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The Form of Nicotine in Tobacco. Thermal Transfer of Nicotine and
Nicotine Acid Salts to Nicotine in the Gas Phase’

Jeffrey I. Seeman,* Jay A Fournier,* John B. Paine I11,* and Bruce E. Waymack

Philip Morris, P.O. Box 26583, Richmond, Virginia 23261-6583

Thermal transfer to nicotine in the gas phase from neat nicotine, from various nicotine carboxylic
acid salts, and from endogenous nicotine in Burley, Bright, and Oriental tobacco samples has been
examined by thermogravimetric/differential thermal analysis/mass spectroscopy and evolved gas
analysis. Under the conditions used in these studies, the peak transfer temperatures of these
substances to nicotine in the gas phase are nicotine and nicotine acetate, both ca. 110—125 °C;
nicotine malates, ca. 110—210 °C for nicotine to malic acid ratios of 1:0.56 and 1:1 and ca. 160—210
°C for a nicotine to malic acid ratio of 1:2; (S)-nicotine bis[(2R,3R)-hydrogen tartrate] dihydrate, ca.
195—210 °C; and tobacco samples, a range of ca. 160—220 °C. These results suggest that nicotine
is mostly protonated in tobacco leaf. In all cases, the temperature of the transfer of nicotine to the
gas phase was found to be many hundreds of degrees below the temperatures observed around the
coal of a burning cigarette (smolder, ca. 500—775 °C; dynamic smoking, 600 to over 950 °C). Within
the narrow zone of a puffing cigarette that encompasses an intermediate temperature range (125—
250 °C), kinetic data suggest that these temperatures are not sufficient to volatilize significant
amounts of nonprotonated nicotine, assuming any exists at all, during the short puff duration (2 s).
It is concluded that nonprotonated nicotine and protonated nicotine (salts of nicotine with natural
tobacco carboxylic acids) will transfer nicotine to smoke with comparable yields and efficiencies
during the smoking process.

Keywords: Nicotine; nicotine carboxylic acid salts; thermal transfer; gas phase; tobacco; thermo-
gravimetric/differential thermal analysis; mass spectroscopy analysis; TGA/DTA/MS; evolved gas

analysis; EGA,; “bound” nicotine

INTRODUCTION

(S)-(—)-Nicotine (1), hereafter “nicotine”, is the prin-
cipal alkaloid in tobacco
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(Nicotiana tabacum), the Bright, Burley, and Oriental
varieties of which are the principal raw materials of the
tobacco industry (Akehurst, 1981). Hypothetically, this
well-known and extremely well studied (Seeman, 1987;
Seeman, 1984; Seeman, 1983) substance can exist in one
or more (Schmeltz and Hoffmann, 1977; Stedman, 1968)
of three forms in cigarette blend components: nonpro-
tonated nicotine (1), monoprotonated nicotine (2), and
diprotonated nicotine (3) (Brunnemann and Hoffmann,
1974). (In all structures herein, “Z” refers to a general
anion, not necessarily identical to other Z's within the
scheme.)

The efficiency of transfer of nicotine from tobacco to
smoke has been the subject of considerable discussion
and attention in the past few years (Kessler et al., 1996;
Kessler et al., 1997; Freedman, 1995; U.S. Food and
Drug Administration, 1996). In this paper, we present

T Presented, in part, at the Society for Research on Nicotine
and Tobacco, March 1996, at the Tobacco Chemists Research
Conference, September 1997, and at the American Chemical
Society National Meeting, AGFD-035, August 23, 1998.
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. evidence which indicates (1) that nicotine is present

primarily in one or both protonated forms in tobacco and
is likely to be diprotonated when heated to temperatures
required to release nicotine from tobacco, (2) that
nonprotonated nicotine (1) and the nicotine carboxylic
acid salts such as those found in tobacco (2 and 3)
transfer nicotine to the gas phase at temperatures below
about 220 °C, and (3) that nicotine salts in tobacco and
nonprotonated nicotine, if it exists in tobacco at all, are
likely to transfer nicotine to the gas phase during the
smoking process with comparable yields and efficiencies.
Evidence will also be presented that implies a facile
proton-transfer between 1, 2, and 3 under thermal or
smoking conditions.

MATERIALS AND METHODS

Thermogravimetric/Differential Thermal Analysis/
Mass Spectrometry (TG/DTA/MS). A VG Instruments
quadrupole mass spectrometer (EGA300SL) was interfaced to
a Seiko simultaneous TG/DTA unit (TG/DTA 300) via a flexible
fused silica-lined stainless steel capillary (0.3 mm i.d. x 6 ft
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long). No modification to the Seiko balance was necessary,
because coupling was made using a Teflon ball joint directly
attached to the end of a quartz furnace tube. An open sample
pan configuration with horizontal purge gas flow across the
sample facilitated sample/purge gas interaction and rapid
escape of gaseous reaction decomposition products. One end
of the capillary was positioned in the furnace tube downstream
of the sample pan, and the other end of the capillary was
connected to the mass spectrometer through a molecular leak
(silicon carbide frit) backed by a rotary pump.

This system provides minimal transit time of evolved gas
from the TG/DTA to the mass spectrometer. To prevent
condensation, the transfer line was heated to about 170 °C by
applying an ac voltage across the length of the stainless steel
capillary sheath. Samples, approximately 3—10 mg for nicotine
and the nicotine acid salts and 20 mg for tobacco samples, were
heated in platinum pans at rates of 5 °C min~! under about a
100 mL min~ flow of either helium or a mixture of 21% oxygen
in helium (hereafter sometimes referred to as “21% oxygen”),
in case oxidative loss of nicotine was to be significant. MS data
were collected using a multiple ion monitoring (MIM) mode
in which specific ions were monitored as discussed below
(section 3b). Peak nicotine appearance temperatures were
determined by recording the maxima of the MS ion fragment
of mass-to-charge ratio (m/z) 84, the most intense peak of the
nicotine mass spectrum. In some cases, particularly when
interference at m/z 84 might be anticipated, the second most
abundant nicotine mass spectral fragmentation peak, at m/z
133, was also followed. In the figures herein, only selected ion
fragments are shown. MS and TG/DTA data were converted
to ASCII files, and data reduction/overlap was performed in
Microsoft EXCEL.

Kinetic data were obtained using the Seiko TG/DTA unit.
Nicotine and (S)-nicotine bis[(2R,3R)-hydrogen tartrate] di-
hydrate were each subjected to TGA scans at heating rates of
5, 10, 15, and 20 °C min~! under flowing compressed air at
rates of 100 and 500 mL min~%. The TG curves were normal-
ized to a given sample weight prior to calculating activation
energies and degradation/volatilization times (lifetimes) by use
of a kinetics package, provided by Seiko, which utilizes the
nonisothermal method of Ozawa (Ozawa, 1965).

Evolved Gas Analysis/Mass Spectrometry (EGA/MS).
EGA/MS experiments were conducted by heating samples at
20 °C min~t under flowing He (~200 mL min~t). Samples were
contained in either a quartz boat (if solid) or on quartz wool
(if liquid) inside an 8 mm i.d. quartz tube which was heated
by a gold reflectance tube furnace. For tobacco samples, a
starting mass of about 500 mg was used. For the nicotine
carboxylic acid salts, a starting mass of about 25 mg was used.
A portion of the exiting gases was directed into a Balzer
QMG511 mass spectrometer utilizing the Balzer capillary inlet
system. The mass spectrometer was programmed to scan over
a mass range of 0—255 amu with an operating ionization
energy of 18 eV. Data, at 2 °C or 4 °C intervals, were collected,
stored, compiled, and plotted by a PDP-1103 computer system.
Again, nicotine evolution was followed by monitoring the ion
fragment at m/z 84.

Preparation and Characterization of Compounds.
Warning: Nicotine is severely toxic in the quantities de-
scribed below. Due care must be exercised while handling pure
nicotine and nicotine salts.

(S)-Nicotine Bis[(2R,3R)-hydrogen tartrate] Dihydrate (2c—
3c). (Sometimes 2c—3c is referred to hereafter as “nicotine
bitartrate” or “the bitartrate salt” or “nicotine bis-bitartrate”.)
A solution of commercially available (S)-(—)-nicotine (1) (114.98
g, 0.7087 mol) in 95% ethanol (490 mL) was stirred magneti-
cally at room temperature and treated with a boiling-hot
nearly saturated solution of (2R,3R)-(+)-tartaric acid (213 g,
1.42 mol) in water (115 mL), added over about a minute as
rapidly as exothermicity would permit. The acid solution was
rinsed in with ethanol (10 mL, 95%). The mixture was seeded;
then it was eventually stirred manually to promote crystal-
lization of the product in an easily filtered form. The mixture
was chilled in an ice bath to complete the crystallization; then
the solids were filtered off (glass Btichner funnel) and rinsed
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with ice-cold 95% ethanol, until the rinsings came through
colorless, and no more color was present in the filtercake.
Impurity minor alkaloids remain in solution and were removed
by the filtration process: the dark color of unpurified nicotine
served as an internal indicator for completion of the washing
process. The solids were dried in air to yield 325 g of 2c—3c
(92%), mp: 89.5—92.5 °C (dec). Lit. mp: 88—89 °C (Pictet and
Rotschy, 1904). 3C NMR (5% w/w in D,0, internal standard
sodium 3-trimethylsilylpropionate, TSP) ¢ 179.46*, 149.46,
148.41, 145.32, 133.92, 129.61, 75.84*, 72.17, 59.26, 41.36,
33.24, 24.45 (asterisk (*) indicates tartrate carbons). This
crystalline nicotine bis-bitartrate contains both monoproto-
nated (2c) and diprotonated (3c) nicotine in the crystal unit
cell and is thus referred to as 2c—3c in this report.

This material was used as described below to prepare pure
nicotine. Samples of 2c—3c have remained stable in our
laboratory for more than a decade; the salt is, therefore, an
effective means of storing nicotine. A sample (10.31 g) was
dissolved in water (16.6 mL, plus 3.4 mL for rinsings) and
gravity filtered through fluted Whatman No. 1 paper. The
aqueous solution was placed in a Petri dish in a desiccator,
accompanied by two Petri dishes containing ethanol (125 mL
total, 95%). Over a period of weeks, coarse crystals formed.
These were harvested as needed and dried on filter paper. The
recrystallized material was used for the TG/DTA/MS studies
and for an X-ray structural determination.

Purified (S)-(—)-Nicotine (1). Nicotine bis-bitartrate dihy-
drate (2c—3c) (115.04 g, 0.2308 mol) and sodium hydroxide
pellets (40.13 g, ca. 1 mol) were treated with water (100 mL).
Oily aqueous nicotine separated from the hot mixture. Hexane
(100 mL) was added, and the mixture was chilled on ice. The
mixture was swirled periodically, until the three liquid phases
had become two. The pale organic phase was isolated, decanted
from any traces of aqueous phase, and then concentrated on
a rotary evaporator. A second hexane extract (100 mL) was
treated likewise. The combined product was distilled [Kugel-
rohr, bp: 101—-142 °C (oven)/0.9 Torr]. Yield: 36.05 g (96%).
Optical rotation: [a]®, —170.61 (lit.. —169.4) (Tate and
Warren, 1937); [0]2% —179.53, [a]23; —205.51 (lit.. —204.2)
(Tate and Warren, 1937) (neat, 10.000 cm cell). *3C NMR (H0,
external TMS, TSP internal standard) ¢ 148.24, 147.74,
137.33, 136.53, 124.33, 68.18, 56.15, 38.88, 33.09, 21.64; TSP
at 6 —2.86. 13C NMR (neat liquid): ¢ 152.53, 151.56, 141.82,
137.26, 126.21, 71.51, 59.65, 43.04, 38.55, 25.57. (S)-(—)-
Nicotine prepared in this manner was found to be free of
detectable minor alkaloids, as evidenced by GC/MS analysis
as well as by 3C NMR. The colorless product was stored under
nitrogen, protected from light.

Association of (S)-(—)-Nicotine with Acetic Acid (2a). (S)-(—)-
Nicotine (0.815 g, 0.0050 mol) and glacial acetic acid (0.905 g,
0.0151 mol) were weighed together and swirled until homo-
geneous. The molar ratio of acetic acid to nicotine was 3.00.
The resultant oily 2a was used directly in the TG/DTA/MS
experiments. For literature characterizations, see Perfetti
(Perfetti, 1983) and Dezelic and Nicolin (Dezelic and Nicolin,
1967).

Nicotine Salts with (S)-(—)-Malic Acid. (a) 1:0.56 Nicotine/
malic acid salt, as prepared by titration of nicotine with malic
acid to a pH of 5.60 (2b). (S)-(—)-Nicotine (3.255 g, 0.0201 mol)
was dissolved in water (10.00 g) in a 100 mL graduated
cylinder, fitted with a magnetic stirring bar. A pH electrode
was inserted, reading 9.68 initially. A solution of (S)-(—)-malic
acid (9.65 g) in water to give a total of 20.80 g of solution was
added dropwise to the stirred nicotine solution until the pH
permanently fell to 5.60. A total of 3.28 g of malic acid solution
was required (0.0113 mol). The molar ratio of nicotine to malic
acid in the resulting solution was 1.77. The resulting solution
was allowed to evaporate in air to afford a yellowish syrup.
This noncrystalline 1:0.56 nicotine:malic acid salt may be
heterogeneous at room temperature, but because an aqueous
solution of this malate has a pH of 5.6, it is referred to as 2b
herein.

(b) 1:1.0 Nicotine:malic acid salt (2b—3b). (S)-(—)-Malic acid
(2.83 g, 0.0211 mol) was dissolved in 100% ethanol (5 mL)



Thermal Transfer of Nicotine to the Gas Phase

Scheme 1
HO A H z° H /\_/\
X A X A ™ ON
, N® = NO 2 o )
VAN J /N J n
NG CH N~ H CHs N 3
J" 3 2 1

(boiling water bath). (S)-(—)-Nicotine (3.255 g, 0.0201 mol,
purified as above) was added to the solution, followed by ethyl
acetate (ca. 5.5 mL), added until opalescence nearly persisted.
The solution was seeded (the seeds having been obtained by
slow evaporation of a 1:1 stoichiometric solution of nicotine
and malic acid in water) and allowed to crystallize. The solids
were filtered off and rinsed with ethyl acetate/100% ethanol
(2:1, viv, 2 x 20 mL) and then ethyl acetate (2 x 10 mL). The
solids were dried under suction. Yield: 5.07 g (85%). Mp
112.5-121.4 °C (dec). Anal. Calcd for C14H20N;0s: C, 56.75;
H, 6.80; N, 9.45. Found: C, 56.01, 56.08; H, 6.92, 6.96; N, 9.25,
9.03. 13C NMR (D20, TSP internal standard): 6 182.35, 179.68,
152.38, 151.15, 141.48, 132.29, 128.29, 72.58, 71.76, 59.01,
43.34, 41.11, 33.07, 24.41. 5C NMR (solid state): & 180.21,
175.33, 152.16%*, 135.20, 131.14, 123.96, 69.92*, 55.43, 41.19%,
33.28, 22.63 (11 peaks for 14 carbons: based on peak shape
and chemical logic, the peaks indicated with an asterisk are
believed to be doubly degenerate). The NMR chemical shifts
of the crystalline solid are consistent with monoprotonation
of nicotine within the crystal unit cell; however, the melt of
this salt is believed to contain both mono- and diprotonated
nicotine, and it is therefore referred to as 2b—3b.

1:2.0 Nicotine:malic acid salt (3b). Nicotine and (S)-(—)-
malic acid do not appear to form a homogeneous 1:2 salt. A
solution of nicotine (3.26 g, 0.02 mol) and (S)-(—)-malic acid
(5.40 g, 0.04 mol) in water and ethanol was permitted to
evaporate at room temperature. The residue formed a suspen-
sion of solids in syrup when seeded with the 1:1 malate salt.
Because of the molar excess of malic acid in this salt and in
the absence of any data to the contrary, it is assigned to be
primarily the diprotonated nicotine salt 3b, when in solution
or in a homogeneous melt. A representative sample of this
mixture was examined by TG/DTA/MS.

RESULTS AND DISCUSSION

1. Goals of This Study. Scheme 1 depicts the fate
of the nicotine molecule, as the NH protons are formally
successively lost from the diprotonated salt 3 due to
dissociation of the salt or decomposition of the counte-
rions. This scheme summarizes the two major questions
addressed herein. (1) What are the forms of nicotine
present in tobacco (1, and/or 2, and/or 3)? (2) If more
than one form of nicotine is present in tobacco, do they
thermally transfer to nicotine in the gas phase with
comparable yield and efficiency?

As will be seen below, the answers to these two
guestions can be obtained using much of the same
experimental data.

2. “pH of Tobacco” and Implications for the
Degree of Protonation of Nicotine in Tobacco. The
determination of the form(s) (1 versus 2 versus 3) of
nicotine in tobacco is complicated as tobacco is not a
homogeneous entity and any isolation method would de
facto disrupt the endogenous state of the system (Tso,
1990). Tobacco cell walls and structural components can
create microenvironments which could, in principle,
inhibit or prevent the interaction among various tobacco
constituents. Thus, the tobacco matrix is such that all
tobacco components may not necessarily be in equilib-
rium with each other. However, extensive chemical
changes occur during the curing of the tobacco (Tso,
1990; Peele et al., 1995; Wiernik et al., 1995). In
addition, chemical and physical changes occur to tobacco
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Table 1. Representative Literature Values of the “pH of
Tobacco”

tobacco leaf type pHab
aromatic (Oriental) 4.9
flue cured (Bright) 5.5
Burley 5.8

a8 The procedure to obtain the “pH of tobacco” is typically as
follows: an aqueous extract of the tobacco is obtained and filtered,;
the “pH of tobacco” is the pH of the resultant aqueous solution.
b See: Wynder and Hoffmann, 1967; Akehurst, 1981; Browne,
1990.
during the cigarette manufacturing process, which
include repeated heating, moistening, drying, and mix-
ing steps. Modifications which occur both during the
curing of tobacco and during the manufacture of ciga-
rettes likely increase the mobility of nicotine and other
compounds within the tobacco matrix and may help to
establish an equilibrium between the tobacco alkaloids
and the natural tobacco acids.

Can pH measurements of tobacco extracts be useful
models or indicators of the form of nicotine in tobacco?
One means of approaching an understanding of the
relative concentrations of acids and bases in tobacco and
an understanding of the extent of N-protonation of
nicotine as contained in tobacco is to measure the pH
of aqueous extracts of tobacco. While the literature is
replete with references to the “pH of tobacco” (Browne,
1990; Williamson and Chaplin, 1981; Pankow et al.,
1997; Liang and Pankow, 1996; Akehurst, 1981; Wynder
and Hoffmann, 1967), the concept of “tobacco pH” does
not have precise meaning. The “pH of tobacco” is
typically determined by extracting a tobacco sample
with water, perhaps filtering the resultant mixture and
measuring the pH of the resultant dilute aqueous
solution. Thus, “pH of tobacco” is not an intrinsic
property of matter but rather an arbitrary experimental
construct that varies with the experimental conditions
chosen.

While tobacco can have a high equilibrium moisture
content (10% or more) (Akehurst, 1981), tobacco is, by
no means, a dilute aqueous solution. Any use of the “pH
of tobacco” must be done with the understanding that
it is only a rough approximation of the hydrogen ion
activity within tobacco. An observed pH value of a
tobacco extract is significantly influenced by a number
of factors, including the volume of water employed to
extract the quantity of tobacco taken as well as the
relative water extractability and solubility of the various
acids and bases in the tobacco. Nonetheless, the “pH of
tobacco” may be a useful, though certainly limited,
conceptual device. It is crucial that any use of the “pH
of tobacco” takes into consideration its mode of experi-
mental determination and all assumptions underlying
both its experimental determination and any applica-
tion.

Table 1 lists representative determinations of the “pH
of various tobaccos” (Browne, 1990; Akehurst, 1981).
Table 2 summarizes the relative proportions of nicotine
(1) and its protonated forms (2, 3) in dilute aqueous
solution at selected values of pH. Given the observation
that aqueous extracts of cigarette tobaccos are acidic
(Table 1) (Akehurst, 1981; Browne, 1990; Wynder and
Hoffmann, 1967), it can be deduced reliably that the
underlying tobaccos are acidic as well and that the
nicotine contained therein will at least be formally
monoprotonated if not diprotonated.

One aspect of this work is the evaluation of the effect
of the degree of protonation of nicotine (e.g., from
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Table 2. Relative Amounts of Nonprotonated and
Protonated Nicotine as a Function of pH in a Dilute
Aqueous Solution?

% nonprotonated % monoprotonated

pH nicotine (1) nicotine (2)
5.8 0 100
6.0 1 99
6.4 2 98
6.6 4 96
6.8 6 94
7.0 9 91
7.2 13 87

a Based on pKy's for nicotine of 8.0 and 3.1. ® At pH 5.3, 0.6% of
the total nicotine alkaloid is in the diprotonated form 3; as pH
drops below 5.3, the percentage of 3 rises rapidly. At pH 3.1, 50%
of the alkaloid is 3 and 50% is 2.

substrates 1—3 or from the tobacco matrix) on the ease
of thermal transfer to nicotine in the gas phase. The
pH of an aqueous tobacco extract does not incorporate
the changes to the tobacco caused by heat: evaporation
of volatile substances, including water; increased fluid-
ity of materials within the tobacco; pyrolytic changes.
A discussion of acidity functions (Nigretto and Jozefow-
icz, 1973; Cox and Yates, 1983; Rochester, 1970) and
the meaning of acidity under nonaqueous conditions is
outside the scope of this study. Consequently, the
form(s) of nicotine just prior to the transfer to the smoke
(or gas phase) is as complex a question as the charac-
terization of the heated material itself.

Additional evidence of nicotine’s protonated state in
tobacco is the observation that nicotine neither sub-
stantially evaporates nor significantly autoxidizes while
in storage in cured tobacco. By contrast, nonprotonated
nicotine exposed to air is vulnerable to both evaporation
and/or autoxidation.

3. TG/DTA/MS Analysis. (a) Choice of Substrates.
To explore Scheme 1 chemistry, several salts or associa-
tions of nicotine with carboxylic acids were prepared and
subjected to thermal analysis in tandem with mass-
spectral monitoring. In this work, the primary tactic was
to examine the thermal properties of monoprotonated
and diprotonated nicotine carboxylic acid salts in which
the acid was either identical to or else very similar to
the carboxylic acids found in tobacco. The salts selected
were designed to shed light as to the temperature
ranges such salts release nicotine (1) to the gas phase,
given considerations of variable acid strength, volatility,
and stability.

While the preparation of various nicotine acid salts
has been known for many years, many of these are salts
of inorganic acids (Johnstone and Plimmer, 1959; Sted-
man, 1968). Salts of nicotine with truly strong inorganic
acids (hydrochloric, nitric, sulfuric, phosphoric, and
derivatized phosphoric) are not found in tobacco because
these acids are more than adequately neutralized in
tobacco by an excess content of strong inorganic bases.
The combined ion charge of potassium, calcium, and
magnesium ions in tobacco significantly exceeds the ion
charge of the combined strong inorganic acids present
(Wynder and Hoffmann, 1967; Bokelman and Ryan,
1985). Consequently, the thermal chemistry of salts
such as nicotinium sulfate, nicotinium chloride, or
nicotinium nitrate was not examined in this study.

In tobacco, the natural acids associated with nicotine
are of the carboxylic acid type (Akehurst, 1981; Wynder
and Hoffmann, 1967). Nicotine salts of organic acids are
frequently not crystalline and can have a variety of
stoichiometries (Perfetti, 1983). As a representative of
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a volatile, thermally stable, relatively weak organic
carboxylic acid, the nicotine “salt” with acetic acid was
examined. The literature suggests that this salt contains
nicotine and acetic acid in a 1:3 molar ratio (Perfetti,
1983). Mixing nicotine and acetic acid in this ratio
results in mild exothermicity and the formation of a
viscous oil. Acetic acid serves as the prototype for the
behavior of the class of alkanoic acids higher than formic
acid such as those that occur in tobacco and tobacco
smoke (Stedman, 1968).

By abundance and acid strength, the polycarboxylic
acids such as malic and citric acids are the dominant
acids in tobacco. Polycarboxylic acids as a class are
generally stronger than the monocarboxylic acids. Im-
portantly, polycarboxylic acids have greatly reduced
volatility relative to monocarboxylic acids. Whereas
nicotine citrates and malates are highly water soluble,
nicotine salts of some of the other acids found in tobacco
can have very low water solubility (Perfetti, 19883;
Crooks and Lynn, 1992).

(S)-Nicotine bis[(2R,3R)-hydrogen tartrate] dihydrate
(2c—3c) was selected to provide an example of a bis-
protonated nicotine cation. Tartaric acid was chosen as
an example of a polyfunctional carboxylic acid because
this salt with nicotine is crystalline and well character-
ized. Note, however, that tartaric acid is not a signifi-
cant component of tobacco. Thus, in addition, three
different salts with an important tobacco component,
(S)-(—)-malic acid, 2b, 2b—3b, and 3b, were prepared
for examination. The malate salts had different nicotine:
malic acid ratios, in an attempt to examine both
monoprotonated and diprotonated substances. Only one
of these three malate salts was crystalline, this having
a 1:1 stoichiometry between nicotine and malic acid.

(b) Observed Behavior of the Salts and Burley Tobacco
under TG/DTA/MS Conditions. In the TG/DTA experi-
ments, the weight loss as well as the temperature
differential between the sample and a reference (alu-
mina) are recorded as a function of temperature during
the dissociation/volatilization/decomposition of the start-
ing sample. Interfacing the MS to the TG/DTA unit
provides a means of identifying (qualitatively) these gas-
phase dissociation/volatilization/decomposition products.
Especially important are the maxima of the MS data
curves which typically correspond to the weight loss rate
maxima (differential thermogravimetry, DTG). Due to
chromatographic effects of the silica transfer line and
residues in the TG/DTA furnace tube, some peak-tailing
is observed in the MS data curves. Table 3 shows
selected masses with reported abundances (range of
1-999) for nicotine and possible pyrolysis products of
the nicotine carboxylic acid salts. The most abundant
mass-spectral ion fragment of nicotine appears at a
mass-to-charge ratio, m/z, of 84 (Duffield et al., 1965;
Glenn and Edwards, 1978). Myosmine is a major
decomposition product of nicotine at temperatures
greater than 300 °C in air (Kobashi et al., 1963) and
above 600 °C in an inert atmosphere (Woodward et al.,
1944; Jarboe and Rosene, 1961). It should be noted that
under the conditions used, recordable levels of myo-
smine (4) were not observed (m/z 146).
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Table 3. Mass Spectral Features of Nicotine and Possible Pyrolysis Products in the Thermal Treatment of 1, 2a, 2b,

2b—3b, 3b, 2c—3c, and Burley Tobacco

masses?
17 26 29 43 44 45 54 60 72 76 84 133 146
compound abundances

nicotine 8 28 34 21 999 308
acetaldehyde 57 999 328 814 17
acetic acid 28 12 132 999 a7 874 570
maleic acid 810 180 60 100 780 300 999
maleic anhydride 999 23 1 83 6 471
malic acid 390 23 54 8 999 3
tartaric acid 3 160 115 62 155 80 2 999
acrylic acid 543 99 118 125 350 17 26 759
carbon dioxide 999 11
water 212
myosmine 858

a From NIST/EPA/MSDC Mass Spectral Database Version 2.0, November, 1988.

Since anionic decomposition has a major bearing on
the nicotine thermal evolution profile from nicotine
carboxylic acid salts, the mass spectral monitoring was
adjusted to cater to the specific decomposition chemistry
of the various counterions. Thus, the system with acetic
acid monitored the ion fragments at m/z 43 and 60,
principal ions of acetic acid’s mass spectrum. For
tartaric acid, ion fragments specific to acetaldehyde at
m/z 29 and 44 (also the dominant ion for carbon dioxide)
were followed, since tartaric acid appears to decarboxy-
latively dehydrate to form formylacetic acid, which is
further decarboxylated to give acetaldehyde. Malate
systems followed the ion fragments to be expected for
maleic anhydride (m/z 54) and acrylic acid (m/z 72), both
anticipated decomposition products of the malate anion.
In all runs, ion fragments specific to water at m/z 17
and carbon dioxide at m/z 44 were also monitored.

In the temperature range in which nonprotonated
nicotine evaporates, two general classes of complex
chemical reactions can be expected to occur with nicotine/
carboxylic acid salts. The first involves dissociation and/
or dehydration and decomposition of the carboxylic
counterion (Scheme 1). The second class of chemical
reaction involves proton transfer between the various
nicotine species. In the case of monoprotonated salts, a
disproportionation reaction can convert them to a
mixture of the diprotonated salt and free nicotine (eq
1).
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The disproportionation equilibrium is displaced by the
evaporation of nonprotonated nicotine (1). To the extent
that the nicotine dication (3) is not volatile, the tem-
perature range of the ultimate release of nicotine from
3 is dictated by the stability of the counterion. Equation
1 will be equally valid whether proton transfer occurs
directly between the participants as shown or whether
such proton transfer occurs via other species contained
within the medium or tobacco matrix. One of the

mechanistic pathways embedded in eq 1 is the associa-
tion—dissociation reaction between nicotine and acid
exemplified in Scheme 1. Dissociation becomes more
important for salts or associations of nicotine with
weaker acids.

Figures 1A and 1B show overlays of TG and MS
curves for nicotine (1) run under helium and 21%
oxygen, respectively. TG/MS results indicate that under
the conditions used, the peak transfer of nicotine to the
gas phase occurs between about 110 and 120 °C, well
below nicotine’s boiling point of 247 °C.

The TG and MS curves for nicotine acetate (2a) run
under helium are shown in Figure 2. Initial weight loss
appears to be due to the dissociation of the amine salt
and subsequent volatilization of acetic acid (m/z 43 and
60) at a peak temperature of about 80 °C. A peak
temperature of about 115 °C is observed for the vola-
tilization of nicotine; interestingly, this temperature is
essentially that observed for the simple evaporation of
free nicotine (1) (Figure 1A). Therefore, the acetate salt
of nicotine does not appear to be stable at temperatures
above ca. 90 °C, even starting with as many as 3 mol
equiv of acetic acid relative to nicotine. Similar results
were obtained for nicotine acetate (2a) run in 21%
oxygen.

(S)-Nicotine bis[(2R,3R)-hydrogen tartrate] dihydrate
(2c—3c) is a crystalline salt, the X-ray structure of
which indicates that in the solid state not all of the
nitrogen atoms of nicotine are protonated, despite the
stoichiometry. The unit cell was found to contain four
nicotine molecules, equivalent in pairs, varying in
conformation and degree of protonation on nitrogen.
Two of the nicotine molecules were monoprotonated (on
the pyrrolidine ring, e.g., 2c); the other two were
diprotonated (3c). In a melt, nearly all of the nicotine
is likely to be diprotonated 3c. Thus, the X-ray structure
has little relevance to the ensuing pyrolysis chemistry.
Figures 3A and 3B show TG and MS curves for this salt
run under helium and 21% oxygen, respectively. MS
results indicate that the initial weight loss at about 80
°C corresponds to initial dehydration (m/z 17, about 5%
of the total weight loss) followed by decomposition/
dissociation of the nicotine bitartrate salt into water
(m/z 17), carbon dioxide (m/z 44), acetaldehyde (m/z 29),
and nicotine (m/z 84). Importantly, nicotine evolution
peaks at about 200 °C. Thermal loss of water from the
hydrated salts (and from the tobacco matrix, see experi-
ments below) occurs prior to transfer of nicotine to the
gas phase. It appears that greater than 95% of the total
material is transferred to the gas/aerosol phase by ca.
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Figure 1. (A) TG/MS of nicotine in helium as a function of temperature. (B) TG/MS of nicotine in 21% oxygen as a function of
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Figure 2. TG/MS of a nicotine acetate salt in helium as a
function of temperature.

230 °C, i.e., a carbonaceous residue of less than 5% of
the original weight remained to be decomposed at higher
temperatures in oxygen.

Figure 4 shows the TG/DTA for (S)-nicotine bis-
[(2R,3R)-hydrogen tartrate] dihydrate (2c—3c) run un-
der 21% oxygen. The overall DTA curve for the decom-
position of the nicotine bitartrate salt is generally
endothermic, due to the volatilization of water and
nicotine; however, the discontinuity in the curve is
indicative of the exothermic nature expected for the
tartrate moiety decomposition. The similar nature of the
data curves run in helium and in 21% oxygen are
suggestive of the thermal stability of the nicotine
bitartrate salt with respect to oxidation.

Figures 5—7 show the TG and MS curves for the three
different nicotine malate salts heated in helium, these
having malic acid:nicotine molar ratios of 0.56, 1, and
2, respectively. The decomposition/dissociation of the
nicotine malate salts proceeds via a more elaborate
route than the nicotine acetate and bitartrate salts.
Figure 5 shows the TG/MS curves for the 1:0.56 nicotine:
malic acid salt mixture. The MS data indicate that the
initial 40% weight loss, in the temperature range of
about 50—150 °C, is due to the evaporation of water (m/z
17) followed by the volatilization of nicotine (m/z 84,
peaking at about 110 °C). At temperatures in excess of
150 °C, the salt begins to decompose/dissociate into
water, carbon dioxide, maleic anhydride (m/z 54), acrylic
acid (m/z 72), and nicotine. Two additional peaks for
nicotine evolution are observed at about 165 and 200
°C. The presence of maleic anhydride and acrylic acid
were confirmed by separate pyrolysis GC/MS work.

The 1:1 nicotine:malic acid crystalline salt (2b—3b)
heated under helium is shown in Figure 6. The initial
weight loss at about 120 °C is attributed to the volatil-
ization of nicotine (m/z 84). At temperatures in excess

of 150 °C, the data again indicate the decomposition/
dissociation of the salt to water, carbon dioxide, maleic
anhydride (m/z 54), acrylic acid (m/z 72), and nicotine.
The two additional peaks for nicotine evolution at about
165 and 200 °C observed during the decomposition/
dissociation of the 1:0.56 nicotine:malic acid salt mixture
are again observed for the 1:1 crystalline salt.

The TG/MS data for the 1:2 nicotine:malic acid salt,
shown in Figure 7, is observed to be similar to those of
the 1:1 crystalline nicotine malate salt, with the excep-
tion that the low-temperature (~120 °C) nicotine peak
is now absent. The TG shows major weight loss in the
150—220 °C temperature range due to the decomposi-
tion/dissociation of the salt. Only two nicotine (m/z 84)
evolution peaks are observed at about 165 and 205 °C.

Carbonaceous residues with weights of between 4%
and 9% of the original weight were observed at tem-
peratures of 330 °C for each of the nicotine malate salts.
These residues, primarily polymerization products of the
dicarboxylic acids, combusted (m/z 44) in oxygen at
temperatures around 500 °C (data not shown).

The low-temperature (115 £+ 5 °C) transfer of nicotine
from both the 1:0.56 and 1:1 nicotine:malic acid salt
mixtures is essentially the temperature range observed
for the volatilization of nonprotonated nicotine in helium
as well as in 21% oxygen. The source of nonprotonated
nicotine from the nicotine malate salts in this low-
temperature region may well be volatilization arising
from the disproportionation of monoprotonated salt (eq
1). Enough malic acid was present to monoprotonate
nicotine but not enough to totally diprotonate it. A
disproportionation reaction yields, for two molecules of
monoprotonated salt, one molecule each of the diproto-
nated salt and free nicotine. A disproportionation reac-
tion also explains the presence of a peak appearance
temperature of nicotine in the 200 °C region for the
1:0.56 salt, a compound which prior to thermal treat-
ment is likely not to have any diprotonated salts
present.

Figure 8 shows an overlay of the nicotine (m/z 84)
evolution curves for the three nicotine malate salts. For
the salts which contain significant concentrations of
monoprotonated salt 2b, these data are consistent with
the proposed disproportionation of monoprotonated
nicotine (2) to diprotonated nicotine (3) and nonproto-
nated nicotine (1) (which volatilizes in the same low-
temperature region as that observed for nonprotonated
nicotine), followed by further release of nicotine via
decomposition/dissociation of the resultant diprotonated
salt(s). The two peaks, at about 165 and 200 °C,
observed in the nicotine evolution curves of Figures 5—8
can be attributed to the decomposition/dissociation of
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Figure 3. (A) TG/MS of nicotine bitartrate in helium as a function of temperature. (B) TG/MS of nicotine bitartrate in 21%
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Figure 4. TG/DTA of nicotine bitartrate in 21% oxygen as a
function of temperature.
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Figure 5. TG/MS of a nicotine malate salt (1:0.56) in helium
as a function of temperature.
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Figure 6. TG/MS of a nicotine malate salt (1:1) in helium as
a function of temperature.

diprotonated nicotine malate resulting in the formation
and further decomposition of nicotine maleate and/or
nicotine fumarate. It is of interest to note that the
nicotine malate salt prepared with excess malic acid (1:
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Figure 7. TG/MS of a nicotine malate salt (1:2) in helium as
a function of temperature.
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Figure 8. Nicotine evolution, m/z 84, of the three nicotine
malate salts in helium as a function of temperature.

2) does not show a nicotine peak in the low-temperature
range of about 115 °C, suggesting the nicotine in this
sample is totally diprotonated (consistent with the TG/
MS data of the diprotonated nicotine bitartrate).

The disproportionation reaction of eq 1 ensures that
any volatile carboxylic acid too weak to diprotonate
nicotine effectively cannot prevent the volatility of all
of the nicotine at temperatures comparable to those
required to evaporate nicotine. Any dication that does
form as a result of disproportionation may dissociate
back to the monocation, allowing the circle leading to
complete dissociation to continue. Competing with any
disproportionation of a monoprotonated nicotine salt (2)
with a weak acid is the direct dissociation reaction into
free nicotine (1) and free carboxylic acid HZ, portrayed
in Scheme 1. Such dissociation can be driven to comple-
tion by removal of the acid from the system by simple
evaporation should the acid be significantly more vola-
tile than nicotine. Acetic acid was found to be such an
acid, significantly preceding nicotine into the gas phase.
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Table 4. Peak Appearance Temperatures of Nicotine from 1, 2a, 2b, 2b—3b, 3b, 2c—3c, and Burley Tobacco
peak appearance
substrate atmosphere? temp (°C) of nicotine® figure
nicotine (1) helium 110+ 5 1A
nicotine (1) 21% oxygen/He 115+ 5 1B
nicotine acetate (2a) helium 115+ 5 2
nicotine acetate (2a) 21% oxygen/He 120+ 5
nicotine bis[(2R,3R)-hydrogen tartrate] dihydrate (2c—3c) helium 200 £ 5 3A
nicotine bis[(2R,3R)-hydrogen tartrate] dihydrate (2c—3c) 21% oxygen/He 200 +£ 5 3B, 4
nicotine (S)-malate (2b) 1/0.56 nicotine/malic acid helium 110 + 5, 165 + 5, 200 + 5 5,8
nicotine (S)-malate (2b) 1/0.56 nicotine/malic acid 21% oxygen/He 120 £ 5,165 £ 5,190 £ 5
nicotine (S)-malate (2b—3b) 1/1.0 nicotine/malic acid helium 120 £ 5,165 £ 5,200 +£ 5 6,8
nicotine (S)-malate (2b—3b) 1/1.0 nicotine/malic acid 21% oxygen/He 120 + 5,170 + 5, 200 + 5
nicotine (S)-malate (3b) 1/2.0 nicotine/malic acid helium 165+ 5,205+ 5 7,8
nicotine (S)-malate (3b) 1/2.0 nicotine/malic acid 21% oxygen/He 170 £5,205 £ 5
Burley tobacco® helium 195 £ 15 9

aFlow ~100 mL min~1, ® Samples heated at ~5 °C min~1. ¢ Large sample size used.

On the basis of the results reported herein, the
highest temperature of free nicotine release, which will
be from its diprotonated form (3), will depend on the
conjugate acidic strength, the volatility, and the thermal
stability of the acid counterion. If the intrinsic temper-
ature of decomposition of a given organic counterion is
below the intrinsic dissociation temperature of dipro-
tonated nicotine (3), it will be the counterion decomposi-
tion temperature that dictates the volatilization upper
temperature ranges of free nicotine. The amount of heat
needed to volatilize these polycarboxylic acids intact is
greatly in excess of that needed to effect their decom-
position by dehydration and/or decarboxylation and/or
cyclic anhydride formation, which leads to the formation
of weaker monocarboxylic acids (e.g., acrylic acid) or
nonacids (e.g., acetaldehyde and maleic anhydride).

The peak appearance temperatures for nicotine from
1, 2a, 2b, 2b—3b, 3b, and 2c—3c determined in this
study are summarized in Table 4. These results are
consistent with reports by Lawson, Bullings, and Per-
fetti in the patent literature (Lawson et al., 1989a;
Lawson et al.,, 1989b) which report, without either
specific data or experimental details, that organic acid
salts of nicotine decompose below 200 °C. Essentially
three temperature ranges for the appearance of nicotine
were observed for the various salts studied: 115 + 5,
165 + 5, and 200 + 5 °C. It would have been attractive
to suppose that these three ranges corresponded to the
release of nicotine from nonprotonated nicotine, mono-
protonated nicotine, and diprotonated nicotine, respec-
tively. However, more likely, based on the observed
temperature profile of mass spectral ion evolution of the
substrates examined, it is that they encompass two true
ranges. The lower range (115 + 5 °C) would correspond
to evaporation/volatilization of nonprotonated nicotine
(1) available from the system either by dissociation from
a weak acid (as is the case with acetic acid) or from
disproportionation of the monocation (2). The higher
range (160—210 °C) would reflect nicotine release from
mostly dicationic forms 3 as a result of variable tem-
peratures of anion decomposition, which is dependent
on the thermal stability of the counterion or of counte-
rions derived from those originally present.

Figure 9 shows the TG/MS curves for Burley tobacco
leaf run under helium. To obtain a recordable MS
intensity for nicotine (m/z 84 and 133), a deeper TG
sample pan was filled with the Burley tobacco sample
and the voltage to the secondary electron multiplier of
the MS was increased. This accounts for the observed
higher baseline and greater tailing effects in the MS
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Figure 9. TG/MS of Burley tobacco leaf in helium as a
function of temperature.

curves. The peak appearance temperature of nicotine
occurs between about 180 and 210 °C. These tempera-
tures fall well within the range observed for the nicotine
dicarboxylate salts studied here. The lack of a signifi-
cant nicotine appearance at ca. 115 °C indicates that
there is no nonprotonated nicotine available in the
tobacco matrix at that temperature. Had there been
monoprotonated nicotine present at that stage and given
that a disproportionation reaction (eq 1) would form
nonprotonated nicotine, peaks at ca. 115 °C would have
been observed. We therefore infer that nicotine, at these
elevated temperatures in the tobacco, is diprotonated.
A more detailed discussion of this point is presented in
section 5.

4. Evolved Gas Analysis. Transfer of nicotine to the
gas phase from various tobacco types was evaluated
using evolved gas analysis/mass spectrometry (EGA/
MS). The EGA/MS system had a much larger sample
capacity compared to that of the TG/MS system, there-
fore, making it more suitable for studying tobacco
samples which cannot be analyzed conveniently using
TG/MS techniques. Figure 10 (curves a—d) depict the
transfer of nicotine to the gas phase from normal Burley
tobacco, a low-alkaloid Burley, low-alkaloid Burley with
added nicotine citrate (1:2), and low-alkaloid Burley
with added nonprotonated nicotine, respectively. Nor-
mal Burley tobacco, when heated, resulted in a broad
“triplet” peak with maxima at about 180 and 210 °C and
a shoulder at 240 °C (Figure 10, curve a). A low-alkaloid
Burley, when heated, shows (Figure 10, curve b) a weak
“doublet” with maxima at about 190 and 220 °C. This
experiment serves as a control for the two “nicotine
addition” experiments, shown in Figure 10 (curves c and
d). When nicotine citrate was added to the low-alkaloid
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Figure 10. Nicotine evolution, m/z 84, of normal Burley (a),
a low-alkaloid Burley (b), low-alkaloid Burley with added
nicotine citrate (c), and low-alkaloid Burley with added non-
protonated nicotine (d) in helium as a function of temperature.

Table 5. Peak Appearance Temperatures of Nicotine
from Various Tobacco Samples, As Determined by
Evolved Gas Analysis (EGA)

peak appearance
temp (°C) of nicotineaP figure

source of nicotine

Burley Tobacco Samples

Burley 180(m), 210(s), 240(m) 10a
low-alkaloid Burley 190(w), 220(w) 10b
low-alkaloid Burley + 150(m), 180(s), 215(m) 10c

nicotine citrate
low-alkaloid Burley +
nonprotonated nicotine

Bright Tobacco Samples

160(s), 180(s), 210(m), 240 (m)
180(w), 210(w)

160(m), 195(s), 235(m)

105(w), 145(m), 175(s), 200(s)  10d

Bright

low-alkaloid Bright

low-alkaloid Bright +
nicotine citrate

Oriental Tobacco Samples
low-alkaloid Oriental 180(w), 220(w)
low-alkaloid Oriental +  160(s), 185(s), 220(w)
nicotine citrate

a Performed under an atmosphere of helium and at a thermal
temperature heating rate of 20 °C min=1. ® w = peak of weak or
low intensity; m = peak of medium or moderate intensity; s =
peak of strong or high intensity.

Burley sample and heated, a “triplet” (150, 180, and 215
°C) was seen (Figure 10, curve c) similar to that
observed in normal Burley (Figure 10, curve a), consis-
tent with nicotine transfer temperatures observed for
protonated nicotines. When nonprotonated nicotine was
added to the low-alkaloid Burley, a “triplet” was ob-
served (Figure 10, curve d) with maxima at about 145,
175, and 200 °C. The weak shoulder observed at about
105 °C in Figure 10 (curve d) can be attributed to the
presence of residual nonprotonated nicotine and/or the
disproportionation of monoprotonated nicotine. These
results suggest that sufficient acidity is present in the
low-alkaloid Burley to convert exogenous nicotine (1)
to its monoprotonated (2) and/or diprotonated (3) form(s).
Similar studies were performed with both Bright and
Oriental tobaccos (the data are summarized in Table
5).

The EGA data are consistent with the TG/MS results
which show the peak nicotine evolution temperatures
from Burley tobacco leaf in the range of 180—210 °C.
The EGA results are also consistent with work reported
in 1960 by Kobashi and co-workers (Kobashi et al., 1960;
Kobashi and Sakaguchi, 1960) who found that addition
of nonprotonated nicotine or, separately, nicotine tar-
trate to a low-alkaloid filler led to cigarette models
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which had the same nicotine transfer efficiency to
mainstream smoke. (Mainstream smoke is the smoke
which travels down the cigarette rod and through the
cigarette filter.) Note that evidence has been presented
(Jenkins and Comes, 1976) that the transfer of nicotine
to mainstream smoke is the same from endogenous
nicotine and exogenously added nicotine.

5. Stability of Nicotine under Pyrolytic Condi-
tions. Transfer of Nicotine to the Gas Phase. It is
crucial to demonstrate that nicotine itself is stable under
the thermal conditions required to volatilize it from
nonprotonated nicotine itself or the thermal conditions
required to form it and volatilize it from the various
protonated nicotines 2 and 3. Recently, it was found that
heating samples of nicotine, (S)-nicotine bis[(2R,3R)-
hydrogen tartrate] dihydrate, and the 1:0.56 and 1:1
nicotine malates individually from ambient tempera-
ture, at approximately 400 °C min~1, under a 500 mL
min~! flow of either air or argon led to 92—100%
transfer efficiency (or yield) (Fournier et al., 1998). A
number of studies have shown that nicotine in the
absence of oxygen will not begin to decompose thermally
until temperatures in excess of 600 °C are reached (von
Euler, 1965; Balasubrahmanyam and Quin, 1962; Jar-
boe and Rosene, 1961). Nicotine is stable in air until
temperatures exceed 300—350 °C with a 2-s contact time
on a glass wool surface (von Euler, 1965; Kobashi et al.,
1963). As nicotine volatilizes well below its boiling point
of 247 °C (see Tables 4 and 5), pyrolysis studies at
higher temperatures must be performed by injecting
nicotine into a preheated tube in one of a number of
fashions (Balasubrahmanyam and Quin, 1962; Jarboe
and Rosene, 1961; Schmeltz et al., 1979; von Euler,
1965). Additionally, in the TG/MS studies reported
herein, no mass spectral fragmentations were observed
for the ions which are markers for myosmine (m/z 146)
(Duffield et al., 1965), the major thermal decomposition
product of nicotine (von Euler, 1965; Balasubrahman-
yam and Quin, 1962; Jarboe and Rosene, 1961).

The term “transfer of nicotine to the gas phase” does
not mean that all of the nicotine remains in the gas
phase during, or after, a pyrolysis experiment (or in the
burning/puffing of a cigarette). Rather, it is an estimate
that the initial thermal process puts the nicotine into
the gas phase near the heat source (or the coal).
Subsequently, the travel of smoke along the pyrolysis
tube and cooling (or down the cigarette rod) causes
condensation (sometimes referred to as “raining out” or
precipitation) of most of the nicotine out of the gas phase
and into an aerosol (Jenkins and Comes, 1976; House-
man, 1973; Crooks and Lynn, 1992).

Because thermally induced water evolution occurs at
low temperatures, the water content of the tobacco drops
significantly and the effective acidity of the residual
tobacco may increase during the heating process. As
discussed in sections 3 and 4, evolution peaks at ca. 110
°C (for nonprotonated nicotine) are not seen in the
thermal treatments of the tobacco samples except when
excess nonprotonated nicotine is added to the tobacco
sample. We therefore conclude that endogenous nicotine
in tobacco in the region about to release nicotine due to
the approaching heat is likely to be substantially
diprotonated.

Under smoking conditions, the heat of the approach-
ing coal would be expected to expel much of the water
content of tobacco, before nicotine release became
significant. The results above emphasize that nicotine
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in tobacco closely resembles the polycarboxylate salts
of nicotine in the thermal requirements for nicotine
release to the gas phase and is significantly different
from the behavior to be expected for monocarboxylic acid
salts of nicotine, as exemplified by the acetic acid—
nicotine system. It is the stronger (and significantly
abundant) polycarboxylic acids (Wynder and Hoffmann,
1967) whose anions will resist protonation more than
those of the weaker monocarboxylic acids. This work has
demonstrated that weak low molecular weight aliphatic
acids (such as acetic acid) precede nicotine into the gas
phase.

Importantly, whatever carboxylic acids that are formed
during the smoking process from acidic precursors are
likely to be weaker than their precursors. To the extent
that acids condense in the cooler regions of the cigarette,
new nicotine carboxylic acid salts may be formed. The
re-evaporation of nicotine from such salts will likely be
more facile than for the original release process, as our
results with nicotine acetate vs the nicotine polycar-
boxylates have demonstrated above.

The appearance temperatures of nicotine (Tables 4
and 5) are significantly lower than the temperatures
observed near the coal of a puffing cigarette, ca. 600—
950 °C (Baker, 1975, 1981, 1987; Kobashi et al., 1960;
McRae et al., 1987). These factors (i.e., the stability of
the nicotine ring system and the high temperature
ranges of a burning cigarette) combined with the mass
of the tobacco allow the dissociation and/or decomposi-
tion and/or disproportionation of nicotine carboxylic acid
volatilization to nicotine in the gas state. In conclusion,
the TG/DTA/MS results, combined with the thermal
stability of the nicotine ring structure in both its
nonprotonated and carboxylic acid salt forms, clearly
indicate that nicotine carboxylic acid salts will transfer
nicotine to the gas phase in thermolysis experiments
and in the smoking process with efficiency comparable
to that from nonprotonated nicotine itself.

6. Transfer of Nicotine to the Gas Phase from
the Lower Temperature Regions of a Puffing
Cigarette. A more subtle question is now addressed:
Is it possible that within portions of the puffing ciga-
rette, intermediate temperatures will be experienced
(e.g., in the range of ca. 125—250 °C) such that an
enhanced amount of nicotine will volatilize from non-
protonated nicotine (1) but not from monoprotonated (2)
and/or diprotonated (3) nicotine(s)?

i. Transfer Kinetics. The time available during the
puffing of a cigarette compared with the rates of
volatilization can be evaluated. The Federal Trade
Commission (FTC) method defines a standard model for
experimental smoking comparisons as follows: a 35 mL
puff taken over a 2-s interval, followed by a 58 s static
burn (Federal Register, 1967; Pillsbury et al., 1969).
That is, the time during which a puff is taking place
and mainstream smoke is being generated is modeled
as 2s.

It is useful to determine the “reaction fraction dis-
sociation/decomposition/volatilization times” for 1-3,
that is, the time it would take to convert and/or transfer
1-3 to nicotine in the gas phase at various tempera-
tures. To evaluate this, nicotine (1) and (S)-nicotine bis-
[(2R,3R)-hydrogen tartrate] dihydrate (2c—3c) were
each subjected to TG scans at four heating rates (5, 10,
15, and 20 °C min~1) under flowing compressed air at
rates of 100 and 500 mL min~1. A kinetic software
package (utilizing the Ozawa method) was used to
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Table 6. Calculated Reaction Fraction Decomposition
Time (s) and Energy of Activation (E;) To Transfer
Nicotine to the Gas Phase from Nicotine (1) and
(S)-Nicotine Bis[(2R,3R)-hydrogen tartrate] Dihydrate
(2c—3c) under a Compressed Air Flow of 100 mL min~1!

% transfer to nicotine in the gas phase

from nicotine (1) from nicotine bitartrate (2c—3c)

10% 20% 50% 10% 20% 50%
temp time (s) to reach specified percentage of nicotine
(°C) in the gas phase
150 30 55 130 1200 1900 3300
200 58 11 24 43 61 104
250 16 28 6.4 3.0 3.8 6.4
300 05 09 2.1 0.3 0.4 0.6
Ea 55 kJ/mol 115 kJ/mol

Table 7. Calculated Reaction Fraction Decomposition
Time (s) and Energy of Activation (E;) To Transfer
Nicotine to the Gas Phase from Nicotine (1) and
(S)-Nicotine Bis[(2R,3R)-hydrogen tartrate] Dihydrate
(2c—3c) under a Compressed Air Flow of 500 mL min—1!

% transfer to nicotine in the gas phase

from nicotine (1) from nicotine bitartrate (2c—3c)

10% 20% 50% 10% 20% 50%
temp time (s) to reach specified percentage of nicotine
(°C) in the gas phase
150 16 34 85 940 1600 2900
200 25 56 14 31 48 82
250 0.6 1.3 3.3 2.0 2.8 4.6
300 0.2 0.4 1.0 0.2 0.3 0.4
Ea 60 kJ/mol 116 kJ/mol

calculate activation energies and degradation/volatiliza-
tion times (lifetimes). The data calculated at the two
different flow rates are presented in Tables 6 and 7. For
appearance of nicotine, a value of ca. 55—60 kJ/mol was
determined, consistent with the literature value for the
heat of vaporization for nicotine of 51.6 kJ/mol (CRC
Handbook of Chemistry and Physics, 1973). The activa-
tion energy determined for the melting of the nicotine
bitartrate (2c—3c) and subsequent decomposition and
transfer of nicotine to the gas phase was about 115 kJ/
mol.

Degradation/volatilization times for nicotine and nico-
tine bitartrate were calculated for temperatures of 150,
200, 250, and 300 °C at reaction fractions of 10%, 20%,
and 50%. Since the weight loss observed for nicotine is
via evaporation, rather than decomposition followed by
volatilization, as observed for the bitartrate salt, it
follows (as observed in Tables 6 and 7) that flow rate
should have a greater influence on the degradation/
volatilization times of free nicotine than that of the salt.

The data in Tables 6 and 7 can be used to extrapolate
degradation/volatilization times for nicotine and the
natural tobacco carboxylic acid salts of nicotine in a
cigarette during puffing (1050 mL min—! at FTC condi-
tions of a 2 s 35 mL puff). It should be noted that the
diprotonated bitartrate salt is thermally more stable
than the protonated salts of the other carboxylic acids
investigated; therefore, it would be expected that the
degradation/volatilization times of other protonated
salts (e.g., malates, acetates, citrates) would be less than
that of the bitartrate salt.

In the temperature range of 250—300 °C, the data in
Tables 6 and 7 suggest that the transfer rates of nicotine
to the gas phase from nonprotonated nicotine and the
carboxylic acid salts of nicotine are comparable. It is
only within the temperature range from about 125 to
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250 °C that differences in the transfer rate of nicotine
to smoke from protonated nicotine and nonprotonated
nicotine (if any nonprotonated nicotine is, in fact,
present) could be expected. However, within the 125—
250 °C region of a cigarette rod during puffing, the rate
of volatilization of nonprotonated nicotine is expected
to be small. For example, extrapolating the data in
Tables 6 and 7, one can estimate that in the 200 °C
region of a puffing cigarette, it would take about 4—5 s
to volatilize 20% of any nonprotonated nicotine present.
Therefore, during the relatively short time of a puff,
significantly less than 20% of any nonprotonated nico-
tine in the 125—250 °C region could volatilize. Moreover,
this particular temperature zone of the cigarette rod is
not only narrow (Baker, 1975, 1981, 1987), but is also
in motion (Crooks and Lynn, 1992), as the coal region
chases it down the rod in response to puffing action. The
cigarette’s dynamic burn further decreases the time any
particular zone of tobacco is exposed to this particular
temperature range to significantly less time than the
duration of a puff. The combined effect of (1) the small
volume of tobacco within the 125—250 °C region of a
puffing cigarette, (2) the brief time a particular zone of
tobacco is exposed to this temperature range, (3) the
relatively low temperature (and available energy) of the
region, and (4) the small content of nonprotonated
nicotine multiplied together indicate a minute possibil-
ity of significant transfer of nicotine to smoke from this
temperature region. Furthermore, there is likely to be
net condensation of nicotine within the lower temper-
ature part of this region as the aerosol begins to form
(see below).

ii. Condensation of Smoke Nicotine onto the Tobacco.
As nicotine travels down the rod during puffing, it is
known that some of it condenses onto, or is otherwise
entrained by, the tobacco as the temperature of cigarette
smoke decreases (Jenkins and Comes, 1976; Houseman,
1973; Crooks and Lynn, 1992). Analysis of puff-by-puff
nicotine delivery also confirmed the condensation phe-
nomena (Crooks and Lynn, 1992). Thus, there is sig-
nificant flux of nicotine onto the tobacco in lower
temperature regions of a cigarette during a puff rather
than volatilization of nicotine off of the tobacco, i.e., a
net deposition of nicotine in these lower temperature
regions is what occurs. Greater than 95% of the nicotine
in mainstream smoke at the exit point of a cigarette is
in the particulate phase, as would be expected from the
low vapor pressure of nicotine at 30 °C (Ogden et al.,
1993).

7. Formation of and Transfer of Nicotine to the
Gas Phase from Covalently Bound Nicotine Pre-
cursors. The claim has been made that protonated
nicotine in tobacco is “bound” and does not transfer to
the smoker during the smoking process (Kessler et al.,
1996, 1997; Kessler, 1994). One might ask to what
extent is protonated nicotine “bound” or unable to be
volatilized thermally? The results described above pro-
vide strong evidence that protonated nicotine is fully
capable upon mild (ca. 200 °C) thermal treatment to
transfer nicotine to the gas phase.

Another way of examining this question would be to
ask, if one wanted to construct a “bound” nicotine, what
might it be? One experimental answer is to examine the
smoke chemistry of a nicotine derivative such as 5 and/
or 6, where R is a covalently bound substituent other
than a proton (in these cases, forming a N—C bond).
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To evaluate smoke chemistry, researchers from gov-
ernment, academia, and industry have used the stan-
dard FTC smoking paradigm to quantify nicotine and
“tar” deliveries. Under these conditions, it is known that
the transfer efficiency of nicotine in commercial ciga-
rettes is between 1% and 10% (Hoffmann et al., 1995).
Transfer efficiency means the amount of nicotine de-
livered to mainstream smoke divided by the amount of
alkaloid present in the tobacco in the cigarette before
smoking. Transfer efficiency is analogous to the yield
of a chemical reaction.

An aqueous solution of N- and N'-(3-methyl-2-but-
enyl)nicotinium citrate (7 and 8, eq 2) was added to a
low-alkaloid Burley—Bright tobacco mixture (1:1).

DR
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+ 10% transfer efficiency
to nicotine
in mainstream smoke
S 2

The resultant tobacco was equilibrated overnight and
handmade into nonfiltered cigarettes. These cigarettes
were found to yield an additional amount of nicotine to
the mainstream smoke, equal to a 10% transfer ef-
ficiency, based on the amount of 7 and 8 that was added
to each cigarette filler (Seeman, 1982). As the “net”
transfer efficiency to nicotine in the mainstream smoke
for 7 and 8 is within the experimental range of transfer
efficiencies for nicotine itself (Perfetti et al., 1998), 7
and 8 cannot be considered “bound”, if by “bound” one
implies an inability for nicotine to be transferred to the
smoke. Similar results have been reported for the
transfer to nicotine in smoke from the reaction products
of nicotine with ethylene oxide (9 and 10, eq 3) in the
tobacco matrix (Obi et al., 1968).
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SUMMARY, CONCLUSIONS, AND IMPLICATIONS OF
THIS WORK

The nicotine ring system is thermally quite stable.
Nicotine carboxylic acid salts transfer nicotine to the
gas phase by three types of mechanisms: deprotonation,
decomposition of the carboxylic acid anion, and dispro-
portionation. Under the TG/DTA/MS conditions used in
these studies, the peak transfer temperatures from
nicotine itself and from the various nicotine carboxylic
acid salts to nicotine in the gas phase are nicotine and
nicotine acetate, both ca. 110—125 °C; nicotine malates,
ca. 110—210 °C for nicotine to malic acid ratios of 1:0.56
and 1:1 and ca. 160—210 °C for a nicotine to malic acid
ratio of 1:2; and (S)-nicotine bis[(2R,3R)-hydrogen tar-
trate] dihydrate, ca. 195—210 °C. Decomposition prod-
ucts of nicotine were not observed, even in 21% oxygen.

The TG/DTA/MS and EGA/MS experiments show
peak nicotine evolution temperatures from tobacco
samples in the range of ca. 160—220 °C, the same range
as the nicotine polycarboxylic acid salts. EGA/MS
results also show that addition of modest amounts of
nonprotonated nicotine to low-alkaloid tobaccos results
in nicotine evolution peaks similar to those observed for
normal tobaccos. Under smoking conditions, nicotine
release occurs after much of what water was originally
present has first evaporated. Nicotine in cigarette
tobacco is present largely (>95%, perhaps even >99%)
in a protonated state at room temperature. Thermally
induced water evolution occurs at temperatures lower
than those required for nicotine release, possibly in-
creasing the effective acidity of the medium. At the
temperature range where thermal release of nicotine
from tobacco occurs, evidence reported herein suggests
that nicotine is diprotonated.

Nonprotonated nicotine and nicotine carboxylic acid
salts, such as those found in tobacco, are likely to
transfer nicotine to the gas phase during the smoking
process with comparable yield and efficiency. Mild heat
(300—400 °C) should be sufficient to transfer nicotine
to the gas phase. It follows that the acidity of the
tobacco, as examined herein, is of little consequence for
delivery of nicotine into the gas and, subsequently,
aerosol (or particulate) phase.

Given that the principal temperature range of nico-
tine evolution from both tobacco and the diprotonated
nicotine polycarboxylic acid salts is essentially the same,
it is likely the tobacco polycarboxylic acids (e.g., malic
acid and citric acid) determine the nicotine evaporation
temperature ranges from the tobacco matrix (less than
about 220 °C, considerably less than temperatures
observed around the coal of a burning cigarette). The
polycarboxylic acids are thermally labile and decarbox-
ylatively dehydrate or eliminate to form less acidic
products, e.g., monocarboxylic acids.

The Kinetic results from the TGA study suggest that
given the contact time available under smoking condi-
tions, whatever nonprotonated nicotine that might exist
in the tobacco would only be transferred to smoke in
significant amounts at temperatures in excess of about
300 °C. At these temperatures there is little difference
in the rates of volatilization of nicotine from nicotine
carboxylic acid salts and evaporation of nonprotonated
nicotine. The zone of a puffing cigarette that encom-
passes the temperature range 125—250 °C is physically
very small, and the rate of transfer of nicotine to the
gas phase is low; therefore, any nonprotonated nicotine
contained within the lower temperature regions (should
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some exist) would likely have insufficient time to
volatilize. Volatilization of nicotine from lower temper-
ature regions will be further minimized because the
smoke passing through these regions is already satu-
rated with nicotine originating from the higher temper-
ature regions nearer the coal. Indeed, because of con-
densation of nicotine from the hot smoke coming from
the higher temperature regions to the lower tempera-
ture regions of the cigarette rod during puffing, a net
flux of nicotine onto the tobacco in the lower tempera-
ture regions is likely, rather than the reverse.

Nicotine covalently bound as N- and N'-alkylnico-
tinium quaternary salts were found from previous work
to transfer nicotine to the smoke from a puffing cigarette
in yields similar to that found for the transfer of
endogenous nicotine to nicotine in smoke. Protonated
nicotine cannot be considered “bound”, if by the term
“bound” it is meant a form of nicotine which will not
readily transfer nicotine to smoke.

ACKNOWLEDGMENT

We thank Ms. Susan Laffoon for technical assistance,
Drs. Richard lzak, Robin Kinser, A. C. Lilly, and Ken
Shafer for helpful suggestions, and Dr. Cathy Ellis for
support. In addition, we also thank one of the reviewers
of the manuscript (Dr. Thomas Perfetti) for numerous
valuable comments.

LITERATURE CITED

Akehurst, B. C. Tobacco, 2nd ed.; Longman: London, 1981.

Baker, R. R. Temperature variation within a cigarette com-
bustion coal during the smoking cycle. High Temp. Sci.
1975, 7, 236—247.

Baker, R. R. Variation of the Gas Formation Regions within a
Cigarette Combustion Coal during the Smoking Cycle. Beitr.
Tabakforsch. Int. 1981, 11, 1—-16.

Baker, R. R. Some Burning Problems in Tobacco Science. In
Proceedings Of The International Conference On The Physi-
cal And Chemical Processes Occurring In A Burning Ciga-
rette; R. J. Reynolds Tobacco Co.: Winston-Salem, NC, 1987;
pp 1-61.

Balasubrahmanyam, S. N.; Quin, L. D. Pyrolytic Degradation
of Nornicotine and Myosmine. Tob. Sci. 1962, 135—138.
Bokelman, G. L.; Ryan, W. S. Analyses of Bright and Burley
Tobacco Laminae and Stems. Beitr. Tabakforsch. Int. 1985,

13, 29-36.

Browne, C. L. The Design of Cigarettes; Hoechst Celanese
Corp.: Charlotte, NC, 1990.

Brunnemann, K. D.; Hoffmann, D. The pH of Tobacco Smoke.
Food Cosmet. Toxicol. 1974, 12, 115—124.

Cox, R. A.; Yates, K. Acidity functions: an update. Can. J.
Chem. 1983, 61, 2225—2243.

CRC Handbook of Chemistry and Physics, 54th ed.; CRC
Press: Cleveland, OH, 1973; p D176.

Crooks, E. L.; Lynn, D. The Measurement of Intrapuff Nicotine
Yield. Beitr. Tabakforsch. Int. 1992, 15, 75—85.

Dezelic, M.; Nicolin, B. Determination of structure of some
salts of nicotine, pyridine and N-methylpyrrolidine on the
basis of their infrared spectra. Spectrochim. Acta 1967, 23,
1149-1155.

Duffield, A. M.; Budzikiewicz, H.; Djerassi, C. Mass Spectrom-
etry in Structural and Stereochemical Problems. LXXII. A
Study of the Fragmentation Processes of Some Tobacco
Alkaloids. 3. Am. Chem. Soc. 1965, 87, 2926—2932.

Federal Register; August 1, 1967; Vol. 32, p 11178.

Fournier, J. A; Seeman, J. |.; Paine, J. B., Il Presented at
the 216th American Chemical Society National Meeting,
Boston, MA, August 23, 1998; AGFD-035.

Freedman, A. M. Tobacco Firm Shows How Ammonia Spurs
Delivery of Nicotine. Wall St. J. October 18, 1995, Al.



Thermal Transfer of Nicotine to the Gas Phase

Glenn, D. F.; Edwards, W. B., Il Synthesis and Mass
Spectrometry of Some Structurally Related Nicotinoids. J.
Org. Chem. 1978, 43, 2860—2870.

Hoffmann, D.; Djordjevic, M. V.; Brunnemann, K. D. Changes
in Cigarette Design and Composition over Time and How
They Influence the Yields of Smoke Constituents. J. Smok-
ing Relat. Dis. 1995, 6, 9—23.

Houseman, T. H. Studies of Cigarette Smoke Transfer Using
Radioisotopically Labeled Tobacco Constituents. Part I1:
The Transference of Radioisotopically Labeled Nicotine to
Cigarette Smoke. Beitr. Tabakforsch. 1973, 7, 142—147.

Jarboe, C. H.; Rosene, C. J. Volatile Products of Pyrolysis of
Nicotine. J. Chem. Soc. 1961, 2455—2458.

Jenkins, R. W., Jr.; Comes, R. A. Exogenous vs Endogenous
Transfer of Nicotine During Smoking. Int. J. Appl. Radiat.
Isot. 1976, 27, 323—324.

Johnstone, R. A. W.; Plimmer, J. R. Chem. Rev. 1959, 59, 885—
936.

Kessler, D. A. The Control and Manipulation of Nicotine in
Cigarettes; Subcommittee on Health and the Environment
Committee on Energy and Commerce, U.S. House of Rep-
resentatives, July 21, 1994,

Kessler, D. A.; Barnett, P. S.; Witt, A. M.; Zeller, M. R.; Mande,
J. R.; Schultz, W. B. The Legal and Scientific Basis for FDA'’s
Assertion of Jurisdiction Over Cigarettes and Smokeless
Tobacco. J. Am. Med. Assoc. 1997, 277, 405—409.

Kessler, D. A.; Witt, A. M.; Barnett, P. S.; Zeller, M. R
Natanblut, S. L.; Wilkenfeld, J. P.; Lorraine, C. C.; Thomp-
son, L. J.; Schultz, W. B. The Food and Drug Administra-
tion’s Regulation of Tobacco Products. N. Engl. J. Med. 1996,
335, 988—994.

Kobashi, Y.; Hoshaku, H.; Watanabe, M. Pyrolysis of nicotine
in air. Nippon Kagaku Zasshi 1963, 84, 71—74.

Kobashi, Y.; Sakaguchi, S. Studies on the Thermal Decomposi-
tion of Tobacco Alkaloids. Part 5. Transfer of Nicotine into
the Smoke from Nicotine-Added Cigarettes. Sanken Ho
1960, 102, 13—15.

Kobashi, Y.; Sakaguchi, S.; I1zawa, M. Combustion tempera-
tures of some unblended cigarettes and the transfer of
nicotine into cigarette smoke. Bull. Agric. Chem. Soc. Jpn.
1960, 24, 274—277.

Lawson, J. W.; Bullings, B. R.; Perfetti, T. A. Cigarette. U.S.
Patent 4,836,224, Assignee: R. J. Reynolds Tobacco Com-
pany, June 6, 1989.

Lawson, J. W.; Bullings, B. R.; Perfetti, T. A. Salts Provided
From Nicotine and Organic Acid as Cigarette Additives. U.S.
Patent 4,830,028, Assignee: R. J. Reynolds Tobacco Com-
pany, May 16, 1989.

Liang, C.; Pankow, J. F. Gas/Particle Partitioning of Organic
Compounds to Environmental Smoke: Partition Coefficient
Measurements by Desorption and Comparison to Urban
Particulate Matter. Environ. Sci. Technol. 1996, 30, 2800—
2805.

McRae, D. D.; Jenkins, R. W., Jr.; Brenizer, J. S. Measurement
of Temperature Distributions of Cigarette Coals by Infrared
Imaging Radiometry. In Proceedings of the International
Conference on the Physical and Chemical Processes Occur-
ring in a Burning Cigarette; R. J. Reynolds Tobacco Co.:
Winston-Salem, NC, 1987; pp 62—75.

Nigretto, J. M.; Jozefowicz, M. Acid—base reactions in pyridine.
Establishment of an acidity scale. Electrochim. Acta 1973,
18, 145—154.

Obi, Y.; Shimada, Y.; Takahashi, K.; Nishida, K.; Kisaka, T.
Reaction Products of Nicotine with Ethylene Oxide and their
Pyrolysis. Tob. Sci. 1968, 12, 70—74.

Ogden, M. W.; Maiolo, K. C.; Nelson, P. R.; Heavner, D. L.;
Green, C. R. Artifacts in Determining the Vapour-Particu-
late Phase Distribution of Environmental Tobacco Smoke
Nicotine. Environ. Technol. 1993, 14, 779—785.

Ozawa, T. A new method of analyzing thermogravimetric data.
Bull. Chem. Soc. Jpn. 1965, 38, 1881—1886.

Pankow, J. F.; Mader, B. T.; Isabelle, L. M.; Luo, W.; Pavlick,
A.; Liang, C. Conversion of Nicotine in Tobacco Smoke to
Its Volatile and Available Free-Base Form through the

J. Agric. Food Chem., Vol. 47, No. 12, 1999 5145

Action of Gaseous Ammonia. Environ. Sci. Technol. 1997,
31, 2429—2433.

Peele, D. M.; Danehower, D. A.; Goins, G. D. Chemical and
biochemical changes during flue curing. Recent Adv. Tab.
Sci. 1995, 21, 81—-133.

Perfetti, T. A. Structural Study of Nicotine Salts. Beitr.
Tabakforsch. Int. 1983, 12, 43—54.

Perfetti, T. A.; Coleman, W. M., Ill; Smith, W. S. Determina-
tion of Mainstream and Sidestream Cigarette Smoke Com-
ponents for Cigarettes of Different Tobacco Types and a Set
of Reference Cigarettes. Beitr. Tabakforsch. Int. 1998, 18,
95-—-113.

Pictet, A.; Rotschy, A. Synthese des Nicotins. Chem. Ber. 1904,
37, 1230—1235.

Pillsbury, H. C.; Bright, C. C.; O'Connor, K. J.; Irish, F. T.
Tar and Nicotine in Cigarette Smoke. J. Assoc. Off. Anal.
Chem. 1969, 52 (3), 458—462.

Rochester, C. H. Acidity Functions; Academic Press: New
York, 1970.

Schmeltz, I.; Hoffmann, D. Nitrogen-Containing Compounds
in Tobacco and Tobacco Smoke. Chem. Rev. 1977, 77, 295—
311.

Schmeltz, I.; Wenger, A.; Hoffmann, D.; Tso, T. C. Chemical
Studies on Tobacco Smoke. 63. On the Fate of Nicotine
during Pyrolysis and in a Burning Cigarette. J. Agric. Food
Chem. 1979, 27, 602—608.

Seeman, J. I. Smoking Compositions. U.S. Patent 4,312,367,
Assignee: Philip Morris Inc., January 26, 1982.

Seeman, J. |. Effect of Conformational Change on Reactivity
in Organic Chemistry. Evaluations, Applications, and Ex-
tensions of Curtin-Hammett/Winstein Holness Kinetics.
Chem. Rev. 1983, 83, 83—134.

Seeman, J. I. Recent Studies in Nicotine Chemistry. Confor-
mational Analysis, Chemical Reactivity Studies, and Theo-
retical Modeling. Heterocycles 1984, 22, 165—193.

Seeman, J. |. Recent studies on conformational analysis and
steric effects. Pure Appl. Chem. 1987, 59, 1661—1672.

Stedman, R. L. The Chemical Composition of Tobacco and
Tobacco Smoke. Chem. Rev. 1968, 68, 153—207.

Tate, F. G. H.; Warren, L. A. The Optical Rotation and
Refractivity of Nicotine and Nicotine Sulfate in Dilute
Aqueous Solution. J. Soc. Chem. Ind. 1937, 56, 39—40T.

Tso, T. C. Production, Physiology, and Biochemistry of Tobacco
Plant; IDEALS, Inc.: Beltsville, MD, 1990; pp 105—124,
125—-134.

U.S. Food and Drug Administration. Nicotine in cigarettes and
smokeless tobacco is a drug and these products are nicotine
delivery devices under the Federal Food, Drug, and Cosmetic
Act: jurisdictional determination, August 28, 1996; pp
44970—44975.

Tobacco Encyclopedia; Voges, E., Ed.; Mainzer Verlagsanstalt
und Druckerei Will und Rothe GmbH & Co. KG: Mainz,
FRG, 1984.

Tobacco Alkaloids and Related Compounds. Proceedings of the
4th International Symposium on Tobacco Alkaloids and
Other Compounds, 1st ed.; von Euler, U. S., Ed.; Pergamon
Press: New York, 1965.

Wiernik, A.; Christakopoulos, A.; Johansson, L.; Wahlberg, I.
Effect of air-curing on the chemical composition of tobacco.
Recent Adv. Tob. Sci. 1995, 21, 39—80.

Williamson, R. E.; Chaplin, J. F. Levels of Chemical Constitu-
ents in Cured Leaves of Four Burley Tobacco Cultivars
According to Stalk Position. Tob. Sci. 1981, 77, 182—185.

Wynder, E. L.; Hoffmann, D. Tobacco and Tobacco Smoke;
Academic Press: New York, 1967.

Woodward, C. F.; Eisner, A.; Haines, P. G. Pyrolysis of Nicotine
to Myosmine. J. Am. Chem. Soc. 1944, 66, 914.

Received for review April 23, 1999. Revised manuscript
received July 27, 1999. Accepted September 2, 1999.

JF990409B



