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Evaluation time!

* | am super grateful for any feedback you
may have!

* Please be honest, so | can improve
further ©

* Thank you for still being here so close to
the winter break

* Have some brownies and treat yourself



About this Revision Session

* The following summary is by no means exhaustive

* it is meant for us to recapitulate together about what we have
learned this semester

* all materials (script and slides) discussed in our lectures are
examinable, with the exception of Sascha’s research talk in the
end of the previous session (hence no slides for that part)

* grey parts in the script table of contents will not be examined
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Chapter 1

Basic Concepts of Kinetics



Definitions

aA + bB - cC + dD

1 d[A] _ _1a[B] _ 14|[C]

e Rate of reactionn R =————= — ——
a dt b dt

* x. extent of reaction per unit volume
* unit ofR: [concentration/time]
* unitofx: [concentration]

* Elementary vs complex reactions
* Molecularity & order of reactions

C

dt



Zero-order reactions

(e.g. heterogeneous catalysis)




First-order reactions

_ 1Al _
R=—Cq =~ kAl

* half-life: t, = =~

2




Second-order reactions

First case: 2A — products

 Rate equation: R = —%%‘i\] = k[A]?

[Al, 1
m - 1+2[A] ke




Second case: A+ B — products

R = k[A][B]
. —%’i‘] = k[A] |B] ... problematic
—introduce extent of reaction
I Al 1.0
T k([Alo —x) ([B]p — x) _ 08
= 0.6
1 ((A],—x0)[B], _ 8
Al,-B], "B, oA, ¢ 8o
S 0.2
_ [A], B, el —lPlo) 0o
Xt = [A]Oe[A]Okt_[B]Oe[B]Okt .

reminder:
x = extent of reaction
In units of concentration




Reactions of General Order

aA — Products

_ _14d[A] _ n
R=—Cgc = kA

1 1
A At akt (n—1) (forn # 1)

* van’t Hoff plot to find out order of
reaction:

In (—%) = nln[A] + Inak

log (=d [A] / dp)

- )
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Arrhenius Equation: N

rgy

rev
E act

Potential ene

* toobtain A and E,; , plot in logarithmic form:
Ink =InA — =2

Ink,
* For reversible reactions (equilibrium): InA
Kforward
A+B 2 C(C+D
kreverse

YT

“Arrhenius plot”

0
_ [C][D] _ *forward _ “forward e—ARLT

e K — —
€q [A] [B] kreverse Areverse .




Chapter 2

Complex Reactions



Reversible Reactions

k,
AZ2B
ks
WA — i [A] + ke [B)
W _ kA1 - k4 [B)

e we found for extent of reaction

X, = %(1 — e k) and

Al — ka[Bl,
1 o0 ™t (ky +k_q)

concentration

T
o v B o o <
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Consecutive Reactions [A] = [A]e k1

A
k1 k2 [B] = % (e_klt — e—kzt)
A - B - C (e.g.radioactive decay) (€] = [Aly(1 + kpe 2t — kyefat

k, — kyq
two cases: Iy
for k1 > kz for kz > k1 [C] ~ [A]O(l —e )
ki=1 k,=0.1 ki=1 k, =100
[Al ' ? N 2 CI/IA],
[CI/IAL
2 [BI/[A], g
2 = Al/[A
§ 3 [AI/TA],
0 0

Time



Parallel Reactions

k. =B
Case 1: First-order decay to different products A /
+ [A] = [A] e~ UeBTRe)E k\c‘ C
. [B ‘= (kkakC) Al, (1 . e—(kB+kC)t)
e [C]t = (kBk+CkC) Al, (1 — e—(kB+k(;)t)
A _k
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The Steady-State Approximation (SSA)
d[A]

~ ()

* applied it to simple 2-step consecutive reaction with k, > k,

e valid, if conc. of intermediate small. Then can set:

* applied it to 2-step consecutive reaction with reversible first step;
with cases of 15t or 2"d step rate-limiting got different results

The Pseudo-First-Order Method
k4 k>
* e.g. for A; + A, ->products & A; + A;—products

* trick: supply [A;] in large excess in your reaction
* |A,] = const. over time
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Chapter 3

Catalysis & Polymerization



Michaelis-Menten Enzyme Kinetics
E+S2ES2EZ2EP2E+P
* we simplify this for MMM to

k1 ko
E+S 2 ESSE+P
fe—1

MMM assumptions:
* 1): only 2 steps

* 2): no reverse reaction (or restrict to initial stage of reaction where
back-reaction neglectable)

* 3): steady-state approximation for intermediate ES
» 4): [E] <<[S]

18



k1 k2

E+S 2 ES>E+P

k-1

maximum rate vmax

MMEq.. | )
5 — ko [E]o _ Umax

B k_i+k, K
1+ — =2 1+
k1 [S] [S]
Michaelis constant Ky = (k_{+ ky)/kyq
(units of concentration)
Uryax ............................

[S1 (moln)
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k, k
E+S 2 ES - E+P

L. T KEIk_l T Kgs
* uncompetitive El ESI

Inhibition mechanisms in enzyme kinetics
* competitive

* mixed (hon-competitive)

I
“mixed”

Autocatalysis (follows an “S curve”)

k
A+ B- 2B g

>
I
o

_|_
—

we)
I
o

Concentrat
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Polymerization
* Stepwise: linear growth

» average chain length (N) = [EAT]]O = ﬁ =1+ kt|A],
* chaintype: 3 steps
* initiation
* propagation
* Termination
+ (N) = 22 = —2 [In] 2[Mm]
(fkikt)2

* kinetic chain length A and degree of polym. (N)

21



Chapter 4

Kinetic Theory of Gases



Kinetic theory of gases

* |deal gas law: PV = NkgT = nRT

..........................

* only kinetic energy, collisions elastic

My m




Maxwell-Boltzmann distribution
2

muj
. m -
* in1D: f(uj)dui = |amkr © 2kBT du;
E mu2
* in 3D: F(u)du = 47‘[( = )2 u?e 2kBTdy
ZﬂkBT

* and how curve changes with composition
& with temperature

0r 300 K

F(u)

* and how to measure speed distributions 1000 K
experimentally:

Doppler effect vs rotating discs slit machine 3 | I / J

0 500 1000 1500 2000
u/m.s!




Chapter 5

Collisions



Hard Spheres - Collisions with a wall

Approaching
z [ molecules
A

kpT
2T m

Collision flux: z | = % (u) = p [s'm~]

Effusion
* low pressure, small hole vs. large mean free path

1A= D4 [s] P

\/ZﬂkaT 0© Oé %o
* Knudsen method to measure vapor pressure of liquids | ¢

 effusionrate k

effusion = 4col
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Miss |

Collision rate:

zy = pousp) = po2(u)
. 8kpT 8kpT
- \/?'DO-\/ mm ’00-\/ TU

w1
Mean free path: [ = 71 = Voo

Just hit

Just miss

[m] » X

* number of unscattered molecules as they pass through the
volume of other particles and scatter decays as:
X

n(x) =nyge ’?* =nye 1

27



Center-of-mass coordinates
° (vA: vB) — (vcm» WAB)
Vg = Ve + UWyp/my

Vp = Ve — UWyp/Mp

_1 2 1 2
° Ekin — E (mA T mB)Ucm T EﬂVAB

Ekin, cm + Ekin,AB
conserved!

available for reaction

I
<l

; C .
It - L 1 :’ "
DR SN S SRS et b u .
s 3 - , ¢ CM

P Y -t > - r '
Center ~ U | - @ o [P :

of mass r @ u, .\ ',D

| 2

Increasing Time




distribution of relative velocities:

f(vAx: Vay,»Vaz) VBx)» VBy, UBZ)dvAxdvAydvAzdexdeydez

* transformed to c.m. system
* integrated out c.m. part

f ( VaBx) VABy:» UABz)dUAB,x dVAB,y dvg ,
* transformed to spherical coordinates

* integrated out spherical part (isotropic)

3 Iiv,zq B

- _
f(ap)dvap = 47T( = ) vip e 8T duypg
2tkgT

"

a M.B. distribution for
particles of mass u
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Bimolecular collisions

Reactive hard spheres (A + B — Products)

PA PB
—_ = —— =7 = 0 Uu
at 1t AB \AB( AB}) PaPB

v
k(T) [A][B]

e If all collisions were reactive: —

* rate would be much too high
» temp. dependence wrong: k(T) o VT vs Arrhenius: k(T) « e Fact/kBT

2> ldea: k(T) = o45{uug) — k(T) = (0r(E) uyg)

30



Reactive hard spheres model

 the closer the impact parameter b

gets to 0, the more heads-on is a collision

* only orthogonal component can drive reaction

. (0 ifE, <E
probability: Pr(E,) = {p fE, >E"

* hard sphere collision cross section: 0,5 = wd*

f
0 : %

. . . . ITE<E
reaction cross section: g (E) = 1nd2p(1 B %) fE > E*

31




Reactive hard spheres model

reaction cross section depends on energy,
so we calculated the thermal average

using the M.B. distribution and got:

1

k(T) = nd? (SEIZT)E p e kT

hard-sphere cross section X mean velocity X Arrhenius eq.
Arrhenius pre-factor A
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2-body classical scattering

* angular dependence and differential reaction cross section Iy
* to learn more details about reaction mechanisms

 central interaction potential U(r) (at least works for spherical rare
gas atoms)

* the symmetrical nature of such a potential will make our life easier
* again, treat all in center of mass framework

* Ask: What fraction of particles (a part of the total reaction cross
section agy) scatters into a specific solid angle (a small element d{)
of the total solid angle (1)?
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2-body classical scattering

Differential scattering cross-section:

A" = 2msinydy
_ @ _ 2ntbdb _ b 0O = si
Ip = T e ‘d(cc(i); = d sinydydgo _

bdbdd =7/ %
trajectory 0(r) \ A\ (b) %
o - Ii . é
7% %
/ % bc g 8, é
n /
‘W J ¢ (e, 6c) g é
A é %
ANECEE o/
A =2 X(b):ﬂ_zgc é //

= 2mbdb Vi

//// 34



2-body classical scattering

__dogp _ 2mbdb

b

I =

» for hard spheres: U(r) = {
 Y(E,b) = Zarccosg
dZ
° IR(EJX) — T

dQ  |2msiny(b)dy| ‘d(COS X)

db

0 (r>d)
oo (r<d)

U(r),

x(b) ,

35



2-body classical scattering QT
05
g i
[ = dor __ 2bdb . b = 00
R™ aq — |I2msiny(b)d x| - ‘d(CCC;Z X) -05 €
—-1.0¢

00 05 10 15 20 25 30

» for Lennard-Jones: U(r) = 4e¢ [(5)12 _ (2)6] +(b) r/o

r

lg(IR) Sln)( 11‘ large b

* X, rainbow angle

small b

.......................................

)I(T X 36



Chapter 6

Unimolecular Reaction Dynamics



* Lindemann theory of collision-activated unimolecular "
reactions A+M > A+M

* strong collision assumption for activation/deactivation k,
>gas-kinetic collision rate z,y; for deactivation const. k_,: & = products
Zam = 0am (Uam) papm = k-1 [A][M]

 applied steady-state approximation to [A" |

k1k,[A][M]

k-1[M]+k k_1 = oam (Uam)
p__fakz[M]

* considered high- & low-pressure limits unt = g [M] + k,

e overallrate: R = k,,;[A] = k,[A*] =

38



e at low pressure becomes 18t order in collision partner,

k1
A+M > A"+ M

linear increase of k,,,; with pressure (activation step is A k;l Iy
rate-liming)
: : k
* at high pressure becomes effectively 0" order, A* & products
constant with pressure (pre-equilibrium, reaction rate-
limiting)
-4- 1 1 1 L
k _______.k___/‘_mfz _________
—_ o0 |
kuni — Koo 6 : ]
M i L
3 : _1 = 0am (Uam)
o -8F I -
J | e = kik,[M]
; | T T e M + K,
L : 1;; 9x106 Torr
 ..werealized thatusing k; from §fF———F——4——+ % 0
simply reactive-hard-spheres 109, £/ Tore

model underestimated
experimental results...
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Lindemann-Hinshelwood theory

* to account for internal energy stored in vibrations that can
drive reaction as well, to increase k, for better agreement
with experiment

* LH theory approximates the ratio
ki |Apsg,)

~y

k_—l [Atotal]

* only okay for pre-equilibrium approximation, i.e., at high
pressures (very drastic approximation for low ones!)

* allowed us to apply statistical thermodynamics to
calculate assuming a thermal distribution

k1
A+M > A"+ M

k_q
A+M - A+ M

ka
A* — products

40



* we derived from first principles: A+M > A"+ M

AA+M - A+ M

ks

* assuming s classical harmonic oscillators, using stat. TD . * products

and density of states
* approximated solution, only valid for small molecules:
s small if overall atom number N small,ass = 3N — 6 (orb5)
* and for activation energy E, being relatively large (typical)
* and assuming quasi-equilibrium, i.e. high-pressure limit
* then, we could drop all terms in binomial expansion forj > 0
- compared to just reactive-hard-spheres model, we learned
that the reaction rate depends on the internal energy as well,
taking into account the vibrational energy stored, which can

contribute to successful activation and reaction, accounted for in
the equation through the amount of modes s

41



Rice-Ramsperger-Kassel (RRK) Theory

A+M — A*(E,E +dE)+ M

e assumes k, — k(E) and A*(E,E + dE) I
* assumes for activated molecules to... A*(E,E + dE) + M __)1 A+M
(1) form microcanonical ensemble

(2) dissociate with frequency v once ) k(E)
reaching E, + E' in the critical mode A*(E,E + dE) — products

(3) continue to form a microcanonical

ensemble because... RRK theory again assumes

equilibrium (so that we can
use statistical TD)

3a) ergodic hypothesis, i.e., energy can freel
( ) g P gy y & classical oscillators (no QM)

redistribute between all vibrational modes
(3b) fast IVR (intramolecular vibrational energy
redistribution), i.e., faster than reaction

42



Rice-Ramsperger-Kassel (RRK) Theory
k(E)=v -P(E,E, = E,)

A+M - A*(E,E+dE)+ M

k-1
N(E, E, > E,) A*(E,E+dE)+M —» A+ M
k(E)=v- N(E)
k(E)
F— Fo\S1 A*(E,E + dE) — products
— Lo
k(E)=v-( i ) o |
().8_
RRK result for “k,” = 0.6/
% 04|
0.2




Chapter 8

Transition State Theory



1
0 2ry

s §

* Atthe TS, minimum energy path
mode has maximum, while
orthogonal path shows minimum

* In general: the transition state is
a saddle point, whichis a
maximum along the reaction
coordinate (the minimum energy
path) and a minimum along all
other normal modes

r

0

f

Reaction path



Transition State Theory (TST) Wil

A + B - N¥ - Products
* basic assumptions:

Parallel dividing surfaces

(1) Born-Oppenheimer Approximation

Potential energy

(2) Boltzmann (thermal) distribution

* specific assumptions:
(1) no re-crossing

Products

(2) quasi-equilibrium 3 % s
(3) classical motion along reaction Reaction coordinate

coordinate (pretending no potential at
the top and thus ideal gas behavior)

46



Transition State Theory (TST)

k — |t ij: — 1 %36
=TT [AlB] 2
¢ _ Lo :
f _ OsQ" ThoT : g
Kt = e “B! (stat.thermodynamics)
QalB

)
Qs = E\/Zﬂ.uskBT
(translation of particle in 1D box)

-% 0+§ S

Reaction coordinate

i = L ) _ 1 [2kpT
S8t 8§ 84l mus

treatment like kinetic gas theory for (v,))

(classical

47



Products

ol

Parallel dividing surfaces

.-
o &
+

(=]

&
L
=

o
wlan .8
1

b

0
[~

A819us [enUAOg

h Qa0Qp

Transition State Theory (TST)
Krst
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Chapter X

Kinetics and Energetics In
Photosynthesis



Energy transfer & exciton motion via FRET

* exciton motion/ ) .
energy transfer via FOI‘Ster tl’anSfer (S|nglet)

Forster resonant m
energy transfer LUMO W, - /

Intensity

(FRET) (vs Dexter

type) V |
» dipole-dipole HOMO ‘1, @+
coupling

« can be long-range Donor Acceptor (R 6
interaction (few kDA (R) — F
nm) T\ Rp,

* very fast (sub-ps)

50



Aicai

Marcus theory of electron transfer

Gibbs energy

D*A

o /¥e e =
Displacement, g

ABC

reaction coordinate

transfer

acceptor

A AG°<0 (somewhat negative)
@ 1G>0, rate ky

B AG°= -\ (quite negative)
AGt =0, rate kg > kp

C AG°<<0 (very negative)
@ AGH>0,rate kg <kg

As AG° approaches —A, the rate of reaction increases

When AG° = —\, the reaction becomes barrierless

As AG° becomes even more negative (AG° < —\),
the rate of reaction decreases (AG* > 0)

Marcus inverted region

rate

- (AGO +/1)2

47k,T
oC V2

tunnelling

51



. \ ’ /
Information on the Exam LEXAM
» allowed to bring: ol M 7

* 1 hand-written (not print, not digital) A5 single-sided . °
cheat sheet i

* 1 non-programmable calculator
* provided: Exam questions and formula collection

Friday, 17 January 2025
* time to solve exam: 3hours sharp 9.15 am - 12.15 pm

Room BCH2201
* possible types of questions: all, for example...
multiple choice, draw this, read out that, calculate this,
explain that, why is this, what are the limitations of that
model, in what case is this valid, what happens for
early/late times/in excess of X etc. 52



Interested In
EPFL Valais Visit?

e free return train ticket
Lausanne € - Sion

* my team and | will give you
a lab tour through
facilities ©

* if iInterested, need to know
* when?
* how many of you?




