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Abstract 

Reaction rate constants for the reaction of n-dodecane with hydroxyl radicals were measured 

as a function of temperature between 283 and 303 K, using the relative rate method in the 

CESAM chamber (French acronym for “Chamber for Atmospheric Multiphase Experimental 

Simulation”). The rate constants obtained at 283, 293 and 303 K are (1.27 ± 0.31)×10-11, 

(1.33 ± 0.34)×10-11, (1.27 ± 0.40)×10-11 cm3 molecule-1 s-1, respectively. Rate constants 

measured were in excellent agreement with the few available data in the literature over the 

studied temperature range (283-340K). Rate constants estimated by the structure-activity 

relationship and transition state theory methods agreed with our experimental data within 14 

%. From these data combined with previous literature measurement, the following Arrhenius 

expression; 𝑘𝐷𝐷𝐶+𝑂𝐻 = (9.77 ± 6.19)10
−11  × exp [

−595 ±5580

𝑇
] 𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1, was 

found valid over a temperature range (283 – 340 K) of the tropospheric interest.   
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1. Introduction 

Alkanes are ubiquitous volatile organic compounds (VOCs) in the atmosphere. They are mostly 

emitted by human activities, including combustion sources, vehicle exhaust, and evaporation 

and comprise 40 – 50% of the anthropogenic VOCs in urban areas 1-2. In particular, long-chain 

alkanes (C>10), which represent a significant fraction of the unresolved complex mixture of 

fossil fuel 3-4. For example n-dodecane (DDC) mixing ratio in polluted area can reach up to 

16.47 µg/m3 5-6. Further, long chain alkanes are expected to exhibit during daytime a lifetime 

of 5-20 hours with respect to OH-initiated oxidation – their main removal process - making 

them good contributors to atmospheric reactivity at local to regional scale7. Long-chain alkanes 

(C>10), have also been recognized to be high secondary organic aerosol (SOA) precursors8-12. 

While SOA impacts human health13 and global climate14, chemical transport models have 

difficulties to predict ambient SOA concentration 15-17. To reduce the gap between 

measurement and modeled SOA, efforts have been recently continued to study the SOA 

formation from the oxidation of long-chain alkanes8-12, 18-25. To date, the most studied alkane 

was n-dodecane (DDC), not only because of its potential contribution to SOA formation but 

also because – to its linear structure – it represents also a target molecule of choice to 

investigate the relative importance of the various radical pathways during the oxidation 

scheme. Fragmentation, functionalization and oligomerization are indeed key processes that 

determine both the product distribution and the related SOA yield. However, these studies were 

mainly performed at room temperature (295-298 K), while temperature is an important 

environmental factor, which both affect vapor pressure of the products, branching ratios and 

initiation rate constants. To date, only the study of Lamkaddam, et al. 12 has investigated the 

SOA formation over a range of temperature (283 – 304.5 K). The latter showed a small effect 

of temperature on the SOA yields, indicating a chemical composition dominated by non-

volatile species such that a change in temperature would not change the partitioning. Therefore, 
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in order to fully assess the impact of this class of compounds on the environment and to model 

its chemistry, a better knowledge of its oxidation kinetics is needed to more precisely represent 

the temperature dependence of the rate constant of n-dodecane with OH radicals and 

disentangle the kinetic effects from the phase partitioning effects on the SOA yield. 

Only a few experimental studies have provided reaction rate constants of n-dodecane (kDDC+OH) 

with OH radical at various temperature using the relative rate technique26-28. First 

determinations at atmospheric pressure from the Zetzsch’s group have been reported to be 

kDDC+OH = (1.39 ± 0.01)×10-11 cm3 molecule-1 s-1 at 300 K and kDDC+OH = (1.50 ± 0.05)×10-11 

cm3 molecule-1 s-1 at 312 K with n-octane and n-heptane as reference compound, respectively 

from Behnke, et al. 26 and Nolting, et al. 27.  

By exploring these experimental studies, Atkinson (2003) provided a recommended value of 

(1.32 ± 0.26)×10-11 cm3 molecule-1 s-1 at 298 K. In addition, measurements made by the 

Zetzsch’s group has been re-evaluated using recent rate data for the reference compound by 

Atkinson 7. The resulting re-evaluation led to reaction rate of kDDC+OH = (1.29 ± 0.02)×10-11 

cm3 molecule-1 s-1 at 300 K and kDDC+OH = (1.40 ± 0.05)×10-11 cm3 molecule-1 s-1 at 312 K, 

respectively for the studies of Behnke, et al. 26 and Nolting, et al. 27.  

Later, Phan and Li 28 performed a low‐pressure flow tube reactor coupled with a quadrupole 

mass spectrometer at 240-340 K with n-nonane and n-decane as reference compounds. They 

determined a reaction rate constant of (1.83 ± 0.26)×10-11 cm3 molecule-1 s-1 at 298 K, which 

was only in fair agreement considering their uncertainties with previous studies. Interestingly, 

in this study, from 277 to 340 K, rate constants have been found to correlate positively with 

the temperature, while from 240 to 260 K a negative correlation has been observed.  

In conclusion, despite these experimental studies, the atmospheric oxidation rate of n-dodecane 

is still subject to uncertainties ranging from 20% to 40%. Therefore, to improve our knowledge 

of the atmospheric reactivity of n-dodecane, we present in this paper an additional investigation 
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of the rate constant as a function of temperature (283 – 303 K) with the objective to converge 

toward a better-established temperature dependence of the rate constant of the reaction between 

OH radical and n-dodecane. In this study, reported reaction rate constants were obtained with 

the relative rate method, using isoprene (ISP) as reference compound.  

2. Material and Methods 

2.1. CESAM chamber. Experiments were performed in the CESAM chamber which has been 

described in detail elsewhere29. Briefly, it is an evacuable chamber comprising a stainless steel 

cylindrical vessel of 4.2 m3, equipped with three high-pressure xenon arc lamps (4 kW, 

MH Diffusion®, MacBeam™ 4000) and 6.5 mm thick Pyrex filter to filter out radiation below 

300 nm. During this set of experiments, NO2 photolysis frequency (JNO2) was experimentally 

verified to be equal to (1.74 ± 0.14)×10-3 s-1. The reactor contains a double wall which allows 

the circulation of a coolant liquid using a thermostat (LAUDA Integral T 10000 W). Thanks to 

this set-up, temperature was controlled at 283, 293 and 303 K with a maximum variation 

of1.5K during the course of an experiment. At the bottom of the reactor a stainless steel fan 

allowed a fast mixing of the gaseous species introduced within 60 s.29 

2.2. Measurement. Temperature and relative humidity were measured using a Vaisala® probe 

(HMP234). Studied and reference compounds were monitored using an in situ Fourier 

transform infrared (FTIR) spectroscopy (Bruker® Tensor37™) coupled to a multipath path cell 

for a path length of 192 ± 4 m. Infrared spectra were obtained at a resolution of 0.5 cm−1 and 

derived from the co-addition of approximately 200 scans collected over 5 min. Concentrations 

of the interest species were determined by subtracting pure reference spectra from spectra of 

reaction mixtures using homemade software based on matrix algebra. To guarantee the 

performance of the automatic routine, selected spectra for each experiment were subtracted 

manually and results were compared. Integrated band intensities (IBI, base log 10) of the main 

infrared absorption bands of the mixture compounds are (1.03 ± 0.02)×10−17 cm.molecule-1 and 
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(3.97 ± 0.13)×10-17 cm.molecule-1 for isoprene (830 – 950 cm-1) and n-dodecane (3020 – 2820 

cm-1), respectively. Ozone was measured by a commercial UV absorption monitor (Horiba®, 

APOA-370). A commercial chemiluminescence NOx analyzer (Horiba®, APNA-370) was 

used to monitor NO and NO2.  

2.3. Experimental procedure of the kinetic study (relative rate technique). All experiments 

were carried out at atmospheric pressure. The chamber was filled with clean dry air by mixing 

800 mbar of nitrogen produced from the evaporation of a pressurized liquid nitrogen tank 

(Messer, purity > 99.995 %, H2O < 5 ppmv) and 200 mbar of oxygen (Air Liquide, 

ALPHAGAZ™ class 1, purity 99.9 %). Temperature was set and kept constant throughout the 

experiments at 283 ± 1 K, 293 ± 1 K and 303 ± 1.5 K. n-Dodecane (≥99 %, Sigma Aldrich) is 

a semi-volatile specie that may be difficult to introduce quantitatively. In order to inject it into 

the chamber without being off the volatility equilibrium and generate unwanted phase 

exchange, DDC was introduced by evaporating a known mass quantity through a gently heated 

glass tube at 333 K via N2 stream into the chamber. To accurately quantify the n-dodecane 

introduction, the glass tube was weighed before and after the injection with the help of a 

balance (METTLER TOLEDO, XA205DU) providing a precision of 0.1 mg. Isoprene (≥99 %, 

Sigma Aldrich), the reference compound, was injected into the chamber by flushing a known 

amount of vapor via a calibrated glass bulb. OH radicals were produced by photolysis of nitrous 

acid (HONO) added to the chamber:  

HONO + hν  OH + NO 

HONO was synthetized from the drop-wise addition of sulfuric acid (10-2 M) into a solution of 

NaNO2 (0.1 M) and was carried into the reactor with a flow of N2. In some experiments, HONO 

was produced from NO2 (99%, Air Liquide) wall reaction29-31, which was injected with a gas-

tight syringe and a septum valve. NO2 injection was followed with an introduction of water 

through a bubbler and resulted in 5 % relative humidity (RH) in the chamber. The production 
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mechanism of HONO during the heterogeneous hydrolysis of NO2 in the dark is given as 

follow: 

2NO2 + H2O  
𝑤𝑎𝑙𝑙
→    HONO + HNO3 

Before turning on the lamps, initial concentrations were systematically measured for a 

minimum of 15 minutes in order to derive first order reactant loss rates. Initial conditions of 

the reference and target compounds at each temperature are given in Table 1. Indeed, as we are 

using a relative rate method to determine the reaction rate constants (kDDC+OH) of n-dodecane 

with OH radical, it was crucial that OH was the only oxidant responsible for the decay of the 

target and reference compounds. Rate constants for the reaction of OH can be reliably 

determined by monitoring the simultaneous decay of the studied and reference compound in 

presence of OH radicals: 

n-Dodecane + OH  products (1) 

Isoprene + OH  products (2) 

Consequently, a flow of NO diluted in N2 from a 8 ppm gas cylinder (8 ppm in N2, Air Liquide, 

Alphagaz 1) was adjusted between 0.5 LPM and 1 LPM to systematically minimize the O3 

production (NO + O3  NO2 + O2). Results of the O3 titration allowed us to keep O3 mixing 

ratio below 20 ppb so that ozonolysis remains always negligible. Maximum O3 concentrations 

during the experiments are given in Table 1.  

As the CESAM chamber is rigid, instrumental sampling flows results in a decrease of the 

pressure, which need to be compensated by an addition of synthetic air to keep the pressure 

constant during the whole experiments. This procedure induces a continuous dilution loss of 

the reaction mixture, ranging from 5.9 ×10−6 to 1.4×10−5 s−1. n-Dodecane being semi-volatile 

has also been sensitive to deposition on the wall of the chamber, but only during the 

experiments carried out at 283 K. The wall loss rate of n-dodecane has been assessed during 1-
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2 h in dark period. In consequence, the integrated equation of the chemical system yields to the 

following:  

Ln (
[DDC]t0
[DDC]t

) − (𝑘𝑤 + 𝑘𝑑𝑖𝑙) × (t − t0) =  
kDDC+OH

kISP+OH
 × [Ln (

[ISP]t0
[ISP]t

) − 𝑘𝑑𝑖𝑙 × (t − t0)] (3) 

where [DDC]t0 and [ISP]t0 are the initial concentration of n-dodecane and isoprene (at time t0); 

[DDC]𝑡 and [ISP]𝑡 are the corresponding concentration (at time t) ;  kw and kdil are rate constants 

to account for vapor wall- and dilution- losses respectively. Therefore, plotting the first term 

of Eq. (3) as a function of the second term should yield a straight line with zero intercept and 

slope 
kDDC+OH

kISP+OH
 (see figure 1). The Arrhenius expression of isoprene with OH radical used was 

equal to (2.7 ± 0.1)  × 10−11 exp(390 ± 100/T) (in cm3 molecule-1 s-1) in the temperature 

range 240 – 340 K32. Reaction rate constants of isoprene with OH radical kISP+OH at different 

temperature are given in Table 2. The Arrhenius expression from Atkinson, et al. 32 has been 

chosen as it represents the recommendation of IUPAC Sub-committee. Note the reported 

kinetic rate constant from IUPAC was in excellent agreement with the following available 

literature for isoprene reaction with OH.33-34 

3. Results and discussion  

Obviously, the photooxidation of n-dodecane and isoprene under high-NOx condition might 

produce O3 molecules, which could react further with isoprene, the reference compound. This 

reaction might lead to error in determination of the reaction rate constant of n-dodecane with 

OH radical. In consequence, a continuous injection of NO was manually adjusted to minimize 

the O3 production. In order to assess and make sure that O3 did not bias our measurements, 

lifetime with regards to OH and O3 has been evaluated with the following calculation:  

𝑘𝑂3+𝐼𝑆𝑃 [𝑂3]

𝑘𝑂𝐻+𝐼𝑆𝑃 [𝑂𝐻]
 

with 𝑘𝑂3+𝐼𝑆𝑃 = (1.13±0.09)×10−17 cm3 molecule−1 s−1 at 293 K 32 and 𝑘𝑂𝐻+𝐼𝑆𝑃 = (1.02 ± 0.15) 

×10−10 cm3 molecule−1 s−1 at 293 K 32. In the worst-case scenario, when O3 reached it maximum 
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mixing ratio, i.e. 20 ppb, OH reaction with isoprene was still being the highest sink in 

comparison to O3, since the estimated lifetime ratio was 40. In other words, this procedure has 

guaranteed that OH-oxidation of isoprene was always and by far the main oxidative process 

(99.86% OH-oxidation vs 0.14% ozonolysis). 

Control experiments under irradiation have shown negligible loss of isoprene (<10-6 s-1) at all 

temperature investigated. For n-dodecane, these losses were also below <10-6 s-1 at 303 K and 

293 K while at 283 K we were able to measure a loss of (1.57 ± 0.09)×10-6 s-1 (or τ=177 h, 

τ=1/kloss, with kloss the rate constant of loss processes) that were due to wall adsorption.  

From the n-dodecane mixing ratio decay and n-dodecane + OH rate constant (kDDC+OH), a mean 

concentration of OH radicals of 2ⅹ106 molecules cm-3 has been evaluated. Considering this 

value, typical lifetimes (τ=1/kX+OH [OH], with X = DDC or ISP) in our experiments of n-

dodecane and isoprene are 10.5 and 1.3 h, respectively. In consequence, within the duration of 

the experiments, roughly an hour, wall and photolysis losses were clearly negligible in 

comparison to OH-oxidation in this study, except at 283 K where a slight correction from the 

n-dodecane wall deposition was accounted.  

Plots of the relative rate measurements at 283, 293 and 303 K for the reaction of n-dodecane 

with OH radical using isoprene as reference compound are shown in Figure 1. As seen in the 

later plot, two to three isothermal experiments were carried out and are in very good agreement. 

As expected from Equation 3, for all decay data points, a linear correlation is obtained with 

intercept close to zero within the uncertainties. The rate constant ratios (kDDC+OH/kISP+OH) was 

obtained by applying a linear regression, taking into account both the uncertainties on x- and 

y-axis as recommended by Brauers and Finlayson-Pitts 35 (cf. Table 2 and Figure 1). These 

latter were evaluated from injection calibration of both studied and reference compounds. 

Uncertainties on kDDC+OH/kISP+OH correspond to 2σ (with σ the standard deviation of the linear 

regression). kISP+OH (from Atkinson, et al. 32) and kDDC+OH/kISP+OH, kDDC+OH are given in Table 
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2 at different temperature. Error on kDDC+OH (i.e. given in Table 2) were determined from the 

quadratic sum of the error of kISP+OH and kDDC+OH/kISP+OH.  

Average of the rate constants at 283, 293 and 303 K yielded to (1.27 ± 0.31)×10-11, 

(1.33 ± 0.34)×10-11, (1.27 ± 0.40)×10-11 cm3 molecule-1 s-1, respectively. Errors on the average 

rate constants correspond to the mean standard deviation.  A plot of the average rate constants 

obtained from our work is given in Figure 2 with the available literature data at different 

temperatures. As we can see from this figure, reported rate constants at 300 K by Behnke, et 

al. 26 (as reevaluated by Atkinson 7) and at 312 K by Nolting, et al. 27 (as reevaluated by 

Atkinson 7) showed a good  agreement within 2 and 9 %, respectively, with our determination 

at 303 K considering the error domain. Please note reaction rates by Phan and Li 28 has been 

re-evaluated with the recommended 298 K rate constant for the reference compound, leading 

to a reaction rate of (1.57 ± 0.24)×10-11 cm3 molecule-1 s-1. As a consequence, comparison of 

our work at 303 K with the re-evaluated 298 K value from Phan and Li 28 agreed within 19 % 

considering the uncertainties. In the same way, recommended Arrhenius parameters for the 

reference compound provided by Atkinson (2003) has been used to estimate rate constants for 

the temperature ranges (298 – 1110 K) over which these recommendations are applicable. As 

shown in Figure 2, the effect of this re-evaluation decreased slightly the reaction rate constant 

by 6 % at 320 K and 2 % at 340 K. The theoretical study from Sivaramakrishnan and Michael 

36 and the recommendation from Atkinson (2003) are in excellent agreement with our work, 

which is coherent since they were determined from the studies of Nolting, et al. 27 and Behnke, 

et al. 26. 

The rate constants were also plotted with the Arrhenius expression (283 – 340 K) 

𝑘𝐷𝐷𝐶+𝑂𝐻 = (9.77 ± 6.19)10
−11  × exp [

−595 ±5580

𝑇
] 𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1, which was 

determined by linear least-square analysis of ln(k) against 1/T. Note that the Arrhenius fit was 

weighed by error bars and was determined from our work combined with rate constants 
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reported by Behnke, et al. 26, Nolting, et al. 27 and Phan and Li 28. The study of Phan and Li  28 

that has led to somewhat outlying results is not without any potential issue. First, the use of a 

quadrupole mass spectrometer with electronic impact ionization source and unit mass 

resolution coupled with a flow tube might have induced uncertainties in the determination of 

reaction rate constants since the fragmentation pattern of secondary oxidation products from 

long chain alkane would recurrently present the same ion of the parent precursor due to the 

simple loss of stable neutral species (e.g. H2, OH, H2O, H2O2, (CH2)n, etc.)37. Second, 

oxidation products from both DDC and reference compounds used in their study, i.e. n-nonane 

and n-decane, might also have contributed to the DDC peaks in the mass spectra. Therefore, 

the effect of secondary reactions within the flow tube reactor would potentially bias the 

determination of the reaction rates. In addition, despite the low pressure system (P=1-5 Torr), 

the saturation vapor pressure of n-dodecane – i.e 7.6 ⅹ10-4 Torr at 240 K and 5.32 Torr at 340 

K estimated with the prediction method by Nannoolal, et al. 38 – decreases by several order of 

magnitude with the temperature. Consequently, the negative correlation from 240 to 277 K 

might be explained by the additional deposition of the n-dodecane vapor to the flow tube wall, 

which is not considered in their integrated kinetic equations. In other words, the reported 

negative correlation with temperature from 240 to 260 K might be explained by the increase of 

the vapor wall loss rate of n-dodecane. Since we can not rule out these measurement biases 

from Phan and Li 28’s, non-re-evaluated rate constants from 240 to 277 K were excluded from 

the Arrhenius fit. Uncertainties of the Arrhenius parameters (A, the pre-exponential factor, and 

Ea/R, the ratio of activation energy over ideal gas constant) are ±2σ of the fit.  

As shown in Figure 2 from 283 to 340 K, the reactivity between the n-dodecane and OH 

radicals shows a relatively low positive temperature dependence. This observation is in good 

agreement with the well-known hydrogen-atom abstraction mechanism.39 In addition, this low 

temperature dependence observed, in the typical tropospheric temperature range, is consistent 
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with low activation energy reactions such as a long chain alkane with OH radicals (7and 

references therein).. It would be interesting to investigate further the temperature effect of the 

reaction rate constant with particular care of the vapor wall deposition of the target compound 

to validate/invalidate observation from Phan and Li 28.  

The obtained rate constants for the reaction of n-dodecane with OH radicals can be estimated 

with prediction methods. These later are based upon the group-additivity transition-state theory 

(TST) described in Sivaramakrishnan and Michael 36 and the structure activity relationship 

(SAR) method detailed by Kwok and Atkinson 40. As seen in Figure 2, application of these 

prediction methods shows a nice agreement with our data and represents very well the low 

temperature dependence on the reactivity.  

4. Conclusion 

In this work, reaction rate constants of n-dodecane with OH radicals as a function of the 

temperature were determined between 283 and 303 K, using the relative rate method with the 

CESAM chamber. Rate constants measured are in excellent agreement with the literature and 

those estimated by the SAR and TST methods agreed reasonably, i.e. within 14%. Arrhenius 

expression were developed over a fair range of temperature (283 K – 340K), representative of 

the troposphere. These kinetic data can be used to assess the atmospheric chemical lifetimes 

(τ=1/kDDC+OH[OH]) of the n-dodecane with the OH oxidants. Using this relation and a typical 

tropospheric OH concentration of 2ⅹ106 molecule cm-3 41, the atmospheric lifetime was found 

to be 10.7 h at room temperature (298 K). Therefore, it appears that n-dodecane is likely to be 

removed rapidly and degraded relatively near to its emission sources. It may hence participate 

to the ozone and SOA burden at local/regional scale downwind urbanized/industrial area.  
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Tables 

Table 1. Summary of the kinetic experiments. 

Exp T (K) 

OH 

source 

[DDC]t0 

(ppb) 

[ISP]t0 

(ppb) 

[NO2]t0 

(ppb) 

[H2O] 

(molecule.cm-3) 

[O3]max 

(ppb) 

E1.283 283 ± 1 NO2 471 ± 16 93 ± 3 66 2.10 ×1016 12 

E2.283 283 ± 1 NO2 592 ± 21 76 ± 3 18 2.00 ×1015 15 

E1.293 293 ± 1 NO2 408 ± 14 76 ± 3 24 3.21 ×1016 12 

E2.293 293 ± 1 HONO 600 ± 21 86 ± 3 41 3.93 ×1016 4 

E1.303 303 ± 1.5 HONO 559 ± 20 63 ± 2 67 3.51 ×1015 20 

E2.303 303 ± 1.5 HONO 520 ± 18 57 ± 2 69 4.68 ×1015 18 

E3.303 303 ± 1.5 NO2 641 ± 22 93 ± 3 34 6.58 ×1016 20 
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Table 2. Measured rate constants for the OH-oxidation of n-dodecane (DDC) with isoprene (ISP) as 

reference compound32 in the temperature range 283 – 303 K.  

Exp T (K) 
This work  

kDDC+OH/kISP+OH 

This work  

kDDC+OH (cm3.molecule-1. s-1) 

kISP+OH (cm3.molecule-

1. s-1)32 

E1.283 283 ± 1 0.129 ± 0.010 (1.38 ± 0.24)ⅹ10-11 

(1.07 ± 0.16)ⅹ10-10 E2.283  0.108 ± 0.008 (1.16 ± 0.19)ⅹ10-11 

   Average : (1.27 ± 0.31)ⅹ10-11 

E1.293 293 ± 1 0.152 ± 0.017 (1.55 ± 0.29)ⅹ10-11  

(1.02 ± 0.15)ⅹ10-10 E2.293  0.108 ± 0.009 (1.10 ± 0.19)ⅹ10-11  

   Average : (1.33 ± 0.34)ⅹ10-11 

E1.303 303 ± 1.5 0.146 ± 0.008 (1.43 ± 0.23)ⅹ10-11 

(0.98 ± 0.15)ⅹ10-10 

E2.303  0.124 ± 0.014 (1.21 ± 0.23)ⅹ10-11 

E3.303  0.119 ± 0.016 (1.16 ± 0.24)ⅹ10-11 

   Average : (1.27 ± 0.40)ⅹ10-11 
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Figures  

 

Figure 1. Relative kinetic plots for OH-oxidation of n-dodecane with isoprene as a reference compound, 

at 283 K (top panel), 293 K (middle panel) and 303 K (bottom panel).   
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Figure 2. Reaction rate constants of n-dodecane with OH radical as a function of temperature compared 

to the literature and prediction rate methods.  
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