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Dipole Moments: 
Why do they exist? 
 Not all atoms are created equal.  Some like electrons more than others (Each atom has a 
different sets of orbitals for electrons to occupy, and each set has slightly different binding 
energies.) When two atoms interact, they compete for the electrons that orbit around each of their 
nuclei. Linus Pauling codified the relative measure of electron attracting power, which he termed 
electronegativity.  The higher the electronegativity, the more the atom can pull on orbiting 
electrons of neighboring atoms.  Here is a periodic table style chart of common elements. 
 

Electronegativity 

H = 2.1 X x x x x x 

Li = 1.0 Be = 1.5 B = 2.0 C = 2.5 N = 3.0 O = 3.5 F = 4.0 

Na = 0.9 Mg = 1.2 Al = 1.5 Si = 1.8 P = 2.1 S = 2.5 Cl = 3.0

K = 0.8 Ca = 1.0 Ga = 1.6 Ge = 1.8 As = 2.0 Se = 2.4 Br = 2.8

Rb = 0.8 Sr = 1.0 In = 1.7 Sn = 1.8 Sb = 1.9 Te = 2.1 I = 2.5 

Cs = 0.7 Ba = 0.9 Tl = 1.8 Pb = 1.9 Bi = 1.9 Po = 2.0 At = 2.2

 
If two atoms are identical and form a chemical bond, i.e. H2, they share the 2 electrons between 
them evenly.  But if the two atoms are different, i.e., Lithium and Hydrogen, the more 
electronegative (hydrogen) sequesters the two available electrons more towards it.  Here is a plot 
of electron densities (in A, solid indicates high density, and mesh indicates the edge of the 
electron cloud.  In B, color indicates partial charge at that point)  
 
Here is a plot of water.  Oxygen is the second most electronegative element, clocking in a 
3.5units, vs. Hydrogen’s 2.1.  Hence, oxygen pulls the electrons towards it.  Although the overall 
charge of the molecule is 0, there is a dipole moment, with the oxygen side partially negative, 
and the hydrogen side partially positive.  We call this a polar molecule.  H2 is evenly charged all 
around and is a non-polar molecule.  Dipole moments can be calculated for entire molecules, 
side chains, or individual bonds. 
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What are dipole moments? 
 
The dipole moment is a simple expression of how far the electrons are getting pulled from the 
“center” of the atoms. Instead of talking about each electron’s displacement, we lump them 
together and model as two equal point charges of opposite sign separated by a distance.  The 
greater the displacement of the electrons, the larger the distance between our two imaginary 
point charges.  
 
µ=Qr  where µ is the dipole moment 
  Q is the charge 
  r is the distance 
 
For H2O, we get a value for µ of 1.85 Debye, the equivalent of 1 electron’s worth of charge getting 
pulled ~0.35 angstroms from the center of the water molecule, towards the oxygen. 
 
Non-covalent Forces 
 
Hydrogen Bonding 
 Since the electrons around the hydrogens in water are getting pulled towards the oxygen, 
the hydrogens are not fully satisfied. They try to make up for this by attracting electrons from 
regions of other molecules that are rich in electron density.  In liquid water, there are plenty of 
other electron rich sources, the oxygens of other water molecules!      
   
        Ice 

                                    
The attractive force between the electron dense oxygen to another molecule’s hydrogen is 
weaker than the intramolecular chemical bonds, but still significant.  This Hydrogen Bonding is 
strongest and most stable when the hydrogen is located in a straight line between to electron 
rich regions.  Hydrogen bonding occurs primarily to oxygens or nitrogens, not carbons. It can 
act inter- or intramolecularly, and it governs the structure of liquid water, ice, protein folds and 
many other intra and intermolecular structures.   
 
Van der Waals Force 
The electrons in a dipole are unevenly distributed.  This unevenness can influence the shape of 
the electron cloud in neighboring molecules, inducing a slight attractive force between the two 
molecules.  This Van der Waal’s force is proportional to 1/r6, while the electrostatic repulsion of 
electron clouds is proportional to 1/r12.  Hence there is a Van der Waal’s radius around every 
atom, where the attractive and repulsive forces cancel.  At low temperature, this force even works 
on non-polar molecules.  The electrons in the cloud around a molecule are in constant flux.  
Briefly, more electrons may exist on one side of an atom than on the other.  This transient dipole 
can set up other transient dipoles in neighboring atoms leading to a slight attraction.  The Van der 
Waal’s  force acts inter- and intramolecularly. 
 



Hydration 
Why do salts dissolve in water? 

Salts are held together by an electrostatic interaction of strength defined by Coulomb’s 
Law. 

                        k•qa+•qa-   
F= 

       D•r2 

 
D in Coulomb’s law stands for the Dielectric Constant.  This is a macroscopic measure of how 
quickly the dipoles of a solvent will align themselves to an applied electrical field.  This value must 
be empirically determined and the higher it is, the more polar the solvent. 
 
When the intermolecular force of the solvent-solute interaction is more powerful than the 
intermolecular solvent-solvent or intramolecular solute-solute interactions, the solute 
dissolves in the solvent.    

  
 
Once dissolved, the charges on the free ions order the water around it through intermolecular 
dipole-charge interactions.  A hydration shell of water molecules surrounds the ion.  This acts 
as a shield around the charge.  Hydration shells structure water around other molecular groups 
as well and are very important in enzyme activity, the selectivity of ion-channels, etc. 
 
Hydrophobic Affect 
Non-polar molecules and those with mixed non-polar and polar regions, known as amphipathic, 
form spherical balls, or micelles when placed in water.  The internal region of micelles is water-
free.  This clustering is not due to an inherent repulsive force between polar and non-polar 
molecules, but rather because water’s hydrogens can be better satisfied by bonding to other 
water molecules. Amphipathic fatty acids also form larger liposomes, satisfying the 
hydrophobicity of their tails by a bilayer structure.  Liposomes hold aqueous solution inside.  Our 
cells are essentially bigger, far more complex versions of the liposome structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 



Titration Curves (p. 100, 123) 
A little p in front of anything means [log10] 
Some molecular groups (-OH, -NH, -SH) 
can give up a free hydrogen when in 
aqueous solution.   pKa is the pH value at 
which half the group exists in the acid [-AH] 
and half exist as free base [-A-].  These 
points are flat on a titration curve.  Amino 
acids have at least 2 pKa’s corresponding 
to the amino and carboxyl termini, and 
sometimes an additional one for its side 
group.  Histidine is nice example ☺ 
 
                        [A-] 
pH=pKa + log ------  = -log[H+] 
                       [HA] 

 
Amino Acids 
Amino acids are the building blocks of proteins.  They consist of a carbon bonded to one 
hydrogen and one amino, carboxyl, and side group.  The pKa of the amino terminal is ~9.4, while 
the carboxyl is ~2.2.  Hence at pH 7, these terminals are positive and negatively charged, 
respectively, making amino acids zwitterions.  Every amino acid has a chiral center at this α-
carbon.  They can come in two forms, left and right handed, which have the same chemical 
composition but are mirror images, making them enantiomers.  Nearly all biologically relevant 
amino acids are left handed, L-amino acids.  20 different amino acids are coded by our genes, 
which vary only in side group composition.  They can be roughly sorted by degree of polarity, 
charge, and size due to these different sidechains.   Enzymatic Post-translational modification 
of amino acids, i.e. phosphorylation, gives even greater diversity to this family. 
 
Peptide Bonds 
Proteins are long chains of amino acids, connected by peptide bonds (a peptide is a short chain 
of amino acids).  The peptide bond forms between the carboxyl carbon (NOT the α-carbon) of 
one amino acid and the amino terminal of the next.  The pi-orbital bonding of the C=N double 
bond in the peptide bond resonance structure prevents a free rotation around the bond axis.  
Hence the atoms shaded in gray are planar. 

 
Protein Structure 
Primary Structure  is the linear order of amino acids in a peptide chain. 
Secondary Structure  is repetitive spatial arrangements of amino acids in the chain 
 



Relative orientation of adjacent amino acids 
is largely determined by steric factors 
based on the Van der Waals radii of the 
neighboring side chains.  The orientation is 
summarized by the torsional angle of the 
two backbone α-carbon bonds relative to 
the plane of the peptide bond of that amino 
acid’s amino terminal. 
 
 Φ= angle of αC-N plane   

ψ= angle of αC-C plane 
 

If you plot the Φ vs. ψ  for every amino acid 
in the protein, a Ramachandran plot, you 
see clusters corresponding to commonly 
found secondary structure motifs.   

 
α-helix is a structure of tightly coiled residues where the carboxyl oxygen of residue n is 
hydrogen bound to an amino hydrogen from residue n+4 in a fashion nearly parallel to the axis of 
the helix, giving the helix a net dipole moment.  Often, a peculiar alternating pattern of hydrophilic 
and hydrophobic residues is found on the helix, which facilitates the formation of larger structural 
motifs of several α-helicies clustering their hydrophobic residues against each other. 
 
β-strands are elongated peptide segments.  They are stabilized through hydrogen bonding with 
other b-strands to form β-sheets.  These come in two flavors, parallel and anti-parallel, 
depending if the chains are oriented in the same or opposite directions, respectively. 
 
 
Questions: 
 
1. Create a sequence of peptides containing 10 amino acids. Chose any of the 20 amino acid types in any 
combination. You can choose an amino acid type more than once. Make the peptides - hydrophobic, 
hydrophilic, positively charged, negatively charged, neutral (one with a glutamic acid, and one with no 
charged residues). Use single letter codes/three letter codes (you should make 6 peptides). 
 
2. What molecular properties determine the solubility of polar molecules in water? What is the importance of 
electrostatic interaction in protein secondary structures? Which type of interaction is mostly involved in the 
presence of chemical groups containing oxygen, nitrogen, but not carbon atoms? Which amino acid 
residues should you avoid when designing a water soluble peptide? 

8. Draw the water structure around a:  
a) Na+ ion                    b) Cl- ion  c) oil droplet  
What major difference in solute-solvent interaction would explain your solutions to problems a, b and c 
respectively?  

Give an example of a process that is entropically driven and one that is largely enthalpic.  What property of 
the process distinguishes it as entropic or enthalpic? 
 
What is the pKa of myoglobin?  Why doesn’t this question make sense? 
 
About how many residues would it take to make an a-helix as long as a 5 residue b-strand? 
 
How does the hydrogen bonding structure in parallel b-sheets differ from anti-parallel ones?  Draw an 
example of each. 
  


