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   Molecular Modeling Problems  

Chapter 9 
 

1. Lithium Aluminum Hydride and Sodium Borohydride. Among the most important 
sources of hydride anion as a reducing agent are lithium aluminum hydride (LiAlH4, 
commonly referred to as LAH) and sodium borohydride (NaBH4). Are these molecules 
better represented as weak complexes between LIH and AlH3 and between NaH and BH3, 
respectively, or as ion pairs, LI+AlH4

- and Na+BH4
-, or are they somewhere in between? 

To decide, guess a structure for each (don’t impose symmetry) and starting from this 
structure, obtain an equilibrium geometry and infrared spectrum. Use the B3LYP/6-31G* 
model. You may wish to start with more than one guess geometry for each, in which case 
use the one that leads to the lowest total energy. Compare geometries of your structures 
with those of the possible neutral and ionic fragments (LiH, AlH3, AlH4

-, BH3 and BH4
-) 

to you decide the “best” description. 
 
2. Zero-Point Energy and Bond Dissociation Energy. The energy obtained from a 
quantum chemical calculation refers to a molecule “resting” at the bottom of a potential 
energy surface. The “measured” energy (enthalpy) refers to a molecule residing in the 
lowest vibrational level. The difference is referred to as the zero-point energy and is 
proportional to the sum of all the vibrational frequencies. Zero-point energy largely 
cancels in many types of chemical reactions, but does not cancel in bond dissociation 
reactions. Explain why for the specific case of bond dissociation of a diatomic molecule.  
 
Use the B3LYP/6-31G* model to calculate XH bond dissociation energies in hydrogen 
molecule, lithium hydride, methane, ammonia, water and hydrogen fluoride. Correct 
these for differences in zero-point energies between the reactants and products of the six 
bond dissociation reactions. Is the correction significant (greater than 1-2 kJ/mol)? If it is, 
which molecule shows the smallest correction and which shows the largest correction? 
 
3. Clathrate Hydrates.  The water molecule incorporates two OH bonds (hydrogen-bond 
donors) and two electron pairs (hydrogen-bond acceptors). Therefore, it is reasonable to 
expect that an individual water molecule in liquid water will be involved with as many as 
four hydrogen bonds.  This is consistent with the observation that the distribution of 
oxygen-oxygen distances in liquid water shows a sharp “spike” around 3Ǻ. Strong 
hydrogen-bonding interactions also suggest that water may be capable of encapsulating 
small molecules.  Such compounds exist and are known as clathrate hydrates. 

 
First, build a “water droplet”, that is, a cluster of 40-50 water molecules, and obtain the 
structure using molecular mechanics.  

 
To build a water droplet, select sp3 oxygen and click on screen. Then move the cursor to an empty place on 
screen and double click. Repeat this step 8-10 times. Rotate the cluster and add (double click) another 8-10 
water molecules. Continue (rotating and adding) until you have ~50 water molecules. To substitute a 
molecule for a water molecule, select the appropriate atomic hybrid , for example, sp3 carbon to substitute 
methane for water, and double click on an oxygen atom (not a free valence). 

 
Focus your attention on the few molecules in the middle of the cluster. Are they involved 
in four hydrogen bonds (the maximum)? Measure a typical O-H bond length in water and 
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a typical O ···H hydrogen bond length. Is what you observe consistent with the fact that 
hydrogen bonds are much weaker than covalent bonds?  

 
Next, substitute an ammonia molecule for one of the water molecules at the center of 
your cluster, and obtain a new structure again using molecular mechanics. How many 
hydrogen bonds are there to the ammonia molecule? On average, how many hydrogen 
bonds are there to the water molecules immediately surrounding the ammonia? Overall is 
situation similar or markedly different from that of the pure water cluster? Would you 
expect ammonia to dissolve in water? 

 
Finally, substitute a methane molecule for the ammonia molecule and obtain a new 
structure using molecular mechanics. Has the cluster noticeably expanded or contracted 
in the vicinity of the methane? Rationalize your result in terms of changes in hydrogen 
bonding. 
 
4. Charge Distribution in Main-Group Hydrides. The hydrogen in lithium hydride 
would be expected to bear negative charge whereas the hydrogen in hydrogen fluoride 
would be expected to bear positive charge. This should be reflected in a change in the 
sign of the dipole moment from +Li-H- to -F-H+. It should also be seen in comparison of 
electrostatic potential maps for the two molecules.  

 
Use the B3LYP/6-31G* model to obtain equilibrium geometries for lithium hydride and 
hydrogen fluoride. Put the two molecules in the same Spartan document.  
 
After you build the first molecule, select New Molecule instead of New.  

 
Is the sign of the dipole moment as expected? Compare electrostatic potential maps. Is 
the potential around hydrogen in lithium hydride negative (indicating excess negative 
charge)? Is the potential around the hydrogen in hydrogen fluoride positive (indicating 
excess positive charge)? For which molecule is the difference between the two atoms 
greater? Is your result consistent with the relative magnitudes of the two dipole 
moments?  

 
Electronegativity is a measure of an atom’s ability to attract electrons. Is the difference in 
electronegativity between hydrogen and the atom to which it is attached reflected in the 
electrostatic potential around hydrogen? Add beryllium hydride, borane, methane and 
ammonia (optionally, also add sodium hydride, magnesium hydride, aluminum hydride, 
silane, phosphine, hydrogen sulfide and hydrogen chloride) to the document that already 
contains lithium hydride and hydrogen fluoride. Use the B3LYP/6-31G* model to obtain 
equilibrium geometries and electrostatic potential maps. Measure the maximum (or 
minimum) value of the potential at hydrogen and plot this against the difference in 
electronegativity between hydrogen and the atom to which it is attached (use Pauling 
electronegativies). Is there a linear relationship? 

5. Bridging Hydrogen Atoms. Diborane has too few valence electrons to allow it to form 
the required number of two-center bonds. As a consequence, the molecule does not adopt 
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an “ethane-like” structure as was earlier assumed, but rather a geometry in which the two 
boron atoms and four hydrogen atoms lie in a plane while the remaining two hydrogens 
are “suspended” above and below the plane equidistant from the two boron atoms.  

 

In fact, diborane “looks like” ethylene, a molecule which has the same number of valence 
electrons. These two molecules are isoelectronic. Are The the molecular orbitals that 
accommodate these electrons similar? Obtain equilibrium geometries for diborane and 
ethylene using the STO-3G model. Associate each of the six (occupied) valence 
molecular orbitals for diborane with an orbital in ethylene. Describe the molecular orbital 
in diborane that is associated with the π orbital in ethylene. Is it the HOMO? Locate the 
unoccupied molecular in diborane that resembles the π* orbital in ethylene. Is it the 
LUMO? 

Build diborane starting from trigonal bipyramidal boron (inorganic model kit). Attach an equatorial free 
valence of a second trigonal bipyramidal boron to an equatorial free valence first trigonal bipyramidal 
boron (a). Attach linear divalent hydrogen to opposite axial free valences (b). Make bonds between the free 
valence on each hydrogen and the axial free valence on boron (c) and minimize (d). 

      

    a                      b                      c                        d 


