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SUMMARY

A rapid pyrolysis technique, combined with gas
chromatographic separation and interpretation of mass
spectra obtained from the resulting pyrolysis-pyro-
synthesis products, has been used in the study of three
different compounds present in processed tobacco:
nC,, alkane, neophytadiene and phytol. The com-
pounds are representative for a homologous series of
n-alkanes and for a series of branched-chain compounds
including neophytadiene, phytol, solanesol and esters
of solanesol (tobacco constituents),

At temperatures below 600"C the pyrolysis in the ab-
sence of oxygen, but in 2 helium flow gives only slight
aromatization when n-alkanes are treated. For the iso-
prenoid compounds neophytadiene and phytol aromati-
zation starts between 500 and 600°C. The products
formed tend to develop more-condensed ring struc-
tures at increasing temperature, although benzene and
toluene are dominating even at temperatures as high as
800 to 900 °C.

Aromatization leading to relatively less methyl substi-
tution results with increasing temperature, Previous
pyrolysis work and recent interpretations point to the
formation of structures such as acenaphthylene, ace-
naphthene, cyclopentafcd|pyrene, 3,4-dihydrocyclo-
pentaf cd]pyrene and probably similar structures derived
from three and four-membered condensed ring struc-
tures produced,
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ZUSAMMENEFASSUNG

Zur Untersuchung der drei Substanzen »-C,,-Alkan,
Neophytadien und Phytol, di¢ in verarbeitetem Tabak
vorkommen, wurde eine schnelle Pyrolysemethode in
Verbindung mit gaschromatographischer Auftrennung
und massenspektrometrischer Analyse der Pyrolyse/
Pyrosynthese-Produkte angewendet. Die Substanzen
stehen stellvertretend fir eine homologe Reihe von
n-Alkanen sowie fiir verzweigte Verbindungen wie
Neophytadien, Phytol, Solanesol und Solanesolester
(Tabakinhaltsstoffe).

Bei Temperaturen unter 600 *C fithrt die Pyrolyse von
n-Alkanen im Heliumstrom unter Ausschluff von Sau-
erstoff nur in geringem Ausmaf zu Aromatisierung, Bei
den Isopren-Verbindungen Neophytadien und Phytol
beginnt die Aromatisierung bei Temperaturen zwischen
500 *C und 600 °C. Die Pyrolyseprodukte neigen bei
ansteigender Temperatur zur Bildung hdher konden-
sierter Ringsysteme, obwohl Benzol und Toluol noch
bei 800 *C bis 900 °C dominieren.

Mit ansteigender Temperatur werden im Verhiltnis we-
niger methylsubstituierte Aromaten gebildet. Frihere
Pyrolyseversuche und Interpretationen aus jingerer
Zeit deuten auf die Bildung von Substanzen wie Ace-
naphthylen, Acenaphthen, Cyclopenta{cdlpyren und
3,4-Dihydrocyclopenta[ cd)pyren sowie auf das Entste-
hen wahrscheinlich strukturell dhnlicher Verbindungen
hin, welche sich von Strukturen ableiten, die aus kon-
densierten Systemen mit drei und vier Ringen bestehen,


bboenke
Textfeld
DOI: 10.2478/cttr-2013-0550


RESUME

L'examen de troit substances: w-Cj;-alcane, néophyta-
dikne &t phytol, que I'en trouve dans le tabac traité in-
dustniellement, & £6f réalisé av moyen d'une méthode
de pyrolyse rapide associée ¥ la séparaton par chroma-
tographie en phase gazense et i Panalyse par spectro-
métric de masse des produics de la pyrolyse/pyrosyn-
thése. Lea substances étudi€es ‘représentent une séris
bhomologue de m-alcanes ainsi que des composés i
chaine ramifiée tels que néophytaditoe, phytol, sclané-
sc] et eaters du nolanésol (constivuants du tabac).
Lorsque la température est inférienre & 500 °C, la pyro-
lyse de n-alcanes dans un courant d'bélium et en Pab-
sence <’cxygine ne conduit qu'3d une formation res-
treinte de carbures aromartiques. Dans l# cas des com-
posés isopréncides, néophytadidne ¢t phytol, I'aromati-
sation commence 3 une température comprise entre $00
et 600 *C. Lorsque la température s'éldve, les produirs
de Iz pyrolyse ont 1endance 3 former des combinaisons
cycliques plus condensées bien que le benzine et Ie to-
luéne dominent encere vers 800—900 *C,

Si l'on fait croftre la tempérawure, il s¢ forme propor-
tionoellement moins de composés arcmatiques méthyl-
subatitués, Des expériences de pyrolyae réalisées précé-
demment et des intecprétations de date récente arirent
Partention sur la formation de substances telles que
acénaphtyline, acénaphtine, cyclopentacdlpyrine, di-
bydro 3,4-cyclopenta[cd]lpyriéne ainai que de structures
vraisemblablement similaires dérivées de systémes con-
densés 3 trois ou quatre noyaux aromatiques.

INTRCGDUCTION

Previously {in the period 1953—1956) pyrolyais experi-
ments were carried out with dotriacontane [CyH,]
(named dicatyl) {1, 2) and wich an unspecified mizeure
of aliphatic tobacco hydracarbons isolated from to-
bacco leaves (2). The experiments weare carmied oue at
variona temperatures in agreement with data obtained
by measurements of remperatures existing io the com-
bustion zones of cigarertes, cigars, and pipes (3). These
and related pyrolysis expetimencs deal with the forma-
tion of aromatic hydrocarbons (4—11). The presence of
polycyclic aromatic hydrocarbons in tobacco smoke in-
dicates that insofficient combustion reactions take place
during smoking. It kas been recognized for a long pe-
riod thet monocyclic and polycyclic arematic hydrocar-
bons are generally formed by inoomp]r.t: combustion at
thh temperatures from many organic compounds orig-
inating from fue) cil, fats, phytosterols, tobacco leaves
and other organic materials,

The aim of the present research is to atudy the prod-
ncts resnlting from pyrolysis of single compounda, iso-
lable from tobacco leaves, the pyrolysis being cartied
out at varicus temperatures, The compounds are of the
unbranched, normal alkane :y'pe and of a branched iso-
prenoid type.
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Ag the occurrence of both normal alkanes and izopre-
noid compounds is widespread in plants and in fuel oil
the results of the pyrolysis may be of interest beyond
the ficld of tobacco research, Normal alkanes are pres-
ent in the aerial parts of most planta. Phytol is a part of
chlorophyll bound as an ester. Neophytadiene may be
formed from phytol by an enzymatic elimination proce-
dure (12).

Normal Cy; alkane, phytol and neophytadiens have been
chosen for the pyrolysis experiments as they all occur
in tobacco leaves, Although the three compounds are
representative examples from oarure, many other natu-
tally occurring componnds may be expected se be con-
verted inte aromatic hydrocarbons under similar pyro-
lytic conditions. Thus, for inatance fatty acids often oc-
cur in great amounts in fars from plants and in animal
tssuey. They contain aliphatic hydrocarbon chains,
hence they should alyc be expected to form aromatic
hydrocarbons by pyrolysis at high temperatures.

INSTRLUUMENTS AND EXPERIMENTAL

A laboratory-buile microfurnace of @ similar cype ta the
one descnbed by Larter, Solli and Dowglas (13) wan
connected to 2 GT-M5 systemn consisting of a VG-Mi-
cromass MM 7070 mass spectrometer and a Carlo
Etba Fractovap Linea 2150 gas chromatograph. Mosc of
the analytical work has been carcied out with a packed
OV-1¢1 column or with a capillary column coated with
OV-101. The carrier gas flow of helium protecta the
pyrolyas products against oxidation {condidons similar
to those of sarlier work (1958) where pyrolysis wook
place in nitrogen flowing thtough 1 quartz tube packed
with quartz chips). Fot the prasent pyrolysis work mi-
crogram quantities of matetial, adhering to a syringe
needle, were inserted into the temperature-controlled
microfurnace and 2 senes of experiments was carried
out at 500, 550, 400, 650, 700, 73Q, BOO, 825, 850, 878,
900 and 950*C. A great number of mass spectra were
recordad on the basiy of gas chromatograms obtained
during the separation of the very complex mixture of
pyralysis products from each single expeniment, The
tmass spectra were interpreted and in many cases com-
pared with reference spectra of pure, commercially
available compounds. A Hewlett-Packard 3380A inte-
grator was used for the semi-quanticative determina-
tions from the gas chromatograms, ’

RESULTS AND DISCUSSION

P}rmlyms of the organic material studied does not result
in aromatization until the temperature exceeds 500 to
400 “C, starting with formabon of benzene, teluens and
xylenes and with iocreasing amouvnts produced at
higher temperatures. At a firse glance, the normal al-
kanes seem to indicate that a special reaction cocurs at



the disintegration of the molecules since a séries of nor-
mal alkenes (C, to C;, alkenes from 2-C;; alkane) is
produced at about 600°C (see Fig. 1). There is, how-
ever, a similar breakdown taking place for the isopre-
noid substances neophytadiene and phytol starting at
even lower temperature (about 500 *C).

The branched isoprenoid compounds produce unsatu-
rated elements of alkene, alkadiene and alkatriene or
unsaturated ring structures, particularly compounds
formed by cleavage at the branched sites of neophyta-
diene (see Fig, 2 and Table 1) and of phytol, The clear-
est pattern of this is best studied by correlating the gas
chromatograms from the pyrolysis of neophytadiene at
550 °C with Table 1. The phytol eliminates water form-
ing branched diene molecules of the same molecular
weight as that of neophytadiene. They react as neo-
phytadiene does by breaking down to smaller unsatu-
rated molecules, and they also react by forming aro-
matic hydrocarbons at generally lower temperatures
than normal alkanes.

By inspection of Figures 1 and 2 it may be noticed that
breakdown of the molecules leading to total disintegra-
tion and start of aromatization oceurs at slightly lower
temperature for the isoprenoid compound neophyta-
diene than for normal alkanes. Traces of benzene, tolu-
ene and xylenes were produced by pyrolysis of n-Cyg
alkane at 600 °C, whereas for neophytadiene pyrolysis
at 550 °C leads to formation of traces of the same aro-
matic hydrocarbons.

By study of the gas chromatogram from the pyrolysis
of n-C,, alkane at 650°C (see Fig. 1) it is obvious that
the decomposition has increased with only a faint al-
kene pattern left and with increased formation of other
compounds, namely benzene and toluene and minor
amounts of styrene and xylenes. At even higher tem-
peratures (700°C), the resulting pattern of the gas
chromatogram almost entirely agrees with the aromatic
hydrocarbon formation,

Figure 2 presents the gas chromatograms resulting from
the pyrolysis of neophytadiene at 500, 550 and 600 °C,
At 500°C a slight disintegration takes place, strongly
increasing by 550 °C, with a slight aromatization lead-
ing to the formation of benzene, toluene and xylenes,
and with an even higher degree of aromatization oc-
curring at 600 °C. The amounts of recovered neophyta-
diene, branched alkenes and alkadienes produced dut-
ing pyrolysis are decreased at 600°C compared to
500 °C.

When phytol is pyrolysed at 550 °C at least five phyta-
dienes seem to be formed with different retention times
in the gas chromatogram (all with the molecular weight
of 278 corresponding to that of neophytadiene). The
gas chromatogram moreover is very much like that of
neophytadiene from the pyrolysis of this compound at
550 °C with respect to the “fragments” appearing with
increasing molecular weight up to the order of magni-
tude of C,;H,,, an isoprenoid alkene. .
The possibility of thermal isomerization of neophyra-
diene during the smoking process is discussed by Alan
Rodgman (14). We have not observed a preformation of

isomeric phytadiene molecules by the pyrolysis of neo-
phytadiene. It is thus more realistic to expect the for-
mation of different phytadienes to be derived from
phytol or phytol bound as an ester in the tobacco, This
is supported by the fact that chlorophyll-bound phytol
yields several phytadienes, when specific geological ma-
terial containing chlorophylls is pyrolysed at 610°C
(15).

The increase in temperature for normal alkane pyrolysis
as well as for pyrolysis of the isoprenoid compound
generally leads to more-condensed aromatic ring struc-
tures. However, a competition between decomposition
and pyrosynthesis seems to occur (cf, the formation of
benzof[4]pyrene at various temperatures) (i6). A quite
clear picture of the reactions which are taking place
cannot be given at present as a series of radical mecha-
nisms appears to be involved in the building of aro-
matic hydrocarbons at varicus temperatures. Further-
more, it seems likely that slightly different building
blocks are taking part in the aromatization, when the
compounds are produced either from normal alkanes or
from isoprenoid compounds.

Aromatic hydrocarbons may react mutually, under
suitable conditions. Two molecules of naphthalene may
form perylene or benzofluoranthenes. Naphthalene plus
benzene may give rise to fluoranthene (16, 17).
Although the attempts to correlate the formation of
aromatic hydrocarbons quantitatively have not been
very successful it is obvious from the integration of the
gas chromatograms that benzene plus toluene consti-
tute more than 50% of the total amount of aromatic
hydrocarbons formed, when n-alkanes and branched-
chain alkanes are pyrolysed at about 700°C, in good
agreement with the results obtained by Badger et al. (6,
18). The relative amount of styrene is about 9, 25 and
32% when n-C,, alkane, neophytadiene, and phytol
are pyrolyzed at 750°C, respectively. At 825°C the
corresponding values are 29, 31 and 32%, and at
900 °C the pyrolysis yields 29, 20 and 15 %, respective-
ly, of the total amount of aromatic hydrocarbons
formed. The relative percentage values were obtained
by integration of the gas chromatograms. The observa-
tion that the aromatization processes are progressing at
slightly lower energy with the branched-chain com-
pounds than with the normal alkanes and that competi-
tion between aromatization and decomposition changes
in favour of decomposition at increasing energy seems
to agree well with the above-mentioned results.
Although there is a general increase in the amount of
naphthalene formed with increasing temperature from
750 to 900°C in all three cases, and although generally
with higher temperature more-condensed ring systems
are formed, there is still an increasing amount of ben-
zene from the pyrolysis of neophytadiene and phytol,
whereas the relative amount of benzene decreases in
the case of normal alkanes. The amount of toluene and
xylenes is decreasing relatively with increasing pyrolysis
temperature in all three cases (n-alkanes, neophytadiene
and phytol).

Whereas the formation of methyl-substituted aromatic
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hydrocarbons such as toluene, xylenes, methylnaphtha-
lene and methylphenanthrene seems to decrease with
increasing temperature, the formation of acenaphthene,
acenaphthylene and similar products should perhaps
not be neglected (1). After pyrolysis of all three com-
pounds, n-alkanes and the two isoprenoids, at high
temperatures {700—950 “C) the mass spectra reveal the
presence of compounds with molecular weights of
(190), 192, 202, 204, 216, 226, 228, (240), 242, 250,
252, 254, 276 and 278. The molecular weights of 202,
204, 226, 228 and 252 are all represented in more than
one peak of the gas chromatogram, and thus they rep-
resent two or more compounds formed for each figure.
Corresponding to the molecular weights of 226 and 228
several possible structures exist, however cyclo-
penta[ed]pyrene and 3,4-dihydrocyclopenta[cd]pyrene
are compounds isolated (especially the cyclopenta[cd)-
pyrene) from a selected carbon black in a relatively
great amount (60 times as much as benzo[ 4]pyrene)
(19).

Figure 3 shows possible structures for the molecular

weights listed above; many other structures are possi-
ble, which is also indicated by the repeated appearance
of certain molecular weight values obtained by mass
spectrometry (GC-MS in high-temperature pyrolysis
experiments). Structures I and II, characterized in pre-
vious research (1953—1956), may be the basis of the
development of fused ring structures at increasing tem-
perature, -2 :
Benzo[d4]pyrene and benzo{e]pyrene are frequently re-
ported to be present in tobacco smoke and they could
possibly give rise to the formation of compounds anal-
ogous to cyclopenta[cd)pyrene and a corresponding di-
hydro compound, but derived from the benzopyrenes.
The molecular weights of such compounds would be
276 and 278, respectively, in agreement with those re-
corded in our pyrolysis experiments at high tempera-
ture (800—900°C) with n-alkane, with neophytadiene,
and also with phytol.

Doubly charged ions in the mass spectra are very in-
formative in the interpretation of the spectra of aro-
matic hydrocarbons. Some of ‘the spectra contain
several molecular weight figures, Characteristic mass
spectral patterns correspond to the molecular weight
recordings of stable aromatic structures. Each molecu-
lar weight figure may represent more than one struc-
ture, It may therefore be a future challenge to study on
a greater scale pyrolysis products in detail, when pyroly-
sis of specific compounds is performed at high temper-
ature (900--1000 °C).

In Table 2 is recorded a typical list of molecular
weights corresponding to pyrolysis products as they
appear in our high-temperature experiments (700—
950 °C) with n-alkanes and isoprenoid compounds and
as they are known from tobacco smoke and from var-
ious pyrolysis studies at high temperatures (800—

950 °C) (20, 21) based on MS data. Pyrolysis of toluene

at 850 and 950 °C has revealed that a certain degree of
decomposition occurs leading to the formation of ben-
zene, indene, naphthalene, acenaphthene, acenaphthy-
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lene, fluorene and many other aromatic substances,
which are apparently the same as those produced from
n-alkanes and isoprenoid compounds by pyrolysis. The
major part of the toluene came out unchanged under
the present conditions which were not ideal as the tolu-
ene (being 2 liquid) had to be injected into the pyroly-
sis unit,

Similarly acenaphthylene, which is another compound
abundantly formed by pyrolysis of n-alkanes and iso-
prenoid compounds at high temperature (2, 11, 18),
was pyrolysed. The pyrolysis products from acenaph-
thylene resulted in a similar series of compounds to
those produced by the aliphatic hydrocarbons, appar-
ently showing a cleavage of the bonds in the five-car-
bon ring of acenaphthylene.

The pyrolysis experiments with toluene and acenaph-
thylene were carried out in order to study the further
decomposition and pyrosynthesis of aromatic hydro-
carbons which are typical examples of aromatics
formed by pyrolysis and pyrosynthesis of n-atkanes and
branched-chain hydrocarbons at high temperature (6,
18).
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Table 1.

o Table 2.
rolysis of neophytadiene at 550 °C.
Pyroly phyta Compounds assumed to be obtained after high-temperature
GC Number of pyrolysis (700—850 °C) of n-alkanes and isoprenoids.
peak Molecular Molecular double bonds -
regis- weight (MS) formula or Molecular Compound Molecular
tration ring equivalents * weight P formula
1 56 CH, 1 66 cyclopentadiene? CsHs
70 CsHso 1
78 benzene CeHs
2 56 C.H, 1 92 toluene C.H,
70 CgHyo 1
102 phenylacetylene CaHs
3 68 CiH, 2 (isoprene?)
70 CsHso 1 104 styrene CgHg
118 indane CoHyo
4 82 CeHio 2
' 84 CeHy2 1 116 indene C,H,
5 78 CeHs benzene 130 dihydronaphthalene? CioHyo
80 CeHg 3
98 CH 1 128 naphthalene CioHa
7' 14
142 B- and a-methylnaphthalenes CiHyo
6 96 C/H,, 2
98 C;Hy, o1 154 acenaphthene CiHyo
7 92 CH, toluene 152 acenaphthylene C,oHs
94 Gy .8 166 fluorene CuaHro
96 C,H,;" 2
112 CeHie 1 180 dihydrophenanthrene? C,Hy2
8 92 CH, toluene 178 phenanthrene + anthracene CiHyo
94 CHyo 3 192* CisHy.
112 CeHyg 1
190* CisHio
9 106 CgHqp xylene
108 CgHya 3 204* CieHiz
110 CeHy, 2 202* CogHuo
126 CeHyg 1
216* Ci/Hie
10 122 CeHy4 3
124 CoHye 2 228" CisHia
140 C,H 1
10720 226* CieHio
11 136 CiHis 3 ' 242* CigHis
138 CioHis 2
154 CyyHy, 1 240" CigHse
12 154 CiyiHap 1 250 CaoHio
252" CyoHi2
14 182 CiaHze 1
254" CaoHy4
15 196 C.H 1
e 276" CaoHiz
16—18 210 CisHao 1 . o7g* CagHis
20—22 278 CaoHae 2 (neophytadiene) * Molecular weights corresponding to gas chromatograms from high-tem-

. perature pyrolysis, often representing more than one possible structure.
* Where aromatic compounds are formed the name or type is indicated.
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Figure 1.
Gas chromatograms after pyrolysis of n-C,, alkane at differ-
ent temperatures.”
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Figure 2.
Gas chromatograms after pyrolysis of neophytadiene at dif-
ferent temperatures.*
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* The separation of pyrolysis products on OV-101 is based on program-
ming from 30 °C to 250 °C with an increase in temperature of 4 */min.



Figure 3.

Possible structural formulae for the molecular weights found after pyrolysis of
n-alkanes and isoprenoids.

Compound Molecular Molecular
No. weight formula Structural formula References
HC =CH
| 152 CizHs OO 1
Acenaphthylene
H,C — CH,
1
, 54 e
Acenaphthene
RS
m 166 CiaHio OO 1,
2
HC ==CH
. AN
v 190 CisHio CH,
H,C —CH,
A
v 192 CysHsz &H,
HC =CH
Vi 202 CuaHro OOO
H,C —CH,
vil 204 CigHyz
é"z
vili 216 CyHys OO O
X 226 CyaHyo O‘ 19, 21
c

E S
T

cyclopentacd]pyrene



Figure 3 (cont'd.).

Compound Molecular Molecular
No. weight formula Structural formula References
X 228 CieHi2 “ CH 19, 21
2
9@,
CH,
3,4-dihydrocyclopenta[ cd]pyrene
HC == CH Hy
C
Xl 240 CiHy2 OO O
H —_—
2 C C H 2 H 2
c
Xit 242 CyoHys
HC
/4
O
CH
X 250 CxoHio O /
CH
HC
/4
HC
| QW
XV 252 CaoHyz O /
CH,
XV 254 CaoHys
Xvi 252 CyHy2 OOO
Benzo{a]pyrene
Xvil 252 CaHi2 OO‘

Benzo[e]pyrene





