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Abstract

Polycyclic aromatic molecules, including polyeyelic aromatic hydrocarbons (PAHs)
have attracted considerable attention in the past few decades. They are formed dur-
ing the incomplete combustion of hydrocarbon fuels and are precursors of soot. Some
PAHs are known carcinogens, and control of their emissions is an important issuc.
These molecules are found in many materials, including coal, fuel oils, lubricants, and
carbon black. They are also implicated in the formation of fullerenes, one of the most
chemically versatile elass of molecules known. Clearly, models that provide predic-
tive capability for their formation and growth are highly desirable. Thermochemical
properties of the species in the model are often the most important parameter, par-
ticularly for high temperature processes such as the formation of PAH and other
aromatic molecules. Thermodynamic consistency requires that reverse rate constants
be calculated from the forward rate constants and from the equilibriuin constants.
The later are obtained from the thermochemical properties of reactants and products.
The predictive ability of current kinetic models is significantly limited by the scarcity
of available thermochemical data.

In this work we present the development of a Bond-Centered Group Additivity
method for the estimation of the thermochemical properties of polyeyclic aromatic

molecules, including PAHs, molecules with the furan substructure, molecules with



triple bonds, substituted PAHs, and radicals. This method is based on thermochem-
ical values of about two hundred polycyclic aromatic molecules and radicals obtained
from quantum chemical calculations at the B3LYP/6-31G(d) level. A consistent set
of homodesmic reactions has been developed to accurately calculate the heat of for-
mation from the absolute energy. The entropies calculated from the B3LYP /6-31G(d)
vibrational frequencies are shown to be at least as reliable as the few available ex-
perimental values. This new Bond-Centered Group Additivity method predicts the
thermochemistry of Cgg and Crg fullerenes, as well as smaller aromatic molecules,
with accuracy comparable to both experiments and the best quantum calculations.
This Bond-Centered Group Additivity method is shown to extrapolate reasonably to
infinite graphene sheets.

The Bond-Centered Group Additivity method has been implemented into a com-
puter code within the automatic Reaction Mechanism Generation software (RMG)
developed in our group. The database has been organized as a tree structure, making
its maintenance and possible extension very straightforward. This computer code al-
lows the fast and easy use of this estimation method by non-expert users. Moreover,
since it is incorporated into RMG, it will allow users to generate reaction mechanisms
that include aromatic molecules whose thermochemical properties are calculated us-
ing the Bond-Centered Group Additivity method.

Exploratory equilibrium studies were performed. Equilibrium concentrations of
individual species depend strongly on the thermochemistry of the individual species,
emphasizing the importance of consistent thermochemistry for all the species involved
in the calculations. Equilibrium calculations can provide many interesting insights

into the relationship between PAH and fullerenes in combustion.

Thesis Supervisor: William H. Green, Jr.
Title: Texaco-Mangelsdorf Associate Professor
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Chapter 1

Introduction

Polyeyclic aromatic hydrocarbons (PAHs) and polycyclic aromatic molecules have
attracted considerable attention in the past few decades. They are formed during
the incomplete combustion of hydrocarbon fuels and are precursors of soot. Some
PAHs are known carcinogens, and control of their emissions is an important issue.
PAH molecules are found in many materials, including coal, fuel oils, lubricants, and
carbon black. They are also implicated in the formation of fullerenes [7], one of the
most chemically versatile class of molecules known. Clearly, predictive capability
for the formation and growth of PAHs and other polycyclic aromatic molecules is
highly desirable, either in order to minimize their formation or to steer their cher-
istry towards the generation of fullerenes and other desirable carbon nanostructures.
The attainment of such a predictive capability involves many aspects, including the
cnumeration of the important reactions and species in the reaction mechanism, so-
lution of the model’s differential equations, and the comparison of the model with
experiments.

Thermochemical properties of the species in the model are often the most impor-
tant parameter, particularly for high temperature processes such as PAH formation.
Thermodynamic consistency requires that reverse rate constants be calculated from
the forward rate constants and from the equilibrium constants. The latter are ob-
tained from the thermochemical properties of reactants and products. Consequently,

low temperature model predictions depend heavily on barrier heights and enthalpy
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changes of the reactions, while the model predictions at high temperature rely sen-
sitively on entropy change (as AS is multiplied by T). Conventional methods for
estimating thermochemical propertics [1] rely heavily on experimental data, but very
few such data are available. The predictive ability of current kinetic models is signif-

icantly limited by the scarcity of thermochemical data.

Recently, automatic reaction mechanism generation software packages have been
developed that accomplish the monumental task of enumerating important reactions
involved in combustion (see [10] and refercnces therein). However, the applicability
and reliability of such automated mechanism generators still rely on the accuracy of
the numerical values employed for thermochemical and kinetic data. Moreover, the
increase in computing power will allow these automatically generated mechanisms to
encompass a previously unimagined number of different molecules, as long as their
thermochemical properties and the kinetic rate constants related to their formation
and consumption can be accurately estimated. The ability to accurately and con-
sistently estimate thermochemical values for any PAH is an cssential step towards
building accurate combustion chemistry models that will allow the prediction of soot

and/or fullerene formation using various fuels and various reactor designs.

Unfortunately experimental thermochemical data is only available for 16 of the
hundreds of Isolated Pentagon Rule (IPR) PAHs with 24 or fewer carbon atoms. No
experimental data is available for any larger PAH species (except for the Cgg and Cyq
fullerenes). Only a very small fraction of other polycyclic aromatic molecules and
radicals have had their thermochemical properties determined. In the last decade
quantum chemical methods were made robust enough to provide accurate thermo-
chemical data for polyatomic molecules. As a result, quantum chemical methods
have been used to fill the void for species that are experimentally difficult to syn-
thesize or hard to detect. However, PAHs are in general too large for accurate, but
computationally intensive, quantum calculations such as the Gn or CBS-n methods.
Lower level quantum chemical calculations for PAHs have been performed by various
groups. In the beginning of the '90s Schulman et al. did SCF calculations with var-

ious basis sets for many PAHs up to circumcoronene (CsgHig) to obtain their heats
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of formation [9, 5, 3]. More recently density functional theory (DFT) calculations
mostly at the B3LYP/6-31G(d) level of theory have been used for the calculation
of AHy of PAHs [4, 6] and fullerenes [2] as well as S5g and Cp of PAHs [8]. How-
ever, many issues remain to be resolved: no gencral method for the determination of
accurate AH} of PAHs from the total energies obtained from density functional cal-
culations has been proposed, and computed low vibrational frequencies are thought
to have considerable uncertaintics, affecting the calculation of the entropy. More im-
portantly, it is not feasible to do even DFT calculations for the myriad of possible
PAH isomers. Thus a rapid, self-consistent and accurate estimation method for their

thermochemical properties is needed.

1.1 Thesis Overview by Chapter

1.1.1 Chapter 2: Thermochemical Data for PAHs

An estimation method can at best only be as good as the values used to derive
it. Thus the determination of a sound set of thermochemical properties of PAHs is
crucial to the success of the estimation method. In Chapter 2 we describe how the
thermochemical data were obtained for a set of 139 PAHs with five-and six-membered
rings.

A critical assessment of the scarce experimental data is presented. Entropies pro-
vided by the B3LYP/6-31G(d) DFT method are shown to agrec with the experimental
data. Available AHP . are used to derive and judge the quality of isodesmic and ho-
modesiic reaction schemes that enable the caleulation of AH} from absolute energies
given by quantum chemical calculations. A homodesmic reaction scheme that uses
benzene, naphthalene, acenaphthalene, phenanthrene, and Cgg is shown to predict
all the available experimental AH} of PAHs (except for benzo[k]fluoranthene) with
a mean average deviation of 1.4 keal mol™'. The AH} . for the latter is believed to

be too low.
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1.1.2 Chapter 3: Bond-Centered Group Additivity Method

Chapter 3 begins with a description of current estimation methods for PAHs. Each
of these methods have been developed for a particular type of PAHs, and are based
on very few experimental AH7.

The idea of a thermochemical properties estimation method based on bond-centered
group additivity in conjunction with the In(K’) term to describe the resonance energy
is introduced. K is the number of Kekule structures of the PAH. This method is
shown to extrapolate reasonably to infinite gas-phase graphene sheets.

A thorough principal components analysis was performed on the regression model.
Collinearity problems were identified. These problems are associated to be inherent
to the X-space described by PAHs. To the extent that the set of PAHs used for the
derivation of the model is representative, the partial collinearity should not cause
problems in the prediction of the thermochemical properties of PAHs not included in
the training set. Cross-validation procedures, including the “leave one out” procedure
indicated that the proposed bond-centered group additivity method (BCGA) has good

predictive capabilities.

1.1.3 Chapter 4: BCGA for Other Aromatic Molecules

PAHs with five- and six-membered rings are not the only polycyclic aromatic molecules.
The BCGA method proposed in Chapter 3 is extended in Chapter 4 to encompass
polycyclic aromatic molecules containing furan substructures, triple bonds, and non-
aromatic substitutions.

We propose homodesmic reactions for the calculation of AH} from the absolute
energies calculated from quantum chemistry for these classes of molecules. Group
values for polycyclic aromatic molecules containing furan substructures and triple
honds are derived. A method for the estimation of the thermochemical properties of
substituted aromatics is proposed, allowing the estimation of species such as phenols,
biarenes, and others. This method provides the linking between the BCGA and

Benson’s method.
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1.1.4 Chapter 5: BCGA for Radicals

Chapter 5 is dedicated to the description of the estimation of the thermochemical
properties of polyeyelic aromatic radicals. o-radicals are treated through the hydro-
gen bond increment (HBI) method. New, more specific HBI values are derived for
aromatic molecules. These HBI values depend of the environment around the radical
site.

Molecules in which the free electron is delocalized over a w-electron network are
called m-radicals. We have divided them into two classes. The first are the PAHs
with an odd number of carbons, such as indenyl. The second are substituted aro-
matic radicals, such as benzyl or phenoxy. The difficulty with the estimation of the
thermochemical properties of m-radicals is that it is not possible to unequivocally de-
termine the position of the radical, since it is delocalized. We propose the use of the
resonance structure with the largest number of Kekule structures for the caleulation

of the thermochemical properties of the w-radical.

1.1.5 Chapter 6: Resonance Energy

Resonance stabilization is one of the characteristic properties of aromatic molecules.
Being a non-local property, it is not amenable to being captured by group additivity
methods. Chapter 6 describes methods for easily quantifying resonance energy. The
natural logarithm of the number of Kekulé structures (In(K)) is chosen to account for
resonance energy in the BCGA method. An algorithim for the counting of the Kekulé

structures of aromatic molecules with any sized-rings is presented.

1.1.6 Chapter 7: Thermochemistry for Non-Aromatic Molecules
and Radicals
Chapter 7 describes the organization of the thermochemistry database for non-aromatic

molecules in the Automatic Reaction Mechanism Generation software (RMG) devel-

oped by Dr. Jing Song. The thermochemistry database consists of the groups from



Benson's Group Additivity method, hydrogen bond increment (HBI) values for radi-
cals, and other corrections for non-nearest neighbor interactions.

Traditionally thermochemical databases have been organized as unordered lists of
the groups. Such lists don’t capture any of the information regarding the relationship
amongst the groups. In Chapter 7 we describe how the database was organized as a
tree structure. The idea of organizing chemical information in a tree structure had
already been implemented by Dr. Sumathy Raman, Dr. Jing Song and Catherina
Wijaya for reaction families. A tree structure is casily maintained and extended.

Values are not available for all the possible Benson’s atom-centered groups. There
are fewer than 300 hundred group values involving carbon, oxygen and hydrogen
atoms, whereas the corresponding thermochemical database tree has more than 1000
nodes. We propose in Chapter 7 assigning “missing” groups values from other similar
groups. This assigninent is unique and allows the estimation of the thermochemical
properties of any molecule.

Some basic concepts and terminology used in RMG are also introduced in this

Chapter.

1.1.7 Chapter 8: BCGA in RMG

Chapter 8 describes the implementation of the bond-centered group additivity method
presented in Chapters 3 to 5 into a computer program. This program is completely
integrated to RMG, meaning that if an aromatic molecule is input into RMG, its
thermochemical properties can be estimated using the BCGA method proposed in
this work. On the other hand, RMG can work as a thermo estimator, independent

from its reaction mechanism generation capabilities.

1.1.8 Chapter 9: Equilibrium Calculations

The results of some exploratory equilibrium studies are reported in Chapter 9. Inter-
esting insight on the relationship between PAH and fullerenes in combustion system

are gained.
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Chapter 2

Thermochemical Data for
Estimation Method for PAHs with
Five- and Six-Membered Rings

2.1 Introduction

The basis of a estimation method are the values used to derive the model. Section 2.2
in this Chapter presents a critical assessment of the available experimental enthalpics
and entropies of formation of PAHs. Unfortunately there are not enough experimental
data for the development of a comprehensive and statistically significant method for
the estimation of the thermochemical properties of PAHs. Thus Sectionu 2.3 describe
the computational methods used to obtain reliable thermochemical data for a large

set of PAHs.

2.2 Experimental Thermochemical Properties

The quality of an estimation method can be assessed only by comparison of its predic-
tion with measured data. Undoubtedly experimental values are the “gold standard”.
Unfortunately, there are not many of them available and in many cases it is not even

clear how reliable an experimental value is. This section is a critical survey of the

29



experimental enthalpies and entropies of formation of PAH that can be found in the
literature. Values for the AH} of PAHs have been adopted among the experimental

values and uncertainties have been assigned to them.

2.2.1 Experimental Enthalpy of Formation Values

Gas phase AH} of PAH are usually obtained by adding the heat of formation of the
solid state, AH} ), and the heat of sublimation, AHZ,y. For benzene, which is liquid
at ambient temperature, the heat of formation of the liquid, AH 7(q) and the heat

of vaporization, AH? . are used. From the heat released by the combustion of the

vap’
solid PAH, the AH7 .y is calculated, taking into account reduction to the standard
state. Usually complete combustion to CO2 and H0 is verified by visual inspection
(no formation of soot) or by measurcment of the CO5 formed. Some authors base the
results of their combustion experiments on the amount of COy recovered, to minimize
the errors arising due to incomplete combustion and impurities in the sample [14].
When soot is formed, its massic energy of combustion also has to be taken into
account, as done by Nagano for the combustion of naphthaccne [50].

Enthalpies of sublimation are usually determined either calorimetrically or by
vapor-pressure measurements. Since PAHs have very low volatility, torsion-effusion
and the Knudsen-effusion methods are most frequently used for their vapor-pressure
measurements. When effusion methods are used, the AHg,, is calculated from the
Clayperon equation:

o dp
AH i =Th <d—T) Vs - Ver] (2.1)

Usually the gas phase is considered to be ideal and V,, is assumed to be negligible in

comparison to Vg, in which case Eq. 2.1 becomes:

o B dlnp )
AHS'u.bl.']‘l =-R (d(l/T)) (22)
When the empirical relation
logp=A—-B/T (2.3)
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is fitted to the vapor pressure data, the AHS,, is given by:

AHS,, =2303x RxB (2.4)

where R is the gas constant. Due to the low volatility of PAH, vapor pressure measure-

ments are usually done at higher temperatures and should be corrected to 298.15 K.

Kirchhoff’s equation is used to adjust the heat of sublimation to the desired tem-

perature:

‘V] ‘V"

AH,(298.15K) = sutt(Tin) + /298 15 (Cp&cr) - Cp,(g)> dr (2.5)

~ AHG,(Tn) + (Cp,(cr) - Cp,(g)) (T = 298.15)  (2.6)

Since heat capacities are not always available, many methods have been proposed to
account. for the second term in Eq. 2.6. Some authors adjusted their experimental
heat of sublimation and report the value at 298.15 K. When the original authors
have not applied any temperature correction to their experimental work, we adjusted
the literature enthalpies of sublimation to 298.15 K using the equation proposed by
Chickos et al [10]:

(Contery = Cong) = [0.75(JK M mol ™) + 0.15C57E, (298.15)] (2.7)

P,

where T),, is the middle of the temperature interval where the vapor pressure measure-

ments were carried out. The AH?

S

w from Wakayama and Inokuchi [74] were corrected
using the average temperatures cited by Chickos and Acree [8]. The C;;"(‘Cr) are evalu-
ated by group additivity. For the PAHs in this study, the group values recommended
by Chickos et al. [9, 8] are used (Table 2.1). Eq 2.7 has been applied successfully to
temperatures up to 500 K [7]. The temperature correction to AHS,, is of the order of
1 keal mol™, except for Cgp and Cyg. For these large molecules, T, is very high (above
800 K), and the assumption of constant heat capacity is not adequate. However, for

(&)

the smaller PAHs, since temperature correction of the AHS,, is comparable to the

experimental error, some authors, especially from earlier works (e.g.Boyd et al. [5]),
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considered the heat of sublimation to be constant with temperature, introducing small
systematic errors to the enthalpies of sublimation.

The compilation of experimental AHY . AHZ, and AHZ . is found in Ta-
bles 2.2 and 2.3. This compilation is not meant to be complete. Rather, this table
offers a list of the values that have been most widely cited and should give a good
idea of the dispersion among the data. Cox & Pilcher in 1970 published a very care-
ful compilation of AHY .y and of AHZ,, of organic and organometallic compounds
available at that time [15]. When more than one value was available, they made a
selection of the “best” value based on the experimental quality of the reported work.
Pedley et al. made a later compilation in 1986, following mainly the recommendations
made by Cox & Pilcher and adding some new values [55]. The most recent review
of the thermochemistry of PAHs was done by Slayden and Liebman [66]. The values
from Cox & Pilcher and from Pedley et al. are now widely cited and, in general,
accepted. It is appropriate to mention that both references did not apply tempera-
ture corrections to the values they compiled. Thus, in some cases, they recommend
enthalpies of formation at 298.15 K based on enthalpies of sublimation measured at
higher temperature ranges. More recently Chickos and Acree collected most of the
published enthalpies of sublimation in an extensive review of the literature from 1910
to 2001 [8].

For many of the PAHs, ouly one value of AH} .y or of AH,, bas been reported,
making it difficult to assess the reliability of the experimental value. When more than
one value is available in the literature, it is not uncommon that the values reported
by different authors differ by a couple of kcal mol™*. We do not report here the

uncertainties associated with each individual value because often those uncertainties

Table 2.1: Group values for the estimation of C%% ,(298.15K).

p(cr)
Benson's notation J K1 mol™!
Cp-(H) 17.5
Cpr-(Cp)2(Cpr) or Cpp-(Cp)(Cpr)z 8.5
Cpp-(Cpr)s 9.1




refer to a particular experimental setup. Rather, we assign levels of confidence to
cach of the AH} that we adopted. Grade *A’ refers to values that are well known and
widely used. Their uncertainty should be less than 0.5 keal mol™!. Grade ‘B’ was
assigned to values for which many independent experiments have been performed,
giving results which are close to cach other. The uncertainties for these AH7 should
be within 2.0 keal mol™!. Grade ‘C” was given to values that arc based on a single

weasurement or when the measured values (of the AHg ) or of the AH

SU

) have
a large spread. The uncertainties associated with these values might be as large as
5.0 keal mol™'. Finally grade ‘D’ was assigned to a AHj that is suspected to be in
error and to the AHY of Cgo and Crg fullerenes. The experimental AHZ for these
molecules have uncertainties of 10 keal mol™! or more. The uncertainty associated

with each grade are summarized in Table 2.4.
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Table 2.2: Available experimental AH} .\, AHZ,, and AH7 of PAHs. All values
are reported at 298.15 K. The values in italics were cited in the reference listed under
the last column. The original source are given in superseript. The AH} adopted in
this work arc in bold.

Substance AH Fi(er) AHG,, AH ?‘(g) Ref.
(kcal mol™!)  (kcal mol™')  (kcal mol™t)
Benzene ° 11.72 8.1° 19.8 A [60]
- - 19.7 [55]
- 8.3 ¢ 20.0 [30]
Naphthalene - 15.9 - [31]
18.58 - - [14]
- 17.22 - [47]
- 17.4 - [39]
18.6 ¢ 17.3 ¢ 35.9 [55]
18.6% 174 360 A [12]
- 176 - [51]
Acenaphthalene 44.70 1707 61.7 5]
- 17.44 - [47]
44700 17 44147 62.1 C [55]
- 19.0 - [51]
Phenanthrene 26.59 20,117 - [41]
- 21.8 - [34]
- 22.2 - [31]
27.77 - - [14]
- 21.72 - [47]
- 22.1 - [39]
27 7704 21.82 ¢ 49.6 [55]
26.23 21.85 9 48.1 [69]
- 21.9 - [51]
- 22.86 - [52]
- 21.8 - [61]
27.1" 21.81% 48.9 [66]
26.39 218161 482 B [50]
- 21.8 - [11]
continued

“Values listed for benzenc refer to the liquid phase. and not to the solid crystal.

"From unpublished data by D. D. Wagman, W. J. Taylor, J. Pignocco, and F. D. Rossini,
National Bureau of Standards.

“From personal communication of W. C. Herndon with J. Chickos.

4Assessed to be the “best value” by [55).

“Based on values by [47] and [39].

fVapor pressure measurements were done in a temperature range from 290 to 333K.

9From heat of fusion and heat of vaporization measurements.

h Average of values of Coleman [14] and Steele [69)
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Table 2.2: continued

Substance AHY AHG AHp o Ref.
(kcal mol™!)  (kcal mol™!)  (kcal mol™!)

Anthracene 31.46 22.5 17 - [41]
- 22.5 - (34]

- 24.6 - [31]

30.88 - - [14]

- 24.6 - [43]

- 24.9 7 - [43]

- 25.0 - [39]

30.00 - - [46]

30.88 14 24.8 bl 55.2 55]

- 24.5 - 51]

- 24.23 - [52]

- 24.71 - [61]

30.5™ 24 .31 54.8 [66]

30.28 24.71 161 55.0 B [49]

Pyrene - 24.4 - [34]
- 23.6 - [31]

274417 - - [67]

- 24.09 7 - [42]

- 24.14 " - [42]

29.99 23.95 53.9" C [67]

- 24.1 - 51]

- 25.10 . 52]

Fluoranthene - 24.1 - [31]
46.00 24.40 o * 70.4 [5]

- 23.7 - (47]

4547 29.7 111 69.1 B [55]

24.2 - [51]

continued

*Calorimetric measurement.

JMass effusion measurement.

FBased on values by [43] and [39].

!Not corrected to 298.15K.

7 Average of values of Coleman [14] and Metzger [46]

"This is the value recommended by [55].

°This value was measured in a temperature range from 338 to 353 K.

From E. F. Westrum, Jr., W-K. Wong, S.-W. Wong, Presented at the ACS Meeting,
Miami Beach, April, 1967.



Table 2.2: continued

Substance AHY (o AHZ,, AHj Ref.
(kcal mol™!)  (kcal mol™)  (kcal mol™?)

Triphenylene 35.30 26.3 ¢ - [41]

- 28.3 - [31]

- 26.8 - [74]

36.23 - - [26]

- 30.23 - [39]

36.28 129 20257 65.5 C [55

- 28.2 - [51]

35.02° 28 .45 63.5 [66]

Chrysene 34.82 28.1 ¢ - [41]

- 29.2 - [31]

- 29.1 - [74]

- 31.31 - [39]

34 .73 W 29.76 = ¥ 64.5 [55]

- 29.2 - [51]

24 .73 9 28.25 % 63.0 C [66]

Benz[a]anthracene 40.93 26.1"7 - [41]

- 28.5 - [31]

- 20.8 - [74]

40.83 4 25.14 65.97 [29]

- 29.47 - [39]

40.82 4 292k 70.0 [55]

- 28.4 - [51]

40.82 159 28.06 ¢ 689 C [66]

Benz[c]phenanthrene 44.3 2541 - [41]

- 25.4 B1] - [74]

44.2 14U 25.4 M 69.6 C 55

continued

9From estimated solvation energy and measured heat of solution.

"Based on [31] and [39].

s Average of values of Westrum (see footnote p) and Good [26]

‘From personal communication of S. W. Slayden with J. S. Chickos.

“Based on values by [74] and [39)].
"Based on values by [74] and [51].
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Table 2.2: continued

Substance AHJ‘?’(CI) bl AH;,(g) Ref.
(kcal mol™)  (kcal mol™!)  (kcal mol™!)

Naphthacene 38.1 20.7 ¢ - [41]
- 29.6 - [34]

- 31.0 - [74]

- 34.35 - [39]

38.0 Bl 31.7" 69.7 [55]

- 31.0 - [51]

- 31.39 - [52]

49.45 29.8 14k 793 C [50]

Corannulene 81.81 - - [36]
81.81 1% 28.27 1101 C [11]

Perylene - 32.2 - [34]
43.66 - - [71]

- 34.7 - [25]

43.69 - - [55]

- 30.3 - [51]

- 32.80 - [52]

43.69 1 32.65 v 763 C [11]

Benzo[k]fluoranthene 41.20 29.68 709 D [21]
Coronene - 37.6 - [34]
- 36.8 - 31]

- 33.2 - (74]

- 35.2 - [51]

- 33.70 - 52]

35.01 97.17 11 72.2 48]

36.45 B9 97.05 ® 735 C [11]

“Based on values by [34], [52] and [11].
‘Estimated from [34] and [31].

The most widely cited value for the AH} of benzene (19.8 keal mol™!) was reported
by Prosen et al. [60]. Herndon et al. [30] suggest a value that is 0.2 kcal mol™!
higher, based on an unpublished heat of vaporization value. We chose to use the most
widely accepted value. In the case of naphthalene, although Cox & Pilcher [15] cite
many AHj . ranging from 15.5 to 19.6 keal mol™, the value that they recommend
(18.6 keal mol™!) is widely used without much controversy. Naphthalene has been
classified as a primary reference material for calorimetry and differential thermal
analysis with a recommended AHS,, of 17.35 keal mol™! [61].

The value of AH{ of phenanthrene from Nagano [50] was chosen over the value
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Table 2.3: Available experimental AH} .y, AHg . and AHj of fullerenes. All values
are reported at 298.15 K. The values in italics were cited in the reference listed under
the last column. The original source are given in superscript. The AHY adopted in
this work are in bold.

Substance AH.?‘(cr) AHZ AHE (o) Ret.
(keal mol™)  (kcal mol™!)  (kcal mol™)
Ceo - 34.15 ¢ - [73]
- 44.36 ° - [44]
- 39.15 ¢ - (1]
578.94 55.93° 634.9 [70]
545.0 - - [3]
543.26 - - [37]
544.48 54.66 ¢ 599.1 [20]
556.17 - - (4]
563.95 54.66 ¢ 618.6 [79]
562.86 - - [38]
556.17 1 43.26 599.4 [58]
560.71 ¢ 43.91 ¢ 6046 D [17]
Cro - 48.0 1 - 1]
- 52.3 9 - 1]
567.6 - - [37]
- 495 9 - 62]
- 53.3 9 - [62]
610.7 - - 4]
610.7 1 47.8 b 6585 D [57]
616.1 50.2 666.3 [19]
586.0 47.8 17 633.8 [59]

“Extrapolated to 298K by [58].

PValue from [54], extrapolated to 298K by [70]. [54] worked with mixtures of Cgp and
C',’O.
“Value from [44], extrapolated to 298K by [20].

4 Average of values from [79] and [38].

“From measurements of [58].

fExtrapolation to 298K by [57] using 2"! law.

9Extrapolation to 298K by [19] using 2" law.

"Value proposed based on vapor pressure measurements by many workers, and extrapo-
lation to 298K with 2"d and 3™ law.

*Derived from vapor pressure measurements of [1] and [62]. Extrapolated to 298K with
2" and 3™ Jaw.
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Table 2.4: Uncertainties in AHy assigned to cach grade.
Grade Uncertainty (keal mol™1)

A 0.5
B 2.0
C 5.0
D 10.0

suggested by Pedley et al. [55]. While studying the equilibrium of a system with
phenanthrene, hydrogen and 9,10-dihydrophenanthrene, Steele et al. noted that the
enthalpy of formation of phenanthrene failed to predict the correct equilibrium con-
stant [69]. They then measured the combustion energy of phenanthrene obtaining
a value about 1.5 keal mol™ lower than the one suggested by Pedley et al. This
new value predicts a more accurate equilibrium constant for the aforementioned sys-
tem. More recently Nagano also measured AHY of solid phenanthrene [50], obtaining
a value in accordance with the value obtained by Stecle et al. [69]. Phenanthrene
is evaluated as a tertiary reference material, with a recommended AHS,, of 21.82

keal mol™t [61].

The large spread on the earlier heat of sublimation of anthracene has been at-
tributed to the difficulty of ensuring a high level of purity of this substance. Never-
theless, antliracene is evaluated as a primary reference material for calorimetry and

differential thermal analysis, with a recommended AH? ,, of 24.7 keal mol™t [61].

For the larger PAH, the data becomes more scarce, and the dispersions among
them are also large. We have as a rule adopted the most recently recommended
value. It is worthwhile to mention the debate over the AH} of naphthacene. Many
authors, comparing the experimental enthalpy of formation of this PAH accepted at
the time with values predicted by semi-empirical [16] and quantum chemical caleu-
lations |65, 30] have noticed that the experimental AH$ of naphthacene was about
10 keal mol™! too low. Recently Nagano measured again the energy of combustion for
this PAH obtaining a value about 10 keal mol~! higher than the previously accepted
value [50]. Nagano conjectured that the sample for the measurement by Magnus ct

al. [41] might have been oxidized before the calorimetric measurements. This finding
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shows that theoretical predictions are now very powerful and can aid experimentalists

to determine the quality of a calorimetric measurement.

Experimental values for Cgp and Cyo fullerenes are very abundant due to the
interest that these molecules have generated. However, large dispersions among the
experimental values are found. The presence of impurities, such as solvents and
adsorbed gases, and the usc of small samples are commonly cited as the main cause
for the discrepancy between the experimental AH} ) values [18, 59]. Comparison
of results from different groups has led fo the conclusion that the history of the
samples affect the calorimetric experiments considerably [18], however no standard
procedure for the preparation and handling of fullerene samples for thermochemical
measurement exists yet. For large molecules such as the fullerenes, the correction
of the enthalpy of sublimation from the temperature at which the vapor pressure
was measured to 298.15 K is significant. AHj,,, values extrapolated to 298.15 K by

different authors using the same experimental vapor pressure measurements can vary

by as much as 4 keal mol ™.

2.2.2 Experimental Entropy Values

Unfortunately, PAH entropy and heat capacity data are even more rare in the litera-
ture than heats of formation. In principle, gas phase entropies can be calculated from
the vibrational frequencies (usually of the solid phase) obtained spectroscopically .
However, sufficiently reliable vibrational assignments are not available for PAHs, even
for those with abundant spectroscopic data such as naphthalene, phenanthrene and
anthracene [22]. Gas phase entropy can also be obtained by the third-law approach,
adding the entropy of the crystal, the entropy of sublimation and the decrease of

entropy due to compression, as given by Eq. 2.8:

Sz)g) = S(Cr) + ASsubl + SFO””‘T’ (28)
AHsubl ( p >

g Ao (P 2.9

o+ 221 ’ (2.9)
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The entropy of the crystal is obtained by measurement of C from 0 K to the tem-
perature of interest. Heat capacity measurements are difficult at temperatures near
0 K, and often the Debye extrapolation for the C) is used. In Table 2.5 we present
experimental gas phase entropies that are available in the literature as well as en-
tropies that we calculated from published experimental data. If equations of the form
of Eq. 2.3 are used to relate the dependence of the vapor pressure to the temperature,

then Eq. 2.9 is simplified to:
Sley = Sy +2.303 x R x A (2.10)

The parameters *A’ available in the literature were used in conjunction with exper-
imental Si¢py to calculate ng). The entropy of the crystal was taken at the average
temperature (7,,) at which the parameter ‘A’ was obtained, and thus the S("g) ob-
tained is at T;,. It was corrected back to 298.15 K by using gas phase heat capacities
obtained from quantum chemical calculations (B3LYP/6-31G(d)). These C) are ex-
pected to be much more accurate than the entropies, because entropies are quite
sensitive to uncertainties in low frequency modes. Gas-imperfection corrections have
been assumed negligible for the vapor-solid equilibrium since the vapor pressure is
low. Euntropies calculated in this manner are shown in ditalics. Some of the entropies
obtained from vibrational assignments are also listed in Table 2.5. We note that there
is a very wide spread in the entropy values for some of the PAHs. This spread is due
to differences in the values of vapor pressure over solid PAH reported by different au-
thors, leading to large differences in the ‘A’ parameter. The last column in Table 2.5

was calculated from density functional theory (sce Section 2.3).

2.3 Computational Methods

137 PAHs containing both five- and six-membered rings and the Cgo and Cg fullerenes
were considered for the present study. This set of molecules was chosen ensuring

that a broad range of structural characteristics in PAHs was represented. 43 of
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Table 2.5: Experimental and computed (B3LYD’/6-31G(d)) entropies of PAH at
298.15 K. The S¢,, were determined by calorimetric measurements. The S7,) in
italics were calculated in this work from the vapor pressure measurements reported

in the reference listed.
Substance S? St Ref. SE3LYP.(g)

cr
(cal K71 1)1101_1) (cal K‘lgm()l"l) {cal K=1 mol™?)
Benzene ° 41.9 - [33] 64.5+0.2
41.411 64.457 [53]
Naphthalene 39.9 - [33] 80.1+0.8
38.89 - (68]
40.01 ; [45]
- 80.22 ° [71]
- 79.67 ¢ (6]
. 80.10 ¢ 12]
Phenanthrene 50.6 - [32] 95.241.7
51.40 ; (23]
; 03.52 © [40]
; 97.2 [34]
; 111.6 131]
Anthracene 49.6 - [32] 93.6+1.7
49.51 - 127]
- 93.95 °© 140]
; 89.9 [34]
- 8.1 31]
Pyrene 53.75 - [77] 96.0+1.7
; 04.03 ¢ [42)
; 06.3 b (67]
; 100.9 [34]
; 96.2 [31]
; 964 42]
Fluoranthene 55.11 - [77] 99.1+£1.8
; 100.5 31]
- 88.6 5]
continued

*Values for benzene refer to the liquid, not to the solid crystal
PFrom vibrational assignment.
“From vapor presstre measurements.
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Table 2.5: continued

Substance Sler St Ref SBILYP (g)
(cal K™ mol ™)  (cal K™ mol™?) (cal K™ mol™)
Triphenylene 60.87 - [77] 108.5+3.7
- 107.9 31]
- 97.1 [74
Naphthacene 51.48 - (78 107.0+2.8
: 91.0 (34]
; 95.0 [74
Perylene - 117.9 (25 112.04+6.0
63.23 - (78]
- 1175 [34]
- 115.7 31]
; 116.0 [25]
Coronene 67.13 - [78] 112.6+2.8
- 115.4 31]
; 109.0 [74]
Coo 102.1 - 7] 1288+3.2
; 162.0 [44]
- 127.6 1]
- 193.8 57)
Cro 108.2 - 7] 147.8+39
; 144.6 1
- 171.4 [62]
; 143.8 [57)
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the PAHs contain only six-inembered rings, and the largest PAH studied contains
11 rings. All the PAHs considered in this study follow the Isolated Pentagon Rule
(IPR), that is, none have fused five-membered rings. Figure 2-1 shows some typical
PAHs included in this work. Quantum chemical calculations were carried out using
the Gaussian 98 suite of programs [24]. The geometries were fully optimized at the
B3LYP level using 6-31G(d) basis set and the stationary points were characterized
by computing the second derivatives, namely the force constant matrix, at the same
level. B3LYDP/6-31G(d) provides accurate geometries and it has been shown that
larger basis sets do not improve the geometries [2]. For Cgp and Cy fullerenes, the
B3LYP/6-31G(d) geometries from Cioslowski [13] and the frequencies calculated at
this same level by Schettino et al. were used (64, 63]. A frequency scaling factor
of 0.9613 has been employed for the calenlation of the vibrational partition func-
tion, the zero point energy, entropy and heat capacities. The scaling factor used for
the frequencies of Cgo and Crg fullerencs was 0.98, as recommended by Schettino et
al. [64, 63]. Uncertainties were assigned to the calculated entropies by assuming an
uncertainty of £20 cm™?! in all the computed frequencies and making the worst case
assumption that all the frequencies arc either too high or too low. This assumption

is a very conservative estimation of the error in the quantum calculations.

Atomization, isodesmic and homodesmic reactions were tested for the calculation
of the AHY from the absolute energy. It is known in the literature that the use of such
reaction schemes helps in the cancellation of systematic errors that arise in quantum
chemical calculations due to the incomplete capturc of the electron correlation en-
ergy [56, 28]. Since the set of species that can be included in the isodemic/homodesmic
reactions may vary, these reactions do not lead to unique values for the enthalpy of
formation. Given that the aim of this work is to provide a consistent method for the
estimation of thermochemical properties of PAHs, it is important to establish one
standard reaction scheme, through which the AH% of all the PAH should be calcu-
lated. We evaluate the quality of a reaction scheme by comparing its prediction of

the AH? of a PAH with known experimental data.

In atomization reactions, the absolute energy of the PAH is compared to the
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Figure 2-1: Some typical PAHs included in this work.



absolute energy of carbon and hydrogen atoms, which have known AH}. We included
bond additivity corrections and spin-orbit corrections [56]. It is expected that if
species that are more similar to the molecule whose AH} needs to be calculated were
employed in the reaction scheme, a better cancellation of errors would occur. The
reason is that the amount of clectron correlation energy that is recovered in a quantum

calculation should be similar for molecules with similar bonding characteristics.

Isodesmic reactions conserve the number of types of bonds, and should thus be an
improvement on a simple atomization reaction. In using isodesmic reactions, we treat
the PAH as a non-delocalized molecule. Ethane accounts for the C-C single bonds,
ethylene for the double bonds and methane for the C-H bonds. Further enhancement
in the calculation of AH} should be provided by homodesmic reactions, which in
addition to the types of bonds, also conserve the hybridization of the atoms in the
bond (in PAHs all the carbons are sp?). The first set of homodesmic reactions stud-
ied (Homodesmicl) uses 1,3-butadiene to account for the single bonds and ethylene
for the double bonds. The second set of homodesmic reactions (Homodesmic2) tries
to capture the effect of electron delocalization and involves only aromatic molecules,
using benzene to account for the carbon atoms that are bonded to a hydrogen. naph-
thalene to account for the carbouns that belong to two or three aromatic rings, and
acenaphthalene to account for the carbons that belong to five-membered rings. The
third set of homodesmic reactions tested (Homodesmic3) employs phenanthrene and
corannulene in addition to the molecules used in Homodesmic2. Phenanthrene ac-
counts for rings that make up the bay region of a PAH, while corannulene accounts for
the structure where a five-membered ring is completely surrounded by six-membered
rings. Finally, the fourth homodesmic reaction scheme tested employs the same refer-
ence molecules as the Homodesmic3 scheme, but uses 1/12Cgq instead of corannulene
to account for five-membered rings completely surrounded by six-membered rings.
Figure 2-2 exemplifies the isodesmic and homodesmic reactions used.

The comparison between the AH} caleulated from total energics by the various re-
action schemes and the available experimental data is shown in Table 2.6, along with

the mean average deviation (MAD) and root mean square error (RMS) for each reac-
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Atomization reaction

@ — 24C(5) + GHQ(Q)

Isodesmic reaction

(g + 36CH4 — 12CyHy4 4+ 18CyHg

Homodesmicl reaction

@ + 24C2H4 e 18C4H6

Homodesmic?2 reaction

@-{* %Q——»4CO+(%

Homodesmic3 reaction

@?@@ﬁo&@

Homodesmic4 reaction

5 3 1C
+§O—ﬁ§C©+C(5 + gt

Figure 2-2: Example of each of the reaction schemes tested for the calculation of the
AH7 from the absolute cnergy.
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tion scheme. The MAD and RMS do not include the errors of benzolk]fluoranthene.
The atomization reaction scheme provided enthalpies of formation that are remark-
ably close to the experimental values, except for the Cgp and Cyg fullerenes. We
believe that this performance is fortuitous, since previous studies with other delocal-
ized systems showed that atomization reactions do not perform reliably [72]. Among
the other reaction schemes, the performance generally improved as the similarity be-
tween the molecules involved in the reaction scheme and the PAH with unknown
AH; increased. As expected, the AH caleulated through the homodesmic reaction
scheme involving only aromatic molecules (Homodesmic2) provided a more extensive
error cancellation compared to the isodesmic and the Homodesmicl reaction scheme.
However, Homodesmic2 was not able to capture the stabilization provided by bay
areas. It systematically overpredicts the AH7 for the benzenoid ring PAHs that con-
tain bay area(s). Moreover, this scheme overpredicts the AH} of corannulenc by

10 keal mol™L.

Homodesmic3d and Homodesmic4 reaction schemes both correct for the systematic
overprediction of the AHp of PAHs with bay areas by including phenanthrene as
a reference molecule. They differ in their handling of structures in which a five-
membered ring is completely surrounded by six-membered rings. The AH} for both
Ceo and Crg predicted by Homodesmic3 are almost 100 keal mol™ too low, indicating
that the use of corannulene as a reference structure is not adequate. The use of
Ceo rather than corannulene as a rcference structure in Homodesmic4 leads to a
AH ¢ of Crp that agrees very well with the experimental value. However, the AH?
of corannulene is overpredicted by 7 keal mol™'. We note that there is only one
experimental value for the AH} of corannulene and all the tested reaction schemes
(with the exception of the isodesmic scheme) consistently lead to a AHp that is
higher than this experimental value (by 7 to 10 keal mol™). Unfortunately there
are no other AH?_  for PAHs similar to corannulene for us to make a definitive

f.exp

judgement of whether the AHj _ for the latter is in error or not. On the other hand,
there are a couple of consistent experimental measurements of the AHY of Cgp. We

chose to use the Homodesmic4 reaction scheme to consistently calculate AHy of all
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Table 2.6: Comparison of the AH} predicted by each of the reaction schemes to the ex-
perimental AHY for the 16 PAH for which these values are available. In (kcal mol™1).

Formula AHY_ AHSF o scheme “DH o

A¢ I° H1¢ H2¢ H3¢ H4"
Benzene CeHg 19.8 1.1 4.3 2.0 09 09 09
Naphthalene CioHg 36.0 -0.3 7.6 =29 09 09 09
Phenanthrene Ci14Hyo 48.1 2.3 7.9  -0.8 3.0 09 09
Anthracene C14Hqg 55.2 0.3 -10.1  -3.0 0.8 0.8 0.8
Pyrene Ci6Hio 53.9 04 -106 -1.9 2.1 2.1 2.1
Triphenylene CiaHyo 65.5 1.7 -11.1 -1.7 3.0 -0.1 -0.1
Benzo[c]phenanthrene  CigHyp 69.6 2.9 -9.9 0.5 4.3 -1.7 -1.7
Benz[ajanthracene CisHio 69.6 -0.7  -14.2 4.7 0.0 -3.0  -3.0
Chrysene CisHyo 63.0 3.4 9.5 0.0 4.7 -1.2 -1.2
Naphthacene CigHya 79.3 -3.1 <159  -6.5 -1.8 -1.8 -1.8
Perylene CooHia 76.4 0.5 -13.1 2.0 2.9 -0.1 -0.1
Coronence CasHys 73.6 -3.4 0 -182 4.0 1.4 14 1.4
Acenaphithalene CoHg 61.7 2.1 -6.0 0.3 09 09 09
Fluoranthene Ci6Hio 69.8 0.6 -12.2  -3.6 -2.9 -2.9 -2.9
Corannulene CooHye 1102 9.5 -2.8 9.0 10.2 09 7.3
Benzolk]fluoranthene  CooHpp  (71.0)  (12.0) (-1.5) (9.6) (11.1) (11.1) (11.1)
Ceo Cso 604.6 40.2 315 682 403 -87.8 09
Cro Cro 658.5 31.3  21.3 64.0 375  -90.5 -2.7
Errors excluding the Cgo and Crg fullerencs
MAD" 2.1 10.2 2.8 2.4 0.9 1.4
RMS" 3.1 11.0 3.7 3.6 1.2 1.2
Errors including the Cgp and Cyg fullerenes
MAD” 6.1 121 102 6.8  11.3 1.4
RMS" 127 138 229 137 306 2.2

¢ Atomization reaction

bTsodesmic reaction

“Homodesmicl reaction

“Homodesmic2 reaction

‘Homodesmic3 reaction

THomodesmic4 reaction

9This PAH is a reference molecule for this homodesmic scheme
%Does not include errors for benzo[k]fluoranthene
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the PAHs included in this study.

The reported experimental AH} of benzo[kjfluoranthene is 71.0 keal mol ™! [21].
However, all the reaction schemes (again, with the exception of the isodesmic scheme)
consistently predict its AH} to be about 10 keal mol ™! higher. Furthermore, examina-
tion of the experimental enthalpies of formation of the other PAHs made us skeptical
of the AHS ., of benzo[k|fluoranthene. For instance, it is only 1.8 keal mol™ higher
than the AH% of fluoranthene, which has one less benzene ring. By comparison,
fluoranthene’s AH} is in turn 7 keal mol™ higher than the AH} of acenaphthalene,
which has one benzene ring less than fluoranthene. This led us to suspect that the
experimental AH of benzo[k]fluoranthene is too low and to label it with a ‘D" (see
Table 2.2).

The choice of the appropriate reaction scheme is crucial, since the AHY calculated
using different reference species can disagree considerably. Since high-level quantumn
chemical calculations for systems containing morce than 10 heavy atoms are still very
computationally expensive, we must rely on the very scarce experimental data to
determine the quality of the homodesmic reaction schemes. By comparisons with the
available experimental AH} for PAHs and fullerenes, we determined that, given the
currently available experimental data, Homodesmic4 is the most accurate reaction
scheme.

The biggest discrepancies between the experimental AH} and the heats of forma-
tion calculated through the Homodesmic4 reaction scheme are for corannulene and
for benzo[klfluoranthene. The AH} arc considerably lower than the AHFy ..
Kobayashi et al. measured the experimental AH§ of corannulene [36]. They also
measured the A 7.(cr) of Cgp and of Cry [37], and both values are also lower (by
~10 keal mol™tand ~40 kcal mol respectively) than currently accepted values. As

discussed previously, we have reasons to suspect the value of the AH§ ., of benzo[k|fluoranthene,

J.exp
which was measured by Diogo et al. [21]. Their group also measured the AH7 () of
Ceo [20] and of Crg [19]. Their value for the AH}"(CT) of Cg is ~10 keal mol'than the
currently accepter value, whereas their AH}(U) for Cyg is close to the currently ac-

o

cepted valuc. Although these comparisons are in no way a proof that the AHj . for
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coraunulenc and for benzolk|fluoranthene are wrong, they strengthen the case for re-
measuring these experimental values, and give us confidence to use our Homodesmic4
reaction scheme to obtain the AHy of other PAHs.

From now on we will refer to the Homodesmic4 reaction scheme as simply the
Homodesmic reaction scheme, and AHY, ., refers to the enthalpy of formation cal-

culated through this homodesmic reaction scheme from absolute energies obtained at

the B3LYP/6-31G(d) level of theory.

2.4 Results and Discussion

An extensive assessment of the available experimental data was performed. Unfortu-
nately there are very few experimental data for polycyclic aromatic molecules. Heats
of formation in the gas phase are calculated from the heats of formation of the crystal
(A j?_(cr)) measured through combustion experiments and from heats of sublimation
(AHS,,) caleulated from vapor pressure measurements. For many of the PAHs only

one experimental value for AHg ) and/or AHZ,, is available. When more than one

su
AHY (o or AHG,, arc available, it is not uncommon for them to differ from cach
other by a couple of keal mol=.

We developed a homodesmic reaction scheme that closely emulates the experi-
mental AHZ of the PAHs. The estimation method for the enthalpy of formation that
we propose can at best be as good as the AHy o given by the homodesmic reaction
scheme.

“Experimental” values for the cntropies were calculated fromn the third law method
based on experimental heat capacity and vapor pressure data. As a comparison with
the experimental values, the entropies caleulated from the B3LYP /6-31G(d) are listed
in the last column of Table 2.5. Except for naphthacene, the entropy calculated
from quantum chemistry is within the uncertainty of the experimental entropy. We

conclude that the Se calculated at the BALYP /6-31G(d) level are at least as reliable

as the available experimental values.
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Chapter 3

Bond-Centered Group Additivity
Estimation Method

3.1 Existing Estimation Methods

Before we describe the proposed Bond-Centered Group Additivity method, we will
provide an overview to the currently existing estimation methods for polycyclic aro-
matic molecules. This overview will give the reader a background of the field and an
idea. of the shortcomings of each of the existing methods.

The most widely used estimation method for the thermochemical properties of
PAHs is the one proposed by Stein et al. [18; 17], who extended Benson’s group
additivity method [2, 3, 4]. In this method, the [Cp-(H)] group defined previously by
Benson was retained and three new groups were introduced to describe carbons that
belong to two or three aromatic rings: [Cpp-(Cp)2(Crir)l, [Cri-(Cr)(Chr)e), and
[Cpr-(Cpr)s]. These groups are illustrated in Figure 3-1(a), where an abbreviated
notation is used, in which the groups are named A, B, C, and D respectively. The
AH3Y, Siyeg, and Cp values for the A group had been derived from the corresponding
experimental values of benzene. The AHy values for groups B and C were derived
from experimental values of other benzenoid PAHs available at that time. The S5gq
and € contributions of groups B and C were assumed to be equivalent. Values for

the entropy of these groups were derived from entropies calculated using the third-
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law method from experimental values of naphthalene, phenanthrene, anthracene and
pyrene. The heat capacities for these groups were obtained from the experimental
heat capacities of naphthalene. The AH} for the D group was derived from the
AH} ) of pyrene (see further discussion at the end of Section 3.3). S3gg values for
group D were derived from graphite , although the inter-layer interactions which are

s0 important in graphite arc absent in gas-phase PAHs.

Moisecva and Dorofeeva [12] noted that entropy values estimated using the group
values from Stein et al. and values calculated from vibrational assignment differed
by 2.6 cal K™* mol™ on average for PAHs with more than two D groups. Based
on this finding, they proposed dividing the D group from the estimation method of
Stein et al. into Dy and Dy groups. The Dy and Dy groups are defined by Moiseeva,
et al. as carbon atoms common to three aromatic rings. The Dy group is attached
to two or three B or C groups, whercas the Dy group is attached to at most one
B or C group (sce Figure 3-1(b)). Moiseeva et al. do not mention the D groups
from Stein et al. that belong to only two rings. In Figure 3-1(b) these ambiguous
and undefined groups are denoted simply as D. The group contributions to AH} were
derived based on the experimental enthalpies of formation available in the compilation
by Pedley ct al. [13], except for naphthacene, triphenylene and benzo|c]phenanthrene.
because the discrepancies between the experimental values and the AH} predicted
by the additivity scheme were much larger than the experimental uncertainties. The
S3es and C contributions for each of the new groups were obtained from statistical
mechanics, using the vibrational frequencies calculated from a simple approximate

force field.

Herndon et al. proposed a bond-additivity method to estimate the heat of forma-
tion of benzenoid PAHs [8], where the parameters are the number of C-H and C-C
bonds and the number of bay regions with 3 (S3) or 4 rings (S4). They showed this
method to be equivalent to the group additivity method proposed by Stein et al. if
the D group is differentiated when it belongs to three (Dy,,) or to two rings (Dpe,).
Recognizing that non-planarity effects increase with the number of rings in the same

bay region, they also introduced the groups S5 and 56, for bay regions with 5 and 6
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rings, respectively (see Figure 3-1(c) for an example of the S5 group). Herndon et al.
introduced two additional parameters: T, which accounts for pairs of S3 structures
that share a common central ring, and the natural logarithm of the Kekulé structure
count In(K’) to quantify the resonance energy. Herndon et al.’s estimation method
was parameterized against AH? of 153 benzenoid PAHs calculated from molecular
mechanics. The proposed method matches the AHY calculated from molecular me-
chanics very well, and the In(K) term greatly improves its accuracy. Of course, the
accuracy of the molecular mechanics calculation on which these parameters are based
is not known; it was probably parameterized to data from a few small PAHs.

All the methods mentioned so far apply only to benzenoid PAHs. However, most
of the PAHs, including those involved in the formation of fullerenes, have both five-
and six-membered rings. When five-inembered rings are taken into account, the com-
plexity of the problem increases considerably. Since five-membered rings introduce
strain and curvature to the molecule, the groups in five-membered rings have to be
treated differently than those in six-membered rings.

Stein et al. tackled this problem by considering each ring as a group [16, 17].
They proposed ring-group values for the benzene ring and for the cyclopentadienc
ring in structures such as indene and acenaphthalene. They acknowledged that this
method is not very accurate, but said that the estimations should be suitable for rough
equilibrium calculations, and suggested that this method could serve as a foundation
o which to build more accurate estimation methods as more and more data become
available.

The ring-additivity method proposed by Stein et al. has not been pursued further.
Iustead, researchers have turned to developing specialized groups for carbon atoms
that belong to five-membered rings. Moisceva and Dorofeeva [11] extended their
group additivity method for benzenoid PAHs [12] by introducing three new groups
for the carbons in five-membered rings of unsaturated PAHs, as shown in Figure 3-
2(a). The E group is a [Cp-(H)] group on a five-membered ring. Analogously, the J
group is similar to the six-membered ring C group and K is similar to the D group

as defined by Stein et al. The contribution of the E group to AHy was derived from
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(¢) Bond additivity method for benzenoid PAHs from
Herndon et al. [8]

Figure 3-1: Existing additivity methods for benzenoid PAHs.
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the experimental values of acenaphthalene, by considering that the five-membered
ring is joined to the naphthalene by two B and one D; groups, as shown in Figure 3-
2(a). The contribution of the J group to AH? was assumed to be the same as the C
group, and the value of the enthalpy of formation of the K group was obtained from
fluoranthene. The contributions from these groups to Sgeg and € were obtained from
molecules with the acenaphthalene and fluoranthene fragments whose thermodynamie
properties were calculated by statistical mechanics. Since the J and K group values
were derived solely based on fluoranthene fragments, which are all planar, they cannot
deseribe structures where the five-membered ring is surrounded by three or more

consecutive benzene rings, as shown in Figure 3-2(a).

Pope and Howard [14] noting that the method from Moiseeva and Dorofeeva [11]
does not capture the curvature introduced by five-membered rings, included one more
term, which they called KC, that should account for all the curvature. They systemat-
ically listed the groups that can be formed with the Cp atom in a six-membered ring,
Cp atom in a five-membered ring, Cgp atow that belongs only to six-membered rings,
Cpp atom that belongs to one six-membered and one five-membered ring and Cpype
atom that belongs to two six-membered and one five-mnembered ring. Due to the lack
of experimental values of the thermochemical properties of the PAHs, they lumped
all the possible groups into eight groups (see Figure 3-2(b)): A, B, C and D as defined
by Stein et al. [18], E as defined by Moiseeva and Dorofeeva [11], J as all the carbon
atoms that belong to one five-membered ring and one six-membered ring, K as all
the carbon atoms that belong to two six-membered rings and one five-membered ring
and that are bonded to two J groups (this group should not introduce curvature in
the PAH), and KC as all the other carbon atoms at the junction of two six-membered
rings and one five-membered ring. Notice the difference in the definition of the J and
the K groups between Moiseeva and Dorofeeva [11] and Pope and Howard [14]. The
group values for benzenoid PAHs (groups A, B, C and D) were taken from Stein et
al. [18, 17]. The values for the groups E, J and K that Moiseeva derived [11] are
used, despite the different definition of the J and K groups. The contribution of the

KC value to the AH? was derived from the experimental value of Cgp, and the S5
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and C} groups values for KC were derived from statistical mechanics calculations of
Ceo. Pope and Howard acknowledge that their method still suffers limitations when
capturing H-H repulsion or any curvature effects different than the one present in Cg

fullerenes.

Armitage and Bird derived the value for the [Cpp-(Cpgp)s] group that belongs to
one five-membered ring in a different way [1]. They named the group that connects the
naphthalene fragment to the benzene fragment in fluoranthene as F (sec Figure 3-
2(c)). Instead of considering its contribution to the AH} to be equivalent to a C
group, as done by Moiseeva [11] with their J group, they assumed the contribution
of this group to the AH} to be equivalent to the contribution of the C3-Cp group in
biphenyl. This assumption is based on the fact that the F-F bond length is close to
the bond length of a single bond. The group E, defined as a group that belongs to
two six-membered and one five-membered rings, was derived from the experimental
AHj of fluoranthene. The resulting method gives good estimates for the AH} of

corannulene and Cry fullerene.

Each of the methods described in this section aimed to solve one specific weak-
ness of the original method proposed by Stein et al. [18], such as strain caused by
non-planarity arising from steric interactions [8] and strain caused by planar five-
membered ring systems [11]. The development of these methods highlighted the
difficulties in establishing a comprehensive estimation method for the thermochem-
ical properties of PAHs. First of all, it is evident from the previous works that the
thermochemistry of PAH is heavily dependent on its topology. However, the existing
definitions of groups in PAHs with five- and six-membered rings are confusing. Since
each of the previous methods dealt only with specific topological characteristics of
these PAHs, it is sometimes not clear how wide the definition of a group really is.
Another serious difficulty is the insufficient number of experimental values of the ther-
mochemical properties of PAHs. This scarcity hinders the identification of structures
that affect the AH?, S5os and ') of PAHs. Even when these structures are identified,
it is difficult to assess the quality of the estimation method, because there are no

values to compare the predictions with. Finally, it has been shown that resonance
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(¢) Groups defined by Armitage and Bird [1]

Figure 3-2: Existing additivity methods for PAHs containing both five- and six-
membered rings.
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energy plays an important role in determining the AH} of PAHs. The inclusion of a
term to capture resonance energy improved the performance of the method proposed
by Herndon et al. considerably [8]. From these considerations it is concluded that
an estimation method for PAHs with five- and six-membered rings can be developed
based on the topology of these molecules. The definition of groups in this method
should be unambiguous and comprehensive. The method should be based on sound
values of the thermochemical properties, and finally, it should be able to capture the

effects of resonance energy in PAHs with both five- and six-membered rings.

3.2 Bond-Centered Estimation Method

Benson justified the use of additivity laws to estimate properties of molecules due
to the empirical finding that forces between atoms are very “short range” [2]. In
these additivity estimation methods, a molecule is divided into parts, and each part
is assigned a portion of the molecular property. The estimation of the property for a
new molecule simply requires the addition of the properties of each of its constituent
parts, assuming that these have been previously defined. Benson and Buss [3] estab-
lished a hierarchical system for such additivity laws, in which the “zeroth”-order law
would be the additivity of atom properties. This simplest additivity law estimates
the molecular weight precisely, but presents obvious limitations for the estimation of
the thermochemical properties of the molecule. Augmenting each part. into which the
molecule is divided allows the additivity scheme to better capture the short range
interactions that occur in the molecule. Thus the first- and second-order approxima-
tion are respectively the additivity of bond and of group properties, where a group is
defined as a “polyvalent atom in a molecule together with all of its ligands”. We will
call this group an atom-centered group. The atom-centered group method performs
very well for aliphatic molecules, especially those that are not heavily substituted.
Sseg and Cy estimated by this atom-centered group additivity method are on typi-
cally within +0.3 cal K=" mol™" of the measured values, whereas the estimated AH?

are typically within £1 kcal mol™. However, this atom-centered group additivity
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scheme is not enough to capture all the peculiarities of a PAH molecule. The concept
of group additivity is based on the assumption that non-nearest neighbors interac-
tions do not affect significantly the thermochemistry of the molecule. However PAHs
are characterized by their delocalized resonance and aromaticity. Moreover, although
Benson introduced ring-corrections, they are not able to properly account for the
strain caused by the presence of five-membered rings in PAHs. As discussed in Sec-
tion 3.1, previous researchers have tried to capture the effect of five-membered rings
by introducing new atom-centered groups but still had difficulties capturing all the

nuances of these effects.

3.2.1 Definition of Bond-Centered Groups

We propose a different approach. Instead of introducing more atom-centered groups,
we go back and consider the hierarchical system proposed by Benson and Buss [3],
which starts by dividing a molecule first into atoms, then bonds and finally into
atom-centered groups. If we want to capture properties that are not as local as in
aliphatic molecules, the natural extension of Benson and Buss’ hicrarchical system is
to divide the molecule into bond-centered groups. We define a bond-centered group as
a bond connecting two of Benson’s atom-centered groups. For simplicity, we rename
Benson's groups: “A’ is defined as the Cp-(H) atom-centered group of Benson [2]
and ‘B’ is the Cpp-(Cp)o(Cpp) atom-centered group. ‘C’ is defined either as a Cpp-
(Cp)(Cpp)e or Cpp-(Cpr)s atom-centered group with a further restriction that it
belongs to only two rings, i.c., it is on the periphery of the PAH. ‘D’ is defined as
a Cpp-(Cpp)s atom-centered group in which the center Cpp atom belongs to three
rings. Our definition of the ‘C" and ‘D’ groups is slightly different from Benson’s
definition (compare Figures 3-1(a) and 3-3). The definition of these atom-centered
groups is irrespective of the size of the rings to which these atoms belong. A depiction
of these groups for an arbitrary PAH is shown in Figure 3-3. Possible bond-centered
groups between these types of atom-centered groups are: AA, AB, AC, BB, BC, BD,
CC, CD and DD.

Although the bond-centered groups span a larger structure than the atom-centered
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Figure 3-3: Atom-centered groups used for the definition of the bond-centered groups.
These atom-centered groups follow basically the definition established by Benson [2],
with a small difference in the definition of the ‘C" and ‘D’ groups. ‘A’ corresponds to
the [Cp-(H)] group, ‘B’ corresponds to the [Cpp-(Cp)a(Cpir)] group, ‘C’ corresponds
to a group that is in a bay region. It can be either a [Cpp-(Cp)(Cpp)a] group or a
[Cpp-(Cppr)s] group, and ‘D’ corresponds to the [Cpp-(Cpr)s] group that is internal
to the PAH.

groups, they still do not completely capture non-neighbor effects, such as the elec-
tron delocalization characteristic of aromatic molecules. Carter in 1949 had already
recognized that the resonance energy is a function of the logarithm of the number of
Kekulé structures in aromatic molecules [5]. We developed an algorithm to count the
number of Kekulé structures of PAHs containing both five- and six-membered rings.

This algorithim will be described in detail in a subsequent publication.

One notes that five-membered rings introduce strain to the system and that
five-membered rings completely surrounded by six-membered rings introduce non-
planarity to the PAH. From these observations one could be inclined to propose a
method in which the bond-groups would not be differentiated according to the size
of the rings. Instead, in such a method, five-membered ring corrections should be
included. In the case of IPR PAHs, two ring corrections could be included: one for
five-membered rings that are not completely surrounded by six-membered rings and
another for five-membered rings that are completely surrounded by six-mnembered
rings. Such a method would have 11 parameters: In(K), AAx, ABx, ACx, CCx,
BB6x, BC6x, CC6x, DD6x, R5 and R50. The ‘6" after the name of the bond-group

indicate the size of the ring to which it belongs, the ‘x’ indicates a ring with either 5
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or 6 carbons and ‘R5™ and ‘R50™ are the ring corrections. The BD6x and CD6x are
linearly dependent to the previous bond-groups (see subsequent discussion). However,
the errors arising from such a method are unacceptable: RMS is 14.4 keal mol™! and
MAD is 9.0 keal mol™t, The statistics for this method can be found in Appendix D.1.
Moreover, it is not clear how further ring corrections should be introduced either to

improve the performance of this method or to describe non-IPR PAHs.

It is clear that the simple solution of including two ring corrections is not ad-
equate, and a more detailed definition of the boud-groups is necessary. We define
bond-centered groups that specify explicitly the size of the ring(s) to which the bond
belongs. The diagrams in Figures 3-4 and 3-5 should aid in the understanding of
these bond-group. The numbers in the bond-group’s nomenclature refer to the size
of the ring(s) to which the bond belongs. Bonds on the boundary between fused five-
membered rings (BB55, BC55, CC55, BD55, CD55 and DD55) were not included,
since PAHs with two fused 5-membered rings were not included in the model de-
velopment. The bond-group DD66 was further subdivided to capture the different
cuergetic contributions arising when the rings above and below it are six- or five-
membered rings. The resulting bonds are DD6666, DD6665 and DD6655. The last
two digits in the name of these bonds refer to the size of the rings above and below the
bond-group. Additionally, the DD6665 and DD6655 bonds were further subdivided
according to whether the five-membered ring(s) above the DD bond are completely
surrounded by six-membered rings or not. The DD6665 boud was subdivided into the
DD6665- and DD66650, whereas the DD6655 was subdivided into DD6655-, DD66550
and DD665500. A dash (-) at the end of the name of the bond indicates that the five-
membered ring(s) is(are) not completely surrounded by six-membered rings, whereas
one o at the end indicates that one five-membered ring is completely surrounded by
six-wembered rings. DD665500 represents the case where both five-membered rings
above and below the bond are completely surrounded by six-membered rings.

The contributions of each of the bond-groups and of the In(K) term to the AH?
was derived through a weighted least square regression. The weight for ecach PAH is

assigned as the inverse of the uncertainty in the value of the AHy, . This uncer-
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AA6 AA5 ABG6 ABS AC6 AC5

o g ,5,6 5,6 56| 56 6 5.6
n r nr

DD6666 DD6665- DD66650 DD6655- DD66550 DD665500
6 5* 5% %
6 : 6 : : 5% >
; 6
BD66 BD65 CD65
F 5,6 I ‘ : 56: :

Figure 3-4: Bond-centered groups defined in this work. Each of the bond-centered
group connects two atom-centered groups as defined in Figure 3-3. In the nomencla-
ture, the numbers following the two letters correspond to the size of the ring that the
bond-centered group belong to. In the case of DD66 groups, the two last numbers
define the size of the rings that are above and below the DD66 bond-centered group.
In each scheme, the bond-centered groups are shown in bold. The numbers in each
ring corresponds to its size. A ring that can be either five-membered or six-membered
is represented by a ‘5,6".Positions marked by a ‘5*" cannot be completely surrounded
by other rings. Positions where no ring is allowed are marked with ‘nr’. Positions
that are not marked might or might not have a ring.
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CC66 groups

5,6 | nr 5,6 | nr

Figure 3-5: All the possible CC66 structures. Figure S1 in the Supporting Information
of reference [20] shows all the possible structures for bond-groups BC66, BC65, CC66,
CC65, CD66, and CD65. For the sake of conciseness, in Figure 3-4 only the structures
with all the possible rings are shown.

tainty arises from the uncertainty in the experimental AHY of the reference molecules
used in the homodesmic reaction scheme and the uncertainty in the quantum chemi-
cal calculation of the heat of reaction (AH,.p) of the homodesmic reaction, as given
by Eq. 3.1:

£ = Eexpmtl A[]‘; + Equantum AH, ., (51)

For example, for the molecule in Figure 2-2, for which the Homodesmic4 scheme uses

5/3 of benzene, 3/2 of naphthalene, one phenanthrene and one 1/12 of Ce,

5 3 1
Eexpmtl AHS = gfl;cnzc:’m: + §5rz.az;/1.lhalcm: + Ephenanthrene + EEC:GH (32)

The uncertainties of the reference molecules are given by our grading of the experi-
mental values (Tables 2.2 to 2.4). The error in the quantum chemical caleulation of

AH,,, is expected to increase with molecular size, and was taken to be:
Equantum A, ., = (number of C atoms) x (0.2 keal mol_l) (3.3)

The ='s computed using Eq. 3.1 are reasonably cousistent with the deviations shown in
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Table 2.6. For the molecules that form the base of the Homodesmic4 reaction scheme
(i.e. benzene, naphthalene, phenanthrene, acenaphthalene and Ceg), Eexperimental AHS
is considered to be equivalent to the uncertainty that we assigned to its experimental
value and €quantum a#,.. 1 defined as zero.

Of the 25 bond-groups that describe five- and six-membered ring PAHs, only 21
are linearly independent. For example, the number of BD65, BD66, CD65 and CD66
in a PAH is given by:

BD65 = AB5— 2 x BB65 — BC65 (3.4)
BD66 = —0.5x AB5 + 0.5 x AB6 — 2 x BB66 — BC66 (3.5)
CD65 = ACSH+2 x CC5 — BC65 — 2 x CC65 (3.6)
CD66 = —0.5 x AC5 + 0.5 x AC6 — CC5 + CC6 — BC66 — 2 x CC66 (3.7)

Similar linear-dependency issues arise in other group additivity schemes, as often
discussed in the literature [2, 6, 19]. The enthalpy contributions of the BD65, BD66,
CD65, and CD66 bond-groups were assigned to be 4.0 kcal mol™'. The entropy and

heat capacities contributions from these four groups were assigned to be zero.

When the regression is performed with the In( K) term and all the linearly indepen-
dent bond-groups, it is found that not all the bond-groups are statistically significant.
In order to ensure that all the parameters of the model are statistically significant,
the bond-group values for BB66 and BB65 were set to be equal. The same was done
for the bond-groups BC66 and BC65 and for the bond-groups CC66 and CC65. Since
only six of the PAHs studied have the bond-groups DD66650 and/or DD665500, we
first. obtained the contributions of the In(K) term and of the remaining bond-groups
by performing a regression without those six PAHs. Next the contributions of the
DD66650 and DD665500 bond-groups were determined through a weighted regression
of the AH7} of the six PAHs that contain these groups, holding the other group values
fixed.
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3.2.2 Statistical Validation of the Model

A regression diagnostics of the proposed model revealed some collinearity problemms.
The matrix of the independent variables for the 133 PAHs that do not contain the
bonds DD66650 and DD665500 has a condition number of 33 (see Table D.5 in Ap-
pendix D), which is an indication of moderate dependencies among the variables [15].
Variance inflation factors (VIF) larger than 10 for some of the regression coefficients
are also a symptom of collinearity (see Table D.2). Principal component analysis [15]
was performed, and determined that the last four principal components each ac-
counted for less than 1% of the total dispersion of the X-space (see Table D.G). Most
of the collinearity problem is due to the last principal component, as attested by
its condition index. However its relatively large t-value indicates that this principal
component might be significant. Indeed, when principal component #17 is climi-
nated from the regression, both the mean average deviation (MAD) and the root
mean square error (RMS) increase significantly (see Table D.7). On the other hand,
principal components #16 and #15 have very small t-values, and elimination of these
principal components increases MAD and RMS only slightly. However, the climina-
tion of these two principal components does not alleviate the collinearity problem
significantly, as indicated by the small change in the largest VIFs (sce Appendix D.7).
Since the exclusion of these principal components does not alleviate the collinearity
problem while causing the MAD and RMS to increase slightly (for the elimination
of principal components #16 and #15, the MAD and RMS increase from 2.54 to
3.17 keal mol™t and from 3.64 to 4.60 keal mol™! respectively). we chose to adopt the
coeflicients obtained by the ordinary least square regression. The collincarity present
in this model is a reflection of the structure of the X-space. For example, PAHs
with five-membered rings usually have fewer resonance structures than PAHs of the
same size that only have six-membered rings. To the extent that the training set of
133 PAHSs is representative, the partial collinearity should not cause problems in the
prediction of the thermochemical properties of PAHs not included in the training set.

The coefficients iuvolved in the collinearity are identified by their large VIF, and the
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most prominent is the In(K') term. Other terms that show strong correlation are the

AA6, AB6, AC6, CC6, BB65, and BB66 bonds.

A cross-validation of the proposed estimation method was performed in order to
test its predictive capability. The set of 133 PAHs (the original 139 excluding the
6 PAHs containing DD66650 and/or DD665500 bond-groups) was divided into two
subsets, the first with 67 PAHs and the second with the remaining 66 PAHs. The
coefficients for the In(K) term and for the bond-groups were obtained for each of
the subsets, and are shown in Table 3.1. Onec notices that the coefficients obtained
from both subsets of PAHs are very close to the coefficients obtained from the entire
set. The differences in the values of each of the coefficients are comparable to their
standard errors, indicating that the latter are good estimates of the uncertainty of
the coefficients. The RMS and MAD obtained when the coeflicients derived from
Set 1 arc used to predict the AHy of the PAHs contained in Set 2 and vice-versa are
also shown in Table 3.1. These errors are comparable to the errors obtained from the
complete set, indicating that the proposed bond-centered group additivity method
has very good predictive capabilities. Since only 6 of the PAHs studied contain the
DD66650 and/or DD665500 bond-groups, no cross-validation was performed for these
bond-groups. The uncertainty in these group values may be considerably higher than

in the others.

Additionally, the model for the 133 PAHs was also validated by the “leave one
out” procedure. The discrepancy between the AHj7 for each observation and its
prediction from the regression equation obtained by leaving that observation out was
calculated. The MAD and RMS for these residuals are 2.95 and 4.35 kcal mol™!
respectively. These values are only slightly higher than the MAD and RMS for the

Complete Set, as reported in Table 3.1. No anomalous outliers were found.
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Table 3.1: Cross-validation of the proposed bond-centered group additivity method.
The coefficients obtained by regressing AH; over the entire set of 133 PAHs are shown
(in kcal mol™1), along with the coefficients from the regression over two distincet sets
of PAHs. The RMS and MAD given for Set 1 refer to the errors obtained by using
the coefficients obtained through Set 1 to predict the AH} of the PAHs in Set 2,
and vice-versa. The DD66650 and DD66550o0 bond-groups were omitted in the cross-
validation.

Complete Set Set 1 Set 2

In(K) -1959 £ 1.1 -16.54 -17.74
AA5 10.39 £ 0.7 8.93  10.30
AAG 5.54 £0.1 5.21 5.90
AB5S 8.72+04 9.15 8.65
AB6 5.10 £ 0.2 4.60 5.25
ACH 4.70 £ 0.6 4.48 5.17
AC6 232 £ 0.3 1.42 2.15
CCh 11.87 £ 0.3 11.64 1249
CCo 9.15 £ 0.7 9.39 9.29
BB65 4.10 £ 0.5 6.16 3.96
BB66 4.10 £ 0.5 6.16 3.96
BC65 3.26 £ 0.3 3.78 2.56
BC66 3.26 £ 0.3 3.78 2.56
CCo65 5.71 £0.5 5.82 5.72
CC66 5.71 £ 0.5 5.82 5.72
DDé65 13.24 £ 0.4 14.15 12.40

DD6666 2.71 £ 0.3 2.68 1.88
DD6665- 7.20 £ 0.7 7.98 5.32
DD6655- 20.43 £ 1.2 2221  18.95
DD66550 1640 £ 1.0 13.76  16.19

BD65 @ 4.00 £ - 4.00 4.00
BD66 4.00 £ - 4.00 4.00
CD65 @ 4.00 £ - 4.00 4.00
D66 @ 4.00 £ - 4.00 4.00
MAD 2.54 3.16 2.75
RMS 3.64 5.93 4.30

“Values for these bonds were assigned (see text)
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3.2.3 Coefficients for the Bond-Centered Group Additivity
Method

The intrinsic entropy (S5,,) was used to derive the bond-groups, as in Benson's
method [2]. These bond-group values do not contain information about the sym-
metry of the molecule, so that in order to calculate the S5 of a PAH, a correction

due to the symmetry has to be added to Sy, calculated from the bond-group values:

208 = Sing — Rln(o) (3.8)

The 57, and C; at 300, 400, 500, 600, 800, 1000 and 1500 K calculated at the
B3LYP/6-31G(d) level for all the PAHs included in this study can be found in the
Supporting Information of [20]. They were fitted through a weighted linear regres-
sion to the same bond-groups used for the AH7. Stein et al. arrived at a value of
1.82 cal K™! mol™! for the S contribution of the ‘Cpp-(Cpr)s’ group from the
entropy of bulk graphite, the entropy gain due to cleavage of the graphite to become
a surface layer and evaporation of this layer to form a graphitic layer in the gas
phase [18]. The contribution of the DD6666 group to the Ssog was fixed to match the
S59s for an infinite graphene sheet proposed by Stein et al. This assignment of the
value of the DD6666 S5g ensures the correct extrapolation of the entropy to infinitely
large benzenoid PAHs.

The inclusion of the In(K) term did not improve the estimation method for S;,,
or the C) and thus the estimation method for these thermochemical properties does
not include the In(K) term. The In(K') was the term that was causing most of the
collinearity problem in the regression of the AH}. thus the models for S, and Cj
show virtually no collinearity as attested by the VIF values of their cocfficients (see
Table D.3 in Appendix D). The weights used were the same as the ones used for the
derivation of the bond-group values of AHY.

The contributions from each bond-group and the In(K) term to the AHg, Sig.
and C; are listed in Tables 3.2 and 3.3 along with their standard deviations. The

standard deviations for the C7 were less than 0.1 cal K~! mol™!. Since the level of
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confidence on the values for the bond-groups DD66650 and DDG65500 is not as high
as for the other bond-groups, the values for these groups are given in parcentheses.
The statistics for the regression can be found in Tables 3.4 and 3.5 and were calculated
considering the complete set of 139 PAHs. The statistics for AH? and S5gg related to
the set of 133 PAHs that do not contain the DD66650 and the DD665500 bond-groups
ave given in parenthesis. All the mean average deviation (MAD) and root mean square
errors (RMS) are in relation to the homodesmic B3LYP /6-31G(d) values and have
not been weighted.

The thermochemical properties of PAHs are estimated by summing the contribu-
tion of each of its bonds, as given in Tables 3.2 and 3.3. AHY i has an additional
term related to the resonance energy (-16.951n(K)). Sample calculations were made
for the PAHs in Figurce 2-1 and are found in Table C.1. The muuber of cach of the
bond-groups for all the PAHs included in this study can be found in the Supporting

Information of [20].

3.3 Results and Discussion

The estimation method for the thermochemical properties developed in this work was
based on the AHZ 00 S5eg and € obtained from DFT calculations. As a compari-
son with the experimental values, the entropies calculated from the BSLYP/6-31G(d)
arc listed in the last column of Table 2.5. Except for naphthacene, the entropy cal-
culated from quantum chemistry is within the uncertainty of the entropy calculated
from the third law method based on experimental heat capacity and vapor pressure
data. We conclude that the Sge caleulated at the B3LYP/6-31G(d) level and with
our bond-centered group additivity method are at least as reliable as the available
experimental values. We developed a homodesiic reaction scheme that closely em-
ulates the experimental AHY of the PAHs. The estimation method for the enthalpy
of formation that we propose can at best be as good as the AHY )., given by the
homodesmic reaction scheme.

The boud-centered group values reported in Tables 3.2 and 3.3 allow the esti-
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Table 3.2: AH} and S3g4 values for bond-groups and the In(K) term for the estimation
of thermochemical properties.

AHj 5308

(kcal mol™)  (cal K~! mol™1)
In(K) -19.59 £ 1.1 -
AAS5 1039 £ 0.7 13.03 £ 02
AAG6 554 0.1 11.58 + < 0.1
AB5 872404 657 £ 0.1
AB6 510402  3.50 + < 0.1
AC5 470 £06 698 £ 0.2
AC6 232 +03 431 + 01
CC5 1187 £08 -1.87 £ 02
CcCo 915+0.7 -523 £ 0.2
BB65 410+ 05 -058 + 0.1
BB66 410405 -0.58 +£ 0.1
BC65 3.26+03  -094 £ 0.1
BC66 3264£03  -094 £ 0.1
CCe5 571405  -1.10 + 02
CCe6 571+05 -1.10 £ 02
DD65 1324 £04 258 £ 01
DD6666 271+03  1.21°+ -
DD6665- 720407 145 £ 0.2
DD66650°  (3.44 £0.7) (0.12 £+ 0.2)
DD6655- 2043+1.2 170 £ 04
DD66550 1640 £ 1.0 051 + 03
DD665500%  (-0.24 £ 0.7) (-0.54 £ < 0.1)
BD66° 400+ - 00 £ -
BD65° 400+ - 00 £ -
CD66° 400+ - 00 £ -
CD65° 400+ - 00 £ -

?Derived to match the entropy of graphene proposed by Stein et al. [18]
bValues for these two bonds were derived from only 6 PAHs
“Values for these bonds were assigned (see text)
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Table 3.3: €} values for bond-groups for the estimation of thermochemical propertics.

Cpr (cal K71 mol™T)
300K 400 K 500 K 600 K 800 K 1000 K 1500 K

In(K) - - - - - - -
AAS 3.4 4.6 5.6 6.4 7.5 8.3 9.3
AAG 3.4 4.6 5.6 6.4 7.6 8.3 9.5
AB5 3.4 4.6 5.5 6.2 7.2 7.8 8.6
ABG 3.4 4.6 5.5 6.2 7.3 7.9 8.8
ACSH 3.5 4.6 5.5 6.2 7.1 7.7 8.6
ACG 3.5 4.6 5.5 6.2 7.2 7.9 8.8
CCh 3.3 4.4 5.2 5.9 6.8 7.3 7.9
CCo 3.4 4.5 5.4 6.1 7.0 7.6 8.4
BB65 1.3 <19 23 26 -3.1 3.3 -3.6
BB66 13 19 23 26 =31 -3.3 -3.6
BCG5 140 219 230 27 31 -34 -3.7
BC66 14 19 23 2.7 31 34 3.7
CC65 14 19 24 27 31 -34 3.7
CC66 14 <19 24 227 31 -34 3.7
DD65 1.4 1.9 2.4 2.7 3.1 3.4 3.7
DD6666 1.5 2.0 2.4 2.7 3.2 3.4 3.8
DD6665- 1.4 1.9 2.3 2.7 3.1 3.3 3.6
DD66650%  (1.3)  (1.8)  (2.3)  (26)  (3.1)  (3.3) (3.6)
DD6655- 1.3 1.9 2.3 2.7 3.1 3.4 3.7
DD66550 1.2 1.8 2.9 2.6 3.1 3.3 3.6
DD665500*  (1.3)  (1.8)  (2.3)  (2.6) (3.1) (3.3) (3.5)
BD66? 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BD65° 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CD6GP 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CDe5b 0.0 0.0 0.0 0.0 0.0 0.0 0.0

“Values for these two bonds were derived from only 6 PAHs
"Values for these bonds were assigned (sce text)
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Table 3.4: AHj and Sgq statistics for the estimation method. The errors were
calculated for the complete set of 139 PAHs and were not weighted. The statistics
related to the set of 133 molecules that do not contain the DD66650 and the DD665500
bond-groups are given in parenthesis

AH7 S5es
(kcal mol™)  (cal K=! mol™)
N 139 (133) 139 (133)
Parameters 19 (17) 18 (16)
MAD 278 (254)  0.71 (0.67)
RMS 425 (3.64)  1.04 (1.02)

Table 3.5: C’;,’ statistics for the estimation method
Cpr, (cal K7! mol™)
300K 400K 500K 600K 800K 1000 K 1500 K

N 139
Parameters 18
MAD 0.33 0.73 0.31 0.20 0.49 0.50 0.31
RMS 0.45 1.18 0.62 0.30 0.58 0.03 0.45

mation of the thermochemical properties of any PAH containing both five- and six-
membered rings that follows the Isolated Pentagon Rule. The deliberate subdivision
of certain groups into more specific substructures is a straightforward and powerful
way to improve group additivity methods to meet the nceds of a specific applica-
tion, as done by Bozzelli and co-workers in defining Hydrogen-Bond Increment (HBI)
groups for radicals [10], and Sumathi and Green [19] for ketene species. In this bond-
centered group additivity scheme for the estimation of the thermochemical properties
of PAHs, it was verified that in order to estimate accurately the AH} of PAHs up to
Cgog and Crp fullerenes, it was necessary to subdivide the DD66 group into DD6666,
DD6665, and DD6655, according to the size of the ring that is above and below the
DD bond. Proceeding in this manner, the further subdivision of the DD6665 group
into the DD6665- and DD66650 groups and of the DD6655 group into the DD6655-,
DD66550, and DD665500 groups, according to whether the five-membered rings above
and below the DD bond are completely surrounded by six-membered rings or not,
improves the estimation method significantly for the PAHs studied. Each of these

bond-groups indeed describe different cnvironments as evidenced by the very different
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contributions to the AH} from cach of these groups. The DD6655- bond, as it occurs
in pyracylene introduces considerable strain to the molecule, and thus its contribution
to the AH} of a PAH is very high (20.43 kcal mol™"). Incidentally the AHj  for
pyvracylene estimated by the bond-centered group additivity method (96.4 kcal mol™1)
agrees very well with the value obtained by Diogo et al. [7] (97.83 keal mol™) from
a measured energy of combustion and an estimated AHj ). Completely surround-
ing a five-membered ring with six-membered rings provides stability to the PAH, as
is attested by the contributions of the DD66550 and DD66550o0 bouds to the AHj.
Also the comparison of bond-groups DD6665- and DD66650 shows this trend. If the
AHSF of larger fullerenes is to be estimated with more accuracy, then the DD6655 and
DD6665 bond-groups may need to be subdivided even further. A method similar to
the “structural motifs scheme™ developed by Cioslowski [6] for the estimation of the

AH;? fullerenes would result.

In Figure 3-6 the difference between the AH7 0, and the estimated enthalpy of
formation (AH} ) per carbon atom is plotted against AHZ) ... For the majority
of the AH} ., including the estimated AH7  for Cgo and Crg, the crror per carbon
atom is less than 0.2 keal mol™'. The errors of the PAHs that contain the bond-
group(s) DD66650 and DD665500 are shown with a filled circle. The most obvious
outlier, with an absolute error of more than 1 keal mol™! per carbon is as-indacenc
(PAH (7) in Figure 2-1). This is the only PAH in which the rings above and below
the CCO bond are both five-membered. The current bond-centered group model is
not able to capture the strain that this relatively unstable structure has. Perhaps
in the future the CC6 group should be subdivided as we have done with the DD66
group. The three filled cireles that are below the -0.2 keal mol™! per carbon error
line correspond to PAHs that contain the DD66650 bond-group. The only other PAH
that contain this bond-group is Cye. Since Cyzg contains 20 of this group, the value
of DD66650 is strongly influenced by this molecule. As of now it is not possible to
conclude whether: 1) inclusion of more PAHs containing the DD66650 group would
lead to a value of DD66650 that would give acceptable errors for Cr and the other

PAHs with this bond-group, 2) the DD66650 bond-group needs to be sub-divided, or
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o

F homo 15 10t adequate for

3) the homodesmic reaction scheme used to obtain the AH

PAHs with the structural feature described by the DD66650 group.

The inclusion of the term that describes the resonance energy does not improve
the estimation of the S, nor of the C) and thus the method proposed here for
the estimation of these thermochemical properties does not include the In(K) term.
Examining the contributions of each of the bond-groups to C?, one concludes that
the groups can be divided into three categories. The first category includes the bond-
groups that are in the periphery of the PAH (they include always an ‘A’ group).
The second is composed of the bond-groups that link two atom-groups that are in
the periphery of the PAH, but that belong to two rings. Finally the last category is

composed of the bond-groups that link two D groups. Entropies and heat capacities
arc much more amenable to a description by additivity methods than AHj.

Differences between the experimental AH} and values estimated by some of the
previous methods and by the bond-centered group additivity method (BCGA) pre-
sented in this paper are given in Table 3.6. The difference between AH?  and
AH3 jomo for some PAHs whose experimental AH are not available are shown in Ta-
ble 3.7. Benson’s group additivity method [18] applies to PAHs with six-membered
rings only. The other two atom-centered group additivity methods are extensions
of Benson’s method to include five-membered rings. Moiseeva and Dorofeeva [12]
derived new groups for benzenoid PAHs, while Armitage and Bird [1] use essentially
the same values suggested by Benson for the six-membered rings in their PAHs. The
new bond-centered group additivity method is much in better agreement with the
experimental and quantum chemical AH}'s, and also is applicable to a broader range
of PAHs, than any existing method.

The previous atom-centered group additivity methods for PAHs with five-membered
rings describe only specific structures, as shown in Figure 3-2. In order to enrich
the comparison of the performance of the bond-centered group additivity method,
the method proposed by Armitage and Bird was extended to describe acenaphtha-
lene structures. The value for the missing group was derived from the experimental

AH3 of acenaphthalene. The AH7 calculated from this extended Armitage and Bird
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Figure 3-6: Error per carbon atom between AHY, .., aud AHj ., versus the
AHjyomo The filled circles correspond to PAHs that contain the bond-group(s)
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Table 3.6: Comparison between the atom-centered group additivity methods and the
bond-centered group additivity method (BCGA) presented in this work for the PAHs
with known experimental AHj. In (kcal mol™1).

PAH AH?,exp AH,?,homo AH}) est'AHc/) exp
Be MP A¢  BCGA“

Benzene CeHs 19.8 19.8 0.0 -3.2 0.0 -0.1
Naphthalene CioHs 36.0 36.0 0.0 -0.1 0.0 0.2
Phenanthrene CuuHip 481 48.1 1.9 1.5 1.9 -0.1
Anthracenc CuaHye 552 56.1 -3.0 0.0 -3.0 -0.1
Pyrene CigHig 539 56.2 1.3 8.2 1.2 3.7
Triphenylene CigHia 655 65.7 3.7 -7.8 3.7 -0.2
Benzo[c]phenanthrene CygHyjp  69.6 68.0 -4.5 -35 -4.5 -2.7
Benz[aJanthracene CisHis 696 66.7 3.4 0.7 -3.4 -3.7
Chrysenc CigHiz  63.0 61.9 1.0 -0.3 1.0 0.8
Naphthacene CisHia 793 77.6 -109 48 -10.9 -4.1
Perylene CigHis 764 76.5 94 -6.2 9.5 -3.1
Coronene CogHia 736 75.2 3.8 29 3.5 2.4
Acenaphthalene C1oHg 62.1 62.1 - 4.1 - -1.2
Fluoranthene CigHip 698 67.3 - -0.7 0.7 -5.2
Corannulene CooHig 110.1 117.4 - - -0.3 7.7
Benzo[k]fluoranthene® CqoHyz  (71.0) 82.6 - (17.4) (14.3) (10.2)
Ceo Ceo 604.6 604.6 - - 29.5 -2.2
Cro Cqo 658.5 655.8 - - -9.9 0.7
MAD 3.6 3.1 5.5 2.7

“Benson’s Method

PMoiseeva's Method

“Armitages’s Method

4Bond-Centered Group Additivity Method

“The experimental AH} of benzolk|fluoranthene is suspected to be in error. Values not included in the
calculation of the MAD.
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Table 3.7: Comparison between the atom-ceutered group additivity methods and
the bond-centered group additivity method (BCGA) presented in this work for some
PAHs whose experimental AH} are not known. These PAHs are the ones shown in
Figure 2-1. In (kcal mol™1).

PAH AH ;c‘),homo AH )?’,est_AH }) homo
Benson Moiseeva  Armitage ¢ BCGA

(1) CyoHio  69.7 -2.7 0.5 -2.8 0.0
(2) CyoHyp 815 -7.1 -1.4 -7.3 0.0
(3) CopHiy 815 -2.4 - -2.4 0.9
(4) CyeHyy 904 -1.2 -11.6 -1.5 -0.8
(5) CsaoHyy 1022 -2.6 -12.2 -3.1 -2.2
(6) C3oHig 116.0 -10.6 -1.6 -10.9 -2.3
(8) CigHip 874 - - 2.1 -1.3
(9) CigHyg 1047 - -5.4 -9.5 -1.9
(10)  CgHyp  130.0 - - -14.4 -2.7
(11)  CyHyp 894 - 7.0 1.8 3.0
(12)  CgHix 854 - 0.2 -1.2 1.7
(13)  CgHye 156.8 - - -13.5 -3.4
(14)  CxHpy 100.6 - -0.2 -7.6 0.6
(15)  CyHyp 1943 - - -24.9 -5.3
(16)  CyHypy 991 - 6.3 -1.0 2.7
(17)  CgHyx 161.0 - - -10.7 -3.1
(18)  C3oHyp 269.5 - - - 2.8
(19)  CzeHip 1943 - - -7.0 -2.7
(20)  CseHy» 217.7 - - -37.5 2.8
MAD 5.3 5.1 11.5 2.1

“Extended to include PAHs with acenaphthalene structures (see text).
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method are listed in Table 3.7. The bond-centered group additivity scheme presented
here is able to provide thermochemical properties for any IPR PAH. The AH} of
corannulene and Crq fullerene estimated by the Bird and Armitage method agrees
well with the AH7_ . However, it is not uncommon for the AH} estimated by this
method to deviate by 10 keal mol™ or more from the AHg, .. for smaller PAHs.
The group additivity method of Armitage and Bird usually underestimates AHj.
The bond-centered group additivity method has a considerably smaller MAD for the
PAHs listed in Table 3.7 than the other methods. All the group additivity methods
estimate the AH} of benzolk|fluoranthene to be about 10 keal mol™! higher than the
available experimental value. The unusually large discrepancies between literature
values and the present calculations suggest that the AH} of benzolk]fluoranthene

and the S5¢ of naphthacene should be remeasured.

For an infinite hexagon lattice, the number of Kekulé structures per node is
0.161532 [9]. Since the contribution of the ‘DD6666’ bond to the AHY is 2.71 keal mol ™.
it is straightforward to calculate the prediction of the BCGA method for an infinite

graphene sheet;:

(o]
AH f.graphene

3
I =3 x 2.71 — 19.59 x 0.161532 = 0.90 kcal mol™* (3.9)

This seems to be a reasonable limit. Stein ot al. proposed a value for the ‘Cbf’
group of 1.45 keal mol™! based on the AHF y, of pyrenc [18]. Since the AHY of solid
graphite is zero, it is reasonable to assume that the AH§ of a hypothetical “gaseous”
graphite corresponds to the AH} , of large benzenoid PAHs. For large PAHs the
AH3} o per carbon atom is expected to decrease, since ratio of carbons at the edge
of the PAH to the carbons in the interior decreases. Carbons at the edge of the PAH
contribute more to the AH} then carbons in the interior of the PAH. For example,
compare the values for the ‘AA6” and ‘DD6666’ groups. The AHj ,; for coronene is
1.4 keal mol™* per carbon (see Table 2.2). The contribution of the DD6666 group was
derived so as to match the entropy proposed by Stein et al. for an infinite graphene

in the gaseous phase. The DD6666 C) values derived here naturally match the C)
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values proposed by Stein et al. for graphene in the gaseous phase, which were taken
to be equal to the C) of graphite, since the surface heat capacity is negligible.
Finally, a word of caution is due. As in any method of additivity of molecular sub-
structures, the independent variables of the bond centered group additivity method
are mildly correlated. For example, the presence of an AB6 bond will usually (but
not always) mean the presence of an AA6 bond. The resulting collinearity is inherent
to the X-space, and should not present a serious problem, since a wide variety of
PAHs structures (up to the Cgo and Cyg fullerenes) has been included in this study,

encompassing most of the X-space spanned by PAHs of practical interest.

3.4 Conclusions

A bond-centered group additivity method for the estimation of the thermochemical
properties of PAHs has been derived based on thermochemical properties calculated
at the B3LYP/6-31G(d) level.  AHF were obtained through a sct of homodesmic
reactions that uses only aromatic molecules. This carefully chosen set of reference
molecules corrects for effects that were not completely captured by the quantum
chemical caleulations. Resonance energy is described through the natural logarithin
of the number of Kekulé structures. An algorithm has been developed to count the
number of Kekulé structures in PAHs with both six- and five-membered rings (sce
Chapter 6). The new bond-centered group additivity method can be easily coupled
with Benson'’s atom-centered group additivity method for aliphatic molecules. All the
bound-centered groups are clearly defined and extendable. Extendability means that
if the thermochemical properties of a certain class of species need to be estimated
with more accuracy, the bond-groups can be differentiated and more specific values
derived for them. The bond-centered group additivity method for the estimation of
the thermochemical properties of PAHs described in this paper captures the structural
particularities that determine the AH7 of PAHs up to fullerenes. It extrapolates
to reasonable values for an infinite graphene sheet. This new method allows the

rapid estimation of AHY, S50s and Cp values that are practically as good as B3LYP

39



calculations or experimental measurements.
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Chapter 4

Other Polycyclic Aromatic

Molecules

4.1 Introduction

Iu the previous chapters we have proposed a Bond-Centered Group Additivity method
for the estimation of the thermochemical properties of PAHs with both five- and six-
membered rings. However, these are not the only classes of molecules that are formed
in a combustion system. In this chapter we show that the BCGA method can be
extended to other polyeyelie aromatic molecules as well. We propose group values for
aromatic molecules containing a furan ring, triple bouds, and for substituted aromatic

rings, extending considerably the applicability of the BCGA method.

4.2 Furans

4.2.1 Introduction

According to the simple Hiickel (4N +2) rule furan should be considered an aromatic
ring. This rule states that cyclic (planar) systems with (4N + 2) m-clectrons are more
stable than their open chain analogues. Other measures of aromaticity also confirm

that furan is aromatic. For example, its NICS index is -12.3, compared to benzene's
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-9.7 value. NICS (nucleus-independent chemical shift) is defined as a negative value
of the absolute shielding computed at a ring center. Rings with negative NICS values
are considered as aromatic, and the more negative the NICS, the more aromatic are
the rings.

The kinetics of formation and consumption during combustion of PAHs contain-
ing furan rings (especially dibenzofuran) has attracted considerable attention [31],
because the polychlorinated form of these species are very carcinogenic. Polychlo-
rinated dibenzodioxins and dibenzofurans (PCDD/F) are a major problem in waste
incineration (e.g. [3]). On another note, heterocyclic PAHs have attracted attention
due to the possibility of tailoring the curvature and rigidity of buckybowls by the

introduction of heteroatoms at strategic positions [30].

4.2.2 Previous Estimation Methods

A few estimation methods for PAHs containing a furan ring have been proposed [1, 32,
2, 21]. These works were all based on ring corrections for the entire furan ring. The
proposed ring corrections were derived from the thermochemical properties of furan
only or of furan and benzofuran. There are no guaranties on how the ring correction

estimate will perform for larger PAHs or for furan rings in other environments.

4.2.3 Computational Methods
Quantum Chemical Calculations

The optimized geometries and vibrational frequencies for 29 PAHs containing the
furan structure were calculated at the B3LYP/6-31G(d) level using the Gaussian 98
suite of programs [13]. El-Azhary and Suter [8] compared the performance of various
methods (HF, MP2, LDA, BVWN, BLYP, and B3LYP) and basis sets (cc-pVDZ, cc-
pVTZ. and 6-31G**) in the calculation of the geometry and vibrational frequencies
of furan. In Table 4.1 the experimental geometry of this molecule is compared with
the geometry obtained at different levels of computation. We can conclude that the

B3LYP/6-31G(d) method can obtain accurate geometries for furan structures. El-
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Avhary and Suter found that among the methods that they tested, the geometry from
the B3LYP method provides the best agreement with experimental geometry. The

effect of the basis set of the calculated bond angles and frequencies was very small.

Homodesmic Reactions

We used the same homodesmic reaction scheme used for five- and six-membered ring
PAHs to calculate the AHY of PAHs that contain the furan substructure. Furan was

added as reference molecule to account for the furan ring in these PAHs.

O +2©—>2“+@ )

The agreement between the AH; calculated from this homodesmic reaction scheme
with the available experimental values is very good, as shown in Table 4.2. The cal-
culation of the errors related to AHZ ., was done as described in Section 2.3. The
error bars reported for AH; o often refer to a particular experimental setup, and are
not, a realistic indication of the uncertainty in the experimental value. Thus the un-

certainty in the AH; o of furan was assigned to be 2 kecal mol ! (which corresponds

exp

to a grade of *C" as discussed in Section 2.2.1).

Entropy and Heat Capacities

Experimental values for entropy and heat capacities for this class of PAHs are only
available for furan. The values listed in Table 4.3 are the ones cited by Stull et
al. [34]. The experimental values are compared to the values calculated at the

B3LYD/6-31G(d) level.

4.2.4 Estimation Method

We introduced the new atom-centered group O, corresponding to the oxygen in
PAHs with a furan structure. The introduction of the ‘O’ atom-centered group leads

to three new bond-centered groups: *AO5’, ‘BO5’, and *CO5’. These three bonds
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Table 4.1: Comparison between the experimental geometry of furan the geometry
calculated at different levels.

Exp.¢ MP2 B3LYP B3LYD
6-31G¥  6:31G(d)

Bond Lengths (A)
0:1-Co 1.362 1.364 1.364 1.364
Co-Cs 1.361 1.365 1.361 1.361

B, o C3-C4 1431 1426 1444  1.436
cs o\ Cy-Hy 1.075 1.074 1.079 1.079
i P C3-H; 1.077 1.075 1.087  1.081
u’ C4\C3 Bond Angles
4 \ Cyr0-Cs 1065 1072 1064  106.8
3

01-Co-Cg 1107 1108  110.5 110.5
Co-Cs-C4  106.0 1056 106.0 106.1
0:-Co-Hy 1159 116.2 1158 115.6
Cy-C3-H; 126.1 1268 126.5 126.6

*As cited by [8]
"Reference [8]

Table 4.2: Comparison between AH . values and AHy calculated from the proposed
homodesmic reaction scheme for PAHs containing furan structures. As a reference

the AH 7 atom calculated from atomization reactions are also given.

AH’.;)’GXD AH?,atom AI{f/?.homo
(kcal mol™1) (kcal mol™!)  (kcal mol™1)
Furan C4H40 -8.34+0.2¢ -6.5+0.4 -8.3£2
2,3-Benzofuran  CgHgO 3.340.2° 5.140.9 4.143

Dibenzofuran C12C0  11.3+1.1%, 13.240.1¢ 13.241.3 13.1+4

“Reference {16]
bAs cited in [23]
“Reference [5]
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Table 4.3: Comparison between experimental and BSLYP/6-31G(d) S5 and C)) for
PAHs containing furan structures. In (cal K= mol™1).

Furan
Exp.® Calc.
Sseg  63.86  64.0
Cos0 15.75  16.1
Cpaoo 2120 216
Cospo 25.73  26.1
Coeoo 29.31 296
Cogoo 3441 34.6
Cpaoo 3789 38.0
' 1500 - 43.0

“As cited by [34]

describe the two bonds in the furan ring that are bonded to the oxygen atom. Their
difference lies on the environment of the carbon adjacent to the oxygen. For example,
in *AO35" the carbon has two benzene bonds and one single bond, and in *CO5’ the
carbon is in a bay region. The other bonds in the furan ring arc treated as normal
bonds in a PAH.

To calculate the contributions of these furan bonds, we subtracted the values cor-
responding to the contributions of the bouds of five- and six-membered rings (whose
values were derived in Chapter 3) from the thermochemical properties of these furan-
PAHs. In the calculation of the structure count of the PAHs containing the furan
structure, we counted the number of different ways the double and single bonds can
be drawn in the molecule. For example, furan has a Kekulé structure count of 1,
and dibenzofuran has a structure count of 4. The contributions from each of such
bonds to the AHY is shown in Table 4.4. Given the relatively high MAD and RMS
obtained from this method, we couclude that the *AO5’, ‘BO5°, and ‘CO5" bonds are
not specific cnough to capture the characteristics of PAHs containing the furan struc-
ture. Thus these bonds have been further subdivided depending on the neighbor of
the carbon atom. For example, the *AO5” bond has been subdivided into *AO5(A)’,
*AOS(B), and *AO5(C)". Figure 4-1 should help in the understanding of these new

bouds. It is not necessary that both of the rings marked with * in “BO5(C)" and
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Table 4.4: Group values obtained for AH? if bond groups ‘AO5’, ‘BO5’, and ‘CO5’are
considered.

AH; (kcal mol™)
AO5  -17.65 £ 0.7
BO5 -13.11 £ 0.9
CO5 -18.88 £ 2.0
MAD 3.70
RMS 5.22

‘CO5(C)" be present, but at least one must be. The coefficients obtained for the new
bonds are shown in Tables 4.5 and 4.6. The standard deviations for the C;,’ coeflicients

was 0.1 cal K=t mol~tor smaller.

4.2.5 Results and Discussion

The differentiation of the ‘AO5’) ‘BO5’, and ‘CO35’ according to the neighbor of the
carbon atom improves the estimation method. Both the MAD and the RMS decrease
by almost 2 kcal mol™. The predictive capability of this estimation method can be
assessed through the “leave one out” procedure. The discrepancy between the AHY
for each observation and its prediction from the regression equation obtained by
leaving that observation out was calculated. The MAD and RMS for these residuals
are 2.37 and 3.98 kcal mol™!. These values are not significantly larger than the values
for the ordinary least square regression presented in Table 4.5, indicating that the
method has good predictive capabilitics. The maximum residual y; — @iy, where y; is
AHF homo and gyg;y is the predicted AH7 from coefficients derived without including
the ith observation in the regression, was -10.99 keal mol™! for
gay
@

This is the only furan ring in which the ‘C’ carbon of the ‘BO5(C)’ group is bonded to
two other ‘C’ carbons. This is maybe an indication that if the bond-centered groups
are to be refined further, the ‘BO5(C)’ (and probably the ‘CO5(C)’) group should be

subdivided according to the atoms that are bonded to the ‘C’ carbon.
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AO5(A) AO5(B) AO5(C)
5,6
o A\nj;/H 6 \BEL/H 6 C:\/H
1 nr 1 nr 1 nr
'Q/o 0
nr nr nr
BO5(B) BO5(C) BOS5{D)
5,6*

CO5(B) CO5(C)
5.6%
nr s6
6 36 e,
nr B\C \i: nr
Q/I nr O
nr O 6* nr
nr

Figure 4-1: Aromatic bonds defined for PAHs with a furan structure. The rings
marked with a * in the ‘BO5(C)’ and ‘CO5(C)’ bond-groups don’t have to necessary
be both present, but at least one must be.

Table 4.5: Coefficients for the estimation of AH7 and S3g4 of PAHs with Furan Rings.

ATT; S
(keal mol™!)  (cal K71 mol™)

AO5(A) -1974+05 132 £0.1
AO5(B) -15.02 £ 0.7 12.6 £ 0.1
AO5(C) -14.84 £ 1.3 124 £ 0.2
BO5(B) -12.56 £ 1.2 52 +0.2
BO5(C) -1448 £ 06 56 £0.1
BO53D) -933+1.0 6.7 + 0.2
CO5(B) -17.69 + 1.7 59+ 0.3
CO5(C) -19.37 4+ 1.8 50+ 0.3
CO5(D) -17.97 + 2.0 6.8 £0.3
MAD 1.76 0.32
RMS 3.05 0.53
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Table 4.6: Coefficients for the estimation of C} of PAHs with Furan Rings. The
standard error of each Cy coefficient is smaller than 0.1 cal K=' mol ™.

Cyr (cal K=¥ mol™T)
300K 400 K 500 K 600 K 800K 1000 K 1500 K

AO5(A) 29 39 46 52 61 6.6 75
AO5(B) 30 38 46 52 59 6.7 7.5
AO5(C) 28 37 45 51 59 6.8 7.3
BO5(B) 2.8 34 42 49 53 6.3 6.8
BO5(C) 2.8 36 43 50 55 6.4 6.8
BO5(D) 30 36 44 50 54 6.3 6.8
CO5(B) 2.8 33 41 49 51 6.3 6.7
CO5(C) 26 34 43 49 54 6.4 6.4
CO5(D) 29 35 43 49 53 6.3 6.5
MAD 007 006 006 006 009 007 009
RMS 010 010 009 009 012 012  0.13

Bond centered groups are more flexible than ring corrections. As exemplified in the
previous paragraph, it is easy to refine the method to exactly capture the important
factors that determine the thermochemistry of furan rings. The nine bonds presented

in this work can describe any furan ring occurring in PAHs.

4.3 Arynes

4.3.1 Introduction

Arynes are formed through didehydrogenation of the parent arene at the ortho po-
sition. They can be viewed as a delocalized structure in which the second w-orbital
from the triple bond is perpendicular to the first. The electrons in this second -
orbital are not free to move around the aromatic ring. MO results have shown that

both resonance structures 1 and 2 contribute to benzyne [17].
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Arynes are believed to be important intermediates in the formation of five-membered
rings from benzenoid PAHs. One proposed mechanisin suggests that after 1.2-dideliy-
drogenation of the parent arene, the resulting aryne will be in equilibration with its
carbene isomer. The latter is then trapped intramolecularly to form a five membered
ring (29]. The thermolysis of benzo[c]phenanthrene [19] is shown in Figure 4-2 as an

example.

In the literature, didehydroarenes (not necessarily at the ortho position) are in
general called arynes. In this work we use the term aryne only for PAHs in which
the dehydrogenation occurs at neighboring carbons, allowing the formation of a triple

bond.

4.3.2 Experimental Values

The AH7 ., of benzyne has been measured by many groups using different methods,
and the values have ranged from 98 to 113 keal mol™" [37]. The AH? of 1,2- and 2.3-
didehydronaphthalenes have been estimated through the study of bromine elimination
reactions with bromonaphthalenes [22]. The AH; of 9,10-didehydrophenanthrene has
been estimated through the study of the thermal decomposition of 9,10-disubstituted
derivatives of phenanthrenc [15]. A list of these scarce experimental AH7 is found in

Table 4.8,

Figure 4-2: Arynes have been proposed to be intermediates in the formation of five-
membered rings, as shown here in the thermolysis of benzo[c]phenanthrene [19)
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4.3.3 Computational Methods
Quantum Chemical Calculations

Cioslowski [6] tested many quantum chemical methods for aryne compounds. He
found that the B3LYP/6-311G(d,p) method provided a geometry of benzyne com-
parable to higher level, benchmark calculations such as MP2/6-311G**, QCISD/6-
311G**, and CCSD(T)/6-311G**. A comparison between the benzyne geometry
from these benchmark calculations and the geometry from B3LYP/6-311G** and
B3LYP/6-31G(d) is given in Table 4.7. The geometry for benzyne, the prototype
aryne compound, calculated with the B3LYP/6-31G(d) method also agrees well with
the geometries from the higher level calculations. However, B3LYP/6-31G(d) does
not provide good absolute energy for benzyne. While the MP2/6-311G**, QCISD/6-
311G** and B3LYP/6-311G** methods give heats of 1,2-didehydrogenation of ben-
zene of 86.1, 91.2, and 82.8 keal mol™! at 0K, compared to the experimental value of
86.6 + 3.0 keal mol™ (at 298K) [6], the value calculated from B3LYP/6-31G(d) (at
0K) is ca. 7 kcal mol™! higher, 93.5 kecal mol™!. However. we would still like to use
the B3LYP/6-31G(d) method for the calculation of arynes, so that we can profit from
the values already calculated at this level for the other PAHs. The calculations for 10
arynes were done at the B3LYD /6-31G(d) level with a judicious choice of homodesmic
reactions to calculate sound values for the AH} from the B3LYP/6-31G(d) absolute

energies.

Homodesmic Reactions

We used the same homodesmic reaction scheme adopted for five- and six-membered
rings to calculate the AH? of arynes from the absolute energies. In order to correct
for the discrepancy in the total energy of aryne compounds at the B3LYP/6-31G(d)
level, we added benzyne as a reference molecule in the homodesmic reaction scheme

to account for the triple bond in these PAHs. For example, the AH? of 1,2-didehydro-
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Table 4.7: Comparison between the geometry of beuzyne calculated at different levels.
QCISD MP2 B3LYP B3LYP

6-311G %0 6-31G(d)
Bond Lengths (A)
C,-Cy 1256 1.268  1.256 1.251
Cy-Cs 1.395  1.393  1.391 1.385
Hon _Cig Cs-Cy 1409 1410 1.422 1.413
TN Cy-Cs 1417 1414 1412 1.407
C‘ (L Cy-Hs 1.085  1.085 1.089 1.085
e Ny Sm, CoHy 1088  1.08% 1.092  1.08%
| Bond Angles
Hy C-C-Cs 1269 1268 1271 126.9

C1-Ce-Cy 1105 1106 110.7 110.3
C1-Ce-Heg 1267 1270 127.1 127.2
C3-Cy-Cs 1225 1227 1224 122.4
Cs-Cq-Hy 1189 1186 1185 118.7

“Reference [6]

aceanthrylene is calculated through:

oco-0 0y,

The AH} o, values for the 1,2- and for 2,3-didehydronaphthalenes agree well
with the AH} values estimated for these molecules by Linnert and Riveros [22] from
experimental results of bromine elimination reactions with bromonaphthalenes. As

shown in Table 4.8, the AH} calculated through the proposed homodesmic reaction

o

scheme agrees very well with the available AHy ., . On the other hand, the AHR .,

for benzyne is ca. 7 keal mol™" higher than its A} s a8 was expected, knowing that
the heat of 1,2-didehydrogenation of benzene is overestimated by the same amount

by the B3LYP/6-31G(d) wethod.

4.3.4 Estimation Method

The bond-ceutered groups for five- and six-membered ring PAHs derived in Chapter 3

were used for the benzene bonds in the arynes. The In(K) term was also used.
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Table 4.8: Comparison between the AHg calculated from the proposed homodesmic
reaction scheme for arynes and AH3 .., values. As a reference the AH7 .., calculated
from atomization reactions are also given.

AH ;,exp AH }).atom AH ;‘),homo
(kcal mol™)  (kcal mol™!)  (kcal mol™1)
Benzyne Ce¢Hy 106.6 £ 3¢ 1139 £ 0.7 1066 &+ 2

1,2-didehydronaphthalene CioHg 122 + 6° 1319 £ 1.1 1216 +£3
2,3-didehydronaphthalene CioHg 124 4 6° 1344+ 1.1 124143
Acenaphthyne Cy2Hg 160 +£4¢ 1825+ 1.3 1731+ 75
9,10-didehydrophenanthrene  Cy4Hg 143 + 9¢ 141.7 £ 1.6 132.0 = 4.5

“Reference [22]

bReference [36]

“Reference [4]

Reference [15]

The number of Kekulé structures was counted in the same way as for the five- and
six-membered ring PAHs. For example, benzyne is considered to have 2 Kekulé
structures, and the didehydronaphthalenes each have 3. We introduced one new
atom-centered group ‘I', corresponding to the carbons that belong to a triple bond
in benzyne structures. The ‘I" atom-centered group leads to the following new bond-
centered groups: ‘Al6’, ‘BI6, ‘Cle’, ‘II6’, ‘Al5’, ‘BI5’, ‘CI5", and ‘II5’. Figure 4-3
should help in the understanding of these new bonds. Of these 8 new bond-centered
groups, only six are linearly independent. For example, the number of bonds ‘115

and ‘116" are related to the number of their remaining bonds through:

II5 = 0.5x AI5+ 0.5 x BI5 + 0.5 x CI5 (4.3)
116 = 0.5x Al6+0.5 x BI6 + 0.5 x CI6 (4.4)

The values for these groups were derived from the thermochemical properties of the 10
arynes (shown in Figure 4-4) for which B3LYP/6-31G(d) calculations were performed.
The contributions of bonds ‘II5" and ‘116’ to the AH} were assigned to be 70.0 and
50.0 keal mol ™, respectively. Their contributions to Sgos and C; was set to zero. The
coefficients obtained from a weighted least square regression are shown in Tables 4.9

and 4.10.
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Figure 4-3: Aromatic bonds defined for PAHs with triple bonds

Figure 4-4: Arynes used for the derivation of the bond-centered group contributions
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Table 4.9: Contributions to the AH} and S3gg from each of the bond-centered group
values that describe aryne PAHs.
AT s
(kcal mol™)  (cal K™ mol™)

Al5 4144 +28 21.34+0.7

BI5 3502408 139402

Clh 29124+ 19 147+04

115 70.00 £ - 0.0 £ -

Al6 2694 £ 0.2 174+ 0.0

BI6 2466+03 95%0.1

CI6 19.57 £ 0.8 9.9 £ 0.2

116 50.00 £ - 0.0 £ -
MAD 0.423 0.092
RMS 1.038 0.200

Table 4.10: Contributions to the C}’s from each of the bond-centered group values
that describe aryne PAHs.

Cpr (cal K71 mol™)

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
AlS 5.6+0.2 6.3+£04 7.1£0.1 7.6x0.3 8.5+0.4 8.9+1.3 10.2+2.5
BI5 4.940.1 5.7+£0.1 6.5£0.1 7.1£0.1 7.7£0.1 85£0.3 9.1+0.7
CI5 5.0+0.1 5.740.3 6.4+0.1 7.240.2 7.6+0.3 8.6+£0.8 9.0£1.7
115 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al6 4.740.1 5.8+0.1 6.7+£0.1 7.3£0.1 8.2£0.1 9.0£0.1 9.740.1
BI6 4.7+0.1 5.7+0.1 6.5+0.1 7.24+0.1 7.8£0.1 &8.7+£0.2 9.240.3
ClI6 4.740.1 5.54+0.1 6.4+0.1 7.240.1 7.840.1 9.0+£0.4 9.6+£0.7
116 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MAD 0.019 0.048 0.020 0.035 0.054 0.142 0.281
RMS 0.056 0.112 0.052 0.091 0.122 0.316 0.608
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The contribution of the OI5 group was determined separately, from the thermo-
chemical properties of the two smallest PAHs with this group, which are shown in

Figure 4-4. The values derived for this group are listed in Table 4.11.

4.3.5 Results and Discussion

The triple bond introduces considerable strain to aryne PAHs, as is attested by the
high values of the AHP coefficients for each of the bonds.

Ford and Biehl [10] studied the relative stability of polycyclic arynes using semiem-
pirical (AM1) molecular orbital calculations. They concluded that two factors affected
the stability of arynes: the first is the relief of steric strain that accompanies the re-
moval of the hydrogen atoms from the parent arene, and the second is the ability of
the carbon skeleton to accommodate the shorter dehydro-bond. The bond-centered
groups proposcd here for arynes are directly related to the relief of sterie strain pro-
vided by the removal of the hydrogens from the parent arene. When a dehydro-bond
has a ‘C7 atom-centered group as a neighbor, it means that it is adjacent to a bay re-
gion. Thus the contribution of the *CI" bonds to the AHY are significantly lower than
the contribution of the other aryne bonds. The sccond factor affecting the stability of
arynes is related to the bond order at the position of the dehydro-bond in the parent
arene. Thus the triple bond that is formed in a bond that has high bond order in
the parent arcne is more stable than a triple bond that is formed in a bond that has
lower bond order in the parent arene. The bond-centered group additivity method
indirectly captures this effect through the In(K) term. The In(K) term is non-local
property of the molecule, unlike the bond order, which is a property of each bond.

Since only ten arynes were used to derive six bond-groups values, it was not

possible to perform a cross-validation of the method. It is expected however, based

Table 4.11: AH3, S5ee. and Cp contributions of the OI5 group. AHF in (keal mol™!).
Speg and Cp in (cal K- mol™1).

AHj S Cyr
300 K 400 K 500 K 600K 800K 1000 K 1500 K
OI5 2754 208 44 5.4 5.9 6.2 6.9 7.0 7.0
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on the success of the bond-centered additivity method for PAHs with five- and six-
membered rings and for PAHs with the furan substructure, that a bond-centered
group additivity method should also be applicable to arynes.

The XI5 group values might not be very accurate, with uncertainties higher
than those reported in Table 4.9. These possible higher uncertainties derive from the
fact that we cannot affirm that the proposed homodesmic reaction provides accurate
AHS yomo for arynes in which the triple bond is in a five-membered ring. This conclu-
sion is arrived at by the comparison between the available AH3  and the calculated

AH7 yomo for acenaphthyne, the only such PAH with an AH},  (see Table 4.8).

4.4 Substituted PAHs

4.4.1 Introduction

A variety of substituted PAHs have been detected in flames. Hydroxyl substituted
PAHs are formed during the early stages of fuel oxidation [18, 7]. Vinyl and ethynyl
substituted PAHs are formed from the reaction of acetylene with PAHs and PAH
radicals, respectively, and have been proposed to be important intermediates in the
PAH growth mechanism [35, 11, 12]. A variety of biarenes have been detected in
the pyrolysis of aromatic fuels [27, 25, 14]. Under some pyrolytic conditions, it is
believed that polymerization of PAHs forming biarenes is a more important channel
for molecular weight growth than acetylene addition [38, 27]. Biarenes are highly
reactive intermediates that can undergo intramolecular cyclodehydrogenation forming
new five- and six-membered rings.

Even when one considers only substitutions consisting of carbon and oxygen
atoms, the number of possible combinations between position of substitution in the
PAH and the nature of substitute is very large. This number grows even more when
one considers disubstituted (and polysubstituted!) PAHs. It is not the goal of this
work to provide group values for all the possible combinations of substituted PAHs.

Rather, we want to provide the framework for an estimation method, that is a tree
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structure with sound values in the higher nodes. The more specific nodes, down in
the tree, can be filled in later, as the importance of each node is determined from the
use of the thermochemical properties propose here.

We have included in this work PAHs substituted with acetyl, alcohol, methyl,

vinyl, aldehyde, and phenyl groups. A few disubstituted PAHs were also studied.

4.4.2 Experimental Thermochemical Properties

There are a few experimental AHY for substituted PAHs. Some of these values from
the NIST Webbook [23] are listed in Table 4.12. Experimental S5gq and C 300 are
listed as cited by Stull et al. [34] in Table 4.13. In general the B3LYP/6-31G(d)
calculated S5 and €7 agree well with experimental data. The discrepancy between

(o]
P

the experimental and caleulated S5o¢ for phenylacetylene is discussed in Section 4.4.3.

4.4.3 Computational Methods
Quantum Chemical Calculations

B3LYP/6-31G(d) calculations were performed for a set of 70 substituted PAHs. All
torsional motions around the single bonds for the alcohol, methyl, vinyl, aldchyde
and phenyl substituted groups were treated as hindered internal rotations. The di-
hedral angle corresponding to the internal rotation was varied from 0° to 360° in
increments of 30° while the remaining 3N-7 internal coordinates were optimized at
the B3LYP/6-31G(d) level. The resulting potential energy surface was fitted to a
Fourier series Y, [A, cos(me) + B, sin(me)] with m = 5. The partition function
for the hindered rotation was obtained by solving the one-dimensional Schrodinger

equation
R?  d?U(P)

S e TV (@U(E) = B(2)¥(D) (4.5)

for the energy eigenvalues. The reduced moment of inertia for rotation, Ip;., was

taken as the reduced moment of the two groups about an axis passing through the
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Table 4.12: Comparison between the AH; . and the AH} calculated from the pro-
posed homodesmic reaction scheme.

Formula AH ;.expa AH }).homo AH }).homo'AH ?.exp
(kcal mol™!)  (kcal mol™1) (kcal mol™1)

Phenol CeHgO  -23.04+0.1 -23.0£05 0°
1.2-Benzenediol CeHgOy -65.7 0.3 -66.8 £ 1.5 -1.1
1,3-Benzenediol CeHeO, -68.0£0.3 -665 %15 1.6
1,4-Benzenediol CeHgOy -66.2 £0.3 -642+1.5 2.0
Benzaldehyde CHeO 88407 -88+1.0 0
Toluene C,Hg 120+ 0.2 120+ 05 0°
Phenylacetylene CgHg 73.3 £ 04 73.3 £ 0.5 0°
Styrene CgHg 351402 351405 0b
o-Xylene CsHyo 4.5+ 0.3 52+ 1.5 0.7
m-Xylene CgHyg 4.1+ 0.2 41+ 1.5 -0.1
I)—XYIGH(‘ Cngo 4.3 +£0.2 41+£15 -0.2
1-Naphthalenol CioHsO  -74 4+ 0.4 7.0+ 1.5 0.4
2-Naphthalenol CioHsO  -7.2 4+ 0.4 72+ 1.5 0b
1-methyl-Naphthalene Cu1Hip 27.9 £+ 0.6 203 £ 1.5 1.4
2-methyl-Naphthalene CuiHyo 27.8 £+ 0.6 279 + 1.5 0.1
Biphenyl CioHip  435+£02 435405 0°
1,8-dimethyl-Naphthalene Ci3Hys 26.0 + 0.7 29.1 £ 25 3.1
Diphenylmethane CisHys 394404 394411 0°
4-methyl-Phenanthrene CisHyo 46.8 + 0.3 47.7 £ 3.0 0.9

“From ref. [23]
"Used in the homodesmic reaction scheme

Table 4.13: Comparison between the experimental and B3LYP/6-31G(d) S5y and
C5 300 for some substituted PAHs. The experimental values are listed as cited in [34].
The difference between the calculated value and the experimental value is given in

the columns under the header A. All values in (cal K~ mol™).

S398 Cp 300
Exp. Cale. A  Exp. Cale. A
Phenol CeHsO 7543 7548 0.05 24.90 25.15 0.25
Toluene C-Hg 76.64 7690 0.26 24.94 2533 0.39
Phenylacetylene CgHsg 76.88 79.06 2.18 27.63 28.59 0.96
Styrene CgHg  82.48 82.08 -0.40 29.35 29.17 -0.18
0-Xylene CgHip 84.31 84.26 -0.06 32.02 32.02 0.00
m-Xylene CgHyg 8549 85.65 0.16 30.66 30.53 -0.13
p-Xylene CgHyg 84.23 8437 0.14 3049 30.52 0.03

1-methyl-Naphthalene Cy;Hye 90.21 90.43 0.22 3837 38.78 0.41
2-methyl-Naphthalene Ci;Hjq 90.83 91.62  0.79 38.42 37.63 -0.79
Biphenyl CioHyo 93.85 93.24 -0.61 39.05 40.90 1.85
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center of gravity of both groups. Some disubstituted PAHs were studied and in this
case the potential energy scan was done on only one of the rotors. The geometry

optimization was done for the optimum dihedral angle of the other rotor.

Homodesmic Reactions

Mo et al. tested several reaction schemes to obtain the AHY for substituted PAHs
from absolute energies calculated with the BSLYP method at various basis set expan-
sions, including 6-31G(d) [26]. As expected, they found that simple atomization and
isodestiic reactions do not perform satisfactorily, whereas an isodesmic reaction that
uses the unsubstituted parent compound performs very well.

We propose a homodesmic reaction scheme that uses, in addition to the un-
substituted parent PAH, also the simplest benzene substituted species as reference
molecules. The AH} of the unsubstituted PAHs are calculated using the homodesmic
reaction scheme deseribed in Section 2.3. For example, for the calculation of the AHY

of a substituted naphthalene, naphthalene and the corresponding substituted benzene

R+© _’©R+ (4.6)

The AHj calculated from the proposed homodesmic reaction scheme are coms-

would be used:

pared to some available AHj . in Table 4.12. In this table, the crrors listed for
the AH; ., are the ones reported in the corresponding reference. For the purpose
of calculating the errors in the AHZ ), and the weights of the calculated values
of cach PAH, we assigned a grade ‘A’ for all the AH} of the substituted benzenes,
except for benzaldehyde. A grade *A’ corresponds to an uncertainty in the AH
of 0.5 keal mol™. Benzaldehyde was assigned an uncertainty of 1 keal mol™,

The errors for AHz ), were caleulated as described in Section 2.3. The difference
between AHgy 0, and AHZ o are shown in the last column of Table 4.12. In general

the errors are small.
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Entropies and Heat Capacities

The vibrational frequencies were scaled by a factor of 0.9613, and the S5 take
into account the symmetry of the molecules. The B3LYP/6-31G{d) entropies and
heat capacities agree reasonably well with the corresponding experimental values.

Exceptions are phenylacetylenc and the Cp of biphenyl.

The experimental S3¢¢ of phenylacetylene has been calculated by Evans and Nyquist
[9] from their vibrational frequencies assignment. They studied the Raman spectra
of the liquid phase corrected for depolarization and the infrared absorption spectra
in the 3800-450 cm™! and in the 450-300 cm™! range. Phenylacetylene has Cy, sym-
metry and its 36 normal modes are distributed as 13a; + 12b; + 3as + 8by. Of the
last two by modes, one is assigned to the 165 em™ Raman band. However, as no
unassigned band remain in the region in which the last mode is expected, Evans
and Nyquist took it to be coincident with a b; mode at 353 em™!. In the B3LYP
calculations, two frequency modes are found around the mid-100 cm™! and only one
in the mid-300 cm™! range, as shown in Table 4.14. It is known that calculated vi-
brational frequencies of carbon-carbon multiple bonds are very sensitive to the basis
set used [24, 20]. Kwon et al. performed B3LYP calculations for phenylacetylene
at increasingly larger basis set until the basis set dependence disappeared [20]. We
sce that although slightly different frequencies are obtained at larger basis sets, even
at the largest basis set that they used, 6-311++4G(2df,2pd), the general behavior is
the same as that obtained with the 6-31G(d) basis set. It is possible that the last by
mode, which Evans and Nyquist assigned to be coincident with the 353 em™ mode,
should actually be assigned to be coincident with the 165 cm™! mode. In this case,
the discrepancy between the experimental and B3LYP/6-31G(d) would decrease by
1.3 cal K=! mol™!. Kwon et al. also measured the spectra of phenylacetylene cations,
and found that the two lowest modes were at 110 and 145 ¢cm™!, while the third
lowest mode was at 311 cm™! [20], supporting the idea that phenylacetylene should

have two frequency modes between 100 and 200 em™t.

From the discussion in the previous paragraph, nothing conclusive can be said
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Table 4.14: Comparison between lowest 20 experimental and caleulated frequencies
for phenylacetylene. The calculated frequencies were not corrected by a scale factor.
In (cm™t).

Experimental ¢ B3LYP
6-31G(d)  6-3114++G(2df,2pd)®
165 146 142
353 159 161
353¢ 377 371
418 413 413
467 472 474
517 531 539
531 546 558
621 578 638
621 626 645
657 637 639
691 705 708
756 776 777
763 778 782
842 858 860
918 931 946
971 969 998
986 998 1014
1001 1017 1018
1029 1056 1050
1070 1110 1102

“From [9].
YFrom [20).
¢ A missing normal mode is assigned to be coincident to the 353 em™! band.
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about what the correct vibrational assignment is. However, there is strong evidence
that the vibrational assignment of phenylacetylene used to calculate its experimental
S5 1s not absolute. In view of all this discussion, we chose to use, for the sake of
consistency, the Sgg calculated at the B3LYP/6-31G(d) level for all the acetylene
substituted PAHs to derive groups for all estimation method.

The discrepancy between experimental and the B3LYP/6-31G(d) of C for biphenyl
is less worrisome, since the discrepancy decreases at higher temperatures. At 1000K

the B3LYP/6-31G(d) is the same as the experimental value (96 cal K~* mol™).

4.4.4 Estimation Method

In addition to the 70 substituted PAHs for which we did quantum chemical calcula-
tions, we also used the experimental AH§ for 20 disubstituted PAHs in the derivation
of the coefficients of the estimation method.

The thermochemical properties of the substituted PAHs can be calculated from
the thermo of the corresponding unsubstituted PAH and appropriate Benson’s atom-

centered group values. For example, 2-Naphthalenol is given by:

OH . - Cb/H + O/Cb/H + Ch/Os un

The thermo of the unsubstituted PAH can be calculated from the bond-centered group
additivity method proposed in Chapter 3, taking the group values from Benson for
the remaining atom-centered groups.

Benson and Stein and Fahr provided atom-centered group values for the calcu-
lation of the thermochemical properties of substituted PAHs [1, 33]. In Benson’s
method the Cb’s are not differentiated, although it is known, for example, that a
substituent near a bay region should lead to a higher energy than a substituent in
another position (see Figure 4-5). In this work we want to be able to capture these
differences, therefore we will refine Benson’s groups, making them more specific. The

groups for substituted PAHs can be divided into two classes. The first class consist
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HO‘ 'OH

less stable more stable

Figure 4-5: Benson’s method does not differentiate the groups according to where
in the PAH the substituent is located, although it is known, for example, that a
substitient at a bay region leads to a higher energy than a substituent in another
position, due to steric interactions.

of groups centered at a Ch (e.g. Cb/Os), and the second class are those groups in
which Cb is one of the neighbors (e.g. O/Cb/H). We chose to differentiate the groups
that arc centered at a Cb according to the enviromment of the Ch. The new group
values differentiate whether the substitution is bonded to a six- or to a five-membered
ring. For substitution on six-membered rings we also have different group values de-
pending on whether the substituted site is bonded to a *C’, to a "B’ or only to “A’
atom-centered groups (see Section 3.2.1 for definition of atom-centered groups). The
groups proposed for the estimation of the thermo of substituted PAHs are shown in

Figure 4-6.

With the exception of 9-phenyl-Anthracene and 9-Anthracenol, all the molecules
with A6(BX) groups used to obtain the group values had X = ‘A’. All the molecules
used to derive the AG(CX) group also had X = *A’. Non-nearcst neighbor corrections
for ortho, meta, and para substitutions on the same aromatic ring, as well as a cor-
rection for a substitution on both *A’ atom-centered groups connected to the same
‘B group were introduced. This last correction was named *18°, which refers to the
positions in naphthalenc that correspond to this correction, as shown in Figure 4-7.
Due to the lack of data for disubstituted PAHs, the corrections for the disubstitution
was assigned to cach substitution. That is, a non-nearest neighbor correction was

assigned to Ry independently of the nature of Ro, and vice-versa.

The groups for AH} derived in this manner and also differentiating the type of

functional group counected to the central Ch can be found in Table 4.15. The mean
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Figure 4-6: New groups introduced in this work. The groups are differentiated ac-
cording to the environment in the PAH where they are bonded. The ‘6" and the ‘5’ in
the name of the group determines the size of the ring, and the two letters in paren-
thesis refer to the atom-centered groups in the PAH that are bonded to the central
Cb. An ‘X’ stands for any atom-centered group (‘A’, ‘B’, or ‘C’).

ortho meta
Rl Rl Rl R
R
ot V
Q R R,
para. ‘18’
R

Figure 4-7: Corrections introduced for disubstituted PAHs.
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average deviation (MAD) of the AH7 of the PAHs included in this study calculated
using these coefficients is 0.49 keal mol™!, and the root mean square error (RMS) is
1.42 keal mol™t. As seen in Table 4.15, two factors affect the groups values the most:
1) whether the substituent is a carbon or an oxygen and 2) the environment to which
the central Ch atom is bonded in the PAH. The functional group of the substituted
carbon plays only a secondary role. This leads to the conclusion that in a trec
structure for the Ch-R group values. the groups should first be differentiated according
to whether the substitution is a carbon or an oxygen. The next differentiation should
be according to the environment in the PAH of the central Ch. We first differentiate
according to whether the Cb group belongs to a six- or to a five-membered ring.
Finally, the groups can be differentiated according to the functional group of the
substitution. This proposed tree structure for the Ch-R groups is shown in Figure 4-
8. Given the small number of PAHs included in this study relative to the number
of parameters being estimated. many of the standard crrors for the coefficients are
comparable to the coefficients themselves (see Table 4.15). In order to increase the
statistical significance of the cocfficients we lumped the groups in level L4 in which
R = Cs. Cd, Ch. or CO. Since the values for the R = Ct groups arc systematically
lower than for the other carbon substituents, the values for the AHY of these groups
were not lumped. A weighted least square regression was performed to determine the
contributions of each of the groups for the monosubstituted PAHs. The contributions
of the polysubstituted corrections were then derived from the thermochemistry of the
PAHs with more than one substitution. The mete and para corrections for all the
substituent were set to zero, with the exception of the corrections for the Os and
CO substituents. The standard deviations for this new set of coefficients decreased
in comparison to the coefficients shown in Table 4.15, whereas the MAD and RMS

increased only slightly, to 0.61 and 1.22 respectively.

The S5 and € group values were derived from the thermochemistry of the 70
substituted PAHs for which quantum chemical calculations were performed. Groups
values for these properties were derived only up to the L3 level, and are shown in

Tables 4.17 and 4.18.  All non-nearest neighbor corrections for Sige and €} were set
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Table 4.15: Group values obtained if each of the different carbon functional groups

are considered separately.

AHj (keal mol™) for each R

Cs Cds Cb Ct CO Os
A6(AA)-R  53+03 55+£02 53+02 51+£03 56x+04 -1.5+0.3
A6(BX)-R 68+11 82+£09 73£06 51£07 58+11 -1.9+06
A6(CX)-R 13.0+22 123+£20 133+22 100+21 147+22 06+ 22
A5-R 45+43 40+£43 36+43 28+43 42443 -20+£43
ortho 0305 16x04 1806 0705 -19x07 05+£05
meta 0206 0104 0506 03x£05 -28+£0.7 04=£05
para 00x06 -01x04 03x06 01x£05 -27+07 1.7£05
18 26+11 1712 00£00 34+11 41+12 -1.1+1.1

Table 4.16: Proposed group values for the AH} of groups in substituted PAHs.

AH? (kcal mol™) for each R

C Cs Cds Cb Ct CcO Os
A6(AA)  5.1940.1 fe f f 5.18+0.3 f -1.67+0.4
A6(BX)  7.8340.5 f f t 5.061+0.9 f -1.44+1.1
A6(CX) 13.27+14 f f f 10.04+2.7 f 0.64+2.7
A5 4.094+2.7 f f f 2.764:5.2 { -1.9745.2
ortho - 0.92+£1.0 1.96+0.9 0.834+04 0.63+0.9 -1.53%1.5 0.76+0.7
meta - - - - - -2.35+1.5 0.54£0.7
para - - - - - -2.26+1.5 1.754+0.7
18 1.62+0.6 f f 3.43+1.5 34415 f -1.49+£1.5

2All the nodes labelled with an ‘f” get the value of its father

Table 4.17: Proposed group values for the S5gq of groups in substituted PAHs.

Sges (cal K™ mol™)

AG(AA)-C 6.0 £ 0.2
A6(BX)-C 75 £ 0.7
A6(CX)-C -109 £ 2.3
A5-C 7.0 £ 4.5
A6(AA)-O 7.9 4+ 0.5
A6(BX)-0  -11.0+15
A6(CX)-0  -11.1 £49
A5-O 10.3 £ 9.9
MAD 1.86

RMS 2.78
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L1: A-H

L1: A-O
L2: A6-Os
L3: AG(AA)-Os
L3: A6(BX)-Os
L3: A6(CX)-Os
L2: A5-Os
L1: A-C
L2: A6-C
L3: AG(AA)-C
L4: A6(AA)-Cs
L4: AG(AA)-Cds
L4: A6(AA)-Cb
L4: AG(AA)-Ct
L4: AG(AA)-CO
L3: A6(BX)-C
L4: A()(BX) Cs
L4: A6(BX)-Cds
L4: A6(BX)- Cb
L4: A6(BX)-C
L4: A6(BX)- C()
L3: A()(CX) C
L4: A6(CX)-Cs
L4: A6(CX)- C‘ds
L4: A6(CX)-C
L4: A6(CX)-C
L4: A6(CX)- C()
L2: A5-C
L3: A5-Cs
L3: A5-Cds
L3: A5-Ch
L3: A5-Ct
L3: A5-CO

Figure 4-8: Proposed tree structure for the groups centered on Cb for substituted
PAHs.
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Table 4.18: Proposed group values for the C) of groups in substituted PAHs.

C,r°(cal K=t mol™1)

300 K 400 K 500 K 600 K 800K 1000 K 1500 K
A6(AA)-C 3.240.1 3.8+0.1 4.3+0.1 48+0.1 5.5%0.1 6.04+0.1 6.84+0.1
A6(BX)-C  3.6£0.3 4.14+0.3 4.5+0.3 4.9+0.3 54+£04 58404 6.6+0.4
A6(CX)-C 3.4£1.0 4.3£1.0 50+1.0 5.5+1.1 62£1.2 6.7+1.3 7.5+1.5
A5-C 2.7+£2.0 3.1£2.0 3.5+£2.1 3.94+£2.2 45423 49425 5.7+29
A6(AA)-O 4.0+0.2 54402 6.3+0.2 6.8+0.2 7.2+0.2 7.3+0.3 7.64+0.3
A6(BX)-O 3.8+0.6 5.3£0.7 6.3+0.7 6.8+0.7 7.5+0.8 7.94+0.8 8.2+0.9
AG(CX)-O 3.9£22 56+2.2 65+2.3 6.9+24 72426 7.3+£27 7.5+3.2

A5-O 4.6+4.3 6.24+44 7.0+4.5 74+48 T7.5+51 7.6+54 7.74+6.3

MAD 0.73 0.70 0.73 0.78 0.79 0.86 1.12

RMS 1.14 1.23 1.31 1.41 1.54 1.64 1.95
to zero.

The uncertainties in the group values corresponding to substitution on a five-
membered ring are very high. The reason for that is the assigned 5 kecal mol™!
uncertainty in the AHj . of acenaphthalene (see Section 2.2.1). This high uncer-
tainty leads high uncertainties in the AH}y .., of PAHs with five-membered rings.
Consequently these PAHs receive a very small weight in the least square regression,

resulting in very high standard deviations for their group values.

4.4.5 Conclusions

We note that Benson’s group values centered on Cb differentiate according to the
functional group of the atom to which the Cb is bonded but not according to the
environment in the PAH of the Ch. We found that the environment around the
substituted Cb influences the thermochemistry more than the functional groups to
which the Cb is bonded.

Given the many possible substituted PAH structures, we provided here a frame-
work to approach the problem. The values for the higher nodes in the tree have been
provided, but there is still plenty of room for development. Future work would in-

clude derivation of values for the (BB), (BC) and (CC) groups. if needed. Currently
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these groups receive the corresponding value of the (BX) and (CX) groups, which
were derived mostly using X = “A’ (see Section 4.4.4).

For example, Mulholland studied the relative stability of bianthryls, and found
that as expected, 9,9’-bianthryls are less stable than 2,9-bianthryls [28]. Although
currently we do not have enough values to distinguish between these two isomers, the
proposed tree structure allows for this differentiation.

Slightly more accurate predictions would also be obtained by deriving different
group values according to the functional group of the carbon to which the central Ch

is bonded.
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Chapter 5

Polycyclic Aromatic Hydrocarbon
Radicals

5.1 o-radicals

5.1.1 Introduction

It is known that the bond dissociation energy (BDE) for PAHs depends on the position
at which the o-radical is formed. For example, Wang and Frenklach noted that the
C-H boud in PAHs depends on the neighboring geometry of the C-H bond [41]. In
particular, they found that C-H bonds located at the edge of a bay region are 1 to
2 keal mol™! weaker than those that are not at a bay region, due to steric repulsion
of the hydrogens. Moreover, they found that the steric repulsion is further increased
when a bay region hydrogen is replaced by an ethyuyl group. For example. the BDE
for the C-H bond in the 5 position of 4-ethynyl-phenanthrene was about 3 keal mol™
weaker than the BDE of the C-H’s in normal bay regions [41]. They also noted that
the strength of the C-H bond in PAHs is essentially independent of molecular size [41].
Wang and Frenklach do not mention the effect on entropy and heat capacities.

This knowledge has not been systematized and incorporated into estimation meth-
ods for the thermochemical properties of PAHs. A database from 1997 [33] for

the THERM computer program for estimation of the thermochemical properties of
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molecules [32] includes BDE values for phenyl, 1-naphthalenyl and 2-naphthalenyl
only. The NIST Positive lon Energetics-Structures and Properties computer pro-
gram includes only one group phenyl radicals, not differentiating according to the
environment around the o-radical [26].

Aromatic biradicals have received considerable attention in the recent years. These
didehydroarenes show different degrees of biradical character depending on the num-
ber of ¢ bonds separating the radical site and on the relative orientation of the
nonbonding ¢ radicals [18]. However, the structure and reactivity of these species is
still not very well known.

Although o-radical species are ubiquitous within combustion mechanisms, there
are conspicuously few biradicals present [14]. Richter and Howard [31] in their review
of PAH formation and growth pathways list some mechanisms in which biradicals
are intermediates to the formation of the first aromatic ring. One of the reasons
for the general absence of didehydroarenes in combustion mechanisms is the lack of
knowledge about their thermochemistry and reactivity.

Radicals of ethynyl substituted PAHs were also studied, since these species are
intermediates in the hydrogen-abstraction-acetylene-addition (HACA) mechanism for

PAH formation and growth [42, 21].

5.1.2 Experimental Values

There are not many experimental measurements of the BDE of aromatic molecules.
The available BDE and AHY,, are listed in Table 5.1, as well as AH} calculated
from the available BDE and vice-versa (given in italics). Until the early '90s, a
value of 110.942 kcal mol™! was recommended for the C-H bond energy of benzene.
Recently, Davico et al. studied the kinetics of the proton transfer between amide ion
and benzene (C¢Hg + NHy™ = CgHs™ + NHs) to determine a value of 113.5+0.5
kcal mol™! [8]. This value for the BDE of the benzene C-H bond is currently widely
accepted [2, 30. 22] and used. More recently, Ervin and DeTuri evaluated the gas-

phase acidities of 12 reference species, including that of ammonia [11]. Combining

their new AgeaHox (NHs) with the kinetics measurements by Davico et al., they
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obtained a value for the BDE of benzene of 112.940.5 keal mol ™,

In the past few years, a couple of experimental measurements of the BDE of the C-
H bonds in naphthalene were carried out [30, 12, 22]. In general, it is concluded that
the energies for the 1- and 2-positions are, within experimental error, indistinguishable
and approximately equal to the BDE of benzene.

The AH} of a few biradicals have been measured, and their value is also reported
in Table 5.1. It is a consensus that all benzynes have singlet ground states [45], and
thus the values reported in Table 5.1 refer to the singlet state. The singlet-triplet
gap (AEqyr) for the benzynes has been measured [45], allowing the calculation of the
AHjY for the triplet states of these species (see Tableb.2).

One could estimate the AH for benzynes by treating them as biradicals consisting
of two independent phenyl radicals. In this case, the C-H bond cnergy of the sccond
radical site is assumed to be the same as the bond energy of the first radical site.
Using the BDE for phenyl measured by Davico et al. [8] and corrected by Ervin and
DeTuri [11], one obtains the value of 141.941 keal mol~t. The AHj obtained for the
triplet state of benzyne are all the same, within experimental uncertainties, as this
estimated value, indicating that the benzyne triplet states can be viewed as biradicals

containing two independent radical sites.

5.1.3 Computational Methods
Quantum Chemical Calculations

Barckholtz et al. [2] surveyed many computational methods to calculate the bond dis-
sociation cnergies of PAHs. They found that B3LYP/6-31G(d) had the smallest aver-
age error compared to the experimental BDE values available for small PAHs. DFT
methods usually do not suffer from serious spin-contamination problems, and are thus
adequate for the calculation of open-shell systems [4]. We performed B3LYP/6-31G(d)
calculations for radicals at different positions for IPR PAHs up to CysHg. Frequencies
were caleulated at the same level of theory and scaled by a factor of 0.9613 to obtain

zero point cnergies (ZPE) and thermal correction to the enthalpy.
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Table 5.1: Experimental values for the BDE of aromatic molecules. The AH} values
for the didehydroarenes correspond to the singlet. BDE for the didehydroarenes
correspond to the removal of the second H, and were only given molecules in which
the radical sites are symmetrical. Values in italics were caleulated from the AH} of
the corresponding stable molecule and AHj . or BDE,,,. The uncertainties given
in this case are the sum of the uncertainties of the AH} of the stable molecule (as
given by our grading system, see Section 2.3) and the uncertainty in the experimental
value of the measured property of the radical.

AHS .o BDE.., Reference

(kcal mol™!)  (kcal mol™)
ortho-Benzyne CeHs 106.6 £ 3.0 78.2 + 4° [44]
meta-Benzyne CeHy 122.0 &+ 3.1 93.6 + 4° [44]
para-Benzyne CgHy 1373 £33 108.9 & 4¢ [44]
Phenyl CeHs 81.2+ 1 113.5 + 0.5 8]
805+ 1 1129+ 05 [11]
1,2-Didehydronaphthalene CioHg 122 +£6 - [25]
2,3-Didehydronaphthalene ~ CjoHg 124 46 76.9 £ 11° [25]
1,4-Didehydronaphthalene CioHg 1529+ 1.4 - [36]
1-Naphthalenyl CioHy  96.0£ 2 1122 £ 1.3 [30]
97246  1134+52 (29
96.7+ 4 1128 £3.3 12]
9-Naphthalenyl CoH, 9572 1119+ 14 [30]
99.2+ 5 1154 + 49 [22]
Acenaphthyne CioHe 160 £4 84 +2 (3]
1-Acenaphthylenyl CiH, 127 £ 9 117 +4 [3]
9,10-Didehydrophenanthrene  Ci4Hg 143 £ 9 - [17]

“Calculated using the BDE for phenyl given by Ervin and DeTuri [11].
bCalculated from the BDE value of 2-Naphthalenyl given by [22).

Table 5.2: Experimental values for the singlet-triplet gap of benzynes and the AHY
of the triplet states [45].

AEgy (kcal mol™!)  AH3 triplet (kcal mol™?)

ortho-Benzyne 37.5+0.3 144.1+3.3
meta-Benzyne 21.0+£0.3 142.9+3.1
para-Benzyne 3.84+0.5 141.6+2.9
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Calculating the thermochemistry of aromatic biradicals is a challenging task for
computational chemistry [24]. Density functional theory has been shown to perform
poorly for these species. The equilibrinin geometries of didehydroarenes, such as
meta-benzyne, depend strongly on the level of theory applied [46]. Since the poten-
tial energy surface between the biradical and the bicyclic structure of meta-benzyne
is very flat, Winkler and Sander found that systematic deviations in “secondary’ ge-
ometrical parameters might affect the encrgy considerably. These authors concluded
through Natural Bond Orbital (NBO) and topological analysis of the electron density
distribution at the B3LYP/ec-pVTZ level that the bicyclic structure is not adequate

to describe meta-benzyne.

1 2

However, our singlet calculations of meta-benzyne at the BSLYP/6-31G(d) level leads
to the bicyclie species as the optimized geometry.

Squires and Cramer found that DFT singlet energies are unreliable for most dide-
hydronaphthalenes [37], since DFT severely underestimates the singlet stabilities for
biradicals with large separation between radical sites. They attributed this underesti-
mation to the failure of DFT methods to capture static electron correlation [6]. Lindh
et al. suggest that in addition to adequate treatment of static electron correlation
(through multiconfigurational methods), basis set of triple-¢ quality and the use of
isodesmic reactions are indispensable for the treatment of didehydroarenes [24].

In view of all these difficulties, we chose not to base our estimation method for
didehydroarenes on values calculated at the B3LYP/6-31G(d) level.  Instead, we
will rely on the available experimental data and higher level calculations. Squires
and Cramer studied the electronic interactions in aryne biradicals [37]. They cal-
culated electronic energies for all the didehydronaphthalenes at the multiconfigura-
tional CASPT2/cc-pVDZ//CAS/ce-pVDZ level. They used a homodesmic reaction
involving naphthalene and naphthyl radical (assuming that the C-H bond energy of

naphthalene is equal to that of henzene) for the calculation of the AHF of the dide-
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hydronaphthalenes in which the radical sites were separated by two or more o-bonds.
For the species in which the radical sites are adjacent to each other (1,2- and 2,3-
didehydronaphthalene) they used an isodesmic equation in which the two hydrogens
from naphthalene are transferred to acetylene forming the didehydronaphthalene and
ethylene. For 1,3-didehydronaphthalene, which has intermediate biradical character,
they calculated the AH} as the average of the values derived from the homodesmic
and the isodesmic reaction. The AH} calculated by Squires and Cramer [37] are

listed in Table 5.3.

Calculations at the B3LYP/6-31G(d) level were performed for 16 ethynyl substi-
tuted radicals in which the radical site was separated from the ethynyl substitution

by one o-bond.

Homodesmic Reaction Scheme

Although the B3LYP/6-31G(d) is one of the computational methods that provide the
best agreement with experimental BDE’s [2], BDE’s calculated from DFT methods are
in general underestimated [13]. For example, B3LYP/6-31G(d) gives a value of 109.5
kcal mol™! for the BDE of benzene at 298K. This value is at least 2 keal mol™ lower
than the accepted experimental values. The direct calculation of the BDE involves the
comparison of the absolute energy of the stable molecule with the absolute energies

of the radical and of H atom
BDE(R-H) = E(H®) + E(R*) — E(RH) (5.1)

where the absolute energies E include the zero-point energy and thermal correction
to 298K. In Eq. 5.1, the absolute energy of a stable molecule is being compared to
the absolute energy of a radical and of the H atom. It is known that the radical site
leads to regular changes in the geometry of the molecule [4, 2]. In using Eq. 5.1, the
errors in the quantum chemical calculations due to the new geometry in the vicinity

of the radical site are not being cancelled out. We thus propose calculating the BDE
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Table 5.3: AH{ for didehydronaphthalenes
calculated at the CASPT2 level by Squires
and Crames [37].
AH} (kcal mol™)
singlet  triplet

1.2 122.1 165.2 8 !

1.3 138.5 161.1 7 2
1.4 154.5 159.9

1.5 152.4 160.1 6 3
1.6 158.1 158.8 5 4

1,7 157.7 159.1

1.8 153.5 159.2

2.3 124.2 163.8

2.6 157.4 159.0

2.7 156.4 159.1

from
BDE(R'H) = A ‘/C‘?.exp(H.) + A]{‘f),hComo(R.) - AH}),homo(R'H) (52)

where the AH} 0 (RH) are caleulated through the homodesmic reaction proposed in
Section 2.3. For the calculation of the AH? 0, (R) of the radical, we include phenyl
radical to the homodesmic reaction scheme. Thus the errors in the quantum chemical
calculation of the geometry in the vicinity of the radical site should be cancelled out
with the similar errors arising from the caleulation of the radical site in phenyl. For
example, the AH} of a benzo[a]corannulene radical would be caleulated through the

following homodesmic reaction:

@*?O‘“’@*%@J“@JF%C‘” (5.3)

Since the homodesmic reaction for the calculation of the AHj of the stable benzo[acorannulene
is very similar to Eq. 5.3, most of the molecules cancel out, and we are cffectively

calculating AHY o (R®) through

(§+O~—>©+(§ (5.4)
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where the AH? of the stable benzo[a]corannulene is obtained from the homodesmic
reaction described in Section 2.3. The BDE calculated through the proposed homod-
esmic reaction scheme are compared with the available experimental BDE and with

the BDE calculated through Eq. 5.1.

By using this homodesmic reaction scheme, we are effectively parameterizing the
quantum chemical calculation with the AH? o of the reference radical. It is thus
imperative that this reference radical and its AH7 . be chosen judiciously. Two
reasons led to the choice of phenyl as the reference radical. Firstly, it is an aromatic
structure, and thus it is expected that the changes arising from the abstraction of
a hydrogen from benzene will be similar to the changes from the abstraction of the
hydrogen of the other PAHs. Secondly, many measurements of the BDE for benzene
have been carried out. The two most recent values (113.5 and 112.9 keal mol™t), which
have been widely accepted and used, differ from each other by less than 1 keal mol™!.
We have adopted the BDE value from Ervin and DeTuri [11], who reevaluated the
AueiaHox of ammonia and recalculated the BDE from the measurements of Davico

et al. [8]. An uncertainty of 1 kcal mol™ was assigned to this BDE value.

The uncertainties in the BDE values calculated from Eq. 5.3 are assigned to be
equal to the uncertainty of the AH} ., of the radical species. This uncertainty
in turn is the sum of the uncertainties of the species involved in the homodesmic

reaction (Eq. 5.4). Consequently, the uncertainties in the BDE values calculated

Table 5.4: Experimental BDE compared to the BDE calculated at the
B3LYP/6-31G(d) level and with the value calculated using the proposed homod-
esmic reaction. The BDE calculated through atomization reactions (i.e., the AH} in
Eq. 5.2 are calculated from atomization reactions) are also given. All the values are
in kcal mol~!.

experimental B3LYP/6-31G(d)
direct atomization homodesmic
Phenyl 1129 £ 0.5 109.5 +£ 0.7 1108 £ 0.7 1129 + 2.0

1-Naphthalenyl 1122 £ 1.3 109.7 £1.1 111.0+ 1.1 113.1 £2.0
2-Naphthalenyl 1119+ 14 109.6 £ 1.1 1108 £ 1.1 113.0 £ 2.0
1-Acenaphthylenyl 117 4+ 4 113.8 +£1.3 1151+ 1.3 1172+ 6.5
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from the homodesmic reaction scheme are larger than the uncertainties of the BDE
values calculated directly (vide Table 5.4). The latter involves only the uncertainties
in the experimental values of the H atom and of Cy,. Within the experimental
uncertainties, the AH7y 0 (R*) caleulated using the proposed homodesmic reaction
schewme for o-radicals (Eq. 5.4) agree with the AHj?ﬂeXp(R°).

The AH} of the ethynyl substituted radicals were calculated using a homodesmic
reaction scheme analogous to Eq. 5.4, in which the stable species is the ethynyl

substituted PAH.

5.1.4 Estimation Method

We use the HBI method proposed by Lay et al. [23] to estimate the thermochemical
properties of radicals from the properties of the stable molecule. For any o-radical

the H abstraction reaction can be written

RH — R* + H* (

(&2
<
~——

with AH?,, 50s = BDE. The thermochemical properties of the radical are related to

the thermochemical properties of the corresponding stable species through:

AHS(R*) = BDE(R-H) + AH}(RH) — AH}(H?) (5.6)
ine20s(RT) = Siy20s(RH) + AS505(HBI) (5.7)
C(T)R*) = C,(T)(RH) + AC,(T)(HBI) (5.8)

where AH7(H®)=52.153 keal mol™ and S;,, is the intrinsic entropy (excluding sym-
metry). BDE is the bond dissociation energy and corresponds to the hydrogen bond
increment (HBI) for AHS. ASSe(HBI) and AC,(T)(HBI) are the HBI group values
for estimating the entropy and the heat capacity of the radical from its parent. Sym-
metry is not included in the values of ASS(HBI), and thus the calculation of S5

for radicals should take into account the difference in the symmetry of the radical
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and its parent stable molecule:

S;QB(R'.) = EQS(R‘H) + A 2098(HBI) - Rln(gmdical/o'paren.t) (59)

The contributions of each of the groups to the HBI values of AH?, Sig, and Cp
were derived through a weighted least square regression. The weight for each radical

is assigned as the inverse of the uncertainty in the value of the AHP) 1.

The HBI value for the AH} varies with the position of the radical in the PAH
molecule. The groups defined in this work are shown in Figure 5-1. The values
derived for each of these groups are listed in Tables 5.5 and 5.6. The BDE for
hydrogens that are at the edge of a bay region (‘A6(6Bay)J’ group) is smaller than the
BDE of a radical site whose carbon is only bonded to other ‘A’ or ‘B’ atom-centered
groups (‘A6(notBay)J’ group). This lower BDE occurs because the abstraction of that
hydrogen relieves some steric strain in the PAH. Similarly, the BDE for hydrogens that
are at the edge of a cove (two adjacent bay regions [10]) is even lower (‘A6(6Cove)J’
group). The abstraction of the hydrogen at this position makes the strained non-
planar benzo|[c|phenanthrene structure become planar. When the center ring in the
bay-region is a five-membered ring (‘A6(5Bay)J’ group), the hydrogens at the edge
of the bay-region are further away from each other, and we found that the values for
the HBI of this group are virtually the same as the HBI values for the ‘A6(notBay)J’
group. Wang and Frenklach noted in their AMI1 calculations that the C-H bond at
the 5 position in 4-ethynyl-Phenanthrene was about 3 kcal mol~* weaker than the C-
H bond in non-substituted bay regions. Noting that the differcnce between the BDE
contributions of the ‘A6(6Bay)J’ and of the ‘A6(6Cove)]’ is about 4 kcal mol™?, we
propose to treat bay regions that are substituted with a ‘large’ substituent as a cove
(sce Figure 5-1). We consider ‘large’ substituents to be any of the carbon functional

groups: ‘Cs’, ‘Cd’, ‘Ct’, and ‘Cb’.

The BDE for radical sites on five-membered rings is more than 3kcal mol™! higher
than on six-membered rings. Radicals on five-membered rings that are at the edge

of a bay region were also included in this study. However, the BDE for these species

136



does not vary significantly from the BDE of radicals on other five-membered rings.
Thus there is no need for further differentiation of the ‘A5J group according to
whether it is on the edge of a bay region or not. Barckholtz et al. [2] perfornied
B3LYP/6-31G(d) calculations for the radicals of furan and dibenzofuran. We used
their results together with our homodesmic reaction scheme to obtain the HBI value
for the AH} of the ‘Furan]’ group listed in Table 5.5. The HBI contribution for this

group is not expected to differ from the HBI contributions of the ‘AbJ group.

Biradicals

The ortho singlet didehydroarenes are arynes, and the estimation method for them
has been developed in Section 4.3. Here we will only deal with the triplet states and
with biradicals in which the radical sites are more than one ¢ bond apart from each
other (not in the ortho position).

The BDE for the benzynes and didehydronaphthalenes are listed in Table 5.7
along with the position of the radical and the difference between the BDE value
calculated through simiple HBI approach and the actual BDE (as listed in Tables 5.2
and 5.3). The simple group additivity method for the calculation of the BDE uses
the values given in Table 5.5. In the case of benzene and the naphthalenes, only the
*A6(notBay)J” group is present. From the data presented in Table 5.7, we introduce
corrections for the BDE of singlet ortho- and meta-didehydroarenes. When the radical
sites arc at positions other than ortho or meta from cach other, they can be treated
as two independent radical sites, and the siuple HBI approach provides fairly good
BDE estimates. The same is true for the triplet states at all positions.

The corrections for the HBI values obtained in this manner are listed in Table 5.8.
We note that the largest contributions to the MAD and RMS of the triplet state are
from the ortho-didehydronaphthalenes. We feel that at this point it is not worthwhile
to introduce a correction to the BDE of didehydroarenes at the ortho position, be-
cause the BDE values from the ortho-didehvdronaphthalenes were not derived from
experiments.

Euntropies and heat capacities for didehydroarenes should be calculated using the
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L1: A6J

L2: A6(notBay)J (r)
L2: A6(Bay)J
L3: A6(6Bay)J (s)
L4: A6(6Cove)] (t)
CHj; L3: A6(5Bay)J (u)
L1: A5)J (v)
. L2: FuranJ (w)

Figure 5-1: Schematic of each of the groups defined for o-radicals in PAHs. On the
right the tree structure for these groups is also shown. The groups marked with a *
fit more than one group definition, since they are at the edge of two bay regions, one
in which the ring in the center of the bay region is a five-membered ring and one in
which the center ring is a six-membered ring. In these cases, priority is given to the
bay region with a six-membered ring.

Table 5.5: HBI contributions to the AH} and Sjg from each of the bond-centered
group values that describe PAH o-radicals.

KT o
(kcal mol™!)  (cal K1 mol™?!)
A6(notBay)J 113.05 £ 0.04 1.24 + 0.02
A6(6Bay)] 111.07 + 0.1 073 +0.1
A6(6Cove)] 10607 + 0.4  2.42 + 0.2
A6(5Bay)J 112.94 £ 0.3 1.16 £ 0.2

A5]J 116.56 £ 0.2 1.27 £ 0.1
FuranJ 120.33 £ 0.3¢ fo

MAD 0.373 0.104
RMS 0.738 0.204

*Derived from calculations by Barckholtz et al. [2] (see text).
"This node gets the S3yy values of its father.
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Table 5.6: HBI contributions to the C}’s from each of the bond-centered group values
that deseribe o-radicals.

C,p (cal K™ mol™1)

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

A6(notBay)J -0.5+0.1 -1.1+£0.1 -1.740.1 -2.1+£0.1 -2.840.1 -3.240.1 -3.840.1
A6(6Bay)J -0.6+0.1 -1.2+0.1 -1.7£0.1 -2.2£0.1 -2.8+0.1 -3.240.1 -3.8£0.1
A6(6Cove)]  -0.3+0.1 -1.0+£0.1 -1.64+0.1 -2.0+£0.1 -2.7+0.1 -3.1+0.2 -3.6+0.4
A6(bBay)J -0.6£0.1 -1.240.1 -1.8+0.1 -2.240.1 -2.840.1 -3.24£0.2 -3.6+0.4

AbJ -0.54+0.1 -1.24+0.1 -1.8+0.1 -2.3+0.1 -2.94+0.1 -3.3+0.1 -3.9+0.3
Furan.] e

MAD 0.050 0.047 0.043 0.044 0.083 0.158 0.340
RMS 0.076 0.072 0.065 0.066 0.119 0.221 0.467

*This node gets the Cp values of its father.

Table 5.7: Bond Dissociation Energy for didehydroarenes. ABDE refers to the differ-
cnce between the value caleulated through simple HBI approach and the actual BDE.
All values in (kcal mol™1).

Position singlet triplet
BDE ABDE BDE ABDE
ortho-Benzyne CeHy ortho -a 228.59 2.48
meta-Benzyne CeHy meta 206.49 -19.62 227.39 1.28
pare-Benzyne CeHy parQ 221.79 -4.32  226.09 -0.02
1,2-Didehydronaphthalene CgHy ortho -4 233.52 7.41

1,3-Didehydronaphthalene  CjoHg meta  206.82 -19.29 229.42 3.31
1.4-Didchydronaphthalene  CqoHg para 222.82 -3.29  228.22 2.11
1,5-Didehydronaphthalene CygHg  other  220.72 -5.39  228.42 2.31
1,6-Didehydronaphthalene  CigHg  other  226.42 0.31 227.12 1.01
1.7-Didehydronaphthalene CygHg  other  226.02 -0.09 227.42 1.31
1,8-Didehydronaphthalene  CigHg  other  226.82 0.71 227.52 1.41
2,3-Didehydronaphthalene  CygHg  ortho -a 232.12 6.01
2,6-Didchydronaphthalene  CqigHg  other  225.72 -0.39 227.32 1.21
2,7-Didehydronaphthalene  CyoHg  other  224.72 -1.39  227.42 1.31
“This is an aryne and the estimation method for its thermochemical properties is deseribed in
Section 4.3,
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Table 5.8: Corrections for the BDE of biradicals in kcal mol!.

singlet  triplet

ortho -@ 0
meta -19.45 0
para -3.80 0
other 0 0

MAD 1.38 2.40
RMS 2.52 3.26

®This is an aryne and
the estimation method for its
thermochemical properties is
described in Section 4.3

simple HBI method, with the coefficients listed in Table 5.5 and 5.6.

Ethynyl-Substituted Radicals

As shown in Table 5.9, the BDE for C-H which have a neighboring ethynyl substitution
is ca. 1 kcal mol™! higher than the BDE given in Table 5.5. ABDE refers to the
difference between the BDE from the ethynyl substituted radical and the BDE for
the corresponding radical group.

We thus propose adding the average of the ABDE to the BDE of radicals that have
an ethynyl substitution as a neighbor: 1.22 4 0.26 kcal mol™!. The MAD and RMS
for the ethynyl substituted PAHs included in this study are 0.22 and 0.27 kcal mol™!,
respectively. The ethynyl substitution does not affect the entropy and the heat ca-

pacity HBIs significantly.

5.1.5 Conclusions

We have proposed using homodesmic reactions to calculate the BDE of PAHs with
o-radicals. Calculation using the quantum chemical energies directly (Eq. 5.1) are
not always adequate. In using the proposed homodesmic reaction scheme, quantum
chemical errors of the geometry in the vicinity of the radical site should be cancelled

out.
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Table 5.9: BDE for ethynyl Substituted PAHs. ABDE
refers to the difference between the value calculated
through simple HBI approach and the actual BDE. All
values in (keal mol™?).

BDE ABDE
Phenyl, 2-ethynyl CgHs 114.15  1.10
2-Naphthalenyl,1-ethynyl CioH7 114.04  0.99
1-Naphthalenyl,2-cthynyl CoH, 11434  1.29 1 2
3-Naphthalenyl,2-ethynyl CH, 11423 1.8
1-Acenaphthalenyl, 2-ethynyl  Cy H, 11818 1.63 s é
4-Acenaphthalenyl 3-cthynyl Cp,H, 11470 165 5
3-Acenaphthalenyl 4-ethynyl Ci4H;  114.63  1.58 7 °
5-Acenaphthalenyl,4-cthynyl  CyqH; 114.63  1.58 . .

4-Acenaphthalenyl,5-ethynyl  Cy4H; 113.90  0.85
2-Phenanthrenyl, 1-ethynyl CigHy 11427  1.21
1-Phenanthrenyl,2-cthynyl CieHy 11436 1.31
3-Phenanthrenyl,2-ethynyl CigHy 11419 1.14

9-Anthracenyl,1-ethynyl CigHy 11394  0.83
3-Anthracenyl,2-cthynyl CigHg 11418 1.13
2-Pirenyl, 1-ethynyl CigHg 11399  0.94
5-Pirenyl 4-ethynyl CisHy 114.06 1.01

We present in this section the framework of an estimation method for the thermo-
chemical properties of o-radicals through HBI contributions. The proposed method
can estimate the properties radicals on five- and six-membered rings, on the furan
ring, and of radical sites neighboring an ethynyl substitution. Moreover, corrections
have been provided for the calculation of the singlet state of biradicals on the meta
and para positions. The singlet state of radicals of the ortho position is calculated
using the method for arynes described in Section 4.3. We found that the treatment
of biradicals in the triplet state as two independent radical sites is a reasonable sim-

plification.

To our knowledge. the work presented here is the most complete and detailed
method for the estimation of the thermochernical properties of o-radicals. While this
method will certainly mect the needs of current modelers, it does not cover all the
possible aryl o-radicals. For example, we only provided a correction for ethynyl-

substituted PAH radicals, whercas there are many other possible substitutions that
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might lead to different corrections. As the importance of these other corrections

become apparent, their incorporation into the method should be easy.

5.2 m-radicals

5.2.1 Introduction

We denote as w-radicals those systems in which the free electron is delocalized over
a m-electron network. These species are significantly more stable than comparable
nondelocalized radicals [34].

Three classes of m-radicals are included in this work: those PAHs with an odd
number of carbon atoms, those with a methylene substitution, such as benzyl, and
those with a oxyl radical substitution. Examples of the resonance structures in each

of these classes of m-radicals are shown in Eq. (5.10) to (5.12).

‘_A"_—L#‘é. (5.10)

°CH, CH, CH,
Q==
N Au
S (5.11)

Tod 0 o
@ﬁé \_Q (5.12)

Homann and co-workers have detected m-radicals with an odd number of carbons
in flames, as intermediates in the oxidation zone [19, 43, 16, 1, 20]. Griesheimer and
Homann measured the concentration of indenyl radical to be 2.6% of the concentration
of indene [16], markedly higher than the ratio of phenyl to benzene (1.6%) that
they measured. This higher percentage was attributed to the larger stability of 7-
radicals compared to o-radicals. Homann and co-workers pointed out that as the
PAHs become larger, the concentration of odd-numbered PAHs becomes higher than

the corresponding non-radical, hydrogenated species [19]. They suggest that the
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structure of these larger species influence their reactivity more than the fact that
it is a radical or not. Odd w-radicals are believed to be formed by unimolecular
decomposition of oxyl radicals to the w-radical aud CO. The w-radical can then further
react with another w-radical to form a stable aromatic molecule [27]. This pathway
(shown in Figure 5-2 is believed to be an important channel for PAH growth.

In fuel rich flames or pyrolysis, CHjz is a major radical. It can react with aroniatic
molecules forming methyl substituted PAHs. The C-H bond at the methyl site is
about 15kcal moltweaker than at aromatic sites, and thus the abstraction of this
hydrogen, forming benzylic radicals, is favored over the abstraction of hydrogens at
the aromatic ring.

The reaction of aromatic molecules with O atoms to give oxyl radicals is believed
to be one of the main pathways of PAH oxidation [7]. The other pathway goes through
H abstraction forming o radicals. These in turn can react with Oy or OH radicals to

form oxvl radicals too [7].

5.2.2 Experimental Values

Unfortunately very little experimental thermochemical measurements for PAH 7-
radicals have been made. The reported value for AHg, o of cyclopentadienyl has
ranged from 47 to 63 keal mol™ [9]. The higher, more recent value has found con-
firmation in various theoretical calculations [40, 29] and has been adopted in this
work, with a grade of ‘C" (which corresponds to an uncertainty of 5 keal mol™). The
AHj of indenyl and fluorenyl can be derived from published values of the AH} and

BDE of the parent stable molecules indene and Huorene. These values are given in

co =

e 6 —

Figure 5-2: Role of odd w-radicals on PAH growth.
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Table 5.10. The AH(f),exp values for cyclopentadienyl, indenyl and fluorenyl are given
in Table 5.12.

McMillen and Golden in their review of the bond dissociation energies list BDE
values for a couple of methylene substituted aromatics [28]. Experimental value for
the BDE of hydroxy substituted PAHs is only available for the phenoxy radical. From
their compilation of data, McMillen and Golden concluded that benzylic radicals in
polycyclic aromatic systems are more stable than the benzyl radical itself. Moreover,
they noted that, as in allylic systems, a secondary benzyl radical is more stable than
the primary radical. However, this stabilization is roughly the same whether the
benzyl radical is made secondary by substitution of a methyl group or by a second
phenyl group (compare the BDE values of 1-ethylbenzyl and diphenylmethyl radicals).
That is, the second pheny! group results in little increase in the resonance stabilization

energy.

5.2.3 Previous Estimation Methods

No estimation method exists currently for the thermochemical properties of m-radicals
with an odd number of carbons.

Lay et al. proposed HBI group values for the estimation of the thermochemistry
of benzyl radicals [23]. They derived values for benzyl radicals with zero, one and two
alkyl groups substituted at the radical carbon. In their method, no differentiation of
the groups according to the size of the aromatic system is made. The BDE values
were calculated from experimental AH? for the radicals, and the AS3y(HBI) and

AC,(T)(HBI) values were calculated from assigned vibrational frequencies.

5.2.4 Computational Methods
Quantum Chemical Calculations

The B3LYP/6-31G(d) was used for the calculation of the optimized geometries of 26
m-radicals with an odd number of carbons, five benzylic, and six phenoxy radicals.

Frequencies were calculated at the same level of theory and scaled by a factor of
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Table 5.10: Experimental AH7 and (BDE) for the stable parents of m-radicals.

AHS BDE
(keal mol™1) (keal mol™1)
Cyclopentadiene  CsHg 31.9440.28 ¢ 81.542.7 %, 82.942.2¢
Indene CoHg 39.08+0.37°¢ 81.142.4¢, 84434
Fluorene CisHy  41.8340.35¢, 39.89+0.98¢ 81.242.4¢, 81.2f

“Reference [5].

"Reference [35].

“Reference [9].

“Reference [38], as cited by [35]
“As cited in [26].

/Reference [15], as cited by [35].

Table 5.11: Experimental BDE of substituted 7-radicals in keal mol™t,

experimental BDE Reference
Benzyl C:H; 83.0%£1 As cited by [28]

89.7+ 1 [39]¢
1-Naphthylmethyl radical CpHy 85.1+£1.5 As cited by [28]
5-Anthracenylmethyl radical CyjsHy;; 81.8 £ 1.5 As cited by [28]
9-Phenanthrylimethyl radical CisHyp 851 £ 1.5 As cited by [2¥]
1-Ethylbenzyl radical CgHy 85.4 £ 1.5 As cited by [23]
2-propanylbenzyl radical CoHyp 844 £1.5 As cited by [28]
Diphenylmethyl radical CisHyp %4 £ 2 As cited by [28]
Phenoxy CeHsO 88.1 & 1.4 [39]¢

“Caleulated from the AH}’ of the radical listed in this reference



0.9613 to obtain zero point energies (ZPE) and thermal correction to the enthalpy.

Homodesmic Reaction Scheme

It is not possible to assign a unequivocal stable parent to w-radicals with an odd
number of carbons, since the odd free electron is free to move throughout the aromatic
system. Thus we used the homodesmic reaction scheme proposed in Section 2.3 with
the addition of cyclopentadienyl to account for the delocalized radical. An example

of this homodesmic reaction is given in Eq. (5.13) for the phenalene radical.

+%—?©+-@+4

A comparison between the Al calculated through this homodesmic reaction

(5.13)

scheme and the available AH7} . is provided in Table 5.12. The AHG ., are also
given for comparison.

For the calculation of the A} of the benzylic and phenoxy radicals, we used a
homodesmic reaction scheme similar to that shown in Eq (5.4). Benzyl and phenoxy
are used as reference molecules in place of phenyl. For example, the AH} of 1-

naphthalenyloxy is calculated through:

O.+©/OH—>OH+©/O' (5.14)

The bond dissociation energies calculated through this homodesmic reaction scheme

Table 5.12: Comparison between the AHZ ., AH7 o, and AHF o, for m-radicals.

A H;,pxp A H}.atom A H;,hnmo
(kcal mol™') (kcal mol™")  (kcal mol™")
Cyclopentadienyl CgsHs 63.3+£2.2% 59.4+0.6 63.245
Indenyl CyH~ 68.0342.37" 64.94+1.0 65.71+6
Fluorenyl CizHy  70.88+£2.75" 68.944+3.38" 72.0+1.4 73.818

*Reference [9].
®Obtained from the AH{ and BDE values of the stable molecule given in Table 5.10.
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are listed in Table 5.13.

5.2.5 Estimation Method
m-Radicals with an Odd Number of Carbons

The difficulty associated with the caleulation of the thermochemistry of m-radicals is
that it is not possible to determine unequivocally at which position the odd electron
is. In m-radicals, the odd electron is free to move throughout the entire aromatic
system (sce for example Eq. (5.10) to (5.12)). Thus a simple HBI approach is not
applicable for this class of radicals. It is expected however, that resonance forms
in which the odd electron is in a position that allows a higher number of Kekulé
structures contribute more to the properties of the molecule than those in which a
lower number of Kekulé structures are possible.

We are proposing the following scheme to estimate the thermochemical properties

of m-radicals with an odd number of carbons:

1. Identify all the resonance species of the odd m-radical, with the radical site
in any of the carbons of the PAH. Figure 5-3 exemplifics this procedure for

Benz|de]anthracene.

2. Choose the species that leads to the largest number of Kekulé structures. These
species will consist of an aromatic part, where the bonds can delocalize, and
a noun-aromatic part, in which the double and single bonds are fixed. For

Benz|de|authracene species (5) has the largest number of Kekulé structures.

3. Estimate the thermochemical properties considering the contributions of the
aromatic and of the non-aromatic part separately. The thermochemical proper-
ties of the non-aromatic part will require the atom-centered groups for substi-

tuted PAHs developed in Section 4.4, ring corrections, and HBI for the radical.

4. When more than one species lead to the same maximum number of Kekulé

structures, the thermochemical properties of the species with the lowest AH7 is
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Table 5.13: Comparison between available experimental BDE and BDE calculated
through the homodesmic reaction scheme for substituted m-radicals.

BDE (kcal mol™)

experimental homodesmic

Benzyl C-H, 897 %1 89.7% £ 3
1-Naphthylmethyl radical C11Hg 85.1 £ 1.5 88.1 £ 4
2-Naphthylmethyl radical C11Hg - 88.9 + 4
1-Acenaphtylmethyl radical CisHit - 905+ 9
5-Anthracenylmethyl radical CisHyp 818+ 15 -
9-Phenanthrylmethyl radical CisHyy 851415 -
1-ethylbenzyl radical CgHy 854 + 1.5 -
2-propanylbenzyl radical Connr 84.4 + 1.5 -
Diphenylmethyl radical CisHyy 84 £ 2 -
4-Phenanthrenylmethyl radical - 88.4 + 6
Phenoxy CeHsO 881+ 14 88.1* + 3
1-Naphthalenyloxy C1oH-O - 81.6 &+ 4
2-Naphthalenyloxy C1oH7O - 86.1 + 4
1-Acenaphthalenyloxy C12HO - 73.6 £ 9
4-Phenanthrenyloxy C14HyO - 822 +6
5-Anthracenyloxy Ci14HoO - 70.7 £ 5

Used in the homodesmic reaction scheme.
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assigned for the molecule. Benz[fglacenaphthylene is an example in which four

different species all have a Kekulé structure count of 3, as shown in Figure 5-4.

This estimation method requires the definition of some new ring corrections and
HBI values for non-aromatic groups. Figure 5-5 presents a scheme of each of these
new riug corrections and HBI groups. The number in the name of each ring correc-
tion indicates the size of the ring, and in parenthesis the functional groups of the
carbons belonging to the ring are given, except for the Cb groups. The experimental
AHj of indene and fluorene were also included in the regression. The uncertainty
in the AH} of these molecules was assigued to be 1 keal mol™. The value for the
AHY ., of fluorene used was the average of the two available experimental values
(Table 5.10). A weighted regression was performed to determined the contributions
of the ring correctious and HBI values. The weights were defined as the inverse of
the uncertainties of the AH} of each molecule. The uncertainties in the experimental
values of the AH} of indene and fluorene were assigned to be 1 keal mol L.

The contributions of these HBI groups and ring corrections to AHg, S5eg. and €7,
as well as the MAD and RMS for cach of them are shown in Tables 5.14 and 5.15.
We would like to emphasize that the derivation of the groups presented in this section
was based on the current values for the BCGA method for PAHs (see Section 3.2),
group values for substituted PAHs (sec Section 4.4) and other atom centered groups
with Cd or Cs as central atoms and Cs, Cd, Cb, and H as neighbors. If any of the
values for these groups were to change significantly, a revision of the values developed
in this seetion would be necessary.

Lastly, a word of caution is due. Although ring corrections were derived here that
theoretically allow the calculation of the thermochemistry PAHs with non-aromatic
rings, we discourage such practice without prior validation. The ‘5(CdCdCs)" and
5(Cs)’ ring corrections allow an accurate estimation of the thermochemistry of indene
and fluorene. However, the ring corrections derived here were based solely those two
molccules and m-radicals, and have not been thoroughly tested for other (stable) ring

systems with both aromatic and non-aromatic rings.
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1 (K=4) 2 (K=4) 3 (K=5)

Qo) ©Lo (LR

7 (K=3) 8 (K=3)
Figure 5-3: Resonance isomers for the benzo|a]phenalene odd 7-radical. The number
in parentheses indicate the number of Kekulé structures for each of the resonance

isomer. The thermochemical properties of an odd w-radical are calculated from the
resonance isomer that has the largest number of Kekulé structures.

1 (K=3) 2 (K=3)
&y

3 (K=3) 4 (K=3)

& @

Figure 5-4: Benz[fg]acenaphthylene is an example of an odd #-radical that has four
different species with the maximum number of Kekulé structures.



Ring Corrections

5(CdCdACs) 5(Cs) 5(Cd) 5(CdCdCd)
. —Cd +Ch Cb .:Ch
o Cb* Cb=* Ch
F C o i o= [ =
Cb ] Cb=ssef, Chessf cds
6(CdCdCs) 6(Cs) 6(Cd) 6(CdCdCd)
cd Ch Cb Ch
oy~ \\?d o \? o ‘cld oy \Cld/
Cbse. _Cs Cbs.. ,<Cb Cbs,. ,=Cb Cb~__ 2Cd
b b b cd
HBI groups
CsJ-CdChH CsJ-ChCbH CsJ-CdCdCb CsJ-CdCbhCh
) | } }
Cs? Cse Cse Cs2
o e o e o ed o™ b

Figure 5-5: New ring corrections and HBI groups introduced for the calculation of
the thermochemistry of m-radicals with an odd number of carbons.

Table 5.14: AH} and Sy coefficients for the HBI and ring correction groups devel-
oped in the context of w-radicals with an odd number of carbons.

A5 (keal mol™")

SSes (cal K~ mol™1)

HBI groups

CsJ-CdChH 76.39 £ 1.1 1.63 £ 1.6
CsJ-ChCbH 81.02 £ 1.5 4.58 £ 2.1
CsJ-CdCdCh  80.54 + 3.4 -5.20 £ 4.8
CsJ-CAChCh  81.17 £ 3.7 -11.62 £ 5.2

Ring Corrections

5(CACACs) 3.53 £ 0.7 29.43 + 1.0
5(Cs) 152 £ 0.7 16.62 + 1.0
5(Cd) 7.01 + 4.9 25.04 & 6.8
5(CdCdCd) 9.80 £ 2.8 3345 + 3.8
6(CACACs)  -22.36 £ 2.3 28.15 + 3.2
6(Cs) -27.96 £ 2.9 3277 + 4.0
6(Cd) 22,61 + 4.2 27.09 £ 5.8
6(CdCACd)  -14.17 £ 2.6 32.34 + 3.6
MAD 2.76 2.35
RMS 3.45 5.78
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Table 5.15: C; coefficients for the HBI and ring correction groups developed in the
context of w-radicals with an odd number of carbons.

C,r°(cal K1 mol™)

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
HBI groups
CsJ-CdCbH  -0.44+0.1 -09+0.1 -1.3+0.2 -1.740.2 -2.8+0.2 -3.3+0.2 -4.4+0.2
CsJ-CbCbH  -0.5+0.1 -1.240.2 -1.9+0.2 -2.34+0.2 -3.4+0.3 -4.1+0.3 -5.2£0.3
CsJ-CdCdCh  -0.3+0.2 -1.0+£04 -1.6+0.5 -1.64+0.5 -2.240.6 -2.7+0.7 -2.9+0.8
CsJ-CdCbCh  -0.5+0.2 -0.8+0.4 -1.3£0.5 -1.840.6 -2.9£0.7 -4.1+0.8 -5.7£0.8
Ring Corrections
5(CdCdCs) -3.4+0.0 -3.3+0.1 -3.0£0.1 -2.740.1 -2.7+0.1 -2.0£0.1 -2.140.2
5(Cs) -4.4+0.0 -3.9+0.1 -3.2+0.1 -28+0.1 -2.8+0.1 -1.5%£0.1 -1.74+0.2
5(Cd) -3.740.2 -3.6x£0.5 -3.3+£0.7 -2.94+0.7 -2.74£0.9 -1.8+£1.0 -2.2+1.1
5(CdCdCd)  -4.2+0.1 -4.74£0.3 -4.7£04 -4.3+£04 -3.6x£0.5 -3.0+£0.6 -2.7£0.6
6(CdCdCs) -5.0+0.1 -5.0£0.2 -4.3+0.3 -3.8+0.3 -3.4£0.4 -2.5+0.5 -2.3£0.5
6(Cs) -4.9+£0.1 -5.44+0.3 -49+04 -4.3+£04 -4.1+0.5 -2.8+06 -2.840.6
6(Cd) -4.940.2 -5.0£04 -4.5+0.6 -4.0£0.6 -3.6+£0.7 -2.7+£09 -2.840.9
6(CdCdCd)  -5.9+0.1 -6.4%0.3 -6.0+0.4 -53+04 -4.2+0.5 -3.5+0.5 -2.8+0.6
MAD 0.14 0.27 0.38 0.41 0.49 0.60 0.64
RMS 0.18 0.38 0.59 0.64 0.75 0.91 0.95

Benzylic Radicals

The second class of 7-radicals studied are those containing a methyl radical substitu-
tion, such as the benzyl radical. The radical site can move through the aromatic rings.
The species in which the radical is at the methyl site will always be one of the species
that has the largest number of Kekulé structures. We propose estimating the ther-
mochemical properties of such m-radicals by calculating the thermo for this species.
We calculated the HBI contribution to the AH} of Benzyl, 1-Naphthylmethyl, 2-
Naphthylmethyl, , and 4-Phenanthrylmethyl radicals, and they are all close to the
value of 88.5 kcal mol™ Lay et al. The BDE for the 1-Acenaphthylmethyl is slightly
higher, thus we divided the Benzyl-P HBI group from Lay et al. [23] into ‘Benzyl6-
P' and ‘Benzyl5-P’, depending on the size of the ring to which the methyl group is
bonded. The groups for secondary and tertiary benzyl radicals from Lay et al. [23]

are kept. The proposed HBI group values are listed in Tables 5.16 and 5.17.
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Table 5.16: HBI tree structure and AH} and €} cocfficients for the benzylic groups.

BDE S
(keal mol™)  (cal K™ mol™1)

L1: Bengzyl-I
L2: Benzylo-P  88.99 4+ 0.4 0.2 £0.7

L2: Benzyld-P 90.47 £ 1.6 -1.1 £ 3.1
L1: Benzyl6-Se 85.9 -9.81
L1: Bengylo-T® 83.8 -3.69

alues for these groups from Lay ot al. [23].

Table 5.17: HBI coefficients for the C} of benzylic groups.

Cpr®(cal K™t mol™)

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

Benzyl6-P 0.3£0.3 0.2£0.3 -02+0.3 -0.6+0.2 -1.4£0.2 -2.0£0.2 -2.6+0.1
Bengyl5-P -04+1.4 -0.2+1.3 -04+1.2 -0.8+1.1 -1.5£0.9 -2.0£0.7 -2.6+0.4

Benzyl6-S¢ 0.75 0.09 -0.63 -1.21 -2.07 -2.09 -
BenzylG-T* 0.87 -0.78 -1.54 -2.006 -2.74 -3.19 -
“Values for these groups from Lay ot al. [23].

153



Phenoxy Radicals

Similarly to the benzylic radicals, the species in which the free electron is at the

hydroxy site will always be one of the species with the largest number of Kekulé

structures. Thus we chose to assign the thermochemistry of this resonance species

to the phenoxy radicals. The HBI groups were derived from only the few radicals

for which we did quantum chemical calculations. A scheme of the HBI groups for

the phenoxy radicals is shown in Figure 5-6. These groups were organized in a tree
>4

structure, as shown in Table 5.18.  The standard deviations in the C} values are

0.1 cal K=t mol~! or smaller.

5.2.6 Conclusions

We have worked with two classes of radicals in which the free electron is delocalized
over a m-electron network. The first comprises the PAHs in which not all the =-
electrons can be paired. All the PAHs with an odd number of carbons fall into this
category. The second class of 7-radicals considered are those with a substitution. We
have worked with both methylene and oxyl radical substitutions.

In all w-radicals it is not possible to unequivocally establish the radical site, due
to the delocalization of the free electron. Thus we chose to always calculate the
thermochemistry of the resonance species that has the highest number of Kekulé
structures. In case of the first class of m-radicals, the radical is divided into an
aromatic and a non-aromatic part. Ring corrections and HBI values are needed to

estimate the thermochemistry of the non-aromatic part. To our knowledge, this is

OJA6(BB) OJAS

OJAG(AA)
0

0
01A6(Cx)  O. o
OJA6(AC) OJA6(AB)

Figure 5-6: Schematic of each of the HBI groups defined for phenoxy radicals.

154



Table 5.18: HBI tree structure and AH} and C)) coefficients for the phenoxy groups.

BDE S598 Based on
(keal mol™)  (cal K71 mol™1) values from
L1: OJA6 OJAG6(AA)
L2: OJA6(AA) 86.82 £ 095 -0.4 +0.5 Phenoxy and 2-Naphthalenyloxy
L2: OJAG(AB) 81.60 £ 1.19 04 +£0.6 1-Naphthalenyloxy
L2: OJA6(BB) 70.66 £ 0.95 0.8 +£0.5 5-Anthracenyloxy
L2: OJAG(AC) &2.17 £0.87 1.1 £0.5 4-Phenanthrenyloxy
L2: OJA6(Cx) OJAG(BB)
L1: OJAS 73.57 £ 056 04 +0.3 1-Acenaphthalenyloxy
MAD 0.33 0.18
RMS 1.46 0.79

Table 5.19: HBI coefficients for the C; of phenoxy groups.

C; (cal K™t mol™!)
300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

L1 OJAG OJAG(AA)
L2: OJAG(AA) 1.9 23 26 28 30 31 -3.1
L2: OJA6(AB) 2.7 33 35 34 33 3.2 31
L2: OJAG(BB) 2.1 23 25 26 27 28 30
L2: OJAG(AC) 1.9 27 3.0 32 32 3.2 31
L2: OJAG(Cx) OJAG(BB)
L1: OJA5 2.5 3.2 35 37 36 35 3.3
MAD 0.05 005 005 005 003 003 001
RMS 0.23 024 - 022 020 015 011  0.06




the first method proposed for the estimation of the thermochemical properties of this
class of m-radicals.

Since in the substituted w-radicals the resonance isomer in which the free electron
is at the substitution is always one of the isomers with the maximum number of
Kekulé structures, the traditional HBI values are used to estimate the thermochemical
properties of these species. These values already take into account the resonance

stabilization by specifying that its ‘O’ or ‘C’ central-atom is bonded to a ‘Cb’.
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Chapter 6

Resonance Energy

6.1 Introduction

One of the distinctive features of polycyelic aromatic molecules is, as their name
suggests, the aromaticity. This property is associated with the cyclie delocalization of
cleetrons, leading to stabilization of the molecule. The aromatic character of PAHs is
not a local property, the clectrons are free to move throughout the entire system. Thus
the stabilization of the PAHs due to electron delocalization cannot be captured by the
bond-centered group additivity scheme. In this chapter we present a way to easily
quantify this stabilization and to incorporate it in the thermochemical properties
estimation method presented in this work.

Several criteria have been proposed to characterize and quantify aromaticity.
These criteria basically are divided into four categories: 1) energetic.  Aromatic
molccules are wore stable than their chain analogues; 2) structural. There is a gen-
eral bond length equalization. The bond lengths in aromatic systems are typically
between the length of a single and a double bond; 3) magnetic. Aromatic systems
have a w-clectron ring current that is induced when the system is exposed to exter-
nal magnetic fields; and 4) reactivity. Aromatic molecules would like to retain their
m-clectron structure, and thus prefer substitution to addition.

We are interested in the amount of cnergy stabilization that electron delocaliza-

tion brings to PAHs. Thus we will emphasize on the energetic criteria of aromaticity.
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Our goal is to provide a method that can estimate qualitatively resonance stabiliza-
tion from the topological structure of the molecule. After all, the thermochemical
properties of the PAHs should be estimated from the knowledge of the connectivity

of the atoms only.

6.2 Quantifying Resonance Stabilization

Resonance energy is defined as the difference between the energy of the m-electrons
of a conjugated molecule (E;) and the energy of the m-electrons of a hypothetical

reference structure (F,(ref)), in which there is no clectron delocalization:
RE = E, — E(ref) (6.1)

It is a measure of how much stability the delocalization of the 7 electrons provide
to an aromatic system. However, the choice of the reference structure is rather arbi-
trary, and varying definitions of the resonance encrgy have arisen depending on this
choice. Schaad and Hess provide a good review of the different reference structures
that have been proposed [18]. Here we will discuss briefly some methods that have
been proposed to quantify the resonance energy, either using Eq. 6.1 or using other

concepts.

6.2.1 Hiickel Resonance Energy

One of the first proposals for a reference structure is based on carbon-carbon double
bonds isolated by conjugation barriers. That is, the reference structure in the Hiickel

resonance energy (HRE) is ethylene:
HRE = E, —nE,(CHy; = CH,) (6.2)

The 7 energies of the conjugated molecule and of the reference structure (ethylene)

are calculated from the Hiickel Molecular Orbital Theory (HMO). The aromaticity
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predictions of the HRE do not agree very well with experimental observation of the
stability of conjugated molecules [18]. It has been shown that the reason for the
inadequacy of the HRE is traced to the fact that this resonance energy is roughly

proportional to the munber of 7-electrons in the system [23].

6.2.2 Dewar Resonance Energy

Dewar et al. proposed using acyclic polyene-like reference structures [2]. This type

of resonance encrgy is named after Dewar (DRE), and is defined as:

DRE = E, - Y nE; (6.3)

i=1
where n; is the number of a particular bond polyene type (C-C, C=C, C-H, and
so on) and FE; is the corresponding cuergy. Good predictions of aromaticity were
obtained using the DRE. Dewar et al. used in their work the semiempirical SCF-MO
orbital theory for the calculation of the m-encrgy. People were not sure whether the
improvement over the HRE was because of the definition of polyenes as reference

structures or because of the use of SCF-MO instead of the simpler HMO method.

6.2.3 Hess-Schaad Reference Structure

This doubt was dissipated by (among others) Hess and Schaad. They showed that
the use of polyene-like reference structures and calculation at the HMO level gives
results comparable to the DRE. That is, the crucial factor is the appropriate choice
of the reference structure, and not the level at which the calculations are performed.

Hess and Schaad [7, 8] used an eight bond parameters scheme to calculate Fr(ref).
The eight different bonds capture all the different single and double bonds present in
hydrocarbons, according to the number of hydrocarbons attached to the carbons of
the boud. The contributions of each of the bonds to £, (rvef) was obtained by fitting
of acyclic polyenes caleulated through the Hiickel Molecular Orbital Theory (HMO).

The E, of the conjugated molecule was also calculated using HMO. Iu the HMO, E;
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of conjugated molecules in the ground state is given by
Er=3 A (6.4)
j=1

where n, is the number of m-electrons and A; are the eigenvalues of the adjacency
matrix. These eigenvalues correspond to the HMO energy levels. They found good
agreement between the resonance energy of cyclic polyenes obtained in this manner

(in particular REPE, resonance energy per m-electron) and their chemical stability.

From Eq. (6.4) we see that in the HMO framework, the total m-electron energy of

a conjugated molecule is completely defined by the topology of the molecule.

6.2.4 Number of Kekulé Structures

In 1949 Carter had already realized that “in an aromatic hydrocarbon consisting
of two portions linked by a single-bond or a resonance-blocking group (for example,
diphenyl) the resonance enerqy is approximately the sum of the resonance energies of
the component rings, but the number of Kekulé structures is the product; this suggests
that if the resonance energy of an aromatic hydrocarbon is a function of the number of
Kekulé structures, that function must be a logarithmic one” [1]. He then proceeded to
fit the resonance energy of PAHs to the natural log of the number of Kekulé structures
and to the number of double bonds. He found a good agreement between his empirical

formula and molecular orbital calculations.

The relationship between the number of Kekulé structures of benzenoid PAHs
and the resonance energy became clearer when Dewar and Longuet-Higgins noted

the relation

det(A) = (—=1)"/2K? (6.5)

which relates the adjacency matrix A to the number of Kekulé structures of benzenoid

PAHs [3]. n is the number of carbons in these PAHs (always even), which in PAHs
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is equal to the number of m-electrons n.. From Eq. (6.5) follows that

K = [\ (6.6)
j=1

In(K) o 3 In|)\jl (6.7)
j=1

From Eq. 6.6 it follows that for two isomeric hydrocarbons, the one with smaller K will
tend to have one or more energy levels closer to zero, that is, to a nonbonding orbital.
The occupation of energy levels closer to nonbonding orbitals leads to instability in
the molecule, and thus smaller K values can be associated with chemical instability.

Swinborne-Sheldrake and Herndon showed that In(K) correlates very well with
the Dewar resonance cenergy [20]. Figure 6-1 illustrates the correlation between the
In(K) term and Dewar Resonance Energy that these authors found.

Wilcox tried to extend the molecular orbital interpretation of the structure count
to non-henzenoid alternant molecules [25] and to non-alternant molecules [26]. He
concluded that although in some particular cases the number of Kekulé structures
does have a relation to the resonance cnergy calculated from molecular orbital, no

gencralization can be made for non-alternant molecules.

6.2.5 Resonance-Structure Theory

This method was developed by Herndon [5. 6] and has been shown to be equivalent
to Randic’s Conjugated Circuit method.

The resonance theory is based on valence bond theory. By assuining zero overlap
of the wave function and that the ground-state cigenvalue has equal contributions
from the wave-functions from each Kekulé structure, the resonance energy can be
caleulated from

2
REpy = T > Hy (6.8)

Herndon showed that the H;; elements are integrals that result in permutation of pairs
of © electrons over the o framework in going from one Kekulé structure to another,

Three pairs of electrons in a single ring are permuted by ~;, and five pairs of electrons
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In(K)

0 1 2 3
DRE (ev)

Figure 6-1: In(R") versus DRE plot from Herndon et al. [20].

in two neighboring rings are permuted by 7.. Herndon showed that it is not necessary
to take into account permutations of more than five pairs of clectrons in order to
obtain resonance energies in good agreement with SCF-MO [5]. Antiaromaticity
arises from the permutation of an even number of pair of m-electrons. Thus the
permutation of two and four pairs of m-electrons are denoted wy and wy respectively.
Figure 6-2 gives examples of the permutations of pairs of m-electrons.

The values for the v and wq permutation integrals were determined by comparison
with a large number of SCF-MO calculations of resonance energy. The numerical
value for the ratio v1/72 is obtained from experimental measurement of the ratio of
the electronic transitions for benzene (v1) and azulene (y2). The ratio for wy/wy was
found to be the same as for 1 /7,.

The method thus boils down to the enumeration of the Kekulé structures of a

molecule and the determination of the number of each of the permutation integrals

Y1 Y

& -0 -2

Figure 6-2: Examples of the permutations of pairs of m-electrons corresponding to
the v1, v2, w1, and we permutation integrals.
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between them. Good agreement with the resonance energy from SCF-MO calculations

was found for both alternant and non-alternant PAHs [6].

6.2.6 Conjugated Circuits

The conjugated circuit method for quantifying resonance energy has been introduced
by Randid [14]. Tt can be seen as the graph theoretical equivalent of resonance struc-
ture theory [15].

Coujugated cireuits in a polycyclie molecule are those in which the CC bonds are
alternared between single bonds and double bonds. These circuits always have an
even nunber of carbons, either (4n + 2) or 4n. The resonance energy is calculated as

a contribution of cach of the circuits

Z'II x’ll. Rll + Z'n yﬂ Qn

REcc = %

(6.9)

where R, and @, are the contributions from the circuits with (4n+2) and 4n carbons
respectively, and x, and y, is the number of each of these circuits in all the Kekulé
structures. The numerical values for the R, and @, parameters up to n = 4 were
derived from SCF-MO resonance energy calculations.

The conjugated circuit method has been successfully applied in the calculation
of the resonance cunergy of a variety of PAHs [14, 17, 19, 11, 27. 16]. However, the

enmneration of the conjugated circuits for large PAHs is still very challenging [15].

6.3 Resonance Energy in the BCGA Method

Our goal is to introduce in our estimation method an casy way to qualitatively de-
scribe the portion of m-electron delocalization effect on the energy of PAHs that is
not captured by bond additivity. We found that the simple In( K') term performs this
task very well.

Comparing Eqgs. (6.4) and (6.7), it is clear that the lu(K) tern is related to the

FE. of conjugated molecules. On the other hand, Hess and Schaad have shown that
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the m-electron energy of acyclic polyenes, that is, the E.(ref), is additive in regards
to the bonds [7].

Thus we sce that the bond-centered group additivity method that we propose,
which includes a In(K) term (see Section 3.2), captures qualitatively the resonance
energy of aromatic molecules. The In(K) term accounts for the E, of the conjugated
molecule, whereas the E; of the reference molecules is included in the parametrization
of the bond-groups.

Although the use of the In(K) term alone to describe the resonance energy of
non-alternant molecules does not have a solid foundation in molecular orbital theory,
we have found that its use, in combination with the bond-centered groups, leads to
good estimations of the AH} of PAHs with both five- and six-membered rings (see

Section 3.2).

6.4 Counting the Number of Kekulé Structures

6.4.1 Method for Alternant Molecules

Alternant hydrocarbons are those in which the carbon atoms can be labelled by stars
and circles, so that adjacent carbons receive different labels [4]. The corresponding
concept in graph theory is that of bipartite graphs. The vertices of a bipartite graph
can be partitioned into two groups, such that two adjacent vertices belong to different

groups. An important theorem of bipartite graphs states that
Theorem 1 A graph is bipartite if and only if it contains no odd-membered cycles.

In addition, for benzenoid graphs, Eq. (6.5) is valid. Thus, for benzenoid PAHs, the
calculation of the number of Kekulé structures from the adjacency matrix is trivial.
As an aside, more generally, the number of Kekulé structures for alternant molecules

(for example, four-membered rings) is given by

per(A) = K? (6.10)
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The determinant of a matrix A is the sum of all possible products of elements
(=1 AjnAjpAss - - Apw such that 4,7, k... are all different and z is odd for half
of the terms and even for the other half. The expression for the permanent is exactly
the same but without the (—1)*. As a consequence, for a N x N matrix, per(A) is
the sum of N! terms. Although this is also true for determinants, efficient methods
for calculating the determinant exist. However, the complexity of the best known al-
gorithms for the computation of the permanent grows as the exponent of the matrix

size [21. 24].

6.4.2 More General Methods

The determinant and permanent of the adjacency matrix of non-alternant molecules
have no relation to the number of Kekulé structure count. Other methods have been
cmployed for the caleulation of K in this case. The two most important methods

were originally proposed in physics for the study of crystal lattices.

Transfer-Matrix Method

The transfer matrix has been used in statistical mechanics for some time [15]. Klein
ef. al. were the first to apply this method for enumeration of sub-graphs in chemical
context [10].

This approach works particularly well for systems that have repeating units, such
as fullerenes. It has been used to calculate the number of Kekulé structures of
fullerenes up to Cag [19, 22]. Its implementation for more general cases is more

challenging. A thorough description of the method can be found in [10, 19].

Signed Matrix Method

A more generally applicable method is the signed matrix method. It was first proposed
by Kasteleyn in the context of the statistics of non-overlapping dimers [9]. He found

that the determminant of the signed matrix relates to the number of Kekulé structures
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through:
det(S) = K? (6.11)

The signed matrix is an adjacency matrix of the directed graph of the molecule. In
a directed graph, each edge has an orientation. In the signed matrix. the orientation
is chosen so that each smallest ring has an odd number of edges oriented in the
clockwise direction. The sign of the elements in the signed matrix are chosen so that
if the orientation is from vertex i to vertex j, Si; = —1 and Sj; = +1.

The signed matrix method has proved to be a powerful method to calculate the
number of Kekulé structures of planar graphs [11, 12]. This method was first intro-
duced for chemical enumeration by Klein and co-workers [11] and they have since used

it for counting of number of Kekulé structures of a variety of PAHs [11, 13, 27, 12].

6.5 Algorithm for Kekulé Structure Counting

Unfortunately the author was not fully aware of the implementation of the signed
matrix method for the enumeration of the number of Kekulé structures. We thus
devised a new algorithm for counting the number of Kekulé structures for any planar

graph (both alternant and non-alternant). This algorithm is described in this section.

6.5.1 Idea and Implementation

The idea behind the algorithm is very simple. We want to form pairs of adjacent
nodes, and cach node can belong to only one pair. Each pair represents a double
bond.

The algorithm to count the number of Kekulé structures (K) is as follows:

1. While there are still unvisited nodes, pick a node i and check if it has already
been visited.

{a) If this node has already been visited go back to 1.
(b) Else proceed to 2

2. Make a list L; of all the nodes that are adjacent to .
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3. While there are still nodes in this list, pick a node j from this list and check if
it has been visited

(a) If § has not yet been visited, mark both ¢ and j as visited and return to
1.

(b) Else go back to 3

4. If the while loop in step 3 ended with no appropriate adjacent node j being
found, go to step 5

Find a new list

(&2

(a) Go back up in the running of the algorithin, until a list L; is found in which
there were still unvisited nodes 7.

(h) Set all the nodes that were marked as visited after L; as unvisited.
(¢) Go step to 3 for that list L;.

(d) If there are no lists left that satisfy the criterion in 5a, all the possible
Kekulé structures have already been found. END

6. If there are no more unvisited nodes, this means that all the nodes were suc-
cesstully assigned to pairs, and a Kckulé structure has been found. Increment
K by one. Go to 5
As evidenced by steps 3a and 5, this is a recursive algorithm. Also, one notes that
there are two different kinds of nodes: 7 and j. The nodes i are picked randowmly, and
we chose to always select the (not-visited) node that has the lowest ID number. On
the other hand, nodes j can only be chosen from the active list L;, which consists of
the nodes that are adjacent to the active node i. Among the nodes in L;, we also
always choose to sclect the node j that has the lowest ID first. The working of the
algorithi can best be understood with an example. Let’s say we want to calculate the
number of Kekulé structures (K) of acenaphthalene. The schematic of the procedure
described below is found in Figure 6-3. We first assign an ID number to each of the
carbon atoms.
1. Start with all nodes set as unvisited, and K=0
ii. First pick a node i. We select the one with the lowest node ID number: i=1
iii. The list Ly with the nodes adjacent to node 1 is composed of Li={2, 6, 10}

(a) Among the nodes in Ly we start by choosing j=2. This node has not been
visited yet. Mark nodes 1 and 2 as visited. See scheme (1).
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v.

(b) Go back to step 1. i=3
(C) L3:{Qv 4}

(d) Node 2 has been visited already (as marked by the double bond in scheme
(1), 50 j=4.

)
) Go back to step 1. i=5
g) Ls={4, 6}. Node 4 has been visited already, j=6
) Mark nodes 5 and 6 as visited. See scheme (3).
) Go back to step 1. i=7

) Lz={6, 8}. Node 6 has been visited already, j=8

(k) Mark nodes 7 and 8 as visited. See scheme (4).

(1) Go back to step 1. i=9
(m) Ly={8,10}. Node 8 has been visited already, j=10

(n) Mark nodes 9 and 10 as visited. See scheme (5).

(0) Go back to step 1. i=11

(p) Lo={10, 12}. Node 10 has been visited already, j=12
(q) Mark nodes 11 and 12 as visited. See scheme (6).

) There are no more unvisited nodes. We reached step 6, increment K by

one, K=1.

The previous list of nodes that still had unvisited nodes was list L;. We go
back to step 3 for this list. Set all the nodes that were set to visited at step 3
and after as unvisited. That means that all the nodes are set to unvisited. We
completed the cycle for j=2, so now we choose j=6.

(a) Mark nodes 1 and 6 as visited.

(b) Go back to step 1. i=2.

(¢) Lo={1, 3, 12}. Node 1 has been visited already, j=3

(d) Proceeding in the same way as in step iii., we find one more Kekule struc-

ture (see scheme (8)), K=2.

The previous list of adjacent nodes that still had unvisited nodes was list Ls.
We go back to step 3 for this list. Set all the nodes that were set to visited at
step 3 and after as unvisited. Only nodes 1 and 6 remain set as visited.

(a) From Lo={1, 3, 12}, 1 has been visited, and we just finished the cycle for
j=3, thus we set j=12.

(b) Mark nodes 2 and 12 as visited. See scheme (9).

(¢) Go back to step 1. i=3.
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(d) Ls={2, 4}. Node 2 has been visited already, j=4
() Mark nodes 3 and 4 as visited. See scheme (10).
(f) Go back to step 1. i=5.

(g) Ls={4, 6}. However both nodes 4 and 6 have already been visited (see
step 4), so we go back and find the previous list of adjacent nodes that
still had unvisited nodes.

vi. That list is L1={2, 6, 10}. All the nodes are set to unvisited. Since we already
tried j=2 and j=6, now we set j=10.

vii. Proceeding in the same way as in step iii., we reach once more step 6 and find
one more Kekule structure (see scheme (11)), K=3.

viii. We go to step 3, but we don’t find any more lists that satisfy 5a, so the process
ends, with K=3.

6.5.2 w-Radicals with an Odd Number of Carbons

In 7-radicals such as phenalene, one of the carbons will always be unpaired. In
the bond-centered group additivity method for this class of PAHs (Section 5.2.5),
we assign the thermochemical properties of the resonance species with the largest
number of Kekulé structures to the m-radical. Thus we caleulate, for the unpaired
electron at each carbon position, the number of Kekulé structures for that resonance

species.

6.5.3 Heterocyclic PAHs and PAHs with a Triple Bond

The Bond-Centered Group Additivity Method that we propose can also estimate the
thermochemical properties of PAHs containing the furan substructure and of PAHs
containing triple bonds.

For the purpose of counting the number of Kekulé structures, we consider that
the pair of m-electrons of the oxygen in the furan structure does not form w-bonds
with the m-electrons of the neighboring carbons. Thus, in the algorithm described in
Section 6.5.1, the oxyvgen in furan substructures is not included as one of the nodes

that participates in the resonance.



Figure 6-3: Example of the algorithm for the calculation of the number of Kekulé
structures. Counting K for acenaphthalene, as described in the example given in the

text.
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In the case of triple bonds in aromatic molecules, each of the carbon atoms par-
ticipating in the triple bond also has two m-electrons. However, these m-electrons are
not in the same m-orbital. One of the m-orbitals is perpendicular to the plane of the
ring, and the other is in the plane of the ring. The first w-orbital participates in the
m-electrons cloud that characterizes aromatic molecules, whercas the w-clectrons in
the second m-orbital can be considered to be localized. They do not participate in
the resonance structure. For example, the resonance structures of benzyne are shown
in the scheme in Section 4.3.1. Thus in the algorithm for counting the number of
Kekulé structures, the carbons participating in the triple bond are treated just like

the other aromatic carbons.

6.5.4 Performance of the Algorithm

The algorithm described in Section 6.5.1 is very fast for PAHs up to n = 60 nodes.
For example, it calculates the number of Kekulé structures of the Cgo fullerene in a
couple of seconds in a 1GHz laptop with 256 MB of RAM. However, in the worst case,
the algorithm is expected to scale with the exponential of the number of nodes. As
exposed in Section 6.5.1, there are two classes of nodes in the algorithm: 4, which are
picked randomly (we always choose the non-visited node with the sniallest ID) and 4,
which are picked from the active list L;. At each level of the tree, all the nodes j in
the active list L; have to be tested. In each list L; there will be at most 2 nodes (3 for
the root node) since each carbon in a PAH has a connectivity of 3. Also, there will
be n/2 levels in which nodes j will have to be chosen, where n is the number of nodes

(carbon atoms). Thus the computational time scaling behavior for this algorithm is
~ /2 (6.12)

In a few tests that we performed, we found that the scaling is not always as bad as in
Eq. 6.12. In particular, the algorithm is faster for PAHs containing only six-membered
rings than for PAHs that also contain five-membered rings. Nevertheless, the scaling

of the algorithm is still exponential with the number of nodes. In general it is too
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slow to be used for the estimation of thermochemical properties of PAHs with more
than ~ 60 carbons for the purpose of automatic reaction mechanism generation.
We suggest that in the future, more efficient algorithms be incorporated for large

benzenoid PAHs and for PAHs with high symmetry, such as fullerenes.

6.6 Conclusions

We have described in this Chapter the importance of the inclusion in the estimation
method for AHY of a term that captures the resonance energy in PAHs. We briefly
discussed some existing methods for estimating resonance energy, based on molecular
orbital theory and graph theory. We justified our choice of the use of number of
Kekulé structure count (in particular In(K)) for this purpose.

We presented a new algorithm for the counting of the number of Kekulé structures.
This algorithm works very well for PAHs with up to ~ 60 carbons, which were the
PAHs emphasized in this work. If the number of Kekulé structures of larger PAHs is
to be calculated on a regular basis, we suggested that the signed matrix method be

used (Section 6.4.2).
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Chapter 7

Estimation of Thermochemical
Properties for Non-Aromatic

Molecules and Radicals

7.1 Introduction

Thermochemical properties of chemical species are critical for the modelling of re-
acting systems. Thermodynamic consistency requires that reverse rate constants be
calculated from the forward rate constants and from the equilibrium constants. The
latter are obtained from the thermochemical properties of reactants and products.
Consequently, low temperature model predictions depend heavily on barrier heights
and enthalpy changes of the reactions, while the model predictions at high tempera-
ture rely sensitively on entropy change (as AS is multiplied by 7).

The number of existing chemical species is almost infinite. It is not feasible to
generate and tabulate the thermochemical properties for each of them. Although
immense experimental and computational effort has been dedicated to this area, only
a small fraction of species have had their thermochemical propertics determined with
satisfactory accuracy and precision. In many cases, the ounly option is to resort to

estimation methods to obtain the thermochemical properties of chemical species.
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Our group has developed an automatic reaction mechanism generation software
(RMG) [19], and the estimation of the thermochemical properties of the species in-
cluded in the reaction mechanism is one of the fundamental building blocks of the
software. The desired features that guided the development of the thermochemical

properties estimator for RMG (referred to as RMG thermo) are:

i. It should automatically provide thermochemical properties for every species
generated by RMG, while also having the capability to work independently as

a thermochemical estimator;

ii. It should have an easily maintainable and expandable database, that can grow

as new group values are determined;
iii. The machine time for the estimation should be as short as possible;
iv. The estimated thermochemical properties should be as accurate as possible.

Since our group is currently working on various aspects of combustion of hydro-
carbon fuels, the RMG thermo should handle molecules containing carbon, hydrogen
and oxygen. However, the concept of automatic reaction mechanism generation is
not restricted to these species, and the expansion of RMG thermo capability to other
elements should be simple and straightforward.

Thermochemical properties estimation methods are based on the assumption that
a molecule can be divided into substructures which have a constant contribution to
the property in question. Many of these methods have been developed, each defining
the substructures slightly differently (see for example [1, 24, 3, 26, 14]). Some of these
methods have been summarized in [16]. The group additivity method of Benson [3]
has been used to estimate the thermochemical properties in RMG due to its simplicity,
extendability and to the wide availability of group values for stable molecules [20, 5]
as well as for hydrogen bond increments (HBI) for the estimation of radicals [11].

It is not surprising that other thermochemical properties estimation programs.
such as THERM [17], NIST’s Structure & Properties Software [12] and Chetah [2] also

use Benson’s group additivity method. The group values in these programs are stored
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as lists. It is possible to edit these lists and include new groups, but when a molecule
is given that contains a group not found in the database, these programs are unable
to calculate its properties. The THERM programn contains the most extensive library.
NIST’s Structure & Properties Software is the most sophisticated and user friendly
of these programs, and it includes some of the non-group interactions from Benson's
method, such as gauche interactions and cis corrections. It also calculates symmetry
for simple molecules (including cyelic compounds), assuming facile iuterconversion of
conforuers.

In this Chapter we will first briefly describe Benson’s group additivity method.
Next a new way to organize the database for Benson’s groups, based on tree structures,
will be presented. This organization allows us to meet the three first requirements

for RMG thermo, as listed earlier.

7.2 Estimation Method

In Benson'’s group additivity method, each ‘group’ contributes a given amount to the
thermochemical properties of the molecule. A “group’ is defined as a heavy atom
(all the atoms with the exception of hydrogen) with all its ligands, or neighboring
atoms.  For aliphatic molecules, Benson’s group additivity method predicts AHy

0.5 keal mol™ and S5 and €7 to within 0.3 cal K™1 mol™ [3].

AH} and €} of stable molecules are estimated by simply adding the contributions

of each of the groups present in the molecule:

AH{(R) = ZHN (7.1)
Co(R) = Y Cpi (7.2)

Each of the groups in this method does not contain information about the syimetry
or optical isomerism of the molecule, thus the entropy calculated by Benson's group

additivity method has to be corrected to account for the entropy lowering due to
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symmetrical rotations and entropy increase due to optical isomers:
50s(R) = >_S; — Rln(o/optisom) (7.3)
1

Benson’s group additivity method is based on the fact that only local charac-
teristics affect the thermochemical properties of molecules. Therefore, this method
inherently cannot describe non-nearest neighbors interactions, such as those arising in
alkenes with cis conformations, gauche interactions and the strain originated in rings.
Benson [3] has derived some corrections to account for these non-nearest neighbors

interactions.

Cis corrections Benson'’s group values were derived for trans conformation in alkenes.
When two groups are in the cis position, they repel each other increasing the

heat of formation of the alkene. Benson provided corrections for these cases [3].

Gauche interactions Gauche interactions are next-nearest neighbors interactions
between large groups. Gauche interaction corrections for alkanes, ethers [3],

and ketenes [21] are available.

Ring corrections The group values of Benson’s method were developed for aliphatic
molecules, and require corrections for ring structures, to account for the loss of
rotational movement and to the additional energy due to ring strain. Benson
provides ring corrections for most of the rings up to 10 membered rings and for

some bi-cycles as well.

Radicals are treated through the Hydrogen Bond Increment (HBI) method pro-
posed by Lay et al. [11], where the thermochemical properties are calculated for the
stable species and corrections are added for the radical, accounting for the bond en-
ergy and entropy and heat capacity changes due to the hydrogen loss and/or change

in vibrational frequencies. The H abstraction reaction can be written

RH — R® + H* (7.4)
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with AH;,, 593 = BDE. The thermochemical properties of the radical are related to

the thermochemical properties of the corresponding stable species through:

AH$(R®) = BDE(R-H)+ AH(RH) — AH(H") (7.5)
it 20s(R7) = S, 005 (RH) + AS544(HBI) (7.6)
CT)RY) = C,(T)(RH) + AC,(T)(HB) (7.7)

where AH7(H®*)=52.153 keal mol ™! and S5, is the intrinsic entropy (excluding sym-
metry). BDE is the bond dissociation energy and corresponds to the hydrogen bond
increment (HBI) for AH7. AS5(HBI) and AC,(T)(HBI) are the HBI group values
for estimating the entropy and the heat capacity of the radical from its parent. Sym-
metry is not included in the values of AS5g(HBI), and thus the caleulation of S5gq
for radicals should take into account the differcnce in the symmetry of the radical

and its parent stable molecule:
vé)gg(R».) = S§9S(RH) + ASS%(HBI) - Rhl(O—'radi(:al/o.ﬁa"'t"t) (7.8)

For molecules composed only of carbon, oxygen and hydrogen atoms, there are
almost two hundred groups in Benson’s method with numerical values, and almost

one hundred HBI groups.

7.3 The Thermochemistry Database

The database for RMG thermo is made of three parts: the data structure, the dic-
tionary, and the library. The data structure (described in Section 7.3.1) provides a
framework in which the data are stored. The dictionary (desceribed in Section 7.3.2)
defines cach group. And the library holds the values corresponding to the thermo-
chemical contribution of cach of the groups. Each group is assigned a unique nate,
and this name links the position of the group in the data structure, to its definition

(in the dictionary) and its values (in the library).
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In addition to the Benson’s groups, the database also holds values for the HBI

groups for radicals and for the corrections described in the previous sections.

7.3.1 Data Structure

Traditionally, programs that implement the Benson’s group additivity method orga-
nize the groups database as a list. This means that each time the program looks for
a group in the database, it will try to match up to two hundred entries before finding
the correct group. Unordered lists are generally used to store entirely unrelated data.
If a logical relationship between the data exists, it makes sense to make use of this

logic to design a database with a more intelligent structure.

Main Groups Tree

Clearly the groups in Benson’s method are not unrelated to each other. The groups
for (oxygenated) hydrocarbons can promptly be divided into two classes: one in which
the heavy (central) atom is a carbon and the other in which it is an oxygen. Next. the
groups in each of these classes can be further differentiated according to the bonds
(i.e., hybridization) of the central atom. Thus in the case of carbon as a central
atom, the carbon can have four single bonds, two single bonds and a double bond,
two double bonds, and so on. This classification can go on and on, if at each level
groups are differentiated according to their outskirts. Figure 7-1 gives an example of
this incremental specification of the groups for one of the carbons in propanoic acid.
A tree structure naturally presents itself. The topmost node of this thermochemi-
cal database tree (level LO) is simply a heavy atom. In the second level (L1) the atom
is specified, currently it can be either a carbon or an oxygen. In the next level (L2),
the connectivity of this central atom is specified. For example, the carbon atom is
specified to have either four single bonds (Cs), one double bond and two single bonds
(Cds), two double bonds (Cdd), one triple bond and one single bond (Ct) or two
benzene bonds and a single bond (Cb). The atoms that are bonded to the central

atom (whether H, C, or O) are specified in the next level (L3). Next (in level L4) the
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Figure 7-1: Example of the incremental specification of a group.

connectivities of these neighboring atoms are defined. In the usual Benson's group
additivity method, this is as far as a group has to be defined. However, if sufficient
information is available, more precise estimates can be obtained using more detailed
functional group definitions. Sumathy and Green [21] developed groups for ketenes,
molecules that have been included in oxidation mechanisms of hydrocarbons (see for
exawple [7]), but whose thermochemical properties cannot be described by Benson’s
group additivity method. It is simple to include these new, more specific groups in
a database organized as a tree. In order to describe ketene groups, two more levels
(L6 and L7) were included in the tree. These levels differentiate the more distant
neighbors of the central atom (see Figure 7.3.1) allowing the specification of whether
a ketene group is attached to the central atom (Cds-Cdd-Od) or whether it is an al-
lenic group (Cds-Cdd-Cd). This is an example of how casily the tree can be extended
to accommodate new groups as they are developed. Figure 7.3.1 gives an example of
a partial tree with its nodes and connectivities.

Developing a tree as described in the previous paragraph results in about 1000
leaves for groups with carbon as the central atom and almost 40 groups with oxygen
as the central atom. Obviously, values for the thermochemical properties are not
available for the majority of the groups. Benson in his book [3] derived about 80
values for groups with carbon as the central atom. Sumathi and Green have provided
values for about 30 more carbon centered groups [21, 22, 23]. Values are available

for fewer than 20 groups with oxygen as the central atom [3]. Generation of values
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——
)
.

| |

L7: Ct-(Cds-Ccdd-o0d) Ct-{Cds-cdd-cd)

Figure 7-2: Partial representation of the thermochemical database tree.
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for all the possible groups (through quantum chemical calculations, for example) is
a colossal task. We therefore assigned estimated values for the groups with missing
thermochemical values. These groups are assigned the values of a similar group.
The implicit assumption is that groups that have similar structures will make similar
contributions to the thermochemistry of a molecule. The tree structure naturally
gathers together groups that are similar. Thus one could assign the value of a sibling
or a cousin to a missing group. Clearly, the assignment based on the tree structure
is not unique, since a group often has more than one sibling or cousin. For a unique
assignment we have to rely on chemical knowledge. The unique assignment rules that
we propose for missing groups are summarized in Table 7.3.1, in order of priority.

The assignment rules described in Table 7.3.1 are mostly straightforward. Cs (and
not. Cds) is chosen to substitute (Cds-Od) because from an analysis of the available
Benson’s group values [3], groups in which Cs substitutes (Cds-Od) have values closer
to the original group than groups in which Cds is the substitute.

As an example of how assignments were made, take the group Cs-(Cds-Cdd-
Cd)(Cds-Od)(Ch)H, which does not have a value. From Table 7.3.1, (Cds-Cdd-Cd)
should be first changed to (Cds-Cds), and thus the group is assigned the same value
of Cs-(Cds-Cds)(Cds-Od)(Cb)H, which in turn also has no value, and is assigned
according to the rules in Table 7.3.1 the value of Cs-(Cds-Cds)(Cds-Od)(Cds-Cds)H.

Finally, this group is assigned the value of Cs-(Cs)(Cds-Od)(Cs)H, which is known.

Table 7.1: Rules for value assignment for “missing” thermochemical groups.

If an unknown group
contains

It is assigned the value of
the same group with

(Cds-Cdd-Cd)
(Cdd-Cd)
Ch
Ct
(Cds-Cds)
(Cds-0Od)
(Cds-Cdd-0d)
Os

S

x N o e w

(Cds-Cds)
Cds
(Cds-Cds)
(Cds-Cds)
Cs
Cs
(Cds-Od)
Cs
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This sequential value assignment makes it unnecessary to manually update the tree
after a value is added to a previously unknown node. All the nodes that are assigned

the value of this node will automatically reference the new value.

HBI Groups Tree

Just as group values for thermochemical properties of stable molecules depend on the
environment around the central atom, HBI values also depend on the environment
around the radical site. Thus a database for HBI values benefits from a tree structure.
The HBI tree is basically organized the same way as the main groups tree.

The HBI groups tree was organized around the available data. Thus, regions in
which a lot of knowledge is available are more dense and developed than regions where
knowledge is scarce. Moreover, the children of a given tree node do not always span
the whole set represented by the father node. All the nodes were assigned a value,
and thus if a group in a molecule matches a node, but does not match any of its
children, it receives the value of the node. Node CsJ and its children are shown as
an example in Figure 7.3.1. Since no data are available for radicals at a Cs that are
bonded to more than one oxygen atom, these children have not been included in the
tree. If a molecule has such a group, it will only match up to node CsJ. This node has
been assigned the value of node C2CsJO. Consequently, every radical at a Cs that is
bonded to more than one oxygen atom will receive the HBI group corresponding to

the C2CsJO radical.

Corrections Tree

The non-nearest neighbor corrections were also organized as a tree structure. Since
these corrections arise from the interaction of the neighbors from two adjacent groups,
the nodes in this tree are centered on two atoms, instead of one, as in the previous
trees. Thus two atoms connected by a single bond might give rise to a gauche inter-
action [3]. (Corrections arising from the repulsion of H atoms on 1,5-C atoms have
not been included yet). Two carbons connected by a double might give rise to a cis-

correction [3] or a ketene correction [21]. Finally two carbon atoms connected through
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CsJ

CH3 CsJ_P CsJd_S CsJ_T CsJO CCsJo C2CsJo
: : : : ; : :

Figure 7-3: Partial representation of the HBI database tree. Only children for which
data arc available have been included in the tree. For example, data are not available
for radicals at a Cs that are bonded to more than one oxygen atom. Such groups
will only match up to the CsJ group, and thus will receive the vahie assigned to this
node. This node has been assigned the value of the C2CsJO node.

a benzene bond might lead to an ortho correction [3]. Meta and para corrections have

also been introduced (see Section 4.4).

Ring Corrections Tree

In multi ring structures, we chose to apply corrections only to the smallest ring, which
is a good approximation also for the bi-cycles corrections provided by Bensou. For ex-
ample, instead of applying the correction for spiropentane (AHY y03) = 63.5kcal/mol
and S,/ sgg) = 67.6cal/molK), the correction for cyclopropane (AH pg - = 27.6kcal/mol
and S5, o950 = 32.1cal/molK) is applied two times. This choice makes dealing with
polycyclie structures feasible, since otherwise the identification of bicyclic corrections
would not be unique

A tree structure was made by Paul Yelvington. The tree has only two levels. In
the first level, the rings are differentiated according to number of atoms in the ring.
The size of the ring is the main factor influencing the enthalpy and entropy correction
to rings. The second level is basically a list with all the ring corrections available for

rings of a particular size, up to ten atoms. Since corrections are not available for
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all the possible rings, the first level of the tree (where the ring size is determined)

receives a “typical” correction for that ring size.

7.3.2 Dictionary

Each of the group entries in the various trees are associated to an entry in the cor-
responding dictionary. In the dictionary, the chemical connectivity of the group is
represented through an adjacency list. For example, the carbon atom in methanol is

represented through the following adjacency lists:

1 * C 0 {28} {38} {48} (55} |OR|1 * Cs 0 {2}
2 0 0 {18} 2 0 0 {18}
3 H 0 {1S}
4 H 0 {18}
5 H 0 {1.8}

The first number in a line corresponds to the ID of the atom, the * marks the
center of the functional group, the next entry in the line indicates the atom, followed
by the number of free electrons at that atom (0 for no radical, 1 for monoradicals,
2 for biradicals and so on). Finally, the information in the curly braces indicate to
what other atom in the adjacency list the current atom is bonded to and through
what kind of bond.

Currently RMG allows carbon, oxygen and hydrogen atoms. Additionally, func-
tional group elements are also supported. In a functional group element, in addition
to the type of element, the bonds that this element has are also specified. The Cs
used in the second adjacency list for methanol is a functional group element. A list
of the functional group elements implemented in RMG is shown in Table 7.2. In the
adjacency list representation it is not necessary to saturate the functional group with
hydrogens.

RMG recognizes single, double, triple, and benzene bonds, represented respec-
tively by ‘S’, ‘D", ‘T, and ‘B’. When a new molecule is generated in RMG it is always
assumed to be in the most stable conformation. However, RMG allows the user to
specify whether a double bond is in a cis- or trans- conformation by entering Dcis

or Dtrans in the adjacency list representation of the molecule. In the case of a cis

192



Table 7.2: Functional Group Elements (FGE) defined in RMG.

FGE Chemical Description
Structure

Cs —'—1C— Carbon with four single bonds

Cds L c=C Carbon with two single bonds and a double bond to a
e carbon

O P e : o Carbon with two single bonds and a double bond to an
. / -t oxygen

Cdd 5:(::..:— Carbon with two double bonds

Ct : Carbon with one single bond and one triple bond

Ch Carbon with one single bond and two benzene bonds

Cht Carbon with three benzene bonds

Os Oxygen with two single bonds

Od . Carbon with a double bond

Oa 107 Triplet oxygen

R C/O/H Any atom

R'H C/0 Any non-hydrogen atom
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molecule, its thermochemical properties will be calculated using the values derived for
the trans conformation and corrected for the cis conformation by adding cis correc-
tions. Analogously, when a biradical is formed and no criterion is given to determine
whether it is a singlet or a triplet, it is assumed to be in the triplet state. However,
the user can specify the multiplicity of a biradical by entering ‘2s” or ‘2t’ for singlet
and triplet states, respectively, in the adjacency list of the biradical.

As mentioned in Section 7.3.1, since the corrections are centered on two atoms,
both are marked with a * in the adjacency list, as being centers of the functional
group for the correction.

In the adjacency list for the ring corrections only one of the atoms in the ring

needs to be designated as the center of the ring correction functional group.

7.3.3 Library

For each tree, a corresponding library file was created. In the library, cach functional
group, identified by its unique name, is associated to thermochemical properties in
Benson’s format (AH7, Sy and C} at 300. 400, 500, 600, 800, 1000, and 1500K).

Every datum has been labelled with a reference, allowing the user to check the source

of every value.

Main Groups Library

The core of the group values used in the RMG database stem from Benson [3] and
Stein and Fahr [20]. Values for some additional groups were taken from the THERM
database [17]. The group values for peroxides in the RMG database are those revised
by Lay and Bozzelli [10]. Additionally some group values were estimated by Bozzelli,
with S and C,’s mostly calculated through MOPAC. The RMG thermo database
has also been further enriched with group values derived or updated by our rescarch
group. An example is the development of groups for ketenes, a very important class
of molecules produced during the oxidation of hydrocarbon fuels, derived by Sumathi

and Green using the CBS-Q method [21]. These groups consider the ketene fragment
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(-C=C==0) as one entity, as is done for (-CO) in Benson’s group additivity. Sumathi
and Green also derived some missing groups for unsaturated hydrocarbons by using
the G2 method to perform ab initio molecular orbital calculations on a series of large
unsaturated hydrocarbons [22]. Finally, a consistent set of groups for oxygenated
molecules was derived using the CBS-Q method [23]. These new group values were
included in the RMG database, and allow the calculation of consistent thermochemical

properties for alcohols, ethers, esters, hydroperoxides and alkylperoxides.

HBI Groups Library

Lay et al. [11] calculated HBI values for the main hydrocarbon groups, while Sumathi
and Green [23], Wijaya et. al [25], and Chen and Bozzelli [4] developed HBI values
for oxygenated hydrocarbons. Sumathi and Green [23] provide a more comprehensive
sct of HBI values for radicals centered at a carbon atom, and thus their values were
used. HBI values for - and g-hydroperoxyalkyl radicals were taken from [25]. Chen
and Bozzelli's values for radicals centered at the oxygen were used [4].

HBI values for biradicals were derived from thermochemical properties published
in several sources [6, 15, 18, 13, 8, 9, 12]. When data was available, differentiation

between triplet and singlet states was made.

Corrections Library

Values for the gauche and cis- correction are from Benson [3] and Wijaya et al. [25].
Ketene correction values from Sumathi and Green [21] were also included in the

library. Ring corrections values were obtained from Benson [3].

7.4 Symmetry and Optical Isomers

The entropy of a molecule calculated by the group additivity method has to be cor-
rected by —RIn(o), where o is the symmetry of the molecule. An algorithm for
the determination of the symmetry in molecules was developed and is described in

Appendix A.



The entropy calculated for chiral molecules has to be corrected by RIn(2) to
account for the two optical isomers. In RMG, molecules that have a Cs group bonded
to four different branches are assumed to have two optical isomers. Although this rule
is generally valid, it is not always true for rings. Asymmetric peroxides (R;OOR3)

also exhibit optical isomerism, and RMG recognizes.

7.5 Conclusions

The database of thermochemical properties for the Benson’s group additivity method
was organized as a tree structure. A tree structure takes advantage of the chemi-
cal logic behind the group values, being much more efficient than a list. In a tree
structure, groups that are similar to each other are naturally grouped together. It is
easy to add new group values and to extend the database. Moreover, nodes for which
no data are available were assigned the value of a similar node, and thus RMG can

estimate the thermochemical properties of any molecule.
Bibliography
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Chapter 8

BCGA in RMG

8.1 Introduction

The bound-centered group additivity method presented in this work has been imple-
mented into a software. This implementation allows the estimation of the thermo-
chemical properties of PAH molecules by simply giving their chewnical strueture. The
software is integrated to RMG, the chemical reaction mechanism generator software
developed by in our group by Dr. Jing Song [2]. Users of RMG will be able to gener-
ate kinetic mechanisms that include PAH molecules with thermochemical properties
caleulated through the bend-centered group additivity method presented in this work.

In implementing the bond-centered group additivity method into RMG, care has

been taken to maintain the object oriented structure of the software.

8.2 RMG- Chemical Reaction Mechanism (Gener-

ator Software

RMG has been developed to automatically generate large-scale chemical reaction
mechanism for complex reaction systems [2]. It was thoughtfully designed using
object oriented technology, making reusability and extendability of the software very

€asy.
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RMG is composed of seven packages, each providing one functionality to the pro-
gram. For example, the rxn package handles the generation of all possible reactions
from a given set of species, following the reaction rules defined in the reaction families.
Here we will describe briefly the chemUtil and the chem packages, since they are
used to estimate thermochemical properties. For a more detailed description of these
and the other packages and of the design of RMG, please refer to the thesis by Dr.

Jing Song [2].

8.2.1 RMG Packages Relevant to this Work

The chemUtil package provides ohjects for organizing the data as a tree and to
represent chemical structures as graphs. A graph is composed of nodes and arcs. In
the chemUtil, package, arcs, nodes and graphs are each modelled as a class. The
Graph class has as attributes a collection of arcs and a collection of nodes. Both
the Arc and the Node classes inherit from the GraphComponent class, which models
the similarities between arcs and nodes. For example, both arcs and nodes have a
collection of neighbors, and both have an element that define the type of arc or node
stored in the object. The Graph class provides methods for testing graph equivalence
and for matching of sub-graphs. This last method is the nucleus of the implementation
of any additivity estimation scheme, since it allows the identification of each of the
groups that compose the molecule.

The Tree class allows the organization of the data in the form of a tree. A treec
has a root node that has no parent. Every other node in the tree has a parent node,
and the root node is an ancestor of all the other nodes in the tree. Each child node is
more specific than its father node and sibling nodes are disjoint from each other. For
example, the atom-centered groups for the estimation of the thermo of the aliphatic
molecules is organized as a tree. The root node is ‘RIH’, that is, any atom, except
for hydrogen. The children of the root node are the ‘C’ and the ‘O’ nodes and so on
(see Chapter 7).

The second package involved in the estimation of thermochemical properties is

the chem package. While the chemUtil package deals with the handling of data
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structures, and thus is based solely on graph theory, the chem package couples the
graph theorctical representation of molecules with their chemical properties. The
ChemGraph class gives chemical meaning to a graph. It is composed of atoms and
bonds (as opposed to nodes and arcs). Additionally, since ChemGraph represents
molecules, it has thermochemical properties. Another chemical structure present in
the chem package is the FunctionalGroup class. A FunctionalGroup represents a
structural pattern that has a well determined chemical behavior. For example, in
reacting systems multiple bouds (double or triple) behave similarly when attacked by
radicals. From the thermochemistry standpoint, FunctionalGroup corresponds to the
atom- or bond-centered groups. Once a ChemGraph is read or generated in RMG,
cach of its atoms is categorized into a functional group element, (FGElement). The
FGElement class defines not only the atom type, but also the types of bonds through
which it is connected. RMG currently specifies 12 types of functional group elements
(see Table 7.2). For example, the ‘Cb’ functional group is defined as a carbon atom
with two benzene bonds and one single bond, whereas the ‘Cbt’ group is defined as
a carbon atom with three benzene bonds. The functional group elements should be
disjoint from each other and their union should cover all the possible types of carbon
in the C'/O/H system. Consequently, it should be possible to assign one unique func-
tional group element to every carbon or oxygen atom in a molecule. The introduction
of the FGElement class simplifies and speeds up the definition of FunctionalGroup.
Both ChemGraphs and FunctionalGroups are represented through an adjacency list
(sce Chapter 7).

Every time a new ChemGraph object is created, it calls the General GAPP inter-
face to generate its thermochemical properties. These properties are stored in the
ThermoData class. Moreover, the ThermoData class can calculate the thermochem-
ical properties of its corresponding ChemGraph at auy temperature.

The interface GeneralGAPP specifies only one method: the method to generate
the thermo data. Currently, the class that implements this method is the GATP
class. In the following sections we will present the highlights of the GATP class

and then discuss in more detail the new thermo estimator class that implements the
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bond-centered group additivity method presented in this work.

8.3 GATP

Currently the method to generate thermo data (generateThermoData(ChemGraph))
is implemented in the GATP class. Atom-centered group additivity is used for all
molecules. The library for the thermo estimator constitutes another class, the Ther-
moGAGroupLibrary class. This class is a composition of the GATP class. This means
that when a GATP object is created for the calculation of the thermo properties of
a ChemGraph, the ThermoGAGroupLibrary is initialized. When the GATP is no
longer needed, the ThermoGAGroupLibrary is also destroyed. Moreover, the Ther-
moGAGroupLibrary class is a singleton, meaning that at each time, there is only one
instance of this class. Even though the GATP class might be called several times
to estimate the thermochemical properties of different ChemGraphs, they all use the
same thermo library.
As outlined in Dr. Jing Song’s PhD Thesis [2], the generateThermoData(ChemGraph)

function is composed of the following main steps:

i. If ChemGraph is a free radical, add hydrogen(s) to obtain the corresponding
stable molecule;

ii. Make a list of the heavy atoms in the stable molecule;
iii. Search the ThermoGAGroupLibrary for the group values of each heavy atom;
iv. Sum the group contributions found in step 3 into a ThermoData object;

v. If ChemGraph is a free radical, find proper HBI radical group in ThermoGA-
GroupLibrary and add HBI correction to ThermoData,

vi. Make the symmetry correction to the entropy;
vii. Add ring correction to ThermoData, if any;
viil. Add other correction to ThermoData, if any;

ix. Return ThermoData.
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8.4 The bondGroups Package

The Bond-Centered Group Additivity method is implemented in RMG as a new pack-
age, called bondGroups. The bondGroups package is composed of two classes,
BGATP and BGThermoLibrary. The BGATP class implements the generateTher-
moData(ChemGraph) method from the General GAPP interface.

BGATP calculates the thermochemical properties of PAHs using the Bond-Centered
Group Additivity method and calls GATP to calculate the thermo of non-aromatic
molecules.  If a molecule is composed of both aromatic and non-aromatic parts,
BGATP first separates the molecule into a non-aromatic part and an aromatic part.
The thermochemistry of the non-aromatic part of the molecule is calculated by GATP.
BGATP calculates the thermo of the aromatic part and sumns the thermochemistry
of both parts to obtain the thermochemistry of the entire molecule. The UML (uni-
fied modelling language) design diagram for the thermo property estimator in RMG
is shown in Figure 8-1. The steps included in the BGATP implementation of the

generateThermoData(ChemGraph) method are as follows:
i. Determine whether the molecule has an aromatic part or not.

ii. If the molecule has both aromatic and non aromatic parts, separate the molecule
into parts that are composed of only aromatic rings and parts that are composed
of only non-aromatic parts. Call BGATP.generateThermoData(ChemGraph)
for each of the separated parts.

iii. Else if the molecule is purely aromatic, compute its thermochemistry and add
it to ThermoData. No symimetry correction to the entropy is made yet.

iv. Else (the molecule is not aromatic) call GATP to calculate its thermochem-
ical properties and add it to ThermoData. GATP returns the entropy with
symmnictry correction for the non-aromatic part only. Add RIn(onorarem) to

YO

this symmetry to obtain S,,, where onorarom 15 the symmetry number of the
non-aromatic molecule.

v. Make the symmetry correction to the entropy, Ssse = S5, Rln(o), where o is
the symmetry number of the entire molecule

vi. Return ThermoDuata.

The symmetry number for aromatic molecules is caleulated through an algorithin

developed by Sally Petway, and is described in Appendix A.
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ChemGraph ThermoData

{

<<Interface>>
GeneralGAPP ThermoGAValue
GATP E BGATP E
<<Singleton>> ' <<Singleton>> .
ThermoGALibrary E BGThermoLibrary | .
e ememenan—————- ;

Figure 8-1: UML design diagram for the thermo estimator in RMG. This diagram
shows the relation between the classes involved in the estimation of the thermochem-
ical properties. The classes included in the hashed boundary were developed in this
work. For an explanation of UML symbols, refer to [1].
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If a o-radical site is at the aromatic part of the molecule, the calculation of the
appropriate correction is included in step 3 in a similar way as described in Section 8.3.
m-radicals are treated as molecules with both an aromatic part and a non-

aromatic part.

In order to use the Bond-Centered Group Additivity method for PAHs, the
BGATP has to be selected as the default thermo estimator. This choice is made

in the ChanGraph.generate ThermoData() method.

8.4.1 New Functional Group Elements

RMG originally defined 12 functional group elements, as shown in Table 7.2. In
each functional group element, the bonds of the central atom are completely defined.
Every atom belonging to a molecule should be categorized into one of these functional

group elements.

In order to describe PAHs containing furan and or benzyne structures, it was nec-
essary to introduce two new functional groups: “Ob” and ‘Cht’. as shown in Table 8.1.
The *Ob’ functional group element represents an oxygen atom that is bonded through
two benzene bouds. The *Cbt’ functional group element represents a carbon atom

that is honded through a benzene bond and through a triple boud.

Table 8.1: New Functional Group Elements defined in RMG. These new FGE allow
the deseription of aromatic molecules containing furan rings and triple bonds.

FGE Chemnical

Description
Structure
: N .
bt ! Cbt:  Carbon one triple bond and one benzene bond
Ob L?b Oxygen with two benzene bonds
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8.4.2 Organization of the Database

As in the atom-centered groups thermochemical database (see Section 7.3.1), the
database for the bond-centered group additivity method is composed of three files:

the tree, the dictionary and the library.

The dictionary file defines each group through a unique string name and an adja-
cency list. The tree file specifies the tree structure in which the bond-centered groups
are organized. The root node of this tree is a bond in an aromatic ring. In the first
level the atom types to which this bond is connected are specified (C-C or C-O) and

so on. Finally, the library associates each group to its thermochemical values.

The representation of each bond-centered group as an adjacency list is not straight-
forward. In the following discussion we will use the notation for aromatic atom-
centered groups introduced in Section 3.2.1. While there is a one to one correspon-
dence between the ‘A’ atom-centered group and the ‘Cb’ functional group element,
the atom-centered groups ‘B’, ‘C’, and ‘D’ all correspond to the ‘Cbf’ functional group
element. The ‘B’ atom-centered group can be casily characterized because it is al-
ways bonded to two ‘Ch’ and one ‘Cbf” functional group element. However, the ‘C’
atom-centered group can be bonded to either one ‘Cbh’ and two ‘Chf’ or to three ‘Chf’
functional group elements. What differentiates the ‘C’ and the ‘D’ atom-centered
groups is the number of rings to which they belong. The first belongs to two rings
only, whereas the latter belongs to three. For example, the only difference in the
bonds shown in bold Figure 8-2 is that the ‘CC6’” bond belongs to one ring only and
the ‘DD6666° bond belongs to two rings. The adjacency list for these two bonds
encompassed by the hashed rectangle is exactly the same. There is no easy way to

identify the difference between these two bond-groups in RMG.

To overcome this difficulty, the children of a node in the tree were organized as
a LinkedList, and not as a HashSet, as was originally the case in RMG. This choice
means that the order in which the nodes are organized in the database does matter.
The nodes that come first are read (and matched) first. In the case of bonds ‘CC6’

and ‘DD6666°, the adjacency lists for these bonds represent the structures shown
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in Figure 8-3. Note that the adjacency list representation for bond ‘CC6” would
also match the bond-group *DD6666’, but the reverse is not true. Thus the bond
'DDO6666™ comes first in the database. The bond-centered groups database has been
carcfully designed so that the correct bond-group is matched. In general, the bonds
that contain the *D’ atom centered group come first. Unlike in the atom-centered
groups database, here the order in which the nodes of the tree appear in the database
matters.

All the possible representations of each bond-centered group were explicitly in-
cluded in the database. For example, four different adjacency lists represent the
*CC66” bond-group, as shown in Figure 8-4. Values were assigned only to the first
entry in the library. The values of the subsequent bond-centered groups that actually

represent, the sane group refer to the value of the first entry.

8.5 Identification of Aromaticity

When a kinetic mechanisms is generated automatically, aromatic molecules are formed
from the reaction of non-aromatic molecules. Thus, in order to automatically generate
PAH formation and growth mechanisms it is crucial for RMG to have the capability
to identify as arownatic, rings that are actually aromatic, but are represented by single
and double (or triple) bonds.

This capability has been implemented in the ChemGraph.makeAromatic() method.
This method is called every time a cyclic ChemGraph is formed, before its thermo-
chemical properties are calculated. It identifies ring structures that have more than
one possible Kekué structure as being aromatic. Moreover, some structures, such as
the furan ring, that only have one Kekulé structure but are considered to be aromatic
in the BCGA method are also identified as aromatic. The library “aromaticStruc-
ture” stores these structures. The psendo-code for the ChemGraph.makeAromatic()
method is as follows:

i. For cach ring structure rStruc in the molecule, test if any of the structures
stored in the “aromaticStructure” library is a subgraph of rStruc. If it is a
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DD6666

Figure 8-2: In this case, the only difference between the CC6 and the DD6666 group
lies on whether the bond in question belongs to two rings or to one ring only.

DD6666 CC6

C
i jj: C, o
Cor

Figure 8-3: Adjacency list representation for the CC6 and DD6666 groups

CC66_4r CC66_3r CC66.2ro CC66_2rs
Cor

SURNUCENG UGS
Cor  Cor Cor  Co Cor Co Cor  Cp
Figure 8-4: Adjacency list representation of all the ‘CC66’ bond-groups. Each of
these bond groups is explicitly included in the database

210



subgraph, transform all the single and double bonds in that subgraph to benzene
bonds;

ii. Make a list aromNodes of all the nodes in the rStruc that could actually be in
an aromatic ring;

ili. Check if the part of the rStruc that if formed by the nodes in aromNodes has
wore than one Kekulé structure (K);

iv. If K > 1, then the nodes in aromNodes are indeed part of an aromatic ring.
All the bonds connecting these nodes are set to benzene bonds.

The nodes that could actually be aromatic are those that have the following

Functional Group Elements: ‘Cd’, ‘Ct’, *Cb’, *Cbf’, and ‘Cbt’. The method described

here correctly identifies the aromaticity of the ChemGraphs shown in Figure 8-5.

8.6 Conclusions

The hond-centered group additivity method has been successfully implemented into
RMG. RMG now has the capability of using this method to calculate the thermo-
chemical properties of PAHs with five- and six-membered rings, containing furan
and benzyne structures, as well as of molecules containing both aromatic and non-
aromatic parts. The estimation method for unsubstituted 7-radicals has not been
implemented into RMG yet.

RMG is now also able to correctly identify ring structures that are represented
through alternating single and double (or triple) bonds as aromatic. This capability
allows the generation of kinetic mechanisms containing reactions in which aromatic

molecules are formed from non-aromatic molecules.
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Chapter 9

Equilibrium Calculations

9.1 Introduction

In order to describe the chemistry of a combustion system, both kinetic rate parame-
ters for the important reactions and self-consistent thermochemical properties of the
species involved are essential. Yet, it is possible to draw interesting conclusions from
thermochemical properties alone.

At infinite time, any reacting system will reach thermodynamic equilibrinm, where
the Gibbs free energy of the system is minimized. However, most systeins are kineti-
cally constrained, i.e., reaction pathways that lead to very stable products might have
very high activation barriers, and thus be very slow. By studying the concentrations
of a system at global thermodynamic equilibrium, it is possible to identify which as-
pects of the experimental observations are due to the thermochemistry of the species

aud which are not (and thus are determined by kinetics).

9.2 Global Equilibrium Calculations

Equilibrium calculations were performed in collaboration with Dr. Heuning Richter
using the Equil application from Chemkin [8]. The Gibbs free energy is minimized
for a given temperature, pressure, initial concentration of the reactants (which fixes

the C/O/H ratios) and products allowed in the final condition. Alnost 300 species
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were included in the calculations, roughly half of which were polycyclic aromatic hy-
drocarbons. Up to ovalene, the AH} of the PAHs included in this study correspond
to the AHY ., described in Chapters 3 to 5. The S5gs and Cp used are the ones
calculated from B3LYDP/6-31G(d). The thermochemical properties of the three PAHs
larger than ovalene included in this study (see Figure 9-1) were calculated through
the BCGA method presented in Chapter 3. Cgo, Crg, Crg, Crs, Cgo, Cgo, and Cgy
fullerenes were also included in this study. The AH? calculated by Cioslowski using
B3LYP/6-31G(d) and homodesmic reactions with Cgy as a reference molecule were
adopted [3]. The S5 and C; were calculated using the BCGA method. The ther-
mochemical properties for the smaller species were adopted as described in [11]. A
complete list of the species included in this study and the thermochemical properties
used can be found in Appendix E.1.

Each equilibrium calculation was done for one fuel, at fixed temperature and
pressure. Benzene was used as the fuel for most of the calculations. The fuel to air
ratio (¢) was varied from 1.6 to 10 the temperature ranged from 300 to 4000 K, and

the pressure was set to either 20 Torr or 1 atin.

9.3 Results and Discussion

9.3.1 Sensitivity to the Thermochemical Properties

The equilibrium concentrations of individual species are very dependent on the as-

sumed thermo. A few keal mol™ difference in AG corresponds to order of magnitude

Circumcoronene (CsgHyg)

Figure 9-1: PAHs larger than ovalene included in the equilibrium study.
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changes in the concentration. However, the overall semi-quantitative conclusions that
can be drawn from equilibrium calculations are very robust. This robustness is shown
here by comparing the effect of using two different AH} values for Ceg in the equilib-
rium calculations.

Cioslowski adopted a AH? . of Ceo of 618 keal mol™ [3]. More recently Diky
and Kabo recommended a value of 604 keal mol™ based on the analysis of many
published data [4]. The equilibrium concentrations of the fullerenes when each of the
AH7 for Ceo is used is shown in Figure 9-2. The concentration of the other fullerenes
are practically not affected by the different AH} of Cgo. However, the concentration
of the latter increases by almost two orders of magnitude when a 14 keal mol™! lower
AHj} is used. Thus, accurate quantitative calculations of equilibrium concentrations
of individual species require that the relative thermochemistry of the species involved
be well known. However, we expect that overall trends do not depend that heavily
on accurate thermochemistry. For example, the overall concentration of fullerenes is
not affected by the different AH? at all. For all the other calculations described here

a 618 keal mol™! AH7 value for Cgp was used.

9.3.2 Sooting Limits

Experimentally one observes soot formation for a middle temperature range and only
above a critical ¢ value. The higher temperature sooting limit boundary is attributed
to thermodynamic constraints, whereas the lower temperature boundary is attributed
to kinetic limitations. This soot formation region is thought to be pretty much inde-
pendent of fuel type [2]. Kamimoto and Bae determined the soot formation region
for tolucne at 5 atm in a combustion bomb for C/O ratios up to 2.0 [7]. They found
the high-temperature boundary for the soot formation region at these conditions to
be around 2600K. The same was observed by Akihama et al. in modelling studies of
combustion in a diesel engine cylinder [2].

Table 9.1 provides the equivalence between ¢ and C/O ratio for benzene. ¢ = 1 is
defined as the stoichiometric ratio between the fuel and O necessary for the complete

combustion to COs and HyO.
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Figure 9-2: Effect of different values of AH} of Cgp on the equilibrium concentrations
of fullerenes. Fuel: benzene, ¢ = 3.5, 30% Ar, 2200 K, 20 Torr.

Table 9.1: Relation between ¢ and C/O for benzene. ¢ = 1 is defined as the stoichio-
metric ratio between the fuel and Oy necessary for the complete combustion to CO,
and HyO.

¢ CJO ratio

1.0 0.40
1.6 0.64
1.7 0.68
1.8 0.72
2.0 0.80
25 1.00
2.8 1.12
3.0 1.20
3.5 1.40
4.0 1.60
2.0 2.00
6.0 2.40
10.0 4.00
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The distinction between large PAHs and soot is not very clear. In this exploratory
study of sooting limits, we consider significant concentrations of PAHs at equilibriwun
to be an indication of “soot”, where PAHs are all the aromatic species with more than
two rings. We are assuming that soot has a similar AG per carbon and C/H ratio as
large PAHs (very young soot particles are known to have a C/H ratio of 3 [6]). Thus
it the equilibria strongly disfavor PAHs, it will probably also distavor soot. Fullerencs
were not included in these equilibrinm calculations.

Figures 9-3(a) and 9-3(b) show the equilibrium concentrations of PAHs as a func-
tion of temperature and ¢ for benzene as fuel and latm. The corresponding C/O
ratios are given in the secondary y-axis. Calculations were performed including PAHs
up to ovalene only (Figure 9-3(a)) and including the three large PAHs of Figure 9-1
(Figure 9-3(b)). The high temperature boundary for soot formation is present, but
cquilibrium caleulations predict that PAHs are also stable at lower temperatures.
Thus the high-temperature boundary of the sooting region is indeed due to thermo-
dynamic stability, while the low temperature boundary must be a kinetie limitation.

The sooting limit region does not change considerably depending on whether the
three large PAHs are included or not in the equilibrium calculations. One observes
that the high-temiperature sooting limit becomes sharper when the larger PAHs are
included, because the larger PAHs are more stable at higher temperatures. In both
cases the high-temperature boundary of the sooting limit is around 2700K. in good
agreentent with the experimental and modelling results discussed previously. This
is a very encouraging finding, indicating that equilibrium calculations using sensible
thermodynamics have the potential to predict the high-temperature sooting limit
boundary.

[t has frequently been stated that at equilibrium the critical C/O ratio should be
1 [15, 5]. The logic behind this belief is that as long as there is enough oxygen to
form CO, no soot would be formed at equilibrium. Thus Wright and others concluded
that flamnes are not at equilibrium, because experimentally, soot is observed at C/O
ratios smaller than 1 [14, 15]. In the equilibrium studies performed here, we indeed

observe a clear “sooting limit” at C/O = 1.0 for flame temperatures. Equilibrium
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(b) Including the three PAHs of Figure 9-1

Figure 9-3: Sooting limit predictions. The plots show equilibrium concentrations of
PAHs as a function of temperature and ¢ (C/O ratio on the secondary y-axis). The
concentrations are in log scale. Benzene is used as fuel, calculations were done for

latm.
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calculations using methane and ethylene as fuels also resulted in critical C/O ratio of
1. Howcever, it is still too precipitate to conclude that flames are not at equilibrium.
The local C/O ratio of a flame should be taken account, and not the C/O ratio at
the inlet of the burner, even in premixed flames. Diffusion effects have been shown to
increase the local C/O ratio of premixed flames up to 25% [9]. Morcover, very close
to the burner, when the fuel oxidation begins, oxygen gets trapped as CO and COq,
so that further down in the flame, when PAH formation and growth occur, the actual
local C/O ratio is probably higher than at the burner. Thus, it is possible that when

soot formation is observed, the actual C/O ratio is higher than 1.

9.3.3 Fullerenes versus PAHs

In Figure 9-4 the equilibriuin concentrations of PAHs and fullerenes are shown as a
function of ¢ and temperature. One notes that at latm fullerenes are thermodynam-
ically stable only for ¢ > 2.5 (C/O>1). Thus as there is a clear “sooting limit” for
the formation of PAHs, the same limit is also valid for fullerenes.

At equilibrium, fullerenes and PAHs are prescut at markedly different temper-
atures. While PAHs are present at lower temperatures, at higher temperatures
fullerenes are more stable. This behavior has been observed experimentally for ben-
zene flames [10].

The equilibrium between fullerenes, large PAHs and H, scems to explain this
sudden shift in the stability of fullerenes and PAHs. Figure 9-5 shows a plot of the
equilibrium constant (K.,) for hypothetical reactions involving a prototype fullerene

(C7), Ha, and the largest PAH included in this study, CgoHaa:

77 7
Cqo + ry Hy «— 3 CgoHay (9.1)
where (K,,) is given by:
AG°
K, =e - 9.2
= (-5 ) (92)

The temperature at which the K, for the largest PAH included in this study is equal
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Figure 9-4: Equilibrium concentrations of PAHs and fullerenes as a function of tem-

perature and ¢. The concentrations are in log scale. Benzene is used as fuel, calcu-
lations were done for latm. PAHs are not formed at ¢ < 1.7 and fullerenes are not

formed for ¢ < 2.5.
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Figure 9-5: Equilibrium constant for Cry + % Hy 3572 CgoHao. The K4 for two
PAHs are shown. For K., > 1 the PAHs are favored at equilibrium, and for K., <1
the fullerenes are favored.
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to one (around 1800K) is roughly the temperature at which the shift between PAHs

and fullerenes occur, as seen in Figure 9-4.

9.3.4 Concentrations of the Different Fullerenes

The equilibrium concentrations of PAHs and each of the fullerenes included in this
study are shown in Figure 9-6 for ¢ = 3.0 at latm. Results including and not
including the three large PAHs are shown. Although the temperature range at which
the fullerenes are present differ in the two cases, the relative stability of the fullerenes
remain mostly the same.

Cso is predicted to be very thermodynamically stable, but experimentally it is not
a major fullerene in flames, where much higher concentrations of Cgo, Crg, Crg, Crs,
and Cgq are found [13, 12]. Aihara used weighted HOMO-LUMO energy band gap to
predict kinetic stability of fullerenes, and concluded that while Cgy and Cyq are very
stable kinetically, Cgy is not [1].

Another indication that the formation of fullerenes is very much kinetically limited
is the much higher equilibrium concentration of C;¢ than Cgg. Experimentally the
ratio of Cyg to Cgg is around 2. Thermodynamics alone cannot predict which species

will occur, but it can give a guideline of what is possible and what is not.

9.4 Conclusions

This simple preliminary equilibrium study offered plenty of interesting insights into
the thermodynamic driven behavior combustion systems.

Equilibrium concentrations are strongly affected by relative thermochemical prop-
erties of the species included in the study. Thus, for a quantitative prediction of
relative concentrations of individual species, accurate thermochemical properties for
each of the species is mandatory.

A limited set of PAHs appears to be sufficient for sooting limit predictions. The
high-temperature boundary of the experimentally observed sooting region can be pre-

dicted from equilibrium calculations in which PAHs are considered to be an indication
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of soot. Equilibrium calculations predict a sooting region only for C/O ratios greater
than 1, although experimentally soot is observed at C/O ratios smaller than 1. How-
ever, it is still precipitate to conclude that flames are not at equilibrium, because the
local C/O ratio in flames can be larger than 1, due to diffusion effects and by trapping
of the oxygen as CO and COj early on the flame.

PAHs and fullerenes are thermodynamically stable at markedly different temper-
atures. Higher temperatures favor the formation of fullerenes over PAHs. Thermo-
dynamic stability alone cannot account for the detection of some PAHs and not of
others. Fullerenes such as Cgy are calculated to have high equilibrium concentrations,
but are either not observed experimentally or are observed only at extremely low
concentrations, presumably due to their high reactivity.

Equilibrium calculations are a very rich area that has not been thoroughly ex-
plored yet. With the implementation of the BCGA method into a computer program,
it is now very easy to generate consistent thermochemical data for a wide variety of
polycyclic aromatic molecules and radicals, including very large species. With this
consistent set of thermochemical data, many studies can be performed that will pro-

vide great insight into the thermodynamic stability of complex combustion systems.
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Chapter 10

Conclusions and Recommendations

10.1 Conclusions

In this work we have proposed an accurate and consistent estimation method of the
thermochemical properties for polyceyclic aromatic molecules and radicals based on
Bond-Centered Group Additivity. A term based on the number of Kekulé structures

was included to account for the resonance energy characteristic of this class of species.

10.1.1 Assessment of the Available Experimental Data

The estimation method was derived from sound thermochemical properties for this
class of molecules. An extensive assessment of the available experimental data was
performed. Heats of formation in the gas phase are calculated from the heats of
formation of the crystal (AH7 ) measured through combustion experiments and
(e}

from heats of sublimation (AHS,,,) calculated from vapor pressure measurements. For

5
many of the PAHs only one experimental value for AHY ) and/or AHG,, is available.
When more than one AHE ( or AHG,; are available, it is not uncommon for them
to differ from each other by a couple of keal mol™. Gas phase S5, were caleulated
for the first time for many PAHs from the entropy of the erystal and the entropy of
sublimation calculated from vapor pressure data available in the literature. As in the

case of the enthalpies, for most of the PAHs only one entropy of the crystal value is
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available. Entropy of sublimation calculated from vapor pressure data published by
different authors can differ from each other by a couple of cal K1 mol™?.
Experimental thermochemical data for polycyclic aromatic molecules are extremely
scant. Moreover, the uncertainties in each value are often much larger than the re-
ported experimental uncertainties. However, since often only one value is available
for a given molecule, it is not possible to have a solid assessment of the uncertainty.
Users of experimental thermochemical data for PAHs should always be critical of

every value and conscious of the large uncertainty associated with the values. For

(o]
sub

example, the A ; of naphthacene derived in 1951 by Magnus et al. [4] was recently
confirmed to be too low by ~10 kcal mol™! [5] after many theoretical studies had

indicated so [1, 2, 6].

10.1.2 Computational Methods

The B3LYP/6-31G(d) method was adopted for all the calculations. The entropies
calculated in this way are shown to be as adequate as the available experimental
S5es, despite the many low frequency vibrations present in PAHs. Uncertainties in
the quantum chemical entropy calculated by assuming that all the frequencies were
off by £20 cal K™! mol™! were in many cases smaller than the discrepancy between
different experimental values.

Many reaction schemes were tested for the calculation of the AH} of PAHs with
five- and six-membered rings from absolute energies given by the B3LYP/6-31G(d)
calculations. A homodesmic reaction scheme that provides the maximum cancella-
tion of the electron correlation energy is proposed. The assessment of the quality of
the reaction scheme was made by comparing the values calculated from the proposed

homodesmic reaction scheme (AHj,, ) with the AH7 The MAD and RMS be-

f.exp*

O

7 exp a1 1.4 and 2.2 keal mol™! respectively.

tween the AH? ., and the available A
From the AH} calculated through the various reaction schemes tested, there are in-

dications that some of the available AH¢__ might not be correct. Both corannulene

Jexp
and benzo[k|fluoranthene only have one experimental heat of formation each, and

most of the reaction schemes tested give AHj’s that are higher than the AHg . of
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these molecules by ~10 keal mol ™.

10.1.3 Bond-Centered Group Additivity Method

A bound-centered group additivity method (BCGA) is proposed for polycyelic aromatic
molecules.  Bond-centered groups describe a larger structure than atom-centered
groups, allowing a better the capture of structural features that influence the thermo-
chemnistry of polyeyelic aromnatic molecules. Resonance energy is described through
the natural logarithm of the number of Kckulé structures. An algorithm has been
developed to count the number of Kekulé structures of molecules with rings of any
size. The method is shown to have good predictive capabilities through the “leave
one out” procedure. The BCGA method estimates the thermochemical properties
of PAHs up to the Cgo and Cyg fullerenes very accurately. For PAHs with five- and
six-mewbered rings the method estimates the AHg, o with MAD and RMS of 2.8
and 4.3 keal mol™ respectively. The method is also shown to provide a reasonable
extrapolation to a hypothetical infinite gascous graphenc sheet.

Boud-group values were derived also for polycyclic aromatic molecules with the
furan ring and with triple bonds. A linking between the BCGA method and Benson's
method based on atom-centered groups has also been developed, allowing estimation
of the thermochemical properties of substituted polyeyelic aromatic molecules. HBI
values for o-radicals were refined to capture the influence that the structural envi-
ronment around the radical site has on the thermochemical properties of the radical.
An estination method for radicals in which not all the #-clectrons can be paired is
preseuted.

Error bars were calculated for all the values derived in this work, allowing the esti-
mation of uncertainties of the thermochemical properties in addition to the properties
themselves.

The method presented in this work is certainly the most comprehensive estimation
method proposed for polyeyclic aromatic molecules and radicals. The possibility
of calculating consistent thermochemical properties for such a variety of aromatic

molecules will aid in the quest of obtaining a better understanding of combustion
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processes. This method also provides a firm ground upon new bond-centered group

values can be derived to describe other polycyclic aromatic molecules.

10.1.4 Organization of Thermochemical Database

Benson’s atom-centered group additivity method was organized as a tree structure for
use in the automatic reaction mechanism software (RMG) developed in our group [7].
A tree structure captures the relationship between the groups. The groups are orga-
nized hierarchically, with a general group on the top of the tree. As one goes down
the tree, the groups become more and more specific. This organization naturally puts
similar groups close to each other in the tree, making it easier for a human to grasp
rapidly the information contained in the groups. Groups for which no values are
available were assigned the values of other similar groups. The assignment is unique
and has been clearly documented. Extension of the thermochemical database is also
made very easy with the tree structure, since it allows the addition of more specific
group values as they are derived. All sources for the group values included in this
database have been clearly documented.

The bond-centered groups database was also organized as a tree structure. Un-
like the atom-centered tree structure, for the bond-centered groups the children of
a particular father are organized in a particular order. An ordered list of siblings is
necessary due to the definition of the bond-centered groups. Again, the organization
of the bond-centered groups as a tree structure makes it very easy to extend it in the
future, if more specific bond-groups are desired. That would be the case if the BCGA
method is extended to estimate the thermochemical properties of higher fullerenes,

for example.

10.1.5 Implementation of the BCGA Method into RMG

The Bond-Centered Group Additivity method developed in this work was imple-
mented into the automatic reaction mechanism generation software (RMG) developed

by Dr. Jing Song [7]. The program was developed using object oriented technology

232



to ensure easy extendability.

This implementation allows users, both experts and beginners, to easily estimate
consistent thermochemical propertics of polyeyclic aromatic molecules and radicals.
The thermochemical estimator of RMG can work independently from the main auto-
matic reaction mechanism generation program.

RMG is now also able to correctly identify ring structures that are represented
through alternating single and double (or triple) bonds as aromatic. This capability
is crucial for the generation of kinetic mechanisms containing reactions in which

aromatic molecules are formed from non-aromatic molecules.

10.1.6 Equilibrium Calculations

The simple preliminary equilibrium study performed offered plenty of interesting in-
sights into the thermodynamic driven behavior of combustion systems.

Equilibrium concentrations are strongly affected by relative thermochemical prop-
erties of the species included in the study. Thus, for a quantitative prediction of
relative concentrations of individual species, accurate thermochemical properties for
cach of the species is mandatory. However, the overall semi-quantitative conclusions
that can be drawn from equilibrium calculations are very robust.

The high-temperature boundary for the sooting region can be predicted from
cquilibrium caleulations including a limited set of PAHs. The inclusion of larger
PAHs makes the sooting limit sharper, without changing counsiderably the sooting
region otherwise. Equilibrium calculations predict soot formation only for C/O ratios
larger than 1.

PAHs and fullerenes are thermodynamically stable at markedly different temper-
atures. Higher temperatures favor the formation of fullerencs over PAHs. However,
thermodynamic stability alone cannot account for the detection of some PAHs and
not of others. Fullerenes such as Cgy appear at high concentrations in equilibrium
calculations, but are cither not observed experimentally or arc observed only at ex-

tremely low concentrations, presumably due to their high reactivity
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10.2 Recommendations for Future Work

This work has identified some areas in which more work needs to be done. It has also

opened new avenues that could be followed by future researchers in the area.

10.2.1 Determination of More Experimental Data

The importance of accurate experimental data cannot be overemphasized. Experi-
mentalists are highly encouraged to measure AH} vapor pressure and low tempera-
ture heat capacity of more PAHs. These values are essential for the validation of any
estimation procedure.

This work has identified some experimental values that might not be very accurate.
The AH§ of corannulene and benzolk|fluoranthene are believed to be too low by a
couple of kcal mol™! (Section 2.3). The “experimental” entropy of naphthacene,
calculated from the third law method based on experimental heat capacity and vapor
pressure data, is believed to be too low by ~10 cal K™! mol™!. The experimental
entropy of phenylacetylene is based on an arguable vibrational frequency assignment
(Section 4.4.3). We recommend that these experimental values for these PAHs be

measured again.

10.2.2 Expansion of the Method

There are many more types of polycyclic aromatic molecules than the ones studied in
this work. We developed a method for the most important aromatic molecules, but
much more work can be done to extend the method. The solid foundation provided
here can easily be built upon.

The method proposed here predicts the thermochemical properties of Cgo and
Cro fullerenes accurately, but more specific groups are necessary to describe higher
fullerenes (specially their AH?). Once these more specialized bond-centered group
values are derived, it will be very easy to incorporate them into the tree structure of

the present database.
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There are a myriad of molecules in nature. The development of an estimation
method for them must be made step by step. Each step should be guided by the ne-
cessity of accurate thermochemical properties for a particular class of molecules. More
specific HBI values for radicals could be derived, as well as more specific groups for
substituted aromatic molecules. Furthermore, new bond-centered groups for PAHs
with different sized rings could be derived. Four- and seven-membered rings. for
instance, are significant intermediates of combustion. The bond-centered group addi-
tivity method could also be extended for other molecules. An example are conjugated
rings with exocyclic double bonds, such as quinones and fulvenes. Bond-centered
groups could also be derived for other heteroaromatic structures, such as pyridines

and thiophenes.

10.2.3 Kekulé Structure Count

The algorithm that has been currently implemented for the counting of the number
of Kekulé structures is very slow for molecules with more than 70 carbon atoms. It
should cither be optimized, or the signed matrix method proposed by Klein and Lu [3]

should be implemented.

10.2.4 Equilibrium Calculations

With the implementation of the BCGA method into RMG, it is now very easy
to obtain consistent thermochemical data for a wide variety of polyeyelic aromatic
molecules. Equilibrium calculations are very casy and can provide good insight on
how thermodynamic stability between a large number of molecules affect their concen-
tration at cquilibrium. Comparison between equilibriuin concentrations and concen-
trations measured experimentally can help determmine which behavior of the reacting
system is due to thermodynamic constraints and which is due to kinetic constraints.

Although in this study we performed equilibrium caleulations both with and with-
out three large PAHs (CsgHyg, CooHap, and CgoHyy), further studies could be done to

assess the effect of the inclusion of even larger PAHs, and of isowers of the PAHs.

235



It would be interesting to perform equilibrium calculations with a wide variety of
fuels. For example, experimentally it is observed that the regions in which fullerenes
and PAHs are formed are much more overlapped for methane as a fuel than for
benzene. Equilibrium calculations using methane as fuel could determine whether
this observation is due to thermodynamics or not. Different pressures should also be
tested. It is known, for example, that the formation of fullerenes is favored at low

pressures.

10.2.5 Generation of Reaction Mechanisms for Soot Forma-
tion

The ultimate goal is to gain an in-depth understanding of combustion systems, so
that more efficient, less polluting engines can be designed, or the optimal conditions
for fullerene formation in a flame can be found.

This in depth understanding can be achieved through the generation of reaction
mechanisms that can describe the chemistry of combustion. With the BCGA method
proposed in this work we took an important step towards reaching this goal. However,
before complete mechanisms for soot formation are generated, a better understanding
of the reactions involving large PAHs and soot is necessary. The reaction pathways for
PAH growth have not been completely clarified yet. Current PAH growth mechanisms
assume that reactions involving small PAHs can be directly transferred to large PAHs.
That might not necessarily be the case.

Methods for model reduction will also play a crucial role in automatically gen-
erated reaction mechanisms for PAH formation and growth. These reaction mecha-
nisms, which might involve hundreds or even thousands of PAH isomers, can easily
become too large to be manageable, and so probably need to be reduced if they are

to be used for predictions and/or coupled with fluid dynamic models.

236



Bibliography

(1]

M. J. S. Dewar, A. J. Harget, and N. Trinajstic. Ground states of conjugated
molecules. XV. Bond localization and resonance eneries in compounds containing
nitrogen or oxygen. Journal of the American Chemical Society, 91(23):6321-6325,
1969.

W. C. Herndon, P. U. Biedermann, and I. Agranat. Molecular structure param-
cters and predictions of enthalpies of formation for catacondensed and pericon-
densed polyeyclic aromatic hydrocarbons. Journal of Organic Chemistry, 63:7445
7448, 1998.

D. J. Klein and X. Liu. Many-body conjugated-circuit computations. Journal of
Computational Chemistry, 12(10):1260-1264. 1991.

A. Magnus, H. Hartmann, and F. Becker. Verbrennungswirmen und Reso-
nanzenergien von mehrkernigen aromatischen Kohlenwasserstoffen. Zeitschrift fr
Physikalische Chemie, 197:75-91, 1951.

Y. Nagano. Standard enthalpies of formation of phenanthrene and naphthacenc.
Journal of Chemical Thermodynamics, 34:377 -383, 2002.

J. M. Schulman and R. L. Disch. Bowl-shaped hydrocarbons related to ¢60.
Journal of Computational Chemistry, 19(2):189 194, 1998.

J. Song. Building Robust Chemical Reaction Mechanisms: Next Generation of
Automatic Model Consstruction Software. Phd thesis, Massachusetts Iustitute of
Techonology, 2004.

237



238



Appendix A

Symmetry Numbers

A.1 Aliphatic Molecules

The symmetry of a molecule (o) is defined as the “total number of independent
perinutations of identical atoms (or groups) in a molecule that can be arrived at
by simple rigid rotations of the entire molecule” [1]. The total symmetry (o) of a
molecule arises from two different countributions: the internal symmetry (o) and

the external symmetry (o).

0 = Oipt X Ot (Al)

The internal symmetry correspoud to the number of permutations of identical
atoms arrived at through internal rotations, whereas the external symmetry takes
into account the rotation of the whole molecule. For example, methanol has an
external symmetry of 1, and an internal symmetry of 3, due to rotation around the
0O-C boud. The total symmetry of methanol is 3.

Dr. Jing Song and the author developed an algorithm to calculate the total sym-
metry of aliphatic molecules using a different approach. Instead of dividing the total
syminetry of the molecule into an internal and an external contribution, it is divided
into the contribution of the symmetry around each component of the molecule: atom,

boud, and axis. The symmetry of each of these elements are multiplied to provide
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Figure A-1: Methanol has an external symmetry of 1 and an internal symmetry of 3
due to rotation around the O-C bond

the total symmetry of the molecule.

Oacyclic = H Oatom,i X H X Obond.,j Haa:vis.k (AQ)

The atoms that can display symmetry are the carbon atom with four single bonds
(Cs), the oxygen atom with two single bonds (Os), the allenic carbon atom (Cdd),
the carbon atom radical with three single bonds (Cs*) and the carbon biradical with
two single bonds (Cs**). The symmetry rules for atoms are shown in Table A.1.
For example, for Cs, if all its substituents are equal (as in CHy), then the molecule
will exhibit a symmetry of 12. This total symmetry of 12 already accounts for the
internal and the external symmetry. Each of the C-H bond in methane has an internal
symmetry of 3 (as is clear from Figure A-2). There are four of these C-H bonds, that
is, the external symmetry of the molecule is 4. Thus its total symmetry is 12. If three
of the substituents are equal and one is different the total symmetry number is 3, as
in methanol. The Cs* radical is assumed to be dynamically flat. This assumption
is based on the fact that it has a low “umbrella” frequency. In methyl radical this

1

frequency is about 450cm ™. The “umbrella” frequency corresponds to an internal

inversion that allows all six permutations of the three identical H atoms in CHs.

/H
H%C"'"IIIH
\H

Figure A-2: Methane has internal symmetry of 3 and external symmetry of 4. Thus its
total symmetry is 12. Another way of viewing the symmetry of methane is analyzing
the symmetry of the Cs atom
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Table A.1: Symmetry rules for atoms

i atom Neighbor Oatom,i
1 2 3 4
" A A A A 12
I A A A B 3
4—Cs—2 A A B B 2
| A A B C 1
3 A B C D 1
A - - 2
|==Cdd=2 ﬁ B - - 1
A A - - 2
[——0s—2 A B - - 1
Cse
A A B - 2
3 A B C - 1
- A A - - 2
I—Cs—2 A B - - !

The Cb atom (carbon atom in a benzene ring) is not included in Table A.1 be-
cause the rules presented in this section apply only to non-cyclic structures. Rules
for symmetry number determination are described in Section A.2. The symietry
provided by the Cds group (a carbon atom with a double bond and two single bond)
is due to the rotation along the axis of the double boud, and thus it is included in

the symmetry rules for a symietry axis in Table A.3, and not in Table A.1.

A bond can also be a center of symmetry, as is the case in ethane. Table A.2 shows
the symmetry rules for bonds. In ethane, each of the carbon atoms are a center of
syminetry 3, according to Table A.1. The single bond between the two carbon atoms
is also a center of symmetry, contributing 2 to the overall symmetry of the molecule
(see Table A.2). Thus, according to Eq. (A.2) the total symmetry for ethane is 18.
Bengzene bonds are not included since they only appear in cyelie structures. The next
section deals with molecules that contain cycles.

Finally we define also axis of symmetry. In addition to the symmetry described
in Table A.2, double bonds can also be an axis of symmetry. That is, the molecule

is symmetric with respect to rotation along the axis formed by the double bond(s).
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Table A.2: Symmetry rules for single, double and triple bonds

7" bond Neighbor Obond.

1 2

1— 2 A A 2
A B 1

1— A A 2
A B 1

1=2 A A 2
A B 1

The symmetry rules for these axis are shown in Table A.3.

Thus the total symmetry of a molecule is separated into the contributions of the
symmetry of each of the components of the molecule: atoms, bonds, and axis of
symmetry. This method has been implemented into RMG, allowing it to calculate

symmetry of non-cyclic structures.

A.2 Cyclic Molecules

The symmetry rules presented in the last Section do not apply to atoms and bonds
that belong to ring structures. Sally Petway developed and implemented an algorithm
in RMG that determines the symmetry number of ring structures. This algorithm
compares each of the graph components that belong to a ring to each other. Graph
components are nodes (representing atoms) and arcs (representing bonds). The sym-
metry number of the cyclic structure is equal to the largest number of equivalent
graph components.

If all nodes in the ring are equivalent, all arcs in the ring are equivalent, and if
all the substituents at the nodes are equal, then the symmetry number is multiplied
by two. This provision corrects for the additional symmetry of one ring molecules.
Although molecules such as cyclopentane, cyclohexane, and cycloheptane are not
planar, they are treated as dynamically flat. The reason is because the ring puckering
frequency in these cyclic structures is extremely low, which indicates an extremely
fast ring puckering motion.

Some structures introduce non-planarities to the molecule. decreasing its sym-
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Table A.3: Symetry rules for symmetry axis. The symmetry given in this table
refer to rotation along the axis. All the other combinations that are not presented in
this table do not contribute to the symmetry

" atom Neighbor Tawis k
1 D) 3 1
] 3
\ / A A A A 2
Cds=f<=Cdd:‘ . ’=Cdd%=Cds A A B B 5
/ N\,
2 A B A B 1
A B B A 1
I
\ A A § - 9
Cds:écad:- . -=Cdd%=0d
/ A B - ; |

metry number.  Among these are the corannulene core and a six-membered ring
suwrrounded by alternating five- and six-membered rings (see Figure A-3). Thus if
the caleulated symmetry number of a molecule is even, and it contains either of the
subgraphs (structures) that introduce non-planarity to the molecule, its symmetry
number should be divided by two. For example, all the Cb’s of corannulene (there
are 10 of them) are equivalent, leading to a symmetry number of 10. However,
since corannulene contains the “five-membered ring completely surrounded by six-
membered rings” subgraph, its symmetry number is divided by two, leading to the
correct final symmetry number of 5.

For nolecules that have both a cyelic and a non-cyclie part, the total symmetry

number is calculated by multiplying the symmetry of the acyclic and the symmetry

Sy s
B B

Figure A-3: Subgraphs included in the symmetry correction library. Currently the
symimetry correction library contains only substructures that introduce non-planarity
to a molecule
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of the cyclic parts.

0 = Oacydic X Oeyelic (A3)

A.3 Algorithm for Symmetry Calculation

The complete algorithm to calculate the symmetry number of a molecule is:

i. Start with ¢ = 1;

ii. For each atom 4 that does not belong to a ring, identify its symmetry according
to the rules outlined in Table A.1 and multiply 0 = ¢ X 040m.i;

iii. For each bond j that does not belong to a ring, identify its symmetry according
to the rules outlined in Table A.2 and multiply 0 = 0 X Gpond

iv. Identify if there are symimetry axis, ¢ = ¢ X Ggqisk;

v. If there are rings in the molecule

(f)

For each ring system, find all the equivalent nodes (atoms). Save the
number of nodes in the largest set of equivalent nodes, 0,odes;

For each ring system, find all the equivalent. arcs (bonds). Save the number
of ares in the largest set of equivalent arcs, oapes;

If Onodes > Carcsy 0 = 0 X Onodes)

Else if Onodes < Oarcss 0 = 0 X Oqrest

Else (07rode.< == Un.'rrs)

i. If all the substituents of the ring are equal AND ,,04¢5 is equal to the
number of nodes in the ring systemn and o, is equal to the number
of arcs in the ring system, AND all the substituents of the ring are
equal, then o = 2 X 0 X Gp0des:

il. Else 0 = 0 X Onodes;

Search the “symmetry corrections” library. If ¢ is even and if any of the
subgraphs (substructures) present in the library is present in the molecule,
o=0+2

vi. Return o.

A.4 Examples
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Table A.4: Symmetry number calculated from the algorithm described in this section.
Some of the symmetry numbers calculated by this algorithin are not correct, and are
shown in italics

Molecule Symmetry Comients

CH,

= 12 for the central carbon
= 3 for each of the four —CHs

C-iliICH
i 3

9792 Tatom

CHs Tatom
o . \
HRC,/ \CH; 18 Catom = 2 for the central oxygen
Ourom = 3 for cach of the two - -CHjz
H\ &H,
==C=—=
e \H ] Taom = 2 for the central Cdd
Ogionn = 2 for each of the two - - *CH,
HO -OH 2 Tpona = 2 for the single bond between the two oxygens
HiC CH ;
! : Otond = 2 Tor the central double bond
c=c 324 Catom = 3 for each of the four -CHjs
e - Oaris = 2 for the axis along the double bond
3 3
H;C
=0
; Cutom = 3 for each of the two - CHj
H;(C 18 .
Oauis = 2 for the axis along the double bond
H,
c
He \
I CH,
meer /
¢ _ _—r
H, 10 Onodes = Tares = O
g = 2 X 0‘7)1)(11“5'
12 Onodes = Oares = 0 and criteria 5(e)i is satisfied,
thus o = 2 X gpodes
4 Onodes = 4 all four carbons are equivalent

continued



Table A.4: continued

Molecule Symmetry Comments
_11 q
¥ OH
y ) 4 Onodes = Cares = 4, however, the substituents at
the ring are not all equal, thus o = 0 X 0pdes
HO” Z Currently the adjacency list representation of the
— molecular structure does not contain stereochem-
ical information. The adjacency list for this
" ! 4 molecule and the previous are the same, and thus

H

the symmetry calculated for this molecule is 4,
even though its real symmetry number is 1.

continued
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Table A.4: continued

Molecule Symmetry Comments

Although y,04.s = 2, this molecule has a corannu-
1 lene substructure, and thus it is non-planar. Its
final symmetry number has to be divided by two.

Onodes = 00, but Cgg contains the corannulene sub-
structure, thus its symmetry number is divided by

30
2. However, the correct symmetry number for Cgq
is 180
Onodes = 20, but Crg contains the corannulene sub-
10 structure, thus its symmetry number is divided by
2
12 Ogres = 12

Onodes = 4 since the Tour unsubstituted Cb's arc
30 equivalent
Oazomn = 3 for each of the two  CHs

Onodes = 2 for eachi of the two Denzene rings
8 Tbond = 2 for the single bond connecting the ben-
zene rings

A.5 Discussion

Currently the adjacency list representation of the molecular structure does not dif-
ferentiate between stereoisomer. Thus the algorithm described in this section will

always return the highest possible symmetry number in these cases.

The symmetry number for all other molecules, except for Ceg. is caleulated cor-
rectly using the algorithm presented here. It is not clear exactly why the symmetry of
Cegp is calculated to be 6 times smaller than the real value. We believe it is because of
the unusual perfect sphere structure of this fullerene. Since only Cg has this perfect

sphere structure, this problem is not expected to arise for other molecules.
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A.6 Conclusions

A algorithm for the determination of the symmetry number of aliphatic and cyclic
molecules was developed by Dr. Jing Song, Sally Petway and the author. It has been
implemented in RMG, allowing the application of the symmetry correction in the

calculation of the entropy from group additivity methods.
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Appendix B

Polycyclic Aromatic Molecules

Included in this Study

Table B.1: Benzenoid PAHs included in the development of the estimation method. Only the sigma bonds
are shown in the structure of the PAHs. The AH 7, listed here were calculated using the Homodesmic4

reaction scheme (see main text). The enthalpies of formation estimated through the bond-centered group
additivity method proposed in this work are given in the last column.

Name Kekulé  AHJ ..

o

Structure weight J.est
Formula Count  (kcal mol™) s (kcal mol™)
O g?ggne 2 19.8 2.00 19.7
N Naphthalene
90 C1OHS 3 36.0 2.00 36.2
/ J:P Phenanthrene
o Anthracene
I CL4H10 4 56.1 0.67 55.1
T Pyrene
([I\,,J C16H10 6 56.1 0.38 57.6
™ Triphenylene
. J: J pheny
C IVS CISHI2 9 65.7 0.33 65.3
(A]\ Benzo[c]phenanthrene
e CISHI2 8 68.0 0.22 66.9
\//‘\/T
Benzof{alanth ne
QAJ? oonrolgfanthrace 7 66.7 0.33 65.9
~ S
C 3 Chrysene
LH Cres 8 61.9 0.22 638
N Naphthacene
L CISHI2 5 77.6 0.40 75.2
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L AH? AH?
Structure N Kekulé S home. weight e
Formula Count  (kcal mol™) (keal mol™)
Benzo[e]pyrene
C20H12 11 69.7 0.24 69.7
Perylene
| C20H12 9 76.5 0.24 73.3
Benzo[a]pyrene
O:@ 9 71.6 0.24 72.3
A C20H12
Benzo[ghilperylene
C22H12 14 72.8 0.19 73.8
‘ Dibenzo[def,mno]chrysene
&E? (Anthanthrene) 10 81.5 0.21 81.5
C22H12
Dibenzo[c,g]phenanthrene
C22H14 13 87.1 0.14 85.5
Benzo[b]triphenylene
C22H14 13 83.6 0.25 82.6
; Benzo[g]chrysene
C22H14 14 85.9 0.22 84.8
A
Dibenzo[b,g|phenanthrene
C22H14 11 86.9 0.22 85.2
/O Benzo[c]crysene
| C22H14 13 81.5 0.14 82.4
P
Dibenz[a,j]anthracene
% C22H14 12 78.1 0.22 77.1
Pentaphene
C22H14 10 84.5 0.25 83.4
Benzo[a]naphthacene
Dibenz[a, #]anthracene
C22H14 12 77.8 0.22 77.1
Benzo[b]chrysene
0@9@ Coamila 11 81.0 0.22 82.1
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Nalne Kek‘-ﬂé AH /(‘)' . homo : AH;’ est

Structure weight
Formula Count  (kcal mol™) s (kcal mol™)
N Picene
I C22H14 13 75.3 0.14 79.3
J
N Pentacene
COX0 omnua 6 99.9 0.29 96.1
g ;A Coronene
d/jb C24H12 20 75.2 0.17 76.0
& Dibenzo[def,p]chrysene
e C24H14 16 92.2 0.18 90.6
X
B Dibenzo[fg,op]naphthacene
C j; 70 cHl4 20 84.2 0.18 82.0
. @ Dibenzo[a, hlpyrene
é Naphtho[2,1-a]pyrene
LI c24H14 15 84.1 0.18 87.3
S
Naphtho[2,3-a]pyrene
@ Benzo[a]perylene
Tr C24H14 12 100.2 0.18 95.8
/[P”j Naphtho[1,2,3,4-def]chrysene
1 75 C24H14 17 84.8 0.18 83.8
/I'\ Phenanthro[3,4-c]phenanthrene
J 1; C26H16 21 105.1 0.11 104.3
l\I\/
iAJ\J Dibenzo[g,p]chrysene
c X0 C26H16 24 107.1 0.18 106.2
Bt
1S
Hexacene
QOO0 coemie 7 122.4 0.22 117.6
[’A: Benzo[a]coronene
[[Iv C28H14 34 90.4 0.13 89.6
A
r ? Dibenzo[bc, kl]coronene
[[ )@ C30H14 20 1123 0.12 109.8
PO

253



r AH'O . 0 ‘
Stmcmre Name Kekule f,homo] Welght AHf‘LSt ]

Formula Count  (kcal mol™") (keal mol™)
Ovalene
C32H14 50 102.2 0.11 100.0
Dinaphtho[1,2,8,7-defg:2',1',8",7'-
ijkl]-pentaphene
CIIH16 36 116.0 0.12 113.7
Tetrabenzo[a,cd, im,o]perylene
C34H18

61 131.9 0.11 128.6
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Table B.2: PAHs with five- and six-membered rings included in the development of the estimation
method. Only the sigma bonds are shown in the structure of the PAHs. The AH listed here were

/. homo
calculated using the Homodesmic4 reaction scheme (see main text). The enthalpies of formation estimated
through the bond-centered group additivity method proposed in this work are given in the last column. The

AH | ., of PAHs that contain the bond-groups BD66650 and/or BD665500 are given in parenthesis.

Structure Name Kekulé AH Lomo weight AHY
B Formula Count  (kcal mol™) (kcal mol™)
P as-Indacene
gl C12HS 2 99.7 0.07 86.2
~ s-Indacene
agh C12HS 2 93.5 0.09 91.5
L Acenaphthylene
1) C12H8 3 62.1 0.20 60.9
L Pyracylene
oy Cl4HR 4 102.3 0.10 96.4
) L‘\\ Fluoranthene
ORe Cl6H10 6 673 0.17 64.6
[ Acephenanthrene
L Iil\ Aceanthrylene
(:[/ ) C16H10 4 78.8 0.13 76.6
Cr Cyclopenta[cd]pyrene
=
PR Benzo[mnolaceanthrylene
(IEL; CISHIO 4 1013 0.14 992
\[ Benzo[ghi]fluoranthene
O Cyclopent[cd]fluoranthene
\ 7} Cyclopent[hilacephenanthrene
Q; p CI8HI10 5 95.1 0.08 95.4
P Dibenzo[ghi,mno]fluoranthene
\1:[>§ (Corannulene) 11 117.4 0.34 117.9
A C20H10
AT’”)\ Dicyclopenta[cd, fg]pyrene
T C20H10 7 109.3 0.08 107.0
T Dicyclopenta[cd,jk]pyrene
/O/Ix Cyclopenta[cd]benzo[ghi]fluoan-
(Y YT thene 9 129.9 0.09 125.0

C20H10
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7 AHO o
Structure Name Kekulé f. ho‘mo1 Welght foest |
Formula Count  (kcal mol™) (kcal mol™)
. Cyclopenta[fg]benzo[ghi]fluoan-
5:% thene 8 130.0 0.09 127.3
— C20H10
Dicyclopenta[cd,mn]pyrene
C20H10 6 115.6 0.09 113.5
Benzo[de]cyclopent[a]anthracene
C20H12 5 95.7 0.10 99.7
9 Benzo[de]cyclopent[bJanth
C;r(;ilol[ze]cyc opent[b]anthracene 5 95.0 0.10 99.7
‘ Benzol[fg]cyclopent[a]anthracene
1 C20H12 3 107.9 0.10 112.1
— B lopent[bJanth
&Cﬁ ngf;’][’;g]cyc opent[b]anthracene 3 107.7 0.13 112.8
Indeno[2,1-a]phenalene
3 C20H12 6 88.8 0.13 91.5
) Indeno[1,2-a]phenalene
- C20H12 3 106.5 0.13 109.5
Benz[a]acephenanthrylene
L C20H12 8 89.4 0.10 92.4
B henanthryl
% C;gf{[ll]gcep cnanfaryiene 8 91.4 0.10 92.4
Benz[e]aceanthrylene
‘ C20H12 7 87.6 0.10 88.2
) 7 B thryl
0SS oonalilaceanthrylene 7 92.6 0.10 93.8
Cyclopenta[hi]chrysene
. C20H12 8 86.5 0.10 89.3
* Benz[j]aceanthrylene
C20H12 7 90.2 0.10 90.7
Benz[k thryl
0355 C;gﬁl]zacephenan hrylene 7 90.0 0.13 91.4
OOE) gggll?l);nta[de]naphthacene 5 100.0 0.13 967
O&Q gg‘gﬁ[ﬂacea"ﬂ‘ryle“e 5 96.7 0.10 93.6
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o

St Name Kekulé AHY o . -
ructure : . weight e
Formula Count  (kcal mol™) (kcal mol™)
gﬁ Benz[a]aceanthrylene
L C20H12 8 85.4 0.13 87.1
80e
M Benz[e]acephenanthrylene
@ gl Benzol[j]fluoranthene
PN Benzo[k]fluoranthene
YT caomi 9 82.6 0.14 81.2
Day Cyclopenta[bc]corannulene
é’{;ﬂ] C22H10 12 156.8 0.13 153.4
I N Benzo[/]cyclopenta[cd]pyrene
:j\r T C22H12 11 94.9 0.12 97.7
/;[A] Indeno[5,6,7,1-defg]chrysene
X ; 7 C22H12 9 97.6 0.12 100.4
ng Benzo[def]cyclopenta[gr]chrysene
@[LT] C22H12 9 98.3 0.12 100.2
(\j | Cyclopenta[cd]perylene
(E(Lj C22H12 9 100.6 0.12 101.2
[j”L Indeno[1,7,6,5-cdef]chrysene
o8 Indeno[1,7-ab]pyrene
(Erﬁj C22H12 9 95.2 0.12 95.5
R Ind 1,2,3-¢
O/LETH odenol 1.2,3-cdlpyrene 12 88.2 0.12 89.3
T Indeno[1,2,3-cd]fluoranthene
:fj/g i) 13 108.1 0.09 108.0
/”\ Phenanthro[10,1,2,3-cdef]fluorene
O{J} C22H12 7 111.0 0.12 110.8
‘;[“ Indeno[6,7,1,2-defg|naphthacene
S comn 5 1182 0.12 116.2
:”’L Naphtho[4,5,6-abc]aceanthrylene
Jfl C22H12 11 103.7 0.12 108.0
Ao
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[\]

v AHO .

Structure Name Kekule J-home, weight e
Formula Count  (kcal mol™") (kcal mol™)
Indeno[3,2,1,7-defg]chrysene
C22H12 14 96.5 0.12 99.1
Indeno[4,3,2,1-cdef]chrysene

Cé% Corr) 13 97.6 0.12 9.2
Dicyclopenta[bc, ef]corannulene

C24H10 13 188.4 0.07 185.4
- Dicyclopenta[bc, hilcorannulene

. C24H10 13 194.3 0.08 189.0

Benz[mno]indeno[5,6,7,1-

(% defg]chrysene 10 105.4 0.10 107.1
C24H12
Dibenzo[def, mno]cyclopentali]

&ig) chrysene 10 104.4 0.10 107.1
C24H12
Benz[mno]indeno[1,7,6,5-

&E% cdefichrysene 10 108.2 0.11 109.4
C24H12

"* Acenaphtho[1,2,3-cde]pyrene
C24H12 17 105.3 0.10 108.6

- Cyclopenta[fg]benzo[ghi]perylene
C24H12 14 99.1 0.10 101.8
Cyclopenta[cd]benzo[ghi]perylene
C24H12 14 98.4 0.10 101.8
Benzo[mno]naphtho[2,1,8-

(% bedlaceanthrylene 5 139.9 0.11 138.1
C24H12

' Cyclopent[b]indeno[4,5-

glphenanthrene 2 157.1 0.06 165.9
C24H14
Dicyclopenta[a,c]naphthacene
C24H14 5 138.6 0.05 143.7
Fluoreno[3,4-b]fluorene
C24H14 5 130.8 0.08 131.2
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o}

S Name Kekulé AH oo . e
tructure Formula Count  (kcal mol™) weight (keal ’ o)
cal mo cal mo
Y 1 Benz[blindeno[2,1-/]fluorene
SOUGRS C24H14 7 122.4 0.09 121.0
Y Fluoreno|[3,2-b]fluorene
() Fluoren 5 129.4 0.09 127.6
C Benz[a]indeno[1,2-c]fluorene
Q;(?r\_ C24H14 6 138.8 0.08 135.9
o J\P Fluoreno[4,3,2-de]anthracene
(I ij C24H14 4 123.9 0.10 126.4
\I) Naphth[1,2-a]acephenanthrylene
/I:E:[V\ C24H14 13 109.1 0.08 111.0
RS
r bl Dibenz[a, k]acephenanthrylene
\;( 1 C24H14 11 107.7 0.10 110.7
Qo0
) Cyclopenta[fg]pentaphene
QV\LJ : C24H14 10 105.0 0.10 105.7
Py Dibenz[e,/]aceanthrylene
15%\ C24H14 12 101.8 0.08 105.8
L
i AI} Benzo[b]cyclopenta[gr]chrysene
X j§\j C24H14 11 102.4 0.08 104.4
L
L0 Indeno[7,1-bc]chrysene
Dibenz[a,e]acephenanthrylene
) p ry
[ C24H14 16 95.7 0.10 96.1
SROS
;{\ Tricyclopenta[bc,ef.kl]corannulene
Qi» ) C26H10 14 224.6 0.05 221.1
LT
§ z 3 Tricyclopenta[bc,ef, hi]lcorannulene
{ Q\ C26H10 15 218.5 0.04 216.2
(-
0 Cyclopenta[bc]coronene
/jf C26H12 20 102.6 0.10 104.0
. iﬁ C26H12
) 20 122.7 0.10 119.1




Name Kekulé AH ;.homo : AH ; est
Structure .1 weight e
Formula Count  (kcal mol™) (kcal mol™)
Indeno[123,bc]corannulene
C26H12 23 161.0 0.12 157.9
Tetracyclopenta[bc,ef, hi, kl]coran-
‘ nulene 17 2534 0.04 2473
C28H10
Acenaphtho[123,abc]corannulene
C28H12 31 177.2 0.10 178.1
' C28H12
10 159.2 0.06 153.4
C30H10
24 274.5 0.05 287.8
C30H10
22 275.6 0.04 283.1
“HB” (Half-Buckminsterfullerene)
C30H10 22 269.5 0.02 2723
C30H10
20 279.3 0.04 284.9
- “Double-corannulene”
) C30H12 44 194.3 0.16 (191.6)
C30H12
35 217.7 0.05 220.5
) C30H12
4 279.6 0.02 288.6
C30H12
9 268.1 0.02 261.8
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Name Kekulé AH 4omo . AHY

Structure welght
Formula Count  (kcal mol™) s (kcal mol™)
( }} C30H12
L)
&Lﬁ f 28 212.3 0.06 (205.1)
e ? C32H10
g?; 29 298.5 0.03 307.7
J
C32H12
38 225.3 0.06 (206.7)
C32H12
50 214.2 0.14 (199.8)
Buckminsterfullerene
C60 12500 604.6 0.10 (602.4)
C70
52168 655.8 0.06 (659.1)
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Table B.3: PAHs with the furan substructure included in the development of the estimation method. The
AH § 1., listed here were calculated using the homodesmic reaction scheme (see main text). The enthalpies

of formation estimated through the bond-centered group additivity method proposed in this work are given
in the last column.

Structure Name Kekulé  Af jom, weight AH e
Formula Count  (kcal mol™) (kcal mol™)
B Furan ] ]
W s | 83 0.50 83
© ) Benzo-b-furan
@J CSHEO 2 4.1 0.33 4.1
3 Benzo-c-furan
4 C8H60 1 18.4 0.33 18.3
© Dibenzofuran
C12HS0 4 13.1 0.25 10.4
7\ Naphtho[1,2-bJfuran
OO CI12H80 3 16.4 0.22 15.6
Ty Naphtho[2,1-b}furan
OO C12H80 3 16.5 0.22 19.5
2 Naphtho([2,1-c]furan
O 4 CI12H80 2 26.1 0.22 25.4
. Naphtho[2,3-b]furan
AR 3 21.9 025 20.7
© Phenalene-Furan
"O CI4HSO 3 39.0 0.19 38.8
o} ‘ Phenanthrene-Furan
OO C14H80O 5 36.8 0.19 373
—0 C14H80 3
&’O 2 56.5 0.10 58.1
= C14H80 4
99 3 40.9 0.10 411

@]
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Name Kekulé AH Y oo AHJ .,

Structure weight
Formula Count  (kcal mol™) s (kcal mol™)

¢ Cyclopenta-Phenalene-Furan
|| >
<\[/@

CI16H8O 3 71.0 0.10 66.8

N Benzo[4,5]naphthala-
‘\]/ 2,3]furan 6 21.6 0.18 30.6
P C16H100

N Benzene-naphthalene-furan
<p C16H100 6 25.8 0.18 25.3

Naphthalene-benzene-furan2

\\ —O\
v ?
(J:{\ \ C16H100 6 30.2 0.20 26.9

E’> 3 Phenanthren-furan?2
4 / C16H100
>\\ 5 314 0.18 31.5
Phenanthrene[9,10-c]furan
CI6H100 4 392 0.18 39.7
C16HI100 5
5 31.7 0.14 33.8
C16H100_6 4 424 0.20 452
C16H100_7
5 337 0.18 324
CISH100 1
6 38.0 0.15 37.9
CI18H100 2
6 359 0.15 36.3
CI8HI00 3
7 51.5 0.15 54.1
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Name Kekulé  AHJ AHj

tmeture Formula Count  (kcal mol™) weight (kcal mol™)
O C18H100 4
5 49.5 0.15 46.9
9
| O C20H100 1
‘ 6 54.8 0.13 52.1
99
O C20H120 1
OO © O 10 413 0.15 38.6
O o C22H100
‘OO 14 70.3 0.12 68.1
9@
C22H120 1
8 62.8 0.12 65.9

Table B.4: PAHs with the furan substructure and with triple bonds included in the development of the
estimation method. The AH ¢}

7 tomo listed here were calculated using the homodesmic reaction scheme (see

main text). The enthalpies of formation estimated through the bond-centered group additivity method
proposed in this work are given in the last column

Structure Name Kekulé AH f_homol weight AHS 1
Formula Count  (kcal mol™) (kcal mol™)
Q,
) C4H20 1 130.1 0.22 129.6

0]
@:)/ C8H40 2 136.8 0.18 137.3
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Table B.5: PAHs with triple bonds included in the development of the estimation method. The

AH § o listed here were calculated using the homodesmic reaction scheme (see main text). The enthalpies

of formation estimated through the bond-centered group additivity method proposed in this work are given

in the last column

Structure Name Kekule AH/"homol weight S
Formula Count (kcal mol™) (kcal mol™)
N Benzyne
© o 2 1066 050 106.9
A Benzo[1,2]benzyne
. 3 1216 033 121.6
Benzo[2,3]benzyne
y Crors 3 1241 033 123.5
ﬁ Acenaphthyne
OO CI12H6 3 173.1 0.13 173.1
— Al5
C‘ ) e 2 2084  0.08 208.4
Phenanthr-3,4-yne
OO C14H8 5 131.8 0.22 131.1
O Phenanthr-9,10-yne
OQ Cl14H8 5 132.0 0.22 1315
-
CI5
\j C16HS 4 1926 0.12 186.9
“] Pyren-1,2-yne
N ' Cl16H8 6 142.7 0.19 143.1
CC
Z | E Chrys-12-yne
S ~  CI8HIO 8 143.3 0.14 145.1
=
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Table B.6: Acetylene substituted PAHs included in the development of the estimation method. The
AH§
of formation estimated through the bond-centered group additivity method proposed in this work are given
in the last column

listed here were calculated using the homodesmic reaction scheme (see main text). The enthalpies

homo

AH? AH
Structure Name J home, weight e ,
Formula (kcal mol™) (kcal mol™)
~ Phenylacetylene
(j ploney/ 73.3 2.00 73.3
# 1,2-Diacetylphenyl
©< C10H6 128.0 0.67 128.0
= < 1,3-Diacetylphenyl
\Q/ CLOHG 127.3 0.67 126.8
o 1,4-Diacetylphenyl
P C10H6 126.7 0.67 126.8
‘ 1-Acetynylnaphthalene
C12H8 89.5 0.17 89.4
o 2-Acetylnaphthalene
o ohe 89.4 0.17 89.5
[ 1,8-Diacetylnaphthalene
%0 Cl4H8 149.6 0.17 149.6
/ 1-Acetylacenaphthalene
O‘O C14H8 1132 0.17 1132
N\~ 3-Acetylacenaphthalene
OO C14HS 115.1 0.33 115.5
() 4-Acetylacenaphthalene
O C1aHS 1158 0.33 115.6
() 5-Acetylacenaphthalene
e C14H8 114.9 0.40 115.5
|
‘ 1-Acetylphenanthrene
g 2-Acetylphenanthrene
OO‘ C16H10 101.6 0.24 101.7
4-Acetylphenanthrene
OO‘ C16H10 106.5 0.24 106.5
I 1-Acetylanthracene
C16H10 109.4 0.24 109.4
= -
7 2-Acetylanthracene 109.3 200 109.5

9
§ 9
9,

Cl16H10
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Structure Name AH 7 oo weight AH e
Formula (kcal mol™) (kcal mol™)
| 1-Acetylpyrene
f\ CI8HIO 106.3 0.67 107.3
2-Acetylpyrene
i CI8HI0 106.9 0.67 107.4
4-Acetylpyrene
i]\:;‘i C18HI10 106.8 0.67 107.3
g ‘ Acetyl-coronene
[ :Z | C26H12 128.6 0.13 128.5
|88
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Table B.7: Hydroxyl substituted PAHs included in the development of the estimation method. The
AH§ ., listed here were calculated using the homodesmic reaction scheme (see main text). The enthalpies

of formation estimated through the bond-centered group additivity method proposed in this work are given
in the last column

AH °
Structure Name Hy homol eight AH o ]
Formula (kcal mol™) (kcal mol™)
I Phenol
O COHEO 23.0 2.00 23.1
T on 1,2-Benzenediol
Y Cetieon 66.8 0.67 66.5
I 1,3-Benzenediol (Resorcinol)
CLOH C6H602 -66.5 0.67 -66.8
. 1,4-Benzenediol (Hydroquinone)
L Naphthol-1
C10HS0 7.0 0.67 6.6
o Naphthol-2
bt 7.2 0.67 6.9
rr 1,8-Naphthalediol
C@ C10H802 -52.3 0.40 52.3
e Acenaphthalen-1-ol
® C12H8O 18.9 0.17 18.9
) ¢ Phenanthrol-4
OO C14H100 7.6 0.33 7.6
I Anthracenol-9
L2 ciaH100 14.4 0.40 13.4
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Table B.8: Methyl substituted PAHs included in the development of the estimation method. The

AHY

/', homo

listed here were calculated using the homodesmic reaction scheme (see main text). The enthalpies

of formation estimated through the bond-centered group additivity method proposed in this work are given
in the last column

AH? i AH®
Structure Name /s homol weight et ;
Formula (kcal mol') (kcal mol™)
P Toluene
> CHS 12.0 2.00 s
n*\; C8HI0 5.2 0.67 6.3
CH, H
M CHHI0 4.1 0.67 32
o C8H10
() 4.1 0.67 3.2
PP 1-Methyl-Naphthalene
L C11H10 29.3 0.67 30.3
o9 o 2-Methyl-Naphthalene
Ny C11H10 27.9 0.67 27.7
e 1,8-Dimethyl-Naphthalene
[v@ CI2H12 29.1 0.40 17.5
1 o 1-Methyl-Acenaphthalene
E?ES CI3HID 53.1 0.17 52.7
Ha Diphenylmethane

o C
o0 CL3HD 413 0.93 40.5
(L g 4-Methyl-Phenanthrene
ft@ 47.7 0.33 48.0

CI5H12
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Table B.9: Ethylene substituted PAHs included in the development of the estimation method. The
AH § ;om0 listed here were calculated using the homodesmic reaction scheme (see main text). The enthalpies

of formation estimated through the bond-centered group additivity method proposed in this work are given
in the last column

AH AH
Structure Name 7 homol weight Jeest 1
Formula (kcal mol™") (kcal mol™)
Styrene
é CSHS 35.1 2.00 347
~ 1,2-diethyl-Benzene
(SA\ ClOHI0 53.6 0.67 53.6
- 1,3-diethyl-Benzene
C10H10 50.6 0.67 49.7
1
- 1,4-diethyl-Benzene
C10H10 50.1 0.67 49.7
¢ 1-ethyl-Naphthalene
C12H10 53.9 0.67 53.6
~ 2-ethyl-Naphthalene
0 S 51.0 0.67 50.9
. 1-ethyl-Acenaphthalene
C14R10 75.8 0.17 75.9
N 1,8-diethyl-Naphthalene
C14HHI2 75.3 0.40 74.4
} - 4-ethyl-Phenanthrene
‘OO C16H12 70.3 0.33 71.2
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Table B.10: Aldehyde substituted PAHs included i the development of the estimation method. The
AH¢

/. homo

listed here were calculated using the homodesmic reaction scheme (see main text). The enthalpies

of formation estimated through the bond-centered group additivity method proposed in this work are given
in the last column

AHS 0
Structure Name 4 'h"m"l weight AH ]
Formula (kcal mol™) (kcal mol™)
f) Benzaldehyde
- C8H602
(7 -34.0 0.40 -34.0
- C8H602
( -37.2 0.40 372
2
- C8H602
@ -36.9 0.40 -36.9
1-Naphthal boxaldehyd
[A\% Cll?l)goacnecar oxaldehyde 76 0.50 96
Cj\ ‘/0 1,8‘
O Naphthalenedicarboxaldehyde -12.5 0.40
C12H802
(e Aldehyde 1 acenaphthalene
[&é C13H80 32.1 0.15 32.0
2 Benzophenone 2
SRS C13H160 1.9 0.50 223
™y 4-Aldehyde-Phenanthrene
[% A 28.7 0.29 273

* Experimental value as reported in the NIST webbook: hitp:/webbook.nist.gov/chemistry/
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Table B.11: Biarenes included in the development of the estimation method. The AH 7 .,

listed here were

calculated using the homodesmic reaction scheme (see main text). The enthalpies of formation estimated
through the bond-centered group additivity method proposed in this work are given in the last column

Structure  NAme AH;‘“"““’] weight Al .
Formula ~ (kcal mol™) (keal mol'™)
Biphenyl
C12H8 435 2.00 434
O Benzyl-1-naphthalene
T C16H12 62.2 0.67 62.2
O Benzyl-2-naphthalene
) Phenyl-1-acenaphthalene
= C18H12 84.1 0.17 84.6
0O
D CI8H14
M 70.8 0.67 68.6
{%} C18H14
- 67.2 0.67 67.0
\ O
OO«  ClgHl4 67.0 0.67 67.0
; : 1,1’-binaphthalene
o C20H14 79.7 0.40 81.1
‘ 1,2’-binaphthalene
> C20H14 78.1 0.40 78.4
- 2,2’-binaphthal
($-C ¢ ézogllrfp atene 75.9 0.40 7538
() Benzyl-4-Phenanthrene
% 5 C20H14 79.9 0.33 79.9
O Benzyl-5-anthracene
TS C20H14 81.0 0.33 82.3
O @ 1,8-Biphenylnaphthalene
26 C22H16 95.3 0.40 953
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Table B.12: ¢-radicals included in the development of the BDE values

Name BDEomo .
Structure Formula (kcal mol™) weight
S m-Benzyne
228.6 0.29
@~ C6H4
N p-Benzyne
EJ C6H4 2273 0.29
2 Phenyl
O C6H4 112.9 0.50
7
: 1,3-Dihydronaphthal
@ Catte T PREAERe 228.9 0.29
al /
. 1,4-Dihydronaphthalene
q; C8H6 227.8 0.29
: 1,5-Dihydronaphthalene
PR
SP C8H6 2278 0.29
PN 1,6-Dihydronaphthalene
I | P C8H6 226.1 0.29
NN 1,7-Dihydronaphthalene
26. .
\ ‘ P C8H6 226.5 0.29
N 1,8-Dihydronaphthalene
= A
226.9 0.29
Py C8H6
S 2,4-Dih hthal
C@ C,8H61 ydronaphthalene 8.9 0.99
AN _Di
_ | D %SSlelhydronaphthalene 226.1 0.29
/. N - ]
g @ éngzlhydronaphthalene 26,3 0.9
7 X - o
1 é,;lelhydronaphthalene 226.4 0.29
“~ 1-Naphthalenyl
113.1 .
P C8H7 0.50
N _
_ éé\gghthalt’“yl 113.0 0.50
I 1-As-Indacenyl
C‘ CI2H7 113.3 0.06
=X 2-As-Indacenyl
/ CI12H7 113.9 0.06

3
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Name

BDEhomo

Structure Formula (kcal mol'l) weight
—\ 3-As-Indacenyl
C‘ CI12H7 113.2 0.06
O 4-As-Indacenyl
/ C12H7 110.0 0.06
Z°
= 1-S-Indacenyl
C‘ ) CLHT 117.0 0.08
=\ 2-S-Indacenyl
C > P 119.4 0.08
. 4-S-Indacenyl
/ 0 C12H7 113.2 0.08
7
= 1-Acenaphthalenyl
OO CI12H7 117.2 0.15
i 3-Acenaphthalenyl
O N CI12H7 112.8 0.15
&
a 4-Acenaphthalenyl
7
a 5-Acenaphthalenyl
O ~ CI2H7 113.4 0.15
Z#
Y 1,4-Dihydrophenanthrene
c C14H8 225.7 0.20
P 1,5-Dihydrophenanthrene
| S g C14H8 224 .4 0.20
7
/\l 2,4-Dihydrophenanthrene
OO C14HS8 226.9 0.20
Y 2,5-Dihydrophenanthrene
N C14H8 224.4 0.20
| Z
o 3,5-Dihydrophenanthrene
A CI4H8 2244 0.20
| #
I | 4,5-Dihydrophenanthrene
N C14H8 225.0 0.20
| F
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Name BDE+omo .
Structure Formula (kcal mOl'l) weight
o | 4,9-Dihydrophenanthrene
N C14HS8 224.2 0.20
c/
” | 4,10-Dihydrophenanthrene
N C14HS 225.8 0.20
Z°
- ] 1-Phenanthrenyl
OO o C14H9 113.1 0.29
< i 2-Phenanthrenyl
CO C14H9 113.2 0.29
_° 3-Phenanthrenyl
OO | C14H9 113.0 0.29
‘c/ | 4-Phenanthrenyl
OO C14H9 111.1 0.29
‘ 9-Phenanthrenyl
O N C14H9 113.0 0.29
Z°
S 1-Anthracenyl
OO /J C14H9 113.0 0.33
S 2-Anthracenyl
OO P C14H9 129 033
N 5-Anthracenyl
q)ij C14H9 113.4 0.33
i ~ 1-Fluoranthenyl
O‘O C16H9 113.0 0.13
N 2-Fluoranthenyl
P CI16H9 112.7 0.13
[
[ e 3-Fluoranthenyl
| \j C16H9 113.5 0.13
' 7-Fluorantheny]
| N { \j C16H9 112.9 0.13
F Z
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Name

BDEhomo

Structure Formula (kcal mol'l) weight
O 8-Fluoranthenyl
N C16H9 113.1 0.13
Y
< | 1-Acephenanthrenyl
QO‘ C16H9 112.4 0.11
i 1-Aceanthrylenyl
OOO C16H9 116.6 0.11
: ﬁ 10-Aceanthrylenyl
\ C16H9 112.8 0.11
o0
A 1-Pyrenyl
6‘0 ' C16H9 113.5 0.24
/ r 2-Pyrenyl
OO C16H9 112.9 0.24
P 4-Pyrenyl
OO‘ C16H9 113.0 0.24
“ 3-Cyclopenta[cd]pyrenyl
OO 7 CI8H9 116.8 0.12
) 1-Triphenylenyl
codill
S 2-Triphenylenyl
| CI8HI1
OO 113.1 0.22
ﬁ 1-Benzo[c]phenanthrenyl
e CI8H11 106.0 0.17
O
¢S 2-Benzo[c]phenanthrenyl
CI8H11 112.7 0.17
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Name BDEhomo :
Structure Formula (kcal mol™) weight
3-Benzo[c]phenanthrenyl
CI8HI11
113.2 0.17
4-Benzo[c]phenanthreny]
CI8HII 113.0 0.17
5-Benzo[c]phenanthrenyl
CI8HTI 132 0.17
6-Benzo[c]phenanthreny]l
CI8HII 113.0 0.17
e ] 1-Benz[a]anthracenyl
SNy C18H11 111.1 0.22
e 2-Benz[a]anthracenyl
e CI8HI1 112.9 0.22
AN ‘ N
& 3-Benz[a]anthracenyl
@CT CI8H11 113.2 0.22
4-Benz[a]anthracenyl
“ C18H11 113.1 0.22
] 5-Benz[a]anthracenyl
NN C18H11 112.9 0.22
N v
/A"‘ﬂ 6-Benz[a]anthracenyl
YOy CI18HI11 112.9 0.22
\/\/ /
L j 7-Benz[a]anthracenyl
~ S CI8HI11 113.4 0.22
900
L 8-Benz[a]anthracenyl
YO CI8H11 113.1 0.22
AP
1 9-Benz[a]anthracenyl
CI8H11 112.9 0.22

277



Name

BDEhomo

Structure Formula (kcal mol™) weight
‘ 10-Benz[a]anthracenyl
o O N C18H11 1129 0.22
S #
i 7 11-Benz[a]anthracenyl
~ C18H11 113.0 0.22
900
- 12-Benz[a]anthracenyl
' S C18H11 111.4 0.22
N
PPN 1-Chrysenyl
PP C18H11 1132 0.17
/
‘ S 2-Chrysenyl
Yy CI8HI1 113.3 0.17
‘ ~ 3-Chrysenyl
o0 CI8HI1 113.0 0.17
‘ ~ 4-Chrysenyl
OO & C18H11 110.8 0.17
‘O 5-Chrysenyl
O > C18H11 110.8 0.17
PPN 12-Chrysenyl
50 L CI8HI1 113.1 0.17
Y 1-Naphthacenyl
CISHII 112.9 025
: 2-Naphthacenyl
C18H11 112.8 0.25
5-Naphthacenyl
C18H11 113.3 0.25
1-Corannuleny]
C20H9 112.4 0.15
1-Benz[a]acephenanthrylenyl
C20H11 106.3 0.09
1-Cyclopenta[bc]corannulen-1-yl
C22H9 116.6 0.08
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Name BDEomo -
Structure Formula (kcal mol™) weight

2-Cyclopenta[bc]corannulen-3-yl
C22H9 112.6 0.08
Dicyclopenta[bc,ef]corannulen-2-yl
C24H9

116.6 0.05
Dicyclopenta[bc,ef]corannulen-1-yl
C24H9

116.5 0.05
Dicyclopenta[bc,ef]corannulen-5-yl
C24H9

112.5 0.05
Dicyclopenta[bc,ef]corannulen-6-yl
C24H9

112.2 0.05
Dicyclopenta[bc,ef]corannulen-7-yl
C24H9

112.3 0.05
Dicyclopenta[bc,hi]corannulen-3-yl
C24H9 112.5 0.06
Dicyclopenta[bc,hijcorannulen-2-yl
C24H9 116.6 0.06
Dicyclopenta[bc,hi]corannulen-1-yl
C24H9 116.7 0.06
Dicyclopenta[bc,hijcorannulen-7-yl
C24H9 112.6 0.06
Dicyclopenta[bc,hi]corannulen-8-yl
(24H9 112.1 0.06
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Name

BDEhomo

Structure Formula (kcal mol™) weight
‘ : 1,3-dihydrocoronene
\°' 24010 226.8 0.11
’ s
/5\ 1,4-dihydrocoronene
Q‘O bl C24H10 226.8 0.11
PN 1,5-dihydrocoronene
2 C24H10
(T 226.5 0.11
' 16-dihydrocoronene
C24H10
226.6 0.11
17-dihydrocoronene
C24H10
226.6 0.11
1-Coronenyl
C24H11
113.2 0.13
Tricyclopenta[bc,ef,hi]corannulen-4-yl
C26H9
116.5 0.03
d Tricyclopenta[bc,ef,hi]corannulen-1-yl
%?.% L C26H9 116.6 0.03
d Tricyclopenta[bc,ef,hi]corannulen-8-yl
(] C26H9
() 9 112.1 0.03
\
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Table B.13: Acetylene substituted c-radicals included in this study

Name BDEhomo :
Structure Formula (kcal mol™) weight
" Phenylacetylen-2-yl
» pliy: 114.2 0.50
! 1-Acetylnaphthalen-2-yl
Ej&\(, C12H7 114.0 0.33
N 2-Acetylnaphthalen-1-yl
0 C12H7 114.3 0.33
o~ 2-Acetylnaphthalen-3-yl
D! LM 114.2 0.33
w4 1-Acetylnaphthalen-2-yl
Y C14H7 118.2 0.13
P 2-Acetylnaphthalen-3-yl
Y LA 114.7 0.13
(N, 3-Acetylnaphthalen-2-yl
PP 114.6 0.13
UL C14H7
PN 3-Acetylnaphthalen-4-yl
(L . Cl4H7 114.6 0.13
Y 4-Acetylnaphthalen-3-yl
o Cl14H7 113.9 0.13
I
[ Acetyl-1-phenanthren-2-yl
@éf ~  Cleno 114.3 0.22
O Acetyl-1-phenanthren-8-yl
(1 ~ C16H9 113.3 0.22
P Acetyl-2-phenanthren-1-yl
-~ L C16H9 114.4 0.22
S
R Acetyl-2-phenanthren-3-yl
-~ ‘ J C16H9 114.2 0.22
1‘ Acetyl-1-anthracen-9-yl
Ay Clei 113.9 0.25
Vi
~ Acetyl-2-anthracen-3-yl
I C16H0 114.2 0.25
I Acetyl-1-pyren-2-yl
Ui CI18H9 114.0 0.18
i
o0 Acetyl-4-pyren-5-yl
@ C18H9 114.1 0.18

7
o
\
/

4
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Table B.14: Unsubstituted n-radicals included in this study. Only the sigma bonds are shown in the

molecular structure. These radicals have a free electron that moves freely over the n-cloud over the o-

bonds framework.

Structure Name Kekulé BDE weight
Formula Count (kcal/mol) 18
$) gzggpentadlene - pi 5 63.2 0.20
D eyl 1 65.7 0.17
0:9 g}llgllg)genta[a]naphthalene o1 20.0 0.13
CCQ g}llgll?lgenta[b]naphthalene 19 7%.9 0.14
Phenalene_pi
C13HO 20 62.3 0.07
T0 Fuorene 2 73.8 0.14
C15H9
(@ 1 33 87.6 0.12
@fﬁ Cyclopenta[d]acenaphthalen
_ € 25 100.8 0.08
C15H9
Cyclopenta[e]acenaphthalene
C15H9 27 104.4 0.08
<8> Cyclopenta[def]phenanthren
=) e 29 90.2 0.12
C15H9
C17H9
% 46 119.9 0.08
Cycl t h th
C(Sjj cil; Pc;;;e]:n a[a]phenanthrene 37 62.0 0.10
t h th
F ) gilf/l]fl’ll)in a[b]phenanthrene 35 941 0.12
F \ g;lfgﬁrl)c;nta[a]anthracene 13 996 0.12
oo gi’;ﬁfl";m“["]amhme"e 29 97.0 0.13
Cf\(? g?;ﬁ’l[?]ﬂuorene 41 83.2 0.10
0w g‘;%’lﬂl’]ﬂ“"rene 36 85.4 0.12
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Structure Name Kekulé BDE oht
Formula Count (kcal/mol) welg
Benzo|[c]fluorene

[ Cyclopenta[l]phenanthrene 40

C% C17H11 91.1 0.08
- B th '
S0 crmy e 36 75.9 0.07
CI9H11
é}gj 22 80.5 0.06
Benzo[f,g]aceanthrylene
i 7) CI9H11 62 97.3 0.10
O/( ) giga)l[clsd]ﬂuoranthrene 65 86.6 0.10
Py Naphtho[lmno]acephenanthr
A ene 52 107.9 0.10
LI C21H11
Yy 3 Cyclopenta[cd]benzo[jkpyre
g j ne 76 105.8 0.10
C21H11
bt Naphtho[fghi]Jaceanthrylene
Lﬁ ] C21H11 86 105.8 0.04
Y
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Table B.15: Oxyl substituted n-radicals

Structure Name AH some BDE | weight
Formula (kcal mol™") (kcal mol™)
¢ Phenoxi
0 COHSO 12.9 88.1 0.33
L 1-Naphthoxi
CIORT0 22.5 81.6 0.25
- 2-Naphthoxi
L 26.8 86.1 0.25
ey 1-Acenaphthoxi
A C12HT0 40.4 73.6 0.12
™ ¢ Phenanthroxi-4
L Anthracenoxi-5
L C14H90 32.9 70.7 0.20
Table B.16: Methylene substituted nt-radicals
Name AH oo BDE .
Structure Formula (kcal mol'") (keal mol™) weight
N Benzyl radical
O i 49.5 89.7 0.33
I 1-Methyl-Naphthalene
CLITS 65.3 88.1 025
o 2-Methyl-Naphthalene
e, 64.7 88.9 0.25
[ 1-Methyl-Acenaphthalene
C13H9 81.8 90.5 0.12
eH Diphenylmethane
©/\© C13H11 101.8 112.7 0.39
(Y e 4-Methyl-Phenanthrene
C1SHI1 84.0 88.4 0.18
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Appendix C

Examples of Thermochemical

Properties Estimation Using

BCGA

C.1 PAHs with Five-and Six-Membered Rings



Table C.1: Estimation of the thermochemical properties using BCGA for the PAHs
in Figure 2-1. In the first rows of this table the number of Kekulé structures and the
symmetry number of each of the PAHs are shown. Next the number of each of the
bonds contained in the PAHs are given. The AH}  is the sum of the contributions of
each of the bonds and of the term accounting for the resonance energy (-16.59In(K)).
AH3 o, in keal mol™, S5oe and Cp in cal K=! mol ™.
H @ B3 @ 6

# K 11 10 13 34 50
Symmetry 1 2 1 2 4
AA5

AA6

AB5

AB6

ACSH

AC6

CC5s

CCo6

BB65 - - - - - - - - -
BB66 - -
BC65 - -
BC66 - -
CCo65 -
CCo66 1 - - -
DD65 - - - - - - 2 - 2
DD6666 1 3 - 6 11 - - - -
DD6665 - - - - - - - - -
DD66650 - - - - - - - - -
DD6655 - - - - - - - 1 1
DD66550 - - - - - - - -
DD665500 - - - - - - - -
BD65 - - - - - - - 2
BD66 2 '
CD65 - - - - - - 2 2
CD66 2 - - - - - - -
AH7 . 697 815 3824 89.6 100 86.2 86.1 1028 127.3
SSeg  113.6 113.8 122.7 130.6 133.2 88.7 101.1 104 105.7

Cosoo 617 657 696 828 913 382 539 545 586
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Table C.1: continued

) (2 13 (14 (15 (6 19 (20

\_,
—
—
~
SN—
—~
i
o
N
=

#K 8 1
Symmetry
AA5

AAG

AB5

ADB6

ACH

ACH

CC5h

CCo

BB65 - -
BB66 - - - - - - - - - -
BC65 -
BC66 2
CC65 -
CCo6 - -
DD65 - -
DDG666 - -
DD6665 - - - 1 -
DD66650 - -
DD6655 - -
DDG66550 - -
DD665500 - -
BD65 2 -
BD66 - 1
CD65 - 2 - - - - 2 10 -
CD66 1 - - 4 - 2
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