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iamondoids are sp3-hybridized

carbon-based molecules containing

cubic-diamond crystal-cages and
surfaces terminated by hydrogen. They are
structurally rigid, display high thermody-
namic stability, yet can be chemically func-
tionalized'? to produce a wide-variety of
useful materials, notably pharmaceuticals
and high temperature polymers. Diamond-
oids have large band gaps® and exhibit ex-
cellent thermal conductivity.>* The chemis-
try of diamondoids has recently been reviewed
by Schwertfeger et al.?> Functionalized dia-
mondoids have played an important role as
antiviral drugs for many years and have
been used in the treatment of Alzheimer's
disease.>>® Diamondoid derivative nano-
structures and higher diamondoids have a
variety of nanometer-sized geometric shapes’
that determine their optical response.® Dia-
mondoids fit into nanotubes® and show
many interesting and useful properties
including electron emission®'® and low-
kappa dielectric response,’’ making them
of great interest for nanotechnological and
other applications.

A relatively simple and convenient way to
form linear arrays of diamondoid molecules
is by self-assembly within the confining
space of a carbon nanotube, which deter-
mines the relative orientation and interac-
tion between adjacent diamondoid mole-
cules. However, the characterization of
diamondoids encapsulated in nanotubes is
extremely difficult due to the small mole-
cule size that displays only sp> hybridization
of carbon and hydrogen atoms.'? A linear
diamondoid assembly enclosed inside a
carbon nanotube is a new one-dimensional
sp> carbon nanostructure that combines
properties of diamondoids and carbon nano-
tubes and thus has promising applications
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ABSTRACT

We report the assembly and thermal transformation of linear diamondoid assemblies inside

carbon nanotubes. Our calculations and observations indicate that these molecules undergo

selective reactions within the narrow confining space of a carbon nanotube. Upon vacuum

annealing of adamantane molecules encapsulated in a carbon nanotube, we observe a sharp

Raman feature at 1857 eam™", which we interpret as a stretching mode of carbon chains

formed by thermal conversion of adamantane inside a carbon nanotube. Introduction of pure

hydrogen during thermal annealing, however, suppresses the formation of carbon chains and

seems to keep adamantane intact.

KEYWORDS: one-dimensional diamondoid derivative nanostructure -
linear adamantane assembly - diamondoid - carbon chain - DWCNTs - nanotube

confinement

in electronic and optical nanotechnology "’
The narrow cavity of the enclosing carbon
nanotube also provides an excellent con-
straint for directing further reactions toward
shape-targeted nanostructures. In analogy
to the formation of sp? hybridized carbon
nanostructures by fusing zero-dimensional
nanostructures (fullerenes) to one-dimen-
sional assemblies (nanotubes),'>~"” we con-
sider the possibility that also zero-dimensional
sp> hybridized carbon nanostructures (dia-
mondoids) may aggregate and transform to
one-dimensional sp® hybridized carbon struc-
tures, which we call diamond nanowires.
Templated growth of sp* carbon nano-
structures from diamondoids confined
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within narrow carbon nanotubes would be a com-
pletely new way to synthesize diamond nanowires
and higher diamondoids. Adamantane (C;oH;g),
the smallest diamondoid, is readily synthesized using
superacid catalysts by a method developed by
Schleyer.'® Successive members of the diamondoid
series contain an additional adamantane-cage “face-
fused” to its next lower member. Diamondoids with
more than three cages (tetramantanes, pentaman-
tanes, etc.) cannot be synthesized using superacid
catalysts, but were recently isolated from petroleum.’
Each higher diamondoid has several structural forms as
additional cages can add to various faces, which gave
rise to a higher diamondoid nomenclature developed
by Balaban and Schleyer."® Inside a compatible carbon
nanotube the only possible direction for diamond cage
addition is the preferred end-on addition that provides
the desired molecular orientation.

In this work, we report theoretical and experimental
studies of the synthesis and transformation of one-
dimensional diamondoid derivative nanostructures,
including linear adamantane assembilies, in the confin-
ing space of a double-wall carbon nanotube (DWCNT).
Our calculations indicate that adamantane molecules
favor encapsulation inside selective carbon nanotubes,
but do not react spontaneously even at high tempera-
tures. The predicted encapsulation has been achieved
using high temperature sublimation of adamantane
molecules that filled open-ended DWCNTs, as
described in the Methods section. The as-synthesized
linear adamantane assemblies inside DWCNTs
(ad@DWCNTs) were annealed and subsequently un-
derwent a transformation, depending on the specific
annealing conditions. The sp* hybridized nanostruc-
tures were found to convert into carbon chains inside a
carbon nanotube when annealed in vacuum at tem-
peratures above 500 °C. We found the as-produced
carbon chains, which were spectroscopically charac-
terized by a sharp Raman feature at 1857 cm ™' origi-
nating from a C—C stretching mode, to be stable inside
carbon nanotubes with inner diameters around 1.0 nm.
Nanotubes with an inner diameter exceeding 1.3 nm
were found to often contain multiple chains, which
seemed to react with defects of the wall and possibly
even to escape from the inner space under electron
beam irradiation. Introduction of pure hydrogen dur-
ing thermal annealing, however, suppressed the for-
mation of carbon chains and kept adamantane intact.

RESULTS AND DISCUSSION

The low sublimation and high decomposition tem-
perature of adamantane?® are favorable prerequisites
for the assembly and transformation of linear adaman-
tane assemblies within the confinement space of a
carbon nanotube from vapor phase, as described in
Scheme 1. Further transformation of the as-produced
linear adamantane assemblies into different structures
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Adamantane 1D Array

Scheme 1. Synthesis and Annealing of Linear Adamantane
Assemblies

Figure 1. Optimized equilibrium structure of two adaman-
tane molecules inside a (7,7) carbon nanotubein (a) side and
(b) end-on view. HR-TEM images of adamantane molecules
encapsulated in DWCNTSs with inner diameter (c) d < 0.8 nm
(no encapsulation), (d) d ~ 1.0 nm (single linear array of
adamantane molecules), (€) d ~ 1.4 nm (double array of
adamantane molecules), (f) d ~ 1.8 nm (multiple arrays of
adamantane molecules).

was observed following annealing at different tem-
peratures and in different atmospheres.

As suggested by early theoretical results,® we found
the encapsulation of adamantane in carbon nanotubes
to be highly diameter selective. The adamantane
structure inside a (7,7) carbon nanotube at T = 0 K,
depicted in Figure 1a,b, maximizes the attractive
adamantane—nanotube interaction. As seen in Figure 1a,
the adamantane molecules prefer to stay at the center
of the carbon nanotube cavity on energetic grounds
and are about at van der Waals distance from the
enclosing nanotube walls. The net energy gain of
0.88 eV per adamantane molecule upon encapsulation
is responsible for an efficient filling of the nanotubes.
This energy gain is caused to a large degree by the
hybridization of adamantane states with those of
the enclosing nanotube, causing minor changes in the
electronic structure. We found the energy gain to be
smaller in wider nanotubes, where this hybridization is
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Figure 2. Equilibrium structure of linear arrays of adaman-
tane molecules and candidate structures for diamond nano-
wires that may form inside narrow carbon nanotubes. (a)
Interaction between adjacent adamantane molecules as a
function of their separation d,,. The equilibrium geometry
of a postulated (C;Hg).. (b) and a (CgHg).. (c) diamond
nanowire that may fit inside a (7,7) nanotube.

smaller, and the filling process to be endothermic in
narrow nanotubes® with diameters d < 0.8 nm. Once
inside a nanotube, adjacent adamantane molecules
assemble to a linear array with a preferential interada-
mantane distance d., ~ 6.2 A, as seen in Figure 2a. The
pairwise interadamantane interaction is weakly attrac-
tive, yielding only ~0.16 eV binding energy. A substan-
tial repulsion occurs at shorter separations, consistent
with the fact that adamantane molecules are rather
unreactive.

Our HR-TEM observations agree well with the above
predictions, since no encapsulated adamantane in
DWCNTs with inner diameters below 0.8 nm was
detected (Figure 1¢). Single linear arrays of adaman-
tane molecules were only detected in DWCNTs with
inner diameters around 1 nm (Figure 1d). Our observa-
tions were found to be consistent with simulated TEM
images of carbon chains inside a nanotube (inset of
Figure 1d). Two and three linear arrays of adamantane
molecules were detected in nanotubes with diameters
around 1.4 nm (Figure 1e) and 1.8 nm (Figure 1f),
respectively.

Beside the stability of adamantane molecules inside
carbon nanotubes, we also calculated vibration spectra
of pristine adamantane, a pristine (7,7) carbon nano-
tube, adamantane inside the nanotube, and the

ZHANG ET AL.

postulated (C;Hg).. and (CgHg).. diamond nanowire.
These spectra were obtained from the velocity—
velocity autocorrelation functions accumulated during
MD simulations at T &~ 1300 °C and are presented in
Figure 3a—d. We find that the spectrum of a nanotube
containing adamantane molecules in Figure 3d differs
significantly from the spectrum of the postulated
diamond nanowires in Figure 3b. It resembles much
more closely a superposition of the spectra of adaman-
tane in Figure 3a and of the enclosing nanotube
in Figure 3c. The vibration spectrum of adaman-
tane in Figure 3a consists of C—C stretching modes
in the frequency range up to ~1400 cm™' and of
C—H stretching modes at 2800—2900 cm™', which
had been previously discussed in computational stud-
ies of diamondoid molecule lattices.”® As seen in
Figure 3d, these modes persist, but are modified inside
the nanotube.

The encapsulation of adamantane molecules into
DWCNTs was also characterized by ATR-FTIR, as shown
in Figure 3e. Our ATR-FTIR spectra, shown by the blue
dashed line in Figure 3e, exhibit a carbon—hydrogen
stretching vibration of CH, (6) at 2897 cm~ " and CH (4)
at 2845 cm™ ', in good agreement with our simulations
in Figure 3d and published results.?’ Besides the
adamantane molecules encapsulated inside the nano-
tubes during the vapor phase reaction, a large quantity
of adamantane molecules condensed outside the na-
notubes. The ATR-FTIR spectra of the sample at the
completion of the filling process, shown by the red
dotted line in Figure 3e, are dominated by the signal
from adamantane molecules outside the carbon nano-
tubes. Since the spectrum of pure DWCNTSs, shown
by the black dash-dotted line in Figure 3e, is rather
featureless, the spectrum of nanotubes exposed to
adamantane is very similar to that of pure solid ada-
mantane, given by the blue dashed line in Figure 3e.

Due to its high solubility in organic solvents® and
low sublimation temperature,?® molecules of adaman-
tane outside DWCNTs were easily washed away by
acetone and then sublimed in the oven at 90 °C
overnight. Only encapsulated adamantane molecules
remained in the sample following this procedure. This
sample of DWCNTs containing encapsulated adaman-
tane, ad@DWCNTs, was measured again by ATR-FTIR.
Only carbon—hydrogen stretching vibrations of the
encapsulated adamantane molecules were detected in
the ATR-FTIR spectra, shown by the green solid line in
Figure 3e. The major difference with respect to the
spectrum of pure adamantane is a blue shift of the
carbon—hydrogen stretching vibration frequency of
CH, from 2897 t0 2917 cm ™' due to the confinement
effects of DWCNTs, consistent with our theoretical
results in Figure 3d. We did not observe any change
in the frequency of the CH stretching mode at
2845 cm ™', As mentioned earlier, the main objective
of our study was to form 1D assemblies of adamantane
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Figure 3. Calculated high-temperature vibration spectrum of (a) an adamantane molecule, (b) postulated infinite (C;Hg).. and
(CgHg).. diamond nanowires, (c) an infinitely long (7,7) carbon nanotube, and of (d) this nanotube containing two adamantane
molecules per (C;oH16),@C 65 unit cell. All vibration spectra, including the individual adamantane and nanotube components
of the vibration spectrum in panel d, are normalized. (e) Experimental ATR-FTIR spectra of the transmission of DWCNTs at
different stages of filling with adamantane. The different curves represent pristine DWCNTs (black dash—dotted line), pure
adamantane (blue dashed line), adamantane both inside and outside of DWCNTs just after filling (red dotted line), and the
ad@DWCNTs after removing of adamantane outside the nanotubes (green solid line).

Figure 4. (a) HR-TEM image of a sample that was annealed under 10”7 Torr vacuum, showing carbon chains inside the
DWCNTs, which are also represented by the simulated TEM image in the inset. (b) HR-TEM image of the corresponding sample

that was annealed under hydrogen atmosphere.

and to explore the possibility of templated growth of
higher diamondoids and diamond nanowires by
means of transforming arrays of adamantane mol-
ecules within the constrained volume inside a carbon
nanotube. Recently reported formation of higher from
lower diamondoids,?* albeit not selectively restricted
to quasi-1D structural isomers, included the formation
of the three tetramantanes,” [121], [(1(2)3], and [1234],
from triamantane at pyrolytic temperatures of 500 °C.
The study also showed that [1212] pentamantane, the
5-diamond-cage member of the linear, rod-shaped
diamondoid series is the predominant product of
pyrolytic treatment of the next lower member of that
series, [121]tetramantane.”® Figure 2c depicts the
atomic structure of a candidate diamond nanowire struc-
ture. The "rod” shaped structural fragment, shown in
Figure 2¢, has 11 diamond cages and is a member of
the linear diamond/diamondoid series, which also
includes [121]tetramantane and [1212]pentamantane.
The fragment structure has the Balaban—Schleyer'®
higher diamondoid name [-1212121212-Jundecaman-
tane. Formation of linear diamond structures, such as

ZHANG ET AL.

that in Figure 2¢, via pyrolytic formation mechanism of
higher diamondoids®® appears possible, since linear,
rod-shaped diamondoid precursors were found to
aggregate preferentially end-on even in a macroscopic
reaction vessel. Within the proposed templated growth
mechanism,”®> which orients the molecules and
suppresses nonlinear structures that do not fit in-
side a DWCNT, diamond nanowires (C;Hg).. with
diameters of 0.52 nm (Figure 2b) and(CgHg).. with
diameter of 0.60 nm (Figure 2c) are the two most
plausible structures if such diamond nanowires
were to form by fusion of encapsulated adaman-
tane molecules.

We annealed ad@DWCNTSs at 600 °C under 10~ Torr
vacuum, similar to the conditions for fusing fullerenes
from fullerene peapods,'’** and comparable to the
pyrolytic temperature of diamondoids.” Under these
conditions, we did not see large quantities of fused
adamantane molecules, but rather observed linear
carbon chains formed by conversion of adamantane.
These carbon chains have been identified both by
HR-TEM (see Figure 4a) and by Raman spectroscopy
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Figure 5. (a) Raman spectra of pure adamantane, pristine DWCNTs, and DWCNTs filled with adamantane. Spectra of as-
prepared samples at 300 °C are compared to samples annealed at 600 °C both in vacuum and in H, atmosphere. (b)

Corresponding Raman spectra of ad@DWCNT samples annealed at different temperature under 10~7 Torr vacuum, observed
using a laser wavelength 1 = 514 nm under ambient conditions. Resonance spectra for different laser wavelengths are shown

in the inset.

(Figure 5). Our HR-TEM images allow us to clearly
distinguish a carbon chain in Figure 4a from a linear
array of adamantane molecules in Figure 1d. The
observed and the simulated images of carbon chains,
shown in the inset of Figure 4a, appear consistent with
each other.

To spectroscopically characterize the system before
and after high-temperature annealing, we compare
Raman spectra of pure adamantane, pure DWCNTs, and
DWCNTs exposed to different conditions in Figure 5a.
Whereas most of these spectra are rather featureless in
the frequency range 1800—2000 cm™', we observe a
new feature at 1857 cm ™' in the ad@DWCNTs sample
that was annealed at 600 °C under a vacuum of 10~
Torr, shown by the black solid line in Figure 5a. As
suggested above, this Raman-active mode may be
associated with carbon chains. We confirm that this
spectral feature must be linked to adamantane en-
capsulation, since no feature at 1857 cm~" was ob-
served in corresponding empty DWCNTs that were
annealed under the same conditions.

There is a vast body of literature on both polyyne
and cumulene®”?8 allotropes and their Raman activity,
which have been studied previously both theoretically
and experimentally.?® 3! Raman spectral features from
1790 to 1860 cm ™' have been observed and attributed
to the vibration of one-dimensional carbon chains
in multiwalled carbon nanotubes produced by direct
current arc discharge®®®' and high temperature an-
nealing of DWCNTs (1600 °C).3>** Formation of
polyynes has also been reported in the fusion products
of CyoH, contained in carbon nanotubes.>%343>

We also studied the conversion rate of ad@DWCNTs
to carbon chains as a function of the annealing tem-
perature and show our results in Figure 5b. The
1857 cm™ feature in the Raman spectra, associated
with carbon chains, emerges as the ad@DWCNTs
sample is annealed in vacuum to above 500 °C.
The intensity of this Raman feature increases with

25,26
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increasing annealing temperature and reaches its
maximum at temperatures between 600 and 700 °C,
when the conversion of adamantane to carbon chains
has been completed due to the lack of hydrogen
to passivate sp> bonded carbons. Above 800 °C, the
intensity of the 1857 cm™' feature starts decreasing
again as the carbon chains start reacting and decom-
posing at high temperatures, in agreement with a
recent study.®" Our Raman spectra reported in Figure 5
were obtained using laser excitation energy of 2.54 eV
(A = 488 nm), 241 eV (A = 514 nm), and 1.96 eV (1 =
633 nm). As shown in the inset of Figure 5b, the Raman
feature at 1857 cm™ ' was strongest under the 1 =514 nm
excitation, and was nearly absent under the 1 = 633 nm
excitation.

We found that both the Raman feature frequency
and its intensity dependence on the excitation energy
were different in carbon chains produced from linear
adamantane assemblies and in carbon chains obtained
by conversion of encapsulated polyyne chains C;oH,@
DWCNTs.2° Our Raman spectra suggest that carbon
chains formed from linear ad@DWCNTs are much
more uniform than those formed within arc discharge
MWCNTs?%3" or from enclosed polyyne chains C;oH,@
DWCNTSs.?® In particular, the sharp 1857 cm™' Raman
feature was observed only in carbon chains formed by
conversion of ad@DWCNTs.

The equilibrium structure of an infinitely long carbon
chain is a linear arrangement of covalently bonded C
atoms. The optimum geometry can be inferred by
inspecting the total energy as a function of the alter-
nating interatomic distances r; and r, in Figure 6a. The
most stable structures are associated with a unit cell of
constant length r; 4 r, = 2.60 A. A very small stabilizing
energy of 2 meV/C, causes a bond length change from
r; =r, = 1.30 Ain the cumulene allotrope to what some
call a polyyne allotrope with slightly different bond
lengths. In reality, the bond length difference ry — r, =
0.04 A, which comes about due to a Peierls instability in
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Figure 6. (a) Total energy contour plot AE(r,,r,) of an infinite linear carbon chain with alternating interatomic distances r, and
ry, with AE presented per two-atom unit cell. The schematic in the inset addresses the geometry, not bonding character. (b)
Vibrational band structure and (c) vibrational density of states (DOS) of a carbon chain.

the electronic structure, is too small to clearly differ-
entiate a triple from a single bond, so that the chain
should most closely resemble a cumulene chain in its
behavior.?” The calculated vibrational band structure of
the carbon chain is presented in Figure 6b and the
corresponding density of states (DOS), dominated by
characteristic van Hove singularities, in Figure 6¢. We note
that the observed new feature at 1857 cm™ " in the Raman
spectrum lies close to one of the van Hove singularities in
the vibrational DOS shown in Figure 6c. We found that
the chain binds only very weakly to the graphitic
structure of the enclosing nanotube, with an equilibri-
um separation from the wall of 3.3 A and a binding
energy of only 0.04 eV per C atom of the chain. The weak
coupling and physical closeness to the nanotube wall is
expected to cause minor modifications in the vibration
modes of the chain and the Raman selection rules.

Our ab initio calculations indicate that the formation
of carbon chains involves more than a single-step
thermal conversion of adamantane to elemental car-
bon and hydrogen, since the reaction

nCioHie — 10nC (chain) +8nH, —n-AE (1)

is a strongly endothermic process that requires a
substantial amount of energy, AE = 4+20.8 eV per
adamantane molecule. Experimentally, we know that
adamantane molecules start to decompose at tem-
peratures above 660 °C into liquid pyrolyzates includ-
ing benzenes and alkylbenzenes as well as unsaturated
gaseous components including ethylene by breaking
and reconnecting C—H and C—C bonds.?*3® We ob-
served that adamantane turns into black shiny struc-
tures, possibly consisting of graphitized carbon,*” and
a yellow oily suspension under vacuum conditions.
Within the confining volume of a nanotube, realized
in our experiment, we may observe emergence of other
carbon structures, including sp hybridized carbon
chains, as the end product under vacuum conditions.
Our HR-TEM observations at an electron current
density of 20 pA/cm? (density at the detector at 300 K)

ZHANG ET AL.

indicate that the dynamics of as-produced carbon
chains depends on the inner diameter of the enclosing
DWCNT. Carbon chains contained in DWCNTs with an
inner diameter around 1.0 nm appear stable, are well
aligned with the nanotube axis, and move freely along
the nanotube under electron beam irradiation. DWCNTSs
with inner diameters d > 1.3 nm provide increased
configurational freedom to carbon chains, causing de-
viations from axial alignment. Under electron beam
irradiation, the as-formed carbon chain radicals may
react with defects of the carbon wall and possibly even
escape from the confining space of the DWCNTs. Sub-
sequently, they may turn into amorphous carbon cover-
ing the DWCNT wall (see the movie in the Supporting
Information). We feel positive that this reaction has
not been caused by impurities other than carbon, since
our electron energy-loss spectra (EELS), presented in
Figure S1 of the associated Supporting Information,
indicate that only carbon is present in this and all our
other samples.

In a second attempt to synthesize diamond nano-
wires containing only sp® hybridized carbon, we an-
nealed the ad@DWCNTs samples under hydrogen
atmosphere as an alternative to vacuum. This ap-
proach should be similar to diamond formation by
plasma-enhanced chemical vapor deposition (PE-CVD),
which is a free-radical process, in which carbon—
carbon bonds form by connecting two carbon-containing
radicals, followed by subsequent radical-induced
additions, dehydrogenation, and ring closure reac-
tions. In PE-CVD, hydrogen gas is a major reactant
and radicals are generated inside a plasma.® In higher
diamondoid-formation experiments, > where reac-
tants were contained in gold tubes, carbon radicals
were produced by initial rupture of carbon—carbon
bonds. These radicals initiated a chain of reactions,
including dehydrogenation and ring closure, that re-
sulted in diamond-cage build-up. Dahl et al. also found
that carbon radicals containing four carbon atoms
(isobutyl radicals) preferentially react with lower
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diamondoid reactants promoting growth of higher
diamondoids.?* Under hydrogen atmosphere, no car-
bon chains were detected in the annealed sample.
Absence of vibration modes near 1857 cm™' in the
Raman spectra, shown by the red dashed line in
Figure 5a, indicates that no carbon chains are present
under these conditions. On the other hand, also no
diamond nanowires are observed under these condi-
tions. We find no difference between HR-TEM images of
the annealed sample (Figure 4b) and the sample prior to
annealing (Figure 1d). In view of the high stability of
adamantane in a hydrogenating environment,3%*°
expect that adamantane should remain intact while
being annealed inside DWCNTSs in hydrogen atmosphere.

In parallel to the experiment, we studied the ther-
mal stability of adamantane molecules inside carbon
nanotubes using molecular dynamics (MD) simula-
tions. Since the total time period covered by the MD
run was limited to 10 ps, which is very long for ab initio
simulations yet very short in comparison to the experi-
ment, we artificially increased the temperature to

we

beyond 1200 °C to speed up the dynamics. These
simulations have been performed for an infinitely long
nanotube, represented by a periodically repeated unit
cell containing 168 carbon atoms in the nanotube
segment and two C;oH;¢ molecules. Alternatively, we
investigated the dynamics of two adamantane mol-
ecules in a constraining potential modeling the en-
closing nanotube and obtained very similar results,
which were consistent with our observations.

We analyzed the atomic trajectories by interrogating
the atomic pair correlation functions, keeping track of
atoms initially associated with each adamantane mol-
ecule. Even at temperatures in excess of 1200 °C, we
found no indication for an even intermittent detach-
ment of H atoms from adamantane and their recombi-
nation to a free H, molecule. We have also seen no
indication that a C—C covalent bond may have been
formed intermittently to connect adjacent molecules,
or of any atom exchange between adjacent adaman-
tane molecules. We conclude that the adamantane
molecules and carbon nanotubes are rather unreactive
even at high temperatures if hydrogen is not deliber-
ately removed from the system, further confirming our
expectation that adamantane should remain intact in
hydrogen atmosphere.

Exploring ways that may yield diamond nanowires,
as a working hypothesis, we assumed that such nano-
wires may form by fusing adamantane molecules and
releasing excess hydrogen in molecular form. We
calculated the energies of the corresponding reactions
with the diamond nanowires of Figure 2b and 2c as
final products,

7nCyoH16(g) — 10nC;Hg (nanowire)
+ 16nH,(g) — 10n- AE(C;Hg) (2)

ZHANG ET AL.

4nCyoH16(g) — 5nCgHg (nanowire)
+ 12nH,(g) — 5n-AE(CgHg) (3)

and found both of them to be endothermic, requiring
an energy investment between AE(CgHg) = +1.29 eV
and AE(C;Hg) = +1.75 eV per diamond nanowire
segment. Consequently, we do not expect a sponta-
neous formation of diamond nanowires from adaman-
tane molecules encapsulated inside a nanotube.

During thermal annealing of the sample in vacuum,
hydrogen atoms were detached from adamantane and
dehydrogenated sp> surface carbon atoms underwent
reconstruction to partly hydrogen terminated sp?
nanostructures*' and ultimately to sp bonded carbon
chains. Upon thermal annealing in hydrogen atmo-
sphere, on the other hand, hydrogen detached from
the sp> hybridized carbon was replenished by exter-
nally provided hydrogen that prevented further trans-
formation to carbon chain structures.*>*3

The observed structural changes of linear adaman-
tane assemblies provide a useful indication for ways to
change their reaction path to obtain diamond nano-
wires. The presence of passivating groups is a prere-
quisite for sustaining sp hybridization, which prevents
the formation of carbon chains inside carbon nano-
tubes. To turn the conversion reaction of adamantane
molecules exothermic, either the final products have to
become more stable, or less stable reactants have to be
used. An example of the first scenario contains stable
hydrocarbons among the final products, such as

nCyoH16(g) — nCgHg (nanowire)

+2nCHy(g) — n- AE(CgHg) (4)

which turn the reaction mildly exothermic with
AE(CgHg) = —0.46 eV. Even though this reaction may
have occurred under our experimental conditions, we
have no indication of forming either CgHg nanowires or
methane. An example of the second scenario would
involve using adamantane derivatives as initial pro-
ducts, which would turn the production of diamond
nanowires

nCy4H18(COOH),(g) 4+ 2nH2(g) — 2nCgHg (nanowire)
+4nH,;0(g) — n- AE(CgHs) (5)

also into an exothermic process, with AE(CgHg) =
—2.39eV.

Finally, we propose an alternative way to convert
linear adamantane assemblies to diamond nanowires
inside nanotubes in a nonthermal process that would
require deposition of large energy amounts, possibly in
form of laser pulses or electron beam irradiation.

CONCLUSIONS

We report the formation of linear arrays of adaman-
tane molecules inside narrow double-wall carbon
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nanotubes by a vapor-phase reaction. Our calculations
and observations indicate that adamantane encapsu-
lation is highly diameter selective. Whereas no encap-
sulation was observed in DWCNTs with inner diameters
below 0.8 nm, single linear arrays of adamantane
molecules assembled inside DWCNTs with inner dia-
meters around 1.0 nm and multiple linear arrays of
adamantane were found in DWCNTs with inner dia-
meters exceeding 1.3 nm. The encapsulation of adaman-
tane was confirmed by HR-TEM observations and the

shift in the carbon—hydrogen stretch vibration mode of

CH, groups of adamantane molecules from 2897 cm ™' in

solid adamantane sample to 2917 cm™" in encapsulated
adamantane interacting with the nanotube wall.

Our calculations and experimental data indicate
that these molecules may selectively react within the
narrow confining space inside a carbon nanotube,
depending on the surrounding atmosphere and an-
nealing conditions. Upon vacuum annealing above
500 °C, adamantane molecules enclosed in a carbon
nanotube have been observed to convert to carbon
chains characterized by a sharp Raman feature at
1857 cm™ . The intensity of the 1857 cm™' Raman

EXPERIMENTAL METHODS

Synthesis of Linear Arrays of Adamantane Molecules. The assembly
of linear arrays of adamantane molecules was achieved follow-
ing the reported vapor phase reaction.'’** DWCNTSs (Toray Co.,
2 mg) were heated at 480 °C for 30 min under air atmosphere to
open the caps. The open-ended DWCNTs were degassed at
300 °C for 2 h and then sealed in presence of extra adamantane
(Wako, 5 mg) under vacuum of 10~ Torrin an H-shaped Pyrex
tube. Following sublimation of the adamantane powder, indi-
vidual molecules were pulled into the void inside DWCNTs by
a force resembling the capillary force. The one-dimensional
assembly of adamantane molecules was converted to ordered
linear adamantane arrays as the sample was heated at 300 °C for
2 days. The as-produced sample was washed by acetone and
dried in the oven at 90 °C overnight.

Thermal Annealing of Linear Adamantane Assemblies. One part of
the as-produced ad@DWCNTs sample was further annealed at
temperatures ranging from 450 to 1200 °Cfor 12 to 48 hunder a
vacuum of 107 Torr. A second part of the sample was annealed
at 600 °C for 12 h, while being flushed by pure hydrogen at a
flow rate of 200 sccm.

THEORETICAL METHODS

Total Energy Calculations. All structures were optimized using
an ab initio approach based on the density functional theory
(DFT). A judicious choice of the exchange-correlation functional
must be made especially in weakly interacting systems such as
graphite, where the equilibrium structure determined using the
local density approximation (LDA) agrees much better with
experiment than that based on the advanced generalized
gradient approximation (GGA). Explicit treatment of van der
Waals interactions is necessary to obtain precise intermolecular
distances at T=0 Kin molecular assemblies dominated by these
interactions.*>*® To make static and dynamic simulations of
systems with up to 200 atoms manageable, we used the
SIESTA code*’*8 with the Ceperley—Alder exchange-correlation
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feature, which we interpret as a specific vibration mode
of a carbon chain interacting with a nanotube wall,
has been demonstrated to be temperature depen-
dent, reaching its maximum at temperatures be-
tween 600 and 700 °C. We found that carbon
chains in DWCNTs with diameters above 1.3 nm
may escape from the enclosing volume of the
DWCNTs under electron beam irradiation. In samples
annealed at 600 °Cin pure hydrogen atmosphere, on
the other hand, we found that carbon atoms in
adamantane maintained their sp® hybridization
and the adamantane molecules retained their integ-
rity. This result indicates that hydrogen atmosphere
is very important for sustaining sp> hybridized car-
bon structures.

Our calculation indicate that postulated diamond
nanowires with the composition (CgHg).. and (C;Hg)..
may fit inside a (7,7) carbon nanotube, but would be
significantly less stable than encapsulated adaman-
tane molecules. Their formation would thus require
significant energy supply, possibly provided by femto-
second laser pulses, or use of molecules other than
adamantane as starting products.

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR). The samples were first characterized by ATR-FTIR spec-
troscopy. We used a JASCO FT/IR6100 spectrometer with an atte-
nuated total reflection attachment, JASCO ATR PR410-S. The spectra
were obtained with a spectral resolution of 4 cm™" for 1000 scans.

Raman Spectroscopy. Raman spectra were taken in a back-
scattering geometry using a single monochromator with a
microscope (HR-800, Horiba Jobin Yvon) equipped with a
charge coupled device detector and an edge filter. The samples
were excited by argon ions and helium—neon laser wave-
lengths 1 = 488, 514, and 633 nm. All measurements were
carried out under ambient conditions.

High-Resolution Transmission Electron Microscopy (HR-TEM). The
structure of the samples was characterized using a JEOL JEM-
2100F high-resolution transmission electron microscope that also
allowed electron energy-loss spectroscopy (EELS) measurements.
The as-produced samples were dispersed in 1,2-dichloroethane
using a weak bath sonication technique for 5 min and then
dropped onto a thin carbon film suspended on a copper grid.
The copper grid was then dried at 100 °Cin vacuum (1 0% Torr) for
4 h.The HR-TEM images were acquired at an electron acceleration
voltage of 80 keV with an exposure time of typically 0.5—1.0s.

functional*® as parametrized by Perdew and Zunger®® and

described the interaction between valence electrons and ions
by norm-conserving pseudopotentials® with separable non-
local operators.>> Atomic orbitals with double-¢ polarization
were used to expand the electron wave functions with an
energy cutoff of 100 Ry or higher for the real-space mesh
representation. The confinement energy shift that defines the
cutoff radii of the atomic orbitals was set to 0.01 eV. We used
periodic boundary conditions for all calculations. Depending
on the supercell size, the small Brillouin zone associated
with the one-dimensional unit cell was sampled by up to 8
k-points in order to properly represent the Bloch wave func-
tions for the momentum—space integration. All geometries
have been optimized using the conjugate gradient method,*
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until none of the residual Hellmann—Feynman forces exceeded
1072 eV/A.

Molecular Dynamics (MD) Simulations. Microcanonical and cano-
nical molecular dynamics simulations of free as well as encap-
sulated diamondoids and their decomposition products inside
carbon nanotubes were performed using the SIESTA code. We
used the Verlet integration algorithm to cover time periods up
to 10 ps with a time step of 0.5 fs.

Vibration Spectra. We obtained the vibration spectra of finite
fragments and infinite structures by construction the Hessian and
the dynamical matrix using the SIESTA code. Alternatively, we
obtained the vibration density of states from the velocity—velocity
autocorrelation function in MD simulations.

Model Constraining Potential. Since itis primarily the shape of the
constraining volume and not the chemical character of the carbon
nanotube container that directs the assembly and transformation
of adamantane molecules, we replaced the surrounding nanotube
by a constraining potential of cylindrical symmetry in selected
calculations. The constraining potential was determined by ex-
tracting pairwise interactions between individual atoms of the
enclosed molecule and the surrounding nanotube wall from a
large number of ab initio calculations for different geometries.
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