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SUMMARY 

 

Until a few years ago it was believed that OH radicals would only add to the aromatic 

molecule at non-substituted sites and that the ipso addition (i.e., addition to a substituted site) 

was unimportant. However, kinetic studies on hexamethylbenzene indicated that the ipso 

addition was not only possible but can occur much faster than what could be explained by the 

H-atom abstraction alone. In this work, we investigated a series of alkylated benzenes with 

two to five substituents, using flash photolysis of water vapour for production of OH radicals 

and resonance fluorescence for their time resolved detection. Among these methylated 

compounds there are three that can form only 2 adducts (ortho at an unoccupied site and ipso 

at an occupied site): 1,4-dimethylbenzene, 1,3,5-trimethylbenzene, and 1,2,4,5-

tetramethylbenzene. For these compounds two different mechanisms were investigated: (i) 

formation of two adducts by direct addition and (ii) formation of a second adduct by 

isomerization of the first adduct. For the other methylated compounds: 1,2,3,4-, 1,2,3,5-

tetramethylbenzene, and pentamethylbenzene, several adducts are expected, and therefore 

only the rate constants for the overall reaction were investigated. Moreover, the mechanism 

for the reaction of the aromatic biogenic p-cymene (4-isopropyl-toluene) with OH radicals 

was investigated. In this case, theoretical predictions helped to reduce the number of possible 

adducts from four to two, which allowed applying the two-adduct-formation model. OH rate 

constants for all the studied aromatics at temperatures between 300 K and 340-360 K, 

equilibrium constants and formation yields for each adduct, as well as formation entropies and 

enthalpies were determined. Formed adducts were identified based on thermodynamic data 

and comparison with published theoretical predictions and experimental results. Nevertheless, 

it was not possible to determine if the formation of both adducts occurs via direct formation or 

via isomerization, being more likely that the real mechanism lies between these two extremes.  

 



ZUSAMMENFASSUNG   

 

 

 

 
viii 

ZUSAMMENFASSUNG 

 

Addition von OH radikale an aromatischen Moleküle ist seit mehrere Jahrzehnten 

untersucht worden. Es wurde angenommen dass die Addition nur an freien Stellen des 

Aromaten stattfindet und die ipso Addition (d.h., OH Addition an einer bereits besetzen 

Stelle) wurde immer vernachlässigt.  Jahre später,  kinetische Untersuchung des voll besetzten 

Aromat Hexamethylbenzol haben bewiesen dass die ipso Addition nicht nur möglich ist 

sondern viel schneller verläuft als erwartet nur von der H-atom Abstraktion. Eine Folge von 

alkylierten Benzolen mit zwischen zwei und fünf Substituenten wurde für diese Arbeit 

untersucht. OH Radikale wurden mit Wasserdampfphotolyse erzeugt und ihre relative 

Konzentration wurde mit Resonanzfluoreszenz zeitlich verfolgt. Drei der untersuchten 

Aromaten können nur zwei Addukte bilden (jeweils ein ortho and ein ipso): 1,4-

Dimethylbenzol, 1,3,5-Trimethylbenzol und 1,2,4,5-Tetramethylbenzol. Für diese drei 

Substanzen zwei Mechanismen wurden untersucht: (i) Bildung von zwei Addukte aus der 

direkten Addition und (ii) Bildung von zwei Addukte mit Isomerisierung von einem Addukt 

in das Andere. Für die Aromaten: 1,2,3,4-, 1,2,3,5-Tetramethylbenzol, and Pentamethylbenzol 

erwartet man die Bildung mehrerer Addukte und deswegen nur die gesamte 

Geschwindigkeitskonstante (Abstraktion + Addition) wurde bestimmt. Außerdem, der 

Mechanismus der Reaktion von OH radikale mit der biogenen Molekül p-Cymol (4-

isopropyl-toluol) wurde untersucht. In diesem Fall, theoretische Berechnungen haben ergeben 

dass nur zwei Addukte eine Rolle spielen und dementsprechend das zwei-Addukte-Modell 

konnte angewendet werden. OH Geschwindigkeitskonstanten  zwischen 300 und 340-360K 

wurden gemessen, und Gleichgewichtskonstanten und Ausbeuten für jedes Addukt, sowie 

Entropien und Enthalpien wurden bestimmt. Addukte wurden identifiziert mit Hilfe ihre 

thermodynamische Eigenschaften und Vergleich mit, in der Literatur verfügbare, 

theoretischen Berechnungen und experimentellen Ergebnisse.  Dennoch, war es unmöglich zu 

bestimmen welche der zwei Mechanismen von den untersuchten Reaktionen verfolgt wird, 

und wahrscheinlich der wahre Mechanismus liegt dazwischen.  
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1 INTRODUCTION 

 Volatile organic compounds (hereafter referred to as VOCs) are carbon-containing 

gases present in the troposphere at mixing rations of some 10 parts per billion (ppb) in 

polluted air down to less than one ppb in remote areas.
1-3

 They are released by either 

anthropogenic or biogenic sources. Biogenic VOC emissions, on a global scale, equal or 

exceed anthropogenic sources, although the latter are more important in urban areas, 

contributing to photochemical smog formation.
4
 Aromatic hydrocarbons, an important 

subclass of VOCs, react promptly with OH radicals in the gas phase at rates which depend on 

the quantity and properties of the substituent group(s) attached to the aromatic ring.
5
 These 

rate constants have been extensively studied for the aromatics benzene,
6-18

 toluene,
7-11, 17-25

 

1,2-dimethylbenzene (o-xylene),
7-9, 20-22, 26, 27

 1,3-dimethylbenzene (m-xylene),
7-10, 18, 20-22, 25-28

 

1,4-dimethylbenzene (p-xylene),
7-9, 18, 20-22, 26, 27, 29

 1,2,3-trimethylbenzene, 1,2,4-

trimethylbenzene and 1,3,5-trimethylbenzene,
7-9, 20, 22, 30

 while for aromatics with higher 

methylation either only a few studies (1,2,4,5-tetramethylbenzene
31

, pentamethylbenzene
31

 

and hexamethylbenzene
32, 33

) or no studies at all have been carried out (1,2,3,5- and 1,2,3,4-

tetramethylbenzene). After this high number of studies, comprising not only room-

temperature measurements but also temperature and pressure dependence, using absolute and 

relative studies, little is known about the mechanism after the initial OH-radical attack in the 

absence of oxygen. These rate constants are important to understand the local, regional or 

long-range effects of their oxidation products. Moreover, a good understanding of these rate 

constants can improve the results obtained from the application of the master chemical 

mechanism (MCM) for environmental chamber studies.
34-39

  

1.1 OH-radical reaction with alkylated aromatic compounds 

 OH radicals react very readily with aromatic compounds. OH addition to a non-

substituted site, H atom abstraction from the aromatic ring and reaction at the substituent 

group attached to the aromatic ring have been investigated and discussed.
5
 OH-rate constants 

at low temperatures (<325K) have slightly negative activation energies (i.e., they decrease 

with increasing temperatures) while at high temperatures (>400 K), the OH rate constants 

increase rapidly with increasing temperatures.
40

 At intermediate temperatures, non-

exponential decays of OH radicals have been observed, caused by the combination of OH 

addition and H-atom abstraction,
9, 11, 13, 15, 27

 and depending on the experimental conditions.
41

  

Until a few years ago, OH addition to a substituted site (ipso addition) was considered to be 
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unimportant in the gas phase, and it gained significance after the investigation of the reaction 

of OH radicals with hexamethylbenzene (HMB) by Berndt and Böge
42

 using a relative rate 

technique with 1,3,5-trimethylbenzene as reference. They detected hexamethyl-2,4-

cyclohexadienone as a product of consecutive reactions with NO2, and  the OH+HMB-rate 

constant, (1.13 ± 0.11) × 10
-10

 cm
3
 s

-1 
at 295 K,

42
 was found to be approximately 20 times 

higher than the respective rate constant for the reaction of OH with toluene, 
7-11, 17-25

 a 

molecule in which the majority of its sites are unsubstituted and no steric hindrance is 

expected, and also 30 times more reactive than the expected rate constant for the H 

abstraction from a total of six methyl groups alone,
40

 indicating that an ipso addition can 

occur at room temperature. It is therefore interesting to elucidate the mechanism for the OH 

radical addition to methylated compounds. Soon after, Koch and Zetzsch
43

 observed 

biexponential decays of OH from the reaction with HMB at elevated temperatures, indicating 

the formation of an HMB-OH adduct in equilibrium with the reactants. Later on, these 

investigators inspected archived digital files of previously published data and detected 

deviations from the biexponential behaviour for 1,3,5-trimethylbenzene, supporting the idea 

of the formation of ipso adducts.
44

 More recently Bohn and Zetzsch
30

 published a detailed 

analysis of the reversible reaction of OH radicals with 1,3,5-trimethylbenzene (135-TMB), a 

highly symmetric molecule which could form only two types of OH-(135-TMB)-adducts after 

the OH radical addition at either an occupied (ipso) or at a free (ortho) position (at three 

equivalent positions each). Bohn and Zetzsch (2012)
30

 re-evaluated the triexponential OH-

decay curves which corresponded to the formation of two energetically different adducts by 

solving the corresponding system of differential equations, and they developed two reaction 

mechanisms assuming: a) direct formation of both adducts and b) the direct formation of one 

adduct with subsequent isomerization into the other. These authors concluded that the 

formation of ipso adducts was possible and tentatively identified the observed adducts.   

During my PhD work, I investigated the possible formation of ipso adducts from the 

OH reaction with the biogenic aromatic molecule 4-isopropyltoluene (p-cymene) and the 

influence of two non-equivalent alkyl groups on the reaction mechanism. The preliminary 

experimental results presented before
33

 for hexamethylbenzene (HMB) were re-evaluated 

using an improved fitting analysis, and the possible formation of ipso adducts from the 

reaction with OH radicals was investigated for 1,4-dimethylbenzene (14-DMB), 

1,3,5-trimethylbenzene (135-TMB), 1,2,3,4-tetramethylbenzene (1234-TeMB) as ideal model 
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molecules and finally accomplished for 1,2,3,5-tetramethylbenzene (1235-TeMB), 

1,2,4,5-tetramethylbenzene (1245-TeMB) and pentamethylbenzene (PMB) as well.  

1.2 Objectives of the PhD Thesis  

The main goal of my thesis is to improve the understanding of the OH-initiated 

degradation of aromatic hydrocarbons by investigating the possible formation of ipso adducts 

from the reaction of OH radicals with p-cymene and polymethylated benzenes at various 

temperatures. Rate constants for the global reaction and for individual reaction channels were 

determined, as well as the yield in cases where more than one adduct was formed. 

Thermodynamic data (entropy and enthalpy) were determined, facilitating in some cases the 

identification of the formed adducts.  

The manuscripts presented on page iv contribute to this research as follows:  

i. Alarcón et al. (2013) present the application of a known, widely used model
13, 45-47

 to the 

reaction of OH radicals with p-cymene. In the paper, it becomes clear that the mechanism 

is more complex than expected and that a new model has to be developed in order to 

elucidate the reaction mechanism. 

ii. Alarcón et al. (2014), published as a continuation of the previous paper, present a re-

evaluation of the measurements, performed using an extended mechanism to understand 

the fate of the OH reaction with p-cymene. The extended model served to determine 

global and separate reaction rate constants assuming the formation of two adducts. 

Quantum chemical calculations and numerical simulations, performed by colleagues at 

Bordeaux and Jülich, demonstrated the predominant formation of two adducts from the 

four possible adducts. 

iii. Alarcón et al. (2015) present the application of the triexponential model (i.e., formation 

of two adducts) and the extended triexponential model (i.e., direct formation of each 

adduct and isomerization of one adduct into the other) to a series of polymethylated 

aromatic compounds: 14-DMB, 135-TMB and 1245-TeMB which, by symmetry, can 

form two adducts alone (ipso and ortho).  OH-rate constants, adduct-formation yields, 

formation entropies and enthalpies and equilibrium constants were determined for the 

direct addition of OH to these compounds and for the isomerization of the OH-adducts. 

Formed adducts were tentatively identified by comparison with published thermodynamic 

data on benzene and a re-evaluation of former experimental data with HMB. 

Furthermore, total OH rate constants were determined for the aromatic compounds which 
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could form more than two adducts (and for which the triexponential models do not 

apply): 1234-TeMB, 1235-TeMB and PMB.   

2. EXPERIMENTAL 

 

 The experimental methodology was originally developed by Stuhl and Niki,
48

 and 

consists of OH radical production by vacuum UV flash photolysis of water vapour and time 

resolved detection of OH radicals using resonance fluorescence. The apparatus used in this 

work was originally built by Witte et al. 
15

, a temperature-controlled further developed version 

of the apparatus built by Wahner and Zetzsch.
13

 The saturator system for the correct dosage of 

reactants and water, as well as the software for automatic control of the experiments were 

developed by Rinke and Zetzsch,
14

 and Koch et al,
46, 47

 respectively. A detailed description of 

the experimental setup used during my PhD work has also been presented in Alarcon et al.
49

. 

Briefly, gaseous mixtures of aromatic-He-H2O and He-H2O were prepared by passing the 

carrier gas (He) through vessels (saturator) at a given mass flow rate, one of them containing 

water and another containing the compound (solid or liquid) to be studied. The temperature of 

the saturators was kept constant by circulating water through the glass mantle at a temperature 

at which the vapour pressure of the substances was known. Concentrations of H2O and 

aromatics were calculated from vapour pressures at the saturator temperature, ambient and 

reaction cell temperatures, mass-flow rates through both saturators and total pressure on the 

reaction cell. Gas mixtures containing either He-H2O or aromatic-He-H2O flow into the 

reaction cell under slow flow conditions to avoid accumulation of reaction products. To avoid 

condensation of compounds with low vapour pressure, the glass tubing from the saturators to 

the reaction cell was heated using a resistance-heating wire. An important improvement to the 

already built apparatus was a commercial Perkin Elmer FX1165 short arc xenon flash lamp 

with a MgF2 window was used in the experiments as VUV source, typically using a flash 

energy of 540 mJ. This new lamp has proven to be very reliable, with increased signal and 

trigger stability. Experiments, accomplished before my arrival, were performed using a home-

made flash lamp with spark discharge in N2 (flash energy = 600 mJ). This lamp has been used 

for the study of HMB
33

 and for the first experiments with p-cymene presented in Alarcon et 

al.
49

  Results obtained with the N2-spark lamp in the p-cymene study did not agree with later 

results, showing an increased OH reactivity in comparison to those obtained with the Xe-flash 

lamp. This higher reactivity is assumed to be caused by impurities with higher vapour 
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pressure in the p-cymene sample, which were slowly stripped from the reactant in the 

saturator.  

 The initial OH concentration, produced by VUV photolysis of 1.5×10
15

cm
-3

 of H2O, 

was determined by Zhang et al.,
50-52

 using the same flash lamp with a flash-photolysis 

resonance fluorescence system of similar geometry,
13

 obtaining a value of 2×10
10

cm
-3

 under 

the experimental conditions employed. This initial concentration is at least 10 times smaller 

than the lowest aromatic concentration used in our experiments, ensuring pseudo first order 

conditions.  The resonance lamp operated with a slow flow of a gas mixture of He and water 

vapour at a constant pressure of 130 mbar. The microwave power was supplied by a 

microwave generator (Muegge, Reichelsheim, MW-GPRYJ1511-300-01, 2.45 GHz, 300 W) 

via a water-cooled circulator (Philips, Type 2722 163 02071) and operated at 30% of the 

maximum power. The microwave discharge dissociates the water vapour, contained in the gas 

mixture, to produce OH radicals that are then electronically excited by colliding with excited 

He or free electrons. Excited OH radicals decay to the ground state by fluorescence, and this 

emitted radiation is focused into the reaction cell (see f in fig. 1), exciting the OH radicals 

produced by VUV photolysis. The resonance lamp is equipped with a concave mirror at the 

top (see q in fig. 1) that captures the emitted radiation and resends it to the reaction cell 

through the focusing lenses, increasing by this manner the total fluorescence intensity. 

Excited OH radicals in the reaction cell decay to the ground state, and the emitted radiation 

passes through an interference filter (308 nm) to block impurity emissions from the resonance 

lamp, and later is focused onto the photocathode of a photomultiplier (Thorn-EMI, 9789QB) 

placed at right angles to the Xe flash lamp and the resonance lamp. The output pulses from 

the photomultiplier were processed by a home-made discriminator and accumulated in a 

multichannel-scaling card (EG&G Ortec, model ACE MCS) at a dwelltime of 0.98 ms and 

saved in a PC. Koch et al
46

 compressed the data points from the 4096 channels of the 

multichannel scaling card into 62 values, by doubling the time interval width after every 6 

intervals.
46

 This compression of the data needs less memory space and decreases the data 

noise toward longer times, and it has been demonstrated that its use does not lead to 

systematic deviations. 
46
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Fig. 1 Top (a) and side (b) views of the flash photolysis resonance fluorescence (FR-RF) system used 

in this work. (a) Wood’s horn; (b) pressure gauge (10 Torr); (c) pressure gauge (1000 Torr); (d) 

vacuum valve; (e) photomultiplier; (f) focusing lenses; (g) interference filter (308 nm); (h) focusing 

screw; (i) MgF2 windows; (j) 60% intensity compared to the central beam; (k) observation zone; (l) 

lamp power supply; (m) N2 purge gas inlet; (n) lamp water cooling; (o) mantle with silicon oil 

circulating from a thermostat; (p) gas mixture inlet; (q) concave mirror; (r) microwave discharge; (s) 

resonance lamp He–H2O mixture outlet and (t) inlet. Taken from Alarcon et al.,
49
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The temperatures in both saturators, of the reaction cell and in the laboratory were 

measured using platinum resistance thermometers, PT100. The pressure in the cell and in the 

saturator system was determined using pressure transducers type 222B of 1000 mbar range 

(MKS Instruments). The He flows through both saturators and for dilution were controlled 

using mass flow controllers (MFCs) ranging from 5 to 2000 sccm (Wagner Mess- und 

Regeltechnik). Each MFC was calibrated using soap-bubble flowmeters, and the resulting 

parameters of second-order polynomials were saved into a calibration data file (calibr.dat) 

which was called by the program to interpolate the flow rates. Using the calculated flow rates, 

vapour pressures, temperatures, and pressures, concentration of water and reactants were 

determined in real-time. All this information was saved in a protocol file (*.prt) for each 

measurement that was created in parallel to the file containing the raw data of the decays 

(*.dec), and it has proven to be very helpful in the search for the causes of some problems 

detected after the automatically obtained data was processed.  

Typically, an experimental series was performed in the following way:  

a) The saturators were emptied and flushed several times using high-purity hexane 

(sample saturator) and deionized water (water saturator).  

b) The saturator used for the aromatics was heated to 80 to 90 °C, and the He flow 

through it was at its maximum (10 sccm) to assure that neither the previous compound 

used nor hexane could contaminate the new compound to be measured. 

c) The glass tubing was heated to around 50°C to avoid condensation of compounds with 

low vapour pressure. 

d) The temperature of the reaction cell was set at 350 – 360 K and the pressure was kept 

at 50 – 80 mbar to remove as much impurity as possible.  

e) Blank experiments were performed under typical experimental conditions (water 

concentration = 1.5×10
15

 cm
-3

, temperature in the cell = 300 K, total pressure = 200 

mbar), with the exception that the saturator for the aromatic was kept at 80 to 90°C 

and  maximum He flow (10 sccm), until the OH-radical decay rates decreased to less 

than 2 – 4 s
-1

 .  

f) In cases where the biexponential behaviour of the OH radical decays did not disappear 

after the treatment from steps a) to d), an intense cleaning of the reaction cell was 
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performed: the cell was again heated and evacuated using a diffusion pump and kept 

in this configuration for several hours (typically during the whole night).   

g) After the system was clean, a new compound was transferred into the reactant 

saturator. Vapour pressure data was searched in the literature for the temperature at 

which the saturator was kept during the experiments (between 275 and 370 K when 

using water as circulating liquid). If no Clausius-Clapeyron/Antoine coefficients were 

found for the studied compounds, these were calculated in the required range from 

measurements in the literature, using the same temperature range as the authors in 

their experiments. These Antoine coefficients, either obtained or directly used from 

literature data, were saved in a file containing vapour pressure coefficients 

(antoine.dat).  

h) If for the compound to be measured there were no rate constants for the reaction of 

OH radicals available in the literature, a series of experiments with increasing 

concentrations of the aromatic was performed until the first OH decay became faster 

than 300 s
-1

 . The concentration, at which this decay was found, was then used as 

maximum in the forthcoming experiments.  

i) The minimum aromatic concentration used was dependent on the minimum setting of 

the mass flow controller used for the aromatic saturator (10 % of the full range) and 

the saturator temperature. When a minimum was found, at least 10 aromatic 

concentrations were selected between the minimum and maximum.  

j) The experiments were designed such that for each temperature the aromatic 

concentration was increased systematically until the maximum was reached and then 

decreased again back to the minimum concentration. In this manner it could be 

observed if the results were the same independent if the concentrations were being 

increased or decreased and therefore an interfering ad-/ desorption of the aromatic in 

the cell could be detected.  

k) The temperature in the reaction cell was varied from 300 K up to around 380 – 400 K, 

typically increasing and decreasing systematically and then picking some random 

temperatures in between to confirm the obtained results, thus checking the long-term 

stability of the purity of the sample. 
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3. DATA EVALUATION 

Exponential functions (bi- and triexponential) were fitted to obtained raw data using 

two approaches. The first, so called “e-fit” 
46

 (from the German word “Einzel” which means 

individual), was only used to get an overview of the data or to detect problems with specific 

measurements. Moreover, this overview can show deviations from the linear dependence of 

the OH-decay rate on the aromatic concentration caused by low equilibration times (time 

needed for the concentration of the studied substance to become stable and constant in the 

reaction cell after being set by the software). However, no rate constants were calculated from 

the e-fit mainly because at some temperatures/concentrations of aromatic, the intensity ratios 

(i.e., I1/I2. See eq. 10) might become too large or too small, or the rates of both exponential 

decays become similar (i.e., 
-1

 ≈ 
-2

. See eq. 10) and the fitting routine cannot determine 

these parameters correctly. The second approach, so called “k-fit” or simultaneous fit, was 

developed by the former co-worker Koch
47

 in order to minimize those problems, being 

applied to sets of decays at various reactant concentrations and the same temperature. Both, e-

fit and k-fits were performed in this work using fitting routines written with the IDL software 

(Interactive Data Language, Research Systems Inc.). Uncertainties of the fitted parameters 

were estimated by increasing and decreasing the value of each parameter and fixing it (while 

other parameters are allowed to vary) until the measured 2
 was increased by a given factor. 

30, 49
 This factor was calculated for each set of curves for the degrees of freedom (DOF) given 

to obtain a probability of 0.68, which corresponds to 1 uncertainty. Uncertainties of 

enthalpies and entropies were estimated applying the Bootstrap method. For this method, 

applied when the uncertainty of the single data points are poorly known, the data sets were 

repeatedly resampled using N randomly selected data points from the original set. The 

standard deviations of the fitted parameters define their estimated uncertainty.
53

  

3.1 Reaction mechanisms 

 As mentioned above in section 1.1, OH radicals react with aromatic molecules 

following mainly two pathways: OH-radical addition and H-atom abstraction. OH radical 

addition could occur in all positions; however the reactivity of some positions might be 

affected by inductive or resonance effects of the substituents (alkyl groups are ortho/para 

directing) and/or by steric hindrance. Generally, numerous adducts should be expected from 

the reaction of OH radicals with alkylated aromatics (see table 1), but the ability of detecting 

them experimentally depends on the differences of the thermodynamic properties of the 
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adducts (entropy and enthalpy of formation), subsequent reaction of the adducts, time 

resolution of the experiments, among others. Nevertheless, even if the adducts were 

distinguishable and measurable, a numerical solution for the differential equation system of 

n+1 equations and 3n+2 variables (with n=number of distinguishable adducts) needs to be 

found.  These numerical solutions are available for the formation of one
13, 46

 and two 

adducts,
30

 and they were applied to the measured data as will be shown below. 

Tab. 1. Adducts expected from the reaction of the given aromatic compounds with OH radicals.  

Aromatic ipso adducts non-ipso adducts Total adducts 

Benzene 0 1 1 

Toluene 1 3 4 

12DMB 1 2 3 

13DMB 1 3 4 

14DMB* 1 1 2 

123TMB 2 2 4 

124TMB 3 3 6 

135TMB* 1 1 2 

1234TeMB* 2 1 3 

1235TeMB* 3 1 4 

1245TeMB* 1 1 2 

PMB* 3 1 4 

HMB* 1 0 1 

p-cymene* 2 2 4 

*
aromatic compounds studied for this dissertation 

 

OH-decay curves were observed to become bi- or triexponential, depending on the 

studied aromatic. A fourth exponential decay term was  beyond the capabilities of our 

experimental setup, and our study was therefore limited to three reaction mechanisms: 

formation of one adduct (biexponential model), direct formation of two adducts 

(triexponential model) and direct formation of one adduct and isomerization into the other 

(extended triexponential model). A diagram with all possible reactions is shown in fig. 2. 
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Fig 2. Schematic diagram with all possible reactions. The ki’ = ki × [aromatic] denote pseudo 
first-order rate constants of bimolecular reactions. Adapted from Alarcón et al (2015)

54
 

 

3.2 Biexponential model (k12a, k12 = 0) 

 The biexponential model (mod-1) applies strictly to molecules which can form one 

adduct alone from the reaction with OH radicals (benzene and HMB). The incorrect use of 

this model, applied to p-cymene
55

 and 135-TMB,
30

 has shown large underestimation of the 

OH rate constants at temperatures higher than room temperature. The reaction mechanism 

used in this model can be obtained from the global scheme (fig. 2) when suppressing the 

formation of a second adduct (k12a=0), as well as the isomerization of the adduct formed 

(k12=0). The mechanism involves the reversible addition of OH radicals to the aromatic ring 

(k11a, k-11a), H-atom abstraction (k1b), OH radical losses (k2) and adduct losses (k31), leading to 

a system of two differential equations (Eq.  1 and 2) 

 
𝑑[𝑂𝐻]

𝑑𝑡
=  −𝑎 [𝑂𝐻] + 𝑏[𝑎𝑑𝑑𝑢𝑐𝑡] 1  

 
𝑑[𝑎𝑑𝑑𝑢𝑐𝑡]

𝑑𝑡
=  𝑐 [𝑂𝐻] − 𝑑[𝑎𝑑𝑑𝑢𝑐𝑡] 2  

The general solution for the system of differential equations (eq. 1 and 2) is expressed 

by eq. 3 and leads to biexponential OH-decay curves characterized by a first fast decay due to 

the OH addition to the aromatic ring and abstraction (k11a and k1b) and a second slow decay 
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due to the equilibrium reached between the OH addition (k11a) and the unimolecular decay of 

the adduct (k11a, k-11a) with a subsequent loss of the adduct without regeneration of OH (k31) 

that cannot be distinguished from abstraction (k1b).
46

 Example-fits of the biexponential model 

to data from measurements with 1,4-dimethylbenzene are shown in fig. 3. 

 
Fig. 3. Examples of OH decay curves in a semilogarithmic plot. Two from a total of eleven decay 

curves of the experiments with 14-DMB at 334 K are shown. 14-DMB concentrations were 

1.7×10
13

cm
−3

 (top) and 5.0×10
13

cm
−3

 (bottom). Full lines show the results of fits to all eleven decay 

curves simultaneously according to model-1 (red) and model-2 (blue). The data points were calculated 

from photon counts divided by interval widths and assigned to the middle of the intervals. Fitted 

backgrounds were subtracted and data then normalized to the fitted starting count rates. For that 

reason, model-1 and model-2 data points are different even though they represent the same 

experimental decay curve. Only a small fraction of the total measurement time of 4 s is shown. Taken 

from Alarcon et al.
54 

 

 
[𝑂𝐻] = 𝐼1 exp(− 𝑡 𝜏1⁄ ) + 𝐼2 exp(− 𝑡 𝜏2⁄ ) 3  

Parameters a, b, c and d are related to the rate constants in the following way (Eq. 4 - 7): 

 𝑎 = 𝑘2 + (𝑘11𝑎 + 𝑘1𝑏)[𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐] 4  
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 𝑏 = 𝑘−11𝑎 5  

 𝑐 = 𝑘11𝑎[𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐] 6  

 𝑑 = 𝑘−11𝑎 + 𝑘31 7  

Parameters a and d are obtained directly from simultaneous fit of isothermal sets of 

OH decay curves, from which the global rate constant kOH (= k11a + k1b) and the unimolecular 

decay of the adduct are calculated. The analytical solution of the differential equation system 

does not allow us to separate parameters b and c (obtained as a product), limiting its use 

mostly to the determination of the equilibrium constant using either eq. 8 or 9, given the H 

atom abstraction rate constant (k1b) or the adduct losses (k31), respectively. Rate constants for 

elementary reactions cannot be directly fitted due to a degeneracy problem (i.e., there are 

more variables than equations). In order to partially solve this problem, limiting cases are 

studied. At low temperatures, the abstraction plays a minor role ar (slope of a vs [aromatic]) 

and ar = k11a. On the other hand, at high temperatures, the unimolecular decay of the adduct 

plays a major role in the adduct-losses term d, resulting in d=k-11a.
46, 47

  

 𝐾𝑒𝑞(𝑏𝑖𝑒𝑥) =  
(𝑘𝑂𝐻 − 𝑘1𝑏)2

𝑏𝑐
=  

𝑘11𝑎
2

𝑘11𝑎𝑘−11𝑎
=

𝑘11𝑎

𝑘−11𝑎
 8  

 𝐾𝑒𝑞(𝑏𝑖𝑒𝑥) =  
𝑏𝑐

(𝑑 − 𝑘31)2
=  

𝑘11𝑎𝑘−11𝑎

𝑘−11𝑎
2 =

𝑘11𝑎

𝑘−11𝑎
 9  

H-atom abstraction can be estimated using the expression recommended by Atkinson
40

 

based on high-temperature (>450K) rate constants for the reaction of OH radicals with 

toluene and the xylenes. H-atom abstraction (per methyl group) is expressed by the modified 

Arrhenius expression k1b=8.07×10
-18

 T
2
 exp (-38/T) cm

3
s

-1
 over the temperature range 470 – 

1046 K, and an extrapolation to room temperature yields a rate constant of 6.3×10
-13

 cm
3
s

-1
 

for each methyl group 
40

. While the abstraction for the methylated benzenes can be estimated 

by this approximation, this approach should not be used for aromatics with alkyl groups other 

than CH3; for example p-cymene. In this case, a different approach was needed. Upon our 

request, Aschmann et al.,
56

 measured the formation yields of the major products expected 

after the H-atom abstraction from the isopropyl group from the reaction of OH radicals with 

p-cymene in a Teflon chamber at 297 ± 2 K. These authors determined that the H-atom 

abstraction from the methyl and isopropyl groups represented 20 ± 4% of the total rate 
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constant at room temperature (much larger than expected for the methylated aromatics of 10% 

for p-xylene at room temperature and becoming less important with increasing methylation). 

The temperature dependence of the H-atom abstraction for p-cymene was estimated on a first 

approximation by structure activity relationship (SAR).
57

 This method requires the knowledge 

of so-called “substituent factors” i.e., empirical factors related to the identity of substituent 

groups attached to the primary, secondary or tertiary carbons suffering the H-atom 

abstraction. These factors were not available for the compounds formed after the H-atom 

abstraction from the methyl group or from the three carbon atoms of the isopropyl group. 

Assuming, by simplicity, that these substituent factors had the same value and that the 

estimation must yield the experimental value at room temperature (3.1 ± 0.7 × 10
-12

 cm
3
 s

-1
), 

an expression for the H-atom abstraction was estimated. Nevertheless, this expression seemed 

to underestimate the abstraction at high temperatures, and another approach was needed. As it 

is expected that the abstraction will be the major reaction path for reaction with OH radicals at 

high temperatures, the modified Arrhenius equation: k = A (T/K)
2
 exp(-E/RT) was fitted to 

data at these temperatures (>380K) and the experimental value at room temperature. In the 

present work, values for A of 2×10
-17

 cm
3
s

-1
 and –E/R of 170K for p-cymene were 

determined.  

The adduct-loss rate constant, k31, can be directly estimated from parameter d since the 

unimolecular decay rate constant, k-11a, depends strongly on the temperature, while the 

adduct-loss rate constant, k31, is assumed to be constant over the studied temperature range. 

Fitting the parameter d to an expression of the form: A exp (-B/T) + C allow us to determine 

both rate constants.  

The equilibrium constants, estimated by equation 8 and 9, are not different, but each 

equation has its advantages and drawbacks at different temperatures. At low temperatures, the 

abstraction does not play a major role in the overall rate constant (i.e., kOH >> k1b), and the 

equilibrium constant is well described by eq. 8. On the other hand, at these temperatures, the 

parameter d is comparable with the adduct-loss rate constant k31 (i.e., the unimolecular decay 

of the adduct, k-11a, is very small), and small deviations in the determinations of the latter 

increase the uncertainties of the equilibrium constant estimated by eq. 9. With increasing 

temperatures, the abstraction becomes more important, increasing the uncertainties of the 

estimated equilibrium constant using eq. 8; the adduct-loss rate constant then becomes 

negligible against the parameter d, and the equilibrium constant at these temperatures can be 

well estimated by eq. 9.  
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 In order to determine equilibrium constants valid over the studied temperature range, 

equations 8 and 9 were combined into equation 10. Optimized values for k31 were estimated 

by fitting the concentration-dependent term of parameter a, parameters bc and d to equation 

10, using as k1b the recommendation from the literature 
30, 40

 for the methylated aromatics or 

the expression determined for p-cymene.
49

  

 

 𝑘𝑂𝐻 − 𝑘1𝑏 =  𝑘11𝑎 =  
𝑘11𝑎𝑘−11𝑎

𝑘−11𝑎
=

𝑏𝑐

𝑑 − 𝑘31
 10  

 

 

3.2 Triexponential model (k12 = 0) 

 Triexponential decays of OH in presence of aromatics were first overlooked several 

years ago when studying trimethylbenzenes.
46, 58

 Application of the biexponential model to 

the obtained data was not satisfactory but, as ipso adducts had been considered to be 

unimportant in the gas phase and only one adduct was expected, no explanations were found 

for the deviation of the curves from biexponential decays. It should be mentioned here that Uc 

et al.,
59

 predicted high statistical occurrence of the ipso adduct from the reaction of OH 

radicals with toluene from theoretical calculations, as well as higher stability compared to the 

other adducts. Furthermore, the experimental determination of a very fast rate constant for the 

reaction of OH with HMB at 296 K by Berndt and  Böge
42

 showed the importance of the ipso 

addition in the gas phase. Deviations from the biexponential model were also observed with 

p-cymene, increasing the need for the analytical solution of the reaction mechanism for the 

formation of two distinguishable adducts. 

The reaction mechanism (fig. 2) contains now, additional to the biexponential model, 

the direct formation of a second adduct (isomerization was suppressed; k12 = 0). The solution 

for the differential equation system given by eq. 11 – 13 was found by Bohn and Zetzsch
30

 

and was used for the determination of the rate constants using the triexponential model (mod-

2). 

 
𝑑[𝑂𝐻]

𝑑𝑡
=  −𝑎 [𝑂𝐻] + 𝑏[𝑎𝑑𝑑𝑢𝑐𝑡1] + 𝑒 [𝑎𝑑𝑑𝑢𝑐𝑡2] 11  
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𝑑[𝑎𝑑𝑑𝑢𝑐𝑡1]

𝑑𝑡
=  𝑐 [𝑂𝐻] − 𝑑[𝑎𝑑𝑑𝑢𝑐𝑡1] 12  

 
𝑑[𝑎𝑑𝑑𝑢𝑐𝑡2]

𝑑𝑡
=  𝑓 [𝑂𝐻]                            − 𝑔[𝑎𝑑𝑑𝑢𝑐𝑡2] 13  

The general solution for the system of differential equations (eq. 11 - 13) is expressed 

by eq. 14 and leads to triexponential OH-decay curves, characterized by a first fast decay due 

to the OH addition to the aromatic ring, a second slow decay due to the equilibrium 

established between the OH addition and the unimolecular decay of the more unstable adduct  

and a third decay due to the equilibrium reached between the OH addition and the 

unimolecular decay of the more stable adduct. Data fitted to the triexponential model is shown 

in fig. 3, and the improvement is obvious, as compared to the biexponential model. 

 [𝑂𝐻] = 𝐼1 exp(− 𝑡 𝜏1⁄ ) + 𝐼2 exp(− 𝑡 𝜏2⁄ ) + 𝐼3 exp(− 𝑡 𝜏3⁄ ) 14  

Analogous to the biexponential model, rate constants are contained in the parameters 

a-g as shown in eq. 15–21. 

 𝑎 = 𝑘2 + (𝑘11𝑎 + 𝑘12𝑎 + 𝑘1𝑏)[𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐] 15  

 𝑏 = 𝑘−11𝑎 16  

 𝑐 = 𝑘11𝑎[𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐] 17  

 𝑑 = 𝑘−11𝑎 + 𝑘31 18  

 𝑒 = 𝑘−12𝑎 19  

 𝑓 = 𝑘12𝑎[𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐] 20  

 𝑔 = 𝑘−12𝑎 + 𝑘32  21  

Parameters a, d and now g are obtained directly from the simultaneous fits of 

triexponential functions to isothermal sets of decays, from which the global rate constant kOH 

(= k11a + k12a + k1b) and the unimolecular decay of each adduct are calculated. Parameters bc, 

and now ef cannot be separated, and they are used mainly for the determination of the 

equilibrium constant using equations 22 and 23, given the losses for each adduct (k31 and k32 
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for adduct 1 and 2, respectively).  Despite the fact that these equilibrium constants can be 

determined for each temperature from the fitted parameters, we preferred to adapt the fit 

routines to obtain directly the equilibrium constants. Direct results obtained by this way are 

the same as with eq. 22 and 23, but the uncertainties of these values can be determined by the 

method described at the beginning of this section and they are helpful in order to weight data 

for the determination of entropies and enthalpies.  

 𝐾𝑒𝑞
1 =  

𝑏𝑐

(𝑑 − 𝑘31)2
=  

𝑘11𝑎𝑘−11𝑎

𝑘−11𝑎
2 =

𝑘11𝑎

𝑘−11𝑎
 22  

 𝐾𝑒𝑞
2 =  

𝑒𝑓

(𝑔 − 𝑘32)2
=  

𝑘12𝑎𝑘−12𝑎

𝑘−12𝑎
2 =

𝑘12𝑎

𝑘−12𝑎
 23  

Analogous to the biexponential model, optimized adduct loss rate constants k31 and k32 

were estimated by fitting eq. 25 simultaneously at all temperatures, given the H atom 

abstraction rate constant k1b from literature data. 

 𝑘𝑂𝐻 − 𝑘1𝑏 = 𝑘11𝑎 + 𝑘12𝑎 =
𝑘11𝑎𝑘−11𝑎

𝑘−11𝑎
+

𝑘12𝑎𝑘−12𝑎

𝑘−12𝑎
  24  

 𝑘𝑂𝐻 − 𝑘1𝑏 =
𝑏𝑐

𝑑 − 𝑘31
+  

𝑒𝑓

𝑔 − 𝑘32
 25  

 

3.3 Extended triexponential model (k12a = 0) 

Bohn and Zetzsch
30

 proposed a variation of the triexponential model, taking the 

possible isomerization of the adducts one into the other into account. They studied the 

limiting case with no direct formation of adduct 2 (k12a = 0) but via isomerization of adduct 1. 

The extended triexponential model (mod-3), as its name implies, presents only minor 

variations from the triexponential model. The differential equation system is described by eq. 

26 - 28.  Direct formation of adduct 2 is suppressed, i.e., k12a = 0, and a new reaction is added 

for the isomerization of the adducts (k12 and k21), the parameters d and g from the 

triexponential model are redefined (eq. 29 - 30) and the product of the two new parameters hi, 

that (similar to bc and ef) cannot be separated, is added (eq. 31 and 32).   

 
𝑑[𝑂𝐻]

𝑑𝑡
=  −𝑎 [𝑂𝐻] + 𝑏[𝑎𝑑𝑑𝑢𝑐𝑡1] + 𝑒 [𝑎𝑑𝑑𝑢𝑐𝑡2] 26  
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𝑑[𝑎𝑑𝑑𝑢𝑐𝑡1]

𝑑𝑡
=  𝑐 [𝑂𝐻] − 𝑑[𝑎𝑑𝑑𝑢𝑐𝑡1] +  ℎ[𝑎𝑑𝑑𝑢𝑐𝑡2] 27  

 
𝑑[𝑎𝑑𝑑𝑢𝑐𝑡2]

𝑑𝑡
=  𝑓 [𝑂𝐻]  + 𝑖[𝑎𝑑𝑑𝑢𝑐𝑡1] − 𝑔[𝑎𝑑𝑑𝑢𝑐𝑡2] 28  

 𝑑 = 𝑘−11𝑎 + 𝑘12 + 𝑘31   29  

 𝑔 = 𝑘21 + 𝑘32 30  

 ℎ = 𝑘12 31  

 𝑖 = 𝑘21[𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐] 32  

 

The general solution for the system of differential equations (eq. 26-28) is given by eq. 

14. Equilibrium constants for the formation of the adduct 1 and for the isomerization into 

adduct 2 can be calculated using eq. 33 and 34, respectively. Similar to the previous models, it 

is necessary to determine the adduct loss rate constants k31 and k32, as well as the isomerization 

rate constant k12. Initially, adduct loss rate constants k31 and k32 are determined by a 

simultaneous fit of eq. 36 at all temperatures. Finally, k12 is determined after rearrangement of 

eq. 35 and 36 as shown by eq. 37.   

 𝐾𝑒𝑞_𝑖𝑠𝑜𝑚
1 =  

𝑏𝑐

(𝑑 − 𝑘12 − 𝑘31)2
=  

𝑘11𝑎𝑘−11𝑎

𝑘−11𝑎
2 =

𝑘11𝑎

𝑘−11𝑎
 33  

 𝐾𝑒𝑞_𝑖𝑠𝑜𝑚
3 =  

ℎ𝑖

(𝑔 − 𝑘32)2
=  

𝑘12𝑘21

𝑘21
2 =

𝑘12

𝑘21
 34  

 

 
𝑘𝑂𝐻 − 𝑘1𝑏 =  𝑘11𝑎 =

𝑘11𝑎𝑘−11𝑎

𝑘−11𝑎
=

𝑏𝑐

𝑑 − 𝑘12−𝑘31
 35  

 =
𝑏𝑐(𝑔−𝑘32)

(𝑑−𝑘31)(𝑔−𝑘32) − ℎ𝑖
 36  

 𝑘12 = (𝑑−𝑘31) −
(𝑑−𝑘31)(𝑔−𝑘32) − ℎ𝑖

(𝑔−𝑘32)
 37  
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4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Vapour pressure 

Parameters a, bc, ef and hi are directly related to the aromatic concentration (Eq. 4, 6, 

15, 17, 20 and 32); thus for an accurate determination of the global rate constant (kOH) and 

equilibrium constants this concentration must be well known. Concentrations are calculated 

from the saturated vapour pressure of the compound at the employed saturator temperature 

(accuracy: ±1 K), the He flow through the saturator, and taking and the He flows used for 

controlling water vapour and dilution into account. The critical part is to find reliable vapour 

pressure measurements in the desired range for which either well-characterized Antoine 

parameters are available or can be calculated from the published data. Values obtained from 

the suppliers were not used in this work because usually further information regarding 

experimental conditions, error margins and determination procedure (direct measurements, 

calculation from thermodynamic data, etc.) are not available.  

 The vapour pressure of the studied substances in the indicated phase (l=liquid, s=solid) 

has been summarized by Alarcon et al.:
49, 54

 Vapour pressures for 14-DMB, 135-TMB and 

HMB have been widely studied and are in good agreement with each other in the temperature 

ranges 247-453 K, 223-373K and 223-363 K, respectively. In the case of 14-DMB, the 

saturator temperature was set during the experiments accidentally at 284 K (i.e., 2 K below its 

melting point), but no freezing was observed during the experiments. Hence, estimation of the 

14-DMB concentrations was done using the parameterisations for the liquid phase, and in the 

case that the sample was solid, the vapour pressure would be lower by 5%, increasing in the 

same manner the OH rate constants. Antoine coefficients for 14-DMB, 135-TMB and HMB 

were obtained from the tables published by Stephenson et al.
60

 Vapour pressure data for the 

tetramethylbenzenes and p-cymene at the saturator temperature was not found in the available 

literature. For 1245-TeMB, the low temperature data of Colomina et al.,
61

 was used to 

determine Antoine coefficients and extrapolate the vapour pressure to the saturator 

temperature. Vapour pressure data for the other tetramethylbenzenes (1234-TeMB and 1235-

TeMB) is found for temperatures much higher than those used in this study and therefore an 

extrapolation would be too uncertain. In the case of p-cymene, vapour pressure measurements 

at temperatures higher and lower than the saturator temperature are available in the literature. 

In these cases, the vapour pressure was estimated using the recommendation of Ruzicka et 

al.
62

 These authors reviewed high-temperature vapour pressures and thermodynamic data for 

some high boiling alkylbenzenes and recommended Cox equation parameters for the 

estimation of the vapour pressures at temperatures between 223 and 323 K. In summary, we 
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estimate maximum uncertainties of the reactant concentrations of around 10% for 14-DMB, 

135-TMB, PMB, HMB and p-cymene and 20% for the three tetramethylbenzenes.
54

 

4.2 Goodness of fit. 

 Bi- and triexponential models were fitted to decay curves in the presence of the 

studied aromatics. The fitted sum of squared residuals divided by the degrees of freedom 

(χ
2
/DOF) was determined for each temperature. The degrees of freedom (DOF) are given by 

the total number of data points minus the number of parameters fitted according to the model. 

A χ
2
/DOF value around unity indicates that the applied model is appropriate to describe the 

data, while deviations from unity indicate over- or underestimation of the fitted parameters as 

shown for p-cymene 
49, 55

 and 135-TMB. 
30

  

 Fig. 4 shows obtained values for χ
2
/DOF from the bi- and triexponential models for 

the studied polymethylated benzenes. It is evident that the triexponential model describes the 

OH-decay curves in the studied temperature range much better than the biexponential model, 

except in the case of HMB, which can react only to form one adduct and where pure 

biexponential curves were expected. Outliers observed for HMB were caused by trigger 

problems (the lamp triggered several times during single recordings of the OH decay by 

multichannel scaling) and therefore, some accumulated curves had to be deleted. 

Nevertheless, this plot shows that both models return similar values. For the other 

compounds, at room temperature, differences between the bi- and triexponential models are 

small, indicating the formation of one adduct with high stability. With increasing 

temperatures, this adduct becomes less stable, and large deviations from the biexponential 

model are observed. A similar behaviour of χ
2
/DOF has been observed for the reaction of OH 

radicals with the trimethylbenzenes.
30

 At temperatures much higher, the decomposition rate of 

the less stable adduct is large; the terms for the first and second decay rate become 

comparable, turning the curves biexponential. This limit was reached for the aromatics 

presented in this work around 340 – 360 K. Results presented in this work have been 

restricted to this temperature limit.  

 From the substances studied in this work, only for HMB, 14-DMB, 135-TMB, and 

1245-TeMB either the bi- or the triexponential model applies strictly and can be used for the 

determination of rate and equilibrium constants. For substances for which more than two 

adducts are expected: p-cymene, 1234-TeMB, 1235-TeMB and PMB, the triexponential 

model represents merely an approximation. In the case of p-cymene, theoretical calculations 

predicted the formation of only two adducts contributing to the OH decays
55

 as will be shown 
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in section 4.4, and consequently the determination of the rate and equilibrium constants was 

possible. For the other compounds, no such calculations have been performed yet and 

therefore only global rate constants will be presented. For 14-DMB, 135-TMB and 1245-

TeMB, isomerization of the adducts was investigated based on the reaction mechanism shown 

in section 3.3.  Values obtained for χ
2
/DOF using the extended triexponential model were 

exactly the same as the ones obtained by the triexponential model, indicating that both, the 

direct formation of the adducts or the isomerization of one adduct into the other, could explain 

the experimental results.  

4.3 Global rate constant (kOH) 

Global rate constants (kOH), i.e., the sum of OH radical addition and H-atom 

abstraction, for the aromatics presented in this work are shown in table 2 together with rate 

constants found in the literature. OH rate constants for the aromatics studied in this work are 

in good agreement with the available literature, except perhaps to a lesser extent for 135-TMB 

and HMB.  

135-TMB has been widely studied, but in spite of the large number of publications 

available in the literature, there is still high uncertainty on the kOH at room temperature, 

ranging from (40.9 ± 5.6) × 10
12

 cm
3
s

-1
  up to (62.4 ± 7.5) × 10

12
 cm

3
s

-1
. 

7, 9
 The room-

temperature kOH determined in this study is higher than all the rate constants measured before, 

but still in agreement with some of the studies (table 2), mostly where FP-RF was employed.  

Nevertheless, the Arrhenius coefficients of the present work are in good agreement with all 

previous temperature dependence studies within the indicated uncertainties. 
9, 30, 63

  

The rate constant determined for the reaction of OH radicals with HMB is, as expected 

from a re-evaluation of the same raw data, in good agreement with the preliminary value of 

von Buttlar et al.,
33

 but almost 1.5 times larger than the value determined by Berndt and 

Böge.
42

 Since our rate constants are directly related to the vapour pressure data of the 

aromatic used, one might prefer results determined by a relative rate technique. Nevertheless, 

as shown in section 4.1, the vapour pressure for HMB has been very well investigated around 

the temperature at which the saturator was kept and the agreement between the authors
60, 61, 64, 

65
 is excellent as shown in fig. S1 in Alarcon et al., (ESI).

54
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Fig 4. Estimated χ
2
 / DOF for the alkylated benzenes of this study. Filled circles and open 

squares indicate values obtained from the application of the bi- and triexponential models, 

respectively. 
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Tab. 2 Arrhenius parameters of the total rate constant (kOH) for  the reaction OH + Aromatic. kOH = A 
exp (-B/T )  

 
ln (A /cm3s−1) B/K 

kOH(298 K) 

/10−12 cm3s−1 

Experimental 

Techniquej 

14-DMB 

(p-xylene) 

  
12.2 ± 1.28 FP-RF 

  
10.7 ± 2.420 

RR  

k(n-butane)=2.99 

−25.8 ± 1.6 −300 ± 500 15.3 ± 1.79 FP-RF 

  
10.5 ± 1.026 FP-RF 

  
13.5 ± 1.427 FP-RF 

  
13.6 ± 0.67 

RR 

k(hexane)=5.9 

  
13.621 

RR 

k(cyclohexane)=7.34 

  
13.0 ± 2.022 

RR 

k(propene)=26.6 

  
14.7 ± 3.018 

RR 

k(n-hexane)=5.55 

−25.7 a −150 a 11.9 ± 0.729 
RR 

k(1,4-dioxane)=10.9 

−25.6±0.3b −160±90b 13.1 ± 0.354 FP-RF 

135-TMB 

(mesitylene) 

  
47.2 ± 4.88 FP-RF 

  
44.4 ± 5.320 

RR  

k(n-butane)=2.99 

−26.2 ± 3.2 −860 ± 1010 62.4 ± 7.59 FP-RF 

  
40.9 ± 5.67 

RR 

k(hexane)=5.9 

  
57.5 ± 9.222 

RR 

k(propene)=2.66 

  
57.3 ± 5.325 RR (several) 

  59.1 ± 1.166 
RR 

k( -pinene)=52.8 

−26.1 −740 ± 180 51.7 ± 1.163 

RR 

k(-pinene)= 

1.21×10−11exp(436/T) 

−25.1 −450 ± 50 59.5 ± 2.030 FP-RF 

−25.3±0.6 c −550±180 c 68.4 ± 0.954 FP-RF 

1245-TeMB 

(durene) 
  

55.5 ± 3.431 
RR 

k(135TMB)=56.7 

−27.3±0.3 d −1120±90d 57.8 ± 0.6 54 FP-RF 

1235-TeMB 

(isodurene) 
−24.6±0.3e −330 ± 100 e 62.4 ± 0.8 54 FP-RF 

1234-TeMB 

(prehnitene) 
−26.2±0.4 f −820 ± 100 f 66.4 ± 1.8 54 FP-RF 

PMB   
103  ±  8.031 

RR 

k(135TMB)=56.7 

−26.2±0.4 g −980 ± 130 g 110 ± 4 54 FP-RF 

HMB 

(mellitene) 

  
113 ± 11j 42 

RR  

k(135TMB)=57.3 

−24.3 −498 14933 FP-RF 

−24.5±0.2 h −570±40 h 153±233 54 FP-RF 

p-cymene 
  15.1 ± 4.167 

RR 

k(cyclohexane)=7.43 

-27.0 -612 ±210i 14.9 ± 0.8 49, 55 FP-RF 

a
Arrhenius parameter calculated from kOH of indicated reference (240 -340 K). Arrhenius parameter 

for the following temperature ranges (K):  304-352
b
; 299-348

c
; 300-343

d
; 297-335

e
; 298-362

f
; 299-

362
g
; 311-370

h
; 299-349

j
. 295

i
 K.FP-RF: Flash photolysis –resonance fluorescence technique. RR: 

relative rate technique. 
j
Reference substance and the used rate constant are indicated for results with 

relative rate technique. Units are 10
−12

 cm
3
s

−1
 .Adapted from Alarcon et al.

54
. Values in bold were 

determined in this work.
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Rate constants for 1235-TeMB and 1234-TeMB have not been measured before, and 

they were found to be slightly higher than for 135-TMB, but lower than for PMB.  Overall, 

determined room temperature kOH increase with increasing methylation, as shown in fig. 5, 

with 14-DMB reacting about 15 times slower than HMB. Room-temperature kOH for the 

biogenic p-cymene was found to be comparable to the one obtained for the similar p-

dialkylated aromatic 14-DMB (table 2), but about 2.5 times larger than the value measured for 

the reaction of isopropylbenzene with OH radicals 
7, 26

, consistent with the activating effect of 

the additional methyl group in para position
68

 and according to the Hammett equation.  

 

Fig. 5. Global rate constant kOH at room temperature measured in this work (blue 

circles) compared to the available literature obtained by the relative-rate method 

(red stars), FP-RF (black squares and blue circles) and estimated by the AOPWIN 

software of the EPI Suite (green triangles).
69

 References and exact experimental 

values are shown in table 2  
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Arrhenius parameters have been determined previously only for 14-DMB, 135-TMB, 

and HMB and are in agreement with the parameters estimated in this study. Negative 

activation energies (Ea = B × R; R = gas constant), observed for all the aromatics studied in 

this work, are in agreement with the formation of a pre-reactive π complex as predicted by 

several authors.
9, 32, 55, 59, 70, 71

  Theoretical studies on the reaction of OH radicals with 

14-DMB
72

 predicted a total rate constant of 10×10
-12 

cm
3
s

-1
 in reasonable agreement with the 

rate constant determined in this work and with the available literature. Estimations obtained 

from the EPI-Suite69 (AOPWIN Module)
69

 according to the procedure proposed by Zetzsch
68 

employing the Hammett equation for electrophilic addition are also plotted in fig. 5. With 

increasing methylation, the disagreement between the estimations and measurements 

increases. The disagreement is about factor of two for 14-DMB, p-cymene, 135-TMB (our 

work), PMB and HMB
42

, a factor of three for 1234-TeMB, 1245-TMB and HMB (our work), 

and only a factor of 1.5 for 1235-TMB. These results demonstrate that the EPI-Suite
69

 

underestimates the OH rate constants of aromatic compounds and should be improved.    

4.4 Stability and formation yields of the adducts.  

 Another parameter, obtained directly from the bi- and triexponential models, is the 

sum of rate constants for adduct losses (kLi =k-1ia + k3i for adduct i). Decomposition rate 

constants of the adducts (k-11a, k-12a) as well as their formation yields (Φ1 = k11a / kOH; Φ2 = k12a 

/ kOH) can be easily determined from the fitted parameters, but these rate constants and their 

corresponding thermodynamic values (enthalpies, entropies, activation energy, etc.) are only 

valid if the applied mechanistic model (bi- or triexponential) corresponds to the studied 

compound. While the HMB+OH reaction (1 adduct) can be described by the biexponential 

model and 14-DMB+OH, 135-TMB+OH, and 1245-TeMB+OH (2 adducts) by the 

triexponential model, further complications arise for the reaction p-cymene+OH (4 

distinguishable adducts).   

Theoretical calculations, performed by our collaboration partners from the University 

of Bordeaux, are presented in detail in Alarcon et al.,
55

 and the results obtained will be 

explained briefly here. A very minor formation (3%) of the ipso adduct formed from the OH 

radical addition to the position occupied by the methyl group (ipso-CH3), a major formation 

of ortho adducts (24% ortho-CH3 and 55% ortho-C3H7) and a considerable contribution from 

the other ipso adduct (18% ipso-C3H7) were predicted. Additionally, the dealkylation of the 

ipso adducts to form p-cresol and 4-isopropyl-phenol was investigated using theoretical 

calculations. For both dealkylation pathways, overall reaction energies were found to be 
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exothermic by 38 kJ mol
-1

 and 52 kJ mol
-1

. The low activation energy at room temperature for 

ipso-C3H7 indicates that dealkylation of this adduct to form p-cresol is very likely. Based on 

these theoretical predictions, the reaction OH + p-cymene would produce primarily two 

distinguishable ortho adducts and ipso-C3H7; but the latter would react further by dealkylation 

to form p-cresol. To determine if these predicted values would yield triexponential decay 

curves as observed experimentally, decay curves of OH were simulated using the values 

obtained by the theoretical calculations and experimental conditions (details can be found in 

Alarcon et al.
55

). Simulated decays of OH were treated like the experimental data by fitting 

them to the triexponential model, but no deviation from this model was observed, confirming 

the major contribution of only two adducts to the regeneration of OH radicals. Results 

obtained from the simulated OH decay curves will be shown for comparison in the plots 

below. Recently, Dash and Rajakumar
73

 calculated rate constants for the reaction of p-cymene 

with OH radicals in the temperature range between 200-400 K at the M06-2X/6-31+G(d,p) 

levels of theory. These authors determined a pre-reactive complex below the energy of the 

reactants, a small energy barrier at the transition state and similar energy for the adducts 

formed, ranging between 73 and 82 kJ mol
-1

. Even though the relative stability of the adducts 

formed does not correspond to the values estimated by Alarcon et al.,
55

 the energy range is too 

narrow for these disagreements to be important. Furthermore, Dash and Rajakumar
73

 

estimated a total rate constant of 0.82×10
-12

cm
3
s

-1
 and a portion for H-atom abstraction of 

0.79×10
-12

cm
3
s

-1
 (96% of their estimated total rate constant) at 298 K in large disagreement 

with the measurements.
49, 55, 56, 67

 On the other hand, the ratio of H-atom abstraction from the 

methyl group, divided by the abstraction from the isopropyl group from the theoretical 

calculations
73

 (0.69×10
-12

cm
3
s

-1
 / (1.79+4.51) ×10

-12
cm

3
s

-1
 = 0.15), is in good agreement with 

the experimental values (2.7 % / 17.6% = 0.15).
56

   

It was found for all aromatics studied that the unimolecular decay of the adducts 

increased with increasing temperature (fig.6). In all cases, the decomposition of adduct 2 was 

much slower than for adduct 1, with rates increasing from about 2-6 s
-1

 at room temperature to 

30 s
-1

, 33 s
-1

, 26 s
-1

, and 51 s
-1

 for p-cymene, 14-DMB, 135-TMB and 1245-TeMB at around 

343 K. These rate constants are slightly higher but are still in agreement with the 

decomposition rate constants of the HMB (ipso) adduct, which increased from 8 s
-1

 at 320K to 

16 s
-1 

at 345K, which could lead to the preliminary identification of adduct number 2 as the 

ipso adduct. In the case of p-cymene, the theory does not predict any formation of a 

significant amount of ipso adduct, and adduct 2 therefore represents one very stable ortho 
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adduct. The less stable adduct 1 was found to decompose ten times faster than adduct 2 and to 

be even slightly more unstable than the benzene-OH (ortho) adduct. 
74

  

Overall adduct loss rate constants are described by a modified Arrhenius equation: 

kL=A×exp(-B/T)+C. Parameters A, B, C are presented in table 3. Pre-exponential factors range 

between 1 and 60× 10
12 

s
-1

 for adduct 1, 10
7
-10

12
 for adduct 2 and 10

6
-10

11
 for adduct 2 using 

the extended triexponential model. These are in reasonable agreement with the expected ones 

for unimolecular reactions. 
75

 Activation energies for the adducts can be obtained directly 

from parameter B (Ea = B × R). Activation energies for adduct 1 and adduct 2 are rather 

similar, with values for adduct 1 slightly larger than for adduct 2 in the cases of 14-DMB and 

135-TMB, and the opposite for p-cymene and 1245-TMB. Activation energies for 135-TMB 

are in good agreement, within experimental uncertainties, with previous measurements from 

Bohn and Zetzsch
30

 using the triexponential model (81±9 and 42±8 kJ mol
-1

 kJ mol
-1

 for 

adduct 1 and 2 respectively) and using the extended triexponential model (80±7 kJ mol
-1

 and 

62±27 kJ mol
-1

 for adduct 1 and 2 respectively).  

Similar to the work of Bohn and Zetzsch,
30

 the agreement found between the 

decomposition rates for adduct 1 and for the benzene-OH adduct
17

 as well as for adduct 2 and 

for the HMB-OH adduct,
33, 54

 cannot be reproduced for 135-TMB, comparing the activation 

energies. The activation energy for the unimolecular decay of HMB is the largest measured 

for the methylated aromatics (86±2 kJ mol
-1

), but the Ea estimated for the other adducts in this 

work is rather similar to that determined for the benzene-OH adduct by Perry et al.,
9
 (78±8 kJ 

mol
-1

) and Knispel et al.
17

 (72±2 kJ mol
-1

). Hence, an identification of the adducts formed, 

based only on the activation energies for the decomposition of the adducts, is not possible. On 

the other hand, theoretical studies on the reaction of OH radicals with 14-DMB
72

 predicted 

that the ortho adduct would decompose much faster than the ipso adduct, in agreement with 

an identification of adduct 1 as ortho and adduct 2 as ipso. 
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Fig. 6 Arrhenius plots of loss rate constants kL1 and kL2 of add1 and add2 for p-cymene, 14-DMB, 135-

TMB and 1245-TeMB. Exes and crosses show simulated results from a combined 

theoretical/experimental approach for p-cymene (top). Red: kL1 of model-2, black: kL1 of model-3, 

blue: kL2 of model-2, and green: kL2 of model-3. 
54, 55
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Tab 3 Arrhenius parameters A and B of total adduct loss rate constants according to the equation: kL = 
A × exp (−B/T) + C of add1 (left), and add2 (right). The C parameters were held fixed. They correspond 
to optimized values according to equations (9) , (25) and (37) for model-1, model-2 and model-3, 
respectively. Error limits do not include potential systematic effects caused by deficiencies of reaction 
models. 

 add1 add2 

 ln(A / s−1) 
B 

/ 103 K 

C 

/ s−1 
ln(A / s−1) 

B 

/ 103 K 

C 

/ s−1 

model-2       

p-cymene 27.6 ± 0.7 7.6 ± 0.8 7.5 26.4 ± 1.2 8.0 ± 0.3 4.1 

14-DMB 29.0 ± 0.5 8.0 ± 0.2 4.1 23.0 ± 0.8 6.7 ± 0.3 1.3 

135-TMB 31.0 ± 0.9 8.6 ± 0.3 3.9 18.3 ± 1.4 5.1 ± 0.4 1.2 

1245-TeMB 30.1 ± 1.5 8.2 ± 0.5 22.8 28.5 ± 1.5 8.4 ± 0.5 2.5 

model-3       

14-DMB 29.3 ± 0.5 8.2 ± 0.2 3.5 20.1 ± 1.1 5.7 ± 0.3 0.5 

135-TMB 31.7 ± 0.8 8.9 ± 0.2 2.8 15.3 ± 1.3 4.1 ± 0.4 0.5 

1245-TeMB 28.2 ± 1.2 7.5 ± 0.4 16.3 27.5 ± 1.3 7.9 ± 0.4 0.5 

model-1       

benzenea 29.8 ± 0.8 8.6 ± 0.3 0.0 − − − 

HMB 32.3 ± 0.5 10.4 ± 0.2 8.7 − − − 

a
 Evaluated from kR data by Knispel et al.,

17
 kL = kR + adduct background loss rate constant. 

Parameter C represents irreversible losses of the adducts without formation of OH 

radicals (similar to the H-atom abstraction). These values were optimized using eqns. 9, 25 

and 37 for the biexponential, triexponential and extended triexponential model, respectively, 

and were found to be in reasonable agreement among them (<7s
-1

), except in the case of 1245-

TeMB with extremely large adduct loss rates for adduct 1. We speculate that the high losses 

observed for adduct 1 for 1245-TeMB could be explained by an unknown unimolecular loss 

reaction (rearrangement or dealkylation). 
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Fig. 7 Formation yields for add1 (red), add2 (blue), H-atom abstraction (green) and sum (orange for p-

cymene and black for the rest) after optimization of k31 and k32 for p-cymene, 14-DMB, 135-TMB and 

1245-TeMB. Exes (add2), crosses (add1) and stars (add1+add2) show simulated results from a 

combined theoretical/experimental approach for p-cymene (top).  
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Estimated formation yields for both adducts (Φ1 and Φ2) are shown in fig. 7. At room 

temperature, Φ1 and Φ2 are relatively similar for p-cymene and 135-TMB, while for 14-DMB 

and 1245-TeMB adduct 1 was predominantly formed. Nevertheless, for all studied 

compounds, formation yield for one adduct increased with temperature (Φ1 for p-cymene, 14-

DMB, 135-TMB and Φ2 for 1245-TeMB), while for the other adduct the opposite behaviour 

was observed. Small values of Φ2 at high temperatures explain why the OH decays turned 

biexponential with increasing temperatures. After subtraction of the abstraction contribution, 

the experimental formation yields at room temperature for 14-DMB are in good agreement 

with the theoretically predicted values by Fan and Zhang
72

 of about 20:80 ipso:ortho 

branching ratio.  

Rate constants for unimolecular decays and formation yields, estimated from the 

simulated OH decays for the OH+p-cymene reaction, are not in disagreement with the 

experimental values; however, contrary to the  experimentally observed ones, about 10% of 

the sum of formation yields from the simulated decays are missing. These are attributed to the 

dealkylation of the ipso-C3H7 adduct. 

 

4.5 Equilibrium constants and thermodynamics of the adducts.

   

Equilibrium constants, as mentioned in section 3, can be estimated from the fitted 

parameters bc, d, ef and g, provided that the adduct background losses are known. 

Equilibrium constants for p-cymene and the methylated aromatics (fig. 8) are located between 

the equilibrium constants for the reaction of benzene and HMB with OH radicals, represented 

as dotted and dashed lines, respectively. These two aromatics react with OH radicals to form 

one adduct alone, with the first being a model compound for non-ipso OH addition and the 

latter being for pure ipso addition. Therefore, model-1 (the biexponential model) is sufficient 

to describe the measurements. Equilibrium constants for benzene were estimated from the 

results of Knispel et al.,
17

 while equilibrium constants for HMB were determined by re-

evaluation of the measurements by von Buttlar et al.
33

 Entropies of formation for the reaction 

of both aromatics with OH radicals are similar, as expected from association reactions, while 

the enthalpy for the HMB reaction is 26 kJmol
-1

 larger than the respective enthalpy for 

benzene (tab.7).  
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Fig. 8.  Van’t Hoff plots of equilibrium constants for p-cymene, 14-DMB, 135-TMB and 1245-TeMB. 

Exes and crosses show the simulated results from a combined theoretical/experimental approach for 

add1 and add2 of p-cymene.  Red: Kc1 = k11a/k−11a of model-2, blue: Kc2 = k12a/k−12a of model-2, and 

black: Kc1 = k11a/k−11a of model-3. Green lines show the limiting Kc2 of model-3 according to equation 

(40), dotted, and dashed lines show model-1 results for benzene and HMB for comparison.  
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Equilibrium constants for adduct 1, determined by model-2 and model-3 for 14-DMB, 

135-TMB and 1245-TeMB, show large differences with a maximum Kc given by model-3 and 

a minimum given by model-2. Furthermore, equilibrium constants for adduct 2 are higher 

than the upper limit of adduct 1 (model-3), except in the case of 135-TMB where the 

equilibrium constants for both adducts crossed each other. This behaviour can be attributed to 

some discrepancies observed for adduct 2 for this compound in this work and in agreement 

with a previous work
30

: while for both adducts of all studied compounds the slope in the 

Arrhenius plots of kf × kr was negative (i.e., sum of activation energies for the forward and 

backward reaction was positive), the opposite behaviour was observed for adduct 2 of 135-

TMB (fig. 9). This seems very unlikely, as the OH radical addition is expected to have a 

negative activation energy and moreover, the activation energy of the unimolecular decay was 

estimated in this work to be also negative. Furthermore, formation enthalpy for adduct 2 

(Tab.4) is very large, while the activation energy for the decomposition of the adduct is low. 

For the other aromatics, no such discrepancies were observed. Hence, in the specific case of 

135-TMB, results obtained with model-3 are expected to be more reliable than those obtained 

with model-2.  

 

Fig. 9 Arrhenius plots of product of forward and backward rate constants for 135-

TMB. Red: k11a × k-11a (add1) of model-2; blue: k12a × k-12a (add2) of model-2; black: k11a 

× k-11a (add1) of model-3 

 

Equilibrium constants estimated for the p-cymene reaction follow the same pattern 

shown for the methylated benzenes, with Kc for adduct 2 larger than the respective for adduct 
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1 in the temperature range studied. Moreover, equilibrium constants calculated from 

simulated OH decays combining experimental results and theoretical calculations are in 

reasonable agreement with equilibrium constants experimentally obtained.  

Enthalpies and entropies, determined by fitting van’t Hoff equations (eqn. 38 and eqn. 

39) to the obtained equilibrium constants are shown in table 4.  In the case of p-cymene, the 

entropy of formation for adduct 1 is much smaller than predicted for several aromatics,
59, 72, 76-

78
 including our own work.

55
 Moreover, the formation enthalpy is too small, not 

corresponding to an association reaction, and if anything, reaction enthalpies are expected to 

be similar for both adducts.
55

 These disagreements indicate the possible contribution of the 

ipso adducts of p-cymene, which cause the reaction mechanism to deviate from a 2-adduct to 

a very likely 3- and not necessarily impossible 4-adduct system. Nevertheless, based on the 

unimolecular decays and the equilibrium constants, the adducts formed from the OH + p-

cymene reaction were identified as ortho-C3H7 (adduct 1) and ortho-CH3 (adduct 2). 

𝐾c =
𝑘F

𝑘R
=

𝑘B𝑇

𝑝° × exp (
−𝛥𝐻r,m

°

𝑅𝑇
+

𝛥𝑆r,m
°

𝑅
)     (38) 

𝐾i =
𝑘F

𝑘R
=

𝑘12

𝑘21
= exp (

−𝛥𝐻r,m
°

𝑅𝑇
+

𝛥𝑆r,m
°

𝑅
)       (39) 

Tab. 4 Parameters A and B and corresponding molar reaction enthalpies ΔHr,m and entropies ΔSr,m 
describing equilibrium constants of reversible OH + aromatics reactions according to the equation: Kc 
= A × T × exp (−B/T) and of adduct isomerization according to the equation: Ki = A × exp (−B/T). 
Error limits do not include potential systematic effects caused by deficiencies of reaction models. 

 
ln(A / 

K−1cm3) 

B 

/ 103 K 

ΔSr,m 

/ J K−1 

mol−1 

ΔH r,m 
/ kJ mol−1 

ln(A / 

K−1cm3), 
 ln(A) 

B 

/ 103 K 

ΔSr,m 

/ J K−1 

mol−1 

ΔH r,m 
/ kJ mol−1 

model-2 OH + aromatic → add1 OH + aromatic → add2 

p-cymene −58.0 ± 0.7 −7.1 ± 0.1 −64 ± 6 −59 ± 1 −66.0 ± 3.3 −10.2 ± 1.2 −130 ± 27 −85 ± 10 

14-DMB −60.9 ± 0.6 −8.2 ± 0.2 −88 ± 5 −68 ± 2 −64.6 ± 0.6 −9.6 ± 0.2 −119 ± 5 −80 ± 2 

135-TMB −59.6 ± 1.3 −8.3 ± 0.4 −77 ± 11 −69 ± 4 −73.3 ± 0.7 −12.8 ± 0.2 −191 ± 6 −106 ± 2 

1245-TeMB −68.3 ± 2.2 −10.6 ± 0.7 −149 ± 18 −88 ± 6 −62.1 ± 1.8 −9.4 ± 0.6 −98 ± 15 −78 ± 5 

model-3 OH + aromatic → add1 add1 → add2 

14-DMB −63.5 ± 0.4 −9.2 ± 0.1 −109 ± 4 −77 ± 1 −0.03 ± 0.65 0.1 ± 0.2 −0.2 ± 5.4 0.5 ± 1.8 

135-TMB −67.1 ± 0.3 −10.8 ± 0.1 −139 ± 3 −90 ± 1 −2.8 ± 0.6 −0.7 ± 0.2 −23 ± 5 −6 ± 2 

1245-TeMB −63.3 ± 1.9 −9.5 ± 0.6 −108 ± 16 −79 ± 5 −1.95 ± 1.3 −0.9 ± 0.4 −16 ± 11 −8 ± 3 

model-1 OH + aromatic → add  

benzenea −64.5 ±1.4 −9.0 ± 0.4 −118 ± 11 −75 ± 4 − − − − 

HMB −65.9 ± 1.1 −12.1 ± 0.4 −130 ± 9 −101 ± 3 − − − − 
a
 Evaluated from kF and kR data by Knispel et al.,

17
 Kc=kF/kR. 

For the other aromatics, excluding the aforementioned unlikely large enthalpy 

estimated for 135-TMB, reaction entropies and enthalpies are roughly similar.  Equilibrium 

constants for the isomerization, Ki, show a small temperature dependence (fig. 10) with 

respective low reaction entropies and enthalpies. As mentioned before, a maximum for the 
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equilibrium constant for adduct 1 is obtained from mod-3, while a minimum is obtained from 

mod-2. In the case of adduct 2, a minimum value of Kc2 for mod-3, as well as a maximum 

value of Ki for mod-2 can be estimated using a relationship obtained from the analytical 

solutions for the general mechanism (eq. 40).
54

 Estimated limits for Kc2 and Ki are shown in 

fig. 8 and 10. 

𝐾i =
𝐾c2

𝐾c1
=

[𝑘12a𝑘−12a]×(𝑘L1−𝑘12−𝑘31)2

[𝑘11a𝑘−11a]×(𝑘L2−𝑘21−𝑘32)2          (40) 

Fig. 10. Van’t Hoff plots of equilibrium constants for isomerization Ki = 

k12/k21 of model-3 for 14-DMB (red), 135-TMB (blue), and 1245-TeMB 

(black). The dashed curves show the calculated, limiting Ki of model-2 

according to equation (40). 

 

Experimental results for 14-DMB, 135-TMB and 1245-TeMB were insufficient to 

determine which model (mod-2 or mod-3) could better explain the reaction mechanism. Only 

for 135-TMB, one model can be preferred over the other due to discrepancies observed for 

adduct 2 using mod-2. However, this behaviour was not observed for the other aromatics. 

Isomerization of one adduct into the other, despite small, is not negligible and therefore one 

might expect that the real reaction mechanism lies between mod-2 and mod-3.  

Theoretical studies of the reaction of OH with toluene predict the predominance of the 

ortho-OH-adduct formation as summarized in tab. 5. From the non-ipso adducts the para is 

slightly favoured against the meta adduct as one would expect from the ortho-para activating 



EXPERIMENTAL RESULTS AND DISCUSSION 

 

 
36 

property of the OH-radical addition, and this is further confirmed by the high yield of o-cresol 

experimentally observed. Ipso-adduct formation yield has been predicted to range from 3% up 

to 15% and in one case even 57%; however, this high value might be an overestimation by the 

level of theory applied.
59

  Similar theoretical studies have been performed for o-, m- and p-

xylene 
72, 79-81

 and p-cymene,
55

 predicting a predominant OH radical addition at ortho 

positions. However, the stability of the ipso adduct was predicted to be larger than for the 

other adducts. These predictions can be used to identify the adducts formed in this work.  

Tab. 5. Summary of formation yields predicted by theoretical studies on OH + toluene and cresol 
formation determined experimentally. 

 Predicted formation yield (%) 
Cresol 

formation (%) 
 Uc et al.59 Suh et al.76 Wu et al.82 

 PMP2a B3LYP a B3LYP a M06-2X a G3MP2 a ROCBS a 

ipso 57 4 3 4 7 15 - 

ortho 40 85 54 63 52 59 12 – 3983-89 

meta 2 5 11 2 3 5 
2.6±0.388 

2.7±0.789 

para 1 7 34 24 31 14 
3.0±0.388 
3.2±0.689 

a
Level of theory applied for the theoretical calculations. 

 Adduct 1 was estimated to be formed at higher or similar yield than adduct 2 at room 

temperature.  On the other hand, decomposition rate constants for adduct 2 are about 10 times 

smaller than the respective one for adduct 1.  Comparing these experimental observations 

with the theoretical predictions mentioned above, the adducts formed in this study are 

identified as ipso = adduct 2 and ortho = adduct 1.  

4.6 Dealkylation of OH-aromatic adducts. 

Dealkylation pathways have been measured for different alkylated aromatics. Noda et 

al.,
90

 determined (5.4±1.2)% of phenol-formation yield from the toluene reaction with OH 

radicals, (11.2±3.8), (4.5±3.1) and (4.3±3.1) % of cresol-formation yield for 13-, 12-, and 14-

DMB. Due to the lack of knowledge about the importance of ipso adducts, these authors 

proposed a reaction pathway for the dealkylation via OH-radical addition to a free position 

with subsequent OH migration. As mentioned in the introduction, Berndt and Böge
42

 

observed hexamethyl-2,4-cyclohexadienone as a product of the reaction of OH radicals with 

HMB. For this compound, the only possible reaction pathway is the ipso addition. Further 

investigation, comprising theoretical calculations and fast flow reactor experiments (coupled 

with a mass spectrometer) was done by Loison et al.
32

 Theoretical calculations predicted the 

activation energy for the dealkylation channel to be just 1 kJ mol
−1

 below the energy of the 

reactants and the overall reaction energy to be exothermic by 42 kJ mol
−1

.
32

 These authors 

also determined a dealkylation rate constant of kdealk = (2.4 ± 1.4) × 10
12

 exp (-10200 K/T) s
−1

 



EXPERIMENTAL RESULTS AND DISCUSSION 

 

 
37 

for HMB, which corresponds to 3.3×10
−3

 s
−1 

and 2.56 s
−1

 at 298 and 370 K, respectively. 

Aschmann et al.
56

 determined <1% o-, m-, p-cresol-formation yields from the reaction of 13-

DMB with OH radicals, and <2% for p-cymene in a 7000 L volume Teflon chamber at 297 K. 

Moreover, as mentioned above, theoretical calculations presented by Alarcon et al.,
55

 also 

predicted overall reaction energies for the dealkylation pathway of the ipso-C3H7 adduct to 

form p-cresol and 4-isopropylphenol to be exothermic by 38 and 52 kJ mol
−1

. Until now, only 

Noda et al.,
90

 determined high dealkylation yields, however, as later indicated,
56

 the ion peaks 

observed by these authors could have been due to formation of oxepins and methyloxepins. 

Thus, dealkylation of ipso adducts seems to play a minor role in the global reaction 

mechanism. Dealkylation in our mechanistic models can be extracted from the temperature-

independent parameter C (table 3). As it was mentioned above, parameters C are found 

typically below 4s
−1

, except add1 of p-cymene, 1245-TeMB and HMB. For HMB, it can be 

clearly seen that parameter C does not correspond only to dealkylation processes. The adduct-

loss rate found in this work is much higher than the one estimated by Loison et al., at 370 K. 

In the case of p-cymene, this high value for C of add1 can be attributed to deviations from the 

triexponential model due to the ipso adducts. However, no explanation can be given for the 

very large value found for parameter C of add1 for 1245-TeMB, since it would be very 

unlikely for this compound to dealkylate faster than the fully substituted HMB.  

5 CONCLUSIONS 

 

The reaction of OH radicals with alkylated compounds was studied using flash 

photolysis of water vapour and time-resolved detection of OH by resonance fluorescence and 

multichannel scaling between room temperature and about 350 K. Rate constants for the 

overall reaction for 14-DMB, 135-TMB, 1245-TeMB, PMB and p-cymene at room 

temperature are in good agreement with the available literature. Furthermore, rate constants 

for 1234-TeMB and 1235-TeMB, never measured before, were obtained in this work and 

were found to be slightly higher than 135-TMB and below PMB. Measurements performed 

with HMB by von Buttlar et al.,
33

 were re-evaluated using an improved fit analysis, and the 

obtained rate constant at room temperature was in agreement with their results but in 

disagreement with the other only work on HMB from Berndt and Böge.
42

 Nevertheless, for all 

aromatic studied, negative activation energies of addition were obtained, in agreement with 

the formation of a pre-reactive complex as predicted theoretically. Reaction mechanisms of 

aromatic compounds which react with OH radicals to form only two adducts (i.e., p-cymene, 
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14-DMB, 135-TMB and 1245-TeMB) were investigated assuming direct formation of both 

adducts (mod-2) and direct formation of one adduct and isomerization into the other (mod-3). 

Triexponential decay curves gave indication of the formation of two adducts and therefore of 

the formation of the so long neglected ipso adducts. Furthermore, it was observed that, 

independent of the applied model, adduct 1 decomposed much faster than adduct 2, and the 

latter adduct decomposed at similar rates as the HMB-OH adduct. Formation yields in the 

studied temperature range estimate the formation of adduct 1 in the same or slightly higher 

proportion at room temperature, and while with increasing temperatures the formation of one 

adduct increases, the opposite behaviour for the other adduct is observed. Equilibrium 

constants, reaction entropies and enthalpies were estimated using both models. Equilibrium 

constants were located between the estimated equilibrium constants for the reaction with 

OH+benzene and OH+HMB. Entropies for all adducts are roughly similar and in agreement 

with theoretical predictions. However, some discrepancies were observed for p-cymene which 

were attributed to the non-negligible formation of ipso adducts at the methyl and at the 

isopropyl position. Reaction enthalpies were found to be slightly larger for adduct 2 than for 

adduct 1, except for 1245-TeMB (in which both enthalpies are comparable within 

experimental uncertainties). However, the reaction enthalpy estimated for adduct 2 of 135-

TMB is unrealistically high, which (together with the low activation energy estimated for the 

unimolecular decay) gave indication of problems with mod-2 for this specific compound. 

Theoretical calculations, performed for p-cymene by colleagues at Bordeaux, predicted the 

preferable formation of non-ipso adducts and a small production of ipso-C3H7 adduct 

(predicted formation yield 18%) which would further dealkylate to form p-cresol. Despite the 

low formation of the ipso-CH3 adduct and the dealkylation of ipqso-C3H7 adduct, it was 

observed that these adducts contributed in a lesser extent to the OH decays measured in this 

work. Nevertheless, based on the experimental results, theoretical predictions and simulated 

experiments, adduct 1 and 2 were identified as ortho-C3H7 and ortho-CH3, respectively. In an 

analogous manner, theoretical predictions available in the literature were compared with 

experimental results. Based on reaction enthalpies for the adducts and decomposition rates, 

adduct 1 and 2 were identified as ortho and ipso. In this work, it was not possible to determine 

which model (mod-2 or mod-3) better describes the experimental results. Fit quality obtained 

from both models was exactly the same, and, except for 135-TMB, both models delivered 

realistic values. It is likely that the real mechanism lies somewhere between mod-2 and mod-

3. Nevertheless, this work served to demonstrate the importance of ipso adducts and the 

feasibility of isomerization reactions.  
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