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Thermal Decomposition of 4-Methylpyrimidine. Experimental Results and Kinetic Modeling
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The decomposition of 4-methylpyrimidine was studied behind reflected shock waves in a pressurized driver
single-pulse shock tube over the temperature range-11880 K at overall densities 63 x 107> mol/cn?.

A plethora of decomposition products, both with and without nitrogen was found in the post-shock mixtures.
They were HCN, CHCN, GH3CN, pyrimidine, GHsCN, cis- andtrans-CH;CH=CHCN, CH—=CHCH.CN,
CH=C—-CN, and GN,, among the nitrogen containing products, and,CEH,, CH;C=CH, C,Hg, CH,=
C=CHj,, and GH, as products without nitrogen. It is suggested that the decomposition of 4-methylpyrimidine
has two major initiation steps. (1) An ejection of a hydrogen atom from the methyl group that is connected
to the ring, GH3N,—CHz — C4H3N,—CHy" + H°, and (2) split of the methyl group from the ringdzN>—

CHs; — C4H3Ny* + CHg'. The ejection of H atom from the ring is much slower and does not contribute much
to the total rate. The H atoms and methyl radicals initiate a chain mechanism by abstraction of an H atom
from the methyl group and by dissociative attachment of an H atom and removal of a methyl group from the
ring. The pyrimidyl (GH3sN2") and methylene pyrimidine (ElsN,—CH;*) radicals decompose by ring cleavage
followed by breakdown of the open-ring radical. The total decomposition of 4-methylpyrimidine in terms of
a first-order rate constant is given ky = 1037 exp(—83.5 x 10%/RT) s L. A reaction scheme containing

33 species and 91 elementary reactions was constructed to account for the observed product distribution. A
discussion on the decomposition mechanism is presented.

I. Introduction 120 °C with an accuracy oft1 °C. The driven section, was

. . ) 4 m long and was divided in the middle by a 52 mm i.d. ball
The thermal reactions of pyrimidine and pyrazine have been \,5ive. The driver had a variable length up to a maximum of

studied in the past using shock tubes as the heating device, Wity 7 m and could be varied in small steps in order to obtain the
a variety of diagnostic techniqués It has been suggested that gt cooling conditions. A 36 L dump tank was connected to
in both isomers the decomposmon begins with an EJeCtIOH.Of @ the driven section at 45angle near the diaphragm holder in
hydrogen atom from the ring followed by opening of the ring  grqer to prevent reflection of transmitted shocks. The driven
ing positions to the rad|c_al site and fragmentation py successive section was separated from the driver by “Mylar” polyester film
p-scissions with and without hydrogen atom shifts. Overall fyarious thickness depending upon the desired shock strength.
reaction schemes for the decomposition have been composed afiar pumping down the tube to approximately>3 105
and computer modeling was run to support the suggestedtor the reaction mixture was introduced into the section
mechanisms. The addition of a methyl group to pyrimidine, 10 petween the valve and the end plate and pure argon into the
form methyl pyrimidine, introduces two ad_dltlonal bonds: gection between the diaphragm and the valve, including the
—CH,—H and C—CH3: Thesg .bpnds are considerably weaker dump tank. After running an experiment, samples were injected
than the C-H bonds in pyrimidine even though some of the  fom the downstream end of the driven section into a Hewlett-
radicals that are formed are resonance stabilized by adjacentosckard model 5890 gas chromatograph operating with 2
nitrogen atoms. vai_ng_ to the formation of c.ii.ﬁerent radicals in Porapak-N columns using flame ionization (FID) and nitrogen-
the process of initiation, the decomposition pathways are phosphor (NPD) detectors. All the transfer tubes and the
different. Also being a larger molecule with a methyl group, injection system were maintained at 120.
production of more products is expected. _ Reflected shock temperatures were calculated from the extent
In the present investigation the thermal reactions of 4-meth- of decomposition of 1,1,1-trifluoroethane which was added to
ylpyrimidine are studied and a detailed mechanism for the the reaction mixture and served as an internal standard. Its
production of the many products that are formed is suggested.decomposition to CH=CF, + HF is a first-order unimolecular
A kinetic scheme is composed and computer modeling is run reaction with a rate const&nkss; = 1014-8%xp(—74.05x 10/

to support the suggested mechanism. RT) s L
Reflected shock temperatures were calculated from the
Il. Experimental Section relation

1. Apparatus. The decomposition of 4-methylpyrimidine was _ 1 _
studied behind reflected shocks in a pressurized driver, heated, T= (E/R)/ [In{ At In(1 X)}] (1
52 mm i.d.. single pulse shock tube. The tube, made of electro-
polished stainless steel tubing, was heated and maintained atvhereE is the activation energy of the HF eliminatiohjs its
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Figure 1. Gas chromatograms of a post-shock mixture of 0.25%
4-methylpyrimidine in argon heated to 1296 K, taken on NPD (top)
and FID (bottom). The numbers on top of the peaks indicate
multiplication factors. The products afd®D) 1. GN, 2. HCN 3. CH=
C—CN 4. CHCN 5. GH3CN 6. GHsCN 7. cis:=CH;CH=CHCN 8.
CH,=CHCH,CN 9.trans CH;CH=CHCN 10. pyrimidine 11. pyrazine
12. 4-methylpyrimidine.EID) 1. CH,. 2. GH,. 3. GHg 4. GH>. 5.
CH,=C=CH,. 6. CHsC=CH. 7. GN,. 8. HCN. 9. CH=C—CN. 10.
CHsCN. 11. CH=CHCN. 12.cis:CH;CH=CHCN. 13. CH=CHCH,-
CN. 14. transCH;CH=CHCN. 15. Pyrimidine. 16. Pyrazine. 17.
4-Methylpyrimidine (a) CH=CF,, (b) CH;CFs.

preexponential factot,is the reaction dwell time, angdis the
extent of decomposition defined as
x = [CH=CF,]/([CH,=CF,| +[CH,CFj])  (II)

The additional reflected shock parameters were calculated from

C

C
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their GC peak areas from the following relations:

s(P); = A(pr)/S(pr) { Cs(4-mpyrim.)yA(4-mpyrim.) (Il
s(4-mpyrim.}, = {p;x %(4-mpyrim.ps/p,}/100RT,) (IV)

A(4-mpyrim.}, = A(4—mpyrim.)+1/52 N(pr,) x
A(pr)/Spr) (V)

In these relationsCs(4-mpyrim.} is the concentration of
4-methylpyrimidine behind the reflected shock wave prior to
decomposition and\(4-mpyrim.) is the calculated GC peak
area of 4-methylpyrimidine prior to decomposition (eq V) where
A(pr): is the peak area of a produicin the shocked sample,
S(pr) is its sensitivity relative to 4-methylpyrimidine, ait{pr;)

is the number of its carbon atomgs/p; is the compression
behind the reflected shock wave afgis room temperature,
120°C in this study.

The identification of the reaction products was based on their
GC retention times and was assisted also by a Hewlett-Packard
model 5970 mass selective detector. The sensitivities of the
various products to the FID and NPD were determined relative
to 4-methylpyrimidine from standard mixtures. The areas under
the GC peaks were integrated with a Spectra Physics model
SP4200 computing integrator and were transferred after each
analysis to a PC for data reduction and graphical presentation.

Ill. Results

To determine the distribution of reaction products, some 30
tests were run with mixtures containing 0.25% 4-methylpyri-
midine in argon, covering the temperature range +1BRB80
K. Extents of pyrolysis starting from less than one hundredth
of one percent were determined for many of the products. Details
of the experimental conditions and the distribution of reaction
products are given in Table 1. The percent of a given product
in the Table, corresponds to its mole fraction in the post-shock
mixture (not including Ar and b, irrespective of the number
of its carbon atoms.

The balance of nitrogen vs carbon in the decomposition

the measured incident shock velocities using the three conservaProducts is shown in Figure 2. One-half the sum of the

tion reactions and the ideal gas equation of state. Dwell times
of approximately 2 ms were measured with an accuraey=dfo.
Cooling rates were approximately>6 1075 K/s.

2. Materials and Analysis. Reaction mixtures containing
0.25% 4-methylpyrimidine and 0.25% 1,1,1-trifluoroethane
diluted in argon were prepared manometrically and stored in
12 L glass bulbs at 700 Torr. Both the bulbs and the line were
pumped down to~1075 Torr before the preparation of the
mixtures. 4-methylpyrimidine was obtained from Aldrich Chemi-

concentrations of all the nitrogen containing products each
multiplied by the number of its nitrogen atoms, are plotted
against one-fifth the sum of the concentrations of all the products
each multiplied by the number of its carbon atoms. The diagonal
in the figure represents a perfect mass balance. As can be seen
mass balance is maintained.

Figure 3 shows the rate constant for the overall decomposi-
tions of 4-methylpyrimidine, calculated as a first-order rate
constant from the relation:

cal Co. and was listed as 97% pure. However, chromatogramsktotal = —In{[4-methylpyrimidine}

of unshocked samples did not show any of the products that

[4-methylpyrimidine}}/t (V1)

appeared in the shocked samples. The argon used was Matheson

ultrahigh purity grade, listed as 99.9995%, and the helium was
Matheson pure grade listed as 99.999%.

The value obtained & = 103%exp(—83.5 x 10°%/RT)
s™1, whereR is expressed in units of cal/(K mol). Figure 4

The gas chromatographic analyses of the post-shock mixturesshows, as an example, Arrhenius plots of the first-order

were performed on two Porapak-N columns using flame
ionization and nitrogen-phosphor detectors. The initial column
temperature of 35C was gradually elevated to 19C in an
analysis which lasted approximately 1 h. Typical chromatograms
of 0.25% 4-methylpyrimidine in argon of a shock heated mixture
to 1296 K are shown in Figure 1.

3. Determination of Product Concentration. The concen-
trations of the reaction produc@s(pr), were calculated from

production rate of HCN, Cldand GN, calculated from the
relation:

_ [product] |
Korodc [4-methypyrim}, — [4-methypyrim] "

. (Vi)

Note that the values calculated from Eq. VII correspond to
the production rates and not to the depletion rate of the reactant
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TABLE 1: Product Distribution in Percent

(a) Hydrocarbons

no. TsK Cs x 10° mol/cm? t (ms) CH, CoH, CoHe CoH, allene propyne

1 1160 2.70 2 0.037 0.022

2 1167 2.78 211 0.033 0.0076 0.015

3 1172 2.78 1.90 - 0.023

4 1173 2.97 1.95 - 0.022 0.0030

5 1174 2.86 1.90 0.038 0.014

6 1197 2.77 191 0.020 0.0076 0.025 0.064 0.0033 0.0080

7 1200 2.76 2.08 0.169 0.043 0.020 0.067

8 1202 2.76 2.08 0.116 0.0067 0.052

9 1203 2.83 1.93 0.103 0.012 0.017 0.058 0.0029 0.0079

10 1205 2.54 1.85 0.061 0.062 0.00090 0.0074

11 1207 2.76 1.94 0.151 0.016 0.076

12 1213 2.74 1.98 0.0084 0.021 0.091 0.0043 0.013

13 1238 2.56 2.04 0.135 0.016 0.019 0.126 0.015 0.027

14 1247 2.47 2.10 0.174 0.015 0.019 0.154 0.011 0.029

15 1249 2.57 2 0.233 0.012 0.011 0.198 0.015 0.034

16 1252 2.59 2 0.135 0.020 0.037 0.204 0.017 0.039

17 1252 2.58 2.08 0.296 0.075 0.053 0.352 0.030 0.064

18 1260 2.27 2.09 0.245 0.024 0.026 0.226 0.018 0.048

19 1266 2.42 2.02 0.474 0.0083 0.070 0.378 0.025 0.084

20 1266 2.44 211 0.176 0.024 0.032 0.232 0.018 0.044

21 1278 231 2.04 0.429 0.078 0.052 0.446 0.042 0.091

22 1281 2.59 2.12 0.495 0.077 0.505 0.050 0.112

23 1284 2.36 2 0.536 0.081 0.119 0.692 0.064 0.146

24 1296 2.36 1.90 0.554 0.076 0.078 0.668 0.063 0.148

25 1301 2.30 2.02 0.908 0.104 0.121 1.04 0.099 0.221

26 1304 2.32 2.07 0.824 0.108 0.094 1.06 0.098 0.220

27 1321 2.19 211 1.88 0.236 0.245 2.56 0.237 0.545

28 1337 2.22 1.98 3.02 0.671 0.462 5.05 0.413 0.888

29 1341 2.22 2.03 2.24 0.471 0.465 4.19 0.375 0.797

(b) Nitrogen-Containing Species
Cs x 10° methyl- pyrimi-

no. Ts mol/cm®  t(ms) pyrimidine GN;2 HCN CH/CCN CHCN GCHsCN CHsCN CH—CH=CH-CN dine
1 1160 2.70 2 99.82 0.00091 0.059 0.011 0.024 0.0075  0.0052 0.012 0.0065
2 1167 2.78 2.12 99.53 0.0012 0.091 0.0067 0.043 0.014 0.022 0.092 0.141
3 1172 2.78 1.90 99.69 0.0017 0.174 0.015 0.038 0.023 0.033
4 1173 2.97 1.95 99.75 0.0011 0.112 0.010 0.051 0.013 0.028 0.0069
5 1174 2.86 1.90 99.79 0.00066 0.073  0.0070 0.041 0.014 0.018
6 1197 2.77 191 99.33 0.0026 0.288  0.025 0.075 0.033 0.036 0.038 0.047
7 1200 2.76 2.08 98.83 0.0033 0.381 0.026 0.095 0.048 0.027 0.093 0.198
8 1202 2.76 2.08 99.28 0.0036 0.197 0.031 0.047 0.044 0.032 0.047 0.143
9 1203 2.83 1.93 98.61 0.0030 0.443  0.023 0.182 0.063 0.093 0.142 0.236
10 1205 2.54 1.85 99.33 0.0026 0.369 0.024 0.074 0.038 0.034
11 1207 2.76 1.94 98.93 0.0049 0.442  0.036 0.102 0.067 0.064 0.055 0.058
12 1213 2.74 1.98 99.06 0.0041 0.50 0.032 0.138 0.056 0.073
13 1238 2.56 2.04 98.16 0.0067 0.872  0.046 0.194 0.10 0.090 0.108 0.090
14 1247 2.47 2.10 97.86 0.0063 111 0.054 0.247 0.136 0.113 0.061
15 1249 2.57 2 97.65 0.0076 1.20 0.054 0.197 0.101 0.082 0.129 0.071
16 1252 2.59 2 97.59 0.0091 1.36 0.065 0.158 0.109 0.060 0.129 0.064
17 1252 2.58 2.08 95.65 0.018 2.08 0.109 0.408 0.214 0.199 0.204 0.241
18 1260 2.27 2.09 96.84 0.0083 1.61 0.077 0.364 0.205 0.163 0.112
19 1266 2.42 2.02 94.96 0.019 2.23 0.102 0.516 0.298 0.301 0.350 0.165
20 1266 2.44 211 96.19 0.013 1.70 0.086 0.397 0.220 0.198 0.328 0.349
21 1278 231 2.04 93,51 0.024 3.26 0.158 0.636 0.357 0.256 0.420 0.251
22 1281 2.59 212 94.40 0.025 2.86 0.169 0.376 0.293 0.220 0.358 0.054
23 1284 2.36 2 91.75 0.026 4.59 0.201 0.555 0.369 0.237 0.465 0.166
24 1296 2.36 1.90 90.76 0.035 4.76 0.241 0.831 0.530 0.342 0.676 0.242
25 1301 2.30 2.02 87.75 0.034 6.75 0.285 0.862 0.567 0.323 0.729 0.214
26 1304 2.32 2.07 89.15 0.040 5.39 0.269 0.883 0.580 0.344 0.682 0.259
27 1321 2.19 2.11 73.45 0.062 13.97 0.722 1.86 1.38 0.639 1.79 0.439
28 1337 2.22 1.98 54.53 0.101 23.64 1.27 3.18 2.47 0.996 2.78 0.533
29 1341 2.22 2.03 57.73 0.108 22.50 1.13 3.16 2.36 1.04 2.87 0.567
due to the production of a given product. Values€asbtained IV. Discussion

from the slopes of the lines and their corresponding preexpo-

nential factors are summarized in Table 2. Since the production 1. Reaction MechanismA. Initiation. There are in principle

of all the stable products is associated with free radical reactions,five initiation steps in the decomposition of 4-methylpyrimidine
their Arrhenius parameters do not correspond to the parameterghat can produce active free radicals and unstable intermediates
of true first-order rate constants. They do provide, however, a whose decomposition can lead to a free radical mechanism.
convenient way to summarize general rates. Three steps involve ejection of hydrogen atoms from three
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Figure 3. Arrhenius plot of a first-order rate constant for the overall  Figure 5. Profiles of reactive free radicals calculated for 1250 K. Six
decomposition of 4-methylpyrimidine. The rate constant is calculated free radicals of the highest concentrations were introduced into the
from the relation: kit = —In{[4-methylpyrim.}/[4-methylpyrim.}} /t. kinetic scheme.

The value obtained ikt = 10'53%exp(=83.5 x 10°/RT) s™L.

TABLE 2: First-Order Arrhenius Parameters for

locations in the ring: Formation Rate
product logh, s E (kcal/mol)
s s A =103 methylpyrimidine (total dec.) 15.37 83.5
= N4 5+H' £ pyrimidine
k ! > keal/mol HCN 17.42 95.0
N 2% CHsCN 13.05 73.7
1
4-methyl 6-pyrimidyt 8;:28“ ii%g ggg
CH=CCN 13.43 79.2
CH CH, CoN2 12.95 81.7
? 3 A~ - CH3;—CH=CHCN 16.83 96.2
i e 7112 CH, 11.97 67.8
K | 2 6 kealmol CoHa
1 CoHg 10.40 63.7
4-methyl 5-pyrimidyl C,H, 15.20 86.6
a-CgHy 17.18 104.4
p-CsHa 19.24 113.9
CH, CH,
i | — INT | Sepp 9 Owing to the resonance stabilization by adjacent nitrogen atoms,
K Z.K 6 keal/mol out of the three possible H atom ejections from the ring the

4-methyl-2-pyrimidyl radical is considerable more stable than

1
4-methyt 2-pyrimidyl both the 5- and 6- isomers. Its production is associated with a
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lower activation energy and is thus much faster. Out of the three
H atom ejections from the ring we considered only the 10 ¢
production and decomposition of 4-methyl-2-pyrimidyl. :

The other two steps are ejection of a hydrogen atom from
the methyl group, and removal of the methyl group from the

H, CH,*
Z ! = H Asta =88
_— +He
K kcal/mol

4-methylenepyrimidine

0.1 L

mole percent

\

L]
ring. The activation energy for the H atom ejection from the 0.0t F CHCN *

1150 1200 1250 1300 1350

CH, 4
=3 KINZN T (K)
N +CH"* AHm =94 . . i
k 3 keal/mol Figure 6. Calculated and experimental yields of HCN, £\ and
AN 2 8 cajmo C;H, plotted against the temperature. The lines are the best fit through
1

the calculated points obtained at 25 K intervals, shown heretas (

4-pyrimidyl

methyl group is considerably lower than the activation energy I "
for an ejection of a sphydrogen from the pyrimidine ring, even C,HCN A
in comparison to the production of the 2-pyrimidyl radical. The TE
removing of a methyl group has also a lower barrier than b
removing a hydrogen atom from the ring. We therefore
considered three initiation steps in establishing the free radical
mechanism: formation of 4-methylene pyrimidine, 4-methyl-
2-pyrimidyl, and 4-pyrimidyl. -
Following these initiation steps, hydrogen atom and methyl i o
group attack on the reactant and eventually on the products, L
and unimolecular decompositions of the above-mentioned 0.01 L as
unstable intermediates are the significant steps in the mechanism N
of the decomposition. 1150 1200 1250 1300 1350
B. Decomposition of Unstable Intermediates. 4-Methylene T (K)
Pyrimidine. The attack of methyl radicals on the methyl group
in 4-methylpyrimidine produces methane which is a major Figure 7. Calcu_lated and experimental yiel_ds ofHGCN and CHC=
product among the species not containing nitrogen, leaving thetcri';}| Egl’gjl‘;tzga"Z)Si;ttg‘%ﬁ;?rﬁ’:éa::rgsT}:‘ien't':sfagresg&zeﬁéIgé:‘sro(“gh
radical 4-methylene pyrimidyl: The result of H atom attack on P ’
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In comparison to the unstable radical intermediates, pyrimi- CH; plotted against the temperature. The lines are the best fit through
dine is a stable molecutdts only decomposition is ejection of ~ the calculated points obtained at 25 K intervals, shown heretais (
a hydrogen atom, mainly from the position between the two
nitrogen atoms in the ring. We have included in the present Most of the nitrogen containing species are obtained by the
scheme a subscheme describing the decomposition of pyridinedecomposition of 4-methylene pyrimidinef&N,—CHy"). The
taken from the work of Kiefer et al. with some modifications latter that is iso-electronic to benzyl radical exists in three
which are relevant to the present investigation. resonance structures. It opens to a noncyclic compound,
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I-C4H3N,—CHy®, that will decompose to smaller segments by pathways, the final products are
'CHZ ’CHZ CH,” I-C,H;N,—CH," — C,H," + 2HCN (12)
m ,\LN * N ' I-C,H;N,—CH,” — CH,CN" + C,H,CN (13)
A [-C;H;N,—CH,” = CH,CN'+ HCN+ C,H, (14)

successives-scissions. From all the possible decomposition Because information is not available on the precise pathways
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in the decomposition of this species, we have treated eachmol™. The Arrhenius parameters for the reactions in the scheme
pathway as one single global process and inserted these threare either estimated or taken from various literature sources.

reactions to the reaction scheme as single step reactions. These sources are specific articles relevant to the present issue,
b. 4-Methyl-2-pyrimidyl. This species is obtained by ejection and databases, mainly the NIST-Kinetic Standard Reference
or abstraction ba H atom from position 2 in the ring, namely, Data Base 1%.The parameters for the reactions that were taken
from the position between the two nitrogen atoms: Similar to from the NIST-Kinetics Data Base are, in many cases, best fits
to a large number of entries. The thermodynamic properties of

GHs GH, the species involved were also taken from specific articles and
= INFa s A, =98 various literature sourcés? Some were estimated using NIST
K | K l . +H keal/mol Standard Reference Data Basé®2&tructure and Properties
2.

program (SP)).

Figures 6-12 show experimental and calculated yields of
fourteen products found in the post-shock mixtures. The symbols
4-methylene pyrimidine it will open by breaking two—@ in the figures are the experimental yields and the lines are the
bonds in theB-position on the ring to form- C4H2N2-CHz best fits to the calculated points using the scheme shown in
and will further fragmentize to smaller species by successive Table 3. The calculations were done at 25 K intervals and are
B-scissions. From all the possible decomposition pathways theshown as {) on the lines. Cis and trans crotonitrile and
final products are vinylacetonitrile were treated as one species as they interi-
somerize quite rapidly. Also, pyrazine which was found in very
small quantities was not taken into consideration in the kinetic
scheme. The agreement between the calculations and the

1
4-methyl 2-pyrimidyl

[-C,H,N,’—CH; — CH,—C=CH + HCN + CN" (16)

I-C,H,N,-CH;— CH;—C=CH + CHNCN"  (17) experimental results are generally good. For several products
. . the agreement at the low-temperature end of the range, where
I-C,H,N,-CH; — CH, + CH,CN + CN (18) the yields of the individual products do not exceed a few

hundredths of one percent is not very good. We suspect that
this is caused by residual minute background in the G. C. orin
the transfer tubes that could not be accounted for properly. When
the yields are less than one hundredth of one percent, even a
small background can cause a serious disagreement. Also, the
model calculation overestimates the yield of €8—CN. The
reaction to which the yield of CEH#C—CN is most sensitive is

the reaction: CHCHCN — H*+ CH=C—CN. We have used

for the back reaction of this step the rate constant of the reaction
H* + CH=CH — CH,=CH" (slightly reduced). A decrease in
the rate constant of this reaction could lead to a good agreement
between the experimental and the calculated yield o=CH

CN.

B. Sensitwvity Analysis.Table 4 shows the sensitivity of the
products to elimination of specific reactions from the kinetic
scheme at 1150 and 1350 K. It gives the percent change in the
yield of a particular product as a result of eliminating a given
reaction from the scheme. The calculations correspond to dwell
times of 2 ms. Reactions that show an effect of less than 10%
unimolecular processes, all the reactions that compose thebOth at 1150 K and at 1350 K are not included in the table.

kinetics scheme involve free radicals. Figure 5 shows profiles ~AS expected, not all the elementary steps affect the product
of the free radicals in the system. The profiles were calculated distribution in the sense that their elimination from the scheme
for 1250 K, during a reaction time of 2 ms. As can be seen, affects the yield of at least one of the products. The majority of
CHg", CH,CN* CaHg, CH=CHCNr, H, and CN have the the elementary reactions that compose the scheme do not affect
highest concentrations. They were introduced into the reaction©r have only a small effect on the distribution. It should be
scheme in abstraction and other reactionsg"G$involved in mentioned, however, that the sensitivity analysis is done by
abstractions and recombinations and is responsible for the'®moving a single reaction at a time. When a group of reactions
production of species such as GHHa, CoHg, CH:CN, and is eliminated from the scheme there can be a strong effect on
others. H atoms play a very important role in the production of Particular products although the elimination of one step alone,

many of the species.#s" is responsible for the production of ~ as is shown in Table 4, might not have an affect at all. These
allene and propyne. CNcontributes, to some extent, to the reactions are left in the kinetic scheme also for completeness

formation of cyanogen. and applicability beyond the temperature range of the present
2. Computer Modeling. A. Reaction Schemélo model the ~ investigation where they might be more important.

observed product distribution, we have constructed the reaction Removal of elementary steps that are the sole producers of a

scheme that is shown in Table 3. The scheme contains 33 speciegiven product or are part of a consecutive chain that is the only

As has been done previously witftC4H3sN,—CH;*, we treated
these three global reactions as a single step reactions.

c. 2- and 4-Pyrimidyl. 2-Pyrimidyl is obtained by H atom
ejection from pyrimidine. The latter is obtained by dissociative
recombination of H atoms with 4-methylpyrimidine (reaction
19) to yield pyrimidine and a methyl radical. It decomposes by
a series off-scissions. We have adopted the mechanism
suggested by Mackie et dland Kiefer et al=3 in their study
on the decomposition of diazines. The decomposition yields
mainly GH, and CHNCH.

4-Pyrimidy! is obtained by rupture of the-G@CHsz bond in
4-methylpyrimidine. Its production from the dissociation of
pyrimidine is practically negligible. It has been suggested that
this species will decompose directly to HCN *CH=CHCN
and/or will open toCH=N—-CH=CH—-CN and then decompose
to HCN + *CH=CHCNL. These two channels were introduced
to the reaction scheme.

C. Consecutie Free Radical Reaction€kxcept for the three
initiation steps (reactions-13 in the kinetic scheme) that are

and 91 elementary reactions. The sym{R) at the end of a

route for a product formation, reduces the concentration of that

reaction in the scheme indicates that the reverse reaction takeproduct almost to zero. As has been mentioned before the

place. The rate constants listed in the table are givdn=a#\
exp(—E/RT), or k = AT" exp(—E/RT) when the rate constant
fits a wide temperature range. Units are3cs?, kcal, and

formation of all the products are associated with free radical
reactions. The most important initiation reaction is reaction 2
(Table 3) which produces methyl radicals. These radicals
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TABLE 3: Reaction Scheme for the Decomposition of 4-Methylpyrimidine
No _ Reactions 4 E k(1250K) &, (1250K) 48, (1250K)  4H, (1250K) ref

1 /g »@ 5.0x10% 91.1 0.582 2.17x10" 34.1 91.6 est (a)
+ H*
U

2 N . e 2.50x10' 90.6 3.62 9.30x10" 40.3 92.7 est (a)
K 5
3 O Q . e 5.0x10"* 98.8 2.67x107  4.49x10"% 39.1 101.6 est

4 Q - Q on, 2.0x10" 10 3.57x107  2.94x10° 6.50 -15.2 est (a)

CH .
5 O +CHy —> Q . cH, 1.0x10% 15 2.39x10°  3.76x107 -0.081 -16.1 est (a)
CIH *
6 /j - N/j o 8.0x10" 15 1.91x10° 1.79x10° 0.135 0.015 est
kN + —_— + =C=CH,
CH, CH;*
T W o NZ c 2.50x10'2 15 5.96x10° 1.85%10° 1.17 ~1.45 est
+ CH, Cm
KN He —> | [+ oHeoucH
CH '
8 Q . GHON /) « CHON 5.0x10" 15 1.19x10°  5.51x10° -0.361 -2.37 est
9 Q - Q « HON 2.0x10°72% 0 2652107 2.93x10° 3.93 -34.9 est (b)
CH *
10 . 136734 5.17 3.42x10"°  1.26x107 2.96 -159 est (c)
K |+CH-CHCN — K + CHCN '
N
CH,~C=NCH=NCH=CH*
11 K /7 (CHNCH) 6.0x10% 57 6.50x10*  9.19x10° 17.3 51 est
CH ,»C=CHCH=NCH=N*
12 1-C4HaN—CHy" — CyHs" + HCN + HCN 3.0x109 32 7.63x107  9.01x10° 58.1 27.1 est
13 +C4H3Nz—CHy® — CHZCN® + CHiCN 5.0x10° 32 127x10°  4.53x10° 25.6 -16.4 est
14 FC4HaNz-CHz" — CH2CN* + HCN + CoH, 4.0x10" 32 102108 1.07x10% 58.1 26.8 est
s Ni“’ /CHfC'-CHCH-NC-N 1 4 1
1< oo (FCHN-CHy 6.0x10 60 1.94x10 1.52%10 16.3 54 est
Ha
16 FCaHzNz*-CHg — p-CaHg + HCN + CN° 5.0x10" 52 4.05x10*°  5.37x10M 51.3 47.6 est
17 FC4HN2"~CHa ~ CzHz + CHaCN + CN* 5.0x10"2 52 4.05x10*  7.15x10" 49.8 46.4 est
18 FC4H2N;*~CHj — p-CaHq + CHNCN® 5.0x10% 26 1.42x10°  6.57x10" 26.4 19.6 est
CH,
! 13 12 9
19 NN L NN L o 2.77x10 6.88 1.74x10 2.47x10 3.90 -114 est (a)
N 7S ‘
N
20 N#& NF . 1.23x10% 95 3.03x1072  7.31x10% 36.4 99.1 1
) = e
N
21 N NF . 4.24x10" 101 9.33x107  1.68x10" 36.4 104.1 1 (h)
J =K
N

“ ’Q H @ H 8.0x10" 10 1.43x10%  7.61x10° 8.76 -1.77 est (d)
+H —> +H,
T o
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TABLE 3: (Continued)

Lifshitz et al.

No  Reactions 4 E k(1250K) & (1250K) 48, (1250K)  4H, (1250K) ref
23 NF NF 8.0x10" 10 1.43x10%  5.70x10° 8.76 -2.77 est(d)
e =D
. ™
N
24 N7 NF 4.60x10" 16 7.34x10°  7.50x107 2.18 -8.66 est (e)
|| +cHe — || +cH,
N RN
N N
25  NF Z 4.60%10" 16 7.34x10°  5.61x10° 2.18 -3.66 est(e)
Q roHy —> | | +en,
2w 2
N
26 N N 8.0x10" 17 8.53x10°  5.20x10° 2.40 7.49 est
©+C,H; — k\/Nj+CH,-C-CH,
> .
2T N N7 2.50x10" 17 2.67x10°  5.35x10° 3.43 6.02 est
©+03H; — /Ed-CH!-C-CH
N -
28 yF N 8.0x10" 17 8.53x10°  3.89x10" 2.40 12.5 est
CN)+C:H3' —> (Nj:fcua-c-cri,
S N
29 W N/' 2.50x10" 17 2.67x10°  4.01x10" 3.43 11 est
Q*rC,H; —> ©+CH3-C-CH
2 ™
30 NF NF 5.0x10"2 15 1.19x10  3.57x10" 1.90 5.10 est
@ + CHCN —> k || +ecnen
R Y
31 NF NF 5.0x10" 15 1.19x10"°  2.67x10" 1.90 10.1 est
Q + CHON ——> K || «cuen
N N
32 N NF 2.0x10°7%%* 0 2.65%10%  1.90x10° 6.19 -27.4 1
@ +CN —> k || +Hen
T P
N N
33 NF NZ 3.98x10°72%° 0 5.28x10%  2.83x107 6.19 -22.4 1
L | +on —> k | +Hen
oy N
N
34 NF NF 1.3673% 5.17 3.42x10°  8.15x107 522 -8.48 est
K || +cH-cHeN —> I +emon
35 NF N 1.3673% 5.17 3.42x10"  6.10x10° 5.22 ~3.48 est
K || +cH-cton: —> l I} +cpeon
N
N#= 13 -2 7
36 @ G, + CHeNON- 5.0x10 85 6.90x107  236x10 47.1 79.1 est
37 NP 5.0x10° 45 6.79x10°  9.04x10° 40.5 39.8 est
k || —> HcN + cH-CHCN
S
N
38 CH=NCN®+Ar— CN* + HCN + Ar 3.63x107 T 3¢ 25.6 5.62x10"  1.61x10' 24,9 28 1
39 NF 1.0x10° 40 8.13x10°  5,79x10° 46.7 174 est
K +CN* —> HCN + HCN + CH=CHCN*
~ 15 3 8
40 @ CH=N-CH-CHEN 8.0x10 52 6.49x10 2.78%10 14.5 27.5 est
[
N
41 CH=N-CH=CHCN" - HCN + CH=CHCN* 1.0x10™ 15 2.39x10"  7.41x10% 26 124 4(h)
42 CH=CHCN' - HC=CCN + H' 1.ox10" 52 8.11x10°  1.47x10" 23.9 48.5 est(f)
43 CH=CHCN' — CzH, + CN* 5.0x10" 62 724 7.15x10" 315 62.2 est
44 CH=CHCN® + H' - C:HiCN 2.0x10" 0 2.0x10%  1.98x107 -31.2 -107.6 est(g)
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TABLE 3: (Continued)

No  Reactions A E k(1250K) £, (1250K) A4S, (1250K)  AH, (1250K) ref
45 CH=CHCN" + H* = CaHp + HON 1.50x10™ 0 1.50x10" 439 1.30 -64.3 est (g)
46 CH=CHCN' + CN' = CoHa + CoN; 1.0x10" 0 1.0x10% 274, -5.18 -72.6 est (g)
47 CH=CHCN' + CH=CHCN’ ~> HC=CCN + C2H;CN 2.50x10" 6 2.23x10" 399 -7.25 -59.1 est (g)
48  CH=CHCN' + CHy" — C3HsCN* 5.0x10% 0 5.0x10" 2.68 412 -98.7 est (g)
49 CH=CHCN" + CHy" ~ CHiCN + C2H. 5.0x10" 0 5.0x10%  1.01x10° -5.84 -57 est (g)
50 CoNp+H'— HCN+CN* (R) 3.16x10™ 8 1.26x10%  1.35x10" 6.49 8.27 11
51 CN'+Hz->HON+H' 3.60x10%7'%% 3 6.79x107  9.12x10° -2.57 -19.6 12
52 CoNa+Ar—>CN+ CN*+Ar (R) 4.11x10' 93.5 1.85 6.67x10% 36.7 134.8 13
53 HCN+Ar-H +CN'+Ar  (R) 4.57x10" 105.2 1.85x107  6.23x10" 30.2 126.5 6
54 CzHaCN — CzHa + HCN 1.78x10" 68 2.30 6.82x10° 32.5 432 14
55 CzHsCN —» HC=CCN + H, 2.50x10"% 77 0.863 3.49x107 27.5 49.2 14
56 CaHaCN + H* — CoHy" + HCN 5.0x10" 8 2.0x107  2.66x10" 8.67 5.84 4
57 CoHaCN + H* o Hy + CH=CHCN® (R) 2.24x10" 13.6 9.46x10"  2.12x10" 3.54 0.701 est
58 CHCN' + CHs" = CHsCN 5.0x10M 7030 0 1.41x10" 169 -39.7 -83.4 15
59  CHsCN - CH:.CN'+H' (R) 5.0x10% 93 0.275 2.22x10" 34.5 94 16
60 CHsCN+H'— CHs"+ HCN ({R) 2.0x10" 2 8.94x10"  1.30x10" 7.14 -7.31 16
61  CHsCN + CHy* — CHy + CH,CN® 5.0x10" 9 134x10"  4.55x10° 0.280 -13.8 16
62 CH3CN + H' — Hy + CH,CN® 1.38x 10" 9.54 2.97x10"”  528x10° 6.86 -12.9 16
63 . CHCN' + CoHy" > CsHsCN*  (R) 6.0x10837 0% 0 1.70x10" 1.24 —46 -98.3 15 (h)
64 CH,CN - GH, + HCN 6.0x101 72 1.55 4.89x10° 32.6 32.1 15
65  C2HsCN — Hz + C2HiCN 2.51x10" 77 0.867 8.01x10° 31.6 33.6 15
66  CiHsCN + H' — CzHs' + HCN 1.50x10" 2 6.71x10"”  1.16x10" 7.73 -6.14 15
67  CaHsCN + H* — CoHiCN' + Hz 1.38x10" 9.54 2.97x10  5.88x10° 6.86 -6.89 15
68  CoHsCN + CHy® — C2H4CN' + CHy 3.0x10" 8 120102 4.55x10" 0.280 -7.78 15
69  CH=NCN® + H* — Hp + C2N; 3.97x10" 0 3.97x108 236 923 -87.2 1
70 CH=NCN® + H* — HCN + HCN 3.15x10"% 0 3.15x10"%  2.68x107° -5.31 —98.6 1
71 CH=NCN® +CN° - HCN + CzNz 1.0x10" 0 1.0x10™  7.96x107 -11.8 -106.8 1
72 CH=NCN® + CH=CHCN® — C2N2 + Cz2HsCN 2.0x10" 0 2.0x10% 5.31 -12.8 -87.9 1
73 CoHe + H' = CoHs'" + Hz 1.43x10M 9.58 3.03x10”  8.21x10° 8.05 -4.62 6
74 CpHs' — CoHa + H° 6.21x10" 38 1.43x10°  2.60x10" 24.9 38.3 6
75 CoHa' +Ar— CoHz + H' + Ar 3.0x10" 32 7.54x10°  1.67x10' 23.8 374 17
76 H +H +Ar - Ha + Ar 1.0x10%7 10 0 8.0x10"  1.77x10°° -27.6 -106.9 18
77  CHg'+ CHs' = CoHs 1.0x10157 0% 0 1.04x10"% 9.70 -40.3 -90.5 21
78  CHg' + CHa' — CoHs* + H° 2.80x10" 13.5 1.20x10"  1.37x10™ -4.56 11.8 19
79 CHg"+ CzHs = CHy + CoHa® 3.03x10" 21.5 5.28x10°  3.96x10 1.09 6.37 6
80  CHy® + CoHs" — CHq + C2Hz 3.92x10"! 0 3.92x10" 36.8 -10.4 -70.4 22
81 CHi-CH'+H (R) 7.80x10" 103.8 5.50x<10*  1.30x10" 342 107.8 6
82 CHs+H > CHs +Hz (R) 2.25x10°T3° 8.76 1.20x107  6.75x10% 6.58 0.886 22
83 CoHa+ H' = CoHa" + He 2.63x10' 20.7 6.37x10"  2.49x10" 7.67 7.25 6
84  a-CsHq-»p-CsHs (R) 1.48x10" 60.4 408 134 1.03 -147 20
85 aCsHe+Ar—>CiHs'+ H'+Ar  (R) 4.05%x10"7 75.1 3.03x10*  1.20x10" 34 91.6 6
86 p-CoHa+Ar>CaHs' +H' + A (R) 2.53x107 725 5.39x10°  6.48x10" 33 93.1 6
87  CzH4CN® —> CzHsCN + H° 3.0x108 40 3.05x10°  1.42x10" 24.8 40.5 16
88 CHOCN +H —»CHCN  (R) 5.0x10™ 0 5.0x10%  557x107 -34.5 -100 15
89 p-CaHe+ H > CHs" + CoHo  (R) 5.01x10% 2 2.24x10%  4.34x10% 5.59 -8.53 15
90 CHy +CN° — CHsCN 5.0x10" 0 5.0x10%  1.02x107* ~37.4 ~119.2 est
91  CoHs + CHs" > CoHs" + CHa 0.5487*° 8.28 477%10"°  2.48x10° 1.47 ~5.51 22

C3HsCN*: cis, trans-CH;—CH=CHCN and CH,=CH-CH,CN

(a) based on the equivalent reactions of toluene (ref 6). (e) based on the equivalent reaction of C¢Hs (ref 6).

(b) based on the equivalent reaction of pyrimidine (ref 1). () the back reaction is based on the reaction H* + C,H, — C;H;" (ref 6).

(c) based on the reaction CH; + C4Hyo —» CoHy + CyHy" (ref 22). (g) based on the equivalent reactions of C,H;" (ref 6).

(d) based on the equivalent reaction of CgHg (ref 23). (h) slightly modified
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TABLE 4: Sensitivity Spectrum: Percent Change in the Yield for Elimination a Step from the Reaction Scheme at 1170/1320 K
(a) Hydrocarbons

No Reactions CH4 Csz CzH4 CzHe CH2=C=CH2 CHs—CECH
1 /'; Q - - - -10/-29 - -22/-23 -20/-23
+
2 Q /'; + CHy -93/-90 -90/-69 -99/-97 -99/-98 ~76 / -58 ~72/-58
Gy
4 Q*H Q*H 23/33 - /=20 61/59 53/98 -13/-33 -10/-32
Gy oy
5 NZ CH N# +CH -99/-68 - 222/~ 226 /74 -39/-23 -36/-23
NS ARG NG A
N N
CIH° |
6 N7 cH N7 H - - - - -93/-31 -
+ . =
k\N | Hy —> KN + CH=C=CH,
i o
T NP N - - - - - -87/-43
kN || +eHy —> || + CHyCmCH
= n
8 l
Qwucn — |\/Nj+CHCN - N /26 - -/ -/-2
10 - 25/ - - - - -
@wn-cucn — Q + CHCN
CH,’
i CH,~C=NCH=NCH=CH*
Ny OHNACH) - ~41/~63  ~/-T9 -197 -99/-96  -92/-94
432 2
‘\ ™ CH,-C-CHCH=NGH=N¢
12 -C4HaN2-CH2" — CaHs® + HCN + HCN - -/20 -/30 - -99/-95 -92/-93
13 FC4HaNz—CH2® —» CH,CN* + C2H4CN - —-/38 -/-26 - -/53 -/52
14 LCsH3N2-CHz* > CH2CN® + HCN + CoHz - ~42 /64 - - ~137 ~/36
CH,
19 NZF . R N . CH - - —22/16 -25/-30 - -
N " y
42 CH=CHCN' - HC=CCN +H" ~-15/-40 16/25 -3t1/-75 -28/-57 - -
48 CH=CHCN"’ + CHa" - C3HsCN* - - 17/23 16/20 - -
49 CH=CHON' + CH" - CHyCN + CoHy - -43/-14  17/30 - - -
58  CHCN’ + CHy" — C,HsCN - - —/-83 - /86 - -
66 CzHsCN + H' -> CoHs" + HCN - - —/-86 _ _ _
74 CoHs" — CoHa + H° - - -99/-95 - - -
77  CHa' + CHs" > CoHs -127 - - -100/-99 - -
78 CHs"+ CHs" - CoHs" + H° —91/- _ - _
(b) Nltrogen Containing Species
No Reactions C2N2 HCN HC=C-CN CH3CN CzHsCN C2HsCN CH;-CH=  Pyrimidine
CHCN
oo oW
1 NF NZF - - - - - -24/-19 - ~32/-16
S A
-99/-96 -95/~75 -99/-99 -90/-51 -95/-63 -98/-91 -99/-99 ~65/-70

o
[ M
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TABLE 4: (Continued)
(b) Nitrogen-Containing Species (Continued)

No Reactions CaN; HCN HC=C-CN CH:CN CoHsCN C2HsCN CHs;-CH=  Pyrimidine
CHCN

CH,
4 N/' NZ ~/=21 - - -/-38 -/-33 ~/-36 17726 175/ 141
[ +H —> k +H,
= =

g g
5 N? N? -20/-16 - - - -18/-20 - 51721 -
+ CH —> k +CH,
N N
C'H;

%
8 N N - - - -39/-69 - /-21 34/12 - -
kN [} +cHen —> kN + CHCN
™ s

CH, cHy
9 N# N 8959 /260 - - - - - - -
k + CN* —> k + HCN
= N
CH,

CH,*
10 N/l N/‘ 116/~ - 60/ - 26/- -81/- =23 /- 57/- 38/~
[ JrommcHon — | ] vomen
X oy
N

ot CH=C=NCH=NCH=CH*

| i s i ~/-42 -17/-53 - ~39/-65 ~22/-87 -99/-98 -127 -
K | S {(-CHN,-CH,)

CH,=C=CHCH=NCH=N*

12 FC4HaNz-CHz" — C3H3® + HCN + HCN -~ -10/-21 - -/20 -127 ~125 - -
13 FCsHaNx~CHz" — CH2CN® + C2H3CN - -/26 - -21/-18 -22/-80 -53/-25 - -
14 -C4H3Nz-CHy* — CH2CN® + HCN + CoHz - - - - -/31 -42/-17 - -

CH,
19 r@ - ij o - - - - - - - 99 /99
2 [
N

38  CH=NCN" + Ar—> CN' + HCN + Ar -/23 - - - - - - -
42 CH=CHCN' - HC=CCN + H' 97/194 - —99/-99  15/30 37/11  =21/-26  30/72  -65/-69
43 CH=CHCN' - CiHp + CN' -95 /87 - - - - - - -
46  CH=CHCN" + CN* = CoHy + CaN; 40/ - - - - - - - _
48 CH=CHCN" + CHy" — CaHsCN* - - - - - - -100/-99 -
49 CH=CHCN" + CHy" - CHiCN + CHy - - - -57/-19 - - 19/27 -
50 CoNy+H > HCN+CN' (R) —40/-82 - - - - - - -
58  CHCN' + CHy" - CzHsCN - - - -/70 - -99/-99  —/21 -
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