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sah - celé kinetiky

Divod a smysl chemické kinetiky

Plochy potencidlni energie

Zakladni pojmy a koncepty

Rychlostni rovnice v diferencidlnim a integralnim tvaru

Typické kroky v reakénich mechanismech: paralelni (bo¢né) reakce,
nasledné reakce, reakce bliZici se rovnovaze (protismé&rné, vratné
reakce)

Typicka p¥ibliZeni vyuzivana ke zjednoduseni kinetickych rovnic:
aproximace pseudoprvniho ¥adu, pfedfazena rovnovaha, hypotéza
ustdleného stavu

Komplexni reakce (Lindemanndv mechanismus unimolekuldrniho
rozkladu, homogenni katalyza)
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P¥edfazena rovnovaha

. k1 k3
pro reakci: A + B C—=D
— ¢ _ Kk
- CACB - kz
d kak
v="T2 = kscc = 2leace

k3k
Vv = kobsCACB, kde kops = %

Podminka pred¥azené rovnovdhy: | ko >> k3 |

Neni podminkou: k; >> k3.
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Podminka ptredfazené rovnovahy: k, >> k3
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Hypotéza ustdleného stavu

Pro reakci pfes meziprodukt plati, Ze po induk&ni dobé se koncentrace
meziproduktu jiZ nebude ménit a bude podstatné mensi neZ koncentrace
vychozich latek.

k1 k3
B—~——C

pro reakci: A

Podminka pro ustdleny stav: ‘ (ko + k3) >> kq ‘
Neni podminkou: ky >> ks.

v = dCB = kica — (kg + k3)CB =0
V:_W leA—k2CB

__d¢ P
V= d? = kopsca, kde | kops = k21+/3;3

Integrované feseni:

ca(t) = ca(0)ekost; cc(t) = cc(0) + ca(t)(1 — e Fobst)
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Hypotéza ustéleného stavu: (ky + k3) >> Kk
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Hypotéza ustdleného stavu
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Unimolekularni rozklad

P¥i vysokych tlacich bylo pozorovano, 7e molekula A p¥echazi na Produkt
podle rychlostni rovnice:

A—P
dea _
— 5 = kapCa

kap je pozorovana rychlostni konstanta.

P¥. 2N,05(g)—4NOy(g) + O,(g)
V= kapCN205

Markéta Munzarovd, Dominik Heger (MU) Chemicka kinetika Il C4020 Fyz. chem. Il, 2019



Lindemanntv mechanismus unimolekularniho rozkladu

(1922)

A+M == A"+ M

2
* k3
Al —P
priblizeni ustaleného stavu:
dg,;* = k1CAC|\/| — kQCA*CM — k3CA* =0
Pro Cax:

_ _kicacu
CA* o k2CM+k3

dosadime pro cp: ‘Lif = kzcax =

k3 kl CACM
kocm+ks
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Lindemanntv mechanismus unimolekularniho rozkladu

(1922)

Zjednodugeni: ¢y ~ ca
Pak

dﬂ _ kskicacm __ k3k15/§
dt = keaytks T kecatks
Pro nizké ca:

dg 2
koca << k3 a tedy 5P = kicj
Pro vysoké ca:

koca >> k3 a tedy deo %CA
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Lindemanntv mechanismus unimolekularniho rozkladu
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Jak zvysit rychlost reakce?
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Jak zvysit rychlost reakce?

2Fe + 3 0y~ Fe,03
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Katalytické reakce

Potential energy —>

Ez{original path}

Products

Progress of reaction —
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Katalyzatory(?)
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Biologické katalyzatory: enzymy

P¥. Tyrosinaza (enzym nutny pro syntézu melaninu), p¥i normalni teplot&
téla siamské ko¢ky degraduje.

Enzyme activity ——

Temperature ——
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Biologické katalyzatory: enzymy

Lock and key (Emil Fisher,
1890) Induced fit (Daniel
Koschland,jr. 1958)

™ N

+ —_— Substrate
a
b +

- e
Active site / ) a b c
[ a
ES complex { y {

b

ES complex

Enzyme

Enzyme
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Enzymova kinetika: rychlost v ¢ase v zavislosti na

koncentraci substratu
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Enzymova kinetika: mechanismus Michaelis-Mentenové

(1914)

Enzym se mZe reverzibilné navdzat na substrat, a kdyZ uZ je navazan,
miZe substrat pfeménit na produkt.

V biochemii jsou reakce témé¥ vZdy v rovnovdzném stavu, enzymatickou
kinetiku miZeme ¥e$it, bud exaktn&, nebo za predpokladu predfazené

rovnovahy nebo podminky ustaleného stavu.

k1l k3
X == P
k2

predfazend rovnovaha: Kyis = %fs =
celkova koncentrace enzymu: cg(0) = cg

pro reakci: E + S

+ 5

(0) x
ce(0)c
X = C§+Kd|ss
dc _ e(0)cs
v="g kCX_sz+de
maximalni rychlost (kdyz jsou v8echna aktivni mista obsazena):
Vim = k3CE(0)

¢islo premé&ny (turnover number): ks [typické hodnoty: (102 — 103)s™1]
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Enzymova kinetika: mechanismus Michaelis-Mentenové

(1914)
) k1 K3
pro reakci: E + S X —P
predtazend rovnoviha: Ky = % = %
celkova koncentrace enzymu: cg(0) = cg + cx

_ ce(0)es

X = oot Kais
_ dep _ _ 1. ce(0)cs
v="q =ksx = ks s+ Kais

Vm = k3CE(0)

v = VmC Vim
cs+Kais 1+'§—g‘
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Enzymova kinetika: mechanismus Michaelis-Mentenové

(1914)

Vm

vV = K,
L

Potateeni rychlost: v(0) = dditplt—w
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Enzymova kinetika: mechanismus Michaelis-Mentenové
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Mechanismus Michaelis-Mentenové, vyneseni podle

Lineweaver-Burka (1934)

Slope = Km/Vm
31/, \
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Mechanismus Michaelis-Mentenové, &islo premény

k3 — kcat

Table 7.2 Turnover numbers of some enzymes

Enzyme Turnover number (per second)
Carbonic anhydrase 600,000
3-Ketosteroid isomerase 280,000
Acetylcholinesterase 25,000
Penicillinase 2,000
Lactate dehydrogenase 1,000
Chymotrypsin 100
DNA polymerase | 15
Tryptophan synthetase 2
Lysozyme 0.5
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Mechanismus Michaelis-Mentenové, Ky

Table 7.1 Ky values of some enzymes

Enzyme Substrate Ky (uM)
Chymotrypsin AcetylL-tryptophanamide 5000
Lysozyme HexaN-acetylglucosamine 6
B-Galactosidase Lactose 4000
Carbonic anhydrase CO, 8000
Penicillinase Benzylpenicillin 50
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Mechanismus Michaelis-Mentenové, konstanta specificity

ks / Kwu

Table 7.3 Substrate preferences of chymotrypsin

Amino acid in ester Amino acid side chain keat/Ku(s "M
Glycine —H 1.3 x 107!
Valine CHy 20

CH
N
CH;
Norvaline —CH,CH,CHS 36 % 102
Norleucine — CH,CH,CH,CH; 30 x 103

Phenylalanine 10 % 10°

Source: After A. Fersht, Structure and Mechanism in Protein Science: A Guide to Enzyme Catalysis and Protein
Folding (W. H. Freeman and Company, 1999), Table 6.3.
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Mechanismus Michaelis-Mentenové, konstanta specificity

ks / Kwu

Table 15.3
Values of Ky, ki, and k., /Ky, for Some Enzymes and Substrates

Enzyme Substrate Ku/M Keat/s™' (Keat/Kp)/M-1 71
Acetylcholinesterase  Acetylcholine 95x107° 14 x10* 1.5 x 108
Catalase H,0, 25%x1072  1.0x107 4.0x 108
Carbonic anhydrase ~ CO, 0.012 1.0 x 106 8.3x107
Chymotrypsin N-Acetylglycine  0.44 51x1072 0.12

ethyl ester
Fumarase Fumarate 5.0x107¢ 8.0 x 102 1.6 x 108
Urease Urea 251072 1.0x10* 4.0 % 10%
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Fotochemické reakce
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Fotochemické reakce

Paralelni (bo&né) reakce
kobs = ki + ke

* Doba Zivota singletu = doba
Zivota fluorescence:
Ts = 7f = 1/kobs = 1/ (ki + kr).
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Fotochemické reakce

Paralelni (bo&né) reakce
kobs = ki + ke

* Doba Zivota singletu = doba
Zivota fluorescence:

Ts = 7f = 1/kobs = 1/ (ki + kr).

Radiativni doba Zivota:
Tr = 1/ k¢, je deldi nez doba
Zivota fluorescence.
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Vztah mezi kvantovym vytézkem a rychlostnimi

konstantami

CD()\) __ potet pozorovanych d&ji*
~ pocet absorbovanych fotona

* nap¥. zreagovanych molekul, vzniklych molekul, vyza¥enych
fluorescentnich fotond.

Kvantovy vyt&Zek fluorescence: ®¢ = ke/ (ke + ki) = k¢Ts
Kvantovy vyt&zek reakce: ®, = k./(ks + k) = kTs
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Technickd provedeni experimenti

Odebirani vzorki

Metoda zastaveni reakce (quenching)
In situ metody (na plvodnim mist&)
Flow metody

Stop-flow metody

Relaxaéni metody, vyuZivajici ndhlé vychyleni z rovnovahy, p¥. teplotni
skok, skok tlaku, sv&tlem zplisobend zména - fluorescenéni metody,
zableskova fotolyza

@ Femtosekundové pump-probe metody

Markéta Munzarovd, Dominik Heger (MU) Chemicka kinetika Il C4020 Fyz. chem. II, 2019 31/60



Flow metoda

Driving Movable
syringes  spectrometer —
Mixing
chamber
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Stop-flow metoda

Spectrometer

I ™
il

Stopping
syringe

Driving
syringes

Mixing
chamber
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Mixing-Spraying Devices metoda

a Liquid
Inlet1

T uonnjos

,
R
s
I
/

Device

Tapu Shaikh: J Struct Biol. 2009 Dec; 168(3): 388—395.
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Mixing-Spraying Devices metoda

43 ms

Proc Natl Acad Sci U S A. 2014 Jul 8; 111(27)::9822-9827.
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Relaxa&ni metody

@ Metoda teplotniho skoku
@ Metoda tlakového skoku

@ Zableskova fotolyza
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Zableskova fotolyza

short-lived pump pulse

(laser)

continuous light source ﬂﬂﬂ

QEOE_: sample cell O

—

data analysis

=L

mono-
chromator

photomultiplier

digital transient recorder

Figure 3.14 Kinetic setup for flash photolysis
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Pump-probe metody

pump pulse A detector

laser pulse i probe cell
Ny
:\ ] delayed probe
/ ! 1« pulse
semitransparent 4
mirror :'i'""7i
i ] movable delay line
N v
N/

Figure 3.16 Conceptual design of a pump-probe apparatus
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Pump-probe X-ray

X-ray CCD-camera

120 15,
100 mJ

optical excitation pulse

sample

probe pulse

lager-plasma
Xeray source

laser pulse o generale X-rays
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Pavel Jungwirth
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Nékteré metody stanoveni rychlostnich rovnic a konstant

@ Metoda pocatecnich rychlosti

@ l|zola¢ni metoda
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Metoda polate&nich rychlosti (prvni ¥ad)

s s s
=1 = =
- o [e%s)

s
=
=1

Molar concentration of N,O. (mol-L71

2N,05(g)— 4 NO,(g) + Ox(g)

Time —>
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toda pocateénich rychlosti (prvni ¥ad)

2N,05(g)— 4 NO,(g) + Ox(g)

-4
0.08 & 4 10 o5
— »
g Lol (
3 5
£ £
- -3 107
ON 0.06 ;N 4
“ 5
= < L
s} =]
.= = 4
= 0.04 E2W 1. 36 104
g 2
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=] ‘}:-.
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E o110+
£ 002 = 4,
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Metoda polatelnich rychlosti (druhy ¥ad)

Rate of consumption of NO, (mol-L~'s7!)

Markéta Munzarovd, Dominik Heger (MU)
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Metoda polatelnich rychlosti (druhy ¥ad)

0.006

2NOy(g)—2NO(g) + O(g)

— 0.006 —

T: 0.005 | T: 0.005 |-

L 0

E 0.004}- £ 0.004

o' o)

Z z.

5 5

S 0.003 - S 0003

E £

Z 0.002- Z 0.002F

= %

-

£ o001 ::é 0.001—/J
Qlet 1|1 | Y AN I I N R
0 0.02 0.04 0.06 008 1 0 0002 0004 0006 0008 1

(a) [NO,] (mol-L") (b) [NO,* (mol>1-%)

Markéta Munzarovd, Dominik Heger (MU Chemicka kinetika Il

C4020 Fyz. chem. Il, 2019



Metoda polatelnich rychlosti (nulty ¥ad)

Concentration of reactant ——>

2NH;(g)— Na(g) + 3H,(g)

Reaction rate —>

Time —> (b) Time —>
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Metoda pocatecnich rychlosti - obecné

Spodivad v namé&¥eni rychlosti z potatku reakce a jejich vhodného vyneseni
za ucelem stanoveni mocnin v rychlostni rovnici.

Jav

Notode  pocsdtee L ryehlost \/;4 U;

7 ’{M V= J’/M L+ a fon CA | . (7\‘
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Potfeba experimentu

Reaction Rate law®
(Gas phase

H: + I: — 2 HI k[HI]llll
2HI— H: + I; E[HI]?
2M0; — 4 NO, + O k[MNL05]
2MNO0— 2N, + Oy k[MN,0]
2NO, — 2 NO + 0O, E[M0,)?
C;H; — 2 CH; k[C;H,]
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Potfeba experimentu

Rychlostni rovnici je tfeba
zjistit experimentalné - nelze
jej vycist ze stechiometrie
zapsané reakce.
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Nékteré metody stanoveni rychlostnich rovnic a konstant

@ Metoda pocatecnich rychlosti

@ lzola¢ni metoda
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P¥. Metoda podate¢nich rychlosti pro vice komponentni

systém

BrO; (aq) 4 5Br (aq) + 6 H"(ag)— 3 Bry(aq) + 9 H,0(l)

Pro koncentrace jednotlivych komponent uvedené v tabulce byly stanoveny
pocateéni rychlosti. Jaka je rychlostni rovnice?

Initial concentration (mol-L™1)

Initial rate

Experiment BrO;~ Br~ H;O0* ((mmol BrO;~)-L™"-s71)
1 0.10 0.10 0.10 1.2
2 0.20 0.10 0.10 2.4
3 0.10 0.30 0.10 3.5
4 0.20 0.10 0.15 5.5

Markéta Munzarovd, Dominik Heger
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Michaelis-Mentenové: kompetitivni inhibice

Substrate \\ Competitive
\ inhibitor
| A

Enzyme

Inhibitor se vaZe na stejné misto, jako by se mohl vazat substrat.

Vi = Vi, Ky > K
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Michaelis-Mentenové: kompetitivni inhibice

Substrate \\ Competitive
\ inhibitor
| A

Enzyme

Inhibitor se vaZe na stejné misto, jako by se mohl vazat substrat.

Vi = Vi, Ky > K

S 100
\ No inhibitor
E—'—)‘ ES——=E+P o
| / g
P 2 60
Vs > | e
)‘ //- 3 40

-,
[%]

~

5]

o

[Substrate] —
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Michaelis-Mentenové: kompetitivni inhibice

Substrate \L c?rr]“?;x‘igrve\

Enzyme

k1 k3
E+S X—=——P
Inhibitor se vaZe na stejné misto, jako by se mohl vazat substrat.
E+1 El

* k21

K = %4

CEl
PYes priblizeni ustéleného stavu:
Vo = (o
0 Cs s [1+ ! ]
Vyneseni Lmeweaver—Burk
v =t Rl

Vo

Vm Cs
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Michaelis-Mentenové: kompetitivni inhibice

=TT UV

Vyneseni Lineweaver-Burk:
1 _ 1 Km
w = T Rl

Vo Vm
Mé&ni se smérnice, priselik zlstava.

@ Maximalni rychlost se nezméni, kdyz je pfitomno hodné substratu,
v8echen inhibitor vytladi.
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Michaelis-Mentenové: nekompetitivni inhibice

Substrate
Substra te

Noncompetitive l
|nh|b|t0r
Enzyme
Enzyme

Nejcastéji se inhibitor vdZe na jiné misto nez substrdt a ovlivni enzym
zménou konformace (allostericky).
/ A
Vm < Vm, Ky = Ku

100

S No inhibitor
E+l——>ES E+P &
s
El ——> ESI ”

0

[Substrate] —
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Michaelis-Mentenové: nekompetitivni inhibice

Substrate N

ubstrate
: Nor]_co[n?elilivse \
|n|—||b\lor\“
Enzyme
k1 k3
E+S X —=——P
Inhibitor se vdZe na enzym, ale ne na aktivni misto, p¥esto inhibuje reakci.

E+ 1 = El
X+ 1 =Xl

Pfedpoklada se, Ze komplex s

inhibitorem neni ovlivné€n substratem: oy

K = €4 = «xa
CEl CXi 1

PYes priblizeni ustdleného stavu:
Vo = vimcs(0) _ ST SIS

[es (0)+Km][1+ 7] e
Vyneseni Lineweaver—Burk b
1 _ 1 0
v Lvm + vmcs(O ][1 + ]
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Michaelis-Mentenové: akompetitivni inhibice

Substrate Uncompetitive
\\ Substrate /f inhibitor
! \ v
/\ v
Enzyme
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Michaelis-Mentenové: akompetitivni inhibice

Substrate Uncompetitive
\\ Substrate /f inhibitor
! \ v
/\ v
Enzyme

Enzyme

Inhibitor se vaze, az kdyZ je navazan substrat.

Yo — Ku
vm  Km

S No inhibitor
E+l———=ES+|——>E+P

N
-
Relative rate

‘ [Substrate] —

K for uninhibited enzyme
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Peter Atkins, Loretta Jones: Chemical principles, The Quest for Insight.
Methods Cell Biol. 2008;84:445-77.

Markéta Munzarovd, Dominik Heger (MU) Chemicka kinetika Il C4020 Fyz. chem. II, 2019 56 /60



Retézové reakce

H2 -+ Br2—> 2 HBr
1/2
V = KobsCH2Cg)o
© Iniciace - fotk?iniciace, termicka &i chemickad iniciace
Br,+ M —— 2Br- + M
@ Propagace - kineticka délka ¥et&zce

Br- + H, <2= HBr + H.

H. + Br, =2~ HBr + Br.
© Terminace

2Br- + M =L~ Br, + M
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Exploze: rozvétvené Ffetézové reakce

Space shuttle, Challenger, 1986
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Exploze: rozvétvené Ffetézové reakce

2H2 + 02—>2H20

T T T LI T T T T T
o |
= I
|
| 1
| I
| I
[T R B L I I T T N T I
1000 :I 1T T T [ T T T T T T7T IJI
| | |
| Explosion | :
00 | [
. | |
K | I
B |
g
& BDD
&
e
TOD | Sty reaction —
@00 [T N TR N AN TR T N | I T N | TR T
] 1 2 3 4

lerg o oty
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Neboj - v kinetice se da v8e odvodit a vymyslet

Timo
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