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Abstract 

Absolute rate coefficients for the reaction of OH radical with propene (C3H6) and five 

deuterated isotopes, propene-1-D1 (CDHCHCH3), propene-1,1-D2 (CD2CHCH3), propene-

112-D3 (CD2CDCH3), propene-3,3,3-D3 (CH2CHCD3), and propene-D6 (C3D6), were 

measured behind reflected shock waves over the temperature range of 818 – 1460 K and 

pressures near 1 atm. The reaction progress was followed by monitoring OH radical near 

306.7 nm using UV laser absorption. Kinetic isotope effects in the measured rate coefficients 

are discussed and rationalized for the site-specific H abstraction by OH radical. The first 

experimental measurements for the branching ratio of the title reaction are reported and 

compared with transition state theory calculations. The allylic H-atom abstraction of propene 

by OH radicals was found to be the most dominant reaction pathway followed by propen-1-yl 

and propen-2-yl channels over the entire temperature range of this study. The derived 

Arrhenius expressions for various site-specific rate coefficients over 818 – 1442 K are (the 

subscript in the rate coefficient identifies the position of H or D atom according to the IUPAC 

nomenclature of alkenes): 

��,� = 2.32 × 10�

exp�−2341	K/��	������������
��
	 

��, = 1.96 × 10�

exp�−2420	K/��	������������
��
	 

�
,� = 1.39 × 10�

exp�−2270	K/��	������������
��
	 

�
, = 1.95 × 10�

exp�−2868	K/��	������������
��
	 

�&,� = 7.2 × 10�
&exp�−2282	K/��	������������
��
 

�&, = 7.69 × 10�
&exp�−2575	K/��	������������
��
 
 

Keywords: Propene; hydroxyl radicals; rate coefficients; shock tube; site-specific rates, 

transition state theory; branching ratio. 
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1. Introduction 

Propene (C3H6) is an important intermediate species in many hydrocarbon combustion 

systems.  Propene is a significant component of liquefied petroleum gas (LPG) which can be 

in surplus in future due to the recent shale gas “revolution”
1
. Propene is formed by the 

decomposition of alkyl radicals during the oxidation of alkanes. It may also serve as a 

prototype alkene fuel and is the simplest allylic system. For combustion modelling of a fuel 

like LPG that contains many different components, it is important to understand the 

underlying chemistry of the individual fuels. Therefore, understanding the propene oxidation 

pathways is very important in the hierarchical development of detailed chemical kinetic 

models. Recently, Taatjes et. al.
2
 detected enols in substantial amount in a wide range of 

hydrocarbon flames and suggested that the oxidation of ethylene by OH radical is the 

dominant source of enol formation. In ethene flames, the oxidation of ethene by OH radicals 

was found to dominate the ethenol production
3
. The overall chemistry of OH + propene 

reaction system, in particular its role to the formation of enols, has recently been the subject 

of research interest for various groups
2, 4-6

. Propene oxidation can also contribute to soot 

production (and other pollutant formation)
7
. Strategies for mitigating pollutant formation in 

advanced combustion systems depend, in part, on the oxidation of alkenes such as propene. 

The overall rate constants for the reaction of propene with hydroxyl radical have been 

measured experimentally by several groups
8-18

. Among these, only a few studies were carried 

out at combustion relevant temperatures. Smith et. al
9
 measured the total rate coefficients 

over the temperature range of 960 – 1210 K using laser photolysis/laser-induced fluorescence 

technique. They observed a pronounced positive T-dependence of the rate coefficients and 

suggested that a direct endothermic channel prevails at high temperatures. Such behaviour for 

the reaction of propene with OH radicals was in contrast to that observed at temperatures 

below 500 K, where the rate coefficients show a negative T-dependence
9
. Using the same 
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technique as Smith et. al
9
, Tully and Goldsmith

13
 reported the rate coefficients over the 

temperature range of 293 –  893 K. Though the results of Smith et al
9
. suggest a stronger T-

dependence of the total rates than that of Tully and Goldsmith
13

, the extrapolated value (≈ 

9×10
-12

 cm
3
 molecule

-1
 s

-1
) from the latter agrees well with the former group at 1200 K. Bott 

and Cohen
18

 studied the reactions of hydroxyl radical with several organic species near 1200 

K and 1 atm using shock tube/UV absorption technique. Their reported value for propene + 

OH reaction was found to be about 1.8 times larger than either of Smith et al
9
. or the 

extrapolated value of Tully and Goldsmith
13

. The kinetic analysis of Yetter and Dryer
19

 

resulted in a value of 1.3×10
-11

 cm
3
 molecule

-1
 s

-1 
at 1020 K which is 2.7 times larger than that 

of Smith et al
9
. In a recent experimental study, Vasu et al

17
. measured the rate constant in a 

shock tube using laser absorption technique over 890 – 1366 K and pressures near 2.3 atm. 

Their values for the total rate coefficients showed an excellent agreement with the earlier 

measurements by Bott and Cohen
18

 and Tully and Goldsmith
13

. The agreement with the data 

from Tully and Goldsmith
13

 is applicable only for their intermediate temperature 

measurements and does not apply on the extrapolation to the high temperature region. 

However, their rate data were lower than that of Yetter and Dryer
19

 and higher compared to 

Smith et. al
9
 data at the corresponding temperatures.  

Several detailed theoretical studies
4-6, 20-24

 have been carried out for the energetics of 

propene and OH reaction. In a recent paper, Zádor et al
5
. employed 

RQCISD(T)/ccpV∝Z//B3LYP/6-311++G(d,p) quantum chemical calculations combined with 

RRKM Master Equation (ME) methodology to investigate the branching ratios for various 

channels that are accessible on C3H7O potential energy surface. Huynh et al
6
 explored the 

detailed potential energy surface using CCSD(T)/cc-pVDZ//B3LYP/cc-pVTZ ab initio 

method and further carried out kinetic analyses for the branching ratios of various products 

using ME methodology. The primary focus in their study was to provide kinetic information 
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for the enol formation channel. In a similar work, Zhou et al.
4
 computed the detailed potential 

energy surface at PMP2/aug-cc-PVQZ//MP2/cc-PVTZ level of theory for the addition and 

abstraction reactions of propene and OH radical. These theoretical studies showed that the OH 

radical adds to the double bond of propene like it does in any other olefin + OH reaction and 

that the dominant reaction pathways change with temperature and pressure. The studies of 

Zádor et al.
5
 and Huynh et al.

6
  found that the H abstraction channel is dominant (≥90%) over 

the addition channel at high temperatures (T ≥ 600K). Their total rate constants are in 

excellent agreement with the recent high-temperature experimental work of Vasu et al.
17

 and 

with the recommendation by Tsang et al.
25

. The computed values of Zhou et al.
4
, however, 

differed from other studies in both the magnitude of the rate coefficients and the branching 

ratios. For example, their reported value of the rate coefficients of the abstraction channel 

were about one order of magnitude lower than that of Huynh et al.
6
, Zádor et al.

5
 and Vasu et 

al.
17

. Although the qualitative features of the Zhou et al.
4
 potential energy surface of C3H7O 

were similar to other theoretical studies, significant quantitative differences were found in the 

computed potential energy surface of C3H7O that resulted in the discrepancies in the 

branching ratios of various channels. At high temperatures, all studies predicted that the 

abstraction reaction leading to allyl radical and H2O is by far the most dominant abstraction 

channel, whereas the other two abstraction channels leading to propen-1-yl and propen-2-yl 

are found to be minor. However, the branching ratio of propen-1-yl radicals reported by Zhou 

et al.
4
 is significantly larger than that of Zádor et al.

5
. Therefore, large discrepancies still 

exists in the literature for the branching ratios of the title reaction and experimental 

determination of the branching ratios are not available thus far. 

 In this work, we present the first detailed experimental study for the elucidation of H-

atom abstraction branching ratios for the reaction of propene with OH radicals. Experiments 

are carried out using a shock tube and UV laser absorption of OH at temperatures ranging 
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6 

 

from 818 K to 1460 K at pressures near 1 atm. The rate coefficients of six propene isotopes 

with OH were measured and the data are rationalized to determine the site-specific abstraction 

rates. The following reactions are investigated and their rate coefficients are reported: 

C3H6 + OH � Products     (RI) 

CDHCHCH3 + OH � Products    (RII) 

CD2CHCH3 + OH � Products    (RIII) 

CD2CDCH3 + OH � Products    (RIV) 

CH2CHCD3 + OH � Products    (RV) 

C3D6 + OH � Products     (RVI) 

 

2. Experimental Methods 

Experiments were carried out in a turbo-pumped, high purity, stainless steel shock 

tube facility over a temperature range of 818 K to 1460 K and pressure of about 1 atm. The 

shock tube and OH laser diagnostic have been detailed previously
26-28

 and only a brief 

description is given here. Both the driver and driven sections of our shock tube are 9 m long 

with an inner diameter of 14.2 cm. The length of the driver section can be varied depending 

on the required test times. For the experiments reported here, a shorter (~ 3 m) driver section 

was used to achieve 2 ms of uniform test time. The incident shock speed is measured using a 

series of five piezoelectric PCB pressure transducers that are placed over the last 1.3 m of the 

driven section of the shock tube. Temperatures and pressures behind reflected shock waves 

are calculated from the measured incident shock speed and standard shock-jump relations. 

Uncertainties in the measured shock velocity (≈ 0.1 – 0.2%) will translate into the 

uncertainties in the calculated reflected shock temperatures and pressures of about 0.7% and 

1%, respectively. The shock tube facility is equipped with a magnetically-stirred 24-litre 
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7 

 

mixing vessel and a well-furnished mixing manifold for the preparation of mixtures. A 

double-dilution process was utilized to prepare accurate mixtures
27

. The OH laser diagnostic 

and a Kistler 603B piezoelectric pressure transducer are located at a test section 2 cm from the 

driven section endwall. Ultraviolet light for OH absorption is generated by the external 

frequency doubling of red light (614 nm) produced by a ring-dye cw laser which is pumped 

by a 10W green laser (532 nm). In the current experiments, UV light is tuned to the center 

(306.6868 nm) of the well-characterized R1(5) absorption line in the OH A−X (0, 0) 

absorption band. A common-mode-rejection scheme is used here which gives a detection 

limit of about 0.2 ppm at 1400 K and 1 atm, assuming a minimum detectable absorbance of 

0.1%. The OH mole fraction is calculated from Beer-Lambert law, I/Io = exp(−kOHXOHPL), 

where I and Io are the transmitted and incident laser intensities, kOH is the OH absorption 

coefficient, XOH is the OH mole fraction, P is the total pressure (atm), and L is the path length 

(14.2 cm). Estimated uncertainty in the measured OH mole fraction (XOH) is approximately ± 

3% which is mainly due to the uncertainty in the reflected-shock temperature and OH 

absorption coefficient. Experimental data are recorded at a sampling rate of 2.5 MHz using a 

high-resolution (14 bit) data acquisition system. 

Hydroxyl radicals were produced by rapid thermal decomposition of tert-butyl 

hydroperoxide (TBHP), which is known to be a clean OH precursor and has been validated in 

many studies
17,29,30

. A 70% TBHP in water solution was obtained from Sigma Aldrich. 

Propene (≥99.99%), argon (99.999%), and helium (99.999%) were purchased from AH 

Gases. Propene-1-d1 (≥98%), propene-1,1-d2 (≥99.3%), propene 2-d1 (≥98%), propene-

3,3,3-d3 (≥99.8%), and propene-d6 (≥99.8%) were supplied by CDN Isotopes. Several 

reflected-shock experiments were conducted for each fuel and the concentrations of reactants 

(fuel, TBHP) were chosen carefully based on sensitivity analysis while maintaining pseudo-

first-order conditions.  
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3. Results and Discussion 

3.1 High-Temperature Measurements of Propene + OH ���� Products 

High-temperature rate constant measurements for the reaction of OH with six 

deuterated isotopes of propene are described in this section. A mixture of 312 ppm propene 

(C3H6), 19 ppm TBHP (60 ppm of water), and balance Ar was shock-heated to a range of 

post-shock temperatures (T5 = 853 – 1442 K) and pressures (P5 ≈ 1 atm) to measure the 

overall reaction rate coefficients for propene + OH � products. A raw trace of the measured 

OH time-history at 1101 K and 1.37 atm is presented in Fig. 1. Experimentally measured OH 

profiles are fitted using the JetSurf 1.0 mechanism
31

, as the base mechanism, with tert-butyl 

hydroperoxide (TBHP) reactions added from Pang et al
29

. The initial TBHP concentration for 

simulated profiles is taken from the experimental OH yield. The best-fit for OH profile was 

obtained for a kI value of 1.24 x 10
-11

 cm
3
 molecule

-1
 s

-1
 and the effect of 50% deviations from 

this value is also presented in Fig. 1. The measured values of the rate coefficients for RI, 

along with the experimental conditions, are listed in Table 1. 

Hydroxyl radical sensitivity analysis was performed for the propene mixture at a 

representative temperature of 1101 K (Fig. 2). The OH sensitivity is calculated using the 

formula '() = �*+()/*�,� × ��,/+()�, where +() is the local OH-mole-fraction and �, is 

the rate constant of the i
th

 reaction. The sensitivity plot shows that propene + OH is the 

dominant reaction at the chosen conditions. Secondary reactions such as CH3 + OH � 

CH2(S) + H2O (RVII), CH3 + CH3 (+M) � C2H6 (+M) (RVIII), and CH3COCH3 + OH � 

H2O + CH2CO + CH3 (RIX) were considered and they were found to have minor interference 

for OH time profiles. The rates for these important secondary reactions are updated based on 

the suggestions given in reference
32

 where the rate constant of RVII, RVIII, and RIX are 

updated from Pang et al.
29

., Oehlschlaeger et al.
33

, and Lam et al.
34

, respectively. 
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Our measured rate constant data for RI are shown in Fig. 3 and compared with the 

measurements from Vasu et al.
17

, Smith et al.
9
, Bott and Cohen

18
, and Tully and Goldsmith

13
. 

Rate constants provided in the JetSurf 1.0 mechanism
31

 and the theoretical study of Zador et 

al.
5
 are also shown. As can be seen, our data agree very well with earlier measurements from 

Vasu et al.
17

 and Bott and Cohen
18

 with an average deviation of 11%. Our values are slightly 

higher (about 20%) than those of Vasu et al.
17

 at lower temperatures. This slight disagreement 

may be due to the reaction mechanism adopted by Vasu et al.
17

 in that the rate coefficients for 

secondary reactions were not updated. We note here that the secondary reactions play a more 

significant role at lower temperatures. We observed a marked positive temperature 

dependence for the propene + OH reaction over the temperature range of the current study. 

Comparing our 1 atm data with the 2 – 2.6 atm data of Vasu et al.
17

, no discernible pressure 

dependence is seen. This suggests that abstraction channels prevail over the addition channel 

at the high temperatures of the current work. At lower temperatures (T ≤ 600K), the addition 

channel is the dominant pathway that leads to various bimolecular products such as vinyl 

alcohol, allyl alcohol and propenols
4-6

. Our experimental data, including the ones from Vasu 

et al
17

., agree very well with the theoretical prediction of Zador et al.
5
 for the total abstraction 

rate coefficients with an average deviation of about 8% indicating that bimolecular addition 

channels at these temperatures are unimportant. Our calculations for the specific rate 

constants k(E,J=0) were also found to be in line with these findings. The specific rate 

constants for the most dominant abstraction channel leading to allyl + H2O were at least one 

order of magnitude higher than that of the major addition channel (vinyl alcohol + CH3) at all 

energies. This further suggests that H abstraction is the dominating pathway at the 

experimental conditions of the current study. The theoretical work by Zador et al.
5
 predicted 

the addition channel to be about 5% near 1000 K. At the low temperatures (~ 900 K) of the 

current study, the contribution of addition channels can increase slightly. The upper limit for 
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10 

 

the contribution of the addition channel in our measured rates has been estimated to be less 

than 9% which is within the reported uncertainties of our measured data. Therefore, our 

kinetic analyses described below assume that the addition channels for propene + OH reaction 

are of negligible importance in our temperature range. Theoretical studies
4-6

 have shown that 

the propene + OH reaction has three possible H abstraction channels:  

 

 

 

 

 

 

The branching ratios for RI are kept unchanged while fitting the experimentally 

measured OH profiles. The overall rate constant (kI = kIa + kIb + kIc) is insensitive to the 

branching ratios because of the pseudo-first-order conditions implemented here. The 

temperature dependence of the experimentally determined rate coefficients for the reaction RI 

is given by the following Arrhenius expression: 

�- = 1.07 × 10�
.exp�−2340	K/��	������������
��
	�853 − 1442	/�     (1) 

 

A detailed uncertainty analysis was performed to estimate the errors in the measured 

rate constant for RI at a representative condition of 1101 K and 1.38 atm. Various sources of 

errors that were considered here include temperature (± 0.7%), mixture composition (± 5%), 

OH absorption coefficient (± 3%), wavemeter reading (± 0.002 cm
-1

), errors in fitting the 

experimental profile (± 5%), locating the time zero (± 0.5 µs), and rate constants of the 

secondary reactions. The contribution of each of these error sources on the determination of kI 

CH
2
CHCH

3 
+ OH            CH

2
CHCH

2

•

 (allyl) + H
2
O     (RIa) 

 

CH
2
CHCH

3 
+ OH            CH

2
C
•

CH
3
 (propen-2-yl) + H

2
O     (RIb) 

 

CH
2
CHCH

3 
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•

CHCH
3
 (propen-1-yl) + H

2
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is calculated separately. The overall uncertainty is calculated using the root-sum-squared 

method and is found to be ± 17% for kI at 1101 K.  

The rate coefficients for the reaction of OH with other five propene isotopes were 

determined in a manner analogous to the one described for propene + OH. Fuel 

concentrations of 302 – 312 ppm were used for propene-1-d1, propene-1,1-d2, propene-112-

D3, propene-3,3,3-d3, and propene-d6. The partial pressure of TBHP (10 – 20 ppm) was 

chosen in such a way that the reaction of deuterated propene + OH obeys the pseudo-first-

order kinetics. Uncertainties for kII, kIII kIV, kV, and kVI were estimated to be ± 18% at 1039 K, 

± 16% at 1145 K, ± 17% at 1104 K, ± 17% at 1108 K, and ± 18% at 1054 K, respectively. 

Arrhenius plots for reactions RII - RVI are shown in Fig. 4 and the measured rate constants 

are listed in Tables 2 – 6. The best fits to our experimental data yield the following Arrhenius 

expressions: 

 �-- = 1.03 × 10�
.exp�−2321	K/��	������������
��
	�818 − 1366	/� (2) 

 �--- = 1.15 × 10�
.exp�−2486	K/��	������������
��
	�881 − 1379	/� (3) 

 �-0 = 1.14 × 10�
.exp�−2492	K/��	������������
��
	�832 − 1369	/� (4) 

 �0 = 9.50 × 10�

exp�−2390	K/��	������������
��
	�904 − 1460	/� (5) 

 �0- = 10.3 × 10�

exp�−2540	K/��	������������
��
	�888 − 1340	/� (6) 

 

As allylic H-atom abstraction is both kinetically and thermodynamically favored
4, 5

, the OH 

radical attack occurs preferentially at the allylic site (-CH3) of propene. One would expect that 

the abstraction rate will be smaller for D atom as compared to that of an H atom. The effect of 

deutration on abstraction from the allylic site is best seen in Fig. 4 by comparing the rate 

coefficients for reaction RI with RV and RVI.  
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3.2 Site-Specific Rate Constants and Branching Ratios 

Many researchers, including Tully and co-workers
13, 35, 36

 , have analyzed their kinetic data for 

alkane + OH reactions by summing up the primary, secondary, and tertiary site-specific rate 

constants as follows: 

   �()	1	234256 	= 	 78 ∗ �8 	+ 	7; ∗ �; 	+ 	7< ∗ �<   (7) 

Where np, ns, and nt, are the number of primary, secondary, and tertiary hydrogen atoms in 

alkane; kp, ks, and kt are the corresponding primary, secondary, and tertiary site-specific rate 

constants per H-atom. The experimentally observed overall rate constants for alkenes + OH 

can also be expressed in a similar way by considering all types of H atoms present in the 

molecule. Cohen
37, 38

 used the group-additivity transition-state-theory (TST) method to 

reproduce the measurements of the rate constants of OH with a series of alkanes. The 

proposed method  was based on defining C-H bonds in alkanes according to the number of 

carbon atoms bonded to the next-nearest-neighbor (NNN) carbon. Recently, 

Sivaramakrishnan et al.
39, 40

 and Badra et al.
26, 28, 32

 extended these estimation methods to 

determine three-parameter-fits for several site-specific H-abstraction rate constants. Their 

derived rates reproduced the experimental OH + alkane rate constants for a variety of normal 

and branched alkanes. However, we note here that their site-specific rate constant expressions 

cannot be employed to calculate the total rate constants for OH + unsaturated molecules, such 

as alkenes, due to the presence of the double bond and its effect on the C-H bond enthalpy at 

various sites. In the propene molecular chain, two types of C-H bonds are present, namely 

vinylic (-CH2 and –CH) and allylic (-CH3). As –CH2 and –CH vinylic H-atoms in propene 

were found to exhibit their kinetics differently
4-6

, these H-atoms are treated separately in our 

work. A system of six equations and six unknowns can be obtained by employing Eq. (7) to 

Page 12 of 42Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



13 

 

the reaction of OH with six deuterated propenes. Therefore, kI – kVI can be expressed as 

follows: 

 

    �- = 3��,) + 2�
,) + �&,)    (8) 

    �-- = 3��,) + �
,) + �
,= + �&,)  (9) 

    �--- = 3��,) + 2�
,= + �&,)   (10) 

    �-0 = 3��,) + 2�
,= + �&,=   (11) 

    �0 = 3��,= + 2�
,) + �&,)   (12) 

    �0- = 3��,= + 2�
,= + �&,=   (13) 

Here, k1, k2 and k3 are the abstraction rate coefficient per H (or D) atom at the first, second and 

third carbon atom, respectively; carbon atom numbering is based on IUPAC nomenclature of 

alkenes. This set of six equations have six unknowns k3,H, k3,D, k1,H, k1,D, k2,H, and k2,D. 

However, only four independent equations are obtained even if more possible propene 

isotopes are considered. This is because, for the system of linear equations given above, two 

possible equalities can be derived:  

�-- = 0.5��--- + �-�     (14) 

�0- + �0 = �-0 + �-    (15) 

Equations (14) and (15) must hold for all temperatures. The experimental results show that 

the above equalities are valid with an average deviation of 2.5% for Eq. (14) and 4% for Eq. 

(15) for the entire T-range of our study; see Table 7. The rate constant values presented in 

Table 7 are obtained from the Arrhenius fittings of our experimental data. Hence, the system 

of six equations can be reduced to a system of four independent equations and two more 
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equations or assumptions are needed to fully determine the six unknown site-specific rate 

constants. 

Tully et al.
36

 measured the rate constants for H and D abstraction by OH from ethene 

isotopes (C2H4 and C2D4) where all four vinylic H or D atoms are equivalent. From the Tully 

et al.
36

 work, we derived an expression for the ratio of H and D abstraction of vinylic atoms: 

4>,?
4>,@ = 0.52 × exp A


.&&
B C     (16) 

For both ethene and propene, the vinylic C-H bond strength is about 110.9 kcal/mole
41,42

, 

therefore, it is valid to apply Eq. (16) to the propene system. A similar approach of applying 

the ratio of primary H and D abstraction in propane to allylic H/D abstraction in propene 

cannot be justified. The bond enthalpy for allylic C-H bond of propene is far too low (88.8
41

, 

88.2
42

 kcal/mole) compared to the primary C-H bond (100.9 kcal/mole)
42

 of propane. The 

consequence of this difference in bond enthalpies is that the ratio of primary (-CH3) H and D 

abstraction rate (kH/kD) for propane exhibits a much stronger temperature dependence than it 

does for the allylic ratio (kH/kD) of propene. For this reason, we deduced a ratio (k3,H/k3,D) for 

allylic H- and D- abstraction from propene using the following equation:  

4D,?
4D,@ ��� = E

4F�B��4G,?�B��&4>,?�B�
4H�B��4G,?�B��&4>,?�B�I        (17) 

Here, k2,H and k1,H (vinylic H-abstraction rates of propene + OH reaction) are taken from 

Zador et al.
5
; kI and kV are our measured rate constants for reactions (1) and  (5), respectively. 

Our computed ratio for allylic H- and D- abstraction (k3,H/k3,D) of propene by OH radicals can 

be  given by:  

4D,?
4D,@ ��� = 3.5 × 10

�� × �..JK × exp ALMLB C     (17) 

These two additional equations (Eq. (16) and Eq. (18)) can be used with any four of 

the measured rate constant expressions (Eq. (8) – (13)) to determine the desired site-specific 
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rate constants. One can use several combinations of four isotopes to perform the calculations. 

A more rigorous analysis which utilizes all available measured rate constant data and takes 

into account the uncertainty of all experimental rates should be considered. Therefore, the six 

measured reaction rate constant expressions kI, kII, kIII, kIV, kV, and kVI combined with the two 

additional H/D ratio equations are used in an optimization algorithm to calculate the optimal 

set of site-specific rates. A least square error analysis is adopted where the objective function 

is: 

NO+P = ∑ O�,6R8 − �,;�+�P&,SK,S
    (19) 

Here, �,6R8 is the experimentally measured overall rate constant of the ith isotope at 

temperature T, �,; is the overall rate constant calculated from the determined site-specific rates 

and T is the vector of site-specific rates for H and D abstractions at temperature T. This 

objective function can be written in matrix notation as: 

NO+P = A� − U+CB �� − U+�   (20) 

where V is the representative matrix containing the coefficients of the right hand side of Eqs. 

(8) – Eq. (13) and k is the representative vector of the left hand side of Eqs. (8) – (13). The 

gradient of this function is then  

∇XNO+P = 2UBU+ − 2UB	�    (21) 

The method of descent gradient could be used to find the optimal value of X that minimizes 

the objective function NO+P at each temperature. Theoretically, this method should converge 

to a unique optimal solution +Y8< since we have a linear system of six independent equations 

and six unknowns. However, the experimental uncertainty introduces a correction term in 

each equation which makes the optimization problem much more complex and eventually 

local solutions could appear. To avoid this problem, one has to take into consideration the 
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overall error distribution as well as the domain of feasible solutions. A similar treatment was 

adopted by Tully and coworkers
35, 36, 44-47

 who used a non-linear least square parameter fitting 

routine to minimize the sum of the squares of the residuals, defined in Eq. (19), weighted by 

the associated uncertainty of each rate constant. With the application of this optimization 

routine, the maximum error is evaluated to be less than 3% for all isotopes which is much less 

than the experimental uncertainty; see Fig. 5. It should be noted that the final results (site-

specific rate constants, branching ratios) are not very sensitive to the two additional input 

equations, Eqs. (16) and (18). This is because the optimization scheme minimizes the error in 

the prediction of measured rate constants (reactions RI to RVI) by the derived site-specific 

rate constants.  

Following the methodology described above, a unique solution for site-specific rate 

constants is obtained; the results are plotted in Fig. 6. The Arrhenius expressions for the 

derived site-specific rate constants are given below: 

 

��,� = 2.32 × 10�

exp�−2341	K/��	������������
��
	 (22) 

��, = 1.96 × 10�

exp�−2420	K/��	������������
��
	 (23) 

�
,� = 1.39 × 10�

exp�−2270	K/��	������������
��
	 (24) 

�
, = 1.95 × 10�

exp�−2868	K/��	������������
��
	 (25) 

�&,� = 7.2 × 10�
&exp�−2282	K/��	������������
��
 (26) 

�&, = 7.69 × 10�
&exp�−2575	K/��	������������
��
	 (27)	 

 

 It is discernible from Fig. 6 that the site-specific abstraction rate for allylic site is 

measured to be larger than that of  the vinylic sites. As expected, our results show  that the D-

abstraction rate is smaller than the H-abstraction rate for a given channel. In addition, these 
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results also indicated  that the deutration at the vinylic sites (=CH2 or =CH) exhibits stronger 

temperature dependence as compared to the deutration at the allylic site (-CH3). As stated 

earlier, this behaviour is primarily due to the difference in their bond enthalpies viz. 111 

kcal/mol for vinylic C-H bond and 88.8 kcal/mol for allylic C-H bond
42

. The observed trends 

will lead to the crossover of the vinylic H- and D- abstraction rates at higher temperatures 

which is in line with Tully et al.
47

 experiments. 

The total rate coefficients for the abstraction channels leading to allyl (RIa), propen-2-

yl (RIb) and propen-1-yl (RIc) can be deduced from the site-specific rate constants; these are 

presented in Fig. 7. As can be seen, the allyl-producing channel is the most dominant 

followed by propen-1-yl channel.  

As mentioned earlier, few research groups
4-6

 computed rate coefficients for the site-

specific H abstraction of propene by OH radicals. In Fig. 8, our measured site-specific rate 

constants for the three abstraction channels are compared with theoretical predictions. As can 

be seen, there are large discrepancies in the calculated rate coefficients for the site-specific H 

abstraction. The theoretical predictions of Zhou et al.
4
 are significantly lower compared to 

other theoretical studies and our experimental results. As pointed out by Zádor et al.
5
, the 

under-prediction of k3,H by Zhou et al.
4
 may have been caused by not taking hindered internal 

rotor into consideration, whereas the discrepancy for k1,H and k2,H could be due to the 

differences in the barrier heights of the corresponding abstraction channels. Our values for the 

allylic H-abstraction (k3,H) agree well with Zádor et al.
5
 and Tsang

25
 with minor discrepancies 

at temperatures above 1100 K. Our measurements revealed that the total abstraction rate for 

propen-1-yl channel is more favorable than the propen-2-yl (see Fig. 7), which is in line with 

the theoretical prediction of Zádor et al
5
. However, our site-specific rates for k1,H are 

measured to be larger than k2,H, whereas Zádor et al
5
 and Tsang

25
 predict that k2,H to be larger.  
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Branching ratios for the different H abstraction channels are calculated and compared 

with previous theoretical studies in Fig. 9 and Table 9. As can be seen, all studies predict that 

allyl-producing channel is dominant over the entire T-range of our study. However, our 

branching ratio for this channel is lower than that of Zádor et al.
5
 and Tsang

25
. Our 

experimentally determined branching ratio for this channel remains almost unchanged at 

about 65% as opposed to that of Zádor et al.
5
 and Tsang

25
 who predicted a slight decrease 

with increasing temperature. At 1400 K, their predicted values, 74% for Zádor et al.
5
  and 

70% for Tsang
25

, are quite close to our experimental value. Interestingly, Zhou et al.
4
 

branching ratio for the allyl channel comes out to be in good agreement with the measured 

value. The branching ratios for the propen-1-yl and propen-2-yl production channels show 

larger deviations. In our work, propen-1-yl channel is found to have the second highest 

branching ratio of about 28%, whereas Zádor et al.
5
 and Tsang

25
 predict about 10% for this 

channel and Zhou et al.
4
 predict about 5%. For propene-2-yl channel, our measurements agree 

with the theoretical studies of Zádor et al.
5
 and Tsang

25
 within 5%, whereas Zhou et al.

4
 

reported a branching ratio of 30% which significantly over-predicts our measurements. The 

reasons for these discrepancies have been discussed earlier. In general, our branching ratios 

for the three channels showed no or little temperature dependence over the temperature range 

of our study.  

3.3 Extension to Butene + OH 

Using the same methodology for defining the rate constants of alkenes + OH as 

summations of site-specific H abstraction rate constants, one can derive expressions for site 

specific rate coefficient for H atom abstraction of higher alkenes. Vasu et al.
48

 measured the 

rate constants of butene isomers (1-butene, trans-2-butene, and cis-2-butene) with OH using 

shock tube/laser absorption techniques at high temperatures. The measured rate constant 
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values (in cm
3
 molecule

-1
 s

-1
) of Vasu et al.

48
 are written as summation of site-specific rate 

constants as follows:  

�
�Z[<6561() = 3�\ + 2�
 + �&,<]25; + 2�� = 2.06 × 10−10exp�−2295	K/��		�880 −
1341	/�   (28) 

�<]25;�&�Z[<6561() = 6�
 + 2�&,<]25; = 4.0 × 10−10exp�−3026	K/��		�1024 −
1339	/�					(29) 

�^,;�&�Z[<6561() = 6�
 + 2�&,^,; = 2.44 × 10−10exp�−2613	K/��		�1169 − 1296	/�									(30) 

The subscript in the rate coefficient identifies the position of the hydrogen atom according to 

IUPAC nomenclature of alkenes. Here, k4 is the primary H abstraction which is same as in n-

butane, and k1 is the vinylic H abstraction which is taken equal to the RIc channel of propene 

+ OH reaction. The value of k4 is taken from Sivaramakrishnan and Michael
40

 who 

investigated the reactions of various alkanes with OH radical. The k2,trans is assumed to be 

same in 1-butene and trans-2-butene. The three equations given above, Eqs. (28) – (30), have 

three unknowns (k3, k2,trans, and k2,cis) that can be determined. The rate constant k2,trans is 

calculated from Eq. (29) and it has the following Arrhenius expression:  

 �&,_`abc = 2.27 × 10�
.exp�−4350	K/��	������������
��
	�1024 − 1339	/� (31) 

Having determined k2,trans, the value of k3 can now be calculated from Eq. (29) and it has the 

following Arrhenius expression: 

 �� = 2.47 × 10�

exp�−1534	K/��	������������
��
	�1024 − 1339	/�  (32) 

Similarly, k2,cis can be calculated from Eq. (30) and its Arrhenius expression is: 

 �&,dec = 6.29 × 10�

exp�−3334	K/��	������������
��
	�1169 − 1296	/� 
 (33) 
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The Arrhenius parameters for the determined site-specific rate constants for H and D 

abstractions of alkenes by OH are summarized in Table 8. Unfortunately, high-temperature 

rate data are not available for other alkenes + OH to validate the derived site-specific H-

abstraction rate constants. Hence, high-temperature measurements for well-chosen alkenes + 

OH reactions are needed. 

4. Conclusions 

 

The measurements for the rate coefficients of several propene isotopes + OH were carried out 

behind reflected shock waves. Six deuterated propene isotopes were employed to extract site-

specific H abstraction rate coefficients over a temperature range of 818 – 1460 K. The 

addition channels are found to be negligible over the studied temperature range. Among the 

abstraction channels, allyl channel was found to be the most dominant abstraction channel 

followed by propen-1-yl and propen-2-yl channels. These findings are in line with previous 

theoretical studies, however, discrepancies existed in the magnitude of the site-specific rate 

coefficients. New site-specific rate constants are also derived for H abstraction by OH from 

higher alkenes (1-butene, trans-2-butene, and cis-2-butene). The derived site-specific rate 

constants will prove very useful in the calculation of branching ratios for OH + alkene 

reactions. 
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Table 1. High-temperature rate constant data for propene + OH => Products. 

T5 (K) P5 (atm) kI (cm
3
 molecule

-1
 s

-1
) 

853 1.30 7.20x10
-12

 

893 1.42 7.91x10
-12

 

911 1.31 8.24x10
-12

 

974 1.29 9.52x10
-12

 

1082 1.57 1.19x10
-11

 

1101 1.37 1.24x10
-11

 

1212 1.35 1.52x10
-11

 

1442 1.43 2.21x10
-11
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Table 2. High-temperature rate constant data for propene-1-d1 + OH  => Products. 

T5 (K) P5 (atm) kII (cm
3
 molecule

-1
 s

-1
) 

818 1.34 6.40x10
-12

 

882 1.39 7.70x10
-12

 

970 1.29 9.37x10
-12

 

1039 1.24 1.07x10
-11

 

1171 1.27 1.38x10
-11

 

1268 1.18 1.63x10
-11

 

1334 1.14 1.82x10
-11

 

1366 1.15 1.92x10
-11

 

 

  

Page 26 of 42Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



27 

 

Table 3. High-temperature rate constant data for propene-1,1-d2 + OH => Products. 

T5 (K) P5 (atm) kIII (cm
3
 molecule

-1
 s

-1
) 

881 1.10 7.00x10
-12

 

951 1.42 8.63x10
-12

 

999 1.83 9.57x10
-12

 

1062 1.30 1.09x10
-11

 

1070 2.07 1.11x10
-11

 

1104 1.15 1.18x10
-11

 

1182 1.03 1.39x10
-11

 

1315 1.10 1.72x10
-11

 

1379 1.22 1.91x10
-11
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Table 4. High-temperature rate constant data for propene-1,1,2-d3 + OH => Products. 

T5 (K) P5 (atm) kIV (cm
3
 molecule

-1
 s

-1
) 

896 1.58 7.54x10
-12

 

910 1.47 7.60x10
-12

 

989 1.34 9.29x10
-12

 

1058 1.28 1.05x10
-11

 

1146 1.96 1.27x10
-11

 

1149 1.23 1.28x10
-11

 

1159 1.37 1.30x10
-11

 

1298 1.30 1.60x10
-11

 

1437 1.25 2.07x10
-11
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Table 5. High-temperature rate constant data for propene-3,3,3-d3 + OH => Products. 

T5 (K) P5 (atm) kV (cm
3
 molecule

-1
 s

-1
) 

904 1.45 6.87x10
-12

 

907 1.62 7.00x10
-12

 

972 1.48 8.02x10
-12

 

1024 1.41 8.95x10
-12

 

1108 1.40 1.05x10
-11

 

1185 1.30 1.28x10
-11

 

1246 1.16 1.36x10
-11

 

1325 1.16 1.55x10
-11

 

1460 1.32 2.00x10
-11
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Table 6. High-temperature rate constant data for propene-d6 + OH => Products. 

T5 (K) P5 (atm) kVI (cm
3
 molecule

-1
 s

-1
) 

888 1.56 6.32x10
-12

 

922 1.51 6.85x10
-12

 

939 1.38 7.11x10
-12

 

980 1.31 7.78x10
-12

 

1055 1.28 9.10x10
-12

 

1169 1.27 1.13x10
-11

 

1266 1.17 1.35x10
-11

 

1340 1.12 1.52x10
-11
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Table 7. Sums of the rate constants for the evaluation of equalities given by Eq. (14) and (15). 

 10
11

×k (cm
3
 molecule

-1
 s

-1
)  10

11
×k (cm

3
 molecule

-1
 s

-1
)  

T (K) kII 0.5(kIII+kI) Error (%) kVI+kV kIV+kI Error (%) 

900 0.781 0.76 2.6 1.38 1.39 2 

1000 1.01 0.994 1.7 1.814 1.87 3.2 

1100 1.248 1.24 0.89 2.26 2.3 1. 5 

1200 1.48 1.48 0.22 2.72 2.76 1.4 

1300 1.72 1.73 0.53 3.19 3.23 1.28 

1400 1.96 1.98 0.86 3.64 3.69 1.2 
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Table 8. Summary of rate constants for H and D abstractions by OH from alkenes according 

to the expression U	�fg��h/B���3��������−1�−1. The first six rate constant listings are for 

propene and the last 3 are for butene.  

Site-specific rate constant A B 

k3,H 2.32 x 10
-11

 2341 

k3,D 1.96 x 10
-11

 2420 

k1,H 1.39 x 10
-11

 2270 

k1,D 1.95 x 10
-11

 2868 

k2,H 7.2 x 10
-12

 2382 

k2,D 7.695 x 10
-12

 2575 

k3 2.47 x 10
-11

 1534 

k2,trans 2.27 x 10
-10

 4350 

k2,cis 6.29 x 10
-11

 3334 
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Table 9. Comparison between experimental and theoretical branching ratios for the three H-

abstraction by OH channels of propene. The reported values for the branching ratios (ϕ) are 

given in percentage. 

T (K) 

Branching Ratios (ϕ) 

ϕRIa ϕRIb ϕRIc 

this 

work 
ref

5
 ref

4
 ref

25
 this 

work 
ref

5
 ref

4
 ref

25
 this 

work 
ref

5
 ref

4
 ref

25
 

800 64.7 81.5 71.5 82.1 7.2 8.5 24.8 9.7 28.1 10 3.7 8.2 

900 64.8 79.9 68.1 79.6 7.2 8.9 27.2 10.6 28 11.2 4.7 9.8 

1000 65 78.5 65.7 77.2 7.1 9.2 28.9 11.4 27.9 12.3 5.4 11.4 

1100 65.1 77.4 63.9 75.3 7.1 9.4 30.1 12 27.8 13.2 6.0 12.7 

1200 65.3 76.2 62.6 73.5 7.0 9.6 30.9 12.5 27.7 14.2 6.5 14.0 

1300 65.4 75.2 61.8 71.9 7.0 9.8 31.3 13.0 27.6 15 6.9 15.1 

1400 65.5 74.3 61.3 70.5 7.0 9.9 31.6 13.4 27.5 15.8 7.1 16.1 
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Fig. 1. Propene + OH reaction rate measurements at 1101 K and 1.38 atm. The best-fit 

simulated profile and perturbations of ± 50% are also presented. 
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Fig. 2. OH sensitivity of the rate coefficient measurements for propene + OH at 1101 K and 

1.38 atm. Initial mixture: 312 ppm propene, 19 ppm TBHP (60 ppm water), balance Ar. 
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Fig. 3. Arrhenius plot of the rate coefficients for propene + OH => products. 
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Fig. 4. Arrhenius plot of the rate coefficients for propene isotopes + OH => products. 
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Fig. 5: Percentage error between the calculated and measured overall rate coefficients. 
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Fig. 6: Site-specific rate coefficients for H and D abstraction from propene by OH radicals. 
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Fig. 7. Total rate coefficients for the three H abstraction channels of propene. 
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Fig. 8. Comparison of site-specific rate coefficients for H abstraction by OH from propene. 

Solid lines: current work. Dashed lines: Zádor et al. (2009) 
5
. Dash-dotted lines: Tsang (1991) 

25
. Dotted lines: Zhou et al. (2009) 

4
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Fig. 9. Branching ratios of the H abstraction channels. Solid lines: current work. Dashed lines: 

Zádor et al. (2009) 
5
. Dash-dotted lines: Tsang (1991) 

25
. Dotted lines: Zhou et al. (2009) 

4
. 
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