Computational Chemistry: Conformational Analysis of Ethane and Butane

Objectives: To visualize molecules in 3-dimensions. To learn how to use the Spartan ES software.  To compute and graph the relative conformational energies of ethane and butane.  

Background: 

One of the most successful theories of the 20th century is quantum mechanics, also called wave mechanics. The idea that energy in atoms occurs in discrete bundles is contrary to our everyday notion that energy flows smoothly into or out of a reaction. But on the atomic and molecular scale, our everyday notions must be set aside. Likewise, the notion that matter is composed of solid particles must give way to the idea that electrons and atoms have wave-like properties, and that the wavelength associated with the particle depends on the particle’s momentum. Describing the interactions of the waves corresponding to individual electrons is at the heart of molecular wave mechanics. When the electron waves in a region of the molecule overlap in a constructive way, like water waves reinforcing each other, there is greater likelihood of finding the electrons in that region. 

The challenge is to describe this wavelike behavior in enough mathematical detail that we can accurately predict important features of the molecule such as bond lengths, bond energies, and force constants. For the hydrogen atom, the mathematical description of the electron can be written exactly. You have seen the wavelike pictures of the electron in the H atom - the s, p, d, and f orbitals. For larger atoms (and molecules), the problem is so complicated that it cannot be solved. Approximations must be used. Years of research have shown that we need to retain the approximate 3-dimensional shapes of the orbitals, but that we can simplify considerably how we describe the wavelike behavior of the electron with respect to distance from the nucleus. 

Spartan is a computer program that uses the atomic orbitals on the individual atoms to describe the behavior of all the molecule’s electrons. An atom’s core electrons are closely held, while the atom’s valence electrons are shared among atoms. We will concentrate on calculating the total energy of the molecule. This large negative value represents how much energy is released when the molecule is formed by bringing together all its nuclei and all its electrons. What we want to find is how the total energy of the molecule changes as we change the molecular conformation. Notice that we are looking for relatively small changes in very large numbers. Thus, the calculations need to be very accurate. One of the challenges in the development of programs like Spartan is ensuring that the models are sufficiently accurate to give meaningful results but simple enough that the calculations can be performed in a reasonable amount of time. An additional feature of Spartan is that we can use the familiar Windows interface to build and manipulate the molecules. Programs like Spartan are now being used in a wide range of chemical research, including medical and pharmaceutical research.

Overview of the experiment:

We will use Spartan ES to determine the relative energies of several conformations of ethane and butane.  For ethane, you will need to have Spartan vary the H-C-C-H dihedral angle from 0 to 120 degrees in 15( increments (i.e. 0(, 15(, 30(… 120().  For butane, you will need to vary the C-C-C-C dihedral angle in 20( increments from 0 to 360( (i.e. 0(, 20(, 40(… 360(.)  Spartan will determine the overall energy of the molecule for each conformation.  You will get a series of data points (dihedral angle and corresponding energy) that can be plotted in Excel to give a conformational energy diagram.

You will be taught how to use Spartan during the lab.  You will be expected to enter your data into an Excel spreadsheet, carry out some energy unit conversions, and create a graph from your data.  If you've never used Excel or it has been awhile since you've used it, I'll be glad to help you get started.

Notes about Spartan ES:

· To stop a submitted calculation

Use the dropdown menu Options → Monitor.  A Job Monitor window will open.  If any calculations are being carried out, they will appear in the top half of the window.  Select the job you wish to kill and use Edit → Kill Selected to terminate the calculation in progress.  The job will disappear from the monitor and a message will pop up telling you “filename” killed by monitor.

· Failed calculations

If you have a failed calculation, use the dropdown menu Display → Output to determine why the calculation failed.  If you see “Optimization has exceeded # steps – stop” and “Reason for exit: Geometry Optimization Ran Out Of Cycles,” click 
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, then submit the calculation again.  If it fails again, you may wish to ask for assistance.

· Overwriting data files

Spartan automatically saves new calculations, overwriting any existing data on that structure.  Even setting up a calculation at a higher level will delete the lower level data.  It is recommended that you copy any needed energy information from the output into Excel as it is generated.

· Incorrect structures

You can delete atoms, bonds, etc. using 
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 or Build → Delete.

· Types of calculations

· Single Point Energy – Spartan determines the energy of the structure on the screen exactly as it is drawn.

· Equilibrium Geometry – Spartan changes bond lengths and angles until a minimum energy structure is found

· Transition State Geometry – Spartan changes bond lengths and angles until a maximum energy structure is found.

· Calculation levels

· Molecular mechanics (
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) – lowest level/fastest calculation.  Usually used to get an initial geometry for a more complex calculation.  Uses parameters for typical bond lengths, bond angles, dihedral angles, nonbonding interactions, etc.  Assumes a high degree of transferability of geometrical parameters (like the length of a C-C single bond) from one molecule to another.
· Semi-empirical (AM1)– medium level calculation.  Can be used to approximate geometries, but not good for calculating relative energies of compounds or conformations.  Combines the parameters of molecular mechanics with the more mathematically correct quantum mechanics calculations to approximate the location of valence electrons.  
· Ab initio or quantum mechanics (Hartree-Fock 3-21G*)– high level/slow calculation.  Good for energy calculations.  All quantum mechanical methods are based on the Schrodinger equation.  Approximations must be introduced to solve multi-electron systems.  Hartree-Fock calculations are the simplest of the ab initio methods and use Gaussian-type functions (equations) to explain electron location.  Wavefunction (an orbital) – an equation that describes the properties of individual electrons.

You do not need to write the procedure for this experiment in your notebook.

Procedure:  

Prior to lab - Install Spartan ES on your ThinkPad prior to lab and bring your ThinkPad!  You must be connected to the network to use the program.  Also, bring a model kit or at least models of ethane and butane.

To download Spartan:

While connected to the Wake Forest Network (from an on-campus site), choose “Run” from the Windows Start Menu.  Type \\acad1\chemistry\pub\SpartanES\install.bat and then hit enter.  You will need to restart your PC to complete the installation.

Spartan ESl can be started by clicking the Windows "Start" button and then selecting the "Spartan ES V2.0.1" icon from the "Programs" menu.  Your computer must be connected to the Wake Forest network in order to run Spartan ES.  If the network connection fails, or if the network is particularly busy and does not respond to Spartan queries, Spartan will shut down.  You may wish to save your work at regular intervals to avoid loss of data.

During Lab - Determine the total energy of ethane with a HCCH dihedral angle ranging from 0( to 120( in 15( intervals (i.e. 0(, 15(, 30(, 45( … 120() using Spartan.  You should use Hartree-Fock 3-21G(*) calculations.  Repeat your calculations for butane varying the CCCC dihedral angle form 0( to 360( in 20 intervals.  Then, take a closer look at gauche butane and answer questions.

1. Open Spartan ES from the Start menu (Start ( Programs ( Spartan ES V2.0.1).

To build a molecule:

2. Open a new file by either using the dropdown menus (File ( New) or clicking 
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 on the toolbar.

3. The first molecule we will analyze is ethane.  If it is not already highlighted, click on the sp3 hybridized carbon in the chart on the right side of the screen.  Then click inside the blue main window.  A carbon atom (gray) with four possible bonds (yellow) should appear.  Click on any one of the yellow open bond sites to add a second sp3 hybridized carbon.  You should have a gray bond between the two carbon atoms and six yellow lines/open valences in the molecule.  The program is smart enough to figure out that any unassigned bonds should be to hydrogen.  So, you are done making ethane.

4. Get a rough idea of the conformation of the molecule by minimizing the energy with the toolbar icon 
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 or use the dropdown menu (Build ( minimize).  This molecular mechanics energy minimization follows a very simple set of rules on how long typical bonds are and what conformation is lowest in energy.  This minimization (
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) does not give us the energy value we need for our graph. 

5. Remove the building chart by clicking 
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 on the toolbar or use Build ( View.

To set a constraint for the dihedral angle:

6. We want to be able to vary the dihedral angle and have the program tell us the total energy of the molecule at the angle we designate.  That means we need to constrain the geometry of the molecule to a particular dihedral angle.  To do this, either click 
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 or use the dropdown menu Geometry ( Constrain Dihedral.

7. At the bottom right of the screen the word "Constrain" followed by "(, , ,) = " should appear.  The computer wants to know what four atoms you want to use in your dihedral angle calculation.  You should click on one of the H's, then the C that it is bonded to, then the other C, then one H on the second carbon that forms a 60( (or -60() dihedral angle.  (Note: it is very important that you click on the atoms in the order HCCH.)  Take a look at the bottom right of the screen.  It should now say "Constrain (H#, C#, C#, H#) = ".  (For butane, which we will build and analyze after ethane, the constraint should read "Constrain (C1, C2, C3, C4) = ".  It is very important that the carbon atoms are constrained from one end of the molecule to the other, but it is okay if your carbon labels are different than mine.)  Click on the open pink lock at the right bottom corner of your screen.  The lock will close into the locked position, and a number will appear in the white box.  That number represents the current dihedral angle of the atoms you selected.

8. Use the mouse to place your cursor in the white box.  Change the value of the dihedral angle to 0( and hit the Enter key.

9. Minimize the energy again using 
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 or Build ( Minimize.

10. Rotate the molecule to see that the angle displayed in the white box looks like the angle on the screen.  You can rotate the molecule by using dragging the mouse as you hold the left button down.  If the dihedral angle looks correct, then you are ready to begin the energy calculations.  If you have a strange-looking molecule, then the easiest solution is to close the file and build the molecule again. 

You can view the model in several ways.  The program defaults to a "Ball and Spoke" view.  You can change to space filling by choosing Model ( Space Filling.  The space filling view gives you a good picture of steric interactions of the H's.  You should be able to see that the H's are very close to one another in the eclipsed conformation.

To set up your calculations and obtain the energy for your first dihedral angle in a molecule:

You should have ethane in a fully eclipsed conformation with a 0( dihedral angle.  You are ready to setup and begin your calculations.  

11. Use the dropdown menu Setup ( Calculations.  A new window will appear.  For calculate, choose "Equilibrium Geometry" with "Hartree-Fock" "3-21G(*)."  Start from Initial Geometry.  Check the "Subject to … constraints" box because you have constrained the dihedral angle, and you don't want the program to change that angle.  Uncheck the Symmetry box.  Click OK to complete the setup.

12. Submit your calculation to the program by Setup ( Submit.  Before the calculation begins, you will need to designate a file name such as ethane.spartan.  Click save, and a message box will pop up that tells you that the program has begun the calculation you have requested.  Click OK and wait for the message box that tells you that the calculation is complete.  (It should take less than 1 minute.  If it takes much longer, ask for assistance.)

13. Use the dropdown menu Display ( Output to view the results.  Scroll down the text in the window until you see "E(HF) =  - # a.u."  Write down the # (including ALL the digits!) and the dihedral angle in your lab notebook.  You now have one data point for the energy diagram you need to plot.  (At this point, you may wish to open Excel, enter column headings of dihedral angle and energy, and copy/paste the unitless energy value from Spartan directly into the Excel spreadsheet.) You may close the output window by clicking the X box in the top right corner of the window.

It gets MUCH easier from here.  You are now ready to obtain an energy for the next dihedral angle.  

To change the dihedral angle and obtain an energy for an additional dihedral angle in a molecule:

14. Use the dropdown menu Geometry ( Constrain Dihedral or 
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.

15. Click very carefully on the already existing constraint.  (If necessary, rotate the molecule until it is easy to see the existing constraint so that it is easier to select.)  Do not add a new constraint.  The constraint initially appears as a double pink triangle.  The pink triangles will turn yellow if you have selected the existing constraint.    

16. The current dihedral angle will appear in the white box in the bottom right of your screen.  Use the cursor and the keypad to change the dihedral angle (from 0( to 15( for the first change in ethane.)  Hit the enter key to make sure the dihedral angle change is accepted by the computer.  The new energy data will overwrite the old energy data file.  (Save now under a new file name or at least make sure you have the energy you need from the output.)  

17. Click 
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.  Once finished, click 
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.  Rotate the structure on the screen to verify that the dihedral angle has indeed changed.  If it is still in the old dihedral angle, click 
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 to get back to the builder and repeat steps 15 and 16 to change the dihedral angle to the desired value.

The calculations are already setup (Equilibrium Geometry with Hartree-Fock 3-21G(*) subject to constraints.  Make sure you have clicked 
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 after each angle change but before each calculation.  All you have to do to get the next energy value is Calculate ( Submit.  You will get a notification box when the calculation is complete.  You can find the energy value in the output (Display ( Output.)  Write down the E(HF) value (all digits) and the dihedral angle in your lab notebook.  Copy and paste the value into Excel.

Change the dihedral angle again.  You need values for ethane of 0(, 15(, 30(, 45( … 120(.

Conformational Analysis of Butane:

Close the ethane file (File ( Close).  Click 
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 (or File ( New) and make a model of butane.  Follow the directions listed above to constrain the C-C-C-C dihedral angle.  You will need to vary the dihedral angle of butane from 0-360( at 20( increments (0(, 20(, 40( … 360().  Getting butane into a 0( C-C-C-C dihedral angle can be a little tricky.  If your initial dihedral angle is ~ 60( (or -60(), you can change it to 0( without any trouble, but if it is ~ 180( (or -180(), first change it to 90( (or -90(), minimize with 
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, and then change it to 0( and 
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.  (If you accidentally change the dihedral angle from 180° to 0° and have a very strange conformation, close the file and build butane again.)

Once you have constrained the dihedral angle in butane to 0(, follow the instructions listed above to setup your calculations (step 11) and obtain your first energy output.  Then follow the instructions for changing the dihedral angle (step 14) for additional energy values.
I've got all my data - now what?
Now that you have all the energy values for all the requested dihedral angles for ethane and butane, you are ready to enter and plot your data in Excel.  Feel free to close Spartan.

If you haven’t already, set up columns in Excel to match those shown in the chart below.  Enter data into the first two columns from your Spartan calculations and use the math features of Excel to determine the values for the other columns. I've shown the equation I would enter in cell C2 to convert the energy value in cell B2 from the atomic energy units called hartrees to the units of kcal/mole.  (1 hartree = 627.47 kcal/mole)  Let Excel copy the equation into other cells for you.  Click on the cell containing the equation (cell C2).  A small black square will appear in the bottom right corner of the cell.  If you click on that black square and drag down the column, you will find that when you release the mouse button, Excel will fill in the calculations.  It will automatically change "B2" in the equation for cell C2 to "B3" for the equation for cell C3, etc.

Ethane

	
	A
	B
	C
	D

	1
	Dihedral Angle, degrees
	Energy, hartree
	Energy, kcal/mole
	Relative E, kcal/mole

	2
	0
	
	=B2*627.47
	=C2-$C$18

	3
	15
	
	
	(IF C18 is smallest #)

	
	etc. in 15( increments
	
	
	

	
	120
	
	
	

	
	X- axis

	
	
	Y-axis


Repeat the entire process for butane on another sheet in the workbook or in a new Excel file.

Butane

	Dihedral Angle, degrees
	Energy, hartree
	Energy, kcal/mole
	Relative E, kcal/mole

	0
	
	
	

	20
	
	
	

	etc. in 20( increments
	
	
	

	360
	
	
	

	X- axis

	
	
	Y-axis


Look at the values in column C.  Find the smallest number (i.e. the largest negative number.)  You will want to set the smallest number to a relative energy of 0 kcal/mole.  Let Excel calculate the relative energies.  Let's say for example that cell C18 has the lowest energy value.  The equation I would put in cell D2 would be "=C2-$C$18".  That tells excel to subtract the number in cell C18 from the number in cell C2 and put the answer in cell D2.  To copy the formula into the remaining cells in column D, highlight cell D2, click the small black box in the bottom right corner of the cell, and drag down the column.  Excel will automatically fill in the answers.  It will vary the "C2" portion of the equation to "C3" then "C4" etc, but it will not vary the $C$18 portion of the equation because the $'s tell Excel to leave that portion of the equation alone.  The value in cell D18 would be 0 kcal/mole because the equation for that cell will be "=C18-$C$18” which equals zero.

In Excel, plot Relative Energy vs. Dihedral Angle as an "XY Scatter" chart type and the chart sub-type that shows data points connected by smooth lines.  To do this, first select the data in column A (dihedral angle).  Hold down the ctrl key and also select the data in column D (Relative Energy in kcal/mole).  To graph the data, either use the Chart icon on the toolbar or select Insert ( Chart from the dropdown menu.  In the window that opens, choose the "XY scatter" from the list of standard types of charts.  Choose the second chart sub-type in the same window.  The description should read "Scatter with data points connected by smooth lines."  Click next twice.  Step 3 of 4 allows you to enter chart and axis titles.  Step 4 of 4 allows you to choose whether you want your chart to be a page itself or if you want the chart to be an object on the existing page.  You may do either.

Questions (a closer look at butane):

Dihedral (Torsional) Angles

Your lecture text (McMurry, Figure 4.5, p. 106) suggests that the C-C-C-C dihedral angle for gauche-butane should be 60o (with perfect staggering.)  Clearly, your energy diagram for butane shows a local energy minimum near 60o, but look closely.  Is it exactly 60o?  Let Spartan help you answer that question.

In Spartan, build gauche butane (with a 60o dihedral angle between the methyl groups).  As before, use 
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 to get an approximate geometry.  Setup an Equilibrium Geometry calculation with Hartree-Fock 3-21G(*).  Uncheck the symmetry box and submit your calculation.  Do NOT constrain the dihedral angle.  This way, Spartan will be free to find the true geometry of the (local) minimum energy structure.

1. What is the energy of the minimized gauche structure?  (in a.u. and in kcal/mole)

2. How does the energy of this structure compare to the one in which you locked the dihedral angle at 60°?  (Does the new structure have the same energy or is it higher or lower in energy?)

3. What is the C-C-C-C dihedral angle for the minimized structure?  To find out, click 
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 and then on the four carbon atoms – in order, beginning at one end of the molecule.  The dihedral angle of the minimized structure will appear in the window at the bottom right of the screen.

4. Look at the other dihedral angles that are centered on the C2-C3 bond and briefly discuss what you observe.  

Bond Angles and Bond Distances

Using your minimized gauche-butane structure that is free of dihedral constraints, measure bond lengths (using 
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) and bond angles (using 
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.) 

5. Do bond lengths deviate much from the expected values of 1.53Ǻ for C-C and 1.09 Ǻ for C-H?

6. Do the angles deviate from the expected tetrahedral value of 109.5o?  Comment on your findings.

Topics to be addressed in your discussion or in your answers to the questions:

If any of the geometric parameters deviate from the ‘expected’ values, propose an explanation for the deviation.  Here is a hint: “strain” in molecules can take several forms, including: a) van der Waals interactions (sometimes called steric strain) b) stretching or compression of bonds c) bending or deformation of bond angles, and d) torsional strain, the eclipsing of bonds on neighboring atoms.  A molecule will adopt a geometry that minimizes the sum of these various strains.  

Turn in: 

Print your excel data sheets and graphs for ethane (0-120() and butane (0-360().  As always for a graph, include a chart title and axis titles.  Answer the questions and include a discussion/conclusion for this experiment.
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