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10.2: Hybrid Orbitals in Water

The goal of applying Valence Bond Theory to water is to describe the bonding in H>O and account for its structure (i.e.,
appropriate bond angle and two lone pairs predicted from VSEPR theory).

The ground state electronic configuration of atomic oxygen atom is 1s? 2s? 2p2 2p; 2p! and of course the ground state electronic
configuration of atomic hydrogen atom is 1s', i.e., a spherical atomic orbital with no preferential orientation. If only the unfilled
2p, and 2p, atomic orbitals of the oxygen were used as bonding orbitals, then two bonds would be predicted. These bonding
wavefunctions would be mixture of only |2p,) and |2p,) orbitals on oxygen and the |1s) orbitals on the hydrogens (H; and H»):

X1) = a1|1s)m, +b1|2py)0 (10.2.1)
[X2) = az|18)m, +b2[2p.)0 (10.2.2)

However, with a H-O-H bond angle for these bonds would be expected to be 90° since 2p, and 2p, are oriented 90° with respect to
each other. Note that |x1) and |x2) are two-center bonding orbitals common to Valence Bond theory.
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Figure 10.2.1 : The three p-orbitals are aligned along perpendicular axis (CC-SA-BY-NC; Nick Greeves ChemTube3D);

Using the oxygen atomic orbitals directly is obviously not a good model for describing bonding in water, since we know from
experiment that the bond angle for water is 104.45° (Figure 10.2.2 ), which is also in agreement with VSEPR theory. Since the 2s
orbital is spherical, mixing some 2s character into the 2p, orbitals can adjust the bond angle as discussed previously by creating
new hybrid orbitals.
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Figure 10.2.2 : Experimentally determined geometry of the water molecule (CC BY-SA 3.0 Booyabazooka).

Historically, Valence Bond theory was used to explain bend angles in small molecules. Of course, it was only qualitatively correct
in doing this, as the following example shows. Let us construct the Valence Bond wavefunctions for the two bonding pairs in H,O
by mixing the |2s), |2p; ), |2p,), and |2p,) into four new sp* hybrid orbitals:

X1(r) = 5 [2s(r) + i, () + oy, (1) + 2, 1)
xa(r) = 5 [2s(r) — W, (1)~ Yy, () + 2, )]
Xs(r) = 5 [420(r) b, () — b, (r) — 3 )]
Xalr) = 5 [$20(r) ~ W () + g, 1) 2 1)
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Hence, the three 2p orbitals of the oxygen atom combined with the 2s orbitals of the oxygen to form four sp® hybrid orbitals
(Figure 10.2.3).
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Figure 10.2.4: This would leave the 2s and 2p, orbitals of oxygen left over for the two lone pairs on the oxygen.

The bond angle for four groups of electrons around a central atom is 109.5 degrees. However, for water the experimental bond
angle is 104.45°. The VSPER picture (general chemistry) for this is that the smaller angle can be explained by the presence of the
two lone-pairs of electrons on the oxygen atom. Since they take up more volume of space compared to a bonding pair of electrons
the repulsions between lone pairs and bonding pairs is expected to be greater causing the H-O-H bond angle to be smaller than the

ideal 109.5°.
7

Figure 10.2.4 : Among the four hybrid orbitals, two are half filled and the remaining two are completely filled.

We can rationalize this by thinking about the s and p characters of the hybrids. In a perfectly sp* hybridized set of hybrid orbitals,
each sp® orbital should have: 25% s character and and 75% p character. Since the bond angle is not 109.5° in water, the hybrid
orbitals cannot have exactly this ratio of s and p character. So there there is uneven distribution of s and p character between the 4
hybrid orbitals. First we will write down the wavefunction and see what this means and then we will rationalize it.

X Note: A few cautionary words about hybridization.

Hybridization is an often misconceived concept. It only is a mathematical interpretation, which explains a certain bonding
situation (in an intuitive fashion). In a molecule the equilibrium geometry will result from various factors, such as steric and
electronic interactions, and further more interactions with the surroundings like a solvent or external field. The geometric
arrangement will not be formed because a molecule is hybridized in a certain way, it is the other way around, i.e., a result of
the geometry or more precise and interpretation of the wavefunction for the given molecular arrangement.

Estimating Character of Hybrid Orbitals

The terminology we use for hybridization actually is just an abbreviation:

1 1

sp” = s+ p et

In theory z can have any value, hence any of the following combinations constitute valid hybridization schemes for 1 s orbital and
3 p orbitals:

1x8,3xp ~»4xsp’

~3xsp?,1Xp

~>2X8p,2 Xp

~2xsp®,1xsp,1xp

~ etc. pp.

~ 2 ><Sp4,1 xXp,1 xsp(2/3)
There are virtually infinite possibilities of combinations. Which one is "valid" is only determined by experiment (e.g., structure or
spectroscopy). The generic sp” hybrid orbitals wavefunction can be roughly written in terms of atomic orbital character:

[xi) = N(p+~s) (10.2.3)
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where N is a normalization constant and 1 is the relative contribution of s character to the hybrid orbital. For a pure sp® hybrid, 7
would be 0.25 and for a pure sp hybrid, v would be 1. The question is how to determine y to get a better picture of the
hybridization of water. Starting with the normalization criteria for wavefunctions:

(xilxi) =1
and substituting Equation 10.2.3into to get
(N(p+ys)IN(p+rs) =1

which in integral notation is

/N2(p+73)2d7= 1

where d7 represents all space. This is then expanded to

1 0 1
N? /zy/ +N%2y /sp + N2y2 /9/ =1 (10.2.4)
These terms simplify either due to orthogonality or normality of the constitute atomic orbitals. Equation 10.2.4simplifies to
N2+ N2y2 =1
and thus the normalization factor can be expressed in terms of ~y
1
Wie=r

and the generic normalized sp” hybrid orbital (Equation 10.2.3) is

(10.2.5)

1
) =———=(p+"s
xi) 1142 ( vs)
The s and p characters to a hybrid orbital are now easy to obtain by squaring | x;)

o The magnitude of p-character is

1 1
<m> =17 (10.2.6)

as v — 0, then the p character of the hybrid goes to 100%
o The magnitude of s-character is

1 ’ §
——A] = S (10.2.7)
V1+72 1+7°
as v — 1, then the s character of the hybrid goes to 50%

As mentioned above, the geometric arrangement will not be formed because a molecule is hybridized in a certain way, it is the
other way around. How do we choose the correct value of  for the hybrid orbitals? The mixing coefficient y is clearly related to
the bond angle 6. Using some simple trigonometric relationships, it can be proven that:

cosf = —2 (10.2.8)

Equation 10.2.8 is an important equation as it related experimentally determined structure to the nature of the bonding and
specifically, the composition of the atomic orbitals that create the hybrid orbitals used in the bonding.

v Example 10.2.1 : Carbon Dioxide

What is the s-character in the hybrid orbitals for COs.
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Solution
We know from simple VSEPR theory that the geometry of C'Os is a linear triatomic molecule.

Thus § =180° and via Equation 10.2.8 v =1 since cos180° = —1. Hence, Equation 10.2.7 argues that the hybrid orbitals
used in the bonding of C O3 have 50% character; i.e., they are sp hybrid orbitals

. (s+p)

|X1>:ﬁ

and

Ix2) = i(s—p)

V2

Now, let's apply Equation 10.2.7 to water to find the character of the hybrid orbitals in water. The bond angle in water is 104.45°
(Figure 10.2.2) hence

cos104.5° = —0.25

and
v=+0.25=0.5

From Equation 10.2.6, then the amount of p character in the hybrid orbitals are

1 1

= =0.80%
1+92  1+0.5
which leave 20% for s character (Equation 10.2.7).
2 2
0.5
T - =0.20

1492 140.52
The two hybridized atomic orbitals of oxygen involved in bonding are each 80% p and 20% s character. This are not perfect sp?
hybrid orbitals, as expected. Actually, the orbitals involved in the bonds would be better described as sp* hybridized. It does not
mean that there are 4 p-orbitals in the hybrid orbital, but that each hybrid consists of 20% of s and 80% of p atomic orbitals.
Lone Pairs

Water has two sets of non-bonding electron pairs (Figure 10.2.4 ). Without a bond angle to start from, we cannot derive ~y that
describes the nonbonding hybrid orbitals that they occupy. However, we do know that the O atom has three p orbitals. So the
TOTAL absolute p-character in all hybrid orbitals must be 3.

Let x be the p-character in the lone pairs hybrid orbitals:
0.84+08+z+xz=3

This is assuming the lone pairs are identical. Solving for this, x = 0.7 (i.e. 70% p and 30% s ). From this we can estimate the angle
between the lone pair using Equations 10.2.6and 10.2.8

e p-character:

112 =0.7

SO
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and @=115".

The angle between the lone pairs is greater (115°) than the bond angle (104.5°). The sp? hybrid atomic orbitals of the lone pairs
have > 25% s-character. These hybrid orbitals are less directional and held more tightly to the O atom. The sp? hybrid atomic
orbitals of the bonding pairs have < 25% s-character. They are more directional (i.e., more p-character) and electron density found
in the bonding region between O and H.

It should be noted that the valence bond theory application described above predicts that the two lone electron pairs are in the
same hybrid orbitals and hence have the same energies. As discussed in the next sections, that is not experimentally observed
in photoelectron spectroscopy, which is a shortcoming of valence bond theory's application to water.
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