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The Nature of Energy

The capacity to do work or to produce heat.

Thermite

The thermite reaction is so vigorous that the iron that is formed is molten!



The Nature of Energy

* the forms of energy most relevant in chemistry are:

— thermal energy (kinetic energy) associated with the
random motion of molecules

— chemical energy (potential energy) stored in the structural
units of chemical substances, i.e. covalent bonds, ionic
bonds, hydrogen bonds, etc.

- We can interchange these
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Units of Energy

* Sl Unit for energy is the joule, J:

2
kg-m
2
S James Joule, 1818-1889

1d =1

e We sometimes use the calorie instead of the
joule:

1 calorie =4.184 )

A nutritional Calorie: 1Cal=1000 cal =1 kcal
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Conversion of Energy

Sugar + KC10, — CO, + H,O + heat + light
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Some Terminology in Thermochemistry

* System: part of the universe under observation

* Surroundings: the rest of the universe

Universe = System + Surroundings J

A = B A ﬂ B = A j A = B A ﬂ E <= A 4 E
(°) } S @ N (O e o /N @ } T\ @ ) } QDA
N/ sl () N =/ N ’pg@f — / ‘ ‘ Py = _/ — N Wy = N ‘_,,,»‘
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Three Systems

open system:
exchanges matter and energy
with the surroundings

closed system:
exchanges only energy with the
surroundings

isolated system:
neither energy nor matter
shared with the surroundings ) ) o
| - ) e L) & AN\ @ e A D e
- (= O v U e &0 T W }m = U & T = &= N
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Eal

More terminology...

* ENERGY, E, : the capacity to do work

* INTERNAL ENERGY, U: the sum of all microscopic
energies of a thermodynamic system

* WORK, W: a force acting on a given distance

UT  when the surroundings work on the system

u'l  when the system works on the surroundings

o B
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More terminology...

Q
* HEAT (q) is the transfer of thermal energy from a hot object

to a cold object

* during this transfer, the temperature or the phase of the
system (or both) may change

* theinternal energy of the system changes during the energy
transfer:

AU = u2-u1

If the system absorbs heat, then q 1s POSITIVE

If the system loses heat, then q1s  NEGATIVE
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Pure Substances

Heat Capacities

* SPECIFIC HEAT CAPACITY (s or c) of a substance is
the quantity of heat necessary to change one gram
of that substance by one degree

R

. [NT™ =1 degree celcius
_‘—>/ or \‘5/ =1K
a'c =}

* an object with a high specific heat will require lots of
heat to raise its temperature, and will consequently
liberate lots of heat upon cooling

2 - : -
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Objects

Heat Capacities

* HEAT CAPACITY (C) of a substance is the quantity of
heat necessary to change the temperature of a
system by one degree (Kelvin or Celsius)

C=m-*s
J J

e

- 4 ~
' . el ) N = gy (—) e = sy ) N =/ w0 N |
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Heat Capacity

the heat capacity relates the change in temperature, AT,
with the quantity of heat, q, absorbed or released during a
thermodynamic process

heat transferred to/from a substance (J)

specific heat capacity =
P ety mass of object (g) * change in temp (°C)

s = q/mAT or  q=msAT
g = mcdeltaT
e if AT >0, qis postive g= CAT

o if AT < 0, g IS negative
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Principle of Conservation of Energy

First Law

— "Energy is neither created nor
destroyed, only transferred”

* the total energy of the universe is constant:

AE =0

universe —

qsystem + qsurroundings =0

N U250 = . ‘:»;:; / : ‘r@@t L‘i—;i“ N ‘:‘ ' : ' Ry :Z—_ ) _ \ :“‘ - LR E;:t—_,,‘ N
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Example: Heat capacity

The specific heat capacity of iron is 0.444 J/(g K). A 869 g
block of iron cools from 94°C to 5°C. Calculate the amount of
heat lost by the metal.

qg=m s AT
= (869 2)(0.444 % (= 89K)

= - 34.3x10* J
=-34.3 kd



Your Turn...

What is the specific heat 2008 Toe 100 g H,0 100 g H,0
capacity of tellurium? Use 4 @ 100 °C | 250C | 500C

J/g°C for the heat capacity of '
water.

~ Ure = Anao
0.5 J/g°C
1J/g °C
2 J[g °C

10 J/g°C gH20= (100g) (4)/g*c)(+25) = +10 000 J
Not sure

mo N w P

gTe =-10000J = (200g)(5)(-50)
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qTe   = -10 000 J = (200g)(5)(-50)
    s    =


Heats of Reaction and Calorimetry

* calorimeter: isolated system in which one measures
AT during a chemical reaction

Thermometer

Wire for I

ignition Stirrer

Qyxn = — Qeal

C a | = ‘gi_f‘_';’ %___,;‘ l- 4‘ {;»-__:__---‘:J ’——_—-" p‘{ ill" L":"--;-"?‘l -""‘)l l““‘ {;"’-—i—-"':} }"“““ IEIII I”E‘l 4‘"_‘? \““"‘ \
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Heats of Reaction and Calorimetry

* When a reaction occurs in the system, heat
can be released or absorbed by the system.

* Heat of reaction, q,,

— The quantity of heat exchanged between a
system and its surroundings when a chemical
reaction occurs within the system, at constant
temperature.

R (—)
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Exothermic Reactions

* aprocess which releases heat to

4 the surroundings is called
2H2 (9)+ 02 ( EXOTHERMIC
U * for example, the combustion of
> DIoaL g on ol hydrogen is exothermic because
o by the system g .
5 to the surroundings heat is released from the system
into the surroundings
\/
‘ U, <U,
2H,0 (1)
(a) AU = U, - U, = negative!

q<o EE) EXOTHERMIC

2
ﬁ - o " ﬂ ! :‘";ﬂ P K
=T ﬂ E o R o8 | B o E ke 7 =T ﬂ
l LY & N Wy e e W & J — [N & Nl P (
gyl o) — = e R — - =/ iyl (o =/ S gy =) / e
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Endothermic Reactions

* aprocess which absorbs heat

A from the surroundings is called
2Hg (1) + O2 (. ENDOTHERMIC
A * for example, the decomposition
> Heat absorbed of HEgO(s) is endothermic
o by the system .
= “from the surroundings D€cause heat must be supplied
to the system to release O,(g)
2HgO (s) ’ UZ > U1
& AU = U, -U, = positive!
q>0 W) ENDOTHERMIC
- s f:ﬁf‘x ‘ : Lj‘*’f,zf""j} oy _w 5 ,,',_,_”f\ """,’f""‘; = efi:"f. | 'f,wf*l =/ ’ ) () N\ fff ‘_
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EXOTHERMIC

Bomb Calorimeter

*Constant Volume Condition*

q rxn q cal Thermometer
Wire for

qcal = qbomb T C|water + C|wires te.. ignition | Il | Stirrer

We can define the heat
capacity of the calorimeter:

Qo = EmiciAT = C,AT

cal

B = B st ﬂ B = & sig D L=

(@) Ilu'll ° “\‘ l - l / i ’V'\ {“ v “‘ ““ “w‘ ) I I‘\g { = “\“ ¢ KI'III [amCan) ‘," N\ (ant® bblbll o ;"‘I ¢ ""4‘ (° ) / ‘
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Temperature

Reactants

Coffee Cup Calorimeter

Maximum
temperature

J

\]

\
\ .

v Restoring
\

\ system to

', initial

‘. temperature
\\
\
AY

A Y
\

Products

Time
(a) Exothermic reaction

Products

-
7’
’
4
/

Reactants

'
/ Restoring
/ system to
/initial
/ temperature
I

Temperature

Minimum
temperature

Time
(b) Endothermic reaction

See Example 7-4 for a

sample

calculation.
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Example: Bomb Calorimetry

The combustion of 1.010 g sucrose, in a bomb calorimeter,
causes the temperature to rise from 24.92 to 28.33°C. The
heat capacity of the calorimeter assembly is 4.90 kJ/°C.

(a) What is the heat of combustion of sucrose, expressed in
kJ/mol C_H,.0.2

127 "22

(b) Verify the claim of sugar producers that one teaspoon of
sugar (about 4.8 g) contains only 19 Calories.



Example: Bomb Calorimetry

1.010 g of sucrose, T: 24.92 to0 28.33°C. C_,; = 4.90 kJ/°C.

(a) What is the heat of combustion of sucrose, expressed in kJ/mol C,H,,0,?

(b) Verify the claim of sugar producers that one teaspoon of sugar (about
4.8 g) contains only 19 Calories.

STEP 1: Calculate q 0 imeter:

Jea = CAT =(4.90 kJ[°C)(28.33 - 24.92)°C
=16.7 kJ



Example: Bomb Calorimetry

1.010 g of sucrose, T: 24.92 to0 28.33°C. C_,; = 4.90 kJ/°C.
(a) What is the heat of combustion of sucrose, expressed in kJ/mol C,H,,0,?

(b) Verify the claim of sugar producers that one teaspoon of sugar (about
4.8 g) contains only 19 Calories.

STEP 2: Calculate g, :

exn = — Gy = —16.7 kJ pert.010g



Example: Bomb Calorimetry

1.010 g of sucrose, T: 24.92 to0 28.33°C. C_,; = 4.90 kJ/°C.
(a) What is the heat of combustion of sucrose, expressed in kJ/mol C,H,,0,?

(b) Verify the claim of sugar producers that one teaspoon of sugar (about
4.8 g) contains only 19 Calories.

STEP 3: Calculate q,,, in the requested units:

-16.7kJ  _343.3 g sucrose
1.010 g sucrose  mol sucrose

qrxn =

= —5.65 x 103 kJ/mol



Example: Bomb Calorimetry

1.010 g of sucrose, T: 24.92 to0 28.33°C. C_,; = 4.90 kJ/°C.
(a) What is the heat of combustion of sucrose, expressed in kJ/mol C,H,,0,?

(b) Verify the claim of sugar producers that one teaspoon of sugar (about
4.8 g) contains only 19 Calories.

STEP 4: Convert this value to Calories:

-16700J  48g _ lcal _ 1Cal

= —19 Calftsp
1.010 g sucrose 1tsp 4.184J 1000 cal

qI’XD =



Work, W

* chemical reactions can also carry out work on their surroundings
* How? Via changes in volume: expansion/contraction of a gas

W = force e distance

Pressure = force/area

W = pressure e areae distance Work of

Gas Expansion

W = pressure e volume

AW = — PAV

system




Your Turn...

When potassium chlorate
decomposes it produces oxygen gas.
From the system’s point of view
(which is the convention), W is

1. positive.
2. negative.

3. zero.

CHM1311 Thermochemistry
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The First Law of Thermodynamics
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(potential and kinetic) in a system
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The First Law of Thermodynamics

* A system contains only internal energy.

* The transfer of heat or work are only observed during a
change in the system (AU)

“Energy is neither created nor
destroyed, only transferred”

 theinternal energy of an isolated system (no transfer of
heat or matter) is constant, or:

AU, 0

1solated

CHM1311 Thermochemistry

30


Bhavika
Typewriter
0


The First Law of Thermodynamics

* for an open system: heat and matter can be transferred

heat energy transferred

\ 4

AU = q+w ‘Workdone by
~ f - the system

energy
change

Energy Is conserved!

A = B v ﬂ R =T D B = A v ﬂ B = Bt ﬁ
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The First Law of Thermodynamics

Surroundings
e TN
P e
e __—
- B
AU=U,-U, --VW — W
AU=q,, +W e
AU =q,,,— PAV

Reactants — Products

__System >

— A efe ﬂ B = R o8 | B — E ofe H B — R sip ﬂ

CHM1311 Thermoc hemistry 32



State Functions

* the state of a system is defined
by all of its microscopic
variables, such as composition,
temperature, pressure,
volume, etc.

e a state function is a property
of the system that is
determined by the state of the

Potential Energy - system, independent of how

A state function the system got to that state.

More calories were burned by those who took a longer path, so
they did more work

gi'__‘ju‘
/ |

=) /=) TV e (= O &) N

N )

Ry T KR ¥ ¢ - -
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State Functions

&2 &~ these two samples of

water will have the

coolin
;TC/ & [F=— same pressure, volume,

temperature, mass,

@ @ energy, enthalpy, heat

capacity, etc., because

| heating C these properties are
10°C 2°C State Functions

* A state equation links state functions together

— PV =nRT is a state equation because it calculates the value of a fourth
parameter when three of the other values are known (P, V, n, T)
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Back to Work...

* the mechanical work produced by the expansion or
contraction of a gas is known as PV work

; l ______ AV W — PAV

-Expansion of gas, therefore delta V is positive, and the work done by the system is negative
-If the system does work, work is negative

o B
ﬁ - D:S‘ b S| ’?‘7 ) |
o= B «gﬁ 2 E N E g@i A N =" E e ¥ . J i3 — 2 o f g ﬂ
R 7:“ - \= AR (—) e — ) _/ T@‘ {(—) - — R = ‘;,,_

CHM1311 Thermochemistry 35


Bhavika
Typewriter
-Expansion of gas, therefore delta V is positive, and the work done by the system is negative
-If the system does work, work is  negative


Example: PV Work

The volume of a gas changes from 264 mL to 971 mL at
constant temperature. Calculate the amount of work done by

the gas (in joules) if it expands (a) against a vacuum, and (b)
against a constant pressure of 4.00 atm.

Converting to Sl units:
1atm=101325Pa and 1mL=1x10%m3

(a) P=o0thereforeW=0

-6_..3
101325 Pa) . (971 m1,— 264 mL)« (12 1)

1 atm 1 mL

W=-287d

(b) W = - PAV = - (4.00 atm)(
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Work and Heat

* inthe previous example, the quantity of work depended on
the path taken to the final state; thus work is not a state
function

* becausedU = q + Wyand we know that U is a state function

but W isn’t, that means that g is also not a state function

* the value of Wis dependent on the pathway taken, but the
value of AU is path independent, therefore the value of g
must depend on the path taken.

» , _
iosie ﬁ B omoefe | A = R st | B o B pia
o4 [ I \ TN / {© L o J AN © 0 H

J O (= T —
fA O

L@v‘ (= =/ N ) (=)
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Internal Energy, Heat, and Work
AU =q,,. - PAV

When pressure is constant When volume is constant
(as in most cases): (i.e. bomb calorimeter):

-99% of the time, pressure is constant -1% of the time, volume is constant
-P= constant delta v does not equal O -V=constnat deltav =0

DU=q + w

700 Puz g,

:CLT— PRV

A = R i E B o= R 49 D A A el E =

_ Ry "::__‘ _ “‘-.;:q.v-'l ""-.._ LR i— _,.'[ __ s/ I'\\__,_. ' Ry w‘;;_;_l' '\‘-». w/" I'-.A.;—a_u“ I LRy [-_— i s/
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Constant P. vs. Constant V.

lw

Initial State, U,

qv <+——— DeltaU

dp

Internal Energy, U

Final State, U,

(BU= G, + W AU q,

Delta U is the same for both

e e (= N =S NS ’;@» = W & I ) = O o O e &= S &)

CHM1311 Thermochemistry 39


Bhavika
Callout
Delta U

Bhavika
Oval

Bhavika
Oval

Bhavika
Typewriter
Delta U is the same for both


A New Function: Enthalpy

* the majority of chemical reactions and processes
are carried out under constant pressure conditions:

AU = q,- PAV
. Qe = AU + PAV

* Enthalpy, H, is thus defined as:

H=U+PV AH = AU + PAV

CHM1311 Thermoc hemistry 40
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Enthalpy —~
AH = AU + PAV P

during a reaction under constant pressure conditions, the
enthalpy of the reaction, AH, is the amount of heat gained
or lost

enthalpy is a state function

AH =Hg o — Hipjin = H

H

products - -reactants

if AH > 0, thereactionis  endothermic

if AH < 0, the reactionis  exothermic
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AH and Reactions

Surroundings Surroundings
System System
heat | / heat
qsystem >0 qsystem <0
M\\\\\ M\\\\\
/ /

ENDOTHERMIC EXOTHERMIC
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Enthalpy Diagrams — Another way to see it

E ——
s \

— R esfe —
' — U200 p— \ — / ‘ . ‘ LRy
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Enthalpy

Endothermic
reactants

Products

Products

AH >0

AH <0

Enthalpy

Reactants

‘ ;— ‘ _ ‘: ‘ _ ! m: j — IA;:;_‘

Reactants

Exothermic
reactants
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Constant Volume Calorimetry

* heats of combustion are Thermometer
measured in constant volume Stiives
bomb calorimeters Ianition wire

* the bomb is an isolated system,
so there is no heat or matter

transfer to the exterior

Calorimeter
bucket

Insulated
jacket

Water
O2 inlet

qsystem =0

qbomb + qreaction =0
Bomb

DR RS L
.......
eI

* Therefore:

Sample cup

g of reaction = -q of the bomb
g bomb =-qV

=1 fo\ )

A = A v ﬂ B = R i Jj B = B s D B = R e ﬂ

o N [ { \ AN \ B JAN \ /9 /
L.__J} S A u {:?V___:} - ey, \\ﬁ__ ] }\___J | [ ’I - A
— e (=& OV & TV e & O & TV e (= T & e & T =/
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Constant Volume Calorimetry

* the heat released by the reaction is absorbed by
the water inside the bomb

Qoo = Mpyo SgaoAT
Qbomb ~ Cbomb AT

where C, ., must be determined in advance using a
standard combustion reaction

R (—)
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Constant Volume Calorimetry

* N.B. constant volume conditions!

AV =0

W = —PAV = 0
qv
~AH_ = AU-PAV = q,,

No work 1s done!!

o !
L 3 —

CHM1311 Thermochemistry
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Constant Pressure Calorimetry

For reactions other than combustions
(i.e. endothermic or mildly exothermic
reactions), constant pressure conditions
are sufficient:

Ureaction = — (qHzo + C|calorimeter)

where q_, must be determined in
advance using a standard reaction.

B L

CHM1311 Thermochemistry

Thermometer
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mixture
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Constant Pressure Calorimetry
GASES

AV # 0, so asmall amount of internal
energy will be transformed into work:

AU = qp— PAV
Extremely

Thermometer

Stirrer
Styrofoam cups

AH = AU + PAVQ\ small value

Reaction
mixture

* *BUT* for reactions in the solid or liquid
phase, AV is very small, thus:

AH ~ U7 9,
NO | (P

@t AN L ; [ ° an : :
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Constant Pressure Calorimetry

Thermometer

e for reactions in the gas phase
Stirrer AV is no longer negligible:

Styrofoam cups

PV = nRT

Reaction
mixture

P and T are constant

PAV = AnRT

PAV = (nproducts reactants) RT

Dngas

E = A v ﬂ E <= R &g Boele E <= A v

(°) } V@ /N 2 } Ny /N ;‘ ° ) ’ [ V@ N }_l AU GO R
| S 1 A R { | ‘l""-___--"jf ™~ ) o { Voo —— __,"< — { | '?,"--___—-'j}f 1 ) — { \
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Modified AU diagram...

1) Constant P 2) Constant P 3) Constant V ey
with Gas no Gas W=0 Initial

W W State, U,

Qv
dp dp

Final
State, U,

Internal Energy, U

AU =q, +W AU ~q, AU =qy

) O T - S e P - U Y PO - S Y

wsey) (=) N =S NS ’zaiﬂt (=

(I

/& IV el (&=

[l
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Comparing Heats of Reaction

Consider the following reaction: 2CO + 0,— 2CO,

© Q Under constant V:
{ __; — @ AU = qy
Heat

@ ® ¢ @ U =, = —563.5 kJ/mol
P b @ ¢ ‘ w=0
~0,

(a)

“:;:FT}, fgl“ §u§\§ D -’@ é-;h “‘Ef“\ %"m‘g D -’g‘ &> (E, %“&g D _@
S.;._____,/J }____,. o II II AN /9N [0 \ FAN- T
P S

- =
CHM1311

@ { o \ ] £ R ."IIQII", { A\ L
o, AN >\___J' RN L A N W }5_4 AR N AR
e & T S \\_..-» e = O & T e & T —
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Comparing Heats of Reaction

Consider the following reaction: 2CO + 0,— 2CO,

Under constant P:

e PAV = AnRT
= 50 & -
o ®® T @ Qumy,,  ~(enRT

_— |
o @ PR ® § = —2.5 kJ (small!)

Work = -nRT = +2.5 KJ Indirect
COand O, AU = gy CO, Therefore: method of

(a) calculating
/] AU = qQy = qP-PA enthalpies

gp = - 566 kJ/mol = AH

Z See next
figure!

P |

k-_'_;‘_ J }-——c' {"IIII ) “““: L;{ | . {__i__$ }._ ] “ ““\‘ h — # 7N o J } . ﬂ“““ V v{l"-.( L_J ‘ l__j__} }______,l . ‘ ‘ i - ‘H / 2
“ 7 U2\ ‘i:;)‘ ,_, “‘-u;:z.v'll “'--.,_,»--“ LR L‘,-:;—:.,.“ ,__ [,:‘ I.”-.,_‘.- ' U 20 ‘!,:;_,I' ' ,_‘ I'-\;:;‘y“ ‘,__ LRy [‘,;jl »_‘ ‘,:l
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Indirect method of calculating enthalpies


Your Turn...

Determine AH and AU for the process shown below.

Note: 1Pa=1kgem’es? and 1J=1kgem2es>
AH AU V,=0.120 m3 V,=0.110 m3

A 250K 249K

B. -250kJ  -251kJ - @

C. 250k) 251kJ G E F> a"”— —

D. 250k  249kJ ° : O ‘QOQ:>

= ‘P = 1.00x10% Pa Gourr = 250 ke
T =300 K

- C:&;\»/..‘Bﬁﬂ ‘ - apey (=) O\ Thel.‘_on Chemistr;m = I & U ) & - ; \=
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Heat Capacity, Enthalpy and Changes of State

loe, 2.0 kg, 0°C

0°C

Changes of state involve energy:
lce +333 J/g — Water (heat of fusion) /(enthalpy of fusion)

B = R tla ﬂ B = A 4 D A = R tha D E < A 2 D

o -y

_7 R ::—_‘ _ “‘-A;:;.r"l N LRABR i::__\ _ [:‘ N U250 ::__I' N I'-.A;:;_u“ A Lz [::__II ‘:l

CHM1311 Thermochemistry 54



Bhavika
Typewriter
  /(enthalpy of fusion)


+200
Steam heats
+150 |
O Steam
v Boili
2 00 |- -5
o
+50 Water
Ice melts Water evaporates
use enthalpy of . Enthalpy of vaporization
fusion 0 e
lce heats Water heats g=ms deltat
A0 | | | | | ] |
0 200 400 600 800 1000 1200 1400 1600
Heat added (k])
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B o A s ﬂ = L A . =T SR V.Y D A e A
- CHil\./I1311ui. — .Thermocheﬁmistr)}; - - - -
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Enthalpy of vaporization


\

)
e
B

- — o\ I o fol /) o AT
N~ ey {— B} - = A AR (—) N “ — ) A

Changes of State of Matter

Molar enthalpy of vaporization:

H,O (1) » H,0(g) AH=44.0kJat298K

Molar enthalpy of fusion:
H,O (s) = H,0(l) AH=6.01kJat273.15 K

Look at Example 7-8 on page 264

[ e { v L Y f W @l o A

fii-gfli@

\ {

}m‘ = T o T
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Hess’s Law: Determining AH

Reactants — Products

* One of the real strengths in using enthalpies is that
we can determine the enthalpies of many different
processes using a much smaller subset of enthalpy

values.

* The change in enthalpy is the same whether the
reaction takes place in one step or a series of steps.
(A State Function)
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Calculations via Hess’s Law

1. If areactionis reversed, AH is also reversed.
N,(g) + O,(g) — 2NO(g) AH=180kJ
2NO(g) — N,(g) + O,(g) AH=-180k

X3

2. If the coefficients of a reaction are multiplied by an
> integer, AH is multiplied by that same integer.

6NO(g) —= 3N,(g) + 30,(g) AH= 3x-180k

=-540 kJ
(extensive function)
= 2 , B ~
}S _— E.’ s X 2 E B — E @E g | ) = o E s e k E:d P E 8. & g ﬂ
-2 —) — (PN TR ( ) A = - Ry (— — =/ A LgiBRy — ~ Wt
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AH: A State Function = Independent of Path

E
nersy S solid +0,

AH, =-320.5 kJ
+ 3/2 O,

AH =]-395.7 kd
SO, gas

SOS oas (/1/2 02

AH, = -75.2 kJ

‘ 2 B
: 5] g B ) g ) ; i
—~ B sfa F B o A o8 | B — A sf2 | E - R sig
- o S ) T - fol /o T {0 AT, ‘ & - © 0 I
‘@; () = S ag) (=) N —) _/ sy ) N =y - ey (— S L=
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Using Enthalpy

Consider the decomposition of water:

H,0(g) +242 kJ/mob — H,(g) + 1/20,(g)
This is areaction : heatis  absorbed

by the system.

AH =+ 242 kJ/mol

Reactants — Products

The change in enthalpy is the same whether the reaction
takes place in one step or a series of steps (State Function!)
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* from previous example*

Hess’s Law

Making H, from H,O involves two steps: (1 mole reaction)

Water turning into steam

! H,0(liq) + 44 kJ %J,@@

2) H,0(g) +242k) — H,(g)+1/20,(g)

H,O(lig) + 286 kJ — H,(g) + 1/2 O,(g)

Example of HESS’S LAW:
The net AH is the sum of the AH’s of the individual steps

& M h
o = a:ﬁ@ ‘ - & E @‘L'@ Fan\ e & ‘ﬁ?*u@ L ‘L‘ & E @‘*:K@ E
@ [ [ - S, ! (#] © 0 A

‘ :Ixt‘?&'c‘ A — - Pz S ) . —/ . gy e— ./ —
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Example : Hess’s Law

Using the thermochemical data below, calculate the enthalpy
of the following reaction:

C(graphite) + 2 H,(g) — CH,(g) Enthaply: ?

C(graphite) + O,(g) — CO,(g) AH°, =~393.5 kJ
2 H,(g) + 0,(g) — 2 H,0(I) AH°. =-571.6 kJ
CH,(g) +2 0O,(g) — CO,(g) +2 H,0(I) AH° . =-890.4 kJ

ANSWER: -74.7 kJ
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Standard Enthalpy Values: An “anchor point”

* Measure the enthalpy change under standard conditions
— AH values are labeled AH°

* Define a standard state (at the temperature of interest -
often 298.15K): 25 degrees celcius, this is not the same as STP (0 degrees)

— Compounds:
* For agas, pressure is exactly 1 bar
* For a solution, concentration is exactly 1 molar
* Pure substance (liquid or solid), it is the pure liquid or solid

— Elements:
* The form [N,(g), K(s)] in which it exists at 1 bar

4

5] = 55 y 3 : 5
A e & s Ee ﬂ B e R ‘@gﬁ’ I ﬁ e B o252 7 A e
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Standard Enthalpy Values

 NIST (Nat’l Institute for Standards and Technology)
gives values of

AHC°; = standard molar enthalpy of formation

* This is the enthalpy change when 1 mol of
compound is formed from the reference form of the
elements under standard conditions.

* The standard enthalpy of formation of a pure
element in its reference state is: zero

E[ g‘@\ 2 r 7 & — E a2 g | ) « e E g’?kﬁ g | ki p— ﬁ 8. X g ﬂ
v Q I AN L‘ ) (™) ) ;“ ' ‘ \ (4] ) [~ \ “\‘ A4 L‘ [& ‘J ‘ W - ( (4] ) / |

T f—A == ! " o= 1 - ~ ———— = | — — -—
‘@; (—) - = . ey (—) N — o P I ,,. =y ___ e N Gy ./ —
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ON MIDTERM, ALSO ON
PRACTICE MIDTERM

*X-Men powers question

~Standard Enthalpies of Formation

formaldehyde o
H,(g) + C(graphite) + T
|
50,(g)
O~
0 H/\ H
- : Need:
Enthalpy of formation
% Py -graphite (C)
g - hydrogen gas (H2)
e ) | -oxygen (02)
> C+H2+1/2 02 --> 1 H2CO(g)
=¥
= Qp= DELTA H knaught f H2CO
=
aa
HCHO (g)
CH7NI1311 - - Thermochemistryﬁ -
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Standard Enthalpies of Formation

Csz(g)
Positive
Positive
NO(g) N O(e) enthalpies
L of formation
NO,(g)
C,H,(2) l N,O,(2)
e owmene
/‘thalpies
« _ of formation
-—> elements 1_}W‘ Al-lf OOf elements
lie on the plane  cH@ | e NH;(g)
because their C,Hy(g) - Negative
C;Hg(2) _Ll|p® enthalpies
enthalpies are ‘ C4Hyo2) of formation
zero
Negative
H,O(l)
CO,(2)

oBl@idelBionl
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Your Turn...

Which of the following equations represents the AH.,° of
ammonium nitrate, NH,NO,?

A. NH,*(aq) + NO,(aq) = NH,NO,(s)
B. NH,(g)+HNO,(I) = NH,NO(s)
C.  Ny(g)+04(g)+ Hy(g) = NH,NO,(s)

—D N(@)+ ], 0,(8) + 2 H,(g) — NF,NOy(s)-

E. 2N,(g) +3 0,(8) + 4 Hy(g) — 2 NH,NO4(s)

Not allowed to use fractions!
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Changes in Enthalpy

* using standard enthalpies of formation, AH,°, we can
calculate standard enthalpies of reaction, AH®,, ., i.e., for a
general reaction:

aA + bB — ¢cC + dD
AH;, = [c AHY(C) + d AH;(D) |-|a AH(A) + b AH((B)]

rxn

* the general formula is:

AH® = En AH? (products) - E m AH;{(reactants)

rxm

* where n and m are the stoichiometric coefficients for the
reactants and products.
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Example 2: Using AHf° Values

Calculate the heat of combustion of methanol, i.e., AH®_,  for:

CH;0H(g) + 3/2 0,(g) — CO,(g) + 2 H,0(g)
AH°. . => AH%(prod) - > AH° (react)

AHC,, = {AH%(CO,) + 2 AH%:(H,0)} - {3/2 AH%(O,) + AH(CH,OH)}

= {(-393.5kJ) +2(-241.8 kJ)} - {0+ (-201.5 kJ)}
= —675.6 kJ / mol of methanol
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Using Enthalpy Diagrams

Elements Elements

Enthalpy

S E \, . E‘

- }7 V@ N O e L O /N @ }7 N\ @ N (O kel L)

CHM1311

Decomposition Decomposition

Products Reactants

Enthalpy

Overall (AH > 0) Overall (AH < 0)

Reactants Products

Recombination ‘ Recombination

Endothermic reaction Exothermic reaction

Thermochemistry
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Standard Enthalpies of Reaction

2 NaHCO, — Na,CO, + CO,+ H,0

2 Na(s) + H,(g) + 2 C(graphite)

Decomposition

Formation

Na,CO;4(s)
+ CO,(2)
+ H,O(l)

Overall L

Enthalpy

2 NaHCO5(s) ﬂ B = F st D E = R ﬂ
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Your Turn...

Given the heats of formation of the potential products of the
Ostwald process, which reaction is the most exothermic?

AH{ / kJ mol?

0

0

82.1

90.2

33.2
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lonic Reactions

* Many reactions would be easily treated using a net
lonic reaction.

* The problem is that we cannot determine an
enthalpy of formation for a single type of ion (cation
or anion)!

* We can define a new anchor point forionic
reactions: arbitrarily select an ion with AH,” equal to
zero in (aq) solution — H*(aq)

CHM1311 Thermochemistry 73



Enthalpies of Formation of lons
in Aqueous Solutions

TABLE 7.3 Some Standard Molar Enthalpies of Formation

of lons in Aqueous Solution at 298.15 K, AHf

lon kJ/mol lon kJ/mol
H*t 0 OH" —230.0
Lit —278.5 Cl™ ~167.2
Na™ —240.1 Br~ —121.6
K* —252.4 I~ ~55.19
NH," —-132.5 NO;~ —205.0
Ag” 105.6 @@ —677.1
Mg?* —466.9 S 33.05
@atl —542.8 SO,%~ —909.3
Ba%" —537.6 S,05% —648.5
@t 64.77 PO, —1277
A —531

=
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Chapter 7: Key Concepts

1. Thermodynamic terminology

2. Internal energy (U), heat (q), work (W), and
enthalpy (H)

First Law of Thermodynamics
. Const. V vs const. P calorimetry
Hess’s Law

o VI AW

. Enthalpies of Formation
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Chapter 7: Suggested Problems

5,17, 31, 37, 39, 49,
51, 55, 57, 63, 65%
(*note: 2-propanol = CH,CHOHCH,)

69, 75, 79, 87, 97, 112
MIDTERM ONE MATERIAL ENDS HERE
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