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Preface 

The undeclared purpose of the industrial society was that everything we can produce 

manually we should manufacture in huge quantity irrespectively of how much waste we 

are producing at the same time. Similarly, we should burn everything possible 

irrespectively of how many chemical compounds we produce, even if they are extremely 

dangerous to the environment as well as to human beings. The present work is dedicated 

to the thorough study of the reaction mechanisms of cancer-causing polycyclic aromatic 

hydrocarbons that are formed during incomplete combustion.  
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1. Introduction 

In the 18th century, the use of communal and industrial energy resulted in rapid economic 

growth that culminated in the 21st century and led to advanced infrastructure and a high 

standard of living. A primary goal of humankind is facilitating and ensuring the 

sustainable well-being of successive generations. This goal is closely linked to the concept 

of sustainable development, the first principle of which, according to the Bruntland 

Commission [1], is meeting the needs of the present without hindering future 

generations from being able to fulfill their own needs. Everyday modern existence relies 

on energy-centric needs, and meeting those needs is essential. The balance of energy 

supply is governed by the rules of economic and energy policy, but the unequal 

distribution of energy sources is a consequence of the alternation of natural and 

geological times. In recent decades, a huge proportion of the energy demand has been 

provided by fossil fuels, although the use of unconventional energy reserves has also 

been increasing. At present, however, the vast majority of global energy consumption is 

still covered by oil, gas, and coal assets. At this point, the second principle of sustainable 

development should be mentioned, according to which energy supply must be provided 

without depleting the environment and minimizing pollution. Thus, conscious and 

environmentally friendly management of energy supplies must be the top priority of all 

human activities. However, during the thermal decomposition of carbon-based energy 

sources, countless pollutants are formed, and thus, enter all spheres of our environment, 

causing innumerable problems. Among these, air pollution represents the leading health 

and environmental risk factor, estimated to cause between four to nine million deaths 

globally [2] and which results in such worrying effects as global warming, climate change, 

acid rain, or smog. In the background of these effects, complicated chemical processes 

take place, resulting in the formation of countless harmful compounds. The present 

doctoral dissertation contributes to the understanding of the formation processes of such 

harmful species, with the investigation of the reaction mechanisms of highly carcinogenic 
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benzo(a)pyrene, and with the research made on the reaction initiation points of 

polycyclic aromatic hydrocarbons. 

1.1. Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) consist of a set of several thousand ubiquitous 

pollutants in the environment and belong to the persistent organic pollutants (POPs) 

class [3]–[5]. Their structure is composed of multiple aromatic rings, with a pair of 

carbon atoms shared between them [6]. PAHs are formed during the incomplete 

combustion of organic material, thus, they can be emitted during natural processes like 

forest fires and volcanic eruptions [7], [8]. However, the most predominant emissions 

originate from anthropogenic activities such as biomass burning, coke production, 

thermal industrial processes, vehicle use, waste burnings, etc. [9]–[13]. The mutagenic 

and teratogenic effects of PAHs are thoroughly proven. They can react with DNA, 

inducing thereby mutations in the lung, liver, and skin [14], [15]. An essential feature of 

PAHs is that they play an important role in the formation of combustion-generated 

particles. They are considered precursors for soot, initiating the soot formation by their 

inception and through their further reactions (Figure 1 Schematic representation of soot 

formation.)[16]–[21][22]. Nevertheless, PAHs with lower vapor pressure can reside in a 

significant amount of fine air particulate matter, (PM2.5) which can penetrate human 

lungs, causing problems in the respiratory system [3], [23]. 

Figure 1 Schematic representation of soot formation. 
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The continuous production/emission of PAHs represents a constant concern to people’s 

health [24], [25]. The first challenge in the task to reduce or to predict the combustion 

generated soot emission is to model correctly the PAH chemistry [18]. The monitoring of 

polycyclic aromatic hydrocarbons in the environment started more than 40 years ago 

with the appearance of a list of 16 priority PAHs, (often called “parent PAHs”, Error! 

Reference source not found.) issued by the U.S. Environmental Protection Agency (EPA) 

in 1976 [26], [27]. Up until now, the parent PAH molecules are regarded by researchers 

as being representatives for all the PAHs. 

However, some recent studies strongly suggest further modification of the list to be able 

to cover the wide range of polycyclic aromatic components that occur in any studied 

samples [28]–[30]. These 16 PAHs have different carcinogenic properties [23], [25], [31], 

[32]. In general, the carcinogenic potency of PAHs increases with the number of aromatic 

rings [33]–[35]. Benzo[a]pyrene (BaP) is one of the most carcinogenic PAHs among the 

priority PAHs and it has been identified by the International Agency for Research on 

Cancer as a class I carcinogen [36]. BaP, therefore, is chosen as an indicator of PAHs 

pollution, and other PAHs are ranked according to cancer potency, relative to BaP, using 

Figure 2 2D representation of the 16 priority PAHs or “parent PAHs”. 
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the toxic equivalence factor [33], [37]. The priority PAHs have also been included in the 

Convention of Long-range Transboundary Air Pollution Protocol on Persistent Organic 

Pollutants [38]. The global total annual atmospheric emission of the 16 PAHs in 2007 was 

504 Gg [39]. Shen et al., in their simulational work revealed that from 2009 to 2030 the 

PAH emissions in developed and developing countries would decrease by 46–71% and 

48–64%, respectively [39]. Although the global emission of the parent PAHs is in a 

slightly descending trend, their emission quantity is still too large. Because of the 

different energy-producing technology systems of the countries, the dominant PAH 

emission sources are also different. Over 80% of the emission has been attributed to 

developing countries and more than half has originated from biomass and coal burning. 

However, emissions in developed regions are significant as well, having the combustion 

of motor fuels in means of transportation and domestic and industrial heating systems 

as major sources  [39]. PAHs have strong relevance in astrochemical and astrophysical 

studies as well since they are linked for being the source of unidentified infrared emission 

bands (UIR) (3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 μm) detected in planetary nebulae (NGC 

7027; BD+30°3639) and external galaxies (M82) [40], [41] and in diffuse interstellar 

bands (DIBs), whose absorption features are seen in the spectra of reddened stars 

throughout the Galaxy extending from the ultraviolet region to near-infrared [42]–[44]. 

Moreover, ≲15% of the interstellar carbon and up to 20% of the total infrared emission 

of the Milky Way and star-forming galaxies is attributed to PAHs [45], [46]. Thus, the 

presence of both peri-condensed (pyrene, benzo(ghi)perylene, coronene, etc.) and cata-

condensed PAHs (phenanthrene, chrysene, pentacene, etc.) in space are supported by 

observational and laboratory experiments [47]–[49]. In this regard, PAHs are now 

recognized as essential components of the interstellar medium (ISM – space between 

stars) of the Milky Way and external galaxies and play an important role in many aspects 

of astrophysics (i.e. starlight absorption) [45]–[48], [50].  

Even though PAHs consists of numerous aromatic rings, the formation of the first 

aromatic ring (benzene, phenyl) is also important and under continuous discussion 

within the scientific community and thus, numerous formation mechanisms are 
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proposed based on experimental and computational studies, involving several different 

reactants and reaction mechanisms  [51]–[57] (Error! Reference source not found.).  

The most well-known reactions leading to the formation of the first aromatic ring of the 

PAH structure are the following: 

• the reaction of vinyl radical (•C2H3) and 1,3-butadiene (1,3-C4H6) followed by 

hydrogen elimination [51] 

• reaction between propargyl (•C3H3) and 1,3-butadienyl  [52] 

• the reaction of 1,3-butadienyl radical (1,3-•C4H5) with acetylene (C2H2) followed by 

hydrogen elimination  [53] 

• the reaction between ethylene (C2H4) and cyclopentadiene (C5H6) [54] 

• recombination of propargyl radicals (•C3H3) [55] 

• ionization reactions between formyl cation (HCO+) and acetylene (C2H2) [56]  

• reaction between 1,3-butadiene (1,3-C4H6) and ethynyl (•C2H) [56] 

• the reaction of diatomic carbon (•C2) with 1,3-butadiene (1,3-C4H6) [57] 

After the formation of the first aromatic ring, the expansion of the structure occurs 

through various mechanisms and polycyclic aromatic structures develop. PAH formation 

and growth processes are highly dependent on the carbon source and the corresponding 

environmental conditions, and thus to understand the mechanisms, a complex approach 

Figure 3 The most well-known reactant pairs involved in the formation of the first 
aromatic ring of PAHs.   
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is inevitable within which all the important factors must be considered. In the following 

sections, the most important PAH formations are described and divided into groups 

based on the involved reactants, but various additional factors are also presented and 

discussed. 

 

1.2. PAH Formation Mechanisms 

In the last few decades, strong efforts have been made to create an appropriate model for 

the growth of PAHs, drawing numerous researchers to this topic from the fields of 

theoretical chemistry, environmental science, combustion chemistry, material science, 

cancer research, space chemistry, etc. [58]–[62]. In a general view of the history of PAH 

growth model development, researchers usually try to fill the blanks in the giant map of 

aromatic species. Various models are developed and validated with a large array of 

possible reactions due to the diversity of molecules and radicals that are present in 

significant concentrations in hydrocarbon flames [22]. This part is intended to provide a 

comprehensive picture of the already investigated growth mechanisms of PAHs, paying 

particular attention to those in which at least one of the 16 priority PAHs are formed or 

involved. It is also important to mention that all the presented reaction mechanisms have 

a "bottom-up" type of structure under which the growth of larger PAHs from smaller 

molecules is understood. However, in both astrophysical and combustion environments 

"top-down" PAH formation can also occur. The fragmentation of bulk amorphous carbon 

material by grain–grain collisions in interstellar shocks, or the oxidation-induced 

fragmentation of soot particles in thermal treatments are possible processes for "top-

down" PAH formation [42], [63]–[65]. Almost all the proposed and studied reaction 

mechanisms and models for PAH growth and formation are summarized chronologically 

(Figure 4 and Figure 5) from 1981 to 2021 [17], [21], [53], [58]–[61], [66]–[115]. Based 

on this huge set of literature data, it can be seen that experimental and theoretical studies 

are carried out and go hand in hand to understand PAH formation (Figure 4 and Figure 

5).  



Growth Mechanisms of Polycyclic Aromatic Hydrocarbons – A Case Study of Benzo(a)pyrene - Edina Reizer 
 

12 
 

 

 

Figure 4 Experimental (▲) and computational () studies of polycyclic aromatic 
hydrocarbons (PAHs) published between 1981-2009. 
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Figure 5 Experimental (▲) and computational () studies of polycyclic aromatic 
hydrocarbons (PAHs) published between 2010-2021. 
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1.2.1 PAH formation mechanisms with acetylene (C2H2) additions 

1.2.1.1. HACA - Hydrogen Abstraction and Acetylene or Carbon Addition 

The most classical reaction mechanism for the growth of polycyclic aromatic 

hydrocarbons is hydrogen abstraction and acetylene or carbon addition (HACA). This 

mechanism was originally proposed by Frenklach et al. [53], [114] and represents a two-

step process, which is based on the repetitive sequence of hydrogen abstraction, to 

activate the aromatic molecule, and on the subsequent acetylene (C2H2) addition to the 

radical site, formed in the hydrogen abstraction step (Figure 6).  

The term „HACA” was introduced by Frenklach and Wang in 1990 [116]. The initial 

framework was proposed as a mechanism for pyrene and cyclopenta(cd)pyrene 

formation starting from benzene, and it was established to describe the further growth 

of PAHs in flames fueled by C2 hydrocarbons (ethane, ethylene, and acetylene) [116]. 

Over the past few decades, the HACA mechanism has become a central topic among PAH 

growth processes, drawing increasing attention to it [88], [103], [117], [118]. One of the 

most significant observations regarding HACA is that it accelerates the formation of 

benzenoid PAHs, thus, it is associated with the contribution of the surface growth of soot 

mass through acetylene addition. The advantageous and also critical intrinsic feature of 

HACA is based on the accordance between reaction reversibility and kinetic driving force 

[119]. The low degree of reversibility in the acetylene addition step and the high reaction 

affinity of hydrogen atoms results in the continuous growth of PAHs. Furthermore, the 

reaction steps involved in HACA have relatively low reaction barriers and high 

Figure 6 Schematic representation of the hydrogen abstraction and acetylene or 
carbon addition (HACA) reaction. 
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exothermicities. These facts explain why the energy barriers during the HACA reactions 

can be easily overcome [119]. For acetylene additions to PAH radicals, the predicted 

barriers are usually within ~8-30 kJ/mol and the exothermicities are ~120-160 kJ/mol, 

whereas the ring closure steps normally exhibit a barrier of ~8-20 kJ/mol and 

exothermic up to a range of ~125-200 kJ/mol [88]. The acetylene additions are also 

exergonic in the work of Reizer et al., but the reactions are barrierless with ~70 kJ/mol 

energy release on average  [120]. Nevertheless, the ring closures showed a barrier of ~22 

kJ/mol on average which is very close to the previously mentioned values [88][120]. 

It is also important to mention that the basic reactant molecule of HACA, acetylene, is 

abundant in various types of aliphatic and aromatic flames such as methane, ethane, 

ethylene, dimethyl ether, phenylacetylene, heptane,  gasoline mixtures,  butadiene,  

butane, benzene, toluene, and also polymers [87], [121]–[127], which underlines its 

significance in PAH formation, and increases its chance of occurrence. The characteristics 

of the HACA mechanism are explored in numerous experimental and theoretical studies 

[88], [101], [128]–[130]. For instance, Peng et al. [128], studied the site effect on PAH 

formation in the HACA reaction framework and concluded that the H abstraction and 

C2H2 addition reactions on the ortho positions and armchair surface site are kinetically 

unfavorable (had relatively high energy barrier compared to other site options, such as 

zig-zag, free-edge, and armchair surface). An investigation of the PAH growth 

mechanisms under exhaust gas recirculation revealed that the HACA pathway should 

account for temperature effects on the formation [129]. The combustion of premixed 

ethylene-oxygen flame is also studied, and it is concluded that HACA controls the 

formation of PAHs in fuel-rich and pure pyrolytic conditions [71]. However, in the 

oxidative environment, resonantly stabilized radicals (RSR) have a central role [71]. It is 

important to mention that the investigations on HACA often led to distinctive and 

controversial results as well. The work of Parker et al. [130] on the reaction of 1- and 2-

naphthyl radicals and acetylene at combustion-like temperatures showed that the 

dominant product via HACA is acenaphthylene, and not anthracene or phenanthrene. 

Mebel et al. [101] discussed the branching ratio of products in a benzene - acetylene 
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reaction system, and their results confirmed that naphthalene is the dominant product 

of the HACA framework over a wide temperature range. In addition, the work of Kislov 

et al. [88] showed that in the HACA mechanism, the five-membered ring growth on PAH 

molecules is more dominant than the six-membered. Similarly, the experimental results 

on acetylene pyrolysis of Shukla and Koshi [58] pointed out that the HACA products are 

mainly polyacetylenes, polyene derivatives, and cyclopentafused-PAHs (CP-PAHs). The 

speed of HACA is also an essential feature regarding the growth of aromatic compounds. 

According to the interpretation of some experimental investigations, if HACA is 

considered, the results underpredict the concentrations of PAHs in flames and it is 

considered slow, compared to the fast process of PAH formation [87]. This is also 

supported by the fact that during HACA, the mass of product species is increased by 24 

atomic units (au), which comes from acetylene addition (+C2H2, +26) and hydrogen 

molecule elimination (-H2, -2 au) (e.g. the formation of acenaphthylene (C12H8, 152 au) 

from naphthalene (C10H8, 128 au) or the formation of pyrene (C16H10, 202 au) from 

phenanthrene (C14H10, 178 au). Other similar reaction pathways to HACA are also 

proposed, such as the Bittner–Howard’s process [113]. It is based on acetylene addition 

as well, but differs from HACA in the place of the addition of the second acetylene 

molecule, which is added to the first one to form a C4H4 chain, and leads to an additional 

ring by the subsequent ring closure (Figure 7).  

Figure 7 Bittner–Howard’s reaction route. 

However, the work of Mebel et al. [101] on the examination of naphthalene reaction 

mechanisms, revealed that the probability of the Bittner–Howard’s reaction is greatly 

limited compared to the original HACA, due to the unlikely presence of unstable C8H7 

radicals (Figure 7, second structure) in flames at high temperatures (1600 K and higher). 

All in all, since acetylene represents the most abundant hydrocarbon in the sooting 

regions of flames [131], studying its properties and reactions is crucial in the 
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understanding of PAH growth, and thus further research is inevitable regarding 

acetylene addition-based mechanisms. 

1.2.1.2. Diels-Alder mechanism 

Aromatic compounds are frequently synthesized in laboratories through Diels-Alder 

(DA) reactions [132]. In the traditional Diels-Alder process, butadiene is reacted with an 

olefin, which will lead to a cyclic compound. Morokuma has published a theoretical study 

on Diels-Alder-type reactions of acetylene and butadiene within which 1,4-

cyclohexadiene is formed [133]. The same type of DA reaction can also occur between 

acetylene and a PAH (Figure 8).  

Figure 8 Diels-Alder reaction mechanism for pyrene formation. 

Siegmann and Sattler proposed the two-part benzogenic Diels-Alder mechanism as the 

dominant route for PAH growth in which acetylene closes the bay region of PAH 

structures (Figure 8). The reaction begins with the cycloaddition of acetylene producing 

the Diels-Alder adduct and ends with the loss of hydrogen atoms. In this methane 

combustion experiment, the benzogenic Diels-Alder mechanism proved to be highly 

advantageous to achieve compact peri-condensed PAHs [134], because it explains well 

the growth on bay-type structures. As soon as the most condensed PAH with all closed 

bays have formed, the growth of larger particles can continue with coagulation 

mechanisms. Thus, the benzogenic Diels-Alder mechanism can be considered as a viable 

route in addition to HACA. However, a study on the possible pathways of HACA and DA 

mechanisms leading to naphthalene, acenaphthylene, phenanthrene, and pyrene 

concluded that the Diels-Alder process cannot compete with the hydrogen abstraction 

and acetylene addition reaction, because of its high barriers and low reaction rates [135]. 
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1.2.1.3. Environmental considerations of the HACA and DA mechanisms 

The occurrence of acetylene-based mechanisms (HACA and DA) under the combustion of 

different organic materials are proven. In this sense, PAHs can be formed via HACA and 

DA in anthropogenic (e.g. wood heating, coal-fired power plants, transport, waste 

incineration [136]–[139]) and natural events (savannah fires, diagenetic and volcanic 

eruptions [140]) as well. PAHs are often distinguished into pyrogenic (combustion and 

pyrolysis) and petrogenic (oil spills and oil exploitation) PAHs based on their origin 

[141]. The temperatures at which the pyrogenic processes occur are ranging from about 

600 K to 1500 K. However, crude oils containing petrogenic PAHs are formed at 

temperatures as low as 373 - 423 K over millions of years. In the work of Shukla and 

Koshi [83], the growth of aromatic products started from 1274 K in the case of acetylene 

pyrolysis. In this respect, knowing that HACA is operating primarily at elevated 

temperatures, its role is more significant in combustion and pyrogenic processes. HACA 

can be linked to the formation of PAHs also in biological processes. Perylene (PAH with 

5 six-membered rings) is considered to originate from anaerobic diagenesis of organic 

matter [142], and at the same time, its formation via the HACA mechanism is proved 

[143]. It is also important to mention the probability of occurrence of HACA and DA in 

extraterrestrial environments where much more extreme physical and chemical 

conditions prevail than on Earth [144]. In astrophysical environments, the excitation of 

interstellar dust by UV radiation can be considered as an energy supply process (like 

combustion) through which chemical compounds like PAHs can be formed. The 

investigation of the space-formed PAHs is much complicated, therefore, the mechanisms 

already established in combustion chemistry are often borrowed by the astrochemical 

community. However, the essential differences between the two environments should be 

always taken into account. The molecular oxygen necessary for combustion is not 

relevant neither in the diffuse interstellar medium (DIM) nor in carbon rich Asymptotic 

Giant Branch stars (AGB) or nebula (i.e. CRL 618 proto planetary nebula) [56]. Since the 

abundance of acetylene in interstellar environments is 100 times less than those detected 
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in carbon rich circumstellar mediums, HACA and DA are probably efficient in PAH 

formations in the atmosphere of carbon stars [56], [145]. Even though carbon stars are 

often thought to be PAH producers, concrete PAH emission has not yet been detected 

from these [42]. Acetylene is considered to have an important role in the formation of 

benzene rings as well, which are the simplest building block of PAHs. For instance, in the 

work of Wood et al., the benzene formation under the conditions of CRL 618 PPN 

involving relatively large fractional abundances of C2H2 and HCO+ is much more efficient 

than in interstellar clouds or cool circumstellar shells around AGB stars (HCO+ → C2H3+→ 

C4H3+→ C6H5+→ C6H6) [56]. However, Titan’s harsh astrochemical conditions (i.e. low-

temperature 70–200 K) challenges the HACA and DA mechanisms because of the 

unsurmountable entrance barriers (20 kJ mol−1) both for the H abstraction and for 

acetylene addition steps, which make them unlikely to be a significant source of  PAHs 

[108], [146]. It is also important to mention, that the condensation process of carbon dust 

from acetylene in the outflow from carbon rich red giants is considered very similar to 

that occurring during the gas phase pyrolysis of hydrocarbon molecules which leads to 

the formation of PAHs [147]. HACA has a possible role in space in the formation of other 

stable allotropic carbon-based structures, such as in the formation of carbon nanotubes 

(CNTs) [148]–[150]. The feasibility of HACA in the formation of CNTs in space has been 

verified computationally [148], [149].  Since the examined CNTs exhibited intense 

vibrational transitions in the IR (infrared), their presence in the ISM can be further 

investigated [148]. 

1.2.2. PAH formation with vinyl acetylene (C4H4) addition (HAVA) 

The possible role of vinyl acetylene (VA) as a logical four-carbon intermediate unit in the 

formation of tars appeared already in the work of Badger et al. [151]. Since then, it has 

been proven that VA successfully facilitates PAH formation reactions, and the 

corresponding mechanism is called hydrogen abstraction vinyl acetylene addition 

(HAVA). There is a high probability that the HAVA will occur, due to the abundance of VA 

(C4H4) in the combustion environment of various types of flames [72], [100], [152]. Its 
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advantage is that a new benzene ring can be achieved relatively simply since the second 

addition of other carbon species is not required in the reaction (Figure 9).  

 

Figure 9 Formation of phenanthrene starting from naphthalene via the hydrogen 
abstraction vinyl acetylene addition (HAVA) mechanism. 

In the HAVA mechanism, after a PAH radical is formed, a new ring can be achieved in two 

steps, which include the addition of C4H4 (VA) to the radical and the subsequent cyclisation 

(Figure 9). The double and triple bonds in VA make its carbon atoms very active, which is 

used in the attack on the C atoms of PAHs. The synthesis of naphthalene at elevated 

temperatures (1600 K) is studied by considering the HAVA framework [100], [104]. HAVA 

plays a key role in PAH formations during CVD (chemical vapor deposition) processes and 

in interstellar medium as well since in cold molecular clouds (10 K) naphthalene can be 

achieved through HAVA via a barrierless bimolecular route [61], [85], [115], [116]. The 

formation of anthracene from vinyl acetylene and naphthyl radicals is proposed by Tao et 

al. based on the obtained experimental results of C2H2 pyrolysis, but a detailed analysis of 

the reaction steps is not given [109]. On the contrary, Zhao et al. investigated the 

barrierless reactions between C4H4 and naphthyl radicals towards anthracene and 

phenanthrene formation under the atmospheric conditions of Titan (low temperatures 

70–180 K) using computational chemistry tools [108]. The reaction channels are exoergic 

with a total energy change of -277 kJ/mol and -257 kJ/mol in the case of phenanthrene 

and anthracene formation, respectively. Moreover, the possibility of further reactions 

towards more complex PAHs (C14H10) via the HAVA mechanism is also proposed [108]. 

The addition reaction of C4H4 to PAH radicals to obtain phenanthrene is further 

investigated by Liu et al. [107] considering the zig-zag and free edge surfaces as well [107]. 

The sensitivity of the reaction pathway was also analyzed and showed that the new 

benzene rings are more likely to be formed starting from the zig-zag edge surface site 
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compared to the free edge. Using the available zig-zag type structure HAVA can have a 

possible role in the formation of for CNTs in space. Zhao et al. presented the formation of 

pentacene (C22H14) - a fundamental molecular building block in CNTs - by the reaction of 

vinylacetylene (C4H4) with 2-tetracenyl radical (•C18H11) through a low temperature 

barrierless gas phase reaction mechanism [154]. Their result highlighted the possible 

formation of PAHs in cold molecular clouds like TMC-1 and OMC-1 using the hydrogen 

abstraction vinyl acetylene addition mechanism [154]. In addition, it is demonstrated 

through molecular dynamic simulations that zig-zag single-walled carbon nanotubes could 

be formed from linear, cata-condensed PAHs [149]. Overall, it can be observed that the 

importance of HAVA lies in the fact that PAH formations can be achieved through this 

mechanism at very different conditions (e.g. combustion, interstellar medium [42], Titan’s 

atmosphere [155], carbon stars [156], cold molecular clouds [154], comets [49]). 

 

1.2.3. PAH Formation Mechanisms with Radicals 

1.2.3.1. Reaction mechanism with methyl radical - Methyl addition 

cyclization (MAC) 

Among the different chemical species, radicals have a particular role in PAH growth. 

Based on the nature of radicals, different reaction mechanisms are possible by involving 

less or more stable carbon-centered radicals. Methyl radical represents one of the 

simplest but at the same time the most common alkyl radical in the flames of aliphatic or 

aromatic fuels. The possible role of methyl radicals in PAH growth is first mentioned by 

Weissman and Benson in the experimental study on the polymerization of methane 

[157]. Later Shukla also underlined the importance of methyl radicals in the formation 

mechanisms, because in their experiment made on the pyrolysis of toluene/acetone the 

mass spectra of PAHs are separated by 14 au, which represents a methyl addition (+C1H3, 

+15 au) followed by hydrogen abstraction (-H, -1 au) [158]. Thus, they assumed that a 

methyl addition and hydrogen atom elimination reaction occur [158]. Based on their 

results, a new PAH growth mechanism was proposed, the methyl addition cyclization 

mechanism (MAC). As its name suggests, the MAC mechanism involves the addition of 
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two or three methyl radicals to form ethyl or propyl chains on the corresponding PAHs 

(Error! Reference source not found.), accompanied by hydrogen eliminations and 

cyclization to create new aromatic rings.  

 
Figure 10 The formation of an ethyl chain on phenanthrene through the MAC mechanism. 

An essential feature of the MAC mechanism is the capability of expanding 
cyclopentafused-PAHs into benzenoid rings (Figure 11). 

The growth of five-membered rings on the polyaromatic hydrocarbon framework is also 

discussed in the work of Shi et al., in which the formation of fluorene from biphenyl 

through the MAC mechanism involves four steps is described [111]. The role of methyl 

radicals is investigated in the mechanistic and flame simulation work of Georganta et al. 

[60] for pyrene formation from phenanthrene. In their results, it turned out, that C2H2 

occupies faster the radical sites on the armchair position of phenanthrene than methyl 

which indicates that the MAC mechanism is not competitive with the HACA. However, the 

MAC mechanism is still an important piece within the continuously expanding puzzle of 

PAH growth due to the prevalence of methyl radicals. It is important to mention that 

besides combustion processes, the occurrence of MAC is also probable in astrophysical 

environments, since methyl is present in a large abundance in the interstellar medium, 

and methyl-PAHs are considered photolitically more stable than others with alkyl (ethyl, 

propyl) or unsaturated alkyl chains. In addition, as it is mentioned before the unidentified 

infrared emission features at 3.4 μm, detected in different astrophysical regions in the 

Milky Way and nearby galaxies as well, it is often considered that they are carried by 

aliphatic groups attached to aromatic systems. The computational work of Yang et al. 

carried out on the IR vibrational spectra of a range of PAHs with methyl side chain, 

Figure 11 Formation of a six-membered ring through the MAC mechanism. 
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indicated that the computed band intensities overestimated the gas-phase experimental 

values [159]. On the contrary, a good agreement between the measured and computed 

C–H stretch vibrational frequencies is achieved in all cases, for all the molecules at all 

levels [159]. 

 

1.2.3.2. Reaction mechanism with ethynyl radical 

A radical alternative of HACA is the one that involves ethynyl radical instead of acetylene 

[160], [161]. Ethynyl (or hydrodicarbon, •C2H) is formed in a carbon-rich environment 

from the decomposition of acetylene and it also can be found in high density in the 

interstellar medium [162]. Since PAHs represent 20 percent of the carbon material in the 

universe, consequently the role of ethynyl radicals in PAH growth mechanisms has 

become more significant from this point of view. Mebel et al. proposed the ethynyl 

addition mechanism (EAM) [160] and a similar reaction mechanism which involves 

hydrogen abstraction ethynyl radical addition (HAERA) has been proposed recently to 

model BaP formation from chrysene [120] (Figure 12).  

Figure 12 Formation of benzo(a)pyrene from chrysene via the hydrogen abstraction 
ethynyl radical addition (HAERA) mechanism. 

It has also been demonstrated that benzene (precursor of PAHs) can be formed under 

single collision conditions via the gas phase reaction of ethynyl radicals with 1,3-

butadiene [163]. Electronic structure calculations predicted that phenylacetylene 

molecule (C9H6) can be synthesized with benzene and ethynyl radical in an exoergic, 

barrierless reaction [160]. Moreover, the reaction can reach naphthalene if the 

phenylacetylene reacts with two additional ethynyl radicals including ring closures and 

hydrogen atom emission steps [160], [163]. Such neutral–neutral reactions (benzene or 

naphthalene with ethynyl radicals) could be a possible route to reach PAHs at 

temperatures as low as 10 K, as they are present in cold molecular clouds [163].  
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1.2.3.3. PAH formation with vinyl radicals (HAVA*)  

PAHs can also be formed through vinyl radical (•C2H3) additions before which a hydrogen 

abstraction occurs (hydrogen abstraction vinyl radical addition, HAVA*). To the best of 

our knowledge, this mechanism was first proposed in the experimental work of Shukla 

and Koshi [83] within which PAH growth processes were analyzed by the addition of C2Hx 

species. In their results on ethylene pyrolysis, the detected mass spectra appeared in 26 

mass number sequences which strongly indicated the role of •C2H3 in PAH formations (+ 

•C2H3, +27 au; -H, -1 au). HAVA* has been declared to be particularly suitable for the 

formations of CP-PAHs such as fluoranthene (C16H10) (Figure 13) or corannulene 

(C20H10) [83].  

 

Figure 13 Formation of fluoranthene from naphthalene via the hydrogen abstraction 
vinyl radical addition (HAVA*) reaction mechanism. 

It is also observed that during aliphatic hydrocarbon pyrolysis at least up to moderate 

temperature (1300 K) HAVA* is more promising for producing PAHs, than HACA [83]. 

Thus, HAVA* has a well-deserved place at the table of PAH growth mechanisms. It is also 

observed that during aliphatic hydrocarbon pyrolysis at least up to moderate 

temperature (1300 K) HAVA* is more promising for producing PAHs, than HACA [83]. In 

addition, the dominant temperature of HAVA* is in the middle of the temperature range 

of combustion and pyrolitic processes (which is about 600 K - 1500 K [3], [83]). 

Consequently, its role is more significant in the formation of pyrogenic than petrogenic 

PAHs and has a well-deserved place at the table of PAH growth and formation 

mechanisms. 

1.2.3.4. Phenyl addition cyclization mechanism 

During an experimental study on toluene pyrolysis, Shukla et al. [117] observed several 

PAH species with a mass difference of ~76 au. Based on this observation, they suggested 

a phenyl-addition-cyclization (PAC) mechanism [117], within which a phenyl radical (+ 
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•C6H5, + 77 au) was added to a molecule, and this step was followed by hydrogen 

abstraction (-H, -1 au). Thereafter, with increasing temperatures, dehydrocyclization 

took place (-H2, -2 au) under which the conversion of thermally unstable phenyl-PAHs 

into stable condensed PAHs occurred (Figure 14). 

 
Figure 14 Formation of triphenylene from biphenyl. 

However, it has been shown that the condensation of phenyl radicals (•C6H5) on 

aromatics may not be a competitive route in comparison to HACA, due to the low 

concentration of benzene in flames compared to C2H2 [17]. Although, this may vary if 

other fuels are used for the flames. In another experimental work done on the pyrolysis 

of toluene with and without the addition of benzene to acetylene, the PAC mechanism 

appeared to be more efficient over the HACA [164]. Furthermore, PAC is proposed as an 

efficient PAH growth mechanism in circumstellar envelopes of carbon stars [165]. 

However, PAC is unable to produce symmetrical PAHs like coronene or corannulene, but 

it is considered highly efficient if phenyl radicals are present, because it ensures an 

endless growth of PAHs by creating additional triple fusing sites in each step [124]. 

Knowing that the PAC mechanism leads to the formation of asymmetrical structures, 

which are more characteristics of protoplanetary nebulae (PPN), this mechanism might 

have relevance in the PAH formation in PPN [159]. Furthermore, the occurrence of PAC 

mechanism in astrochemical environments is probable, since the solar ultraviolet 

radiation can penetrate deep into e.g. Titan’s atmosphere, and thus photodissociation of 

benzene to phenyl radical and atomic hydrogen can occur [166]. However, the barrierless 

formation of larger PAHs than naphthalene at low temperatures is not validated yet 

[166]. 
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1.2.3.5. Reaction mechanisms with resonantly stabilized radicals 

The role of resonantly stabilized radicals (RSR) in PAH growth is also significant. These 

radicals can be present in high concentrations in flames due to their relatively stable 

nature [61] and they can participate in radical-radical and radical-neutral recombination 

reactions. A series of PAH mechanisms are proposed and calculated which involve RSRs, 

and among them the most well-known pathways include propargyl [55], [61], [167]–

[169], cyclopentadienyl [74], [78], [79], [99], [170]–[175], and indenyl [106], [176]–

[180] radicals (Figure 15). 

 
Figure 15 2D structures of the propargyl, cyclopentadienyl, and indenyl radicals. 

Regarding the environmental occurrence, the mechanisms with RSRs are relatively more 

likely to occur in combustion processes. For instance, the self-recombination of propargyl 

radical to form benzene (a central building block of PAHs) is followed by isomerization 

and stabilization via a third-body collision [181]. However, in cold molecular clouds, such 

collision complexes cannot be stabilized by a third-body collision as those processes are 

extremely rare to occur. Consequently, even though the self-recombination of propargyl 

radical reaction has no entrance barrier it is still not expected to happen in cold molecular 

clouds.  
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2. Methods 

2.1. Schrödinger equation 

The study of the PAH growth reaction mechanisms can be accomplished by using a wide 

range of toolkits for computational chemistry. In the following section, the applied 

methods are presented as well as the theoretical foundations behind them. The studied 

reaction mechanisms of PAH growth consist of numerous elementary reactions steps 

involving chrysene and benzo(a)anthracene as reactants, several transition states, 

intermediate structures, and benzo(a)pyrene as the final product. All of the 

corresponding structures involved in the studied reaction mechanisms have a particular 

molecular structure to which a specific energy value is assigned. The determination of 

the energy value of a molecule begins with Schrödinger’s famous wavefunction equation 

(Eq. 1) [182]–[185].  

Following the first postulate of quantum mechanics, a wavefunction represents the 

momentary state of a quantum chemical system by describing the probability 

distribution of its measurable properties. Since the energy of the ground state of a 

molecular system does not depend on time, the non-relativistic time-independent 

Schrödinger equation can be applied within which 𝐻𝐻� is the Hamiltonian operator, E is the 

energy and Ψ is the wavefunction of all the spatial coordinates of nuclei and spatial and 

spin coordinates of electrons (Eq. 1). Correspondingly to the second postulate of quantum 

mechanics, the linear Hermitian operator is represented by the Hamiltonian operator, 

which gives the total energy of a system. Since a Hermitian operator always has real 

eigenvalues and expectation values, this criterion is also valid to the time-independent 

Schrödinger equation, which in mathematical terms represents an Eigenvalue equation, 

having Ψ as the eigenfunction and E as the eigenvalue (Eq. 1). According to the third 

postulate of quantum mechanics, the eigenvalues of the 𝐻𝐻� operator is equal to the 

measurable energy values. The fourth postulate describes the general expectation value 

of a given physical observable (Eq. 2),  

𝐻𝐻�Ψ = 𝐸𝐸Ψ Eq. 1 
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where Ψ∗ is the conjugate form of the normalized wavefunction Ψ, and �̂�𝐴 is the 

corresponding operator [186]. The fifth postulate of quantum mechanics declares that 

the state of a microsystem is described by the time-dependent Schrödinger equation (Eq. 

3): 

𝑖𝑖ℏ
𝜕𝜕𝜕𝜕(𝜏𝜏, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐻𝐻�𝜕𝜕(𝜏𝜏, 𝑡𝑡) Eq. 3 

where ℏ is the reduced Planck constant �ℏ = ℎ
2𝜋𝜋
�, and 𝐻𝐻� is the total energy Hamiltonian 

operator. If a state of a system does not change in time, the time-independent 

Schrödinger equation shall be applied (Eq. 1). The sixth postulate of quantum mechanics 

is also called the antisymmetry principle within which the Pauli exclusion principle can 

be directly deduced.  By means of the sixth postulate, the wave function of a microsystem 

must be antisymmetric for the exchange of all coordinates of identical particles with half-

integer spin (fermion) and symmetric for the exchange of all coordinates of identical 

particles with integer spin (bozon). 

As we know in classical physics, the total energy includes kinetic and potential energy 

terms. This is also true in quantum mechanics and it can be seen in the expanded version 

of the Hamiltonian. It includes the sum of all possible interactions between electrons and 

nuclei, where the first two terms correspond to the kinetic energy of all the electrons and 

nuclei, the third and fourth term represents the Coulomb repulsion between electrons 

and nuclei respectively, and the fifth term is the Coulomb attraction between nuclei and 

electrons (   ). 

𝐻𝐻� = −�
∇𝑖𝑖2

2
−�

∇𝐴𝐴2

2𝑀𝑀𝐴𝐴
+ ��

𝟏𝟏
�𝒓𝒓𝒊𝒊 − 𝒓𝒓𝒋𝒋�

 
𝑁𝑁𝑒𝑒𝑒𝑒

𝒋𝒋>𝒊𝒊

𝑁𝑁𝑒𝑒𝑒𝑒

𝒊𝒊=𝟏𝟏

𝑀𝑀

𝐴𝐴=1

+ � �
𝑍𝑍𝐴𝐴𝑍𝑍𝐵𝐵

|𝑅𝑅𝐴𝐴 − 𝑅𝑅𝐵𝐵|

𝑀𝑀

𝐵𝐵>𝐴𝐴

𝑀𝑀

𝐴𝐴=1

𝑁𝑁𝑒𝑒𝑒𝑒

𝑖𝑖=1

+ �(�
−𝑍𝑍𝐴𝐴

|𝑟𝑟𝑖𝑖 − 𝑅𝑅𝐴𝐴|)
𝑀𝑀

𝐴𝐴=1

𝑁𝑁𝑒𝑒𝑒𝑒

𝑖𝑖=1

 Eq. 4 

   where, 𝑀𝑀𝐴𝐴 is the ratio of the mass of nucleus A to the mass of an electron, 
𝑍𝑍𝐴𝐴 is the atomic number of nucleus A, 
∇𝑖𝑖2 and ∇𝐴𝐴2 are the Laplacian operators which give the sum of second partial 
derivatives of a function. 

Since the introduction of the wavefunction, huge efforts are made in science to simplify 

it. A significant reduction in its complexity resulted from the work of Max Born and 

〈𝐴𝐴〉 = � Ψ∗�̂�𝐴Ψ𝑑𝑑𝑡𝑡
+∞

−∞
 Eq. 2 
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Robert J. Oppenheimer, by introducing the famous Born-Oppenheimer approximation 

[187] in which the nucleus and electrons are treated separately. The possibility for the 

dynamic decoupling of the nucleus and electrons is supported by the fact that the nuclei 

are much heavier than the electrons, consequently, the timescale of the response of the 

electrons is a few orders of magnitude faster than that of the nuclei. In this sense, nuclei 

can be treated as static particles concerning electrons, which eliminates the second term 

of Eq. 4.  At the same time the repulsion between nuclei (fourth term), can be treated as 

a constant for a fixed configuration of the nuclei. In this sense the Hamiltonian after the 

Born-Oppenheimer approximation, will contain terms that are ”electron related”, and 

thus it is called the electronic Hamiltonian (Eq. 5): 

𝐻𝐻�𝑒𝑒 = −�
∇𝑖𝑖2

2
+  ��

𝟏𝟏
�𝒓𝒓𝒊𝒊 − 𝒓𝒓𝒋𝒋�

 
𝑁𝑁𝑒𝑒𝑒𝑒

𝒋𝒋>𝒊𝒊

𝑁𝑁𝑒𝑒𝑒𝑒

𝒊𝒊=𝟏𝟏

𝑁𝑁𝑒𝑒𝑒𝑒

𝑖𝑖=1

−��
𝑍𝑍𝐴𝐴

|𝑟𝑟𝑖𝑖 − 𝑅𝑅𝐴𝐴|

𝑀𝑀

𝐴𝐴=1

𝑁𝑁𝑒𝑒𝑒𝑒

𝑖𝑖=1

 Eq. 5 

In the electronic Hamiltonian, the electron-electron term causes the biggest concern in 

the solution of the Schrödinger equation (Eq. 1). The individual electron wavefunction 

cannot be found without simultaneously considering that the individual electron 

wavefunctions are associated with all the other electrons. This problem is also known as 

the many-body problem. The solution of the time-independent many-body electronic 

Schrödinger equation is highly difficult and time-consuming for systems with more than 

a few electrons, even for smaller molecules. For example, carbon dioxide with its 22 

electrons and 3 nuclei in a three-dimensional coordinate system would have 75 variables, 

and the complexity further increases with the size of the molecular system.  
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2.2. Computational Chemistry 

The practical use of quantum chemistry is realized through computational chemistry. 

With the development of computer technology, it became possible to achieve an 

approximate solution of the Schrödinger equation with very good accuracy and to predict 

molecular properties in a precision that is comparable to experiments, and thus the 

elucidation of ambiguous or unclear experimental data became possible and short-lived, 

unstable intermediates and transition states could be described. Through the application 

of the Born-Oppenheimer approximations, potential energy can be defined by the 

position of nuclei in space. In this sense, the Coulomb attraction between nuclei and 

electrons is considered as external potential. At this point, it is important to introduce 

the concept of the potential energy surface (PES) which is a mathematical representation 

that gives the total energy of a molecule as a function of its geometrical coordinates. Since 

a molecule has 3N-6 degrees of freedom (where N is the number of atoms if N>2), the 

corresponding PES is also multidimensional. The most significant chemical concepts can 

be represented on a 3D, or just a 2D section of it, which is called a potential energy curve 

(PEC). A PEC helps to visualize and compare the energy levels of the reactants, 

intermediates, transition states, and products, and thus the preferable pathways of a 

reaction can be determined. 

The 3D PES can be considered as a geomorphological map, where critical points (minima, 

maxima, transition states) can be defined. In order to investigate the reaction mechanism 

of PAHs, the reactants, products, intermediates, and transition states have to be found on 

the potential energy surface or potential energy curve.  For both minima and maxima the 

first derivative (gradient) of the energy with respect to all internal coordinates (𝑞𝑞, 𝑞𝑞0) is 

zero, so they are stationary points (Eq. 6 and Eq. 7). 

𝐸𝐸 = 𝐸𝐸0 + 1
2

|𝑘𝑘|(𝑞𝑞 − 𝑞𝑞0)2,   𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 Eq. 6 

𝐸𝐸 = 𝐸𝐸0 −
1
2

|𝑘𝑘|(𝑞𝑞 − 𝑞𝑞0)2,   𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 Eq. 7 

In Eq. 6 and Eq. 7 k represents the force constant. The types of the critical points can be 

determined from the second derivative, which is positive for a minimum 𝜕𝜕
2𝜕𝜕

𝜕𝜕𝜕𝜕2
= |𝑘𝑘| > 0, 
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and negative for a maximum 𝜕𝜕
2𝜕𝜕

𝜕𝜕𝜕𝜕2
= −|𝑘𝑘| < 0. Besides minima and maxima, first-order 

saddle points can also occur, which are a maximum in one direction and minimum in all 

other directions, corresponding to transition state structure.   

A computational chemistry calculation begins with geometry optimization, in which the 

first step is to choose an initial molecular geometry. This can be done with different 

software using the known properties of a molecular structure (bond length, dihedral 

angles, etc.) but in many cases, this step relies only on chemical intuition. The local 

minimum can be determined by changing the coordinates of nuclei and calculating the 

corresponding electronic energy and nuclei-nuclei repulsion energy. The sum of the 

beforementioned two energy terms gives the total energy (Etot). In reality, geometry 

optimization and the corresponding energy calculations are time-consuming and 

complex and they are realized with specific quantum chemical software, which often 

requires a supercomputer. In this study, all the quantum chemical calculations are 

carried out by using the Gaussian09 program package [188]. During a geometry 

optimization with the Gaussian09 program package, the minimum energy of a molecular 

structure is found when the (i) maximum remaining force, (ii) the average mass-

weighted force (RMS - root mean square force), (iii) the maximum displacement 

(maximum structural change of one coordinate), and the (iv) average (RMS) change over 

all structural parameters fall below the threshold value. Once the beforementioned four 

convergence criteria are fulfilled, the optimization is considered complete.  

After the optimization, frequency calculation can be carried out at the optimized 

geometry of the predicted structure. It is important to confirm that the structure indeed 

is a true stationary point (minimum or saddle point) and corresponds to the studied 

reaction pathway. Frequency calculations consider the nuclear vibration in the molecular 

systems as if they are in their equilibrium states. If the geometry is optimized to a 

minimum, the gradient is zero, and the force constant matrix determines the behavior of 

the system under small displacements.   

The vibration energy of a given molecule can be approached by the harmonic oscillator 

approximation using the following equation (Eq. 8):  
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Eʋ = hcʋ𝒊𝒊 �ʋ +
1
2�

 Eq. 8 

where ʋ𝒊𝒊 is the vibrational frequency wavenumber (Eq. 9),  

ʋ𝒊𝒊 =
1
2πc

�
𝑘𝑘
μ

 Eq. 9 

ʋ𝒊𝒊 is the vibrational quantum number, h is the Planck constant (6.62˙10−34 J·s), k is the 

force constant, μ is the reduced mass, and c is the speed of light (2.99·108 m/s): 

2.3. Thermodynamic parameters 

To understand the reaction mechanisms of PAHs, it is important to determine the 

experimentally most important thermodynamic properties. The reaction enthalpy 

(ΔrH°), Gibbs free energy (ΔrG°), entropy (ΔrS) can be obtained by using the toolkit of 

statistical thermodynamics, with the help of partition functions [q(V,T)] which tell how 

the probabilities are partitioned among the different microstates (transition, rotation, 

vibration, electronic state). Through the partition functions, the thermodynamic state 

functions [G(T,p), E0, S(T,p), H(T)] can be derived for each molecule participating in the 

reaction, and then, the corresponding thermodynamic properties of the reaction can be 

obtained (Figure 16).  

 

 

 

 

 

 

 

 

 

 

 
Figure 16 Schematic representation of the steps to compute the thermodynamics of a 

reaction starting from the potential energy of individual structures.  

https://simple.wikipedia.org/wiki/Joule
https://simple.wikipedia.org/wiki/Second
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At a microscopic scale, the atomic dimensions are considered and it is specified by the 

number of particles in each energy state. This approach is known as statistical 

thermodynamics which represents a bridge between the molecular properties and 

macroscopic thermodynamic properties (Figure 16). 

The energy distribution of the molecules can be given by the Boltzmann distribution, and 

the partition function [q(V,T)] shows how the probabilities are partitioned among the 

different microstates. The total energy of a microstate of a molecule can be calculated as 

a sum of the translational (εtr), rotational (εrot), vibrational (εvib), and electronical energy 

(εelec) (Eq. 10). 
𝜀𝜀 = 𝜀𝜀𝑡𝑡𝑡𝑡 +  𝜀𝜀𝑡𝑡𝑟𝑟𝑡𝑡 + 𝜀𝜀𝑣𝑣𝑖𝑖𝑣𝑣 + 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  Eq. 10 

Similarly, the molecular partition function (q) can be calculated (Eq. 11, Table 1): 
𝑞𝑞 =  𝑞𝑞𝑡𝑡𝑡𝑡 +  𝑞𝑞𝑡𝑡𝑟𝑟𝑡𝑡 +  𝑞𝑞𝑣𝑣𝑖𝑖𝑣𝑣 + 𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 Eq. 11 

Table 1 Contribution of translation, rotational, vibrational, and electronic motions to the 
partition and state functions. 

Internal energy (E), entropy (S), Gibbs free energy (G), enthalpy (H), derived from the 

partition function can describe quantitatively an equilibrium state of a thermodynamic 

system, irrespectively of how the system arrived in that state.  

Entropy (S) is a state function originally introduced to explain why part of the total 

energy is unavailable to do useful work. It is equal to the Boltzmann's constant (kB 

=1.38065 × 10−23 J/K) multiplied with the natural logarithm of the number of possible 

quantum states (W) (Eq. 12): 
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 motion 
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 motion 

Vibrational  
motion 

Electronic 
motion 

𝒒𝒒𝒕𝒕 = �
𝟐𝟐𝟐𝟐𝟐𝟐𝒌𝒌𝑩𝑩𝑻𝑻
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� 
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 𝒒𝒒𝒆𝒆 =  𝝎𝝎𝟎𝟎 

m = molecular mass 
𝑘𝑘𝐵𝐵=Boltzmann Constant 
1.3807 × 10−23 J·K−1  
T = temperature 
h = Planck Constant 
6.62˙10−34 J·s 
V = volume 

Ɵ𝑡𝑡1𝑥𝑥 = ℎ𝑐𝑐 𝐵𝐵0,𝑥𝑥/𝑘𝑘𝐵𝐵 
characteristic temperature 
𝐵𝐵0,𝑥𝑥: rotational constant in x 
direction 

𝐵𝐵0  =  
ℎ

4𝜋𝜋µ𝑅𝑅2𝑐𝑐
 

𝜃𝜃ʋ,𝐾𝐾 = ℎ𝑐𝑐ʋ�𝐾𝐾/𝑘𝑘𝐵𝐵 
characteristic 
temperature 
ʋ�𝐾𝐾: Kth vibrational 
wavenumber 

degeneracy of the 
electronic energy 
level 
𝜔𝜔0: 𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑖𝑖𝑚𝑚𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖𝑡𝑡𝑚𝑚 

https://simple.wikipedia.org/wiki/Joule
https://simple.wikipedia.org/wiki/Second
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𝑆𝑆 = 𝑘𝑘𝐵𝐵 ln𝑊𝑊 Eq. 12 

Through partition functions the entropy contribution would be (Eq. 13): 

𝑆𝑆 = 𝑁𝑁𝑘𝑘𝐵𝐵 + 𝑁𝑁𝑘𝑘𝐵𝐵 ln �
𝑞𝑞(𝑉𝑉,𝑇𝑇)
𝑁𝑁 � + 𝑁𝑁𝑘𝑘𝐵𝐵T �

∂lnq
∂T �𝑉𝑉 Eq. 13 

where N is the particle number of molecules as a dimensionless quantity. 

The enthalpy (H) is equivalent to the total heat content of the system and it is equal to 

the internal energy of the system plus the product of the pressure and volume (Eq. 14). 

Being a state function enthalpy depends only on the prevailing equilibrium state 

identified by the variables of the internal energy, pressure, and volume.  

By means of partition functions the enthalpy would be (Eq. 15): 

𝐻𝐻 − 𝐻𝐻(0) = �
∂lnQ
∂β

 �
V

+ kTV �
∂lnQ
∂V

 �
T

 Eq. 15 

where β represents the most probable populations of the states of the system, which 

strongly suggests that it is related to the temperature:  β = 1
𝑘𝑘𝑘𝑘

 , Q is the partition function 

of the system and q is the molecular partition function. If the molecules are independent 

(for distinguishable molecules,  e.g. solids) Q = qN. For indistinguishable molecules (e.g: 

gases) Q = 𝜕𝜕𝑁𝑁
𝑁𝑁!

  where q = 𝑉𝑉
Λ3

  with Λ = thermal wavelength Λ =� ℎ
2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘

�
1
2 .  

The Gibbs free energy G(T,p) tells the maximum or reversible work that may be 

performed by a thermodynamic system at a constant temperature (T) and pressure (p) 

(Eq. 16).  
𝐺𝐺(𝑇𝑇,𝑚𝑚) = 𝐻𝐻(𝑇𝑇) − 𝑇𝑇𝑆𝑆(𝑇𝑇,𝑚𝑚) Eq. 16 

where S refers to the entropy of the system. Expressing the Gibbs free energy from the 

partition function we get (Eq. 17):  

𝐺𝐺 − 𝐺𝐺(0) = −nRTln
q
N

 Eq. 17 

 

 

 

𝐻𝐻(𝑇𝑇) = 𝐸𝐸(𝑇𝑇) + 𝑚𝑚𝑉𝑉 Eq. 14 
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2.4.  Computational Chemistry Methods 

As the solution of the Schrödinger equation is extremely difficult, various approximations 

are developed over the years. The two most important method types are the 

wavefunction-based and density functional-based methods (Figure 17). Both 

wavefunction and density functional-based methods have different advantages and 

disadvantages. Among the wavefunction-based methods, the coupled-cluster (CC) 

technique is often considered as the theoretical gold standard, but its biggest downside 

is that its computational cost increases severely with the system size. At this level, even 

the computation of a few tens of electrons represents an issue for the world's largest 

computers and most efficient algorithms [189]. 

  
Figure 17 Classification of different approximate solutions of the Schrödinger equation 

with specific examples of wavefunction-based and density functional-based methods. 

In contrast to this, the density functional-based methods are capable of dealing with 

systems with thousands or even more electrons. Regarding accuracy, DFT methods yield 

very good results if those are used for the appropriate types of systems. However, the 

abundance of DFT methods makes the selection difficult. In addition, between CC and 

DFT methods CC should be the reference.    

2.4.1. Ab Initio 

The methods through which the Schrödinger equation can also be approximated based 

on whether or not they include an empirical or measured term. Those which are only 
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based on fundamental laws of quantum mechanics and use a variety of mathematical 

transformation and approximation techniques to solve the equations are called ab initio 

methods. The most widely used ab initio approximation in quantum chemistry is the 

Hartree-Fock (HF) method, which is based on the assumption that the Slater determinant 

wavefunction of an electron cloud can be constructed from the corresponding spin-

orbital product and this can be extended to any number of electrons, and thus can be used 

to approximate the multi-electron wavefunction of the system [190], [191]. The HF ab 

initio method does not address electron correlation within the system, which leads to a 

low computational time, but also a lower computational accuracy. To achieve higher 

accuracy, so-called post-Hartree-Fock ab initio methods are developed, within which the 

electron correlation has also been included. A great example of these methods is the 

Møller–Plesset family (e.g. MP2, MP3, MP4, MP6) which operates based on the Møller–

Plesset perturbation theory at a relatively low computational cost [192]–[194].  

 

2.4.2. Density Functional Theory 

The  Density Functional Theory  (DFT) is introduced by Pierre Hohenberg and Walter 

Kohn [195]. The fundamental concept of DFT is that the n-electron wavefunction can be 

replaced with the much simpler electron density (𝑛𝑛(𝑟𝑟)). In this respect, regardless of how 

many electrons a system has, the density remains three-dimensional. The density of the 

electrons (𝑛𝑛(𝑟𝑟)) at a particular position is expressed by Eq. 18, which shows the 

probability that an electron in an individual wavefunction Ψ𝑖𝑖(𝑟𝑟) is located at a given 

position (𝑟𝑟). The 2 multiplier refers to the Pauli exclusion principle that states that each 

electronic wavefunction can be occupied by two separate electrons with different spins. 

𝑛𝑛(r) = 2�Ψi∗(r)Ψi(r)
i

 Eq. 18 

Hohenberg and Kohn expressed the electronic Hamiltonian for a fixed number of 

electrons and arbitrary external potential through two key theorems:  

1. there is a one-to-one correspondence between the external potential and the 
electron density (Eq. 18).  
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2. the electron density that minimized the energy is the true electron density which 
corresponds to the full solution of the Schrödinger equation.  

In DFT the external potential is the Coulomb attraction between nuclei and electrons 

(third term in the electronic Hamiltonian (Eq. 19), because due to the Born-Oppenheimer 

approximation the nuclei are considered “external” fixed objects, which exert their 

Coulomb potential to the electrons. Simply the electronic Hamiltonian of the system can 

be written as:  

𝐻𝐻�𝑒𝑒 = V�k(n) + V�ee(n) + V�ext(n) Eq. 19 

where V�k and V�ee are the kinetic and electron-electron interaction operators, and V�ext is 

the external potential, which can be expressed explicitly as a function of the ground state 

electron density (Eq. 20):  

V�ext(n) = �n (r)Ψ∗(r)Ψ(r)dr Eq. 20 

This implies that the total energy is a functional of the density because density 

determines the Hamiltonian, and thereby the wavefunction. This unique functional 

relation is denoted with F and consist of the two other terms from Eq. 21 (V�k(n) and 

V�ee(n)). Consequently, the energy will be:  

𝐸𝐸 = �V�ext(n) n(r) + F[n(r)] Eq. 21 

So the first theorem states that a functional relation exists between the ground state 

wavefunction and the ground state electron density, but it tells nothing about what the 

functional actually is. However, based on the second theorem if the true functionals are 

known, then the electron density could be varied until the energy from the functional is 

be minimized. For this, the variational principle method is applied.  

The practical applicability of Density Functional Theory became feasible with the work 

of Kohn and Sham [195]. They showed that the electron density can be expressed by 

solving a set of equations, which all involve a single electron. Theoretically, through these 

equations, the exact electron density can be obtained, and hence the total energy.  

In the Kohn and Sham approximation, a virtual non-interacting system is introduced and 

it is assumed that its ground-state electron density is equal to the real interacting system. 
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The ground-state electron density is defined at a location by the following expression 

(Eq. 22): 

𝑛𝑛(r) = ��φi
KS(r)�2

n

i=1

 Eq. 22 

where 𝜑𝜑𝑖𝑖𝐾𝐾𝐾𝐾(𝑟𝑟) are the Kohn-Sham orbitals. Consequently, the ground state of the system 

is defined as (Eq. 23): 

h�KS(i)φi
KS = εiKSφi

KS Eq. 23 

where ℎ�𝐾𝐾𝐾𝐾(𝑖𝑖) is the Kohn-Sham Hamiltonian, and 𝜀𝜀𝑖𝑖𝐾𝐾𝐾𝐾 is the corresponding energy of the 

Kohn-Sham orbital.  The Hamiltonian of the interacting (real) system is given by the sum 

of the external potential term 𝑉𝑉�𝑒𝑒𝑥𝑥𝑡𝑡𝑣𝑣𝑖𝑖𝑡𝑡[n(r)], the kinetic energy term 𝑉𝑉�𝑘𝑘𝑣𝑣𝑖𝑖𝑡𝑡[𝑛𝑛(𝑟𝑟)], the electron-

electron repulsion term 𝑉𝑉�𝑒𝑒𝑒𝑒𝑣𝑣𝑖𝑖𝑡𝑡[𝑛𝑛(𝑟𝑟)] and corrections of the last two terms (∆𝑘𝑘𝑒𝑒𝑟𝑟𝑡𝑡𝑡𝑡[n(r)] +

∆𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑡𝑡𝑡𝑡[n(r)]) which represents the difference between the virtual and real system (Eq. 

24).  

h�KS(i) = V�extvir[n(r)] + V�kvir[n(r)] + ∆kcorr[n(r)] + V�eevir[n(r)] + ∆eecorr[n(r)] Eq. 24 

The sum of the corrections in Eq. 24 (∆𝑘𝑘𝑒𝑒𝑟𝑟𝑡𝑡𝑡𝑡[n(r)] + ∆𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑡𝑡𝑡𝑡[n(r)]) is the exchange-

correlation energy functional (which are corresponding to the exchange (𝐸𝐸𝑋𝑋[𝑛𝑛(𝑟𝑟)]) and 

correlation energy terms (𝐸𝐸𝐶𝐶[𝑛𝑛(𝑟𝑟)]). The 𝐸𝐸𝑋𝑋represents the interactions between 

electrons of the same spin, while 𝐸𝐸𝐶𝐶  is associated with the electron-electron interactions 

with opposite spin. Consequently, the Kohn-Sham Hamiltonian can be expressed as the 

sum of four major terms (Eq. 25): 

h�KS(i) = V�k[n(r)] + V�ee[n(r)] + V�ext[n(r)] + V�XC[n(r)] Eq. 25 

where 𝑉𝑉�𝑘𝑘[𝑛𝑛(𝑟𝑟)] is the kinetic energy term, 𝑉𝑉�𝑒𝑒𝑒𝑒[𝑛𝑛(𝑟𝑟)] is the electron-electron repulsion 

term, 𝑉𝑉�𝑒𝑒𝑥𝑥𝑡𝑡[𝑛𝑛(𝑟𝑟)] is the external potential term, and 𝑉𝑉�𝑋𝑋𝐶𝐶[𝑛𝑛(𝑟𝑟)] is the exchange-correlation 

term. The exchange-correlation functional has an exact form just for the uniform electron 

gas, but this case seldom appears in real life. In other words, DFT remains exact just in 

principle, but in practice, it needs an approximation for the electron exchange and 

correlation interactions. By now, there is an almost endless list of approximated 

functionals with varying levels of complexity. A very illustrative way of categorizing the 

density functional methods (how DFT’s are handling the 𝑉𝑉𝑋𝑋𝐶𝐶[𝑛𝑛(𝑟𝑟)])  was created by 
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Perdew and is known as Jacob’s ladder of DFT, where the functionals are grouped 

according to their complexity on rungs of a ladder [196] (Figure 18).  

 
Figure 18 Jacob’s ladder of density functional approximations. 

Besides that, the functionals can be categorized as non-empirical (formulated only by 

satisfying some physical rules) and empirical (made by fitting to the known results of 

atomic or molecular properties) methods.   

In the local density approximation (LDA), a real inhomogeneous system is divided into 

infinite volumes, and the electron density in each of the volumes is considered constant. 

The exchange-correlation energy for the density within each volume is obtained from the 

uniform electron gas model [189]. Thus, the total exchange-correlation energy of the 

system can be written as (Eq. 26) 

EXCLDA(n) = �𝑛𝑛(r)dr𝐸𝐸XC
unif(n(r)) dr Eq. 26 

 where 𝐸𝐸XCunif is the exchange-correlation energy per particle of the interacting uniform 

electron gas, which has an electron density n(r). The analytical expression for the 

exchange energy is known as (Eq. 27): 

and the correlation energy is obtained by mathematical fitting [197], [198]. Modern LDA 

functionals differ only in how their correlation contributions are fitted to the many-body 

free electron gas data. LDA works well for metals but gives insufficient results for weakly 

bonded systems, such as Van der Waals and H-bonded systems. The most common LDA 

EXLDA(n) = −
3
4
�

3
π
�
1 3⁄

�n4 3⁄ (r)dr Eq. 27 
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functionals are the Perdew-Zunger (PZ), Perdew-Wang (PW), and the Vosko-Wilk-Nusair 

(VWN) functionals [199]–[201].  

It was observed that the use of the uniform density at each given point does not serve as 

a reasonable approximation for the rapidly varying electron densities of many materials. 

To correct this, various gradients of the density (∇n(r), ∇2n(r), etc.) are introduced, but 

these seldom improved the LDA results [202].  It was found that instead of power-series-

like gradient expansions, more general functions of n(r) and ∇n(r) could be applied. These 

functionals represent the second rung of Jacob’s ladder (Figure 18 Jacob’s ladder of 

density functional approximations.) known as GGA (Generalised Gradient 

Approximations) functionals, with the following general form (Eq. 28): 

EXGGA(n) = �𝑓𝑓𝐺𝐺𝐺𝐺𝐴𝐴 �n(r),∇n(r)�dr Eq. 28 

For geometries and ground state energies GGAs could yield better results than the LDAs. 

Especially for covalent bonds and weakly bonded systems. The functional form of fGGA is 

taken as a correction to the LDA exchange and correlation (Eq. 29): 

EXGGA(n) = �𝑛𝑛(𝑟𝑟)𝐸𝐸𝑋𝑋
𝑢𝑢𝑢𝑢𝑖𝑖𝑢𝑢  �n(r)� 𝐹𝐹𝑋𝑋𝐺𝐺𝐺𝐺𝐴𝐴(s)dr Eq. 29 

where 𝐹𝐹𝑋𝑋𝐺𝐺𝐺𝐺𝐴𝐴 is the exchange enhancement factor and tells how much exchange energy is 

enhanced over the LDA value for a given n(r) and s is the gradient. The most well-known 

gradient corrected correlation functionals are the Perdew-Burke-Ernzerhof (PBE), Lee-

Yang-Parr (LYP), and Becke88 (B88) [203]–[205] which have the following forms (Eq. 

30, and 31): 

𝐹𝐹𝑋𝑋𝑃𝑃𝐵𝐵𝜕𝜕 = 1 + 𝑘𝑘 −
𝑘𝑘

(1 + 𝜇𝜇𝑠𝑠2/𝑘𝑘) Eq. 30 

𝐹𝐹𝑋𝑋𝐵𝐵88 = 1 + 𝛽𝛽𝑥𝑥(𝑠𝑠)2

𝐶𝐶[1+6𝛽𝛽𝑥𝑥(𝑠𝑠)𝑠𝑠𝑖𝑖𝑢𝑢ℎ−1(𝑥𝑥(𝑠𝑠))], 𝑥𝑥(𝑠𝑠) = 2(6𝜋𝜋2)1 3⁄ 𝑠𝑠   Eq. 31 

where k and 𝜇𝜇 are non-empirical constraints, while C and 𝛽𝛽 are parameters obtained 

from empirical fitting. In the case when the density gradient is zero, the LDA exchange is 

obtained. The functional form to the gradient corrected correlation energy 𝐸𝐸𝐶𝐶𝐺𝐺𝐺𝐺𝐴𝐴 is also 

expressed as a complex function of s. The application of GGAs is inevitable to a reasonable 

description of hydrogen bonds [118–120]. 
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The third rung of Jacob’s ladder represents the meta-GGA functionals, whose specialty is 

the usage of the second derivative of the density, ∇2n(r), and/or kinetic energy densities 

𝜏𝜏𝜎𝜎(𝑛𝑛) = 1
2
∑ �∇𝜑𝜑𝑖𝑖(𝑛𝑛)�2𝑖𝑖 as additional degrees of freedom (Figure 18). In gas-phase studies 

of molecular properties meta-GGAs such as the TPSS functional is shown to offer 

improved performance over LDAs and GGAs [189], [196], [206]. 

The fourth rung of Jacob’s ladder represents the hybrid functionals. Among them, B3LYP 

is the most well-known method containing the linear combination of BLYP and LDA  

functionals (Eq. 32). 
𝐸𝐸𝑋𝑋𝐶𝐶𝐵𝐵3𝐿𝐿𝐿𝐿𝑃𝑃 = 𝐸𝐸𝑋𝑋𝐿𝐿𝐿𝐿𝐴𝐴 + 𝑎𝑎0(𝐸𝐸𝑋𝑋𝐻𝐻𝐻𝐻 − 𝐸𝐸𝑋𝑋𝐿𝐿𝐿𝐿𝐴𝐴) + 𝑎𝑎𝑥𝑥(𝐸𝐸𝑋𝑋𝐺𝐺𝐺𝐺𝐴𝐴 − 𝐸𝐸𝑒𝑒𝐿𝐿𝐿𝐿𝐴𝐴 ) + 𝑎𝑎𝑥𝑥(𝐸𝐸𝐶𝐶𝐺𝐺𝐺𝐺𝐴𝐴 − 𝐸𝐸𝑒𝑒𝐿𝐿𝐿𝐿𝐴𝐴) Eq. 32 

The functional name of B3LYP is an abbreviation in which, B3 refers to Becke's 3 

parameter exchange-correlation functional [207], and LYP is the Lee-Yang-Parr 

correlation functional [205] that recovers the dynamic electron correlation. B3LYP is 

used in numerous studies and has become a default choice for many researchers [61], 

[88], [102], [208], [209]. In terms of calculation time, the B3LYP is generally faster than 

most of the post-Hartree-Fock methods and usually provides sufficiently good results. In 

the B3LYP-D3 method, a correction for long-range dispersion interactions is 

incorporated as well. 

Another popular hybrid functional group worth mentioning here is the Minnesota 

Functionals (Myz) introduced by Prof. Donald Truhlar and his co-workers [210], [211]. 

Among them, M06-L and M06-2X are the most well-known functionals with 0% and 54% 

HF exchange, respectively [212]–[215]. Furthermore, the hybrid GGA range-separated 

(RSH) functionals are also important which include the semi-empirical ωB97 and ωB97X-

D [216]. The former two are introduced by Head-Gordon and co-workers with 0% and 

15.77% short-range exact exchange, and with ω =0.4 and ω = 0.3 empirical values, 

respectively [217]. ωB97X-D works with 22% of HF exchange and its specific feature is 

the capability of capturing both short-range and long-range interactions. Besides, in the 

comparative study of Mardirossian and Head-Gordon, the ωB97X-D is qualified as one of 

the most promising among 200 other functionals [218]. 
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2.4.3. Basis sets 

A basis set is a collection of mathematical functions used to represent the quantum 

mechanical wavefunction of a molecular system. All of the previously mentioned 

methods require a certain basis set. Altogether, in computational chemistry this is called 

the level of theory (method/basis set).  In principle larger basis sets with a relatively high 

number of mathematical functions give a more accurate description of the electronic 

structure. However, this also requires more computational time. The most common 

minimal basis sets are part of the STO-nG family, where n indicates the number of 

primitive Gaussian functions that comprise a single basis function. For instance in the 

STO-3G minimal basis set each atomic orbital (either core or valence) is treated as a 

single slater type orbital (STO), which is approximated by a linear combination of 3 

Gaussian functions (3G)[219][122]. Consequently, the 1s orbital in the hydrogen atom 

will be approximated by three Gaussian functions. However, for a carbon atom 15 

Gaussian functions will be used (Error! Reference source not found.). 

 
Figure 19 The meaning of the STO-3G basis set in the case of a carbon atom. 

The basis set can be more accurate by increasing the number of basis functions per 

atomic orbital. The basis sets in which two, three or more basis functions are used to 

describe the atomic orbitals are supplemented by the term of double-, triple-zeta or N-

zeta. For example 6-31G is a split-valence double-zeta basis set, in which the core orbitals 

are made of 6 primitive Gaussian functions, while the valence orbitals are described by 

two basis functions (double-zeta) each of them made from three Gaussians and one 

Gaussian [220]. The basis sets can be further improved by adding polarization (* - in 
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Pople’s notation) and diffuse (+ - in Pople’s notation) functions, which are more sensitive 

for the description of weak interactions or anionic systems [186].  

Another important basis set class is the def2 which was developed by Aldrichs et al. [221] 

[222] and referred by the SV, SVP, TZV, TZVP keywords. The def2-TZVP is a newer 

version of the TZVP basis set [223] [224] which was used as it is implemented in the 

Gaussian 09 program package. 

  

2.4.4. Composite methods 

In order to achieve high accuracy at a relatively low computational cost, composite 

methods are introduced. As its name suggests the composite methods are a combination 

of several computational chemistry methods. They are also called thermochemical 

recipes and are commonly used to calculate the thermodynamic properties of molecules 

in chemical reactions. Nowadays, the CBS (Complete Basis Set, e.g. CBS-4M and CBS-

APNO) and Gaussian-n (n≤4, e.g. G3, G3MP2, G3MP2B3) families are applied in most 

cases [225]–[227]. In the case of the G3MP2B3 composite method, the geometries and 

zero-point energies are obtained at the B3LYP/6-31G(d) level of theory and the 

frequencies are scaled with 0.96. Furthermore, additional single point energy 

calculations are also included in the procedure at the following levels of theory: MP2/6-

31G(d); MP2/G3MP2large and QCISD(T)/6-31G(d). The high accuracy of this method is 

achieved by using additional corrections (E(HLC) and E(SO)) determined by 

experimental and theoretical methods.  

2.5.  Applied levels of theory 

Considering the computational cost, the size of the molecular system as well as the 

features of the previously discussed methods and basis sets in this study the B3LYP 

[205][207], B3LYP-D3 [205][207][228], B97D3 [228], M06-2X [212]–[214], M06L-D3 

[215] and ωB97X-D [217] density functional methods were used, in combination with 

the 6-31G(d), 6-31+G(d,p), 6-311++G(d,p) [220], and def2-TZVP [223] [224] basis sets. 

https://en.wikipedia.org/wiki/Computational_chemistry
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All of the methods are used in some points of the investigations but not all of them at the 

same time (Figure 20).   

Figure 20 The applied level of theories.  
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3. Results and Discussion 

3.1. Reaction initiation points of polycyclic aromatic hydrocarbons 

In the following chapter the reaction initiation points of the 16 priority polycyclic 

aromatic hydrocarbons (PAHs) are determined and compared by calculating all the 

different C-H bond dissociation enthalpy (BDE) values. All in all, six density functional 

theory methods (B3LYP, B3LYP-D3, B97D3, M06-LD3, M06-2X-D3, and ωB97X-D) in 

combination with 4 basis sets (6-31G(d), 6-31+G(d,p), 6-311++G(d,p), def2-TZVP) are 

applied, and the most feasible combination is selected. The strength of the carbon-

hydrogen bonds (C-H bonds) is a crucial parameter and can define the starting point of 

the reactions. Nevertheless, the occurrence of a given reaction mechanism is strongly 

influenced by the corresponding barrier height of the rate-determining step. Bond 

dissociation enthalpy (BDE) is an appropriate thermodynamic property to measure bond 

strength. It determines the enthalpy change associated with bond breaking and is 

equivalent to the difference between the sum of the enthalpy of the formed radicals (in 

this case a PAH radical (H0fPAHrad) and atomic hydrogen (H0fH)) and the initial PAH 

structure (H0fPAH) (Eq. 33). 

𝐵𝐵𝐵𝐵𝐸𝐸 = (𝐻𝐻𝑢𝑢𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟+ 
0

 
𝐻𝐻𝑢𝑢𝑃𝑃
0 ) −𝐻𝐻 𝑢𝑢𝑃𝑃𝑃𝑃𝑃𝑃

0   Eq. 33 

In order to determine the BDE for each studied carbon-hydrogen bond (BDEC-H) of the 16 

priority PAHs (Error! Reference source not found.), 104 radicals, 16 molecules, and 1 

hydrogen are calculated with each method, and thus in total 2904 calculations are 

performed [(104 radical + 16 reactants + 1 hydrogen)•24]. In the selection of the studied 

C-H bonds, the symmetry of the structures is taken into consideration, and thus positions 

that lead to identical radicals are excluded from the study (Figure 21). Method tests are 

also performed through which the selected DFT methods combined with the above 

mentioned four basis sets are compared to experimental values to provide the best 

DFT/basis set combination for future studies. 
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Figure 21 2D structures of the priority PAHs. C-H bonds for which bond dissociation 
enthalpies (BDEs) are computed are indicated and marked by numbers. 

 

3.1.1. Validation 

BDE values of Nph-2 (second hydrogen of naphthalene, and Acy-1 (the first hydrogen of 

acenaphthylene, are calculated with every combination of methods and basis sets and 

compared to experimental data (Table 2). It can be seen that in the case of naphthalene 

(Nph-2) each DBDEs is below 4 kJ/mol (within chemical accuracy). However, regarding 

acenaphthylene (Acy-1) the difference between the calculated and experimental BDE 

values is >4 kJ/mol, except in the case of the ωB97X-D/6-311++G(d,p) level of theory 

[229]. Taking into consideration the experimentally measured (BDEEXP) and the 

calculated (BDECALC) values, it can be concluded that the best agreement is obtained with 

the ωB97X-D/6-311++G(d,p) level of theory, as the deviations (BDEEXP-BDECALC) are only 

0.07. 
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Table 2 The deviations between the calculated (BDECALC) and experimental (BDEEXP) 
[229] bond dissociation enthalpy values (in kJ/mol) for naphthalene (Nph-2) and 

acenaphthylene (Acy-1). 
∆BDE = BDEEXP-BDECALC / kJ/mol 

 

Basis set 6-31G(d) 6-31+G(d,p) 6-311++G(d,p) def2-TZVP 
Method Nph-1 Acy-1 Nph-1 Acy-1 Nph-1 Acy-1 Nph-1 Acy-1 
B3LYP 4.65 8.24 1.72 5.10 4.39 7.64 5.92 9.17 
B3LYP-D3 2.52 5.80 1.58 4.45 1.58 4.45 3.77 6.66 
B97D3 5.74 8.61 2.51 5.05 1.79 4.41 8.10 10.43 
M06L-D3 22.78 27.43 18.01 22.43 17.58 22.14 21.12 25.36 
M06-2X-D3 0.20 6.57 1.48 4.40 2.61 8.44 2.75 7.87 
ωB97X-D 0.34 4.33 20.14 18.75 0.07 3.87 2.35 6.27 

In addition, the extensive work of Mardirossian and Head-Gordon made on the analysis 

of 200 density functionals showed that ωB97X-D is the best hybrid GGA functional [218]. 

The results of ωB97X-D/6-311++G(d,p) are compared with the other DFT/basis set 

combinations (Figure 22).  

Figure 22 Comparison of bond dissociation enthalpy (BDE, in kJ/mol) 
values computed at various theoretical levels. 
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If the data of ωB97X-D/6-311++G(d,p) is considered as a reference (red line on Figure 

22), the other DFT values usually underestimate these. The deviation is the highest 

(<20.34 kJ/mol on average) between the M06-LD3 and ωB97X-D/6-311++G(d,p) values. 

Not surprisingly, the ωB97X-D/6-31+G(d) data is very close to the reference. The 

difference between them is just 0.27 kJ/mol on average, which is well below the chemical 

accuracy (4 kJ/mol), and can be attributed to the difference of the diffuse and polarization 

functions (+, ++; (d), (d,p)) involved in the basis sets. In addition, among the values 

obtained with different methods, the M06-2X-D3 values are the closest to the ωB97X-

D/6-311++G(d,p) values, as the deviation is just 2.5 kJ/mol. Thus, the ωB97X-D/6-

31+G(d) and ωB97X-D/6-311++G(d,p) level of theories are both suitable for similar 

studies, but as the latter is slightly better, it is selected and applied in the analysis. 

3.1.2. Structural and energetics considerations based on the results of 

the ωB97X-D/6-311++G(d,p) level of theory 

The studied hydrogen atoms are categorized based on their position or chemical 

properties (Figure 23). 

Seven categories are identified and all of the hydrogens are assigned to one of the 

following groups taking into account the symmetry of the molecular structures as well: 

zig-zag (noted with an orange triangle), peak (marked with a green square), armchair 

(red circle), penta-bay (blue star) anthracene type (purple square), aliphatic (blue 

rhombus) and next-to-aliphatic (yellow triangle) (Figure 23). Hydrogens in zig-zag 

Figure 23 Categorization of the H atoms of the studied PAHs introduced by using specific 
examples. 
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positions are most easily represented on naphthalene, as the hydrogens attached to a 

connected section of 4 carbon atoms (for example C7–C8–C9–C1 zig-zag chain) between 

the C2 - C3 and C7 – C6 midpoints constituent symmetry plane. The next category is the 

peak, where the hydrogen is attached to a carbon and the neighboring C atoms also hold 

H atoms (Figure 23, C3, C4, C10, BaP). The hydrogen that is in armchair position belongs 

to a carbon around a bay region (between C1 and C10 carbons of phenanthrene, a 

prototype of a "bay region", Figure 23). Numerous PAHs have this structural feature 

(DhA, Chr, BaA, BaP), with additional fused aromatic rings. This type of arrangement has 

significance in cancer research since the bay region is preserved within the most 

carcinogenic PAHs (benzo(a)anthracene,  benzo(a)pyrene-7,8-dihydrodiol-9,10-

epoxide) and is considered as a critical structural feature for the formation of 

carcinogenic and mutagenic cells [230]. Hydrogens in penta-bay category are in similar 

positions to the hydrogens in the armchair group, but here the two benzene rings at the 

edge of the structural unit are fused with a five-membered ring in the middle (fluorene, 

Figure 23). The anthracene-type hydrogens are found on the middle ring of three 

linearly connected benzene rings (BaP, Figure 23). The last two categories are related to 

the aliphatic structural moieties of the PAHs. Aliphatic hydrogens are on the aliphatic unit 

of the molecules (Acn-1, Flu-1, Figure 23), while hydrogens which are on an aromatic 

six-membered ring connected to the aliphatic part of the species (Acn-2, Flu-2) belong to 

the next-to-aliphatic group. The computed BDE and the corresponding bond length 

values are plotted and analyzed (Figure 24). By comparing all the obtained values, it can 

be seen that the minimum and maximum values belong to two molecules. Flu-1 has both 

the lowest BDE value and the longest bond length value at the same time with 342.01 

kJ/mol and 1.10 Å respectively. However, Acy-1 (the first hydrogen on acenaphthylene, 

Figure 24) has the shortest bond length value with 1.08 Å, and the highest BDE value 

with 485.63 kJ/mol. Plotting the BDEs as a function of the corresponding bond lengths, 

three subgroups are observed (marked with roman numbers, Figure 24, a). The results 

of Acy-1 (the first hydrogen of acenaphthylene) define a special case due to the highest 

BDE value (485.63 kJ/mol) and to the relatively short bond length value (1.082 Å). 
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Consequently, Acy-1 stays separately from the first and third groups and basically would 

represent alone the first subgroup of the BDE vs bond length diagram (Figure 24, a, I.).  

This can be explained by its special position since it is bound to a carbon atom involved 

in a five-membered ring which is fused with two six-member rings. Two data points of 

Flu-1 and Acn-1 represent the third major group (Figure 24 a, III.), with 342.01 kJ/mol 

and 348.68 kJ/mol BDE values respectively. These two points have a BDE value well 

below the average (466.56 kJ/mol) which can be explained by their aliphatic nature. 

Furthermore, if all the data are compared it can be seen that the longest C-H bond values 

Figure 24 Calculated bond dissociation enthalpy (BDE, in kJ/mol) values as a function of 
the corresponding C-H bond lengths and the categories of the H atoms. 
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belong to these with 1.01 Å. Most of the data points (101 from 104) can be found in the 

second group (Figure 24, a, II.) with a bond length and BDE value range between 1.08 Å 

(Chr-1) and 1.09 Å (Ant-1) and 461.21 kJ/mol (Chr-1) and 472.87 kJ/mol (BaP-6), 

respectively. The positions of the hydrogens are also noted according to the 

categorization mentioned earlier (Figure 23). Thirty-eight hydrogens are in zig-zag 

position (within II.) so this type of arrangement is the most prevalent. In this group, the 

average BDE value is 469.98 kJ/mol, in a range between 468.06 kJ/mol (Acy-2) to 471.49 

kJ/mol (Ipy-9). Regarding the bond lengths, the average is 1.085 Å with a minimum of 

1.0850 Å (Phe-3) and a maximum of 1.0855 Å (BkF-2). 33 hydrogens can be identified as 

peak (within II.), with a 468.44 kJ/mol BDE and 1.08 Å bond length, on average. The 

maximum BDE value appeared on the tenth hydrogen of benzo(a)anthracene (BaA-10) 

with 469.90 kJ/mol and the minimum is obtained on Acn-3 with 465.25 kJ/mol. The 

longest C-H bond is located on the same molecule (Acn-3) within the peak category with 

1.0849 Å. However, the minimum bond length is obtained on the first hydrogen of 

benzo(b)fluoranthene (BbF-1) with 1.0840 Å. 12 hydrogens within the II. group are in 

armchair arrangement (Figure 24). Interestingly both the minimum BDE and bond 

length values belong to Chr-1 with 461.21 kJ/mol and 1.082 Å, respectively. The 

maximum BDE value in armchair position is attributed to BbF-10 

(benzo(b)fluoranthene) with 467.57 kJ/mol. The longest bond length belongs to BaA-1 

with 1.084 Å. There are 13 hydrogens in the penta-bay group. Among them, indeno(1,2-

cd)pyrene represents the minimum BDE and the longest bond length values with 469.40 

kJ/mol (Ipy-1) and 1.086 Å (Ipy-6), respectively. The highest BDE is attributed to the 

third hydrogen of benzo(k)fluoranthene (Bkf-3), and the shortest bond length to 

benzo(b)fluoranthene. The fifth category in the second group is anthracene-type, which 

includes only three hydrogens (Ant-1, BaP-6, and BaA-6). Based on the results, it can be 

observed that the BDE and bond length values are changing inversely proportional with 

the growth of benzene rings. Ant-1 being the simplest prototype in this category has the 

longest bond length value (1.0863 Å) with the lowest BDE value (472.06 kJ/mol). The 

sixth hydrogen on benzo(a)pyrene (BaP-6) consists of two additional benzene rings than 
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anthracene, has the highest BDE value (472.87 kJ/mol), and the shortest bond length 

value (1.0861 Å) in this category. Being in concordance with previous observations the 

results of BaA-6 are between the results of Ant-1 and BaP-6, obtaining a 472.19 kJ/mol 

and a 1.08 Å of BDE and bond length values, respectively. Among the 13 hydrogens 

located in the penta-bay category the first and third hydrogens on indeno(1,2-cd)pyrene 

represent the minimum bond length and maximum BDE value with 1.086 Å and 469.40 

kJ/mol, respectively. The maximum BDE is found at BkF-3 with 471.57 kJ/mol, and the 

minimum bond length corresponds to BbF-8 with 1.085 Å. The two hydrogens of Acn-2 

and Flu-2 represent the last group that bears the next-to-aliphatic name. The BDE 

values here are 469.25 kJ/mol (Acn-2) and 468.37 kJ/mol (Flu-2), while the bond length 

values are ~1.08 Å. Based on the obtained BDEs, potential reaction initiation points can 

be determined on each molecule (Figure 25). For 7 molecules (Phe, BaA, Chr, BaP, BbF, 

DhA, BgP) from the 16 parent PAHs the most reactive hydrogens are in an armchair 

position and the most reactive molecule in this respect is chrysene (Chr) due to its 

slightly lower BDE value (461.21 kJ/mol) than the others. The hydrogens in peak 

positions represent the second most reactive subgroup (Figure 25). Among them, the 

most reactive molecule is acenaphthylene (Acy) which has a 468.06 kJ/mol BDE value. 

Thus, under a given mechanism the further growth of PAHs probably will start with the 

formation of the PAH radicals by the removal of hydrogens from these positions. 

Figure 25 Reaction initiation points of the 16 priority PAHs along with the 
corresponding bond dissociation enthalpy (BDE, in kJ/mol) values. 



Growth Mechanisms of Polycyclic Aromatic Hydrocarbons – A Case Study of Benzo(a)pyrene - Edina Reizer 
 

53 
 

3.1.3. Conclusion 

Bond dissociation enthalpies (BDEs) of the 16 priority PAHs are calculated for each 

unique C-H bond. The calculations are carried out by using six density functional theory 

methods (B3LYP, B3LYP-D3, B97D3, M06-LD3, M06-2X-D3, and ωB97X-D) in 

combination with 4 basis sets (6-31G(d), 6-31+G(d,p), 6-311++G(d,p), def2-TZVP). The 

results compared with experimental values and the best method/basis set combination, 

the ωB97X-D/6-311++G(d,p) level of theory, has been selected. The hydrogens are 

categorized by using structural and chemical properties. Seven categories are defined, 

zig-zag, peak, armchair, penta-bay, anthracene type, aliphatic, and next-to-aliphatic. Most 

of the H atoms are in zig-zag positions. The BDE and bond length values for the C-H bonds 

within the 16 priority PAH are in a range between 342.01 – 485.63 kJ/mol and 1.08 – 

1.10 Å, respectively. The minimum and maximum BDE and bond length values belong to 

fluorene and acenaphthylene, where the corresponding hydrogens are in the aliphatic 

and peak subgroup. The BDE values are used to determine potential reaction initiation 

points on each molecule. Most of these initiation points are hydrogens in an armchair (7 

of them) or peak position (6 of them). Further growth of the structures would start with 

the removal of hydrogens from these points. This can be used to study the feasibility of 

potential growth mechanisms.  
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3.2. Benzo(a)pyrene formation - HACA, HAERA, & Diels-Alder mechanisms 

Studying the reaction initiation point of PAHs (previous chapter) it was found that in the 

chrysene and benzo(a)anthracene molecules the hydrogen removal is most probable 

from armchair positions. Taking into account these results, in the following chapter, 10 

reaction pathways are presented for benzo(a)pyrene formation, starting from the 

armchair positions of chrysene and benzo(a)anthracene. The reactants can be formed 

during combustion from phenanthrene by the addition of a new benzene ring utilizing 

the appropriate fusing sites (Figure 26).  

The more dangerous molecule, benzo(a)pyrene, can be reached with the addition of a 

second benzene ring to the triple fusing sites of chrysene and benzo(a)anthracene. The 

present chapter is focusing on the mechanism of this last step. The studied reaction 

mechanisms for benzo(a)pyrene formation include 36 elementary steps (Figure 27). All 

quantum chemical calculations are carried out by using the Gaussian09 program package 

[188]. The structures (reactants, intermediates, products, and transition states) are 

optimized by three density functional theory (DFT) methods. For preliminary 

calculations, the B3LYP/6-31+G(d,p) level of theory is used  [231]. In order to improve 

the accuracy, DFT calculations with the ωB97X-D/6-311++G(d,p) level of theory are also 

performed. Based on the results obtained through the validation performed in the 

previous chapter (Table 2) the ωB97X-D/6-311++G(d,p) level of theory is selected and 

results with that discussed during the analysis. 

Critical stationary points are characterized by vibrational frequency calculations at both 

levels of theories. Moreover, intrinsic reaction coordinate (IRC) analysis is carried out 

Figure 26 The three types of fusing sites (new ring addition points) in the case of 
phenanthrene: single (blue), double (green) and triple (red). 
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[232] to ensure that the located transition states connect the appropriate starting 

structures and products at the level of ωB97X-D/6-311++G(d,p). The reference levels of 

the two benzo(a)pyrene formation reaction channels corresponded to chrysene (Chr) 

and benzo(a)anthracene (BaA). Atomic balance is considered, and the number of carbon 

and hydrogen atoms are kept the same by using additional species (hydrogen atoms, 

hydrogen molecules, and ethynyl radicals) (Table 3). 

Table 3 Atomic balance considered and the number of carbon and hydrogen atoms kept 
the same by using additional species (hydrogen atoms, hydrogen molecules, acetylene and 

acetylene radicals) in each step of benzo(a)pyrene formation. 
[HAERA] Chr TS1 a b TS2 c TS3 d TS4 BaP 

nr C 18 18 18 20 20 20 20 20 20 20 
nr H 12 13 11 12 13 11 11 11 13 12 
•C2H 1 1 1 0 0 0 0 0 0 0 

H• 3 2 2 2 1 1 1 1 1 2 
H2 0 0 1 1 1 2 2 2 1 1 

 
[HACA] Chr TS1 a e TS5 f TS6 BaP 

nr C 18 18 18 20 20 20 20 20 
nr H 12 13 11 13 13 13 13 12 
C2H2 1 1 1 0 0 0 0 0 

H• 2 1 1 1 1 1 1 2 
H2 0 0 1 1 1 1 1 1 

 

 

 

 

 

 

 

 

Diels-Alder Chr TS7 g TS8 BaP 
nr C 18 20 20 20 20 
nr H 12 14 14 12 12 

•C2H 1 1 1 0 0 
H2 0 0 1 1 1 
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Figure 27 The reaction pathways of benzo(a)pyrene formation starting from chrysene or 
benzo(a)anthracene. HACA - hydrogen abstraction acetylene addition, HAERA - hydrogen 

abstraction ethynyl radical addition, DA - Diels-Alder reaction mechanism. 
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3.2.1. Description of the reactions pathways 

The difference between the HAERA1 and HAERA2 routes as well as between the HACA1 

and HACA2 pathways is the position where the first hydrogen abstraction took place 

(armchair site denoted with 1 and 4 in (Figure 27) which will lead to the formation of 

either a, or h, and A or H radical intermediates, respectively. The first steps are the same 

for both HAERA and HACA mechanisms (Figure 27). The reactions start with a hydrogen 

abstraction from chrysene or benzo(a)anthracene. This can occur by involving radicals, 

(H•, •OH, •CH3, etc.) which can be present in high concentrations in flames. The type of 

radical which removes the hydrogen atom influence the energetics as well. However, the 

goal is to study the chosen mechanisms through the simplest systems, therefore we 

limited our consideration to H radicals. In the case of the Diels-Alder type mechanism, 

the first step is the direct addition of acetylene to either chrysene or benzo(a)anthracene 

(Figure 27). Furthermore, the reaction is shorter compared to the other routes and will 

reach the product within two steps.  

3.2.1.1. HAERA reaction mechanism 

In the HAERA reaction mechanism the first intermediate species are obtained by 

endoergic hydrogen abstraction reactions (a, A, h, H) and all four have similar reaction 

energy values in a range of 29.73 to 32.08 kJ/mol (Figure 28 a). The reactions are 

continued with barrierless additions of ethynyl radicals on the free radical sites of a, A, 

h, H to form b, k, B, K structures (Figure 27). These steps occurred with similar relative 

energy values in a range from -554.06 to -562.14 kJ/mol. The reactions continue with the 

second hydrogen abstraction. All of them represented a slightly endoergic reaction step. 

To overcome the energy barriers the following activation energy values are required, 

∆𝐸𝐸0
‡(TS2) = 69.24 kJ/mol, ∆𝐸𝐸0

‡(TS12) = 67.44 kJ/mol, ∆𝐸𝐸0
‡(TS16) = 70.75 kJ/mol and 

∆𝐸𝐸0
‡(TS26) = 75.31 kJ/mol. 
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Figure 28 Reaction energy profile (zero-point corrected) of the HAERA (a) and HACA (b) 
reaction pathways leading to the formation of benzo(a)pyrene (BaP) calculated at the 

ωB97X-D/6-311++G(d,p) level of theory. The chrysene pathways are indicated with blue and 
orange (solid and dotted) lines. In the case of benzo(a)anthracene, the reaction routes are 

represented with green and pink (solid and dotted) lines. The unimolecular steps are 
indicated with black frames. 
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Table 4 Zero-point corrected electronic energy (∆E, kJ/mol) values of the corresponding 
conformer structures and their differences obtained in the HAERA reaction mechanism 

with the addition of ethynyl radical. 

Computational 
method 

Transition 
state structure 

Reaction 
pathway 

Conformer type 
S R 

B3LYP 

TS2 Chr [HAERA]1 -494.98 -495.10 

TS12 Chr [HAERA]2 -493.58 -493.40 

TS16 BaA [HAERA]1 -493.20 -485.41 

TS26 BaA [HAERA]2 -494.21 -486.53 

M062X 

TS2 Chr [HAERA]1 -494.62 -493.98 

TS12 Chr [HAERA]2 -492.45 -492.03 

TS16 BaA [HAERA]1 -493.82 -493.98 

TS26 BaA [HAERA]2 -493.63 -494.04 

ωB97X-D 

TS2 Chr [HAERA]1 -457.53 -456.79 

TS12 Chr [HAERA]2 -455.76 -455.73 

TS16 BaA [HAERA]1 -57.55 -457.18 

TS26 BaA [HAERA]2 -457.10 -457.33 

 

 

 

 

 

 

 

 

 

Figure 29 Conformers of the TS26 structure. 

It is important to mention that the H2 formation can take place on either side of the plane 

of the aromatic ring (Table 4, Figure 29). This geometrical difference will lead to a pair 

of chiral structures that could be assigned as R and S configurations with equal energies 

(Figure 29). The temporary chirality of the TS will disappear with the formation of all 

four intermediates (c, l, C, L) which do not contain a chiral center anymore. The reactions 



Growth Mechanisms of Polycyclic Aromatic Hydrocarbons – A Case Study of Benzo(a)pyrene - Edina Reizer 
 

60 
 

are continued with cyclizations in order to obtain the fifth aromatic ring in the d, m, M, 

and D radicals. The ring closures occurred by the attack of the 1 or 4 carbon, which is 

carried out by the pendulous ethynyl group in the cases of [HAERA]1 and [HAERA]2 

reaction pathways, respectively. For both chrysene and benzo(a)anthracene reaction 

routes this represents the only unimolecular step in the HAERA reaction mechanisms 

and corresponds to the second most exoergic reaction step with a reaction energy value 

lower than -207 kJ/mol. Among the unimolecular steps TS17 in BaA[HAERA]1 has the 

lowest activation energy (∆𝐸𝐸0
‡ (TS17) = 19.74 kJ/mol). The other three unimolecular 

steps, TS3, TS13, and TS27 have higher, but very similar activation energy values 24.49, 

23.53, and 22.79 kJ/mol, respectively. In the last step, exoergic hydrogen addition occurs 

in all four reaction routes to reach benzo(a)pyrene. The corresponding activation energy 

values are in the range of 20.25 kJ/mol and 36.65 kJ/mol. In the HAERA reaction routes 

the final product is the most stable structure with -758.48 kJ/mol and -769.83 kJ/mol in 

the Chr and BaA routes, respectively. 

 

3.2.1.2. HACA reaction pathways  

In total four HACA pathways (Chr[HACA]1; Chr[HACA]2; BaA[HACA]1; BaA[HACA]2) are 

leading to BaP and starting either from chrysene or benzo(a)anthracene (Figure 27). The 

first hydrogen abstractions are the rate-determining steps and these are the same as in 

the HAERA routes as well. The corresponding barrier heights are in a range of 60.92 and 

64.48 kJ/mol (Figure 28, b). Energetically the two pairs of HACA routes starting from 

Chr and BaA are very similar to each other. The highest deviation between the 

corresponding steps (Chr[HACA]1; Chr[HACA]2 and BaA[HACA]1; BaA[HACA]2) are 

11.53 kJ/mol and 22.77 kJ/mol, respectively. After the formation of the first intermediate 

species (a, h, A, H) the reactions are followed by the second most exoergic steps, which 

is the barrierless addition of acetylene whereupon e, i, E, I structures are reached. The 

relative reaction energy values are between -138.92 and -147.24 kJ/mol. The reaction 

pathways continue with cyclizations and thus, the fifth six-membered rings will be 
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achieved when f, j, F and J structures are formed. These steps represent the only 

unimolecular and most exoergic steps, placing the resulting intermediates between the -

259.01 and -281.77 kJ/mol energy levels. The corresponding energy barriers are 

relatively low (>8.47 kJ/mol and <25.47 kJ/mol). Both cis and trans isomers of the e, E, i 

and I intermediates are calculated (Table 11). However, the cyclization could not occur 

through the trans structure and thus, only the cis isomers are considered in the reaction 

mechanism (Figure 30). In the last step, hydrogen atom abstraction occurs to reach 

benzo(a)pyrene with a -205.22 kJ/mol and -216.56 kJ/mol reaction energy in the cases 

of chrysene and benzo(a)anthracene reaction routes, respectively. 

 

3.2.1.3. Diels-Alder-type pathways 

The formation of benzo(a)pyrene through the Diels-Alder mechanism is much simpler 

compared to the HACA and HAERA mechanisms. The reaction pat hways consist of only 

one intermediate and two transition state structures (Figure 27 and Figure 31). The 

reaction starts with the acetylene cycloadditions to the armchair sites of chrysene or 

benzo(a)anthracene, in order to form g or G structures, respectively (Figure 31). The 

Diels-Alder adduct (g and G) formation is followed by a hydrogen elimination. The first 

steps in both routes have a high energy barrier with an activation energy of 220.07 

Figure 30 Cis and trans isomers of the e intermediate structure on the left-hand side, and 
the back and front isomers of the TS5 structure. 
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kJ/mol and 164.61 kJ/mol, for TS7 and TS21, respectively. The g intermediate is formed 

endoergically, while the G structure reached exoergically. The reaction continues with 

the exoergic hydrogen molecule elimination, which will lead to the benzo(a)pyrene 

formation. The activation energy values of the second transition states are 62.04 kJ/mol 

and 97.48 kJ/mol for the chrysene and benzo(a)anthracene routes, respectively (Figure 

31). The final product, BaP is the most stable structure in both cases with a relative 

energy of -205.21 and -216.57 kJ/mol in the case of Chr and BaA, respectively.By 

comparing the two Diels-Alder pathways, it can be seen that the BaA[DA] is energetically 

more feasible than the Chr[DA] reaction route. A similar trend is obtained in the 

theoretical study of Kislov et al. [135] carried out on Diels-Alder-type reactions for 

pyrene formation. In their work the first step has a high barrier and is endothermic but 

the second one is strongly exothermic and exhibits at least 2 times lower barriers, 

similarly to our Chr[DA] reaction route [135]. 

 
Figure 31 Reaction energy profile (zero-point corrected) of the two Diels-Alder reaction 

pathways with acetylene addition leading to the formation of benzo(a)pyrene (BaP) 
calculated at the ωB97X-D/6-311++G(d,p) level of theory. The reaction pathways are 

indicated with blue and green (solid and dotted) lines for chrysene and 
benzo(a)anthracene, respectively. 
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3.2.2. Conclusion 

In this work, new reaction pathways leading to benzo(a)pyrene (BaP), a PAH with five 

benzene rings and with well-known carcinogenic effects, are explored. Chrysene and 

benzo(a)anthracene are chosen as starting structures to examine the routes in which two 

PAHs with four aromatic rings become more toxic just by an additional benzene ring. 

HACA (hydrogen abstraction acetylene addition), HAERA (hydrogen abstraction ethynyl 

radical addition) and DA (Diels-Alder) mechanism-based BaP formation pathways are 

investigated. The mechanisms included H abstractions, additions of acetylenes, ethynyls 

and hydrogens, ring closures, and hydrogen eliminations. To select the best 

computational method to study the reactions, homolytic bond dissociation energies of 

naphthalene and acenaphthylene are computed and compared to experimental values. 

The lowest deviations (2.2 kJ/mol and 1.6 kJ/mol) between the available experimental 

and calculated BDE values are achieved by using the ωB97X-D/6-311++G(d,p) level of 

theory. Thus, this is proved to be suitable to z analyze the reactions. It is found that the 

rate-determining steps are in a range between 60.92 kJ/mol and 64.48 kJ/mol for the 

HAERA and HACA mechanisms as well. For the Diels-Alder mechanism, the highest 

barrier heights are 220.07 kJ/mol and 164.61 kJ/mol for Chr[DA] and BaA[DA], 

respectively. In the HACA pathway the most exoergic reaction step occurs at the 

cyclisation in the BaA[HACA]2 route with around -184 kJ/mol. The most exoergic 

reaction step in the case of the HAERA mechanism is the ethynyl radical addition and the 

corresponding relative energy is lower than -523 kJ/mol. Since in the Diels-Alder 

pathways higher energy barriers are identified, the formation of benzo(a)pyrene can be 

considered more likely through the HACA and HAERA mechanisms. By comparing the 

chrysene and benzo(a)anthracene routes within a specific reaction mechanism, except 

the Diels-Alder-type mechanisms, there are no significant differences, which is not 

surprising as the starting structures are similar, and that in the Chr-BaA comparison the 

position of the terminal benzene ring is not expected to have a significant influence on 

the energetics of the radical centers.  
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3.3. Benzo(a)pyrene formation - MAC mechanism 

The formation of benzo(a)pyrene through HACA, HAERA, and DA mechanisms was 

presented in the previous chapter. However, the formation of benzo(a)pyrene besides 

the use of acetylene and ethynyl radicals can be achieved with the addition of methyl 

radicals as well. In this chapter two methyl addition cyclization (MAC) mechanism-

based benzo(a)pyrene formation pathways are investigated starting either from the 

armchair positions of Chr or BaA (Figure 32). Both reaction routes include 25 

structures: 13 intermediate structures and 12 transition state structures. The 

intermediate species found in the reaction pathways are denoted alphabetically with 

lower- and upper case letters (Benzo(a)anthracene = ”a”; Chrysene = ”A”, Figure 32). 

The transition state structures between successive intermediates such as A and B are 

denoted as a TS having A and B together in subscript (TSAB). In order to determine the 

energy level of the reactants, intermediates, transition states and products the Gaussian 

09 program package is used [188]. For geometry optimizations, two density functional 

theory (DFT) methods are applied, the Becke three parameter hybrid method with Lee–

Yang–Parr correlation functional approximation (B3LYP) for preliminary calculations 

and the highly effective Minnesota hybrid meta exchange correlation functional (M06-

2X). B3LYP is used in combination with a valence double-ζ basis set including diffuse 

and polarization functions on heavy atoms and polarization functions for hydrogen (6-

31+G(d,p)), while M06-2X calculations are carried out by using the 6-311++G(d,p) basis 

set [233], [234]. The structures are pre-optimized at the B3LYP/6-31+G(d,p) level of 

theory. Then, the M06-2X calculations are performed with the default (99 radial shells 

and 590 angular points per shell) and a finetuned integration grid (99 radial shells and 

974 angular points per shell) as well. Both functionals proved to be successful in the 

study of various aspects of PAHs [61], [235]. However, it is revealed recently, that M06-

2X in some cases underestimates activation energies [213]. Therefore, activation 

energy values obtained by using the two functionals are compared for verification 
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purposes. Critical stationary points are characterized by frequency calculations at both 

levels of theory.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 Reaction pathways of the formation of benzo(a)pyrene (”P”) starting 
from chrysene (”A”) or benzo(a)anthracene (”a”). 2D structures of chrysene, 

benzo(a)pyrene, benzo(a)anthracene is highlighted along with the carbon atoms, 
which are involved in the new ring formations. 
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In addition, to verify that the computed transition states (first-order saddle points) 

connected the desired starting materials and products (local minima), intrinsic reaction 

coordinate (IRC) analysis [236] is carried out at the M06-2X/6-311++G(d,p) level of 

theory. 

3.3.1. Balance and validation 

The reaction and activation energies as well as the relative energies of the studied 

molecules are calculated. The reference levels of the two benzo(a)pyrene formation 

reaction channels corresponded to chrysene (Chr) and benzo(a)anthracene (BaA) with 

four additional hydrogen atoms (4H•) and two methyl radicals (2•CH3), which served as 

reaction partners. Atomic balance is considered and the number of carbon and 

hydrogen atoms are kept the same by using additional species (hydrogen atoms, 

hydrogen molecules and methyl radicals) in each step of benzo(a)pyrene formation 

(Figure 33). 

 

 
 
 
 
 
 
 
 

Figure 33 Atomic balance considered and the number of carbon and hydrogen atoms 
kept the same by using additional species (hydrogen atoms, hydrogen molecules and 

methyl radicals) in each step of benzo(a)pyrene formation. 

 

In order to validate geometric parameters, the obtained results have been compared to 

experimental values. The results are well in line with the experimental values [237], 

[238], having a relative error of less than 2% on average for chrysene for both levels of 

theories ( Table 5 and Table 6, Figure 34). However, in the case of benzo(a)pyrene, 
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the relative errors are 0.5% and 4.1% on average for M06-2X and B3LYP functionals, 

respectively.  

Table 5 The experimental and computed bond lengths values of chrysene and the relative 
errors for both levels of theories. 

Bonds in 
benzo(a)pyrene 

Experimental 
values 

(Å) 

Calc 
M06-2X/6-

311++G(d,p) 
(Å) 

Relative 
error 
(%) 

Calc 
B3LYP/6-
31+G(d,p) 

(Å) 

Relative 
error 
(%) 

C1-C2 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C6-C7 
C7-C8 
C8-C9 

C9-C10 
C10-C11 
C11-C12 
C12-C13 
C13-C14 
C14-C15 
C15-C16 
C16-C17 
C17-C18 
C18-C19 
C19-C20 
C1-C18 
C3-C20 
C7-C20 

C10-C19 
C12-C17 

1.352 
1.441 
1.412 
1.375 
1.378 
1.402 
1.433 
1.342 
1.446 
1.361 
1.418 
1.425 
1.374 
1.397 
1.364 
1.418 
1.436 
1.393 
1.419 
1.423 
1.417 
1.415 
1.444 
1.410 

1.357 
1.429 
1.405 
1.381 
1.396 
1.391 
1.445 
1.347 
1.446 
1.374 
1.413 
1.420 
1.367 
1.412 
1.370 
1.419 
1.438 
1.407 
1.429 
1.432 
1.416 
1.422 
1.436 
1.422 

0.4 
0.8 
0.5 
0.4 
1.3 
0.8 
0.8 
0.0 
0.0 
1.0 
0.4 
0.4 
0.5 
1.1 
0.4 
0.1 
0.1 
1.0 
0.7 
0.6 
0.1 
0.5 
0.6 
1.6 

1.433 
1.367 
1.430 
1.411 
1.389 
1.401 
1.400 
1.443 
1.358 
1.443 
1.385 
1.416 
1.424 
1.376 
1.416 
1.416 
1.422 
1.444 
1.432 
1.433 
1.427 
1.431 
1.443 
1.435 

6.0 
5.0 
1.3 
2.6 
0.8 
0.1 
2.3 
7.5 
6.1 
6.1 
2.3 
0.7 
3.7 
1.5 
3.8 
0.2 
1.0 
3.6 
0.9 
0.7 
0.7 
1.1 
0.1 
2.5 

 

  

Figure 34 Atom labeling scheme used in Table 2 and 3 for chrysene and benzo(a)pyrene 
respectively. 
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Table 6 The experimental and computed bond lengths values of chrysene and the relative 

errors for both levels of theory 

Bonds in 
chrysene 

Experimental 
values [237] 

(Å) 

Calc  
M06-2X/6-311++G(d,p) 

(Å) 

Relative 
error 
(%) 

Calc  
B3LYP/6-31+G(d,p) 

(Å) 

Relative 
error 
(%) 

C1-C2 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C6-C7 
C8-C9 

C9-C10 
C10-C1 
C2-C7 

1.409 
1.433 
1.423 
1.387 
1.392 
1.435 
1.410 
1.403 
1.402 
1.390 

1.450 
1.415 
1.375 
1.407 
1.372 
1.413 
1.426 
1.356 
1.405 
1.415 

2.9 
1.6 
3.7 
0.9 
1.6 
1.7 
0.7 
3.8 
0.2 
1.4 

1.454 
1.419 
1.382 
1.410 
1.380 
1.417 
1.427 
1.365 
1.418 
1.428 

2.9 
1.6 
2.9 
1.7 
0.9 
1.3 
1.2 
2.7 
1.1 
2.7 

In addition, to verify the method selection, homolytic bond dissociation energies (BDE) 

of naphthalene, which is the simplest PAH, are computed and the calculated values are 

compared to the experimental data [239]. The calculated and experimentally measured 

BDEs are in good agreement with each other as the deviation (BDEexp - BDEcalc) is only 

1.72 kJ/mol and 3.8 kJ/mol for B3LYP/6-31+G(d,p) (Table 2) and M06-2X/6-

311++G(d,p), respectively. Thus, the selected model chemistries are reliable and could 

be used to compute thermochemical parameters of polycyclic aromatic hydrocarbons. 

3.3.2. Analysis of the reaction routes 

The structural parameters of the transition states such as the bond lengths and angles 

are collected in Table 7. Representative transition state structures (TSab, TScd, TSFG, 

TSJ2K2) along with the geometrical parameters are depicted in Figure 35. 

 
Figure 35 Representative transition state structures of benzo(a)pyrene formation 

starting from benzo(a)anthracene (TSab and TScd) and chrysene (TSFG and TSJ2K2) are 
located at the M06-2X/6-311++G(d,p) level of theory using a finetuned integration grid 
(99 radial shells and 974 angular points per shell) and depicted along with interatomic 

distances and bond angle. 
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Table 7 Structural parameters (bond lengths, angles) of transition state structures of benzo(a)pyrene (BaP) formation reaction 
mechanisms starting from benzo(a)anthracene (BaA→BaP) or chrysene (Chr→BaP).  The structures are computed at the M06-2X/6-

311++G(d,p) level of theory at 298.15 K and 1 atm. 

Reaction 

Type 

Transition 

State 

Angles Bond length (Å) 

 
BaA → BaP Chr → BaP 

H-H 

(BaA→ BaP) 

H-H 

(Chr→ BaP) 

C-H 

(BaA→ BaP) 

C-H 

(Chr→ BaP) 

C-C 

(BaA→ BaP) 

C-C 

(Chr→ BaP) 

Hydrogen 

abstraction 

TSab /TSAB C-H-H 172.66° 169.44° 0.864 0.868 1.448 1.430 - - 

TScd /TSCD C-H-H 176.87° 176.73° 1.039 1.017 1.258 1.269 - - 

TSfg /TSFG C-H-H 177.87° 178.52° 1.069 1.069 1.237 1.236 - - 

TShi /TSHI C-H-H 172.32° 171.84° 0.911 0.910 1.376 1.378 - - 

Hydrogen 

dissociation 
 

TSef /TSEF C-C-H 92.90° 97.72° - - 1.788 1.802 - - 

TSk1P /TSK1P H-C-H 84.24° 84.68° - - 1.892 1.906 - - 

TSk2P /TSK2P H-C-H 82.43° 84.12° - - 1.878 1.907 - - 

TSde /TSDE C-C-C 91.37° 91.04° - - - - 2.135 2.141 

Ring 

Opening/ 

Ring 

Closure 

TSij1 /TSIJ1 C-C-C 107.98° 110.41° - - - - 2.954 2.997 

TSij2 /TSIJ2 C-C-C 110.42° 110.70° - - - - 2.990 2.999 

TSj1k1 /TJ1K1 C-C-C 105.72° 105.62° - - - - 2.356 2.334 

TSj2k2 /TJ2K2 C-C-C 106.00° 105.49° - - - - 2.342 2.335 
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The activation energy values of the reactions are calculated and are enumerated in  Table 
8 and Table 9. In the case of the chrysene route, the Gibbs free energy of activation values 
obtained with B3LYP/6-31+G(d,p) is lower (13.0 kJ/mol on average) than those obtained 
with M06-2X/6-311++G(d,p) in all cases. This is also the case for the benzo(a)anthracene 
route, except TSef structure, which is higher with 2 kJ/mol than the values obtained with 
M06-2X/6-311++G(d,p).  

Table 8 Comparison of the activation energy values (∆G‡, kJ/mol) of benzo(a)pyrene 
(BaP) formation mechanism starting from chrysene (Chr → BaP) computed at the 

B3LYP/6-31+G(d,p) [B3LYP] and M06-2X/6-311++G(d,p) [M06-2X] levels of theory. In the 
latter case, the calculations are performed besides the default integration grid (99 radial 
shells and 590 angular points per shell) with a finetuned setting as well (99 radial shells 

and 974 angular points per shell) [M06-2X_gr]. The difference between the activation 
energies (∆∆G‡, kJ/mol) of [M06-2X vs B3LYP] and [M06-2X_gr vs B3LYP] is also 

tabulated. 

Chr → BaP M06-2X B3LYP M06-2X_gr 
M06-2X 

vs  
B3LYP 

M06-2X_gr 
 vs 

B3LYP 
 ∆G‡ ∆∆G‡ 

 kJ/mol 
A - TSAB - B 90.71 68.21 92.24 22.49 24.03 

C - TSCD - D 55.76 30.00 55.62 25.77 25.62 

D - TSDE - E 115.07 110.70 112.16 4.37 1.46 

E - TSEF - F 123.47 121.48 122.57 1.98 1.08 

F - TSFG - G 51.87 27.64 51.71 24.24 24.07 

H - TSHI - I 73.01 48.43 72.34 24.58 23.91 

I - TSIJ1 - J1 120.41 105.63 121.93 15.06 16.29 

I - TSIJ2 - J2 120.69 105.63 121.93 15.06 16.29 

J1 - TSJ1K1 - K1 27.04 20.72 27.42 6.32 6.70 

J2 - TSJ1K2 - K2 28.93 21.61 28.70 7.32 7.09 

K1 - TSK1P - P 152.21 147.48 152.55 4.73 5.07 

K2 - TSK2P - P 153.46 148.38 153.32 5.08 4.94 
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Table 9 Comparison of the activation energy values (∆G‡, kJ/mol) of benzo(a)pyrene 
(BaP) formation mechanism starting from benzo(a)anthracene (BaA → BaP) computed 

at the B3LYP/6-31+G(d,p) [B3LYP] and M06-2X/6-311++G(d,p) [M06-2X] levels of theory. 
In the latter case, the calculations are performed besides the default integration grid (99 
radial shells and 590 angular points per shell) with a finetuned setting as well (99 radial 

shells and 974 angular points per shell) [M06-2X_gr]. The difference between the 
activation energies (∆∆G‡, kJ/mol) of [M06-2X vs B3LYP] and [M06-2X_gr vs B3LYP] is 

also tabulated. 

BaA → BaP M06-2X B3LYP M06-2X_gr 
M06-2X 

vs  
B3LYP 

M06-2X_gr 
 vs 

B3LYP 
 ∆G‡ ∆∆G‡ 

 kJ/mol 

a - TSab - b 94.43 71.09 94.50 23.34 23.40 

c - TScd - d 52.83 26.69 52.15 26.14 25.46 

d - Tsde - e 132.92 128.48 132.61 4.44 4.12 

e - Tsef - f 114.11 116.27 114.26 2.16 2.01 

f - TSfg - g 51.70 27.67 51.28 24.03 23.60 

h - TShi - i 72.25 48.39 72.15 23.86 23.76 

i - TSij1 - j1 120.01 104.56 121.76 15.45 17.20 

i - TSij2 - j2 118.63 99.64 119.71 18.99 20.07 

j1 - TSj1k1 - k1 20.95 14.13 20.64 6.82 6.51 

j1 - TSj1k2 - k2 27.57 21.25 27.40 6.32 6.15 

k1 - TSk1P - P 149.04 145.39 149.83 3.65 4.43 

k2 - TSk2P - P 137.57 135.05 137.87 2.52 2.81 

 

In order to evaluate and compare energetically the reaction mechanisms, a potential 

energy diagram is drawn (Figure 36). It clearly shows, that both reaction routes follow 

a similar trend. Both of the proposed pathways include the alternation of the two 

essential steps. These are the hydrogen abstractions to create radical sites on PAH 

structures, which is followed by the methyl addition. The hydrogen abstraction is 

achieved by either an additional hydrogen atom or by self cleavage of the carbon-

hydrogen bonds, which lead to a carbon-centered radical. Then, the addition of a methyl 

group to the previously formed free radical site can occur. 
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Table 10 Relative Gibbs free energy (ΔG, kJ/mol), relative enthalpy (ΔH, kJ/mol), and 
entropy (S, cal/mol*K) values of benzo(a)pyrene (BaP) formation mechanism starting from 

chrysene (Chr→BaP) or benzo(a)anthracene (BaA→BaP) computed at the M06-2X/6-
311++G(d,p) level of theory using a fine-tuned integration grid (99 radial shells and 974 

angular points per shell), at 298.15 K and 1 atm within the harmonic oscillator rigid rotor 
approximation. 

BaA→BaP ΔG ΔH S Chr→BaP ΔG ΔH S 

a 0.00 0.00 108.46 A 0.00 0.00 108.91 

TSab 94.50 67.86 114.51 TSAB 92.24 64.50 114.06 

b 24.76 30.63 109.44 B 21.46 26.89 109.54 

c −307.39 −359.74 113.13 C −313.47 −364.87 114.34 

TScd −255.24 −336.50 117.34 TSCD −257.86 −339.06 117.84 

d −389.58 −435.92 114.22 D −377.64 −424.03 114.62 

TSde −256.98 −306.65 111.54 TSDE −265.48 −315.72 111.53 

e −358.30 −408.32 111.27 E −372.38 −422.91 111.31 

TSef −244.05 −294.14 111.21 TSEF −249.81 −300.47 111.21 

f −295.00 −314.47 108.36 F −300.71 −320.71 108.38 

TSfg −243.72 −291.55 113.02 TSFG −248.99 −297.58 112.86 

g −387.31 −401.11 109.19 G −390.87 −405.51 108.96 

h −631.14 −700.50 115.01 H −639.50 −708.80 115.49 

TShi −558.99 −656.73 119.65 TSHI −567.16 −664.70 120.25 

i −649.59 −710.62 117.95 I −655.24 −715.79 118.78 

TSij1 −527.83 −590.35 117.05 TSIJ1 −533.35 −595.99 117.10 

TSij2 −529.88 −592.03 116.76 TSIJ2 −533.31 −596.02 117.05 

j1 −545.54 −603.31 120.90 J1 −553.65 −611.28 121.12 

j2 −553.48 −610.83 120.57 J2 −552.85 −610.59 121.03 

TSj1k1 −524.89 −587.64 116.58 TSJ1K1 −526.23 −588.62 117.31 

TSj2k2 −526.08 −588.47 116.87 TSJ2K2 −524.15 −586.46 117.38 

k1 −764.02 −827.12 116.29 K1 −755.42 −818.33 116.88 

k2 −752.55 −818.11 114.32 K2 −756.29 −820.14 116.13 

TSk1P −614.19 −678.89 115.01 TSK1P −602.87 −668.16 114.99 

TSk2P −614.69 −679.93 114.58 TSK2P −602.96 −668.26 114.97 

P −658.89 −694.43 110.99 P −646.93 −683.02 110.99 

Based on the structural features of the starting species (”A” and ”a” structures in Figure 

32) the growth mechanisms are started by hydrogen abstractions following the attack of 

external H-atoms from the first and fourth carbon atoms (Figure 32) in the case of 
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chrysene and benzo(a)anthracene, respectively. These steps resulted in B and b radical 

intermediates (Figure 32) with the following activation energy values: ΔG‡(TSAB) = 92.2 

kJ/mol and ΔG‡(TSab) = 94.5kJ/mol (Table 10). Furthermore, the reaction energies for 

these endergonic reactions are 21.5 kJ/mol and 24.8 kJ/mol, in the case of B and b, 

respectively (Table 1). The reactions are continued with barrierless additions of methyl 

groups on the free radical sites of B and b in order to form methyl-chrysene and methyl-

benzo(a)anthracene structures (C and c). These steps represented the most exergonic 

phases among the reaction mechanism, having ΔG(BC) = −334.9 kJ/mol and ΔG(bc) = 

−332.1 kJ/mol reaction energy values for the Chr and BaA channel, respectively. The 

reaction routes continued with hydrogen abstractions from the methyl groups of C and 

c. These are performed by external H atoms, the activation energies required to obtain D 

and d structures are ΔG‡(TSCD) = 55.6 kJ/mol and ΔG‡(TScd) = 52.1 kJ/mol. These 

activation energy values are 1.7 times lower on average than those required for the B and 

b formation from A and a, due to the difference between the strengths of the C-H bonds 

in the aromatic structures compared to the aliphatic ones. The reactions are followed by 

the formations of five-membered ring structures (E and e) through the attack by the 

methylene groups at the 4th carbon in chrysene and the first carbon atom in BaA (Figure 

32). This process occurs after overcoming the necessary Gibbs free energy of activation 

(ΔG‡(TSDE) = 112.2 kJ/mol and ΔG‡(TSde) = 132.6 kJ/mol, for the Chr and BaA route, 

respectively) (Figure 36). In the next step, hydrogen from the fourth and the first carbon 

atom has been eliminated in the case of chrysene and benzo(a)anthracene pathways 

respectively, which leads to the formation of the F and f structures. These endergonic 

reactions required ΔG(EF) = 71.7 kJ/mol and ΔG(ef) = 63.3 kJ/mol reaction energies 

(Table 10). For the reaction to proceed further, H abstraction from F and f molecules had 

to take place, after overcoming a Gibbs free energy of activation of ΔG‡(TSFG) = 51.7 

kJ/mol and ΔG‡(TSfg) = 51.3 kJ/mol, reaching the intermediate radical species G and g 

with energy lower that 90.2 kJ/mol and 92.3 kJ/mol compared to the previous 

intermediates (Figure 36). At this point of the reaction mechanism, the second 

barrierless methyl addition occurred. As G and g are planar, this barrierless methyl 
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addition could have occurred from both sides of the plane, but it would have led to 

energetically equivalent species. Therefore, only one process is considered and will be 

discussed. This step increases the stability of the resulted H and h intermediate by 240.3 

kJ/mol and 252.2 kJ/mol with respect to the previous structures (G and g). The formation 

of the I and i radical intermediate is attributed to another H abstraction from the methyl 

group by an external H atom, which requires an activation energy of ΔG‡(TSHI) = 72.3 

kJ/mol and ΔG‡(TShi) = 72.2 kJ/mol (Figure 36). In the next step, as it is shown in Figure 

2, the reaction pathways are split into two routes, to obtain J1 and J2 as well as j1 and j2 

structures by ring openings. The reaction routes continue after simultaneous bond 

breakings and bond formations. In the case of J2 and j1 the ring opening occurs at the 

first carbon, while in the case of J1 and j2 this takes place at the 4th carbon. TSIJ1 has the 

highest Gibbs free energy of activation values among these steps with ΔG‡(TSIJ2) = 121.9 

kJ/mol. However, the difference between the corresponding Gibbs free energies (TSIJ1, 

TSij1 and TSIJ1, TSij1) is just 1.16 kJ/mol on average. All J1, J2, j1 and j2 structures are 

formed by endothermic reactions. The fifth six-membered ring is formed in K1 and k1 as 

well as K2 and k2 structures, with a 205.7 kJ/mol reaction energy value on average. The 

most stable structure among the four resulting molecules is k1 with −764.0 kJ/mol, after 

overcoming an ΔG‡(TSj1k1) = 20.6 kJ/mol Gibbs free energy of activation. The highest 

activation energy values appear on the last step for both routes, with ∆G‡(TSK2P) = 153.3 

kJ/mol and ∆G‡(TSk1P) = 149.0 kJ/mol for chrysene and benzo(a)anthracene, 

respectively. As it can be seen, between the two routes of this part of the reaction (K1 

and K2; k1 and k2; Error! Reference source not found., the left-hand side of the 

benzo(a)anthracene pathway is more preferable energetically than the right-hand side 

(k1 < k2). However, in the chrysene pathway, the opposite occurs, obtaining on the right-

hand side a more stable molecule (J2 < J1). The penultimate steps are again H 

eliminations, through which the final product, benzo(a)pyrene is achieved, with the 

stability of −646.9 kJ/mol and −658.9 kJ/mol, respectively (Table 10, Figure 36). 
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Figure 36 Gibbs free energy profile of the two reaction pathways leading to the formation of benzo(a)pyrene (BaP, P) calculated at 
the M06-2X/6-311++G(d,p) level of theory using a finetuned integration grid (99 radial shells and 974 angular points per shell). The 

two reaction pathways are indicated with green and black (solid /dotted) lines, in the case of chrysene and benzo(a)anthracene, 
respectively. 
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3.3.3. Conclusion 

The formation of the strongly carcinogenic benzo(a)pyrene was studied by applying a 

newly developed methyl addition/cyclization (MAC) mechanism. Two reaction pathways 

are proposed starting from chrysene and benzo(a)anthracene (consisting of four 

aromatic rings), respectively. The reaction routes had the same reaction steps, both 

included four hydrogen abstractions, two methyl radical additions, three hydrogen atom 

eliminations, one ring closure and one rearrangement. Energetically the first methyl 

additions are the most exergonic steps, placing the resultant molecules to –313.5 kJ/mol 

and –307.4 kJ/mol (C, c) in case of the chrysene and benzo(a)anthracene, respectively. 

The two reaction pathways had very similar trends energetically, the difference between 

the energy levels of the corresponding molecules is just 6.13 kJ/mol on average. The k1 

structure in the benzo(a)anthracene → benzo(a)pyrene pathway became the most stable 

molecule with ∆G = -764.0 kJ/mol. All in all, the formation of benzo(a)pyrene from 

chrysene and benzo(a)anthracene could be reached with this newly proposed MAC 

mechanism. 
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4.  Summary 

Polycyclic aromatic hydrocarbons (PAH) are harmful chemicals emitted to the 

environment by incomplete combustion. As the aromatic structure grows, the 

carcinogenic effect increases, and thus understanding their formation mechanisms is 

crucial. In this doctoral dissertation, reaction initiation points of the 16 priority PAHs are 

determined by computing the BDE and C-H bond lengths values. The results are in a range 

between 342.0 – 485.6 kJ/mol and 1.081 – 1.095 Å, in the case of the BDE and C-H bond 

lengths, respectively. The obtained results also showed that most of the initiation points 

are hydrogens in the armchair and peak positions.  

In addition, new reaction pathways leading to benzo(a)pyrene, a PAH with well-known 

carcinogenic effects, are also explored. Starting from armchair positions of both chrysene 

or benzo(a)anthracene, four types of reaction mechanisms are studied: hydrogen 

abstraction acetylene addition (HACA), hydrogen abstraction ethynyl radical addition 

(HAERA), Diels-Alder (DA) and methyl addition cyclization (MAC) processes. A total of 

12 reaction pathways are explored, with 50 intermediate and 52 transition state 

structures. Results show that HAERA is the most, and DA is the least exergonic reaction 

mechanism for benzo(a)pyrene formation using validated computational chemistry 

methods. It can be stated, that through this doctoral dissertation a deeper understanding 

of PAH growth and benzo(a)pyrene formation is achieved.  
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5. Összefoglalás 

A szerves anyagok tökéletlen égése során policiklusos aromás szénhidrogének (PAH-ok) 

keletkeznek. Ahogy az aromás szerkezet növekszik, a vegyületek rákkeltő hatása 

fokozódik, ezért nagyon fontos a képződési  mechanizmusaik feltárása és megértése. A 

doktori értekezésem első harmadában 16 ún. „parent” PAH kötésdiszociációs entalpiáit 

(BDE) vizsgálom és  kategorizálom. Az eredmények azt mutatják, hogy a vizsgált 

molekulák BDE értékei és C-H kötéshosszai a 342,0 - 485,6 kJ/mol és 1,081 - 1,095 Å 

értékek közé esnek. Az eredmények alapján, a növekedési mechanizmusok lehetséges 

kezdőpontjait is meghatároztam. Az eredmények azt mutatják, hogy a reakciók az ún.  

karosszék („armchair”) és csúcshelyzetekben („peak”) elhelyezkedő hidrogének 

absztrakciójával kezdődnek. 

A doktori disszertációmban az erősen rákkeltő benzo(a)pirén különböző reakció 

mechanizmusait is feltártam számításos kémiai módszerek alkalmazásával. Hidrogén 

absztrakció acetilén addíció (HACA), hidrogén absztrakció etinil gyök addíció (HAERA), 

Diels-Alder (DA) és metil addíciós ciklizáció (MAC) mechanizmusokat vizsgáltam, s ezek 

összesen 12 reakcióúton, 50 intermeridert és 52 átmeneti állapotot tartalmaznak. Az 

eredmények azt mutatják, hogy a HAERA a leginkább és a DA a legkevésbé exergonikus 

reakció útvonal.  A számolásokhoz különböző elméleti szinteket alkalmaztam, de csak 

validált módszerekkel kapott eredmények kerültek tárgyalásra. Összességében 

elmondható, hogy az alábbi doktori értekezés eredményei elősegítik a PAH-ok, s 

különösen a benzo(a)pirén, képződésének és növekedésének mélyebb megértését.   
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6. New scientific results 

Based on my computational research, carried out during my Ph.D. studies on the reaction 

mechanism of polycyclic aromatic hydrocarbons, the following main conclusions are 

drawn as new scientific results: 

 

1st Thesis 

Bond dissociation enthalpies (BDEs) of the 16 priority PAHs are calculated for each 

unique C-H bond by applying the ωB97X-D/6-311++G(d,p) level of theory and are 

categorized into seven groups: zig-zag, peak, armchair, penta-bay, anthracene type, 

aliphatic, and next-to-aliphatic type (Figure 23). The BDE and bond length values for the 

C-H bonds within the 16 priority PAH are in the range between 342.01 – 485.63 kJ/mol 

and 1.08 – 1.10 Å, respectively. Based on the calculated bond dissociation enthalpy 

(BDEs) values the potential reaction initiation points are determined on each 16 priority 

PAHs. The reaction initiation points are in armchair and peak positions for seven and six 

molecules from the 16 priority PAHs, respectively (Figure 25).   

 

2nd Thesis 

Benzo(a)pyrene (BaP) formation starting from armchair positions of 

benzo(a)anthracene (BaA) and chrysene (Chr) are explored by computational methods 

and a new growth mechanism has been proposed. The mechanism is a hydrogen 

abstraction ethynyl radical addition process (HAERA) within which two hydrogen 

abstractions, one ethynyl addition and one hydrogen atom addition occurred. Four 

possible HAERA reaction pathways are identified and each of these have four transition 

states and four intermediate structures (Figure 27).  
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3rd Thesis 

The hydrogen abstraction acetylene addition mechanism (HACA) has also been 

considered as a potential growth mechanism leading to benzo(a)pyrene (BaP) and four 

new reaction pathways explored star ting from benzo(a)anthracene (BaA) and chrysene 

(Chr), each involving one hydrogen abstraction, one acetylene addition, one cyclization 

and one hydrogen atom addition (Figure 28). The reaction pathways have three 

transition states and three intermediate structures. In the reaction pathways the barrier 

heights for the first steps are 60.92 kJ/mol for Chr and 61.17 kJ/mol and 64.48 kJ/mol 

for the BaA routes, (Figure 28, b). 

 

4th Thesis 

Two Diels-Alder (DA) reaction pathways are proposed and analysed by applying 

computational methods for the formation of the strongly carcinogenic benzo(a)pyrene 

(BaP) starting from benzo(a)anthracene (BaA) or chrysene (Chr) and involving one 

acetylene molecule addition along with one hydrogen molecule elimination. Both reaction 

routes had 2 transition state structures and one intermediate structure (Figure 31). The 

reaction pathways have 220.07 kJ/mol and 164.61 kJ/mol activation energy values having 

Chr and BaA as reactants, respectively (Figure 31).  

 

5th Thesis 

By applying computational methods, a new methyl addition/cyclization (MAC) 

mechanism leading to the toxic benzo(a)pyrene (BaP) starting from benzo(a)anthracene 

(BaA) or chrysene (Chr) is proposed (Figure 32). The mechanisms include four hydrogen 

abstractions, two methyl radical additions, three hydrogen atom eliminations, one ring 

closure, and one rearrangement step. In the studied pathways, methyl additions 

(intermediate c, C) are the most exoergic steps with –313.5 kJ/mol and –307.4 kJ/mol 

which occurred in the case of the chrysene and benzo(a)anthracene, respectively. The 

rate determining steps are 92.2 kJ/mol and 94.5 kJ/mol having Chr and BaA as reactants, 

respectively (Figure 36).  
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