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Conversion of Energy
The capacity to do or to produce

Sugar + KClO — CO + H .0 + heat + llght
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Units of Energy

* Sl Unit for energy is the joule, J:

S James Joule, 1818-1889

* We sometimes use the calorie instead of the joule:

e A nutritional Calorie: 1 Cal =1000 cal = 1 kcal
* New units for R: R =8.3145 J/moleK
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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
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More terminology...

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

Energy, U

A Energy of system decreases.

E ——
AN

b o

CHM1311

L

Ufinal < Uinitial
AU <0

AU =

Uinitial o
>

o

—

e

Energy released I

to surroundings

Ufinal

Lon s OB

Ry

)

Thermochemistry

——

A Final
state ]

Ufinal
Ufinal > Uinitial

AU >0
Initial
state

Energy absorbed
from surroundings

Uinitial

B Energy of system increases.
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Energy Transfer

1. HEAT (q)

— 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

If the system absorbs heat, then q is

If the system loses heat, then q 1s

R (—)
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Energy Transfer

1. HEAT (q)

Uinitial

Energy, U
Energy, U

Ufinal Uinitial
A Energy is released as heat. B Energy is absorbed as heat.

eBA
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Transfer of energy

2. WORK, W:
— aforce acting on a given distance

— chemical reactions: changes in volume (gas expansion/
contraction)

If the surroundings do work on the system, W is

If the system does work on the surroundings, W 1s
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Your Turn...

When potassium chlorate 3
decomposes it produces oxygen gas.
From the system’s point of view
(which is the convention), W is

A. Positive Q
B. Negative
C. Zero TOZ
D. I’mnot sure -
KCl
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Transfer of energy

2. WORK, W:

D D
5 U 5 U
E’ initial § /\ final
m \ m 4
AU <0 Work (w) done by AU >0 ~ Work done on
system (w < 0) system (w > 0)
Utinal - ' Uinitial
A Energy is released as work. B Energy is absorbed as work.

24
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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”

AU =AU__+AU.___

universe SyS
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The First Law of Thermodynamics

heat energy transferred

\ 4

AU = q+w «Work done on/
f by the system

energy
change

Energy Is conservad!
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The First Law of Thermodynamics

Surroundings
Reactants — Products —

AU=U,-U.
AU =q+W v

Surroundings
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a state function is a property of the
system that is determined by the
state of the system, independent of
how the system got to that state.

State Functions

released
‘heat
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Work, W

* chemical reactions can also carry out work:
1. electrochemical work by redox chemistry (next year!)
2. PV work by expansion/contraction of a gas

Surroundings

F

W=Fxd and P= — p
W =Px Axd v =
W=PxV -—>-<Z::Z>
System System
Wsystem = —PAV
Initial Final
state state

CHM1311 Thermochemistry
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The First Law of Thermodynamics

Surroundings
Reactants — Products —

AU=U,-U.
AU =q+W v

Surroundings

NSO NV . S N YO - NP RV TR NS IRV
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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.



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

* because AU =g+ W, and 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.
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A New Function: Enthalpy

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

AU = qp— PAV

* Enthalpy, H: amount of heat transferred under
constant pressure conditions

H=U+PV

q, = AH = AU + PAV

CHM1311 Thermoc hemistry 19



Enthalpy is a State Function

A ! CHgs + 20, l
Hinitial

Enthalpy, H

'002-!-2"20' \/

Hiinal

A Exothermic process

qsystem <
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2.

L= B eia ﬂ @ o

Comparing AU and AH

AU=q+ W
AU = AH — PAV

Reactions with NO GASES:

Reactions WITH GASES: PV = nRT

P and T are constant
PAV = An RT
PAV =(n

R .

reactants

products - N
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B

Comparing AU and AH

AU=q+ W
AU = AH — PAV

2. a) Reactions where An, = 0

2. b) Reactions where An 0

gas #

LN UV TR SR .

PAV = An_,,RT = 0

PAV = An,RT # 0
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Energy Diagram

2a 2b

=N

Initial
lW State, U,

-
=

AH
AH AH

Final
State, U,

Internal Energy, U

AU ~ AH AU=AH AU=AH+W
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Example: Constant P reactions

Qualitatively compare AH and AU for each of the following
reactions.

a) AgNO,(aq) + NaCl(ag) 2 AgCl(s) + NaNO,(aq)

b) H,(g)+F,(g) 2 2HF(g)

c) CHg(g) +50, 2 3C0,(g) + 4H,0(g)



Calorimetry

“Energy is neither created nor
destroyed, only transferred”

* measure heat transferred to/from a reaction
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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

« 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-c
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Heat Transfer

. .. _ heat transferred to/from a substance (J)
specific heat capacity =

mass of object (g) * change in temp (°C)

c = g/mAT or  g=mcAT

q = CAT

e if AT>0,qis
e if AT <0, qis

CHM1311 Thermochemistry 27



Example: Heat transfer

How much energy (in joules) is needed to raise the temperature of UCU
AUD by one degree? (Say, 20°C to 21°C)



Your Turn...

: : 2008 T
What is the specific heat @1ogo Oi 100 g H,0 100 g H,0

capacity of tellurium? Use 4
J/g°C for the heat capacity of
water.

1 25°C 1 50°C

~ J1e = Qha0

A. o.5J/g°C

B. 1J/g°C

C. 2J/ge°C

D. 10J/g°C

E. I’mnotsure

- 2 . .
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Heats and Calorimetry

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

Thermometer

Wire for I

ignition Stirrer

’
e
Steel bomb. I..—‘ll

— 3, i,::__.,.'[ __ e/ '\\,_,.. ! R “:;__I' '\.,,_,"‘ I'-\-;:;‘.v“ ‘_ LRy [,-_— i _ e/
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Heat of

e quantity of heat transferred during a process, usually expressed
in J/mol or kJ/mol

heat of combustion CH, +20, > CO, +2H,0 —-802 kJ/mol
heat of solution NH,NO; (s) 2 NH,*(aq) + NO,7(aq) +25.69 kJ/mol
heat of neutralization ~ HCl(aq) + NaOH(aq) = Nacl(aq) + H,O(l) —57 kJ/mol
heat of vapourization H,O(l) = H,0(g) +40.7 kJ/mol
B = . B e < B = R 8k ﬂ
oL &w%;@ﬂﬂ igﬂ@gégb
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Constant Pressure Calorimetry

For most reactions (i.e. endothermic or mildly
exothermic reactions), constant pressure
conditions suffice:

Qreaction = ~ (qHzo + qcalorimeter)
where g, must be determined in advance
using a standard reaction.

Reactants Products
Maximum 7
temperature !
I
Vi .
o o y Restoring
5 \ 5 1 System to
= : ~ g / initial
5 v Restoring 5 .
g. | system to E. ; temperature
e ' initial & ]
‘\temperature Minimum
\ temperature
\\
\
\
\_
Reactants Products
S Time Time ?
- (a) Exothermic reaction (b) Endothermic reaction n,_l.
R )
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Constant Volume Calorimetry

used for more vigorous reactions (like
combustions)

the heat released by the reactionis
absorbed by the bomb

2o = Miygeo ChooAT

=
Steel bombe T
Ubomb ~ Cbomb AT ~ jl,!,.'T!._!L.._
= A i ﬂ R =T D E oo A i =T H
e N oL NGO ELe A © H AW
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Constant Volume Calorimetry

e Note: constant volume conditions!

AV = 0

W = - PAV 0

S AU=qg+W

| P Y T I S R P I NP Y P BN QPSR RV
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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.



Constant P vs. Constant V

Consider the following reaction: 2CO + O,— 2CO, @298k

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

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

(a)
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Constant P vs. Constant V

Consider the following reaction: 2CO + O,— 2CO, @298k

= T (/\f’““> Under constant P:
g W =-PAV =- AnRT

; =—(n¢—n)RT

Heat

> %~ 4 2.5 kJJmol (small!)

Constant ,
@ @ ¢ & ¢
R @ o @ ’
AU = qp — PAV

gy = qp — PAV
(b)

A = B v ﬂ Booop s | B o B et ﬂ B e B
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Constant P vs. Constant V

const P, const P, const P,

constV
no gases An=0 An#0

Initial
Yw lw State, U,

dp Qv
9p dp

Internal Energy, U

Final
State, U,

AU~qgq, AU=g, AU=qg,+W AU=gq,

\
[+3!

E = A v ﬂ B e A e j A = A v ﬂ B = B v H

N/ sl () N =/ N ’p@ = ~_/ =) "/ o] () . — N A — N =)
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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. -250kJ  -249KkJ
B. -250kJ  -251kJ g Q
C. 250kJ 251 kJ l“"; Q’ [:unnm: C”’— j
0 pressure
D. 250kJ  249kJ 0 Q:>
@90 ¢ § _
Qeury = 260 kd
P = 1.00x105 Pa
T =300 K
‘,T E sfp F — B eflp I 2 — z s 82 F ; — R eaiyg ﬂ

= A ~ = ! "/ JRS— - ~ - ~ | — - ~ \ — S
‘@; (—) - = . ey (—) N — o P I ,,. =y ___ e N Gy ./ —
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\

Enthalpy: A State Function

1. SIGN: If a reaction is reversed, AH is also reversed.
2H,O(1) — 2H,(g)+0,(g) AH=+572kJ/mol
2H,(g) + 0,(g) = 2H,0(l)  AH=

2. MAGNITUDE: The magnitude of AH is proportional
to the amount of substance.

Hz(g) + % Oz(g) — Hzo(l) AH =

A = B ¢ ﬂ = % j B = A v ﬂ E o R +49 B
L ) = N = N ’;@» = W & I e = O & I e &= N &
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AH: A State Function = Independent of Path

Ene
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

: 4 ]
- E elp r B e R OsAe I Ve = E @«SQ’ I L‘iu e B el ’ 4 ﬂ
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Hess’s Law

Our example involves two steps: (1 mole reaction)

H,(g) + ¥ 0,(g) — H,0(g) AH =-242kJ
H,0(g) — H,0O(1) AH = -44 kJ

H,(g) + ¥4 0,(g) — H,0(I) AH = -286 kJ

Example of HESS’S LAW:
The net AH is the sum of the AH’s of the |nd1v1dual steps

’ J}E:“ P E} = @ ¥ r ) '“ & E ﬁ' 'é? L y }:‘ . & E & @ L E’d &> E B L )@ ﬂ
( Q ) ‘ ] | G “‘L ( ) fay ) | “‘ Y [‘ ) W ) ;“ - »‘ ) P ) | ( o) i \J L *““\ ‘ L ) ) J . “ ( W D } . ) ) / |
‘@, ~,7771‘J‘ - / ‘;‘»;,_; ' ,7, ’ MR- \“,7 7,“‘ N = ‘ ,7, ' U-2:0 “.‘,7 7‘,. ‘ — ‘ -;_;,‘;‘ ,7, LR \,7 7, . "__
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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) — CH4(g)

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



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):

— 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

) N IRV TIP3 - NP SRV T I QS SRV

- — — 0

B =) “_ =) T e

ml (—} - \= NS R
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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:

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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Your Turn...

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

NH,*(aq) + NO,(aq) = NH,NO(s)
NH,(g) + HNO,(I) = NH,NO(s)

N,(8) + O5(g) + H,(g) — NH,NO,(s)

N,(g) +3/, 0,(g) + 2 Hy(g) = NH,NO,(s)
2N,(g) +3 O,(g) + 4 Hy(g) — 2 NH,NO,(s)

moN®



Standard Enthalpies of Formation

) -

:|

Dec
position
&
<
L
<

Hinitial

Enthalpy, H

AH®

AfH® = EmAtH (products) — ZNAtH “(reactants)

A = A v ﬂ A = B P Jj B o | v ﬂ ) P Tl
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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: Using AH,° 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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Example: Integrative Question

2012 Exam

In the Marion lab, you mix 25.0 g of CaO with exactly 80 mL of water at 25.0°C and
you observe the following reaction, as well as the release of some steam:

CaO(s) + H,0(l) — Ca(OH),(s)
a) What is the reagent in excess and how many grams of it will be left at the end of
the reaction?

b) Using the data in the table below and from the data sheets, calculate the mass of
the steam that escaped during the reaction.

Cao (s) -635
H,O (1) -286
Ca(OH), (s) -987



Where does the energy come from?
® ® ® ®

- ee o o o e . .

0 y N

Energy —— —— Energy
released absorbed
~100 - when bond when bond
forms breaks
(-Bond (+Bond
energy). energy).

=200

Potential energy (kJ/mol)

=300

-400
—432 =
-500 } T T
74 100 200
(H2 bond length) Internuclear distance (pm)
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Properties of Covalent Bonds

* Bon rder
ond Orde o H\C_C/H
F—F N N=

* Bond Energy
A-B(g) 2> A(g) + B(g) AH=BE
* Bond Length

143 pm _)199 pm(_

I |
L °




TABLE 8.2 Average Bond Energies (kJ/mol) and Bond Lengths (pm)

Bond Energy Length Bond Energy Length Bond Energy Length Bond Energy Length

Single Bonds
H—H 432 74 N—H 391 101 Si—H 323 148 S—H 347 134
H—F 565 92 N—N 160 146 Si—Si 226 234 S—S 266 204
H—Cl 427 127 N—P 209 177 Si—O 368 161 S—F 327 158
H—Br 363 141 N—O 201 144 Si—S 226 210 S—€l 271 201
H-—1 295 161 N—F 272 139 Si—F 565 156 S—Br 218 225
N—Cl 200 191 Si—Cl 381 204 S—I ~170 234
C—H 413 109 N—Br 243 214 Si—Br 310 216
G—C 347 154 N—I 159 222 Si—I 234 240 F—F 159 143
C—Si 301 186 F—Cl 193 166
C—N 305 147 O—H 467 96 P—H 320 142 F—Br 212 178
c¢—0 358 143 O—P 351 160 P—Si 213 227 F—I 263 187
C—pP 264 187 0—0 204 148 P—P 200 221 Cl—Cl 243 199
Cc—S 259 181 0—S 265 151 P—F 490 156 Cl—Br 215 214
C—F 453 133 O—F 190 142 P—Cl 331 204 Cl—I 208 243
CcC—Cl 339 177 0—Cl 203 164 P—Br 2712 222 Br—Br 193 228
C—Br 276 194 O—Br 234 172 P—I 184 246 Br—I 175 248
C—1 216 213 O—1 234 194 I—I 151 266
Multiple Bonds
C=C 614 134 N=N 418 122 C= 839 121 N= 945 110
C=N 615 127 N= 607 120 C= 891 115 N= 631 106
C=0 745 123 o= 498 121 C= 1070 113
(799 in CO,)
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Trends in the Data...

TABLE 8.3 The Relation of Bond Order, Bond Length, and Bond Energy

Average Bond Average Bond

Bond Bond Order Length (pm) Energy (kJ/mol)
C=0 1 143 358
C= 2 123 745
C= 3 113 1070
=€ 1 154 347
C=C 2 134 614

- 3 121 839
N—N I 146 160

=N 2 122 418
N= 3 110 945
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CHM1311 Thermochemistry




breaking:
& making:
— E eka2 ﬂ B = R sig j E — R ska2 E i — -~ O ﬂ
L“:[ 2 O — e s o & [ 3 © o kg l = ) |
CH71\;I13 Thermoc h-;r;1istry . - ; 55

Bond Energy and AH__

H,(g) + F,(2) — 2HF(g) + 546 kJ/mol



Predicting AH__

Aern = Z(BEbonds broken) _ Z(BEbonds formed)

A 0 V¢

ATOMS
ZA reactant bonds brokenH °=
+591 kJ/mol i
BE = 432 kJ/mol BE = 159 kJ/mol ZAproduct bonds formedH -
+YBE -1130 kJ/mol

BE = 565 kJ/mol

Enthalpy, H

= § ¥4 é VAR S ﬂ A= B opie & B <= B u ﬂ
5L @ H@Q@@&JH@ QEE YD
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Chapter 5: Key Concepts

1. Thermodynamic terminology

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

First Law of Thermodynamics

. Const. V vs const. P calorimetry
Hess’s Law

et

. Enthalpies of Formation
(8.3/8.4) Bond Energies

N oV s w
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Chapter 5: Suggested Problems

5.8, 5.15, 5.19, 5.26, 5.28, 5.33, 5.37, 5.41,
5-43, 5.47, 5.50, 5.54, 5.56, 5.65, 5.71, 5.74,
5.75, 5.81, 5.82, 5.84, 5.89, 5.93, 5.103

Section 8.4: 8.45, 8.47, 8.49, 8.50



