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Abstract. An ab initio investigation on water clusters conﬁned to armchair carbon nanotubes (CNT) with
varying diameters has been performed using the density functional theory-based calculations. Different
parameters have been investigated including structure, hydrogen bonding pattern and vibrational spectra of
water-CNT complexes. Our results reveal that one-dimensional water chain parallel to CNT axis is formed in
narrow nanotubes CNT(4,4) and CNT(5,5), whereas in CNT(6,6), zigzag structure is observed. An increase in
the CNT diameter results in more symmetric structures similar to the gas phase. The vibrational analysis
shows a redshift in stretching frequency of the hydrogen bond assisted O–H in CNT(6,6) due to the reduction
in O—O separation whereas a signiﬁcant blue shift in stretching frequency mode is observed in highly
conﬁned CNT(4,4) and CNT(5,5). It implies that the hydrogen bond strength between water molecules is
strongest in CNT(6,6). It is also observed that water cluster tends to be near CNT wall due to Hp interaction
between water molecule and the p-electron cloud of CNT. An inverse relation between the electronic charge
transfer (from CNT to water) and the diameter is also established. This study demonstrates that the degree of
conﬁnement is extremely important in deciding the properties of conﬁned water molecules.
Keywords. Nanoconﬁnement; Water clusters; Carbon nanotubes; Density functional theory.

1. Introduction
Water has been recognized as the matrix of life.1 It
plays an invaluable role in governing the structure,
stability, and function of biomolecules such as proteins
and enzymes.2–7 It has been established that the longrange transfer of ions and metabolites along the biosurfaces is possible only because of the presence of the
spanning network of water. Water molecules are also
found in rocks, zeolites and many other inorganic
materials. In many of these systems, water molecules
are present in small pores of dimension in nanoscale.
The inﬂuence of these conﬁned water molecules on the
thermodynamics of the equilibrium process occurring
in these systems can be very signiﬁcant.
Water molecules in the bulk phase are bonded to
each other through hydrogen bonds. Each water
molecule accepts two hydrogen bonds and donates two
hydrogen bonds to other water molecules. Thus, each
*For correspondence

molecule is tetrahedrally coordinated to four other
water molecules and water is considered as a highly
structured liquid. The hydrogen bond network of water
is extended in space in three dimensions. However, in
a conﬁned scenario, the arrangement is entirely different and a few earlier studies have shown that conﬁnement in the nano regime brings stimulating
phenomenon in the enclosed species.2–8 Therefore, the
properties of water conﬁned in nanometer-scale pores
can differ signiﬁcantly from the bulk as the hydrogenbond network is modiﬁed in the conﬁning geometries.
The loss of hydrogen-bond energy should render the
transfer of a single water molecule into a nonpolar
environment energetically unfavorable.8 However,
experimental evidence for water penetrating into
weakly polar cavities in the protein interior has been
obtained in recent years.8–12
The exact behavior of water in these conﬁned
nanocavities remain as a challenge to the scientiﬁc
community because of the difﬁculties in performing
experiments in nanoscale and the limitation of
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computational facility to treat such large systems
accurately. Thus, in the last decade, large number of
studies have been performed on water in various kinds
of model nanopores to understand water behavior in
the real systems. Among these model studies, water in
carbon nanotubes (CNTs) has been thoroughly investigated primarily because of two reasons. The
hydrophobic interior of CNT resembles with the biomolecules13 and the tremendous potential of CNT for
technological applications. The applications involving CNT-water system include hydroelectric power
converters,14,15 desalination of seawater16 and drug
delivery.17 When water is conﬁned in sub-1.5 nm
diameter CNTs, it can freeze to form ice-NTs,18–32
which has potential applications as nanoscale ferroelectric devices,26,30 gas nanovalves,27 nanoscale ﬂow
sensors33 and high-ﬂux membranes.13,16,34–36
The initial molecular dynamics (MD) report of
Hummer and co-workers37 indicated that water
molecules can occupy the hydrophobic interior of
CNT(6,6) which opened the door for the upsurge
research in this particular topic. Their prediction of
water occupying CNT has been conﬁrmed through
neutron diffraction,38 NMR,29 X-ray diffraction19,25
and IR spectroscopic studies.12,39 The important ﬁndings from these studies have been discussed in the
review articles.5,40 Water molecules undergo molecular ordering to form a stacked-ring structure with a
linear chain at the center of the nanotube.39 There is a
reduction in the number of hydrogen bonds for each
water molecule inside the nanotube.41 But the weak
interaction between water and CNT, and the tight
hydrogen-bonding network leads to a pulse-like
transport
of
water
molecule
in
these
13,24,35,37,42–44
which exceeds expectations from
CNTs
macroscopic hydrodynamics by several orders of
magnitude. This high ﬂuid velocity results from an
almost frictionless interface at the carbon-nanotube
wall.45 In addition, phase transition,18,19 viscosity
modiﬁcation46 and wetting-drying transition37 have
also been observed in these studies. Ab initio, as well
as classical simulation studies on molecular mechanism and kinetics of hydronium and hydroxide ion
migration along water chains of different dimensions
and lengths in conﬁnement, have been reported by
Bankura et al.47,48 Kayal et al., have recently reported
molecular dynamics simulation studies to investigate
spectral and dynamical properties of the conﬁned
water.49,50 Maiti and co-workers have recently written
an account on the structure, dynamics and thermodynamics of conﬁned water.5 More interestingly, their
earlier results based on classical model potentials
reveal that the water molecules inside the nanotube
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show solid like ordering at room temperature, which
they quantify by calculating the pair correlation
function.42 According to the recent experimental study
by Strano et al.,51 nanoconﬁned water stays frozen
even above its boiling point.
In spite of such a large number of studies on water
under carbon nanotubes, the molecular level understanding is still lacking. A density functional theory
(DFT) based study of water clusters in CNT(6,6) by
Wang et al.,52 predicted weak coupling between the
molecular orbitals of the encapsulated water molecules
and the delocalized p electrons of carbon nanotube. In
another study, it has been shown that water-nanotube
interaction inﬂuences water ﬂow through CNT.53
Investigation on water molecule in model carbon
nanopores using MP2 and DFT method has shown the
cardinal importance of pore separation distance in
governing the properties of the encapsulated water
molecule.54 Although a study by Rojas and co-workers55 has shed some light on this, an organized ﬁrst
principle study in this regard can give more insight
into this particular problem. In the present work, we
present the results obtained from the systematic study
performed on water in CNT by DFT method. The main
objective of the present study is to ﬁnd out how the
properties of water molecules vary as the degree of
conﬁnement changes. In particular, we have studied
the structure, bonding and vibrational spectra of water
clusters in carbon nanotubes (CNT) of diameter in the
range of sub-nanometer. The effect of conﬁnement on
the properties of water cluster has been systematically
investigated by varying the diameter of the CNT.

2. Computational details
The equilibrium structure of the water clusters are
initially obtained in the gas phase and subsequently,
these optimized water clusters are placed inside the
CNTs and the complexes comprising of water clusters
and CNTs have been optimized to get the minimum
energy structure of the CNT-Water complexes. The
structure of the CNT framework is in general observed
to be least affected during the course of optimization.
To investigate the effect of conﬁnement on the properties of water molecules, several CNTs have been
considered and the degree of conﬁnement has been
systematically varied. It can be mentioned that the
smaller is the nanotube diameter, the higher is the
degree of conﬁnement and vice versa. We have considered the armchair CNTs from CNT(4,4) to
CNT(8,8) with the corresponding diameter of 5.7 to
11.2 Å. Herein, the length of each carbon nanotube in
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the present study is 12.5 Å. The length of the nanotube
is not periodically replicated in the axial direction.
However, the structural optimisations are carried out
without any symmetry constraint and water molecules
are free to move in all directions. The shortest distance
between the hydrogen atom of water molecule and the
open surface of CNT is nearly 2 Å. Since the electronegativity of hydrogen atom is comparable with
that of carbon and it does not affect the electron
delocalization inside the carbon ring, the terminal
atoms of the CNTs are saturated with dangling
hydrogen atoms to minimize the end effects.
All the calculations have been performed by
employing density functional theory with B3LYP
exchange-correlation hybrid functional as implemented
in TURBOMOLE program.56 The reliability of DFT
calculations in describing the water clusters and other
hydrogen-bonded systems has been already tested with
respect to other schemes such as MP2 and CCSD, in
earlier studies.57 The correlation-consistent triple-zeta
basis set augmented with diffuse basis functions
(augCC-pvTZ) is used for water molecules, whereas for
the nanotube framework, split valence with polarization
(SVP) basis set is used. Dispersion correction is also
incorporated in all the calculations.58 The infra-red
vibrational modes of the conﬁned water molecules have
been calculated by freezing the coordinates of the CNT
framework and following the NumForce module of the
TURBOMOLE program. A scaling factor of 0.97 has
been used for the vibrational frequencies as recommended by Merrick and co-workers.59 To get the electronic population on individual atoms, natural bond
orbital (NBO) scheme has been adopted.
3. Results and Discussion
3.1 Structure and properties of gas-phase water
clusters
Let us start with the structure and properties of water
cluster in the gas phase. As a representative case, herein
we have considered water clusters consisting of one to
four water molecules {(H2O)n, n = 1 to 4}. The optimized structures of these water clusters are presented in
Figure 1. It can be seen from this ﬁgure that water
molecules (n \ 5) form a 2-dimensional cluster. The
geometrical parameters of these optimized water clusters are presented in Table 1. The geometrical parameters and the interaction energy (IE) of the water cluster
obtained in the present study using B3LYP/augCCpvTZ method are quite close to the results available
from experiment and other theoretical methods such as
MP2 and CCSD.60 For example, the interaction energy
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value in the case of water trimer in the present study is
-16.56 kcal/mol which is in good agreement with MP2/
aug-cc-pVTZ value of -16.29 kcal/mol. Similarly, the
O–H bond length of water monomer obtained in the
present study is 0.962 Å and the available results from
MP2 method61 is 0.959 Å. Thus, the B3LYP/augCCpvTZ method can describe the water cluster with reasonable accuracy and validates the choice of our method
for the current study. As the number of water molecules
increases in a cluster, number of hydrogen bonds and
hence the interaction energy value increases with the
size of the cluster.
Let us discuss the vibrational frequency of the water
clusters in the present case. In water clusters of ﬁnite
size, in general, four major types of OH stretching
modes are observed. These modes originate from the
OH groups that belong to the following water species:
free OH groups dangling from the surface
(3690–3720 cm-1), double H-atom donor-single
O-atom acceptor (3450–3550 cm-1), water molecules
in
a
distorted
tetragonal
coordination
(3400–3450 cm-1), and single donor-double acceptor
(3050–3200 cm-1).62–65 The values given in parentheses correspond to the spectral region in which these
modes are observed. Thus, the position of the OH
stretching mode highly depends on the involvement of
the OH group in the hydrogen-bond network. As
mentioned earlier, the calculated vibrational frequencies are scaled by a factor of 0.97 according to the
report of Merrick and co-workers59 and the scaled
frequency values are presented in Table 2. The
stretching frequency of water molecule decreases with
an increase in the number of water molecules in the
cluster which can be attributed due to the strong
hydrogen bonds in larger clusters. This is also supported by the reduction in HO hydrogen bond distance from 1.95 Å to 1.77 Å upon going from (H2O)2
to (H2O)4. The vibrational frequencies obtained in the
present study are reasonably close to the results from
other high-level correlated calculations.67 In these
water clusters, one of the hydroxyl groups (OH) is
involved in the hydrogen bond formation whereas the
other hydroxyl group dangles away from the cluster.
Accordingly, the stretching mode which is dominated
by the dangling OH bond appears at a higher frequency as compared to the other stretching modes.

3.2 Structure and properties of water molecules
under the conﬁnement of CNTs
The optimized structures of water molecules in CNTs
(CNT-Water complex) are presented in Figure 2. It
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Figure 1. Structure of water clusters {(H2O)n, n = 1 to 4}predicted from DFT/B3LYP method.

Table 1. Geometrical parameters and interaction energy of water clusters {(H2O)n, n = 1 to
4}in gas phase.
Hydrogen Bond Parameters
System
1W
2W
3W
4W

R(O–H) (Å)
0.962
0.961
0.963
0.961
0.961
0.961
0.961
0.961
0.961
0.961

0.962
0.961
0.963
0.976
0.976
0.976
0.984
0.984
0.984
0.984

H(H–O–H)

H(OHO)

d(OO)

d(HO)

IE
kcal/mol

105.09
105.38
105.50
106.13
106.43
106.30
106.16
106.24
106.17
106.18

–
171.42

–
2.912

–
1.949

–
- 5.26

151.60
149.18
151.54
167.62
167.69
167.64
167.66

2.795
2.802
2.796
2.735
2.735
2.735
2.736

1.897
1.920
1.899
1.766
1.766
1.766
1.766

- 16.56

Table 2. Vibrational modes of water clusters {(H2O)n,
n = 1 to 4} in the gas phase.
Vibrational Frequency
(cm-1)

1W

2W

3W

4W

Bending

1587

1576
1595

1586
1587
1611

Symmetric Stretching

3696

3560
3675

3415
3478
3492

Asymmetric Stretching

3756

3727
3775

3737
3746
3755

1591
1602
1604
1632
3219
3321
3322
3358
3728
3744
3745
3749

can be seen from Figure 2 that the water molecules
form a linear chain parallel to the nanotube axis in
CNT(4,4) and CNT(5,5) irrespective of the number
of water molecules present in the cluster. This is due
to the steric hindrance offered by these two CNTs
because of their small diameter. On the contrary, in
CNT(7,7) and CNT(8,8), cyclic water clusters are
formed in the case of three and four water molecules.
The geometrical parameters of water clusters in these

- 29.45

two wider nanotubes are very much similar to that of
gas-phase clusters. However, in the case of
CNT(6,6), zigzag type of arrangement is observed.
That means the structures formed in this particular
nanotube is neither perfectly linear nor perfectly
circular in nature. For example, in CNT(6,6)-4W, the
oxygen atom of one water molecule is not exactly on
the top of the other water molecule, but shifts slightly
away in the axial direction. This introduces asymmetry in the structure of water cluster and two different O—O distances are observed. The radial O—O
distance is slightly shorter in comparison to the axial
O—O distance. The exact values of axial and radial
O—O distance in the case of three water molecules
in CNT(6,6) are 2.87 and 2.68 Å respectively
(Table 3).
It may be interesting to note that the classical model
potential based results reveal that water molecules
encapsulated in CNT(6,6) form a linear structure. We,
however, note that the local energy minimum values
of these linear and zigzag structures obtained in
CNT(6,6) do not favour the formation of linear
structures. In other words, the zigzag structure in
CNT(6,6) is found to be energetically more favourable
by * 3 kcal/mol than that of linear structure. The
distorted tetramer (Parallel-displaced) structure as
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CNT(4,4)-2W

CNT(5,5)-W

CNT(5,5)-2W

CNT(6,6)-W

CNT(6,6)-2W

CNT(7,7)-W

CNT(7,7)-2W

CNT(8,8)-W

CNT(8,8)-2W

CNT(4,4)-3W

CNT(5,5)-3W

CNT(6,6)-3W

CNT(7,7)-3W

CNT(8,8)-3W

7

CNT(4,4)-4W

CNT(5,5)-4W

CNT(6,6)-4W

CNT(7,7)-4W

CNT(8,8)-4W

Figure 2. Optimized structures of CNT-Water complex.

obtained in the present study can be considered to be
the onset for the transition of linear to layered types of
structures. Therefore, the structure of water clusters in
CNT largely depends on the diameter of the CNT. It
may also be noted that thermal ﬂuctuations can also
cause changes in the structure and dynamics of the
water molecules conﬁned inside the nanotube. Bankura and Chandra have reported that water molecules
encapsulated in CNT(6,6) are in a single-ﬁle
arrangement with the average angle of the dipole
vector of a molecule with the nanotube axis at about
35°.47,48 Interestingly, small changes in the LennardJones parameters with polarizable and non-polarizable
water models can also affect the structures of water

molecules in CNT.45,66 For example, the use of
isotropic model potential usually leads to the formation of one-dimensional ordered water chain inside
CNT(6,6) whereas, frequent chain ruptures are
observed with medium to strongly anisotropic potentials. In the latter case, water molecules tend to form
the compact denser clusters instead of linear one.45
We have also analyzed the distance of nearest
neighbor carbon atom from each atom of the water
cluster. Interestingly, we observed that the hydrogen
atoms are relatively closer to the carbon atom of
CNT in comparison to the oxygen atom. This can be
attributed to the hydrogen bonding between the H
atom of the water cluster and the p-electron cloud of

7

Page 6 of 11

J. Chem. Sci. (2020)132:7

Table 3. Geometrical parameters of water clusters conﬁned under CNTs.
System
CNT(4,4)-1W
CNT(4,4)-2W
CNT(4,4)-3W
CNT(4,4)-4W

CNT(5,5)-1W
CNT(5,5)-2W
CNT(5,5)-3W
CNT(5,5)-4W

CNT(6,6)-1W
CNT(6,6)-2W
CNT(6,6)-3W
CNT(6,6)-4W

CNT(7,7)-1W
CNT(7,7)-2W
CNT(7,7)-3W
CNT(7,7)-4W

CNT(8,8)-1W
CNT(8,8)-2W
CNT(8,8)-3W
CNT(8,8)-4W

R(O–H) (Å)
0.956
0.951
0.955
0.951
0.952
0.957
0.954
0.953
0.954
0.957
0.962
0.961
0.964
0.961
0.962
0.963
0.961
0.962
0.962
0.964
0.963
0.961
0.964
0.961
0.961
0.961
0.961
0.961
0.960
0.961
0.963
0.961
0.963
0.961
0.961
0.961
0.961
0.962
0.961
0.962
0.963
0.961
0.964
0.961
0.962
0.962
0.961
0.962
0.961
0.961

H(H–O–H)
0.957
0.969
0.955
0.965
0.968
0.957
0.962
0.966
0.969
0.957
0.962
0.972
0.964
0.970
0.973
0.964
0.969
0.969
0.974
0.964
0.963
0.971
0.964
0.978
0.974
0.979
0.987
0.987
0.986
0.987
0.963
0.971
0.963
0.976
0.976
0.976
0.984
0.983
0.984
0.983
0.963
0.972
0.963
0.976
0.975
0.974
0.985
0.982
0.985
0.982

CNT.53,68–70 Due to this particular mode of
interaction, water clusters get optimized close to the
CNT surface and not at the centre of the nanotube.
To get a clear picture of it, the radial view of the

105.39
106.03
105.49
105.99
103.44
104.95
106.58
103.69
103.71
105.23
104.65
104.84
105.35
104.79
103.80
105.51
105.11
103.91
104.77
105.33
104.44
105.13
104.68
105.74
106.00
106.48
104.76
106.59
104.67
106.41
104.24
105.35
104.99
106.41
106.39
106.10
106.97
105.86
106.80
105.98
104.20
105.49
104.19
106.59
106.33
106.66
106.39
106.10
106.42
106.26

H(OHO)

d(OO)

d(HO)

–
171.03

–
2.795

–
1.834

174.96
158.64

2.828
2.787

1.865
1.863

149.35
156.86
166.20

2.853
2.784
2.780

1.983
1.834

–
176.39

–
2.869

–
1.898

160.64
164.08

2.825
2.816

1.892
1.867

158.48
146.97
171.20

2.807
2.766
2.819

1.883
1.902
1.853

–
175.96

–
2.884

–
1.914

153.25
148.38
152.30
167.52
166.17
167.34
166.40
–
172.06

2.679
2.868
2.679
2.586
2.699
2.587
2.701
–
2.886

1.769
1.999
1.773
1.613
1.731
1.615
1.732
–
1.922

149.77
150.64
151.55
166.67
168.00
166.80
167.72
–
174.18

2.786
2.793
2.787
2.742
2.749
2.738
2.746
–
2.869

1.899
1.901
1.890
1.775
1.780
1.771
1.778
–
1.900

151.79
149.59
147.94
168.66
165.73
168.28
165.70

2.796
2.803
2.823
2.730
2.741
2.727
2.743

1.900
1.918
1.950
1.757
1.779
1.755
1.780

optimized geometries of CNT(8,8)-4W is presented
in Figure 3.
The interaction energy (IE) of the water molecules
with CNT has been calculated using relation (1).
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Figure 3. Radial view of the optimized geometry of
CNT(8,8)-4W complex.
20

CNT(4,4)

10

IE (kcal/mol)

where, E(CNT-W), E(CNT), and E(W) are the energy
values of CNT-water complex, bare CNT and the
water cluster respectively.
Negative interaction energy values are obtained for
all the water clusters in CNT(5,5), CNT(6,6),
CNT(7,7) and CNT(8,8). However, in CNT(4,4), IE
value is negative only for water monomer and dimer
and turns on to positive value for water trimer and
tetramer. This clearly suggests that CNT(4,4) cannot
accommodate water clusters containing more than two
water molecules in an energetically favourable manner. Another interesting observation is the nonmonotonic variation of IE with CNT diameter (Figure 4). Irrespective of the number of water molecules
present in the cluster, maximum IE value is obtained
in the case of CNT(5,5). This strongly suggests that
the strongest interaction between CNT-Water interaction in CNT(5,5) is possible in spite of the signiﬁcant reduction in hydrogen bonding in CNT(4,4) and
CNT(5,5).
Let us now discuss the electronic properties of the
water clusters under the conﬁnement of CNTs. The
electron population analysis has been done following
the NBO method. In general, it is observed that the
intramolecular charge separation for each water
molecule increases under the conﬁnement of CNT as
compared to the water molecule in the gas phase. For
example, the charge on oxygen and hydrogen atom of
a water molecule is increased from its gas phase value
of -0.93, 0.46 to -1.55 and 0.67 a.u. inside CNT(4,4).
It is also observed that electrons are transferred from
CNT to the water cluster. A plot of the electronic
charge transfer as a function of conﬁnement length
(diameter of CNT) is presented in Figure 5. A small
amount of charge transfer is an indication of weak
coupling between CNT and the water cluster. It can be
seen from Figure 5 that the charge transfer from CNT
to the water cluster in the case of CNT(4,4) is highest
among all the CNTs and gradually decreases with the
increase in the diameter of CNT.
Let us now discuss the vibrational frequency of the
water molecules under the conﬁnement of CNTs. As
mentioned earlier, vibrational spectroscopy is a great
tool to identify the water structures in a conﬁned
environment.12,39,71 For example, Byl et al.,39
observed two different stretching modes corresponding to inter and intra ring water molecules in a
CNT(10,10). In the present study, the system is quite
large and comprises of more than 200 atoms in some
cases. Therefore, the vibrational frequencies of the

1W
2W
3W
4W

0
-10
-20

CNT(8,8)

-30

CNT(6,6)

-40
-50

CNT(7,7)

CNT(5,5)
5

6

7

8

9

10

11

12

Confinement Length(Å)

Figure 4. Interaction energy of water molecules and CNT
as a function of conﬁnement length (diameter of CNT).
0.1
0.0
Charge Transfer (a.u.)
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12

Confinement Length (Å)

Figure 5. Electronic charge transfer as a function of
conﬁnement length (diameter of CNT).

3743, 3743

3732, 3734

3728, 3732

3729, 3748

3789, 3817

1640
3770,
1633
3728,
1645
3726,
1626
3725,
1632
3727,
1614,
3767,
1605,
3717,
1623,
3723,
1602,
3724,
1605,
3723,
1572,
3713,
1595,
3652,
1595,
3310,
1595,
3371,
1597,
3374,
3734

3737

3744

3745

3748

3743

CNT(8,8)

CNT(7,7)

CNT(6,6)

CNT(5,5)

CNT(4,4)

1576
3734, 3823
1574
3676, 3760
1574
3666, 3750
1578
3667, 3752
1582
3669, 3753

1542,
3546, 3734,
1573,
3520, 3655,
1577,
3536, 3657,
1577,
3548, 3665,
1586,
3517, 3668,

1592
3780,
1623
3735,
1601
3733,
1602
3743,
1607
3745,

3833

3751

1572, 1588, 1645
3552, 3611, 3711, 3770, 3811,
1568, 1600, 1620
3496, 3556, 3657, 3710, 3737,
1582, 1599, 1612
3348, 3419, 3495, 3716, 3728,
1582, 1586, 1605
3414, 3477, 3477, 3725, 3729,
1576, 1583, 1605
3435, 3490, 3510, 3732, 3735,

3848

3749

1563,
3525, 3594, 3649,
1569,
3475, 3551, 3582,
1590,
3116, 3222, 3261,
1584,
3241, 3317, 3338,
1583,
3231, 3296, 3352,

4W
3W
2W
1W

water clusters have been calculated by following the
NumForce module of the Turbomole program. After
the geometry optimization is done, the CNT coordinates are ﬁxed while computing the vibrational modes
in the NumForce module. These results are presented
in Table 4. In a highly conﬁned scenario such as
CNT(4,4), a signiﬁcant blue shift in the stretching
frequency mode is observed. For instance, stretching
frequencies of water monomer in CNT(4,4) are blueshifted to 3734 and 3823 cm-1 from the corresponding gas-phase value of 3696 and 3756 cm-1 respectively. The primary reason for this blue shifting is the
reduction on the O–H bond length in CNT(4,4)
(Table 3). As the diameter of the CNT increases, the
amount of blue shifting is sharply reduced and in
larger diameter CNTs, the stretching frequency values
of water monomer are quite close to the gas phase
values. Water trimer and tetramer form a linear chain
structure in CNT(4,4) and CNT(5,5) in contrast to the
2-dimensional structure in gas phase. Thus, the
stretching modes associated with the O–H bond that is
involved in hydrogen bonding are drastically affected
in case of water trimer and tetramer.
More importantly, HO hydrogen bond distance and
O–O separation distance increases from their original
gas-phase value in highly conﬁned CNTs due to the
linear chain formation (Tables 1 and 3). This causes the
reduction in hydrogen bond strength between water
molecules and blue shifting in hydrogen-bonded
stretching modes. It may be noted that a signiﬁcant
change in the stretching modes of water molecule is not
observed for the case of wider nanotubes, [CNT(7,7)
and CNT(8,8)]. On the other hand, the stretching modes
in CNT(6,6) are in general red-shifted as compared to
the gas phase cluster. The vibrational modes analysis in
CNT(6,6) reveals that the redshifting is predominant in
stretching frequencies due to the reduction in the bond
length of donor-acceptor oxygen atoms in CNT(6,6)
which are associated with the hydrogen-bonded O–H
groups. While discussing the structural parameters of
water clusters in nanotube, we have highlighted that the
oxygen atoms which are not present in the axial
direction come closer to each other in CNT(6,6). As a
result, the H—O and O—O distance become shorter for
these water molecules in comparison to the axial O—O
distance. Therefore, it can be concluded from these
results that the hydrogen bond strength between the
conﬁned water molecules is strongest in CNT(6,6).
These ﬁnding indirectly support the burst transmission
of water molecules in CNT(6,6) reported in the earlier
studies.34 Strong hydrogen bonding between water
molecules is recognized as the main reason for this
particular phenomenon.
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Table 4. Vibrational modes of water molecules conﬁned under CNTs. The ﬁrst row inside each column represents the bending modes whereas the second row
corresponds to the stretching modes. All the frequency values are in cm-1.
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The model classical model potential based results
on the vibrational frequencies of encapsulated water
molecules reveal that the highly condensed water
molecules in nanobubbles are found to have signiﬁcantly red-shifted OH frequencies arising from the
strong hydrogen bonds.49 Gordillo and Marti have
observed signiﬁcant shifts in the positions of the
spectral bands of water conﬁned in CNT which has
been directly related to the tube radii.41 In one of the
recent experimental studies, it has been observed that
the presence of intense high-frequency components
between 3500 and 3700 cm-1 differentiate between
water conﬁned in CNTs and free water system.12 The
blue-shifted frequency is attributed as a signature of
loosely bound water molecules, due to the effect of
strong conﬁnement. It is gratifying to note that the
above experimental results are in close comparison
with our results obtained by the ab initio methods as
discussed above.
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distance and hence strengthening of the hydrogen bond.
Our results also support some of the earlier ﬁndings
such as burst transmission in CNT(6,6). The important
ﬁndings from this study suggest that the degree of
conﬁnement (diameter of carbon nanotube) is extremely
important in deciding the properties of conﬁned water
molecules. The conclusions drawn from this work can
motivate further investigations in porous media and can
give valuable insights to understand the properties of
water conﬁned in sub-nanometer scale.
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4. Conclusions
From the interaction energy values calculated by the
dispersion corrected DFT method, it is conﬁrmed that
water can occupy the interior of narrow nanotube such
as CNT(4,4). As the number of water molecule
increases to three, the interaction energy attains a positive value for CNT(4,4). In CNT(4,4) and CNT(5,5),
1-dimensional water chains parallel to the CNT axis is
formed whereas in CNT(6,6), the zigzag structure is
formed with radial O—O distance shorter than that of
axial O—O distance. Relatively more symmetric
structures similar to the gas phase clusters are predicted
in larger diameter CNTs. It is also observed that the
water cluster gets stabilized close to the CNT wall due
to H-p electron interaction between the water molecule
and the p-electron cloud of CNT. In a highly conﬁned
medium like CNT(4,4), a signiﬁcant reduction in the
O–H bond length of water molecule compared to the
gas phase geometry is observed. An inverse relation
between the electronic charge transfer (from CNT to
water) and the CNT diameter is also established. It is
found that the intramolecular charge separation for each
water molecule increases under conﬁnement. Irrespective of the number of water molecules, the highest tubewater interaction energy is achieved in CNT(5,5) (diameter*7 Å). Under the highly conﬁned scenario, blue
shift in the stretching modes of water molecule is
observed which can be due to the reduction in O–H
bond length. In CNT(6,6), a red shifting in stretching
frequency of the hydrogen bond assisted O–H is
observed due to the reduction in O—O separation
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