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Abstract

Potential energy surfaces (PES) for dimerization of acepyrene-pyrene, aceanthracene-
anthracene, and acenaphthalene-naphthalene were computed by the G3(MP2,CC) and
ONIOM2(G3(MP2,CC):B3LYP/6-31G(d)) methods. Close agreement of relative energies of
corresponding species along reaction paths for different reactions was found suggesting that the
PES for E-bridge formation depends weakly on the number of rings in the interacting monomers.
The results indicate that the reaction rate is controlled by the dynamics of the initial collision, which
may depend on the monomer size. The ONIOM approach is proposed as an accurate tool for

calculations of PES in large PAH systems being more reliable than various DFT methods.
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Introduction

The process of soot formation is one of the most complex combustion phenomena involving
chemical interactions during combustion, heat and mass transfer, gas dynamics and solid particle
dynamics at the same time [1]. The key stage for the formation of soot, which is also the least
understood and poorly studied, is the nucleation stage [2]. Nucleation is the first stage of the phase
transition, where the young soot particles are formed from molecules in the gas phase. Revealing
the mechanism and kinetics/dynamics of soot nucleation is critically required for the creation of
reliable and predictive kinetic models capable of describing the formation of soot in the smoking
flame. This makes the study of the mechanisms of soot nucleation an urgent task.

An early hypothesis for soot nucleation assumed that the transition from gas to solid initiates by
irreversible dimerization of middle-size polycyclic aromatic hydrocarbons (PAH), such as pyrene or
coronene [3-5]. With this assumption, kinetic models are able to reproduce the development of soot
particles in flames numerically [3,6,7], but this assumption appeared to be unjustified due to
thermodynamic instability of such mid-size PAH dimers [8-10]. Alternatively, taking much larger
PAH molecules as the dimerization precursors cannot reproduce the experimentally observed soot
appearance in flames.

A recent publication critically reviewed several alternative proposals for the inception
mechanism, including the presence of ions and the formation of chemically-bonded dimers [2].
Although ionic forces tend to heighten PAH clustering (e.g., the addition of alkali-metal ions
enhances the formation of small coronene clusters [11] and binding energies of polarized curved
PAHs with other PAHs are higher with chemi-ions present in flames [12]), several considerations
allowed us to conclude that such a mechanism could not be general [2]. Therefore, we centered on
one of the hypotheses for the formation of chemically-bonded dimers that is able to reproduce the
rate of nucleation [2]. This mechanism invokes the formation of a dimer of two PAH moieties
linked via a so-called E-bridge made of two five-membered rings (or a five- and six-membered
rings [13]) adjoined by a common C-C bond, so that two monomers are connected by more than one
covalent bond. The E-bridge formation was postulated to be enabled by rotational excitation [2,13]
occurring via the development of internal rotation of the colliding monomers. Such a development
between two incoming pyrene molecules during their collision, which serves as a temporary energy
accumulator for the excess of the collision translational energy slowly dissipating through ro-
vibrational energy transfer, was first detected in earlier molecular-dynamics (MD) simulations with
on-the-fly semi-empirical quantum (PM3 [14]) forces [15] and recently received further support
from the results of a classical trajectory study of pyrene dimerization [16] and from hybrid QM/MM
MD simulations by Kraft and co-workers [17]. The existence of a rotationally/vibrationally-excited

complex is the keystone of the proposed mechanism since the reaction event in this scenario is the
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outcome of the initial encounter of the two PAHs and the overall kinetic rate is determined by the
collision rate of the incoming PAHs.

While the details of the proposed rotationally-excited dimerization are being further
investigated, in the present study we continue to quantitatively explore the mechanism and potential
energy surfaces for the E-bridge formation between PAH monomers increasing in size, from
anthracene-aceanthracene to pyrene-acepyrene, with the objective to see if and how the size of the
participating monomers affects the energetic parameters of the reaction potential energy surface
(PES). In the previous works on E-bridge formation [2,13], we were able to carry out chemically
accurate G3(MP2,CC) calculations only for the reactions involving monomers of a relatively small
size, acenaphthylene + 1-naphthyl and acenaphthylene + 4-phenanthrenyl, whereas for larger
systems like acepyrene + pyrenyl we had to rely on the results of density functional theory (DFT)
calculations (B2PLYPD3 [18-20], M06-2X [21], and ®B97XD [22]), since the computational
resources needed for a G3(MP2,CC) calculation of such a system are too high. Here, we introduce a
variation of the hybrid QM/QM ONIOM method [23] targeting to approximate G3(MP2,CC)
energies of larger systems of E-bridge formation, which was successfully employed earlier for the
study of HACA growth of large PAH [24]. To establish accuracy of the method, wherever feasible
we verify the ONIOM results vs. those from the direct G3(MP2,CC) calculations. In addition, we
also consider and analyze a variety of possible reaction pathways to the E-bridge formation and
compare the reaction energetics depending on the positions of the attacking radical on the zigzag

edge or the front end of the molecule and the attacked C atom in the five-membered ring.

Calculation methods

For reactants, intermediates, transition states, and products, the optimized geometry was
calculated, the PES was compiled, and vibrational frequencies were computed using the DFT
B3LYP method with the 6-31G(d,p) set of basis functions [25,26]. All DFT calculations were
performed using the Gaussian 09 [27] software package. To refine relative energies of various
species on the PES for the interaction of acenaphthylene with naphthyl, we employed the MOLPRO
2010 software package [28] to perform calculations using the combined model chemistry
G3(MP2,CC) method [29-31], within which the coupled clusters CCSD(T)/6-31G(d) energy is
corrected to a larger G3Large basis set using second-order Mgller-Plessett perturbation theory MP2
calculations:

E[G3(MP2,CC)] = E[CCSD(T)/6-31G(d)] + E[fMP2/G3Large)] — E[MP2/6-31G(d)] +

ZPE[B3LYP/6-31G(d)] (1)

Here, E[MP2/G3Large)] - E [MP2/6-31G(d)] is the basis set correction and ZPE is the zero-point

vibrational energy correction computed based on B3LYP/6-31G(d) vibrational frequencies. It is
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generally accepted that the B3LYP/6-31G(d,p) method normally provides accuracy within 0.01-
0.02 A for bond lengths and 1-2° for angles for hydrocarbons including PAH molecules and their
radicals. In a recent work [32], we checked the performance of the B3LYP method vs. a more
recent long-range corrected wB97XD functional for a PAH growth reaction. The results showed
that the BALYP and wB97XD optimized geometries were nearly identical and the single-point
G3(MP2,CC)//B3LYP and G3(MP2,CC)//wB97XD relative energies agreed with each other within
0.3 kcal/mol.

With our current computing resources, calculation of G3(MP2,CC) energies in the
mechanism of pyrene and anthracene dimerizations requires more than a month for a single
structure. Therefore, to achieve a balance between accuracy and timing, we chose to refine the
energetics on the corresponding PESs using a less demanding hybrid QM/QM ONIOM approach
[23]. In the ONIOM approximation, the energy of a large (real) system under investigation can be
represented as a high-level value of the simplified (model) system Enigh,modet corrected with a
difference of energies obtained using less costly computational methods for the real system Eiow,real
and the model system Eiow,model:

Ehigh,real = EoNIOM2(high:low) = Ehigh,model + Elow,real = Elow,model (2)

This ONIOM study employs high-level G3(MP2,CC) energy calculations for the model system and
DFT B3LYP/6-31G(d) to compute the system size correction:
Eoniom = Ec3cc MP2).model + EB3LYP real - EB3LYP.model 3)
This computational scheme is denoted as ONIOM2(G3(MP2,CC)//B3LYP/6-31G(d,p):B3LYP/6-
31G(d)). The accuracy of this scheme depends upon the difference between (Eiow,real — Eiow,mode1) and
(Enigh,real — Enigh,moder) Which should be tested for each particular combination of the methods for the
chemical system of interest and its partitioning. A similar variation of ONIOM was recently
employed to study the HACA growth of large PAH molecules and demonstrated an excellent
agreement with the available high-level data [24]. The model systems were chosen in the manner
illustrated in Scheme 1: for pyrene-acepyrene, the structures of acepyrene and pyrene each without
two aromatic rings that do not participate in the dimerization reaction were selected, whereas for
anthracene-aceanthracene, the structures of aceanthracene and anthracene each without one
aromatic ring that does not participate in the reaction were chosen. From excluded cycles, the
removed C-C bonds were replaced by C-H bonds keeping the same bond angles and dihedral angles
as in the real systems with the C-H bond lengths fixed at the typical value for C-H aromatic bonds
(1.07 A). Thus, the structures of the model systems are similar to the naphthyl-acenaphthylene
system, but with all interatomic distances in this fragment retained from the real system. For few
selected real structures, G3(MP2,CC) calculation were also carried out in order to test the accuracy

of the proposed two-layer ONIOM scheme.



It should be noted that the rate limiting step in G3(MP2,CC) calculations is CCSD(T)/6-
31G(d). Considering that the CCSD(T) method scales as N’, where N is the number of basis
functions, in going from naphthyl + acenaphthalene (the model system) to pyrenyl + acepyrene (the
real system), the required computing time would increase by a factor of (534/338)" = 24.6, where
the numbers in parentheses are the numbers of basis functions for the real and model systems within
the 6-31G(d) basis set. Alternatively, within ONIOM calculations the most time-consuming
calculation for the real system is B3LYP, which scales as N*, and so the required time increase with

the same 6-31G(d) basis set is only (534/338)* =

Scheme 1. Model and real systems for the modeling of the anthracene-aceanthracene (left) and

pyrene-acepyrene (right) dimerizations. Small (model) systems are shown with bold lines.

Results and discussion

The mechanism of formation of the E-bridge dimer of pyrenyl and acepyrene was described
in detail earlier [2], and therefore, for this system, only a brief account of the main results and of
refining energy calculations are presented here. The PES for different pathways to form a dimer of
pyrene and acepyrene is illustrated in Figure 1. One can see that two dimers, with a 5-5 E-bridge
(P1) or a C-C covalent bond (P2), can be produced as a result of the transformation of the W1
intermediate. The easiest way to form this structure is through the addition reaction of pyrenyl to
the five-membered ring of acepyrene (R). According to DFT calculations employing various
functionals (wWB97XD, M06-2X, and B2PLYPD3), the addition reaction proceeds through a small
barrier of 0.3, 2.8, and 1.2 kcal/mol, respectively [2]. Alternatively, the results of the ONIOM
calculation suggest a transition state lying 2.8 kcal/mol lower in energy than the reactants, which is
associated with the presence of a molecular reactant complex in the entrance channel. This result is
actually not surprising because a reactant complex followed by a submerged barrier (with the
transition state energy lying under the energies of the reactants) were also found for the naphthyl
addition to acenaphthylene at the G3(MP2,CC) level [13]. In the naphthyl-acenaphthylene system,
the relative energies of the complex and the transition state were obtained as -2.4 and -1.7 kcal/mol,

respectively. Here, for pyrenyl-acepyrene, the submerged transition state energy evaluated using
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ONIOM is similar, -2.8 kcal/mol, but the energy of the complex, -13.3 kcal/mol, is likely strongly
overestimated in terms of the absolute value. This is supported by the results of the DPLNO-
CCSD(T)/cc-pVDZ [33] calculations of the complex and the transition state by the ORCA package
[34] giving relative energies of these structures as -3.5 and -2.0 kcal/mol, respectively. Apparently,
the present ONIOM combination fails to properly describe the complex long-range binding energy
and a caution must be taken when using the ONIOM approach for similar structures. For the
products P1 and P2, the differences between ONIOM and G3(MP2,CC) relative energies are 2.4
and 2.0 kcal/mol, respectively. For the intermediates W1 and W2 and transition states for the five-
membered ring closure (W1-W2) and H losses (W1-P2 and W2-P1) full G3(MP2,CC) calculations
are too demanding and a comparison can only be made with the corresponding structures in the
naphthyl-acenaphthylene system [13]. The differences in relative energies do not exceed 1 kcal/mol
for the intermediates and 2 kcal/mol for the H loss transition states. However, most likely this
deviation is not due to the difference in the methods employed, ONIOM vs. G3(MP2,CC), but is
caused by the real chemical difference between the two systems because at the B3LYP level the
energies of these TS also differ by the similar value.
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Figure 1. Potential energy surface for the E-bridge formation of pyrene and acepyrene.



The second, less feasible path to the formation of W1 is associated with the initial formation
of the H-acepyrenyl radical W3 through H addition to the five-membered ring in acepyrene, the
addition of pyrene to W3, and the transformation of the resulting structure W4 via unimolecular H
loss followed bimolecular H abstraction, e.g. by an H atom. The H-acepyrenyl radical is formed as a
result of the addition of hydrogen to the five-membered acepyrene ring through a small barrier of
2.2 kcal/mol at the ONIOM level of theory. The energy of the products relative to the reactants
is -50.0 kcal/mol. The subsequent addition of pyrene proceeds through a barrier of 4.9 kcal/mol and
forms the W4 structure with a relative energy of -61.2 kcal/mol. The conversion of W4 to W1
involves a hydrogen elimination step and a direct hydrogen abstraction step. The H atom loss step
from W4 proceeds through a barrier of 35.9 kcal/mol and leads to the formation of W5 with a
relative energy of -29.6 kcal/mol. W5 can be converted to W1 by abstraction of a hydrogen atom by
another hydrogen atom. This reaction proceeds through a barrier of 5.9 kcal/mol and makes the W1
+ H> product with an energy of -49.1 and -40.4 kcal/mol relative to the reactants R and R2,
respectively. The P2 dimer with a covalent C-C bond is formed as a result of the hydrogen
elimination from the five-membered ring through a barrier of 42.0 kcal/mol, the energy of the
products is -11.5 kcal/mol relative to R. The transformation of W1 with the formation of the second
five-membered ring in W2 proceeds through a barrier of 21.2 kcal/mol and is more favorable. The
energy of W2 is 45.8 kcal/mol lower than that of the pyrenyl + acepyrene reactants R. The
subsequent loss of the hydrogen atom from W2 with the formation of the 5-5 E-bridge structure
proceeds through a barrier of 30.5 kcal/mol, the energy of the product is 22.5 kcal/mol lower than
the energy of R. It should be noted that our previous kinetic calculations have shown that the
pathway to W1 (and hence to the E-bridge dimer P1) initiated by H addition to acepyrene (to W3)
and followed by pyrene addition to H-acepyrenyl (to W4) is unfavorable under typical combustion
conditions because first, the H-acepyrenyl radical is unstable with respect to H loss at temperatures
above ~1250 K (at 1 atm) and hence is unlikely to enter a bimolecular reaction with pyrene, and
second, the W3 + pyrene — W35 + H reaction is much faster in the reverse direction than in the
forward one; we refer the reader to the previous work [2] for a more detailed analysis. Thus, only
the pyrenyl + acepyrene pathway is really relevant to the E-bridge formation.

Nevertheless, the present calculations allowed us to test the accuracy of the ONIOM scheme
with respect to G3(MP2,CC) for a broader range of structures. The results of the ONIOM
calculations are in good agreement with the available G3(MP2,CC) data. For instance, the average
unsigned difference between the values obtained by the two methods is 2.3 kcal/mol and the largest
deviation is 2.6 kcal/mol for W5. Moreover, the ONIOM method systematically overestimates the
relative energies of all species with respect to R by ~2 kcal/mol. Thus, ONIOM calculations provide

reasonably accurate results using significantly less computing resources. The deviations between
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the relative energies in the pyrene/acepyrene dimerization system computed by any of the DFT
methods used (B3LYP, ®B97XD, M06-2X, or B2PLYPD3) are significantly larger (see Fig. 5 in
[2]) and are not systematic. Therefore, we expect that the ONIOM2(G3(MP2,CC):B3LYP/6-
31G(d)) approach should be a much more reliable tool for energy evaluation in larger systems than

the DFT methods tested so far.

Energy in kcal/mol:
B3LYP/6-31G** pathway a

9 <4 N
) B3LYP/6-31G** pathway b ‘o% 9%,
;'g B3LYP/6-31G** pathway ¢ Peder 4,47
o5 B3LYP/6-31G** pathway d - 099,0,097
0.2 5 7 ONIOM2(G3(MP2,CC):B3LYP/6-31G(d)) " °, 298, pg™
0:1 aceanthracene +anthracyl -1.4 W5 -17.9 1.1
R 1 -18.1 -17.3 i
g0 (SOEPERR a7 114 1.1 _—
R2 0.0 124 -12.6 9.3
. " 5 2.4
-5.4 13.2
J‘ ‘J 3
““‘ ‘0‘4 +H
Lo - Y ° 9 “ J
aceanthracene + anthracene ‘J J‘ 3
-38.8 Qi ol
:Q'Q P J.\‘ @ e ]
-30.6G “'J‘ ‘a J‘J
5 99,

9
9
9 %, 2
:“J‘J $ 9 :“4 3 J}J
e Y
9 “a, JS* , e @’ ’ ‘J‘, 2 : @’ 2 3‘,
Q%9 > 59, L 29 Jaa @ _ & ) 4
J ? s \ &‘ 9 9 3 2 o @ .,
M e T - 379988, %979, %9
W N, Y 994,,0_3 L% 0 %,
F 1) JJQ)J 9 . S > 9
] 9 9 > ,“"J
M

Figure 2. Potential energy surface for E-bridge formation of anthracene and aceanthracene.

For the aceanthracene-anthracene system (Figure 2), the reaction mechanism of the
formation of E-bridge dimers is similar to that considered above for acepyrene-pyrene. Since it was
shown earlier [2] that for the dimerization of acepyrene with pyrene the most important reaction
path is the reaction of acepyrene and pyrenyl, the ONIOM method was used only for the analogous
aceanthracene + anthracenyl channels, while for the H-aceanthacenyl + anthracene pathways we
limited our consideration only to B3LYP calculations. In addition, there is another significant
difference in the aceanthracene-anthracene system as compared to acenaphthylene-naphthalene and
acepyrene-pyrene. The attachment of pyrene and acepyrene, naphthalene and acenaphthalene to one
another can proceed in one and only way. On the contrary, for the aceanthracene-anthracene
system, several variations are possible. After an H atom abstraction from the zigzag edge of
anthracene two distinct radicals can be formed, 1- and 9-anthracenyl. Then, the addition of the
aceanthracene molecule can take place in positions 1 and 2 (Scheme 2). This leads to the possibility

of the formation of four variants of the intermediate W1, differing in the arrangement of benzene
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rings relative to each other. Further transformation of W1 also proceeds in four variations,
eventually leading to four variants of the P2 product and two variants of the P1 product. As can be
seen from the calculated PES in Fig. 2, the difference in the relative energies of the intermediates
and transition states for the considered variations does not usually exceed, 7 kcal/mol. The
exception is the W4-WS5 transition, for which the difference between the variants ¢ and d is 12.4
kcal/mol, but this pathway is not important for the dimerization process. Considering that the
differences in energies for different pathways are not large, pathway a was chosen to refine the
energies by the ONIOM method, and it was assumed that for the other three pathways the energies
and reaction rate constants would be comparable to those obtained for the pathway a.

COC

COC

pathway @ pathway b pathway ¢ pathway d
Scheme 2. Possible pathways for the addition of anthracenyl radicals to aceanthracene (top) and
four variants of the intermediate W6, which can be formed by the dimerization anthracene with
aceanthracene (bottom).

Summarizing the most favorable reaction mechanism, anthracenyl adds to aceanthracene via
a submerged barrier (-1.4 kcal/mol) producing a covalently bound complex W1 stabilized by 46.4
kcal/mol. The latter can either lose an H atom forming P2 (-9.3 kcal/mol) via a transition state
located 2.0 kcal/mol below the initial reactants or undergo closure of a five-membered ring (E-
bridge formation) via a TS at -26.7 kcal/mol producing W2 (-50.9 kcal/mol). Intermediate W2 then
decomposes to the E-bridge product P1 (-17.7 kcal/mol) via a TS at -12.3 kcal/mol.

The formation of the E-bridge dimer from 1-naphtyl and acenaphthylene was investigated
by the G3(CC,MP2)//B3LYP/6-311G(d,p) method in [13]. The PES was expanded here and is
presented in Figure 3. As can be seen from the figure, the PES for this reaction is similar to those
considered above for the acepyrene-pyrene and aceanthracene-anthracene systems. It should be
noted that TS for the five-member closure ring W1-W2 reported in the earlier work [13] has a

higher energy than that of the alternative TS for the same reaction step we found here. The new
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TS(W1-W2) is consistent in terms of its energetics and structure with the analogous TS in the
anthracene-aceanthracene and pyrene-acepyrene systems.
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Figure 3. Potential energy surface of E-bridge formation of naphthalene and acenaphthylene.

Table 1. Relative energies (kcal/mol) of various structures on the pathway to the formation of PAH
dimers from a PAH radical and ace-PAH calculated at the G3(MP2,CC) and
ONIOM2(G3(MP2,CC):B3LYP/6-31G(d)) levels of theory.

naphthyl-acenaphthalene | anthracenyl-anthracene pyrenyl-acepyrene
Structure G3(MP2,CC) ONIOM G3(MP2,CC) | ONIOM
TS R-W1 -1.7 -1.4 -2.8
W1 -48.0 -46.4 -49.1
TS W1-P2 -5.5 -2.0 -7.1
P2 -11.3 -9.3 -13.5 -11.5
TS W1-W2 -26.4 -26.7 -27.9
W2 -46.7 -50.9 -45.8
TS W2-P1 -17.1 -12.3 -15.3
P1 (E-bridge) -23.1 -17.7 -24.9 -22.5

A comparison of the PESs of different reactions considered here (Table 1) shows that, in

general, the surfaces for all three systems are in rather close agreement with each other and thus, the
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effects of the environment of the active reaction site on the mechanism and energetics are relatively
small. For the reaction products (P1 and P2) and transition states leading to these products (W2-P1
and W1-P2), the relative energies are slightly higher for the aceanthracene-anthracene system than
for naphthalene-acenaphthylene and pyrene-acepyrene. The largest difference is observed for the
E-bridge dimer and amounts to 5.4 kcal/mol, which could be due to a more favorable interaction
between benzene rings of the monomer. This result may indicate that larger linear acenes may have
a lower propensity to form E-bridge dimers than pyrene-like PAH. For other intermediates and
transition states, comparable values of relative energies are observed, the difference for the
considered systems does not exceed 1.2 kcal/mol, where the results of the G3(MP2,CC) and

ONIOM methods were compared.

Conclusions

A comparative analysis of PES for dimerization in three systems, acepyrene-pyrene,
aceanthracene-anthracene, and acenaphthalene-naphthalene, showed a close agreement of the
relative energies of various species along the reaction paths, which suggests that the PES for the
E-bridge formation reactions only weakly depend on the number of rings in the interacting
monomer molecules. In the meantime, our results indicate that larger linear acenes may have a
lower propensity to form E-bridge dimers than pyrene-like PAH. Since all intermediates, transition
states, and products in the reactions of an aryl radical with an ace-arene lie lower in energy than the
reactants, we anticipate that the reaction rate is controlled by the dynamics of the initial collision,
which in turn may depend on the size of the interacting monomers.

From the methodical point of view, the present calculations demonstrate that the ONIOM
approach provides relative energies of various species on the dimerization pathways of PAH
molecules that are comparable in accuracy to those obtained by the G3(MP2,CC) method, but with
a significant reduction of the required computer time and resources. On the contrary, the deviations
between the relative energies in the considered dimerization systems computed by the DFT methods
are more significant and do not behave systematically. The ONIOM2(G3(MP2,CC):B3LYP/6-
31G(d)) method is hence proposed as a reasonably reliable tool for energy calculations of PES in

large PAH systems.
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