LibreTextsw

2.2.7: Lone Pair Repulsion

In the previous section, we saw how to use VSEPR to predict the geometry around a central atom based on the number of groups
attached to a central atom. However, our previous discussion was limited to the simple cases where all of the groups were bonded
groups (i.e., in the designation AX,,F,, , n=0). When all of the groups are bonds, the geometries can be predicted using information
in Table 3.2.1 in the previous section. Now we will consider cases where one or more of these groups are lone pairs.

Lone pairs have stronger repulsive forces than bonded groups.

When one or more of the groups is a lone pair of electrons (non-bonded electrons), the experimentally-observed geometry around
an atom is slightly different than in the case where all groups are bonds. The actual bond angles are similar, but not exactly the
same, as those predicted based on the total number of groups (the "parent" geometry). When there is a mixture of group types (

and bonded groups (X)) there are three different types of angles to consider: bond angles between two bonded atoms
(X-X angles), angles between a bonded atom and a lone pair (X-E angles), and angles between two lone pairs ( angles).
Empirical evidence shows the following trend in the degree of bond angles around atoms with a mixture of group types:

Trend in bond angles:
>X-E >X-X
Using empirical evidence as a guide, we can predict that lone pairs repel other electron groups more strongly than bonded pairs.
The molecular geometry of molecules with lone pairs of electrons is better predicted when we consider that electronic repulsion

created by lone pairs is stronger than the repulsion from bonded groups. It is difficult to predict the exact bond angle based on this
principle, but we can predict approximate angles, as described and summarized below in Table 2.2.7.1

Table 2.2.7.1: Predictions of molecular geometry and bond angles around atoms with a mixture of bonded (X) and unbonded (E) electron
groups.
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Table 2.2.7.1 summarizes the geometries and bond angles predicted for nearest-neighbor bonded groups on central atoms with a
mixture of lone pairs and bonded groups. The table does not cover all possible situations; it only includes cases where there are two
bonded groups in which an X-X angle is measurable between nearest-neighbors. A more detailed description of some selected
cases is given below.

Two Electron Groups (m + n = 2)

(Steric number = 2) In the case that there are only two electron groups around a central atom, those groups will lie 180° from one
another. This results in a linear molecular geometry with 180° bond angles.

Three Electron Groups (m + n = 3)

(Steric number = 3) In the case that there are three electron groups around a central atom, those groups will lie approximately 120°
from one another in space. This results in an electronic geometry that is approximately trigonal planar. There are two different
molecular geometries that are possible in this category:

o When all of the electron groups are bonds (m = 3 or AX3), the molecular geometry is a trigonal plane with 120° bond angles.
¢ When there is one lone pair (m=2, n=1 or AX3E), the molecular geometry is bent with a bond angle that is slightly less than
120°.

v/ AX,E Molecules: Example SO,

1. The central atom, sulfur, has 6 valence electrons, as does each oxygen atom. With 18 valence electrons, the Lewis electron

structure is shown below.

PPN
Q Q

2. There are three electron groups around the central atom: two double bonds and one lone pair. We initially place the groups in

a trigonal planar arrangement to minimize repulsions (Table 2.2.7.1).

3. With two bonding pairs and one lone pair, the structure is designated as AXE. This designation has a total of three electron
pairs, two X and one E. The lone pair occupies more space around the central atom than a bonding pair (even double bonds!).
Bonding pairs and lone pairs repel each other electrostatically in the order BP—BP < LP-BP < LP-LP. In SO,, we have one
BP-BP interaction and two LP-BP interactions.

4. The molecular geometry is described only by the positions of the nuclei, not by the positions of the lone pairs. Thus, with
two nuclei and one lone pair the shape is bent, or V shaped, which can be viewed as a trigonal planar arrangement with a
missing vertex. The O-S-O bond angle is expected to be less than 120° because of the extra space taken up by the lone pair.

Four Electron Groups (m + n = 4)

(Steric number = 4) In the case that there are four electron groups around a central atom, those groups will lie approximately 109.5°
from one another in space. This results in an electronic geometry that is approximately tetrahedral. There are three different
molecular geometries that are possible in this category:

o When all electron groups are bonds (m=4 or AX,), the molecular geometry is a tetrahedron with bond angles of 109.5°.

o When there is one lone pair (m=3, n=1 or AX3E,), the molecular geometry is a trigonal pyramid with bond angles of slightly
less than 109.5°.

o When there are two lone pairs (m=2, n=2 or AX,E,), the molecular geometry is bent with bond angles of slightly less than
109.5°.

X AX3E Molecules: Example NH3

One of the limitations of Lewis structures is that they depict molecules and ions in only two dimensions. With four electron
groups, we must learn to show molecules and ions in three dimensions.

1. In ammonia, the central atom, nitrogen, has five valence electrons and each hydrogen donates one valence electron,
producing the Lewis electron structure
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H—N—H
H

Lewis structure

2. There are four electron groups around nitrogen, three bonding pairs and one lone pair. Repulsions are minimized by
directing each hydrogen atom and the lone pair to the corners of a tetrahedron.

3. With three bonding pairs and one lone pair, the structure is designated as AX3E. This designation has a total of four electron
pairs, three X and one E. We expect the LP—BP interactions to cause the bonding pair angles to deviate significantly from the
angles of a perfect tetrahedron.

The Difference in the Space Occupied by a Lone Pair of Electrons and by a Bonding Pair

As with SO,, this composite model of electron distribution and negative electrostatic potential in ammonia shows that a lone
pair of electrons occupies a larger region of space around the nitrogen atom than does a bonding pair of electrons that is shared
with a hydrogen atom.

4. There are three nuclei and one lone pair, so the molecular geometry is trigonal pyramidal. In essence, this is a tetrahedron
with a vertex missing. However, the H-N-H bond angles are less than the ideal angle of 109.5° because of LP-BP repulsion.
The bond angles in ammonia are 106.6°.

AXE2 Molecules: Example H,O

1. Oxygen has six valence electrons and each hydrogen has one valence electron, producing the Lewis electron structure
H—O —H

2. There are four groups around the central oxygen atom, two bonding pairs and two lone pairs. Repulsions are minimized by

directing the bonding pairs and the lone pairs to the corners of a tetrahedron.

3. With two bonding pairs and two lone pairs, the structure is designated as AX,E, with a total of four electron pairs. Due to
LP-LP, LP-BP, and BP-BP interactions, we expect a significant deviation from idealized tetrahedral angles.

4. With two hydrogen atoms and two lone pairs of electrons, the structure has significant lone pair interactions. There are two
nuclei about the central atom, so the molecular shape is bent, or V shaped, with an H-O-H angle that is even less than the H-
N-H angles in NH3, as we would expect because of the presence of two lone pairs of electrons on the central atom rather than
one. This molecular shape is essentially a tetrahedron with two missing vertices.
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Figure: Trigonal pyramidal molecules (steric number 5) possess different bond angles and lengths for axial (ax) and equatorial (eq) pendant atoms.

a central atom, there are two different types of positions around the central atom: equatorial positions and axial positions. The three
equatorial ligands are 120° from one another and are 90° from each of the two axial ligands. The axial positions have three adjacent
groups oriented 90° away in space. Axial groups are thus more crowded than the equatorial positions with only two adjacent groups
at 90°. The crowding of axial positions results in slight differences in bond distances; crowded axial groups have longer bonds than
the less crowded equatorial groups. Lone pairs of electrons generally prefer to occupy equatorial positions rather than axial
positions. The justification for this preference, according to VSEPR theory, is that the lone electron pairs are more repulsive than
bonding electron pairs, and thus the lone pairs prefer the less crowded equatorial positions.

The arrangement of five groups around a central atom results in a trigonal bipyramidal electronic geometry. There are four
different molecular geometries that are possible in this category, depending upon the number of bonded groups and lone pairs of

electrons:

o When all electron groups are bonds (m=5 or AXs), the molecular geometry is a trigonal bipyramid with bond angles of 120°
and 90° between adjacent ligands.

o When there is one lone pair (m=4, n=1 or AX4E), the lone pair occupies one of the equatorial positions. The molecular
geometry is called a see saw with bond angles of slightly less than 120° and slightly less than 90°.

e When there are two lone pairs (m=3, n=2 or AX3E)), each lone pair occupies one of the three equatorial positions. The
molecular geometry is T-shaped with bond angles of slightly less than 120° and slightly less than 90°.

o When there are three lone pairs (m=1, n=3 or AX3E;), the lone pairs occupy the three equatorial positions. The molecular
geometry is linear with bond angles of 180°.

AX4E Molecules: SF,

£
oot
-
F. .F.

Lewis structure

With an expanded valence, this species is an exception to the octet rule.

1. The sulfur atom has six valence electrons and each fluorine has seven valence electrons, so the Lewis electron structure is

2. There are five groups around sulfur, four bonding pairs and one lone pair. With five electron groups, the lowest energy
arrangement is a trigonal bipyramid.

3. We designate SF4 as AX4E;; it has a total of five electron pairs. However, because the axial and equatorial positions are not
chemically equivalent, where do we place the lone pair? If we place the lone pair in the axial position, we have three LP-BP
repulsions at 90°. If we place it in the equatorial position, we have two 90° LP-BP repulsions at 90°. With fewer 90° LP-BP
repulsions, we can predict that the structure with the lone pair of electrons in the equatorial position is more stable than the one
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with the lone pair in the axial position. We also expect a deviation from ideal geometry because a lone pair of electrons

occupies more space than a bonding pair.

180° 120° 90°

Illustration of the Area Shared by Two Electron Pairs versus the Angle between Them
At 90°, the two electron pairs share a relatively large region of space, which leads to strong repulsive electron—electron
interactions.

4. With four nuclei and one lone pair of electrons, the molecular structure is based on a trigonal bipyramid with a missing
equatorial vertex; it is described as a seesaw. The Faxja—S—Faxial angle is 173° rather than 180° because of the lone pair of

electrons in the equatorial plane.

Fi:é(F ®—
F

F

Molecular geometry (seesaw)

AX3E, Molecules: BrF;
1. The bromine atom has seven valence electrons, and each fluorine has seven valence electrons, so the Lewis electron

structure is

Br *

Lewis structure

Once again, we have a compound that is an exception to the octet rule.

2. There are five groups around the central atom, three bonding pairs and two lone pairs. We again direct the groups toward the
vertices of a trigonal bipyramid.

3. With three bonding pairs and two lone pairs, the structural designation is AX3E, with a total of five electron pairs. Because
the axial and equatorial positions are not equivalent, we must decide how to arrange the groups to minimize repulsions. If we
place both lone pairs in the axial positions, we have six LP-BP repulsions at 90°. If both are in the equatorial positions, we
have four LP-BP repulsions at 90°. If one lone pair is axial and the other equatorial, we have one LP—LP repulsion at 90° and

three LP-BP repulsions at 90°:
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Structure (c) can be eliminated because it has a LP-LP interaction at 90°. Structure (b), with fewer LP-BP repulsions at 90°
than (a), is lower in energy. However, we predict a deviation in bond angles because of the presence of the two lone pairs of
electrons.

4. The three nuclei in BrF3 determine its molecular structure, which is described as T shaped. This is essentially a trigonal
bipyramid that is missing two equatorial vertices. The Fayjs—Br—Faxial angle is 172°, less than 180° because of LP-BP
repulsions.

Because lone pairs occupy more space around the central atom than bonding pairs, electrostatic repulsions are more
important for lone pairs than for bonding pairs.

AX,E3 Molecules: I3~

1. Each iodine atom contributes seven electrons and the negative charge one, so the Lewis electron structure is

2. There are five electron groups about the central atom in I3, two bonding pairs and three lone pairs. To minimize repulsions,
the groups are directed to the corners of a trigonal bipyramid.

3. With two bonding pairs and three lone pairs, I3~ has a total of five electron pairs and is designated as AX,E3. We must now
decide how to arrange the lone pairs of electrons in a trigonal bipyramid in a way that minimizes repulsions. Placing them in
the equatorial positions eliminates 90° LP—LP repulsions and minimizes the number of 90° LP-BP repulsions.

The three lone pairs of electrons have equivalent interactions with the three iodine atoms, so we do not expect any deviations in
bonding angles.

4. With three nuclei and three lone pairs of electrons, the molecular geometry of I3~ is linear. This can be described as a
trigonal bipyramid with three equatorial vertices missing. The ion has an I-I-I angle of 180°, as expected.

3

00

Six Electron Groups (m + n = 6)

(Steric number = 6) In the case that there are six electron groups around a central atom, the nearest groups will lie approximately
90° from one another in space. This results in an electronic geometry that is approximately octahedral. There are three relevant
molecular geometries in this category:
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o When all electron groups are bonds (m=6 or AXg), the molecular geometry is an octahedron with bond angles of 90° between
adjacent bonds.

¢ When there is one lone pair (m=5, n=1 or AX5E;) we now distinguish between the axial and equitorial positions; the lone pair is
considered to be in one of the axial positions, while the bond directly opposite of the lone pair is the axial bond. The molecular
geometry is a square pyramid with bond angles of 90° between adjacent equatorial bonds and slightly less than 90° between
the axial bond and equatorial groups.

o When there are two lone pairs (m=4, n=2 or AX4E)), the lone pairs are opposite of one another and each occupy an axial
position. The molecular geometry is square planar with bond angles of 90°.

AX:sE Molecules: BrFg

1. The central atom, bromine, has seven valence electrons, as does each fluorine, so the Lewis electron structure is

Lewis structure

With its expanded valence, this species is an exception to the octet rule.

2. There are six electron groups around the Br, five bonding pairs and one lone pair. Placing five F atoms around Br while
minimizing BP-BP and LP-BP repulsions gives the following structure:

F.., | F
/Br\
F™- ~“F

85.1°F

7

3. With five bonding pairs and one lone pair, BrFs is designated as AXE; it has a total of six electron pairs. The BrFj5 structure
has four fluorine atoms in a plane in an equatorial position and one fluorine atom and the lone pair of electrons in the axial
positions. We expect all Fyyio~Br—Fequatorial angles to be less than 90° because of the lone pair of electrons, which occupies
more space than the bonding electron pairs.

4. With five nuclei surrounding the central atom, the molecular structure is based on an octahedron with a vertex missing. This
molecular structure is square pyramidal. The Fayja—B—Fequatorial angles are 85.1°, less than 90° because of LP-BP repulsions.

Molecular geometry
(square pyramidal)

AX4E, Molecules: ICl,~

1. The central atom, iodine, contributes seven electrons. Each chlorine contributes seven, and there is a single negative charge.
The Lewis electron structure is

2.2.7.7 https://chem.libretexts.org/@go/page/494411


https://libretexts.org/
https://chem.libretexts.org/@go/page/494411?pdf

LibreTextsw

2. There are six electron groups around the central atom, four bonding pairs and two lone pairs. The structure that minimizes
LP-LP, LP-BP, and BP-BP repulsions is

a., | <l
a” i a

3. ICl, is designated as AX,E, and has a total of six electron pairs. Although there are lone pairs of electrons, with four
bonding electron pairs in the equatorial plane and the lone pairs of electrons in the axial positions, all LP—BP repulsions are the
same. Therefore, we do not expect any deviation in the Cl1-I-CI bond angles.

4. With five nuclei, the ICl4— ion forms a molecular structure that is square planar, an octahedron with two opposite vertices
missing.

The arrangement of bonded atoms in a molecule or polyatomic ion is crucial to understanding the chemistry of a molecule, but
Lewis electron structures give no information about molecular geometry. The valence-shell electron-pair repulsion (VSEPR)
model allows us to predict which of the possible structures is actually observed in most cases. VSEPR is based on the assumption
that pairs of electrons occupy space, and the lowest-energy structure is the one that minimizes repulsions between electron pairs. In
the VSEPR model, the molecule or polyatomic ion is given an AX,,E, designation, where A is the central atom, X is a bonded
atom, E is a nonbonding valence electron group (usually a lone pair of electrons), and m and n are integers. Each group around the
central atom is designated as a bonding pair (BP) or lone (nonbonding) pair (LP). From the BP and LP interactions we can predict
both the relative positions of the atoms and the angles between the bonds, called the bond angles. From this we can describe the
molecular geometry. The VSEPR model can be used to predict the shapes of many molecules and polyatomic ions, but it gives no
information about bond lengths and the presence of multiple bonds. A combination of VSEPR and a bonding model, such as Lewis
electron structures, is necessary to understand the presence of multiple bonds.

Summary

The relationship between the number of electron groups around a central atom, the number of lone pairs of electrons, and the
molecular geometry is summarized in Table 2.2.7.1

Example Excercises

v/ Example 2.2.7.1

Using the VSEPR model, predict the molecular geometry of each molecule or ion.

1. PF; (phosphorus pentafluoride, a catalyst used in certain organic reactions)
2. H;0" (hydronium ion)

Given: two chemical species
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Asked for: molecular geometry
Strategy:

A. Draw the Lewis electron structure of the molecule or polyatomic ion.

B. Determine the electron group arrangement around the central atom that minimizes repulsions.

C. Assign an AX,,E,, designation; then identify the LP-LP, LP-BP, or BP-BP interactions and predict deviations in bond
angles.

D. Describe the molecular geometry.

Solution:

1. A The central atom, P, has five valence electrons and each fluorine has seven valence electrons, so the Lewis structure of
PFs is

tF:
"'F.m | /.F:‘
V2R N
JF. .F.

B There are five bonding groups about phosphorus. The structure that minimizes repulsions is a trigonal bipyramid.

C All electron groups are bonding pairs, so PFs is designated as AXs. Notice that this gives a total of five electron pairs.
With no lone pair repulsions, we do not expect any bond angles to deviate from the ideal.

D The PF5 molecule has five nuclei and no lone pairs of electrons, so its molecular geometry is trigonal bipyramidal.

F

F rl)F
| >
F

2. A The central atom, O, has six valence electrons, and each H atom contributes one valence electron. Subtracting one
electron for the positive charge gives a total of eight valence electrons, so the Lewis electron structure is

H:0:H |7
H

B There are four electron groups around oxygen, three bonding pairs and one lone pair. Like NH3, repulsions are minimized
by directing each hydrogen atom and the lone pair to the corners of a tetrahedron.

C With three bonding pairs and one lone pair, the structure is designated as AX3E and has a total of four electron pairs
(three X and one E). We expect the LP-BP interactions to cause the bonding pair angles to deviate significantly from the
angles of a perfect tetrahedron.

D There are three nuclei and one lone pair, so the molecular geometry is trigonal pyramidal, in essence a tetrahedron
missing a vertex. However, the H-O-H bond angles are less than the ideal angle of 109.5° because of LP-BP repulsions:

. r
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Using the VSEPR model, predict the molecular geometry of each molecule or ion.

a. XeOs3
b. PFg~
C. N02+
Answer a
trigonal pyramidal
Answer b
octahedral
Answer c

linear

v/ Example 2.2.7.3

Predict the molecular geometry of each molecule.

1. XeF,
2. SnCly

Given: two chemical compounds

Asked for: molecular geometry
Strategy:

Use the strategy given in Example2.2.7.1
Solution:

1. A Xenon contributes eight electrons and each fluorine seven valence electrons, so the Lewis electron structure is

tF—Xe—F:

B There are five electron groups around the central atom, two bonding pairs and three lone pairs. Repulsions are minimized
by placing the groups in the corners of a trigonal bipyramid.

C From B, XeF, is designated as AX,E3 and has a total of five electron pairs (two X and three E). With three lone pairs
about the central atom, we can arrange the two F atoms in three possible ways: both F atoms can be axial, one can be axial
and one equatorial, or both can be equatorial:

] i
Xle';;‘ F—Xe \ F—Xe\F
F
(a) (b) (c)
Interactions
90 LP-LP 0 2 2

The structure with the lowest energy is the one that minimizes LP-LP repulsions. Both (b) and (c) have two 90° LP-LP
interactions, whereas structure (a) has none. Thus both F atoms are in the axial positions, like the two iodine atoms around
the central iodine in I3~. All LP-BP interactions are equivalent, so we do not expect a deviation from an ideal 180° in the
F—Xe-F bond angle.
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D With two nuclei about the central atom, the molecular geometry of XeF; is linear. It is a trigonal bipyramid with three
missing equatorial vertices.

2. A The tin atom donates 4 valence electrons and each chlorine atom donates 7 valence electrons. With 18 valence electrons,
the Lewis electron structure is

Sn
:CI/ \(;!:

.

B There are three electron groups around the central atom, two bonding groups and one lone pair of electrons. To minimize
repulsions the three groups are initially placed at 120° angles from each other.

C From B we designate SnCl, as AX,E. It has a total of three electron pairs, two X and one E. Because the lone pair of
electrons occupies more space than the bonding pairs, we expect a decrease in the Cl-Sn—Cl bond angle due to increased

LP-BP repulsions.

D With two nuclei around the central atom and one lone pair of electrons, the molecular geometry of SnCl, is bent, like
SO, but with a Cl1-Sn—Cl bond angle of 95°. The molecular geometry can be described as a trigonal planar arrangement
with one vertex missing.

? Exercise 2.2.7.4

Predict the molecular geometry of each molecule.
a. SO3
b. XeF,
Answer a
trigonal planar
Answer b

square planar
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