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A B S T R A C T

Quantifying singlet oxygen production from triplet photosensitizers typically requires spectroscopic techniques
and specialty chemical traps. Herein we describe a novel method for determining the singlet oxygen quantum
yield (фΔ) of photosensitizers. The method utilizes the reaction between singlet oxygen and dimethyl sulfoxide
(DMSO) to produce dimethyl sulfone. The rate of the reaction is measured by the pressure decrease that results
from the consumption of oxygen from the headspace of a sealed system. It was found that the rate of pressure
decrease was directly related to the singlet oxygen quantum yield. The фΔ from known photosensitizers:
fluorescein, Eosin Y, Eosin B, methylene blue, and tris(bypridine)ruthenium (II) in DMSO were determined by
the rate of pressure decrease using Rose Bengal as a relative standard. The singlet oxygen quantum yields of the
photosensitizers in DMSO were found to be in agreement with the reported values for each photosensitizer
determined using traditional spectroscopic methods.

1. Introduction

Chromophores with significant triplet yields have found utility in
fields such as a photocatalytic water splitting, organic redox reactions,
as well as in organic electronic applications [1–5]. Triplet-photo-
sensitizers are chromophores that show a significant rate of intersystem
crossing from a singlet-excited-state to produce a triplet-excited-state
and can display phosphorescence. As compared to singlet-excited-
states, triplet-excited-states typically are longer lived and can undergo
energy transfers to other triplet-states such as ground state oxygen
(3O2). Energy transfer from triplet-excited-states to 3O2 produce singlet
oxygen (1O2). 1O2 is 94 kJ/mol higher in energy than 3O2 and has found
utility in organic synthesis due to its increased reactivity [6–8]. 1O2 has
been used in the oxidation of arenes, alkenes, and heteroatoms such as
sulfur, nitrogen and phosphorous [9,10]. The production of 1O2 can be
quantified and used as a lower bound approximation for the triplet
yield of a chromophore. Therefore, the measurement of 1O2 quantum
yields is crucial for the evaluation and optimization of systems em-
ploying triplet photosensitizers.

1O2 quantum yields are often used to approximate the triplet yield
of a chromophore since directly measuring the triplet yield can be
challenging. If the phosphorescence quantum yield (фp) approaches
unity the triplet yield can be approximated by measuring the emission
quantum yield. However, most chromophores have competing radiative
and non-radiative decay pathways making this method invalid.
Advanced spectroscopic methods are required to directly quantify

triplet yields with non-radiative decay pathways [11,12]. In contrast, a
wide variety of methods have been developed to determine the 1O2

yield as an approximation of the triplet yield of a chromophore. 1O2

formation is typically monitored directly by its phosphorescence
around 1270 nm [13]. The phosphorescence can be quantified using a
relative method, by comparing the emission integration of a known
standard, or an absolute method using an integration sphere. Both
methods rely on the excitation of the triplet photosensitizer and mon-
itoring the phosphorescence of 1O2. The phosphorescence of 1O2 is ty-
pically very weak, with фp ranging from 10−6 to 10-2 in common la-
boratory solvents, thus a very sensitive IR detector is required [13,14].
To avoid the need for an IR detector, reactions with an easily monitored
spectroscopic signature have found utility as 1O2 sensors.

A wide variety of chemical traps for 1O2 have been used (Scheme 1)
[7,15–17]. Among the most common are 9,10-disubstitued anthracene
compounds and 1,3-diphenylisobenzofuran which react with 1O2 to
form endoperoxides and a diketone, respectively [18,19]. For both, the
progress of the reaction is monitored by the change in absorbance of the
compound by UV–vis absorption spectroscopy. Synthetic strategies
have been used to provide different substituents at the 9 and 10 posi-
tions to increase solubility of anthracene traps in polar solvents [16,20].
Challenges can arise if the absorbance range of the photosensitizer in
question overlaps with the chemical trap making these measurements
difficult [21]. To overcome absorbance overlaps, the change in fluor-
escence from the chemical trap may also be monitored [21,22].

More specialized chemical traps have been developed to detect 1O2
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by visible fluorescence. These traps typically contain a fluorescein core
structure with a 9,10-disubstitued anthracene substituent to trap the
1O2 such as Aarhus Sensor Green (ASG) and the commercially available
Singlet Oxygen Sensor Green (SOSG) [22,23]. SOSG has been shown to
have great selectivity towards 1O2 compared to other reactive oxygen
species. However, complications arise since the endoperoxide of SOSG
can itself create 1O2 with a фΔ up to 0.20 when excited [23]. ASG and
its endoperoxide have been shown to have a much lower фΔ, however,
(to our knowledge) this sensor is not commercially available.

As describe above, most 1O2 measurements monitor the con-
centration of the chemical trap rather than the oxygen itself. In this
paper we propose that the amount of oxygen trapped from such reac-
tions can be measured directly, which eliminates the need for specialty
1O2 sensors with unique spectroscopic signatures. Irradiation of triplet
chromophores in the presence of a chemical trap has been shown to
result in the consumption of oxygen over time [7]. Production or con-
sumption of gases can be monitored by the accompanying pressure
change in a sealed system. Pressure sensors (transducers) are becoming
common in many photochemistry labs to monitor photo-catalytic re-
actions such as water splitting to produce H2 gas [24,25]. Gas produ-
cing reactions, such as water splitting, produce a pressure increase,
while gas consuming reactions such as those with 1O2 can be monitored
by a pressure decrease.

Herein we describe a new method for determining the 1O2 quantum
yield using common laboratory chemicals that does not rely on spec-
troscopic measurements. We use the reaction of 1O2 with dimethyl
sulfoxide (DMSO). 1O2 reacts with DMSO to afford dimethyl sulfone,
resulting in the consumption of atmospheric oxygen over time that can
be monitored by a corresponding pressure decrease within a closed
system. The rate of pressure decrease was found to be directly related to
the 1O2 quantum yield of the chromophore in question.

2. Results and discussion

Measuring 1O2 quantum yields typically relies on monitoring the
reaction progress of singlet oxygen with a chemical trap, which is ob-
served by a change in fluorescence or absorbance. Monitoring the
consumption of oxygen, rather than the oxidation of these chemical
traps, allows for the use of compounds that react with singlet oxygen
but do not produce easily observable spectroscopic changes. DMSO was
chosen as the singlet oxygen trap because it is commonly available in
most research laboratories. Furthermore, DMSO is a polar aprotic sol-
vent which can dissolve a wide range of chromophores. DMSO reacts
with singlet oxygen in a 2:1 to stoichiometry to afford dimethyl sulfone
(Scheme 2). Consequently, oxygen gas from the headspace is dissolved,

to restore equilibrium, resulting in a decrease in pressure over time.

2.1. Oxygen consumption from Rose Bengal in DMSO

As a proof of concept, Rose Bengal, a well-known singlet oxygen
sensitizer, was used as a reference to compare to other dyes. Solutions
containing Rose Bengal (1×10−5 M, 10mL) in DMSO were sealed in
50mL reaction vessels containing 40mL of atmospheric headspace. The
reaction vessels were sealed with caps fitted with gage pressure sensors,
that were read into a LabView™ program. The solutions were irradiated
with red, green, and/or blue LEDs (to best match the absorption spectra
of the photosensitizers) for five hours. The pressure change was re-
corded every two minutes for each sample resulting in 300 data points.
The samples were consistently stirred at 500 rpm to assist in dissolving
oxygen from the headspace.

A control sample containing only DMSO was monitored to account
for the pressure changed caused by temperature increase from irra-
diation. The pressure change at each time point of the control sample
was then subtracted from the samples containing dye. After averaging
the triplicate data, a linear fit was applied to determine the rate of the
pressure decrease. The linear fit from irradiating solutions of Rose
Bengal in triplicate showed consistent pressure decrease plot with an
average slope of −2.248 (± 0.007) × 10−5 psi·s-1. Applying a linear
fit to the three individual samples resulted in linear fits with slopes
within 7.5% of the average slope indicating good precision from this
method.

The resulting pressure decrease over time shows a pseudo-zeroth
order rate of oxygen consumption. The zeroth order plots are expected
since both DMSO and the dissolved oxygen are in excess for the dura-
tion of the measurement and the concentration remains essentially
unchanged. The rate of the pressure decrease is expected to be constant
as long as there is no degradation to the photosensitizer and enough
oxygen is dissolved to maintain the reaction, resulting in a linear de-
crease in pressure.

The gas composition of the headspace of the reaction vessels was
analyzed by a Quantitative Gas Analyzer (QGA), before and after irra-
diation, to verify that only oxygen had been consumed. The con-
centration of the oxygen in the headspace after irradiation was nearly
2.7% less for each sample containing Rose Bengal than before. The
average rate of decrease from the irradiated Rose Bengal samples was
used as a relative standard for other photosensitizers, using the ac-
cepted singlet oxygen quantum yield of 0.76 as a reference as discussed
below [26].

Scheme 1. Structures of selected 1O2 traps.

Scheme 2. Reaction of DMSO with singlet oxygen.
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2.2. Calculation of singlet oxygen yields

The rate of oxygen consumption by Rose Bengal was compared to
five other known photosensitizers to correlate the rate of pressure de-
crease from oxygen consumption to the singlet oxygen quantum yield.
However, to accurately determine the quantum yields of the other dyes
the absorption spectrum of the dye and the spectrum of the light source
was considered through relative absorbance, I (Eq. (1)) [27]. Using I in
the calculation of the singlet oxygen yields allows for the translation of
results from the rate of pressure decrease from chromophores with
different absorbance profiles irradiated using non-monochromatic light.

∫= − −I i λ dλ( ) (1 10 )
nm

nm Abs λ
400

900 ( )
(1)

The integral of i, the intensity of the light source at a given wave-
length (λ), with respect to the absorbance of the dye (Abs) at the given
wavelength was used to produce the absorbance intensity (I). The area
was integrated from 400 nm to 900 nm in order to incorporate the full
spectral range of the LEDs and encompass the absorbance range of the
dyes.

= × ×
I
I

k
k
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The singlet oxygen quantum yield was calculated comparing the
rate of pressure decrease (k) and relative absorbance of the dye relative
to Rose Bengal (Eq. (2)) [27]. Utilizing the rate of pressure decrease
rather than the total pressure decrease allows for results to be compared
over different irradiation periods.

2.3. Experimental singlet oxygen quantum yields

The resulting calculated singlet oxygen quantum yields are sum-
marized in Table 1 for fluorescein, Eosin Y, Eosin B, methylene blue and
tris(bypridine)-ruthenium(II) (Ru(bpy)3) using Rose Bengal as a re-
ference. The calculated singlet oxygen quantum yields are in good
agreement with previously reported values, considering the variability
of literature values, for the photosensitizers in water or ethanol. All
dyes produced pseudo-zeroth order plots of pressure decrease. The rate
of the pressure decrease was determined by applying a linear fit across
the average of triplicate samples. A sample of only DMSO was run si-
multaneously and the pressure change of this blank was subtracted
from each photosensitizer sample before being averaged. All R2 values
were above 0.95, with the exception of fluorescein (R2=0.88), in-
dicating a good fit for the regression. The reported error values are
obtained from the standard deviations of linear fits. Line segments can
be used if the rates of oxygen consumption is not linear over the irra-
diation time.

The plots of the pressure decrease over time for the photosensitizers
are shown in Fig. 2. The sensitivity of the method was demonstrated by
using fluorescein, which has reported singlet oxygen quantum yield an
order of magnitude less than Rose Bengal. The increase of temperature
after irradiation with the LEDs did cause an initial increase in pressure,

even after subtraction of the pressure change from the blank solution, as
observed in the pressure for fluorescein and methylene blue (Fig. 2).
However, the five hour irradiation time was sufficient to see an overall
decrease in pressure due to oxygen consumption even with the low
singlet oxygen quantum yield of fluorescein.

Other fluorescein derivatives, Eosin Y and Eosin B, showed a more
dramatic pressure decrease compared to fluorescein in line with their
higher triplet yields. The importance of incorporating the relative ab-
sorbance, I, was demonstrated by comparing Eosin Y and Eosin B. The
slope of pressure decrease of Eosin B was half that of Eosin Y despite
similar triplet quantum yields. However, after incorporating the re-
spective relative absorbance for both Eosin Y and Eosin B their singlet
oxygen quantum yields were in good agreement with literature values.
Methylene blue also showed a singlet oxygen quantum yield consistent
from data previously reported in water. To accommodate the absor-
bance range of Ru(bpy)3, blue and green LEDs were used rather than
the green and/or red LEDs, which were used to irradiate all the other
photosensitizers. Ru(bpy)3 has been reported to have greatly varying
singlet oxygen yields in different solvents. In methanol, the reported
singlet oxygen yield for Ru(byp)3 is 0.70, however, in water this yield
diminishes to 0.22. We found the singlet oxygen yield for Ru(byp)3 in
DMSO was closer to that of methanol at 0.66.

2.4. Mixed solvent systems

The solvent of choice can have a great influence on the singlet
oxygen quantum yield. The minimum amount of DMSO needed to ob-
serve a statistically significant pressure decreased was examined by
mixing DMSO with ethanol. The addition of ethanol proved to be
troublesome as the increase in vapor pressure made measurements
difficult below 50% DMSO by volume. At 50% DMSO a solution con-
taining Rose Bengal resulted in a net increase in pressure, however,
after subtracting the respective blank solution containing 50% DMSO
and 50% ethanol a pressure decrease with a slope of−1.116 (± 0.006)
× 10−5 psi·s-1 was observed (SI Fig. 1). Solutions with 25% DMSO and
75% ethanol were attempted, however, fluctuations of the pressure
resulted in inconsistent plots even after subtracting the control sample
but careful temperature control could overcome this limitation.

2.5. Reaction of singlet oxygen with triphenylphosphine

To investigate the utility of this method with other substrates be-
yond DMSO the pressure change from the reaction of singlet oxygen
with triphenylphosphine was also examined. The reaction of triphe-
nylphosphine with singlet oxygen produces triphenylphosphine oxide
in a similar 2:1 ratio as DMSO with singlet oxygen. Use of triphenyl-
phosphine allows for dissolution in nonpolar solvents that DMSO may
not be miscible in.

1-butanol was chosen as the solvent to accommodate the solubility
of both Rose Bengal and triphenylphosphine and minimize vapor
pressure. Irradiation of solutions of Rose Bengal (saturated triphenyl-
phosphine, 0.08M) resulted in a rate of pressure decrease of −1.421
(± 0.004) × 10-5 psi·s−1 (SI Fig. 2). Again, the pressure decease over
time was linear indicating a pseudo-zeroth order reaction rate.
Triphenlyphosphine is known to oxidize over time in normal atmo-
spheric conditions, however, no indication of pressure change was ap-
parent from the control sample containing only 1-butanol and triphe-
nylphosphine over the course of the reaction.

2.6. Monitoring oxygen consumption by water displacement

To eliminate the need of pressure sensors; a manual method was
developed that measures water displacement from oxygen consumption
that can be assembled using simple equipment available in most labs
(Fig. S5). The same pressure sensor tube with Rose Bengal in DMSO was
used for a consistent irradiation area but it was fitted with a septa

Table 1
Calculated singlet oxygen quantum yields from rates of pressure decrease.

Photosensitizer Slope
(−1× 10−5 psi
/ s)

Calculated фΔ Literature
фΔ in H2O
[26]

Literature
фΔ EtOH
[26]

Fluorescein 0.24 ± 0.05 0.066 ± 0.001 0.03, 0.06 0.13, 0.03
Eosin Y 1.079 ± 0.004 0.611 ± 0.003 0.52, 0.57 0.60, 0.42
Methylene Blue 0.99 ± 0.04 0.490 ± 0.003 0.60, 0.52 0.52, 0.50
Eosin B 0.50 ± 0.04 0.370 ± 0.003 0.52 0.38
Ru(bpy)3 1.43 ± 0.02 0.656 ± 0.008 0.22a 0.73b

Rose Bengal 2.248 ± 0.007 N/A Reference Value 0.76 [26]

a Reported value in D2O.
b Reported value in CD3OD7.
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instead of the pressure sensor cap. A hose with a needle puncturing the
septa was connected to a 1mL pipette submerged in a graduated cy-
linder of water. Air was injected through the septa of the reaction vessel
to displace the water in the pipette such that the water level started at
zero. The sample was irradiated with green LEDs and the oxygen con-
sumption was monitored by the rise of the water in the pipette. The
water level in the pipette was monitored every hour for five hours re-
sulting in consumption of ˜0.8 mL of oxygen (Fig. 3).

3. Conclusion

We have developed a method for determining the 1O2 quantum
yield of a triplet photosensitizer by monitoring the rate of pressure
decrease upon irradiation of the photosensitizer in DMSO. The method
can be performed in sealed systems under atmospheric conditions and
does not require specialized chemical traps. Pseudo zeroth order plots
of pressure decrease were shown for each photosensitizer. The rate of
decrease in pressure was found to be related to the singlet oxygen
quantum yield of the photosensitizer. The inclusion of the absorbance
intensity term allows for the translation of results between dyes that
absorb at different wavelengths and for different light sources. We fo-
cused on using DMSO to capture the singlet oxygen, however, the
method can be adapted and used for a broad range of substrates that
react with singlet oxygen. The need for pressure sensors can be sub-
stituted with a manual method by measuring the displacement of water
over time. This method allows for the determination of singlet oxygen
quantum yields without the need for specialty traps or spectroscopic
measurements.

4. Materials and methods

4.1. Chemicals used

Rose Bengal, Eosin Y, Eosin B, methylene blue, tris(bypyridine)ru-
thenium (II) hexafluorophosphate, and fluorescein were obtained by
commercial sources and used without further purification. Stock solu-
tions of the dyes (10−5 M) were created in DMSO and stored in light
free conditions. The pH was adjusted for Rose Bengal, Eosin Y, and
fluorescein by adding NaOH (1M) dropwise until no change in the
UV–vis spectrum occurred.

4.2. Oxygen consumption measurements

Pressure sensor experiments were carried out in sealed 50mL re-
action vessels with Omega gage pressure sensors to monitor the pres-
sure every two minutes for five hours using the TracerDAQ Stripchart
program. Red, green, and blue LED ring lights lining a steal tube were
used to evenly irradiate up to twelve samples held in a Radleys Carousel
12 cooled reaction station and stirred at 500 RPM (SI Fig. 3). The entire
apparatus was covered in order to avoid irradiation from room lights.
Samples of each photosensitizer (10mL) were run in triplicate, with a
single control solution containing only DMSO. The resulting rate was
calculated from the average slope of the triplicate samples after sub-
traction of the pressure change of the blank solution.

4.3. Calculation of absorbance intensity (I)

The spectrum of the red, green, and blue LEDs, used to irradiate the
samples, was measured using a Stellar Net Spectra Wiz in scope mode
(SI Fig. 4). The absorbance spectrum of the dyes was collected on UV-

Fig. 1. A Uncorrected pressure change over time from irradiation of DMSO and triplicate solutions of DMSO containing Rose Bengal. B Adjusted pressure change of
triplicate samples of Rose Bengal after subtracting the pressure change of the DMSO blank solution. C Average rate of pressure decrease over time of the triplicate
samples of Rose Bengal (orange) and the linear fit (black).

Fig. 2. The average pressure change over time for triplicate runs of 6 different
photosensitizers irradiated by red, green, or blue LEDs in DMSO. The slope of
the pressure change was monitored every 2min for 5 h.

Fig. 3. Oxygen consumption over time of an irradiated solution of Rose Bengal
in DMSO measured by the water displacement method.
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3600 Shimadzu UV–vis NIR spectrometer. The spectrums were used as
detailed in Eq. (1) and the integral was determined using the Trapezoid
Method.

4.4. Water displacement method

A pressure sensor tube containing Rose Bengal (10−5 M) in DMSO
(10mL) was set up as shown SI Fig. 5. The solution was irradiated with
green LEDs and the water level in the pipette was monitored every
hour.
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