CH 302 — Unit 4 Review 1

FUNDAMENTALS OF KINETICS
BY THE WAY, CHECK OUT OPEN STAX FOR THOROUGH KINETICS INFO:

HTTPS://GOO.GL/6J7SMX



Solving Kinetics Problems

1. Identify the type of
problem: Relative rates, rate
law, integrated rate law, etc.

2. Write the equation that you
will use to solve for your
final answer

> Kk, alwys
3. Solve the problem f
o Reflect on your answer to (+)

see if it makes sense



Introduction to Kinetics

Tlhere are four types of kinetics questions types that we have discussed in this
class:

1. Relative rates of a reaction (think stoichiometry): If you can measure the rate of
formation for a product, you can use stoichiometry to determine the rates for all
other products and reactants

These work well
for initial rates

2. Rate Laws: The rate law is a fundamental equation used to calculate the rate of a
reaction from the rate constant, k, and the concentrations of the reactants raised to
the power of their “order”. The overall reaction order is the sum of the orders of the

reactants.

3. Empirical Rate Law: Because the order of reactants are not necessarily based on
stoichiometry, you must run an experiment to measure this value based on the Takes into
initial rate of reaction at different starting concentrations account the fact

: . , Q/ that the rate can
4. Integrated Rate Law: Knowing the order of a reaction, you can determine the rat change over time

or concentrations of a reactant at any given point in time (calculus is necessary
here because if the rate is dependent on concentration, the rate is changes as
the reaction proceeds)




The Four Factors that Affect Rates

1. Nature of reactants/ Availability of the molecules

Increase the rate without

o Larger surface area = faster rate changing the rate constant
0 Ex: this is the reason why we chew our food (mechanical digestion) |
2. Concentration (and pressure)
o Higher concentration, higher rate if your reaction is first order or higher
o Increases the rate based on the fact that the rate law is concentration dependent
3. Temperature Increase the rate by

o Higher temperature, higher rate always (in this class) < increasing the rate constant
0 Increases the rate based on the fact that the rate constant in temperature dependent /

4. Catalysts
o Catalysts decrease the activation energy, which increases the rate based on the Arrhenius Equation

0 The activation energy is decreased by modifying the substrate orientation
Increases the rate based on the fact that the rate constant is proportional to the negative activation energy

Q



This is one example where stoichiometry DOES matter

Relative Rates of a Reaction

¥
1 3 2
The fundamental rate of a reaction can be
described by the rate of change of any reactant ﬂA + bB — p‘ + dD
or product of the reaction. A few important

notes:
1. Coefficients play an important role: if b = 3,

h f ion for B is 3 ti h -
the rate of consumption for B is 3 times the rate _ A[A] QA[B +A[C] +A[D]

overall reaction rate; if d = 4, the rate of
formation for D is 4 times the overall reaction Z'At ”At
rate

2. The rate of change for different species can ak ¥ 3 - - 0'(
be interconverted: based on the information X L e O

above, we can say that the rate of formation " x4 e o L{
for D is 4/3 the rate of consumption of B \i
i ~4A[B] _ A[D]
3. The rate of change for reactants and products =
are always opposite in sign '}At At

\




Overall Rate of a Reaction - Example

-ACNgI AV Alw
N 3H — 2NH - - —
,(8)+3H,(8) (8 Rade = vl iy vl vt
1. Write an expression tha.t represents the \W

overall rate of the reaction in terms of

each of the reactants and products | _ 2 A C ",l 1 ) A [‘N H 3]

2. Write the rate of formation of ammonia

(NH;) in terms of hydrogen (H,). 3A + A +

3. Suppose the initial rate of formation of 0 (’
ammonia is 0.6M/s. Write the overall >/ 2 ' M
initial rate of the reaction. rxn rk‘ ¢ /2, —  Z 0.3 /S




Rate of a Reaction - Example

N,(g)+3H,(g) = 2NH,(g)

1. Write an expression that retpresents the overall rate of the
reaction in terms of each of the reactants and products

2. Write the rate of formation of ammonia (NH;) in terms of
hydrogen (H,).

3. Suppose the initial rate of formation of ammonia is 0.6M/s.
Write the overall initial rate of the reaction.




Introduction to Rate Laws

aA+bB — cC+dD
rate = k[A]'|B]

Rate of reaction in the units of M/s \

X = order of A

y = order of B

X +y = overall order of the reaction
Order is usually positive integers,
but can be fractional or negative in
rare cases

Rate constant (measured
value). Units depend on the
order of reaction; must
cancel units of [A]*, [B]Y to
get rate = M/s




What is the order? You have to use
experimental data to figure it out.

Introduction to Rate Laws

aA+bB — cC+dD
rate = k[A]'[B]

Oth Order:

M
rate = K ) K= /s
First Order:

|
cotez K[AT oR kCB] K= % (
S e (T on DAY, Kiag



Rater _ ECSH"],

Rete, ) CeH1”
Empirical Rate Laws LC5Hu]

Consider the bromination of pentene:

Trial # CH

G+ s i _
Start with the rate law: A 2 72 T 2

rate = k C5H10Lﬁ?7‘2ﬁ)ﬁ 40M/s

Then use the data to solve for x, y, and k.

rote - kfcgl“lo] [B“zl
o = k(@) (7)) k1S

4M




Empirical Rate Laws: solution
Trald |[GHal [l [Rate

10M/s
2 4M 2M 20M/s
3 AM 4M 40M/s

Eetween trials 1, 2: we doubled the concentration of pentene and the rate doubled. No change was made to
romine.

Between trials 2, 3: we doubled the concentration of bromine and the rate doubled. No change was made in
pentene. This is indicative of a reaction that is first order in bromine.

Now that we know the order of the reaction, we can set up our equation: rate = k[CsH,,]*[Br,]*. The reaction is
second order overall.

We can use any trial to solve for k. For example: 10M/s = k(2M)(2M), k = (10M/s )/ (2M)?, k = 2.5M5*

Important: trials 1, 3 don’t make for a great comparison at the beginning because both reagents have different
concentrations. It’s difficult to determine which reagent is causing the rate to change



Exam Question (do on your own)

For the reaction:
A+ B, + 2C - D,

Initial Initial Initial Initial
Al (B (] rate
M M M M/s

0.01 001 0.10 1.20x10°
0.02 0.01 010 4.80x 10°
003 001 020 2.16x 10
0.04 0.02 0.10 3.84x 10

You run an experiment to determine the
initial rates of the reaction under 4
different starting conditions. Write the
complete rate law for the reaction. What is
the value of k?

e L B

Rate, _k[AL[B,[CT;

Rate,  k[A]/[B,]/[C];




Exam Question

For the reaction:
A+B,+2C->D,

Initial Initial Initial Initial
[A] ‘Bs] C] rate

You run an experiment to determine the initial M M M M/s
rates of the reaction under 4 different starting

conditions. Write the complete rate law for the 0.01 0.01 0.10 1.20 x 10°
0.02 001 0.10 4.80x 10?

reaction. What is the value of k?
0.03 001 020 2.16x 10
0.04 0.02 0.10 3.84x 107

e

Rate = 1.2 x 10%°[A]?[B,][C]
(units of kK omitted)

Rate, k[AL[B,L[C];

Rate, k[A]/[B,]][C];




7\ Al
Integrated Rate Laws s

First Order-general formula, slope-intercept formula, half life

rate = k[ A]

rate =k

rate = k[ A’




First Order: Visual

First Order: general formula, slope-intercept formula, half life

e Okt g, e,

[A]

fn CA]

Ji
e



Zeroth Order: Visual

Oth Order: general formula, slope-intercept formula, half life

41, -1a1=k CA]= ~K# + CA] Lo,

2k

rate =k

(Al ~

.,_
e



Second Order: Visual

2nd Order: general formula, slope-intercept formula, half life
rate = k[ A]*

L1 | | 1
kt - = k“' } —— — =1

(Al 1A, T A




Conceptual Note: Integrated Rate Laws

Integrated rate laws take into

account a single reactant that has Ot Ck]
order, 15t order, or 2" order kinetics.
These equations fail when: / CB
1. The reaction has any significant
backward rate 1

2. The reaction is at equilibrium rm‘( r K { A:‘

(backwards rate equals the

forward rate) fa"f - Kk (A CB}

3. When the overall rate depends . 00 M
on the concentration of another [ A-l 69‘ M 05
reactant (we use “pseudo-first °
order” to get around this) r“LCC.B;J‘/ C lb‘l K' z K CS]




bewenhid rak Lo o0p!
" ) ' CA]"/

13% grder- In 220 o+

Exam Question CA]

\
For the reaction below: k p . L /5
cyclobutane(g) — 2 ethylene(g) _ o |
at 800K, a plot of In[cyclobutane] vs time (in 1" (’ ()) B l ] ()

seconds) gives a sfraight line with a slope of -1.6. _ \ .73 S
Calculate the time (in seconds) needed fexthe ‘/(’ +
concentration of cyclobutane to fs '
initial value. — e E ;‘L——'—

,en (2)

¢f k..l[' Sives




(RC\“"“" Rete

Exam Question

The initial rate of formatiqp of O, in the following

reaction is 3.2M/s and the rate law ism

2N,05(g) — 4N0,(g) + 0,(9) R“l" OL *L -

rate Na0g

- 6u*™/s

What is the initial rate of consumption of N,O.?



Exam Question

The initial rate of formation of O, in the
following reaction is 3.2M/s.

2N,05(g) -> 4NO,(g) + O,(g)

What is the initial rate of consumption of N,O.?




Exam Question ‘Z"A ordv-

Consider the reaction:

2N0,(g) — 2NO(g) + 0,(9) 3 é g-s

How\long will iy take for the concentration of NO, to
decre 8.3M to 3.6M? Answer in minutes.

k=1x10° M52 N - /S'ZS - 2.CZ MmA




Exam Question

The reaction

N2 + 3 Hy — 2NH3
is proceeding under conditions that 0.150
moles of NH3 are being formed every 20 sec-

onds. What is the rate of disappearance of
Hy?

3
Ratle “lz - "Mua?
. \\2Sr\°r~/’ 1.5% (6.150 /q0 s)



Exam Question

Consider the concentration-time dependence
graph for two first-order reactions.

Molar Concentration
of Reactant

(Alo
[z
—
£
)
@)
Time —

Which reaction has the larger rate con-
stant?

Longer half life?




Kw,g Rak 1"\/

Exam Question

Consider the reaction
4Fe?*t (aq) + O2(aq) + 2Hy0(¢) — C
4Fe?t (aq) + 4 OH (aq -
() AR /

rate = k[Fe? [QH_12[Qo] !
What is the overall order of the reaction
and the order with respect to 057

ﬁ
1.5and 1
2. 7and 1
3.3 and 1
@nd 1 correct
W
5.4 and 2



This is the other example where stoichiometry DOES matter

Reaction Mechanisms: Elementary Steps

* At first we said that we cannot simply look at - -
an overall equation and use stoichiometry to (CH3 )3 CBr+OH™ — (CH3 )3C0H + Br

determine the rate law.

*  However, we can determine the rate law if we can Mechanism:
determine the elementary steps, or the steps that make up

the overall reaction. If you identify the correct elementary low + _
step, you will use stoichiometry to determine the rate step 1:(CH,),CBr———(CH,),C" + Br

law.
step 2:(CH,),C* + OH —*—(CH,),COH
*  Most elementary steps are “fast.” The elementary step we ) '

use to determine the rate law is the one labeled as “slow” rate =k1 [(CH3 )3CB"]
or “rate limiting.”

The rate of this reaction depends only on step 1. This
* Collision theory states that the reaction rate is elementary step involves a tert-butyl bromide
proportional to the number of successful collisions divided decomposing in solution to form bromide and a
by time. Therefore, it should make sense that the rate law

can be determined by the slowest elementary step. carbocation. Because it involves only one reactant,

we call this a unimolecular elementary step.




Reaction Mechanisms: Elementary Steps
(CH,),CBr+0OH™ — (CH,),COH + Br~

Mechanism:

step 1:(CH,),CBr—*—(CH,),C* + Br~ ,‘ E
step 2 : (CH,),C* + OH —“—(CH,),COH |

rate =k, [(CH,),CBr]

rxn ‘rMJNJS



Reaction Mechanisms: Elementary Steps

CH,CH,Br+OH — CH,;CH,OH + Br~

Mechanism:

step 1: CH,CH,Br+OH™ —**—CH,CH,OH + Br~

€.
rate = k,[CH,CH,Br][OH "] 1
Observe the difference with this reaction. There is only one step so it is R’” N‘.)
easy to determine the rate-limiting step, but this reaction is bimolecular. ff’)
This means that the rate depends on the collision of 2 molecules.




Reaction Coordinate Diagrams

Be able to identify/explain the following
on a graph:
|. The number of steps

The number of “humps” on a diagram; each
representing a high energy transition state

2. The number of intermediates ~
The number of valleys between humps t .
3. The transition states .

High energy, transient states

previously existing intermediate/reactant
- Rate-limiting step (slow step vs. fast step)

The hump with the greatest change in energy (not
always the highest energy maxima on the diagram)

- Activation Energy of the reaction

The energy difference between the
reactant/intermediate and the transition state of
the rate-limiting step

. The overall change in enthalpy

The energy difference between the reactants and
the products (think thermodynamic state functions)

Always represent a higher energy state than the K

.o

o

(@)



Mechanisms: Hard Example

* Inthe previous examples, our rate limiting
step was the first step. If this is the case,
your rate law is very easy to determine.

Consider the multistep reaction that has the
overall reaction

*  However, a rate law must always be written 2A4+2B = C+D.
in terms of the species that show up in the
overall reaction. In other words, What is the rate law expression that would
intermediates cannot be written in the rate correspond to the following proposed mecha-
law. nism?

* We will need to do a few additional steps A+B=1 (fast)
for an example where the slow step is not [+B—=C+X (slow)
the first step. X+A—=D (fast)



Mechanisms: Hard Example

Consider the multistep reaction that has the
overall reaction

2A+2B = C+D.

What is the rate law expression that would
correspond to the following proposed mecha-

nism’?’
A+B=1 (fast)
[+B—=C+ X (slow)
X+A—=D (fast)



Mechanisms: Hard Example

Consider the multistep reaction that has the
overall reaction

2A+2B - C+D.

What is the rate law expression that would
correspond to the following proposed mecha-
nism?’

A+B=1 (fast)
[+B—=C+X (slow)
X+A-=D (fast)




Mechanisms: Harder Example

*  This problem shows that it can be trickier. In
this case you are forced to include an
intermediate in the rate law. It will have a Step Reaction
negative order. This is OK.

Consider the reaction mechanism

1 CoHy4 + BrF — CoH4F + Br
2 CoHy4F + BrF — CoHyFo + Br
3 Br + Br — Br»

overall C2H4 + 2BrF — CQH.;FQ -+ Bl‘g

What is the rate law if step 2 is the rate-
determining step?



Mechanisms: Harder Example

Consider the reaction mechanism

Step Reaction
1 CsH4 + BrF — CoH4F + Br
2 CoH4F + BrF — CoHyF» 4+ Br
3 Br + Br — Bro

overall CoHy + 2BrF — CoH4F2 + Bro

What is the rate law if step 2 is the rate-
determining step?




Collision Theory: Activation Energy

This graph shows that
at a higher temperature
( T2), more molecules
have the necessary
energy to make it over
the “hump” (overcome
the activation energy)

Earlier, | mentioned that Collision Theory states that the
reaction rate is proportional to the number of successful
collisions divided by time.

* We can define a “successful collision” as one that has
sufficient energy to break or form the bonds in the
elementary step.

* The ener%]y required for a successful elementary step
is called the Activation Energy.

* Remember: you can increase the probability of
collisions by increasing the surface area or increasing
the concentration. anaral

portion of collisions
with the respective energy

* Taking it one step further, the Arrhenius Equation give

us two very helpful ways of increasing the rate of a -Ea
reaction: \ E—
k =Ae*

1. You can increase the temperature
Increase the rate
2. You can add a catalyst (lower Ea) | . ctant




Collision Theory: Temperature and
Catalysts

How does temperature affect the rate of
reaction?

By increasing the temperature, you are
increasing the number of particles that
have enough energy to collide successfully.
In other words, you are increasing the
number of particles with the ability to
overcome the activation energy.

Based on the Arrhenius Equation, you will
get a higher rate constant that will give you
a faster rate of reaction.

How does adding a catalyst affect the rate of
reaction?

Catalysts lower the activation energy by
stabilizing the transition state.

Like temperature, this mathematically
results in a higher rate constant

Catalysts are not consumed in the
reaction. They will show up on the
reactant and product side of the reaction
mechanism

Enzymes are biological catalysts

In() = & (- )

-FEa

k=Ae*




Fundamentals of Nuclear




Nuclear Rate of Decay: Half-Life

*  The rate at which an unstable isotope decays is measured by its
half-life. Half-life is defined as the amount of time it takes for /2
of your material to decay.

In(2) _ In(2) _

1/2
k t1/2

* Radioactive decay follows first order kinetics. This means the rate
of decay is dependent on the amount of the decaying material.

_kt [A],
[A]=[A],e k In A = kt

k




Exam Questions

1. Easy: How long will it take for 256 grams of Pu-241 to decay into 16 grams? The half-life of Pu-241 is
14.4 years.

2. Challenging: How long will it take for 43,453 grams of Pu-241 to decay into 6,378 grams? The half-life
of Pu-241 is 14.4 years.



Exam Review Slides




Applying Integrated Rate Laws

The integrated rate laws can be written to vyield straight lines on the curves.
The main difference between them is the axes:

O

O

O

O

All graphs have time as the x axis

v

Ot order: y-axis is concentration
15t order: y-axis is the natural log of the concentration
2" order: y-axis is the inverse of the concentration

The other difference is the slope
Ot and 1t order have a negative slope (slope = -k)
2"d order has a positive slope (slope = k)

O

O

T~

[A]=-kt +[A],

In[A] = —kz +In[A],




Half-Lives of Integrated Rate Laws

* First Order Half-Life: Independent of concentration

In(2)
T =1
« 0% Order Half-Life: Directly related to concentration
[A],
2% "
« 2™ QOrder Half-Life: Inversely related to concentration
: =1
k[A]O 1/2



Conceptual Note: Integrated Rate Laws

* Integrated rate laws take into account a single reactant that has 0" order, 15t
order, or 2" order kinetics. These equations fail when:

The reaction has any significant backward rate
*  The reaction is at equilibrium (backwards rate equals the forward rate)

*  When the overall rate depends on the concentration of another reactant
We get around this by setting up Pseudo-first Order conditions:

rate = k[ A]|B]

. We can “mimic” first order conditions by using disproportionate starting conditions. Suppose we start with
2M A and 0.05M B. We get a new expression with a new “k” value that is equal to the product of the
original k and the relatively consistent concentration [A]:

rate =k-2-[B]=k'[B]
e




Fundamentals of Mechanisms

We can propose a mechanism that dictates the kinetics of the reaction. This helps us
define the following terms:

1. Rate-limiting step: the slow step of a mechanism; dictates the rate of the reaction and
activation energy

2. Molecularity: the number of species involved in the rate-limiting step

o Unimolecular: the rate-limiting step involves a single mole of a single species ; the rate law for this step is
first order
Bimolecular: the rate-limiting step involves the collision of 2 species ; the rate law for this step is second
order

o Note: we do not often propose elementary steps that are trimolecular and beyond. This is because it is very

improbable for 3 species to collide with the correct energy / orientation
3. The Overall Rate Law: the rate law properly expressed in terms of only reactants

0 If the rate-limiting step involves an intermediate, you will need to substitute to in to express your
rate in terms of only the reactants of the overall reaction



Mechanisms: Example

Consider the reaction below:

Ha(g) + l2(g) — 2HI(g)

The proposed mechanism of this reaction is:
I, = 2| k1, k.1(reverse rxn), fast
2l + H, — 2Hl ks, slow

What is the rate of the overall reaction?




