LAB 10:  Remote Computing: Calculating and Correlating NMR Chemical Shifts and Natural Charges using Gaussian 03 on a Linux Cluster (a PQS Quantum Cube at UNCW):

Classical vs. Nonclassical Carbocations (includes oral report and counts as 2 labs)          
In this exercise you will use Gaussian 03 running on an 4-dual node processor Linux cluster (‘n1’) located at UNCW to (1) determine the energies of several possible geometries of carbocations. You will also (2) calculate NMR shielding values (from which chemical shifts can be predicted) and (3) charges on atoms using Weinhold natural population analysis (npa). Some of you (those who model aromatic ring-containing structures) will graph the calculated chemical shifts vs. the two sets of calculated atomic charges to see what (if any) correlation exists.
Carbocations may exist as localized (classical) cations, in which the positive charge is located at one particular carbon atom, or as delocalized (non-classical) cations, in which the charge is dispersed over several atoms because of resonance or bridging.  One goal of this computational exercise is to determine whether (according to the computations) the cation that you calculate has a classical or non-classical type of structure. You will look up experimental NMR chemical shift data on these cations to compare your calculations to experimental results.  Each student will be assigned one carbocation (and the corresponding neutral hydrocarbon) to model.  Two different starting geometries of each cation should be created: one classical carbocation geometry, and one non-classical carbocation geometry.  

Overview:

The carbocations and their parent hydrocarbons will be created in Titan on a pc, optimized at the semi-empirical level using your choice of methods, then saved as a .pdb file. These files will be opened in GaussView and saved as Gaussian 03 input files, then they will be transferred electronically to the Linux cluster and submitted for a geometry optimization and npa charge calculation followed by calculation of the NMR shielding values, from which the computed chemical shift differences can be determined.  In the interest of efficiency, the usual frequency calculation to verify a minimum energy structure will be omitted.
Computational Assignment:

Create a model of each of the carbocation structures that are assigned to you and their neutral hydrocarbon parent in Titan (see instructions below), and optimize their geometries in AM1, being sure to specify the charge of +1 for the cations. (It may be necessary to build the carbocation structures manually, or constrain their geometry if optimizing changes them from the desired form.)  Save the files as .pdb files with some filename, then open them in GaussView (do NOT add hydrogens) where you can view the structure with the atom labels (element symbol and atom number). To view atom numbering, open the file in GaussView, then View, Labels.  Maximize the window, then use the L mouse button to rotate the structure to see the labels better. We will focus only on the carbon chemical shifts, so you may want to sketch the structure and jot these carbon atom numbers down now.  Later when the NMR and charge calculation results are available, you will need to know the atom numbering.  Save the file as a Gaussian input file, electing to Write Cartesian coordinates, as yourfilename.gjf.  To copy the image of the structure, select Edit, copy image, then past into MSWord.   
[image: image1.wmf]C

H

3

C

H

C

H

C

H

2

C

H

3

6

5

4

3

2

1

C

H

3

C

H

3

C

H

2

C

H

3

C

H

3

C

H

3

a

n

d

C

H

3

C

H

C

H

C

H

2

C

H

2

C

H

3

C

H

C

H

C

H

2

C

H

2

6

5

4

3

2

1

a

n

d

a

n

d

a

n

d

a

n

d

a

n

d

a

n

d

a

c

h

i

r

a

l

c

h

i

r

a

l

H

H

d

d

d

d

C

H

2

C

H

2

H

C

H

2

C

H

3

C

H

C

H

3

C

H

2

C

H

2

H

C

H

2

C

H

2

C

H

3

C

H

2

a

c

h

i

r

a

l

c

h

i

r

a

l

Parent Hydrocarbons:
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GridNexus, a new graphical user interface for grid computing developed by UNCW computer science faculty and students, will be used to access Gaussian 03 on the PQS Quantum Cube in the future. GridNexus will open a .pdb file created by another program (HyperChem or Titan), save it in the format required for Gaussian input files while allowing the user to select the computational options desired, and then submit the calculation on a remote computer for you.  
Using Notepad on a pc to edit files

The MSWindows editing program Notepad can be used to edit the .gjf files created by GaussView into the proper format for Gaussian 03 calculations on a remote computer to look like the following (with your directory and filenames inserted):

%chk=/tmp/425/yourdirname/filename.chk
# HF/6-31++G** nosymm opt

(blank line)

(title or any comments you wish to add go here)

1  1   (charge &  multiplicity )

[molecular specification…XYZ coordinates or Z-matrix goes here]

(blank line)

--Link1--

%chk=/tmp/425/yourdirname/filename.chk
# HF/6-31++G** geom=allcheckpoint nosymm pop=npa nmr

(blank line)

Save the file (File, Save). 

Note:  The term “nosymm” tells Gaussian 03 not to change the atom order or numbering.  This is important when you relate the charges and nmr shielding values to individual carbon atoms in the structure. The keyword “pop=npa” tells Gaussian 03 to do a natural population analysis, from which natural charges are derived. Gaussian 03 automatically calculates and reports Mulliken charges. The keyword “nmr” tells Gaussian 03 to calculate nmr shielding values by the default method, GIAO (gauge-invariant atomic orbital).  The keyword “geom=allcheckpoint” instructs Gaussian 03 to use the geometry, charge and multiplicity from the checkpoint (scratch) file created in the previous geometry optimization calculation step.  In the interest of conserving valuable cpu time, we will NOT perform frequency calculations on any of the structures that you calculate in this exercise, but you should realize that a frequency calculation is an important part of a proper calculation of a minimum energy (or transition) structure.)  Should you want to do a frequency calculation, add freq to the second line.

Transfer the files to your directory on the Linux cluster (“n1”) using WINSCP3. After logging on with the provided login name and password, select the file to be transferred from the home computer and the directory on the remote computer into which you want the file copied, then hit the copy button (F5Copy) at the bottom of the screen. This places a copy of that file in the selected directory on the remote machine. Select F10 quit at the bottom right of the screen to terminate the session.  Use PuTTY to access this same account on the cluster and log on again with the account name and password.  Follow the instructions below to submit your Gaussian 03 calculation job.   Alternatively (and more simply), open the .gjf files one at a time in Notepad, and copy them into a newly created file of the same name in the remote computer using vi (right mouse click in vi pastes what has been copied).

Setting up your account on a remote Unix computer:

1. From a pc using PuTTY, connect to the remote machine  (eg,  n1.dobo.uncw.edu )

2. Change directories to the 425 directory:   cd 425
3. make a directory for your files using your initials:  mkdir nhm
4. Copy the H.dat file from 425 to your directory, but give it a new name:   

cp H.dat  nhm/Hnhm.dat   (use your intials)
5. Copy xg03 from 425 to your directory:   cp xg03 nhm
6. change directories into your directory:  cd nhm
7. Edit the newly created (copied) input file for the trial calculation of hydrogen  

vi Hnhm.dat

(see instructions below for using the vi editor change the checkpoint file name in the first line to match your inputfile name).
8. Save the modified file:       ZZ
9. Perform the Gaussian 03 calculation on the test file:    xg03 Hnhm.dat                                                                   
10. When the job is started, a .log file and an .error are written to your directory.  The result of the calculation is in a file called filename.out. The size of this file grows as the calculation proceeds. When it stops growing, the job may be done. View the file by typing   more Hnhm.out   Use the space bar to page through the file.  When a Gaussian calculation is finished, a quotation (funny, philosophical, or otherwise) appears near the end of the .out file. Assuming the Gaussian calculation works, you are now set up to do Gaussian calculations. If it does not work, see your instructor.  
Submitting a Gaussian calculation on the Linux cluster (n1):
To submit a .dat file for a Gaussian 03 calculation, type xg03 filename.dat   
Some useful UNIX commands:


pwd




tells you the present working directory 

(where you are)

ls -la
gives you a complete listing of files; I have created an ‘alias’ (shortcut) ll that does the same thing

cd ..




changes to one higher directory


cd ~




takes you to your home directory


cp filename1.dat filename2.dat
(makes a copy with a different name)


cp filename1.dat dirname2/filename2.dat
(makes a copy with a different name and puts it in 

 the directory called dirname2)


mv filename1.dat filename2.dat
(changes the name of filename1.dat to filename2.dat)

mv filename1.dat dirname2/filename1.dat
  (moves filename1.dat to the directory dirname2, 

 keeping the same filename)

mv filename1.dat dirname2/filename2.dat
  (moves filename1.dat to the directory dirname2, 

 





changing filename1.dat to filename2.dat)


rm filename1.dat


(deletes filename1.dat)


rmdir dirname1


(removes dirname1; directory must be empty first)


exit, or logout



(either of these can be used to terminate a session)

vi Text Editor Commands (on n1)



vi filename.dat
(opens filename.dat in text editor; must be in same directory as file, or else use pathname/filename)



i
(enters insert mode; Esc key gets you out of any mode)



a
(enters append mode; Esc key gets you out of any mode) 



x
(enters delete mode; Esc key gets you out of any mode)



r
(single character overstrike mode; upper case R is for multiple character)



dd
(deletes entire line)



ZZ
(exits vi editor, saving changes)



:q!
(exits vi editor without saving changes)

Obtaining NMR shielding values and NPA charges from a Gaussian 03 output file:
To locate the natural charges, vi filename.out, then /Nat.  This will search the output file for the first entry containing “Nat” (be sure to use upper-case N).  You may then scroll down (down arrow) to view the table of natural charges.  Then, from PuTTY on a pc, highlight and copy (Alt-C) the table of Natural charges into a spreadsheet in Excel.  Select the first column of the data you just imported, then Data, Text to Columns, and accept the parsing. You may delete all columns except the atom numbering, atom type (C, H, etc.) and the Natural charge. Close the file on the remote machine (ZZ or :q!).
The NMR shielding values of interest are (mis)labeled Isotropic Shielding tensors.  To locate and gather each line in the output file that has an entry containing the text string “Iso,” type grep Iso filename.out  Then, from PuTTY on a pc, highlight and paste (Ctl-V) the table of shielding values into your Excel spreadsheet next to the charges.  Select the first column of the data you just imported, then Data, Text to Columns, and accept the parsing.  Delete all newly added columns in the spreadsheet except isotropic shielding (tensor) value after you have seen that the atom types match up.

Visualizing a Gaussian98 output file on a pc using GaussView:

Use WINSCP3 to transfer the filename.out file from the Linux cluster to the pc.  Open GaussView.  Open the filename.out file. Rotate the structure as desired. Use the distance, angle, and dihedral angle icons as desired to determine the structural aspects of interest. Copy a suitable rendering of the structure into your report. 

Carbocation Structures to be modeled: 
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Structures of Carbocations:

Carbocations have been studied extensively by 13C NMR spectroscopy.  One way that a distinction is made between a classical (localized) carbocation and a non-classical (bridged, or delocalized) carbocation is by examining the difference in the sums of all of the 13C chemical shifts between the carbocation and the corresponding neutral hydrocarbon (parent) resulting from addition of a hydride ion (H-) to that carbocation.  If the difference in the sums of the chemical shifts is in the range of 350 ppm or more, the carbocation is considered to be classical. Bridged, or non-classical carbocations display differences in the sums of the chemical shifts of less than about 250 ppm (because the charge is delocalized, or spread out and therefore affects the chemical shift less).

In the second week of this experiment you will repeat the process followed last week, but this time calculating the optimized geometry and NMR shielding values of the neutral hydrocarbon parent (see structures below) corresponding to the cation you calculated last week.  Recall that differences in shielding values equate to differences in chemical shifts.  From the difference between the sums of the shielding values of the carbon nuclei (neutral hydrocarbon – cation) as well as the natural charge distribution (whether the least negative carbon is a single carbon or several), decide whether each carbocation you modeled is classical or non-classical. From the calculated HF energy values of each carbocation that you calculated, decide which structure is of lower energy.  Putting these pieces of computational evidence together, determine whether the classical or non-classical structure best describes the carbocation that you modeled. 

Note: If you wanted to calculate 13C chemical shifts, you simply subtract the isotropic shielding values of the carbons in your structure from those of TMS calculated using the same basis set (6-31++G**) as you used for your structure.
Oral report:

You will be expected to give a brief (~5 minute) PowerPoint presentation on your results during class on Tuesday, April 21.  Be sure to include numerical data and structures, as well as text in your presentation.  The PowerPoint may serve as your written (electronic) report also, if it is sufficiently complete.
Example Reference:

(ethyl carbocation)

Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. v. R. J. Am. Chem. Soc. 1981, 103, 5649.

Summary Outline of Procedure

1. Create models of assigned structures and optimize them using AM1 in Titan on a pc.
2. Save as .pdb file (filename.pdb)

3. Open filename.pdb in GaussView
4. Save as a Gaussian input file (with .gjf extension) while writing Cartesian coordinates.
5. Edit the files in Notepad to insert the proper header information and the Link command.

6. Use PuTTY to and logon to your account on n1, our Linux cluster.
7. Make a subdirectory in the 425 directory for your files; copy the H.dat file into your directory.
8. Transfer the input files of your parent hydrocarbon and carbocation structures to your subdirectory on the Linux cluster using WINSCP3 or simply copy and paste into vi.
9. Save the file. (ZZ)
10. Submit it for a Gaussian 03 calculation 
11. Logoff the Linux cluster.
12. Next week, logon to the Linux cluster and check the results.

13. If the calculation has completed, get the npa charges (vi filename.out, /Nat) and the isotropic shielding values by typing grep iso filename.out. Copy these data and paste into Excel, then parse (text to columns).  All you need is the isotropic shielding value, npa charge and the atom number.
14. You must also capture an image of the molecular structure (in GaussView), including atom numbering.  You may leter need to do some bond length or angle measurements to determine the geometry.

15. Analyze and interpret the data.

16. Create a PowerPoint presentation of your results, including a brief introduction, a comparison of relative energies of the isomeric cations you modelled, a comparison of the differences between the sum of carbon shielding values of the parent hydrocarbon and each cation structure, and a conclusion as to whether the lowest energy cation for your structure is classical (localized) or non-classical (bridged, or delocalized).



























