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3- Thermochemistry
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Thermochemistry is one of the principal applications of thermodynamics in chemistry.

Thermochemical data provide a way of assessing the heat output of chemical reactions,

including those involved with the combustion of fuels and the consumption of foods.
The data are also used widely in other chemical applications of thermadynamics.
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Exothermic {eXenthalpic) process: AH < 0, at 1 atm.

Epdothermic (endenthalpic) process: AH > 0, at 1 atm.

3-1 Standard enthalpy changes
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An example of a standard enthalpy change is the standard “enthalpy of

vaporization, Avap AH®, which is the enthalpy change per mole of moledulesswhen a pure
liquid at 1 bar vaporizes to a gas at 1 bar, as in:

H,0(1) —— H,0(g) AyvapHH@B73 k) = + 40.66 kJ mol™

039 (Jeladl ladie Eidow dyly> s L 0955 U3 &ulled)! 8ol &y ST oMl Jliadl o LoD LS
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3-2 Types of enthalpy dgahges

3-2-1 Enthalpies of PhySigal éhmnges

1 3YE dsbinall Ol Al (§ doylyedl Sbgixald g9
A- AwsH®, standard ®nthalpy of transition.
B- Avaphls, standard enthalpy of vaporization.
C- AnsHO)Standard enthalpy of fusion, the standard molar enthalpy change
accompanying the conversion of a solid to a liquid, as in

H,0(s) —— H,0(]) ArusH® (273 k) = + 6.01 k] mol ™!

D- As.,H®, standard enthalpy of sublimation, for example, the conversion of a solid
to a vapour can be pictured either as occurring by sublimation (the direct
conversion from solid to vapour),
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H,0(s) —— H,0(v) AgupH®

or as occurring in two steps, first fusion (melting) and then vaporization of the

resulting liquid:

H,0(s) —— H,0(]) AgysH®
H,0(l) —— H,0(g) ApapH®
Over all
H,0(s) —— H,0(v) AsupH® = Dpyys HR 90 0, H®
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Figure 3-1: Conversation of sglid'tg liquid, fsublimation) in one step or in two steps.
095 (BrusH®) HUasY! duen) 1) el t gromall dasd O Lo 8431 Aslaadl e SISy (3-1) JSad! e
dudan) 312l Sgralldad Bal ST (BsupH®) (Ll ddoa) (Gl (Sgiomall daid 0583 A pzgo
Homework-1 €13k .8Uasell 8)l =l doyd Lic (AvapHe)J:‘;,.zJ\
Sgieal) Aol G o Jhamed Dygllanl dsboal] (oS Wi dalke Al Ul 98 G)lyell Sgizeall O] g
1A dluouSd! Adlaodl €l Jlo dusSlan ByLil (SJg ()=l
AH®(A - B) =— AH® (A « B)

For instance, because the enthalpy of vaporization of water is +44 k) mol™ at 298 K,

the enthalpy of condensation of water vapour at that temperature is —44 kJ mol™.

1 W1 (3-2 JSadl) lakasall @ Ll s 9o LSy
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Figure 3-2: Change the signal of enthalpy because of the change in the direction of the process.

3-2-2 Enthalpies of chemical changes
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3 e 2 mol 2o LS 0lisall Jeliy 1 atm dais coy o 231 CHaO 55 1 mol Blis! I add )=
Bly> dz)39 1 atm laiss e (B SLS H0 o0 2 moky (&l CO2 3 e 1 mol gy (&1 0,
.298.15 K

CH,(8) + 20,(8) —«—>€04(8) + 2H,0(g)  A,H®° =—890.3 K]

W oy 5 Jelinl) bl (ol (Sgimal] A A0laSI Dslaall BUS Sy lguds Asbll dsylall
0boT (3 LS dovud gl oSy oMl Sl dy> Jelis (3 LS ¢(standard enthalpy of reaction), AH®

For a reaction of the form 2/A + B - 3 C + D the standard reaction enthalpy would be

AH® % @3HS,/(C) + H®,,(D)} - {2H®_(A) + H®,,(B)}

Gl elp>Y ddlatad] 83l dyd dis Bl SV gl @nl...&ﬂ Sy Ggiall Jiod AH, G
:JWE 2 9 AHm 3wl Lol &l Dsladl LS (Ses 5a5H1 Dslaadl e . Jelil

AH® = Z nH®,, - Z nH®,,,SRE (3-1)

Products Reactants
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Some standard reaction enthalpies have special names and significance. For instance,
the standard enthalpy of combustion, AcH®, is the standard reaction enthalpy for the

complete oxidation of an organic compound to CO; gas and liquid H,O if the compound

contains C, H, and O, and to N2 gas if N is also present.

QU Jell 8 b ge LSy 5555801 By 92 BLASI (gulidll ()=l gimall Sl

CeH1204(s) + 60,(g) — 6CO,(g) + 6H,0(1) A H® =—2808%] ol ™!
275 e Jom (298 K) Aol g piall s 5989881y 19 Jga By O Jodll JSaseBlel Jelasll oy
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Table 3-1: Standard enthalpies of formation and combustion of organic€@mpounds at 298 K

AH®/(kJ mol™) A_H®/(k] mol™) n
Benzene, C.H (1) +49.0 —-3268
Ethane, C,H(g) —847 —-1560
Glucose, C.H,,0(s) <1274 —-2808
Methane, CH,(g) —74.8 -890
Methanol, CH,QH(l) -238.7 =721

3-3 Hess & oy
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Example 1: The combustion reaction is

9 . .

Calculate the standard enthalpy of combustion of propene.

CH, = CHCH;(g) + H,(g) — CH3;CH,CH3(g) AH® =-124 kJ mol™!
CH;CH,CH5(g) + 50,(g) — 3C0,(g) + 4H,0(1) AH® =-2220%] Mol !

1
H2(g) +502(9) — H,0(D) ArH” =286 mol™
Solution:

Jodndl 3 doepgally Melat] ggame IS (o dLaS| Bolel (Sen g BlLASL Lol Jelal

:JWi
Table 3-2: Standard reaction enthalpies of propene at 298 K. ”
A_H®/(kJmol™)
C,H(g) + H,(g) — C,H,(g) —-124
C,H,(g) + 50,(g) — 3 COMEN+4TL,0(1) —2220
H,0(l) — H,(g) +& 0f(g) +286
C,H () + 20,(g) ™ 3CO, (g) + 3H,0() —2058
Example 2:
1) 2HAO) S=2H, (g) + 0,(9) AH® = +572 kJ mol ™!
2) 2HF(\g)™> H,(g) + F»(g) A H® = 4542 kJ mol™!
Net)2F,(g) + 2H,0(l) — 4HF(g) + 0,(g) A.H® =? kJ mol™!
Solution 2:
1) 2H,0(l) — 2H5(g) + 0,(g9) A H® = +572 kJ mol ™!
2){2H;(g) + 2F,(g) — 4HF(g)} X 2 A H® =—1084 k] mol™!

Net) 2F,(g) + 2H,0(l) — 4HF(g) + 0,(9) AH® =-512 kJ mol ™!
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Homework 2: Using enthalpy heats of reaction data available in the reaction 1 & 2, find

the AH® of the net reaction.

1) C (s, graphite) + 0,(g) — €0,(g) AH® =-393.5 kJ
2) 2€0,(9) +2€0(g) — 0,(g) A H® =-566.0 kJ
Net) 2C (s, graphite) + 0,(g) — 2€0(g) AH® =? kJ

34 Standard enthalpies of formation (A:H°)

dwladl Lol o B3l o dly Jgo (psSH (@l Sgieall Ob Bpmsmigulad)] oSl (Sgima
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6C (s, graphite) % 3H,(g) — CeHg(1) AsH® = +49.0 k] mol™!
Ssy yiuo Solud Bl gill> § Ll Bpolis oo &Sl Slgall (pgSHI LIS :dasdle
e laudo 81 STl 311 L35S 03 LT ) 39 €3 (3 ond! O G Bolyoell Olmyd ane>
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S)
N,(g) — N2(9) AfH= =0

:rl (3-4) Jgadly (3-3) Jsaandl 3 b g LSy
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Table 3-3: Standard enthalpies of formation of inorganic compounds at 298 K

AH®/(kJ mol™) I
H,O(1) —285.83
H,0(g) —241.82
NH,(g) —46.11
N,H,(1) +50.63
NO,(g) +33.18
N,O,(g) +9.16
NaCl(s) —411.15
KCl(s) =436.75

Table 3-4: Standard enthalpies of formation of organic compounds at 298K

AH®/(k] mol™) l
CH,(g) ~74.81
C.H, () +49.0
C,H,,(1) ~156
CH,OH(l) ~238.66
CH,CH,OH(l) ~277.69

Example 3: Using enthalpy heats of formation data from your reference, find the AH®

of the following reaction.

4NH3(9)%,50,(9) — 4NO(g) + 6H,0(9)

Solutiah 3:

AfH® = z nH®,, - Z nH®,,,SRE

Products Reactants

AHO = [40;HO(NO) + 6AH® (H,0)] - [4ApH® (NH3) + 5A:HC(03)]
AH® =-906 kJ
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Example 4:
1 1 o -1
1) 5 Hz(9) + 5 F2(9) — HF(g) ApH™ == 273 kj mol
2) S(s) + 3F,(g) — SF¢(9) AfH® =- 1220 k] mol™!
3) Hy(g) + S(s) — H,S(g) AfH® =— 21 k] mol™!
Net) H,S(g) + 4F,(g) — 2HF(g) + SF¢(9) AH® =? k] mol=!
Solution 4:

1o LSy Joll) oy gSill (I3]0 Adyma o3 (po9 S 53190 jiud AR pubsitis -1

3)H,S(g) — Hzlg)+ S5 AsHS & 21 k] mol™?
1) Hxg3+ F,(g) — 2HF(g) X 2 AsH® %— 546 k] mol™!
2) $£53+ 3F,(g) — SF¢(9) A;HS =— 1220 k] mol™!

Net) H,S(g) + 4F,(g) — 2HF(g) + SF¢(9) ApH® =— 1745 kJ mol™!

(homewark §):gh WSy Jelad! Q5] Gl Ayl puseic -2

AH® = Z nHS = Z nH®,,,SRE (3-1)

Products Reactants

Homework 4: Writesreactions for the formation of (a) H.0 (b) CHa4 (c) C2HsOH and (d)

NacCl.
a) ? 2 AR ¥ H,0(D) AfH® =7
b) 2(?) ¥ (?) — CH,(g) AsH® =7
e\ Q) +7(?) — C,HsOH(D) AfH® =7
d) A(?H+? (?) — NacCl(s) AfH® =?

End of 15t lecture
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3-4-1 Heat of solution

oo Al o diols e d) Jolomall 3 SUe (bl (ol pgSHl Ggimn Gl Julleadl (§ Lol
INs- 40 % dac IS Jie H9lxg NENE) Ml.wgi dzg0 Obgals slguw Sy Jelxe jaass Jusdiu]!
S9luo ‘:;wlg.ajl oS! (Seizes A (Sdlg (cﬁL&Jl) B9 mall (nzgydugdl Ogole Jin dxlg Ogole (Jo CByadll

Byl Olmyd anes JiE yaoy J

AfH : (H*,aq) = 0, ions in solution [convention]
Jl &l A1 dantl Cauog Sy My — 122 k) mol™ (» HBr (aq) (oS! (lskdled celld Jlo
Gbae 0555 Jbedl Juow e &l 0dg <Br-(aq), and AH® (Br-, ag)=x122 k) mol™ ¢psSS
Byae oSy W ((Agh,aq) 09 (sSH Sgime daid sux3 (9 AgBr(aq) (bl ¢psSil (LY
05530 89Sl ol Bolel) sdmall (58I (JU3] 38yma IS cy0 HligsI (0551 (5 5o dudiation)] Log
H (a0) = zer0 JUiall Jura o 4 (ool o553 SJBN0533 gl ot 3 oms gl o2 30l
o9 <(Reference state) &sludl b olic | (unforming) <Sas delae! slgell HB Lo Jelad adle
o 76 93 S Jolaild AH® dod Hlbaelionc AU 8okl (forming) 0sSi) soliall 0ds does o
45555l Sl gall yuSlas oLl (§ 09S5 ASSaIBINSI Gl O oy 45 9SCiallg ASKatall Slgall &yl ibgiomall
Syizes Ol (Sa dule ¢(durgall) @ 3Siadlislgoll lie ddlu p aSSaiall slgall (&3ly=l S gimeall O &
AJUIN(37T) doslaal plusuiwl M oo Jelis (Y9 slgald ()ly2d) (95U

AHC = Z vAH® , - Z vAH® ,SRE (3-2)

Products Reactants
Jeladl (§ dzolly, delaiall slgell Caliseal (5190l JiS) @Y gall due o A A1 Jind V Eus
V3 s S [(axsll) &5Sially (e laioll) dSKiiall] dyylyad! Obgizmall o S O] G ¢ JlaS!
((3-2) dolaol) Joall Guaill Jooy JUI (3-35ad1) Jalaseal! (3-2) doladl! 3 WSy

Example 5: The standard enthalpy of the following reaction is calculated according to

equation (3-2)

2HN;(l) + 2NO(g) —— H,0,(1) + 4N,(g)
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Figure 3-3: Shows enthalpies of unforming and forming elements.

Solution 5:

AHS = Y vAHS, - ) vAH® SRE (3-2)

Products Reactants
AH® = [AfHP (H30,,1) + 4AH®(N,, g)] — [2A;H(HN3,1) + 2A;H°(NO, g)]
A H® =[-187.78 + 4(0)]k] mol™' — [2(264.0)"+ 2(90.25)]kJ mol !
AH® = — 896.3k] mol~!

Example 6: Calculate AsoH® for NaCl (s) using the following heats of formation, (NaCl(s)
=—411 kJ mol?), (Na+(aq) =,—240 k) mol) and (ClI(aq) = — 167 kJ mol?)

Solution 6:
NaCl(g)\—— Na*(aq) + Cl™! (aq) AgotH® = KkJ mol ™!
AgoH® = Z nH®,, - Z nH®,,
Products Reactants

AsotH® = [Na* + Cl™'] —[NacCl]

AgotH® = [-240 + (—167) |k mol™* —[- 411]k] mol™* =
+ 4kJ mol™?!
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3-5 Heat of Neutralization

Cuzslall o A9 Jgo LY Baeldll opo dlg Jgo ae (ol (1o dxlg o Jolad ope Ul 8yl (29
D)l yaslg>)l ae NaOH or KOH Jie dsill delsal) Jelas)) 8l O daaseall Jdloall Ul (§ &1 uzg
L1 ol ) Jolasdl B)ly> dasd 945 (S3a09 BAelall g aslell dapds e daiad ¥ HCl orHNQ3 Jio
$90 Lasl> (e b Jogloes A8Lb| diad I (Jolasll donals DY 139SG g gl el gdllg dugall \Aa] g5l
1 JWI 9 Goasn Sl wegll Jelatl] B L1g8 BuelB (o b glna

OH (aq) + H*(aq) 2 H,0(1) AH® = — 55,9 k) mol ™!

oy Lo Lo g5 JB1 00955 Uslatll 8yl O dipanp BB 9l Cnnss a0l (paadBes Jgkomo Uslas s
43I 8ylyedl &) (ST cdanaall Baeldl of Cauaall (aelodl SSE A8 Byl e 8BS dusS olael
SSat) AoIWI Byl Jhas JOVI o> o ol Jied Dol 33l xe Ciuasdll aelsdl Jolad

J B B U Jolal Jis (319 ¢ el

JIEey 88l ), ae sloll Z U] | (6352 NaOH JisdigdidicB o HCl Jio (593 pasl> Jelas e Jl
055 slall cpgS dullazall dBUall &) 1] g2 BlalgodeaS)l 02 5,565 (§ crand) &) <AH = =55 kJ mol
Lol AlasS)) olaadl gy ¢(3-4 IS, Buclil go (anlod! ol daed 8)yoxiadl AUl cye SO
Jelanl 1

H*(aq) + OH (aq)

-

mmmm) A H®=-55.9 kJ/mol

H,0(1) (Exothermic)

poténtial energy

Figure 3-4: Exothermic reaction (energy released) as a result of the reaction between HCl & NaOH.

12| Page Dr. Abduljabbar I. R. Rushdi 2024-2025



Chpt_Three_Thermochemistry Physical Chemistry For 2™ Year UGS 1t SEM

3-6 The temperature dependence of reaction enthalpies

B9 pde wie oSs dalise Ayl Ol die el duold)l Ayl Glgimall o dudall ulds
sl Olaadl IMS o lplus oy dadoedl Dylyad! damylll die Gylyal Sgimall Lol daglasll
bl =) Sgimall M (10 of (Revise_Chapter_2_Thermodynamics_Heat capatities)
.(Revise_Enthalpies of physical and chemical changes) «s,1 &)ly> d)s s gl
Gyl S gioeall INS 10 Walu (40 380 ST 9 duylyoell olaudl IS (0 Jelad) Byly> ol
Lolae b S Jolaill §yly> Ol S duds .ol daip caxd dadioll §ylysdh il dis
Jeail) gyl (S gizeadl IS (10 B e Ayl Wgaluw (00 Juiadl 92 daplyaull daidl SIS (0
Dslaodl Gerdaty 3 dlymedl daadl UMy GluasS Jolis (Y (5 lyael! (S gimmal Mol Sy ;85 Lo Tasg
(2-33)
AH = C, AT (2-33)
Syl (Sgimall § il dyma S o Ay Aelinal] slgall s Bylyoedl A2y 8T gy ¢(3-5) JSal
Joxs T JI T1 o0 Bylyaddl dmyd 8L O Al S oBe], Uslaadl IS oo ddde a1y Al laall 5lgal)

)W AI5laal) w9 Ha U] Ha (3o $)lyadl (S gimall s e

F2
H(TD) - B | (gyar (3-3)
Ty
T2
T

Lol B9 A3 (Sl Sgimmadl Gl wis dule (A5l S Aalandl (3 83l S e (3udas oMl dslaall
A Aolaall (§ (e WSy Lo nS 093y oMel Aslaall o
T2
AH®(T,) = A.H®(T,) +f ArC,? dT,Kirchhoff's law (3-5)
Ty
oS 1y Al G pall s delinally 2l olgall Ayl olacdl 3 Gya)l Jiad A, Cy)

1(3-6) dolaall § 839250l (stoichiometric coefficients) 45N gall SMalanll (o gl Jgsaxll
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e

Products A HE(T)

/

Enthalpy, H

A'HO(T‘) Reactants

T,

T Temperature, T

Figure 3-5: Shows the measurements of enthalpies of reactions through,the change inthe temperature.

S ) ©
ACS = z v, - z o (3-6)

Products Reactants

Example 7: The standard enthalpy of formation of H.O(g) at 298 K is -241.82 kJ mol™.
Estimate its value at*100%°C given the following values of the molar heat
capacities at constant pressure: H,O(g): 33.58 J K* mol?; Hz(g): 28.84 J K*

mol?; 02(g): 29.32.J°K! moll. Assume that the heat capacities are

independent of temperature.

Solution 7% The reaction of this example is as following:

1
H,@) + % 02(9) — H;0(g) AH® =—241.82 k] mol!
e S ©
AC, = z vCpm — z vy m (3-6)
Products Reactants

1
£Cy = Com(H20,9) ~[Cm(Hz, 9) + 5 Cpn(02,9)]
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A€y =-9.94 JK 'mol ™!

It then follows that

AH®(T,) = AH®(T,) + AngAT, Kirchhoff's law (3-5)

A H® (373 K) =—241.82 k] mol™! + (75 K) x (9.94 ] anol-

AH®(373 K) =— 242.56 k] mol™!

Homework 5: Estimate the standard enthalpy of formation of cyclohexane, C¢Hix(l), at

400 K from the data in Table (3-4) and h€at capacity is 156.7 ) mol* K™,

3-7  Bond energies (Bond enthalpjes)

Erguon) doedls EgSiio 1 BuSin I8 slgus _nolgYI Bl d8,m0 98 yylyme)l slaasSIl (§ dogall ygadl u>
D3 0 nolsB eSS Sz (€ Baled] (29508 B3kl o Jledl Jue e A Bola)l Jolas dind Lo Jelas
Jl zbes Gguw dide .C 83led) Buaaz gm0 [0S Cgur Jilaalbig B 8olol) ¢ ol i oy 9 A B3I
Sl J) zlizs cliSy B 9 Atk liall (rialall o JSI r5)d i 80 uSd daiDUI BBl Ol
S Gyl Sgiomalls Jaaiie s, S 3l O] s .C B3l o i3 (e B! (298 da3DUI ABUall
~74.81 k) e S)hy= Stme A Sy Olall e 0955 oMel 3,83 b e Jarun JUe . cninoYl g5 0

W (eI Jelad! 3 o 90 WSy emol™

C (s,graphite) + 2H,(g) — CH,(g) AsH® =-74.81 k] mol™!

AW Dslasdl (3 WS NH3 LWgaIl jle 0S5 45T Jlie

N,(g) + 3H,(g) — 2NH3(g)

& o _nolgl diw oS 3Ha (o _nolgl B ao Jelii Ny ¢y0 89 8ol O AasDle Sy Al 0da (3
Jelaxl) )lymdl Sgimmall IS (o D Sas (N-H Jio digaadl 8,508 8409 BBl Gl J2Yg Wi gadl
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iy Bole] e 559 (3-1) Dolasdl IMS 40 L}&J‘ Jelal) ($Hly=dl Ggimeadl Olus 0k @3 (109 éb.w&ﬂ
1 3Y85 i ¢y dslaad!

AHS = 2 nH® - 2 nH® (3-7)

Reactant Products

(855 U/ o/ (Endothermic) kg0 095 8o puS I OF J) S92 olaa)l g yidRlohd Suud!
Az g0 dlelazall

Example 8: Hydrogen gas reacts with chlorine gas to producevhydrochloric acid.
Estimate the enthalpy of formation of 1 molof HCI using the average bond

dissociation energies listed in the table below (3-5):

Table 3-5: Bond energies of HCIl production.

H-H 432 kJ mol™
ci-ci 239 kJ mol™
H-CI 427 kJ mol™
Solution 8:
1 1 S -1
EHZ('g) + EClz(g) > 1HCI(g) A.H~ =? k] mol

1 1
AH® =(gH-H+ 5 Cl—Ch- 1(H - CD)

A HS = [(%432) + % (239) — 1(427)]kJ mol — 1

AH® =-91.5 kJ mol — 1
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Homework 6: Estimate the enthalpy of combustion of methane using the average bond

dissociation energies in the table listed below (3-6):

Figure 3-6: Bond energies of methane gas production.

C-H 413 kJ mol™
0=0 495 kJ mol?
c=0 745 kJ mol?
O-H 467 k) mol*

2nd Lecture And The End of Chapter Three
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