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Chemical kinetics

@ rate of reactions, dependence on conditions
@ calculate the composition as a function of time

@ reaction mechanisms
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Chemical kinetics Rate of reaction
col0l col0l
Reactions: 0- ZV'A' reactants: v;< 0
— products: v; > 0
@ homogeneous (one phase) . . ¢
oh Rate of reaction (§ = extent of reaction, [§] = mol):
eterogeneous _
= d_E = iﬂ concentration:
o
enzyme dr_ vidt Ci=[Ad = nyV
@ isothermal - adiabatic Usually per unit volume (intensive quantity): unit:
. o ) J  1ldg moldm=3 =mol/L=M
@ isobaric - isochoric =—=——
- VvV  vidTt
P ion: dimensionless (relative
Activation: @ r depends on stoichiometry: ) ( )
concentration:
@ catalyst rRA—A)=3r(A—3A2) o= (A} = cy/cst
@ heat, other reaction, microwaves
@ light (VIS, UV, X), ultrasound ... Example. Hydrogen peroxide decomposes in the presence of a catalyst by rate
d[H2051/dT =—0.02mol L~ min—1. Deretmine the rate of the reaction
2H202 - 2H0+ 07
Ul _Tj0WTO00
. . . 5/20 - 6/20
Rate (kinetic) equation w1 | Homogeneous reactions: balance colo1

Simple reaction is given by one reaction and one kinetic equation (not necessarily
elementary)

Generally:
r=f(cacg, ..., T)
Often:
r= k(T)cgcg---
where

@ k(T) = rate constant (kinetic constant)
@ o, B = partial orders of reaction (elem.r. = integers)
@ n=oa+8--- = (total) reaction order

Dimensionality(k) = (moldm—3)1-ns—1

Often dimensionless c;e‘ = cy/cSt, then dimension(k) = s—1

Half life of reaction: cp decreases to one half

0— ZV[A[
i
Constant volume: balance in concentrations (x = x(1) = &/V):
Ci=Cjo+ VX
Degree of conversion (k = key compound = vk < 0):
oo KOk _ [vilx

Ck,0 Ck,0

Itholds0<a<1
Example. Nitryl fluoride is produced in gas phase by reaction:
2NO2(9) + F2(g9) — 2NO2F(9)

The reaction is of the 1st order with respect to both NO, and Fy. Write the kinetic
equation if the reaction proceeds in constant volume. The initial concentrations are
[NO2]o a [F2]o, respectively, and the kinetic constant k.

ca(0) —o[z —o[z —_P _z__ 2P ¢ _ b _ _ 1P
ca(ty2) = — (x =004 (xz = O[CONDY = 7 oNTPT = [ZONTP T~ = (2415~ = %o
R [plot/kinnd.sh] 7/20 R [plot/kin2.sh] 8/20
Reaction A —» P colol Reaction A + B — P (1st order to both A and B) col0l
Rate equation: Both partial orders a = 8 =1 (total order = 2)
dea ke for ca =0 Rate equation: P
dt AR dx .
=0 forca=0 ca E=kCACB=k(CA0—X)(Cgo—X) A
Initial condition: ca(0) = cao = 022 Initial condition: .
n=0 -
oL\ x(0) = 0 or ca(0) = cao, c8(0) = cgo, %
Solution (integrated form): 0 i . .
n ca(D) oGS T1/2 Solution (integrated form):
0 cpo—kT T < cao/k cao @ cpo = cBo: the same as previous slide
Sk CAO—X CB CACB
0 T2 cao/k 2k @ cno # o (CAO—CBO)kT=|n( . —O)=ln(——o)=>
1 caoe kT In2/k CBO— X CAO cB cA0
2 1 1 CAOE =
1/cno+kt kcao ca = (cao—cCBO)——— expx=e
(1, ) | [cao" — (1 —n)kT] V=M CAOE —CBO
— — 2n-11 1-n — _ h _ _ P
[0,1) [C;On_ (1— kT Va-n | < C}\on/[(l_ nk] | =Dk Cho cB (cao 630)7”06_ 50 where € = exp[(cao — cBo)KT]
1-n
0 2 Cpo /10 =M Example: NO;~(aq) + NHa*(aq) — N2(g) + 2H20()




A . 9/20
Kinetic measurements colol
@ Integral data: ¢;(1)
@ Differential data: rates dc/dT:
out symbol @ means

— flow reactor (steady state) dc;/dT o< ci“ —¢ “broportional to”
— initial reaction rate (small extent) prop

@ Fast reaction: lasers
Proxies to ¢i(T):

@ mechanical:
(g): pressure (manometry) / volume (volumetry)
(1): difference of volume (dillatometry), densitometry
(s/g): mass (gravimetry)
(I/g): vapor pressure

@ optical: spectrophotometry, refractometry, polarimetry
@ electric: conductometry, potentiometry, polarography

@ chromatography, mass spectrometry
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Determining the order and rate constant col0l

Example. For reaction A — P with rate equation dc/d = —kc"

@ Fitting (correlation, regression): N 3 < G <

he i df f the ki . min_molL=1 | min_molL=! | min_molL=! | min _molL~%
the integrated form of the kinetic equa- oo ;446 [14 0545 [28 0253 |42 0141
tion, ca = ca(cao, k, n; T), is fitted to the |02 1779 | 16 0489 |30 0218 |44 0132
04 1518 |18 0433 |32 0203 |46 0121
data by the least square method 06 1091 |20 0369 |34 0188 |48 0115

. e 0.8 0972 |22 0341 36 0172 |50 0.101
The sum of squares is minimized over 3 | 14 (773 | 24 0313 |38 0165

unknowns parameters cao, k, n 12 0675 | 2.6 0272 |40 0161

Mathematically: c(t) = [cag! " + (n-1)ke] /1)

2L 4

1 Mrealcao k n;t)—ci? k =0.977(13)
s2= min —— [#} n=150@)
caokin N =373 0i Cao = 2.44(3)

where o0; = standard error? of conc. cp; (its esti-
mate); for large N then s? = 1. If g; are not known,
they can be calculated from s? = 1 assuming that all
o; are the same.

aor uncertainty - called differently in statistics and in metrology 0 1 2 3 4 5
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Old fashined methods. .. colol Order of reaction graphically col0l
@ Integral method trial-and-error: For  Example (see previous data): Now obsolete!
several orders n,lwe calculate the rate 71 T n=1 n=2 n=15 @ integral method
Iiz:i\ta—r:tPf-mm pairs c(T1), c(T2). 0 1 ]1.152 0.885 0.996 1. order: Inca =Incpp— kT = straight line in (T, Inca)
’ 1 2 /0739 1.416 1.018 2. order: —1/cp =—1/cao— kT = straight line in (1,—1/ca)
" —cng” 3 ! 2 _ 12 o 2
_ Al "A2 2 3 /0.526 1.877 0.991 5. order: —2/cy’“ =—=2/cpy — kT = straight line in (T, —2/cy )
n—1)(11—T
k= ( |n(CA)§/;A2) 2) 3 40303 1624 0701 @ differential method
e =1 4 510466 3.690 1.309 o tangent to ca(T) = derivative r(t)
-7 o Inr=Ink+nlnca = straight line in (Inca, Inr)
@ Differential method: rates for two times (or compositions) known
_In(r/r2)
In(ca1/caz)
@ Isolation method (Ostwald):
r= kcgcg 1 cg>ca (surplusB) = r= k’cg
. . [plot/nasirshly 3/ .. . . 14/20
Consecutive reactions of the 1st order w01 | Application to pharmacokinetics colol
AKX, g K o Distribution volume V is the volume of water in which the dissolved drug would
have the same concentration as it has in blood plasma.
Kinetic equations: A c ) N )
dea . . RS y mass of drug Often give per 1 kg of patient’s weight
— = —kicC - -
dTt 1A B 4~ Mass conc. in plasma Vy= mass of drug
deg (mass conc. in plasma) x (mass of patient)
—— = kica—kocs
dt 00T volume Va/(Lkg™1)
dec = kacp e g water total 0.6 children more, seniors less
dt Max. concentration: intracellular 0.4
Initial conditions: Tmax = extracellular 0.2
ca(0) =cpo, cg(0)=0, cc(0)=0 In(k1/k:
A(0) = cao, ca(0) c(0) ki/ka) ke £ ko blood total ~ 0.08
Solution: k1—k2 plasma 0.04-0.05
= —kit 1/kq for k1 =k
€A CAie 2 @ water-soluble compound, permeates through membranes, does not bind to any-
e = - 1k Ao [e—le_ e—sz] for k1 # k2 @ radioactive decay thing: Vg~ 0.6 Lkg~?! (e.qg., ethanol)
27 kT @ pharmacokinetics: @ lipophilic compound: higher (even hundreds)
= KkicpoTe for k1 =k2 k1 = absorption const. )
cc = Cao—CA—CB k5 = elimination const. @ slow permeation through membranes etc.: more compartments needed

R R R R [p\c/farmakokm.sh]ls/zo
Application to pharmacokinetics

col01
Simplification: 15 T T T T T T .
@ one compartment 2 e
. . . s L @ L
@ 1st order kinetics (other options: 83 'f ° Thr
) . )
Oth order, Michaelis-Menten) < K, = 0.4/hr
. R g ko = 0.1/h
@ absorption k1, elimination k> 8 o05f zfah d 1
2 Ta=8hr
@ “initial” weight concentration: s Cao = amount/Vy
mass of drug ol "
cao=————— 0 32 40 48 56
mass of patient x Vg4 hr
One shot After many cycles (oo series) for 11 = T—

see “consecutive reactions” (k—1)T5 = time from the last shot:

e—kim1 e—kom1

kicao
ky—ki |1—ekKiTa 1-—ek2Ta

T K1Ta
+ Jki=kz

Repeated shots
k-times by T3
(in times 0, Ta, 27a,

k1 # k2

cg =
. .(k=1)Ta)

1-ekiTa

k1CA087k1T1
- 1—ekiTa

[plot/bocni sh]16/20

Concurrent reactions colol

Example. Both reactions of the first order g 3
g
A Ko E;
AL =3

Rate equations: dca 2
e —kica—kaca if both reactions are of

dcg the same order:

e = kica Wegscheider principle:
dcc B B ki
=C _ ke e ———
dt 26A cc k2
Solution for caA(0) = cao, ¢c(0) =0, cc(0) = 0:
Kolky = 2
ca = caoexp[—(k1+ k2)T] A c
k1
B = C 1—exp[—(k1 + k2)T ¢
B A0k1+k2{ p[—(k1+ k2)T]} 5
2
cc = cpo——{1—exp[—(k1+k2)T]}
k1 + k2 o
Variants: A+B—, A+C—, A>B,C P
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Reversible reactions colo1

Law of mass action

18/20
col0l

Example. Both reactions of the 1st order: Guldberg-Waage:
k1
A 2 B Let both reactions in
k-1
. c kl

Rate equation: A+B & C+D

dea 8 k-1

e —kica+k-1cB are elementary (of 1st order wrt all compounds)
Balance for ca(0) = cao, cg(0) =0: 00 Rate equation:

T
= deca
. CA+CB=CA0 —— =—Kk1CACB + k—1CcCp

Solution: dt

CA0 I

cA=—[k1e‘(k1+k—1)T+k_1] Equilibrium: %:0 or
k1 + k-1 Um Guereny. S
Equilibrium: ccco =£=K i, :
. k—l CACB k—1 credit: Wikipedia
T'L“;, CA= K1+ ko1 CA0 where K si the equilibrium constant
cp(oo k P A K=
Equilibrium constant: B() -1 _ racemization (1 chiral C): K =1
ca(®) k-1
Tplot/rcoord-shl /20 20/20

Potential energy surface (PES) colol

Nuclei are much heavier than electrons = electrons are faster (Born—-Oppenheimer
approximation): electrons follow nuclei

Potential energy surface: energy as a function of coordinates of all nuclei

Better: after removing redundand coordinates because of symmetry (rotations,
translations)

A reaction proceeds by the
least obstacle way = over the
saddle point (better: close to
it) = transition state

P

Potential Energy
Surface

Dividing
Surface

Reactive _r
Trajectory

® Minima
® Saddle Points

credits: http:/5 /" b

Transition state theory (Eyring): k = (RT/NAh)exp(—[Gfm — Greactants]/RT)

T-dependence of the reaction rate (Arrhenius)

E*

dInK ArHﬁ1 AHE =const A, k1 Ale_%
= = K=Kpe RT =—=— .

a7 RT?2 P N
Aze RT

E* = activation energy, A = prefactor

activated complex

(transition state)

energy

reactants

AHR

products

reaction coordinate

* *
AHS =EF—E*,

Typical E*:
50-110k)mol~1

Rule of the thumb:
1.5-3x per 10°C

Kinetic theory of gases (Boltzmann): k = 2NAO(RT/TM)1/2 exp(—E*/RT)

col0l

=
“s" k=Ae AT




