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anotubes have attracted signifi-

cant attention over the past

decade due to their remarkable
physical properties, which allow their appli-
cation as building blocks for a variety of
nanostructured assemblies including high-
strength nanocomposites, field-emitting
surfaces, sensors, nanotransistors, electrode
materials, and energy storage devices.'™®
The exceptional properties of nanotubes
are attributed to the combined effects of
their nanoscale dimensions, hollow cylindri-
cal shape, composition, structure, and po-
rosity. Although there have been significant
advances in characterizing the properties
of nanotubes in relation to their structure,
synthesis of nanotubes with well-controlled
dimensions to achieve desired properties
remains a challenging issue. This situation
can be attributed to several factors, includ-
ing challenges in understanding of the
mechanism of nanotube synthesis and fast
formation kinetics that impede mechanistic
studies toward rational control of diameter.
Additionally, there is an important concep-
tual difficulty, i.e., the fact that the internal
energy of carbon nanotubes (and other
structurally analogous nanotube materials)
decreases monotonically with increasing
diameter.®'°"'* Inorganic metal oxide nan-
otubes'® are a more recently emerging class
of nanomaterials that can be synthesized
with tunable compositions via low-
temperature liquid-phase chemistry. Such
materials are attractive because of the vast
range of technologically relevant properties
afforded by metal oxides and because of
the possibilities for more precise control
over their dimensions, compositions, and
resulting properties through relatively mild
liquid-phase chemistry. Concepts relevant
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ABSTRACT Control over the diameter of nanotubes is of significance in manipulating their properties, which
depend on their dimensions in addition to their structure and composition. This aspect has remained a challenge
in both carbon and inorganic nanotubes, since there is no obvious aspect of the formation mechanism that allows
facile control over nanotube curvature. Here we develop and analyze a quantitative correlation between the
composition, diameter, and internal energy of a class of single-walled mixed oxide aluminosilicogermanate
(AISiGeOH) nanotubes. A series of synthetic AlSiGeOH nanotubes with varying Si/Ge ratio are characterized by X-
ray photoelectron spectroscopy, vibrational spectroscopy, energy dispersive X-ray spectroscopy, and X-ray
diffraction to relate their compositions and diameters. We then study these nanotubes computationally by first
parametrizing and validating a suitable interatomic potential model, and then using this potential model to
investigate the internal energy of the nanotube as a function of diameter and composition via molecular dynamics
simulations. There are minima in the internal energy as a function of diameter which progressively shift to larger
nanotube diameters with increasing Ge content. An approximate analytical theory of nanotube diameter control,
which contains a small number of physically significant fitted parameters, well describes the computational data
by relating the composition and geometry to the strain energy of bending into a nanotube. The predicted
composition-dependent shift in the energetically favored diameter follows the experimental trends. We suggest
related methods of controlling nanotube energetics and their role in engineering nanotubes of controlled
dimensions by liquid-phase chemistry.
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to nanotube diameter control (through con-
trol of interatomic bond energies and com-
positions on the inner and outer walls of the
nanotube) appear to have been first specu-
lated upon by Pauling’® in the context of
naturally occurring chrysotile nanotubes.
However, synthetic model systems for test-
ing and developing these concepts have re-
mained elusive to the present day, with
one notable exception as described below.
Here, we investigate a class of metal ox-
ide aluminosilicogermanate (AlISiGeOH)
nanotubes'’~'° that are synthetic ana-
logues of the naturally occurring aluminosil-
icate nanotube mineral, imogolite. The cy-
lindrical wall of these nanotubes can be
visualized as a rolled-up sheet of gibbsite
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(aluminum hydroxide), with isolated silanol (=Si—OH)
or germanol (=Ge—OH) groups linked to the inner sur-
face of the nanotube wall. The nanotube wall is struc-
turally ordered and is composed of an aluminum octa-
hedron (AlOg4) with three oxygen atoms shared by
silicon (SiO,) or germanium (GeO,) tetrahedra, while
the other three oxygen atoms are shared with other Al
octahedra in the nanotube wall. The nanotubes have an
axial repeat unit of 0.85 nm, while the outer diameter
of the nanotubes varies with relative composition of Si
or Ge atoms in the structure. The general empirical for-
mula of the unit cell is (OH);Al,0,5i,Ge, ,OH,0 = x = 1.
The energetics of the aluminosilicate end-member (i.e.,
x = 1) nanotube has been examined in two previous
computational studies, exploiting the availability of in-
teratomic potentials for sheet-like (layered) aluminosili-
cate materials. An internal energy minimum was ob-
served as a function of increasing nanotube
diameter,?>2" a phenomenon that is not observed in
the case of carbon nanotubes or their inorganic ana-
logues wherein the internal energy declines monotoni-
cally with increasing diameter. We also modeled the to-
tal energy of the aluminosilicate nanotube on the basis
of the harmonic bond strain energies of AlI-0 and
Si—0 bonds. The bond strain energy was found to de-
crease monotonically for Al—=0 bonds with increasing
nanotube radius, while that of the Si—O increased. This
suggested that the competition between the Si—0
and Al—0 bond energies, and the functionalization of
the inner wall of the nanotube with silanol groups, are
responsible for the observed strain energy minimum
and quite possibly the experimentally well-known mon-
odispersity in diameter of the synthetic aluminosilicate
nanotube. Such a possibility is also supported by recent
advances'” in understanding the mechanism of forma-
tion of such nanotubes, which involves the initial con-
densation of amorphous nanoparticles from dissolved
precursors followed by slow transformation of the
amorphous particles into short (~20 nm) nanotubes.
The objectives of the present investigation are to de-
termine whether there is a well-defined relationship be-
tween generalized AlSiGeOH nanotube diameter and
internal energy, and to ascertain whether this relation-
ship correlates with the composition of the nanotubes.
The existence of such a correlation would clearly have
conceptual and practical implications for the engineer-
ing of metal oxide nanotubes with controlled dimen-
sions. We employ primarily X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier-transform in-
frared (FTIR) spectroscopy, and also energy-dispersive
X-ray spectroscopy (EDX) as characterization tools to ex-
perimentally relate the diameter and composition of a
series of AlSiGeOH nanotubes that were hydrothermally
synthesized with 0 =< x = 1. To allow computational in-
vestigation of the properties of such nanotubes, we pa-
rametrized additional components of the force field
previously used for studying the aluminosilicate end-

>\ VOL. 1 = NO.5 = KONDURI ET AL.
N

member that allow us to investigate germanium-
containing nanotubes. We perform this force field pa-
rametrization by achieving good predictions of the
structures of Ge-containing materials, and we further
validate the force field by comparing the experimental
infrared (IR) spectra of the nanotubes with power spec-
tra obtained from Fourier transformation of computed
velocity autocorrelation functions (VACF). Next, we in-
vestigate the nanotube energetics to examine the en-
ergy minimum phenomenon via molecular dynamics
(MD) simulations. Finally, we generalize our approxi-
mate analytical description of nanotube diameter con-
trol?° to the entire class of nanotubes studied here and
comment on the implications for dimensional control
of nanotube materials.

RESULTS AND DISCUSSION

Determination of the Chemical Composition of AlSiGeOH
Nanotubes. Following the synthesis and purification of a
series of AlSiGeOH nanotubes with varying x values (see
Methods section), the compositional parameter x was
estimated analytically via XPS and FTIR elemental com-
position characterization techniques. This is important
because the value of x in the initial synthesis composi-
tion cannot be a priori assumed to exist in the final
product, depending upon the mechanism and yield of
the nanotube material. The elemental composition of
the nanotubes was obtained using XPS by performing
multiplex scans on the deposited films at specified en-
ergy ranges, a procedure also known as “deconvolution
scanning”. The data from these scans were used to esti-
mate the elemental composition of the materials by
standard techniques. The experimental conditions of
the XPS scans are described further in the Methods sec-
tion. A limitation of XPS is that it analyzes only a small
amount of material, typically within a few nanometers
of the X-ray incidence surface. We therefore developed
a quantitative FTIR-based method (discussed below) to
determine the composition of the nanotube materials.
The XPS and FTIR analyses were further confirmed by
EDX analysis of the nanotube samples.

Figure 1 shows the FTIR spectra of purified and
freeze-dried mixed metal oxide nanotubes at various
values of x in the synthesis solution. The spectra evolve
continuously with x in the 800-1100 cm ™ region that
represents vibrations involving Si and Ge atoms,
whereas the 400-700 cm ™' region remains essentially
constant in shape and represents vibrations involving
the Al atoms (see Methods and Supporting Information
for further discussion). The IR absorption intensities
were employed to obtain information on the material
composition. According to the Beer-Lambert law, the
intensity of any IR absorption peak is a function of the
number concentration of the atoms involved in the vi-
brational mode that it represents.?? However, composi-
tion estimation from solid-state IR intensities must be
carefully performed to account for inherent peak broad-
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Figure 1. FTIR spectra of freeze-dried AlSiGeOH nanotubes
produced from precursor solutions with x = 1.0 (black), 0.75
(dark green), 0.6875 (orange), 0.625 (light green), 0.5 (dark
blue), 0.25 (light blue), and 0.0 (brown). The value of x is
based on the composition of the synthesis solution.

ening effects. This was achieved by deconvoluting
each spectrum with a series of Gaussian peaks and re-
lating integrated peak areas of appropriate peaks to the
number concentration of the chosen vibrational mode
and hence the composition of the material.?* The Meth-
ods section and the Supporting Information give de-
tails of the procedures used. Figure 2 compares the re-
sults of FTIR, XPS, and EDX characterizations. The
compositions obtained by the two techniques are in
close agreement with each other and, in addition, fol-
low the 45° line very closely, showing that the compo-
sition of the nanotubes in the synthesis product
matches closely with the composition of the precursor
solution. The result strongly suggests that the Si and Ge
content in the nanotube can be readily controlled and
reliably quantified. Since the nanotubes used in the
present study were purified using dialysis, there are ex-
pected to be no residual precursors or other small-
molecule impurities in the final nanotube products.
Force Field Parametrization and Validation. We have previ-
ously used the CLAYFF?* force field for studying AISiOH
nanotubes, since this force field was well validated for
a range of aluminosilicate layered minerals. To study
the generalized class of AlSiGeOH nanotubes, we ex-
tended this force field to include tetrahedrally coordi-
nated Ge atoms. In order to develop Ge parameters of
good quality, we used the crystal structures of two
known aluminogermanate materials with tetrahedrally
coordinated Ge, namely the C-phase of Na{AlGeO,} and
the D-phase of K{AlGeO,},%® in addition to the struc-
ture of a-Ge0,?” (which is analogous to a-quartz). The
Methods section details the parametrization procedure,
and Table 1 presents the final set of force field param-
eters. There is good agreement of the geometry-
optimized lattice parameters and bond distances of tet-
rahedral Ge—0 and Al—0 bonds with the experimen-
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tal structural details of the three materials (see Support-
ing Information), thus strongly suggesting that the
force field describes their crystal structures well.

The quality of the Ge parametrization was further as-
certained by comparing power spectra of AlSiGeOH
nanotubes (calculated using geometry-optimized struc-
tures) with experimental FTIR spectra. Figure 3 shows
the computed vibrational spectra and the correspond-
ing experimental IR spectra for AISiOH nanotubes, AlSi-
GeOH nanotubes with x = 0.5, and AlGeOH nano-
tubes, whereas the Supporting Information shows
similar results for nanotubes with x = 0.25 and 0.75. Wa-
da?® previously assigned the vibrational modes ob-
served in AISiOH and AlGeOH nanotube materials into
three groups: (i) frequencies between 400 and 700
cm ™' are due to Al-O—Al vibrations involving a large
number of atoms (i.e., phonon-like vibrations); (ii)
higher frequency modes at ~930 and 975 cm ™' in Al-
SiOH nanotubes are due to localized vibrations in
Si—OH and Al—0-Si linkages; and (iii) frequency
modes at ~819 and 883 cm ™' in pure AlGeOH nano-
tubes are due to localized vibrations in Ge—OH and
Al—0—Ge linkages. Analysis of our computed power
spectra via deconvolution of each spectrum into a se-
ries of Gaussian peaks confirms these assignments (see
Supporting Information). It should be noted that power
spectra obtained from MD simulations can reliably re-
produce only the positions of spectral bands observed
in experimental vibrational spectrum. However, the in-
tensities of the spectral bands cannot be compared di-
rectly between the computed power spectra and the
experimental vibrational spectra because there is a
large difference in the magnitude of atomic vibrations
in MD simulations (that are ultimately reflected in the
power spectrum) as compared to the fluctuations of the
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Figure 2. Comparison of the AlSiGeOH nanotube composi-
tional analyses. Blue squares, red circles, and green diamonds
indicate nanotube composition obtained using FTIR, XPS,
and EDX techniques, respectively. The error bars on the XPS
and EDX results were obtained by performing the elemental
analysis in different sample areas.
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TABLE 1. Force Field Parameters Used in MD Simulations
for Calculating the Energetics of Single-Walled AlSiGeOH
Nanotubes?

Nonbond Parameters for the Force Field

species charge (e) E (kcal/mol) R, ()]
hydroxyl H 0.425
hydroxyl 0 —0.95 0.1554 3.5532
bridging oxygen between —1.05 0.1554 3.5532
octahedral Al and
tetrahedral Si or Ge
octahedral Al 1.575 13298 X 10°° 4.7943
tetrahedral Si 2.100 1.8405 X 10~° 3.7064
tetrahedral Ge 2.100 1.8405 X 10~° 47341
Bond Parameters for the Force Field

species i species j k (keal/mol A2) r, (R)

hydroxyl 0 hydroxyl hydrogen 554.1349 1.000

“Parameters for Al, Si, 0, and H are the same as in the original CLAYFF** force field,
with additional parameters for Ge developed in this work using the same procedures
as the CLAYFF.

corresponding electric dipole moments (which are ulti-
mately reflected in experimental IR spectra).>>??3° The
results shown in Figure 3 clearly suggest that the force
field well reproduces the positions of the aforemen-
tioned absorption bands, although small deviations
(~10 cm ") in the peak positions for Si—0 and Ge—0O
vibrations are observed in the computed vibrational fre-
quencies relative to the experimental vibrational spec-
tra. This is a typical level of deviation in force fields de-
veloped for inorganic oxide materials.?>3%3 In
addition, the force field provides a very good predic-
tion of the progressive shifts in the absorption band fre-
quencies of Si—0 and Ge—O0 vibrations with varying
Ge content in the nanotubes. There are no significant
differences between the nanotube materials in the cal-
culated low-frequency (400-700 cm ™) vibrational
modes, as corroborated by experimental vibrational
spectra. Overall, our validation studies support the ap-
plicability of the force field for the present investigation.
Correlation between Nanotube Composition, Diameter, and
Energy. Molecular dynamics simulations were employed
to calculate the total internal energy (potential and ki-
netic) per atom of the nanotubes as a function of x and
the diameter (expressed in terms of the number of Al
atoms, N, in the circumference of the nanotube). The
Methods section presents details of the calculations.
Figure 4 shows the baseline-subtracted energy (see fol-
lowing discussions) of the nanotubes on a per-atom ba-
sis versus the nanotube diameter for each composition
investigated. It clearly indicates energy minima with re-
spect to the diameter for each nanotube composition.
Furthermore, the minima shift progressively to higher
diameters with increasing Ge content. The minimum in
the diameter-dependent energy of the AISiOH end-
member nanotube has been predicted independently
with two different force fields*®?" which differ only
quantitatively in terms of the value of N at which the
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Figure 3. Comparison between computed vibrational power
spectra (black) and experimental IR spectra (red) for (a) Al-
SiOH (x = 0), (b) AlSiGeOH (x = 0.5), and (c) AlGeOH (x = 1)
nanotubes.

minimum occurs. Our earlier study®° related the ob-
served energy minimum in the AISiOH nanotube to the
difference in bond energies of AI—-0 and Si—0 bond
combined with material confinement into a cylindrical
shape, to explain the monodispersity in diameter ob-
served in single-walled AlSi nanotubes. In contrast, car-
bon nanotubes and their analogous materials do not
exhibit such a behavior, and their energy was found to
decrease monotonically with increasing nanotube di-
ameter,"' suggesting that internal energy criteria can-
not be employed to synthesize carbon nanotubes with
desired diameters. Figure 5 shows the computed radial
breathing mode (RBM) frequency (fzg\) of the nano-
tubes as a function of the radius (R). A power law de-
pendence of the RBM frequency (fggm = CR™') on the
nanotube radius is observed for all the nanotube com-
positions. The constant, C (cm ™' - nm), listed in Table 2,
decreases with increasing Ge content. This is intuitive
considering both the increased mass of Ge-containing
nanotubes and the red shifts of stretching frequencies
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Figure 4. Total energy per atom at 298 K of AlSiGeOH nano-
tubes as a function of number of aluminum atoms (N) in the
nanotube circumference for x = 1 (black), 0.75 (red), 0.5
(green), 0.25 (blue), and 0 (brown). Open symbols denote
MD calculations, and solid lines denote harmonic strain en-
ergy model fits (see text).

observed in the IR spectra with increasing Ge content
(e.g., from ~930, 975 cm ™" for AISiOH to 819,883 cm '
for AlGeOH). The power law dependence is also pre-
dicted by our model (described below).

Next, we extend our previously proposed “har-
monic force constant” model®® to include the strain en-
ergy contribution from Ge—0 bonds. The model con-
siders the nanotube as a cylindrical structure that is
composed of “semi-rigid” aluminum octahedra and sili-
con/germanium tetrahedra, connected by oxygen at-
oms. The octahedra and tetrahedra are assumed to
maintain their ideal O—AlI—-0, O—Si—0, and 0—Ge—0
bond angles (90°, 109.5°, and 109.5°, respectively) but
allow stretching of their AI-0, Si—0, and Ge—0 bonds.
This idealization is in the spirit of the “central force”
models233 that describe structural changes in terms
of bond length changes rather than bond angles. Such
a model is primarily useful for predicting the total en-
ergy and related properties, not for accurate predictions
of the geometry. Indeed, a further refined model of
this type can be constructed by including bond angle
distortions (in addition to bond lengths) as harmonic
functions. Similarly, the MD simulations can be used to
track the nanotube geometry (bond lengths and
angles) as a function of diameter and composition.

TABLE 2. Comparison between Computed (from Normal-
Mode Analysis) and Power Law Fits of the Theoretical
Expression (Eq 4) for the RBM Frequency (Figure 5) in
Different AlSiGeOH Nanotube Compositions®

composition (x) computed power law theoretical power law fit

1 frgm = 4758 1° 48.6R 1
0.75 Fran = 43.0R 110 4508104
0.5 frgw = 41.0R 1 42,081
0.25 fogn = 392811 38.8R

0 fogm = 35.5R 0% 357871

“R is the nanotube radius in nm, and the RBM frequencies are in "
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However, we believe that these extensions are cur-
rently unwarranted, because one cannot separate the
energetic effects of bond angle and bond length
changes using force fields based upon the Born ionic
model (such as the present one). In particular, they con-
tain a combination of many-body long-range terms as
well as two-body short-range terms. Within our model,
the strain energy contribution from the metal oxide
bonds is given by harmonic bond stretching poten-
tials,°

Vao =Kild; — d1e)2' Voo =Ky(d, = dze)zl
and Vg o =Ksd; — ds)* (1)

Here, K;, K5, and Kj are the force constants, d,, d,, and
d; are the bond lengths, and d,, d5., and ds, are the
equilibrium bond lengths of the AI-0, Si—0, and
Ge—0 bonds, respectively. The peripheral O—H bonds
would make no contribution to the strain energy and
are not considered. For a nanotube with N aluminum at-
oms in the circumference, there are 4N Al—0O bonds,
3Nx Si—O bonds, 3N(1 — x) Ge—O0 bonds, and 14N at-
oms in the unit cell. The total internal energy of the
nanotube is written as a summation of strain-
independent and strain-dependent terms as given by
eq 2:

E(N) = Ey+ 4NK, (d, — d,.)* + 3NIxXK,(d, — d,.)* +
(1= XK5(d; — d5)] - ()

The strain-independent term (E,) contains the kinetic
energy and the remaining interatomic potential ener-
gies (e.g., O—H) that do not depend on the nanotube
radius but are still proportional to the number of atoms
in the nanotube. Hence, we normalize the above equa-
tion by the total number of atoms in the unit cell:

100
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Figure 5. Computed radial breathing mode frequencies ver-
sus nanotube radius for AlSiGeOH nanotubes at x = 1 (black),
0.75 (red), 0.5 (green), 0.25 (blue), and 0 (brown). Open sym-
bols denote MD simulations, and solid lines denote harmonic
strain energy model fits (see text).
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EN) =, + 2K,(d, — ) + S IxKo(d, — o'+
(1 —0K;(d; — d3)’1 (3)

The bond lengths are a function of the number of at-
oms in the circumference and can be geometrically re-
lated to the nanotube radius as derived previously by
us:®>° d, = (2R/A/6) sin@m/N) and d, = d5 = d,/\/2. An
expression for the RBM frequency can be derived by
considering the Lagrangian of the strain-dependent
termin eq 2:

L= %mRZ — 4NK,(d, — d, )2 — 3NIXK(d, — d,.)* +
(1= XKy(ds — ds)?1 (4)

A Lagrangian equation, d(dL/dR)/dt = dL/9R, was then
used to obtain the harmonic RBM frequency: wggy =
2Tfagn = {4N(4K, + 1.5[xK, + (1 — x)K;1)/3M}'/2 sin2m/
N). Here, the unit cell mass is M = N(2m,, + xmg; + (1
—X)Mge + 7Mg + 4m,,). The two expressions for E (eq
3) and fggp, (€q 4) are then fitted simultaneously by non-
linear least-squares to the MD data (internal energies
and RBM frequencies) to obtain the physical param-
eters: Ky, K, K5, do, d5e, d3o, and EO (the latter param-
eter varies with the composition). The best fits for the
equilibrium bond lengths are d,, = 0.197 nm, d,, =
0.159 nm, and d5, = 0.173 nm. These are in accord with
the nominal octahedral AlI—0 (~0.19 nm) and tetrahe-
dral Si—0 (~0.16 nm), Ge—O (~0.175 nm) bond
lengths observed in oxide materials.?>?%3%3> The fitted
values for the harmonic force constants are K; = 2.541
X 10* k) mol™!' nm™2, K, = 5.849 X 10% k) mol ™'
nm~ 2, and K; = 1.567 X 10* kJ mol~" nm ™2, respec-
tively. These values suggest that the Ge—0O bond has
the weakest force constant, while the Al—0 bond is in-
termediate between the Si—0 and Ge—0 bonds. The
theoretical predictions yield power law fits of the RBM
frequencies as a function of the radius, which are in very
good agreement with the power law fits obtained from
the MD simulations, as seen in Figure 5. The fitted val-
ues of the strain-independent baseline energy Eo are
—571.26 ki mol™ ' (x = 1), —564.50 kJ mol " (x = 0.75),
—557.69 kJ mol™" (x = 0.5), —550.98 kJ mol ' (x =
0.25), and —544.26 kJ mol ™' (x = 0). Considering that
E'O is only a baseline energy parameter which is not cor-
related with the other parameters, the number of fit-
ting parameters is quite small in relation to the quan-
tity of data, as well as the internal constraints in the
model which ensure convergence to physically realistic
parameter values. For example, the RBM frequency de-
pends only on a weighted summation of the three force
constant parameters, which are therefore constrained
since they must also be positive in sign. Additionally,
the equilibrium bond distances and force constants are
constrained further by the harmonic potential terms,

) VOL. 1 = NO.5 = KONDURI ET AL.

which rapidly increase if these parameters assume un-
realistic values.

The solid lines in Figure 4 show the predictions of
the model with the final set of fitted parameters. The
model well reproduces the progressive minima in the
nanotube energy as a function of nanotube diameter
and also predicts the internal energy versus N in close
agreement with the computational data. While the con-
tribution of Al—0 bond strain energy to the total en-
ergy per atom of the nanotube decreases monotoni-
cally with increasing nanotube diameter, the Si—O
bond strain energy increases,”® and a similar increase
in the Ge—0 bond energy is also predicted by fitted pa-
rameters obtained in the present generalized model.
These combined factors lead to an energy minimum in
eq 3 at some intermediate value of N. Due to a larger
Ge—0 equilibrium bond length and weaker force con-
stant in comparison to that of Si—0O, the minimum shifts
toward larger diameters as the Ge content increases.
Thus, the incremental substitution of different tetrahe-
dral metal atoms on the inner surface of a nanotube as
a potential means of tuning the nanotube diameter in-
deed exhibits a strong correlation with the
composition-dependent changes in the internal en-
ergy of the nanotube, as illustrated by the present case
of Si/Ge substitution.

Comparison of Experimental and Predicted Nanotube
Diameters. In order to quantitatively investigate whether
the predicted continuous shift in outer diameter with
composition occurs under real synthesis conditions, we
considered two experimental techniques, namely X-ray
diffraction (XRD) and transmission electron microscopy
(TEM). The preparation of TEM samples wherein indi-
vidual nanotubes (as opposed to nanotube bundles or
overlapping nanotubes) can be imaged proved to be
extremely challenging in general. In previous
studies,'®3¢ high-resolution images of individual Al-
SiOH and AlGeOH nanotubes could be obtained only
with difficulty. Since the development of suitable TEM
sample preparation and imaging methods was not the
primary focus of this paper, we chose XRD as a more
readily usable tool to estimate the outer diameter of the
nanotubes. There is, however, an important factor to
be considered regarding the use of XRD for this pur-
pose. Unlike those of highly crystalline materials, the
XRD patterns of nanotube bundles are not fully under-
stood in a quantitative sense. Nanotube samples can
have varying degrees of packing (ranging from two or
three tubes in a bundle to many tubes packed in a solid-
state arrangement). Previous investigators have inter-
preted XRD patterns of AISiOH and AlGeOH nanotubes
semiquantitatively in terms of either loosely packed or
closely packed structures, resulting in somewhat differ-
ent unit cell parameters.'® However, it is now well-
known from previous XRD simulation works on nano-
tube bundles®”~° that the position (expressed as a
d-spacing or a Bragg angle) of the intense low-angle
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Figure 6. Grazing-angle X-ray diffraction patterns of AlSi-
GeOH nanotubes as a function of the compositional param-
eter x.

peak in the XRD pattern of a nanotube bundle is mono-
tonically correlated to its diameter. Nanotubes of larger
diameter scatter X-rays at lower Bragg angles. For our
present purpose, we use this principle along with the
previously determined outer diameters'®3® of the end-
member AISiOH (2.2 nm) and AlGeOH (3.4 nm) nano-
tubes to estimate the outer diameters of synthesized Al-
SiGeOH nanotubes of intermediate composition on
the basis of the measured positions of their low-angle
XRD peaks. Figure 6 shows the XRD spectra of AlSiGeOH
nanotubes with varying values of the compositional pa-
rameter x. A continuous shift of the first Bragg peak to-
ward lower 26 values can be observed with increasing
Ge content. Assuming that the observed d-spacings for
the two end-members differ from the known diam-
eters of these two materials by a constant offset param-
eter, we calculate this offset and use it to determine
the diameters of the nanotube materials of intermedi-
ate composition from the observed d-spacing.

Figure 7 compares the experimental estimates of
nanotube diameter with the computational predic-
tions and the predictions from the fitted strain energy
model as a function of the composition. In the case of
the computational and theoretical predictions, the nan-
otube whose diameter corresponds to the lowest inter-
nal energy is taken as the product expected in the syn-
thesis carried out with that particular composition. The
computational and model predictions match well, as
might be expected considering that the physical pa-
rameters in the model were fitted using the computa-
tional data. Furthermore, they also correctly capture the
experimentally observed trend in the diameter which
increases with increasing Ge content. In other words,
our current results clearly establish that there is a strong
correlation between the composition, diameter, and in-
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ternal energy of the AlSiGeOH nanotubes. The quantita-
tive deviations of the experimentally estimated diam-
eters from the computational and model predictions
may be due to several factors. First, the relationship be-
tween the XRD peak position and the diameter is semi-
quantitative. Detailed modeling and fitting of the XRD
patterns is required to obtain the diameter more accu-
rately and is beyond the scope of this work. Second, the
force field itself is fundamentally an approximation of
the true energetics of the system. Finally, although the
internal energy is almost always used to parametrize
force fields and investigate the relative stability of simi-
lar materials, it is possible that a more accurate analy-
sis would involve the calculation of quantities such as
the free energy, as well as the consideration of the so-
lution properties and mechanistic details of the synthe-
sis. Although quantitative knowledge of the synthesis
mechanism'” is emerging, the above complications (i.e.,
interpretation of experimental data, lack of accurate
thermodynamic properties) are frequently encountered
in the characterization and analysis of nanoscale mate-
rials. In our view, the present

study shows for the first time a clear connection
between nanotube dimensions, composition, and
internal energy, thus substantiating the possibility

of nanotube engineering via manipulation of inter-
atomic potential energies and hence the thermody-
namic properties.

In conclusion, it has been shown computationally,
experimentally, and theoretically that the diameter of
single-walled AlSiGeOH nanotubes can be controlled by
liquid-phase synthesis involving different ratios of the
tetrahedrally coordinated atoms (Si and Ge). Due to a
difference in interatomic bond energies between the
octrahedral (Al—0) and tetrahedral (Si—O and/or
Ge—0) bonds on the outer and inner surfaces of the
nanotube, respectively, a substantial energy minimum
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Ge content (1-x) in the nanotube

Figure 7. Comparison of AlSiGeOH nanotube diameters ver-
sus nanotube compositional parameter x: computed (green),
theoretical (red), and experimental (black) results.
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occurs with respect to the diameter. Furthermore, the

energy minimum can be shifted to different diameters
by changing the ratios of the two tetrahedrally coordi-
nated elements (Si and Ge), as corroborated by the ex-
perimental results. Finally, the harmonic force constant

METHODS

Experimental Details. Nanotube Synthesis. Depending on the de-
sired content of Ge in the mixed metal oxide nanotubes, tetra-
ethylorthosilicate (TEOS, 99.99+% purity, Sigma-Aldrich) and
tetraethylorthogermanate (TEOG, 99.99+%, Gelest) were added
dropwise to a stirred solution of 5 mM AICl; (99.99+%, Sigma-
Aldrich) until the Al:(Si+Ge) ratio was 1.8, and then the mixture
was left to stand for 45 min under vigorous stirring. A 0.1 N NaOH
solution was then added at a rate of 0.3 mL/min until the pH of
the solution reached 5.0. The pH was brought down immediately
to 4.5 by dropwise addition of a solution containing 0.1 M HCI
and 0.2 M acetic acid. The resulting clear solution was allowed
to stir for 3 h and then reacted at 95 °C under reflux conditions
for 120 h. The solution was then cooled to room temperature,
and 0.1 N ammonia solution was added carefully until the pH
reached 8.0. At this point, the suspension turned cloudy and was
centrifuged at 3000 rpm for 20 min. The supernatant was dis-
carded and the gel acidified with a few drops of 12 N HCI. The re-
sulting solution was immediately dialyzed against deionized wa-
ter for 120 h to remove any unreacted precursors as well as
sodium and chloride ions. For XRD and XPS analysis, 5 mL of dia-
lyzed solution was evaporated over a glass slide to deposit a
film of nanotubes. These films were also used for EDX analysis.
A portion of the dialyzed sample was freeze-dried into a pow-
der for FTIR measurements.

Nanotube Characterization. Thin-film XRD analysis was performed
on a PAnalytical X'pert Pro diffractometer operating with a Cu
Ka source and equipped with a diffracted beam collimator and
a Miniprop detector. The data were collected in grazing angle in-
cidence mode, with the incident beam at a fixed grazing angle
of 1° with respect to the sample plane and the detector scanning
over angles from 2° to 30° with respect to the same plane. The
nanotube films were analyzed for surface composition with a
PH1 model SCA 1600 XPS instrument equipped with a mono-
chromatic Al Ka source (1486.4 eV) and a spherical capacitor ana-
lyzer operating at 187.85 eV pass energy. High-resolution spec-
tra (0.05 eV/step and 50 ms/step) were collected for peak
deconvolution using Gauss—Lorentzian line shapes. EDX charac-
terization of the Ge/Si ratio was carried out with an LEO 1550
scanninig electron microscope equipped with an energy-
dispersive X-day detector, with an operating voltage of 5 kV.
For each sample, at least three different locations (each of ~10
pwm X 10 wm area) were scanned and the results averaged.

FTIR spectroscopy was performed on freeze-dried samples.
The dialyzed liquid samples were immediately frozen at —20 °C
before application of a vacuum. FTIR spectra were collected with
a resolution of 8 cm ™' under vacuum conditions on a Bruker
IFS 66V/S spectrometer. In order to provide a direct comparison
between the IR spectra of AlSiGeOH nanotubes of different com-
positions, the spectra were normalized by Al composition in the
nanotube, since the amount of Al in the chemical formula re-
mains fixed. The absorption peaks from 400 to 790 cm ™" corre-
spond to the Al—0 vibrations.">?%4142 Hence, all the IR spectra
were normalized with respect to the integrated area in this fre-
quency range. To quantify the relative amounts of Si and Ge, a
rigorous curve-fitting procedure was developed that involved (i)
fitting the IR spectra of pure AISiOH and AlGeOH nanotubes ac-
curately with Gaussian curves and (ii) fitting the IR spectra of
mixed AlSiGeOH nanotubes by retaining the peak positions of
Gaussian curves obtained from the previous step while varying
their intensity and peak widths. From previous work,?® it is
known that the peak positions in the 800—1000 cm ' range
are of interest in the present compositional analysis. For AIGeOH
nanotubes, absorption peaks due to Ge—O0 stretching vibra-
tions are located within a range of ~819—883 cm ™', while for Al-
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model that relates the composition of the material to
the nanotube energy can provide semiquantitative
guidelines for tuning nanotube dimensions via appro-
priate selection of the octahedral/tetrahedral species
combinations.

SiOH nanotubes the absorption bands due to Si—O stretching vi-
brations are located within ~930—975 cm™". In AlSiGeOH
nanotubes, the absorption peaks due to Si—0 and Ge—O0 bonds
coexist. The ratio of the areas of the respective peaks gives the
ratio of Si and Ge in the nanotube product. See Supporting Infor-
mation for further discussion of fitting procedures and analysis
of results.

Computational Details. Force Field Parametrization. We employed the
functional form of the recently developed CLAYFF force field*
to describe the interactions between the atoms of the nanotube.
The force field is based on the Born ionic model, with fractional
charges assigned to each atom and Lennard-Jones (LJ) (12-6) po-
tentials for AI=0, Si—0, Ge—0, and O—O interactions. The O—H
bonds are described by a harmonic bond-stretching term:

X ao X (o I oy | R

where R, ; = "/5(R,; + R, ) and g; = (ee) ">,

The force field parameters for Al, Si, O, and H were chosen
to be the same as the reported CLAYFF parameters. We opti-
mized the LJ parameters (i.e., € and o) for Ge using the General
Utility Lattice Program (GULP),** which employs nonlinear least-
squares and energy minimization to fit the force field predictions
to the experimental crystal structures of the three materials
used. Initially, the C-phase of Na{AlGeO,} (monoclinic space
group P2,/n and lattice parameters a = 8.783 A, b = 15.432 A,
c=8252A a= B = 90°, vy = 90.09°) was used to derive the tet-
rahedral Ge—O LJ interaction parameters. The LJ values for the
oxygen atoms were kept the same as the CLAYFF values, in ac-
cordance with the procedures used for development of that
force field, whereas the tetrahedral Al LJ parameters were opti-
mized to reproduce the observed Al—0 bond distances. The
tetrahedral Al parameters given in CLAYFF were developed for
Al—0-Si linkages and could not reproduce the ideal AlI—0 bond
lengths in AlI—O—Ge linkages. The partial charges for Ge and Al
were assigned to be the same as those for the tetrahedral Si and
octahedral Al atoms, respectively, consistent with the param-
eter assignment procedure followed in CLAYFF to handle atoms
in the same group of the periodic table. The initial Ge—0O and
Al—0 interaction parameters were further refined by including
the crystal structures of a-GeO, (hexagonal space group P3,21
and lattice parameters a = 4.9845 A, b = 4.9845 A, c = 5.6477 A,
a = =90° vy = 120°) and the D-phase of K{AIGeO,} (hexago-
nal space group P6; and lattice parameters a = b = 18.429 A, ¢
=8.599 A, o« = B = 90°, y = 120°) in the fitting procedure. Table
1 shows the final list of parameters. A summary of the pre-
dicted and experimental structural properties of the geometry-
optimized C-phase of Na{AlGeO,}, D-phase of K{AlIGeO,}, and
a-GeO, is presented in the Supporting Information. To further
validate the applicability of the force field, we compared the
measured infrared spectra of the AlSiGeOH nanotubes at vari-
ous compositions with the corresponding simulated vibrational
power spectra of the nanotubes (see Results and Discussion). The
spectra were computed by a 4096-point fast Fourier transform
of the VACF obtained from a 5 ps NVT-MD simulation with a time
step of 0.25 fs and trajectory sampling at every time step.

Molecular Dynamics Simulations. Atomically detailed models of AlSi-
GeOH nanotubes were built with x = 0, 0.25, 0.5, 0.75, and 1.
The number of Al atoms in the circumference (N) ranged be-
tween 14 and 50, corresponding to nanotube outer diameters
of 1.5-4.1 nm. The models were built using locally developed
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www.acsnano.org



computer codes that construct the asymmetric units of the nano-
tubes, apply the cylindrical symmetry operations, and prepare
the fractional coordinates of the nanotube atoms for input to the
MD simulation. All the MD simulations were carried out using
the Discover module of Materials Studio 3.2 molecular simula-
tion (Accelrys, Inc.). For AlSiGeOH nanotubes with both Si and Ge
present, the substitution of Si with Ge atoms was carried out sys-
tematically, proceeding along the circumference. For example,
at x = 0.5, every alternate Si atom along the circumference was
replaced with a Ge atom, and at x = 0.75, one in every four Si at-
oms was replaced by Ge. The latter model was then used to ob-
tain the structure for x = 0.25 by “inverting” the Si and Ge atom
locations. All simulations were performed on electrically neutral
and isolated nanotubes to avoid any effects of intertube interac-
tions. The a and b dimensions of the orthorhombic unit cell
were maintained at 7 nm (at least) to avoid intertube interac-
tions. To avoid system size effects and generate a statistically
valid ensemble, we used a supercell composed of two unit cells
along the nanotube axis, with a resulting c-axis dimension of 1.68
nm. Simulations done with only one unit cell produced essen-
tially the same results, albeit with a larger statistical error. The
nanotube structures were first subjected to energy minimiza-
tions with steepest descent and conjugate gradient algorithms
until the maximum energy gradient at any atom was below 1
kcal -mol™ - A", The unit cell parameters were also allowed to
be optimized during this step. The normal-mode vibrational fre-
quencies were then calculated, and the radial breathing mode
(RBM) frequency—which is sensitive to the nanotube
diameter—was distinctly identified via the normal-mode eigen-
vectors. The optimized structures were then subjected to equili-
bration NVT-MD simulations at 298 K with a 0.9 fs integration
time step for up to 20 ps. The energy and temperature of the sys-
tems were found be equilibrated typically within 1-2 ps. Subse-
quently, 100 ps NVT-MD simulations were performed to calculate
the ensemble average internal energy (potential + kinetic) of
the nanotubes as a function of their diameters using five 15 or
20 ps blocks of data to obtain an average energy and error bar.
A Berendsen thermostat with a decay constant of 0.1 ps was
used to control the temperature, because it was found to be
much more stable than the Nosé—Hoover thermostat. Specifi-
cally, it allowed us to maintain the average temperature at 298
+ 7 K, which could not be uniformly achieved using a
Nosé—Hoover thermostat, even after considerable effort in se-
lecting the heat bath coupling strength. The equations of mo-
tion under the Berendsen thermostat do not strictly maintain the
canonical ensemble (NVT) trajectories. However, it has been
shown that, with a decay constant of 0.1 ps or higher, the fluc-
tuations in kinetic energy are comparable to fluctuations in the
total energy of the system.** Moreover, we did not observe any
drift of the total energy with time, indicating that the deviations
from the NVT ensemble are negligible in this case. Hence, we
use this thermostat consistently across all the simulations to pro-
vide physically realistic results.
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