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Objectives:  To construct physical and computer aided models of molecules and measure molecular parameters 
including bond length, bond angle and dipole moment.  
 
To identify electronic geometries, molecular geometries and their respective hybridizations. 

 
Prelab Questions:  Read through this lab handout and answer the following questions before coming to lab.   
                                    There will be a quiz at the beginning of lab over this handout and its contents. 
 

1. Before coming to lab, determine the correct Lewis dot structures for the following 8 molecules.  Record your 
structures on the worksheets at the end of this packet.  Your Lewis dot structures will be checked at the 
beginning of lab.  The other sections of the worksheets will be completed at a later time. 

Be sure to include lone pair :    brackets [ ]     and    charges +/-  where needed.   
 

  
  
  
  
  

2. Before coming to lab, draw the correct dipole moment vector through each of the following three planar (flat) 
molecules. 

 
Electron and Molecular Geometries  

 
A molecule’s shape determines its properties and functionality.  On a small scale, the molecular shape can make the 
difference between being polar or non-polar.  For larger biological molecules, the shape and unique features 
determine the function of the molecule. 
 
In these activities, you’ll go through the steps of obtaining simple molecular geometries which are determined via the 
following series of steps: 
 
1. Determine the Lewis Dot Structure 

 
2. Determine the number of regions of high electron density around the centermost atom and use it to decide 

electronic and molecular geometries.  
 

a. Electronic geometries are names given to the shapes of molecules determined using Valence Shell 
Electron Pair Repulsion (VSEPR) theory.   
 

b. Molecular geometries are names given to the shapes of molecules with invisible lone pair electrons. 
 

3. Use valence bond theory to determine how atomic orbitals are combined to produce the predicted electronic and 
molecular geometries. 

 

 

PF5 SF4 SO2Cl2 I3
- 

BrF5 XeF4 ClF2
+ C2H4 



As an example, consider the CHF3 molecule which has carbon at its center and chlorine & fluorine atoms 
positioned on the outside.   
 
To construct the correct Lewis structure, we determine the number of valence electrons supplied by each 
atom and their total.  In this case carbon supplies 4 electrons, hydrogen supplies 1 electron and each of 
the three fluorines supplies 7 electrons.  All totaled, we have 4 + 1 + (3x7 = 26 total electrons.  Next, 
electrons are distributed within the skeleton structure allowing two electrons for each of the four bonds.  
 
As in the figure at right, bonding electrons are abbreviated by a straight line. 
 
Lastly, the remaining electrons are distributed around the three fluorines (figure at right).  Hydrogen, an 
exception to the octet rule, needs only 2 electrons.  

 
Having double checked the Lewis structure for accuracy, attention goes to the center 
carbon atom and the number of electron groups that surround it.   
 
In this case, there are four groups (figure at left). 
 

 
The number of electron regions around the central atom is important because it is used to determine the geometry of 
the molecule and the hybridization of the central atom.  Although not part of this Lewis structure, lone pair electrons, 
double and triple bonds only count as one electron group for the central atom.   
 
 

 
 
Electronic and Molecular Geometries  
 
Refer to the chart at right for the geometry of the 
CHF3 molecule 
 
Since there are 4 electron groups, we are limited to 
rows 4, 5, and 6 of the table.  Since all groups in 
this molecule are bonding groups, only line 4 
applies.  Thus, we can determine “Tetrahedral” as 
both the Electron and Molecular Geometries.  
 
Additionally, the bond angle is also known now to 
be 109.5o. 

 
There are several ways a 
tetrahedron can be drawn.  In 
the first case, it looks like a 
camera tripod with outer atoms 
positioned at all 4 corners.  In 
this example (figure at left), 

the three fluorine atoms are located on the legs of 
the tripod and the hydrogen is at the top.   
 
A dotted line is used to show the fluorine atom that 
lies beneath the plane of the paper while a 
“wedge” is used to show the fluorine atom located 
above the plane of the paper.   



Molecular hybridization 

Molecular geometries are reproduced using mixtures of atomic orbitals.  These mixtures are referred to as “hybrids” and 
the process is known as “Molecular Hybridization.” 

Determining the atomic orbitals required to produce a molecular geometry is relatively easy once you know the number of 
electron groups around the center atom. 

In the case of CHF3 above, there are 4 electron groups.  Therefore, four atomic orbitals must be hybridized or mixed to 
create the geometry associated with the molecule; tetrahedral.  The four atomic orbitals required are s, px, py and pz.  
This is abbreviated as sp3 hybridization (where the “3” denotes three p orbitals) sp3 hybridization is always associated 
with tetrahedral electron geometries.  

The chart at right demonstrates how the hybridization can be obtained 
with only knowledge of the number of electron groups.  The result for the 
CHF3 molecule is circled in the figure. 

Notice that this result is easily determined even before a picture of the 
molecule is constructed as it depends only on the number of electron 
groups; a number available from the Lewis Dot structure. 

In summary, it’s said that the CHF3 molecule has tetrahedral electron and 
molecular geometries, and that the center carbon atom is sp3 hybridized. 

 
Dipole moment 
 
Polar molecules have distinct positive and negative ends.   For this to be true, the molecule must contain polar bonds 
where the electron distribution favors one side of the bond or the other.  It’s also necessary for the molecule to have a 
geometry that supports the formation of + and - poles. 
 
For example, consider the CF4 molecule.  Like CF3H above, this molecule is sp3 hybridized and has 
tetrahedral electron and molecular geometries.  A 3-dimensional sketch of the molecule is shown at 
right.   
 
Differences in electronegativity produce uneven distributions of bonding electrons resulting in polar 
bonds.  In this case, carbon’s electronegativity (2.5) is significantly less that fluorine’s electronegativity 
(4.0).  Calculating the difference in these electronegativity values (En) helps us determine the nature 
of the bond that connects the carbon atom to the fluorine atom. 
 
So,  En = 4.0 – 2.5 = 1.5 
 
Knowing this, we find the bond falls in the “Polar Covalent Bond” category and is therefore polar (see figure below). 
 

 
 



However, just because a molecule has polar bonds, doesn’t mean the molecule is polar.  In 
this case, electrons in the four bonds are shifted towards their respective fluorine atoms.  
Since electrons have negative charge, this shift leaves the carbon atom slightly positively 
charged (+) and the four fluorine atoms slightly negatively charged (-).   
 
In the figure at left, these electron shifts are represented as arrows with crosses.  
Otherwise known as the dipole moment vector, these four arrows oppose each other and 
cancel out.  Consequently, even though the CF4 molecule has polar bonds, it is a non-polar 
molecule. 

 
Just like the CF4 molecule, the CF3H molecule has polar C-F bonds.  However, the C- H bond is non 
– polar (En = 2.5 – 2.2 = 0.3) and unable to cancel out the three C – F polar bonds.  
Consequently, the fluorine side of the molecule is negatively charged and the hydrogen side 
positively charge.   
 
This molecule has a positive and negative end and is therefore polar. 
 
Molecular modeling software is capable of showing the net dipole moment vector for the CF3H 
molecule.  In the pictures at right, the dipole moment vector is seen to always point to the fluorine 

side and away from the hydrogen atom.  
 
In the figure at left, the dipole moment vector is correctly drawn in the direction 
of the fluorine atoms and away from the hydrogen atom.  The “+” at the back 
end of the vector suggests that is the positive end of the molecule. 
 
The molecular dipole moment vector should always be drawn through the 
center of the molecule in this way. 
 
 

 
 
 
While it is true that the dipole moment depends on the differences in electronegativities, the dipole 
moment also depends on the distances that separate the positive and negative poles or ends of 
the molecule.  The mathematical definition for dipole moment is: 
 

 = q  d 
 

where  is the dipole moment, q is the charge at one end of the molecule and d is the separation between the positive 
and negative poles.   
 
Thus, the dipole moment for a molecule can be large if the electronegativity differences OR the charge separation 
distances are large (or both).  Both q and d cannot be zero if there is to be a dipole moment.  In any case, the effects of 
charge AND distance must be considered in any prediction of molecular dipole moment. 
 
The dipole moment is recorded in units of “Debye” where 1 D = 3.33564×10−30 C·m   
 
where “C”  represents Coulombs (a unit of electrical charge) and m is for meters (the distance between the positive and 
negative ends of the molecule). 
 



Hydrogen Bonding 
 
Unlike a covalent bond, the hydrogen bond is an electrostatic attraction that exists between two 
very polar molecules.  We say that the covalent bond is an intra-molecular force while the hydrogen 
bond is an inter-molecular force. 
 
Specifically, the hydrogen bond exists between a nitrogen, oxygen or fluorine atom in one molecule 
and a hydrogen atom in different molecule.  
 
For example, consider ammonia, NH3.  Nitrogen is very electronegative and this makes the 
ammonia molecule very polar with negative charge located on the nitrogen atom and positive 
charge on the hydrogens. Consequently, two ammonia molecules will experience attraction (Figure 
at right) that makes it harder to pull them apart from one another. 
 
Hydrogen bonding is a special case of dipole-dipole attraction.  Although all polar molecules are attracted to one another, 
those involving N, O or F in combination with H, have greater charge separation, larger dipole moments and consequently 
stronger attractions for each other. 
 
Substances that experience hydrogen bonding typically have higher melting and boiling point temperatures.  This is 
because it requires more energy (heat) to separate molecules that are strongly attracted to each other. 
 
 
Molecular Modeling 
 
Over the years, chemists have used many clever and innovative ways to 
display molecules, atoms and chemical bonds.  
 
These days plastic molecular modeling kits (figure at right) are often used by 
students in general and organic chemistry courses.  By handling three 
dimensional models you can develop an appreciation of the molecular shapes 
from many points of view. 
 
Molecular modeling kits are only a first step towards your goal of being able 
to visualize molecules and manipulate them in your mind’s eye.  This is what 
you’ll have to do in exam situations where molecular modeling kits are rarely, 
if ever, allowed.  By building physical models, you’ll become familiar with shapes and structures that will let you imagine 
even more complex molecules. 
 
Avagadro: Free Molecular Modeling Software 
 
The Avagadro application is what you will use to construct computer generated molecular 
models on the laboratory laptops.  The application is available at no cost to you via the URL:   https://avogadro.cc/ 
 
Molecular modeling programs have advanced greatly over the years.  Initially, they required high powered main frame 
computers to perform the sophisticated calculations required to determine correct molecular frameworks and properties.  
Furthermore, the data entry and output was completely textual requiring the chemist to use her imagination or other 
applications to visualize the results. 
 
This has changed since modern computers now have the computational capacity to perform molecular modeling 
calculations quickly.  Better still, advances in computer graphics let the user see the molecules on screen both before and 
after calculations have been performed.  For those of us who grew up using the old mainframe molecular modeling 
software, these new developments are magical. 
 
Molecular modeling software isn’t cheap and often costs thousands of dollars per installation.  However, the internet has 
produced low cost or free alternatives like Avagadro that perform well. That said, the software is sensitive to the specific 
machine it’s running on.  For this reason, you should always be on the lookout for results that don’t make sense and be 
prepared to re-start the Avagadro application whenever you’re in doubt. 
 



 
 
 

Activity 1: Acquire datasheet from instructor 
 

For the Activities that follow, you will record your results on a datasheet that will 
be available to you in lab.  You should obtain the datasheet from the instructor 
before proceeding.  

 

Activity 2: Construction of molecular models using modeling kits. 
 

 For each molecule in the data table below, construct a physical model using the plastic molecular 
modeling kits. 

 
Once you’ve constructed several molecules, place them on their respective worksheets and have your 
instructor inspect them.  Once the instructor signs off on the models, continue building until all have 
been constructed and okayed.   
 
When finished, disassemble all models, sort out the pieces and neatly return them to the molecular 
modeling kits as shown below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Activity 3: Determine the dipole moment, bond angles and bond lengths for CH2O 
(Formaldehyde: Lewis structure at right)  

 
Directions: 

1. Open the Avagadro application. 
2. Clear the workspace by pressing the backspace key. 
3. Build the molecule 

 
a. Click on the Draw Tool Icon or press the shortcut, F8. 
b. De-select the “Draw Hydrogens” check box. 
c. Choose “Carbon” from the Element dropdown list. 
d. Choose “Single” from the Bond Order drop down list. 
e. Click once on the Work Space to create a single carbon atom. 
f. Choose “Oxygen” from the Element dropdown list. 
g. Choose “Double” from the Bond Order dropdown list. 
h. Click and drag starting on the carbon atom into the Workspace to create a doubly bonded oxygen atom. 

 
4. Molecular optimization: Determining the lowest energy geometry 

 
a. Click on the Auto Optimization tool 
b. Choose MMFF94 from the Force Field  

drop down menu. 
c. Click on the “Start” button 
d. Click on the “Stop” button when no  

further changes are observed in the   
molecular framework.  
 

5. Molecular Measurements: 
a. Reposition the molecule using the Navigation Tool (F9) so you can easily see all atoms. (Figure above) 

  
b. Dipole moment 

i. Select “Dipole Moment” in the Display Types 
menu. 

ii. The dipole moment vector will now be displayed. 
iii. Sketch the dipole moment vector through the 

center of the formaldehyde molecule in your data 
table 

iv. Click on View ---> Properties ---> Molecule 
Properties 

v. Record the value of the dipole moment () in the 
data table. 

c. Bond Length 
i. Select the Measurement Tool (F12) 
ii. Left Click on two connected atoms. 
iii. Record the bond length in Angstroms (Å) 

displayed in the lower left corner of the Work 
Space 

iv. Right Click in the Work Space clear your 
selections. 

v. Left Click on two different connected atoms 
vi. Continue this process until all bond lengths have been measured. 

 
d. Bond Angle 

i. Clear all previous selections by pressing the BackSpace key. 
ii. Left Click on three consecutive & connected atoms.   
iii. Record the bond angle displayed in the lower left corner of the Work Space. 
iv. Right Click in the Work Space to clear your selections. 
v. Continue this process until all bond angles have been measured. 

 



Activity 4:  Restart the Avagadro application and use the procedure above to build and determine dipole moments, 
vectors, bond lengths and bond angles for the following molecules: 

 
 Carbon dioxide: CO2 

 
 Water: H2O 

 
 Ammonia: NH3 

 
 Phosphane: PH3 

 
 Nitrogen trifluoride: NF3 

 
 

Restart Avagadro for each new molecule. 
 
 

Activity 5: Predicting Molecular Dipole Moments. 
 

1. Use the Lewis Dot structures and your knowledge of molecular geometry to Sketch each molecule 
 

2. Correctly draw a dipole moment vector through the middle of each molecule. 
 

3. Have your instructor inspect your sketches before proceeding. 
 

4. Use Avagadro to build each molecule and determine the dipole moment vector. 
 

5. Sketch each molecule and the correct dipole moment on your data sheet. 
 

6. Circle agree if your predicted dipole moment agrees with the Avagadrp result 
 

7. Circle “disagree” if your predicted dipole moment doesn’t agree with the Avagadro result. 
 

8. If you circled “disagree”, briefly describe your error.  
 

Activity 6: Hydrogen bonding  
 

1. Restart the Avagadro application 
 

2. Select Oxygen from the Element menu  
 

3. De-select dipole moment from the Display Types menu (if it’s checked) 
 

4. Do not de-select the hydrogens check box 
 

5. Select Hydrogen bonding from the Display Types menu 
 

6. Click twice in the Work Space area to create two closely spaced water molecules. 
 

7. Go to the Auto Optimization menu and select the MMFF94 force field from the drop-down list. 
 

8.  Click on the Start button. 
 

9.  When no additional changes are observed, click the Stop button 
 

10. Sketch the two water molecules on your worksheet.  Be sure to label the hydrogen bond (dotted line) 
 



11. Use the Draw Tool (F8) to create four more water molecules in the Work Space (Now six total) 
 

12. Go to the Auto Optimization menu and click Start (MMFF94 should still be selected) 
 

13. Use the Manipulation Tool (F10) to move the water molecules around until they form a symmetric six-
sided ring. 
 

14. When no further changes are observed, sketch the water molecules and labelled hydrogen bonds on 
your worksheet. 

 
 

Activity 7: Large Molecule Exploration 
 

1. Go to the URL: http://mctcteach.org/chemistry/molecules 
 

2. Right click on the Aspirin file and choose “Save link as…” 
 

3. Navigate to the desktop and click the Save button 
 

4. Repeat this operation for the Cocaine file. 
 

5. Open the Avagadro application 
 

6. Click on open, navigate to the desktop and load one of the files. 
 

7. Optimize the molecule using MMFF94 
 

8. Make sure labels are turned on. 
 

9. Locate the atom of interest and decide on the number of electron groups, lone pair, electronic 
geometry and hybridization.  Lone pair are invisible so you’ll to figure that out.  
  
 
 
 

 
 



Questions:  Answer each question in the space provided. Turn in as PAGE 3. 
 
1.    Why are the measured H-O-H bond angles for H2O smaller than what is predicted by VSEPR? 

 
 ________________________________________________________________________________________ 

 
________________________________________________________________________________________ 

2.   Why is the measured H-C-O bond angle for CH2O larger than what is predicted by VSEPR? 
 

 ________________________________________________________________________________________ 
  
 ________________________________________________________________________________________ 
 
3.  The H2S bond angle has been experimentally measured to be close to 90o (not 109.5o)  How can the 90o bond 

angle be explained using hydrogen’s 1s and sulfur’s 3p atomic orbitals? 
 
 ________________________________________________________________________________________ 

 
________________________________________________________________________________________ 

 
 
4.   Explain in your own words what is required for a molecule to be polar. 
 
 ________________________________________________________________________________________ 
 
 ________________________________________________________________________________________ 
 
    
5.  At right are molecular cartoons of liquid and solid H2O.  The six-

sided H2O ring you constructed using hydrogen bonds is the 
fundamental building block of the ice crystal and are evident in the 
solid H2O structure. 

 
Compare the two structures at right and determine which is denser. 
(Explain how you came to this decision). 

 
 ______________________________________________________ 
 
 ______________________________________________________ 
 

______________________________________________________ 
 
How do water’s solid/liquid density differences affect you on a hot summer day?   On cold winter day? 
 

 ________________________________________________________________________________________ 
 

 ________________________________________________________________________________________ 
 
 ________________________________________________________________________________________ 
 

 
6. H2S and H2O both have polar bonds and similar bent geometries.  Both molecules also experience dipole-dipole 

intermolecular forces.  Why is it only H2O experiences hydrogen bonding? 
 

________________________________________________________________________________________ 
 
 ________________________________________________________________________________________ 

https://commons.wikimedia.org/wiki/File:Liquid-water-and-ice.png 
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