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Phosphorescent oxygen sensors based on PtBP and PdBP dyes encapsulated in 

polyphenylenesulfide (PPS) films by spot-crazing method are described. The new polymer 

matrix enables simple, one-step production of discrete, high-performance O2 sensors using a 

low toxicity solvent 2-butanone, low overall strain (8 %), low amounts solvent and precise 

spatial control. The resulting nano-structured sensor materials display markedly enhanced 

brightness, high photo, mechanical and chemical stability. Their structural and physico-

chemical properties were characterized by differential scanning calorimetry (DSC), wide-angle 

X-ray scattering (WAXS), optical microscopy and phosphorescence lifetime imaging 

microscopy (PLIM). The PPS sensors show high degree of lateral and in-depth homogeneity on 

micro and macro-scale, as revealed by confocal microscopy, linear Stern-Volmer plots and 

single-exponential decays. Operating in phosphorescence lifetime mode, optimised sensors 

show stable O2 calibrations in the range 0.1-100 kPa O2, low temperature dependence (linear in 

the range 10-50°C), low cross-sensitivity to humidity and high reproducibility (RSD 1.5% at 

21 kPa and 0.5% at zero O2). This technology facilitates the production of low-cost disposable 

O2 sensors and their integration in large scale industrial applications such as packaging. 

 

 

Introduction 

 

Detection of molecular oxygen (O2) by a non-chemical, reversible, 

contactless optical method1 is of high utility for many areas 

including industrial process control, environmental monitoring, 

biological detection, medicine and food packaging.2-4 Solid-state 

phosphorescence based O2-sensitive materials satisfy these 

requirements, unlike the other technologies such as Clark-type 

electrodes.3 Optical sensors are usually produced by encapsulation of 

an O2-sensitive indicator dye in an O2-permeable, mechanically and 

chemically stable quenching medium such as polymers or other 

matrices (e.g. glass fibres, membranes).5 The characteristics of the 

dye and encapsulation/quenching medium determine the sensitivity 

and other operational characteristics of the resulting sensor material.6 

Selection of the quenching medium is based on the nature and 

physico-chemical properties of the dye, fabrication process 

requirements and application specifications. It normally comprises 

common polymers such as polystyrene (PS), silicones, ormosils, 

fluorinated polymers3, 7-8, with physically entrapped (solid solution) 

or covalently bound dye molecules9 prepared in the form of a thin 

film coating or composite. Often such sensors contain an additional 

support to improve the mechanical properties of the film and aid 

handling, incorporation into the sample and optical measurements.10 

Conventional O2 sensors are usually produced by making a 

polymeric cocktail in an organic solvent, applying it on a substrate 

and drying,11 polymerizing or curing liquid precursors.12 These 

processes usually involve toxic solvents or monomers (e.g. styrene), 

in significant amount and with considerable wastage. 

Solvent crazing of polymers in physically active liquid environments 

(PALEs) allows encapsulation of various thermodynamically 

incompatible additives in polymeric substrates.17,18-19
 This approach 

involves tensile drawing of a polymer film or a fibre in a suitable 

solvent containing a dissolved additive which leads to the 

development of a specific nanoporous structure in the polymer (5–

15nm pores with a narrow size distribution, and volume porosity up 

to 55-60 %).This process is controlled by the nature of the polymer 

(chemical structure, degree of crystallinity, organization of 

crystalline phase for semi-crystalline polymers), PALE, deformation 

conditions (tensile strain, applied stress, strain rate, temperature) and 

the concentration of an incorporated additive in the feed solution.20
 

This technique has been applied to encapsulate phosphorescent O2-

sensitive dyes in high-density polyethylene (HDPE) and 

polypropylene films in a spot-method which considerably reduces 

the amount of solvent used (toluene).21
 However, intensity signals, 

temperature stability and mechanical properties of such sensors are 

not as good as for traditional sensors. Also after solvent-crazing 

these materials require additional washing and annealing steps. 

Polyphenylenesulfide (PPS) is an attractive polymer for sensor 

development due to its high chemical and thermal (up to 240°C) 
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stability, negligible swelling in solvents and water uptake, moderate 

O2 permeability13,14. As an engineering thermoplastic, PPS films 

have excellent mechanical properties even without reinforcement, 

they are used in aerospace industry and heavy duty composites. It 

can potentially be used for O2 sensing at high temperatures.15-16 

However, rigid aromatic backbone, insolubility in organic solvents, 

extrusion at high temperatures and poor processability make PPS 

hard to impregnate with O2 sensitive dyes and produce O2 sensors. 

We hypothesised that extruded PPS films possess the required 

characteristics (moderate elongation at break, ductile behaviour and 

chemical resistance) for the use in the solvent-crazing process and 

fabrication of high-performance O2 sensors. Using sheets of 

commercial PPS film, phosphorescent dyes PtBP and PdBP, and 2-

butanone as a low toxicity solvent, we optimized the production of 

discrete O2 sensors by the local spot-crazing process with a precise 

spatial control. We also studied key physico-chemical, spectroscopic 

and O2 sensing characteristics of the PPS sensors showing their 

superiority over existing sensors.  

 

Experimental 

 

Materials. Fortron® films (blown PPS, 75µm thick) were from 

CSHyde (Netherlands). Pt(II)- and Pd(II) complexes of meso-

tetrabenzoporphyrin (PtBPandPdBP)- from Frontier Scientific 

(USA). Analytical grade 2-butanone,ethyl acetate, toluene, anisole, 

dimethylsulfoxide and glacial acetic acid were from Sigma-Aldrich. 

O2 and N2 gases, 99.9% were from Irish Oxygen (Ireland). 

 

Spot-crazing procedure. A strip of PPS film (3.0 x 5.0 cm) was 

clamped in a custom-made drawing device18 and 10µL of 

PtBPsolution (0.1-0.4 mg/ml) in the appropriate solvent were 

applied with a micropipette to the centre of the film, which was then 

immediately stretched at a constant strain rate of 6 mm min-1 to the 

desired tensile strain (4-12% elongation). The film was then wiped 

to remove residual solvent, dried in air and released. The process is 

shown schematically in Fig. 1. 

 
Figure 1.Scheme of spot-crazing of PPS films in 2-butanone 

and fabrication of discrete O2 sensors. 

 

Spectroscopic and structural characterisation of PPS samples. 

Phosphorescence intensity and lifetime signals from PPS sensors 

were measured with a hand-held instrument OptechTM (Mocon, 

USA): three times in different locations and calculating average 

values and standard deviations. O2 calibrations were performed 

using a phase detector FirestingTM (PyroSciences, Germany) 

operating with a 1 mm optical fibre probe. Phase shift readings were 

converted into lifetime values as follows:� � tan	��	 �2 ∙ � ∙ 
	⁄ , 

where � is the lifetime (µs), � - phase shift (rad), and 
- modulation 

frequency (4.0 kHz). Accuracy of lifetime measurements using 

Optech and Firesting instruments was 0.01 µs. Phosphorescence 

decays were measured on a Cary Eclipse spectrophotometer (Varian) 

using total gate time 1 ms, gate time 0.05 ms, number of flashes 10, 

and delay time 0.1 ms for PdBP and 0.02 for PtBP, and lifetime 

calculation from single-exponential fitting. 

Standard O2/N2 gas mixtures (0-100kPa O2) produced by a precision 

gas mixer (LN Industries, Switzerland) were pumped through a flow 

cell containing a sensor which was interrogated with the FirestingTM 

probe. The flow cell consisted of an air tight metal frame with a 

glass lens for optical detection, submerged in a circulating water 

bath (Julabo, Germany) and connected to calibration gases with 

PEEK tubing. Humidity effects were tested by flushing the sensors 

with standard gas mixtures bubbled through a humidifier bottle half-

filled with water. Photostability was assessed by exposing the sensor 

to continuous excitation on the FirestingTM device, for 8.5 h at 

maximal (100%) LED power. 

The DSC scans of PPS samples (~1.0 mg each) were collected on a 

thermal analyser Netzsch DSC 204 Phoenix (Germany),at a heating 

rate 20°С/min. The device was calibrated with an indium reference 

sample. The wide-angle X-ray scattering diffractograms were 

recorded on a DRON-4 diffractometer (Bourevestnik, Russia, CuKα-

irradiation, wavelength λ = 0.154 nm).Morphology of the spot-

crazed PPS films was studied on a METAM-2 polarised light 

microscope (LOMO, Russia). Confocal fluorescence microscopy 

was performed on a TCSPC-PLIM system (Becker&Hickl, 

Germany) based on an upright microscope Axio Examiner Z1 (Zeiss, 

Germany) with oil immersion objective Neofluar 100x/1.3, heated 

stage with motorized Z-axis control, DCS-120 confocal scanner 

(B&H) with two excitation and two emission channels.22 A 405 nm 

picosecond diode laser (B&H), connected to the DCS-120 scanner 

with an optical fibre was used for the excitation. Emission was 

detected with a 750-810 nm bandpass filter and R10467U-40 photon 

counting detector (Hamamatsu) connected to the scanner and 

controlled by TCSPC hardware.23 

 

Results and discussion 

 

Fabrication and initial testing of PPS based O2 sensors. Unlike 

HDPE and PP films which can be stretched by more than 200% in 

air and solvent-crazed in different solvents21, PPS films possess a 

low elongation at break (<50%14) and their behaviour during crazing 

in different solvents is largely unknown. We examined the feasibility 

of spot-crazing of PPS films in several solvent systems which also 

dissolve PtBP: toluene, anisole, ethyl acetate and acetic acid. 

Unfortunately, all these were deemed unusable as they increased 

brittleness of the film causing its fracture at low tensile strains (<1 

%) without any significant staining of the polymer. The only suitable 

solvent was 2-butanone, which provided stable crazing of PPS films 

with total elongation of up to 12% and efficient staining with PtBP. 

Notably, upon tensile drawing only part of the polymer which was 

covered with 2-butanone underwent significant deformation (Fig. 1). 

Increasing PtBP concentration increased phosphorescence intensity 

signals from the sensors, though not in a linear manner. 0.1-0.2 

mg/ml of PtBP produced bright intensity signals, while at >0.4 

mg/ml precipitation of the dye on the surface started to occur. On the 

other hand, phosphorescence lifetime signals from the spots 

remained stable, but the unquenched lifetime, ττττo,in PPS was reduced 
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by 4-8 µs compared to the PS or HDPE sensors (Table 1). The % of 

total and local elongation of the PPS was seen to have marginal 

effect on intensity and lifetime signals. The low impact of the main 

process parameters on sensor characteristics reflects the robustness 

of the fabrication method. Low tensile strains required for PPS are 

beneficial, as this speeds up the process, facilitates spatial control 

and preserves the shape of the substrate. O2 permeability of bulk PPS 

is ~9 times lower than for PS (11.8 vs 102.4 cm3mm/m2day.atm, at 

23ºC14). Nonetheless, solvent-crazed PPS-PtBP sensors showed only 

~2-fold lower quenchability than conventional PtBP-PS sensors 

(33% and 59% at 21 kPa O2– Table 1). As a result, PPS-PtBP 

sensors allow measurement up to 100 kPa O2, which is useful e.g. 

for food packaging. For comparison, conventional PS sensors can 

become inaccurate at above 50 kPa O2
24. To cope with reduced 

sensitivity of the PPS sensors in 0-2 kPa O2 range, PtBP dye can be 

substituted with PdBP which has a longer lifetime (see below). 

We also found that the PPS sensors do not require additional post-

treatments, producing stable and reproducible sensing characteristics 

straight after fabrication. In contrast, HDPE and PP based solvent-

crazed sensors require annealing at elevated temperature and 

washing with organic solvent21. 

Thus, the low toxicity solvent 2-butanone (class 3 according to ICH 

guide26) and spot-crazing with small drops of dye solution have 

enabled simple and bio-sustainable fabrication of discrete O2 sensors 

from extruded PPS films. Such sensors show bright phosphorescent 

signals, stable and reproducible lifetime signals comparable with 

conventional microporous sensors and much higher than solvent-

crazed HDPE sensors21. Optimised (vide supra) PPS-PtBP sensors 

then underwent a detailed characterization. 

 

 

 

 

Table 1.The characteristics of PPS-PtBP sensors produced by spot-crazing in 2-butanone under different conditions. 

Parameter Specification 
I0 (zero kPa O2) 

(FU) 

Iq (21 kPa O2) 

(FU) 

ττττ0 (zero kPaO2) 

(µµµµs) 

ττττq (21 kPa O2) 

(µµµµs) 

Concentration (mg/ml) 

0.1 4300±600 3400±350 44.88±0.35 31.00±1.04 

0.2 6200±900 4350±500 44.73±0.19 30.91±0.94 

0.3 8050±500 4950±1150 44.37±0.14 29.88±0.97 

0.4 8500±700 5500±1050 44.61±0.44 29.57±0.57 

Elongation (%) 

3.8a(70b) 9250±850 5900±250 44.60±0.12 29.45±0.32 

7.9a(120b) 11200±1100 7000±450 44.81±0.26 29.64±0.94 

7.9a(185b) 8900±2300 5850±1150 45.04±0.14 29.72±0.08 

12.4a(210b) 6200±750 4400±400 44.00±0.69 29.46±1.33 

PtBP-HDPE sensor (annealed, 

measured on a white support)  
n/a25 9100±1300b 2200±200b 48.45±0.06 13.13±0.17 

PtBP-PS coating on a microporous 

support 
n/a 14000±2100b 4700±300b 51.99±0.10 21.15±0.09 

I and τ represent sensor intensity and lifetime signals, respectively, measured with OptechTM at 24ºC. Optimal conditions are in bold.  

a -total elongation; b - elongation within the crazed section.Unless specified otherwise, sensors were made from 75-µm thick PPS using 10 µl 

of dye solution 0.40 mg/ml, total elongation 8 %.  

 

Physicochemical and structural characterisation.PPS is by nature 

a crystallisable polymer, hence part of it exists in the crystalline state 

and the rest in the amorphous (disordered) state27-28. To characterize 

its crystalline structure, the original PPS film was analysed by DSC 

and wide-angle X-ray scattering (WAXS). DSC allows the 

estimation of thermal characteristics of polymers, including glass 

transition temperature, melting temperature and degree of 

crystallinity27-28. The scan in Fig 2A shows the temperature interval 

which includes the glass transition of the non-crystalline fraction, the 

cold crystallization and melting temperature intervals. Glass 

transition temperature was seen to be 91.2°C, meaning that at room 

temperature the amorphous phase of the PPS exists in its glassy 

state. A pronounced peak at 124°C is associated with cold 

crystallization of the amorphous part of PPS. Finally, the polymer 

melts at 279°C. To estimate the overall crystallinity of initial PPS, 

the area under the melting peak (29.11 J/g) was corrected for the 

area under the crystallization peak (25.44 J/g) giving a value of 3.67 

J/g, which should then be normalized for the heat of fusion of 100% 

crystalline PPS. Although the latter parameter is not available, its 

indirect estimates range from 80 J/g 27, 29to 150 J/g 30. Thus, the 

crystallinity of initial PPS is estimated to be less than 4%. 

Unlike DSC, WAXS measures crystallinity directly. Diffraction 

pattern in Fig. 2B shows a small Bragg peak at 2θ = 12.5° also 

indicating that crystallinity of PPS is below 10%31. Hence, PPS is 

essentially amorphous polymer in its glassy state with minor 

inclusions of crystallites. Its behaviour upon deformation in PALE is 

expected to follow the classical solvent crazing of glassy amorphous 

polymers32, being substantially different from the highly crystalline 

(64%) HDPE with rubbery amorphous phase25. 

The above conclusion was confirmed by the analysis of solvent-

crazed PPS samples by optical microscopy (Fig 3).  One can see that 

deformation of PPS in 2-butanone proceeds via nucleation and 

growth of crazes and formation of a typical fibrillar-porous structure. 

The crazes nucleate at the surface defects in the polymer, then the 

craze tip advances perpendicularly to the direction of the applied 

stress(Fig. 3A) and, at higher tensile strains, the crazes widen and 

move their walls apart (Fig. 3B). This is accompanied by a transition 

of the polymer from non-oriented to the oriented state in craze 

fibrils. Dye molecules dissolved in PALE penetrate the structure of 
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sub-micron crazes and fill them up. After solvent evaporation, dye 

molecules are trapped and adsorbed on the surface of nanofibrils, 

visualising the crazes in uniform green colour.  

A 

 
  B 

 
Fig. 2.Physico-chemical characterisation of the PPS sensors by DSC 

scan (A) and WAXS diffractogram (B).The inset in DSC graph 

shows the glass transition temperature. 

 
Fig. 3. Optical micrographs of the PPS samples after tensile strain 

(direction is shown by arrows) by 15% (A) and 40% (B) in dye-

containing 2-butanone. The scale bar is 1 mm. 

 

By measuring changes in the geometrical volume upon elongation, 

the porosity of the solvent-crazed PPS samples was estimated to be: 

4-5% at 10% strain, 7-8% at 20% strain and 12% at 40% strain.  

In summary, deformation of PPS in 2-butanone proceeds via 

classical solvent crazing mechanism, with nucleation and growth of 

numerous crazes with their typical fibrillar-porous structure. The dye 

solution rapidly penetrates the formed structure by stress-induced 

hydrodynamic flow and occupies the volume of crazes. After solvent 

evaporation, dye molecules remain trapped in the web-like structure 

of crazes, producing highly phosphorescent O2-sensitive material. So 

far, the use of solvent crazing in O2 sensing was demonstrated only 

with semi-crystalline polymers (HDPE and PP - two papers by our 

group). With PPS a glassy polymer was used for the first time in 

solvent-crazing to produce O2 sensors, and this was shown to follow 

classical crazing mechanism. This knowledge can be applied to other 

glassy polymers and sensor materials. 

 

Sensor operational performance. Full calibrations of PtBP-PPS 

sensors were carried out over 0-100 kPa O2 and10-50°C temperature 

ranges (Fig. 4). Similar to the solvent-crazed HDPE sensors21, good 

linearity of Stern-Volmer plots for average lifetimes was observed 

(e.g. R² = 0.996 at 10°C, Fig. 4A), which allows simple re-

calibration. As expected, at higher temperatures, quenching was 

higher (Fig. 4D). For the studied range (10-50°C),it followed a linear 

dependence (though general case is described by a more complex 

function33). Temperature cross-sensitivity of PPS sensors in this 

range was 0.5–0.8%/K, which is lower than for PS sensors (1-

1.5%/K at 21 kPa and 100 kPaO2
3, 34.Comparison of calibrations in 

the gas and liquid phase revealed that PPS sensors possess 

practically no cross-sensitivity to humidity:1.3% at 10°C and 2.0% 

at 30°C. This is in line with the high hydrophobicity, rigidity, 

minimal swelling and water uptake by PPS14 - the criteria reported 

for other O2 sensors 35. For different sensors from the same batch, 

the RSD were 1.5% at 21 kPa and 0.5% at zero O2 (N=4). The limit 

of detection (LOD) of 0.47 kPa corresponds to the variation of 

lifetime signal of 0.26 µs at 0 kPa O2, 10oC. 

 
Figure 4. Calibrations of PtBP-PPS sensors in the gas phase (N=3). 

A. Lifetime calibration at 10°C; B. Stern-Volmer plots for A. C. 

Stern-Volmer plots at 10 (♦), 20 (■), 30 (▲) and 50°C (●). D. 

Temperature dependence of lifetime at different pO2. Measured with 

FirestingTM instrument. 

 

While operating reliably over 0.5-100 kPaO2 range ,the sensitivity of 

PtBP-PPS sensors at around zero O2 is less than for PS or HDPE 

based sensors21. This can be tuned by substituting PtBP with another 

dye with longer lifetime or O2 quenchability34. Using the same 
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procedure, we produced PPS sensors from PdBP dye and compared 

them with PtBP sensors. Phosphorescence decays measured on Cary 

Eclipse spectrometer were single-exponential and clearly different 

for the two dyes at two O2 points (Fig. 5A,B). This also reflects 

uniform distribution and quenchability of dye molecules in solvent-

crazed PPS, like the linear Stern-Volmer calibrations (Fig. 4B).ττττo for 

PdBP-PPS was 397.0±1.1 (similar to PS matrix36) and ττττq was 

131.0±0.7 µs (21kPa, 20ºC). Hence, PdBP-PPS sensors are about 5-6 

times more sensitive than PtBP, which makes them useful for the O2 

range 0.1-21 kPa. Since the excitation and emission bands of PdBP 

and PtBP are shifted by only 10-30 nm (Fig. 5C), both sensor types 

can potentially be measured on the same instrument.  

 

 

 
Figure 5. Phosphorescence decays of the PtBP-PPS (A) and PdBP-

PPS (B) sensors at 21 kPa (grey line) and 0 kPa (black line) O2, 

20°C. Normalised excitation (dashed lines) and emission (solid lines) 

spectra (C) of PtBP (black) and PdBP (gray) sensors.   

 

The lower O2 permeability and significant thickness of PPS matrix 

slow down sensor response. Our 70 micron thick sensor films 

produced T95%=11.5 min and T90%=6.7min at 10°C, being similar in 

water and gas phase. Such response time is acceptable for many 

industrial applications. The response becomes shorter at higher 

temperatures (3min at 50oC for T100%) and for thinner films (in line 

with the theory of O2 diffusion in polymers). 

Lateral and in-depth micro-heterogeneity of PtBP-PPS sensors was 

analysed by confocal fluorescence and phosphorescence lifetime 

imaging microscopy (PLIM). The distribution of intensity and 

lifetime signals for three Z-stacks from the same sensor (0, 20 and 

40 µm below the surface) is shown in Fig. 6. At higher depth surface 

maps show a greater variation of the lifetime, which we attribute to 

increased light scattering by the upper layers and more variable 

intensity signals received by the detector. Nonetheless, lifetime 

values across the film width and depth show symmetrical normal 

distribution. Similar was observed in spot-crazed HDPE sensors25. 

Photostability of PPS-PtBP sensors was also examined and 

compared to existing O2 sensors. After 8h of continuous illumination 

at maximal power of the 615 nm LED (FirestingTM instrument) in air 

atmosphere at 20°C, PtBP-PSS sensors showed no photodegradation 

or changes in O2 calibration whatsoever. For comparison, solvent-

crazed HDPE-PtBP sensor showed a 6% decrease in intensity signal 

and a significant downward drift of the phase signal (0.248 

degrees).These results reflect the high stability of O2 sensors derived 

from PPS, with respect to photodegradation of the indicator dye 

(intensity signal) and the polymer (lifetime or Ks-v). This is 

consistent with the recent study in which major influence of the 

polymer matrix on operational performance of O2 sensors was 

demonstrated.37 

 

 

 
 

Figure 6. Phosphorescence intensity (A) and lifetime (B) 

images of the PPS sensors produced by high-resolution 

confocal microscopy. 2D surface plots are shown for the 

regions (64x64 pixels, 366 µm2) located at the surface (top), 20 

µm (centre) and 40 µm (bottom) deep.  

 

The spot-crazed PtBP-PPS sensors were stable at temperatures 10-

50°C (the range of highest practical importance): after continuous 

use for 1 week at 50oC no detectable changes in O2 calibration were 

observed. However, steam sterilisation (autoclaving at 121°C for 45 

min) or baking for 1-2h in a dry oven at 150 and 200°C significantly 

increased their lifetime values and induced a step-change in O2 

calibration. We link these effects to phase transitions in PPS (Tg = 

91.2ºC), which alter the nanoporous structure and microenvironment 

of dye molecules. Nonetheless, PPS sensors can be sterilized by γ-

radiation, ethylene oxide or hydrogen peroxide38-39, which makes 

them usable in packaging, medical and food applications. According 

to the US FDA Food Contact Notification (FCN) 1083, PPS 

production polymers may be used as components in the manufacture 

of food-contact articles for repeat-use food-contact applications40. 

 

Conclusions 
 

Discrete optical oxygen sensors based on extruded PPS films 

and PtBP and PdBP phosphorescent dyes were produced by 

spot-crazing in 2-butanone. The new polymer and easy to 

control and bio-sustainable fabrication technology yielded the 
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composite materials with useful operational characteristics and 

advantages over the existing O2 sensors. The sensors possess 

linear Stern-Volmer calibrations and temperature trends over 

the O2 range 0-100 kPa, high spatial and in-depth homogeneity, 

robustness and reproducibility, and negligible effect of 

humidity. These features make them promising for large scale 

applications such as packaging. 

. 
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Phosphorescent oxygen sensors produced by localised solvent-crazing of polyphenylene sulphide 

films are described.  
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