Chem 442: Homework for lecture L33
(only turn in BOLD assignment first lecture next week of classes; do all assignments)
1. Write down the electron configuration (= full product wavefunction) for the excited 3Π state of
hydrogen fluoride with MS=+1 and ML=-1. Draw the corresponding orbital energy diagram, labeling
each orbital with the one-electron basis function (e.g. 1σ, 2π+, etc) and fill in the correct number of
electrons.
2. If one ionizes the HF molecule in the 3Π state from problem 3 by removing the highest energy
electron to get HF+, what is its term symbol then? (3Π, 1Σ etc are “term symbols”).

3. Turn in: In this problem, we apply Hartree-Fock (HF-SCF) theory to the inversion reaction (tunneling)
of ammonia. Review the lecture Gruebele gave on tunneling and ammonia as a “Schrödinger’s cat”
molecule. Places where you need to put an answer in your solution are in bold, A. through F.
- Go to http://robinson.chem.nottingham.ac.uk/files/iqmol/ and download the file nh3.xyz into by
double-clicking. This file is an IQmol text file to specify the (x, y, z) coordinate of NH3. Put it and
everything else later into a folder “Ammonia”.
- This geometry of ammonia is close to the transition state of the inversion reaction. Let’s use HF
theory to find the actual transition state:
o Open nh3.xyz by dropping it onto IQmol or using “open” in IQmol. NH3 should appear in the IQmol
window, and “nh3” should appear in the Model View panel.
o Go to Calculation à Q-Chem Setup.
o In the Calculate cell, select Transition State.
o For Method, choose HF. For Basis, choose STO-3G. Everything else stays default.
o Submit. Provide a job name “nh3_TS”.
o Copy the results into the folder “Ammonia”. In the “Model View” panel, click on the little arrow next
to “nh3_TS” and then on the little arrow next to Geometries. Find the highest energy (least
negative) energy (-55.4… in hartrees). That is the transition state.
- A. What is the geometry of the transition state? Is it sp3 or sp2 hybridized?
- Now let’s calculate the reaction pathway for this reaction
o Go to Calculation à Q-Chem Setup.
o Create Job 2 by clicking on the
button.
o Select Job 1 in the Job Section drop-down menu, and in the Calculate cell select Frequencies.
o For Method, choose HF. For Basis, use STO-3G.
o Select Job 2 in the Job Section drop-down menu, and in the Calculate cell, select Reaction Path.
Notice that the text file on the right has been updated to include two jobs. Job 1 calculates vibrational
frequencies, then job 2 calculates a reaction path. This text file is what gets sent to the IQmol server.
Calculations are done at the server and returned in an output file that IQmol can plot.
o Submit. Provide a job name “nh3_path”. Save results in folder “Ammonia”. Click on the arrow next
to “nh3_path” in the Model View panel.
o Double-click the Geometries tab (not the arrow next to it) and you should see this:

o Click on Loop. Slide Speed to roughly half the scroll bar. Make sure you are not blocking the
molecule view window with the Geometries panel, and click the Play arrow above the Bounce
checkbox to animate the reaction path search. Watch the NH3 molecule.
- B. What do you see? Is the ammonia molecule tunneling back and forth through the planar sp2
geometry?
- Now make a quantitative plot of the reaction path energy. Go into the folder “Ammonia” where
you saved all your calculations, and find the file “nh3_path.out”. Obviously, if we double-click this
file, it leads us to IQmol. We’d like to see the output information in this file, so we don’t want to do
that.
o Make a copy of this file called “nh3_path.txt”. This allows us to open the file in MS Word. Now open
it with MS Word.
o The top of the file should look like this:

o Use Ctrl-F (Windows) or Cmd-F (Mac) to find the following phrase: “Reaction path following”. Skip
the first result that belongs to job 1, which is the frequency calculation.
(Continued on next page)

o What you should see is a table as indicated below:

o

o
o

In the file you will find about 32 sets of these tables. These are the 32 points IQmol plotted in B. to
visualize the tunneling reaction path. Each set in the file consists of a “Standard nuclear orientation”
matrix, a “Distance matrix”, and a “Total energy in the final basis set,” all circled in red above. You
will now use these three items (they repeat about 32 times in the file) to make a plot of the reaction
path. Here we use Microsoft Excel as an example, but you can use Matlab or your favorite plotting
program to make the plot.
The distance matrix tells you the distances from N to H and from H to H.
In Excel or your plotting software, paste in the following four values for all 33 reaction path steps:
§ Column A: N–H distance from the “Distance Matrix”.
§ Column B: H–H distance from the “Distance Matrix”.
§ Column C: Energy in hartrees (numbers should be roughly -55).
§ Column D: +1 if Z for the nitrogen atom (N) in the “Standard Nuclear Orientation Matrix” is
positive, -1 if it is negative.
§ Your spreadsheet should look like this (without column E, which you calculate next):

o

Look at the geometry below for the N-H distance “a” in Column A, H-H distance “b” in Column B,
and the HNH angle 𝜃 (in green). Only when the molecule is planar does 3θ equal 360° (2π radians).
If the molecule is bent out-of-plane, 3θ < 360°.

Thus the out-of-plane angle φ can be found by subtracting 360°-3𝜃, then multiplying by the ±1
sign in column D so φ >0 when nitrogen has z>0, and φ <0 when nitrogen has z<0.
§ C. Find a formula for 𝜃 and show that the expression for the out-of-plane angle φ in radians
is:
𝑏
𝜙 = [2𝜋 − 6 sin!!
] ∗ 𝑠𝑖𝑔𝑛
2𝑎
Now use Excel, Matlab, or your calculator to evaluate the 32 or so out-of-plane angles. In Excel, you
could use the formula
= −𝐷2 ∗ (360 − 6 ∗ 𝐴𝑆𝐼𝑁(𝐵2/(2 ∗ 𝐴2)) ∗ 180/3.14159265 )
and save it in column E. The 180/π is there to convert from radians to degrees units.
D. Plot Energy vs. Out-of-plane angle. This is your reaction path. It should have a barrier at
roughly -55.44 hartrees between two minima in the energy at roughly -55.46 hartrees.
§

o

Other questions:
- E. The transition state is defined to have the highest energy along the path of a reaction. What is the
absolute energy of the transition state to 4 figures after the decimal point? The energy of product
and reactant? Are the energies of the reactant and product different? Should they be different?
Why?
- F. What is the geometry of the stable product/reactant? Intuitively, why do you think this geometry
is lower in energy than the transition state?
G. The difference between the energy of the transition state and the stable reactant (lowest energy) is the
reaction barrier. Use the conversion factor: 1 ℎ𝑎𝑟𝑡𝑟𝑒𝑒 = 2625.50 𝑘𝐽/𝑚𝑜𝑙 to calculate the barrier to
this reaction in 𝒌𝑱/𝒎𝒐𝒍. The experimental value is 24.2𝑘𝐽/𝑚𝑜𝑙. What does this tell you about the
accuracy of your HF calculation with a small basis set

