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Computational Chemistry and Chemical Bonding

One of the best ways to understand the nature of chemical bonding is to dive right into quantum mechanics and solve the molecular Schrodinger equation.  The mathematical equations describing the forces which hold atoms together to make molecules have been known since the early part of the 20th century.  However, these equations can only be solved exactly for the simplest of chemical systems.  A sub-field of theoretical chemistry developed around finding approximate solutions to the Schrodinger equation.  Due to the large number of repetitive calculations, these approximations were greatly aided by advances in computer technology spawning yet another sub-field of chemistry, computational chemistry.  Today computational chemistry is a flourishing dynamic field complete with its own journals and Nobel prize recipients which has expanded far beyond solving a few math problems.  In this experiment you will get a taste for some of the methods of computational chemistry and then use these new tecniques to study of chemical bonding in a small molecule.

Theory:
Most of the theory needed for this lab has been discussed in Physical Chemistry II lecture and therefore we don’t need to discuss it here
.  There are many ways to go about solving the Schrodinger equation.  However, as a general rule you sacrifice accuracy for speed.  Semi-emperical
 methods start with databases of experimentally determined values (such as spectroscopically determined orbital energies) instead of doing the difficult calculations from scratch.  As a result, they are fast and can handle large molecules.  Ab initio methods1, on the other hand, do all the calculations from the start.  This is computationally expensive (takes more time), but can provide very detailed and accurate results.  There are many ab initio methods, but in this experiment, we will only use restricted and unrestricted Hartree Fock (R/UHF).  Density functional theory (DFT)
 methods are similar to RHF mathematally, but they start with the total electron density and calculate molecular properties from there.

Procedure:

The general workings of HYPERCHEM are described in the document “Using Hyperchem” that can be found on Professor Fitzgerald’s web page http://www.academic.marist.edu/~jfp7/.  Go to his “courses” page and then to “General Chemistry II Lab”.   You can make a file that records all of your calculations by clicking on the “file” tab and going to “Start Log”.  When you are finished, simply “Stop Log”.

Part I (Computational Methods):

Let’s first get a feel for some of the different methods by doing some simple calculations of some small molecules.

-Build the CH2 molecule.  Make sure to click on “explicit hydrogens”.  Click the “Build” tab on the top menu and “Model Build”.

-Do UHF optimizations on triplet CH2 with the following semi-emperical methods: MNDO, PM3 and AM1.  Select “Setup” from the menu at the top of the screen and “Semi-emperical”.  Choose the method and select “options” in order to make it a triplet and UHF.  Click on “Compute” and “Geometry Optimization”.

-Record the total energy (the energy given at the bottom of the screen is the total binding energy in kcal/mol) and the bond angle.  Before moving on to a new calculation, make sure no atoms are selected (green).

-Repeat the triplet calculations with ab initio methods using the following basis sets: STO-3G, 3-21G and 6-31G**.  Record the total energy (this time it is the absolute energy in kcal/mol)

-Repeat the triplet calculation with a Density Functional method.  Select the 6-31G** basis set and then click on the “Exchange Correlation” tab.  Select B3-LYP (on the bottom in the “Custom Combinations” section.  Density functional calculations on HYPERCHEM are quite slow.  I suggest you save the DFT calculations for last, set them going and then move to another computer with HYPERCHEM to do the rest.

Assignment question #1: Does the H-C-H bond angle in the triplet appear to be very sensitive to the semi-emperical method used to optimize the geometry?  to the basis set used in the ab initio calculations?  Which type of calculation predicts a bond angle closer to the experimental value of 1350?

-Repeat the above procedure for singlet CH2.

Assignment question #2: Does the H-C-H bond angle in the singlet appear to be very sensitive to the semi-emperical method used to optimize the geometry?  To the basis set used in the ab initio calculations?  Which type of calculation predicts a bond angle closer to the experimental value of 1020?

Assignment question #3:  What are the singlet-triplet energy differences calculated with the three semi-emperical methods?  With DFT?

Assignment question #4:  Unlike semiemperical and DFT calculations, ab initio calculations on a specific molecule can be systematically improved by increasing the size of the basis set.  What are the singlet-triplet energy differences that are calculated with the three different basis sets?  Do these calculations appear to have converged?  What would you expect the singlet-triplet energy to be if you increased the size of the basis set?

Assignment question #5:  Ab initio methods can also be improved by systematically increasing the amount of electron correlation.  Unfortunately, including electron correlation get VERY expensive VERY fast.  DFT is a way around this problem.  Some electron correlation is included in DFT calculations and they only take slightly longer than RHF calculations (the DFT algorithm in HYPERCHEM is quite poor.  Normally DFT calculations are much faster.).  Based on this idea and on the results of your calculations, does electron correlation benefit the singlet or the triplet more?  Why?  (think about the definition of electron correlation and the difference between a singlet and triplet.)

Part II  (MOs and Vibrations)

-Make planar NH3.  To do this make the molecule on the plane of the screen and do not do a “Model Build” like before.

-Do an RHF/6-31G* geometry optimization.  Record the final energy.

-View the highest occupied molecular orbital (HOMO).  To do this go to “Compute” and “Orbitals”.  Select HOMO and make sure the number in the box is “0”.  You can select “Options” to change the way the orbital is displayed.  Click “Close  when you are ready.  Play around with different displays a bit.  Sketch this MO in your notebook and describe it in terms of what atomic orbitals (AOs) it is made from.

-View the lowest unoccupied molecular orbital (LUMO).  Sketch and describe this MO in your notebook as above.

-Do a RHF/6-31G* optimization of ammonia (the same molecule as above but not planar).  Record the total energy.

-View, sketch and describe the HOMO and LUMO as before.

Assignment question #6:  What is the barrier to inversion in ammonia?

Assignment question #7:  Based on your MO sketches and descriptions, why is the NH3 molecule pyramidal and not planar?  (Think about HOMU/LUMO mixing)

-Calculate the normal vibrational modes of pyramidal NH3.  To do this go to “Compute” and “Vibrations”.  Then “Compute” and “Vibrational Spectrum”

-Make sure “Animate vibrations” is checked.  Click on a particular mode.  Notice that the frequency in cm-1 appears in the lower left.   Click “OK” to view the vibration.  Hit “Cancel” when you are done.

Assignment question #8:  For each vibrational mode, give the frequency in cm –1 and assign the mode in terms of symmetric stretch/bend, asymmetric stretch/bend etc…
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