Chemistry 163B
| ectures 6-7

Thermochemistry

Chapter 4 Engel & Reid



heats of reactions (constant volume; ‘bomb’ calorimeter)
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heats of reactions (constant volume; fig 4.3 E&R )4 33,4
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FIGURE 4.3

Schematic diagram of a bomb calorimeter.
The liguid or solid reactant is placed in a
cup suspended in the thick-walled steel
bomb, which is filled with O, gas. The
vessel is immersed in an inner water bath,
and its temperature is monitored. The
diathermal container is immersed in an
outer water bath (not shown) whose
temperature is maintained at the same
value as the inner bath through a heating
coil. By doing so, there is no heat
exchange between the inner water bath
and the rest of the universe.

Rest of universe
Thermometers

Outer water bath

Heating coil

FIGURE 2.3

An isolated composite system is created
in which the surroundings to the system
of interest are limited in extent. The walls
surrounding the inner water bath are rigid. 3



heats of reactions (constant pressure; ‘coffee cup calorimeter’)
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heats of reactions (constant pressure; fig 4.4 E&R ;)4 41314
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FIGURE 4.4

Schematic diagram of a constani pressure
calorimeter suitable for measuring the
enthalpy of solution of 4 salt in water,



most reactions at P constant, AH,=q,

C(gr) +0,(g) — CO,L(9) AH95=-393 kJ

ATP +H,0 — ADP +H,PO,  AH,us~-20.5 kJ

Si0O, (a quartz) — SiO, (B quartz) AHg,s=-907 kJ

NaCl(s) + H,O (/) — Na*(aq) + Cl(aq) AH,gs=+3.9 kJ



topics for thermochemistry, pPpar IS of Ch. 4 Engel & Reid

- Calculate AH. .,

AWHE3 16,1718 Hose's Law, standard heats of formation

HW#3 16,21 * AHreaction VS AUreaction

Hw#3 18, *19  * lemperature (and later pressure) dependence
of AH

reaction

» Calorimetry
 Heats of solution

HW#3 20 * AH...ciion from bond enthalpies



Hess’s Law

AH =H H

reaction products™' 'reactants



AH State Function = Hess’s Law

can’t measure directly

+ C (gr — C(dia) + O,(
O,(9) + C (gr) AH_? 2(9)

AHcom us 10n(dla
AHH_AHCOH’IbU.SthH(gr) II\ /II HI pust )
CO,(

AH=AH,+AH,;,

2(g
AH kJ
AH, C(gr) — C (dia) ?
|
AH,  C(ar) +\®*x(9) — ég&(9) -393.51
+
AHy;, >><%(9) — C(dia) + O,(g) +395.41

AH,;= AH,;+AH,;; =1.90 kJ



factors affecting AH

reaction

» 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
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notation: AH (etc) in terms of molar enthalpies and stoichiometric coefficients

n A +ngB —-n-C + npD AH

reaction

=n.H.+n,H,—-n H, —n,H,

total enthalpy of reactants

/ molar enthalpy of reactant i

— — 4
Hprods: Z niHi Hreacts: Z niHi

i=prods i=reacts .
number of moles of 1

7 7 in stoichiometry
AH,,n= > mH,— > nH, me

reaction

i=prods i=reacts

v, is stoichiometric coefficient of i" reactant / product

v, = n, if iis product species

4

v, =—n, if iis reactant species

4

AH reaction = Z Vi Hi
i
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AH

reaction

vs AU, ...iion @t fixed temperature T

H=U+PV
AH = H — H

prods reacts

AH = AU + A(PV) — AU + (PV)pmds o (PV)reacts

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

APV = (PV)prods _(PV)reacts
APV — (ngasRT)prod o (ngasRT)l‘eaCt
APV =An, RT
[ AH reaction = A(]reaction + AngasR]w ] E&R4th eqn 4.23 ??
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standard states and enthalpies of formation (0, Tmol = 6 ;)

standard state

AH (T,P =1atm |or1bar])

often T is assumed 298K AH?
for standard (“reference”) state 298

define standard states =54

molar enthalpy
of formation

(AH ;98 ) formation H} -

define enthalpy of formation =~ ==p>

13



AH®_  from H°;

rxn

reactants products

o AHO u
(DH° )t\ / (A Dproducrs

elements in most stable state

(AH®),, =2 v(H))

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

14



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

v *Calculate AH

reaction

Hess’s Law, standard heats of formation

v +AH vs AU

reaction reaction

« Temperature (and pressure) dependence

of AH

reaction

» Calorimetry

* Heats of solution

* AH

reaction

from bond enthalpies



temperature dependence of H of substance at constant P

dH =nC,dT + (G—Hj dP
oP ),

pu—
for a given reactant or product at constant P

dH,=nC,dT  dH,=C,dT

change in L T

enthalpy of jdH = jCPdT

substance | == T, T
T,->T,

H(T,)- A(T)= [ C,dT

T,

_ A1) - AT+ [CodT

T,



temperature dependence of AH

reaction

AHreaction = Zviﬁi (ACP )reaction - Zvi (EP )i AH"xn (]I,P)
- - n VS
H(T,)= H,(T,)+ [ (C,)dT AH,, (T,,P)
T, rxn 29

T~

A}Ireaction (]; ) = Z Vi ﬁi (]12 )
—

Zv,.ﬁ,.(Tz)=ZviF1,.(Tl)+Zv,.f(5P),.dT
l l ¢ v change of AH

xn

r

\

Whel"e ACP = Zvi (617 )i = "(CP )products - (CP )reactants "

AI{reaction (]; ) = AI{reaction (]1 ) + J Z Vi (CPV T1 —)Tz
\

T,
AI{reactian (];) =AH (Tl') + j ACPdT

reaction
T

J

(reaction carried out at constant P,T)
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example problems : AH from H; and AH T=298K = 398K

) 3C,H, (g) » CsHg (¢) calc AH®,gq l
(aH;) 2274 49.1 kJ mol”'
(AH") p 3(2zz.4) + 1(49.1) =—633.1kJ  [per mol C_H_ ()]
(mol) (kJ mol') + (mol)(kdmol') =  kJ
| 3CH,(9) > CH (1) calo AHOy, i |
C, 44, 136.0 (J K 'mol™)
AC, -3(44.0) + 1(136.0) =4.0 (JK™)
398
(AH"), . =(AH") .+ I AC,dT =(AH"), . +AC, AT | C,independent of T
298
(AH®).  =—633.1kJ +(4.0x10° kJ K™ (100K)=-632.7 kJ

398°
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topics for thermochemistry, parts of Ch. 4 E&R

v *Calculate AH

reaction

Hess’s Law, standard heats of formation

v, - AH vs AU

reaction reaction

v~ e+ Temperature (and pressure) dependence

of AH

reaction

» Calorimetry

* Heats of solution

* AH

reaction

from bond enthalpies



heats of reactions (constant volume)
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heats of reactions (constant pressure)

AHp = qp

AH=H H

products™

reactants

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

useful for small samples (often biological)

22



DTA differential thermal analysis
DSC differential scanning calorimetry

Reference
thermocouple

heat input

Time

T of reference rises
linearly with time
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DTA differential thermal analysis
DSC differential scanning calorimetry

T rise due to g from

calorimeter into sample Trise due tq
PLUS - q from calorimeter

AH from process (e.g. into reference

phase change or
protein denaturation)

chemical reaction, t

Sample Referance
themocouple themmocouple

Resistive heater
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DTA differential thermal analysis
DSC differential scanning calorimetry

denaturation of protein

Cp(T)

Time

Cpsample in_creag,es during
denaturation since some
of g;, goes to denaturation

A

Ce(T)

Intermediates during
denaturation

FIGURE 4.8
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how H and AH change with pressure (don’t FRET now)

will prove later:

OH) v 7Y iy i
oP ), orT ),

a EL[@_VJ the coefficient of thermal expandion
P

V\or
(8AH

oP

reaction j — Zvl_ (I7l — Tﬁa,)
T i

Will show later:

dependence of AH

reaction

on pressure is usually weak

26



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

. . =0 . . . . . .
importance: how to assign Hf for an individual ion in solution
since ions come in ‘pairs’

resolution: assign ﬁg(H+ (aq, 1M),4ea)=0

and measure H? 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,SO,(aq)—Na,SO,(aq)+2H,0(l)

Assume complete dissociation of NaOH, H,SO,, and Na,SO,.
AH,, .. =-24H}(Na*)-24H)(OH )-24H(H*)- AH'(S0;")
+2AH ) (Na")+ AH(SO;" )+ 24H(H,0) 27



heats of formation of ions (heat of solutions)

HOW TO GET AH; for CI (aq)

HCI (g ,1 bar ) 2 > H (aqa 1M)ideal +CI (aq’ 1NDideal
AH =-74.9KkJ

measured

-74.9 kI =-AH' (HCI(g)) + AH (H " (aq)) + AH ' (CI (aq))
-74.9 kJ = -(-92.3k]) + 0 + H"(CI'(aq))
AFI? (CI (aq)) =-167.2 kJ mol™

GOT AH, for Cl (aq)
NOW

28



heats of formation of ions (heat of solutions)

GET AH', for Na*(aq)

NaCl(s) —="— Na'(aq, IM),., +CI'(aq, IM),q,
AH = +3.89kJ

measured

+3.89kJ = -AH’(NaCl(s)) + AH’ (Na" (aq)) + AH’ (CI (aq))
+3.89k] = -(-411.21<J)+Aflj (Na*(aq)) + (-167.2 kJ)

Aﬁj (Na"(aq)) = -240.1 kJ mol™

Substance dHf (kJ mol ™)

AP (aq) ~538.4 ete.

Ba**(aq) -537.6

Br (aq) ~-121.6 29



AH, ..., from bond enthalpies (p. 92)cp4, [P- 69]crsrq

reactants

AH,,, | AH

sublim

reactants (gas phase)

~AH

AH

reaction

_— products

-AH,,, | -AH

sublim

—> products (gas phase)

bond enthalpies

30



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

reaction

31



AH

reaction

from bond enthalpies

reactants (gas phase) —— products (gas phase)

\

AH =) enthalpy bonds broken

AH >0 endothermic

\

/

AH =) enthalpy bonds formed

AH <0 exothermic

/

atoms in gas phase

32



AH

reaction

from bond enthalpies

TABLE 8.4 Average Bond Enthalpies (kJ/mol)
Single Bonds

C=I1 413 N—H 391 O—=I 463 F=—F 155
C—C 348 N—N 163 O—0 146
C—N 293 N—O 201 O—F 190 Cl—F 253
C—0O 358 N—F 272 O—C1 203 Cl—C1 242
C—F 485 N—Cl 200 O—1 254
C—C1 328 N—DBr 243 Br—F 237
C—Br 276 5—H 339 Br—C1 218
| 240 H—H 436 5—F 327 Br—Br 193
C—5 259 H=F 567 5—C1 253

H=—{1 431 5—Br 218 [—C1 208
Si—H 323 H=—Br 3066 5=5 206 [—Br 175

S5i—5i 226 H=—I 299 [—I 151
Si—C 301

5i—0 368

Multiple Bonds

= 6l4 N=N 418 495

C=C B3Y N=N 941

C=] 615 N=0O a07 5=0 523

=N 891 S=5 418

=0 79

=0 1072

http://wps.prenhall.com/wps/media/objects/165/169060/tool0801.gif



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

AH;: 3C(gr) + 3H, (g) — CH;CH=CH,(qg) HOH oK

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

AHgas phase . 3C(g) + 3H2 (g) — CH3CH CHZ(g)

/

AH=3BE(H,) AH=-6BE(C-H)-BE(C-C) -BE(C=C)
= 3 (436kJ) =- 6 (413kJ) - (348kJ) - (614kJ)
/

3C(g) + 6H (g)
AH= (3x717 + 3x436 - 6x413 - 348 - 614 )kJ= 19 kJ

34



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

AH;: 3C(gr) + 3H, (g) — CH;CH=CH,(qg) HOH oK
I 3AH, (C)=3(717) kJ
AHgas phase * 3C(g) + 3H2 (g) — CH3CHCH2(g)

AH=3BE(F& AH=-6BE(C-H)-BE(C-C) -BE(C=C)

TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGAI

Molecular A Hy
Substance Formula Weight k) mol ™)
Propene{g) CaHg 42,08 20.0

35



bond enthalpy vs bond energy

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

* bond enthalpy: thermodynamic heat measured
atconst P

* bond energy: the bond strength from quantum
mechanical calculation

 can be interconverted by the AH= AU+ An__.RT

gas

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



table 4.3 E&R

TABLE 4.2 MEAN BOND ENERGIES

1 2 Selacted Bond Energies
(kimaol)

13 14 16 16

Gais

BITIgE ki112
L

FARRRE]

bond with self

Bond with H
Single, double bond with O
Bond with F

17

18
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AH

reaction

from bond enthalpies

TABLE 8.4 Average Bond Enthalpies (kJ/mol)
Single Bonds

C=I1 413 N—H 391 O—=I 463 F=—F 155
C—C 348 N—N 163 O—0 146
C—N 293 N—O 201 O—F 190 Cl—F 253
C—0O 358 N—F 272 O—C1 203 Cl—C1 242
C—F 485 N—Cl 200 O—1 254
C—C1 328 N—DBr 243 Br—F 237
C—Br 276 5—H 339 Br—C1 218
| 240 H—H 436 5—F 327 Br—Br 193
C—5 259 H=F 567 5—C1 253

H=—{1 431 5—Br 218 [—C1 208
Si—H 323 H=—Br 3066 5=5 206 [—Br 175

S5i—5i 226 H=—I 299 [—I 151
Si—C 301

5i—0 368

Multiple Bonds

= 6l4 N=N 418 495

C=C B3Y N=N 941

C=] 615 N=0O a07 5=0 523

=N 891 S=5 418

=0 79

=0 1072

http://wps.prenhall.com/wps/media/objects/165/169060/tool0801.gif



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

v *Calculate AH

reaction

Hess’s Law, standard heats of formation

v +AH vs AU

reaction reaction

v~ e+ Temperature (and pressure) dependence

of AH

reaction

v * Calorimetry

v~ * Heats of solution

v °*AH

reaction from bond enthalpies



end of tﬁermocﬁemistry section )

on to the 2" Law
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E&R,, prob 4.33 HW3 #16

16. E&R4n P4.33 1f 4.206 g of ethanol, C2ZH50H(I) is burned completely in a
bomb calorimeter at 298.15 K, the heat produced is 124.34 kJ.

a. Calculate AH;ompustion fOr €thanol 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) !!]
combustion:  C,H;OH(/) + 30,(g) — 2C0,(g) + 3H,0(/)

a - AH ?ombustion
bomb calorimeter = q,,

measure convert to

q,= AU = Aﬁ‘)(\
(assume pure liquids,

gases 1 bar partial pressure)

41



E&R prob 4.33b HWS3 #16 (cont) using AH' . from 4.33a

comb

C,HsOH(f) + 30,(g) —» 2CO,g) + 3H0(¢) |

AH:  AH'(EwoH) 0 -393.5 -285.8 kJ mol™

=0 kJ kJ
AHc(')omb — [(-1 mol)AHf (EtOH) + (-3 mol) (O) + (2 mol) (-393.5m—01) + (3 mol)(-285.8m—01)]
ZV- (Aﬁ ) SOLVE FOR AH{(EtOH)

AH ; (Eror) = [ +(2) (-393.5) + (3)(-285.8) - AH,,,,, 1kJ mol”

‘AF_I;’,(EtOH) = -279.7 kJ mol_l‘ I

42



TABLE 4.1 (CONTINUED)

Substance

H(g)
OH(g)
Hy0(g)
H,0()
H,0(s)
H;0x(g)
H'(aq)
OH " (ag)
Carbon

Graphite(y)
Diamond(s)
C(g)
CO(g)
COx(g)
HCNig)
CN(aq)
HCO;(aq)
CO3 (aq)
Oxygen
Os(g)

O(g)

Os(g)
OH(g)

OH (aq)

AHF (k) mol ")

218.0
39.0
—241.8
—285.8
—136.3
0
—230.0

1.89
716.7
—110.5
—393.5
135.5
150.6
—692.0
—£5732

2492
142.7
39.0
~230.0

AG} (k) mol ) S°(Jmol 'K
203.3 114.7
34.2 183.7
—2286 188.8
—237.1 70.0
48.0
—105.6 232.7
0 0

-157.24 -10.9

0 5.74

2.90 2.38
6712 158.1
-1372 197.7
—394.4 213.8
124.7 201.8
172.4 94.1
—586.8 91.2
5278 —50.0
0 205.2
231.7 161.1
163.2 238.9
34.22 183.7
-157.2 -10.9

Cp.m (Jmol 'K

208
209
336
753
36.2 (273 K)
43.1

8.52

6.12
208
29.1
37.1
35.9

204
219
39.2
29.9

Atomic or
Molecular
Weight (amu)

1.008
17.01
18.015
18.015
18.015
34.015

1.008
17.01

12.011
12.011
12011
28011
44010
27.03
26.02
61.02
60.01

31.999
15.999
47998
17.01
17.01
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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°_,,ustion fOr €thanol 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) !!]
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TABLE 4.1 (CONTINUED)

Substance

H(g)
OH(g)
Hy0(g)
H,0()
H,0(s)
Hy0a(g)
H'(aq)
OH " (ag)
Carbon

Graphite(y)
Diamond(s)
C(g)

CO(g)
COx(g)
HCNig)
CN~(aq)
HCO;(aq)
CO3 (aq)
Oxygen

Os(g)
Odg)
Os(g)
OH(g)
OH ™ (aq)

AHF (k) mol ")

218.0
39.0
—241.8
—285.8
—136.3
0
—230.0

1.89
716.7
—110.5
—393.5
135.5
150.6
—692.0
—£5732

2492
142.7
39.0
~230.0

AG} (k) mol )

203.3
34.2
—228.6
—237.1

—105.6
0
—157.24

2.90
6712
-1372
—3944
124.7
172.4
—586.8
=5378

231.7

163.2
34.22

-157.2

s°(Jmol 'K

114.7
183.7
188.8
70.0
48.0
232.7
0

-10.9

5.74

2.38
158.1
197.7
2138
201.8
94.1
91.2
—50.0

205.2
161.1
238.9
183.7
-10.9

Cp.m (Jmol 'K

208
209
336
753
36.2 (273 K)
43.1

8.52

6.12
208
29.1
37.1
35.9

294
219
39.2
29.9

Atomic or
Molecular
Weight (amu)

1.008
17.01
18.015
18.015
18.015
34.015

1.008
17.01

12.011
12.011
12011
28011
44010
27.03
26.02
61.02
60.01

31.999
15.999
47998
17.01
17.01




TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGANIC COMPOUNDS AT 298.15K

Molecular AHj AR i AGj §° .
Substance Formula  Weight (kJmol™") (kJmol™)  (kJmol)) (Jmol'K™) (Jmol 'K
Carbon (graphite) C 12.011 0 —3935 0 574 8.52
Carbon (diamond) C 12.011 1.80 ~305.4 2.90 2.38 6.12
Carbon monoxide Cco 28.01 ~110.5 ~283.0 -137.2 197.7 29.1
Acetone(/) C3HeO 58.08 —248.4 ~1790 ~155.2 199.8 126.3
Benzene(!) CeHg 78.12 49.1 ~3268 124.5 173.4 136.0
Benzene(g) CeHg 78.12 82,0 —3303 129.7 269.2 “824
Benzoic acid(s) C;H0, 122.13 —3852 —3227 —245.5 167.6 146.8
1,3-Butadiene(g) C4Hg 54.00 110.0 —2541 798
Dimethyl ether(g) C,HO 131.6 —184.1 —1460 —112.6 266.4 64.4
Ethane(g) C,Hg 30.07 —84.0 —1561 -32.0 229.2 525
Ethanol(/) C,H 0 46.07 —277.6 —1367 ~174.8 160.7 112.3
Ethanol(g) C,HeO 46.07 —2348 —1367 ~167.9 281.6 65.6
Ethene(g) C,H, 28.05 524 —1411 68.4 219.3 42.9
Ethyne(g) CH, 26.04 2274 ~1310 2002 200.9 44
Formaldehyde(g) CH,0 30.03 —108.6 —571 —1025 218.8 35.4
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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)]

i

standard molar heat of formation (H?° or A H?°):
(AH-°) caciion Where 1 mole of substance is produced from

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

Aﬁ; at 298K 1n kJ/mol
C(gr)=0 O,(2)=0 C(dia)=1.89 H,0(g)=-241.8 H,0(/)=-285.8
B0 CL(@0 1,()624 L0 f.
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