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Physical Properties of A Compound Give 
Valuable Clues about its Structure and Vice Versa:

• We are already familiar with one physical property of compounds: 
dipole moment. 

• Other physical properties – like melting point, boiling point or 
solubility in a particular solvent – are also of concern to us. 

• The physical properties of a new compound give valuable clues about 
its structure. 

• Conversely, the structure of a compound often tells us about the 
physical properties of the given compound. 



Why learn these Concepts?

• In attempting to synthesize a new compound, for example, we have to plan a series of reactions 
which will convert the starting material into the desired compound. 

• We need to work out a method of separating our desired product from all the other compounds 
contained in the reaction mixture: unconsumed reactants, solvent, catalyst if any, by-products etc.

• Usually the isolation and purification of a product is tedious business. 

• The feasibility of isolating the product by distillation depends upon its boiling point and the boiling 
points of the contaminants; 

• Isolation by recrystallization depends upon its solubility in various solvents and the solubility of 
the contaminants; 

• Separation of the product from the contaminants through chromatography depends on the dipole 
moment of the product. 

• The isolation of end product and the success of a synthetic scheme often depends upon making a 
good prediction about the physical properties from the structure.  The desired final product of a 
synthesis should be a pure substance which is often very sensitive and we must learn to handle 
such substance properly. 



Physical Properties:
Melting Points and Boiling Points of Covalent Compounds:

• In a crystalline covalent compound 

the molecules are ordered in some very

regular, symmetrical way. There is a

definite geometric pattern repeated over

and over within the crystal. 

• Melting is the change from this highly 

ordered array of molecules in the crystalline

lattice to the more random arrangement that 

characterizes a liquid. Melting occurs when 

a temperature is reached at which the thermal 

energy of the molecules is great enough to overcome the intracrystalline forces that hold them in fixed position. 

• Although the molecules in a liquid are arranged less regularly and are somewhat free to move about than in a crystal, 

each molecule is attracted by a number of other molecules. 

• Boiling involves the breaking away from the liquid to individual molecules in gas phase. This occurs when a temperature 

is reached at which the thermal energy of the molecules is large enough to overcome the cohesive forces that hold them 

in the liquid. 



M.P. and B. P. : Definition:

• The melting point of a solid is the temperature at which the vapor pressure 
of the solid and the liquid are same. At the melting point the solid and liquid 
phase exists in equilibrium. 

• Similarly boiling point of a liquid is the temperature at which the vapor 
pressure of liquid and the gas are equal. 

• Boling point is very sensitive to the change in pressure. 

• Unlike the boiling point, the melting point is relatively insensitive to 
pressure changes because the solid to liquid transition represents only a 
small change in volume whereas liquid to gas transition is associated with 
large change in volume. 

• Thus,  when reporting the boiling point, often the pressure at which the 
boiling was carried out needs to be mentioned. 



A Real Life Synthesis:
Separation using B.P.

To avoid the possibility of decomposition of organic compounds at higher temperatures, it is a common 

practice to carry out distillation at low pressure where boiling point is lowered.  



Using M. P. to verify the authenticity of a solid sample:

• Melting points are often used to characterize organic compounds and to ascertain 
their purity. The melting point of a pure substance is always higher and has a 
smaller temperature range than the melting point of an impure substance. The 
more impurity is present, the lower is the melting point and the broader is the 
range of melting. 

• Pop-up problem: 4-Nitrophenol, m.p. 114°C on treatment with 60% nitric acid 
yields 2,4-dinitrophenol of m.p. 114°C as a derivative. How can you judge 
whether the derivative is formed at all or you have actually recovered the starting 
material? 



Factors Controlling M.P. and B.P. :

There are several factors upon which melting points and boiling points 
of covalent compounds depend, such as:

• Intermolecular Forces

• Effective Surface Area of the Molecule

• Molecular Symmetry

Let us consider all these factors separately to get a picture how melting 
point and boiling point vary with the change in these. 



Melting Point and Boiling Point rises with stronger 
Intermolecular Forces:

Intermolecular forces are collectively referred to as van der Waals forces 
and consists of the following interactions:  

• London dispersion forces

• Dipole–dipole interactions

• Hydrogen bonding

Of intermolecular forces dispersion forces are the weakest 
intermolecular force and hydrogen bonding is the strongest. 

Dispersion forces < Dipole-dipole interactions < Hydrogen bonding 



Looking into Dispersion Forces:

• Dispersion Forces are also known as London Forces (named after Fritz 
London who first described these forces theoretically in 1930). This is 
often also called Instantaneous dipole-induced dipole interactions.
Dispersion forces of attraction between molecules originate from:

• Momentary dipoles occurring due to uneven electron distributions in 
neighboring molecules as they approach one another. 

• The weak residual attraction of the nuclei in one molecule for the 
electrons in a neighboring molecule. 



Dispersion Force is guided by:

• The more the number of electrons that are present in the molecule, the 
stronger the dispersion forces will be. 

• Dispersion forces are the only type of intermolecular force operating 
between non-polar covalent molecules, for example, dispersion forces 
operate between hydrogen (H2) molecules, chlorine (Cl2) molecules, 
carbon dioxide (CO2) molecules and methane (CH4) molecules. 

• If only dispersion forces are present, then the more electrons the 
molecule has and consequently the more mass it has, for it, the 
stronger the dispersion forces will be, so the higher will be the melting 
and boiling points. 



Variation of B.P. with Dispersion Force:



Dipole-dipole Interaction is More Important:

• In butane, weak London dispersion forces operate. 

• In the next three cases, as shown above, as we move from ethyl methyl ether to propanal

to acetone, the dipole-dipole forces increase in magnitude. 

• It may be noted that acetone has a higher boiling point than its functional isomer, propanal. 

• This is true in general, i.e. ketones are higher boiling than the isomeric aldehydes 

(symmetrical structure). 



Dipolar Attraction is Stronger for Molecules with a Higher 
Dipole Moment:

The more polar the molecule, the higher is its boiling point. This is

obvious as the dipole moments are large, the attraction between the δ+

and δ– of different molecules is strong and can serve to tightly pack the

molecules into a solid.



Variation of B.P. with Dipole Moment:

Since dipole moment is a vector quantity, cis and ortho isomers have higher

dipole moments than trans and meta isomers respectively which in turn

results in higher boiling point.



The Case of Hydrogen-Bonding:

Hydrogen bonding takes place between a species with a polar Xδ--Hδ+ bond and a species with a lone

pair (Yδ-). However, as long as the X-H bond is polar then hydrogen bonding is possible. Similarly, the

most common Lewis bases that participate in hydrogen bond formation involve oxygen, nitrogen, and

fluorine as the donor atom. H-bonding is a special case of dipole-dipole interaction, where hydrogen is

the positive end of the dipole. Prototypical H-bond is represented in the following form:

X––H- - - Y

Here X and Y are, in most cases, O, N and F. Because of its small size and the lack of screening 

electrons, the magnitude of the positive charge on hydrogen in the dipole is high. Hydrogen bonds are 

mostly electrostatic attractions, and as such they are weaker than covalent bonds. Hence H-bonding is 

the strongest among dipole-dipole interactions. With bond strengths generally covering the range of 5 

– 50 kJ/mol, the energy required to break a hydrogen bond is comparable to that of thermal motion 

within the temperature range of 0 – 200°C. 



H-Bonding Requires a Donor and an Acceptor:

In the H-bonding interaction between acetone and water

shown in acetone is termed as the H-bond acceptor, while

water is termed as the H-bond donor.

Compounds like water, alcohols, carboxylic acids, amines, amides, where hydrogen is bonded to an

electronegative atom, can act both as H-bond donors and H-bond acceptors. On the other hand,

compounds like aldehydes, ketones, ethers, nitriles, esters which have electronegative atoms but no

hydrogen bonded to an electronegative atom, can only act as H-bond acceptors. Generally, molecules

with a C-H bond are not H-bond donors through this bond, but in some exceptional cases like Cl3C-H

(chloroform) and NC-H (hydrogen cyanide), there is evidence that they do act as H-bond donors.



Intermolecular H-bonding Increases B.P.:

CH3CH2OH                 CH3-O-CH3

b.p. 78.3°C               b.p. -25°C
Ethanol                 Dimethyl ether

These molecules are structural isomers and yet their

boiling points differ by over 100°C. Ethanol can form

hydrogen bond with itself as shown below but dimethyl

ether cannot.

Evidently ethanol forms a multiply hydrogen bonded network,

requiring a large input of energy to break up the cumulative

interactions and vaporize the molecules. Since dimethyl ether

molecules do not have the requisite hydrogen on an electronegative N,

O or F so they cannot act as hydrogen bond donors. Therefore, they do

not form hydrogen bond with each other. However, there are simple

dipole-dipole interactions among the dimethyl ether molecules

because it has a permanent moment and London dispersion forces but

they are much weaker as evidenced by the very low boiling point.



H-Bonding Exists In Addition to Other van der Waals 
Attractions:

The higher boiling point of the butan-1-ol is due to the additional hydrogen bonding. Comparing

the two alcohols, both boiling points are high because of the additional hydrogen bonding due to

the hydrogen attached directly to the oxygen atom, but they aren't the same. The boiling point of

the 2-methylpropan-1-ol isn't as high as the butan-1-ol because the branching in the molecule

decreases the surface area and thus makes the van der Waals attractions less effective than that in

longer butan-1-ol.



Oxidizing a primary Alcohol to an Aldehyde: Controlling 
the Overoxidation by Exploiting the B.P. Difference:

When a primary alcohol is 

oxidized we may get an 

aldehyde. But it is more 

susceptible to further oxidation 

to carboxylic acid in aqueous 

condition. 

Evidently then problem arises in 

obtaining an aldehyde by the 

oxidation of a primary alcohol. 

Then how can we obtain aldehyde 

by the oxidation of primary 

alcohol? The boiling point of an 

aldehyde is lower than that of an 

alcohol and carboxylic acid. Thus; 

So to carry out the oxidation of ethanol to acetaldehyde, ethanol is added 

in dropwise manner to the oxidizing agent maintained at a temperature 

just above the boiling point of acetaldehyde and thereby after oxidation, 

acetaldehyde is out of contact with oxidizing agent and it is distilled off 

from the reaction mixture. This technique to remove the low boiling 

aldehyde from the reaction mixture during oxidation of alcohol is 

applicable to lower alcohols up to n-butanol 



Inter- vs. Intramolecular H-bonding:

In case of some molecules, hydrogen attached with an

electronegative element is able to form hydrogen bond with

another electronegative element of the same molecule and

this is known as intramolecular hydrogen bonding. So

these molecules can’t form associated structures among

themselves via H-bonding and thus due to lack of

association they have lower melting point and boiling point

with respect to the molecules can form intermolecular H-

bonding. Let us consider the case of ortho-nitrophenol and

para-nitrophenol.



Separating the Product Mixture of Reimer-Tiemann
Reaction: The ortho isomer is steam volatile owing

to the fact that ortho isomer has lower

boiling point than that of para-isomer as

in ortho-isomer intramolecular hydrogen

bonding is present whereas in para-

isomer intermolecular hydrogen bonding

is present:

Thus to isolate the products at first excess

chloroform is distilled off and then the

residual orange-colored liquid is acidified

with dilute sulfuric acid. Acidified solution

is then steam distilled. Unchanged phenol

and o-hydroxybenzaldehyde distil over,

leaving behind p-hydroxybenzaldehyde.

Pop-up problem: How can you separate salicylaldehyde form the mixture of phenol and salicylaldehyde?



Esterification Test: The Sweet Smell of Ester, or is it?

In methyl salicylate there is intramolecular hydrogen bonding whereas in methyl 4-hydroxybenzoate there is

intermolecular hydrogen bonding. Thus methyl salicylate is liquid at room temperature and volatile whereas

methyl 4-hydroxybenzoate is solid at room temperature.

An important qualitative test for the carboxylic acid is the esterification test where carboxylic acid is heated with 

methanol in presence of few drops of concentrated sulphuric acid and then the whole reaction mixture is dropped in 

cold water to get the characteristic smell of the formed ester. Obviously salicylic acid will give this test but not the p-

hydroxybenzoic acid as the corresponding methyl salicylate will have a characteristic smell because of its volatility. 

This characteristic smell is often referred to as the smell of oil of winter green. 



Effective Surface Area influences the Melting Point and 
Boiling Point: 

Greater the surface area of a molecule, greater is the intermolecular interaction, because

of enhanced contact points. Cyclic structure enhances effective surface area by reducing

the conformational freedom. Conformations have a significant influence on how

effectively two molecules interact. Let us consider the example of n-hexane in two

different conformations as shown in the adjacent figure:

It is clear that a given hexane molecule in zig-zag conformation can have maximum

points of contact with another hexane molecule, also in zig-zag conformation, and not

with that in syn conformation. Since a huge number of different conformations are

possible, the probability of molecules interacting in the same conformation is low. On

the other hand, going from acyclic n-hexane to cyclohexane, due to curtailed

conformational possibilities, it is easy to see that any given cyclohexane molecule

will always encounter another cyclohexane molecule in conformations favorable for

interaction as shown:

Hence, it makes sense to say that a cyclic structure has a more effective surface area for interaction than analogous 

acyclic structure. Thus the boiling point of cyclic compound is expected to be higher than that of its corresponding 

acyclic analogue. 



Cyclic vis-à-vis Acyclic Molecules: the role of Effective 
Surface Area



Surface Area: Linear vs. Branched?

A different situation arises when a linear structure is compared to its isomeric branched structure. Branching leads to

more compactness as then it is going to be spherical in shape and thus melting point increases. Whereas since

branching leads to a spherical shape, the surface area decreases and thus intermolecular force decreases and as a

result boiling point decreases. Thus the difference in between melting point and boiling point are expected to

decrease with branched isomer. Consider the following examples:



Distortion in Crystal Packing: Effect on M.P.

In maleic acid, intramolecular H-bonding is partly responsible for

its lower melting point compared to fumaric acid, which can have a

network of intermolecular H-bonding.

If the geometry of the molecule results in some sort of disturbance, 

then the packing coefficient in the crystal decreases which, results 

in a decrease in the melting point. It is often observed that for the 

cis-isomer packing coefficient is lower because of the lack of proper symmetrical stacking and thereby packing is disturbed 

to some extent in comparison to that for trans-isomer. This is another reason for which maleic acid has lower melting point 

than fumaric acid.

Stearic acid is a solid at room temperature and oleic acid is a liquid. 

When lipids crystallize they stack best in the favored zigzag, staggered 

conformation given. The cis double bond in oleic acid adds a "kink" to 

the chain, disrupting the order of the crystal and thus we have the above 

observations.

In cis stilbene, the two phenyl

rings cannot be coplanar, unlike in

trans stilbene, which packs more

compactly and hence has higher

melting point.



Melting Point Increases with High Molecular Symmetry: 
• There is a simple and striking empirical rule concerning the melting point and the symmetry of the molecules of the 

substance: High molecular symmetry is associated with high melting point. The rule is contrary to what common sense 

would suggest. Many highly symmetrical molecules have zero dipole moments. So the forces holding the molecules 

together in the crystal should be weaker than for less symmetrical molecules. Weaker intermolecular forces should mean 

a lower melting point. For this reason, it is interesting to investigate the range of validity of the rule and the underlying

thermodynamics on which it is based.

• The relationship between melting point and molecular symmetry has been known from the paper published by Thomas

Carnelley in 1882. Carnelley reviewed approximately 15,000 melting points and stated the rule in the following form:

"That of two or more isomeric compounds, those whose atoms are the more symmetrically and the more compactly

arranged melt higher than those in which the atomic arrangement is asymmetrical." This is known as, Carnelley’s

Rule. Because the crystalline phase is converted reversibly to the liquid phase at the melting point, ΔGfus = 0 and thus

the molar entropy change of fusion ΔSfus is equal to the molar enthalpy change of fusion ΔHfus divided by the melting

point temperature Tfus:

ΔS fus = ΔHfus/Tfus

• This equation can be rearranged into the following equivalent form

Tfus = ΔHfus/ΔSfus



Carnelly’s Rule & its Explanation:
The melting point can be expressed as the ratio of two quantities that

are to some extent independent of each other and express different

aspects of the melting process. When a crystal melts, there is an

increase in both the enthalpy and the entropy of the substance. The

enthalpy change of fusion is a measure of the amount of energy

required to convert the crystal to a liquid. The entropy change of

fusion is a measure of the increase of randomness or disorder when

the molecules are released from the constraints of the crystal into the

relative freedom of the liquid. Now either a high enthalpy change of

fusion or a low entropy change of fusion or both increases the

melting point. The symmetrical molecules will arrange themselves

compactly in the crystal lattice and this increases the enthalpy change

of fusion in comparison to that of asymmetrical molecule. At the

same time for symmetrical molecules during fusion the entropy

change is low as here number of conformations is lower than that of

asymmetrical molecule. Combination of these two facts usually leads

to Carnelley’s Rule: “High molecular symmetry is associated with

high melting point”.



More Examples of Control of Symmetry:



Cage-like molecules: Very High M.P. 

For such cage like compounds the entropy

change of fusion is exceptionally low as

the conformational freedom is completely

restricted and thus melting point of such

cage like compounds are exceptionally

higher. This is reinforced further if the

molecule has higher symmetry as then

enthalpy change of fusion will be higher

also because of close packing in crystal

lattice.



Learning Outcome:

After Completion of this lesson you should :

• Understand the factors (non-covalent interaction, symmetry, surface area) 
responsible for intermolecular interaction among organic molecules.

• Have a clear idea about different types of non-covalent forces (London dispersion 
force, hydrogen bonding and dipolar attraction) operating between organic 
molecules.

• Be able to judge the relative importance of different intermolecular interactions.

• Be able to predict the relative order of M.P. or B. P. of a given series of molecules 
based upon structural features and non-covalent interactions.

• Be able to appreciate the utility of simple concepts such as M.P. and B.P. in 
separating different products of a given reaction.




