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Abstract
Unimolecular pressure- and temperature-dependent decomposition rate coefficients of radicals 
derived from n- and i-propanol by H-atom abstraction are calculated using a time-dependent 
master equation in the 300-2000 K temperature range. The calculations are based on a C3H7O
potential energy surface, which was previously tested successfully for the propene + OH reaction. 
All rate coefficients are obtained with internal consistency with particular attention paid to 
shallow wells. After minor adjustments very good agreement with the few available experimental 
results is obtained, based on which we assess the accuracy of our calculations to be within 50%. 
Several interesting pathways are uncovered, such as the catalytic dehydration, well-skipping 
reactions and reactions forming enols. The results of the calculations can be readily used in 
CHEMKIN simulations or to assess important channels for higher alcohols.
Keywords: propanol, master equation, kinetics, pressure-dependence, formally direct
1. Introduction
Alcohols derived from alternative sources (biomass, algae, fungi) [1-5] are promising fuels to be 
used in internal combustion engines. To use these novel fuels efficiently, especially in relation to 
advanced engine technologies, it is necessary to predict quantitatively the early, low-temperature 
behavior of the chemical system [6,7], and to understand fully the major pathways leading to
autoignition the fine balance among abstraction, addition, and dissociation reactions must be 
characterized quantitatively. Current chemical kinetic mechanisms vary significantly not only in 
the branching fractions for the abstraction reactions, but also in the fate of the radicals formed 
after abstraction. Moreover, there is practically no reliable information on the pressure- and 
temperature-dependence of these dissociation reactions, particularly for oxygenates.

The radicals derived from the two structural isomers of propanol provide a wide variety of 
relative radical-center hydroxyl-group positions; hence they can help refine our understanding of
radicals derived from larger alcohols. In this work, therefore, we investigate the possible 
dissociation channels of all radicals derived from n- and i-propanols by H-abstraction using 
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RRKM-based master equation (ME) calculations. The major pathways are determined based on a 
detailed high-level potential energy surface, originally developed for the reaction of propene with 
hydroxyl radical [8]. Pressure- and temperature-dependent, channel-specific rate coefficients are
also provided to be used in comprehensive chemical kinetic models, and our results readily 
rationalize observations such as high acetone yields in i-propanol flames [9].

The available information on the unimolecular decomposition reactions of hydroxypropyl 
and propoxy radicals is mostly experimental, it is limited to a narrow pressure and temperature 
range. The unimolecular dissociation of propoxy radicals has been studied experimentally mostly
in the context of atmospheric chemistry (i.e. around room temperature and 1 bar), because under 
tropospheric conditions the alkoxy radicals are easily formed in the reaction of alkylperoxy 
radicals with NO. However, during the combustion of alcohols the initial radical pool is formed 
largely by H-abstraction reactions, and below ~900 K the alkoxy radicals are formed to a much 
lesser extent [10-12]. Another pathway to form alkoxy radicals during combustion is the reactions 
of alkyl radicals with O-atoms. Indirect information on the dissociation of C3H7O radicals is 
available from propanol flames [13-15] and jet-stirred reactor studies [16,17].

2. Construction of the potential energy surface
The starting potential energy surface (PES) used in this work for the dissociation reactions is 
identical to the one used for the calculations for the propene + OH system, which provided 
excellent agreement with all available experimental results [8,18]. The part of the PES related to n-
propanol has four wells: α-hydroxyprop-1-yl (CH3CH2CHOH, αn), β-hydroxyprop-1-yl 
(CH3CHCH2OH, βn), γ-hydroxyprop-1-yl (CH2CH2CH2OH, γn) and n-propoxy (CH3CH2CH2O, On); 
on the i-propanol-related surface there are only three wells: α-hydroxyprop-2-yl (CH3CH(OH)CH2, 
αi), β-hydroxyprop-2-yl (CH3CH(OH)CH2, βi) and i-propoxy (CH3CH(O)CH3, Oi). All bimolecular 
exit channels are connected to the wells via a single saddle-point barrier, except the ones leading 
to propene + OH, which feature a saddle-point followed by a weakly bound propene…OH complex 
and a barrierless exit with an asymptote 2.5 kcal mol-1 above the saddle point. In the current work 
the surfaces belonging to the two isomers were treated together, because they are connected via
the propene…OH complex.

Details of the quantum chemical calculations can be found in Ref. [8]; for easy orientation 
the PES is also provided in the supplementary material of the present work (Fig. S1 and S2). In 
short, all geometries and frequencies were optimized at the B3LYP/6-311++G(d,p) level of theory, 
except the tight transition states separating the β-hydroxypropyl wells from propene + OH, for 
which the B3LYP functional did not yield the correct transition states at these points. Instead, 
these geometries were optimized at the CAS(3e,3o)PT2/aug-cc-PVDZ level of theory. Accurate
energies were obtained using the QCISD(T) quantum chemical methods with the cc-pVnZ basis 
sets, n = (T,Q), extrapolated to the infinite basis set limit cc-pV∞Z [19,20]. The DFT calculations 
were carried out with the Gaussian program package [21], while all other calculations used the 
Molpro suite of programs [22].

3. Calculation of rate coefficients 
Pressure- and temperature-dependent rate coefficients for the dissociation and isomerization 
reactions on the C3H7O PES were calculated with the time-dependent, RRKM-based energy-
resolved master equation (ME) using the Variflex code version 2.03 [23]. The ME can conveniently 
be written in the following form:

d w(t)

dt
G w(t) (1)
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where matrix G describes the chemical exchange between different wells and also the energy 

transfer during collisions, while vector w(t) contains the unknown populations as a function of 

time t. Fourier fits to the 1-D relaxed scans at the B3LYP/6-311++G(d,p) level were used in the 
framework of a Pitzer-Gwinn-like approximation at the microcanonical level to take into account
the hindered-rotor number and density of states [24,25] accurately. Tunneling corrections were 
taken into account by asymmetric Eckart transmission probabilities. Collisional energy transfer 
was modeled by an exponential-down model, with a temperature-dependent average downward 
transfer parameter <ΔE>down in the form 200  (T/300 K)0.85 cm-1; this parameterization gave 
good agreement in the fall-off region for the propene + OH addition reaction [8]. For the 
barrierless channels the E,J-resolved number of states were calculated variationally using the 
direct variable-reaction-coordinate transition-state theory [26,27] using CASPT2(5e,4o)/aug-cc-
pVDZ energies. The effective flux through the barrierless entrance channel, the van der Waals well 
and the submerged barriers was represented by a two-transition-state model at the 
microcanonical, J-resolved level as described in detail in our previous papers [8,28].

The C3H7O PES features several relatively shallow wells. As a consequence, at temperatures 
and pressures relevant to combustion some of the well–well or some well–bimolecular product 
pairs might equilibrate on the time-scales of collisional energy transfer. Mathematically this 
phenomenon is rigorously reflected in the eigenvalue spectrum of Eq. 1. At low-enough 
temperatures the eigenvalues can be divided into a slow and a fast group. The slow ones, called 
chemically significant eigenvalues (CSE) are related to chemical reactions, while the fast ones, 
called internal energy relaxation eigenvalues (IERE) are related to the energy transfer processes. 
At elevated temperatures the gap between the two groups of eigenvalues typically decreases, and 
at even higher temperatures some CSE’s merge into the IERE continuum, i.e. some chemical 
reactions take place on the same time-scale as vibrational-rotational relaxation. Pressure has a 
somewhat similar effect but opposite in sign. At higher pressures collisional stabilization is fast, 
and in the infinite-pressure-limit the thermal population is always established before any reaction 
takes place. At low pressures collisional relaxation is slower and the CSE’s merge with the IERE’s 
at lower temperatures. 

Eq. 1 describes the dynamics on the underlying PES and the solution can be used to 
calculate phenomenological rate coefficients. While at sufficiently low temperatures, such as the 
ones encountered in atmospheric chemistry, rate coefficients can be satisfactorily established by 
fitting exponential decays to species time-profiles (similar to an experiment). At higher 
temperatures it is necessary to use more sophisticated techniques to avoid inconsistencies in the 
results. The two methods outlined by Miller and Klippenstein [29] are the initial-rate method and 
the long-time method. The initial-rate method is applicable as long as the IERE eigenvalues are 
much greater in magnitude than the CSE ones, or in other words, the equilibrium population in the 
wells is established (except perhaps for states that lie in the high-energy tail of the equilibrium 
distribution) before any chemical reaction would significantly perturb these populations. This can 
limit the use of this method to lower temperatures. The long-time method has a less stringent 
criterion: it is applicable as long as the magnitude of all IERE’s are larger (faster) than the CSE’s. 

If any one of the chemically significant eigenvalues merges into the IERE quasi-continuum, 
both methods fail and give erroneous rate coefficients. The physical meaning of such merging is 
that some species (whose identity can be determined from the corresponding eigenvector) 
equilibrate with each other on time-scales comparable to that of the internal energy relaxation. 
The solution to the problem is the reformulation of the rate coefficient problem by uniting the
equilibrating species into a “superspecies”; this results in new (and fewer) CSE’s, which are now 
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separated from the IERE, at least up to higher temperatures, when a new species merging might 
be necessary. 

Note that from a chemical modeling point-of-view these superspecies do not mean that 
some of the merged species are no longer present in the system. They are present at 
concentrations in equilibrium with each other at all times, and accordingly, their relative 
concentrations can be calculated through the equilibrium constant (i.e. algebraic expression) 
rather than solving an extra differential equation. Note also that, although the notion of 
superspecies can be unfamiliar, a similar idea hides behind the common practice of not treating 
conformers as separate species in a chemical mechanism, because usually IVR is much faster than 
processes involving the breaking and making of bonds.

5. Results
Fig. 1 shows the eigenvalue spectrum of the chemical reactions on our C3H7O potential energy 
surface as a function of temperature at 760 Torr of He. At room temperature all but one of the 
chemically significant eigenvalues are very small, which means that all but one chemical process is
very slow. The only active eigenvalue is the one related to the propene + OH  β-hydroxypropyl 
transformation; this reaction is barrierless, therefore, takes place at a substantial rate even at low 
temperatures, while all other reactions on this surface have a barrier, and are slow at room 
temperature.

Just above 300 K the dissociation of the alkoxy radicals becomes significantly faster as a 
result of the low barrier heights (14.3 kcal mol-1 for both wells). This is also reflected in the 
increased absolute values of the corresponding eigenvalues, and as these dissociation reactions 
are steeply temperature dependent, above ~850 K the two related eigenvalues merge into the 
IERE continuum. The trend is similar for the other eigenvalues related to dissociation, and even 
though the higher barriers corresponding to those reactions prevent the merging of the 
eigenvalues even at 2000 K, above ~1500 K the separation between most CSE’s and IERE is 
smaller than an order of magnitude. 

The remainder of the eigenvalues do not correspond to a well  product process and are 
interesting to look at, especially that some of them change character as a function of temperature. 
First, there is an eigenvalue at low temperatures, which belongs to the CH3CHCH2OH 
CH3CH(OH)CH2 process, which is not a direct reaction path on the underlying PES: these two 
species are not separated by a single transition state, but are connected through the two saddle 
points leading to the propene + OH weakly bound complex. At ~500 K this eigenvalue mixes with 
the propene + OH  CH3CHCH2OH + CH3CH(OH)CH2 one, and forms the propene + OH 
CH3CHCH2OH and propene + OH  CH3CH(OH)CH2 ones. Around this temperature all other 
eigenvalues become large as well, except for the propene + OH  P one, which is also an 
eigenmode connecting species not separated by a single transition state. This eigenvalue has a 
close relation to well-skipping, or formally direct pathways [7,30]. 

Fig. 2 shows the calculated rate coefficients starting in well CH3C(OH)CH3 leading to 
acetone + H as a function of temperature using three methods to extract rate coefficients from the 
ME. Below ~850 K the initial- and long-time methods give the same results, but above this 
temperature as the eigenvalues merge into the IERE continuum (see Fig. 1) the initial-rate method 
and the long-time method fail without reduction, even though the CH3C(OH)CH3 well is not the 
one that is related to the merging. Note that between ~850 and ~900 K the long-time method 
continues to give positive values for the rate coefficients, and without the inspection of the 
eigenvalue spectrum it would be not possible to detect that these values are incorrect.

The only experimental work on the pressure-dependence of any of the reactions studied in 
this paper are those of Devolder et al. [31], in which the fall-off kinetics of the i-propoxy radical 
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decomposition in He in the 330-408 K temperature and 0.01-60 bar pressure range was 
measured. Devolder et al. fitted the experimental fall-off curves using the expression developed by 
Troe and coworkers [32], which gave a very good representation of the experimental data points. 
Fig. 3 shows the experimental data [31] and our calculated total rate coefficients as a function of 
pressure at the experimental temperatures. The calculated and measured values agree reasonably 
well, but there are two systematic discrepancies. First, the high-pressure limit rate coefficients are 
overpredicted by 30-50%, and the falloff appears to be slower than observed experimentally. By 
increasing the barrier height by 0.3 kcal mol-1 and by changing the <ΔE>down at 300 K from 200 cm-

1 to 150 cm-1, an almost perfect agreement between theory and model is obtained. Based on this 
result we also increased the barrier-height for the n-propoxy dissociation in the full calculations
by the same amount, and used <ΔE>down = 150 cm-1 (T/300 K)0.85 for that well also. Such a change 
do not affects our previously calculated pressure-dependent rate coefficients for propene + OH
[8].

Another possible reason for underpredicting the pressure-dependence is the neglect of the 
angular momentum conservation in the ME. Miller and Klippenstein have shown [29] that for a 
single-well, irreversible dissociation it is possible to solve the 2-D ME and thus test the effect of 
angular momentum conservation on the solution. After confirming that under the experimental 
conditions of Devolder et al. [31] the only accessible channel is the i-propoxy  acetaldehyde + 
CH3 reaction, we were able to reduce the seven-well problem to a single well one. We found that 
the differences in the fall-off for the 1-D and 2-D calculations are very small, the 2-D calculation 
falling only slightly steeper (see Fig. 3).

In the following paragraphs the product channels from the individual wells are discussed. 
In Fig. 4 the unimolecular dissociation rate coefficients for the radicals derived from n-propanol, 
while in Fig. 5 those derived from i-propanol are presented at 4 Torr, 1 bar and at infinite 
pressure. The fitted pressure-dependent rate coefficients in the 300-2000 K temperature range on 
the 4 Torr, 0.1 bar, 1 bar, 10 bar, 100 bar and infinity pressure-grid are given in the 
supplementary material in CHEMKIN format [33]. The fitting error is always <20% (typically 
<5%), when the rate coefficients have an appreciable value (>10 s-1). A file containing the 
thermodynamic information for the wells, also in CHEMKIN format, supplements the kinetic data.

The α-hydroxypropyl radical (CH3CH2CHOH) derived from n-propanol (Fig. 4a) forms 
mostly vinyl alcohol + CH3 in a β-scission step. The barrier height for this step is 31.0 kcal mol-1, 
and the next lowest barriers belong to the formation of propanal + H (34.5 kcal mol-1) and 1-
propenol + H (34.6 kcal mol-1). Interestingly, the most favored product channel for the α-hydroxy 
radical derived from i-propanol (CH3CH(OH)CH2) is not a β-scission at a C-H bond (this would 
give 2-propenol + H and has a barrier of 36.8 kcal mol-1), but rather at the O-H one forming 
acetone + H with a barrier of 32.2 kcal mol-1 (Fig. 5a). The striking difference between the two α-
hydroxy radicals shows how dramatically a slight change in the structure can affect the favored 
reaction channel. There is no direct experimental information about the decomposition of the α-
hydroxypropyl radicals in the literature.

Both β-hydroxy radicals form primarily propene + OH (Figs. 4b and 5b); the well depth of 
the βn (CH3CHCH2OH) and βi (CH3CH(OH)CH2) radicals relative to propene + OH are 27.2 and 
28.2 kcal mol-1, respectively. Dunlop and Tully [10] measured the rate coefficient in the i-propanol 
+ OH reaction under pseudo-first-order conditions. They observed that the OH time-profiles 
deviate significantly from single exponential between 500 and 600 K, signaling significant OH-
regeneration in the course of the abstraction reaction at elevated temperatures. They termed the 
following reaction sequence “catalytic dehydration”:

CH3CH(OH)CH3 + OH  CH3CH(OH)CH2 + H2O (R1)
CH3CH(OH)CH2  CH3CHCH2 + OH (R2)
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Using a small reaction mechanism they were able to derive the unimolecular dissociation rate 
coefficients for the βi radical. Recently Kappler et al. [18] determined high-pressure limit 
unimolecular dissociation rate coefficients for this reaction by fitting an analytic expression to the 
biexponential OH time-profiles in the 600-750 K temperature range. The rate expressions derived 
from both works are shown in Figs. 4b and 5b and are in good agreement with theory. The most 
important minor channels for the βn radical is propenol + H (33.4 kcal mol-1) and allyl alcohol + H 
(36.8 kcal mol-1). The minor channel in the βi decomposition is vinyl alcohol + CH3 (31.2 kcal mol-

1), which accounts for about 20% of the reaction products at 1000 K at the high-pressure limit. In 
both cases only a very small fraction of the reaction goes to the alkoxy radicals because the 
corresponding transition state is tight.

Fig. 3c shows the dissociation rate coefficients for the γn radical (CH2CH2CH2OH). The most 
important channel is the ethene + CH2OH one (27.6 kcal mol-1), followed by the ethyl + CH2O one. 
The latter requires surmounting two consecutive barriers (24.8 kcal mol-1 and 18.3 kcal mol-1) 
without stabilization in the intermediate n-propoxy well. This reaction channel is an example of a 
well-skipping (or formally direct) pathway, very characteristic of multiple-well systems [7,30,34],
which can persist even at high pressures. In this case, these channels do not originate from 
chemical activation, but from isomerization reactions, where collisional stabilization in the 
intermediate wells is ineffective. The dissociation of the γ-hydroxyprop-1-yl radical can also lead 
to allyl alcohol + H to a smaller extent.

Finally, in Figs. 4d and 5c the channel-specific decomposition rate coefficients for the 
alkoxy radicals derived from propanols are shown. Due to the low barriers these species 
decompose faster than they can thermalize above ~850 K, the exact temperature also being 
dependent on the pressure. The major bimolecular product from n-propoxy is ethyl + CH2O, while 
from i-propoxy it is acetaldehyde + CH3, both formed in a simple β-scission step. The minor 
channels are the formation of propanal + H (n-propoxy) and acetone + H (i-propoxy). Curran [35]
critically evaluated and recommended high-pressure-limit rate coefficients for these reactions, 
which we also present in Figs. 4d and 5c, with which our calculations generally agree well. 
6. Conclusions
In this paper the dissociation pathways and their pressure- and temperature-dependent rate 
coefficients were presented for radicals derived from n- and i- propanols by H-atom abstraction. 
The model is based on our previous propene + OH calculations [8], which was in excellent 
agreement with a wide variety of experimental observables. In the present work all unimolecular 
dissociation rate coefficients were obtained simultaneously and with internal consistency by 
solving the time-dependent master equation with special attention paid to shallow wells on the 
underlying potential energy surface. Further comparisons with experimental data led to the 
revision of the energy transfer parameters and barrier heights for the alkoxy wells.

Our calculations point to several interesting aspects of the decomposition of radicals 
derived from alcohols. The α-hydroxyprop-1-yl radical decomposes primarily to vinyl alcohol via 
methyl radical loss, while the α-hydroxyprop-1-yl radical forms mostly acetone + H. Vinyl alcohol 
was found to be a major product formed in various dissociation channels. This molecule has been 
identified as an intermediate in n- and i-propanol flames using electron ionization and VUV-
photoionization molecular-beam mass spectrometry [14]. The concentration of vinyl alcohol was 
reported to be ~10x more in n-propanol flames compared to i-propanol ones, which is in line with 
our dissociation rate coefficients and branching fractions. Our results also rationalize the high 
acetone concentrations observed in i-propanol flames.

The β-hydroxypropyl radicals follow almost exclusively the catalytic dehydration pathway
leading to propene + OH. Based on the β-scission pattern of the γ-hydroxyprop-1-yl radical and 
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the previous calculations on the ethene + OH reaction [28] it is expected that for n-butanol the δ-
hydroxybut-1-yl radical also constitutes to this dehydration pathway:

CH2CH2CH2CH2OH  C2H4 + C2H4OH  2 C2H4 + OH (R3)
Another dissociation pathway of the γ-hydroxyprop-1-yl constitutes a well-skipping (aka 

formally direct) pathway, which persist up to high pressures, forming ethyl + CH2O. Other 
examples of minor well-skipping pathways can be found in the supplementary material, where 
rate coefficients for several channels are presented. Finally, the alkoxy radicals play a smaller role 
at the initial stages of alcohol combustion and these species dissociate very rapidly above ~850 K
resulting.

Our work quantitatively described the dissociation pathways from the radicals derived 
from propanol, which can be used for both the improvement of propanol models as well as to 
make better predictions for larger alcohols. 
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Figure captions
Figure 1. Chemically significant eigenvalues (λ) and the internal energy relaxation eigenvalue 
(IERE) continuum as a function of temperature at 760 Torr He pressure. The eigenvalues are 
labeled according to the eigenmodes; R = propene + OH, P = bimolecular products, α, β, γ and O 
signify the position of the radical center relative to the OH group, while the n and i subscripts 
mean 1-hydroxy and 2-hydroxy, respectively. 
Figure 2. Rate coefficient for reaction CH3C(OH)CH3  acetone + H obtained with the initial rate 
method, the long-time method and with the long-time method with reduction at 760 Torr of He.
Figure 5. Falloff curves for the decomposition of the i-propoxy radical in He bath gas. The symbols 
are the experimental values of Devolder et al. [31] at 408, 387, 376, 363, 351, 339 and 330 K from 
top to bottom (digitized from the original publication), the dashed lines are the calculations with 
the original parameters of Zádor et al. [8], while the solid lines are with the barrier reduced by 0.3 
kcal mol-1 and ΔEdown(300 K) = 150 cm-1. The dotted lines (shown only for 330 and 408 K) 
correspond to the solution of the 2-D master equation.
Figure 4. Dissociation rate coefficients as a function of temperature at various pressures for the 
(a) CH3CH2CHOH, (b) CH3CHCH2OH, (c) CH2CH2CH2OH and (d) CH3CH2CH2O radicals. Note that 
in the high-pressure limit the γ-hydroxyprop-1-yl radical produces the n-propoxy radical and not 
the ethyl + CH2O bimolecular product. The experiments of Kappler et al. [18] measured the total 
rate coefficients in the high-pressure limit. The product channels are labeled only at the high-
pressure limit for clarity.
Figure 5. Dissociation rate coefficients as a function of temperature at various pressures for the 
(a) CH3C(OH)CH3, (b) CH3CH(OH)CH2 and (c) CH3CH(O)CH3 radicals. The product channels are 
labeled only at the high-pressure limit for clarity. The experiments of Kappler et al. [18] and those 
of Dunlop and Tully [10] measured the total rate coefficients in the high-pressure limit.
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Figure 5.


