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Outline

1. Principles of heat flow

2. Measurement of heat flow; calorimetry
3. Enthalpy

4. Thermochemical equations

5. Enthalpies of formation

6. Bond enthalpy

7. The first law of thermodynamics

Heat — Some Things to Think About

« What is heat?
» How do we measure heat?

» What connection is there between heat and matter at
the molecular level?

Heat

» Heat will flow from a hotter object to a colder object

* Mix boiling water with ice

» Temperature of the ice rises after it melts

« Temperature of the water falls

Principles of Heat Flow

« Definitions
« The system: that part of the universe on which
attention is focused
» The surroundings: the rest of the universe

» Practically speaking, it is possible to consider only the
surroundings that directly contact the system

Figure 6.1 — Systems and Surroundings

When the system (50.0 g of H,0) When the hot plate is turned
absarbs heat from the surroundings off, the system gives off heat
{hot plate), its temperature to the surrounding air, and
increases from 50.0°C to §0.0°C, its temperature drops.

N e

500 g HyO

50.0g H,O
S0.0°C — BOOPC el

BO.0°C = 5000°C

%
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Chemical Reactions

« When we study a chemical reaction, we consider the

system to be the reactants and products

» The surroundings are the vessel (beaker, test tube,
flask) in which the reaction takes place plus the air or
other material in thermal contact with the reaction
system

State Properties

» The state of a system is specified by enumerating:
« Composition
« Temperature
* Pressure

 State properties depend only on the state of the
system, not on the path the system took to reach the
state

» Mathematically for a state property X:
« AXis the change in X
* AX = Xiinai = Xinitial

Direction and Sign of Heat Flow

+ Heat is given the symbol, q

* is positive when heat flows into the system from
the surroundings

* g is negative when heat flows from the system into
the surroundings

» Endothermic processes have positive q
* H,O (s) > H,0 (¥) g>0
« Exothermic processes have negative q
* CH, () +20, (g) > CO,(9) +H,O () <0

Magnitude of Heat Flow

« In any process, we are interested in both the
direction of heat flow and in its magnitude

* is expressed in joules (or kilojoules)

» James Joule (1818-1889); calorimetry

« Alternate unit: calorie
» 1 calorie =4.184J
« 1 kilocalorie = 4.184 kJ
* Nutritional calories are kcal

The Calorimetry Equation

« g=CxAt
* At = 00— nigial
» C (uppercase) is the heat capacity of the system:

it is the quantity of heat needed to raise the
temperature of the system by 1 °C

* g=mxcxAt

« c (lowercase) is the specific heat: the quantity of
heat needed to raise the temperature of one gram
of a substance by 1 °C

« ¢ depends on the identity and phase of the
substance




Specific Heat

» The specific heat of a substance, like the density or
melting point, is an intensive property that can be
used to identify a substance or determine its purity

+ Water

« Water has an unusually large specific heat

« A large quantity of heat is required to raise the
temperature of water

+ Climate is moderated by the specific heat of water

» Only two states in the US have never recorded
temperatures over 100 °F — one is Alaska (cold North)
and the other is Hawaii (moderated by water)

Table 8.1

LGRS Specific Heats of a Few Common Substances

c(lfg - °C) c(lfg - °0)
Br/) 0474 Culs) 0.382
Cli(gl 0478 0.446
CaHsOHI) 243 18
CeHel) 172 418
COygl 0.843 0.866

Example 8.1

[SED IR oumpare the amount of heat given off by 140 mol of Liquid water

when it cools from 100.0°C ta 10.0°C to that given off when 1,40 mel of steam conls
frosm 267 Lo 1107,

Strategy  You will need the change in remperature, At and the mass in prams,
SOLUTION  Tor liguid waler,

A= LD — THLPC = —9Lec
mazs of water = 1ADmaol X 1803 gimel = 352 ¢
. o o i
g=131g% |.M,-g_,_,£_ W [—9ILPC) = — 98 % WP

Lo stearn, At and m are the same as for liguid water, Coly the specitic heat ¢ is different.

1871

o 252g O B00°C) 4.24 X 10*]

[
Steam thus gives off less heat than liquid water when it cools.

Reality Check  Lhe negative sipn indicates that heat fows from the water to its sur
roundings as it cools,

Measurement of Heat Flow: Calorimetry

« A calorimeter is a device used to measure the heat
flow of a reaction

« The walls of the calorimeter are insulated to block
heat flow between the reaction and the
surroundings

» The heat flow for the system is equal in magnitude
and opposite in sign from the heat flow of the
calorimeter

* Qreaction = ~ Ucalorimeter

* Oreaction =" ccal At

Figure 8.2

Thermometer

Polystyrene
cover

_— Nested
V polystyrene

cups

Coffee-cup Calorimeter

+ For a reaction performed in a coffee-cup calorimeter

J

=-m,,, x4.18

qreactiun

x At
C




Example 8.2

Example 8.2 [efeNl]

Calcium chloride, CaClly, is added to canned vegetables to maintain the vegetables” firm-
ness. When added o waler, il dissolves:
CaCly(s) — Ca® (ag) + 2C1 (ng)
A calorimeler contains 50.0 g of water al 25.00°C. When L0 g of calcium chloride is
added to the calorimeter, the temperature rises to 28,51°C, Assume that all the heat
given off by the reaction is transferred to the water,
#(a) Calculate g for the reaction system.
##(b) How much CaCly must be added to raise the temperature of the solution

9.00"C?

Strategy  Apply Equation 8.1 to caleulate g0 Remember that din = —dreaction:

Example 8.2, (Cont'd)

SOLUTION

) o = 3008 X 18— X (28.51°C = 25.00°C) = 734,

Greaction = ~io = —734]

1) quo=500g% 118 X O0PC = 188 % 10°],

e C
Grescion = — 188 3 10°]
We know [Tean (a) thal adding 100 g of CaCl o The waler gives oll —734 T, Henee,
we have the conversion factor
734)
1.00 g CaCl,
Thus, o give ofl 188 3 107 | requires

Lutg

—I&8 X I ) % _ = 256gCaCl;
—73 ]

Reality Check Notice that ...
‘That is reasonable since the temperature of the waler increases,

is negalive, so the solution process is exothermic.

Figure 8.3

Thermometer

Ignition
wires Stirrer
heat )

sample A

Water in
calorimeter can

Insulated” Sample  Buming Steel
outer dish sample bomb
container

Bomb Calorimeter

« The bomb calorimeter is more versatile than the
coffee-cup calorimeter

» Reactions involving high temperature
» Reactions involving gases

« The bomb is a heavy metal vessel that is usually
surrounded by water

Oreaction = ~Ucalorimeter

Qreaction = 'CcaIAt
» C.yis a function of the calorimeter and can be
measured experimentally

Example 8.3

Example 8.3 Hydrogen chloride is used in etching semiconductors. It can be pre-

pared by reacting hydrogen and chlorine gases,

Halg) + Cli(g) — 2HClw)

1t is found that when 100 g of 1= is made to react completely with Cl: in a bomb calo-
rimeler, Lhe lemperature in Lhe bomb (heal capacily = 9,33 kI/°C) rises [rom 20,00°C Lo
29.82°C, How much heat is evolved by the reaction?

Strategy  LUse the equation:
Grezction = — G % AL
SOLUTION

Kl N .
fuacion = —933 50 X (2982°C — 20.00°C) = [=916 K]

Enthalpy

» The heat flow at constant pressure is equal to the
difference in enthalpy (heat content) between
products and reactants

« The symbol for enthalpy is H
+ We measure changes in enthalpy using a
calorimeter and a reaction run at constant pressure:

* AH = Hproducts - Hreactants
« The sign of the enthalpy change is the same as for
heat flow:

« AH > 0 for endothermic reactions
» AH < 0 for exothermic reactions
» Enthalpy is a state variable




Exothermic Reactions

Figure 8.4 — Enthalpy of Reaction

Reactants Products

AH <0 AH >0

Enthalpy, H —=
Enthalpy, H —

Products Reactants

Reaction path — Reaction path —
{a) Exothermic (b) Endothermic

8 Besckaoe. Cangags Laamng

Thermochemical Equations

» A thermochemical equation is a chemical equation with the
AH for the reaction included
+ Example
* NH,NO; (s) > NH,* (aq) + NOy™ (aq)
» Experiment gives greaction = 351 J for one gram of ammonium
nitrate
+ For one mole, this is

35U | 80.050 _; g1%10%g = 28.1kJ
1.00g 1mol

» The thermochemical equation is
* NH4NOj; (s) > NH,* (ag) + NOg (aq)  AH =+28.1 kJ

® DeastuTola. Casgags Luaming

Conventions for Thermochemical Equations &

1. The sign of AH indicates whether the reaction is
endothermic or exothermic

2. The coefficients of the thermochemical equation
represent the number of moles of reactant and
product

3. The phases of all reactant and product species
must be stated

4. The value of AH applies when products and reactants
are at the same temperature, usually 25 °C

Rules of Thermochemistry

1. The magnitude of AH is directly proportional to the
amount of reactant or product

2. AH for the reaction is equal in magnitude but
opposite in sign for AH for the reverse of the
reaction

3. The value of AH is the same whether the reaction
occurs in one step or as a series of steps
This rule is a direct consequence of the fact that

AH is a state variable

This rule is a statement of Hess’s Law




Graced

The Bunsen burners in vour labs are fueled by natural gas, which is mosthy methane, CH,.
The thermachemical equation for the combustion (burning in oxygen) of methane is

CH,ig) + 20u(g) — COLg + 2H.O0) AH = —890.3 k]
Caloulate AH when

#(a) 5.00 g of CH, react with an excess ol axygen.

b Use the idedl gas law to find the nuniber of moles of O and the conversion factor

BRI
ool 4y,
Lo by e atm s 2oel P
BT 002U atmimol oK 22K
A= 007 et 0 % — oM g
= 0,077 mad O Tl T 7l

i) Tae the law of combining volumes to find which reactant 35 limiting. Find the
nwmibes of males of Emiting reactant and convert to AR

s (b} 2,00 Lol Og al 49.0°C and 782 mm Hg react wilh an excess ol methane, sonter s e e,
o ( ] 200 T.oof CHy react with 300 Toof O, ina reaction vessel kept at 25°C and L,
100 atm. B 4 L
- T :
SOLUTION
8903 1 CIH s the limitivg reactant.,
ta} Change 500 g ol CH, to moles and use the conversion laclor —————: e Luoatn % 2L
I'mol CH, M, = S = BARATL - stmafee - e T~ 0517 el
1 mol CH. —890.3 k
AH=50HgCH, et - —278 K L —wan
1604 g 1 mol CL1, BASITmal Gl Tk
» Phase changes involve enthalpy
» There is no change in temperature during a phase change Example 8.5 [T
» Endothermic: melting or vaporization THy{g) + Qulg) — 2H00 AH = —57L6 kI

» Exothermic: freezing or condensation
» Pure substances have a value of AH that corresponds to
melting (reverse, fusion) or vaporization (reverse,
condensation)

AH (k)fmol) for Phase Changes

Substance mp (°C) AHp" bp (°C) AHg"
Benzene Cer 5 EX in e
Bromire Bry =7 108 58 26
Mercury Hg - 3 57 59.4
Naphthalere CigHs Bl 193 218 na
Water H,0 a 6.00 1o 407

Vil of &4, v given at the melting pint, vakes of A#, at the builig pent. The heat of vaporication of water desmases
from 4.8 &.fmol at 0°C to 411 kol at 25°C 10 40.7 kmai at 100°C.
P ——

caleulate AH for the equation
H-OM — Haigh | Oulg)

Strategy  For the required equalion, the cocllicients are hall as greal as in the given
equation; the equalion is also reversed. Apply rules |and 2 in succession.

SOLUTION  Applying rule 1
Halgl + & Oyg) — HO(n AH = 5716 k]2 = 2858 K]
Applving Rule 2:
HANI — Haig) + 104z} AH = 128581

SEEEE  Carbon monoxide, €O, is a poisonous gas. [t can be obtained by

burning carbon in a limited amount of oxygen. Given

(1 sl + Ol —— COug) AH = —3935K
(2) 2000g) + Oalg) —=200:0g) A = —566.0 kJ
calculate AH for the reaction

Cisy+ 5 Oug —— COw All=1
Strategy  The “trick” here is to worl with the given information until you arrive at two
couations thal will add to give the equation you want (C + 30; — CO), Lo do this, focus
on COLwhich, unlike CO; and O, appears in only one thermaochemical equation. Notice
that vou want one mole (not twa) of CO on the right side (not the left side) of the
equation.

SOLUTION  To get one mole of CO on the right side, reverse equation (2) and divide
the coefficients by 2. Applying rule 1 and rule 2 in succession,

COnlg)—— COE) + 5 Ouig) AH = +566.0kIV2 = +283.0 kI
New, add equation (17 and simplifi:
COygl — COMg) — £ 0y{g)  AH = +233.0 k]
(1] Cish + Ouln — COL(gh AH = —3935K
Cls) 13 Oyl — COlg) AH = 1105k
Reality Check Notice that thermochemical equations can be added in exactly the same

manner as algebraic equations; in this case 1C0; and § O, canceled when the equations
were added.




Recap of the Rules of Thermochemistry

» AH is directly proportional to the amount of reactant
or product

« If a reaction is divided by 2, so is AH
« If a reaction is multiplied by 6, so is AH
« AH changes sign when the reaction is reversed

+ AH has the same value regardless of the number of
steps

Enthalpies of Formation

+ The standard molar enthalpy of formation, AH;, is equal to the
enthalpy change

» For one mole of a compound
At constant pressure of 1 atm
« At a fixed temperature of 25 °C

» From elements in their stable states at that temperature
and pressure
» Enthalpies of formation are tabulated in Table 8.3 and in
Appendix 1 in the back of the textbook

Table 8.3

Table 8.3, (Cont'd)

Cations
Ag-iag) +105.6 Hg™* ag) +171.1
Al{ag) —53.0 K*ag) —252.4
Ba?*[ag) —5376 Mg Hag) —466.8
Ca?*aq) —5428 Wn?{ag) —2208
Cd?*[ag) —7549 Ma~{ag) —240.1
Cu~lag) =77 MHy* &g —1325
Cu?*{agh +64.8 Ni*~{ag) —540
Fe?=(ag) —89.1 Ph?=(ag) -17
Fed=(ag) —48.5 Snt{ag —848
H*{ag) 0.0 ntlag) —1539

Table 8.3, (Cont'd)

Anions
Br-iag) —1216 HPO.*~{ad) —1292.1
L0+ ag) —B77.1 HS0, &) —B87.3
Cl{ag —167.2 I~ (&g —55.2
CI0: {agl —104.0 nQ,ag) —541.4
G0, lag —129.3 N0 {agl —104.6
Crly~lag) 8812 MOz {ag) 205.0
Cr:07 (ag) 1490.3 OH~ag) 230.0
F{aq) —3326 PO aq] —1277 4
HCO5~(agl —B92.0 S2-{ag) +33.1
H.FO, (agl —1296.3 S0 (agl —309.3

Enthalpies of Formation of Elements and of H* (aq)®

+ The enthalpy of formation of an element in its standard state
at25 °Ciis zero

AH:Br,(1) = AH;H,0(1) =0

» The enthalpy of formation of H* (aq) is also zero




AH" =" AH; products — > AH; reactants

+ The symbol Z refers to “the sum of”
« Elements in their standard states may be omitted, as
their enthalpies of formation are zero

» The coefficients of reactants and products in the
balanced equation must be accounted for

Graded

Benzene, CHe, used in the manufacture of plastics, 1s a carcinogen alfecting Lhe bone
marrow. Long-term exposure has been shown to cause leukemia and other blood disor-

ders. The combustion of benzene i given by the following equation:
CH TOg — 6C00g) 1 3H.000 AH — 326741
0y Caleulate the heat of formation of benzene,
## (b} Calculale AHY for the reaction
12006(g) + GHLOM #2000 + 1504(0)

s ic] Calawate AT far the reacton
CHg) + B — B000iE) + 2H D)
Bven L] A g o benxene ol 2570 % 338 B mol
SOLUTION
fa) Faquatien £.4 takes e farm
AR S RAMTCIL = SAHTHLO — AHTEH
Substitutivg veliaes Foc all the varizhles sxeept AT CILI, we have

{ =35 ki §—aRad I:IJ
el

—32R74 k] = sral < LWJI w2l | = — ANTLH

Halving,
AT = 480 Kimal
i Fabize than £z recrian s the reverse of the combastion reocbion, Kt cobe chat, all
craffcients have hoen énuiiled Thus,
AR =~ BT 2= SERHAR
() o restion i similar Lo 1o combustion reacive. The diflenence i the physical
states af heeh henzenz and watcr, Remamhar thar heat of vaporizaian is the ameunt
£ eat nezded to changs liguid to ges, We apply Uess's law.
FH + S —— U+ 300 A
DO — ST AN = N4 -2
CILE—+ GILI AP = AT,
Addivng the three chem el equations and the three AF” vales, v o

AHT = —267A K]+ 130K — 356k = 51530 k)

Example 8.8 [clEtl

Sodium carbonate is a white powder used in the manufacture of glass, When hydro
chloric aciel is acdded lo a solulion of sedium carbonale, carbon dioxide gas is lormed
{Tigure 8.8). The equation for the reaction is

2H ag) + COF (ag) — COua) + HO0)

wiol Cakulote AR® for she thennachenicd equation.
b Labaliis AR R DRI il o L 1RS M HCT S adddisd b ol i carbiate,

Stratogy

(2] Wse Tabale B 3 vl enthalpies of Roomation, eseiber Gal AHE H ) = 0

(bl &M valuabaied i fa) s Gor wo mles ol I tand. How many moles af L1 *ag) are

uged?
SOLUTION
(0 AR = AHTTCRLE +ARTHAO — 2EAHTE Dl AT L)
=L k'-]l =K E] =i LK

J’"‘"[ 1 el “m]{ 1 el J ! """( Ll ,]

= —LIH

ihi HClcaneribures all de ALY inesina 10 raties Thas
Wi BT = s B = % M = 207500 1% 018K kil
— nomEs
Using Lae sonversivn Gie.or ablained in (2]
21k
Tl

e alitin
]

P ey o

DOMES mal ™ =

Realily Check  Motice that e raction i esethemic, but aaly slighaly se, Fven carry
out the reactice in the labcsatars, yon find that the salulice: terperature mervase:
slight'r

» Chemical bonds store energy
» The bond enthalpy is defined as AH when one mole of
chemical bonds is broken in the gaseous state

Hy(g) ——  2H()
- Q@+Q

Cly(s) —>  2CI(g)

@ 09

8 BrvokarCole. Cangage Lasming

AH = +436 k]

AH = +243 XJ




Figure 8.9 Notes on Bond Enthalpy
AR « The bond enthalpy is always a positive quantity
2Q(e . . .
i % « Energy is required to break a chemical bond
* When a chemical bond forms, the sign of the
'-E 56 | enthalpy change is negative
8 AH = +436 K] « For endothermic reactions
< =H-H I 1 - e
3 240~ arthalpy 2Q@w « The bonds are stronger in the reactants than in
= the products, and/or
o 1801~ Ag=r23l « There are more bonds in the reactants than in
= Cl-Cl bon
il carttiling the products
d w0
0
Figure 8.9 Table 8.4
480 Bond Enthalpies
2009 Single Bond Enthalpy (klfmol)
400 — H c N 0 5 F [ Br 1
— H 436 414 349 464 ki) GE5 a3t 368 9
"g 320 C ki N M3 an 58 485 m il il
9 o N 158 e m 01 M3
e AH = +436 K] i] 138 — 184 W5 200
9 | = H-H bond 5 M6 W ;|5 23
S 240 enthalpy B ‘)Lﬂ’ ) F 18 86 m6 20
B ¥} M3 718 209
= Br 19 180
5 1601~ AH=+243 K ' 2
= CI-Cl bond :
enthalpy Multiple Bond Enthalpy (kifmal)
80— c=C 612 N=N 41 L=t 820
i ‘ [:,} L=N B15 N=0 BO7 C=N 840
g = =0 715 =0 49 =0 1075
0 E=% a1t §=0 43 N=N 341

Bond Enthalpies and Multiple Bonds

+ As the order of a bond increases from single to
double to triple, the bond enthalpy also increases

» C-C single, 347 kJ/mol
» C-C double, 612 kJ/mol
» C-C triple, 820 kJ/mol

« Whenever a bond involves two different atoms, the
enthalpy is an approximation, because it must be
averaged over two different species
* H-O-H (g9) > H(g) + OH (9)
* H-O(9) > H(9) + 0O (9)

AH = +499 J
AH = +428 kJ

Bond Enthalpy vs. Enthalpy of Formation

* When AH is calculated, we can use enthalpies of
formation or bond enthalpies
 Using enthalpy of formation, results are accurate
to 0.1 kJ
+ Using bond enthalpies, results can produce an
error of 10 kJ or more
+ Use enthalpies of formation to calculate AH
wherever possible




The First Law of Thermodynamics

» Thermodynamics
« Deals with all kinds of energy effects in all kinds of
processes
» Two types of energy
* Heat (q)
» Work (w)
» The Law of Conservation of Energy
* AEsyslem =- AEsurroundings
* The First Law
« AE=q+WwW
» The total change in energy is equal to the sum of the

heat and work transferred between the system and
the surroundings

Conventions

+ g and w are positive
* When the heat or work enters the system from the
surroundings
+ g and w are negative
* When the heat or work leaves the system for the
surroundings

Figure 8.10 Example 8.9
Surroundings
Example B.9 eAEREIEY-LIe) gas lor a process in which Lhe gas
(a) absorbs 20 ] of heat and does 12 ] of work by expanding.
Ok (B} evolves 30 | of heat and has 52 | of work done on it as it contracts.
Heat > < Work b) 1 Jofh dhi T of worl dy
+)q (+)w Strategy  First decide on the signs (+ or —) of g and w. Then substitute into the equa-
tion for AF.
SOLUTION
System
4 (a) g — =200 w— —12 ], because the gas does work on the surroundings.
Heat Work At b0 12] = HE]
- — _
=) q (=) w (b} g — 30w — 132], because work is done on the gas by the surroundings.
AE= —30]+52]= +22]
Heat Work

+ Ordinarily, when a chemical reaction is carried out in

the laboratory, energy is evolved as heat
* CH, (9) + 20, (g) > CO, (g) + H,O () AE =-885
kJ
» The combustion of methane in a Bunsen burner
produces nearly 885 kJ of heat per mol
« The decrease in volume that takes place is a 1%
work effect

« In an internal combustion engine, a significant
fraction of the energy of combustion is converted to
useful work

» The expansion of the combustion gases produces
a volume and a pressure change
» The system does work on its surroundings
* Propels the car forward
» Overcomes friction
» Charges battery
» Like AH, AE is a state variable
» g and w are not state variables

10



Figure 8.11 — Pressure-Volume Work

P=1atm

¢ P=1atm

J

AH and AE

+ Constant pressure
» Coffee-cup calorimeter
* AH=q,

» Constant volume

* In a bomb calorimeter, there is no pressure-
volume work done

« AE=gq,
1 mol CH,(g)
2 mol 0,(3) J
1 mol CO,(g)
AH and AE, (Cont'd) Example 8.10

s H=E+PV
« AH = AE + PAV
» The PV product is important only where gases are
involved; itis negligible when only liquids or
solids are involved

* AH = AE + An,RT
* Any is the change in the number of moles of gas
as the reaction proceeds

SEIULIEERN  Calculate ATTand AT at 25°C for the reaction that takes place when

anavyacelylene torch i used,
CalTaig) + 2 04l » 20000 + TLOGE)

Strategy  Tirst, calculate AH using heats of formation in Table 8.3, Then calculate AL
using Tquation 8.6,

SOLUTION
AR = ZAH?COLe) + AHFHO(g) — AHTCH A
= 2(—3935k]) — 2418 k] — 226.7 k] = — 12555 k]
An, =24+ 1= {1+ )= —05mal
Ak = AH — An KT
12555 k] — 0.3 mol % 831 [fmol - K = 298 K}
= ~1255.3Kk) + 1.24 X 107 = ~12555k) + L2kl = ~12543 K]

Reality Check  INote that in this case AH and AE differ fom one anether by enly abont
0.1 %, a very small difference indeed.

Key Concepts

Relate heat flow to specific heat, m and At
Calculate q for a reaction from calorimetric data.
Apply the rules of thermochemistry

Apply Hess’s law to calculate AH

Relate AH" to the enthalpies of formation
Relate AE, g and w

Relate AH and AE

SINOROIRE R CORIOR
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