
Theoretical Mechanisms and Atmospheric Implications of the Reaction of Methyl

Vinyl Ether with the Hydroxyl Radical

Charles Li

Troy High School, Fullerton, California

Dr. Fu-Ming Tao, Professor of Chemistry,

California State University, Fullerton

Section (i) Project Selection

I first started learning the theory behind quantum chemistry during my sophomore

year, when a friend first introduced me to Dr. Tao and his lab at the California State

University of Fullerton (CSUF).  In the summer of 2006, I spent over 40 hours per week

in the lab, running calculations and researching more on reactions involving the hydroxyl

and chlorine radicals in the atmosphere.  After much research, I came across a paper that

was published in June 2006 about vinyl ethers that spurred my interest.  Although I

encountered many roadblocks during my research, I discovered that each failure posed a

new question and led to a new approach to my problem.  Eventually, it was this buildup

of new questions and novel approaches that allowed me to accomplish my research.

My interest in the vinyl ethers was first sparked when I learned about the

manufacturing of PVC pipes and the resulting release of vinyl chloride into the

atmosphere in my chemistry class.  However, as I began researching, I discovered that

vinyl chlorides have been investigated extensively and eventually, my research led me to

the alkyl vinyl ethers.  I found methyl vinyl ether (MVE) to be a far more interesting

compound than vinyl chloride.   MVE is not only readily oxidized by radicals, but it has

recently been found that the formation of aerosols was detected in the ozonolysis of



MVE.  If this is true, then MVE may be the smallest possible molecule capable of

forming aerosols, as previous aerosol forming compounds typically consisted of seven

carbons or a cyclic six-carbon ring.

Initially, I was attracted to computational chemistry because I was amazed by the

immense potential that quantum chemistry has in expanding our chemical knowledge.

Through purely empirical means, quantum chemistry can investigate reactions under

conditions not achievable in laboratories.  In the end, my project ideally combined my

interest in quantum chemistry with my curiosity in the chemistry of the life-sustaining

troposphere that surrounds us.

Section (ii) Summary of Research

Introduction

Volatile organic compounds, abbreviated VOCs, are released primarily from

artificial sources, although there is also a significant amount of biologically released

VOCs from trees in the form of isoprene and terpenes [1].  VOCs are further divided into

two categories: methane and non-methane organics.  Non-methane organics can degrade

quickly in the troposphere into harmful products such as formaldehyde.  Recently, a

study done by Nature [2] discovered that there is a large portion of VOCs that has been

unaccounted for in the troposphere, especially in the southern hemisphere.

The importance of VOCs in tropospheric chemistry has created much interest in

identifying the unaccounted for VOCs [3-5].  Vinyl ethers are non-methane organics used

widely in industry as solvents and coatings [6].  They are also being considered for use as

motor oil additives [4].  Since solvents and coatings are primarily applied onto items

produced indoors, the release of vinyl ethers into buildings can create indoor pollution



that is detrimental to humans.  Additionally, vinyl ether emissions can also escape into

the troposphere and therefore, they may comprise a portion of the unaccounted for VOCs.

Methyl vinyl ether (MVE) is the simplest of the vinyl ethers.  The reaction of

MVE with the hydroxyl radical proved to be especially interesting because of the relative

abundance of the hydroxyl radical from the photolysis of ozone. The hydroxyl radical

plays a major role in the degradation of organics, typically acting in the first steps to their

removal [1].  A previous experimental study by Klotz et al. [4] determined that three

possible reaction pathways exist: (1) addition of the hydroxyl to the central carbon, (2)

addition onto the terminal carbon, and (3) abstraction of a hydrogen from the methyl

group.

MVE, because it is a non-methane organic, is predicted to have a relatively short

atmospheric lifetime.  This will affect both indoor and outdoor environments at local and

regional levels- levels that humans are exposed to.  Additionally, the reactivity of MVE,

and VOCs in general, contributes to the formation of smog.

Hypothesis

The importance of MVE in the troposphere poses the following three questions:

(1) What are the theoretical mechanisms of the three degradation pathways?

(2) What is the rate of the overall MVE reaction and what is its temperature dependency?

and (3) Which of the three pathways is dominant?

Methods

I investigated the reaction pathways of MVE using the Gaussian 2003

computational program [7].  The stationary points along the reaction pathway were

determined using various theories and basis sets.  Second order Moller-Plesset



Perturbation theory (MP2) was used for optimization and frequency calculations.

Additionally, density functional theory, B3LYP was also used for optimization and

frequency calculations.  For comparison, a hybrid meta density functional theory

developed by Truhlar et al. [8] - mpwb1k- was used.  Finally, composite Gaussian-3

theory was also used for energy calculations.

Using the geometries, moments of inertia, and frequencies from the stationary

points calculated using Gaussian 2003, classical transition state theory was used to

determine the rate constants.  Kinetics calculations were performed using the program

provided by computational science and engineering online [9].  After rate constants were

determined, the lifetime of MVE could be calculated by taking the inverse of the rate

constant multiplied by the concentration of hydroxyl in the environment being studied.

Results/Discussion

Using these methods, I was able to answer my first question:  What are the

theoretical mechanisms of the three degradation pathways?  Before the different reaction

pathways could be investigated, the stability of MVE first had to be determined. At the

B3LYP/6-31+g(d) theory, it was discovered that the near-planar cis structure was 2.04

kcal/mol lower, and therefore more stable, in energy than the corresponding linear trans

structure. Previous studies using microwave spectroscopy also reported a similar energy

difference of 1.1 kcal/mol [10].  Thus my study focused on the reactions of MVE’s

primary cis form.

Addition to the central carbon was characterized by an activation energy of

approximately -4 kcal/mol.  This energy was determined using various theories.

Although MP2 energies predict a positive activation energy, spin corrected MP2



calculations, single point CCSD(T) energies, and MPWB1K calculations all confirm the

negative activation barrier.  Similarly, a negative activation energy around -5 kcal/mol

was found for the terminal addition. Respectively, all three activation energies were

lower in energy for reaction (2) than for reaction (1).  Finally, for the abstraction reaction,

a positive activation energy, approximately 1.5 kcal/mol, was predicted by all levels of

theory.  Unlike the addition reactions, prereactive and product complexes were found.  In

the prereactive complex, the hydroxyl radical stabilizes itself to the oxygen on the MVE,

forming an intermolecular bond of 1.89 angstroms.  Once the hydrogen is abstracted, the

water will be released after formation of the product complex.  All three reaction

pathways were found to be exothermic.

Having answered the first question, the second question posed was “What is the

rate of the overall MVE reaction and what is its temperature dependency?”

A reaction is positively temperature dependent if it has a positive activation

energy and negatively temperature dependent if it has a negative activation energy.  In

this study, the addition reactions were found to be negatively temperature dependent

while the abstraction reaction is positively temperature dependent.  What this means is

that the abstraction reactions will contribute more to the overall reaction at higher

temperatures.  The hybrid meta theory MPWB1K produced rate constants closest to

experimental values.

My final question was which of the three pathways is dominant. Using rate

constants calculated using MPWB1K, at 298 K, the addition reactions onto the central

and terminal carbons were found to be far more dominant than the abstraction reactions.



Because the addition reactions are dominant, the reaction is much more likely to form

formaldehyde and methyl formate as opposed to methyl anhydride.

Since there is less hydroxyl indoors, there is almost a twofold increase in the

lifetime of MVE.  On one hand, the prolonged presence of MVE indoors can contribute

significantly to indoor pollution.  On the other hand, MVE has a relatively fast rate of

oxidation outdoors, compared to the lifetime of methane.  This short lifetime may

contribute to smog formation.

Conclusion

In conclusion, the mechanisms and kinetics of the reaction of methyl vinyl ether

with the OH radical have been investigated and the rate constants calculated are found to

be in reasonable agreement with previous studies.  The hybrid theory MPWB1K/6-

31+g(d,p) was found to give results closest to experimental studies.  The two addition

pathways were found to be highly favored over the abstraction pathway and all three

pathways were exothermic.  The reaction is found to be negatively temperature

dependent overall.

Implications/Further Studies

Since formaldehyde is a dominant product, the emissions of MVE in industry

should be monitored.  MVE emissions may contribute to the increased concentration of

VOCs indoors- typically 2 to 5 times higher than in outdoor environments.  Further

research involving the reactions of MVE with other atmospherically important molecules

such as the nitrate radical, chlorine radical, and ozone will help develop a more complete

scheme for the degradation pathways for MVE.  Different transitional state theories can

also be used to calculate more accurate rate constants. Additionally, the degradation



processes of larger vinyl ethers should also be investigated in order to find possible trends

and to better understand the atmospheric impacts of VOCs.
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FIGURE 1: Two possible conformers of MVEa.

a Bond distances (in gold) given in angstroms.
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FIGURE 3:  Stationary Points for the Abstraction Pathway (Reaction 3)a

a All distances given in angstroms.


