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- Chemical Kinetics

Branch op.chemt'sfry that studies the rate of
chemical reactions, f'he‘ factors aﬁvcecﬁ'ny them

and the mechanism by which f“hey procegd.

Kate of a /[Reaction

Chanye in concentration of reactant or

.producf per unit time.

poay = ~ALE] ) AF o= FALPT YR

. & (over J'nf'err./af)
-

-ve sign: [R] decreases, so =R D[/?j < 0,

e

Instantaneovs Kate

Rate at a given instant of time, Found by
shrinking OF -7 O (ie.p slope of fanyenf7.

r vinsts 2 =dfT)/dE = +d[|P1/d gt e

£-0on c¢-uvs-1 ﬂraph

ks - wwl B -4 5 =/ lor dtm =

for yas-phase
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Kate in Terms of Stoichiometry <

L 2 A+ b B 7 ct +4db

i

we divide each rate by its coethicient -

ate = -(1/a) d[AT)dr = -()e) d[BT/W

< - um'zue rate
<= of the r<n B

= +(//Q d[c]/dt = +(1/)d) d[D]/d+
Example : 2 p205 -7 9 M2 + 02
rate = —(//2) d[/VZOS‘j/df

= +(//9) d[r027]/dr

= +d[027]/dt

Worked Example - /
[o20c] Falis 288 -5 .08 coslll in I8 i

Find &wﬂ~ rate & rate of AM02 formation.

rate = -(1/22(2.08 - 2.33)//59
0= P20 ) i)
= b 7T oo B & Span] L =/ min -/

e -5 mol L w8 -/

c/[/VOZJ/df' = 9% roté
S 6. 77 % IO 5

fl

= 2772 0% 0 -3 mol L -/ min -/
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Factors Affecting KRate
(/) Concentration of reactants
More molecules -7 more collisions -7 faster.

(2) Temperature
Kate rouyhly doubles for every /0 K rise.

(z2) furpace area ( for heterogengous rxn P

Powder reacts faster than lumps..

(97 Catalyst

Lowers activation energy.

(s)  Pressure. ( for, gas phase )
H{gher P =z h{gher conc. -7 Faster.

(&) Mature of reactants & I{ght (phofochem).

ﬁm‘e Law

—

For g A 4 BB =7 producf's 2

raf_e = « [Aj X% [8 4-21.7 Found

- experimentally

x. v are MOT always = a, b (only sometimes).
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Order of a [Reaction

Order = sum of powers ot conc. terms in

the rate law. For rate = « [Aj x [5]

- I ord:
order = x + . J e walis il

<-of reaction

Canm bt O, /[, 2, 3, or even Fractional.

/‘Veyaﬂue order rare; W always expert}nenfal.

L 2

Uniis of i

From rate = « [concj n .

« units =" (mo//L) (/—rn) L g-pr = order

O order - mol L -/ 5 -/
8
/ order - £ -/
2 order - L mol - fr e -/
i oder + - LD 7 AP ey L]
Moleculaﬂ'ty

Mo, of reacﬂnﬂ Species (atoms / ions /

molecule:s) that collide Sfmuh"aneously.
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Order us. Molecularity

/Molecularh‘y is defined only For an

elementary (sinﬂle— step) reaction.

Comparison
Order Molecularity
experimental theoretical
from rate law From palanced e¢gn
O; 1y 2; 3 Fax. ' /, 2, 3 (whole)
an be Zegro never Zero
for any rxn only elementary
may difber Hom A1 for ore step

Worked Example - 2

Find order, units of « for

(ol B M -2l 20 3 wave = u[M0] 7

fe)  cHIEHO -1 chyg + €0 ¢
rate = « [cH3cHO] (3/2)

fl

Ans (a) 7 oro’er 2 ; : o
UL in L mol ~f - x -/

Ans (o) : order = 3/2 2
Wi k)2 el el
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Elementary & Complex /Reactions

—_—

Elemenf'ary s goes in one Step. Order =

molecularity for such reactions.

Complex  :  proceeds by 2 or more Steps
(a mechanism).  Slowest step is the

rate- def‘ermminy ST,

Example : KCI0O3 decomp.

2 KellE . - X K7 4+ Ko
/l/lolecula-rffy = 9 (theoretical),
but #"19&647- 7 molecvles colh'dfny at once -7 impossible. .
Hence acf’ually goes by a molti-step path.

Why integrate the rate law 7

Differential +orm 'd[ﬁj/df' = [f\’j ot tells
rate at any moment, but to get [R] as a
function of +  we must INTEGRATE.

iF] = R & «i= (something)/t | <~ dretly usash

<- experimental Form

Mow we tackle zero and  Frst  order

infejraf'ed rate eguations.
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Zero Order [Reaction

Kate does AMOT depend on conc. of reactant.

rate = <l KIJdt ‘= « [/?j =Rl el

Derivation *
Shp 1 ¢ d[F] = -« df
Step 2 s ."nf’eﬂraf'e both sides
1A = v+ 4+ I
Sf'e/.o B o2 Ao, [7] = [FJo
=7 .= [Fo
Step T 2 fnf’eﬁraf’ed rate 12w

[ﬁj — [ﬁjo £ « Tt < - linear in t

<- slope = -«

oz tLila. - TR 4 o¢

~

Examples . decomp. of MH3 / HI on Pt

surface b photochemical rxns.
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Zero Order : Graphs & t//2

P Plot o-p‘ [/\’j [0 s Sl el

STRAZGHT LINE,

slope = -«
[7] .
[7Jof intercept = [7]o. :

 BaEliB T v ) |
Tirme rezu:'re‘d for [ﬂ”j to drop_ W IRl /2.

Put [ﬁj = [ﬁjO/Z— e} [ﬁj = [ﬁjO o B i
[Flole = [Rlo - x /2
K t1/2 = [HﬁjO/Z

. 2 2 W <-DEFPEADS on
//2 - [ﬁjo / - [F]O  ( zero order 7

ie. t//2 is proportional to [7]o.
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First Order [Reaction

Kate 1s proportional to [/?j to the Hirst po@:er.

rate = -d[R]/)dt = « [R]| < timear in [F]

Derivation

Step / o separate variables

d[rR]/[”R] = - df

" Step 2 o intfegrate
. LE] - = L e G B

Stes 2 oot £ =0, K = Ao
I = In [FJO

Sf'ep 9 : fnal form

in ( [R] / [R]O %)

« f- J'nf'eﬁrafec{
< - form (natural loj)

bl

= 2303 / # 19 ([FRlo /- [FD| =%

< - form

Also e TRl = [R]o ¢ (x 1)
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First Order e In[ ﬁj vs t+ plot

Inl 7Y ~ 9
In[FJo |

In [/?j = w [R]o - L (rearranjed).

Plot of In [R] wvse ¥ ¢ STRALGHT LINE

slope T
intercept = In [/?jO

Ezw'ualenﬂy s log Al e *
L slope = -« /- 2.302

Examples

| M0 - 2 M2 F (2/2) 02
(i) CcHe=cHz + H2 -7 c2He (hydrog.)

Gi) all radioactive c/ecays.
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| First . Order - Half- Lif

F e 7 = [Rlo / o
e = 2202 / 1] log ([AlO )R]

« = (2.303 / +1/2) log ([”Jo / ([F]o/2))
= (2,302 /] t1/2] lsg 2

(2.202 % O304 ) #//2

iy

0.693 / /2

|

= & - INMDEPEAMDENT
+/2 D613 -7 w| . L i P

13{9 idea . for a /st order rxn, f//?. s
the same M) MATTER how much you start

with - this s u»:w'zue to Hrst order.

Quick comparison

B order ¢ HEE\ a0/ 2K ( prop to [RJO )
/ order s e 1‘//2 = 0.693 / « ( r'ndepender.)f' ]
Z order 2 /12 = / /ol [/?jO) { fnversely W

n order 5 t1/2 prop. fto [/?jo (/-nl.
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Worked Example - 3

Eolnl [A20c] & 139 » 4O -2 enliis ol
C i, X200 ] = 0320 x o 22 Al

Find rate constant (/st order rxnl.
« = (2308 /) 1) leg (Ao / [RF]

= (2.30% -} &b) log (1.29/0.20)
o2 R0S T nh) log ©.20

4
f2.202 / ¢0) x O0.7929
DOS0Y mie.

¥

-

o= SO % 0 =2 - min | )

Worked Example - <

lst order rxn, o= L% %l e o -/.

Find  half-Iite.

I = 0898 ) w

St ) e I )

¥

= 0. 02e ¥ JO S

t1/2 l2e x IO 1% I3

f
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Worked Example - $

Show that +or a /st order rxn, tirne
for 99.9 % completion is /O +/2.

Solution
Lot TRIp = 188788 112 % dedy- bl =07

« = (2.303 /) + log drje / L&
« = (2,303 J ¥ by (BB -/ O]
= (2302 / t] lsg 1000
= 2208 ) ¥} w8
=% o= g
Mow  $il2 = DBIZ J &

¥

vl tele = e DY ) OE1E = D

¥ (997 Y = 1O #j2 o b

<- hves to 7’7.‘7%

7! (After n halt-lives [ﬁj = [ﬁ’jO ] 2 n.l
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Summary - Rate Laws

Order DifE—Form Integ. Form Lingar_plot
-d[ 7]/ dt [F] = [Flo [&) vz #
o = - LA G slope = -«
-d[ 71/ d nl[IO/RD)  |in[ R us ¢+
/ =« [7] = ot o slope = -«
L
-d[ 7] /dr 1/[”] - //[FR]o 1/[R] vs ¢+
™
2 : = « [/):. 2 s IR slope = +«
t1/2 [RJo/(2x2 0.693/ 1/« RJO)
K units POt s e e £ 0i=f L mol -/ s -/

Memmorise this table - shows all of the

Kinetics calcvlations on one page.

Mote iz for nth order ( n = / ),

gy ipmp, RO S n).
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Pseudo First Order Reactions

A feact:bn whose TRUE order is higher,

but behaves as First orc/er becauvse conc.

of ore reactant is taken in LARGE EXCESS
( so i+ stays effectively constant .).

Example / : Add hydroly.sis of ester

cH3c00c2Hs + H20 -7 .cH3CO0H + c2HsOH
Keal rate . - « [esf’erj [HZOj { 2nd order )

Water is in yreaf excess =7 [HZO] = - comsl.

rate = K' [esf'erj where (,(' = « [szj <- absorbed

<-inte «'

Behaves as a /st order reaction.

Example 2 : Inversion of cane sugar

C€/2H220/7 + H20 -7 CeMH/206 + coHs206

N

(Sucrose) ﬂ!uco:e Lructose

rate = « [sucrosej [HZO]
=7 rate = «' [sucrose] (2wt /st order, psevdo Y

Useful when one species IS solvent.
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Effect of Temperature on Rate

ﬁouyh rule (temp. coeFhcient) -

( "(___(T“f"/O) ) / ‘(___T : b 4’f£8‘e c{ougles

<- for every /O K rise

—

Why 7 Two reasons -

(a) more KE means more collisions

per second (small ettect).
(o) b{?ﬂe” fraction of molecules have
enOUﬁh energy to cross the activation

barrier (LARGE exponential efect).

Activation Energy ( Ea )

Min. energy that colh'dmj molecules must
have +for the collision to LEAD to reaction.

Threshold energy = Ea + avg _KE of

reacﬁ'nﬂ species.

Activated complex / FrAr TS STErT transition state

high-energy unstable intermediate at peax.
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Potential Ener;qy Profile

xn (OOffJ(.

Ea = E(T.S5.) - Elreactants).
dH = E(P) - E(R) ( the reaction enfhalpy 7.

Lower Ea = faster reaction at 9f'ven 7 3

Cafal-/sfs work by IOWfonj Ea. »

Maxwell - Boltzmann Distribution

\ Eraction with KE 2= Ea

Area under —eweﬁ:—#e#a-l——melea#ef—(eeﬂﬁ#ﬁh————»
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Arrhenivs Eguation

Quantitative relation between « & S

i e A e ( 'Ea / /\J T=<- %ponenhal

<~ form
where
A = /—lrrHem'uS / pre-exporential ﬁacmf—
collision ﬁrezuency (units of «).
Ea = activation energy (T misl  =/)
r” e R e @as const.).
.- TG = temperature in K.

Physical meam'r;vq of* ¢ GEa/RT)

= fraction of molecules whose KE 7= Ea.

As T rises -7 exporent less neﬂaﬁve "

fraction grows -7 « grows EXPONVEATIALLY.

X

Two limits
g > J'n@'m"h/ s ¢ (-Eq/RT) -2 ¢+, 356 & -7 A
L 7 O : & GEa/RT) -2 Oyt -2 &

( reaction frozen 2.

H_{gher Ea -z more Sensitive to T.
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 Logarithmic Form & Arrhenivs Plot

Take natural loy of W o= e ('Ea/ff'r)

In A - Ea / {|RF=2

i b( e T

f

log « = log A < v Ba g (2208 K T/

FPlot

b W T

n 4 : is STRAIGHT
In A [~

with slope

= «Ea / R

= and intercgpt
= In A
1T
From slope : #ind Ea
2 el e Kl Bagm @8 :
| Ea ﬂ Pe <- (Slope s neﬁ.)
From intercept ¢ A = exp ( intercept .

So orne plot 9f'ue5 BOTH Ea and A
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Two-Temperature Form

oA e e A O T

!

At T . In «/

o il In «2 e A = EBa PDOETE

¥

| Subtract (e“Z./) From (32.2)

Lo o e o e Dy SR e

log (wz/w/} = {Ea / 22302 [ (T2 - TN+ 72)

Use this when you have «  at two temps

and want Ea - or uvice uversa.

Sign 74 sanity check

Tk L. T = w? ol Z7 log positive.

Myhf’ side (s also positive e e e 0,

Ea > O 7 - consistent.

L ]
Special case :  rate doubles for DT = /O
near T =29%-K:. =7 Ea $0 - 60 «T/mol.

(this is the empirical ‘rule of thumb' source.)

| ~
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Worked Example - &

W =002 & -/ ar TI = £00 K,
Y DO 7 e )oal T2 s 700K
Find Ea and A.

Solution

Iog hizdi)) = a2 o010 (e = THNT T2
log (007 ) 6021 = lg 35 = 077

I7e = Tl TE T2 200 ) enh w TO6]

fl

o e | e M e w0
.

oo Ea e (DY w 2203 w FRF9) ) (8 T e 40 )

1%.23 |«T/mal

¥

Ea 1& 230 T mol -/

NMow Find A uSl'nj oz A e L-EalRT) ;

B0 = A ¢ =/p230 / .3r9 x $006) )
2= e o438 0

@2 i e 0.0/293

A : Lol a8 vl
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Worked Example - 7

/st order rxn C_ZHf‘I -> Cc2HY o HZ has
His D e D s Gk ek B SO K Cand
Ea = 207 «Tlwel | Fied k. Gt OO K

Solution

log xZ - log «/ = (Ea / 2.303 R) (//T/ - 1/T2)

on Kl = Ioj (r6h % 40 )

-

TATE S hiTe s JIEBD T 5 (P80
= (700 - 600)/(600 x 700)
= JOD . L HZ0600

= 280/ ok '/O Al

Ea / (2302 R = 209000 / (2.202 x|%.3/%)

=  JOT28 l{
Ioﬁ o ss) = T A OO w2 85, ik D -4
= eate EFY e g Y = el e
«2 6,26 % /O =3 mee g
i <- A DT
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Effct of a Catalyst

A substance that increases reaction rate

withoot itself¥ be:hj.permanenfly chanjed.

Action explained by INTERMEDIATE COMPLEX
theory s catalyst forms a temporary
complex with reactant, dec0mpo_w'ny later

to give products +  free catalyst.

0
m

Ea (no cat.? -

P

xrn (DD!J

Key Facts

¥ s
Catalyst provides an alternate path of

LOWER Ea.

Does AMOT change  dG, dH, K_eg.

" Sagde BOTH Rruacd & baikuned rxns
egually =7 eguiliorivem rleached faster.

A small amount catalyses a =t  LARGE amount

oF reactants ¢ reﬂenerafed each cycle P8
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Collision Theoi

Travtz & Lewis, /9/6 - /§. Based on
Kinetic  theory of gases. Zdea ¥, reactant
molecules are hard spheres that FREACT -
when 'I'hey collide.

Collision @feguency E 2

NMumber of collisions per unit time per

unit wvolume of the reaction mixture.

For bimolecvlar A + B -7 products

rate = Z____AB e ( -Ea / ﬁ T <}compare

< - with Arrhenivs

where  Z2__AB =  collision Frezuency of ASB

e (-Ea/RT) = Fraction with KE >= Ea.

Ccmpaﬂhﬂ with ooz oA e (-Ea/RT)

A is essentially Z__AB.

Problem s not all collisions react \

For complex molecules - prediction by
Z alone overestimates «, eason

ORCENTATION  of molecules alse matters.
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E+fective Collisions & Steric Factor

Effective collision ;' has BOTH

() energy =~ Ea (threshold) 7
(i) proper ORLENTATION of molecules.

Introduce steric factor P

Fraction of éneryeﬁ'c collisions with

the RLGHT orientation. O 2 P ey

rate = P 2_AB e ( -Ea ) R|T<pedfed

. <- collision +orm

Three criteria +or a successtul reaction

-~

(/) Collision must taxe place.
{z) Energy of collision 7= Ea.

& Molecules must be properly oriented.

Limitations of collision fheory

* Treats molecules as hard spheres

- gnores internal structure.
¥* Canrot predfcf' P #rorr; Lirst prthclples.
¥ fehined later by Transition State ;"heor\f

é Eyﬂ'n\% h{'gher classes ). 3
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Wor«ed Example - &

Pseudo /st order rxn in water

t (s) o) 30 L 6D 90

[A] () o2 0.3/ 0./7 0.05¢

Find  «  using last point (+ = 90, A = 0.085).
K = 2302 ] +) on (falo / [A])

(2303 1 “16) log (0.5 / 0.0557)

]

[y

(0.025<9) log ©.97
= (0.02c<9) (0.5/7)

« 075 % JO -4

(=

7
\

~

Also arvug rate from + = 30 to 6O
rate = -(D[A]/DH) = -(0.77 - 0.3/)/(e0 - 30)

= 00 ) B0 = YT x SO =B el Loy S
Half-1ife i B2 =i D.ed2 ) &

D92 / 0.02075 = 3%

¥

N\
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Ke:/ Formulas - Last Loo«

Kate

rate = -Ci/al d[nj/df = +(1/c) d[Cj/df

_ f?afe law

e = w [A] » [ij v

Integrated +orms

O order - [ﬁj = [/r"jo e N
1 brilens « = (2.202/1) log([#JO/[ R])
HalF—h‘Q

O order : t1/2 = [ﬁjO R
onrder Vr VEIY2 = 09T ) w

Arrhenivs

e ey B (-Ea/RT)

loy(KZ/b(/) = (Ea/2.303RT2 - T1/Ei T2
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Exam Tips & Tricus

Always Zuofe the rate law - i+t must
come  from experiment, never from

balanced ezuahbn.

Unifts of « . vse (mo///_) (fox) -2 -/
to spot the order (£ t+'s nof y:’ven.

For /st order - f'//Z s f'ndependenf'
of [/?jO. 13:9 examiner +avourite.

After n  half-lives = [R] = [R]Oo/)2 ».
Use this for 'time for X % (omplehbn'.

Arrhenivs egn < pik the form you need
W i K = A ¢ (-Ea/RT

» two T -7 wvse the on (KZ/K/) Form .
* ﬁraph -7 uSe'u In « vs //T.
Pseudo /st order .’ ester hydro/ysfsl

inversion of cane _wjar. Water in

Iaige excess =7 etfective /st order.

Catalyst @WK:::Z- lowers Ea only.

K_eg, dG, dH UACHAMGED.

*.
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Common Pitfalls

X Convcusmy order with mo/ecularﬁy.
Order = experimental 4

/l/lolecularffy = theoretical (elemenfaryy.

X /—ISSumfny rate law +ollows stoich.

’

It+ ooes may or may pot - - always checK.

X Fo»:gefh'ny -ve 5{9" for reactant rate.
-(d[R]/dt) ALWAYS positive number.

X US:'nﬂ loy vs In incorrectly.
log/O = £ ) 2RO In. o And the Z2.303,

' ; . Wrong.
X Saying ‘caf'alysf' changes ’K_,ez rong
Catalyst only changes the rate, rot

the position of equiliorivem.

X Mixing Up Ea / K with Ea / 7 in
Arrhenivs  plot. ” Stope = Ea ) R only.

X Peoudo /st order - Jnits of K.

K' isin s -  original w  in L mol

Don't Zuofe the wrong constant.
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Chapter Summary

Rate of rxn z D[cqncem“raﬁbnj 4 Dt,

instantaneovs or aueraye.

Rate law : rate = « [A]. x [B] vy ,
x + v = order, found experimentally.

Order vs molecularffy > order is exp,

molecularify Is whole-number, elemenfary.

Inf’ejraf.'%d rate laws ﬁfue « from data 4
half-life for /st order is fndependenf'

of [ﬁjo ( um'zue property 2,

Arrhenivs & R (-Ea//?r) links rate
constant to temperature / I % wg ST

linear, slope = sEn- S R

Collision f'Heory i rate = P 2_AB e (-Ea/FRT)

accounts Hor energy + orientation.

Catalyst lowers Ea - -7  alfernate paths =

doesn't shift ezu:berfbM.
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