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ABSTRACT Unique low-dimensional Si0,-based nanomaterials can be encapsulated and synthesized inside

the nanometer-scale one-dimensional internal spaces of carbon nanotubes (CNTs). In this study, various single-

walled CNTs (SWNTs) and double-walled CNTs (DWNTs) having different diameters are used as containers for cubic

octameric HgSig01, molecules. High-resolution transmission electron microscopy (HRTEM), Fourier transform

infrared (FT-IR) spectroscopy, and Raman spectroscopy observations revealed that, depending on the diameter of

the CNTs, two types of structures are formed inside the SWNTs and DWNTSs: In the case of those CNTs having inner

diameters ranging from 1.2 to 1.4 nm, a new ordered self-assembled structure composed of HgSis,0g,—, molecules

was formed through the transformation of HgSiz01,; however, in the case of CNTs having inner diameters larger

than 1.7 nm, a disordered structure was formed. This behavior may indicate that strong interactions occur between

the CNTs and the encapsulated HsSiy,0g,—4 molecules.
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arbon nanotubes (CNTs) are prom-

ising candidates for various poten-

tial applications. The physical and
chemical properties of CNTs can be modi-
fied by doping, that is, by introducing vari-
ous molecules in CNTs." 3 There exist
unique low-dimensional nanomaterials
that can be synthesized and encapsulated
inside one-dimensional nanometer-scale in-
ternal spaces of CNTs. Low-dimensional
metal halides and metal alloy crystals have
been synthesized inside single-walled CNTs
(SWNTs).*~© Metal nanowires have been
synthesized inside SWNTs by a nanotem-
plate reaction.””® Various inorganic oxides
have been encapsulated inside SWNTs to
form unique low-dimensional structures.®'°
Hydridosilsesquioxane clusters, (HSiO1 ), (n
= 8, 10, 12, 14), which are well-defined
chemical species, have attracted attention
for the synthesis of ladder- and cage-
shaped polysilsesquioxanes because they
consist of unique two- and three-
dimensional structures and have poten-
tially better chemical, physical, and electri-
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cal properties than those of silicones."
Cage-shaped polysilsesquioxanes, particu-
larly cubic-shaped octahydridosilsesquiox-
ane clusters HgSigO15, have always gener-
ated considerable interest. For example,
Schneider et al. have investigated the reac-
tion of HgSigO1, on Si(1 0 0)-(2 X 1) and Si(1
1 1)-(7 X 7) surfaces by scanning tunneling
microscopy (STM), X-ray photoemission,
and reflection—absorption infrared (IR)
spectroscopy.'? The monolayer assembly
of HgSigO1, on freshly evaporated gold sur-
faces in ultrahigh vacuum has been
characterized.’ ™ "° The layer structure of
HsSigO1, molecules physisorbed on highly
oriented pyrolytic graphite had also been
investigated by STM."” Recently, Wang et
al.’® encapsulated HgSizO;, molecules in
CNTs by using a pressure-cycling filling
technique'® and studied them by transmis-
sion electron microscopy (TEM) and IR spec-
troscopy. They found that HgSigO;, could
be efficiently encapsulated in SWNTSs hav-
ing diameters of 1.4—1.5 nm and in multi-
walled CNTs having internal diameters of
1.0—3.0 nm; however, ordered structures
formed inside CNTs were not observed.'®
The relationship between structures formed
inside CNTs and the CNT diameters re-
quires further investigation. In this study,
we used various SWNTs and double-walled
CNTs (DWNTs) having different diameters as
containers for HgSigO;, molecules. Through
the transformation of HgSisO,,, a new or-
dered self-assembled structure was formed
in only those SWNTs and DWNTSs that had
specific diameter distributions (ranging
from 1.2 to 1.4 nm), and a disordered struc-
ture was formed inside those CNTs that
had diameters larger than 1.7 nm. This be-
havior may indicate that strong interactions
occur between the CNTs and the encapsu-
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lated molecules that have an ordered structure. High-
resolution TEM (HRTEM), with a point resolution of 0.14
nm, IR spectroscopy, and Raman spectroscopy were
used for demonstrating the formation of the new
structure.

RESULTS AND DISCUSSION

Figure 1a shows an ordinary HgSisO;, molecular
structure not encapsulated inside CNTs after the geo-
metrical optimization by using the density functional
theory (DFT) method. The Si—Si distances (ds;—s;) are
0.3117,0.3116, and 0.3128 nm in the x, y, and z direc-
tions, respectively. These values are different from that
in the case of HgSigOs; crystals, where dsi—s; = 0.3121
nm.?° It can be seen that the HgSigO;, molecular struc-
ture has a slight deviation from the cubic structure in
the crystal state.

A rather interesting phenomenon was observed
when HgSigO;, molecules were encapsulated inside
CNTs. HgSigO,, molecules were always arranged in an
ordered compact chain form in the CNTs having spe-
cific diameters distributions (ranging from 1.2 to 1.4 nm,
as discussed below), as shown in Figure 2; the black
dots in the HRTEM image correspond to Si atoms in-
side the SWNT. However, the distance between two
neighboring Si atoms in the chain along the transverse
axis direction of the CNTs was not constant (varying
from 0.282 to 0.292 nm) and was shorter than that cal-
culated from the lattice parameter values of the ordi-
nary HgSigO1, molecular structure. Furthermore, the dis-
tance between Si atoms in the vertical axis direction of
the CNTs was also not constant (varying from 0.305 to
0.329 nm); this indicates that the bond angles of
Si—O—Si in the chain were not uniform. These signifi-
cant results show that, when the HgSisO;, molecules
were encapsulated in the CNTs, their structure trans-
formed from the original structure (isolated molecule)
to a polymerized structure. Besides these ordered struc-
tures, a disordered structure was also observed inside
the CNTs having larger diameters, as shown in Figure S1
in Supporting Information. The IR and Raman studies,
which were conducted prior to the HRTEM observation,
also revealed the formation of the new structure; this
implied that the new structure was not formed due to
the electron beam used in the HRTEM observation. Ad-
ditionally, by using HRTEM, we observed a mixture of
open-ended CNTs and HgSigO1, molecules dissolved in
hexane without ultrasonication, and we also found that
this new self-assembled structure formed inside the
CNTs having specific diameters (ranging from 1.2 to
1.4 nm). Consequently, we inferred that the new struc-
ture was not formed by ultrasonication. The ordered
and disordered structures were formed selectively in-
side CNTs having different diameters, suggesting that
the diameter of CNTs may be a crucial factor in their for-
mation. As discussed later, the formation of this new
structure does not depend on whether the CNT is me-
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Figure 1. Ordinary HgSigO,; structure after geometrical opti-
mization (a), a ladder structure of H,,45i,,03,-> (b), and a
double ladder structure HgSis,0s,—4 (€).

tallic or semiconducting. Two chain structures of
Hap+4Si2003,—2 and HgSis,Og,—4 are assumed through
the transformation of HsSigO,, molecules by losing H at-
oms and the connecting of two Si atoms in the neigh-
boring HgSigO1, molecules through an O atom. These
structures are shown in Figure 1b,c after geometrical
optimization by the DFT method. The chain structure
of Hyn+4Si2,03n—7 is supposed to be a ladder structure
and that of HgSis,Og,—4 should be a double ladder
structure.

A Si L, 3 core-loss edge can be used to probe the
crystal chemistry around Si.2" Electron energy loss spec-
troscopy (EELS) analysis also revealed the structural de-
viation from the original HgSigO; crystal structure after
the encapsulation of the HgSigO, molecules inside
SWNTSs; this behavior can be observed from the peak
shift of the Si L, 3 edge toward the direction of lower en-
ergy by approximately 1 eV. This indicates that the lo-
cal chemical states around Si atoms vary as shown in
Figure S2 in Supporting Information.

Figure 3a shows a part of the HRTEM image of
HgSigO1, encapsulated inside the HIPCO SWNT shown
in Figure 2a, along with simulated images of both
HgSisnOgn—4 and H,,14Si>,03,_, structures inside the
SWNT. Here, we call the orientation of such an arrange-
ment as being in the <100> direction. A line profile
analysis of the image was carried out in order to com-
pare the two above-mentioned structures. In order to
make an accurate quantitative comparison, we deter-
mined that the chiral index of the SWNT in the HRTEM
image was (14,2) through Fourier transformation of the
HRTEM image and from the diameter of the SWNT;
this indicates that it is a metallic CNT.?*?® Furthermore,
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Figure 2. HRTEM images of HgSigO1, encapsulated inside the various
CNTs. (a—d) HRTEM images of HgSig0;,@HiPCO SWNTs, (e) HRTEM im-

age of HgSigO:,@FH-P SWNT, (f) HRTEM image of HgSigO;,@FH-P DWNT.

the positions of Si atoms along the longitudinal direc-
tion relative to the SWNT were also considered in the
simulation by comparing the positions of Si atoms

through comparing the 2.14 A periodicity dot contrast

of C atoms in the wall of the SWNT in the HRTEM image.

The simulated images shown in Figure 3b,c were ob-
tained under identical defocus conditions according to
that observed in the actual HRTEM image. It should be
noted that, in the line profiles shown in Figure 3d—f,
the contrasts of Si atoms are darker than those of the
walls of the SWNT in the HRTEM image; furthermore,
the contrast ratios of Si atoms to the SWNT wall in the
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line profile of the HRTEM image are in excellent agree-
ment with those in the line profile of the simulated im-
age obtained by assuming the double ladder structure
of HgSiynOsn—4. On the contrary, the contrast of Si at-
oms is clearly lighter than that of the SWNT wall in the
line profile in the simulated image obtained by assum-
ing the single ladder structure of H,,4Si,,03,->. Figure
3g—ishows the comparison between the HRTEM image
and the simulated image of the HgSis,Og,,—4 structure in-
side the (14,2) SWNT. The simulated structure with the
HgSis,Os,—4 molecules inside the (14,2) SWNT has been
geometrically optimized by using molecular mechanics
with the MM+ force field method. From the overlap of
the HRTEM image and simulated image, it can be ob-
served that there is a good agreement between the im-
ages in terms of the contrast of the Si atoms in both
the [010] and [001] directions. From these results, it can
be deduced that the HgSis,Os,—4 Structure is the most
suitable and probable candidate for the new structure
that is formed inside the SWNT.

In addition to observing the arrangement of the
HgSisnOgn—4 structure in the <100> direction, its ar-
rangement was also observed in the <110> direction,
as shown in Figure 4. The simulated image, the overlap
of the simulated image with the HRTEM image, and
the model of the HgSis,0g,—4 structure inside the SWNT
in the <110> direction are also shown in this figure.
The chiral index of the SWNT in the HRTEM image was
determined as (13,5)—a semiconducting CNT; this
chiral index value was used in the simulation. The struc-
ture of HgSis,Og,—4 molecules inside the (13,5) SWNT
was geometrically optimized before it was used in the
simulation. In this case, the overlap of the simulated im-
age with the HRTEM image also resulted in a good fit.
By comparing the line profiles shown in Figure 4c with
that in the simulated image shown in Figure 4d, it can
be definitely deduced that the contrast of the double Si
atoms, which are overlapped along the incident elec-
tron beam direction, indicated by the arrows shown by
Si(2) existing in the middle of the two single Si atoms
shown by Si(1) was just corresponding to the <110>
projected direction of the HgSis,0g,-4 structure.

In the Fourier transform IR (FT-IR) spectrum of
HsgSigO1; crystals, peaks occurring at 861, 1117, and
2291 cm™ can be assigned to the §(0O—Si—H),
1,5(Si—0—Si), and v(Si—H) vibration modes of the
HgSigO1, crystal,®* respectively (Figure 5). However, the
peak positions of v,s(Si—0O—Si) and v(Si—H) in the spec-
trum of SWNTSs that encapsulated HgSis,Og,—4 mol-
ecules shifted significantly to lower frequencies (—11
and —21 cm ™" in the cases of v.,(Si—O—Si) and v(Si—H),
respectively) as compared to those of the original
HgSigO1, crystal; in contrast, the peak position of
3(0—Si—H) did not change significantly. This behavior
demonstrates the transformation of the original struc-
ture of the HgSigO,; crystal after being encapsulated in-
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side the SWNTSs and also the strong inter-
action between SWNTs and the
encapsulated HgSis,Ogp—a.

Both of the HRTEM images in the
<100> and <110> directions show the
new structure of HgSis,0g,_4 self-
assembled inside the SWNTs, although
such a structure cannot be observed out-
side the SWNTs. Furthermore, it should be
noted that, although CNTs with different
diameters were used in this study, the or-
dered HgSis,Og,,—4 structure was found to
be encapsulated only in those SWNTs that
had a diameter distribution in the range
of around 1.14—1.31 nm or inside those
DWNTs that had an inner tube diameter of
approximately 1.15—1.37 nm.

CNT *

CNT

— 002 CNT

Similar diameter dependences were —
also observed in the results of resonance
Raman spectroscopy (Figure S3 in Sup-
porting Information). The radial breathing
mode (RBM) of SWNTs is potentially useful
for monitoring tube-specific effects be-
cause its frequency almost scales with the

092

inverse of the tube diameter (1/d,) and is m

sensitive to ambient environments. Figure
S3 in Supporting Information shows that
the RBMs at 177 and 195 cm ™" were
shifted to 174 and 192 cm™', respectively,
whereas there was no frequency shift for
the RBM at 262 cm ™. According to a pre-
vious RBM result,>> the RBMs at 177, 195,
and 262 cm™ can be assigned to SWNTs
having d; = 1.4, 1.2, and 0.9 nm, respec-
tively. This suggests that HgSis,Og,—4 mol-
ecules are preferentially encapsulated in
SWNTs having d; = 1.2—1.4 nm and that
the filling of these SWNTSs causes their
RBM to shift due to the strong interaction
between the SWNTs and the HgSis,Os,-4
molecules. It can be presumed that a di-
ameter of 0.9 nm is too small to encapsulate HgSis,Ogn—4
molecules. The diameter dependence results of HRTEM
and Raman spectroscopy match perfectly.

The diameter of CNTs plays an important role in
the formation of the new ordered structure. With los-
ing H atoms, this structure is quite different from that
of the original HgSigO;, molecules, and for its formation,
strong interactions with the walls of the CNTs may be
required. It can be seen that CNTs do have robust inter-
actions with the new ordered double ladder structure
of HgSis;Ogn—4 formed inside them. In this study, the for-
mation energies of the HgSis,Og,-4 structure (where n
= 6) and of the HgSigO1; structure having three unit cells
were calculated using the DFT method; both these sys-
tems had an equal number of H, Si, and O atoms. The
formation energy of the HgSiy,0g,-4 (n = 6) structure
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was 1.27 hartree (34.792 eV) lower than that of the
HgSigO15 structure having three unit cells (1.27 hartree
corresponds to 5.7 times the average bond energy of
O—H bonds in H,0). Therefore, the HgSis,Og,,—4 Structure
appears to be more stable than the HgSigO; structure
while being encapsulated inside SWNTs.

The new structure of HgSis,0g,—4 inside the SWNT ex-
hibits double-four-ring (D4R) units?® of Si—0O, which are
very important in materials such as zeolites. In this
study, the double-five-ring (D5R) structure was also ob-
served in some cases. The arrow in Figure 6 clearly
shows a D5R structure existing in the chain between
the D4Rs of the HgSis,0s,—4 structure. The D5R was con-
nected to the D4R through a vertex. The formation of
the D5R structure was initially considered due to an im-
purity consisting of HSi1001s clusters that might have

Figure 3. HRTEM image of HgSigO1, encapsulated inside the (14,2) SWNT (a), simulated image
of the double ladder structure HgSis,0g,-4 inside the (14,2) SWNT (b), single ladder structure
HgSi»,03,—> structures inside the (14,2) SWNT (c), and their corresponding line profiles (d—f).
HRTEM image of (a) in which the Si atoms and the CNT wall are highlighted (g), simulated im-
age of HgSis,0g,—4 at (14,2) in which the Si atoms and the CNT wall are highlighted (h), (i) is the
overlap of the images (g) and (h), and the framework model of HgSi,,0s,—4 at (14,2) (j).

VOL.3 = NO.5 = 1160-1166 = 2009 A@MNK)

11DI1Ld

1163



ARTICLE

1164

Figure 4. HRTEM image taken from the <110> direction of HgSis,0s,-4 at (13,5) (a), the corresponding simulated image of
HgSis,0sg,-4 at (13,5) (b), and the corresponding line profiles (c,d). HRTEM image of (a) in which the Si atoms and the CNT wall
are highlighted (e), the corresponding simulated image of HgSis;,Ogn—4 at (13,5) in which the Si atoms and the CNT wall are
highlighted (f), (g) is the overlap of the images (e) and (f), and the framework model of HgSis,08,-1 @ (13,5) projected from

the <110> direction (h).

been mixed in the source HgSigO1, powders. However,
liquid state NMR data of the original powders show only
very minor signals due to the impurity. Therefore, the
possibility of the cleavage of the cubic octameric silox-
ane bond forming new Si—O—Si bonds with neighbor-
ing cleaved groups cannot be excluded.

In this study, SWNTs were successfully used as con-
tainers in the synthesis of new low-dimensional nano-

absorbance (a. u.)

!

2500 3000

500 1000 1500 2000 3500 4000

wavenumber (cm™)

Figure 5. FT-IR spectra of HgSigO,, crystal (a) and HiPCO-
SWNTSs encapsulating HgSis,Og,—4 molecules (b), together
with a reference spectrum of SWNTs control sample (c).
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materials that do not exist outside CNTs. A new or-
dered self-assembled structure composed of
HsgSis,0s,—4 Molecules was formed inside SWNTs and
DWNTs having specific diameters sizes (1.2—1.4 nm)
through the transformation of HgSigO+,. However, disor-
dered structures were formed inside those CNTs that
had diameters larger than 1.7 nm. This indicates that
strong interactions occur between the CNTs and the en-
capsulated HgSis,Og,—4 molecules.

Figure 6. HRTEM image showing the D5R structure existing
in between the D4Rs of HgSis,0s,-4 at (12,6) (a), simulated
image (b), and the corresponding framework model (c).
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METHODS

In this study, commercially available HiPCO SWNTs (Carbon
Nanotechnologies, diameter distribution of around 0.6—1.3 nm)
and FH-P SWNTs and FH-P DWNTs (Meijo Nano Carbon Co. Ltd.,
both having diameter distributions of around 0.9—4.0 nm) were
used as containers for HgSigO+,. Prior to encapsulating HgSigO1,
inside CNTs, SWNTs and DWNTs were oxidized in air at 500 and
530 °C, respectively, for 30 min in order to open the caps of the
nanotubes and to remove amorphous carbon around their sur-
faces. HgSigO1; crystals were first dissolved in hexane (the ratio of
HgSigO1, to hexane was 0.37 wt %) and then mixed with the cap-
opened HiPCO and FH-P CNTs (the ratio of CNTs to HgSigO1,
was 10 wt %) with and without ultrasonication at room temper-
ature. The mixtures of HgSigOq, and CNTs (i.e., the specimens of
CNTs encapsulating HgSigO1; crystals) were washed more than 10
times with hexane in order to remove HgSigOs, crystals surround-
ing the CNTs prior to FT-IR and Raman measurements. Then,
the resulting suspension was placed on a carbon microgrid for
TEM observation. The JEM-2010F (JEOL) field emission TEM
equipped with a CEOS postspecimen spherical aberration correc-
tor (C; corrector) was operated at 80 and 120 kV for HRTEM im-
aging and acquiring electron energy-loss spectra with high reso-
lution and high contrast so that the electron beam damage to
the specimen was minimized as much as possible (in this study,
the beam density during the observations of the new material
synthesized inside CNTs was approximately 120 000 electrons/
(nm?-s) or 1.9 C/(cm?- s)). However, we found that the encapsu-
lated ordered structure was destroyed more rapidly under the
operation carried out at 80 than at 120 kV when using the same
incident beam density. This is due to the radiation damage
caused by radiolysis; therefore, the observation condition of an
operating voltage of 120 kV is more suitable in this case. Conse-
quently, the results shown in this study were obtained under the
observation condition of an operating voltage of 120 kV. The
specimens were maintained at ambient temperature during the
observation. A Gatan 894 CCD camera was used for digital re-
cording of the HRTEM images. C; was set in the range of 1—5 pm,
and the HRTEM images were recorded under a slightly under-
focus condition in order to enhance the contrast of the encapsu-
lated materials with respect to the graphene network of CNTs;
this ensured that the contrast of CNTs could be minimized by
fabricating the desirable contrast transfer function (CTF).>’ Paral-
lel EELS was carried out using JEM-2010F. The Si L, 3 core-loss
edge (around 99 eV) was analyzed instead of the O K-edge
(around 532 eV) because the signal-to-noise ratio in the case of
the former was better than that in the case of the latter. FT-IR
spectroscopy was carried out by using a Vertex 80v FT-IR spec-
trometer (Bruker Optics). Nanotube samples were dispersed in
ethanol and sprayed onto a ZnSe substrate. Raman spectroscopy
was carried out by using a triple-grating monochromator
(Bunko-Keiki, BRM-900) equipped with an InGaAs diode array
(Princeton Instruments, OMA-V). The Raman spectra were ob-
tained from solid-state samples by using a tunable Ti-sapphire la-
ser (Spectra Physics, 3900S) with an excitation wavelength of
1000 nm. All FT-IR and Raman measurements were performed
at room temperature. HRTEM simulations were performed on the
simulated structure in the case of molecules inside SWNTSs after
the structure was geometrically optimized through molecular
mechanics with the MM+ force field method.?2°
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