Termodynamika

e Statisticka termodynamika
e Chemicka rovnovaha

e Reakcni kinetika



Termodynamika

e Stav v rovnovaze — rovnovazna termodynamika
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Atkins 15.1

Statisticka termodynamika

 Nepotrebujeme znat chovani kazdé molekuly
 Statisticky popis — makroskopické chovani
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Atkins 15.1

Mikrostav

* Mikrostav molekuly — bod ve fazovém prostoru (PES+hybnost)

E E —_ E(xl,xz,...,xBN_l,ng)
ol Lg?r Dimenze molekularni PES
- ...'_ A e -‘lI -/;‘.I

| 3N, (3N-6 popF. 3N-5)

E = E(Xq1, ., X35, D1y o) D3N)

konfiguracni
prostor

[J /7 v 7/ (] ‘
* Mikrostav celé soustavy — n-N, ¢astic/molekul
Dimenze celé PES: 3N-n-N,, (3N-n-N,-6 pop¥t. 3N-n-N,-5)



Fazovy (konfiguracni+impulzovy)
prostor

Phase Portrait

System Time Series

Position

A\ //\ e Konfiguracni prostor

3
% Rl =g * 3N soufadnic
(:;1 -'7\.) "/ ,\><1 \ // N ’
= -1 ~— * Impulzovy prostor
The Path to “Phase Space” * 3N hybnosti
Hamilton 1835 Liggyﬂ!e_ 1838 ﬁ = m’]})

* Fazovy prostor
e 6N stupnu volnosti

Poincaré 1889 Gibbs 1901
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Boltzmann 1871

Jacobl 1844

e Bod & mikrostav
8 e Oblast <& makrostav
I Ehrenfest 1911

Bowdilch 1815

Rosenthal and Plancheral
1913

Lissajou 1857



mikrostav

Arrangements = 8!/n!(8-n)! =2
One Arrangement only
{highest order)

& Different Arrangements

28 Different Arrangements

70 Different Arrangements
&

® I . ¥
{maximum disorder)

vs. makrostav

Q(4)=3 Q(10)=3

LU3)=2 083 .u ﬁn-mm\! nm 083 (11122
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2 3 4 5 6 8 9 10 11 12

Total number of microstates: 36
Probability = £2 / # of microstates

Multiplicity (Arrangements) = Q, Entropy = k InQ2

Total number of macrostates: 11

~a. Arrangements of 8 Particles in 2 Boxes

H,(9)

—  2H(

pravdepodobnost

b. Multiplicity of a Pair of Dice

9)




Atkins 2.1

~——  termodynamicka
NG soustava (systém)

Soustava ok

izolovana mikrokanonicky soubor

uzavrena kanonicky soubor

hmota
otevrena grandkanonicky soubor

energie



" Jak si molekuly Atkins 15

o rozdéli energii E v ,
" Boltzmannovo rozdéleni

W — vaha makrostavu...pocet mikrostavu, kterymi je realizovan

Energy

N!
e W = N=2Ni E=2Ni£i
I NI N, !
Ny! N{IN,! ... - i
. Maximalizace W...Iépe vSak maximalizace InW
i a(an—aZiNi—BZiNiEi)_o
dN;
InN'2=NInN—-N Stirlingova aproximace
L - anENlnN—zNilnNi
i
g
- - N — e_ae_BEi — Le_ssi — Ee_kBT
~— Population ! > e —Bei Q
L o ~~=00 _ gi
Q — partiéni funkce p; = Q—le kgT
T — absolutni teplota l

(a) (b) ks =1,38065 1013 JK'! - Boltzmannova konstanta



Atkins 14.2

Sample tube
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Atkins 15.3
Ei

Partriéni funkce @=Q(T.V,N) = Z e FaT

[

* Mira dostupnych stavu za dané teploty

 Kompletni informace - odvozeni vsech
termodynamickych funkci

%irr(l) Q(T) =1 Tlim Q(T) = pocet stavi (vétSinou o)

€i
Q= z gie kT
i

g, — energeticka degenerace
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Partition Function of H,O and HDO

I—(| O, s, = 1/4, 3/4

ol H,0, s, = 1, 3 (Pavienko 2002) ]
¥ H,0. Vidier Tennyson 2000 «----:-- 1
H|50, s; = 1 (Pavlenko 2002) -------
’ . HIDOT Hewiltt etal, 2|005 .
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Atkins 15.1

Molekularni particni funkce

e Stavy molekul ||* Energie
v V4 1 2 By E
— Translacni Eyin = 5 mv
— Elektronové HY = E, ¥
1 -
— Vibracni Evip = \n+5 |hev |
— Rotacni E,,.=J( + 1hcB 2 B

E=Eypn+E,+Eyp+E.

Ekin"'Ee;:'Evib"'Erot _l’ikin _lfel _ivib _irot
Q= Z e BT = z e BTZ e BTZ e BTZ e BT = QuinQe1QuvibQrot

stavy kin el vib rot




Atkins 15.2.1

Vnitrni energie U

PriUmeérna energie soustavy
— bez kinetické energie celkové translace a rotace
— kcal/mol, kl/mol popt. eV/particle, hartree/particle

__&i v . o .,
N; = NQ_le kpT — NQ_le_Bgi Pocet mikrostavl s energii €,

_&i y : o y
p; = Q_le kpT — Q—le—Bei Pravdépodobnost mikrostavu s energii g,

O X Y S B L SRR

U=E(T)+UQ) = kgT? E’(;LTQ + U(0)



Atkins 15.2.2

Entropie

* W — pocet mikrostavu v makrostavu
[bezrozmerné]

* S —entropie [kcal/mol-K]

| & Llog W | S=k-logW S=kg InW

Mikrokanonicky soubor, isolovana soustava
— Celkova energie je konstantni

— Soustava spéje do maxima entropie, tj. maximum
mikrostavl <& nejpravdépodobnéjsi stav

INDWIG
BOLTZMANN
oo

Zobecnéni pro kanonicky soubor

S = —sz p; - Inp;
Boltzmannova konstanta, i
k;=1,38065 1013 JK1



Atkins 15.2.2

Entropie
__Ei
5= _kBEPi - Inp; pi = Q e kT = @ 1e P
i
DiE; dInQ
S=z ;-l-l_kBZpian:kBT aT +kBan
l l
%i_r)r(l)S(T) =0 Tli_r)goS(T) = max
dlnQ
S = kBT +kB an

oT



Nizké teploty
Zkapalnovani plynu
— Joule-Thompsonuv jev (viz termodynamika)
Kapalné He (4 K)
— Odparenim He, 1 K
Chlazeni laserem
— Vyuziti Dopplerova jevu
— 150 pK
Adiabaticka demagnetizace
— mK
— Slouceniny Gd
Jaderna adiabaticka demagnetizace
— 100 pK

Atkins I-15. 1



Atkins I-15. 1

(jaderna) adiabaticka demagnetizace
(magnetokaloricky jev)

Entropy

Heat irradiation
Magnetic field

B350

Adiabatic process

Isothermal process

Temperature
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Vapor cycle refrigeration

Magnetic refrigeration



Atkins 15. 3.2

Pravdépodobnost mikro/makro-stavu

0

Pon = Q7! z e ksT

2H
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Noy _ Yone ®T  Qay 25
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N _&i
H; ZHZ e ksT QHz

K =

Helmholtzova energie
F = —kBTan



Statisticka termodynamika - shrnuti

Pravdépodobnost stavi Patri¢ni funkce

€i

Q=Q(T,V,N) = 2 e ksT

l

S Z
V e
Vnitrni energie Helmholtzova energie Entropie
dlnQ dInQ
= 2 F — —k Tln =
U=U()+ kgT — pT'InQ S = kgT Fraab kglnQ
F=U-TS
_AF
K —e kBT




