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The photogeneration of singlet oxygen Oz(alAg) resulted from the photoexcitation at 248 nm of gaseous
oxygen at elevated pressure (3-80 atm) has been investigated. Singlet oxygen monitored by its IR-lumi-
nescence at 1.27 um was found to appear via two processes which are identified to be due to absorption
of individual O, molecules and encounter complexes 0,-0,, respectively. The one-quantum absorption of

complexes gives rise to appearance of oxygen in Herzberg Il state O,(3A,) which is supposed to be a trip-
let sensitizer responsible for singlet oxygen O,(a'A) production observed in our experiments.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The photo processes in oxygen are very important for chemistry
of atmosphere, oxidative organic photochemistry as well as for
oxygen assisted photobiochemistry. The photoabsorption of ‘iso-
lated’ O, molecules is very weak within the whole IR-UV spectral
region where all electronic transitions of ground state O, molecule
are spin and/or orbital symmetry forbidden. The photochemistry of
oxygen resulting from the excitation of oxygen via forbidden tran-
sitions in UV has been discussed by Parker [1]. Following this over-
view we should mention that three forbidden transitions into the
A3Z!, c'T. and AA, states, named as the Herzberg [, Il and IIl
states, govern the discrete absorption of oxygen in UV-region from
242 to 290 nm which can be deconvoluted into three Herzberg I, I
and III bands. Below in wavelength the so-called Herzberg contin-
uum is located between 242 and 200 nm. The main contribution
into the UV-absorption is provided by transition into Herzberg I
state. Since long ago the dramatic effect of molecular environment
giving rise to enhancement of optical absorption by oxygen is well
known. Wulf [2] and then Finkelnburg [3] observed the diffuse
bands with triplet structure in UV-absorption of oxygen in the re-
gion 240-290 nm which overlaps with discrete Herzberg absorp-
tion. Finkelnburg revealed the quadratic pressure dependence of
this absorption [3]. Now these bands are named the ‘Wulf-bands’
or ‘high-pressure bands’. The shape of these bands which are the
diffuse triplets with splitting due to spin-orbit coupling allowed
the authors of papers [4,5] to assign these bands as governed by
transition into Herzberg III A3A, state. On the basis of pressure
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dependence analysis the same conclusion has been made for the
‘enhanced’ absorption in Herzberg continuum region [6,7]. The
overview of the experimental and theoretical data devoted to the
collisional enhancement of Herzberg III transition is presented in
paper by Minaev et al. [8]. The measurements of the absorption
within Wulf-bands with high spectral resolution were carried out
by Bernath et al. [9]. The authors of this Letter revealed that the
spectrum of the Wulf-bands absorption of oxygen when normal-
ized on the same O, concentration does not change qualitatively
and semiquantitatively with change in the row of collision partners
Ar, N and O,. So the authors concluded that the collision-induced
absorption (CIA) is a mechanism responsible for Wulf-band
appearance. In spite of the name ‘high-pressure bands’ the contri-
bution of CIA governed by absorption of encounter complexes O,—
0, and 0,-N, is comparable with linear absorption of oxygen at
atmospheric conditions already [6] and that makes it to be of
atmospheric interest [9,10]. The measurements of collision-in-
duced absorption in oxygen have been carried out for many colli-
sion partners which demonstrate the wide spread in efficiency of
absorption ‘enhancement’ [7,11]. The ‘dramatic’ effect of complex
partner on photophysics and photochemistry of oxygen was re-
vealed when the velocity maps of O atoms arising from the photo-
dissociation of van der Waals complexes X-0, were investigated
[12]. The photoexcitation of encounter complexes of oxygen O,-
0, is followed by new photochemistry as well which is discussed
in the review by Koda and Sugimoto [13]. The excitation with
quantum energy above the threshold for dissociation of O, gives
rise to oxygen atoms. Even the excitation below threshold provides
the chemical changes which firstly were observed by Slanger et al.
who detected formation of ozone after irradiation of oxygen at
248 nm [14]. This process has well defined pressure-dependent
contribution due to the excitation of encounter complexes which
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has been studied in a series of papers and the results are summa-
rized in the review [13]. Koda and Sugimoto conclude that the
most probable mechanism of O3 formation involves the collision-
induced absorption with transition of oxygen into Herzberg III
state A’*A, and bimolecular reactions like O,(A’) + O, — O3 + O giv-
ing rise to ozone. Similar processes of odd oxygen species forma-
tion were also assumed to be responsible for the laser-induced
oxidation of hydrocarbons in the hydrocarbon/O,/supercritical
CO, mixtures at 248 nm also considered in the review [13].

In the current Letter we describe the experimental results
which reveal the new photochemical process resulting from the
excitation within Wulf-band of encounter complexes of oxygen
0,-0; and giving rise to singlet oxygen O,('A,) formation. The
possible mechanism of this process is also discussed.

2. Experimental

The experimental setup involves the high-pressure cell, laser
source of UV-radiation, detector of IR-luminescence and digital
oscilloscope for the control of the signal.

The gas was let into the cylindrical cell made of stainless-steel
which was designed to withstand pressure more than 100 atm.
The cell was T-shaped with three quartz windows of 10 mm in
thickness and 13 mm in diameter. Pressure was measured by a
pressure gauge and throughout the experiments it was varied
within the range 3-80atm. Gaseous oxygen with content
0, =99.999% was used in the experiments. For the estimation of ki-
netic parameters the values of oxygen concentration n were used.
These values have been obtained from the pressure values P via the
equation n = k- with taking into account the non-ideality of oxy-
gen. In this equation R is gas constant, z is oxygen compressibility
at temperature T = 300 K, taken from [15]. The difference between
so calculated non-ideal and ideal-gas oxygen concentrations makes
roughly 1-1.85%.

The gas in the cell was irradiated by the second harmonic
(248 nm) of nanosecond excimer-pumped dye laser (Coumarin
102 in ethanol) generated in nonlinear crystal of barium B-bo-
rate (BBO). UV-pulse energy was 1 m]. The second harmonic
was separated from the fundamental by a prism and directed
into the gas cell by dielectric mirrors and a lens of 25 cm in fo-
cus length with a focus beyond the cell. In order to measure
pulse energy dependence of the singlet oxygen yield the UV-
pulse energy was attenuated with the use of the set of UV-VIS
Neutral Density Filters. The laser pulse passed through the cell
and at the output it was detected by photodiode providing con-
trol of pulse energy and external triggering for signal recording.
In some experiments KrF excimer laser has been used as a
source of exciting radiation with wavelength of 248.5 nm. Its
pulse energy was 1.5 m].

The singlet oxygen O,('A) has been detected by its lumines-
cence at the wavelength 1.27 pm. The luminescence was registered
transversely to the laser beam direction with the use of InGaAs
photodiode G6126 (Hamamatsu). To register a narrow spectrum
region around 1.27 pm, interference filter (transmission peak at
1.27 pm, transmittance in maximum - 92.5%, transmission half-
bandwidth - 30 nm) and silicon plate of 0.4 mm in thickness were
used. Luminescence signals have been obtained by averaging of re-
sults of 30-500 laser shots (1 Hz repetition rate). If needed, back-
ground signal recorded with the empty cell was subtracted from
the luminescence signals.

To evaluate the contribution of O,-0, complexes in the general
absorption and control the laser-radiation absorption during the
experiments, the absorption spectra of oxygen at various pressure
values were recorded on the UV-VIS spectrophotometer
(Shimadzu).

3. Results and discussion
3.1. Production of Ox("Ag)

Fig. 1 represents the temporal profile of singlet oxygen lumines-
cence at 1.27 nm which has been detected after excitation of gas-
eous oxygen at elevated pressure. The luminescence signal
follows the concentration of singlet oxygen. The absolute value
and temporal profile of this signal did not depend on the number
of laser pulses. So we can exclude effect of any accumulated prod-
ucts. We have fitted the experimental time-profile of this signal by
the equation

S— % - lexp(—kit) — exp(—kat)], )
2 — Kiq

with parameters A, k; and k;, being the result of the least squares fit-
ting of measured profiles. The variation of oxygen pressure P within
the range 3-80 atm resulted in the change of A - the amplitude and
k, - the temporal characteristic of the signal decay. The parameter
k, - the temporal characteristic of the rising part of the profile does
not change in our conditions and is governed by frequency response
characteristic of the photodiode. The parameter k, is the rate con-
stant of the pseudo-first order process of 0x('A,) quenching which
will be discussed later.

In Fig. 2 the pressure dependence of the signal amplitude A is
shown. The dependence is well fitted by the sum of quadratic
and cubic terms A = C - P> + D - P?. To rationalize this dependence
we should first discuss the process of IR-luminescence of singlet
oxygen

0,(a'Ag) £ 0,(X°E,) +hv (A =127 pm). )

This luminescence of unperturbed O,('A,) molecules is forbidden
process characterized by a very long radiative lifetime 7 ~ 74 min
as derived from the Einstein coefficient A=2.256 x 107*s~! ex-
tracted from the integrated absorption intensity for (0,0) band
[17]. It is well known that the collision-induced perturbation
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Fig. 1. Time dependence of the Oz(alAg) luminescence signal at O, pressure of
41 atm. The excitation wavelength is 248.3 nm. The line represents the least
squares fit with the functiony = A - k; - (ky — ki)™ - [exp(—ki - t) — exp(—k; - t)] (see
text). On the inset the absorption spectrum of O, at the pressure of 100 atm (—) as
measured in this work and low-pressure extrapolated absorption cross section of O,
(m) as taken from paper [16] are presented. Arrow shows the wavelength used for
excitation.
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Fig. 2. Pressure dependence of the Oz(alAg) luminescence signal amplitude (A
value in the equation (1)). The excitation wavelength is 248.3 nm. Line corresponds
to the fit of data by equation A= C-P?>+D-P® with C=0.00137 mV atm 2 and
D =0.00057 mV atm~> (see text).

accelerates this luminescence. The rate constant of this bimolecular
luminescence has been measured by Wildt et al. [18] in the gas
phase and found to be ky=3.4 x 10722 cm®s~!. For our oxygen
pressure conditions P = 3-80 atm (T = 300 K) this value of rate con-
stant results in the radiative lifetime of 7 = 6.7 min-15 s. This time
is much shorter than the radiative lifetime of the unperturbed
0,('Ag) molecules. So for all our conditions the measured signal
luminescence should be proportional to the first power of oxygen
pressure P due to domination of collision-enhanced luminescence.
The pure collision-induced nature of 02(1Ag) luminescence has
been established for the oxygen pressure conditions similar to the
ours by Furui et al. [19]. The quadratic and cubic terms in the pres-
sure dependence of the signal amplitude A can be rationalized if the
rate of excitation giving rise to singlet oxygen contains the terms
which are linear and quadratic in pressure. The linear pressure
dependence comes from unimolecular excitation process
0, H"Oz(]Ag) and the quadratic term comes from excitation of
encounter complexes of oxygen 0,—0, Lis 02('Ag) in the process of
collision-induced absorption (CIA). So we can conclude that the
photogeneration of singlet oxygen results from excitation of molec-
ular oxygen O, itself and from excitation of encounter complexes
0,-0,. The ratio of contributions of encounter complexes 0,-0,
and molecular oxygen O, itself is equal to D - P/C, where D and C
are the coefficients found for the pressure dependence shown in
Fig. 2. This ratio at the maximal value of pressure (35atm) in
Fig. 2 is equal to about 15 and when extrapolated to P =1 atm gives
value 0.4. Fig. 3 plots the dependence of singlet oxygen signal on the
laser pulse energy. The linear dependence indicates the one-quan-
tum absorption to be responsible for Oz(lAg) photogeneration. At
the pressure used (68 atm) the ratio D - P/C is close to 30. This
means that the conclusion on the one-quantum nature of singlet
oxygen photogeneration in our conditions is relevant to the contri-
bution of encounter complexes O,-0,. This allows us to discuss the
mechanism of singlet oxygen photogeneration in more details.

3.2. Mechanism of singlet oxygen generation

The generation of singlet oxygen Ox('A,, v=0) as a result of
one-quantum absorption of UV-radiation by O, molecules at the
low-pressure conditions (P = 10-100 Torr) was observed by Pejak-
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Fig. 3. Double-logarithmic plot of the Oy(a'Ag) luminescence signal magnitude A
versus laser pulse energy at /. =248.5 nm (KrF laser) measured at the pressure of
oxygen P =68 atm.

ovic et al. [20]. These authors excited by laser the discrete spec-
trum of Herzberg [ state O0,(A3X[,v) and detected the
appearance of 02(1Ag, v =0) with REMPI. These authors suggested
some relaxation of excited state O,(A>X, v') as a source of singlet
oxygen. We can suggest the same mechanism of singlet oxygen
formation responsible for the quadratic term in the pressure
dependence of Oy(a'Az) luminescence signal we observe.

As we discussed in the Introduction the spectrum of the colli-
sion-induced absorption responsible for the Wulf-bands indicates
excitation of one of the molecules of the encounter complex O,-
O, into Herzberg Ill state which can be presented with the
equation

0,(X°T;) — 02(°T,) + hv — 02(A%Ay) + 02 (X°%;). (4)

According to the assignment of the high-pressure bands of oxygen
[5,10] the used excitation wavelengths coincide with the overlap
of the subbands (£2=1,2) of the band corresponding to the excita-
tion of one O, molecule of the complex 0,-0, into the vibrational
level v/ = 9 of Herzberg III state. This assignment allows us to expect
the appearance of vibrationally excited O,(A®A,, v/ =9) in the pro-
cess (4). We can postulate that the further relaxation can be a
source of singlet oxygen O,(a'A;) formation. But we should defi-
nitely favor the schemes of relaxation involving simultaneous anni-
hilation of spin of two collision partners

0;(A%Ay) + 02(°E; ) — 03(a' Ag) + 05(a' Ag, '), (5)

where the excited oxygen molecule in A3 A, state is the triplet sen-
sitizer. The energy of the initial excitation (hv =~ 5 eV) is sufficient
for the process (5) to occur, because the energy of singlet a and b
states are equal to 0.98 and 1.63 eV, respectively. The similar pro-
cesses can govern the formation of Oy(a'A,) proceeding after exci-
tation of O, molecules into Herzberg I state

02(X32;) +hv — 0,(A%L)), (6)
with the excited 0,(A3X]) being the triplet sensitizer in the process
0,(A*T)) + 02(X32;) — 0y(a'Ag) + Oy(a'Ag, blzg) (7)

The importance of oxygen as the principal collision partner for gen-
eration of O,(a'A,) from O,(A*X) was established in papers by Ali
etal. [21] and Ogryzlo et al. [22] who studied effect of principal col-
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lision partner on the yield of singlet oxygen after recombination of
O atoms. After termolecular recombination of O atoms the O, mol-
ecule in one of the Herzberg states was generated and singlet oxy-
gen appeared then due to the relaxation of this excited O,. Pejakovic
et al. [20] point out the significance of spin-allowed character of
0,(A*X}) relaxation with 02(X32g’) as a collision partner.

Here we should also consider the possibility of another process
of Oy(a'A,) formation due to ozone photodissociation. As it was
mentioned in the Introduction the production of ozone was ob-
served in the number of papers (see review [13]) when high-pres-
sure oxygen was excited by laser UV-radiation even below O,
dissociation threshold involving the wavelength region used in this
work. In turn ozone has absorption band in UV-region which is
named Hartley band (200-320 nm). Absorption within this band
results in the photodissociation giving rise to singlet oxygen [23]

05 + hv — 0,(a'A) + O('D). (8)

So the formation of ozone could provide another source of singlet
oxygen. But our results allow us to neglect this contribution in
our experiments. First, the concentration of ozone generated by
photoexcitation at 248 nm was found to be rising in time (number
of pulses) via linear dependence at the pressure conditions similar
to ours [24]. This rise should result in growth of singlet oxygen pro-
duction if accumulated ozone is its precursor. But in our case the
amplitude of O,(a'A,) luminescence signal did not depend on the
number of pulses used for accumulation. Second, the rate of ozone
formation was found to be of the first order at the pressure condi-
tions similar to ours [24]. Absorption of extra quantum in the pro-
cess (8) should make the pulse energy dependence of singlet oxygen
production via this mechanism to be of the second order. The laser
pulse energy dependence of Ox(a'A,) signal in our experiments has
not the second but the first order (see Fig. 4). In our experiments on
laser energy dependence the energy fluence of laser pulse was var-
ied within the limits 6 x 10'°-8 x 10'® quantum/cm?. In these mild
conditions no one excitation step can be saturated to reduce the or-
der of pulse energy dependence from 2 to 1. So we can neglect the
formation of singlet oxygen via mechanism involving ozone forma-
tion in our experiments.

The processes (5) and (7) are similar to the widely used spin-al-
lowed process of triplet sensitization which has very broad litera-
ture (see reviews [25-27])
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Fig. 4. Plot shows the dependence of the Oz(alAg) quenching (vanishing) rate
constant on O, pressure. The excitation wavelength is 248.3 nm.

Ty +20:CZ;) — 'So+ '02('A, 'Z;). (9)

In the processes (5) and (7) the triplet O,(A%A,), 02(A*Z]) and sin-
glet Oy(a'Ag) states of oxygen play the same role as triplet T; and
ground singlet 'Sy states of usually used organic sensitizers do in
the process (9). The processes (4) and (5) of O,(a'A,) production
via oxygen self-photosensitization definitely take place in atmo-
sphere as well as the processes (6) and (7). Further quantitative
study is necessary to estimate the relative role of these two contri-
butions in atmosphere as compared with the mechanism of
0(a'A,) photogeneration in the photodissociation of ozone within
the Hartley band.

3.3. Singlet oxygen quenching

The descending part of the temporal profile (1) of IR-lumines-
cence is governed by parameter k,. This parameter defines the rate
of the quenching of O5('A;) and depends on oxygen pressure line-
arly as it is shown in Fig. 4. This indicates that the parameter k; is a
pseudo-first-order rate constant of bimolecular process of quench-
ing. This quenching proceeds via two channels. One of them is
bimolecular collision-induced luminescence (3) with rate constant
kp. Another channel is radiationless collisional relaxation on oxy-
gen with quenching rate constant k,

02(a'Ag) + 02(X°%;) i"zoz(x32;) (10)

The sum of the rate constants (ky +k,;) defines the parameter
ko = (kpi + kq) - [O2]. The linear fit to the experimental dependence
of k, on oxygen pressure in Fig. 4 provides the value of this sum
(kpr+ kq) = (1.93 +£0.02) x 107'® cm® s~". Taking into account that
the rate constant of the process (3) ky=3.4 x 10722 cm3 s~ [18]
is by about four orders of magnitude lower than this sum we can
neglect its contribution. So finally we get the rate constant for radi-
ationless quenching (10) k, = (1.93 + 0.02) x 107'® cm? s~". This va-
lue can be compared with the data of earlier measurements
summarized in the book [25] and being scattered within the
interval (1.5-2.4) x 107'® cm®s~! and with the most recent data
for this rate constant (1.6+02)x10 ¥ cm®>s' [28] and
(1.7 +£0.2) x 10" cm® s~ [19]. The last value has been measured
by Furui et al. also at the high-pressure conditions. In our experi-
ments even at the smallest pressure value of 10 atm used for k,
measurements (Fig. 4) the diffusion of singlet oxygen out of detec-
tion zone proceeds with the estimated rate constant of about 0.5 s}
which is much less than the measured rate constant k, ~ 500 s
The diffusion to the walls of the cell proceeds even slower. So our
value together with that one measured by Furui et al. are free from
the influence of diffusion and wall effects on the rate constant
which were observed in the earlier low-pressure experiments. The
advantage of our measurements is also rather low uncertainty of
the value obtained due to the high statistics used.

4. Conclusions

The formation of singlet oxygen O,(a'Ag) has been observed as
a result of excitation of gaseous oxygen at elevated pressure by la-
ser radiation at 248 nm. Singlet oxygen has been monitored by its
IR-luminescence at 1.27 pm. The pressure dependence of this
luminescence has been investigated within the pressure range of
3-80 atm. The signal was found to be the sum of processes of the
second- and third-order in dependence on the pressure of oxygen.
These two processes are identified to be due to the absorption of
individual O, molecules and encounter complexes O,-0,, respec-
tively. The extra unit in the power of pressure dependence is due
to the predominance of collision-induced mechanism of lumines-
cence under conditions used. The laser pulse energy dependence
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indicates the one-quantum absorption as a source of singlet oxy-
gen. The bimolecular collisional process with excited triplet state
of molecular oxygen 0,(3A,) as a sensitizer is supposed to be
responsible for singlet oxygen O,(a'Ag) production. In turn the ex-
cited triplet oxygen O,(*A,) appears as a result of UV-photon
absorption by encounter complexes 0,-0, (collision-induced
absorption of O,).
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