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The viability of acetvlene addition in each step of aromatic formation initiated by vinyl radical and acetylene
also with its competition with structure rearrangement is investigated by determining optimal geometries and
barrier and reaction energies using quantum mechanical methods. In principle. the addition reaction has more
difficult in term of free energy and enthalpy compared to geometry arrangement. Under combustion conditions,
i.e. T=1200K. acetvlene addition is unfavorable mechanism as the barmier energy values rise much higher than
that of geometry arrangement. However. inlongerchain hydrocarbon case, e.g. #-C\Hy-1 where x 2 8, C-C bond
rotation is rather difficult and requires high energy to form a ring structure, elongation chain is preferable.
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Introduction

Aromatic compounds, in particular polvevclic aromatic
hvdrocarbons (PAHS) and their derivatives (PACs. poly-
cvelic aromatic compounds). are ubiquitous species. intro-
duced 1n the urban air by incomplete combustion processes.
Their presence 1s widespread and they are known as primary
and secondary troposphernc pollutants. Many PAHSs present
i aerosols have been found to be mutagenic or tumor-
igenic'” and a molecular biological pathway linking one of
them-benzo[a]pyvrene-to human lung cancer has been
established® This is becoming an interesting subject of
research activities among expenimental, theoretical. and
computational to collect the information about its formation
and growth. A significant research effort on PAH and soot
has been undertaken during recent vears.

The formation and growth of aromatic species bridges the
main combustion zone chemistry and soot formation. In
addition. aromatic molecules are themselves toxic and sub-
ject to environmental regulations. Nowadays. the chemistry
of aromatics either at normal temperature or at combustion
temperature has received attentions. The primary focus is on
the formation of the first aromatic ring from small aliphatics
as soot growth initiator species.

There are many general schemes of first aromatic for-
mation have been proposed and studied. At low temperature
reaction. Bitmer and Howard’ suggested the formation of
benzene via butadieny] and acetvlene reaction. This idea
then supported by Cole ef a.* by showing the formation of
butadieny] i 1.3 butadiene flame. Moreover, Frenklach ef
al® proposed the similar mechanism in their mechanism
sequence

C-H; + CsH» — #-C4H: (1)
n-CqHsz + C-Hs — n-CsHs 2
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m=C:H7 — benzene + H 3)

This reaction steps were believed as the dominant in the
first part of the main oxidation zone. Instead of its contro-
versy.!” few papers (and probably none of them) discussed
about the competition reaction between the ring formation
following above mechanism and the isomerisation (chain
elongation) due to acetyvlene attack. It should be taken in
account as each sequence of the above mechanism does not
occur in a single step reaction. There are some structure re-
arrangements. for example bond rotation and conformation.
before it goes to the next step. In this study. we try to address
this issue by limiting the case only for first aromatic ring
formation initiated by vinyl radical and acetylene reaction.
We believe that other species. such as oxygen. nitrogen. or
even other radical hydrocarbons. are existed in the real
condition in the atmosphere and affect the reaction by
another ‘type’ of competition reaction. However. this is in
order to focus the analysis not to be broadening which can
make ambiguous and diffused explanations. All studies were
performed by computational ab inito DFT (density func-
tional theory) method.

Computational Methods

All molecular calculations were carried out by using the
Gaussian 03'! system of programs. The stable and transition
structure (TS) were determined by gradient procedures'-
within the density functional theory (DFT) and employing
the B3LYP functional ¥ This function is of widespread used
and. even if it tends to underestimate some reaction barriers.
has generally performed well regarding geometries and ener-
getics. * In the case of transition structures. inspection of the
normal mode related to the imaginary frequency was suffi-
cient to confidently establish its connection with the initial
and final energy minima. The selected TS of some geometry
are shown in Figure 1 and explained later on the discussion
section. For all possible pathway. the energy evaluations
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Figure 1. Selected geometry of transition structure (TS). TS1 = C;H; addition on vinyl radical; TS2 = C;H; addition on butadienvl; TS3 =
TS of ring closure; TS4 = TS tormation of phenylviny] radical. All values are in Angstrom unit (A).

were calculated by the 6-31G(d)" level of theorv. The
activation. reaction enthalpies, and free energy were obtain-
ed by thermochemical calculation from the vibrational
analvsis."”

Results and Discussion

In order to find the best method and basis set apphed for
the system, acetyvlene and benzene have been chosen as the
model for geometry and surface energy fitting. This choice
1s realistic since the study will deal with these molecules.
Table 1 shows the result of computational using some
method and basis set compared to the result from expern-
mental. We observed few differences but generally it was
found that the optinuzed geometry was fairly reasonable to
be used as a fundamental structure for the next calculation.
For the case of B3LYP/6-31G(d). which will be used in this
study, 1t has a sigmficant geometry similanty with result of
experniment, at least up to two decimal digits. Although this
simple study and analysis could not be said exactly correct.
the general result of the simulation and model could well
enough to describe the phenomena.

Following the schematic mechanism. the reaction 1is
initiated via vinyl radical and acetylene. We find that this
reaction is very exoergic in term of free energy and activa-
tion energy (by AG = -33.8 kcal/mol. AE = -48.1 kecal/mol.
at T = 29815 K. 298 for short in the following). This
reaction has to surmount the fransition energy which is
around 3.17 kcal/mol with respects to the enthalpy differ-
ence and 10.6 kcal/mol for free energy barrier (AG*) at room
temperature. The straight-forward estimation of the TS geo-
metry is verified by means of a couple of constrained

Table 2. Transition geometry steps trom vinyl and acetvlene to
cyclohexadyenyl

AHY  AGY  AGY

Transition Structure (TSY AE* T= T= T=
298 K 298K 1200K
vinyl + C:Ha adduct 2.7 32 106 408
H conformation of butadienyl 1 — 2¢ 4.8 3.3 3.6 4.7
- C:H; adduct Al 26 23 1.8 41.1
C-C bond rotation 2=3 73 64 70 118
- C:H; adduct A2 60 64 132 449
C;H: addition of butadienyl 3 —4 22 27 128 478
H conformation of hexadienyl 4 — 3 64 36 38 97
- C:H; adduct A4 26 29 103 382
C-C bond rotation =6 37 24 28 34
- C:H; adduct A3 40 33 124 427

6—=7 15 06 22 9.8

“Energy ditterent was calculated refers ta the previous stable structure.
“Units: keal'mol. ‘This column is referring to Figure 2 to see the structure
evolution.

Ring closure

optimizations at shorter and larger C-C distance between
vinyl radical and acetylene. This confinms the geometrical
location of the maximum along the G profile in correspon-
dence to the TS on the E surface. and yvields the values
reported in Table 2. The acetylene attacks on vinyl radical
will result 1 which is unfavorable geometry for the for-
mation aromatic and for closing-ring reaction. This results
from the position of radical on the vinyl and eflects on the
acetylene bond bending of C-H. From this point. the
rearrangement of adduct molecule is required by two ways:
(1) H conformation to form 2 and continued by C-C single
bongd rotation to form 3 or (2) C-C single bond rotation and

Table 1. Caleulated and expernmental data of the optumized geometry of acetylene and benzene in ground state

HF B3LYP PW9I MP2 ,

- - Expenmental

6-31G{(d) 6-311G(2d.p) 6-31G(d) 6-311G(2d.p) 6-31G(d) 6-31G(d)  6-311G2d.p)
Acetylene
C-C 1.1833 1.1781 1.2030 1.19::4 12142 12177 1.2093 1.2024"
C-H 1.0367 1.0350 1.0666 1.0630 1.0727 1.0662 1.0643 1.0623"
Benzene
c-C 1.3862 1.3821 1.3966 1.3913 14013 1.3966 1.3934 1.397'3
C-H 1.0756 1.0748 1.0870 1.0829 1.0934 1.0870 1.0834 1.08413
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Figure 2. The energy protile for the structure evolution from vinvl
+ acetylene to cvclohexadienvl: (a) the Gibbs energy at 298 K and
(b) the Enthalpy at 1200 K.

continued by H conformation to form 3. Without this re-
arrangement scheme, the further adduct reaction with acetyl-
ene will produce chain elongation. such an 1somerisation.
that we will not address in this studyv. However, we will also
discuss the probability of long chain rearrangement steps to
achieve ring closure. ¢.g. n-C:Hs (the Gibbs energy profile is
shown in Figure 3).

At this level. the relevant free energy barrier was in this
following sequence: 3.6 keal/mol for H conformation and
6.9 kcal/mol for bond rotation. These values are much
preferable compared to the energy value of adduct reaction
for each species with C-Ha. At 298 K. the adduct reaction of
1 + C+H- requires AG* = 11.8 keal/mol and 2 + C-H- needs
AG* = 13.2 keal/mol. From the enthalpy point of view, there
was not much different between molecular structure
rearrangements and adduct reactions with C-Ha. Under the
combustion conditions. say at 1200 K. the assessment of the
free energy profile provides much higher barriers and. con-
sistently. maxima located at shorter intermolecular distances.
The barrier height of 1 + C:Ha 1s 41.1 keal/imol and 44.9
keal/miol for 2 + C-Ha. The sunilar condition was found for
the enthalpy calculation which the enthalpy barrier differ-
ence between reactants and TS jumped to 8-11 kcal/mol.
These data seem to minimize the possibility of chain elon-
gation. but we have to consider that rearrangement reaction
is reversible reaction. The enthalpy energy differences are
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Figure 3. Free energy profile (T = 298 K) of ring closer mechanism
for long chain molecule, CgHs, by forming phenylvinyl radical.

only —0.51 keal/mol between 1 and 2 and 2.9 keal/mol for 2
to 3. On the other hand, the adduct reaction 1s exoergic
reaction which results stable compound. AH = —47.8 keal/
mol for Al and —43.2 keal/mol for A2. Although the attack
of C:H- 1s more difficult than that of re-arrangement cases,
the rate of reaction will increase at higher concentration of
C:H:. At T =298 K. roughly estimated from Table 2. the rate
constant ratio of ki» (forward rate constant from 1 to 2) to
ka1 (rate constant for adduct reaction of 1). kj»kay = 1.1 x
10%. The lower value is found for the ratio of k-3 (2 to 3) to
kaz (adduct of 2) = 4 x 10* (T = 298 K). As the rate for Al
and A2 1s relative to the concentration of acetylene, ra) =kay
[C-H:] and ra» = kaz [C:H3]. the adduct reaction rate will
possibly surpass the rate of geometry rearrangement at high
acetylene concentration.

The addition of C:H: to 3 results #-C;H; that has a half
circle geometry. The adduct reaction 1s exoergic with AH =
—44.1 keal/mol and AG = —32.1 keal/mol at T = 298 K.
These values will increase at higher temperature and the
products will be less stable. e.g. at T = 1200 K. AH = —-40.4
kcal/mol and AG = 84 kecal/mol. For this reaction. the
activation energy of TS is 2.2 kcal/mol. slightly lower than
TS of vinyl + C:H» (AH* = 2.74), but relatively higher in
Gibbs energy different 12.8 keal/mol (vs AGH = 10.6 keal/
mol for TS vinyl + C-H-) at 298 K. Similar to the previous
case. the adduct reaction of 3 will result 4 which has unfavo-
rable geometry for cyclic formation. Again. the rearrange-
ment is necessary and finalized by ring closure reaction.

Also similar to the previous energy profile. the TS of
geometry transformation has lower Gibbs energy different
than that of adduct reaction. for example AG* = 5.8 keal/mol
for 4 to 5 and 2.8 keal/mol for 5 to 6 while AG* = 10.3 keal/
mol for A3 and 12.3 keal/mol for Ad at T = 298 K. These
values will rise at higher temperature that result much un-
preferable reaction of C-H: addition reaction. Later. the
energy profile can be seen clearly 1n Table 2 and Figure 2a
(for 298 K). We were failed to find the geometry of C-H:
addition to 6 as the geometry, shown in Figure 2, looks to
give a hindrance. The optimization resulted something else
which totally unreasonable geometry for this scheme.
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We also calculated the possibility of hyvdrogen elimination
from c¢-CsH» In agreement with Richter and Howard
paper.”” direct elimination of single H to form benzene or
dihvdrogen to form phenyl was required much energy.
Elinunation simgle H from ¢-CsH? followed by spontaneous
H loss results AG = 16.8 keal/mol and AH = 23.7 keal/mol
and for dihvdrogen elimination to form phenyl the energyv
different 1s much higher (AG = 21.7 kcal/mol and AH = 35.5
keal/mol). We found that H abstraction by free radical H
(forming H-) is much easier which requires AG* = 0 kecal/
mol (almost no barrier).

The long chain molecule, 7-CsHs, produced by addition of
C:Ha to #-CeH7 (could be from 4 and 5 shown n Figure 2).
still has a probability to form a cvelic molecule. In this case
we will only address the benzene-hke geometry as #-CsHg 15
also able to form 3 or 7 or even 8-membered ring molecule.
The Gibbs energy profile is shown in Figure 3. To asses the
closure ring reaction. the geomefry re-arrangement iIs
absolutely required. e.g. from A3 to Ad. Different from the
molecular rearrangement of lower C molecules, CiHwn (x €
6). the required energy (AG*) is much higher and equal to
C:H: addition. ca. 8-12 keal/mol. 1t is more difficult to
rearrange the structure when the molecule chain is longer.
Further elongation 1s favorable and geometry rearrangement
reaction 1s agaim reversible. As in the real condition, longer
chain molecule of Ca,Hzn-) was rarely detected: there should
be somie reaction mechanisms tend to decompose this
molecule or reform into more stable compounds. Ring
closure reaction (to form phenvlvinyl radical) is also less
possible due to the effects of very high barrier energy (AGH)
which ca. 24.1 keal/mol (T = 250 K) or 30.4 keal/mol (T =
1200 K).

Conclusion

The formation of aromatic, imtiated by vinyl radical and
acetvlene reaction, was studied by using computational
quantum mechanics of B3LYP/6-31G(d). The calculation of
the enthalpy and Gibbs energy shows that the addition
reaction with acetylene is less favorable than molecular
rearrangement. especially for high temperature reaction
conditions: in this case 1200 K. The TS energy barrier of the
adduct reaction is almost > 2 times of the re-arrangement
geometry. Molecular arrangement step is required to result
the structure which thermodynamically favors to form stable
cvelic molecule or aromatic. Although cyelic molecule can
be obtained from longer chain molecule. e.g. #-CiHo. but 1t
shows higher barmrier energy than shorter chain molecule.
e.g. n-CgHy. for the ring closure reaction.
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