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ABSTRACT 

 

Investigation of OH + Fuel Elementary Reactions 

Dapeng Liu 

Increasingly stringent legislations call for more efficient and cleaner combustion 

technology as well as sustainable fuels. Chemical kinetic models are required in designing 

and optimizing novel engine concepts as well as selecting appropriate renewable fuels. 

Among the many reactions controlling fuel reactivity, OH + Fuel elementary reaction is 

one of the most important reactions that plays a critical role from low to high temperatures. 

In this thesis, OH + Fuel elementary reactions are studied for a wide spectrum of 

conventional and renewable fuels. The overall rate coefficients are measured in a shock 

tube using OH time-history profiles recorded with a UV laser diagnostic.  

Alkanes constitute important components of gasoline and diesel. Overall rate coefficients 

are measured for a series of large branched alkanes and the rate rules are derived based on 

the next-nearest-neighbor classification method. The strength of this method lies in the 

ability to predict the rate coefficients for large and/or highly-branched alkanes, where both 

experiments and theoretical calculations are hard to reach. Next, OH reactions with bio-

derived fuels, methanol and cyclic-ketones, are studied. For OH + methanol reaction, site-

specific contributions from different C-H bonds are quantified using deuterium kinetic 

isotopic effect, and the measured rate coefficients are found to improve the general 

behavior of a detailed methanol kinetic model. Reactions of cyclic ketones with OH 

radicals are found to exhibit similar reactivity as those of similar carbon length acyclic 

ketones + OH reactions. Acetaldehyde is one of the most abundant hazardous byproducts 

in the combustion of various fuels. Similar to methanol, OH + acetaldehyde reaction is 



4 
 

studied at the site-specific level and the importance of competing reaction channels are 

quantified at high temperatures. Finally, reactions of OH + cyclohexadienes and OH + 

trimethylbenzenes, relevant for the fate of polycyclic aromatics hydrocarbons, are 

investigated. A highly complex temperature dependence is observed for these molecules, 

a six-parameter Arrhenius expression is needed to describe the overall reactivity. The work 

reported in this thesis provides elementary reaction data that are highly valuable for 

increasing the fidelity and accuracy of predictive chemical kinetic models.  
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1. Introduction 

 

1.1  Motivation 

From firewood drilling to the era of steam engines to the era of internal combustion engines, 

the history of mankind is the history of energy utilization. Today we are moving from 

conventional energy source to cleaner renewable energy. However, for a long time most of 

our energy needs is still fed by the fossil fuel combustion [1].  The indispensable combustion 

power devices like aircraft and industrial furnaces are not easily replaced with other devices. 

The combustion of fossil fuels is accompanied by massive pollutant discharge, which 

induces severe environmental issues and human health problems. According to the U.S. 

Greenhouse Gas report [2], fossil fuel combustion has contributed to the vast majority of 

greenhouse gas emissions. Other pollutants from fossil fuel combustion include SOX, NOX, 

volatile organic compounds as well as heavy metals, which further give rise to 

photochemical smog and acid rain that corrode buildings and the natural environment.  

The internal combustion engine is the main consumption channel of petroleum energy for 

transportation, as well as the source of environmental pollutants. Last year, we witnessed a 

short-term reduction in global carbon emissions [3] as well as other toxic gas discharge [4], 

which have been rising steadily for decades – not because of our ambitious emission 

reduction plan but from the COVID-19 blockade of social and economic activities. This 

reduction will gradually rebound as the epidemic disappears. We would prefer to see 

sustainable carbon emission control perhaps from national cooperation such as strict 

legislation. In addition to tighter emission legislation, advanced concepts of combustion 



20 
 

engines aiming at higher efficiency, lower emissions, and/or accommodating more 

environmental-friendly fuels are also needed [5].  

The design, optimization, and operation of the advanced engine concept could be facilitated 

with accurate predictive models. Fig. 1.1 shows the role of kinetic modeling in achieving 

cleaner combustion. For example, an accurate kinetic model is needed for the prediction of 

ignition in new engine designs such as Homogenous-Charge Compression-Ignition (HCCI) 

engines, which is capable of inhibiting NOx and particulate matter emission while providing 

good fuel economy. Unlike Spark Ignition (SI) engine (ignited by externally controlled spark) 

and Compression Ignition (CI) engine (ignited shortly after fuel injection), HCCI engine 

ignition starts spontaneously and the control of ignition is both challenging and crucial in 

achieving high efficiency and low pollutant emissions. To guarantee a good performance of 

HCCI engine, the ignition needs to occur at the right CAD (crank angle degree). Early 

ignition may lead to knock and late ignition may quench the combustion. HCCI auto-ignition 

process is dominated by fuel chemical kinetics since turbulence is less important compared 

to CI engine. 
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Fig. 1.1 Role of fundamental kinetic experiments in clean combustion 

 

A typical chemical kinetic model consists of thermodynamic, transport, and rate coefficient 

data. Reaction rates control the rate of reactants conversion to intermediates and products, 

and thus play a significant role in predicting the critical properties like ignition, flame spread, 

flame blow-off, efficiency and emissions. The accuracy of rate coefficients fundamentally 

affects model performance for comprehensive modeling methods like surrogate models [6] 

and HyChem models [7]. Reaction rate data are usually obtained through carefully-designed 

measurements and/or high-precision quantum chemistry calculations. When rate coefficients 

from these two methods are not available, the modeler tends to use values from compounds 

with similar structures which may result in inaccuracies and high uncertainties. Quantum 

chemistry calculation methods have improved significantly over the years, though they still 

have certain uncertainties which become exasperated for large molecular systems.  

Therefore, it is important to develop and apply sensitive experimental methods for the 

determination of accurate rate coefficients.  
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Detailed kinetic modeling requires rate coefficient data for a large number of reactions since 

the fuel oxidation process is complicated. Fig. 1.2 shows the simplified low-temperature 

hydrocarbon oxidation mechanism, and some of the important steps are:  

1. H-atom abstraction from the fuel forming alkyl radicals (R). 

2. Addition of oxygen to R forming ROO. (ROO concerted elimination to alkenes 

and HO2 radicals not shown in this figure.) 

3. Isomerization of ROO to QOOH. (Cyclization of QOOH to cyclic ether and OH 

radical not shown in the figure.) 

 4. Second oxygen addition to QOOH producing O2QOOH. 

5. Isomerization of O2QOOH producing carbonyl-hydroperoxides and OH radicals 

6. Chain branching decomposition of carbonyl-hydroperoxides producing two 

radical species including OH radical.  

The competition between RO2 dissociation and RO2 isomerization inhibits OH radicals’ 

production and thus the reactivity of the system. The concerted elimination process 

accumulates HO2 and then forms H2O2, which will decompose to two OH radicals at a higher 

temperature. The high-temperature oxidation mechanism mainly includes fuel 

decomposition, H-abstraction from fuel, R decomposition and isomerization, H abstraction 

from alkenes and the radical addition to alkenes, alkenyl radical decomposition, and alkene 

decomposition. The dominant chain branching reaction at high temperature is H + O2 

forming O and OH radicals.   
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Fig. 1.2 Simplified low-temperature hydrocarbon oxidation mechanism 

 

Among all the reactions, OH + Fuel reaction plays an important role in the initiation step of 

hydrocarbon oxidization and thus influences the system behavior over a very wide range of 

temperatures and pressures. A comparison is made for the relative magnitude between 

hydroxyl radical and other combustion radicals such as O, H, HO2, and CH3 for the simplest 

alkane and alcohol in Fig. 1.3. all rate data are taken from Aramco Mechanism V 3.0 [8]. Over 

the wide temperature range, 500 – 1300 K, OH + Fuel (methane/methanol) reaction is one 

order of magnitude (or more) faster than other radicals. The rate coefficients of this initiation 

step fundamentally influence the formation of intermediates and products and thus the overall 

prediction of models. For example, in the case of butanol, not only the overall OH + 1-butanol 

rates but also the reaction branching ratio affects prediction of ignition delay time (IDT). The 

Chemkin simulation for stoichiometric 1-butanol/air mixture shows that at 848 K and 20.9 

atm, a 50% overall rate reduction of OH + 1-butanol reaction (branching ratio not changed) 

increases IDT from 6.5 ms to 10.3 ms. A 50% rate reduction for the methyl group channel 



24 
 

while keeping the overall rates fixed (by compensation of increase in other four reaction 

channels) decreases IDT from 6.5 ms to 4.6 ms. Ignition delay time indicates fuel reactivity 

and is correlated with octane numbers (RON, MON), which indicate the fuel anti-knock 

ability. Engine knock may not only result in overheating, increased load, more oil 

consumption with less efficiency, but also engine damage and soot accumulation.  

 

Fig. 1.3 Comparison of rate constants for radical + Fuel in the unit of cm3mole-1s-1. Left 

figure: methane, right figure: methanol. Data are taken from Aramco mechanismV3.0 [7]. 

 

1.2  Overview of Thesis 

This thesis contributes to providing reliable measurements of the overall as well as site-

specific rate coefficients for the reaction of OH radicals with alkanes, alkenes, alcohols, 

ketones, and aromatics. Attempt is made to develop generic rate rules based on the 

experimental values for OH + alkanes, which accommodates most of the large branched 

alkanes and provides reliable predictions for cases where experiments are challenging and 

calculations are expensive. The deuterium effect is introduced to study the site-specific rate 

coefficients as well as the branching ratio for methanol and acetaldehyde + OH reactions. 
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Another two types of organics, namely cyclohexadiene and tri-methylbenzenes, are also 

studied for their relevance in soot formation.  

1.2.1 OH + Alkane Rate Rule Optimization 

 

Alkanes are essential components of gasoline, diesel, and aviation fuels [9]. It is well-

recognized that hydroxyl (OH) radicals are crucial species in alkane oxidation processes 

under combustion as well as atmospheric conditions [10-12]. Reaction rates of OH with 

small alkanes (≤ C6) have been studied extensively in the literature [13-17]. However, there 

is considerable lack of direct measurements of OH reaction with large (≥ C7) normal and 

branched alkanes, particularly, at high temperatures relevant to combustion. 

By using the laser photolysis/LIF technique, Tully and co-workers [13, 15, 18-20] 

measured the rate constants of various alkanes with OH for temperatures below 903 K and 

characterized the site-specific (primary, secondary, and tertiary) H-abstractions. Cohen and 

co-workers [12, 17, 21] performed single-point measurements of various hydrocarbon + 

OH reactions near 1200 K in shock tube experiments. To accurately describe the non-

Arrhenius behavior [22] of these data, Sivaramakrishnan et al. [23] studied the reaction 

rates of selected branched and normal alkanes with OH over 797– 1259 K. Pang et al. [24] 

measured the rate constants for three normal alkanes (n-pentane, n-heptane, and n-nonane) 

with OH over 869 – 1364 K. Badra et al.  [25, 26] measured the rate constants of OH with 

several normal and branched alkanes (2,2-dimethyl-pentane, 2,4-dimethyl-pentane, 2,2,4-

trimethyl-pentane, 2,3-dimethyl-pentane, 2,2-dimethyl-butane, 4-methyl-heptane, 3-

methyl-pentane, 2-methyl-pentane, 2-methyl-heptane and n-hexane) over 840 – 1470 K. 

Group-additivity transition-state-theory (TST) [22, 27] and structure-activity relationship 

(SAR) [28, 29] methods have been developed to predict rate coefficients for the reaction 
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of OH with hydrocarbons and oxygenates. Cohen extrapolated the single-point temperature 

experimental data to a broader temperature range for several alkanes utilizing the TST 

method and introduced the next-nearest-neighbor (N-N-N) methodology[22, 30]. 

According to the N-N-N designation, C-H bonds of alkanes may be divided into three 

groups, i.e., primary (P), secondary (S), and tertiary (T) C-H bonds. Furthermore, 

depending on the number of carbon atoms connected to the nearest carbon atom, the C-H 

bonds may be divided into four primaries, ten secondaries, and twenty tertiaries.  

Sivaramakrishnan et al. [31] extended the N-N-N method by determining several site-

specific H-abstraction rate coefficients which were used to predict reaction rates for 

alkanes up to n-cetane. However, extension to larger branched alkanes was not feasible due 

to the absence of sufficient secondary and tertiary site-specific H-absorption rates. Badra 

et al.  [25, 26] determined the remaining secondary site-specific rates and two tertiary site-

specific rates.  

Experimental measurements for the remaining sixteen tertiary site-specific rates are 

missing, which are indispensable for predicting the rate coefficients of all branched alkanes 

with OH while employing the N-N-N methodology. In the current work, we have chosen 

nine branched alkanes carefully to extract nine tertiary site-specific H-abstraction rates. 

We measured the overall rate constants of reactions R1 – R9 behind reflected shock waves 

over a temperature range of 850 to 1428 K and pressure near 1.5 atm. This work reports, 

to our knowledge, the first direct experimental rate measurements of these reactions.  

 2-methyl-3-ethyl-pentane + OH  Products (R1) 

 2,3-dimethyl-pentane + OH  Products (R2) 

 2,2,3-trimethyl-butane + OH  Products  (R3) 

 2,2,3-trimethyl-pentane + OH  Products (R4) 
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 2,3,4-trimethyl-pentane + OH  Products (R5) 

 3-ethyl-pentane + OH  Products (R6) 

 2,2,3,4-tetramethyl-pentane + OH  Products  (R7) 

 2,2-dimethyl-3-ethyl-pentane + OH  Products (R8) 

 2,4-dimethyl-3-ethyl-penatane + OH  Products (R9) 

Room-temperature rate constant data are available in literature for 2,3-dimethyl-pentane 

[32], 2,2,3-trimethyl-butane [33-35] and 2,3,4-trimethyl-pentane [36, 37]. Remaining 

room-temperature rate constants were measured in this work using a flow reactor. High-

temperature (850 – 1428 K) rate constant data are combined with the room-temperature 

data to propose modified Arrhenius expressions, valid over 294 – 1428 K, for the reaction 

of OH with these nine alkanes.  

The selected alkanes contain T003, T012, T013, T022, T023, T111, T112, T113 and T122 tertiary C-

H sites. High-temperature rate data of reactions R1-R9 are combined with previous studies 

on alkanes + OH to determine nine new tertiary site-specific rate constants for H-

abstraction by OH, as well as to optimize literature reported rate coefficients of relevant 

primary and secondary C-H sites. 

 

1.2.2 OH + Methanol Reaction Branching Ratio 

 

In recent years, there have been growing concerns over global warming and diminishing 

petroleum reserves. These concerns have led to thrusts directed at shifting from 

conventional fuels to renewable alternatives with low greenhouse gas emission. Methanol 

and ethanol have received considerable attention in combustion community as alternative 

fuels and/or fuel additives [38-40]. These fuels look promising from the prospective of 

enhanced engine performance and low pollutant emissions. Methanol is the simplest 
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alcohol which can be industrially produced from syngas (CO + H2), biomass [41] and 

natural gas [42]. Both methanol and hydroxyl radicals appear as important intermediates 

during the combustion of hydrocarbons and oxygenated fuels. Methanol can act as a sink 

for CH3 and OH radicals, and the subsequent chemistry of methanol leading to various 

products is of crucial importance for combustion modeling. Particularly, the reaction of 

methanol and OH radicals is important in both combustion and atmospheric systems 

because this reaction is the dominant pathway for methanol oxidation. Because of its 

significance, this reaction has been the subject of extensive experimental [43-54] and 

theoretical [54-57] investigations.  

Although most previous works agree that methoxy (CH3O) forming channel is minor at 

room temperature, yet the temperature dependence of the branching ratio is not well 

established. Hägele et al. [58] reported branching ratios (channel producing CH3O) of 0.11 

and 0.22 at 298 K and 393 K, respectively, and suggested that the contribution of channel 

(channel producing CH3O) increases to ~ 50% near 780 K. Along the same line, Dóbé et 

al. [53] reported methoxy yield of 0.1 and 0.3 at 298 and 600 K, respectively, and predicted 

that the formation of CH3O dominates over 1000 K. In another work, Hess and Tully [48] 

reported that CH3O channel  remains inactive at room temperature, but estimated that both 

channels become equally important near 880 K. The authors observed a sharp decrease in 

the ratio of the rate coefficients of OH + CH3OH reaction and OH + CD3OH reaction above 

625 K. They attributed this unusual behavior to the increasing relative importance of CH3O 

channel (at high temperatures. In a very recent work, Olm et al. [59] optimized methanol 

combustion mechanism and found that their optimization favored strong temperature 

dependence of the branching ratios with methoxy channel  emerging dominant at higher 
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temperatures (T ≥ 1300 K). In contrast, recent theoretical works by Xu and Lin [57] and 

Jodkowski et al. [56] predict that the branching ratios virtually remains constant with 

temperature, and that the methoxy channel  does not contribute more than ~10% to the total 

rate coefficients even at 3000 K. In the same spirit, Gao et al.[60] very recently showed 

through ab initio/competitive canonical unified statistical (CCUS) model that  reaction 

yielding CH2OH is dominant, and the branching ratios change much less with temperatures 

above 500 K. However, unlike earlier theoretical results [56, 57], their prediction of 

branching fraction for methoxy channel  is as high as 30% at high temperatures. These 

theoretical results thus do not support the earlier speculations about the increasing relative 

importance of methoxy channel at high temperatures.  

As for the total rate coefficients of methanol + OH reaction, most of the previous low-

temperatures studies [46-48, 51, 54, 58, 61, 62] concur well with the recommended value 

of  9.3   10-13 cm3 molecule -1 s-1 [63] at 298 K. However, large discrepancies were 

observed among experimental [45, 46, 48-50, 52] and theoretical results [55-57] at high 

temperatures. While ab initio/RRKM calculations of Xu and Lin [57] agree reasonably 

well with Tsang’s BEBO (bond-energy bond order) calculations [55], their values are lower 

by a factor of 2 as compared to Jodkowski et al. [56] theoretical results above 1000 K. A 

recent shock tube / laser absorption study of Zaczek et al. [50] (T = 961 – 1231 K and P = 

1.18 – 1.48 atm) showed excellent agreement with the results of Vandooren and Van 

Tiggelen [45], and also with the calculated values of Xu and Lin [57] and Tsang [55]. 

Moreover, these high-temperature experimental data showed a smooth transition in a non-

linear Arrhenius plot with low-temperature data of Hess and Tully [48] (T = 293 – 866 K 

and P = 700 Torr). However, Zaczek et al. [50] shock tube data were found to be 40% 
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higher than the single data point of Bott and Cohen [49] near 1200 K. The data of 

Vandooren and Van Tiggelen [45] and the extrapolation of Zaczek et al. [50] lie roughly 

60% higher than the shock tube / OH multi-pass absorption data (T = 1591 – 1710 K) of 

Srinivasan et al. [52]. The results of indirect determination of Bowman [43], Westbrook 

and Dryer [44] and high-temperature data obtained by Meier et al. [46]  (T = 300 − 1000 

K) using discharge flow / LIF technique are inconsistent with the existing high-temperature 

data from other groups [44, 45, 50, 55-57, 64]. These discrepancies clearly warrant an 

additional kinetic study at high temperatures for this very important reaction. 

Due to the importance of the branching ratio of methanol + OH for combustion modeling 

and due to the discrepancies at high temperatures in previous works, we aim to investigate 

the branching ratios for reactions and deuterated methanol is utilized.    

 

1.2.3 OH + Acetaldehyde Reaction Branching Ratio  

Acetaldehyde is one of the most abundant hazardous byproducts in the combustion of 

various fuels [65, 66]. The reaction of OH radicals with acetaldehyde is the dominant 

oxidation pathway in both combustion and atmospheric environments. The reaction may 

undergo via abstraction and/or addition channels in an overall exothermic process. 

Acetaldehyde + OH reaction exhibits a strong curvature on an Arrhenius plot, and it has 

the slowest rate coefficient near 600 K [67]. This unusual temperature dependence of the 

rate coefficient appears to stem from the complex kinetics of competing channels. The 

hydroxyl radical may abstract H-atoms either at the methyl or the aldehyde site to produce 

formyl methyl radical (CH2CHO), or acetyl radical (CH3CO), respectively. The chemistry 

of these radicals is of particular interest because their subsequent reactions lead to different 

radical pool which govern the oxidation kinetics of acetaldehyde. For example, CH3CO 
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decomposes to CH3 and CO, whereas CH2CHO may lose an H atom to produce ketene 

(CH2=C=O). The relative importance of these channels plays a central role in describing 

the oxidation of acetaldehyde.  

The aim of this work is to discern the branching ratio of OH + acetaldehyde reaction at 

high temperatures. To achieve our objectives, we selected deuterated isotopes of 

acetaldehyde and acetone. 

1.2.4 OH + Cycloehexadienes Reactions 

Olefins are vital intermediates formed during the pyrolysis and oxidation of hydrocarbon 

fuels. A wide spectrum of olefinic compounds, including cyclic and acyclic dienes, have 

been detected in vehicle exhaust or fuel vapor [68].  Olefins are known to have a tendency 

to enhance soot formation. Diolefinic compounds, such as 1,3-cyclic hexadiene (1,3-CHD) 

and 1,4-cyclic hexadiene (1,4-CHD) may either eliminate H2 or undergo sequential H loss 

to form the first aromatic ring “benzene”, soot precursor in combustion environment. These 

CHDs are observed as important intermediates during the oxidation and pyrolysis of cyclic 

and acyclic C6 hydrocarbon fuels (see [69-73] and the references cited therein). Detailed 

knowledge of their oxidation chemistry is, therefore, important for combustion and 

atmospheric environments. 

Chemical pathways forming benzene are key to the understanding of polycyclic aromatic 

hydrocarbon (PAH) growth rates and soot formation processes [73]. Small resonantly 

stabilized radicals (RSRs), like propargyl (C3H3), allyl (C3H5), butadienyl or methyl-

substituted propargyl radicals (i-C4H5), are well-known to be largely responsible for 

benzene formation. However, several authors have now proposed an alternative route 

leading to the first aromatic ring which involves the stepwise dehydrogenation of C6-cyclic 
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hydrocarbons. This route is considered as a significant pathway to benzene for these cyclic 

molecules under fuel-rich combustion [69-73], which clearly differs from that of acyclic 

species. This highlights the importance of CHDs and their reactions with important 

combustion radicals such as OH under combustion conditions.  

One of the important dehydrogenation steps in CHDs is the allylic H-abstraction reaction 

by OH radicals producing resonantly stabilized 2,5-cyclohexadien-1-yl radical (c-C6H7). 

The incipient c-C6H7 radical can either lose an H-atom to produce benzene by overcoming 

an energy barrier of 26.7 kcal/mol [74] or react with O2 to form HO2 + benzene [75]. 

Despite the importance of CHDs + OH reactions in combustion, high-temperature data are 

not yet available. Previous studies are confined to low temperatures [76-78]. These reports 

revealed a higher reactivity of OH radicals with 1,3-CHD compared to 1,4-CHD by almost 

a factor of 1.7. In a previous work [79], we made a similar observation for the reactions of 

acyclic counterparts (1,3-pentadiene vs 1,4- pentadiene) with OH radicals at low 

temperatures, while an opposite trend was observed at high temperatures. These trends can 

be understood by considering the relative thermodynamic stability of the parent molecules 

and the stabilization of incipient radicals. The reactivity difference arises from the higher 

thermodynamic stability of 1,3-pentadiene as compared to 1,4-pentadiene. Due to the 

presence of conjugated double bonds, 1,3-pentadiene has ~ 30 kJ/mol more stability than 

1,4-pentadiene [80]. In contrast, both 1,3- and 1,4-CHDs are reported to have similar 

stability with identical allylic C-H bond dissociation enthalpies (BDEs) of ~325 kJ/mol 

[80]. This would then imply that, unlike open chain 1,3- and 1,4-dienes + OH reactions, 

1,3 and 1,4-cyclic dienes should exhibit similar reactivity with OH radicals at high 

temperatures. However, such chemical systems are of complex nature, and often show 
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unpredictable Arrhenius behavior due to many competing channels. For deeper insights 

into such convoluted system, a combined experimental and theoretical work is warranted. 

1.2.5 OH + Cyclic Ketones Reactions 

As the global energy portfolio stands today, it appears that petroleum-based fuels will 

remain primary source of energy to power industry and transportation sectors for some 

decades to come.  The renewable sources of energy are foreseen to increase their share up 

to 10% by 2040. Global demand for petroleum-based fuels is rising at ~1% annual rate to 

power internal combustion engines (ICE) in the transport sector.[81] This is progressively 

adding up the challenges for curbing environmental pollution and greenhouse gas emission. 

The growing concerns over global warming and diminishing petroleum reserves have led 

scientists and engineers to focus on improving combustion technology, e.g., by developing 

new fuel-engine systems.  

Recently, there is a growing interest on engine-fuel design optimization due to stringent 

emission regulations worldwide.[82-86] At present, the trends in the development of more 

efficient modern SI engines are moving towards increasing the compression ratio and 

implementing turbocharging.[84] The drawback of doing so is that it may cause engine 

knocking, or even super-knock, as the IDTs of fuel-air mixtures drop sharply with 

increasing cylinder intake pressure. Therefore, fuels having high anti-knock quality are 

quite attractive to mitigate engine knocking events in modern SI engines. To this end, 

cyclic ketones are of significant interest to the combustion community because these fuels 

are found to have positive impacts on enhanced engine performance and low pollutant 

emissions. Recently, Co-Optima researchers evaluated 41 blendstocks from various 

chemical families, e.g., hydrocarbons (alkanes, alkenes and aromatics) and oxygenates 
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(alcohols, esters, ethers, ketones), in the Tier 2 survey to assess their potential of increasing 

the efficiency of future advanced SI engines [87, 88]. The blendstock survey “Tier 2” 

identified eight fuel blendstocks, one being cyclopentanone, meeting the merit function 

criteria for the detailed blendstock evaluation “Tier 3” to realize their introduction in the 

market by 2025-2035.  

Cyclic ketones appear very promising among the various renewable bio-derived fuels. 

Cyclic ketones can be effectively produced via chemical and biochemical conversion 

technology, e.g., breaking down of lignocellulosic biomass by endophytic fungi, pyrolysis 

of biomass or hydrogenation of biomass derived furfural[89-92]. These ketones display 

interesting and desirable combustion characteristics as the potential candidates for 

alternatives to petroleum-based fuels for various reasons, such as: i) they possess high 

resistance to auto-ignition (RON ~ 100)[93], making it favorable for application in spark-

ignition internal combustion engines[94]; ii) they are very effective in reducing the harmful 

emissions of greenhouse gases, particulate matter and soot[95]’[96].  For instance, a recent 

experimental study in direct injection diesel engine by Boot et al.[95] found cyclohexanone 

performing exceptionally well for soot abatement as compared to other oxygenates such as 

tripropelyne glycol methyl ether and dibutyl maleate. Note that ethers are most effective in 

reducing soot emission among oxygenates (see Boot el. al [95] and references cited 

therein.); iii) they are found to be promising chemical feedstock for the synthesis of high-

density fuels like polycylic alkanes which can be blended into conventional aviation fuels 

for increased volumetric heating values.[97, 98] Ketones also appear as important 

intermediates during the low-temperature combustion of large hydrocarbons and 
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oxygenated fuels. Despite their importance in combustion, only few studies have been 

dedicated to understand the combustion behavior of cyclic ketones.[95, 96, 99-106]  

 

 

1.2.6 OH + Trimethylbenzenes 

The aromatic compounds are commonly found as major constituents of gasoline and diesel 

fuels which possess high octane numbers as well as high sensitivity[107, 108]. Due to their 

tendency of producing relatively stable intermediates, the presence of aromatics inhibits 

reactivity of their mixture with alkanes[109]. The kinetics of aromatics constitute the 

fundamental part in the growth and formation of soot precursors PAH (polyaromatic 

hydrocarbons).[110] This makes aromatics significant component of surrogate model 

which emulates the combustion behavior of real fuel. Earlier works choose molecules like 

toluene and xylene as aromatic representatives.[111] These molecules however doesn’t 

reproduce the diffusivity and sooting property of real fuel well.[112]  The Tri-

methylbenzene (TMB) compound then are proposed to be the aromatics part in surrogate 

fuels for their higher molecular weight and chemical complexity compared with benzene, 

toluene and xylene. The TMB molecule is in nature a benzene ring with the three hydrogen 

(H) atoms substituted by methyl groups (-CH3). Both 1,2,4-TMB (or pseudocumene) [113] 

and 1,3,5-TMB (or mesitylene) [114-116] have been chosen recently as the representative 

surrogate compound to emulate the gas-phase combustion behavior of real liquid 

transportation for jet aviation fuels. 

Kinetic modelling work of TMB isomers has previously been conducted. Dievart et al. 

[114] presented ignition delay time, laminar burning velocity and high-pressure flow 

reactor oxidative profiles for 1,3,5-TMB oxidation. Furthermore, they developed a detailed 
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kinetic model which allows for accurate reproduction of combustion properties measured 

above. A ROP analysis at flow reactor condition at 930 K shows that 60% of 1,3,5-TMB 

are consumed through H atom abstraction by OH radicals forming benzylic type radicals. 

Wang et al. [117]measured some intermediates and products species in 1,3,5-TMB 

oxidation process on a JSR for temperatures 700 – 1100 K. The kinetic model of  Dievart 

et al.[114] was updated with calculated 1,3,5-TMB decomposition and metatheses rates 

and validated against the measurements of Rao et al.[118] as well as Dievart et al.[114].The 

abstraction of H atom from methyl group by OH was found to be the most inhibiting 

oxidation reaction at equivalence ratio of 1, but a promoting reaction at fuel lean side 

equivalence ratio of 0.4. To conclude, not only have the overall reaction of OH radicals 

with TMB isomers been presented to be dominating fuel consumption pathway under 

various conditions, but the abstraction from different methyl group position was found to 

play opposite role[119]. Even the abstraction at the same methyl group site plays different 

role under fuel-rich or fuel lean conditions[117]. 

From the discussion above, the reaction of TMB isomers with OH radical has been shown 

to be of great interests. TMB aromatic compounds can react with OH radicals by H-atom 

abstraction from the C-H bonds of the alkyl substituent group(s) as well as by OH radical 

addition to the aromatic ring leading to the a complex radical [120, 121]. The lack of 

experimental validation of these rates might limit the model performance, considering the 

importance of the overall as well as the site-specific rate coefficients. 

1.3  Publications 

Many of the works in this thesis have already been published in high-quality peer-reviewed 

journals. In the following six papers, I had the leading author position. I would like to thank 
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Emmanuel Assaf and Prof. Christa Fittschen for conducting the low-temperature 

measurement of OH + alkanes rate coefficients. I would like to thank Dr. Binod Giri, Prof. 

Milán Szőri, Prof. Béla Viskolcz, and Prof. Lam K Huynh for their quantum chemistry 

calculation works.  
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2. Methodology 

 

All high-temperature experiments were conducted using the low-pressure shock tube 

(LPST) facility at KAUST. The low-temperature experiments were conducted in the 

photolysis flow reactor (FR) at Lille University. In this chapter, a detailed description of 

the experimental facility and diagnostic method is given.  

2.1 The Shock Tube  

2.1.1 Shock Tube Introduction 

 

The shock-tube facility provides an instantaneously heating, well-constrained, and near 

constant-volume environment [122, 123], which is ideal for kinetic study. In combustion 

chemistry study, it’s widely used for acquiring high-quality kinetic validation targets 

including but not limited to ignition delay times [124-127], speciation quantifications [128-

130], and rate coefficients determinations [131-133]. It is essentially a metal tube separated 

into two parts by the diaphragm, the driver part and driven part (see Fig 2.1). Initially, the 

pressure difference between the two parts bursts the diaphragm and the shock wave 

produced travels towards the end wall, heating the test gas in the driven part (Fig 2.1 a). 

After reaching the shock tube end-wall, the shock wave is reflected and furthermore heats 

the test gas (Fig 2.1 b).  The diagnostics are conducted behind the reflected shock wave. 

The test time is defined as the time when the pressure (P5) and temperature (T5) behind the 

reflected shock wave stays almost uniform. Usually, the test time is interrupted by the 

arrival of shock-contact surface wave or the rarefaction wave. The test time for a common 

single-pulse kinetic shock tube ranges from a few milliseconds to tens of milliseconds [134, 

135]. A longer driver section or a tailored driver gas [134-136] could be used for achieving 
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longer test time. One challenge in shock tube measurement is that the gradual pressure 

increase behind the reflected shock wave causes the actual condition to deviate from 

uniform, caused by the boundary layer as well as the shock attenuation. The application of 

driver inserts [135, 137] could solve this problem and archives near constant-pressure test 

condition. For the kinetic study in this thesis, all the measurements are finished within 100 

µs. Within this short time, the pressure gradual rise stays at the magnitude of 0.1 % and is 

ignorable. The conventional shock tube operation is time-consuming because of frequent 

diaphragm replacement and pumping work. The recent development of diaphragm-less 

shock tubes [138-140] increase the operation efficiency. 

 

Fig 2.1 A schematic for shock tube. (a): Burst of the diaphragm. (b): reflection of shock 

wave 
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2.1.2 The KAUST Low-Pressure Shock Tube 

 

The KAUST LPST is made up of a 9-m long driver section and 9-m long driven section. 

Both parts share the same inner diameter around 14.2 cm. The driver part is modularized 

so that the length is adjustable according to the desired test time. For the high-temperature 

measurement in this thesis, the 2.7 m driver section is used. The helium (AHG Company, 

99.999 %) and argon (AHG company, 99.999%) are used as driver and dilution gas 

respectively. This configuration gives the test time around 2.5 ms for pressures 1 -3 bar. 

The variation of P5 is achieved by changing the thickness of polycarbonate diaphragm 

(0.005 – 0.02 inch) as well as the blade distance away from the diaphragm. A thicker 

diaphragm and larger distance between the blade and diaphragm tend to produce a higher 

P5. Along the last 1.3 m of the LPST driven section, five pressure transducers (PCB 113B26) 

are placed linearly for measuring the incident shock velocity. The PCB sensors are coated 

with silicon STV for protection. The incident shock velocity and thermodynamic data of 

test gas mixture are used to calculate the pressure P5 and temperature T5 behind the 

reflected shock wave using the Frosh code[141]. Uncertainty in the incident shock speed 

measurement is about ±0.2% which gives rise to pressure and temperature uncertainty of 

about ±1% and ±0.7%, respectively. The LPST driven section is equipped with one rough 

pump and one turbo-molecular pump. The rough pump vacuums the driven section to 0.5 

mbar and the turbo-molecular pump further cleans the driven section to high-vacuum level. 

The typical measurement starts when the LPST driven section is pumped to high-vacuum 

level (5E-4 mbar).  Then the test gas mixture is filled to the test section, and the diagnostic 

system set triggered. Helium is filled into the driver part till the pressure gradient breaks 

the diaphragm and the shock wave is produced. The shock tube is cleaned regularly with 
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acetone and oxygen shocks. After cleaning the argon shock is conducted to guarantee the 

shock tube purity. 

All gaseous mixtures consist of test fuels, tert-butyl-hydroperoxide (TBHP) and bath gas 

(argon) are prepared manometrically in a 24-litre mixing vessel which is magnetically 

stirred. The high-temperature decomposition of TBHP [142] is used to generate OH radical. 

The mixing tank is also equipped with one rough pump as well as one turbo-molecular 

pump. Before preparing the mixture, the tank is pumped to 10-6 mbar. The mixing vessel 

is also euqipped with a heating jackets that heats the whole system to 120 °C for 

accommodating fuels with low vapor pressure. Before introducing the gas component into 

the tank, the liquid chemicals are cleaned using a freeze-pump-thaw treatment. The partial 

pressure of gas components is controlled using Baratron pressure gauges with different 

range (20Torr, 100 Torr, 1000 Torr, 10000 Torr). Usually, the pressure of test fuel as well 

as TBHP is controlled with the 20 Torr pressure gauge, and the amount of argon is 

controlled reading the 10000 Torr Baratron gauge. Mixtures are generally left to mix for at 

least 2 hours to reach homogeneity.  

2.2 OH-Radical UV Absorption Diagnostic 

The single wavelength direct absorption diagnostic is utilized for measurement of OH 

concentration in this thesis, see Fig 2.2. For optical detection of OH radicals, the laser beam 

was guided through the cross-section of the shock tube via two quartz windows which are 

installed 2 cm away from the shock tube end wall. The UV light was tuned precisely to the 

center (306.6868 nm) of the well-characterized R1(5) absorption line in the (0, 0) 

vibrational band of the A2 Σ+ ← X2 Π electronic system of OH radical. Two modified 

Thorlab PDA36-EC photodetectors (spectral range 190 -1100 nm) served to measure the 
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laser intensity before and after the shock tube. The Hamamatsu S1722-02 (active surface 

area Ø= 4.1 mm, photo sensitivity around 0.14 A/W at 306 nm) is used to modify the 

original detector for coverage of 316.7 nm. The noise of the laser beam after common-

mode-rejection is less than 0.1% of the signal. The laser intensity time-profile was 

quantitatively converted into OH mole fraction (XOH) time-profile by using Beer-Lambert 

law: ln(I0/I)= XOHkOHPL. In this equation, the I and Io stand for transmitted and incident 

beam intensity, P and L for pressure and absorption length, XOH and KOH for the OH mole 

fraction and absorption coefficient.  

 

Fig 2.2 A simplified schematic for OH radical diagnostic setup 

 

The laser used for generating the 306.6868 nm UV beam consists of three parts, the 

Millennia Prime 532 nm ND-YAG laser, the Matisse tunable Ring-Dye laser, and an 

external frequency doubler.  In the experiment, the ND-YAG power is set to 10 W. The 

Ring-Dye laser ultlizes 0.3 g Rhodamine B in 4 L ethylene glycol solution and is tuned to 
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around 614.3736 nm. The dye solution is exchanged after 100 working hours for stable 

light output. A Bristol 621 wavelength meter is used to measure the red light wave length 

before and after each shock. The red light wavelength is recorded to the precision of 0.0001 

nm for each shock. 

3 Site-specific Rate Rules for Reaction of OH Radical with Large Alkanes 

 

3.1 Introduction  

In this chapter, the overall rate coefficients for the nine reactions below are measured: 

 2-methyl-3-ethyl-pentane + OH  Products (R1) 

 2,3-dimethyl-pentane + OH  Products (R2) 

 2,2,3-trimethyl-butane + OH  Products  (R3) 

 2,2,3-trimethyl-pentane + OH  Products (R4) 

 2,3,4-trimethyl-pentane + OH  Products (R5) 

 3-ethyl-pentane + OH  Products (R6) 

 2,2,3,4-tetramethyl-pentane + OH  Products  (R7) 

 2,2-dimethyl-3-ethyl-pentane + OH  Products (R8) 

 2,4-dimethyl-3-ethyl-penatane + OH  Products (R9) 

These selected alkanes contain T003, T012, T013, T022, T023, T111, T112, T113 and T122 tertiary 

C-H sites. These site-specific rate coefficients are determined. 

3.2 Experimental Details 

3.2.1 High-temperature Experiments of Alkanes + OH  Products 

 

High-temperature measurement were conducted using the LPST facility and the Matisse 

Ring-dye laser, which are described in Chapter 2. All nine alkanes (2,2,3-trimethyl-butane, 

2,3-dimethyl-pentane, 2,2,3-trimethyl-pentane, 2,3,4-trimethyl-pentane, 2,2,3,4-

tetramethyl-pentane, 3-ethyl-pentane, 2-methyl-3-ethyl-pentane, 2,2-dimethyl-3-ethyl-
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pentane and 2,4-dimethyl-3-ethyl-penatane) had purity of  ≥99% and were obtained from 

ChemSampCo, while 30% TBHP aqueous solution was purchased from Sigma Aldrich.  

Under pseudo-first-order conditions ([alkane] >> [OH]), various reflected-shock 

measurements were performed for each alkane with different initial alkane/TBHP 

concentration ratio. Initial TBHP mole fraction in the gaseous mixtures ranged from 20-30 

ppm while initial alkane mole fraction ranged from 200 to 305 ppm. Detailed kinetic 

mechanisms were not available for any of the nine branched alkanes studied here. We used 

the kinetic mechanism of 2-methyl-heptane by Sarathy et al. [143] as a base mechanism. 

A sub-mechanism for TBHP decomposition was taken from Pang et al. [24] and added to 

the base mechanism. For each alkane, a sub-mechanism was prepared which contained the 

alkane + OH abstraction channels. These sub-mechanisms were also added to the base 

mechanism. Constant UV (internal energy and volume) simulations were performed using 

the CHEKMKIN-PRO commercial package to obtain simulated OH profiles. The target 

alkane + OH rate constant was varied in the assembled model to achieve best fit of the 

simulated OH time-history profile with the measured OH profile.  

3.2.2 Low-temperature Experiments of Alkanes + OH  Products 

 

The low-temperature experiments in this thesis are conducted at the Université de Lille 

using a high-repetition rate laser-induced fluorescence (LIF) diagnostic in a laser 

photolysis flow reactor. The details of the experimental setup are detailed in these 

works[144-146]. The photolysis cell has three axes and is made of stainless steel, internally 

coated with Teflon. Hydroxyl radicals were generated by 248 nm photolysis of hydrogen 

peroxide (H2O2) leading to the formation of two OH radicals [147]. Photolysis is achieved 
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along the longest axis with an excimer laser (Lambda Physik LPX 202i) operating at a 

repetition rate of 1 Hz. The excimer laser beam entering the cell through a quartz window 

has approximate dimensions of 1.5 × 2.5 cm. The photolysis energy for the current 

experiments was about 50 mJ cm-2.  

Hydroxyl radicals were excited to the (1-0) vibrational band of the A-X electronic 

transition at 282 nm using a frequency doubled output of a dye laser (Sirah), pumped by a 

frequency double YAG laser (Spectra Physics). The red shifted fluorescence was detected 

by a photomultiplier (Hamatsu R212) at around 308 nm through an interference filter (308 

± 10 nm). The excitation laser was run at 10 kHz, therefore, OH profiles were obtained 

after each photolysis pulse with a time resolution of 100 µs. A typical experiment consisted 

of 5000 data points (i.e., 0.5 s) before each photolysis pulse to measure background signal 

followed by 5000 data points after the photolysis pulse. Each data point is summed over 

typically 20 - 50 photolysis laser pulses.  

The alkane mixtures were prepared manometrically as diluted mixtures in helium in a 10 

L glass balloon. Mixtures were introduced into the photolysis cell through calibrated 

flowmeters (Tylan and Brunkhorst). A small flow of the alkane mixture (1 – 10 ccm STP) 

was mixed with the main helium flow (200 ccm STP), and absolute concentrations present 

in the photolysis cell were calculated considering an ideal gas mixture. Alkane 

concentrations in the photolysis cell were adjusted to obtain OH decays on the order of 

1000 – 3000 s-1, a range well adapted for the time resolution of the OH detection system. 

Hydrogen peroxide (H2O2) was generated by gently heating to 40°C a mixture of H2O2-

urea adduct (Sigma Aldrich) and SiO2 (Sigma Aldrich). Gaseous, water-free H2O2 was 

generated through decomposition of H2O2-urea and stable flows were generated by flowing 
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helium over the mixture. Typical H2O2 concentrations were ~ 2×1014 cm-3. Total pressure 

in the cell was around 50 Torr and was measured by a 100 Torr Baratron.  

 

3.3 Results and Discussion 

3.3.1  High-Temperature Rate Constants of Alkanes + OH  Products 

 

Gas mixtures of various alkane/TBHP ratios satisfying pseudo-first-order conditions were 

used for each alkane. For the measurement of 2-methyl-3-ethyl-pentane + OH reaction, 

two gas mixtures were used to verify that the influence of secondary reactions is negligible; 

a first mixture of 200 ppm 2-methyl-3-ethyl-pentane, 20 ppm TBHP (60 ppm of water) and 

balance Ar, and a second mixture of 304 ppm 2-methyl-3-ethyl-pentane, 25 ppm TBHP 

(70 ppm of water) and balance Ar. The gaseous mixtures were shock-heated to 

temperatures of 994 –1357 K and pressures near 1.5 atm. Using the assembled mechanism 

described earlier, hydroxyl sensitivity analysis was performed using CHEMKIN-PRO to 

determine the relevant reactions at our conditions. The OH sensitivity coefficient is defined 

as SOH = (∂XOH / ∂ki) × (ki / XOH), where XOH is mole fraction of OH and ki is the rate 

coefficient of the ith reaction. A representative OH sensitivity is plotted in Fig. 3.1 at 994 

K and shows that the OH profile is mainly sensitive to the 2-methyl-3-ethyl-pentane + OH 

reaction. Similar results of sensitivity analyses were obtained for the other alkanes studied 

in this work. Fig. 3.1 shows minor interferences from secondary reactions involving CH3 

and acetone. The rates of these secondary reactions were updated in the assembled 

mechanism utilizing the values suggested by Badra et al. [148].  
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Fig. 3.1 Hydroxyl sensitivity for the rate constants measurement of 2-methyl-3-ethyl-

pentane + OH at 994 K and 1.34 atm. Mixture: 200 ppm 2-methyl-3-ethyl-pentane, 20 

ppm TBHP (47 ppm H2O), balance Ar. 

 

There are five pathways for the reaction of 2-methyl-3-ethyl-pentane with OH radicals: 

 C8H18-2-3+ OH  C8H18-2-3a+H2O  (R1a) 

 C8H18-2-3+ OH  C8H18-2-3b+H2O (R1b) 

 C8H18-2-3+ OH  C8H18-2-3c+H2O (R1c) 

 C8H18-2-3+ OH  C8H18-2-3d+H2O (R1d) 

 C8H18-2-3+ OH  C8H18-2-3e+H2O (R1e) 

  

A sub-mechanism containing all reaction pathways is set up with reference rate constant 

data taken from the kinetic mechanism of  2-methyl-alkanes by Sarathy et al.[143] (details 

of sub-mechanism for the nine alkanes is given in Table A4 of the Supplementary 

Material). Temperature-dependent branching ratios for different abstraction channels may 

be calculated from the base mechanism. The branching ratios of these channels do not 
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influence the OH concentration profile as mentioned by Badra et al. [26] and Wang et al. 

[149], and these are kept constant for a certain temperature during the mechanism fitting 

process. A representative measured OH time-history profile (1145 K and 1.34 atm), best-

fit simulated OH profile (ktotal=k1a + k1b + k1c + k1d + k1e), and perturbations of the best fit 

profile by ±50 % are presented in Fig. 3.2. The best-fit simulation profile gives a rate 

constant value of 3.79 × 10-11 cm3molecule-1s-1. Measured rate constant values are listed in 

Table 1 along with corresponding temperatures and pressures. 

A detailed uncertainty analysis was performed for each of the data points presented here. 

Uncertainty for the measured rate constants mainly comes from the temperature (±0.7%), 

OH mole fraction (±3%), gas composition (±5%), OH laser frequency (±0.002 cm-1), fixing 

zero time (±0.5 us), uncertainty of fitting OH time-history profile (±5%), and uncertainty 

in the rate constants of relevant secondary reactions. The contribution of each of these error 

sources on the determination of the overall rate constant is calculated separately. The total 

uncertainty for R1 at 994 K is calculated to be ±20% by the root-sum-squared method. 

Uncertainties in the rate measurement of the other eight alkanes at around 1000 K are also 

approximately ± 20%. 
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Fig. 3.2 Representative OH time-history profile for 2-methyl-3-ethyl-pentane + OH 

reaction rate measurement at 1145 K and 1.34 atm. The best-fit simulated profile and 

perturbation of best-fit rate by ±50% are also plotted. 

                                  

Fig. 3.3 shows Arrhenius plot of the experimentally measured rate constants of 2-methyl-

3-ethyl-pentane + OH reaction. Rate constant values predicted by the structure-activity 

relationship (SAR) method are also plotted. The SAR method captures the measured rate 

constants within 20%. Figure 3.3 also shows rate constant calculated using the N-N-N 

methodology where the N-N-N site-specific rates are taken from Table 3.3. Measured 

values of k1 can be described in an Arrhenius form as: 

 𝑘1 = 3.07 × 10
−10𝑒𝑥𝑝(−2317𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(994 − 1357𝐾)  (3.1) 
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Fig. 3.3 Arrhenius plot of 2-methyl-3-ethyl-pentane + OH ⇒ products. 

 

The reaction rate constants of OH with the remaining eight alkanes were measured in a 

similar manner. For each alkane, at least two different gas mixtures satisfying pseudo-first-

order condition with varying alkane/TBHP concentration ratios were used. In these 

alkane/TBHP/Ar mixtures, alkane mole fractions range from 200 ppm to 300 ppm, and 

TBHP ranged from 15 ppm to 25 ppm. Uncertainty estimates for k2-k9 are calculated to be 

less than 20% near 1000 – 1100 K. Fig. 3.4 shows Arrhenius plots of k2-k9 with 

experimental data, best fit to the data, and predicted values from the SAR method and N-

N-N method. In general, SAR estimation does a good job of predicting the measured rate 

constants. The disagreement is largest for 2,2,3-trimethyl-butane and 2,2-dimethyl-3-ethyl-

pentane perhaps because of double branching at the second site. We also notice that 

compared to the measured rate constants the SAR estimation has slightly smaller activation 

energy for some of the reactions. Table 3.1 lists Arrhenius parameters of the nine measured 

high-temperature rate constants. 
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Fig. 3.4 Arrhenius plots of measured rate constants and SAR estimations for alkane + OH 

⇒ products. 
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Table 3. 1 Arrhenius parameters obtained from the best-fit of the measured high-

temperature rate constants of alkanes + OH ⇒ products, according to the expression 

k=Aexp(-E/T) cm3molecule-1s-1. 

Alkane A E T (K) 

2-methyl-3-ethyl-pentane (k1) 3.07E-10 2317 994 – 1357 K 

2,3-dimethyl-pentane (k2) 3.04E-10 2368 979 – 1294 K 

2,2,3-trimethyl-butane (k3) 5.35E-10 3085 1001 – 1350 K 

2,2,3-trimethyl-pentane (k4) 4.58E-10 2764 850 – 1316 K 

2,3,4-trimethyl-pentane (k5) 3.74E-10 2510 971 – 1428 K 

3-ethyl-pentane (k6) 2.63E-10 2068 1010 – 1392 K 

2,2,3,4-tetramethyl-pentane (k7) 4.65E-10 2889 941 – 1276 K 

2,2-dimethyl-3-ethyl-pentane (k8) 9.10E-10 3432 948 – 1364 K 

2,4-dimethyl-3-ethyl-pentane (k9) 3.45E-10 2285 933 – 1422 K 

 

3.3.2  Low-Temperature Rate Constants of Alkane + OH  Products 

 

The rate coefficients of the reaction of OH radicals with 2,3-dimethyl-pentane, 2,2,3-

trimethyl-butane, and 2,3,4-trimethyl-pentane have previously been measured at low 

temperatures. For the remaining six alkanes, low-temperature rate constants are measured 

in this work at room temperature (294 K) in a photolysis cell using high-repetition LIF 

diagnostic for OH detection. Pseudo-first-order conditions were maintained, i.e., OH 

radicals were generated in the presence of a large excess of alkane. Under these conditions, 

the OH decay rate, kobs, can be expressed as: 

 
𝑑[𝑂𝐻]

𝑑𝑡
= −𝑘𝑜𝑏𝑠 × [𝑂𝐻] (3.2) 

where kobs = kalkane+OH × [alkane]. Fig. 3.5 presents the pseudo-first order rate constants 

(kobs) as a function of the corresponding alkane concentration. As expected, the OH decay 

rate increase linearly with alkane concentration. The non-zero intercept (between 300 – 

500 s-1) is due to the reaction of OH radicals with the precursor H2O2. Table 3.2 summarizes 

the obtained rate constants at 294 K. Flow meters have been calibrated before the 



54 
 

experiments and are known to better than ±1%. Pressures have been measured by calibrated 

Baratron gauges and are estimated to be known within ±1% during preparation of the 

mixtures as well as for the total pressure in the photolysis reactor. The temperature 

measurement uncertainty is ±1 K. The leak rate into the photolysis cell has been measured 

through pressure increase into a known volume and was 3 cm3 STP, to be compared to total 

flows of around 500 cm3 STP. The flow from the lead has been taken into account for the 

calculation of the concentration. As a result, we estimate the total uncertainty on the rate 

constants to be less than 5%.  

                                   

Fig. 3.5 Plot of kobs as a function of the alkane concentration. Measurements performed at 

294 ±1 K and 50 Torr. 

Table 3. 2 Measured rate constants  for alkanes + OH ⇒ products at 294 ±1 K. Quoted 

errors are statistical only from linear regressions. 

Alkane k (10-12 cm3molecule-1s-1) 

2-methyl-3-ethyl-pentane (k1) 7.55 ± 0.05 

2,2,3-trimethyl-pentane (k4) 5.54 ± 0.07 

3-ethyl-pentane (k6) 6.32 ± 0.12 

2,2,3,4-tetramethyl-pentane (k7) 5.44 ± 0.15 

2,2-dimethyl-3-ethyl-pentane (k8) 5.77 ± 0.08 

2,4-dimethyl-3-ethyl-pentane (k9) 8.66 ± 0.25 
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3.3.3  Combined Low-To-High Temperature Rate Constants of Alkane + OH  

Products 

 

Next, we combined the room temperature and high temperature rate constant data to derive 

three-parameter (modified) Arrhenius expressions valid over the wide temperature interval. 

For the reaction of 2-methyl-3-ethyl-pentane with OH (k1), high-temperature and low-

temperature experimental rate constants are plotted in Fig. 3.6 together with the modified 

Arrhenius fit curve. The SAR prediction is also shown for comparison. The SAR prediction 

follows similar trend as the experimental data but seems to overestimate the measured rates 

across the entire temperature range. The three-parameter Arrhenius expression of k1 is: 

 𝑘1 = 7.13 × 10
−19𝑇2.45𝑒𝑥𝑝(639𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(294 − 1357𝐾) (3.3) 

 

Since there is only single data point at low temperatures for k1, the overall fit might be 

sensitive to the low-temperature value. To estimate the uncertainty in the overall expression 

caused by the low-temperature point, we varied the low-temperature data within the 

experiment uncertainty while keeping high-temperature data unchanged. This resulted in 

uncertainty of 4.3%, 0.4%, and 0.9% in parameters A, B, and E, respectively, for k1. 
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Fig. 3.6 Arrhenius plot of 2-methyl-3-ethyl-pentane + OH ⇒ products over 294-1357 K 

 

For rate constants of 2,3-dimethyl-pentane with OH (k2), low-temperature measurement 

from Wilson et al.[32] (287-403 K) are combined with our high-temperature data to derive 

modified Arrhenius expression. Fig. 3.7 plots all experiment data, modified Arrhenius fit 

and SAR prediction. The SAR values agree very well with the experimental data over the 

entire temperature range. The three-parameter Arrhenius expression of k2 is: 

 𝑘2 = 4.16 × 10
−20𝑇2.82𝑒𝑥𝑝(852𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(287 − 1294𝐾) (3.4) 
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Fig. 3.7 Arrhenius plot of 2,3-dimethyl-pentane  + OH ⇒ products over 287-1294 K. 

 

For the rate constants of 2,2,3-trimethyl-butane with OH (k3), single-temperature 

measurement from Roger et al. [33] (297 K) and Darnall et al. (305K)[34], and low-

temperature (296 – 497 K) measurements of Greiner et al. [35] are used with the current 

high-temperature data to derive the modified Arrhenius expression given below. All 

experimental data, curve fit and SAR estimate are plotted in Fig. 3.8. The predicted values 

by SAR seem to underestimate the measured rate constants over the entire temperature 

range.  

 𝑘3 = 4.26 × 10
−22𝑇3.45𝑒𝑥𝑝(1020𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(296 − 1350𝐾) (3.5) 
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Fig. 3.8 Arrhenius plot of 2,2,3-trimethyl-butane + OH ⇒ products over 296-1350 K. 

 

For the reaction of 2,3,4-trimethyl-pentane with OH (k5), the single-point rate constant (298 

K) of Aschmann et al. [36] and low-temperature (294 – 373 K) values from Edmond et al. 

[37] are used with the high-temperature data from the current work to generate the three-

parameter Arrhenius expression. Edmond et al. [37] measured rate constants over 244 – 

373 K; here, we only used their data higher than 294 K for consistency with other 

molecules. All experimental measurements, SAR estimation and curve fit are plotted in 

Fig. A1 of the Supplementary Material. The SAR estimation does a very good job at high 

temperatures but over predicts low-temperature data considerably. The three-parameter 

Arrhenius expression of k5 is: 

 𝑘5 = 9.81 × 10
−21𝑇3.04𝑒𝑥𝑝(892𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(294 − 1428𝐾) (3.6) 

For reactions of OH with 2,2,3-trimethyl-pentane with OH (k4), 3-ethyl-pentane 

(k6), 2,2,3,4-tetramethyl-pentane (k7), 2,2-dimethyl-pentane (k8), and 2,4-dimethyl-pentane 
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(k9), single-temperature rate constant (294 K) from this work are used with the shock tube 

high-temperature data to generate the modified Arrhenius expressions. Plots of all 

experimental measurements, curve fits and SAR estimations are shown in Figs. A2 - A6 of 

the Supplementary Material (These figures are not included in the main text to avoid 

making the paper too lengthy).  In general, SAR reproduces the rate constants k4, k6 and k9 

reasonably well.  However, for k7 and k8 a relatively large discrepancy is observed in the 

slope of the SAR estimation and the curve fit to the experimental data. We can argue that 

it will be highly valuable to have rate constant measurements in the intermediate 

temperature range to better constrain the curve fit and/or the SAR estimation. The three-

parameter Arrhenius expressions are given below: 

 𝑘4 = 3.85 × 10
−22𝑇3.48𝑒𝑥𝑝(1022𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(294 − 1316𝐾) (3.7) 

 𝑘6 = 1.20 × 10
−17𝑇2.10𝑒𝑥𝑝(372𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(294 − 1392𝐾) (3.8) 

 𝑘7 = 2.72 × 10
−21𝑇3.20𝑒𝑥𝑝(940𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(294 − 1276𝐾) (3.9) 

      𝑘8 = 4.78 × 10
−22𝑇3.46𝑒𝑥𝑝(1018𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(294 − 1364𝐾) (3.10) 

 𝑘9 = 1.82 × 10
−20𝑇2.96𝑒𝑥𝑝(895𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(294 − 1422𝐾)(3.11) 

  

3.3.4  Site-Specific Tertiary Abstraction Rate Coefficients 

 

Several theoretical methods have been developed to estimate the rate constants for H 

abstraction reactions of alkanes with OH. Cohen and coworkers [22, 30] introduced the 

next-nearest-neighbor (N-N-N) methodology for calculating the rate constant of H 

abstraction from various C-H sites. All of the S and P, and four out of the twenty T site-

specific rates have been measured previously and three-parameter Arrhenius expressions 

for them are available in literature [26]. These N-N-N site-specific rates do a good job of 

reproducing overall abstraction rate constants for several linear and branched alkanes. 
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However, the absence of site-specific rate coefficients for the remaining sixteen tertiary C-

H sites limits the applicability of the N-N-N method, i.e., it is not feasible to apply the N-

N-N method for calculating the rate constants of OH reaction with more complex large 

branched alkanes. The measured data in the current work allow us to calculate nine of the 

sixteen remaining tertiary C-H site-specific rate constants. 

For the reaction of 2-methyl-3-ethyl-pentane with OH, the overall rate constant can be 

decomposed into a combination of P, S and T rates as: 

 𝐾1 = 6𝑃1 + 6𝑃2 + 4𝑆02 + 𝑇002 + 𝑇112 (3.12) 

In this equation, all site-specific rates have previously been determined [26] except T112. 

Since we have obtained expression for k1, expression of T112 can be derived in Arrhenius 

form. In the previous sections, we have provided two expressions for k1, two-parameter 

Arrhenius Eq. (3.1) which is valid over 994 – 1357 K and three-parameter Arrhenius Eq. 

(3.3) valid over 294 – 1357 K. Experimental rate data are not available in the intermediate 

temperature range, we believe that derived tertiary site-specific rates using Eq. (3.3) will 

have larger uncertainty. Therefore, we restricted to the use of only high-temperature rate 

expressions in this section.  

Similar process can be carried out for the other 8 alkanes to obtain equations involving 

unknown tertiary rates. The overall rate coefficients of the H-abstraction reaction by OH 

radical for these alkanes can be decomposed as: 

 𝐾2 = 3𝑃1 + 9𝑃2 + 2𝑆02 + 𝑇002 + 𝑇012 (3.13) 

 𝐾3 = 6𝑃2 + 9𝑃3 + 𝑇003 (3.14) 

 𝐾4 = 3𝑃1 + 3𝑃2 + 9𝑃3 + 2𝑆02 + 𝑇013 (3.15) 

 𝐾5 = 15𝑃2 + 2𝑇002 + 𝑇022 (3.16) 

 𝐾6 = 9𝑃1 + 6𝑆02 + 𝑇111 (3.17) 
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 𝐾7 = 9𝑃2 + 9𝑃3 + 𝑇002 + 𝑇023 (3.18) 

 𝐾8 = 6𝑃1 + 9𝑃3 + 4𝑆02 + 𝑇113 (3.19) 

 𝐾9 = 3𝑃1 + 12𝑃2 + 2𝑆02 + 2𝑇002 + 𝑇122    (3.20) 

 

In theory, each one of the Eqs. (3.12) – (3.20) may be solved individually to derive the 

unknown tertiary rate constant. However, it is important to note here that the site-specific 

P, S, and T data in literature [26] do have some uncertainties and these uncertainties get 

exasperated when the corresponding rate is multiplied by the number of equivalent C-H 

sites. This may lead to relatively large uncertainty in the calculated tertiary site-specific 

rate. Therefore, rather than treating the literature P, S, and T values as fixed, we performed 

an optimization procedure on the measured rate constants from this work and the rate 

constants which were used in previous works for the calculation of relevant P, S, and T 

rates.  

Sivaramakrishnan et al. [23] measured rate constants of the reaction of OH with 

propane (k10), iso-butane (k11), 2,2,3,3-tetramethyl-pentane (k12), 2,2-dimethyl-propane 

(k13), and 2,3-dimethyl-pentane (k14) and gave the following expressions: 

𝑘10 = 2.42 × 10
−17𝑇1.935𝑒𝑥𝑝(−91𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(190 − 1248𝐾)   (3.21) 

𝑘11 = 6.31 × 10
−19𝑇2.414𝑒𝑥𝑝(381𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(213 − 1221𝐾) (3.22) 

𝑘12 = 6.84 × 10
−17𝑇1.886𝑒𝑥𝑝(−365𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(290 − 1180𝐾) (3.23) 

𝑘13 = 2.80 × 10
−16𝑇1.633𝑒𝑥𝑝(−394𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(287 − 1259𝐾) (3.24) 

𝑘14 = 2.29 × 10
−17𝑇1.196𝑒𝑥𝑝(365𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(220 − 1292𝐾) (3.25) 

According to the N-N-N method, k10 to k14 can be decomposed as: 

 𝑘10 = 6𝑃1 + 2𝑆00 (3.26) 

 𝑘11 = 9𝑃2 + 𝑇000 (3.27) 

 𝑃3 = 0.5(
𝑘12

18
+
𝑘13

12
) (3.28) 
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 𝑘14 = 2𝑇002 + 12𝑃2 (3.29) 

 

Droege et al. [18] measured the branching ratio of primary and secondary abstraction in 

propane over 295 – 854 K. Sivaramakrishnan et al. [31] extrapolated this branching ratio 

to high temperatures (1300 K) and determined the ratio of P1 to S00 (k15), as follows:  

 𝑘15 = 0.461 × 𝑇
0.06𝑒𝑥𝑝(−469𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(295 − 1300𝐾) (3.30) 

 𝑘15 =
𝑃1

𝑆00
 (3.31) 

Similarly, the branching ratios of OH + iso-butane reaction measured by Tully et al. [20] 

was extended to higher temperatures by Sivaramakrishnan et al. [31]. The ratio of P2 to 

T000 (k16) is given here according to the value of P2 to T000 proposed by Sivaramakrishnan 

et al. [31]:  

  

 𝑘16 = 0.115 × 𝑇
0.24𝑒𝑥𝑝(−692𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(298 − 1300𝐾) (3.32) 

 𝑘16 =
𝑃2

𝑇000
 (3.33) 

The two ratios, Eqs. (3.31) and (3.33), were essential in determining P1 and P2. In our 

optimization scheme, we also imposed the following expected constraint:  

 

{
𝑃1
𝑃2
𝑃3

≤ {
𝑆00
𝑆02

≤

{
  
 

  
 
𝑇000
𝑇002
𝑇003
𝑇012
𝑇013
𝑇022
𝑇023
𝑇111
𝑇112
𝑇113
𝑇122

 (3.34) 

   

An optimization problem with Eqs. (3.12) – (3.33) and inequalities given by (3.34) was 

constructed where the objective function is the error between the measured overall rate 

constants and calculated overall rate constants using the N-N-N method. Genetic algorithm 
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model was utilized in the calculation and derivation of P, S, and T values. The calculation 

result is made up of 9 new site-specific T values and 7 updated P and S values at high 

temperatures; all of which are listed in Table 3.3 with relevant references. Utilizing these 

site-specific rate data, high-temperature rate constants for the reaction of OH with most of 

the large branched alkanes may be calculated. It may be noted that some site-specific rates 

in Table 3.3 are not updated as these did not appear as variables in the equations which 

have been used here for optimization.  

The Arrhenius expressions for the evaluated tertiary C-H sites are:   

 𝑇003 = 1.80 × 10
−10𝑒𝑥𝑝(−2971𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.35) 

 𝑇012 = 9.36 × 10
−11𝑒𝑥𝑝(−3024𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.36) 

 𝑇013 = 4.40 × 10
−10𝑒𝑥𝑝(−4162𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.37) 

 𝑇022 = 1.47 × 10
−10𝑒𝑥𝑝(−3587𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.38) 

 𝑇023 = 6.06 × 10
−11𝑒𝑥𝑝(−3010𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.39) 

 𝑇111 = 3.98 × 10
−11𝑒𝑥𝑝(−1617𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.40) 

 𝑇112 = 9.08 × 10
−12𝑒𝑥𝑝(−3661𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.41) 

 𝑇113 = 6.74 × 10
−9𝑒𝑥𝑝(−7547𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.42) 

 𝑇122 = 3.47 × 10
−11𝑒𝑥𝑝(−1802𝐾/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1 (3.43) 

 

Table 3. 3 Site-specific rate constants in the expression ATbexp(-E/T)cm3molecule-1s-1.The 

rates which were available previously in literature but have been updated in the current 

work and are labelled as “This work (updated)”. 

Site-

specific 

rate 

constant 

A b E T range [K] Ref. 

P0 4.47×10-19 2.22 373 298-1300  
Sivaramakrishnan and Michael 

[31] 

P1 7.56×10-18 1.81 437 298-1300 
Sivaramakrishnan and Michael 

[31] 

P1 (1.62 ± 0.11)×10-11 0 2610 ± 82 950-1300 This work (updated) 
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P2 9.27×10-19 2.08 189 298-1300 
Sivaramakrishnan and Michael 

[31] 

P2 (1.58 ± 0.04)×10-11 0 2517 ± 30 950-1300 This work (updated) 

P3 9.09×10-18 1.76 374 298-1300 
Sivaramakrishnan and Michael 

[31] 

P3 (1.19 ± 0.08)×10-11 0 2400 ± 62 950-1300 This work (updated) 

S00 1.64×10-17 1.75 -32 298-1300 
Sivaramakrishnan and Michael 

[31] 

S00 (2.00 ± 0.05)×10-11 0 2046 ± 26 950-1300 This work (updated) 

S10 5.86×10-15 0.93 254 298-1300 
Sivaramakrishnan and Michael 

[31] 

S11 4.75×10-18 1.811 -511 298-1300 
Sivaramakrishnan and Michael 

[31] 

S11' 4.66×10-13 0.32 426 298-1300 
Sivaramakrishnan and Michael 

[31] 

S20 8.49×10-17 1.52 -73.4 250-1450  Badra and Farooq [26] 

S20 (1.57 ± 0.11)×10-11 0 1885 ± 70 950-1300 This work (updated) 

S21 4.60×10-15 0.86 -142 296-1440  Badra and Farooq [26] 

S22 2.88×10-13 0.41 291.5 272-1311  Badra and Farooq [26] 

S30 3.35×10-18 1.966 -323 250-1366  Badra and Farooq [26] 

S31 1.60×10-18 2 -500 250-1351  Badra and Farooq [26] 

S32 9.65×10-17 1.45 -180 297-1367  Badra and Farooq [26] 

S33 2.83×10-19 2.25 -501.3 250-1365  Badra and Farooq [26] 

T000 8.04×10-18 1.84 -503 298-1300 
Sivaramakrishnan and Michael 

[31] 

T000 (1.90 ± 0.04)×10-11 0 1568 ± 22 950-1300 This work (updated) 

T100 4.00×10-15 1 -5 297-1375  Badra and Farooq [26] 

T101 1.05×10-16 1.38 -577 297-1362  Badra and Farooq [26] 

T200 7.84×10-14 0.58 -35 298-1300 
Sivaramakrishnan and Michael 

[31] 

T200 (1.07 ± 0.12)×10-11 0 984 ± 124 950-1300 This work (updated) 

T003 (1.80 ± 0.11)×10-10 0 2971 ± 64 950-1300 This work 

T012 (9.36 ± 1.42)×10-11 0 3024 ± 148 950-1300 This work 

T013 (4.40 ± 0.22)×10-10 0 4162 ± 53 950-1300 This work 

T022 (1.47 ± 0.21)×10-10 0 3587 ± 147 950-1300 This work 

T023 (6.06 ± 0.67)×10-11 0 3010 ± 140 950-1300 This work 

T122 (3.47 ± 0.78)×10-11 0 1802 ± 217 950-1300 This work 

T113 (6.74 ± 0.34)×10-9 0 7547 ± 57 950-1300 This work 

T112 (9.08 ± 1.48)×10-11 0 3661 ± 431 950-1300 This work 

T111 (3.98 ± 0.85)×10-11 0 1617 ± 199 950-1300  This work 
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Fig. 3.9 plots all measured site-specific rate constants over 950 – 1300 K, including four 

primary, eleven secondary, and thirteen tertiary rates. Generally, tertiary rate constants are 

higher than secondary, and secondary rate constants are higher than primary ones. 

However, some tertiary rates have values similar to secondary rates. The differences among 

primary site-specific rates are less than those of secondary and tertiary rates. Among the 

primary rates, P0 has the largest rate constant. Within the secondary rates, S30 and S10 have 

largest values of site-specific rate constants. Finally, T003, T013, T111 and T113 have values 

larger than other tertiary rates. Overall rate constant calculated from the N-N-N data 

obtained in this work are plotted in Fig. 3.3 and Fig. 3.4, and agree very well with the 

experimental data.  
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Fig. 3.9 Arrhenius plot of site-specific rate constants over 950-1300 K. 

 

3.4 Conclusions 

Reaction rate constants for large branched alkanes with OH were measured in a shock tube 

at high temperatures and in a flow reactor at room temperature. Three-parameter Arrhenius 

expressions were developed over a wide temperature interval (about 300-1300 K) for the 
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reaction of OH with nine branched alkanes. The structure-activity-relationship (SAR) 

estimation values agree reasonably with experimental data for most of the alkanes, while 

some obvious discrepancy was observed for 2,2,3-trimethyl-butane, 2,2,3,4-tetramethyl-

pentane, and 2,2-dimethyl-3-ethyl-pentane. 

Nine tertiary C-H site-specific rate constants were derived and several primary and 

secondary H-abstraction values were updated for alkanes in the high-temperature region. 

This work extends the validity of the next-nearest-neighbor (N-N-N) method to more 

complicated branched alkanes. 
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4 Branching Ratio for the Reaction of OH Radical with Methanol 

 

4.1 Introduction  

In this chapter, the overall rate coefficients are measured for reactions (1 – 3). The 

branching ratio of reaction 1 is then quantified. 

CH3OH+OH
k1a
→ CH2OH+H2O       ∆𝐻0𝐾

° = - 90.7 kJ mol-1    (1a) 

CH3OH+OH
k1b
→ CH3O+H2O           ∆𝐻0𝐾

° = - 56.4 kJ mol-1               (1b) 

CD3OH+OH
k2a
→ CD2OH+HOD             (2a) 

CD3OH+OH
k2b
→ CD3O+H2O                         (2b) 

CH2DOH+OH
k3a
→ CH2OH+HOD            (3a) 

CH2DOH+OH
k3b
→ CH2DO+H2O              (3b) 

CH2DOH+OH
k3c
→ CHDOH+H2O               (3c) 

  

4.2 Experimental Details 

The chemicals used were: 70% solution of TBHP in water from Sigma Aldrich, argon and 

helium (Linde Company, 99.999%), methanol (99.9%), methanol-d3 (CD3OH, 99.8% D) 

from Sigma Aldrich, and methanol-d1 (CH2DOH, 98% D) from Cambridge Isotope 

Laboratories (CIL). The concentrations of methanol and TBHP were chosen such that OH 

decay follows pseudo-first-order behavior. Gas mixtures were prepared manometrically in 

a 24-l Teflon-coated stainless-steel vessel, equipped with a magnetically-driven stirrer, and 

left for at least two hours for homogeneity. Prior to gas mixture preparation, we turbo-

pumped the mixing tank down to <10−5 Torr. We measured the partial pressures of 
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methanol and TBHP accurately using 0 – 20 Torr MKS Baratron pressure gauge.  

4.3 Results and Discussion 

4.3.1  Measurements of Overall Rate Coefficients 

 

 Overall rate coefficients for the hydrogen abstraction reaction of methanol and deuterated 

methanol by OH radicals were measured by conducting shock tube experiments for post-

reflected-shock temperatures of 900 – 1300 K and pressures  1.3 atm. In our experiments, 

test gas mixtures containing ~ 500 ppm of methanol (CH3OH, CD3OH or CH2DOH) and 

20 – 40 ppm of TBHP in argon were shock-heated to generate OH radicals that reacted 

with methanol by following pseudo-first-order kinetics. To account for the role of 

secondary chemistry, a detailed kinetic model was used to iteratively fit the experimentally 

measured OH time-profiles while treating the rate coefficient of target reaction (methanol 

+ OH  products) as a variable. Our kinetic model consisted of the base mechanism of 

Sarathy et al. [150] and TBHP sub-mechanism of Pang et al. [151]. Chemkin Pro [152] 

was used to perform constant internal energy and volume constrains (constant UV) zero-

dimensional kinetic simulations. Representative measured OH time-history and simulated 

profiles are shown in Fig. 4.1. The best-fit simulated profile resulted in a rate coefficient 

of k1 = 1.33×10-11 cm3 molecule-1 s-1 for reaction (1) at 1159 K and 1.37 atm. Hydroxyl 

decay obeyed first order kinetics, as illustrated by the exponential decrease of OH 

concentration (see inset of Fig. 4.1). It should be noted that experiments carried out with 

two different mixtures, 20 or 40 ppm TBHP with 500 ppm methanol, gave very similar rate 

measurements.  
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Fig. 4.1 Hydroxyl time-history for CH3OH + OH  products at 1159 K and 1.37 atm. 

Mixture composition: 500 ppm methanol and 39 ppm TBHP (~ 91 ppm H2O) diluted in 

argon. 

 

The reliability of k1 was assessed by observing the effect of ± 50% perturbation in the best-

fit k1 during kinetic modelling. These perturbations are also plotted in Fig. 4.1 and show 

strong sensitivity of OH mole fraction to k1. Furthermore, sensitivity analyses were 

performed for a range of conditions to study the influence of secondary reactions. A 

representative hydroxyl sensitivity analysis is shown Fig. 4.2. As expected, the secondary 

chemistries have negligible effect on hydroxyl time-history over the time window of our 

experiments. Only the target reaction is found to be the most sensitive reaction towards OH 

decay. However, at late reaction times, CH3 + OH = CH2OH + H becomes increasingly 

important. The rate coefficient of this reaction is quite well established in the literature and 

we use the mechanism-fitting methodology, as opposed to pseudo-first-order analysis, to 

account for small contributions of secondary chemistry. Furthermore, we varied the 

branching ratio (1b = k1b/k1  0.1 to 0.5) by a factor of 5, and found negligible influence 

on the extracted value of k1.  
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Fig. 4.2 Hydroxyl sensitivity analysis for CH3OH + OH reaction at 1159 K and 1.37 atm. 

The OH sensitivity is defined as SOH = (∂XOH / ∂ki)×(ki / XOH), where ki is the rate 

coefficients of the ith reaction and XOH is the local OH mole fraction. 

 

Detailed uncertainty analysis was performed at a representative condition of 1159 K and 

1.37 atm. Root-mean-square method was used to calculate the overall uncertainty. The 

overall uncertainty (2) was estimated to be ±17% that transpired from various sources of 

errors, such as temperature (±0.7%), determination of time zero (±0.5 µs), gas composition 

(±5%), OH absorption coefficient (±3 %), detection wavelength (± 0.002 cm-1), fitting the 

measured OH profile (±5 %), and the accuracy of the rate coefficients of secondary 

reactions. Our reported values of all rate coefficients have roughly the same estimated 

uncertainty of  ±20%.  

Following a similar methodology to that described for methanol + OH rate measurements, 

overall rate coefficients were measured for CD3OH + OH (Reaction 2) and CH2DOH + 

OH (Reaction 3). For each molecule, experiments were conducted with two separate 

mixtures and these produced very similar rate coefficient results.   
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Our experimentally measured rate coefficients for the reaction of OH with methanol, 

methanol-d1 and methanol-d3, along with the experimental conditions, are compiled in 

Table B1 (Appendix B) and plotted in Fig. 4.3. As expected, replacement of H atoms with 

D atoms lowers the rate coefficients, thereby making methanol-d1 to have intermediate 

reactivity between methanol and methanol-d3.  

 

 

Fig. 4.3 Measured rate coefficients for reaction of OH with three methanol molecules. 

Symbols indicate experimental data and solid lines represent two-parameter Arrhenius fit 

to the data. 

 

Our measured overall rate coefficients for k1 = k1a + k1b, and k2 = k2a + k2b are compared 

with literature data in Fig. 4.4.  For the sake of clarity, only some selective data from 

literature are plotted. As can be seen, our rate data for methanol + OH (k1) show excellent 

agreement with the most recent shock tube data of Zaczek et al [50]. Our measurements 

for k1 and k2 provide smooth transition from the low-temperature data of Hess and Tully 

data [48], resulting into non-linear Arrhenius behavior over the wide temperature range. 
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Moreover, our data compliment the earlier determination of k1 by Vandooren and Van 

Tiggelen [45], Xu and Lin [57] and Tsang [55] (not shown in Fig. 4.4) for the overlapping 

temperature region. The data reported by Srinivasan et al. [52] at higher temperatures are 

roughly 2 times slower than our extrapolated values. The single-point rate reported by Bott 

and Cohen [49] at 1205 K for k1 is roughly 2 times slower than ours, whereas the ab initio 

results of Jodkowski et al. [56] overestimate our data by at least 30%. As discussed earlier, 

high-temperature data of Bowman [43], Westbrook and Dryer [44] and Meier et al. [46] 

are too slow and remain inconsistent with other literature data including our results.  

 

 

 
Fig. 4.4 Arrhenius plots for the total rate coefficients (k1 and k2) of methanol + OH and 

methanol_d3 + OH. Some selected data from earlier studies are also shown for comparison. 

Solid lines represent the recommended 3-parameter Arrhenius expression from this work 

 

 

At 1000 K, the rate coefficient for CH3OH + OH reaction is found to be ~ 1  10-11 

cm3molecule-1s-1. This value is about 5 times faster than that of CH3OH + H (~ 1.9  10-12 

cm3molecule-1s-1) and several orders of magnitude faster than CH3OH + CH3 reaction (~ 



74 
 

2.4  10-14 cm3molecule-1s-1) [56]. Hydrogen abstraction of methanol by OH radicals is 

both kinetically and thermodynamically more favorable than that of the abstraction by 

other combustion radicals, e.g., H and CH3 (see the potential energy surfaces in ref. [56]). 

Therefore, the reaction CH3OH + OH clearly appears to be the dominant oxidation pathway 

for CH3OH under combustion conditions.  

The rate coefficients of CH3OH + OH reaction exhibited strong temperature dependence / 

strong curvature in the Arrhenius plot (see Fig. 4.4). Because the barrier heights for both 

reactions (1a) and (1b) are small, 4.2 and 15.0 kJ/mol, respectively [57], and reaction (1b) 

is expected to have a small contribution to the overall CH3OH + OH reaction (see our 

results for branching ratios below),  this non-linear Arrhenius behavior appears to be the 

effect of entropic contribution (A factor). For the bimolecular reactions like methanol + 

OH, the pre-exponential factor (A) depends on √𝑇−3 at low temperatures, whereas at high 

temperatures, A √𝑇5, thereby causing severe curvature in the Arrhenius plot.  

Combining the high-temperature data from this work and Zaczek et al. [50] with the low-

temperature data from Hess and Tully [48], Dillon et al. [51] and Jiménez et al.[61], the 

following three-parameter Arrhenius expression, Eq. (4.1), is recommended for k1 over a 

wide temperature range of 210 – 1344 K. Similarly for k2 (CD3OH + OH), our high-

temperature data are combined with low-temperature data of Hess and Tully[48], Greenhill 

and O’Grady [47] and MacCaulley  et al. [153] to get the three-parameter Arrhenius 

expression, Eq. (4.2), over the temperature range of 293 – 1287 K. As shown in Fig. 4.4, 

Eqs. (4.1) and (4.2) reproduce the experimental data remarkably in the entire temperature 

range with an average deviation of 7% for k1 and 13% for k2.   

𝑘1(𝑇) = 3.25 × 10
−13 (

𝑇

300𝐾
)
2.55

exp (297.8
𝐾

𝑇
)  cm3molecule-1s-1      (210 – 1344 K)(4.1) 
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𝑘2(𝑇) = 4.69 × 10
−13 (

𝑇

300𝐾
)
2.24

exp (−59.8
𝐾

𝑇
) cm3molecule-1s-1     (293 – 1287 K) (4.2) 

 

Comparing k1 and k2, it is found that the isotopic substitution at the methyl site inhibits the 

reactivity of methanol causing a significant drop in the rate coefficients. Unlike the reports 

of Hess and Tully [48] who observed a sharp fall from the linear trend of log(k1/k2) vs 1/T 

plot beyond 625 K, similar plot from our recommended values for k1 and k2 does not show 

sign of such a break at high temperatures. Instead, the plot of k1/k2 varied exponentially 

with 1/T, as is usually seen for the deuterated kinetic isotopic effect (DKIE) for hydrogen 

abstraction reaction of RH + OH  R + H2O reactions. Furthermore, the DKIE (k1/k2) for 

CH3OH + OH shows a weak temperature dependence as compared to C2H6 + OH reaction 

(see Fig. B1 of Appendix). This can be understood by the difference of their corresponding 

activation barriers which are 4.2 kJ/mol [57] for CH3OH + OH  CH2OH + H2O (major 

channel) and 9.3 kJ/mol [154] for C2H6 + OH  C2H5 + H2O. For hydrogen abstraction 

reactions, a stronger C-H bond displays much steeper temperature dependence of DKIE 

(k1/k2) than a weaker C-H bond [155, 156]. As in our earlier work for ethane + OH reaction 

system [154], the DKIE (k1/k2) for methanol + OH is found to asymptote to a value of ~ 

1.4 at high temperatures. Arguably, these findings may lead to a conclusion that the 

hydrogen abstraction reaction of methanol + OH dominates at the methyl site even at the 

high temperatures of our experiments.    

 

4.3.2  Site-Specific Rate Coefficients and Branching Ratios 

 

The overall rate constant for methanol + OH reaction can be expressed as the sum of site-

specific rate coefficients. This can be done because i) the reaction of methanol and OH is 
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a single step reaction at high temperatures, as discussed in the Introduction section, ii) the 

isotopic substitution in a chemical environment does not affect the reaction kinetics at a 

neighboring site [48]. Therefore, the total rate coefficients measured in this work can be 

partitioned into site-specific rates as follows:   

𝑘1 = 𝑘1𝑏 + 3 × 𝑘1𝑎
𝐻 = 1.23 × 10−10𝑒𝑥 𝑝 (−2573.4

𝐾

𝑇
)(919 − 1344K) (4.3) 

𝑘2 = 𝑘1𝑏 + 3 × 𝑘1𝑎
𝐷 = 7.08 × 10−11𝑒𝑥 𝑝 (−2351.6

𝐾

𝑇
)(879 − 1327K)  (4.4) 

𝑘3 = 𝑘1𝑏 + 2 × 𝑘1𝑎
𝐻 + 𝑘1𝑎

𝐷 = 9.76 × 10−11𝑒𝑥 𝑝 (−2452.4
𝐾

𝑇
)(933 − 1260K) (4.5)  

where k1, k2, and k3 are the total rate coefficients for the reaction of OH radicals with 

methanol, methanol-d3, and methanol-d1. For simplicity, the superscripts H or D are used 

to identify the type of atom undergoing abstraction reaction, whereas the subscripts a and 

b refer to the abstraction at the methyl and hydroxyl sites, respectively. Here, we have three 

unknowns (𝑘1𝑎
𝐻 , 𝑘1𝑎

𝐷 𝑎𝑛𝑑𝑘1𝑏)and three equations, but only two of these equations are 

independent. For the third needed equation to solve the system, we used the theoretical 

results of Xu and Lin [57] as reference values to construct an optimization scheme. As 

initial input, we chose the results of Xu and Lin [57] because their theory predicts the high-

temperature data remarkably and their branching ratios have been used in AramcoMech 

2.0 and Sarathy et al. [150] recent kinetic models for methanol oxidation. An optimization 

method is adopted here to extract the three unknowns (𝑘1𝑎
𝐻 , 𝑘1𝑎

𝐷 𝑎𝑛𝑑𝑘1𝑏). The genetic 

algorithm function (Ga) embedded in Matlab was used to minimize the differences between 

measured rate coefficients and calculated rate coefficients from the derived site-specific 

values. We varied the input values of 𝑘1𝑎
𝐻 /k1b and confirmed that our final results were not 
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sensitive to the initial values. Our results are plotted in Fig. 4.5, and expressed in the 

following Arrhenius equations (cm3 molecule-1 s-1):  

𝑘1𝑏 = 4.30 × 10
−11𝑒𝑥 𝑝 (−3463.2

𝐾

𝑇
)(900 − 1300𝐾)    (4.6) 

𝑘1𝑎
𝐻 = 2.55 × 10−11𝑒𝑥 𝑝 (−2287.1

𝐾

𝑇
)(900 − 1300𝐾)    (4.7) 

𝑘1𝑎
𝐷 = 1.91 × 10−11𝑒𝑥 𝑝 (−2336.6

𝐾

𝑇
)(900 − 1300𝐾)    (4.8) 

 

 

 

 

 

Fig. 4.5 Site-specific (per H or D atom) rate coefficients for abstraction from methanol. 

 

Fig. 4.5 compares our site-specific abstraction rate coefficients (per H or D atom) with 

theoretical results of Xu and Lin [57] and Jodkowski et al. [56], wherever applicable. Not 

surprisingly, our results show that 𝑘1𝑎
𝐷  is slower than 𝑘1𝑎

𝐻 . As expected, hydrogen 

abstraction from the hydroxyl site (k1b) shows stronger temperature dependence, reflecting 

higher activation barrier than that of abstraction from the CH3 site(𝑘1𝑎
𝐻 ). Abstraction from 
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the methyl site (𝑘1𝑎
𝐻 ) is found to be at least 1.7 times faster than k1b under our experimental 

conditions. Our values for 𝑘1𝑎
𝐻  match excellently with those of Xu and Lin [57], but their 

values for k1b are lower than our results by a factor of  2.7. On the other hand, Jodkowski 

et al. [56] predict 𝑘1𝑎
𝐻 to be about a factor of 2 larger than our results, but their k1b prediction 

is only ~ 30% slower than our values. 

Fig. 4.6 displays the branching ratios determined in this work, and compares with 

theoretical branching ratios of Xu and Lin [57], Jodkowski et al. [56] and Gao et al.[60]. 

Interestingly, although two of the theoretical works [56, 57] differ in their site-specific 

abstraction rate coefficients (see Fig. 4.5), both predict identical branching ratios for the 

two channels of methanol + OH reaction. Our experimental results agree with these 

theoretical predictions to the extent that hydrogen abstraction of methanol at the methyl 

site i.e. channel (1a) is the dominant channel over the entire temperature range of our study. 

For example,  both Xu and Lin [57] and Jodkowski et al. [56] predict the branching fraction 

for methoxy channel (1b) to be less than 10% even up to 3000 K; whereas Gao et al. [60] 

predicts a branching fraction for this channel as high as 30% at high temperatures (see Fig. 

4.6). Our experimental results suggest that branching fraction for the channel (1b) reaches 

 20% at 1300 K, and this channel may become increasingly important at higher 

temperatures as seen by the slopes of our branching ratios in Fig. 4.6. We further carried 

out additional experiments by investigating the reactions of CH3OD and CD3OD with OH 

radicals. Our aim was to discern the effect of deuteration at the hydroxyl site and hence to 

verify the relative importance of channel (1b). We found that our measured rate coefficients 

for the hydrogen abstraction from CH3OD and CD3OD by OH radicals were found to be 

non-statistically significant as compared to the reactions of OH with CH3OH and CD3OH, 
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respectively (see Fig. B2 and Table B2 in the Supplementary Materials).That being said, 

deuteration of the hydroxyl group had no discernible effect on the measured rate 

coefficients. In contrast, deuteration of the methyl group greatly caused the kinetic isotopic 

effect by suppressing the rate coefficients. From these results, one can unarguably conclude 

that hydrogen abstraction of CH3OH by OH radical predominantly happens at the –CH3 

site even at high temperatures though there is a little scatter in the values for the temperature 

dependence of the branching fraction. Current findings of the branching ratios, however, 

do not support the earlier predictions of Dóbé et al. [53], Hägele et al. [58] and Hess and 

Tully et al. [48] that hydrogen abstraction of methanol at the hydroxyl site contributes > 

50% at temperatures higher than about 1000 K.   

 

Fig. 4.6 Branching ratios for H-abstraction at the hydroxyl site (k1b) and the CH3 site (k1a) 

of methanol. 

  

 

 

 



80 
 

4.4  Conclusions 

 

This work presents the first experimental determination of the branching ratios for the 

hydrogen abstraction reaction of methanol by OH radicals. We conducted shock tube 

experiments to measure the total rate coefficients for the reaction of hydroxyl with CH3OH, 

CD3OH and CH2DOH over 900 – 1300 K. These measurements allowed us to elucidate 

the branching ratios of CH3OH + OH reaction. We found that hydrogen abstraction of 

methanol at the CH3 site is dominant and contributes over 80% in the entire temperature 

range of our study. Our result further showed that hydrogen abstraction at the hydroxyl site 

becomes increasingly important at high temperatures. The results of this work will be very 

important for improving the prediction of methanol oxidation mechanisms. 
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5 Branching Ratio for the Reaction of OH Radicals with Acetaldehyde 

 

5.1 Introduction 

In this chapter, the branching ratio for OH + acetaldehyde is reported. The reaction may 

undergo via abstraction and/or addition channels in an overall exothermic process 

(reactions 1a – 1d): 

CH3CHO+OH
k1a
→ CH2CHO+H2O       ∆𝐻298𝐾

° = -104.8 kJ mol-1    (R1a) 

CH3CHO+OH
k1b
→ CH3CO+H2O           ∆𝐻298𝐾

° = -125.3 kJ mol-1               (R1b) 

CH3CHO+OH
k1c
→ CH3

+HCOOH           ∆𝐻298𝐾
° = -105.9 kJ mol-1               (R1c) 

CH3CHO+OH
k1d
→ CH3COOH+H           ∆𝐻298𝐾

° = -87.5 kJ mol-1               (R1d) 

Reaction of acetaldehyde with OH has been the subject of several studies (see a 

comprehensive review in Table C3 of Supplementary Materials). Over the span of 50 years, 

most of the kinetic studies focused on understanding the low-temperature reactivity of this 

reaction. Most results are consistent with k1 = (1.530.1)  10-11 cm3molecule-1s-1 at 298 

K, and agreed that the addition channels (R1c+R1d) are kinetically irrelevant at low 

temperatures. A recent experimental and theoretical study of D’Anna et al. [157] who 

showed that the reaction of OH radicals with acetaldehyde undergoes exclusively via H-

abstraction at the aldehyde group. In contrast to the plethora of studies at low temperatures, 

the branching ratios of these channels (R1a-R1d) have not been measured previously at 

high temperatures. The aim of this work is to discern the branching ratio of reactions (R1a) 

and (R1b) at high temperatures where the addition-elimination pathways (R1c+R1d) are 

kinetically insignificant. To achieve our objectives, we selected deuterated isotopes of 
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acetaldehyde and acetone. Rate coefficients for reactions (R1-R5) were determined by 

employing a shock tube and laser diagnostics technique. 

CH3CHO+OH→ Products             (R1) 

CD3CHO+OH→ Products             (R2) 

CD3CDO+OH→ Products             (R3) 

CH3COCH3+OH→ Products             (R4) 

CD3COCD3+OH→ Products             (R5) 

5.2 Experimental Details 

Absolute rate coefficients for the reactions of OH radicals with acetaldehyde, acetone and 

their isotopomers were measured over 950 – 1300 K and 1.5 – 3.0 bar. The low-pressure 

shock tube (LPST) facility and laser diagnostic has been described in Chapter 2 of this 

paper. The purity of the used chemicals are: 70 % TBHP solution in water, acetaldehyde 

(99.5%), acetaldehyde-2,2,2-d3 (98 atom% D), acetaldehyde-d4 (99 atom% D), acetone 

(99.5%), and acetone-d6 (99.9 atom% D) obtained from Sigma-Aldrich; helium (99.99%) 

and argon (99.999%) were purchased from AH Gases. Mixtures were prepared 

manometrically in a 24-litre teflon-coated stainless-steel vessel which is equipped with a 

magnetically-driven stirrer. For mixture preparation, MKS Baratron pressure gauges of 

various ranges were employed to accurately measure partial pressures of gases. Prior to 

mixture preparation, the mixing vessel was turbo-pumped to ~ 10-6 mbar. The mixtures 

were left for at least two hours to ensure homogeneity.  

 

5.3 Results and Discussion 

5.3.1 Measurements of Rate Coefficients  
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Rate coefficients were measured at the conditions listed in Table C1-C2 (Supplementary 

Material). Various mixture compositions (~ 400-600 ppm fuel and 20-60 ppm TBHP) were 

employed so that OH radical decay follows first-order kinetics. Various mixture 

compositions (~ 400-600 ppm fuel and 20-60 ppm TBHP) were employed so that OH 

radical decay follows first-order kinetics. Fig. 5.1 displays a representative OH time-

history recorded at 1073 K and 2.64 bar for CH3CHO + OH  products (R1). As seen, OH 

decayed exponentially with time; therefore, the pseudo-first order kinetic analysis can be 

applied to extract the total rate coefficient (see inset of Fig. 5.1 and Fig. C1 in Appendix 

C). However, to account for minor influence of secondary chemistries, a detailed kinetic 

model comprising of GRI 3.0 [158] and TBHP mechanism of Pang et al. [142] was used 

to iteratively fit the experimentally measured OH time-profiles by treating the target 

reaction as variable. An illustrative example of the best-fit is shown in Fig. 5.1 with the red 

line, and perturbations of ± 50% from the best-fit value (k1 = 1.99  10-11 cm3/molecule/s) 

are also shown. Figure C2 shows hydroxyl sensitivity analysis which indicates that the 

secondary chemistry has negligible effect on the measured OH time-history over the first 

tens of microseconds. For other reactions (R2 – R5), similar methods were employed to 

determine the total rate coefficients. Measured rate coefficients are listed in Table C1 and 

C2 . 

A detailed uncertainty analysis was conducted for reaction (R1) at a representative 

condition of 1073 K and 2.64 bar. Various sources of errors were considered, such as 

uncertainty in temperature (±0.7%), determination of time zero (±0.5 µs), fitting of the 

measured OH time-history profile (±6 %), mixture composition (±5%), target wavelength 

(±0.001 cm-1), and OH absorption-cross section (±3%). Using root-mean-square method, 
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an overall uncertainty of ±20 % was obtained. Our reported values of the rate coefficients 

for all reactions have roughly the same value of the estimated uncertainty. 

 

 

Fig. 5.1 Measured OH time-history for CH3CHO + OH  products (R1) at 1073 K and 

2.64 bar. Mixture composition: 513 ppm CH3CHO / 47 ppm TBHP (~120 ppm H2O) 

diluted in Ar. 

   

 

5.3.2 Kinetics of OH Radicals with Acetaldehyde 

 

Fig. 5.2 displays the temperature dependence of the rate coefficients for acetaldehyde 

reaction with OH radicals. The reaction exhibits a complex behavior showing a negative 

temperature dependence of the rate coefficients at low temperatures, but positive 

temperature dependence at high temperatures. The data of Taylor et al. [67] shows a strong 

curvature with slowest reactivity (k1 ~ 9.5  10-12 cm3/molecule/s) near 600 K. This hints 

towards the differences in the relative importance of competing channels at different 

temperatures. 
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Fig. 5.2 Arrhenius plot for the total rate coefficients of CH3CHO + OH reaction. Solid line 

represent the bi-exponential fit to all available data excluding the data from Niki et al. 

[113], Semmes et al. [114], Dobe et al. [115], and Taylor et al. [116]. 

.  

 

The reaction of acetaldehyde with OH radicals is known to undergo via an addition-

elimination mechanism in an overall exothermic process, resulting into a complex kinetic 

behavior [157, 159-161]. The initial process involves the formation of a hydrogen-bonded 

pre-reaction complex, resulting from the interaction of OH radical with the lone pair 

electrons of the oxygen atom of the carbonyl group (>C=O). The stabilization energy of 

the complex is ~ 5 kcal/mole [157, 161]. Similar stability has been reported for the 

complexes comprising of OH radicals and other aldehydes [161]. At low temperatures, 

these complexes play an important role and exhibit complex temperature dependence. The 

appearance of pre-reaction complexes prior to the corresponding transition states of the 

abstraction pathways makes such channels to deviate from elementary bimolecular 
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behavior. Their importance and relevance in the low-temperature kinetics have recently 

been highlighted by Alvarez-Idaboy et al. [159] and D’Anna et al. [157].   

Interestingly, theoretical studies revealed that the transition state responsible for the 

abstraction of hydrogen atom from the aldehyde group, leading to CH3CO and H2O, lies 

below the reactants’ energy by ~ -2.3 kcal/mol [157, 161]. Similar values of the negative 

energy barriers for aldehydic H-abstraction are found for higher aldehydes + OH reactions 

[161]. However, for formaldehyde + OH reaction, the corresponding transition state lies 

almost thermoneutral. This difference in the relative energy of the transition states explain 

the higher reactivity of OH reaction with acetaldehyde compared to that of formaldehyde 

[162] despite the fact that formaldehyde has twice the number of aldehydic hydrogen 

atoms. Here, the inductive effect of the methyl group in acetaldehyde appears to stabilize 

the corresponding transition state, thus lowering its energy more than that of formaldehyde.  

The hydrogen abstraction reaction from the methyl group of acetaldehyde, leading to 

CH2CHO and H2O, occurs via a distinct energy barrier (E0 ~ 3.3 kcal/mol relative to 

reactants [157, 161]). Hence, it is clear why reaction (R1a) is kinetically insignificant at 

low temperatures. This fact is also reinforced by the experimental [163, 164] and 

theoretical results [157].  

The barrier height for OH addition reaction leading to HCOOH (reaction (R1c)) or 

CH3COOH (reaction (R1d)) was calculated to be ~7.6 kcal/mol, and the corresponding 

transition state was found to be much tighter [157, 159]. Therefore, the addition channels, 

(R1c) and (R1d), are found to have negligible importance at atmospheric conditions.  
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The observed unusual negative temperature dependence for H-abstraction reaction of 

acetaldehyde + OH at low temperatures is the consequence of a negative activation barrier 

for the process. Most of the earlier reports [162, 165-169] for the room-temperature 

coefficients appear to be consistent with an average value of k1 (2982 K) = (1.530.1)  

10-11 cm3/molecule/s (see Table C3). Only the reports of Taylor et al. [160] and Semmes 

et al. [170] are somewhat slower by ~20%, whereas the result of Niki et al. [171] is faster 

by ~30 % compared to the average literature values. The low-temperature data of 

Sivakumaran and Crowley [172], Zhu et al. [173], and Michael et al. [174] exhibited a clear 

negative temperature dependence. At higher temperatures (T > 700 K), Taylor et al. [67] 

reported that H-abstraction predominantly occurs at the methyl group, displaying a positive 

temperature dependence. Our rate coefficient data agree very well with the only previous 

high-temperature work of Wang et al. [175] (see Fig. 5.2). Our data can be best described 

by the following Arrhenius expression in unit of cm3/molecule/s over the temperature range 

of 950-1300 K:  

𝑘1(CH3CHO + OH) = 1.29 × 10−10 exp (−1996.5
𝐾

𝑇
)(R2~0.96)   (5.1) 

Theoretical rate coefficients of Mendes et al. [161] severely underpredict our data by at 

least a factor of five. AramcoMech 3.0 [176] employs a rate expression that is too fast at 

low temperatures and too slow at high temperatures with an onset of transition temperature 

higher than that shown by the experimental data. Excluding some problematic literature 

data sets [160, 170, 171, 177], all remaining data are combined with ours to generate the 

following bi-exponential rate expression, Eq. (5.2), which is recommended for 

implementation in the future kinetic modeling of chemical systems involving acetaldehyde. 



88 
 

The below expression (cm3/molecule/s) reproduces the experimental data with an adjusted 

R2 of 0.94 over the temperature range of 202 – 1327 K.  

𝑘1 = 1.42 × 10
−10 exp (−2631.44

𝐾

𝑇
) + 4.69 × 10−12 exp (348.74

𝐾

𝑇
)   (5.2) 

 

5.3.3 Kinetic Isotope Effect (KIE) of Acetaldehyde + OH  

 

Fig. 5.3 displays high-temperature rate coefficients measured in this work for acetaldehyde 

isotopomers + OH reactions. Isotopic substitution caused inhibition in the reactivity of 

acetaldehyde with OH radicals. CD3CHO + OH (R2) showed a significant drop in the rate 

coefficient and exhibited somewhat stronger temperature dependence than its non-

deuterated counterpart. This clearly shows that H-abstraction from the methyl group (R1a) 

becomes an active channel at high temperatures. Our experiments gave a value of ~1.45 

(k1/k2) for KIE near 950 K which compared reasonably well with the value of 1.64 reported 

by Taylor et al. [67] at 861 K. According to Taylor et al. [67], KIE (k1/k2) dropped to 1.1 

at 600 K; however, the isotopic substitution at the aldehyde group resulted in KIE, 

k(CH3CHO+OH)/k(CH3CDO+OH), of 1.39 and 1.68 at 600 and 298 K, respectively [67]. 

The isotopic substitution at the aldehydic hydrogen atom resulted in decreased rate 

coefficients at low temperatures, which indicates that H-abstraction from the aldehyde 

group becomes the dominant channel at low to intermediate temperatures (see Fig. C3). 

Our measured rate coefficients for acetaldehyde isotopomers + OH reactions resulted in 

the following Arrhenius expressions (cm3/molecule/s): 

𝑘2(CD3CHO + OH) = 1.06 × 10−10 exp (−2151.9
𝐾

𝑇
)(R2~ 0.90)   (5.3) 

𝑘3(CD3CDO + OH) = 1.18 × 10−10 exp (−2554.1
𝐾

𝑇
) (R2~0.96)   (5.4) 
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Fig. 5.3 Rate coefficients for the reactions of OH with acetaldehyde isotopomers. Solid 

symbols: our experimental data; dash lines: Arrhenius fits of the experimental data. 

 

 

 

5.3.4 Site-specific Rate Coefficients and Branching Ratios  

 

As discussed earlier, addition pathways (R1c + R1d) are irrelevant at combustion 

conditions because such processes occur via high energy barriers (E0 ~ 7.7 kcal/mol) and 

are also not entropically favored as opposed to the abstraction channels [157]. D’Anna et 

al. [157] reported the pre-exponential factor for the addition pathways to be ~20 times 

smaller than that of the abstraction channels which led them to conclude that the addition 

channel is kinetically irrelevant. Therefore, we can express the experimentally measured 

total rate coefficients into site-specific rate coefficients as follows:  

𝑘1(𝑇) = 𝑘1𝑏
𝐻 + 3 × 𝑘1𝑎

𝐻 = 1.29 × 10−10𝑒𝑥𝑝 (−1996.5
𝐾

𝑇
)   (5.5) 

𝑘2(𝑇) = 𝑘1𝑏
𝐻 + 3 × 𝑘1𝑎

𝐷 = 1.06 × 10−10𝑒𝑥𝑝 (−2151.9
𝐾

𝑇
)    (5.6) 
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𝑘3(𝑇) = 𝑘1𝑏
𝐷 + 3 × 𝑘1𝑎

𝐷 = 1.18 × 10−10𝑒𝑥𝑝 (−2554.1
𝐾

𝑇
)    (5.7) 

In doing so, we have assumed that i) the reaction of OH radical with acetaldehyde is quasi 

single step reaction at high temperatures and the pre-reaction complex has not much kinetic 

relevance, ii) the isotopic substitution in a chemical environment does not affect the 

reaction kinetics at the neighboring site. In Eqs. (5.5) - (5.7), k1 to k3 are the total rate 

coefficients for the reactions of OH radicals with CH3CHO, CD3CHO, and CD3CDO, 

respectively. The superscripts, H and D, are used to identify the type of atom undergoing 

abstraction reaction, and the subscripts, a and b, stand for abstraction at the methyl or 

aldehydic site, respectively. We have four unknowns but three equations only. Therefore, 

we need an additional equation to solve for the site-specific rates. Here, we postulate a 

similarity between the KIE of H-abstraction from the methyl groups of acetaldehyde and 

acetone.  

We conducted an additional high-temperature study to discern KIE of OH reactions with 

acetone (R4) and acetone-d6 (R5). The reaction of OH and acetone has been extensively 

studied previously (see Lam et al. [178] and the references cited therein). Our measured 

rate coefficients, plotted in Fig. C4 and represented by Eq. (5.8), agree excellently with 

Lam et al. [178].  

𝑘4(CH3COCH3 + OH) = 7.15 × 10−11 exp (−2695.7
𝐾

𝑇
)(R2 ~ 0.99)  (5.8) 

High-temperature studies for the kinetic isotopic effect of OH reaction with acetone do not 

exist in the literature. Earlier studies [179-184] are confined to temperatures lower than 

830 K. In Fig. 5.4, our measured rate coefficients are plotted along with available literature 

data. Yamada et al. [179] data show a smooth transition to our high-temperature rates, and 

they showed an excellent accord between their measured and theoretical KIE. They 
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concluded that the addition pathway is negligibly small while the direct H-abstraction 

pathway dominates above 450 K, and below this temperature the abstraction reaction 

proceeds via a hydrogen bonded pre-reaction complex. This finding is reinforced by a 

recent theoretical study of Zhou et al. [185] who reported that the direct abstraction 

dominates over the entire temperature range of 500 – 2000 K, and the abstraction via pre-

reaction complex does not contribute more than 15%. They further reported that OH 

addition channel is not significant for acetone (branching ratio less than 1%).   

 

 

 

Fig. 5.4 Comparison of rate coefficients for CD3C(O)CD3 + OH reaction from this work 

and literature. Also plotted are our rates for CH3C(O)CH3 + OH reaction and recommended 

expression from Lam et al. [129]. 

 

Our measured rates are described by Eq. (5.9) while all literature data can be represented 

by the three-parameter Arrhenius expression, Eq. (5.10): 

𝑘5(CD3COCD3  + OH) = 6.02 × 10−11 exp (−3130.5
𝐾

𝑇
) (R2~0.98)       (5.9) 

𝑘5(CD3COCD3  + OH) = 5.55 × 10−16 × 𝑇1.43 exp (−1408.5
𝐾

𝑇
) (R2~0.98)       (5.10) 
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𝑘5

𝑘4
(𝑇) =

𝑘1𝑎
𝐷

𝑘1𝑎
𝐻 (𝑇) = 0.842 × 𝑒𝑥𝑝 (−434.8

𝐾

𝑇
)           (5.11)  

The kinetic isotope effect (k4/k5), is assumed to be equal to 
𝑘1𝑎
𝐻

𝑘1𝑎
𝐷   while solving for the 

unknowns ( 𝑘1𝑎
𝐻 , 𝑘1𝑎

𝐷 , 𝑘1𝑏
𝐻 , 𝑘1𝑏

𝐷 )  of acetaldehyde + OH system. This may be a valid 

assumption because i) the transition states responsible for H-abstraction from the methyl 

site of acetone and acetaldehyde lie ~3.3 kcal/mol above the reactants’ energy at the 

CCSD(T)/CBS level of theory [161, 185], and at high temperatures the pre-reaction 

complex does not play a significant role in either case, ii) the variation in the pre-

exponential factor would largely cancel out while taking the ratio of k4/k5 and 
𝑘1𝑎
𝐻

𝑘1𝑎
𝐷 . The 

solutions for the site-specific rates are plotted in Fig. 5.5 and have the following Arrhenius 

expressions (cm3/molecule/s) over 950 – 1300 K: 

𝑘1𝑎
𝐻 = 3.38 × 10−11𝑒𝑥𝑝 (−2182.8

𝐾

𝑇
)      (5.12) 

𝑘1𝑎
𝐷 = 2.85 × 10−11𝑒𝑥𝑝 (−2619.1

𝐾

𝑇
)       (5.13) 

𝑘1𝑏
𝐻 = 3.11 × 10−11𝑒𝑥𝑝 (−1631.4

𝐾

𝑇
)      (5.14) 

𝑘1𝑏
𝐷 = 3.30 × 10−11𝑒𝑥𝑝 (−2414.9

𝐾

𝑇
)       (5.15) 

As expected, the deuteration effect was observed at both methyl and aldehydic sites. The 

temperature dependence of H-abstraction from the methyl group exhibits a steeper slope 

indicating a higher energy barrier process. The site-specific rate coefficient for H-

abstraction at the methyl site, kH
1a, is around 30 – 40 % slower than that of the aldehydic 

site, kH
1b. However, the relative importance of kH

1a increases with temperature. 
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Fig. 5.5 Site-specific H/D-atom abstraction rate coefficients of acetaldehyde isotopomers 

+ OH reactions on per H/D atom basis. 

 

 

Fig. 5.6 Comparison of the branching ratios for H-abstraction at the methyl site: 

CH3CHO + OH  CH2CHO + H2O (R1a). 

 

5.4  Conclusions 

We investigated the kinetic isotope effect for the reactions of acetaldehyde and acetone 

with OH radicals at high temperatures. Total rate coefficients for the reactions of OH 
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radicals with CH3CHO, CD3CHO, CD3CDO, CH3C(O)CH3 and CD3C(O)CD3 were 

measured over 950 – 1300 K and 1.5 – 3.0 bar. Our measurements did not exhibit pressure 

dependence. Unlike low temperatures, the reaction of OH radicals with acetaldehyde 

isotopomers clearly showed a positive temperature dependence. From this study, we were 

able to discern the relative importance of the two key H-abstraction channels of 

acetaldehyde. Our result showed the dominance (65-68%) of methyl hydrogen abstraction 

at the high temperatures of this work. On the basis of per H-atom, however, the aldehydic 

H-atom was still found to react faster than that of the methyl group. To our knowledge, this 

work presents the first experimental determination of the branching ratios of acetaldehyde 

+ OH reaction under combustion relevant conditions.  
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6    Kinetics and Thermochemistry for the Reactions of OH Radicals with 

Cyclohexadienes 

 

6.1  Introduction 

In this chapter, we employed shock tube and laser diagnostics techniques to investigate the 

reactions of OH radicals with 1,3- and 1,4-cyclohexadiene (CHD) at high temperatures.  

1,3-CHD + OH  Products      (R1)  

1,4-CHD + OH  Products      (R2) 

Additionally, various ab initio methods were used to compute thermochemical data for 

plausible reaction pathways. To our knowledge, this is the first high-temperature kinetic 

study on the reactions of OH radicals with CHDs. These results will prove beneficial to 

improve the combustion modeling of C6-cyclic hydrocarbons.  

 

6.2 Methodologies 

6.2.1  Ab Initio Calculations  

With some exceptions, the reactions of OH radicals with unsaturated hydrocarbons 

undergo exclusively via addition to the double bond at low temperatures, whereas hydrogen 

abstraction reactions prevail at high temperatures. These reactions often display complex 

kinetic behaviors due to several competing channels (see our earlier experimental work 

[79] and references cited therein). The reactivity trends of olefins with OH radicals and the 

relative importance of various channels are greatly influenced by the thermodynamic 

stability of the parent molecule and the incipient radicals as they eventually influence the 

relative position of the transition states responsible for various channels in their reactive 

potential energy surface. To improve our understanding of the cyclohexadienes + OH 

reactions, thermodynamic properties, e.g., zero-point corrected reaction energy (ΔrxnE0), 
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bond dissociation energy (BDE0), standard enthalpy of reaction (ΔrxnH
0), and standard 

enthalpy of formation (ΔfH
0), were computed in this work. Atomization scheme (AS) was 

applied to access highly accurate standard enthalpies of formation, Δf,0KH0 and Δf,298.15KH0, 

for the relevant species. Within AS, the essential highly accurate atomization enthalpies 

were obtained from Ruscic’s Active Thermochemical Tables (ATcT) [186]. Additionally, 

Δf,298.15KH0 values were calculated via isodesmic reactions, CBS-QB3 electronic structure 

calculations and the ATcT “experimental” database by using an in-house code. These 

thermodynamic properties are key to the understanding of the molecular-reactivity 

relationship.    

To assess the method dependency of the calculated thermochemistry, various composite 

ab initio methods such as CBS-QB3 [187], G2MP2 [188] and G2 [189] were chosen. The 

reason is that the standard enthalpy of formation obtained by AS is sensitive to the chosen 

basis set, and G2MP2 and G2 use more extended basis sets (6-311G(d,p)) for the post-

Hartree-Fock single point calculations than those in G3 [190] and G4 [191]. However, the 

results from highly accurate CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc-pVDZ level of theory 

were taken as the thermodynamic reference (abbreviated as Xpol). The harmonic 

vibrational frequencies obtained at MP2/aug-cc-pVDZ were scaled by a factor of 0.959 

[192] for better accuracy of the computed thermodynamic properties. The CCSD(T) 

energies at the infinite basis set limit were obtained as the sum of the Hartree-Fock limit 

(∆𝐸𝐻𝐹
∞ ) and correlation energies (∆𝐸𝑐𝑜𝑟𝑟

∞ ). Here, 𝐸𝐻𝐹
∞  was obtained by applying Feller three- 

point exponential extrapolation [193] according to EHF(X)  = 𝐸𝐻𝐹
∞  + b exp(-cX) using cc-

pVXZ (X = Q, 5, 6) basis sets. As for ∆𝐸𝑐𝑜𝑟𝑟
∞ , two-point extrapolation of the form 𝐸𝑐𝑜𝑟𝑟

∞  (X) 

= 𝐸𝑐𝑜𝑟𝑟
∞  + b′X-3 was used, where X was 3 and 4 for cc-pV(T,Q)Z basis sets. Frozen core 
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approximation was applied for all CCSD(T) calculations. T1 diagnostics [194] and TAE% 

[195] were also computed to assess the contribution of higher excitations. The largest T1 

diagnostics value was < 0.04 obtained at CCSD/cc-pVQZ level of theory, and the largest 

TAE was < 1.9%, inferring that the chemical systems studied here are all dominated by 

dynamical correlation [194]. All calculations were performed using Gaussian09 software 

package [196]. 

6.2.2 Thermochemical Data 

Calculated values of the standard enthalpy of formation (ΔfH
0) at various model 

chemistries are tabulated in Table 6.1. As can be seen, ΔfH
0 values for both isomers of 

CHD are almost identical (Δf,298.15KH0 ~ 120 kJ/mol at Xpol). Other model chemistries also 

predicted similar thermodynamic stability for these isomers. Among the model chemistries 

employed here, G2 values appear to match reasonably well with that of Xpol for all species 

within an absolute deviation of 6 kJ/mol. The largest deviation was with CBS-QB3 values, 

being -16.3 kJ/mol for cyclohexa-1,3-dien-2-yl . Also, G2MP2 values show significant 

deviations by overpredicting the enthalpies of formation in all cases. Clearly, ΔfH
0 values 

obtained via atomization scheme showed large method dependency. Compared to the 

experimental values of 104.6  0.6 kJ/mol and 104.8  0.6 kJ/mol reported by Steele et al. 

[197] for 1,3- and 1,4-CHD, respectively, even our Xpol predictions seem to be off 

somewhat. Therefore, we further employed isodesmic reaction schemes to compute 

enthalpies of formation as such schemes allow cancellation of errors from ab initio methods 

to yield more accurate values than those determined via atomization scheme. Δf,298.15KH0 

values obtained by isodesmic reaction schemes for CHD isomers match excellently with 

those of Steele et al. [197]. For cyclohexa-2,5-dien-1-yl radical, our isodesmic Δf,298.15KH0  
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= 193.7  1.0 kJ/mol value comes close to the experimental value of 208.0  3.96 kJ/mol 

reported by Gao et al. [198]. Noteworthy, earlier reports for Δf,298.15KH0  of cyclohexa-2,5-

dien-1-yl spanned a range of more than 25 kJ/mol (see the discussion in Gao et al. [198]).    

Table 6. 1 Δf,298.15KH0  in kJ/mol obtained from various model chemistries using 

atomization scheme. Also, isodesmic reaction scheme was employed using the top-10% 

similarity-based isodesmic reactions [a] and averaged values of all isodesmic reactions 

[b].(See Table D4 in Appendix) 

Species G2MP2 G2 CBS-QB3 Isodesmic Scheme 

at CBS-QB3 

Xpol Burcat 

1,3-CHD 126.8(7.5) 121.8(2.5) 122.1(2.8) 
105.5  1.0 [a] 

104.2  0.9 [b] 
119.3 109.2(-10.1) 

cyclohexa-1,3-

dien-1-yl 386.1(6.1) 379.6(-0.5) 
365.0(-15.0) 

 

344.4  0.7 [a] 

343.5  1.0 [b] 
380.0   

cyclohexa-1,3-

dien-2-yl 389.0(5.0) 382.4(-1.6) 367.7(-16.3) 
347.1 0.7 [a] 

346.3  1.0 [b] 
384.0   

cyclohexa-2,5-

dien-1-yl 238.9(12.4) 232.0(5.5) 215.1(-11.4) 
194.5  0.7 [a] 

193.7  1.1 [b] 
226.5 210.815(-15.7) 

2-

hydroxycyclohex-

3-en-1-yl 

51.1(0.5) 48.2(-2.4)     46.9(-3.7)  
12.2  1.5 [a] 

27.3  1.0 [b] 

50.6 

 

 

  

6-

hydroxycyclohex-

2-en-1-yl 

-17.5(5.8) -21.2(2.2) -28.3(-4.9) 
-63.0  1.5 [a] 

-47.9  1.0 [b] 
-23.4   

1,4-CHD 129.2(10.2) 124.2(5.3) 122.4(3.5) 
106.0 1.0 [a] 

103.4 1.0[b] 
118.9 109.45(-9.5) 

cyclohexa-1,4-

dien-1-yl 
379.0(5.6) 373.3(-0.1) 362.3(-11.1) 

326.8  1.5[a] 

342.7  1.0[b] 
373.4   

6-

hydroxycyclohex-

3-en-1-yl 

44.5(0.9) 41.7(1.8) 37.9(-5.7) 
22.9    0.8[a] 

18.3    1.0[b] 
43.6   
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Fig. 6. 1 C-H Bond dissociation enthalpies (BDE) of 1,3-cyclohexadiene and 1,4-

cyclohexadiene obtained at CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc-pVDZ level of theory. 

 

Fig. 6. 1 provides bond dissociation energies (BDEs) of various C-H bonds in CHD isomers. 

Allylic C-H BDEs for both isomers of CHD are almost equal (BDE298.15K ~325.0 kJ/mol) 

within the chemical accuracy of the model chemistry Xpol. Our values show an excellent 

agreement with that of Gao et al. [198] (BDE298.15K ~ (321.7  2.9) kJ/mol) and Agapito et 

al. [80] (BDE298.15K ~325.0 kJ/mol). The authors employed a high-level coupled-cluster-

based approach to compute these values. This small difference of the allylic C-H BDEs 

appears to stem from the relative stability of the two isomers. Apparently, 1,4-CHD is about 

1 kJ/mole more stable than 1,3-CHD which has nicely translated into the difference of their 

corresponding bisallylic C-H bond enthalpies because the resulting radical after allylic C-

H bond cleavage is cyclohexa-2,5-dien-1-yl radical in either case. Interestingly, allylic C-

H bonds in CHDs are found to be drastically weaker, by ~46 kJ/mol, as compared to that 

of the corresponding bond in propene [80]. In both cases, the resulting radicals are 

resonantly stabilized, however, the bisallyl resonance of cyclohexa-2,5-dien-1-yl arising 

from the extended delocalization of unpaired electron lowers the allylic C-H bond enthalpy 

dramatically. The resonance stabilization energy (RSE) of cyclohexa-2,5-dien-1-yl is 

 



100 
 

calculated to be 90.74.2 kJ/mol which is obtained from the difference in the BDEs of C-

H bond in cyclohexane (BDE298.15K = 4165 kJ/mol [199]) and bisallylic C-H bond in 

cyclohexadienes (BDE298.15K = 325.6 kJ/mol, this work). Our calculated value of RSE for 

cyclohexa-2,5-dien-1-yl radical agrees excellently with the values tabulated by Senosiain 

et al. [200], while RSE for allyl radical is reported to be ~61 kJ/mol [200]. This shows that 

cyclohexa-2,5-dien-1-yl radical, the conjugated cyclic-bisallyl radical, exhibits higher 

stabilization as compared to the allyl radical. The vinylic C-H BDE298.15K are found to be 

478.7 and 482.8 kJ/mol for 1,3-CHD, whereas it is somewhat lower for 1,4-CHD 

(BDE298.15K = 472.1 kJ/mol). These values are found to be comparable to the vinylic C-H 

bonds of propene (BDE298.15K = 464.8 kJ/mol) or other alkenes [199].  

 

From the discussion above, it appears that both CHDs are expected to exhibit similar 

reactivity with OH radicals at high temperatures because: (i) Unlike other 1,3- and 1,4-

acyclic dienes e.g., pentadienes, both CHDs do have identical thermodynamic stabilities 

because of their similar values of heat of formation, and the incipient radical after bisallylic 

C-H bond cleavage is cyclohexa-2,5-dien-1-yl radical in each case. The corresponding 

BDE for 1,4-pentadiene is lower by 28 kJ/mol than that of 1,3-pentadiene owing to the 

difference in their thermodynamic stabilities; (E)-1,3-pentadiene is ~30 kJ/mole more 

thermodynamically stable than 1,4-pentadiene [80]. These two pentadiene isomers differed 

significantly in their kinetic behavior with OH radicals by exhibiting very interesting 

temperature dependence [79]). (ii) BDEs for vinylic CH-H are quite high, therefore, one 

expects that the bisallylic H-abstraction reactions dominate at high temperatures. (iii) 
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Allylic C-H BDE for both CHD isomers is ~ 46 kJ/mol which is 17 kJ/mol lower than that 

of the corresponding BDEs of propene and (E)-1,3-pentadiene [80].  

 

An important kinetic implication of these observations is that unlike OH reactions with 

monoalkenes and open-chain conjugated dienes, CHDs can undergo significant H-

abstraction by OH radicals even at low temperatures. For both CHDs + OH reactions, the 

abstraction rate coefficients were reported to be as high as (2.51.0)10-11 cm3/molecule/s 

near ambient temperatures [201].  

 

6.3 Results and Discussion 

6.3.1 Experimental Results 

All experiments were run in excess of CHD concentration to achieve pseudo-first-order 

conditions. Fig. 6. 2 depicts a representative time-history of OH radicals measured at 1027 

K and 1.12 atm for 1,4-CHD + OH reaction. As expected, the OH decay follows first-order 

kinetics, and the overall rate coefficient can be extracted from the slope of ln[OH] vs time 

plot. However, this methodology does not take into account intereference from secondary 

reactions, such as OH + CH3, and the slow decomposition of TBHP at low temperatures. 

Therefore, a detailed kinetic model comprising of the base mechanism for CHD isomers 

from Wang et al. [202] and the TBHP sub-mechanism from Pang et al. [24] was assembled. 

Kinetic simulations were carried out in ChemkinPro [203] using a zero-dimensional batch 

reactor and constant UV constraints. Rate coefficient for allylic H-abstraction of CHD was 

iteratively varied until a best fit, as shown by the red line in Fig. 6. 2, was obtained. For 

this example case, best fit k2 (1027 K, 1.12 atm) = 3.8×10-11 cm3/molecule/s, and the dashed 

lines indicate 50% perturbation from k2. Clearly, the target reaction shows strong 
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sensitivity to the decay of OH radicals. Hydroxyl sensitivity analysis was carried out which 

showed that secondary reactions are unimportant (see Fig. D1 in Appendix D). The overall 

uncertainty (2) of our measured rate coefficients was estimated to be ±17% that transpired 

from various sources of errors, such as temperature (±0.7%), determination of time zero 

(±0.5 µs), mixture composition (±5%), OH absorption cross-section (±3 %), the detection 

wavelength (± 0.002 cm-1), and fitting of the measured OH profile (±5 %). 

 

Fig. 6. 2 A typical OH time-profile for 1,4-CHD + OH reaction at 1027 K and 1.12 atm. 

Mixture: 300 ppm 1,4-CHD / 17 ppm TBHP in argon. Lines represent simulated profiles. 

Inset shows the linearity of ln[OH] vs time plot validating pseudo-first order kinetics. 

 

Rate coefficients for the reactions of OH radicals with both CHD isomers are plotted in 

Fig. 6.3 (and complied in Table D5) along with available literature data. These data are 

also compared with our earlier experimental work on 1,3- and 1,4-pentadienes + OH 

reactions [79]. Measured rate coefficients can be expressed in the following Arrhenius 

expressions (cm3/molecule/s) over T = 900 – 1090 K and p ~ 1.0 – 2.9 bar:  

𝑘1(1,3 − CHD + OH) = 1.76 × 10−10 exp (−
1761𝐾

𝑇
)             (6.1)          
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𝑘2(1,4 − CHD + OH) = 2.23 × 10−10 exp (−
1813𝐾

𝑇
)      (6.2) 

 

 

Fig. 6.3 Measured rate coefficients for the reaction of OH radicals with 1,3-CHD and 1,4-

CHD (left panel). Available literature data are shown for comparison (right panel). 

 

6.3.2 Reactivity of OH Radicals with 1,3- and 1,4-CHD 

Aiming to discriminate among various reaction channels, the standard enthalpy of the 

reaction (ΔrH
0) was computed using CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc-pVDZ level of 

theory. The computed reaction enthalpies at 0 K and at 298.15 K are presented in Fig. 6. 4. 

As can be seen, Δr,298.15KH0 are found to be in the range of -16.4 and -26.8 kJ/mol for vinylic 

hydrogen abstraction of CHDs by OH radicals. These values are less exothermic than that 

of the corresponding reaction of propene and OH radicals [204]. This difference in the 

reaction enthalpies can be attributed to Pitzer strain of the incipient radicals (cyclohexa-

1,3-dien-1-yl, cyclohexa-1,3-dien-2-yl and cyclohexa-1,4-dien-1-yl) formed after the 

cleavage of vinylic C-H bond. This would imply that the barrier heights for these vinylic 

abstraction channels will be higher than that of propene + OH reaction (ΔE0 = 19.6 kJ/mol) 

according to Bell-Evans-Polanyi principle, and, therefore, vinylic channels are expected to 
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be less important than that of propene + OH. For the current chemical systems, most 

probably vinylic H-abstraction channel remains inactive until very high temperature is 

reached. 

 

Fig. 6. 4 Abstraction and addition pathways for OH reactions with 1,3-CHD and 1,4-

CHD. The standard enthalpies of the reaction were computed at CCSD(T)/cc-

pV(T,Q)Z//MP2/aug-cc-pVDZ level of theory. 

 

Since only H-abstraction channels prevail at high temperatures, hydrogen abstraction from 

allylic C-H leading to resonantly stabilized cyclohexa-2,5-dien-1-yl radical + H2O remains 

the only common and active channel for both CHDs + OH reactions at high temperatures. 

This channel is highly exothermic (Δr,298.15KH0~-174.0 kJ/mol) and found to be only 

slightly larger than the corresponding reaction of 1,4-pentadiene + OH (Δr,298.15KH0=-167.9 

kJ/mol in Ref. [205]). These observations led us to conclude that both CHDs should exhibit 

similar reactivity with OH radicals as the barrier height for the abstraction reaction yielding 

cyclohexa-2,5-dien-1-yl radical + H2O is expected to be roughly similar to that of 1,4-

pentadiene + OH reaction. For the latter reaction, our unpublished work indicated a 
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submerged barrier of ΔE0 = -5.0 kJ/mol relative to the reactants (see Fig. D2). Indeed, our 

measured data show similar reactivity for both CHDs + OH (within the experimental 

uncertainty). Both CHDs exhibit a weak positive temperature dependence, and 1,3-CHD is 

found to react slightly slower than its counterpart with OH radicals (see Fig. 6.3). This 

difference may probably originate from the difference in the barrier heights for vinylic 

abstraction even though these channels are minor. Note that the bond enthalpy of vinylic 

C-H of 1,4-CHD is at least 7 kJ/mol lower compared to 1,3-CHD.  

Both CHDs are expected to exhibit twice the reactivity with OH radicals as compared to 

that of 1,4-pentadiene. However, the ratio of rate coefficients (kCHD/k1,4-PTD) at a given 

temperature is ~1.5. This enhanced reactivity of 1,4-pentadiene stems from more labile 

vinylic C-H bonds (see Fig. D2) as compared to similar bonds in propene + OH [204] and 

also from the higher number of abstractable vinylic hydrogen atoms. As seen in Fig. 6.3, 

(E)-1,3-pentadiene displayed the slowest reactivity which can be understood from its 

relative thermodynamic stability. (E)-1,3-pentadiene is about 30 kJ/mol more stable than 

1,4-pentadiene [80] due to conjugated double bonds which will ultimately alter the reaction 

exogercity or the barrier height for a given reaction.  

Interestingly, both isomers of CHDs exhibit different reactivity toward OH radicals at low 

temperatures. Unlike high-temperature chemistry, 1,4-CHD displays slower reactivity with 

OH radicals than that of 1,3-CHD.  For 1,3-CHD + OH reaction, the low-temperature rate 

coefficients reported by Ohta [70, 77] and Atkinson et al. [76] agree very well, k1(298 K) 

~ 1.56 ×10-10 cm3/molecule/s; whereas their reports show significantly lower values of the 

rate coefficients for 1,4-CHD + OH reaction, k2(298 K) = (9.860.31)×10-11 and 

(9.480.39)×10-11 cm3/molecule/s, respectively. This trend can be understood by looking 
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into the reaction enthalpy of various channels. At low temperatures, it is well known that 

OH radicals exclusively undergo addition to the double bond of alkenes with some 

exceptions. Hydroxyl addition to 1,3-CHD resulting in 6-hydroxycyclohex-2-en-1-yl is 

highly exothermic. Its exothermicty (Δr,298.15KH0=-179.2 kJ/mol) is comparable to that of 

the allylic H-abstraction reaction (see Fig. 6. 4) due to the fact that the ensuing radical is 

resonantly stabilized. The addition of OH radical to other sites produces radicals that will 

lack resonance stabilization resulting in much lower enthalpy of reaction (Δr,298.15KH0 = -

105.2 and -119.9 kJ/mol). These values of the enthalpy change for OH addition are 

comparable to that observed for OH + 1,4-pentadiene addition reaction (Δr,298.15KH0 = -

111.3 kJ/mol and -118.2 kJ/mol) [205]. Here, OH addition to 1,4-CHD does not seem as 

favorable as in 1,3-CHD because of low reaction exogercity or plausible higher lying 

transition states for such processes.  

As discussed above, abstraction reactions of allylic C-H of CHDs and 1,4-pentadiene 

should have a comparable rate coefficient on per C-H bond basis because these chemical 

systems are expected to have a similar negative energy barrier for bisallylic H-abstraction 

as in 1,4-pentadiene + OH reaction (see Fig. D2). For 1,3-CHD + OH reaction, a 

comparable negative energy barrier of ~E0 = -6.9 kJ/mole relative to the reactants’ energy 

was computed at G2 level of theory. As for 1,4-CHD + OH reaction, the corresponding 

transition state lies even lower (~E0 = -13.7 kJ/mole relative to the reactants’ energy). As 

the transition state is submerged below the reactants, a large percentage of the rection flux 

can lead to abstraction reactions, and thus not favoring the OH addition channel even at 

low temperatures. Interestingly, our unpublished theoretical work indicates that bisallylic 

H-abstraction reaction can constitute as high as 60% for 1,4-pentadiene + OH system at 
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298 K. The difference in the room temperature values of k2(1,4CHD+OH) = 

(9.860.31)×10-11 cm3/molecule/s from Ohta[77] and k(1,4-pentadiene+OH) = 5.92×10-11  

cm3/molecule/s from our  recent work [79] reveals that the abstraction reactions can be the 

dominant channel at low temperatures for such 1,4-polyenes + OH chemical systems. To 

fully understand such complex systems, a quantitative kinetic analysis combining high 

level ab initio and master equation computations is required which will appear in a future 

publication.  

6.4 Conclusions 

We conducted the first high-temperature kinetic study for the reaction of OH radicals with 

1,3- and 1,4-cyclohexadienes. Rate coefficients measured over 900 – 1100 K exhibited 

positive temperature dependence and were fit with two-parameter Arrhenius expression. 

Our rate data over 1 – 3 bar did not show pressure dependence. Our thermochemistry 

calculations showed that both CHDs should exhibit similar reactivity with OH radicals at 

high temperatures, which is nicely demonstrated by our experimental data. Unlike 

monoalkenes and conjugated alkenes + OH systems, 1,4-polyenes display peculiar 

reactivity with OH radicals by undergoing reactions significantly via bisallylic hydrogen 

abstraction channel even at low temperatures. We recommend these new rate data to be 

implemented for the improvement of the oxidation models of C6-cyclic hydrocarbons.    
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7 Cyclic Ketones as Future Fuels: Reactivity with OH Radicals 

 

7.1  Introduction  

In this chapter, we aim to resolve the discrepancies in the literature by providing reliable 

data for the rate coefficient of R1 and R2 over a broad range of experimental conditions.  

To briefly summarize the motivation of this chapter: i) from future fuels prospective, cyclic 

ketones are of significant interest to the combustion community; ii) the oxidation of cyclic 

ketones by OH radicals is one of the most important initiation step, and no direct 

measurements of rate coefficients of reaction R1 (k1 = k1+ k1) and reaction R2 (k2 = k2+ 

k2 + k2) are yet available at high temperatures; iii) the oxidation kinetics of cyclic ketones 

is sensitive to the branching ratio of R1 and R2 which led to the disparity in terms of the 

performance of the available kinetic models; iii) large discrepancies exist among the 

theoretical predictions of the rate coefficients.  

 

Fig. 7.1 Hydrogen abstraction pathways for the reaction of cyclopentanone (CPO) and 

cyclohexanone (CHO) with OH radicals. 
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7.2 Experimental Details 

The facility is detailed in chapter 2. The purity of used chemicals was: 99% CHO and CPO 

(Sigma Aldrich; further purified through freeze-pump-thaw cycle), 70% TBHP solution in 

water (Sigma Aldrich), helium (99.9%) and argon (99.999%) from Abdullah Hashim Gases. 

The desired gas mixtures were prepared manometrically in a 24 litre Teflon-coated 

stainless-steel vessel equipped with a magnetically driven stirrer. The mixtures were left 

for at least two hours to ensure homogeneity. Prior to mixture preparation, the mixing 

vessel was turbo-pumped down to 10-5 mbar. Partial pressures of cyclic ketones and TBHP 

were measured accurately using a 0-20 Torr MKS Baratron pressure gauge. For all 

measurements, an excess concentration of cyclic ketone (at least 10 times) as compared to 

of OH radical was used to ensure that OH radical decay will follow first-order kinetics.  

7.3 Results and Discussion 

Measurements were carried out behind reflected shock waves at ~ 1.2 bar and varying 

temperatures between 900 – 1300 K; experimental conditions are listed in Table 1.  Two 

test gas mixtures of varying CPO and CHO concentrations were employed to ensure that 

the reaction under investigation is obeying pseudo first-order kinetics. Fig. 7.2 illustrates a 

representative OH time-history measured at 1218 K and 1.13 bar for CPO + OH (R1); the 

inset in Fig. 7.2 displays ln[OH] vs time plot demonstrating that OH decay follows first-

order kinetics. Nonetheless, we extracted overall rate coefficients for reactions R1 and R2 

by using detailed chemical kinetic model. For the detailed model, we added TBHP sub-

mechanism of Pang et al.[206] to the existing kinetic models for CPO and CHO developed 

by Thion et al.[100] and Serinyel et al.[105], respectively. We iteratively varied the rate 

coefficient of the target reaction to obtain the best match between the experimental and 
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simulated OH profiles. We employed Chemkin-Pro[207] software to simulate OH profiles 

using zero-dimensional batch reactor and constant U,V constraints. The red line in Fig. 7.2 

demonstrates an example of such simulation result, and also shown is the perturbation of 

± 50% from the best-fit value (k1 = 2.39  10-11 cm3molecule-1s-1 at 1218 K, 1.13 bar). The 

perturbation analysis shows strong sensitivity of k1 towards OH decay. Further hydroxyl 

radical sensitivity analyses show negligible contribution from secondary chemistries on the 

measured OH time-history (see Fig. 7.3). Also, we found negligible influence of the 

branching ratio on our determined overall rate coefficients. Accounting for uncertainties in 

the temperature (± 0.7%) of reflected shock wave, fitting the measured OH profile (± 6%), 

OH absorption coefficient (± 3%), test gas composition (± 5%), and locating time zero (± 

0.5 µs) gives an overall uncertainty (2) of  20% in our measured values of the rate 

coefficients. 

 

 

 
 

Fig. 7.2 A representative OH time-history plot for CPO + OH  products (R1) at 1218 K 

and 1.13 bar. Mixture composition: 300 ppm CPO and 22 ppm TBHP (~ 51 ppm H2O) in 

argon. 
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Fig. 7.3 OH sensitivity analysis for CPO + OH reaction at 1218 K and 1.13 bar.The OH 

sensitivity is defined as SOH = (∂XOH / ∂ki)×(ki / XOH), where the XOH is local OH mole 

fraction and ki is the rate constant of the ith reaction. 

 

Table 7.1 compiles the overall rate coefficients for k1 and k2 from current measurements. 

Arrhenius plots of these rate coefficients are shown in Fig. 7.4 along with the available 

literature data.  As stated earlier, there are no previous experimental data at high 

temperatures to compare with our data. The existing theoretical studies[100, 101, 208] do 

not accurately reproduce our experimentally measured rate coefficients, as shown in Fig. 

7.4.  

 

 

 

 

 

 



112 
 

Table 7.1: Measured rate coefficients for the reactions of OH radical with CPO and CHO. 

 

 

 

 

P5 T5 k/10-11 

bar K cm3molecule-1s-1 

Mixture 1: 400 ppm cyclopentanone, 20 

ppm TBHP (~ 47 ppm water) in argon 

1.14 982 1.38 

1.32 983 1.3 

1.62 983 1.33 

1.32 1152 1.93 

1.12 1236 2.33 

Mixture 2: 300 ppm cyclopentanone, 25 

ppm TBHP(~ 58 ppm water) in argon 

1.26 902 1.33 

1.39 924 1.38 

1.58 1085 1.5 

1.06 1128 1.66 

1.13 1218 2.39 

1.11 1222 2.44 

1.41 1225 2.16 

1.54 1297 2.56 

Mixture 3: 300 ppm cyclohexanone, 20 ppm 

TBHP (~ 47 ppm water)in argon 

1.12 1023 2.16 

1.27 1033 2.28 

1.14 1189 3.16 

Mixture 4: 300 ppm cyclohexanone, 40 ppm 

TBHP(~ 93 ppm water) in argon 

1.29 935 1.83 

1.22 949 1.99 

1.2 1107 2.66 

1.11 1219 3.16 

1.08 1251 3.57 

1.15 1331 3.82 

Mixture 5: 399.5 ppm cyclohexanone, 25 

ppm TBHP(~ 60 ppm water) in argon 

1.12 890 1.74 

0.90 1112 2.66 
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Fig. 7.4 Arrhenius plots for the total rate coefficients of CPO + OH and CHO + OH. 

Solid lines represent the 3-parameter Arrhenius expressions from this work. Dash and 

dash-dot-dot lines represent literature theoretical predictions. 

 

For CPO + OH (R1) reaction, both theoretical works[100, 101] exhibit very different 

reactivity behavior in terms of their temperature dependence. As can be seen in Fig. 7.4 

(blue dash-dot-dot line), the predicted rate coefficients from Zhou et al.[101] run almost 

parallel to the experimental data while over-predicting the experimental rate coefficients 

by a factor of ~2. This may suggest that the calculated energy barriers for R1 are nearly 

accurate, but the pre-exponential factor seems to have been over-estimated. The theoretical 

rate coefficients from Thion et al. [100] show stronger T-dependance while under-

predicting the single room temperature value of Dagaut et al.[209] but over-predicting our 

high-temperature data by roughly a factor of two. This may indicate that barrier heights 

predicted by Thion et al. [100] at G3//MP2/aug-cc-pVDZ level of theory are somewhat too 

high. At this level of theory, their predictions of all the transition states (TS) responsible 

for the hydrogen abstraction reactions lie higher in energy relative to the reactants (CPO + 



114 
 

OH). On the other hand, Zhou et al.[101] predicted negative barriers for some abstraction 

reactions at G4 and CCSD(T)/CBS levels of theory, e.g., TS abstracting equatorial 

hydrogen atoms at the -sites (E0 = -0.3 kcal/mol). Although the diffrence in the energy 

barriers is small (<1 kcal/mol) and remains within the uncertainty of the electronic energy 

calculations, it can have a large effect in the quality of the predicted rate coefficiens, as 

observed in these chemical systems.  

For CHO + OH (R2) reaction, Thion et al. [208] theoretical rate coefficients over-

predicated our experimental data by at least a factor of 2.5, but they under-predicted room-

temperature data of Dagaut et al.[209] by a factor of 1.4. This also suggests an 

overestimation of the barrier heights for the abstraction pathways of R2. Therefore, the 

existing theoretical models need to be further tuned by anchoring with these new 

experimental data from this work, and update accordingly in the kinetic models. As 

expected, cyclohexanone (CHO) shows larger overall reactivity towards OH radicals as 

opposed to cyclopentanone (CPO) due to the presence of two additional hydrogen atoms 

at the -sites. Combining the high-temperature data from this work with the single room-

temperature measurement from Dagaut et al.[209], the following three-parameter 

Arrhenius expressions are recommended for k1 and k2 over a wide range of temperatures:  

 

𝑘1(CPO + OH) = 1.07 × 10−13 (
𝑇

300𝐾
)
3.2

exp (1005.7
𝐾

𝑇
)           298 – 1297 K      (7.1) 

𝑘2(CHO + OH) = 3.12 × 10−13 (
𝑇

300𝐾
)
2.78

exp (897.5
𝐾

𝑇
)           298 – 1331 K      (7.2) 

As shown in Fig. 7.4, Eqs. (7.1) and (7.2) reproduce the experimental data remarkably well 

over the entire temperature range with an average absolute deviation of 7% and 3% for k1 

and k2, respectively. In the intermediate T-range, where experimental data are not yet 
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available, Eqs. (7.1) and (7.2) are still expected to reliably estimate the rate coefficients for 

two reasons: i) the tunneling is not severe for these reactions, e.g., tunneling correction 

factors are 1.8 and 1.2 at 500 and 1000 K, respectively[101]; ii) OH addition to the carbonyl 

group of cyclic ketones, leading to bimolecular products, which typically shows a complex 

kinetic behavior, is insignificant. We arrive to this conclusion by taking an analogy to 

dimethyl ketone + OH reaction where the contribution of addition channel is less than 1% 

over 500 – 2000 K.[210]   

 

 

 

Fig. 7.5 Comparison of the rate coefficients of cyclic ketones + OH with normal-chain 

ketones + OH counterparts. Also shown are predictions of structure activity relationship 

(SAR) multiplied by 0.7. 

 

Fig. 7.5 compares the reactivity of OH radicals with the cyclic ketones and their 

corresponding normal-chain ketone counterparts. Interestingly, within the uncertainties of 

the experiments, these cyclic ketones exhibit similar reactivity as their normal-chain ketone 
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counterpart for the temperature range of 900 – 1300 K. This may just be fortuitous as we 

expect a little variation in the barrier heights for the hydrogen abstraction from different 

chemical environments of these ketones by OH radicals. For instance, the transition state 

for the hydrogen abstraction of CH3-C(O)-CH3 via complex formation lies about 2.4 

kcal/mol above the reactant energy, whereas these are about 2.1 and 0.5 kcal/mol for CH3-

sites of CH3-C(O)-CH2-CH3 adjacent to and far from the carbonyl group, respectively, and 

the -CH2 site lies below the reactant by -0.1 kcal/mol. These barrier heights were calculated 

at G3 level of theory by Zhou et al.[210]. We caution for this sort of reaction analogy 

beyond 900 – 1300 K as these ketones of same carbon number do have different C-H 

chemical sites. As a result, they display variations in the reactivity with OH radicals as 

manifested by the difference in the temperature dependence of the rate coefficients from 

different chemical environments. We employed the structure-activity relationship 

(SAR)[211] to estimate the rate coefficients for R1 and R2, and found that SAR over-

estimated our experimental data. Similar reports were made by Lam et al.[178] for OH 

reactions with 2-butanone, 2-pentanone and 3-pentanone and by Badra et al.[212] for 2- 

and 3-hexanones. SAR predictions are multiplied by a factor of 0.7 to obtain a good 

agreement with the experimental data. We note here that similar value for the multiplicative 

factor (0.75) were used by earlier studies [178, 212] for ketones + OH reaction systems.  
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Fig. 7.6 Reactivity trends of C5-C6 cyclic ketones and corresponding hydrocarbons with 

OH radicals. 

 

In Fig. 7.6, we further compare the OH reactivity of cyclic ketones with that of C5 – C6 

cyclic and acyclic hydrocarbons from earlier reports of Pang et al.[206], Badra et al.[213] 

and Sivaramakrishnan and Michael[214]. As can be seen, the reactivity trend is found to 

be in the order k(cyclicketone + OH) < k(alkane + OH) < k(cyclicalkanes + OH) for a given 

length of carbon chain. Here, a couple of things may be noted: i) not surprisingly the 

number of secondary abstractable hydrogen atoms matter, e.g., k(pentane + OH) <  

k(hexane + OH), ii) type of chemical environments also play a crucial role, e.g., 

k(cyclohexanone + OH) <  k(cyclopentane + OH) despite of the fact that both molecules 

have 10 secondary hydrogen atoms, iii) total number of abstractable hydrogen atoms matter, 

e.g., k(cyclopentanone + OH) <  k(pentane + OH). Here, it is particularly interesting to note 

the slower reactivity of cyclohexanone as opposed to cyclopentane. In fact, one would 

expect the opposite reactivity trend since both molecules offer 10 secondary hydrogen 

atoms for abstraction, and the hydrogen abstraction reaction of cyclohexanone by OH 
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radicals is expected to largely occur at  C-H sites because these are significantly weaker 

than  or  C-H sites as well as the C-H sites of cyclopentane (see Fig. 7.7). Unexpectedly, 

the hydrogen abstraction reaction of OH radicals from the -sites of cyclic ketones are 

found to undergo slower reaction than that of -sites, which is in contrary to the trend 

observed for the hydrogen abstraction reactions of cyclic ketones by HO2, CH3, H and O 

radicals[100, 101]. This observation clearly hints towards the mechanistic differences for 

these reactions. Generally, the hydrogen abstraction reaction of OH radicals with 

oxygenates undergoes via addition-elimination mechanism forming complexes both at the 

entrance and exit channels which is not the case for (a) cyclic hydrocarbons + OH reactions. 

Here, the reactions of cyclic ketones + OH are not the exception either in terms of complex 

forming reactions as shown by recent theoretical works [100, 101]. These works have 

shown that H-abstraction at the close proximity of carbonyl group of cyclic ketones by OH 

radicals occurs via complex forming mechanism in an overall exothermic process, and in 

particular, the transition state responsible for the abstraction of -equatorial is relatively 

stable due to hydrogen bonding forming a six-member ring structure. This cyclization in 

the transition state lowers the energy barrier and also the entropy. Here, the entropy wins 

the competition making -channels react faster than -channel. Thion et al. [100] listed the 

entropy changes (S) for - and -channel of R1, in units of cal K-1 mol-1, to be 1.1 and 

7.1 at 1000 K, respectively. This effect is not pronounced for other reactions, e.g., cyclic 

ketones + HO2 [100, 101], and for these reactions, the relative barrier heights largely affect 

their rate coefficients. As for the cyclic alkanes + OH reactions, only direct abstraction 

pathways are feasible and their corresponding barrier heights display pronounced effect 

towards their reactivity.   
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Fig. 7.7  BDEs in kcal/mol. CPO and CP, CBS-QB3 (blue) and G3B3 (red) at 0 K Thion 

et al.[189], G4 (black) at 298.15 K Zhou et al.[190], exp. (italic)Tian et al.[205]. CHO 

Zaras et al. [193]; CH at G3 (blue) and exp. (italic) Tian et al.[205]. 

 

As outlined above, the oxidation kinetics of these cyclic ketones are very sensitive to the 

braching ratios of reactions R1 and R2. Therefore, we make a naïve attempt to discern the 

site-specific rate coefficients for R1 and R2. As seen Fig. 7.7, the bond dissociation 

energies at the  and  sites of CPO and CHO are comparable. Therefore, their reactivity 

towards OH at the corresponding sites can be assumed to be equal after ring strain factors 

are incorporated. For these reasons, we write: k1 = k1 + k1  F (k + k) and k2 = k2 + k2 

+ k2  (k + k + k); where we use F ~ 1 for ring strain correction from the experimental 

data of Sivaramakrishnan and Michael [214]. Although Zhou et al.[101] overall theoretical 

rate coefficients over-predicted experimental data by roughly a factor of two, the ratio k/ 

k  1.65 over 800 – 1400 K is assumed to be valid. With k/ k  1.65, using Eq. (7.1), we 
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derive the following three parameter Arrhenius expression for k (in units of cm3molecule-

1s-1): 

𝑘𝑎(𝑇) = 4.38 × 10
−14 (

𝑇

300𝐾
)
3.17

exp (978.4
𝐾

𝑇
)         800 – 1400 K      (7.3)   

 

Thereafter, with the known values of k and k, k can be deduced with the help of Eq. (7.2) 

which may be expressed by the following Arrhenius expression (in units of cm3molecule-

1s-1):  

𝑘(𝑇) = 1.23 × 10
−12 (

𝑇

300𝐾
)
1.45

exp (119.5
𝐾

𝑇
)           800 – 1400 K    (7.4) 

The derived rate coefficient for k agrees reasonably well, with an average deviation of 

+17%, with the value from Sivaramakrishnan and Michael[214] for cyclohexane + OH 

reaction. This slightly increased reactivity of k as compared to that of cyclohexane + OH 

reaction may be attributed to the slightly lower (~ 1 kcal/mol) C-H bond dissociation 

energy (see Fig. 7.7).   

 

7.4 Conclusions 

Cyclic ketones have caught significant attention of the combustion community because 

they can be derived from biomass and display desirable combustion characteristics for 

application in future advance combustion engines. We have, for the first time, investigated 

hydrogen abstraction reactions of C5-C6 cyclic ketones by OH radicals under combustion 

relevant conditions. We employed shock tube/laser diagnostic technique to follow the 

kinetics of OH radical reactions with C5-C6 cyclic ketones over a wide range of 

temperatures (T = 900 – 1300 K). Under the current experimental conditions, cyclic ketones 

+ OH are found to exhibit similar reactivity as that of similar carbon length acyclic ketones 
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+ OH reactions. Earlier theoretical studies are unable to accurately predict the measured 

rate coefficients. However, by incorporating a correction factor of 0.7, SAR captured the 

experimentally measured temperature dependence of the rate coefficients for R1 and R2 

reasonably well. These new data would prove beneficial to significantly improve the global 

performance of the oxidation kinetic models of cyclic ketones.     
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8 On The Reaction of OH Radicals with Aromatics 

 

8.1 Introduction  

In this chapter, the overall rate coefficients for reactions (1-2) are measured. The site-

specific rate coefficients are also discussed for OH + 1,3,5-trimethylbenzene (TMB) 

reaction. 

1,3,5-TMB+OH→ Products          (R1) 

1,2,4-TMB+OH→ Products          (R2) 

 

8.2 Experimental Details 

Details of the experimental setup may be found in Chapter 2. The chemicals used in the 

experiments are 70 % TBHP in water solution, 1,2,4-TMB (99.5% purity), and 1,3,5-TMB 

(99.5% purity) from Sigma-Aldrich. The driver gas helium (99.999%) and bath gas argon 

(99.999%) are purchased from Abdullah Hashim Gases.  

8.3 Results and Discussion 

8.3.1 High Temperature Rate Coefficients  

The overall rates are measured for OH + 1,3,5-TMB and OH + 1,2,4-TMB reactions over 

975 ~ 1318 K behind the reflected shock wave. The gas mixtures in measurement consists 

of 152 – 200 ppm TMB isomers and 12 – 17 ppm TBHP with balance argon. The 

concentration of fuel and TBHP are carefully designed so that the reaction follows the rule 

of pseudo-first-order condition. In extracting the rates from raw data, we run Chemkin 

Pro[215] simulation with a variation of OH + TMB rates until the best-fit of the measured 

OH mole fraction is obtained. The model from Weng et al. [119]and Wang et al.[117] are 
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used as the base model for 1,2,4-TMB an 1,3,5-TMB respectively. And the TBHP sub-

mechanism is added per the suggestion of Pang et al.[142] The titled reactions are found 

to be the dominating reaction in consuming OH radicals over the experimental temperature 

range. Fig. 8.1 shows a representative best-fit plot for 1,2,4-TMB + OH reaction at 1073 

K. The inset of Fig. 8.1 plots ln[OH] vs time plot and the linearity validates the  pseudo-

first-order condition of our measurement. Similar methods are used in determining the rates 

for remaining conditions and for 1,3,5-TMB + OH reaction.  

 

   

Fig. 8.1 Best-fit of hydroxyl radical time-history for the reaction of 1,2,4-TMB + OH  

products at 1073 K. Detailed gas mixture information are listed in Table 8.1. Inset shows 

the linearity of ln[OH] vs time plot. 

  

 

The determined rates are plotted in Fig. 8.2 and listed in Table 8.1. Both reactions shows 

similar activation energy and a positive temperature dependence. No pressure dependence 

is observed in our measurements. The 1,3,5-TMB shows a higher reactivity towards OH 

radicals compared with 1,2,4-TMB. Both datasets are fitted into Arrhenius expression 
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which is also plotted in Fig. 8.2 as solid lines. In the unit of cm3molecule-1s-1, the 

expressions are given: 

 

𝑘(1) = 2.27 × 10−9 exp (−5430.2
𝐾

𝑇
)     (8.1) 

𝑘(2) = 1.38 × 10−9 exp (−5221.9
𝐾

𝑇
)     (8.2) 

 

 

 

Fig. 8.2 Determined rate coefficients for the reactions of 1,3,5-TMB + OH and 1,2,4-TMB 

+ OH. The solid lines indicate Arrhenius fitting of measurement. The 20% error bar is 

plotted for representative data point. 

 

The uncertainty analysis is conducted for OH + 1,2,4-TMB at 1073 K . The main error 

source includes the temperature determination (±0.7%), fitting the rates (±6 %), 

determining time 0 (±0.5 µs), wavelength record (±0.001 cm-1), calculating the OH 

absorption coefficient (±3%) and concentration of gas mixture component (±5%).The root-
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mean-square method gives an overall uncertainty of ±18%. We present the uncertainty in 

all the determined rate coefficients to be roughly ±20 %. 

Table 8. 1 Measured rate coefficients for the reactions of OH + 1,2,4-TMB and 1,3,5-

TMB + OH. The bath gas is argon. 

P5 T5 k 

bar K 10-11cm3molecule-1 s-1 

152 ppm 1,3,5-TMB, 15 ppm TBHP (50 

ppm H2O) 

1.48 975 1.03 

1.53 1033 1.17 

1.47 1055 1.22 

1.34 1083 1.29 

1.46 1116 1.83 

1.4 1175 1.99 

1.23 1225 2.99 

1.33 1226 2.96 

1.52 1288 3.16 

1.16 1318 3.65 

200 ppm 1,2,4-TMB, 17 ppm TBHP (40 

ppm H2O) 

1.82 1099 1.33 

1.05 986 0.63 

1.3 1229 1.83 

1.24 1235 1.74 

1.22 1305 2.49 

1.42 1213 1.83 

1.46 1155 1.58 

1.57 1139 1.66 
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8.3.2 Comparison with Low-Temperature Data 

The measured rates in this work are compared with low-temperature literature value. In 

Fig. 8.3, the low-temperature measurement of Doyle et al. [216], Hansen et al. [217], Perry 

et al. [120], Atkinson and Aschmann [121],Tomohiro and Toshiro[218], Aschmann et 

al.[219], and Bohn and Zetzsch [220] for the reaction of 1,3,5-TMB are compared with our 

high-temperature rates(See table E1 for a comprehensive review on the literature work). 

The previous experimental determinations of the rates are limited below 500 K and clearly 

exhibits a negative temperature dependence, which is the opposite of the high-temperature 

data. This probably indicates the importance of abstraction reaction channel in our 

temperature range. The room-temperature rates show a higher overall reactivity than the 

high-temperature rates. Wang et al. [117] calculated the abstraction rates from methyl 

groups and implemented them in their kinetic model. The abstraction from aromatic C-H 

bonds was not calculated but borrowed from the reaction of benzene + OH. In Fig. 8.3 we 

also plot the overall rates used in the model of Wang et al.[117]. Their calculation in high-

temperature range agrees with our measurement in the order of magnitude, but 

underestimates our measured activation energy. Besides, the value used in the model shows 

the monotone increasing property with temperature and thus greatly underestimated low-

temperature reactivity. For a better description of the reactivity over the wide temperature 

range, an expression covering the low-to-high temperature data is fitted. We fitted most of 

the measurements rates in Fig. 8.3 into a 6-parameter Arrhenius expression. All of the 

measured rates in Fig. 8.3 are used fitting this expression excluding that of Aschmann et 

al. [219] and Tomohiro and Toshiro [218]. The activation energy from Aschmann et 
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al.[219] data deviates from that of Perry et al.[120] and Bohn and Zetzsch [220].The 

inclusion of this dataset would lead to the failure of curve fitting. In the unit of 

cm3molecule-1s-1, the following expression is given over 275 – 1318 K:  

𝑘(1) = 3.3 × 1042𝑇−14.3 exp (−24987.2
𝐾

𝑇
) + 5.04 × 10−4𝑇−2.56 exp (−410.2

𝐾

𝑇
) (8.3) 

 

This expression includes most of the measured data so far and suggested to be implemented 

in relevant aromatic models for a wide range of temperature conditions. 

 

Fig. 8.3 Comparison of 1,3,5-TMB + OH rate coefficients. The orange dash line is 

generated fitting the data of Doyle et al.[218],Hansen et al.[219],Perry et 

al.[220],Atkinson and Aschmann [222],Bohn and Zetzsch [225], Wang et al. [236]  and 

value from this work. 

 

Similarly, for 1,2,4-TMB, our high-temperature rates are compared with literature values 

as plotted in Fig. 8.4. Previous measurements are limited to low-temperature range. The 

only two study that covers temperature dependency from Perry et al.[120] and Bohn and 

Zetzsch [220] both exhibit a negative temperature dependence. The calculation from Weng 
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et al. [119] for abstraction of 1,2,4-TMB + OH is also compared in Fig. 8.4. Their 

calculation are conducted for a wide range of temperatures and shows a monotonically 

increasing temperature dependence, and here only the high-temperature part is plotted. 

Again the low-temperature calculations exhibit a large discrepancy from literature 

measurements. The high-temperature rates in Weng et al. [119]’s model are 2 times slower 

than our measurement and also underestimates our measured activation energy. For 

comprehensive description of the low-to-high temperature reactivity, a 6-parameter 

Arrhenius expression is fitted using all the measured rates in Fig. 8.4. This new expression 

would prove useful implemented to relevant kinetic models. In the unit of cm3molecule-1s-

1, the expression is given over 275 – 1305 K: 

𝑘(2) = 1.1 × 1042𝑇−14.2 exp (−25671.02
𝐾

𝑇
) + 2.23 × 10−10𝑇−0.53 exp (325.3

𝐾

𝑇
)(8.4) 

 

 

Fig. 8.4 1,2,4-TMB + OH rates from this work, in comparison with value from Doyle et al. 

[218], Hansen et al. [219], Perry et al. [220], Tomohiro and Toshiro [221], Atkinson and 

Aschmann [222], Bohn and Zetzsch [225].Blue dash line for value of Weng et al. [230] 
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8.3.3 Site-specific Rates for 1,3,5-TMB + OH  

This symmetry structure property allows us to discuss the site-specific rates using simple 

assumptions. In 1,3,5-TMB molecules there are two types of C-H bonds. One from the 

methyl group (kCH3) and the other from the benzene C-H site (marked as kA-H). By assuming 

the substitution of CH3 in benzene ring has minor effect on its neighboring benzene C-H 

bond, we can extract the site-specific rates.  In other words, the aromatic C-H bonds in 

1,3,5-TMB shares similar reactivity with that of benzene. The OH + benzene rate 

coefficients are taken from the work of Seta et al.[221] 

In the unit of cm3molecule-1s-1, the following site-specific rates are obtained for the reaction 

of OH +1,3,5-TMB over 1000 ~ 1300 K: 

𝑘𝐶𝐻3 = 8.64 × 10
−10 exp (−5735.9

𝐾

𝑇
)      (8.5) 

𝑘𝐴−𝐻 = 1.33 × 10
−11 exp (−3199.4

𝐾

𝑇
)      (8.6) 

The result is plotted in Fig. 8.5 in comparison with the value of Wang et al.[117]’s model. 

The value from both works agree that the abstraction from both CH3 and A-H sites become 

faster with increasing temperature. The abstraction from CH3 site is find to be the 

dominating channel over the 1000 ~ 1300 K. Also, both works show that the abstraction 

from methyl group becomes increasingly important at higher temperature. The value from 

Wang et al.’s model underestimates the absolute rate coefficients from both sites. 

Quantitatively this work shows that at 1300 K almost 90% of abstraction occurs at the CH3 

site.  
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Fig. 8.5 High-temperature site-specific rates for 1,3,5-TMB + OH. Value from this work 

in comparison with Wang et al. [236] model 

 

8.4 Conclusions 

This work presents the first high-temperature rate coefficients measurement for the 

reactions of 1,3,5-TMB + OH and 1,2,4-TMB + OH. Both reactions shows positive 

temperature dependence, and no pressure dependence are observed for both reactions at 

high temperatures 975 - 1318 K. The 1,3,5-TMB reacts faster with OH radicals than 1,2,4-

TMB. Combined with literature work, the 6-parameter Arrhenius expressions are given to 

describe the complex chemistry of both reactions over a wide temperature range. These 

expressions are suggested to be included in future kinetic models. The site-specific rates 

for 1,3,5-TMB + OH are discussed using simple calculation. The abstraction from methyl 

group dominates at high-temperature condition.  
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9 Summary and Future Work 

 

In this thesis, rate coefficients for reactions of OH + various families of hydrocarbons are 

measured over a wide range of temperatures. The determination of the overall rate 

coefficients is not sufficient for modeling and the channel-specific information is necessary 

when implementing the rates in the models. For more straightforward and effective 

application of these overall rate coefficients, site-specific contribution from various C-H 

bonds is determined with different methods.  

Chapter 3 takes advantage of the fact that the OH + alkanes reactions exhibit simple 

temperature dependence (rate coefficients monotonically increase with temperature), and 

distribute the overall rate coefficients to primary, secondary and tertiary C-H bonds 

classified by N-N-N method. The strength of this method lies in the ability to predict the 

rate coefficients for large and/or highly-branched alkanes, where both experiments (for the 

low-vapor pressure of molecules) and calculations (for the expensive computing resource) 

are not quite feasible. Furthermore, this is a self-consistent method where all rate 

coefficient values come from experiments.  

Chapters 4 and 5 introduce the deuteration effect in the C-H bond of methanol and 

acetaldehyde. The inhibition effect of deuterium in the reactivity is measured and the DKIE 

value is utilized for quantifying the site-specific contributions from different channels. The 

results from these two chapters are not only suggested to be implemented in the future 

relevant combustion models of methanol and acetaldehyde, but also give insights to the 

chemical study of alcohol/aldehyde families. In fact, Pinzón et al [222] adopted our latest 

value for OH + methanol reaction and observed a general improvement in the AramcoMech 

3.0[8] model while predicting water formation from methanol oxidation.  
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Chapters 6 and 8 present the overall rate coefficient measurements for the reaction OH + 

cyclohexadienes (CHDs) and OH + trimethylbenzenes (TMBs). Both reactions play a role 

in the formation of PAHs and the complex temperature dependence is observed for both 

reactions. To describe the complex temperature dependence, a six-parameter Arrhenius 

expression is needed which makes it challenging to study the site-specific rate coefficients 

using, for example, the N-N-N method. In these cyclic molecules, there are more than three 

types of C-H bonds which makes it infeasible to utilize the deuteration method.  

In Chapter 7, bio-derived cyclic ketones are found to exhibit similar reactivity as that of 

similar carbon length acyclic ketones + OH reactions. The SAR (structure-activity 

relationship) prediction is not able to predict the rates of cyclic ketones + OH reactions. 

However, by incorporating a correction factor of 0.7, SAR captures the temperature 

dependence of the rate coefficients quite well. 

An overall comparison of the results of this thesis reveals interesting observations, and 

some of these are discussed below. 

9.1 Temperature Dependence 

Though most of the rate coefficients measurements are conducted in our lab for high-

temperature conditions, the low-temperature rate coefficients (either form our collaborators 

or from literature work) are also included in fitting the overall Arrhenius expressions. 

Different temperature dependence is observed for various families of hydrocarbons.  
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Fig. 9.1 Different types of temperature dependence for OH + Fuel reactions  

 

Fig. 9.1 plots three typical shapes for OH + Fuel reaction temperature dependence in 

arbitrary units. This is only a qualitative illustration and the temperature turning point 

differs from case to case. The OH + alkanes [31, 214, 223-226] reactions usually follow 

Type 1, where the overall rate coefficients increase monotonically with temperature. For 

these reactions, SAR [28, 29] predictions generally agree with the measurements. The OH 

+ alkenes [227-230] and OH + alkynes [227, 231] reactions usually fall in Type 2. When 

we further increase the unsaturated C-C bond in the hydrocarbons, di-olefins + OH 

reactions [231-233] tend to exhibit Type 3 curve. Dienes with conjugated C=C bond tend 

to show a deeper well compared with their counterparts without conjugated C=C bond. 

Generally, for the cases summarized above, molecules with more unsaturated portion tend 

to exhibit a higher reactivity at room temperature. Fig. 9. 2 compares the reactivity for C5 

hydrocarbons with different portions of unsaturation. The room-temperature and high-

temperature reactivity of these compounds exhibit significant difference. As discussed 

above, molecules with more unsaturated bonds shows more complex reaction mechanism. 
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Measurements of OH + unsaturated hydrocarbons reactions are not adequate in literature, 

especially for large alkynes. These could be interesting topics for future researchers to 

investigate.  

 

Fig. 9. 2 Unsaturation effect on the reactivity with OH radicals. Data source: 1,3-pentadiene 

(trans) from Khaled et al.[233]; cyclopentadiene from Jin et al. [234]; 1-pentene from 

Khaled et al.[229];n-pentane from Sivaramakrishnan and Michael [31]. 

When adding oxygen atoms to the molecule, even within the same chemical family, the 

reaction with OH can exhibit different temperature dependence. For small alcohol 

molecules like methanol [235, 236] and ethanol [237], their reactions with OH follow Type 

1 curve, and larger molecules like butanol [238, 239], and pentanol [240] exhibit Type 2. 

A similar phenomenon is observed for OH + ethers reactions. Dimethyl ether + OH [241-

243] reaction rate coefficients monotonically increase with temperature,  while the reaction 

OH + ethyl ether [244, 245], propyl ether [244, 246] and butyl ether [244, 247] all follow 

Type 2. In our group, we have investigated the reaction of these four ethers with OH and a 

comprehensive understanding of the overall reactivity as well as site-specific contribution 

will be discussed in a future work[248]. The OH + aldehyde reactions show a consistent 
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temperature [175] dependence following Type 2. The OH + benzene reaction [221, 249] 

rate coefficients follow Type 1. But most of the alkyl-substituted aromatics like toluene 

[221, 250], oxylene [251], and trimethylbenzne take Type 2 temperature dependence. 

Experiments of aromatic molecules are generally challenging due to the molecules’ toxicity, 

relatively low-vapor pressure, as well as broadband UV spectroscopic interference.  

9.2 Effect of Molecular Size and Structure 

For hydrocarbons with similar structure, molecules with larger size have more C-H bonds 

and usually react faster with OH. Fig. 9.3 compares rates for the reaction of OH with 

alkanes of different sizes. The value from different a group generally exhibits similar 

activation energy and almost equidistant intervals for adjacent two molecules. The rate 

coefficients increase with molecular size in this plot, but this is not always the case when 

methyl branches with different size and locations are added to the molecules. 

 

Fig. 9.3  Comparison of rate coefficients for OH + normal alkanes with different carbon 

numbers. Data source: n-C7 and n-C5[31] ; n-C6[225]; n-C4 and n-C3[226] 
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Fig. 9.4 compares the rate coefficients for the reactions of OH with four heptane isomers. 

Branched structure tends to inhibit the reactivity of heptane isomers and the reaction of OH 

+ n-heptane exhibits the smallest activation energy and overall fastest rate coefficients 

among the four reactions. The difference in the heptane isomers’ rate coefficients shrinks 

as temperature increases. This hints at the possibility of a large branched alkane reacting 

slower with OH than its smaller normal-chain counterpart. One typical example comes 

from the two octane number reference fuels, n-heptane and isooctane. The fact that 

isooctane possesses better resistance to knocking indicates its slower reactivity with OH 

than n-heptane. This argument holds true for a series of molecules, as shown in Fig. 9.5. 

Though isooctane contains more C-H bonds, the highly-branched structure increases the 

amount of primary C-H bonds (15). On the other hand, n-heptane contains only 6 primary 

C-H bonds. Though larger in size, isooctane exhibits slower reactivity with OH radicals. 

Another interesting comparison is between formaldehyde and acetaldehyde, where the C2 

aldehyde exhibits slower reactivity than the C1 aldehyde [175]. 
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Fig. 9.4 Comparison of the rate coefficient for four OH + heptane isomers. Data source: n-

heptane [31]; 3-ethyl-pentane, 2,3-dimethyl-pentane, and 2,2,3-trimethylbutane [223] 

 

The inverse relationship between OH + Fuel rate coefficients and fuel MON (motor octane 

number) value holds true for many fuels. Fig. 9.5 plots MON of n-alkanes in comparison 

with the rate value at 422 K, the temperature for MON test. The inverse relationship 

between rate coefficients and MON ratings holds correct for C5 to C9 normal alkanes. 

Comparison to larger normal alkanes is not feasible due to the absence of experimental 

data. Note that C3 and C4 normal alkanes are not exactly following the trend. This needs 

to be investigated in future works. 
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Fig. 9.5 The inverse relationship between OH + Fuel rate coefficients and MON rating. 

Data source: n-nonane [24, 252-254]; iso-octane [26]; n-octane, n-heptane, n-hexane, and 

n-pentane [31]; n-butane and n-propane [226] 

9.3 Comparison among Organic Families 

The comparison between various C4 organics families is plotted in Fig. 9.6. Generally, in 

the high-temperature range, all included molecules show a positive temperature 

dependence. In terms of the rate coefficient values, the chemical species are ordered as: 

ethers, alcohols, alkanes, ketones, and furan. Diethyl-ether reacts faster with OH compared 

to its alkane counterpart with the same carbon number, n-butane. Both reactions exhibit 

similar activation energy. Note that the introduction of hydroxyl function group enhances 

the reactivity of alcohols. Alcohol molecules usually show higher reactivity in reactions 

with OH radicals compared to alkanes with the same carbon size. Similar arguments can 

be made between methane and methanol, ethane and ethanol. Ketones contain 2 less C-H 

bonds compared with alkanes having the same carbon number, which makes their rate 
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coefficients slower than the latter compounds. The introduction of C=O bond hinders its 

reactivity. The furan contains 2 unsaturated C=C bonds in the ring structure and 4 less C-

H bonds compared to 2-butanone; therefore, furan exhibits the slowest reactivity among 

all the chemicals included here.  

 

Fig. 9.6 Rate coefficient comparison for C4 organics. Sources of rate coefficients: 

diethylether from Belmekki el al. [248]; n-butane from Sivaramakrishnan and Michael 

[226]; 2-butanol from Pang et al. [142]; 2-butanone from Lam et al. [178] and furan from 

Elwardny et al. [255] 

In this thesis, the kinetics of various 6-member ring organics are investigated and it is 

interesting to compare with literature works. Fig. 9.7 plots the rate coefficients for various 

6-member ring organics. Generally, in the high-temperature range, all molecules show a 

positive temperature dependence. The reactivity difference between molecules shrinks at 

higher temperatures. Cyclohexane reacts fastest with OH, followed by cyclohexadiene and 

cyclohexanone. The unsaturated bond in the later 2 molecules results in fewer C-H bonds 

compared with cyclohexane. Though not measured, cyclohexene reactivity should 

probably lie between cyclohexane and 1,3-cyclohexadiene. Benzene + OH reaction is 
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roughly 5 – 10 times slower than the other 3 molecules due to the difficulty of abstract H 

atoms from the ring structure and stronger C-H bond energy.  

 

 

 

Fig. 9.7 Rate coefficient comparison for 6-member ring organics. Data source: cyclohexane 

from Sivaramakrishnan and Michael [214]; 1,3-cyclohexadiene and cyclohexanone from 

this thesis, and benzene from Seta et al. [221] 

9.4 Future plan 

There are a few exciting ideas derived from this thesis for future work. Two representative 

research plans are briefly described here.  

9.4.1 A High-Temperature Precursor for OH Radical 

Most of the high-temperature measurements in this work are limited to temperatures below 

1350 K. This is due to the fact that the OH radical precursor, TBHP, starts to decompose 

in the incident shock wave at high temperatures, which leads to additional uncertainties in 

the overall determined rate constant.  
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The exploration and testing of high-temperature precursors started early in our lab. The 

application of nitric acid (HNO3) as OH precursor for the higher temperature range has 

been investigated. The mixture of HNO3/Fuel/Argon was left in the mixing tank for two 

hours to reach homogeneity. However, we did not observe any OH formation in the 

subsequent shock tube experiments. Later when we injected nitric acid vapor directly in 

the shock tube, plenty of OH radicals were observed. The adsorption of molecules, 

containing nitrogen atoms, to the stainless-steel walls makes it challenging to prepare the 

mixture. This problem may be solved by introducing a flow system. The prepared 

homogenous mixture of Fuel/Argon flows through a glass container with nitric acid and in 

to the shock tube. This method was used successfully while studying the recombination of 

phenyl radicals [256], where nitrosobenzene was used as a phenyl radical precursor.   

9.4.2 Revisiting the Branching Ratio of OH + Propene Reaction 

In this dissertation, the branching ratio for OH + methanol and OH + acetaldehyde reactions 

are studied using isotopic effect. Another interesting direction is to study the reaction 

branching ratio using pure-experimental method. Propene is an important component of 

liquefied petroleum gas and common combustion intermediates species. The reaction 

between OH and propene proceeds through various pathways. The three abstraction 

channels R (9.1-9.3) are listed below. A comprehensive study on the branching ratio of OH 

+ propene reaction was conducted in our lab [230] by taking advantage of the deuteration 

effect. In that work, the abstraction from allylic C-H bonds was found to be the dominant 

reaction pathway. However, the quantification of site-specific rate coefficients was 

dependent on some assumptions. One assumption was that the vinylic DKIE (deuterated 

kinetic isotopic effect) is the same in ethylene and propene.  
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CH2CHCH3 + OH  CH2CHCH2
(allyl radical) + H2O    (9.1) 

CH2CHCH3 + OH  CHCHCH3 + H2O      (9.2) 

CH2CHCH3 + OH  CH2C
CH3 + H2O      (9.3) 

Recently, we have developed a diagnostic method for allyl racial detection near 220 nm 

[257] [258] in our lab using the Tsunami Ti-Sapphire laser, which offers us the opportunity 

to revisit propene + OH reaction and justify the previously employed assumptions. The 

quantitative time-history profile of allyl radical was measured in the study of allyl + OH as 

well as allyl + NOx reactions. Note that among all of the OH + propene reaction channels, 

only the H atom abstraction by OH from the allylic C-H site (reaction 9.1) yields allyl 

radicals. The simultaneous detection of reactant OH radicals and product allyl radicals 

reveals the contribution of channel 9.1 to the overall reaction. This two-color measurement 

scheme will be quite accurate in quantifying the branching ratio of this very important 

reaction. 
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APPENDIX A: Experimental Details for OH + Alkanes Projects 

 

Table A1: Composition of gas mixtures used in high-temperature measurements. 

  
[Alkane] [TBHP] [H2O] [Argon] 

  
ppm ppm ppm ppm 

2-methyl-3-ethyl-pentane  
mixture 1 200 20 46.7 999733.3 

mixture 2 304 25 58.3 999612.7 

2,3-dimethyl-pentane  
mixture 1 200 15 35.0 999750.0 

mixture 2 300 25 58.3 999616.7 

2,2,3-trimethyl-butane  
mixture 1 200 15 35.0 999750.0 

mixture 2 300 25 58.3 999616.7 

2,2,3-trimethyl-pentane  mixture 1 303 25 58.3 999613.7 

2,3,4-trimethyl-pentane  mixture 1 302 25 58.3 999614.7 

3-ethyl-pentane  
mixture 1 300 25 58.3 999616.7 

mixture 2 300 25 58.3 999616.7 

2,2,3,4-tetramethyl-pentane  mixture 1 200 15 35.0 999750.0 

2,2-dimethyl-3-ethyl-pentane  
mixture 1 200 20 46.7 999733.3 

mixture 2 300 20 46.7 999633.3 

2,4-dimethyl-3-ethyl-pentane  
mixture 1 200 20 46.7 999733.3 

mixture 2 302 20 46.7 999631.3 

 

Table A2: High-temperature experimental rate constant data for alkanes + OH ⇒ products. 

T5 (K) P5 (atm) k (cm3molecule-1s-1) 

2-methyl-3-ethyl-pentane (k1) 

1357 1.62 5.15 × 10-11 

1262 1.29 5.24 × 10-11 

1218 1.35 4.68 × 10-11 

1157 1.49 4.42 × 10-11 

1145 1.34 3.96 × 10-11 
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1092 1.24 3.99 × 10-11 

1052 1.79 3.12 × 10-11 

994 1.34 2.68 × 10-11 

2,3-dimethyl-pentane (k2) 

1294 1.26 4.86 × 10-11 

1280 1.44 4.75 × 10-11 

1262 1.30 4.68 × 10-11 

1202 1.59 4.43 × 10-11 

1188 1.35 4.11 × 10-11 

1165 1.26 4.15 × 10-11 

1161 1.37 3.89 × 10-11 

1118 1.41 3.45 × 10-11 

1052 1.40 3.16 × 10-11 

1000 1.37 2.86 × 10-11 

995 1.55 2.82 × 10-11 

985 2.00 2.76 × 10-11 

979 1.78 2.75 × 10-11 

2,2,3-trimethyl-butane (k3) 

1350 1.19 5.68 × 10-11 

1235 1.19 4.30 × 10-11 

1201 1.27 3.97 × 10-11 

1194 1.26 3.89 × 10-11 

1155 1.33 3.62 × 10-11 

1145 1.34 3.56 × 10-11 

1037 1.23 2.88 × 10-11 

1001 1.47 2.64 × 10-11 

2,2,3-trimethyl-pentane (k4) 

1316 1.23 6.50 × 10-11 

1267 1.27 5.53 × 10-11 
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1228 1.32 4.76 × 10-11 

1171 1.54 4.08 × 10-11 

1117 1.31 3.49 × 10-11 

1057 1.49 2.98 × 10-11 

967 1.47 2.42 × 10-11 

966 1.72 2.52 × 10-11 

881 1.52 2.32 × 10-11 

850 1.65 1.83 × 10-11 

2,3,4-trimethyl-pentane (k5) 

1428 1.22 6.69 × 10-11 

1326 1.34 6.36 × 10-11 

1223 1.26 4.54 × 10-11 

1201 1.29 4.47 × 10-11 

1148 1.23 3.73 × 10-11 

1074 1.31 3.36 × 10-11 

1070 1.19 3.32 × 10-11 

1026 1.66 3.45 × 10-11 

1020 1.40 3.37 × 10-11 

971 1.74 3.06 × 10-11 

3-ethyl-pentane (k6) 

1392 1.92 6.14 × 10-11 

1325 1.56 5.41 × 10-11 

1298 1.66 5.24 × 10-11 

1272 1.61 5.11 × 10-11 

1126 1.90 4.30 × 10-11 

1103 1.60 3.96 × 10-11 

1043 1.24 3.73 × 10-11 

1010 1.81 3.32 × 10-11 

2,2,3,4-tetramethyl-pentane (k7) 
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1276 1.17 5.13 × 10-11 

1235 1.50 4.00 × 10-11 

1214 1.79 5.00 × 10-11 

1191 1.23 3.81 × 10-11 

1144 1.46 3.35 × 10-11 

1053 1.48 2.82 × 10-11 

1014 1.54 2.86 × 10-11 

941 1.47 2.37 × 10-11 

2,2-dimethyl-3-ethyl-pentane (k8) 

1364 1.63 8.05 × 10-11 

1301 1.36 7.08 × 10-11 

1222 1.50 5.57 × 10-11 

1207 1.34 5.30 × 10-11 

1182 1.24 4.49 × 10-11 

1146 1.71 4.00 × 10-11 

1143 1.22 3.99 × 10-11 

1100 1.37 4.28 × 10-11 

1069 1.71 3.32 × 10-11 

971 1.65 2.91 × 10-11 

948 1.58 2.47 × 10-11 

2,4-dimethyl-3-ethyl-pentane (k9) 

1422 1.57 7.68 × 10-11 

1395 1.52 7.03 × 10-11 

1250 1.44 5.00 × 10-11 

1135 1.80 4.15 × 10-11 

1098 1.36 4.07 × 10-11 

983 1.87 3.45 × 10-11 

947 1.57 3.24 × 10-11 

939 1.51 3.09 × 10-11 
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933 1.87 3.06 × 10-11 

 

 

 

 

 

 

Table A3: Summary of experimental conditions and intercept (indication for H2O2 concentration) 

for low-temperature rate constant experiments. 

Alkane []min - []max kobs,min  - kobs,max k   I 

 1014 cm-3  10-12 cm3 s-1  s-1 

2-methyl-3-ethyl-pentane (k1) 0.66 – 3.06 991 - 2808 7.55 ± 0.05 496 ± 11 

2,2,3-trimethyl-pentane (k4) 0.77 – 3.60 690 - 2012 5.54 ± 0.07 323 ± 14 

3-ethyl-pentane (k6) 0.84 – 3.81 1024 - 2935 6.32 ± 0.12 507 ± 31 

2,2,3,4-tetramethyl-pentane (k7) 0.61 – 3.05 809 - 2359 5.44 ± 0.15 425 ± 37 

2,2-dimethyl-3-ethyl-pentane (k8) 0.54 – 2.44 767 - 1877 5.77 ± 0.08 469 ± 13 

2,4-dimethyl-3-ethyl-pentane (k9) 0.72 – 3.31 911 - 3154 8.66 ± 0.25 335 ± 57 
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Fig. A1. Arrhenius plot of 2,3,4-trimethyl-pentane + OH ⇒ products over 244-1428 K. 

 

 

Fig. A2. Arrhenius plot of 2,2,3-trimethyl-pentane + OH ⇒ products over 294-1316 K. 
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Fig. A3. Arrhenius plot of 3-ethyl-pentane + OH ⇒ products over 294-1392 K. 

 

Fig. A4. Arrhenius plot of 2,2,3,4-tetramethyl-pentane + OH ⇒ products over 294-1276 

K. 
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Fig. A5. Arrhenius plot of 2,2-dimethyl-3-ethyl-pentane + OH ⇒ products over 294-1364 

K. 

 

 

Fig. A6. Arrhenius plot of 2,4-dimethyl-3-ethyl-pentane + OH ⇒ products over 294-1422 

K. 
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Table A4: Sub-mechanisms for alkane + OH ⇒ products[143]. 

Reaction 

Pre-

exponential 

Factor (A) 

(cm, mol, s) 

Temperature 

exponent 

(B) 

Activation 

energy 

(cal/mol) 

c8h18-2-3 + oh  c8h17-2-3a+ h2o 1.056E+10 0.97 1590 

c8h18-2-3 + oh  c8h17-2-3b+ h2o              5.73E+10 0.51 63 

c8h18-2-3 + oh  c8h17-2-3c+ h2o 5.73E+10 0.51 63 

c8h18-2-3 + oh  c8h17-2-3d+ h2o 9.36E+07 1.61 -35 

c8h18-2-3 + oh  c8h17-2-3e+ h2o 1.056E+10 0.97 1590 

 

2-methyl-3-ethyl-pentane 

c7h16-2-3 + oh  c7h15-2-3a+ h2o 1.056E+10 0.97 1590 

c7h16-2-3 + oh  c7h15-2-3b+ h2o 5.73E+10 0.51 63 

c7h16-2-3 + oh  c7h15-2-3c+ h2o 5.28E+09 0.97 1590 

c7h16-2-3 + oh  c7h15-2-3d+ h2o 5.73E+10 0.51 63 

c7h16-2-3 + oh  c7h15-2-3e+ h2o 4.68E+07 1.61 -35 

c7h16-2-3 + oh  c7h15-2-3f+ h2o 5.28E+09 0.97 1590 

  

  

 

2,3-dimethyl-pentane 

  

  

c7h16-2-2-3 + oh  c7h15-2-2-3a+ h2o 1.584E+10 0.97 1590 

c7h16-2-2-3 + oh  c7h15-2-2-3b+ h2o 5.73E+10 0.51 63 

c7h16-2-2-3 + oh  c7h15-2-2-3c+ h2o 1.056E+10 0.97 1590 

a 

a 

b 

c 

d 

d 

e 

e 

a 

a 

b 

c 

d e 

f 
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2,2,3-trimethyl-butane 

c8h18-2-2-3 + oh  c8h17-2-2-3a+ h2o 1.584E+10 0.97 1590 

c8h18-2-2-3 + oh  c8h17-2-2-3b+ h2o 5.73E+10 0.51 63 

c8h18-2-2-3 + oh  c8h17-2-2-3c+ h2o 5.28E+09 0.97 1590 

c8h18-2-2-3 + oh  c8h17-2-2-3d+ h2o 4.68E+07 1.61 -35 

c8h18-2-2-3 + oh  c8h17-2-2-3e+ h2o 5.28E+09 0.97 1590 

 

2,2,3-trimethyl-pentane 

  

c8h18-2-3-4 + oh  c8h17-2-3-4a+ h2o 2.112E+10 0.97 1590 

c8h18-2-3-4 + oh  c8h17-2-3-4b+ h2o 1.146E+11 0.51 63 

c8h18-2-3-4 + oh  c8h17-2-3-4c+ h2o 5.73E+10 0.51 63 

c8h18-2-3-4 + oh  c8h17-2-3-4d+ h2o 5.28E+09 0.97 1590 

 

 

2,3,4-trimethyl-pentane 

    

  

c7h16-3 + oh  c7h15-3a+ h2o 1.584E+10 0.97 1590 

c7h16-3 + oh  c7h15-3b+ h2o 1.404E+08 1.61 -35 

c7h16-3 + oh  c7h15-3c+ h2o 5.73E+10 0.51 63 

a 

a 

a 

b 

c 

c 

a 

a 

a 

b 

c 

d e 

a 

a 

a 

a 

d 

b b 

c 
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3-ethyl-pentane 

  

c9h20-2234 + oh  c9h19-2234a+ h2o 1.584E+10 0.97 1590 

c9h20-2234 + oh  c9h19-2234b+ h2o 5.73E+10 0.51 63 

c9h20-2234 + oh  c9h19-2234c+ h2o 5.28E+09 0.97 1590 

c9h20-2234 + oh  c9h19-2234d+ h2o 5.73E+10 0.51 63 

c9h20-2234 + oh  c9h19-2234e+ h2o 1.056E+10 0.97 1590 

  

 

2,2,3,4-tetramethyl-pentane 

 

  

c9h20-223 + oh  c9h19-223a+ h2o 1.584E+10 0.97 1590 

c9h20-223 + oh  c9h19-223b+ h2o 5.73E+10 0.51 63 

c9h20-223 + oh  c9h19-223c+ h2o 9.36E+07 1.61 -35 

c9h20-223 + oh  c9h19-223d+ h2o 1.056E+10 0.97 1590 

 

2,2-dimethyl-3-ethyl-pentane 

  

c9h20-234 + oh  c9h19-234a+ h2o 2.112E+10 0.97 1590 

c9h20-234 + oh  c9h19-234b+ h2o 1.146E+11 0.51 63 

c9h20-234 + oh  c9h19-234c+ h2o 5.73E+10 0.51 63 

a 

a 
b 

b 

b 

c 

a 

a 

a 

e 

e 

c 
b 

d 

a 

a 

a 

b 

c 

c 

d 

d 

a 
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c9h20-234 + oh  c9h19-234d+ h2o 4.68E+07 1.61 -35 

c9h20-234 + oh  c9h19-234e+ h2o 5.28E+09 0.97 1590 

  

  

 

2,4-dimethyl-3-ethyl-pentane 

  

 

  

a 

a 

a 

b 

b 

c 

d 

e 
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APPENDIX B: Experimental Details for OH + Methanol Measurements 

Table B1: Measured rate coefficients for the reaction of methanol and OH at the specified  

pressure and temperature. Argon was used as bath gas. 

P5 T5 k 

atm K 10-11cm3molecule-1s-1 

Methanol mixture1:500 ppm methanol, 35 

ppm TBHP (~ 81 ppm water) 

1.32 1072 1.02 

1.44 1008 0.852 

1.44 919 0.847 

1.32 1231 1.48 

1.37 1159 1.33 

1.28 1344 1.86 

1.31 1290 1.72 

Methanol mixture 2: 500 ppm methanol, 20 

ppm TBHP (~ 47 ppm water) 

1.46 963 0.895 

1.42 1232 1.49 

1.38 1056 1.16 

Methanol_d1 mixture 1: 499 ppm 

methanol_d1, 20 ppm TBHP (~ 47 ppm 

water) 

1.31 1169 1.08 

1.41 1069 0.904 

1.57 979 0.748 

1.33 1256 1.41 

1.37 1229 1.33 

Methanol_d1 mixture 2: 499 ppm 

methanol_d1, 30 ppm TBHP (~ 69 ppm 

water) 
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1.37 1260 1.33 

1.43 1152 1.16 

1.47 991 0.864 

1.48 1236 1.50 

1.43 933 0.797 

Methanol_d3 mixture 1: 500 ppm 

methanol_d1, 30 ppm TBHP (~ 69 ppm 

water) 

1.19 1057 0.831 

1.36 879 0.498 

Methanol_d3 mixture 1: 500 ppm 

methanol_d1, 25 ppm TBHP (~ 58 ppm 

water) 

1.37 1184 0.880 

1.29 1287 1.20 

1.37 1093 0.748 

1.42 1014 0.664 

1.68 1037 0.797 

 

 

𝑘(CH3OD+OH) = 5.46 × 10
−11 exp (−2061.2

𝐾

𝑇
)        953 – 1349 K   

𝑘(CD3OD+OH) = 1.20 × 10
−10 exp (−2573.6

𝐾

𝑇
)         902 – 1300 K 
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Table B2: Measured rate coefficients for the reaction of methanol_OD and methanol_d4 

with OH radicals at specified pressure and temperature. Argon was used as bath gas. 

P5 T5 k 

atm K 10-11cm3molecule-1s-1 

CH3OD mixture1：450 ppm CH3OD, 20 

ppm TBHP (~ 46 ppm water) 

1.09 1132 1.08 

0.91 1184 1.25 

0.98 981 0.88 

1.09 1005 1.00 

0.93 1349 2.00 

1.1 966 0.96 

1.1 953 0.96 

1.01 1241 1.66 

CH3OD mixture 2: 500 ppm CH3OD, 20 

ppm TBHP (~ 47 ppm water) 

0.9 1278 1.5 

0.98 1025 0.95 

CD3OD mixture 1: 450 ppm CD3OD, 20 

ppm TBHP (~ 46 ppm water) 

1.06 1049 0.74 

0.99 1149 0.85 

1.09 938 0.60 

1.12 928 0.58 

0.95 1300 1.16 

1.11 1022 0.83 

0.99 1260 1.00 

1.04 1100 0.91 

1.11 902 0.50 
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Figure B1.  Temperature dependence of DKIE (kH/kD) for the reaction of methanol and 

ethane [154] with OH radicals. The steeper DKIE of ethane + OH reaction reflects that 

the barrier height for the abstraction of hydrogen from ethane is higher than that of 

methanol + OH reaction. DKIE for both reaction appear to asymptote to a value of 1.4. 

 

 

Figure B2. Measured rate coefficients for reaction of OH with five methanol molecules. 

Symbols indicate experimental rate coefficients from this work, and solid lines represent 

two-parameter Arrhenius fit to the experimental data.  
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APPENDIX C: Experimental Details for OH + Acetaldehyde measurements 

 

Table C1: Measured rate coefficients for the reactions of OH radical with 

CH3CHO,CD3CHO and CD3CDO. The bath gas is argon. 

P5 T5 k 

bar K 10-11cm3molecule-1 s-1 

513.3ppm CH3CHO, 47 ppm TBHP (~ 

120 ppm H2O) 

2.48 1151 2.49 

2.64 1073 1.99 

2.78 1011 1.83 

2.36 1277 2.82 

2.48 1226 2.57 

432.6 ppm CH3CHO, 52 ppm TBHP (~ 

170 ppm H2O) 

2.49 1312 2.66 

2.94 1087 1.99 

2.78 993 1.66 

522.6 ppm CD3CHO, 65 ppm TBHP (~ 

180 ppm H2O) 

1.82 960 0.98 

2.33 1181 1.66 

2.38 1284 1.99 

2.85 1291 2.13 

3.21 1306 2.08 

482.6 ppm CD3CHO,23 ppm TBHP (~ 62 

ppm H2O) 

2.17 1066 1.63 

2.07 1102 1.71 

2.87 1186 1.79 

3.07 1294 1.99 
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3.22 1300 1.91 

502 ppm CD3CHO, 31 ppm TBHP (~ 61 

ppm H2O) 

2.65 1080 1.36 

2.59 1180 1.76 

2.52 1239 1.91 

2.45 1289 1.91 

2.42 1329 2.11 

2.89 1080 1.36 

2.98 1033 1.2 

602 ppm CD3CDO, 22 ppm TBHP (~ 70 

ppm H2O) 

2.71 1077 1.13 

2.61 1187 1.41 

2.92 1041 0.96 

2.63 1270 1.58 

2.85 1180 1.33 

2.89 1191 1.30 

3.02 1020 0.90 

508.6 ppm CD3CDO, 31 ppm TBHP (~ 80 

ppm H2O) 

2.48 1187 1.43 

2.72 1175 1.34 

2.83 1147 1.25 

2.56 1295 1.66 

2.69 1270 1.58 

2.71 1236 1.51 

2.87 1122 1.23 

2.58 1263 1.54 
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498.8 ppm CD3CDO, 36 ppm TBHP (~ 85 

ppm H2O) 

2.87 1031 1.03 

2.99 1055 1.13 

 

Table C2: Measured rate coefficients for the reactions of OH radical with acetone and 

acetone-d6. The bath gas is argon. 

P5 T5 k 

bar K 10-12cm3molecule-1 s-1 

597.4 ppm acetone, 25 ppm TBHP (~ 70 

ppm H2O) 

2.53 1046 5.32 

1.76 940 4.15 

1.73 988 4.65 

1.74 1066 5.65 

2.18 1318 9.14 

2.16 1259 8.31 

1.75 1070 5.81 

2.24 1267 8.64 

2.34 1278 8.80 

2.43 1253 8.31 

597.5 ppm acetone-d6, 26 ppm TBHP (~ 

85 ppm H2O) 

2.34 1138 4.15 

2.33 1214 4.65 

2.14 1250 4.82 

2.12 1297 5.81 

1.59 1123 3.82 

2.42 1044 3.07 

505ppm acetone-d6, 30 ppm TBHP (~ 95 

ppm H2O) 
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2.35 1005 2.57 

2.39 956 2.08 

2.56 979 2.24 

2.3 1173 4.49 

2.29 1253 4.82 

2.25 1291 5.48 

2.23 1305 6.15 
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Table C3: Summary of the literature experimental studies CH3CHO + OH reaction.a 

Source Method OH Precursor T range P range k (room T) A E/R overall uncertainty b 

   K Torr 10-11cm3 s-1 10-12cm3 s-1 K  

This work ST-DAS TBHP 993-1312 1262-2143(Ar)  129 1996.5 20%(2σ) 

Wang et al. 2014 [175] ST-DAS TBHP 999-1388 1435-2975(Ar)  7.18E-6T2.02 -716 22%(2σ) 

Zhu et al. 2008 [173] PLP-PLIF 
H2O2(248nm) 

N2O/CH4(193nm) 
204-373 30-220(He) 1.52±0.15 5.32 -315±40 10%(2σ) 

Taylor et al. 2005 [67] PLP-PLIF 
N2O/H2O(193nm) 

HONO(351nm) 
297-860 740±10(He) 1.618±2.22 

83.6 

4.34 

2410.3 

-368.9 
15%(2σ) 

Sivakumaran and 

Crowley 2002 [172] 
PLP-PLIF 

H2O2(248nm) 

N2O/CH4(193nm) 
201-348 50,100(He, Ar) 1.53±0.08 4.38 -366±40 5%(2σ) 

D'Anna et al. 2001 [157] RR-FTIR RONO 298 760(air) 1.44±0.08   10%(2σ) 

Taylor et al. 1996 [160] PLP-PLIF N2O/H2O(193nm) 295-550 100-740(He) 1.23 4.31 -3098±19 8-27%(2σ) 

Taylor et al. 1996 [160] PLP-PLIF N2O/H2O(193nm) 600-900 100-740(He) 1.23 1.89 597±108 8-27%(2σ) 

Tyndall et al. 1995 [169] DF-PLIF H+N2O,F+H2O 298 2-3(He) 1.45±0.25   18%(2σ) 

Scollard et al. 1993 [168] RR-GC 
CH3ONO 

(300-450 nm) 
298 760 1.62±0.1   7%(2σ) 

Balestra et al. 1991 [167] PLP-RF HNO3 (248 nm) 298 27 1.7±0.3   18%(2σ) 

Dobe et al. 1989 [177] 
DF-

RF/PLIF 
H+N2O,F+H2O 297-517  1.69±0.33 8.6 -200±60 20%(2σ) 

Michael et al. 1985 [174] DF-RF H+NO2 248-528 1.1-3.4(He) 1.47±0.28 5.52 -307±52 19%(2σ) 

Semmes et al. 1985 [170] FP-RF H2O (165 nm) 250-425 100(Ar) 1.22±0.27 7.1 -165±91 22%(2σ) 

Kerr and Sheppard 1981 

[166] 
RR-GC HONO 298 760 1.28±0.42   32%(2σ) 
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Atkinson and Pitts 1978 

[162] 
FP-RF H2O (>105 nm) 299-426 50(Ar) 1.60±0.16 6.87 -257±151 10%(2σ) 

Niki et al. 1977 [171] RR-FTIR HONO 298 700(air) 1.62±0.18   11%(2σ) 

Morris et al. 1970 [165] DF-MS H+NO2 300 1(He) 1.55±0.39   25%(2σ) 

aThis table is adopted from Sivakumaran and Crowley’s [172] table and updated with the recent measurements. a, Rate coefficients given in k(T) = A exp (-E/RT). 

Nomenclatures: ST = shock tube; DAS = Direct absorption spectroscopy; PLP =pulsed laser photolysis; PLIF = pulsed laser induced fluorescence; DF = discharge 

flow; MS = mass spectrometry; RR = relative-rate; FTIR = Fourier transform infrared spectroscopy; FP = flash photolysis; RF = resonance fluorescence; GC = gas 

chromatography. b, Derived using presently recommended value of k(OH+C2H4) [259]and associated uncertainties for[168] [166] [171]; Derived using presently 

recommended value of k(OH+1-butene) [259]and associated uncertainties for [157]. 
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Figure C1. Measured OH time-history for CD3OCD3 + OH  products recorded at 1005 K and 

2.35 bar. Mixture composition is provided in Table S2. 

 

 

Figure C2. OH radical sensitivity analysis for the reaction of acetaldehyde + OH at 1073 K and 

2.64 bar. The definition of sensitivity is: SOH=(∂XOH / ∂ki)×(ki / XOH), where XOH is the OH mole 

fraction and ki is the rate coefficient of the ith reaction. 
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Figure C3. Comparison with literature rate coefficients [67, 157, 160] for the acetaldehyde-2,2,2-

d3 and acetaldehyde-d4. The dashed line represent the 4-parameter Arrhenius expression which can 

be given by equations C1-C2, in the unit of cm3 molecule-1 s-1： 

 

𝑘2(CD3CHO + OH) = 2.73 × 10−10 exp (−3786.9
𝐾

𝑇
) + 4.18 × 10−12 exp (391.8

𝐾

𝑇
)  (C1) 

𝑘3(CD3CDO + OH) = 3.38 × 10−10 exp(−4364.2
𝐾

𝑇
) + 4.10 × 10−12 exp (250.2

𝐾

𝑇
)  (C2) 

 
 

 

 

Figure C4. Measured rate coefficients for OH radical reactions with acetone isotopomers. Solid 

symbols represent the experimental data from the current study; whereas the dash lines represent 

Arrhenius fit of the experimental data.  
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APPENDIX D: Experiment and Calculation Details for OH +CHDs Reactions 

 

 

 

Fig. D1: OH radical sensitivity for 1,4-CHD + OH reaction at 1027 K and 1.12 atm. Mixture: 300 

ppm CHD, 17 ppm TBHP (~54 ppm H2O) in argon. The hydroxyl sensitivity is defined as SOH = 

(∂XOH / ∂ki) × (ki / XOH), where ki is the rate coefficient for the ith reaction and XOH is the mole 

fraction of OH radical. 
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Fig. D2: Simplified version of the potential energy surface (PES) of OH + 1,4-pentadiene reaction 

system (unpublished work, manuscript under preparation). Zero-point corrected energies relative 

to the reactants (14PTDN + OH) were obtained at QCISD(T)/cc-pVTZ//BH&HLYP/6-31G(d) 

level of theory.   

 

Fig. D3: Measured rate coefficients in this work. 
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Table D1: Calculated MP2/aug-cc-pVDZ harmonic vibrational wavenumbers (scaled by 0.959) 

and rotational constants of the calculated stationary points for the 1,3- and 1,4-CHD + OH 

reactions. 

 

Species 

Rotational 

Constants / 

cm-1 

Wavenumbers / cm-1 

cyclohexa-1.3-diene 

(1,3-CHD) 

0.168 

0.167 

0.090 

206.8, 276.2, 438.5, 494.7, 529.3, 636.8, 705.6, 729.1, 836.1, 

901.4, 909.4, 910.2, 938.8, 958.0, 987.7, 1036.0, 1099.8, 

1121.7, 1134.3, 1205.2, 1274.2, 1289.1, 1328.5, 1368.4, 

1390.8, 1401.4, 1548.9, 1594.6, 2885.7, 2895.3, 2989.4, 

2990.3, 3061.5, 3067.4, 3083.6, 3091.9 

2-hydroxycyclohex-

3-en-1-yl 

0.144 

0.084 

0.062 

82.5, 193.2, 243.4, 273.0, 292.3, 419.0, 463.6, 516.9, 562.8, 

702.3, 734.9, 822.2, 861.7, 917.8, 940.8, 951.7, 977.1, 991.7, 

1028.7, 1078.0, 1120.3, 1132.1, 1175.8, 1219.2, 1268.6, 

1283.1, 1289.6, 1339.3, 1344.7, 1376.5, 1396.8, 1409.2, 

2619.3, 2890.6, 2920.0, 2925.0, 2980.1, 2999.1, 3055.1, 

3090.5, 3126.5, 3632.3 

6-hydroxycyclohex-

2-en-1-yl 

0.158 

0.079 

0.056 

123.8, 216.8, 291.9, 355.0, 374.3, 430.6, 496.3, 530.6, 620.4, 

696.4, 721.5, 800.8, 865.4, 929.2, 954.7, 972.8, 993.0, 

1032.7, 1034.5, 1088.4, 1104.0, 1138.2, 1163.7, 1194.5, 

1256.7, 1279.9, 1300.3, 1320.4, 1344.2, 1360.0, 1401.6, 

1411.9, 1474.3, 2900.3, 2922.3, 2933.5, 2980.5, 3004.6, 

3075.7, 3098.6, 3108.1, 3633.2 

cyclohexa-1,3-dien-

1-yl 

0.183 

0.168 

0.094 

194.4, 334.5, 437.6, 491.3, 555.9, 696.1, 746.9, 845.7, 871.3, 

900.5, 926.8, 944.4, 992.1, 1015.7, 1087.4, 1117.0, 1135.6, 

1188.7, 1219.6, 1273.5, 1284.0, 1337.1, 1386.0, 1396.7, 

1658.6, 1894.3, 2914.9, 2925.5, 2996.0, 3007.3, 3078.8, 

3104.0, 3110.0 

cyclohexa-1,3-dien-

2-yl 

0.186 

0.166 

0.094 

203.8, 294.2, 436.9, 532.2, 558.4, 692.5, 785.0, 818.2, 834.2, 

908.3, 917.6, 948.5, 1021.0, 1037.1, 1092.0, 1124.1, 1151.7, 

1187.8, 1219.4, 1279.3, 1296.2, 1340.2, 1390.8, 1402.1, 

1616.6, 1850.0, 2907.4, 2915.9, 2995.0, 2998.8, 3077.1, 

3101.2, 3123.8 

cyclohexa-1,4-diene 

(1,4-CHD) 

0.171 

0.160 

0.085 

89.6, 351.3, 359.6, 508.5, 541.1, 595.6, 679.6, 834.0, 873.4, 

907.0, 911.2, 917.1, 920.7, 928.6, 937.0, 1011.4, 1112.0, 

1155.2, 1164.2, 1165.4, 1290.0, 1322.1, 1344.8, 1365.4, 

1399.0, 1401.1, 1609.9, 1652.4, 2902.2, 2903.5, 2932.3, 

2933.8, 3047.5, 3047.6, 3070.5, 3071.6 
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cyclohexa-2,5-dien-

1-yl 

0.177 

0.176 

0.090 

153.4, 392.3, 494.6, 534.4, 559.9, 614.7, 738.9, 751.3, 855.7, 

917.0, 933.8, 939.5, 955.7, 983.5, 995.4, 1027.8, 1115.4, 

1143.8, 1158.3, 1223.5, 1295.2, 1346.9, 1371.7, 1388.6, 

1533.6, 1595.4, 2867.7, 2885.2, 3080.5, 3082.4, 3099.4, 

3101.9, 3125.1 

cyclohexa-1,4-dien-

1-yl 

0.186 

0.162 

0.089 

123.6, 387.3, 404.6, 500.0, 550.4, 639.1, 781.2, 856.3, 884.9, 

899.4, 939.5, 940.8, 984.0, 1000.9, 1008.5, 1137.7, 1165.5, 

1171.0, 1222.3, 1283.5, 1302.0, 1345.7, 1403.9, 1405.1, 

1920.9, 2434.7, 2924.5, 2940.6, 2962.5, 2980.1, 3050.7, 

3078.3, 3102.0 

6-hydroxycyclohex-

3-en-1-yl 

0.123 

0.096 

0.072 

115.0, 134.9, 303.0, 336.8, 369.6, 390.2, 513.9, 523.3, 570.7, 

658.3, 791.2, 839.8, 876.7, 884.3, 911.3, 928.9, 979.3, 997.2, 

1012.0, 1074.6, 1125.2, 1137.0, 1148.6, 1195.0, 1277.3, 

1284.4, 1320.1, 1324.5, 1345.3, 1361.2, 1390.1, 1397.8, 

2424.1, 2901.3, 2930.0, 2948.7, 2988.2, 3001.0, 3053.4, 

3094.9, 3102.1, 3604.3 

H2O 

26.554 

14.460 

9.362 

1555.8, 3647.4, 3776.1 

OH 18.698 3613.3 

 

 

Table D2: Calculated MP2/aug-cc-pVDZ geometries in Cartesian coordinates of the calculated 

stationary points for the 1,3- and 1,4-CHD + OH reactions.  

 

Species Cartesian coordinates / Å 

cyclohexa-1.3-diene 

(1,3-CHD) 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

-0.08549 

-1.25061 

-1.25011 

-0.08448 

1.20240 

1.20187 

-2.19624 

-2.19707 

-0.08600 

-0.08424 

2.07555 

-1.42466 

-0.71960 

0.72050 

1.42474 

0.72150 

-0.72234 

1.22211 

-1.22053 

-2.50490 

2.50498 

1.26865 

0.11615 

0.14895 

-0.14882 

-0.11612 

0.26140 

-0.26149 

-0.37569 

0.37590 

0.29564 

-0.29562 

-0.12819 
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H 

H 

H 

1.29039 

1.28977 

2.07466 

0.71158 

-0.71248 

-1.27011 

1.36734 

-1.36744 

0.12803 

2-hydroxycyclohex-3-en-1-yl 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

H 

O 

H 

  -0.07645 

  -1.26413 

  -1.41657 

  -0.09843 

   1.10787 

   1.25034 

  -2.12261 

  -2.19006 

  -0.05734 

  -0.08460  

   2.02156 

   0.97736 

   1.65110  

   1.97718 

  -2.01852 

  -2.24640 

-1.42797 

 -0.80316 

  0.69214 

  1.36341 

  0.77825 

 -0.71046 

  0.91149 

 -1.38203 

 -2.52222 

  2.37624 

  1.33453 

  0.84520  

 -0.80828 

 -1.20039 

  1.14067 

  2.07659 

-0.03809 

-0.04105 

-0.17116 

-0.42070  

 0.24898 

-0.12489 

-0.99347 

 0.04377 

 0.02771 

-0.83213 

-0.01063 

 1.34822 

-1.15076 

 0.54477 

 1.08320  

 0.97451 

6-hydroxycyclohex-2-en-1-yl 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

H 

O 

H 

-0.07484 

-1.27511 

-1.34866 

-0.11234 

 1.12831 

 1.21412 

-2.30924 

-2.19682 

-0.06245 

 0.01739 

 2.02943 

 1.04598 

 1.43122 

 2.05684 

-0.24846 

-0.42382 

-1.46315 

-0.78115 

 0.60597 

 1.44615 

 0.69917 

-0.70834 

 1.12381 

-1.35440  

-2.55571 

 1.68413 

 1.29105 

 0.60580  

-0.62759 

-1.26498 

 2.73822 

 2.58021 

-0.04391 

 0.10484 

 0.05326 

-0.13613 

 0.36970  

-0.24611 

 0.11925 

 0.24693 

-0.03089 

-1.20843 

 0.14404 

 1.46789 

-1.32987 

 0.19562 

 0.48516 

 1.42524 

cyclohexa-1,3-dien-1-yl 

C 

C 

C 

C 

C 

C 

H 

H 

-0.10169 

-1.24913 

-1.23424 

-0.10826 

 1.19497 

 1.21312 

-2.18152 

-2.18784 

-1.35033 

-0.73780  

 0.74278 

 1.41391 

 0.72546 

-0.73108 

 1.22399 

-1.23192 

0.10117 

 0.18315 

-0.13387 

-0.10357 

 0.26233 

-0.25155 

-0.39619 

 0.44484 
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H 

H 

H 

H 

H 

-0.09745 

 2.05822 

 1.29808 

 1.32699 

 2.05761 

 2.48668 

 1.27313 

 0.72558 

-0.75816 

-1.28317 

-0.31883 

-0.14797 

 1.36482 

-1.35196 

 0.18787 

cyclohexa-1,3-dien-2-yl 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

-0.09203 

-1.16464 

-1.24035 

-0.10961 

 1.19574 

 1.20463 

-2.19909 

-0.09057 

-0.10137 

 2.04500   

 1.32019 

 1.29256 

 2.07594 

-1.44096  

 -0.70451  

  0.75083  

  1.41943  

  0.71838  

 -0.73015  

  1.21842  

 -2.51287  

  2.49902  

  1.27566  

  0.72366  

 -0.74323  

 -1.26685 

0.13791 

 0.17625 

-0.11635 

-0.08221 

 0.24647 

-0.26549 

-0.34858 

 0.35273 

-0.26812 

-0.17934 

 1.34758 

-1.36911 

 0.14184 

cyclohexa-1,4-diene 

(1,4-CHD) 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

H 

0.67648 

-0.67639 

-1.51296 

-0.67648 

 0.67639 

 1.51296 

-2.18609 

-1.20745 

 1.20760  

-1.20760  

 1.20745 

 2.18601 

 2.18609 

-2.18602 

  1.25565  

  1.25570   

  0.00005  

 -1.25565  

 -1.25570   

 -0.00006  

  0.00007  

  2.21470   

  2.21462  

 -2.21462  

 -2.21471  

 -0.00009  

 -0.00007  

  0.00008 

0.00008  

 0.00002  

-0.00003  

-0.00001  

 0.00005  

 0.00010  

 0.87868  

 0.00000  

 0.00010  

-0.00004  

 0.00006  

 0.87886  

-0.87860  

-0.87878 

cyclohexa-2,5-dien-1-yl 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

  0.69167 

 -0.65597 

 -1.37684 

 -0.65606 

  0.69158 

  1.51768 

 -1.21081 

  1.21879 

 -1.21096 

  1.21863 

  2.12310  

1.25705 

 1.23193 

 0.00005 

-1.23188 

-1.25710  

-0.00006 

 2.17342 

 2.21443 

-2.17333 

-2.21452 

-0.00009 

-0.02286 

-0.13926 

-0.20154 

-0.13928 

-0.02288 

 0.0485  

-0.18721 

 0.02265 

-0.18725 

 0.02262 

 0.97909 
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H 

H 

  2.27376 

 -2.46363 

-0.00008 

 0.00009 

-0.76444 

-0.29541 

cyclohexa-1,4-dien-1-yl 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

  0.67807 

 -0.62046 

 -1.52016 

 -0.66796 

  0.66266 

  1.5167  

 -2.18121 

  1.20019 

 -1.20322 

  1.19302 

  2.18339 

  2.18345 

 -2.1812 

1.272   

 1.19488 

 0.00531 

-1.25296 

-1.24586 

 0.00051 

 0.0198  

 2.23468 

-2.21003 

-2.20515 

-0.00691 

-0.00682 

 0.01988 

  0.00014  

  0.0001  

  0.00004  

 -0.00001  

  0.00003  

  0.00012  

  0.88372  

  0.0002  

 -0.00009  

 -0.00002  

  0.88177  

 -0.88149  

 -0.88364 

6-hydroxycyclohex-3-en-1-yl 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

H 

O 

H 

0.6907  

-0.71703 

-1.50218 

-0.71675 

 0.62099 

 1.48929 

-2.46877 

 1.22008 

-1.27264 

 1.13151 

 2.15249 

 2.17531 

-1.72258 

-1.22664 

-0.72093 

-0.39118 

  1.27697 

  1.37289 

  0.09628 

 -1.13197 

 -1.14195 

  0.05431 

  0.12890  

  2.18638 

 -2.04717 

 -2.05996 

  0.26876 

 -0.21148 

  0.06214 

  2.25552 

  1.60110  

  0.78195 

-0.41805 

 0.09415 

-0.23753 

 0.17349 

 0.26904 

-0.05713 

 0.29200  

-0.71271 

 0.40607 

 0.58200  

 0.80628 

-0.88223 

-1.32003 

-0.31845 

 1.53228 

 1.93659 

H2O 

O 

H 

H 

-0.02246 

 0.02470  

 0.90286 

-0.01588  

 0.94889  

-0.29301 

0.00000 

0.00000 

0.00000 

OH 
O 

H 

-0.02269 

 0.02493 

-0.02050  

 0.95351 

0.00000 

0.00000 
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Table D3 Standard enthalpy of formation at 0 K, Δf,0KH0 in kJ/mol, obtained from various model 

chemistries for the species specified. The deviations from the reference model CCSD(T)/cc-

pV(T,Q)Z//MP2/aug-cc-pVDZ level of theory (abbreviated as Xpol) are provided in parenthesis. 

Atomization scheme was employed to obtain the values of the standard enthalpy of formation.   

 

Species G2MP2 G2 CBS-QB3 Xpol Burcat 

1,3-CHD 148.5(7.8) 143.5(2.8) 143.3(2.6) 140.7 133.14(7.6) 

cyclohexa-1,3-dien-1-yl 403.3(5.4) 396.7(-1.1) 382.2(-15.7) 397.9   

cyclohexa-1,3-dien-2-yl 406.0(4.1) 399.4(-2.5) 384.8(-17.1) 401.9   

cyclohexa-2,5-dien-1-yl 256.2(11.9) 249.2(5.0) 232.5(-11.8) 244.3 231.047(-13.2) 

2-hydroxycyclohex-3-

en-1-yl 
76.0(0.8) 73.2(-2.0) 68.2(-7.0) 75.2   

6-hydroxycyclohex-2-

en-1-yl 
8.1(5.7) 4.5(2.0) -2.6(-5.0) 2.5   

1,4-CHD 150.7(10.8) 145.8(5.9) 143.3(3.5) 139.9 133.08(-6.8) 

cyclohexa-1,4-dien-1-yl 396.2(5.3) 390.6(-0.3) 379.4(-11.6) 390.9   

6-hydroxycyclohex-3-

en-1-yl 
69.7(1.0) 67.0(-1.8) 62.8(-5.9) 68.8   

6-hydroxycyclohex-3-

en-1-yl 
44.5(0.9) 41.7(1.8) 37.4(-6.2) 43.6   
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Table D4: Generated isodesmic reactions for calculating standard enthalpy of formation at 298 K, Δf,298.15KH0.  

 

1 1,3-CHD 
 

SIMLES notation: C1CC=CC=C1 
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2 cyclohexa-1,3-dien-1-yl 
 

SIMLES notation: C1CC=CC=[C]1 
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3 cyclohexa-1,3-dien-2-yl 

 

SIMLES notation C1CC=C[C]=C1 
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4 cyclohexa-2,5-dien-1-yl 
 

SIMLES notation: C1[CH]C=CC=C1 
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5 
2-hydroxycyclohex-3-en-1-

yl 
 

SIMLES notation : OC1C=CCC[CH]1 

 

Isomer 1: 

 

Isomer 2 



180 
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6 
6-hydroxycyclohex-2-en-1-

yl 
 

SIMLES notation: OC1[CH]C=CCC1 
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7 

 

1,4-CHD 

  
SIMLES notation:  C1C=CCC=C1 
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8 cyclohexa-1,4-dien-1-yl 
 

SIMLES notation:  C1C=CCC=[C]1 
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9 6-hydroxycyclohex-3-en-1-yl 

 

SIMLES notation:  OC1[CH]CC=CC1 

 

 

 

a 
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Table D5: Measured rate coefficients for 1,3- and 1,4 -CHD + OH at the specified experimental 

conditions.  

 

P5 T5 k / 10-11 

bar K cm3 molecule-1 s-1 

172 ppm 1,3-CHD, 19 ppm TBHP in argon  

1.19 931 2.66 

 

 

1.21 937 2.66 

1.57 1022 3.02 

1.18 1027 3.09 

1.52 1041 3.32 

219 ppm 1,3-CHD, 17 ppm TBHP in argon  

1.05 897 2.41 

1.06 966 2.99 

170 ppm 1,3-CHD, 19 ppm TBHP in argon  

2.87 924 2.66 

1.29 1029 3.24 

1.13 1001 2.99 

500 ppm 1,4-CHD, 35 ppm TBHP in argon 

1.18 921 3.11 

1.18 923 3.11 

1.08 956 4.10 

1.06 1046 4.27 

300 ppm 1,4-CHD, 17 ppm TBHP in argon  

1.12 1027 3.77 

2.27 1089 4.27 

430 ppm 1,4-CHD, 35 ppm TBHP in argon 

2.19 1014 3.65 

2.11 1040 3.74 

1.75 991 3.49 

2.27 941 3.16 
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APPENDIX E: A Comprehensive Review Table for Reactions of OH + Alkyl-substituted Aromatics  

 

Table E1: Summary of the experimental studies on the reactions of OH radicals with Trimethylbenzene(TMB), Xylene(DMB), and Toulene.a 

Source Method OH Precursor Fuel T range P range A E/R overall uncertainty 

    K Torr 10-12cm3 s-1 K  

TMB + OH 

This work ST-DAS TBHP 1,3,5-TMB 975-1318 870-1148(Ar) 227 5221.9 20%(2σ) 

   1,2,4-TMB 986-1305 788-1365(Ar) 138 5430.2 20%(2σ) 

Alarcón et al. 2015[260] FP-RF H2O 1,3,5-TMB 299-348 150(He) 10.3 -550 30%(2σ) 

Bohn and Zetzsch 

2012[220]  
FP-RF H2O  1,3,5-TMB 275-340 285-563(He) 13.2 -450 25%(2σ) 

   1,2,4-TMB 275-340 285-563(He) 2.73 -730 25%(2σ) 

   1,2,3-TMB 275-340 285-563(He) 3.61 -620 25%(2σ) 

Aschmann et al. 

2006[219] 
RR/GC-FID 

CH3ONO((>300 

nm) 
1,3,5-TMB 278-348 735(N2) 4.4 -738 12%(2σ) 

Kramp and Paulson 

1998[261] 
RR/GC-FID CH3ONO 1,3,5-TMB 296 760(N2) 57.3 0 10%(2σ) 

Atkinson and Aschmann 

1989[121] 

RR/GC-FID CH3ONO 1,3,5-TMB 296 735(N2) 57.5 0 16%(2σ) 

  1,2,4-TMB 296 735(N2) 32.5 0 16%(2σ) 

   1,2,3-TMB 296 735(N2) 32.7 0 16%(2σ) 
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Tomohiro  and Toshiro 

1985[218] 

RR/GC-FID H2O2(253.7nm); 

CH3ONO(360nm) 

1,3,5-TMB 298 760(N2) 40.9 0 14%(2σ) 

 1,2,4-TMB 298 760(N2) 33.3 0 4%(2σ) 

   1,2,3-TMB 298 760(N2) 31.3 0 14%(2σ) 

Perry et al. 1977[120] FP-RF H2O (>105 nm) 1,3,5-TMB 298 100(Ar) 62.4 0 12%(2σ) 

   1,2,4-TMB 298 100(Ar) 40 0 12%(2σ) 

   1,2,3-TMB 298 100(Ar) 33.3 0 14%(2σ) 

Hansen et al. 1975[217] FP-RF H2O (>105 nm) 1,3,5-TMB 298 100(Ar) 47.2 0 10%(2σ) 

   1,2,4-TMB 298 100(Ar) 33.5 0 10%(2σ) 

   1,2,3-TMB 298 100(Ar) 26.4 0 10%(2σ) 

Doyle et al. 1975[262] RR-GC HONO 1,3,5-TMB 304 760(N2) 51.5 0 13%(2σ) 

   1,2,4-TMB 304 760(N2) 33.2 0 15%(2σ) 

   1,2,3-TMB 304 760(N2) 23.3 0 22%(2σ) 

Xylene + OH 

Han et al. 2018[253] RR/GC-FID CH3ONO 1,2-DMB 288 760(N2) 15.4 0 9%(2σ) 

    248 760(N2) 16.9 0 9%(2σ) 

   1,4-DMB 288 760(N2) 15.7 0 7%(2σ) 

    288 760(N2) 18.0 0 5%(2σ) 

Shaw et al. 2018[252] GC-MS H2O(184.95nm) 1,2-DMB 295 750(N2) 4.8 0 145%(2σ) 

    323 750(N2) 12 0 9%(2σ) 

   1,3-DMB 295 750(N2) 22 0 27%(2σ) 

    323 750(N2) 21 0 9%(2σ) 

Alarcón et al. 2015[260] FP-RF H2O 1,4-DMB 304-352 172(He) 6.24 -300 25%(2σ) 
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Mehta et al. 2009[263] DF-MS F+H2O 1,2-DMB 298 1-10(He) 11.9(∞) 6%(2σ) 

   1,3-DMB 298 1-10(He) 21.4(∞) 7%(2σ) 

   1,4-DMB 298 1-10(He) 11.9(∞) 6%(2σ) 

Atkinson and Aschmann 

1998[121] 
GC-FID CH3ONO(>300nm) 1,3-DMB 296 740(N2) 20.9 0 7%(2σ) 

Kramp and Paulson 

1998[261] 
RR/GC-FID CH3ONO 1,3-DMB 296 760(N2) 22 0 12%(2σ) 

Atkinson and Aschmann 

1989[121] 

RR/GC-FID CH3ONO 1,2-DMB 296 735(N2) 12.2 0 16%(2σ) 

  1,3-DMB 296 735(N2) 23 0 16%(2σ) 

   1,4-DMB 296 735(N2) 13 0 16%(2σ) 

Edney et al. 1986[264] GC-FID CH3ONO 1,2-DMB 297 760(N2) 12.4 0 36%(2σ) 

   1,3-DMB 297 760(N2) 22.7 0 36%(2σ) 

   1,4-DMB 296 760(N2) 13.6 0 36%(2σ) 

Tomohiro  and Toshiro 

1985[218] 

RR/GC-FID H2O2(253.7nm); 

CH3ONO(360nm) 

1,2-DMB 298 760(N2) 13.2 0 5%(2σ) 

 1,3-DMB 298 760(N2) 23.4 0 3%(2σ) 

   1,4-DMB 298 760(N2) 13.6 0 5%(2σ) 

Nicovich et al. 1981[265] FP-RF H2O (165 - 185 nm) 1,2-DMB 298-970 98- 203 (Ar) 65(>500K) 
1420(>50

0K) 
12%(2σ) 

   1,3-DMB 250-960 98- 203 (Ar) 68(>500K) 
1540(>50

0K) 
22%(2σ) 

   1,4-DMB 298-960 98- 203 (Ar) 64(>500K) 
1440(>50

0K) 
17%(2σ) 

Cox et al. 1980[266] RR/GC-FID HONO 1,2-DMB 298 760(N2) 13.3 0 10%(2σ) 

   1,3-DMB 298 760(N2) 18.6 0 10%(2σ) 
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Ravishankara et al. 

1978[267] 
FP-RF H2O 1,2-DMB 298 20-200(He,Ar) 12.8 0 3%(2σ) 

   1,3-DMB 298 3-200(He,Ar) 20.4 0 10%(2σ) 

   1,4-DMB 298 3-200(He,Ar) 10.3 0 14%(2σ) 

Perry et al. 1977[120]  FP-RF H2O (>105 nm) 1,2-DMB 298 100(Ar) 14.3 0 11%(2σ) 

   1,3-DMB 298 100(Ar) 24.0 0 11%(2σ) 

   1,4-DMB 298 100(Ar) 15.3 0 11%(2σ) 

D.D Davis 1977[268] FP-RF H2O  1,2-DMB 298 20-200(He,Ar) 12.8 0 3%(2σ) 

   1,3-DMB 298 3(Ar) 15.6 0 9%(2σ) 

    298 20-200(He,Ar) 20.4 0 10%(2σ) 

   1,4-DMB 298 3(Ar) 8.8 0 14%(2σ) 

    298 20-200(He) 10.3 0 9%(2σ) 

Lloyd et al. 1976[262] GC HONO 1,3-DMB 350 760(N2) 21.4 0 20%(2σ) 

Hansen et al. 1975[217] FP-RF H2O (>105 nm) 1,2-DMB 298 100(Ar) 15.3 0 10%(2σ) 

   1,3-DMB 297 100(Ar) 23.6 0 10%(2σ) 

   1,4-DMB 297 100(Ar) 12.2 0 10%(2σ) 

Doyle et al. 1975[262] RR-GC HONO 1,2-DMB 304 760(N2) 12.8 0 30%(2σ) 

   1,3-DMB 304 760(N2) 23.3 0 7%(2σ) 

   1,4-DMB 304 760(N2) 12.3 0 20%(2σ) 

Toluene + OH 

Shaw et al. 2018[252] GC-MS H2O(184.95nm) Toluene 323 750(N2) 5.0 0 10%(2σ) 

Han et al. 2018 [253] RR/GC-FID CH3ONO Toluene 288 760(N2) 5.69 0 2%(2σ) 
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    248 760(N2) 6.81 0 2%(2σ) 

Seta et al. 2006[221] ST-PLIF TBHP,HNO3 Toluene 919-1481 638-1414(Ar) 89 2369 8%(2σ) 

Vasudevan et al. 

2005[269] 
ST-DAS TBHP 

Toluene 
570-1389 1573-2143(Ar) 26.9 

1394 
25%(2σ) 

Birger Bohn 2001[270] FP-DAS H2O2(248nm) Toluene 299 750(N2) 5.7 0 4%(2σ) 

Kramp and Paulson 

1998[261] 
RR/GC-FID CH3ONO Toluene 296 760(N2) 5.5 0 9%(2σ) 

Anderson and Hites 

1996[250] 
MS O3/H2O/ H2 Toluene 276-397 760(He) 86 -575 27%(2σ) 

Atkinson and Aschmann 

1989[121] 
RR/GC-FID CH3ONO Toluene 296 735(N2) 5.48 0 16%(2σ) 

Bourmada et al. 

1988[271] 
DF-RF  Toluene 297-353 0.4-9.8(He) 0.467(∞) -759(∞) 18%(2σ) 

Edney et al. 1986[264] GC-FID CH3ONO Toluene 297 760(N2) 5.35 0 10%(2σ) 

Tomohiro  and Toshiro 

1985[218] 
RR/GC-FID 

H2O2(253.7nm); 

CH3ONO(360nm) 
Toluene 298 760(N2) 6.38 0 10%(2σ) 

Cox et al. 1980[266] RR/GC-FID HONO Toluene 298 760(N2) 7.21 0 10%(2σ) 

Perry et al. 1977[120] FP-RF H2O (>105 nm) Toluene 298 100(Ar) 6.39 0 11%(2σ) 

D.D Davis 1977[268] FP-RF H2O  Toluene 298 100(He,Ar) 6.11 0 7%(2σ) 

Hansen et al. 1975[217] FP-RF H2O (>105 nm) Toluene 298 100-620(Ar) 5.78 0 10%(2σ) 

Doyle et al. 1975[262] RR-GC HONO Toluene 304 760(N2) 4.15 0 36%(2σ) 

a, Rate coefficients given in k(T) = A exp (-E/RT). Nomenclatures: ST = shock tube; DAS = Direct absorption spectroscopy; PLP =pulsed laser photolysis; PLIF = 

pulsed laser induced fluorescence; DF = discharge flow; MS = mass spectrometry; RR = relative-rate; FTIR = Fourier transform infrared spectroscopy; FP = flash 

photolysis; RF = resonance fluorescence; GC = gas chromatography；FID = flame ionization detector.  
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