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Synthesis of Carbon Nanotubes vIE
Near-Quantitative Solid-State Synthesis of
Carbon Nanotubes from Homogeneous
Diphenylethynecobalt and —Nickel Complexes**

Vivekanantan S. Iyer, K. Peter C. Vollhardt,* and
René Wilhelm

Carbon nanotubes (CNTs) have generated a tremendous
amount of research interest because of their unique struc-
tural, electronic, magnetic, and mechanical properties.“]
Among the various synthetic methods employed for their
preparation, chemical vapor deposition (CVD) has emerged
to be most effective, and efforts are increasing in applying this
technique to pre-growth device fabrication by utilizing (in
particular lithographically)® patterned catalyst arrays and
in situ tube assembly.??! Crucial in this endeavor is the site-
specific batch production of ordered carbon with control of
stoichiometry and ultimately morphology. One possible
approach to achieving this would be the efficient thermal
conversion of a defined, soluble, molecular organometallic
precursor composed of both the carbon source and the metal
catalyst, placed locospecifically by wetting and drying. Such a
strategy would combine the advantages of the floating
organometallic catalyst (for example, ferrocene, [Fe(CO);s],
etc.) CVD methodology!"** with a solid-state conversion of
carbon precursors. Reports of the latter reveal some serious
shortcomings with respect to yield and/or degree of graphi-
tization, extremity of conditions, need for specialized equip-
ment, the requirement of co-reagents, and simplicity of
starting materials.'%"! We have described the solid-state
thermolysis of a [Co,(CO)¢]-complexed tetrabenzodehy-
dro[20]annulene and some of its substructures to form
ordered carbon material, but this method shared some of
these drawbacks, in as much as the highest yields were only
about 60%. The desired product consisted of an (at best)
approximately equal mixture of multiwalled tubes (MWNTs)
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and carbon onions, and the starting alkyne ligands were
somewhat esoteric.!’!’ We now disclose a qualitative and
quantitative breakthrough in the execution of this strategy,
which has potential utility in applications to device construc-
tion.

Our previous work® suggested a pronounced effect of the
precursor alkyne-metal structure on the effectiveness of
conversion and selectivity. Consequently, a program was
instituted to evaluate a range of metal complexes of
alkynylbenzenes of initially increasing and then decreasing
complexity. Remarkably, while all of the former and most of
the latter (such as [Co,(CO)4] complexes of ethynylbenzene
and diphenylbutadiyne), produced only amorphous, graphitic,
and, occasionally, minor quantities of tube- and onionlike
carbon in varying proportions, the diphenylethyne complex
[Co,(CO)4(PhC,Ph)] (1), which is readily prepared in one
step from commercial materials”! behaved dramatically
differently. Thus, heating 1 (30-60 mg) in a quartz tube (d =
1 cm, /=15 cm) sealed under vacuum to 650°C for 1.5-2 h, or
after a wash with conc. HCI, gave samples of metal-
encapsulating, pure MWNTs as thin, free-standing films of
“nano(bucky)paper”,’! which turned to a black powder on
sonication in 2-propanol or grinding (Figure 1a,c,d). A
representative TEM micrograph of this material is shown in
Figure 1b, which reveals for the first time the typical, dense
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nanotube pattern that is normally only obtainable using gas-
phase techniques. Other forms of ordered and amorphous
carbon could not be found. The tubes, on average, exceeded
5 um in length, with many extending to 20 um, and exhibited a
narrow (inner-outer) diameter distribution of 15-40 nm. The
tubes contained 20-50 layers, of which the inner 60-80 % were
well graphitized while the outer regions exhibited lesser
(turbostratic) ordering (high-resolution transmission electron
microscopy (HRTEM); Figure 2a).

Gravimetric analysis of the crude carbon material before
the acidic wash established a 64% mass recovery, and
elemental analysis furnished a carbon content of 60.26%,
which is consistent with a product of composition C,sCo,
(calcd mass recovery 64% and C content 60.45%). Acid
treatment removed most, but not all, of the metal (60 % mass
recovery, elemental analysis: C 89.50%, calcd for C,,Co: C
89.54 % ). Indeed, most of the tubes contained a crystalline fcc
arrangement of cobalt atoms (by energy-dispersive spectros-
copy (EDS), X-ray diffraction (XRD), and HRTEM),”!
usually at random positions and occasionally at the tips
(Figure 2b),l"" and are ferromagnetic.”!!l

The process can be scaled up to 2-g batches using stainless
steel Swagelock fittings containing 1 loaded in a glove box.
This procedure produced chunks (not films) of lesser quality
tubes that were contaminated with carbon onions and graph-

Figure 1. a) A sample of crystalline 1 (left), thermolyzed to a film of carbon tubes (middle), and then treated with conc. HCl and ground to a
powder of MWNTs (right). b) TEM micrograph of the as-produced MWNT. Some of the dark spots represent an fcc arrangement of cobalt parti-
cles. ¢) SEM micrograph at lower magnification showing an SEM sample holder with a purposely torn piece of nanopaper. d) The tear in (c) at

larger magnification.
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Figure 2. a) Typical segment of a MWNT obtained from the thermolysis of 1. b) MWNT tip containing an fcc arrangement of cobalt atoms; Co
fringes 0.203 nm, graphitic fringes 0.340 nm. c) Typical herringbone NTs from 1 and hexaphenylbenzene (HRTEM: Topcon 002B, 120 keV; SEM:

Jeol 6340F; EDS: Phillips CM200 at 120 keV; XRD: Bruker AXS D8).

ite. More successfully, it can be turned moderately “catalytic”
in 1, in as much as up to three equivalents of ligand are
tolerated, before a significant deterioration in the yield and
quality of the nanotubes is observed. We suspected that the
added ligand was cyclotrimerized? before further annealing,
and 1 could also be admixed with up to one equivalent of
hexaphenylbenzene to produce good quality tubes in high
yields. However, in all cases, increasing the amount of
external carbon sources resulted in the tubes becoming
shorter, their diameter more variable, and, their morphology
changing to that of a herringbone motif (Figure 2¢)."® Other
sources of carbon added to 1, such as pentaphenylcyclopen-
tadiene, Cy, C,, anthracene, and ethynylbenzene, had a
detrimental effect. On the other hand, performing the same
set of experiments with [Ni(cod),]/PhC,Ph (2, 1:1; cod=
cycloocta-1,5-diene),™ a pyrophoric mixture prepared in
the pyrolysis tubes at —80°C, provided essentially identical
(positive and negative) results: free-standing films of MWNTs
(post acidic wash: elemental analysis: C 89.56 %, calcd for
C;;Ni: C 89.58 %) that were equally well graphitized, but with
a larger (outer) diameter distribution of 40-90 nm, and
containing a crystalline fcc arrangement of Ni atoms
(Figure 3).!""! Again, the ratio of alkyne to metal complex
could be increased successfully to 3:1 to provide a carbon
yield based on the metal of >1000%, which compares
favorably with CVD results."
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Figure 3. Portion of a typical CNT from 2 with a crystal containing an
fcc arrangement of Ni atoms.

Preliminary investigations of the scope of this method are
promising. Thus, while the addition of sulfur-containing
compounds to 1 (elemental sulfur, thiophene, thianaph-
thene)!! resulted in only amorphous carbon and onionlike
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assemblies, the addition of one equivalent of [Mo(CO),]!"" or
[Mo(CO)(PhC,Ph),]™ to 1, followed by pyrolysis, generated
MWNTs of narrower diameter and with fewer walls (3-5).
Single-wall nanotube (SWNT) bundles!" were also formed
with some tubes encapsulating fullerenes (“pea pods”),?" all
unfortunately only in low yields (Figure 4). Unlike any of the
other systems investigated by us, the MALDI-TOF mass

20 nm

Figure 4. Selected four-walled NT from a mixture of 1 and the Mo
complex (1:1; left). Selected SWNT bundles obtained from the same
mixture (right). These structures were not quantified and yields are
diminished by the presence of amorphous carbon and less graphitized
materials.

spectra of the soot revealed C, peaks up to m/z 3000. Finally,
an attempt to obtain SWNTSs by using MgO-supported™ 1,
followed by dissolution of the support (HCI), surprisingly led
instead to extensively aligned free-standing MWNT bundles
(HRTEM).#

In summary, we have presented an efficient, solid-state
conversion of commercial homogeneous organometallic sys-
tems with a defined metal to carbon ratio into metal-
crystallite-encapsulating MWNTs with a high carbon yield
based on the metal. While not competitive with large-scale
CVD processes, it may complement existing methods and
lead to new methods of device construction, such as designed
networks and hybrid materials, and may be useful in other
applications.® Moreover, the molecular nature of the start-
ing materials provides an opportunity for tailoring and
mechanistic scrutiny (by, for example, in situ TEM).

Experimental Section

A sample of 1 (46 mg, 0.1 mmol) was sealed under Ar (partial
pressure 20 mTorr) in a quartz tube at —80°C, and then the tube was
heated to 650°C for 2 h to yield a black film of crude soot. The
product was gently ground into a fine powder, washed with conc. HCI,
and a sample (ca. 0.1 mg) dispersed in 2-propanol and sonicated for
1 min. A drop of this dispersion was placed on a holey carbon TEM
grid and analyzed by recording images from 20000 to 690000
magnification (Topcon 002B, 120 keV).
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