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A laminar diffusion flame of methane was investigated using time-of-flight mass spectroscopy with
two-photon UV laser ionization. Benzenoid polycyclic aromatic hydrocarbons~PAHs! up to 788
amu (C64H20) were detected in the combustion gases. Only the most compact PAHs are formed in
the flame. The observed groups of PAH peaks with 24 amu spacings belong to PAHs with constant
hydrogen content and are separated by 26 amu gaps. The sequences of PAH peaks with 24 amu
spacing are explained by a repetitive bay closure mechanism. The first PAH of a constant
H-sequence is proposed to form by a dimerization process. The PAHs observed can be arranged in
a repetitive pattern in Dias’s formula periodic system. ©2000 American Institute of Physics.
@S0021-9606~00!00902-8#

I. INTRODUCTION

Polycyclic aromatic hydrocarbons~PAHs! are in our air
environment1–3 in the form of volatile and particulate
pollutants4–6 as a result of incomplete combustion. A number
of different sources cause PAH emissions: diesel and gaso-
line exhausts,7–17 coal-fired, electricity generating power
plants,18,19 tobacco smoke,20 residential wood or coal
combustion,21–24burning of plastics,25 and area sources such
as forest fires and agricultural burning.

Formation of PAHs in flames has been studied both ex-
perimentally and theoretically by a number of groups.26–36

Kinetic and thermodynamic modeling34,37 and molecular or-
bital treatment38 have been performed to understand the
mechanisms of fused aromatic hydrocarbon formation.
Methods such as mass spectroscopy,39–42 chromatography,43

infrared analysis,44,45 or photoelectric charging46 were ap-
plied. Also, the PAH formation in the universe47,48 has been
studied. The technologically important soot formation in
combustion processes has been related to PAH
precursors.49–51 The most often studied environments for
PAH growth in combustion were methane,26,27,31,40,41,52–54

acetylene,29,30,55 ethylene,30,56 ethene,42 propane,57,58

butane,59 ethane,31,53,60and other aliphatic61 flames.
Methane is used as fuel in many applications including

heating systems and gas turbines for electric power
generation.62–64 The combustion of natural gas~methane! is
a clean and efficient process. While gas turbines operating
with methane are primarily used in electric power plants,
many other applications including aircraft, rail locomotives,
and ships are possible. Because of its high hydrogen content,
methane combustion leads to less environmental pollution
than other hydrocarbon fuels. Therefore, gas turbines pow-

ered by methane are promising for future applications, which
guarantee clean air conditions. Also, the replacement of al-
kane fuels by methane would somewhat reduce the carbon
dioxide emission and the greenhouse effect.

Even though methane is a fuel with little particulate and
gaseous emissions, these species are produced in the interior
of the flame. The yellow color shows the presence of soot
particles in the flame as they radiate due to Planck’s law. The
major molecular hydrocarbon species in the flame are PAHs.
Both PAHs and soot particles are produced in high abun-
dance within the flame, but are not released to the environ-
ment. PAH growth is generally considered to be governed by
acetylene addition, but a detailed analysis of the PAH finger-
prints in flames has not been given. The methane flame is the
most basic system to study PAHs. For alkane fuels the de-
composition of the molecule may lead to more complicated
processes in PAH growth compared with that for methane.
Therefore, the interior of the methane flame is a model sys-
tem to study the basics of PAH formation.

In this paper, we give the PAH distribution sampled by
mass spectrometry from a laminar methane diffusion flame.
We show that a large number of different PAHs are extracted
from the flame with masses up to 788 amu (C64H20!. We
discuss the many possible PAHs in this size range and give
some of their properties. We show that the methane flame
does not contain all the energetically stable PAHs but only a
very small fraction of these. It turns out that only the com-
pact PAHs are formed in the flame while the other PAHs are
not. This is a puzzling result as the less-compact PAHs are
stable enough to exist in the flame.

From the hydrogen content of the observed PAHs, infor-
mation about their structure can be obtained. In our measure-
ments, the predominant mass peaks are the ones of the even-
numbered PAHs. This result is obtained from the analysis of
neutral molecules. When charged molecules are detected,
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odd-numbered PAHs have a higher concentration.55 Besides
all-hexagon PAHs, cyclo-penta fused PAHs, containing pen-
tagons in the otherwise hexagonal network, were also found
in flames.56,65The mass spectra from laminar methane diffu-
sion flames are dominated by even-numbered PAHs and
therefore we will concentrate on these species.

II. EXPERIMENT

A laminar, atmospheric pressure diffusion flame burning
with argon diluted methane (CH4) is investigated.41 Gas

probes from the flame are analyzed by time-of-flight mass
spectroscopy~TOF-MS! combined with UV-laser ionization.
Figure 1 shows the experimental setup. Above, the flame and
the TOF-MS~commercially available from Bruker-Franzen,
Inc.! are displayed. Below, the extraction unit of gas probes
and the inlet system for the TOF-MS are shown. A pinhole
~1-mm diameter! in a steel tube is placed in the centerline of
the flame. A slight underpressure is applied to continuously
extract combustion gases. The gases are immediately diluted
with argon at room temperature, quenching all reactions. The
diluted combustion gases are guided past an orifice~0.4-mm
diameter! equipped with a pulsed valve. The valve opens for
about 1 ms, forming a supersonic gas jet in the high-vacuum
chamber of the TOF-MS. PAHs in the gas pulse are ionized
by a light pulse from an excimer laser at a wavelength of 248
nm and a duration of 20 ns. The positive ions are accelerated
by high voltage. Their flight times in the drift tube are deter-
mined and their masses are calculated. Several thousand
spectra are accumulated in order to increase sensitivity. It
was shown previously that the sampling system produces no
artifacts66,67 and it was used in earlier studies for PAH and
soot particle formation in flames.41,68–72

III. RESULTS AND DISCUSSION

Figure 2 gives a mass spectrum in the range where the
PAHs with the smallest masses appear. The first major hy-
drocarbon peaks are at 78, 128, 178, and 202 amu, corre-
sponding to C6H6, C10H8, C14H10, and C16H10, respectively.
The peak of benzene (C6H6) is followed by the peaks of
naphthalene (C10H8!, anthracene, and phenanthrene
(C14H10!, and pyrene (C16H10) with one, two, three, and four
hexagonal carbon rings, respectively. The peaks at C6H6 and
C10H8 are entirely due to benzene and naphthalene, respec-
tively, as these molecules have no benzenoid isomers. An-
thracene and phenanthrene have the same mass but different

FIG. 1. Experimental setup showing flame, inlet system, and mass spec-
trometer. Below, the inlet system is drawn enlarged.

FIG. 2. Section of the mass spectrum.
The first seven major peaks are la-
beled.
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geometry. In anthracene the hexagons are arranged in a
straight line, while they are arranged along a kinked line in
phenanthrene.

It appears to be convenient~as described in detail later!
to arrange the PAH peaks in sequences with constant number
of H atoms. The first such series is the one with 10 hydrogen
atoms; C14H10 and C16H10. Then, the H12 sequence follows
with three members, C20H12, C22H12, and C24H12. Between
the major PAH peaks there are smaller peaks in the mass
spectrum which correspond to nonbenzenoid PAHs. Since
these PAHs contain odd numbers of C atoms, they cannot be
completely conjugated. They are generally less stable than
molecules of comparable structure containing even numbers
of C atoms. Therefore, we only discuss the most abundant
PAHs, which are the even-numbered PAHs.

The number of ringsNr in a benzenoid PAH can be
calculated by the formulaNr5$(NC2NH)/2%11, whereNC

andNH are the numbers of carbon and hydrogen atoms, re-
spectively. This formula is valid for all isomers having the
same molecular formula. In Fig. 2 we give the mass, molecu-
lar formula, and number of rings for each prominent mass
peak. We see that the major mass peaks are due to the ben-
zenoid PAHs. Starting with benzene, with one ring, the ob-
served PAHs have 2, 3, 4, 5, etc. rings; i.e., by repeated
addition of one ring we obtain all the prominent PAH peaks.

Figure 3 shows the prominent mass peaks between 350
and 496 amu. We find that there are two distinct sequences
of peaks. The first sequence consists of PAHs with 14 hy-
drogen atoms each: C28H14, C30H14, and C32H14, and the
second set with 16 hydrogen atoms each; C36H16, C38H16,
and C40H16. Within one sequence the difference between two
peaks is 24 amu; then there is a 26 amu difference at the
transition to the next sequence. This new sequence again has
24 amu peak spacing. It follows that within one sequence the
number of carbon atoms increases by 2, but there is a major
interruption of this behavior from sequence to sequence. In

Fig. 3 we again give the number of rings for the PAH struc-
tures of each peak. The prominent peaks are the ones with 8,
9, 10, etc. rings. Again, one ring after the other is added to
the PAHs. This is given within a sequence where the peak
distance is 24 amu, but also between two sequences where
the PAH peak distance is 50 amu~524126 amu!.

The overall shape of the PAH peak distribution is an
exponentially decreasing curve. However, we see from Fig. 3
that the curve is not at all smooth. Whenever a new constant-
hydrogen sequence starts, the intensity of the first member is
much higher than the one of its predecessors.

In Fig. 4 we show the mass spectrum of the
H16-sequence taken at higher counting statistics, with promi-
nent peaks at 448, 472, 496, and 520 amu. In order to assign
the peaks to the corresponding PAHs, we have indicated
with Lorentz curves the locations of PAHs as given by the
mass calibration of the TOF instrument. We see that the
mass peaks fall together exactly with the sequence
C3612nH16 in this size range.

The next set of prominent peaks starts at 546 amu with
the H18-sequence. The mass spectrum of Fig. 5 shows a se-
quence of PAH peaks C4412nH18, again keeping the number
of H atoms constant within the set. The number of carbon
rings ranges from 14 to 18, with each subsequent mass peak
having one additional ring.

The next series of peaks is the H20-sequence, shown in
Fig. 6. It gives a series of peaks C5212nH20 for PAHs with 20
hydrogen atoms each and differing by C2, in the range from
644 to 788 amu. The 788 amu peak is the last one which
could be identified above the noise level.

Summarizing the analysis of Figs. 2–6 we find that the
mass spectra consist of well-separated and characterized se-
quences of prominent peaks for PAHs with even numbers of
carbon and hydrogen atoms. Within one sequence the num-
ber of hydrogen atoms is the same, while the number of
carbon atoms increases by 2. This leads to a distance be-

FIG. 3. Section of the mass spectrum,
showing the H14- and H16-sequences.
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tween the peaks in one sequence by 24 amu. Then, from one
set to another, this sequence is broken as there is a change in
mass by 26 amu.

In Fig. 7 we zoom into a small region of the mass spec-
trum of Fig. 3 and analyze the peaks at 350, 374, and 398
amu. These three peaks constitute the H14-sequence. They
correspond to the PAHs with the formulas C28H14, C30H14,
and C32H14. The dotted lines are Lorentz curves with height
and width chosen to coincide with the measured mass peaks.
The Lorentz curves indicate the expected positions of these
peaks corresponding to the calibrated mass scale of the in-

strument. In addition, we plot the mass peaks expected for
PAHs with higher hydrogen contents. There are two possible
C28Hx PAHs; C28H14 and C28H16. Molecules with higher or
lower hydrogen content would not be benzenoid PAHs. In
general, benzenoid PAHs are restricted to a rather small
range of hydrogens and carbons.69 The mass peaks of C28H14

and C28H16 would be separated by 2 amu, which could well
be resolved by our instrument. We conclude that only one of
the two C28Hx PAHs occurs in the flame. While the C28H14

PAHs occur with high abundance, the C28H16 peak is miss-
ing. Obviously, this PAH is not formed in the flame.

FIG. 4. Section of the mass spectrum,
showing the H16-sequence together
with Lorentz calibration curves.

FIG. 5. Section of the mass spectrum,
showing the H18-sequence.
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For the C30-core, the possible PAHs may have the three
masses 374, 376, and 378 amu, corresponding to the formu-
las C30H14, C30H16, and C30H18, respectively. The locations
of the expected mass peaks are indicated in Fig. 7. At 374
amu we observe a strong peak and assign it to C30H14. The
other two PAHs, at 376 and 378 amu however, are missing.
In chemical processes these PAHs have been synthesized.
For example, the molecule pyranthrene (C30H16) is a stable
and well-known benzenoid compound.73 Yet, this PAH ob-
viously does not form in the flame.

The C32Hx PAH group could consist of three peaks;
C32H14, C32H16, and C32H18. Again, only the one with the
smallest H content appears in the mass spectrum, and the
ones with higher H content are not formed in the flame.
Comparing the observed mass peaks in Fig. 7 we can see that
they differ by exactly 24 amu, which is due to the fact that
for each possible PAH only the one with the smallest mass is
formed in the flame.

Figure 8 shows another three prominent mass peaks
~448, 472, and 496 amu! with the corresponding Lorentz

FIG. 6. Section of the mass spectrum,
showing the H20-sequence.

FIG. 7. Section of the mass spectrum.
Peaks of PAHs, not found in the
flame, are also indicated.
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curves for all possible PAHs, 2 amu apart in each set. The
C36Hx group consists of three subgroups, the C38Hx and
C40Hx groups of four subgroups each. Again, we find that
only the PAHs with the smallest H contents are realized in
the flame, for each of the three groups. In this figure we also
give the percentage of condensation of the fused rings in the
PAHs. This is determined by considering the C/H ratio for
different PAHs on a scale between 0% and 100%. 0% refers
to the least compact~cata-condensed! PAH and 100% to the
most compact~circular! PAHs. The formulas for determina-
tion of the 0% and 100% border lines were derived earlier.69

For the cata-condensed PAHs, the borderline is given by
NC52* NH26 and for the most compact~circular! PAHs by
NC5(1/6)* NH

2 . The percentage values for PAHs within the
border lines are determined by linear interpolation. For ex-
ample, we determine for the PAHs with the C36 core and
formulas C36H16, C36H18, and C36H20, the degrees of con-
densation asDc579%, 47%, and 16%, respectively.

The same features and tendencies can also be seen in
Fig. 9 for the sequence of even-numbered peaks C44H18,
C46H18, C48H18, and C50H18. Clearly, only the peaks with the

FIG. 8. Section of the mass spectrum.
Peaks of PAHs, not found in the
flame, are shown by Lorentz curves
for C36Hx , C38Hx , and C40Hx .

FIG. 9. Section of the mass spectrum
of the H18-sequence. All peaks for
possible even- and odd-numbered
PAH peaks are shown by Lorentz
curves.
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smallest H contents and the highest packing densities of
hexagons are realized in the flame. In Fig. 9 we also plot
Lorentz curves for the benzenoid PAHs with an odd number
of carbons. Again, the most condensed species have the
highest abundance. Odd-numbered PAHs give two signals in
the mass spectrum separated by one mass unit. We assume
that a hydrogen atom bound to thesp3 carbon atom is lost
easily upon ionization, because thereby a stable cation is
formed. The result is that a mass peak appears in the spec-
trum with 1 amu off the Lorentz curve. We see in Fig. 9 that
the mass peaks of possible PAHs, represented by the Lorentz
curves, would fill the entire spectrum. Although all of them
are generally stable, only the most condensed ones are
formed in the flame.

Figures 7–9 display mass spectra in subsequently higher
mass regions. We can see that the number of possible PAHs
belonging to one Cn-core, increases with larger PAH mass.
While the C28-core ~Fig. 7! has only two possible PAH for-
mula units (C28H14 and C28H16), the C50-core has six PAH
formula units (C50H18,C50H20,C50H22,C50H24,C50H26,
C50H28).

In Fig. 10 the PAHs are sorted in a C–H diagram. Filled
symbols stand for PAHs having high intensity in the mass
spectra; open symbols are PAHs with zero or low intensity.
Horizontal lines in this figure correspond to the sequences
with constant H content as given above. With increasing
number of hydrogens the spread of possible PAHs becomes
larger. In the H20-series, for example, 17 PAH mass peaks
are possible. The PAHs on a vertical line have the same
number of carbon atoms. As shown in the mass spectra, only
the ones with the smallest hydrogen contents are realized in
the flame. The upper border line of the distribution of PAHs
in Fig. 10 belongs to the cata-condensed PAHs. It is a
straight line~from C6H6 to C34H20) with the formula given
above. The most compact, peri-condensed PAHs are repre-
sented by the lower border line~from C6H6 to C66H20). The
square-root expression for this curve has been given above.

Generally, the most stable PAHs are those containing

only total resonant sextets~a set of three double bonds that
are mutually permutable within the same hexagonal ring!.
This characteristic is called ‘‘Clars sextet rule.’’74 In Fig. 10
those CxHyPAHs that have an isomer belonging to the total
resonant sextet class are marked by a cross. It is seen that
none of the total resonant sextet PAHs is found in the flame.

For a given number of carbon and hydrogen, many iso-
meric benzenoid PAHs can be constructed. The number of
isomers as given by Dias75 are plotted in Fig. 11 as a func-
tion of the number of carbons in the PAHs. Overall, it can be
seen that the number of isomers increases rapidly with PAH
size, by many orders of magnitude. The PAHs found in the
experiment are given by filled symbols and arranged accord-
ing to their hydrogen content. The PAHs which are not
formed in the flame are plotted with open symbols. The num-
ber of isomers for the various Hx sequences differ by ap-
proximately a factor of 10. Surprisingly, we find that in the
flame there exist only those PAHs with a small number of
isomers. For example, C60H20 has 32 isomers and is observed
in the flame, whereas C60H22, C60H24, and C60H26 have
5726, 116 648, and 1 262 442 isomers, respectively, and are
not observed. This result is intriguing as it shows that the
number of possible structures plays a minor role in PAH
formation.

In Fig. 12 we show structures arranged in a spreadsheet
which can explain the observed peaks. The PAHs within
each row contain the same number of H atoms. Each row
ends with a zigzag-type PAH, shown in the column on the
right side. A zigzag PAH does not contain any bays. The
PAHs in this column can be regarded as groups of three: The
groups (H6– H10, H12– H16, H18– H22) are composed of one,
two, and four hexagons~in the center!, with zero, one, and
two surrounding shells of hexagons, respectively. This build-
ing principle is illustrated in Fig. 13.

The structures in Fig. 13 are the first nine most compact
PAHs. Their formulas can be expressed by the equation
NC5integer(NH

2 /6) for NH56, 8, 10, 12, etc. These PAHs

FIG. 10. All benzenoid PAHs~with up to 20 hydro-
gens! ordered in a H versus C diagram. PAHs found in
the flame are marked with filled symbols; PAHs not
found are represented by open symbols. CxHy PAHs
having at least one isomer for which Clar’s sextet rule
applies are marked by a cross.
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belong to three families, which we name after their first
member: The benzene family, the naphthalene family, and
the pyrene family. These molecules are shown in the first
column in Fig. 13. The higher members of a family are ob-
tained by arranging shells of hexagons around the core~sec-
ond and third column!. Following the notation given by
Dias,75 the first two higher members of the benzene family
are circum~18!benzene ~coronene! (C24H12) and
bicircum~48!benzene (C54H18); those of the naphthalene
family are circum~22!naphthalene~ovalene! (C32H14) and
bicircum~56! naphthalene (C66H20); and those of the
pyrene family are circum~26!pyrene (C42H16) and bicir-
cum~64!pyrene (C80H22!.

The PAHs from the naphthalene and pyrene families are
less compact than those from the benzene family. Within the
benzene family (NH56n), NH

2 /6 always produces an integer
number. In the naphthalene family (NH56n12), the divi-
sion NH

2 /6 yields the residual 0.333 and in the pyrene family
(NH56n14) the residual 0.666 is always obtained. The
most compact benzenoid PAHs are the endpoints of the
constant-H sequences~last column in Fig. 12!.

Each row in Fig. 12 starts on the left side with an
armchair-type PAH which contains several bays and ends on
the right side with a PAH without bays. In order to explain
PAH growth and the predominance of low hydrogen-
containing PAHs, we postulate the PAH growth mechanism
shown in Fig. 14. This mechanism is an example of the
Diels–Alder reaction, wherein acetylene is the dienophil and
a bay region of a PAH~phenanthrene is shown as an ex-
ample! is the diene. In an electrocyclic addition reaction,
acetylene adds to the bay region thus forming a new, six-
membered ring. This ring subsequently loses two hydrogen

FIG. 11. The number of isomers for benzenoid PAHs as a function of
number of carbons for each H sequence in a logarithmic plot. Filled symbols
stand for PAHs found in the flame.

FIG. 12. PAHs found in the flame or-
dered in constant-H sequences. In each
H sequence the PAHs are ordered as a
function of the number of rings. Only
one PAH for each formula unit is
drawn representing all isomers. Hy-
drogens andp-bonds are omitted for
clarity.
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atoms and becomes aromatic. A PAH with two additional
carbons and one additional ring is formed~pyrene in the
example!.

This reaction is not unprecedented. Bay regions of PAHs
can react as dienophil, for example Benzo~ghi!perylene
(C22H12, Fig. 12! reacts with maleic anhydride (C4H2O3) to
form ~after decarboxylation! coronene (C24H12, Fig. 12!.74

This is the best way to prepare coronene. The reaction is
often called the ‘‘benzogenic Diels–Alder reaction.’’1

Acetylene can act as dienophil in the sense as shown in Fig.
14,76 although this reaction has not been reported to occur
with PAHs. We therefore propose that the benzogenic Diels–
Alder reaction with acetylene as dienophil, together with the
conventional hydrogen abstraction acetylene addition
~HACA! mechanism,55,77 is an important PAH growth pro-
cess. This mechanism has the advantage over the HACA
process to explain the formation of successively more com-
pact, peri-condensed PAHs, as they are found in our spectra.

Once all bays of a constant-H sequence are closed, suc-
cessive growth to the start of the next-higher constant-H se-
quence is not possible. This is because each sequence starts
with a molecule of high bay content, which cannot be formed
by the conventional HACA process.

We propose that the beginning of each constant-H se-
quence is produced by reactive coagulation of smaller PAHs.
In previous experiments we have shown for C20H12 and
C28H14, the first PAH of the H12 and H14 sequences,69 that
such coalescence is an important process in the flame. In
height profiles from a laminar methane diffusion flame, we
found that C20H12 and C28H14 are formed more rapidly than
other PAHs of similar mass. Their formation could not be
explained by successive growth. In Fig. 15 we illustrate
schematically the reactive coagulation processes for the for-
mation of those PAHs which are at the beginning of the Hx

sequences.
There are many possible dimerization reactions due to

the large number of PAH isomers. For the formation of
C36H16 we list all 20 isomers with descending stability2 ~Fig.
16, row a!. All possible dimers, which could coagulate in
principle to the 20 isomers, are given in rows b, c, and d. For
example, the PAH with structure 11a has three dimers as
possible coagulation precursors.

A condition for the dimerization to occur is that both
partners are abundant in the flame. This is not given for most
of the dimers listed in Fig. 16. Only three cases remain: 2b,
3b, and 8b. These three cases can further be reduced to only

FIG. 13. The first most compact benzenoid PAHs. They can be found by
drawing shells of hexagons around a benzene, naphthalene, or pyrene core,
respectively.

FIG. 14. The ‘‘benzogenic Diels–Alder reaction’’ with phenanthrene~as an
example! and acetylene. This bay closing reaction is postulated in order to
explain the observed PAH sequences with 24 amu spacing.

FIG. 15. Condensation reactions of small PAHs, forming the starting PAHs
for the H sequences in Fig. 12. Those PAHs will then react by subsequent
Diels–Alder reactions forming the most compact PAHs.
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one~2a!. In order to be the first member of the H16 sequence
~Fig. 12!, the C16H36 PAH must have three closable bays.
This is only the case for structure 2a. Therefore, this process
is selected and plotted in Fig. 15.

In Fig. 17 we plot the binding energies~BE! calculated
by PM3 for the observed PAHs, as a function of increasing
number of hexagonal rings. PM3, a semiempirical, quantum
chemical theory developed by Stewart,78 is a reparametriza-
tion of AM1 ~Austin model 179!. We see that the increase in
BE ~plotted on a negative scale! is uniform within each Hn
sequence. There are pronounced steps in the BE plot when
going from one series to the next. The BE changes by about
340 kcal/mol within one sequence, but by more than twice
this value from one sequence to the next.

In Fig. 18 we plot the ‘‘periodic formula table’’ of PAHs
as given by Dias.75 The formula units are arranged according
to two parameters: the number of inner carbonsNIc , and the
net number of disconnections among the internal edgesds .
NIc is equivalent to the number of third-degree vertices,
bounded by three hexagonal rings. Second-degree vertices
are caused by two hexagons. The number of second-degree
vertices is equal to the number of carbons in the PAH. The
number of third-degree vertices is equal to the number of
carbons minus the number of hydrogens. In order to compare
formula units at different locations in the table, shift coordi-
nates are defined as (Dds ,DNIc/2). Benzenoids having the
same number of rings have shift coordinates of~2, 1!. The
parametersds , NIc , andNr ~number of rings! are related by
the equationds1NIc2Nr522. In Fig. 18 we give the num-
ber of rings together with the formula units. Examples illus-
trating the way to determine the parameterds are given in
Fig. 19.

The table in Fig. 18 follows a triad principle. In each
row the successive formulas are incremented by C4H2 and in
each column by C6H2. One can go either horizontally along
a row, vertically in a column, or diagonally, and the middle
formula of a triad is always the arithmetic mean of the other
two. There are various other trends in the table.75 Average
values of the highest occupied molecular orbital~HOMO!

FIG. 16. The possible PAH dimeriza-
tion reactions forming all 20 ben-
zenoid C36H16 isomers.

FIG. 17. Binding energy for PAHs as a function of number of hexagonal
rings for the different H sequences as calculated by PM3.
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decrease in a row from left to right and in a column from top
to bottom. The magnitude of the HOMO is a measure for a
molecule to retain its valence electrons. Average boiling
points increase in each row from left to right and in each
column from top to bottom. Isomer numbers increase from
left to right in each row and from top to bottom in each
column.

There are three main types of benzenoid PAHs:~i! cata-
condensed, ~ii ! strictly peri-condensed, and~iii ! peri-
condensed with cata-condensed appendages. Cata-condensed
PAHs have no internal third-degree vertices. They appear at
positive values ofds in the PAH table. A strictly condensed
benzenoid PAH has all its internal third-degree vertices mu-
tually connected, i.e., it has no cata-condensed appendages.
These PAHs have large negativeds values. The formula
units of peri-condensed PAHs with large cata-condensed ap-
pendages may appear at positiveds values even though the
peri-condensed part has compact structure. It follows that

only the strictly peri-condensed PAHs~with no appendages!
are located at the borderline on the left side in the PAH table.

Benzenoid isomers are called isovalent since the number
of second- and third-degree vertices remain unchanged in
going from one isomer to another. For example, benzo~a!py-
rene and perylene are isovalent C20H12 isomers. Therefore,
the PAHs can well be arranged in a two-dimensional array of
formula units by usingds and NIc as coordinate axes. The
table separates cata-condensed from peri-condensed PAHs.
Cata-condensed benzenoids haveNIc50, ds>0, and are lo-
cated in the first row of the table. The left-hand edge in the
table contains formulas belonging to the highest-condensed
PAHs.

The formula units for the PAHs which we find in the
flame are shaded in gray. In addition, we circumscribe those
formulas with thick lines, which are at the beginning of the
observed sequences: C20H12, C28H14, C36H16, C44H18, and
C52H20 ~see Figs. 2–9!. These PAHs are arranged in a repeti-
tive, ordered way in the periodic PAH system. They have the
same shift coordinates~21, 22!. This means that one moves
one formula to the left and two formulas down to obtain the
starting member of the next PAH sequence. The bay closure
processes are described by shift coordinates~21, 21!.

We obtain the following general picture: PAH growth
cannot entirely be explained by an HACA mechanism. This
mechanism assumes a random formation of new rings at the
precursor PAH by reaction of two C2H2 with two neighbor-
ing sites. It describes well the growth of the smallest PAHs,
C10H8 and C14H10. These PAHs cannot be formed by bay
closure. However, once C14H10 has formed, it can grow to
C16H10 by bay closure. Within each sequence, such a bay
closure reaction leads to the formation of the next larger
PAH. This comes to an end when the most condensed PAH,
with all bays closed, has formed. The next larger PAH is
formed by a coagulation mechanism. Our observations lead

FIG. 18. Formula periodic table of the
benzenoid PAHs. The PAHs found in
the flame are shaded in gray. The first
PAH for the observed H sequences are
framed with bold lines. They can be
connected by a straight line within the
periodic system.

FIG. 19. Examples illustrating the net number of disconnections among the
internal edges (ds) and the number of inner carbons (NIc) for benzenoid
PAHs. The internal edges are drawn in bold.
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to an ordered arrangement of PAHs in methane flames within
a formula periodic system which is based on geometric con-
siderations of PAH networks.
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