2015 Fall Semester Midterm
For General Chemistry I (CH101)
Date: October 21 (Wed),

Time Limit: 19:00 ~ 21:45

Student I.D. Number

Name

75 Normal Points + 8 Bonus Points
If you get 75 points out of 83 points, you will get the full 40% assigned to the midterm exam. We suggest that you skim through all the problems quickly. There are
some straightforward problems whose solution you can easily write down without
much calculation.

Your scores
1)

out of 7

2)

out of 8

3)

out of 7

4)

out of 11

5)

out of 6

6)

out of 11

7)

outof 8

8)

out of 4

9)

out of 4

10)

out of 17

Total:

out of 83

NOTICE: SCHEDULES on RETURN and CLAIM of the MARKED EXAM PAPER.
(채점 답안지 분배 및 이의 신청 일정)
1. Period, Location, and Procedure
1) Return and Claim Period: October 26 (Mon, 19: 00 ~ 20:00 p.m.)
2) Location: Room for quiz session
3)

Procedure:
Rule 1: Students cannot bring their own writing tools into the room. (Use a pen only provided by TA)

Rule 2: With or without claim, you must submit the paperback to TA. (Do not go out of the room with it)
If you have any claims on it, you can submit the claim paper with your opinion. After writing your opinions
on the claim form, attach it to your mid-term paper with a stapler. Give them to TA.
(The claim is permitted only on the period. Keep that in mind! A solution file with answers for the
examination will be uploaded on 10/26 on the web.)
2. Final Confirmation
1)

Period: October 29 (Thu) –October30 (Fri)

2)

Procedure: During this period, you can check final score of the examination on the website again.
** For further information, please visit General Chemistry website at www.gencheminkaist.pe.kr.

You may refer to the following information.

Planck constant(h) = 6.626×10-34 J·s
Elementary charge(e) = 1.602×10-19C
Vacuum permittivity (𝜀𝜀0 )= 8.854×10-12J −1 ·C 2 m−1

Electron mass(m e ) = 9.109×10-31kg

Speed of light in vacuum(c) = 2.998×108m/s
15

Rydberg constant = 3.29 x 10 /s1
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1. Answer the following questions. (Total 7 pts)
(a) Draw the Lewis diagram of SF 2 and write the formal charges on all atoms. (2 pts)
*1 pt for correct Lewis diagram, and 1 pt for correct formal charges. Otherwise no partial points.
Answer)
0

0

0

(b) Draw the Lewis diagram of F 3 S-SF and write formal charges on all atoms. (3 pts)
*2 pts for correct Lewis diagram, 1 pt for correct formal charges. Otherwise no partial points.
Answer)

, All formal charges= 0

(c) Draw the 3D Lewis structure of white phosphorus P 4 . The lone pairs must be shown. (2 pts)
*No partial points.
Answer)

2. Answer the following questions. (Total 8 pts)
(a) Draw the Lewis diagram of allene, H 2 CCCH 2 . (2 pts)
*No partial points.
Answer)

(b) Draw the 3D structure of allene. Indicate whether the four H atoms are in the same plane or
not. Explain your answerusing hybrid orbitals. (4 pts)
*1pt for the correct 3D structure, 3pts for correct explanation using hybrid orbitals.
Answer)

(c) Write down two conditions for significant orbital mixing in MO construction. (2 pts)
*1 pt for each.
Answer)
(1) two atomic orbitals contribute significantly to bond formation only if their atomic energy
levels are very close to each other. (2) Two atomic orbitals on different atoms contribute
significantly to bond formation only if they overlap significantly.

3. The following diagram illustrates the potential energy of the ions K+ and F-, and the atoms K
and F, as a function of their inter-nuclear separation (all in the gas phase). (Total 7 pts)

(a) What does the curve A represent? (1 pt) *No partial points.
Answer)
A: K+ + F- Curve

(b) What does the curve B represent? (1 pt) *No partial points.
Answer)
B: K + F Curve

(c) What does the Energy D represent? (1 pt) *No partial points.
Answer)
D: Bond dissociation energy of KF

(d )What does the Energy E represent? (1 pt) *No partial points.
Answer)
E:IE of K – EA of F

(e) Calculate the energy of dissociation to neutral atoms for KF, which has a bond length of 2.17
×10-10 m. Consider the following reactions. Express you answer in kJ/mol. (q = 1.602 x 10-19 C, N A
= 6.022 x 1023 mol-1, ∈

R

0

= 8.854 x 10-12 C2 J-1 m-1) (3 pts)

K → K+ + e-∆E = 419 kJ mol-1
F + e- → F-∆E = -328 kJ mol-1

*2 pt for correct equations and 1 pt for correct final answer.
Answer)

4. Answer the following questions about a particle-in-a-box. (Total 11 pts)
(a) We get 𝜓𝜓(𝑥𝑥) = A sin �
can derive 𝐸𝐸𝑛𝑛 =

ℎ2 𝑛𝑛2
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. (2 pts)

� solving the differential equation. Normalize 𝜓𝜓(𝑥𝑥) and show how we

*No partial points.
Answer)

𝑳𝑳

A2∫𝟎𝟎 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 �

𝒅𝒅𝟐𝟐𝝍𝝍𝒏𝒏(𝒙𝒙)
𝒅𝒅𝒅𝒅𝟐𝟐

𝒏𝒏𝒏𝒏𝒏𝒏
𝑳𝑳

𝑳𝑳

𝒏𝒏𝒏𝒏 𝟐𝟐

𝟐𝟐

= − � � 𝝍𝝍𝒏𝒏(𝒙𝒙) = 𝑳𝑳

𝟐𝟐

𝟐𝟐

� 𝒅𝒅𝒅𝒅 = A2 � � = 𝟏𝟏, A = � 𝝍𝝍𝒏𝒏(𝒙𝒙) = � 𝐬𝐬𝐬𝐬𝐬𝐬 �
𝟖𝟖𝟖𝟖𝟐𝟐𝒎𝒎𝒎𝒎
𝒉𝒉𝟐𝟐

𝑳𝑳

𝝍𝝍(𝒙𝒙)𝑬𝑬𝒏𝒏 =

𝒏𝒏𝟐𝟐𝒉𝒉𝟐𝟐
𝒏𝒏
𝟖𝟖𝟖𝟖𝟖𝟖𝟐𝟐

𝑳𝑳

𝒏𝒏𝒏𝒏𝒏𝒏
𝑳𝑳

� 𝒏𝒏 = 1, 2, 3, …

= 1, 2, 3, …

(b) What is the probability that the particle will lie between x=0 and x=L/4 if the particle is in its
n=2 state? (3 pts)
*1 pt for the correct equation and 2 pts for the correct final answer.
Answer)

(c) Write the wave function for a particle in a rectangular box of length L on x axis, 2L on y-axis,
and 3L on z-axis direction, with one corner located at the origin of coordinates. (2 pts)
*No partial points.
Answer)
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(d) Continuing from (c), 𝑥𝑥�, 𝑦𝑦�, 𝑧𝑧̃ are dimensionless variables which range from 0 to 1.

�=
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�123 (𝑥𝑥,
� 𝑦𝑦�, 𝑧𝑧̃) at a cut plane of 𝑧𝑧̃ = 0.5.
The following graph shows a contour plot of Ψ

Draw the contour plot at a cut plane of �𝑦𝑦 = 0.25. Specify the axis and nodal planes as in the
above example. (2 pts)

*No partial points. If you do not indicate the axis, no points.
Answer)

(e) Continuing from (d), draw the contour plots at a cut plane of 𝑥𝑥� = 0.5. Specify the axis and
nodal planes like the example above. (2 pts)

*No partial points. If you do not indicate the axis, no points.
Answer)

5. Answer the following questions. (Total 6 pts)
(a) Use the Bohr model to determine the excited electronic state of He+ that has the same energy
as the first excited state of hydrogen. (2 pts)
*No partial points.
Answer)

(b) Use the Bohr model to calculate the wavelength (in nm) of the light emitted in a transition
from the n=5 state to the ground state of this ion. (2 pts)
*No partial points.
Answer)

(c) What is the limitation of the Bohr model? (2 pts)
*Partial points may be given depending on your answer.
Answer)
Limitation: Bohr’s model cannot account for the spectra of many-electron atoms.

6.Answer the following questions. (Total 11 pts)
(a) Predict the atomic number of the 9th period-element of group 1 (Group 1 includes H, Li, Na
and so on). (3 pts)
*No credit for incorrect explanation, 1ptfor wrong answer but correct explanation.
Answer)
7thperiod element:

87

Fr

8thperiod element: 86+2(7s)+14(5f)+10(6d)+6(7p)+1=119
9thperiod element: 118+2(8s)+18(5g)+14(6f)+10(7d)+6(8p)+1=169 => answer is 169

(b) Which has the larger third ionization energy, C or N, and why? (2 pts)
*Partial points may be given depending on your answer.
Answer)
The first and second ionization of each removes a 2p electron, but the third removes a 2s
electron from C, but only another 2p electron from N. The change in subshell with C means
it has the higher second ionization energy.
C has the larger third EA: 1pt
Difference between 2s and 2p orbitals: 1pt

(c) The following graph illustrates the first and second ionization energies of atoms of the first
three periods.

The first ionization energy of Li is smallest in the 2nd period atoms, but the second ionization
energy of Li is biggest in 2nd period atoms. Explain the reason. (2 pts)
*Partial points may be given depending on your answer.
Answer)
The 2nd ionization energy of Li is the energy required to remove an electron from an inner
shell (change of shell), so it is drastically increased.
The decrease of n from 2 to 1: 2pt,
Without the mention about n, just general trend of IE 1 of 2nd period atoms: 1pt

(d) The second ionization energy of O is bigger than that of N, but the first ionization energy of O
is smaller than N. Explain the reason. (2 pts)
*Partial points may be given depending on your answer.
Answer)
N has 1 electrons in each 2p orbitals, but O has 1 more electron, so one of the electrons in
2p orbitals is paired, and due to the repulsion, it is more easy to get rid an electron from O
than N.

Repulsion between paired electrons on 2p orbital: 2pt
Without the mention about repulsion, just stability between orbitals: 1pt

(e) Consider the elements aluminum (Al) and silicon (Si). Choose which has the higher electron
affinity and explain the reason. (2 pts)
*Partial points may be given depending on your answer.
Answer)
Silicon has higher affinity. Al and Si have neither paired electrons nor half-filled orbitals, so
electron affinity of them depend on effective nuclear charge. Z eff of Si is greater than Al.
Si has the higher EA: 1pt
Z eff or stability of orbitals: 1pt

7. Answer the following questions. (Total 8 pts)
(a) Draw the radial wave function of a 3p orbital against the distance from the nucleus. (2 pts)
*No partial points.
Answer)

(b) How many angular nodes does the 3p orbital have? (2 pts)
*No partial points.
Answer)
One.

(c) What is the total number of nodes of the 3p orbital? (2 pts)
*No partial points.
Answer)
Two.

(d) Draw the 3p orbital. Nodes have to be clearly shown and the sign of amplitudes need to be
clearly specified. (2 pts)
*No partial points.
Answer)

(Nodes have to be clearly shown)
Only one of these is enough.

8. Write ground-state electron configurations for the ions Be+,C-, Ne2+, Mg+, P2+, Cl-, As+, and I-.
Which do you expectwill be paramagnetic due to the presence of unpaired electrons? (4 pts)
*0.25 pts for electron configurations, 2 pts for finding out the diamagnetic atoms.
*0 pt if the electron configuration is wrong even if the answer for diamagnetic atoms is right.
Answer)

9. This picture is the eight lowest energy molecular orbitals of H 2 +. Write the number written next
to each orbitals in the order of increasing energy, starting from the lowest energy orbital. (4 pts)

2

1

5

Answer) 1 5 4 2 3 7 8 6

*2pts if they get ranking 1~4 right.

6

4

3

7

8

10. Answer the following questions. (Total 17 pts)
(a) Draw the Lewis structure of CH 2 CHCHCH 2 . (1 pt)
*No partial points.
Answer)

(b) Draw the 3Dstructure of butadiene and explain it by using hybrid orbitals. Mark every bonding
whether it isσ or π, and write the names of hybrid orbitals. (2 pts)

*1 pt for correct hybridization, 1 pt for correct naming of bonds.
Answer)

(c) Write down the wavefunction for the sigma bond between the first two C atoms using Valence
Bond Theory. (2 pts)
*No partial points.
Answer)
When sp2 orbital of CA is 𝝌𝝌𝑨𝑨𝟏𝟏 𝒓𝒓, 𝝌𝝌𝑨𝑨𝟐𝟐 𝒓𝒓, 𝝌𝝌𝑨𝑨𝟑𝟑 (𝒓𝒓),

𝑨𝑨
𝑩𝑩
𝚿𝚿𝝈𝝈𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 (𝟏𝟏, 𝟐𝟐) = 𝐂𝐂[𝝌𝝌𝑨𝑨𝟏𝟏 (𝟏𝟏)𝝌𝝌𝑩𝑩
𝟏𝟏 (𝟐𝟐) + 𝝌𝝌𝟏𝟏 (𝟐𝟐)𝝌𝝌𝟏𝟏 (𝟏𝟏)]

(d) There are four p orbitals that can interact with each other in butadiene. Draw the four MOs
that you can obtain using these four AOs and label them in the order of increasing energy. (3 pts)
*2 pts for correct MO, 1 pt for correct ordering.
Answer)

(d) How many electrons occupy these MOs? (2 pts)
*No partial points.
Answer)
4 electrons

(e) Butadiene molecule can be simplified asa problem of a particle-in-a-box. Rationalize this
simplification. (3 pts)
*Partial points may be given depending on your answer.
Answer)
4 electrons are delocalized onto the whole butadiene molecule by the four pi-interacting p
orbitals, so it can be considered as a box, containing 4 electrons as its particles.
*Key word: delocalization, electron=particle

(f) Predict the wavelength of the lowest-energy light that ground state butadiene can absorb by
simplifying butadiene asa particle-in-a-box model. Consider butadiene as a linear molcule (not
bent) for simple calculations.Use the following table if necessary. (4 pts)
*1 pt for the correct box length, 1 pt for the correct equation. 2 pts for the correct final answer.

Answer)

∆E = (𝑛𝑛22 − 𝑛𝑛12 )

ℎ2
(6.626 × 10−34 )2
(9
=
−
4)
= 1.549 × 10−18 J
8𝑚𝑚𝐿𝐿2
8 × (9.109 × 10−31 ) × (147 × 3 × 10−12 )2
𝑐𝑐
3 × 108
λ = h = 6.626 × 10−34 ×
= 128.3 𝑛𝑛𝑛𝑛
1.637 × 10−18
𝐸𝐸
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125 Normal Points + 31 Bonus Points
If you get 120 points out of 156 points, you will get the full 60% (or your requested
percentage choice) assigned to the mid-term exam. We suggest that you skim
through all the problems quickly. There are some straightforward problems whose
solution you can easily write down without much calculation.

Your scores

Problem #

Your Score

Full Score

1

9

2

10

3

15

4

15

5

14

6

15

7

13

8

12

9

17

10

12

11

24

Total

156
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You may refer to the following information.

Planck constant(h) = 6.626×10-34 J·s
Elementary charge(e) = 1.602×10-19C
Vacuum permittivity (𝜀𝜀0 )= 8.854×10-12J −1 ·C 2 m−1

Electron mass(m e ) = 9.109×10-31kg

Speed of light in vacuum(c) = 2.998×108m/s
15

Rydberg constant = 3.29 x 10 /s1
R = 8.314 J mol−1 𝐾𝐾 −1 = 0.082 atm L mol−1 𝐾𝐾 −1
E = hν = h

2 / 31

c
λ

=
Z

Vm
Vm
PVm
=
=
ideal
Vm
RT / P RT
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1. (Total 9 pts) Interpret the deviations of real gas and ideal gas in the following graph about the
compressibility factor, Z.

a) (3 pts) Why does Z of H 2 increase as pressure gets higher? (3 pts. No partial pts).
-------------------------------Answer---------------------------------As pressure gets higher, the volume of molecules of real gases become more unnegligible, and real
gas with the same number of molecules of the ideal gas will have larger volume, which results in
increase of Z.

Key word :

volume of gase molecules

b) (3 pts) Why does Z of O 2 decrease till 200 atm, and then increase again in pressure higher than
200 atm? (3 pts. No partial pts).
-------------------------------Answer---------------------------------O 2 has larger van der waals force, in other words, stronger attraction to each other compared to
H 2 , and as a result, becomes a smaller volume compared to ideal gas in the same condition. But as
pressure, the effect explained in 1) overwhelms and Z increases.

4 / 31

c) (3 pts) What makes CO 2 have a larger deviation from the ideal gas than O 2 ? (3 pts. No partial
pts).
-------------------------------Answer---------------------------------CO 2 is heavier, therefore has a larger interaction between molecules due to larger van der waals
force.

Keyword : heavy, large interaction

2. (Total 10 pts) Consider a gaseous hydrocarbon at 0.9 atm and 300 K. Upon combusting the
entire sample in oxygen (O 2 ), you will collect a mixture of carbon dioxide (CO 2 ) and water vapor
(H 2 O) at 1.8 atm and 360 K. The density of this mixture is 1.80 g/L and the mixture occupies a
volume four times as large as that of the pure hydrocarbon. Determine the molecular formula of
the hydrocarbon. Assume volume of pure hydrocarbon is 1.00 L. When you write final answer, be
careful to raise decimals to the next whole number. (10 pts for correct procedure and correct
answer, 5 pts for correct procedure, 0 pt otherwise)
-------------------------------Answer---------------------------------The volume of products will be 4.00 L
And the mass of products (H 2 O+CO 2 ) will be
1.80 g/L X 4.00 L = 7.2 g products
Assume that hydrocarbon formula is 𝐶𝐶𝑥𝑥 𝐻𝐻𝑦𝑦
𝑃𝑃𝑃𝑃
0.9 𝑎𝑎𝑎𝑎𝑎𝑎 × 1.00 𝐿𝐿
mol of 𝐶𝐶𝑥𝑥 𝐻𝐻𝑦𝑦 = 𝑛𝑛 𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦 =
=
= 0.0366 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑅𝑅 0.082 𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝐿𝐿 /𝐾𝐾 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚 × 300 𝐾𝐾
𝑃𝑃𝑃𝑃
1.8 𝑎𝑎𝑎𝑎𝑎𝑎 × 4.00 𝐿𝐿
=
= 0.244 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
mol of 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑛𝑛product =
𝑅𝑅𝑇𝑇 0.082 𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝐿𝐿 /𝐾𝐾 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚 × 360 𝐾𝐾
Reaction equation is

𝑦𝑦

𝐶𝐶𝑥𝑥 𝐻𝐻𝑦𝑦 + 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 → 𝑥𝑥𝑥𝑥𝑂𝑂2 + 𝐻𝐻2 𝑂𝑂,
2

So setting two equation
𝑦𝑦
0.0366x mol + 0.0366 × 𝑚𝑚𝑚𝑚𝑚𝑚 = 0.244𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ⋯ ⋯ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
2
𝑦𝑦
18 𝑔𝑔
44 g
�� + �(0.0366 × 𝑚𝑚𝑚𝑚𝑚𝑚) × �
�� = 7.2 𝑔𝑔 ⋯ ⋯ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�0.0366x mol × �
2
𝑚𝑚𝑚𝑚𝑚𝑚
mol
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Solving x=2.9508 3, y=7.4317 (반올림)
So formula is C 3 H 7
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3. (Total 15 pts) Four moles of monatomic ideal gas goes through the cycle represented in
following figure. Process AB is an isothermal expansion with temperature T A =300K.

a) (6 pts) Calculate P A , P B , and T c, the pressures and temperature reached in A,B and C. (2 pts
each. No partial pts).
-------------------------------Answer---------------------------------Process AB is isothermal, so T A =T B
8.314𝐽𝐽
𝑛𝑛𝑛𝑛𝑇𝑇𝐴𝐴 4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × (𝐾𝐾 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚 ) × 300𝐾𝐾
105 𝐽𝐽
𝑃𝑃𝐴𝐴 =
=
=
4.988
×
= 4.988 × 105 𝑃𝑃𝑃𝑃(4.92𝑎𝑎𝑎𝑎𝑎𝑎)
𝑉𝑉𝐴𝐴
𝑚𝑚3
0.02𝑚𝑚3
8.314𝐽𝐽
𝑛𝑛𝑛𝑛𝑇𝑇𝐵𝐵 4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × (𝐾𝐾 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚 ) × 300𝐾𝐾
𝑃𝑃𝐵𝐵 =
=
= 2.494 × 105 𝐽𝐽/𝑚𝑚3 = 2.494 × 105 𝑃𝑃𝑃𝑃(2.46𝑎𝑎𝑎𝑎𝑎𝑎)
𝑉𝑉𝐵𝐵
0.04𝑚𝑚3
And P c =P B and V C =V A,
So
𝑇𝑇𝑐𝑐 =

𝑃𝑃𝐶𝐶 𝑉𝑉𝐶𝐶 𝑃𝑃𝐵𝐵 𝑉𝑉𝐴𝐴 (2.494 × 105 𝑃𝑃𝑃𝑃) × (0.02𝑚𝑚3 ) 150𝑃𝑃𝑃𝑃 ∙ 𝑚𝑚3
=
=
=
= 150𝐾𝐾
8.314𝐽𝐽
𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛
𝐽𝐽/𝐾𝐾
)
4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × (
𝐾𝐾 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚
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b) (9 pts) Fill the following table with numerical values in Joules. (1 pts each. No partial pts).

Process

△U

q

w

AB
BC
CA

------------------------------Answer-----------------------

Process

△U

q

w

AB

0

6915J

-6915J

BC

-7482.6J

-12468.6J

4986J

CA

7482.6J

7482.6J

0

1) AB
Because of AB Process is isothermal, △U AB =0
So ,
∆𝑈𝑈𝐴𝐴𝐴𝐴 = 𝑞𝑞 + 𝑤𝑤 = 0

𝑛𝑛𝑛𝑛𝑛𝑛
dg = −w = P ∙ dV = �
� dV
𝑉𝑉
Then integrate V A to V B,
8.314J
0.04
q = 4moles ×
× 300𝐾𝐾 × ln
= 6915.390791 … 𝐽𝐽
K ∙ mol
0.02
and work is equal to –q, so w=-6915.390791J

2) BC
𝑤𝑤𝐵𝐵𝐵𝐵 = −P ∙ dV = −(2.493 × 105 𝑃𝑃𝑃𝑃) × (0.02𝑚𝑚3 − 0.04𝑚𝑚3 ) = 4986𝐽𝐽
3
3
8.314𝐽𝐽
∆𝑈𝑈𝐵𝐵𝐵𝐵 = 𝑛𝑛𝑛𝑛∆𝑇𝑇 = × 4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ×
× (150𝐾𝐾 − 300𝐾𝐾) = −7482.6𝐽𝐽
2
2
𝐾𝐾 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚
Work is sum of work and heat. So heat(q) = (-7482.6J)-(4986J) = -12468.6J
3) CA

Because of V A =V C in CA Process, 𝑤𝑤𝐶𝐶𝐶𝐶 = −𝑃𝑃 ∙ 𝑑𝑑𝑑𝑑 = 0

So,

3
3
8.314𝐽𝐽
q = ∆𝑈𝑈𝐶𝐶𝐶𝐶 = 𝑛𝑛𝑛𝑛∆𝑇𝑇 = × 4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ×
× (300𝐾𝐾 − 150𝐾𝐾) = 7482.6𝐽𝐽
2
2
𝐾𝐾 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚
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4. (Total 15 pts) Answer the following questions.
a) (5 pts) Phase changes occur between different solid forms, as well as from solid to liquid, liquid
to gas, and solid to gas. When white tin at 1.00 atm is cooled below 13.2 ℃, it spontaneously

changes (over a period of weeks) to gray tin. The density of gray tin is less than the density of white
tin (5.75 g cm-3 vs 7.31 g cm-3). Some white tin is compressed to a pressure of 2.00 atm. At this
pressure, should the temperature be higher or lower than 13.2 ℃ for the conversion to gray tin to
occur? Explain your reasoning. (5 pts for perfect answer, 3 pts for mediocre answer, 0 pts otherwise).
------------------------------Answer----------------------Gray tin is favored over white tin by lower temperature, but white tin is favored by higher pressure
(because it is more dense than gray tin). Suppose the two forms of tin are present at equilibrium
at 1 atm and 13.2 ℃. Raising the pressure to 2 atm (eventually) converts all of the tin to white tin.

In order to restore the gray allotrope the temperature must be adjusted in the direction that favors
gray tin, that is, the temperature must be lowered below 13.2 ℃

b) (5 pts) List the following substances in order of increasing normal boiling points, T b , and
explain your reasoning. : He, HF, NO, NH 4 Cl , Ne (5 pts for correct order and reasons. 3 pts for
correct order. 0 pts otherwise).
------------------------------Answer----------------------He < Ne ( more heavy) < NO (weak dipole-dipole interaction) < HF(strong dipole-dipole
interaction, i.e. hydrogen-bonding) < NH 4 Cl (ionic interaction)
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c) (5 pts) Below are the Van der Waals constant for three unknown gases. If the Three gases are
SO 2 , CO 2 , and H 2 O, Identify this gases as A, B, or C and give brief reasons. (5 pt for correct
matching and reasoning. No partial pts).
a (atm·L2/mol2)

b (L/mol)

A

3.59

0.0427

B

5.46

0.0305

C

6.71

0.0564

------------------------------Answer----------------------A - CO 2 : nonpolar molecule.
So smallest value of constant a
B - H 2 O : because this is polar molecule, high value of constant a. But size is smaller than SO 2 .
So smaller value of constant b.
C - SO 2 : This molecule is polar molecules and have the bigger size.
So high values of constant a and b
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5. (Total 14 pts) Imagine that two 1 L beakers, A and B, each containing an aqueous solution of
fructose (a nonvolatile sugar with molecular weight = 180) are placed together in a box, which is
then sealed. (The concentrations of the solutions are not necessarily the same.) The temperature
remains constant at 26 ℃. Initially, there is 500 mL of solution in A and 100 mL of solution in B. As

the solutions stand in the sealed box, their volumes change slowly for a while. When they stop

changing, beaker A contains 300 mL and beaker B contains 300 mL. It is then determined that the
solution in A is 1.0 M in fructose and has a density of 1.10 g mL-1.
a) (5 pts) What is the molar concentration of fructose in the solution in beaker B at the end? Explain.
(5 pts correct procedure and answer. 3 pts for correct procedure. 0 pt otherwsie).
------------------------------Answer----------------------At equilibrium, the partial pressure of H 2 O above beaker A equals the partial pressure of water
above beaker B. Obviously, the mole fractions of fructose and H 2 O add up to 1 in both beakers.
Moreover, the mole fractions of fructose in the two beakers are equal, as the following confirms
𝑃𝑃𝐻𝐻2𝑂𝑂,𝐴𝐴 = 𝑃𝑃𝐻𝐻2𝑂𝑂,𝐵𝐵

�𝑋𝑋𝐻𝐻2𝑂𝑂,𝐴𝐴 �𝑃𝑃′𝐻𝐻2𝑂𝑂 = �𝑋𝑋𝐻𝐻2𝑂𝑂,𝐵𝐵 �𝑃𝑃′𝐻𝐻2𝑂𝑂

�1 − 𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐴𝐴 �𝑃𝑃′𝐻𝐻2𝑂𝑂 = �1 − 𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐵𝐵 �𝑃𝑃′𝐻𝐻2𝑂𝑂
�1 − 𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐴𝐴 � = �1 − 𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐵𝐵 �

�𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐴𝐴 � = �𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒,𝐵𝐵 � at equilibrium

Abbreviate fructose with the letter f. Then [f] A and [f] B represent the molar concentrations of fructose
in beakers A and B respectively. It was just shown that 𝑋𝑋𝑓𝑓,𝐴𝐴 = 𝑋𝑋𝑓𝑓,𝐵𝐵 . Therefore at the end
[f] A = [f] B = 1.0 mol L-1
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b) (3 pts) Calculate the concentration of fructose in the solution in A at the start. (3 pts. No partial
pts).
------------------------------Answer----------------------The amount of fructose in each beaker is unchanged throughout. Hence
[𝑓𝑓]𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴 = [𝑓𝑓]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐴𝐴 �

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐴𝐴
300 𝑚𝑚𝑚𝑚
� = (1.0 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿−1 )
= 0.6 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿−1
𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴
500 𝑚𝑚𝑚𝑚
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c) (3 pts) Calculate the concentration of the fructose in the solution in B at the start. (3 pts. No
partial pts).
------------------------------Answer----------------------Similarly for beaker B
[𝑓𝑓]𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝐵𝐵 = [𝑓𝑓]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐵𝐵 �

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐵𝐵
300 𝑚𝑚𝑚𝑚
� = (1.0 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿−1 )
= 3.0 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿−1
𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝐵𝐵
100 𝑚𝑚𝑚𝑚

d) (3 pts) The vapor pressure of pure water at 26 ℃ is 25.2 torr. What is the pressure of water vapor

in the box at the end, after the volumes have stopped changing? (3 pts. No partial pts).
------------------------------Answer-----------------------

The total volume of solution does not matter for this part. Assume 1000 mL for simplicity. The mass
of the solution is then 1100 g, and the mass of the solute (fructose) in the solution is 1.0 mol L-1 X
180 g mol-1 = 180 g. Then
𝑛𝑛𝐻𝐻2𝑂𝑂 =

𝑚𝑚𝐻𝐻2𝑂𝑂
𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
(1100 − 180)
=
=
= 51.1 𝑚𝑚𝑚𝑚𝑚𝑚
𝑀𝑀
𝑀𝑀
18.0 𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚 −1
𝑋𝑋𝐻𝐻2𝑂𝑂 =

𝑛𝑛𝐻𝐻2𝑂𝑂
51.1 𝑚𝑚𝑚𝑚𝑚𝑚
=
𝑛𝑛𝐻𝐻2𝑂𝑂 + 𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
51.1 𝑚𝑚𝑚𝑚𝑚𝑚 + 1.0 𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝐻𝐻2𝑂𝑂 = 𝑋𝑋𝐻𝐻2𝑂𝑂 𝑃𝑃°𝐻𝐻2𝑂𝑂

51.1 𝑚𝑚𝑚𝑚𝑚𝑚
� 25.2 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 24.7 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑃𝑃𝐻𝐻2𝑂𝑂 = �
(1.0 + 51.1)𝑚𝑚𝑚𝑚𝑚𝑚
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6. (Total 15 pts) Answer the following questions.
a) (5 pts) Complete and balance the following equations for reactions taking place in basic
solution. (5 pts. No partial pts).
Ag(s) + HS-(aq) + CrO 4 2-(aq)  Ag 2 S(s) + Cr(OH) 3 (s)
--------------------Answer---------------------------------------a) 6 Ag(s) + 3 HS-(aq) + 2 CrO 4 2-(aq) +5 H 2 O(aq)  3 Ag 2 S(s) + 2 Cr(OH) 3 (s) + 7 OH-
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b) (5 pts) The following balanced equations represent reactions that occur in aqueous acid or
base. Break them down into balanced oxidation and reduction half-equations. (5 pts. No partial
pts).
4PH 3 (g) + 4H 2 O(l) + 4CrO 4 2-(aq)  P 4 (s) + 4Cr(OH) 4 -(aq) + 4OH-(aq)

--------------------Answer---------------------------------------b)
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c) (Total 5 pts) A mixture of benzene and toluene contains benzene of mole fraction 0.4. When this
solution is at equilibrium with vapor phase at 30 ℃, calculate the mole fraction of benzene in the
vapor phase. At 30 ℃, the vapor pressure of benzene and toluene are 120 torr and 40 torr,

respectively. (5 pts for correct procedure and answer. No partial pts).
--------------------Answer---------------------------------------P T = X T Po T , P B = X B Po B
P total = P T + P B = X A Po A + X B Po B
P B = X B Po B = 0.4 x 120 = 48 torr
P T = X T Po T = 0.6 x 40 = 24 torr

XB =

= 0.67

7. (Total 13 pts) A sample of pure solid naphthalene (C10 H8 ) weighing 0.6410g is burned completely
with oxygen to CO2 (g) and H2 O(l) in a constant-volume calorimeter at 25 ℃. The amount of heat
evolved is observed to be 25.79 kJ.

a) (3 pts) Write and balance the chemical equation for the combustion reaction. (3 pts. No partial pts).
--------------------Answer---------------------------------------The equation is 𝐶𝐶10 𝐻𝐻8 (𝑠𝑠) + 12 𝑂𝑂2 (𝑔𝑔) → 10 𝐶𝐶𝑂𝑂2 (𝑔𝑔) + 4𝐻𝐻2 𝑂𝑂(𝑙𝑙)
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b) (10 pts) Calculate the standard change in internal energy (∆U ° ) and the standard enthalpy change

(∆H ° ) for the combustion for the 1.000 mol naphthalene to CO2 (g) and H2 O(l). (5 pts each. No partial

pts).

--------------------Answer---------------------------------------The amount of heat evolved (-q) in the combustion of 0.6410 g of naphthalene was observed to
equal 25.79 kJ. Since the combustion was performed at constant volume, no work was done on
the system (w=0). Therefore, ∆U = q + w = −25.79 kJ + 0 = −25.79 kJ. Put this ∆U on a molar

basis to correspond to the 1 mol of naphthalene appearing in the balanced equation
−25.79 𝑘𝑘𝑘𝑘
128.17 𝑔𝑔 𝐶𝐶10 𝐻𝐻8
∆U = �
� ×�
� = −5157 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑙𝑙 −1
1 𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶10 𝐻𝐻8
0.6410 𝑔𝑔 𝐶𝐶10 𝐻𝐻8
The temperature is 25 ℃ both before and after the reaction. Therefore for the equation written

above (which shows 1 mol of naphthalene) ∆U° = −5157 kJ mol−1

To calculate ∆H° use the definition

∆H° = ∆U° + ∆(PV)

Assume that the gases are ideal and that the volumes of the solids are negligible. Then ∆(PV) =
�∆𝑛𝑛𝑔𝑔 �𝑅𝑅𝑅𝑅, and

∆H° = ∆U° + �∆𝑛𝑛𝑔𝑔 �𝑅𝑅𝑅𝑅

The ∆𝑛𝑛𝑔𝑔 is the change in the number of moles of gases during the reaction. The combustion of 1
mol of naphthalene produces 10 mol of gas, while consuming 12 mol of gas. Accordingly
�∆𝑛𝑛𝑔𝑔 �𝑅𝑅𝑅𝑅 = (−2 𝑚𝑚𝑚𝑚𝑚𝑚)(8.3145 𝐽𝐽 𝐾𝐾 −1 𝑚𝑚𝑚𝑚𝑙𝑙 −1 )(298.15 𝐾𝐾) = −4.96 𝑘𝑘𝑘𝑘
∆H° = ∆U° + �∆𝑛𝑛𝑔𝑔 �𝑅𝑅𝑅𝑅 = −5157 𝑘𝑘𝑘𝑘 − 4.96 𝑘𝑘𝑘𝑘 = −5162 𝑘𝑘𝑘𝑘
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8. (Total 12 pts) Initially a sample of ideal gas at 323 K occupies 1.67 L at 4.95 atm. The gas is
allowed to expand to 7.33 L by to pathways: (ⅰ) isothermal, reversible expansion; (ⅱ) isothermal,
irreversible free expansion.
a) (3 pts) Calculate ∆Stot , ∆S, and ∆Ssurr for isothermal, reversible expansion. (3 pts for correct

procedure and answer. No partial pts).

--------------------Answer---------------------------------------The moles of ideal gas : n
n=

(4.95 atm) × (1.67 L)
PV
=
= 0.31 mol
(0.082 atm ∙ L ∙ mol−1 ∙ K −1 ) × (323 K)
RT

Isothermal, reversible expansion

∆S = nR ∙ ln

V2
V1

= (0.31 mol) × (8.3145 J ∙ mol−1 ∙ K −1 ) × ln

wrev = −nRT ∙ ln

∆Ssurr =

qsurr
T

= −nR ∙ ln

(7.33 L)
= 3.81 J ∙ K −1
(1.67 L)

V2
V2
⇒ qrev = −wrev ⇒ qsurr = −qrev = wrev = −nRT ∙ ln
V1
V1

(7.33 L)
V2
= −(0.31 mol) × (8.3145 J ∙ mol−1 ∙ K −1 ) × ln
= 3.81 J ∙ K −1
(1.67 L)
V1

∴ ∆Stot = ∆S + ∆Ssurr = 0
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b) (3 pts) Calculate ∆Stot , ∆S, and ∆Ssurr for isothermal, irreversible free expansion. (3 pts for correct

procedure and answer. No partial pts).

--------------------Answer---------------------------------------Isothermal, irreversible expansion
∆S = nR ∙ ln

V2
V1

= (0.31 mol) × (8.3145 J ∙ mol−1 ∙ K −1 ) × ln

∆Ssurr =

qsurr
T

(7.33 L)
= 3.81 J ∙ K −1
(1.67 L)

Pext = 0 ⇒ wirrev = 0 ⇒ qirrev = −wirrev ⇒ qsurr = −qirrev = wirrev = 0
=0

∴ ∆Stot = ∆S + ∆Ssurr = 3.81 J ∙ K −1 > 0
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c) (3 pts) Calculate the work for irreversible expansion against a constant external pressure. (3 pts
for correct procedure and answer. No partial pts).
--------------------Answer---------------------------------------The irreversible work of expansion against a constant opposing pressure is given by
w = -Pex ΔV = -(4.95 atm)(7.33 L – 4.95 L)
= -11.78 L atm = -1193.61 J (1 L atm = 101.325 J/L atm)

d) (3 pts) Calculate the work for isothermal, reversible expansion. (3 pts for correct procedure and
answer. No partial pts).
--------------------Answer---------------------------------------An isothermal expansion will be given by
w = -nRT ln(V 2 /V 1 )
n is calculated from the ideal gas law
n = PV/RT = (4.95 atm)(1.67 L)/(0.082 L atm/K mol)(323 K) = 0.31 mol
w = -(0.31 mol)(8.314 J/K mol)(323 K) ln(7.33/4.95) = -326.82 J
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9. (Total 17 pts) Answer the following questions.
a) (3 pts) Calculate the change in molar Gibbs free energy for the process Hg(𝑙𝑙) → Hg(𝑠𝑠) at 1 atm

and 350 ℃. The enthalpy of vaporization is 59.3 kJ∙mol−1 , and the entropy of vaporization is 94.2 J ∙
𝐾𝐾 −1 ∙mol−1 . In each case, indicate whether or not vaporization would be spontaneous. (3 pts for correct

procedure and answer. No partial pts).

--------------------Answer---------------------------------------ΔG° = ΔH° – TΔS° = (59.3 kJ mol-1) – (623 K)(0.0942 kJ K-1 mol-1) = 0.6 kJ mol-1
So this reaction is not spontaneous

b) (3 pts) Estimate T at which it is thermodynamically possible under standard conditions. (3 pts for
correct procedure and answer. No partial pts).
--------------------Answer---------------------------------------ΔG° = ΔH° – TΔS° = 59.3 kJ mol-1 – T x (0.0942 kJ K-1 mol-1) = 0
T = 629.51 K (= 356.36 ℃)
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c) (Total 5 pts) At 298 K chlorine is only slightly soluble in water. Thus, under a pressure of 1.00
atm of Cl 2 (g), 1.00 L of water at equilibrium dissolves just 0.091 mol of Cl 2 .
Cl 2 (g) ⇌ Cl 2 (aq)

In such solutions the Cl 2 (aq) concentration is 0.061 M and the concentrations of Cl-(aq) and
HOCl(aq) are both 0.030 M. These two additional species are formed by the equilibrium
Cl 2 (aq) +H 2 O(l) ⇌ H+(aq) + Cl-(aq) + HOCl(aq)

There are no other Cl-containing species. Compute the equilibrium constants K1 and K2 for the
two reactions. (5 pts for correct procedure and correct answer, 1.5 pts for one correct answer, 1
pts for one correct procedure, 0 pt otherwise)
--------------------Answer---------------------------------------The first equation and its mass-action expression are
Cl 2 (g) ⇌ Cl 2 (aq),

[𝐶𝐶𝐶𝐶2 ]
𝑃𝑃𝐶𝐶𝐶𝐶2

=K

Take the equilibrium concentrations of the dissolved chlorine and the partial pressure of the
gaseous chlorine from the statement of the problem

𝐾𝐾1 =

[𝐶𝐶𝐶𝐶2 ] 0.061
=
= 0.061
𝑃𝑃𝐶𝐶𝐶𝐶2
1.00

The second reaction and its mass-action expression are

Cl 2 (aq) + H 2 O(l) ⇌ H+(aq) + Cl-(aq) + HOCl(aq),

[𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻]�𝐻𝐻 +�[𝐶𝐶𝐶𝐶 − ]
[𝐶𝐶𝐶𝐶2 ]

= 𝐾𝐾2

K2 is readily calculated because [H+] must be equal to [Cl-] and to [HOCl], based on the 1-to-1to-1 stoichiometry of the reaction

𝐾𝐾2 =

[𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻][𝐻𝐻 + ][𝐶𝐶𝐶𝐶 − ] (0.030)(0.030)(0.030)
=
= 4.4 × 10−4
[𝐶𝐶𝐶𝐶2 ]
(0.061)
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d) (Total 6 pts) When 1.00 g potassium chlorate (KClO 3 ) is dissolved in 50.0 g water in a
Styrofoam calorimeter of negligible heat capacity, the temperature decreases from 25.00 ℃ to
23.36 ℃. Calculate q for the water and ∆H° for the process.

KClO 3 (s) → K+(aq) + ClO 3 -(aq)

The specific heat of water is 4.184 J K-1 g-1. The molar mass of KClO 3 (s) is 122.55 g. (3 pts each. No
partial pts).
--------------------Answer---------------------------------------qwater = (50.0 𝑔𝑔)(4.184 𝐽𝐽 𝐾𝐾 −1 𝑔𝑔−1 )(23.36 − 25.00 𝐾𝐾) = −343 𝐽𝐽
∆H° = �

343 𝐽𝐽
122.55 𝑔𝑔 𝐾𝐾𝐾𝐾𝐾𝐾𝑂𝑂3
��
� = 4.2 × 104 J = 42 kJ
1 𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝐾𝐾𝐾𝐾𝑂𝑂3
1 𝑔𝑔 𝐾𝐾𝐾𝐾𝐾𝐾𝑂𝑂3
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10. (Total 12 pts) There are two isomeric hydrocarbons with formula C 4 H 10 , butane and isobutene,
which we denote here B and I. The standard enthalpies of formation for the gaseous species are 124.7 kJ/mol for B, -131.3 kJ/mol for I. The standard free energies of formation are -15.9 kJ/mol
for B, -18.0 kJ/mol for I.
a) (6 pts) Which is the more stable under standard conditions, and which has the higher entropy?
(6 pts for correct procedure and correct answer, 3 pts for correct procedure, 0 pt otherwise)
--------------------Answer---------------------------------------The reaction is the isomerization of butane to isobutene, B → I.
Then, ∆Gf °(𝐼𝐼) = −18 − (−15.9) 𝑘𝑘𝑘𝑘 = −2.1 𝑘𝑘𝑘𝑘

The means that isobutene is more stable than butane (at 298 K and 1 atm),

∆Gf ° = ∆𝐻𝐻𝑓𝑓 ° − 𝑇𝑇∆𝑆𝑆𝑓𝑓 ° ∶ ∆𝑆𝑆𝑓𝑓 ° =
∆Sf °(𝐵𝐵) =
∆Sf °(𝐼𝐼) =

1
(∆𝐻𝐻𝑓𝑓 ° − ∆𝐺𝐺𝑓𝑓 °)
𝑇𝑇

−124.6 − (−15.9)
× 103 𝐽𝐽 𝑚𝑚𝑚𝑚𝑙𝑙 −1 = −365 𝐽𝐽 𝐾𝐾 −1 𝑚𝑚𝑚𝑚𝑙𝑙 −1
298.15 𝐾𝐾

−131.3 − (−18.0)
× 103 𝐽𝐽 𝑚𝑚𝑚𝑚𝑙𝑙 −1 = −380 𝐽𝐽 𝐾𝐾 −1 𝑚𝑚𝑚𝑚𝑙𝑙 −1
298.15 𝐾𝐾

Butane has a higher (more positive) entropy than isobutene.
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b) (6 pts) The reaction B ⇌ I can occur in the presence of a catalyst. Calculate the equilibrium

constant at 298 K for the conversion of B to I, and calculate the percentage of B in the

equilibrium mixture. (6 pts for correct procedure and correct answer, 3 pts for correct procedure, 0
pt otherwise)
--------------------Answer---------------------------------------2.1 × 103 𝐽𝐽 𝑚𝑚𝑚𝑚𝑙𝑙 −1
∆𝐺𝐺°
=
= 0.85 , 𝐾𝐾 = 2.3
(8.31 𝐽𝐽 𝐾𝐾 −1 𝑚𝑚𝑚𝑚𝑙𝑙 −1 )298 𝐾𝐾
−𝑅𝑅𝑅𝑅
Let X be the fraction of B. Then (1-X) is the fraction of I.
ln 𝐾𝐾 =

Then, K =

1−𝑋𝑋
𝑋𝑋

= 2.3, 2.3𝑋𝑋 = 1 − 𝑋𝑋, 𝑋𝑋 =

1

3.3

= 0.30

The percentage of B in the equilibrium mixture is therefore 30 %.
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11. (Total 24 pts) The reaction between nitrogen and hydrogen to produce ammonia.
N 2 (g) + 3 H 2 (g) ⇌ 2 NH 3 (g)

Assume this reaction is carried out in the containers illustrated below.

The stopcock between the two containers is opened, and the reaction proceeds. The final container
volume is 6.00L, the temperature is 400 ℃ constantly. Use the following data if necessary.

1) (8 pts) Calculate the partial pressure of NH 3 after equilibrium is reached at this temperature. (8
pts for correct procedure and answer. 4 pts for correct procedure. Otherwise no partial pts).
--------------------answer---------------------------------------For 𝑁𝑁2 ∶ 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
For H 2 : 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

= 1.2𝑎𝑎𝑎𝑎𝑎𝑎 ×

= 1.8𝑎𝑎𝑎𝑎𝑎𝑎 ×

∆H° = 2 ∆H f °(NH 3 ) = -92.22 kJ

4.00𝐿𝐿

6.00𝐿𝐿

2.00𝐿𝐿

6.00𝐿𝐿

= 0.8𝑎𝑎𝑎𝑎𝑎𝑎

= 0.6𝑎𝑎𝑎𝑎𝑎𝑎

∆S° = 2 ∆S°(NH 3 ) – 3 ∆S°(H 2 ) - ∆S°(N 2 ) = -198.53 J K-1

∆G° = ∆H° - T∆S° = -92220 J 𝑚𝑚𝑚𝑚𝑚𝑚 −1 - (673 K)(-198.53 J K-1 mol-1)
= 41390 J mol-1 = 41.39 kJ mol-1

∆G° = -RTInK



K = 𝑒𝑒 −∆𝐺𝐺°/𝑅𝑅𝑅𝑅 = 6.13 x 10-4
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K=

(2𝑥𝑥 2 )

(0.8−𝑥𝑥)(0.6−3𝑥𝑥)3

⇌

N2

3 H2

0.8

0.6

-x

-3x

+2x

(0.8-x)

(0.6-3x)

2x

= 6.13 x 10-4, so, x = 4.94 x 10-3

∴ P NH3 = 2 x 4.94 x 10-3 = 9.88 x 10-3 atm
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2 NH 3

b) (6 pts) Calculate ∆S sys . (6 pts for correct procedure and answer. 3 pts for correct procedure. 0 pts
otherwise).
--------------------answer---------------------------------------∆S sys = ∆S N2 expansion + ∆S H2 expansion + ∆S reaction
nN2 =
nH2 =

𝑉𝑉

(1.2 𝑎𝑎𝑎𝑎𝑎𝑎)(4.0 𝐿𝐿)
𝑃𝑃𝑃𝑃
=
= 0.087 𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑅𝑅 (0.082 𝑎𝑎𝑎𝑎𝑎𝑎 𝐿𝐿 𝑚𝑚𝑚𝑚𝑙𝑙 −1 𝐾𝐾 −1 )(673 𝐾𝐾)
(1.8 𝑎𝑎𝑎𝑎𝑎𝑎)(2.0 𝐿𝐿)
𝑃𝑃𝑃𝑃
=
= 0.065 𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑅𝑅 (0.082 𝑎𝑎𝑎𝑎𝑎𝑎 𝐿𝐿 𝑚𝑚𝑚𝑚𝑙𝑙 −1 𝐾𝐾 −1 )(673 𝐾𝐾)
6 𝐿𝐿

∆S N2 expansion = nR ln( 2 ) = (0.087 mol)(8.314 𝐽𝐽 𝐾𝐾 −1 𝑚𝑚𝑚𝑚𝑙𝑙 −1 ) ln( ) = 0.293 𝐽𝐽 𝐾𝐾 −1
𝑉𝑉1

4 𝐿𝐿

𝑉𝑉

6 𝐿𝐿

∆S H2 expansion = nR ln( 2) = (0.065 mol)(8.314 𝐽𝐽 𝐾𝐾 −1 𝑚𝑚𝑚𝑚𝑙𝑙 −1 ) ln( ) = 0.594 𝐽𝐽 𝐾𝐾 −1
𝑉𝑉1

2 𝐿𝐿

∆S reaction = ∆S° = 2 ∆S°(NH 3 ) – 3 ∆S°(H 2 ) - ∆S°(N 2 ) = -198.53 J K-1
So, ∆S sys = -197.643 J K-1
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c) (6 pts) Calculate ∆S surr . (6 pts for correct procedure and answer. 3 pts for correct procedure. 0 pts
otherwise).
--------------------answer---------------------------------------If this reaction is isothermal, reversible expansion, ∆Stot = ∆S + ∆Ssurr = 0
∆Ssurr = 197.643 J ∙ K −1

If isothermal, irreversible expansion,
Pext = 0 ⇒ wirrev = 0 ⇒ qirrev = −wirrev ⇒ qsurr = −qirrev = wirrev = 0
∆Ssurr =

qsurr
T

=0

As we don’t know this reaction is reversible expansion or irreversible expansion, we can assume that
∆Ssurr would be somewhere between 0 and~ 197.643 J K-1
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d) (4 pts) The reaction is allowed to reach equilibrium at 400 ℃. Certain changes are then made to

this mixture. Considering each change separately, state the effect (increase, decrease, or not change)
that the change has on the original equilibrium values of the quantity in the second column. The
temperature and volume are constant. (1 pts each. No partial pts).
Change

Quantity

Add H 2

Amount of NH 3

Remove H 2

Amount of NH 3

Remove H 2

Amount of N 2

Add NH 3

K

--------------------answer---------------------------------------Increases / Decreases / Increases / No change
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Change

