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Course outline

e 5 sessions:

— 1 Basics, (state) functions, ideal gas, internal
energy, work, heat, Enthalpy

— 2 Energy, Entropy

— 3 Energy, chemical reactions

— 4 Electrochemistry

— 5 Colligative properties & statistical thermo



Course today

— Energy effects during reaction
— Activity and activity coefficient
— Chemical equilibrium constant

~ G

— Goals of today:

* To be able to calculate enthalpy, entropy and gibbs free
energy of reactions via the formation energies

* Calculate equilibrium reactions
* Know what acitivity is and activity coefficient



Study material

e Study guide (page ..... & ..)
e Atkins (see study guide)

e Relevant formulas on formula sheet
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Activity instead of concentration

activity (symbol a) is a measure of the “effective concentration”
of a species in a mixture

the activity depends on any factor that alters the chemical
potential. Such factors may include: concentration, temperature,
pressure, interactions between chemical species, electric fields,
etc. Depending on the circumstances, some of these factors may
be more important than others.

The difference between activity and other measures of
composition arises because molecules in non-ideal gases or
solutions interact with each other, either to attract or to repel
each other.

i.e ion —ion and ion — water interactions

Used to explain discrepancies between ideal solutions and real
solutions (or mixtures of gases)



activity is dimensionless (so, there’s no unit)

Activity of a gas, use the ratio of the effective pressure to the standard state
pressure:

Oyos= P/ P2 0,45 1S @ ratio with no units.
Activity of a solute in solution:
asolute = C/ c2 a

The activity of pure substances in condensed phases (solid or liquids) is taken
as unity (the number 1)

olute 1S @ ratio with no units.

Relation between concentration and activity by a=y [C] mol/L
— y = activity coefficient

Relation between molality and activity by a=y b mol/kg solvent
— y = activity coefficient

Relation between mol fraction and activity by a=yx mol/mol total
— vV = activity coefficient

ALL THREE y ‘s have different values.............

The lower the concentration of all solute particles in the solution, the closer
the value of y for each solute approaches 1



-

* Progress of the reaction
* £ =1 when one of the reactants is depleted

— So find out which reactant is depleted first
— In equilibrium reactions, £ will never be 1



Q versus K

* Qs always twata/twifota Q = H a’
* In general
A = <%> — AGY9 4+ RTIn Q)
9 ) pr

* At equilibrium only; K=Q and (dG)p 4y =0

RTIn K = —A,.G°



Calculation on reactions

e See tutor hour next two slides
* Followed by the formal way of presenting



How much heat is released during a chemical reaction?
If the reaction takes place under normal (laboratory) conditions,
we may assume that the pressure is not influenced by the reaction.

Q, = AH

A H°® is defined as the A;H® (products) — AH® (reactants)
The AHP® of elements = 0.
In formula:

Ar H = Z Hf,products - Z Hf,reactants

For example: the combustion of methane
CH,(9) +20,(g9) — CO,(9) +2H,0(I)
AH=—(-74.81)-2-0+(—393.51) + 2-(— 285.83) =—890.36 kJ/mol CH,



(kJ/mol)

The combustion of methane in an enthalpy diagram:

T=298K

C+2H,+20,

CH,+20,

CO,+2H,+0,

CO, + 2 H,0

AH =-890.36




The Formal way

Exercise 14

Consider the decomposition of methane CHy(g) into the elements Hs(g) and graphite C(s).

The standard enthalpy and entropy of formation at 298 K are given by A;H®(CHy,g) = -74.85 kJ/mol
and A ;S®(CH,,g) = -80.67 J/molK.

Calculate the equilibrium constant at 298 K. What does this result imply for the position of the equilib-
rium (to the left hand side or the right hand side of the reaction)?



Exercise 14
The equilibrium is given by
CHy(g) = C(s) + 2H,(g)

This is the inverse reaction of the formation of CHy4(g). The products are elements in their reference
state at 298 K (C(s) and Ha(g)), so AfG®(C,s) = AyG®(Ha,g) = 0. The standard reaction Gibbs free
energy A, G therefore is

AGO =) viNGY =0+ 0— AfG(CHy, g) = ~AfG°(CHy, g).

We can determine A;G®(CHy,g) with the standard enthalpy and entropy of formation at that (given)
temperature:

AyGZ(CHy,g) = AfHP(CHy, g) —TA§S®(CHy, g) = —74850—298- (—80.67) = —5.081 - 10 J /mol.
The equilibrium constant K then follows with

ATGQ AfGQ(CH4,g) —5.081 - 104
. RT RT 8314 - 298 0-51,

such that K =1.24-107Y.
As expected the reaction at 298 K and P = P© lies almost completely on the methane side of the
equilibrium.



Formation versus absolute

 Gis Temperature dependent, so correct for T and activity



What is the standard....

e Thermodynamic standard; AfGQ
— P =P
— Listed at a temperature (eg 273 K, 298 K)
— All activities:a=1

— Not always convenient: ay,= 1 means pH =0, thus
need for second standard

* Biological standard conditions A G
—P=Po
— Listed at a temperature (eg 273 K, 298 K, 310 K)
— All activities a = 1 EXCEPT

— ay.= 107" means pH =7



A spontaneous process can be endotherm (with p constant);
So heat and enthalpy are not the energy that determines a
spontaneous process



Exercise add _10

The standard formation Gibbs free energy of NHs(g) at 298 K is A;G® = —16.45 kJ/mol. Consider the
reaction %Ng(g) + %Hg(g)‘: NHj(g), in which the partial pressures of Ny, Hy and NHjs are 3.0, 1.0 and
4.0 bar, respectively. Assume the gases to behave as perfect gases.

a) Calculate the standard reaction Gibbs free energy at 298 K.
b) Calculate the thermodynamic equilibrium constant K.

¢) Calculate the reaction Gibbs free energy at 298 K.

)
d)

In what direction does the reaction proceed spontaneously at 298 K7



Exercise add_10

The chemical equilibrium reaction is %Ng(g) + %Hg(g)‘: NHjz(g).

a) We can determine the standard reaction Gibbs free energy at 298 K with

. 1 .
A,GO = Zu AsGP =+(-1645-10°) = 50— g -0 = —16.45-10% J/mol.

b) In thermodynamic equilibrium A,G = 0, such that A,G” = ~-RTInQ,., = —RT'In K, so

1o _16.45-10° _
K = exp {—éjq%] = exp [—H} = 769.



¢) The reaction quotient is (perfect gases and P® = 1 bar)

(PNH-E )
PO 4.
Q= 2300
(&2—)5 (h)i 3.0§ ‘]..[:IE
P2 Pe

The reaction Gibbs free energy is

AG=AG°+RTInQ = —16.45 - 10° + 8.314 - 298In2.309 = —14.38 kJ/mol.

d) Since A,.G < 0 the reaction proceeds spontaneously towards the product.



The folded state of the protein lysozyme in a solution transforms to the unfolded state at
75°C with an enthalpy change equal to A ,,qH = 509 kJ/mol. At this temperature the
folded and unfolded states are in equilibrium. The pressure change corresponding to that
transition, in solution, is negligible. The difference between the isobaric heat capacity in
unfolded and folded state is Ac, = cp(unfolded) - c,(folded) = 6.28 kJ/molK. Furthermore,
we can consider both the ¢, values to be independent of temperature.

a) Calculate the entropy change of the unfolding process at 75-C.

Next we consider the unfolding process of the protein starting in the metastable folded
state at a higher temperature of 105-C.

b) Describe a reversible path as alternative for the irreversible unfolding process at

105 °C. Hint: only use isobaric paths.

c) Calculate the enthalpy change of the unfolding process at 105 °C. Hint: Determine AH
via the alternative reversible path and use the state function property of H.

d) Calculate the entropy change of the unfolding process at 105 C.

e) Use the second law of thermodynamics to verify whether the unfolding process
proceeds spontaneously at 105 °C.



a)

b)

At 75°C there is a (dynamic) equilibrium between the folded and the unfolded state such that at
that constant temperature and pressure () = dG = dH — TdS — SAT = dH — TdS, such that
AH =TAS, or AS = 7RI — $91E _ 1 46 kJ/molK.

unfold

The unfolding process at 105 °C is irreversible (spontancous). If we add two reversible isobars
between 105 °C and 75 °C to the already reversible unfolding process at 75 °C, then we find the
following diagram. So we choose the processes 1, 2 and 3 to be reversible.

folded . unfolded
105°C —22 > 105°C
1| p pl3

75°C LP__ o 75°C
folded 2 unfolded

Acp = cp(unfolded) — cp(folded) = 6.28 kJ/molK and we consider it to be independent of T'
between 75 °C and 105 °C,

H is a state function so AH is independent of the path. Obviously, we choose the path 1-2-3 as
reversible alternative for the spontancous unfolding process.

For (reversible) isobars dH = dQ + VdP = dQ, such that dH = ¢pdT.

el’rocess 1 is isobaric, so dHy = ep(folded)dT, such that AH, = cp(folded) - (75 — 105). (cp is
independent of temperature and of course we can express AT in both K and °C).

el’rocess 3 is isobaric, so dHy = cp(unfolded)dT', such that AHy = cp(un folded) - (105 — 75).
el’rocess 2 is isothermal and AHy = AH . 50a(75 °C) = 500 kJ /mol.

Therefore AH ot (105°C) = ep(folded) - (756 — 105) + ep(un folded) - (105 — 75) + 509 - 10* =
(105 — 75)Acp + 509 - 10* = 30 - 6.28 - 10% 4 509 - 10* = 697.4 kJ/mol.



d) 5 is a state function, so AS is also independent of the path.

el’rocess 1 is isobaric, so dQ} = dQp = dH and r-r'wn-llhll:', hence dS = = i'# = Lpdl
The temperature changes, so AS = ep( folded) }';LH;: L = cp {_fr:id:d} In 22
ol’rocess 3 is reversible and isobaric, so AS = ep(un folded) [, 82 K AL = ep(un folded) In 382,

el'rocess 2 is isothermal ﬂ.m:l reversible, so AS = Q.TL."-“- = %‘f 1462 J,.I’mul.
2

So A8 = cp( folded) In 5555 + cp(unfolded) In $355 + 1462 = Acp In 5555 + 1462 =
6.28 - 10% In 3353 Hfﬂ = 519.0 + 1462 = 1981 J /molK.

¢) The heat during the isobaric process, ﬁff““;dd{lﬂﬁﬂﬂ’] is delivered to the surroundings.

ASeny = i = —SlenfeuellD C) _ SR — 1844 J/molK.

The ﬂnmnmﬂaw of thc-.r modynamics requires that ASy, > 0 for a spontaneous process.
ASiee = AS + ASipe = 1981 — 1844 = 137 J/molK.
Thus the total entropy increases, such that the process proceeds indeed spontaneously.




