-
ment surrounding ground- and excited-state pyrene molecules
in supercritical COs.
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Results and Discussion

Pyrene—Pyrene Interactions. Molecules generally absorb
radiation of energy that matches the energy of specific molecular
transitions.*> As a result, electronic absorbance spectra can serve
to identify molecular species on the basis of the location of
their absorbance bands. For example, ground-state pyrene—
pyrene species, if they form, would result in detectable changes
in the pyrene electronic absorbance spectrum.*' Sun reported
a new band at the red edge of the absorbance spectrum of 20
uM pyrene in CO; at low fluid densities and found that this
new band decreased in magnitude at higher fluid densities.*
This new band was attributed to more than one pyrene molecule
being solvated within a single CO» cluster.*

Figure 1 presents new UV —vis absorbance spectra from our
laboratory of 20 uM pyrene in CO, at reduced densities ranging
from 0.240to 1.91. As expected, the absorbance increases with
increasing fluid density and levels off at the higher densities.
This arises because all the available pyrene in the cell is not
soluble at the lowest fluid densities. Close inspection of these
results also shows there is a shift in the spectra (vide infra)
with density, but no new red-edge band is evident. If such a
band were to form,* its location would be close to the point
denoted by the solid vertical line.

Interestingly, at a higher pyrene concentration (e.g., 75 uM),
where one experimentally observes pyrene excimer emis-
sion,?' 3340 the electronic absorbance spectra are consistent with
those for 20 uM pyrene (Figure 2). In fact, no new red-edge
absorption band was observed at any of the pyrene concentra-
tions investigated in this study (10, 20, 50, 75, and 100 uM).

Origin of Red-Edge Band and Anomalous Excimer-like
Emission. This red-edge absorption band was reported previ-
ously* and cited as evidence of pyrene—pyrene preassociation
that in turn led to efficient excimer formation. However, we
failed to observe this band (Figures 1 and 2), and our previous
work323340 demonstrated that excimer formation in supercritical
fluids was essentially diffusion controlled.*? Thus, there must
be some other explanation behind the new band observed by
Sun.*

All our experiments are carried out using fused silica optical
windows, but other window materials are certainly available
and could have been used in the work previously cited. In order
to determine the effect of different window materials on the
absorbance spectra, sapphire windows (Insaco, Inc., Quaker-
town, PA) were placed into our high-pressure cell and all the
aforementioned experiments repeated. All sample preparation
methods were identical to those using the fused silica windows.
Figure 3 presents a series of normalized pyrene absorbance
spectra acquired using sapphire windows. These particular
spectra were acquired in the low-density region, where pyrene—
pyrene ground-state interactions are reportedly* most prevalent.
Clearly, as was the case with the fused silica windows, no
anomalous red-edge band is observed.

It is well-known that spectra arising from surface-sorbed
pyrene species differ from those seen in liquids and supercritical
fluids.*!46=50 In order to determine what effect, if any, direct
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Figure 1. UV—vis absorbance spectra of 20 4M pyrene in CO; at
45.0 °C. (A) o, = 0.239—0.515; (B) o: = 0.608—0.989; (C) o; = 1.08—
1.91. The vertical solid line denotes the wavelength where preassociated
pyrene aggregates absorb.

contact of pyrene with our optical windows has on the
absorbance spectra, the following experiment was performed.
One of the sapphire windows was removed from the high-
pressure cell, and 15 uL of 20 uM pyrene (in hexane) solution
was pipetted directly onto one face of the sapphire window.
The hexane was allowed to evaporate slowly, the window was
resealed into the high-pressure cell, with the pyrene-coated
surface facing into the cell, and the optical axis of the UV-vis
spectrophotometer passed through this window. The absorbance
spectra were then acquired as a function of fluid density (Figure
4). At the lowest fluid density (o = 0.240) there is indeed a
new band at the red edge of the spectrum. Further, as fluid
density is increased, the band gradually decreases until it is no
longer detectable above g, = 0.383. This result is consistent
with the red-edge band arising from pyrene species that are
physisorbed to the surface of the sapphire window. As the CO;
density is increased, the surface-sorbed pyrene is dissolved away
from the interface by the CO,. Parallel experiments with fused
silica windows (not shown) did not exhibit such a red-edge band
even when dilute pyrene solutions were contacted directly with
the window surface.
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Figure 2. UV—vis absorbance spectra of 75 uM pyrene in CO; at 45
°C: (A) or = 0.239-0.515; (B) or = 0.608—0.989; (C) o = 1.08—
1.91. The vertical solid line denotes the wavelength where preassociated
pyrene aggregates absorb.

Sun* also presented steady-state fluorescence spectra of 20
UM pyrene in CO; at o, = 0.282 excited at Aex = 314 and 335
nm (where the monomer and excimer are preferentially excited,
respectively). An intense broad excimer-like fluorescence was
characteristic at 335 nm excitation. The results from our
laboratory differ significantly. Using 325 nm excitation and
fused silica windows, and without placing pyrene directly onto
the windows, we observed only the characteristic five-band
monomeric emission and no detectable excimer-like emission
(Figure 5).

Integration of the area under the emission spectra over the
regions where the monomer and excimer emit provides a
convenient means to compare the excimer to monomer ratio vs
o for various concentrations of pyrene (Figure 6). Little, if
any, detectable excimer emission is observed at 20 uM pyrene;
however, excimer is clearly evident at higher pyrene concentra-
tions. Examination of the actual spectra for 20 uM pyrene in
supercritical CO; at low fluid densities (Figure 7) shows they
are clearly devoid of any detectable excimer-like emission
(Amax.excimer = 460 nm).

On the basis of our absorbance experiments (vide supra), we
were confident that a portion of the excimer-like emission
observed by others was due in part to pyrene/surface species.
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Figure 3. UV-—vis absorbance spectra of 20 um pyrene in CO, at
45.0 °C using sapphire windows. g, = 0.229 (—); 0.292 (- - -), 0.339
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Figure 4. UV—vis absorbance spectra of pyrene physisorbed onto
sapphire windows, T = 45.0 °C: g, = 0.239 (***); 0.292 (- - -); 0.339
(— — =); 0.383 (—). The vertical solid line denotes the wavelength
where preassociated pyrene aggregates absorb.

However, there is also the possibility that a small fraction of
the observed emission indeed arises from solubilized pyrene
species that are preassociated and happen to form in the low-
density region. Close inspection of our electronic absorbance
spectra (Figure 4) and those reported by Sun* indicates that
the pyrene “aggregates” preferentially absorb between 334 and
338 nm. Thus, there is the possibility that excitation at 325
nm simply does not excite the aggregates well.

To address this issue we used a N laser (4 = 337 nm) as the
excitation source. Initially we adjusted the gate width on the
gated integrator to 900 ns, such that the entire fluorescence decay
profile was within the gate. The monochromator (bandpass 4.0
nm) was then stepped in 1 nm increments from 350 to 600 nm.
At each wavelength the gated integrator output was averaged
for 50 pulses. Figure 8 presents typical normalized fluorescence
spectra for 20 4M pyrene in CO; at the three lowest fluid
densities when excited at 337 nm. Similar spectra were
observed at all other fluid densities and were independent of
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excitation fluence. The spectral resolution is lower in Figure 8
compared to Figures 5 or 7 because of differences in emission
bandpasses (4.0 vs 2.0 nm). The emission profiles may also
be slightly different due to wavelength-dependent responses
between individual photomultiplier tubes. However, the key
features of the spectra are the clear monomer emission and the
complete absence of any excimer-like emission.

If ground-state species of the form proposed by Sun* were
present, one would expect that the emission spectra would (1)
show strong excimer-like emission when excited at 337 nm and
(2) differ temporally since the excited-state lifetimes of the
monomer and aggregate would be different.32334041  The
previous experiment established that condition 1 is not satisfied.
In order to determine whether the emission spectra were time
dependent, the gated integrator width was decreased to 100 ns
and its position adjusted to the peak of the intensity vs time
profile (viewed on an oscilloscope) so as to monitor preferen-
tially shorter lived species. The gate was then opened to 300
ns and delayed 400 ns, placing the gate on the region of the
decay trace where longer lived species preferentially emit.
Typical normalized emission spectra obtained using this time-
gating scheme are presented in Figure 9. The spectral contours
are essentially unchanged regardless of the region integrated,
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and no excimer emission is observed. Together with the steady-
state absorbance and fluorescence results (vide supra) we
conclude there are no detectable, dissolved ground-state pyrene—
pyrene species in supercritical CO, at these pyrene concentra-
tions.

Local Environment Surrounding Pyrene in Supercritical
CO,. A substantial amount of literature exists on local density
augmentation in supercritical fluids.6=%'2-16.18-2 Fuyrther, there
are methods available to determine the degree of density
enhancement from excited-'%%! and ground-state?-5253 spectra.
However, in spite of these facts, there is no information on how
the extent of density augmentation is affected by ground- and
excited-state forms of the same species. In the remainder of
this paper we report new results on the local environment
surrounding ground- and excited-state pyrene in supercritical
COo.
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Figure 9. Normalized steady-state emission spectra of 20 uM pyrene
in CO; acquired at short (—) and long (- - -) times following optical
excitation. Aex = 337 nm. o, = 0.339. T = 45.0 °C.

Ground-State Local Density Enhancement. There are two
primary types of intermolecular interactions that result in spectral
changes on going from the vapor phase to solution.* They are
universal interactions, which result from the solvent behaving
as a dielectric medium (dependent on the dielectric constant
and refractive index), and specific interactions, which involve
the formation of hydrogen bonds, exciplexes, or other solute—
solvent interactions. For the case of pyrene in CO,, the latter
is not applicable.

Universal interactions can be expressed most simply in terms
of the Onsager reaction field theory (ORFT).>* Briefly, a solute
with a dipole moment, x, contained in a spherical cavity of
radius a, and dissolved in a solvent with a static dielectric
constant polarizes the solvent and produces a reaction field. This
reaction field lowers the ground-state energy of the solvated
solute relative to the gas phase value. This shift between vapor
and solution phase can be represented as®>

2_ .2 2 2 _ _ 2
szlug He n l+ :ue(aug Me) (6 l_n l)

@ 2+ 1 a €—2 42
0]
where yg and u. are the dipole moments of the ground and
excited states, respectively. € and n are the bulk dielectric
constant and refractive index, respectively, of the solvent.

From eq 1, for pyrene dissolved in CO,, the frequency shift
between the gas and fluid phase should be linear with the solvent
polarizability term (n2 — 1)/(n? + 2).2'53

Figure 10 presents the observed bathochromic shift of pyrene
in CO; (relative to the gas phase) as a function of solvent
polarizability. The solid line represents the predicted behavior
based on ORFT and was calculated using gas phase pyrene
data’'! and our own experimentally determined liquid phase
values. The deviation from the predicted values in the low-
density region demonstrates that the local environment sur-
rounding the ground-state pyrene molecules is different from
that predicted based on bulk properties and ORFT. Specifically,
in the near-critical region the local fluid environment surround-
ing the pyrene solute exceeds the expected value based on the
bulk CO, properties. Notice also that pyrene concentration does
not apparently affect the extent of change in the local environ-
ment surrounding the pyrene molecules.
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absorbance spectra. Red shift calculated relative to the gas phase value
(31 000 cm™!).* Solid line represents predicted values based on gas
phase, our experimental liquid data, and ORFT (eq 1). T = 45.0 °C.
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Figure 11. Recovered ground-state density enhancement (Qioca/Obui)
vs reduced fluid density for pyrene in CO,. T = 45.0 °C. Data points
represent the average of all pyrene concentrations.

The magnitude of the observed deviation from the bulk
properties was analyzed in terms of a local CO, density as
follows. First, computer software developed in-house and based
on an extended Lorentz—Lorenz formulation’' provides a
relationship between the polarizability term (n2 — 1)/(n? + 2)
and CO; density (0):

1\(r’ =1 2
= = 6.6 + 1.250 — 264 2
e A
Second, eqs 1 and 2 are used to predict the spectral shift at any
bulk CO, density (Quui). Finally, the actual experimental
spectral shift (Figure 10) is used in concert with eq 1 to compute
a local polarizability term that is in turn used with eq 2 to
compute a local density (Qioca). In this manner, we are able to
generate Qiocal/Ovuik s a function of o, (Figure 11). The local
density augmentation is a maximum at a reduced density of
0.5—0.6; the extent of density enhancement is up to 170% and
decreases to unity in the high-density region. The amount of
density enhancement is also apparently not dependent on pyrene
concentration, indicating that pyrene molecules are solvated
individually in CO,.

Excited-State Local Density Enhancement. There are
many techniques that can be used to determine the extent of
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Figure 12. Effects of fluid density and pyrene analytical concentration
(1, @; 20, v; 50, v; 75, O; and 100 xM, W) on the pyrene emission.
(A) I/I; vs reduced fluid density; (B) Ii/I3 vs solvent polarizability
function. Straight line in B represents theoretical relationship dervied
from gas phase and high-density liquid-like data.

excited-state local density enhancement.'3~16195" Most ap-
plicable to our work is the “Py” scale of solvent polarity.’'**
The monomeric emission of pyrene shows vibrational fine
structure, specifically, five vibronic bands in the wavelength
region between 370 and 420 nm, commonly labeled [;, L, ...
Is. The pyrene I, transition is sensitive to the physicochemical
properties of the surrounding environment (that is the intensity
increases with increasing solvent polarity).”> The intensity of
the third vibronic band (f3) is solvent independent. As a result,
the ratio 1,/I; (“Py”) serves as an indicator of local environment
surrounding an excited-state pyrene molecule.5*

From steady-state emission spectra, we were able to compare
Py vs g for various concentrations of pyrene in supercritical
CO, (Figure 12, panel A). Consistent with previously reported
results,’' we observe an increase in Py at o, < 0.50, followed
by a more gradual rise above g = 0.5—0.7.

Dong and Winnik>* established a linear correlation between
the Py scale and the Kamlet, Abboud, and Taft 77" scale® that
is based on the solvatochromic behavior of several chro-
mophores. When solvents are broken down into classes (e.g.,
aprotic aliphatic, protic aliphatic, aprotic aromatic), the relation-
ship between Py and 7" can be expressed as®'-5°

Py = a + ba* 3

where a and b are constants that depend on the solvent class.
Further, 7" is linear with a function of the solvent's dielectric

(54) Dong, D. C.; Winnik, M. A. Can. J. Chem. 1984, 62, 2560.
(55) Kamlet, M. J.; Abboud, J. L.; Taft, R. W. J. Am. Chem. Soc. 1977,
99, 6027.
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Figure 13. Excited-state density enhancement (Qiocal/Qvui) Vs reduced
fluid density for pyrene in CO,. T = 45.0 °C. Data points represent
the average of all pyrene concentrations.

constant and refractive index:3'=5

a* = ¢ + d[fle,n)] 4)

where ¢ and d are constants and

fend) = e — 1)/Q2e + DI — D/2* = D] (5)

On the basis on of eqs 3—35, Sun’' suggested that the relationship
between Py and fle,n?) should also be linear in CO, in the
absence of local density effects:

Py = A + Blfle,n’)] (6)

In this expression A is the gas phase I,/I; for pyrene (0.48) and
the slope, B, is estimated from A and the Py values where local
density effects are minimal (i.e., in the high-density, liquid-
like region).’!

Figure 12 (panel B) presents the pyrene I)/I5 vs fle,n?), and
there is clearly substantial deviation from the predicted linear
behavior indicative of local changes in the environment sur-
rounding the excited-state pyrene molecule. Several aspects of
these results merit special mention. First, the deviation from
the bulk is greatest in the low-density region. Second, as was
observed for clustering about ground-state pyrene, the degree
of deviation from the bulk CO, properties is virtually the same
regardless of pyrene concentration. Using a scheme similar to
that described to estimate Qo in the ground state, we calculate
Olocal/Obuik Surrounding an excited-state pyrene molecule (Figure
13). These resuits show that the greatest extent of density
augmentation is nearly 230% at a reduced density of 0.5.

From the theoretical modeling of Chialvo and Cummings?®
for pyrene in COy, a plot of Qigca/@buik VS ©r should have a
maximum near g = 0.5 and should decrease with increasing
fluid density. Our results (Figure 14) show that the maximum
deviation from the bulk properties (e.g., density) occurs between
reduced densities of 0.5—0.6 in the ground and excited states.
Above o, = 0.5—0.6 the degree of density enhancement
decreases to unity, indicating that, in the high-density (liquid-
like) region, local and bulk properties surrounding pyrene cease
to differ.

Comparison of Density Enhancement Surrounding Ground-
and Excited-State Pyrene. Recent work by Chen and McGuf-
fin®¢ provides the necessary information to make a prediction
of the degree of density enhancement surrounding ground- and
excited-state pyrene in supercritical CO,. Briefly, Chen and

(56) Chen, S.-H.; McGuffin, V. L. Appl. Spectrosc. 1994, 48, 596.
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Figure 14. Comparison of ground-state (O) and excited-state (@)
density enhancement for pyrene in CO,. T = 45.0 °C. Data points
represent the average of all pyrene concentrations.
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Figure 15. Ratio of excited- to ground-state density enhancement for
pyrene in CO,. T = 45.0 °C.

McGuffin investigated Py in liquid and supercritical CO, and
used semiempirical molecular orbital and molecular mechanics
methods to estimate the difference in the electrostatic energy
between CO, and pyrene in the ground and first two excited
states. The pyrene ground state is totally symmetric, having
1A, symmetry, and the first two excited states, 'By, and 'By,,
lie very close together in energy and are closely coupled.
Further, the electrostatic energies of interaction for pyrene with
CO- in the ground and first excited state are 0.33 and 0.53 kcal/
mol, respectively. The relative stability of pyrene with CO, is
mainly controlled by dispersion forces; however, a strong
electrostatic interaction exists between pyrene and CO,.

From the Chen and McGuffin work,¢ one would expect our
experimental data to reveal a greater degree of local density
enhancement surrounding excited-state pyrene in CO,. Figure
14 shows that this is indeed the case. The extent of differential
enhancement between the excited- and ground-state pyrene
molecules is shown in Figure 15 as a plot of the ratio of
enhancement factors for the excited- and ground-state pyrene
vs 0. One can see clearly that the ratio is maximum near g, =
0.5, but approaches unity at higher densities. One should also
note that the maximum in this ratio is 1.5 + 0.1, which is close
to the ratio of the electrostatic energies of interaction (1.6).%
The observed difference in the magnitude of the density
enhancement between these two states can thus be accounted
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for on the basis of the electrostatic energies arising between
supercritical CO, and ground- and excited-state pyrene mol-
ecules.

Conclusions

On the basis of the experimental results presented, we
conclude there is no detectable ground-state pyrene—pyrene
intermolecular interactions for dissolved pyrene molecules at
low fluid densities in supercritical CO,. This result is consistent
with previous work from our group2334042 demonstrating that
pyrene excimer formation in supercritical fluids is diffusion
controlled. At higher pyrene concentrations (e.g., 75 uM),
where pyrene excimer is indeed observed, the excimer is only
formed dynamically and there is no evidence for ground-state
pyrene—pyrene pairs or higher aggregates forming in CO,. We
were able to reproduce results suggesting ground-state pyrene—
pyrene interactions* only when pyrene was deposited directly
onto the surface of a sapphire optical window. This suggests
that pyrene may have been sorbed to the window surfaces in
earlier experiments. It also points out the potential of using
spectroscopic methods as a potentially simple and elegant means
to follow dissolution of surface-adsorbed species into super-
critical fluids. The magnitude of the local density enhancement
is determined for the first time for ground- and excited-state
forms of the same solute. In general, Qiocal/Qouik VS @r profiles
are consistent with previous work by Knutson et al.,’ as well
as that of Randolph and co-workers.#> The extent of augmenta-
tion about pyrene differs in the ground- and excited-state;
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however, within each state pyrene concentration has no detect-
able effect on the recovered local enhancement factors, indicat-
ing that pyrene molecules are solubilized individually. Finally,
the local density enhancement in the excited state is 1.5 times
greater than that in the ground state, due to increased electro-
static interaction between excited-state pyrene and CO,. This
result is in excellent agreement with reported differences in the
calculated interaction energies of ground- and excited-state
pyrene with COs.
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