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ynthetic metal oxide single-walled

nanotubes (SWNTs) can be expected

to possess a number of interesting
and unique properties and are of interest
in a variety of applications, such as molecu-
lar separation, chemical sensing, catalysis,
and photonics.'"® Although the number of
such SWNT materials is not yet extensive, an
attractive aspect of these materials is that
they can be fabricated by liquid-phase syn-
thesis under moderate conditions, often
hydrothermal or solvothermal conditions."
More specifically, a particular metal oxide
(aluminosilicate) SWNT, which is a synthetic
version of the nanotubular mineral
imogolite,”° has attracted substantial inter-
est in recent years. This SWNT consists of a
tubular aluminum(lll) hydroxide layer on
the outer surface with pendant silanol
groups on the inner surface (Figure 1a). Its
structure and dimensions have been stud-
ied using a number of techniques, such as
electron diffraction, solid-state NMR, trans-
mission electron microscopy (TEM), X-ray
diffraction (XRD), and dynamic light scatter-
ing (DLS).°~ '3 Additionally, the proposed
mechanisms of single-walled metal oxide
nanotube growth'®'4~17 allow several pos-
sible ways of controlling the monodisper-
sity, composition, and structure of the
nanotube product.

A long-standing issue in nanotube sci-
ence and engineering is the modification
(functionalization) of SWNT surfaces. Modi-
fication of the inner or outer surface of the
nanotube with functional entities would
greatly expand their properties and applica-
tions. For example, an outer-surface modifi-
cation could increase the compatibility
with solid- or liquid-phase materials,
whereas an inner-surface modification
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ABSTRACT Single-walled metal oxide (aluminosilicate) nanotubes are excellent candidates for addressing
the long-standing issue of functionalizing nanotube interiors, due to their high surface reactivity and controllable
dimensions. However, functionalization of the nanotube interior is impeded by its high surface silanol density
(9.1 —O0H/nm?) and resulting hydrophilicity. Controlled dehydration of the nanotubes is critical for the success of
functionalization efforts. We employ a range of solid-state characterization tools to elucidate dehydration and
dehydroxylation phenomena in the nanotubes as a function of heat treatment up to 450 °C. Vibrational
spectroscopy (Fourier transform infrared, FT-IR), thermogravimetric analysis-mass spectrometry (TGA-MS),
nitrogen physisorption, solid-state NMR, and X-ray diffraction (XRD) reveal that a completely dehydrated condition
is achieved at 250 °C under vacuum and that the maximum pore volume is achieved at 300 °C under vacuum due
to partial dehydroxylation of the dehydrated nanotube. Beyond 300 °C, further dehydroxylation partially disorders
the nanotube wall structure. However, a unique rehydroxylation mechanism can partially reverse these structural
changes upon re-exposure to water vapor. Finally, detailed XRD simulations and experiments allow further insight
into the nanotube packing, the dimensions, and the dependence of nanotube XRD patterns on the water content.
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would be advantageous for shape-/size-
selective separations and catalysis. Diverse
approaches for outer-surface modification
of carbon nanotubes have been
reported.’®2° On the other hand, the modi-
fication of the inner wall of carbon nano-
tubes is much more difficult?*?! due to the
low reactivity of the inner wall as well as po-
tential steric and transport limitations in de-
livering the functional entities to the de-
sired sites in the nanotube. On the other
hand, the surfaces of aluminosilicate SWNTs
can be expected to resemble those of metal
oxide/hydroxide and silicate materials and
thus are more amenable to surface modifi-
cation. The aluminosilicate SWNTs contain
silanol (Si—OH) groups on the inner surface
and hence can potentially be functional-
ized in a manner analogous to the well-
known techniques for functionalization of
mesoporous and microporous silicas.?2~%
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Figure 1. (a) Cross-section of single-walled aluminosilicate nanotube. (b) Example of a model of the hydrated SWNT, with
14 wt % of water physisorbed in the SWNT at ambient conditions.

The capability to control the chemistry of the inner sur-
face of the aluminosilicate SWNTs thus has significant
implications for nanotube science and engineering.
There have been several reports on the outer-surface
modification of single-walled aluminosilicate
nanotubes.23°34 However, as in the case of carbon
nanotubes, inner-wall modification is much more diffi-
cult, and no convincing results suggesting inner-wall
functionalization have been published. We hypothesize
that the extraordinarily high surface silanol density of
the inner wall (~9.1 —OH/nm??3 makes the material
highly hydrophilic at ambient conditions®®3’ (Figure
1b). The strong binding of water molecules to the in-
ner wall may hinder functionalization of the surface.
Therefore, a comprehensive knowledge of dehydra-
tion and subsequent dehydroxylation phenomena (due
to condensation of hydroxyls) on the SWNT surface is
critical for accessing reactive surface sites and for creat-
ing a new class of inner-wall functionalized SWNT mate-
rials. Previous studies have reported on the dehydra-
tion, dehydroxylation, and pore collapse in these
SWNTs via solid-state NMR,3%3 infrared spectroscopy
(IR),*> thermogravimetric analysis (TGA),*® and X-ray dif-
fraction (XRD)."***4° However, they reach varying con-
clusions on many issues, for instance the heat treatment
temperature required to completely dehydrate the in-
ner wall and the temperature required for nanotube
collapse. Previous studies have proposed dehydroxyla-
tion models in the absence of definitive supporting evi-
dence. Furthermore, a quantitative study on the pore
volume of the SWNT in different dehydrated and dehy-
droxylation conditions—a prerequisite for inner-wall
modification studies—is still lacking. Here, we report a
systematic qualitative and quantitative investigation of
dehydration and dehydroxylation phenomena in alumi-
nosilicate SWNTSs over a wide temperature range of
25—450 °C. The structure and composition of the SWNT
are assessed by a combination of techniques including
in situ XRD, FTIR, NMR, TGA-MS, and N, physisorption.
Based upon our results, a quantitative model is pro-
posed for the dehydration and dehydroxylation phe-
nomena occurring in the SWNT upon heat treatment.
Furthermore, a unique rehydroxylation phenomenon

AMCNT AN . ;
A@L\LAJ\@) VOL. 4 = NO.8 = KANG ET AL.

that occurs in the dehydrated SWNT upon re-exposure
to water is elucidated. As a result, this study leads to the
preparation of a range of well-characterized heat
treated materials amenable to inner-wall surface func-
tionalization.

RESULTS AND DISCUSSION

TGA-MS. We first investigated SWNT dehydration and
dehydroxylation phenomena by TGA-MS (Figure 2). Ac-
cording to the TGA and differential TGA curves, there
are two pronounced weight losses at around 100 and
350 °C. These can be clearly assigned to dehydration
and dehydroxylation, respectively. Simultaneously, the
molecular weight channels 17 (corresponding to OH)
and 18 (H,0) in the mass spectrum showed two sets of
concurrent peaks. The ratio of the integrated ionic cur-
rent of channel 17 and 18 is around 0.25. These obser-
vations represent a well-known signature of water mol-
ecules,* and it is therefore clear that water molecules
leave the nanotube during the entire measurement
(25—700 °C). Furthermore, the trends of both ionic cur-
rent channels agree with the differential TGA curve.
Therefore, we can conclude that the SWNT dehydra-
tion is complete by about 250 °C, and the subsequent
dehydroxylation reaches its maximum rate at about
340 °C.

Solid-State NMR. "H NMR is an excellent probe of the
hydrogen environment in the SWNTs. Our 'H NMR in-
vestigation is summarized in Figure 3. Sample NT25
is the original SWNT sample, NT25v is the same
sample after degassing at room temperature under
vacuum, and samples NT100—NT400 represent
samples heat treated at the corresponding tempera-
tures (100—400 °C). NT400r represents the rehy-
drated sample. Two peaks are observed in the spec-
tra (Figure 3a): the peak between 4—6 ppm is
assigned to protons from physisorbed water in the
pore of the SWNT, whereas the peak at ~1.8 ppm is
assigned to the isolated hydroxyl groups.**~#4 For
samples containing a significant amount of phys-
isorbed water (NT25, NT25v, and NT400r), the NMR
signal from water dominates the spectra. On the
other hand, for ‘anhydrous’ samples, such as NT200,

www.acsnano.org



0 1 1.0x10°
g 4 9.0x10™
[0)
—_ 11 g + 8.0x10™° =
x =
< g {70x10° 3
< [ (@)
[e)] 4 - h -10
2 2 g 6.0x10 <
(0]
% T 450x10™ E1
g 1335 JamonZ
© «Q
» I | 3.0x10™
=
148 {20x10™
—— ) 10
miz=17 ~  {10x10
65 T T T T T T -5
0 100 200 300 400 500 600 700

Temperature (°C)

Figure 2. TGA, differential TGA, and TGA/MS ionic current traces. The ratio of
ionic current between channels m/z = 18 and 17 clearly indicates that both
weight losses from SWNT correspond to water molecules leaving the pores.

loss of more mobile protons present
in physisorbed water (in comparison
to protons from hydroxyl groups)
during dehydration.*

Direct- (DP) and cross- (CP) polariza-
tions 2°Si NMR were then used to pro-
vide a molecular-level understanding of
the interior wall structure of the SWNT
during heat treatment (Figure 4a and
b). In the case of CP-NMR, the signal is
enhanced by the presence of protons in
proximity to the silicon atoms.* In the
original SWNT sample (NT25), only one
peak located at —79 ppm is seen and
assigned to Q*(6Al), in good agreement
with the study of Frost et al.’? In the

NT300 and NT400, the spectra are dominated by
the NMR signal from isolated hydroxyl groups. A
clear transition region, wherein the two peaks are
of similar magnitude, is observed in the sample
NT100. Furthermore, the above peak assignment
can be further confirmed by the larger spectral re-
gion including spinning side bands, as summarized
in Figure 3b. Previous studies suggest that the rela-
tive intensity of the central band and the spinning
side band in 'H solid-state NMR spectra strongly cor-
relates to the concentration and mobility of the pro-
tons in the system.*> %8 A higher proton concentra-
tion and mobility lead to a higher intensity of the
central band relative to the spinning side band.
There is a monotonic increase of the relative intensi-
ties of the spinning side band and the central band
from sample NT25 to NT 400v, when the SWNT
sample undergoes dehydration and subsequent de-
hydroxylation. This observation is due to two factors:
the loss of protons during heat-treatment and the

(@)

¢ isolated hydroxyl group
NT400r f

physisorbed water

heat-treated samples a second, broader

peak around —90 ppm is observed, its
intensity being relatively insignificant for
NT100—NT300 but becoming prominent for NT400.
This peak was rationalized in previous works as a struc-
tural transformation from imogolite (SWNT) into a non-
tubular material called allophane, based upon the simi-
larity of the NMR spectrum to that of allophane 380
However, the transformation of tubular imogolite into
nontubular allophane would be expected to involve
drastic and irreversible morphological and structural
changes in the 2’Al NMR spectra, vibrational spectra,
XRD patterns, and N, physisorption isotherms. Since
such irreversible and drastic changes are not observed
(as discussed below), and considering the fact that the
inner wall of the imogolite SWNT and allophane have a
very similar silanol structure,"*? it is more appropriate
to assign the broad peak at —90 ppm to the condensa-
tion of adjacent silanols, thus leading to a transforma-
tion of the Si coordination environment from Q3(6Al)
into Q*(6Al). The latter is more shielded than Q3(6Al)>3>4

(b)
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Figure 3. (a) "H NMR for the SWNT sample in different pretreated conditions. Sample NT25 is the original SWNT sample,
NT25v is the same sample after degassing at room temperature under vacuum, and samples NT100—NT400 represent
samples heat treated at the corresponding temperatures (100—400 °C). NT400r represents the rehydrated sample. (b) A
larger spectral region of '"H NMR including spinning side bands, denoted by asterisks (¥), for the SWNT sample heat treated

at different temperatures.
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and is well-known to show an upfield chemical shift.
Furthermore, the CP-NMR spectra show a more pro-
nounced Q3(6Al) peak in relation to the Q*6Al) peak.
This is clear due to the enhancement of the former peak
by a proximal proton coming from the silanol group,
whereas this is not possible for the Q*(6Al) signal from
fully condensed silanols. When the SWNT sample is re-
hydrated (NT400r), a distinct change (in comparison to
NT400) occurs. The Q3(6Al) signal dominates the spec-
trum again, as in the samples NT25—NT300. This is clear
evidence of a rehydroxylation phenomenon, wherein
most of the condensed Q*(6Al) silicon atoms in NT400
are transformed (by hydrolysis) back into silanols when
the anhydrous dehydroxylated sample is re-exposed to
moisture. Note that there is no obvious difference be-
tween the DP- and CP-NMR spectra for NT400r, since
the protons from the hydroxyl group can enhance the
Q3(6Al) signal, whereas the protons from physisorbed
water are able to enhance the Q*6Al) signal. Regard-
ing our use of the Q*(6Al) and Q*(6Al) labels, the first 2°Si
NMR study on imogolite nanotubes'? uses the nota-
tion of Q3(3Al) for the Si atoms. The terminology of Q™
(nAl) is also commonly used in identifying aluminum
substitution for tetrahedral silica framework for zeo-
lites.>* However, the framework of imogolite is differ-
ent from zeolites due to the three coordinated oxygen
connecting the tetrahedral silicon and two octahedral
aluminums. To avoid any confusion, we have therefore
renamed the silica coordination as Q3(6Al) and Q*(6Al).
Based on the initial chemical composition of the

inner wall, we can quantitatively summarize the

{() VoL 4« NO.8 = KANG ET AL

Figure 4. (a) ?Si direct-polarized (DP) NMR and (b) 2°Si cross-polarized (CP) NMR for SWNT samples heat treated at different
temperatures.

dehydroxylation and rehydroxylation phenomena of
the SWNT interior in the following scheme:
heat

Si0, H (1 — X)Si0,H + xSi0, +

re-exposed to moisture

0.5xH,0 (1)

where 0 = x = 1. We obtained the value of x from the
ratio of the integrated Q3(6Al) and Q*(6Al) peak areas in
DP spectra. The value of x = 0.04, 0.20, and 0.73 for
NT25, NT300, and NT400 respectively, corresponding
to the increasing condensation of silanols upon heat
treatment. Upon rehydroxylation to yield sample
NT400r, the value of x falls to 0.29.

While 2°Si NMR elucidates structural changes in the
interior of the SWNT, 2Al NMR (Figure 5) gives informa-
tion on structural changes occurring in the nanotubu-
lar gibbsite (aluminum hydroxide) layer comprising its
outer surface. The peak at 4 ppm is assigned to the oc-
tahedrally coordinated aluminum, which is the only
type of aluminum present in the purified original SWNT
material (NT25).° The spectra remain unchanged until
NT400, wherein a broad shoulder is observed. When the
anhydrous dehydroxylated SWNT sample is rehydroxy-
lated (NT400r), the shoulder further resolves into clear
peaks at 30 and 60 ppm. The peak at 60 ppm is clearly
assigned to tetrahedral aluminum,>>*® whereas there
are several possible assignments for the peak at 30
ppm. Previous studies suggest that the peak in the
range of 20—50 ppm can be reasonably assigned to dis-
torted tetrahedral aluminum,”°8 distorted octahedral
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aluminum,> or penta-coordinated aluminum,>5°6:>960
In the following discussion, we assigned the peak at 30
ppm to penta-coordinated aluminum in analogy to
the structural transformation of gibbsite under calcina-
tion.%° Our detailed study shows that it is appropriate to
attribute the penta-coordinate Al to local changes in
the structure of the SWNT due to (reversible) condensa-
tion of a fraction of the silanol groups and to a concomi-
tant (irreversible) decrease in the coordination environ-
ment of a fraction of the aluminum atoms.

Based upon the #Al spectra, we are able to pro-
pose a model for the (irreversible) SWNT dehydroxyla-
tion at the outer surface:

heat

ALO, sH,— (1 — y — 2)Al,0, ;H; + 2yAlO, ; +

2zAI0,,; + 1.5(y + 2H,0 (2)

where 0 = (y,z) = 1, and AlO,43 and AlOs; represent tet-
rahedral and penta-coordinated aluminum, respec-
tively. We performed a quantitative analysis for the val-
ues of y and z in a manner similar to our analysis of
the 2°Si NMR spectra. For example, we obtained (y,2) =
(0,0) and (0.06, 0.14) for NT25 and NT400, respectively,
reflecting the conversion of octahedral aluminum dur-
ing heat treatment. On the other hand, the rehydroxy-
lated sample NT400r gives (y,z) = (0.09, 0.06). However,
it must be cautioned that the quantitative interpreta-
tion of the 2’Al NMR spectrum®®®' for sample NT400 is
less reliable than that for NT400r, since it has been sug-
gested that reliable quantitative analysis of Al NMR
spectra should be derived from fully hydrated
samples,®2%% whereas NT400 is completely dehydrated.
Specifically, differences in coordination environment
and hydration level may affect the intensity of 2’Al sig-
nals due to its quadrupole moment and thus may con-
tribute to the better resolution of the NMR signals from
penta-coordinated and tetrahedral aluminum in sample
NT400r as compared to NT400.

Nitrogen Physisorption. N, physisorption measurements
for SWNT samples heat treated at different tempera-
tures were performed to investigate how dehydration,
dehydroxylation, and structural transformation affects
the SWNT pore volume (Figure 6). The original SWNT
sample (NT25) did not show a significant pore volume
due to occupation of the pores by physisorbed water.
The physisorption isotherms from the SWNT sample de-
gassed at ambient conditions (NT25v) and heat treated
at 100 °C (NT100) show characteristics of an IUPAC
Type Il isotherm (a detailed view of the isotherms for
samples NT25v and NT100 is presented in the Support-
ing Information),®* which indicates nonporosity due to
pore blocking by physisorbed water. In contrast, as the
SWNT samples become more dehydrated (NT200 and
NT300), the shape of the isotherm transforms to an 1U-
PAC Type |, distinctly suggesting activation of the po-
rosity of the SWNT interior. The monotonic increase in

www.acsnano.org

penta-co-ordinated |
———————— tetrahedral l

NT400r * ‘ *
NT400 ,‘*Vo“ \\ *
NT300  * J\ *

NT200 * *

NT100 _* } N *
NT25v _* ) \_ *
NT25 * ‘/\ *

T T T r T r T T

r
200 150 100 50 O -50 -100-150-200
8, 4(PPM)
Figure 5. Al NMR spectra of SWNT samples heat treated at

different temperatures. Asterisks (*) denote the spinning
side band artifacts.

Si, Si. HSL
o o o
B Ou,. -0 O]
Asoal A DAIZT A oA
2 1 o.usi O ! “ousi : ‘/O 0-1Si
Si 104 si 44 st/ O d
1Al LAl JHT Al
i ! octahedral

the pore volume from NT25 to NT200 is due to SWNT
dehydration and from NT200 to NT 300 by dehydroxy-
lation, in qualitative agreement with TGA-MS and FTIR
studies discussed later in this report.

However, a pore volume decrease is observed as the
heat treatment temperature goes from 300 to 400 °C.
This phenomenon could be rationalized by partial pore
blocking caused by the structural transformations accom-
panying dehydroxylation. Even though the wall structure
of NT400 is likely to be partially damaged or disordered,
the isotherm still shows high microporosity. The further
drop in pore volume for NT400r, in comparison to NT400,
is presumably due to the decrease in pore volume due
to the reconstitution of a substantial number of silanol
groups as well as the reoccupation of the SWNT pores
with some amount of strongly physisorbed water. How-
ever, a study of SWNT structural deformation accompa-
nied by pore collapse at high temperature (T > 400 °C) is
beyond the scope of the present paper. This aspect has
been studied by Mackenzie et al.3®

FT-IR. The IR absorbance spectra of samples heat
treated and degassed at different temperatures are sum-
marized in Figure 7a. The absorption at 1630 cm ™" is well-
known to represent the scissoring mode of physisorbed
water. The rather broad absorption in the 2800—3800
cm™ ! region is due to various stretching vibrations of
O—H groups in the material: silanols at the inner surface,
bridging Al—(OH)—Al groups at the outer surface, phys-
isorbed water, and hydrogen-bonding interactions be-
tween these species. Due to the intrinsically limited reso-
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Figure 6. N, physisorption isotherms of SWNT samples prepared
by different heat treatment conditions.

lution of solid-state IR spectra, an assignment of the roles
of these individual vibrational species is not possible.
However, since all IR spectra were collected in situ on the
same sample, a quantitative estimate of the amount of
water and hydroxyl groups can be made on the basis of
the integrated areas under the two respective absorbance
peaks. Figure 7b shows the concentration of physisorbed
water in the different samples, normalized by the water
concentration in the SWNT sample at ambient conditions
(NT25). This result confirms that most (~90%) of the phy-
sisorbed water is removed by vacuum heat treatment

up to 150 °C and that the SWNT sample is completely de-
hydrated by 250 °C. The hydroxyl concentration in
samples NT250—NT450, normalized by the hydroxyl con-
centration of the “baseline” dehydrated sample (NT250),
is also shown in Figure 7b. It is suggested that around
30% of the hydroxyl groups (~2.7 —OH/nm?) survive at
450 °C. Furthermore, FT-IR spectra of the as-synthesized
SWNT and SWNT treated at 400 °C, over the entire
400—4000 cm ™! region, are presented in the Supporting
Information. There are no drastic peak shifts, appearances,

Wave Number (cm™)

"

or disappearances observed in the “material fingerprint
region (400—1400 cm™).

XRD Measurements and Simulations. To complete our
study of the SWNT structure during dehydration and
to investigate the packing of the SWNTs in the solid
sample, we performed in situ XRD measurements on
SWNT samples heat treated at various temperatures.
Our experimental results (Figure 8a and b) show a sub-
stantial intensity increase of the first peak at 3.9° 26
upon dehydration from NT25 to NT250. On the other
hand, the fourth peak at 13.3° 26 remains constant in in-
tensity. Beyond a heat treatment temperature of 250
°C, there is a monotonic decrease in the intensity of the
first peak due to the structural transformation and the
partial pore collapse, which are also suggested in the ni-
trogen physisorption isotherms.

A detailed XRD simulation study was performed in
order to extract reliable structural information during
nanotube dehydration. In a previous work,' the XRD
patterns of SWNT film samples were qualitatively inter-
preted in terms of Bragg diffraction from a crystalline
bundle of nanotubes. Several later studies investigated
the XRD patterns more quantitatively.> % In particular,
a more accurate model of the XRD patterns can be ob-
tained by considering diffraction from small SWNT
bundles (each composed of only a few nanotubes).
However, a good agreement between experimental
and simulated XRD patterns has not been achieved due
to the effects of several parameters, such as the num-
ber of SWNTs in a single bundle, the number of gibb-
site structural units in the SWNT circumference, inter-
nanotube distance, and the degree of hydration. We
performed a systematic XRD simulation study on both
dehydrated and hydrated SWNTs to achieve the best fit
of the simulated XRD patterns. The details of the XRD
simulation model and results are presented in the Sup-
porting Information. We summarize the main results
here.
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Figure 7. (a) FT-IR spectra of heat-treated SWNT samples. All spectra are plotted to scale and stacked in a vertical series. (b) Normalized
physisorbed water and hydroxyl group concentrations in the SWNT at different heat treatment temperatures as calculated from FT-IR
spectra.

AMCNT AN . ;
A@L\LAJ\@) VOL. 4 = NO.8 = KANG ET AL.

www.acsnano.org



L A A B
4 5 6 7 8 9 10 1
20 (degree)

— T T T T T '
1 12 13 14 15

Figure 8. In situ XRD patterns of the SWNT sample: (a) from room temperature to 250 °C, and (b) from 250—450 °C. All patterns

are plotted to scale.

After extensive parameter variation studies (Sup-
porting Information), it was found that the best agree-
ment with the experimental XRD patterns could be ob-
tained by either a 2 X 2 bundle of SWNTs with a
monoclinic packing angle of 75° or a triangular arrange-
ment of 3 SWNTSs with a hexagonal packing angle of
60°. Although a hexagonal packing is intuitively as-
sumed in many studies, a monoclinic packing angle of
~78° has also been proposed previously'®® based on
circular dichroism and XRD measurements. Another im-
portant parameter is the number of replicating gibb-
site units (N,) in the SWNT circumference. Several re-
cent computational studies®7%’" employing quantum
chemistry or classical force field techniques suggest the
thermodynamically favored value of N, = 12. How-
ever, the XRD simulations show that models with N, =
14 agree somewhat better with experimental data. It is
not possible to conclusively identify the exact value of
N, based upon the XRD patterns. Hence, in Figure 9 we
depict simulation results for both values of N, and for
both “best fit” packing models.

In all four cases, the intensity of the first peak
strongly correlates with the amount of physisorbed wa-
ter, whereas the intensity of the fourth peak stays con-
stant. Thus, the effect of hydration on the XRD patterns
of the present SWNTs is analogous to the effect of Cg
buckyballs in the pores of carbon nanotubes (i.e., “pea-
pod” structures)’>~7* on the XRD patterns of carbon
nanotube bundles. Therefore, we can quantitatively
correlate the integrated intensity of the first peak (as
obtained from the simulated XRD patterns) with the
water content (Figure 10a). Strongly linear correlations
are derived for all four SWNT packing models. With
these correlations, we can calculate the water content
of the SWNTSs from the experimental XRD data (Figure
10b). The results indicate that there is ~15 wt % water
physisorbed in the SWNT at ambient conditions. This is
in good agreement with the TGA results (shown in Fig-
ure 10b) as well as with Monte Carlo simulation
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results.3”%® However, the shape of the TGA curve can-
not be directly compared to the XRD results owing to
the different conditions of these experiments. The
former is a dynamic water loss measurement carried
out under flowing helium, whereas the XRD patterns
are from samples equilibrated under vacuum.

In conclusion, the phenomenology and mecha-
nisms of dehydration and dehydroxylation in single-
walled aluminosilicate nanotubes have been evalu-
ated comprehensively in this study. A quantitative
dehydration investigation via Fourier transform in-
frared (FT-IR), thermogravimetric analysis (TGA), and
X-ray diffraction (XRD) suggests that the SWNT
sample contains ca. 15% physisorbed water under
ambient conditions and becomes completely dehy-
drated at 250 °C. Dehydroxylation, which (reversibly)
transforms Q3(6Al) silicons into Q*6Al) and (irrevers-
ibly) transforms octahedral aluminum into penta-
coordinated and tetrahedral aluminum, takes place
beyond 250 °C as elucidated by NMR spectroscopy. A
quantitative model for these processes was deduced
from our investigation. A unique rehydroxylation phe-
nomenon, which transforms condensed Q3(6Al) silicons
back into Q*6Al) silicons upon re-exposure to water va-
por, has been found by 2°Si NMR and N, physisorption.
Furthermore, N, physisorption and XRD show that de-
hydration and initial dehydroxylation lead to a high mi-
croporosity of the nanotubes, whereas dehydroxyla-
tion at 400 °C or higher leads to partial pore collapse.
The SWNT reaches its maximum pore volume (~1.4
times that of the anhydrous SWNT obtained at 250 °C)
at 300 °C, at which temperature about 40% dehydroxy-
lation has also occurred, and an inner surface silanol
concentration of 5.5 —OH/nm? exists. Hence, we con-
clude that heat treatment under vacuum at 250—300 °C
is an optimal pretreatment condition for full dehydra-
tion and for yielding maximum pore volume, while
maintaining the nanotubular structure before surface
modification of the SWNT under anhydrous conditions.
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Figure 9. (a) Simulated XRD patterns of the SWNT sample with different diameters, bundle structures, and water contents:
(@) Ny, = 14, 2 X 2 bundling; (b) N, = 14, triangular bundling; (c) N, = 12, 2 X 2 bundling; and (d) N, = 12, triangular bun-
dling. The SWNT—water models are obtained by grand canonical Monte Carlo (GCMC) simulations (details of the GCMC simu-
lation are included in the Supporting Information). Examples of SWNT—water models are also shown.%®

Based on the present observations, the SWNTs can
potentially be applied for molecular separation, ad-
sorption, molecular encapsulation, and catalysis af-
ter appropriate functional groups are introduced. Fi-
nally, we show that the XRD patterns of the SWNTs
at various degrees of dehydration can be quantita-
tively modeled and matched to experimental data.
Our investigation yielded four likely models for

METHODS

SWNT Synthesis and Purification. Tetraethyl orthosilicate (TEOS)
was mixed with aluminum-tri-sec-butoxide in a glovebox filled
with nitrogen. The mixture was added to an aqueous 10 mM per-
chloric acid solution with a molar ratio Si:A.HCIO, = 1.1:2:1, un-
der vigorous stirring at room temperature in ambient conditions

A@MK) VOL. 4 = NO.8 = KANG ET AL.

1

SWNT packing and a number of gibbsite units (N,)
among the many possibilities as well as provided a
quantitative correlation between the water content
and the X-ray scattering intensity from the SWNT.
These four possibilities will enable a more detailed
investigation to ascertain the unique packing model
and the exact number of gibbsite units in the SWNT
circumference.

for 24 h. The solution was then diluted with DI water by a fac-
tor of 3.6 and refluxed at 95 °C for 4 days. Once the tempera-
ture was brought to 95 °C, the solution turned from cloudy to
clear in about 1 h. After the solution was decreased to room tem-
perature, a 30 wt % ammonia solution was added dropwise
into the product solution until gelation of the suspended nano-
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Figure 10. (a) Correlations of the first low angle peak from simulated XRD patterns versus the weight fraction of water for four sets of
simulation parameters. (b) SWNT sample weight loss calculated from experimental in situ XRD patterns and the correlation function de-

rived in (a). The TGA trace is also included for comparison.

tubes occurred. The gel was isolated by centrifugation at 7000
rpm for 15 min. The supernatant was discarded, and a few drops
of 10 N hydrochloric acid were added to the gel, thereby redis-
persing the nanotubes. The resulting viscous solution was puri-
fied by dialysis against DI water for 3 days using a 15 000 Dalton
membrane. The purified suspension was dried at 60 °C to ob-
tain a powder sample of the SWNTs.

Cryo-TEM Imaging. The as-synthesized dialyzed product solu-
tion was imaged by cryo-TEM to confirm the presence of the
SWNTSs and to obtain clear images of these materials (Support-
ing Information) that cannot be obtained by conventional TEM.
Four pL aliquots of single-walled metal oxide (aluminosilicate)
nanotubes were applied onto glow-discharged, 200 mesh, holey
carbon-coated copper grids (EMSciences, Hatfield, Pennsylva-
nia) and flash frozen (plunge frozen) in liquid ethane using a Vit-
robot Mark Il system (FEI, Hillsboro, Oregon). Plunge-frozen
samples were stored under liquid nitrogen until viewed in the
electron microscope. Cryo-electron micrographs were collected
at the Emory University Robert P. Apkarian Integrated Electron
Microscopy Core using a JEOL JEM-1210 microscope operated at
100 kV. The microscope is equipped with a LaBs filament and a
Gatan CT-3500 cold stage. Images were acquired with a Gatan Ul-
trascanTM 2 k X 2 k charged couple device (CCD camera) (Ga-
tan, Inc. Pleasanton, CA).

Thermogravimetric Analysis and Mass Spectroscopy (TGA-MS). These ex-
periments were performed on a Netzsch STA449 TGA connected
to a Netzsch QMS403 mass analyzer. About 20 mg of SWNT
sample was heated under He in the range of 25—700 °C.

Nitrogen Physisorption. Nitrogen physisorption measurements
were performed with a Micromeritics ASAP 2010 at 77 K. The
nanotube sample was placed in an analysis tube, degassed, and
heat treated at the desired temperature for 12 h in a 25 mTorr
vacuum before each measurement. Heat treatments at higher
temperatures, e.g., 300—400 °C, were conducted in a separate 15
mTorr vacuum line for 5 h, and the sample was then transferred
into the analysis tube in a nitrogen glovebox before degassing
and physisorption measurements. To obtain a rehydrated nano-
tube sample, the sample after heat treatment at 400 °C was
cooled to room temperature and allowed to equilibrate in con-
tact with saturated water vapor for 12 h. In contrast to the other
characterization methods reported here (which characterize the
rehydrated sample directly), physisorption measurements were
made on the rehydrated sample only after it was degassed un-
der vacuum at 250 °C.

Solid-State NMR. The nanotube sample for solid-state NMR ex-
periments was first placed in a flask connected to a 15 mTorr
vacuum line and heat treated at the desired temperature for 5 h.
The rehydrated sample was treated as described above. The
treated sample was transferred to a nitrogen drybox and packed
into a 7 mm rotor capped with one O-ring cap. 'H, #Al, and #Si
MAS NMR experiments were carried out on a Bruker DSX 300
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spectrometer at frequencies of 276.2, 78.1, and 59.6 MHz, respec-
tively. For 'TH MAS NMR studies, the sample was spun at 5 kHz.
A single pulse of /2 and a repetition time of 4 s was used. The
sample was spun at 5—6 kHz for 2Al MAS NMR experiments, for
which a single pulse of /6 and a repetition time of 0.1 s were
used. For 2°Si MAS NMR, DP and CP measurements were per-
formed with repetition times of 10 and 5 s, respectively, with a
7/2 single pulse and a 5 kHz spinning rate. The chemical shifts of
2l was referenced to AlCl; and 'H and 2°Si to 3-(trimethylsilyl)-
1-propanesulfonic acid sodium salt.

FT-IR. A 2 mg nanotube sample was mixed with 40 mg potas-
sium bromide (KBr) and pressed into a pellet. The sample pellet
was placed in a Harrick high-temperature cell with KBr windows.
The sample pellet was heat treated under a 15 mTorr vacuum
at various temperatures ranging from 25—450 °C for 5 h each.
The cell was then cooled to room temperature and filled with ar-
gon before conducting FT-IR measurements. The FT-IR spectra
were obtained on a Bruker IFS 66v/S spectrometer with 256
scans and a resolution of 2 cm™". Peak area integrations were
performed using the OPUS 6.5 program (Bruker).

X-ray Diffraction (XRD) Measurements and Simulations. /n situ pow-
der XRD was performed on PAnalytical X'pert Pro diffractome-
ter operating with a Cu Ka source. The powder sample was
placed in an Anton Paar TTK 450 temperature-controlled cham-
ber. The sample was heat treated at a desired temperature for 5 h
under a vacuum of 7.5 mTorr, and high-resolution diffraction
data were then rapidly collected with an X'Celerator detector
scanning from 2—30° 26 with a step size of 0.02°. XRD simula-
tions were performed using the Reflex module of the Materials
Studio 3.2 molecular simulation package (Accelrys, Inc.). A polar-
ization factor of 0.5 was used, assuming the sample is in pow-
der form. The instrumental broadening was accounted for by a
well-known angle-independent full-width-at-half-maximum
(fwhm) expression containing parameters (U, V, and W). The val-
ues of these three parameters (U = 0.6787, V = —0.2563, and W
= 0.03378) were obtained by fitting the peak shape of the ex-
perimental diffraction pattern of LaBg (NIST) measured on the
same instrument. Atomistically detailed nanotube models with
various degrees of hydration were constructed by adapting tech-
niques described in our recent simulation studies of water ad-
sorption and transport in the aluminosilicate SWNTs.3”%8 The XRD
simulations were carried out with atomistically detailed models
of nanotube bundles containing various numbers of nanotubes
in different bundling patterns (hexagonal, monoclinic, and or-
thogonal).
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Supporting Information Available: Cryo-TEM images, detailed

N, physisorption isotherms, and FT-IR spectra of the SWNTSs;
equations used for simulating the SWNT X-ray diffraction pat-
terns; details of the GCMC simulation model for the SWNT/wa-
ter system; detailed XRD simulation results for bundles of dehy-
drated SWNTs; and analysis of the effects of nanotube diameter,
intertubular distance, packing angle, bundle size, and unit cell di-
mensions on the XRD patterns.This material is available free of
charge via the Internet at http://pubs.acs.org.
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