II. Molecular Modeling

Trisilylamine: A Critical Study in Main-Group -Bonding

Introduction


The origin, and even the presence, of multiple bonding in compounds of the heavy p-block elements is a matter of unresolved dispute among theoretical and inorganic chemists.  The concept of dp bonding to interpret and predict chemical behavior is by no means universally accepted.  One compound that is often used as an example of 

dp bonding is trisilylamine, (H3Si)3N.  Most amines (e.g., Me3N) are pyramidal, with bond angles near 109˚ and a lone pair of electrons that can be thought of as occupying an sp3 hybridized orbital.  This strongly localized pair of electrons is responsible for the fact that amines often have large dipole moments, are good bases, and are good nucleophiles.  Trisilylamine is unusual in that it is planar.  All bond angles at N are 120˚ ± 5˚, and all of the heavy atoms (N and Si) lie in the same plane.  The average bond lengths in trisilylamine are:  Si-H = 1.35 Å and Si-N = 1.731 Å.  Unlike most amines, trisilylamine is non-polar and does not behave as a base in any sense.
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Figure 1.
Pyramidal and planar geometries of trimethylamine and trisilylamine, respectively.


The planarity of trisilylamine is sometimes interpreted in the following way: Carbon and Si are similar in many ways, but one key difference is that Si, as a 3rd row element, possesses empty d-orbitals in its valence shell whereas C does not.  These orbitals can overlap with a neighboring, occupied p-orbital to form a dp bond.  The maximum dp overlap, and therefore the strongest -bonding, will be achieved when the molecule is planar.  (All three Si atoms participate equally in -bonding, although only one d-orbital is drawn in Figure 2 below for clarity.)
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Figure 2.
Overlap of silicon d-orbital with occupied hybridized and unhybridized N orbitals of trisilylamine, respectively.

This argument is appealing both visually and intuitively.  It readily accounts for the unusual geometry of trisilylamine, and its premise regarding the empty d-orbitals on Si and their -symmetry with respect to a p-orbital on nitrogen is true.  However, symmetry is not the only factor that determines how strongly two orbitals overlap.  The relative energies of the orbitals in question is also a factor.


The relative electronegativity of two elements provides a qualitative comparison of the energies of their frontier orbitals.  The principal quantum number of the valence d-orbitals is n = 3, while the p-orbitals on N have n = 2.  Further, N is more electronegative than Si and thus we need to examine the energy match between a filled orbital on an electronegative element and an empty orbital on an electropositive element.  Qualitatively, we might expect the energies to be rather poorly matched (see Figure 3).
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Figure 3.
Orbital Energy level diagrams illustrating the energy mismatch between Si 3d and N (and O) 2p orbitals. 


A strictly steric explanation has also been offered for the planarity of trisilylamine.  The argument is that, silyl groups being larger than methyl groups (Si is larger than C) take up more space and thus require the 120˚ angles of the trigonal planar geometry rather than the ~109˚ angles of pyramidal geometry.  This explanations makes no explicit reference to the electronic structure of trisilylamine, thus questions of relative orbital energy and symmetry are moot.


In this lab, you will use computational techniques in an attempt to sort out a coherent explanation for the planarity of trisilylamine.

Part I.  Structure


In the first part of the experiment, you will determine what level of theory is necessary in order to predict the most striking feature of trisilylamine – its planarity.  You will begin with the simplest approach to calculating molecular structure:  molecular mechanics.

A.  Molecular mechanics
The term “molecular mechanics” refers to a collection of methods by which the structure of a compound can be calculated.  Molecular mechanics methods are not quantum mechanical in nature, that is, they do not make reference to the Schrodinger equation.  Instead, they treat atoms as objects with mass and volume, and chemical bonds as springs and rotors.  The various constants (parameters) are set so that the structures of a set of known compounds (a “training set”) is reproduced.  The collection of force constants is referred to as a force field.  The people who write the force fields get to name them, and their names are not always very informative:  Sybyl, MM2 and MM3 are three common force fields.


It is important to keep in mind that molecular mechanics does not take account of - and -bonding as such.  Rather, molecular mechanics refers to how much energy it takes to stretch, bend, and rotate around bonds between various atoms.


These methods can be very useful, in part because they are computationally simple and therefore fast and cheap.  However, they are in error when molecular orbital effects (electronic structure) control the structure of a compound.  Because they rely entirely on the reproduction of known data, and do not make reference to a realistic theory about the nature of matter, molecular mechanics methods are strictly empirical, meaning that they are only as good as the data base used to construct them.  Further, the results will be best for molecules that most closely resemble those in the data base.


Begin your study of trisilylamine by determining whether the molecular mechanics programs supported by Spartan calculate a reasonably accurate structure.

1.
Build trisilylamine.  

(a)
Start Spartan from the launcher.

(b)
Select New from the file menu.

(c)
Build trisilylamine using the “entry” palette.  Be sure to use the pyramidal nitrogen from the entry Model Kit palette (the pyramidal N is the button that is second from the top on the left).

(d)
Save the file to your USB thumb drive.  Name all molecules in this lab in the following way: by compound name, computational method and your initials.  For this example:  “Trisilylamine_Sybyl_HJT.”  When you are finished with your session, move all your files to your thumb drive.

(e)
Exit the Builder subprogram.  (Under the file menu you will find the exit builder command.)  This will place you in the Spartan main window with a wire model of your molecule.  Note that the molecule is pyramidal.

2.
Use the Sybyl molecular mechanics force field to calculate a structure for trisilylamine:

(a)
Select Calculation from the Setup menu. 

This screen (dialog box) consists of a number of pop-up menus which allow you to select the tasks you want the computer to perform.

(b)
Set Task to Geometry Optimization and Level to Sybyl. 

(c)
Click on the Save button. 

(d)
Select Submit from the Setup menu. 

When the job is finished, record N-Si and Si-H bond lengths and Si-N-Si bond angles in a 5x4 Table.  (Label the table as shown below.) 

(e)
Pull down the Geometry menu, select Distance or Angle and follow the instructions on the screen.  (You can also use the mini palette on the lefthand side of the main MacSpartan window.)

Is the calculated structure in agreement with the real structure of trisilylamine? 
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B.  Semi-Empirical Calculations


The next level of theory is semi-empirical quantum mechanical calculations.  Begin with a very simple basis set, AM1, which does not include d-orbitals.  (You will notice another semi-empirical option, the PM3 basis set – used for transition metals.  See Section 12 of the MacSpartan Plus manual for further discussion.)  By so doing, you are really asking an important question:  Can the atomic structure of trisilylamine be accounted for without invoking any d-orbital participation on Si?

Use AM1 to calculate a geometrical structure for trisilylamine:  

(a)
Open your “Trisilylamine_Sybyl_XXX” file if it is not currently open and pull down the File Menu. 

(b)
Select Save As and give the new file the name “Trisilylamine_AM1_XXX” (where XXX represents your initials). 

(c)
Pull down the Setup menu and set Task to Geometry Optimization and Level to AM1. 

(d)
Save this setup and submit the job. 

When the job is finished, record the bond lengths and angles in the table you have prepared.

Is the AM1 structure in agreement with the real structure? 

Part II.  Electronic Structure.  Is dp bonding important in trisilylamine?


The results of the previous semi-empirical calculation have provided an optimized geometry for the molecule that you can use to take a look at important features of the electronic structure.  Here we will perform ab initio  single-point energy calculations, both neglecting and including d-orbitals on the Si atoms in order to address the importance of dp bonding.  The orbital of interest will be the HOMO – the highest occupied molecular orbital.  In trisilylamine, this is the “lone pair” on the N atom (see Figure 4, next page, for a molecular orbital diagram of trisilylamine).  We will look at the orbital in which this electron pair is housed for any evidence of delocalization onto the neighboring Si atoms.  That is, for any evidence of dp bonding.  Keep in mind that we are particularly interested in knowing whether d-orbitals are required at Si for -bonding to occur.


To do these calculations, you will employ the 3-21G* and 6-31G* basis sets.  Both the 3-21G* and the 6-31G* basis sets contain d-orbitals for any element.  We will use the AM1 structure (generated above) as a control experiment of sorts to see what the electronic structure of trisilylamine would look like if 3d-orbitals on Si were available for bonding. Comparing the calculations obtained from the two levels of theory (AM1 and ab initio) will give you insight into how the presence of d-orbitals affects the electronic structure of trisilylamine.  A comparison between the two different ab initio basis sets (3-21G* and 6-21G* will give you some insight as to the difference between the two basis sets. (This is one of the strengths of computational chemistry.  It is impossible to experimentally study a Si atom with out d-orbitals.  However, it is easy to omit them from a calculation and see what happens.  Calculations allow us to do control experiments that are physically impossible.)

Perform a Hartree-Fock single-point energy calculation at the 3-21G* level. 

(a)
Open your “Trisilylamine_AM1_XXX” file.

(b)
Pull down the File menu and select Save As.  Give the new file the name “Trisilylamine_321G_XXX,” as before. 

(c)
Pull down the Setup menu and set Task to Single Point Energy, and Level to 3-21G.

(d)
Click Save to close the setup window. 

(e)
Pull down the Setup menu again, and select Surfaces. 

(f)
Click on the pop-up button Surface and select HOMO. 

(g)
Click the Add button:  You will see a line corresponding to this request appear in the working area with the comment “pending.”

(h)
Click the OK button to close the window. 

(I)
Pull down the Setup menu once more, and select Submit. 

While this job is running, prepare the next calculation.
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Figure 4.  Molecular Orbital diagram for trisilylamine.

Perform a Hartree-Fock single point energy calculation at the 6-31G* level. 

(a)
Close the “Trisilylamine_321G_XXX” file and open “Trisilylamine_AM1_XXX.” 

(b)
Pull down the File menu and select Save As.  Save the new file as “Trisilylamine_631G_XXX.” 

(c)
Pull down the Setup menu and set Task to Single Point Energy, and Level to 6-31G.

(d)
Click Save to close the setup window. 

(e)
Pull down the Setup menu again, and select Surfaces. 

(f)
Click on the pop-up button Surface and select HOMO. 

(g)
Click the Add button:  You will see a line corresponding to this request appear in the working area with the comment “pending.”

(h)
Click the OK button to close the window. 

(I)
Pull down the Setup menu once more, and select Submit. 

Comparing the HOMOs.

When the two calculations have finished, compare the appearance of the two HOMOs (with and without d-orbitals on Si).  Make sure the two files “Trisilylamine_321G_XXX” and “Trisilylamine_631G_XXX” are open and the two molecules are displayed on opposite sides of the working space.  You can do this by opening one file, dragging that molecule to one side (by holding the option button down as you click and drag the molecule with the mouse – the cursor turns into a four-way arrow) and then opening the other molecule and dragging it to the other side with the mouse.  Clicking on either molecule with the mouse button will select that molecule, and anything you do from the pull down menus or with the mouse will happen to only the selected molecule.  (To scale a molecule hold the option and the apple keys down together.  This causes the cursor to become a magnifying glass and dragging the cursor up makes the image larger.)

(a)
Select one of the molecules and pull down the Display menu.  Select Surfaces. 

(b)
In the dialog box that appears, you will see a working area containing a line describing the HOMO surface you requested when you set up the job.  Click on this line to highlight it, then click on the box marked Display surface and choose a visualization style (e.g., solid, mesh, mesh or transparent) and then click the OK button to close the window.  Remember that you can always go back and change the visualization style if you don’t like your first choice! 

Select the other molecule and follow the steps above to display the HOMO.

Look carefully at the two HOMOs:  Rotate them into various orientations, compare them side-by-side.  Look in particular for any evidence of p-bonding between N and Si.  Keeping track of which is 3-21G* and which is 6-31G*, print the orbitals.  (Discuss with your instructor the best way to accomplish this.  Make a sketch in your lab notebook of the two HOMOs in whichever orientation seems most informative to you.)  Point out any features that suggest the presence or absence of -bonding between N and Si.  Point out any differences you detect between the two HOMOs.

Part III.  Trichlorosilyldisilylamine.


The experiments you conducted in Part II may or may not have convinced you that  -bonding is present between N and Si in trisilylamine.  In this part, you will look at this question by perturbing the molecule in a way that is expected to strengthen the -bond, if it exists.  The perturbation will be to move from trisilylamine to trichlorosilyldisilylamine.  
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Figure 5.
Structures of trisilylamine and trichlorosilyldisilylamine. 

There are reasons, which you will explore in your report, for why the -bond between the trichlorosilyl group and the N atom should be stronger than the -bond between the SiH3 groups and N.

Use the builder to construct trichlorosilyldisilylamine (see Figure 5).  Make sure you begin with a pyramidal N atom so as not to bias the calculation!  Name the file according to the protocol given above.

Optimize the geometry at the AM1 semi-empirical level, than perform an ab initio, Hartree-Fock, single point energy calculation at the 6-31G* level. When you perform the single point energy calculation, also request a Surface calculation of the HOMO.

Look at the HOMO in comparison to that for trisilylamine itself at the 6-31G* level.  What differences do you see?  How do they relate to the presence and strength of -bonding in these molecules?  Print or make a sketch of the HOMO of tricholorsilyldisilylamine, pointing out any details you think are relevant.

Part IV.  The Fragment MO Approach


One possibility that we have not yet addressed is if there are any orbitals on Si other than the d-orbitals, that are of the appropriate symmetry to form a -bond with N.  At first, one might not think so, but that is because you are viewing the Si as an atom and not as part of an SiH3 group!  We need to think about empty orbitals on the SiH3 group as a whole.  This holistic approach to bonding is at the heart of MO theory.


Look again at trisilylamine, not as being made up of individual atoms, but as being composed of meaningful chunks or groups.  The question we’re asking – about -bonding – breaks the molecule neatly into four groups by breaking each of the N-Si bonds.  This bond-breaking is indicated by showing the unpaired electrons left behind each atom as depicted in Figure 6.
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Figure 6.
The fragment MO approach for trisilylamine.  The molecular orbitals for the silyl fragments are calculated and presented in the Molecular Orbital diagram in Figure 4.

In order to learn about the bonding between N and Si, we need to know about what these fragments look like when they come together.  The frontier orbitals of an N atom are familiar to you – the 2s and 2p orbitals.  The pz–orbital, perpendicular to the trisilylamine plane, is the orbital which will become relevant to the -bonding.  The frontier orbitals of a silyl group are not obvious, but they can be very quickly calculated using Spartan.  We can then look to see if any of them have favorable properties for -bond formation with the N pz–orbital.

A.  Use Spartan to calculate the electronic structure of SiH3•.
The most convenient way to get at the electronic structure of the SiH3 fragment is to take advantage of its relationship to the simple molecule, silane (Figure 7).
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Figure 7.
The silyl molecular fragment formed from the removal of a hydrogen atom from silane.

(a)
Use the builder to construct silane, SiH4.  Check its symmetry – it should be Td (tetrahedral). 

(b)
Still in the Builder, click on the button marked Delete Atom.  Click on one of the H atoms to delete it. 

(c)
When you are done, the Si atom on the screen should only have three lines coming out of it.  Do not minimize this structure, instead Save the file as “Silyl_fragment_XXX,” and Quit the builder.

(d)
Pull down the Setup menu and prepare an ab initio, Hartree-Fock single point energy calculation at the 6-31G* level.  Request a Surface calculation of LUMO+1.  (This is the orbital located one energy level above the LUMO, and will turn out to be a * anti-bonding orbital between Si and all three H atoms.)  In the multiplicity box, change the “1” to a “2.”  (The multiplicity is calculated from the formula; multiplicity = 2S + 1, where S is the total electron spin quantum number.  Since the silyl fragment has only one unpaired electron, as indicated in the Lewis diagram above, S = 1/2 and therefore the multiplicity is 2.)

(e)
Submit the job. 

When the job is complete, visualize the results in the following way:  Display the LUMO+1 surface as a solid, and, using the Model pulldown menu, select Space-filling.  You will see the van der Waals surface of the silyl fragment with the LUMO+1 orbital protruding.  Keep in mind that this is an empty orbital that will form a bonding interaction with any occupied orbitals of similar shape and symmetry.

Print or sketch this orbital, and show why it is Si-H anti-bonding.  Point out any features you think might be important to an understanding of -bonding in trisilylamine. 

B.  Comparing orbital structures of related fragments:

Using the same strategy described above, calculate and visualize the LUMO+1 orbital in the methyl group (begin by constructing methane) and the trichlorosilyl group (begin by constructing SiCl4).

Print or sketch these orbitals, pointing out the features you think are important in relation to the question of -bonding.

Part V. Report

In addition to introduction, experimental and results sections, your report will consist of your inspection from the experiment and thoughtful answers to the following questions in the discussion and conclusion sections.  Also be sure to answer the questions posed in the body of this experiment.

1.
Compare the experimentally determined structure of trisilylamine to those which you obtained from molecular mechanics and semi-empirical geometry optimizations.  Look closely at the semi-empirical geometry and discuss how well it reproduces not only the general shape of the molecule, but the actual bond lengths and angles.  Are the measured Si-H and Si-N bonds too long, too short, or just right?  How might you go about getting a more accurate theoretical structure?

2.
Assuming the calculations you have done in this experiment are meaningful, discuss how any -bond in trisilylamine is formed.  Is there a role for Si d-orbitals? 

3.
Look up the Pauling electronegativities of Cl and Si.  What is ∆ between these elements?    Does Si bear a partial + or - charge?  What effect will this partial charge have on the Si atomic orbitals?  How might this change influence the contribution of the d-orbitals to the N-Si -bond. 

4.
Consider the ∆ you calculated in question 3.  What does this number suggest about the localization of the Si-Cl * orbitals?   Will they be more localized on Si or on Cl?  How might this affect the Si-N -bond in trichlorosilyldisilylamine? 

5.
Make some concluding remarks in the usefulness of the dp formalism.  Do you think it is useful?  Misleading?  Both?  Neither?  Why? 

� Adapted from Prof. Donald Cotter, Mount Holyoke College and Prof. Michael J. Maroney, University of Massachusetts, Amherst.
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