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Thermal Cracking of Methylated Polyaromatics: Estimation of Kinetic Parameters

J-Philippe Leininger,™* Christian Minot,* # Francois Lorant,™ and Francoise Behai

Laboratoire de Chimie Thaique, Case 137, CNRS-UMR 7616, Wanisite Pierre et Marie Curie,
Paris VI 75252 Paris Cedex 05, France, andviBion Gelogie et Gechimie, Institut Franais du Perole,
1-4 avenue de Bois-Pau, 92852 Rueil-Malmaison, France

Receied: July 12, 2006; In Final Form: February 12, 2007

Density functional B3LYP and BH&HLYP calculations with the 6-31G** basis set have been performed to
investigate elementary reactions playing an important role in the pyrolysis of 1-methylnaphthalene. The
pathways describing the destiny of the main radicals, H, methyl, hydromethylnaphthyl and methylnaphthyl,
have been studied. At low temperature, addition of H atoms on the aromatic ring is favored over hydrogen
abstraction. Except at low temperature (below 400 K), the hydromethylnaphthyl radical undergoes preferentially
a loss of hydrogen rather than a bimolecular hydrogen transfer with methylnaphthalene or addition reaction
on methylnaphthalene forming a hydrogenated dimer. In the rangeZ8IDK, the formation of methane by
hydrogen abstraction of methyl radical on methylnaphthalene is predominant compared to the formation of
hydrodimethylnaphthalenes by addition reaction. Rate constants of reactions describing the formation of heavy
products like methyldinaphthylmethanes or dimethylbinaphthalenes have been calculated and discussed. They
are also compared to recombination reactions from the literature. Rate constants of these reactions have been
computed using transition state theory and can be integrated in kinetic radical schemes of methylated
polyaromatic compounds pyrolysis from geological to laboratory conditions.

1. Introduction The use of quantum methods and transition state tBeairy

The thermal stability of aromatic compounds is a key Supply knowledge on rate constants of the elementary pro-
parameter to understand the thermal evolution of oils in C€SSes: it is possible to determine the rate constants of the
sedimentary basihgat temperatures between 400 and 500 K reactions'by fjerivation from .c'alculations of vibration frequencies
and pressures ranging between 20 and 100 Mpa), which isand IOcaI!Zatlon_ of the tra-ns|t.|0n stetelt? We propose to model
controlled by the kinetics of cracking reactions. Recent pyrolysis the reactions displayed in Figure 1 and numbered from 1 to 9.
experiments~7 on methylated polyaromatics (between 600 and They are displayed in three competitive pathways, A, B, and
700 K during few hours) representative of the main aromatic C. according to the nature of the radical initiating the reaction.
structures in oils have been performed to elucidate the complex The A pathway is the competition between the addition (1) and
thermal reactivity of this chemical class. Leininger et’ al. hydrogen abstraction (2) of H atoms on the reactant. The
proposed a set of the main processes involved in 1-methyl- abstracted hydrogen can originate either from the aromatic ring
naphthalene thermal cracking, based on pyrolysis experimentsOf from the methyl group of methylnaphthalene.
of pure 1-methylnaphthalene. The rate constants of these The B pathway is linked to the destiny of the methylhy-
elementary radical processes are needed in the-200 K dronaphthyl radical (HMNa). Three reactions can consume this
temperature scale to obtain a radical kinetic scheme describingradical: reaction 3, called radical hydrogen transfer (RHT), has
quantitalively the thermal decomposition of 1-methylnaphthalene been invoked to explain the reactivity of polycyclic aromatic
from laboratory conditions (666700 K/few hours) to the  hydrocarbond3~18 It corresponds to the migration of H atom
geological conditions (408500 K/million years). Furthermore, ~ between HMNa and 1-methylnaphthalene, notably to the ipso
among the radical elementary processes proposed, some of therfosition of the methyl group (iHMNa). Thereafter the carbon
were competitive and some uncertainties remained about thecarbon bond dissociation between naphthalene and the methyl
formation of heavy products. Hence, the calculation of the rate group of ipso methylhydronaphthyl radical is feastBhich
constants of the elementary processes would allow the discrimi-leads to the formation of naphthalene. This reaction can be
nation between competitive reactions and preferential formationsfollowed by hydrogen abstraction reactions (5) and (6) by the
of heavy products. The purpose of this work is thus to calculate methyl radical on the reactant to form methane. Reaction 4,
rate constants and kinetic parameters of selected radicaladdition of the methylhydronaphthyl radical to the reactant to
processes and feed a predictive kinetic scheme of 1-methyl-form a trihydrogenated-dimethylbinaphthyl radicakti), next
naphthalene thermal decomposition. However, no experimentalcontributes to release hydrogen in the system by successive
thermokinetic data are available for such reactions on methylateddehydrogenation reactions. Another possibility of reaction of
polyaromatics and the use of group contribution methods for the pathway B is the reverse reaction of (1), the loss of hydrogen

the estimation of the rate constants remains rough. by unimolecular carbon-hydrogen dissociation.
* Corresponding author. E-mail: minot@Ict.jussieu.fr. The pa_thway Cinvolves th.e methylnaphthy! radlcal_(RMNa).
T Institut Franais du Peole. This radical can undergo either hydrogen abstraction (7) or
* UniversitePierre et Marie Curie. recombination forming respectively naphthylmethyl (MNRa)
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Figure 1. Competitive radical reactions thought to play an important role in 1-methylnaphthalene thermal cracking (reproduced from
Leininger et af).

and 1,1-dinaphthylethane (D2) radicals. RMNa radicals can also functional that led to accurate values for similar reactions on
undergo an addition reaction on 1-MNa (8), forming hydro- hydrocarbon systen?§-32 For hydrogen abstraction reactions,
methyldinaphthylmethane, called HD3. MNRa radical formed BH&HLYP was used for single point energy calculations of
by (7) can react on 1-methylnaphthalene by addition reaction reactant, products, and the transition state of hydrogen abstrac-
(9) and form a hydrogenated dimethylbinaphthyl radical (HD1). tion reactions from geometries calculated with B3LYP for
Thereafter we will discuss the relevance of each reaction within hydrogen abstraction reactions. The BH&HL3#6 functional

the kinetic schemes addressed. has indeed been suggested to give better energy bafrigrs
in spite of poorer bond energies and energies of reaélith.
2. Computational Methods This approach provides a viable alternative to more computa-

t tionally intensive methods for our large systems.
Reaction rate constants were estimated using the transition
state theor§ (TST) according to the following formula:

All of the electronic structure calculations were carried ou
with the Jaguar v5.5 and v6.5 progrghwithin the DFT?!
framework. Considering the high consuming time needed for
calculations on such large systems (up to 43 atoms) the choice b, |-
was made to calculate the optimized geometries and harmonic F— 0 - * i
vibrational frequencies using the hybrid density functional K K(T)(RTO) (ks T/h) exp(-AG, /R ®
uB3LYP?223 method with the 6-31G(d,p) basis 2é&tFor
addition/elimination reactions, we have used the B3LYP wherek(T) is the tunneling corrections terfiy andPy are the
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TABLE 1: Spin Contamination of Reactants, Products, Transition

Leininger et al.

States, and Imaginary Frequencies of TS Calculated at

uB3LYP/6-31G**; Barrier Heights Calculated at uB3LYP/6-31G** or uBH&HLYP/6-31G**; and Heats of Reactions Calculated

at the uB3LYP/6-31G** Level of Theory

heats of reactior- barrier Heightst ZPE and

reaction structure 0 iw, cmt ZPE corrections (kcal/mol) BSSE corrections (kcal/mol)

| H addition reactant 0.75
product 0.789 B3LYP
TS 0.764 —696 —26.6 4.4

2 H-abstraction reactant 0.75
product 0.795 BH&HLYP
TS, 0.766 —1169 —16.4 7.4

3 RHT reactant 0.788
product 0.783 BH&HLYP
TS 0.804 —1896 -1.6 26.5

4 C—C addition reactant 0.754
product 0.795 B3LYP
TS, 0.769 —516 10.3 23.1

5 H-abstraction reactant 0.783
product 0.788 BH&HLYP
TS 0.804 —1363 —-17.9 9.2

6 H-abstraction reactant 0.754
product 0.758 BH&HLYP
TSs 0.759 —1505 5.7 15.7

7 H-abstraction reactant 0.791
product 0.758 BH&HLYP
TS, 0.764 —857 23.8 26.8

8 C—C addition reactant 0.76
product 0.788 B3LYP
TS 0.786 —550 14.5 20.0

9 C—C addition reactant 0.795
product 0.788 B3LYP
TS 0.796 —226 —26.5 6.1

temperature and pressure referenceis the change of the
number of moles from reactants to the transition statées the
Boltzmann constanty is the Planck constant, amkiGo* is the
change of the Gibbs free energy from reactants to the transition
state wherd is the gas constant. For kinetics purpose, Arrhenius
rate coefficientA exp(—E4/RT) is often used. From the defini-
tion of activation energ¥,, by eq ii, and the expression of the
macroscopic rate coefficient eq i, the Arrhenius activation energy
is linked to the enthalpy of activation. Then, this results for an
ideal gas to the following expressions fagT) and A(T):

E,=READK (i
E,=AH"+ (1 - mRT (iii)

_ ke T AS\(RTg\am
A=exp(l— m)(T) exp(?)( o ) ™™ (iv)

A scaling factor of 0.961% was applied to correct the
overestimated harmonic vibrational frequencies with B3LYP
whereas zero-point vibrational energies were scaled with
0.9806%?

For the reactions involving hydrogen atoms, tunneling cor-

Basis set superposition error was taken into account with the
counterpoise correction of Boys and Berndfdi.

As the system is large and the reactions studied are in the
range 406-750 K for pressures above 1 atm, we consider that
pressure dependence could be neglected.

According to eq i, the transition state must be located on free
energy surfaces and not on potential surfaces at 0 K. Indeed,
the Gibbs free energy surface is a function not only of the
position of the atoms and electronic structure but also of
temperature and pressure. Therefore, the transition state structure
also varies with temperature and pressure (influence of pressure
is neglected for this study as said earlier). This kind of rate
constant calculation based on this method is called the “theory
of variational state” and was highlighted to treat correctly
unimolecular reactions with “loose” transition stdtédowever,
this approach remains a very demanding time-computing method
and thus the following procedure was applied to theHCbond
dissociation of the hydromethylnaphthyl radical, reactiet),
which presents the “loosest” transition state among the reactions
selected in this study:

On one hand, all variables except the reaction coordinate were
optimized whereas the reaction coordinate was varied stepwise.
The optimized structure was then used as initial structure for
the next step on the reaction path. At each step the free energy
of the system was calculated (computer-time demanding). The

rections to the TST rate constants were computed using theyansition state was then located on the free energy surfaces

Wigner tunneling correction factd#:

v)

wherevs is the transition state imaginary frequency.

All vibrational modes other than the lowest-vibrational one
are treated harmonically, and for the lowest frequency modes
the partition functions were calculated by the hindered rotor
approximation of Truhlar and Chuarng.

according to the coordinates of the reaction (method 1). On the
other hand, the maximum of this linear transit on the potential

energy served as a starting structure in a transition state
optimization using the transit guided quasi-Newton method,

TGQN. Then TS geometry was submitted to a vibrational

frequency analysis (method 2).

3. Results and Discussion

Results (calculated with method 2) for reactions9lare
displayed in Table 1. Barrier heights and heats of reaction are



Thermal Cracking of Methylated Polyaromatics J. Phys. Chem. A, Vol. 111, No. 16, 2003085

35 10 -
y1 =-31.318x, + 30.633
S w0, 8 - R?=1.00
% $ 2.8 keal/mol Ea1 = 31.3 kcalimol; log Ay = 13.3
o —— - 6
< 25-
0n
5 4 - ¥o =-32.112x + 31.572
4 20 - R?=1.00
5 TS calculated with transit 2 1 E.» = 32.1 kcalimol; log A; = 13.7
w 15 guided quasi-Newton method
o - 0 4
N £
: 10 -
3] 27
o
9 5- -4 4  Amethod 2 (TGQN)
O method 1
0—# ‘ ‘ -6 1
1 15 2 25 3 35
C-Hdistance (A) -8 1
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TABLE 2: Difference of AG* (kcal/mol) and Rate Constants ) . .
Ratio between Method 1 and 2 for Reaction—1 Figure 3. Arrhenius plots of Ink(T) versus 100@RT for reaction—1

with methods 1 and 2.
T(K) 400 450 500 550 600 650 700 750

AGi*— AG —0.05 0.05 0.14 0.23 0.33 042 052 0.61 TABLE 3: Calculation of the Energy Barrier for Hydrogen
ki(T)/ko(T) 1.06 095 0.87 0.81 0.76 0.72 0.69 0.67 Abstraction by H Atom on Benzene in kcal mol?

given including ZPE corrections. For all the reactions studied, method reactant TS ﬁiﬁgﬁ{
the uDFT wave functions calculated did not suffer of large spin B3LYP (hartree) 2327586 —232.7407 11.27
contammguon[ﬂ?[hever gxceeded lQ% of the theoretical value. greHLYP (hartree) 2302219 —230.1915 19.10
The location of the transition state with the TGQN method was  zpEg (kcal/mol) —151

confirmed by the only one imaginary frequency found by BSSE (kcal/mol) 0.35
analysis of the vibrational frequencies. The imaginary frequen- barrier height (kcal/mol) 17.92

cies are also displayed in Table 1 with a minus sign. at BH&HLYP with

Method Justification. The reverse reactiorl), dissociation ZPE and BSSE corrections

of carbon-hydrogen bond, presents the most “loose” transition . .
state among the reactions studied, as indicated in Table 1. Thisbarrler was higher at low temperature for method 2. But, due

reaction was modeled following both methods. The “quasi- to the linear least-squares analysis oklmersus 1T (at 400-

loose” transition state for-1) is visible on the potential energy 750 K) to calculate the Arrhenius parameters, it induced a higher

surface calculated on the reaction path according to the reactionpreexponentlal factor for method 2 to compensate at high

. A ; . temperature the higher activation energy and then reflect
coordinate in Figure 2. On this potential energy surface (PES) .
the maximum is also the TS found by method 2. The distance thereafter the lower rate constants calculated with TGQN method

of C—H dissociation of TS; found with method TGQN method compared to rate constant calculated with method 1 at higher

on the potential energy surface is 1.925 A. temperature.
After calculations of free energy at each point along the The location of the TS by the TGQN method has generated

reaction path, the TS located on free energy surfaces no Iongervery little variation in the calculation of the rate constants

corresponded to the TS geometry found with method 2. The compared to the location of the TS geometry on the free energy
difference of free energy between the two methods in the rangesurfapes. _Con_sequently,_ we have also modeled the other
400-750 K is given in Table 2. As expected, the free energy €actions in this study using method 2.

barrier found at low temperature by method 2 (TGQN) is a little ~ Additional calculations were performed for the reaction of
higher than that calculated with method 1. This means that at hydrogen abstraction on benzene by the H atom. Geometries
low temperature, method 2 located better the TS structure thanOf reactants and TS were optimized with B3LYP. Thereafter,
method 1 for which the TS structure was only “approximated” €nergies were calculated at the BH&HLYP level. ZPE and
by successive bond stretches. However, as the TS geometryBSSE corrections were also estimated. The energy barriers
changes with increasing temperature, the free energy barriercalculated with both functionals are given in Table 3.
calculated with method 2 becomes lower than the one calculated The final result for the barrier height is close to the corrected
with method 1 above 420 K. Method 2 did not take into account G2M value given by Mebel et &f. These authors estimated
the geometry changes of TS with temperature whereas methodhe energy barrier to be 17.5 kcal/mol. The heat of reaction,
1 approached better the TS location as the free energy was—7.5 kcal/mol can be compared to that calculated at a higher
calculated for each bond stretch. However, this difference in level of calculation,—8.7 4= 0.6 kcal/mol by these authof$.
free energy never exceeded 1 kcal/mol. The impact on the Our method gives also reliable bond distances for the TS
calculation of the rate constants is wel(T) is only shifted geometry: C-H breaking bond and HH forming bonds are

by 1.06 at low temperature and 0.67 at 750 K, which is quite respectively 1.478 and 0.857 A. The three atoms involved in
negligible, taking into account the uncertainty of calculations the reaction are almost linear, the anglekC-H at TS is 179.8

with B3LYP. Thus, the kinetic parameters calculated using the These values can again be compared to those of Mebel*ét al.
Arrhenius equation with both methods (Figure 3) are very close. who found 1.48-1.49 and 0.846 A for breaking and forming
The activation energy is higher with method 2 as the free energy bonds.
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3.1. Pathway A.Pathway A is induced by the release of B9 o k2 (this work)
hydrogen atoms in the system. Hydrogen atoms can either 58— k H abstract on toluene (Baulch et al. 53)
undergo an addition reaction or abstract another hydrogen atom 21 A - Kk H abstract on toluene (Nicovich et al. 51)
on the reactant. N

21 A e/ ] 138
MNa + H — HMNa (1) o] e/o/
MNa+ H—RMNa+ H 2
2 &) 19 o ?;[B/B/B///j

Reaction 1, addition of a hydrogen atom on the naphthalenic £ 44 | / A,/A
ring, is exothermic by 26.6 kcal/mol and exhibits a low - L7
activation barrier of 4.4 kcal/mol. This value is in good 17 1 o/ /5
agreement with the previous theoretical and experimental results x°
on similar systems. Barckholtz et #&l.determined a barrier 16 - R
energy of 3.77 kcal/mol for the hydrogen addition on benzene &
at the B3LYP/6-31+G(d,p) level. Park et &€ found an 15 1 In (exp -(A BDEYRT) = -1.59 at 600 K and -1.27 at 750 K
activation energy of 4.7 kcal/mol at the B3LYP/6-311G(d,p)

level for the addition of hydrogen on biphenylEl10. Sauer et 14
al.**50gave activation energies of 3.3 and 4.3 kcal/mol by two
separate experiments for the addition of hydrogen atom on
benzene, and the energy barrier evaluated by Mebel €t al.
(using G2M (rcc,MP2) level of theory) is higher, 8.9 kcal/mol.
The experimental work by Nicoviéhalso give a low activation
energy, 4.3 kcal/mol, and a similar rate constant for the addition
of hydrogen atom on benzene in the range 4080 K. The
critical distance for the formation of€H bond is 1.925 A.

For reaction 2, two different types of hydrogen atoms can be
considered for the hydrogen abstraction reaction: those from
the aromatic moiety and those from the methyl group of
1-methylnaphthalene.

For the hydrogen abstraction of hydrogen of the methyl group,
TS, geometry was found to be quasi linear, with aH-C
angle of 5.2 and a H-H distance of 1.062 A. The €H
distance of Tgis 1.247 A. The energy barrier found was 7.4
kcal/mol (including ZPE corrections). The transition state
exhibits an “early” character and the heat of reaction is about
—16.4 kcal/mol. The reverse reaction is kinetically penalized
as its energy barrier is about 23.8 kcal/mol, and thus, its
influence in a kinetic scheme (for 46050 K) is negligible
for our system. The rate constants calculated for hydrogen
abstraction are close, though slightly higher, to those determined
on toluené&54 for hydrogen abstraction by hydrogen atom on
toluene. This difference could be explained by the higher BDE
(bond dissociation enthalpies) of the-€l bond of the methyl
group of toluene compared to that for 1-methylnaphth&fene
by 1.9 kcal/mol, resulting from a higher resonance stabilization
for 1-methylnaphthalene. Taking into account this BDE differ-

24

good agreement between the rate constants calculated for,

350

T—X- -k H abstract on naphthalene (Kislov et al. 56

22

450 550

T(K)

650 750

Figure 4. Comparison of rate constants (8imol~* s7%) of reaction 2
and of hydrogen abstraction by H atom on toll@fgbetween 400
and 750 K.

—8- k1 (this work)
—<o— k2 (his work)

r —& —-k1/ k2 (this work)

]
kadd / k abs

550 650 750
T(K)

450

Figure 5. Rate constants (dhmol~* s™2) of reactions 1 and 2 between
400 and 750 K and the rate constant of hydrogen abstraction by H
atom on naphthalerfé.

. X X favorable to the addition reaction in the range 4060 K. The
ence in the calculation of the rate constants results in a very ;o Ky/ko

decreases with increasing temperature as illustrated

n Figure 5. This result is coherent with experimental &fata

hydrogen abstraction for toluene and methylnaphthalene, as seen g theoretical calculatiodson toluene.

in Figure 4.

In Figure 5 are displayed rate constants of reactions 1 and 2
and also the rate constant of the hydrogen abstraction by H
atoms on the aromatic ring. This type of reaction has recently
received a lot of attention: such reactions are evoked as
initiation reactions for the growth of polyaromatic compounds,
notably benzerié47:41.555¢and naphthalen&:56in Figure 5,k;
and k are compared without adjustment to the rate constant
calculated by Kislov et &® who have also made B3LYP/

3.2. Pathway B.

HMNa + MNa— MNa + iHMNa ©)
HMNa + MNa— H,D1 )
HMNa— H + MNa (-1)

The RHT reaction (3) is a transfer offahydrogen atom from

6-31G(d,p) calculations. The rate constant of hydrogen abstrac-a radical to an unsaturated closed-shell molecule. The energy
tion of a hydrogen from the aromatic moiety calculated by these barrier calculated was 26.5 kcal/mol. As reactant and product
author§® was significantly lower than that from the methyl of this reaction present similarities, the heat of reaction is very
group and addition reaction at 40050 K (Figure 5). Hydrogen low, only 1.6 kcal/mol. This reaction is exothermic on the whole
abstraction from the aromatic moiety is thus minor compared temperature range studied, and thus this reaction favors hydro-
to the one on the methyl group. The competitikiik, is genation in the ipso position (iHMNa). The geometry obtained
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Figure 6. Rate constants of reactions-33, 4 (dn® mol~ s%), and
—1(s™) between 400 and 750 K. temperature decreases. Neverthelkssjs higher tharks and
) ) ) ks at 400-750 K. If rate constant values indicate that reaction
for TSs is almost linear: the €H—C angle is 179.1and the —1 is the faster reaction of this competitive node, one has to

distance of the €H bond being formed is 1.421 A. A similar  note that the concentration of reactant will also affect the rate
reaction was studiéd > for the system ethyt- ethylene. Franz  f formation of iHMNa compared to the rate of reactions 3 and
et al>’ have found at the uMP2/6-31G** level of theory an 4. Figure 7 displays for example the ratio between rates of
energy barrier of 27.2 kcal/mol, quite close to our value reactions-1 and 3y_; andrs, as a function of the initial reactant
associated with a slightly shorter-G1 bond length in the TS, concentration, MNg. Thus, except for very high concentration
1.356 A. Heuts et & have found at the G2(MP2) level of  of reactant, the rate of reactionl is higher than the rate of
theory an energy barrier of 30.04 kcal/mol and a preexponential regction 3 at 408750 K.

factor (at 298.15 K for both parameters) of 37.0° dm?® mol~* The ipso hydromethylnaphthyl radical (iHMNa) is formed
s% the corresponding geometrical parameters of the TS consecutively to RHT (3) or the addition reaction (1). This latter
geometry were a EH—C angle of 171.9and a C-H distance  radical releases a methyl radical through a carhzarbon bond

of 1.397 A Watts et at? also studied this reaction with several C|eavagé-.9 The me[hy| radicals can next abstract a hydrogen
methods (coupled-cluster, uMP2), and they estimated the RHT from methylnaphthalene producing methane and either RMNa
energy barrier at 298 K between 27.7 and 30.7 kcalhol  adical (5) or naphthylmethyl radical MNRa (6).

Comparison with the system ethyl radiealethylene is in good

agreement with the previous studfés®® the higher resonance MNa + "CH, — RMNa + CH (5)

stabilization of naphthalene lowers the energy barrier (b% 1 4

kcal/mol) of the reaction for the methylnaphthalene system. MNa + ‘CH. — MNRa + CH ©6)
3 4

A competitive reaction to (3) is the addition of the HMNa

radical to 1-methylnaphthalene, reaction 4. This reaction was  Reaction 6 is thermodynamically less likely than (5), this latter
evoked® ®*to explain the formation of biaryl compounds during - peing 17.9 kcal/mol exothermic instead of 5.7 kcal/mol endo-
the pyrolysis of some PAH. The length of the forming bond of thermic for reaction 6. Hence, reverse reactieb can be
TSyis 2._111 A, corresponding to astretching_of 3_2% compared giscriminated for the same reason as reactid) its energy
to the dimer formed, gD1. The heat of reaction is 10.3 kcall  p4prier js quite high, 27.1 kcal/mol. Lengths of forming and
mol, and the energy barrier 23.1 kcal/mol. Thus reaction 4 can preaking bonds in both TS were consistent with those results:
be competitive to reaction 3. for the easier hydrogen abstraction, the bond being formed is
The third reaction of pathway B is the unimolecular dissocia- |onger than the bond being broken (respectively 1.469 and 1.263
tion of the carbor-hydrogen bond, the reverse reaction of (1), A) whereas the contrary was observed fors E8ometry, the
already described to justify the methodology employed. This hond being formed is shorter than the bond being broken (they
dissociation exhibited an energy barrier of 29.3 kcal/mol. were respectively 1.312 and 1.372 A). In the same way, the
If the energy barriers of reactions 3 and 4 are significantly H—C—H angle of the methyl group of Sgeometry was
lower than those of the dissociation reaction (from 2.8 to 6.2 inferior to that of reaction 5 by 2 As expected, hydrogen
kcal/mol lower), the rate constants have to be taken into abstraction of “aromatic” hydrogen is less favorable than
consideration because the unimolecular dissociations are ofterabstraction of methyl hydrogen: the respective energy barriers
characterized by high preexponential factors. The contribution calculated were 9.2 and 15.7 kcal/mol. These values are close
of the entropic term in the expression of the rate constant is to those found experimentally on toluene, arountd’ kcal/
very low; the energy barrier on Gibbs energy only increases by mol. At the best of our knowledge, no experimental or
1.1 kcal/mol from 300 to 1200 K. The rate constants of reactions theoretical data are available for the hydrogen abstraction by
3, —3, 4, and—1 versus temperature are displayed in Figure 6: methyl radicals on 1-methylnaphthalene. Consequektlys
as the ipso hydrogenated isomer iHMNa is more stable than compared to the rate constants calculated for the hydrogen
HMNa at 400-750 K, ks is higher thank_3 on the whole abstraction of methyl radical on toluefie?” (Figure 8). Our
temperature range. Due to their lower energy barriers, reactionscalculated rate constant is in good agreement with experimental
3 and 4 become more competitive to reactierl as the datab5-67
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Figure 8. Comparison of rate constants (8lmol~* s7%) of reaction 5 on 9-methylphenanthrete(dm? mol-! 1) between 400 and 750 K.

calculated in this work and hydrogen abstraction by methyl radicals

on toluené&>57 between 400 and 750 K. .
HCH angle of the methyl radical group only decreases y 3

The abstraction of hydrogen by reaction 5 is thus highly from 116.8 for RMNa to 113 at TS and against 106°2for
favored compared to reaction 6. Variationkefindks as func- HD3. The barrier energy calculated was 20 kcal/mol.
tion of temperature are displayed in Figure 9, together with the ~ MNRa radicals can after their formation undergo addition
rate constant of the reaction of methyl addition on 9-meth- reaction on 1MNa (9). This reaction is 26.5 kcal/mol exothermic,
ylphenanthren€ calculated at uB3LYP/6-31G(d,p) level of and thusits Tghas an early, reactant-like character. The length
theory. This latter rate constant is significantly lower than of the forming bond of TSis 2.284 A whereas this bond length
which is in good agreement with experimental restiftshe is 1.539 A for the product. The dihedral angle formed by the
production of methane was significantly higher than formation attacked carbon and the aromatic ring is only’a6TS. The
of dimethylaromatic compounds. Indeed, the ratio between ratedihedral angle between the hydrogen bonded to the attacked
constants of hydrogen abstraction by methyl radicals and carbon and the aromatic ring presented the most important
addition of methyl radicals on the aromatic moiety is 10 at 400 deviation, 12.9. The energy barrier calculated is 6.1 kcal/mol,
K and 25 at 750 K. As for the competition addition/abstraction a value close to those already calculated for this kind of reactions
of H atom, methyl addition is more favorable at low temperature. on similar chemical systef#30-53686%or example, Baulch et
On the contrary, hydrogen abstraction of an hydrogen of the al.>®determined from an extensive literature review an activation
aromatic ring becomes competitive with addition reaction of energy of 7.35 kcal/mol for the addition of methyl radical on

the methyl radicals above 600 K (Figure 9). ethylene, a value similar to the 8.8 kcal/mol activation energy
3.3. Pathway C. we found for the addition of MNRa on MNa.
In Table 4 are displayed the values of rate constants involved
RMNa+ MNa— MNa + MNRa (1) in pathway C in the temperature range 40%0 K.
RMNa + MNa— HD3 ) The recombination reaction between two methylnaphthyl radi-

cals must also be considered. This type of reaction has received
MNRa+ MNa— HD1 (9) much attention, notably the methyl, ethyl, and benzyl recombina-
tion.”0-76 Most of these reactions have been reported with no
RMNa radicals produced by reactions 2 and 5 can afterward be€nergy barrier or very low-energy barrier. The rate constants
involved in hydrogen abstraction (7), recombination, and addi- calculated in function of the system are given in Table 5. Most
tion reactions with 1-MNa (8) to form respectively MNRa radi-  Of these values are very close to the experimental value obtained
cals, 1,1-dinaphthylethane (D2), and the hydromethyldinaph- by Boyd et al’3 for the recombination of two benzyl radicals.
thylmethane radical, HD3. Through reaction 9, MNRa radicals ~ Discriminate between those reactions to highlight the main
undergo addition reaction with 1-methylnaphthalene and form mechanism responsible of the formation of dimers of 1-meth-
hydrodimethylbinaphthyl radical, HD1. HD1 and HD3 radicals ylnaphthalene is not obvious. Indeed, it is difficult to conclude
can form respectively D1 and D3 dimers by loss of hydrogen. on the competition between the rates of formation of D1, D2,
Reaction 7 is endothermic, the heat of reaction is of 23.8 and D3 without considering a kinetic scheme: the radicals
kcal/mol in favor of the RMNa radical. This quite high activation involved in the dimers formation are also involved in other
energy is explained by the significant improved resonance elementary reactions, which are in competition. Thus relative
stability of RMNa compared to MNRa. The energy barrier is concentrations, including the one of the reactant, may have an
of 26.8 kcal/mol. Thus, the reverse reaction7] exhibited a important role.
very low-energy barrier, 3.9 kcal/mol and is very fast. 3.4. Calculation of Kinetic Parameters.Above calculations
Reaction 8 corresponds to the addition of RMNa to 1MNa. have then lead to the evaluations of rate constants of the
This reaction is 14.5 kcal/mol endothermic. The geometry of reactions displayed in Figure 1 (except for the recombination
TSg exhibits rather a late, reactant-like character: the distance between two methylnaphthyl radicals) at 40060 K. Results
of C—C forming bond at the TSgeometry is 2.076 A, and the  are recapitulated in Table 6. From them and by means of egs
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TABLE 4: Calculated Rate Constants of Reactions 7;-7, 8, —8, 9, and—9 at 400-750 K in dm3 mol~ s 1 or s71
400 K 450 K 500 K 550 K 600 K 650 K 700 K 750 K

k7 2.73x 101 1.70x 1078 477x 107 7.53x 1076 7.67x 1075 5.58x 104 3.73x 1073 1.4x 102
k-7 9.75x 107 2.35x 10® 4.93x 10° 9.33x 10° 1.63x 10* 2.67x 10¢ 4.49x 10 6.18 x 10*
ks 8.58x 1076 1.70x 104 1.91x 1073 1.42x 102 7.71x 102 3.29x 101t 1.26x 10° 3.51x 10°
k-g 1.1x 107 5.56x 10’ 2.06x 1C° 6.03x 10® 1.49x 10° 3.2x 10° 6.21x 10° 1.1x 100
ko 1.06x 10° 3.25x 10° 8.24x 10° 1.82x 10* 3.62x 10¢ 6.61x 10* 1.22x 1 1.81x 1
k-9 1.66x 1073 1.97x 101 9.18x 10° 2.17x 1% 3.06x 10° 2.90x 10 2.01x 10° 1.09x 1C°

TABLE 5: Reported Rate Constants of Recombination Reactions

reaction k(T) T (K) ref
CHs + CHs 1.62x 10719(T/298 K) 12 exp(~590RT) cm? molecule st 296-1800 71
CHs + CHs 1.69 x 10719(T/298 K) 11%exp(~640RT) cm? moleculel s~ 1200-1600 72
CHz + CH3 1.91 x 10 %9(T/298K) +17 exp(—640RT) cm?® molecule! st 200-2000 73
C/H; + CiH7 10"4exp(1673RT) L mol~ts? 300-1200 19
C:H; + C/H7 2.91x 10 * cnm® molecule* st 435-519 74
C;H7 + C/H7 4.07 x 107*3(T/298 K4 cm® molecule* st 300-1500 75
C:H; 4+ C/H7 2.09x 103 cm? molecule* st 300-843 76
C/H; + C/Hy 1.32x 10° cm® moleculets™? 773-1020 77

TABLE 6: Calculated Rate Constants for Reactions +9 at the uB3LYP/6-31G** and BH&HLYP/6-31G** Levels of Theory
between 400 and 750 K

reaction k(400) k(450) k(500) k(550) k(600) k(650) k(700) k(750)
1 1.74x 108 3.07x 1¢® 4.91x 1C® 7.32x 108 1.03x 10° 1.40x 10° 1.83x 10° 2.32x 10°
-1 152x 104 1.29x 102 4.60x 10t 8.66 x 10° 1.01x 1 8.16x 177 491x 10° 2.34x 10¢
2 2.68x 107 6.54 x 10’ 1.36x 1C° 2.54x 108 4.33x 10° 6.91x 1C° 1.04x 1@ 1.51x 1
3 481x10°%  223x10* 4.95x10°% 6.40x 102 552x 10!  3.48x 1C° 1.86x 10" 6.92x 10!
-4 3.01x 107 1.86x 10° 515x10“% 8.07x 103 8.15x 102 588x 10! 3.52x 10° 1.45x% 10t
4 2.07x 10¢ 5.53x 10° 7.46x 10° 6.60x 10 4.01x 10° 1.85x 1¢° 7.47x 10° 2.16x 101
-5 3.42x 10° 2.60x 1C° 1.32x 107 5.01x 10/ 1.53x 1¢° 3.97x 108 9.00x 10 1.83x 1
5 3.33x 10° 1.34x 10¢ 4.21x 100 1.11x 100 2.53x 10° 5.22x 10° 1.07x 10° 1.75x 10°
6 1.63x 1° 1.65x 10 1.08x 1(? 5.14x 1% 1.94x 1C° 6.09x 1C° 1.79x 10 3.99x 10¢
k7 2.73x 10% 1.70x 10°8 4.77x 1077 7.53x 10°® 7.67x 10°° 5.58x 10 3.73x 1073 1.4x 1072
k-7 9.75x 1@ 2.35x 10° 4.93x 1C° 9.33x 10° 1.63x 10 2.67x 10 4.49x 10 6.18x 10*
ks 8.58x 10®  1.70x10* 191x10°% 142x102% 7.71x102 329x10! 1.26x 10° 3.51x 10°
kg 1.1x 10 5.56 x 107 2.06x 10° 6.03x 108 1.49x 1¢° 3.2x 10° 6.21x 10° 1.1x 10%
ko 1.06 x 10° 3.25x 10° 8.24x 10° 1.82x 10* 3.62x 10 6.61x 10* 1.22x 10° 1.81x 10°
k g 1.66x 1073 1.97x 101 9.18x 10° 2.17x 107 3.06x 103 2.90x 104 2.01x 10° 1.09x 108
TABLE 7: Kinetic Parameters on the Scale 406-750 K state theory to calculate rate constants of reactions involved
log A, s or during 1-methylnaphthalene pyrolysis. ZPE and BSSE were
reaction E,, kcal/mol Lmollst R2 taken into account to estimate barrier heights. Reaction pathways
1 a4 10.6 0.9988 were investigated with competitive reactions by implying three
-1 32.1 13.7 1 radicals, hydrogen atom, hydromethylnaphthyl, and methyl-
2 6.9 11.2 0.9991 naphthyl radicals and the reactant. Rate constants were calcu-
3 28.1 10.0 0.9999 lated in the range 400750 K, from the geological conditions
-3 30.2 9.9 0.9999 to those of the laboratory. The method and level of theory
_2 ii:é 12'.2 1 chosen gave reliable results in agreement with previous theoreti-
5 10.7 93 0.9989 cal studies or experimental data.
6 17.3 9.6 0.9996 For pathway A, the addition reaction of H atm on 1-MNa is
7 30.3 6.9 0.9999 favored over abstraction hydrogen at low temperature. This
-7 7.1 6.8 0.9972 result is in good agreement with previous experimental work,
_g ﬁé lg'g 2'9998 for which a signifi.cant yielq of molecu!ar .hydrogen was
9 8.8 78 0.9997 observed only at high severity of pyrolysis, i.e., at the latest
-9 34.6 16.1 0.9983 stage of 1-methylnaphthalene pyrolysis. With increasing tem-

perature, hydrogen abstraction becomes competitive to addition.
For pathway B, rate constants of reactions 3 and 4, RHT and
formation of D1, are lower than the rate constant of reaction

iv and v, the Arrhenius parameters were calculated by fitting a
linear function through the values &fT) with a least-squares
method. Activation energiek,, and preexponential factors are  _1 This behavior decreases with temperatureEagandEa 4
displayed in Table 7. In the low range of temperature chosen, 4re lower tharEa_;. The hydrogen abstraction of the méthyl
Ea and A can be considered constant with temperature, the 5 jca is done preferentially on hydrogens of the methyl group
correlation coefficientsR?) calculated were found very close rather than on hydrogen of the aromatic moiety. Furthermore,

to 1 for each reaction. These kinetic parameters can then bey,o ratio hetween rate constants of hydrogen abstraction of
integrated into a kinetic scheme accounting for 1_MNa thermal hydrogen of the methyl group and addition of the methyl

degradation radicald® was about of 10 in the temperature range studied:
dimethylnaphthalenes would be a minor product compared to
methane.

We have applied density functional B3LYP and BH&HLYP For pathway C, reaction 9 exhibited the lowest activation
methods with the 6-31G** basis set combined with transition energy. However, the discrimination between the predominant

4. Conclusion
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rates of formation of dimers, D1, D2, and D3 needs to also
consider reaction 4, which producesl{ and reverse reactions
—4, —8, and —9. As many reactions involve the radical
precursors (HMNa, RMNa and MNRa) of dimers, the use of a
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