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Lifetime of Singlet Oxygen (1Ag) in Liquid and Supercritical Carbon Dioxide
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The lifetime of singlet oxygen, 'O, (*A), in liquid and
supercritical carbon dioxide (SCF CO,) was determined by a
time-resolved phosphorescence method. In both the systems,
the lifetime decreased significantly with increasing pressure.
The pressure dependence of the lifetime in SCF CO, was satis-
factorily interpreted by the quenching mechanism in liquid
phase that involves solvent cage.

Singlet oxygen, O, (*A,), the lowest electronically excited
singlet state, is quenched by the solvent molecules. The life-
time depends strongly on the nature and structure of the solvent
molecule, and varies in the time range from microseconds to
milliseconds.*™® It has been established that the radiationless
deactivation process occurs by the collisional energy transfer
from 10, to the vibrational levels of the solvent molecules.*”
We found that the lifetime of 10, in liquid solvents decreases
significantly by the application of high pressure,® and interpret-
ed in terms of the radial distribution function with hard sphere
assumption at the closest approach distance between the solvent
and solute molecules. Similar interpretation of the pressure
dependence of the lifetime was also made by other workers.®
Supercritical fluid (SCF), which can dissolve many substances,
is an interesting solvent because the physical properties change
dramatically with a small change of temperature or pressure. In
the present work, we measured the lifetime of singlet oxygen in
supercritical carbon dioxide (SCF CO,) aswell asin liquid CO,
in order to obtain further insight into the quenching mechanism
by the solvent molecules and aso to characterize SCF CO, by
using 10, as a probe.

The phosphorescence decay curves of singlet oxygen at
1270 nm were measured as a function of pressure by a similar
method described previously.1%11 Phosphorescence generated
by excitation of 9-acetylanthracene using an 8-ns pulse from a
nitrogen laser (337.1 nm) was monitored by an InGaAs sensor
(2 mm ¢, Hamamatsu G5832-01) operated at room temperature,
and the signal was accumulated 256 times and averaged on a
Hewlett Packard 54510A digitizing oscill oscope.

The intensity of phosphorescence of singlet oxygen in lig-
uid and SCF CO, was very weak, but the decay curves obtained
were analyzed satisfactorily by a single exponential function in
all the experimental conditions examined. Figure 1 shows the
plots of logarithm of the decay constant, kg, against pressure in
liquid CO, at 25 °C and SCF CO, at 35 °C. The difference of
the pressure dependence of k between liquid and SCF CO, was
clearly observed although the data were dightly scattered. The
lifetime, k42, changes by about two times on going from 7.0
and 35 MPa in both the systems, indicating that the pressure
dependence of k4 is significantly larger than that in liquid
organic solvents such as n-alkanes (C5 to Cg and C;,) Y in
which k4 changes about two times on going from 0.1 to 400
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Figure 1. Plots of In k, against pressure in liquid CO, at 25 °C
(O) and SCF CO, at 35 °C (@®). The solid lines were drawn by
assuming that In k,=4+BP+CP*>. The arrow indicates the
pressure corresponding to the critical density at 35 °C.

MPa. Since the rate constant for the radiative process is
assumed to be very small compared to kg%’ the bimolecular
quenching constant, kg, was determined by

ky=k/[S] M

where [§] is the molar concentration of the solvent. The pres-
sure dependence of kg is shown in Figure 2. The activation
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Figure 2. Plots of In ky, against pressure in liquid CO, at 25 °C
(O) and SCF CO, at 35 °C (@). The solid lines were drawn by
assuming that In ky=A+BP.
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volume for kp, AVD’F, was determined by eq 2 where x is the
isothermal compressibility of the solvent.

RT( 3 Inky/ 8 P);=-AV,* - RTx 2)

The results are listed in Table 1, together with those in n-hexa-
ne for comparison.’* The values of AV ¥ are significantly larg-
erinliquid CO, as well asin SCF CO,, compared with those in
liquid organic solvents, 811

Table 1. Activation volumes and the isothermal compressibility,
Ko Of liquid CO, at 25 °C and SCF CO, at 35 °C.

RTx AV,” AVTE

liquid CO,* 140+15 17020 -190£20

SCF CO," 340£70 -360+80 -360+60
n-hexane® 34 -9.8 -8.6

*Values at 7.0 MPa at 25 °C.  “Values at 9.0 MPa at 35 °C.
‘Reference 11.

In liquid solution, the collisional decay processes of 1O,
have been described kinetically by assuming an encounter com-
plex, 1(0,~S),, with singlet spin multiplicity where the intersys-
tem crossing (rate constant, k) occursin the solvent cage.>1

1 i &»1 Kise 3 Iy -
OZ(Ag)+S (O’l_s)en — >02(72g )+S (3)

—dift’

Based on eg 3, the observed rate constant, kp, is given by
kp = Kiso(Kan/K i) “)

Since Kgi/K_gis¢ 1S proportional to the radial distribution func-
tion, g(rog), a the closest approach distance, rog, Which is the
sum of the radius of the solute (ry) and solvent (rg) molecules
with hard spheres, 12 the pressure dependence of k; is equal to
that of g(rgs) when ko is independent of pressure. In liquid
organic solvents, the activation volume for kg, AV,SJ, is
approximately zero 811

The value of g(rog) was calculated by using rg (0.173
nm)*3 and rg (0.200 nm)*3, together with the density data of lig-
uid CO, and SCF CO,,*17 and the activation volume for
d(ros), AVIHS was evaluated. Theresultsarelisted in Table 1,
together with those in n-hexane.’! One can see in Table 1 that
AV p* is nearly equal to AVHHS in n-hexane as described previ-
ously.*18 One can also find that AV ;¥ is approximately equal
to AVHHS) in SCF CO, as well asin liquid CO,, indicating that
k,sc is independent of pressure, that is, AV, ~0, in both the
systems. In liquid CO,, theincrease in ky can be understood as
aresult of the increase in ky/K_g due to the decresse in the
excluded volume with increasing pressure as described previ-
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ously.811 The result in SCF CO, also can be interpreted in the
same frame work as the quenching in liquid phase, indicating
the existence of the solvent cage. The interpretation by the
radial distribution function mentioned above is consistent with
that by the isolated binary collision model (IBC model).1%-21

Finally, very fast bimolecular reactions with a nearly diffu-
sion rate have been examined in SCF and the contribution of
the clustering of the solutes to the reactions at the near critical
density has been discussed.?? In order to obtain further insight
into the quenching of 10, by the solvent molecules, the lifetime
measurements in other SCF are needed.
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