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Thermochemistry
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5.1 Energy and Energy
Changes

* Energy is involved in all types of physical and
chemical changes

* Energy: the capacity to do work or transfer
heat

+ All forms of energy are either
— Kinetic
— Potential
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Kinetic energy - energy of motion
— Defining equation

5
E. =smu”

—Where m is mass and u is velocity

— Thermal - one form of kinetic energy
associated with random motion

* Monitor changes via changes in temperature
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* Potential energy - energy of position

— Chemical energy is stored within
structural units of chemical substances.

— Electrostatic energy is energy resulting
from the interaction of charged particles.

* Dependent on charges and distance
between charges (Q = charge and d =

distance)
» Defining equation g o 0,
« + E_: repulsive d
- — E_: attractive
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» Law of conservation of energy

— Energy may be converted from one form to
another.

— The total amount of energy in the universe
IS constant.

— Example

* A chemical reaction (potential) gives off
heat (thermal)
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Energy changes in chemical reactions

— System is the part of the universe of
interest.

« Example
—The reactants NaOH and HCI
— Surroundings are the rest of the universe.
« Example

—When heat is given off from the
reaction of NaOH and HCI, the
energy is transferred from the system
to the surroundings.
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 Thermochemistry

— The study of the transfer of heat
(thermal energy) in chemical reactions.

— Exothermic - transfer of heat from the
system to the surroundings

2Hy(g) + Oa(g) — 2H,0(/) + energy

— Endothermic - the transfer of heat from
the surroundings to the system

energy + 2HgO(s) — 2Hg(/) + O,(g)
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Comparison of Endothermic and Exothermic Processes

2H,(g) + O4(g)

N
- Heat given off .
%D by system E
& s
2Hg(l) + O4(g)
T‘-M Heat absorbed
by system
2H,0(/) 2HgO(s)
Exothermic Endothermic
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» Units of Energy
—Joule (J) is the Sl unit for energy.

* The amount of energy possessed
by a 2 kg mass moving at a speed
of 1 m/s

E, = i 3(2 kg)(1 m/s)2 = lkg - m" /st = 1]
1J=1N-°'m 1N=ll<g'*1‘n/f>‘2
I kJ = 10001
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— Calorie (cal) - commonly used on
food labels

—1cal =4.184 J
—1000 cal =1 Cal = 1 kcal

—Food calories (Cal) are really 1000
calories (cal).

Nutrltlon Facts

About 24 bis

(59g/2 1 z.)
Servings Per Conta Abol I 12
_
Cereal with
1/2 Cup
Vitamins A&D
Amount Per Serving Cereal Fat Free Milk
‘ Calories 200 240
Calories from Fat 10 10
Total Fat 1g° 2% 2%
Salurated Fat Og 0% 0.
Monounsaturated Fat Og
Polyunsaturated Fat 0.5q
Irans Fat Oq
Cholestc rol Omq 0", 0°,
Sodium Himg 0%, 3°,
Potassium 200mq 6" 12%
Total Carbohydrate 180 16" 182,
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Calculate the kinetic energy of a neon
atom moving at a speed of 98 m/s.

9
E kK — %? nu-

1.661x10™% g lkg
amu 1000 g

20.18 amu X =3.352x107*° kg

E = %(3.352x10‘26kg)(98m/s)2

E =1.6x107"]
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5.2 Introduction to Thermodynamics

* Types of systems:
— open (exchange of mass and energy)
— closed (exchange of energy)
— isolated (no exchange)

Water vapor -

/ = Lt
t L x\ Heat A \
Y 3 N
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» State functions depend only on initial
and final states of the system and not
on how the change was carried out.

_ Energy (E) R S S

— Pressure (P)
— Volume (V)
— Temperature (T)
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First Law of Thermodynamics

* Energy can be converted from one form
to another but cannot be created or
destroyed.

— Based on the law of conservation of energy

» Internal energy (U)
— Kinetic energy - molecular motion
— Potential energy - attractive/repulsive
interactions
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* The change in internal energy of a
system between final (f) and initial (i)
states is defined as:

AU = AU; — AU
* For a chemical system

—Cannot calculate the total internal
energy with any certainty

— Can calculate the change in energy of
the system experimentally

AU = AU(products) — AU(reac:tants)

Copyright McGraw-Hill 2009 15



— Consider:

S(s) + O,(g) — SO,(9)
AU = U(product) — U(reactants)

= energy content of 1 mol SO,(g) — energy content of | mol S(s) and | mol O,(g)

— This reaction releases heat, therefore AU is
negative.
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* When a system releases heat, some of

t
t
t
t

ne chemical energy is released as
nermal energy to the surroundings but
nis does not change the total energy of

ne universe.

AU

system

+ AU

surroundings

=0
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* When a system undergoes a change in
energy, the surroundings must undergo
a change in energy equal in magnitude
and opposite In sign.

AU

system

=—-AU

surroundings
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 Work and heat
AUgs=q+w

where g is heat
w IS work

TABLE 5.1

Process
Heat absorbed by the system (endothermic process)
Heat released by the system (exothermic process)

Work done on the system by the surroundings
(for example, a volume decrease)

Work done by the system on the surroundings
(for example, a volume increase)
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Sign
g 1S positive
g 1S negative

W 1S positive
w 1S negative
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Sign Conventions of g and w
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Calculate the overall change in internal
energy for a system that absorbs 125 J of
heat and does 141 J of work on the
surroundings.

q is + (heat absorbed)

wis — (work done)

AUgs =q+w = (+125J) + (-141J)
=-16 J
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« Reactions carried out at constant volume

— Pressure-volume work, w, done by a
system is

w = —-PAV
— Constant volume, AV=0
AU =q - PAV

q,= AU
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Decomposition of NaN, at Constant Volume

2NaNj3(s) — 2Na(s) + 3N,(g)

‘ Increased
NalN; pressure
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Reactions carried out at constant
pressure

AU=qg+w
AU =q, - PAV

g,= AU+ PAV
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Decomposition of NaN, at Constant Pressure

2NaNj(s) — 2Na(s) + 3Na(g)

Increased
volume
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Enthalpy and enthalpy changes

— Enthalpy (H) is a state function
defined as

H=U+PV
— At constant pressure
g, =AH
—Enthalpy of reaction

AH = H(products) — H(reactants)

* AH is + for endothermic changes.
* AH is — for exothermic changes.
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 Thermochemical Equations

— Equations that represent both mass and enthalpy
changes

H,O(s) > H,O() AH=+6.01kJ/mol
* This is an endothermic process. It requires 6.01 kJ to melt
one mole of ice, H,O(s).

» The enthalpy value will change if the number of moles varies
from the 1:1 reaction stoichiometry.

CH,(g) + 20,(g) —— CO,(g) + 2H,0(]) AH = —890.4 kJ/mol

* This is an exothermic process. It releases 890.4 kJ when one
mole of methane, CH,, reacts.

« The enthalpy value will change if the number of moles varies
from the 1:2:1:2 reaction stoichiometry.

Copyright McGraw-Hill 2009 27



Comparison of Endothermic and Exothermic Changes

CHy(g) + 205(g)

Heat given off
by the system to

H,0(/) E the surroundings
=
= _
Heat absorbed by &3 AH 890.4 kJ/mol
_& the system from
:qf the surroundings
: AH = +6.01 kJ/mol
H00) CO4(g) + 2H,0()
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 Thermochemical equation guidelines

— Always specify state of reactants and
products.

—When multiplying an equation by a
factor (n), multiply the AH value by
same factor.

—Reversing an equation changes the
sign but not the magnitude of the AH.
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Given the following equation,
CsH120g(5) + 60,5 — 6CO,, + 6H0,
AH = — 2803 kJ/mol
calculate the energy released when 45.00 g of
glucose is burned in oxygen.

45.00¢ C,H,,0, x MO COs - 2803K] 56 4y

180.2gC.H,, 0, ImolC.H,,O,
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5.4 Calorimetry

« Calorimetry is the measurement of heat
changes

« Specific heat (s) - the amount of heat
required to raise the temp of 1 g of a
substance by 1°C.

— Units: J/g °C
— Relation to amount of heat (q)

g = msAT

where q is heat, m is mass, s is specific heat
and AT = change intemp (AT = Ts.5 — Tinitial)
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TABLE 5.2

Substance

Al(s)

Au(s)

C (graphite)

C (diamond)

Cu(s)

Fe(s)

Hg(/)

H,O())

C,HsOH(/) (ethanol)

Specific Heat (J/g - °C)
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0.900
0.129
0.720
0.502
0.385
0.444
0.139
4.184
2.46
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* Heat capacity (C) - the amount of heat
required to raise the temp of an object by
1°C.

— Units: J/°C
— Relation to amount of heat (q)
g = CAT

where q is heat, m is mass, C is heat capacity
and AT = change in temp (AT = Tq.. — Tinitial)
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Calculate the amount of energy required
to heat 95.0 grams of water from 22.5°C

to 95.5°C.
g = msAT

AT — Tfinal - Tinitial — 955 OC - 22500
AT=73.0°C

g = (95.0 g) (4.184 J/g°C) (73.0°C)

qg= 2.90x10%J or29.0 kJ

Copyright McGraw-Hill 2009
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» Constant-pressure calorimetry

(sys = —MSAT

— System: reactants and products
dsys — — Ysurr
q.“illl‘l‘ — 1 ”'SAT

— Surroundings: water
— Used to measure

» Specific heats

* AH values
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Thermometer —

Styrofoam g e

cups $ y- H A-iﬁw

Reaction
mixture

\ >
coffee cup calorimeter
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TABLE 5.3

Type of Reaction Example AH (kJ/mol)
Heat of neutralization HCl(ag) + NaOH(ag) — H,O(l) + NaCl(aq) —56.2
Heat of ionization H,O(l) —— H " (aq) + OH (aq) +56.2
Heat of fusion H,O(s) —— H,O(l) +6.01
Heat of vaporization H,O(/) —— H,0(g) +44 .0*

*Measured at 25°C. At 100°C. the value is +40.79 kJ.
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A metal pellet with a mass of 85.00 grams

at an original temperature of 92.5°C is

dropped into a calorimeter with 150.00 grams of
water at an original temperature of 23.1°C. The
final temperature of the water and the pellet is
26.8°C. Calculate the heat capacity and the
specific heat for the metal.
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qwater = msAT
= (150.00 g) (4.184 J/g°C) (3.7°C)
= 2300 J (water gained energy)
= -2300 J (pellet released energy)

Heat capacity of pellet: g = CAT
C=q/AT
= -2300 J/-65.7°C =35 J/°C
Specific heat of pellet: J/g°C

(_351°C
85.00 g
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» Constant-volume calorimetry
— Isolated system

q{:al — _Qrm Tgnition

Thermometer —— wire

QH}-’H — — C]m Ir )h;&:in'cr
|

(Icnl — CCEIIAT

Insulated — { Calorimeter
jacket 1 bucket
‘Water
02 inlet
6] rxn -~ CEI]AT
Bomb Sample
cup

— Measures AU

bomb calorimeter
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— Typical procedure used in a bomb
calorimeter

* Known amount of sample placed in
steel container and then filled with
oxygen gas

» Steel chamber submerged in
known amount of water

« Sample ignited electrically

* Temperature increase of water is
determined
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A snack chip with a mass of 2.36 g was
burned in a bomb calorimeter. The heat
capacity of the calorimeter 38.57 kJ/°C.
During the combustion the water temp

rose by 2.70°C. Calculate the energy in
kd/g for the chip.

Copyright McGraw-Hill 2009
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Qrxn = ~ Coa AT
= —(38.57 kJ/°C) (2.70°C)
=-104 kJ
Energy content is a positive quantity.
=104 kJ/2.36 @
=44 1 kJ/g

Food Calories: 10.5 Cal/g

Copyright McGraw-Hill 2009
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5.5 Hess’s Law

* Hess’s Law: The change in enthalpy
that occurs when reactants are
converted to products is the same
whether the reaction occurs in one step
or a series of steps.

» Used for calculating enthalpy for a
reaction that cannot be determined
directly.
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* |n using stepwise reactions to determine
an overall reaction

—Remember the rules for manipulating
equations.

—Add the AH values for each step
together after proper manipulation to
obtain the overall enthalpy for the
desired reaction.
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Given the following equations:

H;BO3(aq) — HBO,(aq) + H,0O(/)
H,B,0,(aq) + H,O()) — 4 HBOy(aq)
H,B,O07(aq) — 2 B,04(s) + H,O()

Find the AH for this overall reaction.

2H,BO.(ag) — B,O,(s) + 3H,0(/)
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AH,,. = -0.02 kJ
= -11.3 kd

AH
AH

xn

xn

=17.5 kd
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2H;BO; . — 2HBO, ) + 2H,0, X 2
Aern = 2(-0.02 kJ) = =0.04 kJ

2/I-LB(5 aq —>1/25¢B/o7(aq +1/2H,0,, reverse, +2

«w = t11.3 kdJ/2 = 5.65 kJ

1/;H5§407(aq) 5 B,035+ 12H,0,  +2
AHpy = 17.5 kJ/2 = 8.75 kd

rxn

2H,BO5(aq) — B,04(s) + 3H,0(/)
AH__=14.36 kJ

rxn
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5.6 Standard Enthalpies of

Formation
Standard enthalpy of formation
— Symbol: AH;

— The enthalpy change that results when 1
mole of a compound is formed from its
elements in their standard states.

* AH; for an element in its standard state
Is defined as zero.

— Standard state: 1 atm, 25°C
— Values found in reference tables
— Used to calculate the AH’
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» Defining equation for enthalpy of
reaction:

AHorxn i ZnAHfO (products) ZrnAI_Ifo(reactants)
where X~ denotes summation

n and m are the coefficients in the
balanced equation
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Calculate the AH", . for the following reaction
from the table of standard values.

CHy(g) + 20,(g) — CO,(g) + 2H,0(/)

AH. . =ZnAH; (products) ~ ZrnAI_IfO(

rxn reactants)

= [1(~393.5) + 2(—285.8)] — [1(~74.8) + 2(0)]

= -890.3 kd/mol (exothermic)
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Key Points

Energy and energy types

Law of conservation of energy
Energy associated with reactions
System and surroundings
Exothermic and endothermic
Thermochemistry

Systems - open, closed, isolated
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Key Points

First law of thermodynamics

Enthalpy (heat of formation; heat of
reaction)

State function
Calorimetry
Specific heat
Hess's law

Calculations involving enthalpy, specific
heat, energy
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