PHYSICAL REVIEW B 81, 214114 (2010)
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through topochemical transformation of the parent nanowire
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Large-scale practical applications of fullerene (Cg,) in nanodevices could be significantly facilitated if the
commercially available micrometer-scale raw Cg, powder were further processed into a one-dimensional
nanowire-related polymer displaying covalent bonding as molecular interlinks and resembling traditional im-
portant conjugated polymers. However, there has been little study thus far in this area despite the abundant
literature on fullerene. Here we report the preparation and characterization of such a Cgy-based polymer
nanowire, (-CgTMB-),, where TMB=1,2,4-trimethylbenzene, which displays a well-defined crystalline
nanostructure, exceptionally large length-to-width ratio and excellent thermal stability. The material is prepared
by first growing the corresponding nanowire through a solution phase of Cg, followed by a topochemical
polymerization reaction in the solid state. Gas chromatography, mass spectrometry and 13C nuclear magnetic
resonance evidence is provided for the nature of the covalent bonding mode adopted by the polymeric chains.
Theoretical analysis based on detailed calculations of the reaction energetics and structural analysis provides an
in-depth understanding of the polymerization pathway. The nanopolymer promises important applications in

biological fields and in the development of optical, electrical, and magnetic nanodevices.
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I. INTRODUCTION

Two important forms of carbon, fullerene (Cgy) and car-
bon nanotubes, are closely related to each other by the struc-
tural commonality of their sp?> frameworks. Carbon nano-
tubes have been widely investigated for the last decade, or
so, as one-dimensional (1D) nanomaterials.! In contrast,
fullerene 1D nanostructures, such as Cg, nanowires, pres-
ently represent laboratory curiosities.*”” Cg, nanowires are
potentially very interesting nanomaterials because of the
physical properties associated with their high surface area,
low-dimensionality, and quantum-confinement effects.®? It is
also expected that, in contrast to their parent nanowires or
individual fullerene building blocks, polymerized Cg, nano-
wires will exhibit remarkably different and/or improved
physical properties owing to the formation of polymeric
chains and interchain cross-linking networks. From an appli-
cation point of view, a major advantage of such poly-
fullerenes would be their biocompatibility as they are totally
free of metal. This clearly contrasts to the case of carbon
nanotubes, the growth of which is catalyzed by metal nano-
particles, and from which by no means all the metal can be
removed by post-purification processes.'? In this respect, Cg
polymer nanowire could be biologically more attractive than
carbon nanotubes for uses in, for example, drug delivery and
biosensor preparation.''"'* Additionally, C¢, 1D nanopoly-
mers are conjugated or nearly conjugated materials that
promise outstanding photoelectrical properties because of the
large magnitude of the nonlinear optical response of Cg, and
its excellent photoinduced charge-transfer behavior.® As
such, they promise applications as optical limiters and pho-
toconductors for solar-energy devices, fuel cells, and field-
emission transistors.'>22 All this makes Cg, 1D nanopoly-
mers important materials for further study.
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Fundamental to the development of these materials is the
question of how to make a metal-free, Cy-based 1D nanopo-
lymer? In seeking to answer this question, we note first that
a limited number of polymerization reactions of Cgy have
been reported in the literature.>>=! For example, it has been
shown that the polymerization of thin solid films of Cg, may
occur upon irradiation with visible-UV light. In this case, the
thin films were prepared by vacuum deposition of pure Cg,
on a substrate.”> On the basis of Raman scattering studies,
such polymerization has been hypothesized to result from a
[2+2] cycloadduction linkage between adjacent Cg, mol-
ecules in the structure.”>?* Single crystals of KCg, prepared
by the coevaporation of K and Cg,, have undergone polymer-
ization via formation of the same [2+2] structure motif but
the whole polymer is a linear polyanion network, as sug-
gested by electron-spin-resonance measurements, pointing to
a possible donation of electrons from K atoms to the polymer
chains.”> An in-chain metal-fullerene (-PdCgy-), polymer,
synthesized by the reaction of Cg, with a palladium complex,
Pd,[(C¢qHsCH=CH),C=O0]-CHCl; has been noted.?®
Moreover, side-chain Cg, copolymers formed through the at-
tachment of Cg, to an amino polymer substrate have also
been reported with the coupling of Cg to the amino polymer
being analogous to that observed for amines.?’-?

The polymerization of Cgy and C, induced by moderately
high pressures and high temperatures has also been
reported.?=3! In the case of Cgj, new structural phases such
as thombohedral and tetragonal lattices may be formed, de-
pending on the pressure and temperature employed.?3°
These new phases are metastable at room temperature and
pressure, and they can be understood in terms of a long-
range ordered polymerization of Cg, through cycloaddition
reactions at the shorter intermolecular distances.>* For Cy,
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the polymeric phase was obtained by treatment of hexago-
nally packed C;, single crystals under moderate hydrostatic
pressure (2 GPa) at elevated temperature (300 °C).3! The
polymeric zigzag chains that extend along the ¢ axis of the
parent structure were suggested by single-crystal x-ray dif-
fraction data while solid-state nuclear magnetic resonance
and Raman measurement provide evidence for covalent
chemical bonding between the C, cages.

It has been demonstrated that crystallization of Cg, mol-
ecules from organic solvents yields Cg, nanocrystals with
varied shapes and structures, and that these shapes and struc-
tures are dependent upon the crystallization conditions and
the solvent(s) employed.’?>3* One example is the preparation
of C4y nanowhiskers with a claimed face-centered-cubic
structure using a liquid-liquid interface method.’® This
method has also been extended to prepare the nanowhiskers
of C,y, iodine-doped Cgy, and the Cgy-based complex of
(7-Cg0)Pt(PPh;),.333¢ In the second example, crystallization
of Cg, molecules from a 1,2,4-trimethylbenzene (1,2,4-
TMB) solution of Cg, has been found to be able to produce
exceptionally long Cg, nanowires under appropriate condi-
tions, with a length-to-width aspect ratio as large as 3000,
and an orthorhombic nanostructure.3’3° In spite of these lit-
erature reports, however, it is clear that there has been little
study of the synthesis of Cg, polymer nanowire. This new
class of 1D polymer is expected to exhibit similarities in
structure to other conventionally important conjugated poly-
mers such as polyacetylenes, polyanilines, and polyphe-
nylenes while having distinguishing physical properties due
to the unique molecular structure of Cg, the low dimension-
ality of the material and the crystalline nature of the network.

Here we report the preparation and characterization of a
Cgo-based polymer nanowire, (-C4TMB-),,, which is formed
when polymerization occurs in the corresponding parent
nanowires via a topochemical solid-state reaction. The reac-
tive monomers are preorganized in the crystalline unit cell at
a distance commensurate with the repeat distance in the final
polymer. In order to understand the polymerization pathway,
we have employed gas chromatography (GC), mass spec-
trometry (MS), and "*C nuclear-magnetic-resonance (NMR)
spectroscopy to investigate the nature of the bonds formed
during the polymerization process. Additionally, in order to
explain the polymerization mechanism in more detail we
have theoretically analyzed the associated molecular orienta-
tions, structural arrangements, and the favorable reaction
pathways.

II. EXPERIMENTAL DETAILS

GC-MS analysis was carried out using a Perkin Elmer
Turbomass GC-MS. This system utilizes an Autosystem XL
GC connected to a small quadrupole mass analyzer. Samples
were dissolved in CCly prior to analysis and were introduced
to the system using a split injection technique. After a delay
of 1 min the mass spectrometer scan was initiated with the
parameters set out below.

GC conditions: injection volume, 0.5 wl; injection tem-
perature, 200 °C; helium-carrier gas pressure, 40¢. Column:
Perkin Elmer Elite PE-5MS (5% phenyl, 95% methyl polysi-
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loxane); length, 30 m; ID, 0.25 mm; and film thickness,
0.25 um. Column gradient: start temperature, 60 °C, for 1
min then ramped at 10 °C/min to 200 °C, which tempera-
ture was maintained for 2 min. Total analysis time was 17
min.

MS conditions: ionization mode, El+; ionization energy,
70 eV; source temperature, 200 °C; transfer line tempera-
ture, 200 °C; mass range scanned, 50-650 Da; scan time,
0.5 s; interscan time, 0.1 s; and solvent delay time, 1 min.

BC-NMR spectra were acquired at 100.62 MHz on
Bruker AVANCE 400 standard bore (liquid state) and wide
bore (solid state) spectrometers with standard Bruker broad-
band tuneable probes. Samples for solid-state NMR spectros-
copy were packed into 4-mm zirconia rotors padded with
polytetrafluoroethylene tape to take up excess space due to
limited sample volumes. Relevant spectral acquisition pa-
rameters were as below.

Solution-state NMR spectra were obtained using pulse ac-
quire with 10 s 7/2 pulses, a recycle delay of 5 s, and broad-
band 'H decoupling, and referenced relative to tetramethyl-
silane at 0 ppm. Solid-state NMR spectra were acquired with
standard cross-polarization magic-angle spinning (CP-MAS)
(12.5 kHz, 2.5 us 'H pulse, ramped CP time 5 ms, recycle
delay 1 s) and high-power broadband 'H decoupling during
acquisition (fullerene nanowires). Pure fullerene was ob-
served using direct polarization MAS (5 ms "*Cr/2 pulse,
recycle delay 60 s). Chemical shifts are referenced to the
methylene carbon signal of glycine at 43.1 ppm which is
back referenced to tetramethylsilane.

Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) were performed using a
JEOL JEM-3010X microscope operated at 300 kV and a
JEOL 200CXi microscope operated at 200 kV, respectively.
Specimens were directly deposited on copper grids coated
with holey carbon films without any prior suspension treat-
ment in solution.

Scanning electron microscopic (SEM) examinations were
performed using a LEO-32 electron microscope operated at 5
kV. Samples were directly deposited on a specimen holder
(carbon mat) without surface coating of a conducting mate-
rial.

Raman spectroscopic studies were performed using a
micro-Raman spectrometer with incident Ar ion laser at A\
=514.5 nm and RENISHAW software. Extra care was taken to
avoid laser damage to the samples. To ensure this, the laser
power employed was kept as low as possible and optical
microscopic examinations were carried out for the nanowires
before and after each measurement.

III. THEORETICAL METHODS

The structure and properties of the molecules involved in
the nanowire polymerization process were studied theoreti-
cally. The calculations were performed with the GAUSSIAN 03
software package,*® within the framework of the ab initio
density-functional theory (DFT), which was successfully ap-
plied for the study of various nanoscaled systems (see, e.g.,
Refs. 41-46 and references therein). DFT is a common tool
with which to calculate the properties of quantum many-
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body systems in which many electron correlations play a
role. The DFT formalism is well known and can be found in
many textbooks (see, e.g., Refs. 47 and 48). Therefore in our
work we present only the basic equations and ideas of this
method.

Electronic wave functions and energy levels within the
framework of DFT are obtained from the Kohn-Sham equa-
tions, which read as (see, e.g., Refs. 47 and 48)

a2
(%+Uiuns+ VH+ VXL.>(//i=8i(//i, izl,...,N, (1)

where the first term represents the kinetic energy of the ith
electron with the wave function ¢; and the energy ¢, U ions
describes the electron attraction to the ionic centers, \7H is the

Hartree part of the interelectronic interaction,* and \A/XC is the
local exchange-correlation potential.

The exchange-correlation potential is defined as a func-
tional derivative of the exchange-correlation energy func-
tional

‘; 5Exc[p]
x= o > ¢ (2)
op(7)
Here p is the electron density. Equation (2) is exact and
follows from the Hohenberg theory.”® However, no unique
potential E ., universally applicable for different systems and
conditions, has been found so far. Approximate functionals
employed by the DFT usually partition the exchange-
correlation energy into two parts, referred to as the exchange
and the correlation terms

E.[lp]=Ep)+E.p). (3)

Both terms are functionals of the electron density, which can
be of two distinctly different types: either a local functional
depending only on the electron density p or a gradient-
corrected functional, depending on both p and its gradient,
Vp. A variety of exchange-correlation functionals can be
found in the literature. In our work we have used the hybrid
Becke-type three-parameter exchange functional,’! paired
with the gradient-corrected Lee, Yang, and Parr correlation
functional (B3LYP).5%%

In the calculations we accounted for all electrons in the
system, and employed the standard STO-3G, 6-21G and
6-31G(d) basis sets.”* The STO-3G and 6-21G basis sets
were used for geometry optimization and energy calculation
while the 6-31G(d) was used for simulating the nuclear
magnetic-resonance properties. The semiempirical Austin
model 1 (AM1) method>> was also used to study the poly-
merization reaction energies. This method is based on
Hartree-Fock formalism but includes many parameters ob-
tained from empirical data. The AM1 method is significantly
faster than the ab initio DFT method because it does not
explicitly include the computationally time-demanding two-
electron part of the Hamiltonian.

We have calculated chemical shielding tensors for differ-
ent molecules of interest and compared the results with ex-
perimental measurements. According to NMR theory, the
chemical shielding tensor can be computed as the second
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derivative of the electronic energy E with respect to the ex-
ternal magnetic field B and the nuclear magnetic moment of

interest /"
d’E
ﬂz(dBd N)~ ' @
Aam; /g iN=q

Indices i and j correspond to the ith and jth components of
the vectors B and ri", respectively. The gauge-origin prob-
lem inherent to finite basis-set calculations of NMR shield-
ings can be solved by using gauge-including atomic
orbitals.>7-°

The chemical shielding tensor o; in Eq. (4) can be diago-
nalized to yield a tensor with three principal components,
011 = 05, = 033, which define the isotropic shielding as fol-
lows:

Uim=<711+022+0'33 )
3

Isotropic shielding is an important quantity, because in a so-
lution NMR experiment, rapid tumbling of the molecules
commonly averages the chemical shielding tensor, and only
the isotropic chemical shielding is detected. In solid samples,
the presence of chemical shielding anisotropy often gener-
ates broad powder patterns, but in this case the MAS tech-
nique can be used to partially or completely average the
chemical shielding anisotropy of powder patterns.

Another important quantity is the chemical shift &, which
is defined as the difference in shielding between the nucleus
in the species under investigation, o, and the shielding of
the same nucleus in a reference compound, o,,.r

Bppm) = 10° X = = 10° X (0= @), (6)
ref

The approximation in Eq. (6) is often used because usually
0,.r<1. This equation gives the chemical shift in parts per
million (ppm). In this work, we are interested of the chemi-
cal shifts for the *C nuclei, which we have calculated rela-
tive to the chemical shift of the carbon atoms in tetrameth-
ylsilane.

IV. RESULTS AND DISCUSSION
A. Synthesis and characterization by GC-MS

Synthesis of the fullerene polymer nanowire required that
we first prepared Cgy nanowires using a 1,2,4-TMB solution
of Cg by a previously described method.>” We noted that the
resulting nanowires were highly stable, as indicated by the
fact that there was no detectable alteration in either their
crystalline morphology, crystal color, or sample weight as a
function of time. However, the solubility of the material was
found to change with time. Unlike raw Cg, powder, well
known to be highly soluble in aromatic solvents, the as-made
nanowires were only partially soluble in these solvents, and
this solubility decreased further with time. After aging for a
period of ~10 months, the nanowires became totally in-
soluble in common organic solvents including benzene, tolu-
ene, 1,2,4-TMB, and carbon tetrachloride. This initial obser-
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FIG. 1. (Color online) GC analysis of the C¢¢TMB nanowires.
(a) GC analysis of the as-prepared sample. (b) GC profile of the
aged sample. The GC peaks at 1.34 min in (a) and 1.35 min in (b)
are attributable to the remnant of CCl, solvent, and the peaks at
2.93 or 2.95 min in the spectra are due to an impurity present in the
system.

vation led us to speculate that a polymerization reaction
might have occurred within the system, and that this had led
to interesting physical and chemical properties, including ex-
cellent thermal stability and solvent-resistant behavior.
Observation of the loss of solubility was consistent with
the results obtained from the GC-MS analysis. Tests were
carried out using two suspensions of the solid in CCly, cor-
responding, respectively, to as-made and aged nanowires.
Prior to the tests, the solids were resident in the solvent for 5
days. The results are shown in Fig. 1. As can be seen, GC
successfully isolated 1,2,4-TMB molecules from the suspen-
sion containing the as-made nanowires, as indicated by the
signals at 2.80 and 3.10 min [see Fig. 1(a)]. The mass spectra
of these eluent fractions, shown in Fig. 2, confirmed the pres-
ence of trimethylbenzene in both isomeric forms: the main
GC peak (at 2.80 min) corresponded to 1,2,4-TMB, while the
smaller peak (at 3.10 min) corresponded to either 1,3,5-TMB
or 1,2,3-TMB, which existed as impurities in the solvent.
The major ions in the mass spectra were seen at 120, 105, 91,
and 77 Da and were consistent with those expected from

1254— L L
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trimethylbenzene. In contrast, no TMB molecules could be
extracted from the aged solid, as confirmed by the absence of
the corresponding GC peaks from the spectrum [see Fig.
1(b)]. These data support the observation of partial solubility
behavior of the as-made solid, suggesting a possible partial
polymerization in the sample, which appears to arise from
the slow growth of the nanowires. The data also suggest a
likely full polymerization in the aged solid, wherein all the
TMB molecules appear to have chemically bonded to Cgp,
resulting in an extensive, nonsoluble polymeric network.

B. *C-NMR spectroscopic measurement and the
polymerization bonding mode

In order to confirm the polymerization and elucidate the
nature of the bonding mode involved, we performed '*C
NMR spectroscopic studies on both as-made and aged speci-
mens, and on raw Cg, powder (99.9%, SERS Ltd.) as well as
1,2,4-TMB solvent (98%, Aldrich) (see Fig. 3). Some assign-
ments are immediately suggested by a comparison with the
spectra of the pure precursor materials, namely, the pristine
Cyo [see Fig. 3(a)] and pure 1,2,4-TMB [see Fig. 3(b)]. The
broad peak at 22.5 ppm in the as-prepared Cq, TMB adduct
[see Fig. 3(c)] results from the three methyl groups of 1,2,4-
TMB (19.8, 20.2, and 21.5 ppm), the signal at 129.9 ppm in
the same spectrum to benzyl carbons of the adducted 1,2,4-
TMB (cf. signals at 127.0, 130.2, and 131.1 ppm in liquid
1,2,4-TMB), that at 135.2 ppm to the quaternary benzyl car-
bons (cf. signals at 133.9, 135.7, and 136.8 ppm in liquid
1,2,4-TMB), and that at 143.3 ppm to the C4, component of
the adduct (cf. signal at the same chemical shift in pure Cgp).
Apart from these, it is crucial to note the new peak exhibiting
a chemical shift of 30.4 ppm in the spectrum. This is consis-
tent with the presence of methylene carbon atoms directly
bonded to aromatic rings,°' providing direct evidence for po-
lymerization.

A comparison of the *C-NMR spectra of the as-prepared
and the aged [see Fig. 3(d)] materials clearly indicates that,
although signals in each sample are consistent with one an-
other, in the latter case the peaks are much broader. This is
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FIG. 2. (Color online) MS analysis of CqTMB nanowires. The profiles (a) and (b) correspond to the GC peaks at 2.80 and 3.10 min

(elution times) as shown in Fig. 1(a).
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FIG. 3. (Color online) (a) Direct polarization MAS '*C solid
state spectrum of pure Cgy. (b) Solution-state (in deuterochloro-
form) '3C NMR spectrum of pure 1,24-trimethylbenzene. (c)
Solid-state CP-MAS '3C NMR spectrum of the as-prepared
Cgo-1,2.4-trimethylbenzene adduct. (d) Solid-state CP-MAS '*C
NMR spectrum of the aged Cgy-1,2,4-trimethylbenzene adduct. (e)
The spectra calculated using the ab initio B3LYP/6-31G(d) method.
Solid line (blue fill (in the online version)), dashed line (green fill
(in the online version)), and dotted line (red fill (in the online ver-
sion)) show the corresponding spectra for the Cgy-TMB-Cg com-
plex as shown in (f), pure 1,2,4-trimethylbenzene and pristine Cgy,
respectively. The numbers labeled in (¢) show the chemical shifts of
the corresponding carbon atoms marked in (f).

consistent with the structural diversity and heterogeneity ex-
pected in the aged sample. In addition, a characteristic fin-
gerprint of the spectrum of the aged nanowires is the emer-
gence of three broad peaks at ~56, ~64, and ~73 ppm.
These signals are consistent with sp® carbon atoms reported
in the literature for polymeric Cg,>0%%3 and they provide
direct evidence for the formation of covalent bonds between
molecules. They are consistent with what would be expected
of the three sp* carbons marked (2), (3), and (4) in Figs. 3(e)
and 3(f). These three carbon atoms are generated as a result
of polymerization, as indicated by our theoretical analysis
(see below) and their spectroscopic observation serves to
provide further evidence of polymerization in addition to our
observation of the methylene carbon centers present in the
polymeric network.
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The '*C-NMR spectroscopic data also indicate the plau-
sibility of polymerization proceeding via conversion of the
methyl carbons of TMB into methylenes when reacting with
Cgp units to yield covalent C-Cgy bonds. Such a reaction
logically leads to the formation of a polymethylated aromatic
chain structure, i.e., a (-C4qTMB-), type of copolymer. As
such, the chemical shift of the methylene carbons in the
polymeric structure, as observed at 6=30.4 ppm, is totally
comparable to that of a structurally closely related multisub-
stituted diphenylmethane such as 2, 4, 6, 2', 4/,
6'-hexamethyl diphenylmethane (5=31.2 ppm).01:6465 A de-
tailed comparison of the chemical shifts of the structurally
related molecules, based on both experimental measurements
and theoretical calculations, is presented in Table 1.

A comparison of the '*C-NMR data with that obtained by
GC-MS reveals that polymerization occurred following the
nanowire growth but that the reaction was not fully com-
pleted when the nanowire growth ceased. Thus, significant
quantities of isolated TMB molecules remained unreacted in
the crystalline lattice. These molecules could be easily ex-
tracted by dissolution of the crystal in a suitable organic
solvent, as indicated by the GC-MS data. Evidently, poly-
merization continued in the nanowires until all TMB mol-
ecules were covalently bonded to adjacent fullerenes, at
which point the extraction of further TMB molecules became
impossible. On the basis of these analyses, a schematic illus-
trating the polymeric structure is shown in Fig. 4.

C. Spectroscopic characterization by laser-Raman,
SEM, HRTEM, and SAED

Our observations suggest that the polymerization results
from a process whereby nanowires undergo a chemical trans-
formation in the crystalline lattice. The fixed lattice positions
of the fullerene molecules render it straightforward for the
guest TMB species to form bonds with them. Micro-Raman
spectroscopic characterization (Ar* ion excitation laser, \
=514 nm, spot size ~10 um) shows that, with the excep-
tion of the high-frequency and strongest Ag-symmetry
“pentagonal-pinch” (pp) mode at ~1468 cm™', the other
Raman-active modes cannot be clearly identified in the po-
lymerized sample (see Fig. 5, upper line). This contrasts with
the spectrum of the as-prepared solid (see Fig. 5, lower line)
and suggests that polymerization has significantly reduced
the freedom with which the carbons in Cg, vibrate. Consis-
tent with '>*C NMR spectroscopic data, the lack of redshift of
the pp mode to ~1458 cm™! clearly indicates that the poly-
mer does not adopt the [2+2] cycloadduction mode as re-
ported for pure Cg, thin films.2*> Moreover, SEM, HRTEM,
and SAED studies on the polymerized nanowires (see Fig. 6)
indicate that the (-C4TMB-), nanopolymers have retained
both the crystal morphology and structure of their parent
nanowires,3”-3 reinforcing the view that the polymerization
is through a solid-state topochemical event.

D. Favorable polymerization pathways

Detailed investigations of the polymerization reaction
mechanism and the nature of the associated bonding mode
have been undertaken theoretically. Two possible polymer-
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TABLE L. C NMR spectroscopic data (ppm) of the molecules of Cg, 1,2,4-trimethylbenzene, 2, 4, 6, 2',
4', 6’-diphenylmethane, and the (-CyTMB-),, nanopolymer. The values in brackets indicate chemical shifts
calculated in this work using the B3LYP/6-31G(d) method. The values in bold numbers are the chemical
shifts measured in this work.

Pristine  1,2,4-trimethylbenzene 2, 4, 6, 2, 4’, 6" hexamethyl The (-C¢oTMB-),,

Carbon position Ceo (1,2,4-TMB) diphenylmethane nanopolymer
C (sp? in Cgp) 142.7% 143.3
143.3 (130.3-154.0)
(139.2)

Ring carbons: C-1 133.4>4, 133,94 (126.8) 134.6° (129.0)

C-2 136.3%4, 136.89, (129.4) 136.3¢4 135.24, (132.0)

C-3 130.5°, 131.1, (122.5) 129.0¢ 129.9, (127.4)

C-4 135224 135.79, (128.1) 134.5¢4 (129.5)

C-5 126.7°, 127.0, (119.1) 129.0¢ (123.0)

C-6 129.8°, 130.2, (121.9) 136.3¢4 (125.4)

1-CH,4 19.1°, 19.8, (20.3)

2-CHj, 19.5°, 20.2, (20.7) 20.9¢

3-CH;3 22.5, (22.6)

4-CH,4 20.9°, 21.5, (21.0) 20.9¢

5-CH;

6-CHj, 20.9¢

—CH,— 31.2¢ 30.4, 55.9

C (sp® in Cgp) (28-43, 47.8, 52.4)
73.2, 63.5
(69.6, 58.6)

4Reference 64. ‘Reference 61.

bReference 65. dQuaternary carbons on the benzene ring.

ization scenarios have been considered: the first involves two  predicted from the reaction between two Cg, molecules and
Cgo molecules and a TMB molecule and utilizes two meth- one TMB molecule is a molecular complex, C¢,XCg, Where
ylene bridges; the second involves three Cqy molecules and a X denotes a residue derived from the TMB molecule. There
TMB and uses all the three possible linkages. The product are two possibilities regarding the reaction pathway

FIG. 4. A schematic shows the
polymerization reaction pathway.
The label X in the dimer indicates
a residue derived from the TMB
molecule during the reaction. Hy-
drogen atoms are omitted in this
diagram for clarity.

1,2,4-TMB
—>
polymerization
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FIG. 5. (Color online) Laser micro-Raman spectroscopic analy-
sis shows the profiles of the as-made (1) and the aged (2) C4qTMB
nanowire sample.

C60 +TMB + C60 i C60 - TMB_2H - C60 + H2 + AEI .
(7)

Cgo+ TMB + Cqy — HCqy— TMB2H — C(H + AE,, (8)

where TMB~2H represents the TMB molecule with two hy-
drogen atoms removed and AE, and AE, are the correspond-
ing reaction enthalpies.

In reaction (7), two C-H bonds in the TMB molecule
(likely at the 1- and 4-methyl positions) are broken and two
C-Cgy bonds are formed. As a consequence, an H, molecule
is released. Reaction (8) occurs in a similar way, but instead
of forming a H, molecule, the released H-atoms
bond to either fullerene. The structures of the computed (by
the ab initio B3LYP/6-21G method)** reaction products,
Ceo-TMB2H.Cyy and HCq,-TMB~2-C¢ H, are shown in
Figs. 7(a) and 7(b), respectively, along with their associated
distances between the two fullerenes.>*

To quantify AE, and AE,, we first optimized the struc-
tures of all the reaction partners and calculated their energies
using the methods described in Sec. III. The total energies of
the molecules involved in the reactions are summarized in
Table II. The calculated enthalpies are as follows: AE,
=59.8 kcal mol™! and AE,=-11.7 kcal mol~'. Note that
the B3LYP/STO-3G method gives somewhat different values

FIG. 6. (a) SEM image of the (-C¢,TMB-),, nanopolymer. (b)
SAED pattern shows the crystalline nature of the polymer. The inset
in (b) is a typical TEM image of a nanopolymer associated with the
SAED measurement.
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14.4 A

FIG. 7. (Color online) Computed structures of the reaction prod-
ucts (a) Cqo-TMB™2H-Cg and (b) HCg-TMB~2H-C¢,H, correspond-
ing to reactions (7) and (8) in the text. The distances between the
fullerenes are indicated and they are the values calculated using the
B3LYP/6-21G method. The inset shows the sp> hybridization of the
fullerene carbon atoms resulting from the formation of the covalent
bonds with TMB™2H,

for the reaction enthalpies. This method is less accurate than
the B3LYP/6-21G method, and can, therefore, be only used
for a qualitative analysis of the system.>*

The fact that reaction (7) is endothermic can be under-
stood in terms of the changes in electron configuration for

TABLE II. Total energies of the molecules involved in the ana-
lyzed polymerization reactions and the enthalpies (AE) of reactions
(7)-(9) calculated using ab inifio B3LYP/6-21G and B3LYP/
STO-3G methods. The energies are given in atomic units. The su-
perscripts (a) and (b) indicate the isomers shown in Fig. 9. The
enthalpies in brackets correspond to the values calculated using the
B3LYP/STO-3G method while the values without brackets were
calculated using the B3LYP/6-21G method. (1 a.u.=27.2116 eV
=627.499 kcal mol™!).

Total energy  Total energy

B3LYP/6-
21G B3LYP/STO- AE
Molecules (a.u.) 3G (au)  (kcal mol™)
1,2,4-TMB -349.8621 —345.9655
Ceo —2283.9917 —-2258.2208
H, -1.1706 —1.1655
Ceo-TMB2H__Cy, —4916.5795 —4862.4656  +59.8
(+51.0)
HCy-TMB2H—C(H -4917.8642 -4861.1603  —11.7
(-36.71)
3CTMB®@ —7120.7144
(-53.6)
3CTMB® —7120.7144
(-55.1)
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carbon atoms in Cg following the reaction. Every carbon
atom in a fullerene has three covalent bonds with its neigh-
bors, two of which are single, and one of which is double.
The carbon atoms in a fullerene therefore exhibit sp? hybrid-
ization, but the framework is slightly distorted because of the
surface curvature. To attach a TMB molecule to a fullerene,
it is necessary to break a double bond in the carbon shell,
leading to the formation of two unsaturated carbon atoms. In
reaction (7) the TMB™2H complex caps one of these carbon
atoms in each fullerene, rendering the carbon sp? hybridized
but leaving the neighboring carbon unsaturated—an energeti-
cally unfavorable scenario. In contrast, reaction (8) is exo-
thermic because the hydrogen atoms released from the TMB
molecule cap the neighboring unsaturated carbon atoms in
each of the Cg, fragments. Thus, both carbon atoms that have
undergone reaction in either fullerene have become sp* hy-
bridized [as illustrated by the inset of Fig. 7(b)]. It is noted
that the C¢-TMB2H-C¢, complex can then undergo subse-
quent reactions, in which two fullerene cages continue to
react with a TMB to form a polymeric network as shown in
Fig. 4.

This result is consistent with our elemental analysis for a
polymerized sample where parallel analyses yield an average
hydrogen content of 1.35 wt %, consistent with the molar
ratio of ~1:1 for 1,2,4-TMB over Cg, in the solid, as mea-
sured previously by thermal gravimetric analysis.?” Reaction
(8) has some similarities to the Prato and Bingel reactions
widely known in fullerene chemistry.® In these reactions an
organic molecule reacts with a double bond in C¢, and forms
a ring peripheral to the fullerene superstructure. The calcu-
lated reaction enthalpy suggests that reaction (8) is energeti-
cally favorable and therefore is likely to occur.

To understand the mechanism by which reaction (8) oc-
curs we have calculated the enthalpy of this process as a
function of the separation between the 1,2,4-TMB and
fullerenes (see Fig. 8). Although the energy landscape of
reaction (8) is not important for the conclusions drawn in this
paper, it provides a more detailed understanding of the poly-
merization process. The reaction coordinate, separating the
adducts 2Cg+TMB and the product HCq,-TMB™2H-C¢,H of
reaction (8) is defined nontrivially because of the complexity
of reaction (8). Therefore, in Fig. 8 we plot the reaction
coordinate in arbitrary units.

Figure 8 shows the results of a constrained calculation
performed by using the semiempirical AM1 method. By con-
straining one degree of freedom in the HCg-TMB™2H-C ¢ H
complex we performed optimization of the system in respect
to all other degrees of freedom and calculated the energy of
the corresponding stable configuration. By sequential con-
straining of different degrees of freedom we have computed
the transformation of the bonded HCq,-TMB~2-C¢H com-
plex into the unbonded 2C4,+TMB state.

Reaction (8) passes through three intermediate stages.
Starting from the initial HCq,-TMB™2H-C¢ H structure (see
state 1 in Fig. 8) the two fullerenes sequentially rotate around
the C—C bond that connects them to the TMB™2! bridge. In
the course of this rearrangement, the hydrogen atoms H!
and H®), bonded to the corresponding fullerenes C( and
C60 , become oriented toward the -CH,- units of the TMB -2t
bridge. The rearrangement occurs sequentially, involving
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FIG. 8. (Color online) Enthalpy of reaction (8) calculated using
the semiempirical AM1 method (Refs. 55 and 56) plotted as a func-
tion of the reaction coordinate, which characterizes the separation
of the 1,2,4-TMB molecule from the fullerenes in the
HCq,-TMB™2H.C,H complex (see text). The indices in the plot
mark the different stages of the reaction that are illustrated in the
lower part of the figure.

first C( and then C60, and leads to the formation of two
stable states of the HCg-TMB2H-CH complex, denoted as
2 and 3 (see Fig. 8). The energies of stable configurations are
0.058 eV=1.34 kcal/mol and 0.111 eV=2.56 kcal/mol,
respectively (relative to the energy of ground state 1). The
respective  transition barriers are AE,_,=0.151 eV
=3.48 kcal/mol and AE, ;=0.141 eV=3.25 kcal/mol.
The energies involved in this rearrangement are relatively
low because it involves the transformation around the C—C
bond, within which both carbon atoms are sp® hybridized,
i.e., relatively easy rotation is allowed.

In the second stage of reaction (8) hydrogen atom H'
from C60 moves toward the methyl side chain of TMB~2H,
This results in a rapid increase in system energy until a tran-
sition state is formed (see state 4 in Fig. 8). The energy of
this transition state is 5.113 eV=117.91 kcal/mol higher
than the energy of state 3. Note that in this state the hydrogen
atom is still weakly bound to C(&)). Next, a critical rearrange-
ment occurs in the system: the hydrogen atom H'" transfers
to the TMB~2H bridge, which in turn becomes detached from
C(l) As a result, the sp-hybridized carbon atoms in Cé:))
become sp*>-hybridized (see state 5 in Fig. 8). The energy of
the intermediate Cgy+TMB™H-C¢ H formed at this stage of
reaction (8) is 1.283 eV=29.59 kcal/mol higher than the
energy of the initial state 1.
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The last stage of reaction (8) involves C) and is similar
to the second stage of the reaction: first, transition state is
formed (state 6 in Fig. 8), which is then transformed to the
final state (state 7) of the reaction, in which the TMB mol-
ecule is detached from both fullerenes. The energy of the
final product is 2.508 eV=57.84 kcal/mol higher than the
energy of the initial state (state 1). Figure 8 shows that the
barriers associated with fullerene detachment from TMB~2H
or TMB™M are asymmetric, ie., AE; s=5.113 eV
=117.91 kcal/mol and E5_;=4.806 eV=110.83 kcal/mol
while  E5_3=3.941 eV=90.88 kcal/mol and E;_;
=3.581 eV=82.58 kcal/mol.

The energies calculated using the semiempirical AM1
method differ significantly from the values calculated using
the ab initio BALYP/6-21G method. Thus, the energy differ-
ence between the starting compounds and the final products
of reaction (8) calculated with B3LYP/6-21G is
—11.7 kcal/mol (see Table II) while by AMI it is
—57.84 kcal/mol (see Fig. 8). This large discrepancy arises
because of significant simplifications made in the AMI
method. Although the AM1 method is not very precise in
energy calculations, it likely correctly reproduces the ener-
gies within an order of magnitude and makes it possible to
describe the geometry of the system reasonably well. The
major advantage of the AM1 method lies in its computational
speed. Indeed, to perform one optimization step of the
HC4-TMB2-C,(H complex one needs ~20 s using the
AMI1 method and ~6.25 h using the B3LYP/6-21G method
(the timings correspond to a standard personal computer with
an Intel Core 2 Duo processor and 6 GB RAM). To calculate
the energy profile shown in Fig. 8, one needs to perform
about 1000 constrained optimization calculations. These can
be achieved in ~5.5 h with the AM1 method and ~260 days
using the B3LYP/6-21G method. Moreover, the results
shown in Fig. 8 correspond to the best reaction path found
connecting the two states of reaction (8). To describe this
transformation many trial calculations involving different de-
grees of freedom in the system were made in order to find the
lowest transition barriers. The results shown in Fig. 8 corre-
spond to the lowest barrier energies found by the calculation.
Such a computation is hardly possible with the computer
time demanding B3LYP method.

A second and more complex polymerization pathway that
can be envisaged involves three fullerenes and one TMB. By
analogy to Eq. (2), the reaction can be written as

C60 + TMB + CGO + C60 — 3C60TMB + AE3 (9)

The possible geometrical arrangements of two low-energy
isomers of 3C4TMB (B3LYP/STO-3G method) are shown
in Fig. 9. These structures are constructed in a similar way to
the 2C¢( TMB complex but in this case three C-H bonds
have been broken in the TMB unit and the resulting
3C¢TMB complex adopts a triangular configuration. The to-
tal energies calculated for two optimized isomeric structures
of the 3C4TMB are shown in Table II, corresponding to the
two complexes shown in Fig. 9. The calculated enthalpies
are AE;=-53.64 kcal mol™! and AE;=-55.11 kcal mol™!,
for the product isomers (a) and (b), respectively. In either
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FIG. 9. (Color online) Calculated structures of two low-energy
isomers of the 3C4TMB complex as the product of reaction (9) in
the text. The distances between fullerene centers correspond to the
geometries optimized at the B3LYP/STO-3G level of calculation.

case, it is clear that reaction (9) is exothermic and thus en-
ergetically favorable.

E. Structural calculations and analysis

In order to understand how the 1,2,4-TMB molecules
bond to fullerene motives in the nanowires, we have studied
the geometrical constraints of the unit cell of the crystal lat-
tice. As follows from the SEM and SAED measurements
performed on the aged nanowires (discussed in Sec. IV C),
the polymerized nanowires largely preserve the crystalline
structure of the as-grown nanowires discussed in Ref. 37).
Therefore, a polymerization process is only possible if the
distances in the nanowire unit cell are such that the TMB
molecule can form covalent bonds with the fullerenes with-
out significantly disturbing the unit-cell structure. In this sec-
tion we analyze the geometrical constraints in the nanowire
and, from this analysis, establish the possible polymerization
modes in the nanowires. Figure 10(a) shows the geometry of
the nanowire unit cell and its dimensions, based on the ex-
perimental data.3”-3867 For simplicity, here we do not show
the embedded TMB molecules. As discussed before, a TMB
molecule may link two fullerenes together, and if this mode
is repeated periodically, the crystalline nanowire would turn
into a nanopolymer.

In Fig. 10(b) we show a Cg-TMB-Cg, complex, where
two fullerenes are covalently linked by a 1,2,4-TMB mol-
ecule. In this case the distance between the two fullerenes is
14.4 A, very close to one of the interfullerene spacings mea-
sured for the unit cell [14.5 A, Fig. 10(a)]. The linkage is
thus highly likely to occur in the unit cell and the
Ceo-TMB-Cg, complex is likely to be a possible building
block for the polymerization. Figures 10(c) and 10(d) illus-
trate two possible linking schemes between the fullerenes,
where the bars between fullerenes represent TMB molecules.
Based on the preferential crystal-growth directions studied
previously,’”-3¥ this polymerization may occur along either
the a [see Fig. 10(c)] or the b axis [see Fig. 10(d)], with the
linkages corresponding to the two schemes as shown in the
figures.

It is important to stress that a Cg-TMB-Cg, complex has
several stable isomeric configurations with different Cgy-Cg
distances. To illustrate this fact, in Fig. 11 we
show how the the distance between two fullerenes in a
Cgo-TMB-Cq, complex depends on an angle ¢, which is de-
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FIG. 10. (Color online) Possible polymerization scenarios of the
CoTMB 1D nanocrystals. In (a) we show the geometry of the unit
cell (the TMB molecules embedded in the unit cell are not shown).
The distances between the centers of the fullerenes are indicated.
The geometry of a Cg-TMB-Cg, molecule is shown in (b). The
distance between the two fullerenes in this case is 14.4 A, very
close to the dimensions of the unit cell. Plots (c) and (d) demon-
strate the cross section of a nanowire, viewed along the ¢ axis, and
illustrate two possible linking schemes between the fullerenes. The
bars between the fullerenes indicate the TMB molecules. The poly-
merization can occur along either the a (plot ¢) or the b axis (plot d)
of a nanowire (Refs. 37 and 38).

fined as the separation degree between the planes formed by
atoms (1)-(2)-(3) and atoms (2)-(3)-(4), as shown in the fig-
ure. As the bonds connecting two Cg, units and a TMB~2H
are not collinear, the center-to-center distance changes upon

15 T
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FIG. 11. (Color online) Distance between the centers of two
fullerenes in a Cg)-TMB-C¢, complex as a function of angle ¢,
which is defined as the angle between the planes formed by the
atoms (1)-(2)-(3) and (2)-(3)-(4), as shown in the inset.
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FIG. 12. (Color online) Possible fitting sites of (a) the 2C4TMB
complex and (b) the 3C4TMB complex, in the unit cell of the
parent nanowire. Distances are given in Angstroms and correspond
to experimental data (Ref. 37).

rotation of the fullerenes. As can be seen from Fig. 11, such
a distance varies from 11.5 to 14.5 10\, and match the dis-
tances between fullerenes in the unit cell [as indicated in Fig.
10(a)].

Based on this geometrical analysis, we have noted that
there appear to be three possibilities for fusing a TMB—2H
molecule in between two fullerenes in the unit cell, as illus-
trated by the three sets of Cg, dimers marked in Fig. 12(a).
Except these possibilities, the distances between any other
two fullerenes are either too small or too large and are thus
incompatible with the requirement for a topochemical poly-
merization to occur. Note that although the distance 16.4 A
in the unit cell is somewhat larger than the distances shown
in Fig. 11, the related fusion mode is still possible because
the distance between fullerenes in a Cg)-TMB-Cg, complex
may further change under certain conditions. Some devia-
tions are expected because the Cg)-TMB-Cg4, complex was
optimized in vacuo without accounting for other related con-
stituents in the polymer. Also, the complex has many isomers
because in the crystal unit cell a fullerene has many different
atomic sites to which a TMB~2H molecule may attach.

Similarly, Fig. 12(b) shows two possible fitting sites for a
3C¢TMB complex in the unit cell. This structural analysis
clearly demonstrates that a 1,2,4-TMB molecule can easily
stitch two fullerenes together within a nanowire without dis-
turbing the lattice structure. This conclusion is in excellent
agreement with the experimental studies with SEM, HR-
TEM, and SAED, as described earlier.

F. Theoretical analysis of the 3C-NMR spectra

Our experimentally measured chemical shifts are sup-
ported by the calculated values as shown by Fig. 3(e). To do
the calculation, we have applied the ab initio B3LYP/6-
31G(d) method to pristine Cg, (dotted line, red fill (in the
online version)), pure 1,2,4-TMB (dashed line, green fill),
and the Cg-TMB-Cg, complex (solid line, blue fill). Since
many of the calculated chemical shifts are degenerate,
Lorentzian broadening for each line is assumed

N

1 1/27
XG0

Here §; is the calculated chemical shift and o=2/7 is the
width of peaks at half maximum intensity. The calculated
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3C-NMR spectra are plotted on a logarithmic scale for better
visualization.

The calculated chemical shifts for pure Cg, and 1,2,4-
TMB are in good agreement with experiment. The observed
signal for Cg, at 143.3 ppm is only 4 ppm higher than the
calculated, and the calculated shift for the ring carbons of
TMB is only 7-8 ppm lower than the observed. Also, the
calculated values for the methyl groups perfectly reproduce
the measured data (within an error of less than 1.0 ppm).
These comparisons enable us to conclude that the accuracy
of the calculation is on the order of ~5-8 ppm, which is
sufficient for an unambiguous characterization of the calcu-
lated NMR peaks in this work.

In the previous section we suggested that the
Cgo-TMB-Cy complex was a building block in the polymer-
ization. The calculated '*C-NMR spectrum for the complex
strongly supports this view by virtue of its excellent agree-
ment with the experimental result. Crucially, the emergence
of four peaks in the range of 45-80 ppm, consistent with the
observed set of broad peaks at 55-85 ppm, corresponds to
the chemical shifts of the carbon atoms (2), (3), and (4),
respectively, as marked in Fig. 3(f). These three atoms par-
ticipate in the bonds formed between Cg, and 1,2,4-TMB
molecules in the polymerized network.

The observed peak at 30.4 ppm can be interpreted as the
response from methylene carbons cross-linking adjacent
1,2,4-TMB molecules due to polymerization. This view is
strongly supported by literature report of the structurally
closely related framework of multisubstituted diphenyl-
methane (see Table I).%6+65 Within the accuracy of the cal-
culation, it is also consistent with our calculations for TMB-
TMB dimers, which predict the corresponding chemical shift
to be in the range of 28—43 ppm, depending on the bonding
mode adopted by the dimers and the relative orientations of
the adjacent TMB molecules involved (see Fig. 13). Figure
13(a) shows an example of a dimer in which the two benzene
rings are perpendicular to each other and the two TMB mol-
ecules are bonded together through two methylene carbons
corresponding to the ring positions of 1- and 4-methyl, re-
spectively. In this case, the two methylenes yield two closely
placed peaks at 35.7%=7 and 37.8*=7 ppm. Figure 13(b)
shows another example of a dimer in which the two TMB
molecules are linked by only one methylene carbon which
exhibits a chemical shift of 38.4 ppm. Figure 13(c) shows the
third example of such a dimer isomer, where the two TMB
molecules are linked by two identical methylene carbons but
the two benzene rings are parallel to each other. In this case
the chemical shift calculated is 43.4 ppm. These analyses
suggest that the chemical shift of the methylene carbons is
sensitive to the surrounding atoms, and that the peak ob-
served at 30.4 ppm hint at some specific bonding mode
and/or relative orientations between TMB molecules in the
polymeric chains. Moreover, the enthalpy calculated for such
a dimerization reaction using the B3LYP/6-21G method is
—19.2 kcal/mol, indicating that the dimerization reaction for
polymerization is energetically favorable.

V. CONCLUSION AND PERSPECTIVE

We have demonstrated an approach to the preparation of a
Cgo-based polymer nanowire and have established the chemi-
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FIG. 13. (Color online) '*C-NMR spectra calculated for three
isomeric states of the TMB-TMB dimer using the ab initio B3LYP/
6-31G(d) method. The geometries of the molecules used in the cal-
culation are shown in the inset. Labels indicate the chemical shifts
of different types of carbon atoms in the system. Note that the
chemical shifts in (¢) are much more degenerate than (a) and (b)
due to the enhanced symmetry of the studied isomer.

cal bonding mode involved in the polymeric chains based on
both experimental measurements and theoretical calcula-
tions. Importantly, the material adopts a crystalline 1D nano-
structure which resembles carbon nanotubes in shape and
other important conjugated polymers in structure. Since the
material does not contain any metal but is composed almost
entirely of carbon (the hydrogen content is only 1.4 wt %),
it suggests biological compatibility and it is, perhaps, even
more attractive than carbon nanotubes for bioapplications. In
addition, the material has further important potential for ap-
plications in photoelectrical devices because of the intrinsi-
cally large magnitude of the nonlinear optical response of
Cgo and the excellence of its photoinduced charge-transfer
properties. Considering all these points, we believe that this
work represents a step toward true applications of Cg; in
nanotechnology through the processing of commercially
available raw Cg, powder into a one-dimensional, crystalline,
covalently bonded fullerene nanopolymer.

We consider that applications of the reported nanopoly-
mer may be facilitated by a wet chemical approach through
surface modification of the material using the rich chemistry
of fullerene that has been developed over the last 20 years.
Since the nanopolymer is insoluble in common solvents,
such surface modification or functionalization should be pos-
sible to achieve in either an aqueous or an organic solution
without destroying its solid-state structure. Such a wet ap-
proach would benefit from low processing cost, the need for
only simple apparatus and the possibility of scaling-up to the
industrial level. Moreover, the nanopolymer itself not only
provides an example of phase transition of the parent nano-
wire driven by forming and breaking covalent bonds but also
illustrates the enduring significance of the original fullerene
concept and its versatility as applied to new fullerene-related
nanostructures. Finally, the host (Cg) and guest (1,2,4-TMB)
nature of the polymerization suggests a general host-guest
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route to the synthesis of new types of fullerene-based
nanopolymers composed of different organic monomers and
fullerenes.
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