Energy and
Thermodynamics

= The internal energy (E) of a system consists of
the kinetic energy of all the particles (related to
temperature) plus the potential energy of
interaction between the particles and within the
particles (eg bonding).

= We can only measure the changein energy of
the system (units = J or Nm).
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Energy and Enthalpy

The energy change of a reaction
is measured at constant o
volume (in a bomb |
calorimeter). |

M m S—

More conveniently reactions are performed at constant
pressure which measures enthalpy change, 4H.

AH ~ AE for most reactions we study.

AH < 0 exothermic reaction
AH > 0 endothermic reaction

Enthalpy of formation, A:A°

= The standard enthalpy of formation, A¢#/°, is the change
in enthalpy when one mole of a substance is formed from
its elements under a standard pressure of 1 atm.

= The heat of formation of any element in its standard state
is defined as zero.

= The standard enthalpy of reaction, A/, is the sum of the
enthalpy of the products minus the sum of the enthalpy
of the reactants. et

AH®°= 2:prod nAfHO - 2“react nAfHO !

Hess's Law

= Hess's Law: The heat change in any reaction is the
same whether the reaction takes place in one step or
several steps, /.e. the overall energy change of a
reaction is independent of the route taken.
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Example

Calculate A#P for CH,(g) + 20,(g) — CO,(g) + 2H,0(1)
given: AeHP (CO,) = -393 kJ mol!

AeHP (H,0) = -285 kJ molt

A¢HP (CH,) = -75 kJ molt

AP (O,) = 0 kJ mol by definition

AH® = AH® (CO,) + 2 AHO(H,0) - AHO(CH,) - 2 AHO ()

=-393 + 2(-285) - (-75) - 2(0)
= - 888 kJ mol!

Application — energy foods!

Do %ou get more energy from the metabolism of 1.0 g of sugar or 1.0 g of
the fatty acid derived from olive oil? How is energy stored in our bodies?
Data: sucrose C,,H,,0;;, molar mass = 342, AH; = -2226 kJ mol!
oleic acid CygH340,, molar mass = 283, AH; = -783 kJ mol!
AHP¢ (CO,) = -393 kI molt and A (H,0) = -285 kJ mol*

Sugar: Cy,H,,045(aq) + 120,(g) — 12C0O,(g) + 11H,0(1)

AR = {12(-393) + 11(-285)} — {-2226} = -7851 + 2226 = -5625 kJ mol!
Thus, each 1.0 g liberates -5625/342 = 16 kJ of energy.

Fatty Acid: Cy5H540,(aq) + 25%20,(g) — 18CO,(q) + 17H,0(l)

AR = {18(-393) + 17(-285)} — {-783} = -11,919 + 783 = -11,136 kJ mol!
Thus, each 1.0 g liberates -11,136/283 = 39 kJ of energy.

Hence fats contain more calories than sugar!




:.|| Exam Type Question

In the absence of an adequate supply of oxygen, yeasts obtain
metabolic energy by fermentation of glucose to produce
ethanol.

CeH1506(s) — 2C,H;OH(l) + 2CO,(g)

Use the standard enthalpies of formation to calculate A+ ° for
this reaction.

Thermochemical Data at 298 K Substance A¢H °/ kI mol!
glucose(s) -1274
CO4(9) -393
C,HsOH(l) -278

= 2 marks 7

!.| Spontaneous Reactions

= Any reaction will have a preferred direction of
change.

= It is spontaneous in this direction.
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!.‘I Entropy

= While most exothermic reactions (AH < 0) are
spontaneous, some endothermic ones (AH > 0) are also
spontaneous.

» Entropy (S) is also important.

= Entropy depends on how random a system is: this
disorder can be positional or thermal

!.‘I Entropy - S

= Entropy is a measure of the randomness or disorder.

= The natural progression of things is from an ordered
to a disordered state.

= Entropy is a thermodynamic quantity that describes the
number of arrangements that are avaiiabie to the system
in a given state.

= The main concept here is the more
ways a particular state can be
achieved the greater is the likelihood
of finding it in that state.

i EntrOpy Sgas >> _I“Siqui_d > _559!.id

Aplot of S versus T
shows the gradual
increase within a
phase and the abrupt
increase with a phase
change. The
molecular views depict
the increase in
randomness of the
particles as the solid
melts and in particular
as a liquid vaporises.
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!-‘I Temperature and Spontaneity

= Consider the process: H,O (I) — H,0 (g)

We could deduce that: AH ° - endothermic
and AS© is positive
Experience shows us:

T>100 °C — vaporisation is spontaneous
T<100 °C — condensation is spontaneous

So conclude that: T is important, in the spontaneity of reactions




!.|| Gibbs Free Energy - AG

The effects of enthalpy (A4) and entropy (AS) on a reaction are
combined to give the Gibbs Free Energy

AG= AH- TAS

(AG can not be measured directly but can be calculated from AH and AS.)

= Note: AGis dependent on temperature

= AG >0 Reaction is not spontaneous
= AG =0 System is at equilibrium
= AG <0 Reaction is spontaneous
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| Why is AG 2 important ?

. . i
Knowing the AG ¢ values for several reactions allows us to
compare the relative tendencies of reactions to occur.

= The more negative the value of AG © the further the reaction will go
towards completion.

= (We must use standard free energy for these comparisons since
free energy changes with pressure or concentration).

If a reaction is not spontaneous (AG ° > 0) we can do two
things to get it to work:
= Change the temp until AG° < 0 (in the lab)
= Couple it with another reaction such that overall AG° < 0
(living systems)

Example: AG° = AH° - TAS

At what temperature will the following reaction become

spontaneous? N, (g) + O,(g9) > 2NO(9)
Data: S°/J K1 mol?t AH? / kJ mol-*
N, (9) 191.4 0
0, (9) 204.9 0
NO (g) 210.5 90.4

AS®  =(2x 210.5)- (191.4 +204.9) = +24.7 J KX mol*
AHO = 2x 90.4 = 180.8 kJ mol?
AG® =180.8 - (T x 24.7 x 103) kJ mol*

For spontaneity AG <0
» (T x 24.7 x 10%)> 180.8
T > 180.8/(24.7 x 10?)

> 7320 K ®

!.‘I Question

Calculate AG° (298 K) for the reaction and determine whether it
is spontaneous at this temperature.

CO(9) + ¥20,(9) —» CO,(9)

Data: AG® (CO) = -137.2 kJ mol%,
AG®° (CO,) =-394.4 kJ mol* and, by definition,
AG® (element) = 0.

!.‘I The Role of ATP

The initial step in the metabolic breakdown of glucose is a
phosphoralation reaction.

Glucose + HPO,% + H* — [glucose phosphate]- + H,O
AG’ = +13.8 kJ mol'!

But this is not spontaneous so it is coupled with a reaction
that is spontaneous. A/ organisms use the hydrolysis of
adenosine triposphate (ATP) to ADP to drive this process.

ATP* + H,0 > ADP* + HPOZ + H*
AG*° = -30.5 kJ mol! 17

!.‘I The Role of ATP

Glucose + HPO,> + H* — [glucose phosphate]" + H,0 AG°= +13.8 kJ mol!

ATP* + H,0 —» ADP* + HPO,> + H* AG”’ = -30.5 kJ mol!

Glucose + ATP* — [glucose phosphate] + ADP3 AG’ = -16.7 kI mol!

Reactions that release energy convert ADP to ATP
and reactions that require energy are coupled with
hydrolysis of ATP to ADP.




‘i|l The Role of ATP ‘i|l The Role of ATP

Why is ATP a high energy ion and hence energy is released
on hydrolysis of ATP? Coupling of two reactions can not occur if they physically separated from one
: another. An enzyme ensures they occur in the same vicinity.

ATP* + H,0 —» ADP* + HPO, + H* AG* =-30.5kJ mol'!
S el o) a o A: release of
I 1l I H0 1 1l )
A—O-iIJ—O—FI'—O-P—O A-o—pl‘-o—?—o +HPO42 +H*  high charge
A 0- ©O- 0- repulsion
2=
0 10: HeH
Il | [ B: formation of
HE—P—8 HE—p=0| <— H{—P— resonance
| | I ) -
10t 0z stabilsed ion
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‘i‘l Chemical Equilibrium ‘i‘l Equilibrium

The story so far...
= Looked at bonding and what makes stable compounds.
= Energy change as the basis of chemical reactions.

= N,0O, is a colourless gas and decomposes into
NO, a brown gas.

N204 (9) —> 2NO; (9)
= But NO, can dimerise to form N,O,.

2NO, (g) ——> Nx04(9)

= Eventually a balance is  ma -i; 1 1
reached in which the 73 i) ;
concentration of both [, ~= ¥ = 24
gases no longer changes. e I e

But...

= Many reactions don't go to
completion.

= Equilibrium is established when
there is a unique balance of
reactants and products.

‘ Dynamic Equilibrium ‘ Why does a system reach equilibrium?

= The reaction has not stopped when equilibrium is
reached; instead the rate of the forward reaction equals = Equilibrium represents a minimum on a free energy curve.
the rate of the reverse reaction. = The spontaneous reaction is toward a free energy

= No net change in the concentrations of reactants and minimum not away from it.

products occur.

|

t e | N2Og () === 2NO, (9) ‘ ¢ lass

\ T = ¢f lowest point of an
§ electric cable stretched
£ between two pylons.
z C+D

.}r o froen e e o0, AG=0

' inkiad conceatraion Tiawe £ A+B C+D

ol N =1 23 2




‘i|l The Equilibrium Constant

= An equilibrium constant may be determined which is
characteristic of a reaction at a particular temperature.

_[CTIDY
[AF[BT"

aA+bB‘——‘cC+dD‘

_ [NOP

N204 () ==—= 2NO;(9) K= N0

Kis always > 0
If the value of K> 1, products dominate.

With values of 0 < K< 1, reactants dominate. »

‘i|l K.and K,

= Equilibrium constants calculated
from concentrations called ;.

= Concentration is directly
proportional to pressure.

= Equilibrium reactions involving gases may be
expressed as K, in which the partial pressure is
measured in atmospheres.

 INHgP?
7 INAH®

Na(g) + 3Hy(9) =——=  2NHs(0)
P (nHy)
Kp=—3—
5 Povg P
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‘i‘l Pure solids and liquids

= The concentration of a pure solid or liquid remains
constant (though the amount may change), consequently
these terms are not variables in the equilibrium
expression.

‘i‘l AG° =-RTLnK

If AG° <0, K>1
AG° >0, K<1
AG° =0, K=1

Example: Calculate the equilibrium constant, &; at 298 K for the reaction

CaCOs3 (s) CaO(s) + CO2(9) 2NO, (g) N,0, (q)
Kp = P(co, atm
) ) given A¢G° (NO,) = 51.84 kJ mol!, A;G° (N,0,) = 98.29 kJ mol*
% 2 AG® (298K) = AG® (N,0,) - 2 AG® (NOy)
R - 2 " "
¥ A £ v ) = 98.29 - 2(51.84)=-5.39 kJ mol
- ' & 3‘. AG® = -RTLnK
o n @ y - -5390 I molt = - (8.314 J K mol) (298 K) (Ln K,)
% b LnK, = 2.18
pre =8 £ 5 27 K, = 8.8 atm! 28

‘i‘l Question

Question: Given AG® (NH;) = - 16.5 kJ mol! at 298 K, calculate
the equilibrium constant, K, at 298 K for the reaction:

Nz (@) + 3H;(9) - 2NH; (9)

AG° = -RTLnK
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,i‘ Le Chatelier’s Principle

n When a system in a state of dynamic equilibrium is acted
on by some stress (e.g. a change in concentration,
pressure or temperature), the equilibrium will change to
minimise the effect of the stress.
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The Effect of Pressure

N204 (9) 2NO; (9)
Add more gaseous reactant or product - conc effect Add more N0,
= The effect will be to shift the reaction in the The equilibrium will
direction away from the added component. shift to the right

X Add helium gas at
Add an inert gas at constant volume (one not constant volume

involved in the reaction)
B . No effect on the
= This will increase the total pressure buF will have equilibrium
no effect on the concentrations or partial
pressures of the reactants or products. Thus will
have NO effect on the equilibrium.

Increase the volume of the chamber (or add an "I: ‘i i
Inert gas at constant pressure) "

Partial pressures (and concentrations) of Reduce the volume

reactants and products will decrease. The of the chamber
equilibrium shifts to the side of more gas The equilibrium
molecules. shifts to the left 31

The Effect of Temperature

= The value of K'depends on temperature - think of enthalpy as a type
of product

= Exothermic reactions: Increase T, decrease K
N, + 3H, =—— 2NH;and 92KkJ

= Endothermic reactions: Increase T, increase K
556 kJ and CaCO; — CaO + CO,

= A catalyst increases the rate of reaction
= NO effect on the equilibrium constant (K)

32

Eg 6CO,(9 + 6H0() =— CeH1206 () + 60, (9)
AM=2816 K Ky =(p0x)® / (Peo)®

Action Glucoseyield K Explanation
Remove CO, Decreases None Equilibrium moves to left to restore CO,
Remove CsH1206 None None CsH1206 (s) is not a term in the equilibrium expression
Increase Increases Increases  Equilibrium absorbs heat and moves to right. (The rate at
temperature ‘which this occurs also increases)
Add inert gas at None None Partial pressures (and concentrations) remain unaltered

constant volume

Add inert gas at None None Volume of the container increases, & partial pressures
constant pressure decrease. If the no. of gas molecules on one side of the
equ™ is more than the other, the equ™ will shift to this side]
to counteract the drop of partial pressure. In this case An
=0 so there will be no change

Add a catalyst None None A catalyst may speed up the rate at which equilibrium is
attained but will not effect its position
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Question

= The acidity of blood plasma is controlled by the following
equilibrium:
Co, + HO =— H* + HCOy

Normal blood plasma has a pH of 7.4 and ratio of
[HCO;1/[CO,] =20/ 1.

Hyperventilation (rapid, deep breathing) results in “blow off”
of CO, which decreases the concentration of dissolved
CO,. What effect will this have on the [H*] of the blood?
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Example

To improve the quality of x-ray photos during the diagnosis of intestinal
disorders, a patient drinks a suspension of BaSO, as BaZ* ions are
opaque to x-rays. However Ba?+ is also toxic and the suspension is
usually administered as a suspension in 0.1 M Na,SO,.

Why?

Note BaSO,(s)
K= 1.1x1010M2

Ba’*(aq) + SO,”(aq)




