Chapter 7 Summary
Reaction Rate Theory

e Collision theory - stmple model for
preexponential

e Transition state theory - better model for
preexponential - bimolecular

e RRKM - better model for preexponential -
unimolecular



All models based on Arrhenius Model
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Figure 7.1 The  Boltzmann
distribution of molecular velocities.

Cold unreactive molecules
Hot reactive molecules
Assume equilibrium between cold and hot

molecules



Collision theory: Molecules react whenever
molecules collide with enough total energy

Next derive equation for rate. Consider

A+BC - AB+C
(7.9)
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Figure 7.2 A collision between an
A molecule and BC molecules.



Equilibrium between hot and cold molecules

it
C. =C, e 2T

(7.2)
Derivation shows

I'a_BC ~= Z ABC Preaction
(7.10)

AGT
p _ o-AGT/KkpT

reaction —

(7.11)

AGT /KT

Ta_gc = ZABC®
(7.12)

Zapc = Va—pcCaCreOa_nC
(7.22)

where v, .- 1s the average velocity of A

toward BC. Equation (7.22) gives the total rate
of collisions between hot A molecules and hot
BC molecules.



Substituting equations (7.5) and (7.19) 1nto
equation into equation (7.12) yields:

i c AST/kg Y[ .—AHT /kpT
'n sBC = (VA%BCGA%BCG )(e CACge

(7.23)

where v, .- 1s the average velocity of A
moving toward BC.

_ - c AST /K
Ko = VA _BcOA_BCE

(7.25)

Equation 7.25 1s the a classical version of
Tolman's equation. It is an excellent
approximation.



Collision theory and collision theory
approximate AS" and AH'

Collision Transition

Theory state theory
Approximation 0 Transition
to AS' state entropy
Approximation 777 Transition
to AH' state energy
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Note:

1

HaBC

ma mB+mC

(7.28)

and m,, mg and m¢ are the masses of A, B and
C 1n atomic mass units (1 AMU =1.66 X 10

24

g).




I find it convenient to rewrite equation (7.27)
as:

1/2 1/2
AM
Vape = 2.52x10° A ( ! ) (1 Uj
sec \300K L agc

(7.29)



Example 7.A A Collision Theory Calculation

Use collision theory to calculate the
preexponential for the reaction:

H+CH3 CH3 %H2+CH2CH3
(7.A.1)

at 500K.

Solution: According to collision theory:

>
ko =md .o Vagc
(T.A.2)

First let us calculate V,pc

According to equation (7.26):

1/2 1/2
Vapc = 24X 10"°A / sec( ! ) (IAMU)
300K HaBc

(7.A.3)



with

1

HABC: 1 1
7_*_7
MA MBC
(7.A.4)

For reaction (7.A.1):

+

IAMU 30AMU
(7.A.5)

Plugging in the numbers shows that at 500K:

1/2
V ABC :2.4><1013(—500Kj ( IAMU j:3.15x1013A/sec
300K/ \.968AMU

(7.A.6)

There 1s some question about what values of
d.on to use in the calculation. Hydrogen has a
Van der Waals diameter of 1.5A, while ethane



has a Van der Waals diameter of 3.5 A. One
approximation to d.. 1s:

4= 1.5A er 3.5A 5 5A

(7.A.7)

Substituting (7.A.5) and (7.A.6) into equation
(7.A.2) yields:

(2.54)°

molecule

A?)

molecule - sec

ko=m (3.15x10°A / sec) = 6.18 x 10"

(7.A.8)
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Predictions of collision theory

Table 7.1 Molecular Velocities and Collision Diameters for a
Number of Molecules at 273 K.

Molecule Molecule Velocity Collision Diameter A
AJsec
He 1.2x 10" 2.2
N, 4.5x% 10" 3.5
0, 4.2 % 10" 3.1
H,0 5.6 x 10" 3.7
C,Hs 437 x 10" 3.5
CeHj 2.7x 10" 5.3

ko=(4x10"A/sec) x (m(3A)") = 1.1 x 10" A’/sec
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Table 7.2 A selection of the preexponentials reported by Wesley[1980].

Reaction Preexponential Reaction Preexponential
A’/molecule Sec A’/molecule
Sec

H+C,H¢—C,Hs+H, 1.6 x 10" O+C,Hs—OH+C,H; 2.5x 10"

H+CH—H,+C 1.1 x 10'* | O+C3Hg—(CH;),CH+OH | 1.4x10"
H+CH,—H,+CH; 1x10™ 0,+H—OH+0 1.5x 10"

O+H,—OH+H 1.8x 10" OH+OH—H,0+0 1x10"

O+OH—O0,+H 23x 10" OH+CH,—H,0+CH; 5% 10"
O+CH,—CH;+OH 2.1x 10" OH+H,CO—H,0+HCO 5% 10"
O+CH;—H-+CH;0 5% 10" OH+CH;—H+CH;0 1x10"
O+HCO—H+CO, 5% 10" OH+CH;—H,0+CH, 1x10"

Table 7.3 Preexponentials calculated from equation (7.30) for a
number of reactions compared to experimental data.
Reaction Calculated Calculated Experimental
Preexponential Preexponential Preexponential
assuming b.,;=van assuming
Der Waals radius | b.,;=covalent radius
A’/molec sec A’/molec sec
H+C,H,—C,HH, 6.2 x10" 2.0 x10" 1.6 x10"
H+CH—H,+C 4 x10" 2.0 x10" 1.1 x10"
O+C,H,—OH+C, H; 1.9 x10" 7.6 x10" 2.5x10"
OH+OH—H,0+0 1.25 x10" 5.8 x10" 1 x10"
H+0,—>O0H+0 4.0 x10" 2x10" 1.5x10"

12




CH,CH,CH, + O:— CH; CHCH, + OH
(7.30)

k,=1.4x10" A’/molecule-sec

20, —> 20 ¢ +0,
(7.31)

k,=5.8x10" A’/molecule-sec

Reaction 7.30 requires a special collision
geometry:

CH,CH,CH,+0: —CH,CHCH,+e0H (3
— eCH,CH CH;+eOH (b)

(7.32)

configurations = exp(S/ k)
(7.33)

configurations which lead to reaction

exp(AST /Ky ) = ,
average number of configurations of the reactants

(7.34)
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Summary:

Collision theory: reaction occurs whenever
reactants collide.

Gives correct order of magnitude or slightly
high pre-exponential

Some spectacular failures
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Next Transition state theory Next Transition

state theory - also called
conventional transition state theory (CTST)

Energy

Reaction Cordinate

Figure 7.5 Polany1’s picture of
excited molecules.

Collision Transition
Theory state theory
Approximation 0 Transition
to AS' state entropy
Approximation 777 Transition
to AH' state energy
. . | |
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Again this is an approximation:

Activation energy not exactly TST energy:
Recall: activation energy = the average energy
of the molecules which react.

e Hot molecules have higher reaction
probability - this raises the average energy
of the molecules which react to something
above the top of the barrier

e Cold molecules have some probability of
reacting due to a quantum mechanical effect
called tunneling. This lowers the average
energy of the molecules which react.

TST assumes that these two effects exactly
cancel.
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Entropy of activation = the average entropy of
the species which react relative to the reactants -
this 1s not exactly the transition state entropy.

Again there are two effects:

e In the reaction A +BC - AB + C TST
assumes that only collisions where the
incoming A molecule collides C lead to
reaction. In fact the A molecule can collide
with B, push B out of the way and then get
C to leave. This effect raises the rate of
reaction

e Conversely, when A - BC collide, you might
not deposit enough momentum into the BC
bond to carry C away. This effect leads to a
lowering of the rate of reaction.

Again TST assumes that these two effects
exactly cancel.

In reality, the two effects rarely exactly cancel
so TST is an approximation.

17



ko T) g&
Kaspc = ( = ) Ar exp(— Ei / 1§BT)
hpy Jq.q3

(7.43)

Example 7.C A True Transition State Theory
Calculation

Use TST to calculate the rate of the reaction.

F+H, > HF+H
(7.C.1)
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Table 7.C.1 Parameters used to calculate the

transition state theory rate constant for

F + H, - HF + H. The exact parameters are
also shown for comparison.

Transition State Reactants
Exact Used for F H,
transition
state
calculations
Tup 1.34A 1.602A
Ty 0.801A 0.756A 0.7417A
vH-H stretch about 4007cm™ 4395.2cm™
3750cm™
vFH, Bend ? 397.9 cm™
vFH, Bend ? 397.9 cm™
Curvature ? 310 cm™!
barrier
E* 5.6 kcal/mole | 1.7 kcal/mole
M 21 AMU 21 AMU 19 AMU 2 AMU
I 5.48AMU- | 7.09AMU-A? 0.275AMU-A?
AZ
g, 4 4 4 1
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According to transition state theory:

k T\q,
— 3B qF—Hz Q_E;/L{BT

k = e
(hp Ja.,.4,

(7.C.2)

It 1s useful to divide up the partition functions in
equation (7.C.2) into the contributions from the
translation, vibration, rotation and electronic
modes, 1.€.,:

i 1 1 i
F—H, —
SR PR P EY BT A Au,9F In,9r

vibration rotation elect

(7.C.3)

where I* is an extra factor of 2 that arises
because there are two equivalent transition
states, one with the fluorine attacking one
hydrogen, and the other with one fluorine
attaching the other hydrogen.

Now 1t 1s useful to use the results in Chapter
6 to calculate the various terms in equation

(7.C.3). According to Table 6.5:

20



1/2
2nmky T
qt = 2
hP

(7.C.4)

where q; is the translational partition function
for a single translational mode of a molecule, m
1s the mass of the molecule, kg 1s Boltzman’s
constant, T 1s temperature, and hp 1s Plank’s
constant.  For our particular reaction, the
fluorine can translate in three directions; the H,
can translate in three directions; the transition
state can translate 1n three directions.
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Consequently,:

(ani kg Tj 32

B 3/2 3/2
qH2 aF trans (2an 1>(B T) (zanz ]’(B Tj
hp hp
(7.C.5)

where my, m, and m; are the masses of
fluorine, H, and the transition state.
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Performing the algebra:

3/2 3/2
drdu, MpMy, 2nkyg T

trans
(7.C.6)

Let’s calculate the last term 1n equation (7.C.6).
Rearranging the last term shows

3/2 3/2
( h3 j B (3001() 3/2( h3 j
2nkg T T 21k 5 (300°K)

(7.C.7)

Plugging in the numbers yields:

) 3/2
N X 2(1010,&) ( AMU )
o 5 (6:626% 10 (kg)m® / sec) m ) \L66x10 7 ke

( h? j” _(300 j
amk, T T 27(1.381x 107 (kg)m® / sec? -* K)(300° K)

(7.C.8)
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Doing the arithmetic yields:

h2 ) (300K) Y2
P = (—j 1.024A° AMU*"
2nkg T T

(7.C.9)

Combining equations (7.C.6) and (7.C.9) yields:

; M 3/2 32
( 1 j { i j (%j (1.024A° AMU")
a9, ). (MM, T

(7.C.10)

Setting T = 300K M; = 21AMU, Mg = 19xmu,
M —=2AMU yields:

2

i 3/2
q
{ ] =( 21AMU j 1.024AAMUY? = 042A°
rdn, ) (19AMU)2AMU
(7.C.11)
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Next, let’s calculate the ratio of the rotational
partition functions. The fluorine atom does not

rotate so:
[ qi j _[ qij
du, 4, o du, ot

(7.C.12)

According to equation (6.5)

_8KkyTI
hp
(7.C.13)

d;

where kg 1s Boltzmann’s constant, T 1s
temperature, hp 1s Plank’s constant and I is the
moment of inertia of the molecule. Combining

(7.C.12) and (7.C.13) yields

[qi} _(SnlgBTli/hl%]_Ii
an, ) 8nkp T1y /hy) Iy,

(7.C.14)
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Substituting in the adjusted value of I* and Iy,
from Table 7.C.1 yields:

a* | I 7.011AMU- A2
dn, Iy, 0.275AMU-A’
rot
(7.C.15)

=258

Next, let’s calculate the vibrational partition
functions. According to Table 6.5:

B 1
dy = ( hpuj
1 —exp| —
kg T
(7.C.16)

Let’s first get an expression for the term in
exponential in equation (7.C.16):
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It 1s easy to show

h,U :(hp(lCMl)J(300°Kj( U )
kg T ((kg)300°K))\ T J\icM™

(7.C.17)

Plugging in values at h, and kg from the
appendix yields.

hpv (2.85 x 10> keal / mole - cm_l)(lcm_l) [300" Kj( 0 j
kg T (1.980x 10 keal / mole’K)(300°K) \ T 1
(7.C.18)

Ilem

Note we actually used hp /N, and kg/N, in
equation (7.C.16), and not hp where N, is
Avargado’s number and C is the speed of light,
to get the units right. Doing the arithmetic in
equation 7.C.18 yields:

hpv :(4.784x10_3)(300Kj( v J
kg T T /\ICM-

(7.C.19)
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Table 7.C.2 The vibrational partition function.

Mode Y hpv/kgT Qv
Qi 4395.2 cm’ 21. 1.0

(@), 4007 cm™ 19.2 1.0
Qs 379.9 cm’! 1.82 1.19

Table 7.C.2 shows numerical values for various

values of v. The vibrational partition function
ratio equals:

an, (qH—H)H2

(7.C.20)

I
R UL L
Iy )

Next, let’s calculate the ratio of the partition
functions for the electronic state. Let’s only
consider the ground electronic state:

a’ _ & _ 4
qquF (ge)H2 (ge)F 1x4

elec
(7.C.21)
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Finally, let’s calculate kgT/hp:

T (1.381x10%Kg—M? /sec-mole’K)(300°K I T
T _ ( g = . I )( - j =6.05%x10" /sec( j
h, (6.626x10™°Kg— M / sec) 300°K 300K
(7.C.22)

Putting this all together, allows one to calculate
a preexponential:

=
hpy \ qu,qF A, 9r)  \9u,9¢)  \dn,9r)

(7.C.23)

c€C

Plugging in the numbers:

k, =2(6.65x10" / molecule —sec)(0.42A " )(25.8)(1.42)(1) = 2.05x 10" A* / molecule — sec
(7.C.24)

If one uses the actual transition state geometry,

the only thing that changes significantly is the
rotational term. One obtains:
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( q’ ] ( It ] 5.48(AMU - A?)

2

u,)  \ln,)  0275AMU-A?)
(7.C.25)

k, becomes:

k, =2(6.65x10" / molecule — sec)(0.42A°)(18.9)(1.4)(1) = 1.56x10"* A / molecule — sec
(7.C.26)

One can also calculate the pre-exponential via
old collision theory. In collision theory, one
considers the translations and rotations, but not
the vibrations., 1.e.,:

kozl{lsBT][ q j [ q’ j
hp du,dr . dH,dF o

(7.C.27)

in equation (7.C.26), the rotational partition
function should be calculated at the collision
diameter and not the transition state geometry.
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If we assume a collision diameter of 2.3 A (i.e.,
the sum of the Van der Wall radii1) we obtain:

2AMU)(19AMU)
21 AMU

I = (rp_y, )Z(HFH2 )= (2.31A)2(( j =9.57A2AMU

(7.C.28)

Plugging into equation 7.C.25 using the results
above:

9.57A*AMU
0.275A*AMU

(7.C.29)

k, =2(6.65x10" /mole—sec)(0.42A3)( j =1.9%10" A’ / mole — sec

Table 7.C.3 A comparison of the preexponential calculated
by transition state theory and collision theory to the
experimental value.

k, Transition state theory with 2.05 x10"* A%/mole-sec
adjusted transition state geometry

k, Transition state theory with exact 1.65 x10" A%/mole-sec
transition state geometry

k, Collision theory 1.9 x10" A’/mole-sec

k, Experiment 2.3 10" A’/mole-sec

31



Transition state theory makes two
corrections to collision theory:

1. Transition state theory uses the transition
state diameter rather than the collision
diameter 1n the calculation.

2. Transition state theory multiplies by two
extra terms: the ratio of the vibrational
partition function, and the electronic
partition function for the transition state,
and the reactants.
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Review of PE surfaces

transition

4 state
Energy

H-H DISTENCE (ANGSTROMS)

K
C-H Distance (Angstroms)

(a) (b)

Figure 7.6 A potential energy surface for the reaction H +

CH;OH — H, + CH,OH from the calculations of Blowers and
Masel. The lines in the figure are contours of constant energy.
The lines are spaced 5 kcal/mole apart.
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Example 7.G Understanding contour plots

Consider a potential v defined by:

v(rl, 12, 10, a, w, vp, wa, hr)=w * (Exp(-2 * a * (r1 - r0)) - 2 * Exp(-a * (r1 - r0)))+
(w+hr) * (Exp(-2 * a * (12 - 10)) - 2 * Exp(-a * (12 - r0)))+ vp * Exp(-a * (r1 + 12 - 2 * r0))+
w+wa* Exp(-4*a*a* ((r1 -r0) 2+ (12-3*r0)"2)) +
wa * Exp(-4*a *a* (((r]1 - 3 *1r0) ~ 2) + ((r2 - r0) * 2)))
If (v > 20+abs(hr)) Then
v = 20+abs(hr)
(7.G.1)

Make contour plots for the following function of
rl and r2 with parmeters r0,a,w, hr, vp,wa given

by:
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PE surface with a saddle point
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PE surface with no saddle point

36



37



Potential with a well
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A more complex case
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