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  1. Period, Location, and Procedure 
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Rule 2: With or without claim, you must submit the paper back 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. 
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http://www.gencheminkaist.pe.kr/


1. (total 8 pts) In each of the following Lewis diagrams, Z represents a main-group element. Name 

the group to which Z belongs in each case and give an example of such a compound or ion that 

actually exists. 

(a) 

 

 
(Answer) 

 

 

 

(b)  

 

 

(Answer) 
 

 

 

(c) 

 

 

 

 

(Answer) 
 

 

 

(d) 

 

 

 

 

 

(Answer) 
 

 

 

  



2. (total 8 pts) Predict the geometry of the following molecules and ions precisely. 

(a) ClO3
+ 

(Answer) 
 

 

 

 

 

 

(b) ClO2
+ 

(Answer) 
 

 

 

 

 

 

(c) SiH4 

(Answer) 
 

 

 

 

 

 

(d) IF5 

(Answer) 
 



3. (total 13 pts) A hydrogen atom that has the Balmer series in the visible region (Figure A; lines at 

410.1, 434.1, 486.1, and 656.3 nm) was used for Franck-Hertz experiment (Figure B) and the following 

data in Figure C (note Vthr,1= 10.2 V) were obtained. 

  Figure A     Figure B 

 

  Figure C 

 

(a) Draw the electronic energy-level diagram for this atom and show the energy levels (with values) 

of excited states relative to the ground state in eV. 

(Answer) 
 

 

 

 

 

 

 

 

 

(b) Predict the higher voltage thresholds, Vthr,2, Vthr,3, and Vthr,4. 

(Answer) 
 

 

 

 

 

 



4. (total 11 pts) Cyclobutadiene, C4H4, is the hydrocarbon with the following cyclic structure. The 

electronic structure of π-system can be understood by particle-in-a-box. 

 

(a) One can assume that all C-C bond lengths are equal to 𝐿𝐿 through resonance structure. Under 

this assumption, draw the energy diagram of π-system (Note that each state must be labeled by 

its energy and set of quantum numbers). 

(Answer) 
 

 

 

 

 

 

 

 

 

 

(b) However, cyclobutadiene may not have resonance structure. In this case, one can assume a slight 

symmetry breaking so that carbon backbone has rectangular structure with bond length 𝐿𝐿 and 

𝐿𝐿 − 𝛿𝛿 where 𝛿𝛿 is much smaller than 𝐿𝐿. Under this assumption, draw the energy diagram of π-

system (Note that each state must be labeled by its energy and set of quantum numbers.) 

(Answer) 
 

 

 

 

 

 

 

 

 

(c) Calculate the energy differences between ground state and first excitation state for (a) and (b). 

Which model requires lower energy for excitation? (You may use the approximation (1 + 𝑥𝑥)𝑛𝑛 ≈



1 + 𝑛𝑛𝑥𝑥 for |𝑥𝑥| ≪ 1 and integer 𝑛𝑛) 

(Answer) 
 

 

 

 

 

 

 

 

 

 

 

(d) Some experiments showed that cyclobutadiene is diamagnetic. Can this result eliminate one 

model out of two? 

(Answer) 
 

 

 

  



5. (total 9 pts) The first, second, and third ionization energies of phosphorus are 1011 𝐾𝐾𝐾𝐾 𝑚𝑚𝑚𝑚𝑚𝑚⁄ , 1903 

𝐾𝐾𝐾𝐾 𝑚𝑚𝑚𝑚𝑚𝑚⁄ , and 2912 𝐾𝐾𝐾𝐾 𝑚𝑚𝑚𝑚𝑚𝑚⁄  respectively. 

(a) Calculate the effective nuclear charge (𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 ) experienced by a 3p electron in phosphorus 
〔Ne〕3𝑠𝑠23𝑝𝑝3. Use the energy expression for the hydrogen atom 𝐸𝐸𝑛𝑛 = -R𝑍𝑍2

𝑛𝑛2
 where the Rydberg 

constant R = 2.1799ⅹ10−18J. 
(Answer) 

 

 

 

 

 

 

 

 

(b) Would it be expected that the minimum energy necessary to eject a 3s electron from phosphorus 

in a photoelectron spectroscopy experiment be larger, smaller, or the same as the 4𝑡𝑡ℎ ionization 

energy (𝐼𝐼𝐸𝐸4) of phosphorus? Briefly explain your answer. 

(Answer) 
 

 

 

 

 

(c) Which experience less shielding, 3s-electrons or 3p-electrons in phosphorus? Briefly explain why. 

(Answer) 
 

 

 

 

 

(d) Calculate number of radial and angular nodes for a phosphorus 3p orbital. 

(Answer) 
 



6. (total 4 pts) For H atom, the radial node of ψ2S is located at r = 2a0 where a0 is the Bohr radius of 

0.53 Å. Predict the radial position of the ψ2S node for He+ and Li2+. Rationalize your answer (please 

give the reason or meaning for your answer). 

(Answer) 
 

 

 

 

 

 

 

7. (total 9 pts) Here we have one of solved wave functions of an electron in a hydrogen atom. 

 
(a) What orbital is this? And what are the orbitals that have the same energy value? 

(Answer) 
 

 

 

 

(b) Please roughly draw the radial wave function of the above orbital plotted against distance from the 

nucleus, r. (don’t’ worry about scales but indicate radial node) 

(Answer) 
 

 

 

 

 

(c) Please roughly draw the radial probability density of the above orbital plotted against distance from 

the nucleus, r. (don’t’ worry about scales but indicate radial node) 

(Answer) 
 

 

 

 

 

8. (total 12 pts) Does each of the following set of quantum numbers describe a possible atomic orbital? 

Answer with ‘YES’ or ‘NO’. If the answer is ‘YES’, give the label for this orbital. If the answer is ‘NO’, 



explain why an electron with that set of quantum numbers isn’t possible. 

[ Examples of how to answer: (Example_a) n = 1, ℓ = 0, m = 0, ms = ½ (Ans. YES, 1s) ; (Example_b) 

n = –1, ℓ = 0, m = 0, ms = 3/2 (Ans. NO, n cannot be negative.) ] 

 

(a) n = 4, ℓ = 3, m = –3, ms = +1/2 

(Answer) 
 

 

 

(b) n = 1, ℓ = 0, m = 0, ms = –1 

(Answer) 
 

 

 

(c) n = 0, ℓ = 0, m = 0, ms = –1/2 

(Answer) 
 

 

 

(d) n = 2, ℓ = 3, m = 0, ms = +1/2 

(Answer) 
 

 

 

(e) n = 3, ℓ = –2, m = 3, ms = –1/2 

(Answer) 
 

 

 

(f) n = 3, ℓ = 2, m = 3, ms = –1/2 

(Answer) 
 
 
 

  



9. (total 15 pts) 

(a) The azide ion (N3
-) is a weakly bound molecular ion. Formulate its MO structure for localized σ 

bonds and delocalized π bonds.  

(Answer) 
 

 

 

 

 

 

 

 

 

 

 

 

(b) Do you expect N3 and N3
+ to be bound as well? Which of the three species (N3

-, N3 and N3
+) do 

you expect to be paramagnetic? 

(Answer) 
 

 

 

 

 

 

(c) Draw the possible Lewis resonance diagrams for the nitrite ion (NO2
-). Use the VSEPR theory to 

determine the steric number, the hybridization of the central nitrogen atom, and the geometry of the 

ion.  

(Answer) 
 

 

 

 

 

 

 

 

(d) Show how the use of resonance structures of the nitrite ion can be avoided by introducing a 



delocalized π MO. What bond order does the MO model predict for the N-O bonds in the nitrite 

ion? 

(Answer) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

10. (total 11 pts) This is a molecule called trans-diazene (N2H2). Answer the following questions. 

 

 

 

 

 

 

 

(a) Write hybridization for each nitrogen atom in trans-diazene.  

(Answer) 
 

 

 

 

  



(b) Draw 3D structure of trans-diazene with hybrid orbitals. Indicate lone pair as well if it exists.  

Mark for every bond if it is σ or π bond.  

(Answer) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) Write a wavefunction for the σ bond between nitrogen atoms using VB theory.  

(Answer) 
 

 

 

 

 

 

 

 

(d) Consider N2 and N2H4 (Hydrazine) which are two other molecules containing two nitrogen 

atoms. Expect the order of binding energy of N-N among trans-N2H2, N2, and N2H4.  

(Answer) 
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Problem points Problem points TOTAL pts 

1 4x2/8 6 2+2/4  

 

 

/100 

2 4x2/8 7 3x3/9 

3 10+3/13 8 6x2/12 

4 3+3+3+2/11 9 5+2+4+4/15 

5 3+2+2+2/9 10 2+5+2+2/11 
 
단순히 계산이 틀리거나 unit 이 맞지 않지만 내용이 모두 맞았을 때 – 1 pt 
 
 
1. (total 8 pts) Group # 1 pt, example 1 pt for each set 
 
(a) (2 pts) In this structure of “ZO2”, the oxygen atoms both possess a formal charge of 0. Since there 
is no net charge on the molecule, Z must also have a f. c. of 0. Therefore, it has 4 valence electrons 
and belongs to Group IV. The compound CO2 (carbon dioxide) is an example. 
 
(b) (2 pts) In “ZO2

-“, one of the oxygen atoms has a f. c. of zero but the other has f. c. -1. Since the 
species has a -1 net charge, Z must have f.c. of 0. Therefore, it comes from Group V (5 valence 
electrons). An example is NO2- (nitrite ion). 
 
(c) (2 pts) In this Lewis structure of “Z2O7”, each of the six peripheral O atoms has a formal charge 
of -1, but the bridging O atom has f.c. zero. Since the molecule has no net charge and is symmetrical, 
the f. c. on each Z is +3. Therefore, Z has 7 valence electrons and is in Group VII. An example is 
Cl2O7 (dichlorineheptaoxide). 
 
(d) (2 pts) In “HOZO3

-“, three of the O atoms have f.c. -1, and the other O atom and the H atom have 
f.c. zero. Since the ion has a -1 net charge, Z must have f.c. +2. Therefore, Z has 6 valence electrons 
and comes from Group VI. An example is HOSO3- (hydrogen sulfate ion). 
 
 
  



2. (total 8 pts) 2 pts for each set, no description of angles -1 pt 
 
(a) (2 pts) The central Cl atom has all of its valence electrons (six, because the ion has a net positive 
charge) involved in bonds to the surrounding three oxygen atoms and has no lone pairs. Its steric 
number is 3. In the molecular ion, the central Cl should be surrounded by the three O atoms arranged 
in a trigonal planar structure. 
 
(b) (2 pts) The central Cl atom in this ion also has a steric number of 3, comprising two bonded atoms 
and a single lone pair. The predicted molecular geometry is a bent molecule with an angle somewhat 
less than 120°. 
 
(c) (2 pts) The central Si atom has a steric number of 4 and no lone pairs. The molecular geometry 
should consist of the Si atom surrounded by a regular tetrahedron of H atoms. 
 
(d) (2 pts) Iodine has seven valence electrons, of which five are shared 
in bonding pairs with F atoms. This leaves two electrons to form a lone 
pair, so the steric number is 5 (bonded atoms) 1 1 (lone pair) 5 6. The 
structure will be based on the octahedron of electron pairs from Figure 
3.21, with five F atoms and one lone pair. The lone pair can be placed 
on any one of the six equivalent sites and will cause the four F atoms 
to bend away from it toward the fifth F atom, giving the distorted 
structure shown in Figure 3.24. 
 
 
 
 
 
3. (total 13 pts) 
 
(a) (10 pts) Only energy level diagram 3 pts; Balmer series concept 3 pt; exact values 4 pts 

The first voltage threshold is at 10.2 V.  
 
ℎ𝑐𝑐
𝜆𝜆

= e𝑉𝑉𝑡𝑡ℎ𝑟𝑟 
 
 
Thus, the energy difference between the ground state (n = 1) and the 
first excited state (n = 2) is 10.2 eV. The lowest energy Balmer series 
656.3 nm is for a transition of (n = 3 → n = 2). Thus, the 2nd excited state 

(n = 3) is higher in energy than the ground state by 10.2 eV + ℎ𝑐𝑐
(656.3×10−9 𝑚𝑚)(1.6022×10−19 𝐽𝐽/𝑒𝑒𝑒𝑒)

. Other series 
lines represent (n = 4 → n = 2), (n = 5 → n = 2), and (n = 6 → n = 2) and thus their energy levels 
relative to the n = 2 can be obtained similarly. 
 
 
(b) (3 pts) When the answers were wrong, correct concept (n = 1 to higher), 1 pt 
Vthr’s appears for transitions from n = 1 to higher-energy excited states. Thus, Vthr,2 = 12.1 V, Vthr,3 = 
12.8 V, and Vthr,4 = 13.1 V. 
 
 
  



4. (total 11 pts) 
 
(a) (3 pts) (-0.5 pt deduction for each improper labeling & 
electron assignment) 
 

𝐸𝐸𝑛𝑛𝑥𝑥,𝑛𝑛𝑦𝑦 =
ℎ2

8𝑚𝑚𝑒𝑒
�
𝑛𝑛𝑥𝑥2

𝐿𝐿2
+
𝑛𝑛𝑦𝑦2

𝐿𝐿2 �
 

 
  
 
 
 
 
(b) (3 pts) (-0.5pt deduction for each improper labeling & electron assignment) 
 
 

𝐸𝐸𝑛𝑛𝑥𝑥,𝑛𝑛𝑦𝑦 =
ℎ2

8𝑚𝑚𝑒𝑒
�
𝑛𝑛𝑥𝑥2

𝐿𝐿2
+

𝑛𝑛𝑦𝑦2

(𝐿𝐿 − 𝛿𝛿)2� 

 
 
 
 
(c) (3 pts) only for (a), 1 pt 

Δ𝐸𝐸 𝑓𝑓𝑚𝑚𝑓𝑓 (𝑎𝑎) =
3ℎ2

8𝑚𝑚𝑒𝑒𝐿𝐿2
 

Δ𝐸𝐸 𝑓𝑓𝑚𝑚𝑓𝑓 (𝑏𝑏) =
3ℎ2

8𝑚𝑚𝑒𝑒
�

1
(𝐿𝐿 − 𝛿𝛿)2 −

1
𝐿𝐿2
� =

3ℎ2

8𝑚𝑚𝑒𝑒𝐿𝐿2
��1 −

𝛿𝛿
𝐿𝐿
�
−2

− 1� ≈
3ℎ2

8𝑚𝑚𝑒𝑒𝐿𝐿2
∙

2𝛿𝛿
𝐿𝐿

 

Model of (b) requires lower energy than model of (a).  
(1pt for each energy (approximation is not mandatory) / 1pt for correct comparison) 
 
 
(d) (2 pts) 
Yes. Model of (a) indicates cyclobutadiene is paramagnetic, whereas model of (b) indicates it is 
diamagnetic.  
(No partial points) 
 
 
5. (total 9 pts) 
(a) (3 pts) IE= -𝐸𝐸𝑛𝑛 = Zeff

2𝑅𝑅
𝑛𝑛2

 

𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒=〔𝑛𝑛
2 𝐼𝐼𝐼𝐼
𝑅𝑅
〕
1
2 

IE=1011𝐾𝐾𝐾𝐾 𝑚𝑚𝑚𝑚𝑚𝑚⁄  ⅹ1000𝐽𝐽
𝐾𝐾𝐽𝐽

 ⅹ 𝑚𝑚𝑚𝑚𝑚𝑚
6.022×1023

 = 1.6788ⅹ10−18J 

𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒=〔(3)2(1.6788×10−18𝐽𝐽)
2.1799×10−18𝐽𝐽

〕
1
2 = (6.9311)

1
2 

𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒=2.633 
 
(b) (2 pts) 〔Ne〕 3𝑠𝑠23𝑝𝑝3→〔Ne〕3𝑠𝑠13𝑝𝑝3+𝑒𝑒− 
The E to eject a 3s electron from P would be smaller than the 4𝑡𝑡ℎ  IE because there are more 
electrons in P, meaning more shielding and lower 𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒. 
 
(c) (2 pts) 3s  3s electrons penetrate closer to the nucleus,  
so 𝑧𝑧𝑒𝑒𝑒𝑒𝑒𝑒 avg. for 3s>𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 avg. for 3p. 
 
(d) (2 pts) 3p orbital has a total of n-1=3-1=2 nodes. Of these, one is angular (l=1) and one is radial. 



6. (total 4 pts)  He+ and Li2+, 2 pts for each 
 

 
 
 
 
7. (total 9 pts) 
 
(a) (3 pts) A: 2s 
A: 2px, 2py, 2pz 
 
(b) (3 pts) 

A:  
 
(c) (3 pts) 

A:  
 
 
 
8. (total 12 pts) 1 pt for YES or NO, 1 pt for labels and explanations, for each set 
 
(a) n = 4, ℓ = 3, m = –3, ms = +1/2 (YES, 4f ) 
(b) n = 1, ℓ = 0, m = 0, ms = –1 (NO, ms must be +1/2 or –1/2) 
(c) n = 0, ℓ = 0, m = 0, ms = –1/2 (NO, ‘n cannot be zero.’ or ‘n = 1, 2, 3, ….’ or ‘n must be positive 
integer.’) 
(d) n = 2, ℓ = 3, m = 0, ms = +1/2 (NO, ‘ℓ must be less than or equal to n–1.’ or ‘ℓ = 0, 1, …, n–1.’) 
(e) n = 3, ℓ = –2, m = 3, ms = –1/2 (NO, ‘ℓ cannot be negative.’ or ‘ℓ = 0, 1, …, n–1.’) 
(f) n = 3, ℓ = 2, m = 3, ms = –1/2 (NO, ‘|m| must be less than or equal to ℓ.’ or ‘m = –ℓ , –ℓ +1, …, ℓ–
1, ℓ.’) 
 
 



9. (total 15 pts) 
 
(a) (5 pts) sigma bonds 2 pts, pi bonds 3 pts 

 

 Figure 6.41 
 
 
(b) (2 pts) N3- 1 pt, N3 and N3+ 1 pt 
 

 
 
 
(c) (4 pts) Lewis diagram 2 pts, VSEPR 2 pts 

 
 
 
 
 



(d) (4 pts) pi MO 3 pts, bond order 1 pt 
 

 
 

 Figure 6.42 
 
 
 
10. (total 11 pts) 
 
(a) (2 pts) sp2, sp2 (No partial points) 
 
(b) (5 pts)  
 
𝛔𝛔 bond framework and lone pairs (3 pts)            𝛑𝛑 bond (2 pts) 

 
 
 
 
 
 
 
 
  
 

 
 
𝛔𝛔 bond framework w/ sp2 hybrid orbitals (2 pts) and lone pairs (1 pts) 
𝛑𝛑 bond only – (2 pts) 
 
(c) (2 pts) 
When sp2 orbital of NA is 𝝌𝝌𝟏𝟏𝑨𝑨,𝝌𝝌𝟐𝟐𝑨𝑨,𝝌𝝌𝟑𝟑𝑨𝑨,  
𝝍𝝍𝝈𝝈
𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩(𝟏𝟏,𝟐𝟐) = 𝑪𝑪[𝝌𝝌𝟏𝟏𝑨𝑨(𝟏𝟏)𝝌𝝌𝟏𝟏𝑩𝑩(𝟐𝟐) + 𝝌𝝌𝟏𝟏𝑨𝑨(𝟐𝟐)𝝌𝝌𝟏𝟏𝑩𝑩(𝟏𝟏)] 

 
(d) (2 pts) 
N2 > trans-N2H2 > N2H4 (No partial points) 
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right corner of every page. 

Professor 
Name Class Student I.D. Number Name 

    

 Problem points Problem points TOTAL pts 

1 /4 7 /6  

 

 

/100 

 

2 /6 8 /6 

3 /12 9 /9 

4 /9 10 /10 

5 /12 11 /8 

6 /10 12 /8 
** This paper consists of 14 sheets with 12 problem sets (pages 12 & 13: constants & periodic table, page 14: 
claim form). Please check all page numbers before taking the exam. Write down your work and answers in the 
Answer sheet.  

Please write down the unit of your answer when applicable. You will get 30% deduction for a missing unit. 

NOTICE: SCHEDULES on RETURN and CLAIM of the MARKED EXAM PAPER. 
   1. Period, Location and Procedure 

1) Return and Claim Period: June 16 (Friday, 12:00-14:00) 
2) Location: Creative Learning Bldg.(E11) 

Class Room Class Class Class Room 

A 201 D 206 G 209 

B 202 E 207   

C 203 F 208   
3) Claim 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 paper back to TA. (Do not go out of the room with it) 

(During the period, you can check the marked exam paper from your TA and should hand in the paper with a FORM for claims if 
you have any claims on it. The claim is permitted only on the period. Keep that in mind! A solution file with answers for the 

examination will be uploaded on 6/19 on the web.) 
2. Final Confirmation 

1) Period: June 17(Sat) – 18(Sun) 
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1. (4 pts) Assuming no temperature change, determine the final pressure inside the system below 

after all stopcocks are opened. Ignore the volume of the connecting tube and assume ideal gas 

behavior. 

 
P = 2 atm      P = 2 atm        P = 4 atm 
V = 4 L     V = 1 L        V = 5 L 

(Answer) 
 

 

 

 

2. (6 pts) State which attractive intermolecular force does play the most dominant role in the following 

molecular pairs? 

(a) Sodium ion - water  

(Answer) 
 
(b) Hydroxide ion - water 

(Answer) 
 

(c) Carbon dioxide gas - water  

(Answer) 
 

(d) Methanol - ethanol  

(Answer)  
 
(e) Chloride ion – hexane(C6H14) 

(Answer)  
 
(f) Octane(C8H18) - hexane(C6H14) 

(Answer)  
 



3 

 

3. (12 pts) Balance each equation. 

(a) MnO4
−(aq) + H2S(aq) →  Mn2+(aq) + SO4

2−(aq) 

(Answer)  
 

 

 

(b) Zn(s) + NO3
−(aq) → Zn2+(aq) + NH4

+(aq) 

(Answer)  
 

 

 

(c) H2O2(aq) + MnO4
−(aq) → O2(g) + Mn2+(aq) 

(Answer)  
 

 

 

(d) Sn(s) + NO3
−(aq) → Sn4+(aq) + N2O(g) 

(Answer)  
 

 

 

(e) UO2
2+(aq) + Te(s) → U4+(aq) + TeO4

2−(aq) 

(Answer)  
 

 

 

(f) The reactions, (a)-(e), began at the same acidic pH and then 1 mole of the substance underlined 

reacted completely. Which reaction container will have the highest pH?  

(Answer)  
 
 
 

 



4 

 

4. (9 pts) Below we have graphs of solvent vapor pressure versus mole fraction of solvent in ideal and 

nonideal solutions with nonvolatile solute. 

 
(a) Explain positive deviation and negative deviation with relative attraction forces between solvent 

and solute. 

(Answer) 
 

 

 

 

 

 

(b) Explain boiling-point elevation of solution with nonvolatile solute. 

(Answer) 
 

 

 

 

 

 

(c) Which nonideal solution (positive deviation or negative deviation) will have higher boiling-point 

elevation effect? Why? 

(Answer) 
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5. (12 pts) Mixing 50.0 g of benzene(C6H6, MW = 78.11 g/mol) with 50.0 g of n-hexane(C6H14, MW = 

86.18g/mol) gives a nearly ideal solution. The vapor pressure of pure benzene is 0.1355 atm and the 

vapor pressure of pure n-hexane is 0.2128 atm. 

(a) Calculate the mole fraction of n-hexane in this solution. 

(Answer) 
 

 

 

 

 

(b) Calculate the mole fraction of n-hexane in the vapor in equilibrium with the solution. 

(Answer) 
 

 

 

 

 

(c) The vapor is removed and condensed to become liquid. Calculate the mole fraction of n-hexane 

in the vapor in equilibrium with this new solution.  

(Answer) 
 

 

 

 

 

(d) In order for mole fraction of n-hexane in the solution to be more than 0.850, at least how many 

times of fractional distillation are needed from the starting solution?   

(starting solution = 50.0 g benzene + 50.0 g n-hexane)  

(Answer) 
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6. (10 pts) Four moles of monatomic ideal gas goes through the cycle represented in following figure. 

Process A  B is an isothermal expansion with temperature TA = 300K.  

 
 

(a) Calculate PA, PB, and TC , the pressures and temperature reached in A, B and C.  

(Answer) 
 

 

 

 

 

 

(b) Fill the following table with numerical values in Joules. 

(Answer) 
Process ∆U q w 

A B  6915 J  

B  C    

C  A    
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7. (6 pts) Consider a system composed of one mole of liquid water at 25 ˚C placed in a cylinder with 

movable piston. In order words, the system includes liquid water plus the cylinder. This system is then 

heated under a constant external pressure of 1 atm until all the water evaporates and the final volume 

of the gas is 33.0 liter. 

The change in state is  

H2O(liquid, 25 ˚C,1 atm) + Cylinder(25 ˚C)  →  H2O(gas, T, 1 atm, 33 L) + Cylinder(T) 

Calculate the enthalpy of this change in state. Assume that gaseous water is an ideal gas. Cp of 

liquid water and gaseous water is 75.3 JK-1mol-1 and 40.2 JK-1mol-1, respectively. Cp of cylinder is 

1000 JK-1. The heat of vaporization of water at 1 atm and 373 K is 40.6 kJmol-1. 

(Answer) 
 

 

 

 

 

 

 

 

 

8. (6 pts) The equilibrium constant for the following reaction is 50.5 at 448 ℃.  

H2(g) + I2(g) ⇄ 2HI(g) 

Suppose that a vessel at this temperature contains 5.0 M H2, 3.0 M I2, and 1.0 M HI.  

(a) Determine the concentrations of H2, I2 and HI when the mixture comes to equilibrium. 

(Answer) 
 

 

 

(b) What would happen if the concentration of HI at equilibrium were suddenly increased to 10.0 M? 

Determine the equilibrium concentrations of H2, I2 and HI. 

(Answer) 
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9. (9 pts) A young chemist buys an “one-lung” motorcycle but, before learning how to drive it, wants 

to understand the processes that occur in its engine. The manual says the cylinder has a radius of 

5.00 cm, a piston stroke of 12.00 cm, and a (volume) compression ratio of 8:1. If a mixture of gasoline 

vapor (taken to be C8H18) and air in mole ratio 1 : 62.5 is drawn into the cylinder at 80 °C and 1.00 

atm, calculate: 

(a) Calculate the volumes inside the cylinder of the engine before and after compression. 

(Answer) 
 

 

 

 

 

(b) Calculate the temperature of the compressed gases just before the spark plug ignites them. 

(Assume the gases are ideal, the compression is adiabatic, and the average heat capacity of the 

mixture of gasoline vapor and air is cP = 35 JK-1mol-1). 

(Answer) 
 

 

 

 

 

(c) Calculate the volume of the compressed gases just before ignition. 

(Answer) 
 

 

 

 

 

(d) Calculate the pressure of the compressed gases just before ignition. 

(Answer) 
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10. (10 pts) Select the alphabet of the correct answer. 

(a) In a spontaneous process, which of the following always increases? 

A) the entropy of the system 

B) the entropy of the surroundings 

C) the entropy of the universe 

D) the entropy of the system and the universe 

E) the entropy of the system, surroundings and the universe 

 

(b) Processes are always spontaneous, regardless of temperature, when __________ (H and S refer 

to the system). 

A) ΔH > 0 and ΔS < 0   B) ΔH < 0 and ΔS < 0 

C) ΔH > 0 and ΔS > 0   D) ΔH < 0 and ΔS > 0 

E) None of these is true, as temperature must always be taken into account. 

 

(c) The dissolution of ammonium nitrate in water is a spontaneous endothermic process. It is 

spontaneous because the system undergoes __________ 

A) a decrease in enthalpy.     B) an increase in entropy.   

C) an increase in enthalpy   D) a decrease in entropy. 

E) an increase in free energy. 

 

(d) Any reaction will be spontaneous if __________ 

A) ΔGsys> 0    B) ΔGsys< 0   

C) ΔSsys> 0   D) ΔSsys< 0 

E) ΔHsys< 0 

 

(e) The entropy of vaporization of water is 109.0 J/mol ·K. What is the enthalpy of vaporization of 

water at its normal boiling point of 100°C? 

A) +10.90 kJ/mol  

B) –40.66 kJ/mol   

C) +3.42 kJ/mol 

D) +40.66 kJ/mol 

E) –10.90 kJ/mol 
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11. (8 pts) In the ammonia synthesis, 

N2(g)  +  3H2(g)  ⇆  2NH3(g) 

△H0
f      0         0       -46.1 KJ/mol 

S0    191.5     130.6      192.3 J/mol K 

 

(a) Calculate the change of the Gibbs free energy of the reaction. Is the reaction spontaneous in the 

forward direction at 25℃?  

(Answer) 
 

 

 

 

 

(b) Estimate the highest temperature at which spontaneity is preserves, assuming that △H0 and △S0 

remain constant throughout. 

(Answer) 
 

 

 

 

 

(c) Compute the equilibrium constant at 298 K. 

(Answer) 
 

 

 

 

 

(d) Suppose that hydrogen, nitrogen, and ammonia gas mixed together in a closed vessel, each 

component having a partial pressure of 4 atm. Is the mixture in equilibrium at 25 ℃?  

(Answer) 
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12. (8 pts) At 25 °C the partition coefficient for the equilibrium  

𝐼𝐼2(𝑎𝑎𝑎𝑎) ⇄ 𝐼𝐼2(𝐶𝐶𝐶𝐶𝐶𝐶4) 

has the value K = 85. To 0.100 L of an aqueous solution, which is initially 2 × 10−3 𝑀𝑀 in I2, we add 

0.025 L of CCl4. The mixture is shaken in a separatory funnel and allowed to separate into two phases, 

and the CCl4 phase is withdrawn.  

(a) Calculate the fraction of the I2 remaining in the aqueous phase. 

(Answer) 
 

 

 

 

 

 

(b) Suppose the remaining aqueous phase is shaken with another 0.025 L of CCl4 and again 

separated. What fraction of the I2 from the original aqueous solution is now in the aqueous phase?   

(Answer) 
 

 

 

 

 

(c) Compare the above to the case where the same total amount of CCl4 (0.050 L) was used in a 

single extraction. Which is the more efficient way to remove iodine from water? 

(Answer) 
 

 

 

 

 

 

 

  



12 
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<The Answers> 
 

 Problem points Problem points TOTAL pts 

1 /4 7 1x4+2/6  

 

 

/100 

 

2 1x6/6 8 3+3/6 

3 2x6/12 9 2+3+2+2/9 

4 4+2+3/9 10 2x5/10 

5 2+3+3+4/12 11 2x4/8 

6 2+1x8/10 12 3+2+3/8 
 
Missing units in the answer: -1 pt, “-1 pt” means “minus 1 point” 
 
1. (total 4 pts) 
ntotalRT = 2 x 4 + 2 x 1 + 4 x 5 ; P = ntotalRT/Vtotal = 30/10 = 3 atm  
 
 
2. (total 6 pts) 1 pt for each 
(a) Ion – dipole force   
 
(b) Ion – dipole force 
 
(c) Induced dipole force (Dipole – induced dipole force) 
 
(d) Hydrogen bonding 
 
(e) Induced dipole force (Ion – induced dipole force) 
 
(f) Induced dipole – Induced dipole force (London dispersion force or Van der waals force) 
 
 
3. (total 12 pts) 2 pts for each 
(a) 8MnO4

−(aq) + 5H2S(aq) + 14H3O+(aq) → 8Mn2+(aq) + 5SO4
2−(aq) + 26H2O(l) 

(b) 4Zn(s) + NO3
−(aq) + 10H3O+(aq) → 4Zn2+(aq) + NH4

+(aq) + 13H2O(l) 

(c) 5H2O2(aq) + 2MnO4
−(aq) + 6H3O+(aq) → 5O2(g) + 2Mn2+(aq) + 14H2O(l) 

(d) 2Sn(s) + 2NO3
−(aq) + 10H3O+(aq) → 2Sn4+(aq) + N2O(g) + 15H2O(l) 

(e) 3UO2
2+(aq) + Te(s) + 4H3O+(aq) → U4+(aq) + TeO4

2−(aq) + 6H2O(l) 

(f) The reaction (d) consumes the most proton (5 moles of protons/1 mole of the underlined 
substance) and thus results in the highest pH according to the balanced equations below. 
 
 



4. (total 9 pts) 
(a) (4 pts) Negative deviations 
solute-solvent attractions > solvent-solvent attractions 
Positive deviations 
solute-solvent attractions < solvent-solvent attractions 
 
(b) (2 pts) Because a dissolved solute reduces the vapor pressure, the temperature of the solution 
must be increased to make it boil. 
 
(c) (3 pts) Negative: more vapor-pressure lowering  therefore more boiling point elevation 
 
 
5. (total 12 pts) 
(a) (2 pts) 
       𝜒𝜒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 50.0𝑔𝑔 86⁄ .18𝑔𝑔∙𝑚𝑚𝑚𝑚𝑚𝑚−1

50.0𝑔𝑔 86.18𝑔𝑔⁄ ∙𝑚𝑚𝑚𝑚𝑚𝑚−1+50.0𝑔𝑔 78.11𝑔𝑔⁄ ∙𝑚𝑚𝑚𝑚𝑚𝑚−1 
= 𝟎𝟎.𝟒𝟒𝟒𝟒𝟒𝟒   

 
 
(b) (3 pts) calculation of each P, 1 pt 
By Raoult’s law, 𝑃𝑃𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜒𝜒𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑃𝑃𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚 = 0.525 ∙ 0.1355 𝑎𝑎𝑎𝑎𝑎𝑎 = 0.0711 atm 

𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜒𝜒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚 = 0.475 ∙ 0.2128 atm = 0.101 atm 
 
Therefore, 𝜒𝜒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑣𝑣𝑒𝑒𝑣𝑣𝑚𝑚𝑣𝑣 = 0.101

0.101+0.0711
= 𝟎𝟎.𝟒𝟒𝟓𝟓𝟒𝟒 

 
 
(c) (3 pts) calculation of each P, 1 pt 
By Raoult’s law, 𝑃𝑃𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜒𝜒𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑃𝑃𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚 = 0.413 ∙ 0.1355 𝑎𝑎𝑎𝑎𝑎𝑎 = 0.0560 atm     

𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜒𝜒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚 = 0.587 ∙ 0.2128 atm = 0.125 atm 
 
Therefore, 𝜒𝜒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑣𝑣𝑒𝑒𝑣𝑣𝑚𝑚𝑣𝑣 = 0.125

0.0560+0.125
= 𝟎𝟎.𝟔𝟔𝟔𝟔𝟔𝟔  

 
 
(d) (4 pts) without explanation, 1 pt 
 
Let’s say the mole fraction of n-hexane in the solution after n distillation, 𝜒𝜒𝑒𝑒. Then, 

𝜒𝜒𝑒𝑒 =
0.2128 ∙ 𝜒𝜒𝑒𝑒−1

0.2128 ∙ 𝜒𝜒𝑒𝑒−1 + (1 − 𝜒𝜒𝑒𝑒−1) ∙ 0.1355
=

0.2128 ∙ 𝜒𝜒𝑒𝑒−1
0.1355 + 0.0773𝜒𝜒𝑒𝑒−1

 

If we start with 𝜒𝜒0 = 0.476, then 𝜒𝜒1 = 0.587,𝜒𝜒2 = 0.691,𝜒𝜒3 = 0.773,𝜒𝜒4 = 0.842, 𝜒𝜒5 = 0.893  
 
5 times need at least. 
 

  



6. (total 10 pts) 
(a) (2 pts) Pressures, 1 pt; Temperature, 1 pt 

Process A  B is isothermal, so TA = TB 
1 1

5 3 5A
A 3

A

4 mol 8.314 J K  mol 300 K 4.988 10  J m 4.988 10  Pa (4.92 atm)
0.02 m

nRTP
V

− −
−× ×

= = = × = ×

1 1
5 3 5A

A 3
A

4 mol 8.314 J K  mol 300 K 2.494 10  J m 2.494 10  Pa (2.46 atm)
0.04 m

nRTP
V

− −
−× ×

= = = × = ×  

And PB = PC and  VC = VA , 
5 3 3

C C B A
C 1 1

(2.494 10  J m ) (0.02 m ) 150 K
4 mol 8.314 J K  mol  

P V P VT
nR nR

−

− −

× ×
= = = =

×
 

 
(b) (8 pts) for each value, 1 pt 

Process ∆U q w 
A B 0 6915 J –6915 J 
B  C –7483 J –12471 J 4988 J 
C  A 7483 J 7483 J 0 

 
1) A  B 
Because of A  B Process is isothermal, ∆UAB = 0 
So , ∆UAB = 𝑞𝑞 + 𝑤𝑤 = 0. 

nRTdq dw PdV dV
V

 = − = =  
 

 

B B B B

A A A A

1 1 0.044 mol 8.314 J K  mol 300 K  ln  J
0.02

6915 J

nRTq dq dw PdV dV
V

− −

 = = − = =  
 

= × × ×

=

∫ ∫ ∫ ∫

 

and work is equal to –q, so w = –6915 J 
 
2) B  C 

5 3 3 3
BC (2.494 10  J m )(0.02 m 0.04 m ) 4988 Jw P V −= − ∆ = − × − = +  

BC p
5(4 mol) (150 300 K) 12471 J
2

q nc T R = ∆ = − = − 
 

 

Since ∆UAB = 𝑞𝑞 + 𝑤𝑤, ∆UAB = –12471 J + 4988 J = –7483 J 
 
3) C A 

BC 0 Jw P V= − ∆ =  

BC v
5(4 mol) (300 150 K) 7483 J
2

q nc T R = ∆ = − = 
 

 

 
 
 
 
 
 



7. (6 pts) T, 1 pt; ΔH₁, ΔH₂, ΔH₃= 1 pt for each, final value 2 pts 
 
Calculating T = 402 K 
 
H2O(l , 298K, 1 atm) +C(298K) --> H2O (l, 373K, 1 atm) + C(373K) ..................ΔH₁ 

H2O(l, 373K, 1 atm) +C(373K) --> H2O(g, 373K, 1 atm) + C(373K).................. ΔH₂ 

H2O(g, 373K, 1 atm) +C(373K) --> H2O(g, 402K, 1 atm) + C(402K)................. ΔH₃ 
 
ΔH = ΔH₁+ΔH₂+ΔH₃ 
= 75.3 (373-298) + 1000 (373-298) + 40600 
+40.2 (402-373) + 1000 (402-373) 
= 5647.5 + 75000+ 40600+ 1165.8 +29000 
= 151413.3J = 151.4 kJ 
 
 
 
8. (6 pts) 
 
(a) (3 pts) 

 H2(g) + I2(g) ⇄ 2HI(g) 
5.0M  3.0M  1.0M 
-x     -x    +2x 

Equilibrium 5.0-x  3.0-x  1.0+2x 
 

 
 
(b) (3 pts) There would be a move toward a new equilibrium 
H2(g) + I2(g) ⇄ 2HI(g) 
2.34M 0.34M 10.0M 
at equilibrium 2.34+x 0.34+x 10.0-2x 
 
 

 
 
The stress of having too much HI is relieved. 
 
 
 
 
 
 
 



9. (9 pts) 
(a) (2 pts) 

 
 
 
(b) (3 pts) 

 
 
(c) (2 pts) 
The compressed gases occupy a volume of 0.135 L just before they are ignited, as calculated in (a). 
 
 
(d) (2 pts) 

 
 
  



10. (10 pts) 2 pts for each set 
 
(a) C (page 592) 
(b) D (page 597) 
(c) B (page 597) 
(d) B (page 594) 
(e) D (page 582) 
 
 
11. (8 pts) 2 pts for each set 
 
(a) △H0 = (2mol) (46.kJ mol-1 )-0-3(0)= -92.2kJ 
 

△S0 = 2mol × -1mol x - 3mol ×  
= -198.7 J·K-1 = -0.1987 kJ·K-1 
 
△G0 = △H0-T△S0 =-92.2kJ - (298K) (-0.1987 kJ/K) 
= -92.2kJ + 59.24kJ = -33.0 kJ 
 
The reaction is spontaneous. 
 
(b) The crossover (△G0=0)is reached when △H0 = T△S0 
 

T=  = = 464K 
 
 

(c) K= exp(-  ) 

= exp(- x ) 
= exp(13.32) 
= 6.1 x 105 

 

(d) Q =  = = 0.0625 
 
Q differs substantially from K (=6.1 x 105 ) 
The mixture is not yet at equilibrium. 
  



12. (8 pts) 
(a) (3 pts) 

 
 
(b) (2 pts) 

 
 
(c) (3 pts) no reason: 1 pts, calculation for 0.023: all 3 pts 
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