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Abstract

The structure of benzene and the stacking distances in its dimers have long been of interest for
scientists. As the various rigorous approaches over the years to understand these have been
complicated, the author presents here a new and simple interpretation through the additivity of
atomic covalent radii in bond lengths. Considered here are the distances in n-n stacking and T-
stacking dimers. The latter appears to be a hydrogen bond between a C atom of one benzene ring

and the pi-system of the other.
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1. Introduction
Benzene, a hydrocarbon of formula C¢Hg, was isolated nearly two centuries ago by Michael

Faraday in 1825 [1] and its hexagonal structure was determined by x-ray crystallography for the



first time by Kathleen Lonsdale in 1929 [2]. A historical and general introduction to benzene and
the Kekule structures can be found in [3]. The structure and bonding in benzene has puzzled
many scientists, since the CC bond length (reported values around 1.38 to 1.40 A, [4]) was found
to be between that of a covalent single bond (1.54 A as in diamond and methane [4,5]) and a
covalent double bond (1.34 A as in ethylene [4]). The present author suggested [5,6] a structure
based on the ‘additivity of atomic radii in chemical bonds’ [7-9]. The latter idea could
successfully explain the bond lengths in many small as well large molecules. More recently, it
was shown [10] for the first time that the ‘additivity of atomic radii’ can explain the stacking
distances graphite. This idea has been extended here to benzene dimers. For an introduction to

these dimers, see [11] and for previous work by others, see e.g., [12,13].

2. Present work

2.1. Benzene: The structure of benzene from [5,6] is shown in Figure 1a. It is a planar hexagon
with alternate carbon atoms with covalent double bond radii, Rqp, = d(CC)gp/2 = 1.34/2=0.67 A
and resonance bond (as in graphene) radii, Ryes = d(CC)yes /2 = 1.42/2 = 0.71 A, where d(CC)qy
and d(CC)ys. are the respective bond lengths. This makes the sides of the hexagon, d(CC) =
Ryp+ Ries= 1.38 A. The cavity in the center is of cross section of a circle (marked as dotted
circle) of radius, Ryy, (as if a carbon atom of covalent double bond radius has been displaced).
This benzene m-cavity attracts other atoms, molecules or ions. A rectangular slab of space
occupied by benzene has the dimensions as shown in Figure 1a, with a thickness equal to the

diameter, 2R;es = Dcres= 1.42 A of a carbon atom, Ces.



2.2. Benzene dimers: Amongst the dimers of benzene [11], two examples are chosen here: the
sandwich n-n stacking (Figure 2, left), where the two benzene planes are parallel to each other
and are held by n-n interactions, and the T-shaped stacking (Figure 2, center), where the vertex
of one benzene ring is perpendicular to the other benzene ring. The center to center distance in
the sandwich dimer is [12] 3.92 A and that in T-shaped dimer is [12,13] between 4.8 - 5.0 A.

These distances are marked in Figure 1 b) and c).
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Figure 1. a) Benzene, Bz(1), with atomic radii as shown [5,6]. Two kinds of
dimers are shown. In b) benzene, Bz(2) is bound to Bz(1) by n-n stacking as
shown in Fig. 2, with center to center distance of 3.92 A. In ¢) benzene, Bz(3)
is bound to Bz(1) by T-stacking as shown in Fig. 2, with a center to center
distance of 4.97A. In Figs. b) and c) above, only the central cavities of the
benzene n-rings are shown and they are out of plane of Bz(1).
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Figure 2. Three possible dimers of benzene, from [11].

2.3. Sandwich dimer: This is shown in Figure 1b, where the two benzene rings, Bz(1) and Bz(2)
are separated by m-7 interactions with a center to center inter-planar distance, Dy, = 3.92 A [12].

It can be seen from the Figure that the distance that separates the two benzene rings is given by,

Dpn=25+142=392A (1)

where 2.5 = 5/2 A = half the width of the benzene hexagon (which is the span of the Bz(1)

molecule about its vertical axis) and an empty space of 1.42 A = 2R s = D¢yes, the diameter of

one carbon atom, C,.s which is also the thickness of a benzene molecule.

2.4. T- stacking dimer: This is shown in Figure 1c), where Bz(1) and Bz(3) are separated by a
center to center distance of Dy = 4.96 A. From Figure 1c), it follows that this distance is given

by the sum,

Drs=2.81 +2% 1.08 =4.97 A )



where 2.81 = 5.62/2 A is half the height of the benzene molecule Bz(1) and an empty space of
2*%1.08 =2.16 A, equivalent to d(CsH). This seems to imply that Bz(1) and Bz(3) approach each
other vertically at the distance of d(C,sH) from each other, but then the H atom of Bz(1) bonds
with the 7t system of Bz(3) ring by hydrogen bonding, which makes Bz(3) turn perpendicular to

the plane of BZ(1). This is different from the other hydrogen bonds discussed in [14].

Conclusion: This article brings for the first time a new, simple and precise explanation of the

bond lengths and stacking distances in bezene and its dimers in term of atomic covalent radii.
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