Homework assignments

Set 1: slides 3–29
1. Explain why molecular modeling may be useful in your PhD research.

2. Examine the crystal structures of hexagonal and cubic ice. Explain if you would expect a difference in stability with temperature between these phases. Why?

3. Name 5 different examples of ‘real world’ translational symmetry. Discuss the level of variation within the symmetry for each case. By ‘real world’ I mean what is observable in daily life and would serve as an example to explain the phenomenon to a layman.

4. Name 5 examples of common ‘real world’ crystalline materials.
5. Simplify the translation matrix T for the triclinic crystal system to all other crystal systems.
6. Produce the translation matrices, T and T-1 for the following unit cell: a=6.166 Å, b=7.630 Å, c=7.896 Å, α=108.85 º, β=92.45 º, γ=95.41 º

7. Calculate the volume of that cell.

8. Given the following fractional coordinates for 5 atoms in the same unit cell, calculate all interatomic distances and angles between these atoms within this cell.

A 0.30911 -0.03889  0.19393

B 0.09191 -0.27303  0.16394

C 0.28128  0.13364  0.45080

D 0.51300 -0.0944   0.18410

E 0.22800  0.038    0.07500

9. A unit cell with the following parameters has a single atom at fractional coordinate 0.031, 0.246, 0.837. Calculate the interatomic distance with all the atoms in the neighboring cells. Neighboring cells share at least one corner.

a=1.026, b=1.21, c=1.13, α=103.6 º, β=96.4 º, γ=98.5 º

10. Repeat exercise 9 for an atom at 0.953, 0.265, 0.587. Draw the radial distribution function for this system.
Homework assignments

Set 2: slides 30–69
11. show that a·a* = b·b* = c·c* = 1, a·b* = a·c* = b·c* etc.= 0. If a, b, and c are in the unit of Å(ngströms) what is the unit of a*, b* and c*?

12. Remember that a· (b×c) = V. Similarly defined is a*· (b*×c*) = V*. Show that V* = 1/V.  You will need to use this: (q×r) ×(s×t) = [q· (r×t)] s – [q· (r×s)] t
We have the following monoclinic cell: a=13.94, b=9.60, c=19.04 Å and β = 111.46º.

13. Construct the transformation matrix that transforms any reciprocal vector h into xyz space.

14. Calculate the angles between the following faces:

(100) and (001),

(100) and (010),

(010) and (001),

(100) and (111),

(210) and (110),

(321) and (123),.

Extra assignment (this one is really tough. You can skip it if you want)

A molecule in this lattice is IR sensitive due to a stretch vibration between two atoms at [0.236, 0.245, 0.121] and [0.241, 0.253, 0.196]. Realize that the bond can only be excited by the component of the IR source that is perpendicular to this bond.

Calculate the relative excitation of this bond when the crystal is exposed to the IR beam at these crystal faces: (100), (010), and (001). See chapter 6 for further details.
15. Find the operators for the space group P n a 21. Describe for each of the operators how, when applied on a molecule, the molecule would be positioned with respect to the molecule at x,y,z. Which space group symbol belongs to each of the operators?

16. In a structure analysis the following space group operators are identified with respect to x,y,z: -x,y,-z+1/2; x+1/2,-y,z;  x,-y,-z;  x,y,-z+1/2. Complete the space group by finding all possible operators. (remember that two consecutive operators create a new operator) Have you any idea which space group this may be?

17. A crystal has the P 21/c symmetry. Given the coordinates of the asymmetric unit below, generate the coordinates for the complete unit cell.
N1 N 0.32280 0.45120 0.20640

N2 N 0.27550 0.26800 0.08060

C1 C 0.22500 0.54160 0.24790

C2 C -0.02650 0.54710 0.21640

C3 C -0.18260 0.45530 0.13540

C4 C -0.23630 0.26260 -0.00750

C5 C -0.12840 0.17450 -0.05240

C6 C 0.12880 0.18100 -0.00400

C7 C -0.08890 0.35840 0.08360

C8 C 0.16800 0.35860 0.12370

H1 H 0.33130 0.60650 0.30240

H2 H -0.08630 0.61570 0.25330

H3 H -0.35810 0.45470 0.11430

H4 H -0.41370 0.26030 -0.03340

H5 H -0.21650 0.11170 -0.11490

H6 H 0.20600 0.12120 -0.03220
18. Install the CCDC software, CONQUEST and MERCURY and the database on your computer if you haven’t done so yet. Find all the structures with acetaminophen. How many different structures are known of this compound? How many of those are hydrates? How many are solvates?

19. Produce figures that show the hydrogen bonding patterns in the dihydrate and trihydrate structures? Annotate the length of each of the unique hydrogen bonds.

20. Look at the BFDH morphologies of each of the structures. Notice that some look similar and some look different. Make a classification of the known morphologies.

Homework assignments

Set 3: slides 70–106
21. Look up the structures with the REFCODES below. Describe what kind of problems these structures have.

BAHCET
CIHWEV

CIHZOI

UJUSOH

UFEPIE

In assignments 22–25 you will generate indexing data. You are advised to set up your calculations such that you will be able to use the set of calculations for anything up to P1. It will be a helpful indexing tool for later use in your career.

22. Given an orthorhombic crystal with a=24.612, b=3.830, c=8.501 Å, calculate a list of d(hkl) values for h [-4,4], k [-2,2], l [-2,2].

23. Use the above list to generate 2θ values for Cu Kα1 radiation.

24. If the above crystal has space group Pna21, which of the above indices are forbidden and will therefore not generate X-ray diffraction peaks?

Notice that some d(hkl) values occur more than once in your list. The effect that symmetry generates multiple sets of (hkl) values that produce identical interplanar distances is called multiplicity. The peak intensity at that 2θ effectively multiplies by the multiplicity. A group of symmetrically related planes (hkl) is called a form and is notated as {hkl}.

25. Determine the forms {hkl} and their multiplicity for this crystal within the given bounds for h,k,l (the set of question 22, that is).

26. We still cannot calculate a complete powder X-ray diffractogram (such as is possible in MERCURY). Discuss in your own words which information is missing to be able to do that. Be sure to check the lecture slides for your answer.

Given below is an experimental powder diffractogram of cyclophosphamide. Using ConQuest and the “powder” feature in Mercury, you will identify which form of cyclophosphamide we are dealing with here.
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27. In ConQuest using the “all text” search, search for cyclophosphamide. Go through the list of hits and mark which hits are cyclophosphamide (positive hit) and which are other compounds (false positive). On one of the positive hits, click on the “diagram” tab and hit the “use as query” button below. Now repeat the search for this diagram. Which structures were false negatives in the original search?

You have just learned that you cannot rely on the trivial name of a compound for a comprehensive search in the CSD!

28. View the current search results in Mercury and compare the calculated powder diffractograms to the experimental data. You may want to hit “customise” and change the FWMH option to 0.4 for easier comparison. Which structure matches the data best?

29. Determine the index of the five largest peaks in the experimental data. You may want to use your program from questions 22–25 to aid you with the indexing. Which peak/peaks is/are much larger in the experimental diffractogram as compared to the calculated? 

The phenomenon of certain peaks being much stronger or weaker than expected is caused by preferred orientation. It is caused by the morphology of the crystals in the sample. In general it means that the larger the crystal face is, the more X-rays diffract from that face and thus the more intense its peak appears. To imagine why this is, throw a handful of coins on a table. Which part of the coins do you see most of?

30.  Calculate the morphology of the correct structure. Explain why you see the discrepancies between the calculated and experimental data based on the predicted morphology.
Homework assignments

Set 4: slides 107–129
31. Name two examples of commonly used models, which you know are physically incorrect, but still work reasonable for the intended purpose.  Be explicit in your answer. Why is it incorrect? Which approximation is made, that is reasonably valid?

32. For the problem statements listed below, what type of model would you apply? Note, the answer is never black or white, so make sure you verbosely discuss various options.

Prediction of NMR spectroscopy in solution.

Crystal growth phenomena at a crystal face.

Docking of an inhibitor at the active site of a protein.

Peak mapping of infrared spectroscopy in the solid state.

Elucidation of the mechanism of the enzyme aldehyde dehydrogenase (ALDH) in the liver.

Homework assignments

Set 5: slides 130–156
This homework set requires a working installation of Gaussian 03 with GaussView 3.09. You’re advised to read or at least browse chapter 2 of Leach before doing this homework set. This set of exercises is a combination of a tutorial and homework. Only the numbered paragraphs will be graded. It covers the 2 lectures on quantum chemistry.
Draw an oxygen molecule, O2, in GaussView 3.09. Make sure the initial bond length is between 0.5 and 3 Angstroms (using the modify bond tool). Select calculate and then do a job type ‘optimization’ using the restricted Hartree–Fock method on a 3-21G basis set. When the Gaussian job is done, close the window and open a results file in log format. Make sure to keep track of your job name and always open the corresponding .log file!

33. What is the bond length of the optimized oxygen molecule? What is the energy in atomic units (the hartree), what is it in kJ/mol? (the energy can be found in the summary in the results menu)
With the log file still opened, click on edit/atom list and check out the Z matrix. Do you recognize the bond length? Using the buttons above, can you find the Dreiding force field type of the atoms? Notice you can add atoms and edit the bonds, angles and dihedrals. You can play with the editor if you want to learn its functionality.

Next, still with the results file opened, start the molecular orbital editor via edit/MOs. You should see 18 molecular (alpha) orbitals of which the lower 8 are filled. Drag a single electron from one MO to a higher level. Do you notice how the spin state changed from singlet to triplet? Change the charge from 0 to -1 and +1 and see how the occupancies change accordingly. The spin state should now be a doublet. How would you obtain a quartet? You can also right click on atoms to delete them or add them. Notice how the charge changes automatically. In the calculation tab change the wavefunction to unrestricted. The program now allows for independent calculation of the alpha and beta electron energies. Right now the energy levels are all the same.

The current 18 levels correspond to the 3-21G basis set and is very misleading due to the inaccuracy of 3-21G for this system, so we will generate a new simpler diagram and we shall have a look at what the molecular orbitals look like.

Open the tab ‘new’ and change the guess type to ‘default’. Change the basis set to the topmost option, which is an empty field. Change the name of the checkpoint file to ‘O2-simple.chk’ and leave the path indication as it is (Normally that should be C:\G03W\Scratch\ or wherever you installed Gaussian). Click ‘Generate’. Within a few seconds Gaussian should ask you to close the calculation window. Close it. 

Now the MO editor should show 10 alpha orbitals. Click on the visualize tab and select ‘all’ for type. Click the Update button. In the next minute or so, the 10 orbitals will be generated. After this process is finished you can click on the small squares on the right hand side to see all the molecular orbitals. For the nicest graphics, right click in the graphics window and choose ‘Display format’. Then click on the surface tab and change surface to transparent. Drag the controller about halfway between opaque and transparent. When you press CTRL-i an automatic screengrab is made of the current surface that you can paste into a document.

For a more instructive view of the orbital energy levels, click on the Diagram tab and change the degeneracy threshold to 0.01 and press Enter.

Given is the following diagram of the energy levels of the valence electrons of the ground state:
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34. Make an overview diagram of the molecular orbitals of O2 with the name, picture and energy. Make sure that the shape of the degenerate MOs is indeed the same. Which are the 2 lowest energy levels that correspond to the Van der Waals spheres of the oxygen atoms? According to Gaussian, which orbitals are the HOMO and the LUMO? We can get a gross estimate of the energy for the HOMO–LUMO excitation, which is the difference between the two energy levels. What frequency does that correspond to? What type of radiation are we looking at?

Gaussian at this point predicts oxygen to be diamagnetic, whereas the HOMO is degenerate in reality making it paramagnetic. You can fix this by changing the spin state to triplet. Try it. You now have the correct occupation diagram.

Next we will check the energy as a function of the bond length. To do this, change the job type to energy. Next, run a series of at least 4 smaller bond lengths in decrements of 0.1 A and 4 at increments of 0.1 A. Make sure to open the right log file every time.

35. Plot the (at least 9) data points. Does it look anything like the function corresponding to a harmonic oscillator?

36. Repeat the optimization of oxygen in exercise 1 using the unrestricted Hartree–Fock (UHF) method with a 6-311++G (3df,3pd) basis set. What are the differences with the 3-21 basis set (energy/bond length/execution time)?

Go back to the MO editor and examine the energy levels of the alpha and beta orbitals. Is the separation significant for all levels? Why is that? As opposed to the RHF 3-21G calculation, the proper energy levels with the correct degeneracy should now show. At this level the proper magnetic behavior is reproduced.

Methane, when burned stoichiometric, produces water and carbon dioxide according to the following reaction:

CH4 + 2 O2 ( CO2 + 2 H2O  (ΔH = -890.2 kJ/mol)
37. Calculate the energy of the 4 molecules (make sure you optimize them) using a Gaussian basis set of your choice. Use the same basis set for all molecules. Subtract the energies according to the stoichiometry. What energy do you obtain for this reaction?

Next we will look at the infrared spectrum of a small molecule. Build an ethyl alcohol (ethanol) molecule in GaussView. Use the ‘clean’ function in the edit menu when you are done. The molecule should now already look like an ethanol molecule in staggered conformation. Choose a Gaussian basis set of your choice and do a ‘opt+freq’ job. Below, for your convenience, is an inverted experimental spectrum of ethanol in the gas phase. GaussView doesn’t adhere to the retarded standard that infrared spectroscopists use. If you can find the option to plot spectra on the MHz scale, you’ll get 10 bonus credits! Anyway, after you have imported the log file, go to results/vibrations. 

Turn all the ‘show’ options on, hit ‘spectrum’ and ‘start’. You should now see a vibrating ethanol. When you click on a peak in the spectrum, the corresponding vibration will show in the model window. Neat, huh? Notice how much more complicated the vibrations are than simple stretch and bends between 2 atoms.

38. Report your basis set and method selections, the resulting energy and include a diagram of the optimized molecule. In the spectrum window hit ALT-PrtSc and paste the spectrum with the results. A specs sheet for the design of a specific type of breathalyzer (technically an intoxylizer) lists the specific IR absorption maxima for ethanol vapor at 2950, 2873, 1379, 1089, 1052, and 870 cm-1 (see spectrum below). How well do you think the experimental spectrum is reproduced? At what frequency do you find the O-H stretch? Where do you think it is in the experimental spectrum? Notice that there are 2 general regions in this spectrum: one above 3000 cm-1 and one below 1700 cm-1. What do all the vibrations in the higher region have in common, i.e. what type of vibrations are they? Why do all occur at these highest frequencies?

As an extra assignment you could try and deduce the correct spectroscopic name for each of the vibrations. There is an excellent wikipedia page available that describes all the modes. It takes some practice, but it is a very valuable skill if you ever need to understand spectral shifts in your IR or Raman data.

As a final note, when we look at liquid ethanol, the weak O-H stretch is typically found at a significantly lower frequency and forms a very wide band. This is of course due to the hydrogen bonding interactions between other molecules that effectively weaken the OH bond. Furthermore, thermal excitations that couple with the IR modes cannot be fully taken into account causing peaks to deviate significantly from our ‘0 Kelvin‘ theoretical spectrum. An exact match is therefore impossible to achieve even with the best basis sets.
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Upside down IR spectrum of ethanol vapor for easy comparison with Gaussian results.

A final exercise is to look at the possibilities of calculating NMR spectra using Gaussian.  Using your ethanol molecule, select the job type NMR. Leave the option on GIAO. The other options both crash on my computer whatever I try. Hit Submit and save your input file as ethanol-NMR. After the job is done and the log file imported, open the results/NMR window. The default shows the combined NMR spectrum for all elements. You can click on the peaks, which will highlight the corresponding atom in the model window. Change the view to the element C and compare the results with the spectrum below. Notice that the shielding scale is relative. Depending slightly on the size of your basis set, your results should be pretty close. You can do some other molecules at your leisure and compare your results with the spectra on the excellent web book on NMR from prof. Hornak:

http://www.cis.rit.edu/htbooks/nmr/chap-9/chap-9.htm
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13C NMR ethanol

Now change the element to H. The spectrum should zoom in on the region on the left. Again, click on the respective atoms to view which one is which. Notice that 2 atoms are degenerate due to the symmetry of your molecule (or at least should be). When you compare this spectrum to the experimental data below, you will immediately notice some major differences. First of all, the methyl hydrogens are not all three degenerate. This is because at relatively low temperatures, the molecule becomes a rotamer. In our calculation we only consider the staggered conformation. At higher level basis sets the separation between their chemical shift tends to become smaller, but they will never overlap

Secondly, there is no splitting of the peaks, such as is normally observed in proton NMR. Go back to the main calculation window and add the following extra keyword: nmr=spinspin. Notice that the option is added in brackets in the Keywords line at the top of the screen. You can carry out this calculation and study the .log file. Unfortunately, GaussView 3.09 cannot visualize the spin-spin coupling, which for proton NMR is typically the most useful technique to distinguish the atoms (see figures below).

A final thing you should notice is that the hydroxyl hydrogen is not where the experimental data is showing it. In fact, a quick online search revealed that even between TMS, D2O and CDCl3 as internal standards the chemical shift seems to vary a lot experimentally.

39. Report your basis set and method and copy and paste your H and C NMR spectra.

In general it may be concluded that Gaussian doesn’t do a very good job for 1H NMR. Again one of the major problems is that molecules in an NMR setup have interactions and thermal excitations. Both are not considered in the current model. The relatively small charge on the hydrogens, their sensitivity to their environment (and also the size of basis sets!) makes it very difficult to obtain unambiguous results. The spin-spin coupling coefficients in the log file may be of some assistance in peak assignments, but common chemical intuition does a lot better job at that.

For heavier atom NMR spectra, on the other hand, can Gaussian be a very useful tool in assigning NMR peaks.
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1H NMR spectrum of ethanol.
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Detail of the result of spin-spin coupling of the 3 peaks.

Homework assignments

Set 5: slides 157–182
In this exercise you will be parameterizing an intramolecular force field for one of the major greenhouse gases nitrogen dioxide, NO2 using ab initio calculations in Gaussian and compare our results to the parameterization in Dreiding. To derive the force constants we will use Gaussian’s scan function.

40. Input two versions of NO2 in Gaussview: One that is linear and one with an angle of about 135 degrees. Run a minimization on both on the UHF 6-311++G (3df,3pd) level. Report your structures in terms of bond lengths, angles and energies. What is the difference in energy between these two in kJ/mol? How does that compare to kT at room temperature?

The phenomenon of the virtually ‘stable’ linear molecule upon optimization is due to a local minimum. I will treat this in a couple of weeks.

For the lowest energy structure, which should not be the linear, change the Gaussian job type to ‘Scan’. Notice that a warning appears that extra user input is needed. Instead of ‘Submit’ press the ‘Edit’ button. Find the line with the angle and lower the value of the angle by 10 degrees. Next add the numbers 20 and 1.0 to that line (see example below). This will scan the energy over the range -10 to +10 degrees in increments of 1 degree. Close and save the job and when prompted run the job.

   A1           126.54738235 20 1.0

41. Retrieve the data from the log file and convert the energy to kJ/mol. Assume a zero potential energy for the energy minimum by linear translation. Fit the resulting curve with your favorite data processing program, for instance the regression tool in Excel. Copy and paste your fitted curve and express your fitting results according to Hooke’s law. What is the proper unit of the spring constant? 

42. We’ll assume the bond stretch parameters are independent. For one of the bonds repeat the above procedure for the N–O stretch parameter. Make sure you turn on the “Ignore symmetry” parameter, otherwise Gaussian will crash at the equilibrium structure. Apply a scan range that produces roughly the same energy range as for the bond angle.

After the scan jobs, you can turn on the “read intermediate geometries” option when loading the log file. Next, using the results/scan you should get an interactive graph. The corresponding geometry should show when a data point is selected. Click on the green button in the structure window for a neat animation.

Next, we will apply the mechanics functionality in Gaussian.

43. Using the equilibrium structure, change the method from Hartree–Fock to Mechanics and change the force field to Dreiding. Run an optimization and import the log file in GaussView. Do you see any difference in the structure? What is the energy? You should find that the results are not imported properly for any mechanics calculation. This is a gross shortcoming of GaussView. You need to examine the output in the log file yourself by opening it in a text browser/editor. What are the reported energy, angle and bond stretches?
It is obvious that Gaussian is primarily a quantum chemistry package, not a molecular mechanics program. Therefore we will have a look at Tinker, a free molecular modeling package from professor Ponder at the Washington University in Saint Louis. The program can be downloaded here: http://dasher.wustl.edu/tinker/. You should also obtain the Dreiding publication by Mayo et. al (j.phys.chem. 1990), which you will need for the following assignment.

44. The Gaussian log file shows that it assumed the Dreiding atom type N_R for the nitrogen and O_R for the oxygens. Show, based on the published parameters in the paper by Mayo et al. for those atom types what optimized geometry you would expect for the NO2 molecule.
45. After installing Tinker, start the Force Field Explorer. Select File/open and open cyclohex.boat and cyclohex.chair in the tinker\example directory. Feel free to play with the visualization options. Click on the ‘Modeling Commands’ tab. The command should default to ‘Analyse’. Click on the rocket-like button on the left, to ‘Launch’ the calculation. This should calculate the energy of the molecule. In the Logs tab, scroll to the bottom of the window to obtain the results. Do this for both molecules and report the results.

46. We shall now run a short dynamics simulation on the boat conformation. Click on the boat structure to make it active. Change the command to ‘Dynamics’. Change the ‘number of steps’ option to 100000 (by adding a zero). Click on the ‘Keyword’ tab and in ‘Output’ turn on the ‘archive’ option. Go back to the command tab and hit ‘Launch’. After a few minutes, the updates on the screen should be finished. (In the bottom of the screen it stopped at 100 picoseconds). Go back to the ‘Logs’ tab and scroll all the way down to the 100 picosecond section. Copy and paste this section (Total, kinetic and potential energy and temperature).

You can now sit back to enjoy the show. Close all the structures. File/Open, select archive cyclohex.arc. Hit the play button at the top of the screen. The simulation should now run in the graphics window. Do you see the molecule flip between the 2 conformations? 

Homework assignments

Set 6: slides 183–213
47. Describe concisely and in your own words what the three major methods for point charge determination are based on in terms of the fundamental principles. Rank the methods in terms of computational effort and in terms of accuracy.

Next we have a look at the ESP method. Gaussian supports 3 sampling schemes: MK, CHELP, and CHELPG. In the table below, charges were assigned using each of these schemes for benzene using MP2/6-311++G**.
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48. Based on the given RMS values and realizing that benzene is a highly symmetrical molecule, which of these charge sets is the best (if any)? Why?

It’s time to calculate some ESP charges of our own. Choose an organic molecule of 8 to 15 atoms with at least one atom that is not carbon or hydrogen. Draw and optimize it using a sufficient basis set. Sufficient means that the basis set ought to be capable of describing the molecular properties of interest. Check the lecture slides if you’re unsure. Using the optimized structure, you will need to do 3 energy calculations to obtain potential derived charges using the MK, CHELP, and CHELPG ESP sampling methods.  

From the GaussView GUI, open the “Gaussian Calculation Setup” dialog box by Calculate ( Gaussian.  In the “Additional keywords” field, enter “POP=ESP_Sampling IOP(6/33=2)”, where ESP_Sampling is MK, CHELP, or CHELPG respectively. 

In the link0 tab, choose a unique name for the checkpoint file for each of the 3 methods.

The “IOP(6/33=2)” keyword requests Gaussian to produce the coordinates of the “Cube” and 0 of the ESP sampling in the .log files. The RMS can be found in the .log file in the section “Electrostatic Properties Using The SCF Density”

49. Report your chosen method and basis set. Copy and paste (CTRL-I should work) your optimized molecule, making sure all the atoms are visible. Zoom in to such a magnification that the molecule covers the window as much as possible. What are the RMS values for each of the 3 sampling methods? Using this criterion alone, which potential derived charge set is best?

A visual overview of the point charge distribution can be made using GaussView, by opening Results/charges. First choose the option Mulliken and turn the options “color atoms by charge” and “fixed charge range” and “show charge numbers” off. Now you can switch to ESP. Turn the option “fixed charge range” off and back on to update the colors.

50. In the same orientation and magnification of (3) copy and paste the Mulliken and the 3 ESP charge distributions of your molecule. Make sure to indicate which is which.

In the next exercise you will produce the coolest-looking-yet-most-informative pictures from Gaussian calculations; those that will impress your dearest ones, certainly as opposed to showing them the somewhat boring list of 0 values. Open each of the three checkpoint files from (3) and do the following:

· Select Results/Surfaces from the menu.

· Click on “Cube Actions/New Cube”, change “Kind” to “ESP” and click OK.

· Cubegen will run in the background, wait for it to finish. You should now have an ESP cube under “Available Cubes”.

· Change “isovalue for new surfaces” to 0.2 and activate the “Add views for new surfaces” option 

· Do “Surface Action/New Surface”

51. You should now have 3 “blob-like” figures on your screen representing the electrostatic potential. Spot the 10 differences. Can you explain what you have found here given the fact that you have done 3 different ESP fitting methods? 

Click on “Cube action/Remove cube” twice. Keep clicking on “Surface Actions/Remove Surface” until all your surfaces are gone. Create ESP surfaces for isovalues of 1, 0.1, 0.01, 0.001, and 0. The last one or two plots look like something has gone wrong. What happened is that the values are so small, that the isosurface reaches beyond the cube that was calculated for the ESP values. The zero surface is still physically valid though. All points on that surface “feel” a net cancellation of the molecular electrostatic potential. For a real eerie effect, try a negative value of -0.1 or so. You are now looking at an inverted surface of the same isovalue. I don’t believe Gaussview was really designed to support this “feature”, but it looks cool. At 0.01 you should typically see 2 colors. One for the positive and one for the negative values of the MEP. The yellowy blobs typically show where lone pairs on the molecules are present, that is high densities of electrons. The blobs may or may not be truncated by the limits of the cube. It usually takes a bit of trial and error to produce meaningful MEP representations. Values between 0.1 and 0.5 typically create the nicest pictures. Looking at multiple mappings is the only way to get the true “3D picture” in your head.

52. Delete the surfaces that reached outside the box and the “eerie” ones. Copy (using CTRL-I) and paste the remaining isosurfaces. For the isovalue of 1, rightclick in the window. Select the molecule tab. Activate “Use Van der Waals Radii”. Now Select “wireframe” for the High Layer option. Explain what you see.

In (52) you may have noticed that the radii were still scaled to 75%. You can change it to 100% and try and find a typical value for the MEP to match the real Van der Waals surface.

53. Now we go for gold. Go back to the surfaces and cubes window and create a new cube of the “total density” type. After it is created, the isovalue should default to 0.0004. Now select “Surface actions/New mapped surface”. Select the ESP kind and click ok. Go to display format and make the surface transparent. Copy and paste this figure. Repeat this for isovalues of 0.004, 0.04 and 0.1. Explain in your own words what these plots mean. What do you see at the nitrogens and/or oxygens? What do you expect to happen when you would let two molecules interact with each other? Why would chemists be interested in these plots?

The isovalue of 0.1 should give an electron density plot close to what we consider to be the Van der Waals radius. That is, the distance at which we allow atoms to approach in force field theory at the optimal distance. Notice how extremely specific the electrostatic potential at this surface is laid out. (as opposed to the default isovalue, where the MEP is smeared out.) Especially when we calculate properties for the solid state, we indeed observe that molecules are interacting at distances of their Van der Waals radii. In the case of hydrogen bonding, atoms even approach well within their Van der Waals radii!

Do you think the Coulomb interaction is very well modeled by atomic point charges for crystals? It may not surprise you that active research is still going on on this topic. 

In the following exercise, you will use the ESP sampling as a platform to determine if Mulliken charges are a “reasonable” charge set to describe the electrostatic potential of the molecule.

From (49), open in a text editor the .log file corresponding to an ESP sampling of your choice. Go to the “Population analysis using the SCF density” section in that file.

Within this section, you should find the Mulliken atomic charges. In the next section, “Electrostatic Properties Using The SCF Density”, you will find the “standard orientation” atomic coordinates (in Angstrom), and the Cartesian coordinates (in Angstroms) for the ESP sampling points.  The “standard orientation” coordinates are likely different from your input coordinates.  Be sure to use the “standard orientation” coordinates since the ESP sampling points are generated based on these coordinates.  Following this list of coordinates are details of the potential-derived charges.  Here you will find the values of the charges and the RMS value associated with them. Save these sections in a temporary file if you need to import the data in Excel.

The next section is “Electrostatic Properties (Atomic Units)”. In the column “Electric Potential” you will find 0 values (in e/Bohrs) for the corresponding ESP sampling points. 

54. From the data above, calculate an RMS value using the Gaussian Mulliken charges. Compare how well Mulliken charges are able to reproduce the RMS from the ESP charges.  A good way to check your algorithm is to reproduce the Gaussian RMS output using the potential-derived charges output. That should produce exactly the same RMS value as Gaussian reports.

In charge equilibration (QeQ), charges of a molecule are obtained to minimize the total electrostatic energy of a system.  This includes contributions of some ground state energy of the atoms within the molecule as well as their electrostatic interactions with all other atoms.  Mathematically, the energy of a molecule with j atoms can be written as:
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The first summation represents the atom’s self energy consisting of a perturbation to the ground state energy Ej0 as charge accumulates on the atom.  The second summation represents the electrostatic interaction of the jth charge with all other k charges.  It is through this term that QeQ is able to capture the molecular environment.  

We are typically familiar with the form where Jjk = 14.4/rjk - Coulomb’s law.  14.4 is a conversion factor such that J has units of eV and r has units of Angstrom.  In the QeQ methodology however, a more complicated shielding correction potential is preferred over the simplicity of Coulomb’s law.  One such approach is through the use of an s Slater-type orbital which can be constructed for any atom with s, p, or d valence orbital (the choice for an s orbital maintains a spherical charge distribution).  The Coulomb interaction is between 2 s Slater-type orbitals centered on atoms j and k.  Assuming qj and qk have unit charges, the Slater-type and Coulomb’s law potentials between a few atom pairs are given below.

55. Qualitatively observe these plots. Why do you think the use of Slater-type shielded potentials is necessary in the QeQ methodology?
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Homework assignments

Set 7: slides 214–232
Give the functional forms of the first and second derivates of the following three potential functions. (use the general force field expression from module 2) The potential being kJ/mol and the interatomic distance being in Ångströms what are the correct units for each of the parameters in those functions? 

56. Hooke’s law for bond distances,

57. the Lennard–Jones potential,

58. the Coulomb potential.

A pair of Ne atoms are at their optimal Van der Waals distance of 3.08 Å with an energy of -0.175762 kJ/mol with respect to an infinite distance.

59. Calculate the Lennard–Jones parameters for this atom pair from the information above. (remember that the derivative of the potential must be 0 at the minimum.) Plot your potential function over the range r=2.75 to 5.0 Å to check that you have found the right parameters.

A (fictive) atom pair has the following Lennard–Jones potential parameters in the correct units you found in exercises 1 to 3: ε = 0.505 [unit] σ = 3.05 [unit]. The geometry optimized structure can be found using algebraic methods, numerical methods (see the numerical recipes web book), or by using Tinker (which requires you to create a ‘params’ file). Optical function analysis will not score you any points for the next questions, although it is a good method to check your answers. You can score bonus points by applying multiple methods (provided that you get the same results)

60. Find, using the method(s) of your choice, a) the energy and bond distance at the minimum. b) the bond distance where the function passes through 0, c) the interaction distance window within which the interaction energy is 50% of the minimum.

61. Repeat exercise 5 to include the Coulomb potential (make sure you use the right units!) where the atom pair has point charges at the cores of 0.2 e and -0.2 e respectively.
Homework assignments

Set 8: slides 233–252
62. For the following cases below, describe what kind of computational technique is required. Consider entropy and feasibility with respect to execution time in your answers. Assume we have a potential function that can be evaluated in about 1 second to an accuracy of 0.1 kJ/mol.

a. probing the conformational freedom of ethanol in the gas phase. (e.g. does the temperature of the gas influence the readout in a breathalyzer?)

b. determination of the melting point of pure octanol? (academic interest)

c. determination of the melting point of octanol and 13% of various known closely related carbohydrate impurities? (e.g. at what temperature would the  gas tank of your car freeze up?)

d. calculation of relative stability of known polymorphs of indomethacin, a small drug molecule (e.g. can the pharmaceutical production expect polymorphism problems in production?)

e. mobility of molecules in gelatinized starch (e.g. stability estimation of drug product in gel tabs)

As a demonstration of Monte Carlo sampling we shall determine the value of π. Given is a circle of radius 1 at coordinate (x,y) = (0,0) we know that all points within that circle must obey x2 + y2 ≤ 1. The square surrounding that circle is defined by -1 ≤ x ≤ 1; -1 ≤ y ≤ 1 and obviously has an area of 4, whereas the circle has πr2 = π. Therefore, if we pick a random coordinate within the square, the chance is π/4 that it lies within the circle as well.

63. Take 100 random pairs of (x, y) coordinates within the square and determine whether it lies within the circle. Calculate the percentage of random coordinates that are. Multiplied by 4, how far is this value away from π? Repeat the exercise for 1000 and 10000 coordinates. Does the precision of this Monte Carlo simulation go up?

Tips for excel users; the function rand() generates a number between 0 and 1. Comparisons such as SQRT(…)<=1 produces values TRUE or FALSE, which cannot be averaged. You can use the if(field, 1, 0) function to produce 1 for TRUE and 0 for FALSE, which can then be averaged.

Recall the molecular dynamics simulation of problem 45&46 on cyclohexane. Given is that the boat conformation has a potential energy of 13.9 kcal/mol and the chair 8.08 kcal/mol. 

64. Using Boltzmann statistics, what are the relative* expectancy values to encounter the boat and chair conformations at 0, 100, 200, 300, 1000 K?  (* The total of the two must equal 100%)

65. Redo the dynamics run on cyclohexane over a 10 ps dynamics simulation at 300 K. Plot the Potential Energy, Kinetic energy and temperature as a function of time for the average values. How many cycles does it take for the system to equilibrate? Determine the average values over the acceptable sampling range.
Tip for excel users: after importing the .log file (space & tab delimiters, multi) import the macro file below into your worksheet. Now you can move the cursor to the beginning of the line where it says “Average Values for the last” etc. and press CTRL+a. That should produce the 3 respective numbers in a row. Hold down the key to process the whole file.

66. Obtain the average kinetic and potential energies for the system at 1, 100, 200, 300, 400, and 500 K. Discuss what you can learn from these plots.

File: autoedit.bas:

Attribute VB_Name = "Module1"

Sub Macro1()

Attribute Macro1.VB_Description = "Macro recorded 11/13/2006 by Steef"

Attribute Macro1.VB_ProcData.VB_Invoke_Func = "a\n14"

'

' Macro1 Macro

' Macro recorded 11/13/2006 by Steef

'

' Keyboard Shortcut: Ctrl+a

'

    ActiveCell.Offset(4, 3).Range("A1").Select

    Selection.Copy

    ActiveCell.Offset(-4, -3).Range("A1").Select

    ActiveSheet.Paste

    ActiveCell.Offset(5, 3).Range("A1").Select

    Application.CutCopyMode = False

    Selection.Copy

    ActiveCell.Offset(-5, -2).Range("A1").Select

    ActiveSheet.Paste

    ActiveCell.Offset(6, 1).Range("A1").Select

    Application.CutCopyMode = False

    Selection.Copy

    ActiveCell.Offset(-6, 0).Range("A1").Select

    ActiveSheet.Paste

    ActiveCell.Offset(0, 1).Range("A1:J1").Select

    Application.CutCopyMode = False

    Selection.ClearContents

    ActiveCell.Offset(1, -3).Range("A1:A14").Select

    Selection.EntireRow.Delete

    ActiveCell.Select

End Sub
Homework assignments

Set 9: slides 253–268
In this homework set you will use Tinker to look at the simple sodium chloride structure.

Although Tinker supports periodic structures, the Force Field Editor does not support visualization thereof. Example files called “salt” are already present in the example folder.

Assuming you installed Tinker in C:\Program Files\TINKER do the following.

· start a command shell by doing start/run… and type “cmd <ENTER>”

· type “cd c:\program files\tinker”

· Create a file in the Tinker directory called Addpath.bat, containing the following:

Set Path=%PATH%;c:\Program Files\TINKER\bin\;c:\Program Files\TINKER\jre\bin\client\
(all on one line)

· Type addpath in the command shell.

· type “cd example”

Two files are present in this folder that are needed for the minimization: salt.cell and salt.key. Open these files in a browser and examine the contents.

67. Describe what the 2 respective files contain.

In the command shell, type the following:

· Crystal salt.cell

· In the menu choose option 1

The program has created a file salt.xyz

Check the contents of that file to make sure nothing weird happened

Now type:

· Crystal salt.xyz

· Choose option 4 and then Y for yes.

· Check the contents of salt.xyz_2

68. Explain exactly what the file salt.xyz_2 contains.

You can open the newly created files in the FFE. You should see the 8 ions in the unit cell. However, FFE does not display the unit cell axes.

You are now ready to start the minimization of the salt file.
Type:

· xtalmin salt 0.01 > salt-ewald.log

After about 10 seconds the calculation should be done.

Type:

· Copy salt.key salt.key.bak

Edit the file salt.key and remove the line that says “ewald”

Now type:

· xtalmin salt 0.01 > salt-noewald.log

69. Compare the output in the two output log files and report a summary of these calculations. Explain the two major differences. 

Restore the original key file by typing:

· Del salt.key

· Ren salt.key.bak salt.key

We shall now look at the average structure at room temperature using the program Dynamic. The program Dynamic can be launched directly from the FFE, so we can leave the command line.

In FFE open salt.xyz_2.  In the modeling commands choose the correct program.

Rename the log file option to YOURNAME.log, or whatever.

Choose the correct ensemble and related options to mimick a system under ambient conditions at 25 °C.

After checking the keyword options in the keyword editor, launch the simulation.

70. In a similar fashion as in the previous homework, create an equilibration profile of the unit cell axes. Copy and paste that profile in your answer sheet. Calculate the average unit cell length from the equilibrated part of the profile.

Given is the following reference data:

Walker D, Verma P K, Cranswick L M D, Jones R L, Clark S M, Buhre S

American Mineralogist 89 (2004) 204-210

Halite-sylvite thermoelasticity

Sample: msl416031, T = 25 C, P = 0.0 kbar, cell volume = 179.42 ang**3

5.6401 5.6401 5.6401 90 90 90 Fm3m

71. What is the major difference between experimental observation and our computational results? Which parameters of this model and simulation would you change to obtain a better match?

Homework assignments

Set 10: slides 269–320
Ideally the most instructive homework set would have been for you to carry out a polymorph prediction. It is however impossible to write a crystal structure prediction program within the scope of this course. Tinker does not have any supported prediction features. Alternatively, there are some freely available programs on-line (e.g. Upack), but they are very hard to use. Other options would be to use commercial prediction programs such as polymorph predictor from Accelrys software, which is part of either Cerius2 or Materials Studio. Since running a proper polymorph prediction for a given compound would also cost too much time, the bottom line is that you can’t do your own polymorph prediction as part of this homework. Therefore we’ll have to look at it at a more fundamental level.

72. Explain, considering the Gibbs free energy, if the following properties can influence the relative stability of pure polymorphs, and explain why not or how it is of influence (this question is for 40% !):

a. Number and strength of hydrogen bonds.

b. Total amount of Van der Waals interaction energy

c. Cavities in the crystal structure (ie vacuum / empty space)

d. Total density

e. Solvent used during crystallization

f. Ambient pressure

g. Impurities in the solvent

h. Impurities in the crystals

i. Supersaturation during the crystallization

j. Conformational differences between the molecules in different polymorphs

We observe a molecule with a molecular volume of 340 Å3. For a particular polymorph prediction using point charges and a standard force field, we obtain 100 structures in an energy window of 50 kJ/mol. Notice, that these energies are the internal energies of the crystal structures after minimization. The reference energy of 0 kJ/mol is that of an isolated molecule in the optimal conformation. These energies are also referred to as the lattice energy. In this case it means that the structure with the lowest lattice energy is 50 kJ/mol higher in energy than the structure with the lowest energy. The densities vary between 0.95 and 1.35 g/cm3. Assume the latter has reached 100% packing efficiency. The entropies are not calculated. 

73. For these polymorph prediction results answer the following questions (20%):

k. Can we base on the information above exactly which of the 100 structures is the most stable at 0 K? Explain.
l. Can we base on the information above exactly which of the 100 structures is the most stable at room temperature? Explain.
m. Calculate the effect of the differences in density on the Gibbs free energy for the 2 extremes at ambient pressure. Would this energy difference be an important factor in the ranking?
n. Densities being equal, at room temperature, how much larger must the molar entropy be of the highest lattice energy to have an equal Gibbs free energy with the structure that has the lowest lattice energy? 
Flufenamic acid is known to have at least 7 polymorphs. Two of them are enantiotropically related: Form I and Form III.  Form I is the stable form above 42 °C and Form III is the stable form below 42 °C. 

The figure below shows the transition of form III to form I using Differential Scanning Calorimetry (DSC) followed by a melting event of 99.56 J/g. The transition is characterized by an endotherm (going up) immediately followed by an exotherm (down). The net area (Area(endo)-Area(exo)) is shown in this graph. The molecular weight of flufenamic acid is 281.234 g/mol.
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FFA form III (courtesy of E.-H. Lee)

74. Assume that the enthalpy curves of form I and III are parallel between 42 and 140°C (that means the difference is the same throughout the scan). (10%)

o. Calculate the difference in enthalpy between form I at III at the transition point in kJ/mol.

p. What is the difference in molar entropy of form I and III at the transition temperature!

q. Which form has more entropy at the transition point? Is that what you would have expected? Explain.
75. A polymorphic steroid compound has two known forms, a monoclinic and a triclinic. The relevant crystallographic parameters for these forms can be found in the database under refcode CIYRIL (30%)

r. Calculate the molar volume for each of the two forms and calculate the effect on the Gibbs free energy difference at ambient pressure.

s. Calculate the contribution of the entropy difference to the Gibbs free energy difference at room temperature.

Dissolution differential scanning calorimetry has revealed that the monoclinic form has a dissolution enthalpy of 17.4 kJ/mol and entropy of 28.00 J/mol K.

The triclinic form measures 18.3 kJ/mol and 32.66 J/mol K.

t. Calculate, assuming the molar entropies, volumes and enthalpies are constants with changing temperature, where the respective Gibbs free energies are the same, ie, where the transition temperature would be.

u. This compound does not melt upon heating, but both forms start to decompose at about 160°C. Are we dealing with a monotropic, enantiotropic system, or can we not conclude that based on the above information?

Homework assignments

Set 11: slides 321–360
76. A crystal has the space group P 21.a=3.2, b=5.15, c=7.2 Å and the unique angle, β, is 105º. Viewing along the vector [010], draw the morphology of this crystal given the relative growth rates of the following forms:

{100} 85

{001} 40

{101} 100

{10-1} 60

Label the faces in your drawing.

77. Using the force field parameterization in the Tinker examples directory for formamide, calculate the molecular interaction energies for the molecules within the unit cell. To do this, create models with the appropriate pairs of molecules and compare the total energy with that of the molecules at infinite distance. Hint: the easiest way to produce the correct input files is by using the crystal tool (see previous homework) and then to delete molecules with a text editor. Make sure to check all your settings, to make sure what you are doing. Notice that these are not periodic calculations!
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