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Abstract. The pyrolysis of 3-picoline dilute in argon was investigated using a
single-pulse shock tube over the temperature range of 1400-1650 K and total
pressures of 12—13 atm. The principal products observed were HCN, acetylene,
benzene, cyanoacetylene, methane, and pyridine. Assuming that 3-picoline decom-
poses according to first-order kinetics, the rate constant for its overall disappearance
was determined to be k= 10'6°#08 exp[-99 (+6) kcal mol/RT] s™'. The principal
initial decomposition routes were found to be via the formation of the 3-picolyl and
m-pyridyl radicals whose subsequent ring-opening led to the observed products. A
68-step kinetic model was developed that successfully fits the experimental data.
The dominant reactions, i.e., the formation of picolyl and pyridyl radicals and their
subsequent chain-opening reactions, were studied using ab initio quantum chemical
techniques. The ab initio data were also incorporated into the kinetic model in the
form of energies and A-factors for reactions for which no kinetic or thermochemical
data were previously available. Optimization of the kinetic model yields a value of
64 + (3) kcal mol™! for the heat of formation of 3-picolyl, a value lower than that for
2-picolyl, suggesting that the decomposition of 3-picoline more closely resembles

that of toluene, rather than its isomer 2-picoline.

INTRODUCTION

3-Picoline is one of the nitrogen-containing analogues
of toluene, a compound much studied in terms of its
combustion and pyrolysis. There have been many shock
tube studies'°conducted on toluene in an attempt to
elucidate its mechanism of decomposition under condi-
tions of high temperature and pressure.

Toluene may initially decompose via two possible
pathways:

CH,—»CH,+H (a)
producing benzyl radicals, and
CH, —» CH,+CH, (b)

producing methyl and phenyl radicals. Thermochemis-
try suggests that pathway (a) is likely to be the more
important, due to resonance stabilization of the benzyl
radical, resulting in a lower activation energy for this
reaction than for reaction (b). However, it was found
that benzyl and H atoms recombine at a very rapid rate;
consequently pathway (b) is more significant for prod-
uct formation than first thought,® especially at higher
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temperatures. Moreover, there is some uncertainty with
regard to the mechanism of the subsequent decomposi-
tion of benzyl radicals

C.,H, — benzyl fragments + H (©)

(where the benzyl fragments may contain C,H,, C;H,,
C,H,, and C;H; molecules’), although there is now
agreement as to the rate of (c).

Studies of the mechanisms of decomposition of N-
analogues of toluene, viz., 2-, 3-, and 4-picoline, may
provide us with additional information about the decom-
position of toluene. Doughty et al.® carried out shock
tube and kinetic modeling studies of the decomposition
of 2-picoline and suggested that it may decompose in a
way analogous to toluene:

CHN—->CHN+H (d)
forming the 2-picolyl radical (analogous to benzyl), and
CHN — CHN + CH, (e)

forming the methyl and o-pyridyl radicals. Kinetic mod-
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eling supported the notion that both picolyl and pyridyl
radicals subsequently underwent ring-opening and de-
composition reactions into the observed products: HCN,
acetylene, acetonitrile, acrylonitrile, cyanoacetylene,
cyanocyclopentadiene, cyanovinylacetylene, and meth-
ane. The nitrogen atom in the ring serves as a useful
chemical marker in determining the relative importance
of each route and it was possible to discriminate be-
tween the products that had formed from the picolyl (d)
and pyridyl (e) pathways. For toluene there has been
some ambiguity as to whether the observed products
arise from the reactions of benzyl or phenyl.

Doughty et al. found that routes (d) and (e) are both
significant in determining the decomposition of 2-pi-
coline, their relative importance changing with tempera-
ture. Abstraction reactions involving H, CH,, and C,H,
radicals were also found to be important. The products
HCN, I-cyanocyclopentadiene, and cyclopentadiene
were found to arise through the 2-picolyl pathway,
while the products cyanoacetylene, methane, and acety-
lene were formed through the o-pyridyl + methyl route.

3-Picoline is expected to undergo a decomposition
reaction similar to that of 2-picoline although the domi-
nant pathway may be different, depending on the rela-
tive stabilities of the 3-picolyl and m-pyridyl radicals
and the products formed when these radicals undergo
ring opening. As there is little known about the thermo-
chemistry of some of the radicals that are important in
these decomposition processes, an ab initio study has
been carried out to investigate the energetics of the key
reactions. These have been incorporated into the kinetic
mode] presented in this paper.

The present shock tube study of the pyrolysis of 3-
picoline is also relevant to studies of the evolution of
oxides of nitrogen (NO,) from the combustion of coal.
Much of the nitrogen contained in coal is in the form of
pyridine and pyrrole ring structures® and 3-picoline,
being one of the simplest substituted pyridines, may
therefore be a useful model for reactions of coal bound
nitrogen. The mechanism of formation of NO, precursors,
such as HCN, is therefore of importance in this case.

EXPERIMENTAL

A single-pulse shock tube (SPST) with i.d. of 7.6 cm was
employed in this study. Analyses of the heavier hydrocarbons
and nitrogen-containing species were carried out using a
Hewlett-Packard HP5890/2 GC equipped with an FID and an
NPD and light hydrocarbons were analyzed using a Shimadzu
GC-9A using FID. Product identification was achieved using a
Hewlett-Packard 5890/2 GC in conjunction with a Hewlett-
Packard 5989 MS.

3-Picoline (Aldrich 99.5%) was further purified using three
bulb-to-bulb distillations after degassing. Mixtures of 3-pi-
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coline in argon were prepared at concentrations of approxi-
mately 0.2 mol%. Pressures and temperatures behind the re-
flected shock were determined from the measured incident and
reflected shock velocities. Pressures ranged from 12 to 13 atm,
temperatures from 1400 to 1650 K, and residence times were
between 650 and 900 ps.

COMPUTATIONAL

Ab initio quantum chemical methods were utilized in this
study to obtain thermochemical data on the important radicals
involved in the proposed decomposition scheme. All geom-
etries were initially optimized using restricted Hartree~-Fock
(RHF) theory in conjunction with the 3-21G basis sets of
Binkley et al.!® The geometries of the open chain radicals
resulting from the ring-opening reactions of pyridyl and
picolyl, as well as of the associated transition-state structures,
were obtained using multiconfigurational SCF calculations
and 3-21G basis sets. The method of choice is the complete
active space SCF (CASSCF) technique of Roos et al.,'! with 9
active electrons (that includes all n-electrons) in 9 active orbit-
als. The harmonic frequencies were computed at the appropri-
ate SCF or CASSCF levels of theory. Single point energy
calculations were carried out at correlated levels of theory,
namely (single configuration) second-order Mgller—Plessett
(MP2 or ROMP2) or multiconfiguration second-order pertur-
bation theory (CASPT2),'? using double zeta plus polarization
functions (DZP)™ or correlation consistent cc-pVDZ bases. '
In the CASPT2 calculations the number of active electrons is
3, in an active space of 3 orbitals.

Test calculations have shown that the 3-21G basis is ad-
equate for geometry optimizations, e.g., resulting in an energy
difference of ~1 kcal mol™ in comparison with the DZP opti-
mized geometry in the case of the transition state of the ring-
opening reaction of pyridyl. The adequacy of MP2/DZP calcu-
lations to predict the energetics of C-H bond-breaking reac-
tions was tested in previous work of ours,"? concluding that the
calculated bond energies were accurate to within ca. 5%.
Similar absolute accuracy may be expected for C—C bond-
breaking reactions too.

The calculations were performed using the CADPAC,"
SIRIUS,'* ABACUS,!” and MOLCAS2" programs on DEC
alpha and IBM RS6000 workstations.

RESULTS AND DISCUSSION

3-Picoline was found to start decomposing at tempera-
tures of ~1400 K. Its decomposition profile is shown in
Fig. 1. The principal hydrocarbon products are acety-
lene and methane, and the principal nitrogen-containing
products are HCN, cyanoacetylene, and pyridine. Pro-
files of the major products are shown in Figs. 2—4. The
minor products are benzene, diacetylene, cyclo-
pentadiene, ethane, ethylene, propyne, and vinyl acety-
lene. In addition, traces of 2-picoline, benzonitrile, cya-
nodiacetylene, cyanovinylacetylene, phenylethylene,
and styrene were observed.



3-Picoline appears to undergo first-order decomposi-
tion kinetics. Although the range of concentrations stud-
ied was not large enough to rule out higher-order kinet-
ics, subsequent kinetic modeling lent support to the
assumption of first-order decomposition. An Arrhenius
plot of the first-order rate constant for disappearance of
3-picoline between 1.5 and 50% decomposition yields
the rate parameters Ay, = 10'%°*%8 st and E, ;,, =991 6
kcal mol'.

The results obtained from the theoretical ab initio
calculations are shown in Table 1 as reaction and
critical energies at 0 K, including zero point vibra-
tional corrections. The thermal corrections to the
absolute energies of the various species that are
needed to calculate the reaction energies at 300 K are
~5 kcal mol™!, but in the calculation of reaction ener-
gies these corrections largely cancel. For example,
for the chain-opening reactions the thermal correc-
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Fig. 1. Comparison of the experimental percentage of 3-pi-
coline remaining (points) with the model prediction of Table 2
(line).
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Fig. 2. Comparison of the experimental yield of acetylene/

methane (points/triangles) with the model prediction of Table
2 (line/dotted line).
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tions to the energies quoted in Table 1 are <1 kcal
mol~. The errors due to approximations in the level
of correlation treatment and basis set are more sig-
nificant, estimated as ~5 kcal mol™ in the energies
quoted. The energies that are in the kinetic model (to
be discussed later) are also quoted in Table 1 for
comparison with the ab initio values. The two sets of
results are clearly consistent.

The ab initio energies in Table 1 were used as initial
values for the activation energies in the kinetic model in
Table 2. These values were then optimized (within the
expected uncertainties of the calculations) to fit the
experimental data. Similarly, the Arrhenius pre-expo-
nential factors for reactions 9 and 19 in the kinetic
model (Table 2) were estimated on the basis of the
quantum chemical results for the transition states in
these reactions, viz., using the predicted geometries to
calculate the entropies of activation.
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Fig. 3. Comparison of the experimental yield of HCN/pyridine
(points/triangles) with the model prediction of Table 2 (line/
dotted line).
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Fig. 4. Comparison of the experimental yield of

cyanoacetylene/benzene (points/triangles) with the model pre-
diction of Table 2 (line/dotted line).
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Table 1. Ab initio energies (kcal mol™') of some key radicals and transition states (TS) in the decomposition process of 3-picoline
and comparison with analogous values in the kinetic model

Molecule Formula Calculation Energy
calculated model
H,¢
3-picoly! MP2/DZP// 88.2¢ 91.0¢
SCF/3-21G
m-pyridy] ) MP2/DZP// 104.2¢ 99.5%
SCF/3-21G
/
o-pyridyl MP2/DZP// 98.4¢
‘ SCF/3-21G
HZC=C=C
L-[C{H NI H CASPT2/cc-pVDZ// 75.7¢4 74.0¢
H&\N/CH CASSCF/3-21G (71.3)4
Hzc\p—CH
L-[CHNII/TS , /7H CASPT2/cc-pVDZ// 78.6% 78.0¢
N CASSCF/3-21G (75.3)4
CH
¢ cH
HC/ d,
B-[C,H,CN] " CASPT2/cc-pVDZ// 35.14¢ 29.7¢
~ CASSCF/3-21G (31.8)d¢
c” CH\CH
B-[CH,CNV/TS Hc{ ] iH CASPT2/cc-pVDZ// 44 4% 43.0¢
e CASSCF/3-21G (43.0)%¢
CH
CH CH
v d
CH,CN e l CASPT2/cc-pVDZ// 34.2¢ 314
N CASSCF/3-21G (30.7)
CH/CH\CH
C.H,CN/TS Hc./__ N ) CASPT2/cc-pVDZ// 40.1% 40.0
~~~~~~ N CASSCF/3-21G (37.8)

“ relative to E(3-picoline)-E(H).

® relative to E(3-picoline)-E(CH;).

¢ relative to E(3-picolyl).

4 CASPT2 energies using diagonal and (non-diagonal) representation of zeroth order Hamiltonian.
¢ relative to E(m-pyridyl).

Jrelative to E(o-pyridyl).
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In summary, initial decomposition of 3-picoline pro-
ceeds via two parallel initiation routes:

3-picoline — 3-picolyl + H 1)
3-picoline — m-pyridyl + CH, @)

Fission of the methyl side chain to form the m-pyridyl
radical in reaction 2 is 15 kcal mol™! more energetic than
loss of H to form 3-picolyl. This result contrasts with
that found previously for 2-picoline,? where the route to
o-pyridyl had the lower activation energy. In the present
case we expect that a greater proportion of the observed
products arise from route 1. This situation is more akin
to toluene, where the main decomposition pathway is
via the benzyl radical,* as discussed in more detail be-
low.

Braun-Unkoff et al.2 proposed that benzyl could re-
arrange and undergo decomposition via a norborna-
dienyl intermediate. This was postulated to explain their
low observed activation energy (44.7 kcal mol™") for the
reaction

C,H, (benzyl) — C,H, (cyclopentadienyl) + C H,

They discounted the formation of a linear C;H; radi-
cal on the grounds of the large activation energy that had
been expected for the simple ring fission of benzyl.

Doughty et al.® considered an analogous route to the
above in the case of 2-picoline to explain the formation
of 1-cyanocyclopentadiene and the cyclopentadienyl
radical. It was rejected, since the expected products of
this route, viz., pyrrole, substituted pyrroles, and their
corresponding decomposition products, were not ob-
served experimentally. A decomposition route via a
seven-membered ring was rejected on similar grounds.

The mechanism that best describes the decomposi-
tion of 2-picoline is one involving direct ring opening of
both o-pyridyl and 2-picolyl. Although the direct ring
fission has high activation energies, Doughty et al.?
nevertheless showed it to be a feasible process over the
temperature range studied.

The possibility that 3-picoline may decompose by
direct ring-opening pathways was therefore seriously
considered. The expected products of ring-opening re-
actions of both 3-picolyl and m-pyridyl are open-chain
radicals whose heats of formation are higher than their
counterparts for 2-picoline. However, our ab initio cal-
culations (Table 1) indicate that these barriers are ~78
kcal mol™ for 3-picolyl and only ~44 kcal mol™! for m-
pyridyl, supporting the hypothesis that these ring-open-
ing reactions are viable decomposition pathways at the
temperature range of this study. We have discounted
decomposition via a norbornadienyl-like intermediate
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or a seven-membered ring because these routes would
give rise to products not observed experimentally (as
was the case with 2-picoline). A brief description of the
possible products formed from the ring-opening mecha-
nisms for 3-picoline follows.

The most likely fate of the L-C,H(NI radical formed
by the ring opening of 3-picolyl (reaction 9) is decom-
position into HCN and the open chain A-C,H; radical
(reaction 10). (See Table 1 for the labeling of these and
other radicals referred to below.) The linear C;H, radical
may then either fission into propargyl and acetylene
(reaction 11) or undergo cyclization to form the cyclo-
pentadienyl radical (reaction 12), as in the 2-picoline
decomposition scheme.® Propargyl may then form ben-
zene or propyne, both of which are observed among the
decomposition products.

The product of the ring-opening reaction of m-
pyridyl, B-C,H,CN, may either directly decompose into
HCN and n-C,H; or undergo a facile 1,4 H shift to form
the C,H,CN radical, which is also the product of o-
pyridyl ring opening. This is expected to proceed with a
low barrier and is not rate determining. The C,H,CN
radical decomposes according to the pyridine scheme,?!?
giving rise to a range of products including cyano-
acetylene.

The decomposition products of 3-picoline, viz.,
HCN, acetylene, benzene, propyne, cyanoacetylene, vi-
nyl acetylene, and cyclopentadiene, may therefore be
explained by the ring-opening schemes proposed above.
Other products, such as pyridine, methane, ethane, and
ethylene, arise primarily through abstraction or dis-
placement reactions. Abstraction of a ring hydrogen
from 3-picoline to form a methylpyridyl radical (o-
CH,PYR) is included in the model to account for the
extra propyne and cyanoacetylene observed in the sys-
tern.

By way of comparison, the analogous ring-opening
reaction of the benzyl radical was also studied using the
same theoretical methods as in the case of the 3-picolyl
and pyridyl radicals. In stark contrast with 3-picolyl, the
critical energy of the ring-opening reaction of the benzyl
radical was calculated to be ~ 93 kcal mol™, i.e., ~ 20
kcal mol™! higher than for 3-picolyl. Clearly, this path-
way is energetically much too unfavorable in the case of
the benzyl radical.

KINETIC MODELING
A 68-step model was developed to explain the decom-
position of 3-picoline, as summarized in Table 2. As
noted above, the thermochemical parameters for certain
reactions were obtained from ab initio quantum chemi-
cal calculations, the results of which are given in Table
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1. Other parameters were taken from references as
shown.

The kinetic equations were integrated using the
CHEMKIN package,”® LSODE,?! and the SANDIA?
shock tube code, modified to take into account cooling
effects by the reflected rarefaction wave. The SENKIN2
code was used for rate of production and sensitivity
analyses.

Table 2. Reaction model for 3-picoline pyrolysis®

In Figs. 1-4, the experimental product and decompo-
sition profiles are compared with those predicted by the
model. The predicted profiles for the major products lie
within the range of experimental error. The minor prod-
ucts (not shown) can also be predicted in reasonable
agreement with experiment.

The sensitivity data shown in Fig. 5 demonstrate the
near equal rate of disappearance of 3-picoline through

Forward reaction

Reverse reaction

Reaction

log A n E log A n E Ref
1 3-picoline & H + 3-picolyl 15.0 0 91.0 13.7 0 04 PW
2 3-picoline <> m-pyridyl + CH, 16.0 0 99.5 12.6 0 24 PW
3 CH; + 3-picoline < CH, + 3-picolyl 11.9 0 4.0 12.7 0 185 PW
4 H + 3-picoline < H, + 3-picolyl 13.0 0 3.2 12.3 0 17.1 PW
5 GH, + 3-picoline < C,H, + 3-picolyl 13.0 0 1.5 14.2 0 165 PW
6 n-C/H; + 3-picoline < C,H, + 3-picolyl 12.9 0 2.5 13.7 0 195 PW
7  3-picoline + CH; & 0-CH,PYR + CH, 12.3 0 12.0 12.5 0 92 PW
8  3-picoline + H & 0-CH,PYR + H, 13.0 0 9.0 11.8 0 57 PW
9  3-picolyl & L-C¢HGNI 15.7 0 78.0 11.7 0 40 QC
10 A-C;H; + HCN < L-C(H(NI 11.9 0 5.0 13.6 0 70 8
11 A-CH; < CH, +CH, 12.0 0 27.0 11.4 0 90 8
12 A-CH; & c-C;H; 11.6 0 250 16.3 0 80.0 PW
13 ¢ CHs+H e c-CHg 149 0 0.0 15.4 0 789 8
14 0-CH,PYR & B-CH(N 14.7 0 33.0 10.6 0 85 est
15 B-CHN < C;H,P + HCCHCN 143 0 35.0 12.3 0 50 est
16  m-pyridyl + 3-picoline < pyridine + 3-picolyl 12.3 0 8.0 12.8 0 268 PW
17 m-pyridyl + CH, < pyridine + CH, 12.3 0 4.0 12.0 0 83 est
18  m-pyridyl + H, < pyridine + H 12.9 0 3.2 14.1 0 8.1 est
19 m-pyridyl <> B-C,H,CN 15.0 0 43.0 12.3 0 133 QC
20 B-C,HCN < CH,.CN 12.0 0 154 13.0 0 180 QC
21 B-C,H,CN & HCN + n-C/H, 13.7 0 43.5 11.0 0 49 8
22 3-picoline + H & pyridine + CH, 13.9 0 8.5 12.3 0 208 PW
23  pyridine & o-pyridyl + H 15.9 0 102.0 14.1 0 02 19
24  pyridine + H © o-pyridyl + H, 13.5 0 5.0 12.3 0 77 19
25 pyridine + CH; & o-pyridyl + CH, 12.0 0 4.0 12.3 0 73 8
26  2-picoline & o-pyridyl + CH, 16.1 0 91.5 12.7 0 05 8
27  o-pyridyl & C,H,CN 14.0 0 40.0 11.7 0 86 19
28 CH.CN < CH, + HCCHCN 132 0 37.0 10.9 0 28 19
29 CH/.CN & A-CHCN 13.0 0 18.0 12.1 0 239 8
30 HCCCN +CH,; < A-CH,.CN 13.0 0 2.0 13.8 0 406 8
31 HCCHCN & HCCCN +H 12.0 0 41.0 12.8 0 21 8
32 H+HCCHCN < H,CCHCN 13.3 0 0.0 15.2 0 1056 8
33 H+H,CCHCN < HCN + C,H, 13.0 0 4.0 11.1 0 44 19
34 H+ H,CCHCN < HCCHCN +H, 13.7 0 8.0 12.5 0 69 8
35 H,CCHCN +M < HCCCN +H, + M 16.7 0 80.0 16.3 0 400 8
36 2 (3-picolyl) & 3,3-dipicolyl 12.3 0 0.0 14.3 0 653 8
37 CH,&2CH, 15.0 0 81.1 13.6 0 446 26
33 CH,CH,+H, 14.6 0 86.0 13.6 0 444 26
39 nCH;eCH,+H 12.5 0 44.0 12.9 0 55 19
40 2CH; < CH,+CH 12.1 0 0.0 12.7 0 605 27
41 CHi+M)eCH,+HH+M) 13.3 0 39.7 12.5 0 2.1 28
492 CH,+MeCH,+H,+M 17.4 0 79.3 15.9 0 37.8 28
43 CH,+MeCGH;+H+M 174 0 96.6 15.0 0 90 8
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Forward reaction

Reverse reaction

Reaction

log A n E log A n E Ref
4 CH,+He CH;+H, 13.7 0 8.0 11.9 0 69 29
45 H+CH,+M)eCGH,(+M) 13.0 0 2.7 12.7 0 43.1 30
46 2CH; (+M) o CH; (+ M) 13.6 0 0.0 16.8 0 87.0 27
47 2CH; & CH,+H, 16.0 0 32.0 17.8 0 879 28
48 CH;+H&e CH;+H, 2.7 3.5 52 14.6 0 222 31
49 CH;+CH,; < CH;+CH, -6.82 6.0 6.1 15.6 0 312 27
50 C,H,+ HCN < H,CCHCN 13.5 0 40.0 15.1 0 80.0 19
51 CH;+H,oCH,+H 2.8 3.0 7.7 15.1 0 173 31
52 2CH, e CH,+CH, 12.5 0 0.0 13.5 0 383 31
53  2CH,; < L-CiHq 12.0 0 0.0 14.3 0 57.8 PW/31
54 L-CH, e CHq 11.9 0 33.0 16.7 0 116.0 PW/31
55 CN+H,©HCN+H 5.7 244 2.1 15.0 0 274 32
56 CN+CH, = CH+HCN 12.7 0 3.0 12.5 0 06 19
57 CH+HCN < HCCCN +H 13.0 0 0.0 14.9 0 202 19
58 CH;+CH, < CHP+H 12.9 0 17.0 15.1 0 79 33
59 CH;+H& CHP 12.9 0 0.0 155 0 89.1 31
60 n-CH; < CH,+CH 14.5 0 57.0 13.8 0 34 34
61 CH+H,oCH,+H 12.9 0 0.0 13.6 0 203 35
62 CH+CH,«CH,+H 12.9 0 0.0 14.0 0 15.1 36
63 CH+CH,CH,+H 12.7 0 0.0 14.0 0 148 19
64 n-CH,+ C,H, & L-CH; 12.0 0 3.0 142 0 387 34
65 L-CH; e CH; 10.3 0 14 13.7 0 652 34
66 CHie=CH;+H 15.7 0 107.9 13.1 0 -28 37
67 CH;+CH, < L-CiH; 12.0 0 3.0 14.1 0 368 34
68 CiHs+He CH;+H, 14.4 0 16.0 124 0 98 38

@ Units for A, cm® mol™' s~ or s~ as appropriate. Units for E, kcal mol-'. PW indicates rate constant evaluated in the present work;
est indicates rate constant estimated in the present work; QC indicates rate constant estimated by ab initio techniques in the

present work.
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reaction channels 1 and 2. While reaction 1 is slightly
more sensitive at lower temperatures, reaction 2 is more
important at higher temperatures, although neither is
dominant. This is in contrast with 2-picoline, where it
was found that the o-pyridyl route is significantly more
important at all temperatures.® This is consistent with 3-

Fig. 5. Temperature variation of
the sensitivity coefficients for 3-
picoline.

1630

picolyl being more stable than 2-picolyl, as well as with
the lower stability of m-pyridyl in comparison with o-
pyridyl. In 3-picoline the picolyl decomposition path-
way is relatively more important than in 2-picoline.
Thus, the decomposition of 3-picoline resembles that of
toluene more than that of 2-picoline. It should be
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pointed out, however, that rate of production analysis
reveals that only 27-30% of the 3-picoline actually
decomposes via reaction 1. This is because reaction 1
readily equilibrates, whereas reaction 2 is essentially
irreversible under the conditions of our experiments.

Our rate expressions for reactions 1 and 2 of Table 2
may be compared with the analogous expressions for
decomposition of toluene where A = 10" s~ and E, =
86.1 kcal mol™! for production of benzyl + H*, and A =
10'%! 57! and E, = 94.4 kcal mol™ for the channel to
phenyl + CH,3. A-factors are seen to be quite similar for
the two decomposition channels of 3-picoline and tolu-
ene, whereas the activation energies for 3-picoline chan-
nels are 5 kcal mol™ higher in both cases.

Sensitivity and rate of production analyses indicate
that the major products HCN and acetylene (refer to

Figs. 6 and 7), as well as the minor product benzene, are
formed primarily through the 3-picolyl decomposition
pathway. The m-pyridyl pathway accounts for much of
cyanoacetylene formed, while methane and pyridine
mainly arise through the abstraction and displacement
reactions 2 and 22, respectively. The rate-determining step
for the disappearance of 3-picolyl via ring fission is reac-
tion 9, and Arrhenius parameters obtained from the ab initio
calculations are A = 10”7 5! and E, = 78.0 kcal mol'. The
corresponding experimental values for the disappearance
of benzy!* are A = 103 57! and E, = 83.7 kcal mol™,
although there is uncertainty about the products of decom-
position. Our ab initio calculations of the barrier to ring
opening (~ 93 kcal mol™) are much larger than the experi-
mental value, thus the possibility of direct ring opening is
effectively eliminated.

Fig. 6. Temperature variation of the
sensitivity coefficients for HCN.

Fig. 7. Temperature variation of the
sensitivity coefficients for acetylene.
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The model exhibits a moderate degree of sensitivity to
reaction 1, so that the Arrhenius parameters for this reac-
tion can be used to determine an approximate value for the
heat of formation of the 3-picolyl radical. A value of 64 +
(3) kcal mol™ at 300 K is obtained this way, which is ~ 4
kcal mol™ below the heat of formation of 2-picolyl,
possibly due to a greater degree of resonance stabiliza-
tion in the former. In the case of benzyl, its recombina-
tion with H was found® to have an anomalously high rate
constant of 2.5 x 10" cm® mol™ s™', this value being
attributed to the resonance stability of the benzyl radi-
cal. However, our rate constant for the analogous reac-
tion, i.e., recombination of 3-picolyl with H was found
to be 5 x 10" ¢cm?® mol™! s, i.e., within the “normal”
range, suggesting a lower degree of resonance than in
benzyl.

It has been found that in toluene pyrolysis the pro-
duction of stilbene is an important factor in accounting
for the disappearance of benzyl radicals.?** The mecha-
nism of stilbene formation involves the recombination
of two benzyl radicals to make dibenzyl initially, fol-
lowed by loss of hydrogen to form stilbene. This process
may be expected to take place in 3-picoline and would
be initiated by the recombination of two 3-picolyl radi-
cals to form 3,3-dipicolyl (included as reaction 36 in the
model). However, 3,3-dipicolyl and its decomposition
products were not observed in our experiments, so this
pathway was not investigated further in the model. As
noted, the rate constant for reaction 36 was chosen from
the previous work on 2-picoline.?

As indicated previously, the decomposition of m-
pyridyl proceeds in a manner similar to that of o-pyridyl,**®
hence a portion of this reaction mechanism appears in
Table 2 as reactions 23-30. According to the ab initio
calculations, the initial rearrangement from B-C,H,CN
to C;H,CN is close to thermoneutral and proceeds with a
pre-exponential factor of 102 s~ and barrier of about 15
kcal mol-'.

The model is also fairly sensitive to reactions which
abstract hydrogen from the methyl group of 3-picoline
(reactions 3-6). In particular, 40% of the methane pro-
duced at 1560 K is from reaction 3.

CONCLUSIONS

The thermal decomposition of 3-picoline has been suc-
cessfully modeled using a 68-step reaction scheme. The
rate constants were chosen on the basis of previous work
or were estimated using ab initio quantum chemical
calculations. All major products are successfully pre-
dicted within experimental limits and minor products
are also satisfactorily modeled.

We find that there are two possible initiation reac-
tions of 3-picoline: loss of a hydrogen atom, producing
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3-picolyl radicals, and loss of methyl, resulting in m-
pyridyl radicals. Both of these species readily undergo
ring-opening reactions to form the observed major prod-
ucts: HCN, acetylene, benzene, and cyanoacetylene. In
addition, displacement reactions are important in the
formation of methane and pyridine. The disappearance
of 3-picoline was found to be marginally more sensitive
to reaction 1 than 2 at temperatures less than 1600 K. In
this respect, the decomposition of 3-picoline is quite
similar to that of toluene.
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