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Abstract 

In this work, the first and rate determining steps on the mechanism of the OH addition to 2-methyl-2-

propen-1-ol (MPO221) and methylpropene (M2) have been studied at the DFT level, employing the 

BHandHLYP functional and the cc-pVDZ and aug-cc-pVDZ basis sets. The thermochemical properties of 

equilibrium (enthalpy, entropy and Gibbs free energies) have been determined within the conventional 

statistical thermodynamics relations and the rate coefficients have been determined on the basis of the 

variational transition state theory. The adoption of the microcanonical variational transition state theory 

was proved to be crucial for the description of the kinetics of OH addition to these unsaturated 

compounds. The rate coefficients obtained for the OH reactions with MPO221 and M2 at 298.15 K 

deviate, respectively, 27% and 13% from the experimental rate coefficient available in the literature.  A 

non-Arrhenius profile is observed for the rate coefficients. Moreover, the values of the rate coefficients 

for the MPO221 + OH reaction are greater than those for the M2 + OH reaction, suggesting that the 

substitution of the hydrogen atom in an alkene by the –OH functional group, increases the reactivity in 

respect to the hydroxyl radical. 

Keywords: transition state theory, DFT, hydroxyl radical, volatile organic compounds 
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Graphical and Textual Abstract 

 

 

 

 

 

The rate coefficients for the OH addition to 2-methyl-2-propen-1-ol and methylpropene have been 

determined, showing a non-Arrhenius profile and good agreement with the experimental data. 
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1. Introduction 

 

The volatile organic compounds (VOCs) are emitted into the troposphere by both 

biogenic and anthropogenic sources, playing an important role in atmospheric 

chemistry. Among these volatile compounds, unsaturated alcohols form a special class 

of primary pollutants. In the lower atmosphere, the reaction with OH radicals is the 

most important chemical process related to its removal and, for such a reaction, two 

basic mechanisms may be expected: the addition of OH to the carbon atoms involved in 

the double bond1 and the hydrogen abstraction, although the latter is believed to 

significantly contribute to the global kinetics only at temperatures much higher than the 

atmospheric common values.2 Among the unsaturated alcohols, the 2-methyl-2-propen-

1-ol (MPO221) is of particular interest. It is applied as a monomer for the synthesis of 

polymers as well as a solvent for several applications and a starting material in the 

synthesis of pharmaceuticals, pesticides and other allyl compounds.  

 

The temperature and pressure dependence of the rate coefficients for the reaction 

MPO221 + OH � products has been experimentally determined,3 as well as the rate 

coefficients for the addition of OH to the analogue alkene (2-methylpropene, M2).4 In 

both cases, the dependence of the rate coefficients with the temperature suggests a non-

Arrhenius behavior. In addition, as it was pointed out by Cometto et al., 3  the reactivity 

of the unsaturated alcohol towards the OH radical is nearly twice higher than the 

reactivity of the M2 toward the same radical.  

 

For the determination of the rate coefficients for the MPO221 + OH reaction in the 

range 263-371K, Cometto and co-workers employed both relative and absolute methods 
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(for the latter, the pulsed laser photolysis - laser induced fluorescence detection, PLP-

LIF technique was employed) and their data have been best fitted to the expression: 

k(T) = 1x10-11
 x exp(652/T) cm3 molecule-1 s-1.3 Atkinson and co-workers have reported 

rate coefficients for the M2 + OH reaction, using flash-photolysis and resonance 

fluorescence techniques.4 From this work is it possible to obtain the following 

Arrhenius expression: k(T) = 0.92x10-11
 x exp(503/T) cm3 molecule-1 s-1 between 297 

and 425 K. Later, using structure-activity relationships, Grosjean and co-workers 

reported rate coefficients for M2 and a series of unsaturated compounds reactions with 

OH radicals.5  

 

In addition to the experimental papers, a theoretical work by Zhang and co-workers 

reports a study about the OH addition paths and hydrogen abstraction reactions located 

on the MPO221 + OH potential energy surface, at the CCSD(T)//MP2/6-311++G(d,p) 

level.6  This work contributes to the knowledge about the atmospheric chemistry of 

unsaturated alcohols and their reaction with the OH radical, suggesting that the major 

products from the addition and elimination reactions are HCHO and (CH3)2COH, being 

CH3OH and CH3C(OH)CH3 also expected at minor abundance. Since the abstraction 

reaction is only expected to contribute to the global kinetics at high temperatures, at 

atmospheric conditions, the overall reaction kinetics is dominated by the addition steps, 

for which the transition states are found lower in energy than the isolated reactants, thus 

justifying the negative temperature dependence of the rate coefficients. These trends are 

also found for OH reactions with similar unsaturated alcohols.7  

 

As suggested in the literature, the OH addition reactions to unsaturated alcohols yield 

dialcohol radicals via formation of an intermediate, a pre-barrier complex (PC), 
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stabilized by a few kcal mol-1 in relation to the isolated reactants. The saddle point for 

the PC� radical conversion is located, obviously above the intermediate, but below the 

isolated reactants leading to a non-Arrhenius behaviour with negative overall activation 

energies.8 This fact itself is considered an instigating kinetic problem in which accurate 

theoretical methods are necessary for the prompt description of the reaction paths along 

the potential energy surface. Also, the primary addition of the OH radical to the 

unsaturated alcohol is expected to be a barrierless reaction for which the conventional 

transition state theory must not apply and, instead, variational transition state methods 

are required.9  

 

In this work, the addition reactions of OH to MPO221 and M2 are investigated. These 

reactions can be schematically written as: 

 

MPO221 + OH �HOCH2C(CH3)CH2OH   (1a) 

MPO221 + OH �HOCH2C(OH)(CH3)CH2   (1b) 

M2 + OH �CH3C(OH)(CH3)CH2    (2a) 

M2 + OH �CH3C(CH3)CH2OH    (2b) 

 

Our main goal is to understand the relative reactivity of the unsaturated alcohol with 

respect to its alkene analogue, on the basis of the potential energy profiles and rate 

coefficients, calculated using the canonical variational transition state theory.9 

 

2. Computational Methods 
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The MPO221 + OH and M2 + OH reactions have been described at Density Functional 

Theory (DFT) level,10 adopting the BHandHLYP functional11  along with the cc-pVDZ 

and the aug-cc-pVDZ basis sets.12 Geometry optimizations aiming to the location of all 

minima and saddle points have been performed and the characterization of these 

stationary points, after the converged geometry optimization calculations have been 

done by analysis of the vibrational frequencies, calculated at the same level. Also, in 

order to guarantee that the optimized structure corresponds to a global or local 

minimum, relaxed scans along one or more dihedral angles have been calculated. This 

procedure has been adopted because the potential energy surface is expected to show a 

high density of minima, due to the combination of some internal rotations, differing one 

from the other by a few kcal mol-1. Spin contamination has been observed in all DFT 

calculations and in all cases the value has been greater than 0.754. Theoretical 

calculations have been performed with the Gaussian 09 program.13  

 

The stationary points can be summarized as reactants, pre-barrier complex, saddle point 

and products. The minimum energy paths connecting the pre-barrier complex and 

product and passing through the saddle point have been calculated using the intrinsic 

reaction path (IRC) method.14 For the description of the minimum energy path 

connecting the pre-barrier complex and the reactants, scan calculations have been 

performed by partially optimizing the geometries along a path of increasing C – OH 

interatomic distances. Thermochemical quantities have been calculated using 

conventional Statistical Thermodynamics relations, assuming the harmonic oscillator, 

rigid rotor and ideal gas models,15 except for the case of the CH3 internal rotations, 

which have been treated as a hindered rotor.16 
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Canonical variational transition state rate coefficients have been calculated using the 

model described elsewhere.17 Briefly, the vibrationally adiabatic potential energy curve 

is transformed into a Gibbs free energy curve at each temperature, using the same 

thermodynamics formulations mentioned above, and then a polynomial of third or fifth 

order is fitted to this Gibbs free energy function, G(s,T), being s the reaction coordinate. 

At each temperature, the function G(s,T) is analytically maximized to obtain the s value 

that corresponds to the location of the generalized transition state and its properties 

(vibrational frequencies, moments of inertia and critical energy) are interpolated and 

applied as the input quantities for the conventional Eyring equation18 over the 

temperature range 200-400K. 

 

3. Results and Discussion 

 

3.1 The MPO221 + OH reaction 

 

The structures for reactants, pre-barrier complex, saddle points and products are shown 

in Figure 1. The most relevant geometric parameters obtained at the BHandHLYP level 

with both cc-pVDZ and aug-cc-pVDZ basis sets are given as supplementary material. 

The important structural and energetic aspects of the MPO221 + OH reaction obtained 

at the BHandHLYP/cc-pVDZ level will be discussed in this section. The summarized 

relative energies, obtained at all theoretical levels explored in this work, are introduced 

in Table 1. 

 

In order to confirm that the starting geometry is the global minimum, scan calculations 

were performed over the dihedral angles, at the BHandHLYP/cc-pVDZ level. The 
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global minimum was proved to be the conformer with the oxygen atom almost on the 

same plane that contains the double bond, showing a dihedral angle OCC=C of -8.1o. 

The hydrogen atom, bonded to the oxygen with the interatomic distance of 0.957Å, 

forming an angle 107.8o with the carbon atom, also showing a dihedral angle of -61.8o 

with respect to the neighbouring carbon atom. A mirror inversion of this structure 

reveals a non-superimposable conformer (i.e. an enantiomer). We assume that the global 

reaction dynamics will follow the minimum energy structures along the reaction path 

that keep the same geometric and conformational profile of the MPO221 global 

minimum, respecting the enantiomeric structures. 

 

As mentioned before, literature strongly suggests that a pre-barrier complex plays an 

important role in the dynamics of the OH addition to unsaturated compounds.8,19 Hence, 

starting from the minimum energy geometry of MPO221, new calculations at the 

UBHandHLYP/cc-pVDZ level were performed with the aim of searching for possible 

geometries of the pre-barrier complexes which resulted in the different structures, 

characterized as σ-type (being intermediates in the mechanism of addition of OH to the 

primary, σ-PCpri, or tertiary carbon atom, σ-PCter) and as π-type (π-PC). 

 

The geometries for the σ-PCter and σ-PCpri suggest that the OH radical interacts with 

the unsaturated alcohol lying nearly parallel to the plane containing the allylic moiety, 

with the O—C distances of 2.783Å and 2.632Å for O(OH)—C1(σ-PCpri) and O(OH)—C4 

(σ-PCter), respectively, and  O(OH)C1C4C9 dihedral angles of -53.7o and -74.7o, 

respectively (note the labels in Figure 1). The dihedral angles related to the MPO221 

moiety on the σ-PCs slightly differ from those of the isolated molecule, being 

d(H11C9C4C5) = -76.8o and d(H13O12C9C4)= -60.9o for the the σ-PCter and                     
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d(H11C9C4C5) = -66.2o and d(H13O12C9C4)= -62.0o for the the σ-PCpri, σ pre-complexes.  The 

O(OH)—H13 distances are 2.038 and 1.966Å for σ-PCter and σ-PCpri, respectively, 

which are typical hydrogen bond distances. The OH bond distance of the isolated 

radical is also slightly modified at the pre-barrier complex, being 0.990Å at the isolated 

OH radical and approximately 0.968Å at the complex. No significant change is verified 

for the C1C4 double bond distance due to the OH interaction, being 1.327Å at the 

isolated unsaturated alcohol and 1.335Å at the σ pre-barrier complexes. The third 

geometry, referred as a π-type pre-barrier complex, shows the hydrogen atom of the OH 

radical pointing to the allylic plane, avoiding a perpendicular geometry, showing the 

dihedral angle d(O(OH)C1C4C9) = 60.9o. The oxygen-carbon bond distances are 3.241Å 

O(OH)—C1, 3.318Å O(OH)—C4 and the interatomic hydrogen bond distance, O(OH)—H13, 

is 2.020Å.  

 

Both σ-PC and π-PC are stabilized in relation to the isolated reactants by 7.58 kcal mol-

1 (σ-PCter), 7.35 kcal mol-1 (σ-PCpri) and 8.24 kcal mol-1 (π-PC), at the 

BHandHLYP/cc-pVDZ level. Including the vibrational zero-point energies, the 

corrected relative energies, are 5.64 kcal mol-1, 5.76 kcal mol-1 and 6.49 kcal mol-1, 

respectively.  

 

The stabilization energies observed for the pre-complexes are probably due to the 

hydrogen bond. For a thermodynamic discussion, thermal contributions must also be 

added to calculate the enthalpy difference for the association process, 2-methyl-2-

propen-1-ol + OH � PC, which are, at 298.15K, -6.10 and -6,03 kcal mol-1 (σ-PCter 

and σ-PCpri)  and -6.96 kcal mol-1 (π-PC). Finally, including entropic contributions, the 
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Gibbs free energy differences for the association are 2.29 and 1.48 kcal mol-1 (σ-PCter 

and σ-PCpri) and 1.28 kcal mol-1 (π-PC).  

 

The π-PC is energetically favoured with respect to the σ complexes, even though the 

energy differences are lower than 1 kcal mol-1. This observation is supported in the 

literature20,21 and justified by the additional stabilization due to the interaction of the H 

atom (from the OH radical) with the electronic density of the double bond, as well as 

the hydrogen bond interaction between the O atom (from the OH radical) and the H 

atom (from the OH group of the alcohol), which is common to both σ and π-type pre-

barrier complexes.  

 

Differently from the case of the pre-barrier complexes, the π interaction is not observed 

at the saddle points and only σ-type saddle points were located for the OH addition to 

both the terminal carbon atom (C3 addition) and the tertiary carbon atom (C2 addition). 

These saddle points may lead to tertiary and primary radicals, as the addition products, 

and could be well characterized by their imaginary frequencies. The geometries 

obtained at the BHandHLYP level suggest cyclic hydrogen-bonded structures showing 

an intramolecular interaction between the oxygen atom from the OH radical with the 

hydrogen atom from the alcohol group at the MPO221. A five or six-membered ring is 

formed (TSter, being saddle point in the mechanism of addition of OH to the tertiary 

carbon atom and TSpri, addition of OH to the primary carbon atom, respectively).  

 

The optimized geometries of the saddle points, TSter and TSpri, differ from those 

obtained for the most stable π-PC, being the C1C4 interatomic distances enhanced at the 

TSs whereas the C1O14 and C4O14 distances show smaller values. The electronic 
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energies of the saddle points are lower than the sum of electronic energies of the 

isolated reactants at the BHandLYP level, regardless of the basis set. The relative 

energies at the BHandHLYP/cc-pVDZ level (corrected by vibrational zero point 

energies) are -4.17 and -5.76 kcal mol-1 for TSter and TSpri, respectively. The TSpri 

shows the electronic energy lower than the TSter by around 1 kcal mol-1, which is quite 

a small energy difference and is probably of the same order of magnitude of the 

expected calculation error. In fact, this result is very sensitive to the basis set and the 

inverse situation is observed when the aug-cc-pVDZ basis set is adopted, being the 

TSter more stable by 0.2 kcal mol-1.  

 

Starting from the saddle points, minimum energy paths were calculated by the IRC 

procedure. At the product region of the reaction path (after the saddle point) of these 

reaction paths suggests the formation of an O – C bond, while at the reactants region 

(before the saddle point), the less stable σ-PCs geometries are reached. The reaction 

profiles lead to the formation of dialcohol radicals resulting from the addition of the 

hydroxyl radical to either the primary or tertiary carbon atom, yielding the radicals 

hereafter referred as IMpri and IMter, respectively. 

 

The optimized geometries for IMpri and IMter were obtained and by the calculated 

vibrational frequencies, these structures could be correctly characterized as stationary 

points, being located 27.40 and 28.27 kcal mol-1, respectively, below the isolated 

reactants. Comparing the relative energy (corrected by zero-point energy), it can be 

noted that the IMter is lower, by 0.87 kcal mol-1. 

 

Page 11 of 44 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

12 

 

In order to complete the reaction profile at the BHandHLYP level and connect the pre-

complex to the isolated reactants, a potential curve was obtained, with the O – C 

distance as the scan coordinate, starting from the π-PC, leading to the isolated reactants. 

The final energy observed on the potential curve well agrees with the sum of the 

electronic energies of the isolated reactants.  

 

A comparison of our results with other available in the literature is, at this moment, 

necessary. Our optimized σ and π-type pre-barrier complexes differ from those reported 

by Zhang and co-workers.6 Our geometries are tighter, with O—C distances smaller by 

1.7Å. Worthy of notice is that their geometry predicts an interaction of the hydrogen 

atom (from the OH radical) with the oxygen atom (from the alcohol group in MPO221), 

whereas in our geometry the opposite is observed, being the oxygen atom (from the OH 

radical) interacting with the hydrogen atom (from the alcohol group). In order to 

understand the differences between the two structures, new calculations were performed 

searching the minimum energy geometry resembling that previously reported by Zhang 

and co-workers.6  The second π-PC (denoted as 2π-PC) was located at the 

BHandHLYP/aug-cc-pVDZ level, with geometric parameters comparable to those 

reported by Zhang and also showing the stabilization energy of  -4.74 kcal mol-1, almost 

1.5 kcal mol-1 below the π-PC. From the inspection of the optimized geometries of the 

π-PC and 2π-PC, it can be inferred that each of these geometries represents different 

pre-barrier complexes resulting from the upward and downward OH attack to MPO221, 

or the π-PC geometries resulting from the upward OH attack to different conformers of 

the MPO221 (which are, in fact, mirror images of each other). Thus, the upward and 

downward OH attack to the MPO221 must result in two different reaction paths.  
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The π-PC is connected to the TSpri and TSter, as reported in our manuscript. In order to 

preserve the conformational patterns of the 2π-PC structure, new saddle points (2TSpri 

and 2TSter) were located. The barrier heights for the reaction paths followed from the 

2π-PC (0.89 and 0.44 kcal mol-1, for 2TSpri and 2TSter, respectively) are higher than 

those followed from the π-PC. Moreover, the relative energies of the 2TSpri and 2TSter 

are positive, which should result in an Arrhenius-like temperature dependence of the 

global rate coefficients (if only these reaction paths were considered, according to the 

hypothesis of the 2π-PC being the best pre-barrier complex structure along the MPO221 

+ OH reaction path). Since a non-Arrhenius-like temperature dependence is 

experimentally observed, it can be assumed that a minor contribution of reaction paths 

followed by the 2π-PC to the global kinetics is expected. The 2π-PC formation and the 

reaction paths followed by this structure were, therefore, neglected. A Figure showing 

the different geometries and reaction paths discussed above is given as supplementary 

material. 

 

Besides the comparison of the results available in the literature and ours, an assessment 

of our DFT data is also important, in order to guarantee the quality of our theoretical 

description. Therefore, calculations for the MPO221 + OH reaction profile were 

performed also at other theoretical levels. For example, MP2/cc-pVDZ calculations 

corroborate the DFT geometric results and suggest the π-PC geometry as a final 

structure at the IRC, after passing through the σ-PC geometries. Unfortunately, these 

MP2 calculations could not be considered to further rate coefficients calculations due to 

the very high spin contamination observed for the saddle points (in the range 0.90 - 

0.94, depending on the basis set). Spin-projected MP2 energies were also observed as a 

possible solution to the spin contamination problem and the relative electronic energies 
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for the π-PC and TSpri and TSter saddle points (with respect to isolated reactants, 

without zero point energy corrections) are: -8.02, -5.66 and -6.89 kcal mol-1, 

respectively, in reasonable agreement with the BHandHLYP results (-8.24, -5.96 and -

6.28 kcal mol-1, respectively). Moreover, in order to tentatively validate 

BHandHLYP/cc-pVDZ electronic energies, CCSD and QCISD calculations were 

performed for geometry optimizations and vibrational frequencies and further 

CCSD(T)/cc-pVDZ single point calculations were performed on the basis of the 

CCSD/cc-pVDZ optimized geometries. At the CCSD(T) level, the relative electronic 

energies of the π-PC and TSpri and TSter stationary points are: -7.68, -4.07 and -4.90 

kcal mol-1, respectively, whereas at the QCISD/cc-pVDZ the corresponding values -

7.23, -3.46 and -4.56 kcal mol-1, respectively, are observed.  

 

A comparison of the CCSD(T) and QCISD relative energies with those obtained at the 

BHandHLYP level shows that the π-PC stabilization energies agree within 1 kcal mol-1, 

as well as the barrier heights of the TSter (with respect to the π-PC), whereas the barrier 

height of the TSpri is slightly increased at the QCISD and CCSD(T) in comparison with 

the BHandHLYP results, differing from 1.5 and 1.3 kcal mol-1. Despite these deviations, 

a reasonable agreement among all the ab initio and DFT data is observed and the 

BHandHLYP results are considered satisfactory. The electronic energies of the 

reactants, π-PC, TSpri and TSter obtained at the PMP2, QCISD and CCSD(T) levels are 

given as supplementary material.  

 

Worthy of attention is that the geometric parameters do not significantly differ, when 

results from less accurate calculation level are compared with the geometric parameters 

calculated within a high accuracy calculation level. But, even the minor discrepancies at 
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the optimized geometries may propagate significant errors at the relative energies if 

these were obtained from single point calculations at a higher sophisticated level on the 

basis of the optimized geometries located at a less accurate ab initio or DFT level. For 

example, considering CCSD(T)/cc-pVDZ//BHandHLYP/cc-pVDZ or CCSD(T)/cc-

pVDZ//MP2/cc-pVDZ, as tentatively possibilities of improving the electronic energies 

of the stationary points, results show that the σ-PCs and saddle points are stabilized in 

respect to the π-PC, suggesting a mechanism which is not passing through the π-PC, but 

directly from the σ-PCs to the products. This mechanism is quite unexpected and not 

supported by previous literature reports,20 hence this CCSD(T)//BHandHLYP/cc-pVDZ 

profile can not be considered in further rate coefficients calculations or discussion. The 

less satisfactory performance of the CCSD(T) single point corrections for the evaluation 

of rate coefficients for this kind of reaction has also been observed in previous works22 

and may be due to  unbalanced energy differences between the stationary points, even 

though very small if absolute energies are compared, but high enough to modify the 

reaction profile since the stationary points already show relatively small energy 

differences. Such problem was also observed when G3 method was attempted for the 

description of the reaction energy profile, resulting at saddle points (TSter and TSpri) 

with relative energies smaller than the π-PC stationary point.  

 

As a final test of the BHandHLYP functional, and its applicability to the description of 

the MPO221 + OH reaction, new calculations employing the M06-2X functional were 

performed. Although this functional has received great attention at the literature, being 

suggested to be a particularly accurate and reliable functional for the description of 

barrier heights,23-25 some disappointing results were obtained for the MPO221 + OH 

reaction and the location of the π-PC and σ-PCpri stationary points were not successful, 
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independently of the basis set, even after several attempts. Moreover, the TSpri and 

TSter saddle points show, at the M06-2X/cc-pVDZ level, -9.76 and -9.96 kcal mol-1, as 

relative electronic energies with respect to the isolated reactants, which are much 

smaller than the ab initio and BHandHLYP results, suggesting that these saddle points 

were over stabilized. The inclusion of diffuse functions at the basis set do not 

significantly modify these results and the relative energies for the TSpri and TSter 

saddle points as -8.18 and -8.60 kcal mol-1, respectively, are obtained. Finally, only the 

BHandHLYP results were considered for further rate coefficients calculations.  

 

For the M2 + OH reaction, the geometries of the stationary points, including the pre-

barrier complex and saddle points have been located and validated by analysis of the 

vibrational frequencies, calculated after the geometry optimization at the same 

theoretical levels applied for the MPO221 + OH reaction, previously discussed. The 

optimized geometries are shown in Figure 2. Interesting to note is that the OH radical 

lies almost perpendicular to the double bond suggesting a π-like pre-barrier complex 

stabilized by 2.82 and 2.14 kcal mol-1 with respect to the isolated reactants, at the 

BHandHLYP/cc-pVDZ and BHandHLYP/aug-cc-pVDZ levels, with zero-point 

vibrational energy corrections, respectively. The saddle points for the OH addition to 

the primary and tertiary carbon atoms (TSpri and TSter) are located 0.21 and 0.16 kcal 

mol-1 above the reactants at the BHandHLYP/cc-pVDZ level, and -0.37 and 0.30 kcal 

mol-1 with respect to the isolated reactants at the BHandHLYP/aug-cc-pVDZ level. The 

spin contamination was monitored and the <S2> value was always less than 0.7504 in 

all cases. The addition products, IMpri and IMter, are stabilized by 25.05 and 25.37 kcal 

mol-1, respectively, at the BHandHLYP/cc-pVDZ level (and 23.90 and 24.35 kcal mol-1, 

respectively, at the BHandHLYP/aug-cc-pVDZ level. The energy profile is introduced 

Page 16 of 44RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

17 

 

in Figures 3A and 3B and the energy values with respect to the M2 + OH reaction are 

summarized in Table 2. 

 

Potential curves for the dissociation of the π-pre-barrier complex were obtained leading 

to the isolated reactants. The final electronic energy of this potential curve differs by 

less than 0.01 kcal mol-1 from the sum of the electronic energies of M2 and OH. Also, 

starting from the saddle points, intrinsic reaction coordinates were calculated, showing 

the connection between the pre-barrier complex and the addition products, IMpri and 

IMter. 

 

3.2 Canonical Variational Rate Coefficients for the MPO221 + OH Reaction 

 

Rate coefficients were calculated for the association step and dissociation and addition 

reactions of the π-PC, represented by the chemical model: 

 

MPO221 + OH � π-PC,  k1 

πPC � MPO221 + OH,  k-1 

π-PC � IMpri,   k2
pri  

π-PC � IMter,   k2
ter 

 

The canonical variational transition state method,17 was adopted, using the theoretical 

molecular properties calculated at BHandHLYP level with both cc-pVDZ and aug-cc-

pVDZ basis sets. For the calculation of the global rate coefficient, the steady-state 

approximation was assumed, following the expression (the factor 2 accounts for the 

degeneracy of the reaction path due to stereochemistry): 
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A total of 20 geometries (and the corresponding molecular properties) along the 

potential curve representing the dissociation of the π-PC (π-PC � MPO221 + OH) 

were used in order to evaluate the k-1 rate coefficient.  

 

The enthalpy profiles are similar to the vibrationally adiabatic potential curve, 

increasing along the reaction coordinate, so as the entropy is an increasing function of 

the reaction coordinate. The enthalpy curves as a function of the reaction coordinate 

calculated at lower temperature values are located above those calculated at higher 

temperatures, so as the entropy curves. Considering the Gibbs free energy expression, 

the entropic contribution term (-TS) as a function of the reaction coordinate calculated 

at lower temperatures are below those calculated at higher temperatures. Since the 

dependence of the entropic term on the temperature is higher than that observed for the 

enthalpic term, a maximum on the Gibbs free energy curve is observed moving towards 

the reactants region as the temperature increases. In other words, the looseness of the 

variational transition state decreases as the temperature increases. As these rate 

coefficients were calculated, the k1 rate coefficients were evaluated assuming the 

microscopic reversibility.  

 

The BHandHLYP/aug-cc-pVDZ k-1 rate coefficients are higher than those obtained at 

the BHandHLYP/cc-pVDZ level by factors of approximately 3 – 1500, depending on 

the temperature (the factor decreases with the temperature). This observation is justified 
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by the smaller stabilization energy of the π-PC obtained using the diffuse functions (-

3.26 kcal mol-1, in comparison with -6.49 kcal mol-1, obtained at the BHandHLYP/cc-

pVDZ level). The BHandHLYP/aug-cc-pVDZ k1 rate coefficients are, nonetheless, 

slightly lower than those obtained at the BHandHLYP/cc-pVDZ level due to 

compensation of the Gibbs free energies of reaction thus, the equilibrium constants. The 

k1 and k-1 rate coefficients calculated at different theoretical levels (and internal rotation 

model for the torsion) are shown in Table 3.  

 

For the calculation of the k2 rate coefficient, 21 points along the reaction coordinate 

(and the corresponding molecular properties) were used for the variational procedure. It 

is interesting to highlight the profiles of the enthalpy, entropy and Gibbs free energy 

curves as a function of the reaction coordinate obtained during the variational 

calculation of the rate coefficients. The entropy curves at any temperature show a 

decreasing profile, since the reaction proceeds from a looser to a tighter structure. The 

enthalpy curves, although similar to the IRC curve, show a maximum ∆H value 

displaced from the s = 0 towards positive values of the reaction coordinate, even at the 

lowest temperature values. In fact, the vibrationally adiabatic potential curve, resulting 

from the addition of the zero point vibrational energy to the electronic energy, already 

shows such displacement from the saddle point. This situation has been previously 

observed and the reaction is said to be controlled by the vibrational adiabaticity,26 since 

the variational effect arises from the increase of the values of the vibrational frequencies 

as the reaction proceeds toward the product region. As the entropy is a decreasing 

function of the reaction coordinate, the maximum value in the Gibbs free energy 

function, ∆G(s,T), moves towards the positive reaction coordinate values, and this 

variational displacement increases with the temperature, suggesting that the entropy 
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contributions are also important to the variational effect. Finally, the k2 rate coefficients 

calculated for the π-PC � IMter reaction are systematically higher than those obtained 

for the π-PC � IMpri reaction, as well as the BHandHLYP/aug-cc-pVDZ k2 rate 

coefficients are higher than the BHandHLYP/cc-pVDZ, which is justified by energy 

barriers. The k2 rate coefficients calculated in the temperature range from 200 to 500 K 

are also shown in Table 3.  

 

The resulting global rate coefficients, are also shown in Table 3. Note that this reaction 

shows a non-Arrhenius behaviour: the values of the rate coefficients decrease as the 

temperature increases. Our rate coefficients calculated at 298 K are 6.87x10-11 and 

6.00x10-12 cm3 molecule-1 s-1, at the BHandHLYP/cc-pVDZ and BHandHLYP/aug-cc-

pVDZ levels, respectively. The values show good agreement with the value 9.12x10-11 

cm3 molecule-1 s-1, reported by Cometto and co-workers,3 being the ratios 

theoretical/experimental equal to 0.75 (BHandHLYP/cc-pVDZ) and 0.06 

(BHandHLYP/aug-cc-pVDZ). Comparing the BHandHLYP/cc-pVDZ and experimental 

rate coefficients,3 at the same temperature range, a root mean square deviation of 

2.34x10-11 cm3 molecule-1 s-1 is found.  

 

The BHandHLYP/aug-cc-pVDZ global rate coefficients are systematically lower than 

the BHandHLYP/cc-pVDZ rate coefficients by a factor of nearly 10. This is a 

consequence of the lower stabilization energy of the π-PC and saddle-points obtained 

with the inclusion of diffuse functions to the basis set, despite the structural 

resemblance of the optimized geometries obtained with the two basis sets. Also, the 

energy barriers for the π-PC reactions, calculated with diffuse functions, are the lowest.  
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Even though the deviations observed for the calculated rate coefficients with respect to 

the experimental values may be considered small and found within the expected 

theoretical error, the calculated rate coefficients decrease faster than the experimental 

values. For the BHandHLYP/cc-pVDZ calculations, the Arrhenius parameters (apparent 

activation energy and pre-exponential factor, in units of kcal mol-1 and cm3 molecule-1 s-

1) are -2.51 and 0.10x10-11, in contrast with the experimental -1.30 and 1.0x10-11.3 We 

notice that a small refinement of the kinetic model is still necessary for a precise 

description of the temperature dependence of the rate coefficients.  

 

3.3 RRKM Calculations for the MPO221 + OH Reaction 

 

The major uncertainty on the previous CVTST calculations is perhaps due to assuming 

for the first step, MPO221 + OH = π-PC, that the equilibrium is established at the 

canonical level. For any weakly bound intermediate, the canonical equilibrium 

assumption may lead to considerable error, since the canonical partition should not be 

as fast as the following reaction steps in the mechanism. For such a partition, the 

intermediate should be trapped time enough at the potential well and suffer several 

collisions until the thermal equilibrium is achieved.  

 

In this sense, Greenwald and co-workers suggested that even though a canonical 

equilibrium cannot be achieved, the energy and angular momentum constraints must be 

respected and a microcanonical partition is expected in a two-transition state model.27 

An effective sum of states (Neff) is calculated taking into account the sums of states, N1 

and N2, of each outer and inner transition state located for each E and J: 
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21

111

NNNeff

+=  

 

The microcanonical variational transition state theory (mCVTST) was adopted here in 

order to test the hypothesis of the canonical equilibrium. Restrictions of energy and 

angular momentum were adopted, assuming a microcanonical ensemble.  

 

In our model, the π-PC reactions forming the radical products are coupled and cannot be 

considered independently. We thus suggest a slight modification of this two-transition 

state model to adequate our case: 

 

( )terpri

terpri

terpri

eff NNN

NNN

NNNN 221

221

21 2

111

++

++
=











+
+=  

 

where priN2  and terN
2

 are sums of states of the inner transition states for the addition of 

OH to the primary carboin atom and to the tertiary carbon atom. 

In this work, each sum of states was minimized along the reaction path in a variational 

procedure using the RRKM code.28 Sum of states were calculated considering the 

ranges of energy up to 50 kcal mol-1 (∆E = 0.5 kcal mol-1) and J from 0 to 200 (∆J = 1) 

in a total of 20100 values for each step. The internal rotation model is also assumed for 

the torsion, in contrast to the harmonic oscillator model. High-pressure limit rate 

coefficients, )(Tk∞ , were finally calculated as:  

 

[ ] dEdJeJEN
QQhQ

Tk KTE

eff

relba

∫
∞ −∞ ×=

0
),(

1
)(  
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where aQ , bQ  are partition functions for the reactants (electronic x vibrational x 

rotational).and relQ  is the relative translational partition function. 

Table 4 introduces the resulting rate coefficients in the range from 200 – 500 K. The 

negative temperature dependence is also observed. As expected, from the previous 

discussion about the CVTST rate coefficients, mCVTST rate coefficients calculated at 

the BHandHLYP/aug-cc-pVDZ level are lower than those calculated at the 

BHandHLYP/cc-pVDZ level. But, considering the BHandHLYP/aug-cc-pVDZ results, 

a substantial improvement is obtained with the microcanonical variational calculations 

with respect to the canonical rate coefficients. The mCVTST rate coefficients are 

always higher than the CVTST rate coefficients in accordance to the expectation that 

the canonical assumption should lead to overestimated rate values.  

 

The resulting mCVTST rate coefficients are also worthy of comparison with the 

experimental data. Figure 4 shows the CVTST, mCVTST (both obtained from 

molecular properties and energies predicted at the BHandHLYP/cc-pVDZ level, Figure 

4A and at the BHandHLYP/aug-cc-pVDZ level, Figure 4B) and the experimental rate 

coefficients represented in an Arrhenius plot. It can be noted that the BHandHLYP/aug-

cc-pVDZ + mCVTST rate coefficients agree very well with the experimental values, 

with deviations of 30%. The rate coefficient predicted at 298 K is 6.66 x 10-11 cm3 

molecule-1 s-1. The slopes of the mCVTST and experimental values are also similar. The 

BHandHLYP/aug-cc-pVDZ + mCVTST rate coefficients can be finally expressed by 

the equation (the parameters are in units of cm3 molecule-1 s-1 and kcal mol-1): 
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= −

RT
xTk

31.1
exp1073.0)( 11

 

 

  

in very good agreement with the experimental Arrhenius equation.3 The same good 

agreement is not observed for the BHandHLYP/cc-pVDZ values with respect to the 

experimental and the improvement of the final results is finally observed for the best 

quality basis set. 

 

 

3.4 Comparison with the M2 + OH kinetics 

 

The rate coefficients were calculated following a similar procedure to the formerly 

adopted for the evaluation of the rate coefficients for the MPO221 + OH reaction. Also, 

non-Arrhenius behaviour was observed for the M2 + OH reaction. This result is 

supported by previous experimental data4. CVTST rate coefficients are introduced in 

Table 5. At 298K, our CVTST rate coefficient predicted at the BHandHLYP/cc-pVDZ 

level (4.99 x 10-13 cm3 molecule-1 s-1) is nearly 100 times lower than the experimental 

value (4.97 x 10-11 cm3 molecule-1 s-1),4 while that predicted at the BHandHLYP/aug-

cc-pVDZ (2.36 x x10-12 cm3 molecule-1 s-1) is 21 times lower. However, a further 

improvement of our model is achieved, once more, when the microcanonical variational 

transition state method is employed. In this case, our predicted value at 298 K is 5.63 x 

10-11 cm3 molecule-1 s-1, in much better agreement with that reported by Atkinson and 

co-workers.4  The mCVTST rate coefficients are introduced in Table 6 and Figure 5 

compares the CVTST, mCVTST (both calculated from molecular properties predicted 

at the BHandHLYP/aug-cc-pVDZ level) and experimental rate coefficients.  Our 
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mCVTST results also fit to the Arrhenius expression (the parameters are in units of cm3 

molecule-1 s-1 and kcal mol-1): 

 








= −

RT
xTk

12.1
exp1085.0)( 11  

 

For both MPO221 + OH and M2 + OH reactions, the electrophilic addition of the OH 

radical to the primary and tertiary carbon atoms of the double bond may be observed. 

The reaction profile suggests the formation of a π-PC, in which the OH radical moiety 

lies nearly perpendicular to the C = C plane and the transition states always show 

electronic energies which are lower than the respective sum of electronic energies of the 

isolated reactants to yield hydroxyalkyl radicals as products. The global rate coefficients 

show non-Arrhenius behaviour and are comparable to the experimental values. 

 

By comparing the global rate coefficients obtained for each reaction at the same 

temperature, the rate coefficients for the OH addition to the unsaturated alcohol show 

higher values, suggesting that the substitution of a hydrogen atom by a OH- group on 

the alkene causes the OH addition rate coefficient, and thus the reactivity, to increase. A 

substitution factor, defined as k(OH)/k(H), was shown to vary from 1.5 to 2.0 for this 

and other similar reactions.3 Our calculated value is 1.18 at 300 K and decreases, as the 

temperature increases, in agreement with the experimental observation. 

 

The results found in this work can be justified by specific electronic interactions that 

stabilise the stationary points on the MPO221 + OH potential energy surface compared 

to those on the M2 + OH surface. The pre-barrier complex is possibly the most affected 

species in these mechanisms by such interactions. Beyond the PCs, the saddle points 
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located on the MPO221 + OH potential energy surface form five or six-membered rings 

stabilised also by electronic interactions that are not present in the related M2 + OH 

saddle points. The electronic interactions that stabilise both PCs and saddle-points are 

highlighted as the cause of the enhanced reactivity of the unsaturated alcohol with 

respect to its alkene analogue. Such electronic interactions have probably the 

contribution of hydrogen bonds, although a more robust investigation is still 

encouraged. 

 

4. Conclusions 

 

In this work, the rate coefficients for the reactions of OH radical with 2-methyl-2-

propen-1-ol and 2-methylpropene have been calculated and compared. This is, to the 

best of our knowledge, the first theoretical work to address the fundamental structural 

and energetic aspects of such reactions that explain the different reactivity of the 

unsaturated alcohol with respect to its alkene analogue. The dynamics of the OH 

electrophylic addition to the sp2 carbon atoms of the unsaturated compounds is initiated 

by the formation of a pre-barrier complex in which the hydrogen atom of the OH radical 

interacts with the π−electrons, leading to a stationary point with minimum energy 

geometry having the H-atom of the OH radical pointing to the double bond. In the 

alkene, the OH stands almost perpendicular to the plane of the double bond, whereas in 

the unsaturated alcohol, the radical inclines due to hydrogen bond interactions with the 

OH- functional group. In fact, our results show that the OH- functional group plays a 

fundamental role in the reactivity by allowing stabilisation of both pre-barrier 

complexes, intermediates and saddle points.  
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The calculated rate coefficient for the 2-methyl-2-propen-1-ol + OH reaction at 298.15 

K, adopting the microcanonical variational transition state method, is 6.66 x 10-11 cm3 

molecule-1 s-1 at the BHandHLYP/cc-pVDZ level, which deviates 27% from the 

experimental result. Arrhenius parameters have also been predicted in good agreement 

with the experimental data. For the 2-methylpropene, the calculated rate coefficient is 

5.63 x 10-11 cm3 molecule-1 s-1, 13% higher than the experimental value. Moreover, both 

reactions show non-Arrhenius behaviour, confirming the experimental observation. The 

canonical variational transition state method could also predict the rate coefficients in 

fair agreement with the experimental data (although with a correct temperature 

dependence profile), but the adoption of the microcanonical variational method has been 

proved to be crucial for the precise prediction of the rate coefficients for the OH 

addition to these unsaturated compounds. The good agreement of the results from our 

theoretical model with the experimental available data represents not only a satisfactory 

quantitative prediction of rate coefficients but a fundamental contribution to the 

understanding at the microscopic molecular level of the observed experimental results, 

which are undoubtedly very important considering the role played by such compounds 

in atmospheric chemistry.    
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Tables 

Table 1: Electronic energies corrected by zero-point vibrational energy (in kcal mol-1) 

for the several stationary points involved in the OH + MPO221 reaction, in relation to 

the isolated reactants. 

 

 BHandHLYP 

 cc-pVDZ aug-cc-pVDZ 

Reactants 0.00 0.00 

σ-PCpri -5.76 -2.93 

σ-PCter -5.64 -3.35 

π-PC -6.49 -3.26 

TSpri -3.66 -2.32 

TSter -4.17 -2.53 

IMpri -27.40 -25.15 

IMter -28.27 -26.61 
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Tables 

 

Table 2: Electronic energies corrected by zero- point vibrational energy (in kcal mol-1) 

for the several stationary points involved in the OH + M2 reaction, in relation to the 

isolated reactants. 

 
 

 BHandHLYP 

 cc-pVDZ aug-cc-pVDZ 

Reactants 0.00 0.00 

π-PC -2.82 -2.14 

TSpri 0.21 -0.37 

TSter 0.16 0.30 

IMpri -25.05 -23.90 

IMter -25.37 -24.35 

 
 

Page 30 of 44RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

- 31 - 

 

Tables 

 

Table 3: The variational rate coefficients: k1 (cm3 molecule-1 s-1), k-1, k2
Ter and k2

Pri (s-1) and kglobal (cm3 molecule-1 s-1), calculated for the MPO221 

+ OH reaction at the BHandHLYP level with different basis sets as a function of the temperature (K). 

  
Temperature  

(K) 
k1  

(cm3 molecule-1 s-1) 
k-1  

(s-1) 
k2

Ter 
(s-1) 

k2
Pri 

(s-1) 
kglobal  

(cm3 molecule-1 s-1) 

B
H

a
n

d
H

L
Y

P
 

cc
-p

V
D

Z
 

200 7.96x10-11 1.07x10+08 1.95x10+09 7.14x10+08 1.53x10-10 
250 1.42x10-10 4.69x10+09 9.08x10+09 3.05x10+09 2.05x10-10 

300 7.81x10-11 2.74x10+10 1.28x10+10 7.68x10+09 6.69x10-11 
350 7.27x10-11 1.19x10+11 2.17x10+10 1.46x10+10 3.41x10-11 

400 6.62x10-11 3.31x10+11 3.20x10+10 2.35x10+10 1.90x10-11 

450 5.93x10-11 6.92x10+11 4.31x10+10 3.37x10+10 1.19x10-11 
500 5.25x10-11 1.18x10+12 5.48x10+10 4.48x10+10 8.17x10-12 

B
H

a
n

d
H

L
Y

P
 

a
u

g
-c

c-
p

V
D

Z
 

200 3.87x10-11 1.62x10+11 7.57x10+10 6.33x10+10 3.58x10-11 

250 4.93x10-11 9.39x10+11 1.52x10+11 8.14x10+10 1.96x10-11 
300 2.14x10-11 1.34x10+12 1.22x10+11 9.02x10+10 5.85x10-12 

350 1.60x10-11 2.06x10+12 1.37x10+11 9.38x10+10 3.22x10-12 

400 1.22x10-11 2.63x10+12 1.49x10+11 9.43x10+10 2.60x10-12 

450 9.59x10-12 2.99x10+12 1.58x10+11 9.29x10+10 1.49x10-12 
500 7.70x10-12 3.15x10+12 1.65x10+11 9.06x10+10 1.16x10-12 
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Tables 

 

Table 4: The microcanonical variational rate coefficient, kglobal (cm3 molecule-1 s-1) 

calculated for the MPO221 + OH reaction, as a function of the temperature. 

Temperature  
(K) 

kglobal  
(cm3 molecule-1 s-1) 

BHandHLYP 
cc-pVDZ 

BHandHLYP 
aug-cc-pVDZ 

200 8.28x10-10 1.58x10-10 
250 6.63x10-10 9.74x10-11 
300 4.78x10-10 6.56x10-11 
350 3.56x10-10 4.74x10-11 
400 2.68x10-10 3.62x10-11 
450 2.04x10-10 2.90x10-11 
500 1.59x10-10 2.45x10-11 
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Table 5: The variational rate coefficients: k1 (cm3 molecule-1 s-1), k-1, k2
Ter and k2

Pri (s-1) and kglobal (cm3 molecule-1 s-1), calculated for the M2 + 

OH, at the BHandHLYP level with different basis sets as a function of the temperature (K). 

  
Temperature  

(K) 
k1  

(cm3 molecule-1 s-1) 
k-1  

(s-1) 
k2

Ter 
(s-1) 

k2
Pri 

(s-1) 
kglobal  

(cm3 molecule-1 s-1) 

B
H

a
n

d
H

LY
P

 

c
c-

p
V

D
Z

 

200 1.76x10-11 2.05x10+10 2.27x10+08 5.42x10+08 1.27x10-12 
250 2.73x10-11 1.91x10+11 9.65x10+08 2.66x10+09 1.02x10-12 

300 3.94x10-11 8.60x10+11 2.51x10+09 7.58x10+09 9.15x10-13 

350 5.40x10-11 2.55x10+12 4.95x10+09 1.59x10+10 8.77x10-13 
400 7.13x10-11 5.79x10+12 8.21x10+09 2.75x10+10 8.76x10-13 

450 9.14x10-11 1.10x10+13 1.22x10+10 4.20x10+10 8.97x10-13 
500 1.14x10-10 1.84x10+13 1.66x10+10 5.86x10+10 9.31x10-13 

B
H

a
n

d
H

LY
P

 

a
u

g
-c

c-
p

V
D

Z
 

200 4.65x10-10 2.43x10+12 7.14x10+08 7.07x10+09 2.96x10-12 

250 4.74x10-10 7.80x10+12 2.27x10+09 1.84x10+10 2.50x10-12 
300 4.43x10-10 1.48x10+13 4.86x10+09 3.46x10+10 2.35x10-12 

350 3.82x10-10 2.02x10+13 8.34x10+09 5.43x10+10 2.36x10-12 
400 3.02x10-10 2.19x10+13 1.25x10+10 7.61x10+10 2.44x10-12 

450 2.21x10-10 1.97x10+13 1.70x10+10 9.87x10+10 2.58x10-12 
500 1.48x10-10 1.53x10+13 2.18x10+10 1.22x10+11 2.76x10-12 
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Tables 

 

 

Table 6: The microcanonical variational rate coefficient, kglobal (cm3 molecule-1 s-1) 

calculated for the M2 + OH reaction, as a function of the temperature. 

Temperature  
(K) 

kglobal  
(cm3 molecule-1 s-1) 

BHandHLYP 
cc-pVDZ 

BHandHLYP 
aug-cc-pVDZ 

200 8.10x10-12 1.68x10-10 
250 6.94x10-12 8.53x10-11 
300 6.48x10-12 5.55x10-11 
350 6.34x10-12 4.18x10-11 
400 6.36x10-12 3.46x10-11 
450 6.49x10-12 3.04x10-11 
500 6.69x10-12 2.79x10-11 
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Figure Captions 

 

Figure 1: The structures for reactants, pre-barrier complex, saddle points and products 

along the MPO221+OH reaction profile. 

Figure 2: The structures for reactants, pre-barrier complex, saddle points and products 

along the M2+OH reaction profile. 

Figure 3A: Energy profile for the MPO221 + OH and M2 + OH reactions (zero-point 

vibrational energies are not included) at the BHandHLYP/cc-pVDZ (CCD) and 

BHandHLYP/aug-cc-pVDZ (ACCD) levels. Zoom at the pre-complex region. 

Figure 3B: Energy profile for the MPO221 + OH and M2 + OH reactions (zero-point 

vibrational energies are not included) at the BHandHLYP/cc-pVDZ (CCD) level. 

Complete Energy Diagram. 

Figure 4A: Calculated (canonical and microcanonical variational transition state 

methods from BHandHLYP/cc-pVDZ molecular properties) and Experimental Rate 

Coefficients for the MPO221 + OH reaction, as a Function of the Temperature (K). 

Figure 4B: Calculated (canonical and microcanonical variational transition state 

methods from BHandHLYP/aug-cc-pVDZ molecular properties) and Experimental Rate 

Coefficients for the MPO221 + OH reaction, as a Function of the Temperature (K). 

Figure 5: Calculated (canonical and microcanonical variational transition state 

methods) and Experimental Rate Coefficients for the M2 + OH reaction, as a Function 

of the Temperature (K).  
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Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The structures for reactants, pre-barrier complex, saddle points and products 

along the MPO221+OH reaction profile. 
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Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The structures for reactants, pre-barrier complex, saddle points and products 

along the M2+OH reaction profile. 
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Figures 

 

 

 

 

 

 

 

 

 

 

Figure 3A: Energy profile for the MPO221 + OH and M2 + OH reactions (zero-point 

vibrational energies are not included) at the BHandHLYP/cc-pVDZ (CCD) and 

BHandHLYP/aug-cc-pVDZ (ACCD) levels. Zoom at the pre-complex region. 
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Figures 

 

 

 

 

 

 

 

 

 

 

Figure 3B: Energy profile for the MPO221 + OH and M2 + OH reactions (zero-point 

vibrational energies are not included) at the BHandHLYP/cc-pVDZ (CCD) level. 

Complete energy diagram. 
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Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4A: Calculated (canonical and microcanonical variational transition state 

methods from BHandHLYP/cc-pVDZ molecular properties) and experimental rate 

coefficients for the MPO221 + OH reaction, as a function of the temperature (K).  
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Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B: Calculated (canonical and microcanonical variational transition state 

methods from BHandHLYP/aug-cc-pVDZ molecular properties) and experimental rate 

coefficients for the MPO221 + OH reaction, as a function of the temperature (K).  
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Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Calculated (canonical and microcanonical variational transition state 

methods) and experimental rate coefficients for the M2 + OH reaction, as a function of 

the temperature (K).  
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