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ABSTRACT 

Theoretical Kinetic Study of the Unimolecular and H-Assisted Keto-Enol 

Tautomerism Propen-2-ol ↔ Acetone. Pressure Effects and Implications in 

the Pyrolysis and Oxidation of tert- And 2-Butanol 

Edwing Javier Grajales González 

 

The need for renewable and cleaner sources of energy has made biofuels an interesting 

alternative to fossil fuels, especially in the case of butanol isomers, with their favorable 

blend properties and low hygroscopicity. Although C4 alcohols are prospective fuels, some 

key reactions governing their pyrolysis and combustion have not been adequately 

studied, leading to incomplete kinetic models. Butanol reactions kinetics is poorly 

understood. Specifically, the unimolecular and H-assisted tautomerism of propen-2-ol to 

acetone, which are included in butanol combustion kinetic models, are assigned rate 

parameters based on the analogous unimolecular tautomerism vinyl alcohol ↔ 

acetaldehyde and H addition to the double bound of iso-butene, respectively. In an 

attempt to update current kinetic models for tert- and 2-butanol, a theoretical kinetic 

study of the unimolecular and H-assisted tautomerism, i-C3H5OH⟺CH3COCH3 and i-

C3H5OH+Ḣ⟺CH3COCH3+Ḣ, was carried out by means of CCSD(T,FULL)/aug-cc-

pVTZ//CCSD(T)/6-31+G(d,p) and CCSD(T)/aug-cc-pVTZ//M062X/cc-pVTZ ab initio 

calculations, respectively. For H-assisted tautomerism, the reaction takes place in two 

consecutive steps: i-C3H5OH+Ḣ⟺CH3ĊOHCH3 and CH3ĊOHCH3⟺CH3COCH3+Ḣ. 

Multistructural torsional anharmonicity and variational transition state theory were 
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considered in a wide temperature and pressure range (200 K – 3000 K, 0.1 kPa – 108 kPa). 

It was observed that decreasing pressure leads to a decrease in rate constants, describing 

the expected falloff behavior for both isomerizations.  

Results for unimolecular tautomerism differ from vinyl alcohol ↔ acetaldehyde analogue 

reactions, which shows lower rate constant values. Tunneling turned out to be important, 

especially at low temperatures. Accordingly, pyrolysis simulations in a batch reactor for 

tert- and 2-butanol with computed unimolecular rate constants showed important 

differences in comparison with previous results, such as larger acetone yield and quicker 

propen-2-ol consumption. 

In the combustion and pyrolysis batch reactor simulations, using all the rate constants 

computed in this work, H-assisted reactions are limited because H radicals become 

abundant once the propen-2-ol has been consumed by other reactions, such as the non-

catalyzed tautomerism i-C3H5OH⟺CH3COCH3, which becomes one of the main source of 

acetone. The intermediate radical (CH3ĊOHCH3) is formed exclusively from tert-butanol, 

with its concentration in 2-butanol oxidation being smaller because the secondary alcohol 

is unable to produce the radical directly. In all cases, the intermediate is converted 

effectively to acetone. 
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1 INTRODUCTION 

Since the industrial revolution there has been an ever-growing demand for better 

energy resources [1]. Especially in 18th and 19th centuries it became essential for 

sustaining the economic growth and cost of living [2]. Thenceforth, global energy demand 

has been continuously augmenting due to increase in population and rapid socio-

economic development, leading to an unconstrained energy consumption [3,4]. As a 

consequence, over last 35 years, global energy utilization has duplicated [5] and it is 

expected to rise around 28% between 2015 and 2040 [6]. 

 

Figure 1. Global energy consumption by fuel [BP]. 

In the search for improved energy resources, three centuries ago, liquid petroleum 

turned out to be a suitable option in virtue of its easy transportation and high energy 

density [1] accordingly, world economy has become dependent upon fossil fuels [2,7] 

with a 85.5 % of the energy coming from this source nowadays, of which 33.3%, 28.1%, 
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and 24.1% are from oil, natural gas, and coal, respectively, while the remaining 6.9%, 4.5 

%, and 3.2% come from hydroelectricity, nuclear energy, and renewable resources, 

accordingly, as it is shown in Figure 1 [8]. 

Regardless of the efficient and broad utilization of fossil fuels around the globe [9], they 

show several drawbacks: (i) oil reserves are confined to specific regions, which represents 

an obstacle for the energy security of many countries [3], (ii) environmental issues linked 

with air and water contamination, besides acid rains [10], (iii) health problems related 

with asthma and skin cancer [11], and (iv) decline of crude reserves, which leads to an 

increase of petroleum price [12]. However, it is worth to mention that there is an 

alternative hypothesis that refers to the remaining great availability of fossil fuels stocks, 

establishing as limiting factor for their usage the extraction technologies and earth’s 

capacity to withstand the injurious byproducts of combustion processes [13]. Finally, (v) 

emission of greenhouse gases (GHGs) (CO2, CH4, NOX), which are responsible for global 

warming [14] that affect negatively the ecological balance of the planet [12]. 

Earth’s warming concern has been exposed in the COP21 conference about climate 

change held in Paris in 2015, where an agreement to cut GHGs emissions was instituted 

with policies aiming to keep global increasing temperatures to a maximum of 1.5 °C for 

2050 [15]. As a result, a diversification toward renewable, sustainable, and economically 

doable energy sources seems imminent [12,16,17], substitutes that have already got 

increasing attention of researchers around the world in recent decades [9]. However, a 

global encouragement about using fossil fuels and more stringent regulations for 
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governing pollutant emissions by different national and international authorities are 

imperative [2,17]. 

Among different alternatives, biomass is considered as one of the best candidates to 

substitute petroleum and its global energy demand [10,18]. Biomass is composed 

essentially of carbohydrates like cellulose, hemicellulose and ligning, which carry a high 

energy content [19]. In addition, all carbon of biomass that comes from the atmosphere 

is released again into the environment when plants are ignited, reason why this source is 

considered as a carbon-neutral fuel [20]. Remarkably, biomass derivatives, such as biogas, 

alcohols, vegetable oil and biodiesel, have gained relevance because they are 

environmentally acceptable, abundantly available, uniformly spread all over the world, 

and technically feasible [3]. 

Although alcohols have around 100 years of history as fuels in internal combustion 

engines (ICE) [16], they have drawn the worldwide attention again in last decades, due to 

the necessity of environmental friendly assets [9]. Especially, biobutanol is acquiring 

increasing consideration as a capable biofuel [21]. 

Butanol can be obtained from either fossil fuels or biomass, cases at which it is called 

petrobutanol and biobutanol, respectively. This alcohol has compelling characteristics: (i) 

high energy density, (ii) lower solubility in water than other biofuels like ethanol, (iii) 

existing pipelines are convenient for its transportation [22], (iv) high cetane number, (v) 

better ignition quality, and (vi) blend stability. Regarding the manufacture, ABE (Acetone-

Butanol-Ethanol) fermentation has been the most suitable production line since World 

War I [3], becoming the second largest industrial biotechnology implementation after 
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ethanol production in the 1920s. Bacteria Clostridium has been historically used in this 

process [22] producing the aforementioned compounds in a ratio 3:6:1 with a final 

butanol concentration of about 3 % [9]. Despite ABE operation was popular, eventually it 

lost acceptance due to the emerging of more economically feasible fossil fuels, however, 

because of the aforementioned environmental and economic concerns, scientific and 

industrial community have focused attention in increasing the efficiency of this 

fermentation system using genetic engineering and pre-treatment steps [3,17].  

The literature has produced interesting studies regarding butanol isomer combustion, 

among the most relevant is the work of Yasunaga et al. [23], who investigated the 

pyrolysis and combustion of those isomers. These authors constructed a detailed 

chemical kinetic model consisting of 1,892 reactions containing 284 species, which was 

evaluated against experimental concentration profiles and ignition delay times. Sarathy 

et al. [24] carried out an even more comprehensive kinetic study for n-, 2-, iso-, and tert-

butanol, examining 2,335 reactions involving 426 species, and including detailed high- and 

low-temperature reaction pathways in addition to specific reaction rates for particular 

oxidation channels of this type of alcohols. More specific studies of each butanol isomer 

are also available in the literature. An example is the work on tert-butanol by Jin et al. 

[25], in which pyrolysis tests in flow reactors were performed. This work also accounts for 

the implementation of a detailed kinetic model consisting of 1,486 reactions and 209 

species that satisfactorily simulates the decomposition of the alcohol over a broad range 

of temperatures and pressures.  
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From a theoretical point of view, most of the kinetic mechanisms proposed only 

describe high temperature conditions well. Some other chemistry, important for butanol 

isomers at intermediate and low temperatures, is considerably less well-established [26]. 

Therefore, it is pertinent to analyze key reactions in order to carry out further 

improvements when possible. As an example, in the aforementioned paper of Sarathy et 

al. [24], the kinetic mechanism (which is used in this work) included different critical 

propen-2-ol production and consumption channels with rate parameters assigned from 

analogous reactions. According to sensitivity analysis performed by Yasunaga et al. [23], 

the main consumption route for propen-2-ol is acetone production (R1 to R3), followed 

in much lesser extent by hydrogen reactions; however, the former and all keto-enol 

tautomerizations used kinetic data from the theoretical study of vinyl alcohol to 

acetaldehyde isomerization systems (unimolecular, hydroperoxyl radical assisted, and 

carboxylic acid catalyzed) performed by Da Silva et al. [27–29]. Similarly, Jin et al. [25] 

assumed that rate of propen-2-ol isomerization is analogous to that of vinyl alcohol 

isomerization from Shao et al [30]. These estimations may contribute to the deviations 

observed between the computed and experimental concentration profiles shown in the 

aforementioned works for different alcohols and their corresponding aldehyde or ketone 

isomers. 

i-C3H5OH ⟷ CH3COCH3 (R1) 

i-C3H5OH + Ḣ ⟷ CH3COCH3 + Ḣ (R2) 

i-C3H5OH + HȮ2 ⟷ CH3COCH3 + HȮ2 (R3) 
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Acetone is a key species in the combustion and pyrolysis of tert- and 2-butanol [23] and 

to the best of our knowledge, the only theoretical work that involves the unimolecular 

propen-2-ol isomerization was performed by Elango et al. [31],  who determined the 

stationary points and the minimum energy path (MEP) without any further kinetic study. 

On the other hand, Zádor and Miller [32] studied the steps of propen-2-ol and acetone 

formation from the intermediate radical involved in the H-assisted tautomerism using 

master equation; however, the complete isomerization was not taken into account. It 

should be noted that enols are common intermediates in the combustion of many 

hydrocarbons [33] as well as important in atmospheric oxidation of volatile organic 

compounds [29]. 

Because of the scarce data related to propen-2-ol tautomerizations, a theoretical 

kinetic study was carried out in this work, which considered tunneling correction, multi-

structural torsional anharmonicity, and pressure effect on the forward unimolecular (R1) 

and H-assisted (global reaction R2) isomerizations, and their reverse steps -R1 and -R2, 

with the purpose of updating the kinetic model of Sarathy et al. [24] and consequently 

improving the understanding of the oxidation and pyrolysis of butanol isomers to design 

more efficient and cleaner combustion processes. Closed batch reactor simulations have 

been also conducted in this work for the aforementioned pyrolysis and oxidation of tert- 

and 2-butanol isomers to demonstrate the importance of the studied reactions. 
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1.1 Objectives and Contributions 

Determine rate constants coefficients corresponding to reactions belonging to 

unimolecular and H-assisted propen-2-ol tautomerism and measure its effect in the 

pyrolysis and oxidation of tert- and 2-butanol. 

 Employ cutting-edge theories such as small curvature tunneling, multi-structural 

torsional anharmonicity, and system-specific quantum Rice-Ramsperger-Kassel 

theory in order to accurately determine the aforementioned rate constants. 

 Carry out pyrolysis and oxidation closed batch reactor simulations in CHEMKIN 

software in order to measure the effect of the computed rate constants in the 

concentration profiles of key species linked to the propen-2-ol tautomerizations. 

 Improve the existing kinetic models and give new insights into the chemistry of 

different species involved in the overall propen-2-ol tautomerism. 

 Master different tools that allow the study of a broad spectrum of chemical 

reactions. 
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2 THEORETICAL BACKGROUND 

2.1 Conventional and Variational Transition State Theory  

Variational transition state theory (VTST) is a robust computational tool for computing 

chemical reaction rates not only in gaseous but also in condensed phases [34]. Its success 

lies fundamentally on capabilities for finding more convenient transition state dividing 

surfaces even for complex systems [35]. 

Since transition state theory (TST) considers that all reactive classical trajectories must 

pass through the dividing surface without any eventual recrossing, it is convenient to 

contemplate also several initial nonreactive routes. This aspect is considered in VTST, 

where an optimization of the transition state is carried out for minimizing the rate 

constant (by finding the maximum of the free-energy potential energy surface) and 

thereby try to eliminate the TST reactive flux over prediction [36]. Equation used for this 

purpose is: 

𝑘𝐶𝑉𝑇 = 𝑚𝑖𝑛
𝑠

⋅ 𝑘GT(𝑇, 𝑠)   (1) 

where 𝑠 is the progress variable parameter, 𝑘𝐶𝑉𝑇 is the rate constant for the best-

compromised dividing surface found at each temperature, and 𝑘𝐺𝑇 is the generalized 

transition state rate constant at temperature 𝑇 for an intermediate complex in 𝑠, which 

has the form of eq 2 [37]. 

𝑘GT(𝑇, 𝑠) =
𝑘𝐵𝑇

ℎ

𝑄≠(𝑇, 𝑠)

𝛷𝑅(𝑇)
𝑒(−Δ𝑉(𝑠)/𝑘𝐵𝑇) (2) 
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with 𝑘𝐵 as the Boltzmann constant, 𝑇 the temperature, ℎ the Plank’s constant, 𝛥𝑉(𝑠) the 

barrier height, 𝑄≠ the overall partition function of the generalized transition state, and 

𝛷𝑅 the partition function of the reactants. 

Nonetheless, even the best VTST optimizations have not been able to eliminate all 

recrossing [35], and similar to TST, it has been necessary to include transmission 

coefficients explicitly [38]. In other words, the ideal minimization, not found yet, of the 

rate constant should yield a transmission coefficient with a value of one. 

Since TST places the dividing surface at the saddle point of the minimum energy path 

(MEP), only information of the potential energy surface (PES) regarding the saddle point 

and reactants is required. On the other hand, VTST establishes a generalized transition 

state that is not necessarily associated to the point of maximum potential energy or 

saddle point [36,38,39]; therefore, more information about the PES is necessary to 

calculate the VTST rates than the TST ones  [36]. However, with this extra information 

required for VTST calculations it is also possible to include transmission coefficients by 

using the method of small curvature tunneling (SCT) [40], which requires second 

derivatives of the potential energy along the reaction path, namely, to employ SCT 

method no new data related with the PES would be demanded if VTST is carried out [36]. 
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2.2 Multi-Structural Torsional Anharmonicity 

We can improve VTST by considering conformers in complex molecules that can be 

generated by torsions and that have a significant contribution to the partition function 

(multi-structural anharmonicity) [37,41]. Besides, a further refinement involves the 

rigorous treatment of these torsions, since they belong to a complicated form of 

vibrational anharmonicity, at which the harmonic treatment is usually inaccurate 

(torsional anharmonicity). 

When using a given treatment to deal with complex molecules, it is necessary to bear 

in main an important consideration: the rate of interconversion among conformers that 

contribute to the reaction should be competitive on atomic time scale of the reaction, 

otherwise, the conformations might be treated as chemical isomers [37,42]. 

Under the framework of multi-structural torsional anharmonicity, 𝑄 denotes a 

multidimensional partition function, which has a value of zero in energy at its local 

minimum. Each species has 𝐽 distinguishable structures belonging to conformational 

minima and are denoted as 𝑗 = 1,2, … , 𝐽. On the other hand, different torsions are labeled 

as  = 1,2, … , 𝑡 with 𝑡 as the total number of torsions. The minimum in energy of each 

species, hereafter called global minima, 𝑈𝑗 = 𝑈1 takes a value of zero and all other 𝑈𝑗 are 

positive [37,42]. 

When considering the MEP from the lowest energy reactant structure to the lowest 

energy conformer of the activated complex, eq 1 is replaced by eq 3 in the multi-structural 

scope, 
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𝑘𝐶𝑉𝑇 = 𝑚𝑖𝑛
𝑠

∙ 𝑘𝑀𝑆−GT(𝑇, 𝑠)  (3) 

where 

𝑘𝑀𝑆−GT =
1

𝛽ℎ

𝑄𝑒𝑙
≠(𝑇)𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏

≠ (𝑇, 𝑠)

𝑄𝑒𝑙
𝑅 (𝑇)𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏

𝑅 (𝑇)
𝑒(−𝛽∆𝑉𝑈1(𝑠)) (4) 

for an unimolecular reaction. 𝛽 is equal to 1/𝑘𝐵𝑇, the barrier height is denoted as 

∆𝑉𝑈1(𝑠)  representing the increase of potential energy from the reactant global minimum 

to the transition state global minimum, and 𝑄𝑒𝑙
𝑅  stands for the reactant electronic 

partition function. Finally, 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑋 , with 𝑋 equal to ≠ or 𝑅 corresponds to a 

conformational-rovibrational partition function for transition state or reactant, 

respectively, which is used with multi-structural methods [37,43].  

𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑋,𝑀𝑆−𝑇 =∑𝑄𝑟𝑜𝑡,𝑗 exp(−𝛽𝑈𝑗) 𝑄𝑗

𝐻𝑂𝑍𝑗

𝐽

𝑗=1

∏𝑓𝑗,𝜏

𝑡

𝜏=1

 (5) 

𝑄𝑟𝑜𝑡 is the classic approximation for the rotational partition function, 𝑍𝑗 is a factor that 

guaranties accurate behavior for the 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑋,𝑀𝑆−𝑇  partition function at high temperatures, 

and 𝑓𝑗,𝜏 is an internal coordinate torsional anharmonicity function which, together with 

𝑍𝑗, includes the effect of the torsional anharmonicity associated with each internal 

coordinate 𝜏 =  1, 2, … , 𝑡. To use eq 5 it is necessary to consider the two type of torsions, 

nearly separable (NS) and strongly coupled (SP) [37] . 

This multi-structural anharmonicity approach is particularly suitable because it does not 

require information about the path that connects various structures and it is not 

necessary to associate each torsional motion to a specific normal mode [37,43]. 
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For NS torsions it is possible to define the parameter 𝑀𝑗,𝜏, called local periodicity which 

represents the number of minima, distinguishable or not, through the torsional 

coordinate 𝜏 of the structure 𝑗 [43]. 

Occasionally, one can find a subgroup of torsional coordinates which are strongly 

coupled; as a result, it is not feasible to designate a common set of local periodicity 

numbers. In these cases, torsions need to be treated with the method of Voronoi 

tessellation assuming that they all have the same 𝑀𝑗,𝜏 value, case at which it would be 

possible to write only 𝑀𝑗 as follows: 

𝑀𝑗
𝑆𝐶 =

2𝜋

(Ω𝑗
𝑆𝐶)

1/𝑡𝑆𝐶
 (6) 

where Ω𝑗
𝑆𝐶  represents the volume in the 𝑡𝑆𝐶  dimensional subspace of the Voronoi cell 

associated with structure 𝑗, with 𝑡𝑆𝐶  as the number of strongly coupled torsions [44]. 

 

2.3 Pressure Dependent Rate Coefficients 

When considering kinetics in the gas phase, there are two types of pressure-dependent 

non-equilibrium effects. The first one is associated with the diminution of the more 

energized states of a thermally activated reactant when pressure is not high enough to 

repopulate them faster than they react. As a consequence, the unimolecular reaction rate 

decreases as the pressure drops. The second effect involves the depletion of newly 

intermediates formed by association, attributable to the lack of stabilizing collisions to 

achieve a thermal distribution of internal states previous its reaction. In this case, the 
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intermediate is said to be chemically activated and it would react from a non-equilibrium 

distribution of states, a fact that gives larger rate constants than those at the high-

pressure limit. The faster reaction of this adduct implies also move faster toward the 

initial reactants, consequently, association step would proceed slower than at the high-

pressure limit [45]. 

 

2.3.1 Energy Dependent Hinshelwood—Lindemann Mechanism for Unimolecular 

Reactions 

Under the framework of system-specific quantum Rice-Ramsperger-Kassel (SS-QRRK) 

theory, the following thermal activation mechanism for the unimolecular reaction  

(isomerization A→ P, or dissociation A → P1 + P2) is considered [46]: 

𝑆𝑡𝑒𝑝 1: 𝐴(𝑇) + 𝑀 

𝑘1(𝐸,𝑇)
→    

  𝑘𝑐(𝑇)  
←    

 𝐴∗(𝐸) + 𝑀 

𝑆𝑡𝑒𝑝 2: 𝐴∗(𝐸)
  𝑘2(𝐸)  
→    𝑃 𝑜𝑟 𝑃1 + 𝑃2 

First stage is the activation step, at which reactant molecules (A) thermally equilibrated 

at temperature 𝑇 collide with bath gas (M) to produce an excited reactant (A*) with total 

rovibrational energy 𝐸. The rate constant 𝑘1 is a function of energy 𝐸, parametrically 

dependent on 𝑇, and it is computed from the equilibrium constant, which is defined as 

the fraction of the molecules with 𝑛 quanta of excitation: 

𝐾𝑄𝑅𝑅𝐾(𝑛, 𝑇) = exp (
−𝑛ℎ𝑐�̅�

𝑘𝐵𝑇
) [1 − 𝑒𝑥𝑝 (

−ℎ𝑐�̅�

𝑘𝐵𝑇
)]

𝑠 (𝑛 + 𝑠 − 1)!

𝑛! (𝑠 − 1)!
 (7) 
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where 𝑛 is related to the energy of the reactant molecule, which is described as 𝐸 =

𝑛ℎ𝑐�̅�, with 𝑐 standing for the speed of light [47]. When using this mechanism it is 

considered 𝑠 oscillators of a given molecule have the same vibrational frequency �̅�, whose 

value is chosen to be the reactant geometric mean frequency. This approach is known as 

single-frequency in quantum Rice-Ramsperger-Kassel (QRRK) theory [46]. On the other 

hand, the equilibrium constant is also defined as the ratio of forward and reverse rates: 

𝐾𝑄𝑅𝑅𝐾(𝑛, 𝑇) = 𝑘1
𝑄𝑅𝑅𝐾(E = 𝑛ℎ𝑐�̅�, 𝑇) 𝑘𝑐(𝑇)⁄  (8) 

𝑘1 is finally obtained by substituting eq 7 in eq 8 and solving for the forward rate. 

The de-activation collisional rate constant 𝑘𝐶  is computed using the modified strong 

collision model that considers temperature dependency and which has the following 

expression: 

𝑘𝑐(𝑇) = 𝑍𝛽𝑐 (9) 

where 𝑍 represents the Lennard-Jones collision rate constant and 𝐵𝐶 the collision 

efficiency [47]. The value of 𝑍 is the product of the hard-sphere collision rate constant 

𝑘𝐻𝑆 and the dimensionless reduced collision integral Ω2,2
∗ . Hard-sphere collision rate 

constant is determined from the Lennard-Jones parameters, and the reduced collision 

integral is normally computed by the Troe’s fitting expression [48]. On the other hand, 

collision efficiency is computed applying Whiten-Rabinovitch approximation [49]. 

The rate constant for the second step, 𝑘2, corresponds to the product of the frequency 

factor and the fraction of molecules above the critical energy 𝐸0 in one chosen mode, 

with 𝐸0 = 𝑚ℎ𝑐�̅�. The expression has the form: 
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𝑘2
𝑄𝑅𝑅𝐾(E = 𝑛ℎ𝑐�̅�) = 𝐴𝑄𝑅𝑅𝐾

(𝑛 −𝑚 + 𝑠 − 1)!

(𝑛 − 𝑚)! (𝑛 + 𝑠 − 1)!
 (10) 

Pre-exponential factor 𝐴𝑄𝑅𝑅𝐾 is calculated from high-pressure limit rate constants, that 

is represented as 𝐴∞. This procedure is explained in the section 3.3. 

Finally, the unimolecular temperature and pressure dependent rate constant is given by: 

𝑘𝑢𝑛𝑖(𝑇, 𝑃) = ∑
𝑘1
𝑄𝑅𝑅𝐾(E = 𝑛ℎ𝑐�̅�, 𝑇)[𝑀]

1 +
𝑘𝑐(𝑇)[𝑀]

𝑘2
𝑄𝑅𝑅𝐾(E = 𝑛ℎ𝑐�̅�)

+∞

𝑛=𝑚

 (11) 

where the value of the individual rate constants are given by eqs 7 to 10, and the 

concentration of the bath gas is obtained from the ideal gas law [𝑀] = 𝑝/𝑅𝑇. 

Interestingly, eq 11 in the high-pressure limit is: 

𝑘𝑢𝑛𝑖(𝑇, 𝑃) = ∑
𝑘1
𝑄𝑅𝑅𝐾(E = 𝑛ℎ𝑐�̅�, 𝑇)𝑘2

𝑄𝑅𝑅𝐾(E = 𝑛ℎ𝑐�̅�)

𝑘𝑐(𝑇)

+∞

𝑛=𝑚

 (12) 

which is identical to the energy independent Lindemann expression. It means high-

pressure SS-QRRK rate constants are equal to the ones calculated by CVT/SCT theory. 

Accordingly, variational effect, multidimensional tunneling, and multi-structural torsional 

anharmonicity efficiently determined at high-pressure limit can be included in SS-QRRK 

procedure without any extra labour [47]. 
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3 COMPUTATIONAL METHODS 

3.1 Electronic Structure Calculations: Characterization of the Potential 

Energy Surface 

The first step in our procedure was to determine the number of conformers for the 

reactant, saddle point and product species of each reaction. Conformational analysis was 

performed with MSTor software version 2013 [50], where all possible torsions were 

evaluated with rotations of 90°, giving an overall of 4t possible structures for each species, 

where t is the number of torsions. 

To each conformer, geometry optimization, frequency determination and single point 

energy calculations were carried out in Gaussian09 [51] software using the 

CCSD(T,FULL)/aug-cc-pVTZ//CCSD(T)/6-31+G(d,p) level of theory for the unimolecular 

reaction, and CCSD(T)/aug-cc-pVTZ//M062X/cc-pVTZ level of theory for H-assisted 

isomerizations. With this information, zero point energy (ZPE) corrected values, or 

adiabatic energies for each conformer were computed. The global minima of each species 

were used to calculate the MEP for each reaction by using the GaussRate17 [52] software, 

which is an interface between Gaussian09 [51] and Polyrate 2016-2A [53]. During an MEP 

mapping, energies, gradients, and Hessians along the steepest descent route in isoinertial 

coordinates were computed, starting from the saddle point. For unimolecular reaction, 

the step size selected between the -0.70 bohr – +0.70 bohr range of the reaction 

coordinate was 0.04 bohr, while those for the ±0.70 bohr – ±1.15 bohr and ±1.15 bohr – 
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±3.00 bohr were 0.07 bohr and 0.20 bohr, respectively. On the other hand, for H-assisted 

isomerization the MEP was evaluated with a step size of 0.01 bohr, also in mass-scaled 

coordinates, between -1.2 bohr – + 1.2 bohr range and with a step size of 0.1 bohr 

between ±1.2 bohr – ±3.00 bohr. The step size near the saddle point was smaller in all 

cases because the information in this region is critical to determine the location of the 

transition state under the framework of variational principles, and for an accurate 

description of the transmission coefficients. For the same purpose, a sufficiently broad 

region of the MEP was covered. The Hessian was evaluated at every fourth step in all 

cases.  

 

3.2 High Pressure Limit Rate Constant Calculation. Multistructural 

Variational Transition State Theory 

With the energy, gradient, and Hessian along the MEP, it is possible to compute 

preliminary rate constants using Polyrate 2016-2A software [53]. Canonical variational 

transition state rate constants (CVT) were calculated using the global minimum structures 

(SS), the harmonic oscillator approach (HO), and small curvature tunneling corrections 

(SCT) for computing the transmission coefficients. These rate constants were then labeled 

as 𝑘𝑆𝑆−𝐻𝑂
𝐶𝑉𝑇/𝑆𝐶𝑇

.  

To include the effect of the multiple conformers (multistructural anharmonicity (MS)) 

on the rate constant, it was necessary to compute multistructural partition functions. To 

do so, the MSTor program was used; it calculates the conformational rovibrational 
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multistructural partition function, including torsional anharmonicity corrections (T), as 

shown in eq (5) [43]. 

With the multistructural torsional rovibrational partition functions (eq 5), it was 

possible to evaluate the multistructural torsional anharmonicity factors to correct a single 

structural rate constant as: 

𝐹≠,MS−𝑇 =
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
≠,𝑀𝑆−𝑇

𝑄𝑟𝑜𝑣𝑖𝑏
≠,𝑆𝑆−𝑇  (13) 

𝐹𝑅,MS−𝑇 =
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑅,𝑀𝑆−𝑇

𝑄𝑟𝑜𝑣𝑖𝑏
𝑅,𝑆𝑆−𝑇  (14) 

where 𝑄𝑟𝑜𝑣𝑖𝑏
≠,𝑆𝑆−𝑇 and 𝑄𝑟𝑜𝑣𝑖𝑏

𝑅,𝑆𝑆−𝑇 represent the single structural rovibrational partition function 

with torsional anharmonicity corrections of the global minimum structures of the saddle 

point and reactant, respectively. Eqs 13 and 14 display the multistructural torsional 

anharmonicity factors of the reactant and saddle point, correspondingly. The factors in 

eqs 13 and 14 can be also calculated without torsional anharmonicity corrections, that is, 

under the harmonic oscillator approach, 𝐹≠,𝑀𝑆−𝐻𝑂 and 𝐹𝑅,𝑀𝑆−𝐿𝐻. The overall 

multistructural torsional anharmonicity factor for a given reaction is calculated as: 

𝐹𝑀𝑆−𝑇 =
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
≠,𝑀𝑆−𝑇

𝑄𝑟𝑜𝑣𝑖𝑏
≠,𝑆𝑆−𝑇

𝑄𝑟𝑜𝑣𝑖𝑏
𝑅,𝑆𝑆−𝑇

𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑅,𝑀𝑆−𝑇  (15) 

The factor in eq 15 can be also calculated without torsional anharmonicity, 𝐹𝑀𝑆−𝐿𝐻, by 

using 𝐹≠,𝑀𝑆−𝐿𝐻 and 𝐹𝑅,𝑀𝑆−𝐿𝐻. 

Rate constants considering multistructural torsional anharmonicity are given by eq 16. 
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𝑘𝑀𝑆−𝑇
𝐶𝑉𝑇 𝑆𝐶𝑇⁄

=
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
≠,𝑀𝑆−𝑇

𝑄𝑟𝑜𝑣𝑖𝑏
≠,𝑆𝑆−𝐻𝑂

𝑄𝑟𝑜𝑣𝑖𝑏
𝑅,𝑆𝑆−𝐻𝑂

𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
𝑅,𝑀𝑆−𝑇 ∙ 𝑘𝑆𝑆−𝐻𝑂

𝐶𝑉𝑇/𝑆𝐶𝑇
 (16) 

 

3.3 Pressure-Dependent Rate Constant Calculations 

The computation of pressure-dependent rate constants was carried out with the 

system-specific quantum RRK (SS-QRRK) theory [46], as implemented in Polyrate 2016-2A 

[53], considering only either, forward or reverse reactions (values for the complementary 

reaction can be determined with the equilibrium constant). This code has been proven to 

give results comparable with values computed by MS-μVT theory [45]. First, values of 

𝑘𝑀𝑆−𝑇
𝐶𝑉𝑇 𝑆𝐶𝑇⁄

 were fitted to the form of eq 4 shown in Bao et al. [45] for exothermic reactions, 

which in a second step gives the parameters 𝑛, 𝐸 and 𝑇0 necessary to compute the Tolman 

activation energy 𝐸𝑎, and the Arrhenius frequency factor 𝐴∞ that are used by the SS-

QRRK theory [45,47]. This approach is based on the energy dependent Lindemann-

Hinshelwood mechanism, where the computation of the de-energization rate constant 

uses a modified strong collision model, as shown in section 2.3.1.  

The pressure range studied was from 0.1 kPa to 108 kPa, using nitrogen as bath gas, 

which is commonly used and has a de-energization temperature dependency with the 

form ‹𝐸›𝑑𝑜𝑤𝑛 =  200 ∙ (𝑇/300)0.85 𝑐𝑚−1 (determined by fitting experimental falloff 

curves [54]). The other bath gas used was argon, which dilutes tert- and 2-butanol in our 

pyrolysis simulations and has a de-energization value ‹𝐸›𝑑𝑜𝑤𝑛 =  400 𝑐𝑚−1, as reported 

by Zhu and Lin. [55]. The Lennard-Jones parameters implemented for propen-2-ol were 
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those of n-propanol, 𝜎 = 4.549 Å and 𝜀/𝑘𝐵 =  576.7 𝐾, which were also adopted by 

Zhou et al. [56] to study propen-2-ol decomposition reactions. Nitrogen has the 

parametric values 𝜎 = 3.798 Å and 𝜀/𝑘𝐵 = 714 𝐾, and for argon these parameters are 

σ = 3.542 Å, 𝜀/𝑘𝐵 =  93.3 K. 

 

3.4 Numerical Pyrolysis Simulations 

The kinetic mechanism of Sarathy et al. [24] for butanol isomers was updated in the 

first instance with the computed rate constants of the reactions R1 and –R1, which is 

called hereafter R1 updated model. Subsequently, R1 updated model was further 

upgraded with the rate constants of the reactions R2, and –R2, model that is hereafter 

referred just as the updated model. The objective was to determine the role of the 

calculated rate constants by comparing the predictions of the R1 updated model to those 

of the former model, which describes all the studied reactions using analogies. Eventually, 

the results of the updated model were compared with those of the R1 updated model to 

measure the influence of the H-assisted tautomerism. 

Pyrolysis numerical simulations of tert- and 2-butanol, with the same initial conditions 

as Yasunaga et al. [23], were performed with ANSYS CHEMKIN-PRO 18.1 [57] software, 

using a closed homogeneous batch reactor where tert- and 2-butanol had a composition 

of 0.01 and 0.015 mole fraction, respectively, diluted in argon. Two different types of 

simulations were performed; in the first one (hereafter transient simulation), values of 

concentrations of key species during the pyrolysis process were monitored at 1300 K, 
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during 2000 μs and 2500 μs for tert- and 2-butanol, correspondingly. In the second type 

of simulation (temperature-dependent simulation), the same analysis was performed at 

temperatures between 1000 K and 1500 K, monitoring the concentration of key species 

at the end of the simulation; the goal being to analyze the effect of temperature. The 

simulations with tert-butanol were performed at 172.3 kPa (1.7 atm), while those with 2-

butanol were at 192.5 kPa (1.9 atm).  

For the combustion simulations considering unimolecular and H-assisted tautomerism, 

similar initial conditions to those used in pyrolysis were implemented, but using 

stoichiometric mixtures fuel:air.  
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4 RESULTS AND DISCUSSION 

4.1 Unimolecular Propen-2-ol Tautomerism 

4.1.1 Conformational Search and Topology of the PES 

Regarding the unimolecular propen-2-ol tautomerism (Grajales-González et al. [58]) 

Figure 2 shows optimized geometries at the CCSD(T)/6-31+G(d,p) level of the different 

species involved in the studied unimolecular reactions. For propen-2-ol, three conformers 

were found; its global minimum shows the OH group pointing towards the double bond 

(Figure 2 (a)). The conformer shown in Figure 2 (b) has a non-superimposable mirror 

image (enantiomer) because the OH group is not in the plane formed by the atoms O(9)-

C(1)-C(2)-C(6). Two possible saddle points have the same energy, and Figure 2 (c) shows 

the optimized geometry of one of the enantiomers. For acetone, a single conformer was 

found (Figure 2 (d)). 

 

Figure 2. Optimized structures of the reactant, saddle point and product species at the CCSD(T)/6-

31+G(d,p) level. Enantiomers of geometries in (b) and (c) are not shown. 

Figure 3 (a) shows the adiabatic potential energy profile of the propen-2-ol ↔ acetone 

tautomerism. The energy difference between the conformers of the reactant propen-2-

ol is 1.94 kcal mol-1, and the enthalpies of reaction at 0 K and 298 K are -11.38 kcal mol-1 
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and -12.92 kcal mol-1, respectively. With enthalpies of formation (at 298 K) from the NIST 

[59] database, an enthalpy of reaction of -10.16 was calculated, indicating that the value 

was close to the experimental value. 

 

Figure 3. (a) Adiabatic potential energy (potential energy + ZPE) profile at the CCSD(T,FULL)/aug-

cc-pVTZ//CCSD(T)/6-31+G(d,p) level of theory with respect to the energy of the reactant global 

minimum structure. Green line represents global minimum conformers; red line corresponds to 

the higher energy conformers. (b) MEP (potential energy, ZPE excluded) computed at the 

CCSD(T)/6-31+G(d,p) level using the global minimum conformers. 

Figure 3 (b) shows the MEP computed using the CCSD(T)/6-31+G(d,p) level for the 

global minimum conformers of the different species. Propen-2-ol is taken as the classic 

energy reference point (without the zero point energy correction). Note that the kinetic 

study was based on a scaled MEP aimed to reproduce the CCSD(T,FULL)/aug-cc-

pVTZ//CCSD(T)/6-31+G(d,p) single point energies. At this level, the energy barrier of the 

reaction is 57.7 kcal mol-1, 3.5 kcal mol-1 higher than the barrier obtained by Elango et al. 
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[31] using the lower MP2/cc-pVDZ level of theory. As expected for a gas phase non-

catalyzed keto-enol tautomerism, a large barrier height was obtained [60]. The energy of 

reaction was -11.1 kcal mol-1, which was also different from the value obtained in the 

referenced work [31], -14.5 kcal mol-1. 

 

4.1.2 Rate Constants Determination 

With the data calculated along the MEP, the value of the transmission coefficients was 

obtained; it has the temperature dependence shown in Figure 4. As expected for a 

hydrogen shift reaction with a large barrier, tunneling was highly pronounced in both R1 

and –R1 reactions, with an order of magnitude of around 109 at 298 K. 

 

Figure 4. Transmission coefficients computed with the SCT method for reactions R1 (black line) 

and -R1 (red line). 

Figure 5 (a) shows the values of the multistructural anharmonicity factor for propen-2-

ol, with and without torsional anharmonicity, 𝐹𝑀𝑆−𝑇 and 𝐹𝑀𝑆−𝐿𝐻, respectively. The 

former starts with a value of one at low temperature and tends to a value of two at higher 
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temperatures. The latter begins with the same unity value, but at higher temperatures it 

tends to three, the total number of structures found for this specie. Thus, the torsional 

anharmonicity correction is important in the reactant propen-2-ol. 

The saddle point has an anharmonicity factor of two over the studied temperature 

range, as a result of its two equivalent conformers. Finally, the anharmonicity factor of 

acetone, which has just one conformer, always takes a value of unity. 

 

Figure 5. (a) Anharmonicity factor for propen-2-ol (b) anharmonicity factors for reactions R1 (f 

subscript), and –R1 (r subscript). 

The total factor for the reaction (eq 15) was the result of the factor of each of the 

species involved in the reaction. In Figure 5 (b) the effect of the torsional anharmonicity 

for the reaction R1 is shown to be important and will affect the value of the rate constant, 

especially at high temperatures. The anharmonicity factor for the reaction –R1 is two in 

the entire temperature range, with no effect from the torsional anharmonicity (𝐹𝑀𝑆−𝑇  =

 𝐹𝑀𝑆−𝐿𝐻). 
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Figure 6 shows the fitting of the final calculated high-pressure limit rate constants (eq 

16) for the reactions R1 (black line) and –R1 (red line). The curvature of the plots is due 

to the large values of the transmission coefficients. It is also important to note that the 

reaction R1 is much quicker than –R1 in the entire temperature range, favoring the keto 

form.  

 

Figure 6. High-pressure rate constants as function of temperature. Computed values are black 

and red lines for reactions R1 and –R1, respectively. Green and blue lines are forward and reverse 

rate constants, respectively, determined by Da Silva et al. [27] for the vinyl alcohol ↔ 

acetaldehyde reaction used as analogy in previous kinetic models. 

The variational effect for reactions R1 and –R1 proved to be negligible because the shift 

of the transition state with respect to the saddle point was marginal, as is typical for a 

sharp barrier and a tight saddle point. The displacement on the reaction coordinate of the 

transition state with respect to the saddle point was only of 0.0019 Å and 0.0024 Å at 200 

K and 3000 K, respectively. As a consequence, the forward rate constants with and 

without variational effects are quite similar: 6.24∙10-47 s-1 and 6.23∙10-47 s-1 at 200 K, and 
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4.55∙109 s-1 and 4.56∙109 s-1 at 3000 K for the transition state theory (TST) and variational 

transition state theory (VTST), respectively. The reverse reaction shows a similar trend. 

Once the hessians along the reaction path have been computed, in order to accurately 

estimate tunneling effect, VTST rate constants can be calculated with Polyrate without 

additional computational cost; therefore, we opted for using them due to the more 

rigorous theoretical approach they are based on. 

The high-pressure rate constants in the entire temperature range (200 K – 3000 K) were 

fitted to the following equation [61]: 

𝑘 = 𝐴 (
𝑇

300
)
𝑛

exp (−
𝐸(𝑇 − 𝑇0)

𝑅(𝑇2 + 𝑇0
2)
) (17) 

However, since CHEMKIN software must be provided with kinetic information by means 

of a three-parameter Arrhenius equation (also known as modified Arrhenius equation),  

𝑘 = 𝐴 𝑇𝑛 exp (−
𝐸

𝑅𝑇
) (18) 

the rate constants over the temperature range 600 K – 3000 K (the temperature range 

used in our simulations) were also fitted to eq 18. 

𝑘𝑓,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 2.569 ∙ 1012 (
𝑇

300
)
0.613

𝑒𝑥𝑝 (−
41.617(𝑇 + 318.837)

𝑅(𝑇2 + 318.8372)
) (19) 

𝑘𝑟,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 5.067 ∙ 10−4 (
𝑇

300
)
5.234

𝑒𝑥𝑝 (−
44.689(𝑇 + 250.282)

𝑅(𝑇2 + 250.2822)
) (20) 

𝑘𝑓,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 1.730 ∙ 105 𝑇2.302 𝑒𝑥𝑝 (−
46.989

𝑅𝑇
) (21) 

𝑘𝑟,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 1.564 ∙ 10−10 𝑇3.614 𝑒𝑥𝑝 (−
59.679

𝑅𝑇
) (22) 
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where 𝑅 and 𝑇 are the ideal gas constant and temperature with units of kcal mol-1 K-1 and 

K, respectively. The units of the fitting parameters 𝐴, 𝑇0 and 𝐸 are s-1, K and kcal mol-1, 

correspondingly. 

Figure 6 also includes rate constants determined by Da Silva et al. [27] for the reaction 

vinyl alcohol ↔ acetaldehyde, which were used as analogy to the studied reaction by 

Sarathy et al. [24] The most significant discrepancies are present at low temperatures. At 

298 K, deviations of about 10 and 2 orders of magnitude were obtained for R1 and –R1 

reactions, respectively, mainly due to the effect of tunneling in the propen-2-ol ↔ 

acetone tautomerism, which at that temperature has values of an order of magnitude of 

109 and 108 for R1 and –R1, respectively. It is important to bear in mind that differences 

in the rate constants may also arise from more subtle aspects, such as the different nature 

of the systems, leading to different partition functions and barrier heights, which are hard 

to resolve in detail. 

Shao et al. [30] also computed the parameters of eq 18 for the forward reaction of the 

vinyl alcohol ↔ acetaldehyde tautomerism at 101325 kPa, obtaining rate constants that 

differ by around 40 and 3 orders of magnitude at 298 K and 3000 K, respectively. As in the 

case of Da Silva et al. [27], they also determined kinetic parameters that differed greatly 

from those calculated in this study. 

Figure 7 shows the equilibrium constant for the reaction under study, calculated with 

the high-pressure forward and reverse rate constants. As expected for exothermic 

reactions, the value of this thermodynamic property decreases with an increase in 

temperature. Nonetheless, it is noteworthy that even at high temperatures, the value of 
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this constant is still considerable, of the order of 1011. Thus, the keto form is 

thermodynamically favored over the studied temperature range.  

 

Figure 7. Equilibrium constant for the propen-2-ol ↔ acetone tautomerism. 

The pressure-dependent rate constants for reaction R1 in nitrogen are presented in 

Figure 8 by both, the relation of the rate constant obtained at pressure p to that at the 

high-pressure limit (it is the same figure for the reverse reaction) as function of pressure 

(a), and considering the sole rate constants at different pressures as function of 

temperature (b).  

As expected for a unimolecular isomerization, the rate constant decreases as the 

pressure decreases due to the lack of collisions to repopulate the thermally activated 

reactant. This decrease is more pronounced at high temperatures. As shown in Figure 8 

(a), below 600 K the rate constants are virtually pressure-independent with values of 

𝑙𝑜𝑔10[𝑘(𝑝)/𝑘(∞)] of -2.47∙10-3 and -8.92∙10-4 at 108 and 0.1 kPa, respectively. At 

temperatures higher than 600 K the falloff of the unimolecular isomerization rate 

coefficients becomes relevant. For instance, at 3000 K the rate constants at 0.1, 1.0 and 
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10.0 kPa decrease with respect to those at the high-pressure limit by a factor of 1.27∙10-

7, 1.26∙10-6 and 1.24∙10-5, respectively. At that high temperature, the value of the rate 

constant goes from 6.06∙109 s-1 at the high-pressure limit to 7.71∙102 s-1 at 0.1 kPa, with 

the differences shrinking as we go lower in temperature and higher in pressure.  

 

Figure 8. Pressure-dependent rate constants. (a) Falloff curves for reaction R1 as the relation of 

the rate constant computed at pressure p to that computed at the high pressure limit, 𝑘(∞), that 

is 𝑘𝑀𝑆−𝑇
𝐶𝑉𝑇 𝑆𝐶𝑇⁄

, as function of pressure. (b) Rate constants as function of pressure and temperature 

for reaction R1. 

Table 1 shows the parameters of the modified Arrhenius equation (Eq 18) resulting from 

the fitting of the rate constants at pressures ranging from 0.101325 kPa - 101325 kPa 

using argon as bath gas (the diluting gas used in our simulations), which were used to 

carry out the pyrolysis simulations, together with those obtained for the rates using N2 

(plotted in Figure 8). These equations were fitted in the temperature range of 600 K – 

2000 K. 
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Table 1. Fitting parameters of the modified Arrhenius equation at different pressures for the 

reactions R1 and -R1 using Ar and N2 as bath gases.  

  Forward Reverse 

Pressure 
(kPa) 

Bath 
Gas 

A (s-1) na E           
(kcal mol-1) 

A (s-1) na E           
(kcal mol-1) 

0.101325 Ar 2.054E+76 -19.453 76.335 1.007E+61 -18.063 88.876 

 N2 1.031E+63 -15.386 70.809 5.054E+47 -13.997 83.350 

1.01325 Ar 2.179E+69 -17.081 75.399 1.068E+54 -15.691 87.940 

 N2 9.530E+54 -12.734 69.070 4.672E+39 -11.345 81.611 

10.1325 Ar 4.258E+56 -13.105 70.899 2.087E+41 -11.715 83.440 

 N2 9.068E+41 -8.702 64.101 4.445E+26 -7.312 76.642 

101.325 Ar 1.889E+40 -8.142 63.816 9.259E+24 -6.752 76.357 

 N2 6.957E+26 -4.138 57.344 3.411E+11 -2.748 69.885 

1013.25 Ar 9.831E+23 -3.270 56.141 4.819E+08 -1.880 68.682 

 N2 6.740E+13 -0.257 51.103 3.304E-02 1.133 63.644 

10132.5 Ar 4.321E+11 0.398 50.059 2.118E-04 1.788 62.600 

 N2 1.094E+06 2.052 47.228 5.361E-10 3.442 59.769 

101325 Ar 1.207E+05 2.335 46.752 5.917E-11 3.725 59.293 

 N2 1.682E+03 2.883 45.802 8.246E-13 4.272 58.343 

a Parameter “n” is unitless. 
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4.1.3 Role of the Unimolecular Tautomerism Propen-2-ol ↔ Acetone in the Pyrolysis 

of tert- and 2-Butanol 

This section compares the performance of the original kinetic model of Sarathy et al. 

[24] (former model) and the R1 updated model, to clarify the role of the studied reactions 

in the pyrolysis of tert- and 2-butanol isomers.  

 

4.1.3.1 Tert-Butanol 

Figure 9 shows the results of pyrolysis simulations for tert-butanol (t-C4H9OH) at 172.25 

kPa (1.7 atm). Solid lines correspond to results obtained with the R1 updated model; 

dashed lines correspond to those obtained in the model of Sarathy et al. [24] In Figure 9 

(a) it can be seen that the new set of rate constants predicts a larger yield of acetone 

(CH3COCH3) and a faster consumption of propen-2-ol (i-C3H5OH) in the transient 

simulations (right y-axis). No differences were observed in the concentration profile of 

tert-butanol (left y-axis) between the two kinetic models used in the simulations.  

As for the temperature-dependent simulation, both models predict the same 

concentration for methane (CH4) and tert-butanol throughout the entire temperature 

range (Figure 9 (b), left y-axis). An interesting behavior observed with the R1 updated 

model was the lower yield of acetaldehyde (CH3CHO) between 1200 K and 1500 K (Figure 

9 (b), right y-axis), whose production competes with the tautomerism propen-2-ol ↔ 

acetone, as shown in Yasunaga et al. [23], indicating a major role of the studied 

isomerization in the R1 updated model. Figure 9 (c) shows a larger yield of acetone with 
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the R1 updated model at temperatures below 1400 K, as well as a slightly larger yield of 

carbon monoxide (CO) at any temperature. However, no notable differences were 

observed in either model for the isobutylene (i-C4H8) and propene (C3H6) species. 

 

Figure 9. Species concentration profiles in pyrolysis of tert-butanol. Solid and dashed lines are R1 

updated and Sarathy et al. [24] models, respectively. (a) Concentration profile of propen-2-ol, 

acetone and tert-butanol as function of time. (b) Concentration profile of tert-butanol, methane 

and acetaldehyde as function of temperature. (c) Concentration profile of acetone, carbon 

monoxide, isobutylene and propene as function of temperature. 
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4.1.3.2 2-Butanol 

This alcohol presents concentration trends similar in the transient simulation to tert-

butanol, as illustrated in Figure 10 (a). However, the differences between both kinetic 

models are more remarkable. 

 

Figure 10. Species concentration profiles in pyrolysis of 2-butanol. Solid and dashed lines 

correspond to R1 updated and Sarathy et al. [24] models, respectively (a) Concentration profile 

of propen-2-ol, acetone and 2-butanol as function of time. (b) Concentration profile of acetone, 

propen-2-ol, 2-butanol and acetaldehyde as function of temperature.  

In the R1 updated model, the increase in the concentration of acetone (Figure 10 (a), 

right y-axis) is more pronounced, and the decrease of propen-2-ol profile (Figure 10 (a), 

right y-axis) is also more noticeable in comparison with its corresponding graph for tert-

butanol in Figure 9 (a). In general, the concentration of propen-2-ol in the pyrolysis of 2-

butanol (s-C4H9OH) is higher than in the pyrolysis of tert-butanol.  

Concentration profiles in temperature-dependent simulations of species of interest are 

also shown in Figure 10 (b). With the R1 updated model, the yield of acetone is larger, 
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while that of propen-2-ol is lower, over almost the entire range of temperatures studied. 

On the other hand, 2-butanol does not show a notable change in its concentration profile. 

One remarkable fact was the decrease in the concentration of acetaldehyde, explained 

by the preference of the new model to take the propen-2-ol → acetone channel instead 

of the propen-2-ol → vinyl alcohol → acetaldehyde path, carried out by methyl 

elimination and keto - enol tautomerism. 
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4.2 Propen-2-ol Tautomerism Assisted by Hydrogen Radical 

4.2.1 Conformational Search and Topology of the PES 

Yasunaga et al. [23], Hansen et al. [62], and Zádor and Miller [32] determined a stepwise 

mechanism for the H-assisted tautomerism for vinyl alcohol, propen-1-ol, and propen-2-

ol, respectively, being the last one: 

i-C3H5OH + Ḣ ⟷ CH3Ċ(OH)CH3 (R4) 

CH3Ċ(OH)CH3 ⟷ CH3CHOCH3 + Ḣ (R5) 

In Figure 11 are shown the optimized structures involved in propen-2-ol H-assisted 

tautomerism (R4, R5 and their inverse reactions –R4 and –R5) at the M062X/cc-pVTZ ab 

initio level. For the alcohol were found this time only two conformers; the global minima 

has the O–H group pointed toward the double bond (Figure 11 (a)), similar to the case of 

the unimolecular reaction. The second alcohol conformer has the dihedral angle H(10)-

O(9)-C(1)-C(6) equal at 180°. Conformers for the saddle point of R4 (henceforth denoted 

SP1) are shown in Figure 11 (c) and (d) that differ in the orientation of the O–H group 

toward the faded double bond, which can be of 0° and 180°, respectively. Each of this 

conformers has a non-superimposable mirror image (not shown) because the hydrogen 

atom can be also inserted along the other side of the double bond.  

On the other hand, the intermediate radical (henceforth called INT) and the saddle 

point of R5 (hereafter called SP2) are shown in Figure 11 (e) and (f), respectively, and each 

one counts with a couple of enantiomers (not shown) that differ on the orientation of the 

O–H group. Finally, acetone was found to have only one conformer (Figure 11 (g)). 
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Figure 11. M062X/cc-pVTZ optimized structures of the reactants, saddle points and products of 

the reactions R4, -R4, R5 and –R5 (H-assisted isomerization). The non-superimposable mirror 

images of c, d, e and f structures are not shown. 

In Figure 12 is shown the adiabatic (ZPE corrected) energy profile for the propen-2-ol H-

assisted tautomerism (R4 and R5). For the first step, i-C3H5OH+Ḣ↔CH3Ċ(OH)CH3 and 

considering the global minima, forward and reverse reactions have barriers heights of 

1.23 kcal mol-1 and 35.63 kcal mol-1, respectively; the heat of reactions are -34.4 kcal mol-

1 and 34.4 kcal mol-1, correspondingly. In a similar fashion, the second step has barriers 

heights of 32.7 kcal mol-1 and 10.26 kcal mol-1 and reaction energies of 22.4 kcal mol-1 and 

-22.4 kcal mol-1 for forward and reverse reactions, respectively. 

The values of this adiabatic energy profile differ in some extent to those obtained by 

Huynh et al. [63], where energy barriers for the first step of 0.6 kcal mol-1 and 33.3 kcal 

mol-1 and for the second step of 29.7 kcal mol-1 and 12.5 kcal mol-1 for forward and reverse 

reactions were obtained, respectively. These authors used the CCSD(T)/cc-

pVDZ//B3LYP//cc-pVTZ level. 
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Figure 12. CCSD(T)/aug-cc-pVTZ//M062X/cc-pVTZ potential energy profile (ZPE corrected) of the 

reaction i-C3H5OH+Ḣ↔CH3COCH3+Ḣ. The energy is defined with respect to the energy of the 

global minimum structures of the reactants, i-C3H5OH (j=1)+Ḣ. Green: global minimum structures, 

Red: higher energy conformers. 

In Figure 13 is drawn MEP (without ZPE correction) which has been computed with the 

density functional M062X/cc-pVTZ using the global minimum of each conformer. Similar 

to the case of the unimolecular reaction, propen-2-ol is taken as the classic energy 

reference and the kinetic results were based on a scaled MEP steered to reproduce the 

CCSD(T)/aug-cc-pVTZ//M062X/cc-pVTZ single point energies. There were not found in the 

literature results of intrinsic reaction coordinates (IRC) for this isomerization, not even for 

the vinyl alcohol which has been more thoroughly studied. Barrier height for the first step 

(R4) is only 0.65 kcal mol-1, and the second step (R5) has a value of 38.6 kcal mol-1. On the 

other hand, acetone is only 9.1 kcal mol-1 lower in energy than the alcohol. 
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Figure 13. MEP (ZPE excluded) computed at the M062X/cc-pVTZ level using the global minimum 

conformers. 

4.2.2 Rate Constants Determination 

Values of the transmission coefficients for the different H-assisted tautomerism 

reactions are shown in Figure 14. Unlike the unimolecular reaction, tunneling, in this case, 

turned out to have a faint contribution; however, the value of kappa for reaction R4 is of 

two orders of magnitude higher than for reaction R5, which has a negligible order of 

magnitude of 100. As expected, tunneling effect is more pronounced at lower 

temperatures.  
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Figure 14. Transmission coefficients computed with the SCT method for reactions R4 (black line), 

-R4 (red line), R5 (green line), and –R5 (green line). 

In Figure 15 (a) are shown the multi-structural anharmonicity factors for propen-2-ol 

and SP1, which are the only species with a change in the 𝐹𝑀𝑆−𝑇/𝐿𝐻 values. In this case, 

only structural anharmonicity turned out to be essential, with a value for propen-2-ol of 

one and two at low and high temperatures, respectively, increase attributed to the 

contribution of the second conformer of higher energy. Similarly, SP1 goes from an 

anharmonicity of two to four as we go higher in temperature, but with twofold the alcohol 

values due to the enantiomers input of each transition state conformer. Accordingly, 

structural anharmonicity is important for propen-2-ol and SP1.  

Additionally, INT and SP2 always have an anharmonicity factor of two in virtue of a 

couple of enantiomers belonging to each one. Finally, acetone always has an 

anharmonicity factor of one associated with its unique conformer. 

In Figure 15 (b) is also shown multi-structural anharmonicity factors for each H-assisted 

isomerization reaction. The reaction -R4 is the only step with a noticeable change in the 

value of anharmonicity, from one to two at low and high temperature, correspondingly. 
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This variation is linked with the contribution of the SP1 high energy conformer and its 

enantiomer as we go higher in temperature. Reactions R4 and -R5 have always an 

anharmonicity factor of two and R5 a factor of one, values correlated with the 

contribution of the species conformers along the studied temperature range. 

 

Figure 15. (a) Anharmonicity factor for propen-2-ol and SP1 (b) anharmonicity factors for 

reactions R4, R5 (f subscript), and –R1, –R5 (r subscript). 

Figure 16 shows the computed high-pressure limit rate constants for H-assisted 

reactions and their fitting. In this case, there is no curvature at low temperatures due to 

the lack of tunneling. Rate constants for R4 vary slightly, from 1011 to 1013, from low to 

high temperature, correspondingly. On the other hand, –R5 has a bigger variation; 

however, values of its kinetic parameter is moderately high at elevated temperatures, of 

an order of magnitude of 105. On the other hand, rate constants for reactions –R4 and R5 

have negligible values at low temperatures with orders of magnitude of  10-27 and 10-22, 

respectively; however, their value increase considerably and at 1200 K they reach orders 

of magnitude of 106 and 107, respectively.  
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Similar to unimolecular tautomerism, the variational effect for all H-assisted reactions 

results to be unimportant, with TST and VTST rate constants of the same order of 

magnitude for all reactions over almost all ranges of temperature.  

 

Figure 16. High-pressure rate constants as a function of temperature. Black lines stand for R4 and 

–R5, read in the left axis, and red lines for reactions –R4 and R5 that are read in the right axis. Blue 

lines belong to –R4 and R5 rate constants determined by Zádor and Miller [32] and their values 

are also read in the red axis (right). 

High-pressure rate constants were fitted to the three parameters Arrhenius equation 

(eq 18) over the entire range of temperature studied (200 K – 3000 K): 

𝑘4𝑓,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 3.345 ∙ 109 𝑇1.193 𝑒𝑥𝑝 (−
0.457

𝑅𝑇
) (23) 

𝑘4𝑟,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 3.172 ∙ 107 𝑇1.824 𝑒𝑥𝑝 (−
35.187

𝑅𝑇
) (24) 

𝑘5𝑓,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 3.112 ∙ 108 𝑇1.558 𝑒𝑥𝑝 (−
30.581

𝑅𝑇
) (25) 

𝑘5𝑟,𝑀𝑆−𝑇
𝐶𝑉𝑇/𝑆𝐶𝑇

= 3.438 ∙ 10−6 𝑇3.192 𝑒𝑥𝑝 (−
6.664

𝑅𝑇
) (26) 



59 
 

The units of the fitting parameter 𝐴  are s-1 (eqs 24 and 25) and cm3 mol-1 s-1 (eqs 23 

and 26), and E is given in kcal mol-1.  

Rate constants computed by Zádor and Miller [32] for reaction –R4 and R5 using master 

equation methodology are also shown in Figure 16. There are slight deviations especially 

at low temperatures which vanish for –4R and remains constant for R5 as we go higher in 

temperature. On the other hand, for –R4, the authors predict a barrier that is 7.1 kcal mol-

1 higher than the determined in the calculations of this work. This and other differences 

can be attributed to the particular methodology and ab initio level employed, in addition 

to the inclusion of the multistructural treatment of this work.  

In the original mechanism of Sarathy et al. [24] is used for R4 the kinetic data of 

hydrogen addition to the double bond of iso-butene [64] as analogy, which shows a good 

agreement with the results of this work, with values of 𝑘(1300 𝐾) = 2.5 ∙ 1013 cm3 mol-

1 s-1 and 𝑘(1300 𝐾) = 1.4 ∙ 1013 cm3 mol-1 s-1, respectively.  

In Figure 17 are shown the equilibrium constants for reactions R4 and R5, obtained from 

kinetic data at the high-pressure limit. For the reaction R4, which is an exothermic 

process, the value of this constant decreases as temperature increases, and similar to the 

unimolecular tautomerism, the product is favored over the whole temperature range, 

though at 3000 K, 𝐾𝐶 declines until an order of magnitude of 102. On the other hand, 

equilibrium constant for the reaction R5 increases considerably until 1200 K, reaching an 

order of magnitude of 104, which means that acetone will be favored at high 

temperatures. 
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Figure 17. Equilibrium constant for reactions R4 and R5. 

For analyzing pressure-dependent rate constant in H-assisted tautomerism we choose 

the steps –R4 and R5 as reference, since they belong to the class of unimolecular 

dissociation reactions (A → P1 + P2) that can be treated with the energy dependent 

Hinshelwood-Lindemann mechanism [47]. Nonetheless, it is worth mentioning that the 

inverse steps, R4 and –R5, which belong to the category of bimolecular association 

reactions (A + B → P) that need to be handled with chemical activation mechanism 

approach [45], were also evaluated and results were basically the same that those 

obtained from rate constants of –R4, R5, and the equilibrium constant values. 

In Figure 18 is illustrated the pressure-dependency for reaction –R4 rate constants in 

nitrogen as bath gas considering again both, the logarithmic relation of the rate constant 

determined at pressure 𝑝 over that computed at the high-pressure limit (a), and taking 

into account only the rate constant as function of pressure and temperature (b). For this 

reaction, the expected falloff behavior was also obtained, besides, it turned out to be 

more sensitive to the pressure than the unimolecular tautomerism with a noticeable 
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decrease in the value of the kinetic parameter above 400 K, where 𝑙𝑜𝑔10[𝑘(𝑝)/𝑘(∞)] 

takes values of -2.0752∙10-2 and -1.0920∙10-3 at 0.1 and 108 kPa, respectively.  

 

Figure 18. Pressure-dependent rate constants. (a) Falloff curves for reaction –R4 as the 

logarithmic relation of the rate constant computed at pressure p to that computed at the high-

pressure limit, 𝑘(∞), that is 𝑘𝑀𝑆−𝑇
𝐶𝑉𝑇 𝑆𝐶𝑇⁄

, as a function of pressure. (b) Rate constants as a function 

of pressure and temperature for reaction –R4. 

Furthermore, the maximum decrease in the rate constant occurs at 3000 K and 0.1 kPa 

where its value is 6.3∙101 s-1 (Figure 18 (b)) and its logarithmic ratio regarding the high-

pressure limit value achieves a value of -9.5. This difference decreases as we go higher in 

pressure, and it becomes negligible at around 1011 kPa.  

Along the same line, in Figure 19 is presented the scheme of the pressure effect on the 

reaction R5. This step resulted to be even more sensitive to the pressure change, 

displaying a value of the logarithmic relation of -10.5 at 3000 K and 0.1 kPa which is 3.5 

and 1 units below that in R1 and R4 reactions, respectively. Accordingly, pressure effects 

become more appreciable at low temperatures, as it is observed in the more pronounced 



62 
 

falloff of the rate constant curve at 600 K in Figure 19 (a) regarding its homologous of 

reactions, R1 and –R4, in Figure 8 (a) and Figure 18 (a), correspondingly.  

 

Figure 19. Pressure-dependent rate constants. (a) Falloff curves for reaction R5 as the logarithmic 

relation of the rate constant computed at pressure p to that computed at the high-pressure limit, 

𝑘(∞), that is 𝑘𝑀𝑆−𝑇
𝐶𝑉𝑇 𝑆𝐶𝑇⁄

, as a function of pressure. (b) Rate constants as a function of pressure and 

temperature for reaction R5. 

Accordingly, the gap between the rate constants can be noticed in Figure 19 (b), where 

at 3000 K the parameter has an order of magnitude of 1011 and 101 at the high-pressure 

limit and 0.1 kPa, respectively. As it is expected, in all cases differences vanish as we go 

higher in pressure and lower in temperature. 

In Table 2 and Table 3 are shown the modified Arrhenius equation parameters for 

reactions R4 and R5 with their corresponding reverse reactions, respectively. The 

pressure range considered was the same as that of the unimolecular reaction, 0.101325 

kPa - 101325 kPa, with the fitting carried out between 600 K - 2000 K. Argon was 
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considered since the numerical simulations performed in this work use it as bath gas; N2 

is also contemplated to facilitate comparison with the literature. 

Table 2. Fitting parameters of the modified Arrhenius equation at different pressures for the 

reactions R4 and –R4 using Ar and N2 as bath gasses. 

  R4 –R4 

Pressure 
(kPa) 

Bath 
Gas 

Ab na E           
(kcal mol-1) 

A (s-1) na E             
(kcal mol-1) 

0.101325 Ar 1.694E+101 -27.429 34.536 3.287E+100 -27.156 70.221 

 N2 5.905E+89 -23.837 30.484 1.146E+89 -23.564 66.169 

1.01325 Ar 3.010E+103 -27.664 38.648 5.842E+102 -27.391 74.333 

 N2 2.257E+90 -23.602 33.597 4.382E+89 -23.329 69.282 

10.1325 Ar 9.533E+100 -26.532 40.478 1.850E+100 -26.259 76.163 

 N2 6.725E+85 -21.902 34.166 1.306E+85 -21.629 69.851 

101.325 Ar 2.227E+91 -23.370 38.287 4.322E+90 -23.097 73.972 

 N2 1.770E+74 -18.205 30.660 3.436E+73 -17.932 66.345 

1013.25 Ar 4.505E+74 -18.223 31.754 8.743E+73 -17.950 67.439 

 N2 4.807E+56 -12.844 23.303 9.330E+55 -12.571 58.988 

10132.5 Ar 9.814E+53 -12.000 22.395 1.905E+53 -11.727 58.079 

 N2 2.802E+37 -7.081 14.319 5.438E+36 -6.808 50.004 

101325 Ar 1.605E+34 -6.106 12.846 3.115E+33 -5.833 48.531 

 N2 7.029E+21 -2.448 6.656 1.364E+21 -2.175 42.341 

a Parameter “n” is unitless. 

b Parameter A units: cm3 mol-1 s-1. 
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Table 3. Fitting parameters of the modified Arrhenius equation at different pressures for the 

reactions R5 and –R5 using Ar and N2 as bath gasses. 

  R5 –R5 

Pressure 
(kPa) 

Bath 
Gas 

A (s-1) na E            
(kcal mol-1) 

Ab na E           
(kcal mol-1) 

0.101325 Ar 6.469E+99 -27.295 62.671 3.607E+85 -25.579 38.566 

 N2 6.001E+89 -24.100 59.515 3.346E+75 -22.384 35.409 

1.01325 Ar 6.150E+104 -28.329 67.705 3.429E+90 -26.612 43.599 

 N2 1.879E+93 -24.713 63.689 1.047E+79 -22.996 39.583 

10.1325 Ar 2.668E+107 -28.668 72.128 1.487E+93 -26.952 48.022 

 N2 9.097E+93 -24.500 66.959 5.071E+79 -22.783 42.853 

101.325 Ar 2.949E+104 -27.397 73.801 1.644E+90 -25.680 49.696 

 N2 3.498E+88 -22.537 67.121 1.950E+74 -20.820 43.016 

1013.25 Ar 2.027E+93 -23.790 70.804 1.130E+79 -22.073 46.699 

 N2 1.081E+75 -18.282 62.559 6.025E+60 -16.565 38.453 

10132.5 Ar 3.444E+74 -18.046 63.092 1.920E+60 -16.330 38.986 

 N2 2.545E+55 -12.332 53.989 1.419E+41 -10.616 29.883 

101325 Ar 1.827E+52 -11.365 52.755 1.019E+38 -9.648 28.650 

 N2 1.639E+35 -6.306 44.350 9.138E+20 -4.589 20.244 

a Parameter “n” is unitless. 

b Parameter A units: cm3 mol-1 s-1. 

 

In Figure 20 (a) and Figure 20 (b) are shown rate constants computed at different 

pressures for reaction –R4 and R5, respectively, and compared with those obtained by 

Zádor and Miller [32] whose temperature range studied was 300 K – 2000 K. For reaction 

–R4, there are relevant discrepancies especially at temperatures around 1600 K, where 
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the values obtained in this work are 14, 8, and 5 times higher than those obtained by the 

authors at 10.1325, 101.325, and 1013.25 kPa, respectively. Differences tend to disappear 

as we go higher in pressure, but interestingly, also as we go lower and higher in 

temperature. In other words, the maximum deviations are obtained around 1600 K. 

 

Figure 20. Comparison between pressure dependent rate coefficients obtained in this work using 

SS-QRRS theory and those of reference Zádor and Miller [32] for reactions –R4 (a) and R5 (b). 

Notice that same pressures have the same symbols. 

On the other hand, differences in reaction R5 are more subtle and a good agreement is 

obtained in general. At 1600 K, rate constants of this work are 5, 3, and 2 times higher 

than those of the referenced work obtained at 10.1325, 101.325, and 1013.25 kPa, 

respectively. However, these factors are reduced drastically as we go lower in 

temperature achieving a value close to the unity at 1200 K. This fact is clearly noticeable 

in Figure 20 (b). Differences increase dramatically at higher temperatures, where the 

extrapolation of the referenced work data tends to constant values and in this work tends 

to decline (data not shown). This behavior in our calculations is attributed to the absence 
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in the SS-QRRK method of the correction factor for computing collision efficiency, 𝐵𝐶, at 

high temperature, as it is shown for Gilbert et al. [65].  

 

4.2.3 Role of the H-assisted Tautomerism of Propen-2-ol in the Pyrolysis and 

Oxidation of tert- and 2-Butanol 

In order to assess the influence of the calculated pressure dependent rate constants for 

H-assisted tautomerism of propen-2-ol (R4, –R4, R5, and –R5) on the pyrolysis and 

oxidation of tert- and 2-butanol, the R1 updated model (Sarathy et al. [24] model modified 

with our calculated unimolecular tautomerism rate constants R1 and –R1) was updated 

(updated model) to perform pyrolysis and oxidation simulations. 

 

4.2.3.1 Tert-Butanol Pyrolysis 

The species concentration profiles in the pyrolysis transient simulation of tert-butanol 

(t-C4H9OH) diluted in argon (mole fractions ratio 0.01:0.99) at 1.7 atm and 1300 K, which 

are the conditions studied experimentally by Yasunaga et al. [23], are plotted in Figure 21 

for some key species. The reaction R4 turned out to be irrelevant as a result of the low 

concentration of H radicals, whose maximum value was of 3.7∙10-6, profile displayed in 

Figure 21 (b). On the other hand, INT (CH3ĊOHCH3) is entirely formed from dissociation 

of tert-butanol, t-C4H9OH+M↔CH3ĊOHCH3+ĊH3+M, and propen-2ol is depleted almost 

exclusively by the unimolecular tautomerism R1, i-C3H5OH↔CH3COCH3. 
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Nonetheless, in comparison with R1 updated model, the differences are subtle. The 

updated model establishes a notable preference of INT to form acetone by reaction R5, 

CH3ĊOHCH3↔CH3COCH3+Ḣ, whose profile increases slightly as a consequence of the 

modest increase in the concentration of the intermediate at the beginning of the 

pyrolysis, as it is shown in Figure 21 (b). In Figure 21 (a) is observed that there are not 

differences in the concentration of tert-butanol when comparing the two models, while 

the concentration profile of the propen-2-ol I slower, especially around 200 s, as it is 

shown in Figure 21 (b).  

 

Figure 21. Species concentration profile for key species in the pyrolysis of a 0.01:0.99 mixture of 

tert-butanol:argon at 1300 K and 1.7 atm. The dashed lines belong to the R1 updated model, and 

solid lines to the updated model. Green lines are read in the corresponding green axis. 

 

4.2.3.2 2-Butanol Pyrolysis 

As for the pyrolysis transient simulation of 2-butanol (s-C4H9OH), the species 

concentration profiles for a mixture of the isomer and argon (0.015:0.985) at 1300 K and 

1.9 atm [23] are given in Figure 22. Similar to the case of tert-butanol pyrolysis, the 
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concentration of H radicals is also low though slightly higher, reaching a maximum of 

8.0∙10-6 in mole fraction. Therefore, a more significant role of the reactions R4, i-

C3H5OH+Ḣ↔CH3ĊOHCH3, would be expected; however, its contribution is still negligible 

and as a result the concentration profiles for 2-butanol, acetone, and propen-2-ol are 

similar to those obtained by the R1 updated model, as it can be observed in Figure 22.  

 

Figure 22. Species concentration profile for key species in the pyrolysis of a 0.015:0.985 mixture 

of 2-butanol:argon at 1300 K and 1.9 atm. The dashed lines belong to the R1 updated model, and 

solid lines to the updated model. Green lines are read in the corresponding green axis. 

On the other hand, INT maximum concentration decreases in comparison with the R1 

updated model. Nonetheless, this species is efficiently consumed to produce acetone by 

the reaction R5, CH3ĊOHCH3↔CH3COCH3+Ḣ. Finally and analogous to the case of tert-

butanol, the consumption of propen-2-ol takes place almost exclusively through the 

reaction R1, i-C3H5OH↔CH3COCH3.  
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4.2.3.3 Oxidation 

We also analyzed the oxidation (i.e., combustion) of stoichiometric mixtures of tert-

butanol:air and 2-butanol:air at 1300 K, at pressures of 1.7 atm and 1.9 atm, respectively, 

by mean of transient simulations. The concentration profiles of some key species in tert-

butanol combustion are plotted in Figure 23 (a) and (b).  

 

Figure 23. Species concentration profile for key species in the combustion of a stoichiometric 

mixture of tert-butanol:air at 1300 K and 1.7 atm (a and b) and in the combustion of a 

stoichiometric mixture of 2-butanol:air at 1300 K and 1.9 atm (c and d). A secondary axis (right 

axis) is used for acetone and the intermediate radical. Dashed and solid lines are R1 updated 

model and updated model, respectively. 
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Despite the fact that the concentration of H radicals reaches much higher values than 

in pyrolysis, 2.2∙10-3 mole fraction, reaction R4, i-C3H5OH+Ḣ↔CH3ĊOHCH3, is still 

unimportant to produce the INT, which is formed only after the dissociation of tert-

butanol. However, the rate constant that –R4 decreases respect the R1 updated model 

and, as a consequence, we have a lower concentration profile of propen-2-ol and a higher 

one for INT. Propen-2-ol, in this case, also reacts preferably by unimolecular tautomerism 

instead of forming INT because the alcohol has been already consumed before H radicals 

become available; alternatively, these H radicals are consumed mainly by H-atom 

abstraction reactions, which are not abundant in pyrolysis. Additionally, produced INT is 

converted instantaneously to acetone through R5, CH3ĊOHCH3↔CH3COCH3+Ḣ. 

Concentration profiles of key species regarding the oxidation of 2-butanol are shown in 

Figure 23 (c) and (d). During the first half of the combustion process, reaction R4 

consumes less than the 1.0 % of propen-2-ol as a result of the persistent low 

concentration of H radicals that react by different channels and whose maximum is 

achieved once the alcohol has been completely depleted, as the case of tert-butanol. 

Propen-2-ol is consumed mainly by the unimolecular tautomerism R1, i-

C3H5OH↔CH3COCH3, which is the major source of acetone, with a small amount formed 

through the H-assisted channel R5. Since 2-butanol cannot dissociate to form INT, as tert-

butanol does, the intermediate is formed mainly by the reaction i-

C3H5OH+Ḣ↔CH3ĊOHCH3, hence its yield is around two orders of magnitude smaller.  
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5 CONCLUSIONS 

In this work we performed a theoretical kinetic study of the unimolecular and H-assisted 

tautomerizations that convert propen-2-ol into acetone: i-C3H5OH↔CH3COCH3 and i-

C3H5OH+Ḣ↔CH3COCH3+Ḣ. We carried out electronic structure calculations at the 

CCSD(T,FULL)/aug-cc-pVTZ//CCSD(T)/6-31+G(d,p) and CCSD(T)/aug-cc-pVTZ//M062X/cc-

pVTZ ab initio levels for the unimolecular and assisted reactions, respectively, to explore 

their PESs. Multistructural variational transition state theory treatment (thus including 

the effect of multiple conformers) with torsional anharmonicity was also taken into 

account. Pressure effects were also considered to obtain low-pressure rate constants. 

These approaches were applied to both, forward and reverse reactions. 

For H-assisted tautomerism, the reaction was found to proceed in two consecutive 

steps. The first step involves the addition of H radical to the double bond of propen-2-ol 

to form an intermediate radical, i-C3H5OH+Ḣ↔CH3ĊOHCH3. During the second step, the 

O–H of the intermediate dissociates to form acetone, CH3ĊOHCH3↔CH3COCH3+Ḣ. 

It was found that tunneling effect plays an important role in the unimolecular 

isomerization, especially at low temperatures where the value of the transmission 

coefficients achieves an order of magnitude of 109 at 298 K. For this tautomerism, 

torsional anharmonicity proved to be important for propen-2-ol, also affecting the value 

of the rate constant of the forward reaction, for which the free rotor approximation is 

required, especially at high temperatures. The values of the rate constants of the forward 

reaction were larger than those of the reverse reaction by more than 10 orders of 
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magnitude, resulting in a large equilibrium constant and favoring the keto form. On the 

other hand, tunneling was minor for H-assisted tautomerism which shows transmission 

coefficients with orders magnitude of 101 and 100 at 298 K for the first and second steps, 

respectively. In this case, only multistructural anharmonicity is important. In both 

isomerizations, pressure-dependent rate constants showed the expected falloff behavior 

over 600 K and below 108 kPa for unimolecular reaction and over 400 K and below 1011 

kPa for the H-assisted tautomerism.  

Current kinetic models use the reactions vinyl alcohol ↔ acetaldehyde, and hydrogen 

addition to the double bond of iso-butene as an analogies to the studied 

tautomerizations, thus failing to accurately reproduce the concentration profiles of 

propen-2-ol and acetone, among other species. This is the case of the kinetic model by 

Sarathy et al. [24], updated in this work with the calculated rate constants. The objective 

was to compare the effect of the new sets of rate constants in the pyrolysis and 

combustion of tert- and 2-butanol isomers by performing simulations in a closed 

homogeneous batch reactor and analyzing concentration profiles of key species at the 

transient state and as function of temperature. 

Because of the larger rate constants obtained in this work for unimolecular 

tautomerism compared to those used as an analogy, the R1 updated model (Sarathy et 

al. [24] updated with R1 and –R1 rate constants) predicts a faster consumption of propen-

2-ol and a larger production of acetone than the former model. Carbon monoxide in tert-

butanol and acetaldehyde in tert- and 2-butanol showed an increase and decrease in 
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concentration, respectively, with the R1 updated model, a fact that is explained by 

considering reaction channels described elsewhere [23]. 

Considering also the H-assisted isomerization, the pyrolysis and combustion batch 

reactor simulations of both butanol isomers at 1300 K, the unimolecular tautomerism i-

C3H5OH↔CH3COCH3 turns out to be very important despite not being catalyzed, being 

responsible for the consumption of almost all the available propen-2-ol. In pyrolysis, this 

is due to the low concentration of H radicals, which cannot promote the reaction i-

C3H5OH+Ḣ↔CH3ĊOHCH3. In combustion, the H radical concentration is much larger, but 

they are formed when propen-2-ol has been already converted into acetone by i-

C3H5OH↔CH3COCH3. These simulations demonstrate the relevant role of the 

tautomerism i-C3H5OH+Ḣ↔CH3COCH3+Ḣ under conditions where a significant amount of 

H radicals are formed and thereby contributing to the yield of acetone. 

These rate constants calculated in this work are useful to update current kinetic models 

for butanol isomers, improving their performance and clarifying the combustion and 

pyrolysis processes of this important biofuel. In addition, the rate constants presented 

here can be used to better understand enol chemistry in atmospheric systems. 
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6 FUTURE WORK 

The next step engages performing different CHEMKIN simulations, in a jet-stirred 

reactor and premixed laminar flame, for example, in order to measure the computed rate 

constants effect in diverse combustion conditions.  

There are two other possible tautomerizations pathways for propen-2-ol which are 

worth to address. The first case implies the hydroperoxyl radical (HO2) assistance, a more 

complex process that could affect the fate of particular adducts. Furthermore, some steps 

of this isomerization present formation of stable but non-bonded intermediate 

complexes through a barrierless association process that could explain the stability of 

some alcohols in the gas phase when it comes to compete with the keto form. This 

process requires the use of more sophisticated theories such as the variable reaction 

coordinate (VRC) formulation of the transition state theory. We have made significant 

progress on this reaction and obtained interesting insights into its role in combustion and 

atmospheric chemistry, as well as into the role of the non-bonded intermediate 

complexes in the fate of the keto−enol equilibrium. 

 In the second case, we have the isomerization facilitated by formic acid, the main 

consumption channel for the homologous vinyl alcohol in certain stages of oxidation and 

a possible prospect that would be advisable to study for propen-2-ol. After the 

computation of the pertinent rate constants, their influence would be evaluated carrying 

out CHEMKIN simulations. 



75 
 

From a general point of view, this work has provided and used conceptual and cutting-

edge computational tools to analyze a broad spectrum of reactions, not only linked to 

combustion, but also to atmospheric chemistry. Therefore, a subsequent research of the 

most critical processes of these fields could be carried out with accuracy. 
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