Chemistry 132 NT

Nothing great was ever
achieved without
enthusiasm.

Ralph Waldo Emerson

Rates of Reaction

Module4
Reaction Mechanisms
=Elementary Reactions
=TheRate Law and the
Mechanism
=Catalysts

The burning of steel wool




Review

= Collision Theory and the rate constant.
& The Arrhenius equation.

Reaction M echanisms

= Even though abalanced chemical equation
may give the ultimate result of areaction,
what actually happensin the reaction may
takeplacein several steps.
+ This"pathway” the reaction takesisreferred to
as the reaction mechanism.
+ Theindividua stepsin the larger overal

reaction arereferred to aselementary
reactions.

Elementary Reactions

= Each elementarystepisasingular molecular
event resulting in the formation of products.

#+ The set of elementary reactions that result in
anoverall reaction is called the reaction
mechanism.

+ A reaction intermediate isaspecies produced
during areaction but is re-consumed in a later
step. Consequently, it will not appear in the
overall reaction.




Elementary Reactions

= Consider the reaction of nitrogen dioxide with
carbon monoxide.

NO ,(g)+CO(g) ® NO(g) +CO,(g)

#+ Thisreaction is believed to take placein two
steps.

NO, (g) + NO,(g) ®g) +NO(g) (elementary reaction)

g)+CO(g) ® NO,(g)+CO,(g) (elementary reaction)
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Elementary Reactions

= Each step isasingular molecular event
resulting in the formation of products.

+ Theoverall chemical equation isobtained by
adding the two steps together and canceling
any species common to both sides.

NO,(g) + N, (9) ® MNO,(g) +NO(g)
MG,5(9) +CO(g) ® MO,(g) +CO,(0)

NO,(g) + CO(g)® NO(g)+CO,(g)
Overall reaction

A Problem To Consider

+ Carbon tetrachloride is obtained by the chlorination
of chloroform, CHCI,. The mechanism for the gas
phase reaction is:

Cl,(g)==2CI(9)
Cl(g) + CHCI;(g)® HCI(g)+CCl,(9)

Cl(g)+ CCl4(g)® CCl,(g)

#+ Obtain the net, or overal, chemical equation from
this mechanism.




A Problem To Consider

+ Carbon tetrachloride is obtained by the chlorination
of chloroform, CHCI,. The mechanism for the gas

phase reaction is:
C|2(g)
@) + CHCI,(g)® HTTE) + CCly(q)

)+ CCl;(g)® CCl,(g)

+ Thefirst step produces two Cl atoms (areaction
intermediate). One Cl atom is used in the second
step and another is used in the third step.

A Problem To Consider

+ Carbon tetrachloride is obtained by the chlorination
of chloroform, CHCI,. The mechanism for the gas
phase reaction is:

Cly(g) =—=22f(9)
_&Mg) + CHCly(g)® HCI(g) + CCly(q)

_A(g) +CCly(9)® CCl,(q)
# Thus, al Cl atoms cancel

A Problem To Consider

+ Carbon tetrachloride is obtained by the chlorination
of chloroform, CHCI,. The mechanism for the gas
phase reaction is:

Cly(g)==2€f(g)
/QI’(g)+CHCI Q) ® HCI(g))
2o )® ccl,(3
+ Similarly, the intermediate CCl,, produced in the

second step, is used up in the third step.




A Problem To Consider

+ Carbon tetrachloride is obtained by the chlorination
of chloroform, CHCI,. The mechanism for the gas
phase reaction is:

Cl(g)==2ef(q)
2f(g) + CHCIL,(9)® HCl(g) + GeT, ()

_St(g) + S€l,(9)® CCl,(9)
+ You can cancel both CCl; species.

A Problem To Consider

+ Carbon tetrachloride is obtained by the chlorination
of chloroform, CHCI,. The mechanism for the gas
phase reaction is:

Cl,(g) =22f(9)
_2f() + CHCly(9) @ HCl(g) + G€fi(0)
£Ala)+ o€ (@)@ cCl,(g)
Cl,(g) + CHCI,(g9) ® HCI(g)+CCl,(9)

Theoverall equation.

Molecularity

= We can classify reactions according to their
molecularity, that is, the number of
molecul esthat must collide for the elementary
reaction to occur.
# A unimolecular reaction involves only one
reactant molecule.
# A bimolecular reaction involvesthe collision
of two reactant molecules.
+ A termolecular reaction requiresthe collision
of three reactant molecules.




Molecularity

= We can classify reactions according to their
molecularity, that is, the number of
molecul esthat must collide for the elementary
reactionto occur.
#+ Higher molecularities are rare because of the

small statistical probability that four or more
molecules would al collide at the same instant.

Rate Equationsfor Elementary Reactions

= Since achemica reaction may occur in
several steps, thereis no easy relationship
between itsoverall reaction and itsrate law.

= However, for dementary reactions (an
individual single-step) therateis
proportional to the concentr ations of all
reactant moleculesinvolved.

Rate Equationsfor Elementary Reactions

= For example, consider the generic (elementary)
equationbelow.

A ® products

Therateisdependent only onthe
concentration of A, that is;

Rate=Kk[A]




Rate Equationsfor Elementary Reactions

= However, for the elementary reaction
A +B ® products

therateis dependent on both the
concentration of A and B.

Rate=K[A][B

Rate Equationsfor Elementary Reactions

= For atermolecular elementary reaction
A +B+ C® products

the rate is dependent on the popul ations
of all three participants.

Rate=k[A][B][C

Rate Equationsfor Elementary Reactions

= Notethat if two molecules of a given reactant

arerequired, it appearstwicein the rate law.
For example, the elementary reaction

2A + B® products

would havetherate law:

Rate=k[A][A][B o Rate=k[AF[B]




A Problem To Consider

+ Ozoneis converted to O, by NO in asingle step
(that is, it is an elementary reaction).
O;+NO® O, +NO,
Write the rate law for this elementary reaction.

+Therate law equation can be written directly
from the elementary reaction (but only for an
elementary reaction).

Rate=k[O;][NCO]

Rate Equationsfor Elementary Reactions

= S0, in essence, for anelementary reaction,
the coefficient of each reactant becomesthe
power towhich it israisedintheratelaw for
that reaction.

+ Note that many chemical reactions occur in
multiple steps and it is, therefore, impossible to
predict therate law based solely on the overall
reaction.

Rate L aws and M echanisms

= Consider the reaction below.

2NO,(g)+ F,(9)® 2NO ,F(g)

+ Experiments performed with this reaction show
that therate law is:

Rate=k[NO,][F]
#+ Thereactionisfirst -order with respect to each

reactant even though the coefficient for NG, in
the overall reaction istwo.




Rate L aws and M echanisms

= Consider the reaction below.

2NO,(g)+ F,(9)® 2NO ,F(g)

+ Experiments performed with this reaction show
that theratelaw is:

Rate=k[NO,][F,]
+ Thisimpliesthat the reaction aboveisnat an

elementary reaction but rather the result of
multiple steps.

Rate Deter mining Step

= |n multiple step reactions, one of the
elementary reactionsin the sequenceis often
slower than therest.

+ Theoveral reaction cannot proceed any faster
than this slowest rate-deter mining step.

Rate Deter mining Step

= |n multiple step reactions, one of the
elementary reactionsin the sequenceis often
slower than therest.

+ Our previous example occurs in two elementary
steps where the first step is much slower.

NO,(g)+ F,(9)%® NOF(g)+F(g, (sow)
NO,(g)+ F(@)d® NO,F(q) (fast)
2NO,(g)+ F,(9)® 2NO,F(g) (overall)




Rate Deter mining Step

= |n multiple step reactions, one of the
elementary reactionsin the sequenceis often
slower than therest.

+ Sincetheoverall rate of thisreactionis
determined by the slow step, it seemslogical that
the observed rate law is Rate=k,[NO,][F,].

NO,(g)+F,(9) F®INOF(g) + F(g) (dow)

Rate Deter mining Step

= S0, in amechanism where thefirst elementary
step istherate determining step, the overall
ratelaw issimply expressed asthe
elementary ratelaw for that sow step.

+ A more complicated scenario occurs when the
rate determining step contains a reaction
intermediate as you' |l seein the next section.

Rate Deter mining Step

= Mechanisms With an Initial Fast Step

# There are cases where the rate determining step
of amechanism contains areaction
intermediate that does not appear in the
overall reaction.

#+ The experimental rate law, however, can only be
expressed in termsof substancesthat appear
in the overall reaction.
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Rate Deter mining Step

= Consider thereduction of nitric oxide with H,.
2NO(g)+2H,(9) ® Ny(9) +2H,0(g)
+ A proposed pecQanism is:

+ |t has been experimentally determined that the
ratelaw is. Rate=k [NOJ[H,]

Rate Deter mining Step

= Therate determining step (step 2 in thiscase)
generally outlinestherate law for the overall
reaction.
Rate =k ,[N,O,][H,]
(Ratelaw for therate determining step)

#+ But, asmentioned earlier, the overall rate law
can only be expressed in terms of substances
represented in the overall reaction and cannot
contain reaction intermediates.

Rate Deter mining Step

= Therate determining step (step 2 in this case)
generaly outlinestherate law for the overall
reaction.
Rate =k ,[N,0,][H,]

(Ratelaw for therate determining step)

# |tisnecessary to re-express this proposed rate
law eliminating [N,O,].
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Rate Deter mining Step

= The rate determining step (step 2 in this case)
generally outlinestherate law for the overall
reaction.
Rate =k ,[N,O,][H,]
(Ratelaw for therate determining step)

+ We can do this by looking at the first step which
isfast and establishes equilibrium.

Rate Deter mining Step

= Therate determining step (step 2 in thiscase)
generally outlinesthe rateand law for the overall
reaction.
Rate =k ,[N,O,][H,]

(Ratelaw for therate determining step)

#+ We can do this by looking at the first step which
isfast and establishes equilibrium.

2NO % N,O,

1

Rate Deter mining Step

= Theratedetermining step (stethep 2 in thiscase)
generaly outlinestherate law for the overall
reaction.
Rate =k ,[N,0,][H,]

(Ratelaw for therate determining step)
Rateforward = k,[NOJ?
2NO == N,0, equal

Ky

Ratereverse=k ,[N,O,]
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Rate Deter mining Step

= The rate determining step (step 2 in this case)
generally outlinestherate law for the overall
reaction.
Rate =k ,[N,O,][H,]
(Ratelaw for therate determining step)

+ At equilibrium, the forward rate and the reverse
rate are equal.

kl[NO]z =k_4[N,0,]

Rateforward = Ratereverse

Rate Deter mining Step

= Therate determining step (step 2 in thiscase)
generally outlinestherate law for the overall
reaction.

Rate = k H,l
(Ratelaw for theral€deter mining step)

+ Therefore,
[N,0,] =

+ |f we substitute thisinto our proposed rate law
we obtain:

Rate Deter mining Step

= Therate determining step (step 2 in this case)
generaly outlinestherate law for the overall
reaction.
Rate =k ,[N,0,][H,]

(Ratelaw for therate determining step)
— k1 2
Rate—kz(k—[NO] )H,]
-1

+ |f we replace the constants (k,k,k ;) with k, we
obtain the observed rate law: Rate = K[NOJ?[H ]

*13



Catalysts

= A catalyst isasubstance that providesagood
“environment” for areaction to occur, thereby
increasing the reaction rate without being
consumed by the reaction.

+ To avoid being consumed, the catalyst must
participate in at least one step of the reaction and
then be regenerated in a later step.
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Catalysts

= Homogeneouscatalysis isthe use of a catalyst
in the same phase asthe reacting species.

#+ The oxidation of sulfur dioxide using nitric
oxide asacatalyst is an example where all
species are in the gas phase.

250,(9) +0,(9) 2S054(9)
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Catalysts

= Note that the catalyst is anactive
participant in the reaction.

+ The catalyzed reaction mechanism provides an
alternative reaction pathway having an
increased rate.

+ |t increasestherate by either increasing the
frequency factor, A (from the Arrhenius
equation) or by lowering the activation energy,

E.

42
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Comparison of activation energiesin the uncatalyzed and
catalyzed decomposition of ozone.

(- £, (ncatalyzed reaction)
N\
£ (odtalyzed reaction)
c¥,+0 /
o [~

\
< uncatalyzedreaction 55 ( ) 3
0;+0® 0, +0 —
wu\ 3 2 2

%ﬂ reaction —

Enemy tkJ]
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Catalysts

= Heterogeneous catalysis isthe use of a
catalyst that existsin adifferent phasefrom
thereacting species, usually asolid catalystin
contact with aliquid or gaseous sol ution of
reactants.

+ Such surface catalysisisthought to occur by
chemical adsor btion of the reactants onto
the surface of the catalyst.

+ Adsorbtion isthe attraction of moleculesto
asurface.

44

Catalysts

= Heterogeneous catalysis isthe use of a
catalyst that existsin adifferent phasefrom
thereacting species, usually asolid catalystin
contact with aliquid or gaseous sol ution of
reactants.

#+ Surface catalysts are used in the cataytic
converters of automobilesto aid in the
combustion of exhaust gases.
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I Automobilecatalytic converter. I

Exhaust gases from the engine pass to the exhaust
manifold, then to the catalytic converter, where
pollutants NO and CO are converted to CO, and N,
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Enzyme Catalysis

= Enzymes have enormous catalytic activity.

# The substance whose reaction the enzyme
catalyzesis called thesubstrate.

#+ Thereisareduction in activation energy
resulting from the formation of anenzyme-
substrate complex.
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Key Equations
[Al; [Al, _ -kt
In st = -kt logr—t =
"[AL & 9A1, " 2302
_0693 k, — Ea 1 1
Sl Iniz=%3G-7)

2
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Operational Skills

% Writingtheoverall chemical equation from a
mechanism

“ Determining themolecularity of an elementary

reaction

@ Writing therate equation for an elementary
reaction

“ Determining theratelaw from a mechanism

Timefor afew review questions.
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_______
oRD HELP Me
v
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&
to be the person
my dog thinks I am.
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