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Osnova

* Chemické rovnovahy
* Chemicka kinetika
Fazoveé rovnovahy, Elektrochemie



Opakovani z termodynamiky

* Termodynamické potencialy—U, H, F, G

* Gibbsova a Helmholtzova energie — max. (neobjemova) prace
* Vztah k entropii:
* dG = dH - TdS
« dF =dU - TdS
 \/ztah k rovnovaze
*AG°=-RTInK
* Chemicky potencial a aktivita
i; = u; + RT In q;
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Typy rovnovah

Jaké rovnovahy zname?



Typy rovnovah

e Staticka rovnovaha

* Nemeéni se stav systému a nedochazi ani k jeho vnitrnim zménam
* Kladka

* Dynamicka rovnovaha

* Nemeéni stav systému, avsak dochazi k vnitfrnim zménam tohoto
systému
e zvratna chemicka reakce



Atkins 6.

Staticke rovnovahy

* Neméni se stav systému a nedochazi ani k jeho vnitrnim zménam.

Kladka pevna

* Rovnovaha sil na kladce ( )

dU=dG==+F1dSI+F2dSZ=O
dSlz—dSZ ‘ FldS—deSZO ‘ F1:F2

* Rovnovaha tlaku mezi spojenymi nadobami
dF = —SdT — pAdVA — deVB =0

dVA = —dVB ‘ pAdV — deV =0 ‘ Pa = PB

* Rovnovaha teplot
dU = T1d51 — TzdSz — pdV =0

celkovd dS =0 == T.dS —T,dS=0 == T, =T,

Pavel Banas



Dynamicke rovnovahy

* Chemické rovnovahy

>
e Zvratné chemické reakce AR 5
—dn, = dng m=m) updng — pusdn,y = (up —pg)dny =0 § :' “:
_ s
— . 9
= s = Up PR
* Fyzikalné chemické rovnovahy e 98
* Osmozm 9,8 g7 mocy
e Fazové toyn,ovahy o ? 4
* Rozpousteni, etc. ' \

K NO;
lg '/ < 2 KNOx(ag)

(solubde)

= .
o L PhlAs)
Onsolable)
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Chemicka rovnovaha

Dynamicka rovnovaha zvratnych chemickych reakci



Atkins 6.1.2

Chemicka rovnovaha A - > B

dG = —TdS +Vdp + uydny + ugdng

Rovnovaha: (ug — puy)dng =0 Ha = UB

Reakcni Gibbsova energie:

0G
Ay G = 6{ — HUp — Ry

Wi = U; +RT1nai

rovnovaha

G

Gibbsova energie
[kJ/mol]

kde a; = yx,ixi

AG =0

rozsah reakce, ¢ [mol]



Atkins 6.1.1

Rovnovaha — chovani TMD potencialu

* Vnitrni energie dUu =0
* Enthalpie dH =0
—  minimum
* Gibbsova energie dG =0
* Helmholtzova energie dF =0

—

* Entropie dsS =0 maximum



Atkins 6.1.2

Guldberg-Waaguv zakon
A < > B

ArG=pp —py =0

o

rozsah reakce, § [mol]

a
AG=pS —pS +RTInag — RTInay = A.G° + RTIn— =0

Gibbsova energie [kcal/mol]

AG=0

W = u; + RT In q;

as
aB aB _ArGe
A.G° = —RTIn—° BEEEEp | K = — = ¢ AT
A a,
V koncentracich - c; B ag B YC,B Cg B NPro zfedény roztok
a; = VxiXi = Vi o K=—-= — Kch =K,
Ci as VYcac€a

Pavel Banas



Atkins 6.1.2

Guldberg-Waaguv zakon (obecné)

agA + bB - > cC+dD
c d C d c d
K_aC'aD_KCC”chcC'cD
_aa.ab_ yC“-Cb_Ca°Cb
A A4p A CB A CpB

Pavel Banas



Atkins 6.1.2

Van't Hoffova reakcni izoterma

agA + bB : > cC+dD
ac . ad v k e e
K = ¢ "D pomer aktivit mm) rovnovazna konstanta
a%-ab vrovnovaze
C d
aC ¢ aD ) 4
_ n . . .
Qr = > obecne mm) reakéni kvocient

a - ag  mimo rovnovahu

G
A.G = ((')_E) = A,.G° + RT In Q,. Van't Hoffova reakcni izoterma
p.T

Nn;  Zreagované mnozstvi

. Puvodni mnozstvi
nl,O

stupen konverze «o =



Atkins 6.1.2

Zavislost chemické rovnovahy na teplote

_ArGe _ArHe_TArSe
K=e RT =e RT G=H-TS
AHO| | A.S°

K =le RT |-e R

—

AG = AH — TAS

A.G=AH—TAS

vliv

enthalpie
(CLUELCEREY D))

Extrémni pripady:

Ay S° A.H®
limK=e R limK={OO rH" <0

. T— oo T-0 0 ArHe >0
Pavel Banas



Van't Hoffova reakcni izobara
Zavislost na teploteé

—RTInK = A H® — TA,S°

dln K
oT

. AHP
~ RT?Z
p

Van’'t Hoffova rovnice (izobara)

Pavel Banas

Van’'t Hoffovovy

grafy

InKeq

InKeq

Endothermic Reaction

slope=-AH/R
interception= AS/R

11T (1/K)

Exothermic Reaction

slope=-AH/R
interception= AS/R

1T (1/K)



Atkins 6.2.1

Chemicka rovnovaha v plynné fazi
aA + bB < > ¢C+dD

Zavislost na tlaku — poctu c¢astic

c d
& p_D /’ \"v4 \'4 v \V4
p°) \p° Zalezi na zméné poctu
A.G = A.G° + RT In _ ==0 v, . :
(m) (p_B) castic v reakei
(S] S}
c p pr/ AP -\ pocet castic reakci =>
Pc\ (Pp
K = (pe) (pe) _pcpp” (1 Av _xcxp? (p B _ p\* pak A au A tlaku a
(p_A)a (p_B)b Pa°pe” \P° x4%xg" \p° * N au N tlaku,
pe) AP kde a — stupen konverze

N5g) + 3H == 2NHR;3

Pavel Banas

)‘2 vliv tlaku



EQUILIBRIUM AND LE CHATELIER'S PRINCIPLE

Reversible chemical reactions reach equilibrium in closed systems (no substances added or lost). Here's how different conditions affect that equilibrium.

EQUILIBRIUM CONCENTRATION TEMPERATURE m

A

In reversible reactions products of the
reaction can react to produce the original
reactants. At dynamic equilibrium the
rates of the forwards and backwards
reactions are equal; the concentrations of
the reactants and products don't change.

1 removes dirt at the same
rate as 2 replaces it.

The size of the hole ond
pile of dirt stay the same.

LEC ELIER’S PRINCIPLE

An aaaleey for chvaneine iiBri £ i
An analagy for changing equiibrium conaitions

Le Chatelier’s principle states that when
a change is made to the conditions of a
dynamic equilibrium, the system moves to
counteract the change, causing changes in
quantities of reactants and products.

REACTANT CONCENTRATION INCREASED =7 » =

'

The equilibrium position shifts to #.
reduce the reactant concentration

}

REACTION FORMING
PRODUCTS FAVOURED

In the example below the new
equilibrium mixture will contain a
higher concentration of C and D

REDUCES REACTANT CONMCEMTRATION
t-  BUCES PRODUCT CONCE] ..n.[-]J

PRODUCT CONCENTRATION INCREASED = = 5
'

The equilibrium pesition shifts to # .
reduce the product concentration

'

REACTION FORMING
REACTANTS FAVOURED e T

In the example above the new
equilibrium mixture will contain a
higher concentration of A and B

TEMPERATURE INCREASED
'

The equilibrium position shifts
to reduce the Temperatung,

}

THE ENDOTHERMIC REACTION
WILL BE FAVOURED

In the example below the new
equilibrium mixture will contain
more A and B, and less C and D.

(increases temperature)

(decreases temperalure)

If the forward reaclion is exathe

the backward

reaction will be endothermic WILCE VErSd,

TEMPERATURE DECREASED

The equilibrium position shifts
e increase the tem peratura

'

THE EXOTHERMIC REACTION
WILL BE FAVOURED

In the example above the new
equilibrium mixture will contain
more C and D, and less A and B.

1
tc

EX0

3

PRESSURE INCREASED
'

The equilibrium position shifts P
o reduce the pressuna, a

}

SIDE OF REACTION WITH FEWER
GAS MOLECULES FAVOURED

In the example below the new
equilibrium mixture will contain
more C and D, and less A and B.

(fewer gos molecules on right)

(more gas molecules on left)

if the number of gas molecules is the same on either side,
then changing pressure will have no effect.

PRESSURE DECREASED |Pa
}

The equilibrium position shifts
to increase the pressure. Pa

-

SIDE OF REACTION WITH MORE
GAS MOLECULES FAVOURED oo

In the example above the new .::-
equilibrium mixture will contain
more A and B, and less C and D.

MNote: using a catalyst increases the rate of both the forwards and backwards reactions but doesn't change the equilibrium position.

© Andy Brunning/Compound Interest 2017 - www.compoundchem.com | Twitter: @compoundchem | FB: www.facebook.com/compoundchem
This graphic is shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence.
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Prubéh chemickeé reakce

(Hyper)Plocha potencialni energie a reakcni koordinata



Atkins 22.3.2

Plocha potencialni energie (PES)

,,Chemie — turistika po potencialnich hyperplochach* —
Pavel Banas

Reaktanty >
iy vrstevnice N P — s
= E = konst. =< — %

e 3 ) .. ' s
= : Vo s . , e gy 4

-~ ~Transitni stav}

j .': g — \;1 1

3 PRI  — et | 10 %

R iy \ I

B,

/// - -3

e =i ) 1 o A

-1 0 \

« Produkty




Energie

Reakcni koordinata

Tranzitni stav

E (R—F’)l

Reaktanty

Produkty

Atkins 22.3.2

energeticky minimalni reakéni ¢

s A ’ s S ¥ pp R

Reakcéni koordinata

esta

4

- N w



Atkins 22.3.2

Kineticky vz Termodynamicky rizené deje

Energie

reakéni koordinata

Termodynamicky ev.
kineticky
rizeny déj
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Fyzikalne chemické rovnovahy

Koligativni vlastnosti — osmoza, snizeni tenze par, ebulioskopie, kryoskopie



Osmoédza

5

_ > R
Hip = Bixp+m G SR
o ° Q9 ©
o il : | «@*r >
— @ ——'—‘-—)
Osmoticky tlak v @ o — | ®@. & ®
N I
N " . Y
ﬂl,xi,p+1r = l’l?p+n' + RTlnai Hypertonic Isotonic Hypotonic

+
1 = uy ’ nbﬁi = uy V
Hipin = Hip + D= Hp TVm
p

55

RT
T = —7lnai

Pavel Banas

P P



Osmoza a reverzni osmoza

Pressure

Reverse
Osmotic

flow

Salt solution  Pure water

Pavel Banas

1 High pressure

Sami-permeable —
membrane

Pure water —|
Water inlet

Salt water

Pure water outiet

Concentrated Dilute sugar
sugar solution solution

(Water less (Water more
concentrated) concentrated)

ﬁ
Sugar %
molecules
. Movement
Selectively permeable of water

membrane



protein

_ solution

glass plate S

Dalsi koligativni vliastnosti ,/

* snizeni tenze par nad roztokem

Ap je zmeéena tlaku nasycené pary nad roztoken &P c

p, je tlak nasycené pary nad Cistym rozpoustéc — S o

¢ je koncentrace rozpustene latky a P cr+ precipitant |

¢, je koncentrace rozpoustédla Airlie J McCoy, Protein Crystallography course "=t =

http://www-structmed.cimr.cam.ac.uk/Course/Crystals/intro.html

 zvySeni bodu varu roztoku (ebulioskopie)

' & RM,T?
AT je zména teploty varu, I 7 EK.= vl , .
c koncentrace rozpusténé latky AT = Kq- ¢ ¢ A Soleni polevky
K. se nazyva ebulioskopicka konstanta.
* snizeni bodu tuhnuti roztoku (kryoskopie) 1

RM,T?

AT je zména teploty tuhnuti, . K t0
c koncentrace rozpusténé latky .&T — _!:L k- C &H:;I"””

K, se nazyva kryoskopicka konstanta
Nemrznouci smési
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Fazove rovnovahy

Prechody mezi jednotlivymi fazemi



Gibbsuv zakon fazi

* Rovnovaha klade na intenzivni veliCiny (x,p,T) omezeni, tj.

* Chemické potencialy se museji rovnat: (T, p) = (T, p)

F=C-P+2
e F—pocet stupnu volnosti
e C—pocet slozek
* P —pocet fazi

27



Gibbsuv zakon fazi pro jednoslozkové systémy

F=C-P+2

e F—pocet stupnu volnosti

* C—pocet slozek (1)

* P —pocet fazi
1) P=1->F=2(g,|,s)

* p a T mohu volit nezavisle
2) P=2->F=1

e volba p urci T a naopak
3) P=3->F=0

* Trojny bod

Pressure (atm\

3

The Phase Diagrams of H20 and CO»2

Temperature (°C) —

Pressure (atm)

g

-56.6
Temperature (°C) —

T



Neomezene misitelne latky

* Napr. hexan and heptan

e y—plyn Raoulttav zakon p = (y1 + y2) p°
e x - kapalina  Daltondv zdkon p =x;p;" +x,p,’

o \
2y Vapour
S composition
g
=
Eg '
& e Tyl 2
o o :
2
o
@
o
E
. . Q@ T, S Lo
* : :  Boiling
Pe : a1? temperature :
: * of liquid a,
0 X Va 1 0

A Mole fraction of A, z,
Mole fraction of A, 2z,

vapour pressure

vp of
jpure B

VapOoUr pressLre

Raoulttv zakon

total vapour pressure
of mixiure

vp of
pure A

Temperature, T

e

. 10A
mole fractions 0B

Frakcni destilace

A
{a)

Composion

https://chem.libretexts.org/Bookshelves/Physical and Theoretical Chemistry Textbook Maps/Supplemental Modules

(Physical and Theoretical Chemistry)/Equilibria/Physical Equilibria/Raoults Law and ldeal Mixtures of Liquids 2°



https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Equilibria/Physical_Equilibria/Raoults_Law_and_Ideal_Mixtures_of_Liquids
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Equilibria/Physical_Equilibria/Raoults_Law_and_Ideal_Mixtures_of_Liquids

) .
&n from murd Data Bank

Omezené misitelné latky yoporLiquid Equilibrium

A P=1D1325 kPa
. 372 - | '
* Alkohol — destilace
04t
ol 368t
* Azeotrop — nelze delit — .

obé slozky maji v plynné fazi
shodne slozeni jako v kapaline g, |
=

360 -

358 -

356 -

354 -

352 - !

35U-I"'I"'I"':"'I"'I"'I"'I"'I"'I'I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Pure Mole Fraction of Ethanol [mol/mol] Pure

Ethanol



Ale moznosti je jeste hodne

* Aleazvp

VIV

IS

tim semestru...

Meta- Peri-

tektikum

tektikum

Syntektikum

Eutektikum

o+y

L

Mono-
tektikum

Peri-
tektikum

Eutektikum

&+6

k'3

31
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Chemicka aktivita

Popis neidealniho chovani



Atkins 5.4

Chemicka aktivita — neidealni chovani

» Efektivni koncentrace a; = e RT
* latky ve smésich (roztocich) spolu interaguji

* v rovnovaze a kinetice nehraje roli pouze mnozstvi latky, ale i jeji
okoli — neidealni chovani roztoku

el . a: = X s Molarni zlomek

» Aktivitni koeficient i = Vaiki
* popisuje neidealni chovani .

— —t .

Ai = Vi Molarni koncentrace

l

. “mi - Molalit

a; _ycm,ice olalita

m,i



Debye-Huckelova teorie

* Neidealni chovani roztokl iontu (elektrolytl)
* Interakce aniontu a kationtu
* Anionty jsou Castéji v okoli kationt(l a naopak
* lonty se navzajem stini

* Molarni Gibbsova energie ®.®. =) @
* Chemicky potencial e
* Snizena stinénim ®.® ®. ® @

G’":(g_z):” =



Debye-Huckelova teorie

Aktivitni koeficient
k popisu neidealniho chovani

u=u’ +RTlna=pu° +RTInx+ RT Iny,
\ l

Y
Hideal

* Snizeni molarni Gibbsovy energie (chem. potencialu)
* Elektrostaticka stabilizace

 Stinéni naboje protionty @ @.
* Vliv pole iontu do Debyeovy délky @® @ ®




Debye length [nm]

lontova sila

I= lz zz c"et’i bezrozmérna
2 L Cm
Castéji ale \l/yjédFené jako
I, =1c%, [mol-kg1]
I, = pIcS, [mol-dm™3]

~ Pr.

s | 150 mM KCI .= 0.15 mol-dm"3
| 50 mM MgCl, |.=0.15 mol-dm~
il 25 mM AlCI, |_=0.15 mol-dm-3
4 :
2 ~__
0- B
0 0.05 0.1 0.15 0.2

Ionic concentration [M]

Negative ion Strong attraction

Positive ion
L ] ® o -
» —
@ ° ®

Attraction at low
ionic strength

ooooo

At high ionic strength counterions provide shielding effect,
the solubility increases



Debye-Huckeluv limitni zakon

1 |

log Y,

MQGE

data
M504

VI

logy; = —Az>VI

Debye Huckel
limiting law

experimental

] = l Zg Cm,i
Iny; = —Az*VI 2.7 ¢,
l
3 1/2
e’\/N k
A= A —1.172 -2
A1t(ekgT)3/2 moll/2
Ina=1In10-loga
In10e3,/N4 kgl/?
A= = 0.509
A1t(ekgT)3/? moll/2



N Ny

Debye-Huckeluv limitni zakon - Empirické rozsireni

1 Crn i
* . 2 “m,i
5 NG logy; = —Az,?\ﬁ =2 ) zi —
<! 2 L Cm
i
Debye Huckel
limiting law o k gl/ 2
............. A — O' 509 1 2
hMgCl, : mol /
experimental 002 R Extended law
data = N
Mg 504 3

VI

Experiment nesedi - experimentalni korekce

Azi\/i ool

+ CI 100/™
1+ BaVI
B =0.3281 A1 a — efektivni polomér ionta [A]

logy; = —



Debye-Huckeluv lim. z. - stredni aktivitni koeficient

M_L

L qu++qu_

I — Migeat = PRTInyy + qRTIny; = RTIny), Yy}

Nelze vSak naméfrit aktivitni koeficienty jednotlivych iontd, jen celkovy soudin:

p+q
I — Migeas = (P + @)RT In / YuYi
Vi = p+q/y”My‘L’ stredni aktivitni koeficient

logy, = —Alz,z_ VI



absorbance

06 A

054

044

034

024

0,1 1

Vliv iontové sily na rovnovahu

Bromkresolova zelen

Acid Form

— Basic Form

— Intermediate pH mix

Isosbestic point

i

a C
K = B=YB B

As VYa€y
Br B Br Br
o) I o} 0. l l o)
Br \ Br Br Br
-H ] SO,

= K,K. =K,

r
- SO; 3
<

BCG + NaCISBCG + Na,SO,

400

420

440

460

480 s00 520
wavelength (nm)

540

560

560

600
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Shrnuti



Shrnuti

* Chemicka rovnovaha A.G®
e Guldberg-Waaguv zakon K RT
 Van’t Hoffova reakcni izoterma
 Van’t Hoffova reakcni izobara

 Reakcni koordinata a
hyperplocha potencialni energie

* Fyzikalné chemické rovnovahy
 koligativni vlastnosti — —
e 0SMOza, snizeni tenze par, ebulioskopie, kryoskopie
* Fazové rovnovahy
e Gibbslv zdkon fazi - F=C-P+2 2

|
o

Energ
iq g,

E, (P-R)
1
©




Priste

Prosvistime chemickou kinetiku
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