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2018 FALL Semester Midterm Exam 
For General Chemistry I 

 
Date: October 17 (Wed),   Time Limit: 19:00 ~ 21:00 
 
Write down your information neatly in the space provided below; 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 /15 6 /12  

 

 

/100 

2 /5 7 /10 

3 /10 8 /6 

4 /10 9 /8 

5 /9 10 /15 
 
** This paper consists of 12 sheets with 10 problems (page 10 - 11: constants & periodic table, page 12: 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. 
(채점 답안지 분배 및 이의신청 일정) 

  1. Period, Location, and Procedure 
1) Return and Claim Period: October 22 (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 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. 

(The claim is permitted only on the period. Keep that in mind! A solution file with answers for the examination will 
be uploaded on 10/22 on the web.) 

2. Final Confirmation 
1) Period: October 25 (Thu) – October 26 (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.  

http://www.gencheminkaist.pe.kr/
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1. (Total 15 pts) Give the steric number for each molecule in the table. Predict the geometry using 

the VSEPR method. For the geometry, provide a schematic drawing and describe the molecular shape 

in short words by choosing from “linear, trigonal planar, tetrahedral, trigonal bipyramidal, square 

pyramidal, octahedral, square planar, seesaw shape, and distorted T shape”. In each case, the central 

atom is listed first and the other atoms are all bonded directly to it. In the drawing, explicitly specify 

the locations of lone electron pairs based on the Lewis diagram. Follow the example of NH3 below. 

 NH3 (example) CBr4 SO3 
Steric 

number 4   

Geometry 
N

 

 
 
 
 
 
 
 

 

Trigonal pyramidal   

 I3− XeF4 ICl3 
Steric 

number 
 

   

Geometry 

 
 
 
 
 
 
 

  

   

 
 

2. (total 5 pts) Write down the ground state electron configurations for the ions, Be+, C−, Ne2+, Mg+, 

P2+, Cl−, As+, and I−. Among these ions, which do you expect to be diamagnetic? 
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3. (total 10 pts) The non-normalized wavefunction of a particle in a one-dimensional box with the 

length L is ( ) sin( / )x n x Lψ π= . 

(a) Properly normalize this wavefunction. 
 
 
 
 
 
 
 
 
(b) What is the probability that the particle will lie between 0x =  and  / 4x L= , if the particle is in 

its n = 3 state? 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) What is the probability that the particle will lie between 0x =  and  / 2x L= , if the particle is in 

its n = 20181017 state? 
 
 
 
 
 
(d) What is the probability that the particle will lie between / 2x L=  and x L= , if the particle is in 

its n = 20181018 state? 
 

 

 

 

 

 

  



4 

 

4. (total 10 pts) Light with a wavelength of 525 nm strikes the surface of metallic rubidium in a 

photocell. The work function of rubidium is 2.09 eV. 

(a) Convert the work function in the unit of J. 

 

 

 

 

 

(b) Calculate the maximum velocity of the photoelectrons. 

 
 

 

 

 

(c) Determine the longest wavelength of light that is capable of ejecting electrons from the surface of 

rubidium. 

 
 
 
 
 
 
5. (total 9 pts)  Which has the higher value in each pair below? Briefly explain the reason. IE = 

ionization energy. 

(a) The 1st IE of Al or the 1st IE of Mg 

 

 

 

 

(b) The 2nd IE of Al or the 2nd IE of Mg 

 

 

 

 

(c) The 3rd IE of Al or the 3rd IE of Mg 
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6. (total 12 pts) One electronic wavefunction of a hydrogen atom is 
/2 cosr areψ θ−=  

(a) Show that this satisfies the Schrödinger equation, 
2 2 2

2
2 2 2 2 2

0

1 1 1 1sin
2 sin sin 4e

er E
m r r r r r r

θ ψ ψ ψ
θ θ θ θ φ πε

 ∂ ∂ ∂ ∂ ∂   − + + − =    ∂ ∂ ∂ ∂ ∂    

  

and obtain the corresponding energy eigenvalue E in the unit of eV. To solve this problem, you will 
need 2 2

04 / ( )ea e mπε=  , or equivalently 2 2
0/ (4 ) / ( )ee m aπε =  . Also, h = 2πħ. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Sketch the 3-dimensional shape of this orbital, and designate its three quantum numbers (n, l, m). 
 
 
 

 

 

(c) If the electron in this hydrogen atom radiates a photon to de-excite into a state described by the 
1s orbital, what is the wavelength of this photon? Recall that En ∝ 1/n2. 
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7. (total 10 pts) The electronic wavefunction of a hydrogen atom can be written as 

, , , , , )( ) ( ) (n l m n l l mR r Yψ θ φ=r . 

(a) Give all possible values of quantum numbers (l, m) with n = 3. 
 
 
 
(b) Using the table below, write down the normalized form of the wavefunction with the lowest l value 
in (a). 

 
 
 
 
(c) By integrating over the angular part, derive the radial distribution function ( )P r   for the 

wavefunction in (b). Namely, use 22

0

2

0
( ) | s( , , ) | inP r dr dr dr r d

π π

φ θ
ψ θ φ θ θ φ

= =
= ∫ ∫  and obtain ( )P r . 

 
 
 
 
(d) Sketch both the wavefunction in (b) and the radial distribution function in (c) as functions of σ. 
Quantitatively specify the locations of radial nodes. 
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8. (total 6 pts) Noting 
h
p

λ =  and p mv= , calculate the de Broglie wavelength for the following: 

(a) an electron moving at a speed of 1.0 km s–1 
 
 
 
 
 
 
 
 
(b) a baseball with a mass of 145 g, moving at a speed of 75 km hr–1 
 

 

 

 

 

 

 
9. (total 8 pts) Consider an acetamide (CH3CONH2) molecule. 

(a) Draw the Lewis diagram of this molecule with all possible resonance structures. 

 

 

 

 

 

 

(b) What is the proper hybridization of each carbon atom? 

 

 

 

 

(c) Based on the information that the three bonds around the N atom form a nearly planar triangle, 

sketch the shape of the energetically most stable π bonding molecular orbital. 
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10. (total 15 pts) The following diagram shows the molecular orbital energy levels for the 

homonuclear diatomics, N2 and O2.  

(a) Fill in the boxes with appropriate molecular orbital notations as in the case of *
2u sσ , based on the 

linear combination of atomic orbital (LCAO) scheme. 

 
(b) In the two circles in the above diagram, designate which are N2 and O2, respectively. Fill the MO 

levels with arrows to represent the electronic structures of both molecules. 

 

(c) The following data show that removing an electron from N2 forms an ion with a weaker / longer 

bond than in the parent molecule, whereas the ion formed from O2 has a stronger / shorter bond: 

 N2 N2
+ O2 O2

+ 
Bond energy (kJ/mol) 945 841 498 623 
Bond length (pm) 110 112 121 112 

Explain these facts with the above completed diagram together with the bond order concept. 
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(d) For liquefied nitrogen and oxygen, which will be attracted to the space between the poles of a 

magnet as in the following picture? Explain your reasoning with less than 30 words. 
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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 

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 
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 = 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 15 pts) Give the steric number for each molecule in the table. Predict the geometry using 

the VSEPR method. For the geometry, provide a schematic drawing and describe the molecular shape 

in short words by choosing from “linear, trigonal planar, tetrahedral, trigonal bipyramidal, square 

pyramidal, octahedral, square planar, seesaw shape, and distorted T shape”. In each case, the central 

atom is listed first and the other atoms are all bonded directly to it. In the drawing, explicitly specify 

the locations of lone electron pairs based on the Lewis diagram. Follow the example of NH3 below. 

 NH3 (example) CBr4 SO3 
Steric 

number 4 4 3 

Geometry 
 

 

 
  

Trigonal pyramidal Tetrahedral Trigonal planar 

 I3− XeF4 ICl3 
Steric 

number 5 6 5 

Geometry 

   

Linear Square planar Distorted T 

1 point for each correct answer. Not showing resonance in SO3 is OK. For wrong distortion 
direction in ICl3, 0 pt for the sketch. 
 

2. (total 5 pts) Write down the ground state electron configurations for the ions, Be+, C−, Ne2+, Mg+, 

P2+, Cl−, As+, and I−. Among these ions, which do you expect to be diamagnetic? 

 
-1 point for each wrong answer. 0 point for more than 4 wrong answers. 
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3. (total 10 pts) The non-normalized wavefunction of a particle in a one-dimensional box with the 

length L is ( ) sin( / )x n x Lψ π= . 

(a) Properly normalize this wavefunction. 
 

Let sin n xN
L
πψ = . The normalization condition is 

2 2 2

0 0

1 2 11 cos 1
2 2

L L n xdx N dx LN
L
πψ  = − = = 

 ∫ ∫  

Thus, 2 /N L=  and 

2 sin n x
L L

πψ =      3 pt 

 
(b) What is the probability that the particle will lie between 0x =  and  / 4x L= , if the particle is in 

its n = 3 state? 
 

/4
/4 /42

0 0
0

2 1 6 1 6 1 11 cos sin
2 4 6 4 6

L
L L x L L xP dx dx

L L L L
π πψ

π π
  = = − = − = +       

∫ ∫   3pt 

 
 
 
 
 
 
 
 
 
(c) What is the probability that the particle will lie between 0x =  and  / 2x L= , if the particle is in 

its n = 20181017 state? 
Because the system is symmetric with respect to x = L /2, the two probabilities are 0.5 in both 

cases. (2pt) 
 
 
 
 
(d) What is the probability that the particle will lie between / 2x L=  and x L= , if the particle is in 

its n = 20181018 state? 
Again, because the system is symmetric with respect to x = L /2, the two probabilities are 0.5 in 

both cases. (2pt) 
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4. (total 10 pts) Light with a wavelength of 525 nm strikes the surface of metallic rubidium in a 

photocell. The work function of rubidium is 2.09 eV. 

(a) Convert the work function in the unit of J. 

2.09 eV = 2.09 x 1.602 x 10-19 C * V = 3.35 x 10-19 J 

(2pt, no partial points) 

(b) Calculate the maximum velocity of the photoelectrons. 

525 nm photon energy:  

34 8 1
19

9

(6.626 10  J s)(3.00 10  m s ) 3.79 10  J
525 10  m

hcE hv
λ

− −
−

−

× ×
= = = = ×

×
  (2pt) 

Letting 0 work functionE = , 2 19 20
0

1 (3.79 3.35) 10  J 4.4 10  J
2kE mv E E − −= = − = − × = ×   

20
5 1

31

2 2 4.4 10  J 3.11 10  m s
(9.11 10  kg)

k

e

Ev
m

−
−

−

× ×
= = = ×

×
 (3pt) 

(c) Determine the longest wavelength of light that is capable of ejecting electrons from the surface of 

rubidium. 

The longest wavelength to promote the photoelectric effect occurs when the light energy matches 

the work function, i.e. 0 0hv E= , 19
0 0

0

3.35 10  J hcE hv
λ

−= × = = . 

34 8 1
7

0 19
0

(6.626 10  J s)(3.00 10  m s ) 5.93 10  m 593 nm
3.35 10  J

hc
E

λ
− −

−
−

× ×
= = = × =

×
 (3pt) 

 
 
5. (total 9 pts)  Which has the higher value in each pair below? Briefly explain the reason. IE = 

ionization energy. 

(a) The 1st IE of Al or the 1st IE of Mg 
Mg  electron is removed from lower energy orbital 
The 1st I.E. of Al involves the following change. 
     Al (g)              Al+(g) 
1s2 2s2 2p6 3s2 3p1     1s2 2s2 2p6 3s2  

The 1st I.E. of Mg involves the following change. 
    Mg (g)              Mg+ (g) 
  1s2 2s2 2p6 3s2     1s2 2s2 2p6 3s1 

  
 (b) The 2nd IE of Al or the 2nd IE of Mg 

Al  larger effective nuclear charge 
The 2nd I.E. of Al involves the following change. 
     Al+(g)       Al2+(g) 
1s2 2s2 2p6 3s2     1s2 2s2 2p6 3s1  

The 2nd I.E. of Mg involves the following change. 
    Mg+ (g)       Mg2+ (g) 
  1s2 2s2 2p6 3s1     1s2 2s2 2p6 

  
(c) The 3rd IE of Al or the 3rd IE of Mg 

Mg  electron is removed from lower energy orbital 
 The 3rd I.E. of Al involves the following change. 
     Al2+ (g)       Al3+(g) 
1s2 2s2 2p6 3s1     1s2 2s2 2p6 

The 3rd I.E. of Mg involves the following change. 
    Mg2+ (g)       Mg3+ (g) 
  1s2 2s2 2p6     1s2 2s2 2p5 

6. (total 12 pts) One electronic wavefunction of a hydrogen atom is 
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/2 cosr areψ θ−=  

(a) Show that this satisfies the Schrödinger equation, 
2 2 2

2
2 2 2 2 2

0

1 1 1 1sin
2 sin sin 4e

er E
m r r r r r r

θ ψ ψ ψ
θ θ θ θ φ πε

 ∂ ∂ ∂ ∂ ∂   − + + − =    ∂ ∂ ∂ ∂ ∂    

  

and obtain the corresponding energy eigenvalue E in the unit of eV. To solve this problem, you will 
need 2 2

04 / ( )ea e mπε=  , or equivalently 2 2
0/ (4 ) / ( )ee m aπε =  . Also, h = 2πħ. 

(7 pts) We can show that it is the solution by directly putting ψ back into the Schrödinger equation: 
2 2

2 2 / 2

2 2

2 3
2 / 2

2

2 2 3
2 / 2

2

2 2
/ 2

2

1 1
1 cos

2 2 2

1
cos

2 2

1 3 1
2 cos

2 2 2 2

1 2
2 cos

2 4

r a

e e

r a

e

r a

e

r a

e

r
r r e

m r r r m r r a

r
r e

m r r a

r r
r r e

m r a a a

r r
e

m r a a

ψ θ

θ

θ

θ

−

−

−

−

∂ ∂ ∂
− = − −

∂ ∂ ∂

∂
= − −

∂

= − − − −

= − − +

   
   
   

 
 
 

   
       

 
 
 

 







 

( )

( )

2 2
/ 2

2 2

2 2
/ 2 / 2

1 1
sin sin sin

2 sin 2 sin

1 2
2 sin cos cos

2 sin 2

r a

e e

r a r a

e e

re
m r m r

e e
m r m r

θ ψ θ θ
θ θ θ θ θ

θ θ θ
θ

−

− −

∂ ∂ ∂
− = − −

∂ ∂ ∂

= =

 
 
 

 

 
 

2 2

2 2 2

1
0

2 sinem r
ψ

θ φ

∂
− =

∂


 

By combining the above three, the term in the large bracket in the Schrödinger equation is: 
2 2 2

/ 2 / 2

2 2

1 2 2 2
2 cos cos cos

2 4 2 4
r a r a

e e

r r r
e e

m r a a r m a a
θ θ θ− −− − + − = − − +

     
        

 
 

Also, by using 2 2

0/ ( ) / (4 )em a e πε= , the last term of the left hand side of the SE becomes: 
2 2

/ 2 / 21 2
cos cos

2
r a r a

e e

re e
m a r m a

θ θ− −− = −
 

 

Therefore, the whole left term becomes: 
2 2 2 2

/ 2 / 2 / 2

2 2 2

2 2
cos cos cos

2 4 2 8 8
r a r a r a

e e e e

r
e e re

m a a m a m a m a
θ θ θ ψ− − −− − + − = − = − 

 
 

   
 

Thus, 
4 2 42 2

19

2 2 2 4 2 2

0 0

5.45 10 J = 3.40 eV
8 8 16 32

e e

e e

e m e m
E

m a m hπ ε ε
−= − = − = − = − × −

 
 
 

 


 

(b) Sketch the 3-dimensional shape of this orbital, and designate its three quantum numbers (n, l, m). 

The wavefunction is 1 with θ = 0, 0 with θ = π/2, and -1 with θ = π.  p function, No radial node 

 2p, aligned along z-axis  2pz. Thus, (n, l, m) = (2, 1, 0).  (1 pt for the sketch, 1 pt for the quantum #’s) 
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(c) If the electron in this hydrogen atom radiates a photon to de-excite into a state described by the 
1s orbital, what is the wavelength of this photon? Recall that En ∝ 1/n2. 
 
E2 = -3.40 eV. Thus, E1 = -3.40 eV x 4 = 13.60 eV. Thus the transition energy is 10.20 eV. (2 pt) 
λ = hc / E = 121 nm. (1 pt) 
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7. (total 10 pts) The electronic wavefunction of a hydrogen atom can be written as 

, , , , , )( ) ( ) (n l m n l l mR r Yψ θ φ=r . 

(a) Give all possible values of quantum numbers (l, m) with n = 3. 
 

n 3 
𝓵𝓵 0 1 2 
𝐦𝐦𝓵𝓵 0 -1, 0, +1 -2, -1, 0, +1, +2 

2pt total; If any one missing, -1 pt. 2 or more wrong answers will get no points. 
(b) Using the table below, write down the normalized form of the wavefunction with the lowest l value 
in (a). 

 
 

3/2
2 /3

3
0

1 2 1 (27 18 2 )
4 81 3s sR Y e

a
σψ σ σ

π
− 

= = − + 
 

 

2pt. No partial credit. 
(c) By integrating over the angular part, derive the radial distribution function ( )P r   for the 

wavefunction in (b). Namely, use 22

0

2

0
( ) | s( , , ) | inP r dr dr dr r d

π π

φ θ
ψ θ φ θ θ φ

= =
= ∫ ∫  and obtain ( )P r . 

[ ]

2 22 2 2 2
3 30 0 0 0

2 2
3

1 1( ) | ( ) | sin | ( ) | sin
4 4

( )

s s

s

P r dr R r r dr d d R r r dr d d

R r r dr

π π π π

φ θ
θ θ φ θ θ φ

π π= =
= =

=

∫ ∫ ∫ ∫  (3pt) 

(d) Sketch both the wavefunction in (b) and the radial distribution function in (c) as functions of σ. 
Quantitatively specify the locations of radial nodes. 

The wavefunction is zero when 
9 27

2
σ ±
= = 7.09 or 1.90. 



8 

 

3pts in total. Deductions: If ψ goes to infinity at the origin, -2 
pt; Wrong nodal points, -2 pt; non-zero P(r) at the origin -2. (maximum deduction: -3 pts) 
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8. (total 6 pts) Noting 
h
p

λ =  and p mv= , calculate the de Broglie wavelength for the following: 

(a) an electron moving at a speed of 1.0 km s–1 
 
 
 

34
7 3

31 3 1
6.626 10  J s 7.3 10  m 7.3 10  

(9.11 10  kg)(1.0 10  m s )
λ

−
−

− −

×
= = × = ×

× ×
Å 

 
 
(b) a baseball with a mass of 145 g, moving at a speed of 75 km hr–1 
 

34
34 24

3 1
6.626 10  J s 2.2 10  m 2.2 10  

(0.145 kg)(75 10 /3600 m s )
λ

−
− −

−

×
= = × = ×

×
Å 

 

 

 

 

 
9. (total 8 pts) Consider an acetamide (CH3CONH2) molecule. 

(a) Draw the Lewis diagram of this molecule with all possible resonance structures. 

 
(2pts; 1pt for each structure) 

 

(b) What is the proper hybridization of each carbon atom? 

 
sp3 for –CH3 carbon; sp2 for the other carbon 
2pts; 1 pt for each correct hybridization 
 

(c) Based on the information that the three bonds around the N atom form a nearly planar triangle, 

state the most appropriate hybridization scheme for the N atom, and sketch the shape of the 

energetically most stable π bonding molecular orbital. 
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From the geometrical consideration, it should be sp2. (2 pts) Because C=O also has a double bond 

character, pz orbital should also participate the π bond. Thus, the MO will appear as 

 (2 pts) 
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10. (total 15 pts) The following diagram shows the molecular orbital energy levels for the 

homonuclear diatomics, N2 and O2.  

(a) Fill in the boxes with appropriate molecular orbital notations as in the case of *
2u sσ , based on the 

linear combination of atomic orbital (LCAO) scheme. 

(5pts, 1pt for each) 

(b) In the two circles in the above diagram, designate which are N2 and O2, respectively. Fill the MO 

levels with arrows to represent the electronic structures of both molecules. 

(4pts, 1pt for each right answer) 

(c) The following data show that removing an electron from N2 forms an ion with a weaker / longer 

bond than in the parent molecule, whereas the ion formed from O2 has a stronger / shorter bond: 

 N2 N2
+ O2 O2

+ 
Bond energy (kJ/mol) 945 841 498 623 
Bond length (pm) 110 112 121 112 

Explain these facts with the above completed diagram together with the bonder concept. 

N
2
 has 10 valence electrons, so N

2

+
 has 9. 

O
2
 has 12 valence electrons, so O

2

+
 has 11. 

N2: bonding e- removed, and bond order changes from 3 to 2.5 

O2: antibonding e- removed, and bond order increased from 2 to 2.5. 

(4pts total; 0pt when there is no explanation, 2pts only when )   
 
(d) For liquefied nitrogen and oxygen, which will be attracted to the space between the poles of a 

magnet as in the following picture? Explain your reasoning with less than 30 words. 

Because of the unpaired electrons in O2, it is paramagnetic. Thus it is attracted to the magnetic field. 

(2pts, no partial credit) 
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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 

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 
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 = 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 10 pts) 

Suppose that there are N molecules in a cubic box of a side length . Assume that each molecule 

with mass of m constantly collides elastically with the wall of the box with a speed of u. By using the 

ideal gas law, show that the average kinetic energy per molecule (𝜀𝜀) depends on the temperature. 

You should write down all the procedures to get the full points. 

(Answer) 

   
 

(1) Force acted on the original wall by a molecule (+ 3 pts) 
∆𝐩𝐩𝐱𝐱,𝐦𝐦𝐦𝐦𝐦𝐦 = 𝐦𝐦(−𝐯𝐯𝐱𝐱) −𝐦𝐦𝐯𝐯𝐱𝐱 = −𝟐𝟐𝟐𝟐𝐯𝐯𝐱𝐱 

∆𝐩𝐩𝐱𝐱,𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰 = 𝟐𝟐𝟐𝟐𝐯𝐯𝐱𝐱 
∆𝐭𝐭 = 𝟐𝟐𝟐𝟐/𝐯𝐯𝐱𝐱 

𝐟𝐟 = 𝐦𝐦𝐦𝐦 = 𝐦𝐦
∆𝐯𝐯
∆𝐭𝐭

=
∆𝐩𝐩𝐱𝐱,𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰

∆𝐭𝐭
=
𝐦𝐦𝐯𝐯𝐱𝐱𝟐𝟐

𝓵𝓵
  

 
(2) Force acted on the original wall by N molecules  (+ 1 pt) 

𝐅𝐅 =
𝐦𝐦𝐯𝐯𝐱𝐱𝐱𝐱𝟐𝟐

𝓵𝓵
+
𝐦𝐦𝐯𝐯𝐱𝐱𝐱𝐱𝟐𝟐

𝓵𝓵
+
𝐦𝐦𝐯𝐯𝐱𝐱𝐱𝐱𝟐𝟐

𝓵𝓵
+ ⋯+

𝐦𝐦𝐯𝐯𝐱𝐱𝐱𝐱𝟐𝟐

𝓵𝓵
= 𝑵𝑵

𝐦𝐦𝒗𝒗𝒙𝒙𝟐𝟐���

𝓵𝓵
, 𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰 𝒗𝒗𝒙𝒙𝟐𝟐��� =

𝟏𝟏
𝑵𝑵
�𝒗𝒗𝒙𝒙𝒙𝒙𝟐𝟐 + 𝒗𝒗𝒙𝒙𝒙𝒙𝟐𝟐 + 𝒗𝒗𝒙𝒙𝒙𝒙𝟐𝟐 + ⋯+ 𝒗𝒗𝒙𝒙𝒙𝒙𝟐𝟐 � 

 
(3) Pressure on the original wall of area A (+ 1 pt) 

𝐏𝐏 =
𝐅𝐅
𝐀𝐀

=
𝑵𝑵𝑵𝑵
𝑨𝑨𝑨𝑨

𝒗𝒗𝒙𝒙𝟐𝟐 =
𝑵𝑵𝑵𝑵
𝑽𝑽

𝒗𝒗𝒙𝒙𝟐𝟐 
 
(4) The mean-square speed of a molecule with no preferred direction (+ 1 pt) 

𝒖𝒖𝟐𝟐���� = 𝒗𝒗𝒙𝒙𝟐𝟐��� + 𝒗𝒗𝒚𝒚𝟐𝟐��� + 𝒗𝒗𝒛𝒛𝟐𝟐��� = 𝟑𝟑𝒗𝒗𝒙𝒙𝟐𝟐���  

𝐏𝐏𝐏𝐏 = 𝐍𝐍𝐍𝐍𝒗𝒗𝒙𝒙𝟐𝟐 =
𝟏𝟏
𝟑𝟑
𝑵𝑵𝑵𝑵𝒖𝒖𝟐𝟐���� 

 
(5) Ideal gas law (+ 3 pts) 

𝐧𝐧𝐧𝐧𝐧𝐧 =
𝟏𝟏
𝟑𝟑
𝑵𝑵𝑵𝑵𝒖𝒖𝟐𝟐����  → 𝑹𝑹𝑹𝑹 =

𝟏𝟏
𝟑𝟑
𝑵𝑵𝑨𝑨𝒎𝒎𝒖𝒖𝟐𝟐����    (𝒇𝒇𝐫𝐫𝐫𝐫𝐫𝐫 𝐭𝐭𝐭𝐭𝐭𝐭 𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 𝐠𝐠𝐠𝐠𝐠𝐠 𝐥𝐥𝐥𝐥𝐥𝐥) 

 
(6) Average kinetic energy per molecule (+ 1 pt) 

𝑬𝑬� =
𝟏𝟏
𝟐𝟐
𝑵𝑵𝑨𝑨𝒎𝒎𝒖𝒖𝟐𝟐����  →  𝜺𝜺� =

𝟏𝟏
𝟐𝟐
𝐦𝐦𝒖𝒖𝟐𝟐���� =

𝟏𝟏
𝟐𝟐
�
𝟑𝟑𝟑𝟑𝟑𝟑
𝑵𝑵𝑨𝑨

� =
𝟑𝟑
𝟐𝟐
𝒌𝒌𝑩𝑩𝑻𝑻 
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2. (Total 4 pts) The van der Waals equation is given as 
2

2 ( )n V n n
V

a RP b T 
− = 

 
+ . 

(a) List CH4, H2, N2, and NH3 in the increasing order in a  with an explanation on your logic. 

“a” constant depends on the strength of attractions between its component molecules  

H2 < N2 < CH4 < NH3 

(b) List CH4, H2, N2, and NH3 in the increasing order in b  with an explanation on your logic. 

 “b” constant reflects merely the actual volume of a mole of the molecules  

H2 < N2 < NH3 < CH4 

 

3. (Total 3 pts) 
The following five curves are sketches of the compressibility factors (Z = PV / nRT) for CH4, CO2, H2, 

He, and NH3 at varying pressures but at a constant temperature. The curve for He is explicitly 

designated for your information. For each of the remaining four curves marked with a – d, designate 

the gas by choosing from the remaining list (CH4, CO2, H2, and NH3). 

 
 
 
 
 
 
 
 
 
 
 
 
a = NH3 (hydrogen bonding and most deviating from ideality); b = CO2 (larger dispersion than 
CH4), c = CH4; d = H2 (closest to ideal) 
 1pt for H2, 1pt for NH3, 1pt for getting CO2 and CH4 right. 
 
4. (Total 6 pts) 
State which attractive intermolecular force plays most dominantly in the following molecular pairs.  

(a) Sodium ion – water  : Ion – dipole force 

(b) Hydroxide ion – water : Ion – dipole force 

(c) Carbon dioxide gas – water : Induced dipole force (Dipole – induced dipole force) 

(d) Methanol – ethanol   : Hydrogen bonding 

(e) Chloride ion – hexane (C6H14) : Ion – induced dipole / Charge – induced dipole force 

(f) Octane (C8H18) – hexane (C6H14) : Induced dipole – induced dipole force (London dispersion 

force / Van der Waals force) 

 
 
 
Z 

a b 

c 

He
 d 



4 

 

5. (Total 10 pts) Liquid A and B mix together as a non-ideal solution. Using the following phase 

diagram of boiling temperature at 1 atm as a function of the mole fraction of A (xA), answer the following 

questions. (2pts each) 

 

(a) Which of the two (namely, A or B) is more volatile at 1 atm? 

Pure B boiling point: 100 deg; pure A boiling point: 91 deg  A is more volatile 

(b) Estimate the boiling point of a solution with xA = 0.27. 

Just read it: 75 °C 

(c) When an infinitesimally small amount of vapor is collected by boiling the solution in (b), what is the 

mole fraction of A in that vapor? 

Follow the horizontal line, meet the vapor line, and then project to the xA value: ~0.52 

(d) If the vapor collected in (c) is condensed as liquid, what is its boiling point? 

Do the same thing as in (b) with xA ~ 0.52 to find 65 °C. 

(e) Continuing the process of collecting vapor and then boiling again generates azeotrope. What is 

the mole fraction of A in this azeotrope? 

0.68 (slight reading error is ok.) 

 

6. (Total 4 pts: 1 pt for each right answer, −1 pt for each wrong one, and zero pt for not answering)  

Answer whether the following statements are true or false. Just give the answer: no explanation is 

needed. 

(a) When a system that is in thermal contact with a bath undergoes a spontaneous change, the 

entropy of the system always increases. False, the entropy of the universe increases 

(b) The enthalpy of one mole of a monotomic ideal gas can be exactly known when its temperature 

but not its pressure is known. True, 5/2 RT 

(c) When a thermally isolated monotomic ideal gas expands freely against zero external pressure, its 

temperature always stays constant. True, no work and no heat and its energy stays the same. 

(d) There is no inter-molecular interaction in an ideal solution in liquid phase. Namely, the molecules 

in an ideal solution do not attract or repel each other. False, interactions are the same for each pair. 
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7. (Total 8 pts) At 90°C, the vapor pressure of toluene (C6H5CH3) is 0.534 atm and the vapor pressure 

of benzene (C6H6) is 1.34 atm. Now suppose that 0.400 mol of benzene is mixed with 0.900 mol of 

toluene to form an ideal solution at 90°C. 

(a) Compute the mole fraction of benzene in the vapor that is in equilibrium with this solution. 

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

atmospheric pressure. 

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 

tolune tolune(0.533 atm) (1 )(0.533 atm) 1 atmx x+ − =  

Solving for toluenex   gives 0.42 as the answer. 
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8. (Total 11 pts) Four moles of a monatomic ideal gas goes through the cycle represented in the 

following figure. Process A → B is an isothermal expansion at a temperature TA = 300K.  

 

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

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

5A
A 3

A

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

nRTP
V

− −× ×
= = = ×

1 1
5B

B 3
B

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

nRTP
V

− −× ×
= = = × , 

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

Process ∆U q w 

A → B 0 J 6915 J -6915 J 

B → C -7483 J -12471 J 4988 J 

C → A 7483 J 7483 J 0 J 

(1) A  B  

∆UAB = 𝑞𝑞 + 𝑤𝑤 = 0 (isothermal), and 
nRTdq dw PdV dV
V

 = − = =  
 

   

B B B B 1 1

A A A A

0.044 mol 8.314 J K  mol 300 K  ln  J 6915 J
0.02

nRTq dq dw PdV dV
V

− − = = − = = = × × × = 
 ∫ ∫ ∫ ∫

and w is equal to –q = –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 = ∆ = − = − 
 

 

∆UBC = 𝑞𝑞 + 𝑤𝑤 = –7483 J 

(3) C A: Because U is a state function, ∆UCA = -∆UAB -∆UBC = 7483 J = qCA. Or equivalently, 

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

q nc T R = ∆ = − = 
 

= ∆UCA 
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9. (Total 13 pts) The equipartition theorem allows you to estimate the molar heat capacity values for 

various species. 

(a) (4 pts) Give the equipartition values of cv in J/mol∙K for the following species. 

Ar, N2, CO2, CH4 
 
Ar has only 3 translational degrees of freedom, so its equipartition value is 3R/2. 
N2 has 3 translational degrees of freedom, 2 rotational degrees of freedom (linear), and 1 vibrational 
degree of freedom (3x2-5=1). Its equipartition value is 7R/2. 
CO2 has 3 translational degrees of freedom, 2 rotational degrees of freedom (linear), and 4 vibrational 
degrees of freedom (3x3-5=4). Its equipartition value is 13R/2. 
CH4 has 3 translational degrees of freedom, 3 rotational degrees of freedom (nonlinear), and 9 
vibrational degrees of freedom (3x5-6=9). Its equipartition value is 24R/2. 
Therefore, for each atom or molecule, 

𝐜𝐜𝐯𝐯(𝑨𝑨𝑨𝑨) =
𝟑𝟑
𝟐𝟐

× 𝟖𝟖.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 = 𝟏𝟏𝟏𝟏.𝟒𝟒𝟒𝟒𝟒𝟒/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 

𝐜𝐜𝐯𝐯(𝑵𝑵𝟐𝟐) =
𝟕𝟕
𝟐𝟐

× 𝟖𝟖.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 = 𝟐𝟐𝟐𝟐.𝟏𝟏𝟏𝟏𝟏𝟏/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 

𝐜𝐜𝐯𝐯(𝑪𝑪𝑶𝑶𝟐𝟐) =
𝟏𝟏𝟏𝟏
𝟐𝟐

× 𝟖𝟖.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 = 𝟓𝟓𝟓𝟓.𝟎𝟎𝟎𝟎𝟎𝟎/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 

𝐜𝐜𝐯𝐯(𝑪𝑪𝑯𝑯𝟒𝟒) =
𝟐𝟐𝟐𝟐
𝟐𝟐

× 𝟖𝟖.𝟑𝟑𝟑𝟑𝟑𝟑𝑱𝑱/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 = 𝟗𝟗𝟗𝟗.𝟕𝟕𝟕𝟕𝟕𝟕/𝑲𝑲 ∙ 𝒎𝒎𝒎𝒎𝒎𝒎 
+1 pt for each correct cv value 
If the values were not converted to J/K mol units, -1 pt maximum (NOT deducting -1 pt for each!) 
 
(b) (3 pts) The equipartition theorem predicts cp of methane (CH4) at 298K to be 108.08 J/mol∙K, but 

the experimental value of cp is only 35.31J/mol∙K. Based on the assumption that translational and 

rotational motions of methane are fully activated, calculate the percent of the measured cp value at 

298K that arises from vibrational motion.  
 
From (a), CH4 has 9 vibrational degrees of freedom. Suppose these vibrational degrees of freedom have 
no contribution to cp value. That gives  

𝐜𝐜𝐯𝐯 = 𝟑𝟑𝟑𝟑, 𝐜𝐜𝐩𝐩 = 𝐜𝐜𝐯𝐯 + 𝐑𝐑 = 𝟒𝟒𝟒𝟒 = 𝟑𝟑𝟑𝟑.𝟐𝟐𝟐𝟐𝟐𝟐/𝐊𝐊 ∙ 𝐦𝐦𝐦𝐦𝐦𝐦 
∴ 𝐓𝐓𝐓𝐓𝐓𝐓 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 = (𝟑𝟑𝟑𝟑.𝟑𝟑𝟑𝟑 − 𝟑𝟑𝟑𝟑.𝟐𝟐𝟐𝟐)𝐉𝐉 𝐊𝐊−𝟏𝟏𝐦𝐦𝐦𝐦𝐥𝐥−𝟏𝟏 = 𝟐𝟐.𝟎𝟎𝟎𝟎𝟎𝟎 𝐊𝐊−𝟏𝟏𝐦𝐦𝐦𝐦𝐥𝐥−𝟏𝟏 

𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 𝐨𝐨𝐨𝐨 𝐜𝐜𝐩𝐩 𝐝𝐝𝐝𝐝𝐝𝐝 𝐭𝐭𝐭𝐭 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯 = �
𝟐𝟐.𝟎𝟎𝟎𝟎
𝟑𝟑𝟑𝟑.𝟑𝟑𝟑𝟑

� × 𝟏𝟏𝟏𝟏𝟏𝟏% = 𝟓𝟓.𝟖𝟖𝟖𝟖% 
 
+1 pt for the correct value of cp value without vibrational contribution 
+1 pt for the correct value of vibrational contribution 
+1 pt for the correct answer 
 
(c) (6 pts) Suppose 1.00kJ of heat is transferred to 2.00 mol CH4 at 298.0 K. During the heating 

process, the pressure is maintained constant at 1 atm. Calculate ∆U, q, w, ∆H, and the final 

temperature for this process. Use the measured value of cp in (b). Toward calculating ∆U, assume 

that methane behaves with PV = nRT.  
At constant pressure, 

𝐪𝐪𝐩𝐩 = ∆𝑯𝑯 = 𝒏𝒏𝒄𝒄𝒑𝒑∆𝑻𝑻 = 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 = (𝟐𝟐.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎)(𝟑𝟑𝟑𝟑.𝟑𝟑𝟑𝟑𝟑𝟑 𝐊𝐊−𝟏𝟏𝒎𝒎𝒎𝒎𝒍𝒍−𝟏𝟏)∆𝑻𝑻 

∆𝐓𝐓 = 𝟏𝟏𝟏𝟏.𝟐𝟐𝟐𝟐;    ∴ 𝐓𝐓𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟 = 𝟐𝟐𝟐𝟐𝟐𝟐 + 𝟏𝟏𝟏𝟏.𝟐𝟐 = 𝟑𝟑𝟑𝟑𝟑𝟑.𝟐𝟐𝟐𝟐 
∆𝐔𝐔 = ∆𝐇𝐇 − 𝐏𝐏∆𝐕𝐕 = ∆𝐇𝐇 − 𝐧𝐧𝐧𝐧∆𝐓𝐓 = 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 − 𝟐𝟐.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 × 𝟖𝟖.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 𝐊𝐊−𝟏𝟏𝒎𝒎𝒎𝒎𝒍𝒍−𝟏𝟏 × 𝟏𝟏𝟏𝟏.𝟐𝟐𝟐𝟐 = 𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕 

𝐰𝐰 = ∆𝐔𝐔 − 𝐪𝐪 = 𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕 − 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 = −𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 
+1 pt for each correct answers for qp , ∆𝑯𝑯, T, and w 
+2 pt for ∆𝑼𝑼  
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10. (Total 13 pts)  

(a) Starting from the definition of the entropy change, rev
f

i

dqS
T

=∆ ∫ , derive S∆  associated with the 

reversible expansion of n mol of an ideal monotomic gas, from volume V1 to volume V2. Express your 

answer with the gas constant R together with n, V1, and V2. 

 

2 2

1 1

2

1

ln
V V

V V

PdV nRdV VS nR
T V V

∆ = = =∫ ∫  (3pts) 

 

(b) Calculate the entropy change associated with the reversible expansion of 5.00 mol of an ideal 

monatomic gas at a constant temperature of 298.0 K from a pressure of 10.0 atm to 1.00 atm. 

1 1 12 1

1 2

ln ln (5.00 mol)(8.314 J K  mol ) ln10 95.7 J KV PS nR nR
V P

− − −∆ = = = =   (2pts) 

  

(c) Calculate the entropy change associated with the reversible adiabatic expansion of 5.00 mol of an 

ideal monatomic gas from a pressure of 10.0 atm to 1.00 atm. 

For the adiabatic part of this path, dqrev = 0 and entropy change is 0.  (3pts) 
 

(d) Based on the fact that the entropy is a state function, find the temperature of the expanded gas in 

(c). [Hint: You should use the fact that reversible heating of the gas at constant pressure back to 298.0 

K will lead to the same state with the same entropy.] 

 
Let us suppose that the temperature of the gas is T2, with T1 = 298.0 K. For the reversible heating or 
cooling at constant pressure from T2 to T1 = 298.0 K, the entropy change is 

1

2

1

2

ln
T p

pT

nc dT TS nc
T T

∆ = =∫  (2pts) 

Because the entropy is a state function, this S∆  is the same as the entropy change in (b). Thus, 
1 1 11 1

2 2

5ln (5.00 mol)( 8.314 J K  mol ) ln 95.7 J K
2P

T TS nc
T T

− − −∆ = = × =  

1

2

ln 0.921T
T

=  

Thus, 0.921
2 1 118.6 KT T e−= = . (3pts) 

[Note] ------------- 

If 1 1 2 2PV PVγ γ=   and 1 1
1 1 2 2TV T Vγ γ− −=   are used to get 

1 1

1 2 1

2 1 2

P V T
P V T

γ γ
γ
−

−
   

= =   
   

  and then to get 

5/3 1
5/3

0.42
2 1

1

0.1 298.0 K 118.6 KPT T
P

−

 
= = × = 

 
, give only 3 pts. 

--------------------- 
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11. (Total 13 pts) For reaction PCl5 (g) ⇄ PCl3 (g) + Cl2 (g), the Gibbs energy change can be 

expressed with the reaction quotient Q as 

lnRG QG T+∆ = ∆   

(a) By assuming that the reaction enthalpy H∆   and the reaction entropy S∆   does not depend on 

temperature, derive the van’t Hoff equation that relates two equilibrium constants K1 and K2 at two 

different corresponding temperatures T1 and T2. 

Because the reaction free energy is zero when Q = K, lnG H T S RT K∆ = ∆ − ∆ = −   . Thus, 

lnH S R K
T
∆

− ∆ = −


  and 2

2 1 1

1 1 ln KH R
T T K

 
∆ − = − 

 
 . Or equivalently, 

2

1 2 1

1 1ln K H
K R T T

 ∆
= − − 

 



 (3pts for correct derivation, 1pt for just writing down the equation) 

(b) The equilibrium constant of the above reaction at 300oC is K1 = 11.5. Calculate the equilibrium 

constant K2 at 400oC. The standard enthalpies of formation ( fH∆  ) are –287.0 kJ/mol for PCl3 (g) and 

–374.9 kJ/mol for PCl5 (g) at 25oC.  

Because the formation enthalpy of Cl2 is zero, 87.9 kJ/molH∆ = . 

2

1 2 1

1 1ln 2.74K H
K R T T

 ∆
= − − = 

 



, and K2 = 178. (2 pts) 

 

(c) Using the standard enthalpy of formation of Cl (g) given as fH∆  [Cl(g)] = 122 kJ/mol, estimate the 

Cl-Cl bond enthalpy. 

The bond enthalpy corresponds to the enthalpy change for one mole of bonds broken: Cl2 (g) →  2Cl 

(g). Thus, 244 kJ/molH∆ = . (2pts; 0 pt for 122 kJ/mol or -244 kJ/mol) 

 

(d) Estimate the average P-Cl bond enthalpy. 

(d) ~ 5 (P-Cl) 3 (P-Cl) (Cl-Cl) 2 244 kJ/mol = 87.9 kJ/molH H H H x∆ ∆ − ∆ − ∆ = −     

 166 kJ/mol (1pt) 

 

(e) A weighed quantity of solid PCl5 is sealed in a 100.0 cm3 glass bulb to which a pressure gauge is 

attached. The bulb is heated to 300°C, and the gauge shows that the pressure in the bulb rises to 

0.895 atm. Assuming that the contents of the bulb are at equilibrium with only the three gaseous 

compounds (PCl5, PCl3, and Cl2), calculate the partial pressures of the three chemical species in the 

vessel. Also calculate the number of moles of the initially weighed solid PCl5. 

Let us assume that the initial pressure with only PCl5 is P0. The reaction can be considered as the 
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following: 

  PCl5 (g) ⇄ PCl3 (g) + Cl2 (g) 

initial  P0 

change  -x            +x       +x 

final  P0-x          x         x 

Thus, K1 = x2 / (P0 – x). Also, the final pressure is PT = 0.895 atm = P0 + x. Therefore, 

K1 = x2 / (PT – 2x) = 11.2. Solving this quadratic equation yields x = 0.439 as the only meaningful 

solution. Thus, P(PCl5) = PT – 2x = 0.017 atm, P(PCl3) = P(Cl2) = 0.439 atm. (3 pts) 

Initially, there was 0.456 atm of PCl5. Thus, its number of moles is: 

n = P0V/RT = 0.456atm x 0.100 L / (0.0820574 L atm mol-1 K-1 x 573.15 K) = 0.970 mmol. (2pts) 

 

 

12. (Total 5 pts) There are two isomeric hydrocarbons with the formula C4H10, butane and 

isobutane, which we denote here as B and I. The standard enthalpies of formation for the gaseous 

species are: –124.7kJ/mol for B, –131.3kJ/mol for I. In addition, the standard Gibbs free energies of 

formation are –15.9kJ/mol for B, –18.0kJ/mol for I. 

(a) Which isomer is more dominantly existing under the standard condition? Explain why. 

Let us suppose a reaction: B → I. ∆Go = -18.0 kJ/mol + 15.9 kJ/mol = -2.1 kJ/mol.  

Thus, I is more preferred. 

(2 pts for correct answer and correct reasoning. 1pt for giving the answer without mentioning the 

reason) 

(b) The following reaction can occur in the presence of a catalyst: 

B ⇋ I 

Calculate the equilibrium constant at 298 K for this conversion. 

 
(1 pt) 

 

(c) Calculate the mole fraction of B in the equilibrium mixture. 

 
(2 pts) 
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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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