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Free-Radical Chemistry of Cigarette Smoke
and Its Toxicological Implications

by Daniel F. Church* and William A. Pryor*t

Cigarette smoke contains two very different populations of free radicals, one in the tar and one in the
gas phase. The tar phase contains several relatively stable free radicals; we have identified the principal
radical as a quinone/hydroquincne (Q/QH;) complex held in the tarry matrix. We suggest that this Q/QH,
polymer is an active redox system that is eapable of reducing molecular oxygen to produce superoxide,
eventually leading to hydrogen peroxide and hydroxyl radicals. In addition, we have shown that the
principal radical in tar reacts with DNA in vitro, possibly by covalent binding.

The gas phase of cigarette smoke contains small oxygen- and carbon-centered radicals that are much
more reactive than are the tar-phase radicals. These gas-phase radicals do not arise in the flame, but rather
are produced in a steady state by the oxidation of NO to NO,, which then reacts with reactive species in
smoke such as isoprene. We suggest that these radicals and the metastable products derived from these
radical reactions may be responsible for the inactivation of o,-proteinase inhibitor by fresh smoke.

Cigarette smoke oxidizes thiols to disulfides; we suggest the active oxidants are NO and NO,. The effects
of smoke on lipid peroxidation are complex, and this is discussed. We also discuss the toxicological
implications for the radicals in smoke in terms of a number of radical-mediated disease processes, including

emphysema and cancer.

Introduction

The periodic reports by the Surgeon General of the
United States dramatically illustrate the research effort
that has been expended to understand the health con-
sequences of cigarette smoking, both to the smoker and
to nearby nonsmokers (1-3). There is overwhelming evi-
dence that smoking is, at least in part, responsible for
such diverse and life-threatening diseases as emphy-
sema, heart and blood vessel disease, and cancer.

Our research program has focused on the free-radical
chemistry of smoke, particularly the radical chemistry
that might be implicated in smoke toxicology (4-15). It
has been known for many years that cigarette smoke
contains free radicals, and it has been generally assumed
that these radicals must somehow be involved in the
pathology induced by smoking (16-22). However, until
we began our studies, there had been no systematic
investigation of the mechanisms by which radicals are
produced in smoke, their structures and chemical reac-
tivities, and possible biochemical and biological conse-
quences of the exposure of biomolecules to smoke-borne
radicals (4-14).

*Departments of Chemistry and Biochemistry, Louisiana State
University, Baton Rouge, LA 70803,

$Author to whom correspondence and reprint requests should be
addressed.

Two lines of evidence can be eited to support a role
for smoke-borne radicals in smoking-induced pathology.
Firstly, the evidence is becoming increasingly strong
that free radicals are involved in many of the chronie
diseases that are associated with smoking {23-25); in
particular, radicals appear involved in emphysema (26)
and chemical carcinogenesis (27-31). Secondly, the con-
centrations of radicals in smoke are so high {(compared,
for example, with smog) that radical-mediated reaction
pathways appear certain to result from the exposure of
tissue to smoke,

By convention in the smoking industry, two fractions
of cigarette smoke are defined based on the use of a
filter to separate the gas phase from the tar (10). The
tar phase is defined as the material that is trapped when
the smokestream is passed through a standard glass-
fiber Cambridge filter that retains 99.9% of all partic-
ulate matter with a size greater than 0.1 pM (32). The®
gas phase is the material that passes through the Cam-
bridge filter.

Cigarette tar contains several exceptionally stable
radical species that can be observed directly by electron
spin resonance (ESR) spectroscopy. Our data demon-
strate that these radicals are not simple aromatic radical
ions (10,11), as had been suggested by the original work-
ers. The free radicals in the gas phase of cigarette
smoke, in contrast to those in tar, cannot be observed
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directly by ESR; however, they can be detected using
spin trapping techniques {4,10,12,14). These gas-phase
radicals appear to be relatively small alkoxyl and car-
bon-centered species (14); early workers assumed that
these gas-phase radicals are formed in the flame, but
we find this is not the case.

In this review, we summarize the data from our lab-
oratory that provide insight into the structure and reac-
tivities of the free radicals in both tar and gag-phase
smoke. We also present our current viewpoint on what
we believe is the relationship between these radicals
and the health effects of smoking.

The Tar Radical(s) in Cigarette
Smoke: ESR Studies

The first evidence for the presence of radicais in cig-
arette tar was obtained by Ingram’s group in the late
1950s (16,17). Ingram et al. studied a variety of car-
bonaceous soots and tars, including cigarette tar, by
ESR and observed a single, broad ESR line in each
instance, All of the related tarry materials were hy-
pothesized to contain a single type of radical consisting
of an odd electron delocalized over a large aromatic
hydrocarbon framework., This interpretation remained
unchallanged until we began our investigations (10,11).

Figure 1A shows a typical ESR spectrum of the tar
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FicURE 1. ESR spectrum of cigarette tar on a Cambridge filter: (A)

first derivative spectrum; (B) second derivative spectrum obtained
by differentiation of spectrum (A4). The tar from three 1RI ciga-
rettes was collected on a Cambridge filter. The filter was then
dried under vacuum, tightly rolled, and placed in an ESR tube.
The spectrum shown was obtained by accumulating ten scans at
297 K using the following ESR settings: power, 2 mW; modulation,
0.16 mT at 100 kHz; gain, 8 x 10% time constant, 2 sec; center
field, 349.40 mT; scan range, 6.0 mT; scan time, 200 seec.

from three 1R1 research cigarettes on a Cambridge fil-
ter; there appears to be a major asymmetric line with
a small shoulder on the low-field wing. The asymmetry
of the principal line is more clearly evident in the second
derivative spectrum shown in Figure 18. The g value
of the major line is 2.0029 in the spectrum shown here,
while the smaller line at lower field oceurs at 2.0089;
the apparent linewidth of the principal line is 0.57 mT.
However, the g value, linewidth, and saturation are all
markedly power-dependent, indicating that there are
several paramagnetic species cantributing to the ESR
spectra of solid cigarette tar.

Extraction of eigarette tar from the Cambridge filter
with various solvents provides convincing evidence that
there are indeed several radical species present in tar
(see Fig. 2). Table 1 summarizes the g values of the
lines observed when the tar radicals are extracted into
homogeneous solutions in organic solvents. We have
previously suggested (11) that the principal radical spe-
cies (radical 3, Table 1), which has a g value of 2.0035-
2.0038, consists of conjugated quinone (Q), semiquinene
(QH"), and hydroquinone (QHz) units in a polymeric,
tarry matrix. That is, this paramagnetism is essentially
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FiGURE 2. ESR spectra of cigarette tar extracted in various sol-
vents. (A) The tar from 12 1R1 cigarettes in 1.5 mL benzene in 2
cylindrical ESR tube. ESR parameters: scans, 4; power, 20 mW;
modulation, 0.125 at 100 kHz; gain, 1.26 x 10% time constant, 1
see; scan range, 5.0 mT; scan time, 200 sec. This spectrum was
obtained at 250°K, wereas the others were obtained at 297°K. The
spectrum of the tar in frozen solution was identical to that obtained
at higher temperature for the liquid. {(B) The tar from three 1R1
cigarettes in dichloromethane in a flat cell. ESR parameters: seans,
20; power, 20 mW,; modulation, 0.16 mT at 100 kHz; gain, 2 X
10°; time constant, 1 sec; scan range, 4.0 mT; scan time, 100 sec.
{C) The tar from one 1R1 cigarette in 10 mL DMSO in a flat cell.
ESR parameters: scans, 10; power, 100 mW; modulation, 0.16 mT
at 100 kHz; gain, 2.6 x 10°% time constant, 10 sec; scan range, 4.0
mT; scan time, 200 sec. The peak marked X is due to an impurity
in the quartz cell.
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Table 1, Summary of radical species observed in various solvent extracts of cigarette tar.

Extracting solvent

Suggested nature of the

Radical® Benzene Dichloromethane Dimethy! sulfoxide paramagnetic species

1 — 2.0009 2.0009 ?

2 —_ 2.0028 — ?

3 2.0035 2.0037 2.0038 Q/QH., radical

4 — 2.0062 2.0053 Nitrogenous oxidized leaf material?
5 -— — 2.0089 Sulfur-centered radical?

*Thege numbers correspond to those shown in Figure 2. The peak marked X in spectrum C, Figure 2, is due to an impurity in the

quartz.

that due to highly delocalized semiquinone radieals;
rapid hydrogen atom transfer between the different qui-
none oxidation states may aecount for the lack of fine
structure in the ESR line. The lower g value that we
observe for this radical species from tar compared to
those commonly observed for aqueous solutions of se-
miquinones may reflect the extensive conjugation of the
radical from tar. (This could also account for the lack of
observable fine structure.) Alternatively, the difference
that we observe between the g value for the tar radical
in organic solvents and the g values for semiquinones
in water may be due, at least in part, to a solvent effect;
the g values of semiquinones are known to be somewhat
solvent-dependent (33). The data in Table 1 show a
slight increase in g value from 2.0035 to 2.0038 as the
polarity of the extracting solvent increases. In current
work we find that the tar radical can be extracted into
phosphate buffer, pH 7.4, and these aqueous solutions
of the Q/QH, radical give a g value of 2.0045, in agree-
ment with the values typically observed for semiqui-

nones in water, - L. . )
The identification of one of the principal radicals in

cigarette tar as being derived from quinones and/or hy-
droquinones is reasonable. Cigarette tar is known to be
rich in hydroquinones and quinones (34), especially ca-
techol which occurs at levels up to 0.3 mg/cigarette
(32,85-37). Thus, a rapid condensation of the quinones
and hydroquinones present in tobacco smoke to give a
Q/QH,, polymer is a possible route to the material that
gives the tar radical with ¢ = 2.0035.

To test the hypothesis that the radical in cigarette
tar with g = 2.0035 is due to a Q/QH, polymer, we have
prepared several authenic such polymers by the con-
densation of either 1,7-naphthalenediol or 1,4-naphth-
oquinone (I{). These synthetic polymers have ESR
properties very similar to those of the radical in tar,
including g values of 2.0035,

The possible contribution by the quinones and hy-
droquinones in cigarette smoke to the tar radical with
g = 2.0035 was also demonstrated by experiments in
which the cigarette tobacco was “spiked” with various
compounds before smoking (11). Thus, the addition of
either catechol or 1,4-naphthoquinone to the tobacco
gave up to a 5-fold increase in the ESR signal at about
g = 2.0035. By contrast, the addition of polynuclear
aromatic hydrocarbons (PAH} such as pyrene or an-
thracene gave no increase. This result suggests that the
tar radical may arise from reactions of the quinones or

hydroquinones in the smokestream itself, and that the
oxidation of PAH to quinones does not appear to be
important in the generation of the Q/QH; tar radical.

We have not yet identified the other paramagnetic
species in tar and their nature and origin therefore is
speculative (see Table 1). Some suggestions, however,
can be made. For example, a radical with a g value of
2.0052 is produced in tobaceo when it is heated to about
300°C without combustion (W. A. Pryor, R. Saylor, and
D. F. Church, unpublished data, this laboratory). We
therefore suggest the higher g value radical in tar is
formed from the pyrolysis of proteins or similar nitro-
genous materials that oceur in the tobacco leaf. Species
2 has a ¢ value (g = 2.0028) that is consistent with an
organic carbon-centered radical. We have preliminary
evidence suggesting that the observation of this species
depends on the nature of the sample preparation. Thus,
if a solution of the benzene extract of tar is freeze-dried
and then resuspended in benzene, the only signal ob-
served is species 3 (g = 2.0035). On the other hand, the
ESR spectrum of the original benzene extract shows
both species 2 and 3. It is possible, therefore, that the
two species are related to one another. As we have
indicated in Table 1, the species with the g value of
2.0089 could be a sulfur-centered radical.

The Chemistry of the Cigarette Tar
Radical(s)

Before describing our most recent studies of the na-
ture and reactivity of the tar radical, a caveat is wise:
Cigarette tar is an incredibly complex mixture; over
3000 compounds have been identified, while many more
remain unknown (18). Since the tar radical(s) are part
of this mixture, and since they have not been isolated
and unambiguously identified, any conclusions eoncern-
ing the chemistry or biochemistry of the tar radicals
must be regarded as tentative at present.

We first began to suspect that the principal radicals
in cigarette tar are not simple PAH radicals when we
noticed a remarkable similarity between the properties
of the tar vadical and melanin radicals. Melanins are
naturally occurring polymers containing quinone and
hydroquinone groups that are ultimately derived from
tyrosine via oxidation to dihydroxyphenylalanine
(DOPA). A synthetic melanin can be prepared by en-
zymatic oxidation or by autoxidation of DOPA.
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Table 2. Comparison of the tar radical to natural and synthetic melanins.

Property/test Melanin Autoxidized DOPA Tar
ESR parameter
g Value 2.001-2.005 2.003-2.004 2.0035
Linewidth, mT 0.5-1.2 0.4-0.8 0.5-0.6
Spins/gram 1061077 1077-10"° 10161047
Effect on ESR signal
+ NaOH 7-fold increase — 7-fold increase
+ H(C1 decrease increase 2-fold increase
+ H,0, signal disappears — 33% decrease
+ Znt* 3-fold increase 7-fold increase 5-fold increase
+ Cu®* 80% decrease — 66% decrease

Reduction of Ag" silver mirror

silver mirror silver mirror

Table 2 compares the ESR and chemical properties of
melanins with those of an alcoholic extract of cigarette
tar (10,38). The similarity between the ESR and chemical
properties of the tar radical and those of natural and,
especially, synthetic DOPA melanin is striking indeed.
Many of these effects are regarded as characteristic of
o-quinone and o-hydroquinone groups in melanins. For
example, the increase in the melanin ESR signal in the
presence of the diamagnetic metal ion Zn"2? has been
suggested to be the result of complexation and stabili-
zation of ortho semiquinone radicals by the metal (39).
Similarly, the reduction of Ag™ to form a silver mirror
(Table 2), the classic histochemieal test for melanins, is
positive for o-semiguinones (40). We suggest that these
tests indicate the presence of ortho Q/QH, groups in tar
as well.

"Thus, our current view of the principal paramagnetic
species in tar (radical 3, Table 1) is that it is a polymer
of modest molecular weight that contains quinone (Q),
semiquinone (QH"), and hydroquinone (QH,) moieties.
These Q and QH, species can readily interconvert by
hydrogen atom exchange, as schematically depicted in
Figure 3. Presumably, this rapid hydrogen exchange,
as well as extensive conjugation, produces the single-
line spectrum without hyperfine splittings that is ob-
served. Addition of metal ions, acids, bases, ete. (Table
2), presumably causes a shift in the equilibria shown in
Figure 3 to either increase or decrease the number of
semiquinone states in the system.

The identification of one of the radicals in cigarette
tar as a Q/QH, polymer may have important implica-
tions for the toxicology of smoke. Synthetic Q/QH; pol-
ymers have been shown to be potent redox catalysts in
organic chemistry (41-44). Even more important, redox
cycling of @ and QH, compounds is extremely important
in modulating oxy-radical levels in biological systems
(45). We suggest that the Q/QH; polymer in cigarette
tar may have the capability of altering oxy-radical levels
in the lung. o

Before describing our work with cigarette tar, it will
be helpful first to review briefly what we believe is an
analogous system, namely the melanins. There is a con-
siderable body of evidence that melanins have the ca-
pacity to utilize molecular oxygen to generate active
oxygen species such as superoxide and hydrogen per-
oxide. Felix et al. (46), using the change in the ESR

saturation of the melanin radical, have demonstrated
that photolyzed suspensions of melanin eonsume molec-
ular oxygen. They found that the addition of superoxide
dismutase (SOD) had almost no effect on the rate of
oxygen utilization, while the addition of catalase cut the
rate nearly in half. The apparent decrease in the rate
of oxygen utilization with catalase undoubtedly reflects
regeneration of oxygen via Eq. (1).

tals
2 Hzoz catalase

2 H0 + 0p 4l
Although SOD had little effect on oxygen consumption
by melanins, superoxide was detected in aerated mel-
anin solutions as its spin adduct with the spin trap 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO). The inference is

T T 1
Q QH, Q@ QHe
1
1 1
Q QH, QHe Q
1
1 1
Q QH* QH, Q
1
T T 1
Q QHs QH* QHe

FicURE 3. A schematic representation of the Q/QH/QH, equilibria
in Q/QH, polymers such as melanins and cigarette tar.
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FIGURE 4. Scheme proposed to account for the photochemical re-
duction of molecular oxygen by Q/QH, polymers such as melanin.

that superoxide is on the reaction pathway to hydrogen
peroxide even though SOD had no effect. These results
for melanins are rationalized in terms of the chemistry
depicted in Figure 4. The concentration of semiquinone
moieties is-increased by photo-activation of the melanin
Q/QH; polymer to a level higher than the equilibrium
value. Equilibrium is then restored by electron transfer
from a semiquinone to dioxygen to give superoxide. The
ultimate product is hydrogen peroxide from the spon-
taneous dismutation of superoxide,

Melanins also have been shown to catalyze the re-
duction of dioxygen to hydrogen peroxide in the dark
(47—49), although ultraviolet irradiation does markedly
accelerate the process (50). In these oxidations, NADH
ean be the ultimate source of reducing equivalents. In
these experiments, SOD inhibits the oxidation of
NADH, while added metal ions (e.g., Cu*?) accelerate
the oxidation. We rationalize these results in terms of
the reactions shown in Eqs. (2-8).

In Eq. (2), NADH reduces melanin quinone groups
to the semiquinone, which then reduces dioxygen to
superoxide [Eq. (3)). The ultimate product, hydrogen
peroxide, could then be formed either by dismutation
of supercxide [Eq. (4)] or by the oxidation of another
NADH molecule by superoxide [Eq. (5)]. This latter
reaction would be inhibited by SOD. The acceleration
by metals results from the Fenton-type eycling process
[Egs. (6) and (7)] that produces hydroxyl radieals ca-
pable of oxidizing NADH [Eq. (8)].

We suggest that the g = 2.0035 Q/QH, radical in tar
may undergo many or all of these same processes. For
example, we find that the intensity of the ESR signal
that is observed at high microwave powers from solu-
tions of cigarette tar decreases over a period of one to
two days; however, the original signal intensity can be
restored by aerating the solution. Figure 5 shows these

log {1/P")

AI'_""OZ —= Ar """02

®
-0. 5 J 1 1 1
-2 =14 Q } 2
log P
FiGure 5. Effect of oxygen on the saturation behavior of the cig-

arette tar radical. The curves were obtained by alternatively bub-
bling argon or oxygen through a solution of the tar radical in
benzene. The upper curve shows little saturation and was obtained
when the tar solution was saturated with oxygen. The lower curve,
showing strong power saturation, was obtained when the solution
was saturated with argon. The symbel I represents the relaiive
ESR signal strength of the tar radical, while the P represents the
microwave power in milliwatts.

NADH + awQ —— NADs + ~wQHe (2)
avQHe + 0 —= ~vQ + OF + H' {3)
207 +2HY — Hy0,+ 0 4
OF + NADH ——= NADs + HO; (s}
MY™ 4+ 0Ff — MY 4+ &)
MY o 0, —= M 4+ HOe + HO™ (7
HOs + NADH ——w NAD» + H,0 (8)

effects; note that alternately purging a solution of tar
with argon and oxygen reversibly changes the satura-
tion behavior of the tar radical. The observation that
the ESR intensity of spectra of the tar solutions de-
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Table 3. Analyses of the ESR spectra shown in Figure 6.

Spectrum g Hy o, mT

(A) Tar in benzene 2.0035 0.7
(B} Poly(G) + tar*; no

ineubation 2.0040 0.7
(€) Poly(G) + tar* 2.0040 0.9
(DY Poly(A) + tar® 2.0038 0.9
AB)  Poly(U) + tar® 2.0042 0.9
(F)  Poly(C) + tar* 2.0041 0.8
(G) Calf thymus DNA + tar* 2.0041 0.8

*Incubated for 1 day at 37°C.

creases with time can be explained as follows: the cig-
arette tar radical saturates much more easily in the
absence of oxygen than in its presence. With time, the
tar radical uses oxygen from the solution, saturates
more easily, and exhibits a lower intensity at higher
microwave powers. This saturation behavior of the tar
radical with oxygen in solution indicates a significant
interaction between the paramagetic center in tar and
oxygen.

A recent communication by Nakayama et al. indicates
that hydrogen peroxide is formed over a period of sev-
eral hours when cigarette smoke is bubbled into water
(51). Superoxide dismutase was found to inhibit hydro-

POLY(U) + TAR

(A)

TAR RADICAL IN
BENZENE

(F} v\

POLY(C) + TAR

(B) ~Melw™
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NO INCUBATION

CALF THYMUS
DNA + TAR

;.0 mT

POLY(G) + TAR

(0) ~""\_~
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FiGuRE 6. Radicals observed in polynucleotides and calf thymus
DNA after incubation with cigarette tar, (A) The spectrum of tar
in benzene for reference. In the following experiments, a solution
of tar in 70% ethanol'water was added to a sclution of the palyn-
ucleotide in water and the resulting mixture was then either sep-
arated immediately or incubated for 24 hr at 37°C and then sep-
arated. The mixture was first extracted with benzene to remove
tar and the water was then removed from the polynucleotide or
DNA under vacuum. (B) The spectrum of poly(G) plus tar that
was separated immediately after mixing. (C-G) Spectra of sub-
strates incubated 24 hr with tar: (C) poly(G) plus tar incubated
for 24 hr; (D) poly(A) plus tar; (E) poly(U) plus tar; (F) poly(C)
plus tar; (G} calf thymus DNA plus tar.
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FiguRE 7. Plot of ESR signal intensity in poly(G) that has been
incubated with tar at 37°C for various times.

gen peroxide formation, indicating that superoxide is
an intermediate. These results are consistent with the
redox cycling of the tar Q/QH, radical that we have
outlined above and are similar to effects observed with
the melanins (J. P. Cosgrove, E. T. Borish, D. F.
Church, and W. A, Pryor, submitted for publication).
We have recently found (13) that when cigarette tar
is incubated with polynucleotides or with calf thymus
DNA a radical is observed in the recovered polynu-
cleotide or DNA. Figure 6 shows the spectrum of the
tar radieal in benzene, the spectrum of poly(G) that has
been mixed with a solution of the tar radical and im-
mediately separated, and the spectra that result when
the four polynucleotides or calf thymus DNA are mixed
with the tar radical solution, incubated for 24 hr, and
then separated. The ESR parameters corresponding to
these spectra are presented in Table 3. Poly(G) and calf
thymus DNA show the strongest signals after incuba-
tion, while the other polynucleotides show much weaker
signals. When poly(G) and tar are mixed and then im-
mediately separated without incubation (Fig. 6B), the
signal in the recovered poly(G) is much weaker than the
signal obtained after incubation for one day at 37°C (Fig.
6C). As Figure 7 shows, most of the signal intensity in
the poly(G) has developed after approximately 12 hr of
incubation (W, A. Pryor, K. Uehara, and D. F. Church,
unpublished data, this laboratory). Thus, the develop-
ment of the radical in the poly(G) appears to involve a
relatively facile reaction between the polynucleotides
and the tar radical. The ESR signals observed in the
polynucleotides and DN A after incubation with tar have
slightly larger g values and linewidths than does the tar
radical itself (see Table 3).. We suggest that the signal
observed after ineybation could be due to covalent bind-
ing of the tar radical itself to the polynucleotides and
DNA. The larger g values then might arise from a slight
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delocalization of the radical onto the nitrogenous bases.

In recent work we have shown that aqueous ex-
tracts of cigarette tar in phosphate buffers cause strand
breaks in covalently closed circular pBR322 DNA (E.
T. Borish, J. P. Cosgrove, D. F. Church, and W. A.
Pryor, unpublished data). The time course for this re-
action closely parallels that for the produetion of hy-
droxy radicals, as determined by spin-trapping tech-
niques.

Radicals in Gas-Phase Cigarette
Smoke: Spin Trapping Studies

Unlike the tar radical(s), which are long-lived and can
be studied directly by ESR, the gas-phase radicals are
both less stable and much lower in concentration. We
have been able to study these gas-phase radicals using
the ESR spin-trapping technique (4,16,14). This tech-
nique involves “trapping” unstable radicals with a com-
pound such as phenyl-teri-butyl nitrone (PBN) to give
a radical that is more stable than the radical that was
trapped, and consequently can be more easily detected
by ESR, as shown in Eq. (9.

o !il o
1
Ph-CH=NT=But + Re -—I—Ph—t;,-N—Bu‘ (9
R
PBN; spin frap spin adduct

The first application of this spin trapping method to
the detection of the gas-phase radicals in cigarette
smoke was reported by Bluhm et al. (19). They reported
a poorly resolved spectrum that clearly indicated that
nitroxide radicals had been formed, but little informa-
tion about the nature of the radicals that had been trap-
ped could be obtained from their data.

We have tested a variety of protocols for spin trapping
the gas-phase radicals from cigarette smoke (14). Rep-
resentative spectra are shown in Figure 8 A-C; analyses
of these spectra are presented in Table 4. Spectra 84 and
8C were obtained by bubbling the smoke-stream through
a solution of PBN in carbon tetrachloride or benzene,

(A) PBN/CCl,

(B) PBN/Silica Gel

(C) PBN/Benzene

(D) NO/lIsoprene/Air

FEFF

30mT

FIGURE 8. Spin-trapping of cigarette smoke under various condi-
tions and of an N(¥isoprene/air mixture. See the text and litera-
ture (14) for detailed descriptions of the protocols used. {4) The
spectrum observed when the smoke from a 1R1 cigarette is bub-
bled through a solution of PBN in carbon tetrachloride, (B) The
spectrum observed when the smoke from a 1R1 cigarette is passed
through a silica gel column coated with PBN. The spectrum shown
was obtained by eluting the column with benzene and obtaining
the spectrum of the benzene solution. (C) The spectrum observed
when the smoke from a 1R1 cigarette is bubbled through a solution
of PBN in benzene. (D) The spectrum ohserved when a mixture
of NO and isoprene in air is bubbled through a solution of PBN
in benzene.

respectively. Of particular note is the spectrum (Fig. 8B),
which was obtained by passing the smoke-stream through
a short column of silica gel coated with 6% by weight of
PBN, washing the silica gel with benzene, and obtaining
the ESR spectrum of the benzene solution. This protocol

Table 4. Analysis of spin trapping of 1R1 cigarette smoke and NO/isoprene/air mixture.

Conditions @y, mT ay, mT % Radical
(A} 1R1 cigarette 1.38 0.18 51 RO-PBN
PBN/CC1, 1.45 0.33 14 R-PBN
1.04 a 35 b
(B) 1R1 cigarette 1.37 0.20 75 RO-PBN
PBN/silica gel 1.43 0.32 25 R-PBN
1.36 0.19 67 RO-PBN
() 1R1 cigarette 1.44 0.20 30 R'-PBN
PBN/henzene 0.80 — 3 PBNOx
(D)  NOQisoprene/air 1.38 0.21 42 RO-PBEN
PBN/benzene 1.42 0.21 55 R’-PBN
0.79 — 3 PBNOx

*There are four unresolved lines due to long-range hydrogen splitting(s); ay ca. 0.04-0.06 mT,

* Possibly a vinyl nitroxide; see text.
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gives an exceptionally clean spectrum, presumably due to
the fact that interactions with other smoke components
are minimized. To our knowledge, this is the first time
that such a “solid-state” spin-trapping protocol has been
applied to an environmental problem. In view of the clean
spectrum obtained, we believe that this method may be
an important technique for trapping other environmen-
tally important radicals.

As the analyses in Table 4 show, the three protocols
in Figure 8 all give alkoxyl radical spin adducts as the
major species detected. Protocols (A) and (B) also show
substantial amounts of alkyl (or similar carbon-centered
radieal) spin adducts. Using PBN in carbon tetrachlo-
ride, we also detect what we believe is a vinyl nitroxide
that we have suggested (14} is produced from the spe-
cies that is initially trapped, as shown in Eq. (10).

4
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The ESR spectrum obtained using PBN in benzene
shows a nitrogen hyperfine splitting constant (hfse)
characteristic of an alkyl spin adduet, but with a mueh
smaller hydrogen hfse than is normally observed. We
have suggested that this adduet ean be rationalized as
being due to a cyclohexadienyl radieal that is formed,
when gas-phase alkyl radieals are intercepted by the
aromatic solvent before they are spin-trapped by the
PBN [Eq. (11)1.
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Steady-State Hypothesis for Gas-
Phase Smoke Radicals

A remarkable feature of the gas-phase cigarette
smoke radicals is that they have amazingly long life-
times in the gas phase. The solid line in Figure 9 shows
a plot of spin adduct concentrations observed after aging
the smoke for the indicated times before trapping. Not
only are the radicals apparently long-lived, but maxi-
mum spin adduct yields are not observed until the
smoke is at least one minute old. These long lifetimes
are clearly inconsistent with the known stabilities of
oxygen- and carbon-centered radicals of the type that
we observe; these radicals would have lifetimes of much
less than a second in smoke (4,10).

One conclusion from these results is that the small
organic free radicals that we spin-trap from gas-phase
smoke can not be those that are formed during the com-
bustion process. While radicals are known to be formed
by the combustion of tobacco (as well as other types of
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F1GURE 8. The effect of aging cigarette smoke: (=) spin adduet
concentrations observed after the smoke was aged for the indi-
cated times before bubbling th.rough a solution of PBN in benzene;
(- -) nitrogen dioxide concentration in smoke as a function of time.
Both curves have been scaled to a relative intensity scale with a
maximum intensity of 100%.

organic materials), these short-lived radicals must
undergoe termination reactions while flowing down the
tobacco column in the cigarette and do not reach the
spin-trap selution (or the lungs of a smoker).

To rationalize the apparent contradiction between the
known short lifetime of the types of radicals that we
spin-trap and the apparent lifetimes indicated by data
such as presented in Figure Y, we have proposed a
steady-state hypothesis for radical formation in ciga-
rette smoke. That is, we have suggested that radicals
are being continuously formed and destroyed as the
result of gas-phase radical reactions.

One mechanism by which radicals could be continu-
ously formed in smoke involves reactions of nitogen ox-
ides with other smoke constituents. The dashed curve
in Figure 9 shows the relative change in the nitrogen
dioxide (NO,) concentration in aging cigarette smoke.
Notice that the NO, concentration follows a time course
remarkably similar to that for the formation of organic
radicals as measured by the appearance of spin adducts.

The radicals that we spin-trap might arise out of the
NO; chemistry in smoke in the following manner: Fresh
smoke contains little or no NOg; rather, it contains pri-
marily nitric oxide (NO) as the principal nitrogen oxide.
The NO levels in smoke are extremely high relative to
the values in smog, typically being on the order of 300~
500 ppm (32). Nitric oxide is relatively unreactive with
most organic species, but does undergo slow oxidation
in air to the much more reactive NO,, [Eq. (12)].

2NO + 0 ——= 2NO; (12)






