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ABSTRACT: The detection of oxygen (O,) by optical sensors is of growing
importance, for example, in biology, life science, environmental science, and
aerodynamics, where the composition of gases is crucial for many applications.
Purely organic optical O, sensors are very attractive for monitoring food
deterioration, biosensing, and biomonitoring, as they can provide continuous,
reversible, and nondestructive O, sensing. However, purely organic optical
reversible O, sensors that can work with a broad O, concentration range and
that have robust reversibility are yet to be realized. We hereby developed a
purely organic optical O, sensor by embedding polyimide-based photoemitters
within a poly(vinyl alcohol) (PVA) matrix. The photoemitters are synthesized
through one-pot hydrothermal reactions. They have a lifetime of room temperature phosphorescence (RTP) of up to a few
microseconds (us) when they are embedded into the polymer matrix. Our results demonstrate that the photoemitters have higher
sensitivity and broader sensing range to O, if they are synthesized with longer reaction times because they possess a more rigid
polyimide structure. The O, sensor with such optimized photoemitters embedded in the polymer matrix exhibits continuous and
broad-range O, sensing in the range of 0—16% O,. The Stern—Volmer quenching constant (K,,) was calculated to be 0.2351 kPa™"
for the linear response range of 0—4% O, Moreover, the O, sensor can be repetitively used at least 10 times in the linear range (0—
4% O,) or beyond the linear range (up to 21% O,). The metal-free, purely organic sensors that enable the continuous and repetitive
detection of O, within a relevant O, sensing range are appealing especially for monitoring packaged food, biomonitoring, and
biosensing.

KEYWORDS: room temperature phosphorescence, polyimide nanoparticles, organic optical oxygen sensor, broad-range oxygen sensing,
reversible oxygen sensing

B INTRODUCTION to an interchange between these metal ions and the cations in
the biological systems (Ca®*, Fe**, Mg*, and Na*).'""* To
address this shortcoming, metal-free optical O, sensors based
on organic long-lived photoemitters have been developed.'”*’

Purely organic photoemitters with room temperature
phosphorescence (RTP) are promising materials for O,
sensing, thanks to their low cost, ease of production, and
efficient recombination pathway at room temperature. RTP
has been observed when heteroatoms of purely organic
photoemitters are bonded to aromatic compounds such as
aromatic diketones,”’ diacids, diesters,”” and diamines® or
functionalized with heavy halogen atoms such as chlorine,**
bromine,” and iodine.”® The quantum yield (QY) of such
RTP photoemitters can be improved by inhibiting their
internal molecular motions in various ways, including the

Oxygen sensing has been a topic of intensive study in many
fields," such as food monitoring,2 cell biology,3 biomedicine,”
and environmental monitoring.” Particularly, optical O,
sensors have attracted much attention from many biological
and medical applications, where the detection of O, changes in
a continuous, reversible, nontoxic, and nondestructive manner
is in high demand. However, this is difficult to achieve with
conventional optical O, sensors due to their low photostability
and high toxicity.”"® The general principle behind the O,
response of optical O, sensors is mostly the quenching of long-
lived emissions of photoemitters, such as phosphorescence and
delayed fluorescence, due to the dynamic collision with O,
molecules.'’ Long-lived emission states can be activated in the
presence of efficient spin-orbit coupling (SOC), which enables
intersystem crossing (ISC) between excited singlet states and

. EDAPPLIED
excited triplet states."' To promote the efficient SOC and Received: January 15, 2021
therefore trigger an O, response, most conventional optical O, Accepted:  March 24, 2021
sensors have a photoemitter containing a metal ion, such as Published: April 5, 2021

Ru(II), Ln(III), Pt(1I), and PA(II)."””~"* For example, Ln(III)-
based optical O, sensors display excellent reversibility in a 0—
100% O, sensing range.15 However, these sensors are toxic due
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development of crystallization-enhanced systems,”>” the

induction of aggregation-induced intersystem crossings,”” the
encapsulation of organic photoemitters within rigid cages,”
and structural rigidiﬁcation through covalent™ or noncovalent
interactions.”’ ~** Although a wide range of purely organic
long-lived photoemitters with RTP have been developed, only
few studies have investigated their O, sensing perform-
ance.”* ¢ For example, various phosphorescence QYs were
achieved with a difluoroboron dibenzoylmethane-poly(lactic
acid) solid-state sensor where the heavy halogen atom effect
was employed, resulting in a linear dependency on the O,
concentration up to 1% O,. However, the O, calibration curve
displays nonlinearity beyond 1% O, concentration, rendering
the broad-range calibration within an O, concentration of 1—
100% difficult.”” DeRosa et al. developed difluoroboron f3-
diketonate polylactide photoemitters that display a linear
dependency on the O, concentration within the full range if
functionalized with iodide (1).*® However, -diketonate-based
compounds can undergo photodegradation during UV
exposure, leading to the poor photostability of these
luminophores and hence poor sensing reversibility.*
Recently, our group reported purely organic para-phenyl-
enediamine (PPD)-based photoemitters embedded in a high-
molecular-weight poly(vinyl alcohol) (PVA) matrix. Their
fluorescence is quenched within the range of 0—-8% O,.*
However, the nonlinear calibration curve and unsatisfactory
reversibility have hampered their further use. In this study, we
introduce a new purely organic solid-state optical O, sensor
composed of polyimide-based RTP photoemitters, which are
embedded in a PVA matrix to repetitively enhance the O,
response. The photoemitters were synthesized from mellitic
acid (MA) and PPD by using polyimide chemistry and were
thus named MA-PPD. Thanks to the structural rigidity and
strong intermolecular interactions, polyimides have an
improved RTP quantum yield."'~* 1In particular, we
embedded the most efficient RTP photoemitter, MA-PPDG,
in a PVA matrix that inhibits the intermolecular motion via the
abundance of hydrogen bond donor and acceptor groups,
thereby improving phosphorescence emission. The resulting
O, sensor can reversibly detect O, in the range of 0—16%
without significant losses in sensitivity: it has a linear
dependence on the O, concentration in the range of 0—4%
O, and a nonlinear dependency in the range of 4—16% O,.

B EXPERIMENTAL

Materials. PPD (>99%) and mellitic acid (MA) (>99%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and Tokyo
Chemical Industry (Tokyo, Japan), respectively, for the synthesis of
luminophores. Ultra-pure water (Milli-Q) was used as a solvent for
the reactions. Potassium bromide (KBr) was obtained from Merck
(Darmstadt, Germany) for the pellet preparation. The PVA polymer
(Mowiol 40-88, MW ~ 205,000 Da) was obtained from Sigma-
Aldrich. Oxygen (0,) (99.99%), nitrogen (N,) (99.8%), and carbon
dioxide (CO,) (99.99%) were purchased from Carbagas (Zurich,
Switzerland) for the sensor performance studies.

Methods. Synthesis of the Luminophores. A PPD and MA
precursor mixture (1 mg/mL) was prepared in a 3:1 molar ratio in
ultra-pure water. The prepared mixture solution was vigorously stirred
for 30 min at room temperature. Subsequently, the solution was
transferred to a polytetrafluoroethylene (PTFE)-lined synthesis
autoclave reactor (Parr Instrument, Acid Digestion Vessel) with a
volume of S0 mL. The autoclave reactor was placed in a preheated
oven (Series ED Avantgarde Line, BINDER, Spain) at 180 °C for
different reaction times. The products were then dried in a freeze-
dryer (Alpha 3-4 LSC basic, Martin Christ, Germany) for 24 h,
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resulting in MA-PPDx, where MA, PPD, and x represent mellitic acid,
para-phenylenediamine, and reaction time (in hours), respectively.

Characterization Techniques. Fourier transform infrared (FT-IR)
spectra were obtained with a Varian-640-IR (Portmann Instruments
GmbH, Biel-Benken, Switzerland) operated in the wavenumber range
of 400—4000 cm™" with a 2 cm™ spectral resolution. The pellets were
prepared by mixing 0.05% w/w KBr into the MA-PPDx powder for
the quantitative FT-IR analysis.

The relative imide/amide content obtained from quantitative FT-
IR analysis was calculated as follows: the C—N peak of the amide and
imide group was deconvoluted in the wavenumber range of 1350—
1450 cm™" using Gaussian fitting with a multicurve peak analyzer in
OriginLab. Afterward, the area under each deconvoluted peak was
calculated with the inte§ration tool in OriginLab to obtain the relative
imide/amide content.”

X-ray photoelectron spectroscopy (XPS) was performed on a PHI
VersaProbe II (Physical Electronics, Chanhassen, MN, USA) to
investigate the chemical composition of the luminophores. The
spectra were recorded with the energy resolution of 0.8 eV/step and
pass energy of 187.85 eV for the survey scan, and the energy
resolution of 0.125 eV/step and pass energy of 29.35 eV for high-
resolution scans. Carbon 1s at 284.5 eV was used as a reference to
correct the charge effects. The samples were prepared by pressing
MA-PPDx powders onto an indium foil (Alfa Aesar, 99.99% purity,
Kandel, Germany).

The relative imide/amide content obtained from quantitative XPS
analysis was calculated as follows: The data were analyzed using
CasaXPS (Casa Software Ltd., UK). The Nls peaks were
deconvoluted into three main peaks corresponding to amide, imide,
and protonated N functionalities.*”*® The area under each
deconvoluted peak was calculated to determine the relative imide/
amide abundance.

Prior to the high-resolution transmission electron microscopy (HR-
TEM) measurement, 0.05% (w/v) of a MA-PPDx solution was drop-
casted on TEM grids (carbon film coated, 400 mesh, Cu) (Electron
Microscopy Sciences, PA, USA). The HR-TEM images were obtained
with a JEOL JEM-1400 Plus (JEOL Ltd., Tokyo, Japan) operated at
an acceleration voltage of 120 kV with the detector of the JEOL CCD
camera Ruby.

The photoluminescence (PL) of MA-PPDx luminophores in an
aqueous medium or a polymer matrix was measured with a Horiba
Jobin Yvon FluoroMax-4 (Horiba Jobin Yvon GmbH, Bensheim,
Germany). To determine the concentration for the highest PL
intensity, a concentration series of 0.005, 0.01, 0.02, 0.03, 0.05, 0.1,
0.2, and 0.5% (w/v) was used for all MA-PPDx. The excitation range
of 280—600 nm and emission range of 300—800 nm were used with
the slit width of 3 nm.

The lifetime of all MA-PPDx was quantified with a Horiba
DeltaPro (Horiba Jobin Yvon GmbH, Bensheim, Germany) at the
excitation wavelength of 510 nm. A LUDOX solution was used to
calculate the instrument response factor (IRF).

Fabrication of the PVA/MA-PPDx Film. The solution was prepared
by adding 0.05% (w/v) of MA-PPDx and 5% PVA powder (Mowiol
40-88) to ultra-pure water. Subsequently, the mixture was vigorously
stirred at 60 °C for 12 h. One milliliter of the solution was dropped on
a polystyrene Petri dish and dried at 50 °C for 24 h to evaporate the
water.

0, Sensor Performance Test of the PVA/MA-PPDx Film. To test
the oxygen sensitivity, a custom-built environmental chamber located
in the spectrafluorometer chamber was purged with an O,/N, gas
mixture containing 0, 1, 2, 4, 8, 12, 16, and 21% O,. The gas fluxes
were controlled with a flow-mixer setup (OxiQuant S, Envitec GmbH,
Wismar, Germany). Specifically, before each measurement, the film
was kept at 100% N, flow for 20 min. Subsequently, it was purged
with the targeted O,/N, mixture for another 20 min. Photo-
luminescence measurements were obtained at the desired O,/N, ratio
by exciting the sensors in a range of 280—600 nm and recording an
emission spectrum in the range of 300—800 nm.

The lifetime analysis was performed with a Horiba DeltaPro
(Horiba Jobin Yvon GmbH, Bensheim, Germany) for all PVA/MA-

https://doi.org/10.1021/acsapm.1c00064
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Figure 1. Synthesis and characterization of MA-PPD luminophores. (a) Reaction scheme between PPD and mellitic acid, (b) TEM image of MA-
PDD6, (c) FT-IR spectra of MA-PPDx, and (d) the chemical structure of the MA-PPD luminophores.

Table 1. Imide/Amide Relative Content and PL Lifetime of MA-PPDx Luminophores

imide/amide relative content

lifetime (us)”

sample name reaction time (h) FT-IR
MA-PPD2 2 0.73 + 0.04
MA-PPD4 4 1.17 + 0.08
MA-PPD6 6 1.39 + 0.09
MA-PPD8 8 1.38 + 0.05

XPS [0,] = 0% [0,] =21%
1.19 + 0.16 4.51 +£0.22 2.83 + 0.08
2.69 + 0.23 5.81 + 0.46 3.22 + 041

10.13 + 0.18 17.07 £ 0.72 5.61 + 0.29
10.02 + 0.29 16.38 + 0.55 5.58 £ 045

“For lifetime measurements, MA-PPDx luminophores were embedded in the PVA matrix.

PPDx films at the excitation wavelength of 510 nm under a standard
air and anoxic environment (100% N,).

To test the sensor reversibility, the O, concentration in the custom-
built chamber was switched between 0 and 4% O, or between 0 and
21% O, for 10 times. The measurement chamber was purged with a
mixture of N,/CO, at the ratio of 60:40 or N,/CO, at the ratio of
100:0 to investigate the sensor cross-sensitivity toward CO,. Similarly,
the chamber was respectively kept under 80 and 20% relative
humidity level at room temperature while purging with a constant N,/
O, flow at the ratio of 79:21 to test the cross-interference of humidity.

B RESULTS AND DISCUSSION

Chemical Characterization of the MA-PPD Photo-
emitters. MA-PPD photoemitters were synthesized for
different durations as described in the "Methods” section
and according to the literature™® (Figure la and Table 1). The
photoemitters synthesized with different reaction times, named
MA-PPDx with x indicating the reaction time in hours, were
evaluated based on chemical and optical characterization.
Nanometer-sized particles with diameters of 3 nm were
synthesized at a constant precursor concentration of 1 mg/
mL,** as shown in the HR-TEM images in Figure 1b and
Figure S1 and summarized in Table S1. Note that the reaction
time has no effect on the average size of the photoemitters,
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indicating that the nanoparticles reach the final size in the first
2 h.

To understand the evolution of the functional groups and
investigate the time-dependent polyimide formation, we
performed FT-IR on our photoemitters. All the peaks observed
in MA-PPD2 were preserved as the reaction proceeded up to 8
h, as shown in Figure lc and summarized in Table S2. This
result indicates that all types of the functional groups are
formed within the first 2 h. The peak at 1775 cm™ (a) and
1718 cm™ (b), attributed to the symmetric and asymmetric
carbonyl (C=O0) stretching, showed the successful imide
formation. The presence of the peaks corresponding to the
C=O0 stretching of the amide bond and N—H in-plane
bending of amide at 1627 cm™ (c) and 1556 cm™' (d)
indicates that the final structure is composed of a mixture of
imide and amide bonds (Figure 1d). To quantify the ratio of
imide and amide bonds, we analyze the intensities of the C—N
stretching vibrations located at 1422 cm™" (e) and 1385 cm™
(f). The intensities of the C—N stretching vibration peak
characteristic for imides increased, whereas those of the C—N
stretching vibration peak of amides decreased, until the
reaction time reached 6 h. Indeed, the relative imide/amide
content increased by 90.4% when the reaction time was
prolonged from 2 to 6 h and plateaued thereafter as shown in

https://doi.org/10.1021/acsapm.1c00064
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Figure 2. Photoluminescence contour plots of MA-PPDx as a function of their synthesis time (x = 2, 4, or 6 h). (a—c) MA-PPDx in aqueous

solutions. (d—f) MA-PPDx embedded in PVA films.

Table 1. This result indicates that the imide formation within
MA-PPD nanoparticles is terminated within 6 h.

To investigate the evolution of the elemental composition of
the functional groups contained in the MA-PPDx samples, we
quantified the concentration of each chemical element with
XPS. The elemental analysis shows no significant change in the
carbon concentration. By contrast, the nitrogen concentration
increases from 5.5 to 11.1%, whereas the oxygen concentration
decreases from 31.6 to 25.6%, as the reaction proceeds from 2
to 6 h (Table S3). No significant change was observed at
longer reaction times (8 h), well in agreement with our FT-IR
analysis. The decrease in the elemental oxygen concentration
might be due to the loss of the hydroxyl (—OH) group during

the imide formation (Figure 1d). To combine the elemental
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composition analysis with the deconvoluted high-resolution
XPS, we decomposed the Cls peak into four peaks at 284.4,
285.4, 287.3, and 288.2 eV that we attributed to the sp’
carbon, C—N group, carbon (amide), and carbon (imide),
respectively."” To quantify the evolution of imide groups, the
N1s peaks were deconvoluted into three main peaks
corresponding to amide (—CONH,/—CONHR/—CONR)
(398.9 eV), imide (399.8 eV), and protonated N (401.3 eV)
functionalities.”**® This analysis reveals that the relative
imide/amide ratio increases from 1.19 to 10.13 as the reaction
proceeds from 2 to 6 h, plateauing thereafter (Table 1). These
results are in excellent agreement with our FTIR results.
Optical Characterization of the MA-PPD Photo-
emitters. To investigate the effect of imide formation on

https://doi.org/10.1021/acsapm.1c00064
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Figure 3. Oxygen sensing performance of PVA/MA-PPD sensors. (a) Relative PL intensity of PVA/MA-PPDx sensors between 0 and 21% O,, (b)
PL spectra of the PVA/MA-PPD6 sensor at different O, concentrations, (c) maximum PL intensity of the PVA/MA-PPD6 sensor at different O,

concentrations, and (d) Stern—Volmer plot of the PVA/MA-PPD6 sensor.

photoluminescence behavior, we recorded the photolumines-
cence spectra of MA-PPDx samples dispersed in aqueous
solutions. We limit our characterization to samples synthesized
during 2—6 h because we did not observe any significant
difference in their composition thereafter anymore. We did not
observe any significant positional change in the photo-
luminescence spectra (1, = 585 nm, A, = 609 nm) when
samples were excited between 280 and 600 nm, as shown in
Figure 2a—c. If excited at the wavelength of 4., = 585 nm, the
spectra of aqueous solutions displayed a red emissive behavior,
which is consistent with other polyimide luminophores.*>**
The charge—transfer (CT) interaction between electron-
donating amines and electron-accepting carboxyl has been
reported to lower the energy gap between the excited and
ground state, resulting in red photoemission. It is noteworthy
that, while the position of the emission peak is preserved, the
photoluminescence (PL) intensity increased from 332,311 cps
to 1,002,938 cps as the reaction proceeds from 2 to 6 h. This
result suggests that the increase in PL intensity of MA-PPD is
related to the new imide groups that form at longer reaction
times.

To understand the effect of the microenvironment on the
optical properties of MA-PPD, we recorded the photo-
luminescence spectra of MA-PPD nanoparticles embedded
within a high-molecular-weight PVA matrix (Figure 2d—f).
Compared to MA-PPD in aqueous solutions (4., = 609 nm),
slightly blue-shifted emissive states (4., = 597 nm) were
observed when excited at 570 nm. The emissive behavior (4,
= 597 nm) of MA-PPD embedded within the PVA matrix is in
good agreement with the reported spectral characteristics of
polyimide-based luminescent systems.*”** The blue-shift has
been observed in a similar system where luminophores
synthesized by phenylenediamine were encapsulated within a

2484

PVA matrix. This behavior was ascribed to the absence of the
solvent-relaxation effect.*® Similar to MA-PPD dispersed in
aqueous solutions, we did not identify any significant positional
shift of the emissive peaks from MA-PPDx (x = 2, 4, or 6)
nanoparticles if embedded in PVA films (Figure 2d—f). This
result demonstrates that the interaction between the polyimide
groups of MA-PPD photoemitters with water and the PVA
matrix has negligible effects on the intrinsic optical properties
and chemical structure of MA-PPD nanoparticles.

0, Sensing Performance. The key characteristic of O,
sensors is their O,-dependent photoluminescence. To quantify
this parameter, we dispersed MA-PPD in an aqueous solution
or embedded them in a PVA film and recorded their
photoluminescence spectra at oxygen concentrations of 0
and 21%. Aqueous solutions of MA-PPD nanoparticles did not
show any O,-concentration-dependent photoluminescence, as
shown in Figure S2. By contrast, MA-PPD nanoparticles
embedded in a PVA film displayed a strongly increased PL
intensity with decreasing oxygen concentration. To quantify
this increase, we determined the ratio between the PL intensity
at 0 and 21% O, concentration as I/l For PVA/MA-
PPD2, PVA/MA-PPD4, PVA/MA-PPD6, and PVA/MA-
PPD8 samples, Iny/Lo was 1.84, 2.37, 3.39, and 3.27,
respectively (Figure 3a). The maximum Iy,/L;s value of
3.39 is significantly higher than that of the previously reported
organic optical O, sensor with the sensing range of 0—21%
0, Such a clear O,-dependent photoluminescence
might be due to the strong intermolecular interactions between
embedded nanoparticles and the polymer matrix, which barely
affect the MA-PPD chemical structure but eliminate the
nonradiative triplet—singlet ground-state recombination. These
results demonstrate the advantage of embedding MA-PPD
nanoparticles in a PVA matrix if they are used as O, sensors.
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Figure 4. O, sensing features of the PVA/MA-PPD6 sensor. (a-b) Sensing reversibility of the PVA/MA-PPD6 sensor exposed to 10 concentration
cycles of 0—4% or 0—21% O,, (C) sensing cross-interference of humidity and CO, toward O,, and (d) time-dependent sensing response to a 0—

21-0% O, cycle.

Our results indicate that MA-PPD-containing PVA matrices
are excellent O, sensors. To understand the O, sensing
mechanism, we quantify the PL lifetime as a function of the O,
concentration within a range of 0—21% O,, as summarized in
Table 1. At 21% O,, all samples exhibit room temperature
phosphorescence (RTP) with a lifetime value (7) of a few
microseconds (Figure S3). The short phosphorescence lifetime
indicates the presence of an efficient RTP mechanism, as
previously shown.” Based on these results, we quantified the
PL lifetime ratio Toy/7, o, Where 7y and 7,y indicate the PL
lifetime measured at 0 and 21% O,, respectively. This ratio was
1.59, 1.81, 3.04, and 2.93 for PVA/MA-PPD2, PVA/MA-
PPD4, PVA/MA-PPD6, and PVA/MA-PPD8 sensors, respec-
tively. Note that the lifetime ratios of the last two samples are
very similar, in good agreement with our FTIR results,
confirming that the composition of MA-PPD remains
unchanged when the synthesis time exceeds 6 h. Combining
this result with those of the FT-IR and XPS analysis, we note
that, within the first 6 h of reaction time, the O, response of
MA-PPD increases with its formation time and plateaus
thereafter. This increased efficiency can be attributed to the
increased conformational rigidity of MA-PPD nanoparticles
that eliminates nonradiative recombinations, thereby enabling
efficient O, RTP quenching.

To quantify the O, sensing performance, we analyzed the
chemically most stable and performing sample, namely, PVA/
MA-PPD6. We measured the emission spectra within an O,
concentration range of 0—21%, as shown in Figure 3b. The
emissive state of MA-PPD6 was quenched until the O,
concentration reached 16%, as shown in Figure 3¢, indicating
that our sensors can be used within this O, range. Note that
the O, sensing range has previously been much narrower:
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similar systems could only detect O, in the range of 0—8%.*
We assign the broader O, sensing range (0—16%) of our
sensor to the efficient RTP mechanism that shortens the
phosphorescence lifetime, thereby enabling O, quenching at
higher O, concentrations.”® To quantify the sensitivity, we
fitted the Stern—Volmer plot to a first-order polynomial
function between 0 and 4% O, (R* = 0.998, Figure S4). The
limit of detection (LOD) was calculated according to the
extrapolated concentration at which the signal is three times
the averaged standard deviation (30) of the fluorescence
intensity. A detection limit of 950 ppm was achieved with good
linearity in the range of 0—4% O,. The good quality of the fits
indicates that our sensors display a linear response to the O,
concentration up to 4%. It has been previously discussed that
the linear calibration curve is desirable for simple one-point
instrument calibrations that enable the use of the standard
calibration cards for the sensors.’”’ The Stern—Volmer
quenching constant was calculated in accordance with the
Stern—Volmer equation.

bl =1+ K,.[0,] (1)
where I; and I represent the luminescence intensities in the
absence and presence of O,, respectively. K, is the Stern—
Volmer quenching constant, and [O,] is the oxygen
concentration in the environment. The Stern—Volmer
constant (K,,) was calculated to be 0.2351 kPa™! for the
linear response range of 0—4% O,. It is also noteworthy that,
within a broader range of O, concentration (0—21%), instead
of linear fitting, the second-order polynomial function fits the
data well (R* = 0.986, Figure 3d and Figure S4), indicating a
nonlinear response above 4% O,. This behavior could be
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attributed to the inhomogeneity of the microenvironment in
the polymer film.>>

The usefulness of O, sensors strongly depends on their
ability to repetitively sense O, without significant losses in
sensitivity. To assess the reversibility of our O, sensors, we
cycled the O, concentration between 0 and 4% for 10 times, as
shown in Figure 4a, and similarly between 0 and 21% also for
10 times, as shown in Figure 4b. We did not observe any
significant decay in the sensitivity, indicating that no noticeable
photo-oxidation processes occur within 10 cycles (Figure S8).

The reliability of the O, sensors is crucial for developing
marketable sensors. To assess the reproducibility of our O,
sensors, we measured the sensor-to-sensor reproducibility with
five different sensors fabricated under the same experimental
conditions. The variation of Iy,/I,;, of the fabricated sensors
was less than 2% (Figure S10a). Indeed, this variation of PL
intensity is statistically insignificant. Batch-to-batch reproduci-
bility was assessed by characterizing five batches containing
five different sensors for each batch. The maximum variation of
Ipos/Ip16, between different batches was 9.8% (Figure S10b).
These results indicate that the PVA/MA-PPD6 sensor
possesses the best sensor-to-sensor reproducibility, as shown
in Figure S10a. This good reproducibility enables the
operation of our sensors in the batch calibration mode.

O, sensors are only truly useful if they also operate in the
presence of other types of gases. To test the influence of other
atmospheric parameters such as humidity and CO,, we
quantified the sensing performance of our sensors in the
presence of 20 and 80% relative humidity or in the presence of
0 and 60% CO,, as shown in Figure 4c. We did not observe
any significant PL response of the MA-PPD6 sensor to
humidity or CO,, as revealed by the ratio between maximum
and minimum PL intensity (I./Inin ~ 1) when changing the
humidity or CO, within the range of 20—80% relative
humidity and 0-60% CO,, respectively (Figure S9). This
result indicates that cross-interferences between O, and
humidity or CO, can be neglected in our PVA/MA-PPD6
Sensors.

The temperature dependence of our O, sensor shows a
slight positive slope as the temperature increases (Figure S6a).
For the linear response range (0—4% O,), the temperature-
dependent Stern—Volmer constant change (AK,/AT) was
found to be 0.0077 kPa~' °C™" for the temperature range of
5—30 °C (Figure S6b). The constant value enables the simple
correction for the sensor calibration at different temperatures.
The positive temperature coeflicient of PVA/MA-PPD6 sensor
is in good agreement with the previously fabricated optical O,
sensors.””>" The increase in O, sensitivity with respect to the
temperature could be attributed to several reasons including
(1) the solubility of oxygen in the PVA matrix, (2) the
diffusion rate of oxygen into the PVA matrix, and (3) the
dynamic quenching constant.>

To test the speed of the sensor to O, concentration change,
the response time of the PVA/MA-PPD6 sensors was
measured within one cycle of 0—21—0% O,. Upon exposure
to 20% O,, the time required to reduce the PL intensity by
95% (Atgsmin) Was 427 s, as shown in Figure 4d. The long
response time is due to the low oxygen permeability of the
PVA matrix and significant film thickness (~100 ym) that
hinders O, molecules from reaching the photoemitters.”
Although the long response time limits the application area of
our sensors, we believe that the continuous, broad-range, and
reversible sensing makes our purely organic O, sensors

promising for the detection of O,, for example, in packaged
food where fast response times are not critical.

B CONCLUSIONS

A purely organic rigid optical O, sensor was developed by
embedding polyimide-based nanoparticles within a high-
molecular-weight PVA matrix. Our results indicate that the
sensitivity of the composite strongly depends on the
concentration of the imides present in the photoemitters and
increases with increasing reaction time. If the photoemitters
are embedded in a PVA matrix, they strongly interact with it,
thereby limiting the nonradiative recombination, such that
their photoluminescence is efficiently RTP quenched by O,
molecules. Our PVA/MA-PPD6 sensors can monitor O, in a
broad range up to concentrations of 16% with a linear response
between 0 and 4% O, and nonlinear response between 4 and
16% O,. Moreover, such sensors are resistant to photo-
bleaching and atmospheric inference, making them promising
materials for the detection of O, in the field of food packaging.
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