ChemE 2200 — Chemical Kinetics Lecture 4
Today:
Reversible Reactions, cont’d
“Can reaction rates (kinetics) predict equilibrium concentrations (thermodynamics)?”
“Can equilibrium concentrations (thermodynamics) predict reaction rates (kinetics)?”
Temperature Dependence of Reaction Rates
“Why do reaction rates generally increase exponentially with temperature?”

Recap: Reversible Isomerization in a Batch Reactor
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Reading for Kinetics Lecture 5: McQuarrie & Simon, Chp 29.1-29.2.



Career Guidance Mondays

12:20-1:10 p.m.
165 Olin

Mar. 3 Karen Havenstritie 2005 Founder and CTO, Tangible Science
Mar. 10 Rob Ferris 2004 Associate Partner, McKinsey & Company
Mar. 17 Joebdetsan PhD 2019 Senior Chemical Engineer, Corning,
Mar. 24 Taylor Milner MechE '98 Partner/Stroud International
Margaret Seeman 2020 Project Lead, Stroud International

Jess Levine 2016 Engagement Lead, Stroud International
Mar. 31 No Class - Spring Break
Apr. 7 Fazeela Rashid 2001 Growth Equity Investor, Healthbridge Innovation Fund
Apr. 14 Greg Moore 1993 Portfolio Manager at Balyasny Asset Management
Apr. 21 Kent Goklen 1983 Chemical Engineer, GlaxoSmithKline
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Mathematical Model for a First-Order Reversible Reaction, cont’d
ky
AZB
K4

If we seek only the concentrations at equilibrium (t —» ),
we may apply Kinetics in a more direct mannetr.

At any time, 1A
S~ kAl + KBl
t
At equilibrium,
% = 0 = —ki[Alyq + k4[Bly; steady state
[B]eq B K _ Keq _ e—Aern/RT

N
[A] eq k—l



Mathematical Model for a First-Order Reversible Reaction, cont’d

[B]eq Ky _ o—AG,, /RT

= = = €
[A]eq K 1 .

If we know reaction rates (chemical kinetics),
we can calculate equilibrium concentrations (chemical thermodynamics).

How to reconcile with the reaction-coordinate energy-level diagram?

A kinetics

nergy
]
|

a2

thermodynamics

- Agrxn ¥ B

reaction coordinate

If we know equilibrium concentrations (chemical thermodynamics)
can we calculate reaction rates (chemical kinetics)? No.

Exception: if one knows AG,,, to the unstable intermediate (Transition State Theory).

rxn



Temperature Dependence of Reaction Rates

Independent of T
A — products T, ﬂ¢m

Increases exponentially with T. Why?

Bec_ause AK.E. =0, Reactant A needs E > E, to react.
excited statesare | __DY—m—m_-_---

a continuum.

Define kinetic barrier height
as activation energy = E,.

ground state =0
translational: v, = v, =v,=0

- UM

rotational: J’s =0

vibrational: v’s =0 products

electronic: ground state
reaction coordinate



Equal areas under the curves

Boltzmann distribution:
population oc e ERT

Energy Level Population .

0

| 17 RT [ ]
reactants with E > E, o —je E/RT o (e Ea/RT —O) oc g FalRT



Criteria for Chemical Reaction

Consider the bi-molecular reaction O + C=0 — 0O=C=0 (linear molecule)

>E

The collision of O and C=0 must have the proper orientation and the proper trajectory.

The collision of O and C=0 must have sufficient energy: E

collision a

O > % < C=0 reacts!
O > % < O=C noreaction
O
o) > < l reacts?
C
O
) > % < C// reacts?



Criteria for Chemical Reaction
Consider the bi-molecular reaction O + C=0 — O=C=0 (linear molecule)

The collision of O and C=0 must have sufficient energy: E >E

collision a

The collision of O and C=0 must have the proper orientation.
(o = K [O][CO]

Quialitatively, k = (rate of attempts) x (probability that attempt is successful)

k = (rate of attempts) x [(steric factor) x (Boltzmann energy distribution)]

k (W%) - Empirical

A is the Arrhenius ‘pre-exponential’, aka “frequency factor.”

Arrhenius Theory assumes A is independent of temperature: A oc TO

Kinetic Theory of Gases: A oc T
Transition State Theory: A ocT ! for gas-phase reactions

The temperature dependence of the Boltzmann factor
usually overwhelms any temperature dependence of A.



Arrhenius Parameters A and E, from Experimental Data
Example: A+ B — products r,, =k [A]"[B]™

Measure r,,, at different temperatures and concentrations. Calculate k at each temperature.
Assume Arrhenius Theory: Goal: A straight line to verify the assumption.
k=Ag FalRT Plot In k vs. 1/T
-E, 1
Ink = InA + a_
—
y ' 10,000—
slope X
— Ea
: 1,000 —
or use semi-log paper. ) 2 303R
-E, 1
2.303logk = 2.303log A + e 100—
T Straight line
|Og k = |Og A 4 B Ea i 10— validates
L 2.303RT Arrhenius Theory.
e
y slope X 1—{ hot cold

: i

(T — o)




Arrhenius Theory - Typical Parameters Kinetics

Lecture 5
Activation Energy, E, g Lokl l
Chemical Reaction kJ/mol | eV/molecule | 300K 600 K A clementary?
Ty <4
O=N—-0O—-N=0 — NO, +NO, S 0.05 01 —> 04 10%/sec
CH;~COe — «CH; + CO 43 0.45 3x10% | 2x10* | 10"/sec
CH;-CH; — +CH;++CH; | 380 4.0 10-66 — 1031033 | 1017/sec
CH, + *CH; — CH,-CH,4 ~0 ~0 1 1 10 L/(mol-sec)
NO +0; - NO, +0, 11 0.12 0.01 0.1 1012
NO +Cl, —» NOCI+ +Cl 85 0.89 | 2x1015 | 4x10°® 1012
2NO, — 2NO + O, 114 1.2 2x10-20 10-10 101
20, - 30, 144 1.5 102 3x10-18 | 10%2
0 < E, <400 kJ/mol For XY - X +Y

A ~ vibrational frequency
A~ 10" - 10Y7/sec

For X+Y — XY
A =~ collision rate
A~ 1010 - 102 L/(mol-sec)




Unconventional Applications of the Arrhenius Law
Flashing Rate In Fireflies

Activation Energy for Firefly Flashing = 51 kJ/mol

28.7
28.2
259
26.4
24.0
23.1
22.5
22.2
19:38

7(°C) 1(°F) flashes/min
83.7 155
82.8 15.0 =
78.5 12.7 IS
79.5 12.2 E
75.2 115 EO
73.6 11.2 §‘>
72.6 10.1
72.0 9.9
66.8 8.1
3.30 3.35 3.40
1000/T

C. D. Synder and A. v’t H. Snyder, Amer. J. Physiol. 51, 536 (1920).
W. J. Crozier, J. Gen. Physiol. 7, 136 (1936).
Keith J. Laider, University of Ottawa, J. Chemical Education, 49 344 (1972).



Unconventional Applications of the Arrhenius Law
Chirping Rate In Crickets
Activation Energy for Cricket Chirping = 56 kJ/mol

1°C) 1(°F) chirps/min 2.3 1
26.7 80.1 201

25.0 76.9 178 .
233 74.0 159 5

21.7 71.0 141 £

20.2 68.4 126 S 21
18.5 65.3 112 g

17.2 63.0 100 o
15.6 60.2 89

14.0 57.1 79

1.9

332 334 336 338 340 342 344 346 3.48

T(°F) = chirps in 15 seconds + 37

1000/T

C. A. Bessey and E. A. Bessey, Amer. Natur. 32, 263 (1898).
R. T. Edes, Amer. Natur. 33, 935 (1899).
A. F. Shulls, Can. Entomol. 39, 213 (1907)



Unconventional Applications of the Arrhenius Law
Counting Rate in Humans

7(°C) 7(°F) counts/sec 7(°C) 1(°F) counts/sec
39.45 103.01 1.81 37.74 99.93 1.53
38.86 101.95 1.87 37.66 99.79 1.53
38.82 101.88 1.74 37.62 9972 1.51
38.72 101.70 1.72 37.66 99.79 1.48
38.55 101.39 1.72 37.54 99.57 1.50
38.52 101.34 1.67 37.45 99.41 1.52
38.43 101.18 1.67 37.46 99.42 1.50
38.32 100.98 1.67 37.41 99.34 1.51
38.25 100.85 1.63 37.31 99.16 1.51
38.17 100.71 1.62 37.36 99.25 1.48
38.11 100.60 1.64 37.38 99.28 1.44
38.12 100.62 1.61 37.26 99.08 1.47
38.14 100.64 1.58 37.28 99.10 1.45
38.04 100.46 1.62 37.21 98.99 1.46
38.02 100.44 1.57 37.14 98.85 1.47
37.94 100.28 1.61 37.13 98.83 1.42
37.92 100.26 1.59 37.05 98.70 1.42
37.93 100.28 1.56 36.93 98.52 1.45
37.75 99.95 1.59 36.57 97.83 1.37
37.72 99.90 1.56 36.24 97.23 1.31

H. Hoagland, Sci. Mon. 56 56 (1943).



Unconventional Applications of the Arrhenius Law
Counting Rate in Humans

Activation Energy for Counting = 95 kJ/mol

0.30

0.25

0.20 A

logyo (count rate)

0.15 A

0.10 T T T T
3.19 3.20 3.21 3.22 3.23 3.24

1000/T

H. Hoagland, Sci. Mon. 56 56 (1943).



Unconventional Applications of the Arrhenius Law
Longevity as a Function of Body Temperature

3
24
X
26
27
23
29
30
34

Ostrich

Goose
Pigeon
Sea- Qu&
Penpuin
Flomingo

Hen
Duck

32 Turm.}

MSE 305, Phase Diagrams & Kinetics,
U. Virginia, Leonid Zhigilei, Fall 2003.

109°F 106°F 99°F  95°%F

Activation Energy = 380 to 420 kJ/mol




Svante August Arrhenius (1859-1927)

1884 — PhD in Physical
Chemistry at the
University of Uppsala:
“Investigations on the
Galvanic Conductivity
of Electrolytes.”

In forming a solution, a salt
disassociates into charged
particles, called ‘ions.’

Arrhenius proposed that
chemical reactions in
solution were reactions
between ions.

Earned a 4"-Class Degree.

Upon defense, reclassified
as a 3'9-Class Degree.

1903 — His PhD work is
awarded a Nobel Prize
in Chemistry.

1889 — Proposed the
concept of activation
energy to explain why
most reactions require
heat to proceed.

1896 — In his theory to
explain the ice ages,
was the first to use
basic principles of
physical chemistry to
calculate temperature
Increases caused by
atmospheric CO.,.

First proposal of the
greenhouse effect.



