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Apparatus for Studying the Relationship
between Pressure and Volume of a Gas

As P (h) increases V decreases
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Constant temperature
P x V = constant Constant amount of gas

P1xV1=Pax Vo



A sample of chlorine gas occupies a volume of 946 mL at a pressure of 726 mmHg.
What is the pressure of the gas (in mmHg) if the volume is reduced at constant
temperature to 154 mL?

P1 X V1 = P2 X V2

P, = 726 mmHg P, =7
V, = 946 mL V, = 154 mL
P, xV, 762mmHgx946 pal’

V, 154t
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As T increases V increases

Variation of gas volume with temperature
at constant pressure.
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Temperature must be
in Kelvin

VaT
V=constantx T
V1/T1 = VoITo

T (K) =t (0C) + 273.15




T=t+273.15
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A sample of carbon monoxide gas occupies 3.20 L at 125 oC. At what temperature will
the gas occupy a volume of 1.54 L if the pressure remains constant?
V1/Tq4 = Vol To
V4=320L Vo=154L
T1= 398.1@ To=2?
T1 =125 (0C) + 273.15 (K) = 398.15 K

_V,xT, _1.54) x398.15K

T, = =192K
27y, 3.20/
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T=0+273.15=27315K
P=1 atm
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= =0.082056 litatm mol™K™
Imolx273.15K
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1 atm =101325 N m?

1lit=10°m?

R = 0.082056 lit atm mol1 K

R = 0.082056 x10° x m*™ x 101325 x N m? x mol'x K

R =8.314 Nm mol K

R =8.314 J mol' K



1cal=4.18 J
R = 1.9872 cal mol K™
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Deviations from Ideal Gas Behavior
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Units of pressure Units of temperature
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Deviations from Ideal Gas Behavior

20 = EH
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“compressibility factor” el e ldeal gas
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0.5 1 1 1 ] ]
0 200 A G 00 L
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Ideal gas: z=1
z<1: attractive intermolecular forces dominate
z>1: repulsive intermolecular forces dominate

Virial Coefficients
Ly =1+ BiV + B32V +.-- Virial expansion
RT Vv v

V4
B,,: second virial coefficient,
B,,

third virial coefficient,etc.
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Figure 23.2.

Poinis representing molecules

in velocity space. Sce discussion in text.
(From R.A. Alberty, Physical Chemistry,
Mew York: John Wilay, 1987.)
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Malecular kinetic-energy
distributions at three tem-
peratures. Average kinetic
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the broken lines. Natice
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FIGURE 13-8

Effact of temperature on
fraction of total numbar of
molecules with energy
equal to or greater than the
ochivatlion energy.
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Hew York: Jobn Wiley, 1587}
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Deviations from Ideal Behavior

1 mole of ideal gas

MHy
PV =nRT
P "
n=——=1.0 ldeal gas
RT RT
[1] MEF JINF UKD HOED JOHN) |

P (atm)
*The Behavior of Real Gases

The molar volume is not constant as is expected for ideal gases.

These deviations due to an attraction between some molecules.

Finite molar molecular volume.

For compounds that deviate from ideality the van der Waals equation is used:
where a and b are constants that are characteristic of the gas.

Applicable at high pressures and low temperatures.
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"Thermodynamics is a funny subject. The first time you go through it, you don't understand it at all.
The second time you go through it, you think you understand it, except for one or two small points. The

third time you go through it, you know you don't understand it, but by then you are so used to it, it
doesn't bother you any more."

Thermodynamics
*Deals with eguilibrium systems.
*Thus, the variables x, y, z and t are irrelevant!
*Microscopic (statistical) theory concerned with the average behavior of an
extremely large number of microscopic entities, i.e. atoms or molecules.
‘However, classical theory ignores the microscopic details and deals instead
with a few macroscopic variables which are easily measurable, e.g. pressure,
volume, temperature, etc..
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Thermodynamics Vs. Kinetics

*Chemical Thermodynamics - Study of Chemical reaction energetics

—i.e., CH4 + 202 — C02 + 2H20 + U



Thermodynamics Domain (State)

/ Kinetics Domain (Path) \
N
1 _cH,+o0, J \\
CO, + H,0
T Initial
Final

Understanding a chemical reaction and its energetic properties lead to the spontaneity prediction of the reaction.
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Open Closed Isolated

System: the region of interest, of sufficient size that average properties like temperature are well-
defined; to be distinguished from the environment (i.e., the rest of the universe)

*Open system: exchange of energy and matter

*Closed system: exchange of energy but not matter

*|solated system: can exchange neither energy nor matter

Thermodynamic State Properties
*Extensive: These variables or properties depend on the amount of material present (e.g. mass or
volume).
The ratio of any two extensive variables is always an intensive variable. V/n = molar volume,
*Intensive: These variables or properties DO NOT depend on the amount of material (e.g. density,
pressure, and temperature).
* Phase: a physically homogeneous and mechanically separable part of the system, e.g. a vapor, liquid,
or mineral
* A system may be

homogeneous (one phase)

or
heterogeneous (multiple phases).
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Work of Expansion
*Work is a Form of Mechanical Energy

Work = Force x Distance
OW =F Ax

O
\ ) .
~.7 Distance

|]‘Zl

area = W = pAV
1

- S0, considering an example of a p-V graph,
see right
-as we go from a point on the curve where
V = V; to a point where V = V,, it can be
shown, by using incremental steps, that the
Work done is the area under the curve,
because

W=pAV

(b)
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-W +W
(a) If heat flows into a system, it is positive (+Q). Heat flowing out is designated as negative (-Q). (b) The
experimental way to tell if a gas’s internal energy changes is to take its temperature. Since internal energy is
determined by temperature, a rise or fall in one of these quantities implies a similar rise or fall in the other. (c)
If a gas expands (pushes in the direction its piston moves), the work it does is positive (+W). If the gas is
compressed, the work done by the gas is designated as negative (-W).
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dW =P .dV

pv=nrTO R "RT
aw="RT av o w J‘VZ rRTY
Vi V
W =nRT[ v v
Vi V
W =nRT In A3 (M
1
P
PlVl = P2V2 1 = &
P2 Vl
P]
W =nRT In— 2)

2

Thermodynamic Processes
- isothermal process — constant temperature

Isothermal
Ta=T,y

- Isotharm

Pressure

|I...l'
Vs Yol e

Q Wy —




I!.l

Isathermaal

T;I = T]
2 1 -~ Isotherm
a | ~
& | ,f’f 3
o [
[ |
I I Ta=T4
[ [
| [
1 1
L Vg YVelumea
| [
Q2 vy [
Vs — W=0

-here T is kept constant as
the system goes from one
p-V point (p;,V;) to another

p-V point (p2,V>)

-the graph is a hyperbola
because p = nRT/V (nRT is
a constant) sop u 1/V

-as work is done on the
system, by adding heat (Q),
the gas expands (piston
moves to the right) and AU
must be zero (AU=0)
because there is no change
in T; thus,

Q=W
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V2
W= PV

Vi
W=P (Vo-Vy)
W =PV, - PV,
PV:=nRT,

PV, = nRT;

W =nRT; - nRT;4
W=nR (T, -Ty)
W = nRAT

S dalg> iz



- isobaric process — constant pressure

O

T, Ta IS INETs Isobharic
Pz=M
5_!
@
Ly
s
[
Walume
Q LT I

-here p is kept constant so on the p-V
graph we move horizontally across
the graph from one isotherm to
another isotherm at a higher
temperature
-as heat is added (which is why T, >
T; ) the system does work, the area
under the curve is clearly pAV so we
can write

Q = AU + pAV Q

Pressurs

:}_3 W = Vs = V)

Ty T e Isobaric
fz=
/
T3 »T Isobar
I
| T
| v
| l
’, I.rl':h Walume
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W=P (V2-Vy)

W= PV2 - PV1
PV:=nRT

PVz = anT

W = anT - n1RT

W =RT (n2 - n1) = RTAn(g)
An(g) =Ny — N

Conventions
dw, the work is negative when the system does work on the surrounding, i.e. it expands into low-
pressure surroundings;
Ow, the work is positive when work is done on the system by surrounding, i.e., high-pressure
surroundings compress the system.
Expansion work: mechanical [ w =-p.dV

First Law of Thermodynamics
“‘Energy cannot be created or destroyed. It can only be changed from one form into another.”

Rudolf Clausius 1850

Thermodynamics
-Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system
and its surroundings.
- Temperature is a variable, and heat and work are somehow involved.

. Universe
Surrounding

m System ‘@:t

IMass

The above system is open.



Thermodynamics
Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system
and its surroundings.
* Temperature is a variable, and heat and work are somehow involved.

Universe

Surrounding

System
Work*

I Mass

The above system is underqgoina an adiabatic change.

Thermodynamics
-Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system
and its surroundings.
- Temperature is a variable, and Aeat and work are somehow involved.

Universe

Surrounding

m System “@:t

The above system is closed.

Thermodynamics
Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system
and its surroundings.
* Temperature is a variable, and heat and work are somehow involved.

Universe

Surrounding

System

The above system is /solated.



Thermodynamics
Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system

and its surroundings.
* Temperature is a variable, and heat and work are somehow involved.

Universe

Surrounding

Syste
m

The above system is isolated. System Wall

Thermodynamics
-Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system

and its surroundings.
* Temperature is a variable, and heat and work are somehow involved.

Universe

Surrounding

Syste
VSt | eficat

System Wall
The above is an example of a dithermal wall.
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AE Example

* When Mg burns in air, the reaction is
Mg(s) + 7202(g) ~ MgO(s)

* The heat of reaction is AH = -601 kJ
* \What is the energy of reaction AE at 500K?

AV = An RT/P

AE =AH -P AV =AH -RT An

An = - mol

AE = AH + % RT = -601 kd + 2 kJ = -599 kJ

*A change in internal energy can be identified with the heat supplied at constant volume
ENTHALPY (H)

(comes from Greek for “heat inside")
Internal Heat 9,0 sle,S

Heat Content Sl S lyione
Gibbs Heat Function oS S )5 Al



The heat supplied is equal to the change in another thermodynamic property called
enthalpy (H)

ie. DH = q

* this relation is only valid at constant pressure
As most reactions in chemistry take place at constant pressure we can say that:
A change in enthalpy = heat supplied

Functions of State
*A function of state is a property of a system whose change depends only on the initial and
final state of the system and not on the path taken between them.
*A path function is a property whose change does depend on the path.

Enthalpy
*The enthalpy change is an energy change defined by

AH=Qp

where qp is the heat absorbed at constant pressure.
*The enthalpy is a function of state.

Enthalpy of Reaction
*The enthalpy of reaction is the change in enthalpy AH that occurs when the molar amounts of
reactants in the balanced equation are converted to products under standard conditions.
*For the enthalpy of reaction is the heat transfer when 1 mole of

CHg4 reacts with 2 moles of O2 .

Energy and Enthalpy
-From the first law: q = AE + PAV.
-With no change in volume the equation simplifies to qy = AE.
-At constant pressure: qp = AE + PAV.
-There are times when both volume and pressure can change; the heat involved in the
reaction is then a more complicated function of AE.
-Enthalpy: the heat output at constant pressure. H=E + PV.
«In general, AH = AE + PAV + VAP.
-At constant pressure, a change in enthalpy is given by:

AH = AE + PAV = qp.

«Normally, AH and AE are fairly close to each other in magnitude. In the combustion of
propane AE = -2043 kJ, AH = -2041 kJ and w = —PAV = -2kJ.

Exothermic vs. Endothermic

*An exothermic reaction is one whose enthalpy of reaction is . An exothermic reaction
liberates heat.
*An endothermic reaction is one whose enthalpy of reaction has . An exothermic

reaction absorbs heat.
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Newton’s Legacy

"l seem to have been only like a boy playing on the seashore, and diverting myself in now and
then finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth
lay all undiscovered before me."
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Lastly we get to the adiabatic process — no heat is transferred into or out of

the system
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Law of Conservation of Energy - Energy canbe converted from one form to
another, but the total quantity of energy is assumed to remain constant in ordinary
processes. (In nuclear reactions matter is converted into energy, so then we have to
say that the amount of matter and energy in the universe is a constant.)

Thermochemistry

The study of the quantity of heat absorbed or given off by chemical reactions. All chemical reactions
either give off or absorb energy.

THERMOCHEMISTRY

The study of heat released or required by chemical reactions

Fuel is burnt to produce energy - combustion (e.g. when fossil fuels are burnt)
CH4(g) + 20:(9g) CO,(g) +2H,0(l) + energy

Law of Conservation of Energy: the total energy of the universe is constant and
can neither be created nor destroyed; it can only be transformed.

The internal energy, U, of a sample is the sum of all the kinetic and potential
energies of all the atoms and molecules in a sample
i.e. it is the total energy of all the atoms and molecules in a sample

Endothermic process: a change (e.g. a chemical reaction) that requires (or
absorbs) heat.
An input of heat corresponds to an increase in enthalpy
Endothermic process: AH > O (at constant pressure)

Photosynthesis is an :\\C’j: Forming Na" and
endothermic TN Cl™ ions from
reaction (requires Cg“i NaCl is an
energy input from endothermic
/ process




Measuring Heat

Exothermic

reaction, heat given
off & temperature

of water rises

Endothermic

reaction, heat taken
in & temperature of
water drops

UNITS OF ENERGY

S.I. unit of energy is the joule (J)
Heat and work ( energy in transit) also measured in joules
1 kJ (kilojoule) = 103J

Calorie (cal): 1 cal is the energy needed to raise the temperature of 1g of water
by 1-C
lcal = 41847

First Law of Thermodynamics:
the internal energy of an isolated system is

Signs (+/-) will tell you if energy is entering or leaving a system
+ indicates energy enters a system
- indicates energy leaves a system



Endothermic process: a change (e.g. a chemical reaction) that requires (or
absorbs) heat.
An input of heat corresponds to an increase in enthalpy
Endothermic process: AH > 0O (at constant pressure)

Photosynthesis is an :\\’O//_ Forming Na" and
endothermic waut Cl” ions from
reaction (requires cg“i NaCl is an
energy input from endothermic
/ process

Vaporisation
Energy has to be supplied to a liquid to enable it to overcome forces that hold
molecules together
« endothermic process (AH positive)

Melting
Energy is supplied to a solid to enable it to vibrate more vigorously until molecules
can move past each other and flow as a liquid
+ endothermic process (AH positive)

Freezing
Liquid releases energy and allows molecules to settle into a lower energy state
and form a solid
+ exothermic process (AH negative)
(we remove heat from water when making ice in freezer)

Reaction Enthalpies
All chemical reactions either release or absorb heat
Exothermic reactions:
Reactants products + energy as heat (AH -ve)
e.g. burning fossil fuels
Endothermic reactions:
Reactants + energy as heat products (AH +ve)
e.g. photosynthesis
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Enthalpies of Chemical Change
-AH is an extensive property — its value depends upon the amount of reactants.



-AH is attached to the chemical equation to indicate the amount of heat involved in the reaction.
E.g. the combustion of methane:
*CHa(g) + 202(g) - COy(g) + 2H,0()) AH = - 890kJ
«2CH4(g) + 40,(g) » 2C0O4(g) + 4H,0(/) AH = - 1780kJ
E.g.2 determine the amount of heat that would be evolved when 150 g of methane is burnt.
‘Reversing reaction changes the sign of the heat.
«CO(g) + 2H,0(l) - CH4(g) + 20,(g) AH = +890kJ.
What is the C-H bond enthalpy in methane?
We want AHO for the reaction: CH4 — Cgag +4H
Any path will do (equation of state.)

AHO (kJ/mol)
CHy4 +2 0y — COy + 2Hr0 -800
CO2 — Caraph + 02 +350
2H20O — 2 Hpy + Op +480
2Hy — 4H +870
Cgraph — Cgas +700
NET CHgq — Cgas +4H + 1600 kJ/mol

The bond energy for C-H in methane is +1600/4 = +400 kJ/mol.

Hess’s Law
*Hess’s law when a reaction at constant temperature and pressure can be written as the

summation of a series of reactions, the enthalpy change, AH, of the reaction is equal to the
summation of the AH’s of the individual reactions.
E.g. determine the heat of formation of NOx(g):

V2 N2(g) + O2(g) -~ NO2 AH =7

*Forming NO,(g) from Nx(g) can be thought of as 2 step process:
Formation of NO(g) 2 Ny(g) + 72 02(g) - NO(g) AH° = +180 kJ
Oxidation of NO NO(g) + 7202(g) - NOx(@) AH°=-56kJ
Overall 2 Ny(g) + Ox(g) — NO»(9) = +124 kJ

-Missing steps in a sequence can be determined using Hess’s law.

E.g. determine the heat for methanol decomposition to its elements from the heat of
combustion and the other given reactions. Heat of combustion is

CH30OH(g) + O2(g) - CO2(g) + HO(l) AH=-726.4 kJ.

Decomp. CH3;0OH CH3OH(l) - C(gr) + 2H,(g) + ¥ O,(g) AH, =7

Form CO, C(gr) + O(g) - COx(Q) AH,° = -393.51 kJ
Form H,O 2Hy(g) + O(g) - 2H,0() AH5° = -571.66 kJ
Overall CH3OH(g) + 3/2 05(g) - COy(g) + 2H20(1) AH°= -726.4 kJ

AH® = AH.° + AH,° + AH3° or AH.° = -726.4 + 393.51 +571.66 = +238.77 kJ



Standard Heats of Formation
-Standard state the pure form of a substance at 1 atm usually at 25°C.
-Standard reaction enthalpies, AH®, difference in enthalpy between products and reactants
of a reaction each in their standard states.
-Standard heat (enthalpy) of formation the standard reaction enthalpy per mol for the
synthesis of a compound from its elements.
-Since reaction enthalpy depends upon conditions of experiment, it is usually reported at
some reference condition, AH°
-Most tables present enthalpy data in its standard state and as the heat of formation.
-E.g. (HCI) is —92.3 kJ and the reaction is:
YaH,(g) + V2Clx(g) — HCI(g) =-92.3 kJ
-AH of pure elements in their most stable form under standard conditions is defined as zero.
E.g. Na(g), Na(s); C(g), C(gn), C(d).
- of elements in another form often given.
‘Na(s) —» Na(g) AH° = 107.8 kd/mol. Also called the enthalpy of sublimation.
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The entropies of substances at 0 K can be assigned the value of zero is the third law of
thermodynamics .
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If entropy of each element in some crystalline state be taken as zero at the absolute zero of
temperature, every substance has a finite positive entropy; but at the absolute zero of
temperatue the entropy may become zero, and does so become in the case of perfect
crystalline substances.
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