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ingle-walled carbon nanotubes

(SWCNTSs) have been attracting con-

siderable interest for a number of
years as they are prototypes of one-
dimensional systems on the one hand and
exhibit a high application potential on the
other hand.' "3 The simplest way to obtain
the electronic structure of the tubes is to
evaluate it from graphene by transversal
zone folding with a ribbon width corre-
sponding to the circumference of the tubes.
This works well until, with decreasing diam-
eter, the increasing curvature of the tubes
requires the consideration of contributions
from o-bonded electrons and the
curvature-induced anisotropy of the trans-
fer integrals becomes important. The geom-
etry of such very narrow tubes and their
electronic ground state have been reported
repeatedly from first-principle density func-
tional theory (DFT) calculations,* even up to
the GW level, and in few special cases, the
effects of excitonic bonding were
considered.>® As the many electron effects
increase the electron energy scale and exci-
tons noticeably reduce transition energies,
the two effects are known to more or less
balance each other, which is considered the
reason for the rather good agreement of ex-
periments with simple or extended tight-
binding calculations or with DFT calcula-
tions. However, a systematic study of
response functions in this range of tube di-
ameters is missing, even though the o—
mixture introduces dramatic changes to the
electronic structure,”® is expected to en-
hance the electron—phonon® " and
spin—orbit coupling,'? and eventually leads,
under certain circumstances, to supercon-
ductivity.” One reason for the lack of the
theoretical results is the lack of correspond-
ing experiments. Even though single spe-
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ABSTRACT The electronic and the vibrational structure of carbon nanotubes with ultrahigh curvature was

systematically studied by resonance Raman scattering, high-resolution transmission electron microscopy (HRTEM),

molecular dynamics, and ab initio DFT calculations. The ultrahigh curvature tubes were grown inside commercial

HiPco tubes after filling the latter with the small but carbon-rich molecule ferrocene. TEM showed partial filling of

the outer tubes with inner tubes and mobility of the latter in the electron beam. The smallest analyzed tube was

of (5,0) chirality and had a DFT determined diameter of 0.406 nm and a radial breathing mode frequency of 570

«m~". For all inner tubes which had transitions in the visible spectral range, transition energies and RBM

frequencies were determined with a resonance width of only 45 meV. Experimentally determined transition

energies revealed dramatic deviations up to several electronvolts compared to tight-binding calculations and a

significant family spread of more than 2 eV but were in agreement with many electron contribution corrected

extended tight-binding results and with results from DFT calculations.
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resonance
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cies of very narrow tubes, down to the 0.4
nm range, were grown in the channels of
zeolite crystals, the lack of a full set of ex-
tremely high curvature tubes prevented so
far a check of the expected dramatic devia-
tion of their electronic structure from the
tight-binding results.

An alternative way to get access to the
electronic structure of very high curvature
tubes is to study the inner tubes of double-
walled carbon nanotubes (DWCNTSs). Such
tubes are conveniently grown from anneal-
ing Ceo peapods. However, rather high tem-
peratures on the order of 1100 °C are re-
quired' since in this case transformation
was shown to be established by fusion of
Ceo cages.'® The diameter of the inner tubes
is determined by the outer tube size re-
duced by twice the van der Waals distance,
resulting in a 0.66 nm diameter reduction.
However, due to the large size of the
fullerenes in this way only tubes with diam-
eters not smaller than 0.7 nm can be grown.
Alternatively, growth of DWCNTSs was also
demonstrated from ferrocene (FeCp,)

*Address correspondence to
hans.kuzmany@univie.ac.at.

Received for review March 25, 2010
and accepted July 12, 2010.

Published online July 27, 2010.
10.1021/nn100615d

© 2010 American Chemical Society

 TAN K
VOL.4 = NO.8 = 4515-4522 = 2010 A@i%{\)

4515



;zt“T ;I-‘:,L.-.; L L L

Figure 1. Calculated structures for FeCp,@SWCNT. Top: FeCp,@(12,0), d; = 0.94 nm, binding energy = 1.19 eV per mol-
ecule, with van der Waals representation. Center: FeCp,@(8,8), d; = 1.09 nm, binding energy = 1.48 eV. Bottom: FeCp,@(9,9),

d, = 1.22 nm, binding energy = 1.16 eV.

peapods.'” Since ferrocene is considerably smaller than
Ceo, the growth of much thinner inner tubes can be ex-
pected. In addition, transformation temperatures of fer-
rocene to inner tubes are much lower and can go down
to only 500 °C as discovered most recently.'® The possi-
bility to grow such very high curvature tubes from fer-
rocene was indeed demonstrated recently from a TEM
study.”®

Making use of the advantage of FeCp;, as a filler, we
demonstrate the existence of a full set of nanotubes
with ultrahigh curvature by using a starting material
with a diameter distribution centered at 1.1 nm. For the
rather large subset of these tubes, which have optical
transitions in the visible spectral range, we determine
transition energies by resonance Raman scattering of
the radial breathing mode and provide thus for the first
time an extensive set of data related to electronic struc-
ture of the ultrahigh curvature tubes. Transmission elec-
tron microscopy confirmed the successful transforma-
tion of the FeCp, peapods to DWCNT and
demonstrated that the inner tubes are mobile inside
the nano cleanroom provided by the outer tubes. Ex-
perimental results are backed up by molecular dynam-
ics calculations which revealed the binding energies of
the incorporated ferrocene and the amount of carbon
available for inner tube growth. Concerning the elec-
tronic structure, ab initio DFT calculation from the Si-
esta package and extended tight-binding calculations
including many electron corrections provided very
good agreement with the experiments and demon-
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strated explicitly the breakdown of family behavior for
the tubes.

RESULTS AND DISCUSSION

The binding energies for the FeCp, molecule in the
tubes were evaluated from extended molecular dy-
namical calculations (for details, see Supporting Infor-
mation). Figure 1 depicts three examples of FeCp, pea-
pod structures calculated for different tube diameters.
The interaction between the tubes and the molecules
determines a minimal diameter for exothermic encap-
sulation of 0.95 nm (tight binding diameter of the (12,0)
NT) with binding energy of 1.19 eV per molecule. This
diameter limit is in good agreement with the experi-
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Figure 2. Fractional length of inner shell CNT for optimum
filling with FeCp, (bottom curve) and with Ce, (top curve). Ar-
rows pointing toward the bottom curve indicate increased
carbon availability for inner tube growth due to changes in
the structural arrangement of FeCp,.
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Figure 3. Raman spectra for FeCp, (bottom), for empty HiPco tubes in the intermediate frequency range (center), and
FeCp,@SWCNT (top) (left), and comparison between Raman spectra of FeCp; filled and transformed nanotubes (right).

mentally determined value for a comparable system
analyzed by Nicholas and co-workers.® The highest
binding energy of 1.49 eV was obtained for a (13,0)
tube. In general, the observed binding energies were
about a factor of 2 smaller compared to C©@SWCNT.
The top pattern in Figure 1 depicts the structure in a full
van der Waals representation, which demonstrates the
tight packing of the encapsulated molecule. With in-
creasing tube diameter, the orientation of the ferrocene
molecule changes from axially aligned to perpendicu-
larly aligned, as depicted by the pattern for (8,8) and
(9,9) in the figure. Eventually, for large diameter tubes,
the FeCp, molecules staple in parallel arrangements
and finally settle off axis.

Altogether, the filling conditions for 14 different
tubes were investigated in the diameter range be-
tween 0.9 and 1.7 nm. From the results, it is possible
to evaluate the total carbon resources which can be
provided. In turn, by assuming a van der Waals distance
of 0.33 nm between the concentric tubes, the total in-
ner tube length can be calculated relative to the total
length of the outer tubes. Results are depicted in Figure
2. Evidently, smaller diameter tubes give a better filling
ratio of up to more than 50%, whereas conventional
tubes with diameters in the range of 1.4 nm allow only
for filling factors of less than 40%. The structures in the
curve reflect the changes in geometrical arrangements
of the encapsulated molecules in the peapod precursor.
The figure also shows for comparison the results for
Ceo peapods. The trend for less good filling of the larger
tubes is evident, and the limit for the possibility to fill
small diameter tubes is also clearly seen. On the other
hand, due to the high carbon concentration in Cqy, fill-
ing up to 90% can be obtained. As it will be shown be-
low, the findings for FeCp, are fully consistent with the
experimental results.
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Experimental data from the Raman spectra confirm
the successful filling of the HiPco tubes, as depicted in
Figure 3. The spectrum at the top clearly shows the re-
sponse from the encapsulated molecules at 1106 cm ™,
even though the intensity of the line is rather weak,
only about 107 from the G line of the tubes. The other
lines observed in the spectrum are intermediate fre-
quency modes of the tubes, which became clearly vis-
ible due to the strong blow up of the spectrum. The two
spectra below were recorded from unfilled HiPco tubes
and for polycrystalline FeCp, powder.

After transformation to DWCNTs, the response from
FeCp, disappeares and new lines in the 350 to 600 cm ™'
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Figure 4. Radial breathing mode of DWCNTs grown from
FeCp,@SWCNTs for excitation with different lasers as indi-
cated. The spectrum at the bottom compares the results
with the response from unfilled tubes excited with 457 nm
radiation. Asterisks assign intermediate frequency contribu-
tions from the outer tubes.
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Figure 5. Resonance excitation of the RBM line at 470 cm™".
The inset depicts the cross section for the line at 360 cm™’
(see Figure 4, 600 nm spectrum). The solid line is as
calculated.

frequency range show up instead. An example is given
in Figure 3, which depicts spectra before and after
transformation to DWCNTSs. To observe the new lines,
a wide set of laser excitations is needed, as they origi-
nate from the RBMs of the small diameter tubes which
have characteristic resonance transitions. Figure 4 de-
picts a set of Raman spectra excited with lasers from
deep blue to deep red (for details, see Supporting Infor-
mation). As indicated, each laser reveals characteristic
vibrational modes. Interestingly, the lines exhibit some
structure but not the strongly expressed grouping as it
has been observed for DIWCNTs with conventional sized
outer tubes.?' Also, the line widths are broader and usu-

2.8+

ally exhibit an asymmetric shape compared to conven-
tionally grown DWCNTs. The larger line widths can be
due to a length distribution of inner tube segments as
they were observed in the HRTEM analyses (see below).
The strongest line observed from the inner tubes ap-
pears at 470 cm™" for excitation with a 676 nm laser.
The line intensity is higher than the intensities from the
outer tubes even though much less carbon material is
involved due to smaller tube size and incomplete filling.
This means that the laser used is close to resonance,
and the scattering cross section is strongly enhanced
due to enhanced electron—phonon coupling.

The resonance behavior of the 470 cm™! line can
be well studied by using different lasers in the red spec-
tral region. Results are depicted in Figure 5. The left
part of the figure shows the resonance behavior of the
outer tube RBM lines with an average resonance width
of 120 meV for each peak (for details, see Supporting In-
formation). Cross section measurements work even bet-
ter for the Raman line at 360 cm ™', where the continu-
ously tunable dye laser can be used. A result is depicted
in the insert of the figure. The solid line is calculated ac-
cording to the theory of Martin and Falicov.??
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where E|, Eggy, and I" are the laser energy, the energy
of the RBM, and the line width parameter, respectively.
For convenience, the same value of 0.025 eV for I" is
used for the incoming and outgoing resonance. The
two resonances appear at different positions but are
strongly overlapping. E; is the transition energy defined
in eq 2. The narrow resonance width of only 45 meV is
typical for the observed lines. It allows one to obtain in-
formation on the resonance position for any observed
Raman line even if the cross section could not be mea-
sured explicitly. The resonance width is only slightly

1.6 1

(7,2?

IRACICT

\I:\*

Vo ok
A fxi | §2

/\ i :
(&80 d | ié‘;‘.ra“
DB 530 B @61
V1) ©0)
\

100

I""I""I""I""l""l""l""i""
150 200 250 300 350 400 450 500 550 600

RBM Frequency (cm’1)

Figure 6. Transition energy—wavenumber diagram (Kataura—Popov plot) for narrow diameter tubes. The symbols are as
calculated from eq 2. Lines connect the calculated data for the same family. Different symbols are used for type | (open
circles), type Il (circles with cross), and for metallic tubes (open squares). Asterisks (red) represent experimental data.
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TABLE 1. Experimental Results for RBM Frequencies
(Column 1) and Corresponding Laser Excitation Energies
(Column 2) with the Assignment (Column 3) Compared to
Calculated Values for the Frequencies and Transition
Energies from Equation 2 (Columns 4 and 5). Last Column
Has the Transition Energies from the DFT Calculations
Using the Siesta Package?®

experiment calculated DFT
v(m™")  laser(eV)  assignment(nm) v (™) Ej(eV) Ej(eV)

570 2.38 (5,0) 555 238 (Ey) 24
513 2.38 (4,2) 529 2.40 (Eyy) 2.5
470 1.83 (43) 466 1.69 (Ey1) 173
419 271 6,1) 434 2.77 (E33)
417 2.54 (7,0 408 2.47 (E53) 2.7
413 2.18 (53) 409 2.27 (E)
363 171 (8,0 360 1.72 (Ey) 17
360 2.06 (7,2 352 1.88 (E5)
355 2.08 (6,4) 332 2.12 (Ep)

broader than the 30 meV widths for the cross sections
of inner tubes in conventionally sized DWCNTs.??

The good definition of the resonance transition en-
ergies allows one to plot them together with the RBM
frequencies on a Kataura plot especially derived for the
ultrahigh curvature tubes. This plot was generated
from the bare results of Popov?* by correcting them ac-
cording to the theoretical model of Kane and Mele.?®
The procedure used was similar to the work of Jorio et
al.* except that the starting point was from the sym-
metry adapted non-orthogonal tight-binding model of
Popov. Thus, the transition energies were calculated
from

c ] N [pcos(36)
10
p/doer e

o

Ejp, doer 0) = Epj + d_p[|°g
DFT

v

where E, ; are the values for the transition energies ob-
tained by Popov et al., a’ = 0.16 and ¢ = 5.25 are em-
pirical constants; p = 1— 4 are the transition numbers
for E3,, E3,, EY, and E3s, respectively; 0 is the chiral angle,
and B, are family selective parameters with a value of
0.046 for E3, transitions in semiconducting type 2 tubes
(see Supporting Information). The DFT diameter was
obtained from?” 1/dper = 1/d(n,m) — 0.005/d(n,m)? +
0.0013/d(n,m)* where d(n,m) is the tight-binding tube
diameter. Equation 2 has a logarithmic correction term
which takes care of many electron effects. The empirical
parameters were set to match the results for HiPco ma-
terial. Equation 2 may be extrapolated to even smaller
tubes and can thus be used to represent the present
data. They match very well to transition energies evalu-
ated from the DFT calculations. Figure 6 depicts the
transition energy versus frequency relations from eq 2
and values for the RBM corrected for chirality effects,?
again using the dper for the tube diameter (for details,
see Supporting Information). The symbols are explained
in the figure caption. As can be seen, there is a dra-
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Figure 7. Transmission electron micrographs of DWCNTs
grown from FeCp, peapods. (a) Enlarged area with three
tubes resolved. Two of them contain a section of an inner
tube inside a longer outer tube (red arrows). Due to differ-
ent focus, one of the two inner tubes is visible as white con-
trast, while the other one is visible as dark contrast. The
third feature in focus depicts a tube with carbon filling with-
out forming an inner tube. (b) High-resolution imaging dem-
onstrating that inner tubes are capped. Scale bar = 1 nm in
both pictures. (c) Two consecutive recordings of the same
tube. It demonstrates the mobility of the inner tube seg-
ments (arrows) in the electron beam.

matic family spread of more than 2 eV, for example,
for family 12, which results in a very strong deviation
of the transition energies from the 1/d; law known for
standard diameter tubes. For example, the E}} energy
for the (6,0) tube comes down from 5.3 to 1.63 eV. In ad-
dition, a cross over between transitions energies is al-
ready obtained for the E;; and E,; transitions. This is, for
example, seen for the (6,1) tube where E», (1.63 eV)
has a lower energy than Eq; (2 eV).

The experimental observations were inserted into
Figure 6 and allow for a tentative assignment of the ob-
served RBMs to tube chiralities as indicated by the
dashed circles. This assignment is summarized for all
observed tubes in Table 1 together with calculated val-
ues from eq 2 as well as with calculations from the Si-
esta package? (for details, see Supporting Information).
The averaged deviation between observed and calcu-
lated frequencies is +4 cm™', which is assigned to an
upshift of the RBM frequency due to tube—tube inter-
action. This value is slightly smaller than the average
value observed for the upshift of inner tube RBM fre-
quencies from conventionally sized DWCNTs. The dis-
crepancy is probably due to the observation of a large
number of satellite lines in the latter case where inner
tubes grow also in rather narrow outer tubes.

After subtraction of the 4 wave numbers the root-
mean-square error between experiment and calcula-
tion is 4.2 cm ™" or about 1%. Similarly, the mean de-
viation for the transition energies is 0.019 eV with a
root-mean-square error of +0.08 eV or 4%. The results
from the DFT calculations match very well to the results
of eq 2 and thus confirm its applicability.

A final check on the nature and size of the DWCNTs
grown from FeCp, peapods was done by high-

VOL. 4 = NO.8 = 4515-4522 = 2010

ACS

Al

),

=4

4519



Intensity (arb. u.)

000 025 050 075 100 125 150
Diameter (nm)

Figure 8. Diameter distribution for DIWCNTSs. For the inner tubes,
the discrete (n,m) values are explicitly indicated: (red) asterisks,
observed; (blue) triangles, not observed.

resolution TEM. Figure 7 has some selected results.
Part a shows a selected large-scale area with several
filled tubes. Two of them exhibit segments of inner
tubes. For the outer tubes, in some cases, length calibra-
tion could be performed from the Fourier analysis of
the tube pattern. For the tube on the right side, this re-
vealed a tube diameter of 1.08 nm corresponding to a
(12,3) tube. The inner tube diameter was read from the
image to be 0.4 = 0.02 nm. The corresponding diam-
eter difference is slightly larger than the values known
from the growth of DWCNTSs from fullerene peapods
but consistent with experiences for the catalytic growth
of DWCNTs from ferrocene.'” The third feature in part
a with a diameter of 1.8 nm has some carbon filling, but
no inner tube was formed. Part b is a high-resolution
image demonstrating capping of the inner tubes. The
two pictures in part c are snapshots of an animation
that demonstrates the motion of inner tubes in a par-
tially filled outer tube (see Supporting Information). Due
to defocusing during the imaging, the inner tubes ap-
pear as lines. Images taken at different defocus confirm
that the observed feature is indeed a nanotube seg-
ment. Evidently, the segment of the inner tube is mo-
bile in the electron beam. The video in Supporting In-
formation shows the translation of this inner tube under
the beam.

The presented results demonstrate that DWCNTs
grown from ferrocene in small diameter host tubes are
an excellent source to investigate ultrahigh curvature
tubes. With ferrocene as a filler, almost the limit for sta-
bility toward small diameters is reached. Figure 8 shows
the diameter distribution, fitted as a Gaussian to experi-
mental values from optical absorption for the outer
tubes, and the 0.66 nm downshifted distribution for
the inner tubes as a full line. For the inner tubes, the in-
dividual tube species are marked. The graph immedi-
ately explains why the (4,3) tube has the strongest Ra-
man signal. It belongs to one of the most abundant
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species and is obviously excited in good resonance at
676 nm excitation, as shown in Figure 5. All tubes in-
serted with a (blue) triangle are either at the lower edge
of the diameter distribution or exhibit transition ener-
gies which are out of the visible spectral range. No
tubes with (tight-binding) diameters below 0.39 nm
could be observed. The (3,3) tube is metallic with a reso-
nance close to 3 eV, which is at the edge of the avail-
able set of laser lines. Tube (5,1) has resonances at 1.65
and 3.8 eV. Tubes with curvature higher than (5,0) prob-
ably did not grow due to high curvature energy.

Calculations including correction terms according
to eq 2 and the results from DFT are in very good agree-
ment with experiment. The small discrepancies are not
surprising since the experiments were carried out for a
tube@tube geometry, whereas the calculations were
performed for free tubes. For the DFT calculations, di-
electric shielding is another source for small deviations.
Also, the cancellation between correlations increasing
the energy scale and excitons reducing the scale is cer-
tainly not perfect. Deviation between experiment and
calculations must be seen relative to the overall change
of several electronvolts induced by the high curvature.

The derivation of the transition energies from eq 2
still uses family behavior. However, since the sequence
on an energy scale is not at all unidirectional, assign-
ment as transitions corresponding to families is not
meaningful any more. Rather, transition energy enu-
meration should be used as it is derived from the ab ini-
tio calculations.

The calculations on the filling and the TEM results
show that only a partial filling of the host tube is pos-
sible. However, since the inner tube fragments are mo-
bile, additional filling of the already prepared DWCNTSs
should be possible.

CONCLUSION

The inner shell tubes of DWCNTs grown from HiPco
tubes with a mean diameter of only 1.1 nm are shown
to be good examples for SWCNTs with ultrahigh curva-
ture. The narrow diameter inner tubes were obtained
using ferrocene inside the tubes as a carbon source.
From molecular dynamical calculations, tubes with
chiral indices as low as (12,0) exhibit already a bound
state with the ferrocene which, on transformation to
DWCNTSs, could provide a (3,0) or (2,2) tube. In the ex-
periments, the smallest observed inner tube had the
chiral indices of (5,0). This corresponds to a DFT diam-
eter of 0.406 nm (tight-binding diameter 0.391 nm).
Resonance Raman scattering, TEM, and calculations on
various levels revealed information on the geometrical,
vibrational, and electronic structure. All tubes in the di-
ameter range between 0.406 and 0.66 nm, which have
resonance transition in the visible spectral range, could
be observed, except the near armchair (5,4) species.
Dramatic deviations of several electronvolts for the
transition energies were obtained from the calcula-
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tions compared to results for a tight-binding model, re-
sulting in a family spread of more than 2 eV. The devia-
tions were found to be in very good agreement with

the transition energies determined from the resonance

MATERIALS AND METHODS

HiPco tubes were purchased from Tubes at Rice. The diam-
eter distribution was determined by optical absorption and reso-
nance Raman, where corrections according to eq 2 were consid-
ered.?® Assuming a Gaussian distribution, the resulting mean
diameter was 1.1 = 0.05 nm with a fwhm of 0.25 nm. The tubes
were opened by exposure to air at 420 °C for 1 h and subse-
quently filled by heating for 48 h at nominal 400 °C in FeCp, va-
por in a sealed quartz tube. For the transformation to DWCNTs,
the resulting peapods were again vacuum sealed into a quartz
tube and exposed for 1 h to 800 °C. To remove non-encapsulated
ferrocene, the peapod material was annealed in dynamic
vacuum at 400 °C for 2 h. From the low transformation tempera-
ture, it is concluded that the inner tubes grow catalytically with
Fe;C (iron carbide) as the catalytic particle. As it was demon-
strated previously, the catalytic particle stays inside the tubes un-
less it is released by high-temperature vacuum annealing."”

Raman analysis for samples in the form of bucky paper was
performed at all intermediate steps with a Dilor xy triple mono-
chromator system with a broad spectrum of laser lines, including
tunable systems. For cross section measurements, the Raman re-
sponse was calibrated using results from Si*° (see Supporting In-
formation).

For the TEM analysis, an image side aberration corrected FEI
Titan 80-300 microscope was used, at 80 keV to avoid electron
beam damage. Diameter determination follows the analysis of
ref 31 to take into account the differences in apparent and ac-
tual tube diameter.

To describe the structure and energetics of the peapods, we
employed Brenner potential for nanotubes and MM3 potential
for ferrocene and NT—FeCp;, interactions, a well tested protocol
implemented by us in Tinker.32 Geometries and binding energies
of minima were obtained from quenched molecular dynamics
(QMD) simulations (for details, see Supporting Information). To
evaluate the electronic structure, we used the basic results from
Popov et al.,** which were corrected for many electron contribu-
tions and chirality effects according to Kane and Mele? and Jo-
rio et al.?® The results were compared to DFT calculations from
the Siesta package?® using double-{ accuracy for the atomic or-
bital basis set (see Supporting Information).
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