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L ewis Symbols

Element Lewis No. | Val. m
Symbol € g/mol
Hydrogen "! 1.008
Carbon ) C 12.01
Nitrogen ..I.\I.. 14.01
Oxygen ::O:. 16.00
Fluorine Fe 19.00
Sodium Na- 22.99
Magnesium | *M9° 24.30
Aluminum | ° %" 26.98
Silicon S' ' 28.09
Sulfur S 32.07
Chlorine - 35.45
Potassium Ke 39.10
Calcium y Ca 40.08
Bromine :!3-r. 79.90
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L ewis Structures
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Chemical Reactions

Elementary unimolecular photolysis reaction

NO, + hn —» NO + O. | <410 nm (11.2)

Elementary bimolecular thermal decomposition reaction

N205 + M —p |.\|02 + N.O3 + M (112)

Nonelementary bimolecular thermal decomposition reaction

M . .
N205 —_—p N02 + NO3 (113)

Elementary bimolecular collision reaction

CHy + OH —3p CHz + H0 (11.4)
Termolecular combination reaction

NO, + NOg+M —p N,Os+ M (115)

-- derived from a pair of elementary bimolecular reactions

A +BU AB* AB*+M® AB+M



Reaction Coefficients and Rates

Rates for reactions with first-, second-, third-order rate coefficients
Rate = kg[A] (11.8)
Rate =kd A] B

Rate = kt[A][B][C]

Rates for photolysis reaction

Rate = J[A] (11.9)



Rate of Change of Reactant
Concentration

Photolysisreaction, A +hn® D +G

ﬂdit\l - -Rae=- JA] (11.10)

Nonelementary bimolecular reaction, A %%@ D+E

dlA
JdTl - -Rate =- ke[A] (11.12)
Nonelementary termolecular reaction, A + B%%@ E

A8 -2 rete=- kg ATE] (11.12)

Elementary bimolecular reaction, A +A® E+ F

ﬂd%l = -2Rate =- 2kg[A ]2 (11.13)

Elementary termolecular reaction, A +B+C® E+F

dAl dB dc]
& - q - - Rate=-kr[A]B[C] (11.14)



Rate of Change of Concentration

Generdized reaction, aA + bB® eE +fF

Rate = k[A]?[B]°

Rate of change of reactant concentration

I - - arete=- o [a]B)"

ﬂf: - bRete =- bk [A][ 8]

Rate of change of product concentration

%TE] = eRate = ek [A]a[B]b

daF] = fRate = fi; [A P[B]°

(11.16)

(11.17)

(11.17)

(11.18)

(11.18)



Third Bodies

Elementary termolecular combination reaction

A+B+M® E+M

Rate of change of third body

LY = [ AlBIM] - kr[A]lBIM] =0 (119

Number concentration of air molecules (molec. cm™3)

P
Ng = — (2.18)
kgT

Number concentration of nitrogen and oxygen molecules

[M]=Nn, =cN,Ng  [M]=No, = co,Ng (11.20)

Example 11.1.
Calculate the number concentration of N» and O, when T =

278 K and pgq = 920 mb.

Solution
Ng = 2.40 x 101° molec. cm3
NN, = 1.87x 10'9 molec. cm®

No, =5.02x 108 molec. cm3



Rate Coefficients from Kinetic Analysis

Elementary bimolecular collision reaction

A+B® D +F

Rate of loss of A

dl A
ML - kAl = - kslalBlo (11.21
Integrate

1 1AL
kg =- | 11.22
= Blh" Al e

Unimolecular reactions

_ 1 [Aloy
kg =- +1n Al (11.23)

Termolecular reactions

LI Ak =

" [BlolCloh Ao

kT (11.23)




Arrhenius Equation

Temperature-dependence of areaction rate

k)
dT RTZ

(11.24)

Activation energy

Smallest amount of energy required for reacting species to
form an activated complex or transition state before products are
formed

Integrate
E

Ink, = InA, - —— (11.25)
RT

Fig. 11.1. Measure ky vs. T --> plot to find Ay and E;.

A
T
>
Ink,
InA v \
y

Useful form of Arrhenius equation

E & )
ke = A exple ==2= A expf=L?

T T (11.26)




Temperature Dependence

E; » O --> collisional prefactor strongly dependson T -->

_ p g8006" 0

B, found by fitting equation to data

Example 11.2.

NO + O —p NO, + O,

k1 =1.80" 10" % exp(- 1370/ T) = 1.81" 10" 14

cm3 molec.”ls1at T=298 K

Oe+ 0, + M —3p Oz + M

kp =5.63" 10" (300 T)*® =5.74" 107>

cmb molec.2s1at T=298K.



Pressure-Dependence of Reactions

Rate of pressure-dependent reaction

€ @ 5201
%_+g|0910%mi Ld
ke ko TIM] @ & T 5§
Ky = Fe (11.29)
ky T +Ko1[M]

Low pressure limit rate coefficient x M

koTIM]= lim kK (11.30)
[M]® 0

High pressure limit rate coefficient

ke 1= lim K (11.31)
IMI® ¥

Example 11.3.

M

OH + NO, —p» HNO;3 P,=140 mb T=216K

[M] = Ng = 4.69 x 1018 molec. cm™3

R = 0.43

koT = 260" 10" *°(300/T)*® cm® molec.2 s
ko TIM] = 2.47 x 101! at T =216 K

ky T =8.16 x 1011 cm3 molec.'1 st

Ky =1.11 x 1011 cm3 molec.”1 s1



PAN Rate Coefficient

Figs. 11.2 aand b. PAN rate coefficient as a function of pressure
and temperature, respectively.
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I
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. | I.\I02+é)' 410nm<| <670 nm
1 NO + O, 590 nm < | <630 nm
(11.35)

Figs. 11.3 aand b. Predicted photolysis rate coefficients.
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Sets of Reactions

Reactions

NO + O3 —p NO, + O, (11.36)
O-+ 0y + M —p O3 + M (11.37)
NO, + hn —» NO + O. (11.38)
|.\102 + 0 —p |.\|O+ O, (1139)
Reaction rates

Rate = k[ NOJ[ O3] (11.36)
Rates = ko[O] O2][M] (11.37)
Ratez = JNO2) (11.38)

Rates = k3[NO2][O] (11.39)



Sets of Reactions

Resulting ODEs

ﬂZITl = R - L = Rateg+ Rateg - Rateg = J[NOz] + kB[NOZ][O] ) kl[ NO][O3]

(11.40)

d|NO
JTZI =R - L. = Rate; - Rates - Rateg = k_n_[NO][Og] - JJNO2] - k3[NO2][O]

(11.41)

ﬂd%] = R- L¢ = Rate3- Ratep - Rateg = J[NOy| - ko[O] 02 ][M] - kg[NO2][O]

(11.42)
ﬂ%] =R - Lc = Ratep- Ratey =kp[O][02][M]- kilNOJ O3]
(11.43)
Production term for NO
R =J[NO2| + k3[NO2|[O] (11.44)

Lossterm for NO

Lc = ki[NOJ[O3] (11.44)



E-folding Lifetimes

Overdl lifetime (s)

(11.45)

E-folding lifetime

Unimolecular reaction

A ® products
First derivative
d[A]/dt = - ke[ A]
Solution
[A]=[Alge- ke

E-folding lifetime occurs when

1AL _1_ ken

Al e

E-folding lifetime

(11.46)

1
=h=—
t A e




E-folding Lifetimes

Bimolecular reaction

A +B® products

Loss rate of species A

L NG

at

E-folding lifetime

1
tao = (11.47)
kd Bg
Termolecular reaction
A +B+C® products
E-folding lifetime
1
(11.48)

tA3 Ll




Example of a Stiff System

Example 11.4.

CH4 + OH --> CH3 + H20O

k =6.2x 1015 cm3 molec! s'1 at 298K.

[OH] =5.0x 10° molec. cm™

1
—> tcH, = k{OH'] =10.2 years

OlD)+M -->0+ M

k = 2.6 x 101X cm3 molec! s1 at 298K

[M] =[N>] = 1.9 x 101° molec. cm™3

> t o(lD) = _1 = 2 x 109 seconds

KM]

---> stiff set of equations



Half-L ifetimes

Unimolecular reaction
Half-lifetime occurs when

Solve for half-lifetime

t _ 069
2 A1—-N—"—"T—
(42) ke

Bimolecular reaction

0693
L1282 =y By,

Termolecular reaction

0693
{3243 1B Cl,

(11.49)

(11.50)

(11.50)



