HW1 (Parts borrowed from a circulating study set of obscure origin)

1. Gaussian basis sets and atomic orbitals. 

We will start modelling the simplest of atoms, hydrogen. Hydrogen has one proton as its nucleus and a single electron in the orbital, and its electronic structure can, in principle, be calculated to high precision. Here we use it as a guinea pig to examine the basis set approximation. A multitude of basis sets have been developed for most elements, and a common problem facing a modeler is choosing the best for the job at hand. 

The set of constants that are used for a given atom, with a given level of complexity in the mathematical representation, is called the basis set. These are named, in shorthand, by their level of complexity, for example, STO-3G is a Slater Type Orbital basis set using a linear combination three gaussian (i.e., 3G’s) functions to approximate each atomic orbital. Spatially separated Gaussian components (i.e. centered on different atoms in a molecule) are particularly easy to treat with fast computational techniques, so gaussians are the most common type of basis function used to approximate molecular orbitals. In this exercise you will manipulate gaussian curves to see how this approximation process works.

We will start by constructing a simple gaussian approximation for the 1s orbital of hydrogen,centered at (0,0,0): 

Gs(r)=(2/)0.75e–r2
Where  =0.4166 and r is radius, or distance in Å from the nucleus.

 
* Using Excel or something similar, model the equation from 0 to 3 units away from either side the nucleus (nucleus=0, and units are in angstroms). Use steps of ~.01 Å.

    
* You should get a value ar r=3 which starts out ".00869" If you don't, go back and examine your formula more closely. 

Plot G(r) vs. r 

Note the shape of this curve; this is a gaussian. Note the symmetry w/respect to the nucleus. Gaussians for p, d, and f orbitals are similar, but contain a prefix to indicate the directionality of the orbital. I.e., a px orbital could be modeled with a Gaussian:






Gpx(r)=c x e–r2
Where x is the x coordinate and c is a normalizing constant. Note this function will be antisymmetric with respect to the x-axis, i.e., Gpx(x,y,z) = – Gpx(-x,y,z) and will go to zero at x=0.
2. One gaussian by itself makes a terrible basis set for hydrogen. We really use several gaussians to model each orbital. Each multiple-gaussian basis set must be optimized to provide the best possible approach to the true orbital structures. Many of these are stored in a large database, from which you can "order" a specific basis set, the Gaussian Basis Set Order Form (http://www.emsl.pnl.gov/forms/basisform.html). You will want to bookmark this page on your browser. Set the “Code” window to Gaussian94.

“Order” the STO-3G basis set for H (just type in the atomic symbol). The result should be two columns of three numbers each. This is the STO-3G basis set for hydrogen. The left list is  values for each gaussian, and the right list is coefficients used to sum up the three gaussians. In other words, the STO-3G basis set for the 1s orbital H = 0.154G1(r) + 0.535G2(r) + 0.445G3(r), with  ≈ 3.425, 0.624, 0.169 for G1, G2, and G3, respectively.

Plot each gaussian component of STO-3G, along with their sum, and compare the curves’ shapes with the 1-gaussian curve from part 1.

Part 3

Now we will compare this approximation to the actual Slater 1s orbital of H. Below is the equation for this:





           _____



STOs(r)=√ 2/  e– r
The "squiggle" is a Greek character ksi standing for an orbital coefficient, similar to the constant for gaussian curves. For hydrogen, the "squiggle" is equal to 1.24. Create a new graph comparing the STO-3G orbital shape with the actual Slater 1s orbital (as well as the three component gaussians, if you wish). Where do the basis set and orbital match well? Where do they match poorly?

Try the same comparison using STO-2G or STO-6G instead of STO-3G. How does the number of Gaussians affect the match?

Part 4

Now we will see how these different basis set approximations affect calculations of the electronic energy of a molecule. Download the input file at the class website (http://www2.ess.ucla.edu/~schauble/ESS252_FirstPrinciplesGeochem/index.html). This input file tells Gaussian03 to calculate the electronic energy of an H2 molecule using the STO-3G basis set. The last few lines of the input file should look familiar, since you just used this basis set in part 2. Run the input file (should take ~5 sec), and view the output. Look for the line that starts “SCF Done:  E(RHF) =”. The number is the calculated electronic energy, in units of hartree (=27.2 eV). This is the energy relative to a system of two isolated nuclei and two free electrons.

Now, use the Gaussian Basis Set Order Form, and modify the H2 input file to use STO-2G, and calculate the energy. How is it different? Do the same with STO-6G, and make a plot of energy vs. # of Gaussians. Which basis set is most accurate? Can you find another basis set that is even more accurate?

Part 5

Modify the input file to calculate the energy of CO (bond length 1.128323 Å). Note that you will need to change the basis set part of the input file and the lines just above, substituting C and O for H and H, and changing the numbers in the third column from ±0.37 (=1/2 the H2 bond length) to ±1/2 the CO bond length. See which basis set (STO-3G, STO-6G, 6-31G*, 6-311G*, cc-pVTZ) gives the lowest energy.

