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ABSTRACT: We introduce an improved inert gas bubbling method for solvent
deoxygenation, featuring a ventilation path alongside the inert gas inlet to enhance the
efficiency and reproducibility. While essential for life, oxygen’s reactivity can disrupt
scientific and industrial processes by forming unwanted intermediates and deactivating
catalysts, necessitating efficient deoxygenation methods. Traditional methods like freeze—
pump—thaw (FPT) are effective but time-consuming, require stringent safety measures, and
have potential limitations for use with aqueous and biological samples. Our enhanced inert
gas bubbling method retains the simplicity and safety of conventional bubbling while
achieving FPT-like deoxygenation efficiency, demonstrated by photoluminescence intensity
and lifetime measurements in acetonitrile (ACN) and toluene (TOL). Simulations using a
simplified kinetic model and the Stern—Volmer equation reveal that the added ventilation
pathway reduces oxygen contamination in Ar gas bubbles, improving the deoxygenation
efficiency. This method is widely applicable in academic and industrial fields, requiring
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consistent and efficient solvent deoxygenation.

1. INTRODUCTION

The oxygen molecule is a crucial component for life on this
planet, constituting 21% of the air. However, it also plays an
adverse role in human activities. Oxygen accelerates the
cellular aging process through the formation of reactive oxygen
species.' > Chemists often struggle to maintain an O,-free
environment’~ because oxygen readily forms unwanted
intermediates with radicals or anions during reactions.””"* It
also associates with transition metals, leading to the
deactivation of transition metal-containing catalysts.'>~"*
These interactions are particularly detrimental in fluorescence
microscopy and single-molecule fluorescence spectroscopy,
where O, not only suppresses fluorescence emission'” but also
causes photobleaching and photodamage of fluorophores.”””’
In material science, O, adsorption on a metal substrate causes
defects in thin film, hindering large-scale production.””>°
Organic optoelectronic devices, including organic photovoltaic
(OPV) cells and organic light-emitting diode (OLED) devices,
suffer from intrinsic decay of active materials due to reactions
with 0,.>"7% Therefore, the efficient deoxygenation of
samples remains a critical challenge in both academic and
industrial settings.

Dissolved O, removal from solvents is a common laboratory
process with several methods available: boiling, sonication,
freeze—pump—thaw (FPT), bubbling of inert gas (Ar or N,),
and the addition of O, scavengers.” 3440 Among them, FPT
and inert gas bubbling methods are most frequently practiced.
FPT is known for its high performance and rigor. This method
involves a cold reservoir like liquid N, to freeze solvents and a
high-performance vacuum pump for degassing. A single FPT
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cycle takes approximately 30 min to prepare a sample for a
standard 1 cm X 1 cm spectroscopic cuvette, and multiple
(more than three) cycles are recommended for optimal
performance. Spending an hour or more on FPT deoxygena-
tion is a common practice. Special safety precautions are
required during thawing, as sudden volume expansion of the
solvent can be hazardous.”> FPT is not ideal for aqueous
solutions and biological systems because freezing and thawing
can disrupt tissue, cell, organelle, and protein structures due to
extreme temperature changes. Water expansion at low
temperatures also makes the FPT problematic for aqueous
media.

In contrast, inert gas bubbling offers simplicity, relative
safety, and applicability to biological and aqueous samples. As
illustrated in Figure 1a, a typical gas bubbling setup includes a
high-purity inert gas tank (>99.999%), a regulator, and a tube
ending in a needle. Inert gas bubbles generated at the needle’s
tip, immersed in the solvent, facilitate O, removal. The sample
container is capped with an exhaust line to prevent pressure
buildup. Bubbling duration depends on experimental param-
eters, such as solvent type and quantity, tube material, and the
desired deoxygenation level. A low gas inlet flow rate (R;,)
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Figure 1. Schematic diagrams for (a) a conventional inert gas
bubbling setup and (b) the improved setup used in this work
featuring a ventilation pathway (red dashed box). Solid black circle:
mass flow controller (MFC), black arrow: Ar gas flow direction. The
setup with R, = 0 in (b) is equivalent to the setup in (a).

leads to slow deoxygenation, while a high flow rate can cause
rapid solvent vaporization, compromising experiments requir-
ing precise concentration control. Excessive R;, can also cause
pressure accumulation within the container if it is not
adequately exhausted. In this study, we maintained a moderate
R,, of 20 standard cubic centimeters per minute (sccm), as
demonstrated in Supporting Video SI.

Pagano et al. quantitatively studied deoxygenation in
cyclohexane by measuring fluorescence intensity enhance-
ments of polyaromatic hydrocarbons with N, bubbling
(enhancement factors of 3.61, 4.17, 7.63, and 21.81 for
chrysene, phenanthrene, naphthalene, and pyrene, respec-
tively).*® They accounted for solvent loss (~0.07%/min)
during bubbling and a static and dynamic quenching effect to
obtain the enhancement factors with real-time simultaneous
measurements of steady-state fluorescence intensity, absorp-
tion, fluorescence lifetime, and dissolved O, level.*!

Although inert gas bubbling is well-known for its simplicity,
cost-effectiveness, and safety, its shortcomings include low
reproducibility and limited effectiveness in O, removal
Addressing this, we present an improved inert gas bubbling
method that reproducibly deoxygenates two common organic
solvents, acetonitrile (ACN) and toluene (TOL), to levels
comparable to the FPT method. This improved method
maintains the same deoxygenation speed and the advantages of
the traditional setup with a minimal adjustment: the addition
of a ventilation pathway. Simulation using a simplified kinetic
model and the Stern—Volmer equation reveal that this
ventilation mitigates ‘O, contamination’ in inert gas bubbles,
enhancing the method’s efficacy and reliability.

2. RESULTS AND DISCUSSION

The bubbling process was carried out using the improved
setup, as shown in Figure 1b. The primary improvement was
the addition of a ventilation path next to the inlet needle
(outlined by a red dashed line) compared to the conventional
setup in Figure la. The inlet flow rate (R;,) and ventilation
flow rate (R,.,) were precisely controlled using mass flow
controllers (MFCs). The improved configuration was inspired
by the standard Schlenk line setup with a one-way ventilation,
oil (or mercury) bubbler.”® In this study, however, we
systematically controlled the ventilation flow rate using the
MEFC to quantitatively investigate the details of the ventilation
path effect. It should be noted that the improved setup in
Figure 1b with R, = 0 is essentially equivalent to the
conventional setup shown in Figure la. The extent of

deoxygenation in the solvent was quantified by real-time
monitoring of the photoluminescence (PL) of platinum(II)
octaethylporphyrin (PtOEP). PtOEP was chosen as an O,
indicator because its luminescence is predominantly phosphor-
escence, which is more sensitive to O, concentration than
fluorescence due to its longer lifetime.”*

As depicted in Figure 2, PtOEP exhibits absorption peaks at
375, 500, and 540 nm and a phosphorescence band between
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Figure 2. Absorption (solid black line) and photoluminescence (PL)
(solid red line, excited at 355 nm) spectra of 5 uM PtOEP in ACN.
Note that the PL intensity after Ar gas bubbling is approximately S00
times stronger than that before bubbling (red dashed line). Black and
red arrows indicate the excitation wavelength (4., = 355 nm) and the
detection wavelength (4., = 650 nm) for the photoluminescence
enhancement factor (PLEF) measurement, respectively.

600 and 750 nm, which is dramatically quenched in the
presence of O,.*” We measured the photoluminescence

enhancement factor, PLEF(R,,,, t) = M, where I(R,,.,,
0

t) represents the PL intensity of the PtOEP solution at 650 nm
under 355 nm continuous-wave photoexcitation at a specific
bubbling time ¢ and ventilation flow rate R, using the
experimental setup shown in Figure Sla. I; is the PL intensity
of the air-saturated PtOEP solution before Ar-gas bubbling.
The concentration of the PtOEP solution used in all
measurements in this work was 5 yM.

To explore the influence of ventilation flow rate R, on
deoxygenation, PLEF was monitored at various ventilation
rates (R, = 0, S0, 100, 200, 300, and 400 sccm). Real-time
PLEF profiles were obtained by performing at least three
independent measurements (Figure S2) and averaging the
results, as shown in Figure 3. The PLEF profiles exhibit a
sigmoidal increase, characterized by an induction period
followed by an inflection point around 90 s and a plateau
beyond 140 s. The values in the plateau range were averaged to
obtain the enhancement factor for the fully bubbled sample,
PLEF(R,,,, o). In ACN, PLEF(R,,,, o0) increases to 433.3,
515.3, 533.7, 541.0, 543.5, and 546.2 as R, increases,
saturating around 400 sccm (Table S1). The ventilation effect
(VE), representing the percentage increase in PLEF due to
ventilation compared to no ventilation (i.e., the conventional
configuration in Figure la), is estimated using the formula

VE = PLEF(400sccm, 00) — PLEF(Osccm, 00) % 100 (%) and is calcu-
PLEF(0sccm, 00)

lated to be 26.0%. As a reference, the PLEFs of the FPT-
treated samples were assessed separately (black dashed lines in
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700 (a) time-resolved PtOEP PL decay profiles, with monoexponential
600 Freeze-pump-thaw decay fitting results summarized in Tables S3 and S4 for ACN

r--——~"~"""""""™>"™"™"™"™"™=""7 and TOL, respectively. It is clearly shown that the PL lifetime
500 4 increases as R, increases for both solvents. Moreover, the
PLEF(R,,, o) values obtained through PL intensity and PL
h 400 - lifetime measurements are closely aligned with each other
- across all R, values for both ACN and TOL (Figure 4).
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Figure 3. Experimental (averaged over 3 replicas, colored dot) and
simulated (black line) photoluminescence enhancement factor
(PLEF) profiles of a S uM PtOEP solution in (a) ACN and (b)
TOL against Ar gas bubbling time, ¢, at different R, The black
dashed lines indicate the PLEF values of the FPT-treated samples.
Note that measurement with R, = 0 sccm is equivalent to that in the
conventional setup.

Figure 3, PLEF(FPT) oy = $99.1, PLEF(FPT)1o;, = 418.9).

. . PLEF
The ratio M
PLEF(FPT)

that the deoxygenation performance of the Ar bubbling
method, when coupled with the ventilation path, closely
approaches that of the rigorous FPT method. A similar trend is
observed in TOL (Table S2), where VE is 12.1% and the ratio

PLEF(400. , 00 .
P;Fi(;‘;%) = 0.94. PLEF(R,,,, o) values in TOL are 20—

30% lower than those in ACN, which can be attributed to the
higher oxygen solubility in TOL compared to ACN.”***"*
Notably, PLEF(R,.,, o) values exhibit high reproducibility,
with standard deviations of less than 1% in ACN and less than
1.7% in TOL (Tables S1 and S2).

To verify whether the increased PL intensities in Figure 3
result from a decrease in the concentration of the O, rather
than an increase in the PtOEP concentration due to solvent
evaporation during Ar-gas bubbling, we measured PLEF(R .,
o) using the PL lifetime of PtOEP, as described in Figure S1b.
The PL lifetime is insensitive to the PtOEP concentration but
sensitive to the amount of quencher, namely, O,. In this case,
the photoluminescence enhancement can be expressed as

PLEF(R,,,, ®) = “&

reaches 0.91 in ACN, demonstrating

vent? )

, where 7(R,,,, o) and 7, are

corresponding to the PL lifetimes of the sample fully bubbled
at R,y and before bubbling (7gacn = 179 ns, 7o ror = 229 ns,
Figure S4), respectively. Figure S5 displays the three sets of

PL intensity and lifetime, respectively, before Ar-gas bubbling,
repeated three times (n = 3). Note that measurement with R, =
0 sccm is equivalent to that in the conventional setup.

Therefore, we confirm that the increase in PLEP observed in
Figure 3 dominantly stems from the decrease in the dissolved
O, concentration rather than the increase in the PtOEP
concentration due to solvent evaporation during bubbling.
Figure S6 compares the PL lifetimes of the samples
deoxygenated by Ar-gas bubbling at R, = 400 sccm and

those deoxygenated by the FPT method. The resulting PLEF
ratios, PLElﬁzL(gg(()?;:;oo) _ T?:sclcm, are 0.94 (98 us/104 us) for
ACN and 0.93 (89 pus/95 us) for TOL. These values are in
good agreement with the PLEF ratio values obtained above by
the PL intensity.

How can the simple addition of a one-way ventilation line
significantly enhance the efficiency of deoxygenation through
bubbling, even approaching the effectiveness of the FPT
method? To address this question, we conducted simulations
for the PLEF curves, employing a hybrid approach combining
a simplified kinetic model and the Stern—Volmer equation.
The kinetic model considers the exchange of oxygen molecules
between an O,-containing Ar bubble and the O,-containing
solvent at the bubble—solvent interface, as illustrated in
Scheme 1.

The model can be described as follows: The vast majority of
the bubble’s volume is occupied by Ar gas, while only a minor
fraction (~10 ppm) contains O, as “a contaminant”. As the Ar
bubble forms at the tip of the inlet needle within the solvent,
gas exchange occurs at the bubble—solvent interface, governed
by Henry’s law (eq 1).

S xgP
(G I

(1)

, where [G®] represents the dissolved concentration of gas G in
a solvent, P is the pressure in the gas phase of the container
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Scheme 1. A Kinetic Model for O, Exchange between an
Inert Gas Bubble and Solvent”
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4[03]: O, concentration in an inert gas bubble, [03]: O,
concentration in a solvent, kgg: bubble-to-solvent diffusion rate
constant for O,, kgg: solvent-to-bubble diffusion rate constant for O,.

(for example, a bubble and a headspace of the cuvette), xg is
the mole fraction of G in the gas phase, and H is Henry’s
constant. Considering the initial stage of the Ar-gas bubbling,
Ar gas diffuses from the bubble into the solvent because x,, is
large while [Ar®] is small. On the other hand, the dissolved O,
in the solvent diffuses into the bubble because xg, is small
while [0,°] is large as the bubble ascends toward the surface
and bursts. Subsequent bubbles, each carrying the same
proportions of Ar and O,, continue to exchange gases with the
solvent, which now contains less O, than before. This
exchange process persists until the concentration of O, in
the bubble reaches equilibrium with that in the solvent.
Consequently, the final oxygen level in the solvent is
influenced by the presence of the O, contaminants in the
bubbling gas. In this model, we assumed that bubble—solvent
gas exchange dominates over headspace—solvent gas exchange.
This assumption is based on the larger surface area of the
bubble—solvent interface facilitated by the rapid flow of small
gas bubbles (see Supporting Video S1). Furthermore, Figure
S7 shows that while headspace purging with the needle tip
located above the solvent takes longer than 3500 s for full
deoxygenation, bubbling achieves the same in only 150 s.

Our focus lies in tracking the variation in the oxygen content
within a solvent during the bubbling process. To this end, we
formulated a kinetic equation for [0,%](t), the time-dependent
dissolved oxygen concentration in the solvent, from the model
depicted in Scheme 1:

movement from the needle tip to the solvent surface, we
assume that the oxygen concentration within each bubble
remains effectively constant throughout the bubbling duration.
We denote this constant oxygen concentration in the bubbles
as [0,"],. Consequently, the equation simplifies to

dlos1(8) _

dt 3)

When kgg = kg, it is reduced to a conventional mass transfer
equation: "~

dlos1(e) _

dt (4)

By solving eq 3, the dissolved oxygen concentration can be
expressed as

= BS[O lo — kgl Ozs](t)

= kys(10S], — [051(1))

ks s (o 1), [051(0)
kSB [OZ ]O(l k t) + ekSBt (5)

When fully bubbled at ¢ = oo, [05](c0) = . This
SB

behavior aligns with the plateau observed in the PLEF curves
in Figure 3, indicating that [0,?](c0) depends on [O,"],.

The variation in emission intensity I(t) of PtOEP* over the
bubbling time t can be described using the Stern—Volmer
equation,*® considering an oxygen molecule in the solvent as a
quencher of PtOEP* (Supporting Information, Section S, for
derivation):

[051(t) =

I(t) 1
PLEE(t) = —=% = < <
1000 1+ kqfo([oz](t) - [0;1(0)) (6)
, where k denotes PtOEP’s quenching rate constant by O, in

the solvent and can be estimated by the experimentally
measured PL hfetlmes kq acn = 6.14 X 10* ppm™~
2.43 X 10* ppm ™' s~

11 s

== =kI0NO o
, where 7* is the PL lifetime of PtOEP* in the absence of
quencher O,, approximated to be that of the FPT-treated
sample as measured in Figure S6, i.e., 7% & tppr (104 us for
ACN and 95 us for TOL). [0,°](0), the initial oxygen
concentration in the solvent, is obtained as 90.8 and 179.1
ppm for ACN and TOL, using Henry’s law (eq 1), where P
was measured to be 1.031 bar during air bubbling, xo, is the

Ys kyroL =
® This relationship is described by

s
d[0,1(t) =k, [OF](t) - k [Os](t) mole fraction of O, in ambient air (0.2095), and H = 2378 and
dt BST2 SBLT2 (2) 1206 bar for ACN and TOL at 20 °C, respectively."”*’
[0,%](#) denotes the oxygen concentration within a bubble, Substituting eq S with eq 6 yields
and kgg and kg represent the rate constants for the diffusion of PLEF(t) = 1
O, from the bubble to the solvent and from the solvent to the L+ ke (@[03] (1 B L) + (0310 — [0} ](0)>
bubble, respectively. Given our experimental conditions, with 10\ kg 270 st kSB‘
the continuous introduction of fresh bubbles and their rapid (8)
Table 1. Results of Fitting the PLEF Profiles (n = 3, Figure S2) with Eq 8¢
kys[0,°]o (X 107 ppm s7") at Ryey =
Solvent kgg (X 1072 s71) 0 scem” 50 sccm 100 sccm 200 sccm 300 sccm 400 sccm
ACN 7.41 £+ 0.29 3.78 £ 0.29 1.49 + 0.06 1.07 £+ 0.07 0.94 + 0.0 0.88 + 0.06 0.81 + 0.09
TOL 6.97 + 0.36 522 + 0.56 3.23 + 0.59 2.92 + 0.69 222 + 0.5§ 1.95 £ 0.25 1.78 + 0.1S

“See Supporting Information Section 6 for details. PLEF: photoluminescence enhancement factor. “Condition equivalent to the conventional

setup.
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This equation was used to fit the PLEF curves presented in
Figure S2, and the values of the two fitting parameters,
kys[0,%], and kg, are summarized in Tables 1, S5, and S6
(Supporting Information, Section 6 for details). The nearly
identical normalized PLEF profiles in a given solvent (Figure
S3) suggest consistent deoxygenation dynamics, regardless of
R, Consequently, kgg and kgg can be considered invariant
with respect to R, Throughout the fitting process, ksz was
assumed to be constant, yielding values of (7.41 + 0.29) X
1072 57" for ACN and (6.97 + 0.36) X 107> s™! for TOL. The
invariant kpg suggests that [0,%], decreases with increasing
R, as the product kyg[O,"], decreases with increasing R,y
This indicates that the one-way ventilation line effectively
mitigates O, contamination in the Ar bubble. There are three
potential sources of oxygen contamination: (1) the high
oxygen gas permeability of Teflon tubing,’ (2) tube-to-tube
and tube-to-MFC joints, and (3) desorption of the oxygen
molecules adsorbed onto tubing walls by Ar gas flow. Sources
(1) and (2) are plausible given the significant oxygen
concentration in ambient air (2.1 X 10° ppm) compared to
the tens of ppm of oxygen in 99.999% pure Ar gas at similar
pressures, a difference spanning S orders of magnitude. These
two sources can be addressed by using metal tubing with lower
oxygen permeability and by improving the precision of tube
fittings. Source (3) can be mitigated by flushing the entire
tubing with Ar gas and/or baking the tubing under vacuum
prior to the deoxygenation process. Identifying the exact
source of contamination would be informative and a valuable
direction for future, more comprehensive investigation.

As [0,%], is typically in the range of tens of ppm, the
magnitude of kgg lies between 10™* and 107° s™!, which is 2 to
3 orders of magnitude smaller than that of kgz. This means that
oxygen molecules diffuse so efficiently from the solvent into
the bubbles that the continuously supplied Ar gas bubbles can
effectively extract oxygen from the solvent. Another notable
aspect of the kpg[0,"], is that it exhibits a higher value in TOL
than in ACN by a factor of 1.3—2.6 (Table 1). Given that
[0,%], is constant at a given value of R, this discrepancy
reflects the variation in kgg in different solvents; in other words,
kgsTor > kpsacn- This result, together with kgy top, < kgpacy in
Table 1, aligns well with the higher O, solubility in TOL
compared to ACN.

Based on these observations and analyses, we conclude that
the addition of a one-way ventilation pathway serves to reduce
[0,%]y by increasing the Ar gas flow rate within the tube
between the regulator and the ventilation outlet (Figure 1b).
Without the ventilation path (i.e., Rep = 0 sccm), the flow rate
relies solely on the flow rate into the sample cuvette through
the needle set by R;, = 20 sccm. The slow flow rate within the
tube allows for a greater chance of external O, leak-in, resulting
in high O, contamination within the Ar bubble. However,
when ventilation is activated (e.g, Ry = 400 sccm and Ry, =
20 sccm), the flow rate of Ar gas within the tube increases,
thereby reducing the amount of leak-in of O, per unit volume
of Ar gas. Consequently, Ar gas with minimized levels of
contamination with O, is supplied to the solvent, making
deoxygenation more efficient.

3. CONCLUSIONS

In conclusion, this study introduces an enhanced inert gas
bubbling method for solvent deoxygenation by incorporating a
one-way ventilation path alongside an Ar gas inlet needle. The
method, characterized by its simplicity, speed, and cost-

effectiveness, notably improves deoxygenation efficiency as
evidenced by 26.0% and 12.1% enhancement in PLEF values
for ACN and TOL, compared to the conventional bubbling
setup. This achievement corresponds to up to 94% of the
rigorous freeze—pump—thaw method, validating the efficacy of
the proposed method. The result was further supported by PL
lifetime measurements, which confirmed the absence of
concentration-dependent artifacts in the PL intensity-based
assessment.

The profiles of PLEF(R,.,, t) were simulated utilizing a
simplified kinetic model and the Stern—Volmer equation,
treating oxygen molecules as dynamic quenchers of lumines-
cent PtOEP*. The fitting parameters, kgz and kys[O,%],,
indicate that the initial concentration of oxygen in the inert gas
bubble [0,"], decreases with an increasing ventilation flow
rate, R, Our experimental observations, coupled with the
simulation results, elucidate the pivotal role of the added
ventilation pathway in the enhancement of deoxygenation.
Specifically, increased ventilation increases the inert gas flow
rate within the tube connecting the regulator and the inlet
needle, thereby reducing the likelihood of the bubbling gas
being contaminated by an O, leak-in. Consequently, this
reduces the O, contamination within the inert gas bubble
formed at the needle tip. Additionally, the fitting results, which
yield higher values of ks (the bubble-to-solvent diffusion rate
constant for O,) for TOL compared to those for ACN and
lower values of kg; (the solvent-to-bubble diffusion rate
constant for O,) for TOL than ACN, are in good agreement
with the fact that oxygen exhibits higher solubility in TOL than
in ACN. Although the simulation model employed herein
offers utility, its simplicity may inadvertently overlook certain
nuances. Therefore, it would be advisable to employ more
sophisticated and rigorous theoretical methodologies for
further investigation.

The method outlined in this study holds promise for
applications across diverse academic and industrial domains
that necessitate consistent and efficient solvent deoxygenation
with minimal setup complexity and safety concerns. Moreover,
this method is easily applicable to both aqueous and biological
samples, and it can be readily scaled up for larger applications.

While the improved bubbling method introduced in this
study offers enhanced deoxygenation efliciency, it is important
to recognize that this improvement comes with a trade-off:
increased gas consumption due to the addition of the
ventilation pathway. To reduce this cost, we propose using
nitrogen (N,) gas instead of argon (Ar), making it a more cost-
effective choice for many applications without compromising
the performance of the deoxygenation. Additionally, optimiz-
ing the system with less permeable tubing and high-quality
fittings can further reduce O, contamination, resulting in a
more efficient overall process. These relatively simple adjust-
ments can substantially lower operating costs, making the
method more scalable and practical for a variety of
applications. Although gas consumption may be higher in
this setup, it is essential to weigh these expenses against the
potential for improved product quality. The enhanced
deoxygenation efficiency of the new method can lead to
higher-quality final products, potentially offsetting the addi-
tional gas costs. This balance between operational cost and
product quality makes the new method particularly attractive
for applications in which product performance is critical. The
preliminary discussion provided here highlights the key
economic and practical factors of the proposed method.
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Future studies will aim to conduct a more detailed techno-
economic analysis, considering energy consumption, cost-
effectiveness, and scalability, to fully assess the broader
implications of this improved setup.

4. METHODS

Sample Preparation. Platinum(II) octaethylporphyrin
was purchased from Merck, and HPLC-grade acetonitrile
and toluene were purchased from Fisher Scientific. All
chemicals were used without further purification. All measure-
ments were performed by using S #M PtOEP solutions.

An Improved Bubbling Setup. Ultrapure Ar gas
(99.999%, Deaduk Gas, Gunsan, Korea) was regulated to
provide a slightly higher pressure than ambient pressure,
approximately 1.4 bar, to the subsequent combination of 1/4
in. stainless steel and Teflon tubing. The inlet flow rate (R;,)
from the needle to the solvent was set at 20 sccm using a mass
flow controller (MC-100SCCM-D-TC, Alicat Scientific). The
ventilation rate (R,.,) was precisely controlled by another
MEC (MCS-500SCCM-D-DB15-485-TC, Alicat Scientific). A
3 mL solution was prepared in a quartz cuvette (3Q10-GL14-
S, 1 cm X 1 cm, Starna), which was then screw-capped with a
silicone septum to minimize solvent volume changes due to
evaporation during bubbling. A 20G inlet needle was inserted
into the solvent in the cuvette through the silicone septum,
while another short needle was positioned in the headspace
above the solvent through the septum to prevent pressure
buildup. Prior to each measurement, the solution was fully air
saturated by bubbling from an air bubbler for S min.

Steady-State Spectroscopy. The absorption and PL
spectra were obtained using a UV—vis spectrometer (Ultraspec
2100 Pro, Biochrom US) and a fluorometer (FLS980,
Edinburgh Instruments), respectively.

Real-Time Monitoring of Photoluminescence En-
hancement Factor. As depicted in Figure Sla, a sample
was excited by a 15 W 355 nm continuous-wave laser (Cobolt
Zouk, Hiibner Photonics), and the emission of the sample was
collected through the polished bottom of the cuvette. It was
then steered by a liquid light guide (LLG0538-8, Thorlabs)
into the detection module of the fluorometer (FLS980,
Edinburgh Instruments) after passing through a 590 nm
long-pass filter and recorded in kinetic mode at 650 nm. All
measurements were made at least three times to ensure
reproducibility.

Time-Resolved Spectroscopy. For PL lifetime measure-
ment, samples were irradiated utilizing the third harmonics
(355 nm) of a Nd:YAG pulsed laser (Q-Smart450, Quantel
Laser) with an approximate pulse length of 6 ns and operating
at 10 Hz frequency. The laser beam was delivered to the
sample via an optical fiber (FP1SOOURT, Thorlabs),
maintaining a power of 15 yW at the position of the sample.
Emission was collected from the bottom of the cuvette using
the same liquid light guide and directed to a preamplified
photomultiplier tube (PMT) (H11526-NF, Hamamatsu)
passing through a 650 nm bandpass filter (40 nm fwhm).
The PMT signal was then transmitted to a digital oscilloscope
(TDS3054B, Tektronix) controlled by LabVIEW software
running on a PC (Figure S1b).

Preparation for Freeze—Pump—-Thaw-Treated Sam-
ples. As a reference, we prepared samples treated with FPT
cycles, and their deoxygenation efficiencies were subsequently
compared with those treated using the enhanced Ar gas
bubbling method of this work. The FPT-treated samples

underwent multiple (more than three) cycles until pressure
stabilization was achieved at approximately 10™° Torr.
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