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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) +0O,(g) — CO4(9) AH;04=-393 kJ
ATP +H,0 — ADP +H;PO, AHyg5~—20.5 kJ
SiO, (a quartz) — SiO, (B quartz)  AHg,s=-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
HWH#3 16

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

» Temperature (and later pressure) dependence

Hess’s Law

AHreaction = Hproducts'Hreactants

HW#4 18, *19
of AHreaclion
+ Calorimetry
* Heats of solution
;':Vg‘: * AH ¢action from bond enthalpies
————————————— MIDTERM1 == == === == === 7
AH State Function => Hess’s Law
I
0y(g) + C(gr) ——— C(dia) + O,(g)
2 AH=? 2
AH=AH ompusion( 1) 1T 1T A== AHompin(4i2)
AH=AH+AH
CO,(9)
AH kJ
AH, C(gr) — C (dia) ?
|
AHy  C(9n) +y0) — \GK(Q) -393.51
+
s, DD~ C(da)+ Dye) +39541
9

AH= AH,+AH,; =1.90 kJ

factors affecting AH,,.40n

« stoichiometry
AH is extensive:  AH iy 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 ies and ic coefficients

nA+ngB —ncC+npD  AH, . =n.H.+u,H,—n H, —n,H;

total enthalpy of reactants
molar enthalpy of reactant i

Hpo= 3 mH,  Hyp= T af,
i prods imregees N
number of moles of |
_ _ in stoichiometry
A= 3w = > nH,
improfs imreaces
AH, =Y vH,

revcson
i

v, is stoickiometric coefficient of i* reactant . product
v, = if s prodict species

Y, = —ii, if ©is veactant species

AH, o.ction VS AU,eqciion at fixed temperature T

H=U+PV
AH=H,,, -
AH =AU +MPVy= AU +(PV),, — (PV)

H

reacts

reacts

assume:

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

APV =(PV V)Prvd: —(PV) s

APV = (1, RT) g — (1 RT ),y

APV = An RT

E&R eqn 4.25
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standard states and enthalpies of formation

standard state

AH(T.P=1latm [or 1bar))

often T is assumed 298K
for standard state

define standard states =

(ngg )ﬁ”mam T m

define enthalpy of formation ==>

AH ., from H ;

reactants —

products

AH
(-0H ),em\ / (BH products

Ielements in most stable state I

o _ 750
(AH®),,, = ZIQ(HJ_ )
H

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

14
te ature depend. of H of sub. at tant P
= BH
dH = nC Al +| — | dP
s {apl
JSor a given reactant or product at constait P
dHp = nCpdl  dfp = Codl
change in L5
enthalpy of VdH = | Cpdl
substance P H
T, —T, _ _ 5
H(r) - A1) = | CdT
r
.
Hr;)= AR+ | Cpdl
P
16

13
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 ¢action from bond enthalpies
_______________ MIDTERM1 - = = = = = = = = =
15
temperature depend of AH, o, cqion (1 ion carried out at constant P,T)
LH, (TP
Vs
AH (T, P
S ) = Tv ) T (Ephdl
i i B -
l l 5 i - change of AH,,,
AH i (D) = AH o (T + | S v (Cp)dT T,—T,
rT
T el
AH _ AT)=AH _ (F)+ | ACdF
5
where  ACp = vi{(Ca); =" (Cp) sz = (Cracans”
17

example problems : AH from H;

and AH T=298K — 398K

(af;)

3C,H, (g) — CgHe (1) calc AHO,q
2274 49.1

208

kT mol™

[(mol) i mo) + mokimolr) = k]

_ 3CH,(g) — CeHg (1) calc AHoq
Cp 44, 136.0 J K™ morl™)

AT, -3 (40) + 1(136.0) =10 (K™

B8

A

(AH") =3(2274) + 1(d9.1) =-G633.1kJ [permol CH (£)]
28 4 A —_—

4

(AH") = (AH" ) + fA("PﬁT =(AH"),, +AC, AT

58

(AH°)398 =033 I KT + (4.0% 107 KT K7y (100K)= - 632.7 kT
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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 - A"lrea\ctiv:)n vs AUreaction
v’ +Temperature (and pressure) dependence
of AHrs}at:!iv:m

« Calorimetry

« Heats of solution

* AH,eqction from bond enthalpies

heats of reactit ( voli )

Motorized stirrer

~ Electrical leads for
igniting sample

Thermometer

AU, = qy
Insulated container

O, inlet

Bomb
AU=U -U (reaction chamber)
products™ “reactants

Fine wire in contact

with sample

Cup holding sample

Water

——————————————— MIDTERM1 - = = = = = = = = =
19
heats of reactions (constant pressure)
Themometer
ud
AHp=gp
|- Stirrer
Fusl |
Comparment Compariment
AH= Hproducts'Hreactants \
Sh =0
21
DTA (differential thermal analysis
DSC differential scanning calorimetry
Lid
T
Time
T of reference rises
linearly with time
heat input
23

20
DSC- differential scanning calorimetry (enrichment, don’t FRET)
useful for small samples (often biological)
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. = into reference
chemical reaction,
phase change or
protein denaturation)
24
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DTA differential thermal analysis
DSC differential scanning calorimetry

denaturation of protein

Intermediates during
denaturation

Celm
6N

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

25

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

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

resolution: assign ﬁ;(H* (aq, 1M)igea)=0
and measure E’}' for other ions relative to H*

27

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

will prove later:

as= L[%) the coefficient of thermal expandion
i

V
< i i
OAH s | _ P
( % )T Tva(V, 1)

Will show later:

|dependence of AH ¢acion ON Pressure is usually weak

26

heats of formation of ions (heat of solutions)

HOW TO GET HY for CT (aq)
HClig.1 bar) —22 H*(ag, IM),, +Cl (g, 1M}, ,

AH o= -TAO L]
-74.9Kk] = -I-_Ii (HCI(g)) + f_!f' (H* (ag))+ E'f' (CT ™ (agq))

749K = -(-92.3k]) + 0 + FI:’r(‘I'mqn

A (T (aq)) = -167.2 k] ol

GOT Hj for CI"(aq)

heats of formation of ions (heat of solutions)

GET I?I!". for Na* (aq)

NaCi(s) —22 Na*taq, IM),,, +CT (aq, IM),,,
AH,pred= +3.89 KT
+3.89k] = —ﬁ:tl\':r(’iﬁ s)) +ﬁ:fl\'n+mqu +ﬁ:r("f'!nqu
+3.80k] = -4-411‘11‘J:+E‘ﬁ (Na*(agq)) + (-167.2 k)

H‘E (Na*(aq)) = -240.1 kT mol™"

Substance AHf (K) mol ™)
AP*(aq) —538.4 ete.
Ba**(aq) 5376

Br (agq) -121.6 29

Now
28
AH,.ion from bond enthalpies (p. 69)
AHeaction
reactants —_— products
AHvap AHypim 'AHvap -BH, ypim
reactants (gas phase) — products (gas phase)
~AHpong enthalpies
30
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AH,,1i0n 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,.on

AH,qciion from bond enthalpies

reactants (gas phase) — products (gas phase)

\ /

AH :S einthaipy Donds Dioken AH = 2 eitthalpy bonds foriied

AH 0 endotherinic AH <0 exotlierinic

\/

atoms in gas phase

31
AH,.4ion from bond enthalpies
TABLE8.4 Average Bond Enthalpies (ki/mol)
Single Bonds
C=H 413 N=H 391 O=H 463 F=¥ 155
[ 8 N—=N 163 O—0 Mo
C—N 293 N—O 20 O—F 1% C—F 25
C—0 3 N—F 2 O—1 23 - 242
C=F 485 N—C1 200 o=l 2
c—1 38 N—Br 283 Be—F 237
C—Br 276 S—H 339 Br—C1 218
=l 240 H=H 43 S—F 37 Br—Br 193
C—§ 259  H—F 5%7 S—C1 253
H—Cl 431 S—Br 28 QO 208
Si—H 323 H=Br 366 S5 266 I=Br 175
Si—Si 26 H—l 29 =15
Si—C 301
Si—O 368
Multiple Bonds
Com( ol4 Ne==N 418 [¢/] 495
C=C 839 N=N M1
Ce=N 615 Ne=O 607 S=0 5213
=N 89 Semts 418
C=0 79
=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=CHy(g)
3Aﬁsub(0)=3(717) kJ
AHgas phase * 3C(g) + 3H2 (9) — CH3CH CHz(g)
AH=3BE(H,) AH=—6BE(C-H)-BE(C-C) -BE(C=C)
TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGAI
Molecular AHy
Substance Formula Weight KJ mol™")
Propene(g) CiHg 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 (g)
|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)
2AH,,(C)=2(717) kJ
AHyas phase © 2C(g) + 3H, (g) + 20, (9) — CH,OCH(g)
AH=3BE(H,) +%BE(O,) AH=—6BE(C-H)—2BE(C-0)
= 3 (436kJ)+ Y% (495kJ) =- 6 (413kJ) — 2 (358kJ)
X 4
2C(g) +6H (g) + O (g)
AHE (2x717 + 3x436 + 1%4x405 — x413 — 2x358 Yk.I= =204 kJ
Molecular AHy
Substance Formula Weight (k) mol™")

Dimethyl ether(g) C3HgO 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)

table 4.3 E&R

TABLE A3 MEAN BOND ENERGIES

11 Seecedbosdbeee B W B W T W

i

T
B

]

g
g

BENE
H
ey g
58

gy

]
7

38

end (f tﬁemooﬁemistry section 1!

on to the 24 Law

40

37
topics for thermochemistry, parts of Ch. 4 E&R
v - Calculate AH ¢,cion
Hess'’s Law, standard heats of formation
v = AHieaction VS AUreaction
v~ Temperature (and pressure) dependence
of AHreaclion
v * Calorimetry
v/ * Heats of solution
v * AHiacion from bond enthalpies
_______________ MIDTERM 1 - = = = = e e = = =
39
E&R prob 4.20 HW#3 16
P4.20 I 3.365 g of ethanol C;HsOH(/) is burned com-
pletely in a bomb calorimeter at 298.15 K, the heat produced
is 99.472 kJ.
a. Calculate AHZ p i, 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,H;OH(¢) + 30,(g) — 2C0O,(g) + 3H,0(¢)
a. AHY, e
bomb calorimeter = 4,
g, = Al = ARE
(assunre pure lguids,
gases 1 bar partinl pressure)
41

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

C,HsOH(1) + 30,(g) > 2CO,(g) + 3H,0(1)

HY Hy (Eon) 0 -393.5 -285.8 K] mol™

ngmh = (-1 -‘l)ﬁ; (Er0E) + (=3 msl) (0) + (2 wat) (-393.5 %) +(3 ...J)(-285B% )i

SOLVE FOR H(EtOH)

I-_I;(EOH} = [+(2)(-3935) + (3)(-285.8) - AHL,_, 1 k] ol

|ﬁ3(£r0H) = -2797 kJ mol"l ﬂ

42




Chemistry 163B Winter 2014
Lectures 6-7 Thermochemistry

E&R prob 4.20b  HW3 #16

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

b. Calculate AH7 of ethanol at 298.15 K.

standard states and lard heats of for

TABLE 4.1 (CONTINUED)
Atormic o
Molecular
Nubntance Ay (k) ol ') AG] (k) mol ) SUmel 'K Chuthmed 'K Welght (amu)
) 2180 2013 147 208 1.008
Oligg) o 42 1837 299 1701
HO) 2418 2286 1588 336 18015
HO0 258 2371 700 783 18015
H00) 50 362273 K) 18015
H,0:5) 1056 M7 411 4015
' (aq) 0 0 1.008
OH"(ag) 2300 15724 109 1701
Carbon
Grapite(s) 0 0 574 852
Dramandiss 150 21 a1z
(") 7167 1581 208
cog) 1105 1977 201
COxe) 3915 2138 3.1
HONG) i 2018 39
CN(aq) 1506 o1
HCO5(ag) @20 012
CO¥(ag) 6752 00
Ovygen
Osig) 0 2082 204 31999
o) 117 1611 219 15999
Oyl) 1632 2389 0.2 47998
OHig) 0 un 1837 200 1701
OH (ag) 2300 1512 109 1700
43
TABLE 4.1 (CONTINUED)
Atormic or
Molecular
Substance Aly (Y mol™) AG7 (KN mol™") S (S mol ' K Chom (S mol 'K Welght (amu)
He) 2180 2013 208 1.008
OHie) o M2 209 1701
H0) 218 2288 1888 336 18015
HO0 2558 231 700 753 18015
H:0u) - 50 362Q13K) 18018
H0:5) 1363 1086 327 a1 1015
H'(aq) 0 0 0 1.008
Ol (ag) 2300 15724 109 170
Carbon
Graphines) 0 0 s74 852
Diamond(s) 159 238 612
@ 7167 1581 208
CoG) 1105 1977 29.1
COye) 3018 2138 .1
HONG) s 2018 359
CN(ag) 1506 o1
HCO5 (ag) 920 o2
CO3ag) 6752 %00
Onyzen
Osig) o 2082 204 31999
=) in: 117 1611 219 15.999
Oyi) 1927 1632 2389 392 47998
OHig) 0 un 1837 2909 1701
OH (ag) 2300 1512 109 1701 s

standard state (°): gas
liquid or solid  pure substance at 1
soluteinsoin 1M

partial pressure 1 bar

bar

f

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

Hy at 298K in k]/mol
Clgri=0 O,(g)=0 C(dia)=1.69 H,O(g)=-241.8 H,O(()=-28
Fy(g)=0 Cly(g)=0 1,(g)=62.4 I,(s)=0

f.

44
TABLE 4.2 THERMODYNAMIC DATA FOR SELECTED ORGANIC COMPOUNDS AT 298.15 K
Molecular Any L1/ — AGy 5 (i)
Substance Formula Weight 1K) mol 4y k) mol LY (KJ mol LY A ol K'Y 1J mol KhY
Carbon (graphite) C 0 o 574 £52
Carboa (diamond) C 1.89 290 238 612
Carbon monoxide 1os 1372 1977 2.1
Acetone(/) 2484 152 199.8 126.3
Benzene(l) 49.1 1245 1734 136.0
Benzene(g) 829 1297 202 824
Benzoic acid(s) W2 2455 167.6 1468
1.3-Botadie oo
Dimethyl ether(g) 1841 126 2664 644
Ethane(g) -840 -3.0 292 25
Exhanol(/ ) -2776 ~1748 160.7 123
Exhanol(g) 248 1679 2816 656
Bhens(s) 524 &4 2103 29
Ethyne(g) aald 2002 2009
Formaldehyde(s) CH0 3003 1086 1025 288 384
46
Raff Table 3.2 bond enthalpies
135
e
< “s M8ls)
s12d)
)
S18(ar)
N » W21 16ls)
sl4d) 41a)
o) LU
O & 385e) 166 145s)
TIHd) AIN)
F 565 s k-l 185 156
a o a3 o 2 k- E
L 29 9w
1 E ) 20 17 s
s £ 2% L =0 m 5
P m m
() singue bond, (d) double bond, (1) tripke bond, (ar) aromatic bond
Data: Paing, L General 34, od., Freeman, San Francico, 1970; Atkina, P. Physical
Chamistry, Sth, od. Freeman, Mew York, 1994, Where the data differ. sverages are Likers
48




