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A theoretical study of imogolite-like single wall nanotubes as a function of silicon and germanium content
and their tubular radius is presented along with mapping of silicon-germanium content properties in models
that contain from 9 gibbsite-like units (N,=9) to 13 gibbsite-like units (N,=13) with a silicon-germanium
content [X=Si/(Si+Ge)] of 0, 0.20, 0.40, 0.60, 0.80, and 1.00. The imogolite nanotubes were built setting
periodic boundary conditions to density functional theory (DFT) geometry-optimized models along both radial
and axial directions in order to obtain the stable structure. The DFT calculations were carried out on the I" point
and for various k points, using the GGA-PWI1 functional, finding an optimal unit cell length of 8.72 and
8.62 A using a double numeric (DN) and double numeric with polarization (DNP) basis set, respectively, along
the axial direction. The structural properties were analyzed through the evolution of the x-ray diffraction
pattern as a function of both N, and X. A linear correlation between the tube radius and the position of the first
two peaks on the x-ray diffraction is found. The imogolite surface charge was mapped with the Hirshfeld
charge showing the characteristic acid tendency experimentally reported. The reactivity of imogolite-like
structures was studied employing the total density of states and the band gap evolution as a function of N, and
X showing an increasing behavior with X. The local reactivity was analyzed by looking at the local density of
states in models with X=0.0 and 1.0 with N,=10. Finally, the frequency analysis was carried out in the
optimized structure on the I" point finding a good agreement in the O-H vibrations with those reported in the

literature.
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I. INTRODUCTION

Natural imogolite is a poor crystalline aluminosilicate
with short range order whose structure consists of hollow
tubes of curved gibbsite sheets, A1(OH);, with SiO, tetrahe-
dra replacing hydroxy groups in the inner surface. The ideal
composition is given by (OH);Al,05SiOH, which manifests
the atomic layer arrangement going from the exterior to the
interior of the tube wall. Mineral imogolite is mostly found
in soils derived from volcanic ash and in weathered pumices
and spodosols.'”> A synthesis pathway for imogolite forma-
tion was first proposed by Farmer et al.® from diluted solu-
tions of Al(ClO,); and silanol [Si(OH),]. This procedure of
hydrolysis of fused sodium silicate leads to the initial forma-
tion of amorphous protoimogolite (or allophane) and the sub-
sequent growth of crystalline imogolite tubes. Additionally,
imogolites have been synthesized by tetracthoxysilane
hydrolysis’” and hydrolysis of commercial sodium silicate.®
Wada et al.® reported the effects of substitution of a portion
of silicon by germanium during the tube synthesis; they
showed that the aluminogermanate tube diameter may be
increased in a controlled fashion and the final synthetic
100% Ge-substituted imogolite tube contains up to 18 gibb-
site units (N,=18), based on the interaxial separation of
~30 A.

Morphologically, imogolites show a medium to long-
range order of close packed bundles of hollow fibers com-
monly found in association with allophane. These bundles
appear as threads consisting of assemblies of tubes with
thread diameters going from 10 to 30 nm.'® The structure of
imogolite bundles has been considered as a hexagonal (maxi-
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mum) package configuration;!! however, recently, x-ray

powder diffraction (XRD) has shown that these bundles are
better adjusted when a monoclinic unit cell is employed with
the monoclinic angle () equal to 78° for both aluminiger-
manate (100% Ge content, Imo-Ge) and aluminosilicate (
100% Si content, Imo-Si) tubes.'? Individually, each imog-
olite tube has an inner diameter of 0.5—0.9 nm measured by
nitrogen adsorption or by transmission electron microscopy
(TEM),*'7 an outer diameter of 2.0-2.5 nm,">!'® and
lengths from several hundreds of nanometers to a microme-
ter. For the case of Ge-substituted imogolite, nitrogen ad-
sorption shows a pore diameter of ~0.9 nm which is in
agreement with tube dimensions. '3

On the basis of solid state nuclear magnetic resonance
(NMR), x-ray powder diffraction, and TEM, a structural
imogolite atomic model was proposed®!#!? in which the wall
of the tube consists of a curved, single sheet of gibbsite
wherein the hydroxyls on one face are replaced by orthosili-
cate groups where the aluminum only occurs in octahedral
coordination and silica in tetrahedral coordination. Electron
diffraction measurements performed by Cradwick et al.'*
suggested that the most likely structure model of natural
imogolite contains ten gibbsite units (N,) around the circum-
ference corresponding to a tubular diameter of 2.1+£0.5 nm.
On the other hand Farmer and Fraser®® conclude that natural
imogolite is composed of 12 units. The periodic distance
along the tube axis was calculated from the 2=0 and k=6 (hk
index reflection) by Russell et al'® and Wada® finding a
value of 8.4 A.

From the technological point of view, imogolites are im-
portant since they show large surface areas which vary from
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200 to above 700 m?/g depending on absorbate.!”?! Due to
this surface area, together with the chemistry inherent to their
surface, imogolites have been proposed as good metallic ad-
sorbent of cations: (Cd*, Cu*, Pd*),?> (Ag"),” and neutral
molecules like benzene,?* water,”> and ammonia?® with
possible applications in the energy storage-management of
methane.?” In catalysis, imogolites have been investigated
as a possible catalytic support of Cu and Pt particles.?®?
Additionally the use of soft chemistry in the synthesis of
Imo-Ge and Imo-Si allows controlling the polydispersity
of both kinds of tubes that is manifested in a scarce poly-
dispersity of the pore size distribution.!>!7 Due to its tubular
structure and the existence of acid sites in the imogolite-like
surface, the imogolites have been proposed as a possible
shape selective catalyst with some properties similar to other
aluminosilicates in a bulk phase like zeolites.?® Furthermore,
imogolites can be obtained through a direct purification of
volcanic ashes; this makes the volcanic areas a reservoir with
potential mineral exploitation.?®

The aim of this paper is to report calculated structural an
electronic properties and to compare them with the standard
imogolite model reported by Wada et al.>® and by Farmer
et al® as a function of silicon-germanium content and
gibbsite units. In order to test the structural mesoscale
arrangement of imogolite bundles, the experimental results
from x-ray diffraction have been selected since this
technique is one of the most used to structurally characterize
imogolite-like structures.'3?730%31 We compare the experi-
mental x-ray results with those generated by our density
functional theory (DFT) for our geometry optimized periodic
models and correlate experimental and theoretical results.
Finally, in order to elucidate some aspects of the infrared
(IR) and Raman spectra of imogolite, the experimental IR
spectra is compared with the frequency analysis of the opti-
mized N,=10 structure on the I" point approximation, due to
the high level computational cost of this kind of calculations.

The theoretical work on atomistic models of imogolite
can be divided into two main approaches, the force field and
ab initio methodologies, for the description of atomic inter-
actions. In the first approach the interatomic potential be-
tween atoms is described through force fields that allow
treating systems with a large number of atoms as is the
case of imogolite structure. The force field methodology
has been used by Tamura et al.'' developing a three-body
parametrized potential and reporting the strain energy, pair
distribution functions, and vibrational spectra of imogolite
models. Additionally, Konduri et al.'?> has recently used the
CLAYFF force field to determine the strain energies and the
vibrational spectra in atomistic imogolite models. The ab
initio theoretical calculations have not been attempted, due
mainly to the size of the unit cell, recently Abidin et al.*
carried out molecular orbital calculations of orthosilicate,
gibbsite, and protoimogolite models showing that the disso-
ciation of the Si-OH plays an important role in the formation
of allophone and imogolite, but we have calculated elec-
tronic properties [band structure, electronic density of states
(DOS), electrostatic potential, atomic electrostatic charges]
and DFT geometry optimized structures for complete
imogolite-like tubes using ab initio methods. The main limi-
tation in these types of calculations is the size of the models
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FIG. 1. (Color online) (a) Cross sectional view of an imogolite
structure with ten gibbsite units. (b) The imogolite model is inserted
in a periodic boundary cell with cell dimensions a=40 A and b
=40 A in order to avoid interactions with periodic images. (c) Pe-
riodic boundary condition along the ¢ direction in the simulation
cell.

and consequently a coarser k-point grid description has to be
used compared with more tractable systems sizes; however,
useful qualitative results can be obtained for properties like
surface acidity, and adsorption of molecules and ions by
these idealized nonhydrated tubes.

II. STRUCTURAL GENERATION OF MODELS

Imogolite-like structures are constituted by a curved gibb-
site cylinder with tetrahedral Si-OH replacing hydroxy
groups in the inner surface of the gibbsite layer. A standard
model for the construction of the cylindrical unit cell atomic
arrangement was proposed by Cradwick et al.'* using sym-
metry properties for the generation of even and odd numbers
of gibbsite units in the cylindrical unit cell. In our case, we
have followed a different path; we make a direct transforma-
tion of a gibbsite monolayer, with the hydroxyl groups on
one side substituted by Si-OH; then we apply a linear trans-
formation of coordinates from the flat arrangement to the
cylindrical configuration. In this process we keep the gibbsite
length b constant (8.4 A), which corresponds to the period
along the tube axis c. Using this cylindrical structure, peri-
odic three-dimensional models were constructed with unit
cell dimensions a=b=40 A, in order to avoid possible inter-
actions between the different imogolite images on the
periodic model, and the ¢ dimension of the unit cell (period
of the cylindrical structure) equal to 8.4 A, see Fig. 1. How-
ever, along the ¢ direction there are small variations in the
reported values that go from 8.4 AZ419 to 8.5 A;!3 also
Wada et al.” have reported a 260=12° x-ray peak at a value
of 8.74 A, possibly due to the scattering of individual tubes
that may be ascribed to a ¢ value; because of these small
variations of ¢ we carried out a sequence of geometry
optimization processes on two models: Imo-Si and Imo-Ge,
with N,=10 gibbsite units, that corresponds to the most
likely structure of natural imogolite.

The energy vs ¢ length mapping for N,=10 Imo-Si and
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FIG. 2. (Color online) Energy values as a
function of the cylindrical cell length ¢ for the
cases of Imo-Si (a) and Imo-Ge (b). The square
symbols are the geometry optimized energies of
Imo-Si and Imo-Ge for the I' point approxima-

o I . . . .
O DNk tion; the open circles are the energies for the vari-
A DNP-k | ous k points calculations for both types of tubes,

triangles are the energies for the various k points
calculations using a DNP basis set. The dotted
lines show the minimum position for the various
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Imo-Ge is presented in Fig. 2. The relaxation of structural
models was performed keeping a and b cell dimensions
constant and mapping the ab initio relaxed structure energy
as a function of ¢ cell length. In these sequences of geometry
optimization calculations we use the DFT code DMol333-3
with the GGA Perdew-Wang 91 functional (PW91)3¢ and the
double numeric (DN) and double numeric with polarization
(DNP) numerical basis set. On the reciprocal space two kinds
of calculations were carried out, for the first one only the I"
point was considered, which could be a good approximation
based on the fact that the size of the cylindrical unit cell in
our models is large enough and the reciprocal space cell size
is inversely proportional to the size of the cell dimensions.
However, the consideration of the I' point alone could not
take into account the long range interactions in the pseudoc-
rystalline structure along the ¢ axis. For this reason a second
sequence of calculations, considering various k points, was
performed, see Table 1.

As can be seen in Fig. 2, a minimum potential well is
found at 8.78 A for the case of Imo-Si and 8.8 A for the case
of Imo-Ge considering only the I' point and a DN basis set.
For the case of the calculation for various k points and a DN
basis set, we found the minimum potential well position in
both Imo-Si and Imo-Ge at 8.72 A. These values differ in
about 0.2 to 0.3 A with respect to the established values of
8.4 to 8.5 A reported in literature, but closer to the reported
value of 8.74 A quoted by Wada et al.” possibly due to the
scattering of individual tubes; in addition it is noted that the
various k points calculations differ by 0.02 A from the Wada
result along the ¢ cylindrical cell length. In order to discern if
these variations in the cylindrical unit cell are produced by
the basis set selected in the geometry optimization of the
imogolite structures, a new potential well was calculated
with the same DFT parameters used in the DN basis-various
k points calculations, but changing the basis set from DN to

TABLE 1. k vectors used in the geometry optimization of tubu-
lar imogolites.

Symbol k-vector Weight

K1 0.00000 0.42857 0.00000 0.285714
K2 0.00000 0.28571 0.00000 0.285714
K3 0.00000 0.14286 0.00000 0.285714
r 0.00000 0.00000 0.00000 0.142857

85 86 87 88 89 90 91 9.2
¢ cylindrical unit cell length (A)

k points calculation localized in 8.72 A for both
cases (a) and (b), using a DN basis set, and
8.62 A (a) and 8.8 A (b) with the DNP basis.

DNP which is a bigger basis set. The use of the DNP basis
set changes the minimum position of the Imo-Si ¢ cylindrical
unit cell length to 8.62 A that is closer to the experimental
values of 8.4 to 8.5 A than the DN basis set but it is still
bigger, see Fig. 2(a). In the case of Imo-Ge the DNP calcu-
lation with various k points produces a larger ¢ cylindrical
unit cell length minimum position than the DN basis set,
having the minimum at 8.8 A, see Fig. 2(b).

The variations on the theoretical values of the ¢ cylindri-
cal unit cell could have their origin in curvature effects of the
imogolite layer; therefore in order to elucidate if the values
of the ¢ cylindrical unit cell length (the b length of the gibb-
site cell) are due to the curvature of the imogolite tubular
structure, a mapping of geometry optimized structures as a
function of the cell lengths a and b for a layered imogolite-
like structure was carried out, see Fig. 3(a). The DFT DMol3
geometry optimization parameters used in these calculations
are the same as those used in the tubular structure optimiza-
tions using a DNP basis set, but now taking more k points
than for the tubular case, since the basic cell is now smaller
and more manageable from the computational point of view,
see Table II. The results of these optimizations show the
lower values for the energy for lengths ¢ and b in 4.9 and
8.46 A, respectively, Figs. 3(b) and 3(c). The values of the b
cell length at 8.46 A is in the experimental interval reported
for tubular imogolite 8.4 to 8.5 A, meanwhile the a cell
length is in the interval of the corresponding gibbsite length.

From this analysis, we can conclude that the b dimension
of the cell for the flat imogolite-like structure is of the same
order of magnitude than in the gibbsite structure; the varia-
tion of the ¢ cylindrical unit cell length could be due to two
factors: the first is that ¢ may have a dependence on the
curvature of the imogolite layer, however, if this were the
case the variation is so small (approximately 0.2 A in a cell
of 8.5 A) that the deviations in the nearest-neighbors inter-
atomic lengths would be of the same order of magnitude and
can be neglected. The second factor could be attributed to the
calculation itself since it may be necessary to increase the
basis set and the number of k points considered in order to
reach the experimental values of c; if this were the case, the
increment of the k points and the basis set would improve
significantly the electronic properties obtained with lower
basis set and k points. However, the electronic properties of
the system calculated at four different theory levels: (1) tu-
bular imogolite calculated with a basis set DN and in the T’
point (Imo-Si-I"-DN), (2) tubular imogolite calculated with a
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TABLE II. k vectors used in the geometry optimization for the
flat imogolite structure.

k-vector Weight
0.3333 0.00000 0.42857 0.00000 0.285714
0.3333 0.00000 0.28571 0.00000 0.285714
0.3333 0.00000 0.14286 0.00000 0.285714
0.3333 0.00000 0.00000 0.00000 0.142857
0.3333 0.3333 0.3333 0.3333 0.3333

FIG. 4. (Color online) Hirshfeld charge analysis as function of
the radius of the geometry optimized tubular Imo-Si structures cal-
culated with (a) DN basis set and I", (b) DN basis set and various k
points (Table I), and (c) DNP basis set and various k points (Table
I). Hirshfeld charge analysis as a function of z position in (d) flat
imogolite calculated with a DNP basis set and various k points
(Table II). In all cases the qualitative behavior is the same which
makes the Hirshfeld analysis independent of the basis set and of the
k points selected. The notation indicates hydrogen [, oxygen O,
silicon ¢, aluminum A, and germanium .

125421-4



AB INITIO SIMULATION OF THE STRUCTURAL...

250

PHYSICAL REVIEW B 76, 125421 (2007)

Intensity (arb. units)

5
5

v
ﬁ,
6|
o

Gap=4.752 eV Gap=4.786 eV
200
150
100
E 50
(2]
S o
g -10 5 0 -10 5 0
8 Energy (eV) Energy (eV)
o
o 00| Gap=4.94 eV Gap=5.574 eV
(o]
Q s
100
50
-10 5 0 -10 -5
Energy (eV) Energy (eV)

FIG. 5. (Color online) DOS for tubular imogolite structures
(Imo-Si) calculated with (a) DN basis set and at I'(0,0,0), in the
reciprocal space. (b) DN basis set and various k points (Table I),
and (c) DNP basis set and various k points (Table I). DOS for (d)
the flat imogolite calculated with DNP basis set and various k points
(Table II).

imogolite. In all cases, the morphology of the DOS curves
shows the same qualitative behavior, see Fig. 5. This seems
to indicate that the qualitative electronic behavior of the
imogolite-like structures is independent of the basis set and
of the number of k points in the case of tubular structures,
and shows a larger band gap for the case of flat imogolite
(infinite radius tube).

Since the variations of the ¢ cell values for Imo-Ge and
Imo-Si are small compared with the cell length (~2 %), and
due to the fact that the qualitative properties of imogolite
structures derived from the studied theory level (DN-I", DN-
k, and DNP-k) are the same, in what follows the DN basis set
will be chosen as a reasonable approximation to the elec-
tronic properties, thereby optimizing the computational re-
sources. Due to the fact that the DN basis set generates prac-
tically the same c¢ length for Imo-Si and Imo-Ge, we assume
that the ¢ length is the same for all other X=Si/(Si+Ge)
values. Furthermore, we also assume that the ¢ length is
independent of the number of gibbsite units N, in the tube
structure. Therefore in this work a ¢ value of 8.8 A for the
DN-I" approximation and of 8.72 A for the DN-k calculation
is going to be assumed throughout.

The x-ray technique has been extensively used by experi-
mental groups in the characterization of both isolated and
bundles of imogolite-like tubes and their structural evolution
during their synthesis,'3?7-39-3137:38 the results obtained using
this technique depend on whether the imogolite-like samples
are isolated tubes or bundles. The isolated tubes are obtained
by dispersion with ultrasonification in an ice bath®® from a
common bundle arrangement. However, as far as we know,
there is nosystematic theoretical study of the x-ray diffrac-
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FIG. 6. (Color online) X-ray diffraction pattern (x-ray-P) of
imogolite-like structures as a function of N,, and the Si content,
Si/(Si+Ge). The red line is the simulated x-ray-P using Ka-Fe as a
source and the blue line is the x-ray-P using Ka-Cu as a source.

tion evolution as a function of both silicon and germanium
content and the number N, of gibbsite units in the tube.
Therefore we have studied the evolution of the x-ray diffrac-
tion pattern (x-ray-P) for both isolated imogolite-like tubes
and bundles. For the case of isolated imogolite x-ray-P, the a
and b values of the cylindrical unit cell were increased to
100 A in order to avoid possible interference diffractions
along these directions, see Fig. 1(b). The x-ray-P was
obtained using the Cerius2 diffraction-crystal module® with
two different x-ray sources (Ka-Cu and Ka-Fe) and a polar-
ization fraction of 0.5 assuming the system is in powder
form. The results of x-Ray-P are shown in Fig. 6 as a func-
tion of the silicon content, X=Si/(Si+Ge), the number of
gibbsite units, and for both x-ray sources, iron and copper.
The x-ray-P are scarcely sensitive to X content and show
practically no differences in the region between 26=20° and
30°, for both sources; the differences are observed mainly in
the region 26<<20° where the two main observed peaks
evolve as a function of N,. These two peaks are shifted to-
ward lower 26 values for bigger tube radii, and their 2 6 peak
center evolution follows a linear relation as a function of N,
see Table III. This feature allows identifying the N, in the
tubular structures directly from the x-ray-P.

TABLE III. Linear fit parameters for the x-ray-P peaks in the
region §° <2< 20°. The parameters correspond to the linear equa-
tion 26,,=mN,+b, where x indicates the first or the second peak, y
indicates the source in the x-ray-P calculation, and N, the number
of gibbsite units in the tubular structure.

26 m b

26,5 -0.75925 16.00133
205k -1.35917 29.42073
20;cy -1.06764 23.18161
26,cy -1.51764 3343214
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FIG. 7. (Color online) (I) (a)—(e) Comparison of experimental
x-ray-P obtained by Tani ef al. (Ref. 38) using Ka-Fe as the x-ray
source with the simulated x-ray-P for the same source in the interval
9=N,=13, the best agreement occurs for (¢) with N,=13. (II)
(f)—(j) Comparison of experimental x-ray-P obtained by Wada er al.
(Ref. 9) using Ka-Cu as the x-ray source with simulated x-ray-P for
9=N,=13, the best agreement is found for both N,=10 (g) and
N,=11 (h).

In Fig. 7, the theoretical x-ray-P are compared with two
experimental x-ray-P for the case of Imo-Si. The sequence of
patterns (I) shows the comparison of the experimental
x-ray-P obtained by Tani et al.’® for synthetic 100% Si imo-
golite and Ka-Fe with the x-ray-P calculated in this work for
the same source. In this sequence a shift of the two main
calculated peaks in the region 5° <26<<30° can be ob-
served, and a third peak starts to appear at N,=11 in the
region 15°<26<20° and it is well-defined at N,=13. The

PHYSICAL REVIEW B 76, 125421 (2007)

best agreement between the experimental curve obtained by
Tani et al. and our simulated results is found for N,=13, Fig.
7(e). Another theoretical and experimental comparison is
presented in sequence (II) where the experimental x-ray-P
was obtained by Wada et al.’ for natural imogolite with
Ka-Cu. A shift toward lower 26 with increasing N,, is ob-
served and the best agreement between theory and experi-
ment occurs for both N,=10 and 11. This result is in accor-
dance with what has been accepted as the most likely value
of N,=10 for natural imogolite.'+4

In the mesoscale level, imogolites are characterized by
bundles containing 3-20 tubes essentially randomly
oriented;”!315:22.3031.3841-43 i some cases local ordering
appears in the tube orientation.!” The mesoscale structural
properties of oriented tubes have been simulated by Hoshino
et al.** assembling the cylindrical tubes aligned in a packed
hexagonal structure, testing different bundle configurations
and comparing the simulated pair distribution functions with
experimental ones obtained by small angle x-ray scattering.
There is a controversy between the hexagonal intertubular
package configuration used by Tamura et al.!! in their mo-
lecular dynamics simulations and also used by Pohl et al.*
in their structural models versus the monoclinic arrangement
suggested by Mukherjee et al. on the basis of x-ray diffrac-
tion spectra of synthetic thin films of both Imo-Si and Imo-
Ge. Mukherjee ef al. proposed a cylindrical cell with dimen-
sions a=b=2.105 nm, ¢=0.851 nm; a=B=90° and y=78°,
and a=b=3.253 nm, ¢=0.851 nm; a=LB=90° and y=78° for
Imo-Si and Imo-Ge, respectively.

In order to discern between the hexagonal and the mono-
clinic arrangements a sequence of calculations for the two
corresponding 7y angles, the intertubular distance, and N,
were carried out. These simulations were performed using
periodic boundary conditions of 5X 5 Imo-Si arrangements
with the intertubular distances a=»b varying from 2.0 to
5.0 nm, and N, varying from 10 to 14. In all cases the axial
cell distance ¢ was kept fixed and equal to 8.72 A. The in-
terbundle distances A=B were also kept fixed and equal to
40 nm to elucidate only the effects of the vy angle in a single
bundle configuration, see Fig. 8(a). The computational pa-
rameters used in the imogolite bundle x-ray-P simulations
are exactly the same as for the single isolated tube x-ray-P
simulations. The results for the imogolite bundle were com-
pared with the experimental work of Mukherjee et al.'® for
Imo-Si in both hexagonal and monoclinic arrangements. The
comparison of the simulated and experimental x-ray-P for
the case of a hexagonal arrangement, y=60°, as a function of
the gibbsite units, N,, and the intertubular distance (ITD) are
shown in Fig. 9; the best agreement for the lower region,
distances smaller than 12 A, occurs for the case of N,=12.
This fact ratifies the results found in the isolated tube simu-
lation of the x-ray-P pattern where it is shown that the two
first peaks in the lower region identify the average tube
diameter. The simulated x-ray-P shows large fluctuations for
distances larger that 12 A when the ITD is changed, but from
the sequence of theoretical and experimental comparisons,
shown in Fig. 9, we can observe that the best agreement for
a hexagonal arrangement is found when N,=12 and ITD
=26 A.

A comparison between the experimental x-ray-P obtained
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FIG. 8. (Color online) (a) Pe-
riodic boundary conditions used in
the mesoscale x-Ray-P simulation.
The cell lengths A and B were
fixed to 400 A. It was varied both
the angle 6 from 60° to 90° in in-
tervals of 2° and the separation
between individual tubes varying
the a and b distances in the same
amount. (c¢) Comparison between
experimental x-Ray-P of synthetic
imogolite obtained by Mukherjee
et al® and simulated x-Ray-P
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by Mukherjee et al.'® and the simulated x-ray-P of imogolite
tubes in a monoclinic arrangement with y=80°, as a function
of the gibbsite units, N, and the intertubular distance ITD is
shown in Fig. 10. The simulated x-ray-P shows large fluctua-
tions in the position peaks when the tube size and the inter-
tubular distance are changed. However, as in the case of a
hexagonal arrangement the best agreement in the lower re-
gion is found when N, =12, thereby determining the radius of
the tube. On the other hand, the x-ray-P for distances larger
than 12 A is very sensitive to the tube arrangement, finding
the best agreement in the case of ITD=28 and 30 A. The
simulated monoclinic case with y=80° is close to the experi-
mental value given by Mukherjee et al. with y=78°, there-
fore our calculations can be considered as a good approxi-
mation to the experimental results. A close analysis in the

8 10 12 14 16 18 20 22 24
Distance (A)

with a bunch of tubes with N,
=12, a=b=24.8 A, and 9=64°.

ITD, gibbsite units N, and the y angle in the bundle tubular
arrangement indicates that from our point of view, the best
agreement between experiment and simulation is found for
N,=12, a=b=2.48 nm, and y=64°, Fig. 8(b). The positions
of the two peaks located between 5 and 10 A can be ex-
plained using N,=12 whereas the position of the peaks at 13
and 21 A can be explained in a simple minded way as due to
small variations from the hexagonal arrangement. However,
it should be considered that our simulation is just a simplifi-
cation of the real case where the instrumental broadening
parameters, and preferred orientation of the bundles, should
be considered in order to give a definitive answer about the
intertubular arrangement in the imogolite bundles. Neverthe-
less, these simplified simulations shed light on some aspects
of the x-ray-P of imogolite tubes at the mesoscopic level.

FIG. 9. (Color online) Se-
quence of simulated x-ray-P for
the hexagonal macroscopic ar-
rangement, y=60°, of the imog-
olite tubes as function of the gibb-

= site units N, and the intertubular
A\ 5\ distance (ITD). In all the cases the
/ simulated x-ray-P is compared
with the experimental curve re-
ported by Mukherjee et al. (Ref.
13) finding the best agreement
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FIG. 10. (Color online) Se-
quence of simulated x-Ray-P for
monoclinic mesoscopic arrange-
ment, y=80°, of the imogolite
bundle as a function of the gibb-
site units N, and the ITD. In all

the cases the simulated x-Ray-P is
compared with the experimental
curve reported by Mukherjee et al.
(Ref. 13); the best agreement oc-
curs for the case N,=12, and both

ITD=28 and ITD=30 A.

Distance (A)

III. ELECTRONIC PROPERTIES

The imogolite electronic properties and, especially, the
imogolite surface electronic properties are a determining fac-
tor on the sorption properties and reactivity of these miner-
als. Imogolites have adsorption properties of cations (Cd*,
Cu*, Pd*)?? and (Ag*),”® neutral molecules like benzene,?*
water,”> ammonia,?® and possible applications in the energy
storage-management of methane.?’” Additionally, the adsop-
tion of chlorite by imogolites in a wide pH range® is well-
known, and it has been suggested the existence of a high
point of zero charge in the outer parts of the imogolite, based
on electrophoretic mobility studies.*® The sorption of this
variety of ions and molecules is linked to the electronic
charge distribution on the imogolite tube, which depends on
the curvature of the tube. Gustafsson*” argues that the defor-
mation of Al-O bonds can explain a weak positive charge on
the outer walls and a weak negative charge on the inner walls
of imogolite.

Because of the importance of spatial charge distribution
and the effects of the curvature in the charge values, we have
examined the atomic electrostatic charges in all the geometry
optimized imogolite-like structures computed from the ab
initio calculations as a function of both N, and content X.
The Hirshfeld charge population analysis was selected to de-
termine the surface charges which were plotted as a function
of tube radius, taking the cylindrical cell center as the center
of tube structure, see Fig. 11. For clarity in the charge analy-
sis, an annotation to the radial sequence of atoms from the
inner to the outer layers was attached; therefore H, indicates
the hydrogen in the inner radial imogolite atomic array, O, is
the oxygen in the second layer, and Si; (or Ge;), Oy, Als, Oy,
and H; for the rest of the arrangement. The sequence of
charge distribution shows small atomic charge fluctuations

A A
8 12 16 20 24 8 12 16 20 24 8 12 16 20 24 8 12 16 20 24 8 12 16 20 24 8 12 16 20 24

between atoms of the same element and relative radial posi-
tion in the tube atomic array, independently of the tube cur-
vature, Fig. 11. The inner and outer layers H; and H; show
essentially the same positive charge values ~0.13 that are
independent of tube radius and composition. Geometrically,
H, is the limit of the inner pore, whose size has been mea-
sured to be between 0.5 and 0.9 nm'3-'7 and H; is the outer
limit diameter of the tube, 2.0-2.5 nm.'>'¥ From Fig. 11 it
can be seen that the calculated inner and outer radii of our
structures is within the range of the experimentally reported
values, the average values are reported in Table IV.

A similar behavior in the radial charge distribution is ob-
served for Imo-Ge therefore it can be concluded that the
substitution of silicon by germanium in the imogolite struc-
ture does not modify significantly the radial positions. The
radial position fluctuation of non pure systems X=0.2, 0.4,
0.6, and 0.8 are larger than the pure systems Imo-Si and
Imo-Ge, due to the deviations of the cylindrical geometry in
these contents generated by the small change in the atomic
size of germanium compared with silicon, see Fig. 6 and 11.
The Hirshfeld charge for oxygen can be classified in two
groups: the first group contains O, and Og and the second
group contains only Oy; the second group shows a bigger
negative charge than the first group, with average values of
—-0.273, -0.324, and —0.305 for O,, Oy, and Og, respectively.
The Als charge values are very stable in all the configura-
tions produced by the high symmetry octahedral structure
with an atomic charge average value of 0.506. Similar aver-
age charge behavior is shown by Si; and Ge; with Ges
having a bigger charge than Siz, 0.670 versus 0.616. The
local distribution of atomic charges generates a positive
charge in both, inner and outer faces of imogolites, despite
the neutrality of the systems.

Imogolite has been proposed as a possible shape selective
catalyst material’>?® and as a catalytic support for particles
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of Cu and Pt (Refs. 28 and 29) with surface areas of
1000 m?>/g  measured by ethylene glycol*® and
~300-400 m?/g measured by N, adsoption.!” Imogolite
shows reactive properties towards anions and cations® but the
mechanism of this reactivity is not well-known. The origin of
the affinity of imogolite to the sorption anions and cations

TABLE IV. Evolution of the average inner and outer radial po-
sition of H; and H5 as a function of the number of gibbsite units in
Imo-Si.

Tinner Touter
2N, (A) (A)
9 3.75 9.32
10 4.51 10.12
11 5.33 10.93
12 6.14 11.74
12 6.94 12.56

could have its origin not only in electrostatic interaction but
also in purely chemical interactions with imogolite surfaces;
for the latter case it would be necessary to understand the
electronic configuration of the imogolite structure as a first
step.

In order to have a better understanding of the correlation
between the electronic states within the DOS and the geo-
metric radial position, the local density of states (LDOS) was
calculated for Imo-Si and Imo-Ge with N,=10 using the
CASTEP* code with the GGA Perdew-Wang 91 functional
(PW91); the cutoff in the plane waves expansion was chosen
as 10 eV and the calculations were carried out for the I
point. In Fig. 12 the composition of DOS in terms of LDOS
is shown and it can be seen that for the case of Imo-Si the
contributions of H;, Si3, Als, and H; to the density of states
in the neighborhood of the highest occupied molecular or-
bital (HOMO) energy is nonexistent, see Fig. 12(a); the main
contribution to this region comes from the oxygen layers.
The oxygen electronic states coming from the layer O, has a
lower contribution than the other two oxygen layers O, and
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Og; in particular Og has the largest peak contribution to the
total DOS but its position in the energy axis is shifted to-
wards lower values. The O, oxygen layer is the major con-
tributor to the HOMO region; the conduction band is formed
mainly by the states from the H; layer. Similar behavior is
observed for the case of Imo-Ge: the states with energies
near HOMO come from oxygen layers O,, O, and Og,
whereas the contribution of the layers H;, Ge;, Als, and H; is
scarce. For the case of Imo-Ge the contribution of oxygen
layers follows a similar behavior to the Imo-Si case in the
energy axis, but there is an increment on the density of states
coming from the O, layer produced by the introduction of
germanium in its vicinity, Fig. 12(b). Furthermore, the con-
duction band shows two main contributions, the first one
coming from the H; layer as for Imo-Si, and the second one,
the largest, coming from the germanium layer. On the basis
of this LDOS study if one electron is extracted from the
imogolite structure forming the cation-imogolite (Imo-Si™,
Imo-Ge™) the states most affected are those that come from
the oxygen layers and in particular the internal O, layer,
independent of the composition X, meanwhile in anion imo-
golite (Imo-Si~, Imo-Ge~) the states most affected are those
coming from the H; layer electronic states for both cases; in
the case of Imo-Ge™, the Ge; layer electronic states are also
altered.

The chemical reactivity of imogolite-like structures can
be analyzed by the electronic band gap as a function of the

PHYSICAL REVIEW B 76, 125421 (2007)

FIG. 12. Radial local density
of states analysis of N,=10
Imo-Si in (a) and Imo-Ge in (b).
The contributions in the HOMO
region come from oxygen posi-
tions and in particular from the O,
atomic radial layer in both cases.
In the conduction band the main
contributions come from H; for
Imo-Si and both H; and Ge; for
Imo-Ge.

composition X. The imogolite-like structures show a ten-
dency that the larger the concentration of Ge the smaller the
band gap, see Figs. 13(a)-13(d). This behavior is indepen-
dent of the different tubular radial dimensions N, when the
four k points are considered, showing the same general in-
creasing tendency with fluctuations of at most 0.2 eV. There-
fore the electronic softness and hardness of imogolite fibers
are functions of the Ge content X as a consequence of the
behavior of the band gap. The imogolite variable band gap
values of 4.3-4.8 eV at the I' point makes the imogolite
structures an insulator; however, these results must be lim-
ited to the ideal nonhydrated imogolites systems and they
must be considered just a first approximation to the real hy-
drated problem, where the surface electronic structure will
change substantially with pH and hydration.

IV. FREQUENCY ANALYSIS ON IMO-SI, N,=10

The IR and Raman spectra, both associated to the normal
modes of vibration, are two of the most used techniques of
characterization of imogolite fibers.?229-31.38:41.4250 The
interpretation of the IR and Raman spectra is a complicated
issue, especially in systems with many degrees of freedom
like in large molecules or fibers where it is possible to find
vibrations associated to some atomic groups, but also some
collective modes (phonons) due to the large size of the fibers.
Experimentally, the imogolite IR spectra exhibit some typical
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FIG. 13. (Color online) Band gap evolution for the different k
points used in the calculation (a)—(d), (see Table I), as a function of
the radial dimension of the tubes. At the I'(0,0,0) point (a), the band
gaps have their minimum values, increasing as the content of sili-
con. The same behavior with the silicon content is observed at the
other k points.

bands associated to different functional groups; in particular,
the bands due to the H-O-H bending of water and to the
structural groups O-H are located near 3500 and 1630 cm™!,
respectively.”® The broadband centered at around 1000 cm™!
has contributions attributed to the stretching of Si-O and
Si-O-Al>!2 The position of the Si-O stretch band depends
on the Al/Si ratio, shifting the maximum to higher wave
numbers for a lower Al/Si ratio.’® Finally, the peak at
560 cm™! has been ascribed to the O-Si-O bending vibration.

Theoretically, the vibrational spectra can be obtained by
two approaches; in the first approach parametrized force
fields are used to get these spectra with the advantage of the
fastness of the calculation, but the validation of the force
fields for specific systems should be argued. The force field
methodology has been employed by Tamura et al.'! for the
calculation of vibrational modes and strain energies of imo-
golite fibers using a parametrized three-body interaction po-
tential for models with periodic boundary conditions and cell
dimensions of 7.20X7.20X5.04 nm?, where the Fourier
transform of the velocity autocorrelation function of the
atoms was used. The imogolite spectrum obtained with this
force field shows a good agreement with the Si-O vibrations
near 1000 cm™', whereas the Al-O vibrations were not iden-
tified and the O-H stretching was observed at higher wave
numbers. Recently, Konduri et al.'’ analyzed the strain
energy and the vibrational properties in models of isolated
imogolite tubes, from N,=18 to 48, using the CLAYFF force
field. The frequencies of the imogolite models were obtained
from a parametrized Lagrangian that depends on the Al-O
and Si-O interatomic distances and on the number of alumi-
num atoms in the tube, finding a good agreement for the
Al-O-Al frequencies (583 cm™') and for the Al-O-Si fre-
quencies (1091 cm™).

In the second approach, the interatomic forces are ob-
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tained from ab initio calculations with the advantage, at least
theoretically, of a better description of the interatomic forces;
however, these kinds of calculations are computationally ex-
pensive for systems with hundreds of atoms as is the case of
Imo-Si cells. Therefore in order to obtain a first notion of the
frequency spectra this was calculated, to optimize computa-
tional resources, for the I" point of the most likely natural
imogolite, Imo-Si-N,=10. The ab initio calculation of the
normal modes were carried out on the geometry optimized
structure using the same DFT parameters employed for the
geometry optimization. Figure 14(a) shows the total spec-
trum of frequencies obtained from the DFT calculation,
where the intensity of each frequency was computed as the
summation of the corresponding norms of the eigenvectors
associated to each atom in the Hessian matrix. The compari-
son between the experimental IR spectra reported by Tamura
et al.'!" and Johnson et al.’® and our theoretical DFT calcula-
tion shows that there are common peaks in the region from
3200 to 3800 cm™' and in the region from 1400 to
1200 cm™!. There is an empty frequency region from 1200
to 3200 cm™!. Experimentally, the peak at 1630 cm™' is
attributed to the presence of water in the samples; this fact
explains why this peak does not appear in our theoretical
spectra.

In order to distinguish the different atomic contributions
to the frequency spectrum, the atomic partial contribution in
each frequency was obtained and the partial intensity fre-
quencies (PFI) were determined; this spectrum shows two
main regions, see Fig. 14(b). In the first region, from ~0 to
1000 cm™! the frequency spectrum has contributions from all
the atoms in the imogolite structure, where the contributions
from the different atomic radial layers to the frequency spec-
trum are shown. The layer notation used in Fig. 14(b) is the
same as that of Fig. 12. The common movement of atoms in
the ~0 to 1000 cm™' region allows one to classify these
vibrations as phonons. In the second region, from 3200 to
3800 cm™’, the presence of localized atomic contributions is
observed coming mainly from O-H vibrations of the inner
0,-H; layers, 3200 to 3400 cm™', and outer O4-H; layers,
from 3700 to 3800 cm™!, therefore these modes can be
classified as localized modes. The correlation among the fre-
quencies of different atomic pairs in the imogolite structure
was analyzed by defining the pair frequency correlation
(PFC) between the atoms x and atoms y as “PFC, ,=(PFI),
X (PFI),,” where the (PFI), denotes the partial intensity fre-
quencies associated to the atom x in the radial direction of
the imogolite arrangement. The various PFC, , associated to
the nearest neighbors in the radial direction are shown in Fig.
15. The O-H correlations come from the PFCHI_O2 showing
peaks in the regions from 3200 to 3400 cm~! and from 1000
to 1200 cm™!. On the other hand the PFCHTO6 shows peaks
from 800 to 1000 cm™' and a narrow peak distribution
between 3700 and 3800 cm™' that corresponds to the
characteristic O-H oscillations where oxygen is three-fold
coordinated, as in kaolinite and outer imogolite O-H
arrangements,’* see Fig. 15. The Si-O oscillations are asso-
ciated to the PFCg; o, and the PFCg; o, showing in both
cases peaks in the region between 800 and 1200 cm™!
centered at ~1000 cm™', as reported in the literature, see
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Fig. 15. Finally, the Al-O normal modes show intensities
weaker than the Si-O normal modes, as can be seen by com-
paring the PFCs of Si-O with PFC Al;-0, and PFCA15-05 in Fig.
15; nevertheless, the presence of oscillations in the region
from 800 to 1000 cm™! can be associated to the characteristic
Al-O vibrations reported in the literature.

V. CONCLUSIONS

In this theoretical work we have calculated, from first
principles, the structural and electronic properties of
imogolite-like structures as a function of silicon content [X
=Si/(Si+Ge)] and as a function of the number of gibbsite
cell units, N, for models with periodic boundary conditions
along the axial direction. A cylindrical unit cell length of 8.4
to 8.5 A is experimentally reported in the literature for the
imogolite structure, close to the experimental values for the
gibbsite structure. In this work the imogolite tubular struc-
ture was calculated using DFT at three different levels of
approximation: DN basis set and I" point in the reciprocal
space (DN-I'), DN basis set and various k points (Table I)
(DN-k), and DNP basis set and various k points (Table I)
(DNP-k), finding the minimum position of the cylindrical
cell length at 8.80 A for the DN-I" approximation, 8.72 A for
DN-k, and 8.62 A when the DNP-k description was used.
The difference among the calculated values and the experi-
mental results may be due to a possible dependence of the
axial length of the unit cell with curvature. In order to dis-
cern if this is the case, a sequence of quantum geometry
optimizations for the flat imogolite structure, which corre-
sponds to a tube of infinite radius, was carried out finding
that for DNP-k the minimum configuration leads to cell
lengths a=4.9 A and b=8.46 A. The b cell length corre-
sponds to the cylindrical cell length in the imogolite, and the

w\" ﬂm 0.005

IT’

1000 3000 3500

Frequency (cm™)

calculated value is within the experimentally reported inter-
val. This result suggests a possible radius dependence of the
cell length or the necessity of a more precise calculation in
the k points description.

The electronic analysis in all the theoretical approaches
produces similar results for the Hirshfeld charge and band
gaps with values in the interval 4.75-4.94 eV for the tubular
structures and 5.57 eV for the flat (infinite radius) configu-
ration. Therefore due to this similarity in the charges and
gaps, a sequence of simulations in tubular imogolites as a
function of the Si/(Ge+Si) content were carried out consid-
ering as a good approximation the value of 8.72 A for the
cylindrical cell length produced by the DN-k basis.

The x-ray diffraction pattern (XRDP) of individual iso-
lated imogolite tubes was simulated as a function of N, and
X finding that the XRDP is scarcely affected by the silicon
content X and mainly affected by N,; this phenomena was
observed with both x-ray sources, Ka-Cu and Fe. The x-ray
pattern shows a shifting of the two main peaks in the low 26
region such that the larger the number N, the lower the po-
sitions of the two main peaks. This shifting follows a linear
relation whose parameters are shown in Table III. In the me-
soscale level, the XRDP of bundles of imogolites was simu-
lated finding a good agreement between the experimental
x-ray structure reported by Mukherjee et al.'® and a structure
of 5X5 tubes formed with individual tubes with N,=12, a
tube-tube distance separation of 24.8 A, and an angle be-
tween the straight lines joining the tube centers of 64°; this is
practically a hexagonal configuration.

Imogolite-like structures show small changes in the
atomic Hirshfeld charge analysis when N, and X are varied.
The effect of substitution of silicon by germanium represents
a marginal increment of positive charge in their atomic po-
sitions that produces an increment of electronic softness of
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the tube. The adsorption properties of cations and anions by
imogolites is attributed to an external positive surface imog-
olite charge and an internal negative pore charge, produced
by the curvature of the gibbsite layer.*’” However, in our cal-
culations the Hirshfeld charge analysis and the potential elec-
trostatic distribution leads to an external positive surface
charge as Gustafsson et al*’ proposed, but the internal
charge is also positive, unlike the proposal given in Ref. 47,
due to the presence of hydrogen on those surfaces in the
perfect imogolite-like structures. Nevertheless, our charge re-
sults must be restricted to the ideal nonhydrated imogolites
systems and then must be considered just a first approxima-
tion to the real hydrated problem, where the surface elec-
tronic structure will change substantially with pH and hydra-
tion.

The correlation between the electronic states and the ra-
dial position, see Fig. 12, shows that the reactive sites are in
the neighborhood of HOMO energy and come from the oxy-

|

I

1000 3000
Frequency cm™)

PFC..
Si,-0,

/i
LELEL { L R B S

PFC FIG. 15. (Color online) Pair

Al5-o4 frequency correlations of the
nearest-neighbors radial atoms in
the imogolite structure. The fre-
quencies larger than 3000 cm™
are completely due to O-H oscil-
lations and the group of oscilla-
tions at ~1000 cm™' have differ-
ent PFC contributions, but are
mainly due to the Si3-O4 oscilla-
tions layers in the imogolite
structure.

3500 400(

gens in the various imogolite layers, but are due mainly to
the internal oxygen label as O, in Imo-Si and Imo-Ge. The
conduction band for the case of Imo-Si has its main contri-
bution from states coming from the external hydrogen H,
Fig. 12(a); however, for the case of Imo-Ge the conduction
band has also a contribution due to the Ge; layer. The band
gap values show an increasing behavior as a function of the
silicon content in all the k points studied in this work, see
Fig. 13. Finally, the frequency analysis shows two main re-
gions, one characterized by collective modes (phonos) and
another with only localized modes due to the O-H vibrations,
qualitatively in agreement with the ir results.
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