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Abstract: We report on the phosphorescence of singlet oxygen photogenerated through a stimulated
Raman process. Nanosecond radiation in the green spectral region focused on hexane induces a
Raman transition of the dissolved in the solvent oxygen molecules toward the singlet oxygen state
producing a Stokes signal in the near infrared. The excited oxygen relaxes to ground emitting an
infrared photon at 1269 nm. While the Stokes signal’s wavelength changes with the pumping light’s
wavelength, the wavelength of the phosphorescent photon remains unaltered. The result confirms
previously reports on stimulated Raman excitation of singlet oxygen.
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1. Introduction

Singlet oxygen ('Oz) is a reactive oxygen species (ROS) corresponding to the molecular oxygen
first excited electronic state. 102is highly electrophilic. This property is the base for its broad use in
bacteria [1], viruses [2], and fungi [3] inactivation, photodynamic treatment of cancer [4], protein
studies [5], environment conservation [6], among other remarkable applications in photochemistry,
photobiology, and photomedicine [7]. Quantum mechanics selection rules prohibit a direct one-
photon 'Oz photoexcitation. Photosensitizing is the standard procedure for its production. A
photosensitizer absorbs energy from visible photons and retransmits it toward surrounding oxygen
molecules through a radiation-less relaxation process, exciting the 'Oz state. The procedure adds
complexity and undesirable secondary effects, such as excessive long-lasting photosensitivity.

We have recently described a new approach that does not require photosensitizers based on the
stimulated Raman effects [8,9]. Nanosecond laser radiation in the blue spectral region induces 'Oz
Raman excitation, emitting a Stokes component in the red spectral region. In this work, we validate
the finding demonstrating 'O2Raman photogeneration by directly detecting its phosphorescence. 102
exhibits a weak phosphorescence in the near-infrared (NIR) at 1269 nm, corresponding to its
relaxation toward the ground state. Krasnovsky reported the 1269 nm 'Oz phosphorescence as a direct
method of its detection in 1976 [10]. Since then, the near-infrared luminescence has been widely used
as the standard procedure for 'O: detection [11-14]. NIR high-sensitivity detection methods are
required to register the weak 'Oz phosphorescence.

In this work, we report on NIR phosphorescence detection of Raman photogenerated 'Oz. As
samples, we use hexane and methanol, which contain relatively large dissolved oxygen
concentrations. We irradiate the sample using nanosecond radiation in the green region of the spectra
(500 — 540 nm). We use long-pass glass filters and a double-grating monochromator to remove the
contribution from the solvent vibrational modes. A germanium detector detects the NIR signal. The
102 Stokes component is expected in the 830 — 880 nm spectral region. A second overtone from the
solvent stretching mode is expected in the 882-1015 nm region. The position of these peaks depends
on the value of the pumping wavelength, which corresponds to Raman Stokes signals. We report on
detecting weak peaks at 1269 nm, which we associate with 102 phosphorescence. When changing the
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pump wavelength, the peak wavelength remains the same, corresponding to a luminescence signal.
We use this fact as a criterion for identification and separation from the Stokes components. We report
that the phosphorescence peak amplitude changes significantly when scanning the pump
wavelength. The signal reaches its maximal value for the pumping wavelength at 520 nm, which
should correspond to conditions for a more efficient Raman 'Oz photogeneration.

2. Materials and Methods

Figure 1 shows a simplified schematic of the experiment. An optical parametric oscillator (OPO,
OPOTEK, Carlsbad, CA, US) provides 5-nanosecond excitation in the blue-green region (500-540 nm)
with an average energy per pulse of 20 m]. A beam-splitter B deviates part of the light toward a
reference detector. The bandpass filter BPF (375-700 nm) transmits the green radiation and depletes
any residual NIR light from the OPO. A 20-cm focal length lens Li focuses the pump light onto a 10-
cm path-length glass cuvette containing the sample. A long-pass filter LPF1 with a cut-off wavelength
of 610 nm depletes the pumping light and most of the visible components of the solvent. Due to
Raman nonlinear refraction, the beam transmitted through the sample exhibits a central spot and a
colored ring structure. The central spot contains remnants of the pumping light and solvent Stokes
contributions, including the weak NIR components. The ring structure also has contributions from
the pumping beam and Stokes peaks but in less proportions than the NIR signals. We use the light
blocker D to remove the central spot without affecting the ring structure’s light.

The lens L2 focuses the transmitted ring light into a double grating spectrometer (Cornerstone
260 ¥4 m extended range, Newport, Irvine, CA, US). At the spectrometer’s entrance, we place a long-
pass filter with a cut-on wavelength of 850 nm, which depletes any visible light contribution. We scan
the spectrometer in the region 800 nm- 1400 nm. At the output of the spectrometer, we use a
Germanium-biased photodiode (Thorlabs DET50B2, Newton, NJ, US) with a responsivity around 0.6
A/W in the 1200-1300 region. The detector signal is amplified by a current amplifier (SR570, Stanford
Research Systems, Stanford, CA, US) and sent toward a digital oscilloscope (TDS 3052, Tektronix,
Beaverton, OR, US) for averaging and display. We use aerated pure hexane and methanol in 10-cm
glass cuvettes as samples. The sample exhibits dissolved oxygen concentration about one order of
magnitude larger than the water’s.
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Figure 1. Schematic of the experimental set-up showing the optical parametric oscillator (OPO), a
beam-splitter B, a reference detector Ref, lenses L1 and L2, a band pass filter BPF, the sample cuvette,
long-pass filters LPF1 and LPf2, beam blocker D, a double grating spectrometer, a germanium
detector D, a current amplifier, and an oscilloscope.

3. Results and Discussion

Figure 2 shows the spectra detected in the IR region 1200-1400 nm for the hexane sample when
pumping at 520 nm (red crossed circles). The peak corresponds to the 'Oz phosphorescence peak at
1269 nm. The red solid line interprets the data as a Gaussian peak centered at 1269 nm with a Gaussian
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width of 30 nm. We compare this peak with the Stokes signals generated by the solvent molecules’
stretching modes and the Stokes signals corresponding to the 'Oz photoexcitation. One fundamental
difference between these signals is that all Stokes components should shift when shifting the pump
wavelength. Meanwhile, the 'Oz phosphorescence signal must remain at 1269 nm for all pumping
wavelengths.
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Figure 2. 02 Phosphorescence spectrum obtained for hexane when pumping at 520 nm. The solid line
is an interpretation of the data as a Gaussian peak centered at 1269 nm.

The Raman stretching mode of hexane is around 2940 cm™ . A second overtone of the vibration
occurs in the NIR. Table 1 provides the values of the second overtone of this fundamental solvent
vibrational mode when pumping at 500, 520, and 540 nm (see column 2 in Table 1). The third column
of the same table shows the expected values of the NIR Stokes components corresponding to 'Oz
Raman photoexcitation. Due to their proximity and the limited spectrometer’s spectral resolution,
both signals combine into a single Stokes peak that shifts when the pumping wavelength changes.
Meanwhile, the 1Oz phosphorescence peak should remain unaltered (fourth column in Table 1). The
experiments confirm this fact.

Table 1. Wavelengths of the 2nd overtone of the hexane stretching mode, 'O2 Stokes, and 'O2
phosphorescence for different pump wavelengths.

Pump wavelength 2nd Overtone 10: Stokes 102 Phosphorescence
(nm) (nm) (nm) (nm)
500 894 825 1269
520 960 881 1269
540 1031 940 1269

Figure 3a shows the spectra detected in the NIR region 800-1400 nm for the hexane sample when
pumping at 500 nm (blue crossed circles), 520 nm (red crossed squares), and 540 nm (green open
stars). We observe a peak that shifts when changing the pumping wavelength corresponding to a
Stokes signal. This peak includes the two components. Part of the signal corresponds to the second
overtone of the stretching vibration of the solvent molecule. The observed peaks also include
contributions from the Stokes signals generated during the Raman excitation of !Oz.

Figure 3b shows details of the spectra in the region 1200 nm-1400 nm. The plot shows the 102
phosphorescence peak at 1269 nm. When changing the pumping wavelength, the amplitude of this
peak changes, but its position does not change, confirming its interpretation as a signal of
phosphorescence origin, which must be the same for any pumping wavelength. The signals in Figure
3b are measured in the same arbitrary units of Figure 3a. Thus, the phosphorescence signal is between
three orders to two orders of magnitude smaller than the Stokes ones. The phosphorescence signal
amplitude strongly depends on the pump wavelength value, making its detection challenging.
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Figure 3. (a) NIR Raman spectra obtained for hexane when pumping at 500 nm (blue croseed circles),
520 nmn (red crossed squares), and 540 nm (green stars); (b) Details of the spectra in the region 1200-
1400 nm.

We have conducted similar experiments in methanol. Figure 4a shows the NIR spectra of
methanol in the spectral region 1200-1350 nm when pumping at 520 nm. We detected a peak around
1270 nm with a significant background contribution from the solvent. The signal was about one order
of magnitude smaller than the hexane phosphorescence. Figure 4b shows a similar experiment
conducted in methanol when pumping at 410 nm. Despite the noisy level, we could still detect a 102
phosphorescence signal around 1270 nm, about 15% larger than the solvent background contribution.
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Figure 4. (a) NIR phosphorescence spectra obtained for methanol when pumping at 520 nm in the
region 1200-1350 nm; (b) NIR phosphorescence spectra obtained for methanol when pumping at 410
nm in the region 1225-1325 nm.

5. Conclusions

We demonstrate the phosphorescence at 1269 nm of Raman photogenerated of 'Oz without using
photosensitizers in hexane and methanol. We show that the signal remains at 1269 nm even when
changing the pumping wavelength, as expected for a luminescent signal. The behavior is remarkably
different for any Stokes components generated in the process, for which wavelength shifts when
changing the pumping wavelength.
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