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Exercise 1. A number that describes a molecule is called a molecular descriptor. It is furthermore
called,

• Arithmetic - If it is stays the same for all molecules with the same molecular formula.

• Topological - If it is stays the same for all molecules with the same molecular formula and
graph.

• Geometric - If it stays the same for all molecules of the same kind.

Which of the following Molecular descriptors are Arithmetical? Topological? Geometric?

1. Number of Nitrogen atoms in the molecule.

2. Steric energy

3. Number of molecular walks of length 3.

4. van der Waals surface

5. Molecular Weight of the molecule.

6. The Wiener index - the sum of all distances between the atoms.

7. van der Waals volume

8. Number of bonds in the molecule.

9. Number of atoms in the molecule.

10. Number of Rings of length 4.

11. Number of triple bonds in the molecule.

Solution. • Number of Nitrogen atoms in the molecule. Arithmetic

• Number of atoms in the molecule. Arithmetic

• Number of bonds in the molecule. Arithmetic

• Number of triple bonds in the molecule. Arithmetic

• Molecular Weight of the molecule. Arithmetic

• The Wiener index - the sum of all distances between the atoms. Topological

• Number of Rings of length 4. Topological

• Number of molecular walks of length 3. Topological

• van der Waals surface Geometric

• van der Waals volume Geometric

• Steric energy Geometric
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Theorem 1. (Existence of molecular graphs) Let β be a molecular formula, then there exists at
least one molecular graph with molecular formula β if and only if the following 3 conditions are
satisfied:

(Gr1) Let the sum of all valences be s, then s is an even number.

(Gr2) Let v be the maximal valence of a single atom, then s ≥ 2v.

(Con) Let n be the number of atoms, then s ≥ 2(n− 1).

Exercise 2. In the following, we will assume that C has valence 4 and H has valence 1. Do
molecules exist with the following molecular formulas? If not, which of criteria (Gr1, Gr2, Con)
is unsatisfied.

1. CH3

2. CH4

3. C6H14

4. C6H15

5. C6H16

Solution. 1. CH2 no, (Gr2) unsatisfied.

2. CH4 yes

3. C6H14 yes

4. C6H15 no (Gr1) unsatisfied.

5. C6H16 no, (Con) unsatisfied.

Exercise 3. Consider the planar molecule Benzene, see figure 1
The symmetry group acting on the hydrogen atoms of benzene is D6, the dihedral group of

symmetries on a hexagon. It consists of the following 12 elements:

• R0 - Rotation by 0 degrees

• R60 - Rotation by 60 degrees

• R120 - Rotation by 120 degrees

• R180 - Rotation by 180 degrees

• R240 - Rotation by 240 degrees

• R300 - Rotation by 300 degrees

• F0 - Flip around an axis 0 degrees away from horizontal

• F30 - Flip around an axis 30 degrees away from horizontal

• F60 - Flip around an axis 60 degrees away from horizontal

• F90 - Flip around an axis 90 degrees away from horizontal

• F120 - Flip around an axis 120 degrees away from horizontal

• F150 - Flip around an axis 150 degrees away from horizontal
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Q1: The cycle type of F120 is x21x22, because it fixes the H-atoms that fall on its axis (the x21
contribution) and there are 2 sets of 2 molecules, that go to each others postions as you keep
applying the flip (the x22 contribution).

For each element in D6, write down its cycle type.
Operation R0 R60 R120 R180 R240 R300 F0 F30 F60 F90 F120 F150

Cycletype x21x
2
2

Polyas counting method allows you to count the number of orbits (molecules) by using the
following formula:

PG =
1

|G|
∑
g∈G

x
j1(g)
1 × · · ·xjn(g)n ,

where jn(g) is the number of cycles of length n in g.
Q2: Use the cycle types to compute the polynomial PD6 used in Polya’s counting method.
A Benzene Derivative is a Benzene molecule that has some or all of its Hydrogen atoms replaced

by something else.
Q3: Replacing the xi with (Hi + Cli) in the polynomial above, determine how many Benzene

derivatives with exactly 3 Cl-atoms and 3 H-atoms.
Q4: Replacing the xi with

(
Hi + Cli +Bri

)
in the polynomial above, determine how many

Benzene derivatives has the molecular formula C6H4ClBr?
Q5: How many Benzene derivatives has the molecular formula C6H2Cl2Br2?
Q6: How many Benzene derivatives has the molecular formula C6H2ClBr2I?

Figure 1: Left: Benzene, Right: 3 derivatives of Benzine with 2 Br-groups instead of H.

Solution. Q1:
Operation R0 R60 R120 R180 R240 R300 F0 F30 F60 F90 F120 F150

Cycletype x61 x16 x23 x32 x23 x16 x21x
2
2 x32 x21x

2
2 x32 x21x

2
2 x32

Q2:

PD6
=

1

12

(
x61 + x16 + x23 + x32 + x23 + x16 + x21x

2
2 + x32 + x21x

2
2 + x32 + x21x

2
2 + x32

)
=

1

12

(
x61 + 2x16 + 2x23 + 4x32 + 3x21x

2
2

)
Q3: Replacing the xi with Hi + Cli in the polynomial above, gives the formula

Cl6 + Cl5H + 3Cl4H2 + 3Cl3H3 + 3Cl4H2 + 3Cl2H4 + 3ClH5 +H6.

The coefficient of the Cl3H3-term tells us that there are 3 Benzene derivatives with exactly 3
Cl-atoms and 3 H-atoms.

Q4: Replacing the xi with Hi + Cli +Bri in the PD6
polynomial above, we obtain

3H4BrCl + other terms,

which tells us that there are 3 Benzene derivatives has the molecular formula C6H4Cl.
Q5: Replacing the xi with Hi + Cli +Bri in the PD6

polynomial above, we obtain

11H2Cl2Br + other terms,

which tells us that there are 11 Benzene derivatives has the molecular formula C6H2Cl2Br2.
Q6: How many Benzene derivatives has the molecular formula C6H2ClBr2I?
Replacing the xi with Hi + Cli +Bri + Ii in the PD6

polynomial above, we obtain

16H2ClBr2I + other terms,

which tells us that there are 16 Benzene derivatives has the molecular formula C6H2ClBr2I.
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