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We consider the covalent chemistry of the carbon allotropes with an emphasis on the newest member—
graphene. We focus on the effect of such chemistry on the geometric and electronic structure of the
functionalized materials and the way in which the conjugation is modified by such processes. We
conclude that there are two limiting cases: (a) Conventional addition chemistry leading to the formation
of o-bonds to the graphitic surface in which there is full rehybridization of the derivatized carbon atoms
from sp? to sp?; thus these carbon atoms are effectively removed from conjugation and from the
electronic band structure (referred to as destructive rehybridization). (b) Covalent chemisorption with
Graphene chemistry formation of an organometallic hexahapto-metal bond that largely preserves the graphitic band
Stereochemistry structure (constructive rehybridization) and accompanies the formation of bis-hexahapto-metal bonds
POAV such as those in (n°-SWNT)Cr(m®-SWNT) which serve to interconnect adjacent graphitic surfaces and
Hybridization significantly reduces the internanotube junction resistance in SWNT networks. The formation of n? di-
hapto bonds represent an intermediate case of covalent chemistry and is known to be important in
carbon nanotubes and particularly the fullerenes but this situation has been treated in detail in previous
publications.
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1. Introduction principal be extended without limit. Thus the question of

functionalization of these continuous polybenzenoid structures

In 2004 graphene joined the fullerenes and carbon nanotubes
as the third new form of conjugated carbon materials to take its
place in the spotlight of scientific research [1,2]. All of these
materials are composed of the same basic building block—tri-
coordinate, formally sp? hybridized carbon atoms which are
predominantly contained within six-membered rings thereby
leading to polybenzenoid structures. These carbon allotropes are
normally divided into two categories: molecules and materials,
with the fullerenes being the only members of the first category.
Nevertheless, in either case these substances can be viewed as
continuous arrays of conjugated carbons as the fullerenes have no
boundaries and (except for the terminal carbon atoms), carbon
nanotubes and graphene are periodic structures which can in
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has been of interest from the first isolation of the fullerenes as any
chemistry, apart from redox processes, must involve an addition
reaction which will normally saturate the carbon atoms that
become functionalized and lead to sp® hybridized carbon atoms.
Furthermore the question of covalent functionalization of gra-
phene surfaces is an important question that must be addressed if
the carbon allotropes are to play a role in assembling functional
electronic structures based on polybenzenoid carbon surfaces [3].

In the case of graphene the sp® carbon atoms have been shown
to act as scattering sites and their presence leads to a reduction in
the conductivity and mobility of the samples that have been
examined [4]. Nevertheless it is of interest to understand the effect
of the introduction of sp®> carbon centers on the electronic
structure of the surrounding carbon atoms and the manner in
which it modifies the geometrical strain and conjugation. Effects
such as these have been studied for many years in organic
chemistry and their ability to influence the stability and reactivity
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of molecules is well known [5]. For example, it has long been
recognized that the geometries of the annulenes limit the reach of
the Huckel (4n+2)m-electron rule and it is the interplay of the
geometrical requirements of the remainder of the molecule with
the electronic structure of the 7r-system that ultimately deter-
mines the chemical stability of these compounds [6]. Within
organic chemistry the necessity of balancing these two contribu-
tions is often considered under the title of steric inhibition of
resonance.

In the present paper we compare the properties and the effect
of geometry on conjugation in the carbon allotropes both before
and after addition chemistry with model compounds drawn from
the literature of organic chemistry in order to benchmark these
materials against well-known molecules which can be structurally
and physically characterized.

We begin by briefly reviewing the structures and stereochemi-
cal features of the fullerenes and single-walled carbon nanotubes
(SWNTs) in the context of their functionalization (addition)
chemistry in order to provide a benchmark for the analysis of
graphene prototype structures which we draw from the literature
on the 15,16-dihydropyrenes and theoretical calculations. The
dihydropyrenes have been studied for a number of years by
Boekelheide and Mitchell and their properties are well known [7-
10]—there is an obvious relationship between pyrene and the
15,16-dihydropyrenes and between graphene and its addition
products as discussed in more detail below.

2. Experimental and computational

Normally mr-electron systems are considered to be planar and
this is the case for undistorted graphene in the absence of scrolling
(which can lower the total energy by van der Waals forces). In order
to treat nonplanar T-electron systems it is convenient to use the
Tr-orbital axis vector (POAV) analysis to divide the structural
distortions into one-center and two-center terms as shown in Fig. 1
[5]. The one-center term makes use of the POAV1 pyramidalization
angle and the vector defined by this procedure which is
constructed to make equal angles to the three o-bonds at the
conjugated carbon atoms. While the vector defining the
POAV1 rehybridized m-orbital direction depends on the geometri-
cal construction defined above and shown in Fig. 1a, the
corresponding POAV2 vector is based on the rehybridized mr-orbital
which is constructed to be orthogonal to the three o-bonds. The
POAV2 hybridizations and the resulting direction of the rehybri-
dized mr-orbital are obtained analytically by solving a set of
homogeneous linear equations [11]. In the case of C3, symmetry
(equal angles between the 3 o-bonds), the two constructions are

n-Orbital Axis Vector (POAV)
Pyramidalization Angle: 6p = (g, - 90)°

(a)
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identical; thus the POAV1 approach assigns an equal average
o-bond hybridization to the 3 o-bonds, whereas the
POAV2 approach solves for the individual hybridizations of each
o-bond hybridization in addition to the m-orbital [5].

The geometries of the compounds were obtained from X-ray
crystal structures or from theoretical calculations and used directly
in the analysis. For the ring current analysis of the experimental
proton NMR chemical shifts, the C—H bond lengths of the X-ray
structures were normalized to 1.1 A [14,15].

3. Results and discussion

3.1. Analysis of covalent o-bonding requirements (full rehybridization
from sp? to sp°)

3.1.1. Fullerenes

The effect of the spheroidal structure of Cgg on its electronic
structure is now well known—because the fullerenes are curved in
two-dimension the geometry of the 7r-system imposes a very
strong pyramidalization of the carbon atoms [16,17], but maintains
a high degree of alignment of the 1r-orbitals (perfect in Cgp) [18].
Thus the fullerenes readily undergo 1,2 addition reactions because
this relieves the strain of pyramidalization without disrupting the
favorable r-orbital alignment [17,19-22]. Nevertheless it is
important to note that the larger high symmetry fullerenes
become faceted and because the pyramidalization is concentrated
at the vertices of the (12) five-membered rings the minimum
pyramidalization angle in such fullerenes remains quite large
(Bp>~9°) [23].

3.1.2. Carbon nanotubes

The carbon nanotubes are only curved in 1-dimension and thus
in general the degree of pyramidalization required for the
formation of structures of equivalent diameter is much less than
in the case of the fullerenes (by about a factor of !/, at small
diameters); for example, the diameters (d) of Cso and the (5,5)
SWNT are both about d=7A, but the difference in the required
pyramidalization angles is apparent in Fig. 2 and Fig. 3 [25].

It is apparent from Fig. 3 that the nonplanarity in carbon
nanotubes not only leads to pyramidalization but also produces
significant mr-orbital misalignment which is distributed unequally
among the -bonds depending on their orientation with respect to
the nanotube axis. Thus it is apparent that bonds which do not lie
parallel or perpendicular to the nanotube axis will experience some
degree of m-orbital misalignment and particularly for the smaller
carbon nanotubes this may be quite severe. In fact for diameters
smaller than Cgy, it is likely that r-orbital misalignment is more

(b) n-Orbital Axis Vectors (POAV) and
n-Orbital Misalignment Angle: ¢°

¢

6p=0 0p = (65, — 90)° 0p = 19.47°
TRIGONAL REHYBRIDIZED  TETRAHEDRAL
hybridization (intermediate hybridization

hybridization)

Fig. 1. Geometrical construction of the m-orbital axis vector (POAV), the POAV pyramidalization angle (6p) and m-orbital misalignment angle (¢) [6,11-13].
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Ceo: Op = 11.6°, ¢ = 0°

Fig. 2. A schematic illustration of the rehybridized m-orbital in Cgo, the calculated
POAV pyramidalization angles (6p) and r-orbital misalignment angle (¢), which
holds for all atoms and bonds in Cgg [ 18]. For a common bond length of a=1.42 A, the
diameter (d) of Cgp is d=7.04A [24].

critical in destabilizing and increasing the chemical reactivity in
carbon nanotubes than the enforced pyramidalization which is
considerably less than is required in Cgg and this point is further
supported by comparisons to the literature on small molecules
[5,26].

3.1.3. Graphene

In the case of Cgg there is a high degree of pyramidalization and
perfect mr-orbital alignment whereas in the carbon nanotubes
there is both pyramidalization and r-orbital misalignment. On the
other hand, pristine graphene is perfect in both respects and there
is a complete absence of pyramidalization and 7r-orbital misalign-
ment in the parent structure. In fact functionalization chemistry
serves to introduce a contribution from both of these factors into
the remaining conjugated carbon atoms in order to accommodate
the newly rehybridized carbon atoms.

In this section we assess these effects by reference to the 15,
16-dihydropyrenes which serve as excellent model compounds for
the 1,2-addition products of graphene. These and related structures
have been implicated in many theoretical studies which have
considered the effect of graphene functionalization via the formation
of sp> carbon atoms in the basal plane of graphene. The conversion of
sp? hybridized carbon atoms to sp> hybridization leads to a reduction
in the conductivity and mobility of the carriers in functionalized
graphene and theoretical treatments show that suchsitesin the basal
plane of graphene act as resonant scatterers [27,28].

We have characterized the presence of such sites in the
conjugated carbon allotropes as destructive rehybridization in that
the carbon atom which is involved is removed from conjugation
(saturated) and from the electronic band structure in the vicinity of

0p =6.0° ¢ =0° 0p =5.2°,¢=0°

T

(10, 0) SWNT: d = 7.81 A
0p =5.2° ¢ = 18.5°

(5,5) SWNT: d = 6.76 A
0p =6.0°, ¢ =21.3°

Fig. 3. Calculated diameters (d), POAV pyramidalization angles (6p) and 7r-orbital
misalignment angles (¢) for the bolded atoms and bonds in selected SWNTs [25].

the Dirac point [29]. Thus such functionalization schemes are
unsatisfactory in electronically interconnecting and conjugating
the graphene surfaces of carbon nanotubes and graphene. For this
reason we have investigated other covalent chemistries and it is
now apparent that the use of transition metal atoms to form bis-
hexahapto bonds which bridge adjacent graphene surfaces
(atomtronics) [30] is a viable solution to the problem and it is
very successful in maintaining the conductivity of networks of
single-walled carbon nanotubes (SWNTs) where the density of
network connections becomes critical (below the percolation
threshold) [31], presumably due to the formation of (m°-SWNT)M
(m®-SWNT) bonds (Fig. 4).

In the sections below we treat both of these modes of chemical
functionalization with particular reference to graphene—past
papers have already discussed some of these issues in the case
of the fullerenes and carbon nanotubes [17,25,32].

3.2. Analysis of covalent o-bond requirements in graphene (full
rehybridization from sp® to sp>)

There have been a number of experimental and theoretical
studies involving the addition of radicals to the basal plane of
graphene and the resulting structural forms of the functionalized
graphenes are expected to be quite similar, irrespective of the
nature of the addends although the bulk of the substituents
undoubtedly affects the degree of coverage [29,33-45]. The
structures of these products are available from theoretical
calculations [35,36] but in order to examine the resulting
structures we chose to focus on the 15,16-dihydropyrenes
[7-10] which provide well-characterized small molecule analogs
of the 1,2-addition products that correspond to single-sided and
two-sided functionalization chemistry of graphene.

The prototypical example of these compounds is trans-15,
16-dimethyl-dihydropyrene [7] which was first isolated in 1967,
while cis-derivatives were isolated and structurally characterized
more recently [46,47]. We have previously made use of the
geometries of 2,7-diacetoxy-trans-15,16-dimethyl-dihydropyrene
to assess the geometric, electronic and magnetic properties of this
series of compounds [6,11,12].

Fig. 4. Chem-3D depiction of (1°-SWNT)M(n°-SWNT) bonds, where M is a
transition metal such as chromium [29,30].
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Ot
HC = CH,
-C/

Fig. 5. Calculated POAV pyramidalization angles (6p, deg) as obtained from
experimental X-ray structures (see Fig. 1) [11,12,46,47]. The parenthesized values
correspond to the (saturated) carbon atoms that are rehybridized in the
transformation from sp? to sp> based on pyrene as a model compound for 1,2-
addition and thus the atoms used in defining the POAV are those which comprise
the original pyrene conjugated carbon atoms.

In Fig. 5 we report the POAV pyramidalization angles for
representative trans- and cis-15,16-dihydropyrenes (1,2) [46,47]
and it is clear that the degree of pyramidalization imposed by the
1,2-addition process is modest and quite comparable in the two
structural forms and with other bridged annulenes [6,11,12].

The geometrical structures of the two compounds are shown in
Fig. 6 as Chem-3D renderings in which the internal functionalities
at the 15,16-carbon atoms have been replaced by hydrogen atoms
to allow clear visualization.

In Fig. 7 we report the POAV2 r-orbital misalignment angles for
trans- and cis-15,16-dihydropyrenes and it is clear that the degree
of misalignment is greater in case of the cis-geometry although still
quite low in comparison with other bridged annulenes which in
many cases have values of ¢ > 20° and still show delocalization and
aromatic character [6,11,12]. Because the overlap integral in
twisted Tr-electron systems scales as the cosine function of the
dihedral angle between adjacent pairs of pir orbitals (-orbital
misalignment angle, see Fig. 1) [11,12], the effective resonance
integrals (B*®) in the conjugated periphery are largely maintained
due to rehybridization, and in trans-15,16-diethyl-15,16-dihydro-
pyrenes (1), BR and BB>0.998 [11,12].

A particularly direct way to experimentally address the degree of
electron delocalization in such distorted -systems is by analysis of
the magnetically induced ring currents which may be directly related
to the NMR chemical shifts by the Biot-Savart law providing the
molecular geometry is known [14,15]. By parameterization of the
London theory of ring currents it is therefore possible to devise
experimental measures of the degree to which the theoretically
calculated ring current is maintained in a given cyclic mr-electron
system in which the overlap is less than perfect. Perfect 1r-orbital
overlapisonly ensured if the -electron systemis contained withina

.8
6.6

1
G,
C

1

Fig. 7. Calculated POAV2 r-orbital misalignment angles (¢, deg) as obtained from
experimental X-ray structures (see Fig. 1) [11,12,46,47].

plane, as is the case in benzene and graphene [5]. The parameteriza-
tion of the London theory is usually accomplished by reference to
experimental diamagnetic susceptibilities (Scheme A) or by use of
experimental NMR chemical shifts (Scheme B) [14,15]. Scheme B is
based on the experimental NMR chemical shifts reported for trans-
15,16-dimethyl-dihydropyrene, and thus this compound has a
Fraction of the Maximum Calculated Ring Current (FMCRC) of
FMCRC = 1. In the original work [14,15] we utilized the geometry of
2,7-diacetoxy-trans-15,16-dimethyl-dihydropyrene as this was the
only structurally characterized trans-15,16-dimethyl-dihydropyr-
ene available at the time. In the present work we used the structure
of trans-15,16-diethyl-dihydropyrene (1) in order to provide a check
and obtained values of FMCRC=0.96 (1), whereas the cis-isomer
gave FMCRC =0.91 (2). Thus, we conclude that for the 1,2-addition
products the trans-isomers (addition on opposite graphene faces),
gives slightly better mr-orbital overlap than the cis-isomer (addition
on the same graphene face).

3.3. Analysis of covalent n5-hexahapto organometallic bonding
requirements

3.3.1. Fullerenes and carbon nanotubes

Because the marked pyramidalization of the fullerenes splays
the r-orbitals, the organometallic chemistry is confined to
m?-complexation reactions [48], and thus there are no structurally
characterized examples of stable pentahapto- or hexahapto-
complexes in which the remaining Cgo carbon atoms are all
tricoordinate [32,49,50]. Nevertheless it has been argued that
some of the lanthanide compounds of Cgp possess significant
covalent character, perhaps because the d-orbitals of these large
metals are able to effectively overlap with the rehybridized Cgg
Tr-orbitals [51-53]. The overlap of transition metal d-orbitals with
the carbon nanotube Tr-orbitals has been extensively discussed
previously and clearly constitutes an intermediate case between
the fullerenes and graphene [32,54,55].

Fig. 6. Chem-3D representations of the compounds shown in Figs. 5 and 7, in which the internal functionality at the 15,16-positions has been replaced with hydrogen atoms

for display purposes.
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Pyramidalization angles
by atom (deg)

1, 8= 0.1
2, 0p= 0.20
3, 6p= 0.2
5, Bp= 0.1°
7, 8p= 0.1
11,0p= 0.20
4, 6p= 0.20
6, Bp= 0.2°
8, Bp= 0.20
12,0p= 0.20
15,8p= 0.1
20,0p= 0.20

For all other atoms 6p < 0.050

Fig. 8. Chem-3D structures of a Cr(CO); unit complexed with a CogH24 graphene fragment obtained from the coordinates given by Gloriozov and coworkers (structure 4-Cr
(CO)3 in their notation) [58], (a) Chem-3D structure of the complete CosH»4-Cr(CO); graphene fragment, (b) Sub-Unit, with numbering and calculated POAV pyramidalization

angles (6p, deg).

3.3.2. Graphene

There are a number of calculations on the geometrical and
electronic structure of hexa-hapto complexes of graphene model
structures [56-58], and in Fig. 8 we show the Chem-3D structure of
a Cr(CO)s unit complexed with a CggHo4 graphene fragment
obtained from the coordinates given by Gloriozov and coworkers
(structure 4-Cr(CO)s in their notation) [58].

As noted by a number of authors [29,31,56-58], the hexa-hapto
bond to chromium exerts a very small perturbation of the
geometric structure of the graphene sheet and this is reflected
in transport studies of such structures [4]. Thus, the overlap of
orbitals in the plane of the graphene sheet is not disturbed and the
modification of the electronic structure is accomplished simply by
changes in the wave function itself, a process which we have
termed constructive rehybridization [30]. As shown in Fig. 8, the
pyramidalization brought about by hexa-hapto complexation is
extremely small (6p<0.2°) in the calculated structure of
(M®-CogH24)Cr(CO); which is even less than in bis(benzene)
chromium [(M%-CgHg)2Cr] for which p=1.7° [29], presumably
because of the rigidity of the polybenzenoid r-system.

Thus we conclude that the hexa-hapto organometallic bond
offers the only possibility for bridging the 1-systems of the carbon
allotropes in a manner which preserves the delocalization and
conductivity within the subunits and also offers a seamless
electronic interconnection between the conjugated fragments.
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