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observe a strong structuration of the water confined in the
nanotube, with specific adsorption sites, and a statistical
distribution of hydrogen bond patterns. The combination of
number of adsorption sites, their geometry, and the preferential
tetrahedral hydrogen bonding pattern of the water leads to
frustration and disorder. We also characterize the dynamics of
the water, as well as the hydrogen bonds formed between water
molecules and the nanotube.

■ SYSTEMS
Imogolite Structure. Imogolites are aluminum silicate clay

minerals with the chemical formula (OH)3Al2O3SiOH. Their
structure was first described by Cradwick et al.15 from electron
diffraction measurements as a cylindrical assembly of silicon
tetrahedra and aluminum octahedra (see Figure 1). This sheet

spontaneously folds into a nanotube because of bond length
mismatch and the formation of hydrogen bonds.10,11 The
imogolite nanotubes are characterized using the same
nomenclature as carbon nanotubes. Both natural and synthetic
imogolite nanotubes exhibit a zig-zag folding, with a variable
number n of (OH)3Al2O3SiOH units (called gibbsite units)
along the nanotube circumference. The cylindrical unit cell
then contains 2n gibbsite units. Natural imogolite is a nanotube
with size n = 12, whereas depending on the details of the
synthesis conditions, synthetic imogolites correspond to values
of n typically between 12 and 14 and sometimes larger.

To produce imogolite nanotube models, we started from the
structure of Cradwick et al.15 for a n = 10 nanotube with C2n
symmetry. We formed a flat gibbsite-like sheet by unfolding the
nanotube and adding hydrogen atoms (not present on the
electron diffraction data). We relaxed the slab geometry and
unit cell with density functional theory (DFT, see computa-
tional details in the next section) in the Cm space group. From
this relaxed planar structure, we rolled back a nanotube of size n
= 12. Using the Bilbao Crystallographic Server,16 we identified
the space group of the nanotube to be P4/m. We relaxed the
nanotube structure and cell parameters with periodic DFT
calculations, using a large inter-nanotube spacing (60 Å), so
that there are no interactions between nanotubes. We show in
Figure 1 the two views from the top and side of the n = 12
nanotube with three unit cells along the z-axis.

The internal surface of an imogolite nanotube can be
described as a periodic sequence of silicon rings along the
nanotube axis. Two adjacent rings are rotated of π/n. When
dry, silanol groups within a ring form hydrogen bonds so that
all of the hydroxyl groups are in a plane normal to the nanotube
axis, as shown in Figure 1. The internal diameter, computed

between internal oxygen (noted Oint), is 12.8 Å, and the
external diameter, computed between external oxygen (noted
Oext), is approximately 22 Å. Konduri et al.17 highlighted that as
a consequence, the inner pore is not smooth and uniform as for
the carbon nanotube, but the pore is rugged: narrower where
there are silanol groups and larger between these silicon rings.
One can picture the internal cavity as a hollow cylinder with
equally spaced circular furrows in the circumference.

Nanotubes Packing. Imogolite nanotubes can have a
length from 10 nm up to a few micrometers, and experiments
show that they tend to pack into bundles when dry. The
periodic pattern seems to be a monoclinic assembly18,19 with β
≈ 78°. Given our focus on adsorption inside the nanotubes,
following other theoretical studies, we chose to represent the
nanotubes in a hexagonal packing that is close to the
monoclinic one.8,17,20 Lattice constants are chosen to ensure
close contact (but no overlap) between neighboring nanotubes,
at a = b = 24.2 Å. This choice is consistent with the
experiments and other theoretical studies. Along the tube axis,
we studied supercells with lattice parameters c = n × 8.486 Å,
where n = 1, 3, or 5 (where the value of 8.486 Å was
determined by geometry optimization with variable cell).

Simulation Methods. We performed simulations at two
different levels of theory: at the quantum chemistry level, we
performed DFT calculations for both energy minimization as
well as first principles MD. We also used classical force-field-
based simulations, for both classical MD and Monte Carlo
simulations. We used the open source cfiles tool (https://
github.com/chemfiles/cfiles) for trajectory analysis: angles
distribution, density maps and hydrogen bonding patterns.
Representative input files for the molecular simulations are
available online in our data repository at https://github.com/
fxcoudert/citable-data.

DFT Calculations. Energy minimization of the nanotubes
and slabs were performed with DFT calculations with periodic
boundary conditions and the use of symmetry to reduce
computational cost. We used these calculations with the
CRYSTAL1421 software package. The exchange−correlation
functional used was the solid-adapted generalized gradient
approximation PBEsol, and the basis set for all atoms (Si, Al, O,
H) was double-ζ valence polarized.

We also performed DFT-based MD simulations, also known
as first principles or ab initio MD, as a way to generate reference
data for comparison and validation of classical force fields.
These simulations were run with CP2K.22 Temperature was
kept constant at 300 K with a canonical sampling through
velocity rescaling thermostat,23 with a time constant of 200 fs.
The timestep was 0.5 fs, and the system was deuterated for
computational convenience. After 5 ps of equilibration,
production trajectories were accumulated for 30 ps.

Classical Simulations. Although DFT is a good model to
extract the structure and short-time dynamics of the system,
simulations longer than a few tens of picoseconds are not
readily accessible. This is why we used classical simulations
based on a force field approximation of the intra- and
intermolecular interactions, to study the structure and dynamics
of water in imogolites at larger time scales. We ran MD
simulations in the canonical (N, V, T) ensemble with the
LAMMPS code,24 using a timestep of 0.5 fs. After 100 ps of
equilibration, we collected trajectories from 200 ps to 50 ns,
depending on the properties studied in each case.

We also performed a series of GCMC simulations with a
fixed chemical potential, volume, and temperature (μ, V, T) to

Figure 1. Imogolite nanotube (n = 12) with three unit cells along the
tube axis z. Color code: aluminum (pink), silicon (yellow), oxygen
(red), and hydrogen (white). Note the hydrogen bonds between
silanol groups on the inner surface (left panel).
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