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Chapter 13 

1. Carbon-Fluorine Bond Lengths vs. Bond Stengths in Fluoromethanes. Carbon-
fluorine bond lengths in fluoromethanes, CFnH4-n (n=1-4), decrease with increasing 
number of fluorines, from 1.38Ǻ in fluoromethane to 1.32Ǻ in tetrafluoromethane. Is it to 
be expected, therefore, that CF bond energies will increase with increasing number of 
fluorines? To decide, obtain equilibrium geometries for all the molecules in the reactions 
below and calculate bond dissociation energies. Use the B3LYP/6-31G* model. 

CH3F2 → CH3
.
 + F. 

CH2F2→CH2F
. + F. 

CF3H → CHF2
. + F. 

CF4 → CF3
. + F. 

What is the relationship between CF bond energies and CF bond distances?  

2. “Combustion” of Silanes. Silicon-oxygen polymers (“sand”) result from combustion 
(in oxygen) of silanes and other silicon-containing compounds. This makes it difficult to 
assign heats of formation. One clever solution is to “burn” silanes in fluorine (F2) rather 
than in oxygen. This leads only to gaseous products (SiF4 and HF), the amounts of which 
may easily be determined, for example, combustion of silane.  

SiH4 + 4F2 → SiF4 + 4HF  

Use the B3LYP/6-31G* model to determine energies of complete “combustion” (in F2) of 
silane, disilane, trisilane, 2-silyltrisilane and 2,2-disilyltrisilane (resulting in only SiF4 and 
HF as products). On a per gram basis, combustion of which of these produces the greatest 
amount of heat? Be certain to include the mass of the “oxidizer” (F2) in your calculations. 

H3Si SiH3

SiH2SiH4 H3Si SiH3
H3Si SiH3

Si

H SiH3

H3Si SiH3

Si

H3Si SiH3

 

 

3. Thermochemical Stability of Silaolefins.  Only a very few compounds incorporating a 
carbon-silicon double bond (“silaolefins”) have been characterized, among them 
compounds 1-4.  
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The fact that all of these compounds involve bulky groups in the vicinity of the double 
bond making it difficult for reagents to approach, leads to the suspicion that the dearth of 
compounds may be due at least in part to the high reactivity of silicon-carbon double 
bonds. In this problem, you will examine the thermochemical stability of silaolefins, 
specifically the energetics of hydrogenation reactions relative to those of normal olefins.  

Obtain equilibrium geometries for 1,1-dimethylsilaethylene (Me2Si=CH2) and isobutene, 
as well as their hydrogenation  products, trimethylsilane and isobutene. Use the 
B3LYP/6-31G* model. Evaluate the energy of the reaction comparing hydrogenation 
energies for 1,1-dimethylsilaethylene and isobutene. 

   Me2Si=CH2 + Me3CH  Me3SiH + Me2C=CH2 

What does it tell you about the strength of the SiC double bond in the silaolefin relative 
to the CC double-bond strength in isobutene? 

Repeat your calculations for the germanium analogue of isobutene, that is, evaluate the 
energy of the reaction. 

Me2Ge=CH2 + Me3CH  Me3GeH + Me2C=CH2 

Do you conclude silicon or germanium forms the stronger π bond to carbon? Elaborate 
any assumptions that you have made to reach this conclusion. 

4. Kinetic  Stability of Silaolefins.  The previous problem explored the thermochemical 
stabilities of silaolefins, but hinted that kinetics (reactivity) might also account for the 
scarcity of compounds. In this problem, you will use two different graphical models to 
compare the reactivity of 1,1-dimethylsilaethylene and  2,3-dimethylbutene. Specifially, 
you will employ local ionization potential maps to compare their reactivity toward 
electrophiles and LUMO maps to compare their reactivity toward nucleophiles. 
 
The local ionization potential is the energy required to remove an electron from a molecule as a function of 
location. A local ionization map presents the value of the local ionization potential on a surface of constant 
electron density intended to represent overall molecular size and shape. Colors near red indicate low values 
of the ionization potential (more reactive toward electrophiles) while colors near blue indicate high values 
of the ionization potential (less reactive toward electrophiles).  Therefore, a local ionization potential map 
can be seen as a means to assess differences in affinity for an electrophile as a function of location or to 
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compare affinities for different molecules. A LUMO map presents the absolute value of the lowest-
unoccupied molecular orbital on a surface of constant electron density intended to represent overall 
molecular size and shape. Colors near blue indicate high concentration of the LUMO, while colors near red 
indicate low concentration. As the LUMO indicates where the next pair of electrons (a nucleophile) will go, 
a LUMO map provides an indicator of nucleophilic reactivity. 

Obtain equilibrium geometries for 1,1-dimethylsilaethylene and 2,3-dimethylbutene. Use 
the B3LYP/6-31G* model. Display local ionization potential maps for both molecules 
side-by-side and on the same scale. Which molecule would you expect to be more 
reactive toward electrophiles? Display LUMO maps for both molecules side-by-side and 
on the same scale. Which molecule would you expect to be more reactive toward 
nucleophiles? Overall, what your result suggest about the kinetic stabilities of silaolefins 
relative to olefins? 

5. Change in Geometry with Change in the Number of Electrons. Does the geometry of 
a molecule depend on the total number of electrons as well as its constituent atoms? This 
question may be explored by comparing the geometries of 2-methyl-2-propyl (tert-butyl) 
cation, radical and anion. 

Use the 6-31G* model to obtain equilibrium geometries for the three molecules. Assume 
that the three methyl groups are equivalent in all three molecules but do not assume a 
planar (carbon skeleton) geometry for any of them. Describe any changes to the geometry 
of the central carbon with increasing number of valence electrons, paying particular 
attention to the CCC bond angles and the CC bond lengths. Speculate on the origin of the 
changes. 

6. Disilylene.  Disilylene (H2Si=SiH2) is the simplest molecule incorporating a silicon-
silicon double bond. Is it planar like ethylene, or have the terminal SiH2 groups puckered 
or twisted relative to each other? To find out, obtain the equilibrium geometry of planar 
(ethylene like) disilylene and calculate its infrared spectrum. Use the B3LYP/6-31G* 
model. (Note that all the frequencies in the infrared spectrum of a stable molecule are real 
numbers, whereas the presence of one or more imaginary frequencies in a (calculated) 
spectrum indicates that the structure is not an energy minimum.) Is the spectrum of planar 
disilylene consistent with that of a stable molecule? If not, identify the “downhill” 
direction(s) by animating the vibration associated with any imaginary frequencies. Distort 
the molecule accordingly and repeat the geometry and infrared spectrum calculation. 
Describe the resulting structure.  

 
Repeat your calculations and analysis for digermene, H2Ge=GeH2, the simplest molecule 
with a germanium-germanium double bond. Do disilylene and digermene exhibit similar 
geometries? 
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7. Greenhouse Gases. In order to dissipate the energy that falls on it due to the sun, the 
earth “radiates” as a so-called “blackbody” into the universe. The “theoretical curve” is a 
smooth distribution peaking around 900 cm-1 and decaying to nearly zero around 1500 
cm-1. This is in the infrared, meaning that some of the radiation will be intercepted by 
molecules in the earth’s gaseous atmosphere. This in turn means that the earth is actually 
warmer than it would be were it not to have an atmosphere. This warming is known as 
the greenhouse effect, to make the analogy between the earth’s atmosphere and the glass 
of a greenhouse. Both allow energy in and both impede its release. The actual distribution 
of radiated energy as measured from outside the earth’s atmosphere in the range of 500-
1500 cm-1 is given below. The overall profile matches that for a blackbody, but the curve 
is peppered with holes.  

 

Neither nitrogen nor oxygen, which together comprise 99% of the earth’s atmosphere 
absorbs in the infrared and causes the “holes”. However, several “minor” atmospheric 
components, carbon dioxide most important among them, absorb in the infrared and 
contribute directly to greenhouse warming. Its infrared spectrum shows a strong 
absorption in the region centering 670 cm-1, the location of the most conspicuous hole 
in the blackbody radiation profile. 
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Identify three of the top 10 chemicals manufactured worldwide. Use the B3LYP/6-31G* 
model to calculate the infrared spectra for each and comment whether or not you would 
expect it to be a significant greenhouse gas.  

8. Trimethylamine vs. Trisilylamine. Trimethylamine, N(CH3)3, is a pyramidal molecule 
with a low barrier to inversion through a “planar” transition state. This can be explained 
by noting that the nitrogen incorporates a non-bonded electron pair in addition to three σ 
bonds. Trisilylamine, N(SiH3)3, which also has an electron pair on nitrogen is believed to 
be planar or nearly so. What is the reason for the apparent difference in geometry? 

Use the 6-31G* model to obtain equilibrium geometries for both trimethylamine and 
trisilylamine. Start with non-planar structures. Is the nitrogen center in trimethylamine 
pyramidal? Is the nitrogen center in trisilylamine planar or nearly planar?  

To better understand your results, compare electrostatic potential maps for the two 
molecules. In which does the nitrogen appear to be more negative? How would a change 
in charge distribution relate to a change in geometry? 

9. Solid-Phase Structure of Benzene. When the words geometry and benzene appear in 
the same sentence, they likely refer to the fact that benzene is planar. Naphthalene, 
anthracene, phenracene and larger molecules, constructed by “fusing” benzene rings, are 
also planar molecules as is graphite. However, benzene does not crystallize into sheets, as 
does graphite, but instead exhibits a three-dimensional structure in which neighboring 
benzene molecules are close to perpendicular.  

 

To see why, obtain the equilibrium geometry of benzene using the 6-31G* model and 
display an electrostatic potential map. Is the potential uniform throughout the surface or 
are certain regions positive and others negative? If the latter, which regions are positive 
and which are negative? Rationalize what you observe in light of the known of benzene. 
Were you to bring two molecules of benzene together to form a dimer, what do you 
expect the best approach geometry would be? What would you expect the worst approach 
geometry would be? Elaborate?  
 


