Kinetics
Rates and Mechanisms of Chemical Reactions
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QUESTION

If we have the reaction A(g) — 2B(g) and the number of moles

of A follows:
time 0 5min 10 min
moles A 0.100 0.085 0.070

What is the number of moles of B at 10 min?

A. 0.060 mol
B. 0.200 mol
C. 0.140 mol
D. 0.100 mol
E. 0.030 mol

CONSIDER RATE of change for: A= B
A(moles of B)
At
_ (moles of Bat t= 10)— (moles of Bat t= 0)
- 10min - 0 min

- 0:26mol-0mol _ o o6 o 1/min
10 min - 0 min

Average rate =

Average Rate (mol/min)

Time, t (min) Moles of A Moles of B per 10-min-interval

0 1.00 0

10 074 0.26 gggg
20 0.54 0.46 ()‘()H
30 0.40 0.60 l)‘()l()
40 030 070 g 55%
5 0.22 0. - y

0 ( 0.78 5 0.006

60 0.16 0.84 PR




Expressions of a Rate of Reaction

For the Chemical Reaction:  aA + bB — cC +dD

Rate =

1 A|_AJ= 1 A|_Bj= 1 A|_CJ= 1AD]
a At

b At c At d At

QUESTION

Chlorine dioxide (ClO,) is a disinfectant used in municipal water-
treatment plants. It dissolves in basic solution producing C10;
and CIO,:

2C10, (aq) + 20H" (ag) = CIO, (ag) + ClO, (ag) + H,0 (I)

Of the following, which would not be a proper expression to
relate information about the rate of the reaction?

. —ACIO,/At = 2ACIO, /At
. —ACIO,/At = AOH/At

. —ACIO,/At = ACIO, /At
. ~AOH/At = 2ACIO, /At

onQw >

Rate of Reaction
CHyCl(aq) + H,0()) — C;HyOH(agq) + HCl(aq)

& The average rate can be expressed in terms of the
disappearance of C,;H,CL.

«& The units for average rate are mol/L's or M/s.

®& The average rate decreases over time.

& Data and plotting [C,H,Cl] versus time:

C,H,Cl(aq) + H,0(/) = C,H,OH(aq) + HCl(aq)

Plot of [C,H,Cl] vs. Time
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Rate of Reaction

C,H,Cl(ag) + H,0(!) — C,H;0H(ag) + HCl(aq)

& The rate at any instant in time (instantaneous rate) is
the slope of the tangent to the curve.

& Instantaneous rate is different from average rate.
& The instantaneous rate is usually the rate of reaction.




QUESTION

For:
2NOy = Oy + 2 NO, U

Of the following, which is
the approximate rate of O, -
appearance at 50 sec? !

A. 0.0080 mol/Ls ' .
B. 0.000016 mol/Ls
C. 0.00020mol/Ls /

D. 0.000030 mol/Ls

Important Factors that Effect Reaction Rates

1) Concentration: molecules must collide in order to react.
The higher the concentration, the higher number of collisions.
Rate = k (collision frequency) = & (concentration)
k = rate constant
2) Physical state: molecules must physically mix in order to collide.
The physical state (solid, liquid, gas) will affect frequency of
collisions, as well as the physical size of droplets (liquid) or
particles in the case of solids.(heterogeneous vs. homogeneous)

3) Temperature: molecules must collide with enough energy to
react. (Activation Energy, Ea)
Raising the temperature increases the K.E. of the molecules, the
number of collisions and the energy of the collisions.

Important Factors that Effect Reaction Rates

Concentration: molecules must collide in order to react.
The higher the concentration, the higher number of collisions.
Rate = k (collision frequency) = k (concentration)

Reaction Rate and
Concentration

o

[€JC)

http://chemconnections.org/general/movies/html_swf/reactionrate_conc.htm

Physical state: molecules must physically mix in order to collide.
The physical state (solid, liquid, gas) will affect frequency of
collisions, as well as the physical size of droplets (liquid) or
particles in the case of solids.(heterogeneous vs. homogeneous)
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Fraction of Collisions Exceeding E,

ACTIVATED STATE )

Temperature: molecules must collide with enough energy to

react. (Activation Energy, Ea)
Raising the temperature increases the K.E. of the molecules, the
number of collisions and the energy of the collisions.
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QUESTION

Which of the following is
a correct conclusion based
on the information
presented in this figure?

A. The forward reaction is endothermic.

B. The activation energy for the forward reaction is less than
the activation energy of the reverse reaction.

C. The transition state is at a lower energy than the products.

D. The energy of the reactants represents a lower energy level
than both the transition state and the products.

Rate Constant (k) vs. Temperature

Reaction Rate Expression / Rate Law

For a Chemical Reaction:  aA + bB — ¢C +dD
_1AJA|__1A[B|_14A|c]_ 1A|D]
a At  bAt cAt d At
A Rate Expression for this reaction could be written as:
Rate =k [A]"[B]". . .

k = the reaction rate constant
m & n are called reaction orders. They define how the
rate is effected by the concentration of each reactant, for
example, if the rate doubles when the concentration of A
doubles, the rate depends on [A]', soa=1;
if the rate quadruples when the concentration of B doubles,
the rate depends on [B]?, so b =2.

Rate =

Can a reaction order equal zero?

3x1073
TL 2x107
1x1073

180 190 200 210 220 230 240 250
Temperature (°C)

Rate Laws

Zero Order

First Order

Second Order
@® O
http://chei ections.org/general/movies/html_swf/rate_laws.htm




QUESTION

A kinetic study of the reaction 2A + 2B — products was conducted
yielding the following results:

Experiment [A], (M) [B], (M) Initial Rate, M/ s

1 0.10 0.10 25
2 0.05 020 100
3 0.10 030 225
4 020 010 25

What is the rate law for the reaction?

A. Rate = K[A][B]
B. Rate = k[B2

C. Rate = K[AJ2[B]
D. Rate = K[A]2

E. Rate = K[A2[B]2

http://chemconnections.org/%20general/movies/1st-order-rxn.mov

First Order Reqction Plots
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QUESTION

The thermal decomposition of N,O5(g) to form NO,(g) and O,(g) is
a first-order reaction. The rate constant for the reaction is
5.1 x 10 s at 318 K. What is the half-life of this process?

s Plot of [NfOE] vs.
fiane or Shees A 2.00x103s
B 1.44x10%s
. Anor2hg C. 2.62x10"s
2 e 3 Aotz D. 3.93x10%s
= E. 1.00x10"'s

QUESTION

2CIO, (aq) + 20H (ag) — ClOy (aq) + ClO, (aq) + H,0 (/)

The following kinetic data were obtained for the reaction:

Experiment # [ClO,], M [OH], M Initial rate (M/s)
1 0.060 0.030 0.0248
2 0.020 0.030 0.00827
3 0.020 0.045 00124
4 0.030 0.050 0.0206

Determine the rate law and the rate constant for this reaction.
. Rate =k [CIO2][OH-] ; k = 14 L/mol s

. Rate = k [CIO2][OH-]; k=0.073 L/mol s

. Rate =k [CIO2][OH-]: k=14 s

. Rate = k [CIO2][OH-]""; k = 0.073 L/mol s

O Nw >

First-Order and
Second-Order Reactions

An Overview of First-Order and Simple
Second-Order Reactions

First Order Second Order
Rate law rate = k[A] rate = k[A]?
Units for k /s L/mol - s

1
Integrated rate law in In [A]; = -kt + In [A], 1/[A];=kt+1/[A],
straight-line form

Plot for straight line In [A],vs. t 1/[A];vs. t
Slope, y intercept -k, In [Alo k, 1/[A]o
Half-life (In2)/k 1/k[A]o

Unimolecular (1st Order) Reaction

One treatment of hyperthyroidism is the oral
administration of radioactive iodine, which
concentrates in the thyroid and slows the thyroid’s
hormone production.

1) B decays by a first order reaction with the emission
of a Beta particle, which has a half life of ~8 days.
The biological half life of iodine is ~100 days. Write
the rate law for the 3'T decay.

2) If 1.00 gram of 3'T is taken by a patient, how much
remains after 1 week? After 1 month? After 1 year?

QUESTION

Consider the hydrolysis of t-butyliodide, the equation for which
is (CH5) 5C-I + H,0O — (CH,) ;COH + HI. The equation
governing the rate of this reaction is rate = k[(CHj;) ;C-I]. What
is the order of each reactant and the overall order of the
reaction?

A. The order of t-butyliodide is 0, the order of water is 1, and the
reaction order is 1.

B. The order of t-butyliodide is 1, the order of water is 1, and the
reaction order is 1.

C. The order of t-butyliodide is 1, the order of water is 0, and the
reaction order is 2.

D. The order of t-butyliodide is 1, the order of water is 0, and the
reaction order is 1.

E. The order of t-butyliodide is 1, the order of water is 1, and the
reaction order is 2.

QUESTION

A reaction is shown to be first order with respect to one
reactant, with a second order dependency on another reactant.
Which statement makes an accurate comment about these two
observations?

A. Assuming no temperature change, doubling the concentration
of both reactants would cause the reaction rate to double.

B. Assuming no temperature change, doubling the concentration
of both reactants would cause the reaction rate to increase by
a factor of four.

C. Assuming no temperature change, doubling the concentration
of both reactants would cause the reaction rate to increase by
a factor of five.

D. Assuming no temperature change, doubling the concentration
of both reactants would cause the reaction rate to increase by
a factor of eight.




The Arrhenius Equation

_Ea

k=Ae /RT

& / is the rate constant, E, is the activation energy, R is
the gas constant (8.314 J/K mol) and T'is the

temperature in K.

& A is called the frequency factor.
& A is a measure of the probability of a favorable

collision.

& Both 4 and E,, are specific to a given reaction.

The Arrhenius Equation
» With sufficient data, £, and 4 can be determined
graphically by rearranging the Arrhenius equation:

Ink =~ h"_ +InA

» With only two sets of data:

].nkl—Ea 1 1

k, R T2_T]

QUESTION

Use the Arrhenius activation energy equation to determine the
activation energy for a reaction that has, at 25.0°C, a specific

rate constant of 0.010 S~! and at 50.0°C a specific rate constant

0f0.020 s~ (R = 8.3145 J/K mol)

L2907

3207

. 220007

. —22000J

. None of the above

muOw»

Determination
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?erlas oftplc':lts . .
Slcorcaniratics Kinetic
Determine slope of tangent at Parameters

to for each plot

Initial
rates

Compare initial rates when [A]
changes and [B] is held
(and vice versa)

Reaction
orders

Substitute initial rates, orders,

rate law: rate = k[A]"[B]

and concentrations into"general

4' of a Reaction

Rate constant = Integrated
(k) and actual = rate law
rate law (half-life,ty,)
Rearrange to
linear form
and graph

Rate constant
and reaction
order

at different
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Activation
energy, E,

QUESTION

Which line in the Energy Diagram corresponds to the activation

energy for the reverse reaction?

Bxtent of Reaction

gcow>
SN X




http://chemconnections.org/general/movies/Ea-1.MOV ~ Ea-2.MOV Ea-3.MOV
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Rate Laws for General Elementary Steps

Elementary Step Molecularity Rate Law
A product Unimolecular Rate = k[A]
2A product Bimolecular Rate = k[A]?
A+ B product Bimolecular Rate = k[A][B]

Least likely of the elementary steps. Why?
2A + B product Termolecular

Rate = K[A]Y[B]

QUESTION

An active ingredient in a nutritional supplement can slowly
decompose by a uni-molecular process to an inactive isomer while
stored in the package with no other chemicals reacting with it. The
specific rate constant for the reaction, at 25.0°C, is 4.2 x 10> hr ',
If the initial concentration were considered to be 100.0% how long
would it take to be reduced to 75.0% of its potency?

. 6800 hours

. 32000 hours

. —6 800 hours

. 2900 hours

. 4 months, 3 weeks, 2 days, and 5 hours

mgOQwp

Should the Food & Drug Administration (FDA) approve the sale of
this nutritional supplement?

Bimolecular (2nd Order) Reaction

Bimolecular Reaction

Nature of the Transition State in the
Reaction Between CH;Br and OH-

Reaction Energy Diagram
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QUESTION

Two reactions have the same rate. One reaction is first order
whereas the other is second order. Which comment about the half
lives of both reactions is accurate?

A. As their rates are equal, their half lives will be equal.

B. The half life of the second order reaction will be twice that of
the other.

C. The half life of the second order reaction will be 1/2 that of the
other.

D. No direct comparison can be made with only that information.

Overall Reaction Mechanism

Stept  Bimolecular Nz + OCI™ —s NH,Cl + OH"

Bimolecular  NECl + NHy — Natis™ +C1°

Bimalecular Nos® + OH — Ny + Hy0

P Overallresction 2Nz + OCI™ —s Nabtg + Hp0 + C1

i
H=N:
H
http://en.wikipedia.org/wiki/Hydrazine

Hydrazine was first used as a rocket fucl during World War II for the Messerschmitt Me163B (the
first rocket-powered fighter plane), under the code name B-Stoff (hydrazine hydrate).

Hydrazine is also used as a low-power monopropellant for the maneuvering thrusters of
spacecraft, and the Space Shuttle’s auxiliary power units (APUs). In addition, monopropellant
hydrazine-fueled rocket engines are often used in terminal descent of spacecraft. A collection of
such engines was used in both Viking program landers as well as the Phoenix lander launched in
August 2007.

http://chemconnections.org/general/movies/Hydrazine-mech. MOV

QUESTION

Consider the following hypothetical chemical reaction:
A+2B—E

The mechanism for this reaction is

a) 2A+ B — C (slow)

b) B + C — D (slow)

c) D — E + A(fast)

Which one of the following is the correct rate law for this reaction?
rate = k[A]2[B]?

rate = K[D][B]

rate = K[A][B]

rate = k[A][B]?
rate = k[A]=2[B]

moow»>

Effect of Catalyst on Reactions

RANSITION Uncatalyzed
STATES,
Eutwa) \
n
; catalyst Gy
3 Eatwa) no catalyst
5 ‘'with catalyst
Catalyzed
REACTANTS I
AH
PRODUCTS
Reaction progress
http://chemc tion eneral/movies/html_swf/h atalysis.htm

QUESTION

Effective

The second diagram in this figure supports the statement ...

. That the catalyst increases the energy of the collisions.

. That the activation energy is lowered by the catalyst.

. That adding a catalyst increases the number of collisions thereby
increasing the opportunity for a reaction from reactant to
product.

D. That a catalyst provides an alternate pathway that can raise the

activation energy.

oW >

Heterogeneous Catalyst

http://chemconnections.org/general/movies/H2-cat.mov

. -

Surface Reaction-

Hydrogenation




QUESTION Ozone Kinetics

hitp.//chemconnections.org/general/movies/O3-cat.mov

‘What role, as suggested in this figure, does the . . .
metal surface pli%/ in the reactiof to add H atoms 0 Stratospheric ozone is very 1mp0rtaqt. It absorbs o
to a saturated C to C double bond? short-wavelength (~ 3x10-"m) ultraviolet (UV) radiation from the sun
A. The metal acts to absorb H, and change it to 2H . which is one of the strongest mutagens. .
so that it can be added to the double bond; once 00 O9+0p — Os [formation]
this is completed the metal is ready to do this 0. . +0 20 [breakdown]
again. 3@ (@) 2(e)
B. The metal acts as a homogeneous catalyst to 0Q
promote the hydrogenation of the compound
with the double bond. 00 UV photon
C. The metal allows the migration of the H, on the \ 0, (@ T’ 2 O(g) Stratospheric Ozone
surface that catalyzes the reaction.
D. The metal has a greater attraction for C,H, than | @ 0, _UV photon 0,y + O
for C,H,. This assists, as a catalyst, the ' ® Uy ® Te

completion of the reaction.

Ozone Kinetics: Catalysis CFCs & Depletion of Ozone

UV photon
Freon -12 CF,Cl, oV +CF,Cl, + «Cl g
N g g
+.Cl,, —=——=.(Cl +
Catalytic Destruction of 03 (g) C (3] C O(g) 02 (2)

Stratospheric Ozone

+ClO + Ogy == +Clyy + O,

O3+ Oy 205

CFC's & The -« represents an unpaired electron, resulting from homolytic
Stratospheric Ozone bond breaking, and the resultant molecules are respectively
UV photon called a “free radical”. They are very reactive.
CF,Cl, +CF,Cl, ++Cly,

A

Enzymes Catalytic Power Enzymes Catalytic Power

Enz%mes lower the Energy of Activation.
* Enzymes can accelerate reactions as

much as 10'¢ times over uncatalyzed
rates, i.e., 10,000,000 billion times! \
¢ Urease: (Found in bacteria, yeast & AGH, Free energy | \

higher plants) of activation | \

* Breaks down urea into ammonia,
CO, and releases energy.

* Catalyzed rate: 3 x 10%/sec
* Uncatalyzed rate: 3 x 101%sec

* Relative difference is 1 x 1014 \
(100,000 billion times) ~ 6CO, + 611,0

/ \ AG?, Energy of activation
Glucose —< \ with enzymes

+60,

Free energy, G

\ AG, Free energy
released




Enzymes Function
& Inhibition

Ky K
E+S ? ES— P+
1
VSl g _kitk

max

= — 1

K, +[S] k,

» Competitive inhibition: Inhibitor (I) binds only
to E, not to ES. (Substrate cannot bind. K, increases.)
* Noncompetitive inhibition: Inhibitor (I) binds

either to £ and/or to ES. (¥, decreases and K,, can

increase, decrease or remain constant.)

http://chemconnections.org/general/movies/Enzymes-Energy.mov

Oscillating Reactions & Bio Feedback

Bread mold Bread mold
cycle: WC-1= cycle: frg =
(+8 hrs to (+16 hrsto
recycle) recycle)

J. Amold, Proc. Natl. Acad. Sci., 104, 2809-2814, Feb. 27, 2007.
http.//www.pnas.org/content/104/8/2809 full

Human Circadian Rhythm &
Oscillating Reactions

Noon

18:30Highest blood pressure
19:00 Highest hody rature

Lowest body temperature 04:30
1:00 Molatonin secretion starts

ents swppressed. At what time of day
will most people
produce urine at the
fastest rate?

At what time of Mignignt
day will you most

likely have an

allergic reaction?

http://www.sci diy om/sci article/pii/0021870765900869




