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heats of reactions (constant pressure; fig 4.4 E&R ) 4 4134
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heats of reactions (constant pressure; ‘coffee cup calorimeter’)
\\
Themometer
La
AHp=gp
|- stirrer
- [Gompane
AH= Hproducts'Hreactants \
R
4
4

most reactions at P constant, AHp=q

C(gr) +0,(g) — CO4(g) AH,9=-393 kJ
ATP +H,0 — ADP+H,PO,  AH,g4=-20.5 kJ
Si0, (a quartz) — SiO, (B quartz)  AHg,=-907 kJ

NaCl(s) + H,0 (¢) — Na*(aq) + Cl-(aq) AH,e=+3.9 kJ
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topics for thermochemistry, Parts of Ch. 4 Engel & Reid

HW#3 16,17,18 Hess’s Law, standard heats of formation

- Calculate AH ¢ag5i0n

HW#3 16,21 * AHreaction Vs AUr(-x:u:tion

Hw#3 18,*19 * Temperature (and later pressure) dependence
of AHre'action

« Calorimetry
* Heats of solution

Hw#320  * AH ..cion from bond enthalpies

Hess’s Law

AHreact('on = Hproduds' H reactants

AHy=AH gmusiion(E) 11

AH State Function = Hess’s Law

can’t measure directly

O5(9) + C(gn) ﬁ; C(dia) + O4(g)

{1 AHy==AH, gpusion(dia)

AH=AH;+AH;

factors affecting AH,, o

« stoichiometry
AH is extensive; AH is intensive

« physical state
phase or crystal form of reactants and products

 temperature and pressure

» does NOT depend on path

10

10

COx(9)
AH kJ

AH, C(gr) — C(dia) 2
I
AH, G+ D) — C%(9) -393.51
+
AHy, E<§(9) — C(dia)+ O,(g) +395.41

AH=AH+AH};; =1.90 kJ 9

9

notation: AH (etc) in terms of molar enthalpies and ichi tric coefficients

npA +ngB —ncC + npD AH . =nH +n,H,-nH —nHy

total enthalpy of reactants
molar enthalpy of reactant i

Hypp= 2 nH, H,, =73 nf,
i- prods i-resers N
number of moles of i
- T T in stoichiometry
AH = 2, nH,— 3 nH,
i=prods imreacts

v, is stoichiometric coefficient of i * reactant / product
v, = n, if iis product species

v, =—n, if iis reactanr species

4H,

reaction VS AUeaction at fixed temperature T

H=U+PV
AH =H,, , —H o,
AH =AU + A(PV)=AU +(PV),, 1, = (PV) et

assume:
i) PV and APV is small for solids and liquids
i) Gasses follow ideal gas law

APV =(PV) s, =(PV), i
APV = (1 RT) og = (Mo RT), s

APV =An, RT

'gas

E&R,, eqn 4.23 77

12

[ AH!fde! = AL—I'NmOﬂ + AI'LM'R T ]

11

12
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standard states and enthalpies of formation (0, Tmol = 6 r;z)

standard state

AH'(T,P=1atm [or1bar])

often T is assumed 298K
for standard (“reference’) state

define standard states =~ ===

= _ g molar enthalpy
(O3 i =

define enthalpy of formation ==>

13

topics for thermochemistry, parts of Ch. 4 E&R

v - Calculate AH,.gi0n
Hess’s Law, standard heats of formation

v 'AHreaction vs AUreacﬁon

» Temperature (and pressure) dependence
of AH

reaction

« Calorimetry

* Heats of solution

* AH ¢aciion from bond enthalpies

temperature dependence of AH,,.,, (reaction carried out at constant P,T)

MM =3V, (ACp) 0 =2V (C), AH, (T,,P)

vs
AH(\H ' TI ‘P)

T
A(1y)= B (L)~ [(Cp)al
I

AH,

ruson T
ST = v @)+ Y, [ (Cp)dT
] l J l [

T

2 _ change of AH,,,
AH peson(T) = A, (T) + | ¥ 11 (C) AT
77

T,-T,

I -~
AH e (T) = AH,, (T) + | AC,dT
T

where  AC, =3 Vi(C1), ="(Cp) e —(CpVpuiams™

17

AH°,,,, from H°

reactants

—

products

. -
(aH ,)\ / (BH s

|elements in most stable state |

(AHD)JFT = ZU,(JL_I? )r

do HW#3 problem 16b (E&R P4.33b)

14
t ature depend. of H of subst at constant P
aH =T+ | ap
\eP)r
Jor a given reactant or product at constant P
dH,=nCpdT  dH,=C,dT
change in r T
enthalpy of |dB = [ Cpar
substance H T
T,-T, _ _ L
H(T)-H(T) = [ T,dT
I
L -
H(T) =B(T)+ | CpdT
T
16

example problems : AH from H; and AH T=298K = 398K

3C,H, (g9) = CgHg (1)  calc AH g ﬁ
(aH;), . 2274 49.1 KT mot”
(AH’}W ;3(22;7.4) + 1(49.1) =—633.1kJ [per moi C.H_(()]
[(moy (ks mor) + (mopksmor') = k]
3C,H, (g) — CeHg (£)  calc AHg
Cp 44, 136.0 (JK " mol™)
AC, -3(44.0) + 1(136.0) =40 (JK™)

3%
(AH®), . =(AH) + j AC,dT =(AH"), +AC, AT [ C,independent of T
2%

(AH),,, =-633.0 kJ +(4.0x10° kJ K™) (100K) = - 632.7 kJ

18

18
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topics for thermochemistry, parts of Ch. 4 E&R

v+ Calculate AH ¢.c0n
Hess’s Law, standard heats of formation

v+ AHeaction VS AU reaction

v/ *Temperature (and pressure) dependence
of AHreaction

+ Calorimetry

* Heats of solution

* AH ¢4ci0n from bond enthalpies

19
19
heats of reactions (constant pressure)
Themometer
ua
AHp=gp
|- Strer
Water
Fuel [~ Compartment
Comparntment
AH= Hproducts'Hreactants \
e ]
21
21
DTA differential thermal analysis
DSC differential scanning calorimetry
Lid
v
Time
T of reference rises
linearly with time
heat input
23

heats of reacti (constant vol )

Motorized stirrer

—~ Electrical leads for

igniting sample
Thermometer
AUy =qy

Insulated container
O, inlet
Bomb

= - (reaction chamber)

AU Uproducts Ureactants

Fi ire in contact
wi

sample

Cup holding sample

Water

20

20

DSC- differential scanning calorimetry (enrichment, don’t FRET)

useful for small samples (often biological)
22

22

DTA (differential thermal analysis
DSC differential scanning calorimetry

T rise due to q from -
calorimeter into sample Trise due to
PLUS ™ q from calorimeter
AH from process (e.g. S into reference
chemical reaction,
phase change or
protein denaturation)

PAAAAS

Il

Rasiatve haater

24

23

24
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DTA (differential thermal analysis
DSC differential scanning calorimetry

CelT)

denaturation of protein

Intermediates during
denaturation

CplT)

Time

Cpsampie iNCreases during
denaturation since some
of q;,goes to denaturation

25

25

heats of formation of ions (heat of solutions), (Example 4.4 p 73);,4

importance: how to assign F_If', for an individual ion in solution

resolution: assign ﬁj{(H*(aq, 1M)igea)=0

since ions come i 'pairs’

and measure ﬁ; for other ions relative to H*

another importance: HW3 #21 E&R,, P4.5d

21. P4.5 Calculate Ar H° and ArU° at 298.15 K for the following reactions:
d. 2NaOH(aq)+H,S0,(aq)—Na,SO4(aq)+2H,0(1)

Assume complete dissociation of NaOH, H,SO,, and Na,SO,.

AH,,..,,=-2AH;(Na*) -2 AH(OH") —2AH;(H*)— AH}(S0.)
27

+2AH(Na* )+ AH }(S0;") +2AH [(H.0)

27

heats of formation of ions (heat of solutions)

GET Aﬁf, for Na™ (aq)

NacCl(s) —22 Na™(aq. IM),,,+CI' (ag. IM),,

how H and AH change with pressure (don’t FRET now)

will prove later:

N\

PPN  ~
( (oF
-1 %
P )y LeT Jp
1 . -
the coefficient of thermal expandion

7l

=V -IVa

=

\

(7]

]

Vv
er

.

a
/p
)

( 6AH _ —
| Bl | Sy (07 TV,
(T )&

\

Will show later:

|dependence of AH ¢acion ON Pressure is usually weak

26

26

heats of formation of ions (heat of solutions)

HOW TOGET Aﬁf, for CI (aq)
HCI(g.1 bar) —*° 5 H (aq. IM),,,+Cl (aq. IM),.,
AI-Imeasured: -74.9 kJ

749Kk = Aﬁi (HCI(g))+ Aﬁi (H"(aq)) + Aﬁﬁ (CI™ (agq))
749 kI = «(-923kI) + 0+ H!(Cl'(aq))
Aﬁﬁ (Cr (ag)) =-167.2 kI mol™
GOoT Aﬁof for Cl (aq)
NOW

28

AH_,  ..= t3.89kJ
+3.89kT = -AH"(NaCl(s)) + AH’ (Na™ (aq)) + AH° (CI'(aq))
+3.89K] = (411.2K]) + AH (Na"(ag)) + (-167.2kJ)

Aﬁ: (Na™ (ag)) = -240.1 kI mol™
Substance AHF (KJ mol 1)
AP*(ag) —538.4 etc.
Ba?*(aq) ~5376
Br (aq) 121.6 29

29

28

AH,o,c1i0n from bond enthalpies (p. 92)eryn Ip- 69ersa

AHreacfion

—_— products

reactants

'AHvap 'AHsuinm

AH, vap AH, sublim

— products (gas phase)

reactants (gas phase)
~AHonq enthalpies

30

30
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AH,

reaction from bond enthalpies

« Similar bonds (C-H, C-C, C=C, C=0, etc) in
similar molecule have similar enthalpies
(energies)

» Use bond enthalpies (averaged over
experimental data from several molecules)
to approximate the enthalpies of the bonds
broken in reactants and bonds formed in
products to approximate gas phase AH,,ion

AH,,ion from bond enthalpies

reactants (gas phase) — products (gas phase)

/

AH =% enthalpy bonds formed

AH =7 enthalpy bonds broken

AH >0 endothermic AH <0 exothermic

atoms in gas phase

32

31
AH,,..i,n, from bond enthalpies
TABLE8.4 Average Bond Enthalpies (k)/mol)
Single Bonds
C—H 413 N—H 31 O—H 463 F—F 155
C—C M8 N—N 168 0—0 6
C=N 293 N—O 201 O—F 1% C—F 25
Cc—0 38 N—F 22 0= 23 1 242
C—F 485 N—C1 200 O—1 23
Cc—Cl 328 N—Br 243 Br—F 237
C—Br 276 S—H 39  Be—Cl 218
C—l 240 H—H 4% S—F 327  Br—Br 193
C—5 2% H—F 57 S—C1 253
H=Cl 431 S—Br 218 =l 208
Si—H 323 H—Br 36 S$—$ 266 I—Br 175
Si—si 226  H—l 299 =15
Si—C 301
Si—0 368
Multiple Bonds
Co=(. ol4 Ne=N 418 O 495
C=C 839 N=N M1
CmN 615 NmO 607 S=mO 523
=N 891 SemS 418
C=O 799
=0 1072
http://wps.prenhall.com/wps/media/objects/165/169060/tool0801.gif 33
example AH; CH;CH=CH,(g)
AH,: 3C(gr) + 3H, (g) - CH,CH=CH,(g) Y
1
H

;
H—v‘T—
I ;

AHgas phase : 3c(g) + 3H2 (g) - CHJCHCHZ(g)

I 3AH,,,(C)=3(717) kJ

AH=3BE(H,) [ AH=-6BE(C-H)-BE(C-C) -BE(C=C) J
TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGAL
Molecular AHy
Substance Formula  Welght KJ mol™)
Propene(g) CaHg 42.08 20.0
35
35

32

example AH; CH,CH=CH,(g)

AH,: 3C(gr) +3H,(g) » CH,CH=CH)(g) v ¥

1
g
‘ H H

AHgasphase :3C(g) + 3H, (9) — CH3CHCH2(g)

AH=-BBE(C-H)-BE(C-C) -BE(C=C)
=3 (436kJ) =-6 (413kJ) - (348kJ) - (614kJ)
7/
3C(g) + 6H (g)

‘AHf= (3717 + 3x436 - 6x413 - 348 - 614 )kJ=19 kJ ‘

‘ 3AH,,(C)=3(717) kJ

34

34

bond enthalpy vs bond energy

« often [mis]used interchangeably
Usually both meant to mean bond enthalpy

* bond enthalpy: thermodynamic heat measured
at const P

* bond energy: the bond strength from quantum
mechanical calculation

* can be interconverted by the AH= AU+ Ang, RT
relation (p. 92 [68],,; example problem 4.1 for O-H bond
bond energy= 461 kJ mol' vs bond enthalpy=463.5 kJ mol-! )

* Table 4.3 E&R is weird (hard to read)
36

36
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table 4.3 E&R

TABLE 43 MEAN BOND ENERGIES

fyaey

o

F
H

B
5

e

ey
H
FE
H

garre

37
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topics for thermochemistry, parts of Ch. 4 E&R

v - Calculate AH,.gi0n
Hess’s Law, standard heats of formation

v 'AHreaction vs AUreacﬁon

v/ +Temperature (and pressure) dependence
of AH

reaction

v * Calorimetry

v * Heats of solution

v *AHieacion from bond enthalpies

E&R,,, prob 4.33 HW3 #16

16. E&Ryy, P4.33 If 4.206 g of ethanol, C2H50H(I) is burned completely in a
bomb calorimeter at 298.15 K, the heat produced is 124.34 kJ.

a. Calculate AH®compyeon for ethanol at 298.15 K.

b. Calculate AH? of ethanol at 298.15 K.

[for part b. use Appendix A (4.1) only; no peeking at A(4.2) 1]
combustion:  C,HsOH(¢) + 30,(g) — 2CO,(g) + 3H,0(¢)

a. AH?,....

bomb calorimeter =>qs,,
measure conver\ to

q.= AU = AHLS=
(assume pure liquids,

gases 1 bar partial pressure) "

41

AH,,ion from bond enthalpies

TABLE 8.4 Average Bond Enthalpies (k)/mol)

Single Bonds
C—H 413 N—H 391 O—H 46 F—F 155
c—C N—N 163 O—0 146
C=N N—O 201 O—F 1% C—F 25
=0 72 O—Cl 203 = 242
=t N—Cl 200 O—1 23
= 3 N—Br 243 Br—F 137
C—Br 276 S—H 39  B—C 218
Cc=l 240 H—H 436 S—F koo Br—Br 193
=5 259 H—F 567 S—C1 253

H—Cl 431  S—Br 218 -1 208
Si—H 323 H—Br 366 55 260 I—Br 175
Si—Si 26 H—l 299 =151
Si—C 301
Si—O 368

Multiple Bonds

C=C 614 N=N 418 O 495
C=C 839 N=N W1

C=N 515 Ne=() 607 S=0 523

C=N 891 Se=b 418
Ce=() 799
=0 1072
http://wps.prenhall.com/wps/media/objects/165/169060/tool0801.gif 38
38
end (f tﬁermocﬁemistry section !
on to the 2" Law
40
40
E&R prob 4.33b HW3 #16 (cont) using AH__ , from4.33a
C,HOH(?) + 30,(g)— 2CO,(g) + 3H,0(1)
AH}:  AH}(Ewom) 0 -393.5 285.8 kImol™
R (208) +(3ma) (0) + 2 (39352 ) + (3ma)2855.L
AHS,..M,: [(-1 met)AH; (£t0H) + (-3 md) (0) + (2 1)(393.5"”’) (3 a)(285‘8"m’)]
Z v. {JFI, ).- SOLVE FOR AH{(EtOH)

AHy(Eror) = [+(2)(-393.5) + (3)(-285.8) - AH,,;, ] KJmol™

| AR (s10m) = - 279.7 kJ mar‘| “

42

42
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E&R,,, prob 4.33b  HW3 #16

16. E&R,y, P4.33 If 4.206 g of ethanol, C2H50H(I) is burned completely in a
bomb calorimeter at 298.15 K, the heat produced is 124.34 kJ.

a. Calculate AH® o pustion fOr ethanol at 298.15 K.
b. Calculate AH?; of ethanol at 298.15 K.

[for part b. use Appendix A (4.1) only; no peeking at A(4.2) !]

TABLE4.1 (CONTINUED)
Atomic ar
Mokcular
Substance A (k) mol 'y AGH (K mol 'y S idmel 'K Chm Jmel 'Ky Welght (amu)
2033 1187 208 1008
M2 1837 200 17.01
418 2286 1888 16 18015
258 2371 700 253 18015
- 480 W2Q1K) 18015
1363 106 227 431 34015
0 o o 1008
OH (ag) 200 15724 109 101
Carban
Graphis o 0 574 12011
Diamond(s) 159 200 238 12011
@) 7167 6712 1561 12011
CORg)y 1105 -1372 977 28011
3015 3044 2138 44010
TS 1242 2008 2708
N 1506 1724 Ll 260
HCOs (ag) 20 858 6102
0 (ag) 6752 218 001
Onyzen
Oulg) [ o 2082 294 31999
Oig) 817 1611 29 15999
Osie) 1632 289 W2 47998
422 1837 299 170 “
1572 109 17m
43
43
TABLE4.1 (CONTINUED)
Atomic or
Mokcular
Substance AHj (k) mol ™) AG7 (K mol ™) S Ul K Chm (Jmol 'K Weight (amu)
2033 a7 208 1008
12 1837 299 1701
2286 1888 16 18015
2371 700 253 18015
480 362273 K) 18015
1363 1056 223 4 34015
0 o o 1008
2300 15724 109 1701
Carbon
Graphite(s) 0 0 852 12011
Diamond(s) 159 200 612 12011
Clg) 7167 712 208 12011
<o) 108 1372 291 21011
COxe) 3915 344 oA | H“How
s 124 59 2703
1506 1724 %00
6920 w68 6102
6752 28 001
Onyzen
Oxe) [ 0 2082 294 199
o) oz 817 1611 219 15999
Oyig) 1427 1632 2389 2 47998
o un 1837 200 1701 “
OH (ag) 2300 1572 109 1701 q

44
44
TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGANIC COMPOUNDS AT 298.15 K
Molecular Amy Al b artion A6y s Chm
Substance Formula  Weight  (kJmol ') (kJmol)  (kJmol)  Umol 'K mel 'K
Carbon (graphitc) c 12011 0 308 0 574 852
C 120n 1.89 W54 290 238 6.12
2801 1105 2830 1372 1977 201
58.08 2484 1790 1552 1998 1263
7812 49.1 168 1245 1734 1360
7812 r"' 3303 1297 2692 TX
12213 52 227 2455 1676 1468
1.3-Butadiene(g) 54.09 o0 -2541 To8
Dimethyl cther(g) 1316 1841 ~1460 -n26 2664 644
3007 840 1561 00 292 525
46,07 e 1367 1748 160.7 123
4607 218 1367 1679 216 656
2805 s24 141 64 2193 429
2604 204 -1310 2002 2009 s
3003 1086 sn 1025 2188 354
46

45

standard states and standard heats of formation

standard state (°): gas partial pressure 1 bar
liquid or solid  pure substance at 1 bar
solute insoln 1 M (molar) [~ 1m (molal)]

f

standard molar heat of formation (H. or A HP):
(AH+°),eaction Where 1 mole of substance is produced from

elements in their most stable form at given temperature
(some texts, e.g. E&R,y,,say T=298°also part of definition)

AH} at 298K in kJ/mol
C(gn=0 O,(g)=0 C(dia)=1.89 H,0(g)=-241.8 H,0(/)=-285.8
E(eF0 CL(®)=0 L(g=624 L(s)=0

47

46




