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1.Acetone and water are miscible liquids. Ice is added to liquid acetone until
solid ice remains. Give the number of components, phases, and degree of freedom
of this system.

There are two components (water and acetone)
There are three phases (liquid, solid, and vapor above the substances)
There is one degree of freedom (because this is on the phase boundary of liquid and solid)

2. The boiling point of hexane at 1 atm is 68.7°C. What is the boiling point
at 1 bar? Given: The vapor pressure of hexane at 49.6°C is 53.32 kPa. State any
assumptions made.

Assumptions: Vapor pressures behave as in ideal gas and V;,, (1) << V;,(g) .
Ty at1atm = 11 = 68.7°C = 341.88K, P; = 1atm = 101.325kPa.

To = 49.6°C = 322.75K, P, = 53.32kPa
Tb.atlbar = Tg :?, P3 = lbar = 100 kPa
Apply the Clausius-Clapeyron equation to 77, P, and T, Ps:

P. AvarHhezas T, —T
(1) ln(—Q) _ Swap hexzane X ( 2 1)

Pl RTlTQ

Py RITy
(2) Avatheacane = IH(FI) X T —T)
53.32 (8.3145)(341.88)(322.75) 4

3 =1 — 30.8kJmol
®) 8101325 X T 322.75 — 341.88 mo

Apply the Clausius-Clapeyron equation to Ts, P and T3, Ps

P3 Ava Hhe:vane 1 1
4 In(=2) = vep~-hexane - _—
nf xR 1
5 7o (e 1
( ) ’ ( _Avatheacane T2 )
In 2% x 8.3145 1
To = 53.32 —1 — 41.5K
(©) 3= (508 x 108 3275

3. Liquid mercury has a density of 13.690 gcm =3 and solid mercury 14.193 gcm =3

, both measured at the melting point (—38.87°C) and 1 bar pressure. The heat of
fusion is 9.75J g~!. Calculate the melting points of mercury under a pressure of (a)
10bar and (b) 3540bar. The experimentally observed melting point under 3540 bar is
—19.9°C



ApysH =9.75J g7, T = —38.87°C = 234.28K

1 1 1
Vig=—=-—————="7305x 10 %m3¢g™ !, Vypy = ————— = 7.046 x 10~ ¥m3¢g~*
e = T 13.609gem—3 XA Vel = 103 gem 3 x AUy
AV =V, =V, =259 x 10 9m3g~!
P, = latm = 10°Pa, P; = 10atm = 10°Pa, , , P3 = 3540bar = 3540 x 10°Pa
Using Clapeyron equation:
(7) dl - Atrsv _ TAtrsV
AP AysS  ApysH
AT  TAV
® RN
TAVAP
9 AT = ——
(9) A
234.28K)(2.59 x 1079m3¢g=1)(9 x 10°P
(10) for a) AT = )(2:59 x 107Im’g )(9 x 10°Pa) _ o

9.75Jg 1

(11) T =T,+ AT = 234.28 + 0.056 = 234.336 K =|—38.81°C

(234.28 K)(2.59 x 1072m3g~1)(3539 x 10°Pa)
12 b) AT =
(12) forb) 9.75.Jg 1

(13) T =T, + AT = 234.28 4 22.02 = 256.30K =|—16.85°C

4. Vapor pressures of n-butane are given. Use them to calculate the enthalpy of
vaporization, assuming that the enthalpy is constant over the temperature range.

=22.02K

P/torr | T/K
5 187.45
10 195.35
20 204.25
40 214.05
60 220.35
100 | 228.95
200 241.95
400 256.85

Use the Clausius-Clapeyron, with the assumptions that the vapor is ideal and the vaporization
enthalpy is constant over the temperature range given.

din P Ay, H

14 =
(14) dT RT?
—ApapH 1
(15) InP = (%)(T) +C
%T“pH is the slope of the line y = ma + b where y =In P and = 1/T



Hence:
*AvapH - In P2 —In Pl

(16)

1 1
R T
InP,—InP
(17) ApopH = —R—F2——7-1
T T

In 60 — In 20
(18) = (~8.3145)(—————) =[25.5k.]/mol

220.35 ~ 204.25
An alternative method to find the slope is using Excel to plot the line. The work shown below
includes the slope of -3040.1. Hence:

AyapH = (—3040.1)(—8.3145) = 25277.J/mol = | 25.3k.J /mol

A B C D E F G k
P/torr |T/K P/Pa InP /T

1

2 5| 187.45| 666.61 6.502205 0.005335
3 10] 195.35] 1333.22 7.195352 0.005119
4 201 204.25| 2666.44  7.8885 0.004896
5 40] 214.05] 5332.88 8.581647 0.004672
6

7

8

9

60|  220.35] 7999.32 8.987112 0.004538
100] 228.95| 13332.2 9.497937 0.004368
200]  241.95] 26664.4 10.19108 0.004133
400 256.85( 53328.8 10.88423 0.003893

10 12
11
12 11
13
14 10
_ y =-3040.1x + 22.759

15| =
6 = °
17| =
18 N
19

7
20
21 .
22 0.0038 0.0041 0.0044 0.0047 0.005 0.0053
23 /T (1/K)
24



Py

5.The vapor pressure of ethane between 100 and 200 K is given by In(y7p5,

45.8006 + 2681.5/T + 0.0123667 — 6.8688InT'.
(a) Calculate the normal boiling point.
(b) Calculate the enthalpy of vaporization at 125, 150, and 175K.

a)
For normal boiling point: P = latm = 0.101325M Pa

(19) In(0.101325) = 45.8006 — 20012 | .0123667 — 6.8688 In T
(20) Solve forT — T =
b)
dln(P) —AH
1) d(; - R
(23) d(45.8006 + 2681.5/T + 0.012366T — 6.8688InT) _ AH
dT 8.314572
(24) AH = (26;1'5 +0.012366 — 6'8688)(8.3145)(T2)
(25) T =125K — AH =
(26) T = 150K — AH =
(27) T =175K — AH =

6. Estimate the location of the triple point for cyanogen (C3N;) from the va-
por pressure data. Also estimate the enthalpies for sublimation, vaporization, and
fusion.

t/K | P/torr
solid | 210.45 40
solid | 221.35 100
liquid | 240.15 400
liquid | 252.15 760

P, —AH 1 1

2 In—=2 = ——(— — —

(28) "p =R )
P, TV

2 AH =In—

(29) np ()R

Using Ty = 240.15K, T, = 252.15K, P, = 400torr, and P» = 760torr

(30) AyapH =|26.93k.J /mol

Using 17 = 210.45K, Ty = 221.35K, P, = 40torr, and P> = 100torr



(31) AguwH = | 32.56kJ /mol
(32) AgusH = Ay H — Ayop H = 32.56 — 26.93 = | 5.63k.J /mol

For finding the triple point (P, and Typ):

P, AwnH 1 1
33 In Py = - —
( ) (Psolid R Tsolid Ttp)
P, AyapH 1 1
(34) In(—2—) = =0 -
Pliquid R T‘liquid Ttp

From equations (33) and (34)

AnH , 1 1 ANparH 1 1
35 L —— V4P, =" (— - — In P,
( ) R (Tsolid Ttp) +In tp R (j—vhq Ttp) +1In tp
1 1 Agu H A’Ull H
(36) — = (= 2V 4 RIn Pagjig — RIn Pyy)

Ttp Asub—EI - A'uapH Tsolid T‘liq
Using Tsoriq = 210.45K, Pyoiq = 40torr, Ty = 240.15K, and Py = 400torr

T,, = 240.2586K =

Using equations (33) or (34)

AgnH , 1 1
R Tsolid Ttp

-, ~ (285 0r]

7. Calcium carbonate is found in two forms, calcite and aragonite. The following
data apply to the transition

Ptp = Rsolid S e:z?p[

CaCOs (calcite) — CaCOs3 (aragonite)
Peat = 2.71g/em®  para = 2.93g/cm®
AHY = —0.21kJ/mol, AG® =1.04kJ/mol, AS® = —4.2J/K mol, T = 298.15K
(a) What is the stable form at 25°C, lbar? Explain how you know.

(b) At what pressure would these two forms be in equilibrium at 25°C?
(c¢) At what pressure would they be in equilibrium at 1000K?

)
Because AGY for the process is positive, the process is non-spontaneous. Hence, the calcite
form is more stable at 298K.
b)

1 1 ) 1L
2.93g/em3  2.71g/em3”*1000cm3

Vara — Vear = 100g/mol ( )= —2.77 x 1073 L mol "

AG? = 1.04k.J/mol = 10.4L.bar.mol "



At equilibrium AG = 0 or the chemical potentials are equal.

(37) Meal = Hara

(38) Hear + Vear(p — 1°) = tgra + Vara(p — °

(39) (Hara — Moar) = Vear = Vara)(p — 1°)

(40) AG°® = (‘/cal - Vara)(p - po)
AG°

41 = 4 o
( ) p (‘/cal - Vara) P

10.4L.bar.mol !

42 = 1
(42) P = S % 105 Lmoi—t T 10
(43) p = 3756bar =|375.6M Pa

c)
(44) AG’(at 1000K) = AH? — TAS°
(45) AG° = —0.21 — (1000)(—0.0042) = 3.99kJ.mol ™!
As in part b)
AG®°

46 e — + o

( ) b (chal - Vara) P
.9L.bar.mol ™!
(47) 39.9L.bar.mo + lbar

P S 7T mol—1 x 103

(48) p = 14405bar = | 1440.5M Pa

8. Assuming ideal solution, calculate AG, AH, andAS for mixing 0.25 moles of
benzene with 0.5 moles of toluene at 30°C

Ymol = 0.25 4+ 0.5 = 0.75mol

Xtoluene = 0.5/0.750 = 667, Xbenzene = 0.25/0.75 = 0.333

For ideal solutions:

(49)

(50) ApizS = —nR(Xtoluene IN Xtoluene + Xbenzene IN Xbenzene)
(51) — —(0.75)(8.3145)(0.666 In 0.666 -+ 0.333 1n 0.333)
(52)

(53)

(54)

NET

Amsz = AmuH - TAmixS

= 0— (30 +273.15)(3.97) =[ —1.2kJ

9. Henry’s Law constants for N, and O; in water at 20.0°C' and 1 atm pressure
are 7.58 x 10* atm and 3.88 x 10* atm, respectively. If the density of water at 20.0°C



is 0.9982—%; calculate

cm
(a) the equilibrium mole fraction and (b) the concentration of Ny and O; in water
exposed to air at 20.0°C' and 1 atm total pressure. Assume that the air is 80 mole

%Ns and 20 mole %O,.

(55) a)
(56) Pn, = (80%)(1latm) = 0.8atm, Po, = (20%)(1latm) = 0.2atm
Py, Po
o7 = 2 — 202
( ) XN» KN27 X0z K02
0.8atm 0.2atm
58 — O 06 x 1070, yo, = — " 1515 x 1070
(58)  Xwa = T35 T0aim a X0: = 388 % 104 a
(59)
b)
_ 18.015289.mol_1 1L

Vin(H20) = = 0.018048L /mol

0.9982g.cm—3 " 1000em?

_ XOs 5.15 x 1076 ")
61 Concentrat 0, = - —[2.85 x 10-1M
(61) oncentration of Ox = g 5y = 5018048 L mol 1 x

' & N
trat Ny = = =|5. 107°M
(60) Concentration of N Vo (HaO) — 0.018048L.mol1 5.87 x 10

10. The following data are for mixtures of isopropanol in benzene at 25°C.
(a) Prepare a pressure-composition plot that includes both components and total
pressure.
(b) Does the solution exhibit positive or negative deviations from Raoult’s law?
Explain the physical reasons for this.
(c) Use the graph to calculate the activities and activity coefficients for both iso-
propanol and benzene at X;sopropanot = 0.20, 0.50, and 0.80.
(d)Calculate the excess Gibbs Free energy of mixing at the same concentrations as
in part (c).

(a), (c), (d) are shown below using Excel to compute the values.
(b) As in the graph, the solution exhibits positive deviation from Raoult’s law. This means
that the vapor pressure of the mixture is always higher than you would expect from an ideal
mixture. The interactions between benzene and isopropanol are weaker than those between
benzene molecules or isopropanol molecules. This indicates that in the solution, molecules of
benzene or isopropanol will find it easier to escape than in pure state.
(d) The excess Gibbs free energy can be calculated as below:

(62) GE = Amiz(;nonfideal - AmizGideal
(63) G* = nRT[xaln(aa) + xp In(ap)] = nRT[xan(xa) + x5 In(x5)]
(64) G* =nRT[xalnva + x5 Invp]



A B C D E F G H |
11X, 0 0.059 0.146 0.362 0.521 0.7 0.836 0.924 1
2 |P,, (torT) 0 129 224 276 305 36 4 395 42 2 44
3 |Piw (torT) 944 1045 109 108.4 105.8 998 84 66.4 44
4 | Ppomme (tOIT) 94 4 1.6 26.6 80.8 75.3 63.4 445 242 ]
5 3. 1 0.941 0.854 0.638 0.479 0.3 0.164 0.076 0
6 ~
- Vapor pressure vs mole fraction
8
g 120
10
100
11 .
12
B0
= EE'.
o
= B &0
15 =
16 ;
36.4 g 0
17 30:5 -
) 276
18 224 20
19 12.9
MOLE FRACTION OF ISOPROPANOL
20 00
21 1 0924 0.B36 0.7 0521 0.362 0.146 0.059 0
22
23
24
25
26 | X [P... (torm) Ja.. Yiso | ybenzenda.  |Pomme (101X
27 P P
28 Y AL “= 944
29 0.2 25| 056818 2 84091 1.12553| 0.90042 85 0.8
30 0.5 30| 0.68182| 1.36364| 1.58898| 0.79449 75 0.5
h 0.8 39| 0.88636| 1.10795( 2. 64831| 0.52966 50 0.2
32
. I
33 X Yiso Xben Ybenzene Gﬂ(m) = NRT[XieoIn(¥ico) + Xpenzene N (Ypenz)]
34 0.2 2.84091 0.8 1.12553 752188
35 0.5] 1.36364 0.5 1.58898 958.43
36 0.8] 1.10795 0.2 264831 68617
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1. The protein human plasma albumin has a molar mass of 69,000 gmol~!. Cal-
culate the osmotic pressure of a solution of this protein containing 2 g per 100cm? at
25°C in (a) Pa and (b) mm H>0. (The experiment is carried out using salt solution
as the solvent and a membrane permeable to both salt and water.) (c) Neglecting
the influence of the salt (i.e., assume the solvent is water), what is the freezing point
depression of an albumin solution of the same molality?

a and b.

mole of albumin: n = 2g x 6;86001(] = 2.89 x 1075 mol

. 2.898% 10~ °molx8.3145m°> Pa K~ mol ™! x (254273.15) K
Osmotic pressure: m = 28T — 220 moX e X(25427815)K _ [718Ppg | =

v

718Pq x SA0TmH0 — 173 3mm HyO

C

Freezing point depression: ATy = Kb = 1.86 x % =15.39 x 10~ %°C

2. From the data given in the following table, (a) construct a complete temperature-
composition diagram for the system ethanol-ethyl acetate for 1.013bar. A solution
containing Xgiopg = 0.8 is distilled at 1.013bar. (b) What is the composition of the
first vapor to come off? (c) Can ethanol be completely separated from this mixture
by simple distillation? Explain. (d) What is the sign of G¥? Describe the interac-
tions between ethanol and ethyl acetate. (e) At a total mole fraction Zg;,op = 0.2
and a temperature of 74°C, whataretheamountsandcompositiono feachphasepresent?




XEtOH  YEtOH BP, °C

Temperature - COI]lpOSitiOll
0.000 0.000 77.15

0.025  0.070 76.7 7 e

0.100 0.164 75.0 f @
v 77 O

0.240  0.295 726 g o | e o

0.360  0.398 71.8 £ 75 °

0462  0.462 71.6 % 7 ¢ —

0.563 0.507 720 F :2 .0 o e I

0.710  0.600 72.8 . 0.9 0

0.833 0.735 74.2 0000 9150200022 g.400 0.600 %6° 0.0 1.000

0.942 0.880 76.4 Mole Fraction

0.982  0.965 77.7

Y EtOH X EtOH
1.000 1.000 78.3 © O aE

b. The first vapor to come off should have the fraction of 0.69

c. The ethanol can not be completely because at the azeotrope point, the vapor coming off has the exactly the

same composition of the liquid boi]ing as shown in the g_raph.

d. The sign of GEis positive because the boi]jng point is at the minimum of the gTaph. This means that the
EtOH - Ethyl Acetate attraction is not favourable. Thus, the mixing of the two components less favourable
leading the posotive value of GE.

e. %EtOH vapor = (0.2-0.15)/(0.22-0.15)x100% = 71%
%EtOH liquid = (0.22-0.2)/(0.22-0.15)x100% = 29%

3. Use the figure below to estimate the masses of nicotine and water present in
each phase if the 10g of nicotine and 10 g of water are mixed at 80°C and latm

220°C One phase

140°C
60°C
00.08 05 067 ]
w(CoHsN>)
Phase 1 Phase 2
mass of nicotin ny N9 ni + no = 10g
mass of water w1 wWo w1 + we = 10g
mass fraction of nicotin nl’j}wl =0.08 n;fw =0.67




Solving four equations in the table above:

10—712

———— = 0.08 and ny = 0.67ng + 0.67ws
20 — Ng — Wa

0.67
ng = @wg and 10 —ny = 1.6 — 0.08n5 — 0.08ws,

67 67
10 — ﬁ’wg = 1.6 —0.08 x ﬁ X Wo — 008102
Thus

ny = 0.5g, w; =5.3g, ne = 9.5g, we =4.7g

4.Answer the following questions using the binary phase diagram of CsCI-LiCl.
(a) What is the melting point of pure LiCl? Of pure CsCl1?
(b) What is the formula for the compound formed between LiCl and CsCl1? At what
temperature does this compound melt? Does this compound melt congruently or
incongruently?
(c) What is the temperature and composition of the eutectic point formed?
(d) Give the phases and composition present in each labled area (A)-(G).

CsCl - LiCl
Data from FTsalt - FACT sait databases FactS
800 ; : . . . , : —ABCiORge
Melting point of pure CsCl
» g — 700 6as ] Meltin% point of pure LiCl
610"
600 Mixture (CsCl and LiCl) Liquid
o CsCl (s,) and mixture (1)
= 500 | 470" 345 ]
@
ot
= CsCl (s;) and Mixture (1) Incongruently . -
..g 400 | 380 R LiCl (s) and mixture (1)
= Melting point of LiCs,Cl; Liccssillrlsjl ;c:cgu:re( ) 225 326
E 300 I (decompose) 1
]
200 2
| CsCl (s) and LiCs,Cl, (s) 3, LiCl (s) and LiCs,Cl, (s)
8
100 E
LiCs,Cl i
2wy
CS C | 0 1 1 L D L 1 ' 1 L L L' C'
00 01 02 03 04 05 06 07 08 09 10
mole LiCl/(CsCHLICl)

5. The conversion of malate into fumarate (1) malate (aq) = fumarate (aq) +
H,0 (1) is endergonic at body temperature, 37°C; AG° = 2.93kJmol~!. In metabolism,



the reaction is coupled with (2) fumarate (aq) = asaparate (aq) for which AG° =
—15.5kJmol~! at 37°C. (a) Calculate Kc for reaction 1; (b) Calculate K. for reaction
2. (c) Calculate K. and AG° for the coupled reaction 1+2.

a)
For reaction 1
AG°
T

—AG° —2930.J/mol
InK, = - — —1.136
BB T TR T (37 + 273.15)K x (8.3145J/K mol)

K, =e 1136 =10.321

=—RInK,

b)
For reaction 2
A o
f =—-RInK,
mK, = —AG _ 15500J /mol _ 6011

RT — (37+273.15)K x (8.3145J/K mol)

K, = ¢~ 1136 —
c)

For reaction 1+2

A o
jCj =—-RInK,
AGYS g -1 2
mK, = G + AGS _ 5500 + 2930/mol _ 4874
RT (37 +273.15) K x (8.3145J/ K mol)

K, = ¢~ 1136 —

6. The table below lists the standard free energies of formation (using the old
standard state of P’ = latm) of several hydrates of MgCl, at 25°C. Which hydrate
will be the stable form in air at 25°C if the relative humidity is 80%? State the
source of your value for the free energy of formation of water. The vapor pressure
of water is 23.76torr at 25°C'.

AvenG = A;GY + RTIn(Q)

0 0 0 6
ArenG" = AfG]WgClg.nHQO - AfGZMgClg(s) - nAfGHQO(g)

AMgCly.nHO(s) 1
- P
AMgCly(s) X CH0(9) 1 x (—532)"

According to Physical Chemistry, 10th Edition by Peter Atkins:
AfG?{QO(g) = —228.57kJ/mol and AfG%gCIQ(s) = —592.33 k.J/mol



Also, K = 8.3 x 1073 Latm K~ 'mol~!, T = 298.15K,
Pr,0 = (0.8)(23.76torr) (%2 ) = 0.025atm, and P = latm

760torr
A B C D E F G H

1 MG° (ki/mol)  |n DG (kJ/mol) Q DG (kJ/mol)
2 [Mgcl, 592.33 0 0 1 0
3 MgClyH,0 -862.36 1 -41.46 40 -32.32252973
4 MgCl,2H,0 -11185 2 -69.03 1600 -50.75505946
5 MgCly4H,0 -1633.8 4 -127.19 2560000

6 MgCly6H,0 -1278.8 6 68495 4096000000 739.7748216

MgCly.4H50 has the lowest A,...,,G, hence this is the most stable form of this hydrate.

7. The average molar mass M of equilibrium mixtures of NO; and N,O4 at 1.013bar
total pressure is given in the table below at three temperatures.
(a) Calculate the degree of dissociation of N0, and the equilibrium constant at each
of these temperatures.
(b) Graphically determine the enthalpy for the dissociation of NyO,.
(c) Calculate the equilibrium constant at 35°C
(d) Calculate the degree of dissociation for NoO,4 at 35°C when the total pressure is
0.5bar. a.

Molar mass of NOg = 46g/mol
Molar mass of NoO4 = 92g/mol
Let x is the mole fraction of NOy so the mole fraction of NoO4 is 1 — x

average mass = 46x + (1 — x)(92)

92 — average mass
€r =

46
N204 (g) = 2N02 (g)
I 1
C —« 2
E 11—« 20 Total mole =1+ «
. _ 11—« _ 2«
Mole Fraction 1—xz = Ta = 17q
T
o =
2—x
x  (xvo, x P)> _ Xko, X P _ a® x 1.013bar
XN204 X P XN204 1 -z
A B C D
1 [t/°C 25 45 65
2 I\/I/gmof1 77.64 66.80 56.51
3 |x 0.31217 0.54783 0.77152
4 @ 01849 037725 0.62803
5 K 0.14352 0.67234 2.63913



b.

A B C D

1 t/°C 25 45 65
2 M/gmol” 77.64 66.80 56.51
3 |x 0.3121739 0.5478261 0.7715217
40 01849562 0.3772455 0.6280304
5 K 0.1435238 0.6723406 2.6391307
6 InK -1.941254 -0.39699 0.9704496
7 1/T 0.003354 0.0031432 0.0029573
8 1.5
9 1
10 0 y = -7338.6x + 22.671
11

0
U 4 05
13 =

-1
14
15 1
16 E AH = R(—7338.6) = (8.3145)(—7338.6)
17 25 — 61011 mol
18 0.0029 0.003 0.00310.0032 0.0033 0.0034
19 1/T (K'Y

c. Using the equation from the graph in part b.

In K = (—7338.6) x (35 + 273.15) 4 22.671 = —1.144025

K — 1144025 _[()735

d.
K — (xno, X P)? _ (xno, X P)? B 22 x 0.5bar _ 0.39
B XN204><P _1_XN02><P_ ]._l' e

0.522+0.322 - 0.32=0

Solve the quadratic equation, the only positive solution is x = 0.542.
Using the equation in part a.

X

= =0.372
py 0.37

«

8. At 2000°C water is 2% dissociated into oxygen and hydrogen at a total pressure
of 1 bar.
(a) Calculate K for H3O(g) = Ha(g) + 1/202(g)
(b) Will the extent of reaction increase or decrease if the pressure is reduced?
Explain.
(c) Will the extent of reaction increase or decrease if argon gas is added, holding
the total pressure to 1 bar? Explain.
(d) Will the extent of reaction change If the pressure is raised by addition of argon at
constant volume to the closed system containing partially dissociated water vapor?



Explain.

(e) Will the extent of reaction increase or decrease if oxygen is added while holding

the total pressure constant at 1 bar? Explain.

a.

Hy0 (g) = H, (g) + 302 (g)
I 1
C X +x +3
E 1-x X %m
. 1— T 2T
Mole fraction o %zz @ i I
Partial Pressure PHQO - 1]:;5; Ptotal PH2 = @Ptotal P02 = 1_izmptotal

_a 0y(_2%_ 0Y1/2
i = (am)(ao,)V? _ (s Prorat/ P (g5 Protat/P7)

1—
aH,0 71+§w Ptotal/Pa

_ V0.523/2
PO PP (14 L) 1/2(1 — x)

With P? = Pp = 1bar and z = 0.02, | K = 2.03 x 1073
Apply the Le Chatelier’s Principle to b. , c. , d. , and e.

ntomlzl—m—&—x—i—%x:l—i—%x

Dalton’s law

b. The extent of reaction | increases | since the equilibrium shifts to the right. When pressure is
reduced, the equilibrium will shift to the side which has more moles of gases.
c. The extent of reaction since the equilibrium shifts to the right. When Argon is
added with constant total pressure, the partial pressure of each component decreases.

Therefore, the effect will be the same in part b.

d. The extent of reaction will be since the equilibrium is stable. When Argon is
added with constant volume, the total pressure and the partial pressure of each component

increase relatively which makes no change in the equilibrium.

e. The extent of reaction since the equilibrium shifts to the left. When Oxygen gas
(the product) is added at constant pressure, the equilibrium will shift to the side which opposes

the change.
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These problems are typically more lengthy and difficult (and may require software) than those that will
be presented on an exam.

For extra practice on simpler problems, work on the following exercises: 5A1.a; 5A4.a; 5A6.a; 5A8.3;
5A10.3; 5C: 23, 33, 4a; 5D: 143, 44, 6a; 5F1a; 5F2a; 5F4a

1. For a solution of ethanol and water at 20 2C that has a concentration of 0.2 mole fraction ethanol, the
partial volume of water is 17.9 cm3mol? and the partial molar volume of ethanol is 55.0 cm3mol*. What
volumes of pure ethanol and water are required to make one liter of this solution? What is AmixV under
these conditions? At 20 2C the density of ethanol is 0.789 g cm™ and the density of water is 0.998 gcm’3.
(Ans. 570 cm® water, 461 cm?® ethanol, -31 cm3)

Solution: component 1 is water and component 2 is ethanol:

V= n1]71 + n2V2 = 4n2‘71 + n2‘72 = le(wl + Vz)

n2

The substitution is made since X, = =02 n, =0.2(n; +n,) 0.8n, = 0.2n; 4n, =n, (Or, without the

nit+n,
detailed math, since the solution is mole fraction= 1/5 ethanol and mole fraction=4/5 water, then there are 4

times as many moles of water as ethanol.)
Find how many moles of each component are in a liter of solution, where the

1000 = n,(4-17.9 + 55.0) n, = 7.90 moles ethanol mass ethanol: w, =
46.07 9/ 1. 7.90 moles ethanol = 364.0 g

g _ 3640

g 2% _ 3
g/cm3 0.789 461 cm

The volume of ethanol needed to obtain thisare V =

Therefore, there are n; = 4n, = 4-7.90 = 31.6 moles water

The mass of water is w; = 18.01 g/moles 31.6 moles water = 569.1 g

g _ 5691

— T —— T 3
g/cm3 0.998 570 cm

The volume of water needed is VV =

This means that there is a shrinkage of (570 + 461) — 1000 = 31 cm? when these amounts of ethanol and water
are mixed at 20°C.

2. What is the entropy change for mixing 1 liter of a monoatomic ideal gas (call it A) at 2 atm and 100 2C
with 2 liters of a different monoatomic ideal gas (call it B) at 0.5 atm and 0 2C (the total volume is
confined to 3 liters)? Assume Cy= 1.5R for both gases. (Hint: you need to include the entropy change for
the change in volume, change in temperature, and for mixing) (Ans. 0.763 J/K)

Solution. We will expand/contract the gases so they will have the same moles per volume, so after the
temperature is changed, each part will be at the same pressure. After calculating the entropy change for
the volume changes, the temperature change, then we can calculate the entropy change for mixing A
and B.



. . PV 2atmill
First, calculate the moles of each gas from the ideal gas law: n = — = T

373K

RT ~ 0.082056
PV 0.5atm2L fmote
0.0654 molesA n=—= — = 0.0446 moles B
RT 0.0820564 273K

In mole fractions, Xa=0.594 and X=0.406. Since in the end the gases will be at the same temperatures,

we know that the volumes they would take up will be proportional to their number of moles. Since the
total volume is 3 liters, we will expand A to 0.594 x 3 liters = 1.78 liters and B to 1.22 liters. The entropy
changes for these two isothermal expansions are

AS, = n,RIn-L = 0.0654- 8314 In~2% = 0.314 L
Vi 1 mol

122 _

ASp = ngRIn-L = 0.0446 - 8.314 - In*2% = —0.184
Vi 2 mol

Next, determine the final temperature: Tr(nCy) = T4(nyCy) + Tg(ngCy)
Since the heat capacity is the same for both cases, that can be factored out to give

_ Tu(ny) + Ta(ng) _ 373(0.0654) + 273(0.0446)

= = =332K
F (ny) (0.0654 + 0.0446)

T
Now calculate the entropy due to the temperature change for each gas AS, = nACVlnT—’f = 0.0654 -

1.5-8.314in

332 _

e —0.0939]/K

T 332
ASp = npCylnz- = 0044615 8314ln-— = 0110 /K

4

Since the concentration n/V is the same on each side and the T is the same, the pressures will be the
same, so we can use the regular formula for mixing gases at the same pressure.

ASpiy = —R(ny In(X,) + ngRIn(X5))—= —8.314 [0.06541n( 0.549) + 0.0446In( 0.406)]
= 0.618J/K

Add all the different components of entropy to get 4S,,,;, = 0.763 J/Kmole

3. Two components, A and B, were mixed forming a nonideal solution and their liquid and vapor phases
were allowed to equilibrate at 298 K and a pressure of 1 atm. The mole fraction of A in the liquid phase
was found to be 0.380. The mole fraction of A in the vapor phase was 0.490. Calculate the activities and
activity coefficients of both A and B in the solution on the basis of Raoult’s law. The vapor pressures of
the pure liquids were P*(A) = 790 Torr and P*(B) = 600 Torr. Do these represent positive, negative, or no
deviations from Raoult’s Law? Describe the intermolecular interactions that take place between A and B.
(Ans: 0.471; 1241; 0.646; 1.042; positive)



: P
Solution: a, = - and aa = yaXa
A

The activity is determined by comparing the vapor pressure above the solution to the vapor pressure of

P 0.490-760
the pure component. For A, a4 = A=
P, 790

= 0.471, where the vapor pressure above solution was
determined through Dalton’s Law.

Pp _ 0.510-760

- = 0.646
P}, 600

For B, ag =

The activity coefficients are determined by comparing the activity to the mole fraction in solution. For A,
ay _ 0471

Va = h = oaes = 1241
ForB, g = ;—E =222 = 1.042

These are positive deviations from Raoult’s Law. The components have a higher vapor pressure above
the solution than they predicted by Raoult’s Law. This indicates that favorable interactions that exist
between A-A and/or B-B are disrupted when the molecules are mixed together.

4) Using the data below of the vapor pressures in kPa for a solution of n-propanol and water, calculate
the activity and activity coefficients of water (1) and n-propanol (2) at 0.20, 0.40, 0.60, and 0.80 mole
fraction of n-propanol. Used Henry’s Law standard state for the solute and Raoult’s Law standard state
for the solvent (water). (Ans in table)

activity activity

Xn- Pn- Activity  coefficient Activity coefficient
propanol | PH20 propanol | n-prop nprop H20 H20

0.000 3.168 0

0.020 3.13 0.67

0.050 3.09 1.44

0.100 3.03 1.76

0.200 291 1.81 0.05 0.24 0.92 1.15

0.400 2.89 1.89 0.05 0.12 0.91 1.52

0.600 2.65 2.07 0.05 0.091 0.84 2.09

0.800 1.79 2.37 0.06 0.078 0.57 2.83

0.900 1.08 2.59

0.950 0.56 2.77

1.000 0 2.901
Solution:

For Henry’s Law, ag = Pg/Kg where Ky = lim (2—3) and ag =YXz

Xg—0 B

First, the Henry’s Law constant must be obtained by extrapolating the value of P/X to X=0. The value
obtained from the graph is 38 kPa.



H nry's Law Constant
40

N

N I =
o B S

20 y =-201.33x + 38.042

P2/X2

15
10

0.000 0.020 0.040 0.060 0.080 0.100 0.120
X2

Now K=38 can be used to determine activity ag = Pg/38, and then activity can be used to determine

activity coefficient for n-propanol, yg = ag/Xg. For water, the vapor pressure will be used to determine
as
1-Xg'

L P . . - .
the activity ay = B—fgand then the mole fraction to determine the activity coefficient y, =

5.A regular solution is defined as one where p; = yf + RTInX, + (X% and u, = ;129 + RTInX, + {X2.

Derive the activity coefficients in terms of {: y; = exp (%) andy, = exp (%(le)
Solution: By definition Ina; = <”1R;T”f) = {ln)(1 + %} = {lnXl + Inexp (%)} — {ln [Xlexp (%XTZZ)]}’

since Inx + Iny = In(xy)
2
2

2
Therefore, a; =y, X1 = X;exp (%) Andy; = exp (%)

2
By a similar argument, y, = exp (%)

6. From the data given in the following table construct a complete temperature-composition diagram for
the system ethanol-ethyl acetate for 1.013 bar. A solution containing 0.8 mole fraction of ethanol is
distilled completely at 1.013 bar.

a) What is the composition of the first vapor to come off?
b) What is the composition that of the last drop of liquid to evaporate?

c) What would be the values of these quantities if the distillation were carried out in a cylinder with a
piston so that none of the vapor escapes?

(Ans. Y=0.7; X=1; &=0.7 and X=0.9)

XEtOH YEtOH BP
0.000 0.000 77.15




0.025 0.070 76.7
0.100 0.164 75.0
0.240 0.295 72.6
0.360 0.398 71.8
0.462 0.462 71.6
0.563 0.507 72.0
0.710 0.600 72.8
0.833 0.735 74.2
0.942 0.880 76.5
0.982 0.965 77.7
1.000 1.000 78.3

Solution:

79
78
77
76

75

t,°C

—@— Liquid
74 —@—\/apor

73
72

71
0.000 0.200 0.400 0.600 0.800 1.000

X, Y (EtOH)

a) The vapor in equilibrium with X=0.8 is Y=0.7, and that will the composition of the first vapor to
come off when a solution of X=0.8 is distilled.

b) As the boiling continues, more of the EtAc will be removed. As the mole fraction of EtOH
increases, the boiling point will also increase. Finally, the very last drop will be pure EtOH.

¢) The first vapor to come off will the same as in part (a). However, when all the mixture is in the
vapor state, the mole fraction of the vapor state will be 0.800 simply because that is the total
mole fraction of EtOH in the mixture. Thus, to find the composition of last drop to evaporate,
simply note the liquid (XEtOH=0.9) in equilibrium with the vapor that has 0.800 EtOH in it.

7. Explain the following observations about red blood cells in term of chemical potential. When red
blood cells are put into pure water, they burst. When they are put into a saline solution (a solution with
a salt concentration similar to that of the liquid that surrounds the blood cells in your circulatory system)



they retain their normal shape and size. When they are put into a saturated salt solution they shrivel up.
Explain these observations. Include an expression for the chemical potentials inside and outside the cell.
(You can think of a red blood cell as a cell surrounded by a structurally weak, semipermeable membrane
that lets water go through but not much else. Note that inside a red blood cell there are a variety of
salts, small organic molecules, proteins and other chemicals which are in an aqueous solution.)

Solution: Because there are a number of solutes inside a red blood cell, the chemical potential of water in the cell
is significantly less than that of pure water, p, (1) = p; (1) + RT In(X,), where the mole fraction of the water is
less than 1. Thus if you put red blood cells in pure water, water will migrate into them (since the chemical potential
is lower there) until they burst due to the osmotic pressure. In saline solution, the chemical potential of water is
the same on both sides of the cell membrane. In a high salt solution, the chemical potential is less on the outside
of the cell and thus water travels out from the cell, causing it to shrivel.

8. The binary phase diagram of P-Si at 200 bar is shown below. (From Materials 2017, 10(6), 676) For A-l,
label the components and phases in each section. What are the formulas for compounds 1 & 2? Explain
what happens at 1178 2C, 1170 °C, 1125 °C, and ,1414 °C.

1500 1 1 1 | 1 | 1 | 1 |
—— This work 1414°C
J - - - Liang and Scmid-Fetzer [257], 200 bar
: Liquid
1250 A D
1178°C 1170°C _C
—_ PP N 1132°C
@) . - =
S 1125°C
bt e H
E 1000 — )
S : S
! ge)

g 5 2
E f s [o%
v E £ £
o S O G

750 —

F
579°C
|
500 T T T T | T | ! |
0.0 02 04 0.6 08 1.0

Mole fraction (Si)



Solution

l 500 L l L l A l A
—— This work
~ = = Liang and Scmid-Fetzer [257], 200 bar

1132°C

Liquid
1250 -
1178°C 1170°C
@) 1 LT A D
< ™ 1125°C
b v
= 1000 = o
= ]
- !
<~ 1
=5 g
] 1
<
o

750

Diamond_Si+SiP

Diamond_Si

500 . . :
0.0 0.2 0.4

Mole fraction (Si)

" L}
0.6

A —Solid SiP, and liquid (mixture of Si/P)

B — Solid SiP and liquid (mixture of Si/P)

C - Solid SiP and liquid (mixture of Si/P)

D — Liquid (mixture of Si/P) and Si

E — Liquid and solid SiP2

F -- solid SiP2 and solid SiP

G - solid SiP and solid Si

H —solid Si

| - solid P and solid SiP,

Compound 1 — with XSi=0.33, the compound formula must be SiP,.
Compound 2 — with XSi=0.5, the compound formula must be SiP.
1178 °C — melting point of SiP;

1170 °C—melting point of SiP

1125 °C — eutectic between SiP, and Si.

1414 °C — melting point of Si

0.8



HW4 Due 2/20/20 11:59 p.m. CHEM 328

For extra practice on simpler problems, work on the following exercises: 4 A.1a; 4 A.2a; 4 A.3a; 4 A.4a; 4A.53;
4B.5a; 4B.7a; 4B.9a; 4B.13a; 4B.14a;

A) If KH,PO, crystals are added to water, how many independent components are in the final solution? Explain.
Note that KH,PO,ionizes to form K* and H,PO4".
B) If KOH solid (which ionizes to form K+ and OH- ions) is then added to the solution in (A), converting half of the
H,PO,; to HPO4% (H2PO4 + OH- ---> H,0 + HPO,*), how many independent components are there? Explain.
C) Explain the number of degrees of freedom are for each of the following systems at equilibrium.
i) Ice and liquid water
ii) Ice and water vapor
iii) CO, O, and CO; in a single gas phase, with each substance added separately, but no catalyst present to allow
the chemical reaction to come to equilibrium
iv) The system in part (iii) but with a catalyst that allows the chemical reaction to equilibrate
v) The system in part (iii) but with the system prepared by starting by adding CO; only

(Ans. A. 2; B. 3 C. i) 1;ii) 1, iii) 4, iv) 3, v) 2)
Solution: 1 A)Two, since the system can be defined by the amount of water and amount of KH,PO, added.

B) Three. Water is one. The remainder of the system can be described uniquely in terms of the amount of
KH2PO, and the amount of KOH.

C) i) F=C-P+2. There are two phases. Although there are two species (solid & liquid water), they cannot be varied
independently because of the equilibrium constraint, so there is only one component. Therefore, F=1-2+2=1

ii) There are two phases (solid & vapor). There are two components, but they can’t be varied independently since
they are in equilibrium, so there is only one component. Therefore, F=1-2+2=1

i) There is one gas phase. There are 3 separate substances that are independent since they are not in
equilibrium with each other. Therefore, F=3-1+2=4

iv) There is still the one gas phase. However, since the reaction 2C0 + 0, = 2C0, governs the equilibrium, the
concentration of only 2 speicies can be varied independtly, and the third will be deterimined by the equilibrium
expression. Therefore, there are only two components. So, F=2-1+2=3.

v) There is still the one gas phase. Since only CO2 was added to the container, the other two species cannot be
varied independently because of mass balance (all material must originate from the CO2 added in the first place)
and the equilibrium constraint. Therefore, there is only one component. So, F=1-1+2=2

2. Prove that a substance for which the solid-liquid coexistence curve has a negative slope contracts upon
melting.



3.

® oo oo

Solution: Rearranging the Clapyeron equation Z—; = % to solve for the change in volume and substituting
trs
ArysS
for the specific phase change (solid-liquid) gives As,V = %.

daT
Since the entropy change upon melting is always positive, Az, ;S > 0. If the slope Z—}T) is negative, then Ag, sV

must be negative, meaning that V, < V.

Both phase diagrams for pure substances shown below are physically impossible. Point out the feature(s) of
each diagram that cannot be observed in reality.

e e

(a) (b)

Solution:

. dP  AgsS . . . .
a) From the Clapyeron equation, e Ati, the solid-vapor line must have a positive slope since both terms
trs

on the right hand side of the equation are positive: volume increases upon sublimation and the entropy
also increases. The slope of the liquid-solid coexistence line can be positive or negative, but will be much
larger in magnitude than the slope of the vapor-solid coexistence line.

b) Four phases of a pure substance cannot co-exist according to Gibbs’ Phase Rule.

The phase diagram of NH3 can be characterized by the following information. The normal melting and
boiling points are 195.2 and 239.82 K, respectively; the triple point pressure and temperature are 6077 Pa
and 195.41 K, respectively. The critical point is found at 112.8 x 10° Pa and 405.5 K. Make a sketch of the P-T
phase diagram (not necessarily to scale). Place a point in the phase diagram for the following conditions.
State which and how many phases are present.

195.41 K, 9506 Pa

195.41 K, 6077 Pa

245.5K, 101325 Pa

415 K, 115000 Pa

185.5 K, 6077 Pa

(Ans. single phase liquid; triple point (gas, liquid, solid); single phase gas; single phase super critical fluid,;
single phase solid)

Solution



Gas

o Critical point — b
1128x10°Pal-------==d---ooo 2T g

3

l

i

In (P/P°) !

Solid :

¥

1]

101325Paf--------- i P ;

¥

Triple !

point !

6077Pa |--~=-=- ==~z ;

]

i

'

i

I

]

\

1
|
1
1
1
i

A 4

1952K" \1 9541K 239.82K 4055K

Temperature

195.41 K, 9506 Pa single phase liquid

195.41 K, 6077 Pa triple point (gas, liquid, solid)
245.5 K, 101325 Pa single phase gas

415 K, 115000 Pa single phase super critical fluid
185.5 K, 6077 Pa single phase solid

o 0o T o

5. It has been suggested that the surface melting of ice plays a role in enabling speed skaters to achieve peak
performance. Carry out the following calculation to test this hypothesis. At 1 atm pressure, ice melts at
273.15 K, AnsH= 6010. ) mol?, the density of ice is 920 kg m3, and the density of liquid water is 997 kg m=.

a. What pressure is required to lower the melting temperature by 4.0 °C?

b. Assume that the width of the skate in contact with the ice is 19 x 10 cm, and the length of the
contact area is 18 cm. If the skater of mass 78 kg is balanced on one skate, what is the pressure
exerted by the skater on the ice?

c. What is the melting point of the ice under this pressure?

d. If the temperature of the ice s -4.0 °C, do you expect melting of the ice at the ice-skate interface
to occur? Explain.

(Ans. 582 bar; 224 bar; -1.5 °C; no)

Solution:
a. Use the Clapyeron equation. Find the volumes of the solid and liquid using molar mass and densities. Find

entropy using entropy and the phase transition temperature.
J

dP — AfusH — 6010mol = —1.45 X 107 Pa — —145 bar
dar (ﬂ M) kg kg ’ K K
T - X —< X —<
rus\5, " ps 97315 K 00180;mol_00180;m01
997—93 920—93
m m

Therefore, to lower the temperature by 4 degrees, the pressure would need to be increased by —145 % .

4K = 582 bar

78 kg-9.8 %
b, P=f=ma_ g7 — 2.24 x 107 Pa = 224 bar

2
A A 19x103 cm x 18 cm———
10000 cm




AT = —AP = —mb—(224bar) =-15K.T,, =271.61K =-15°C

No. The lowering of the melting temperature is less than the temperature of the ice.

Consider the transition between two forms of solid tin Sn(s, gray) — Sn(s, white). The two phases are in
equilibrium at 1 bar and 18 °C. The densities for gray and white tin are 5750 and 7280 kgm3, respectively,
and the molar entropies for gray and white tin are 44.14 and 51.18 J K mole™, respectively. Calculate the
temperature at which the two phases are in equilibrium at 350 bar. (Ans. -3.5 °C)

Solution:

At equilibrium the chemical potentials of the two phases must be equal. o (P,T) = pug(P,T) Remember

that for pure substances, the chemical potentials are purely molar Gibbs Free Energies, and d,,, =
—Smadl + VinqdP = —SppdT + ViygdP = dpyp (from dG = VdP — SdT).

Gathering like terms, (Sip — Sma)dT= (Vg — Ving)dP

Assuming that the entropies and volume are constant, we can integrate the left hand side with respect to
temperature and the right hand side with respect to temperature, where T1= 18 °C, T is what we are solving
for, Py=1 bar, and P, =350 bar.

(Smp = Sma) (T2 — T1)= (Vg — Vine) (P2 — Py). Substituting in all the values gives

(Smﬁ = Sma) (T, — T1)= (Vmﬁ — Vina) (P2 — Py).

J 0118712 0118712,
(51.18 — 44.14) —— (T, — 291.15K) = ( - ) (350 — 1)10°Pa
K mol 728054 5750%4

T, =269.64 K = —3.5°C

The vapor pressure of an unknown solid is given by In(P/torr ) = 22.413 — % and the vapor pressure of

the liquid phase is given by In(P/torr ) = 18.352 — g

Calculate AygpH, AgypH, and Agy H

Calculate the triple point temperature and pressure.
(Ans. 14.4 kJ/mol; 18.4 kl/mol, 4.0 kJ/mol; 117 K and 33.5 Torr)

. . —AypapH —AypapH 1
From the Clausius-Clapyeron equation, (1/ ) Rp dlnP = —p ( / ) Integrating indefinitely
givesInP = AW’H (1/ ) + constant.
Comparing the I|qU|d vapor pressure equation [n(P/torr ) = 18.352 — L% to the general one above

oH
reveals thatT = —1736, or AyepH = 14433m = 14.4 kJ /mol
Doing the same comparison for the sublimation pressure reveals _AS}!%W = —2211ordg,,H =

18382 ——or 18.4 kJ /mole.
mole
By Hess’s Law, AgyoH = Agyp H — AygpH = 18.4 — 14.4 = 4.0 k] /mol



b. Atthe triple point, the vapor pressure and sublimation pressures are equal and these lines intersect. To

solve, set them equal to each other.
22413 — 21 = 18352 — @ T =117 K.

Now, put this temperature back into either equation to solve for P:

In(P/torr ) = 22413 2 pmz-2l 55
n(P/torr) = 22. —— =22 =3
(P/torr) = 33.45 torr

8. Autoclaves that are used to sterilize surgical tools require a temperature of 120 °C to kill some bacteria. If
water is used for this purpose, at what pressure must the autoclave operate? Be sure to cite the source of
data that you use. (Ans. 1.95 atm)

Solution: Use the integrated form of the Clausius-Clapyeron equation and the enthalpy of vaporization
of water (40.656 ki/mol, Table 2C.1) and the normal boiling point of water at 1 atm, 373.15 K.

P AvapH 1 1
n(3) =222 -
V=1 R T, T,

3 J
n( P, ) _ _40.656 x 10 _mol( 1 B ) 06666
1 atm 8314 ] 393.15K 373.15K
: Kmol

P, =195 atm
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1. Using the Boltzmann distribution calculate the ratios of populations at 25°C
of energy levels separated by (a) 100 cm~! and (b) 10 kJ/mole

Ratio of populations: JJX =e 5T )
J
a.
Ae =100cm ™! = 100cm ™~ x W0mL 5 6,626 x 10734 J.s x 2.998 x 108ms~" = 1.986 x 1021

B 1.986x10 21
N 1.386x10- 287K —1x(25+273.15)K — | ().617

N, — €

100007 mol~1/6.02214x1023molecules. mol —!
i — e 1.386x 10— 23 JK —1 x (254273.15) K =10.0177

j
2. Derive the expression for the translational partition function for a molecule

that is moving along a line, rather than in 3D space.

2

b.

2

Consider a molecule in a 1-D box (a line): the energy of the molecule is calculated to be:
n2h?
" 8mL?

where n = 1, 2, 3,..., m is mass of the molecule, and L is the length of the line.
The translational partition function for that molecule is:

o0

2 2
h n
qT — E ei 8mkT Xﬁ

n=1
> h2 n?
~ e BmkT X L2 dn,
0

Applying [;° e dp = 1 x (T2

1 " 2V2L(mkTr)'/?
2 h
r | (2mkTm)/2L
¢ =

3. Evaluate the rotational partition function for ONCI at T=298 K. B, (ONCI)=2.84
em™!, Bg (ONC1)=0.191 ¢cm~!, Bo (ONC1)=0.179 cm~!.



T=298K, 0 =1, ¢=2.998 x 103ms~!, h=6.626 x 1073*Js, k =1.3806 x 10" JK !

- heB
o= k

By =284cm ! =284m~t — O, = 4.086K
Bp =0.191em ™t = 19.1m™! = O = 0.275K
B, =0.179m ' =17.9m ! - O = 0.258K

7.‘,1/2 T3
"= x ( )12 =[16934

o 04050¢

4.In a rotational spectrum of HBr (B = 8.46ecm~!), the maximum intensity is
observed for the J=4 to 5 transition. At what temperature was the spectrum ob-

tained?
Ny

The maximum of the function above is determined by its derivative at Jp,qz-

eJ(J+1)
- 2L+

i
dJj
0. 06 ©J(J+1)
— 221 2e™ T =
= [2— (27 +1*Z)(Z)e 0
—>[2—(2J+1)2%:0

O(2J s + 1)2
ATZ%

With © = 28 and J,,,, = 4

6.626 x 10734Js x 2.998 x 10%cms™! x 8.46em™! x (2 x 4+ 1)?
—T= —[493K
2 x 1.3806 x 1023 JK 1

5. The normal mode vibrational frequencies of H,O are 3657, 1595, and 3756
em~!. What is the value of the vibrational partition function at 2000 K? What is
the value of the vibrational energy at 2000 K? How does this energy compare to the
value predicted by the equipartition theorem?

where OV = 20 = 1.43884.

Vibrational partition function: ¢* =
l1—e
The characteristic vibrational temperatures of water are:

ev
T

O1505 = 2294.9K, Os57 = 5261.TK, Os756 = 5404.2K



For water (a polyatomic molecule) at T = 2000K, the total partition function is the product of
vibrational functions for each frequency.

n

: 1 1 1 1
p :H —ov.i = 176_2'2236109 X 53617 X —B40d4.2 1.692

i:11*6 T 1 — e~ 2000 1 — e~ 2000

For a polyatomic molecule, the vibrational energy is the sum of the contributions from each
normal mode:
Equipartition theorem:

EY =3RT =3 x 8.314JK 'mol™! x 2000K =|49.89kJmol "

Vibrational energy of one normal mode is given as:

het
€y =

o
et —1

Total vibrational energy is the sum of all normal mode energies:

1595 3657 3756
E” = hex [ ©1595 ©3657 ©3756 }
e-rt —1) (ec1t —=1) (e~ —1)

With T = 2000K, and ©, © values above:

E, =|15.5kJ mol ™t

Energy is over predicted by the equipartition theorem because the theorem assumes all of the
vibrations water are fully excited, in fact, they are not.

6. What fraction of HCI molecules are in the state v=2, J=T7 at 500°C? (Use your

resource table 11C.1 to find the characteristic rotational and vibrational tempera-
tures).

Values for HCI adapted from Atkin’s Physical Chemistry 10th edition:

OV =4304K, ©" =15.2K
N; 671%"

p = — =

N q

For rotaional level J=T7:

T
=g &= J(J+1)0"k, 2J+1 isthe degeneracy
o

J(J+1)e"
-2 Ie

e
pr=(2J+1) 7

ocOr
With J=7,0=1,T=T7T73K, ©" = 15.2K

pr = 0.098



For vibrational level v= 2

1
Q = s, € =v0%k
1—e"1
—vQY
(& T
Pv = 1
——ov
l—e T

With OV = 4304K, v =2, T = 773K

» = 1.452 x 107°

P =pr X py=0.098 x 1.452 x 107° ={1.42 x 10~°

7. The lowest nine energy levels for gaseous vanadium (V) have the following
energies and degeneracies. What is the value for the electronic partition function
for V at 298 K? What terms are important, and which may be neglected?

Level (n) |Energy (cm'l) Degeneracy Energy (]) ‘
e=het  ai=ge

0 0 0 4 &
1 137.38 6| 2.72905E-21 3.090883424 -C‘é
2 323.46 §| 6.42552E-21 1.678166112 o‘&&\
3 552.96 10| 1.09845E-20 0.69264747 ‘\‘&Q
4 2112.28 2| 4.19604E-20 0.0000744464
5 2153.21 4| 4.27734E-20 0.0001221937 A\Cb
6 2220.11 6| 4.41024E-20 0.0001326964 Cq}'b
7 2311.36 8| 4.59151E-20 0.0001138828 \q"\
8 2424.78 10| 4.81681E-20 0.0000823267 F'

h 6.62607E-34 q= Z q; 9.462222553

¢ (cm/s) 29980000000

k 1.38065E-23

T 298

beta 2.43053E+20

8.Using methods of statistical mechanics, calculate the molar entropy of neon at

25°C, 1 bar.

Molar entropy for monoatomic gas (Ne):

S:

gR+RmK

2mmkpgT
h2

)3/2 «

vy

Na

]



With T = 298K, P = lbar, R = 0.08314 L bar mol ' K !

v

_RT _ 0.08314 L bar mol 1K1 x 298 K

P

m = 20.2amu

1bar

X

1.66 x 10727kg
lamu

= 24.776 L mol ™!

=3.3532 x 10~ %0 kg

Ny =6.022x10%, kg = 1.3806x10" 2 JK 1 h = 6.626x1073*J.s, g =1, R = 8.314JK ‘mol~!

S =1146.33Jmol 1K1

9. Tabulate the translation, vibrational, and rotational contributions toC{’} for H,
Hy, H,O, and N Hj; that are expected classically. Compare them to the statistically
mechanically predicted contributions at 298.15 K. The vibrational temperatures for
hydrogen, water, and ammonia are 6338.2; 2294.27, 5261.71, 5403.78; and 1367,
2341 (2), 4800, 4955 (2) K, respectively.

For classical
H

H

H>0

NH,

For statistical
H

H;

H>0

NH,

10. For I, v = 6.395 x 1025~ ! and the intermolecular distance is 2.67A .

Type

moneatomic

linear diatomic
nonlinear polyatomic

nonlinear polyatomic

6% (k)

6338.2
229427
5261.71
5403.78

1367
2341
2341
4300
4955
4955

Number of atoms

translational

1.50

1.50

translational

B S I B

Rotational
1.50
1.50

1.50

1.50

rotational
1.50 0
1.50 1
1.50 1.50
1.50 1.50

vibrational

0
1
3
6

total

1.50
3.50

Vibrational
0.00 0
1.00 2 646E-07

0.02697
0.000006745
0.000004417

0.2189
0.02401
0.02401
0.00002641
0.00001673

0.00001673

Total
1.50
2.50

3.02698

3.2669

For

I, (g), use statistical mechanical methods to calculate US(500) — US(0), HS(500) —
U2(0), S2(500). First calculate the vibrational and rotational temperatures.

m



., ohc wh 6395 x 102571 x 6.626 x 10734
Or= =% T 1.38 x 10-23 =3009%

or _ oBhe _ oh?
T k7 8km2I
1269kg/mol (2.67 x 10~10m)2
[ = 2 = 012099/ ?322(><6170;<3 07 7m)” _ 1 5092 x 10~ gm?

with h =6.626 x 10734 Js, k=138 x 1073 J/K, 0 =2

7 =[0.05362K |

< el >=3/2kT =3/2 x 1.38 x 10722 JK 'mol ™! x 500K = 1.0355 x 10~2°.J/mol

heo kOL.  306.9K x 1.38 x 1023 JK Lmol !

<€ >= o = o7 R =4.999 x 107217 /mol
eT —1 eT —1 °

<€ >=kT =138 x 1072 JK tmol™* = 6.903 x 10~2*.J/mol

<ol s—c T > § <> 4 < >=22237 x 107227 /mol

US(500) — US(0) =< €' > x N4 = 2.2237 x 1072° x 6.022|times10* = |13.39k.J/mol

HE (500) — U2 (0) = US(500) + PV — U2 (0) = U2 (500) + nRT — U (0)

= 13390.J/mol + 1mol x 8.314JK " mol™! x 500K = |17.547kJ/mol

8.31447 x 500

- _ _ 3
Vin = RT/P = G = 0.04157Tm

h 6.626 x 10734

_ _ = 6.9308 x 107 "2
V2rmkT \/2X7TX _0.1269kg x 1.38 x 10-23.J/ K500K : "
6.022x1023 :
T e’ _ov V. e5/2
e _ T T m
S(500) = R [1+In(gr) + —o— —In(1 =77 ) - In 2]

With R = 8.314462J K ~'mol~!, T = 500K, ©" = 0.5362K, T = 306.9K, V,, =
0.04157m3, and A = 6.9308 x 10~ '2m.

SO —276.82J K tmol™*




11.Calculate the value of the equilibrium constant at 900 K for CO(g) + Ha(g9) =

H>;0(g) + CO(g) The value of AEy = 40.33kJ/mol

Molecule [,./K a/K .5 /K B /K T = 900 K
C05 1997 (56155
S0
S0
3380
H: 23238 87.5
H:G 5254 4016 209 13.38
2295
404
Co 312z 278
mE.... m.:-;z
qu :" = ;{%ﬂ €0 _ 2 er
() Moy ity
ol R T 1 . T3/2,1/2
or linear: q° = —% For non — linear: =
a0F T 7 o(efeEeR)
T
[7] 3/2,.1/2
q®total = 265 r =17.74
T T E(HHEG Hs0O HEG}J.;‘Z )
20572 261"

1 " 1 | A |
H-;_.u)- Ha0 ( A0 ( Hm)
L) a . # i
-;2 |3 =
. 1 (l—e 7 (1—:- i‘l‘") e ) Mee _
q = By 1 1 1 1 1 =0.42
1= T ( ”-I:DE)' El:{-';;_ i El'.'.lf."'l.l_ 3 IgI:-I.'-l:l:_ ( Sh’g)
Y | _ f _ E; _ |? Ty
1—¢ 1 1= = 1=¢ l— T

qF = e 2E0/RT= 4 56x1073
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For extra practice on simpler problems, work on the following exercises: 13: A 3a, 53, 6a; B 13, 44, 53,
7a, 8a, 10a, 12A; C 13, 33, 53, 7a3; 13 D 1a; E 43, 53,73, 9a; F 1a3a 17: A 23, 53, 83, 93; B 13, 33, 44, 53, 63;
C1a, 2a

1. Consider the following sets of populations for 4 equally spaced energy levels. Demonstrate that all
of these have the same energy. Calculate the number of configurations for each distribution. Which
is more probable? Do any of these represent a Boltzmann distribution? (1.21 x 10?7, 1.31 x 10?7,
and 1.56 x 10?7, C, C)

E/ky, | Set A | SetB | Set C
300 |5 3 4
200 | 7 9 8
100 | 15 17 16

0 33 31 32
Solutions: Calculate the energy at each level and then sum the contribution for each population set.

E300 1500 900 1200
E200 1400 1800 1600
E1o00 1500 1700 1600
Eo 0 0 0
Esum: 4400 4400 4400
The number of configurations of a system with N particles is given by W = #A}INI In the case of setA, W =
1:N2:N3iNg:
5.7,61(;!,33. = 1.21 x 10?7, For set B, that corresponds to 1.31 x 102 and for set C 1.56 x 1027
For a Boltzmann distribution, the ratio of populations is given by % = exp (— i—;) For equally spaced levels, this
1
means that % = % This is only true for C, so set Cis a Boltzmann distribution, which makes sense since it has the
1 2
most configurations and is therefore more probable than A or B.s
nz/nlA nz/nl B nz/n1C
0.454545455 | 0.548387 0.5
ng/nzA ng/nz B ng/nz C
0.466666667 | 0.529412 0.5

2. For a set of energy levels with 6=0, 100, and 200 K (all g=1), calculate the Boltzmann populations and
partition function at T=20, 200, and 2000 K. What is the high temperature limit for p;and q?

(Ans. T=20: g= 1.0068, 0.9932, 0.0067, 4.51 x 10°°; T=200: q=1.974; 0.5065, 0.3072, 0.1863; T=2000:

g=2.8561; 0.3501, 0.3331, 0.3168; 0.3333; 3)

Solution: Calculate the exponential term for each energy level at each temperature; calculate q by
summing the exponential terms for each temperature. q = Y,; exp(— E;/kT).Divide each exponential
exp(—Ei/kT)

term to get p; for each state. p; = p



T 20 200 2000 20 200 2000
E/k exp(-Ei/kT) pi=exp()/q
0 1 1 1 0.993262 | 0.50648 | 0.350132
100 0.006737947 | 0.606531 | 0.951229 0.006693 | 0.307196 | 0.333056
200 4.53999E-05 | 0.367879 | 0.904837 4.51E-05 | 0.186324 | 0.316812
q 1.006783347 | 1.97441 | 2.856067

At the high temperature limit, all levels should be equally occupied, so pi=0.33. Also, at the high
temperature limit, g=3.

RO2e9/T

T2(1+0/T)%

4 (22), 0= (o -9 e ~5) {1+ ew(-3)

3. Show that a two-level system has C,, =

U = _NKT? din (1 + exp( —%)) _ vok exp( —%)
or ” 1+ exp( —%)
& = (5),
0 _
Cy = NOk i exp( _T)Q NOk <i exp( 6) (1 + exp( —€)> 1])
aT 14+ exp( _T) aT T )

Use the product rule to get: N6k

Zew(=3)(1+ en(-3))

o
Simplifying gives ¢, = N6k |-=— i)

™ (14 exp( -2))

4. Calculate the standard entropy of atomic O at 298.15 K and 1000 K. (143.43 J/Kmol, 168.59
J/Kmole)

ool 9(-(r+ o0(-9)) "o (-9

-1

_ [ﬂ exp(7)
(

2] since Nk=R.
1+ exp(?))

Sm =R (~1.151693 + 2 n4,

o)
ole

With T=1000, S,,, = 8.314 (—1.151693 +21n(15.994) — In~ + gln1000) =

P Eznf) = 8.314 (—1.151693 +21n(15.994) — In> +
P 2 K 2 1

5. For the molecule Cl, calculate the vibrational partition function and the population of the first
three vibrational levels at T=300 and 1000 K. Use data from table included in notes. (Ans.



1.0727, 3.765596; At 300 K, 0.932187, 0.063214, 0.004287; At 1000 K: 0.553939, 0.247091,
0.110217)

The constant for vibration can be found from Table 16.2 in notes: 6,=807.3 K.
Since the vibrational partition function is given as ¢¥ = ;ev ,at 300K, g¥ = % =

1-e T 1—e” 300

1.0727. At 1000 K, g¢* = 1.8053
Boltzmann’s law gives the fraction of molecules in each state n=0, 1, 2.

exp(—nby/T)
Pn = 1
1—exp(—6y/T)

0, =807.3 300 1000 g= 1.072746 | 1.805252
Pn=

n=0 1 1 0.932187 | 0.553939

1| 0.067813 | 0.446061 0.063214 | 0.247091

0.004599 | 0.19897 0.004287 | 0.110217

6. Calculate the percent population of the first 10 rotational levels of HI at 300 K. It will be
easiest if you write the rotational energy levels in terms of ©,. instead of | or B. (Ans.
0.03123, 0.088017, 0.129468, 0.150284, 0.150506, 0.134609, 0.109363, 0.081496,
0.056038, 0.035699)

The rotational constant can be found in Table 16.2 from the notes ®,=9.369 K with a symmetry

number of 1. g, = JZ) gives the rotational partition function.
Substitution in the values gives q, = 1.5;03069 = 32.0205
' _ JU+DR?

The energy of the rotational levels is given by €, = JUJ + 1)kO,.. (Where the latter

"~ 8wzl
manipulation was made with " = hCTB and B = h/4mncl .) The degeneracy of each level is

(2J+1). So, the population of each level is given by
= @0exp JURDOND iy J=0, 1, 2, ....9

dr
Using the values of 9,=32.0205, ®=9.369, T=300 K, and J=0-9 gives

J 0]
0.03123
0.088017
0.129468
0.150284
0.150506
0.134609

g |W|IN|-L O




0.109363

0.081496

0.056038

O |00 (N |

0.035699

7. Calculate the standard entropy of O at 298.15 K and 2500 K. Compare the first value to
that on Table 2C.7. (Ans. 198.908 J/Kmol; 263.372 J/Kmol)

Need to calculate the entropy contribution from translation, rotation, and vibration. You
can use the table in the notes to determine the contributions, given that the molecule is
symmetric and linear with only one vibration.

( ¥
T —
s8 = R| (1.5[n4, + 2.5InT — 1.1567) + (1 +in— ) + QT ~In(1
\ 7 en ()1
o\
-ep (-7 ) |
From Table 16.2 ®=2.079; ©,=2273.64; M=31.9988 g/mol; c=2
, 298.15
Si = 831451 1.51n31.9988 + 2.51n298.15 — 1.1567 + 1 + In>—-—
2273.64 —— ;
298.15 B B _ 2273, _
+ ~ (2273.64) ) In (1 exp( 59815 )) = 195.908 Kmole
P\ 729815
. 2500
S8 =8.31451( 1.5(n31.9988 + 2.5n2500 — 1.1567 + 1 + In————
2-2.079
227508 2273.64 )i
2500 B _ _Lels _
i (BB in( eXp( 2500 )) = 26337 Hnole
P\™2500

Table 2.C7 gives a standard molar entropy of 205.138 J/K at 298.15 K, which has a difference of
about 4% from the calculated value.

8. Tabulate the translation, vibrational, and rotational contributions to C¢ /R for H, Hz, H20,
and NHa that are expected classically. Compare them to the statistically mechanically
predicted contributions at 298.15 K. (total classical 1.5, 3.5, 6, 9; total by stat mech 1.5, 2.5,
3.03, 3.27) Use the spectral constants from the table in the notes.

N | translation | rotation | vibration | total




H monatomic 1 1.50 0 0 1.50
H, diatomic 2 1.5 1 1 3.50
H,0 nonlinear polyatomic | 3 1.5 1.5 3 6.00
NH3 nonlinear polyatomic | 4 1.5 1.5 6 9.00
The stat mech contributions are
translation | rotation | vibration total
H monatomic 1.50 0 0 1.50
2.64633E-07 2.50
u?et
Ha diatomic 1.5 1| (e —1)2
) 0.026982992 3.03
u‘e
H,O nonlinear polyatomic 1.5 15| (e® —1)2
, , |0.267028105 3.27
uce
NHs nonlinear polyatomic 1.5 15| (e —1)2

Where u = 8,,/T; sum overall vibration. Find the vibrational constants in Table 16.2 in the notes.

H monatomic
H, diatomic 6338.2
nonlinear
H20 polyatomic 2294.27 5261.71 5403.78
nonlinear
NHs polyatomic 1367 2341 2341 4800 4955 4955
- - - 2 u - - - -
Using the vibrational constants above and == , the vibrational terms for each vibration are found
in the table below and summed at the right.
H, 2.64633E-07 2.64633E-07
H.O 0.026971828  6.75E-06  4.42E-06 0.026982992
NH3 0.218958587  0.024005  0.024005  2.64E-05  1.67E-05  1.67E-05 0.267028105

So, classical calculates predict higher Cy than statistical mechanics in every case but monatomic

gases.



