Chemistry 132 NT

We are what we repeatedly do.
Excellence is, then, not an act,
but a habit

Aristotle

Reaction Rates

Module 1
Reaction Rates
=Definition of Reaction Rate
=Experimental Determination of
Rate

=Dependence of Rateon
Concentration The burning of steel wool

Chem132 NT

& Chemigtry 132 NT (First Exam)

+ Reaction Rates: Kinetics
+ Chemical Equilibrium

# Each chapter broken into modules (3 or 4)
» Tutoria quiz at end of each module
»* Homework assignment for each chapter




Tips

= Keep your text book handy.
= Takethetutorial quiz.
= Paceyourself.

Reasonsfor Studying Kinetics

= The production of chemicals.




Reasonsfor Studying Kinetics

= The production of chemicals.

Reaction Rates

= Chemical reactions require varying lengths
of time for completion.

+This" reactionrate” depends on the
characteristics of the reactants and products
and the conditions under which thereaction is
run.

+By understanding how the rate of areactionis
affected by changing conditions, one can learn the
details of what is happening at the molecular level.

Reaction Rates

= The questions posed in this chapter will be;
#\What conditionswill affect therate of a
reaction?
#How istherate of areaction measured?

#How do you expresstherelationship of rate
tothevariables affecting therate?

+What happenson amolecular level duringa
chemical reaction?




Reaction Rates

= Chemical kinetics isthe study of reaction
rates, how reaction rates change under
varying conditions, and what molecular
events occur during the overall reaction.

+What variables affect reaction rate?

Concentration of reactants.

Reaction Rates

= Chemical kinetics isthe study of reaction
rates, how reaction rates change under
varying conditions, and what molecular
events occur during the overall reaction.

+What variables affect reaction rate?

Concentration of a catalyst.

Reaction Rates

= Chemical kinetics isthe study of reaction
rates, how reaction rates change under
varying conditions, and what molecular
events occur during the overall reaction.

+What variables affect reaction rate?

Temperature at which the reaction occurs.




Reaction Rates

= Chemical kinetics isthe study of reaction
rates, how reaction rates change under
varying conditions, and what molecular
events occur during the overall reaction.

+What variables affect reaction rate?

Surfacearea of asolid reactant or catalyst.

Reaction Rates

= Chemical kinetics isthe study of reaction
rates, how reaction rates change under
varying conditions, and what molecular
events occur during the overall reaction.

+What variables affect reaction rate?

Let'slook at each in moredetail.

Factors Affecting Reaction Rates

& Concentration of reactants

+More often than not, therate of areaction
increases when the concentration of areactant is
increased.

#|ncreasing the population of reactants increases the
likelihood of a successful collision.

+|n some reactions, however, the rate is unaffected
by the concentration of a particular reactant, as
long asit is present at some concentration.




Factors Affecting Reaction Rates

= Concentration of a catalyst.

+A catalyst isasubstancethat increasesthe
rate of a reaction without being consumed in
the overall reaction.

+The catalyst, generally, does not appear in the
overall balanced chemical equation (although its
presence may be indicated by writing its formula
over thearrow).

2H,0, A\ Y2#®)2H O, +O

2(aq 2(9)

Factor s Affecting Reaction Rates

= Concentration of a catalyst.

+The next dide shows the HBr catayzed
decomposition of H,0,to H,0 and O,.

2H,0,,, #H® 2H,0,,) +0 )

+A catalyst speeds up reactions by reducing the
“activation energy” needed for successful reaction.

+A catalyst may aso provide an alternative
mechanism, or pathway, that resultsin afaster rate.

I Catalytic decomposition of hydrogen peroxide |

The hydrogen peroxide decomposes rapidly when
hydrobromicacid isadded to produce oxygen gas
bubblesand thered color of Br,.




Factors Affecting Reaction Rates

= Temperatureat which areaction occurs.

+Usually reactions speed up when the temperature
increases.

+A good “rule of thumb” isthat reactions

approximately double in rate with a10 °Crisein
temperature.

Factor s Affecting Reaction Rates

= Surfacearea of asolid reactant or catalyst.
#Because the reaction occurs at the surface of the
solid, the rate increases with increasing surface
area.
+The next slide shows the effect of surface areaon
reactionrate.

Effect of large surface area on therate of reaction. |

Very finely divided
celluloseigniteseasily
to produce ayellow
flame. The powder has
alargesurfacearea
per volume and burns
rapidly in air.




Summary

= Concentration of reactants

= Concentration of catalysts

= Temperature of reaction

= Surface area of solid reactants and catalysts

Definition of Reaction Rate

= Thereaction rate istheincreasein molar
concentration of a product of areaction
per unit time.

+ |t can dso be expressed asthe decreasein
molar concentration of areactant per unit
time.

Definition of Reaction Rates

= Consider the gas phase decomposition of
dintrogen pentoxide.

2N,05(9) ® 4NO,(g) +0,(9)

+|f we denote molar concentrations using
brackets, then the change in themolarity of O,
would be repr 3

“changein”.




Definition of Reaction Rates

= Then, inagiventimeinterval, Dt , themolar
concentration of O, would increase by D[O,].
+Therate of thereaction is given by:

Rateof formation of oxygen:_D[[;)Z]

+This equation gives the average rate over thetime
interval, Dt.

+|f Dt is short, you obtain aninstantaneous rate,
that is, therate at a particular instant.

The instantaneous rate of reaction || Inthereaction

Concentration of O (mal L)

0.008

"] 2N,0 ® 4NO (e]
/( ,05(9) ® 4NO, () + O, (g)

0.o07 ra

Tangert —

- N The concentration of
// il 0, increases over
time. Y ou obtain the
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Li from the slope of the
2,003 tangent at the point of
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7( corresponding to that
time.
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Definition of Reaction Rates

= The next dide showstheincreasein
concentration of O, during the decomposition
of N,Os.

= Note that the rate decr eases as the reaction
proceeds.




Calculation of the averagerate. ||

Concertration of O, (maliL)

When the time changes

oo = }QED".J;) from 600 sto 1200s,
"‘HWS "t theaveragerateis
0.005

Ay _cobemen| 25X 10° moI/(IT-s).

i = e Later when thetime
changesfrom 4200 sto

/- 4800 s, the average rate
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FVR&'&= A[O.‘,J; 0.0015 mokL ThUSf, the rate of a
001 B reaction decreases as
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Definition of Reaction Rates

= Because the amounts of products and
reactants are related by stoichiometry, any
substance in the reaction can be used to
expresstherate.

Rateof decompositionof N,O, [NthOs]

= Notethe negativesign. Thisresultsina
positive rate as reactant concentrations
decresse.

Definition of Reaction Rates

& Therate of decomposition of N,O; and the
formation of O, are easily related.

H04.- 3/ (-ANO.)

= Since two moles of N,O, decompose for each
mole of O, formed, the rate of decomposition
of N,O; istwicetherate of the formation of

O (Q,040)® 4NO,(9) (P.(0)
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A Problem to Consider

+ Consider the reaction of nitrogen dioxide with
fluorine to givenitryl fluoride.

2NO,(9) +F,(9)® 2NO,F(9)

+ How isthe rate of formation of NO,F related to the
rate of reaction of fluorine?

A Problem to Consider

+ Consider the reaction of nitrogen dioxide with
fluorine to givenitryl fluoride.

2NO,(9) +F,(9)® 2NO,F(9)

+ Therate of disappearance of any reactant “X” is
-D[X]/Dt. Sotherate of disappearance of the

fluorine would be written:
: F
Rateof reactionof F, =- %

A Problem to Consider

+ Consider the reaction of nitrogen dioxide with
fluorine to givenitryl fluoride.

2NO,(9) +F,(9)® 2NO,F(9)

+ Therate of appearance of any product “Y” is
D[Y]/Dt (note that it's positive). So therate of
appearance of the NO,F would be written:

Rateof reaction of NO,F :%

11



A Problem to Consider

+ Consider the reaction of nitrogen dioxide with
fluorine to givenitryl fluoride.

2NO,(g) + F»(9) ®(2NO,F(9)

+ These rate expressions can be equated, if you divide
each by the coefficient of the corresponding
substance in the balanced chemical equation.

@L\'Of] - OR]
Dt Dt

A Problem to Consider

+ Calculate the average rate of decomposition of
N,O, -D[N,O/Dt, by the reaction

2N 05(9)® 4NO,(g) +0,(9)

during thetimeinterval fromt = 600 sectot = 1200
sec. Use the following data.

Time [N,O]
600 s 1.24x102M
1200 s 0.93x 102M>

A Problem to Consider

+ Calculate the average rate of decomposition of
N,O, -D[N,O/Dt, by the reaction

2N,05(9)® 4NO,(g) +0,(9)

during thetimeinterval fromt = 600 sectot = 1200
Sec.

The changein [N,O.] is calculated by taking the final
molarity minus the initial molarity. Therefore,
BIN,Oq]

Averagerate=-
Dt

*12



A Problem to Consider

# Calculate the average rate of decomposition of
N,Oy, -D[N,O]/Dt, by the reaction

2N,05(9)® 4NO,(g) +0,(9)

during thetimeinterval fromt = 600 sec tot = 1200
Sec.

The change in [N,O,] is calculated by taking the final
molarity minus the initial molarity. Therefore,

(0.93- 1.24)" 10°°M
(1200- 600)sec

Averagerate=

A Problem to Consider

+ Calculate the average rate of decomposition of
N,O, -D[N,O/Dt, by the reaction

2N 05(9)® 4NO,(g) +0,(9)

during thetimeinterval fromt = 600 sectot = 1200
Sec.

The change in [N,O;] is calculated by taking the final
molarity minus the initial molarity. Therefore,

. -2
Averagerate:(:gL)'31 LU

600sec

A Problem to Consider

+ Calculate the average rate of decomposition of
N,O, -D[N,O/Dt, by the reaction

2N,05(9)® 4NO,(g) +0,(9)

during thetimeinterval fromt = 600 sectot = 1200
Sec.

The changein [N,O.] is calculated by taking the final
molarity minus the initial molarity. Therefore,

Averagerate=5.2" 10 °M /s

*13
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Summary

= Using stoichiometry torelatethe
disappearance of reactantsto the
appearance of products.

= Calculating the average rate of areaction
over agiven amount of time.

41

Experimental Determination of Reaction Rates

= To obtain the rate of areaction you must
determine the concentration of areactant or
product during the course of thereaction.
#+0One method for slow reactionsis to withdraw

samplesfrom the reaction vessel at varioustimes
and analyze them.

+More convenient are techniques that continuously
monitor the progress of a reaction based on some
physical property of the system.

42
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Experimental Deter mination of Reaction Rates

= Gas-phase partial pressures.
+\When dinitrogen pentoxide crystalsare sealed ina
vessel equipped with a manometer (see next dide)
and heated to 45°C, the crystals vaporize and the
N,O;(g) decomposes.

2N,05(9) ® 4NO,(g) +0,(g)

#Manometer readings provide the concentration of
N, O, during the course of the reaction based on
partial pressures

43

An experiment to follow the concentration of N,05 asthe
decomposition proceeds

Opening
for adding
N,O.(s)

Insulated

water bath Flask containing

N, O: (g), NO, (g), and O, (g)

Experimental Determination of Reaction Rates

= Colorimetry

+Consider the reaction of the hypochloriteion with
iodide.
CI0" (a) +1” (a) €10 ) + O an)
+The hypoiodateion, 102, absorbs near 400 nm.
Theintensity of theabsorbtionis proportiona to

[101], and you can use the absorbtionto
determine reaction rate.

45
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Dependence of Rate on Concentration

= Experimentaly, it has been found that the rate
of areaction depends on the concentration of
certain reactants aswell as catalysts.
#Let'slook at the reaction of nitrogen dioxide with
fluorine to givenitryl fluoride.
2NO,(9)+F,(9) ® 2NO,F(g)
+Therate of thisreaction has been observed to be

directly proportional to the concentration of
nitrogen dioxide.

46

Dependence of Rate on Concentration

#\When the concentration of nitrogen dioxideis
doubled, the reaction rate doubles.

+Therateisalso directly proportional to the
concentration of fluorine; doubling the
concentration of fluorine also doublestherate.

#Weneed amathematical expression to relate
therate of the reaction to the concentrations of
the reactants

47

Dependence of Rate on Concentration

= A ratelawis anequation that relatesthe
rate of areaction to the concentration of
reactants (and catalyst) raised to various
powers.

Ratept [NO,][F,]

48
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Dependence of Rate on Concentration

= A ratelawis anequation that relatesthe
rateof areaction to the concentration of
reactants (and catalyst) raised to various
powers.

Rate =(K[NO,][F;]

#Therate constant, k, is a proportionality
constant in the relationship between rate and
concentrations.

49

Dependence of Rate on Concentration

= A ratelawis anequation that relatesthe
rate of areaction to the concentration of
reactants (and catalyst) raised to various
powers.
Rate=k[NO,][F,]
2

X 2 X

Dependence of Rate on Concentration

= A ratelawis anequation that relatesthe

rate of areaction to the concentration of

reactants (and catalyst) raised to various
powers.

Rate=k[NO,][F,]

X2 X2

17



Dependence of Rate on Concentration

= A ratelawis anequation that relatesthe
rate of areaction to the concentration of
reactants (and catalyst) raised to various
powers.
Rate=k[NO,][F,]

X4 X2 X2

Dependence of Rate on Concentration

= Asamore general example, consider the
reaction of substances A and B to giveD and E.

aA +bB ¥® dD +eE C =catalyst

+Y ou could write the rate law in the form

Rate= k[A@ B@C@)

+The exponentsm, n, and p are frequently, but not
aways, integers. They must be determined
experimentally and cannot be obtained by simply
looking at the balanced equation.

Dependence of Rate on Concentration

= Reaction Order

+Thereaction order with respect to agiven
reactant species equalsthe exponent of the
concentration of that speciesin theratelaw,
as determined experimentally.

+#Theoverall order of thereactionequalsthe
sum of the orders of the reacting speciesin
theratelaw.

18



Dependence of Rate on Concentration

= Reaction Order

+Consider the reaction of nitric oxide with hydrogen
according to the following equation.

2NO(g) +2H,(9) ® N(g) +2H,0(9)

+The experimentally determined rate law is
Rate=k[NO Hzé
#Thus, the reaction is second order in NO, first order
in H,, and third order overall.

Dependence of Rate on Concentration

= Reaction Order

#Consider the reaction of nitric oxide with hydrogen
according to the following equation.

2NO(g) +2H,(9) ® N(g) +2H,0(9)

+The experimentally determined rate law is
Rate=k[NOJ[H,]
X 2 X 2

Dependence of Rate on Concentration

= Reaction Order

+Consider the reaction of nitric oxide with hydrogen
according to the following equation.

2NO(g) +2H,(9) ® N,(g) +2H,0(9)

#The experimentally determined rate law is
Rate=Kk[N H,]
x4 (x 2)2

*19



Dependence of Rate on Concentration

= Reaction Order

+ Although reaction orders frequently have whole
number values (particularly 1 and 2), they can be
fractional .

#Negative orders are also possible.

+The concentration of areactant with azero order
dependence hasno effect on the rate of the
reaction.

Dependence of Rate on Concentration

= Determining the Rate Law.

+One method for determining the order of a
reaction with respect to each reactant is the
“method of initial rates”.

#Thisinvolves running the experiment multiple
times, each time varying the concentration of
only one reactant and measuring itsinitial rate..

+The resulting change in rate indicates the order
with respect to that reactant.

Dependence of Rate on Concentration

= Determining the Rate Law.
#|f doubling the concentration of areactant hasa
doubling effect on the rate, then one would
deduce it was afirst order dependence.

#|f doubling the concentration had a
quadrupling effect on the rate, one would
deduce it was a second order dependence.

+A doubling of concentration that resultsin an
eight-fold increase in the rate would be athird
order dependence.

20



A Problem To Consider

+ |odide ion is oxidized in acidic solution totriiodate
ion, |5, by hydrogen peroxide.

H,0,(ag)+ 3" (ag) +2H"(ad) ® 15 (aq)+2H,0(ad)

# A series of four experiments was run at different
concentrations, and the initial rates of |, formation
were determined.

+ From the following data, obtain the reaction orders
with respect to H,0,, I-, and H*.

+ Calculate the numerical value of therate constant

A Problem To Consider

Initial Concentrations (mol/L)
H,0, I H* Initial Rate[mol/(L-s)]
Exp.1 | 0.010>| 0.010 | 0.00050 C1.15x10
Exp.2 |C0.020>| 0.010 [ 0.00050 2.30x 10°D
Exp.3 | 0.010 0.020 | 0.00050 2.30x 106
Exp.4 | 0.010 0.010 | 0.00100 1.15x 106

+ Comparing Experiment 1 and Experiment 2, you
see that when the H,O, concentration doubles (with
other concentrations constant), the rate doubles.

#+ Thisimplies a first order dependence with respect
toH 0,.

A Problem To Consider

Initial Concentrations (mol/L)

H,0, I- H*  [initial Rate[mal/(L )]
Exp.1 | 0.010 [<0.010D | 0.00050 C1.15x 108D
Exp.2 [ 0.020 0.010 [ 0.00050 2.30x 10
Exp.3 | 0.010 [ C0.020) | 0.00050 (2.30x10%
Exp.4 [ 0.010 0.010 [ 0.00100 1.15x 10°

# Comparing Experiment 1 and Experiment 3, you
see that when the |- concentration doubles (with
other concentrations constant), the rate doubles.

+ Thisimpliesa first order dependence with respect
tol.

21



A Problem To Consider

Initial Concentrations (mol/L)
H,0, I- __H*_ [initial Rate[mgl/(L )]
Exp.1 | 0.010 0.010 [(0.00050)] C 1.15x10° )
Exp.2 | 0.020 0.010 | 0.00050 230X 10°
Exp.3 | _0.010 0.020 | 0.0985Q 2305108
Exp.4 | 0.010 0.010_]C0.00200)[ C 1.15x 106 D

#+ Comparing Experiment 1 and Experiment 4, you see
that when the H* concentration doubles (with other
concentrations constant), the rate is unchanged.

# Thisimpliesazero order dependence with respect
toH*.

A Problem To Consider

Initial Concentrations (mol/L)
H,0, I H* Initial Rate[mol/(L-s)]
Exp. 1 0.010 0.010 | 0.00050 1.15x 106
Exp. 2 0.020 0.010 | 0.00050 2.30x 106
Exp. 3 0.010 0.020 | 0.00050 2.30x10°
Exp.4 0.010 0.010 0.00100 1.15x10°%
# Because [H*]° = 1, therate law js:

+ The reaction orders withrespect to H,0,, I+, and H*,
arel, 1, and O, respectively.

A Problem To Consider

Initial Concentrations (mol/L)
H,0, I- H* Initial Rate[mol/(L s)]
Exp.1 0.010 0.010 | 0.00050 1.15x 106
Exp. 2 0.020 0.010 | 0.00050 2.30x 10°
Exp. 3 0.010 0.020 | 0.00050 2.30x 10
Exp. 4 0.010 0.010 | 0.00100 1.15x10°6

# Y ou can now calculate the rate constant by
substituting values from any of the experiments.
Using Experiment 1 you obtain:

BT o gl mol
115" 10 vl k O.OlO/L/ 0.010 T
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A Problem To Consider

Initial Concentrations (mol/L)
H,0, I H* Initial Rate[mol/(L s)]
Exp. 1 0.010 0.010 | 0.00050 1.15x10°6
Exp. 2 0.020 0.010 | 0.00050 2.30x 10°°
Exp. 3 0.010 0.020 | 0.00050 2.30x 10°
Exp. 4 0.010 0.010 | 0.00100 1.15x 106

# Y ou can now calculate the rate constant by
substituting values from any of the experiments.
Using Experiment 1 you obtain:

115 10°s™*

———= = > -12" 10°L/(mobs)
0.010° 0.010 mol/L

Operational Skills

= Relating the different ways of expressing
reaction rates
= Calculating the average reaction rate

= Determining the order of reaction from the
rate law

= Determining therate law from initial rates

Timefor afew review questions.

*23



