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Singlet oxygen is traditionally produced via photosensitizer molecules such as methylene blue, which function as
catalysts. Here we investigate stimulated Raman generation of singlet oxygen from dissolved oxygen in both
water (H20) and heavy water (D20) using nanosecond-pulsed visible blue laser light in the 400-440 nm spectral
region without singlet oxygen photosensitizers. We report an oxygen-dependent Stokes peak in the red spectrum

(600-670 nm) that is identical when produced in H,0 and D,0. These red Stokes photons are not detected when
an oxygen quencher is present. Temporal photodepletion of the uric acid absorbance peak at 294 nm is consistent
with singlet oxygen generation. We postulate that a two-photon stimulated Raman process produces singlet
oxygen from O dissolved within the solvents. We note that the energy difference between input and output
photons of 0.97 eV is precisely the energy needed to excite O, to its singlet state.

1. Introduction

Singlet oxygen Oz(lAg) is the oxygen molecule at its lowest excited
electronic state. The molecule is highly electrophilic, readily causing
electron couples from covalent bonds of complex molecules to break
apart. Researchers have used the Oz(lAg) in photo-inactivation of vi-
ruses, fungi, and bacteria [1-6], photodynamic treatments of cancer
[7-9], photo-disinfections of blood and pharmaceutical products
[10,11], protein activity research [12,13], environmental water studies
[14-17], photochemical reactions [18], and in other significant appli-
cations. The generally accepted dogma to produce the Og[lAgJ level
consists of an indirect transition based on photosensitizers [19-22].
Photosensitizers are large molecules with large numbers of & bonds that
facilitate the absorption of visible light energy. The absorbed photon
energy accumulates in the photosensitizers' metastable triplet state,
enabling energy transmission to the molecular oxygen via collisional
relaxation to transition toward the 02(1Ag) state.

Several authors have experimentally-produced direct singlet photon
photoactivation of molecular oxygen without photosensitizers using
infrared radiation at 765, 1268, and 1064 nm [23-28]. However, the
authors reported limited quantum efficiency. Presumably these results
are consistent with quantum mechanies, which predicts low
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probabilities for the direct one-photon dipolar transition from the
ground state toward the Og(lAg) state. The transition violates the spin,
orbital, and wave-function symmetry selection rules, making the direct
excitation highly improbable. Bregnhgj and Ogilby have noted two-
photon excitation to produce Og(lASJ in aerated solvents without
using photosensitizers [29]. The aeration gives rise to a UV absorbing
band associated with transitioning from a ground state oxygen-solvent
to an oxygen-solvent charge-transfer (CT) state [30-32]. The band can
be excited via a two-photon process using visible light. The CT state
decays radiation-less, producing a significant amount of Og(lAg).
Bregnhgj and Ogilby also provide evidence for a long-lived photo-
produced species in liquid water that may sensitize the OZ(IAg) pro-
duction [29]. However, this path of Og(lAg) photoproduction does not
generate additional luminescence as it is the case in the Raman photo-
excitation we discuss here.

In previous work, we proposed an alternative path for
photosensitizer-free 02(1Ag) excitation by visible blue light based on
stimulated Raman scattering [33]. Here we provide experimental evi-
dences to support the Raman hypothesis by irradiating distilled water
(H50) and heavy water (D,0) using nanosecond pulses of light in the
blue spectral region. Raman is fundamentally a two-photon process,
where incoming (pump) photons generate outgoing (Stokes) photons of
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less energy. The difference in energy matches the energy needed to
excite the oxygen molecule. Quantum mechanics theory does permit a
high probability Raman transition wherever the one-photon dipolar
excitation is not predicted. When irradiating with blue light (410-440
nm), the Raman interaction should produce a Stokes photon in the red
region of the spectra (600-670 nm). The energy difference between the
incoming and Stokes photons is 0.97 eV, which corresponds to the en-
ergy gap between the ground and the Og(lAg) level. Thus, the Raman
method provides a Stokes signal that perfectly corresponds to the oxygen
excitation toward its Oz(lAg) state.

The two-photon process exciting the CT states discussed above may
be a competing path for Og(lAg) photoproduction. Relaxation from the
CT state toward the 02(1Ag) level is radiation-less. Thus, it does not
contribute to the Stokes peak observed in the Raman experiments.
However, any interaction of the oxygen molecule with its surrounding
solvent molecules is expected to significantly affect the Stokes response's
spectral width.

The Oz(lAg) Raman photogeneration using blue light is consistent
with our previous finding of photosensitizer-free photoinactivation of
viruses using CW and femtosecond light of similar wavelengths,
demonstrating the potential photobiology applications of the results
[341.

2. Theoretical Considerations

Fig. 1 shows a simplified schematic of the lowest electronic level of
the oxygen molecule. The Oz(lAg) level is at 0.97 eV from the ground
state Og(BZBT). Each level exhibits a complex vibrational-rotational
structure represented by the multiple solid lines. The gap corresponds
to the energy of a photon of wavelength 1269 nm. A pumping photon at
410 nm provides an energy of 3.03 eV. By generating a Stokes photon of
2.06 eV, the Raman transition excites the Oz(lAg) state. The dashed line
in Fig. 1 represents a virtual state corresponding to the two-photon
Raman transition. We estimate the minimal wavelength of the
required Stokes photon A using the equation.

1/h < 1/(410 nm) —1/(1269 nm) 1)

We obtain 4; > 605 nm. Each of the vibrational-rotational sublevels
may contribute to the total Raman signal. For example, the second
vibrational level Oz(lAg)(y = 1) corresponds to a transition wavelength
of 1065 nm [35]. When pumping at 410 nm, the resulting Stokes signal
is at 666 nm. Thus, the combined 02(1Ag) Stokes signal may exhibit a
full-width-half-maximum (FWHM) of tens of nanometers in the red
spectral region. Each line is also broadened because of the interaction
between the dissolved oxygen and the surrounding solvent molecule.
Wessels and Rodgers studied the spectral properties of the luminescence
line 02(1Ag) - OZ(SZE_) in many solvents [36]. They report on spectral
line's broadening and peak shifts. They found a linear correspondence
between solvent's polarizability and the peak position in most of the
solvents. The formation of complex solute-solvent structures, including
oxygen-solvent CT states may contribute to the broadening. Macpherson

2;.06 eV
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Fig. 1. Schematic of the excitation of the a Og(lAg) state. The pumping photon
at 410 nm generates the Stokes photon with a minimal wavelength 605 nm
resulting in the transition to bottom of the 02(1 A,) level.

Journal of Photochemistry & Photobiology, B: Biology 235 (2022) 112562

and Truscott also reported broadening and spectral shift of the Og(lﬁg)
phosphorescence in different solvents [37]. The authors attributed the
observed spectral broadening to van der Walls complexes of Og(lﬂg)
molecules with four to six solvent molecules or the repulsive long-range
forces in perfluorocarbons solvents. They also studied correlations be-
tween the solvent polarizabilities and spectral shift and broadening of
the Oz(lAg) — OZCSZg) line. The luminescence transition occurs between
the lowest vibrational Og(lAg)(O) sublevel and the ground state 02(323_).
The Raman line of the same transition is expected to be wider because it
will include contributions from the lowest level and the rest of the
sublevels of the Oz(lﬂg) electronic state. The nonlinear character of the
stimulated Raman generation can also affect the spectral properties of
the Stokes line. A detailed study of these effects falls out of the scope of
the present work.

Raman is generally applied to study transitions between molecular
vibrational-rotational states. However, Raman transitions between
electronic states have also been reported in the past [38-40]. For the
02(1 Ag) electronic state excitation, the two-photon Raman transition is
expected to occur considering the “golden rule” of spectroscopy which
predicts a high-probable Raman transition wherever the direct excita-
tion is not allowed by Quantum Mechanics selection rules.

3. Methods

Here, we describe a stimulated Raman excitation of oxygen dissolved
in H,O and D50 at room temperature and one-atmosphere pressure
using nanosecond pulses from an optical parametric oscillator (OPO).
The experiments identify peaks that represent the contribution from the
stretching modes of the solvent molecules and, most importantly, a
smaller red spectrum peak that we identify as the Raman response of
0, Ag) oxygen molecules dissolved in the samples.

Fig. 2 shows a schematic of the Raman experiment. The pump source
was an optical parametric oscillator (OPO Radiant QX 4130, OPOTEK)
tunable in the visible region (410-700 nm). In the device, an Nd-YAG
laser at 1064 pumps the OPO crystal. The system generated 10-ns pul-
ses at a 10 Hz rate. The average energy per pulse was about 30 mJ. OPO
radiation was used at 410, 420, 430, and 440 nm. A beam-splitter (B)
redirected a small portion of the light to a reference detector (Ref). A 40-
cm focal length lens (L) focused the OPO light onto the sample.

The samples were doubled-distilled H,O and D50 (99.9 atom % D,
Sigma Aldrich) in 30-cm and 10-cm length glass cuvettes. The long-pass
cuvette had two purposes. First, to provide enough path length of the
sample, and second, to avoid damage to the cuvette's windows, ensuring
that the light intensity at the entrance and exit of the cuvette is small
enough. The focused light stimulated Raman signals in slightly different
directions than the original pumping beam. Most of the light was in the
beam center, which also contains the pumping light. The stimulated
Raman also generated a ring of light centered in the direction of the
original pumping beam. A blocker (D) was used to eliminate the beam's
central spot. The procedure depleted most of the pumping light. A long-
pass filter (LPF) blocked the remnant excitation light. Lens L, collimated
the light from the ring. A mirror (M) redirected part of the light of the
ring structure into a monochromator (Cornerstone 260, Newport).

LPF |

L,

Cuvette
OPO

M
|

Cornerstone
D|Menochromator

Fig. 2. Raman scattering experimental set-up consisting of an optical para-
metric oscillator (OPO), a beam splitter (B), a reference diode detector (Ref), a
focusing lens (L), a long-path glass cuvette, a beam blocker (D), a long-pass
filter (LPF), a collimating lens (L,), a milror, a monochromator, a cuirent
amplifier and a digital oscilloscope (Osc).
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Rotation of the mirror allowed the selection of different parts of the ring
structure. A diode detector (DET36A2, Thorlabs) collected the light from
the monochromator sending the generated signal toward a current pre-
amplifier (SR570 Stanford Research). The amplified signal was redir-
ected to a digital oscilloscope (TDS3052, Tektronix) for averaging and
recording.

We used a glass filter blocking all light with wavelengths below 590
nm to monitor the suspected O,(* Ag) Stokes peak in the spectrum's red
region. The filter depleted the contributions from the stretching modes
of the solvent molecules. To demonstrate that the observed “red peak” is
oxygen-related, we reduced the oxygen concentration in the solvents by
adding the oxygen quencher sodium bisulfite (NaHSOs3, Sigma Aldrich).
We also monitored the “red peak” decreasing after purging the sample
with argon for a few hours. We used the Optical DO sensor (Vernier) to
determine the O, concentration in the samples.

We have also measured the “red peak” in different solvents (meth-
anol, glycerol, and hexane) to demonstrate that its presence is related to
the dissolved O3 and not to the nature of the solvent.

We measured the UV spectra of irradiated diluted solutions (0.1 mM)
of uric acid (CsH4N4Os3, 99% Alfa Aesar) in H,O and D50 using a UV-VI-
NIR spectrophotometer (Evolution 201, Thermo Scientific). We
measured the spectra between 190 and 400 nm. We used standard 1-cm
pathlength spectroscopic quartz cells that contained about 3 ml of the
irradiated samples. The spectra of uric acid solutions with NaHSOs5 at 2.4
and 6.4 mg/ml concentrations were measured.

4. Results and Analysis

Fig. 3-left shows the stimulated Raman spectra collected for H,0O
(open blue squares) and D0 (open red stars) when pumping at 410 nm.
Fig. 3-right exhibits the spectra obtained when pumping at 440 nm. We
observed two peaks shifting according to the pumping wavelength
changes, confirming their Raman character. The first Stokes peak for
H50 oceurs at 475 nm and 515 nm when pumping at 410 nm and 440
nm. The corresponding peaks for D,O occur at 454 nm and 492 nm,
respectively. The Stokes frequency shift of the first peak averages (3340
+ 20) em ! for H50 and (2250 =+ 20) em * for D-0. The values of both
solvent molecules agree well with reported stretching mode frequencies
[41-43]. The H30's second peak occurs at 567 nm and 630 nm when
pumping at 410 nm and 440 nm light. We observe similar additional
peaks for D0 at 507 nm and 556 nm, respectively, when pumping with
410 and 440 nm light. The frequency shifts of the second peak average
(6743 + 110) em ™! and (4770 4 60) em™? for H,0 and D»0.

Because the value of the second peak is near twice the shift of the first
peak, we interpret the signal as resulting from a second-order cascade
Raman effect with the Stokes light corresponding to the first peak that
produces this secondary Raman emission. A recent publication describes
this Raman cascade effect in D,O [41].

In contrast to other observed peaks, a third “red peak,” indicated by
the green star, exhibits the same shape and frequency shift for H,O and
D50 and is much broader than the previous peaks. For both solvents,
peak detection occurs at (600 + 25) nm and (670 + 25) nm when

Pump 410 nm

10

Raman Signal (Arb. Units)

Raman Signal (Arb. Units)
(=]

gy g 20
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pumping at 410 nm and 440 nm, respectively. This frequency shift is
(7856 + 240) cm ! and does not coincide with possible water molecule
vibrations [41-43]. The Stokes frequency shift of the “red peak” in both
solvents corresponds to the energy of (0.97 & 0.3) eV in agreement with
the transition to the Og(lAg) level. We interpret the third “red peak” as
generated from the oxygen molecules dissolved within the water. The
corresponding wavelength is (1272 + 44) nm, which agrees with the
predicted OZ(IAS) phosphorescence photoemission [44-46]. Experi-
ments pumping at 420 nm and 430 nm are consistent with those
observed at 410 and 440 nm, with the first two shifted peaks present and
a solvent-independent “red peak” with H,0 and D;0.

We measure an average FWHM of 3 nm and 7 nm for the first and the
second-order Stokes signals corresponding to the solvent stretching
mode, respectively. This FWHM is smaller than that of the infrared ab-
sorption spectra because of the stimulated Raman character of the lines.
The effect has been reported elsewhere [41-43]. For the “red peak,” we
estimate an FWHM of 25 nm. The observed differences confirm the
different physical origins of the peaks. The Raman transition generating
the solvent signals occurs between vibrational levels. The two-photon
02[1Ag) Raman transition occurs between electronic states, which
exhibit a structure more complex than the individual vibrational levels.

Krasnovsky and Ambartzumian measured an FWHM of 18 nm for the
Oz(lAg) phosphorescence peak in tetracene [45]. A recent communi-
cation reports an FWHM of 7 nm for the transition from the ground state
[02(3Z, ] toward to second excited electronic level of oxygen [02(1Zg+)]
at 765 nm in toluene [46]. Our experiments confirm that the stimulated
Raman process generating the “red peak” exhibits a spectral response
broader than the one-photon luminescence transitions of the excited
oxygen molecule. As discussed above, the Raman transition is a two-
photon interaction where different levels (rotational-vibrational) of
the electronic band corresponding to the Og(lt\.g) state may contribute
(see discussion of Fig. 1). Interaction with the surrounding solvent
molecules broadens the contributions of individual levels [36,37,44]. As
a result, the Stokes line of the electronic state appears heavily broad-
ened. The spectral properties of the OZ(IAB) NIR phosphorescence are
different. As discussed above, this one-photon transition occurs from the
bottom of the 02(1Ag) electronic level toward the ground level. The
other sub-levels of the OZ(IAg) electronic state above the bottom do not
contribute to the one-photon luminescence.

To further test that the red region's peaks are oxygen-dependent, we
use H0O solutions of sodium bisulfite (NaHSOs3). Sodium bisulfite is a
well-known oxygen quencher [47]. We use a long-pass filter blocking
any light below 590 nm to deplete the Stokes peaks from the stretching
modes. Fig. 4-left shows the Stokes peaks in the red region for HyO (blue
line) and solutions of sodium bisulfite (NaHSOsz) in H,0 at concentra-
tions of 40 mg/ml (red line). The solution with NaHSO; exhibits a
significantly reduced “red peak.” Fig. 4-right shows similar results for
the solution of NaHSO3 in D,0. The oxygen quencher depletes the ox-
ygen concentration, reducing the “red peak.” We measured an oxygen
concentration of 0.01 mg/L after the procedure, corresponding to the
sensor's minimal resolution.

As additional evidence, we measure the temporal destruction of uric

Fig. 3. Left -Stokes peaks of the Raman spectra from water (blue
crossed squares) and heavy water (open red stars) when pumping at
410 nm. The first two peaks correspond to the stretching modes of
the solvent molecule (H;O or D;0). The third peak, indicated by the
green star, is associated with the generation of the Oz(lAg) state.
Right - Stokes peaks of the Raman spectra from water (blue crossed
squares) and heavy water (open red stars) when pumping at 440 nm.
The first two peaks correspond to the stretching modes of the solvent
molecules. The third peak, indicated by the green star, is associated
with the generation of the 02(1Ag] state. (For interpretation of the
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Fig. 4. Left - Stokes red peak in H,O obtained using a long-pass filter >>590 nm in front of the monochromator (blue line) when pumping at 410 nm. When adding the
oxygen quencher NaHSO; at a 40 mg/ml concentration, the peak substantially decreases. Right - The same Stokes red peak measured in D,O. Again, the addition of
NaHSOj3 depletes the signal. (For interpretation of the references to colour in this figure legend, the reader is refeired to the web version of this article.)

acid as a measure of 02(1Ag) production. We determine the UV spectrum
of a diluted uric acid solution in distilled water irradiated at 410 nm at
different exposure times. The UV absorbance peak at 294 nm exhibits
photodepletion upon irradiation due to a lytic reaction between the
02(1 Ag) and uric acid molecules [48,49]. After irradiation, we measure
the corresponding UV spectra. Fig. 5-left shows the UV spectra of a 0.1
mM uric acid solution in H;0. The non-irradiated sample has a clear
peak at 294 nm (black line). The peak consistently decreases upon
irradiation over one hour (red line), two hours (blue line), and three
hours (green line). As generally accepted, this indicates that 02(1Ag) is
being produced [48,49].

We have also used uric acid solutions in D50, yielding similar results.
Adding the oxygen quencher NaHSOs5 to the solution substantially re-
duces the photobleaching of the uric acid UV peak. Fig. 5-right shows
the UV spectra of a 0.1 mM uric acid water solution with NaHSO3 added
ata 6.4 mg/ml concentration. Irradiating by a 410 nm laser light for one
hour (red line), two hours (blue line), and four hours (olive line) does
not significantly affect the signal. We observe peak reductions of <4%,
confirming that the destruction of uric acid is oxygen-dependent. We
previously reported on aerated and non-aerated experiments using the
uric acid 02(1Ag) sensor [33]. The aeration was performed by bubbling
air through the sample for over 30 min. Bubbling nitrogen provided the
conditions with reduced oxygen present in the solvent. This last sample
did not show the depletion of the uric acid UV peak upon irradiation,
confirming the uric acid method's ability as an Oz(lAg) Sensor.

As additional evidence that we are generating Oz[lAg), we have also
completed the purging of HyO samples with argon. Fig. 6-left shows the
“red peak” before the purging procedure (red line) when pumping at
410 nm. We detected an initial Oy concentration of 8.5 mg/L in the
sample. After purging for three hours using argon, we reduced the O,
concentration to 1 mg/L. Correspondingly, the purging reduces the “red
peak” by more than four times (blue line).

We have discussed Raman experiments in H,O and D,0. Similar
Raman studies can be performed in other solvents. However, the pres-
ence of solvent strong stretching Raman modes, which may coincide

Uric Acid in H,O
0.1 mM

Oh 1h

1.0+ Oh

1.0

051 0.5

Absorbance (1 ¢cm)
[
=
Absorbance (1 cm)

Uric acid in H,0O+
NaHSO; 6.4 mg/ml

with the Og(lAg) Stokes line, complicates the analysis. We have
measured the “red peak” for different solvents. Some solvents like
methanol exhibit additional stretching mode peaks that superimpose
over the “red peak,” making the interpretation difficult. However, we
noted that the power dependence of the solvent stretching modes and
the “red peak” are different. We managed to reduce the stretching mode
effects by decreasing the laser intensity. Fig. 6-right shows production of
the “red peak’ within water (red line), methanol (black line), glycerol
(blue line), and hexane (green line) when pumping at 410 nm. The
position of the “red peak™ shifts slightly, and its FWHM changes. As
discussed above, Different groups studied the solvent's effects on the
Og(lAg) phosphorescence line [36,37]. They reported similar effects,
which they associate with forming van der Waals complexes of Og(lﬂg)
with solvents molecules and other phenomena. The stimulated Raman
peak from 02(1Ag) provides an alternative way to study the interaction
with the surrounding solvent molecules.

Detection of the NIR spectra around 1269 nm is proof of Og(lAg)
photogeneration [50]. The Oz(lAg) molecule relaxes toward the ground,
emitting this particular NIR wavelength. However, the signal is gener-
ally weak because of the forbidden character of the transition. We were
unable to resolve any phosphorescence emission from D30 or HyO in the
conditions of our experiments, presumably because of the low phos-
phorescence yields in the solvents.

Despite the lack of phosphorescence confirmation, we have seven
observations that support the Raman hypothesis of 02(1/_\3) generation.
1) The frequency shifts of the red Stokes peaks correspond to the energy
of the Oz(lAg) level. 2). The “red peak” position is not influenced by the
solvent, Hy0, or D50, indicating that the solvent vibrational modes do
not generate this peak. 3) The “red peak” is depleted when an oxygen
quencher (sodium bisulfite) is added to the solvents. 4) The photo-
depletion of the UV peak of uric acid upon illumination with blue light
provides direct evidence for an Oz(lAg) generation. 5) The reduction of
the photobleaching of the UV uric acid peak when an oxygen quencher is
added. 6) The reduction of the red peak when reducing the oxygen
concentration after purging the sample using argon. 7) The observation

Fig. 5. Left - UV peak at 294 nm of a 0.1 mM wric acid water so-
lution before irradiation (black line). Irradiation of the sample for
one-hour (red line), two hours (blue line), and three hours induces
the photobleaching of the peak as evidence of O,(* A;) generation.
Right - The same 294 nm peak of the uric acid water solution when
adding the oxygen quencher NaHSO;. Almost no photobleaching is
observed due to the depleted oxygen concentration in the solvent.
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 6. Left - The “red peak” in water with an initial oxygen con-
centration of 8.5 mg/L (red line). The blue line shows the same red
peak after purging the sample for three hours with argon reducing
the oxygen concentiation to 1 mg/L. Right — The “red peak”
measured for different solvents: H>O (red line), methanol (black
line), glycerol (blue line), and hexane (green line). (For interpreta-
tion of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

700 750

650
Wavelength (nm)
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of the “red peak” in different solvents. Furthermore, when tuning the
pumping light from 410 to 440 nm, all observed “red peaks” shift as
expected for a Stokes signal, as do the solvent stretching vibration peaks.
The solvent stretching peaks confirms a stimulated Raman coherent
interaction and validates instrument calibration. Viewing our results
within the context of reactive oxygen theory, as shown in Fig. 1, we see
that 410-440 nm light provides sufficient energy (3.03-2.8 eV) to
generate an 02(1Ag) state by releasing 2.06-1.91 eV (605-670 nm
Stokes light) followed by a transition from ground to the 02(1 Ag) state.
The difference between the energies of both the pump and Stokes pho-
tons is 0.97 eV, which corresponds to the energy needed for Oz(lﬂg)
excitation.

Studies on an Og(lAg) chemiluminescence have discussed the fact
that the Oz(lAg) molecule can form a dimeric aggregate that relaxes
emitting photons in the red (633 nm) and infrared (703 nm) regions
(dimol emission) [51]. This signal may overlap with the observed Stokes
peak in the red spectral region. However, the Stokes signal wavelength
depends on the pumping wavelength, as shown in Fig. 3. This property
helps isolate the Raman response from other Oz(lAg) chem-
iluminescence contributions.

Our experiments could not detect the Og(lAg) transition anti-Stokes
component. When pumping in the blue region (410-440 nm), the
Og(lAg) anti-Stokes components should be in the UV region 309-325
nm. We note that the HyO absorption in the 300-320 region (0.03 mbH
is about ten times larger than the absorption at 410 nm (0.003-0.004
m™Y) [52,53], making it more challenging to produce the stimulated
anti-Stokes components for the power levels used in the experiments.

This work demonstrated the Raman path for Og(lAg) photoexcitation
using visible light in a photosensitizer-free environment. We have not
compared the Raman approach with the photosensitized method nor
estimated the quantum yield of Oz(lAg) generation. However, the gen-
eral theory of the stimulated Raman effect shows that Stokes signals
exhibit an intrinsic exponential growth (Raman gain) with the intensity
of the pumping light, the path-length of the interaction, the concentra-
tion of active molecules, and the probability of the Raman transition.
This property has been well applied in developing Raman fiber lasers
and high-sensitivity Raman sensors based on the Raman gain principle
[54-56]. We predict that a significant 02(1A3) quantum yield is reach-
able using this intrinsic property of the Raman approach.

We have also focused our study on pure solvents, not considering its
possible applications to the biologically relevant system. Other effects
may occur when using nanosecond high-intensity pulses in bio-tissue,
like heating, nonlinear absorption, optoacoustic response, scattering,
or other phenomena. The stimulated Raman excitation will compete for
energy with these other effects. By carefully choosing the wavelength,
duration, and power levels for each particular bio-system application,
the stimulated Raman effect will still play a significant role.

5. Conclusions

We have completed a study of the Raman response of H,O and D,0
upon nanosecond illumination in the blue region of the spectrum

700

750

Wavelength (nm)

410-440 nm. We report evidence of Og(lAg) formation within aqueous
solvents in the absence of photosensitizers based on peaks in the
600-660 nm region, which we postulate correspond to the Raman
transition of ground oxygen dissolved in the solvents to generate the
0, Ag) state. Experiments using sodium bisulfite as an oxygen quencher
and UV spectroscopy of uric acid solutions confirm the Og(lAg)
generation.
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