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Hydrogen bonding: 
 One of the most important properties of the proton is its ability to 
form H-bonds when attached to more electronegative donor atoms 
such as F, O, or N. An H-bond is judged to be present when the 
separation between the two atoms forming the H-bond is less than 
the sum of the van der Waal’s radii. For H-bonds typical X-H-X 

      distances between 
      X atoms are: 

       O- -H- -O    2.76 Å 
       F- - H- -F    2.55 Å 
       N- -H- -N    3.00 Å 

         

 Figure 2. Hydrogen bonding of four water molecules around a 
central water molecule. 



The proton as a Lewis acid: 

 The strength of the proton as a Lewis acid can 
be seen in its affinity for some Lewis bases: 

  H+(aq)  +  OH- (aq)  =   H2O(l)   log K = 14.0 
  H+(aq)  +   F- (aq)   =   HF(aq)  log K =   3.2 
 H+(aq)  +  NH3(aq)  =  NH4

+(aq) log K = 9.22 

 It is, however, fairly hard in the HSAB sense, so 
that we find that it has high affinity for hard 
ligands such as F-, OH-, and NH3, but virtually no 
affinity for soft halide ions such as Cl-, Br-, or I-.  



The hydronium ion: 

 The small proton in aqueous solution forms the linear 
two-coordinate [H2O-H-OH2]+ ion, shown below (left). 
This low coordination number is expected from the small 
size of the proton.  

[H(OH2)2]+.4H2O 

H+ 
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Molecular Orbital Theory 
Polyatomic molecules: The bonding in H3

+ 

For the linear cation, the MO diagram would then be: 
Note that the three H atoms are held 
together by a total of only two 
electrons. 
Since the terminal H atoms are symmetry 
related and must be considered as a pair, we 
must make symmetry adapted linear 
combinations (SALC’s) of their orbitals to 
interact with the central atom: 

Opposite phases (σu): 

Same phases (σg): 

This is the approach that we must 
use for all polyatomic molecules. 

Note that the σu combination will be a 
little bit higher in energy than the σg so 
the non-bonding LUMO is a bit higher in 
energy than the AO in a free H atom. 
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BUT…since there are three atoms, a linear arrangement is not the only possibility! 



Molecular Orbital Theory 
Polyatomic molecules: The bonding in H3

+ 

Consider the situation where the H atoms arranged in an equilateral triangular 
geometry.  Note that now all the atoms are related by symmetry must be treated 
together as a set.  The symmetry of this arrangement is D3h, which tells us the 
symmetry of each of the orbitals and also that there must a pair of degenerate MO’s. 

1sC 

1sA 

+/- 

a1’ = (1/√ 3 1sA + 1/√ 3 1sB + 1/√ 3 1sC) 

1sB 
+/- 

e’ = (1/√ 2 1sB - 1/√ 2 1sC) 

The doubly-degenerate pair of MO’s have e’ 
symmetry.  Although they do not look alike, each 
orbital in the pair has the same energy.  Notice that 
the orbitals have roughly the same symmetry as 
would px and py orbitals in the middle of the H3 ring. 

0 nodes so this is the most stable MO. 

Each of these MO’s has one node 
so the e’ orbital pair will be higher 
in energy than the a’ orbital. 

+/- 

e’ = (2/√ 6 1sA - 1/√ 6 1sB  - 1/√ 6 1sC) 



Molecular Orbital Theory 
Polyatomic molecules: The bonding in H3

+ 

For the triangular cation, the MO diagram would then be: 

Notice that the e’ pair must have identical energies 
and that the pair is less stable than either the free 
atoms or the a’ MO so it can be called anti-bonding. 

Again, the three H atoms are held together by a 
total of only two electrons. 

Furthermore, there is no central atom and each H is 
related by symmetry.  Because of this, the use of 
SALC’s and MO theory can provide us with a much 
better model of the bonding than we could get from 
VBT and the localized model of bonding. 
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BUT…in theory, we could have any arrangement in between the linear and the 
triangular, so how do we find out which geometry is the most stable? 

3 × 1s 

1a’ 

1e’* 

3 × H 



Molecular Orbital Theory 
Polyatomic molecules: The bonding in H3

+ 

We can use a Walsh diagram to compare and assess the relative energies of different 
possible structures.  In a Walsh diagram, the relative energies of important MO’s are plotted as 
the value of a metrical parameter (e.g. bond lengths or angles) is changed.  The amount of 
stabilization or destabilization of the MO’s is based on the amount of increase or decrease in 
the in-phase overlap of the AO’s used to make each molecular orbital. 

Walsh diagram for D∞h to D3h 

In the example of H3
+ there are only two electrons, thus we only have to examine how the energy 

of the lowest orbital (1σ to a1’) varies with the change in angle.  From the diagram we can see 
that the energy decreases from D∞h to D3h so the electronic energy of the triangular arrangement 
will be lower than that of the linear arrangement.  This means that the triangular form will be the 
most stable arrangement.  If there were more electrons, we would have to consider how the 
energies change for any orbital that might be populated with electrons. 
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