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Abstract: Highly sensitive optical detection of oxygen including
dissolved oxygen (DO) is of great interest in various applications.
We devised a novel room temperature phosphorescence (RTP)
based oxygen detection platform by constructing core-shell
nanoparticles with water-soluble polymethyloxazoline shells and
oxygen-permeable polystyrene core crosslinked with metal-free
purely organic phosphors. The resulting nanoparticles show a very
high sensitivity (limit of detection (LOD) of 60nM DO) and can be
readily used for oxygen quantification in aqueous environments as
well as gaseous phase.

Quantification of dissolved oxygen (DO) in concentration ranges
of 1uM and below has recently attracted considerable attention
for its urgent needs in numerous applications such as corrosion
protection,™ surface treatment,”” semiconductor industry,® and
biological research.” Although few detection systems such as
membrane inlet mass spectrometry (MIMS) and purge-and-trap
gas chromatography-mass spectrometry (P&T) are able to
quantify at a low level, complex, bulky and expensive equipment
is not portable and requires trained personnel for operation,
limiting its applicability for convenient and easy monitoring of
DO.M

Optical sensors have recently become a crucial tool for
quantification of DO due to their advantageous characteristics
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Figure 1. (a) Chemical structures of the designed crosslinkable phosphor, C1
and a control, Br6A, are shown. (b) A common Jablonski diagram of organic
emitters

such as minimal invasiveness, miniaturization capability,
versatility in formats, and suitable 2D or 3D imaging of DO
distribution.®® Optical detection of DO mostly relies on the
phosphorescent transition metal complexes such as polypyridyl
complexes of ruthenium(ll) and Pd(ll) and Pt(ll) porphyrins
because they possess significantly long decay lifetimes which
ensure efficient energy transfer to molecular oxygen, resulting in
complete quenching of phosphorescence emission at very low
DO concentration.!! However, concerns about the high cost,
unclear toxicities, and sustainability of precious metals have
incited the research community to investigate novel optical DO
indicators from more abundant materials.

Metal-free organic phosphors are an emerging alternative of
organometallic phosphors in a wide range of applications
including organic light emitting diodes (OLEDs), bio-imaging and
sensors.[”! This new class of organic emitters can be particularly
useful for highly sensitive optical DO detection due to a) a long
decay time (from millisecond to second) originated from their
inefficient spin-orbit coupling (SOC) and b) large Stokes shifts,®
which enables spectral separation of excitation and emission
wavelength resulting in simple optical set-up and low-
interference measurements. However, despite vast potential,
metal-free organic phosphors have largely unexplored as DO
indicators.[°1011°]

Although substantial progress has been made in the field of
metal-free organic phosphors since the pioneer works from the
groups of Fraser,™ Kim,* and Tang,™ bright organic
phosphors at room temperature are still very rare and only
limited  to BF.-chelates,®**4 phenylthiobenzene,
benzophenone,™*%*" fluorene,®*? triazine,®® boronic ester,?!
naphthalimide,”  sulfone,”®  bromobenzaldehyde,*  and
polyaromatic analogues.?*?! In addition, stringent conditions of
rigid hosts such as crystalline solid-state structures and carefully
chosen polymer matrices are commonly required for bright room
temperature phosphorescence (RTP). However, practical
applicability of such a phosphors-doped polymer film and a
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phosphorescent crystal can be rather limited and hence,
development of a new versatile platform that allows to achieve
bright organic RTP and thus to quantify DO at significantly low
concentration for various applications is required.

Here, we report metal-free organic phosphors crosslinked within
core-shell polymer nanoparticles as a novel versatile platform for
highly sensitive detection of DO as nanoparticles have proven to
be a versatile platform for various applications including DO
quantification.” To achieve high sensitivity, for the core part of
the nanoparticles we chose metal-free organic phosphors as an
indicator considering their long phosphorescence decay time
and polystyrene (PS) as a matrix due to its high oxygen
permeability. Poly(2-methyl-2-oxazoline) (PMeOx) was selected
as an outer shell of the nanoparticles because of its water
solubility and biocompatibility, enabling the application of DO
quantification in aqueous phase for a variety of applications.
Most importantly, a novel metal-free organic phosphor was
rationally designed to be used as a cross-linker as well as an
indicator since the restriction of molecular motions near the
phosphors by covalent crosslinking through a short linker will
greatly enhance phosphorescence intensity, allowing for highly
sensitive detection of DO (see Figure 1). Phosphorescent core-
shell nanoparticles having a well-defined diameter of ca. 180 nm
and 320 nm were successfully prepared by reversible addition-
fragmentation chain-transfer (RAFT) dispersion polymerization
of a macro-RAFT agent in the presence of the newly designed
metal-free organic phosphor having a cross-linking capability
(see Figure 2 and SI).2

The realization of bright RTP from metal-free organic phosphors
in non-rigid matrix such as a polymeric nanoparticle is still a
challenging issue; as far as we know, only a few examples have
been reported until now.™! Active molecular motions in non-rigid
matrix greatly promotes the radiationless decay processes such
as triplet-triplet energy transfer and intersystem crossing (ISC)
from T, to S resulting in complete quenching of
phosphorescence (see Figure 1b)."2% |n fact, simple doping of
a metal-free organic phosphor, Br6A, into polymeric
nanoparticles showed weak phosphorescence emission even
under inert atmosphere. To address the challenge, we introduce
cross-links between phosphors and polymers into the
nanoparticle system.

The phosphor with a short saturated hydrocarbon linker
(denoted as C1) was designed and synthesized as the DO
indicator (see Figure 1a). To validate our molecular design, we
prepared a poly(methyl methacrylate) (PMMA) having covalently
crosslinked C1 and compared its phosphorescence quantum
efficiency with a Br6A doped PMMA film (see the SI). As
expected, C1-crosslinked PMMA showed high phosphorescence
quantum efficiency of ca. 40%, which is ca. 3 times higher
compared to the Br6A doped film. This is attributed to the fact
that a short and simple cross-linker efficiently restricts the
molecular motions of phosphors as well as the polymer matrix,
and thereby effectively suppresses the nonradiative relaxation
pathways.[*??

We then prepared crosslinked core-shell  polymeric
nanoparticles based on the C1 phosphors. A macro-RAFT
initiator was synthesized via a tosyl-functionalized RAFT agent
as a dual initiator in two steps.*”! Water-soluble PMeOx was first
synthesized by ring opening polymerization (ROP) of
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methyloxazoline (MeOx) at 80 °C followed by the RAFT
polymerization of acrylamide (AAm) in the presence of AIBN
(see Figure 2, step 1). Importantly, a PAAm block was
introduced to promote the rate of RAFT polymerization of
styrene® since the RAFT initiator is not effective for
polymerization of styrene monomers (see Figure 2, step 2).?%
Once the macro-RAFT initiator was successfully prepared, the
core-shell nanoparticles were then prepared through an one-pot
dispersion RAFT polymerization of styrene monomers together
with C1 by means of the macro-RAFT agent (see Figure 2, step
3). The resulting crosslinked amphiphilic block copolymers
spontaneously self-assembled into well-defined functional core-
shell nanoparticles (see Figure 2, step 4). The size of
nanoparticle could be manipulated by controlling the amount of
the macroinitiator (see the SI).

The resulting core-shell nanoparticles were characterized by
scanning electron microscope (SEM), dynamic light scattering
(DLS) and by emission and excitation photoluminescence (PL)
spectroscopy. SEM and DLS analyses confirmed the formation
of the core-shell nanoparticles with average diameters of ca. 180
nm and ca. 320 nm, respectively, and a narrow size distribution
(see Figure S1 and S2). Figure 3a shows the PL excitation
spectrum of Cl-crosslinked nanoparticles which matches well
with the absorption spectrum of Br6A, clearly indicating that C1
was successfully incorporated into the nanoparticles (see Figure
S3). As expected, the nanoparticles exhibited a distinct oxygen
sensitivity. While the nanoparticles show essentially no
phosphorescent at ambient conditions, bright phosphorescence
was observed after the elimination of oxygen by nitrogen purging
(see Figure 3a, inset).
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Figure 2. Synthetic routes of C1-crosslinked NPs are presented.

This article is protected by copyright. All rights reserved



WILEY-VCH

a b C 50
PMeOx-b-(PAAM-co-PS); ¢ = 10 mg/mL 4.0 . 40
——Excit. PL (%, =530 nm) 738 4.54 1, = 3010 ps
——PL (A_ =365 nm) &
- 351 % g
) Gated PL (delay 2ms, J._ =390 nm) =S 4.0
$ 5 .
= fe —~ 3.01 832 ] »
9; [a\ g - . . 3.5 .
§ \ S 10 20 30 40 -
2 / X. o 2.5 an Temperature (C) 3.0 . o
2 z £ A = x %t =3580 us
2 > 2.0 R v 2.5 . :
I ) T " s 5
& ‘ b\ 3 . x
a ) X O 15l . . 2.01 ¥ .00
, plp T eemeee—g | W 950
4 o &
l 01 « 25°C A “. . o
P s 40°C 1.0 « 25°C (water dispersion)
L L : L 0.5 T T T T T T T T T T
300 400 500 600 700 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 20
Wavelength (nm) pO, (kPa) pO, (kPa)
300
d e pO, (kPa): 5 f
—0 4 1 =3210 ps
2504 __0.049 3 sl o /
0098 %3 T 333;) us
- 0.196 <?
s 2004 =
3 —0.392 1 4+ / > |
5‘; —0.784 00 05 10 15 20 / 2 i -
= 1504 —1.96 Wavelength (nm) ¥ S5 g
g " ‘avelength (nm o . //fr % 3890 ps
€ AR
= 100 7
i 2 i/
- Vo « D4 foil in water
A A « D4 foil in gas phase
1k / » Particles in gas phase
0- 1 1 1 1 i
400 450 500 550 600 650 700 750 0.0 0.5 1.0 1.5 2.0

Wavelength (nm)

pO, (kPa)

Figure 3. (a) Photoluminescence (PL) emission and excitation, and gated PL spectra of phosphors cross-linked NPs dispersed in argon saturated water. The
inset shows PL images of phosphors cross-linked NPs dispersed in air-saturated (left) and argon-saturated (right) water at room temperature under a 365 nm
hand held UV light. (b) Decay time plots and temperature dependency of 1o (inset) and (c) Stern-Volmer plots of dry 180 nm beads exposure to oxygen in
gaseous phase and as aqueous dispersion (10 mg/mL, T = 25 °C). (d) Photographic images obtained with an RGB camera upon illumination of the planar optical
sensor with 366 nm line of a UV-lamp. Bright green phosphorescence indicates the areas of the sensor soaked with an anoxic aqueous solution (containing 5%
wt. of glucose and 0.05 % wt. of glucose oxidase) for the left image and the area of the sensor deoxygenated with a flow of nitrogen (below image). (e) Corrected
luminescence spectra for the planar optode (Aexe = 365 Nm). Inset shows the corresponding Stern-Volmer plots (Amax = 519 nm). (f) Stern-Volmer plots for the
sensor based on 320 nm beads dispersed in hydrogel D4 in the gas phase and in water. Response of the dry particles in the gas phase is also shown for

comparison. In all the cases T = 25 °C.

The oxygen-sensing properties of the resulting nanoparticles
were quantitatively analyzed in gaseous phase first via a phase-
modulation technique. Generally, the frequency domain method
allows for a compact and inexpensive instrumentation which is
important for practical applications.®” We used 375 nm LED for
excitation that almost perfectly matches the absorption
maximum of the nanopatrticles. Investigation of the dry bead
agglomerates revealed a very similar behaviour for 320 and 180
nm NPs (see Figure 3b and Figure S4). As expected, both
nanoparticles showed very high oxygen sensitivity which is well
explained by the long phosphorescence decay time of the metal-
free organic phosphor under oxygen-free conditions (togas ~ 4
ms, see Figure S4). It should be mentioned that whereas a great
amount of oxygen indicators with the phosphorescence decay
times from 1 to 1000 ps are available®®® there are only very few
examples of probes featuring longer phosphorescence/TADF
lifetimes, =, such as Cro fullerene (1o~ 20 ms),*® BF.-chelates (to
~ 4.3 ms;*™ 1 ~ 360-730 ms)® and Gd(lll) complexes (to~ 1.3
ms; 1 ~ 2 ms)®® which are of particular interest for design of
ultra-sensitive oxygen sensors. The sensitivity is slightly higher
for the 320 nm NPs, which is explained by their longer decay

time. To quantify the sensitivity, we measured t as a function of
oxygen pressure, pOz, and plotting to/ t as function of pO,. The
Stern-Volmer plots show a nonlinear behavior, indicating a
heterogeneous environment of the quenching sites in the
nanoparticles (see Figure 3c). The Stern-Volmer constants, Kgq1,2,
were thus evaluated by the 2-site model developed by Carraway
and Demas;®Y giving 7.1 kPa™ and 0.28 kPa™ for the first and
the second site of the 320 nm NPs, respectively; the LOD in gas
phase was estimated to be 5 Pa. Even though linear stern-
Volmer plot is advantageous, only very few polymer-immobilized
indicators show lineality®® and good fitting with the 2-site model
is fully sufficient for practical application. The resulting high
sensitivity makes our nanoparticle system promising for a wide
range of industrial and environmental applications, for instance
for investigation of oxygen in the oxygen minimum zones in
ocean.

The nanoparticles showed some decrease in the luminescence
decay time at higher temperatures (see Figure 3b and Figure
S4) which is caused by thermal quenching, i.e. increase of non-
radiative rate constant. The temperature coefficients are similar
for both NPs and are 0.84%/K and 0.72%/K at 25 °C for 320 and
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180 nm NPs, respectively; this is higher than those of the most
common organometallic oxygen indicators such as Pt(ll) and
Pd(ll) porphyrins and Ru(ll) polypyridyl complexes.?¥
Interestingly, nanoparticles dispersed in water showed more
linear Stern-Volmer plots and higher sensitivity compared to
those in the gas phase, despite slightly shorter decay time (see
Figure 3c). The effect of humidity on the sensitivity of oxygen
sensors is not uncommon for less hydrophobic polymers.k
Therefore, the nanoparticle systems introduced here are
excellently suitable as well for monitoring of DO in aqueous
media. The nanoparticles can be simply added to the analyte
solution (e.g. in concentrations of 10 mg/mL) providing that the
sample volume is not too large.

In order to achieve higher flexibility in possible applications of
the developed material system we prepared planar optodes by
dispersing the 320 nm NPs in a polyurethane hydrogel D4. The
“cocktail” was coated onto a transparent poly(ethylene
terephthalate) (PET) substrate resulting in a thin film (about 14
pm thick) after solvent evaporation. The optodes can be used for
imaging®® of 2D oxygen distributions (illustrated by Figure 3d) or
as sensor spots attached to a tip of an optical fiber or placed on
the inner side of a transparent glass wall. Red-green-blue (RGB)
imaging gained popularity for a variety of practical applications
due to its simple and low cost instrumentation.®” Our
nanoparticle system is highly promising for this purpose because
the phosphorescence color (A max at 519 nm) matches almost
perfectly the green channel of the camera (see Figure 3e).
Although the blue fluorescence at ~ 390nm originating from PET
support is not affected by oxygen and, in principle, can be used
for referencing of phosphorescence intensity, such
measurement is not desirable due to interferences and large
scattering effects. For that reason, a reference material which
emits in the red part of the spectrum could be added to the
sensor layer along with the oxygen-sensitive particles to enable
ratiometric read-out. Such ratiometric system is currently under
development in our labs. The Stern-Volmer plots for the planar
optodes are more linear compared to that of the dry nanoparticle
agglomerates (see Figure 3f). The results obtained from the
steady state emission spectra (see Figure 3e, inset) and from
intensity measurements in frequency domain are very similar
(see Figure 3f). Again, the sensitivity is somewhat higher when
the measurements are performed in water compared to those
with the dry optode, i.e. in the gas phase.F®

In summary, we have developed metal-free organic phosphors
crosslinked within core-shell polymer nanoparticles as a novel
versatile platform for highly sensitive detection of DO in a variety
of water environments and gaseous oxygen. We believe that this
new detection platform will be widely utilized for the convenient
and easy monitoring of DO.

Experimental Section

All experimental details are described in supporting information.
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Photostability of our optical sensor system was discussed in detail in
the SI.
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We report a highly sensitive dissolved oxygen (DO) detection platform based on
core-shell nanoparticles with water-soluble polymethyloxazoline shell and oxygen-
permeable polystyrene core crosslinked with metal-free purely organic phosphors.
The resulting nanoparticles show a very high sensitivity (LOD of 60nM DO) and can
be readily used for oxygen quantification in a variety of environments.

WILEY-VCH

Y. Yu,”M. S. Kwon, *J. Jung, Y. Zheng,
M. Kim, K. Chung, J. Gierschner, J. H.
Youk,* S. M. Borisov,* J. Kim*

Page No. — Page No.

Room Temperature Phosphorescence
based Dissolved Oxygen Detection
by Metal-free Organic Phosphor
Containing Core-shell Polymer
Nanoparticles

This article is protected by copyright. All rights reserved



