928 J. Phys. Chem. A998,102,928-946

Thermal Decomposition of Quinoline and Isoquinoline. The Role of 1-Indene Imine Radical
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The thermal reactions of quinoline and isoquinoline were studied behind reflected shock waves in a pressurized
driver single pulse shock tube over the temperature range-1278 K and densities of3 x 1075 mol/

cme. The decomposition products found in the postshock mixtures of quinoline and isoquinoline and their
production rates were identical for both isomers. They weté,CsHsCN, HC=CCN, GHs, HCN, GHs—

C=CH, and GH,. Trace quantities of g4, CsHsN and GH,N—C=CH were also found. The total
disappearance rates of quinoline and isoquinoline are the same, and in terms of a first-order rate constant
they are given bkt = 1013%xp(—75.5 x 10°%/RT) st whereR is expressed in units of cal/(K mol). The

same product distribution in the two isomers can be accounted for if the production of 1-indene imine radical
as an intermediate is assumed. A kinetic scheme containing the reactions of both quinoline and isoquinoline
with 72 species and 148 elementary reactions accounts for the observed product distribution. The reaction
scheme is given, and the results of computer simulation and sensitivity analysis are shown.

I. Introduction mechanism were given. The thermal decompositions of benzene
and pyridine, on the other hand, have been extensively studied,

and isoquinoline is a continuation of our investigation on the ghscussed, and summarized: 'I_'hey are e_ssennal for interpret-
decomposition of nitrogen containing aromatic compounds. It N9 the. rgsu!ts of the. present investigation. »
is well-knowr—3 that fuel nitrogen in coal is predominantly The |n|t|at|o.n st.ep in the thermal decomposition of benzene
pyrrole and pyridine type nitrogen, with a slightly higher weight involves an ejection of a hydrogen atom from one of the six
to compounds containing the pyrrole rikgThe study of the ~ C—H bonds in the molecule, forming phenyl radical and a
pyrolysis of benzopyrrole (indole) and benzopyridine (quinoline) hydrogen atonf:t* The fragmentation of the phenyl radical is
as the basic nitrogen containing components of the coal matrix Préceded by g-scission of the ring forming a linear chain
is an important element in the understanding coal combustion. |-CeHs" radical. This radical decomposes via several reaction
We have recently published a detailed investigation of the channels yielding mainly £, and GH as final products.
thermal reactions of indole. These reactions were found to be
similar to those of pyrrole, and as far as the reactions of the > .
pyrrole ring are concerned, they could be predicted from the @ - @ +H

The present investigation on the decomposition of quinoline

AH =112 kcal/mol

mechanism of the pyrolysis of pyrroté. The thermal reactions s

of indole are mostly isomerizations at low temperatures (low @ —> HC=C-CH=CH-CH=CH  4H = 62 kcal/mol
conversions) and as the temperature increases fragmentations

take over. The assumption of the existence of an indele HC=C-CH=CH-CH=CH —> products

indolenine tautomerism was necessary to explain the production

of the isomerization products. The mechanism of pyridine decomposition is very similar to

fIn the lpresentdar_ticle, _vvel_reportBonha stuldy Olf the pyrolysis ¢ of benzene. It is somewhat more complicated, however,
of quinoline and isoquinoline.  Both molecules contain a owing to the decreased symmetry in pyridine as compared to
pyridine ing 'fuse.d to benzene. The nitrogen atom oCCUPIES hop,ane  As a result of the H-atom ejection from the pyridine
ano-position in quinoline and A-position in isoquinoline. Both fing, orthq meta, and para pyridy! radicals can be formed. The

molecules have approximately the same thermal stability, their thermochemistr ; ;
- . y of the pyridyl radicals shows that the produc-
standard heats of formatiérbeing 52.2 and 50.2 kcal/mol, tion of ortho pyridyl radical is preferred, owing to its stabiliza-

respectively. tion by the neighboring nitrogen. Ab initio calculatidAgive
~ ~ a value of 6 kcal/mol for the stabilization energy.
/ .
quinoline isoquinoline @ — Q. + H AH = 106 kcal/mol
ortho
We are aware of only one study on the thermal decomposition .
of quinoline, by Bruinsma et af.who reported on its overall @ — + H 4H =112 kcal/mol
decomposition rate and its Arrhenius parameters. No data on -
the distribution of reaction products or on the decomposition .
- y - ) — + H AH =112 keal/mol
TIn partial fulfilment of the requirement of a Ph.D. Thesis to be
submitted to the Senate of the Hebrew University of Jerusalem by A. Laskin. para
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The -scissions of the various pyridyl radicals lead to five 200
different open ring structures with different locations of the C,H, FID
nitrogen in the open chain. The thermochemistry of the
pB-scission of the ortho radical is quite different from those of
the meta and para radicals. Out of the five possibecis-
sion channels only one forms the stror@=N bond. This is
the C-N bond scission in the ortho pyridyl radical (channel
b). This scission makes the open-chain radical much more
stable than all other radicals obtained from the meta and para
pyridyls.

/6H=CH-CH=N-CECH AH > 60 kcalimol®  (a)
% - CH=CH-CH=CH-C=N  H = 24-31 keal/mol"" (b)

(1)  C,H,

Abundance (mV)

60 150 250

ortho 200 NPD

¢, CH=C-CH=N-CH=CH 4/ > 62kcalimol® (o) _ hHon

U GHsc-cH=CH-CH=R 4y - eokealmol® @ & ()
melta ~
- (0]
(&)

o 10 % 100 |-

g ~—> CH=C-CH=CH-N=CH 44 = 52kcaimol’® (¢ 3
C
para 2
<

Therefore, the formation of the ortho pyridyl radical in the

first step, as well as thgé-scission of its &N bond in the second —

step, is the preferred pathway for pyridine decomposition. The 05 ﬁ) zﬁo 4l0 5'0 elo 7'0 80 150 200 250
decomposition of the open chain cyano radical leads mainly to . . .

the production of @H, and HGCCN. Retention time (min)

Since quinoline and isoquinoline are built from these two _. .
. . o . Figure 1. Gas chromatograms of a postshock mixture of 0.3%
rings, it 1S reasgnable to assume tha? ;Imllar reacFlon p"Jlthwaysquinoline in argon heated to 1590 K, taken with FID and NPD.
operate in their thermal decompositions. In this report we |soquinoline is absent from the products. The broken-line peak shows
describe the thermal reactions of quinoline and isoquinoline, its retention time on the column relative to quinoline. The numbers in
compose a reaction scheme for the overall decomposition andparentheses indicate multiplication factors.
describe the results of computer simulations that support the
suggested mechanism. It will be shown that the product tank was connected to the driven section &t dbgle toward
distribution can be accounted for only if production of 1-indene the driver near the diaphragm holder in order to prevent
imine radical as an intermediate is assumed. reflection of transmitted shocks and in order to reduce the final

The thermal reactions of quinoline and isoquinoline are pressure in the tube. The driven section was separated from
initiated by an H-atom ejection from the pyridine ring. In both the driver by Mylar polyester films of various thickness
molecules the H atom in the ortho position to the nitrogen is depending upon the desired shock strength.
the preferred ejection site owing to the resonance stabilization  Prior to performing an experiment, the tube and the gas-
of the remaining radical. It will be shown later that, following handling system were pumped down+& x 1075 torr. The
the preferregs-scission of the €N bond, the main decomposi-  reaction mixtures were introduced into the driven section
tion products in quinoline are expected to be #HCCN and between the ball valve and the end plate, and pure argon was
CeHs and in isoquinoline €H, and GHsCN. However, the  introduced into the section between the diaphragm and the valve,
experimental results show that the concentrations of all the including the dump tank. After each experiment a gas sample
decomposition products are absolutely the same irrespective ofwas transferred from the tube through a heated injection system

whether the original reactant is quinoline or isoquinoline. To to a Hewlett-Packard model 5890A gas chromatograph operating
describe this fact we assume the existence of 1-indene iminewith flame ionization (FID) and nitrogen phosphor (NPD)
radical intermediate which plays the central role in the thermal getectors.

decomposition of quinoline and isoquinoline. The temperatures and densities of the gas behind the reflected

shocks were calculated from the measured incident shock
velocities using the three conservation equations and the ideal
Apparatus. The thermal decompositions of quinoline and gas equation of state. The molar enthalpies of quinoline and
isoquinoline were studied behind reflected shocks in a pressur-isoquinoline were taken from the NIST-Structures and Properties
ized driver, 52-mm i.d. single-pulse shock tube made of Double Code?! Incident shock velocities were measured with two
Tough Pyrex tubing. The tube and its gas-handling system wereminiature high-frequency pressure transducers (P. C. B. model
maintained at 150+ 1 °C with a heating system with 15 113A26) located 230 mm apart near the end plate of the driven
independent computer-controlled heating elements. section. The signals generated by the shock wave passing over
The shock tube had a 4-m long driven section divided in the the transducers were fed through an amplifier to a Nicolet model
middle by a 52-mm i.d. ball valve. The driver section had a 3091 digital oscilloscope. Time intervals between the two
variable length up to a maximum of 2.7 m and could be varied signals shown on the oscilloscope were obtained digitally with
in small steps in order to obtain the best cooling conditions. an accuracy of 2 ms, corresponding to approximately 20 K. A
Cooling rates were approximately>6 1(° K/s. A 36-L dump third transducer placed in the center of the end plate provided

Il. Experimental Section
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TABLE 1: Experimental Conditions and Product Distribution in Postshock Mixtures of Quinoline?
Ts(K) dwelltime (ms) Csx 1P/cm®  quinoline GH, CgHs—CN  HC=CCN GeHe HCN CeHsC=CH C4H>

1290 2.00 2.50 99.29 0.45 0.15 0.029 0.021 0.059

1295 1.96 2.56 99.46 0.31 0.13 0.018 0.016 0.011 0.053
1310 2.02 231 99.20 0.42 0.18 0.023 0.048 0.030 0.10

1320 2.03 2.49 99.14 0.45 0.22 0.030 0.033 0.056 0.072

1325 2.02 2.30 99.03 0.52 0.22 0.036 0.043 0.046 0.073 0.033
1335 2.00 2.45 98.48 0.85 0.27 0.10 0.073 0.041 0.14 0.038
1335 2.00 2.56 98.23 0.89 0.34 0.15 0.070 0.061 0.14 0.065
1362 2.04 2.57 98.07 1.00 0.41 0.083 0.081 0.13 0.19 0.154
1365 2.00 2.45 97.42 1.38 0.40 0.16 0.094 0.18 0.19 0.166
1385 2.00 2.40 97.71 1.34 0.38 0.12 0.15 0.06 0.15 0.085
1385 2.00 2.59 97.15 154 0.46 0.16 0.12 0.21 0.22 0.13
1410 2.00 2.40 93.28 3.35 1.15 0.34 0.34 0.60 0.52 0.41
1410 1.99 2.27 86.05 6.72 1.49 0.74 0.61 1.98 1.01 1.42
1415 2.0 2.33 94.62 2.92 0.75 0.28 0.31 0.18 0.47 0.48
1445 2.00 2.37 90.46 4.47 1.24 0.61 0.37 1.08 0.66 111
1457 1.94 2.53 91.13 3.79 1.36 0.35 0.38 1.48 0.66 0.86
1465 2.00 2.37 87.10 6.43 131 0.85 0.52 1.29 0.84 1.65
1490 2.00 2.53 77.77 10.00 1.95 111 0.72 3.52 0.90 4.02
1490 2.00 2.45 77.20 11.10 1.71 1.40 0.92 241 1.23 4.03
1500 1.99 2.18 71.22 12.41 2.72 1.55 1.15 5.23 1.71 4.00
1500 1.96 2.12 66.77 14.21 2.88 1.68 1.37 6.38 1.99 4.70
1535 2.00 2.25 68.89 13.65 2.34 2.15 1.14 541 1.39 5.05
1550 1.96 2.20 52.66 20.87 3.96 2.27 1.68 9.67 1.87 7.02
1550 1.93 2.15 39.99 28.17 4.32 2.55 2.11 10.43 2.50 9.93
1565 1.95 2.25 39.94 24.76 3.91 2.66 1.79 12.90 1.65 10.77
1570 1.99 2.07 23.94 33.57 3.37 4.22 1.75 16.37 1.67 15.10
1607 1.96 2.14 16.65 46.29 2.98 3.23 1.87 18.57 1.27 9.14
1650 1.98 2.09 12.85 44.00 2.16 2.75 1.92 19.30 0.92 16.09

aIn mole percent. B CsHs, CsHsN, and GHsN—C=CH are not included in the table.

measurements of the reaction dwell time (approximately 2 ms) prior to decomposition (eq 3) wherpr,); is the peak area of
with an accuracy oft5%. a produci in the shocked sampl&pr) is its sensitivity relative
Materials and Analysis. Reaction mixtures containing 0.3% to that of the reactanb(pr;) is the number of its carbon atoms,
quinoline (or isoquinoline) diluted in argon, were prepared in ps/p; is the compression behind the reflected shock, &ni
12 L glass bulbs and stored at 1501 °C and 700 torr. Both the initial temperature, which was 423 K in the present series
the bulbs and the line were pumped down to approximatety 10 of experiments.
torr before the preparation of the mixtures. 2.1 torr (0.3% of  The FID and NPD sensitivities of the products relative to
700 torr) of quinoline or isoquinoline in the gas phase the reactant were determined from standard mixtures. They
correspond approximately to 5% of their equilibrium vapor were estimated for §,, HC=C—CN, and GH,N—C=CH,
pressure at 150C, so that wall condensation is negligible. based on comparisons to the relative sensitivities of similar com-
Quinoline, listed as 98.0% pure, and isoquinoline, 97.0% pure, pounds. GC peak areas were recorded with a Spectra Physics
were obtained from Aldrich Chemical Co. Each showed only model SP4200 computing integrator and transferred after each

one GC peak. The argon used was Matheson ultrahigh purity analysis to a PC for data reduction and graphical presentation.
grade, listed as 99.9995%, and the helium was Matheson pure

grade, listed as 99.999%. All materials were used without |||. Results
further purification.

Gas chromatographic analyses of the postshock mixtures were In order to determine the product distribution in the thermal
performed on two 1-m Porapak N columns with flame ionization decompositions of quinoline and isoquinoline, some 30 experi-
and nitrogen phosphor detectors. Identification of reaction ments were carried out with quinoline as a reactant molecule
products was based on their GC retention times assisted by a@nd 20 with isoquinoline. The temperature range covered in
Hewlett-Packard model 5970 mass selective detector. Typicalthese experiments was 1275700 K at overall densities behind
FID and NPD chromatograms of a mixture containing 0.3% the reflected shock wave o3 x 10~ mol/cn?,
quinoline in argon, shock-heated to 1520 K, are shown in Details of the experimental conditions and the product

Figure 1. distribution are given in Tables 1 and 2 for quinoline and
The concentrations of the reaction produ@s(pr)) were isoquinoline, respectively. The mole percents given in the tables
calculated from their GC peak areas using the relatléns: correspond to those of the products in the postshock mix-
tures irrespective of the number of their carbon atoms. Mo-
Cs(pr)= A(pr;)/Si(pr;) x {Cy(reactantyA(reactantlt (1) lecular hydrogen was not measured and was not included in
the tables.
Cy(reactant) = p,{ %(reactani)s/p,}/IORT,  (2) The decomposition products found in the postshock mixtures

were identical in the two series of experiments, both in
A(reactant) = A(reactant)+ (1/9) x ZN(pri)A(pri)t/S(pri) distribution and production rates. No quinolireisoquinoline
(3) isomerization occurred. Neither traces of isoquinoline in shock-
heated mixtures of quinoline nor traces of quinoline in shock-
In these relations,Cs(reactanty is the concentration of  heated mixtures of isoquinoline were found. In both series, GC
quinoline or isoquinoline behind the reflected shock prior to analyses revealed the presence gfl§; CsHs—CN, HC=C—
decomposition and(reactantyis their calculated GC peak area CN, GsHg, HCN, GHs—C=CH, and GH, as major decomposi-
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TABLE 2: Experimental Conditions and Product Distribution in Postshock Mixtures of Isoquinoline?
Ts (K) dwelltime (ms) Csx 10®mol/cn?® isoquinoline GH; CsHs—CN HC=CCN GHs HCN GCHs—C=CH C4H;

1275 2.00 2.48 99.56 0.23 0.075 0.012 0.033 0.021 0.065

1300 2.04 2.62 99.09 0.48 0.12 0.040 0.060  0.055 0.14

1335 2.03 2.73 98.06 1.01 0.25 0.087 0.12 0.11 0.29 0.057
1345 2.00 2.65 97.90 1.04 0.30 0.11 0.12 0.12 0.32 0.067
1360 2.04 2.38 98.06 0.94 0.27 0.095 0.10 0.13 0.32 0.079
1365 2.04 2.58 97.05 152 0.35 0.16 0.15 0.25 0.39 0.11
1365 2.01 2.50 96.96 1.42 0.36 0.17 0.16 0.32 0.45 0.15
1400 2.00 2.51 91.01 3.58 1.21 0.55 0.42 0.82 111 0.41
1415 2.00 2.33 89.01 521 1.22 0.72 0.55 0.94 151 0.84
1440 2.00 2.34 89.95 4.51 1.02 0.65 0.49 1.30 1.16 0.93
1460 2.00 2.30 89.74 4.53 1.02 0.70 0.50 131 1.08 111
1465 1.99 2.28 78.28 9.31 1.93 1.63 0.94 3.52 2.08 231
1480 2.00 2.26 79.70 8.04 1.66 1.68 0.91 4.12 1.72 2.15
1490 1.99 2.25 76.62 9.85 2.29 1.57 1.28 3.44 2.28 2.67
1505 1.99 2.10 66.25 13.10 2.87 2.27 1.60 7.43 2.72 3.75
1515 1.98 2.37 61.12 16.38 3.27 2.68 1.52 7.26 3.20 4.57
1550 1.99 1.97 56.02 17.16 2.92 2.99 1.66 11.73 2.27 5.24
1590 2.00 2.28 30.80 25.59 4.01 4.98 212 2021 2.85 9.44
1600 1.98 2.53 26.21 27.25 4.74 4.78 272 20.51 3.40 10.39
1600 1.99 2.57 22.34 30.60 4.87 4.77 2.60 22.09 2.53 10.19
1630 1.98 2.23 22.53 29.74 3.56 5.40 2.08 23.22 2.32 11.15
1675 1.97 2.14 17.62 34.58 2.20 4.93 1.66  25.66 1.17 12.23
1700 1.98 2.00 12.47 37.82 2.06 5.02 139 2201 1.10 18.12

aIn mole percent. B CsH4, CsHsN, and GHsN—C=CH are not included in the table.
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T (K) Figure 3. Nitrogen—carbon mass balance among the decomposition
Figure 2. Recovery of reaction products tested in several runs with products.d, quinoline;l, isoquinoline.
guinoline against the reactant loss, using 0.3% xenon in mixtures

containing 0.3% quinoline in argon as an internal standard. all the decomposition products, each multiplied by the number

of its carbon atoms. The 483ine in the figure represents a
tion products. Trace quantities 064, CsHsN, and GHsN— complete nitrogercarbon mass balance. As can be seen,
C=CH were also found in the postshock mixtures, particularly ithin the limit of the experimental scatter, there is no significant
in high-temperature shocks. deviation from a complete mass balance.

The possible loss of products by adsorption on the shock tube  Figure 4 shows an Arrhenius plot of the overall decomposition

walls or in the gas chromatograph was examined in the of quinoline and isoquinoline calculated as first-order rate
following manner. In several tests, 0.3% xenon was added to constants from the relation

the reaction mixture and ratios [quinoline]/[xenon] were mea-
sured by GEG-MS (using 30 cm Porapak N columns) in the ko= —IN([reactantj[reactant})/t 4
unshocked and in several shocked samples. By comparing these
ratios in the shocked and the unshocked samples, we could AS can be seen the rates for quinoline and isoquinoline are
determine the relative loss of the reactant in each test. This practically the same. The value obtained (for the two molecules)
relative loss was compared to the corresponding values calcu-is Kot = 10'30exp(=75.5x 10%RT) s~ whereR is expressed
lated by the sum(s) S N(pri)A(pri)/S(pri), which represents the  in units of cal/(K mol). The value obtained by Bruinsma et
concentrations of all the products normalized by the number of @l for the total decomposition of quinoline in a low-temperature
their carbon atoms (see Experimental Section, eq 3). Thesestudy is also shown for comparison. There is a good agreement
comparisons are shown graphically in Figure 2. Except for two between the values of the rate constants in the two studies on
tests, the ratios are practically the same, showing scatter in botHthe basis of an extrapolation of the low-temperature data to the
directions. It seems therefore that there is no significant loss data of the present high-temperature study.
of products in the analyses.

The mass balance of nitrogen vs carbon is shown in Figure
3. The concentrations of the nitrogen containing species are 1. Reaction Mechanism. A. Formation of Quinolyl and
plotted against one-ninth of the sum of the concentrations of Isoquinolyl Radicals. Similar to other aromatic systems, it is

IV. Discussion
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Figure 4. First-order Arrhenius plot of the overall decomposition of
quinoline and isoquinolinéd and broken line, quinolindl and solid
line, isoquinoline. The low-temperature rate constd@t.(= 103%
exp(=77.9 x 10°/RT), s1) obtained by Bruinsma et &lis shown for
comparison.

assumed here too that the initiation step in the thermal decom-

positions of quinoline and isoquinoline involves ejection of a
hydrogen atom from the reactant by-& bond cleavage. There

Laskin and Lifshitz

Similar representations were introduced for the isoquinolyl
radicals. Thea-ortho andf-ortho isoquinolyl radicals are
considered to form by H-atom ejection or abstraction.

(8)
.

©

9@

L —> + H

~

@ijl_) N )
] ~

T (@

The meta isoquinolyl radical in the pyridine ring then forms
from the -ortho isoquinolyl radical by fast equilibration.

G - L

Quinolyl and isoquinolyl radicals result also from H-atom
abstractions. At relatively low temperatures, H atoms are
abstracted mainly by other hydrogen atoms. As the temperature
increases and the concentrations of additional radicals in the
system build up, hydrogen atoms are also abstracted by less
reactive radicals such aslds’, CsH4CN°, CsH4N°, and others.
H-atom abstractions by different radicals’®ere introduced

®

are seven such bonds in each molecule, three in the pyridineinto the reaction scheme according to our formalism by forming
ring, and four in the benzene ring. Thus, seven different radicals two quinolyl and three isoquinolyl radicals. Forty nine such

can in be formed as a result of H-atom ejection from each

abstractions appear in the reaction scheme.

molecule. Each one can then decompose via its own decom-

position pathway.

To simplify the overall decomposition mechanism and re-
duce the number of elementary reactions in the final kinetic
scheme, we made two assumptions: 1. Since all four hydro-

gen atoms on the benzene ring are bound with the same bond

energy (112 kcal/mol), we have used only one radical in the
benzene ring instead of four.

- Q-+
SeNoes
+H

B, B,

2. Meta and para quinolyl radicals in the pyridine ring are

27

M

2

—

N .

ZR

+ R > + RH

|~
N +R AN (66-74)
NTT T _n*RH

« (@)
N QD' (75-83)

o 5-

N, w N . Ry (84-92)
~N = ~N

less stable than the ortho radical and should therefore be con-

sidered as separate entities. However, to reduce the number of B. Preferred Decomposition Pathway#. has already been
elementary reactions that produce these radicals, particularlynoted in the Introduction that the preferred pathway for the
abstraction reactions, we assumed that the only radical formeddecomposition of the pyridine ring involves a H-atom ejection

either by H-atom ejection or abstraction is the ortho quinolyl
radical, which then quickly equilibrates with the meta and para
radicals.

3

@

(%)

from the ortho position followed bg-scission of the €N bond
in the pyridyl radical.

In quinoline there is only one ortho site from whia H atom
can be ejected. The preferr@dscission is the rupture of the
C—N bond, similar to the process in pyridine. This leads to an
open-chain radical, for which the further decomposition pathway
of the lowest energy is a 1,4 H-atom migration in the first step
and the formation of gHs" and HG=CCN in the second step.

A AN .
O e
Y * NZ X~ NZ

Isoquinoline has two ortho positions with respect to the
benzene ringa and B (see reactions 6 and 7). Both are

Note that reactions 4 and 5 are not necessarily elementarysubjected tog-scission of the €N bond. However, in
reactions. They simply provide a means to form the meta and contradistinction to thg-scission in thex-ortho radical, which

the para radicals as if they were formed by H-atom ejection or
abstraction.

opens without affecting the benzene ring, fhscission of the
C—N bond in theS-ortho radical results in the formation of a
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Figure 5. The reaction scheme showing the coupling between quinoline and isoquinoline in the “preferred pathways”. Numbers in parentheses
indicate reaction numbers as they appear in the reaction scheme.

L(17) ~ (18) ~ (19)
Q- A=A~ weween
~N

A (20) X @D N
e Hiig it
/N%' ¢

Figure 6. The reaction scheme showing the coupling between para and meta quinolyl and their reaction products. Numbers in parentheses indicate
reaction numbers as they appear in the reaction scheme.

C=C bond conjugated to the benzene ring. It fixes the bonds There must be a fast coupling between quinoline and

in the benzene ring and destroys its aromaticity. isoquinoline reactions along their preferred pathways at early
stages, before ring fragmentation occurs. This coupling equili-

e ® = brates the open chain radicals in the two pathways so that they

@i;ﬂ - m lose their identity. The coupling suggested in Figure 5 is based

on the well-know&® phenomenon that open-chain radicals
having--bond in the chain undergo very fast radical-induced

This process requires20 kcal/mol (AM1 estimation) more cyclization forming two possible cyclic structures:

than thes-scission of the €N bond in thea-ortho isoquinolyl
radical. It appears that the preferred pathway for isoquinoline

decomposition involves the-ortho radical rather than thie. C Y
Its decomposition begins with a H-atom ejection from the Y ¢
o-ortho position in the pyridine ring, followed kscission of C/ “X \
the C—-N bond and decomposition of the open-chain radical to é Cx
produce GH, and GH4CN-.
N PN . _ In the present case the open-cha_in o_rtho quin_olyl(muxdtho
@» - @CN - @\ + HC=CH !soqumol_yl radicals undgrgo cycll.zatlon.to yield the same
) Z C=N intermediate, namely, 1-indene imine radical.
Out of the two possible cyclizations in each one of the of
The GHs* and GH4CN- radicals are stable enougif to be the open-chain radicals, one is simply the back reaction of the
able to abstract or recombine with a hydrogen atom before opening of the ortho quinolyl and-ortho isoquinolyl radicals
decomposing. and the other is the formation of indene imine radical. Once

The direct outcome of this analysis is that the preferred the latter has been formed, it can undergo ffvecissions to
decomposition pathways of the two isomers yield different final yield the two different open-chain radicals.
products, H&CCN and GHs in quinoline and @H, and GHs- Since the nitrogen isutsidethe five-membered ring, the
CN in isoquinoline. p-scission location determines whether the product of the
There is clear experimental evidence, however, not only that decyclization is a member of the quinoline or isoquinoline
the relative product abundances in the two isomers are identical,pathway.
but also that the production rates of all the products are exactly C. Additional Radical Decomposition Pathwaygigure 6
the same, regardless of whether the reactant is quinoline orshows the ring cleavage of meta and para quinolyl and the
isoquinoline. This “discrepancy” could be accounted for if a consequent fragmentation of the open-chain radicals. The
very fast quinoline< isoquinoline isomerization would take overall decomposition pathways were constructed in such a way
place. However, such an isomerization was not evident. No that both the ring opening and the fragmentation would follow
isomerization products were identified in postshock mixtures. the 5-scission rule, as assumed for the ortho quinolyl radical.
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Figure 7. The reaction scheme showing the coupling betwgentho
and meta isoquinolyl and their reaction products. Numbers in paren-
theses indicate reaction numbers as they appear in the reaction scheme.

Y,

X (42) A (43) X
. — - | - | +C,H,
(24) # (25) # AN N AN
2 3@ s) A@ . .
r ~ : Figure 9. Four reaction pathways in the decomposition of isoquinolyl

with the radical sites on the benzene ring. Numbers in parentheses
indicate reaction numbers as they appear in the reaction scheme.

. (26) z 27) 2 (28) ED
> - - . - + C,H,
N et ) which is highly endothermic~+120 kcal/mol), and the second

@ — leads to the destruction of the resonance of the benzene ring
(29) = (B30)s v (1) . owing to the formation of a €C bond adjacent to the ring.

- , - @ - Q@ - @ *+ CH, Thus, decomposition of th@-ortho isoquinolyl radical was not

included in the reaction scheme, its only reaction being its

equilibration with the meta radical.

N G2 'C@“}j \/@ . op, Figures 8 and 9 show the decomposition channels of the four
> different radical sites in quinoline and isoquinoline arising from

Figure 8. Four reaction pathways in the decomposition of quinolyl 'emoval of a hydrogen atom from the benzene ring. As has

with the radical sites on the benzene ring. Numbers in parenthesesbeen mentioned before, since al-@& bonds in the benzene

indicate reaction numbers as they appear in the reaction scheme.  ring are of the same energy 112 kcal/mol), we used a single

radical in each isomer without specifying the radical site.

Nonetheless, we examined the routes of all four possibilities in

each isomer. Formation of,8, can be accounted for only by

decomposition from radicals obtained by removal of a hydrogen

atom from the benzene ring, as shown later when we discuss

the computer modeling results.

2. Computer Modeling. A. Reaction Schemelo account
for the distribution of reaction products in the decomposition
of both quinoline and isoquinoline, a common reaction scheme

5), the nitrogen atom in the intermediate specie is located outsidecom"’“nin?j 72blspecies and 148 elementary reactions was
the ring. It can undergo two differefitscissions. The specific ~ c0mposed (Table 3).

bond cleavage and the consequent recyclization determines The Arrhenius parameters for the majority of the reactions
whether the final product is quinolyl or isoquinolyl. The Were estimated by comparison with similar reactions with known

coupling is thus between the quinoline and isoquinoline rate parameters. Additional ones were taken from kinetic
pathways. In the pathways of the meta and para quinolyl schemes that dgsprlbe the decomposition mechanl_sr_ns of ben-
radicals, on the other hand (Figure 6), the nitrogen atom in the Zene*® benzonitrile}* phenyl acetylené and py”fj'nel-o_ .
intermediate is part of the ring. It can also undergo two different Several parameters were taken from the NIST Chemical Kinetic
B-scissions, but none of which changes the relative position of Data Basé?
the nitrogen atom with respect to the benzene ring. Therefore, Thermodynamic properties of most the species were taken
the specific bond cleavage in this intermediate and the conse-from literature source$:0121920 The heats of formation of
quent cyclization determines whether the final product is meta several species were estimated using the NIST Structures and
or para quinolyl and not whether it is quinolyl or isoquinolyl. ~Properties prograr.
The crossing from quinoline to isoquinoline and vice versa can B. Comparison of Model Calculations and Experimental
take place in the ortho radicatgly. Since it is believed that  Results. Figures 16-13 show the experimental and calculated
there is a fast equilibration of meta and para quinolyl radicals, mole percents of the four products formed in the “preferred”
the coupling of the two pathways shown in Figure 6 and the decomposition pathways (Figure 5), acetylene, cyanoacetylene,
intermediate is insignificant from kinetic viewpoint. It was benzene, and benzonitrile. The filled squar@® @re the
therefore not included in the reaction scheme. experimental points obtained with isoquinoline as a reactant and
Three isoquinolyl radicals are formed by removal of a the open squaresdj with quinoline. The lines represent
hydrogen atom from the pyridine rings-ortho, -ortho, and calculated mole percents at 25 K intervals. The solid lines are
meta. Figure 5 shows the pathway for taertho isoquinolyl the model calculations for isoquinoline and the dashed lines
radical, Figure 7 shows the pathways for {f@rtho and the for quinoline. In all of the four figures, the upper part A shows
meta radicals. The pathways of these two radicals are alsothe calculations without the coupling of the quinoline and
coupled by an intermediate. However, the two possible isoquinoline pathways (Figure 5), namely, with reactions 14 and
p-scissions of thg-ortho isoquinolyl radical both lead to dead 15 removed from the scheme. The lower part of the figures B
ends. One leads to formation of benzyne and isocyanide radical,shows the results of the calculations with the coupling.

As can be seen in Figure 6, the open-chain radicals obtained
by S-scissions in the meta and para quinolyl radicals can also
undergo radical-induced cyclizatior decyclization reactions
similar to the mechanism shown in Figure 5 and thus again
couple the two pathways shown in Figure 6. There is, however,
a marked difference in the nature of the coupling between the
two pairs of pathways that expresses itself by the different
locations of the nitrogen atom in the intermediate species. In
the “preferred” pathway starting with the ortho radicals (Figure
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TABLE 3: Reaction Scheme for the Decomposition of Quinoline and Isoquinoline(Values Are Given at 1400 K)

Reaction A E, AS.°  AH.° Source
15, @CD . @©+H- 8x10" 106 34 111 estC.
2b. . @+H- 8x10" 106 34 111 estC.
3. @:«j . @m- 6x10" 98 30 105 estd.
4k, @\/Nj - @\/Nj 1x10" 20 2 7 est.
sk, @;j - @\/Nj 1x10" 15 0 -2 est.
6. . ®+H- 3x10" 98 30 106 estd.
7. @i} . ®+H 3%10" 98 30 105 estd.
8k. @[} - @ 1x10" 15 0 -6 est.
9. @ - Q/j 1x10" 35 12 24 este.

. #
10. N L Q/j 1x10" 25 0 0 est.
* NZ N#
115, D @ + HO=CCN 1x10™ 43 35 43 est.
NZ
12. - ;N 1x10" 35 16 2 este.
135, ;N - @CN + CH, 1x10" 43 37 43 est.
14. - » 1x10™ 25 10 12 est.
1s. - ~ 1x10" 25 13 9 est.
16. +H - 1x10" 0 -33 -97 est.
. H

17. @:Nj . @\N\j 1x10™ 58 10 54 estf
18. @\Nj . @\N\j 1x10" 25 0 -6 est.
190, @\Nj . @ + HC=CCN 1x10" 13 35 13 est.
20. @\/Nj . @@ 1x10™ 46 10 43 est/.
21, @@ - @+ch 1x10™ 16 38 16 est.
2. @\/} - @:\;\N, 1x10™ 40 12 31 est/.
23, @jw - @ + HCN 110" 30 38 30 est.
24b. @:«j R [@J R i:@ 1x10" 58 12 53 est/,
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TABLE 3: (Continued)

Laskin and Lifshitz

Reaction A E, AS,°  AH,° Source
25, é@ . é\Q . CH, 1x10" 36 32 36 est.
™y .
26b. @\/D R {@;j L7 1x10" 58 10 54 estf
- — \
27. f/@ .7 1x10" 25 0 0 est.
s o
28. = - @ . cH, 1x10" 30 43 29 est.
. .
20b. @Cjﬁ {@} L 1x10™ 52 10 48 estf.
P R = S
3
30. Z . 1x10" 25 0 6 est.
X X
31. (\Q - @ . cn, 1x10" 36 42 34 est.
N
S
320, @:D - [@:j 27 1x10™ 58 15 55 est/.
o 2 §
3. 7 . ﬁ + CH, 1x10" 44 34 44 est.
N N ,
. ) - {@:j L 1x10" 62 13 56 est/
P /_ £ =
35. YN L P e, 1x10" 44 36 44 est.
o Z A
365. @Gﬂ {@;\N LET 1x10" 60 13 59 est/.
~ P s A
37. @ S 1x10" 25 0 0 est.
. i AN A
38. 2 - @ ¢ CH, 1x10" 32 39 30 est.
. ~Zl
390, @A @ SO 1x10" 60 13 58 est/.
- . P Y i
40. Y -1 1x10" 25 0 0 est.
R = Zl
41. ™ - @ . cH, 1x10" 32 39 30 est.
. y
42b, @@ . [@;ﬂ S 1x10" 62 13 56 est/.
P - =N N Z
B Y - ) v 1x10™ 44 36 44 est.
NNF > Z
44, @\/Nj v H - N g 1.5x10™ 13 3 -2 este.
45b. " +© L +© 5x10" 12.5 -5 -8 esth.
46b. . +©°Nﬁ ’ +©°N 3x10" 125 -4 7 esth.
475, . +©F: Lo +©E 5x10" 125 -3 -3 esth.
48. v +©f: Lo +<J’E 3x10" 13 0 -2 esth.
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TABLE 3: (Continued)

Reaction A E, AS,°  AH,° Source
49. P @ Lo @E 3x10" 13 -3 -5 est,
50. P @ A @ 3x10" 13 -3 -6 esth.
51. " @ L @ 3x10" 13 -3 -1 esth.
52. " +©\/}A " +©\/) 5x10'"! 12.5 1 -1 est.
53 ’ +®q " +©:j 5x10'" 12.5 0 0 est.
54. z + - D 5x10" 18 3 8 est.

* H
55b, @@ . H qggj ‘H, 1.5x10" 16 6 4 ests.
56b. P @ W @ 5x10" 15 -1 -2 esth,
57b. PR @CNq P @CN 3x10" 15 1 1 esth.
58b. P @EA h @E 5x10"2 15 1 -2 esth.
59. P @’Eﬂ P @E 3x10" 15 3 4 esth.
60. PR @b Lo @ 3x10" 15 0 1 esth.
61. P @ o @ 3x10" 15 0 0 esth,
62. P @ L @ 3x10" 15 0 5 esth.
63. " +©:jlﬂ " +©\j 3x10'"! 15 4 5 est.
64. " *@:jr ’ +©:3 3x10" 15 4 6 est.
65. " +~ g + 3x10" 22 1 14 est.
H

66 ©©+ H ﬂ©\/j~+ H, 8x10" 13 2 -1 estg.
67b. " @ L . . @ 2.5x10" 125 -5 -6 esth.
680 PR @C'ﬂ P @CN 1.5%10" 125 -5 6 esth.
69b. PR @E A (jf: 2.5x10" 125 -3 -7 esth,
70. v > IR S 1.5x10" 13 -4 -9 esth.
71. " @f:é v <f 1.5x10" 13 -6 -9 esth.
72. v @ W @ 1.5x10" 13 -4 -5 esth,
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TABLE 3: (Continued)

Reaction A E, AS,° AH.° Source
73 " @ Lo @ 1.5x10" 13 -4 -5 esth,
74, g +a g0, 1.5x10" 18 -3 9 et
M H
75. @\/;\N+ H *@:jf* H, 8x10" 13 2 -3 estg.
76b. " @ Lo @ 2.5x10" 125 -5 -8 esth.
77b. R @C'ﬂ P @c" 1.5%10" 125 -4 -8 esth.
78b. P @E L @E 2.5x10" 125 -3 -8 esth.
79. PR Y . @T 1.5x10" 13 -3 11 esth.
80. P f;f:a N if 1.5x10"2 13 -5 11 esth.
81. " @ L @ 1.5x10" 13 -4 -7 esth.
82. PR @ W @ 1.5x10" 13 -4 -7 esth.
83. g +~ g, 1.5x10" 18 -3 8 est.
M H
84b. @\/)+ " ﬁ®+ H, 1.5x10" 16 6 4 estS.
85b. P @ L @ 5x10'2 15 -1 -1 esth.
86b. P @c"ﬂ " @CN 3x10"2 15 1 -1 esth.
87b. P @EA o @; 5x10" 15 1 -2 esth.
88. v S Ve Y 3x10" 15 0 -4 esth.
89. ps @E Lo @f: 3x10% 15 -1 -4 esth.
90 PR @ Lo @ 3x10" 15 0 -3 esth,
91. P @ “ @ 3x10" 15 0 -3 esth,
92 " + - SO Lsx10" 22 1 15 est.
M H
93b. @CN - S 7.6x10" 106 35 12 14,
94b, @CN - CH=CH.CH=CH.C=C.CN 1x10" 67 14 64 14,
95, *CH=CH-CH=CH-C=C-CN -» *C4H3 + HCCCN 2x10" 41 34 44 14.

96. *CH=CH-CH=CH-C=C-CN + H®* - I-CgH4 + HCN  5x10" 4 4 -71 14
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TABLE 3: (Continued)
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Reaction A E, AS.°  AH,° Source

97b. @°N+ B ©| + HCN 5x10™ 0 5 19 est.
C

98b. @ N on - ©| . CN, 5x10" 0 -2 -2 est.
995, ©°N+ B @ + HON 2x10™ 12.6 7 2 14,
100. ©°N+ Ko @ + CN 2x10™ 19.0 2 16 14,
1015, ©°"+ B oo ©°N+ B, 1x10" 160 7 5 14,
1020. @ . @ + H 8x10" 106 35 113 9, 18.
1035, @ + CH, - @Z+ m 3.6x10" 80 -8 -2 17.
104b. @E . Cf . W 5x10'¢ 1135 33 113 17.
105b. @ ~  TH=CH-CH=CH-C=CH 1x10" 67 10 65 9,18.
106. *CH=CH-CH=CH-C=CH — *C4H3 + C2H; 1x10" 40 42 39 9,21.
107b. er: - CH=CH-CH=CH-C=C-C=CH 1x10" 67 15 65 est/,
1082, Cf P H - ©| . oH, 1x10" 0 7 20 est.
109. *CH=CH-CH=CH-C=C-C=CH — *C4H3 + C4H3 1x10" 40 40 42 est.
110. @ - @ + H 8x10" 98 34 106 10.
111K, @ . @ 1x10% 15 0 0 est.
112k, @ . @ 1x10" 15 0 -6 est.
113. @ —~ CH=CH-CH=CH-CN 1x10™ 35 10 24 10, 12.
114.  *CH=CH-CH=CH-CN —> *CH=CHCN + CyH, 1x10™ 52 35 52 est, 10
115. @fi ¥ - @fz 2x10" 0 -30 -107 est.
116. Y s wH- PN 2x10" 0 30 -113 est.
117. @E+ "= @f: 2x10" 0 -35 -113 est.
118. @+ " - @\_ 2x10" 0 -33 -113 est.
119. = .0 1x10™* 35 16 24 este.
1200 " _ cu-cHCN + CH, 1x10" 45 38 44 est.
121k, L N 1x10" 15 0 -6 est.
122. - 2 1x10" 35 16 24 este.

/4
-4



940 J. Phys. Chem. A, Vol. 102, No. 6, 1998

TABLE 3: (Continued)

Laskin and Lifshitz

Reaction A E, AS.°  AH,° Source
123/, 7 |_ — CH=CHCN + CH, 1x10™ 45 38 44 est.

SN
124k, @fz - @fz 1x10% 15 0 0 est.
125k, @’E - @(E 1x10" 15 0 -6 est.
126. @ﬁ: .Y 1x10™ 35 16 24 este.

= . 14

127. \KN‘T(‘ ~ CH=CHCN + CH, 1x10 45 38 44 est.
128k @ - @ 1x10" 15 0 0 est.
129%. @\_ - @ 1x10" 15 0 0 est.
130%. @ . @\_ 1x10" 15 0 -6 est.
131. @ - @L 1x10™ 35 16 24 este.
132. @_ . CH-CHCN + CH, 1x10™ 45 38 44 est.
133.  *CH=CHCN — HCCCN + H® 1x10" 50 24 49 est, 10.
134. *CH=CHCN — CHj + CN® 1x10" 61 31 62 est, 10.
135. *CH=CHCN + H® - C3H3CN 1x10™ 0 -31 -108 st 10.
136.  *CH=CHCN + H®* - CH; + HCN 1x10" 0 1.1 -65 est, 10.
137. ©| - CH=C-CH=CH-C=CH 5x10" 40 13 12 est.
138.  CcH +CH, - @1 v H 49x1072" 23 20 -13 20.
139.  C4H3®+ C3Hy - CH=C-CH=CH-C=CH+H*  1.7x10°7** 6.9 -7 -2 20.
140.  C4H3z® - C4Hy + H* 1.1x10" 39 25 40 23, 24.
141. C4H3* - CaHy + CHH® 1x10™ 60 29 58 est, 9.
142.  C4H3®*+H® > C2H + CoHy 1x10" 0 -3 -72 est, 25
143. C4H3®+H® — C4H + Hy 8.13x10" 0 -3 -67 18.
144,  CaH®+ HCN —> HCCCN + H* 2x10" 0 -9 -17 est, 10.
145.  CaH®+ HCCCN —> C4H; + CN® 7x10" 3.0 3 -5 est, 10.
146.  CaHp+ CaH® — C4Hy + H® 1.3x10" 0.0 -4 -18 26.
147. Hp+Ar —> H*+H® 1.4x10" 101.4 28 107 18.
148.  CaHp + Ar — CaH® + H® + Ar 3.8x10' 107.0 32 130 18.
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a2 AH,° andAS° are expressed in units of kcal/mol and cal/(K mol), respectively. Rate constants are exprdssef agp(£./RT) in units of
cm?, s, mol, kcal.? The point in the middle of the ring means that the corresponding radical was introduced into the reaction scheme in “common”
form, namely, irrespective of its exact location on the rifi§stimation based on H-atom ejection from benzene (ref 4Bstimation based on
H-atom ejection from ortho position in pyridine (ref 18)Estimation based on rupture of ortho pyridyl radical (refs 10 and "B¥timation based
on rupture of phenyl radical (refs 9,18, and 21) with respect to the corresponding reaction thermochéEssimation based on H-atom abstraction
from benzene (refs 9 and 16) and pyridine (ref 10) rifdgs-atom abstraction from aromatic molecules by phenyl were reported in the work of
Fahr and Steif2 such abstractions by phenyl, pyridyl, and their derivatives are also introduced into the reaction $&weanton is not elementary:

Wz QE - g/*”_ -~ CH=CHCN + CH,
Nz N =

= @ = f\|(= ~ 'CH=CHCN + CH,
= ° SN °

KReaction is not elementary, see text (Discussion, part 1A.).

I Reaction is not elementary:

£
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Figure 10. Comparison between experimental and calculated mole ) )
percent of acetylenél and broken line, quinoline® and solid line, Figure 11. Comparison between experimental and calculated mole

isoquinoline. The upper part (A) shows results of model calculations percent of benzonitrile] and broken line, quinolindll and solid line,
without coupling between quinoline and isoquinoline (Figure 5). The isoquinoline. The upper part (A) shows results of model calculations
lower part (B) shows the results with coupling. without coupling between quinoline and isoquinoline (Figure 5). The
lower part (B) shows the results with coupling.

As can readily be seen, as expected, without the coupling of
two pathways shown in Figure 5, the calculated product calculated mole percent of diacetylene after eliminating all the
distributions are different for the two isomers. On the other reactions of quinolyl and isoquinolyl with the radical sites on
hand, when the two pathways are coupled the agreement withthe benzene ring. The diacetylene formed by reaction channels
experiment (in the sense that both quinoline and isoquinoline involving acetylene, such as.@, + C,H, — CsHz + H
show almost identical distribution of reaction products) is very followed by GHs* — CsH, + He, are not fast enough at the
good. The effect of coupling is particularly pronounced in temperatures of this study to account for the observgd,C
benzonitrile, as thet-ortho radical pathway in isoquinoline is  Figure 17 shows the overall decomposition of quinoline and
the only route by which benzonitrile can be formed when isoquinoline.
quinoline is the starting material. It is less pronounced in the C. Open Questions.There are still some open questions
other three products, as they are also produced by other channelsggarding the experimental results and the model calculations.
in which this coupling does not play any role. 1. Why does the coupling between quinoline and isoquinoline

Figures 14-16 show the experimental and calculated results not promote a quinoline> isoquinoline isomerization? 2. Why
for diacetylene, hydrogen cyanide, and phenyl acetylene. Thesewere indene imine and other intermediates not identified in the
products are formed via other reaction channels, and thepostshock mixtures? 3. If the reactions of quinolyl and
coupling of the ortho radical pathways (Figure 5) affects their isoquinolyl with radical sites on the benzene ring are responsible
concentrations only very slightly. The symbols and the lines for the production of diacetylene (Figures 8 and 9), why are
in the figures are the same as those in the previous four figures.pyridine and pyridyl acetylene formed in these reactions absent
The additional line at the bottom of Figure 14 shows the from the products?
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Figure 14. Comparison between experimental and calculated mole
= 101k percent of diacetylen&l and broken line, quinolind® and solid line,
o F isoquinoline. The lower broken line shows the model calculations where
5 all the reactions in the two schemes shown in Figures 8 and 9 are
a 10°¢ removed from the overall reaction scheme. Production of diacetylene
Qo by reactions of acetylene alone cannot account for its observed mole
2 ok percent.
that its mole percent is around>d 1073, below the detection
1022 0 !1"?:‘0-0- 00 1500 1800 1700 limit. This observation is somewhat surprising. The coupling
mechanism shown in Figure 5 should have led to a quinoline
T (K) isoquinoline isomerization since the open-chain radical coming
Figure 12. Comparison between experimental and calculated mole from j-scission of the ortho quinolyl exchanges to the equivalent
percent of cyano acetyleng.and broken line, quinolindll and solid radical in isoquinoline. Cyclization of the latter and recombina-

line, isoquinoline. The upper part (A) shows results of model calcula- tion with a hydrogen atom (or abstraction of one) should lead
tions without coupling between quinoline and isoquinoline (Figure 5). to isomerization.

The lower part (B) shows the results with coupling. This discrepancy can be clarified by examining the competi-
tion between the two parallel reactions of the open-chain

102 . . T
F radicals, fragmentation on one hand, and cyclization followed
[ by H-atom recombination on the other hand.
g 10 Since the cyclizationdecyclization processes of the radicals
ot g are very fast at the temperature range of the present investiga-
2 ok tion, the species involved in these processes are effectively
© ; equilibrated. The rate of formation of isoquinoline in tests
g F where quinoline is the reactant is thus given by (see Figure 5)
101 &
Loy disoquinoli S
N A T e disoquinoline] _ - k12 {Kg[H'] +(k52+k63)[quinoline]} @C
1200 1300 1400 1500 1600 1700 dt \kiz Y 2N
T (K) N
kisoquinoline
102 ¢
where
= 100
8 joob ka2 N N
o
[e) L
E 101k The two terms in the curled parenthesis represent the rates
of recombination with and abstraction of hydrogen atoms. The
Load T fragmentation rate of the open-chain radical to acetylene and
197500 1300 1400 1500 1600 1700 benzonitrile radical is
T (K)
Figure 13. Comparison between experimental and calculated mole d[CaHa] P @'
percent of benzené&l and broken line, quinoline® and solid line, dt 8 2N

isoquinoline. The upper part (A) shows results of model calculations
without coupling between quinoline and isoquinoline (Figure 5). The _ ) )
lower part (B) shows the results with coupling. The computer simulation shows that the rekig'kisoquinoline

is around 3x 1C® at 1300 K and 8x 10° at 1550 K. This
Figure 18 shows the calculated mole percent of isoquinoline result is due to the very low concentration of hydrogen atoms
in tests with quinoline as the reactant. The calculations show and a very low rate of abstraction by large radical species.
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Figure 15. Comparison between experimental and calculated mole
percent of hydrogen cyanide.and broken line, quinolindll and solid
line, isoquinoline. The modeling is done with coupling.
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Figure 16. Comparison between experimental and calculated mole
percent of phenyl acetylengl. and broken line, quinolind® and solid

line, isoquinoline. A slight difference in the mole percent of phenyl
acetylene in decomposition of quinoline and isoquinoline is seen in
both the experiment and the calculations. The modeling is done with
coupling.
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Figure 17. Comparison between experimental and calculated mole
percent of reactant lossl and broken line, quinolindll and solid line,
isoquinoline.

The considerations regarding our ability to identify the
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Figure 18. Calculated mole percent of pyridine, isoquinoline and the
indene imine intermediate with quinoline as the decomposing com-
pound. The mole percents of all the three compounds are very small;
for two, they are below the detection limit. Pyridine was identified in
the postshock mixtures but in minute quantities that did not allow a
quantitative analysis.
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Figure 19. Calculated mole percents of ortho, meta, and para pyri-
dile acetylene. Pyridyl acetylene was identified in the postshock
mixtures but in minute quantities that did not allow a quantitative
analysis.

kcal/mol) but also its equilibrium concentration is extremely
small. The expected mole percent of indene imine is very low
and practically unrecoverable, as can be seen in Figure 18.

The two pairs of products, diacetylene and pyridyl radical
and acetylene and pyridyl acetylene radical, are formed in
theprocess of opening the benzene ring in both quinoline and
isoquinoline. On the other hand, opening of the pyridine ring,
in the main channel, leads to the production of phenyl and
cyanoacetylene and to benzonitrile radical and acetylene.
Whereas phenyl and benzonitrile radicals show up as benzene
and benzonitrile in the line of the products, pyridine and pyridyl
acetylene were identified only in minute quantities. The reason
for this behavior is the very low stability of pyridyl and pyridyl
acetylene radicals as compared to phenyl and benzonitrile
radicals, which do not have a nitrogen atom in the ring. The
decomposition of pyridyl requires only 35 kcal/méhlvhereas
the decomposition of phenyl requires some 65 kcalfnol.
Pyridyl decomposes almost completely before it has the chance
to recombine or to abstract a hydrogen atom, whereas phenyl
and benzonitrile radicals are stable enough and have a long
enough lifetime to recombine or to abstract a hydrogen atom
from the reactant.

Figures 18-19 show calculated yields of pyridine, ortho,

intermediate indene imine in the postshock mixtures are similar metg and para pyridyl acetylenes produced according to the

to those of indentifying isoquinoline. The computations show
that not only the abstraction of hydrogen atoms from quinoline
by indene imine radical is very slow (it is endothermic by1!

present scheme from quinoline as a reactant. As can be seen,
only pyridine and ortho pyridyl acetylene are expected to be
produced in detectable amounts. Compounds hawviag= 79



TABLE 4: Sensitivity Factors S; = AlogCi/Alogk; at 1300/1550 K for Quinoline.k Is Changed by a Factor of 3
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and 103 corresponding to pyridine and pyridyl acetylene were
indeed identified in the postshock mixtures, but only in trace
amounts that could not be analyzed quantitatively.

D. Sensitiity Analysis. Table 4 shows the sensitivity spec-
trum of the reaction scheme for the decomposition of quinoline
as the reactant, at 1300 and 1500 K. The sensitivity fagjor
is defined in the table asAlog Ci/Alog k at 2 ms. It was
evaluated here by changitigby a factor of 3. §; = 1 means
that a factor of 3 change ik causes a factor of 3 change in
Ci.) Reactions for whicl§; is less that 0.1 for all the products
both at low and high temperatures are not included in the table.
The sensitivity spectrum for the decomposition of isoquinoline
is practically identical in its context to that of quinoline and it
is thus not shown.

Most of the features in the sensitivity spectrum are self-
evident. It is of interest, however, to examine some of the
details in the mechanism in light of the information given in
Table 4. Since the overall mechanism of the decomposition of
quinoline is essentially a free radical mechanism, ejection of a
hydrogen atom from the molecule, being the initiation step, is
a very important step to which the entire system is very sensitive.
However, since ejection of H atom from the ortho position in
the pyridine ring (reaction 3) is faster than ejection of H from
other sites in the pyridine and benzene rings, the contribution
of reaction 1, for example, to the concentration of H atoms in
the system is no more than-3% and does not affect the
product concentrations.

Although diacetylene (§>) is a direct product of the quinolyl
radical which is formed in reaction 1, its formation is more
sensitive to the value d& than to the value dk;. The reason
for this is that reaction 55, which also produces quinolyl with
the radical site on the benzene ring, depends on the total
concentration of H atoms which is determined mainly by the
rate of reaction 3. Indeed, as can be seen in Table 4, diacetylene
production is sensitive to reaction 55 with roughly the same
sensitivity factor as reaction 1.

Another interesting feature is the competition between the
decomposition channels of the two open-chain radicals at the
two ends of the indene imine radical, (i.e., reactions 11 and
13). Reaction 13, which is responsible for the formation of
acetylene and benzonitrile, strongly inhibits the products of the
second open-chain radical (reaction 11). Since cyclizatton
decyclization of indene imine radical is fast, the three radicals
involved are practically in equilibrium with one another, and
increasing or decreasing the rate of these processes has no effect
on the product distribution.

b @ V. Conclusion

The mechanism of the thermal decomposition of quinoline
and isoquinoline can be summarized as follows.

1. The decomposition is initiated by H-atom ejections from
sites in both the pyridine and the benzene rings, with ejection
z @ from the ortho position relative to the nitrogen in the pyridine
@ ring preferred.
b @ f 2. The distribution of reaction products in quinoline is
| identical with that of isoquinoline even though the preferred
decomposition routes in the two isomers are different.

3. An intermediate indene imine radical couples, in fast

@ @ @ cyclization< decyclization processes, the decomposition routes

of the two isomers and is thus responsible for the identical
product distributions.

4. A combined reaction scheme for quinoline and isoquino-

line containing 72 species and 148 elementary reactions

0.17/0.29

0.36/0.29
--/-0.11
--/-0.20

0.11/--
-0.11/--
-0.19/ --
--/-0.14
--/0.15

-0.12/--
--/-0.24

-0.25/--
0.16/0.18

—0.19/ --
—-/-0.19
—-/0.11
- /-0.14

-0.11/--

--/0.22
--/0.20
--/-0.17

--/0.11

-/ -0.44

-0.11/--
-0.11/--

-0.11/--
—0.19/ --
- /-0.11

+ HCN
+ HCN

+ CH,

103.
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TABLE 4 (Continued)
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successfully accounts for the product distribution as a function
of temperature.
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