CHE 331
Vibrational Exercise

The student must select a non-linear molecule whose vibrational modes are not derived in the textbook. The exact compound must be given to me no later than Friday 26 October 2007. The final report is due Monday, 26 November 2007


The student has learned how to generate normal modes of vibration by both the projection operator and Kim methods. The student also learned how to visualize these vibrations.  Review both methods in Chapter 3 of the textbook. The only negative about these methods is that they are not quantitative.


The exact (or nearly exact) vibrational frequencies by the quantum mechanics software program Gaussian 03W.

There are two steps to the software computation. In the first step, the geometry of the molecule is determined. Once that is done, a “Frequency” calculation is run. This calculation determines the frequencies of the vibrations for the molecule. The frequencies require the program to calculate the matrix of the second derivatives of the energy, called the Hessian.

From these data, all the thermodynamic properties of the molecule can be determined by the program. Towards the bottom of the output, the vibrational frequencies and their intensities are listed.
The student can run the Gaussian program on the computer in the little room next to the Analytical balance room, or on any computer in Miller 20. Run “G03W”. When the program window comes on the screen, go to the File menu, and select New. The Job Entry Window appears.

In the Route Section, enter exactly:

# B3LYP/6-31G*     Opt    Freq


Be sure to leave a space after “#”, after the “*”, and after “Opt”.

This means that the program will use the B3LYP method with the 6-31G* basis set to run a geometry optimization (Opt) of the molecule first, and then a frequency (Freq) calculation. Geometry optimization finds the lowest energy structure for the molecule. Technically, this is the minimum on the potential energy surface. Once this is done, the next step is to find the frequencies for each of the normal modes of vibration of the molecule. The frequencies are listed in the output. If any of the frequencies are negative, this is a problem. It means that the structure is not a minimum. Notify your instructor.

B3LYP (pronounced “bee three lip”) is a density functional (DFT) method that calculates both exchange (the interaction of electrons with the same spin) and correlation (the interaction of electrons with opposite spin). Older methods like HF (Hartree-Fock) do a good job with exchange, but a bad job with correlation. For very accurate calculations, both exchange and correlation are important. There are even more accurate methods called post-SCF methods. You can try these out, replacing the B3LYP keyword in the input with MP2 (for Møller-Plesset perturbation theory to 2nd order), MP4 (for Møller-Plesset perturbation theory to 4th order), or CCSD (coupled-clusters with single and double substitutions). Don’t use these methods if you have a very large molecule, unless you have a very long time to wait.
Real atomic orbitals are functions like exp(–r), which are called Slater type orbitals (STO). Unfortunately, these are very difficult to handle in the many integrals needed. Therefore, Gaussian type orbitals (GTO) like exp(–r2), are used instead, even though they don't have the exact shape of the real orbitals, because they are much easier to do all the integrals with. A combination of one of more Gaussian orbitals is used in place of one Slater type orbital

The “6-31G*” means that non-valence (core) orbitals will be modeled by a set of six (6) Gaussian orbitals. That is where the “6" comes from. The “31” means that each of the valence orbitals is modeled as two (2) functions — the first function consists of three (3) gaussians (the first “3”),  and the second function consists of one gaussian (the “1”). Breaking up the valence orbitals into two parts allows a better mathematical description of this region. We call this “split-valence.”
The “*” means that a set of extra d orbitals are added to nitrogen, carbon, and oxygen, even though those atoms don't have d valence orbitals. Since sulfur already has d orbitals (even though they are unoccupied), the “*” adds a set of f orbitals. Adding these extra orbitals allows a better description of the electrons when they are shared between atoms in chemical bonds.

In the Title Section, put your name and a description of the job. If you don't anything at all here, the job will crash, so put something.

In the section Charge and Multiplicity, type “0  1”. Be sure to put a space between the two numbers. The zero means that the molecule is neutral; if it were a cation or anion, you would put the proper charge (1, –2, 3, etc.). The multiplicity is 2 times the spin plus 1 (2S+1). For all the examples that will be approved, the multiplicity will be 1.

Under Molecule Specification, type  the atom labels and the Cartesian coordinates. For CO2, this would look like:
O          -1.160788     .00     .00

C            .000000     .00     .00

O           1.160788     .00     .00


Be sure to put a few empty lines after the last line of input.


Once you have entered all the information in the Job Entry Window, save the job file using the Save Job As ... option. Click on the Run button at the top of the column of icons on the right hand side. It will verify that you want to save the output with a particular filename. Just click Yes to any question.

The program will finish running in a few minutes, unless you picked an extremely large molecule. When the program has finished running, look at the bottom of the blue window on the screen for “Normal Termination”. That means that everything worked fine. If not, consult your instructor. Typical output looks like this:
                     1                      2                      3

                     A                      A                      A

 Frequencies --   678.1497               922.9989               923.4035

 Red. masses --     7.0657                 1.1707                 1.1705

 Frc consts  --     1.9145                 0.5876                 0.5880

 IR Inten    --     0.0813                16.4770                16.5988

 Atom AN      X      Y      Z        X      Y      Z        X      Y      Z

   1  16     0.26   0.00   0.00     0.00   0.02   0.00     0.00   0.00   0.02

   2   6    -0.59   0.00   0.00     0.00  -0.11  -0.01     0.00   0.01  -0.11

   3   1    -0.44   0.01  -0.04     0.03   0.25   0.03    -0.75  -0.02   0.16

   4   1    -0.44   0.03   0.02     0.64   0.19  -0.02     0.40  -0.06   0.22

   5   1    -0.44  -0.04   0.01    -0.67   0.17   0.06     0.35   0.01   0.23

The last step is to visualize the vibrations. Open the program ChemCraft ®. It is available in one third of the computers in Miller 20, the computers along the left wall as you enter. It is also available in the little room next to the Analytical balances. Inside ChemCraft, Select File, then Open. Select the name of your output file. Double-click on the left window at Job 2: Frequencies. A list of vibrational frequencies will appear. Click on one of the frequencies to see the molecule vibrate. Change the parameters at the bottom of the window at the left for “Cycle time” and “Scale displacement” to see the vibrations more clearly. Draw these vibrations. Then proceed to the next vibration. Be sure to both draw the vibration, and write down the value of the frequency.
Once you have written done all the vibrational frequencies, and drawn the vibrations, repeat the calculation using PM3, instead of B3LYP/6-31G*. PM3 (“parameterization model #3”) is an older, semi-empirical method that works fairly well for organic molecules, but isn’t as accurate as B3LYP. On the other hand, it is really, really fast.

To run  a calculation with PM3, type in the route section:

# PM3 Opt Freq

Everything else in the job file will be exactly the same.

Again, write down the frequencies, and the draw the vibration. You will notice that the vibrations from both calculations will look the same, but occur at different frequencies. Assign a symmetry to the vibration by comparison with your group theory derivation.

Lastly, compare the computed values to the experimental values, and comment on which method gives better values.
In your report, you must include a structure of your molecule. It is easy to export the 3D picture of your molecule from ChemCraft. Please put page numbers on each page, and label your tables of values as Table 1, Table 2, at the top of the table. Include a complete description of the data in the table. For example:

Table 1 – Vibrational frequencies of benzene as calculated at B3LYP/6-31G* and PM3.

Figures (pictures) are labeled in order: Figure 1, Figure 2, but at the bottom of the figure.
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