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Nanostructured water and carbon dioxide inside
collapsing carbon nanotubes at high pressure†

Wenwen Cui,a Tiago F. T. Cerqueira,ab Silvana Botti,abc Miguel A. L. Marques*dac

and Alfonso San-Miguela

We present simulations of the collapse under hydrostatic pressure of carbon nanotubes containing

either water or carbon dioxide. We show that the molecules inside the tube alter the dynamics of the

collapse process, providing either mechanical support and increasing the collapse pressure, or reducing

mechanical stability. At the same time the nanotube acts as a nanoanvil, and the confinement leads to

the nanostructuring of the molecules inside the collapsed tube. In this way, depending on the pressure

and on the concentration of water or carbon dioxide inside the nanotube, we observe the formation of

1D molecular chains, 2D nanoribbons, and even molecular single and multi-walled nanotubes. The

structure of the encapsulated molecules correlates with the mechanical response of the nanotube,

opening up opportunities for the development of new devices or composite materials. Our analysis is

quite general and it can be extended to other molecules in carbon nanotube nanoanvils, providing a

strategy to obtain a variety of nano-objects with controlled features.

1 Introduction

Since their observation in 1991 by Iijima,1 carbon nanotubes
(CNTs) have been at the center of a considerable research effort.
CNTs can be produced in a large number of diameters and
chiralities, can have a single wall or multiple walls, can have
their extremities open or closed, can be empty or filled with
several substances, can be isolated and dispersed in a solution
or in a composite material, can appear in bundles, etc.2 Of
course, this remarkable variety allows us to tune and engineer
the already unique, and highly anisotropic, electronic, mechanical
and transport properties of CNTs, making them a cornerstone
material for a wealth of possible applications, ranging from
electronics to their use as nanoprobes for biological investiga-
tions.3 Among a variety of applications, CNTs are studied as
vessels for host–guest chemistry thanks to their inner cavity which
can be filled with different molecular entities. Up to now CNTs
have been used as passive nanovessels for chemical reactions or
storage. We propose here to provide CNTs with an active role in
the elaboration of novel molecular structures through the control

of the geometry of the nanocavity by applying hydrostatic
pressure.

Theoretical and experimental studies have shown that CNTs
can undergo drastic radial deformations under hydrostatic
pressure,4–9 going from a circular cross-section to an oval or
polygonal one, and from this to a fully collapsed, peanut-like
shape.6 The exact details of the collapse process are however
still under debate. Several contradicting values for the collapse
pressure of CNTs have been obtained experimentally. The
source of such discrepancies probably resides in the inter-
actions with the pressure transmitting medium.10,11 On the
other hand, theoretical calculations show that the chirality has
only a small effect on the collapse pressure Pc, which is mainly
determined, for single-walled tubes, by the tube diameter5,8,9

(given as Pc B 1/d3, where d is the diameter of the tube).
Furthermore, the electronic structure of CNTs is strongly
dependent not only on their chirality but also on the modifica-
tion of their radial cross-section geometry,12–19 which can be
affected by external forces like van der Waals interactions with
a surface20,21 or hybridization with an interface.22

In this article we deal with the collapse process of CNTs,
which encapsulate a molecular ‘‘foreign material’’. In fact, we
can fill CNTs with several guest molecules, such as argon,23–28

neon,28 helium,25 fullerenes,11,29,30 or water.10,11,30–49 The effect
of the filling is two-fold. On the one hand, guest compounds
can differ significantly from bulk matter33,36,37,43 due to the
strong bilateral confinement at the nanometer scale. Moreover,
the behavior and properties of the inclusion can be strongly
influenced by the tube diameter.47,50 On the other hand, guest
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molecules can also influence the electronic and mechanical
properties of the host CNT.11,30,51 For example, recent experi-
mental studies demonstrated that water filling can increase
substantially the collapse pressure of CNTs,10 while the structure
of enclosed C60,52 C70

11 or iodine53 can be altered by modifying
the tube radial cross-section.

A particularly interesting example is given by water filling.
Theoretical calculations have shown that, for small diameter
nanotubes (0.54 o d o 0.811 nm) encapsulated water cannot
move freely and forms a single-file water structure.47,54 This fact
was experimentally confirmed using Raman spectroscopy by
Cambré et al.34 who observed the single-file water chain down
to a (5,3) CNT (with a diameter of 0.548 nm). For larger tubes
the situation is considerably more complicated. Noon et al.43

and Liu et al.39 found that water molecules form a very ordered
spiral-like chain along the CNT axis. On the other hand, Koga
et al.37 found n-membered rings of water inside CNTs under
pressure (in the range 0.05–0.5 GPa), where the n value depends
on the diameter of the tube. Similar structures were also found
inside a (9,9) CNT by Mashl et al.42 Furthermore Shiomi et al.55

and Wang et al.47 found that ice-like structures formed inside
CNTs. Finally, Paineau et al.56 discovered in X-ray scattering
experiments that the structure of water in CNTs depends on its
percentage in mass: if the water content is larger than 5% in
mass, water filling is no more homogeneous and the molecules
form 3 layers.56 Also closely related is a recent outstanding experi-
ment reporting a novel form of water, named ‘‘square ice’’, formed
between two layers of graphene due to nano-confinement,31

although this finding has already been questioned.57

All these studies were performed either under ambient
conditions or at very low pressure. High pressures, on the other
hand, have been a much less explored subject, even if it is well
know that they can affect considerably the structural properties
of materials. In this paper, therefore, we study theoretically the
effect of high-pressure in the nano-confinement of molecular
systems inside CNTs. In particular we are interested in the
effect of the nanotube radial collapse, which imposes extremely
anisotropic constraints on the filling material. We will consider
two guest molecules, namely H2O and CO2.

2 Methods

The simulations of the collapse of empty and filled CNTs were
performed using the density-functional tight-binding (DFTB)
technique, as implemented in the DFTB+ software package.58

DFTB has the advantage of being considerably faster than a
standard density-functional theory (DFT) calculation, retaining
at the same time much of the accuracy of the latter theory.
Moreover, as it is a fully quantum approach, it has no problem
in describing the different hybridization states of carbon, and
in particular the increase/reduction of sp3 content during the
collapse process. The parameters describing the carbon–carbon
interaction were taken from the matsci-0-3 set,59 while the rest
of the parameters were taken from the mio-1-1 set.60 In order
to account for possible charge transfer processes we used the

self-consistent charge DFTB scheme.60 Concerning the valida-
tion of the parameters, the carbon–carbon Slater-Koster para-
meters we used have been extensively applied for the study of
CNTs since at least 2003.61 We recently used these parameters
to study the collapse of bundles of single-walled CNTs.9 The
parameters required to describe water have also been extensively
tested.62,63 The excellent agreement that we find in the present
work on the evolution of the CNT collapse pressure in empty and
water filled CNTs with the experimental work of ref. 10 further
validates our set of parameters.

We carried out our simulations using a periodic hexagonal
supercell containing 4 (10,10) CNTs (d = 1.36 nm, 160 carbon
atoms). The a and b lattice constants are chosen such that tubes
are separated by at least 10 Å in order to minimize interactions
between neighbors. The tubes are surrounded with enough water
(200 molecules) or CO2 (150 molecules) to fill the unit cell.
Moreover, we consider the inclusion of guest molecules inside
the CNT, exploring a range of concentrations from 3% to 40%
which covers the experimental range. All the starting cells are first
thermalized at 370 K, and then slowly quenched to 10 K. Finally,
individual atomic positions and cell vectors are fully optimized
until all forces are smaller than 10�4 Ha/Bohr. From these starting
geometries we then perform quasi-static simulations by increas-
ing the pressure in small steps of 0.2 GPa up to 15 GPa, unless the
tube collapses before. At each pressure step the geometry is again
fully optimized. We remark that high temperature may help CNTs
to overcome energy barriers leading to a plastic collapse,64 how-
ever we want to focus here on the effect of hydrostatic pressure
and we will therefore disregard temperature effects.

The electronic structures of some of the most interesting
collapsed structures were then analyzed using DFT as implemented
in the Vienna Ab initio Simulation Package (VASP) code.65 We used
the Perdew–Burke–Ernzerhof66 exchange–correlation functional, a
plane wave energy cutoff of 700 eV and 2 � 2 � 3 k-point meshes.

Before discussing our results, it is worthwhile defining how
to calculate the volume of deformed CNTs. The critical point is
to calculate the area of the cross-section. To this end we project
all the positions of carbon atoms on a plane perpendicular to the
axis. Second, we delete atoms with the same projected positions
(within a small tolerance distance). Then, we choose one reference
point on the plane (for example outside the tube) and we connect
it to all projected atoms. We define in this way a set of ordered
vectors vi with a common end point, and whose other end points
draw in the plane a close chain of N points. These vectors divide
the plane in triangles. The cross-section area of the tube can now
be calculated by adding the half of (positive and negative) values
of the cross-products of all couples of neighboring vectors:
1

2

PN
i¼1 vi � viþ1 with vN+1 = v1. Once we have calculated the

cross-section area, the volume can be easily obtained by multi-
plying it by the length of the tube along its axis.

3 Results and discussion

We study isolated (10,10) CNTs, using either H2O or CO2 both as
filling and pressure transmitting medium. Experimentally, water
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filling of arc-type single-walled CNTs with comparable diameters
was estimated to be between 11% and 29% of the total weight
fraction of fully filled nanotubes.56 Therefore, to cover the whole
experimental range we studied concentrations of water inside
CNTs of 3.8%, 13.1%, 21.6%, 30%, and 39.4%. This corresponds
respectively to 4, 14, 23, 32, and 42 extra molecules of H2O in our
simulation supercells. There are no experimental estimates for
CO2 filling, therefore we decided to use regularly spaced values
in the interval from 5 to 30 extra CO2 molecules.

In Fig. 1 we plot the volume of the tube (normalized to its
volume at zero pressure) as a function of pressure. The volume
is calculated as described in Section 3. The left panel contains
results for CNTs filled with H2O, while the right panel refers to
CO2 filling. The bulk modulus B0 of the non-collapsed (10,10)
nanotube can be estimated from the linear regime variation of
V/V0, yielding a value of B0 250 GPa independently of the filler.
In empty tubes, the collapse process to a peanut-like shape is
abrupt,9 as it can be clearly seen from the large discontinuity
of the corresponding curves. Upon tube filling the collapse

process changes considerably. First, the compressibility curves
start to deviate progressively from a straight line, marking a
difference between the pressure onset of the tube deformation
(Po), and the pressure at which the collapsed shape is found
(Pc). The final volume of the collapsed tube increases with
filling, simply because the tube cannot completely collapse due to
the presence of the guest molecules. Finally, the collapse process
becomes less abrupt, until it becomes inhibited for large enough
filling concentration in the pressure domain of our study.

Due to this complex behavior, it is necessary to define how
to measure the deformation onset and the collapse pressure.
The onset of the radial deformation can be well established by
monitoring the evolution with pressure of the distance between
two pairs of carbon atoms belonging to the nanotube, which
define perpendicular segments of length approximately equal
to the tube diameter (see also the ESI†). The difference between
the length of the two segments becomes larger at Po. The values
of Po obtained following this criterion to define the ovalization
pressure are shown in Table 1. Only in the case of 42H2O and
30CO2, the method did not allow for determining a clear value
of Po, whereas visually a slight deformation of the carbon
nanotube cross-section could be observed at high pressure.

It is noticeable that whereas a CO2 filling provides mechanical
support [Po(n) 4 Po(n = 0)], in the case of H2O filling, the enclosed
molecules favor the deformation of the tube, at least at low and
moderate filling [Po(n) o Po(n = 0) for n r 23]. We will discuss
again later the implications of this observation in the light of the
geometries of the molecular structures that form inside the CNTs.

In order to measure the collapse pressure, one can search for
a discontinuity in V/V0 or in the Gibbs free energy. This method
works well for empty tubes or at low-filling. For higher filling
ratios, on the other hand, the collapse process is more con-
tinuous, and the collapse pressure is difficult to identify pre-
cisely. In this case, we decided to define the collapse pressure
as the first obvious discontinuity of the volume of the CNT,
corresponding to the end of the first ‘‘step’’ of the V/V0 curve.

Fig. 1 Variation of volume as a function of pressure for (10,10) CNTs filled with different amounts of molecules of H2O (a) and CO2 (b). The letters label
different regimes for which we show snapshots of the nanotube structure in Fig. 2–4.

Table 1 Number of H2O and CO2 molecules inside the tubes per unit cell,
corresponding H2O to carbon and CO2 to carbon mass percentage (wt%),
onset pressure (Po in GPa) and collapse pressure (Pc in GPa) of (10,10)
CNTs filled with H2O and CO2 in H2O or CO2 environments, respectively.
We did not observe any collapse up to the maximum pressure of 15 GPa
for the cases of 42H2O or 30CO2 molecules inside the CNTs. For these
same filling ratios, the Po incertitude is very high and the values are not
included in the table. If not specified, the estimated error for the computed
collapse or onset pressure is of �0.3 GPa

nH2O wt% Po (GPa) Pc (GPa) nCO2 wt% Po (GPa) Pc (GPa)

0 0.0 3.4 4.8 0 0.0 3.0 4.2
4 3.8 1.2 4.8 5 11.5 4.2 4.6
14 13.1 3.0 5.8 10 22.9 3.6 5.0
23 21.6 4.8 5.8 15 34.4 5.2 6.8
32 30.0 4.0 � 1 6.2 20 45.8 5.4 8.4
42 39.4 415 25 57.3 11.4 11.6

30 68.8 415
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In Table 1 are also shown the collapse pressures calculated
using this procedure as a function of H2O and CO2 content. The
first result we can read from the table is the dependence of the
collapse pressure on the pressure transmitting medium. Empty
(10,10) tubes collapse at around 4.8 GPa (when the transmitting
medium is water) and 4.2 GPa (when the transmitting medium
is carbon dioxide). These values of pressure are very close to the
value calculated for the same (10,10) nanotubes in a bundle
geometry (4.5 GPa).9 Our result for the (10,10) tube (of diameter
1.36 nm) using water as pressure transmitting medium is also
quite close to the 3.9 GPa measured experimentally in ref. 10
for individualized single-walled (SW) CNTs with an average
diameter of 1.32 nm immersed in a water medium containing
surfactant molecules. This agreement confirms the validity of
our model and approximations.

For tubes filled with 4 and 14 water molecules, we observe
two main discontinuities in the volume/pressure curves. A
closer inspection of the intermediate structures reveals that
the first is mainly related to the transformation of the nanotube
cross-section, while the second corresponds to a structural
modification of the guest molecules to a more compact geo-
metry. For larger filling the collapse process consists of a series
of smaller steps, which correspond to changes in the cross-
section of the tube and/or modifications of the structures of the
guest molecules as the applied pressure increases. Finally,
tubes containing 40H2O molecules per unit cell or 30CO2

molecules per unit cell do not collapse in the range of explored
pressures, i.e. until 15 GPa.

From Fig. 1 and Table 1 it is clear that the collapse pressure
increases with increasing filling, indicating that the guest
molecules provide an overall mechanical support to the CNT.
This is in qualitative agreement with recent experimental
findings on water filled tubes:10 by filling with water a SWCNT
with hdi = 1.32 nm, and with a measured Pc of 3.9 GPa when
empty, the collapse onset moves to 14 � 2 GPa and ends at
17 GPa. This is in agreement with our findings. In fact, once
that the extremities of the tube have been opened, one cannot
prevent water from entering the tube due to the effect of
pressure, until the solidification of the pressure transmitting
medium (water with a surfactant), which was observed at

around 2 GPa. At this pressure liquid water increases its density
by 33%, corresponding in our modelling to a water filling larger
than 42 wt%. For this filling we did not observe any collapse
up to the maximum pressure of 15 GPa.

We show in Fig. 2 snapshots of the collapsed water-filled
nanotubes, corresponding to the positions marked in the
volume/pressure curve of Fig. 1. For low water content, we find
that the tubes still collapse to the peanut-like shape [see Fig. 2(b1)
and (c1)] that they would assume if they were empty [see Fig. 2(a)].
At larger filling [Fig. 2(d1) and (e1)] steric effects prevent the full
collapse of the tube, which conserves a highly deformed, ovalized,
cross-section. Even more interesting is what happens to the water
molecules inside the tube. In Fig. 2(b1) and 3(b1) we see the
formation of a water rhombus, while in Fig. 2(c1) and 3(c1) we can
clearly see the appearance of 2D water nanoribbons, which
resemble the ‘‘square ice’’ found in ref. 31. In these structures
the O–O distance is between 2.78 Å and 2.96 Å (significantly
smaller than the experimental value of 3.3 Å at ambient pressure),
while the O–H distance (O from the acceptor molecules and
hydrogen from the donor) lies between 1.81 Å and 1.98 Å (to be
compared with 2.4 Å at ambient pressure).54 The 2D confinement
imposes a H–O–H angle of around 1071, in-between the angle of
104.471 of gaseous water and the tetrahedral angle of 109.471 of
hexagonal ice. However, the angle formed by hydrogen bonds is
greatly reduced to values between 501 and 901, depending on the
degree of planarity of the hydrogen bonds. At larger water content,
as shown in Fig. 2(d) and (e), we find that the guest molecules
form water nanotube-like structures, which support the outer
carbon tubes, making it more difficult to undergo a significant
transformation. This action is similar to the one present in, for
example, double-walled CNTs, where the inner tubes provide a
mechanical support to the outer tube.67,68

The second row of Fig. 2 depicts the structures of water-
containing collapsed CNTs at pressures which correspond to
the second discontinuity of the volume/pressure curves of
Fig. 1(a). There are some notable differences. In the case of a
nanotube containing only 4 water molecules, the rhombus
breaks down and a single zigzag chain of water molecules is
formed on one of the sides of the tube (see Fig. 3). In this case
the hydrogen atoms are all in the same plane, and the distance

Fig. 2 Snapshots of cross-sections of collapsed CNTs filled with various quantities of H2O. Under each figure we display a label to specify the
corresponding curve and pressure range of Fig. 1(a).
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between neighboring molecules becomes 2.71 Å. When the
nanotube is filled with 14 water molecules [Fig. 2(c2) and
3(c2)], there is no large deformation of the water sheet, but
now the 2D structure is more planar, with a better alignment of
hydrogen atoms in the plane. Upon increasing even further the
water filling, we observe that water inside the CNT (Fig. 2(e2))
forms a nearly perfect collapsed water-nanotube. The case in
Fig. 2(d2) is a mixed case, as there is not enough water to form a
collapsed water nanotube, but there is too much for it to form a
2D water nanoribbon.

A very similar situation arises when we replace water mole-
cules with CO2. In Fig. 4 we show shapshots of collapsed CNTs
after the first and the second discontinuities of the volume/
pressure curves of Fig. 1(b). Depending on the content of
molecules inside the tubes we find planar structures, collapsed
nanotubes, and even nanoribbons inside collapsed CO2 nano-
tubes inside CNTs. We find that the CO2 collapsed nanostruc-
tures are substantially more planar than those made of water.
This fact can be simply explained by the absence of the two lone
pairs and the two hydrogen bonds of water, which favor a
tetrahedral environment. In spite of this difference, the beha-
vior of water and CO2 inside tubes is remarkably similar, which
makes us believe that the main effect of the nano-confinement

is purely geometrical and does not have an electronic nature.
This was confirmed by performing electronic structure calcula-
tions within DFT. It turns out that the density of electronic
states of the combined system can be obtained as a simple
superposition between the density of states of the collapsed
tube, the pressure transmitting medium, and the encapsulated
molecules.

In Fig. 2 we summarize the results by plotting the collapse
pressure and the onset pressure for radial deformation as a
function of filling. We observe that the effect of the filling on
the collapse pressure follows two different regimes. Indicating
with n the number of molecules contained in the tube unit cell
and with nc the critical filling number, for n o nc Pc increases at
a rate of less than 0.1 GPa per n unit whereas for n 4 nc, Pc

increases at least 4–5 times faster. This critical filling is filler

dependent with values of nH2O
c � 32� 42 and nCO2

c � 10� 15 in
our case. These two different regimes of evolution of Pc(n) can
be better understood if we consider the molecular structure
inside the CNTs. In the case of CO2, the critical value nc

corresponds to the number of molecules needed for the nano-
structuration of an internal molecular nanotube which provides
an important mechanical support. The linear structure of the
CO2 molecule allows for a molecular nanotube structuration
with a lower number of molecules than what is needed for water,

explaining why nCO2
c o nH2O

c . The case of water is more compli-
cated because the water nanotubes (d1 and e1) do not seem to
provide a support as good as that of CO2 nanotubes. The
different nature of the inter-molecular interactions in H2O
and CO2 should certainly play an important role in determining
the nc value. In fact, in water the structure of ice is driven by
the hydrogen-bond interactions, whereas in CO2 quadrupole–
quadrupole interactions are essential. These interactions lead
to pentameric H2O bulk ice arrangements, on one hand, and to
zig-zag arrangements of CO2 molecules on the other hand.

The dependence on the filling factor of the onset pressure
for radial deformation Po is similar to the dependence of the
collapse pressure, and it can be explained by the same mechanism.
In fact, the nanostructures of CO2 at low filling are more planar
and favor a more symmetric filling, yielding therefore a better
support to a symmetric collapse. In the case of water, a non-planar

Fig. 3 Top view of water and CO2 structures inside collapsed CNTs. The
labels refer to those of Fig. 2 and 4.

Fig. 4 Snapshots of cross-section of collapsed CNTs filled with various quantities of CO2. Under each figure we display a label to specify the
corresponding curve and pressure range of Fig. 1(b).
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clustering at low concentration leads to a non-symmetric incom-
plete filling of the CNT, favoring a radial deformation already at
pressures lower than the onset of the empty tube. This is due to
the inhomogeneous strain field introduced by the asymmetric
filling. We can observe this effect in the inset of Fig. 5, where the
negative values of Po(n) � Po(0) correspond indeed to incomplete
(non-symmetric) filling of the CNT.

4 Conclusions

In summary, we investigated how to use collapsing carbon
nanotubes as active nanoanvils to engineer exotic molecular
structures. By encapsulating water and carbon dioxide, and
varying the filling factor and the external hydrostatic pressure,
we could easily produce one-dimensional molecular chains,
two-dimensional nanoribbons, and even molecular nanotubes
that can collapse together with the external carbon nanotube.
It is easy to control which structure is formed by varying the
density of guest molecules in the nanotube and the pressure.
The procedure described here seems to be quite general, and it
can be used to create artificially novel exotic nanoobjects from
a variety of different molecular systems. Moreover, we have
shown that depending on the details of the confined molecular
nanostructures, they can either favor the deformation of the
carbon nanotube cross-section with pressure or, on the con-
trary, provide a support, leading to the strengthening of the
nanotube’s mechanical stability under compressive forces. An
important enhancement of the collapse pressure is observed
beyond a critical molecular filling ratio characteristic of each
molecule. Thanks to the strong dependence of the electronic

properties of carbon nanotubes on modifications of their radial
cross-section geometry, the molecular filling of carbon nano-
tubes under pressure appears to be an attractive method to
tune the electronic structure of nanodevices or composite
materials. In the case of nanotubes with large diameters,
i.e. with lower radial stability, there is in particular a potential
for using the observed phenomena for the development of high
sensitivity manometers or gas detectors.
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