Chemistry 163B Winter 2014
Lectures 6-7 Thermochemistry

Chemistry 163B
Thermochemistry

Chapter 4 Engel & Reid

heats of reactions (constant volume; ‘bomb’ calorimeter)

Motorized stirner
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igniting sample
Thermamiter
AUy =ay

Insulated container
O, inlet
Bomb

= - (reaction chamber)

AU Uproducts Ureactants

Fine wire in contact
with sample

Cup holding sample

Water

heats of reactions (constant volume; fig 4.3 E&R)

AU, = qy

AU= Uproducts'ureactants

FIGURE 4.3 —

2
heats of reactions (constant pressure; ‘coffee cup calorimeter’)
1
\
AHp=qp
AH= Hproducts'Hreactants
4

3
heats of reactions (constant pressure; fig 4.4 E&R)
AHp=gp
AH= Hproducts'Hreactants
5

most reactions at P constant, AHp=qp
C(gr) +04(g) — CO4(9) AH;04=-393 kJ
ATP +H,0 — ADP+H,PO,  AH,05~—20.5 kJ

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

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

HW#3 16 - Calculate AH ¢action
HW#4 17,18 Hess’s Law, standard heats of formation
HW#3 16

* A"lrea\'::(ion vs AUreaction

» Temperature (and later pressure) dependence

Hess’s Law

AHreaction = Hproducts'Hreactants

HW#4 18, *19
of AHreac;lion
+ Calorimetry
* Heats of solution
;‘:Yg: * AH ¢action from bond enthalpies
————————————— MIDTERM1 == == === == === 7
AH State Function = Hess’s Law
I .
0,(g) + C(gr) ——— C(dia) + O,(9)
AH=?
AHpy=—AH gpustion(di
AH}=AH ompustion(80) 1 I i combusion(i2)
AH=AH,+AH,
COx(9)
AH kJ
AH; C(gr) — C(dia) ?
I
AH,  Clon)+ Oy0) — \(9) -393.51
+
AHy, &(9) —  C (dia) +}§? (g) +395.41
AH,;= AH,+AH,, =1.90 kJ 9

factors affecting AH,,.40n

« 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

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

npA +ngB —ncC + ngD AH ion =NcHe +npHy =, H, —nH

total enthalpy of reactants
molar enthalpy of reactant i

_ — 4|
Hoos = 2 MH - Heg = > 0,

i-prods i=reacts -
number of moles of |
_ _ in stoichiometry
A o= 2 niHi = 3 i,
i=prods i=reacts

AH ion = 21,

v, is stoichiometric coefficient of i" reactant / product
v; = n, if iis product species
v, =-n, if i is reactant species

AH,o.ction VS AU, eaciion at fixed temperature T
H=U+PV

AH=H_ . -H
AH =AU +A(PV) =AU +(PV) 04 = (PV ) s

reacts

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

APV =(PV) 4 —(PV)
APV = (N RT) o0 = (Mo RT ) e
APV =An_RT

[ Mo =AU o BT

reacts
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standard states and enthalpies of formation

standard state

AH*(T,P =1atm [or lbar])

define standard states =)

(AH;%) formation —

define enthalpy of formation ===

AH°,,,, from H*

reactants — products

. "
(aH mm\ / (BH" s

Ielements in most stable state I

(AH Cy)rxn = ZUi (H?)I

do HW#3 problem 16b (E&R 4.20b)

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

v+ Calculate AH ¢.cion

Hess'’s Law, standard heats of formation

v+ AHreaction VS AUreaction

» Temperature (and pressure) dependence
of AHreaclion

+ Calorimetry

* Heats of solution

* AH,¢a0t0n from bond enthalpies

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

AH gon = 2 Vi, AH, (T,P)
‘ T, vs
A= A,(T) + [ Cp)dT AHpo (TorP)
AH eion(T2) = 2 Vi H(T,)
B / -
ST =X H M)+ 2y [ () dT
K = change of AH,,,
M ()= AH gy (T + [ £1(C, ), 0T T,
14

o
AH ion (72) = AH i (T) + [ AC, AT
T

reaction

where  AC, =3(C.); ="(Co) ross ~(Co ) earams "

14
temperature depend. of H of sub 1ce at constant P
dH =nC,dT +(ﬁ] dP
P )y
for a given reactant or product at constant P
dH, =nC,dT  dH, =C,dT
change in T
enthalpy of jdH = IdeT
substance i T
T, —T, _ _ T
A(T)-AT)=[C.dT
7
_ _ T
H(T,)=H(T)+ [C,dT
T
16
example problems : AH from H; and AH T=298K — 398K
3C,H, (g) — CgHg ()  calc AHCq l

(aH7), 2274 49.1 kJ mol
298
(AH"),  =3(227.4) + 1(49.1) ==633.1kJ  [per mol C,H, (1]
298° f \ —_—

[(mol) kI mol) + (mol)kImol?) = kJ]

B 3C,H, (g) — CgHg (1) calc AH g4
C, 44, 136.0 (J K''mol™)

AC, -3(44.0)  + 1(136.0) =40 (K™

308

(AH), =(AH"), + [ AC,dT =(AH"), +AC, AT
298

(AH")  =-633.1kJ + (4.0 107 kJ K™)(100K) = -632.7 kJ
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topics for thermochemistry, parts of Ch. 4 E&R

v +Calculate AH ¢ cion
Hess'’s Law, standard heats of formation

v+ AHeaction VS AU eaction

v/ +Temperature (and pressure) dependence
of AH[EEC!iOI‘I

« Calorimetry

« Heats of solution

* AH aciion from bond enthalpies

heats of reactions (constant volume)

AUy = qy

AU=U products™ u reactants

Motorized stirner

- Electrical leads for
igniting sample

Thermomieter

Insulated container

O, inlet

Bomb

(reaction chamber)
Fine wire in contact
with sample
Cup holding sample
Water

20
DSC- differential scanning calorimetry (enrichment, don’t FRET)
useful for small samples (often biological)
22

——————————————— MIDTERM1 = = = = = - e = = =
19
heats of reactions (constant pressure)
I|-..||
Themometer If \
AHp=gp
AH= Hproducts'Hreactants
21
DTA differential thermal analysis
DSC differential scanning calorimetry
Lid
s
T of reference rises
linearly with time
heat input
23

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. o into reference
chemical reaction,
phase change or G Fstorsnce
protein denaturation) =" AT~ =
‘\._\_\___ = ,'/
—_—
Syl Fadarmnce
Famnocoupes armoougles.

24
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DTA differential thermal analysis
DSC differential scanning calorimetry

denaturation of protein

Intermediates during
denaturation

CelT)
)

- T

Cpsample iqcrealses during
denaturation since some
of q;, goes to denaturation

25

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

will prove later:

M) g 1[Y) v -1Va
oP ). ar ),
1oV - .
a==|—| the coefficient of thermal expandion
viar ),

OAH R
in) S 717
X

Will show later:

|dependence of AH,¢acion ON Pressure is usually weak

26

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

importance: how to assign H¢ for an individual ion in solution
since ions come in ‘pairs’

resolution: assign H (H* (aq, 1M);4eq)=0

and measure H‘,’ for other ions relative to H*

27

heats of formation of ions (heat of solutions)

HOW TO GET H? for Cl (aq)
HCI(g,1 bar) —°— H*(aq, IM),,,,+CI (aq, IM) ..,
AH,,.....= -74.9 k]
-74.9 kJ = -H® (HCI(g))+ H® (H " (a)) + H' (CI"(aq))
-74.9 k] = ~(-92.3k]) + 0+ H'(CI (aq))
Hi’ (Cl~(ag)) = -167.2 kJ mol™'

GOT H! for CI(aq)
NOW

28

heats of formation of ions (heat of solutions)

GET H) for Na'(aq)
NaCl(s) —°— Na*(ag, IM),,,,,+CI (aq, IM),,.,,
AH,, = +3-89 k]
+3.89k] = -ﬁf (NaCl(s)) + ﬁ': (Na*(aq) + ﬁ’f’ (CI'(aq))
+3.89k] = -(-411.2k]) + H (Na*(aq)) + (-167.2 k])
H®(Na'(aq)) = -240.1 kJ mol'

Substance AHy (K mol™ )

AP (aq) —538.4 etc.
Ba**(aq) 5376

Br(ag) 1216

29

AH,.ion from bond enthalpies (p. 69)

AH,

reaction

reactants —_— products

4H,,, AH,ypim -AH, -AH,

vap 'sublim

reactants (gas phase) — products (gas phase)

~AHpong enthalpies

30
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AH,, ..., 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 g, ion

31

AH,.ion from bond enthalpies

reactants (gas phase) — products (gas phase)

\ /

AH = Zenthalpy bonds broken AH = thhalpy bonds formed

AH <0 exothermic

\/

atoms in gas phase

AH >0 endothermic

AH,

reaction

from bond enthalpies

TABLE B4 Average Bond Enthalpies (kj/mal)
Single Bonds

Ne=H 39 O=H 481 F=F 155

1
N—N 163 OO e
O—F 1% a-F 283
0= a3 O M2
o= 24

N—C1 20

Mulliple Bonds
CmC 614 NemN 418 O 495
(& B Ny ]

O 815 Ne() 7 Se0 8
CmmN 591 Sees  dlB
==} T

Oy 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)
I 3Aﬁsub(C)=3(717) kJ
AHgas phase * 3C(g) + 3H2 (9) — CHJCH CHz(g)

AH=3BE(H,) AH=-6BE(C-H)-BE(C-C) -BE(C=C)

[ TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGAI
Molecular AHf

Substance Formula ~ Weight kJ mol™)

| Propene(g) C3Hg 42.08 20.0

35

32
example AH; CH;CH=CH,(g)
AH;: 3C(gr) + 3H, (g) —» CH;CH=CH,(g)
3AH,,,(C)=3(717) kJ
AHgas phase * 3C(g) + 3H, (g) — CH;CHCH,(g)
AH=3BE(H,) AH=-6BE(C-H)-BE(C-C) -BE(C=C)
=3 (436kJ) =—6 (413kJ) — (348kJ) - (614kJ)
\ /
3C(g) + 6H (9)
|AHf= (3x717 + 3x436 — 6x413 — 348 - 614 )kd=19 kJ
34
example AH; CH;0CH,(g)
AH;:  2C(gr) + 3H, (g) + 20, (g) — CH;OCH,(g)
2Aﬁsub(C)=2(717) kJ
AHgas phase : 2C(g) + 3H2 (g) + %’02 (g) - CH3OCH3(g)
AH=3BE(H,) +2BE(O,) AH=-6BE(C-H)-2BE(C-O)
= 3 (436kJ)+ 72 (495kJ) =-6 (413kJ) - 2 (358kJ)
X /s
2C(g) + 6H (9) + O (g)
AH= (2x717 + 3x43R + ¥%x495 — Ax413 — 2x3R8 k1= —204 kJ
Molecular AHy
Substance Formula Welght (kd mod ™)

Dimethyl ether(g) CyHgO 1316 36
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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. 68; example problem 4.1 for O-H bond
bond energy= 461 kJ mol! vs bond enthalpy=463.5 kJ mol1 )

* Table 4.3 E&R is weird (hard to read)
37

table 4.3 E&R

[T r——.

e T TR

38

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

v+ Calculate AH ¢.cion

Hess'’s Law, standard heats of formation

v+ AHreaction VS AUreaction

v« Temperature (and pressure) dependence
of AHreaclion

v * Calorimetry

v * Heats of solution

v *AHieacion from bond enthalpies

end of tﬁemooﬁemistry section 1!

on to the 24 Law

40

E&R prob 4.20 HW#3 16

P4.20 If 3.365 g of ethanol CH;OH( is burmed com-
pletely in a bomb calorimeter at 298,15 K, the hear produced
is 9472 kI

a. Calculate AH i i for ethanol at 298.15 K.

b. Caleulate AHT of ethanol at 208.15 K.
[for part b. use Appendix A (4.1) only; no peeking at A(4.2) 11

combustion: - C,H;OH() + 30,(g) — 2C0O,(g) + 3H,0()
a. AH
bomb calorimeter = q,,
q,= AU = AH.,,.&
(assume pure liquids,

gases 1 bar partial pressure)
4

E&R prob 4.20b  HW3 #16 (cont) using AH. . from 4.20a

C,Hs0OH(?) + 30,(g) —» 2CO,(g) + 3H,0(¢) l

HY:  Hj(eon) 0 -393.5 -285.8 kJ mol’!

AH® = [(-1mo)H(E10R) + (-3 moD) (0) + (2 mol) (-393.5&') +3 moz)(-zss.sk—Jl)]
mol mol

comb

SOLVE FOR H(EtOH)

AY(e0H) = [+(2) (-393.5) + (3)(-285.8) - AH',,, 1 k] mol™

|H$(ErOH) = -279.7kJ mol’1| I

42
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| TABLE 41 (coNTINUED)

A
Mukcutar
Al (k) el Yy A A el il K Chaidmed VK Woright amnis
i 1y e
a3 7 b
1 1y e
2y 14
an
18 168 my
10 15734 1
Carlen
Giraphiasis 0 o (LN L
[ ™ 2 w12
g 18] 198 sax
ool oy 1 =1
3o s i
] ol e
1504 at
w10 1
" 24
DR (g 18

43

E&R prob 4.20b HW3 #16

P4.20  If 3.059 g of ethanol, C;HsOH(/) is bumed completely in
a bomb calorimeter at 298.15 K, the heat produced is 90.447 KJ.

a. Calculate AH pvstion fOr ethanol at 298,15 K.

b. Calculate AH of ethanol at 298.15 K.

| TABLE 41 (coNTINUED)

Al (k) el Yy A A el il K Chaidmed VK

i 1y e
LTh ] (18 =0
a0 1y e
i 14

an

18 168 2

i 15734 1

Carlen

Giraphiasis 0 o (LN L
[ 1 2 w17
il 18] 151 e
ool oy 1 =1
g 3o s =
HEN (EE] i we

1504 at

w10 1
o 24

N () o 19

standard states and standard heats of formation

standard state (°): gas
liquid or solid
soluteinsoln 1M

partial pressure 1 bar

pure substance at 1 bar

|

standard molar heat of formation (H,°):
(AH1°),eacion Where 1 mole of substance is produce
from elements in their most stable form at given
temperature

HY at 298K in kJ/mol
C(gr)=0 O,(9)=0 C(dia)=1.89 H,0(g)=-241.8 H,0(/)=-285.8
FE,(9)=0 Cl,(3)=0 1,(g)=62.4 I,(s)=0

47

44
TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGANIC COMPOUNDS AT 20815 K
Mol Al Al mbin Anp ¥ [
Formuls  Weight  dmed ' G ddmed Y Jmed 'K e 'R
« o L] »Was o AN LK
140 Lo 20 1w ni2
nos 0 w2 1.7 e 1)
s 132 e [FON)
01 1245 T4 1360
PBeseneis) ) 07 3. ey
Bemon: ackhii) 2 2433 wha 1445
1.5 Punadiene g p ma ™
sty | ctheriy ) 1480 Hns R
Fihane( g/ 1581 ne s
Exhask e 148 ns
Eshasarlip 187 e e
[= i [F) 428
Esvynesg) 1310 2 o
Formakdehydeis m 1025 14
46
Raff Table 3.2 bond enthalpies
135
W
< s Sann
61244}
L
Sidar)
N » =l 1abia}
slad) ANy
Lol -t
o Wl W) i R
s e
L e £l ™ i 1%
a o m 20 s = W
L - M W
L) E - m M W
E ] m 2 ws B0 m ko
r m m
() s b, () ol b, () i o, o) arpemats o
Dl Pauiine, L Cameral Chomiscry b, acl, Frsman, San Frasisce, 1970 Atkies, ¥ Srosasnl
Chamaitry Sth, wd, Framman, bemm Yok, | 994, Whens ther 2000 @fer. svarige oot laber
48




