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The rate coefficient for the reaction of propargyl alcohol (2-Propyn-1-ol, 2P1OL) with OH 

radicals has been determined using gas chromatography with a flame ionization detector 

(GC/FID) at 298 K and atmospheric pressure. The experimental value obtained by the relative 

method using methyl methacrylate and butyl acrylate as references was (2.05 ± 0.30) x 10-11 

cm3 molecule-1 s-1. The present value was compared with previous determinations and a 

theoretical study of the reaction was performed in order to explain the differences on 

reactivity of the alcohol with that of the corresponding alkyne (propyne, P). A full discussion 

of the addition and abstraction mechanisms was developed for 2P1OL at the density 

functional and ab initio composite model levels. It was found that addition is much faster 

than abstraction for propyne but occur at approximately the same rate for 2P1OL. In this last 

case, however, abstraction of hydrogen from the C1 carbon leads to a complex which can 

react further to yield addition products. Thermodynamic and kinetic data calculated for these 

reactions suggest that the products would be the 1,2- and 1,3-propendiol radicals. These 

products would react further with O2, in case it is present in the reaction mixture. 

 

 

 

Introduction 

In the framework of the studies of OH-initiated degradation of 

oxygenated volatile organic compounds (OVOCs) emitted by 

industrial activity or by vegetation, it is important to determine 

the fate and lifetime of OVOCs in the lower troposphere [1]. 

Alkynes are atmospherically important species since 

dicarbonyl compounds generated by their OH-initiated 

oxidation react rapidly with oxygen to give organic acids [2], 

which contribute to acid rain. Propargyl alcohol (2-Propyn-1-ol, 

2P1OL) is widely used as corrosion inhibitor in solutions of 

metal complexes [3-5]. It is also used as intermediate in 

organic synthesis and as solvent and stabilizing additive in 

electroplating rinsing for the manufacture of mirrors. 

In the atmosphere, reaction of alkynes with OH radicals 

proceeds mainly by addition to the C-C triple bond; however 

there is a small contribution of the hydrogen abstraction 

channel when allowed [6].The stability of the alkoxy radical  

formed depends on the chain length and the possibilities of 

stabilization of the electronically excited adduct, which could 

minimize decomposition to initial reactants [6-8]. 

While there are several studies concerning the degradation of 

unsaturated alcohols initiated by the main tropospheric 

oxidants [9-12], information on the reactions of alkynols is still 

scarce [13, 14]. A relative kinetic study of the reaction of OH + 

3,5-dimethyl-1-hexin-3-ol in 1 atm of air in the presence of 

NOx was reported in the literature, and there is also an 

absolute determination of the rate coefficient of the reaction 

OH + 2P1OL at low pressures (1.33 to 2.67 kPa) using pulsed 
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laser photolysis coupled with laser induced fluorescence 

technique (PLP-LIF). In this latter study, the authors evaluated 

also the possibility of formation of different adducts 

depending on the position of the OH radical attack to the C-C 

triple bond. A theoretical study of the degradation mechanism 

of the reaction of propargyl alcohol initiated by the OH radical 

has been also reported. This study gave more evidence of the 

importance of atmospheric oxidation of alkynes as a result of 

the formation of dicarbonyl compounds and acids in their 

reaction with molecular oxygen [15]. 

Calvert et al. [16] have suggested that the value obtained by 

Upadhaya et al. for OH + 2P1OL at low pressure is not 

applicable to atmospheric conditions, and tentatively ascribed 

those results to a pressure dependence of the rate coefficient 

like in the reaction of allyl alcohol + OH radicals [13]. In that 

case, they obtained a lower rate coefficient of k(OH + allyl 

alcohol) than in previous studies conducted near atmospheric 

pressure [17-19]. Consequently, Calvert et al. recommended 

further work to determine the rate coefficient of 2P1OL + OH 

reaction at atmospheric pressure [16]. 

In this context, and given the necessity to have kinetic and 

mechanistic information at atmospheric conditions, we 

present in this work the rate constant for the atmospheric 

oxidation of 2P1OL initiated by OH radicals at 1 atm and 298 K 

to determine the difference, if any, with the data of 

Upadhyaya et al. at different pressures [14]. 

Additionally, a theoretical investigation of the reaction of OH 

radicals with 2-propin-1-ol (2P1OL) and propyne (P) was 

developed to elucidate the differences in reactivity of 2P1OL 

and the analog alkyne at different temperatures: 

 

CH≡C-CH2OH (2P1OL) + OH  → products           (1) 

CH≡C-CH3 (P) + OH  → products           (2) 

   

The goal of the present work was to find an explanation that 

the rate of reaction (1) determined in our work is more than 

two times larger than the rate coefficient of reaction (2) 

determined by Atkinson and Aschmann, (6.21 ± 0.31) × 10−12 

cm3 molecule-1 s-1 [20]. In this paper, addition of OH to 

different sites was studied: C2 and C3 for 2P1OL and C1 and C2 

for P. In the case of 2P1OL, the abstraction of the hydroxyl 

hydrogen has also been studied in order to have a full 

appraisal of the possible mechanisms. 

2. Materials and Methods 

2.1 Experimental Procedures 

The experimental set-up consisted of an 80 L Teflon bag 

located in a wooden box with the internal walls covered with 

aluminum foil, and operated at atmospheric pressure (100.0 ± 

1.3 kPa) and (298 ± 1)K. The temperature of the reactor and 

photolysis chamber were in equilibrium with the surroundings 

where temperature variation recorded was never higher than 

± 5 K. No significant variation of the kinetic results were 

observed in this temperature range. 

Measured amounts of the organic reactants were flushed into 

the bag with a stream of nitrogen. The bag was then filled to 

its full capacity at atmospheric pressure with nitrogen. H2O2 

was used to generate OH radicals by photolysis using a set of 

germicidal lamps: 

 

H2O2 + hν   →    2OH             (3) 

 

These lamps provide UV-radiation with a λ maximum around 

254 nm. In the present work, typically 6 of these lamps were 

used to produce OH radicals and the time of photolysis varied 

from 2 to 5 minutes. 

Reaction mixtures consisting of a reference organic compound 

and the sample organic reactant, diluted in nitrogen, were 

prepared in the reaction chamber and left to mix, prior to 

photolysis, for approximately 1 h. Before each set of 

experiments, the bag was cleaned by filling it with a mixture of 

O2 and N2 photolyzed for 15-25 min using 4 germicidal lamps 

(Philips 30W) with a UV emission at 254 nm, to produce O3. 

After this procedure, the bag was cleaned up again by 

repeated flushing with air and the absence of impurities was 

checked by gas chromatography before performing the 

experiments. 

Gas samples were periodically removed from the Teflon bag 

using a gas tight syringe and put into the injector port at 473 K. 

Organics were monitored by gas chromatography (Shimadzu 

GC-14B) coupled with flame ionization detection (FID), using a 

HP-20 capillary column held from 313 to 393 K. 

In the presence of the oxidant OH radical the alcohol studied 

and the references decay through the following reactions: 

 

OH + 2P1OL                   →   Products              (1) 

OH + Reference            →   Products                       (4) 

 

Provided that the reference compound and the alcohol are lost 

only by reactions (1) and (4), then it can be shown that: 

 

 ln{[2P1OL]0/[2P1OL]t}=(k1/k4)ln{[Ref]0/[Ref]t}            (I) 

  

where [2P1OL]0, [Ref]0, [2P1OL]t and [Ref]t are the 

concentrations of the alcohol and  the reference compound at 

times t=0 and t, respectively, and k1 and k4 are the rate 

constants  of reactions (1) and (4), respectively. 

The relative rate technique relies on the assumption that the 

alcohol and the reference compounds are removed solely by 

reaction with OH radicals. To verify this assumption, mixtures 

of hydrogen peroxide and air with the alcohol of interest and 

the reference compound were prepared and allowed to stand 

in the dark for two hours. In all cases, the reaction of the 

organic species with the OH precursor (hydrogen peroxide), in 
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the absence of UV light, was of negligible importance over the 

typical time periods used in this work.  

Furthermore, to test for possible photolysis of the reactants 

used, mixtures of the alcohols in air, in the absence of 

hydrogen peroxide, were irradiated for 30 minutes using the 

output of all the germicidal lamps surrounding the chamber. 

No significant photolysis of any of the reactants was observed. 

The initial concentrations used in the experiments were in the 

range of 70-200 ppm for 2P1OL, 80-250 ppm for methyl 

methacrylate and butyl acrylate. 

2.2 Theoretical Methods 

Theoretical calculations were performed using density 

functional methods (DFT) and composite quantum chemistry 

models of the Gaussian-n type (Gn). In particular, the M06 

hybrid meta exchange-correlation DFT method of Zhao and 

Truhlar [21] and the BMK method of Boese and Martin [22] 

were used. Both DFT methods are especially tailored for 

thermodynamics, while the second is also adapted for kinetic 

calculations (the latter is more resource demanding than the 

former since it includes the kinetic density operator in the 

formula for the calculation of the exchange-correlation 

potential). In this work we used a valence triple zeta Pople 

basis set, augmented with diffuse functions in all atoms and 

including up to f polarization functions in the main atoms and 

d functions on the hydrogen atoms, 6-311++G(2df,2pd). This is 

a more extended and complete basis set than those used in 

similar studies [23], roughly in between aug-cc-pVTZ and aug-

cc-pVQZ in Dunning´s nomenclature [24]. The presence of sp 

diffuse functions helps to describe the more diffuse electron 

density of the radicals, as compared to that of closed-shell 

species, especially in the transition states. In addition to the 

DFT methods, the composite chemical models G2 and G4 have 

been employed. These models are based on ab initio 

calculations where different methods and basis sets with 

increased levels of accuracy are used to approach in a 

systematic way the accurate energy of the species. High level 

(i.e. QCISD(T) or CCSD(T)) correlation calculations with a 

moderate basis set are combined with energies from lower 

level calculations (MP4 or MP2) on optimized geometries at a 

generally correct level. Additionally, several molecule-

independent empirical parameters (higher level correction 

(HLC) terms) are included to estimate remaining deficiencies of 

the calculations, under the assumption that they are 

systematic. The result is a very good approximation to the 

exact energy of the species in the non-relativistic limit. The G2 

[25] and G4 [26] models differ in the complexity of the 

methods employed and the accuracy obtained. Although, both 

models are within chemical accuracy (i.e., errors smaller than 2 

kcal/mol) the G4 method is more accurate (about 1. kcal/mol) 

but consequently more demanding from the point of view of 

time and resources needed.  

In all cases studied, full geometry optimization of the 

structures was performed up to 10-4 Å accuracy in the 

Cartesian coordinates, with the aim of identifying all minima 

and transition states. Analytical second derivatives were used 

to calculate vibrational frequencies, which, in turn, were 

employed to guarantee the character of the critical point 

(either minimum or transition state) and to calculate 

thermodynamic properties using the standard statistical 

thermodynamics rigid rotor, harmonic oscillator, ideal gas 

model. The internal rotation of the OH group was not 

considered as a vibration, but the hindered rotor model was 

used instead. Results are reported at temperatures of 0 and 

298 K, in both cases at the standard pressure of 101.325 kPa. 

The Gaussian 09 computer code [27] running in a mixed 

Xeon/Opteron cluster with 24 nodes/calculation was 

employed for this work. Theoretical methods referred above 

were used to study the structure of reactants, intermediates 

(pre-barrier complexes), transition states and products for the 

reactions. 

2.3 Materials 

The following chemicals with purities as stated by the supplier 

were used without further purification: nitrogen (AGA, 

99.999%), 2P1OL (Aldrich, 98%), methyl methacrylate (Aldrich, 

99.99%), butyl acrylate (Aldrich, 96%), and H2O2 (Cicarelli, 60% 

wt). 

3. Results and Discussion 

3.1. Relative rate measurements 

Relative rate coefficient for the reactions of OH radicals with 

2P1OL were determined by comparing the OH reaction with 

the alcohol studied to that with the reference compounds 

from equation (I). The data were fitted to a straight line by the 

linear least-squares procedure. 

Figure 1: Relative rate data for the OH reaction with 2P1OL using methyl 

methacrylate (●) and butyl acrylate (o) as references compounds at 298 K and 

atmospheric pressure 
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Losses of 2P1OL by OH radicals are shown with different 

reference compounds in Figure 1.  

The following were used as reference reactions to determine 

the rate coefficients of reaction (1): 

OH + CH2=C(CH3)C(O)OCH3  →   Products          (6) 

OH + CH2=CHC(O)O(CH2)3CH3 → Products          (7) 

 

where k6 = (4.15±0.32)×10-11 cm3 molecule-1 s-1[28] and k7 = 

(1.80±0.26 )×10-11 cm3 molecule-1 s-1 [29]. Table 1 shows the 

data on relative rate coefficients k2P1OL/kRef and absolute rate 

coefficients k2P1OL at room temperature (298 K). Ratios were 

obtained from the average of four experiments using different 

initial concentrations of 2P1OL. The rate coefficient obtained 

by averaging the values from different experiments was: 

 

  k1= (2.05 ± 0.30) × 10-11 cm3molecule-1s-1
 

 

The error included in this value was calculated as twice the 

standard deviation arising from linear least-squares fit, and 

includes the corresponding errors in the reference rate 

coefficients of reactions (6) and (7). The linearity of the data 

points and the fact that the plots show practically no 

intercepts suggest that the contribution of secondary reactions 

with the products of the reactions studied here was negligible. 

Furthermore, in the present work we obtained two values of 

k2P1Ol using two different reference compounds 

(CH2=C(CH3)C(O)OCH3 CH2=CHC(O)O(CH2)3CH3) and for each 

reactant organic studied, several runs were performed at 

different reference and alcohol concentrations, and different 

conversion yields. In all cases indistinguishable results were 

obtained from successive experiments. 

Table 1. Reference compound, measured rate coefficient ratios, kOVOC/kRef, and the 

obtained rate coefficients for the reactions of OH radicals with 2P1OL at 298 K in 101.3 

kPa of nitrogen. 

 

 

 

3.2. Comparison with previous experimental determinations 

In previous kinetic determinations, Upadhyaya et al. [14] 

found a value of k=(9.2 ± 1.4)x10-12 cm3 molecule-1 s-1 in a 

range of 1.33-2.67 kPa of total pressure of He by using the PLP-

LIF technique. This value is lower than the rate coefficient 

obtained in our work of k=(2.05±0.30)x10-11 cm3 molecule-1 s-1. 

The same trend was observed comparing the value of k 

determined by the same authors for the OH + propenol 

reaction, k=(3.7±0.5)x10-11 cm3 molecule-1 s-1, about 40% lower 

than the values obtained by Papagni et al., k=(5.5±0.2)x10-11 

cm3 molecule-1 s-1 [17], Orlando et al., k=(5.0±0.7)x10-11 cm3 

molecule-1 s-1 [18], and Le Person et al. k=(5.1 ± 0.4)x10-11 cm3 

molecule-1 s-1 [19]. These discrepancies are probably due to the 

experimental conditions used by Upadhyaya et al. [14] where k 

had not reached the high-pressure limit (P ≤ 2.67 kPa), as 

suggested by Calvert et al. [16]. Hence, the rate coefficient for 

the reaction of 2P1OL with OH radicals obtained in this work at 

standard conditions (298.15 K and 101.325 kPa), 

k=(2.05±0.30)x10-11 cm3 molecule-1 s-1, can be adopted as the 

recommended value for atmospheric modeling. 

3.3 Theoretical calculations 

The theoretical study of reaction (1) was performed using the 

DFT and Gn aforementioned methods. Results were compared 

to those of the reactions of OH with the propyne parent 

species, reaction (2), to help find an explanation of the 

differences in the reactivity of 2P1OL and its alkyne analogue. 

Experimental results reveal a significant increase in the rate 

coefficient from (6.21±0.31)×10−12cm3 molecule-1 s-1 in the 

reaction of P with OH [20], to 2.05x10-11cm3 molecule-1 s-1 in 

the reaction of 2P1OL with OH radicals as found in this work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This behavior could be explained by the possibility of 

formation of an intramolecular hydrogen bond which stabilizes 

the structure of the reaction intermediate [30] as observed in 

other similar compounds [31, 32]. However, the reason in the 

case of substituted alkynes was still unclear, since other 

explanations may exist. For that reason, we considered that it 

Compound Reference k2P1OL/kreference 
k2P1OL 

10-11cm3 molecule-1 s-1 

2P1OL   
CH≡C-CH2OH 

 

Methyl 
methacrylate 

0.51 ± 0.03 2.10 ± 0.15 

Methyl 
methacrylate 

0.57 ± 0.01 2.40 ± 0.20 

Butyl acrylate 1.02 ± 0.02 1.80 ± 0.30 

Butyl acrylate 0.59 ± 0.03 1.90 ± 0.30 

 Average 2.05 ±±±± 0.30 

Scheme I. Addition (A1 and A2) and abstraction (B, C, D) reactions of 2P1OL 

with OH radicals. 
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was worthwhile to perform a deeper exploration from the 

molecular point of view. 

Several reaction paths were investigated for the reactions as 

summarized in Schemes I for 2P1OL and II for P. The first 

reaction studied was the addition of OH to the triple bond, 

which will be labeled reaction path A. Two additions are 

possible (to C2 or C3 in 2P1OL and to C1 or C2 in P. The other 

three reaction channels in the case of 2P1OL were the 

abstraction of hydrogen from the CH2 (path B), OH (path D) 

and CH (path C) groups.  

A previous study has shown that abstraction from a CH3 group 

should be about 5 times more favorable than abstraction from 

an OH group (see, for instance, Xu and Lin on the reaction of 

OH with methanol and ethanol [33]). Channel C, corresponding 

to the abstraction of H from the CH group, was not thought to 

be important since the radical generated would be unstable. 

Transition states were identified in all cases and, in the case of 

paths A, B and D, the results for reactions of P and 2P1OL 

could be compared. The importance of reaction path C is 

negligible for P. 

Reactants and Pre-barrier Complexes. The reactants and pre-

barrier complexes obtained for reactions of 2P1OL and P with 

OH radicals are shown in Figure 2. 

 

Several pre-barrier complexes were identified. In the case of 

2P1OL, 1a corresponds to the complex leading to either 

addition to the triple bond, or removal of the OH hydrogen. 1b 

corresponds to the initial complex leading to hydrogen 

abstraction from the CH2 group, and 1c corresponds to the 

initial complex leading to abstraction of the CH hydrogen. Two 

views of the latter are shown in Figure 2 to appreciate the 

relative arrangement of the OH reactant with respect to the 

C—H bond. Additionally, a less stable isomer of the pre-

reactive complex 1a, identified as 1a’, was found. 

Figure 2. Structure of propyne (P), propargyl alcohol (21POL) and the initial 

complexes for reactions (1) and (2) at the BMK/6-311++G(2df,2pd) level. Species 

2a, 2b and 2c are the IC for P; species 1a, 1a’, 1b and 1c the IC for 2P1OL. Last 

two drawings show a comparison between the 1a (2P1OL) and 2a.   

In this case the hydrogen bond is established between the 

hydrogen of the incoming hydroxyl radical and the oxygen of 

the alcohol group. In the case of P, 2a is the initial complex 

Scheme II. Addition (A1 and A2) and abstraction (B, D) reactions of P with OH 

radicals. 
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leading to addition. The comparison of front views of both 1a 

and 2a initial complexes show large similarities; the oxygen 

atom of the incoming OH is located midway between the 

carbon atoms but the C1—O and C2—O distances are both 

about 0.04 Å shorter for 2P1OL than for P. This is an effect of 

the hydrogen bond  stabilization produced by the hydroxyl 

substituent in 2P1OL (the H…OH distance is 2.090 Å and the 

O—H…O angle is 142 deg at the BMK/6-311++G(2df,2pd) level 

of theory).  

In the case of P, two other initial complexes, leading to 

hydrogen abstraction, were also identified. 2b is similar to 2a 

in the triangular disposition, but it is the hydrogen of the OH 

the one directed toward the carbons (in a similar disposition 

to the initial complex for the addition of hydrogen halides to 

alkenes in gas phase). This conformation allows the oxygen 

atom to be at a favorable geometry for abstraction of a 

hydrogen atom from the CH3 group. The third pre-reactive 

complex found for P shows a structure where the oxygen of 

the OH is clearly linked to the hydrogen of the CH group. The 

structure is more clearly pointing to the abstraction than in 

the case of 1c, but intrinsic reaction paths (IRC) calculations 

show that both are the correct initial complexes for those 

abstraction channels in their respective potential energy 

surfaces. 

Transition states. All reactions channels shown in Schemes I 

and II were investigated independently. Transition states were 

found in all cases, implying that none of the reactions is 

barrierless. Kinetic considerations can then, in principle, be 

derived from the height of the barriers and will be discussed 

later. The structures of all transition states found are shown in 

Figure 3. Some important geometrical parameters are 

reported at the BMK/6-311++G(2df,2pd) level only, since no 

essential variations were found when using different 

theoretical methods for the geometry optimization. 

Two transition states TS1A1 and TS1A2 were found for the 

addition of OH to 2P1OL, as well as for the addition to P, 

TS2A1 and TS2A2. The effect of the hydroxyl group in 

propargyl alcohol is clearly seen from the comparison of the 

structures. For the addition at C3 in 2P1OL (C1 in P), the 

hydroxyl in propargyl alcohol “hooks” the incoming hydroxyl 

radical, the CCO angle is then reduced about 10 deg, the O—C1 

distance is slightly increased, and a hydrogen bond is formed. 

The hydrogen of the incoming hydroxyl group is then pointing 

away from the triple bond, while in the addition to P is 

pointing towards the triple bond. In the case of the addition to 

C2 it is possible to observe a different effect. The hydroxyl of 

2P1OL is not hydrogen bonded to the incoming hydroxyl. All 

efforts to locate a structure with such a bonding pattern were 

failing. Furthermore, the angle between the triple bond and 

the forming C—O bond is more closed in 2P1OL than in the 

addition to P. 

 

Figure 3.Transition states corresponding to 2P1OL (TS1) and P (TS2) at the 

BMK/6-311++G(2df,2pd) level. Transition states A1 and A2 correspond to the 

addition reactions on C1 and C2 respectively. Transition states B, C and D 

correspond to hydrogen abstraction from CH2, CH and OH respectively. 

Important geometrical parameters are displayed (in Å). 
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Consequently, it may be concluded that the effect of the OH in 

2P1OL with respect to the addition in C2 is relatively week and 

thus the addition at C2 would be similar in 2P1OL and P. 

In the case of the hydrogen abstraction reactions, there are 

also some noticeable differences between the transition states 

of 2P1OL and P. In the case of abstraction form CH2OH in 

2P1OL and from CH3 in P, TS1B and TS2B, the transition state  

appears earlier for the former than for the latter (the C—H 

distance in the former is about 0.04 Å shorter while the 

forming OH bond is larger in TS1B than in TS2B). This is clearly 

an effect of the hydroxyl group present in 2P1OL, since no such 

difference between the transition states is observed for TS1C  

and TS2C (corresponding to the abstraction of hydrogen from 

the CH group).  

It is also noticeable that the HOCO dihedral angle is close to 

zero, another indication of the directing influence the OH of 

2P1OL is having in the reaction. On the other side, the 

abstraction of the H bond from the CH group is similar in both 

2P1OL and P. The only difference is that the transition state 

occurs later in 21POL than in P (the CH distance is larger and 

the OH distance shorter in TS1C than in TS2C). Finally, it is clear 

that abstraction of the hydrogen atom from the 2P1OL 

hydroxyl group occurs through a transition state that has no 

involvement of the triple bond. The height of the barriers and 

the reaction paths will be discussed later. 

Products. The structure of the products obtained for the 

reactions paths A-D depicted in Schemes I and II are shown in 

Figures 4 and 5. Within the atmosphere, once the addition or 

abstraction have occurred, the radical will further react with 

oxygen according to a reasonably well established path [34] 

which lead to a mixture of aldehydes, ketones and acids. In the 

absence of oxygen, however, the radicals have other reaction 

Scheme III. Complete scheme of addition, abstraction, internal rearrangement 

and reaction with water of the radicals formed in the reaction of 2P1OL with OH. 

 

channels available. Condensation, internal rearrangement or 

reaction with the water molecule produced in the abstraction, 

are possible reaction paths. Despite its lack of interest in the 

context of atmospheric chemistry, we explored the channels of 

hydrogen atom internal transfer and reaction with the water 

Figure 4. Structure of the products and intermediates obtained for the reaction 

of propyne with OH at the BMK/6-311++G(2df,2pd) level. Some of the important 

interatomic distances are shown (in Å) 

molecule, to obtain a more comprehensive picture of the 

potential energy surface for the reaction of 2P1OL with OH. 

The resulting interconnected products are shown in Scheme III 

and the structures of these products have also been included 

in Figures 4. We will later discuss the thermochemical and 

kinetic implications of these channels. 

In the case of 2P1OL, the addition radical A1C3 is the one that 

leads to the observed products of oxidation, if oxygen is 

present in the reaction mixture. A hydrogen migration may 

occur from C1 to C2, leading to the very stable A1C3’ radical 

(see later for the thermochemical results). Similarly, the A1C2 

product of the addition of OH to the C2 carbon in 2P1OL may  

lead by an H-atom internal migration from C1 to C3 to the 

planar stable radical A1C2’.  

As shown in Scheme III, the abstraction intermediate 

X1CH2.H2O_I1 may isomerize to X1CH2.H2O_I2, a structure 

which may further undergo a reaction between the radical and 

water. This may lead in turn, through different paths, to the 

products A1C3 or A1C2’. The complexes X1OH.H2O and 
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X1CH.H2O do not participate in these reactions and may easily 

decompose, releasing water, and/or react with another radical 

present in the media. These reactions have not been 

investigated further.  

As can be seen from the comparison of the structures in 

Figures 4 and 5, the presence of the hydroxyl group in 2P1OL 

essentially determines the conformation of the stable isomers, 

due to the presence of the hydrogen bond. In the case of 

propyne, there are no structures analogue to X1CH2.H2O_I2 or 

X1OH.H2O, but there also exist the more stable planar isomers 

A2C1’ and A2C2’. This latter structure is particularly interesting 

and worth a deeper examination than that done in this work. 

Thermochemistry. It is generally accepted that the reaction of 

oxygen atoms and OH radicals with unsaturated hydrocarbons 

proceeds through addition mechanisms [35, 36] and exhibits 

negative temperature dependence, a characteristic of 

barrierless reactions [37, 38]. However, this can also be 

explained simply by the formation of a pre-reactive complex 

without barrier and a further reaction of this complex toward 

the radical product across a small energy barrier [39]. In a 

previous study of the reaction of OH radicals with 2P1OL [14], 

the authors performed approximate calculations on the 

stability of the radicals formed after addition of OH to C2 and 

C3 of 2P1Ol.  They concluded that the product of the former 

attack was the more stable, although they did not calculate the 

structure and energetics of any possible pre reactive 

complexes. 

Relative energies of the pre-reactive complexes with respect to 

the isolated OH and P or 2P1OL reactants are shown in Table 2.  

Several features can be observed from the data listed. In the 

first place, it is clear that neither of these complexes is stable 

at room temperature (since for all of them ∆G°298 > 0). 

Although formation of all the complexes is exergonic, the 

entropic term more than for compensates the enthalpy, and 

the free energy of formation is thus always positive. 

Therefore, only at low temperature these pre-reactive 

complexes might be observed spectroscopically. 

Figure 5. Structure of the products and intermediates obtained for the reaction 

of 2P1OL with OH at the BMK/6-311++G(2df,2pd) level. Some of the important 

interatomic distances are shown (in Å) 

Table 2. Energetics of the pre-reactive complexes with respect to the 
separated reactants (in kcal/mol) 

Complex Method     
1a M06 -8.8 -6.7 -7.3 1.3 

 BMK -5.7 -4.2 -4.6 3.4 
 G2 -4.1 -4.4 -4.7 2.7 
 G4 -2.8 -2.8 -3.4 5.2 

1a’ M06 -6.2 -4.3 -4.8 2.5 
 BMK -5.2 -3.3 -3.7 3.1 
 G2 -4.0 -4.3 -4.6 1.7 
 G4 -4.8 -4.9 -5.4 2.1 

1b M06 -6.2 -4.2 -4.8 3.0 
 BMK -5.3 -3.6 -3.9 2.5 
 G2 -4.0 -4.3 -4.6 1.7 
 G4 -4.8 -4.9 -5.4 2.1 

1c M06 -6.2 -4.4 -4.8 2.5 
 BMK -5.2 -3.3 -3.7 3.1 
 G2 -4.0 -4.3 -4.6 1.7 
 G4 -4.8 -4.9 -5.4 2.1 

2a M06 -5.3 -4.0 -4.2 2.3 
 BMK -2.8 -1.5 -1.6 4.6 
 G2 -2.3 -2.7 -2.9 3.3 
 G4 -0.5 -0.9 -1.1 5.6 

2b M06 -4.4 -3.2 -3.4 3.1 
 BMK -3.5 -2.1 -2.3 4.2 
 G2 -2.3 -2.7 -2.9 3.3 
 G4 -2.8 -3.1 -3.4 3.6 

2c M06 -1.4 -0.7 -1.0 5.5 
 BMK -0.9 -0.1 0.2 5.3 
 G2 -2.3 -2.7 -2.9 3.3 
 G4 -1.2 -1.5 -1.8 4.7 
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 In the second place, looking to the precision of the 

calculations, it can be seen that different methods give results 

which are very close. The best results obtained for ∆G°298, at 

the BMK/6-311++G(2df,2pd) and G4 levels, do not differ in 

more than 2 kcal/mol both for P and 2P1OL. The fact that 

methods based on very different levels of calculation give 

similar results lends credibility to the quantitative conclusions 

that may be reached. 

In the third place, considering now only the two complexes of 

propyne, 2a and 2b, we conclude that their relative stability is  

dependent on the accuracy of the methods. Less accurate 

methods predict both pre-reactive complexes to be of similar 

stability at very low temperatures, while the more accurate 

methods (BMK and G4) predict 2b to be the most stable. As we 

pointed out before, this fact is negligible at room temperature, 

since entropy overrules enthalpy and the pre-reactive 

complexes would not be stable. Finally, considering now the 

three pre-reactive complexes of 2P1OL, it can be seen that 

they have almost all the same stabilization energy.  
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The only case in which there is an important difference 

between results of different methods is for the 1a complex in  

 which the G4 results are way off the other methods. In all 

cases, the pre-reactive complexes of 2P1OL are more stable 

than those with P, due to the influence of the OH group. A 

second aspect concerning the thermodynamics of these 

reactions is to consider the heats and the reaction free 

energies. 

Table 3. Relative energies of reaction for the five different reactions pathways (1) and (2). Energies in kcal/mol. Enthalpies and free energies calculated 
at 298K. Last column shows the difference in reaction enthalpies with respect to the most stable products A1C3’ for 2P1OL and A2C2’ for P. 

Reaction Method ΔE Δ(E+ZPE) ΔH
O

298K ΔG
O

298K ΔΔH
O

298K
 

2P1OL+ HO � A1C3 M06/6-311++G(2df,2pd) -42.3 -37.0 -38.5 -28.1 32.0 
 BMK/6-311++G(2df,2pd) -40.4 -35.0 -36.5 -26.1 34.7 
 G2 -33.2 -32.4 -33.8 -23.7 33.0 
 G4 -33.5 -32.6 -34.1 -23.7 32.9 
2P1OL+ HO � A1C3’ M06/6-311++G(2df,2pd) -73.7 -69.0 -70.5 -60.0 0.0 
 BMK/6-311++G(2df,2pd) -74.6 -66.2 -71.2 -61.0 0.0 
 G2 -66.2 -65.2 -66.8 -56.0 0.0 
 G4 -66.4 -65.2 -67.0 -55.8 0.0 
2P1OL+ HO �A1C2  M06/6-311++G(2df,2pd) -40.0 -35.5 -37.0 -26.5 33.5 
 BMK/6-311++G(2df,2pd) -38.9 -34.3 -35.8 -25.2 35.5 
 G2 -33.1 -32.4 -33.7 -23.5 33.0 
 G4 -33.4 -32.5 -34.0 -23.4 33.0 
2P1OL+ HO �A1C2’ M06/6-311++G(2df,2pd) -73.1 -69.1 -70.6 -60.0 -0.1 
 BMK/6-311++G(2df,2pd) -73.7 -69.5 -71.0 -60.3 0.2 
 G2 -65.7 -65.2 -66.3 -56.6 0.5 
 G4 -65.6 -64.9 -66.2 -55.9 0.8 
2P1OL+ HO �X1CH2 + H2O M06/6-311++G(2df,2pd) -38.4 -38.6 -38.4 -39.2 32.1 
 BMK/6-311++G(2df,2pd) -35.5 -36.0 -35.7 -36.7 35.5 
 G2 -34.2 -34.8 -34.2 -35.7 32.6 
 G4 -35.6 -35.7 -35.6 -36.3 31.4 
2P1OL+ HO �X1CH + H2O M06/6-311++G(2df,2pd) 11.6 12.8 12.9 12.0 83.4 
 BMK/6-311++G(2df,2pd) 15.7 15.0 15.3 14.1 86.5 
 G2 20.3 20.0 20.3 19.1 87.1 
 G4 14.2 14.0 14.2 12.1 81.2 
2P1OL+ HO �X1COH + H2O M06/6-311++G(2df,2pd) -13.3 -14.6 -14.4 -15.2 56.1 
 BMK/6-311++G(2df,2pd) -12.9 -13.8 -13.8 -14.5 57.5 
 G2 -11.5 -11.6 -11.5 -12.2 55.3 
 G4 -12.6 -12.7 -12.6 -13.4 54.4 
P + HO �A2C1 M06/6-311++G(2df,2pd) -37.2 -32.8 -33.9 -24.8 24.2 
 BMK/6-311++G(2df,2pd) -36.2 -31.3 -32.6 -23.1 25.8 
 G2 -29.1 -28.7 -29.7 -20.9 26.1 
 G4 -29.4 -28.8 -30.0 -20.8 25.5 
P + HO � A2C1’ M06/6-311++G(2df,2pd) -60.3 -56.0 -57.5 -47.3 0.7 
 BMK/6-311++G(2df,2pd) -61.6 -56.9 -58.5 -48.1 0.0 
 G2 -54.2 -53.5 -54.8 -45.0 1.0 
 G4 -53.8 -52.8 -54.4 -44.0 1.1 
P + HO �A2C2 M06/6-311++G(2df,2pd) -35.0 -31.0 -32.3 -22.6 25.9 
 BMK/6-311++G(2df,2pd) -33.9 -29.9 -31.1 -21.7 27.4 
 G2 -28.6 -28.2 -29.2 -21.2 26.7 
 G4 -28.8 -28.1 -29.4 -19.7 26.1 
P + HO � A2C2’ M06/6-311++G(2df,2pd) -60.4 -56.6 -58.2 -47.9 0.0 
 BMK/6-311++G(2df,2pd) -61.0 -56.8 -58.4 -48.0 0.0 
 G2 -55.2 -54.5 -55.8 -45.9 0.0 
 G4 -54.9 -53.8 -55.5 -45.0 0.0 
P + HO � X2CH3 + H2O M06/6-311++G(2df,2pd) -28.7 -29.7 -29.3 -30.3 28.8 
 BMK/6-311++G(2df,2pd) -26.0 -27.0 -26.6 -27.6 31.8 
 G2 -26.4 -26.9 -26.4 -27.7 29.4 
 G4 -27.0 -27.4 -27.0 -28.0 28.5 
P + HO � X2CH + H2O M06/6-311++G(2df,2pd) 11.8 13.0 13.2 12.2 71.4 
 BMK/6-311++G(2df,2pd) 16.4 15.5 15.8 14.6 74.3 
 G2 14.3 13.9 14.3 12.5 70.2 
 G4 14.5 14.2 14.5 13.1 70.0 
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The relative energies of the different intermediates and 

products have been collected in Table 3 for both P and 2P1OL. 

In the last column of this table we show the relative enthalpies 

at 298.15K with respect to the most stable product. Both for 

the parent alkyne and for 2P1OL, the rearranged planar 

radicals are by far the most stable products. Whether these 

products could be obtained will depend on the height of the 

barriers, which we will discuss later. From the thermochemical 

point of view though, A1C3’ and A1C2’ for 2P1OL, and A2C1’ 

and A2C2’ for P, would be the preferred products of the 

reactions (1) and (2). On the other hand, as would be 

expected, the abstraction reaction from the terminal carbon is 

the one that gives the least stable product by far, both for P 

and 2P1OL. The presence of the hydroxyl group in 2P1OL does 

not affect at all the outcome of this reaction. 

From thermochemistry, the additions to C3 in 2P1OL or to C1 

in P are slightly more favorable than the additions to C2 

(between 1 and 2 kcal/mol). In both cases the abstraction 

reaction at C1 in 2P1OL or C3 in P is more favorable than either 

addition. The main difference between the reactions of P and 

2P1OL is that abstraction is thermochemically about two times 

more favorable than addition in the latter species. This is of 

course due to the presence of the OH in X1CH2.H2O_I1 and its 

absence in X2CH3.H2O, the hydrogen bond providing for the 

extra energy of the former product. 

Considering the different methods of calculation, relatively 

large discrepancies can be seen in the results (up to 5 

kcal/mol). However, due to the large value of the enthalpies of 

reaction, the discrepancies are not larger than 10% of the 

respective values. This would be then the expected accuracy of 

our thermochemical calculations, although probably it is an 

upper limit and the results with the best methods are more 

accurate. 

Reaction paths and kinetics. The general scheme of relative 

energies of intermediate, products and transition states for 

the reaction of 2P1OL with OH is shown in Figure 6. Values 

shown include the zero-point energy for each species. The 

relative energy of the transition states with respect to the 

reactants, as well as the barriers for the different reactions are 

collected in Table 4. 

 As shown above, all the pre-reactive complexes are more 

stable than the separated reactants at 0 K. Compared to the 

relative energies of other intermediates and products, the 

separation between the stability of the different pre-reactive 

complexes are quite minor. The transition states for the 

addition to C1, TS1A1, and the abstraction of hydrogen from 

C1, TS1B, are both below the energy of the separated 

reactants (about -2 and -1 kcal/mol respectively), thus 

confirming the experimentally observed negative Arrhenius 

behavior. The transition states for the addition to C2 and the 

abstraction of the hydrogen from the hydroxyl group, TS1A2 

and TS1C respectively, are instead above the energy of the 

separated reactants (by about 1 and 2 kcal/mol respectively). 

The transition state for the abstraction of hydrogen from C3 is 

energetically unfavorable (about 30 kcal/mol) and therefore 

considered negligible in the present analysis. 

As pointed out before, the hydrogen abstraction product from 

C1, X1CH2.H2O_I1, is lower in energy than the addition 

product, A1C3, which is in turn lower than the product of 

hydrogen abstraction from the hydroxyl group, X1OH.H2O. The 

fate of the addition and abstraction products is quite different. 

A1C3 can suffer an internal rearrangement through a 1,2 

hydrogen migration and end up giving the A1C3’ final product. 

The corresponding transition state, TS1I, is however quite high, 

its energy being above that of the separated products 

(between 3 and 7 kcal/mol, depending on the method of  

Figure 6. Relative E+ZPE energies for products, intermediates and transition 

states for the reaction of 2P1OL with OH radicals (in kcal/mol) with respect to 

the reactants. The values shown were calculated at the BMK/6-311++G(2df,2pd) 

level. 

calculation) and the barrier is substantial (about 38-40 

kcal/mol). This fact seems to suggest that the A1C3 � A1C3’ 

reaction would not occur. However, since this is a proton 

migration between two neighboring atoms, quantum 

tunneling is very likely to happen.  
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This point has not been explored further in this work, but it is 

worth to keep it in mind for future work. At any rate, the 

presence of O2 in the atmosphere would allow alternative 

reactions to take place and products from A1C3’ may well be 

never observed. 

On the other side, the X1CH2.H2O_I1 intermediate can release 

water, since the complex is not exceedingly stable with respect 

to the separated species, or can rearrange to give the 

X1CH2.H2O_I2 complex. The energy of the corresponding 

transition state, TS1E, is much lower than the sum of the 

Table 4. Relative E+ZPE energies for products, intermediates and transition states for the reaction of 2P1OL with HO (in kcal/mol) with respect to the reactants. 
Transition State Method Relative energy Barrier 

  
Δ(E+ZPE) ΔH

O
298K ΔG

O
298K Δ(E+ZPE) ΔH

O
298K ΔG

O
298K 

        TS1A1 M06 -4.7 -5.9 3.8 1.9 1.4 3.8 

 
BMK -1.1 -2.3 7.4 3.0 2.3 7.4 

 
G2 -1.1 -1.9 6.9 3.3 2.8 6.9 

 
G4 -1.0 -2.2 7.6 1.8 1.3 7.6 

TS1A2 M06 -1.5 -2.4 6.8 1.9 1.4 6.8 

 
BMK 1.5 0.7 9.5 5.7 5.3 9.5 

 
G2 1.1 0.3 9.3 5.5 5.0 9.3 

 
G4 0.9 0.0 9.2 3.7 3.4 9.2 

TS1B M06 -3.1 -3.9 4.6 1.0 0.8 4.6 

 
BMK -0.7 -1.4 6.7 2.9 2.6 6.7 

 
G2 -0.7 -0.7 4.3 3.6 3.8 4.3 

 
G4 -0.4 -1.2 7.6 4.5 4.1 7.6 

TS1C M06 -1.8 -2.8 6.3 2.5 2.0 6.3 

 
BMK 0.9 0.1 8.7 4.2 3.8 5.6 

 
G2 3.8 2.9 11.8 8.1 7.5 11.8 

 
G4 3.4 2.6 11.3 8.3 7.9 11.3 

TS1D M06 23.0 22.5 30.4 27.3 27.2 30.4 

 
BMK 28.9 28.2 36.4 32.2 32.0 36.4 

 
G2 25.2 25.1 31.3 29.5 29.6 31.3 

 
G4 36.1 35.6 43.3 41.0 40.9 43.3 

TS1E M06 -17.5 -19.2 -8.3 27.9 26.6 29.6 

 
BMK -13.3 -14.9 -4.1 28.4 26.9 30.3 

 
G2 

      
 

G4 -11.7 -13.4 -2.4 29.3 27.9 30.9 
TS1F M06 -27.8 -29.5 -18.5 19.1 17.5 21.8 

 
BMK -25.4 -27.1 -16.1 19.9 18.1 23.2 

 
G2 -21.9 -23.2 -13.0 

   
 

G4 -21.6 -23.4 -12.3 20.3 18.5 23.5 
TS1G M06 -12.5 -14.4 -3.0 34.4 32.6 37.2 

 
BMK -9.1 -11.0 0.3 36.2 34.2 39.5 

 
G2 -4.7 -6.6 4.5 

   
 

G4 -5.4 -7.3 4.1 36.6 34.7 39.8 
TS1H M06 -3.0 -4.6 6.2 32.5 32.4 32.6 

 
BMK -4.0 -5.6 5.1 30.2 30.1 30.3 

 
G2 0.4 -1.0 9.4 32.8 32.8 32.8 

 
G4 0.1 -1.5 9.2 32.5 32.5 32.6 

TS1I M06 -0.6 -2.1 8.5 35.9 35.8 36.2 

 
BMK 2.5 0.8 11.6 37.5 37.3 37.7 

 
G2 0.1 -1.3 9.1 32.6 32.5 32.8 

 
G4 7.3 5.8 16.3 39.9 39.9 40.0 

TS2A1 M06 -2.9 -3.6 4.3 1.2 0.6 4.3 

 
BMK 0.1 -0.6 7.0 1.6 1.1 7.0 

 
G2 0.7 0.0 8.1 3.9 3.5 8.1 

 
G4 0.1 -0.6 7.1 0.9 0.4 7.1 

TS2A2 M06 -2.5 -3.3 5.2 1.5 0.8 5.2 

 
BMK 0.8 -0.1 8.4 2.3 1.6 8.4 

 
G2 0.7 0.0 8.1 3.4 2.9 8.1 

 
G4 0.8 -0.1 8.5 1.6 1.0 8.5 

TS2B M06 -1.8 -2.6 5.5 1.4 0.8 5.5 

 
BMK 0.9 0.1 8.1 3.0 2.4 8.1 

 
G2 1.6 1.0 8.8 4.4 3.9 8.8 

 
G4 2.2 1.7 8.7 5.3 5.1 8.7 

TS2C M06 23.6 22.6 31.2 24.3 23.6 31.2 

 
BMK 29.2 28.6 36.4 29.3 28.5 36.4 

 
G2 17.1 17.0 23.0 19.8 19.9 23.0 

 
G4 18.3 17.8 24.6 19.8 19.5 24.6 
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energies of 2P1OL and OH (about -12 kcal/mol) and the isomer 

I2 is more stable than I1. Thus, both from the thermodynamic 

and kinetic points of view, this is a feasible reaction. In turn, 

X1CH2.H2O_I2 can proceed further to A1C2’ since the 

transition state TS1F is even lower than TS1E (about -22 

kcal/mol), the barrier is smaller than for the reverse reaction 

(about 20 kcal/mol) and A1C2’ is more stable than either 

X1CH2.H2O_I1 or X1CH2.H2O_I2. Although it is clear that 

these reactions would not proceed in the atmosphere (since 

the presence of O2 would lead to the opening of other reaction 

channels) further research is necessary to know whether this 

reaction path is competitive with the possible condensation 

reactions starting from X1CH2.H2O_I1. 

As was shown in Scheme III, an alternative path exists starting 

from X1CH2.H2O_I2, leading to A1C3. This path was not 

depicted in Figure 6 to avoid excessive complexity.  

 The corresponding transition state is TS1G and although it is 

more stable than the isolated reactants (between 5 and 9 

kcal/mol) the barrier is larger (about 40 kcal/mol as compared 

to the 20 kcal/mol necessary to rearrange to A1C2’). 

 The general picture emerging from these considerations is 

that abstraction of hydrogen from the C1 atom in 2P1OL is at 

least as favorable as addition to the C3 carbon. The free 

energy of activation for the addition and abstraction reactions 

are 7.4 and 6.7 kcal/mol at the BMK/6-311++G(2df,2pd) level 

and 7.6 and 7.6 kcal/mol at the G4 level respectively. In the 

absence of oxygen then, and leaving aside the possible 

condensation reactions, our calculations suggest that the A1C3 

and A1C2’ radicals would be the resulting species of the 

reactions. 

The global comparison of these results with those of propyne 

shows an interesting difference. The addition and abstraction 

reactions in the case of P have free energies of activation of 

about 7 and 9 kcal/mol. While the addition reaction is 

predicted theoretically to be as fast in 2P1OL as it is in P, 

within the precision of the methods of calculation, the 

abstraction reaction is about one order of magnitude faster in 

2P1OL than in P, providing then support to the experimental 

three times larger speed of the reaction of OH with 2P1OL 

than with P.     

It must be stated that theoretical methods are not able to 

describe precisely such a small difference between the rate 

constants as found in this study. Since the free energy of 

activation participates in the exponent for the evaluation of 

rate constants, a difference in accuracy of 1 kcal/mol (smaller 

than that obtainable with practically all theoretical methods) 

shields a factor of five in the value of the rate constant. Thus, 

the computational studies, although can be useful for 

understanding qualitatively and semi-quantitatively the 

reaction paths of a given reaction system, are not able to 

produce rate constants with an accuracy similar to the 

experimental measurements. 

 

4. Conclusions 

The rate coefficient for the reaction of propargyl alcohol with 

OH radicals has been determined using gas chromatography 

with flame ionization detection (GC/FID) at 298 K and 

atmospheric pressure. The experimental value obtained by the 

relative method using methyl methacrylate and butyl acrylate 

as references was (2.05 ± 0.30) x 10-11cm3 molecule-1 s-1. The 

rate coefficient obtained in this work at atmospheric pressure 

is more than double the value reported in a previous 

determination between 1.33-2.67 kPa in He, where probably 

the high pressure limit of k was not achieved. Consequently, 

the present determination constitutes the first determination 

at atmospheric pressure and could be considered as a 

recommended value for use in atmospheric modeling. 

To explain the differences in reactivity of 2P1OL and its 

analogue alkyne (P), DFT and ab initio composite models 

calculations on the reactants, intermediates, transition states 

and products were performed. From both the thermodynamic 

and kinetic points of view, it was determined that addition of 

OH to the end carbon at the triple bond (C1 in P, C3 in 2P1OL) 

occurs preferentially with respect to the addition to the middle 

C2 carbon. As found in other studies, addition is preferred over 

abstraction for the alkyne, but it was determined in this study 

that abstraction should proceed faster than addition in 2P1OL. 

The results suggest that addition proceed to give a product 

similar to that obtained for propyne, only that it is 

thermodynamically more stable because of the hydrogen 

bonding produced by the hydroxyl group in propargyl alcohol. 

The abstraction reaction, on the other side, should proceed 

through a pair of intermediate species, where water forms a 

complex with different isomers of the radical formed, to give 

the very stable A1C2’ radical. Abstraction is about 7 to 11 

times faster in 21POL than in P and, together with the fact that 

addition proceeds at more or less the same rate, should 

explain why the experimental rate constant for the reaction of  

2P1OL with OH is about three times larger than that for the 

reaction of propyne with OH. 
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