HW3 Vibrational Frequencies and Transition States

Gaussian03’s ability to calculate 2nd and higher-order derivatives of electronic energy with respect to molecular geometry, electric fields, and the like has numerous applications. This homework will focus on two such applications: predicting vibrational spectra and detecting transition states.
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1. For a diatomic molecule like CO it is fairly straightforward to calculate the vibrational frequency from a set of energies at varying bond lengths. Recall that the frequency of a harmonic oscillator is equal to: 

Where k is the force constant (d2E/dr2), and  is the reduced mass. Use your E vs. rC—O data and quadratic fit for carbon monoxide from HW2 to estimate the vibrational frequency of this molecule in cm–1. Some useful conversion factors: 1 cm–1 = 2.9979x1010 Hz. 1 Å = 10–10 m. 1 a.m.u. = 1.6605x10–27 kg. 1 hartree = 4.35974x10–18 J. Incidentally, the force constants for CO and N2 are the highest of any molecules.


Gaussian03 has the ability to automatically calculated vibrational frequencies by a number of methods. For Hartree-Fock model chemistries, Gaussian03 can use 2nd-order perturbation theory to estimate force constants at a single geometry. For other, more complex calculations Gaussian may need to calculate interatomic forces at a number of molecular geometries, or even estimate force constants by fitting a quadratic curve to many energy calculations – as you just did above. To activate this ability, change the route section of your CO 6-31G* input file to read: 

#RHF/Gen Freq

Make sure to use the optimized bond length. What frequency does Gaussian03 calculate? How does this compare to your estimate above? How does this compare to the experimental frequency (http://srdata.nist.gov/cccbdb/)?

The output file contains a lot more information than just the frequency, including infrared and Raman intensities, which we will look at more later. You will also note that the output file contains thermochemical data for CO at 298.15K. As we will learn next week, once we know the electronic energy, bond length, and vibrational frequencies for a molecule, we can calculate its heat capacity as a function of temperature, allowing estimation of reaction free energies at non-zero temperatures.

For more complex molecules the simple oscillator equation above becomes a matrix equation, with each matrix element corresponding to a force constant divided by a mass. Each eigenvalue of this matrix corresponds to (2 for a vibrational frequency , and each eigenvector corresponds to the characteristic atomic motions in the vibration. An eigenvalue/eigenvector pair is called a “normal mode”. Expressed in cartesian coordinates, the force-constant matrix will have dimension 3Nx3N (N=number of atoms in the molecule), so there are generally 3N normal modes for each molecule. Three of these normal modes are rigid translations of the entire molecule, and three more are rigid rotations (two in the case of linear molecules), leaving 3N-6 vibrational normal modes (3N-5 for linear molecules). Gaussian03 automatically removes the translational and rotational modes.

2. Using the character tables, find the point groups for CO, CO2, linear-H2O, real H2O, CH4 and your lowest-energy Zn(H2O)62+ structure. A hint: a linear molecule has an infinite number of c( operations and mirror planes, which are only possible in two point groups. Sketch each structure and indicate the diagnostic symmetry features. On your copy of the character table, pencil in the formula for each molecule at the top of the appropriate point group.

Now optimize and calculate vibrational frequencies for each of these structures at the HF/6-31G* level (HF/6-311G* for Zn(H2O)62+). Does Gaussian03 find the same point group you did?

For the non-Zn molecules, note the frequencies, symmetry species (a synonym of irreducible representation – for each vibrational mode it is listed in the row above the frequency), and whether or not the mode has non-zero IR intensity or Raman activity. In the right-most column of the character table for each molecule’s point group, pencil in “R” in each row where a vibrational mode belonging to that symmetry species has non-zero Raman activity. In the next column to the left pencil in “IR” in each row where a vibrational mode has non-zero IR intensity. Note that Gaussian03 output is restricted to ASCII characters, so Greek letters are represented by their Roman equivalents. Do you see any patterns? It might help to look at the output using Jmol.

3.  Two of the calculated vibrational frequencies for linear-H2O is followed by the letter “I”. This indicates an imaginary frequency. Looking at the harmonic oscillator equation, what does this suggest  about the corresponding force constants? What is the characteristic motion of these modes? Sketch an Energy vs. displacement graph for one mode. Can you use imaginary frequencies to evaluate the success of your structural optimization?

4.  Make a table correlating calculated and experimental frequencies for the non-Zn molecules, and graph calc. frequencies (x-axis) vs. exp. Frequencies (y-axis). Fit a trendline (force it to go through [0,0]) – the slope of this line is, in effect, a best-fit scale-factor: 

n(scaled) = m•n(HF/6-31G*)
Apply the scale factor to your calculated frequencies, and find the root-mean-squared misfit. Compare these results with the scale factors in Scott and Radom (1996). We’ll revisit these scale factors in later homework.

5.  Actual IR and Raman spectra have complex features caused by coupling between rotation and vibration, Doppler effects, and interactions between the molecules in the sample. As an example, download the IR spectrum of CO2 from the class webpage. Crudely, the peak shapes can modeled using a Lorentzian function. A Lorentzian is described by the equation:
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where A is the total peak area (i.e., IR intensity) x0 is the peak center (i.e., the normal mode vibrational frequency) and G is a peak-width parameter. Plot the infrared spectrum you calculated for CO2, modeling the absorption of each vibrational mode with a Lorentzian. Assume G = 50 cm–1 for each mode, and use your scaled frequencies. How does this synthetic IR spectrum compare to the experimental result?

6. Now look at the low-frequency vibrations you calculated for Zn(H2O)62+. Make a synthetic Raman spectrum with Lorentzian peakshapes covering the frequency range 0-800 cm–1. Use the polarized Raman activities for each mode, and assume G = 50 cm–1. Compare your molecular structure and spectrum with Rudolph and Pye (1999). Does the scale factor you calculated in part 4 work for this molecule? Why not?

A














