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Chemistry 346 
Spring, 2005 
Final Exam 

 
1 (20 points). A cell contains 1 Torr of argon atoms at room temperature.   
 

A. Provide an order of magnitude estimate of how many collisions each atom 
undergoes in one second.  Explain any assumptions that you made to arrive at 
your answer.   
 
B. Use the previous result to estimate the average distance an atom travels 
between collisions. 

 
2 (15 points).  Consider a sample of NO molecules adsorbed onto a graphite surface at 
temperature T.  The atoms are confined to a plane but are free to move around on that 
plane. 

A.  Write down the speed distribution function for these molecules.  It is not 
necessary to normalize this function. 
B.  Determine the most probable value of the speed.  You may express your 
answer as a multiple of the quantity ( ) 2/1/2 mkT=α . 

 
3 (20 points).  A sample of molecules is excited with a laser to an electronically excited 
state.  The molecules are observed to spontaneously emit photons, so that after 1.0 sec 
half of the molecules have returned to the ground state.  How long after the laser is fired 
will it take until 90% of the molecules have returned to the ground state?  Give a 
numerical value. 
 
4 (20 points).  In this problem we will compare the properties of some elementary systems 
in quantum mechanics.  Copy this page into your exam book, and fill in the boxes for 
each system: 
 

System Spacing between energy 
levels increases, remains the 
same, or decreases with 
increasing energy.  (Select 
one.) 

Value of the zero-point 
energy.  If it is zero, write 
“0”. 

Particle in  a box   

Rigid Rotor   

Harmonic oscillator   

Anharmonic oscillator   

Hydrogen Atom   
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5 (30 points).  In this problem we explore different ways in which probability is used in 
quantum mechanics.  We will use a harmonic oscillator as a case study. 
 

A. Suppose you have a mixture of oxygen molecules in thermal equilibrium at a 
temperature of 1,000 K.  The vibrational frequency of oxygen is 1,580 cm-1.  
What is the ratio of the number of molecules in the 1=v  state vs. the number in 
the 0=v state? 

 
B. Suppose instead that the molecules are in a superposition state with the following 

wave function: 
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where )(yvψ is the vth eigenfunction of the Hamiltonian, and y is a reduced 
distance.  Suppose further that a measurement is made of the energy of the 
molecules.  What are the possible outcomes of such a measurement, and what is 
the probability of obtaining each outcome? 
 

C. Continuing with the superposition state in part B, suppose a measurement is made 
of the oscillator stretch, y.  What is the relative probability of obtaining a value 

1−=y  compared with 1=y ?  (A table of harmonic oscillator eigenfunctions is 
provided.) 
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6 (20 points).  In this problem we explore some of the spatial properties of the hydrogen 
atom.  The radial wave function for the ground state atom is given by 
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where a0 is the Bohr radius.   
 

A.  At what point in space is the electron most likely to be found?  Give the 
Cartesian coordinates of that point. 

 
B.  Write down the probability distribution function for finding the electron at a 
radial distance between r and r + dr. 

 
C.  At what radial distance r is the electron most likely to be found?  Express your 
answer as a multiple of a0. 

 
7 (20 points).  The spin-orbit operator is given by 
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where L̂  and Ŝ  are the vector operators for orbital and spin angular momentum. Use 
perturbation theory to calculate the energy difference between the 2/1

2P  and the 2/3
2P  

states of the hydrogen atom.  The 2p radial wave function is  
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Hint :  Your answer should contain two factors, one for the radial part of the operator, and 
the other for the angular momentum part.  You will be given equal credit for each factor. 
 
8 (15 points).  Consider the spin of an electron.   

A. What is the length of the spin angular momentum vector? 
B. What angle does the angular momentum vector make with the z-axis? 
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9 (20 points). Use the following table from Herzberg to calculate the wavelength for the 
transition from )10,0(3 =′′=′′Σ− JvX g to )9,3(1 =′=′Σ+ Jvb g  for the oxygen molecule. 
Find first the transition energy in cm-1 and then find the wavelength in nm.  Include in 
your calculation the effects of anharmonicity, centrifugal distortion, and vibration 
-rotation interaction.  (Note: Te refers to the energy at the minimum of the associated 
potent ial energy curve.  All quantities are in cm-1, unless indicated otherwise. Use Be = 
1.44563 for the X state.) 

 
 
 
 
10 (20 points).  In class we worked out the possible term symbols for two equivalent p 
electrons.  Now do the same thing for three equivalent p electrons.  Use the attached 
work sheet to guide you, and hand it in with your exam book. Your entire answer should 
be on that sheet.  A spare work sheet is provided in case you need it.   
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1 cm-1 = 1.4388 K 
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