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QUT Biofuel Engine Research Facility 

CAPABILITIES 
• Fuel Handling 

– Liquid and gaseous fuels 
– Dual fuel capability 
– Separate Biofuel / Petroleum handling 
– On-board Emission 

• Emission Tests 
– Gas (CO2, CO, HC, NOx) 
– Particulates 

• Thermodynamic Modeling 
– AVL Boost and Fire 
– ANSYS 

CONTROL ROOM 

A/Prof Richard Brown and Dr Zoran Ristovski 

Engine (s)  CAPABILITIES  
•  Fuel Handling  

–  Liquid and gaseous 
fuels (Hydrogen) 

–  Dual fuel capability  
–  Separate Biofuel / 

Petroleum handling  
•  Emission Tests  

–  Gas (CO2, CO, HC, 
NOx)  

–  Particles 

Richard 
Brown 
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PM & health effects 
•  Epidemiological studies - strong associations between levels of 

ambient particulate matter (PM) and increased respiratory and 
cardiovascular disease morbidity and mortality 

•  mechanism(s) by which particles induce adverse health effects 
are still not entirely understood 

Proposed mechanism: Oxidative stress hypothesis 

                             
           PM → free radicals; ROS → oxidative stress →  inflammation  
         ↓ 

       cell injury / death 
 
 4 

Ristovski, Z., Miljevic, B., et al., (2012). Respiratory 
health effects of diesel particulate matter. 
Respirology, 17, 201–212. 
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Health effect of PM 

5 

Particles 

Oxidative 
stress Inflammation 

•  COPD 
• Asthma 
• CHD 
• Cancer 

Free 
radicals 

Cell 
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Free radicals  
 
•  Free radicals can be generated in the human body 
•  Free radicals make chain reaction 
•  Antioxidant terminate the chain reaction 

     
ROS 
 
•  Sources: Exogenous  and Endogenous 
•  Oxidative stress 

 
 
 

6 
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PM & health effects 

7 

•  ROS – Reactive Oxygen Species  (O2
-. ,HO., RO., ROO., 

1O2,ONOO-, H2O2, ROOH) 
•  oxidative stress - an imbalance between the production of 

ROS and the cell’s (or body’s) natural antioxidant defence. 
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Endogenous and exogenous ROS 
•  ROS can be formed endogenously, by the 

lung tissue cells, during the phagocytic 
processes initiated by the presence of PM in 
the lungs, or by particle-related chemical 
species that have the potential to generate 
ROS.  

•  In addition to the particle-induced generation 
of ROS, several recent studies have shown 
that particles may also contain ROS (so called, 
exogenous ROS).  
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Measurements of the radical generation capacity of the PM 
 

9 

Toxicological studies 

In vitro In vivo 

Human 
inhalation 

  
 

 
 
 
 

 

Acellular assay 

•  The best 
predictor  of PM 
toxicity 

•  Complicated 
•  Expensive 
•  Time-consuming 
•  Ethical approval 
•  Not suitable for 

routine analyses 
and field studies 

•  Alternative for in 
vivo studies 

•  Complicated 
•  Expensive 
•  Time-consuming 
•  Not suitable for 

routine analyses 
and field studies 

•  Cheaper;  Faster 
•  No need for 

ethical approval 
•  Easily applied in 

field studies and 
routine analyses 

•  Only inherent 
oxidative potential; 
No biological 
interaction 
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Electron 
Paramagnetic 
Resonance 
(ESR) 

10 

Acellular assay 

Analytical 
assay 

Chemical 
assay 

Chemical 
reaction Fluorescent  

emission 

DTT 
Ascorbic 

acid 

DCFH-DA DHR-6
G PFN POHPA

A 
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DTT 

•  Dithiotheritol 
•  Strong reducing agent 
•  Measure the formation of the ROS by 

quinones 
•  Remaining DTT reacts with Ellman 

reagent 
•  Following by TNB production in 412 

nm 
•  Report as:  

Ø  nmol DTT min-1µg PM
-1 

Ø  normalized index of oxidant generation 
and toxicity (NIOG) 

•  DTT and TNB are both light sensitive  
•  DTT is reactive toward limited number 

of species 
•  Needs incubation time up to 90 min  

11 
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DCFH-DA 

•  Dichlorofluorescin Diacetate 
•  Emit fluorescence after being 

oxidized by hydrogen peroxide  
•  Detection of H2O2 

•  Needs catalyst usually HRP 
•  Calibration curve base on hydrogen 

peroxide equivalent particles 
•  Prone to outooxidation 
•  HRP make three fold increase in the 

fluorescent intensity 
 

12 
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Profluorescent nitroxides 

•  Supressed 
fluorescence 
emission in the 
presence of 
nitroxide moiety 

•  These molecules 
react with radicals, 
leading either to 
reduction of the 
nitroxides to the 
hydroxylamines or 
oxidation to 
oxoammonium 
cation 

nitroxide 
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Profluorescent nitroxides synthesised at 
QUT 

Flourescein- 
nitroxide 

9,10-bis(phenylethynyl)anthracene- 
Nitroxide (BPEAnit) 

Phenanthrene-
nitroxide 

9,10–diphenylanthracene- 
nitroxide 

λex=	  294	  nm	  
λem=355	  nm	  	  
	  	  	  	  	  	  	  	  	  372	  nm	  

λex=	  495	  nm	  
λem=515	  nm	   λex=	  395	  nm	  

λem=410	  nm	  
	  	  	  	  	  	  	  	  430	  nm	  

λex=	  430	  nm	  
λem=485	  nm	  
	  	  	  	  	  	  	  	  510	  nm	  

14 

Fairfull-Smith and Bottle. Eur J Org Chem (2008) (32) pp. 5391-5400 
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Profluorescent nitroxides (PFNs) 

9,10–diphenylanthracene- 
Nitroxide 
λex=	  395	  nm	  
λem=410	  nm	  
	  	  	  	  	  	  	  	  430	  nm	  
 

9,10- 
bis(phenylethynyl)a

nthracene- 
Nitroxide (BPEAnit) 

λex=	  430	  nm	  
λem=485	  nm	  
	  	  	  	  	  	  	  	  510	  nm	  

Fairfull-Smith and Bottle. Eur J Org Chem (2008) (32) pp. 5391-5400 
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MOTIVATION 
Develop a cell-free assay for rapid and routine 
screenings of the oxidative potential of PM. 
Develop a stationary continuous monitor. 
Implement the assay in a portable personal exposure 
sensor. 
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Particle sampling 

•  Low cost and higher 
sample volume 

•  Excellent collection 
efficiency 

•  Difficult  PM extraction 
•  Evaporation of the 

semi VOCs 
•  Ageing of the particles 
•  Need sonication to 

extract the particles  

17 

Offline Sampling 

Liquid 
impingement Filter 

•  Rapid  and direct 
reaction  with 
quenchers 

•  Low chemical 
changes 

•  No ageing 
•  Not for automated use  
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BPEAnit assay – sampling: 

•  bubbling aerosol through an impinger with fritted 
nozzle tip containing BPEAnit solution (DCFH)          
fluorescence measurement 

•  solvent – dimethylsulfoxide (DMSO) 
•  test & HEPA-filtered control sample taken 

•  I485nm(test) - I485nm(ctrl)           I485nm(ROSparticle)  
 
                                                    calibration curve 
 
                                                            n (ROSparticle)  
                                                              
                  Normalized to the measured particle mass 
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Real Time Detection of ROS 

•  Semi-automated systems where particles are 
collected onto filters first (DTT) 

•  To skip the extraction procedures particles have 
to be collected directly into a liquid 
–  Water – DCFH   
–  DMSO – BPEAnit 

•  The chemical assay can either be in the 
collection liquid or can be added later to the 
collection liquid. 



a university for the world real R

Semi-automated systems 

Fang, T.et al. (2015). Atmospheric 
Measurement Techniques, 8(1), 471–482.  

Particle first 
collected on quartz 
filters over 23 h. 
Extraction 
procedure: 1-inch-
diameter punches 
were extracted in 15 
mL of DI water by 
sonication. 
5 mL were filtered 
and used in the DTT 
assay. 
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Semi-automated systems 
478 T. Fang et al.: A semi-automated system for quantifying oxidative potential

Figure 7. Water-soluble DTT activity of the ambient particles collected at paired sampling sites. The plots show (a) volume-normalized
(DTTv) and (b) mass-normalized (DTTm) DTT activity at JST (urban, black) paired with YRK (rural, green), RS (roadside, red), and GT
(near road, blue). Also included is the CTR (rural, cyan)–BHM (urban, purple) pair, and the GT–RS pair.

Table 3. Spatial heterogeneity of DTTv and DTTm assessed by co-
efficient of divergence (COD).

Season Paired sites CODv (DTTv) CODm (DTTm)

Summer JST–YRK 0.21 0.23
Summer JST–GT 0.15 0.15
Fall JST–RS 0.13 0.23
Winter JST–YRK 0.25 0.15
Winter JST–RS 0.17 0.18
Winter JST–GT 0.23 0.22
Summer 2013 BHM–CTR 0.12 0.15
Fall 2013 GT–RS 0.18 0.31

N is the sample size. COD ranges from 0 to 1, with values
close to 0 representing a homogenous distribution and those
near 1 indicating heterogeneity.

Based on ANOVA tests, there was high heterogeneity
across seasons for DTTv at JST (p = 0.01; see Supplement,
Table S2), with the highest DTTv in winter (December (win-
ter)/June (summer)= 1.51), while there was no significant
seasonal variation observed at YRK, GT, or the RS site
(p > 0.01). In comparison to DTTv, there are greater sea-
sonal variations in DTTm; for example, average DTTm at
most sites showed much higher levels in winter than sum-
mer and fall (winter/summer= 1.4, 1.2, and 2.2 for YRK,
GT, and JST, respectively). ANOVA tests also validated the
pronounced seasonal differences for DTTv and DTTm at
JST and DTTm at other sites (p < 0.01; see Supplement, Ta-
bles S2 and S3). The higher seasonal differences in DTTm
may suggest that the specific chemical components that con-
tribute to the oxidative potential of particles vary between
seasons and originate from different sources.
Relatively low levels of the CODs (< 0.25) (Table 3) found

for both DTTv and DTTm at paired sites indicate spatial

Atmos. Meas. Tech., 8, 471–482, 2015 www.atmos-meas-tech.net/8/471/2015/
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Automated systems based on PILS 

 Application Work  AW IC AU6-503-082013 

 Aerosol measurements (PM 2.5) in Sydney atmosphere with PILS-IC 
 

 Page 4 of 9 

 

 

Appendix 1: Instrumentation setup, calibration curves, chromatograms 
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DCHF based systems – Clarkson Uni 

Venkatachari, P., & Hopke, P. K. (2008).. 
Aerosol Science and Technology, 42(8), 
629–635 

Journal of Toxicology 3

Vacuum
pump

Fluorescence
detector

Denuder

Particle size selector

PM2.5

Gas removal

PILS

Debubbler

Sampling
selection

valve

Waste

Peristaltic pump

MilliQ
water

Air dryer

DCFH
+ HRP

1
2
3

5
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7
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Waste water
MilliQ water
DCFH + HRP

Figure 1: Schematic diagram of the particle-bound ROS automated system.

3. Results and Discussion

3.1. Stabilities of the DCFH and H2O2 Solutions. The stability
of the chemical reagents is important for a practical system
that can be maintained in the field with a reasonable level
of effort. Therefore, the stabilities of DCFH and H2O2

standards were examined. The experimental stability results
for 5 µM DCFH stored at room temperature are presented
in Figure 5 and Table 1. It can be seen that 5 µM DCFH
was stable for three days at room temperature. The stability
of the H2O2 standards is shown in Figure 6 and Table 2.
The solutions can be kept at room temperature for up to
eight days. These results provide the feasibility in the field
deployment of the automated sampling-analysis system since
the unit does not require daily solution preparation.

3.2. Laboratory Testing of the System. Laboratory tests were
performed by sampling particle-bound ROS from an α-
pinene-ozone generator [24] for 30 minutes at a flow rate
of 16.7 L min−1. The continuous sample and filter sample
were compared with H2O2 standard solutions (see Figure 7).
During a 30-minute sampling period, the FI was constant.
The filter point represents sample taken on a baked quartz
filter for 15 minute intervals. This sample duration limits
the loss of short lifetime ROS. 50 mL of 5 µM DCFH was
added to the filter sample and the filter was then sonicated

for another 15 minutes. The FI of the filter particle-bound
ROS was comparable to that measured with the continuous
system. The FI results of filter and continuous samples were
plotted in the standard calibration curve shown in Figure 7.

A somewhat higher FI was obtained from the filter
sample, which contradicts the assumption that the filter
sampling method may result in the loss of short lifetime ROS,
leading to lower FI in filter sample than from continuous
system sample [23]. The 15-minute extraction of the filter
sample probably increased the extent of DCFH oxidization
rather than decreased short lifetime ROS. Another possible
reason was that the extraction volume of DCFH solution
was 50 mL, which was larger than the volume used for the
continuous system sample (10 mL). Therefore, higher FI for
filter particle-bound ROS was produced. After the chemical
reagents stability check and laboratory performance testing,
the automated particle-bound ROS sampling-analysis system
was ready for field testing.

3.3. Field Testing of the System. Table 3 summarizes statistics
of meteorological parameters. Persistently sunny and humid
weather (average ambient temperature: 25.75◦C, average
relative humidity: 66.17%) was given by Ontario Lake seated
to the north. The prevailing winds during this period were
mainly from the southwest with an average wind speed of
1.44 m/s. During the seven days of study, there was one
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Field results 

Journal of Toxicology 7
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Figure 7: Laboratory test of the automated ROS sampling-analysis
system.
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Figure 8: Diurnal variations of mean particle-bound ROS concen-
trations measured on weekdays and weekends, respectively.

Appendices

A. Preparation of the Reagents

The preparation process of 6 L of final solution is describes
below.

(i) A 1 mM 2′ 7′-Dichlorofluorescin diacetate (DCFH-
DA) solution was prepared by dissolving 14.619 mg
DCFH-DA (Sigma-Aldrich Inc) in 30 mL ethanol
and stored without light.

(ii) 120 mL of 0.01M NaOH solution was added to 30 mL
of 1 mM DCFH-DA solution to deacetylate DCFH-
DA to unstable DCFH. The mixture stayed at room
temperature for 30 min to complete the deacetaly-
tion.
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Figure 9: Correlation between mean ozone concentrations and
mean particle-bound ROS concentrations (error bars represent
standard deviations).

(iii) A 25 mM phosphate buffer was prepared by dis-
solving 4.9762 g disodium hydrophosphate (≥99.0%,
Sigma-Aldrich Inc) and 15.1400 g sodium hydro-
phosphate (≥99.0%, Sigma-Aldrich Inc) in 5.85 L
MilliQ water.

(iv) The 150 mL hydrolyzed DCFH solution was neutral-
ized with 5.85 L of 25 mM phosphate buffer of pH
= 7.2 that contained 26.4 mg enzyme Horseradish
peroxidase (HRP, Type I, 113 unit/mg, Sigma-Aldrich
Inc). The 6 L solution contained 5 µM DCFH and
0.5 units/mL HRP.

B. Standard Operating Procedure for
the ROS Monitor

The standard operation procedure for running the auto-
mated ROS system is the following.

(i) Check connections between each unit and all tubing
to ensure no leakage.

(ii) Turn on the sampling pump and the air dryer and
make sure the sampling flow rate at 16.7 L/min.

(iii) Turn on the peristaltic pump, and set the rotation rate
at 35 rotations per minute.

(iv) Turn on the PILS and set the tip temperature at
100◦C.

(v) The PILS steam generator temperature will reach
150◦C with the setting temperature at 100◦C. Sub-
sequently, turn on the fluorescence detector, and set
the gain at 1000, attenuation at 1, response speed at
standard, excitation and emission wavelength at 485
and 530 nm, respectively.

Wang, Y., Hopke, et al. (2011). Laboratory and Field Testing of an Automated 
Atmospheric Particle-Bound Reactive Oxygen Species Sampling-Analysis System. 
Journal of Toxicology, 2011( ID 419476) 
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PFN based system in development - QUT 

Orsini, D. A. et al. (2008). A water cyclone to preserve insoluble aerosols in liquid flow - 
An interface to flow cytometry to detect airborne nucleic acid. Aerosol Science and 
Technology, 42(5), 343–356.  
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DTT based systems in development - 
University of Illinois Urbana Champaign 

Super-serpentine reactor (SSR) 

Particle-into-liquid sampler 

Deionized water 

DTT + Phosphate Buffer Ellman's reagent (DTNB) 

Liquid waveguide  
capillary cell 

Spectro- 
meter 

Ambient  
air 

De-bubbler 

Motored valve 
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Other non PILS based systems – DCFH 
(Cambridge Uni) 

The combined solution then flows through a 20ml Teflon tubing
(3.175 mm OD, 1.5 mm ID) reaction coil, immersed in a water bath
at 40 !C, giving a reaction time of approximately 10 min in the
water bath. The total residence time of the reagents in the flow
system (from the point of mixing to the fluorescencemeasurement)
is approximately 15 min, shown in off-line studies to allow for
complete reaction of the assay with H2O2 concentrations up to
800 nmol dm"3 (as shown later, Fig. 6a). The solution is then passed
through a quartz fluorescence flow cell with a 1 cm2 cross-section
and a 3 cm3 volume. Due to inhomogeneous mixing, the mixing
time in the fluorescence flow cell is approximately 15 min, limiting
the time resolution of measurements. The cell is mounted verti-
cally, with the solution entering at the base, allowing for gas bub-
bles in the system to rise quickly to the top of the cell
without affecting fluorescence measurements. The fluorescence
is measured using a temperature stabilised LED light source
(470 nm, Luxeon V Star) coupled with an Ocean Optics
USB2000 þ spectrometer recording the fluorescence emission of
DCF at 520 nm. The fluorescence data is acquired and analysed
using LabView (National Instruments, version 8.6). Between suc-
cessive measurements the instrument can be cleaned by replacing
the aerosol flow with a clean flow of synthetic air until ROS con-
centrations reach blank levels.

This on-line instrument differs from previously described in-
struments mainly in the particle collection process. The only other
on-line instrument described in the literature (Venkatachari and
Hopke, 2008; Wang et al., 2011) uses a particle into liquid
sampler (PILS)(Orsini et al., 2003), which allows particle collection
at high flow rates (15 Lmin"1) but uses a high temperature steam to
grow particles for collection: these high temperatures may influ-
ence analysis of the sample due to the unstable nature of some ROS.
In the instrument described in this study, ROS-containing particles
are mixed and extracted with the HRP solution at room
temperature.

In another system recently described (King and Weber, 2013)
samples are collected for a time period of 5 min before analysis
using the DCFH/HRP assay. This short delay of 5 min before analysis
may lead to loss of reactive components (see comparison of on-line
and off-line method below).

2.4. Off-line measurements

Off-line measurements of the fluorescence response of the
DCFH/HRP assay with H2O2 were used to optimize operation con-
ditions of the on-line instrument and to compare the performance

of on-line and off-line quantification methods. Solutions of known
H2O2 concentration (0.8 ml) were combined with DCFH (1 ml,
10 mM, 20% PBS) and HRP solution (0.2 ml, 5 unit ml"1) in a
disposable UV-cuvette (Brand, semi-micro, Sigma Aldrich), giving
final concentrations of HRP and DCFH as used in the on-line mea-
surements. Fluorescence measurements were taken continuously
during a 15-min reaction time using a 4-way cuvette holder (Ocean
Optics), which was maintained at 40 !C by passing heated water
through its base. The 15-min reaction time allows for complete
reaction (see discussion below and Fig. 6a) and is equivalent of the
reaction time in the on-line instrument. The same light source,
spectrometer, and software were used as for the on-line method.

In addition to H2O2 calibration solutions, ROS concentrations
were also quantified in oxidized oleic acid particles with the off-line
method and compared with the on-line instrument. For this com-
parison aerosol samples were collected on Teflon filters (Millipore,
Durapore, 0.1 mm, 47mm, Sigma Aldrich) at a flow rate of 5 L min"1.
The filters were collected for a range of times between 1 to 15 min.
To determine the total particle mass on the filters the aerosol size
distribution at the time of collection was measured using a SMPS,
with a typical mass concentration of 100e200 mg m"3. Following
collection, a 14 mm diameter punch of the filter was extracted in
water (1 ml, HPLC grade, Rathburn). Two different methods were
compared for extraction, firstly sonication for 15 min in an ultra-
sonic bath (Grant), and secondly vortexing for 3 min in a vortex
mixer (Fisher-Scientific). The 3-min time for vortexing was estab-
lished as the time for maximum yield whilst analysing the samples
as fast as possible. The aqueous extract (0.8 ml) was combined with
DCFH (1 ml, 10 mM, 20% PBS) and HRP solution (0.2 ml, 5 unit ml"1)
in a disposable UV cuvette and analysed as described above for
H2O2 calibration solutions. Blank filter measurements were taken
for each particle collection time by placing a HEPA filter in front of
the collection filter and these were subtracted from the equivalent
sample measurements.

3. Results and discussion

3.1. On-line measurements

The sensitivity of the on-line instrument was determined with
H2O2 standard calibration solutions. For this the particle collector
was by-passed and reactants were pumped directly out of their
respective reservoirs to the heated reaction coil. Known H2O2
concentrations were included in the DCFH stock for calibration as
this mixture is un-reactive without HRP. The fluorescence of the

Fig. 3. Schematic of the on-line particle-bound ROS measurement instrument. Particles are collected on hydrophilic filters in the small particle collector (150 mm height, 30 mm
diameter) and soluble components are extracted for on-line analysis using the DCFH/HRP-fluorescence assay.

S.J. Fuller et al. / Atmospheric Environment 92 (2014) 97e103100

Fuller, S. J., et al (2014). Atmospheric Environment, 92(C), 97–103. 
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Other non PILS based systems  - 
Impinger based system QUT-HKCityU 

 

 
c) Diagrams, charts and tables 
 

 
 
 

Figure 1. Experiment setup with three measurement components. 



a university for the world real R

Conclusion 

•  Most systems still in development phase with 
only 1 of them used as a real time monitor 
(Clarkson Uni). 

•  Large problems with auto-oxidation of the 
chemical probes especially DCFH. 

•  DTT very complicated to be used. 
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PERSONAL ROS SENSORS 
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Approach 

Implementation of the 
sensing technology in a 
portable personal sampler   

Synthesis of novel 
Profluorescent 
Nitroxide probe 
molecules 

Embedding PFN 
probes in polymer 
matrices 
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CURRENT TECHNOLOGY 
Embedding PFN’s into polymers for polymer degradation studies 
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Time-lapse photograph of undoped (left) 
and PFN doped (right ) polypropylene 

degrading at 150oC (UV light excitation) 
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Imbeding PFN’s into polymers 

anisotropic and indicates some restricted movement of the
nitroxide moiety (as demonstrated through the increase in
rotational correlation time, τR, compared with the other spin
containing polymers – see the ESI Fig. S14†). To complete the
synthesis of the profluorescent nitroxide containing polymer, a
carboxy fluorophore/nitroxide was attached via esterification of
the remaining alcohol functionality on the polymer backbone.
While not used as extensively as the click chemistry for lig-
ation, recently there have been several examples demonstrating
the efficient nature in which esterification can be employed on
ring-opened oxiranes attached to macromolecules.34–36 For
polymers 3a and 3b 4-carboxy-2,2,6,6-tetramethylpiperidine-
N-oxyl (carboxy-TEMPO) was coupled via DCC coupling to give
polymers 4a and 4b respectively. Due to the paramagnetic
broadening arising from the spin of the nitroxide, it was not
possible to use NMR spectroscopy to determine the coupling
efficiency, however GPC indicated an increase in the molecular
weight of the samples, a strong EPR signal was observed and
the material, while still having a significant UV absorbance,
showed a strongly quenched fluorescence signal (see Table 1
for fluorescence quantum yield comparisons).

The attachment of 9-carboxy anthracene to polymer 3c to
yield polymer 4c was also possible. A large increase in the UV
absorbance within the GPC trace was indicative of the success
of the reaction. Assuming a similar molar absorptivity to the
akin, small molecule 9-methyl anthroate (ε = 7100 M−1 cm−1),

the coupling efficiency can be roughly estimated as ca. 70%
(the molar absorptivity for polymer 4c at 364 nm was ε =
4860 M−1 cm−1).37 While this is lower than the incorporation
obtained for the other samples, this could be expected due to
the coupling of the bulkier fluorophore employing the less
efficient coupling technique. Additional steric constraints of
already having the nitroxide in place may also hinder coupling.

The presence of the nitroxide moiety has a significant effect
on the observed fluorescence of the polymers both in solution
and in the solid state (for example see Fig. 2). Preliminary
studies were undertaken to assess the absorptivity and
fluorescence emission of the profluorescent polymers 4a–c
compared to the fluorophore-only containing polymers 3a–b.
This data is summarized in Table 1.

Comparison of 3a to 4a (see Fig. 3) shows the presence of
the nitroxide has very little effect on the molar absorptivity or
the λmax of the polymers with the absorption arising due to the
incorporated fluorophore. Notably however, there is a 17-fold
quenching of the observed fluorescence. 10-Fold quenching
was observed for 4b when comparing before and after attach-
ment. While it was not possible to compare the fluorescence
of 4c to the polymer without the nitroxide present, comparison
of the quantum yield of 4c to 4b shows greater than 3 times
better quenching efficiency for the sample where the fluoro-
phore is attached through click chemistry. As the molar
absorptivities for the fluorophores in 4b and 4c are quite
similar, this difference is likely to arise from greater distances
between spin and fluorophore or potentially restricted non-
beneficial orientations of the spin and fluorophore. Such
quenching interactions are supported by the findings of
Aliaga and co-workers who modelled similar systems and
showed that orientation and distance play key roles in overall
quenching.38 The type of linkage employed could also play a

Fig. 1 Comparison of the GPC elugrams for polymers 1, 2, 3b and 4b
by both RI detection (left) and UV absorbance at 350 nm (right). It can
be seen that in all transformations there is minimal influence on the
observed size of the polymer by RI. However, once the chromophore is
introduced onto the backbone a marked change is observed on the UV
trace.

Table 1 Photophysical data for polymers 3a–c and 4a–ca

Polymer λmax (nm)
Fluorescence emission
max (nm) ΦF

3a 294 352 0.277
3b 367 432 0.268
3c — — —
4a 294 350 0.016
4b 367 426 0.026
4c 364 458 0.070

a All samples were measured in THF at 25 °C. Quantum yield of
fluorescence was calculated by comparison to an anthracene standard
with a ΦF of 0.33.33

Fig. 2 Comparison of polymers 1, 2, 3b and 4b under white light (left)
and 350 nm UV light (right) in the solid state (top) and in THF solutions
(bottom). While both 3b and 4b have an anthracene chromophore
attached to the polymer only 3b was fluorescent due to the effective
quenching of the photoexcited state by the nitroxide also attached in
polymer 4b.
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Conclusion 

•  Technology still in development 
•  Problems of auto-oxidation of PFN’s still not 

overcome 
•  Still not sufficient sensitivity for atmospheric 

levels of ROS. 



a university for the world real R

Acknowledgment 

•  Organisers for the invitation to preent 
•  Funding: 

–  Australian Coal Association Research Program 
–  Australian Research Council 
–  Institute for Future Environments 

 



a university for the world real R

Thank you 

3
8 



a university for the world real R

Zoran Ristovski’s group at ILAQH 


