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Total Strain Energy of a Molecule

• The most suitable arrangement of the atoms in a molecule

corresponds to the absolute minimum in the total energy of the

resulting molecule. This arrangement then corresponds to the actual

structure of the molecule.

• A molecule will assume such a geometry that minimizes its total

energy. Strains will be introduced in a molecule depending on the

extent to which its structural parameters deviate from their ideal

values.

• The overall strain energy (Vtot) of a molecule can be expressed in

terms of a number of contributions: bond stretching or compression

strain, bond angle and torsion angle strain, nonbonded interaction,

electrostatic interaction, and (in the liquid phase) solvation energy.



Total Strain Energy of a Molecule

• In detail, the total strain energy of the molecule Vtot, may be
equal to:

Vtot = Vl + Vθ + Vω + Vnb + VE – Vs  --------- Equation 1

• Vl : The energy due to bond stretching or compression

(summed for all bonds)

• Vθ : The energy increment (summed for all angles) for bond angle

deformations

• Vω : The sum total of the excess energy due to changes of torsion

angles from their optima

• VNB : The sum total of the nonbonded energy within the molecule

• VE : The sum total of the intramolecular electrostatic energy

• Vs : The solvation energy of the molecule.
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Steric Strain or Steric Energy

• The overall steric strain or steric energy (ES) of a molecule may be

expressed in terms of four energy functions associated with four

basic structural parameters namely bond length (l), bond angle (θ or

α), torsion angle (ω), and the distance (r) between nonbonded

atoms in the molecule.

• A molecule tends to adopt the conformations which correspond to

the lowest energy levels and it does so by adjusting these four

geometric parameters within certain range such that steric strain is

minimized. Therefore, overall steric strain that a molecule may

experience is, therefore,

ES = Vl + Vθ + Vω + Vnb --------- Equation 2
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Bond Stretching or Compression Strain

• The bond stretching and compression are both vibrational motions,

and consequently, the absolute value of the change in potential Vl

is governed by Hooke's law (harmonic potential):

Vl = ½ kl (l – l0)
2 = ½ kl ∆l

2 -------------- Equation 3

where kl is the bond-stretching or compression force constant, l is the actual bond

length, l0 is the optimal bond length, and ∆l is the stretching or compression

deformation from the “equilibrium” bond length,.

• The bond stretching or compression is expensive in terms of energy. The

standard C-C single-bond distance is near 153 pm (1.53 Ǻ). In order to stretch or

compress a C-C bond by l0 pm (0.1 Ǻ) costs 3.2 kcal mol-1 (13.4 kJ mol-1). This

result is presumably the reason for the general near constancy of same bond

distances of a bond in different molecules.

This Lecture is prepared by Dr. K. K. Mandal, SPCMC, Kolkata



Bond Angle Strain

• The bond angle bending (a scissoring motion) is also vibrational

motion, and similarly, is assumed to follow a Hooke's law relation:

Vθ = ½ kθ (θ - θ0)
2 = ½ kθ ∆θ2 ------- Equation 4

where kθ is the bond bending force constant, θ is the actual bond

angle, θ0 is the optimal bond angle and ∆θ is the change in angle

from the “equilibrium” bond angle that may be taken as the

tetrahedral angle 109.5° for an unstrained situation.

• For example, the CCC valency angle in propane or a longer

straight-chain alkane is 112.5°. This result may be due to opening of

the “normal” angle by 1,3-repulsion (CH3/CH3) from 109.5° to

112.5°.
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Bond Angle Strain

• The energy required for a 5° deformation is only 0.3 kcal mol-1

(1.3 kJ mol-1); for a 10° deformation, this energy increases to
1.25 kcal mol-1 (5.2 kJ mol-1).

• In case of acyclic compounds, angle deformation due to bending
angles is, thus, less expensive than a liner deformation caused by
the stretching or compression of a bond from the equilibrium
position.

• Equations 3 and 4 do not apply to large deformations as in
cyclopropane or other highly strained systems.

• The angle strain is commonly known as Baeyer strain or classical
strain.
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Torsion Angle Strain

• The torsional potential about a C-C single bond is generally assumed to follow a

simple cosine function (“Pitzer potential” after its originator):

Vω = ½ V0 (l + cos nω )  ---------------- 4

where V0 is the torsional energy barrier, n is the periodicity (the number of times a

given conformation recurs during a complete rotation), and ω is the torsion angle.

• For ethane, the energy barrier is 12.0-12.5 kJ mol-1 and is purely torsional in

origin there being hardly any nonbonding interaction in the eclipsed

conformation.

• The torsional potential is at a maximum for eclipsed (synperiplanar) substituents

(n = 3, ω = 0°; V = Vo) and at a minimum for staggered (gauche, synclinal)

substituents (n = 3, ω = 60°; V = 0). The value recommended for Vo for a

C-C-C-C bond sequence is 3.1 kcal mol-1 (13.0 kJ mol-1).
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Nonbonded Interactions

• The nonbonded interaction Vnb in Equation 1 is applied to

nonpolar molecules. The van der Waals potential function for

nonbonded interactions contains two terms (Equation 5). The first

term is attractive in nature (lowers in energy) that predominates at

larger distances and the second term is repulsive that becomes

dominant on close approach. The situation is depicted in Figure 1.

Vnb = - ar-6 + br-12 ---------- Equation 5

where the constants a and b depend on the nature of the

interacting nuclei, and r is the internuclear distance.

• The coefficient a is proportional to the polarizability of the two

atoms that approach each other, thus the attractive interaction will

be greatest for atoms in the lower right of the periodic table, such

as S, Br, or I.



Nonbonded Interactions

• At infinite distance, two nonbonded

atoms do not interact (Vnb= 0). As the

atoms approach each other, an

attractive force, the so-called London

or dispersion force, comes into play

leading to a lowering of the energy.

The energy corresponding to this

force is commonly taken as –ar-6.

• At a still closer distance of approach, a repulsive force, (due to

closed-shell repulsion) is encountered. The repulsive energy term

may be expressed as an inverse twelfth power of the internuclear

distance (br-l2).
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Nonbonded Interactions

• Equation 5 implies an energy minimum at an internuclear distance

that is an additive property of the two atoms A and B that approach

each other. The radius of these atoms are rA and rB, respectively

such that r = rA + rB. r is called the van der Waals radii. This sum is

approximately equal to the internuclear distance rmin at which the

nonbonded energy is at a minimum.

• The minimum nonbonded energy, Vnb is negative (attractive) not

zero at that distance (in fact the net attraction is maximal at rmin).

When r < rmin, Vnb increases, crosses the zero energy axis, and at

still shorter internuclear distances, becomes repulsive. Thus,

nonbonded interactions may be either attractive or repulsive,

depending on the internuclear distance.



Definitions 

• Steric Energy: The energy, calculated by molecular mechanics,

over and above the bond energy, calculated by a bond energy

additivity or group increment scheme. This is potential energy.

• Strain Energy: The experimentally determined energy (usually

enthalpy) of a strained structure over and above that of the

corresponding unstrained structure (real or hypothetical) with the

standard bond lengths, bond angles and torsions.

• Pitzer Strain: Excess enthalpy of a molecule, caused by the torsion

angles deviating from their optimum values (normally 60° in a

saturated molecule), over that of the lowest energy conformation.

Also called “eclipsing strain” or “torsional strain” or “bond

opposition strain”.



Definitions 

• Angle Strain: Excess enthalpy of a molecule, caused by bond angle

deformations, over and above that of a corresponding molecule

possessing “normal” bond angles. Also called “Baeyer strain”.

• Nonbonded Interactions: Intramolecular through-space

interactions (attractive or repulsive) between atoms in a molecule

that are not bonded to each other. Also called (intramolecular) van

der Waals interactions.

• London Force: The attractive component of a nonbonded

interaction.
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Conformational Analysis

• A study of the physical and chemical properties of a compound in

terms of various ground states, transition states, and excited states

(in the case of molecular spectroscopy) is known as conformational

analysis.

• Conformations of a molecule are three-dimensional arrangements

that differ only by rotation around a single bond. Each increment of

rotation, however small, produces a change of conformation. In

particular, the atoms remain connected in the same order during

conformational change, with bonds being neither made nor broken.

• Conformer or Conformational Isomer: One of a set of

stereoisomers, each of which is characterized by a conformation

corresponding to a distinct potential energy minimum.
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Conformational Analysis of Ethane

• Ethane is not a rigid molecule, and rotation occurs around the

carbon-carbon bond. It can have a continuous series of

conformations as rotation proceeds around the carbon-carbon bond.

In the eclipsed conformation (A), the torsion angle Ha-C-C-Hb is 0°.

• Hydrogens Ha and Hb (and also the other pairs) are as close as

possible in the eclipsed conformation, which therefore represents an

energy maximum.

• As the C-C bond in ethane rotates about its axis, the value of the

torsion (ω) angle increases gradually. When ω is +60° and -60°, the

conformations are termed staggered (B and F, respectively), and the

hydrogens are now as far apart as possible. Accordingly, these

conformations correspond to an energy minimum.



Conformational Analysis of Ethane

• A clockwise rotation of 120° of the rear methyl group from the

eclipsed position in A gives a second identical eclipsed

conformation (C), and an anti-clockwise rotation of 120° of the rear

methyl group from the eclipsed position in A gives a third identical

eclipsed conformation (E).

• Similarly, a clockwise rotation of 120° of the rear methyl group

from the staggered position in B gives a second identical staggered

conformation (D), and an anti-clockwise rotation of 120° of the rear

methyl group from the staggered position in B gives a third

identical staggered conformation (F).

• The different conformations (A to F) of ethane in their Newman

Projections are shown in the Figure 2.



Conformational Analysis of Ethane

• There are three indistinguishable energy minima corresponding to

the staggered conformations (B, D, and F), appear at torsion angles

60°, 180°, and -60°; with maxima of V0 = 2.9 kcal mol-1 (12.1 kJ

mol-1) at 0°, 120°, and -120° corresponding to the eclipsed

conformations (A, C, and E) [with respect to a fixed pair of

hydrogens (Ha and Hb) at C-1 and C-2], respectively].



Conformational Analysis of Ethane

• The energy barrier in ethane

is 2.89-2.93 kcal mol-1

(12.09-12.26 kJ mol-I),

approximately 4 kJ mol-1

per H/H eclipsing. Because

of the occurrence of three

maxima and three minima

in the potential energy

diagram of ethane

(Figure 3), this is

sometimes called a “V3

potential”.

• The barrier of rotation around C-C bond in ethane has three-fold

periodicity (n = 3).
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Conformational Analysis of Ethane 

• The torsional barrier in ethane is not mainly due to van der Waals

repulsive steric interaction between the two eclipsed H atoms (the

distance between them is 2.3 Å = 0.23 nm, whereas the van der

Waals radii of two H atoms is 2.4 Å), or not due to electrostatic

interaction between weakly polarized C–H bonds. Thus, the steric

(van der Waals) repulsion accounts for less than 10% of the total

energy barrier.

• The barrier of rotation in ethane is due to torsional strain caused by

unfavorable overlap interaction between the C–H bond orbitals in

the eclipsed conformation. In case of the staggered form (the

distance between two nearest H atoms on C-1 and C-2 is 2.5 Å),

favorable interaction between the bonding–antibonding orbitals

makes its torsional strain approximately 3 kcal mol-1 less than the

eclipsed conformation and makes it more stable.



Conformational Analysis of Ethane 
• This energy difference between the eclipsed and the staggered conformations

leads to the fact that for each 160 staggered ethane molecules, there is only one

molecule of eclipsed ethane at 25 °C.

• The difference in potential energies between the most stable conformer of a

molecule and a designated less stable one is called conformational energy

• The conformations B, D, and F correspond to the potential energy minima.

Therefore, ethane has three conformers.

• The torsional potential is approximated by the equation Vω = ½ Vo (1 + cos 3ω)

where ω is the torsion angle (ω = 0° for the eclipsed conformation), and V0 is the

energy barrier.

• The rotation around the carbon-carbon bond in ethane is rapid at room

temperature, and is sometimes considered as “free rotation”. This is not strictly

true as a small, though definite, energy barrier is encountered.



Conformational Analysis of Propane

• Consideration of the different conformations in their Newman

projections of propane (Figure 4) suggests that the energy profile

(Figure 5) associated with rotation around the C-C bond is very

similar to that of ethane (Figure 3). Both contains three identical

maxima, and three identical minima per revolution.

• The three indistinguishable energy minima corresponds to the

staggered conformations (H, J and L), appear at torsion angles

60°, 180°, and -60° and three indistinguishable energy maxima

corresponds to the eclipsed conformations (G, I and K ), appear at

torsion angles 0°, 120°, and -120°, respectively in the potential

energy curve (Figure 5).
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Conformational Analysis of Propane 

• In eclipsed conformations (G, I, and K), there is a nonbonded

repulsion between a methyl and a hydrogen. Therefore, the

torsional energy barrier now involves the eclipsing of a methyl

group with a hydrogen atom (CH3/H eclipsing interaction).
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Conformational Analysis of Propane 

• Similar to ethane, in case of propane also, the periodicity (n) is 3.
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Conformational Analysis of Propane 

• The energy barrier of rotation in propane is about 3.4 kcal mol-1

(14.2 kJ mol-1) which is somewhat higher than in ethane (2.9 kcal

mol-1/12.1 kJ mol-1). Presumably the additional 0.5 kcal mol-1

(2.1 kJ mol-1) is due to CH3/H van der Waals repulsive interaction.

• The small difference between the energy barriers of ethane, and

propane indicates clearly that the torsional energy does not originate

from steric effects.

• The eclipsing of H with CH3 in propane is hardly more unfavorable

than the eclipsing of H and H in ethane, despite the bulkiness of the

methyl group.
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Conformational Analysis in CH3-CXYZ

• Accordingly, the barrier in 2-methylpropane, (CH3)2CH-CH3

amounts to 3.9 kcal mol-1 (16.3 kJ mol-1), since it involves two

CH3/H interactions. On the whole, the barriers in CH3-CXYZ are

remarkably constant [between 2.9 and 3.7 kcal mol-1 (12.1 and 15.5

kJ mol-1)], irrespective of the nature of X, Y, and Z.

• In butane (CH3CH2CH2CH3), there are three C-C bonds about

which rotation is possible. Two of these, CH3-CH2CH2-CH3 [in

which the “rotor” or “top” is the methyl group, i.e., rotation around

C(1)-C(2) bond] present a picture very similar to that in propane.

Since the eclipsing effect of H with C2H5 in butane is almost similar

to that of the H and CH3 in propane; the potential energy barriers in

these two cases do not differ a much.


