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ABSTRACT: We report the identification and elucidation of
the mechanistic role of molecular precursors and nanoscale
(1—3 nm) intermediates with intrinsic curvature in the forma-
tion of single-walled aluminosilicate nanotubes. We characterize
the structural and compositional evolution of molecular and
nanoscale species over a length scale of 0.1—-100 nm by
electrospray ionization mass spectrometry, nuclear magnetic
resonance spectroscopy (*’Al liquid-state, >’Al and *Si solid-
state MAS), and dynamic light scattering. Together with
structural optimization of key experimentally identified species

by solvated density functional theory calculations, this study reveals the existence of intermediates with bonding environments, as
well as intrinsic curvature, similar to the structure of the final nanotube product. We show that “proto-nanotube-like” intermediates
with inherent curvature form in aqueous synthesis solutions immediately after initial hydrolysis of reactants, disappear from the
solution upon heating to 95 °C due to condensation accompanied by an abrupt pH decrease, and finally form ordered single-walled
aluminosilicate nanotubes. Detailed quantitative analysis of NMR and ESI-MS spectra from the relevant aluminosilicate, aluminate,
and silicate solutions reveals the presence of a variety of monomeric and polymeric aluminate and aluminosilicate species
(AL, Si,—Al;3Si,), such as Keggin ions [AIO4A112(OH)24(H20)12]7+ and polynuclear species with a six-membered Al oxide ring
unit. Our study also directly reveals the complexation of aluminate and aluminosilicate species with perchlorate species that most
likely inhibit the formation of larger condensates or nontubular structures. Integration of all of our results leads to the construction of
the first molecular-level mechanism of single-walled metal oxide nanotube formation, incorporating the role of monomeric and

polymeric aluminosilicate species as well as larger nanoparticles.

B INTRODUCTION

Metal oxide nanotubes have emerged as an important class of
“building block” materials for nanotechnology due to the vast
range of accessible compositions and structures and their unusual
electronic, optical, and mechanical properties.1 However, only a
few examples of single-walled metal oxide nanotubes are currently
available, specifically aluminosilicate/germanate (AL SiO;(OH),,
Al,GeO5(OH),) and molybdenum oxide (MoQ;) nanotubes.>*
Their unique properties, such as well-defined wall structure and
porosity, tunable dimensions, and chemically modifiable interior
and exterior surfaces, make them attractive candidates for fabricat-
ing devices for molecular recognition-based applications in
catalysis,** separations,® sensing,” and molecular encapsulation.”
Furthermore, they can be synthesized by low-temperature solu-
tion-phase processes with inexpensive reactants and without the
need for a catalyst.® A number of experimental “handles” (e.g,
reactant composition, concentration, pH, temperature, energy
source, and time) can therefore be applied to control the structure,
dimensions, and composition of such nanotubes.”
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The present study focuses on single-walled aluminosilicate
(“AlSiOH”) nanotubes, which are the synthetic analogue of the
naturally occurrin$ single-walled aluminosilicate nanotubular
mineral imogolite, 0 having an outer diameter of 2.2 nm and
an inner diameter of ~1.0 nm. Their structure is well character-
ized based upon a number of previous studies.'® The nanotube
wall consists of a curved gibbsite [AI[(OH)3] sheet with ortho-
silicate groups [O;SiOH] attached on the inner wall, resulting in
the empirical formula (OH);AL,03SiOH (Figure 1). The struc-
tural “repeat unit” of the nanotube is composed of six aluminum
oxide octahedra arranged in a hexagonal ring and coordinated to
a silicate tetrahedron via three oxygen bridges (¢3-O). There are
24 aluminum atoms in the circumference, and aluminum octa-
hedra are linked by 1£,-OH groups at shared edges. It is believed
that the attachment of the orthosilicate group causes the short-
ening of O—O distances from 0.32 nm in gibbsite to ~0.27 nm,
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Figure 1. Ball-and-stick and polyhedron models of (left) the alumino-
silicate nanotube and (right) a section of the wall showing the hexagonal
aluminosilicate repeat unit. The nanotube cross-section is depicted in
the xy plane, and the nanotube axis is in the z direction. The repeat unit
of the nanotube has one silicate tetrahedron connected to six aluminate
octahedra through three oxygen bridges.

appropriate for the edge of a SiO, tetrahedron.'® Therefore, the
curvature of the nanotube may be determined by the mismatch
between the bond lengths on the inner and outer walls."’ The
silicate units can be completely or partially replaced with
germanate tetrahedra, leading to the formation of aluminoger-
manate (AlGeOH) or aluminosilicogermanate (AlSiGeOH)
nanotubes.!! With increasing Ge substitution, the diameter of
the tube increases and the Ien%th decreases (nanotubes as short
as 20 nm can be synthesized).””"'

Apart from their emerging applications, the fundamental
importance of these nanotubes lies in their use as a model system
for developing a mechanistic model of self-assembly phenomena
that lead to the formation of a “curved” nanostructure. The
capability to engineer metal oxides into single-walled tubular
materials with desired characteristics could be achieved through a
detailed molecular-level understanding of their formation and
growth mechanisms in the liquid phase. Such a model has not
previously been available. Experimental studies so far have not
been able to reveal the molecular structure of the precursors and
intermediate species, which is a key step in understanding their
evolution into nanotubes. However, due to the combined efforts
of multiple authors, mechanistic information is available at larger
length scales regarding both the initial formation of nanotubes
and their subsequent growth. Formation of the aluminosilicate
nanotubes has been proposed to occur from a sheet-like inter-
mediate called “proto-imogolite”, which is suggested to have an
atomic arrangement similar to the final nanotube product.'>"?
However, its existence has not been proven experimentally. The
existence of nanoparticle precursors with a size of ~6 nm has also
been shown in previous studies™'* of the closely related alumi-
nogermanate nanotube system. On the basis of inferences from
dynamic light scattering (DLS) data and synthetic variations, it
was proposed that these nanoparticles, which form by condensa-
tion of molecular precursors, self-assemble irreversibly into
ordered nanotubular particles of ~20 nm length. Another study
by small-angle X-ray scattering (SAXS) has further assigned a
specific structure for this precursor nanosparticle, in particular an
aluminogermanate sheet-like structure.'” The uniqueness of this
assignment is not known, especially considering previous debates
on the unique interpretation of SAXS data from zeolite synthesis

solutions."®'” However, SAXS data are valuable in determining
the average particle size and polydispersity of nanoparticle
precursors in solution.'® Recent work on the synthesis of
single-walled MoO3 nanotubes® also suggests a cluster-based
self-assembly of nanoscale precursors into nanotubes. Other
studies have focused on the growth of the aluminosilicate
nanotubes after their initial formation.'> On the basis of trans-
mission electron microscopy (TEM), electron diffraction, and
DLS observations, we previously showed that large numbers of
nanotubes form continuously in the synthesis solution by a self-
assembly process, but that their subsequent growth is relatively
much slower, thereby leading to an almost constant average
length of the nanotubes as a function of synthesis time.'*
Similarly, it was shown that a 100-fold increase in the reactant
concentration in the aluminogermanate nanotube synthesis had
little effect on the average dimensions of the self-assembled
nanotubes.'* Nevertheless, the growth processes somewhat
broaden the length distribution of the nanotubes and may occur
by one or more proposed mechanisms, such as end-to-end
aggregation of short nanotubes'® and precursor addition to the
nanotube ends.'” It has also been suggested that the length
distribution of the nanotubes is influenced by a slow Ostwald
ripening process.ls’20

The elucidation of the molecular precursors and intermediates
in the nanotube synthesis is clearly a key “missing link” in
describing the nanotube assembly. This work focuses on identi-
fying the structure, composition, dimensions, and shapes of
molecular precursors and clusters involved in the nanotube
formation and tracking the evolution of these characteristics
during the synthesis process. This objective is achieved by our
collection and detailed analysis of electrospray ionization mass
spectrometry (ESI-MS), nuclear magnetic resonance (NMR),
and DLS spectra from the evolving nanotube synthesis solution
and is supported with quantum chemistry calculations on several
key species of interest. We conclude this paper by integrating our
observations into the first molecular-scale description of the
initial events in the nanotube formation process.

B EXPERIMENTAL SECTION

Single-Walled Aluminosilicate Nanotube Synthesis. Tetra-
ethoxysilane (TEOS) and aluminum sec-butoxide (ASB) were mixed in a
glovebox filled with nitrogen and added dropwise to ~0.05 M aqueous
solution of HCIO, in the molar ratios Si:Al:HCIO, = 1:2:1 at 25 °C. The
solution was vigorously stirred and aged for 18 h at 25 °C and then
diluted to 0.02 M in Al. Immediately after dilution, the temperature was
increased to 95 °C and kept constant under vigorous stirring for 4 days
(96 h). At the end of the reaction sequence, the nanotubes were first
precipitated by dropwise addition of a 30 wt % ammonia solution. The
resulting gel was centrifuged, the supernatant was discarded, and 10 N
HCI was added dropwise to redisperse the nanotubes. Finally, the
dispersion was dialyzed for 4 days against deionized water using a
15 kDa membrane to obtain a pure nanotube dispersion. Nanotube
powder was obtained by drying the dialyzed nanotube solution at 60 °C
in an oven.

Samples for liquid-state NMR and ESI experiments were directly
taken from the synthesis reactor at various stages during the 18 h aging
stage (at 25 °C) and the subsequent 96 h heating stage (at 95 °C).
Samples were immediately used for characterization. Solid-state NMR
samples were prepared by freeze-drying solutions at —50 °C for 5 days.
All NMR and ESI characterizations were carried out at room tempera-
ture (25 °C).
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27l Liquid-State NMR Spectroscopy. Liquid samples of 600
L volume were placed in 5-mm glass NMR tubes and diluted with a
90% H,0/10% D,O mixture, which acted as a field frequency lock.
Single-pulse *’Al liquid-state NMR spectra were collected on a Bruker
DMX 400 instrument at a frequency of 104.2 MHz. A total of 10k free
induction decays were recorded with a repetition time of 0.1 s. The pulse
width and acquisition time were 7.5 s and 0.25 s, respectively. The
spectra were carefully corrected for background signals due to alumi-
num-containing ceramics in the probe by subtracting a spectrum
obtained from a “blank” H,0/10% D,O solution. Chemical shifts are
referenced to a 0.1 M AICl; solution.

27l Solid-State Magic Angle Spinning NMR Spectrosco-
py. For NMR measurements, the samples were packed into 4-mm-o.d.
tightly capped zirconium rotors. >’Al solid-state NMR measurements
were performed on a 11.7 T Bruker Avance 500 spectrometer operating
at resonance frequencies of 130.34 MHz for *’Al and 500.13 MHz for
"H. >’Al chemical shifts were referenced externally to the AICl; aqueous
solution at 0 ppm. >’Al MAS NMR spectra were acquired at a spinning
frequency of 14 kHz employing a BL4 HXY 4 mm MAS probehead with
"H decoupling. A single pulse of 1 us duration was applied to ensure
quantitative excitation. A recycle delay of 1 s and 512 repetitions were
used. Quantitative analyses of the *”Al MAS NMR spectra were done by
using DMFIT software.”!

295 Solid-State CP-MAS NMR Spectroscopy. 2°Si solid-state
CP-MAS NMR spectra were recorded on a Bruker DSX 300 spectro-
meter with a 7-mm rotor at a spinning rate of 6 kHz. 'H and *’Si
frequencies were 300.2 and 59.6 MHz, respectively. Chemical shifts were
referenced to 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt. The
standard cross-polarization "H—>’Si pulse sequence was performed with
S s recycle delay between pulses and 3 ms contact time. The 90° pulse
length was 5 us. The data represent 2048 transients processed with a 5
Hz line broadening.

Electrospray lonization Mass Spectrometry. A Quattro LC
(quadrupole—hexapole—quadrupole) mass spectrometer with an
orthogonal Z-spray electrospray interface was used. The temperature
of the surface block was 100 °C, and the temperature of the desolvation
gas was 150 °C. Samples were injected into the ESI-MS immediately
after they were taken from the nanotube synthesis reactor. The samples
were not diluted. Capillary voltages of 3.3 kV for negative scan mode and
3.5 kV for positive scan mode were used. The optimum cone voltage was
determined to be 50 V via control experiments on aluminate and silicate
samples. Information on species present in these solutions was difficult
to extract from spectra obtained at lower cone voltages, and higher cone
voltages were not used to avoid the possibility of fragmentation of the
species. Nitrogen was used as the drying gas and nebulizing gas at flow
rates of 500 and 100 L/h, respectively.

Dynamic Light Scattering. DLS measurements were made at
25 °C with a DynaPro instrument at a wavelength of 589 nm. Prior to
measurements, solutions were filtered through a 0.2-um filter to remove
any dust particles. The scattering angle was 90°. The number of scans
was 20, with a 10 s acquisition time per scan.

Molecular Modeling. Density functional theory (DFT) calcula-
tions were performed using the DMol® package in the Materials Studio
molecular modeling software (Accelrys). Energies are calculated using
the generalized gradient approximation (GGA) and the BLYP functional
to model exchange and electron correlation effects. Thermal smearing is
applied to accelerate convergence. Many of the species identified by ESI-
MS already possess an explicit first hydration shell of water and hydroxyl
groups. Longer-range solvent effects are also included using the con-
ductor-like screening model (COSMO).? Since some of the species
contain Cl atoms, spin-unrestricted ground-state energy calculations
were performed in all cases for consistency. A double-numerical plus d
functions (DND) effective core potential basis set was employed in all
calculations. The effect of using a highly accurate double-numerical plus

polarization functions (DNP) effective core potential basis set was then
studied using a few test species. In all cases, there was very little change in
the optimized geometries from the DND basis set calculations. Vibra-
tional frequency calculations were then used to verify convergence to
energy minima. To accelerate the tedious vibrational frequency calcula-
tions, this step was performed using a double-numerical (DN) basis set.

B RESULTS AND DISCUSSION

Characterization of Nanotube Synthesis Solution by Li-
quid-State NMR. We used liquid-state /Al and solid-state *”Al
and *’Si NMR spectroscopy to examine aluminosilicate nano-
tube formation from the precursors ASB and TEOS in mildly
acidic aqueous solutions, as a function of aging time (up to 18 hat
25 °C) and subsequent heating at elevated temperature (up to 96
hat 95 °C). Some low-symmetry species may not be detected by
liquid-state >’Al NMR due to the quadrupolar interaction of >”Al
nuclei.”® To examine the issue of any Al environments unde-
tected by liquid-state NMR, we therefore also performed *’Al
solid-state MAS NMR on freeze-dried samples taken at various
stages of the nanotube synthesis. Attempts to perform liquid-
state *’Si NMR studies on nanotube solutions were unsuccessful
due to the low isotopic abundance and low sensitivity of *°Si
nuclei. Signal enhancement methods that depend on polarization
transfer from 'H (e.g,, INEPT)** were also unsuccessful. Hence,
all *’Si NMR studies were performed in the solid state.

The *’Al liquid-state NMR spectra show two sharp and
distinct resonances corresponding to the six-coordinated octa-
hedral monomer [Al(H,0)]*" (0 al(v) ~ 0 ppm) and a four-
coordinated aluminum environment (0 Al(rv) = 63.3 ppm) which
begins to disappear upon heating, as well as a broader peak
near 6 ppm that falls in the six-coordinated chemical shift
region (Figure 2). The peak at 63.3 ppm is due to a tetra-
hedral Al unit at the center of a highly symmetric (Al;3)
[AlO4Al,(OH),4(H,0)1,]”" species.”® The nanoscale Keg-
gin-like sgecies is well-known to be present in acidic aluminate
solutions*® and contains a central tetrahedral Al coordinated with
12 surrounding Al octahedra via four oxygen atoms at each vertex
of the tetrahedron (Figure 3). The *’Al NMR line from the
surrounding octahedral aluminums is nearly invisible due to
quadrupolar broadening and was only revealed at 12 ppm>”*®
after deconvoluting the spectra obtained during the aging stage
(Supporting Information Figure Slab). The inset in Figure 2
shows the single *’Al NMR resonance (O a1¢vr) & 6 ppm) from a
pure nanotube suspension after dialysis. Therefore, the broad
peak centered around 6 ppm that was observed throughout the
synthesis is assigned to six-coordinated Al species with a bonding
environment very similar to that found in the nanotube structure
(i, hexagonal aluminosilicate repeat units as shown in
Figure 1). As evident from Figure 2, this environment, corre-
sponding to the “nanotube-like” structure, exists throughout the
synthesis (aging and heating stages) together with the mono-
meric Al species.

The evolution of local environment around the Al atoms is
examined by tracking the chemical shifts, line widths, and
integrated areas of the measured resonances (Figure 4 and
Supporting Information Figures S2 and S3). The NMR spectra
collected at various stages of the synthesis were fit with a series
of Lorentzian peaks to obtain the position, full width at
half-maximum (fwhm), and area of each peak (Supporting
Information Figure S1). In particular, tracking the 6 ppm
resonance provides information regarding the evolution of Al
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Figure 2. *7Al liquid-state NMR spectra of nanotube solutions at various stages of aging (25 °C) and heating (95 °C). The inset shows Al NMR
resonance of dialyzed aluminosilicate nanotube solution (0 o1y & 6 ppm). Spectra were collected at 25 °C. The species assigned to each NMR signal are
shown by 2D ChemDraw representations. The peak at 63.3 ppm is observed during aging of nanotube synthesis solutions at 25 °C and is assigned to the
tetrahedral aluminum at the center of a Keggin polycation. This peak disappears within 7 h of heating. The peak near 6 ppm is assigned to octahedral
aluminum in a “nanotube-like” coordination environment. The sharp peak near 0 ppm represents octahedral monomer aluminate units.
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Figure 3. Ball-and-stick model (left) and polyhedron model (right) of the Keggin cation [AlO,4Al;,(OH),4(H,0)1,]"". The Keggin cation consists of a
tetrahedral aluminate [AlO,]°~ center surrounded by four octahedral aluminate [Al;(OH)g(H,0)3]*" trimer units.***’

configurations that resemble the nanotube wall structure. More-
over, the line widths of *’Al NMR resonances are strongly
dependent on the symmetry (i.e., electric field gradient) of the
species.2

The peak chemical shift of the broad octahedral *’Al NMR
signal decreases from 8.5 ppm to 5.5 ppm and its fwhm decreases
from 13 ppm to 8 ppm (Figure 4a,b) during the aging stage, likely
due to local atomic ordering around Al in the nanotube-like
configuration. After 7 h aging at 25 °C, these values become
stable, indicating that a stable species with an ordered nanotube-like

5400

configuration of the octahedral Al has been formed in the aging
process. Moreover, the integrated intensities of this peak, as well
as that of the Al}; species (63.3 ppm), increase as a function of
aging time but nearly reach a plateau after 18 h of aging
(Figure 4c,d). Concurrently, the integrated area of the monomer
peak at ~0 ppm decreases during the aging step (Figure 4e).
Thus, the nanotube-like species and Keggin ions increase at the
expense of the monomer species as equilibrium is established.
Upon heating of the aged solution to 95 °C, the signal at 63.3
ppm disappears within 7 h (Figure 2 and Supporting Information
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Figure S. pH change of the nanotube synthesis solution as a function of
reaction time. The dotted line separates the aging (left) (25 °C) and
heating (right) (95 °C) stages.

Figure S3b). A previous study of pure aluminate solutions
suggests that the disappearance of the 63.3 ppm signal above
90 °C is due to clustering and rearrangement of the Keggin
clusters to hexameric rings, which are appropriate precursors for
gibbsite (lagered AI(OH)3) and boehmite (layered AIOOH)
formation.*® Such rearrangements should result in the broad-
ening of the 63.3 ppm resonance™ due to a breaking of the
tetrahedral symmetry but is not observed in our study. The
chemical shift of the monomer decreases from 0.3 ppm to 0.1
ppm within 24 h of heating, and its fwhm also decays and levels
off in a similar manner (Figure 4f,g). These small changes can be
explained by a shift in the equilibrium between aluminate
monomers:>>° [Al(H,0)s]*" < [Al(H,0)s(OH)]*" +
[H]". As explained later in this report, this equilibrium shift is
clearly seen as a change of pH of the evolving nanotube synthesis
solution.

No significant changes are observed in the chemical
shift, integrated area, and line width of the broad octahedral
peak near 6 ppm during the heating step (Figure 4h and
Supporting Information Figure S3a,d). This result strongly
indicates that no significant new Al coordination environments
are formed during the heating step and that the same Al-
containing species formed in the aging step are participating
in nanotube formation, albeit with some minor structural
changes. The precursors necessary for nanotube formation
should therefore already be in the solution prior to heating
and would be used in the formation of nanotubes during the
heating stage.

Deconvolution of the heating stage spectra (Supporting
Information Figure Slc,d) also revealed a new broad peak at
3—S5 ppm in the octahedral coordination region, whereas the 12
ppm peak detected during aging, belonging to octahedral units of
the Keggin ion, has disappeared after 1 h of heating. These
simultaneous events suggest either a change in equilibrium
between two species or breakdown of Al;3 into species repre-
sented by the 3—5 ppm peak upon heating. Moreover, the
changes in chemical shift of the 3—5 ppm peak are strongly
correlated to that of the monomer peak (Figure 4fg and
Supporting Information Figure S3c). This may also indicate an
equilibrium between these two species during the heating stage.
The *’Al NMR peak near 3—5 ppm might be attributed to
dimeric*® or trimeric’" aluminate species. According to Akitt,>>
there is an equilibrium between three species in hydrolyzed acidic

aluminate solutions: [Al(H,0)s]** <> [AL(OH),(H,0)s]*" <
[AIO4Al;,(OH),,(H,0)1,]7". A similar equilibrium between
Al;Si,, ALSi,, and ALSi, species and a Keggin-like Al;;3Si,
metastable complex®>>? can explain the above observed behavior
of the 0 ppm and 3—5 ppm peaks, together with the disappear-
ance of the Keggin signal at 12 ppm. Another possibility is that
the 12 ppm peak may have disappeared due to the increased
quadrupolar broadening caused by condensation of Keggin
molecules, although clear evidence for this speculation was not
found in our study. In summary, our liquid-state *’Al NMR
experiments and analysis provide substantial information on the
species formed and on their evolution. For the first time, Keggin
species were identified clearly in the nanotube synthesis solution.

Figure S shows the change in pH as a function of aging and
heating time. After initial mixing of reactants at 25 °C, the pH
drops from ~3.7 to 3.3 within 7 h. The pH further drops
precipitously to ~1.7 immediately after the onset of heating
to 95 °C and thereafter stays nearly constant throughout the
reaction. The large drop in pH denotes a precursor con-
densation'>**** leading to a release of protons. We therefore
conclude that the combined observations in the aging step—
decrease in line width, increase in integrated area, and decrease in
chemical shift of the peak near 6 ppm; decrease in monomer peak
intensity; increase in the Keggin signal; and slight decrease in pH
—clearly indicate an equilibrium established between the mono-
mers, Keggin ions, and species with nanotube-like coordination
environment at 25 °C. Upon increasing the temperature to
95 °C, a condensation and rearrangement process takes place.
The equilibrium between species shifts, and the Keggin ion
decomposes. Trimeric and dimeric species are likely to be formed
in addition to the monomers and the species with nanotube-like
coordination. These events are also supported by our ESI-MS
study, discussed later in this report.

Characterization of Nanotube Synthesis Solution by So-
lid-State NMR. The *’Al MAS NMR spectrum of the pure
nanotube powder (Figure 6a) shows an intense peak at 7 ppm,
corresponding to octahedral aluminum. Another small and broad
peak at 60—63 ppm is also observed, corresponding to tetra-
hedral aluminum. Since the presence of the tetrahedral sites is
not expected in the nanotube wall,»** they are likely present on
the ends of the nanotube. The resonance corresponding to the
octahedral sites does not show sharp features characteristic of the
quadrupolar line shape in powder solids.*> The orientation,
bundling, or bending of the nanotubes may result in a distribution
of spectral parameters and therefore may cause additional broad-
ening that smears out the feature of the quadrupolar line shape.

The parameters of the quadrupolar interaction and isotropic
chemical shifts (d;g0) for the different *’Al sites—one tetrahe-
dral and two octahedral aluminums—have been used to model
and quantify the experimental spectrum of pure nanotubes
(Figure 6a). One of the octahedral sites is considered with a
Gaussian isotropic model (GIM) wherein the statistical distribu-
tion of the quadrupolar interaction (and thus broadening) is
implemented. The MAS NMR spectra of the quadrupolar nuclei
with a distribution of quadrupole parameters are well character-
ized by the GIM model.**~*° This model includes a quadrupolar
coupling constant (Cqmax), Which is the maximum likelihood of
the quadrupolar coupling constants (Cq) in the GIM distribu-
tion corresponding to ~20 in the Czjzek distribution
equation.*"*° After optimization of the model fit, two octahedral
peaks at 9 ppm and 4 ppm are found. The octahedral peak at 9
ppm, with Cq = 2.9 MHz, accounts for 75% of the total intensity.
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Figure 6. (a) >’Al MAS spectra of dialyzed and subsequently oven-dried (60 °C) nanotube powder and its decomposition with three components
(peaks near 60—63 ppm, 9 ppm, and 4 ppm, respectively). The difference between the generated fit and the experimental spectrum is shown at the
bottom. Inset is a magnification of the region 30—90 ppm of the main NMR spectra. As discussed in the text, this peak represents tetrahedral
conformations of aluminum atom. (b) Isotropic chemical shift and (c) quadrupolar coupling constant of the octahedral *’Al species observed after
deconvolution of the MAS spectra of the evolving nanotube synthesis solution. (d) Evolution of peak area of the Al(VI) species observed after
deconvolution of the MAS spectra of the sample taken versus synthesis time. The dotted line separates the aging (left) and heating (right) stages. The
data point after the end of the reaction represents the dialyzed nanotubes.

This peak, labeled as Al(VI)a, has a negligible distribution of
quadrupole parameters. It re})resents the major part of the
nanotube structure, with the *’Al sites arranged in a perfectly
ordered manner on the nanotube wall. The isotropic chemical
shift of the other octahedral peak, wherein the distribution of
quadrupole parameters is found to be significant, occurs at 4
ppm and with Cquax = 3.4 MHz. This resonance is labeled as
Al(VI)c and is also a part of the nanotube structure. It may
present a distribution of the spectral parameters due to different
orientations, bundling, or bending of the nanotubes. Along with
the tetrahedral site, it represents the “disordered” Al sites of the
nanotube material, on which liquid-state NMR was not able to
provide information.

The experimental solid-state *’Al MAS spectra of the freeze-
dried samples, taken at various stages of the nanotube synthesis,
were then modeled and analyzed with three octahedral sites
along with a tetraaluminum species (Supporting Information
Figure S4). The evolution of the three octahedral sites during the
reaction is examined by tracking the isotropic chemical shifts and
the quadrupolar coupling constant of the respective sites and
given in Figure 6b,c. The integrated areas of these three signals
are given in Figure 6d. The site with 0150 =9 ppm and Cq = 2.7
MHz corresponds to the major signal component of the dialyzed
nanotube, as discussed previously. Hence, this site is labeled as

5403

Al(VI)a. Considering the high stability of its chemical shift and
Cq during the reaction (Figure 6b,c), it can be concluded that
species with nanotube-like configuration are present in the
reaction mixture from the beginning of the aging step and evolve
into ordered nanotubes with time (Figure 6d).

On the other hand, the signal from the Al(VI)c possessing a
statistical distribution of the quadrupolar interaction decreases
with increasing reaction time. The initial 0150 and the Cqpay Of
Al(VI)c are 1 ppm and 5.5 MHz, respectively (Figure 6b,c).
Considering the high value of Cqpna and the nature of its
distribution, it can be concluded that this site represents the
disordered component of the reaction mixture, which gradually
converts to the nanotube-like structure. As a result, its signal
intensity (Figure 6d) decreases with increasing reaction time.
Another octahedral site, wherein the 150 is initially 7 ppm and
Cq ~ 3.4 MHz, does not show any significant changes through-
out the reaction time. This site is not present in the dialyzed
nanotubes and is labeled as Al(VI)b. This site may represent
different oligomeric aluminum species coordinated with per-
chlorate or silicate ions. These species are also observed in our
ESI-MS studies (vide infra). The intensity of the tetra-coordi-
nated aluminum signals nearly disappear a few hours into the
heating. This behavior was also observed in a previous *’Al MAS
NMR study and was explained as a rehydration of tetrahedral

dx.doi.org/10.1021/ja111055q |J. Am. Chem. Soc. 2011, 133, 5397-56412
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Spectra were collected at 25 °C.

aluminum to octahedral aluminum prior to proto-nanotube
(proto-imogolite) formation.'®

The *Si CP-MAS NMR spectra of freeze-dried aluminosili-
cate nanotube solutions at various stages of the sgrnthesis are
shown in Figure 7. In aluminosilicate materials, Si chemical
shifts and line widths are affected by coordination with aluminum
and the aluminum distribution in the lattice [Si(nAl), with n
being the number of next-nearest-neighbor Al atoms] M The *°Si
CP-MAS NMR spectra exhibit a broad resonance centered near
—90 ppm (limits range from —75 to 110 ppm) and a sharp peak
at —80 ppm. Tetrahedral silicon groups attached to three Al
atoms in a Q*(6Al) coordination are known to give rise to a sharp
resonance near —80 ppm.*” These results indicate the existence

of Q*(6Al) coordination throughout the synthesis, as also
confirmed by our *’Al NMR studies due to the peak near 6—7
ppm. The broad line width of the other resonance (centered at
—90 ppm) is assigned to variation in the local silicon coordina-
tion arising from the individual Si(nAl) [n = 1—S5] coordination
environments and their characteristic *°Si NMR chemical shifts
separated approximately by 5 ppm and known to resonate within
the range of —75 to —110 ppm.*~*

As shown in Figure 8, the integrated area % of the —90
ppm peak (relative to the total integrated area) gradually
decreases, whereas that of the —80 ppm peak increases. This
indicates the transformation of disordered Si environments to
ordered Q*(6Al) nanotube-like configurations. On the other
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Table 1. Aluminate Complexes Identified from Positive and

Negative Charge Scan Modes of ESI-MS (m/z 20—900) in

Mildly Acidic Solutions (pH ~3.4) after 1 h of Hydrolysis of

ASB at 25 °C

chemical formula of Al species detected at 25 °C

ESI (+)
Al(OH),(H,0),]"
Al(OH)(H,0),(Cl0,)]*
Al(H,0),(ClO,),]*
Al(OH)4(H,0),(Cl0,)]"
Aly(OH)3(H,0),(Cl0,),]*
Aly(OH),(H,0),(CI*0,),(CI70,)]*
Al(OH)(H,0),45(Cl04),]**
7(OH) 17(H20)7+n(Cl3504)2]2Jr
10(0OH) 2 (H,0),,(CI*°0,)5(CIP70,)]"
s(OH),7(H,0),]"
7(OH),5(H,0),,+5(C104)4] "
5(OH)7(H,0),(CI*0,)4(CI70,)]**
s(OH)17(H,0),,12(CIP°0,),(CI70,)1*"
o(OH),(H,0),,15(CIP°0,)5]**
o(OH)10(H20),,16(CI*04)4(CI7O)1*"

peak series (m/z)

61+ 18n (n=0-2)
143 + 18n (n = 0-3)
225+ 181 (n=0-3)
221 + 181 (n=0-5)
303 + 181 (n=0-5)
387 + 18n (n = 0—4)
387 + 9n (n=0—6)
401 + 9n (n=0—4)
420 + 18n (n = 0-2)
451 + 18n (n=0-2)
465 + 18n (n=0-3)
501 + 9n (n=0—4)
515+ 9n (n=0—4)
529 4+ 9n (n=0-2)
621 + 9n (n=0—4)

1304(0H),4(H,0),,42(CI*°0,),(C170,)]**
s(OH),,(H,0),,4(CI*0,)]™
Al10,(OH)50(H,0),14(CIP°04)5(CI70,) 1

678 + 9n (n=0-5)
707 + 18n (n = 0—2)
698 + 9n (n=0-5)
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ESI ()
[CI(0),43]~ 83 + 16n (n=0—1)
[ALO5(OH)]™ m/z 119
[AI(CIO4)4] m/z 425
[AI(OH)(ClIO,);] m/z 341

hand, from our *’Al liquid-state NMR results we know that the
fraction of species with nanotube-like configuration (peak near 6
ppm) does not increase to a significant extent as a function of
reaction time. Therefore, we believe that the increase in relative
intensity of the —80 ppm peak is a result of ordering (e.g., lattice
formation) of aluminum atoms that are already in a nanotube-
like coordination with the Si species [Si(nAl) — Si(6Al)] and not
due to significant new formation of Q*(6Al) configurations. The
*%Si chemical shift near —80 ppm of the evolving solutions does
not change, showing that the Si(6Al) chemical environment of
silicon remains stable throughout the synthesis. The chemical
shift of the peak centered at —90 ppm also remains constant, but
it gradually diminishes during the reaction.

Aluminum and Silicon Speciation in Mildly Acidic Solu-
tions. Before examining the nanotube synthesis solution, we first
conducted ESI-MS experiments on ASB (0.1 M, pH 3.5, at
25 °C) and TEOS (0.05 M, pH 3.2, at 25 °C) solutions
hydrolyzed in perchloric acid to understand aluminum and
silicon speciation in mildly acidic aqueous solutions. The ESI-
MS technique has the ability to “gently” vaporize and transfer
ions directly from solutions to the gas phase in the mass
spectrometry column, thereby allowing rapid and highly sensitive
characterization of molecular species and larger complexes.***”
The ESI-MS spectra of ASB and TEOS solutions after 1 h of
hydrolysis at 25 °C are shown in Supporting Information Figures
S5 and S6. The structural identification of hydrolysis products is
carried out on the basis of the detected mass-to-charge ratio
(m/z), isotopic ratios, and “water (H,O) series”, which are signals

with incremental differences of m = 18 units (corresponding to
the same species with different numbers of attached water
molecules in the vaporized state). Therefore, the m/z separation
between the signals will be 9 units for doubly charged species and
6 units for triply charged species.*® >° Peaks that do not belong
to a water series cannot be identified immediately, as their charge
cannot be inferred a priori. Care is required in order to extract the
relevant information from the large mass of ESI-MS data.®' We
adopted a detailed quantitative approach. A computer code was
written in order to scan through all possible molecular formulas
that match every detected peak (m/z ratio) above noise level.
The code considers all elemental combinations (including all
chemically significant isotopes) of Al Si, H, O, C, and Cl, as well as every
ligand (—OH, —Cl, —OCI°0,, —OC’0,, —OC,H;, —OC,H).
This produced a list of arithmetically possible molecular for-
mulas, of which the vast majority are easily eliminated as being
chemically impossible. The final lists of aluminate and silicate
species in Tables 1 and 2 were assigned to the experimental
m/z ratios on the basis of their full agreement with the
interpreted charge, isotope separation, and structural consis-
tency throughout the spectra. Moreover, the last m/z ratio of a
“water series” should not exceed the number of available
coordination sites for water in the identified structure. On the
other hand, the chlorine isotopic distribution patterns in the m/z
400—900 region indicate several complexes with overlapping
m/z values. In this region, it is much more difficult to identify the
large number of isotope peaks and to correlate the isotope peak
ratios to the amount of chlorine in the structure. For example,
the isotopic peak intensity ratio should be 9:6:1 for species
containing two OCIO;" ions, but because of overlapping of
signals from different species, this ratio is not easily identified.>*
Finally, solvated DFT calculations were used to optimize the
geometry of selected hydrolysis products.

Several aluminate species of varying sizes, containing 1—13
aluminum atoms (Al; —Al,; species), were identified (Table 1).
Small molecules were observed in various forms, including
monomeric complexes [Al(OH),(H,0),]" (n = 0-2),
[AI(OH)(H,0),(CIO)]" (1 = 0-3), [Al(H,0),(ClO4),]"
(n=0-3), [AI(OH)(CIO4);]", [Al(ClO4),] ™, and [Al(OH);-
(H,0),(ClOy,);]™ ; dimers [AL(OH),(ClO,)(H,0),]" (n =
0-3), [Alz(OH)3(I‘Izo)n(ClO4)2]Jr (n=0-5), and [AL(OH),-
(H,0),(CIP0,)x(CP70)]" (n = 0—4), [ALO3(OH)] ; and
trimers [Al;05(OH)(H,0),(ClO4);] (1 =0—4). As seen in the
geometry-optimized structures (Figure 9) of singly or multiply
charged [Als]" and [Als]*" polymeric aluminate complexes,
there are complete or incomplete aluminate rings in which
octahedral aluminum centers are bridged with bis(u,-hydro-
x0) groups. Such complexes are immediately recognized as
precursors for the formation of structures such as gibbsite
(AI(OH)3), whose basic unit is the Alg ring. We also observed
larger complexes such as Aly, Al;q, Alj, containing Al ring
units, and Al;; (Keggin ion). In a further confirmation of our
results, a Al;;>" Keggin ion® was also observed previously.
Complexation between aluminum and perchlorate (—OCIOs)
species was evident from the chlorine isotopic peak separations.
The species contain various numbers of —OCIO; ions.
Although the Aly ring motif is always present, there are clearly
several isomeric arrangements of perchlorate anions, hydroxyl
groups, and water molecules on the edges of these complexes.
The structures shown in Figure 9 depict only individual isomers
of these species.
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Table 2. Silicate Complexes Identified from Positive and
Negative Charge Scan Modes of ESI-MS (m/z 20—900) in

Mildly Acidic Solutions (pH ~3.2) after 1 h of Hydrolysis of

TEOS at 25 °C

chemical formula of Si

species detected at 25 °C [ESI(+)] peak (m/z)
[Si,O(OH)s(H,0)]" 175
[Si;05(OH)s(H,0)]" 235
[Si,06(OH);(H,0)]* 277
[Sis06(OH),(H,0)]* 373
[Sig0s(OH)s(H,0)]" 415
[Si,010(OH),(H,0)]" 493
[Si012(OH),(H,0)]™ 553

chemical formula of species

detected at 25 °C [ESI(—)] peak series (m/z)

[CI(O)43]~ 83 + 16n (n=0—1)

——— e

feCe
=d=Neb]

m/z 519

Figure 9. DFT-optimized geometries of selected planar complexes
identified in a mildly acidic aqueous aluminate solution at 25 °C. The
upper structure (Alg) with m/z = 451 is shown in two orientations: top
view (left) and side view (right). As indicated by the dashed line, the
complex is planar. See Supporting Information Figure S13 for labeled
3D and uncolored 2D ChemDraw versions of these structures.

These structures are clearly shown to have planar minimum-
energy configurations by the DFT calculations. On the basis of our
overall observations of the structural patterns in the identified
monomer and dimer complexes, we find that variations in the
number of attached perchlorate ions are primarily caused by the
replacement of outer —OH groups with —OCIlO; groups. Biden-
tate (=0,ClO,) complexation of perchlorate anions with alumi-
nates can potentially also occur. However, our quantitative analysis
of the low-molecular-weight species clearly indicated that the
molecular formulas are only consistent with monodentate com-
plexation in the form of —OCIlO;. A very recent ESI study on
aluminum speciation in aqueous AICl; solutions containing the
ClO,  anion has suggested that the perchlorate anion might also
help bridge two aluminum ions.*® Other recent findings indicated
denser, “brucite-like” aluminate complexes in hydrolyzed aluminum

%¥A %
“ . “

~ L.
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m/z175 m/z235 m/z 277 m/z373
[ C
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CH
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Figure 10. DFT-optimized geometries of selected complexes identified
in a mildly acidic aqueous silicate solution at 25 °C. See Supporting
Information Figure S13 for labeled 3D and uncolored 2D ChemDraw
structures.

. . . . 2953
solutions that did not contain perchlorate ions, whereas our

results clearly indicate species with a gibbsite (six-membered ring)
structure (m/z = 519 in Figure 9) and also confirm previous SAXS
studies.”” The observed complexation of perchlorate ions with
almost all the aluminate species (Table 1) may indicate their role
in stabilizing species whose basic unit is the six-membered gibbsite
ring and inhibiting formation of brucite-like clusters. The complexa-
tion of aluminate species by perchlorate anions may also prevent
further condensation of species larger than Al;;. Therefore, we
believe that complexation of aluminosilicate species with perchlorate
anions is important in understanding the mechanism of nanotube
formation. We did not detect species larger than Al;3, but previous
studies on aluminate solutions indicated the possible existence of
Aly®® and Al structures that might be formed by condensation
of more than one Keggin unit.

Next, we studied silicon speciation in mildly acidic solutions by
ESI-MS(+) and ESI-MS(—) after 1 h of hydrolysis of TEOS at
25 °C. Distances between the isotopic patterns (**Si, *’Si) are
observed to be 1 m/z, showing that the species have 1 unit of
charge. Hydrolysis of TEOS predominantly resulted in the
formation of small silicate species such as the dimer (m/z =
175) and cyclic trimer (m/z = 235).>® The silicate monomer was
not detected in either scan mode. Complete hydrolysis occurred,
and no ethoxy (—OC,H;) ligands were detected in the struc-
tures. Tetramer and pentamer silica species were also found at m/
z = 277 and 373, respectively. The solution also contains cage-
like polymeric ions. Signals at m/z = 415 and 533 were assigned
to T6 and T8 cages, respectively. Previous studies also reported
cage structures of silicates.**® No complexation with perchlo-
rate anions (ClO ;) was detected. As expected, no silicon
species were detected in the negative scan mode. Figure 10 shows
DFT-optimized geometries of the species identified in the silicate
solution, which are predominantly cyclic in structure. Previous
computational works using DFT and free energy calculations>**”
also reported that cyclic silicate species are very stable and highly
likely to be formed.

Aluminosilicate Speciation in Nanotube Synthesis Solu-
tions. Having confirmed the reliability of our ESI-MS measure-
ments and analysis techniques, we then obtained ESI-MS spectra
from nanotube synthesis solutions at various stages. The spectra
collected throughout the aging stage did not show significant
differences in peak positions. Therefore, we conclude that the
main species in the synthesis solution do not change during the
aging stage. Figure S7 in the Supporting Information shows an
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Table 3. Aluminosilicate Complexes Identified from Positive and Negative Charge Scan Modes of ESI-MS (m/z 20—900) in the

Nanotube Synthesis Solution after 1 h of Aging at 25 °C

chemical formulas of species detected during aging at 25 °C

ESI(+)

Al(OH),(H,0),]"

Al(OH)(H,0),(ClO,)]"

Al(H;0),(ClO,),] "
AL(OH),4(H,0),(Cl0,4)]"/[AISiO(OH);(H,0),(C10,)]"
ALSIO;(OH)5(H;0),.41] "/ [ALO(OH)s(H,0),.11]
Al;SiO,(OH)s(H,0),,(Cl0,)]**
ALSiO,(OH)s(H,0), 1" /m/z 277: [Si4O6(OH);(H,0)] "
Al,Si,05(OH) 13(H,0),145(Cl04)3]*"
Al(OH);(H,0),(CI0,),] "

AlLSi,05(OH) 12(H,0),(CI**0,)5(CIY0,) 1>+
AlgSi,05(OH) 13(H,0),(CI**0,)5(CI70,) >+
,(OH),(H,0),(Cl0,);]"
1(OH),(H,0),(CI*°0,),(CI70,)]*
ALSIO(OH);(H,0),,(Cl0,),]"
ALSiO3(OH)5(H,0),+1(ClO4)] "
ALSIO(OH)4(H0),(Cl04)5] "

5Si05(OH) 12(H,0),41] 7/ [ALS1,04(OH) 14 (H,0) 411"
5S105(OH)12(H,0),41] "

AlSiO;(OH) 5(H,0),] "

ALSi,0,(OH) 4(H,0),(Cl0,)]"/[ALSiO;(OH),, (H,0),(ClO,)]*
Al;¢8i03(OH),5(H,0),(Cl0,)5(Cl0,)1**
AlgSi,05(OH) 15(H,0),,45(CI*°0,)4(CI70,) >
AlySiz05(OH) 15(H,0),,.1.1(CI70,4)5(CI70,) 1"
Aly8i305(OH) 27 (H,0)46(CI04) 1>
Al158i305(OH)25(H20),(CI*04)2(CI70,) 1"
Alj38i,010(0H)5,(H,0),,1(C1°0,),(CI70,) 1>+
Alp8i306(0H)26(H,0),,.1(Cl0,),1**
Al8i5012(OH)5(H,0),45(ClO4)]**
Alj30,4(OH)4(H,0),,2(CI*0,)4(CI70,)1**
Al15814010(OH)29(Hz0)n.6(CI¥04)]*"
Al;38i016(OH)30(H20),1451*"
Alp8i4010(0H)25(H,0),,.5(CI*0,), 17+
Al3814,016(OH)15(H,0),4-5(C1704),(C70,4)]**
Alp;8i;013(0H)35(H,0),,,5(ClO4) 1**

Al138i6010(OH) 40(H20),13(C104) 1"
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ESI(—)

[CL(0), 5]

[AI(OH)(CIO,)5]™

[AI(CIO,),]™

[Al;03(0H)(H,0),(ClO4)s] ™~
[ALSIO,(OH)4(H,0)5(ClO4)5]~/[Al;O(OH)s(H,0)5(ClO4)5]
[ALSi,04(OH) 15(H,0),.42(ClO4)] ™

peak series (m/z)

61 + 18n (n=0-2)
143 + 181 (n = 0—3)
225 4 18n (n = 0—3)
221 + 187 (n = 0—3)
217 + 18n (n=0-3)
171 4+ 9n (n = 0—5)
277 + 18n (n = 0—2)
299 + 6n (n =0—4)
303 + 18n (n = 0-5)
309 + 6n (n = 0—10)
329 + 6n (n=0-7)
385 + 18n (n = 0—4)
387 -+ 18n (n = 0—4)
381 + 18n (n = 0—3)
437 + 18n (n = 0-2)
463 + 18n (n=0—4)
433 + 18n (n = 0—6)
493 + 181 (n = 0—3)
493 + 18n (n=0-3)
497 + 18n (n = 0—4)
559 + 9n (n = 0—4)
597 + 9n (n=0—4)
610 + 9n (n=0-5)
609 + 9n (n=0—4)
638 + 9n (n=0-6)
638 + 9n (n = 0—6)
605 + 91 (n=0—7)
678 + 9n (n=0—4)
678 4+ 9n (n=0—4)
648 + 9n (n=0—4)
688 + 9n (n=0-5)
707 + 9n (n = 0—4)
707 + 9n (n = 0—4)
756 + 9n (n=0-3)
756 + 9n (n=0-3)

83 + 16n (n=0—1)
m/z 341

m/z 425

443 + 18n (n=0-3)
m/z 533

567 + 18n (n=0—1)

ESI-MS spectra of the nanotube synthesis solution (taken after
1 h of aging at 25 °C), and Table 3 shows the chemical
composition of species identified by our exhaustive quantitative
procedure. It is clear that the nanotube synthesis is controlled by
aluminate speciation. No signals from silicate species were
detected. As in the pure aluminate solution, the distribution of
aluminosilicate species in solution ranged from having 1—13
aluminum atoms in their structures, the differences being only in
the number of attached silicon tetrahedra and perchlorate anions

(ie., AlLSi (ClO,),—Al};3Si,(ClO,),). Keggin ions with attached
silicate groups were also identified.

There are several important points to be highlighted at this
stage. First, it is significant that nearly all species could be
explained with the same basic structural characteristics as found
in the aluminate solution, such as the octahedral aluminum units
linked by u,-OH groups at shared edges, the existence of
aluminosilicate gibbsite-like units with a Q%(6Al) configuration
of Si, the binding of perchlorate ions to the edges of the
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Figure 11. DFT-optimized geometries of selected aluminosilicate proto-nanotube precursors identified by ESI-MS. The species m/z = 547, 595, and
733 are shown in two orientations: top view (left) and side view (right). Dotted circles show example locations of Al tetrahedra adjoined by Si atoms in
Si(nAl) coordination. The dashed lines follow the inherent curvature (k) of these species, as measured from their radii of curvature (R). As shown, K a1 s;
A KALLSi, X Knanotube- S€€ Supporting Information Figure S13 for labeled 3D and uncolored 2D ChemDraw versions of these structures.

aluminosilicate complexes, and the existence of end-groups
consisting of highly distorted tetra-coordinated aluminum sites
(with AI—OH or Al—OCIO; bonds). The silicate species are
attached to aluminate complexes that are already in a nanotube-
like configuration, most notably the Als rings with silicon
attached in a Q*(6Al) configuration as well as larger sheet-like
structures in which this structural motif is repeated. These
complexes constitute the first direct evidence of “proto-nano-
tube” species existing in the solution. Second, these ESI-MS
findings are directly supported by our NMR results. Third, the
aluminosilicate, aluminate, and silicate speciation arises naturally
from the arithmetic analysis of the ESI-MS data and does not
involve any structural assumptions other than the list of ele-
ments, isotopes, ligands, and reasonably expected coordination
environments (e.g., octahedral Al, tetrahedral Al and Si). Fourth,
the conversion of tetrahedral aluminum to octahedral aluminum
was proposed as being necessary prior to proto-imogolite
formation'® and was interpreted as being a result of silicate
species bridging two aluminate species. On the other hand, it
appears here that such a conversion more likely occurs due to
rearrangement of tetrahedral aluminum (found on the edges of
the proto-nanotube sheets) into octahedral aluminum during the
assembly of the nanotube, by condensation of these proto-
nanotube complexes.

Solvated DFT-based geometry optimizations performed on
selected key species revealed the inherent curvature of identified
aluminosilicate precursors (Figure 11) in comparison to the
planar precursors found in aluminate solutions (Figure 9). The
precursor with m/z = 547 consists of a hexagonal ring of
aluminate octahedra and tetrahedra, with a silanol group attached
to it. This structure is closely related to the structure of the final
nanotube material, and its radius of curvature is almost identical
to that of the final nanotube material. Larger precursors such as
m/z =595 and 733 also show the existence of the same structural
motif as the precursor with m/z = 547. The present study
therefore indicates the potential for engineering the curvature
of nanostructured materials (such as nanotubes and nanoshells)
by controlling the speciation of the molecular and nanoscale
precursors.

The species identified in the subsequent heating step at
95 °C are listed in Table 4. Upon heating the aged solution to
95 °C to induce nanotube assembly, it is observed that all
proto-nanotube species in the m/z 500—800 region of the ESI-
MS spectra disappear within 3 h, but the species identified in
the m/z 50—500 region remain nearly constant throughout the
reaction (Supporting Information Figures S8 and S9). This is
consistent with the condensation of the proto-nanotube pre-
cursors into larger nanoparticles which then rearrange into
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Table 4. Aluminosilicate Complexes Identified from Positive and Negative Charge Scan Modes of ESI-MS (m/z 20—900) in the

Nanotube Synthesis Solution during the Heating Stage at 95 °C

chemical formula of species detected during heating at 95 °C

peak series (m/z)

ESI(+)
[AI(OH),(H,0),]" 61 + 18n (n=0-2)
[AI(OH)(H,0),(Cl0,)]" 143 + 181 (n = 0—3)
[Al(H,0),(ClO,),]* 225 + 18n (n=0-3)
[AL(OH),(H,0),(Cl0,)]*/[AISiO(OH),(H,0),(Cl0,)]* 221 + 18n (n = 0—-3)
[AIZSIOZ(OH)S(HZO)H+IJ+/[AISO(OH)G(HZO)rH»l] 217 +18n (n = 0-3)
[AL;SiO,(OH)4(H,0),(Cl0,)]*" 171 + 9n (n = 0-5)
[AL3SiO,(OH)5(H,0),]" /m/z 277: 51406(OH) (H,0)]" 277 + 18n (n = 0-2)
[Al751205(OH)13(H20),,+3(CIO4) 299 + 6n (n = 0—4)
[ALL(OH);(H,0),(ClO,),]™ 303 + 18n (n=0-5)
[ALLSi,O5(OH);,(H,0),(CI**0,),;(Cl70,) > 309 + 6n (n = 0—10)
[AlgSi,04(OH),3(H,0),(CI**0,);(CF"0,) 1" 329 + 6n (n = 0-7)
[AL(OH),(H,0),(ClO,4);]* 385+ 18n (n = 0—4)
[AL(OH),(H,0),(CI*0,),(C*’0,)]" 387 4 18n (n = 0—4)
[ALSIO(OH)s(H,0),(ClO,),]" 381 + 18n (n=0-3)
[AL,SiO3(OH)5(H,0),,.1(ClO,)]H 437 4+ 18n (n = 0-2)
[ALSIO(OH)4(H,0),(ClO,)5] " 463 + 18n (n = 0—4)
(Al 5103(OH)12(H20)n+1 +/ Al451204(OH)11(H20)n+1 433 + 18n (n = 0—-6)
[AlSi,O5 (OH)IZ(HZO)n+1 493 + 18n (n = 0-3)
[ALSiO;(OH);5(H,0),]" 493 + 18n (n=0-3)
[ALSi,04(0H) 0(H,0), (C104)]+/[A1551O3(OH)11(H20) (Clo4)]Jr 497 + 18n (n = 0—4)
[AL38i0,(0OH),(H,0), > " 184 + 9n (n = 0—1)
[AL;$i0,(OH)s(H,0), . 6(Cl0,),]*" 266 + 9n (n=0-1)
[AL;8i0,(0H)s(H,0),»]" 313 + 181 (n = 0-2)
ESI(—)
[CL(0),13]~ 83 + 16n (n=0—1)
[AI(OH)(CIO,)5]~ m/z 341
[AI(ClO4)4]~ m/z 425
[ALO3(OH)(H,0),(ClO,)s]~ 443 + 18n (n = 0—4)
[ALSiO,(OH),(H,0);(Cl0,);]/[A;O(OH)5(H,0)5(ClO,);] ™ m/z 533
short nanotubes, a mechanism proposed by us previously.14 and to extract diffusion coefficients:>>®
New Al;Si species, highlighted in bold in Table 4, appeared 5

within 24 h of heating. We therefore tentatively assign the new
3—S5 ppm peak appearing in the >’Al NMR spectra to these
Al;Si species.

Dynamic Light Scattering. We used DLS measurements as a
function of aging and reaction time of aluminosilicate nanotube
synthesis solutions to reveal the change in average particle size
together with semiquantitative measurements of total particle
concentration throughout the nanotube synthesis. Details of
quantitative DLS analysis of nanotube solutions can be found
elsewhere” (also see Supporting Information Figure S10).

Figure 12a shows the average particle size as a function of
synthesis time. We observed particles with a Stokes—Einstein
hydrodynamic diameter of 200—220 nm during the aging stage.
The polydispersity of the particles was quite low and did not vary
significantly with aging time. These particles are X-ray amor-
phous, and no nanotubes are formed during the aging step. As
shown in Supporting Information Figure S11, two dynamical
processes were observed in the initial 3 h of heating, but they
were reduced to a single process subsequently. A two-exponen-
tial autocorrelation decay function was used to fit the data

&(t) = 1+ p|A e DT 4, e DT

Here, [3 is the coherence factor, which can be taken as unity in
dilute aqueous suspensions, and the scattering vector g =
(47tn/2) sin(0/2), where n is the refractive index of water, 4 is
the wavelength of the incident light, and 0 is the scattering angle.
A; and A, are the amplitudes of fast and slow relaxation modes,
respectively. A, is found to be zero except for the first 3 h of
heating.

After 1 h of reaction time, the diffusion coefficient D; (fast
dynamics) is 3.8 X 10~/ sz/ s, whereas D, (slow dynamics) is
found to be 8.0 x 10" cm?/s. The value of D, is close to the
diffusion coefficient reported for short (~20 nm length) alumi-
nogermanate nanotubes.” This dynamics corresponds to the
diffusion of short aluminosilicate proto-nanotubes with length
~10 nm. We attribute the second, slow diffusion coeflicient to
the formation (immediately upon heating) of a loosely con-
nected, gel-like network of partially condensed aluminosilicate
precursors. Such structures have also previously been observed
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Figure 12. (a) Average particle diameter (during aging at 25 °C) and nanotube length (during heating at 95 °C) and (b) particle (or nanotube)
concentration obtained from normalized DLS intensity by unit particle volume and precursor concentration as functions of reaction time.

by DLS in clay systems.” Furthermore, the effective Sto-
kes—Einstein hydrodynamic diameter corresponding to the slow
dynamical process is very large (~20 um), clearly indicating that
it cannot correspond to individual particles dispersed in the
solution. After 3 h of reaction at 95 °C, the values of D, and D,
are 1.8 x 107 and 5.0 x 10" cm®/s, respectively. The average
nanotube length continues to increase with reaction time and
reaches a plateau after 24 h, as also observed previously by TEM
studies.'® This observation indicates that, during the first 24 h,
fast molecular rearrangement of existing precursor species into
nanotubes takes place. Such molecular rearrangements are also
evident from our detailed *’Al liquid-state NMR data and
tracking of individual resonances throughout the reaction time
(96 h), as shown in Figure 4fg and Supporting Information
Figure S3a—c. Within 24 h, the NMR chemical shift of the 6
ppm peak (assigned to species with Q’(6Al) configuration)
reaches that of the purified nanotubes. However, the changes
in the chemical shift of the 6 ppm peak are very minor (only 0.4
ppm over 96 h). This indicates the occurrence of only slight
structural changes, such as those occurring in a rearrangement
and condensation of already existing molecular precursors. On
the other hand, more substantial changes in the NMR chemical
shift (~3 ppm) occur during aging, signifying the evolution in
precursor structure.

The light scattering intensity, when normalized by the particle
volume and precursor concentration, can provide semiquantita-
tive information on the total particle concentration,® as shown in
Figure 12b. The ~200 nm particle concentration slightly in-
creases upon aging (Supporting Information Figure $12). This
observation shows a resemblance to the behavior of *’Al liquid-
state NMR resonances near 6 ppm and the Keggin ion signal
during aging, as shown in Figure 4c,d and Supporting Informa-
tion Figure S2f. We were not able to detect these large particles
by ESI-MS. Hence, their exact chemical composition is not clear.
However, it is clear from Figure 12b that the concentration of the
~200 nm particles formed during aging is very small compared
to the precursor and nanotube concentrations. Therefore, these
particles cannot be directly responsible for the formation of
nanotubes.

Overall Mechanism of Nanotube Formation. On the basis
of the detailed insights from ESI-MS and NMR investigations, we
construct a molecular-level mechanism of single-walled alumi-
nosilicate nanotube formation (Figure 13). Stable proto-

nanotube intermediates with intrinsic curvature form within 1
h of aging and remain essentially unchanged throughout this
step. Within 7 h of the initial mixing of reactants, a dynamic
equilibrium between “small”, “medium”, and “large” aluminosi-
licate precursors is established.

We depict the equilibria involving some main species detected
by ESI-MS as follows:

2[ALSiO,(OH)(H,0)] " < [ALSi,04(OH),, (H,0)]*" + [H]*

3[ALSi05(OH)4(H,0)(ClO,)]
< [AlL}381300(OH),((H,0)(CIO,),]*" +2[H]" + ClO,~

[Al1;814010(OH) 4 (H,0),(Cl04),]*" + [Al(ClO,),]

< [Al3814016(OH) 4 (H,0)(CIO,),] " + 2[H]"
+Clo,” + 7H,0

The experimental findings that support such equilibria are
summarized as follows: (1) there is a slight decrease in pH from
3.7 to 3.3 during aging; (2) there is an increase in the integrated
area of Keg§in peaks at 63.3 ppm, 12 ppm, and 6 ppm peak in
liquid-state *”Al NMR that represents species in nanotube-like
configuration; (3) there is a decrease in line width and chemical
shift of the 6 ppm peak in liquid-state *’Al NMR; (4) there is
slight decrease in area % of —90 ppm peak in *’Si MAS NMR
spectra as a function of aging time; (S) we find a decrease in the
detected amount of tetra-coordinated Al as a function of aging
time by solid-state Al NMR; and (6) ESI-MS showed that main
species remained essentially similar throughout the aging, but
NMR peaks showed minor changes in terms of their chemical
shift, integrated area, and fwhm values.

The DFT simulations revealed that the AlgSi,—Al;,Si, alumi-
nosilicate species have intrinsically curved structures, in contrast
to the planar structures observed in the aluminate solutions.
Upon heating the aged nanotube synthesis solution, the nano-
scale aluminosilicate intermediate species represented by the
ESI-MS region m/z 500—800 (ie., AlgSi,—Al;3Si,) disappear
from the ESI-MS spectra. Those species are hence condensing
into larger nanoparticle aggregates, as observed by DLS, and then
rearranging into the initial nanotubes and subsequently growing
by a variety of processes (e.g., precursor attachment, end-to-end
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Rearrangement

Figure 13. Formation mechanism of aluminosilicate nanotubes. (Top) Equilibrium established between aluminosilicate species during the aging stage
at 25 °C. (Bottom) Condensation and rearrangement of AlgSi,—Al},Si, species upon heating. Also see Supporting Information Figure S13 for labeled

3D and uncolored 2D ChemDraw structures.

aggregation). Our experimental findings that support such a
mechanism are summarized as follows: (1) an abrupt decrease in
pH immediately upon heating to 95 °C and nearly constant pH
throughout the remaining 95 h of reaction; (2) nearly constant
area of liquid-state *’Al NMR 6 ppm peak that represents the
nanotube-like aluminum bonding environment; (3) disappear-
ance of tetra-coordinated aluminum species within a few hours of
heating; (4) rearrangement detected by increase in area % of —80
ppm and decrease in —90 ppm peak in solid-state 296 NMR; and
(5) again rearrangement detected by increase in area % of
Al(VI)a arrangement and decrease in area % of Al(VI)c coordi-
nation environment.

The role of the aluminosilicate Keggin-like ions remains
unclear. The literature on aluminate solutions suggests the
transformation of aluminate Keggin ions into planar gibbsite-
like layered structures. We did not observe such a rearrangement
in the aluminosilicate solution. In contrast, the aluminosilicate
solution contains a richer variety of species, many of which are
complexed with perchlorate ions. On the basis of our observa-
tions as discussed above, we cannot distinguish whether the
Al}3Si, Keggin species participate in the condensation and
rearrangement of the nanoscale species into nanotubes, or
whether they decompose into smaller species such as the Al;Si,
units that appear upon heating the nanotube synthesis solution.

B CONCLUSION

A detailed molecular-level account of the formation mechan-
ism of single-walled aluminosilicate nanotubes has been given via
combined ESI-MS and NMR characterization. It provides, for
the first time, a clear understanding of the main speciation and
nanotube assembly processes. ESI-MS is shown to be an

excellent tool for analysis of the precursor species in nanotube
synthesis solutions. This paper clarifies the structure of nano-
tube-like precursors, including the proposed sheet-like precursor
called proto-imogolite. Geometry optimization of the structures
of these precursors, which are formed at an early stage after initial
hydrolysis of the reactants, reveal that they possess inherent
curvature. Therefore, we have shown that nanotube assembly is
preceded by the formation of precursors that already possess a
similar chemical coordination environment of the Al and Si
atoms, as well as an inherent tendency to form curved nanos-
tructures. The condensation of these proto-nanotube precursors
into larger nanoparticles upon heating (as observed by DLS
measurements and also by the disappearance of these species in
ESI-MS spectra) provides a clear connection to the subsequent
formation of ordered nanotubes. The rearrangement into nano-
tubes is accomplished by the conversion of tetra-coordinated end
groups of these precursor species to a fully octahedral config-
uration as the precursors condense together. Anions in solution
(particularly perchlorate) are found to initially complex the
aluminosilicate precursors. Understanding in more detail the
role of these anions, as well as other possible ligands such as
organic molecules and metal oxide species, may be important in
controlling the nanotube structure and dimensions, and is a
subject for further investigation. The molecular-level nanotube
formation mechanism also provides a basis for investigations of the
subsequent growth mechanisms at larger length scales, via techni-
ques such as cryo-TEM and SAXS that can reveal the assembly and
morphological evolution of the growing nanotubes. Overall, the
insights obtained in this work, and following from it, provide a
possible basis for engineering curved nanoscale objects (such as
single-walled nanotubes, nanoshells, and nanospheres) with tun-
able shape, size, composition, and structure.
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