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Using SPARTAN to solve the Quantum Mechanics of Molecules: 
Internuclear Potentials, Vibrations, IR Spectra, and Equilibrium Geometries 

 
 
Introduction 
 
Today, computational chemistry software is widely available as commercial products 
that can be run on a personal computer.  Graphical user interfaces allow for simple 
inputting of molecular structures, and the solution of the quantum mechanical properties 
(energies, reactivities, dipole moments, spectra, etc.) of a range of molecules becomes 
practical for general use.  Unfortunately, due to the availability of this software and its 
ease of use, there is too little emphasis given to understanding the limitations of the 
software.  In this lab, we will use the software package called SPARTAN and explore 
the effect of changing bases on the interatomic potential function.  
 
The objectives of this laboratory assignment are to give you some experience with 
these different levels and applications of computational chemistry.  We will first perform 
an ab initio calculation of the interatomic potential of HCl and compare it to that derived 
from the spectroscopic measurements you made last time.  
 
Quantum Mechanical Vibrations and Infrared Spectroscopy 
 
Infrared (IR) spectroscopy is one of the most useful tools in organic chemistry for 
identification of molecular structure.  Some molecular vibrational motions are 
characteristic of only one bond or bonding environment (C-H aliphatic, C-H aromatic, C-
N, carbonyl, etc.) or for groups of atoms.  The frequencies of these vibrations can thus 
often be used for structural elucidation and functional group identification.  Other 
molecular vibrational frequencies involve movement of almost all of the atoms in the 
molecule, hence the frequencies of these vibrations are characteristic of the molecule 
as a whole.  These vibrational frequencies are generally referred to as being in the 
‘fingerprint’ region (wavenumbers from 1500 cm-1 to 400 cm-1).  Information from the 
fingerprint region is useful in making a direct comparison of an IR spectrum for an 
unknown sample to library or reference spectra for purposes of molecular speciation.   
 
Using quantum mechanics, it is possible to calculate the vibrational frequencies 
associated with IR spectra.  The nuclei are assumed to move much more slowly than 
the electrons, which are much lighter and thus more mobile.  In this limit, the nuclei are 
assumed to move within an internuclear potential energy surface that is generated by 
the electrons.  This is called the "Born-Oppenheimer approximation", and is in general 
quite accurate (to within fractions of a percent).  The potential energy associated with a 
given configuration of the nuclei (i.e., relative placement of the nuclei) is thus the sum of 
the direct electrostatic energies of the nuclear charges, and the quantum mechanically 
determined energy (usually the ground state energy) of the electrons in the field of the 
nuclei.  (Note that this is why the internuclear potential doesn't change with isotopic 
substitution.)   
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This potential is often well-approximated by the Morse Potential, which has the form 
 

V(x) = D(1- e-αx)2 
 
where D is the dissociation energy, α is a measure of the anharmonicity of the potential 
and x = l-l0 , where l0 is the equilibrium interatomic spacing.  Through careful analysis of 
how the IR spectrum differs from that expected of a perfect harmonic oscillator, one can 
experimentally determine the best values of these parameters.  From the IR spectra and 
other information, we conclude for HCl that D = 7.31E-19 J/molecule, l0 = 127.5 pm, and 
α = 1.81E10 m-1. 
 
Using this empirically derived information, plot, using Mathematica or Excel, the 
potential for l ranging from 0.7 Å to 5.0 Å.  We will consider this the true potential of HCl. 
 
Calculation of the Vibrational Frequency of HCl 
 
To warm up, let us perform the simple calculation of the vibrational frequency of HCl.  
SPARTAN ignores the corrections due to rotational motion, and so the values 
calculated for the vibrational frequency correspond roughly to the position of the Q-
branch. 
 
The following instructions (written for PC Spartan Pro v.1.0.3) should be followed to set 
up and carry out the required calculations. 
 

1. Select file, then new. Using the entry builder, build HCl. 
2. Select setup, then calculations, calculate: equilibrium geometry at ground, using 

the 6-31G* basis set with Hartree-Fock (an approximate method of solving the 
Schroedinger equation), start from: initial geometry, subject to: symmetry, 
compute: IR, print: vibrational modes. Click on Submit.  

3. Spartan will notify you when the job is completed. 
4. Click on Display, Output.  In the Vibrations List window that appears, one 

frequency should appear:  the ground vibrational frequency, scroll down the 
window until you find it. Record this value.  How does this compare to the 
experimental value of 2886 cm-1? Click on Display, Spectra, then click in the 
yellow box to see what vibrational motion this corresponds to. Now watch the 
movement of the molecule on the computer screen. 

5. Repeat steps 2-4, but use different “levels of theory”: Instead of Hartree-Fock, try 
Molecular Mechanics (with MMFF), Semi-Empirical (with PM3), and Density 
Functional (with B3LYP). Record the resulting calculated vibrational frequencies. 
How do these compare with the experiment? You may also be interested in 
exploring different basis sets with Hartree-Fock (the further down the basis set 
menu, the more complete the basis set). 
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Calculation of the Internuclear Potential of HCl 
 
The following instructions (written for PC Spartan Pro v.1.0.3) should be followed to set 
up and carry out the required calculations.  Before you begin, draw what you expect the 
internuclear potential surface (i.e., potential energy vs. internuclear distance) to look 
like. 
 

1. Start a new file by closing all previous work. Using the entry builder, build HCl. 
2. Select Constrain Distance from the geometry menu.  Select the HCl bond, and 

then click on the little pink lock at the bottom right corner of the screen (the value 
in the dialog box should read 1.275Å).  The icon will change to a closed lock.  
Click on display, then properties, and click on the pink bond between the two 
atoms.  Click on dynamic, and set the values to range from 0.7Å to 4.7Å in 20 
steps (be sure to hit ‘enter’ after changing each and any of the values in this 
menu).  What you have done is to request that the distance be ‘driven’ from 0.7Å 
to 5Å in 0.2Å increments.  Close the "Constraint Properties" window.  You can 
reopen it to verify that the values are correct. 

3. Select setup, then calculations, task: energy profile, using the STO-3G basis set 
with Hartree-Fock.  Submit the job. 

4. When finished, Spartan will notify you that all 20 configurations with varying 
internuclear separation have been calculated. 

5. The 20 internuclear separations, called "molecules" by SPARTAN, are in a file 
entitled name.profile1, where name is the title you gave the molecule when you 
submitted the job.  Open this file, then open the spreadsheet 
(display/spreadsheet).  All 20 "molecules" are in this spreadsheet.  Add energy to 
the spreadsheet (add, then click E).  Finally, post the distances associated with 
each "molecule" to the spreadsheet by clicking on geometry, measure distance, 
the hydrogen and chlorine atoms, and finally click on the yellow P (for Post to 
spreadsheet) at the bottom right corner of the screen. 

6. The energy as a function of internuclear distance can now be plotted.  Click on 
display, then plots, select Length as the x-axis and Energy as the y-axis.  The 
energy as a function of internuclear distance can be animated by clicking on the 
forward arrow at the bottom left corner of the screen.  Save the tabular output 
from this calculation. 

7. Repeat steps 3 to 6 selecting the basis set 6-31G* and then again using the 
basis set 6-31G**.   

 
Examine the resulting internuclear potential energy curve--does it resemble what you 
expected?  How does this compare qualitatively with the Morse potential we fit from the 
spectroscopically derived data above?  Recall that parameters D is the depth of the 
potential and  l0  is the internuclear separation at the minimum of the potential.  What 
values of D and l0 do you get using each basis set in SPARTAN? 


