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Thermodynamics

1. Consider the following reaction at equilibrium.
Zn(s) + COz (g) = Zn0O (s) + CO (g) AHY., = —100 kf mol™" K, = 600

Is heat & or a reactant for this reaction? How do you know?
Lw\—co , obflomic  Mad s Tmé)aé

b. What will the sign of AG® be? AG® >0

G K> nQ° 4w Séwmﬂ

c. Under standard conditions, is this reaction spontaneous?

ROV PEN

d. Whatis the sign of AS®  AS® >0 AS® <0 @not?@
AG =W =TS AC L AV cre b0 () AT ST Le (O o

e. For each of the following, determine if the equilibrium will shift toward products or reactants orif ()
there will be no change.

i.  The temperature is increased in a flask that was at equilibrium. szcas( _ﬁ?mé *Jv\ec\-\—
ii. ZnO (s)is added to the reaction chamber. NS cj\"c’\f 2 P

o

iii. ~ Carbon monoxide is added to the chamber. TT L
ek . Co W ?(\A/c\- 38\‘\"'\‘{%
2. For each change listed in Problem 1e, determine if: ) \
a. Q<K Q>K, Q=K 1 QK , AG >0 et
b. AGnm > Or ﬁGn:n <0 Aern =0. )\ ) ® - K < A(j :—Q

i avg (OGS

For problems 3-9, refer to this reaction:
Hz0: (1) = H:0 (1) + 02 (g)
U0 () = M2 0 (D 0L

3. Use the table of bond enthalpies below to determine AH®. |s the reaction is enthalpically favorable (a
favorable reaction contributes to a spontaneous reaction). Note that the reaction is not necessarily

balanced.
7 | -0-0-4 —>1d-2-H &+ =0
\O(Q\k Wk{ ( 1 _
LD TN Y () - TS L
X omt e Gx o-f  H(-HeH) 8D O :
1K O-0 1O (X 0=0 —<o }/LW = "L\Yg\
o

4. Is the equilibrium constant is larger at 100 K or 250 K? Clearly justify your answer.

AN <O so Vae Q?(\A, ’_fr\dxe@l',\é T il 3\,\&—3\ /\’&k
e(\O\\‘L(‘~ AN rneXie Ml reedd W; LK

5. From your answer to problem 3, determine AH" for each of these reactions:

A a 3H0:(N=3H0(N+30:(9) 3(-UF — -LTY K \
Ny LS (1) + 02 (g) = H:0; (1) i

(e 7. 4HO (1) +4 0, (g) = 4 HoO: () Cowse) OM = 2\% K/§/M |

»
Slm e x Al g an = $1
e
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6. Use the following information to calculate AG® for the decomposition of H20.:

Hz(g) +O2(g) = H202(I) AG® =-120.4 kJ mol” AH® = -187.8 kJ mol! S°=109.6 J mol' K"
Ha (g) +202(g) = H0 () AG® = -237.1 kJ mol” AH® = -285.8 kJ mol! S$°=70.0J mol"'K"
TN Ha2(g) +20:2(g) = H20 (g) AG® = -228.6 kJ mol" AH® = -241.8 kJ mol”! S° =188.8 J mol" K™

X~ P
L B0y (D R 2011 AGC= O FTh
ST O 0y = U o (0 AT Y 1K)
oo, (D = 1t o (0 + 01¢8) AGS= - 1334 K3/l

7. The values listed in problem 6 are known as formation energies — the AG, AH, and S required to create a
compound from its most stable elemental components. They are incredibly useful because they have
been measured and tabulated so they are very easy to find. Consequently, you are able to calculate AH,
AG, and AS for absolutely any reaction!

a. The most stable form of most elements is an elemental solid; however, the common diatomic
molecules are in their most stable form as diatomic molecules. Determine the most stable form of
the following elements:

Carbon sulfur oxygen lead nitrogen hydrogen iodine
COY SE O1(gd TLG) Nty By T

b. As you saw in problem 6, you can use these reactions in Hess’ Law to calculate AG, AH, or AS for a
reaction...but there is an easier way! Add up the formation energy of products. Add up to
formation energy of reactants. Now products minus reactants. And done.

Using the information in problem 6, calculate AG®, AH®, and AS®. Does AG® match what you found

i bl 67 . . . .
QC‘\Q = 1(- Z:S:_F:r; -erZL(“\’LeA L\}“— —211‘-* ‘k%u] O 1 l_>; |r\c,\\sé,_xl 2\ & Q(«\L\C)ﬁ\/\

AWz 2 S = (L) = =1L K57, eeme v o AT B
A¢ =10 3 ws )\ - (2Qo5. Q) = 1L (//MLK

8. If 50 g of H20: is allowed to decompose, determine how much heat is released. Assume 100% yield.
(Hint: AH® has the units of kJ/mol, so use it as a conversion factor!)

A ATk M s N W L S W bt
l&u&.nal L oot b~ T e et
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9. Calculate K at 25 °C. Meechon
AG®= ‘K\ZT]'\ K
TTYHKRT (TN -5 34T (mc\m_rkﬁ
ol N T Aol K
X = GG

K= .¥ y(bum
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10. Consider the reaction below. For the reaction below, calculate AG when the indicated concentrations are
mixed together at 75 °C. Report you answer in kJ mol.

PCl; (g) + Cl2 (g) = PCls (g) [CL]=05M [PCl]=0.1M [PCls] = 0.1 M
K=1.1x10°at 75°C
QC\:QQBVTLT [~ Q NG = -¥.3)4 (’L_]l.l\’-l—"\f)\f\\\)((br
kK>a s AG° =711 (00 ¥
Q — C—’P(_'{_S N, <)g ﬁ)
CcldlPass AG=~Wuee + g (s 19 14 L
K=ol _q chxb'glfcl’l‘—lpf/l
-H e Mo

11. Consider the reaction in problem 10. The same reaction has a K = 1.25 x 10? at 175 °C.
a. Is the reaction endothermic or exothermic? .
’[\T :_M 3¢ , %) /re/\\ Y e~

b. Calculate AH. )
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TABLE 23.1 Standard molar entropies (5°), enthalpies of formation (AH?), and Gibbs energies of formation (AG;) of
various substances at 25°C and one bar (see also Appendix D)’

AN j-xf-zml-' km" kjﬁi/r' i j-K'f-Z:ol" kjﬁ{" kjﬁi/l-'
Ag(s) 126 0 0 H,0,(1) 109.6 -1878  -120.4
AgCI(s) 96.3 -127.0  -109.8 H,S(g) 205.8 206  -334
G(s, diamond) 2.4 19 29 N(g) 153.3 4727 4555
C(s, graphite) 5.7 0 0 N.(g) 191.6 0 0

CH,(g) 186.3 46 =505 NH,(g) 192.8 -459  -164
C.H,(g) 2009 2974 2009 N.H, (1) 121.2 506 149.3
C.H,(9) 219.3 52.4 68.4 NO(g) 210.8 1.3 87.6
CH, (1) 1734 9.1 1245 NO,(g) 240.1 33.2 51.3
CH,OH()) 126.8 2302 -166.6 N.O(g) 220.0 816 1037
CH,Cl(g) 234.6 819 -584 N.O,(g) 304.4 1.1 99.8
CH,CI(l) 145.3 -102 515 N.O,(s) 178.2 -43. 113.9
CH,CL(g) 270.2 -954  -688 Na(g) 1587 107.5 770
CHLCL,(1) 177.8 -1242 =700 Na(s) 51.3 0 0

CHCL(g) 295.7 -102.7 6.0 O(g) 161.1 2492 2317
CHCI, () 201.7 -1341 =737 0.(g) 205.2 0 0

CO(g) 197.7 -10.5  -137.2 P(s, white) 411 0 0

CO.(g) 213.8 -3935  -394.4 P(s, red) 228 176 -121
Cl(g) 165.2 1213 1053 PCl(g) 311.8 2870 2678
Cly(g) 2931 0 0 PCl,(g) 364.6 -3749  -305.0
H(g) 1147 2180 2033 S (s, rhombic) 28.5 0 0

H.(g) 130.7 0 0 S(s, monoclinic) 32.6 0.3 0.1
H.O(g) 188.8 2418 2986 S0,(g) 248.2 2068 -300.1
HO() 70.0 9858  -237.1 S0,(g) 256.8 -3957  -3711

"Most data from CRC Handbook of Chemistry and Physics, 87th Online Edition, 2006-2007.
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