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Kinetics of Thermal Decomposition of the Diazines : Shock-tube 
Pyrolysis of Pyrimidine 
Alan Doughty and John C. Mackie" 
Department of Physical and Theoretical Chemistry, University of Sydney, NS W 2006, Australia 

The kinetics of pyrolysis of pyrimidine diluted in argon have been studied behind reflected shock waves over the 
temperature range 1200-1850 K, at uniform gas  residence times of 85G1000 ps and pressures of 13-15 atm. The 
major products of pyrimidine pyrolysis were found to be acetylene, HCN, acrylonitrile, cyanoacetylene and H, . 
Using both end-product analysis and real-time UV spectrometry the  kinetics of pyrimidine disappearance were 
found to be first order with respect to reactant concentration over t h e  concentration range of 0.07-0.3 mol%. The 
two techniques yielded a first-order rate constant (kdlS) for the disappearance of pyrimidine given by t h e  expres- 
sion 1012.3(*0.4) exp[ -275( f 13) kJ mol-'/RTl s - ' .  

A detailed reaction model incorporating a free-radical mechanism for the decomposition of pyrimidine has 
been developed, and shown to predict the reactant and product concentrations between 1250 and 1600 K. Impor- 
tant radicals in the mechanism were found to be o- and p-pyrimidyl, with H atoms and CN radicals being radical 
chain carriers. Sensitivity and flux analysis of t h e  kinetic model has shown the most important initiation pathway 
to be the loss of an H atom from pyrimidine to yield o-pyrimidyl. Optimisation of the A r r h e n i u s  parameters for 
th is  initiation reaction yields an activation energy consistent with a heat of formation of the  o-pyrimidyl radical of 
376( & 10) kJ mol- ' . 

This study of the pyrolysis of pyrimidine is part of a wider 
study aimed at investigating the mechanism by which oxides 
of nitrogen (NO,) are formed from the combustion of coal 
and heavy fuels. Combustion of these materials, at least 
under fuel-rich conditions, is thought to proceed first by the 
thermal decomposition of the fuel, followed by reaction of the 
pyrolysis products with oxygen. Study of the pyrolysis of 
nitrogen-containing molecules present in coal should there- 
fore contribute to the understanding of the mechanism of 
NO, formation during coal combustion. 

Gaining insight into the NO, formation process by study- 
ing the pyrolysis of coal model compounds requires know- 
ledge of the functional form of nitrogen in the unperturbed 
coal matrix. The pyrolysis of pyridine, pyrrole and 2-picoline 
have all been studied by this group.'-4 These compounds 
were chosen as models on the basis of analysis of coal- 
derived liquids,' and on the results of X-ray photoelectron 
spectroscopy (XPS) s t ~ d i e s ~ , ~ . ~  on coal, which indicated that 
the pyridine and pyrrole rings were important forms of nitro- 
gen. It is possible, however, that the broadness of XPS peaks 
results in the significance of the diazines being underesti- 
mated. The DNA bases thymine and cytosine both are deriv- 
atives of pyrimidine, and their presence in plant and 
microbial DNA would be expected to lead to their presence 
in soils, and possibly coal. Pyrimidine has been found to be 
present in soilsg and coal analysis has found that compounds 
containing two or more nitrogens are significant sources of 
nitrogen in coal.' Pyrimidine could therefore be considered 
to be a useful model compound for the study of the evolution 
of NO, during coal combustion. 

An important part of this study has been the development 
of a detailed kinetic reaction mechanism which can model the 
temperature profiles for product formation and of depletion 
of the reactant. The kinetic model consists of 25 reactions 
and 18 species, and successfu!ly models the thermal decompo- 
sition of pyrimidine over the temperature range 1250 to 1600 
K, at a pressure of 13-15 atm. 

Experimental 
Pyrolysis experiments were carried out using the single-pulse 
shock tube (SPST). On-line capillary and packed column gas 
chromatography (GC) were used to quantify the major and 

minor products. In addition to the analysis of end products, 
the kinetics of decomposition of pyrimidine was also probed 
using real-time UV spectrometry. Details of the shock 
tube,"." GC analysis' and WV spectrometry' have been 
given elsewhere. In this study the GC analysis differs slightly 
from that previously described3 in that all products, includ- 
ing nitrogen compounds, were quantified using a flame ionis- 
ation detector (FID). 

Pyrimidine used in this study was obtained from Aldrich, 
of stated purity >98%. The pyrimidine was used without 
further purification to prepare mixtures of the vapour dilute 
in argon at concentrations of 0.2-0.4 mol%. Experiments 
were also carried out at a lower concentration range of 0.06- 
0.08 mol%. Analysis of the reactant mixtures by GC yielded 
> 99.5% of the nitrogen present as pyrimidine. 

Products were identified using gas chromatography-mass 
spectrometry (GC-MS) as described in ref. 3. Assignments 
were confirmed by comparison with commercial samples 
where available. 

FID responses for pyrimidine and its decomposition pro- 
ducts were measured using commercially available samples. 
In the case of cyanoacetylene the FID response was esti- 
mated assuming its response to be similar to acrylonitrile and 
ethylcyanide. The yield of cyanogen could not be quantified 
since a calibration sample was not available, and there is no 
other molecule which might be expected to possess a similar 
FID response. 

End-product analysis for the low-concentration series of 
experiments can be considered to be less accurate than the 
end-product analysis performed for the higher concentration 
series. This is a consequence of the considerably lower con- 
centrations of the species present in the product mixtures for 
the low-concentration series. This problem is exacerbated in 
the measurement of HCN due to the relatively low sensitivity 
of the FID to HCN. For example, the FID is more sensitive 
to pyrimidine compared to HCN by a factor of nine. This 
low sensitivity results in the measurement of HCN in the low- 
concentration series being less accurate than the measure- 
ments made for other products of pyrimidine decomposition, 
in the low-concentration series of experiments. 

Hydrogen was measured using a previously described GC 
method.' The limit of detection for hydrogen was found to be 
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0.05 mol%. A measurement of 0.05 mol% hydrogen from an 
initial concentration of pyrimidine of 0.3 mol% would corre- 
spond to a yield (based on the original pyrimidine) of hydro- 
gen of 17%. Therefore hydrogen measurements could only be 
made where the yield of hydrogen was greater than 17%. 
This was only observed at intermediate to high levels of 
decomposition. The relatively high limit of detection for 
hydrogen precluded the measurement of hydrogen for the 
low-concentration series. 

Real-time UV spectrometry was carried out at two wave- 
lengths, both corresponding to vibronic bands of the 'B, t 
'A,(n* n) electronic transition of py~imidine.'~ The majority 
of the UV kinetic data was obtained by monitoring the 
absorption at a wavelength corresponding to the 0-0 vibron- 
ic band of the above-mentioned electronic transition, which 
occurs at ca. 320.8 nm (using a 1 nm bandpass). No signifi- 
cant difference was observed when comparing data obtained 
at this wavelength with data obtained when monitoring 
absorption changes at 290 nm (2 nm bandpass). 

The two techniques were used to obtain overall decompo- 
sition kinetics over the temperature range 1200-1850 K. End- 
product analysis allowed the decomposition products to be 
profiled over the temperature range 1250-1600 K, which cor- 
responded to pyrimidine decomposition between 0 and 90%. 
Temperatures and pressures in the reflected shock were calcu- 
lated from measured incident and reflected shock velocities. 
Residence times were in the range of 850-1000 ps, with reac- 
tion pressures of 13-15 atm. 

Results 
The major nitrogen-containing products for the decomposi- 
tion of pyrimidine were HCN, acrylonitrile and cyano- 
acetylene. Temperature profiles for these products, and for 
the disappearance of the reactant are given in Fig. 1-5. 
Cyanogen was observed at what appeared to be low levels. 
Traces of pyrazine were also present in the reaction products 
at low extents of decomposition. The only major hydrocar- 
bon product was found to be acetylene. At moderate to high 
extents of decomposition, methane, ethylene, vinylacetylene 
and diacetylene were minor hydrocarbon products. Hydro- 
gen was found to be a major product, at intermediate to high 
extents of decomposition. The high limit of detection for 
hydrogen prevented the detection of hydrogen at low extents 
of pyrimidine decomposition. 

Since much of the kinetic data in this study are in the form 
of temperature profiles of reactant and product concentra- 
tions, it is important to ascertain whether the concentrations 
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Fig. 1 Temperature dependence of % pyrimidine remaining in the 
pyrolysis of pyrimidine, with initial concentrations of pyrimidine of 
0.2-0.4% (a) and 0.06-0.08 mol% (0) in Ar. Model predictions for 
0.3 and 0.07 mol% pyrimidine in Ar, are represented by (-) and 
(---), respectively. 
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Fig. 2 Temperature dependence of the yield of HCN from pyrolysis 
of pyrimidine. Symbols as in Fig. 1. 
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Fig. 3 Temperature dependence of the yield of cyanoacetylene from 
pyrolysis of pyrimidine. Symbols as in Fig. 1. 
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Fig. 4 Temperature dependence of the yield of acrylonitrile from 
pyrolysis of pyrimidine. Symbols as in Fig. 1. 
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Fig. 5 Temperature dependence of the yield of acetylene from 
pyrolysis of pyrimidine. Symbols as in Fig. 1. 
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of species measured in the product gas mixtures are consis- 
tent with the concentration of pyrimidine prior to reaction. 
To ensure this consistency, and thus the validity of the data, 
mass balance calculations were performed for each run con- 
ducted. In Fig. 6, the N recovered in the post shock mixture 
(i.e. the sum of N in the products, including unreacted 
pyrimidine) is plotted as a percentage of the measured con- 
centration of pyrimidine in the unreacted gas mixture. As can 
be seen from the plot, the bulk of the recovery data falls 
between 90 and 110%. The deviation at very high extents of 
pyrimidine decomposition is most likely due to limitations in 
the accuracy of the HCN calibration constant. The most 
important observation to make from the mass balance plot is 
that at low to moderate extents of decomposition there is no 
systematic loss of nitrogen from the system. This suggests 
that cyanogen could not be a major product of the decompo- 
sition of pyrimidine. 

When the results from the runs carried out with the higher 
initial concentration of pyrimidine (0.2-0.4 mol%) are com- 
pared with the runs carried out at lower initial concentration 
(0.06-0.08 mol%), no significant differences in the reactant 
decomposition profile can be observed. This suggests that the 
decomposition of pyrimidine is close to first order with 
respect to the reactant concentration, under the conditions of 
this study. 

The time-resolved UV signal intensities measured during 
the passage of the shock wave were used to calculate the 
absorbances ( A )  at the corresponding wavelength from the 
expression derived from the Beer-Lambert Law : 

A = -log(I/I()) 

where I is the photomultiplier output (V), and I ,  the photo- 
multiplier output (V) at 100°/o transmittance. 

A typical absorption trace as a function of time during the 
passage of a shock wave is included in Fig. 7. The change in 
absorption due to the increase in density at the arrival of the 
incident and reflected shock fronts can be clearly seen, fol- 
lowed by a decay due to the decomposition of the pyrimidine. 
The major products of the decomposition of pyrimidine do 
not absorb light at either of the wavelengths probed, so the 
absorption decay trace should be entirely due to the disap- 
pearance of the reactant. This is supported by the observa- 
tion that the kinetics from measurements taken by 
monitoring the UV absorption at 290 nm showed no differ- 
ence to the kinetics obtained from absorption measurements 
conducted at 320.8 nm. In view of the low concentrations of 
pyrimidine used in this study, the decrease in temperature 
due to reaction would be expected to be less than 2 K. 

Since the absorbance in the reflected shock is proportional 
to the pyrimidine concentration, a first-order rate constant 
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Fig. 6 Variation with temperature of the percentage of nitrogen 
recovered 
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Fig. 7 Real-time absorbance trace of light of wavelength 320 nm in 
a shock wave heated mixture of 0.23 mol% pyrimidine in Ar (-). 
Least-squares fit of the exponential decay of the absorbance is also 
shown (----). Times are shown from t = 0 as used in the exponential 
fit. Reflected shock gas temperature, 1682 K. ISF = incident shock 
front, RSF = reflected shock front. 

for the disappearance of pyrimidine can be calculated from 
the absorbance decay traces. Using the method of least 
squares, the absorbance decay was fitted to the expression: 

A = b eXp( - kdjs t )  

where t is the time from the arrival of the reflected shock 
front, b is a constant and kdis is the first-order rate constant. 
The resulting exponential function is plotted in Fig. 7. 

A first-order rate constant for pyrimidine disappearance 
can also be calculated from the SPST data. If the decomposi- 
tion of pyrimidine is taken as being first order with respect to 
the reactant concentration, kdis can be calculated from the 
following expression : 

where t,,, is the residence time of the reaction and y is the 
percentage of pyrimidine remaining in the product gases. 

Calculations of kdjs from the UV-absorption measurements 
and the SPST data are summarised in the Arrhenius plot in 
Fig. 8. As can be seen from the plot, the two techniques for 
obtaining kdjs cover complementary temperature ranges. 
Values for kdis calculated from SPST data are taken from 
measurements at low to moderate extents of decomposition, 
whereas UV spectroscopic measurements of kdis are taken at 
temperatures where the pyrimidine has undergone moderate 
to complete decomposition at the end of the residence time. 

1 
0 
: i _ - I  5 6 104 7 KIT 0 9 I 

Fig. 8 Arrhenius plot for the rate constant k,, for overall disap- 
pearance of pyrimidine. (+) kdis obtained using UV spectrometry, 
(---) regression fit to UV spectrometric kdis. (a) kdis from end- 
product analysis, (-) regression fit to end-product kdis. (0) kdis 
values used in regression fit to end-product kdis. 
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Table 1 
major products of pyrimidine decomposition 

Pseudo-Arrhenius parameters for the formation of the 

product Als-' EJkJ mol - 
~ 

cy anoacetylene 11.4 ( f 1.3) 259 ( f 29) 
HCN 12.6 (f 1.0) 279 ( f 22) 
acr ylonitrile 10.9 (f0.8) 250 (f21) 
acetylene 11.6 (f0.8) 266 (& 19) 

The linearity of the Arrhenius plots in Fig. 8 indicate that the 
Arrhenius pre-exponential factor for the decomposition of 
pyrimidine shows no discernible temperature dependence. 

Arrhenius parameters for the disappearance of pyrimidine 
have been calculated from the Arrhenius plots using linear 
regression analysis. For the SPST data, and Arrhenius pre- 
exponential factor of 1012*3(*0.s) s- ' and an apparent activa- 
tion energy of 275( & 13) kJ mol-' were obtained. This is in 
excellent agreement with the values taken from the UV spec- 
trophotometric data, which yielded an Arrhenius pre- 
exponential factor of 1012*3(*0-4) s- ' and an apparent 
activation energy of 275( 

Pseudo-Arrhenius parameters for the formation of the 
major products have also been calculated from the SPST 
data. The pseudo-first-order rate constants for the formation 
of these products (kfor,J were calculated from the approx- 
imate expression : 

13) kJ mol- '. 

where c is the concentration of the product (in yield %) in the 
product gas. This approximate expression is only valid at low 
extents of decomposition, and thus only data for the first 
20% of pyrimidine decomposition are used in these calcu- 
lations. Arrhenius parameters taken from the kfom data for 
each of the products are summarised in Table 1. 

Discussion 
The pyrolysis of pyrimidine yields four major products, all of 
which are present in concentrations which are not related to 
the concentrations of other products by any simple whole 
number ratio. This type of product distribution is consistent 
with a free-radical mechanism for the decomposition of 
pyrimidine. 

A free-radical mechanism is also supported by evidence of 
chain carriers, and of radical termination products present as 
products of reaction. The large concentrations of H, 
observed in the reaction products would be formed if H 
atoms were radical chain carriers. CN radicals are evident 
from the detection of cyanogen, which could be formed from 
either a termination reaction, or by the reaction of a CN 
radical with HCN14 or a nitrile product of rea~t ion . '~  Either 
of the chain carriers would be expected to propagate through 
H-abstraction from pyrimidine to yield o-, p -  or 5-pyrimidyl 
radicals (see Table 2 for structures of the pyrimidyl radicals). 

The most likely initiation process in the free-radical 
decomposition of pyrimidine would take place through C-H 
bond fission to yield a pyrimidyl radical. If the C-H bond 
energy in pyrimidine is assumed to be the same as that for 
the C-H bond in the o-position of pyridine'.3*'8 (i.e. 420 kJ 
mol-'), an activation energy of ca. 420 kJ mol-' is obtained. 
This is considerably higher than the activation energy of 275 
(f 13) kJ mol- ' observed for the decomposition of pyrim- 
idine. 

The relatively low overall activation energy observed for 
the decomposition of pyrimidine suggests that the rate of 
decomposition is strongly influenced by the rate of propaga- 
tion steps of the free-radical chain mechanism. In the case of 

Table 2 Thermochemical parameters for the pyrimidine system 

4 Ho,oo/, so,oo/ 
structure name" kJ mol- J mol-' K - I  

p-PMDYL 

O-PMDY Ld 

*Q 5-pyrimidyle 

HC=N, ,CN NC,H,CN 
HC=CH 

193b 

405  

376 

440 

520 

500 

520 

282' 

290 

287 

- 

350 

350 

3 50 

HCNCN~J 450 230 
HC=N /CN 

~~ 

Name as shown in Table 3. * Ref. 16. ' Calculated from data in 
review article ref. 17. Heat of formation optimised using kinetic 
modelling. Not included in kinetic model (see text). J Calculated 
assuming N,(CN) = CJHXCN) - C,(H)(C) + N,(C). 

pyridine,"" the overall rate of disappearance of reactant cor- 
responds to the rate of the initiation reaction yielding o- 
pyridyl and H radicals. It is an interesting question as to why 
the kinetics of reaction for the two systems would be so dif- 
ferent, when the rates of the initiation reactions would be 
expected to be similar. Explanations for the difference in the 
overall kinetics between pyridine and pyrimidine can only be 
made with some knowledge of the mechanism for decomposi- 
tion of pyrimidine. In the discussion to follow, a free-radical 
mechanism for the decomposition of pyrimidine will be pos- 
tulated. Using kinetic modelling, the validity of the reaction 
mechanism will be tested to ensure that the temperature pro- 
files of the major products predicted by the mechanism agree 
with the observed profiles. 

Reaction Mechanism 

The pyrimidyl radicals would be expected to be important 
radicals in the decomposition mechanism of pyrimidine. They 
would be formed in initiation reactions yielding pyrimidyl 
and H atoms, and from the abstraction of H from pyrimidine 
by H atoms or CN radicals to yield pyrimidyl and H, or 
HCN. The relative importmce of the three pyrimidyl radicals 
would be largely determined from their thermochemistry, and 
also from the rate at which the particular pyrimidyl radical 
can decompose to form stable products and regenerate the 
chain carriers H and CN. If there is no low-energy pathway 
for the decomposition of a pyrimidyl radical, it will tend to 
recombine with H atoms to reform pyrimidine. 

Some insight into the relative stability of the pyrimidyl 
radicals can be gleaned from studies on the decomposition of 
pyridine.'*'8 The heat of formation of o-pyridyl derived from 
these earlier studies suggests that the radical centre interacts 
with the nitrogen lone pair in the case of o-pyridyl. This 
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results in o-pyridyl being ca. 35 kJ mol-' more stable' than 
predicted by assuming the o-C-H bond strength in pyridine 
to be the same as the C-H bond strength in benzene. This 
conclusion is supported by ab initio molecular orbital 
calculations1 on o-pyridyl. These calculations indicated that 
there is significant interaction between the radical centre and 
the nitrogen lone pair in o-pyridyl. 

Estimation of the heats of formation of the pyrimidyl rad- 
icals is complicated by the possibility of the radical centre 
being ortho to no nitrogen atoms (the 5-pyrimidyl radical), 
one nitrogen atom (the p-pyrimidyl radical), or two nitrogen 
atoms (the o-pyrimidyl radical). The heat of formation of the 
5-pyrimidyl radical should be estimable from the C-H bond 
strength of benzene, yielding a heat of formation (at 300 K) of 
440 kJ mol-'. It would be anticipated that for the pyrimidyl 
radical, where the radical centre is ortho to a single N atom, 
the heat of formation should be estimable from the o-C-H 
bond strength in pyridine. This yields a heat of formation of 
405 kJ mol-'. 

The heat of formation of the o-pyrimidyl radical is difficult 
to estimate since there is no previously studied radical which 
would be a useful analogue for this species. However, it 
would be logical to expect that the stabilisation of o- 
pyrimidyl would be no less than that observed for o-pyridyl. 
An upper limit for the stabilisation energy in o-pyrimidyl 
could be taken to be double the stabilisation energy of o- 
pyridyl. Using this upper and lower limit, the heat of forma- 
tion of o-pyrimidyl would be expected to fall within the range 
370-405 kJ mol-'. Refinement of this estimate will be dis- 
cussed later, when the results of the kinetic modelling of the 
decomposition of pyrimidine are presented. 

On the basis of the estimated relative heats of formation of 
the pyrimidyl radicals, it is not possible to exclude the 5- 
pyrimidyl radical from being important in the decomposition 
mechanism for pyrimidine. The expected high heat of forma- 
tion of this species makes it unlikely to be formed in an 
important initiation pathway, however. Its estimated heat of 
formation would also suggest that its formation by H- 
abstraction by H atoms would be endothermic by CQ. 20 kJ 
mol-'. Nevertheless, because of the high heat of formation of 
the CN radical, abstraction of H from pyrimidine by CN to 
form the 5-radical would be exothermic. Therefore on the 
basis of thermochemistry alone, the 5-pyrimidyl radical 
cannot be excluded from playing a role in the decomposition 
of pyrimidine. 

Using the group additivity method outlined by Benson," 
the energetics of various pathways to products from the pyri- 
midyls have been explored. Both the o- and the p-pyrimidyl 
radical can undergo simple ring fission to yield cyano rad- 
icals. The p-pyrimidyl radical can also undergo fission to 
yield an acetylenic open-chain radical which is estimated to 
have a heat of formation 160 kJ mol-' higher than that of 
the cyano radical. Ring fission to yield the cyano radical 
would therefore be greatly favoured. Similar conclusions have 
been made previously concerning the stability of open chain 
radicals in the pyridine system.' 

The 5-pyrimidyl radical differs from the other pyrimidyls in 
that it cannot undergo fission to yield a cyano-radical. It is 
therefore unlikely that the 5-pyrimidyl radical could undergo 
decomposition to yield products. On this basis the 5- 
pyrimidyl radical can be considered to be a species of little 
importance in the decomposition of pyrimidine. 

The decomposition of the open-chain radicals formed from 
the fission of o- and p-pyrimidyls can be shown to lead to the 
observed products of pyrimidine decomposition. Importantly, 
these decomposition pathways also lead to the regeneration 
of the H atom or CN radical chain carriers. 

In Scheme 1, pathways for the decomposition of the para- 

HCN + iC=CH #CN A H + HCCCN 

Scheme 1 
radical. Numbers in brackets refer to reaction number in Table 3. 

Reaction scheme for decomposition of the p-pyrimidyl 

radical are illustrated. The heats of formation of the various 
intermediates as estimated by group additivity are given in 
Table 2. It can be seen that p-pyrimidyl decomposes to form 
HCN and cyanovinyl radical. Cyanovinyl would principally 
undergo loss of an H atom to form cyanoacetylene, although 
H abstraction from pyrimidine by cyanovinyl could also be a 
minor route for the formation of acrylonitrile. 

The decomposition routes of the o-pyrimidyl radical are 
shown in Scheme 2. There are two thermochemically feasible 
pathways by which o-pyrimidyl can decompose. Through a 
series of simple fission steps, acetylene and HCN are the 
stable products formed, with CN radical being regenerated. 
Alternatively, the radical formed from the ring opening reac- 
tion of o-pyrimidyl could undergo 1,3-H transfer to yield a 
species which cleaves to form CN radicals and acrylonitrile. 
It should be noted that unlike p-pyrimidyl, the CN radical is 
regenerated in the decomposition of o-pyrimidyl, in both of 
the possible pathways. 

\(4 
0 (12) H&=CH ,CN 

HC=CY ,CN - 'C=N HC=N 1.3.H transfer 0 

+ 
HCN + CN 

Scheme 2 Reaction scheme for decomposition of the o-pyrimidyl 
radical. Numbers in brackets refer to reaction number in Table 3. 

In the development of a kinetic model, rate constants must 
be estimated in addition to the thermochemistry of the par- 
ticipating species. Rate constants for the reactions illustrated 
in Schemes 1 and 2 have been estimated largely by analogy to 
previously studied systems. The relationship between the acti- 
vation energy and the enthalpy change for various types of 
reaction has been discussed by Benson.20 The range of pos- 
sible Arrhenius pre-exponential factors for the reaction types 
has also been discussed by Benson." 

By means of kinetic modelling these initial estimates of the 
Arrhenius parameters for the various reactions can be 
refined. Through the use of sensitivity and flux analysis, the 
effects of these parameters on the predictions of the model 
can be assessed. 

Kinetic Modelling 

Kinetic modelling was carried out using the CHEMKIN2' 
code, in addition to a shock tube code22 and the ordinary 
differential equation solver LSODE.23 The shock tube code 
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Table 3 Reaction model for pyrimidine pyrolysis" 

forward reaction reverse reaction 

reactions log A n E log A n E ref. 

1 0-PMDYL + H e P M D  13.56 0.00 0.0 15.09 0.00 397.8 S 

3 H + PMDeo-PMDYL + H, 12.70 0.00 33.4 11.77 0.00 72.2 S 
4 CN + P M D e H C N  + O-PMDYL 13.30 0.00 25.1 12.89 0.00 139.6 S 

6 H + PMDep-PMDYL + H, 12.78 0.00 41.8 11.55 0.00 51.3 S 
7 CN + PMD p-PMDYL + HCN 13.30 0.00 37.6 12.58 0.00 122.9 S 

10 C,H, + HCNCN e C3H,NCN 12.48 0.00 16.7 14.43 0.00 151.0 S 
11 CN + HCN e HCNCN 13.00 0.00 8.4 13.10 0.00 115.8 S 
12 C,H,NCN e BC,H,N, 12.85 0.00 102.4 12.84 0.00 123.3 S 

16 HCCHCN + M e H C , N  + H + M 15.90 0.00 179.7 16.67 0.00 16.8 1 

18 H + H,CCHCNsC,H, + HCN 13.00 0.00 29.3 1 1.06 0.00 29.3 S 

2 p-PMDYL + H PMD 13.58 0.00 0.0 15.42 0.00 427.1 est 

5 HCCHCN + PMD=H,CCHCN + 0-PMDYL 11.30 0.00 41.8 11.64 0.00 86.2 est 

8 HCCHCN + PMDzp-PMDYL + H,CCHCN 11.48 0.00 46.0 11.51 0.00 61.2 est 
9 C3H3NCN 0-PMDYL 11.00 0.00 20.9 15.08 0.00 175.2 est 

13 H,CCHCN + CN=BC,H,N2 13.60 0.00 20.9 13.99 0.00 114.8 est 
14 p-PMDYLeNC,H,CN 14.90 0.00 154.7 11.13 0.00 29.7 est 
15 NC,H,CN=HCN + HCCHCN 14.00 0.00 41.8 12.86 0.00 38.9 est 

17 H + HCCHCNeH,CCHCN 13.30 0.00 0.0 15.18 0.00 442.2 est 

19 H + H,CCHCNsH,  + HCCHCN 13.00 0.00 33.4 11.73 0.00 27.8 est 
20 H + C,H,(+M)eC,H,(+M) 13.00 0.00 11.3 12.73 0.00 180.1 25 
21 2 H + M e H , + M  18.00 - 1.00 0.0 15.04 0.00 425.0 26 
22 CN + HCN=C,N, + H 7.58 1.57 0.4 14.60 0.00 47.0 14 
23 CN + H,=HCN + H 5.69 2.44 8.9 14.94 0.00 112.8 27 
24 C,N, + M e 2 C N  + M 16.86 0.00 419.7 14.32 0.00 - 121.1 28 
25 H C N + M = H + C N + M  15.66 0.00 440.2 14.54 0.00 - 72.1 29 

a Units for A are cm3 mol-' s-'  or s - l  as appropriate. Units for E are kJ mol-'. S indicates rate constant to which the model predictions are 
sensitive, est indicates rate constant estimate to which model predictions are not sensitive. 

was modified to take into account cooling by the reflected 
rarefaction wave and to allow for reaction to occur in the 
cooling wave. 

A detailed kinetic model for the pyrolysis of pyrimidine is 
included in Table 3. The model consists of pathways illus- 
trated in Schemes 1 and 2, in addition to radical-radical and 
radical abstraction reactions not shown in the schemes. 
An explanation of the symbols used in Table 3 is given in 
Table 2. 

Product and reactant concentration profiles predicted by 
the model are compared with experiment in Fig. 1-5. It can 
be seen that the model predictions are in good agreement 
with the experimental data. At low to moderate extents of 
decomposition, the model predictions are very sensitive to the 
estimated rates of reactions included in the model. The 
methods for estimation of the reaction rates, discussed above, 
result in rates which are strongly dependent on the proposed 
reaction pathway. Therefore the ability of the model to 
predict the reactant and product profiles at low to interme- 
diate extents of decomposition strongly supports the pro- 
posed mechanism. 

Included in Fig. 1-5 are model predictions for the low- 
concentration series of experiments. These predictions test 
whether the model is able to reproduce the observed order of 
the reaction. The model predicts an order of reaction of 
slightly greater than first order, with respect to reactant, for 
the rate of disappearance of reactant and the rate of forma- 
tion of products. This slightly non-first-order behaviour pre- 
dicted by the model is observed experimentally only for 
cyanoacetylene, acrylonitrile and acetylene. The model pre- 
dicts the formation of HCN to be slightly greater than first 
order, which is not observed experimentally. When compar- 
ing the model predictions for the low-concentration runs with 
the experimental data, the lower accuracy of the low concen- 
tration data must be considered. Difficulties in measuring low 
levels of HCN could easily account for the deviations of the 
model predictions from the experimental measurements. 

It was previously concluded on the basis of the experimen- 
tal data that the decomposition of pyrimidine proceeds at a 
rate which is close to first order with respect to the reactant 
concentration. The low-concentration series of experiments 
uses reactant concentrations which are a factor of approx- 
imately four lower than the high concentration series. The 
model, however, predicts only small changes in the rate of 
formation of products and disappearance of reactant for the 
two reactant concentrations studied. The model therefore 
supports the conclusion based on the experimental observa- 
tions that the rate of pyrimidine decomposition is close to 
first order with respect to reactant concentration. The model, 
however, predicts the order of the reaction to be slightly 
greater than 1. Considering the difficulty in measuring the 
products for the low-concentration series, this conclusion 
based on the modelling may indicate that the order of the 
reaction is non-integer, which is common for free-radical 
chain mechanisms of long kinetic chain length. 

Optimisation of the rate of the initiation reaction to yield 
o-pyrimidyl and H-atoms has allowed the initial estimate of 
the heat of formation of o-pyrimidyl to be refined. The final 
value for the heat of formation of o-pyrimidyl was found to 
be 376 ( f 10) kJ mol- '. This falls within the earlier estimated 
upper and lower limits, based on the heat of formation of 
o-pyridyl. 

Sensitivity and Flux Analysis 

When interpreting the results of sensitivity analysis it should 
be remembered that these are calculations based on the given 
kinetic model. Their relevance to the decomposition of 
pyrimidine will depend therefore on the correctness of the 
model. 

Fig. 9-11 show variation in the sensitivity coeflicients with 
temperature for the most sensitive reactions for formation of 
HCN, cyanoacetylene and acrylonitrile. The reactions impor- 
tant for the formation of these products are also important 
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l * O I  
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Fig. 9 Variation with temperature of the sensitivity coefficients for 
HCN. Only the most sensitive reactions from Table 3 are shown. 
Numbers refer to reaction number in Table 3. 

for the formation of acetylene, and for the rate of decomposi- 
tion of the reactant. 

From the sensitivity plots for HCN and acrylonitrile, com- 
petition between the decomposition pathways involving o- 
pyrimidyl and p-pyrimidyl is evident. This is manifested in 
the form of negative sensitivity coefficients for the rate of H- 
abstraction from pyrimidine by CN to yield p-pyrimidyl. The 
negative sensitivity coefficient has been shown by flux 
analysis not to be due to the reaction moving in the reverse 
direction. HCN and acrylonitrile are both formed from the 

..-- __ - - -  
-0.6 1 1 

1250 1300 1350 1400 1450 1500 

temperature/K 
Fig. 10 Variation with temperature of the sensitivity coefficients for 
acrylonitrile. Only the most sensitive reactions from Table 3 are 
shown. Numbers refer to reaction number in Table 3. 

1.0, 

r c 
.- '5 0.4 

0.2 

c. .- 
ln 

0'01k50 ' 1300 1350 1400 1450 ' 1500 
temperature/K 

Fig. 11 Variation with temperature of the sensitivity coefficients for 
cyanoacetylene. Numbers refer to reaction number in Table 3. Only 
the most senstive reactions from Table 3 are shown. 

o-pyrimidyl radical, meaning that any abstraction to yield the 
p-pyrimidyl radical will tend to decrease the quantity of these 
products formed. 

The plots of sensitivity coefficients illustrate the rate- 
determining nature of the H-abstraction reaction by CN rad- 
icals. The rate of H abstraction by CN and the rate of the 
initiation reaction yielding o-pyrimidyl and H atoms have a 
comparable effect on the concentrations of HCN and acrylo- 
ni trile. 

The importance of the rate of H-abstraction from pyrim- 
idine by CN can help to explain the low apparent activation 
energy of the overall rate of disappearance of pyrimidine. 
Previous modelling studies on the decomposition of pyri- 
dine,' 2-~icoline,~ and the but en en it rile^^^ have shown that 
for these systems the rates of formation of products are influ- 
enced mainly by the initiation reactions. In each of these 
cases the overall rate of decomposition of the reactant closely 
corresponded to the rate of the initiation reaction of the free- 
radical decomposition mechanism. This is typical of kinetic 
data obtained for pyrolysis reactions using the shock tube, 
and is a consequence of the short residence time of this type 
of experiment. The observation of an overall rate of disap- 
pearance of reactant being close to the initiation rate for the 
decomposition mechanism is in contrast to the observed rate 
parameters for pyrimidine pyrolysis. In  the case of pyrim- 
idine, sensitivities to the rate constant for H-abstraction of 
pyrimidine by CN show comparable sensitivity to the initi- 
ation reactions over the entire range of temperatures studied, 
and thus a relatively low overall activation energy is 
observed. 

The concept of 'kinetic chain length' described by 
Benson2' can be used to rationalise the differences in the 
kinetics of pyrimidine and pyridine. In the case of pyridine, 
since the rate of the initiation step is close to the overall rate 
of pyridine decomposition, the kinetic chain length is ca. 1. 
This is very different from the pyrimidine case in which the 
rate of decomposition is much faster than the rate of initi- 
ation, yielding a chain length of ca. 80 at 1350 K. This illus- 
trates the greater importance of propagation steps in the case 
of pyrimidine, and the low activation energy observed for 
overall kinetics reflects this importance. 

Having established that the low activation energy for the 
decomposition of pyrimidine is a result of increased influence 
of propagation steps, it is interesting to try to draw conclu- 
sions about which aspects of the pyrimidine pyrolysis mecha- 
nism give rise to this behaviour. The CN radical is an 
important propagating radical in the decomposition of 
pyrimidine, with the major products HCN and acrylonitrile 
being formed from CN chains. This is a major difference 
between the mechanism for pyrimidine decomposition, and 
the mechanism of decomposition of the other organo- 
nitrogen compounds studied.',2*4,24 For pyridine, at low to 
moderate extents of decomposition, the radical chain carriers 
are H-atoms. The radical chain carriers for the butenenitriles 
and 2-picoline are H-atoms and methyl radicals. It is possible 
that CN chains propagate much more rapidly than H or 
methyl chains with less efficient termination reactions. This 
would result in the large kinetic chain length observed for 
pyrimidine. 

The importance of CN radicals in the decomposition of 
pyrimidine can be attributed to the high heat of formation of 
pyrimidine compared with pyridine or 2-picoline. The open- 
chain C,H,NCN radical, formed from o-pyrimidyl, can 
undergo decomposition in two steps to yield acetylene, HCN 
and CN. The total endotherm for the formation of these pro- 
ducts from the open-chain radical is 280 kJ mol-'. In the 
case of pyridine, the open-chain C,H,CN radical formed 
from the ring opening of o-pyridyl' could decompose in an 
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analogous fashion to yield two acetylene molecules and CN. 
However, the total endotherm for the formation of these pro- 
ducts from the open-chain C,H,CN radical is 410 kJ mol-'. 
The considerably higher endotherm for generation of the CN 
radical in the pyridine system explains why CN radicals are 
of little importance in the pyrolysis of pyridine at low to 
intermediate extents of decomposition. 

Conclusion 
Thermal decomposition of pyrimidine dilute in argon takes 
place over the temperature range 1200-1600 K, at  a residence 
time of 850 to lo00 ps, and pressure of 13-15 atm. A free- 
radical mechanism consisting of 25 reactions has been shown 
to predict successfully the concentrations of products formed 
and of pyrimidine remaining in the product mixtures. Impor- 
tant radicals in this mechanism are o- and p-pyrimidyl, with 
H atoms and CN radicals being the radical chain carriers. 
The CN radical as a chain carrier in the decomposition of 
pyrimidine is a significant departure from the decomposition 
mechanisms of other organo-nitrogen compounds such as 2- 
picoline, pyridine or pyrrole. It is postulated that the rela- 
tively low overall activation energy for the rate of 
decomposition of pyrimidine is due to the efficiency of the 
CN chain. The feasibility of generation of CN from interme- 
diate radicals in the decomposition of pyrimidine is thought 
to be a consequence of the relatively high heat of formation 
of pyrimidine. 

The authors thank Jacqueline Palmer for assistance with the 
SPST experiments. The financial assistance of the Australian 
Research Council is gratefully acknowledged. 
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