Kinetic parameters of the atmosphere

• Photolysis:

• O 3 + hv → O( 1 D) + O 2
• Thermal decomposition:

• CH 3 C(O)OONO 2 → CH 3 C(O)OO + NO 2
• Radical-molecule:

• OH + isoprene → products

• Radical-radical:

• RO 2 + RO 2 → RO + RO + O 2
• Termolecular reactions:

• OH + SO 2 + M → → H 2 SO 4 + M
• Equilibria:

• NO 2 + NO 3 ⇌ N 2 O 5
• Phase transfer:

• Gas-phase → aerosol-phase

• Heterogeneous reactions:

• 2NO 2 + H 2 O + surface → HONO + HNO 3 • … + more

Carte du jour

Why we study chemical kinetics

• So, the atmosphere has lots of different chemical reactions that can happen • Many of these reactions are in competition with each other • Normally, the faster the rate of reaction, the more important it is • That is, the more competitive it is

Types of competition

• For a simple compound like methane, we could ask: which oxidant is most important?

• For more complex compounds, we could ask: which reactive sites are more important?

• For compounds of a difference size, we could ask: which mechanism is most important?

H H H H H H H H H H H H H H H H H H H H H H H H H H RO 2 + RO 2 → RO + RO + O 2 RO 2 + RO 2 → ROOR

Atmospheric lifetime

• Atmospheric chemists often use the lifetime with respect to OH as a general measure of lifetime:

𝜏 = 1 𝑘[OH]
• Lifetime is a major control on the distance over which pollution can be transported Why is the lifetime so important? For example:

For example:

The total atmospheric lifetime

• Reaction with OH is generally important for destroying pollution • But there are many other processes that can be important • Therefore, it is more useful to consider the lifetime as follows:

• Also, depending on the location in the atmosphere, individual processes may dominate, e.g. photolysis is faster in the stratosphere, but hydrolysis is very slow, so we can express lifetime as follows:

1 τ total = 1 τ OH + 1 τ NO 3 + 1 τ O 3 + 1 τ Cl + 1 τ photolysis + 1 τ hydrolysis + ⋯ 1 τ total = 1 τ troposphere + 1 τ stratosphere + 1 τ mesosphere
Either way, it all depends on k (or J)

𝜏 = 1 𝑘[OH] 𝜏 O 3 = 1 𝑘[O 3 ] etcetera … 𝜏 oxidant = 1 𝑘 oxidant [oxidant] similarly … 𝜏 photolysis = 1 𝐽
The rate coefficient, k

• Simple atmospheric chemical reactions are first-order, A → B (e.g. unimolecular, photolysis):

• Many atmospheric reactions are bi-molecular and second-order, A + B → C (e.g. OH addition):

• Kinetics prefer to work under pseudo-first-order conditions, where:
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Changes in concentration and time…

The rate coefficient, k

• But what is k? • k is a parameter that describes efficiency • If k is big, the reaction process is efficient • If k is small, the reaction process is inefficient • If k is 100% efficient,

then every collision between molecule A and molecule B results in a reaction

• This is known as the "gas kinetic limit" or "collision limit"

The gas kinetic limit

• Begin by considering how fast a gas molecule can move • Let's consider something simple like N 2 at room temperature:

• Next, consider how far a molecule travels before it hits another molecule (mean free path):

• Now we can calculate how many collisions are happening:

• And, if you divide by the number density of 1 atmosphere of gas at room temperature:

ҧ 𝑣 = 8𝑘 𝐵 𝑇 𝜋𝑚 = 8 × 1.38 × 10 -23 (𝑚 2 𝑘𝑔 𝑠 -2 𝐾 -1 ) × 298(𝐾) 3.14 … × 4.65 × 10 -26 (𝑘𝑔) = 474.7 𝑚 𝑠 -1 𝜆 = 𝑅𝑇 2𝜋𝑑 2 𝑁 𝐴 𝑃 = 8.314(𝑚 3 • 𝑃𝑎 • 𝐾 -1 • 𝑚𝑜𝑙 -1 ) × 298(𝐾)
2𝜋(3.64 × 10 -10 ) 2 (𝑚 2 ) × 6.02 × 10 23 (1 𝑚𝑜𝑙) × 101325(𝑃𝑎) = 6.898 × 10 -8 𝑚 𝑍 = ҧ 𝑣 𝜆 = 474.7(𝑚 𝑠 -1 ) 6.898 × 10 -8 (𝑚) = 6.88 × 10 9 𝑠 -1 𝑘 = 𝑍 𝑛 = 6.88 × 10 9 (𝑠 -1 ) 2.46 × 10 19 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑐𝑚 -3 ) = 2.79 × 10 -10 𝑐𝑚 3 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 -1 𝑠 -1

What controls the size of k?

• Some reactions are highly efficient, i.e. ≈ gas kinetic limit (e.g. reactions with chlorine and alkenes, k = 10 -10 ) • Others are a lot less efficient (e.g. alkene ozonolysis, k = 10 -22 ) • So, some reactions are a trillion times more efficient than others! • Where does this inefficiency come from?

• There are several possibilities…

The Arrhenius equation 

k(T) = Zexp(-E a /RT)
• Other (steric) factors are also important:

k(T) = Zρexp(-E a /RT)
• Leading to the familiar Arrhenius equation: How do we measure kinetic parameters?

k(T) = Aexp(-E a /RT)
Let's consider a bi-molecular reaction (A + B → C), we generally need three different things:

A. An environment where A and B can react together (a reactor)

• Appropriate temperature/ pressure, absence of secondary chemistry

B. An analytical tool to measure (at least one of) A, B or C

• Needs to be sensitive enough, and rapid enough C. A measurement of time • This is done with the relative rate approach:

 0 ( ) 0 1 L c R  = - ( )     1 abs abs L c R abs L   = -+  0 1 1 1 abs abs abs c                = -
• This can be very precise and effective, but it is limited by the accuracy of the reference 

Structure-activity relationships (SARs)

• There are many types of SARs that can be used • The most popular approach is the group-additivity method • This method makes use of the idea that the observed k is the summation of all reaction channels:

• This has the advantage of providing estimates for product branching ratios • This is ideal for chemical models, where we want to know the lifetime of a chemical, but also the secondary pollutants that are formed

Example calculation from: Kwok and Atkinson (1995)

Structure-activity relationship principles

• Fundamentally, these are parameterizations, so, regardless of the approach, the idea is to describe the process of interest in a simplified way • For SARs, this is linked to the molecular structure • But the molecular property that is chosen for parameterization will change depending on the reaction mechanism • For example, for the hydrogen abstraction reaction: RH + OH → H 2 O + R, a description of the strength of the R-H bond may be best • On the other hand, for OH addition reactions: R 1 (R 2 )C=C(R 3 )R 4 + OH → R 1 (R 2 )(OH)C=C(R 3 )R 4 , a description of the electron density of the C=C bond may be the best approach Structure-activity relationship performance 

•

  Many reactions are temperature dependent • And over a small temperature range, they may obey the Arrhenius equation • But over larger ranges, we observe curvature • And this curvature can be described by the modified Arrhenius equation • This is referred to as non-Arrhenius behaviour k(T) = Aexp(-E a /RT) k(T) = A(T/300) n exp(-E a /RT) Non-Arrhenius behaviour • Several reasons for this: • Multiple (i) reactions sites, each with their own different T-dependence • Since the total reaction rate is the sum of each: + Non-Arrhenius behaviour

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Further reading

• This was a really quick introduction to the science of kinetics, if you would like to learn more about it, consider the following book:

Conclusions

• Kinetics has important effects in all aspects of atmospheric chemistry • Kinetics is a fundamental quantity that can be measured with a variety of analytical and experimental techniques • This quantity often varies according to the atmospheric conditions (temperature and pressure effects) • Atmospheric chemistry produces a huge variety of chemical products • This leads to an enormous parameter-space (too many to measure) • So, we also need to think how we can estimate those things that we don't have time to measure