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STRUCTURAL AND PHYSICAL PROPERTIES OF ALKANES 

The common structural feature of all alkanes is the carbon chain.

Alkanes exhibit regular molecular structures and properties

The carbon atoms are tetrahedral, with bond angles close to 109o and with regular C–H (<
1.10 Å) and C–C (< 1.54 Å) bond lengths.

Alkane chains often adopt the zigzag patterns used in bond-line notation. To depict three-
dimensional structures, we shall make use of the hashed-wedged line notation.

The main chain and a hydrogen at each end are drawn in the plane of the page.
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The regularity in alkane structures suggests that their physical constants would follow 
predictable trends. Indeed, inspection of the data presented in Table 2-5 reveals regular 
incremental increases along the homologous series. For example, at room temperature (258C), 
the lower homologs of the alkanes are gases or colorless liquids, the higher homologs are 
waxy solids. From pentane to pentadecane, each additional CH2 group causes a 20–308C 
increase in boiling point (Figure 2-5).

Attractive forces between molecules govern the physical 
properties of alkanes
Why are the physical properties of alkanes predictable? Such trends exist because of inter-
molecular or van der Waals* forces. Molecules exert several types of attractive forces on 
each other, causing them to aggregate into organized arrangements as solids and liquids. 
Most solid substances exist as highly ordered crystals. Ionic compounds, such as salts, are 
rigidly held in a crystal lattice, mainly by strong Coulomb forces. Nonionic but polar mol-
ecules, such as chloromethane (CH3Cl), are attracted by weaker dipole–dipole interactions, 
also of coulombic origin (Sections 1-2 and 6-1). Finally, the nonpolar alkanes attract each 
other by London† forces, which are due to electron correlation. When one alkane  molecule 
approaches another, repulsion of the electrons in one molecule by those in the other results 
in correlation of their movement. Electron motion causes temporary bond polarization in 
one molecule; correlated electron motion in the bonds of the other induces polarization in 
the opposite direction, resulting in attraction between the molecules. Figure 2-6 is a simple 
picture comparing ionic, dipolar, and London attractions.

Figure 2-4 Hashed-wedged line 
structures of methane through 
pentane. Note the zigzag arrang-
ement of the principal chain and 
two terminal hydrogens.
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Figure 2-5 The physical constants of straight-chain alkanes. Their values increase with increas-
ing size because London forces increase. Note that even-numbered systems have somewhat 
higher melting points than expected; these systems are more tightly packed in the solid state 
 (notice their higher densities), thus  allowing for stronger attractions between molecules.
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*Professor Johannes D. van der Waals (1837–1923), University of Amsterdam, The Netherlands, Nobel 
Prize 1910 (physics).
†Professor Fritz London (1900–1954), Duke University, North Carolina. Note: In older references the 
term “van der Waals forces’’ referred exclusively to what we now call London forces; van der Waals 
forces now refers collectively to all intermolecular attractions.
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The regularity in alkane structures suggests that their physical constants would follow
predictable trends. Indeed, inspection of the data reveals regular incremental increases along
the homologous series.

For example, at room temperature (25 oC), the lower homologs of the alkanes are gases or
colorless liquids, the higher homologs are waxy solids. From pentane to pentadecane, each
additional CH2 group causes a 20–30 oC increase in boiling point.

In alkanes, melting points rise with
increasing molecular size due to
greater London attractions.

Branched alkanes have weaker
attractions result in lower melting and
boiling points.
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Attractive forces between molecules govern the physical properties of alkanes

Such trends exist because of intermolecular or van der Waals forces. Molecules exert
several types of attractive forces on each other, causing them to aggregate into organized
arrangements as solids and liquids. Most solid substances exist as highly ordered crystals.

Ionic compounds, such as salts, are rigidly held in a crystal lattice, mainly by strong
Coulomb forces.

Nonionic but polar molecules, such as chloromethane (CH3Cl), are attracted by weaker
dipole–dipole interactions, also of coulombic origin.

The nonpolar alkanes attract each other by London forces, which are due to electron
correlation. When one alkane molecule approaches another, repulsion of the electrons in
one molecule by those in the other results in correlation of their movement.

Electron motion causes temporary bond polarization in one molecule; correlated electron
motion in the bonds of the other induces polarization in the opposite direction, resulting in
attraction between the molecules.
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ROTATION ABOUT SINGLE BONDS: CONFORMATIONS 

How the forces present within molecules (i.e., intramolecular forces) make some geometric
arrangements of the atoms energetically more favorable than others?

Rotation interconverts the conformations of ethane
If we build a molecular model of ethane, we can see that the two methyl groups are readily
rotated with respect to each other. The energy required to move the hydrogen atoms past
each other, the barrier to rotation, is only 2.9 kcal mol-1 (12.1 kJ mol-1). This value turns out
to be so low that chemists speak of “free rotation” of the methyl groups.

In general, there is free rotation about all single bonds at room temperature.

The rotational movement in ethane by the use of hashed-wedged line structures:
82 S t r u c t u r e  a n d  R e a c t i v i t yC H A P T E R  2

these two extremes, rotation of the methyl group results in numerous additional positions, 
referred to collectively as skew conformations.

The many forms of ethane (and, as we shall see, substituted analogs) created by such 
rotations are called conformations (also called conformers). All of them rapidly inter-
convert at room temperature. The study of their thermodynamic and kinetic behavior is 
 conformational analysis.

Newman projections depict the conformations of ethane
A simple alternative to the hashed-wedged line structures for illustrating the conformers of 
ethane is the Newman* projection. We can arrive at a Newman projection from the hashed-
wedged line picture by turning the molecule out of the plane of the page toward us and 
viewing it along the C–C axis (Figure 2-8A and B). In this notation, the front carbon 
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Figure 2-7 Rotation in ethane: (A and C) staggered conformations; (B) eclipsed. There is virtually 
“free rotation” between conformers.

*Professor Melvin S. Newman (1908–1993), Ohio State University.
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Figure 2-8 Representations of ethane. (A) Side-on views of the molecule. (B) End-on views of 
ethane, showing the carbon atoms directly in front of each other and the staggered positions of the 
hydrogens. (C) Newman projection of ethane derived from the view shown in (B). The “front” carbon 
is represented by the intersection of the bonds to its three attached hydrogens. The bonds from the 
remaining three hydrogens connect to the large circle, which represents the “back” carbon.



6

There are two extreme ways of drawing ethane: staggered and eclipsed.

A 60o turn converts the staggered form into the eclipsed arrangement.

Many forms of ethane created by such rotations, called conformations (also called
conformers). All of them rapidly interconvert at room temperature.

The study of their thermodynamic and kinetic behavior is conformational analysis.82 S t r u c t u r e  a n d  R e a c t i v i t yC H A P T E R  2
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Newman projection

Viewing the molecule along the C–C axis. The front carbon obscures the back carbon, but the
bonds emerging from both are clearly seen.

The front carbon is depicted as the point of juncture of the three bonds attached to.

The back carbon is represented by a circle. The bonds to this carbon project from the outer
edge of the circle.
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obscures the back carbon, but the bonds emerging from both are clearly seen. The front 
carbon is depicted as the point of juncture of the three bonds attached to it, one of them 
usually drawn vertically and pointing up. The back carbon is represented by a circle (Fig-
ure 2-8C). The bonds to this carbon project from the outer edge of the circle. The extreme 
conformational shapes of ethane are readily drawn in this way (Figure 2-9). To make the 
three rear hydrogen atoms more visible in eclipsed conformations, they are drawn somewhat 
rotated out of the perfectly eclipsing position.

The conformers of ethane have different potential energies
The conformers of ethane do not all have the same energy content. The staggered conformer 
is the most stable and lowest energy state of the molecule. As rotation about the C–C bond 
axis occurs, the potential energy rises as the structure moves away from the staggered geom-
etry, through skewed shapes, ! nally reaching the eclipsed conformation. At the point of 
eclipsing, the molecule has its highest energy content, about 2.9 kcal mol21 above the stag-
gered conformation. The change in energy resulting from bond rotation from the staggered 
to the eclipsed conformation is called rotational or torsional energy, or torsional strain.

The origin of the torsional strain in ethane remains controversial. As rotation to the 
eclipsed geometry brings pairs of C–H bonds on the two carbons closer to each other, 
repulsion between the electrons in these bonds increases. Rotation also causes subtle changes 
in molecular orbital interactions, weakening the C–C bond in the eclipsed conformation. 
The relative importance of these effects has been a matter of debate for decades, with the 
most recent published theoretical research (2007) favoring electron repulsion as the major 
contributor to the rotational energy.

A potential-energy diagram (Section 2-1) can be used to picture the energy changes asso-
ciated with bond rotation. In the diagram for rotation of ethane (Figure 2-10), the x axis denotes 
degrees of rotation, usually called torsional angle. Figure 2-10 sets 08 at the energy minimum 
of a staggered conformation, the most stable geometry of the ethane molecule.* Notice that 
the  eclipsed conformer occurs at an energy maximum: Its lifetime is extremely short (less 
than 10212 s), and it is in fact only a transition state between rapidly equilibrating staggered 
arrangements. The 2.9 kcal mol21 energy difference between the staggered and eclipsed con-
formations therefore corresponds to the activation energy for the rotational process.

Staggered: More stable,
because facing C–H

bonds are at maximum
distance (dashed lines)

Eclipsed: Less stable,
because facing C–H

bonds are at minimum
distance (dashed lines)

Staggered StaggeredEclipsed
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H
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Figure 2-9 Newman projections 
and ball-and-stick models of stag-
gered and eclipsed conformers of 
ethane. In these representations, 
the back carbon is rotated clock-
wise in increments of 608.

*Strictly speaking, the torsional (also called dihedral) angle in a chain of atoms A–B–C–D is de! ned as 
the angle between the planes containing A,B,C and B,C,D, respectively. Thus, in Figure 2-10 and 
subsequent ! gures in the next section, a torsional angle of 08 would correspond to one of the eclipsed 
conformations.

To make the three rear hydrogen atoms more visible in eclipsed conformations, they are
drawn somewhat rotated out of the perfectly eclipsing position.
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The staggered conformer is the most stable and lowest energy state of the molecule.

In eclipsed, the molecule has highest energy content (2.9 kcal mol-1) above the staggered.

The change in energy resulting from bond rotation from the staggered to the eclipsed
conformation is called rotational or torsional energy, or torsional strain.

84 S t r u c t u r e  a n d  R e a c t i v i t yC H A P T E R  2

All organic molecules with alkane-like backbones exhibit such rotational behavior. The 
sections that follow will illustrate these principles in more complex alkanes. Later chapters 
will show how the chemical reactivity of functionalized molecules can depend on their 
conformational characteristics.

In Summary Intramolecular forces control the arrangement of substituents on neighboring 
and bonded carbon atoms. In ethane, the relatively stable staggered conformations are inter-
converted by rotation through higher-energy transition states in which the hydrogen atoms 
are eclipsed. Because the energy barrier to this motion is so small, rotation is extremely 
rapid at ordinary temperatures. A potential-energy diagram conveniently depicts the energet-
ics of rotation about the C–C bond.
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Figure 2-10 Potential-energy diagram of the rotational isomerism in ethane. Because the 
eclipsed conformations have the highest energy, they correspond to peaks in the diagram. These 
maxima may be viewed as transition states between the more stable staggered conformers. The 
activation energy (Ea) corresponds to the barrier to rotation.

2-9 ROTATION IN SUBSTITUTED ETHANES

How does the potential-energy diagram change when a substituent is added to ethane? 
Consider, for example, propane, whose structure is similar to that of ethane, except that a 
methyl group replaces one of ethane’s hydrogen atoms.

Steric hindrance raises the energy barrier to rotation
A potential-energy diagram for the rotation about a C–C bond in propane is shown in 
Figure 2-11. The Newman projections of propane differ from those of ethane only by the 
substituted methyl group. Again, the extreme conformations are staggered and eclipsed. 
However, the activation barrier separating the two is 3.2 kcal mol21 (13.4 kJ mol21), 
slightly higher than that for ethane. This energy difference is due to unfavorable interference 
between the methyl substituent and the eclipsing hydrogen in the transition state, a phe-
nomenon called steric hindrance. This effect arises from the fact that two atoms or groups 
of atoms cannot occupy the same region in space.

Model Building
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Origin of the torsional strain:

Rotation to the eclipsed geometry brings pairs of C–H bonds on the two carbons closer to
each other, repulsion between the electrons in these bonds increases.

Rotation also causes subtle changes in molecular orbital interactions, weakening the C–C
bond in the eclipsed conformation.
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subsequent ! gures in the next section, a torsional angle of 08 would correspond to one of the eclipsed 
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Conformational analysis of butane
In staggered conformer, two methyl groups are as far away from each other, called anti is
the most stable because steric hindrance is minimized.

As a consequence of steric hindrance, the gauche conformer is higher in energy than the
anti conformer by about 0.9 kcal mol-1 (3.8 kJ mol-1).
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Figure 2-12 Clockwise rotation of the rear carbon along the C2–C3 bond in a Newman 
projection (top) and a ball-and-stick model (bottom) of butane.
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Figure 2-13 Potential-energy diagram of the rotation about the C2–C3 bond in butane. There 
are three processes: anti n gauche conversion with Ea1 5 3.6 kcal mol21; gauche n gauche 
rotation with Ea2 5 4.0 kcal mol21; and gauche n anti transformation with Ea3 5 2.7 kcal mol21.
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Figure 2-13 Potential-energy diagram of the rotation about the C2–C3 bond in butane. There 
are three processes: anti n gauche conversion with Ea1 5 3.6 kcal mol21; gauche n gauche 
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Potential-energy diagram: The anti conformer is the most stable and most abundant in
solution (about 72% at 25 oC). Its less stable gauche counterpart is present in lower
concentration (28%).


