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Abstract 
Puff-by-puff resolved gas phase free radicals were measured in mainstream smoke from 
Kentucky 2R4F reference cigarettes using ESR spectroscopy. Three spin-trapping reagents were 
evaluated: PBN, DMPO and DEPMPO. Two procedures were used to collect gas phase smoke 
on a puff-resolved basis: i) the accumulative mode, in which all the gas phase smoke up to a 
particular puff was bubbled into the trap (i.e., the 5th puff corresponded to the total smoke from 
the 1st to 5th puffs). In this case, after a specified puff, an aliquot of the spin trap was taken and 
analysed; or, ii) the individual mode, in which the spin trap was analysed and then replaced after 
each puff. Spin concentrations were determined by double-integration of the first derivative of 
the ESR signal. This was compared with the integrals of known standards using the TEMPO free 
radical. The radicals trapped with PBN were mainly carbon-centred, whilst the oxygen-centred 
radicals were identified with DMPO and DEPMPO. With each spin trap, the puff-resolved 
radical concentrations showed a characteristic pattern as a function of the puff number.  Based on 
the spin concentrations, the DMPO and DEPMPO spin traps showed better trapping efficiencies 
than PBN. The implication for gas phase free radical analysis is that a range of different spin 
traps should be used to probe complex free radical reactions in cigarette smoke. 
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Introduction 
 
Smoke formation inside a burning cigarette is governed by many complex and dynamic physical 
and chemical processes. Understanding these processes plays an important role in designing 
cigarettes with reduced toxicant levels. Broadly speaking, mainstream smoke emitted from the 
filter end of a cigarette following a puff is first generated by combustion and pyrolysis reactions 
in the burning zone (or coal). This is followed by a series of physical (e.g., filtration and 
condensation) and chemical interactions as the smoke is drawn down the cigarette rod.1 The 
tobacco rod itself is consumed and otherwise modified during this process and therefore each 
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puff operates in a different environment. Analysis of the smoke generated on a puff by puff basis 
can often give valuable insights into the above mentioned mechanisms. For example, the 
mainstream nicotine-free-dry-particulate-matter (or ‘tar’) obtained by a smoking machine shows 
a gradual increase on a puff-by-puff basis. This is mainly caused by a combination of the 
reduced air dilution through cigarette paper and the re-pyrolysis of the particulate matter that is 
condensed on the rod from the previous puffs.1,2 

Although the dynamic and reactive nature of cigarette smoke is recognized, it is only recently 
that studies based on fast mass spectrometers and laser-based techniques have begun to unravel 
the extent of formation of transient smoke species.3-14 Routine smoke analysis methods used in 
the tobacco industry are usually developed to quantify the total yields of smoke constituents after 
the entire cigarette is machine-smoked under a standard puffing regime. To provide the accuracy 
and sensitivity required for puff-resolved analysis, fast analytical techniques are needed. The 
information gathered in this way gives a more in-situ description of the smoke formation 
process, and is potentially more relevant to understanding how smokers are exposed to cigarette 
smoke.3-7 Thus, in addition to the gradual increase in the ‘tar’ yields with puff number, some 
other trends have also been observed.7-10 For example, it has been shown that, for some vapour 
phase smoke components (e.g., formaldehyde and 1,3-butadiene), the yields for the first puff are 
much higher than for the subsequent puffs and can account for over 30 to 40% of the total 
yields.11-14 This phenomenon may be related to the fact that the tobacco consumed in the 1st puff 
is heated from room temperature, while for later puffs the tobacco is pre-heated by the advancing 
smouldering coal.3 Different lighting methods can also affect the yields in the first puff.3-13  

It is well known that free radicals in cigarette smoke contain both short-lived gas phase 
radicals and persistent particulate phase radicals.15-17 Using electron spin resonance (ESR) 
spectroscopy, it is possible to quantify as well as identify the radical species involved. The short-
lived free radicals, which are difficult to detect directly by ESR, are normally captured by a spin-
trap (a diamagnetic molecule), forming a persistent spin-adduct which is then analysed by 
ESR.18,19

Previous work showed that carbon- and oxygen-centred radicals are mainly formed in the gas 
phase smoke, while the particulate phase contains semiquinone radicals.18-24 As far as the authors 
are aware, there have been no published studies of free radical behaviour in cigarette smoke on a 
puff-by-puff basis. 

Different spin-traps have different selectivities towards radical capture. Hence a range of spin-
traps is required to study a complex system such as cigarette smoke. By applying different spin-
traps with different selectivities, it was hoped to distinguish a range of different free radicals in 
cigarette smoke. Three spin-traps were selected in this work, namely PBN (N-t-butyl-α-
phenylnitrone), DMPO (5,5-dimethyl-1-pyrroline-N-oxide), and DEPMPO (diethoxyphosphoryl-
5-methyl-1-pyrroline-N-oxide). Their structures are given in Figure 1. 
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Figure 1. Structures of the three spin-traps employed in this study. 
 
 
Results and Discussion 
 
PBN Experiments  
The spectra recorded with the PBN trap showed a triplet of double peaks with the hyperfine 
coupling constants at aN=1.42 mT and aH=0.205 mT. Figure 2 shows typical spectra recorded in 
the individual procedure (Figure 2a) and in the accumulative procedure (Figure 2b); the 
experimental spectra (in red) are superposed on the simulated ones (in black). The results of the 
simulation (for details see Experimental part) are consistent with the formation of a carbon-
centred radical, which accounts for ca. 85-100 % of the total radicals trapped by PBN for all the 
puffs. The spectrum recorded for the first puff showed that it consisted almost exclusively of 
carbon-centred radicals (as in Figure 2a), while for puff numbers 2 to 9, there were small 
amounts (up to 15 %) of the oxidation product from the starting PBN spin-trap (PBN-ox) with 
aN=0.84 mT (as in Figure 2b). An un-identified free radical with a hyperfine coupling aN=0.76 
mT was also found (less than 10 %). 
 

    
(a)       (b) 

 
Figure 2. Typical ESR spectrum recorded for individual (a) and accumulative (b) experiments 
with PBN: small signals from PBN-ox can be noticed in the later case. 
 

Using the individual procedure, each puff contained about 1.5-2 x 1014 spins (Figure 3a). In 
the accumulative procedure (Figure 3b), the total concentration of the free radicals increased 
with puff number from about 2 x 1014 spins after the first puff, to about 13 x 1014 spins after the 
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8th puff. The dashed line in Figure 3b depicts the sum of the spin concentrations measured by the 
individual procedure (i.e., the sum of the data in Figure 3a). The close match between the two 
measurements apart from the 9th puff shows that the PBN traps are stable and maintain their 
efficiencies over the approximately 10 min time period of the experiment. A clear reduction in 
free radical concentrations was observed in the 9th puff (12 x 1014 spins), and this could be due to 
the loss of trapping efficiency as a result of prolonged exposure of the spin trap to the gas phase 
free radicals. At this stage, there is no further experimental evidence to explain the loss of 
efficiency. This result demonstrated that the individual and accumulative procedures for the PBN 
traps have similar performances for trapping gas phase free radicals. 
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Figure 3. Variation of spin concentration with puff number in the individual (a) and 
accumulative (b) procedures for PBN. 
 
DMPO Experiments 
As shown in our previous work,18 the spectra recorded with DMPO in the final accumulative 
procedure (i.e., after all the 9 puffs were collected) revealed a set of hyperfine coupling constants 
predominantly associated with oxygen-centred radicals. Furthermore, the simulation that best 
matched the data was obtained by assuming a mixture of oxygen-centred and carbon-centred 
radicals together with some decomposition products. In this study, the spectrum from the 1st puff 
(Figure 4a) was simulated with ca. 68% oxygen-centred radicals comprising a mixture of two 
oxygen-centred spin adducts, the first one with aN=1.295 mT, aH1=0.668 mT, aH2=0.176 mT, and 
the second one with aN=1.32 mT, aH1=0.75 mT, aH2=0.18 mT.  In addition, the simulation 
included ca. 9.9% carbon-centred radicals (at aN=1.437 mT, aH=2.165 mT) and ca. 22 % of an 
unknown radical species (at aN=1.35 mT). After the 9th puff, there was a decrease in the level of 
the carbon-centred radicals together with an increase in the level of the decomposition products 
(Figure 4b). 

For the free radicals trapped by the individual procedure, all the puffs contained a small 
amount of carbon-centred radicals. The overall spectra were still dominated by the two major 
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oxygen-centred radicals. The intensity of the spectra (Figure 5a) was about 3-4 x 1014 spins/puff, 
which is approximately twice the concentration found in PBN (Figure 3a). This suggests that 
DMPO is a more efficient spin-trap than PBN for the oxygen-centred radicals when the 
individual procedure is used. Figure 5b compares the spin concentrations obtained in the DMPO 
for both the sum of the individual procedures (the dashed line) and for the accumulative 
procedure (the bar chart). It is clear from the figure that the sums of the spin concentrations 
obtained from the individual puffs were much higher than those measured at each puff by the 
accumulative procedure, and this trend starts as early as the 2nd puff. This indicates that the 
DMPO begins to lose its stability after approximately 2 minutes, making the accumulated 
procedure much less efficient in trapping the radicals. 
 

    
(a)       (b) 

 
Figure 4. Experimental (red) and simulated ESR (black) spectrum after the 1st (a) and the 9th 
puffs (b). The individual procedure with DMPO. 
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Figure 5. Variation of spin concentration with puff number in the individual (a) and 
accumulative procedure (b) for DMPO. 
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DEPMPO Experiments 
The spectra obtained with the DEPMPO spin trap are more complex (Figure 6), as for DMPO the 
spectra were dominated by oxygen-centred radicals. The features of the spectrum were very 
similar for each puff. The numbers of carbon-centred radicals decreased with puff number and 
the greatest numbers were seen in the first puff, as was found for DMPO. For the accumulative 
procedure the amount of radicals increased with puff number to ca. 30 x 1014 spins, 
demonstrating that among the three spin traps investigated DEPMPO had the highest capacity to 
trap short-lived gas phase radicals. Despite the complexity, the spectra could be modelled 
(Figure 6) and the hyperfine coupling constants obtained were close to those reported in the 
literature (carbon-centred radicals: aN =1.372 mT, aH =2.319 mT, and aP = 4.623 mT; for 
oxygen-centred radical: aN =1.382 mT, aH =0.82 mT, and aP = 4.511 mT). 
 

           
(a)      (b) 

 
Figure 6. A comparison between experimental (red) and simulated ESR spectrum (black) for the 
last puff in the individual (a) and accumulative (b) procedure with DEPMPO. 
 

Simulation with the hyperfine coupling constants aN=1.258 mT, aH=0.843 mT and aP=4.721 
mT suggested an HO spin adduct of DEPMPO. This finding should be a genuine one, as the 
spectra were recorded in benzene, and not in water, where non-radical nucleophilic substitution 
may occurs.25 It is well known that this type of spin-adduct is easily obtained at high pH in the 
presence of water (via nucleophilic substitution), but it seems very unlikely that the water formed 
in the combustion process may reacts in the gas phase to form DEPMPO-OH spin adduct. A 
recent work showed that catalaze enzyme immobilized on the cigarette filter reduce the 
peroxides and other pollutants in cigarette smoke.26 The spin concentration per puff obtained 
using the individual procedure was around ca. 3-4 x 1014 spins/puff. This gives the DEPMPO 
and DPMO a similar trapping efficiency based on the individual procedure. However, Figure 7b 
shows that the sum of the spin concentrations from the DEPMPO was slightly higher than those 
obtained by the accumulative procedure for the first four puffs and was essentially the same until 
the 8th puff. In other words, the stability of the DEPMPO was much higher than the DPMO spin 
traps and lasted until at least the 8th puff. 
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Figure 7. Variation of spin concentration with puff number in the individual (a) and 
accumulative procedure (b) for DEPMPO. 
 
Finally, Table 1 lists the hyperfine coupling constants and the types of radicals identified in this 
work. 
 
Table 1. Hyperfine coupling constants (in mT) obtained for PBN, DMPO and DEPMPO 

Spin Trap aN aH aX Remarks 
1.42 0.205 - C-centred radical 
0.84 - - PBN-ox PBN 
0.76 - - Decomposition product 
1.295 0.668 0.176 O-centred radical 
1.32 0.75 0.18 O-centred radical 
1.437 2.165 - C-centred radical 

DMPO 

1.35 - - Decomposition product 
1.372 2.319 4.623 C-centred radical 
1.382 0.82 4.511 O-centred radical DEPMPO 
1.258 0.843 4.721 HO. spin-adduct 

 
 
Conclusions 
 
In summary the three spin traps showed different affinities toward different gas phase free 
radicals in the mainstream smoke from the Kentucky reference 2R4F cigarette. The combined 
spin trapping and simulation methodology was able to detect the presence of carbon-centred and 
oxygen-centred free radicals on a puff-by-puff basis. The use of the individual and the 
accumulative procedures demonstrated the different stabilities of the three spin traps. Whilst this 
makes direct comparison of the information more difficult, it illustrates the need to select several 
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traps with different characteristics when studying a complex system such as cigarette smoke.  
The other conclusions of this study are: 
• PBN mainly trapped carbon-centred radicals and its efficiency for carbon-centred radicals 

was higher than that of either DMPO and DEPMPO; 
• DMPO mainly detected oxygen-centred radicals and its stability deteriorated after 

approximately two minutes. The number of spins trapped by DMPO was almost twice that 
trapped by PBN; 

• In DEPMPO, HO. radicals were detected in addition to oxygen- and carbon-centred radicals.  
DEPMPO has a greater stability than DMPO and a similar stability to PBN; 

• On the whole, the puff to puff variations in spin concentration were relatively small 
compared to some other gas phase smoke analytes.11-14 

 
 
Experimental Section  
 
General Procedures. All the ESR spectra were recorded at ambient temperature on a JEOL 
FR30EX spectrometer. The spectrometer had the following general settings: centre field 336 mT, 
sweep field 10 mT, frequency 9.42 GHz, power 2 mW, sweep time 60 s, time constant 0.1 s, 
modulation frequency 100 kHz, gain 200 and modulation width 0.1 mT (lower modulation width 
did not improve in any way the recorded spectra). 
 
Cigarette smoking was carried out on a 20-port RM20 rotary smoking machine (Borgwaldt KC) 
operated under the ISO puffing parameters (35 ml puffs, 2 seconds duration, one puff every 60 
seconds). A 3-necked, pear-shaped 25 ml flask, which held the spin trapping solution, was placed 
downstream after a Cambridge filter holder which separated the gas and particulate phases of the 
smoke. The flask was connected to the Cambridge filter holder with a 5 cm long PTFE tube. 

Kentucky 2R4F reference cigarettes (University of Kentucky, Kentucky Tobacco Research 
and Development Centre) were used in this work. Before smoking, the cigarettes were 
conditioned for at least 48 hr at 60% relative humidity and 20°C. Nine cigarettes were smoked 
simultaneously. 

Two methods were used to obtain gas phase smoke for analysis of individual puffs. The 
accumulative method: nine cigarettes were smoked and the spin-trap solution was not changed 
after a puff but an aliquot of the spin-trap was taken immediately after the puff for ESR analysis.  
The radicals detected therefore reflected the combined gas phase smoke up to this puff. The 
individual method: in this case, the spin-trap solution was changed after each puff with a fresh 
one. In this way only the gas phase radicals formed during the individual puff were analyzed. 

A 0.01 M solution of the spin-trapping agent in 5 ml benzene was placed in the pear-shaped 
flask. In the case of the accumulative procedure, an aliquot of 0.4 ml of the trapping solution was 
used for ESR analysis and the same amount of the clean trapping solution was added back to 
maintain the 5 ml total volume. The sample was deoxygenated using a (liquid nitrogen) freeze–
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pump-thaw technique at a pressure of 10-3 mm Hg. This step was necessary to obtain clearly 
resolved ESR spectra, as the presence of atmospheric oxygen dramatically reduces the signal 
intensity and broadens the ESR peaks.18,19 

The concentration of the free radicals was estimated by a double-integration procedure, i.e., 
the double integral of an experimental ESR spectrum was compared to that of a standard stable 
radical (TEMPO) of a known concentration. The ratios between different types of radicals were 
determined by simulating the ESR spectra [18]. Briefly, the experimental spectra were first 
digitalized by a commercial software (JEOL), and then simulated spectra were generated using 
WinSim software (version 2002 from: http://epr.niehs.nih.gov/pest.html). 
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