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a  b  s  t  r  a  c  t

Development  of phosphorescent  oxygen  sensing  materials  based  on  commercially  available  semicrys-
talline  polymer  fibres  (polyolefins,  PP and  PE)  is  described.  The  Pt-benzoporphyrin  dye  was  incorporated
into  the  nanoporous  network  of polyolefin  fibres  formed  upon  tensile  drawing  in the presence  of  phys-
ically  active  liquid  environment  via  the mechanism  of solvent  crazing.  Optimised  fibre  sensors  showed
optimal  sensitivity  to  O2, stable  calibration  in the  range  of  0–21 kPa  O2, reversible  operation,  linear  tem-
eywords:
olid-state oxygen sensor
hosphorescence quenching
olyolefin fibre
olvent crazing

perature  dependence  and  no  significant  cross-sensitivity  towards  humidity.  The  high surface  area  to
volume  ratio  of  the  solvent-crazed  polymer  fibres  enabled  relatively  bright  phosphorescence  intensity
signals  and  fast response.  Widefield  and confocal  microscopy  combined  with  lifetime  imaging  were
used  to investigate  the  fine  structure,  dye  distribution  and  heterogeneity  of  quenching  by O2 in the
solvent-crazed  dye-containing  polymer  fibres.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Sensors for molecular oxygen (O2) based on the quenching
f photoluminescent dyes and materials have received increas-

ng attention due to their potential applications in food and
harmaceutical packaging [1–5], biological research [6–8], indus-
rial process control, environmental monitoring and other areas
1]. Solid-state sensors are constructed by incorporating an O2-
ensitive phosphorescent dye into a suitable polymeric matrix, and
he response towards O2 is detected through measurement of the
ntensity or lifetime signals which are quenched by O2 [1]. Unlike
xygen electrodes [9], they lack oxygen consumption, are able to
onitor O2 levels in a non-invasive, contact-less manner, and pro-

ide accurate quantification of O2 in gas and liquid phases, fast and
eversible response and excellent sensitivity in the low O2 range
1,2].

Polymeric matrices, such as polystyrene (PS), polysulfone (Psu),
ilicones, ormosils exhibiting moderate to high O2 permeability,
igh chemical and mechanical stability, are widely used to prepare

xygen sensors [1]. Sensor fabrication methods include casting of
hin films on a suitable substrate using a cocktail of a dye and a
olymer in an organic solvent [10], polymerization and curing of

∗ Corresponding author.
E-mail address: d.papkovsky@ucc.ie (D.B. Papkovsky).

ttp://dx.doi.org/10.1016/j.snb.2016.02.062
925-4005/© 2016 Elsevier B.V. All rights reserved.
precursors (e.g., sol–gel, Ormosil) [11,12], covalent coupling of a
dye to the polymer [13], incorporation of the dye into micro or
nanoparticles, etc. [6,14]. The sensitivity and response dynamics of
a sensor are dictated by the O2 permeability, diffusion rate of O2
through the polymer matrix, the lifetime of the dye and quenching
efficiency.

Polyethylene (PE) and polypropylene (PP) based materials are
widely used in packaging and as heat sealable layers [15]. These
polymers exhibit moderate O2 permeability, good chemical and
mechanical stability, but their application in O2 sensing has been
limited by poor ‘processability’ and compatibility with established
sensor fabrication technologies and dyes. Recently, solvent (or
environmental) crazing of polymers has been suggested for the
preparation of O2 sensors from polymeric substrates, mainly films
[16]. This method proved to be universal and allows production
of O2-sensitive materials from various semi-crystalline or glassy
polymers. In solvent-crazing, a polymer substrate is subjected to
tensile drawing in a physically active solvent at room tempera-
ture to a certain tensile strain. Two  main modes of solvent crazing
are known: the classical one for amorphous glassy polymers and
delocalized solvent crazing for semicrystalline polymers [17]. Dur-
ing this procedure, porosity in semicrystalline polymers increases
via interlamellar separation and fibrillation, forming a continu-

ous nanoporous network with dimensions of pores and fibrils
of ∼10 nm [18]. If a phosphorescent O2-sensitive dye (or other
cargo) is dissolved in the crazing-assisting solvent, it gets physically

dx.doi.org/10.1016/j.snb.2016.02.062
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.02.062&domain=pdf
mailto:d.papkovsky@ucc.ie
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Fig. 1. (A) Excitation and emission spectra of PtBP in solvent-crazed SF3 fibre (solid line) and toluene (dotted line), �ex = 615 nm under N2 atmosphere, (B) reversible response
of  SF3 at 20 ◦C.
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Fig. 2. The effect of post-crazing treatments on the unquenched (a) lifetime

ntrapped in the nanopores forming a phosphorescent O2-sensitive
aterial. This method was also adapted for the fabrication of dis-

rete O2 sensor spots from HDPE [19] and PPS films [20,21], coined
s “spot or local” crazing. So far, most work on solvent-crazing was
erformed on commercial polymer films.

In recent years, micro- and nano-sized fibres have been explored
ith the view of production of sensors for various analytes [22–28].

uch materials display a number of special features (e.g. high
ensitivity, fast response, high surface area to volume ratio, poros-
ty, easy access to analytes), which also make them attractive
or O2 sensing applications. Nanofibres produced from polymers

ith moderate to high O2 permeability including PS [27,29], bio-
ompatible polymers such as polycaprolactone (PCL) [30] have
een fabricated by solution-electrospinning method by applying
n electric voltage to droplets of a homogeneous solution of the
orresponding polymer in a suitable organic solvent [31,32]. The
olution electrospinning method has also been applied to produce
ore-shell nanofibres using a poly(ether sulfone) (PES) or a polysul-
one (PSU) core and polycaprolactone (PCL) shell [26], PDMS (core)
nd PCL (shell) [28]. The electrospun nanofibres possess very thin
iameters (∼several hundred nanometers) and display ultrafast
esponse to oxygen, which is advantageous for their applications
n biological field (such as monitoring cellular metabolism, tissue
ngineering, cancer cell research etc) [26,28]. However, large-scale
roduction of nanofibres through this method requires use of large

uantity of organic solvent, which can increase the production
ost as well as can result in environmental pollution. Despite the
ide range of application of solution based electrospinning method

or a variety of polymers, use of this method for fabrication of
(b) intensities of various fibers dye concentrations of 3 mg/ml, and 9 mg/ml.

polyolefin nanofibres at ambient temperature is relatively limited
due to low solubility of polyolefins in common organic solvents
and their high electrical resistivity [33,34]. Commonly, electrospun
polyolefin nanofibres are produced from polymer melt [35,36].
However compared to solution based method, melt electrospinning
technique requires additional heating setup and addition of addi-
tives and conductive materials to reduce the viscosity of polymer
melt and increase the electrical conductance [35,37–39].

In this context, solvent crazing of polyolefin fibre polymers
offers a convenient alternative for preparation of nanocompos-
ite O2-sensitive materials, involving relatively simpler set-up, less
processing steps, lower production cost and compatible with large-
scale production. Solvent crazing of fibre substrates was  previously
studied [40] for PET fibres (a typical glassy polymer) which showed
that structural behavior of fibres upon solvent crazing appears to
be appreciably different from that of films. Deformation of glassy
polymers proceeds via classical crazing and is characterized by
the formation of alternating crazes with their specific fibrillar-
porous structure that can be loaded with dye, and the dye-free
regions of dense bulk polymer. This structure of alternating dyed
and undyed regions seems to be less advantageous for sensors as it
produces non-uniform dye distribution in the polymer. Moreover,
PET by itself is not a good material for O2 sensors [8]. In con-
trast, semicrystalline polyolefins prove to be effective matrices for
O2 sensors. Deformation of semicrystalline polymers proceeds via

delocalized crazing which, in contrast to classical crazing, provides
uniform development of nanopores and porosity via interlamellar
separation, thus ensuring uniform distribution of the dye within
fibre [18]. To the best of our knowledge, no studies on solvent
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Fig. 3. (A) Dependence of phosphorescence lifetime on O2 concentration for HF1
36 S. Banerjee et al. / Sensors an

razing of semicrystalline fibres have been performed so far. We
herefore decided to extend the use of solvent crazing method to
emicrystalline polyolefin fibre for preparation of nanocomposite
2-sensitive materials. This is the first attempt of solvent crazing
f semicrystalline fibres. This approach is beneficial for the produc-
ion of fibre-based sensors from cheap commercial fibres (PE and
P) and hollow fibers. These materials possess high surface area
nd contact area with analyte.

Here we describe several new types of O2 sensors produced
rom commercial semicrystalline polyolefin microfibres (PE and
P) impregnated with a phosphorescent O2-sensitive dye Pt(II)-
enzoporphyrin (PtBP) by the solvent-crazing. The effects of basic
rocess parameters such as conditions of solvent crazing (SC),
orosity of the SC polymer samples, dye concentration, post-
nnealing of the SC samples on the final performance of the
ensor were investigated. Sensor characterisation was performed
y measuring the phosphorescence intensities and lifetime val-
es at various O2 and environmental conditions (temperature,
umidity, gas/liquid phase). The dye distribution along the length
nd depth of the polymer fibre was investigated with widefield
nd confocal microscopy combined with phosphorescence lifetime
maging. These sensor materials and fabrication method involve a
elatively simple set-up, and potentially allow the production of
uminescent monofibres based on semicrystalline polymers in a
ost-effective and scalable manner (continuous process).

. Materials and methods

Hollow PP fibres, Type 1000 (HF1) and Type 3500 (HF2), thick-
ess 40 �m were from Khimvolokno (Russia). Solid, 80 �m thick PP
bre (SF1) was from Textile Development Associates, USA. Solid,
0 �m thick PP fibre, Type 3500 (SF2) and PE fibre, Type 1000 (SF3)
ere from Khimvolokno (Russia). PtBP dye was from Luxcel Bio-

ciences (Cork, Ireland); heptane – from Sigma–Aldrich; N2 and O2
ases (99.999% purity) – from Irish Oxygen (Ireland).

Impregnation of the polymer fibres was carried out by clamping
nd drawing a bundle of fibres in a custom-made drawing device
16] in n-heptane. PtBP dye was dissolved in n-heptane (3 mg/ml
r 9 mg/ml), which was then used as crazing solvent for tensile
rawing of the PP and PE fibres at a constant strain rate of 5 mm/min
t room temperature. The solid fibres were stretched by 100% and
ollow fibres—by 150%. After stretching fibres were released either
t room temperature or at elevated temperature. Alternatively, the
tretched fibres were annealed under isometric conditions at 110 ◦C
or 30 min  resulting in solvent-crazed fibres with open porosity.
o enhance the development of crazing, SF1 was pre-annealed at
10 ◦C for 30 min  prior to stretching.

. Spectroscopic characterisation of the sensors

Phosphorescence measurements were carried out on a Cary
clipse fluorescence spectrometer (Varian) equipped with a Peltier
emperature control, with �ex = 620 nm,  total decay time 0.02 sec,
elay time 0.1 ms,  gate time 5 ms.  Excitation spectra were recorded
sing �em = 765 nm under similar set-up.

Initial screening was performed by fixing small bundles of
he solvent-crazed fibres on a white paper background and mea-
uring the phosphorescence intensity and lifetime values with a
irestingTM instrument (PyroSciences GmbH, Germany) equipped
ith a 1 mm fibre-optic probe and operated under standard man-
facturer’s settings (100% LED), at 20 ◦C in a flow cell. Phase shift
alues obtained from the FirestingTM instrument was converted
nto lifetimes using the equation: � = tan�/2�ϑ, where � is the life-
ime of the dye in seconds, � is the phase shift (radian), and � is the
and SF3 in dry and humid gas mixtures at 20 ◦C; (B) corresponding Stern-Volmer
plots, and (C) temperature dependence (in dry gas).

modulation frequency (4.0 kHz, which is close to optimal for the
dye and range of lifetime changes or O2 concentrations studied).

Oxygen calibration was  performed with the optimised sensor
at 10, 20 and 30 ◦C. Standard O2–N2 gas mixtures (0–21 kPa O2)
produced using a precision gas mixer (LN Industries, Switzerland)
were pumped through the flow-cell. The sensor was allowed to
equilibrate for 10 min  at each oxygen concentration and the sig-
nal was  recorded with FirestingTM. The reversibility of the sensors
were examined by measuring phosphorescence signal by subject-

ing the sensors to alternate streams of N2 and air. The response
(t90↓) time was taken as the time required for the luminescence
signal to decrease by 90% of the total change respectively.
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Fig. 4. (A) Photostability data for HF1 and SF3 upon continuous illumination for 12 h in air at 20 ◦C, (B) Lifetime data for HF1 and SF3 after one month storage at room
temperature.
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ig. 5. Microscopic analysis of HF1 sensors: widefield intensity images at (A) 21 kPa
onfocal intensity and (E) lifetime images in air at 25 �m depth with Inset showin
espectively.

. Microscopic Characterisation

Widefield imaging was conducted on an inverted microscope
xiovert 200 (Carl Zeiss, Goettingen, Germany) equipped with a
lan Neofluar 10X/0.3 objective, pulsed excitation module (590 nm
ED), gated CCD camera (LaVision Biotech), excitation (595/40 nm)
nd emission (780/60 nm)  filter cubes and incubation chamber
ith O2/CO2/temperature control (Pecon) [41]. The differential

nterference contrast (DIC) and phosphorescence intensity images
ere obtained using exposure times 20 ms  and 150 ms  respectively.

hosphorescence lifetime imaging (PLIM) analysis was  performed
y collecting a set of frames (11) at different delay times, using pulse

ength 7 �s, exposure time 300 ms,  2 × 1 binning, and axis param-
ter 0–200 �s, for SF3 and exposure time 500 ms,  axis parameter
–150 �s (11 images) and 2 × 1 binning for HF1. The intensity sig-

als of the frames were then fitted with single-exponential decay

unction to work out lifetime values for each pixel and produce 2D
ifetime images of the sample.
B) 1 kPa O2, (C) variation of intensity and lifetime values along the fibre length. (D)
edge of HF1. (F) and (G) show the variation of lifetime along the length and depth

Confocal microscopy and PLIM analysis were performed on a
TCSPC-PLIM system (Becker & Hickl, Germany) based on an upright
fluorescence microscope Axio Examiner Z1 (Zeiss) equipped with
40 × /1.1 W-LD-C Apochromat objective, temperature controlled
stage, motorised Z-axis control, a DCS-120 confocal scanner (B&H),
a R10467U-40 photon counting detector (Hamamatsu) connected
to the scanner and controlled by TCSPC hardware [41]. The dye was
excited at 614 nm with a tunable picosecond laser SC400-4 (Fia-
nium, UK) and phosphorescence was  collected with 750–810 nm
band-pass and 665 nm long-pass filters. PLIM analysis was  carried
by fitting the decay traces with monoexponential decay functions
using the built-in SPCImage software (B&H).

5. Results and discussion
5.1. Sensor fabrication and initial optimisation

Deformation of the fibres used in this study in the presence of a
physically active solvent proceeds via the mechanism of delocalized
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Table 1
Effect of various parameters on the lifetime and intensities of sensor fibres.

Post-crazing treatment Dye conc.(mg/ml) Fibre LT (t) ms  t0/t21 Intensity a.u. I0/I21

21% O2 0 % O2 21% O2 0 % O2

Shrinkage
at room-temp. (Closed
Pores)

3 HF1 12.5 ± 0.5 41.1 ± 1.5 3.3 54 ± 6 135 ± 10 2.5
HF2  9.5 ± 0.8 39.7 ± 1.0 4.2 24 ± 2 79 ± 6 3.2
SF1  6.0 ± 0.5 35.0 ± 1.2 5.8 14 ± 1 45 ± 3 3.2

9  SF1 8.0 ± 1.0 34.0 ± 1.0 4.3 22 ± 2 89 ± 10 4.0
Shrinkage at 110 ◦C
(Closed Pores)

3 HF1 14.8 ± 0.5 41.2 ± 0.7 2.8 90 ± 10 192 ± 15 2.1
HF2  12.2 ± 0.5 39.61.0 3.2 61 ± 5 163 ± 15 2.7
SF1  6.0 ± 0.5 37.2 ± 1.5 6.2 11 ± 1 44 ± 4 4.0

9 SF1  15 ± 1.3 31.2 ± 2.9 2.1 44 ± 5 80 ± 10 1.8
SF2  8.0 ± 1.0 29.5 ± 3.0 3.7 24 ± 3 90 ± 10 3.0
SF3  11.0 ± 1.5 42.1 ± 3.0 3.8 117 ± 12 336 ± 40 2.9

Annealing under isometric conditions. (Open
pores)

3 HF1 12.7 ± 0.7 41.7 ± 1.0 3.3 100 ± 15 248 ± 20 2.5
HF2  12.7 ± 1.0 42.0 ± 1.5 3.3 68 ± 5 204 ± 10 3.8
SF1  9.5 ± 1.0 41.7 ± 3.0 4.4 13 ± 1.5 53 ± 6 4.1

9 SF1  12.8 ± 1.0 34.5 ± 2.0 2.7 34 ± 4 100 ± 7 2.9
SF2  23.6 ± 2.5 39 ± 2.3 1.7 157 ± 20 321 ± 50 2.0
SF3  23.0 ± 1.5 41.8 ± 3.5 1.8 172 ± 15 391 ± 40 2.3

Optimal  Sensor HF1 (110 ◦C-shrinkage) 14.8 ± 0.5 41.2 ± 0.7 2.8 90 ± 10 192 ± 15 2.1
Optimal  sensor SF3 (110 ◦C- shrinkage) 11.0 ± 1.5 42.1 ± 3.0 3.8 117 ± 12 336 ± 40 2.9

Table 2
Effect of humidity on the lifetime on sensor fibres.

Treatment Dye conc(mg/ml) Fibre LT (t) ms  Dry Gas LT (t) ms  Humud Gas

21% O2 0 % O2 21% O2 0 % O2

Extension in dye
containing solution

Shrinkage at room
temp. (Closed Pores)

3 HF1 12.5 ± 0.5 41.1 ± 1.5 12.2 ± 0.4 41.5 ± 0.5
HF2 9.5 ± 0.8 39.7 ± 1.0 9.3 ± 0.7 38.9 ± 1.0
SF1 6.0 ± 0.5 35.0 ± 1.2 5.5 ± 0.5 35.0 ± 0.1

9  SF1 8.0 ± 1.0 34.0 ± 1.0 7.9 ± 1.0 33.0 ± 1.0
Shrinkage
at  110◦C (Closed Pores)

3 HF1 14.8 ± 0.5 41.2 ± 0.7 14.1 ± 0.5 40.9 ± 0.9
HF2 12.2 ± 0.5 39.6 ± 1.0 12.0 ± 1.0 39.5 ± 0.8
SF1 6.0 ± 0.5 37.2 ± 1.5 5.8 ± 0.5 36.8 ± 1.2

9 SF1  15 ± 1.3 31.2 ± 2.9 14.2 ± 1.2 31.3 ± 2.6
SF2 8.0 ± 1.0 29.5 ± 3.0 7.5 ± 1.0 29.0 ± 2.0
SF3 11.0 ± 1.5 42.1 ± 3.0 10.5 ± 1.2 42.0 ± 2.0

Annealing isometric
cond. (Open pores)

3 HF1 12.7 ± 0.7 41.7 ± 1.0 12.5 ± 0.5 41.2 ± 0.5
HF2 12.7 ± 1.0 42.0 ± 1.5 12.0 ± 0.6 42.7 ± 1.0
SF1 9.5 ± 1.0 41.7 ± 3.0 8.0 ± 0.5 40.4 ± 0.6
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olvent crazing. Upon tensile drawing in the dye-containing solu-
ion, the fibres became brightly coloured in green, which directly
ndicates the development of open-pore structures in the polymer
nd proves incorporation of dye molecules into the nanopores. The
orosity of fibers is shown to increase with increasing tensile strain.
or our further studies the fibres with maximal (40%) porosity were
elected: 100% for PE and PP fibers and 150% for hollow PP fibres.
ore sizes for the solvent-crazed fibers lie in the range 5–8 nm.  Let
s mention that the stretched fibers contain no visible crazes but
ppear to be uniformly colored along their length.

Fig. 1 illustrates the phosphorescence spectra of PtBP-doped
F3 fibre, with characteristic excitation Q-bands at 566 nm and
15 nm,  and emission band centred at 765 nm. All other fibres
howed similar spectral characteristics. Compared to toluene, PtBP
id not exhibit any significant spectral shift, when incorporated in
olyolefin fibres through solvent crazing. The solvent-crazed fibres
howed fast and reversible response, when exposed to alternating
treams of air and N2 (Fig. 1B).

Following the spectral characterisation of the dye-doped fibres,
ensor fabrication was optimised by varying fibre type, dye con-
entration, and post-crazing treatments. Initially HF1, HF2 and

F1 fibres were used, stretched in n-heptane containing 3 mg/ml
tBP. They were subsequently either released to their free state or
nnealed under isometric conditions at 110 ◦C. The effects of these
reatments and impregnation on the phosphorescence lifetime and
SF1  12.8 ± 1.0 34.5 ± 2.0 10.0 ± 1.0 32.0 ± 2.0
SF2 23.6 ± 2.5 39 ± 2.3 21.0 ± 2.0 37.0 ± 2.0
SF3 23.0 ± 1.5 41.8 ± 3.5 22.0 ± 1.5 40.0 ± 2.0

intensity signals of the fibres are summarised in Fig. 2A and B and
Table 1. Dye concentrations below 3 mg/ml  mainly reduced the
intensity signals, which was undesirable.

All SC fibres annealed under isometric conditions showed higher
unquenched lifetime and intensities (Fig. 2A and B). This probably
results from the higher volume porosity of this material, thereby
allowing higher dye incorporation, as well as redistribution of the
dye molecules along the highly porous network of the SC-fibres
and reduced dye aggregation after annealing [42]. However, the SC
fibres annealed under isometric conditions showed high sensitiv-
ity to humidity (Table 2), which can be explained by their open
porous structure. The fibres relaxed in free-standing state showed
weaker signals, and this is perhaps correlated with reduced volume
porosity [42] and thus lower dye loading. When the samples were
allowed to shrink at 110 ◦C, their unquenched phosphorescence
signal was  higher than for the fibres relaxed at room tempera-
ture. This can be related to a more homogeneous distribution of dye
molecules within the polymer network upon relaxation at elevated
temperatures [19]. In all cases, SF1 displayed low unquenched
intensities and lifetime values. Aiming to increase the intensity sig-
nals, we  performed solvent crazing of SF1 in n-heptane containing

9 mg/ml  PtBP, however, this decreased unquenched lifetime from
37.2 ± 1.5 �s to 33.0 ± 2.0 �s. This shortening of the lifetime can
be explained by local overloading of the dye molecules resulting
in their self-quenching and aggregation within the nanoporous
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Table  3
Parameters of quenching by O2 for HF1 and SF3.

Sensor Temp (◦C) �0 (�s) K1
SV (kPa−1) K2

SV (kPa−1) f k1
q(Pa−1s−1) k2

q(Pa−1s−1)

HF1 10 42.7 0.026 0.324 0.55 0.609 7.588
20  40.8 0.037 0.390 0.51 0.907 9.559
30  37.3 0.043 0.449 0.43 1.153 12.038

SF3 10  43.3 0.031 0.438 0.54 0.716 10.115
20  42.6 0.037 0.533 0.47 0.869 12.512
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30  40.5 0.039 

q = KSV/�0.

tructure. The solvent-crazed SF2 and SF3 fibres after isometric
nnealing exhibited higher unquenched signals (Fig. 2A-B), but
howed cross-sensitivity to humidity similar to SF1 (Table 2) and
eemed less-suitable for O2 sensing applications.

Among the fabricated sensors, solvent-crazed HF1 fibres pre-
ared via tensile drawing at low dye concentration (3 mg/ml) with
ubsequent free-standing relaxation at 110 ◦C appeared to be the
est performing ones. They exhibited higher unquenched life-
ime and intensity signals and practically no cross-sensitivity with
umidity (Table 2). Among solid fibres, SF3 prepared via stretching
t high dye concentration and relaxation in free state at 110 ◦C was
referred over the other solid fibres. These samples were further
tudied in detail.

.2. Detailed Characterisation

HF1 and SF3 sensor fibres were calibrated over 0–21 kPa O2 at
emperatures 10, 20 and 30 ◦C (Fig. 3A), and changes in phospho-
escence lifetime were analysed by the Stern-Volmer plots (Fig. 3B).
oth sensors showed non-linear behaviour at all the temperatures
tudied, which is indicative of heterogeneous micro-environments
f the dye in the polymer. O2 calibration data points were fitted with
Two Site model” which assumes two distinct quenching states of
he dye [43,44]:

I � f (1 − f )

I0

=
�0

=
1 + K1

SV [O2]
+

1 + K2
SV [O2]

where I and � represent the luminescence intensity and life-
ime of the dye at any quencher concentration, I0 and �0 represent

ig. 6. Microscopic analysis of SF3 sensors: widefield intensity images at (A) 21 kPa an
onfocal intensity and (E) lifetime images in air at 25 �m depth with Inset showing the 

epth  respectively.
0.681 0.41 0.962 16.815

the unquenched luminescence intensity and lifetime, f is the frac-
tion of the total emission arising from first binding site, K1

svand
K2

sv correspond to the Stern–Volmer constants for two emitting
components. From the fitting, model parameters (K1

sv, K2
sv, f) and

calibration function were determined.
As expected, sensor fibres showed significant temperature

dependence of quenching, which has to be compensated for. Table 3
shows that the unquenched lifetime signal for HF1 decreased from
42.7 �s at 10 ◦C to 37.3 �s at 30 ◦C (Fig. 3C), with a concomi-
tant increase in the KSV and bimolecular quenching constant kq

(kq = KSV/�0). The average kq values for the PE and PP fibres were sig-
nificantly higher than for the corresponding planar sensors [19,45],
indicative of their higher sensitivity to oxygen. The combination of
high O2 sensitivity and lack of cross-sensitivity towards humidity
(Fig. 3A and Table 2) is advantageous for sensing of dissolved O2.

Both HF1 and SF3 exhibited fully reversible response in dry and
humid gas mixtures. In dry gas, HF1 and SF3 showed fast response
with t90↓ values 60 s and 30 s, respectively. In humid gas mixture,
t90↓ was  95 s for HF1 and 60 sec for SF3. For comparison, PP mem-
branes exhibited slower response and recovery (∼5 min) [45]. A
general problem associated with luminescent sensors is degrada-
tion of the luminescent dye or sensor material upon continuous
irradiation or long term storage. Photostability of the sensor fibres
was investigated by measuring the phosphorescence signal in air at
20 ◦C. Upon continuous illumination over 12 h, no significant reduc-
tion in lifetime signals was  observed (Fig. 4A). The sensor fibres also

showed reproducible lifetime values over a period of one month
(Fig. 4B), when stored in dark condition at room temperature. Their
stability over further longer period of time is under investigation.

d (B) 1 kPa O2, 9 (C) variation of intensity and lifetime along the fibre length. (D)
edge of SF3, (F) and (G) demonstrate the variation of lifetime along the length and
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Wide-field fluorescence microscopy combined with phos-
horescence lifetime imaging (PLIM) were used to study the

mpregnation of the polymer fibres and lifetime signals at 21 kPa
nd 1 kPa O2 concentrations (Fig. 5 and 6). A relatively uniform
ye distribution (intensity) and a narrow lifetime distribution was
bserved along the HF1 fibre (Fig. 5A,B,C). The variability of life-
imes (12.8 ± 1.5 �s at 21 kPa and 33.7 ± 2.5 �s at 1 kPa of O2) in
LIM was however, greater than for macroscopic measurements
sing FirestingTM.

In the case of SF3, alternating band regions with higher inten-
ities can be seen along the length of the fibres, consistent with
he presence of alternating regions of nanoporous crazes in bulk
olymers (Fig. 6A,B). Lifetimes at 21 kPa and 1 kPa showed narrow
istribution: 13.6 ± 1.5 �s at 21 kPa O2 and 37.1 ± 3.0 �s at 1 kPa O2
Fig. 6C).

The 3D structure and homogeneity of HF1 and SF3 sensor fibres
ere also studied by confocal PLIM microscopy. Their intensity and

ifetime images at 25 �m depth from the surface are shown in Fig. 5
nd 6D,E respectively. HF1 exhibited more uniform dye distribution
cross fibre. The hollow part of HF1 fibre showed reduced intensity
ignals. The lifetime distribution across the diameter of HF1 shown
n Fig. 5E-inset demonstrated a uniform dye distribution with very
ew aggregates present on the surface with slightly lower lifetime.
F3 exhibited a heterogeneous distribution along the fibre length
Fig. 6F), although the lifetime did not vary significantly across the
epth (Fig. 6G). The heterogeneous lifetime distribution along fibre

ength is probably due to localisation of dye into alternating crazes
nd bulk polymer phases formed during the solvent-crazing pro-
ess.

. Conclusion

For the first time, O2 sensors based on semicrystalline polyolefin
bres were prepared by the incorporation of phosphorescent PtBP
ye into polymer via the mechanism of delocalized solvent craz-

ng. Among the sensors studied, the PP-based HF1 sensor appeared
o be the best performing one. The sensors showed stable calibra-
ion in the range of 0–21 kPa O2, linear temperature dependence
nd no significant cross-sensitivity towards humidity and uniform
ye distribution. The high surface area to volume ratios of the fibres
llows optimal sensitivity to O2, rapid and reversible response. Sen-
or fabrication is simple, low-cost and compatible with large-scale
ndustrial production in continuous mode. These fibre materials can
nd use as microsensor tips or on micromanipulator for probing O2

evels in small samples and various applications including biolog-
cal, medical and industrial. The polyolefin fibres offer advantages
f being flexible, stable and robust. They can be used to produce
ew woven materials and smart textiles.
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