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2.2.9: Electronegativity and Atomic Size Effects

Introduction

We saw in previous sections how lone pairs of electrons and multiple bonds distort bond angles between non-central atoms
(ligands) around a central atom. This section describes how ligand electronegativity and size also influence bond angles and
molecular geometry. Electronegativity is generally correlated with atomic size going down any group of the periodic table. There
are some cases where bond angles can be predicted by these correlations. However, size and electronegativity can also work as
competing factors in determining bond angles.

Electronegativity and Size Influence Bond Angles

Let's begin by examining the bond angles of several trigonal pyramidal molecules. The molecules shown in Figure 2.2.9.2each
have three identical "pendant groups" on the central atom (Figure 2.2.9.2). Pendant atoms or pendant groups are the atoms, or
groups of atoms, that are bonded directly to the central atom. The molecules shown here are arranged according to the size of the
central and pendant atoms. Central atoms increase in size going down this figure, and pendant atoms increase in size going across
from left to right. The bond angles and bond lengths are labeled in each case.

What trends can you identify?
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Figure 2.2.9.2: Several molecules with trigonal pyramidal electronic geometry are shown arranged according to size of the central
atom (increasing size of central atom from top to bottom) and pendant atom (increasing size of pendant atoms from left to right).
Bond angles and bond lengths are indicated. (Kathryn Haas; CC-NC-BY-SA)

Trends in Size

First, let's examine how the size of the central and pendant groups might influence bond angle. In VSEPR theory, the size of atoms
(or groups of atoms) will affect bond angles due to changes in steric interactions between pendant groups.

Size of the central atom

Examine the relationship between the size of the central atom and the bond angles in Figure 2.2.9.2(go down any column in the
figure). For example, compare NH3, PH3, AsH3, and SbH3, with bond angles 106.6°, 93.2°, 92.1°, and 91.6°, respectively. In this
series, the size of the central atom increases from N to Sb while the size of the pendant atom (hydrogen) remains constant. As the
size of the central atom increases, the bond angles decrease; thus, we observe a negative relationship between size of the central
atom and the bond angle in these molecules. This relationship is explained by sterics. As the central atom increases in size, the
bond lengths also increase and the pendant atoms are farther from each other in space. In VSEPR theory, this will reduce steric
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interactions between the pendant groups. Since the lone pair on these molecules is more repulsive than bonded groups, the decrease
in steric interactions between bonded groups results in a decrease in bond angles.

Size of the pendant atoms (or groups)

Examine the relationships between size of the halogen pendant atoms and bond angle in Figure 2.2.9.2(go across any row within
the shaded region). For example, compare PF;, PCls, and PBr;, with bond angles 97.8°, 100.3°, and 101.0°, respectively. In this
series, the size of the pendant atom increases from F to Br while the central atom remains constant (phosphorous). As the size of
pendant atoms increases, the bond angle increases; thus, we observe a direct relationship between size of the pendant group and
the bond angle in these molecules. Again, we can explain this using sterics. As the size of the pendant atoms increases, sterics
between the pendant groups will increase (despite small changes in bond length). Increased steric interactions between pendant
groups will prefer larger bond angles between the groups.

This trend fails, however, if we consider the molecules with hydrogen as the pendant atoms. Notice, for example, that H is the
smallest pendant atom. If we consider the trend described above, we should assume that XHs (where X is a variable atom) would
have the smallest bond angle in the series of XH3, XF3, XCl3, and XBr3. However this is not the case of NH3, NF3, and NCl3, with
bond angles 106.6°, 102.2°, and 106.8° respectively. To explain the variation in these bond angles, we need to consider
electronegativity.

Trends in Electronegativity

Now let's examine how electronegativity influences bond angles around a central atom. In VSEPR theory, electronegativity of
atoms/groups will affect bond angles due to changes in the distribution of electron pairs around the central atom (and thus
changes in the severity of electron pair repulsion). This really comes down to bond polarity caused by the difference in
electronegativity between the central atom and pendant groups (bond polarity in the context of valence bond theory). In a polar
bond, the more electronegative atom will pull electron density towards itself. When a pendant atom is more electronegative, it will
pull the bonded electron pair towards itself and away from the central atom; this will reduce the electron pair repulsion between
bonded electron pairs on the central atom. A decrease in electron pair repulsion on the central atom should decrease bond angles
between the groups (Figure 2.2.9.3).
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Figure 2.2.9.3. When electron pairs are distributed away from the central atom, repulsions are decreased, allowing smaller bond
angles. (Kathryn Haas; CC-NC-BY-SA)
Electronegativity is an alternative explanation to the trends we already examined above in Figure 2.2.9.2 For example, when we
compare the halogen pendant atoms (shaded region in Figure 2.2.9.2) , the electronegativity of pendant groups decreases, bond
polarity of the bonds decreases, and bond angles increase going from left to right and from F to Br. As more electron density
remains on the central atom, electron repulsion between the bonded pairs increases and bond angles increase.

The electronegativity argument can also be used to explain the fact that NH3 (106.6°) has a larger bond angle than NF3 (102.2°).
This particular case illustrates how electronegativity and size can be competing factors. While electronegativity differences seem to
dominate in the case of NH3 (106.6°) compared to NF3 (102.2°), size differences still dominate in the cases of other XH3 and XF3
examples in Figure 2.2.9.2).

? Exercise 2.2.9.1
Predict the geometry and approximate bond angles. Then put the molecules in each series in order of smallest to largest bond
angle. Defend your answer.

a. The X-S-X bond angle in OSF;, OSCl,, OSBr;
b. Hzo, HzS, ste, HzTe
C. Hzo, OFz, OC]Z

Answer (a)
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Geometry and predicted bond angles: These are molecules with steric number 4. They can be written as two different
resonance structures, and the resonance hybrid would have double bond character between S and O.
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We would expect a trigonal pyramidal geometry with all bond angles <109.5° because the lone pair is more repulsive than
bonds. Because the double bond is more repulsive than single bonds, we should also expect the O-S-X bond angles to be
greater than the X-S-X bond angles.

Trend: This is a series of molecules that varies in the identity of the pendant atoms; the variation is within the halogens.
The size of the halogens increases, and the electronegativity decreases in the order F, Cl, Br. Both size and electronegativity
would lead us to conclude that the X-S-X bond angles would increase in the order OSF, < OSCl; < OSBr;

Explanation: (1) Increasing electonegativity of the pendant atom (F > Cl > Br) increases the polarity of the bond and
reduces the electron density of the bonded pair on the central atom. This reduces the e-e repulsions of adjacent bonded
electron pairs on S, allowing the halogens to become closer. The more electronegative pendant atoms can have smaller
bond angles. (2) Increasing size of pendant atoms (F < Cl < Br) increases steric repulsions and increases bond angle. Both
explanations lead to the same predicted trend.

The actual measured X-S-X bond angles are OSF; (92.3°) / OSCl; (96.2°) / OSBr; (98.2°). The trend in these bond angles
is consistent with the prediction.

Answer (b)

Geometry and predicted bond angles: These are molecules with steric number 4, bent molecular geometry, with
predicted bond angles <109.5° because the two lone pairs are each more repulsive than the bonds. There are two lone pairs
and two single bonds to H around each central atom.

Trend: This is a series of molecules that varies in the identity of the central atom. The central atom increases in the order O
< S < Se < Te, where Te is the largest element and O is the smallest. Arguments based on size would lead us to predict that
the pendant groups of HyTe would be less sterically crowded and thus have a smaller bond angle than the pendant groups of
H,0. The electronegativity decreases in the order O > S > Se > Te, where O is the most electronegative element and Te is
the least. Thus, we expect the bonding electro pairs to be closer to the central atom on O than they would be on Te; we
should expect HyTe to have the least electron pair repulsions and thus smallest bond angle in this series, while HyO would
have the strongest electron pair repulsions and largest bond angles.

Both arguments lead to the same conclusion, that the order of increasing bond angle is H,Te < H,Se < H,S < H,0.

The actual measured bond angles are HyTe (90.2°) / HSe (90.6°) / H,S (92.1°) / HoO (104.5). The trend in these bond
angles is consistent with prediction.

Answer (c)

Geometry and predicted bond angles: These are molecules with steric number 4, bent molecular geometry, with
predicted bond angles <109.5° because the two lone pairs are each more repulsive than the bonds. There are two lone pairs
and two single bonds to H around each central atom. (This is similar to the case in (b)).

Trend: This is a series of molecules that varies in the identity of the pendant atoms; two of the molecules have halogens,
and the other has hydrogen pendant atoms. This is a case where size and electronegativity will be conflicting factors
because trends in electronegativity do not mirror the trend in size.

e Size: The size of pendant atoms increases in the order H < F < CI where H is smallest and Cl is largest. Prediction of
bond angles based on size alone would lead to the predicted order of increasing bond angle H,O < OF, < OCl,.

o Electronegativity: The electronegativity decreases in the order F > Cl > H where F has the greatest electronegativity and
H has the least. Since we expect the most electronegative pendant atoms to have the smallest bond angles, prediction
based on electronegativity alone would lead to the predicted order of increasing bond angle OF, < OCl, < H,0.

The points above illustrate how the two different arguments would lead to different predictions about the trend in bond
angle. This makes it difficult to predict the actual order of increasing bond angle. However, we saw above in the example of
NHj3 vs NFj3 that electronegativity is more important than size; yet in the case of NH3 vs NCl3, the much larger size of the
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pendant atom is more important. If we apply this lesson to the current problem, we might predict the order OF; < H,O<
OCl, , and in fact this more nuanced prediction, based on a similar case, matches the actual order for measured bond
angles: OF; (103.3°) < H,0 (104.5°) < OClI, (110.9°).

Group Electronegativities

You probably heard the terms "electron donating group" and "electron withdrawing group" from your coursework in Organic
Chemistry. For example, the acid trifluoroacetic acid (TFA) is more acidic than acetic acid due to the electron withdrawing effects
of the CF3 group compared to CHj. CF5 is an electron withdrawing group, while CH; is an electron donating group. In other
words, CFj3 is more electronegative than CHj.

The electron withdrawing ability (electronegativity) of groups can be estimated and compared, just as they are with atoms.
Although there is no one scale that is used for group electronegativities, and published values even for the same groups vary
widely, there are reliable trends within similar groups. The same size and electronegativity factors discussed above that affect bond
angles for pendant atoms, also can be used to rationalize distorted bond angles for pendant groups around a central atom.

? Exercise 2.2.9.2

Consider the relative electronegativities and sizes of the pendant atoms/groups in the following examples. Is the trend in bond
angles what you would expect from the relative group electronegativities and relative sizes? What, if any, is the more dominant
factor in determining the trend?

a. N(CH3)3 has an C-N-C bond angle of 110.9°, while N(CF3)3 has a bond angle of 117.9°.
b. The X-S-X bond angles in molecules of the form SO»(X), are: SO2(OH); 101.3°; SO,(CF3),; 102.0°; SO»(CH3), 102.6°.
Answer (a)

Add texts here. Do not delete this text first.

Answer (b)
Add texts here. Do not delete this text first.

Special case of electronegativity and size in steric number 5 (trigonal bypyramid)

Molecules with steric number 5 are interesting because they posses two different types of positions (equatorial and axial). These
positions have unique bond angles and bond lengths. Pendant atoms/groups have different preferences for the axial and equatorial
positions that depend somewhat on their electronegativity.
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Molecules with steric number 5 possess different bond angles and lengths for axial (ax) and equatorial (eq) pendant atoms. (CC-
BY-NC-SA; Kathryn Haas)
In a previous section, we discussed the preference of lone pairs and multiple bonds for the equatorial positions in trigonal
bipyramidal molecules. VSEPR theory rationalizes this by assuming that lone pairs and multiple bonds are more repulsive than the
electron pairs in single bonds. Equatorial positions are less crowded (with only two closest neighbors at 90°, and two farther
neighbors at 120°) compared to axial positions (with three closest neighbors at 90°), thus the more repulsive groups prefer the less
crowded equatorial positions.
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Pendant groups that are more electronegative result in weaker electron pair repulsion around the central atom, while groups that are
less electronegative result in stronger electron-pair repulsion around the central atom (as described above). The result for steric
number 5: bonding pairs to less electronegative elements are more repulsive, and generally prefer equatorial positions. Still,
lone pairs and multiple bonds are more repulsive than single bonds and would show a stronger preference for equatorial positions.

Examples and Nuances

? Exercise 2.2.9.3

Some examples of molecule that demonstrate the equatorial preference of less electronegative groups are below. Predict (draw)
their structures.

d. PF4C1, PF3C12, and PF2C13
b. PF4(CH3) PF3(CH3)2, and PFz(CH3)3
Answer (a)

Cl is less electronegative than F; thus we expect Cl to have stronger preference for the equatorial positions.
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Answer (b)

CHs, an electron donating group, is less electronegative than F. We expect CH3 to have a stronger preference for the
equatorial positions.
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In the exercise above, the structures can be explained by the electronegativity of the pendant groups; less electronegative groups
prefer the equatorial positions. There are other similar molecules for which explanations (or predictions) are difficult. For example,
the series of molecules below seems to have completely random placement of F and CF5 groups. These structures could not be
predicted based on VSEPR theory. It seems that in this case, the more symmetrical arrangements of pendant groups is preferred.

R B

wF WF WF CF

F—p F—pc—p F—P F,C—P CFs

| F ONF | F 7 1CF,
CF, F

References and resources
1. Pauling, L. (1932). "The Nature of the Chemical Bond. I'V. The Energy of Single Bonds and the Relative Electronegativity of

Atoms". J. Am. Chem. Soc. 54(9): 3570-3582. doi: 10.1021/ja01348a011.
2. Housecroft, Catherine E. et. al. "Inorganic Chemistry" 3rd Edition. Pearson Education Limited 2008. Chapter 2.5

"Electronegativity Values" pgs. 42-44
3. International Union of Pure and Applied Chemistry. "Electronegativity". goldbook.iupac.org/E01990.html.

Acknowledgment

o Matthew Salem (UC Davis) (Pauling Electronegativity)
o Introduction to Inorganic Chemistry Wikibook (https://chem.libretexts.org/Bookshel..._ Bond_Strength)

o Curated or created by Kathryn Haas

This page titled 2.2.9: Electronegativity and Atomic Size Effects is shared under a not declared license and was authored, remixed, and/or curated

by Kathryn Haas.

e 3.2.3: Electronegativity and Atomic Size Effects by Kathryn Haas has no license indicated.

2.2.9.5 https://chem.libretexts.org/@go/page/494413



https://libretexts.org/
https://chem.libretexts.org/@go/page/494413?pdf
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Inorganic_Chemistry_(LibreTexts)/03%3A_Simple_Bonding_Theory/3.02%3A_Valence_Shell_Electron-Pair_Repulsion/3.2.03%3A_Electronegativity_and_Atomic_Size_Effects#Trends_in_Electronegativity
http://dx.doi.org/10.1021%2Fja01348a011
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Physical_Properties_of_Matter/Atomic_and_Molecular_Properties/Electronegativity/Pauling_Electronegativity
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Introduction_to_Inorganic_Chemistry_(Wikibook)/01%3A_Review_of_Chemical_Bonding/1.04%3A_Bond_Polarity_and_Bond_Strength
https://sites.duke.edu/haaslab/
https://chem.libretexts.org/Courses/Ursinus_College/CHEM322%3A_Inorganic_Chemistry/02%3A_Molecular_Structure/2.02%3A_Lewis_Structures_and_Molecular_Shape/2.2.09%3A_Electronegativity_and_Atomic_Size_Effects
https://chem.libretexts.org/Courses/Ursinus_College/CHEM322%3A_Inorganic_Chemistry/02%3A_Molecular_Structure/2.02%3A_Lewis_Structures_and_Molecular_Shape/2.2.09%3A_Electronegativity_and_Atomic_Size_Effects?no-cache
https://scholars.duke.edu/person/kathryn.haas
https://chem.libretexts.org/@go/page/219071
https://scholars.duke.edu/person/kathryn.haas

