Thermodynamics

Dr Nizar Al-Zoubi

Learning objectives

Understand the theory of thermodynamics and its use for
describing energy-related changes in reactions.

Understand the first law of thermodynamics and its use.

Understand the second law of thermodynamics and its
use.

Understand the third law of thermodynamics and its use.

Define and calculate free energy functions and apply
them to pharmaceutically relevant issues.

Understand the basic principles of the impact of
thermodynamics  on  pharmaceutically  relevant
applications
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Introduction

e Thermodynamics is derived from two words:

‘Thermo’ which means ‘Heat’ and ‘Dynamics’
which means ‘Power’ .

Thermodynamics is a branch of physics that deals
with  the  quantitative  relationships  of
interconversion of the various forms of energy,
including mechanical, chemical, electric, and
radiant energy.

The main forms of energy of interest in
thermodynamics are heat (Q) and work (W).

Introduction

* Thermodynamics is based on three laws or facts
of experience that have never been proven in a
direct way, in part due to the ideal conditions for
which they were derived.
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Thermodynamic system

* System 1s the sample for which the energy is
studied (e.g. chemical reaction in a test tube).

* Surrounding 1s every thing outside the system
(e.g. the surrounding of a chemical reaction is

the water bath in which it is immersed).

* Boundary 1s the barrier that separate the system
from its surrounding (e.g. the wall of the flask).

» Universe is the system and its surroundings.

Thermodynamic system
» Three types of systems are frequently used to

describe thermodynamic properties:
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Thermodynamic system
Example

 If two 1mmiscible solvents,
water and hexane, are confined
in a closed container and iodine
1s distributed between the two
phases, each phase is an open == -
system, yet the total system s .\
made up of the two phases is S
closed because it does not
exchange matter with its —

surroundings.
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* Energy is a fundamental property of a system.

* In chemical reactions, energy determines what
reactions may occur, how fast the reaction may proceed
and in which direction the reaction will occur.

Forms of Energy

All forms of energy fall under two categories

g
POTENTIAL

Stored energy or energy
of position
(gravitational)
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Energy of motion (motion of waves,

electrons, atoms, molecules, and
substances)
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Energy

All forms of energy are related, but in converting
between the various types it is not possible to
create or destroy energy. This forms the basis of
the law of conservation of energy.

The internal energy U of a system is the sum of all
the kinetic and potential energy contributions to the
energy of all the atoms, ions and molecules in that
system. T

Energy
* In thermodynamics we are concerned with change
in internal energy (AU) rather than the internal

energy itself (U).

« We may change the internal energy of a closed
system (one that cannot exchange matter with its
surroundings) in only two ways: by transferring
energy as work (W) or as heat (Q).
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Energy

* Heat (Q) 1s a form of energy that is transferred
as the result of a temperature difference between
a system and it surroundings.

» Heat is expressed in joules (J) or calories (cal).

Conduction
_____.._d’

2 Qe
Radiation See
Energy
Work is the product of a force and a distance:
|'W = force x distance\ 855l 0y Lol sa Jasll
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Thermodynamic processes
Process is the change of a system from one equilibrium
state to another.

Isothermal process is a process in which the temperature of
the system is kept constant.

e.g. Placing the system in a constant-temperature bath so
that heat is exchanged without affecting the temperature.

Isobaric process is a process in which pressure of the
system remains constant.

Isochoric process is a process in which volume of the
system remains constant

Adiabatic process is a process in which no heat is
exchanged with the surroundings

Thermodynamic state

Thermodynamic state means the condition of the system
that is identified by values of a set of parameters known as
state functions or state variables (e.g. temperature, pressure
and volume...etc).

State function is a property with a unique value that
depends only on the current state of the system and is

independent of the manner in which the state was reached
(i.e. the path). ¥ oo isssbuall e sasid oy

Equation of state is any equation relating the state
functions. e.g. the ideal gas law and the van der Waals
equation.
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Thermodynamic state
The change of internal energy, AU, depends only on the
initial and final thermodynamic states (does not depend on
the path) = AU is a state function..

E.g. a 85 g sample of water at 37°C and 1 atm has the same
internal energy whether it is synthesized from H, and O, or
distilled from a solution or melted from ice.

Both Q and W depend on the manner in which the state of
the system is reached (depend on the path). Hence, Q and
W are not state functions.

Thermodynamic state

« Extensive variables are variables that depend on
the size of the system; e.g. mass and volume

 Intensive variables are variables that do not
depend on size; e.g. pressure and temperature.
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The first law of thermodynamics

The first law of thermodynamics states that energy can be
transformed from one form to another, but cannot be
created or destroyed.

The total energy of an isolated system cannot change.

This statement means that various forms of energy are
equivalent, and when one kind is formed (e.g. work), an
equal amount of another kind must disappear (e.g. heat).

If an amount of heat (Q) is supplied to a system, a part of it
may increase the internal energy (AU), while the remaining
may be used as a work done by the system

[AU = W+Q/

e If the

The first law of thermodynamics
system releases its energy fo the
surroundings AU is negative, i.e. the total internal
energy has been reduced. ¢/ #%#

Heat is absorbed — endothermic process — T of
internal energy — ¢ is positive.

> Heat is released — exothermic process — 4 of

internal energy — ¢ is negative

» Similarly, when energy is supplied fo the system as

work, w is positive; and when the system loses
energy by doing work, w is negative.
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W=-pAv
Av=0,w=0

AU =Qonly

. The first law of thermodynamics

Enthalpy

close system

Let us consider that a system absorbs heat but is not allowed
to expand. Under this condition no work is done on the
system or by the system because AV is equal to zero. Thus,
the heat absorbed is now the increase in internal energy of
the system.

However, most chemical studies are conducted at constant
pressure. (The reaction is open to the atmosphere, and
P=1atm). open system

In this case some energy will have been lost by the work
done (against the atmosphere) during the expansion of the
system.

The enthalpy change is the amount of heat gained or lost in
a process at constant pressure. (AH=Q,)

The first law of thermodynamics

Enthalpy

AH does not depend on the path between the states of the
system (AH is a state function)

Since enthalpy is an energy, it is measured in the usual
energy units e.g. joule.

AH is more useful than AU because chemical and
biochemical processes commonly happen in system open
to atmosphere and free to expand or contract.

Only changes in enthalpy (AH) can be measured in practice
(as with all energy quantities), (It is difficult to measure the
absolute value of H).
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The first law of thermodynamics
Enthalpy

* From the first law:
AU= W, +Q, = Q=AU-W,
Since W= -P AV then Q,= AU+ P AV
Since AH = Q at constant pressure then

; { \ AH= AU+ P AV

The first law of thermodynamics
Enthalpy

» For chemical processes involving only solids and liquids,
AV is usually quite small, so:

AH=AU,
» For gases AV may be substantial, so:
AH=AU+PAV
* From the ideal gas law:
PV=nRT = PAV=(An)RT
Then: |AH=AU+(An)RT|
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The first law of thermodynamics
Enthalpy
* Specific symbols and names are used to identify H with particular

physical changes:
» The enthalpy of fusion (AHitusion) is the heat absorbed by 1 mole of
solid on melting

I >AHfusion=Hliquid—Hsolid\

» The enthalpy of vaporization (AHvap) is the heat absorbed by 1 mole
of liquid on vaporization.

\> AHvap=Hgas—Hliquid \

The first law of thermodynamics
Enthalpy

* The enthalpy of sublimation (AHsub) is the heat absorbed by 1 mole
of solid on sublimation.

\ > AHsub=Hgas—Hsolid\

* The enthalpy of solution (AHg,,) is the heat absorbed or released
when a 1mole of solute dissolves in a solvent.

* These are molar properties .E.g. AHvap (water, 25°C) = 44KJ/mol.
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Enthalpy

The first law of thermodynamics

AH(metting of ice) = - AH(freezing)

*| AH (forward change) = -AH (reverse change)

AH 1is positive for physical change from a more condensed
to a less condensed phase (melting, vaporization and
sublimation).(energy is required to break the
intermolecular forces in a more condensed phase).

AH is negative for physical change from a less condensed
to a more condensed phase (freezing, condensation, and
deposition). (energy is released when intermolecular forces
1s formed in a less condensed phase).

The first law of thermodynamics
Thermochemistry is a part of thermodynamics deals

with the heat changes (AH) accompanying
isothermal chemical reactions at constant pressure
or volume.

The enthalpy of the reaction depends on the states
of reactants and products and the temperature,
therefore these factors are specified:

CH,(g) + 20,(g) — CO,(g) + 2H,0(1)
AH(25°C) =-890 kJ/mole

AH (eledl 2l = -AH
(oSl ydl)

AH g0 3l yaed s
Jaldl> JI dsls o581 Al
el oy lgandl) Bl

3} 281 3L (ol

o= balgyll

AH s L)l syl Ll
Sl dls )] asts J8l @l
Sl aandl) 8BS

e Bl Bl) (Gonyd]
B Oluiadl o buleyl (55
b olyiadl (BLS 151 dl
s 8l ),

£35 o iyl clal
gyl yodl Boaalial yo
dylyadl Olyeid] Jolesig
OMeladl) di>Ladll (AH)
ygluza 3Ll

a2 ol bhas wie il

ole Jelad I sazss
lallg ke lasall Cdls
ey elilg Byl dxyag
tJolgell sl sasd



14

The first law of thermodynamics

For a chemical reaction AH is called enthalpy of reaction
or heat of reaction.

The enthalpy of reaction may be positive (heat is absorbed)
or negative (heat is evolved).

\ AH=H Hreactants\

By writing a reaction in reverse direction, its AH changes
sign:

products

6C(s)+3H,(g)—CH((1) AH =+11.7 kcal/mol
CcH()—6C(s)+3H,(g) AH= -11.7 kcal/mol

The first law of thermodynamics

Enthalpy i1s a state function (independent of the
path).

The heat evolved or absorbed in a chemical process
is the same whether the change occurs in one stage

or through intermediate stages. @4k loliBl g
system bdog I

A reaction enthalpy is the sum of the enthalpies of

any sequence of reactions that forms the overall
reaction.
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The second law of thermodynamics

Thermodynamic spontaneity

» Some processes happen spontaneously, other processes
don’t. (e.g. Objects fall down spontaneously, but throwing
them up requires an external work)

* A spontaneous process is one that occurs “naturally”
(without intervention) .

* A non-spontaneous process is one that does not occur
“naturally” (needs intervention to occur). E.g. throwing
objects up.

The second law of thermodynamics

Thermodynamic spontaneity

L ]
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Heat flows naturally Gases expand naturally Solute molecules diffuse
only from hotter to from higher to lower from a region of higher to
colder bodies pressures one of lower concentration.

These spontaneous processes will not proceed in reverse
without the intervention of some external force to facilitate
their occurrence.
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The second law of thermodynamics

Thermodynamic spontaneity

It was once thought that a negative AH (evolution of heat)
was itself proof of a spontaneous reaction.

* Many natural reactions do occur with an evolution of heat;
however, the spontaneous melting of ice at 25°C is
accompanied by absorption of heat (AH is positive)

» Therefore; the function state (enthalpy change, AH) in the
first law, does not determine whether the process occurs
spontaneously or not.

ol s Jolad9 Josons o5 Lo HA Boal g

The second law of thermodynamics

Thermodynamic spontaneity

» The second law of thermodynamics states that the entropy
(S) of a system and its surroundings increases in a
spontaneous change.

‘ AS univ_ AS system+ AS surroundin&
* Then the second law says

AS
AS
AS

> (0 (spontaneous processes)

univ

= 0 (system at equilibrium)

univ

< 0 (non-spontaneous processes)

univ
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The third law of thermodynamics

At absolute zoe;o all the thermal motions of the
atoms of the lattice of a crystal will have ceased
and the solid will have no disorder and hence a zero
entropy.

This conclusion forms the basis of the third law of
thermodynamics, which states that the entropy of a
perfectly crystalline material is zero when T = 0 K.

The third law of thermodynamics refers to an ideal
state (0 K) which is practically impossible.

Free energy (AG)
The free energy is derived from the entropy and is,
in many ways, a more useful function to use.
There are two factors involved in determining the
direction of chemical change:
— The system seeks to minimize its energy (AH)
— The system seeks to maximize its entropy (AS).
Gibbs free energy AG, is a state function that links

the first and second law of thermodynamics and
determine the direction of a chemical change

\AG=AH—TAS\
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Free energy (AG)
» If AG <0, the process occurs spontanecously. el o MG <D B
» If AG =0, the system is at equilibrium. ielelki o AG =0 S 13-
» If AG > 0, the process is not spontaneous as written :j' :;?‘; 72:1';‘
but occurs spontaneously in the reverse direction. | staisboy s bt o
Free energy (AG)

* A more negative AH and a more positive AS favors | ssiajancisis.
- i Jeladl oIS 81 daga AS
spontaneous reaction, by making AG more 351 AG Jaes Loo 512l

negative. o
»>1f TAS < AH , and AH is negative, then AG will be | =55 TAS<AH ==

. . . 095 AG L8 fu‘uAH

negative (i.e. the process is spontaneous). (U el of ) L
»If TAS < AH , and AH is positive, then AG will be | =55 TAS<AH =I5 1]
. . . . 0552w AG o8 d>ge0 AH
positive (i.e. the process is not spontaneous). o) ddasll o o) A9

»If TAS > AH , then AG will be negative (i.c. the
. . AG B TAS>AH =dls lif<|
process is spontaneous regardless whether AH is daal ol o)) A 55

negative or positive). ”(i; o D A
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Free energy (AG)
Example 1

AH and AS for the transition from ice to liquid water at 25
°C and 1 atm are +1650 cal/mole and +6 cal/mole deg),
respectively Compute AG for the phase change and
indicate whether the process is spontaneous.

The process leads to:

An increased freedom of molecular movement (AS 1s positive)
A increased molecular energy (AH is positive)

AG=AH —TAS
AG = 1650 — (298 x 6) = -138 cal/mole

The process 1s spontaneous because T AS is sufficiently
larger than the positive value of AH to make AG negative

Free energy (AG)
Example 2

AH and AS for the transition from liquid water to ice at
=10°C and at 1 atm pressure are =1343 cal/mole and -4.91
cal/mole deg, respectively. Compute AG for the phase
change and indicate whether the process is spontaneous.

The process leads to:

A decreased freedom of molecular movement (AS 1s negative)
A decreased molecular energy (AH is negative)

AG=AH —TAS
AG = (~1343) — [263 x (—4.91)] = —51.67 cal/mole

The process is spontaneous, as reflected by the negative
value of AG.




