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Decomposition, Isomerization, and Ring Expansion in 2-Methylindene: Single-pulse Shock
Tube and Modeling Study
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The thermal reactions of 2-methylindene diluted in argon were studied behind reflected shock waves in a 2
in. i.d. pressurized driver single-pulse shock tube over the temperature rangelBIBROK and overall densities

of ~3 x 10°® mol/cn®. A plethora of products resulting from decompositions, isomerizations, and ring
expansion were found in the post shock samples. They were naphthalene as the product of five-membered
ring expansion, 1- and 3-methylindene due to isomerizations, and@GH,, C;Hes, C,H,, benzene, toluene,
ethylbenzene, styrene, phenylacetylene, and indene as the result of fragmentation. Very minute yields of
some other compounds were also observed. Except for the isomerizations that take place from the reactant as
a starting material, the production of all the other products involve free radical reactions. The initiation of the
free radical mechanisms in the decomposition of 2-methylindene takes place via ejection of hydrogen atoms
from sp carbons and dissociation of the methyl group attached to the ring. The H atoms and the methyl
radicals initiate a free radical mechanism by abstraction of hydrogen atoms ftaarispns and by dissociative
recombination of H atom and removal of a methyl group from the ring. In addition to these dissociation
reactions there are several breakdown processes that involve cleavage of the five-membered ring to produce
both stable and unstable products. The ring expansion process that leads to the production of a high yield of
naphthalene takes place only from a methylene indene radical intermediate rather than methylindene itself,
whereas isomerizations take place from both the radical intermediates and the molecule. The total decomposition
of 2-methylindene in terms of a first-order rate constant is givenkays = 10'3%%xp (—-59.4 x 10°/RT) s L.

A reaction scheme containing 34 species and 71 elementary reactions was composed and computer simulation
was performed over the temperature range B0 K at 25 K intervals. The agreement between the
experimental results and the model prediction for most of the species is satisfactory

Introduction isomerizations in these molecules were reported. It has been
found also that the methyl group shifts play a very important

role in the ring expansion process as the energy barriers for the
process differ from one isomer to another. Thus, for several

isomers isomerization followed by ring expansion is faster than

a direct ring expansion.

When a five-membered ring with a methyl group attached to
the ring is subjected to high temperatures, in addition to
fragmentation, ring expansion and migration of the methyl group
from its original site also take place. Moreover, the ring
e_xpan_sion and is_omerization products are_found 0 be_ of very As far as we are aware, the thermal reactions of 2-methyl-
high yield. Expenmental “?3““5 were o.btalned, modeling and indene have never been studied in the past. In this investigation
quantum chemical calculations of potential energy sgrr;acgs havewe present experimental results and computer modeling of the
e oo O hemal eactons of Zmetyindene. Th e paametes o e

. ’ . . ’ isomerizations and of the ring expansion for the kinetic scheme
ylindene (quantum chemical calculatiohahd others. Some of are based on quantum chemical calculations (at QCISD(T)/
the studies have been published and some are still in the Procesya vp jevel 0? theory). Similarly, the calculated thermody-
of data reduction. : ’

. . - . namic properties of the various radical intermediates are based
Upon ring expansion methylpyrrole produces pyridine, di-

. s . on the same calculations.

methylpyrrole produces two isomers of picoline (methylpyri-
dine), methylindole produces quinoline and isoquinoline, and . .
methylcyclopentadiene produces benzene and higher aromaticsI.EXpe”mem{jll Procedure and Data Reduction
All at high yields. Shock Tube The thermal reactions of 2-methylindene were

Quantum chemical calculations on all the compounds men- studied behind reflected shock wavasai2 in. i.d. single pulse
tioned have shown that the ring expansion process does not takeshock tube. The driven sectiod m long, was divided in the
place from the molecules but rather from the intermediate middle by a 2 in. ball valve. The driver had a variable length
radicals that have a methylene group attached to the ring.up to a maximum of 2.7 m and could be varied in small steps
Isomerizations, on the other hand, take place from both the in order to tune for the best cooling conditions. A 36-L dump
molecules and the radical intermediates. Except for isomeriza-tank was connected to the driven section near the diaphragm
tions resulting from migrations of the methyl group, no other holder in order to quench transmitted shocks. The driven section
was separated from the driver by Mylar polyester film of various
* Corresponding author. E-mail: Assa@vms.huji.ac.il thicknesses depending upon the desired shock strength. The tube,
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the gas handling system, the reaction mixture bulbs and the 350
intai o i - > CH,CF
transfer tut])cisl \gvgre heated and maintained at°C7With an o 300 2-Methylindene CF,
accuracy 0 - , e [ 0.3%, T=1258K HecH: GueH
Reflected shock temperatures were determined from the extent® .. & FIp St ¥
of decomposition of 1,1,1-trifluoroethane which was added in § E * @I
small quantities to the reaction mixtures to serve as an in- 5§ 200 [ i y (x10)
ternal standard. Its decomposition to £+CF, + HF is a first- 3 . iy P
order unimolecular reaction that under the temperature and% 150 £ @
pressure of this investigation has a rate constank;@f = © s6i E (x10) H,CH,
104-8%xp(—74.05x 103RT) s, whereRis expressed in units x E \’
of cal/(K mol)? 9 Erk Ce?) ¥10)
& N
Reflected shock temperatures were calculated from the F ] N
relation ot - :
2 6 10 14 30 50 70

retention time (min)

T= —(E/R)/[In{— Aitln(l—x)”

100

wheret is the reaction dwell time, approximately 2 nfsand
E are the Arrhenius parameters of the standard reactiony and sl
is the extent of decomposition defined as -

x = [CH,=CF,]/(ICH,=CF,], + [CH,CF]))

elative abundance

Density ratios were calculated from the measured incident
shock velocities using the three conservation equations and the;
ideal gas equation of state. Cooling rates were approximately 5 ©

x 10P K/s. a

Materials and Analysis. Reaction mixtures containing 0.5% L —_— N
of methyl indene diluted in argon were prepared and stored at %00 150 200 250 300 350
1 atm in 12 L glass bulbs. The concentration of the internal retention time (min)

standard was 0.1%. The bulbs and the gas handling manifold
were pumped down te-107° Torr. The argon and helium used
were of high purity and were used without further purification.
Gas chromatographic analyses of the post shock mixturesi in the shocked sampleg(pr) is its sensitivity relative to
provided the product distribution and the temperature (calculated reactant, anah(pr) is the number of its carbon atoms/p; is
from the ratio [CH=CF,]/[CH3CF;]o). Flame ionization detec-  the compression ratio behind the reflected shock wave,Tand
tor (FID) and a temperature-programmed 2-m Porapak N columnis the temperature of the reaction mixture prior to shock heating,

Figure 1. Gas chromatograms of a post-shock mixture of 0.5%
2-methylindene in argon heated to 1258 K, taken on FID.

were used. i.e., the temperature of the shock tube, Z@in the present
The areas under the GC peaks were evaluated (&img- studies.

matograph Station for Windovsoftware (CWS ver. 1.7) from

DataApex Ltd. Results

Phenyl acetylene and styrene, both products of 2-methylin- 14 getermine the distribution of reaction products, some 35

dene decomposition could not be separated on the columns Us€dggtq were run with mixtures containing 0.5% 2-methylindene
so their concentrations were determined with the SIM mode of 4 5 104 1,1,1-trifluoroethane in argon, covering the temper-

the GC-MS. The two isomerization products 1-methyl indene oo range 10501300 K. Extents of reaction starting from a
and 3'm8thyl indene CO.UId not be separated and could not befew hundredths of one percent were determined. A typical
determined separately in the GC-MS because of very similar chromatogram of a post shock mixture of 2-methylindene in

mass spe_ctra. They are presented as one entity. ) argon, heated to 1258 K, divided into two parts, is shown in
Evaluation of the Product Concentrations.To avoid errors Figure 1. The two peaks GBF; and CH—=CF, in the upper
resulting from irreproducibility of the detector responses, o are those of the chemical thermometer, the ratio of which

colnc_entrati(;ns of reactic_)n pr;)dhuc&,(pr)i weIrEe (lzalc_ulate? h is used to calculate the temperature behind the reflected shock.
relative to the concentration of the reactant. Evaluation of the 4 product distribution is shown graphically in Figure 2.

concenr:ra?olrs from tlhg integrated GC peak areas was don€poqycts of minute quantities were not included. Points for
using the following relations: toluene are available only from 1170 K and higher because of
unexplained very high scatter. The product distribution is later

Ce(pr); = Alpr)/S(pr) x { Co(reactaniyA(reactant} being used as a basis for comparison between the model

Cy(reactant)= {p, x %(reactant) (pg/p,)/100RT,} prediction and the experimental results. N
Figure 3 shows the rate constant for the overall decomposition
A(reactant)= A(reactant)+ 1'2[n(pri) x A(Pr)/S(pr)] of 2-methyllndene, calculated as a first-order rate constant from
n the relation
whereCs(reactant) is the concentration of the reactant behind Kot = —IN{[2-methylindeng][2-methylindene]} /t
the reflected shock prior to decompositiok(yeactanty is its
calculated GC peak area prior to decomposition, arnsl the The value obtained at the low-temperature erg,jg = 101369

number of its carbon atomA(pr,); is the peak area of a product  exp(—59.4 x 10°%/RT) s™1, whereR is expressed in units of cal/
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Figure 3. Arrhenius plot of a first-order rate constant for the overall
102 | 2-Methylindene decomposition of 2-methylindene. The rate constant is calculated
E : from the relationkiw = —In{[2-methylindene][2-methylindene]} /t.
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Figure 2. Distribution of reaction products as a function of temperature. 102
. . . :||||I||||I|||I||||I
(K mol)l. Figure 4 shows Arrhenius plots of the flrst-ordgr 0.75 0.80 0.85 0.90 0.95
production rate of several products, calculated from the relation
1000/ 7(K")
[product] K
= . T X -
Korodcr [2-methylindene] — [2-methylindeng] = @ -
Note that the calculated values correspond to production rates 10 3
and not to the depletion rate of the reactant due to the production -
of a given product. Values d obtained from the slopes of the -
lines and their corresponding preexponential factors are sum- = q0t E
marized in Table 1. The lines are calculated for the lower L E
temperature range of the reaction before further decomposition B E
of the products begins to take place. Since the production of X i
almost all the stable products is associated in one way or another 10° £
with free radical reactions and are the result of consecutive series c
of reactions, their parameters do not represent true first-order i
rate constants. They do provide, however, a convenient way to .
) . 107 E
summarize general rates. Note that the ethane production rate g
T TN T TN NN T TN T T NN T SN S TN S T N SO |

has a high temperature dependence. The reason for this is the
relatively high dependence of methyl radical formation as was 0.75 080 0.85 090 0.95
obtained by the model calculations. Since the only channel for 1000/ 7 (K1)

ethane formation is practically methyl radical recombination, jgyre 4. Arrhenius plots for the formation of several reaction products
its temperature dependence can be as high as twice that of thealculated from the relatiorkyoguer = ([productl)/([reactant) —
methyl radical formation. [reactant]) x Kiotal
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TABLE 1: First Order Arrhenius Parameters for TABLE 2: Glossary and Calculated Thermodynamic
Production Rates of the Various Reaction Products Properties of Various Species
product |Og A’ Sfl) E (kcal/mol) temp range (K) Name Description <pH° (298K), keal/mol | S°(298K), cal/(K mol)
2-methylindene 13.69 59.4 10561160
(total decomposition) 2-Mindene 415 87.0
1- and 3-methylindene 12.65 54.5 1650150 Hs
CHy 14.63 68.9 10561250
CoHa 14.12 72.4 10561300 . OU
CoHs 19.53 98.1 10561235 1-Mindene 442 86.2
C:H, 12.74 67.1 10561300 CH,§
CeHs 10.18 54.1 10561300
CgHs—CHs 9.96 52.9 10561300 ) CH,
CeHs—CH,CHs 16.29 85.1 10581205 3-Mindene '| 414 s6.7
CgHs—CH=CH; 8.45 42.7 10561300
CgHs—C=CH 27.31 151.8 10661250 "
indene 18.13 88.1 1051190 - @:ﬁ . .
naphthalene 18.4 90.9 1040220 Mindene(R1) Ao > o7
100 "
i Mindene(R2)" @\_E 69.6 86.7
L (':H\CH3
80 "
L Mindene(R3)" @:ﬁ 110.07 85.7
L H,
b= L
g 60 [ @jH
g r Mindene(R4)" ch H 0.7 89.4
r |
()] I CH,*
o 40 f
2 oy:
F Mindene(R5)" c;: H 62.7 86.7
L |
20 j CH,
r 2-Methylindene CH
[ (Total decomposition) Mindene(R6)" éﬁéH 81.8 78.7
0 Cooovo o b b v b v b
1000 1050 1100 1150 1200 1250 1300 C-CH,"
T (K) Mindene(R7)" du 66.0 86.7
H2
Figure 5. Total decomposition of 2-methylindene. The filled circles
are the experimental values and the solid line represents the model ) . ﬁ'CHs
prediction. The model calculations were carried out at 25 K intervals | Mnre®®) e 679 s
and the results are shown &son the solid line.
o
Reaction Mechanism.Among the reaction products we find Mindene(R9)" @;{HH 11031 85.7
both aromatic and aliphatic hydrocarbons. The main source for :
the aliphatic components is the methyl group on the cyclopen- "
tadiene ring. It can be removed from the ring either by | mtermediate®y F{'S\H 80.6 84.8
dissociation or by dissociative recombination with hydrogen ~CH,
atoms, where the latter are obtained by the dissociation of the
C(sp?)-H bonds in the molecule. Three such bonds exist in the | pNaphtaleney ' 65.9 88.8
methyl group and one in the ring.
The methyl radicals and hydrogen atoms, via a free radical CH-CH-
mechanism, produce hydrocarbons, particularly methane, ethane Syrenc(y @ 030 04
. . . . rene o .
ethylene, and others in a mechanism that is quite well known Y
and will not be discussed here.
Important reaction channels, without which many of the .
product yields could not be accounted for, are unimolecular Indanyl(R)* 627 80.9
decompositions of the five-membered ring in methylindene.

These channels are the unimolecular decompositions to benzyl
+ propargyl radicals and to styrene acetylene. They were  undergo three main processes. They can isomerize, where the
included in the kinetic scheme. Similar decompositions of the methyl or methylene groups change their position relative to
radical intermediates had almost no effect on the distribution their original site; they can undergo unimolecular decomposi-
of reaction products because of their low concentrations andtions similar to those that take place in the stable molecules
were thus removed from the kinetic scheme after examining (already mentioned before); and those radical intermediates
their effect by the sensitivity analysis. having a methylene group can undergo ring expansion to
The ejection of the methyl group from methylindene and produce hydronaphthalene radical and then naphthalene. It has
abstraction of hydrogen atoms by either hydrogen or methyl been shown by quantum chemical calculations that ring expan-
produces a large number of radical intermediates that cansion of radical intermediates where the methylene group is
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TABLE 3: Reaction Scheme for the Decomposition, Isomerization, and Ring Expansion of 2-Methylindene

A E ks ke AS AH,
No. reaction (mol, st,cm™®)  (kcal/mol) (1150 K) (1150 K) (1150 K) (1150 K) ref
1  2-mindene— mindene(RI)+ H* 1.0 x 10% 74 8.66 3.39%« 102 325 77.4 est
2 2-mindene— mindene(R2)+ H* (Rev) 7.0x 10" 78 1.05 5.44x< 108 325 83.3 est
3 2-mindene— mindene(R3)+ CHz 4.0x 106 93 8.50x 102 5.97x 10 46.6 100.3 est
4 2-mindenet H* — mindene(R1)+ H; 1.0x 10" 12 524x 10" 1.17x 1P 5.04 —29.2. est
5  2-mindenet H* — mindene(R2)+ H2 1.0x 10 12 5.24x 10"  1.55x 10° 5.04 —23.3 est
6  2-mindenet H*— indene+ CHg 8.0 x 103 10 1.01x 10%? 5.29x 10° 831 —18.2 est
7  2-mindenet CHz — mindene(R1)+ CH, 1.0x 10% 12 5.24x 10 218x 10° —1.70 —30.3 est
8  2-mindenet CHz — mindene(R2)+ CH, 1.0 x 103 12 524x 100  288x 10° —1.70 —24.4 est
9  2-mindene— 1-mindene 2.86¢ 10 58.5 219 1.06< 10*° —0.810 2.68 9
10 1-mindene— 3-mindene 7.2% 10 38.6 3.33x 10° 7.59x 1P 0510 —-2.80 9
11 1-mindene— mindene(R4)+ H* 3.0x 10% 86 0.136 4.7% 10  36.0 91.8 est
12 1-mindene— mindene(R5)+ H* 1.0x 10% 70 49.9 259« 10  33.3 73.8 est
13 1-mindene~ mindene(R6)+ CHyz 1.0x 10 65 4.45x 10° 1.04x 10  40.4 69.6 est
14 1-mindenet H* — mindene(R4)+ H, 1.0x 10 13 3.39x 10" 6.82x 10° 855 —14.9 est
15 1-mindenet+ H*— mindene(R5)+ H. 1.0x 10" 12 5.24x 10  1.56x 10¢ 5,85 —32.9 est
16 1-mindenet+ H*— indene+ CHg 8.0 x 103 10 1.01x 10  1.09x 10° 9.12 —-20.9 est
17 1-mindener CHz — mindene(R4)+ CH,  1.0x 109 12 5.24x 10 1.96x 107 1.81 —159 st
18 1-mindenet CHz — mindene(R5)+ CH; 1.0 x 10% 12 5.24x 10% 2.90x 10* —0.889 —33.9 est
19 3-mindene— mindene(R7)+ H* 1.0x 10% 74 8.66 9.16x 108  32.8 80.1 est
20 3-mindene—~ mindene(R8)+ H* (Rev) 1.0x 10'° 76 3.61 8.39x 10  32.8 81.9 est
21 3-mindene—~ mindene(R9)+ CHz 4.0x 106 93 8.50x 1(? 5.65x 102  46.9 1005 est
22 3-mindenet H* — mindene(R7)+ H, 1.0x 10 12 5.24x 10 3.18x 10° 534 —26.6 est
23 3-mindenet H* — mindene(R8)+ H, 1.0x 10* 12 5.24x 10  6.98x 10° 534 —24.8 est
24 3-mindenet H*— indene+ CHg 8.0 x 101 10 1.01x 1012 4.79x 10° 8.61 —18.1 est
25 3-mindenet CHz — mindene(R?)+ CH; 1.0 x 103 12 5.24x 10 5.90x 1P —1.40 —27.6 est
26 3-mindenet+ CHz — mindene(R8)+ CH, 1.0 x 10'® 12 5.24x 10 1.30x 16 —-140 —25.8 est
27 mindene(R2)— mindene(R5) 3.0x 103 54.5 1.32x 1® 645 0 —6.90 9
28 mindene(R4)— mindene(R5)(Rev) 3.0x 10 29 9.25x 10/ 137x 1 -—-2.70 -—18 est
29 mindene(R4)— mindene(R7)(Rev) 1.50x 1013 28 7.17x 10 490x 106 —-2.70 —145 est
30 mindene(R1)— intermediate(R) 1.28x 10 52.6 1.30x 1¢° 5.82x 1P 0.806 149 9
31 intermediate(R)— mindene(R4)(Rev) 2.46x 10 135 6.75x 10  6.62x 109 1.89 213 9
32 intermediate(R)~ HNaphthalene(R) 1.98x 10% 15.1 2.64x 10  567x 1P 4 =147 9
33 HNaphthalene(R)~ naphthalene- H* 1.0x 10% 26 1.15x 1C° 8.75x 102  20.2 22.7 est
34 mindene(R3H H*— indene 6.0x 10 0 6.0x 103 449x 106 —38.3 —118.5 est
35 mindene(R8H H*— indene 6.0x 10% 0 6.0x 103 2.77x 102 —-31.3 —90.5 est
36 mindene(R9H H*— indene 6.0x 10 0 6.0x 1013 430x 106 —38.3 —118.6 est
37 indenet H*— indanyl(R) 1.0x 10" 3 2.69x 1013 5.17x 10/ —28.6 —36.8 13
38 indanyl(R)— benzyt + CoH, 3.0x 10 46 5.44x 1° 2.92x 1¢° 48.9 445 13
39 indanyl(R)— CsHs + benzene 2.6k 10 49 9.76x 10* 3.87x 10/ 46.3 40.7 13
40 indanyl(R)— phenylacetyleng- CHs* 4.0x 10" 48 3.02x 10° 2.13x 1¢° 46.0 47.0 13
41  2-mindene— benzyt + C3Hz 5.0 x 10° 83 0.844 9.0x 1(° 55.8 90.7 est
42  1-mindene— benzyt + C3Hs* 5.0 x 10% 83 0.844 1.85¢< 1¢° 56.6 88.1 est
43  3-mindene— benzyt + C3Hz 5.0 x 10t° 83 0.844 8.15« 1¢° 56.1 90.9 est
44 2-mindene— styrenet+ C;H; 2.0x 10 75 112 2.26x 10 48.4 46.9 est
45 1-mindene— styrenet+ C,H, 2.0x 10 75 1.12 465 49.2 442  est
46  3-mindene— styrenet+ C;H; 2.0x 10 75 1.12 2.05¢< 10 48.7 47.0 est
47 mindene(Rt)— styrene(R)+ C,H, 2.0x 10 103.6 4.11x 10  3.08x 10* 50.1 83.4 est
48 mindene(R2)— styrene(R)+ CyH, 2.0x 10 97.7 5.43x 10° 3.08x 10¢ 50.1 775 est
49 mindene(R8)— styrene(R)+ C;H, 2.0 x 10 85.5 1.13x 102 3.07 70.8 68.1 est
50 mindene(R8)— styrene(R)+ C,H> 2.0x 10 99.3 2.70x 10° 3.08x 10¢ 50.1 79.1 est
51 ethylbenzene- benzyt + CHs" (Rev) 2.0x 10 73.1 257 1.50< 108 415 78.2  14(mod)
52 ethylbenzene- H* — benzenet C;Hs* 5.78 x 1013 8 1.74x 102  6.64x 10 6.89 —15.3 est
53 toluene— benzyt + H* (Rev) 1.60x 101 86.9 499« 102 1.40x 10 33.8 939 11
54 toluene— phenyt + CHz' (Rev) 2.0x 10 96 1.14x 102 1.84x 108 423 1025 est
55 toluenet H*— benzenet CHyz* 5.78 x 108 8 1.74x 10%2 1.84x 10° 3.96 —11.1 15
56 benzene phenyt + H* (Rev) 6.0x 10 106 431x 10° 6.59x 10" 384 113.6 16
57 ethylbenzene- benzenet C;H, 1.15x 1@ 51.7 0.172 44.4 31.6 228 17
58 styrene— benzenet C;H, 1.58x 104 58.4 1.24 9.10< 1® 29.4 385 14
59 styrene— phenylacetylene- H, 7.95x 10121044 88.8 2.36x 103  3.45x 1C° 28.8 39.4 est
60 styrene(R)— phenylacetylene- H* 1.0x 108 35 2.23x 10° 3.94x 102 22.1 32.2 est
61 styrene(R)+ H*— styrene 2.0x 10 0 2.0x 10" 1.38x 10° —34.1 —113.9 est
62 GHgz + CsHz — phenyt + H* 2.0 x 1012 3 5.38x 10 1.59x 100 —22.1 —33.4 18
63 GHs* + C3Hz — benzene 3.6« 10%2 0 3.0x 1012 581x 108 —60.4 —147.1 19
64 CH;+H —CHs +H; 1.44x 10 12.3 6.62x 10" 3.56x 10% 6.74 1.07 11
65 CH + CHz — CHs 1.01 x 10T 064 0 1.11x 108 0.462 —40.4 —-90.7 20
66 CHe + CHy — CHs" + H° 3.01x 101 13.5 8.19x 10t° 142x 10 —4.80 115 21
67 CHe + CHz — CHs+ Hy 1.0 x 10 32 8.30x 10° 5.59 —7.55 —57.0 22
68 GHs— CoHs+ H° 4.80x 10°T%1° 37.2 1.80x 1C° 1.22x 10" 247 38.2 23
69 GHg+ H* — CHs + Hy 554350 5.17 2.98x 10%? 7.12x 10 8.18 —4.39 23
70 GHg+ CHz — CoHs" + CHq 0.548T40 8.29 2.55x 10% 1.13x 1 1.44 —5.47 23
71 GHs + CHz — CHs + CoHy 1.95x 107050 0 5.75x 101t 4.15 —9.49 —69.5 23
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Figure 6. Experimental yields of twelve reaction products plotted against the temperature. The filled circles are the experimental yields and the
solid line is the best fit to the calculated yields carried out at 25 K intervals and are showmmshe solid line.

bound to an spcarbon is rather slow and the migration of the of formation of the radical intermediates are based on the heat
methylene group to an $garbon followed by ring expansion  of formation of 2-methylindene taken as 41.7 kcal/mol at 298
is faster. The kinetic scheme thus contains ring expansion only K. Any uncertainty in this value is carried over to the other
from mindene(R4) and not from both mindene(R1l)and species in the table. Note that the radical mindene(&&gined
mindene(R7) Note that the ring expansion from mindene(R4) by removal of a methyl group from an%parbon is considerably
goes via a stable intermediate having a three-membered ringless stable than all the other radicals.
fused to the cyclopentadiene ring (see glossary in Table 2). Computer Modeling. Reaction SchemeTo model the
Thermochemistry of the Radical Intermediates.Table 2 observed product distribution we have constructed a reaction
provides a glossary and calculated thermodynamic propertiesscheme that is shown in Table 3. The scheme contains 34 species
of the radical intermediates that are formed by the loss of a and 71 elementary reactions. The symbol (Rev) at the end of a
hydrogen atom or a methyl group from stable methylindene listed step in the scheme indicates that after a reaction time of
isomers and some additional species. The values were obtaine@ ms (or earlier), the reaction proceeds in the reverse direction.
by quantum chemical calculations at the QCISD(T)//B3LYP The rate constants listed in the table are givenkas A
level of theory, with Dunning correlation consistent polarized exp(~E/RT)ork= A" xT "exp(~E/RT), when the rate constants
valence doubl€ (cc-pVDZ) basis set. The values of the heats taken from the database fit a wide temperature range. Units are
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TABLE 4: Sensitivity Analysis: Percent Change in the Yield of a Component Due to an Increase in the Rate Constant of

Reactionj by a Factor of 3, at 1100/1250 K

No. reaction 1-mindene 3-mindene indene naphthalene ethylbenzene styrene
1 2-mindene— mindene(R1)+ H* —/-30 —/-30 50/19 41/18 —/-15

4 2-mindenet H* — mindene(R1)+ H; —21/~

5 2-mindenet H* — mindene(R2)+ H2 —22/—

6 2-mindenet H* — indene+ CHy* 39/—

7 2-mindenet CHz* — mindene(R1)+ CH, —-/-20 —-/-20 16/16 —-17/-14

8 2-mindenet CHz* — mindene(R2)+ CH, —/-19 —-/-19 13/16 —=17/-14

9 2-mindene— 1-mindene 1394 140+~ 50/— 60/— 16/—

12 1-mindene— mindene(R5)+ H* —/-29 - /=29 —/18 —/16 —-/-12

13 1-mindene— mindene(R6)+ CHz* 11/~ 13/~

19 3-mindene~ mindene(R7)+ H* —/-24 —/-24 —/15 —/13 —/-10

27 mindene(R2)— mindene(R5) 26/— 42/—

30 mindene(R1)— intermediate(R) 38/— 63/—

35 mindene(RB+ H* — indene —/-10 —/-11 18/12 —/19

38 indanyl(R)(R)— benzyt + C;H, —/29

41 2-mindene— benzyt + C3H3* 187/109

43 3-mindene— benzyt + CsH3® —142

44 2-mindene— styrene+ C;H- 188/135
51 ethylbenzene> benzyt + CHz* (Rev) 39+~

53 Toluene— benzyt + H* (Rev) 0 —24 | -47

65 CHy" + CHs" — CoHe -3 —/-16 —1-17

No. reactions phenylacetylene  toluene benzene ,HsC CoH4 CoH> CH,
1 2-mindene— mindene(R1)+ H* 138/75 30/23 20 43/34

4 2-mindenet H* — mindene(R1)+ H, —39/— —17/— —15/—

5 2-mindenet H* — mindene(R2)+ H2 —40/— —18/—

6 2-mindenet H* — indene+ CHz® —37/— 20/—

7 2-mindenet CHz — mindene(R1)+ CH, 14/17 23+ —-50/~16 —50/-14 34/40
8 2-mindenet CHz — mindene(R2)+ CH, —/13 18+ —51/-16 —52/-15 33/41
9 2-mindene— 1-mindene 6523 —15/-28 018 157/11 198+ —/-14 61f
12 1-mindene— mindene(R5)+ H* 19/68 —125 —/30

13 1-mindene—~ mindene(R6)+ CHs* 11— 35/— 44/— 19/~
19 3-mindene—~ mindene(R7)+ H* 14/53 —/20 —/24

25 3-mindenet CHz' — mindene(R7)+ CH, 11/10

26 3-mindenet CHs — mindene(R8)+ CH, —/-13 —/-13 —/15
27 mindene(R2)— mindene(R5) 60/— 20/~ 23/~

30 mindene(R1)— intermediate(R) 93/~ 28/— 14/— 34/~

35 mindene(R8)+ H* — indene —14/-47 —18/-41 —11/-28

38 indanyl(R)— benzyt + C;H, —/16 —/25

39 indanyl(R)— CsHsz* + benzene —/19

40 indanyl(R) — phenylacetylene- CHsz* 194/180

41  2-mindene— benzyt + CsHy* 197/128 529/135

43 3-mindene— benzyt + C3Hz* —/35 13/42

44 2-mindene— styrene+ C;H, 187/116

46 3-mindene— styrenet+ C;H, —/39

51 ethylbenzene- benzyt + CHz* (Rev) —46/—

53 toluene— benzyt + H* (Rev) 123/63

62 GH3z* + CsHz* — phenyt + H° —/16 —/—16

63 GHg + CsHs" — benzene 129/17

65  CHy + CHz— CoHe —1-32 102/32 26 12 —17/-32
66  CHy® + CHy — CHs + H* 89/17

69 GHg + H*— CoHs" + H» 76/94

70  GHg+ CHs — CoHs* + CH,4 20/50

cm?®, mol~1, s71, and kcal/mol. The Arrhenius parameters for Figure 5 shows the overall disappearance of the reactant
the reactions in the scheme are either estimated or taken from2-methylindene, and Figure 6 shows experimental and calculated
various literature sources. These sources are specific articlesyields of twelve products found in the post-shock mixtures. The
relevant to the present system and databases, mainly the NISTsymbols §) in the figures are the experimental yields in mole
Kinetic Standard Reference Data Base #17. The parameters fopercent and the lines are best fits to the calculated points using
the reactions that were taken from the NIST-Kinetics Data Base the scheme shown in Table 3. The calculations were done at
are, in many cases, best fits to a large number of entries. The25 K intervals in the temperature range 163300 K and are
rate parameters for the ring expansion of mindene(Bdj of shown as ) on the lines. The agreement between the model
the methyl/methylene group shifts are based on the quantumprediction and the experimental results is reasonable for most
chemical calculations. The thermodynamic properties of the of the products. The model underestimates the yield of benzene,
species in the scheme were also taken from specific articlesstyrene, and ethylene at the low-temperature end. Using the
and various literature sources. Some were estimated using NIST-sensitivity analysis we tried to change rate parameters within
Standard Reference Data Base #25 (Structure and Propertieghe limits of their uncertainties but were unable to improve the
program (SP)). As has been mentioned before, the thermody-overall agreement between the calculations and the experimental
namic properties of the radical intermediates and of several otherresults.

species (Table 2) were calculated using quantum chemical Sensitiity Analysis.Table 4 shows the sensitivity of the
methods at the QCISD(T)// B3LYP level of theory. system to variation of specific reactions in the kinetic scheme,
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calculated at 1100 and 1250 K, respectively. The table gives
the percent change in the yield of a particular product for a
factor of 3 increase in the rate constant of a particular reaction.
The calculations correspond to a dwell time of 2 ms. Reactions
that show an effect of less than 10%, both at 1100 K and at
1200 K, are not included in the table.

We have run also sensitivity analyses with respect to
variations (or rather uncertainties) in theH° of species whose
thermodynamic properties were estimated or calculated. Note
that incorrect values of the thermodynamic properties result in
erroneous values for the rate constants of the back reactions
for a given value of the forward rate constant. The sensitivity
spectrum calculated at 1100 and 1250 K is shown in Table 5.
It gives the effect of an increase of 5 kcal/mol in theH°® of
the species on the product yields. As can be seen, there is a
significant effect on some of the products. Special attention
should be paid to the effect caused by variation inAfid® of
the calculated radical intermediates.

It should be mentioned that whereas ring expansion (produc-
tion of naphthalene) depends on the concentrations of the radical
intermediates (as expansion does not take place from the
molecules), the contribution of the radical reactions to isomer-
ization is practically negligible since the molecules do interi-
somerize. Since their concentrations are much higher than those
of the radicals, their contribution to the isomerization process
is significantly greater.

CHa
—53/—
691
—45/-10

CzH:
—/21
—/—12
—/46
—/-12

CoHq
24/19
—80/-18

222/11
—25/-17
—24/-11
=71/~

2He

12/18
—78/—24
184/15
—72/-45

—10/—
—10/—~

benzene
—/—15
—1/68

toluene
16+
28/46
—23/-22
—29/~10
—28/—
271126

Conclusions

phenyl-
—55/-33
—52/-22
—14/153
—88/-81

styrene acetylene
—27/18

46/11
48/—

Methylindene undergoes decompositions, isomerizations (meth-
yl group shifts), and ring expansion to hydronaphthalene when
elevated to high temperatures. Both aliphatic and new aromatic
compounds are formed in the process.

Ring expansion takes pla@aly from radical intermediates
that have a methylene group connected to the five-membered
ring. Ring expansion from mindene(R4$ee Table 2), where
the methylene group is connected, af cgrbon is much faster
than ring expansion from mindene(R&nd mindene(R7)in
which the methylene group is connected to af crbon.

The rate constant of the isomerization 1-methylindene
3-methylindene is much higher than the rate constants for both
1-methylindene— 2-methylindene and 2-methylindene-
3-methylindene isomerizations as 1-methylindene3-meth-
ylindene isomerization involves H-atom shifts (double 1,2-shifts)
only, whereas the other two involve methyl group migration
with considerably higher barriers.

A model containing 71 elementary steps and 34 species, both
stable and unstable, was constructed. The model prediction is
satisfactory except for the yields of benzene, styrene, and
ethylene at the low-temperature end of the range where the
yields are underestimated.

—2/-13

—[22
—/28

ethyl-

naphthalenebenzene

11/~

—34/—
—31/-27
—/-14

18/—
—/11

—16/—11

—15/—
—22/19

—33/—
50/—

indene
—27/-11

46+
—33/-12

22+

—31/~
—18/—

3-mindene
—72/-84

28/56
—/21
—/13
—/61
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