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Thermochemistry

Chapter Outline

Forest fire—an undesirable
exothermic reaction. The models
show some simple combustion
products: carbon monoxide, carbon
dioxide, water, and nitric oxide. The
last compound represents nitrogen-
containing compounds.




Energy is the capacity to do work.

 Radiant energy comes from the sun and is
earth’s primary energy source (_:\ (I

« Thermal energy is the energy associated with

the random motion of atoms and malecules

« Chemical energy is the energy stored within the
@_rjds of chemical substances

* Nuclear energy is the energy stored within the
collection of neutrons and protons in the atom

 Potential energy is the energy available by virtue
of an object’s position
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Energy Changes in Chemical Reactions

s the_transfer of thermal energy between 100°C
two bodies that are at different temperatures.
is a measure of the i;j’
thermal energy. L el
25°C
Temperature L Thermal Energy .|
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Thermochemistry is the study of heat change in chemical

reactions.

The system is the specific part of the universe that is of

Interest in the study.
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Exot > IS any process that gives off heat —
transfers thermal energy from the system to the surroundings.

2H; (g) + O; (9) — 2H,0 () +,energy

H,O (99 — H,0 () + energy
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MIC Process IS any process in which heat has to be
supplied to the system from the surroundings.

energy + 2HgQO (s) — 2Hg () + O, (9)

energy + H,O (s) — H,0 () B/
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Energy

Schematic of |

2H5(g) + O5(g)

Exothermic:
heat given off
by the system

and

to the surroundings

Y

2H,0(1)

-

Energy

rocesses

2Hg(l) + O5(g)

A

Endothermic:
heat absorbed
by the system

from the surroundings

2HgO(s)



Thermodynamics is the scientific study of the
interconversion of heat and other kinds of energy.

State functions are propertjes that are determined by the state
of the system, regardless of how that condition was achieved.

energy, pressure, volume, temperature
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¥ AE = Egial - Ennitia
™ a# AP = Py - Piitia
A AV = Vg - Vinia

.-f." AT = Thnar = Tinitial

Potential energy of hiker 1 and hiker 2

IS the same even though they took
different paths. U LJ
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First law of thermodynamics — energy can be
converted from_one form to another, but cannot be
created Or destroyed. s sy s ol s oo Bl L oo il Kusliall Jsbl ool

AEsystem AEsurroundings =0
20— 30 0'2-“"' s Sr
-0 1O sys 10
AEsystem = 'AEsurroundings =
ey Bl = Jgd Aar € 58 w0l
3
20

Cs;Hg + 50,—3CO, + 4H,0 | ¥

Exothermic chemical reaction!
‘el 22 ' joVUsled

y ot XV
Chemical energy lost by combustion = Energy gained by the surroundiiBngs
system surroundings
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Another form of the first law for AEgsiem

= + W
X N PAR L SRPS TP ASATEY 4 -
AE is the change in internal energy of a system
N So\k) et Q/
g is the heat exchange between the system and the surroundings

w is the work done on (or by) the systgm N3RS 095 gt

w = -PAV when a gas expands against a constant external pressure

TABLE 6.1 g
Process Ug—='  Sign

Work done by the system on the surroundings -

Wark done on t,he system by the surroundings +
ﬁeat bsc?’Eied by the system from the surroundings (endothermic process) +

Heat absorbed by the surroundings from the system (exothermic process) —
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Work Done On tzhe System |[w= Fxd

Ww=FExd a'?.-.aout = Pxd?xd
o = ! = PE*)
w = -P AV Ay

_ rf("!';AV>O W=FPV
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A sample of nitrogen gas expands in volume from 1.6 Lto 5.4 L
at constant temperature. What is the work done In joules if the

gas expands (a) against a vacuum and (b) against a constant
pressure of 3.7 atm? po =leaP

IVEL- NI N4
\? Ve = 3.8
w=-PAV |, su
(@ AV=54L-16L=38L P=0atm @\l)\l:-PbV
W = -0 atm x 3.8 L= 0 L+atm = 0 jouleg W=-(0)(58)
= 2erwY

() AV=54L-16L=3.8L P=3.7atm @W=—PD\/

w=-37atmx38L=-141Leatm |=-G-#)(38)
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Chemistry in
W:-—Pl)\/ 2L

W= POV yle

AE=qg+w

AT <0, SNOW!
A et

Action: Making Snhow
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Enthalpy and the First Law of Thermodynamics

AE=qg+w AW 9,
At constant pressure: G
g = AH and w = -PAV a,;‘.f\la_::.s.:.\ o N F ol
AE = AH - PAV | 'q.:-m-xc?
AH = AE + PAV Mel) 0> NS
AE = BeewW

DE= Ap-00Y
[En=5E~eD|

AV
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Enthalpy (H) is used to quantify the heat flow into or out of a
system in a process that occurs at constant pressure.

AH = H (products) — H (reactants)

AH = heat given off or absorbed during a reaction at constant pressure

A

H,0(/)

A
Heat absorbed
by the system
from the surroundings

 AH = 6.01 kJ/mol

Enthalpy

HEO(S)

Hproducts > Hreactants

AH >0
X oo C
Endé
AW oo

A

CHy(g) +205(g)

Heat given off
 ———

by the system

to the surroundings

AH = —890.4 kJ/mol

Enthalpy

: 4

CO(g) + 2H,0())

Hproducts < Hreactants
AH<O0 1

Dy = o=
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Thermochemical Equations

A
H,0(/)
A Is AH negative or
Heat absorbed
2 by the system System absorbs heat
E from the surroundings
£ ~“"AH = 6.01 ki/mol

Endothermic

H,00) AH >0

6.01 kJ are absorbed for every 1 mole of ice that
melts at 0°C and 1 atm.

16



Thermochemical Equations

CHy(g) + 204(g)

Is AH(hegative Yor positive?
Heat given off

2 by the system - System gives off heat
= to the surroundings
= AH = —890.4 kJ/mol _
Exothermic
Y
CO,(g) + 2H,0(/) AH <0

890.4 kJ are released for every 1 mole of methane
that is combusted at 25°C and 1 atm.

CH, (9) + 20, (9) —CO; (g) + 2H,0 () CAH = -890.4 @
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Thermochemical Equations

« The stoichiometric coefficients always refer to the number
of moles of a substance

H,O (s) — H,O () AH =6.01 kJ/mol

« If you reverse a reaction, the sign of AH changes

HZO@ »HZO@ AH = -6.01 kJ/mol

« If you multiply both sides of the equation by a factor n,
then AH must change by the same factor n.

2 HzO (s)

- 2H,0 () AH=2x6.01=12.0kJ
(B, wlo €t o v alD 052 ) aldes 058 O %
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Given:

N2(g) + 3 Hz(g) — 2 NHs(g) AH® = -92 kJ
Find:

2 NHs(g) — Nz(g) + 3 Ha(g)

Solution:

Since the reaction is reversed, the sign of AH® changes:

AH® = +92 kJ

H.O(l) — H.O(g) AH®|= 44 kJ
Find:
3 H.0(l) — 3 H.0(g)

Solution:

Since the reaction is multiplied by 3, AH® is also multiplied by 3:
AH° = (3 x 44) =[132 kJ

Given: C)»/O/-—, E+F b Y2

2 Hz(g) + 0:(g) — 2 H20(g) AH® = -484 kJ AH
Find: A T t— E‘TF T

4 H.0(g) — 4 Hz(g) + 2 O2(g) 2
Solution:

¢ The reaction is reversed, so change the sign of AH".

e The reaction is multiplied by 2, so multiply AH® by 2.
AH® = (2 x +484) = +968 kJ



Thermochemical Equations

- The physical states of all reactants and products must be
specified in thermochemical equations.

H,0(s)— H,O()) AH=6.01kJ/mol
H0() —H,0(g) AH =44.0 kJ/mol

How much heat is evolved when 266 g of white phosphorus (P,)

burn in air?
oo\

P4 (S) + 502 (g) —94010 (S) AH = -3013 kJ/mol

1 metP, 3013 kJ
2 X = 6470 kJ
66,97 X 1239 gF, = 1metP,

19
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A Comparison of AH and AE

2Na (s) + 2H,0 () — 2NaOH (aq) + H; (9) [AH =-367.5 kd/mol

AE = AH - PAV At 25°C, 1 mole H, =245 L at 1 atm

PAV=1atmx245L=25k] P=4atmx1.a3k0° Pa
AV = 24U.S X103

AE = -367.5 kd/mol — 2.5 kdJ/mol = -370.0 kJ/mol

P

| oy |

Alr + water vapor + ]

H, gas
Air + water vapor ﬁ;é; (J Yf

' :

= [ 3
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The speecifietheat (8) of a substance is the amount of heat (q)
required to raise the temperature of ane gram of the

substance by one degree Celsius.

’é’)lﬁ\u_J‘

The heatrcapacity (C) of a substance is the amount of heat
(q) required to raise the temperature of a given quantity (m)

of the substance by one degree Celsius.

Specific
Heat

Substance (J/g ~j£)
/I Al 0.900
Au 0.129
C (graphite) 0.720
C (diamond) 0.502
Cu 0.385
Fe 0.444
Hg 0.139

[H.O 4.184 |

C,HsOH (ethanol) 2.46
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g=C XAt

At = Lhnar - tinitial
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How much heat is given off when an 869 g iron bar cools
from 94°C to 5°C? AE=tp - Lo

= 5-9Y - - Pdc
sof Fe =0.444 J/g - °C

At = tfinal — tnitiar = 9°C — 94°C = -89°C

g = msAt = 869 g x 0.444 J/g - oZ x —89°C =-34,000 J

|' ‘v/
/ 22

. 7N
N

CL: m S DE
4 - %69 x oduy x — 39

= — [Yoo00 ¥

P - . - - cb(-:—i\
5,7,:}03(:0),&.\‘ YERC el e



Constant-Volume Calorimetry
F Thermometer ::Jbr:rp

Stirrer

N o)

Ignition wire

- %: qMQr * Obomb T Urxn
Calorimeter bucket O — —

Insulated jacket qsys

Water = - (qwater + Qbomb)
O, inlet qwater - m X S X At

Bomb qbomb = Cbomb X At

=wler Reaction at Constant V

AH ¢ ern
AH ~ Qrxn

No heat enters or leaves! 23
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Constant-Pressure Calorimetry

Thermometer ()
”
Stirrer
Styrofoam cups —

qsys = qwater + qcal + qrxn
qsys =0

OQixn = - (qwater + qcal)
Quater = M X S X At

qcal - CcaI X At

Reaction
’-_—5
mixture

&J' Reaction at Constant P
AH - qrxn

No heat enters or leaves! 24




TABLE 6.3 Heats of Some Typical Reactions Measured at Constant Pressure

Type of AH
Reaction Example (kJ/mol)
Heat of neutralization = HCl(ag) + NaOH(ag) —— NaCl(aq) + H,O(/) —56.2
Heat of ionization H,O(l) —> H " (aq) + OH (aq) 56.2
Heat of fusion H,O(s) —> H,O(/) 6.01
Heat of vaporization H,O(l) —> H,0(g) 44 .0*
Heat of reaction MgCl,(s) + 2Na(/) —> 2NaCl(s) + Mg(s) —180.2

*Measured at 25°C. At 100°C, the value is 40.79 kJ.

25



Chemistry in Action:

Fuel Values of Foods and Other Substances

C6H1206 (S) + 602 (g)_> 6C02 (g) + 6H20 (I) AH = -2801 kJ/mol

Nutritio acts
1cal=4.184J S ST
1 Cal=1000cal =4184 ] Servings Per Container about 11
T
Amount Per Serving

Calories 120 Calories from Fat 30
Substance  AH_mpusion (KI/Q) 15 % Daily Vake®

Total Fat 4g 6%
Ap p I e - 2 Saturated Fat 0.5g 4%,
Polyunsaturated Fat Og
Monounsaturated Fat 1g

Beef -8 Cholesterol 5mg 2%
Sodium 105‘“9 4%,
Beer -1.5 Total Carbohydrate 209 7%
Dietary Fiber Lessthan 1gram 2%
Gasoline -34 EHaRE
Protein 2g 26
=



Standard Enthalpy of Formation and Reaction

Because there is ho way to measure the absolute value of
the enthalpy of a substance, must | measure the enthalpy
change for every reaction of interest? bH;

Establish an arbitrary scale with the standard enthalpy of

formation (AH?) as a reference point for all enthalpy
expressions.

Standard enthalpy of formation (AH%) is the heat change
that results when one mole of a compound is formed from
its elements at a pressure of 1_atm.

e o 3CE R
a Loy ) ooms Zobsks



P = Wi— WY
The standard enthalpy of
formation of any element in its
most stable form is zero.

4 )
AH% (Oy) =0
AH? (O,) = 142 kJ/mol
- /
4 )

AHY (C, graphite) =0

AHP (C, diamond) = 1.90 kJ/mol
- /

GO =N 155 sl Al
_;'(.’Vf :,,]'_4:' o 0)2°3S| Z G Q‘Hr
g2 =  Seeak)!
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TABLE 6.4 Standard Enthalpies of Formation of Some Inorganic
Substances at 25°C

Substance AHz(kd/mol) Substance AHZ(kJ/mol)
Ag(s) 0 H,0,(/) —187.6
AgCI(s) —127.0 Hg(/) 0
Al(s) 0 I(s) 0
ALO;(s) —1669.8 HI(g) 259
B, (/) 0 Mg(s) 0
HBr(g) —36.2 MgO(s) —601.8
C(graphite) 0 MgCOx(s) —1112.9
C(diamond) 1.90 N>(g) 0
CO(g) —110.5 NH;(g) —46.3
CO,(2) —393.5 NO(g) 90.4
Ca(s) 0 NO,(g) 33.85
CaO(s) —635.6 N,O(g) 81.56
CaCO;(s) —1206.9 N,O4(2) 9.66
Cl(g) 0 O(g) 249.4
HCl(g) —92.3 0,(2) 0
Cu(s) 0 05(2) 142.2
CuO(s) —=1552 S(rhombic) 0
Fx(2) 0 S(monoclinic) 0.30
HF(g) —-271.6 SOx(g) —296.1
H(g) 218.2 SO;(g) —395.2,
H,(2) 0 H,S(g) —20.15
H,0(g) —241.8 Zn(s) 0
H,O(/) —285.8 ZnO(s) —348.0

o+ b6 —»cC

DHC =

d
AH =

£37)

29

x daD

S
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The standard enthalpy of reaction (AH%.,) is the enthalpy of
a yeaction carried out at 1 atm.

aA+bB ——cC +dD

AHS,, = [CAH? (C)+ dAH® (D)] - [aAHC (A) + bAHO (B)]

rxn =

0
AHO, . = ZnAHO (products) ZmAH (reactants)
A / Zpslene

Hess’s Law: When reactants are converted to products, the
change in enthalpy is the same whether the reaction takes
place in one step or in a series of steps.

(Enthalpy is a[ state function) It doesn’t matter how you get
there, only where you start and end.)

30

* (1) Calculate standard enthalpy of reaction.

3( s)

from the following data.

AgHR, 0, 824 kJ /mol
A¢HP, 110 kJ /mol
A¢Heo, 393 kJ /mol

:EALQFEL) + 3bl—lf (Coz)]_ EBH;[E}%) + 30Hp (@)]
- [?(-gq;;)]_. [-— 32 1 3 Clo) |

= 25 EJ/mel



_C(graphite) + Ox(g)

AH® gD—1 10.5kJ

CO(g) +50,(g)

C (graphite) + 1/20, (g) —> ()6/ (9)

>
S Ape = 69 + 1120, (9) —* CO, (9
E —393.5klJ @ C (graphite) + O (g) —> CO (9)

AH® = -283.0klJ
C + 0O, > (CO>
4 Yph. 9)

coNg | OHS =3a35-[]
£n

31

pHE = -243 .5
fay

\/\_/\/—\_

-

({@ A}\Y)\V\ —110 «S— O = —\10. &

ﬂm@ ANy (xn = —3435 — l:— L0 = -233

D, © /)= —3a3-5



Calculate the standard enthalpy of formation of CS, (l) given
that:

C(graphite) + O, (§y——CO, (@)  AH? =-393.5 kJ/mol

rxn

S(rhombic) + O, (g) ——S0, (@)  AHY,,=-296.1 kJ/mol
CS,() + 30, (g)——CO, (g) + 2SO, () AH{,=-1072 kJ/mol
1. Write the enthalpy of formation reaction for CS,

G i)

2. Add the given rxns so that the result is the desired rxn.

Caraphite)+8, ()——0Q, (@)  AH¥n= -393.5 kd/mol
- 29, (@) ——280, (@) AH{n=-296.1 kd/mol x 2
+ COg(g) + 25Q, (9)4@ +38, (g) AHY,=+1072 kd/mol

C(graphite) + 2S(rhombic) —— CS, (I)
AHY = -393.5 + (2%-296.1) + 1072 = 86.3 kd/mol

Gl yeo o CS

2
gvafdh f}ejr Sl;lwmb;c, —> C S 2

N @Ny? © SHlas Cpo &2}‘) 3(;’/ Q) g0 S

;;c{zs..-z 2, ——>C_Szﬂ—\3 2, t 1672
Ccrqpk.}e. e 92/9 —y }252 -38493
Smsc Y29 —» 25629 -2961K2

@(aO\a-'re “+ 2S Yhomic. —b CSQ, AH = 8[8
2 1§ 3% 3 /mol




Benzene (CgHg) burns in air to produce carbon dioxide and
liquid water.” How much heat is released per mole of benzene
combusted? The standard enthalpy of formation of benzene is

49.04 kJ/mol. AHF° (Ce bg)

(2CeH3X) + 150; (g) ——+12CO0; () + 6H;0 ()

AHO = ZnAHO (products) - ZmAHO (reactants)

rxXn

AHS, = [12AHO (CO2)+ 6AH (H;0)] - [ 2AH? (CeHo)l

AHO = [12x-393.5 + 6@ — [ 2x49.04 | = -5946 kJ

0940k 5973 k3/mol CH,
2.mol

7 CeHe 21502 —> 2002 + 4 H20 31

AR :;“ = én DH;(PMOWC&O) - §,.,A;4; (vea.aau-J

BH g [eoHfb rooipd
- D AH;"CcsHoj 3+ IS fOz:(

he [6(7_3; 3) +12(-343.5) | - 2(49.64)

DHW' ~§9326.3 € O

ﬁHsﬁv\ - ~-3267F ‘CJ/MOL



Chemistry in Action: Bombardier Beetle Defense
CeH4(OH); (aq) + H,0, (ag) ——> C¢H,O; (aq) + 2H,0 (1) AHO = ?
CsH4(OH), (ag) = C¢H,0, (aq) + H, (g) AH = 177 kd3/mol (VD

H,0, (aq) —H,0 () + %0, (g) AH = -94.6 kd/mol( )

H, (g) + ¥2 O, (g)— H,O (I) AH® = -286 kJ/mol (3.

AHO =177 - 94.6 — 286 = -204 kJ/mol @

Exothermic!

o

s . .
) N s AN &2~

Cg HQ(O“)Z@‘D + Hp02 {—/]'(z _\-/%.f{

—> GFu 0 + Wi Ho

"'\’.L 2 \aj‘lz_ﬁ

Cg Hu (OH)Z + HoO02 = Ce Hy02 +2H20



Compound

AgQi(s)
AgNs(s)
Agz0(s)
Al 05(s)
Bra(/)
Bra(g)
C(s), graphite
((s), diamond
CHy(g)
Co(g)
(0:(9)
GHag)
GHa(g)
CoHg(g)
CeHs()
Ca0(s)
CaCOs(s)
CuO(s)
Fe;03(s)
HBr(g)
HCl(g)
HI(g)

AHd K

-127.068
+620.6
-31.0
-1675.7
0.0
+30.907
0.0
+1.895
-74.81
-110.525
-393.509
+226.73
+52.26
-84.68
+49.03
-635.09
-1206.92
=1a/3
-824.2
-36.4
-92.307
+26.48

Table 3.10.1: Some Standard Enthalpies of Formation at 25°C.

AHg{kcal
mol-1
-30.35
+148.3
-741

-400.40
0.00
+7.385
0.00
+0.453
-17.88
-26.41
-94.05
+54.18
+12.49
-20.23
+11.72
-151.75
-288.39
-37.59
-196.9
-8.70
-22.06
+6.33

Compound

H0(g)
H0()
Hz0:()
H25(g)
HgO(s)
I(s)
I(q)
KCl(s)
KBr(s)
MgO(s)
NH3(g)
NO(g)
NO:(g)
N;04(9)
NF3(g)
NaBr(s)
NaCl(s)
0s(9)
S02(9)

S0x(g)
Zn0(s)

AHd kI
mol™!

-241.818
-285.8
-187.78
-20.63
-90.83
0.0
+62.438
-436.747
-393.798
—601.7
—46.11
+90.25
+33.18
+9.16
-124.7
-361.062
-411.153
+142.7
-296.83
-395.72
-348.28

AHg/ kcal
mol™!

-57.79
-68.3
-44.86
—4.93
-21.70
0.0
+14.92
-104.36
—94.097
-143.77
-11.02
+21.57
+7.93
+2.19
-29.80
-86.28
-08.24
+34.11
-70.93
-04.56
-83.22



The enthalpy of solution (AH,.,) IS the heat generated or
absorbed when a certain amount of sgjute dissolves in a
certain amount of solvent.

Nac,
TABLE 6.5 AI_Isoln = I_Isoln - Hcomponents H 24 m

Solw

AH.,, Which substance(s) could be

Compound (kJ/mol) used for melting ice? BDH=z=-
- LiCl2 CacCla
LiCl u)/ —37.1
CaCl, SOk Which substance(s) could be
() - 40 used for a cold pack? ah = +
KCl »5 172 WH 0 NOS
NH,CI 15.2
NH,NO; 26.2
AH = -




The Solution Process for NaCl

.e.

\j

- AH,, =4 kJ/mol
Na* and CI” ions

in the solid state

Hydrated Na* and CI” ions

AHg ), = Step 1 + Step 2 = 788 — 784 = 4 kJ/mol
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