19.22 The element cesium (Cs) freezes at 28.4°C, and its molar
enthalpy of fusion is AHjg,, = 2.09k]/mol (a) When
molten cesium solidifies to Cs(s) at its normal melting
point, is AS positive or negative? (b) Calculate the value
of AS when 15.0 g of Cs(!) solidifies at 28.4°C.

@ AS = —
@ 150 IMQQ ( g.c‘?h" @ 0°3

3275 | mk [;zxw%g IS

19.44 Using Appendix C, compare the standard entropies at
25°C for the following pairs of substances: (a) CuO(s) @ Qulc 7 Qu.O Mave d\SdrgaMlicd
and CuyO(s); (b) 1 mol NyOy4(g) and 2 mol NO,(g);
(¢} CH30H(g) and CH3;0H(!); (d) 1 mol PbO(s) plus 1 Mave Vi ‘O\fu‘hUV\‘fQ GQCZ\A T”MQCQW

mol COx(g) and 1 mol PbCOs(s). For each pair, explain :
the difference in the entropy »3a1ues Q JMOQ Na 2 > AN q (Moofg M Ms)
© Cwjouls) > Choulay

Moo odley 1h G35 0000 _ ﬁgak\loQ @ J/
19.72 Indicate whether AG increases, decreases, or does not 0 -
change when the partial pressure of Hs is increased in 3 B
each of the following reactions: @ AC = AC° & Q T o 3 ™ AG \L
(a)Na(g) + 3 Hy(g) — 2 NHs(g) - k(“l\ ( 7) /
2 HBr(g) — Ha(g) + Bry(g) S ) MR N
© 2 Hy(g) + CoHa(g) — CoHi(g) A hofe W"“’“
19.75 Use data from Appendix C to calculate the equilibrium
constant, K, at 298 K for each of the following reactions:
(a) Hy(g) + I»(g) == 2HI(g) _ o T
- (b) CHsOH(g) == C;Hy(g) + H,0(g) AC = 6 = A 6° ¢ R ,&J{,
(® 3 CoHae) == CeHele) 0033y Kr
A¢® :,o("{‘i} ((T\ ( Jﬁgkg‘\ \C
19.78 Consider the fo-llowing reaction: 'QIAK - 200.96 ] K = { % q X (0

PbCOs(s) == PbO(s) + COx(9) ___ —ir—mm & &—— o —

Using data in Appendix C, calculate the equilibrium
pressure of CO, in the system at (a)120°C and

BIOUC o A TS
= fg3ky (Q93C)(n) = AFEG =

R - - N

19.80 The K, for methy]amine (CH3NHj,) at 25°C is given in /a,_\l( = - ¥ \’3
Appendix D. (a) Write the chemical equation for the
equilibrium that corresponds to K. (b) By using the
value of K}, calculate AG® for the equilibrium in part (a).
{c) What is the value of AG at equilibrium? (d) What
is the value of AG when [H*] =15x%x 108 M,
et = [H'] =15 x108M, [CH3NH;"] =
55 % 1074 M, and [CH3NH;} = 0.120 M?

@ oy, o T _
B A -RTBKG = — (oY (15 ) Qulsbe ) Al des
@ 2evs @ L6 =AC « RTQ = |quyge (.n;;(q)(qsg)gkéijiiré

(70

_ < o...Hhk»B 296 A b

-4
l rp z (q?y;lb
¢ atwa
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AP Chemistry Notes - Chapter 19 - Thermodynamics

def. THERMODYNAMICS = the study of the interconversion of heat and other forms
of energy .

First Law of Thermodynamics - energy can be converted from one form to
another, but it cannot be created or destroyed

Why study thermodynamics? The study of thermodynamics aliows one to predict
whether or not a reaction will occur under specified conditions.

def. SPONTANEOUS REACTION - a reaction is said to be spontaneous if it does
occur under a certain set of conditions; spontaneous processes do not need an
outside energy source to make them occur

Examples of physical and chemical processes which are spontaneous:
- A waterfall runs downhil.
- Sugar dissolving in coffee.
- lce melting above 0°C (1 atm).
- A piece of sodium reacting w/ water to form NaOH and Hz(g)

- Iron rusting when exposed to water.

** Notes: Some of these spontaneous processes are fast and some are slow!

If a process is spontaneous in one direction, it is nonspontaneous in the
other direction. All spontaneous processes are are said to be irreversible
under the given set of conditions.

(2) Factors which determine the spontaneity of a reaction:
1- Enthalpy (H) - most exothermic reactions tend to be spontaneous.
2: Entropy (S) - an increase in entropy favors spontaneous reactions

Example: Ice melting at room temperature. This is an endothermic process, yet it
occurs spontaneously.

ENTROPY (S) = a measure of the randomness or disorder of a system; the larger the
amount of disorder, the greater the entropy

+AS = more randomness _
-AS = less randomness AS = S F .2_[



The following processes show an increase in entropy . . .
a) melting of a solid S—> L
b) boiling or evaporating of a liquid (¢—> &
c) heating of a substance without changing its state S — Gy
d) dissolving a solid to form an aqueous solution
e) a reaction which produces more gas molecules than it consumes

f) letting a gas expand into a larger volum

SECOND LAW OF THERMODYNAMICS = the entropy of the universe increases
in a spontaneous process and remains unchanged in an equilibrium process (entropy
is NOT conserved!)

* For spontaneous (nonreversible) processes . .. ASypjv. >0
* For reversible processes ... ASypjy.=0

Standard Entl‘Opy Of a Reaction, ASorxn = zsoproducts - zSoreactants

The standard entropies (5°) are listed in App. C of your text. Notes concerning S° values . . .
* all elements have entropy values (unlike enthalpies!) c
* go SO, 0 5S0 Aa"
gases>> liquids solids Se C’?Z/
* ' . 0i }
as MM increases, S° increases
* as the number of atoms in compound increases, S° also increases

* calculated entropy values are based upon a reference point of S=0 for a
perfect crystalline solid at 0 Kelvin. (Third Law of Thermodynamics says
that the entropy of a perfect crystalline solid is zero at absolute zero.)

Three types of motions associated which can increase entropy:
\‘0 A- translational motion = entire molecule moving
Ouab\m B- vibrational motion = atoms which a molecule vibrating
Pmr C - rotational motion = movement of molecules as if they were spinning like a top

Gibbs Free Energy (G) = the energy available to useful work

-AG means a process is spontaneous!
+AG means that a reaction is not spontaneous! { AG = AH —T4S
— —,

AG =0 means the system is at equilibrium

Standard Free Energy (AG©9) is the free-energy change for a reaction when it
occurs under standard state conditions (298 K and 1 atm), when reactants in their
standard states are converted to products in their standard states; the units are kJ

standard states . . . for gases =1 atm
liquids = pure
solids = pure
solutions =1 M



Effect of temperature on the spontaneity of a reaction:

AH AS AG spontaneous rx?

neg pos neg yes

pos neg pos no

neg neg ? yes at low temp’s; no at high temp’s
pos pos ? yes at high temp’s; no at low temp’s

Note: For a reaction to be spontaneous, the AH term must be smaller than the -TAS term. If the
AH term is smaller, then the AG is negative and the reaction is spontaneous!

Standard free energy of formation (AG®s) = free energy change that occurs
when 1 mole of the compound is synthesized from its eleM standard states;

the units are kJ/mol; the AG9; of all free elements is zero s\eﬁip-p—'—g)/

Section 19.7: Relationship Between Free Energy and Equilibrium

How to calculate AG from AG®©:
Most chemical reactions occur under nonstandard conditions. Therefore we would

have to calculate AG in stead of AGO. Since tabulated values for free energy are all at

standard conditions, we need a way to convert from AG to and AG° visa-versa. The
equation to complete this conversion is . . .

G= AG° + RTInQ

R =8.314 J/mol K

T = absolute temperature (K)

Q = reaction quotient for the reaction; constant for a reversible
reaction not at equilibrium

Under standard conditions, AG is equal to AG° because Q=1 and In 1 = 0. If we don’t
have standard conditions, we must useAG = AG® + RT In Q!

The Relationship Between K (equilibrium constant) and AGO:
When a system is at equilibrium, we use the equation . . .

K=eaG"RT (6@ AC® = - KTOuk
A+ ijawm A6 =0

A k>|
g kK=
C Ke\ >



Practice problems . . .

“The normal boiling point of Brao(l) is 58.8°C, and its enthalpy of L4
vaporization is AHyap = 29.6 kJ/mol. (a) When Brz(l) boils at its normal boiling point,

does its entropy increase or decrease? (b) Calculate the value of AS when 1.00 mol
of Bro(l) is vaporized at 58.8°C. ) /K ove o uny Fa S

@ B, & — ?6(33 AS = + ("‘“"Qm

oa—\"é.-?ul( b!

AG= A.H'-TASO AS = AH— J&?él(j"ltomue.\ ]oJ#{
T m | 732 | K&

P
-

19.90 p. 34 Predict the sign of AS for each of the following processes:
AS = - a) Molten iron solidifies. (> §

AS =~ b) LiCl(s) is formed from Li(s) and Cla(g). (7(s) + Claly) = GCG)

As = + c) Zinc metal dissolves in HCI, forming ZnClz(aq) and Ha(g). 2n + BCl = ?uC(z(oz) cHy
NS = - d) Silver bromide precipitates upon mixing AgNO3(aqg) and KBr(aq).

g toy () + (B (og) —> AgBrGs) + KMA,(,?

19.9%a p. Xﬂg Calculate the AH?, AS9, and AG® at 298 K for the following reaction.

Also, show that AGO = AH° - TAS®, us e ﬁp @’“’“& o J l‘

Ho(g) + Fa(g) - > 2 HF(g) |
AHe = 2(—&%8«0) — 0+ 0= M
= (339J/
ASS = 2(1335(\ _(36.58 *3634) 3.39%/kc

ACS = Q(—é}o}o\ —@0‘“’\(1 = g/'”:‘ﬂ*

\/\_/\_/\_/_\——

A Q° = Ne° TAS° . -
_ _cmoals @93&_ " o139 K

/
(» SYh3( l<j’$%

)\



T,

19.62 p. €40; A certain reaction is nonspontaneous at -25°C. The entropy change
for the reaction is 95 J/K. What can you conclude about the sign and the magnitude of

AH?
@ NG = AH ——TAS
Phgerdes
Ad= Tag = AR/ GuT
/<
Ay = 2% lé")é N 2({{:3—
N be > 2¢KT/ Syl
smilar tu .- /AH M > J

19.6%90n p.$4].. Natural gas consists primarily of methane, CHj. @ ow much gwc,

heat is produced in the burning of a mole of methane under standard conditions if the J
reactants and products are brought to 298 K and HxO(l) is formed? (b) What is the Ango /

maximum amount of useful work that can be accomplished under standard conditions
by this system?

@494 i _;7_02 —> (0, * Zz_ 4o
(@ < FIOIUT /mk Cly buncd  (hp )
(D Wpap = AE" = - F12.5 (T (aC)
A = Ade - TASS A = — 23k (appe)

I<
19. BWon p.¥4! : Consider the reaction 2 NO(g) ------ > N204(g). (a) Calculate
AGo at 298 K. (b) Calculate AG at 298 K if the partial pressures of NO2 and N2O4 are

0.40 atm ard~ 60 atm, respectively. i

° g‘pmlcww
2D Moo = A€ 57/”10., — 2(4 w0, @) >
O 56. 1% - 2 Cflé“f) (— S YorT

—_ o ‘”'low)
®  4c = A v BT A (G2

—SYokT + OOV k) m(c.}ﬁh Q_)

= rof (C T Mo ®
7



19.26%n p. §4[: Write the equilibrium constant expression and calculate the © g

value of the equilibrium constant for the following reaction at 298 K by using data from ( ;)

appendix C.
NaHCO3(s) <======> NaOH(s) + CO3z(g)

(eq = Ceo,) e

' "’;’i | { = "R+
A+ Eju(( L pAe=0 <o (Aé = T lc | Lule r

@ AGC° = (AcoNach Acwyeol) Ac 7,\/«,“’@0

\ _ 3)ests +  —39Yyer — ESTlT C !*4’77“3’1
<) ,

ﬂlmym*

LT .
=7 M} , - CMIEE:;
/R Co%l‘fld D(Z?&@ Ly /Cz : -

More practice! For a given reaction AH = 10.5 kJ and AS = 30 J/K. Would this Qx1e-"Y

reaction be spontaneous at 25°C? If not, at what minimum temperature would it be Epn" N

spontaneous? L& 4
- ends .

A= AH-TAS
(65T — @?m\(.on_ﬁt_r)

l -SC MGWY\/‘W)

I\

(\

AC
,Qz‘# A = O 'AO ge;lf,m“_ _(.au@

0 — (oSl - T <'°3°—£f-
7= 350l (o shbHy 2@@
8



pressure
(b) 480°C.

L



1971
Given the following data for graphite and diamond at

298K.

S°(diamond) =  0.58 cal/imolc deg

S°(graphite) = 1.37 cal/mole deg
AHy* COx(trom graphite) = —94.48 kilocalories/mole
AH{* COx(from diamond) = —94.03 kilocalories/mole

Consider the change: C(graphite) = C(diamond) at 298K

and 1 atmosphere.

(a) What are the values of AS° and AH" for the con-
version of graphite to diamond.

(b) Perform a calculation to show whether it is thermo-
dynamically feasible to produce diamond from
graphite at 298K and 1 atmosphere.

(c) For the reaction, calculate the equilibrium constant
Kq at 298K

"Oool Now here's a nice one we built iast fall.”

1984 B
Standard Heat of Absolute

Formation, AHf", Entropy, S°, ,..mw
Substance in kJ mol-1 in J mol-1 K-1 "
Crs) 0.00 ~ 5.60
COag) -393.5 213.6
Hy(e) 0.00 130.6
H,On) -285.85 69.91
Og) 0.00 205.0
C3H,COOHn) ? 226.3

The enthalpy change for the combustion of butyric acid
at 25°C, AH" comb- is —2,183.5 kilojoules per mole. The
combustion reaction is

C3H7COOH(I) +5 Oz(g) =4 COz(g) +4 Hle)

(a) From the above data, calculate the standard heat of
formation, AHy", for butyric acid.

(b) Write a cormrectly balanced equation for the forma-
tion of butyric acid from its elements.

(c) Calculate the standard entropy change, AS;”, for the
formation of butyric acid at 25°C. The entropy
change, AS”, for the combustion reaction above is
-117.1 JK-1at 25°C. < T : el

(d) Calculate the standard free energy of formation, “OK. 1 got one—do you say ‘darn it’ or ‘dern it'?”
AG, for butyric acid at 25°C.

10



f
\

-

NLwe=
M (6€Ts°0-)(862) - g'gec = ISVL~{HV =40y (p)
/T 6'€CS—- = [soz + 90DV + (69°5)p]- €97¢C =

[(Fo),S + (). g
v + 0).S vl - oo oubing) g = (poe ouling) £ou (o)

(WHOODLHED « (920 + (31T p + (513 4 @)

M 8°€eS— = M [S°€8IC - (s8'SBT) + (S'e6E)W] =
(siumoeay :.ZN —( 93-.2&EI<N =HV (e)
n._m:_m::

"0.SC 1€ p1oe duking 10§ Yy

‘uoneusioj jo A3sous 3oy Prepueis ay1 arenofe) (p)
DST® [ ILIT-
S! 9Aoqe uonseal uonsnquod ay Joj ¢ SV ‘a8ueyo
Adonua ayp ‘g7 e P©e dufing jo uoneuuoj

ay Joj * Sov “adueyds Adonuo Prepueis oy aemorey (o)
‘SIUSWRI3 51 woij poe dufing jo uon

~EULIOJ 3y JoJ uonenbs paourereq Apoauoo e aum (q)
‘P1oe dufing Joj * /v ‘uoneuwo )]

Jo 163y prepuesrs ayy aiemojes ‘erep asoqe ) wor] (e)
WOPH ¥ + (370D 1 = (370 ¢ + WHOOILHE

St uonoeas uonsnquiocs

SHL "dtow tad sopnoforny g gg‘g- st AW proey e

Pice duding jo uonsnquon s 10y adueyo Adpeyius oy "

X T é (IM'HOODHED
0's0T 000 (829
16'69 $8's8¢- (otH
9°0€1 000 (3TYy
9°€IT S E6€- (320D
__69°S 00°0 ()
-3 j-fow r us 1-fow oy u oURISQNg
.S Adonug Jyy ‘voneuog
Jnjosqy Jo 1eay prepueig
8 861

~ .\@\ m\.m

43 )| ?J?ﬁ

_ o
LEA = (Bst0us6 DFSHTI-2 = [ov-2=PY )

suonpuos
Slqises) saolput 0 > OV e ‘ouyed 86" h/ - =

125 (6L°0-)(86T) ~ 0§t~ = .SVI. - HV =0V Q)

[ow/[eay 60~ =gv (Bp)) € (ydeit)y

[OW/e5Y 8756 — =AV ‘o= + L nel

[ouw/resy €0'v6 + = Hv O+ (e « 0y
Mo 6L°0- =
@ (LE'T ~85°0) = (wdesd) g — (wp) g = gy (p)
Jamsuy
86z 1 Py

JueIsuod uinuqimbs sy sremopes ‘uonaeas ayr 104 ()
"a1aydsoune | pue ygez e anydesd
wolj puourelp 3onpoid 01 s[qised) A1reoiureufp
-OuLIdYy) St 1t Jayiaym moys o} uone[nopes e uuopnd (q)
‘puoureip oy aydesd jo uorsioa
-Uoo a3yl Joj HV pue SV Jo sanfea oy ore eypm ()
"asoydsoune | pue
A86T 18 (puowep)y = (enydeib)y) :aFueyd 3y Japisuo)
S[OW/S3LI0[Ed0I} €0'p6~ = (Puoweip wonloy) Sy
Sjoul/saLioeoolny 8y~ = (slydess waniny iy
8opsjouyes s g1 = (euydusb) ¢

dap sjouyes gog (puowerp) ¢
86¢
Te puourelp pue anydesd 1oj erep Suimojjog ay) uasin
| 1261

11



Enthalpy of Absolute
Combustion, AH®  Entropy, S°
Substance (kiloJoules/mol) (Joules/mo}-K)

Cis) -393.5 5.740
Hz(g) -285.8 130.6
C,>HsOH) -1366.7 160.7
H, 0 - 69.91

(a) Write a separate, balanced chemical equation for the
combustion of each of the following: Crs), Hag),
and C,H;OHy1. Consider the only products to be

. CO5 and/or HyOni.

(b) In principle, ethanol can be prepared by the follow-
ing reaction:

2 Cis) + 2 Harg) + HyO) - CoH5OH)
Calculate the standard enthalpy change, AH", for

the preparation of ethanol, as shown in the reaction
above.

(c) Calculate the standard entropy change, AS”, for the
reaction given in part (b).

(d) Calculate the value of the equilibrium constant at
25°C for the reaction represented by the equation in
part (b).

1995 D (repsated in the solid, liquid, solutions section)

Lead iodide is a dense, golden yellow, slightly soluble
solid. At 25°C, lead iodide dissolves in water forming a
system represented by the following equation.

Pbla(s) == Pb2+ + 21~ AH = +46.5 kilojoules
(2) How does the entropy of the system Pblars) +
H2Or) change as Pblys) dissolves in water at
25°C? Explain '
(b) If the temperature of the system were lowered from
25°C to 15°C, what would be the effect on the
value of Kgp? Explain.

Scotty in hell

(c) If additional solid Pbl2 were added to the system at
equilibrium, what would be the effect on the con-

centration of I~ in the solution? Explain.

(d) Atequilibrium, AG = 0. What is the initial effect on
the value of AG of adding a small amount of
Pb(NO3)7 to the system at equilibrium? Explain.

12
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2003 AP® CHEMISTRY FREE-RESPONSE QUESTIONS

Answer EITHER Question 7 below OR Question 8 printed on page 14. Only one of these two questions will be
graded. If you start both questions, be sure to cross out the question you do not want graded. The Section II score
weighting for the question you choose is 15 percent.

7. Answer the following questions that relate to the chemistry of nitrogen.

(a) Two nitrogen atoms combine to form a nitrogen molecule, as represented by the following equation.

2N(g) = Ny(g)

Using the table of average bond energies below, determine the enthalpy change, AH, for the reaction.

Average Bond Energy

Az Z badg brolen — | P | aamor)

N—N 160
N=N 420
i bonds Fsrmel N =N 950

(b) The reaction between nitrogen and hydrogen to form ammonia is represented below.

Nj(g) + 3 Hy(g) — 2NH;(g) AH®° = -92.2kJ
Predict the sign of the standard entropy change, AS®, for the reaction. Justify your answer.

(c) The value of AG® for the reaction represented in part (b) is negative at low temperatures but positive at high
temperatures. Explain.

(d) When Ny(g) and H,(g) are placed in a sealed container at a low temperature, no measurable amount of
NH;(g) is produced. Explain.

Copyright © 2003 by College Entrance Examination Board. All rights reserved.
Available to AP professionals at apcentral.collegeboard.com and to
students and parents at www.collegeboard.com/apstudents.

GO ON TO THE NEXT PAGE.
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Question 7

7. Answer the following questions that relate to the chemistry of nitrogen.

(a) Two nitrogen atoms combine to form a nitrogen molecule, as represented by the following equation.

2N(g) - Ny(g)
Using the table of average bond energies below, determine the enthalpy change, AH, for the reaction.

Average Bond Energy
Bond (& mol™")
N— N 160
N=N 420
N=N 950
AH = -950 kJ 1 point for correct sign

The reaction is exothermic because the chemical equation shows 1 point for magnitude

the formation of the N = N bond.

(b) The reaction between nitrogen and hydrogen to form ammonia is represented below.

Ni(g) + 3 Hy(g) — 2 NH,(g) AHP = -922 k]

Predict the sign of the standard entropy change, AS®°, for the reaction. Justify your answer.

1 point for correct sign
AS® is negative. There are fewer moles of product gas (2 mol) 1 point for indicating fewer moles of

;:23:;?; d rtrcl)orria;t_:geiases (4 mol), so the reaction is products compared to reactants (in the
J gas phase)

(c) The value of AG® for the reaction represented in part (b) is negative at low temperatures but positive at
high temperatures. Explain.

AG°® = AH° -TAS°
AH" and AS® are negative. At low temperatures, the TAS® | 1 point each for using AG® = AH° — TAS®
term is smaller than AH®, and AG® is negative. At high to explain the sign of AG® at high and low
temperatures, the TAS® term is higher than AH®, and AG® | temperatures.

is positive.

(d) When Ny(g) and Hy(g) are placed in a sealed container at a low temperature, no measurable amount of
NH; is produced. Explain.

Even though the reaction is spontaneous at low 1 point for indicating that the frequency of
temperature, the reaction is very slow. The speed ofa | collision (or kinetic energy) of molecules is low
reaction depends on the fraction of colliding molecules | at low temperature (thus the rate is slow)

with energy that exceeds the activation energy for the

reaction. At low temperature, few reactant particles 1 point for indicating that at low temperature
collide with an energy greater than the activation the kinetic energy will likely be too small to
energy. exceed the activation energy

15



2004 AP® CHEMISTRY FREE-RESPONSE QUESTIONS

Answer EITHER Question 2 below OR Question 3 printed on page 8. Only one of these two questions will be
graded. If you start both questions, be sure to cross out the question you do not want graded. The Section II score
weighting for the question you choose is 20 percent.

2Fe(s) + 3 Oy(g) = Fe,04()  AHj = =824 K mor”

2. Tron reacts with oxygen to produce iron(III) oxide, as represented by the equation above. A 75.0 g sample of

Fe(s) is mixed with 11.5 L of O,(g) at 2.66 atm and 298 K.

(a) Calculate the number of moles of each of the following before the reaction begins.
(i) Fe(s)
(i) O(g)

(b) Identify the limiting reactant when the mixture is heated to produce Fe,O4(s). Support your answer with
calculations.

(c) Calculate the number of moles of Fe;O3(s) produced when the reaction proceeds to completion.
(d) The standard free energy of formation, AGf , of Fe,04(s) is ~740. kJ mol™ at 298 K.

(i) Calculate the standard entropy of formation, ASf" , of Fe,05(s) at 298 K. Include units with your

answer.
(ii) Which is more responsible for the spontaneity of the formation reaction at 298 K, the standard enthalpy
of formation, AH f‘! , or the standard entropy of formation, AS; 7 Justify your answer.

The reaction represented below also produces iron(III) oxide. The value of AH®° for the reaction is ~280. kJ per
mole of Fe,04(s) formed.

2FeO(s) + 5 O,(8) — Fe;056)

(¢) Calculate the standard enthalpy of formation, AH f° , of FeO(s).

Copyright © 2004 by College Enrance Examination Board. All rights reserved.
Visit apcentral.coliegeboard.com (for AP professionals) and www.collegeboard.convapstudents (for AP students and parents).
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2005 AP° CHEMISTRY FREE-RESPONSE QUESTIONS (Form B)

Answer EITHER Question 7 below OR Question 8 printed on page 14. Only one of these two questions will be
graded. If you start both questions, be sure to cross out the question you do not want graded. The Section II score

weighting for the question you choose is 15 percent.

7. Answer the following questions about thermodynamics.

Substance Combustion Reaction Enthalpy of Combustion,
AH?,.» . at 298 K (kJ mol™!)
Hy(g) Hyg) + 30x(8) = H,00) ~290
C(s) C(s) + Ox(g) — COy(g) -390
CH,0H() -730

(a) In the empty box in the table above, write a balanced chemical equation for the complete combustion of
one mole of CH;0H(J). Assume products are in their standard states at 298 K. Coefficients do not need

to be whole numbers.

(b) On the basis of your answer to part (a) and the information in the table, determine the enthalpy change for
the reaction C(s) + H,(g) + H,0() —» CH;0H()).

(c) Write the balanced chemical equation that shows the reaction that is used to determine the enthalpy of
formation for one mole of CH,OH(J).

(d) Predict the sign of AS°® for the combustion of H,(g). Explain your reasoning.

(e) On the basis of bond energies, explain why the combustion of Hy(g) is exothermic.

Copyright © 2005 by College Entrance Examination Board. All rights reserved.
Visit apcentral.collegeboard.com (for AP professionals) and www.collegeboard.com/apstudents (for AP students and parents).
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2006 AP° CHEMISTRY FREE-RESPONSE QUESTIONS

Answer EITHER Question 2 below OR Question 3 printed on page 8. Only one of these two questions will be
graded. If you start both questions, be sure to cross out the question you do not want graded. The Section II score
weighting for the question you choose is 20 percent.

CO(g) + 504() = COLe)

2. The combustion of carbon monoxide is represented by the equation above.

(a) Determine the value of the standard enthalpy change, AH ., , for the combustion of CO(g) at 298 K using

the following information.

C(s) + 30(8) = COe) AHps = — 1105k mol™

C(s) + O,(g) — CO4(g) AH39e = —393.5 kJ mol™

o

(b) Determine the value of the standard entropy change, AS.S, , for the combustion of CO(g) at 298 K using
the information in the following table.

S 3
ubstance
(J mol~' K™
CO(g) 197.7
CO4(®) 213.7
0,(8) 205.1

(c) Determine the standard free energy change, AG,;, , for the reaction at 298 K. Include units with
gy g ran

your answer.
(d) Is the reaction spontaneous under standard conditions at 298 K ? Justify your answer.

(e) Calculate the value of the equilibrium constant, K, for the reaction at 298 K.

© 2006 The College Board. All rights reserved.
Visit apcentral.collegeboard.com (for AP professionals) and www.collegeboard.com/apstudents (for students and parents).
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AP Chemistry Name
Practice Exam - Thermodynamics Date Period

I. Solve the following probiems in the spaces provided below. _
A= — 21Y¢.5 KT
Use Hess’ Law to calculate AH for the following reaction:

4 HCN()) + 9 O2(g) = 4 CO2(g) + 4 NO2(g) + 2 H20y

Given:
Ha(g) + 2 C(s) + N2(g) = 2 HCN)) AH = +217.8 kJ
C(s) + O2(g) —* CO2(y AH =-393.5 kJ
2 NO2(g) — N2(g) + O2(g) AH = -66.40 kJ
2 Ha(g) + O2(g) — 2 H20y) AH = -571.7 kJ

2. Given the following information:

AH; MgCla(s) = -641.8 kJ/mol
AHf Mg2+(aq) = -462.0 kJ/mol

AH{Cl*(aq) = -167.4 kd/mol

A. Calcuiate AH for the following reaction: MgClz(s) — Mgz+(aq) +2CF@g A= -1s3-6 T

_~ B. 1f3.17 g MgCly(s) (formula mass = 95.21) is dissolved in 250.0 g of water (S.H. = 4.184J/g°C) ina

y’:.“‘{- coffee-cup calorimeter, what would the final temperature of the water be if the water were initially at
* 2 19.00°C?

3. The heat of reaction for burning 1 mole of a certain compound X is known to be -477.7 kJ. The calorimeter
constant of the bomb being used is 2.5 x 103 J/°C and the initial temperature of the water is 23.2°C.

A. If 96.54 g of compound X (MM = 46) is burned in the bomb calorimeter containing 2000 mi of water
/gbb (8.H. =4.184 J/g*°C) what will be +he il Temp ?
’ “g -

/

B. How much water can be warmed from 23.2°C to 56.5°C when 172.0 g of the compound is burned in the
bomb? i, ngﬂ o (&,28eml

22



/4. Which choéc;;)would definitely be non-spontaneous for the following changes in enthalpy (AH) and entropy
' (AS)?

+AH and +AS
+AH and -AS
. -AH and +AS

-AH and -AS
AH = 0 and +AS

%
moowy

5. The following chemical reaction occurs at 25°C:
2 HNOg() + 3 H2S(g) — W(s) + 4 H20(l) + 2 NO(g) + 3 S¢s)

You are given the following thermodynamic data:

Species AH®% (kJ/moi) AG® (kJ/moi)
HNO3() -174.1 -80.8

H2S(qg) -20.6 -33.6

H20() -285.8 -237.2

NO(g) 90.2 86.6

]

A. What is the vaiue of the standard Gibbs Free Energy for the system represented above? (ﬁ(," = -513.2 _ff'
mle

f R
" B. Whatis the value of the equilibrium constant for the system represented above? ( ,\/e& = 9673l Gxil

C. Calculate AS® at 25°C. [XS' = =133 W K‘

6. A50.0 g piece of metal at 60.0°C is placed in 200.0 g of water at 22.0°C contained in a coffee cup
calorimeter. The metal and water come to the same temperature at 32.5°C.

A. How much heat did the metal give up to the water? [899‘0 T = Quiby

B. What is the specific heat of the metal? I ¢-39 %Q-

C. How many grams of the metal at 80°C would have to be used to heat half as much water (100.0g) to the
same temperature? [ {{.g 9 metel |

APChem/ThermPracEx/mr/97/kk 2 3
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Al Af{' s AH; AG; s
Substance &Jmot)  (kf/mol)  (J/mobK) Substance (Jjmol)  (kf/mol)  (J/mokK)
NO,(g) 33.84 5184 24045  Scandium
N;0(2) 81.6 10359 2200 Sc(g) 371.8 3361 174.7
N;0.(2) 9.66 9828  304.3 Sc(s) 0 0 346
ggq(g) 52.2 663 264
0,(“1]) ~206. —-110.5 146 Selenium
HNOy(&) —1343 -7394 2664 H,Se(g) 29.7 159 2190
Oxygen
O(g) 247.5 230.1 1610 Silicon
0i(2) 0 0 205.0 Si(g) 368.2 323.9 167.8
0Oy(g) 142.3 1634 2376 Si(s) 0 0 18.7
OH(ag) -2300 -157.3 -10.7 SiC(s) -73.22 -70.85 16.61
H,0(g) -2418 -22861  188.7 SiCl(!) —640.1 —572.8 239.3
H,0()) -285.85 —23681  69.96 SiOys, quarz)  —9109  —856.5 41.84
H,04(g) -136.10 —10548 2329
H;0,() -187.8  —1204 1096 _
Ag(s) 0 0 4255
Phosphorus
P(g) 3164 2800 1632 Qgglf")) _ }‘2’3-30 AL S
Py(2) 144.3 1037 21811 T 1300 : 6-11
5 o oy 3% Aty és) 3105 -1120 1213
Pu(s, red) -1746  -1203 2285 NOs(s) —124. —3341 1409
P,(s, white) 0 0 41.08
! Sodium
PCly(g) -28807 -—2696 3117 Na(g) 107.7 773 1537
PCL(0) -3196 -27124 27 Na(s) 0 0 51.45
PF(2) -15944  —15207 3008 Na*(ag) -240.1  -261.9 59.0
PH;(g) 5.4 134 2102 Nat(g) 609.3 5743 1480
P.O4(s) —1640.1 - = NaBr(ag) -3606  —3647 141
P.Oyls) -2940.1  —26752 2289
POCs(g) Zsa2  —s025 325 NaBr(s) ~3614  —3493 8682
POCL() -5970  -5209 222 ﬁ"g(o!()‘) Tli30e ey 136l
_ _ aCl(ag -407. - 393. 115.
H,PO,(ag) 1288.3 11426 1582 Eagf g)) st ‘%81" 293
Potassium aCl(s) —410. —384.0 72.3
K(g) 89.99 61.17 1602
K(s) 0 0 64.67 NaHCOx(s) -9477  -8518 1021
KCl(s) —4359  —408.3 82.7 NaNO,(ag) —4462  -3724 207
KCIO4(s) -3912  -2899 1430 NaNOs(s) —4679  —3670 1165
KCIO,(aq) —3495  -2849  265.7 gaggﬁa;;) —:gg.g —glg.z 4938
aOH(s] —425, -379.5 64.46
KNO(s) —4g§.;o -393.13  288.1
K,0(5) ~363. -322.1 94.14 .
KOL(s) -2845  —2406 1225 Sg,‘g‘g;’m —5020  —5619 549
K,0,(5) -4958  —4298 1130 S oyt 000 1eas
KOH(s) -424.7 —378.9 7891 £ - - :
KOH(ag) -4824  —4405 91.6
Sulfur
Rubidium S(s, rhombic) 0 0 31.88
gl;gg)) sg.s 53.3 1;2.0 gg,(g; -2969  —3004 2485
s .78 (& -3952  —3704 2562
RbCK(s) -430.5  —4120 92 SO.i-(ag) -909.3  —7445 20.1
RbCION(s) ~3924  -2920 152 SOQC1,{) -2456 - —
IN:F AG; s AH; AG; s
Substance (/mot)  (fjmol)  (J/mobK) Substance (k3Jmol)  (ki/mol)  (J/mol-K)
H,S(g) -20.17 -33.01 2056 Vanadium
H,SO.(aq) -909.3  —7445 20.1 Vig) 5142 4530 1822
H,S04(0) —8140  —6899  156.1 V() 0 0 289
Titanium .
Ti(g) 468 422 180.3 Zinc
Ti(s) 0 0 30.76 Zn(g) 130.7 952 160.9
TiCldg) -7632  -7268 3549 Zn(s) 0 0 41.63
TiQ(D) —8042  -—7281 2219 ZnClys) -4151  —3694 1115
TiOLs) ~0447  —8894 50.29 ZnO(s) -3480  -3182 439

Appendix C  Thermodynamic Quantities for Selected Substances at 298.15 K (25°C)
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