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that there yet remains much chemistry to be explored in this area.
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Abstract: Detailed studies on the formation of pyrene excimer in supercritical CO, are reported. The photophysics of pyrene
are investigated as a function of temperature and fluid density. Over the broad density range studied, there is no evidence
for ground-state (solute—solute) interaction. Comparison is made between excimer formation in supercritical CO, and ground-state
dimerization of pyrene in y-Cyclodextrin (v-CD). Time-resolved fluorescence spectrocopy is used to recover the individual
rate terms that describe the total emission process. The recovered density-dependent bimolecular rates for pyrene excimer
formation in supercritical CO, follow a simple diffusion-controlled model. This result parallels reports on pyrene excimer
formation in normal liquid solvents. Finally, the relative decrease in pyrene excimer formation, with increased fluid density,

is easily explained from our time-resolved experiments.

Introduction

Many physicochemical properties describe a chemical substance
or mixture. For example, the boiling point, density, and dielectric
constant can all be used to characterize (at least partially) a
particular species or system. If a substance is heated and
maintained above its critical temperature, it becomes impossible
to liquefy it with pressure.! Furthermore, when pressure is applied
to this system, a single phase forms that exhibits unique physi-
cochemical properties. This single phase is termed a supercritical
fluid and is characterized by a critical temperature and pressure
(T, and P,, respectively).

Supercritical fluids are intriguing and offer a convenient means
to adjust a solvent medium from gas- to liquid-like characteristics
without actually changing the chemical structure of the medium.
Moreover, by proper control of pressure and temperature one can
survey a significant range of physicochemical properties (density,
diffusivity, viscosity, dielectric constants, etc.) without ever passing
through a phase boundary. That is, a supercritical fluid can be
considered a continuously adjustable solvent.

As a consequence of their unique characteristics, supercritical
fluids have received a great deal of attention in a number of
important scientific fields.!'* Often there are many reasons given
for choosing a supercritical fluid over another medium, but it turns
out that that choice is governed typically by the following: (1)
the ease with which the chemical potential can be varied simply
by adjustment of the system pressure!’ and (2) the unique solvation
and favorable mass transport properties.’

Over the past decade, much progress is supercritical fluid science
and technology has occurred. For example, supercritical fluids
have found widespread use in extractions,>-> chromatography,5-
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chemical reaction processes,'®!! and oil recovery.!? Most recently,
they have even been used as a solvent for carrying out enzyme-
based reactions.'* Unfortunately, although supercritical fluids
are being used effectively in a myriad of areas, we still lack a
detailed understanding of the fundamental processes that govern
these peculiar solvents.

In an effort to overcome this disparity, significant effort has
been devoted to determining the fundamental aspects of solute-
solute, solute—fluid, and solute—cosolvent interactions in super-
critical fluids.!’>"% The bulk of these efforts have used optical
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spectroscopy!7-3443-45 a5 a tool to probe the aforementioned in-
teractions. Many of these experimental studies have been ad-
vanced also by theoretical calculations and modeling.35-4?

The general conclusions from these studies are the following:
(1) that there is local density augmentation (i.e., solvent clustering
or molecular charisma) about the solute near the critical point
and (2) that density augmentation data can be interpreted using
a simple expression derived from Kirkwood—Buff solution theory.?
In addition, it has been suggested that there are enhanced so-
lute-solute interactions near the critical point.>*'#3-45 In fact,
Combes et al.*’ recently reported density-dependent rates and
product selectivities for cyclohexanone photodimerization in su-
percritical ethane and argued for solute-solute clustering.

The unique fluorescence characteristics of pyrene emission have
been known for nearly 40 years.*> In normal liquids, pyrene
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Figure 1. Energy-level diagram for pyrene excimer formation. Symbols
represent the following: hv, absorbed photon; ky,, deexcitation rate from
monomer species; Kpy, bimolecular rate coefficient for formation of the
pyrene excimer; kyp, unimolecular rate coefficient for dissociation of the
pyrene excimer; and kp, deexcitation rate from the excimer species.
Note: no ground-state association is indicated.

exhibits a structured violet emission, with the 0-0 transition oc-
curring near 370 nm.* As the pyrene concentration is increased,
the monomer fluorescence intensity eventually decreases, and a
broad structureless aqua-blue emission appears at about 460
nm.*%5% This emission band is due to a pyrene excimer, produced
by the collisional association between an excited- and a ground-
state pyrene molecule.*~3 The absorbance spectral contours for
dilute (monomer only) and concentrated (monomer + excimer)
pyrene solutions are identical.*® Furthermore, the emission-
wavelength-dependent fluorescence excitation spectral contours
are also identical.** This indicates that, in liquids, no ground-state
dimerization occurs.

The steady-state emission spectrum of monomeric pyrene has
several characteristic vibrational peaks. The intensity of the 00
transition (/,) is extremely solvent dependent*-5! and increases
with increasing solute—solvent interaction. In contrast, the 0-3
transition (/) is insensitive to solvent.**=5! Thus, it is possible to
probe solute—solvent interactions by following I, /I3; I, /I, increases
as solute-solvent interactions increase.*-! This ratio has been
reported for pyrene in supercritical fluids®314445 and is shown to
increase with fluid density.

Brennecke et al.>3444 have reported previously on pyrene
fluorescence in supercritical CO,, C,H,, and CF,H. Steady-state
emission spectra were used to show that there is density aug-
mentation near the critical point.*> Additional studies investigated
the concentration dependence of the pyrene emission. The most
intriguing aspect of these experimental results®*14445 is that an
excimer-like emission was observed for pyrene concentrations in
the low micromolar range. In normal liquids, pyrene forms an
excimer that is generally observed at millimolar or higher pyrene
concentrations.*-5* Upon seeing this, Brennecke et al.’31:4445
concluded that the excimer was a manifestation of increased
solute—solute (pyrene-pyrene) interaction near the critical point
of the fluid. Unfortunately, even though these steady-state ex-
periments were well done, they suffer inherently from limited
information content.*6-54 Specifically, on the basis of the
steady-state emission data alone, one cannot determine the actual
kinetics of the excimer-like process.*-** Furthermore, it is not*-54
possible to distinguish between ground- and excited-state so-
lute-solute interactions, if they exist.

In this paper, we report on the first complete steady-state and
time-resolved fluorescence studies of pyrene emission in super-
critical CO,. Pyrene was chosen because it has been investigated
previously’3!4445 in supercritical fluids and the photophysics have
been studied extensively in liquid solvents,%~*® at interfaces,’2?
and in organized media.’* CO, was chosen because it is the most
widely used supercritical fluid and accurate information exists
on the density-dependent solubility of pyrene in CO,.55-57
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Pyrene Excimer Formation in Supercritical CO,

Theory

In normal liquids, the kinetic model shown in Figure 1 describes
the pyrene monomer and excimer emission process.® The species
terms M, M*, and D* denote the ground-state monomer, excit-
ed-state monomer, and excited-state dimer (excimer), respectively.
The terms ky, kp, kmp, and kpy represent the emissive rate
coefficients for the monomer and excimer, the nonradiative
unimolecular D* — M* + M (reverse) rate, and the nonradiative
bimolecular M* + M — D* (forward) rate, respectively. The
hv symbolism denotes an absorption process that populates M*
only; no D exists in the ground state.* The individual rate terms
given in Figure 1 can be accurately recovered from a series of
time-resolved fluorescence experiments, 464

Briefly, adopting the symbolism developed by Birks et al., 648
the intensity decay for the monomer (iy(¢)) and excimer (ip(#))
are given by

kulM®] _ k(o= X)
ML~ N

im(®) = (M + e (1)

kolD*] _ kokou[M]
M, ~ (o)

ip(1) = (e - e?) (2

In these expressions, 4 = (X = A)/(A\; = X), A\, = /5[ X+ Y
+ {(Y_X)Z + 4kMDkDM[M] _X}I}I/Z],X = kM + kDM[M]’ and
Y = kp + kyp. The concentration terms [M*], [D*], and [M*],
represent the concentrations of the monomer and dimer at any
time ¢ and the monomer at time ¢ = O, respectively. Inspection
of eqs 1 and 2 shows that the intensity decays of the monomer
and excimer are always described by a double exponential decay
model with gpparent emissive rates of A, and \,.46:43.58

In order to obtain the k terms in Figure 1, one traditionally
determined the apparent rates (X, ;) as a function of pyrene
concentration.*6#® That is, one evaluated the monomer and ex-
cimer decay traces independently over a broad pyrene concen-
tration range (A, ,(pyrene)). These apparent rate terms were then
plotted versus the pyrene concentration to yield estimates of the
actual rate coefficients.*64® By increasing the range of pyrene
concentrations studied, better estimates of the rates were ob-
tained. 4648

In the present study, we recover all the rates in Figure 1 by
simultaneous, global analysis of multiple fluorescence decay ex-
periments.’ %4 That is, we analyze simultaneously the intensity
decay traces from multiple wavelength and pyrene concentration
experiments and recover the rate terms (Figure 1) directly. The
advantages of this global approach are the following: (1) that
one can use multiple experiments to help improve the accuracy
of the recovered kinetic parameters and (2) that rate terms are
recovered directly from the experimental data as opposed to being
obtained from replotted individual results.’*%* The goodness of
fit between the experimental data and the assumed model are
judged by the reduced x2, x?, residuals and the autocorrelation
functions.*® The theoretical treatment used to define the global
algorithm can be found in ref 59.
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Figure 2. Schematic of the time-resolved fluorometer used for the study
of pyrene in supercritical fluids. Abbreviations represent the following:
BPF, bandpass filter; BS, beam splitter, PD, photodiode; and PMT,
photomultiplier tube.

From the Einstein—-Smoluchowski diffusion theory,®5:66 the
bimolecular rate coefficient for a diffusion-controlled reaction is
given by

8000RT
kpm = 03 3)

where R is the gas constant (J mol™! K1), T is the temperature
(K), and 7 is the fluid viscosity (P). For pyrene excimer emission
in normal liquids, it has been found that the bimolecular rate (kpy;
M* + M — D*) generally follows this simple diffusion expres-
sion.“’-“s

Experimental Section

Instrumentation. A block diagram of the instrument constructed for
the time-resolved fluorescence experiments is shown in Figure 2. A
pulsed nitrogen laser (337 nm; LSI Inc., Model LS 337) is used as the
excitation source. The laser output is passed through a broadband ab-
sorption filter centered at 340 nm (BPF) to eliminate extraneous plasma
discharge. Typically, the laser is operated at a repetition rate of 10~-15
Hz and the pulse duration is about 3 ns. A fraction of the laser beam
is split off by a fused silica beam splitter (BS) and directed to a photo-
diode (PD). The current pulse from the photodiode serves as the elec-
tronic trigger for the boxcar averager. The laser beam is then focused
with a fused silica lens (f = 150 mm) into the high-pressure optical cell.

The sample chamber comprises a light-tight aluminum housing and
was constructed in house specifically for our high-pressure optical cells.?
These optical cells are fabricated from 303 stainless steel.’> The internal
volume is about 5 mL, the cell body is water jacketed for temperature
control, and there are four fused silica windows to allow optical access
to the supercritical solvent.®® The high-pressure window seals are
maintained using a set of in-house-designed stainless steel-lead—brass
compression seals. Initial designs used Viton O-ring seals, but a signif-
icant level of fluorescent impurity was continually extracted from the
O-ring and contaminated the fluid sample. Attempts to alleviate this
problem with Teflon seals solved the impurity problem; however, pyrene
absorbed strongly into the Teflon O-rings. The metal-based seals solved
both these problems.

Following excitation, the resulting fluorescence is collected by a fused
silica lens (f = 50 mm) and collimated, filtered through an interference
filter (10-nm bandpass), and focused with a second lens (f = 50 mm) onto
the photocathode of a photomultiplier tube (PMT; Hamamatsu Model
R372). The biasing potential (typically —650 V dc) for the PMT is
supplied by a high-voltage power supply (SRS; Model PS 350). The
PMT dynode circuitry is designed for fast response and is similar to
systems described previously.t’6?

The current pulse output from the PMT anode is amplified 5-fold
(SRS; Model SR 445) and then directed to the input of a gated inte-
grator/boxcar averager (SRS; Model SR 250). Data acquisition and
control (RS-232) are carried out with an Epson Equity I+ personal
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Figure 3. Isotherms for CO,. The area contained within the box indi-
cates the region over which experiments were carried out.

computer. The control/acquisition software was developed in our labo-
ratory and is written in BASIC. Data analysis is performed off-line on a
Tri-Star 486 33-MHz microcomputer.

All steady-state fluorescence experiments were carried out using a
SLM 48000 MHF spectrofluorometer (SLM Instruments, Urbana, IL)
modified to accommodate the high-pressure optical cells.333¢ A 450-W
Xe-arc lamp serves as the excitation source, and monochromators are
used for excitation and emission wavelength selection.

The pressure within the optical cell is adjusted using a microproces-
sor-controlled supercritical fluid syringe pump (Isco; Model SFC-260D),
and the pressure is monitored using a Heise gauge. The temperature of
the cylinder head is regulated using a VWR 1140 temperature bath. The
fluid flow into the pump is directed through a 2-um fritted filter to
minimize particulates. The pump output is directed through a series of
valves into the optical high-pressure cell, which is temperature controlled
(£0.1 °C) by a Lauda RLS-6 temperature bath.33 The local temperature
within the cell is determined using a thermocouple (Cole Palmer) placed
directly into the cell body.

Sample Preparation. SFC grade CO, (<5 ppm O,) was purchased
from Scott, and pyrene (99%) was obtained from Aldrich. The pyrene
purity was checked by reversed-phase HPLC (C,;), and all reagents were
used as received. Stock solutions of pyrene were prepared in absolute
ethanol (Quantum).

In order to prepare a sample for study, an aliquot of the stock pyrene
solution (1 mM) is micropipetted directly into the optical cell, and the
solvent is removed by placing the cell in a heated (60 °C) oven for several
hours. After complete evaporation of the ethanol, the cell is connected
to the high-pressure pump through a series of valves.3* Residual O, is
removed from the cell by maintaining a vacuum (50 umHg) for 10-15
min. The cell vacuum is monitored using a vacuum gauge (Huntington,
Model TGC-201).

To charge the cell, the pump head and optical cell are brought to the
same temperature to minimize temperature gradients. The cell is pres-
surized to the desired pressure and allowed to equilibrate for about 30
min. When density studies are performed, the optical cell remains at-
tached to the high-pressure pumping system, and the pressure is adjusted
as required (low — high). In a given experiment, the molar concentration
of pyrene remains constant. The density (p) and viscosity of CO, were
obtained directly from the literature.5*°

Because supercritical fluids cluster most strongly in the highly com-
pressible region about the critical point,'*™** we investigated this region
in detail (Figure 3).

Data Acquisition and Analysis. All experiments were conducted within
the region indicated in Figure 3. All decay traces were collected in
triplicate and averaged. The actual point-by-point uncertainties were
then input into the global analysis scheme as weighting factors.’®> The
gate width was 1.5 ns, and the scans were performed from ¢ = 0 to 600
ns. More lengthy acquisitions to 1000 ns yielded statistically (95%
confidence level) the same results as the shorter time scans. Three
independent sets of experiments were performed to determine the im-
precisions in the reported kinetic terms. All uncertainties and error bars
are reported at 1 standard deviation of the mean value.

The global analyis software (Globals Unlimited; Urbana, IL) was used
to model the experimental data. In all cases, the simplest model that

(69) Angus, A.; Armstrong, B.; de Reuck, K. M. International Thermo-
dynamic Tables of the Fluid State Carbon Dioxide; Pergamon Press: New
York, 1976.

(70) Golubev, 1. F.; Petrov, V. A. Tr. GIAP 1953, 2, 5.
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Figure 4. Steady-state fluorescence emission spectrum for 10 uM pryene
in supercritical CO,. T = 31.4 °C; P = 76 bar. A\, = 337 nm. Exci-
tation spectral bandpass = 16 nm. Emission spectral bandpass = 2 nm.
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Figure 5. Normalized, emission-wavelength-dependent steady-state
fluorescence excitation spectra for 10 uM pyrene in supercritical CO,.
T=314°C;P=76bar. A\, = 380 nm for monomer. A, = 460 nm
for excimer. Excitation spectral bandpass = 2 nm. Emission spectral
bandpass = 16 nm.

described the observed decay kinetics was given by Figure 1. Global x2,
were always in the range 0.9-1.15. In a typical analysis, decay traces
acquired at three emission wavelengths (400, 450, and 480 nm) and two
pyrene concentrations (75 and 100 uM) were analyzed (six total exper-
iments) simultaneously and fit to an excited-state model, shown in Figure
1. Pyrene concentrations in excess of 100 uM were not used because of
solubility problemss=37 (vide infra). Concentrations below 70 uM were
not used because minimal excimer is observed. The desired rate terms
are recovered by nonlinear least squares.®®5°

Results and Discussion

Steady-State Experiments. Figure 4 shows a typical steady-state
emission spectrum for 10 uM pyrene in CO, (T, =31 °C; P, =
73.8 bar; p. = 0.465 g/mL) at 31.4 °C and 76 bar. Similar
spectral contours are seen at 31.4, 34,0, 37.7, and 46.0 °C over
a reduced density (p, = p/p.) range of 0.70-1.6 (not shown).
There are several interesting aspects of these results. First, the
vibrational fine stucture of the pyrene emission is well preserved,
and the I, and I, peaks are well resolved (vide infra). Second,
there is no hint of any aqua-blue excimer-like emission.

Figure 5 shows a pair of normalized emission-wavelength-de-
pendent steady-state excitation spectra for the sample shown in
Figure 4. To acquire the “monomer” spectrum (—), the emission
wavelength was adjusted to a region of the emission spectrum
where monomer would predominate (380 nm), and then the ex-
citation wavelength was scanned. The “excimer” spectrum (——-)
was obtained in a similar fashion, but the emission wavelength
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Figure 7. Normalized, emission-wavelength-dependent steady-state ex-
citation spectra for 100 uM pyrene in supercritical CO,. T = 34.1 °C;
P =79.4 bar. A, = 380 nm for monomer. A, = 460 nm for excimer.
Excitation spectral bandpass = 2 nm. Emission spectral bandpass = 16
nm.

was adjusted to a region (460-480 nm) where, if it were to be
present, the excimer-like emission would appear. The most in-
teresting and important feature of these spectra is that they are
essentially superimposable. These results were not unexpected
and are consistent with ground-state homogeneity for dilute pyrene
in CO,. Again, fluid density and temperature had no effect on
the excitation contours; they were always superimposable.

In contrast to the 10 uM pyrene results, Figure 6 shows a series
of density-dependent emission spectra for 100 uM pyrene in su-
percritical CO, (T = 31.4 °C). Several aspects of these data merit
further discussion. First, the excimer-like emission is clearly
evident at about 460 nm. Second, in normal liquids, one would
not observe any excimer at this pyrene concentration.*® Third,
the excimer-like emission is clearly density dependent; it decreases
with higher fluid density. From this type of information alone
Brennecke et al.*’ proposed that there was increased solute—solute
interaction in supercritical fluids. That is, it was proposed that
the pyrene species were somehow preferentially associating prior
to being excited. This association was then proposed to result in
the observance of excimer-like emission.** Unfortunately, on the
basis of emission spectra alone one cannot absolutely rule out other
mechanisms being manifest as the excimer-like emission.46-54

Figure 7 shows a pair of normalized, emission-wavelength-
dependent steady-state excitation spectra for the sample shown
in Figure 6. This set of spectra were obtained following the
protocol outlined above for the more dilute 10 uM pyrene sample.
Once again, the excitation contours are essentially superimposable,
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Figure 8. Excitation-wavelength-dependent steady-state emission spectra
for 0.5 uM pyrene in v-CD excited at 325 and 350 nm. The ground-state
dimer is preferentially excited at 350 nm. Excitation spectral bandpass
= 16 nm. Emission spectral bandpass = 2 nm.

and temperature and density have no effect on the contours (vide
infra). These results are completely consistent with only a single
species (individual pyrene molecules) existing in the ground
state,6-54

At this point we questioned if our methodology was capable
of detecting ground-state pyrene dimers. To this end, we inves-
tigated first pyrene complexed with y-cyclodextrin (y-CD).5*
Cyclodextrins are an interesting class of water-soluble macrocycles
made up of between six and eight glucose monomers covalently
linked to form a toroidally-shaped truncated cone.”’ The exterior
of the cyclodextrin is hydrophilic, and the interior cavity is
moderately hydrophobic. Thus, the cyclodextrin cavity can serve
as a site in which to sequester (host) selectively an array of
molecular species (guests). This host—guest association is generally
governed by the size of the cavity and guest and the shape/charge
of the guest. The pyrene—y-CD complex is especially interesting
because two pyrene species can coinclude within a single 4-CD
cavity.** That is, one can form an appreciable amount of
ground-state dimer within the y-CD.>* Moreover, this dimer can
be formed when the total pyrene concentration is several orders
of msagnitude below that required for excimer emission (i.e., 1077
M).34

Figure 8 shows a pair of excitation-wavelength-dependent
emission spectra for 0.5 uM pyrene in 10 mM ~-CD. The most
interesting aspect of these spectra is that the relative contribution
from the excimer-like emission is strongly dependent on the ex-
citation wavelength. For example, the relative amount of ex-
cimer-like emission increases several-fold when one varies the
excitation wavelength from 325 to 350 nm. This result is consistent
with two subpopulations existing in the ground state (monomer
and dimer).’* This conclusion is supported further by inspection
of the normalized, emission-wavelength-dependent excitation
spectra for this system (Figure 9).

In obvious contrast to the superimposable spectra seen for
pyrene in supercritical CO, (Figure 7), we see here (Figure 9)
significant differences in the spectra. Once again, this is com-
pletely consistent with there being more than one subpopulation
in the ground state.* In addition, we can now see that by exciting
at 350 nm we preferentially excite the ground-state pyrene dimer.
Thus, we feel confident that if excimer-like dimers were to exist
in the ground state, they would be detected as differences in the
emission-wavelength-dependent excitation spectra (compare
Figures 7 and 9). Of course, if the nature of the solute—solute
interactions were such that they did not manifest themselves as
a preformed (face-to-face) excimer-like dimer, we may not be able
to detect or quantify such a solute-solute interaction.”

(71) Sagnger, W. Angew. Chem., Int. Ed. Engl. 1980, 19, 344.
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A simple and effective means to compare a pair of emission-
wavelength-dependent excitation spectra is to prepare an inten-
sity—intensity correlation plot. In this approach, the excitation
spectra are first normalized at the peak maxima, and then the
intensity of the “excimer” scan (A,,, = 460 nm) is plotted versus
the intensity of the “monomer” scan (X.,, = 380 nm). If the pyrene
spectral contours overlap completely, for example, if there is no
ground-state, dimer-like association, we would anticipate a straight
line with a slope of unity, an intercept of 0, and a correlation
coefficient of unity. Figure 10 shows a set of typical density-
dependent correlation plots for 100 uM pyrene in supercritical

(72) One may be inclined to believe that only the face-to-face species is
quantifiable via our techniques. However, recent work (cf.: Winnik, F. M.
Macromolecules 1990, 23, 233) with less structured polymer systems shows
that ground-state association is also evident for pyrene. Again, it may be that
the face-to-face ground-state dimer contributes, but the fact that one can
observe a significant spectral shift when there is preassociation (prior to
excitation) argues that we would have been able to see and quantify prefer-
ential solute-solute interactions using our techniques.

Zagrobelny et al.
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Figure 12. Relative amount of pyrene excimer as a function of fluid
temperature and reduced density. The expression /./ I, is the ratio of
excimer to monomer. The terms /,, and I, denote the integrated areas
between 440 and 500 nm and between 367 and 420 nm, respectively.

CO, (panels I-III). Similarly, panel IV shows results for 0.5 uM
pyrene in 10 mM y-CD. Clearly, the supercritical fluid data are
completely consistent with there being no ground-state pyrene—
pyrene association.” This result is in contrast with the correlation
plot for pyrene—y-CD (panel I1V), which is completely nonlinear.

To ensure that these particular results are not anomalous we
carried out an extensive series of experiments on 100 uM pyrene
in subcritical and supercritical CO,. The results are summarized
in Figure 11, which shows the correlation coefficient (r?) of the
correlation plot (e.g., Figure 10) as a function of reduced density
and temperature. These results are completely consistent with
their being a single pyrene species in the ground state: individual
pyrene monomers.

Although density does not affect ground-state pyrene (Figure
11), it does affect the relative amount of excimer-like emission
(Figure 6). To illustrate this point more clearly, Figure 12 shows
that fluid density and temperature each affect the relative amount
of excimer formed. For example, when fluid density or tem-
perature increases, the relative amount of excimer formed de-
creases. Unfortunately, it is not possible to explain these particular
observations without knowledge of the kinetics of the excimer-like
process, 4834

Time-Resolved Experiments. Time-resolved fluorescence
spectroscopy provides a convenient means to access the kinetic
parameters that describe the pyrene emission process.s-5
However, before we begin exploring the kinetics it is important
to review our understanding to this point and anticipate any
potential problems. First, from our steady-state experiments there
is no evidence for ground-state excimer-like (solute—solute) as-
sociation in the pyrene-CO, system. This implies that we could
potentially have a photophysical model given by Figure 1. Second,
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Figure 14. Typical time-resolved fluorescence decay traces for 100 uM
pyrene in supercritical CO,. 7, = 1.00; P, = 1.02. Upper and lower
panels represent monomer (400 nm) and excimer (480 nm) emission,
respectively.

we must be concerned with the density-dependent solubility of
pyrene in CO,. This is important, because our fitting algorithm
requires accurate knowledge of the analytical concentration of
pyrene actually dissolved in the supercritical fluid. After per-
forming a series of absorbance measurements (Figure 13), we
determined that it was not possible to solubilize 100 uM pyrene
below a reduced density of 0.8. Therefore, all time-resolved
experiments were carried out at reduced densities greater than
0.8.

As discussed in the Theory section, one can use transient
fluorescence experiments to determine the individual rate pa-
rameters of a given photophysical model. To this end, Figure 14
shows a pair of typical time-resolved fluorescence decay traces
for 100 uM pyrene in supercritical CO, (T, = 1.00; P, = 1.02).
Note that the y-scale is logarithmic. The upper and lower panels
show results for selective observation of the monomer (400 % 10
nm) and excimer (480 £ 10 nm) regions of the emission spectrum.
Several interesting features are apparent from these traces. First,
both decay processes are nonexponential. Second, the excimer
emission (lower panel) has a significant contribution from a species
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Table I. Experimentally Recovered and Theoretical Values for the
Forward Bimolecular Rate Coefficient (kpy) for Pyrene Excimer
Formation in Supercritical CO,

pressure  kpy X 10! (exptl)  kpy X 10! (theor)
T(°O) (bar) (Mg M-yt

32 75.0 2.61 £ 0.08 2.67
75.5 2.10 £ 0.05 2.04

79.3 1.36 £ 0.05 1.37

89.6 0.90 £ 0.15 1.13

35 80.7 1.97 £ 0.12 1.94
82.7 1.80 £ 0.08 1.74

89.3 1.37 £ 0.07 1.33

97.2 1.11 £ 0.05 1.16

40 86.2 2.55 £0.07 2.57
93.8 2.14 £ 0.03 2.14

103.4 1.59 £ 0.03 1.78

116.9 1.26 £ 0.06 1.39

7Experiments were performed by maintaining the corresponding
temperature and adjusting the pressure. Fluorescence decays were
obtained at four different wavelengths for two different pyrene con-
centrations. The rate coefficients were recovered by linking the spec-
tral parameters over the entire multidimensional data surface.
bCalculated from the Smoluchowski equation (eq 3).

that “grows in” between 20 and 150 ns. This growing in is reflected
by an upward curvature in the decay trace in the 150-ns region
and is a manifestation of the excimer taking time to form following
photoproduction of M* (i.e., kpy in Figure 1). Third, the fits
between the experimental data and the excimer model shown in
Figure 1 are very good (x% = 1.06). Detailed analysis of the
remaining data sets were also consistent with the simple excimer
model (Figure 1).

Figure 15 shows the experimentally recovered (open points)
bimolecular rate coefficients (kpy; Figure 1) for pyrene excimer
formation as a function of CO, density and temperature. Three
independent sets of experiments were carried out to determine
the uncertainty associated with each point. The solid symbols
denote the theoretical rate coefficient calculated when a diffu-
sion-controlled process was assumed (eq 3). The viscosities used
in the equation were obtained by plotting those values found in
literature™ for a given temperature and pressure and interpolating
for the corresponding experimental conditions. The agreement
between the experimentally recovered and calculated rates is very
good. This is reflected further in Table I, which compiles the
experimental and theoretical forward rates. These results indicate
the following: (1) that there is no significant deviation in the
reaction rate near the critical point and (2) that the pyrene excimer
formation process in supercritical CQO, is completely diffusion
controlled over the density range studied. Thus, although the
solvent molecules are able to cluster about the pyrene solute,>!545
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Table II. Experimental Values for the Reverse Unimolecular Rate
Coefficient (kyp) for the Dissociation of Pyrene Excimer in
Supercritical CO,

Zagrobelny et al.

Table III. Recovered Activation Energy (E,) and Arrhenius
Frequency Factor (A4) for Pyrene Excimer Formation in Supercritical
CO, at various CO, Reduced Densities (p,)°

pressure  kyp X 10°  ky X 10°  kp % 10°

T (uc) (bar) (s-l)a.b (s-l)a.b (s-l)a.b
32 75.0 041 3.09 1.11
75.5 0.54 2.99 1.11

79.3 1.02 2.85 7.15

89.6 1.47 2.81 6.03

35 80.7 0.97 2.60 8.87
82.7 1.09 2.34 9.25

89.3 1.52 2.00 9.97

97.2 7.34 1.39 9.20

40 86.2 1.09 3.53 9.90
93.8 1.78 3.31 9.20

103.4 1.96 3.05 9.52

116.9 8.05 2.61 8.87

¢Same experimental procedure as described in Table I.
b Uncertainties in recovered rates <10%.

they are apparently not affecting directly the rate of excimer
formation, or the association may not be stable or rigid. That
is, the cluster “strength” is simply not great enough to offset the
repulsive forces* between ground-state pyrene species. Of course,
the major difference between the rates of excimer formation in
liquids and supercritical fluids lie in their magnitude. For the
supercritical fluid, the bimolecular rate coefficients are 2 orders
of magnitude greater compared to those for pyrene in cyclo-
hexane.*48 This is simply a result of the viscosity of supercritical
CO, being essentially 2 orders of magnitude less than that for a
liquid.1-13

Table II gives the rate coefficients for excimer dissociation
(kmp) and the emissive rates for the monomer (k) and the
excimer (kp) as a function of fluid density and temperature. The
rate for excimer dissociation is 2 orders of magnitude faster in
CO, than what has been reported in liquids.*® However, recall
that the forward rate is also 2 orders of magnitude faster due to
lower viscosity and higher diffusivity. Therefore, the excited-state
equilibrium constant (kpym/kwmp) for pyrene excimer formation
is the same order of magnitude in supercritical CO, and liquid
cyclohexane.® This indicates that supercritical CO, does not affect
the equilibrium of the pyrene excimer formation = dissociation.

Also shown in Table II are the values for the fluorescence decay
of the monomer, k). This rate is the same as that reported by
Birks et al.* and is minimally affected by temperature and CO,
pressure. Again, it appears that supercritical CO, does not affect
the photophysics of the pyrene monomer differently than what
has been reported in liquids.

The rate term that is affected by supercritical CO, is that of
the excimer. This rate is 2 orders of magnitude smaller than
reported in liquids*® and is slowest for temperatures and pressures
nearest the critical point. Apparently, near the critical point the
fluid is able to protect the excimer from nonradiative deactivation
and allows it to remain in the excited state for a longer period
of time. This result could be simply a consequence of the decreased
interactions with the fluid or of the cluster being able to form about
the excimer. If a cluster were to form about the excimer, it would
make the local environment slightly more rigid and shield the
excimer from quenchers (e.g., O,).

To further investigate the effect of supercritical CO, on pyrene
excimer formation, the energy of activation, E,, and the Arrhenius
frequency factor, A4, have been evaluated as a function of reduced
density. The values are collected in Table III. Interestingly, as
we increase the fluid density, we see that the energy barrier height
decreases. This indicates that the excimer formation reaction
becomes more favorable. In contrast, our steady-state results show
clearly that the fraction of excimer emission decreases with density.
This result is explained by the significant decrease in the frequency
factor. Thus, although the energy barrier height decreases at
higher density, the frequency of encounters decreases such that
the overall excimer reaction tends to decrease.

o E, (xJ/mol) A4 (™)

0.9 27.7 9.4 X 1013
1.1 21.6 8.3 x 10"
1.4 11.4 1.2 x 108
1.5 14.9 3.9 x 103

¢ Uncertainties in the recovered E, and A terms <15%.

Conclusions

There has been much discussion of late on how supercritical
solvents may affect chemical reactions. For example, pyrene
excimer emission is observed in supercritical CO, at concentrations
well below those required in normal liquids.>?4445 Thus, it is
clear that some feature or features of supercritical CQ, facilitate
pyrene excimer formation. However, the fact that one sees ex-
cimer-like emission in supercritical solvents is only part of the story.
The key issue is, why do pyrene excimers form in supercritical
CO,? The results from this work provide the first detailed insights
into the kinetics of excimer formation in supercritical solvents and
the effect of fluid density on this reaction.

From this work we see no evidence for the formation of
ground-state, excimer-like pyrene dimers in supercritical CO,,
Thus, it does not appear that fluid clustering brings together pyrene
species to preassociate prior to excitation.”® This is not totally
unexpected considering the well-known repulsive nature of
ground-state pyrene species in liquid solvents.*#® Thus, although
CO, clusters about the pyrene,’14443 the strength of this asso-
ciation is not enough to overcome the overwhelming repulsive
nature of ground-state pyrene molecules. Of course, these facts
alone do not preclude the possibility that other forms of disordered
ground-state associations exist (vide infra).

The combined steady-state and time-resolved experiments in-
dicate that the formation of pyrene excimers in supercritical CO,
is completely diffusion controlled and occurs only in the excited
state. Thus, although the steady-state results could potentially
be explained away by some form of spectroscopically nonob-
servable preassociation between pyrene molecules, one would be
hard pressed to explain why the rate of excimer formation (kpy)
is not affected beyond that expected from diffusion control. For
example, if one were to have a subpopulation of pyrene species
that were, on average, preassociated in the ground state, one would
expect kpy to increase beyond that expected by diffusion control.
In effect, the reacting partners would be placed in closer average
proximity to one another and should react with each other more
quickly. Similarly, one could have the case in which the fluid is
so strongly clustered about the solute that the reaction is affected
by diffusion (a more slowly diffusing pyrene-cluster species) or
the pyrene species are shielded from one another by the cluster
sheath. In either case, one would expect to see kpy decrease
compared to diffusion control. The experimental results are again
inconsistent with all these schemes; the reaction is completely
diffusion controlled over the density range studied.

After detailed analysis of the experimental data, we find that
the reason for the observance of pyrene excimer in supercritical
CO,, at pyrene concentrations far below those required for similar
observations in liquids, is a consequence of the following: (1) the
decreased fluid viscosity (increased diffusivity) and (2) fluid-
excimer interactions where CO, acts to stabilize the excimer
excited state. Thus, CO, clustering does not influence how the
excimer forms; it influences the excimer only after it forms.

Finally, we find that the amount of excimer decreases as CO,
density increases. These density-dependent results are a conse-
quence of the following: (1) the forward rate (kpy) decreasing,
(2) the reverse rate (kyp) and excimer emissive rate (kp) in-
creasing, (3) the energy barrier heights decreasing slightly, and

(73) By this statement we are not implying that solute—solute interactions
(in the most liberal of senses) do not occur. Clearly, the pyrene solutes interact
with one another to form the excimer. The point of this statement is that CO,
clustering does not affect how pyrene species are associated prior to excitation.
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(4) the collisional frequency factor, between pyrene molecules,
decreasing significantly with increasing density.

Currently, we are investigating the pyrene system in super-
critical CF;H and C,H,. We shall report the results of these
efforts in due time.
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Abstract: Photoelectron spectra are reported for Cr(CO);~, Mo(CO);7, and W(CO);™ anions prepared from the corresponding
metal hexacarbonyls in a flowing afterglow ion source. The 488-nm spectra were obtained at an electron kinetic energy resolution
of 5 meV using a new apparatus with improved mass resolution, which is described in this report. The spectra exhibit transitions
between the ground electronic states of the anions and the neutral molecules, and they show weak activity in the symmetric
CO stretching, MC stretching, MCO bending, and CMC bending vibrational modes. The observed vibrational structure indicates
that the anions, like the neutral molecules, have C;, equilibrium geometries. Principal force constants estimated from the
measured vibrational frequencies of the neutral molecules are consistent with stronger metal-ligand bonding in the coordinatively
unsaturated tricarbonyls than in the corresponding hexacarbonyl complexes. Franck—Condon analyses of the spectra indicate
only small differences between the equilibrium bond lengths and bond angles of the anions and the corresponding neutral molecules.
Electron affinities of 1.349 + 0.006 eV for Cr(CO),, 1.337 % 0.006 eV for Mo(CO);, and 1.859 % 0.006 eV for W(CO);
are obtained. The electron affinity pattern observed among the three group VI metal tricarbonyls is compared with characteristic
trends within triads of transition metal atoms and within the coinage metal dimer series. This comparison, combined with
the results of previously reported theoretical calculations, suggests that the extra electron in the M(CO);™ anions occupies
an sp hybrid orbital. Related studies of the atomic anions yield improved values for the electron affinities of Cr (0.675 =
0.004 eV), Mo (0.747 % 0.004 eV), and W (0.817 = 0.004 eV).

I. Introduction

Coordinatively unsaturated metal carbonyls are of interest as
active species in catalytic reactions,!™ as the building blocks of
stable organometallic complexes,’ and as computationally tractable
benchmarks against which to test theoretical models of metal-
carbonyl bonding.® Although unsaturated metal carbonyls have
many features in common with their fully ligated counterparts,
qualitative differences in their electronic structure and bonding
are also expected. As the ligands are sequentially removed from
a coordinatively saturated M(CO), complex, the metal atom will
return from its low-spin s°%d” valence electron configuration in the
complex to its ground-state configuration, which in general is
high-spin s2d™2 or s'd™!, These electronic structure changes can
be accompanied by dramatic variations in chemical reactivity,
metal-ligand bond strengths, and molecular structure. For ex-
ample, among the neutral Fe(CO), molecules, sequential met-
al-ligand bond strengths differ by an order of magnitude,’® and
reactivity toward CO varies by almost 3 orders of magnitude.?!°
Theoretical studies'!!2 indicate that the bonding in some met-
al-carbonyl fragments deviates significantly from the traditional
model, in which the metal-carbonyl bond is viewed as arising from
ligand-to-metal o donation and metal-to-ligand = back-donation.

We report here a study of gas-phase Cr(CO);, Mo(CO);, and
W(CO); and the corresponding anions by negative ion photo-
electron spectroscopy. These systems provide an opportunity to

* Presidential Young Investigator, 1988—1993.
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compare the bonding for open d-shell metal carbonyls of the first,
second, and third transition series at a degree of coordinative
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