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Polycyclic Aromatic Hydrocarbons with Five-Membered Rings: Distributions within Isomer
Families in Experiments and Computed Equilibria
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Previous studies of polycyclic aromatic hydrocarbons (PAH) from a variety of combustion and pyrolysis
systems have shown that certain aspects of the PAH product distribution, such as the relative abundance of
certain isomers, are invariant over a range of fuels and reactor configurations. One possible explanation is
that fast isomerization, facilitated by the presence of internal and external five-membered rings, may serve to
normalize the product distributions, independent of the fuel or reactor configuration. To examine this possibility,
we have compared experimentally measured PAH product distributions (within isomer families) to computed
theoretical equilibrium distributionsfirst evaluating several quantum chemical methods for thermodynamic
property computation: corrected AM1 semiempirical, HF/3-21G, B3LYP/STO-3G, and B3LYP/6-31G(d).
Of the four methods, the corrected AM1 method is chosen for the equilibrium computations, since its root-
mean-square deviation of the computed vibrational frequencies proves to be very close to that of the higher-
order HF/3-21G method and since its computation is 100 times faaterajor consideration for the large
molecules (3-9 rings) of this study. Using the corrected AM1 method, we have computed the Gibbs free
energies and equilibrium distributions from 250 to 1500 K for the following sets of PAH isomers containing
internally or externally fused five-membered ringsigfio = fluoranthene, aceanthrylene, and acephenan-
thrylene; GsHio = cyclopenthilacephenanthrylene, cycloperadfluoranthene, and benzghilfluoranthene;

CaoH1o = dicyclopentagd,fgpyrene, dicyclopentad,jkpyrene, and dicyclopentedl,mipyrene; GgHi, =
dicyclopentalpc,efcoronene, dicyclopenthg,hijcoronene, and dicyclopentad, klcoronene; GoHi2 = benzo-
[a]fluoranthene, benzofluoranthene, benzg@fluoranthene, and benzdfluoranthene; GsHis = benzof]-
naphtho[2,3]fluoranthene, benzalnaphtho[2,3K]fluoranthene, and benzajhaphtho[2,3]fluoranthene;

Ci3H10 = fluorene, bena]indene, bend]indene, and benglindene. Comparing the computed equilibrium
distributions to those found experimentally in catecloetiihydroxybenzene) and anthracene pyrolysis products,

we find close agreement only for thead8,o isomers—corroborating previous evidence of a facile route for
interconversion of internally and externally fused five-membered rings in this isomer group. Beggtige C
isomers are prominent among PAH in a wide range of pyrolysis and combustion systems, the investigation
and incorporation (into PAH growth models) of 10 isomerization kinetics are very important. None of

the other PAH isomer families investigated is found to exhibit such agreement between experimental and
computed results, indicating that other isomerization mechanisms, such as ethylene migration around the
PAH periphery or internal rearrangement of five-membered rings in fluoranthene benzologues, are of less
significance over the time scales considered.

Introduction particular isomer groups, certain species are always donfinént;

Polycyclic aromatic hydrocarbons (PAH) are significant as ©ther species within an isomer family are never obsefvéd;
constituents of combustion-generated pollutants, both becausé" INCréase in temperature or residence time enhances the yields
of their role as potential soot precursbtaind because of the ~Of PAH with five-membered rings compared to those of
inherent biological activity of particular PAR# In our inves- benzenoid PAH.5#1°Such trends are also observable from the
tigation of the composition of combustion and pyrolysis products data of other investigators who employ isomer-specific PAH
from a variety of fuels and reactor configuraticnd® we have ~ Measurement techniqués:®
identified a large number of PAH with internal and external ~ These similarities in PAH product distribution, observed
five-membered rings, which are of particular interest because across a broad range of experiments, may be explained if the
some of them appear to have enhanced biological activity, PAH are formed via a limited set of significant reactions that
compared to benzenoid PAH Despite differences in parent  occur mostly independent of fuel and reactor configuration. In
fuel structures and in the physical environments in which PAH fact, two canonical reactions for PAH formation and growth
are produced, measured PAH product distributions from a have been identified previoushy® 23 the Badger mechanisth
variety of systems exhibit a number of similarities: within for the union of an aryl radical to an aromatic molecule, and
the hydrogen-abstractionf@ddition mechanisf26 for the
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Figure 1. Unimolecular isomerization scheme for (from left to right) aceanthrylene, acephenanthrylene, and fluoranthene. Adapted from Scott and
Roelof¢® and Sarobe et &°.

distributions—in some casésbringing about the production of  methods, for four of the isomer families examined in this work,
more mutagenically active members within an isomer family. but they do not compare their results to distributions found in
A frequently invoked unimolecular isomerization for PAH experiments, as we do here. PreviouSlye have successfully
under flash-vacuum pyrolysis conditiG8&%is shown in Figure  utilized corrected semiempirical computati&hto determine
1; however, its applicability to atmospheric pressure conditions the heat of formation of large PAH. Although it is well
frequently seen in combustion and pyrolysis environments is establishe#f that more computationally intensive methods such
unknown. This scheme is significant in that the atomic rear- as density functional theory are more reliable than uncorrected
rangement exploits the five-membered ring structure, a structuresemiempirical methods, corrected semiempirical methsdsh
that occurs internally in the nonalternant PAH fluoranthene and as group correction of heat of formatiSused in our previous
externally in the cyclopenta-fused PAH aceanthrylene and work32and corrected vibrational frequencieased for comput-
acephenanthrylene. The scheme can, of course, easily béng enthalpy and entropyhave not yet been extensively tested
extended to include many other PAH that have been identified against the higher-level theories.
in combustion and pyrolysis products, so long as the conversion 14 make such an assessment in this work, we first examine
involves fluoranthene benzologues and cyclopenta-fused PAH. 5 humber of representative PAH having from one to six rings,
Since the reactions depicted in Figure 1 are unimolecular, comparing the computational expense and accuracy of several
they may occur much more rapidly than bimolecular reactions, methods of property computation. We then use semiempirical
particularly in the dilute conditions often examined in flow guantum chemical computations with group correction to heats
reactors. However, k_inetic rates for thesg re_a_ctions have not_beerbf formation, as well as corrected thermophysical properties,
determined, and doing so presents a significant computationalyy getermine the equilibrium distributions for selected isomer
challenge. Moreover, kinetic reaction paths for the isomerization groups represented in our measured PAH product distribitighs.
of larger molecules have not yet been proposed, which panging in size from three to nine aromatic rings, the selected

significantly complicates a transition-state theory approach t0 pa contain at least one five-membered ring each and comprise
kinetics. A simpler way to determine the significance of these o following sets of isomers: @10 = fluoranthene, acean-

reactions is to use thermodynamics to examine the upper boun hrylene, and acephenanthryleneigddio = cyclopenthijace-

for their rates (i.e., to suppose that the autoisomerization ratesphenanthrylene, cyclopentaffiuoranthene, and benagiiflu-

are significantly faster than those of bimolecular reactions, in oranthene: GHio = dic :

8 . - ; i ; = dicyclopentagd,fgpyrene, dicyclopenta-
which case the stable species may be considered to be in quasi. | : o= . — dirv.
equilibrium). A further case for considering fast autoisomer- [cd.jKpyrene, and dicyclopenta, mrpyrene; Gsfi = dicy

AT ! Lo Y .~ clopentabc,efcoronene, dicyclopenth,hicoronene, and di-
ization is that these species appear in similar isomer distributions . _

. . ; . cyclopentac,klcoronene; GoHi;» = benzog]fluoranthene,
across a wide range of fuels and reaction configurations, benzopJfluoranthene, benzgjfluoranthene, and benzdfiuo-
including products from flames. Although this work primarily ’ ’

. : .o L ranthene; @gHie = benzof]naphtho[2,3j]fluoranthene, benzo-
focuses on pyrolysis reactions, the generally observed similarity
between PAH distributions in combustion and pyrolysis systems [alnaphtho[2,3flucranthene, and benzalhaphthol2,3l]-

suggests that the underlying chemistry is the same. For example’ﬂuoranthene; G@Hyo = fluorene, benzfindene, bendlindene,

experiments in a well-stired/plug-flow reactboperating at ~ and benzilindene. (The GzHyoisomer family is unique among
equivalence ratios of 1.2 and 2.2 (implying the presence of those studied here in that its constituents are not fully aromatic,

oxygen atoms and radicals) show isomer ratios that are similar dU€ o the saturated methylene carbon in each five-membered

to those observed in pure pyrolysis experiméritss ring.) _ _ -

In order to compute the equilibrium distributions that may ~Where appropriate, we compare the theoretical equilibrium
result from fast isomerization reactions and compare these distributions to the distributions determined from experiments,
distributions with those found in experiments, it is necessary including the pyrolysis of catech§l(o-dihydroxybenzene) and
to determine the Gibbs free energy for each of the species inanthracen&® In these experiments, the fuel is vaporized at a
question. However, very little information exists on the ther- 0w concentration into an inert gas flow and then fed into
modynamic properties of large PAH like those studied here  €lectrically heated flow reactors held at uniform temperatures.
especially the novel cyclopenta-fused PAH, many of which have The fuel undergoes pyrolysis for a known residence time (0.4
only recently become available for study due to the special and 0.75 s for catechol and anthracene, respectively), at which
synthese’$:3%required. Our approach, therefore, is to compute point the gas is quenched and collected for further analysis.
from quantum theory the thermophysical properties (enthalpy These residence times are relatively long in terms of kinetics,
and entropy) of these compounds, from which we then determineand therefore, the fast isomerization reactions proposed here
the Gibbs free energy for each species, across a range ofshould not be sensitive to the difference between the two sets
temperatures. Recently, Pope et'ahave reported theoretical ~ of experiments. This, along with the low fuel concentration used,
equilibrium distributions, computed via molecular mechanics allows fast unimolecular (or inert-activated/deactivated) reac-
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tions ample opportunity to establish equilibrium distributions tributions of the rotational, translational, and corrected vibra-

in the experiments, if the reaction pathways exist. tional energy modes. (The rotational and translational compo-
' nents do not require correction because they depend only on
Theoretical Approach temperature and, in the case of rotational entropy, on inertial

For the theoretical determination of each molecule’s vibra- Moments and symmetry numbeall of which can easily be
tional frequencies, the following computational methods are detérmined with high accuracy.) Similar to the method used
employed: a corrected AM1 semiempirical method, described for heats of formation, corrected vibrational frequencies are
below: the Hartree Fock method with a 3-21G basis set: and c@lculated from the AM1 values and group corrections corre-
the BéLYP density functional methd837with both the STb- sponding to structural units in the molecule. The corrected
3G and 6-31G(d) basis sets. Two in,wportant factors are con- vibrational frequencies then allow the computation of the
sidered in these methods: the computational time vs moleculeViPrational contribution to the property in question. This
size and the molecular root-mean-square (rms) error, similar to Vibrational contribution is then combined with the rotational

that defined by Scott and Raddh, and translational contributions to yield the value of the property
for a given temperature.
Nmol s Once the corrected vibrational frequencies are obtained,
rMSo = (Z A/ Do) therefore, Gibbs free energies can be computed for all species
in question across a wide range of temperatures. Equilibrium

constants may then be obtained, and therefore, equilibrium
distributions of sets of isomers may be determined as a function

= (@heor _ ,BLYPIE-316(d)2 of temperature. . ' o

min : ! Error Assesment. The error in the calculation of equilibrium
distributions is estimated by examining their sensitivity to
variations in the Gibbs free energies. For the molecules

where
A

This residual Anin, differs slightly from the one of Scott and
Radom, who compare the theoretical harmonic frequencies to . o . .
experimental measurements for 122 molecules (1066 vibrationale?am'ne? hr(]are_, a varlatlonr?_f 1 Eca][/mqll in the IG'b.bS free enerﬁy
frequencies). Because experimental values are unavailable for® ;)ne of the isomers within the family results in an overa
the compounds examined in our work, the frequencies calculatele/o variation in the equ!llblrlum.dlstrlbunon. I.f other lebs
by the widely used B3LYP/6-31G(d) method, considered by energies have S|m|Iz_ar variations in th? same dlrect|on_ (|.e_., all
Scott and Radom one of the most effective in their study, are positive or ?‘” negative), then the variation in the equilibrium
used as the reference for comparison. The value oS dlstrlt_)ut_lon is Iess.'ln other_ words, in terms _of error, the worst
calculated for each of six compounrdsenzene, naphthalene, case is if th.e errorin the G'bb.s free energy is confined to only

one of the isomers in the family.
acenaphthylene, acephenanthrylene, cyclopediajrene, and i ) ]
dicyclopentagd,jipyrene—and for each of three methods: The error in the Gibbs free energy is a consequence of errors
corrected AM1, HF/3-21, and B3LYP/STO-3G. For the less in the calculations of entropy and heat of formation. In our
computationally intensive methods (AM1 and B3LYP/STO-3G) Previous work? we show a 1 kcal/mol difference between the
computational times are found for four additional large mol- corrected AM1 method and an ab initio computation of the heat
ecules: coronene, benzdfiaphtho[2,3j]fluoranthene, cyclo- ~ Of formation of pyracylene. Because of the highly strained
pentapcjcoronene, and dicyclopentaf,klcoronene. All com-  (likely nonplanar) structure of pyracylene, as well as the pair
putations are carried out on 500 MHz Pentium I1l systems using Of external five-membered rings, this molecule is more likely
MOPACS for the semiempirical calculations and Gaussi@f9s  t0 reveal weaknesses in computational methods. Therefore, we
for the higher-level methods. expect the error in the heat of formation to be less than 1 kcal/

Because of the large number and sizes of species examinedno! for other molecules. The error in entropy is assessed by
here, we compute properties using semiempirical quantum €xamining one of the test cases run at the B3LYP/6-31G(d)
methods. Heats of formation are determined for all species usingleVvel as well as the corrected AM1. In that case, the maximum
the AM1 Hamiltoniar®® Wang and Frenklad show that difference in Gibbs free energy between the two methods is
semiempirical computations introduce increasingly large errors 0-35 kcal/mol, with an average difference over the temperature
as aromatic rings are added, resulting from approximations of range of 0.17 kcal/mol. Therefore, we expect that errors in heat
the interatomic potential profile. This error is particularly ©Of formation will dominate, in which case the equilibrium
prob|ematic in the case of periphera| five-membered rings’ a distributions are I|ke|y 10% off from those that would be
defining feature of the many cyclopenta-fused PAH we examine. calculated by the higher-level methods.

For acenaphthylene, the simplest cyclopenta-fused PAH, the Itis important to note that it is difficult to assess the error in
AfH° is overpredicted by 25%. Fortunately, Wang and Frenk- the computed Gibbs free energies with reference to the true
lach®® also show that these errors are systematic and can bevalues for the molecules studied here, because they have never
corrected to within a few kilocalories for the species they study. been measured. Instead, it is our purpose to compare the
Their method, used in this work, is similar to the group additivity corrected AM1 method to the current “industry standard”
method of Bensoft but makes the improvement of using group B3LYP/6-31G(d) density functional method, in order to deter-
characteristics for corrections to the compufgH®, rather than mine whether there is an unacceptable increase in error that
simply summing group contributions to achieve the final value. accompanies the savings in computational time. However, it is

The very same approximation that introduces errors in the worth noting that the B3LYP method has been tested on 122
computation of heats of formation also introduces errors in the molecules with known vibrational frequenci®sesulting in an
computation of other thermophysical properties, such as specificrms error that corresponds to a 0.1 kcal/mol error in the Gibbs
heat and entropy, necessary for the determination of equilibrium free energy. Furthermore, the B3LYP functional is believed to
constants. To rectify these errors we use a somewhat morebe robust and scaleable and, thus, applicable to larger molecules.
detailed method, also by Wang and Frenklgolthich computes It is, therefore, an appropriate benchmark against which other
thermophysical properties of molecules by summing the con- computational methods may be evaluated.
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lowing representative PAH (in order of increasing ring num-
ber): benzene, naphthalene, acenaphthylene, acephenanthrylene,
B cyclopentagd)pyrene, dicyclopentaf,jkpyrene, coronene and
"""""""""""" benzof]naphtho[2,3j]fluoranthene, cyclopentbf]coronene,
- aLYPISTO-3G and dicyclopentdc,klcoronene. As Figure 2 shows, the
B3LYP/STO-3G and HF/3-21G methods are 100 times slower
than the semiempirical AM1 method when computing geometry
and vibrational frequencies; the B3LYP/6-31G(d) method is
1000 times slower than the AM1 method. It should be noted
that the computational time for the AM1 method is computer
time only; because it is relatively simple to automate, the time
required to adjust the vibrational frequencies “by hand” is not
considered.

Table 1 summarizes the rmg found for each molecule for
each method. For reference, the glmseasured by Scott and

B3LYP/6-31G(d)

1000 -

100 -

Computation Time (minutes)
>

0.1 1

0.01 i i , , Radom for the B3LYP/6-31G(d) method is 34 thh One
0 2 4 6 8 10 significant finding from Table 1 is that the deviation of the other
Ring Number methods from the B3LYP/6-31G(d) results is not particularly
Figure 2. Time required for the computation of vibrational frequencies dependent on molecular size or structure. In fact, there appears
of PAH with one to seven rings, using the following metho@#sAM1 to be some convergence of the HF and the B3LYP/STO-3G

semiempirical©O HF/3-21G Hartree Fock; M B3LYP/STO-3G density results to the B3LYP/6-31G(d) results as molecule size in-
functional; o B3LYP/6-31G(d) density functional. creases. From the computed errors for each method, we
TABLE 1: Root-Mean-Square Deviation from Frequencies determine th_at the AMIL semlemp|r|cal methodlls bgst sqlted
Found by B3LYP/6-31G(d) for our application here. Significantly more time-intensive
methods may produce slightly better or significantly worse

rmsmo deviation (cn?)

no. of results, depending primarily on the choice of basis set.

compound rings AMI1 HF/3-21G BSLYP/STO-3G The corrected AM1 method (as described above) permits the
benzene 1 48 46 195 computation of thermophysical properties, summarized in Table
naphthalene 2 50 40 179 2, which are used to determine the equilibrium distributions of
acenaphthylene 3 54 36 168 PAH i
acephenanthrylene 4 53 37 164 ISOMETS. ) ] ) )
cyclopentagdpyrene 5 56 37 158 Interconversion of Five- and Six-Membered Rings.Of
dicyclopenta¢d jQpyrene 6 58 35 152 primary interest to us are the PAH isomers containing five-

. . membered ringsespecially the gHipisomers, as they are the

Results and Discussion gsesp y the GHao ! y

ones originally proposé@ito have an explicit isomerization
Assessment of Computational Methods-igure 2 shows the  route. The computed equilibrium distribution of isomers of the

time, in minutes, required for the computation of an energy- CigHi0 family (fluoranthene, aceanthrylene, and acephenan-
minimized geometry and vibrational frequencies for the fol- thrylene) is shown in Figure 3, along with the fractions measured

TABLE 2: Thermophysical Properties of PAH Isomers, as Computed by the Corrected AM1 Method

AiHC 208 S’208 Cp300 CpSOO Cp700 CplOOO Cp1500
compound (kcal/mol)  (cal/mol/K)  (cal/mol/K) (cal/mol/K) (cal/mol/K) (cal/mol/K) (cal/mol/K)

fluroanthene 69.2 94.53 48.75 78.98 98.97 117.07 132.29
acephenanthrylene 73.9 95.99 48.78 79.01 98.98 117.05 132.25
aceanthrylene 81.5 96.10 48.97 79.13 99.05 117.09 132.27
pyrene 53.9 98.00 48.30 78.52 98.61 116.86 132.19
cyclopentagdfluoranthene 107.9 99.08 53.64 86.65 108.21 127.50 143.50
cyclopenthilacephenanthrylene 97.5 98.17 53.64 86.63 108.18 127.45 143.45
benzofhilfluoranthene 98.8 97.68 53.14 86.18 107.88 127.34 143.46
cyclopentagdpyrene 82.0 98.08 53.15 86.19 107.87 127.30 143.41
dicyclopentagd,fgpyrene 111.0 108.39 58.04 93.84 117.08 137.71 154.61
dicyclopentagd,jkpyrene 113.4 108.60 58.08 93.91 117.14 137.74 154.63
dicyclopentagd,mrpyrene 117.2 109.47 58.15 93.94 117.16 137.76 154.64
dicyclopentalpc,efcoronene 1275 128.28 78.91 127.29 158.71 186.31 208.51
dicyclopentalc,hicoronene 128.2 128.17 78.94 127.35 158.76 186.34 208.52
dicyclopentalpc,klcoronene 126.9 125.66 78.66 127.14 158.60 186.23 208.46
benzop]fluoranthene 89.2 116.23 61.10 98.36 123.03 145.32 163.97
benzop]fluoranthene 81.0 115.83 60.89 98.24 122.97 145.29 163.96
benzo[Jfluoranthene 86.9 116.29 60.97 98.28 122.98 145.30 163.96
benzoK]fluoranthene 83.0 114.31 60.89 98.24 122.94 145.26 163.94
benzop]naphtho([2,3j]fluoranthene 128.1 126.39 83.61 135.06 169.12 199.81 225.34
benzof]naphtho[2,3K]fluoranthene 122.9 121.78 81.64 133.08 167.11 197.80 223.33
benzop]naphtho[2,3l]fluoranthene 132.6 124.74 83.17 134.87 169.05 199.81 225.36
benzElindene 53.9 94.87 41.37 67.65 85.30 101.53 115.49
benzflindene 53.9 94.86 41.36 67.62 85.26 101.50 115.47
benzp]indene 53.9 94.89 41.39 67.67 85.31 101.54 115.50

fluorene 45.0 93.51 41.21 67.56 85.27 101.55 115.53
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Figure 3. Computed equilibrium distribution and experimental mea- P
surements of the H1o isomers: fluoranthene (solid line arid®), 014 -~ DO.O
acephenanthrylene (dashed line and), and aceanthrylene (dotted 4 Q .
line). Experimental data from catechol pyroly8i€pen symbols) and 0 Tt A A — "

anthracene pyrolysi$ (closed symbols).
250 450 650 850
in the products of flow-reactor pyrolysis of cateckand drop- T (K)
tube py_ronS|s of anthraceﬁe(A_ccurate quar_itlfican_n Of_the Figure 4. Computed equilibrium distribution and experimental mea-
CieHio isomer aceanthrylene in the experiments is difficult - syrements of the gHoisomers: cyclopenttilacephenanthrylene (solid
because it co-elutes with theydElio isomer fluoranthen?® line and<,®), benzofhilfluoranthene (dashed line), and cyclopenta-
Consequently, Figure 3 does not show the experimental fraction[cd]fluoianthene (dotted line and,a). Experimental data from catechol
of aceanthrylene. Spectroscopic evidefhitehowever, reveals ~ Pyrolysis®(open symbols) and anthracene pyroR{slosed symbols).
that in the experiments, aceanthrylene is present in much smallermust be relatively slow compared to other formation and
quantities than fluoranthene trend also exhibited by the destruction reactigns involvin pthese Species
computed equilibrium distribution in Figure 3.) From Figure 3, In contrast to the GH iso%ners of Igigure.S the H
it can be seen that experimentally measured yields of fluora_n- \Somers cyclopenltﬁ]aceé)ohenanthrylene beng,bﬁ]fluorarli?
thene and acephenanthrylene come very close to the theoretlcatlf]ene and cyclopentdifiuoranthene wh’ose equilibrium and
equilibrium values. In the case of the catechol products, ; o R -
indicated by the open symbols, the distribution is slightly inside & Pefimental distributions are shown in Figure 4, do not, in

the theoretical equilibrium, but the trend moves in the appropri- experiment, follow the equilibrium trend determined by theory.

S . Although cyclopentjilacephenanthrylene is the most abundant
ate direction as temperature increases. In the case of the gh cyclopenthijacep Y

th ducts. indicated by closed bols. the distrib isomer in both experimental and theoretical distribution, the
?n iac?ne ptrqd uct's, Ilnt 'ﬁ N tY close lsty)/m 0 S’t the IIS MOU-5ther isomers do not follow equilibrium behavior in any way.
lon 1s almost identical to theoretical équilibrium at the lower -, particular, although benzghilfluoranthene is predicted to

. Sappear in moderate quantities relative to cyclogafafephen-
however, the experimental values show some departure fromanthrylene, and in much larger quantities than cyclopeda]

the equilibrium piofiles. T_he_dep_arture faillg within the gxpected fluoranthene, in experiment bengbilfluoranthene proves very
error in the equilibrium distribution, but it is also possible that  yiticuit to detect. In general, it is not found in significant

gfast higii-tempergture channel exists .that competes with thequantities in systems where cyclopenta-fused PAH are abun-
isomerization reactions. That the experimental data match theq,n2 The evaluation of the experimental distribution of the
theoretical distribution so weil indicates that fast |so_mer|zat|on CigH1o0 isomers is further complicated by the fact that they are
routes between these three isomers must be considered. found in relatively small quantities, such that the less abundant
We have also examined the benzenoigHzo isomer pyrene,  cyclopentagd]fluoranthene is not quantifiable in the catechol
which contains only six-membered rings and does not have anyexperiments below 1223 K, and is also not quantified in the
obvious isomerization paths from fluoranthene or theHzo lowest-temperature anthracene pyrolysis products. Despite the
cyclopenta-fused PAH. When we consider the calculated difficulty in quantifying experimental results, it is evident that
equilibrium distribution of pyrene (not shown) with respect to these three isomers do not have an equilibrium distribution in
the other three GgH1oisomers, we find that pyrene completely these experiments. Furthermore, as with thgHg, isomers, a
dominates the distribution by several orders of magnitude. fourth observed gHio isomer, cyclopentafpyrene, com-
However, experimental results from atmospheric-pressure stud-pletely dominates the computed equilibrium distribution if it is
ies of numerous fuets:10-12.14.15show pyrene always to be in  included. Unlike the @H1o case, however, this result is more
lower quantities than fluoranthene. Clearly, pyrene does not existconsistent with experimental results. In cateéhand an-
in any kind of equilibrium state with the other threg¢B10 thracen@® products, cyclopentafpyrene usually appears in
isomers in any atmospheric-pressure systems that we havenearly 10 times the yield of the next most abundant isomer,
examined. Furthermore, we can make the stronger statementyclopenthilacephenanthrylene.
that any reactions that allow pyrene to convert to the other three  External Five-Membered Rings—Perimeter Migration.
Ci6H10 isomers (including multistep and multibody reactions) Another group of isomers which might have a specific isomer-
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. L o . Figure 6. Computed equilibrium distribution of the g, isomers:
Figure 5. Computed equilibrium distribution and experimental mea- «qtho” dicyclopentabc,efcoronene (solid line), “meta’ dicyclopenta-

surements of the &Huo isomers: “ortho” dicyclopentafl,fgpyrene [bc,hicoronene (dashed line), and “para” dicyclopehtaklcoronene
(solid line and®), “para” dicyclopentagd,jkpyrene (dashed line and (dotted line).

O,m), and “meta” dicyclopentad,mrjpyrene (dotted line and,a).
Experimental data from catechol pyrolySiSopen symbols) and

anthracene pyrolysi€ (closed symbols). the fraction of dicyclopentafd,fgpyrene (the “ortho” isomer
shown in Figure 5) never falls below 0.5. Second, except at the
ization mechanism attributed to them are the thregHG lowest temperatures, the second most prevalent dicyclopenta-

dicyclopentapyrene isomers; it has been suggested that thecoronene is the “meta” isomer (Figure 6); among the dicyclo-
ethylene bridge which forms the five-membered rings might pentapyrenes, the “meta” isomer is by far the lowest yield, never
have some mobility about the perimeter of PAH structdfed! rising above 10%. In the anthracene pyrolysis products, dicy-
Therefore, we also examine the equilibrium distributions of the clopentabc,klcoronene and dicyclopentaf,hicoronene (the
three dicyclopentapyrenes, shown in Figure 5. In experiments “meta” and “para” isomers) have comparable yields. Because
where only a single dicyclopentapyrene is obseffdas in a reference standard of dicyclopemtafeicoronene is not
the 1223 K catechol products, it is dicycloperthjKpyrene, available, its presence must be inferred from chromatographic
the “para” isomer, corresponding to the middle curve in Figure and mass spectral evidentehe peak believed to be dicyclo-

5. When a second dicyclopentapyrene is pre&éngs in the pentapc,efcoronene (the “ortho” isomer) is of significantly

1273 K catechol pyrolysis products, it is dicyclopeathi}- smaller size than those of the two identified isomers. These
pyrene, the “meta” isomer, corresponding to the bottom curve observations thus suggest that the relative levels of the dicy-
in Figure 5. The “ortho” isomer, dicyclopental,fgpyrene, clopentacoronenes in the experiments do not constitute an

corresponding to the top curve in Figure 5, is only observed in equilibrium distribution-a result similar to that for the dicy-
the anthracene productsalthough in that case it is the most clopentapyrenes.
prevalent dicyclopentapyrene. Furthermore, when dicyclopenta- Internal Five-Membered Rings—Fluoranthene Benzo-
[cd,mApyrene is present, it is often present in larger quantities logues.Like cyclopenta-fused PAH, fluoranthene benzologues
than dicyclopentald,jpyrene. In summary, the computed also may have the opportunity to isomerize among one another,
equilibrium distribution is not consistent with observations from although the detailed chemistry is not obvious. TwaHG,
experiments, so we conclude that the dicyclopentapyrenes dofluoranthene benzologues, benzofnd benzdflfluoranthene,
not isomerize among one another faster than they are formedare structurally similar in that they are both a pair of naphthalene
and destroyed in other reactions. units joined by a five-membered ring; a “rotation” of one of
The largest cyclopenta-fused PAH examined here, tid{ the naphthalene units could account for their interconversion.
dicyclopentacoronenes, are similar to the dicyclopentapyrenes,The computed equilibrium distribution of the benzofluoranthene
in that there are three isomers differentiated by the relative isomers, shown in Figure 7, in fact shows the dominance of a
locations of the two externally fused five-membered rings, and single isomer, benzb]fluoranthene, which decreases somewhat
that there is the possibility=+4 for these rings to migrate around  with increasing temperature. This trend is also found in the
the molecule. Despite their large size and novelty, these catechol pyrolysis experiments, although the fraction of benzo-
compounds have been obserfedn anthracene pyrolysis  [b]fluoranthene is significantly less than in the computed
product8® as well as those from an ethylene flat flame, from a equilibrium distribution. Figure 7 also reveals that in the catechol
benzene flat flame, and from fuel-rich ethylene combustion in pyrolysis products benzgfluoranthene is the second most
a jet-stirred/plug-flow reactor. (Descriptions of the equipment abundant and benzdfluoranthene falls a close third, whereas
and methods for the latter three systems can be found in thein the computed equilibrium distribution, the order of these two
literature4549 As in the case of the dicyclopentapyrenes, we compounds is reversed. It should also be noted that at 1227 K
find that in the equilibrium distribution of the dicyclopenta- only, benzoK]fluoranthene is more prevalent in the catechol
coronenes, shown in Figure 6, it is the “ortho” isomer which is pyrolysis products than benzffjuoranthene, a result of a
most abundant. However, the calculated equilibrium distribution sharper peak in the yield/temperature profile of bekjzo[
of the dicyclopentacoronenes differs from that of the dicyclo- fluoranthené? The least abundant isomer, by both computation
pentapyrenes in several ways. First, the fraction of dicyclopenta-and experiment, is benzfluoranthene, which has been
[be,efcoronene, the “ortho” isomer, barely rises above 0.5, while identified in the products of catechol pyrolySisut has not
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Figure 7. Computed equilibrium distribution and experimental mea- Figure 9. Computed equilibrium distribution of thei6H,o isomers:
surements of the £H1, isomers: benzdjfluoranthene (solid line and benzplindene (fluorene) (solid line and), benzflindene (dashed line
A), benzof]fluoranthene (dashed line and), benzoK]fluoranthene anda), benzEjindene (dotted line), and berg@indene (dash/dot line).
(dotted line andd), and benzaf]fluoranthene (gray line). Experimental ~ Experimental data (open symbols) from catechol pyrolisis.
data (open symbols) from catechol pyroly¥is.
1 temperature. According to the calculations, at the lower tem-
; peratures, thek” isomer is the most dominant; at the higher
temperatures thej™ isomer is. At all temperatures, thd™
isomer is the least abundant, both in the computed equilibrium
distribution and in the anthracene pyrolysis experiments.
However, the experimental distribution of the two primary
isomers does not agree with the equilibrium distribution, as these
isomers are measured in similar quantities in the temperature
range of the anthracene experiments. (It is worth noting that
the computed equilibrium distribution predicts equivalent levels
of the ‘§” and “K” isomers at temperatures just under 900 K,
lower than the temperatures of the experiments. Within the
temperature range of the experiments, the computed equilibrium
distribution clearly indicates a preference for th&isomer.)

Methylene Carbon Rings—Indene BenzologuesFigure 9

0.9 4

Fraction of Total

Y T displays the computational and experimental results for the
250 450 650 850 1050 1250 1450 CisHio benzindeneseach of which contains a methylene
T(K) carbon, distinguishing this isomer group from the cyclopenta-

Figure 8. Computed equilibrium distribution of the 16 isomers: fused PAH and the fluoranthene benzologues examined above.
benzop]naphthop,3-Jfluoranthene (solid line an®), benzof]naph- Figure 9 reveals a qualitative consistency between the theoretical
tho[2,3-Kfluoranthene (dashed line am), and benzaflnaphthop,3- and experimental results: both the equilibrium calculations and
lNfluoranthene (dotted line arl). Experimental data (closed symbols) the experimental catechol product data show fluorene (lnz]
from anthracene pyrolysfs

indene) to be the most abundant benzindene isomer. However,

been quantified because its yield is too small. A comparison of only at temperaturesll_GO K d(.) the theoretical and experi-
the overall computed equilibrium distribution to that displayed Mental results show fair quantitative agreement for bgjnz[
by the catechol pyrolysis experiments shows that, despite theidene and bengindene. The equilibrium calculations predict
correct prediction of the most abundant isomer, the experimen- the other two isomers, berglindene and benglindene, to be
tally observed benzofluoranthene product distribution is not Present at levels virtually identical to those of bdfiafiene.
consistent with an equilibrium distribution. Neither the € nor “g” isomer has ever been shown to be in

Another set of isomers among the fluoranthene benzologuesfuél products, howeverto our knowledge, no reference standard
are the GgHy6 benzonaphthofluoranthenes. These compounds, Of either existSthat would permit us to be certain whether these
found in the products of anthracene pyrolysis, apparently isomers are present in our catechol pyrolysis products. What
resulf47 from cyclodehydrogenation of the bianthryls, which We can say with assurance is that if either of these isomers is
are abundantly produced during anthracene pyrof/i48 As present at all, it is at a level significantly lower than that of
with benzo[]- and benzdflfluoranthene, the internal five-  benzflindene, since there are no large unidentified peaks or
membered ring in each benzonaphthofluoranthene may facilitateinterfering spectra (with elution times appropriate to benzin-
atomic rearrangement by allowing a “rotation” of one of the denes) in the catechol product chromatograhis.general, the
anthracene units. Figure 8, the distribution plot for the ben- experimental product distributions of the#19 isomers are
zonaphthofluoranthenes, reveals a unique feature in the com-not consistent with the equilibrium calculations in Figure 9,
puted equilibrium distribution for this isomer set: itis the only indicating that it is unlikely that the fgHio benzindenes are
one examined in which the dominant compound changes with prone to rapid isomerization.
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