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6 Analysis of H–AHn and CH3–AHn bonds 

Inspired by: 

Willem-Jan van Zeist, F. Matthias Bickelhaupt 
Phys. Chem. Chem. Phys. 2009, 11, 10317 

Abstract 

Along the series of H–AHn bonds, with AHn = CH3, NH2, OH, and F, the bond dis-
sociation energies show a steady increase as can be expected from the increasing dif-

ference in electronegativity along this series. However, in the same series for CH3–

AHn the bond strength first decreases from CH3–CH3 to CH3–NH2 and only thereaf-
ter increases again along CH3–NH2, CH3–OH and CH3–F. To understand the origin 

of the apparent anomaly occurring for the trend in C–A bond strengths, we have ana-

lyzed the bonding mechanism in H–AHn, CH3–AHn and other model systems. We 
recover that increasing electronegativity difference across a bond causes an increasing 

stability. But we also find that the nature of the bond changes qualitatively for AHn = 

CH3 due to the saturation of A with hydrogens. The need of the methyl group to 
adopt an umbrella shaped geometry plays a key role in the difference between bonds 

with CH3 and other second period AHn radicals. 
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6.1 Introduction 

The breaking and making of bonds are obviously important concepts in chemistry. It 

is therefore logical that a great deal of effort has been spent on a better understanding 
of the chemical bond. Still, there is debate as to why certain bonds have certain 

strengths.139-142 An important quantity in this context is the bond dissociation energy 

(BDE, see equation 6.1), which identifies the strength of the chemical bond.138 The 
BDE concept is of importance, not only for the stability of a specific bond, but also 

for its reactivity, when it is broken or formed in a chemical reaction. In order to un-

derstand trends in reactivity along different bonds, it is important to not only look at 
the absolute bond strengths, but also at how the bond strength changes along the se-

ries of bonds, as the relative order of strengths will play a role in the selectivity of 

chemical reactions. Obviously a lot of effort has been spent to correctly describe and 
understand BDE values.143-151 

In the series of second period bonds in H–AHn and CH3–AHn (AHn = CH3, NH2, 

OH, and F), we came across an interesting trend in bond strengths. There is an in-
crease in the H–A bond strength along AHn = CH3, NH2, OH, and F. However, 

when turning to the CH3–AHn bond, there is first a decrease from CH3–CH3 to CH3–

NH2 after which the bond strength increases again. Interestingly, in both cases the 
bond distances do systematically decrease in going down the second period. See Table 

6.1 for experimental138 and calculated values. 

H–AHn % H• + AHn•    |   CH3–AHn % CH3• + AHn• (6.1) 

In the case of H–AHn, the steady increase in bond strength along AHn = CH3, NH2, 

OH, and F, is as might be expected from the increasing electronegativity along C, N, 

O, and F which in Pauling units adopts the values, 2.55, 3.05, 3.44, and 3.98, respec-
tively.152,153 This trend, which leads to an increasing difference in electronegativity across 

H–AHn or CH3–AHn bonds, derives from the np (or np-derived) singly-occupied mo-

lecular orbital (SOMO) of the effective electronegative AHn• fragment. This SOMO 
constitutes the main component of the H–AHn or CH3–AHn electron-pair bonding 

molecular orbital (MO) of the overall molecule and a decrease of its energy (i.e., an 

increase in the electronegativity of A) translates, in general, directly into a stronger 
bond.154,155 This is what happens, e.g., for the present H–AHn bonds or the carbon–

halogen bonds in CH3X as X varies along At, I, Br, Cl, and F.68,156 
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Simply thinking, one would expect 

this trend also to occur for the se-

ries of CH3–AHn bonds. However, 
we find a discrepancy in the case of 

AHn = CH3 where, apparently, the 

completely apolar C–C bond is not, 
as expected, weaker but instead 

stronger than the polar C–N bond. 

In fact, if we look closer, there ap-
pear to be signs of a similar anom-

aly also for the H–AHn series. Here, 

the BDE still becomes stronger 
from H–CH3 to H–NH2. Note however that this step is associated with the smallest 

change in BDE along the series, merely 2.6 kcal mol–1 (see Table 6.1), whereas the 

change in electronegativity from AHn = CH3 to NH2 is the largest. 
To fully understand these trends in bond strengths and, in particular, the anomaly 

from CH3–CH3 to CH3–NH2, we have carefully analyzed the H–A and C–A bonding 

mechanism in our H–AHn and CH3–AHn model systems. In addition, we have ana-
lyzed the H–A and C–A bonds in the unsubstituted H–Am• and CH3–Am• radicals. 

This enables us to isolate the intrinsic influence of the electronegativity of the atom A 

= C, N, O and F, i.e., in the absence of steric or other effects stemming from the hy-
drogen atoms at AHn. Indeed, as we will show, the aforementioned anomaly is caused 

by the saturation of coordination space around A in the case of carbon. Thus, the 

AHn• = CH3• fragment appears to interact with the other radical fragment (H• or 
CH3•) qualitatively different if compared to the other AHn• = NH2•, OH•, and F•. 

6.2 Results and discussion 

Table 6.1 shows the experimental as well as our calculated values of the H–AHn and 
CH3–AHn bond dissociation enthalpies. Our BLYP/TZ2P approach somewhat un-

derestimates the bond strengths by a few kcal mol–1. Note however that it nicely re-

produces the trends in bond strengths, which is our prime interest. Table 6.2 shows 
the decomposition of the bond dissociation energy BDE ($E) into strain ($Estrain) and 

interaction ($Eint) for all the H–AHn and CH3–AHn bonds. Note that $E is the 

change in total energy and not the enthalpy, as used in Table 6.1. 

Table 6.1 H–AHn and CH3–AHn bond distances 
and bond dissociation enthalpies at 298 K. 
 Calculatedb Experimental 

  H–A, C–A $H298 $H298c 
H–CH3 1.095 102.2 105.0 
H–NH2 1.022 104.2 107.6 
H–OH 0.972 115.9 118.8 
H–F 0.936 135.6 136.3 
CH3–CH3 1.540 83.2 90.1 
CH3–NH2 1.480 78.4 85.2 
CH3–OH 1.443 87.9 92.1 
CH3–F 1.413 110.4 115 
a In Å and kcal mol–1. b This work: calculated at BLYP/TZ2P. 
c Experimental values taken from Blanksby and Ellison.138 
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From Table 6.2, it is easily 

seen that the largest contribu-

tion to the BDE is the inter-
action energy !Eint. What 

also becomes clear, now, is 

that the interaction energy 
shows the anomaly of a 

weakening not only from 

CH3–CH3 to CH3–NH2, as 
observed also for the BDE, 

but also from H–CH3 to H–

NH2. Also the strain energy 
shows an anomaly in the case 

of AHn = CH3. In all bonds involving AHn = NH2, OH, and F, the strain energy is 

constantly low, practically zero for H–AHn and 6 - 9 kcal mol–1 for CH3–AHn. As 
soon as AHn = CH3, the strain energy jumps up, from ~0 to 7 kcal mol–1 for H–AHn 

and from 9 to 18 kcal mol–1 for CH3–AHn. This originates from the fact that the CH3• 

radical fragment is the only one that is deformed substantially from its planar equilib-
rium geometry to the pyramidal geometry it has in the overall molecule. 

To further investigate the effect that CH3 pyramidalization has on the H–CH3 and 

CH3–CH3 bonding mechanism, we have optimized the geometry of these species un-
der the constraint that AHn = CH3 (i.e., the CH3 group in methane and one of the two 

CH3 groups in ethane) is kept planar while all other geometry parameters are included 

in the optimization. This computational experiment leads to a number of interesting 
phenomena: (i) the H–C and C–C bonds elongate; (ii) the strain energy drops to a 

value that is in the same range as found for the other H–AHn and CH3–AHn systems; 

and (iii) now, the interaction energy does follow the expected trend (i.e., it increases as 
the electronegativity difference across the H–A or C–A bond increases) because the 

interaction of H or CH3 with the planar AHn = CH3 is less stabilizing than with the NH2 

moiety.  
Each of the three phenomena above can be easily explained and this leads us to 

understand the trends, and anomalies therein, in H–AHn and CH3–AHn bond 

strengths. We begin with the latter observation, namely, that a planar AHn moiety 
leads to the regular trend of a strengthening in the H–A and C–A interaction 

throughout the series of AHn = CH3, NH2, OH and F. 

Table 6.2 H–AHn and CH3–AHn bond distances and 
activation strain analysis.a 

  H–A, C–A $E  $Estrain  $Eint 

H–CH3 1.095 -109.7 7.2 -116.9 
H–[CH3]b 1.141 -89.3 0.1 -89.3 
H–NH2 1.022 -112.1 0.3 -112.4 
H–OH 0.972 -122.5 0.1 -122.6 
H–F 0.936 -140.3 0.0 -140.3 
CH3–CH3 1.540 -89.9 18.4 -108.4 
CH3–[CH3]b 1.677 -63.0 8.5 -71.4 
CH3–NH2 1.480 -85.4 9.4 -94.8 
CH3–OH 1.443 -93.8 8.1 -101.9 
CH3–F 1.413 -114.4 6.3 -120.7 
a In Å and kcal mol–1, calculated at BLYP/TZ2P. b Optimized while 
keeping one methyl group fixed in a planar geometry (see text). 
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To separate the electronegativity effect of the central atom A and the effect of hy-

drogen substitution at AHn, we first focus solely on the former by removing all the 

hydrogen substituents from the AHn moieties. This results in the series H–Am• = HC•, 
HN••, HO•, HF, and CH3–Am• = CH3C•, CH3N••, CH3O•, CH3F, all in their ground 

state configurations. Thus, we analyze the electron-pair bonding interaction of H• 

(with its 1s SOMO) and of CH3• (with its 2pz-derived sp3 hybrid SOMO) with the sin-
gly occupied 2pz AO on A(m+1)• = C•• (2s22px12py02pz1), N••• (2s22px12py12pz1), O•• 

(2s22px22py12pz1), F• (2s22px22py22pz1). The results of these analyses are shown in Figure 

6.1 and Figure 6.3. 

 
Figure 6.1 Analysis of H–A bonds in H–Am• as a function of the bond distance. A(m+1)• = C•• 
(black), N••• (blue), O•• (red), F• (green). (a) decomposition of interaction into Pauli repulsion, 
electrostatic interactions, and orbital interactions. (b) Bond overlap between the H(1s) and 
A(2pz) SOMO orbitals. (c) Repulsive overlap between H(1s) and A(2s) orbitals. 

Figure 6.1a shows the interaction curves and decomposition analysis for the unsubsti-
tuted H–Am• systems as a function of the H–A distance. This graph shows us a quite 

straightforward picture. Firstly, the orbital-interaction curves are lowered, i.e., they 

become more stabilizing, along H–C•, H–N••, H–O•, and H–F. This conforms to the 
expectations based on electronegativity differences. Indeed, upon formation of the 

electron pair bond, there is an increasing stabilization along C, N, O, and F because 

the 2pz SOMO of these atoms is more and more stabilized along this series (from -5.9 
to -8.1 to -10.7 to -13.4 eV, respectively). Note that this strengthening in orbital inter-

actions is established despite the fact that the binding overlap counteracts, i.e., de-

creases along the series (see Figure 6.1b), due to the more and more compact nature 
of the 2p SOMO as one goes along the second period towards fluorine (see Figure 

6.2). 

Another, somewhat smaller, effect that also contributes to the trend of a strength-
ening in H–Am• interaction along A = C, N, O, and F is a decrease in Pauli repulsion. 
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This originates again from the decreas-

ing size of the 2s orbitals (see Figure 

6.2) which, in turn, yields a smaller de-
stabilizing <H(1s) | A(2s)> overlap (see 

Figure 6.1c).  

In the corresponding CH3–Am• 
bonds, the latter trend of decreasing 

Pauli repulsion becomes the dominant 

effect in determining the strengthening 
along A = C, N, O and F (compare 

Figure 6.1a and Figure 6.3a). Here, in addition to the overlap of the carbon 2pz-

derived CH3 SOMO with the closed-shell 2s orbital on A (see Figure 6.3c), we have 
also Pauli-repulsion due to overlap of the closed-shell carbon 2s-derived orbital on 

CH3 with the 2pz SOMO on A (not shown in Figure 6.3). This extra Pauli repulsion 

mechanism in the CH3–Am• systems has also the "side-effect" of attenuating the trend 
of increasing orbital interactions (compare Figure 6.1a and Figure 6.3a). The reason is 

that the decrease in the 2pz SOMO energy along A = C, N, O and F is effectively 

counteracted as this orbital approaches from above the occupied carbon 2s-derived 
CH3 orbital and is, therefore, more and more pushed up by the latter. Such an effect is 

not present in the H–Am• systems. 

 
Figure 6.3 Analysis of C–A bonds in CH3–Am• as a function of the bond distance. A(m+1)• = 
C•• (black), N••• (blue), O•• (red), F• (green). (a) decomposition of into Pauli repulsion, electro-
static interactions, and orbital interactions. (b) Bond overlap between the CH3('2pz') and A(2pz) 
SOMO orbitals. (c) Repulsive overlap between CH3('2pz') and A(2s) orbitals. 

Next, in a second step, the hydrogen substituents are re-introduced. However, in or-

der to separate electronic from steric and deformation effects, we have conducted the 
bond analysis of the H–AHn and CH3–AHn systems with H–A–H and C–A–H angles, 

 
Figure 6.2 The 2pz (left) and 2s (right) 
atomic orbitals of C•• (black), N••• (blue), O•• 
(red), F• (green); 0.05 contour lines. 
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respectively, kept at 90°. These partially frozen systems are designated H–[AHn] and 

CH3–[AHn]. This ensures that the electron-pair bond coincides with the z-axis of the 

AHn 2pz SOMOs, perpendicular to the plane defined by AHn. In the case of A = CH3, 
this corresponds to keeping the CH3• moiety planar, which results in the SOMO hav-

ing pure 2pz character also for this AHn fragment. Figure 6.4 shows the energy de-

composition analysis of these systems, again as a function of bond distance. 

 
Figure 6.4 Energy decomposition analysis of (a) the H–[AHn] and (b) the CH3–[AHn] bonds. 
The H–A–H and CH3–A–H angles, respectively, are constrained at 90°, see also text. AHn = 
CH3 (black), NH2 (blue), OH (red), F (green). 

Remarkably, the trends for H–[AHn] and CH3–[AHn] are very similar to that of the 

unsubstituted H–Am• and CH3–AHm• systems. The reason is that [AHn] in this nu-
merical experiment still forms electron-pair bonds with its essential carbon 2pz-derived 

orbital and because the pyramidalization effect in the case of [CH3] has been switched 

off. Thus, we observe the basic principle of increasing orbital interactions due to elec-
tronegativity differences, combined with decreasing Pauli repulsive effects due to 

smaller destabilizing orbitals along [AHn] = [CH3], [NH2], [OH] and [F] (see Figure 

6.4). Note that the total interaction energy !Eint in these series still follows the trend 
originating from the differences in electronegativity (a trend similar as in Table 6.2). 

We can conclude that adding hydrogen substituents does not intrinsically alter the 

interaction compared to the atoms. It is apparently the geometrical deformation that is 
induced, in particular in the case of AHn = CH3, that brings about the anomaly of a 

decreasing H–A and C–A interaction energy from A = C to N. 

Finally, we compare the constrained H–[AHn] and CH3–[AHn] with the H–AHn 
and CH3–AHn bonds we were originally interested in. Thus, we return to the original 

series of molecules in their ground state equilibrium geometry. We again perform the 

energy decomposition by varying the H–A and C–A bond distances from the H–AHn 
and CH3–AHn, this time with the CH3 and AHn fragments in their H–AHn or CH3–
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AHn equilibrium structures (see Figure 6.5).* The striking differences between the 

constrained and the optimized H–AHn or CH3–AHn systems occur for AHn = CH3, 

not so much for the other AHn. Thus, for AHn = CH3, the Pauli repulsion drops sig-
nificantly in the analyses of the fully optimized molecules. The orbital interaction be-

haves more or less as in the previous analyses: they become more stabilizing from 

AHn = CH3 to F.  
It is clear that methyl pyramidalization (i.e., for AHn = CH3) has a great influence 

on the H–CH3 and CH3–CH3 bonding mechanism, the main effect being a drop in 

steric (Pauli) repulsion upon going towards pyramidal CH3 (compare Figure 6.4 and 
Figure 6.5). Although the pyramidalization of the methyl radical is associated with a 

cost in strain energy,157 there is a net gradient towards this deformation because of the 

aforementioned reduction in Pauli repulsion (for a given C–C distance) and the result-
ing shortening of the C–C bond from 1.677 Å in CH3–[CH3] to 1.540 Å in CH3–CH3 

(see Table 6.2). 

 
Figure 6.5 Energy decomposition analysis of the H–AHn and CH3–AHn bonds as a function 
of the bond distance. AHn = CH3 (black), NH2 (blue), OH (red), F (green). 

Thus, the methyl group gains overall H–CH3 or CH3–CH3 bonding stabilization by 

reducing steric (Pauli) repulsion through bending the C–H bonds away from the other 

fragment. Why do similar effects not occur for the other AHn groups, i.e., NH2, OH 
and F? In the latter, there is also Pauli repulsion with N–H and O–H bonding orbitals 

that could be reduced by bending these bonds away. In fact, they do bend away, but 

only slightly and essentially without a net gain in stability. The reason is that in the 
case of NH2, OH and also F, there is also Pauli repulsion with the lone-pair orbitals at 

                                                
* The analyses for AHn = NH2 and OH are not uniquely defined. In these cases, the approach of H• (or CH3•) is not 
exactly aligned with the 2pz-derived SOMO of OH• and NH2• that form the electron pair bond. This gives rise to a 
small increase in orbital interaction and Pauli repulsion. These changes are, however, not large, as can be seen by com-
paring the results in Figure 6.5 with those of the constrained analyses in Figure 6.4. 
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the central atom. But, at variance to the corresponding bond orbitals, these lone pairs 

do not involve any substituent atoms (e.g., the H atoms in AHn) that could be bent 

away. Interestingly, this makes that, for example, in H–[NH2] and CH3–[NH2], the 
!EPauli curve is actually less destabilizing due to a diminished overlap with the [NH2] 

lone-pair orbital) than the !EPauli curve in the real H–NH2 and CH3–NH2 in which 

the N–H bonds can bend away from the approaching H and CH3 group, respectively 
(compare Figure 6.4 and Figure 6.5). 

6.3 Conclusions 

The intrinsic H–Am• and CH3–Am• bond strengths increase systematically along A = 
C, N, O and F because: (i) the increasing electronegativity difference across the bond 

(dominant factor for H–A bond), and (ii) the decreasing Pauli repulsion with the 

smaller and smaller atom A (dominant factor for C–A bond). Interestingly, the fact 
that the H–AHn and CH3–AHn bond energy increases only slightly from H–CH3 to 

H–NH2 and even decreases (i.e., shows an inverted trend) from CH3–CH3 to CH3–NH2 

is due to the pyramidalization that occurs uniquely for the methyl group. This pyrami-
dalization is associated with a deformation strain energy which is however (more than) 

compensated by the concomitant relieve in Pauli repulsion and the resulting bond 

contraction and strengthening. 
In the other H–AHn and CH3–AHn bonds there is also Pauli repulsion with A–H 

bond orbitals and lone pairs. But here, bending away the A–H bonds (which would be 

the equivalent to methyl pyramidalization) does not yield a reduction in Pauli repul-
sion. The reason is that the lone-pair orbitals at the central atom of NH2, OH and also 

F do not involve any substituent atoms (e.g., the H atoms in AHn) that could be bent 

away. 
 




