Chemistry 431
Final Exam
Fall 2023

Solutions
R =8.3144 J mol~ ! K1

R=.0821 L atm mol™! K1
R=.08314 L bar mol~! K1
k=1.381 x10~% J molecule 1 K~!
h=6.626 x10734 Js
N4 = 6.022 x 10* molecules mol™*
F=96485 C mol~!
9=9.8 m s72
1 atmosphere = 1.01 bar = 1.01 x10° N m~2
1 kg = 1000. g
1L =10°cm?
102cm = 1m
o=4mr* V= (4/3)mr3
T=t+4+273.15
l+z+22+2°+...=1/(1—2) |z|]<1

Each question is worth 33 Points. Writing your correct name on the cover and
on all pages with work is worth 2 points.

Name:



1. A cylinder fitted with a frictionless piston initially contains 2.00 moles of an ideal
diatomic gas at 298 K at an initial pressure of 4.25 bar. The gas undergoes an adiabatic
compression against a constant external pressure of 7.00 bar until equilibrium is reached.
Calculate AU, AH, AS, g and w for the process.

Answer:
q=0
w=AU =CyAT = —P.,;,AV
nRTy nR298 K
Pezt -Pz'm't )

5
SnR(Ty 298 K) = ~ Paa (

5
JTr — T4 K= —T; +491 K  T; =353 K

5
w=AU = CyAT = -nRAT = 2(2.00 mol)(8.3144 J mol 'K ~1)(353 K — 298 K) = 2286 J

AH = CpAT = EAU =3021J
P T o 425 T, 353 »
AS = In — In —= = (2. 1)(8.3144 I K m—+-In—|=156JK
S=nR nPf—l—Cp nTi (2.00 mol)(8.3144 J mo ) r17_00—i-2n298

Name:



2. For a van der Waals fluid that obeys the equation of state

nRT an?

P = _
V—nb V2

with @ and b numerical constants, derive an expression for <8T> in terms of a,b,n, T,V

U
and the constant volume heat capacity Cy .

Answer: op op
dP_<8T>VdT+<aV>TdV
(o), ~ (7). + (&), (5)
or ), or )., ov ), ,\oT ),
(&), (), (5v),
or ), \ou ), \oV /),
oUu
(av) B <8T>V Cy

o —

© ) )
v ). v ).
dU =TdS — PdV
oU a5
(av)fT(av)T‘P

05 oP
m=—sir—ra () - (),

(7). )
o), T(ap) ,
|4

orT

oP
(or), = (57), - ).
oT U v oo
8£ ~ nR 8j o nRT +cm2
or), V —mnb o), (V—nb? V2
_ nRT +cm2
<8P> _ nR (V — nb)? V2
U

V —nb an?

87T _
VZ

Name:



3. The normal boiling point of methanol (CH3OH) is 64.7°C, and the vapor pressure
of methanol is 0.01302 bar at 20.0°C. A cylinder fitted with a frictionless piston at 50.0°C
contains sufficient liquid methanol that both liquid and vapor-phase methanol are present
in all stages of the process that follows. The initial volume of the system is 1.25 L, and
the piston expands isothermally against a constant external pressure of 0.5 times the vapor
pressure of methanol at 50.0°C to a final volume of 1.50 L. Given the enthalpy of vaporization
of methanol is 35.21 kJ mol™! and assuming the liquid volume of methanol is negligible
compared to the vapor phase, calculate ¢, w, AH, AU, AS, AG and AA for the expansion.
Answer:

Py AvpmH (1 1
In 2 = SvepmT ( - )
P1 R T1 T2
Pso3 35210 J mol ™ ( 1 1 ) .
= - Py = 4.98 x 1072 b
10.01302 (83144 J mol 'K 1) \203 K 323 K 329 o

w = — Py AV = —(0.2.49 x 1072 bar)(1.50 L — 1.25 L)(100 J L™ 'bar™') = —0.624 J

PAV 4.98 x 1072 bar)(0.25 L
An = = (4.98 x af)l( — ) = 4.64 x 10™* mol
RT (0.083144 L bar mol™" K™ ")(323 K)

AH = (ApapmH)An = (4.64 x 107* mol)(35210 J mol ') = 16.3 J
AU = AH—-A(PV) = AH—PAV = 16.3 J—(4.98x1072 bar)(0.25 L)(100 J L™*bar ") = 15.1 J
q=AU—w=151J—(-0.624 J) = 15.7 J
_AH 1631

T 323K
AG =AH —TAS =0

AA =AU ~-TAS =151J— (323 K)(5.056 x 102 J K1) = —1.21 J

AS =505 x 1072 J K

Name:



4. At 298 K, the EMF of the electrochemical cell
Ag(s)|AgCN(s)|CN(_aq)(a = 0.0571)||C1@q)(a = 1.75)|Clz(g)(P/P6 =10.7)|Pt (s

is £ = 1.318 volts. The standard half-cell potentials for the two electrodes of the cell
are EE/AQCN/CN,:-O.ON V and Eél},/owpt = 1.35827 V, and the chlorine gas obeys the

equation of state
RT

Vin — b
where b represents the volume occupied by the chlorine molecules. Use the experimental
data to determine the fugacity coefficient of the chlorine. Derive an expression for the
fugacity coefficient from the equation of state, and determine the value of b implied by the
electrochemical data.
Answer:

P =

Right : Clg(g) + 2e” —» QCI@(])
Left : —(2AgCN(S) + 27 —» 2Ag(s) + QCN(_aq))

Overall : Cly) + 2Ag,) +2CNg,, — 2CI,,) + 2AgCN )

ES = E5 e — Eiragonson- = 135827 V = (<0017 V) = 1.375 V

RT
E=FE% — —mQ
(8.3144 J mol 'K ')(298 K) n 1.752
2(96485 C mol ™) (0.0571)2(10.7)y
z = Sl =1+ o
RT RT

Pz—1 bP
= P = _—
v exp(0 P d > eXP(RT)

(10.7 bar)b
(0.083144 L bar mol 'K~ 1)(298 K)

1.318 V=1.375V —

v =1.04

b= 0.0908 L, mol~!

In(1.04) =

Name:



5. At 298 K the vapor pressure of pure liquid benzene (CgHg) is 0.126 bar and the
vapor pressure of pure liquid toluene (C¢H;CHj) is 0.131 bar. A mixture containing 10.0
g of benzene and 10.0 g of toluene is allowed to come to equilibrium with the vapor phase.
Assuming toluene and benzene form an ideal solution obeying Raoult’s Law, calculate 1) the
mole fraction of benzene in the vapor phase of the mixture and 2) the change in the Gibbs
free energy when 10.0 g of toluene and 10.0 g of benzene mix.

Answer:
10.0 10.0
np=——""°_—=0128mol ny=-——"" " =0.109 mol
78.0 g mol 92.0 g mol
0.128
_ g5 — 1~y =046
XB = 0128 1 0.109 T X5

Pg = xpPp = (0.54)(0.126 bar) = 0.0680 bar
Pr = x7P; = (0.46)(0.131 bar) = 0.0603 bar
PtOtZPB+PT:O.128 bar

In the vapor phase

Pp = xBPiwi XB= =053 xr=1-—xp=047

AnieG =nRT[xpInxp + x7rIn x7]
— ((0.128 mol + 0.109 mol)(8.3144 J mol 'K ~)(298 K)[0.541n 0.54 + 0.46 In 0.46] = —405 J

Name:



6. When boron triiodide gas dissociates at a total pressure of 1.00 bar according to the
reaction

3
Blyg) — B + 5l

it is found that the degree of dissociation « is 0.0561 at 25.0°C and 0.228 at 50.0°C. Calculate
A, G for the reaction at 35.0°C when the partial pressure of boron triiodide is 0.253 bar
and the partial pressure of iodine gas is 1.36 bar. Predict whether the reaction proceeds to
the right or left at the specified conditions.

Answer:
NBI; np,
N 0
—ang 3/2 ang
no(l —a) | 3/2 ang

3 «
Nor = No(1 — ) + 5070 = Mo <1 + 2)

(((3a/2)/(1 + a/2))(P/P=))"
(1= a)/(1 1 a/2)(P/P)

K(298) = 0.0255  K(323) = 0.245
1

K(Ty) A,,H* ( 1 1 )
n = -
T T

Kp=

K(Ty) R
0.245 A H® [/ 1 . A fo
1 = rm _ r,m _ 11 K
"0.0255 R (298 K~ 323 K) R Y
K (308) 1 |
— 8711 K _ K(308) — 0.
502 =87 (298 K~ 308 K) (308) = 0.0659

A G = —RTIn K = —(8.3144 J mol 'K~ ")(308 K) In 0.0659 = 6964 J
ApG = A, G + RTInQ

1.363/2
0.253

= 6964 J + (8.3144 J mol 'K ~)(308 K) In = 11665 J

Spontaneous to left.

Name:
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