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INTRODUCTION

Motivation. The present work on modelling thermolysis of a methylated aromatic acene continues our
studies [1,2] of simple substrates that mimic the chemical moieties found in complex fossil materials of
engineering interest. The 9,10-dimethylanthracene, abbr. 910DMA, substrate was chosen because its
acene ring is prototypical of thc aromatie ring systems found in fossil materials, while its methyl groups
typify the electron-donating substituents commonly pendant thereon.

Previous Work. Thermolysis of 910DMA has not previously been studied by other authors.

Outline. Our modelling of 910DMA thermolysis is based upon a 10-step mechanism, valid at low
conversions, that was recently formulated to describe experimental observations [1,2]. Thermochemical
parameters for all stable and radical species occurring in the mechanism were estimated from first
principles. Next, enthalpies of reaction were calculated for each elementary step and used to infer
Arthenius parameters in both forward and reverse directions. Rate constants were then calculated for each
reaction at a selected temperature, and these were used in conjunction with the differential conservation
relations for each species to effect a full numerical solution of the model system, starting from an initial
condition of pure substrate. The numerical simulation of 910DMA thermolysis kinetics and product
selectivities was directly compared with experimental observations at the same conditions. A sensitivity
analysis was performed to discern how errors in the estimated Arrhenius parameters affected the model
results. Finally, the Arrhenius parameters of certain elementary steps were adjusted, within their error
limits, to provide an optimized model that best-fit the experimentat observations.

REACTION PATHWAYS & MECHANISM

Pathways. Earlier experiments have identified three primary parallel pathways for thermolysis of
910DMA, namely: (P1) hydrogenation to cis- and trans-9,10-dihydro-9,10-dimethylanthracene, abbr.
DHDMA, (P2) demethylation to 9-methylanthracene, abbr. 9MA, and (P3) methylation to 1,9,10- and
other trimethylanthracene isomers, abbr. TMA. The primary demethylation product 9MA is associated
with methane gas formation, and considerable amounts of heavy products are formed, including both pure-
and cross-termination types of dimeric species related to 910DMA and DHDMA.

Mechanism. A possible mechanism for 910DMA thermolysis is presented in Fig. 1. This elementary step
"graph" is constructed with substrate and all stable molecular products arrayed in the bottom row and
unstable radical intermediates arrayed in the top row. Reaction “nodes", arrayed in the middle row,
connect the individual species in the bottom and top rows with arrows indicating the initial direction of
reaction (all reactions are, of course, reversible). Initiation reactions are denoted by solid interconnecting
lines, propagation reactions by various kinds of dashed lines and termination reactions by dotted lines.
Armrow weights depict the relative elementary reaction traffic, to be discussed in the next section.

The free-radical cycle is initiated by the bimolecular disproportionation of substrate (R1), an
intermolecular hydrogen transfer reaction, to form the respectively dehydrogenated and hydrogenated
radical species 910DMA* and HDMA*. Of these, the latter can either abstract hydrogen from 910DMA
by (R2), to form DHDMA products, or undergo a -scission type of radical decomposition by (R3),
forming 9MA product and a methyl radical CH3*. The CH;3* can either abstract H from 910DMA by (R4),
to form methane product, or add to 910DMA by (RS), to form the trimethyl radical HTMA1*. The latter
can then abstract H from 910DMA via (R6) to form the observed TMA product. The radical cycle is
terminated by the species 910DMA* and HDMA* engaging in both pure- and cross-combinations, (R7-
R9), to form various dimeric products. HDMA®* radical can also terminate by disproportionation, (R10),
to form 910DMA and DHDMA,

The proposed mechanism accounts for the major products, IMA, TMA, DHDMA, CH, and heavies,
observed during the initial stages of 910DMA thenmolysis. Each of the observed triad of primary
pathways arise naturally as limiting cases of the graph, with P1, hydrogenation, comprising the set [R1,
R2, R7]; P2, demethylation, the set [R1, R3, R4, R7]; and P3, methylation, the set [R1, R3, RS, R6, R8].
The stoichiometry of these sets restricts the maximum selectivity of each major product to 1/3, which is of
the magnitude of the highest selectivities observed. The mechanism also suggests that the relative kinetics
of the observed hydrogenation and demethylation pathways, (P1)/(P2), are controlled by the HDMA*
radical, through the ratio of its H-abstraction to B-scission reactions (R2)/(R3). Further, the observed
methyiation to demethylation pathway ratio, (P3)/{(P2), is governed by competition between methyl radical
reactions (R4) and (R5), in which CH3* either abstracts H from or adds to the 910DMA substrate.

MODELLING 0

Thermochemistry. Enthalpies of formation, AH', for all chemical species participating in our 910DMA
thermolysis model were estimated by a "magro" group-additivity technique, using a basis set of bond
strengths, D° kcal/mol, steric corrections, C" kcal/mol, and stable species enthalpies of formation, AHOf,
assembled from a variety of literature sources {3-10]. Fig. 2 illustrates the estimation procedures. For the
stable species 9IMA in (a), we started with the largest, most structurally similar basis species available,
namely ANT; other basis species and steric corrections, in this case IMN, NAP and an alkene gauche
interaction, were then either added or subtracted to brid§e the structural differences between the starting
and the desired species. The method provided both AH"¢, kcal/mol, and its rms error, kcal/mol.
Calculations for a radical species, HDMA®*, are shown in Fig. 2(b).

643



Arrhenius Parameters. Arrhenius expressions of the form log;o k=1logo A - E */© , with rate constant k
(I, mol, s units), pre-exponential factor A (same units as k), activation energy E* (kcal/mol), and scaled
temperature © = 0.004573*(T C +273.2), were generated for each elementary step of the 910DMA
thermolysis mechanism, as summarized in Table }. An elementary reaction was first classified (column
2), using standard free-radical reaction notation. Next, kinetic data [5, 11-14] for that type of reaction was
analyzed to ascertain its activation parameters. Ofthese, log oA = log ¢Ajy, + logyo(rpd) was decomposed
into an intrinsic portion, log;o Ay (column 3) and a reaction path degeneracy, rpd (column 4). Activation
energy E” was determined by an Evans-Polanyi expression (column 5), of form E*= Ep+a.AH, witha =
0 (combinations), 0.5 (H-abstraction and transfer) or 1 (homolysis, beta-scission). Values of the enthalpy
of reaction AH'; (column 6), derived from thermochemical estimates of the previous section, then led to
E* (column 7) and the final Arrhenius expression (column 8).

Numerical Solution. The model 910DMA thermolysis reaction system was solved by a computer code
called ACUCHEM [15]. This program numerically solves a system of differential equations that describe
the temporal behavior of a spatially homogeneous, isothermal, multicomponent chemical reaction system.
Integrations are performed by the method of Gear [16], appropriate for the stiff differential equations
encountered in the present case. Two types of tests were performed to ensure reliable results. First, in
regard to stability, it was verified that the program generated the same concentration profiles, regardless of
the time step size. Second, in regard to fidelity, the concentrations of all species, both radical and stable,
calculated by the numerical solution at low conversions X < 0.1 were found to agree with the
corresponding concentrations obtained from pseudo-steady-state algebraic solutions at similar conditions.

RESULTS & DISCUSSION

Original Model. Numerical solutions of the 910DMA thermolysis model were obtained at selected
conditions covering the entire experimental grid, 315 < T C <409 and 0.082 < [910DMA],, mol/l < 2.47.
The complete concentration histories of all radical and stable species obtained from each simulation were
then used to prepare the illustrations in Figs. I, 3 and 4.

Reaction Traffic. The arrows in Fig. 1 graphically depict the elementary reaction traffic as calculated at
T =355C, [910DMA], = 0.82 mol/l, and conversion X = 0.31, the thicker arrows denoting reactions with
the greater net (forward - reverse) rates. The 910DMA substrate decomposes mainly, but not exclusively,
by (R1). The rates of hydrogenation (R2) and of demethylation (R3) are of comparable magnitudes, with
(R3) > (R2). Methyl radical quenching by H-abstraction from substrate (R4) greatly exceeds its addition
to the substrate (R5). Among termination reactions, (R7 - R10), 910DMA* combination (R7) is dominant.

Kinetics. Fig. 3 compares substrate decay half-lives t* calculated from the model (hollow poinvs and
dashed lines) with those observed experimentally, (solid points and lines). Fig. 3(a), a semi-logarithmic
Arrhenius-type plot of t* vs. 1/@, shows that, at constant [910DMA], = 0.82 mol/l, the calculated t* are
about 3-fold higher than experimental at all temperatures. Decomposition kmetlcs predicted by the model
are thus slower than experimental, but exhibit roughly the same apparent aclivation energy. Fig. 3(b), a
log-log plot of t* vs. [910DMA], at constant T = 355 C, shows that the calculated t* are 2- to 10-fold
higher than experimental, the more so at the lowest [910DMA],, with the model predicting an apparent
decomposition reaction order ~2, somewhat greater than the experimentally observed order ~1.5.

Product Selectivities. Fig. 4 compares (a) the selectivity to 9MA product and (b) the ratio of TMA/SMA
products, as calculated from the model, with those observed experimentally, using semi-logarithmic
Arrhenius-type coordinates of either S(9MA) or RCTMA/9MA) vs. 1/0 at constant [910DMA], = 0.82
mol/l. In Fig. 4(a) the model is seen to predict a 9MA selectivity S(9MA) from 0.1 to 0.7 orders of
magnitude below experimental, while in Fig. 4(b) model predictions of the major product ratio
R[TMA/9MAT] lie within 0.2 orders of magnitude of the experimental observations.

Sensitivity Analyses. The significance of the differences between model predictions and experimental
observations was sought from sensitivity analyses at T =355 C and [910DMAJ; = 0.82 mol/l, the central
point of the experimental grid, by separately perturbing the kmetlcs of selected elementary steps. The
effects of these perturbations on the predicted decay half-life t*, SMA selectivity S(9MA), and the primary
product ratio RFTMA/9MAY}, are shown by the vertical dashed Ilnes in Figs. 3 and 4. In Figs. 3(a) and (b),
for example, the uncertainty in t* was estimated by perturbing the activation energy E*| by + 4.4 kcal/mol
(the inherent error in AH™ ), since the elementary reaction R1 contributes most heavily to the destruction
of 910DMA substrate in our model The upper and lower ends of the vertical dashed lines in each portion
of Fig. 3 represent values of t* obtained by negative and positive perturbations, respectlvely of E*|. This
sensitivity analysis shows that the inherent uncertainties of + 1.5 orders of magnitude in values of t
calculated by the model considerably exceed the 0.5 to 1.0 order of magnitude differences between the
model results and experimental observations. That is, within its (large) error limits, the model yields half-
lives in agreement with experiments. Similar sensitivity analyses provided the vertica! dashed lines in
each of Figs. 4(a) and (b), showing that, within its error limits, the mode! also yielded 9MA selectivities
and TMA/9MA ratios in accord with experiment.

Optimized Model. The preceding comparisons between model and experimental results are mildly
noteworthy because all the kinetic parameters employed in the original model were derived from first
principles and used without adjustments. However, these comparisons also revealed the empirical
alterations that might permit a best-fit of experimental results for engineering purposes, termed the
“optimized” model. Specifically, the best-fit of all experimental data for 910DMA thermolysis at T =355
C with [910DMA], = 0.82 mol/l arose by altering the original activation energies E*|, E*,, E* ; and E*;
by respective amounts of -1.2, +1.2, -1.2 and - 1.2 kcal/mol, all of these changes being well within the
inherent uncertainties of these parameters, respectively, +4.4, £2.4, 2.4 and 3.7 kcal/mol. Figs. 5 (a) and
(b) compare substrate and product histories obtained from the optlmlzed model (lines) to the experimental
data (points) for 910DMA, 9MA, TMA, CH4, and DHDMA Fig. 5(a) shows the optimized model to well
predict the observed 910DMA decay, with decay half-lives t* = 25000 s from the model versus 22000 s
experimental. The absolute amounts of 9MA and of TMA formed by the model are both about 1.5-fold
lower than experimental in Fig. 5(a), but the model well predicts the relatively small amounts of DHDMA,
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and its delicate variation with time, in Fig. 5(b). Finally, Figs. 6(a) and (b) show that the optimized model
Provides the correct magnitudes of the major product ratios R[DHDMA/9MA] and R[TMA/9MA], as well
s a qualitative indication of their respective variations with conversion. For example, at all conversions
0.0 <X <0.54 the ratio R[TMA/9MA] ~ 0.25 from the mode! lies astride the experimental data.

Modelling Perspective. In regard to both thermolysis kinetics and the selectivities of major products, the
predictions of the optimized model are appreciably closer to the experimental observations than those of
the Original model. However, the differences between the activation parameters of the optimized and
original models, of order 1.2 kcal/mol, are small relative to the inherent uncertainties in these parameters,
of order 3.5 kcal/mol. Thus, although the optimized model effects an appealing cosmetic improvement
over the original model, of possible value in engmeermg applications, the two models remain statistically
similar. Substantive scientific improvements in modelling thermolyses such as the present must await
better methods, and more reliable data, for deriving the kinetics of the underlying elementary reactions.
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Table 1. Evans-Polanyi Relations and Arrhenius Parameters for
Model Elementary Reactions.

Evans-Polanyi Aarhenius
10g10 A Relation: aH? E’ ion:
Type of Reaction 1 mal!s!  rpa E' = keal/mol  keal/mot logio k =
molecular .
R1 disproportionation 8s % AH; 434 434 9.9 - 434/0
edical
Rl oroportionstion 8s 1 0 434 0 8s
R2 H-abstraction 81 6 175 + aAH /2 12 181 89 -181/8
R2 H-sbstraction 81 2 175 + AH*/2 12 169 84 -165/0
R3 methyl scission 135 1 21 + AH,; 25 s 135 - 316/0
R-3 CH3* addition 83 1 21 -295 21 83-21/8
R4 H-abstraction 81 6 175 + aAHSf2 2.1 62 89 -62/8
R4 H-abstraction a1 4 175 + AH,'/2 27 289 87-289/8
RS CH3* addition 83 ‘4 51 188 51 89-5.1/8
RS methy} scission 135 1 5.1 + AH,” 186 07 135-237/8
RS  radical H transter 81 2 175 + AH/2 132 109 84 - 105/8
R6  radical H trensfer 81 1 175 + 8H,/2 B2 %1 81.-24.1/0
. .
R7 m““‘“'bmm 93 1 0 542 0 93
homolytic .
R7 dissodiation 5 1 Al 542 542 155-542/8
radical
R8 combination 93 1 0 524 0 93
homolytic .
RS dissociation 155 1 AH, 524 524 155 - 52.4/8
radical
R combisation 93 1 0 507 0 93
homolytic .
RY fimmociarion 155 1 &H, 50.7 507 155 - 50.7/8
.
RIO . radical tio0 8s 1 0 422 0 85
molecular .
RO sonation 8s ‘4 aH; 422 Q22 9.1-422/8
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Figure 1. Elementary Step Graph of 310DMA Thermolysis Mechanism. {

Arrow weights depict relative reaction traffic at T = 355 C, [310DMA]o = 0.82 mol/l,
and conversion X = 0.31, as calculated from the original mode! (see text).
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Figure 2. lliustration of Macro-Group Additivity Scheme for E stimation
of Thermochemical Properties of (a) Stable and (b) Radical Species.
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Figure 3. Decay HalftLives t* Experimental (solid circles and lines) Versus
Calculated From Original Model (hollow circles, dashed lines) at ¢
(a) constant [910DMA]Jo = 0.82 mol/l and (b) constant T= 355 C.

646 : t



VWB/NYL oney (Q) ‘VINeYNaHA oney (e)
‘INow Zg'L = olYINQOL6) UM Q GGE = L

1e (sjuiod) syjuswiiadx3 "sA (saul)

synsay |apoW paziwndQ g aunbiy

L

A

80 NOBYRANOC YIGOLS
[ o vo o °
e o
© - o ° ]
o o
FLR o % 3
e e o |
00 NGIEURANOD YEIGDLS
0 o vo ) °
—— v T T
' o
n o w5

(e)

YIWAHQ (9) ‘'VINL 'PHO 'VING 'VINAOL6 (B)
Ifiow Zg'| = olyINAO0L6] UM O GGE = L

18 (siulod) sjuawiiadxg "sA (saul)

s)nsay [8pON peZIwndo g 2unbiy

o
ooss 00003 il DODOY S8
—T T T T T
L
° [} 9
° Rl
o
°
. [ 1§
°
E b d
°
{on
= .
o
« zvaL
ooons ooxs coon o001 00
Ty
8 000
8 1
. - =T

§

TvwsrywLl oney (q) 'vine 01 Auanoosas (s)
"(saul pijos ‘syuiod pijos) sjuewadxgy

‘SA (sauy| paysep ‘sjuiod moiioy)

syinsey [apoWw (eulblQ v ainBi4

L H

o

trmedg By



