Chem242 - MIMT crystallography (S2007)
Name: _______________________

Structure solution and refinement

EDIT FORMULA OF IMPORT.CIF FILE
File Import

Login to one of the PC computers in the CRC.   Go to the course web site and get the import.cif file for the structure that you would like to investigate and place it in a new directory on your “J” drive (can be found through the MyComputer icon).  If your web browser adds a .txt extension to the file, be sure you manually remove that extension from the file name.  Do not leave the file in a temporary workspace like the Desktop, or all of your work will be deleted when you log off.  It is recommended that you start working on the green complex, Co(MIMT)4(NO3)2, first.
The import.cif file contains a concise summary of the single crystal diffraction experiment.  This includes the expected chemical formula of the compound, its unit cell (a,b,c,,,), and a list of a few thousand diffraction peak intensities sorted by the three integer hkl (or Miller) indices of these peaks.  It typically contains other experimental details which are useful for archival purposes (like an electronic lab notebook), but are not relevant to this class exercise. 
Start the program WinGX in the CRC by going to Start->Run… and typing C:\wingx\wingx.bat at the prompt. Ignore any initial errors that occur from the program opening without a pre-existing experiment.  At the “Start New Project” prompt, set the “Project working directory” to directory your import.cif file is in (ie: J:\MIMT-Green) and choose a “Project ID” name based on your last name (ie: KHAL-Green).  If your project name is too long (>10 characters), certain software programs you will need to use later will not work.  Note that you will quickly go from one file to many files in this directory, so each chemical compound must have its own directory.  If the program does not automatically prompt you for the Project directory, go to “File‑>Change Project->Select New Project” menu.  Ignore the error messages about the missing .INS file and missing reflection files, as you have not generated these yet.
Use the “Model->Prelim->Import KappaCCD” command to import the data from this file so that you can begin the process of structure solution and refinement.  Note the three files that are being created here (import_hkl.sortav, projectname.hkl, dreduc.cif).  Of these, the .hkl file is the most important for now as it contains the full list of hkl reflections and their measured intensities, which are used by the computer software to calculate the electron density within the unit cell through the formula below [x,y,z are fractional coordinates; h,k,l are the Miller indices of each peak; Fhkl is the “intensity” of a given hkl peak, with some phase information also included].  There is a very high electron density near the center of every atom, and by looking for maxima (peaks) in the electron density, it will be possible to locate the positions of atoms within the unit cell.
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Experiment initialization
Select “Model->Prelim->Initialize files”.  Note that the program is now aware of most of the necessary crystal information.  Go to the second tab (“Crystal Data”).  Enter the color of the crystal (blue or green) and its dimensions (provided online).  It is crucial that you click on the button “Estimate Z” in this panel to provide a reasonable estimate of the number of formula units in the full unit cell of the crystal.  The chemical formula can be changed here if your proposed structure proves to be incorrect.  When you click on “OK”, you will get a message saying that .INS and STRUCT.CIF files have been written. (If you need to make additional changes, you can return to these panels through “Model‑>Edit STRUCT.CIF”) The .INS file will be used for the structure solution step, while the struct.cif file will provide a record of crystal and procedural information for publication.  If later changes are necessary, go to “Model‑>Edit STRUCT.CIF”
Space group determination.
In order to progress further, we will need to determine which one of the 230 possible space groups most accurately describes the symmetry of the crystal.  This is entirely analogous to determining the point group of a molecule, although there two extra types of symmetry operations (glide plane, screw axis) that are possible in 3D lattices but not in isolated molecules.  The symmetry of a crystal is always the same as the symmetry of the diffraction spots it generates (remember how the optical diffraction spots from a rectangular lattice formed a rectangular pattern, and the optical diffraction spots from a hexagonal lattice formed a hexagonal pattern) – the software will therefore search for patterns in the intensities of the 3D lattice of diffraction spots to determine the space group of our crystals.  For the two MIMT structures, the automated space group determination routines of the computer software will correctly assign the space groups of the molecules.  Go to “Model->Prelim->AssignSpaceGroup”, and accept the defaults choices as the program runs.  For one crystal, you will notice the software first determining the crystal system to be monoclinic, and then assigns the space group as C2/c.  In the other, the crystal system will be assigned as monoclinic and the space group as P-1.
Structure solution

Once we have a space group selected, we can try to obtain the atom positions within the unit cell.  For this, you should use the “SIR97” software.  Go to “Solve‑>Sir97‑>GUI Control” to start the structure solution process.  Click OK at all of the prompts, until the software stops doing calculations, and shows a final structure picture.   Then click on the “Exit” button, which will save the data and terminate the program.  The software will now have a good starting model of your chemical compound.  [Hint: one complex will only show half of the expected number of ligands.  This is due to the symmetry of the compound.  The software only shows the minimum number of unique atoms.  You can see the full structure later in the SXGRAPH utility using the “Model->Grow Fragments” command, or when you view the final refined structure in Mercury.  Note that atoms which are in identical environments due to symmetry will be displayed with the same name (ie C14) when atom labels are viewed.]
Structure Refinement Commands
Now that we have a reasonable set of atom coordinates, we can attempt to accurately refine the atom positions, and correctly assign the atom types.  

The program SHELX-97 will read in the data from a .INS file, perform 4-8 refinement cycles, and write the output in a .RES file, can then be edited and saved as the new .INS file, allowing the next refinement cycle to be run.  A very complete analysis of the results is included in a file (always) named shelxl.lst, including bond lengths and angles, the quality of the refinement, and the properties of the unassigned peaks in the electron density.
A sample .ins file is given below:
TITL wingx in P 2

CELL   0.71073  12.0543   9.9704  16.3448  90.000 105.579  90.000

ZERR     4       0.0003   0.0004   0.0007   0.000   0.002   0.000

LATT   1

SYMM  1/2 - X, 1/2 + Y, 1/2 - Z

SFAC  C    H    N    O

UNIT  72   104  8    16

ACTA  27.5

TEMP 20
SIZE 0.5 0.5 0.25
BOND $H

MERG   2

FMAP   2

PLAN   25

SHEL 5.5 0.5

L.S.   4

WGHT    0.200000

EXTI    0.014562

FVAR       0.40112
O1    4    0.665760    0.065160    0.399450    11.00000    0.04739

O2    4    0.820420   -0.004110    0.356010    11.00000    0.04548

...
C24   1    0.731250   -0.221910    0.372150    11.00000    0.04078

C25   1    0.887280    0.828210    0.757430    11.00000    0.03060

HKLF    4

END

A full explanation of the shelx commands can be found online at http://shelx.uni-ac.gwdg.de/SHELX/shelx.pdf, or you can just look for the file shelx.pdf on your local computer.  Chapter 7 in the manual is a listing of commands by type.  Note the very nice hyperlinks in both the table of contents and index of the manual.  Generally, you only need to read up on commands if you are having problems with the refinement.
The first set of commands are necessary for ALL refinements.   They are automatically generated by WinGX.  These seven bold commands need to remain UNCHANGED at the top of the .INS file – if you disrupt these commands, your refinement will cease to work.
TITL wingx in P 2

Description of sample

CELL   0.71073  12.0543   9.9704  16.3448  90.000 105.579  90.000

Wavelength, unit cell (a,b,c,a,b,g)

ZERR     4       0.0003   0.0004   0.0007   0.000   0.002   0.000

Z-value (# formula units in unit cell), standard deviations in unit cell parameters
LATT   1

Lattice centering (1=P, 2=I, 3=rhombohedral obverse on hexagonal axes, 4=F, 5=A, 6=B, 7=C), negative value is used if the lattice is non-centrosymmetric.
SYMM  1/2 - X, 1/2 + Y, 1/2 – Z

Symmetry-generated coordinates of general positions in addition to xyz.  
SFAC  C    H    N    O

Elements present in the unit cell
UNIT  72   104  8    16

Number of each element present in the unit cell
The next set of commands specify how the refinement should be carried out.  Commands with a ** will probably need to be added or modified by the user, as described later.
**ACTA  
Create .cif file, and obey standard crystallographic conventions (in BOND FMAP PLAN LIST).  
**TEMP 20
Temperature of data collection in Celsius (optional)
**SIZE 0.5 0.5 0.25
Three principal dimensions of crystal in mm (optional)
**BOND $H
Calculate distances and angles for all atoms, including hydrogens
MERG   2

Equivalent reflections are merged before refinement

FMAP   2
Specifies parameters for calculating electron density map (fourier map).  Default is a difference map (Fo-Fc) allowing defects of the model and missing atoms to be found.  
PLAN   20
Number of positive peaks in the electron density (Q-peaks) to be returned
**SHEL 5.5 0.5
Only use data that falls within this resolution range (5.5 ignores most reflections behind beamstop)
L.S.   4
Number of refiment cycles to use
WGHT    0.079900
Weighting scheme to use for GooF and wR2 calculations
FVAR       0.40112
Overall scale factor for data.  Additional free variables can be added to model disorder
O1    4    0.665760    0.065160    0.399450    11.00000    0.04739

Atom name, atom type, x y z fractional coordinates, fvar x 10 + site occupancy, Uiso
O1    4    0.665339    0.065480    0.399326    11.00000    0.04496    0.04791 =

         0.07634   -0.01595    0.02596   -0.00968
Atom name, atom type, x y z fractional coordinates, fvar x 10 + site occupancy, U11,22,33,23,13,12
HKLF    4

Data format
END  --  specifies end of data, program will crash without this command
Structure Refinement

Now, launch the graphical editor (SXGRAPH) by clicking on the button on WinGX that looks like a compass (3rd button from left).  What you should see is the framework structure of the compound, with no hydrogen atoms present.  It is very difficult for automatic assignment routines to correctly assign atom types – it is your job as a chemist to correctly label the atoms so the program can carry out a refinement.  If you click on “Label atoms” on the right panel of SXGRAPH, you can see how good or bad a job the automatic software did.  Based on your knowledge of the chemical species present (Co, MIMIT, NO3ֿ), you will need to properly label the atoms, as described below.

Left-click on atoms to select them, and then right-click to change their types.  Note that you can select multiple atoms at once, and specify their type and number by their name (C1 N2 C3 C4 O5 …), up to ~10 at once.  Make sure that none of the (non-H) atoms have the same number – start with number 1, and work your way up.  If two atoms have identical names and numbers, you will not be able to progress to a structural refinement.  Your edited structure should now closely match the expected structure for the complex (neglecting hydrogens for now).   Delete any extra atoms.   Click on the “Save INS file” button, and then close the SXGRAPH viewer.

Now go to “Refine->Shelxl-97” in the WinGX top menu and allow the refinement to proceed, following the results in the text window that is opened.  The quality of the raw peak intensity data is judged by the quantity R(sigma), listed on the top right portion of the text window.  This describes the self-agreement of the data – a value of 0.0327 means that the standard deviation in the peak intensity data is 3.27%.  You are interested in minimizing another quantity – R1 – which measures the agreement between the measured peak intensities and the peak intensities calculated from the model you have been graphically editing.  You will see that R1 is given in the bottom-left corner of the text window.  You would like R1 to drop down to approximately the value of R(sigma), which would indicate that the error in the fit is due only to errors in the data, and not errors in the model.  Also, you would like the value of the Goodness-of-fit (GooF = S) to drop to 1 +/- 0.1, and to minimize the “highest peak” and “deepest hole”, which refer to the largest +/– deviations between the experimental electron densities and those from your model.
Now, open the .res file (“Refine‑>Open RES file”), and make sure the following commands are present the header (but are still BELOW the crucial first seven lines which cannot be broken up – refer to the sample INS file provided above if necessary).  If they are not present, you will need to type them in yourself.
SHEL 5.5 0.5

ACTA

BOND $H

ANIS

EXTI

If you have a line that starts with the OMIT command, delete it.

Save your changes with the “File‑>Save as INS” command.  This will save the file projectname.res as projectname.ins, providing a revised set of input commands (and atom positions, which changed during the refinement) for the next set of refinement cycles in SHELXL-97.  You can then run SHELXL-97 again through “Refine‑>SHELXL-97”.  Follow the results in the text window, and see how far your R1 and GooF values drop.  
Finalizing assignment of non-H atoms
By now, you should have a good framework structure of your molecule.   The goal now is to add any missing (or remove any extra) non-H atoms.  Launch the SXGRAPH viewer again.  You will notice that there are now a number of white dots displayed in addition to the atoms of your structure.  These white dots are known as “Q” peaks, and represent the largest areas of electron density missing from your model.  If you place the cursor over one of these white dots, you will see that its name, fractional coordinates, and peak intensity are displayed in the right panel (you can also turn the display and labeling of Q-peaks on and off via the right panel options).  The program default is to return the 25 most intense Q-peaks, whether they correspond to atoms or not (something only you can decide).  The peaks are labeled in order of intensity, with Q1 being the most intense Q-peak.  You will notice that most of the Q-peaks being displayed sit at hydrogen positions.  Missing hydrogens typical give Q-peaks with intensities of 0.3 – 0.5 (units of e/Å3).  In contrast, elements with more electrons give bigger Q-peaks due to their high electron densities. Missing period 2 elements (like C, N, O) typically give Q-peaks with intensities of 3 – 6, and elements with larger atomic numbers give even larger peaks.  

For now, look for any missing non-H atoms among the Q-peaks.  If you find any, you can relabel the Q-peaks as actual atoms through the same method used previously (first left-click to select, then right-click to relabel), again giving them unique names like C24.  This is a good time to double-check your structure, to make sure that all atoms are properly assigned and labeled.  If you find extra atoms, you can remove them by first selecting them, and then deleting them with the “Delete->Selected Atoms” menu option of SXGRAPH.  You changes will not be saved until you click on the “Save INS file” button.  When you are confident that all of your non-H atoms are correctly assigned AND are correctly numbered, click on that button, close SXGRAPH, and run SHELXL-97 again through the “Refine” menu of WinGX.
Adding hydrogens to the refinement

Once the non-H atoms have been completely accounted for, you can move on to assigning the hydrogens in the structure.  Due to their small number of electrons (just one!), hydrogens interact with x-rays much more weakly than all other elements, and are therefore saved for last in the refinement.  There are general methods of placing hydrogens in structures – either locating them from the electron density calculations (as was done for the non-H atoms), or by constraining them to occur at chemically and geometrically reasonable positions (the method you will use).  Again, open your compound in the SXGRAPH viewer.  You will see that some Q-peaks can be found at hydrogen positions (while other Q-peaks just correspond to noise in the data).  Based on the Q-peaks you are seeing, and more importantly, on your chemical knowledge, you can deduce how many hydrogens are bound to each non-H atom (0, 1, or 3 for these compounds).  Now, uncheck the “Display Q-peaks” option on the right panel of SXGRAPH to hide the Q-peaks.  Click on all the ring carbon and nitrogen atoms which should be bound to a single hydrogen.  Use the “Model‑>Add Hydrogen‑>Aromatic C-H” option to inform the software that this is the case.  Once you click OK, you will notice that these atoms are now highlighted with a green dot.  Next, click on all of the methyl groups which need three hydrogens added.  This is accomplished with “Model‑>Add Hydrogen‑>Methyl Group”, and then selecting the “Idealized methyl group, torsion angle from electron density” option and clicking “OK”.  Finally, you should click on the “Save INS file” button, close SXGRAPH, and run another SHELXL-97 refinement.
Once this is done properly, you should no longer get the error “** Cell contents from the UNIT instruction and atom list do not agree **” in the SHELXL-97 refinement text.  After all your non-H and H atoms are correctly assigned, you should still continue your refinement through some additional cycles to allow the refinement to converge, placing all atoms at their best possible calculated positions.  This is done by opening the structure in SXGRAPH, clicking on the “Save INS file” button, and running SHELXL-97 again.  You will notice that the shifts in atom positions (described in the text output of SHELXL-97 – “Max. shift = #.### Ǻ for atomname”) will decrease with additional refinement cycles.  
Now that your refinement is complete, you can view your final refined structure with the program Mercury.  In WinGX, go to select “Graphics‑>Mercury” option, closing and ignoring any error messages about the program being out of date or about program registration.  Mercury is a wonderful general tool for displaying molecular structures.  When opened, Mercury will generally show a single copy of your molecule.  You can display all the molecules within a unit cell by clicking on the “Packing” checkbox on the bottom of the screen.    You can view the crystal structure along the a, b, and c-axis directions using the buttons with that name on the top of the screen, and can freely rotate structures by holding down the left button and moving the mouse around.  Clicking on the “H-bond” checkbox will show likely hydrogen bonds, and clicking on the “Short-contacts” box will show unusually close distances between other atoms (ie Van der Walls spheres are touching).  If you click on the “+” sign at the end of either of those displayed links, the molecule on the other end of the H-bond or short contact will be added.  Clicking on the “Reset” button (bottom left) will make all of the “extra” molecules disappear. 
Very useful features of Mercury also include the ability to measure bond distances, bond angles, and torsion angles through the top-right drop-down menu.  You need to use these features to answer the worksheet questions about these molecules.
In order to receive credit for this assignment, you need to (1) email your two final projectname.res files to Prof. Khalifah, and (2) complete the page of questions, and turn them in to Prof. Khalifah by Monday, May 14th. 
We use the software WinGX for this exercise.  While this module should be self-contained, external tutorials on and downloads of this free software are available at: http://www.ccp14.ac.uk/tutorial/wingx/index.html and also at the original web site: http://www.chem.gla.ac.uk/~louis/software/.  This tutorial is written for the CRC ONLY, where the software is already properly installed and configured, and is of a common version.
Additional help about Mercury can be obtained through its self-contained help menu.  A more recent version of this free software can be obtained at the CCDC website of: http://www.ccdc.cam.ac.uk/products/mercury/.  The CCDC manages the CSD database of published crystal structures, which contains over 400,000 molecular structures.

The structural data was obtained from a blue Co(MIMT)2(NO3)2 crystal grown by Mary and a green Co(MIMT)4(NO3)2 crystal grown by Nana.
Co(MIMT)4(NO3)2 questions [green crystals]:
What are the unit cell parameters of this crystal structure?

a:

b:

c:







What is the crystal system of this molecule (circle one)?
Triclinic       Monoclinic       Orthorhombic       Trigonal       Hexagonal       Tetragonal       Cubic
Which inner sphere ligand(s) are directly bound to the Co2+ ions?  Give the number of each.

# of MIMT


# of NO3ֿ


# of H2O


Which ligand(s) are outer sphere ligands?  Give the number of each.

# of MIMT


# of NO3ֿ


# of H2O


What is the geometry about the Co2+ ions (circle one)?

Tetrahedral


Octahedral


Other
What bond angles are expected for this geometry?  What bond angles are found (list all relevant values)?

What is the point group symmetry of the Co2+ complex?  Ignore outer sphere ligands.
What are the metal-ligand (M-L) distances for the inner sphere ligands of the Co2+ ions?  Report all relevant Co-S and/or Co-O distances.

What are the C-S distances in the MIMT ligands?  
When these distances are compared to typical C-S single bonds (1.82 Å) and C-S double bonds (1.60 Å), there is not good agreement.  Based on the observed geometry of the single crystal structure, are these bonds better described as single or double bonds?  Explain your reasoning.  
What hydrogen bonds are present in this structure?  Give the names of the non-H atoms involved in each hydrogen bond. 
What are the N-O distances in each nitrate ion?  If there is more than one unique ion, give the three distances for each separately. Based on these distances, are all oxygens in each nitrate group equivalent by resonance or not?
Co(MIMT)2(NO3)2 questions [blue  crystals]:

What are the unit cell parameters of this crystal structure?

a:

b:

c:







What is the crystal system of this molecule (circle one)?

Triclinic       Monoclinic       Orthorhombic       Trigonal       Hexagonal       Tetragonal       Cubic
Which inner sphere ligand(s) are directly bound to the Co2+ ions?  Give the number of each.

# of MIMT


# of NO3ֿ


# of H2O


Which ligand(s) are outer sphere ligands?  Give the number of each.

# of MIMT


# of NO3ֿ


# of H2O


What is the geometry about the Co2+ ions (circle one)?

Tetrahedral


Octahedral


Other
What bond angles are expected for this geometry?  What bond angles are found (list all relevant values)?

What is the point group symmetry of the Co2+ complex?  Ignore outer sphere ligands.

What are the metal-ligand (M-L) distances for the inner sphere ligands of the Co2+ ions?  Report all relevant Co-S and/or Co-O distances.

What are the C-S distances in the MIMT ligands?  
When these distances are compared to typical C-S single bonds (1.82 Å) and C-S double bonds (1.60 Å), there is not good agreement.  Based on the observed geometry of the single crystal structure, are these bonds better described as single or double bonds?  Explain your reasoning.  
What hydrogen bonds are present in this structure?  Give the names of the non-H atoms involved in each hydrogen bond. 
What are the N-O distances in each nitrate ion?  If there is more than one unique ion, give the three distances for each separately. Based on these distances, are all oxygens in each nitrate group equivalent by resonance or not?
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