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   Molecular Modeling Problems  

Chapter 6 

 

1. Infrared Spectrum of Methanol. The frequency of an infrared absorption depends 

both on the curvature of the potential energy surface in the direction of the vibration (the 

so-called force constant) and (inversely) on the masses of the atoms involved in the 

motion. This suggests that low frequency absorptions will result from motions away from 

shallow energy minima and higher frequency absorptions from motions away from steep 

energy minima. It also suggests that change from a lighter to a heavier isotope of an ato 

involved in the vibrational motion, for example, change from hydrogen to deuterium, will 

lead to a decrease in frequency.  

 

Use the B3LYP/6-31G* model to obtain the equilibrium geometry and infrared spectrum 

of methanol. For each line in the infrared spectrum, characterize the associated vibration 

as primarily a stretching, bending or torsional motion. Is there an apparent trend in the 

type of motion with progression from low to high frequency? Elaborate.  

 

Change the three hydrogen atoms on carbon to three deuterium atoms, and repeat the 

calculation. Describe what happens to the frequency of each of the infrared lines.  

 
The difficult part of the calculation (obtaining the geometry and establishing the curvature of the potential 

surface) is independent of mass.   Repeating the calculation with altered masses simply involves 

recomputing the frequencies, and will be very quick.  

 

2. Acetone and Perfluoroacetone. The intensity of an infrared absorption depends on the 

change in the dipole moment with motion on the energy surface. The larger the change in 

dipole moment the stronger will be the absorption. Where there is no change in dipole 

moment, the intensity will be zero (no line will appear in the infrared spectrum). 

 

The infrared spectrum of acetone is typical of organic carbonyl compounds in that it 

contains a very strong line in the vicinity of 1700 cm
-1

. This line corresponds to a motion 

in which the CO double bond is stretched. Obtain the equilibrium geometry of acetone 

using the B3LYP/6-31G* model and calculate its infrared spectrum. Identify the line in 

the spectrum corresponding to the carbonyl stretch. Create a sequence of structures that 

correspond to motion along this coordinate, and select the structure which corresponds to 

an increase in total energy (over that of the equilibrium structure) by ~10 kJ/mol. Record 

the change in dipole moment between the equilibrium and distorted structures. 

 
You can animate the motion associated with a particular infrared absorption by clicking on the line in the 

calculated spectrum it. You can make a sequence of structures corresponding to this motion (and centering 

on the equilibrium geometry) by clicking on Make List in the Infrared Spectra dialog. You need to 

perform energy calculations (not geometry optimizations) on the entire set of distorted structures in order  

to identify the structure that corresponds to the energy change of the proper magnitude. To save computer 

time, you can delete members of the set that correspond to shortening of the CO bond.   

 

Repeat your calculations for perfluoroacetone. Identify the carbonyl stretch and point out 

any significant differences in its frequency and/or intensity relative to those of acetone. 

Provide a rationale for your results. 
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3. CO Stretching Frequencies in Metal Carbonyls. Carbon monoxide is the most 

common ligand found in transition metal inorganic and organometallic compounds. The 

simplest examples are the metal carbonyls, among them, chromium hexacarbonyl, iron 

pentacarbonyl and nickel tetracarbonyl. 

 

 
Use the B3LYP/6-31G* model to obtain equilibrium geometries and infrared spectra for 

these three carbonyl complexes as well as for “free” carbon monoxide. Answer the 

following questions for each of the metal carbonyl complexes. How many different 

frequencies are primarily associated with “CO stretching motions”? Do one or more of 

these have “zero intensity”? If so, why? Are the CO stretching frequencies consistently 

smaller or larger than the frequency in free carbon monoxide, or are they similar? If there 

is a significant shift in  CO stretching frequency as a result of complexation to the metal, 

offer a rationalization for the direction of the shift.  

 

4. Location of Atomic Positions Using X-Ray Diffraction. In the most fundamental 

terms, an X-ray diffraction experiment seeks to find locations in which the concentration 

of electrons (the electron density) is large. The assumption is that these will be associated 

with the nuclei, and means that the experiment can be used to determine geometry. 

 

Calculate the equilibrium geometry of methane using the 6-311+G** model, and display 

a surface of total electron density. What appears at first is a surface that encloses ~98% of 

the methane’s electrons and, like a space-filling model, reveals overall molecular size and 

shape. This surface may be reconstructed “on-the-fly” to enclose fewer or more electrons.  

 
SpartanStudent allows density surfaces either to be specified in terms of the percentage of the total number 

of electrons that they enclose or by isovalue (the density of electrons at the surface). 

 

Reduce the percentage of electrons enclosed to the point where the “hydrogen atoms” 

disappear. You will need to remove the structure model (select Hide from the Model 

menu). Record this percentage. 

 

Repeat you calculations and analysis for ammonia, water and hydrogen fluoride, 

molecules with the same number of electrons as methane, that is, they are isoelectronic. 

Does the “disappearance point” you observed for methane change significantly? If it 

does, what is the direction of the change? Provide a rationale. 

5. HOMO/LUMO Gap and UV/visible Spectra. The UV/visible spectrum of a molecule 

is a record of energy transitions from ground to different excited states.  While it is 

possible to calculate the geometries and energies of excited states (and, therefore, 

calculate a UV/visible spectrum), this is beyond the scope of the present treatment.  A 

simple model for UV/visible spectroscopy is that light absorption causes an electron to 

jump from the HOMO to the LUMO. The smaller the HOMO-LUMO gap the lower the 

energy of the spectral transition. As orbital energies depend on structure, it is reasonable 
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to expect that the change in the HOMO/LUMO gap with change in molecular structure 

will anticipate the change in color.  

Obtain equilibrium geometries for azobenzene (R=R´=H), 4-hydroxyazobenzene (R=OH, 

R´=H) and 4-amino-4´-nitroazobenzene (R=NH2, R´=NO2). Use the STO-3G model. 

N NR R´

 

Azobenzene is orange. Use the change in HOMO/LUMO gap to predict whether the color 

of each of the other molecules will be shifted toward the red or blue end of the spectrum. 

 


