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5.4.2.2: Carbon Dioxide

Construct SALCs and the molecular orbital diagram for CO,.

Carbon dioxide is another linear molecule. This example is slightly more complex than the previous example of the bifluoride
anion. While bifluoride had only one valence orbital to consider in its central H atom (the 1s orbital), carbon dioxide has a larger
central atom, and thus more valence orbitals that will interact with SALCs.

Preliminary Steps

Step 1. Find the point group of the molecule and assign Cartesian coordinates so that z is the principal axis.
The CO2 molecule is linear and its point group is Dy, . The z axis is collinear with the C,, axis. We will use the Dsp, point group

as a substitute since the orbital symmetries are retained in the Dy, point group.
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Figure 5.4.2.2.1: CO belongs to the D, point group. (CC_BY-NC-SA; Kathryn Haas)

Step 2. Identify and count the pendant atoms' valence orbitals.

Each of the two pendant oxygen atoms has four valence orbitals; 2s, 2p,, 2p,, and 2p,. Thus, we can expect a total of eight
SALCs.

Generate SALCs

The SALCs for CO, are identical in shape and symmetry to those described in the previous example for the bifluoride anion. But
instead of cutting to the shortcut, we will systematically derive the SALCs here to demonstrate the process.

Step 3. Generate the I''s

Use the 15, character table to generate four reducible representations (I s); one for each of the four types of pendant atom orbitals
(8, Pz, Dy, D). For each s orbital, assign a value of 1 if it remains in place during the operation or zero if it moves out of its
original place. For each p orbital, assign 1 if there is no change, -1 if it remains in place but is inverted, and 0 if it moves out of its
original position. The four I''s are given below:

Don | E Cy(2) Ca(y) Calz) i o(zy) o(zz) o(yz)
To | 2 2 0 0 0 0 2 2
Tap | 2 -2 0 0 0 0 2 -2
Ty, (2 -2 0 0 0 0 -2

Ty, |2 2 0 0 0 0 2 2

Step 4. Break I''s into irreducible representations for individual SALCs

Reduce each I' into its component irreducible representations. There are two strategies that can be used to do this. The quick and
easy way is to do it "by inspection”, but this only works well for simple cases. The other is by using the systematic approach for
breaking a I' into reducible representations described previously in section 4.4.2 using the following formula:

1
#ofi= 5 Z(# of operations in class) x (xr) % (x;) (5.4.2.2.1)

In other words, the number of irreducible representations of type 7 is equal to the sum of the number of operations in the class x
the character of the I';,,,4¢s X the character of ¢, and that sum is divided by the order of the group (k).

Using either approach results in the following eight irreducible representations (244 +2B1y, + Bag + B3y + B3y + B, )
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Dan E |Cy(z) Caly) Ca(z) i o(zy) o(zz) o(yz2)
Tp=Ay+By, | I | 2 2 0 o 0 2
Ay 1 1 1 1 1 1 1 1
By 1 1 -1 -1 -1 -1 1 1
I2p, = Bog +Bsy [ Tgp, 2 -2 0 0 0 0 2 _2
By 1 -1 1 -1 1 -1 1 -1
Bas, 1 -1 -1 1 -1 1 1 -1
Iop, = Bsg +Bau | Tzp, 2 -2 0 0 0 0 _2 9
B, -1 -1 1 1 -1 -1
B | 1 1 1 -1 -1 1 -1 1
Ty, =Ag+ By |Tap, | 2 2 o 0 0 0 2 2
4, | 1 111 1 1
Blu 1 -1 -1 -1 —1 1

Step 5. Sketch the SALCs

From the systematic process above, you have found the symmetries (the irreducible representations) of all eight SALCs under the
D5}, point group. To sketch the SALC that corresponds to each irreducible representation, again we use the /)y, character table,
and specifically the functions listed on the right side columns of the table.

Two Ay SALCs (one from s and one from p.): The A; SALCs are each singly degenerate and symmetric with respect to both
the principal axis (z) and the inversion center (z) (based on its Mulliken [.abel). We can look at the functions in the D5y, character
table that correspond to A, and see that it is completely symmetric under the group (because the combination of z?,y?, 2% shows
that it is totally symmetric). This would be the same symmetry as an s orbital on the central atom. From this information, we know
that these SALCs must have symmetry compatible with an s orbital on the central atom, and we can draw the two A, SALCs
shown in Figure 5.4.2.2.2

Two Bj,, SALCs (one from s and one from p,): The Mulliken Label tells us that the By, SALCs are each antisymmetric with
respect to both the principal axis and the inversion center. The function, z, appearing with By, in the character table tells us that
these SALCs have the same symmetry as the z axis, or a p, orbital on the central atom. From this information, we know that these
two SALCs should be compatible with a p, orbital on the central atom, and we can draw the two Bi, SALCs shown in Figure
5.4.2.2.2

All other SALCs shown below are derived using a strategy similar to the one in the two cases described above.
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Figure 5.4.2.2.2: SALCs from the valence orbitals of oxygen atoms in CO2. (CC-BY-NC-SA; Kathryn Haas)
Draw the MO diagram for CO,
Step 6. Combine SALCs with AO’s of like symmetry.

First we identify the valence orbitals on carbon: there are four including 2s, 2p,, 2p,, and 2p.. Now we identify the symmetry of
each using the Dy, character table. The symmetry of a central s orbital corresponds to the combination of functions z2, y2, and 22
in the character table; this is A,. The p, orbital corresponds to the symmetry of the linear function z in the character table; this is
Bj,. And so on... The symmetries of the C valence orbitals are listed below.

2s=A4A,
2p, = Bs,
2py = Bay
2pz = B1,

Now that we have identified the symmetries of the eight oxygen SALCs and the four valence orbitals on carbon, we know which
atomic orbitals and SALCs may combine based on compatible symmetries. We also need to know the relative orbital energy levels
so that we can predict the relative strength of orbital interactions. The orbital ionization energies are listed in Section 5.3.

With knowledge of both orbital symmetries and energies, we can construct the molecular orbital diagram. The carbon atom goes on
one side of the diagram while the oxygen SALCs are drawn on the opposite side. Molecular orbitals are drawn in the center column
of the diagram:
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Figure 5.4.2.2.3 : Molecular orbital diagram for carbon dioxide. (CC-BY-NC-SA; Kathryn Haas)
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The SALCs on the right side of the diagram above are constructed from groups of either the 2s atomic orbitals of oxygen, or the 2p
atomic orbitals of oxygen. Each SALC will combine with the atomic orbitals of carbon that have compatible symmetry; but the
strength of the interaction depends on their relative energies. The individual valence atomic orbitals of oxygen have energies of
—32.36eV (2s) and —15.87eV (2p), while the valence orbitals of carbon have energies of —19.47eV (2s) and —10.66eV (2p).
The 2s orbitals of the oxygen are far lower in energy (—32.36€V) than all other valence orbitals, and so we should expect that
molecular orbitals that are constructed from these oxygen 2s will be mostly non-bonding. These mostly non-bonding orbitals are
the a;4 and by, orbitals shown at the bottom of Figure 5.4.2.2.3 The a, orbital is lower in energy than the by, due to slight mixing
with other orbitals of a, symmetry.

The bonding orbitals of CO; include two sigma molecular orbitals of a4 and by, symmetry and two 7 molecular orbitals of by,
and b3, symmetry. Each of these bonding molecular orbitals possesses a higher-energy antibonding partner. The by, and b3, SALCs
that are formed from oxygen 2p, and 2p, orbitals have no compatible match with carbon valence orbitals; thus they form two by,
and b3, molecular orbitals, which are truly non-bonding and mostly oxygen in character. Still, notice that each orbital is spread
across both oxygen atoms at once, and again we see that each non-bonding electron pair in the HOMO is very different in
molecular orbital theory compared to Lewis theory. Each non-bonding pair is distributed over both oxygen atoms at once in
molecular orbital theory, while in Lewis theory each lone pair is isolated to one atom or to localized bonds attached to that atom.

This page titled 5.4.2.2: Carbon Dioxide is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated by Kathryn Haas.

e 5.4.2: Carbon Dioxide by Kathryn Haas is licensed CC BY-SA 4.0.

https://chem.libretexts.org/@go/page/494447



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://chem.libretexts.org/@go/page/494447?pdf
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Inorganic_Chemistry_(LibreTexts)/05%3A_Molecular_Orbitals/5.03%3A_Heteronuclear_Diatomic_Molecules
https://chem.libretexts.org/Courses/Ursinus_College/CHEM322%3A_Inorganic_Chemistry/05%3A_Molecular_Orbitals/5.04%3A_Polyatomic_MO_Diagrams/5.4.02%3A_Polyatomic_Molecules/5.4.2.02%3A_Carbon_Dioxide
https://creativecommons.org/licenses/by-sa/4.0
https://scholars.duke.edu/person/kathryn.haas
https://chem.libretexts.org/@go/page/172982
https://scholars.duke.edu/person/kathryn.haas
https://creativecommons.org/licenses/by-sa/4.0/

