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ABSTRACT: It is known that silicon can be successfully replaced by germanium atoms in the synthesis of imogolite nanotubes,
leading to shorter and larger AlGe nanotubes. Beside the change in morphology, two characteristics of the AlGe nanotube
synthesis were recently discovered. AlGe imogolite nanotubes can be synthesized at much higher concentrations than AlSi
imogolite. AlGe imogolite exists in the form of both single-walled (SW) and double-walled (DW) nanotubes, whereas DW AlSi
imogolites have never been observed. In this article, we give details on the physicochemical control over the SW or DW AlGe
imogolite structure. For some conditions, an almost 100% yield of SW or DW nanotubes is demonstrated. We propose a model
for the formation of SW or DW AlGe imogolite, which also explains why DW AlSi imogolites or higher wall numbers for AlGe
imogolite are not likely to be formed.

■ INTRODUCTION
Achieving perfect control over the morphology of nanoparticles
is the everyday job of many researchers around the world. This
goal is essentially motivated by the fact that the different
morphologies strongly influence the properties of the final
products such as for carbon nanotubes or quantum dots.
Among the vast family of available nanoparticles, imogolite is a
clay nanotube for which perfect control of the diameter is
possible. Imogolites were first observed in volcanic soils.1 They
are natural aluminosilicate nanotubes having the general
formula (OH)3Al2O3SiOH with a 2 nm external diameter and
up to micrometers in length. The local structure of imogolite
has been proposed by Cradwick et al. in 1972,2 and since then
it has been widely characterized using multiscale approaches
like X-ray diffraction (XRD),3 solid-state nuclear magnetic
resonance (NMR),4,5 infrared spectroscopy (IR),6 and trans-
mission electron microscopy (TEM).2,3,7 The local structure

proposed by Cradwick et al. consists of a Gibbsite sheet curved
by the adsorption of orthosilicate tetrahedra into the vacancies
of the aluminum dioctaedral layer. Control of the imogolite
diameter has been achieved by replacing silicon with
germanium atoms.8 The difference in nanotube diameter is
explained by the local structure of the imogolite. Indeed, the
adsorption of the SiO4 or GeO4 tetrahedra is responsible for
the curvature of the Gibbsite layer, the Si−O and Ge−O bonds
of the tetrahedra being stretched when covalently linked by
three Si−O−Al or Ge−O−Al bonds in the dioctahedral layer.
This size mismatch is responsible for the creation of a
spontaneous curvature of the Gibbsite layer.9 This has been
confirmed recently by Konduri et al. both for AlSi imogolite
and for AlGe imogolite using molecular modeling.10,11 Their
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model is able to explain the difference in diameter between
pure Si imogolite and pure Ge imogolite. Other modeling
approaches were applied for the case of AlSi imogolites.12−14

They confirm the role of Al−O and Si−O bond stretching but
also point out the importance of the hydrogen-bond network
close to the inner and outer walls of the imogolite nanotube.
The impressive monodispersity in imogolite nanotube

diameter has motivated research on their formation mechanism.
Synthesis protocols to produce imogolite were quickly
developed. Farmer et al. were the first to obtain synthetic
imogolite using low concentrations of AlCl3 and SiO2
monomers as starting materials (millimolar concentrations of
the reagents).9 It has been discovered recently that the AlGe
imogolite analogues can be obtained in large amount (initial
decimolar concentrations of the reagents) with a formation
kinetic comparable to the aluminosilicate imogolite obtained
from millimolar concentrations of the reagents.15 At 95 °C, 5
days are necessary to grow the aluminogermanate nanotubes
from a concentrated suspension of protoimogolites. It was
known from IR and Raman spectroscopy that the proto-
imogolites have the same local structure as the final
nanotubes.16 Using SAXS experiments after hydrolysis of the
germanium and aluminum precursors and before sample
heating treatments, Levard et al. demonstrated that the Ge
protoimogolite most probably consists of roof-tile shaped
nanotube pieces.17 A detailed analysis of the very early stage of
the protoimogolite formation mechanism was also performed
recently by Yucelen et al.18 for the AlSi imogolites using nuclear
magnetic resonance and electrospray ionization mass spectros-
copy. In the work of Levard et al., only an average structure of
the protoimogolite was proposed. According to Yucelen et al.,
protoimogolite suspensions contain a mixture of many different
structures. However, the initial conclusion regarding inter-
mediate curved species having the same local structure as the
final imogolite nanotubes and a natural curvature of the same
type is largely confirmed. In the case of AlGe imogolites,
Maillet et al. showed that after a 5 days heating period,
protoimogolites not only form single-walled (SW) nanotubes as
for the natural AlSi imogolite but also double-walled (DW)
nanotubes.19 The diameter of the DW nanotubes (4 nm) is
slightly larger than that of the SW nanotubes (3.5 nm). Maillet
et al. also showed that these roof-tile shaped protoimogolites
transform at a constant volume fraction into both SW or DW
nanotubes that grow essentially through a tip−tip collision
mechanism.20 The DW nanotubes grow at lower rate due to a
decrease of the tip−tip linkage probability.
In the original paper that showed the existence of SW and

DW nanotubes, the two forms were obtained using a variation
of the total reactant concentration.19 At an initial concentration
of 0.25 M (mol L−1) of aluminum perchlorate, DW nanotubes
are obtained, whereas at 0.5 M initial concentration of
aluminum perchlorate, SW nanotubes are obtained. The
conditions allowing this unexpected DW structure to form
were not understood. The objective of this article is to explore
the physicochemical conditions controlling the production of
nanotubes having the SW, DW, or a mixture of both SW/DW
structures. The possibility of forming multi wall AlGe
imogolite-type structures or DW AlSi imogolite is also
discussed.

■ EXPERIMENTAL SECTION
Synthesis of the Aluminogermanate Nanotubes. Tetraethox-

ygermanium is added to an aluminum perchlorate solution until an Al/

Ge ratio of 2 is obtained. The initial aluminum perchlorate
concentrations C are varied between 0.25 and 0.75 M. The mixture
is then slowly hydrolyzed by addition of a NaOH solution having the
same concentration as the aluminum perchlorate solution to reach a
hydrolysis ratio (OH/Al) of 2. In some experiments, the hydrolysis
ratio was varied from 0.5 to 3.0 using a 1 M NaOH solution. The
obtained solution is stirred overnight and then introduced into an
oven at 90 °C for 5 days. After the 5 days of growth, the samples are
removed from the oven and stored at ambient temperature until
analysis.

To observe the transition from SW to DW nanotube structures, two
types of experiments have been performed. First, the total
concentration of reactant has been changed from 0.25 to 0.75 M. It
has been previously observed that at low concentration, DW imogolite
nanotubes tend to form, whereas at large concentration, SW
nanotubes are obtained. The second type of experiments consists of
changing the hydrolysis ratio R = OH/Al at a constant reactants
concentration. Starting from an aluminum perchlorate suspension at a
concentration of 0.5 M, a 1 M sodium hydroxide solution is slowly
introduced in different samples to reach a hydrolysis ratio R of 0.25,
0.5, 1, 1.5, 2, 2.5, 2.75, and 3. The samples with the different values of
the hydrolysis ratio are then aged at 90 °C in an oven for 5 days.

Infrared Spectroscopy. Infrared spectra were recorded using a
Bruker Vertex 70 FTIR spectrometer with a resolution of 4 cm−1 at
room temperature. About 1 mg of dried sample was mixed with 100
mg of potassium bromide powder and then pressed into a transparent
disk. IR spectra were collected by averaging 20 scans in the range
4000−400 cm−1.

Small-Angle X-ray Scattering. The experimental setup for small-
angle X-ray scattering experiments includes a rotating anode and
collimating optics providing a monochromatic beam (λ = 0.1548 nm)
of 2 × 2 mm2 at the sample position with a total incident flux of 8 ×
107 photons/s. The transmitted flux is measured continuously with a
photodiode placed on the beam stop. A MAR research X-ray sensitive
300 mm plate detector is placed after the output window of the
vacuum chamber at a distance of 1200 mm from the sample. A ratio
qmax/qmin of 34 is reached with qmax = 0.5 Å−1 and qmin = 0.015 Å−1.
The scattering vector q is defined as q = kd − ki (the wave vectors of
the incident and scattered beams) and has a modulus of q = 4π/λ
sin(θ), where λ is the incident wavelength and 2θ is the scattering
angle. The samples are introduced in kapton cells. The counting time
is 3600 s, and the signal is corrected for background. Standard
procedures are applied to obtain the scattered intensity in cm−1 as a
function of scattering vector q.21

Cryo-TEM. Cryo-TEM observations of the samples were performed
on a JEOL 2100F electron microscope using an accelerating voltage of
200 kV. We have operated the cryo-TEM microscope using the
minimum dose system. In this mode, a maximum electron flux of 10
electrons per Å2 per second is applied on the sample. The solutions
were quickly frozen in liquid ethane and observed at a temperature of
−180 °C in slight underfocus conditions (100−200 nm). So, it has
been possible to collect contrasted images up to a magnification of
200 000 without significant sample structure modifications. Three
successive image acquisitions were necessary to observe significant
beam damage.19

EXAFS. Extended X-ray absorption fine structure spectroscopy
(EXAFS) spectra were recorded in transmission mode on beamline
11.1 at the ELETTRA synchrotron (Trieste, Italy). Spectra were
acquired using a Si(111) monochromator above the Ge K-edge (11
103 eV). The ion chambers for incident and transmitted beam were
filled with Ar and N2. The high signal/noise ratio permitted one to
scan EXAFS spectra up to 16 Å−1. EXAFS spectra were analyzed using
standard procedures for data reduction with a set of software
developed by Michalowicz.22,23 EXAFS oscillations were theoretically
recalculated using amplitude and phase functions obtained with the
FEFF8 code.24 FEFF functions were validated for each scattering path
by modeling the spectra of well-characterized crystalline model
compounds of GeO2 and Ge-talc synthesized by the group of F.
Martin.25
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■ RESULTS AND DISCUSSION
SW/DW Structural Control through R = OH/Al

variations. We have first explored the effect of the hydrolysis
ratio on the SW or DW structure of the imogolite.
The effect of this parameter on the control of the nanotube

morphology is not yet known. In Figure 1A, the signal is

unambiguously confirming the presence of imogolite nanotubes
at R between 1.5 and 2.5. When taking into account the variable
dilution due to the modification of the hydrolysis ratio, the final
aluminum concentrations are 0.28, 0.25, and 0.22 M for R =
1.5, 2, and 2.5, respectively. The shapes of the oscillations at
large angles are very different for the imogolite nanotubes
obtained at R = 1.5 and at R = 2 and 2.5. At R = 1.5, the regular
oscillations correspond to a single-walled (SW) imogolite
nanotube, whereas at R = 2 and 2.5, the irregular oscillations are
the signature of a double-walled (DW) structure.19 To confirm
the SW and DW morphologies and to quantify the radius of the
nanotubes, the SAXS curves obtained at R = 1.5, 2, and 2.5
were compared to imogolites nanotube scattering models. For
the SW nanotubes, the SAXS curve is modeled by an open
cylinder structure with an external radius of 1.9 nm, a wall
thickness of 6 Å, and an average scattering length density of
2.65 × 1011 cm−2. In the case of DW imogolite nanotubes, the
same wall thickness and average scattering length density are

used. The external radius of the internal tube is 1.3 nm, and the
external radius of the external tube is 2.15 nm.
Figure 1B shows the IR spectra of aluminogermanate

imogolite-like nanotubes with SW (R = 1.5) and DW (R =
2.5) morphology in the range 400−1000 cm−1. The spectra of
the two samples are very similar, which is in agreement with the
assumption that the local structures of SW and DW nanotubes
are identical. First, the characteristic stretching vibrations of
Ge−O, in AlGe imogolite nanotubes at 910 and 810 cm−1, are
found in accordance with previous works.8,15,26 Between these
two characteristic bands, Wada et al. have assigned the 830−
850 bands to OH vibrations thanks to the study of the effect of
deuteration on the IR spectra of synthetic Ge and Si imogolites.
Finally, the bands at 550 and 420 cm−1 have been ascribed by
the same authors to the stretching vibrations of Al−O.8
However, it should be pointed out that small differences exist
between the SW and DW structure IR spectra. In particular, in
the DW structure, the two absorption bands at 468 and 692
cm−1 are not visible in the case of the SW structure. If we refer
again to Wada et al.,8 we can notice that their spectra also show
two bands at 465 and 685 cm−1, which they assigned to the Al−
O stretching vibrations. In the SW structure, a new absorption
band is observed at 743 cm−1. In that case, the band probably
corresponds to a shift of the 692 cm−1 band of the DW
structure.
To summarize, IR spectroscopy has succeeded in distinguish-

ing SW and DW structures. As this technique is widely used to
characterize natural and synthetic imogolites, it can also be
useful to predict their DW or SW morphologies. For instance, it
is interesting to note that the DW spectrum of the
aluminogermanate is very similar to those obtained by other
authors,8,15,16 indicating that the previously synthesized Ge-
imogolites were probably DW nanotubes.
For the samples obtained at an hydrolysis ratio of less than

1.5 or more than 2.5, the SAXS signals did reveal the presence
of nanostructured solids in suspensions, but none of the
samples corresponds to an almost pure nanotube phase like for
R between 1.5 and 2.5. It is difficult to extract directly from the
SAXS curves a well-defined structure for these samples. It is
possible that at low values of R protoimogolites are already
obtained. A protoimogolite solution is most probably a mixture
of roof-tile shaped imogolite nanotube pieces.17,18 Interestingly,
the shapes of the SAXS curves obtained at R = 0.25, 0.5, and 1
are very similar. It seems that in the first stage of the hydrolysis
ratio increase, similar objects are formed.
Figure 2 shows the obtained cryo-TEM image for R = 2, C =

0.5 M before the heat treatment. Nanoparticles of roughly 5−
10 nm are clearly observed. They present a curved shape and
are aggregated. No evidence of the presence of nanotubes is
obtained at this stage of the reaction. The roof-tile shape of the
protoimogolite nanoparticles is strongly confirmed by these
images. Besides the shape information, cryo-TEM reveals that
the protoimogolite pieces tend to stack and form aggregates.

SW/DW Structural Control through Modification of
the Concentration. The second route available for the
control of the final nanotube structure consists of modifying the
reactant concentration. We have varied the initial aluminum
concentration from 0.25 to 0.75 M, keeping the stoichiometric
ratio (Al/Ge = 2, OH/Al = 2). Figure 3 shows the scattering
curves obtained for the samples after 5 days of growth at 90 °C.
The oscillations at large q are characteristic of the SW or DW
structures. They change progressively from a typical DW signal
at low concentration to a typical SW signal at large

Figure 1. (A) SAXS measurements obtained for samples with an initial
aluminum perchlorate concentration of 0.5 M and hydrolysis ratios R
= 1.5, 2, and 2.5. For clarity, the signal of the R = 1.5 sample has been
divided by 10 and the signal of the R = 2.5 sample has been multiplied
by 10. The continuous lines correspond to the scattering form factor of
model SW or DW tubes (see the Supporting Information). (B) IR
spectra for the hydrolysis ratios R = 1.5 and R = 2.5.
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concentration. The transformation from one nanotube type to
the other is not an abrupt transition, but the SW/DW
proportion varies progressively with the concentration. This
point is interesting to note as it confirms that the slight dilution
variations in the various hydrolysis ratio in Figure 1A are not
important enough to transform 100% DW nanotubes into
100% SW nanotubes.
From the SAXS curves, it is possible to extract the proportion

of SW and DW nanotubes using a mixture of both SW and DW
form factors. The results of such an analysis correspond to the
lines in Figure 3. The obtained proportions are given in Table
1.
Figure 4 shows the cryo-TEM images obtained of the same

samples. In the cryo-TEM images, DW and SW nanotubes are
clearly distinguished simultaneously. Therefore, we have used
the cryo-TEM images to assess the SW/DW proportions. Table

1 contains the proportions that have been obtained for all
aluminum initial concentrations using the SAXS curves or the
cryo-TEM images.
Of course, the previously described control through a

modification of the hydrolysis ratio at an initial concentration
of 0.5 M of aluminum perchlorate also applies for the other
concentrations. For example, at 0.25 M and R = 2, the SAXS
curve is showing a 100% DW signal. If the hydrolysis ratio is
lowered to R = 1.75, then SW nanotubes are obtained. For the
0.75 M sample at R = 2, a majority of SW nanotubes is
observed by SAXS. However, increasing the hydrolysis ratio to
R = 2.5 produces DW nanotubes.

SW and DW Nanotubes Have the Same Local
Structure. On these samples, we have measured the X-ray
adsorption spectra at the Ge K edge. The obtained spectra are
displayed in Figure 5. Beside differences due to the important
noise level at large k values, all spectra in Figure 5 exhibit
almost the same shape. Partial EXAFS curves were fitted using
back-Fourier transforms with filters in the 1−3.6 Å range.
Table 2 presents the best fits for all samples. Results are

extremely similar, and only one fit is shown in Figure 5 as an
example.
For all samples, the Ge atomic local scale determined by

EXAFS is that of imogolite for which Ge is surrounded by 4
oxygen atoms in the first coordination sphere (Ge tetrahedron)
and linked to 6 Al octahedra with Ge−Al distance of 3.23 ±
0.02 Å.
We have observed that both the initial reactant concentration

and the hydrolysis ratio OH/Al enable a control over the final
imogolite-like nanotube structure. In the case of the
concentration variation, this transition from DW to SW occurs

Figure 2. Cryo-TEM image of the solid phase obtained for an initial
aluminum perchlorate concentration of 0.5 M and a hydrolysis ratio of
2 before the heat treatment.

Figure 3. Scattering curves obtained after 5 days of growth at 90 °C
starting from initial aluminum concentrations of 0.25, 0.4, 0.5, 0.6, and
0.75 M. The continuous lines are fits using a mixture of SW and DW
in proportions given in Table 1. For clarity, the SAXS curves are
shifted by a factor 0.01, 0.1, 1, 10, and 100 for 0.25, 0.4, 0.5, 0.6, and
0.75 M, respectively.

Table 1. Proportions of SW and DW Nanotubes as a
Function of the Initial Aluminum Concentration
Determined by SAXS and Using Cryo-TEM Images

Cal (M) proportions “cryo-TEM” proportions “SAXS”

0.25 100% DW 100% DW
0.4 100% DW 100% DW
0.5 80% DW/20% SW 75% DW/25% SW
0.6 53% DW/47% SW 60% DW/40% SW
0.75 28% DW/72% SW 25% DW/75% SW

Figure 4. Cryo-TEM images of samples prepared with an initial
aluminum concentration of (A) 0.25 M, (B) 0.4 M, (C) 0.5 M, (D)
0.6 M, and (E) 0.75 M (scale bar is 20 nm). A zoom in the case of
image E illustrates the mixture of SW and DW nanotubes in the same
sample.
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with the same local structure for the imogolite walls. It is also
possible at any tested concentration to go from SW to DW
nanotubes by changing the hydrolysis ratio R, with a low
hydrolysis ratio being in favor of SW nanotubes and a high
hydrolysis ratio leading to DW nanotubes. At a given hydrolysis
ratio, the change of the reactant concentration is modifying the
SW/DW nanotube proportion as well. The change from one
morphology to the other is a progressive transformation rather
than a critical transition. We will now propose a model, the
objectives of which are: (i) to propose a mechanism for the
SW/DW transition, (ii) to explain why triple wall or higher
order multi walls do not exist, and (iii) to give possible reason
why no DW nanotubes have ever been observed in the case of
AlSi imogolite.
Experimental Constraint for the Proposed Model. Our

former works tend to demonstrate that the volume fraction of
solids does not evolve after the hydrolysis step.20 This means
that the initially formed protoimogolite pieces essentially
transform themselves from a roof-tile shape17 into a tubular
shape without significant modifications of the solid volume
fraction or structural changes at the local scale. A recent paper18

confirms by NMR and electrospray ionization mass spectros-
copy that a population of protoimogolites is formed in the first
20 h before heating. These protoimogolites transform into
nanotubes by condensation and internal rearrangements. These
findings suggest that the control over the SW or DW structure
lies in this initial transformation. It is reasonable to anticipate
that two processes will be of importance.
The first important process is the modification of the

protoimogolite curvature required to go from a SW to a DW
structure.11 To describe this part of the process, it is possible to
describe protoimogolite as flexible sheets having a natural

curvature controlled by the nature (Si or Ge) and amount of
adsorbed tetrahedra.
The second process of importance is the attractive

interaction between protoimogolites. Gustafson has published
results for the zeta potential of single-walled AlSi imogolites.27

He found a point of zero charge (PZC) at pH of 11.5 showing
that the imogolite surface properties are dominated by positive
charges carried by Al−OH and Al2−OH external surface sites.
More recently, Arancibia-Miranda et al.28 measured the
isoelectric point (IEP) of both protoimogolite and imogolite.
They observed a transition form an IEP of about 7 for
protoimogolite to 11 at the end of the reaction. This transition
is explained by the fact that the exposed surface contains less
SiOH surface groups. Indeed, as the protoimogolites transform
into imogolites, the SiOH surface groups are no longer directly
accessible. This tends to shift the IEP toward higher pH. The
initially “bipolar” characteristic of the protoimogolite with one
surface dominated by Al2OH surface sites and the other by
SiOH surface sites could give rise to an overall electrostatic
attractive potential between them. The observations of the
cryo-TEM images before the heating stage where only
protoimogolites are formed tend to demonstrate that attractive
interactions exist between protoimogolites. Indeed, it is clearly
seen that protoimogolite pieces tend to form aggregates. The
same association hypothesis has recently been made to
interpret DLS results on protoimogolite suspensions.18

An Energy-Based Model To Explain SW/DW Tran-
sition. To progress in our understanding of the SW/DW
transition, we propose a simple model. We will first describe it
qualitatively and then give some quantitative insights.
Let us consider protoimogolites as flexible thin sheets of

matter having a spontaneous curvature with a positive surface
charge on one side and a negative charge on the other. Two
protoimogolite pieces attract each other at least because of the
electrostatic attraction between the positive charge of the
external wall of the first sheet and negative charge of the
internal wall of the second sheet and because of van der Waals
interactions and interprotoimogolite hydrogen-bond network.
The flexibility of these two sheets allows increasing or
decreasing their curvature at the expense of elastic energy.
When strongly attached protoimogolite pieces transform into a
DW imogolite, one of the piece increases its curvature as
compared to the spontaneous curvature and the other reduces
it. These two transformations yield an overall increase in elastic
energy ΔEc. In such a simple scenario, two outcomes are
possible as depicted in Figure 6. In the first one, at the end of

Figure 5. k3 χ(k) spectra for the samples obtained at 0.25, 0.4, 0.5, 0.6,
and 0.75 M of initial aluminum perchlorate concentration. Partial
experimental curve (back-Fourier transform from 1 to 3.6 Å) of the 0.5
M sample as compared to the fitted curve.

Table 2. EXAFS Parameters of the Calculated Spectraa

Ge−O first coordination
sphere

Ge−Al secoond coordination
sphere

conc (M) NGe−O RGe−O σGe−O NGe−Al RGe−Al σGe−Al

0.25 4 1.75 0.034 6 3.22 0.070
0.4 4 1.75 0.045 6 3.24 0.073
0.5 4 1.74 0.043 6 3.25 0.078
0.6 4 1.74 0.021 6 3.23 0.079
0.75 4 1.76 0.049 6 3.25 0.076

aN is the coordination number (±10%), R is the radial distance
(±0.01 Å), and σ is the Debye−Waller factor (Å).

Figure 6. Qualitative schematic scenario for the protoimogolite
transformation into SW or DW imogolite nanotubes.
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the curvature modifications, the loss of attractive energy ΔEe is
more than the gain of elastic energy ΔEc (ΔEe + ΔEc < 0), and
a DW nanotube is obtained. In the second one, at the end of
the curvature modifications, the loss of electrostatic energy is
less than the gain in curvature energy (ΔEe + ΔEc > 0). Thus,
the two curved pieces cannot sustain the transformation; the
protoimogolites detach, and SW nanotubes are obtained. This
type of free energy balance between attractive interaction
energy and internal curvature energy could also theoretically
result in the production of multi wall nanotubes.
Still at the qualitative level, the interesting question is now to

understand the effect of reactants concentrations and hydrolysis
ratio modifications on these two scenarios. In the case of the
reactant concentration variations, the ionic strength is modified.
The change of ionic strength controls the amplitude of the
electrostatic attractive energy between protoimogolites. At high
reactant concentrations (i.e., high ionic strength), the strength
of the protoimogolite stacking is reduced, and they will not
sustain the curvature energy gain needed to curve while being
coupled. Thus, SW nanotubes are prevailing at high reactants
concentrations. At low reactant concentrations, on the contrary,
the electrostatic screening is lowered, and the strength of
protoimogolite stacking is higher. The protoimogolites can then
sustain the increased curvature energy.
When the hydrolysis ratio is lowered, a transition toward SW

is also observed, whereas the ionic strength is only slightly
decreased. Thus, this type of transition does not come from a
screening effect. It has been demonstrated29 that upon
reduction of the hydrolysis ratio, defects and lacuna appear in
the imogolite wall. This has two consequences. First, it
increases the proportion of AlOH surface sites. This modifies
the amount of surface charge as a function of pH as the pKa of
Al2OH and AlOH surface sites are different.27 The loss of
electrostatic attraction or hydrogen-bond energy weakens the
protoimogolite stacking and leads to SW structure as observed
when the hydrolysis ratio is lowered. The occurrence of lacuna
in the dioctahedral layer can also modify the mechanical
properties of the imogolite. This modification is however not
trivial as not only Al lacuna occur but also Si lacuna. The
prevailing effects could be either an increase or a decrease of
the natural curvature. To our knowledge, up to now, no
theoretical investigation of the impact of lacuna on the
mechanical properties of imogolites was published.
From a quantitative point of view, Konduri et al. and

Guimareas et al. have explored the total internal energy of
single wall aluminosilicate nanotubes.10 The effect of Si
substitution by Ge atoms on this energy as a function of the
imogolite curvature has also been studied.11 In their model, the
energy is essentially linked to the stretching or compression of
Al−O, Si−O, and Ge−O bonds around their equilibrium
values. Comparing this simple strain energy model to molecular
dynamic calculations, Konduri et al. give equilibrium bond
lengths and harmonic force constants for the Al−O, Si−O, and
Ge−O bonds, respectively.
It is possible to propose a continuum model where the

imogolite is considered as a thick solid with different surface
tension contributions on both sides. The mechanical energy
due to curvature modification can thus be approximated by:10b

= + + ΔσE R E Yh R h R( ) / /0
3 2

(1)

where 2h is the thickness of the imogolite wall, Y is the Young
modulus, and Δσ is the difference in surface tension between

the outer and inner surfaces. With such model, the natural
curvature of the nanotube is 1/Rc = −Δσ/2Yh2. Figure 7

displays the values obtained by Konduri and the curves
corresponding to an adjustment of E0, Y, and Δσ with this
simple model.
Assuming the same variation for the elastic energy of the

external and internal wall and a separation of 2 Å between the
two walls, the total elastic energy variation for a SW/DW
transformation of nanotubes containing on average 200 Al
atoms is ∼20, 50, 84, 161, and 280 kT for, respectively, x = 1,
0.75, 0.5, 0.25, and 0 in Al(GexSi(1−x)) nanotubes. It is also
possible to predict the curvature energy variation for a triple
wall AlGe nanotube, and we find ∼80 kT. It is worth noting
that there is probably some extra coupling between the internal
and external walls of DW AlGe imogolite. Indeed, the internal
gap corresponds to the size of a water molecule. The gap could
contain water and charge compensating ions. This would create
specific interactions between the walls that were not taken into
account in the Konduri model. These couplings are therefore
not accounted for in this simple approach.
The second term concerns the attractive energy variation

upon curvature modification as depicted in Figure 6. We have
no experimental information about the adhesion energy
between imogolite walls. We can assume a maximum adhesion
energy of 33 mJ/m2 equivalent to mica sheets adhesion in
water.30 A protoimogolite containing 200 Al atoms has an
average surface of about 15 nm2, which yields a maximum
sustainable elastic energy variation of 120 kT. With such a
maximum adhesion energy, SW/DW transition would be
possible down to x = 0.5 in Al(GexSi(1−x)) nanotubes, and TW
AlGe imogolites would form. As no TW form, most probably
the adhesion energy between the protoimogolites is below 22
mJ/m2. The existence of DW imogolite below x = 1 may not be
in contradiction with the experimental results of Konduri et
al.10a that show that the experimental radius of Al(GexSi(1−x))
nanotubes does not change very much for x > 0.5. Further
refinement of the quantitative model could be proposed using
calculations of the electrostatic interaction between concentric
tubes. From the experimental point of view, the measurements
of the SW to DW transitions for mixture of Si and Ge atoms
would be of the highest interest.

■ CONCLUSION

Our experiments clearly show that protoimogolites exist very
early in the synthesis process (already at R = 0.5). These

Figure 7. Left: Molecular models for AlGe (x = 1) and AlSi (x = 0)
SW, DW, and AlGe TW imogolites. Above the red lines, the structures
have been experimentally observed. Right: Total internal energy for
Al(GexSi(1−x)) containing an average of 200 Al atoms according to
Konduri et al.11 The lines correspond to adjustment of eq 1.10b
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protoimogolites have been now identified by several
independent investigations as being a mixture of curved pieces
with imogolite-like structure. Cryo-TEM observations in the
present work clearly show the presence of aggregates, thus
demonstrating attractive interactions between the inner and
outer surface of the protoimogolite structure. DLS results have
also been interpreted through the assumption of protoimogolite
attractive interactions.18 The protoimogolite aggregates trans-
form progressively into single-walled or double-walled nano-
tubes. None of the explored conditions allow the formation of
triple-walled or other multiwalled nanotubes. We show that the
SW and DW have the same wall structure, but their curvature
difference induces shifts in some IR bands (743 cm−1 for SW to
695 cm−1 for DW). It is a very important observation, which
gives the possibility for one to distinguish the two structures
with a widespread and easily used experimental technique.
We propose a model where the preferential final structure is

decided by the balance between the attractive energy that tends
to maintain the tube in close contact and the curvature energy
that is accumulated during this transformation. This mechanism
is to our knowledge the only example of a physicochemical
control of an inorganic nanotube curvature and morphology
with an almost atomic precision in diameter. Thus, a high yield
of perfectly defined nanotubes is obtained without the need of
complex post-treatments as is required, for example, in the case
of carbon nanotubes.
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