Molecular Orbital Calculations For Prediction of Molecular Properties
p. 9

Molecular Orbital Calculations For Prediction of Molecular Properties
1.
Purpose of the experiment

This experiment will introduce you to the use of the commercial electronic structure program Gaussian, along with a molecular visualization interface called WebMO to model molecular properties.  In particular, you will:  

· Familiarize yourself with the capabilities of Gaussian/WebMO for chemical modeling and the use of chemical modeling to analyze chemical properties,

· Investigate the molecular orbitals of and charge distribution in molecules, 

· Learn how to use results of electronic structure calculations to predict the properties of molecules. 
2.
introduction

It is now possible to predict the structure and reactivity of small and large molecules with computers.  Computational chemists work closely with experimental chemists to develop theoretical tools with better predictive power.  This synergy between theory and experiment is very important: it is often the case that a computer model may explain a puzzling experimental result, and vice versa; computer modeling can help to predict structure and chemical reactivity for molecules that would otherwise be difficult or impossible to analyze experimentally.  For example, computational chemists in the pharmaceutical industry are often asked to predict the structural features that lead to a drug that is effective for a specific treatment by considering the nature of a receptor site.  Then, synthetic chemists make the proposed molecules, which are in turn tested by biochemists and pharmacologists for efficacy.  The process is often iterative, with experimental results feeding back into the calculations, which in turn generate new proposals for more effective molecules, and so on. Computer-aided molecular modeling has become an integral component of experimentation in chemistry and is a tool with which every well-educated chemist should be acquainted.

From quantum mechanical models of molecular structure it is possible to calculate, among other properties:

· the molecular geometry, i.e. the arrangement of atoms and bonds in three-dimensions;

· the shapes and energies of molecular orbitals;

· thermodynamic properties of molecules, such as the enthalpy of formation;

· electrostatic potential plots, which show the distribution of charge in the molecule;

· the electric dipole moment.

In preparation for this exercise, you should review the chapter of your textbook describing molecular orbital theory.  

3.
Gaussian/Webmo – Software to Calculate Electronic Structures of Molecules

Electronic structure software, such as the commercial program Gaussian, uses mathematical approximations to solve the Schrödinger Equation (H( = E() for the electrons in a molecule; from the resulting wavefunction (aka molecular orbitals) (, one can then compute any property of interest.  This includes the total energy of the molecule, the spatial distributions of the electrons (i.e., charge density), and the dipole moments of the molecules. According to the Pauli Exclusion Principle, no more than two electrons can occupy a given orbital, so for many-electron molecules, there will be many orbitals that are occupied.  

One cannot exactly calculate solutions to H( = E( for polyatomic molecules, as the Schrodinger equation is solvable only for single-electron cases.  So chemists use various types of approximations, and make compromises between speed and accuracy.  The combination of method and basis set is known as “model chemistry”, as it defines a theoretical universe where chemical reactions occur.  Ideally this model chemistry should match the chemistry that one observes in the laboratory! 
The method you will be using is known as the Hartree-Fock theory.  Instead of treating all of the instantaneous interactions of the electrons, one considers each of the electrons only seeing an averaged potential energy due to the other electrons in the molecule (i.e., a so-called “mean field” approach).  The amount of energy that is neglected by this is called the “correlation energy”, and is less than a fraction of a percent of the total energy of the molecule.  

The basis set you will be using is the so-called 6-31G(d) basis set.  Recall that the goal is for  ( to represent the distribution of the electron in all of space.  We simplify this by considering it to be a linear combination of atomic orbitals (LCAO) centered on each of the nuclei.  In turn, each of these atomic orbitals must be represented by a mathematical function.  The “G” means that we are using so-called “Gaussian” type mathematical functions to represent the atomic orbitals, that have the form of Exp[-ax2].  The number (“6”) before the hyphen is the number of these Gaussian functions that are used to describe the core atomic orbitals.  The two numbers after the hyphen indicate that each of the valence atomic orbitals are mathematically represented by two independent sets of Gaussian functions.  One of these consists of three Gaussians, and one of these consists of 1 Gaussian.  The “(d)” indicates that a valence d-orbital is also added; even though these are not “occupied” in the traditional sense, they will serve to describe the relatively diffuse electron density far from the nuclei.  Consider the lithium atom.  The 6-31G(d) basis set will include a 6-Gaussian function describing the 1s atomic orbital, a 3-Gaussian and a 1-Gaussian function describing the 2s, 2px, 2py, and 2pz, and 3d-orbitals (all five of them).
In general, for N basis functions (i.e., the sum of all the Gaussian functions for each of the atoms), the Hartree-Fock method takes approximately N4 computational time.  In other words, doubling the number of basis functions (e.g., by doubling the number of atoms or using a larger basis set) will take 24=16 times as long to compute. 

4.
The H2 molecule: A Webmo tutorial

Overview:  Working with your colleagues, you will investigate how the energy of the H2 molecule changes in relation to bond length.  You will construct a graph of energy vs. bond length, and use the minimum in this graph to estimate the ground state bond length for H2.  You will also learn how to direct WebMO to automatically find the lowest energy geometrical arrangement of atoms in a molecule, often referred to as “geometry optimization”.
Launch WebMO. Open the web browser (on Macintosh, WebMO on Safari is more reliable than WebMO on Firefox) and connect to the WebMO server (you will be given the URL).  Enter the username and password given to you by the instructor. Write your username and password in your lab notebook for future reference. 
Once you have logged into WebMO, familiarize yourself with the home page. The inbox is where jobs are stored after they have been completed. The left menu bar of the home screen allows you to manage your folders and search through existing jobs and folders. Create a folder with your name especially for this lab, and move jobs from the main inbox into the appropriate folder using the “Move To” icon in the top right corner of the home menu. If you wish at any point to return to the inbox, use the “Job Manager” link on the left side of the main window. 
Build a H2 Molecule.  Select New Job in the upper left hand corner (as shown below) and select Create New Job to build the appropriate molecule.
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In the case that you are analyzing a molecule of much larger size, coordinates can be imported from an external source and subsequently used in WebMO to create a three-dimensional model of the molecule.
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) on the left side of the building window and select H from the table that appears (the default building atom of WebMO is carbon). 

In the build mode, the molecule is built up one atom at a time by adding atoms to free valences.  Click anywhere in the field to generate the first atom.  Since hydrogen continues to be the selected atom, click on the existing hydrogen atom, then drag and release to form an H2 molecule. WebMO can automatically adjust the molecule to have the appropriate bond lengths, using the Comprehensive Cleanup using Mechanics icon ([image: image2.png]


). When building organic molecules, Comprehensive Cleanup can be used to automatically add hydrogen atoms to a given molecule.  
Note: The icons on the left side of the building window orchestrate the main changes that can be made to any given molecule. For example, the arrow icon ([image: image3.png]


) allows you to select a specific atom or bond. The light color of a bond/atom indicates that it is selected. One of useful features of WebMO is the text bar at the bottom of the building window. You will notice that when you run your cursor over a given icon, an explanation of the purpose of the icon is given (i.e. Run your cursor over the arrow icon and the text bar will read “Adjust”). When you click on that icon, the text bar gives an explanation of how to use that tool. 

Try rotating and scaling the molecule.  The three icons at the top of the building menu (on the left side) can be used to rotate and translate the molecule. The following table explains how to use the icons:
	Icon
	Purpose
	How to Use
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	Rotates molecule
	Drag to rotate XY; Ctrl-drag to rotate Z
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	Translates molecule 
	Drag molecule in desired direction

	[image: image6.png]



	Zoom. Enlarges or reduces size of molecule
	Drag up to increase size; drag down to decrease size


[image: image17.png]WO Osddivstbondienothn @9

0.640




Setting the H-H bondlength.  Select the arrow icon ([image: image7.png]


) on the building menu.  Then click on one of the H atoms, and then shift-click on the other; the bond-length ([image: image8.png]


) icon will be activated. Click on the bond length icon and the following window will appear:

The current bond length, in units of Å (Ångstroms) will display in the box 1 Å = 10-10 m = 0.1 nm = 100 pm.  

As a class, plan for each student to perform a calculation for a different bond length in the range of 0.4 to 1.3 Å.  To change the bond length:

· Type the desired bond length in the Adjust Bond Length window.

· Hit “apply” key. The bond length should change in the building window when you hit this key. Click “OK” to exit the Adjust Bond Length window. 
Change to view mode. You can alter the building window by selecting the preferences icon ([image: image9.png]


) from the building menu. From here, you can change the proportional size of atoms to the size of the bonds, and the number of Undo iterations. 
Perform the molecular orbital calculation.  There are two steps to any calculation: choosing a computational window (for our jobs, we will be using Gaussian, which is the default for your account) and configuring the job options of the calculation.
Specify: Once you have specified the bond length of your molecule and are confident with the structure, select the right-hand arrow in the right corner of the building window screen ([image: image10.png]


). On the next screen select Gaussian as the MO calculation program and use the First available server; click the right arrow again and you will see the window: Configure Gaussian Job Options. Make this match the figure below.  Hartree-Fock theory and the Basis Set were described in section 3; the “singlet” multiplicity means there are no unpaired electrons – this will be discussed more later in section 5.
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Note: For more complicated jobs, or jobs that require more specifications, the tabs at the top of the Job Input window can be very helpful. Solvents can be specified, or if more complicated input options are necessary, the “Custom” tab can be used to manually enter the necessary specifications. For now, you can ignore this.
Submit Job: Verify that your screen has all the calculation options shown above.  Click the right-arrow again. This submits the job to the processor. You will be redirected to your inbox and you will see an input in your inbox similar to the following, indicating the ID and the status of your job:
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Job Status. The Status column indicates whether your job is queued, running, completed or failed. The job you are currently running should take very little time. The WebMO page automatically refreshes every fifteen seconds, which changes the Time of the job; the page can also be refreshed manually by selecting the Refresh icon in the top left corner of the main window. 

View Job. Once the status column reads “Complete” your job is ready to be viewed.  
Note: If the status bar reads “Failed” there may be an error in your structure or in your calculation option specifications. Selecting the magnifying glass will allow you to see the output and will allow you to determine the source of your job failure. If you can’t figure out what went wrong, consult your lab instructor. 
View: Select the magnifying glass at the end of the job status line to view the job output.  On the output job, you will see your initial geometry; scroll down to view the Calculated Quantities and you will see an output similar to the image below.  Record the value of the RHF Energy in your lab notebook. This is the energy for the process 2 H+(g) + 2 e–(g) ( H2(g).  In your lab notebook, convert this value to kJ/mol using the following conversion factor: 1 Hartree = 2625.50 kJ/mol.
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As a class project, construct a graph of Energy (of the molecule) vs. H-H distance.   

a. After you have finished the calculation of the molecular energy using a particular H-H distance, get a lab partner to verify your calculation.  Meanwhile, you can verify your partner’s calculation using your partner’s distance.  

b. Once the energies are verified (you both should get exactly the same energy, or one of you has made a mistake), fill in the energy in the EXCEL spreadsheet on the computer at the front of the lab, which will automatically generate the graph.  

c. Any points from the class data that do not fit a smooth curve probably indicate computational errors.  The class may decide to try additional intermediate values of bond distance to better determine the equilibrium bond distance, where the molecular energy is minimized.

d. Once the data is deemed appropriate, a copy will be sent electronically to each student to serve as page one of the report form.  
From the graph, estimate the equilibrium (lowest energy) bond length of the H2 molecule.  Write this value in your lab notebook.
Allowing WebMO to determine the equilibrium bond length directly: Most of the time, chemists want to know the electronic structures and energies of molecules in their lowest energy (equilibrium) states.  WebMO can adjust bond lengths (and in larger molecules, bond angles) to minimize the molecular energy.  

To do this now for H2, select New Job Using This Geometry which can be found in the center bottom of the View Job window.  Continue on to the Job Configuration Window and make the following change:
· Change Calculation from Molecular Energy to: Geometry Optimization   

Use the same arrow to submit the job. Once the job has run to completion, use the magnifying glass to view the job output. Record the RHF Energy and bond length.  In order to find the optimized bond length, start a new job using the same geometry and use the Adjust arrow icon in the building window (you can cancel the new job once you’ve found the information you want).  

Note: For every subsequent job, change the name of the job to appropriately indentify the molecule/purpose of the job, and make sure each name contains your initials. If jobs are not identifiable, it is consuming to go back through and identify each job. Record the name of each job in your lab notebook to ensure that your jobs do not become confused.  The jobs can be renamed from the Job Manager screen by checking the box before the job name and the selecting the “Utilities ... Rename” menu item.
To examine molecular orbitals and electron density
a. Start with one of the previous calculations for H2.  (You may choose either the first calculation with fixed bond length or the calculation where Gaussian optimized the bond length; it is interesting to compare results with other students around you for short, optimal and long bond distances.) Select New Job Using This Geometry.  Continue on to the Job Configuration Window and make the following change.

· Change Calculation from “Molecular Energy” to “Molecular Orbitals”

b. Submit the job as before. Once the job has run to completion, use the magnifying glass to view the job output. 

c. Scroll down to the section entitled “Molecular orbitals”.  The molecular orbitals are listed from lowest energy to highest energy.  You will notice that the occupancy of each of these orbitals is also indicated (2 for the first one, and 0 for the higher energy orbitals, since there are only 2 electrons in H2).  The Highest-energy Occupied Molecular Orbital (orbital #1 here) is called the HOMO and the Lowest-energy Unoccupied Molecular Orbital (orbital #2 here) is called the LUMO.  These are useful for predicting the reactivity of molecules because molecules usually create new bonds either by sharing electrons from the HOMO or by accepting electrons into the LUMO.  
d. Click on the magnifying glass to the right of rows 1 and 2 in the MO listing to plot that molecular orbitals for the HOMO and LUMO.  Also note that this section contains a row entitled “Electron density” and you can click on that also.  The display area at the top of the WebMO window will now have three tabs allowing you to view orbital 1, orbital 2 or the electron density.
e. Adjusting the display parameters:  Investigate what happens when you change the color coding, isosurface value, or opacity of the plot.  You can do this by clicking on the checkbox button ([image: image14.png]


) at the top of the display window.  Some recommended starting Isosurface values are: Grid points: 64000, Iso. value (MO): 0.08, Iso. value (ED): 0.01, Opacity: 34% (this is the same as the “mesh” setting from the menu; the other settings are dots, transparent and opaque).  Select the “Apply to All Windows” option before clicking “OK” so that the settings are comparable for all your MOs.  You can also investigate the options available with the other tabs; the slice option generates a color-coded map of wavefunction values for a planar “slice” through the molecule; the position of the slice may be adjusted using the slider bar at the bottom of the window.  If you use the slice option, it may be useful to turn off Auto Scale Range on the “Colors” tab and change the Mapped values so that they span ± 0.3. 
What is an isosurface value? Remember that orbital wavefunctions have values at every point in space; electron density also has a value at every point in space.  When we visualize wavefunctions or electron density, the computer generates a surface that includes all points with a certain value, which is called the “isovalue”.  The volumes inside these surfaces will have the largest probabilities for finding the electron.  For wavefunctions, the isosurfaces are generated for both the positive and negative isosurface value, and these surfaces are color-coded differently.  The visualization software calculates values of the electron density and wavefunctions in a cube that extends only about 4 Å beyond the atoms; if you use a low isosurface value, your surface may have holes it when it goes beyond the edge of the calculation cube.  It is important to realize that these holes are not real.  Your understanding of wavefunctions and isosurface values will be enhanced if you take time to see what the image looks like with various isosurface values.
f. Note for making lab reports:  You can export the currently displayed plot as an image file, that you can import into your lab report, by clicking on the floppy-disk-with-an-X-in-front-of-it button ([image: image15.png]


).  If you want all your plots to have the same orientation and scale (which you probably do want, for fair comparison), use the [image: image16.png]


 (synchronize windows) icon before exporting pictures, and then be careful not to accidentally rotate the views while exporting the images.  For your lab report, include a picture of the HOMO (highest occupied molecular orbital, which in this case is the only occupied molecular orbital) and the LUMO (lowest occupied molecular orbital), and compare the shapes with those you expect for (1s and (*1s orbitals.  The report form asks you to make a sketch of the electron density (which in this case will look pretty much like the HOMO, since all the electrons are contained in this one orbital).
5. Diatomic Oxygen Molecule: Understanding Multiplicity
Multiplicity is a measure of how many different ways the electrons can be arranged in a given atom or molecule. Assuming the two directions an electron can spin are “up” denoted by +1/2 and “down” denoted by -1/2, every atom or molecule has a total spin called S. , which is equal to the number of unpaired electrons ÷ 2.  Multiplicity is defined then, by the equation 2S +1. If a given atom has one unpaired electron, then the multiplicity of said atom would be 2*(1/2) +1. This would mean that the electron has a multiplicity of 2, or a doublet multiplicity.  The unpaired electron could be arranged two ways – either up, or down.

In the case of oxygen, there are two partially occupied molecular orbitals both with spins in the same direction, giving oxygen a multiplicity of (2*1) +1=3, or a triplet multiplicity.  Your textbook described how one of the great successes of molecular orbital theory (and failures of Lewis theory) is that molecular oxygen is a triplet, and hence is paramagnetic.  We will run a molecular energy calculation on O2 with differing multiplicities (singlet vs. triplet) to examine how the overall energy of a molecule can be affected by the multiplicity (orientation of electrons) and how we can use those energy differences to predict the orientation of electrons in ground state molecules.  

Form an O2 Molecule. Use the same process described in Part 4 to construct an O2 molecule, but before running “Comprehensive Cleanup”, give the molecule a double bond by click-dragging from one atom to the other. Run a “Geometry Optimization” calculation. You will run two jobs using the same geometry: one with a singlet multiplicity and one with a triplet multiplicity. The job input configurations will be the same, aside from the following changes: 
Singlet O2 Job: Multiplicity=Singlet 

Triplet O2 Job: Multiplicity=Triplet 

Once the O2 jobs have run to completion, record the Hartree-Fock energies (this will show up either as RHF or UHF depending on the multiplicity of your molecule).  Calculate the difference in energy, in kJ/mol.  Which multiplicity is more stable?  Is this what you expected?
Examing molecular orbitals of triplet O2
You should be able to do this using the same techniques you used before for H2.  However, for triplet states the orbitals are listed separately for the electrons with ms = 1/2 (() and those with ms = -1/2 (().  All of the ( spin orbitals are listed first (orbitals 1-30) followed by the ( spin orbitals.  For the lab report include images of the orbitals that can be described as being (*2s, (2p, (2p and (*2p (and label to show which is which).
6.
Heteronuclear Diatomic Molecules

To create an HX Molecule, where X = a period 2 or period 3 atom (but not noble gases neon or argon), select New Job, and create a new geometry using the same process used to create the H2 molecule. There are a total of 14 HX calculations to be run. Divide these up amongst a lab group of 4 (some students will have to do more calculations than others). Each student will have to do 3-4 HX molecules.  The HX geometry optimizations can be run, for the most part, using the same configurations as specified when you optimized the geometry for H2. Some of the HX molecules will have an even number of electrons and their Multiplicity should be denoted as Singlet when specifying the calculation options. For HX molecules that have an odd number of electrons, set the Multiplicity as Doublet.  The multiplicity of a given job can be changed in the Configure Job Options window. 
1. Determine the dipole moment of HX, and record its magnitude and whether it points toward the H or X atom.
a. The magnitude of the dipole moment is available in the output file. 

b. Click on the magnifying glass to view the dipole moment. By chemist’s convention, the dipole moment vector is defined to point from the positive charge to the negative charge.

2. Also record the partial charge on each atom in your HX molecule.  This is also provided in the output file, just below the dipole moment. 
3. Find and record the bond length.
To change from one HX to another, use the New Job Using This Geometry button on the output file.  If you get an error message saying that a calculation failed, check the following:

· Be sure that the multiplicity is set correctly in the calculation setup.  It should be singlet if HX has an even number of electrons, and doublet if HX has an odd number of electrons.  
· Use the menu item “Clean-up … Geometry” before submitting a job (“Comprehensive cleanup” won’t work for many HX combinations because that routine will add additional H atoms to most X atoms).  This will assure that the geometry (bond length) is approximately correct before the Hartree-Fock calculations begin, and will help avoid a “failure to converge” error.
Gather the results from your lab partners for the other HX molecules. Once you have results for all the HX (including the results for H2 that you already obtained), construct a set of “covalent radii” using the assumption that the bond length is the sum of the covalent radii.  Compare your results with the atomic radii listed in your textbook or a reference book.
Also make a table of the partial charges on X as a function of the identity of X.  Include also a column for the Pauling electronegativities of X.  Do you see the expected relationship between the electronegativity of X and the partial charge it has when bound to H?  (Remember that the electronegativity of H is 2.2.)
7. Possible Additional Calculations

If there is time, and at the direction of your lab instructor, work with your lab group to perform additional calculations.  Choose one of the following projects. 

1) Do geometry optimizations to calculate the bond angles in NH3, H2O, PH3 and SH2. Compare the results with known values for bond angles (which you can probably find on the internet).  Sometimes the trends in bond angles are explained as being due to hybridization being less important for third period elements.

2) Test inductive effects by comparing the partial charge on the oxygen-bound H in H2O, FOH (hypofluorous acid), HOOH (hydrogen peroxide), NH2OH (hydroxylamine) and CH3OH (methanol).  Can you rationalize the trends in the H charge according to the electronegativity of the other atom bound to the oxygen?  What do you predict for the order of acidity of these five compounds?

3) Test how rapidly inductive effects fall off by comparing the partial charge on the oxygen-bound hydrogen atom in propanol (CH3CH2CH2OH), 1-fluoropropanol (CH3CH2CHFOH), 2-fluoropropanol (CH​3CHFCH2OH) and 3-fluoropropanol (FCH2CH2CH2OH).

4) Optimize geometry (what is the C-O bond length?) and then calculate molecular orbitals for carbon monoxide (CO).   Compare the shapes and energies of the MO’s to those that have been described in class and in your textbook.  Are the ( bonding orbitals concentrated on the oxygen or carbon?  Are the (* bonding orbitals concentrated on the oxygen or carbon?  Are the partial charges on oxygen and carbon what you’d expect based on electronegativity?  Explain.

5) Optimize geometry (what is the C-C bond length?) and then calculate molecular orbitals for benzene (C6H6).  Find the six MO’s that are involved in the ( bonding; you will need to increase the “Display Range” for the molecular orbitals to find the highest energy (* orbital, and you’ll need to look at the orbitals to see which ones have ( character.  Adjust the isosurface value to get displays that show the overlap of the p orbitals, and then paste pictures of the six ( bonding and antibonding orbitals (all with the same orientation and isosurface values) into your lab report.  Also include the relative energies of the orbitals in your lab report.

6) Optimize geometry and find the vibrational frequencies (this can be done in one WebMO job) of simple triatomic molecules such as H2O, SO2, HCN, CO2.  Record the vibrational frequencies and also watch the movies and try to make a sketch of the motion and characterize it as primarily a stretch or bend.  Molecular vibrations are important for understanding the infrared spectra of molecules; note that WebMO can show you a simulated IR spectrum of your compound.
8. Housecleaning.  

Logout of WebMO and close your browser. There is no need to save anything, as your jobs will still be available to you when you log back into WebMO.  






� Formally, the electrostatic potential is the energy of interaction of a point positive charge somewhere in space with the nuclei and electrons of a molecule.
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