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SALEM – Immanuel Lutheran College 
S6 Chemistry Notes / Intermolecular Forces 

 
♥ There are three kinds of intermolecular forces. 
 

1. Dipole-dipole interactions 
2. Dipole-induced dipole interactions  
3. Instantaneous dipole-induced dipole interactions  

 
♥ Intermolecular forces are known collectively as van der Waals’ forces, named after the physicist 

(Nobel laureate in Physics, 1910) who developed the equation to describe the behavior of real 
gases. 
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  van der Waals' equation (not required in AL) 

 
1.  Dipole-dipole Interactions 
 

 Electrostatic interactions between polar molecules  
 

♦ When a polar molecule encounters another polar molecule, the positive end of one molecule 
is attracted to the negative end of the other polar molecule. (Figure 1) 

 
 
 
 
 
 
 
 
 

 
♦ In a sample of many polar molecules, both attractive forces and repulsive forces exist to result 

in a balance of forces that holds the molecules together. (Figure 2) 
 
2.  Dipole-induced dipole interactions (Dispersion forces) 
 

 Electrostatic interactions between polar molecules and non-polar molecules 
 

♦ When a polar molecule such as water approaches a non-polar molecule such as O2, the 
electron cloud of O2 is distorted or polarized. As a result, the O2 molecule becomes polar and 
the water and oxygen molecules are attracted to one another by permanent dipole-induced 
dipole interactions. This is why oxygen gas dissolves in water, although very slightly. 
(Hydrogen bonds are also formed between water molecules and oxygen molecules, refer to 
pp.86-92) 

Figure 1 Figure 2 

London dispersion forces 
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 Dispersion forces are present in ALL molecular substances. They are electrostatic interaction 
involving induced dipoles. Dispersion forces are the major contributors to the overall van der 
Waals' forces between most molecules. In HCl, for example, about 15% of the intermolecular 
force is dipole-dipole attraction, and the remaining 85% are dispersion forces. Only in cases in 
which strong hydrogen bonding (a kind of dipole-dipole interaction) occurs are dispersion forces 
superseded by dipole-dipole interactions. 

 
 The process of inducing a dipole is called polarization. 

 
 A measure of how easily the electron cloud of an atom (e.g. Ne or Ar) or a molecule (e.g. O2, I2) 

can be distorted to induce a dipole is known as the polarizability of the atom or molecule. 
 

In general, size of electron cloud ↑ ⇒ electron cloud is less controlled by positive nuclei 
⇒ extent of electron cloud distortion ↑ 
⇒ polarizability ↑ 
⇒ stronger dispersion forces 

 
3.  Instantaneous dipole-induced dipole interactions  
 

 Electrostatic interactions between non-polar molecules 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Because of the constant movement of electrons, there is a continuous change in the charge 
distribution within atoms or molecules. Thus, small instantaneous dipoles are formed which  
induce dipoles in neighbouring atoms or molecules resulting in small instantaneous  
attractive forces.(London dispersion forces) 

 
 Although the instantaneous dipoles continuously change the direction of their dipole moments, 

attractive forces between the instantaneous dipoles and the induced dipoles are maintained. 
 
 
 
 
 
 
 

Instantaneous dipole on 
molecule A induces a 
dipole on molecule B 

δ+      δ−       δ+      δ−     δ−      δ+       δ−      δ+ 

At time t1                                At time t2 
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 Evidence for the presence of London dispersion forces 
 

♦ Condensation of noble gases at low temperatures to form liquids and solids indicates the 
  presence of attractive forces between non-polar atoms of noble gases. 

 
e.g. Xe(g)  → Xe(s)  ∆Hsublimation = −14.9 kJ mol−1 

 
♦ The non-ideal behaviour of gases as described by the van der Waals' equation (p.77) 

 
 
Strength of van der Waals' Forces 
 
♥ In general, van der Waals' forces are much weaker than covalent bonds (about 10% the strength of 

a covalent bond). As a result, van der Waals' radius of a non-metal is always larger than the 
corresponding covalent radius (p.44).  

 
Q.59 What would happen if two iodine molecules approach each other at a distance less than 2 
   times the van der Waals’ radius of iodine ? 
 
 
 
 
 
♥ The strength of van der Waals' forces can be estimated by melting point, boiling point, enthalpy 

change of fusion or enthalpy change of vapourization of molecular species. 
 

Higher m.p. / b.p. / ∆Hfusion / ∆Hvap  ⇒  stronger van der Waals' forces 
 
♥ The strength of van der Waals' forces depends on three factors (in order of importance) : - 
 

1. van der Waals' forces ↑ as the size of the molecule ↑ 
   Q size of molecule ↑ ⇒ size of electron cloud ↑  

⇒ polarizability ↑ ⇒ dispersion forces ↑ 
Note : Sometimes, it is true to say that van der Waals' forces ↑ as the relative molecular mass ↑ 

 
   halogens         F2   <   Cl2   <   Br2   <   I2 

   b.p.(oC)        −188      −34       58       183 
 

2.  van der Waals' forces ↑ as the contact area between atoms or molecules ↑ 
  Q van der Waals' forces are short-ranged forces 

⇒ atoms or molecules must come close together for significant induction of dipoles. 

♦ The extremely high melting point of graphite is partly due to the van der Waals' forces 
   between layers of large surface area. 

♦ The relatively high melting points of polymers such as polyethene (>100oC) as 
compared with ethene (−169oC) is due to van der Waals' forces between polymer chains 
of large surface area. 



ILCALChem/Bonding and structure_2010                                             Prepared by Chio U Kim 80

3.  For molecules with similar relative molecular sizes and surface areas, 
  the strength of van der Waals' forces between molecules follows the order : - 
 

polar / polar   >   polar / non-polar   >   non-polar / non-polar 
 
                    

E.g.               (RMM = 58, b.p. = 50oC)  C4H10  (RMM = 58, b.p. = 0oC) 
 
 
Notes :  Even for polar molecules such as HCl, the major contribution to the overall van der Waals' 

forces comes from dispersion forces rather than the dipole-dipole interaction. 
 

         % contribution to the overall van der Waals' forces 
Molecule Dipole-dipole 

interaction 
Dipole-induced dipole 

interaction 
Instantaneous dipole- 

induced dipole interaction
C4H10 0 0 100 
HCl 15 4 81 

 
Q.60 Arrange the following substances in order of increasing boiling temperatures. Explain your 

answers.  
(Relative atomic masses : C=12.0, H=1.0, O=16.0, N=14.0, Cl=35.5, Br=79.9, I=127) 

 
(a) CH3Cl  CH3Br  CH3I 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  
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Q.60  (c) F2  Cl2  ClF  CH2Cl2 
 
 
 
 
 
 
 
 
 
 
 
  (d) C2H6  NO 
 
 
 
 
 
 
 
 
 
 
♥ The melting of a solid involves the separation of molecules from a regularly packed molecular 

crystal. Thus, the melting point of a solid not only depends on the strength of van der Waals' 
forces but also the packing efficiency of molecules in the molecular crystal. 

 
 

 
 
 
Q.61  Explain the variation in melting point of the three isomers of C5H12. 
 
 
 
 
 
 m.p.(oC)    −136       −160            −20 
 

Symmetry of molecules ↑ ⇒ Packing efficiency ↑ ⇒ m.p. ↑ 

H3C

H2
C

C
H2

H2
C

CH3 H3C

H2
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CH3

CH3

CH3

C
H3C CH3

CH3
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Molecular Crystals 
 
Molecular crystals consist of molecules held together by weak van der Waals' forces. Iodine and dry 
ice are examples of molecular crystals. Both have a face-centred cubic structure. 
 

 
 
Buckminsterfullerenes (C60) 
 
Buckminsterfullerenes or simply fullerenes are a family of carbon allotropes named after the architect 
Richard Buckminster Fuller. They are in the form of a hollow sphere, ellipsoid, or tube. Spherical 
fullerenes are called buckyballs while cylindrical fullerenes are called nanotubes or buckytubes. 
Fullerenes are similar in structure to graphite, which is composed of a sheet of linked hexagonal rings, 
but they contain also pentagonal rings that prevent the sheet from being planar. 
 
C60 was the first fullerene identified by R.E. Smalley, R.F. Curl and H.F. Kroto (Nobel laureates in 
Chemistry, 1996) in 1985. 
 
C60 dissolves in benzene to give a red solution, suggesting that it has a molecular structure rather 
than a network structure. 
 
The proposed structure for C60 is derived from an icosahedron (Figure 1(a)) by truncating or 
"snipping off" each of the twelve vertices (Figure 1(b)). Hence, each vertex is replaced by a 
five-membered ring - a pentagon. This snipping process also converts each of the twenty former 
triangular faces into six-membered rings - hexagons. Thus, C60 looks like a soccer ball with faces 
made up of 12 pentagons and 20 hexagons. Each pentagon shares common edges with five hexagons. 
Geometrically, C60 is the most symmetrical molecule ever known. 
 
 
 
 
 
 
 
 
 
 
 
 
Unlike graphite in which all C–C bonds are identical (bond length = 0.142 nm) due to complete 
delocalization of pi electrons, the C60 molecule has two kinds of C–C bonds (Figure 2). The C–C 
bonds between two hexagons can be considered "double bonds" (why?) with a shorter bond length 
(0.1386 nm) than that (0.1434 nm) of the C–C bonds between a hexagon and a pentagon. 
 

(a) unit cell of dry ice (CO2) and (b) the orientation of CO2 molecules through 
dipole-dipole interaction 

(a) (b) 

Figure 1(a)    Figure 1(b) 
icosahedron     truncated icosahedron

Figure 2 
Two kinds of C–C bonds in C60
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Changes of States and Intermolecular Forces 
 
Matter exists in three different states (phases): solid, liquid and gas. For molecular substances, the 
change of physical state is closely related to the intermolecular forces. A change of physical state 
involves a change in intermolecular forces but not covalent bonding within the molecules. 
 
 
Phase Diagram of Carbon Dioxide 
 
A pressure-temperature diagram (a phase diagram) is a graph summarizing the conditions of pressure 
and temperature under which the different states(phases) of a substance are stable. A general form of 
the phase diagram of carbon dioxide is shown below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. The phase diagram consists of three regions in each of which only one phase is stable. 

E.g. The region labelled as Solid represents the conditions of pressure and temperature under 
which only solid phase of carbon dioxide can exist. 

 
2. The three regions meet at three lines, along which two phases coexist in equilibrium. 
 

2.1 AT is the sublimation curve. It represents the conditions of pressure and temperature under 
which CO2(s) and CO2(g) coexist in equilibrium. 

  
 
     CO2(s)     CO2(g) 
 

AT shows the variation of sublimation temperature of carbon dioxide with external pressure. 
 

2.2 TB is the melting curve. It represents the conditions of pressure and temperature under 
which CO2(s) and CO2(l) coexist in equilibrium. 

  
 

CO2(s)     CO2(l) 
 

TB shows the variation of melting temperature of carbon dioxide with external pressure. 
 

A 

Temperature / °C
Pressure / atm

Vapour 

Solid Liquid

B

5.1 atm

−56.4°C

Pc = 73 atm 

Tc = 31°C 

Supercritical fluid

GAS 
T

C

sublimation

melting 
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Vapour

Solid Liquid

Triple
 point

2.3 TC is the boiling curve. It represents the conditions of pressure and temperature under 
which CO2(l) and CO2(g) coexist in equilibrium.  

 
CO2(l)      CO2(g) 

 
TC shows the variation of boiling temperature of carbon dioxide with external pressure. 

 
 
Q.62 Describe, using the terms boiling, melting, sublimation, condensation, freezing, the 

change that would happen to the system when the temperature or pressure is altered as 
shown in the phase diagram below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) _____________________________  (b) _______________________________ 
 

(c) ______________________________ (d) _______________________________ 
 

(e) _____________________________ 
 
 
3. The three lines intersect at a single point (T) where all three phases coexist in equilibrium. 

Point T is called the triple point. For CO2, this can only happen at one particular combination of 
pressure and temperature(P = 5.1 atm, T = −56.4°C). Under these conditions, the vapour pressure 
above the solid equals the vapour pressure above the liquid. 

 
 
 
 
 
 
 
 
 
 
 

The pressure at the triple point is higher than 1 atm. It follows that when solid CO2 is heated 
at normal pressure (1 atm), the vapour pressure developed is always less than that at the triple 
point. This explains why liquid carbon dioxide cannot exist at normal atmospheric pressure, and 
solid carbon dioxide sublimes when left exposed to a warm atmosphere. 

boiling 

(b)

Temperature / °C

Pressure / atm

vapour

solid 
liquid (a)

(c)

(d)

(e) 
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4. The upper limit of line TC, at C, is the critical point, beyond which the boundary between liquid 
phase and vapour phase disappears. It happens for carbon dioxide at Pc = 73 atm and Tc = 31°C.  
Pc and Tc are known as the critical pressure and critical temperature respectively.  

 
4.1 Above the critical temperature, the vapour cannot be condensed no matter how high the 

external pressure is. Therefore, it is more appropriate to say that the substance exists in the 
gas phase above its critical temperature. The term vapour can only be applied to a gas 
that exists below its critical temperature. In other words, when we use the term vapour to 
describe a gas, it is assumed that the gas can be condensed to give a liquid at a certain 
pressure. 

 
4.2 The substance that exists beyond its critical point (T ≥ Tc & P ≥ Pc) is called a supercritical 

fluid. It is like a gas under such a high pressure that its molecules have been forced almost 
as close together as they are in the liquid state. The high temperature, however, enables the 
molecules to have enough kinetic energy to overcome the intermolecular forces. So, a 
supercritical fluid has a high density like that of a liquid and a high mobility like that of a 
gas. Supercritical fluids have the ability to dissolve normally insoluble materials. For 
example, food companies now use supercritical CO2 to extract caffeine from coffee beans – 
a process called decaffeination. 

 
 
Q.63 Carbon dioxide is usually pressurized at about 73 atm in a fire extinguisher. In winter, 

sloshing sound can be heard when the fire extinguisher is shaken indicating the presence of 
liquid CO2. However, on a hot summer day, the carbon dioxide is not heard sloshing. 
Explain this phenomenon. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Q.64 Solid CO2 is observed when liquid CO2 is suddenly released to the atmosphere from a fire 

extinguisher. Explain your answer with reference to the phase diagram of CO2. 
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Hydrogen Bonding 
 
♥ Criteria for forming hydrogen bonds : - 
 

1. A hydrogen atom bonded to a highly electronegative atom (F , O , or N) 
2. A lone pair on a highly electronegative atom (F , O , or N) 

 
  

 
 
 
 
 
 
 
 
 

A hydrogen atom located between two highly electronegative atoms is an indication for the presence 
of a hydrogen bond. The hydrogen atom can be considered as a bridge between two highly 
electronegative atoms. 

 
 
♥ Hydrogen bonds are extra strong dipole-dipole interactions because 
 

1. the polarity of H–X bond is great when X is F , O , or N 
 
2. the H atom does not have inner electrons  

⇒  its nucleus (proton) is partially exposed due to great polarization of bond.  
⇒  the partial positive charge on H is so concentrated that it can come very close to  
   the lone pair of a highly electronegative atom(also very small) 
⇒  extra strong dipole-dipole attraction 

 
The relative strength of van der Waals' forces, hydrogen bonding and covalent bonding are shown 
in the table below. 

 
Conversion Energy absorbed /kJ mol−1 Forces overcome 

He(s)  →  He(g) 0.11 van der Waals' forces 
H2O(s)  →  H2O(g) 46.90 Hydrogen bonding 

O2(g)  →  2O(g) 494.00 Covalent bonding 
 
Q.65  Arrange the following bonds in increasing tendency of hydrogen bond formation. Explain. 
 
  C–H  S–H  Cl–H O–H  F–H  N–H  
 
 
 
 

Hydrogen fluoride
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Intermolecular Hydrogen Bonding 
 
1. Hydrogen fluoride 
 

♦ Formation of acid salt KHF2 
 

2HF   +   KOH   →   H2O   +   KHF2  (acid salt) 
 

δ+   δ−        δ+  δ−                    −H+ 
H – F         H – F   +   KOH         [F – H      F]−   ↔   [F      H – F]− 

 
The two H – F bonds in HF2

− are identical 
 
2. Hydrides of fluorine, oxygen and nitrogen 

 
♦ The b.p. of Group IV hydrides ↑ with increasing molecular size (mass). 

 
 Q Group IV hydrides are non-polar ⇒ only London dispersion forces exist 

⇒ b.p. depends solely on molecular size (mass) 
 

♦ The abnormally high boiling points of H2O, HF and NH3 are due to the presence of 
intermolecular H-bonds. 

 
The H-bonds formed are so strong that they become the major contributors of the overall van 
der Waals' forces. 

 
Molocule H–F H–Cl H–Br H–I 

Dipole moment (D) 1.90 1.03 0.78 0.38 
Strength of dipole-dipole 

attraction 
 

increasing 

Strength of 
dispersion forces 

 
increasing 

 
dispersion forces predominate 

 
Conclusion :  b.p.  HF  > HCl   >   HBr > HI   
 

dipole-dipole attraction predominates 
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Q.66 Explain the following trend of boiling points in terms of hydrogen bonding. 
 

H2O  >  HF  >  NH3 
 
 
 
 
 
 
 
 
3. Hydrogen bonding in ice 
 

♦ In ice, the water molecules are tetrahedrally bonded to one another by H-bonds to give an 
open structure with higher stability and lower density than liquid water. 

 

 
♦ In liquid state, water molecules pack together more closely and randomly to form clusters, 

(H2O)n , in which water molecules are bonded to one another by H-bonds. 
 
 
 
 
 
 
 
 
 
 
 
 
 

♦ Formation of H-bonds in water is vital for all living things on earth, e.g. 
(a) Ice is less dense than water. Ice floats on water and prevents freezing of water 

underneath such that marine lives can survive. 
  

(b) liquid water has especially high surface tension such that water can be transported to 
the top of trees by capillary action. 

Bond length = 0.096 nm 

Bond length = 0.181 nm 
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T>100℃  
1 atm 

vapour
water 

vapour 

T=100℃  
1 atm 

water 
ice 

T=0℃  
1 atm 

water

0℃<T<100℃ 
1 atm 

ice 

T<0℃  
1 atm 

piston 
Frictionless

heat heat heat heat 

(1) (3)(2) (4) (5)

Phase diagram of water 
 
 
 
 

 
 

     
 
 
 
 
 
 
 
 
 
The negative slope of the melting curve TB of water can be explained in terms of the structure of 
water and ice. When pressure on an object is increased, common sense tells us that the volume of the 
object will become smaller, giving the substance a higher density. Because ice is less dense than liquid 
water (due to the open lattice structure of ice), the equilibrium between ice and liquid water shifts to 
the side of liquid water at increased pressure and fixed temperature.  
 

H2O(s)                     H2O(l) 
    (lower density)               (higher density) 

 
Of the thousands of substances for which phase diagrams are known, only water, bismuth(Bi), and 
antimony(Sb) have melting curves with negative slopes. 
 
The changes involved when a piece of ice is heated up slowly at 1 atm are summarized below. 
 
1. At (1), only ice exists and no phase 

equilibrium is established. 
2. At (2), ice melts and a phase 

equilibrium is established between 
ice and liquid water. 

3. At (3), all the ice has melted and 
only liquid water is present. 

4. At (4), liquid water boils and a 
phase equilibrium is established 
between water and its vapour. 

5. At (5), all the liquid has vapourized 
and only water vapour is present. 

 
 
 
 
 

 
 
 
 

 

Pressure / atm

(3) (2)(1) (4)

0°C 100°C 
T /°C 

vapour 

solid 
liquid 

1atm (5)

Supercritical fluid 

0°C 374°C100°C0.01°C

A 

Temperature / °C

Pressure / atm
 

vapour

solid 
liquid

B

0.006atm 

217.2atm 

1atm 

GAS 

T

C

Pressure ↑

Pressure ↓
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4. Alcohols vs Thiols 
 

♦ Although alcohols have smaller sizes than corresponding thiols, alcohols have higher boiling 
points than corresponding thiols due to the formation of intermolecular H-bonds. 

 
Alcohol CH3OH C2H5OH C3H7OH C4H9OH 
b.p.(°C) 64.5 78 97 117 

Thiol CH3SH C2H5SH C3H7SH C4H9SH 
b.p.(°C) 5.8 37 67 97 

 
5. Carboxylic Acids 
 

♦ The relative molecular mass of CH3COOH in vapour phase and in non-polar solvents such as 
benzene is 120 and not 60. This is caused by the dimerization of ethanoic acid molecules by 
the formation of intermolecular H-bonds. 

 
 
 
 
 
Q.67  In aqueous solution or polar solvents, ethanoic acid exists as monomer with RMM = 60. Why? 
 
 
 
 
 
 
 
6. Hydrated Copper(II) Sulphate 
 

♦ On gentle heating, four molecules of water of crystallization in CuSO4•5H2O are removed. 
The fifth water molecule can only be removed by strong heating. This indicates that the fifth 
water molecule is different from the other four.    

 
Gentle heating CuSO4•5H2O(s)  →  CuSO4•H2O(s)  + 4H2O(g) 

 
Strong heating CuSO4•H2O → CuSO4(s)   +  H2O(g) 

 
Interpretation : In each unit of hydrated copper(II) sulphate, four water molecules are bonded 

to the copper(II) ion by dative bonds and the fifth water molecule forms 
hydrogen bonds with two sulphate ions and two water molecules as shown 
below. 

 
 
 
 
 
 
 
 
 
 
 

CH3C
HO

O
H3C C

O

OH
RMM = 2×60 = 120

Cu(H2O)4SO4•H2O 
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Q.68  Similar structures such as Cu(NH3)4SO4•H2O exist but NOT Cu(NH3)4SO4•NH3.  
Explain briefly. 

 
 
 
 
 
 
 
 
Intramolecular Hydrogen Bonding 
 
♦ Isomers with intramolecular H-bonds usually have lower boiling points than isomers with 

intermolecular H-bonds. 
 
 
 
      (b.p. =214°C)     (b.p. = 279°C) 
 
 
 

Interpretation : Formation of intramolecular hydrogen bonds prevents the formation of 
intermolecular hydrogen bonds ⇒ lower boiling point 

 
 
Roles of Hydrogen Bonding in Biochemical Systems 
 
1. Structure of Proteins 

1.1 Proteins are made of amino acids joined together to form chains. The sequence of amino acids 
in a protein is known as the primary structure of the protein. 

 
1.2 The molecular chains of protein can join to one another by forming intermolecular hydrogen 

bonds between the N–H and C=O groups of the neighbouring chains. This results in the 
β-pleated sheet arrangement (secondary structure) in some proteins. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

O H

N

O

O

O
H

O O

β-structure 

Both N and C of the N – C bond are sp2 hybridized (coplanar) 
to facilitate the delocalization of π electrons.  
N – C bond has double bond character  
⇒ free rotation with respect to the bond axis is restricted 
⇒ N – H and C = O groups are held in opposite positions to 
  facilitate the formation of inter-chain H-bonds 

N C

C

O

H

C

N C

C

O

H

C
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1.3 The molecular chains of protein can be held in position to give the α-helical 
structure(secondary structure) by forming intramolecular hydrogen bonds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.4 Both α- and β- structures were first suggested by Linus Pauling. 
1.5 Three dimensional arrangements of the α- or β- structures are the tertiary structures. 

 
2. Structure of DNA 

2.1 DNA consists of two helical chains held together by intermolecular hydrogen bonds to give 
the double helix structure. 

 
2.2 The hydrogen bonds are formed between specific pairs of bases on the two neighbouring 

chains. 
 

2.3 Each adenine always forms two H-bonds with a thymine (A – T combination). 
  

2.4 Each guanine always forms three H-bonds with a cytosine (G–C combination). 

α-structure

Intramolecular 
hydrogen 
bonds


