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CONSPECTUS

l n this Account, we discuss the chemistry of graphitic materials with particular
reference to three reactions studied by our research group: (1) aryl radical
addition, from diazonium precursors, (2) Diels—Alder pericydic reactions, and (3)
organometallic complexation with transition metals. We provide a unified treat-
ment of these reactions in terms of the degenerate valence and conduction bands of
graphene at the Dirac point and the relationship of their orbital coefficients to the
HOMO and LUMO of benzene and to the Clar structures of graphene.

In the case of the aryl radical addition and the Diels—Alder reactions, there
is full rehybridization of the derivatized carbon atoms in graphene from sp?
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to sp-”, which removes these carbon atoms from conjugation and from the i @;‘; ;}:
electronic band structure of graphene (referred to as destructive rehybridization). A ‘E?%:f

The radical addition process requires an electron transfer step followed by the
formation of a o-bond and the creation of a z-radical in the graphene lattice, and
thus, there is the potential for unequal degrees of functionalization in the A and B sublattices and the possibility of ferromagnetism
and superparamagnetism in the reaction products.

With regard to metal functionalization, we distinguish four limiting cases: (a) weak physisorption, (b) ionic chemisorption, in
which there is charge transfer to the graphitic structure and preservation of the conjugation and band structure, (¢ covalent
chemisorption, in which there is strong rehybridization of the graphitic band structure, and (d) covalent chemisorption with
formation of an organometallic hexahapto-metal bond that largely preserves the graphitic band structure (constructive
rehybridization). The constructive rehybridization that accompanies the formation of bis-hexahapto-metal bonds, such as those
in (8-SWNT)Cr(5®-SWNT), interconnects adjacent graphitic surfaces and significantly reduces the internanotube junction
resistance in single-walled carbon nanotube (SWNT) networks. The conversion of sp? hybridized carbon atoms to sp> can
introduce a band gap into graphene, influence the electronic scattering, and create dielectric regions in a graphene wafer. However,
the organometallic hexahapto (1°) functionalization of the two-dimensional (2D) graphene z-surface with transition metals
provides a new way to modify graphitic structures that does not saturate the functionalized carbon atoms and, by preserving their
structural integrity, maintains the delocalization in these extended periodic sz-electron systems and offers the possibility of three-
dimensional (3D) interconnections between adjacent graphene sheets. These structures may find applications in interconnects,
3D-electronics, organometallic catalysis, atomic spintronics and in the fabrication of new electronic materials.

1. Introduction

In 2004, it became clear that graphene and silicon share
a number of features — acceptable mobilities (x = 1000
cm?/V s)'? were evident in the first papers, but another
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important characteristic was the availability of graphene
wafers and this motivated the idea that it might be possible
to design and build integrated circuits starting from a
graphene wafer, just as the electronics industry does today
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with silicon wafers.? Very few electronic materials are avail-
able as high purity, macroscopic 2-D crystalline wafers, and
the realization of large area, high quality graphene films
naturally addresses some of the objections to integrated
molecular electronic devices and associated high level
circuitry.?

Nevertheless, many problems remain in engineetring the
appropriate electronic components out of a graphene sheet,
including the production of graphene semiconductors with a
suitable energy gap and high mobility, the production of
wires or interconnects of sufficient current carrying capacity,
and the realization of insulating or dielectric graphene
regions. Fabrication remains a particularly daunting chal-
lenge, and new lithographic processes based on organic
chemistry must be developed. In this latter respect, chemical
functionalization is emerging as a vital tool and it is already
clear that it will assume an increasingly important role in
this endeavor.>~” While ionic chemistry (doping, charge
transfer) can serve to increase the conductivity of graphene
ribbons, the role of such approaches in achieving high
performance electronics remains problematic. Covalent
chemistry has already been shown to modify the electronic
and magnetic properties of graphene; there appears to be
some hope for introducing a band gap into graphene and
producing semiconductors, and the development of insulat-
ing graphene regions by the conversion of conjugated
carbon atoms to sp? hybridization is well documented.®~""
Inalmost all instances, the application of covalent chemistry,
in which the sp® carbon atoms become rehybridized, leads
to a reduction in the mobility of the charge carriers and the
conductivity of graphitic materials.'? Furthermore the use of
bulk metal contacts to such materials is inevitably asso-
ciated with Joule heating and is limited by the quantum
conductance at the metal—carbon junction,'® which poses
difficult questions regarding the nature of the interconnects
between graphitic surfaces in graphene-based electronic
circuitry.

In the present Account, we discuss three graphene func-
tionalization schemes, which have been introduced by our
group: the first two of these chemistries involve the full
rehybridization of the graphitic carbon atoms from sp? to sp>
and result in a decrease in the conductivity and mobility of
the funtionalized graphene sheet. We begin by discussing
nitrophenyl functionalization of graphene,'* which, because
it proceeds by single site radical addition involving the for-
mation of zz-radicals, allows the possibility of a product con-
taining residual spins that couple so as to allow the observa-
tion of room temperature ferromagnetism.5'%1>
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Graphene is able to function as both diene and dieno-
phile when paired with an appropriate Diels—Alder partner,
and we have shown that this chemistry is facilitated by the
electronic structure of graphene at the Dirac point.'®'” In
the present Account, we extend this concept to rationalize the
chemistry of all reactions discussed herein. Finally, we close
with a discussion of our recent discovery of the rich organo-
metallic chemistry of graphitic systems, which allows the use
of covalent hexahapto-metal bonds to extend the electronic
structure of these z-structures into the third dimension and
to interconnect the surfaces of adjacent carbon materials
that contain the benzenoid ring system.'®~%? Because the
degree of rehybridization at the site of complexation is
insufficient to saturate the conjugated electronic structure,
we refer to this latter process as constructive rehybridization,
in contradistinction with the nitrophenyl addition and
Diels—Alder reactions, which bring about destructive rehy-
bridization of the graphitic structure (the derivatized carbon
atoms become saturated and are effectively removed from
conjugation).*'

2. Electronic Band Structure and Chemical
Reactivity of Graphene

The band structure of graphene has been extensively
reviewed in the literature,>>2* and we have recently
discussed its relevance to the Diels—Alder chemistry of
graphene.'” In the present Account, we extend this anal-
ysis to show that it is possible to develop a unified treat-
ment of the chemical reactivity of graphene based on its
electronic band structure and we illustrate this approach
by its application to the three chemical reactions discussed
in this Account.

In Figure 1, we present the simple tight binding band
structure of graphene at the level of HMO theory, which
shows the dispersions of the z-bands along the high sym-
metry directions in k-space'”**2* together with the HMO
energy levels for benzene, the allyl radical, and trimethyle-
nemethane diradical. It may be seen that the work function
of graphene (W ~ 4.6 eV) is defined by the crossing of the
valence and conduction bands at the Dirac point (K), and this
corresponds to the level of the nonbonding molecular
orbital (NBMO = —W) in HMO theory and also serves to
define the HOMO and LUMO of graphene. We have pre-
viously argued that the occurrence of a very high lying
HOMO and low lying LUMO in graphene in conjunction with
the orbital symmetries at the Dirac point is responsible for
the facile reactivity of graphene in a variety of Diels—Alder
reactions.'®'”
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FIGURE 1. Electronic band structure of graphene, at the level of simple tight-binding (HMO) theory,'” together with HMO energy levels for benzene,

allyl radical, and trimethylenemethane diradical.

The orbitals at the Dirac point in graphene and their
relationship to the HOMOs and LUMOs of benzene are given
in Figure 2; these orbitals correspond to the frontier molec-
ular orbitals (FMOs) of graphene and we have argued that
they dictate the chemistry,'®'” and we further develop this
point below in conjunction with specific reactions.

3. Radical Addition Chemistry of Graphene

A number of groups have explored chemical reactions
that involve the addition of radical species to graphene
and this chemistry may be traced to the radical fluorination,®
hydrogenation,® and hydrogen chemisorption defect*> of
graphene and graphite. The diazonium chemistry of graphi-
tic materials is well established®® 22 and has provided a
convenient route to radical addition products as a result of
electron transfer to the diazonium cation (exemplified by the
p-nitrophenyl in Scheme 1),"* followed by loss of nitrogen to
give highly reactive aryl radicals; as we have emphasized, most
of the radical reactions pass through common intermediates
starting with the z-radical (2), in which the spin is delocalized
over more than 10000 carbon atoms (Scheme 1).%1°

The #-radical (2) is an odd-alternant hydrocarbon (OAH), and
just as in the case of the allyl radical shown in Figure 1 the
unpaired spin resides in a nonbonding molecular orbital
(NBMO),'° and the relationship to the electronic structure of
graphene is dear. This state lies at the Fermi level in graphitic
samples containing the hydrogen chemisorption defect and is
observable in STM images as a threefold symmetric superlattice
in the local density of states (LDOS) in both tunneling directions. >

Assuming that the first radical addition occurs in the
A-sublattice as in 2, two distinct electronic structures may result
from the second radical addition process. In the presence
of small substituents, thermodynamic considerations favor
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FIGURE 2. HMO energy levels of benzene and their symmetry, together
with the orbital coefficients of HOMO and LUMO that map onto the
degenerate conduction and valence bands of graphene at the Dirac
point. These orbitals comprise the FMOs of graphene,'” and because the
e,, benzene LUMO is placed in the lattice in a bonding configuration
with nearest neighbors, while the e, benzene HOMO enters the lattice
in an antibonding relationship with nearest neighbors, they result in a
pair of degenerate orbitals at the NBMO level [Dirac point (K), Figure 1].
Furthermore, these FMOs map directly onto the Clar representation of
graphene and clearly motivate its chemical reactivity.'® 181924

addition in the B-sublattice to give a diamagnetic product with
an energy gap, as exemplified by structure 3;*° however, the
steric bulk of the nitrophenyl group militates against the pre-
ferred 1,2- or 1,4-addition product and thus there is the possi-
bility of structures such as 4, which involve addition in the same
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SCHEME 1. Structures of the Initial Nitrophenyl Addition Products of
Graphene Following Spontaneous Electron Transfer from Graphene to
the p-Nitrobenzene Diazonium Salt’
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“The n-radical (2) is paramagnetic with a highly delocalized electronic struc-
ture and the spin resides in an NBMO (simplified as the allyl radical in Figure 1).
The product structure represented by 3 is expected to be diamagnetic due to the
antiferromagnetic coupling between the A and B graphene sublattices, while the
structure represented by 4 gives rise to a diradical with a triplet ground state
due to the ferromagnetic coupling between spins in the B sublattice (simplified
as the trimethylenemethane diradical in Figure 1). Modified from ref 10.
Copyright 2011 American Chemical Society.

sublattice. The spin count in the product increases with each
radical functionalization process, which occurs in a given sub-
lattice (without compensation by an accompanying radical addi-
tion in the other sublattice), and each spin resides in a NBMO; for
biradical structures such as 4, the simplest molecular analogue is
trimethylenemethane (Figure 1).3° Thus, at the very simplest
level of tight binding HMO theory, the electronic structure of the
various graphene open shell products is one in which the spins
reside in NBMOs, which in the solid state lie at the Fermi level.
More rigorous treatments modify this picture, but many of the
qualitative condusions remain valid; one of the more important
theoretical results is the finding that the spins in these NBMOs
couple ferromagnetically, because the unpaired electrons all lie
in the same sublattice and this mode of coupling minimizes
electron repulsion effects according to Hund's rule.3'*2
Vibrating sample magnetometry (VSM) measurements of
nitrophenyl functionalized epitaxial graphene (NP-EG) sam-
ples show that the kinetic product (4, attachment of the
radical to a single sublattice of graphene) can be observed
and such NP-EG samples show a nonlinear hysteretic de-
pendence on magnetic field strength.'® Figure 3 shows the
nonlinear magnetization of an EG sample before (a, pristine EG)
68 = ACCOUNTS OF CHEMICAL RESEARCH
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FIGURE 3. In-plane magnetization at 300 K of epitaxial graphene, EG:
(a) before and (b) after nitrophenyl functionalization; () signal from the
functionalized top graphene layer obtained by subtracting (a) from

(b); the linear term due to the diamagnetism of SiC is subtracted from
both (a) and (b).

and after functionalization (b, NP-EG), as a function of the
magnetic field at room temperature. The difference in the mag-
netization data between the pristine (Figure 3a) and the nitro-
phenyl functionalized EG (Figure 3b) is due to the change in the
magnetic properties of the graphene as a result of nitrophenyl
functionalization of the top graphene layer (NP-EG, Figure 3q).
The coercvity and saturation magnetization are found to be
sample dependent,'® and the factors governing the preferential
sublattice functionalization remain to be understood.®'°

4. Diels—Alder Chemistry of Graphene

The dual nature of the Diels—Alder reactivity of graphene is
apparent from a consideration of the graphene electronic
structure at the Dirac point (Figure 2); because the graphene
FMOs consist of a half occupied pair of degenerate orbitals,
the orbital occupancies may be matched to those of the
Diels—Alder partner (Figure 4),'®'” according to the
Woodward—Hoffmann rules®® and the Frontier Molecular
Orbital Theory.343>

Unlike the radical addition chemistry discussed above,
the Diels—Alder reactions are expected to give rise to
diamagnetic 1,2- and 1,4-addition products (analogous to
3 in Scheme 1). Thus, the unique electronic structure at the
Dirac point allows graphene to participate in surprisingly
mild basal plane chemistry such as the Diels—Alder reac-
tion, which we experimentally demonstrated with tetracya-
noethylene and maleic anhydride (dienophiles) and 2,3-
dimethoxydibutadiene and 9-methylantracene (dienes).’®
The products of the Diels—Alder reaction with graphene
readily undergo a thermal retro-Diels—Alder reaction; the
versatility of this covalent carbon—carbon bond formation
chemistry and the dual behavior of graphene as either diene
or dienophile in this chemistry (Figure 5) allows covalent
grafting of a wide variety of functional groups as dienes
or dienophiles and consequently provides a convenient



platform for the application of this chemistry in various
postgrafting modifications of graphene for sensing and
advanced materials applications.

5. Organometallic Chemistry of Graphitic
Materials: Bonding, Electronic Structure,
Atomic Contacts and Interconnects

The covalent bonds formed by radical addition and Diels—
Alder chemistry modify the conjugated graphene sheet by

Reaction with ethylene

Oh—

FIGURE 4. Orbital symmetry correlation diagram for the Diels—Alder
reaction of ethylene and butadiene with graphene; the graphene FMOs
are taken from the degenerate conduction and valence bands at the
Dirac point (Figures 1 and 2)."” Modified from ref 17. Copyright 2012
American Chemical Society.
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the conversion of the carbon atoms at the sites of attach-
ment from sp” to sp hybridization and effectively remove
these atoms from conjugation (referred to as destructive
rehybridization).?" This is desirable from the standpoint of
band gap engineering, but in the products isolated to date
the conductivity and mobility are reduced; if ordered struc-
tures can be achieved,® the materials performance may
improve. In this final functionalization section, we introduce
a further mode of covalent bonding that allows constructive
rehybridization of the derivatized carbon atoms, preserves
the conjugation and allows the functionalized carbon atoms
to remain a part of the electronic band structure.

5.1. Mono-Hexahapto-Metal Bonding. Metal atoms are
usually considered to interact with graphitic surfaces in three
distinct bonding configurations: (a) weak physisorption, in
which there is little charge transfer or rehybridization of the
graphitic carbon atoms, (b) ionic chemisorption, in which
there is pronounced charge transfer to the graphitic structure
with preservation of the conjugation and band structure,
and (c) covalent chemisorption, in which there is significant
rehybridization of the graphitic band structure and some
degree of charge transfer.3” 2 [onic chemisorption (b) can
lead to the formation of salts, in which a large amount of
charge is transferred to the graphitic structure and such
doped materials are often associated with enhanced conduc-
tivities and even metallic and superconducting properties.*> 4>
Covalent chemisorption () on graphitic structures can lead
to a drastic modification of the bonding and a number of
metals are associated with the formation of carbides. Re-
cently, we reported a new mode of covalent chemisorption
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(d) D-band map of MeA-EG
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FIGURE 5. (a) Schematic of the Diels—Alder reaction of graphene with maleic anhydride (MA, dienophile) and 9-methyantracene (MeA, diene).
(b) Raman spectra of epitaxial graphene (EG) in pristine form and after reaction with MeA (MeA-EG). Maps of the D-band intensity of () pristine EG and

(d) MeA-EG. Reprinted with permission from ref 7. Copyright 2012 Elsevier.
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FIGURE 6. Structures of (°-CgHg)-Cr (5), Cr(CO)g (6), and (175-CgHeg)Cr-
(CO); (7).

on graphitic surfaces (d), which is based on organometallic
chemistry and makes use of the hexahapto-metal bond to
electronically conjugate adjacent carbon surfaces which
contain the benzenoid ring system.'8-22

In order to electronically couple the surfaces of graphitic
materials, which are composed of polycyclic benzenoid ring
systemes, it is appropriate to begin with transition metals that
are known to form bis-hexahapto-metal bonds, as exempli-
fied by bis(benzene)chromium [(;7°-CsHe)>Ct] (5, Figure 6),
and there are many metals known to form such bonds,
which are therefore candidates for this application.*®

Based on the gas phase structure of this compound,*” the
pyramidalization angle*® is calculated to be p = 1.7°, in the
sense that the hydrogen atoms tilt toward the metal atom,
compared to the normal tetrahedral angle of 6p = 19.5° for
sp® hybridized carbon. In the highly condensed systems
considered here, in which the network of benzene rings is quite
rigid, the degree of pyramidalization estimated above repre-
sents an upper bound and there will be very little geometric
distortion on metal complexation of the graphitic benzenoid
ring systems. Nevertheless, these bonds are strong,*® allow the
metal d-orbitals to couple to the z-systems while preserving the
band structure, and, as we show below, are effective in elec-
trically interconnecting graphitic surfaces.'® 22

We have used solution, solid state and gas phase chem-
istries to prepare a series of organometallic derivatives of
samples of graphene, graphite, and single-walled carbon
nanotubes (SWNTs), which in all cases show a measurable
effect on the electrical conductivity as a result of the ability of
the hexahapto-metal bond to attach to and, in some cases,
interconnect the surfaces of extended, periodic z-electron
systems.'8-22

Our work on the organometallic chemistry of graphitic
materials began with the solution chemistry of graphene,
graphite, and SWNTSs, and we found that all of these forms
of conjugated carbon materials underwent reaction when
treated with chromium hexacarbonyl [Cr(CO)e, 6] and ben-
zene chromium tricarbonyl [(;7°-benzene)Cr(CO)s, 7] (Scheme 2),
and the degree of reaction was determined by the surface
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SCHEME 2. Reactions of Graphene and SWNTs?
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“Reactions of graphene with (a) chromium hexacarbonyl, (b) (7°-benzene)-
Cr(CO)3, and (0 with chromium hexacarbonyl in the presence of excess
exgoliated graphene (XQ to give the fqlly grapheng-coordinated material,
(17°-XG)Cr(n®>-XG). Reactions of SWNTs with (d) chromium hexacarbonyl and
(€) (7°-benzene)Cr(CO)s.
presentation of the carbon materials and their solubility in
the reaction medium.'8'9

The use of soluble carbon nanotubes [SWNT-CONH-
(CH»);7CHsJ°° allowed the isolation of materials with a
significant chromium content, and because the products of
these reactions remained soluble in organic solvents, we
were able to carry out a detailed characterization of these
new materials.'®'® Based on the chromium content in the
compounds, their response to decomplexation reactions
with mesitylene, transmission electron microscopy, and
our analysis of the bonding, we concluded that both exohe-
dral and endohedral modes of complexation were operative
in these reactions (Scheme 3),'° together with metal cluster
formation.

We have argued'® 22 that the use of the organometallic
hexahapto-metal bond is a particularly useful approach to
the functionalization of graphitic carbon materials because



the conjugation and band structure of the carbon sub-
strate are left relatively unperturbed,>”° in contrast with

SCHEME 3. Hybrid Orbitals of the SWNT Carbon Atoms Involved in
Overlap with the Metal d-Orbitals in 75-SWNT Complexes®

EXOHEDRAL

ENDOHEDRAL

“Reprinted from ref 19. Copyright 2012 Wiley.
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FIGURE 7. Density of states (DOS) as a function of energy for (a)
semiconducting, (b) doped semiconducting, and (c) metallic SWNTSs,
together with interband transition (Sy4, S22, and My¢; near IR) and free
carrier (Sq¢ and My; far IR) excitations.
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the o-bond forming reactions discussed above, which lead
to destructive rehybridization of the carbon atoms of the
graphitic surface. In previous studies of SWNT reactions,
we were able to clearly distinguish the effects of ionic and
covalent functionalization processes by using UV—vis-NIR-
FIR spectroscopy to follow the response of the SWNT inter-
band electronic transitions to chemistry.>" lonic chemistry
(doping) is characterized by a progressive reduction of the
oscillator strength of the interband electronic transitions of
the semiconducting SWNTs (first S, and then in some cases
S>>; Figure 7a), and for oxidative charge transfer from the
SWNTSs this is due to the depletion of the first valence band in
the SWNTSs (S¢4, Figure 7b, doped semiconducting SWNTSs);
the spectral weight of these transitions is transferred to
the far IR, due to additional transitions at the Fermi level
(Mo, Figure 7¢, and Sy, Figure 7b). Whereas the formation of
o-bonds to the SWNT side-walls drastically reduces the
strength of the metallic transitions (M) by introduction of
a band gap and also weakens the semiconducting transi-
tions (S;1 and S,») as the sites of functionalization act as
defects, which destroy the translational invariance of the
lattice. As may be seen in the spectra shown in Figure 8, the
interband transitions of the functionalized SWNTSs are uni-
formly weakened but not removed by the hexhapto-Cr-
bond forming reactions.
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FIGURE 8. IR thin film absorbance spectra of SWNTSs functionalized with octadecyl-amine SWNT-CONH(CH>);7CHs (black line) and its chromium
products: (°-SWNT-CONH(CH,);7CH3)Cr(CsHe) (@, b) (blue) and (;°-SWNT-CONH(CH,),CH3)Cr(CO)s (c, d) (red). Reprinted in part from ref 19. Copyright

2012 Wiley.
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A detailed analysis of the thin film spectra in Figure 8
shows that the ratios of the NIR transitions in the functiona-
lized products are reduced to the following percentages of
the starting material absorptions: S;1 = 65%, So> = 54%,
M1 = 56% for 5-SWNT-CONH(CH>); 7CH3)Cr(5%-CgHe); S11 =
47%, S»5 = 65%, My; = 56% for 5°-SWNT-CONH(CH,); /-
CH3)Cr(CO)s."® Thus, based on our analysis of the spectros-
copy of the monohapto-SWNT organometallic derivatives,
the hexahapto-metal bond preserves the essential charac-
teristics of the conjugation and the electronic band structure
of both the semiconducting and metallic SWNTs, and we
further support this contention below, with transport mea-
surements on SWNT thin films which bring into play the bis-
hexahapto-metal mode of complexation.

It is convenient to discuss the mode of bonding in
these coordination compounds from the standpoint of
the bis-hexahapto complexes (Figures 6 and 10d), and the
conventional orbital interaction diagram is given in Figure 9
for bis(benzene)chromium [(;°-C¢He),Cr] (5).*¢ While the
SWNTs provide a number of chiralities, reference to the
graphene band structure and FMOs, is instructive (Figures 1
and 2). All of the extended, periodic z-electron graphitic
structures are narrow or zero band gap materials and thus
the electron-donor and electron-acceptor interactions be-
tween the HOMOs and LUMOs of the z-systems, and the
d-orbitals of the transition metals will be enhanced by the high
lying HOMO and low lying LUMO of the graphitic surfaces, in
just the same way that we discussed for the graphene FMOs in
the Diels—Alder reactions.'” Furthermore it may be seen in
Figure 9 that the e;; and e,, benzene s-orbitals, which hy-
bridize with the metal d-orbitals and are strongly involved in
the construction of the hexahapto-metal-bonds in (;7°-CgHe)-Cr,
are available at the Dirac point in graphene (Figure 1). Thus the
electronic structure of the graphitic 7-electron systems is ideally
suited for the realization of organometallic chemistry.

5.2. Transport Properties of SWNT Thin Films: Atomic
Contacts and Interconnects via the Formation of Bis-
Hexahapto-Metal Bonds. In this section of the present
Account we review our progress on the high vacuum
e-beam evaporation of metals onto SWNT thin films in
which the hexahapto-metal bond functions as an electrically
conducting interconnect between the side-wall benzene
rings of adjacent SWNTs."®~2" It is important to clearly
differentiate the discrete atom, hexahapto-metal-bond from
the usual bulk metal contacts and interconnects at graphitic
surfaces, which have been shown to dissipate heat, to be
limited by the quantum conductance at the junction, and to
suffer from charge transfer effects.'>>2
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We have studied electric arc (EA) produced SWNT films,
both in the form of the usual statistical 1:2 mixture of
metallic and semiconducting SWNTs, and as separated
semiconducting SWNTs.'®~2" In order to allow a clear differ-
entiation between the covalent organometallic chemistry
discussed above, and the effects of metal to carbon charge
transfer, we focus on the results obtained from thin films
(thickness t ~ 8 nm) of semiconducting (SC) SWNTs which
were deposited on interdigitated gold electrodes.’

In order to represent the behaviors introduced above, we
investigated three reactions with metals (M): (a) weak phy-
sisorption (Au), (b) strong physisoption (charge transfer, Li),
and (d) chemisorption, with hexahapto complexation (Cr). As
may be seen in Figure 10, the deposition of these three
metals bring about disparate effects in the conduction
behavior of the SC-SWNT films. The response of the SWNT
film to gold deposition is very small, despite the fact that the
bulk electrical conductivity of gold is about six times that of
Crand Li. The conductance increased by a factor of over 100
on Li deposition and the conductivity of the SC-SWNT film
increased monotonically, before reaching a maximum con-
ductivity at about t ~ 1.2 nm. The overall response of the
SWNT film to the deposition of Cr was not as pronounced as
inthe case of Li; however, the variation in the conductivity of
the SC-SWNT film showed a different dependence on the
amount of metal deposited. The amount of Cr needed to
achieve its maximum effect on the conductivity of the



SC-SWNT film was extremely small, and for a Cr thickness
t<0.05 nm, the conductivity of the SC-SWNT film increased
by more than an order of magnitude, whereas for t =
0.05 nm Li, there was a relatively small change in the SCCSWNT
film conductivity (Figure 10c).

The conductivity increase observed in the case of Au
deposition on the SC-SWNT film can be explained by the
parallel conductance of a weakly absorbed, continuous Au
film, whereas the Cr and Li depositions involve more com-
plex phenomena. The compositions (MC,), at the points
where the films attained their maximum conductance,
were determined to be: ty = 1.2 nm for Li, giving a value
of x ~ 8 (LiCg), whereas for Cr the upper limit was reached at
tm < 0.05 nm, which gives x > 180.

The films consist of a network of individual semiconduct-
ing SWNTs and SWNT bundles, and the transport character-
istics of the films are dominated by the resistance of the
individual semiconducting SWNTs but, more importantly,
by the highly resistive nature of the intercarbon nanotube
junctions.>® The increase in the conductivity of SWNTs on
exposure to alkali metals has been attributed to charge
transfer into the conduction band of the SWNTSs to give a
composition KCg, which is reminiscent of the composition of
graphite intercalation compounds.**#* In the case of Cr
deposition, the enhanced film conductivity is ascribed to
the reduction of the internanotube resistance due to the
formation of a small number of highly conductive bis-
hexahapto-metal bonds that serve to bridge individual
SC-SWNTs, and thereby reduce the resistance between
individual SWNTs and bundles. The chromium atoms are
highly mobile, 3339 and thus, they are able to diffuse along
the graphitic surfaces until they encounter a SWNT—SWNT
junction or intrabundle contact with a geometry that allows
formation of a bis-hexahapto-metal bond (Figure 10d). The
formation of a (°-SWNT)Cr(;;°-SWNT) bond at a junction is
Kinetically favorable because the van der Waals gap of
3.15 A within SWNT bundles is comparable to the separa-
tion of 3.23 A between the benzene rings in dibenzene
chromium, (7°-C¢He).Cr (5).*” The chromium atom pos-
sesses 6 valence shell electrons and by covalent coordina-
tion of two 7°benzenoid ligands shares a total of 18
electrons, which fills the 3d 4s 4p first row transition metal
valence shell and it is known to lead to a stable electronic
structure.*® Due to its filled outer d-orbital, gold is unable to
participate in hexahapto complexation and cannot provide
a conducting pathway at the carbon nanotube junctions; the
conductivity increase during gold deposition is ascribed to
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FIGURE 10. (a) Schematic and SEM image of a SC-SWNT thin film on
interdigitated electrodes. (b, ¢) Conductivity of SWNT films as a function
of Li, Cr, and Au deposition. (d) Chromium atoms interconnecting
adjacent nanotubes by formation of a bis-hexahapto [(°-SWNT)Cr-
(17°-SWNT)] linkage, thereby reducing internanotube junction resistance.
(e) Electron transfer process (doping), in which lithium atoms donate
electrons to the conduction bands of the SWNTSs. Reprinted from ref 21.
Copyright 2012 American Institute of Physics.

the parallel conductance of a continuous gold metal film
formed over the SWNTSs.

The response of the conductivities of the SC-SWNT films
to the deposition of first row transition metals immediately
adjacent to Cr in the periodic table is given in Figure 11.
These metals (M =Ti, V, Cr, Mn, and Fe) spontaneously form
(7°-CgHg)aM complexes by low temperature metal vapor
synthesis (MVS)*® and are appropriate precursors for inter-
carbon nanotube junction formation, and it may be seen
that they exhibit the same sharp increase in conductivity
that was found in the case of chromium. The effect of metal
atom deposition on the conductivity of the SWNT thin films
decreases in the order: Cr >V, Mn > Fe, Ti (Figure 11).

The electronic structure of the Cr complexes is given in
Figure 9; Cr is associated with the stable 18 valence electron
count discussed above, and thus, the optimum electronic
structure of the bridging complex for intercarbon nanotube
hexahapto-metal junctions obeys the familiar 18-electron
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on the conductivity of SWNT films. Reprinted from ref 21. Copyright
2012 American Institute of Physics.

rule of organometallic chemistry.*® We conclude that cova-
lent chemisorption (Ti, V, Cr, Mn, and Fe), in which there is
constructive rehybridization, preserves the graphitic band
structure and leads to the formation of conductive carbon
nanotube interconnects via bis-hexahapto bond formation,
and it is apparent that this new mode of bonding to graphitic
surfaces may provide a powerful approach for the fabrica-
tion of new electronic materials of increased dimensionality.

6. Conclusions and Outlook

In this Account, we illustrate the distinction between cova-
lent chemisorption on graphitic surfaces, which involves
o-bond formation with a fully rehybridized sp® carbon atom
that is removed from conjugation (destructive rehybridiza-
tion), and the formation of a bis-hexahapto-metal bond that
largely preserves the graphitic band structure (constructive
rehybridization). The latter result provides a new approach
to the application of covalent bond forming reactions in
the modification of the transport properties of graphitic
structures, which, unlike previous methodologies, leads to
an enhancement in the conductivity by increasing the
dimensionality of the electronic structure. It is important to
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note the distinction between the atomic, chemically formed
interconnects discussed in this Account, and those that
depend on the physical adsorption of bulk metals and have
been labeled as a “performance Killer” in the formation of
metal/graphene contacts.>> The development of the orga-
nometallic chemistry of graphitic materials offers the poten-
tial to generate doped structures by use of transition metals,
which deviate from the 18-electron rule, while providing
electrical interconnects that are applicable to the bridging
of any surface containing the benzenoid ring system,
including single-walled carbon nanotubes, graphenes,
and other graphitic carbons. In fact, the organometallic
approach outlined above may lead to new materials and
phenomena and there are potential applications in a
number of fields, such as organometallic catalysis'® and
atomic spintronics.”
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