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1. (total 9 pts)  

(a) Draw the Lewis diagram and predict the structure of the N2O molecule by the VSEPR theory. 

  (Answer) 
 

 

 

 

 

 

 

(b) The N2O molecule has a small dipole moment. Which end of the molecule is more likely to be 

the positive end, based only on electronegativity? 

(Answer) 
 
 
 
 
 
 
(c) The molecules of a certain compound contain one atom each of nitrogen, fluorine and oxygen. 

Two possible structures are NOF (O as central atom) and ONF (N as central atom). Does the 

information that the molecule is bent limit the choice to one of these two possibilities? Explain. 

(Answer) 
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2. (total 10 pts; 1 pt deduction for each incorrect answer) Answer only in T (true) or F (false) for 

the following questions. 

(a) The energy of a free electron is quantized. 

(Answer) 
 

(b) de Broglie matter wave of a particle means the probability density distribution of finding the 

particle. 

(Answer) 
 

(c) The energy of a photon is proportional to both its wavelength and intensity. 

(Answer) 
 

(d) The energy of an electron in a box with size L is quantized, while that of a proton is continuous, 

because the proton is much heavier than the electron.  

(Answer) 
 

(e) For a hydrogen atom, the 3d orbital has more nodes than the 3s. 

(Answer) 
 

(f) The relative energy order of atomic orbitals follows … <3s < 3p < 3d < 4s < 4p < 4d …. 

(Answer) 
 

(g) Only one-electron wave functions are called molecular orbitals. 

(Answer) 
 

(h) Hartree orbitals are not the solutions of Schrödinger equation. 

(Answer) 
 

(i) Molecular orbital theory provides the exact solutions of Schrödinger equation. 

(Answer) 
 

(j) Valence orbital theory obeys both Pauli exclusion and aufbau principles. 

(Answer) 
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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) 
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4. (total 8 pts) A particle of mass m is placed in a 3D rectangular box with edge lengths 2L, L, and L. 

Inside the box the potential energy is zero, and outside it is infinite; therefore, the wave function 

goes smoothly to zero at the sides of the box. Calculate the energies and give the quantum 

numbers of the ground state and the first five excited states (or sets of states of equal energy) for 

the particle in the box. 

(Hint: The energy of the 1D particle in a box is given as En = n2h2/8mL2) 

 

(Answer) 
 

 

 

 

 

 

5 

 



5. (total 12 pts) Below the X-ray photoelectron spectra of CuO (top) and Cu2O (bottom) in two 

different energy ranges are given. The spectra were obtained using a 0.834 nm X-ray beam. The 

peaks on the left are from the 3d orbital, while those on the right are from the 3s orbital. 

 
(a) Obtain the effective nuclear charges (Zeff’s) for Cu 3d and 3s orbitals in CuO and Cu2O, 

respectively. Use 1 Ry = 13.606 eV. 

(Answer) 

species orbital Binding Energy Zeff 

CuO 
3d   

3s   

Cu2O 
3d   

3s   

 

(b) Compare Zeff of Cu 3d vs. Zeff of Cu 3s (in the same compound) and explain why the difference 

exists. 

   (Answer) 
 

 

 

(c) Compare Zeff of Cu 3d in CuO vs. Zeff of Cu 3d in Cu2O and explain why the difference exists. 

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

 
(a) What orbital is this? 

(Answer) 
 

(b) What are the orbitals that have the energy values identical to the energy of this orbital? 

(Answer) 
 

(c) How many and what kind of nodes in this wave function? 

(Answer) 
 

 

(d) Say that the energy value of this electron is -1/4 (Rydberg) in a hydrogen atom. If we put this 

electron with above wave function to a He atom (with effective nuclear charge 1.69), what is the 

energy value of the electron (higher or lower than that in hydrogen atom)? 

(Answer) 
 

 

 

7. (total 6 pts)  
(a) Suppose that the spin quantum number did not exist, and therefore only one electron could 

occupy each orbital of a many-electron atom. Give the atomic numbers of the first three noble-

gas atoms in this case. 

(Answer) 
 

 

 

 

(b) Suppose that the spin quantum number had three allowed values (ms = 0, +1/2, -1/2). Give the 

atomic numbers of the first three noble-gas atoms in this case.  

(Answer) 
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8. (total 13 pts) Consider the allyl cation, CH2CHCH2
+. 

Assumptions: 

1) The eight atoms lie in a single plane. 

2) The H-C-H and central C-C-C bond angles are all nearly 120°. 

3) Both C-C bond lengths are the same, falling between the usual values for C-C single and C=C 

double bonds. 

 

(a) Construct the molecular orbital form (correlation diagram and molecular orbital shapes) of the 2p 

atomic orbitals perpendicular to the plane of the carbon atoms. 

(Answer) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Indicate whether the ion is paramagnetic or diamagnetic. 

(Answer) 
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9. (total 12 pts) Suppose an unknown substance A. Elemental analysis shows its mass per cent 

composition to be 30.43% nitrogen and 69.57% oxygen. Its density at 1 atm pressure and 300 K is 

1.87 g/L. Use the following atomic mass information: N = 14 g/mol and O = 16 g/mol. 

(a) Determine the molecular formula of the substance A. 

(Answer) 
 

 

 

 

(b) Draw the Lewis diagram of the substance A. 

(Answer) 
 

 

 

 

 

(c) Determine the bond orders of NO bonds using the molecular orbital theory and the hybridization 

scheme for the cation state, [A]+. 

(Answer) 
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10. (total 10 pts) The following figure shows the schematic potential energy curves for the 

dissociation of H2 as a function of internuclear distance RH-H. The dotted and dashed lines 

correspond to the results from the molecular orbital theory (MOT) and the valence bond theory 

(VBT), respectively. 

 
(a) Around the equilibrium bond distance (region A), the MOT gives lower energy than the VBT, 

whereas at the dissociation limit (region B), the former gives much higher energy than the 

latter. Explain it through comparison of the wave functions from MOT and VBT. 

(Answer) 
 

 

 

 

 

 

(b) In order to improve the potential energy curve, one may combine MOT and VBT as follows. 

 

Draw an estimated potential energy curve from the above wave function and estimate the λ 

values at the regions A and B, respectively. 

(Answer) 
 

 

 

 

  

R
H-H

 

E(R
H-H

) 

  

MOT 

VBT 
 

 

A 

B 

improved VB ionicψ ψ λψ= +
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<The Answers> 

Problem points Problem points TOTAL pts 

1 3+2+4/9 6 1+2+2+2/7  

 

 

/100 

2 1x10/10 7 3+3/6 

3 10+3/13 8 10+3/13 

4 2+1x6/8 9 2+4+6/12 

5 8+2+2/12 10 5+5/10 
 

단순히 계산이 틀리거나 unit 이 맞지 않지만 내용이 모두 맞았을 때 – 1 pt 

 
1. (total 9 pts) 
 
(a) (3 pts) Lewis Dot 2 pts; VSEPR 1 pt 

 

 

(b) (2 pts) 

 

 

(c) (4 pts) Only the answer -3 pts; without describing both molecules -2 pts 

No, because VSEPR theory predicts a steric number of 3 and a bent molecule in both cases. 

    



2. (total 10 pts; 1 pt deduction for each incorrect answer) 
(a) F 

(b) F 

(c) F 

(d) F 

(e) F 

(f) F 

(g) T 

(h) T 

(i) F 

(j) F 

 

 

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.  

 
ℎ𝑐
𝜆

= e𝑉𝑡ℎ𝑟 

 

 

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 + ℎ𝑐
(656.3×10−9 𝑚)(1.6022×10−19 𝐽/𝑒𝑉)

. 

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) 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 8 pts) 1D box의 경우 2 pts; 식 2 pts + 각 값 1 pt X 6 

 

 

 

5. (total 12 pts) 
(a) (8 pts) For each species (4 pts), BE, 1 pt + Zeff, 3 pts 

species orbital Binding Energy =(Zeff)2/32 Zeff 

CuO 
3d 3.8 eV = 0.28 Ry 1.6 

3s 124 eV =9.11 Ry 9.05 

Cu2O 
3d 3.5 eV = 0.26 Ry 1.5 

3s 123 eV = 9.04 Ry 9.02 

 

(b) (2 pts) Zeff of 3d < Zeff of 3s, because s electrons can penetrate into the nucleus, while d 

electrons cannot. 

 

(c) (2 pts) Zeff of 3d in Cu2+ > Zeff of 3d in Cu+, due to less screening effect in Cu2+. 

 

 



6. (total 7 pts) 
(a) (1 pt) 2pz or 2p0 

(b) (2 pts) 2s, 2px, 2py 

(c) (2 pts) one angular node (or nodal plane) 

(d) (2 pts) -(1.69)2/4 (higher) 

 

 

7. (total 6 pts) 
(a) (3 pts) for each, 1 pt 

 
 

(b) (3 pts) for each, 1 pt 

 

 

 

8. (total 13 pts) 
(a) (10 pts) for MO shapes, 6 pts; correlation diagram 3 pts, electron 1 pts 
 

120O angles, atoms in a plane, and carbon-carbon bonds intermediate between single and double - 

its sounds like benzene. We represent the allyl cation as a delocalized structures. 

 

From sp2 hybridized carbon atom, the planar 120O network of C-C and C-H sigma bonds come. 

Three unhybridized p orbital remain. Perpendicular to the plane, these three p orbitals combine 

constructively to make a delocalized π bonding combination with no nodes. 

 

They mix destructively, all three out of phase, to produce a π antibonding combination with two 

nodes. 

 



 

And they mix indifferently, excluding the middle, to produce a π nonbonding combination with one 

node. 

 

Ten of the 16 electrons go into the five C-H bonds, 4 go into the two C-C sigma bonds. Two 

electrons remain. Therefore the two electrons go into lower π bonding orbital. 

 

 

 

(b) (3 pts) 
The structure is stable, diamagnetic, and symmetric. The two carbon-carbon distances are the same. 

 

 



9. (total 12 pts) 
(a) (2 pts) 
N: 30.43 g / 14 gmol-1 =2.17 mol; O: 69.57 g / 16 gmol-1 = 4.35 mol 

Thus, ratio between N and O = 1:2  Empirical formula of A is NO2. 

From the ideal gas law, 

M = ρRT/P = (1.87 gL-1)(0.0821 L atm mol-1 K-1)(300K)/(1 atm) = 46.06 g/mol 

Since the molar mass from the empirical formula is almost the same with the molar mass, the 

molecular formula should be NO2. 

 

(b) (4 pts) each resonance formula, 1 pt; no formal charge, -1 pt 

O N O
0 +1 -1

O N O
-1 +1 0

O N O
0 0 0

O N O
0 0 0

 

 

(c) (6 pts) no use MO, only answers, 1 pt; σ-bonds 2 pts + π-bonds 2 pts + BO 1 pt + sp 1 pt 
The total number of valence electrons = (5 of N + 2 X 6 of O – 1)=16. Two 2s electrons from each 

oxygen do not involve in forming chemical bonds. The number of the remaining electrons is 12. 

Since [NO2]+ has a linear structure as [O=N=O]+, the hybridization of N should be sp. Therefore, 

For the σ-bonds of [NO2]+, 

 
For the π-bonds of [NO2]+ 

 
Thus, the total bond order = (4 from the σ-bonds + 4 from the σ-bonds)/2 = 4. The bond order of 

each NO is 2.  
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10. (total 10 pts) 
(a) (5 pts) VBT and MO description, 1 pts + region A, 2 pts + region B, 2 pts 

The wave function from VBT is given by 
el A B Ael

VB 1A 2B 1 A 1A B 2B 2 A
B

2A 1B VBB( , ) ( ) ( ) ( ) ( 1 (1)1 (2) 1 (2)1 () 1 ) r r c r r c r s s sr sψ ϕ ϕ ϕ ϕ ψ = += + →  

The wave function from MOT is 

 
At the region A, due to the ionic contribution of the wave function from MOT, electrons can be more 

delocalized, resulting in the lower energy compared to the energy of the wave function from VBT 

that has only the covalent character. However, at the region B, the ionic character from MOT causes 

very repulsive interactions between two electrons residing on the same atom, leading to such high 

energy. 

 

(b) (5 pts) curve 1 pts + region A 2 pts + region B 2 pts 

At the region A, λ is close to 1 so that the wave function is similar to the one from MOT. At the region 

B, however, λ will be zero and thus the wave function becomes the one from VBT. As a result, the 

improved potential energy curve will look like the solid line in the figure below. 

  
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1. (7 points) A diver who had been working 300 meters below the sea level ascended fast up to the 

sea level and suffered from decompression sickness (also known as divers’ disease, aeroembolism, 

or caisson disease). 

(a) Calculate the pressure exerted on the diver at the depth of 300 m under the water. 

(water density = 1 g/ml). 

(Answer) 
 

 

 

 

 

 

 

 

 

 

(b) Assume that the pressure of air that the diver inhaled from the air tank was the same as the 

answer above. Use Henry’s law constant of N2 = 1640 atm/M and calculate the volume (at the sea 

level) of N2 bubble generated upon the diver’s ascent. On average, humans have ~5 liters of blood 

and the body temperature of 37 °C. Assume here N2 is ideal gas. 

(Answer) 
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2. (12 points) 

(a) Assume that the molecular weight of a cold virus is 5×106 and that it behaves like an ideal 

gas. Calculate its root-mean-square speed at 27 °C. 

(Answer) 
 

 

 

 

(b) What are the root-mean-square speeds of ideal N2 and O2 at 27 °C? 

(Answer) 
 

 

 

 

 

(c) For the atmosphere that consists of the ideal N2 and O2 gas, calculate the number density of air 

gas molecules in unit of m-3 at 27 °C. Estimate the average distance amongst the gas molecules. 

(Answer) 
 

 

 

 

 

 

(d) Round up the root-mean-square speeds of N2 and O2 to have one significant digit and use it 

to calculate the 𝑢𝑟𝑚𝑠,𝑎𝑖𝑟-𝑢𝑟𝑚𝑠,𝑣𝑖𝑟𝑢𝑠. Use this relative speed and the answer of (a)-(c) to estimate how 

frequently the virus molecule collides with air molecules. 

(Answer) 
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3. (10 points) On the right side, we have plots of z 

against pressure for four different gases.  

(a) Define the equation to describe the compressibility 

factor z. 

(Answer) 
 

 

 

 

(b) What are the kinds of intermolecular forces that these 

gases (NH3, C2H4, CH4, H2) can have? 

(Answer) 
 

 

 

 

 

 

 

 

(c) How do these forces determine relative z values of these gases at ~10 atm (NH3 < C2H4 < CH4 

< 1 < H2)?  

(Answer) 
 

 

 

 

 

(d) Why does NH3 has a particularly small z value? 

(Answer) 
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4. (9 points) Potassium dichromate in acidic solution is used to titrate a solution of iron(II) ions. 

(a) Balance the following equation, and write the oxidation number above the symbol of potassium 

dichromate. 

K2Cr2O7(aq) + Fe2+(aq) + H3O+(aq)  →  Cr3+(aq) + Fe3+(aq) + K+ + H2O(l) 

(Answer) 
 

 

 

 

 

 

 

(b) If 40.00 mL of the 100 mM Fe2+ solution was found to be equivalent to 25.00 mL of the 

potassium dichromate solution, calculate the mass of potassium dichromate. 

(Answer) 
 

 

 

 

 

 

 

 (c) How much does the water volume need to make 100 mL potassium dichromate solution to 100 

mM in (b)? 

(Answer) 
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5. (8 points) 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) Compute the mole fraction of benzene in the vapor in equilibrium with this solution. 

(Answer) 
 

 

 

 

 

 

(b) Calculate the mole fraction of toluene in a mixture of benzene and toluene that boils at 90 °C 

under atmospheric pressure. 

(Answer) 
 

 

 

 

 

 

 

6. (11 points, 1 point deduction for each incorrect answer) Answer only in T (true) or F (false) for the 

following questions. 

(a) In real gases, attractive interaction reduces pressure with respect to the ideal case, while 

repulsive interaction increases volume. 

(Answer) 
 

 

(b) Among molecular isomers, one with spherical shape has stronger intermolecular interactions 

than a rod-shaped one. 

(Answer) 
 

 

(c) Ideal molecules (no intermolecular interactions) do not show boiling-point elevation or freezing-

point depression. 

(Answer) 
 

 

6 

 



(d) According to the Henry’s law, one can fully separate two or more components of a liquid solution 

using fractional distillation. 

(Answer) 
 

 

(e) Heat capacity due to the vibrational degrees of freedom is triggered at higher temperature than 

that due to the rotational degrees of freedom. 

(Answer) 
 

 

(f) When chemical reaction is in an equilibrium state, it is said to be reversible. 

(Answer) 
 

 

(g) Gibbs free energy always determines the direction of chemical reactions. 

(Answer) 
 

 

(h) Heat from chemical reactions is always equivalent to the change in enthalpy. 

(Answer) 
 

 

(i) The entropy of a pure substance in its thermodynamically most stable form is zero at the absolute 

zero of temperature, independent of pressure. 

(Answer) 
 

 

(j) Le Châtelier’s principle implies that equilibrium constant is a function of pressure, concentration, 

and temperature. 

(Answer) 
 

 

(k) The reason why Haber-Bosch process is performed at high temperature is because the 

ammonia formation reaction is endothermic. 

(Answer) 
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7. (12 points) The figure in the right side shows two 

different processes between the states A and B for 

ideal gases. 

 

(a) Calculate the work, heat, and change in the internal 

energy along the path, A → C → B. 

(Answer) 
 

 

 

 

 

 

 

(b) Calculate the work, heat, and change in the internal energy along the path, A → D → B, and 

confirm that change in the internal energy is independent of paths. 

(Answer) 
 

 

 

 

 

 

 

(c) Real gases have typically larger heat capacity than ideal gases. Arrange the following molecules 

in an increasing order of the heat capacity as T goes to zero or infinity, respectively, and justify your 

answer. Assume that the molecules remain intact and in the gas phase at any temperature. 

(Ar, N2, O2, H2O, C6H6) 

(Answer) 
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8. (10 points) The molar enthalpy of fusion of solid ammonia is 5.65 kJ mol-1, and the molar entropy 

of fusion is 28.9 J K-1 mol-1. 

(a) Calculate the Gibbs free energy change for the melting of 1.00 mol ammonia at 170 K. 

(Answer) 
 

 

 

 

 

(b) Calculate the Gibbs free energy change for the conversion of 3.60 mol solid ammonia to liquid 

ammonia at 170 K. 

(Answer) 
 

 

 

 

 

(c) Will ammonia melt spontaneously at 170 K? 

(Answer) 
 

 

 

 

 

(d) At what temperature are solid and liquid ammonia in equilibrium at a pressure of 1 atm? 

(Answer) 
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9. (8 points) Calculate the entropy change, ∆S for the following process  

 

H2O (l, 120 °C, 1 atm) ⟶ H2O (g, 120 °C, 1 atm) 

 

The enthalpy of vaporization of H2O(l) at 100 °C is 40,580 J mol-1 and heat capacity of H2O(l) is 

75.3 J K-1 mol-1. The heat capacity of H2O(g) is 36.0 + (0.013)T J K-1 mol-1, where T is absolute 

temperature. 

(Answer) 
 

 

 

 

 

 

 

  

10 

 



10. (13 points) 

(a) Calculate ∆H⁰, ∆S⁰, and ∆G⁰ for the following reaction. 

N2 (g)  +  3 H2 (g)  ⇄  2 NH3 (g) 

Is this reaction spontaneous in the forward direction at 25 °C?  

Substance ∆H f ⁰ (kJ/mol) S⁰ (J/mol‧K) 

N2 (g) 0 191.5 

H2 (g) 0 130.6 

NH3 (g) -46.1 192.3 

 
(Answer) 
 

 

 

 

 

 

 

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

remain roughly constant throughout. 

(Answer) 
 

 

 

 

(c) Compute the equilibrium constant at 25 °C. 

(Answer) 
 

 

 

 

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

component having a partial pressure of 4.0 atm. Is the mixture in equilibrium at 25 °C? 

(Answer) 
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<The Answers> 
 

Problem points Problem points TOTAL pts 

1 3+4/7 6 1x11/11  

 

 

/100 

 

2 2+2+4+4/12 7 3+3+6/12 

3 2+4+2+2/10 8 3+2+2+3/10 

4 3+3+3/9 9 2+2+2+2/8 

5 4+4/8 10 6+3+2+2/13 
 
Missing units in the answer: -1 pt 
“-1 pt” means “minus 1 point” 
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1. (total 7 points) 
(a) (3 points) No addition of P0, -1 pt 

Pressure at the sea level = P0 = 1 atm = 101 kPa 

Pressure at the depth of 300m below the sea level = P300 = P0 + ρgh 

= 101 kPa + (1000 kg/m3)(9.8 m/s2)(300 m) 

= 101 kPa + 2940 kPa = 3041 kPa = 30.1 atm 
 

(b) (4 points) P300, +1 pt; P0, +1 pt; Final calculation, +2 pts 

The concentration of N2 in the blood at P300 = (0.80 * 30.1 atm)/(1640 atm/M) =  

0.0147 M 

The concentration of N2 in the blood at P0 = (0.80 atm)/(1640 atm/M) = 0.000488 M 

Thus, 𝑉𝑁2 = 𝑛𝑁2𝑅𝑇
𝑃𝑁2

=
((0.0147−0.0005)𝑚𝑜𝑙/𝑙∗5𝑙)(0.082 𝑙∙𝑎𝑡𝑚𝑚𝑜𝑙∙𝐾)(310 𝐾)

0.80 𝑎𝑡𝑚
=2.3 liters 

 
 
2. (total 12 points) 
(a) (2 points) 

 𝑢𝑟𝑚𝑠,𝑣𝑖𝑟𝑢𝑠 = �3𝑅𝑇
𝑀

= �3(8.3145 𝐽
𝐾 𝑚𝑜𝑙)(300 𝐾)

5×103𝑘𝑔/𝑚𝑜𝑙
= 𝟏.𝟐 𝒎/𝒔 

 

(b) (2 points) for each, +1 pt 

 𝑢𝑟𝑚𝑠,𝑁2 = �3𝑅𝑇
𝑀

= �
3�8.3145 𝐽

𝐾 𝑚𝑜𝑙�(300 𝐾)

28×10−3𝑘𝑔
𝑚𝑜𝑙

= 𝟓𝟏𝟕𝒎
𝒔
 

𝑢𝑟𝑚𝑠,𝑂2 = �3𝑅𝑇
𝑀

= �3(8.3145 𝐽
𝐾 𝑚𝑜𝑙)(300 𝐾)

32 × 10−3𝑘𝑔/𝑚𝑜𝑙
= 𝟒𝟖𝟒 𝒎/𝒔 

 

(c) (4 points) for each, +2 pts 

 𝑛
𝑉

= 𝑃
𝑅𝑇

= 1 𝑎𝑡𝑚

(0.082𝑎𝑡𝑚 𝑙
𝑚𝑜𝑙 𝐾)(300 𝐾)

6.02 ×1023

1𝑚𝑜𝑙
1 𝑙

10−3𝑚3 = 𝟐.𝟒 × 𝟏𝟎𝟐𝟓 𝒎−𝟑 

Average distance d; 𝑑3 ~ 1𝑚3

2.4×1025
; then d~3.5×10-9 m 

 

(d) (4 points) for each, +2 pts 

 𝑢𝑟𝑚𝑠,𝑎𝑖𝑟-𝑢𝑟𝑚𝑠,𝑣𝑖𝑟𝑢𝑠 = 500 m/s – 1 m/s ≈ 500 m/s 

(3.5*10-9 m)/(500 m/s) = 7 * 10-12 s; that is, every 7 ps, the virus molecule is hit by air molecules. 
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3. (total 10 points) 

(a) (2 points) 

 
or z = PV/nRT 
 

(b) (4 points) NH3, +3 pts; others, +1 pt 

NH3: London (dispersion) forces, dipole-dipole, hydrogen bonding 
  C2H4: London forces 
  CH4: London forces 
  H2: London forces 
 

(c) (2 points) 

 Relative z values can be explained by relative attractive forces  
NH3 > C2H4 > CH4 > H2 

 

(d) (2 points) 

NH3 with hydrogen bonding has particularly high attractive forces, leading to the 
lowest z value. 

 

 

4. (total 9 points) 
(a) (3 points) 

K2
(+1)Cr2

(+6)O7
(-2)(aq)+6Fe2+(aq)+14H3O+(aq)2Cr3+(aq)+6Fe3+(aq)+2K++21H2O(l) 

 

(b) (3 points) 

40.00mL x 100 mM = 25.00mL x X mM x 6 

Concentration of potassium dichromate = X = 26.7mM 

Mass of potassium dichromate = MwⅹXⅹV=294.1846ⅹ0.0267Mⅹ0.025mL= 0.196 g 

 

(c) (3 points) 

No solution: all 3 points 

17 
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5. (total 8 points) 
(a) (4 points) 

 
 

(b) (4 points) 

 
 

 

6. (11 points, 1 point deduction for each incorrect answer) 
(a) T 
(b) F 
(c) F 
(d) F 
(e) T 
(f) T 
(g) F 
(h) F 
(i) T 
(j) F 
(k) F 
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7. (total 12 points) 

(a) (3 points) each w, q, ∆U, +1 pt 

( )
( )

( )
( )

( )

AC ext A B A

CB C B

AC P P C A

C C A A

CB V V B C

B B C C

ACB AC CB A B

      ( )
     0  

     5 / 2 ( )

     

Along the pa

     5 / 2 ( )

     3 / 2 ( )

         

th A

 3 / 2 ( )
 

:

  

B

(

C
w P V P V V
w V V

q q nc T nR T T

P V P V

q q nc T nR T T

P V P V
w w w P V V

= − ∆ = − −

= =

= = ∆ = −

= −

= = ∆ = −

= −

= + = −

→

−

→

( ) ( )
( ) ( )

A

ACB AC CB

C C A A B B C

ACB A

C

A B A B B A

CB

)
          40.0 L atm 4050 J
   
         5 / 2 ( ) 3 / 2 ( )

         5 / 2 ( ) 3 / 2 ( ) 5570

   
    1520 J

 J
 

     
   

q q q
P V P V P V P V

P V V V P P
U q w

= − = −
= +

= − + −

= − + − =

∆ == +

        

 

 

(b) (3 points) each w, q, ∆U, +1 pt 

      
       

     

     

  

     

     

         

 

 
   

ADB

              
   
         

         

Similarly,  along the pat
     

 
 

     
h A B :

0
D   

2W
→ →

= − ADB ADDB BA30 J,  3550 J   1520 JU q wq = =→ ∆ = +  

Changes in the internal energy along both paths are identical to each other, meaning that ∆U is 

independent of paths. 

 

(c) (6 points) for T = 0, 3 pts; for T = infinity, 3 pts 

As T  0, Ar = N2 = O2 = H2O = C6H6, because only the translational modes will be available that 

is 3/2 R according to the equipartition theorem.  

 

As T  infinity, Ar < N2 = O2 < H2O < C6H6, because the heat capacity of gas molecules at high 

temperature is proportional to the number of degrees of freedom due to the equipartition theorem.  
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8. (total 10 points) 
(a) (3 points) 

 
 

(b) (2 points) 

 
 

(c) (2 points) 

 
 

(d) (3 points) 

 
 

 

9. (total 8 points) for each ∆Sx, +2 pts 

 

∆S1 = ∫
Cp,l
T

dT = 75.3 373
393 ln 373

393
=  −3.93 J/Kmol 

∆S2 = ∆Hvap
T

 = 40580
373

 = 108.83 J/Kmol 

∆S3 = ∫
Cp,g
T

dT = 393
373 ∫ 36 +0.013 T

T
dT =  2.14393

373  J/Kmol 
 
∆S = ∆S1 + ∆S2 + ∆S3 = 107.04 J/Kmol 
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10. (total 13 points) 
(a) (6 points) for each value, +2 pts 

∆H⁰ = 2 ∆H f ⁰［NH3 (g)］- ∆H f ⁰［N2 (g)］- 3∆H f ⁰［H2 (g)］ 

     = ( 2 mol )( -46.1 kJ/mol ) – 0 – 3 x ( 0 ) = -92.2 kJ 

∆S⁰ = 2 S⁰［NH3 (g)］- S⁰［N2 (g)］- 3 S⁰［H2 (g)］ 

= 2 mol x 192.3J
mol‧K

 – 1 mol x 191.5J
mol‧K

 - 3 mol x 130.6J
mol‧K

 

= -198.7 J/K 

= -0.1987 kJ/K 

∆G⁰ = ∆H⁰ - T∆S⁰ = -92.2 kJ – ( 298.15K ) ( -0.1987kJ/K ) 

                   = -92.2 kJ + 59.24 kJ = -33.0 kJ 

  The negative sign shows that the reaction is spontaneous. 

 

(b) (3 points) 

   Tmax = ∆H⁰/∆S⁰ = -92.2 kJ / -0.1987 kJ/K = 464 K = 191 °C 

 

(c) (2 points) K = exp ( - ∆G⁰
RT

 ) 

= exp ［(- −33.0 kJ

�8.3145 J K� �(298 K)
) x 1000 J

kJ
］ 

= 6.1 x 105 

 

(d) (2 points) No explanation, 0 pt 

Q = P2NH3
PN2P3H2

 = ( 4.0 ) 2

( 4.0 ) ( 4.0 )3
  = 0.0625 

This differs substantially from the equilibrium constant at 25 ℃ ( K= 6.1 x 105 ). The mixture is not 

yet at equilibrium. There are still too many reactants and too few products. 
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