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Thermodynamics

(only Phenomenological Thermodynamics, not Statistical Thermodynamics)
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Thermodynamics

(Only) Three types of thermodynamic systems exist:

> lIsolated systems: neither matter nor energy can be exchanged with the
environment, the system’s entropy increases until it reaches a maximum
Examples: the entire universe, certain lab apparatuses (only approximately)

» Closed systems: energy (e. g. heat, light), but not matter, can be exchanged
with the environment, entropy of system and environment together increases
Examples: our planet Earth (in good approximation), certain lab apparatuses

» Open systems: both matter and energy can be exchanged with the environment,
entropy of system and environment together increases
Examples: all living organisms (bacteria, fungi, plants, animals, you & me), a
building, a village, a town, a county, a country, a continent, certain lab
apparatuses

» An exchange of matter only, without exchange of energy, is not possible,
(i) because moving/flowing matter has kinetic energy and
(ii) because matter at T > 0 K contains thermal energy (latent heat)
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Thermodynamics

Phase diagram for a single pure simple compound
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https://en.wikipedia.org/wiki/Phase_diagram (accessed 14 May 2024)
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Thermodynamics

Gibbs' phase rule (1870s): If F is the number of degrees of freedom, C the number of
components and P the number of phases, then

F=C-P+2

Proof: F is the difference between the number of variables (C — 1)P 4 2 * and the
number of constraints C(P — 1) **

F

(C—1)P+2-C(P-1)=C—P+2

* The expression (C — 1)P + 2 counts, for every phase, the variables for chemical composition (given, e.g., by mole fractions x,, k =1,...,C,
including one constraint, which is 37, x, = 1 in case that mole fractions are used) and, finally, adds two more variables, these latter typically being
pressure p and temperature T for chemical applications.

** The expression C(P — 1) counts, for every compound k, k = 1, ..., C, the conditions of equality of chemical potential ) between different
phases (this term does not contribute if just a single phase exists, i.e. when P = 1).
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Thermodynamics

Technical Chemistry and Biotechnology Beate Koksch/Felix Loeffler

Phase diagram

Pressure

Gibbs* phase rule . n.:;m..
- Number of independently selectable parameters F (= degrees of freedom)

F=C—-P+2

F: Degrees of freedom, C: Number of components, P: Number of phases

- Example 1: Pure compound (e.g. water) one phase (e.g. liquid): F =2
- Temperature and pressure can be chosen independently (in phase range)

- Example 2: Water at boiling point curve (P =2): F=1
- Temperature depends on pressure (or vice versa)

Thermo dyn amics tps:len.wikipedia orghikiPhase._dagram 7

Courtesy B Koksch & F Loffler
D Andrae / Freie Universitat Berlin / 16 May 2024 (revision 20 May 2024) — Thermodynamics 7/42



Thermodynamics

Technical Chemistry and Biotechnology Beate Koksch/Felix Loeffler

Phase diagram — multiple components

- ldeal binary mixture (molecular interactions same as pure components)

X,: Mole fraction of 0«0 p.: Vapor pressure of pure
component 1 in liquid P1 P2 component 1 (equilibrium)
mixture (X, =1 —X,)

p2: Vapor pressure of pure

: Mole fracti f
y,: Vole fraction o component 2 (equilibrium)

component 1 in vapor 1+2
mixture (y,=1-Yy,)

Raoult's + Dalton’s law

— 0 0
P=p1XxX;tp2x;
- Total vapour pressure of an ideal mixture of liquids is equal to the sum

of vapor pressures of the pure components multiplied by its mole
fraction in the mixture

Thermodynamics 8

Courtesy B Koksch & F Loffler
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Thermodynamics

Technical Chemistry and Biotechnology Beate Koksch/Felix Loeffler

Phase diagram — multiple components

- Ideal vs. real mixtures
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Thermodynamics 9

Courtesy B Koksch & F Loffler (water bp 100 ©C, acetic acid bp 118 °C [SATP])
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Thermodynamics

Technical Chemistry and Biotechnology Beate Koksch/Felix Loeffler

Phase diagram — multiple components

Gibbs' phase rule: F=C-P+2

- Example 3: Benzene-xylene mix (C=2) > F =4 —P

T-x,y diagram p=1,013 bar
Thermodynamic variables: 140 ‘ 1=Benzene
1. Temperature (T) 130 Co,—12=p-Xylene
2. Pressure (p) 9 2 N T T
3. Mole fraction of benzene £ 120 1= %.o s, Vaper If T=80-140°C
in liquid phase (x,) £ 110 %\,sj 2, > 2phases > F=2
4. Mole fraction of benzene s 165 Ul N
in vapour phase (y;) g | _tiquid _N|¥ [N | |>AtgivenT&p,
(3. & 4. may also be xylene, & 90 “ 'j r mole fractions
dependent variables) 80 X! | N are defined
0 02 04 06 08 1
Mole fraction y, in vapor
Mole fraction x, in liquid
Thermodynamics 10

Courtesy B Koksch & F Loffler (benzene bp 80 °C, p-xylene bp 138 °C [SATP])
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Thermodynamics

Technical Chemistry and Biotechnology Beate Koksch/Felix Loeffler

Phase diagram — multiple components

T-x,y diagram p=1,013 bar x-y diagram
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Thermodynamics 1

Courtesy B Koksch & F Loffler (n-propanol bp 98 ©C [SATP])
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Thermodynamics

Thermodynamic square (Born square, Guggenheim scheme):*

V' A T
Connecting thermodynamic potentials A (or F), G,
H, U and state variables V, S (extensive) and p,
T (intensive), such that (see refs. for details):
U=uU(s,Vv) = dU=TdS—pdV U G
H=H(S,p) = dH=TdS+ Vdp
G=G(T,p) = dG= —SdT+ Vdp
A=A(T,V) = dA= —SdT —pdV
. S H P
For multicompound systems add, for every com- Figwe 1. Thermodynamic square.
pound k, a term with chemical potential ux and
particle number Ny, e.g. c For Chemistry (constant T, p), we thus arrive at
C
dG = —SdT+ Vdp+ > pucdN; 4G =3 i dN,
K K
(to be considered for every phase in the system) At chemical equilibrium, dNj = 0 for all k

~» dG =0, i.e. Gibbs free energy is stationary

* after M Born (1882-1970, 1954 Nobel Prize in Physics) and EA Guggenheim (1901-1970)

A mnemonic in English: Good Physicochemists have studied under very ambitious (fine) teachers
https://en.wikipedia.org/wiki/ Thermodynamic_square, https://de.wikipedia.org/wiki/Guggenheim-Quadrat
RF Fox, J Chem Educ 53 (1976) 441, https://doi.org/10.1021/ed053p441
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Thermodynamics
Chemical potential p and entropy S — the essential central thermodynamic quantities

vi Preface

Key role of the chemical potential x

Prediction of reactions

Temperature and pressure

Quantum statistics
dependence

Spectroscopy and
photochemistry

Mass action

Acid-base reactions Electrochemical cells
Related energy

exchange lonic interaction

Indirect mass Redox reactions

action
Mixtures Reaction kinetics
Interfacial phenomena Transport phenomena

Heat effects
Entropy

Because we choose in this book an approach to matter dynamics directly by
using the chemical potential, application of the concept of entropy is limited to the
description of heat effects. Still, entropy retains its fundamental importance for this
subject and is correspondingly discussed in detail.

G Job, R Riiffler: Physical Chemistry from a Different Angle, Springer, 2016, preface
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Thermodynamics

Chemical potential i and entropy S — the essential central thermodynamic quantities
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Fig. 3.36 Energy release and entropy generation for (a) a potential drop of charge, (b) a mass
falling from a height, (c) a pressure drop of a volume, (d) a temperature drop of entropy.

G Job, R Riiffler: Physical Chemistry from a Different Angle, Springer, 2016, p 90
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Thermodynamics

» 1931 — L Onsager (USA, 1968 Nobel Prize in Chemistry): Thermodynamics of
irreversible processes “not far from equilibrium” (or: linear non-equilibrium
thermodynamics)

Entropy production P inside the system can be described as a sum of products of
fluxes Ji caused (induced) by conjugated generalized forces Xj:

n

dS‘“t Z X, >0

In the “linear regime”, fluxes Ji are expected to depend linearly on forces Xy, e.g.
ho= LuXi+ LoXo } { <J1> <L11 L12> (Xl)
S = = =LX
b = LaXi+ LnXo - S Loy L) \ X2 ==
Onsager reciprocal relations: Ly = Ly (k# £), L=L" (L is a symmetric matrix)
Example: Coefficients in the theory of thermoelectric effects (Peltier, Seebeck)
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Thermodynamics
Some examples for “fluxes” depending linearly on “generalized forces":

Table 1. Linear Relations between Disequilibrium Degrees and Flows
for Some Irrevesible Processes

Process Law Flow Dis%qui\ibrium Phenomef\glogical
egree Coefficient

Electrical conduction I =V/R I v 1/R

Chemical diffusion J =D (dC/dx) e dC,/dx -Dy

Heat conduction Jq= -k(dT/dx) Jg dT/dx -K

Chemical reaction J =-1AG J AG -L

[ChemEd.chem.wisc.edy ® [ol. 79 No. TT November 2002] ¢ Journal of Chemical Education| 1337

The first three examples in the table are, from top to bottom, Ohm's law (essentially), 1st Fick's law and Fourier's law.

JC Aledo, A Esteban del Valle: Glycolysis in Wonderland: The Importance of Energy Dissipation in Metabolic Pathways, J Chem Educ 79 (2002) 1336
https://doi.org/10.1021/ed079p1336
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Thermodynamics

» Internal entropy production “not far from equilibrium” is thus, in general, a
quadratic function (paraboloid) of the generalized forces, Xk,

d n ‘
St Zkak XTLX

which has a minimum
— Principle of Minimal Entropy Production (Prigogine, 1940s)

» 1940s/1950s — | Prigogine (Belgium, 1977 Nobel Prize in Chemistry):
Thermodynamics of systems “far away from equilibrium” (or: non-linear
non-equilibrium thermodynamics); dissipative structures generated by flow of
matter/energy into/through/out of open systems
Examples: Bénard cells (convective heat transport in viscous fluids), living cells

> 1960s/1970s — M Eigen (Germany, 1967 Nobel Prize in Chemistry): Theory of
hypercycles (describing selforganization in prebiotic systems)
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Thermodynamics

Table 5. Definiti and relati of chemical thermody

Affinity of veaction i:
A;=*§7’M/‘k' (1)
=RT [m K;—In [T a;“f] . @)
)

Stoichiowmetric coefficients :

>0 for reaction products
< 0 for reactants.

Example: 40,4 Hb=Hb(0,),:

vo,= —4;  VHb=—1; VHb(O,), = +1;
Chemical potential of substance k:

m=pf+RTInay, (3)

pg—sta.ndard chemical potential; akﬁa,ctwlty (to
be repl by tion ¢, for ideal

Equilibrium constant:
Ki=ITay"™ @)
3
a,, refers to equilibrium state, where 4;
—RT K=Yy (cf.Eq 2). (s)

Extent of reaction &, according to:
d&;=dnylvy (n,=mole number of component k). (6)
At const T and P:
dG =Y 4,d&; 7
T

(G = Gibbs’ free energy; &, is conjugate to 4;).

Reaction Rate:
K=d§;/4’2¥5in'Ak/T (8)
(i » = phenomenological coefficients).

Onsager’s Relations:

£ip=Epi- (9)
Linearization:
1
V= -fzs,-kZ (04,/0&)T, pO&;. (10)

The matrix (e;3) and the tensor (94,/0&)r p can
be written in diagonal form. The transformed rate
equations assume the form:

Vi = a&jat=2;0&;, (11)
where §&; = normal mode;
A;= —1/7;==eigenvalue; 7;=relaxation time;

the solution of the rate equation is

0;==0 &jge—tm. (12)
Entropy production :
(13)

M Eigen: Selforganization of Matter and the Evolution of Biological Macromolecules, Naturwissenschaften 58 (1971) 465
https://doi.org/10.1007 /BF00623322
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Thermodynamics

The essence of entropy production can be illustrated by
glycolysis.'™¥  Anaerobic glycolysis is an ATP-producing
process in living organisms. Endergonic ATP production
from ADP is coupled to exergonic transformation of glucose
to lactate. The energy produced in the reaction of one
molecule of glucose is sufficient for the formation of four
molecules of ATP. Still only half of that energy is used for that
purpose, and thus merely two molecules of ATP produced,
the rest is dissipated as heat. The dissipated energy promotes
a high disequilibrium degree, and is essential for driving the
flow of matter throughout the glycolytic pathway, thereby
avoiding chemical equilibrium.™"

C Moberg: Schrédinger's What is Life? — The 75th Anniversary of a Book that Inspired Biology, Angew Chem Int Ed 59 (2020) 2550
https://doi.org/10.1002/anie.201911112
JC Aledo, A Esteban del Valle, J Chem Educ 79 (2002) 1336, https://doi.org/10.1021/ed079p1336
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Thermodynamics

General expression for entropy production in a system (volume V/, surface area X):

g _ dSext CISint >0
dt dt dt —

with entropy transported per unit time through the surface area ¥ of the system by

entropy current density J,.s(L t) (df outward-pointing vector of a differential surface
area element)
dSext

= — [ j(r,t)-df
dt /Zv-/s(rv) L

and entropy produced per unit time within the volume V of the system by entropy
production density os(r, t) (d7 differential volume element)

CISint _
ek +/V05(r,t)d7

R Kiimmel: The Impact of Entropy Production and Emission Mitigation on Economic Growth, Entropy 18 (2016) 75,

https://doi.org/10.3390,/e18030075
R Kiimmel, The Second Law of Economics — Energy, Entropy, and the Origins of Wealth, Springer, 2011,

https://doi.org/10.1007 /978-1-4419-9365-6
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Thermodynamics & Economy (1929) — Did we learn it?

THERMODYNAMIK

DIE LEHRE VON DEN KREISPROZESSEN
DEN PHYSIKALISCHEN UND CHEMISCHEN
VERANDERUNGEN UND GLEICHGEWICHTEN

EINE ZU DEN THERM PROBLEMEN
UNSERER KRAFT- UND STOFFWIRTSCHAFT

VON
DR. W. SCHOTTKY

\ISSENSCHAFTLICHEM BERATER DER SIEMENS. & HALSKE-A.G.
FROMER ORDENTLICHEM PROFESSOR FOR THEORETISCHE FHYSIK
ERSITAT ROSTOCK

IN GEMEINSCHAFT MIT

LULICH uxo DR. C. WAGNER
PRIVATDOZENTUNDASSISTINT | PRIVATOOZINT UND ASSISTENT
FOR TSRS G A LABORATORIUN
AN DER UNINERSITAT ROSTOCK RSITAT JENA

MIT 90 ABBILDUNGEN UND 1 TAFEL

BERLIN
VERLAG VON JULIUS SPRINGER
1929

English translation of 1st sentence of preface:

Vorwort.

Die Zeit i und Stoff-
m, die uns die Natur zur Verfug\mg gestellt hat, wird wahrscheinlich schon
fir unsere Kinder nur noch die Bedeutung ciner vergangenen Wirtschaftscpoche
haben. Daf die Optimisten recht behalten, die auf die ErschlieBung ungeahnter
neuer Wege zur Energiegewinnung und Stoffumwandlung hoffen, wollen wir
wiinschen; als vorsichtige Wirte stehen wir aber vor der Aufgabe, uns heute
auf lange Sicht mit den vorhandenen Mitteln einzurichten: mit unserem Ein-
kommen, bestbend aus den wverinderic feenden” Energiequelln, vor
allem den Wasserkrften, und mit unserem Vermogen, den Kohle- und Ollagern
und den hochwertigen Rohprodukten. |
Ketbare Rotatofe kaon man, wir baben e erabren, 0 faat jeden Ver,
wendungstweck durch ein als Rohstoff mehe oder weniger wertlosss Mater
ersetzen; Energie ist unersetzbar. Arbeitsfahige Energle st absolates Gut, Ist
absoluter volkswirtschattlicher Reichtum; sie vermag nicht nur unsere Lasten
heben, unsere mechanischen Arbeiten u verrichten, unsere Fahrzeuge za be-

Edelstoffe und hichstwertige Verbmd\lngul Der_potentielle Reichtum eines
Landes, die landwirtschatichen Produldionsmoglcikeiten in gewissem Sinne

t von der ihm zur Verfiigung -
den freien, mxmumgen  Raergie ab.

n wir uns diesen ganzen potentiellen Reichtum erschlossen, alle
Wasserkrafte ausgebaut, die Kohlen- und Ollager in einem verniinftigen Tempo
ausgewertet. Dann steht aber vor dem dadurch gegebenen Brutto-Wohlstand
immer noch ein Faktor, der erst den wirklichen, den effektiven Reichtum
betimmt: der Wirkunpgrad der fien Energle, dev in der Avsotzung von
Brennstoffen zur Erzeugung mechanischer Arbeit, in der Ausnutzung der Energie-
quellen zur Erzeugung_hochwertiger Sttt and Verbindungen erreicht wird.
Eine Erhohung dieses Wirkungsgradfaktors um 10% steigert die wirtschaft-
lichen Hillmittl edes Blrgers um so'%. Er stelle eine Intlligenzprimie dar
die die Natur

1nuuxgmpmm .st natilich nicht ganz richtig. Damit ein Volk von
den ifn stigsten Gebrauch
macht, muf sundchst. ine Relhe von rein menschlichen und sosflen Voraus:
setzungen erfillt sein; und unendlich viele gliickliche Einfalle im groBen un
Keinen, viel intuitive Hingabe an rein handwerkliche und hbnkamnsdxe
Probleme und vor allem noch eine Unsumme intensiver Arbeit wird notig sein,
ehe das Schwergewicht der weiteren Entwicklung auf die rein geistige Seite
verlegt ist.

Immerhin befinden wir uns heute schon auf dem Wege zu einer solchen
Entwicklung, und so spielt die intellektuelle Komponente, die rechnerische Vor-
abschatzung zu erwartender Effekte auf gegebener Grundlage oder das Auf-
suchen der optimalen Bedingungen einer gestellten technischen Aulgnbe bei

The time of unhesitating economic activity using the energy and material sources provided to us by nature will probably have only the meaning of a
bygone economic era already for our children.

W Schottky, H Ulich, C Wagner: Thermodynamik, Springer, 1929, Reprint 1973, https://link.springer.com/book/10.1007/978-3-642-99060-1
(preface freely accessible)
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Kinetics
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The Language of Change

ST -

Es ist Tog, Hasenfus! Schau dir an, was I L

Tt e : femsrinanie )
bauen! Gndthi seauton |

For countable/measurable stuff:

Weill ich nicht! o = Was machen Jetzt werft ihr in

donrrassthon L ouk ' Enedhsc ’ | W ). jades Lochsin von
. ] = ‘ . Vi, () Wialehemen
Q: How to describe changes of amount of that stuff = N W A

over time? How to describe changes/differences in
space (in position)?

A: Set up and (try to) solve differential equations!

Das sind ganz normale.

Eicheln, die ich mit einem

Kleinen Zaubertrank
behandelt habe.

Ordinary Differential Equations (ODEs)
for f(x) or f(t)

Partial Differential Equations (PDEs)
for f(x) or f(x, t)

Astérix: Le Domaine des Dieux (English: The Mansions of the Gods, 1973; German: Die Trabantenstadt, 1974), comic book series, vol. 17, p. 15
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People think that
mathematics is
complicated. Mathematics
is the simple bit, it's the
stuff we CAN understand.
It's cats that are
complicated.

John Horton Conway

STOREMYPIC

John H. Conway (1937-2020), known for “Conway’'s Game of Life” (1968)

Picture: R. T. Curtis, Biographical Memoirs of Fellows of the Royal Society 72 (2022) 117, DOI:10.1098/rsbm.2021.0034
https://en.wikipedia.org/wiki/Cellular_automaton
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Some simple (and naive) growth laws

> Exponential growth/decay (k growth/decay constant, Sl unit [k] = s~!):

Differential equation:

. dQ
o= ar K Q

Q-kQ=0

Integrated forms:

Q(t) = Qo exp [k(t — to)] (Qo = Q(t))

— linearized:

n (%:)) — Kt —1t)

k > 0: exponential growth, doubling time T> = In(2)/k (time interval for increase from Q, to 2Q,;
it took infinitely long to reach Q, at time t,; “shortening of the future”)

k < 0: exponential decay, “half life" T;,, =In(1/2)/k = —In(2)/k (time interval for decrease from

from QO to QO/Q; it takes infinitely long for QO to vanish)

D Andrae / Freie Universitat Berlin / 16 May 2024 — Kinetics
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Some simple (and naive) growth laws (contd)
Exponential growth (k > 0) Exponential decay (k < 0)

Q Q

2Q,

Q() Q0
Q/2

doubling time T, =In (2)/k “half life” Ty, =In(1/2)/k = —1In(2)/k
(took infinitely long to reach @, at time t;) (takes infinitely long for @, to vanish completely)

No finite real system can actually follow such behaviour over an arbitrarily long period of time!
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Some simple (and naive) growth laws (contd)

> Limited growth/decay (k > 0 rate constant, Sl unit [k] = s, constant limiting size S > 0):
Differential equation:

R=k(5-Q)

Q+kQ=kS

Integrated forms:
QY =5—(5-Q) ep[—kt=t)] (@ = Q). S = lim (&)
— linearized:

In (%) = —k(t—ty)

Q<S & Q>0 growth towards limiting size S (“saturation limit”, “system capacity”)
Q>S5S & Q<0 decay towards limiting size S (“saturation limit”, “system capacity”)

The deviation from S = tlim Q(t) vanishes exponentially
— 00

Important question: What is (the best/right/correct value for) S?
Note also: Q(t) diverges, either to +00 or to —oo, as we look into the past, i. e. when t — —oo!

D Andrae / Freie Universitat Berlin / 16 May 2024 — Kinetics
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Chemical kinetics (some instructive examples)
A B, ...
n different types of stuff ... countable (e.g. individuals) or measurable (mass, amount of substance),
alternatively: densities of that stuff (number/amount per area/volume, assuming area/volume to be constant,
i.e. time-independent) — assuming differentiability (even in case of countable stuff)

k>0, ki>0
rate constants, elements of a singular non-symmetric n X n rate constant matrix K (has no inverse éfl)

Coupled set of first-order ODEs with initial conditions (conditions at time t = tp):

A A A Ao
d
CNBl =k |[B]| with |B — | B 1)
al.] 7% : .
to=0

This has solutions of form xe*t with (),x) obtained from the — possibly generalized (p > 2, see below) —

eigenvalue problem of K: Denote X = (x;,...,X,) and A = diag();, ..., An), then
(K-NE)"x=0 = #fp=1 KX=XA & XT'KX=A
If X\j # \j for all i # j, the complete solution of eq. (1) is:
A Ao c c Ao
Bl =STcxedt; initial condition | B0 | =S g =x | : i S| =xt|Bo
— L X : = ixp=X| - gives =2
: i : i c .
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Chemical kinetics (some instructive examples, contd.)

k
I.A— B
two compounds, a single reaction (only forward)
k k
I.B+—X A2,C
three compounds, two parallel reactions (both only forward)
k k
m.aA-=2.8-2.¢
three compounds (or resource/product/waste), two consecutive reactions (both only forward)

k1
IV.A=—B

k2
two compounds, two reactions (forward and reverse) — or a 2-loop
v. ek gk ok a ki

three compounds (or resource/product/waste), three consecutive reactions (all only forward), cyclic — or a 3-loop

All good things come in threes. (A, B, C)
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Chemical kinetics (some instructive examples, contd.)

LA—X,B
A
B

1
Il
1=

— kA
kA
Solving the eigenvalue problem of K:

_ _ 1 0 —k 0 1 0 —k 0 . .
x=x ke = (15) (7 0) (5 9) = (o §) = (k.0 = disglri,xe) = A

Solving the chemical kinetics problem:

§-n () m(l) = m () ()

or component-wise:

(&) -£() - 5= (4 0)

1<

Alt) =Ace " ;  B(t) = A (1 - e*“) + Bo

At the end (of time), compound A has completely vanished and only compound B is present, in total amount
Ao+Bo.
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Chemical kinetics (some instructive examples, contd.)
ko
C

k

I.B «—— A =
A = —kA-kA = —(k+k)A d
B klA = klA = CT
¢ = koA = ko A t

Solving the eigenvalue problem of K:

1 0 0 —(ki+k) 0 O 1 0 0
X 'KX=|k/(ki+hk) 1 0 ki 0 0| |-k/(ki+hk) 1 0
k2/(k1+k2) 0 1 ko 0 0 7k2/(k1+k2) 0 1

Solving the chemical kinetics problem:

A Ao ki + ko ky 0 ko 0
B|= —ky | e lath)t 4 (Ao + BO) 1)+ (Ao + CO) 0
C kithka \ _y, ki + ko 0 ki + ko 1

or component-wise:

k1
ki + k2

ko
0
ki + k2

A(t) = Age~tathlt . B(t) = Ag

(1 - e*(kﬁkz)f) 1 By; C(t)=A (1 - e*(kﬁkz)f) 1+ G
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Chemical kinetics (some instructive examples, contd.)
Il. B+— A —— C (contd.)

At every moment in time, the ratio of amounts of compounds B and C generated by the two reactions is

constant:
(1.') By o ﬁ o B(t)—Bo

C(t)—Co ko 00 c(t) —

At the end (of time), compound A has completely vanished and only the compounds B and C are present:

A ky ko T
li B 0, A By, Ay ———— + G
t—|>n;o C ( 0[(14»/(2+ 0 0k1+k2+ 0)
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Chemical kinetics (some instructive examples, contd.)

k k " "
. A —— B = C (“resource — product — waste")
A = —kA g (A A k0
B = klA— kQB = — B :é B N éz /(1 _k2
¢ = ko B dt \ ¢ c 0 k 0
Ill.a k1 76 k2:

Solving the eigenvalue problem of K:

1 0 0\ /[~k4 0 0 1 0 0 ki 0 0
XTKX=[k/(ki—k) 1 0| ki —k O)|—-ki/(ki—k) 1 0]=[0 —k 0]=A
- 1 11 0 k 0] \ k/(kh-—k) -1 1 o o o ~

Solving the chemical kinetics problem:

A A ki — ko K 0 0
B| =22 —ki | eTht 4 (Ao L4 Bo) 1 | e 4+ (Ag+ By + Go) [ O
Ie ki — ko ko ki — ko —1 1

—kit .

o O
N——

or component-wise: A(t) = Age

B(t) = A

k k
(eflqt o efk1t>+BO e kot . C(t) = Ao (1+ 2 gkt _ 1 efk2t>+BO (1 _eszt)_,'_co

®t— ko ki — ko ki — ko
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Chemical kinetics (some instructive examples, contd.)
m.A %, ¢ (contd.)

ky
Assuming By = 0, the stationarity condition for B (B = 0) leads to B = k—A This is fulfilled at time

1 k
tg = ok In <k2> (the maximum amount of compound B is available at just this time).
2 — ki 1

HLb ki = ko = k (set ko — k1 = ¢, then take limits for e — 0):
Solutions for the chemical kinetics problem:

A(t) = Age ™  B(t) = (Ao kt + Bo)e ™ ; C(t) = A (1 —(1+ kt)e’“) + By (1 - e*kf) + G

Assuming again By = 0, the stationarity condition for B (see above) now requires that B = A. This is fulfilled

1
at time tg = P (at just this time the maximum amount of compound B is available).

Remark: The case k1 = ko requires consideration of a generalized eigenvalue problem for K. This leads to a
matrix in Jordan normal form (instead of a diagonal matrix):

k 0 0\ /[—k 0 0 1/k 0 0 -k 0 0
“IkKx=(0 1 o0 k —k 0 0 1 ol=(1 -k 0o]=4
T 1 1 0 -

0 k of \—1/k -1

1<

In all cases, the compounds A and B have completely vanished at the end (of time) and only compound C is
present, in total amount Ag+Bo+Cp.
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Chemical kinetics (some instructive examples, contd.)

k1
IV.A—B
k2
A = —kA+ kB _ d (A (A Ko (kK
B = kiA — kB - dt\B) " =\B) " =7\ k —k

Solving the eigenvalue problem of K:

X = k1 1 71(2/[(1 —ky ko 1 k2/k]_ _ 7(k1+k2) 0 _
= ki + ko 1 1 ky —ko -1 1 - 0 0/

Solving the chemical kinetics problem:

A 1 1) _ ky ko /k t—o00 . A Ao+ Bo [k
=— (Acki — By k (athke)ty L (A01 By (2 1) N (>:7(2)
(B) g g ok Boka) (—1>e g ot B e \B) T Ttk \ka

Ao k ky By k:
A(t) = 222 (1 4+ 2 o —(k1+k2)t> 4 072 (1 — e—(k1+k2)t>

H><
Hx
1>

ki + ko ki + ko
B(t) = Aok (1 _ e—(‘<1+k2)f> + Boki (1 + ke e—(k1+k2)t>
ki + ko k1 + ko k1

At the end (of time), compounds A and B are both present, not in equal amounts (amount ratio A/B = 1) but
in amount ratio
A(t) ko
im — ==
t—oo B(t) ki
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Chemical kinetics (some instructive examples, contd.)

V... S,a gl c s, pk . (“cyclic economy”)

A = —kA + ksC g (A A k0 ks
B- = klA—sz = di B :é B N éz kl 7/(2 0
¢ = kB — k3C t\c C 0 hk —k

Solving the eigenvalue problem of K:

0= det(é— )\E) = —A ()\2 + (k1 + ko + k3)>\ + (k1k2 + koks + kgkl))

Mp2=—3(kit+hk+k)E3VD;  A=0

with discriminant D = ki? 4 ko? 4 k3? — 2(kika + koks + kski).

(i) D =0 (A1 = X2 € R) describes a cone in the 1% octant (ki > 0, k» > 0, k3 > 0) with apex at the origin and
rotation axis along the space diagonal (ki, k2, k3)T =a(1,1, l)T, which touches the coordinate system planes
(ki = 0) along their angle-bisecting diagonal lines (k; = k;, j # i # I).

(ii) D < 0 (A\; = A} € C) inside that cone.

(iii) D > 0 (A1 # X2 € R) in the remaining parts of the 1st octant outside the cone.

If A1 # Ao

X

N+ ki)/koe (M +ki)/ke k3/ki
= (x1,%p,X3) = . . !

(M + k3)/ka (X2 + k3)/ko k3/k2>, A = diag(A1, A2, 0)

X2 — A
det(X) = 22— 21

VD (ks ks
X PR (k1% + (A1 + Ao) ki — koks) = o (7+7+1)

ki ko
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Chemical kinetics (some instructive examples, contd.)
V... Sua R Boa M (contd)

Form of solutions for the chemical kinetics problem (A1 # A2, assuming Re(\;) < 0):

A k3/ k1
B|=cxy e)‘1t+c252e)‘2t+C3 k3 / ko €ER3
C 1

This contains exponentially decaying parts for D > 0 (A1, A2 both real)
and exponentially damped oscillating parts for D < 0 (A, = A} € C).

At the end (of time), the amounts of compounds A, B and C are

A k3 /ky o ko ks
lim [B| =a | k/k | = —— | ksks
tee \ ¢ 1 kika \ j ko

Equal amounts of compounds A, B and C are expected (or, more important perhaps, cannot be avoided) iff (if
and only if) all rate constants k; are equal:

A 1
tlngo g =C3 1 (kl = /Q = k3)
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To be included in the next edition:

» non-linear ODEs:
e hyperbolic growth Q = a@?
(growth exceeding any limit [or explosion] in finite time, in contrast to exponential
growth, which does the same, but requires infinite time)
e logistic growth (P Verhulst, 19th century) Q=rQ—sQ?
(a description of “natural growth” valid for all times t, i.e. —o0 <t < 4+ 00)
e predator-prey models (Lotka & Volterra, 1920s/1930s)
¢ Daisyworld model (Watson & Lovelock, 1980s)

» PDEs:
e diffusion models (point source, etc.) *

* G Vogl: Wandern ohne Ziel — Von der Atomdiffusion zur Ausbreitung von Lebewesen und Ideen, Springer, 2007,
https://doi.org/10.1007 /978-3-540-71064-6 (only in German)
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Finale
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Two quotes from Einstein (1930/1936)

and will endure as long as there exists a civilized
community on this earth.”

From the opening address for the 7th German Radio Broadcasting On x May 1936 2 prominent Amerioa publisher
Exhibition, 22 Aug 1930, Berlin wrote to ask Einstein a favor. The publisher had just

' broken ground for a new library wing for his country
home and wanted to place in the cornerstone an air-
tight metal box containing items that would be of

Sollen sich auch alle schamen, die gedankenlos sich archeological interest to posterity. There would be,

d . . y

er Wund_er der W/ssenschaﬁ‘t und Technik bedie- for example, an issue of the New York Times special-
nen und nicht mehr davon geistig erfasst haben als ly printed on longlasting rag paper. He asked Ein-
die Kuh von der Botanik der Pflanzen, die sie mit stein to contribute a message and enclosed, for Ein-

stein to write it on, a sheet of coupon bond paper
made out of rag stock that, he assured Einstein, was
expected to last a thousand years.

On 4 May 1936 Einstein sent the following mes-
sage, presumably typed on the special, longlasting

Wohlbehagen frisst.

English translation:

Shall all be ashamed who thoughtlessly make use of paper:

the won: e

e de;ls of science and tsch‘no/ogy and have not Dear Posterity,

intellectually grasped more of it than has the cow If you have not become more just, more

of the botany of plants, which it eats with pleasure. peaceful, and generally more rational than we

are (or were)~-why then, the Devil take you.
Having, with all respect, given utterance to this
Full text: plous wish,
F. Herneck, Naturwissenschaften 48 (1961) 33 IT("”’”)'
- o A our,

HJ Kiipper, https://einstein-website.de/tondokument/ or Albert Einstein

!1ttps://einstein—website.de/en/sound-document/ (short audio file
included, accessed 14 May 2024)

A correspondent asked Einstein two questions. The
first was whether he owed anything to so-called specu-

- 105 -

H. Dukas, B. Hoffmann (eds.), Albert Einstein — The Human Side, Princeton University Press, Princeton, NJ, USA, 1979, p. 105
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Quick demonstration(s) with objects from everyday life (if time permits)
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Take-home messages

>

>

Only three types of thermodynamic systems
exist (isolated, closed, open)

Chemical potential p and entropy S are the
essential central thermodynamic quantities

Flow of matter/energy is unavoidably linked
to “losses” (entropy production).

Systems close to equilibrium (linear regime)
follow certain rules (— Onsager reciprocal
relations, — Prigogine’s principle of minimal
entropy production)

Systems far away from equilibrium may
generate “quite naturally” new structures
(dissipative structures), e.g. Bénard convec-
tion, Belousov-Zhabotinsky reaction, living
cells

(Systems of coupled) differential equations
allow us to describe (to model, to under-
stand?) time evolution of real-world systems

Take care for yourself — and for the planet,
(try to) act responsibly, (try to) be a
catalyst for change in a “good” direction*

Q2

Scene from WALL-E, Pixar & Disney, 2008

»Die mit Abstand grofite Gefahr
Kiinstlicher Intelligenz besteht
darin, dass die Menschen zu friih

zu dem Schluss kommen, dass
sie sie verstehen.*

-ELIEZER YUDKOWSKY

CONSTRUCTING
EXPLAINABILITY

Quote from E Yudkowsky, Founder of Friendly Al

* Who decides what is “good” and what is “bad”? (Relevance of [quality] level of education? Type of society? Type of political system? Al tasks?)
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