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2019 Fall Semester Midterm Examination 

For General Chemistry I 

 
Date: Oct 23 (Wed),   Time Limit: 19:00 ~ 21:00 
 
Write neatly in the spaces provided below each question; print your Student ID in the upper right corner 
of every page. 

Professor 
Name Class Student I.D. Number Name 

    
 

 Problem points Problem points TOTAL pts 

1 /8 6 /10  

 

 

/100 

2 /10 7 /10 

3 /10 8 /8 

4 /10 9 /10 

5 /10 10 /14 
** This paper consists of 10 pages with 10 problems (pages 12 - 14: Equations, constants & periodic table, page 15: form 
for claiming credit). Please check all page numbers before taking the exam. Write down your work and answers in the 
Answer sheet. Please the numerical value of your answer with the appropriate unit when applicable. You will get 30% 
deduction for a missing unit. 

 
NOTICE: SCHEDULES on RETURN and CLAIM of the MARKED EXAM PAPER. 

(채점 답안지 분배 및 이의신청 일정) 

  1. Period, Location, and Procedure 
1) Return and Claim Period: Oct 28 (Mon, 7:00 ~ 8:00 p.m.) 
2) Location: Room for quiz sessions 
3)  Procedure: 

Rule 1: Students cannot bring their own writing tools into the room. (Use a pen only provided by TA) 
Rule 2: Whether you have made a claim or not, 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, 

please staple it to your mid-term paper. Submit them to the TA.(The claim is permitted only during the designated period. Keep that 
in mind! A solution file with answers for the examination will be uploaded on the web.) 

 
2. Final Confirmation 

1) Period: Oct 31(Thu) ~ November 1(Fri) 
2) Procedure: During this period, you can check your final score of the examination on the website again. 

** For further information, please visit General Chemistry website at www.gencheminkaist.pe.kr.  

http://www.gencheminkaist.pe.kr/
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1. (total 8 pts, 2 pts each)  

Consider a purely chain-like organic hydrocarbon (not ring-like molecule) with an empirical formula of CH that 

has 3 different C-C bond lengths and a molecular weight of 52.0756 g mol-1. 

 

(a) [2 pts] What is its molecular formula (structure)? 

(Answer)  

CH2=CH-C≡CH; no optical isomers. 

 

 

 

 

(b) [2 pts] How many C-C bonds of free rotation exist in the molecule? 

(Answer) 

1. (grading: all credit or nothing) 

 

 

 

 

(c) [2 pts] For the shortest C-C bond which simple molecular analogy holds best? Acetylene, ethylene, or 

ethane?  

 (Answer) 

 

Acetylene. (grading: all credit or nothing) 

 

 

(d) [2 pts] How many π-bonds are present in the molecule? 

 (Answer) 

 

Three. (grading: all credit or nothing) 
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2. (total 10 pts)  

X is an element located in the third row of the periodic table and has the following ionization energy trends. 

Answer the following questions. 

 IE1 IE2 IE3 IE4 IE5 IE6 IE7 IE8 

X 10.36 23.33 34.83 47.30 72.68 88.05 280.93 328.23 

Ionization energy is given as eV 

(a) [3 pts] What is element X? Rationalize your answer. 

(Answer) 

 

X = S (Sulfur), It has 6 valence electrons because IE7 significantly increase than IE6 

 

(b) [3 pts] Element X reacts with F to form a compound XF4. Draw a Lewis structure for this species (do not 

draw bond lines). 

(Answer) 

 

 

 

 

 

 

 

(Do not consider geometry in this problem) 

(c) [4 pts] Provide all possible geometries based on a SN number. Choose a more stable structure and justify 

your answer. 

 (Answer) 

each 2 pts 

Seesaw shape is more stable because repulsion between S-F bonds and electron lone pair is smaller than trigonal 

pyramidal structure 

 

3. (total 10 pts, each 2 pts) 

S
F

F
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Seesaw shape Trigonal Pyramidal
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Does each of the following set of quantum numbers describe a possible atomic orbital? Answer with ‘YES’ 

or ‘NO’. If the answer is ‘YES’, label the orbital with a specific designation. If the answer is ‘NO’, briefly 

explain why an electron with that set of quantum numbers is not 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) [2 pts] n = 4, ℓ = 3, m = –3, ms = +1/2 

(Answer) (YES, 4f ) 

 

(b) [2 pts] n = 0, ℓ = 0, m = 0, ms = –1/2 

(Answer) 

(NO, ‘n cannot be zero.’ or ‘n = 1, 2, 3, ….’ or ‘n must be positive integer.’) 

(c) [2 pts] n = 2, ℓ = 3, m = 0, ms = +1/2 

(Answer) 

(NO, ‘ℓ must be less than or equal to n–1.’ or ‘ℓ = 0, 1, …, n–1.’) 

 

(d) [2 pts] n = 3, ℓ = –2, m = 2, ms = –1/2 

(Answer) (NO, ‘ℓ cannot be negative.’ or ‘ℓ = 0, 1, …, n–1.’) 

(e) n = 3, ℓ = 2, m = 2, ms = –1/2 

(Answer) (YES, 3d) 

 

4. (total 10 pts) 

Slater’s rules (1930) are an important way to understand nuclear charge and to help approximate how the inner-

most electrons shield the outer electrons from the otherwise bare nuclear charge. 

(a) [4 pts] Which of the 4 quantum numbers are accounted for in these rules? 

(Answer) 

n (principle quantum number) and l (angular quantum number) 

 

(b) [3 pts] Which possesses a higher value, the n-1 or n-2 shielding constant? 

(Answer) 

n-2 is 1.00, whereas the n-1 is 0.85. 

 

(c) [3 pts] Which is greater, for Zeff of Li or of Ne? 

(Answer)   

(Answer) Ne 
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5. (total 10 pts) 

(a) [5 pts] Write ground-state electron configurations for each of the following species: Li+, Be, C-, F-, and Ne2+. 

Determine the magnetic states of each species, either paramagnetic or diamagnetic. 

(Answer) 

 

Li+: 1s2, diamagnetic 

Be: 1s2 2s2, diamagnetic 

C-: 1s2 2s2 2p3 (↑,↑,↑), paramagnetic 

F-: 1s2 2s2 2p6 (↑↓,↑↓,↑↓), diamagnetic 

Ne2+: 1s2 2s2 2p4 (↑↓,↑,↑), paramagnetic 

 

 

(b) [5 pts] Now, assume that no electron-electron Coulomb repulsion exists anymore, while the nucleus-electron 

Coulomb attraction remains the same as before. Under such an assumption, predict how the ground-state 

configurations and magnetic properties of Li+, Be, C-, F-, and Ne2+ will change.  

*Hint 1: The absence of electron-electron Coulombic repulsions cause the potential to be isotropic. 

*Hint 2: The Pauli exclusion principle, Aufbau principle, and Hund’s rule still hold. 

(Answer) 

 

Due to the absence of electron-electron coulomb repulsion, the potential becomes isotropic and no angular 

dependency exists in the energy levels (only dependent on n). Thus, 2s and 2p orbitals become degenerated 

likely to the energy levels of hydrogen atom. This leads to 

 

Li+: 1s2, diamagnetic 

Be: 1s2 2s1 2p1 or 1s2 2p2 (↑,↑,), paramagnetic 

C-: 1s2 2s2 2p3 (↑,↑,↑) or 1s2 2s1 2p4 (↑↓,↑,↑), paramagnetic 

F-: 1s2 2s2 2p6 (↑↓,↑↓,↑↓), diamagnetic 

Ne2+: 1s2 2s2 2p4 (↑↓,↑,↑), paramagnetic 
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6. (total 10 pts, each 5 pts)  

(a) The ionization energy of molecular hydrogen (H2) is greater than that for atomic hydrogen (H); but that of 

molecular oxygen (O2) is lower than that of atomic oxygen (O). Explain. (Hint: Think about the stability of the 

molecular ion that forms in relation to bonding and antibonding electrons.)  

 

(Answer) 

 

 

 
 
(b) What prediction would you make for the relative ionization energies of both atomic and molecular fluorine 

(F and F2)? 

 

(Answer) 
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7. (total 10 pts)  

Below are the van der Waals constants (a and b) for three unknown gas samples: A, B and C. Match these 

unknown gases as CO2, NO2 and SO2 and give a brief explanation for each. 

 

 
 

(Answer) 
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8. (total 8 pts)  

In Torricelli's barometer (see manometer), there is a vacuum that relates to a decrease to a position that is a 

certain mm Hg (torr) above the liquid Hg level of the other part of the tube open to the atmosphere; this 

difference in height relates to the atmospheric pressure that is pushing invisibly on the top of the liquid Hg at 

the open end of the barometer. Because the substance (Hg(l)) is not completely nonvolatile, and, as with any 

material, possesses a vapor pressure, there are atoms in the headspace (in the vacuum part). On a hot summer 

day, it is 40° C; this corresponds to a vapor pressure for Hg of 8.55 × 10-7 atm. (density of liquid mercury = 

13.534 g·mL-1) 

 

(a) [4 pts] Calculate the number of Hg atoms per mL (= cm3) in the head space on this hot day. 

(Answer) 

PV = nRT 

n/V = P/RT 

n/V = (8.55 × 10-7) / (0.08206 L·atm·K-1·mol-1 × 313.15 K) 

n/V = 3.33 × 10-8 mol·L-1   

Converting mol·L-1  atoms Hg·L-1 

atoms Hg·L-1 = 3.33 × 10-8 mol·L-1 × 6.02 × 1023 atoms Hg·mol-1 

atoms Hg·L-1 = 2.00 × 1016 atoms·L-1   

Converting L-1 to cm-3  

2.00 × 1013 Hg atoms·cm-3 

(b) [4 pts] How does this compare to the number of atoms in liquid mercury? (cm3 = mL) 

(Answer) 

 

# atoms per 1 mL  (1/atomic mass) mol/g x molecules/mol x density g/mL = 

(1/200.592) mol·g-1 × 6.02 × 1023 atoms Hg·mol-1 × 13.534 g·mL-1 

4.06 × 1022 atoms Hg·mL-1 
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9. (total 10 pts)  

In the following figure, there are plots of z against pressure for four different gases.  

 

(a) [2 pts] Define the equation to describe the compressibility factor z. 

(Answer) 

m m m
ideal

m /
V V PVz

V RT P RT
= = =  or 

PVz
nRT

=  

 

(b) [3 pts] List the intermolecular forces for NH3 (list all that are applicable)? 

(Answer) 

NH3: London (dispersion) forces, dipole-dipole, hydrogen bonding 

 

(c) [3 pts] How do these forces determine the relative z values of the following gases at a pressure (P) of ~10 

atm (NH3 < C2H4 < CH4 < 1 < H2)? 

(Answer) 

Relative z values can be explained by relative attractive forces 

NH3 > C2H4 > CH4 > H2 

 

(d) [2 pts] Why does NH3 has a particularly small z value? 

(Answer) 

NH3 with hydrogen bonding has particularly high attractive forces, leading to the lowest z value. 
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10. (total 14 pts) 

A newly discovered planet “alpha” in the solar system is being probed scientifically. To investigate alpha’s 

natural environment, 2 astronauts were sent: astronaut A arrived at the peak of a mountain on alpha (T = 300 K, 

altitude = 3,000 m), and the other astronaut B arrived in a crater (lowlands) on alpha (T = 250 K, altitude = -

4,000 m). Assume that temperature and atmospheric pressure do not change, and every gas behaves as an ideal 

gas. 

 
 

(a) [3 pts] To investigate the atmosphere of planet alpha, Astronauts A and B collected atmospheric samples at 

their positions, on the peak of the mountain and in the crater. By mass analysis, both “air” samples from 2 

locations had the same composition of the air, 60% CO2, 20% H2O, 20% Ar (assume that these are the only 

gases existed in the air). Calculate the mole fraction for each gas. 

(Answer) 

Let the molecular weight of the air mixture = 𝓍𝓍 g mol-1 
Moles of CO2 in 1 mol of the air mixture 𝑛𝑛𝐶𝐶𝐶𝐶2 = (0.60𝓍𝓍 g) / (44 g mol-1) = 0.014𝓍𝓍 mol 
Moles of H2O in 1 mol of the air mixture 𝑛𝑛𝐻𝐻2𝐶𝐶 = (0.20𝓍𝓍 g) / (18 g mol-1) = 0.011𝓍𝓍 mol 
Moles of Ar in 1 mol of the air mixture 𝑛𝑛𝐴𝐴𝐴𝐴 = (0.20𝓍𝓍 g) / (40 g mol-1) = 0.005𝓍𝓍 mol 

(0.014𝓍𝓍 mol + 0.011𝓍𝓍 mol + 0.005𝓍𝓍 mol) = 0.030 𝓍𝓍 mol = 1 mol 
𝓍𝓍 = 1 / 0.030 = 33 
Mole fraction of CO2 𝑋𝑋𝐶𝐶𝐶𝐶2 = 𝑛𝑛𝐶𝐶𝐶𝐶2 / 𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = (0.014𝓍𝓍 mol) / (1 mol) = 0.014𝓍𝓍 = 0.46         +1 pt 
Mole fraction of H2O 𝑋𝑋𝐻𝐻2𝐶𝐶 = 𝑛𝑛𝐻𝐻2𝐶𝐶 / 𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = (0.011𝓍𝓍 mol) / (1 mol) = 0.011𝓍𝓍 = 0.36        +1 pt 
Mole fraction of Ar 𝑋𝑋𝐴𝐴𝐴𝐴 = 𝑛𝑛𝐴𝐴𝐴𝐴 / 𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = (0.005𝓍𝓍 mol) / (1 mol) = 0.005𝓍𝓍 = 0.17            +1 pt 
 
No partial point 
 

 

(b) [3 pts] The 2 astronauts collected 1 L of air into a rubber balloon, and sent to the earth. The balloon from 

the peak of the mountain was found to be compressed with a volume of 0.1 L. The other balloon from the 

crater was found to be expanded to a volume of 36 L. Calculate the atmospheric pressure at the peak of 

the mountain and the crater in atm unit. Assume that T= 300 K, Patm = 1 atm in the earth. 
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(Answer) 

Atmospheric pressure at the peak of the mountain in planet GenChem = Ppeak 
𝑷𝑷𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝑽𝑽𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑

𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑
=
𝑷𝑷𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆𝑽𝑽𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆

𝑻𝑻𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆
 

𝑷𝑷𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 =  𝑷𝑷𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆𝑽𝑽𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆
𝑻𝑻𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆

𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑
𝑽𝑽𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑

=  (𝟏𝟏 𝒑𝒑𝒆𝒆𝒂𝒂)(𝟎𝟎.𝟏𝟏 𝑳𝑳)
𝟑𝟑𝟎𝟎𝟎𝟎 𝑲𝑲

𝟑𝟑𝟎𝟎𝟎𝟎 𝑲𝑲
𝟏𝟏 𝑳𝑳

= 𝟎𝟎.𝟏𝟏 𝒑𝒑𝒆𝒆𝒂𝒂                                      

+1.5 pt 
Atmospheric pressure at the crater in planet GenChem = Pcrater 
𝑷𝑷𝒄𝒄𝒆𝒆𝒑𝒑𝒆𝒆𝒑𝒑𝒆𝒆𝑽𝑽𝒄𝒄𝒆𝒆𝒑𝒑𝒆𝒆𝒑𝒑𝒆𝒆

𝑻𝑻𝒄𝒄𝒆𝒆𝒑𝒑𝒆𝒆𝒑𝒑𝒆𝒆
=
𝑷𝑷𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆𝑽𝑽𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆

𝑻𝑻𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆
 

𝑷𝑷𝒄𝒄𝒆𝒆𝒑𝒑𝒆𝒆𝒑𝒑𝒆𝒆 =  𝑷𝑷𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆𝑽𝑽𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆
𝑻𝑻𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆

𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑
𝑽𝑽𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑

=  (𝟏𝟏 𝒑𝒑𝒆𝒆𝒂𝒂)(𝟑𝟑𝟑𝟑 𝑳𝑳)
𝟑𝟑𝟎𝟎𝟎𝟎 𝑲𝑲

𝟐𝟐𝟐𝟐𝟎𝟎 𝑲𝑲
𝟏𝟏 𝑳𝑳

= 𝟑𝟑𝟎𝟎 𝒑𝒑𝒆𝒆𝒂𝒂                                      

+1.5 pt 
 

No partial points 
 

(c) [4 pts] Both astronauts A and B reported that they discovered a stream containing liquid water at their sites. 

Explain whether the reports from astronauts A and B are correct or incorrect. 

(Answer) 

 

Astronaut A’s report : Right                                                         +1 pt 
Explanation)  
The peak of the mountain: (P, V) = (0.1 atm, 300K) -> Ar: Gaseous state, CO2: Gaseous state, H2O: Liquid state  
 Only available liquid: H2O            +1 pt 

Astronaut B’s report : Wrong             +1 pt 
Explanation)  
The peak of the mountain: (P, V) = (30 atm, 250K) -> Ar: Gaseous state, CO2:: Liquid state, 
H2O: Solid state  
 Only available liquid: CO2                  +1 pt 

 

(d) [4 pts] The Armstrong limit, is the altitude (approximately 18~19 km in the earth) that exhibits an 

atmospheric pressure so low (~0.0617 atm) that humans definitely cannot survive without a special 

apparatus that creates an artificial pressurized environment. Explain why this altitude will kill people 

briefly with at least 2 reasons. 

(Answer) 

1) Above this pressure, Boiling point of water < 37oC, so water boils at the normal temperature of the human 
body(37oC) (-> cannot maintain metabolic activities)        +2 pt 
 
2) Pressure of pure oxygen gas at this pressure << Partial pressure of oxygen in gas mixture at moderate pressure 
-> (Inadequate supply of oxygen (Hypoxia))         +2 pt 
 

All the reasons mentioning about expansion of human body are not admitted. 
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------------------------------------------------------------------------------------------------------------------------------------- 
Use the following equations to solve problems. 

𝑟𝑟𝑛𝑛 =  −
𝑛𝑛2

𝑍𝑍
𝑎𝑎0,     𝑎𝑎0 = 0.529 Å 

𝐸𝐸𝑛𝑛 =  
𝑛𝑛2ℎ2

8𝑚𝑚𝑚𝑚2
,     𝑛𝑛 = 1, 2,3 … 

𝐸𝐸𝑛𝑛 =  −
𝑍𝑍2𝑒𝑒4𝑚𝑚𝑒𝑒

8𝜀𝜀02𝑛𝑛2ℎ2
,     𝑛𝑛 = 1, 2,3 … 

𝐸𝐸𝑛𝑛 =  −
𝑍𝑍2

𝑛𝑛2
(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑟𝑟𝑅𝑅) 

𝐸𝐸 =  ℎ𝜈𝜈 = ℎ
𝑐𝑐
𝜆𝜆
 

−
ℎ2

8𝜋𝜋2𝑚𝑚
𝑅𝑅2𝜓𝜓(𝑥𝑥)
𝑅𝑅𝑥𝑥2

+ 𝑉𝑉(𝑥𝑥)𝜓𝜓(𝑥𝑥) = 𝐸𝐸𝜓𝜓(𝑥𝑥) 

(P + 𝑎𝑎
𝑛𝑛2

𝑉𝑉2
)(𝑉𝑉 − 𝑛𝑛𝑅𝑅) = 𝑛𝑛𝑅𝑅𝑛𝑛 

------------------------------------------------------------------------------------------------------------------------------------- 
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Physical Constants 
 

Avogadro’s number NA = 6.02214179 ⅹ 1023 mol-1 

Bohr radius  a0 = 0.52917720859 Å = 5.2917720859ⅹ10-11 m 

Boltzmann’s constant KB = 1.3806504 ⅹ 10-23 J K-1 

Electronic charge e = 1.602176487 ⅹ 10-19 C 

Faraday constant F = 96485.3399 C mol-1 

Masses of fundamental particles:  

Electron me = 9.10938215 ⅹ 10-31 kg 

Proton mP = 1.672621637 ⅹ 10-27 kg 

Neutron mn= 1.674927211 ⅹ 10-27 kg 

Permittivity of vacuum εo = 8.854187817 ⅹ 10-12 C-2 J-1 m-1 

Planck’s constant h = 6.62606896 ⅹ 10-34 J s 

Ratio of proton mass to electron mass mP / me = 1836.15267247 

Speed of light in a vacuum c = 2.99792458 ⅹ 108 m s-1 (exactly) 

Standard acceleration of terrestrial gravity g = 9.80665 m s-2 (exactly) 

Universal gas constant R = 8.314472 J mol-1 K-1 
= 0.0820574 L atm mol-1 K-1 

Values are taken from the 2006 CODATA recommended values, 
as listed by the National Institute of Standards and Technology. 
 
 
Conversion factors 
 

Ångström 1 Å= 10-10 m 

Atomic mass unit 1 u = 1.660538782 ⅹ 10-27 kg 
 1 u = 1.492417830 ⅹ 10-10 J = 931.494028 MeV (energy equivalent form E = mc2) 
Calorie 1 cal = 4.184 J (exactly) 

Electron volt 1 eV = 1.602177 ⅹ 10-19 J = 96.485335 kJ mol-1 
Foot 1 ft = 12 in = 0.3048 m (exactly) 

Gallon (U. S.) 1 gallon = 4 quarts = 3.785412 L (exactly) 

Liter 1 L = 10-3 m-3 = 103 cm3 (exactly) 

Liter-atmosphere 1 L atm = 101.325 J (exactly) 

Metric ton 1 t = 1000 kg (exactly) 

Pound 1 lb = 16 oz = 0.4539237 kg (exactly) 

Rydberg 1 Ry = 2.17987197 x 10-18J = 1312.7136 kJ mol-1 = 13.60569193 eV 

Standard atmosphere 1 atm = 1.01325 x 105 Pa = 1.01325 x 105 kg m-1 s-2 (exactly) 

Torr 1 torr = 133.3224 Pa 
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1. (Total 12 pts, each 2 pts) 

(a) Balance the following redox reaction (below) and answer the subsequent related questions (b)-(f) 

(below): 

NaTcO4(aq) + 16HCl(aq)  5Cl2(g) + 2TcCl2(aq) + 2NaCl(aq) + 6H2O(l) 

(Answer) 

2NaTcO4(aq) + 16HCl(aq)  5 Cl2(g) + 2TcCl2(aq) + 2 NaCl(aq) + 8 H2O(l) 

2Na+
(aq) 2TcO4

-
(aq) + 16H+ + 16Cl-

(aq)  5 Cl2(g) + 2TcCl2(aq) + 2Na+ + 2Cl-
(aq) + 8 H2O(l) 

2TcO4
-
(aq) + 16H+ + 14Cl-(aq)  5 Cl2(g) + 2TcCl2(aq) + 8 H2O(l) 

 

(b) Depict simply the specific redox half-reactions involved (one reduction and one oxidation). 

(Answer) 

The following half reactions: 

Reduction 2TcO4
-
(aq) + 16H+ + 4Cl-

(aq) + 10 e- + 2TcCl2(aq) + 8H2O(l)  

Oxidation 10Cl-
(aq)  5Cl2(g) + 10e- 

 

(c) Considering the ligand environment of Tc, of which other element does Tc remind you? 

(Answer) 

Tc Reminds us of Mn; Cl, Br, I and Re are also acceptable answers. 

 

(d) Of which other element does Na remind you? 

(Answer) 

Na reminds us of K. Also, Li, Rb Cs, are also possible and acceptable answers. H is not acceptable Na 

combines with Cl which H wouldn’t do because it is a strong acid that is fully dissociated. 

 

(e) Does reduction occur at the anode or cathode? 

(Answer) 

Cathode. 

 

(f) Which chemical species in the above reaction are the so-called “spectator ions?” 

(Answer) 

Spectator ions are seen on both sides as species not involved in the reaction.  See for example: 

2Na+
(aq) 2Cl-

(aq)  2Na+ + 2Cl-
(aq)  
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2. (Total 8 pts)  

At 90°C, the vapor pressure of toluene is 0.534 atm and the vapor pressure of benzene is 1.34 atm. 

Benzene (0.400 mol) is mixed with toluene (0.900 mol) to form an ideal solution. 

(a) [3 pts] Compute the mole fraction of benzene in the vapor in equilibrium with this solution. 

 

(Answer) 

o
toluene toluene toluene

0.900 0.534 atm 0.370 atm
0.400 0.900

P x P= = × =
+

 

o
benzene benzene benzene

0.900 1.34 atm 0.412 atm
0.400 0.900

P x P= = × =
+

  

The total pressure of the vapors above solution is 0.782 atm. Therefore, the mole fraction of benzene 

in the vapor is 

benzene
0.412 atm 0.527
0.782 atm

x = =   

 

 

 

(b) [5 pts] Calculate the mole fraction of toluene in a mixture of benzene and toluene that boils at 

90°C under atmospheric pressure. 

 

(Answer) 

The vapor pressure of toluene is 0.534 atm at 90°C, and the vapor pressure of benzene is 1.34 atm. In 

order for the solution to boil, the total pressure above it must equal 1.00 atm. This total pressure is the 

sum of the pressures of the two components, each of which is given by Raoult's law. Letting the mole 

fraction of the toluene in solution as toluenex , then the mole fraction of benzene is benzene toluene1x x= − , 

and 

𝑥𝑥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(0.533 𝑎𝑎𝑎𝑎𝑎𝑎) + (1 − 𝑥𝑥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)(1.34 𝑎𝑎𝑎𝑎𝑎𝑎) = 1𝑎𝑎𝑎𝑎𝑎𝑎 

Solving for toluenex  gives 0.42 as the answer.  
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3. (Total 6 pts) 

20.0 g of sodium fluoride is dissolved in enough water to create 500.0 mL of solution. Calculate the 

pH of the solution. The Kb of the fluoride ion is 1.40 × 10 −11. Molar mass of NaF is 41.99 g mol-1. 

 

(Answer) 

The molarity of F- is equal to the molarity of the NaF: 
20.0 𝑔𝑔 𝑁𝑁𝑎𝑎𝑁𝑁

0.5 𝐿𝐿
×

1 𝑎𝑎𝑚𝑚𝑚𝑚 𝑁𝑁𝑎𝑎𝑁𝑁
41.99 𝑔𝑔 𝑁𝑁𝑎𝑎𝑁𝑁

×
1 𝑎𝑎𝑚𝑚𝑚𝑚 𝑁𝑁−

1 𝑎𝑎𝑚𝑚𝑚𝑚 𝑁𝑁𝑎𝑎𝑁𝑁
= 0.953 𝑀𝑀 𝑁𝑁− 

Reaction F- (aq) + H2O (l) ⇄ HF (aq)   +   OH- (aq) 

Initial 0.953 0 0 

Change - y + y + y 

Equilibrium 0.953 - y y y 

𝐾𝐾𝑏𝑏 = 1.4 × 10−11 =
𝑦𝑦2

0.953 − 𝑦𝑦
≈

𝑦𝑦2

0.953
 

𝑦𝑦 = [𝑂𝑂𝑂𝑂−] = �1.4 × 10−11(0.953) = 3.65 × 10−6 𝑀𝑀 

pOH = - log(3.65 × 10-6) = 5.44 

pH = 14 – 5.44 = 8.56 

The solution is slightly basic due to the hydrolysis of the fluoride ion.  
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4. (Total 10 pts)  

The Haber-Bosch process converts N2 into ammonia at high temperatures of 250 ° C and high pressures 

above 400 atm (see reaction). The ammonia produced by the Haber-Bosch process is now used in many 

fertilizer production, and about 70 percent of this nitrogen that ends up constituting the human body is 

statistically produced by the Haber-Bosch process. Please answer the following questions below. 

N2(g) + 3H2 (g)  2NH3(g) ΔH = -92.22 kJ/mol 

(a) [6 pts] Given the negligible change in entropy change with temperature, calculate the equilibrium 

constant ratio (KT=250 °C / KT=25 °C) at room temperature (25 °C) and the temperature conditions of 

the Haber-Bosch process. Based on this value, explain why the temperature conditions of the 

Haber-Bosch process is the right temperature for N2 fixation. (Hint: the higher the temperature, 

the faster the reaction rate, and the lower the temperature, the slower the reaction rate.) 

 (Answer) 

 ln(KT=250°C/KT=25°C) = -(ΔH/R)(1/T2-1/T1) 

= 
−9.222 𝑥𝑥 104 𝐽𝐽

𝑚𝑚𝑚𝑚𝑚𝑚
8.3145 𝐽𝐽/𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡

 × � 1
273.15+25

− 1
273.15+250

� =  −15.999 … ~ − 16 

Then, KT=250°C/KT=25°C = e-16 << 1  

This result indicates that at low temperature, NH3 formation is favored.  

However, at low temperature, the speed of the reaction is slower. So, 250°C is the balanced 

temperature for equilibrium and kinetics. 

 

(b) [4 pts] In addition to controlling temperature and pressure conditions, suggest a way to drive the 

equilibrium towards the product (ammonia). Then use the Le-Chatelier principle to explain why 

the method is reasonable. 

 (Answer) 

Remove the synthesized NH3 from the reactor. Based on the Le-Chatelier principle, remove product 

will shift the equilibrium to the forward direction.  
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5. (Total 10 pts) 

Suppose one wishes to separate nickel(II) ions with a concentration of 0.20 M from copper(II) ions 

with a concentration of 0.10 M using a saturated solution of hydrogen sulfide (0.10 M).  

(a) [6 pts] To which pH value must one adjust a saturated hydrogen sulfide solution to achieve the 

separation?  

 (Answer) 

The maximum sulfide ion concentration for each of the metal ions: 

   𝑎𝑎𝑎𝑎𝑥𝑥[𝑆𝑆2−] =
𝐾𝐾𝑠𝑠𝑠𝑠

[𝑁𝑁𝑁𝑁2+] =
3 × 10−19

0.20
= 1.5 × 10−18 

   𝑎𝑎𝑎𝑎𝑥𝑥[𝑆𝑆2−] =
𝐾𝐾𝑠𝑠𝑠𝑠

[𝐶𝐶𝐶𝐶2+] =
6 × 10−36

0.10
= 6 × 10−35 

Nickel(II) sulfide is many times more soluble than copper(II) sulfide.  

If the sulfide ion concentration is set to the more soluble maximum sulfide ion concentration of 

nickel(II) sulfide, (1.5 x 10-18 M), copper(II) sulfide will precipitate and nickel(II) sulfide will remain 

in solution.  

The sulfide ion concentration is adjusted using a saturated hydrogen sulfide solution as a function of 

pH.  

Since hydrogen sulfide is a diprotic acid, there are two sources of hydrogen ions (H2S and HS-). 

Combine the two equilibria into one overall equilibrium: 

H2S (aq) ⇄ H+ (aq) + HS- (aq) Ka1 = 8.9 × 10-8 

HS- (aq) ⇄ H+ (aq) + S2- (aq) Ka2 = 1.2 × 10-13 

   ---------------------------------------------------------------- 

H2S (aq) ⇄ 2 H+ (aq) + S2- (aq)   Koverall = 1.1 x 10-20 

The mass action expression for the above equilibrium is: 

   𝐾𝐾𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡 =
[𝑂𝑂+]2[𝑆𝑆2−]

[𝑂𝑂2𝑆𝑆]  

   [𝑂𝑂+]2 =
𝐾𝐾𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡[𝑂𝑂2𝑆𝑆]

[𝑆𝑆2−]  

   [𝑂𝑂+] = �
𝐾𝐾𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡[𝑂𝑂2𝑆𝑆]

[𝑆𝑆2−] = �(1.1 × 10−20)(0.10)
1.5 × 10−18

= 0.027 𝑀𝑀 

pH = -log[H+] = -log(0.027) = 1.57 

This pH represents the maximum pH which must be maintained in order to separate nickel(II) ions 

and copper(II) ions.  
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(b) [4 pts] What is the actual concentration of nickel(II) and copper(II) in solution? 

 

H2S (aq) ⇄ H+ (aq) + HS- (aq) Ka1 = 8.9 × 10-8 

HS- (aq) ⇄ H+ (aq) + S2- (aq)  Ka2 = 1.2 × 10-13 

NiS (s) ⇄ Ni2+ (aq) + S2- (aq)  Ksp = 3 × 10-19 

CuS (s) ⇄ Cu2+ (aq) + S2- (aq) Ksp = 6 × 10-36 

 

 (Answer) 

Since the sulfide ion concentration is 1.5 × 10-18 M, the actual copper(II) ion concentration remaining 

in solution is: 

   [𝐶𝐶𝐶𝐶2+] =
𝐾𝐾𝑠𝑠𝑠𝑠

[𝑆𝑆2−] =
6 × 10−36

1.5 × 10−18
= 4.0 × 10−18 𝑀𝑀 

The copper(II) ion concentration is indeed very negligible. The concentration of nickel(II) ions 

remains 0.20 M.  
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6. (Total 10 pts) 

A buffer solution with a pH of 12.0 consists of M3PO4 and M2HPO4. The volume of solution is exactly 

1 L. (H3PO4, Ka1 = 1.0 × 10-3, Ka2 = 1.0 × 10-8, Ka3 = 1.0 × 10-13, molecular weight of M = 50.00 g 

mol-1) 

(a) [3 pts] Which component of the buffer is present as a major species? 

 (Answer) 

pH = pKa – log [HA]/[A-] 

12.0 = 13.0 – log [HPO4
2-]/[PO4

3-], [HPO4
2-] = 10 [PO4

3-] 

A major species: [HPO4
2-] 

 

 

(b) [3 pts] If the concentration of M3PO4 is 1.000 M, what mass of M2HPO4 is present?  

(Answer) 

12.0 = 13.0 – log [HPO4
2-]/[PO4

3-], [HPO4
2-] = 10 [PO4

3-] = 10.0 M 

Mass of M2HPO4 = (10.0 M) (195.98 g mol-1) (1L) = 1.96 × 103 g 

 

 

(c) [4 pts] Among M3PO4 and M2HPO4, which component of the buffer must be added to the solution 

in part (b) for changing the pH to 12.3? What mass of that is required? Assume that the total volume 

of solution does not change. 

 (Answer) 

12.3 = 13.0 – log [HPO4
2-]/[PO4

3-], [HPO4
2-] = 5.01 [PO4

3-], [PO4
3-] = 2.0 M 

-> PO4
3- (M3PO4) must be added. 

Required mass of PO4
3- = (2.0 M – 1.0 M) (95.98 g mol-1) (1L) = 96.0 g                

or 

Required mass of M3PO4 = (2.0 M – 1.0 M) (245.98 g mol-1) (1L) = 246.0 g 
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7. (Total 12 pts) 

Consider ionic concentrations in a sample of tap water under certain conditions. The water, at large, is 

treated chemically with fluoride (F-) (0.0005 M). Travelling along the pipes in this geographical region, 

the water also picks up a Ca2+ concentration of 0.0010 M.  Then, there is an additional portion of 

concentration from a special treating process within your home that adds another 0.0005 M fluoride to 

the water. 

(a) [3 pts] Consider whether these given concentrations will create a deposition of solid CaF2 or not. 

Please consider the standard conditions 1.0 atm and 25.0 degrees for your calculations.  

(Answer) 

[Ca2+][F-]2 = 3.9 c 10-11. 

For this example:  

[0.001][2 × 0.001]2 = 3.9 x 10-11. = 1.0 × 10-3 × 4 × 10-6 = 4 × 10-9. 

Since 4 × 10-9. Is greater than 3.9 × 10-11, therefore the CaF2 will start to precipitate. 

 

(b) [3 pts] Consider what maximum Ca and F ion concentration can be achieved considering F- is 

originating both from the “water works” as well as the “household”. As listed in our text, the Ksp 

of CaF2 is = 3.9 × 10-11. 

(Answer) 

The maximum allowable ion value before precipitation. 

[x][2x]2 = 3.9 × 10-11. 

4x3 = 3.9 x 10-11  (9.75 x 10-12)1/3  e.g. up to 0.000213 M dissolved Ca2+ is allowable. 

 

(c) [3 pts] What will happen when hot water is chosen? 

(Answer) 

This action will increase the degree of dissolved species – very few exceptions are found that exhibit 

the opposite behavior. 

 

 

(d) [3 pts] According to the general rules of solubility in aqueous systems, what if nitrate, acetate or 

chlorate ions are present? What would we expect to happen to the Ca present? 

(Answer) 

This action will allow the ions to readily precipitate out because the rules we established for solubility 

in water.  
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8. (Total 12 pts) 

When 6 M HCl is added to solid CdS, some of the solid dissolves to give the complex ion CdCl42−(aq). 

(a) [3 pts] Write a balanced equation for the full (complete) reaction that occurs.  

 (Answer) 

CdS  (𝑠𝑠) +  2 H3O+ (aq) + 4 Cl− (aq)  ↔  CdCl42−(aq) +  H2S  (aq) + 2 H2O (l)  
 

 

(b) [5 pts] Using the given equilibrium constants, calculate the equilibrium constant for the reaction in 

part (a) (T = 25.0 °C). 

H2S  (aq) +  H2O (l)  ↔  HS− (aq) +  H3O+ (aq), 𝐾𝐾𝑜𝑜  =  9.1 × 10−8,  

CdS  (s) + H2O (l)  ↔  Cd2+ (aq) + OH− (aq) +  HS− (aq), 𝐾𝐾 =  7 ×  10−28, 

Cd2+ (aq) +  4 Cl− (aq)  ↔  CdCl42−(aq), 𝐾𝐾𝑓𝑓  =  5.1 ×  102, 

(Answer) 
CdS  (s) +  H2O (l)  ↔  Cd2+ (aq) + OH− (aq) +  HS− (aq)         K1 = K = 7 x 10-28 

HS− (aq) + H2O (l)  ↔  H2S  (aq)  + OH− (aq)      K2 = Kw / Ka = 1.1 x 10-7 

2 OH− (aq) + 2 H3O+ (aq) ↔ 4 H2O (l)        K3 = (1/Kw)2 = 1.0 x 1028  

Cd2+ (aq) +  4 Cl− (aq)  ↔  CdCl42−(aq),      K4 = Kf = 5.1 x 102  

--------------------------------------------------------------------------------------------------------------------------------------- 

CdS  (𝑠𝑠) +  2 H3O+ (aq) +  4 Cl− (aq)  ↔  CdCl42−(aq) + H2S  (aq) + 2 H2O (l)  Ktotal = K1 K2 K3 K4 

Ktotal = K1 K2 K3 K4 = (7 x 10-28) (1.1 x 10-7) (1.0 x 1028) (5.1 x 102) = 3.9 x 10-4 

 

 

(c) [4 pts] What is the molar solubility of CdS per liter of HCl? 
(Note 1: the maximum solubility of H2S is 0.1 M. If H2S production from the reaction exceeds its solubility, 

then gaseous H2S bubbles out from the solution and its concentration is maintained to be 0.1 M.) 

(Note 2: Assume that at equilibrium the cadmium in solution is all in the form of CdCl4
2-, and that sulfur in 

solution is all in the form of H2S(aq)) 

 

(Answer) 

Let S equal molar solubility of the CdS(s) in 6 M HCl. 

Assume that at equilibrium the cadmium in solution is all in the form of CdCl42-, and that sulfer in 

solution is all in the form of H2S(aq), then 

[CdCl42-] = [H2S] = S, [H3O+] = 6 – 2S, [Cl-] = 6 – 4S 
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Ktotal = �CdCl4
2−�[H2S ]

[H3O+]2[ Cl−]4
 = 𝑆𝑆2

(6−2S)2(6−4𝑆𝑆)4
 = 3.9 x 10-4 

If S = 1, Ktotal = 3.9 x 10-3 > 3.9 x 10-4 

If S = 0.5, Ktotal = 3.9 x 10-5 < 3.9 x 10-4 

S should be 0.5 < S < 1, then [H2S] should also be 0.5 M < [H2S] < 1 M. However, [H2S] cannot 

exceed 0.1 M due to its maximum solubility. 

So, Ktotal = �CdCl4
2−�[H2S ]

[H3O+]2[ Cl−]4
 = 𝑆𝑆2

(6−2S)2(6−4𝑆𝑆)4
 =  𝑆𝑆 (0.1)

(6−2S)2(6−4𝑆𝑆)4
 = 3.9 x 10-4 

Then, if S = 1, Ktotal = 3.9 x 10-4. 

Therefore the molar solubility of CdS per liter of HCl is 1.0 M 
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9. (Total 10 pts) 

(a) [5 pts] Assume that a reversible galvanic cell is involved and derive the Nernst equation. 

 (Answer) 

ΔG = -nFEcell and ΔG°=-nFECell° 

ΔG = ΔG° + R T lnQ  -nFEcell = -nFECell° + R T lnQ 

Divide both side with –nF term, then 

ECell = ECell° - (RT/nF) lnQ 

 

 

 

 

(b) [5 pts] Consider the following pH meter using the SHE. Write down the half reaction equations at 

the anode and cathode and calculate the cell potential at pH 9 (exactly) (T = 25.0 °C). 

Pt │H2 (1 atm)│H3O+(aq)││H3O+ (1M)│H2 (1 atm)│Pt 

(Answer) 

 
In this system, n = 2, ECell° = 0, [H3O+] = 10-9 M 

Then, according to the Nernst equation, ECell = -(RT/2F) ln[H3O+] 

= - (8.3145 𝐽𝐽/𝐾𝐾𝑎𝑎𝑚𝑚𝑚𝑚 × 298.15 K) / (2 × 96500 C/mol) × ln (10-9)2 

= 0.53 V  
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10. (Total 10 pts) 

A galvanic cell is constructed as Pt | x M Fe2+, 1.0 M Fe3+ || 1.0 M Cd2+ | Cd where x = 1.0 or 0.10. The 

standard potential for Fe3+ + e– → Fe2+ is +0.752 V and Cd2+ + 2 e– → Cd is –0.410 V at 25.0 °C and 

10 10
2.303 0.0592ln log log  (Volt)RT RTQ Q Q

nF nF n
= =  at 25.0 °C 

(a) [4 pts] Write the overall reaction taking place in the cell without phase notation. 

 (Answer) 

The reduction Fe3+ + e– → Fe2+ takes place at the cathode, and the oxidation Cd(s) → Cd2+ + 2 e– takes 

place at the anode. Only in this way is o o o
cell cathode anodeE E E= −  of the cell positive. 

Cathode: 2 Fe3+ + 2 e– → 2 Fe2+ 

Anode: Cd → Cd2+ + 2 e– 

Overall: Cd + 2 Fe3+ → 2 Cd2+ + 2 Fe2+ 

 

 

(b) [3 pts] Calculate the cell potential( o
cellE ) when x = 1.0. 

(Answer) 
o o o
cell cathode anodeE E E= − = +0.752 – (–0.410) = 1.162 V. 

 

 

 

(c) [3 pts] Calculate the cell potential( cellE ) when x = 0.10. 

(Answer) 

Ecell = 𝐸𝐸𝑐𝑐𝑜𝑜𝑡𝑡ℎ𝑡𝑡𝑜𝑜𝑡𝑡 − 𝐸𝐸𝑜𝑜𝑡𝑡𝑡𝑡𝑜𝑜𝑡𝑡° = �0.752 − 0.0592
2

log10
0.12

1.02
� = �0.752 − 0.0592 log10

0.1
1.0
� − (−0.410) = 

0.752 + 0.0592 + 0.410 = 1.221 V 
  



14 

 

Physical Constants 
 

Avogadro’s number NA = 6.02214179 ⅹ 1023 mol-1 

Bohr radius  a0 = 0.52917720859 Å = 5.2917720859ⅹ10-11 m 

Boltzmann’s constant KB = 1.3806504 ⅹ 10-23 J K-1 

Electronic charge e = 1.602176487 ⅹ 10-19 C 

Faraday constant F = 96485.3399 C mol-1 

Masses of fundamental particles:  

Electron me = 9.10938215 ⅹ 10-31 kg 

Proton mP = 1.672621637 ⅹ 10-27 kg 

Neutron mn= 1.674927211 ⅹ 10-27 kg 

Permittivity of vacuum εo = 8.854187817 ⅹ 10-12 C-2 J-1 m-1 

Planck’s constant h = 6.62606896 ⅹ 10-34 J s 

Ratio of proton mass to electron mass mP / me = 1836.15267247 

Speed of light in a vacuum c = 2.99792458 ⅹ 108 m s-1 (exactly) 

Standard acceleration of terrestrial gravity g = 9.80665 m s-2 (exactly) 

Universal gas constant R = 8.314472 J mol-1 K-1 
= 0.0820574 L atm mol-1 K-1 

Values are taken from the 2006 CODATA recommended values, 
as listed by the National Institute of Standards and Technology. 
 
 
 
 
 
 
Conversion factors 
 

Ångström 1 Å= 10-10 m 

Atomic mass unit 1 u = 1.660538782 ⅹ 10-27 kg 
 1 u = 1.492417830 ⅹ 10-10 J = 931.494028 MeV (energy equivalent form E = mc2) 
Calorie 1 cal = 4.184 J (exactly) 

Electron volt 1 eV = 1.602177 ⅹ 10-19 J = 96.485335 kJ mol-1 
Foot 1 ft = 12 in = 0.3048 m (exactly) 

Gallon (U. S.) 1 gallon = 4 quarts = 3.785412 L (exactly) 

Liter 1 L = 10-3 m-3 = 103 cm3 (exactly) 

Liter-atmosphere 1 L atm = 101.325 J (exactly) 

Metric ton 1 t = 1000 kg (exactly) 

Pound 1 lb = 16 oz = 0.4539237 kg (exactly) 

Rydberg 1 Ry = 2.17987197 x 10-18J = 1312.7136 kJ mol-1 = 13.60569193 eV 

Standard atmosphere 1 atm = 1.01325 x 105 Pa = 1.01325 x 105 kg m-1 s-2 (exactly) 

Torr 1 torr = 133.3224 Pa 
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