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I. CNT construction with different types

A graphene sheet is first set up by importing the coordinates with all carbon atoms.
We choose the under-rolling direction according to the value of m and n in CNTs. The
under-rolling direction is set as X-axis. The direction (Y-axis) perpendicular to the X-
axis is then calculated (5,-7) and noted as the axial direction of CNTs. All the
concerning carbon atoms (within the red rectangle in Fig. 3a) are rolled up by
transformation of coordinates with equation S1:
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where, B..=1.42 A is the average carbon-carbon bond length in CNTs. x, y; x’, »* and
z’ are the coordinates of graphene and CNT, respectively. Since the m and » are both
integers, the radii of CNT are discrete numbers.

II. Three approximations in treating CNTs as a uniformly cylindrical tube
We treat the van der Waals (vdW) force of carbon in CNTs and water as L-J potential.
The equation writes:
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where, R,;,; 1s the minimum-potential distance of atom i, j and defined as
Runin i7=(Rmin,i T Rmin j)/2, while R,,;, ; and R,,;, ; are parameters referring from CHARMM
force field. (Table S1)

When 7;=Ruin;, equation (S2-1) gains the minimum potential because the first
derivative  of the equation equals to zero. Considering  Ruyinco-
Riincn=1.543>Bou=0.9572, which means the vdW force of CNTs wall and hydrogen
in water can be neglected.

Another approximation comes from neglecting the chirality of CNTs. When water
molecule is situated at the optimum position (i.e. the lowest vdW interactions) within
CNTs, the variation of vdW force between water and the wall by different
arrangements can also be neglected. Fig. S1a-b shows the vdW potential of a single
oxygen (or water, which is proved in the above paragraph) at different positions.
When water molecule deviates from the optimum position and becomes closer to the

2



wall, the fluctuation of potential occurs. The corrugated “mouth of glass” in Fig. S1a
shows the fluctuation. Fig. S1b represents the L-J potential of =0 (red frame in Fig.
S1a). At the optimum position, the fluctuation is less than 1 cal/mol (Fig. Slc-d). As
a contrast, the average velocity of water in CNTs is about 500 m/s (Fig. Sle);
therefore, the kinetic energy is about 536 kcal/mol and 5 orders of magnitude larger
than fluctuation. Consequently, we ignore the fluctuation and consider that the water
transport will not be affected by the chirality of CNTs.

The third approximation aims at the charge of CNT. Keblinski ' reported the charge
distribution of CNTs (5,5) of length 12 A. They have shown the atoms with -0.06 e at
the mouth of CNTs and the others <0.03e by ab initio calculations. In our system,
carbons in CNTs are zero-charged for simplicity.

As a result, CNT is then considered as a uniformly cylindrical tube by the above
discussions, namely, different arrangements of carbon in CNTs with the same radius
are undistinguishable.

Furthermore, as radius of CNT (m,n) can be calculated as:
Reni=0.39143(m2+n?+mn)'2 A, the radii of CNT (10,6) and (14,0) are strictly equal,
i.e., 5.480 A. We compare the concerning parameters in Table S2 and the deviation is
less than 5 %.

II1. MD simulation details.

The CNT (length: 40 A) is set along z-axis, while the center of CNT locates at the
original point. Two graphene sheets (43 A x 42 A) with holes exactly fitting the
diameter of CNT are fixed at both mouths of CNT. The outsides of both sheets are
water reservoirs. Water molecules are randomly filled in both reservoirs and CNT.
Two movable graphene sheets of 680 carbon atoms (without holes, the same size as
the ones with holes) are set at the boundaries of both reservoirs. A relatively large
force of 0.2 kcal‘mol-!-A-! is exerted on each atom of the movable sheet at —z along
the positive direction of Z-axis; and a force of -0.01 cal'mol!-A-! is exerted on each
atom of the movable sheet at +z to prevent water escape. To evaluate the external
pressure, we select a typical radius value of 5.089 A (CNT type (13,0)) to investigate
the influence of pressure on the moving graphene sheets. As shown in Fig. S2, the
velocity of water at CNT mouth shows linearity with the pressure. However, as the
density of water decreases with lower pressure, the ratio of velocity to pressure shows
an insignificant increase. As a result, we select the pressure of 1.41 GPa to reduce the
cost of simulation.

The simulations are run by NAMD (Nanoscale Molecular Dynamics) 2 with visual
software VMD (Visual Molecular Dynamics). 3 The force field used for the
simulations is CHARMM (Chemistry at Harvard Molecular Mechanics). 4 Lennard-
Jones (L-J) 12-6 Potential describes the vdW interactions, and PME (Particle Mesh
Ewald) method ° is used to calculate the electrostatic interactions. The system
temperature is controlled by Langevin dynamics at 300K after minimization. TIP3P
(transferable intermolecular potential three-point) water model ¢ is to describe water
molecules in our system. The parameters for vdW potential are listed in Table S1, and
the cut-off radius and switching function radius are 10 A and 9 A, respectively.
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The system executes a geometric minimization process with all graphene sheets fixed.
Thus, the equilibrium process takes 1 ns to reach 300K with time-step of 0.5 fs. The
external force is applied on both moveable graphene sheets for 1 ns with time-step 1
fs and trajectory time-step of 0.5 ps. In addition, we run short time of 20 ps and 200
ps with trajectory time-step of 1 fs and 10 fs for calculating the vibration of water
molecules in CNTs.

Besides, a water box (18 Ax18 Ax40 A) containing 3636 randomly posited TIP3P
water molecules is built for obtaining several parameters such as distances between
neighboring waters and average hydrogen bonds per water molecule. A minimization
of geometric energy is held before 1 ns equilibrium (time step 0.5 fs). The Langevin
dynamics is set up to maintain a steady temperature and pressure. Other parameters
are identical to the ones in the above described model. The last 80 % of the trajectory
data are used to reduce the instability.

IV. Algorithm of Spheres packing in cylinder

We start our algorithm with the following rules. The cylinder with fixed radius which
equals to the radius of CNTs subtracting the vdW radius of carbon in CNTs is
obtained. A quantity of sphere seeds with random start coordinates is placed into the
cylinder. The sphere seeds represents a sphere with the radius 0 and will become
larger during the processes. The radii are enlarged simultaneously if no overlap
volume (V) existed between sphere and sphere or between sphere and cylinder. The
coordinates of spheres will be changed to reduce V' once Vy, is larger than zero. The
adjustment of coordinates is a quasi-physical algorithm: Considering that the spheres
have elastic potential energies, the deformation caused by overlap results in a pair of
forces applying on both spheres. After traversing all the spheres, the vector sum of
forces on a single sphere drive the sphere moving along the direction of the vector
sum for a fixed time f#,. The adjustment will proceed several times, and has to be
interrupted if V' cannot reduce to V), (here, V), represents the lower bound of overlap
volume) after the maximum adjusting times N, 4 (herein, we set it as a constant:
100). After the loop ends, the radius is raised if ¥, reduces to zero (or lower than V);
the radius 1s reduced if the loop exceeds N, 4 and the increment of radius decreases.
When the variation of radius is smaller than 7, (lower bound of radius increment,
which can be set as 1x104, etc, as the accuracy required), the obtained result is the
largest radius that the cylinder is able to contain with a fixed number of spheres.

The above algorithm can be improved by adding repacking processes as quite a bit of
conditions is stuck, i.e., all spheres are force-balanced but the solution is not the best.
When V) is still greater than V), after adjustment of coordinates, a random shift with
different direction and distance is applied on each sphere. The maximum distance of
the shift is not exceeding Ry/3 where R, represents the radius of spheres. After
repacking processes, another adjustment of coordinates executes. If the radius is not
enlarged during several times of repacking processes, we set the final result as the
value of radius. The related content is reconstructed in Fig. 2, showing the flow
diagram of the processes.



V. Introduction of the packing problem

The packing problem is an optimal strategy to pack objects together into containers.
The number of objects is discrete comparing with the size of container, i.e., a 3-meter-
circle can hold seven I-meter circles but a 2.99-meter-circle can only hold five 1-
meter circles, 7 demonstrating that the number of small circles is discrete comparing
with the radius of large circle. The packing problem is of significance in many fields
such as loading and layout designing. In chemistry, it has been utilized in gas sorption
and desorption prediction, 3 protein, ° polydisperse particles '© and other granular !!
packing. As it is an NP-hard (Non-deterministic Polynomial-time hard) problem, !? its
analytical solution is only available for small systems, and approximate algorithms are
essential for relatively large systems. '3

VI. Sphere radius selection in Packing Problem

As shown in Fig. S3b, we replace water molecule into a sphere with the diameter
equals to the neighboring oxygen-oxygen-distance (rop). This replacement is
performed according to the following reasons: First, the L-J parameter R, oo shows
that the balanced distance of neighboring oxygen is 3.38 A, and it will be reduced to
oo (2.72 A) due to the hydrogen bond. This means that other oxygen can reach the
distance of 2.72 A along the direction of hydrogen bonds, and larger distance up to
3.38 A for other directions. Therefore, the room of the sphere is forbidden for other
water molecules. Second, the radius of the sphere is set as a constant because the pair
distribution function (PDF) peak of oxygen atoms is sharp (width at half height: 0.26
A) and about 1/10 comparing to the peak value (2.72 A, shown in Fig. S3c¢), where
definition of PDF is shown below:

The PDF for oxygen atoms is calculated as: all oxygen atoms are traversed to
calculate the distances with other oxygen atoms, and then we obtain the function of
the number of distances between r and r+Ar with the independent variable », where r
is a given distance. Each oxygen-oxygen-pair is counted twice, which is needed to be
halved. The function is divided by 4mr? and normalized to achieve PDF.

VII. Definitions and calculations

Effective radius of CNTs: As CNTs can be considered as a uniformed cylindrical
tube, we can calculate the L-J interaction between a single water molecule and a CNT
with infinity length. Considering CNTs as continuous, the potential of oxygen in
single water molecule (hydrogen can be neglected) at the point with the distance a
from the origin at the same height (z axis) in CNTs (Fig. S3a) is written as:
Uy, (a)=]" [ U (0.2)cos 0abd: 1)
therein,
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As shown in Fig. S3a, T is the test point, and a is a given distance of point T from
origin O. U /a) is the total potential at point T, and U(6,z) refers to the contribution
of potential at angle of # and coordination of z; Rcnt is the radius of CNTs, while 6
and z are the angle and height of integrate unit dfdz; »(6,z) is the distance between the
integrate unit and point T. 4 is the average area of a single carbon on the surface of
nanotubes. ¢ is the bond length of carbon in CNT and a value of 1.42 A is adopted
in calculations referring to CHARMM force field.

After numerical calculating U;; with different radius as function of a, we define the
effective radius 7, at which the presence probability of water molecules is 1 %
comparing with the maximum probability, and it is figured out by the following
equation and listed in Table 1 in main body.
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where, Ny, k and T refer to the Avogadro constant, the Boltzmann constant and
temperature, respectively. U”;; is the minimum value of U, f(a).

distribution function peak of water molecules: The radial distribution function
(RDF) peak of water molecules in CNTs (r4;,) is calculated. The number of water
molecules (V) with their coordinates reaching r<(x2+y?)!2<s+Ar is first counted, and
described as a function of 7. The number density (p) distribution can then be written:

p(r)= N(@) _ N(r)

AV -Fr  2zdhAr-Fr (S5)

where, J and r are the volume and the distance from the original point, respectively; 4
is the length of CNT; Fr is the frame number of trajectory. After a two-peak Gaussian
fitting (or single-peak fitting) of the function p(r) (Equation S5), the larger peak
radius is defined as 4. The detailed data are presented in Table S3.

Average velocity of water molecules in CNTs: The average velocity of water in
CNTs is calculated as follows: The average Z-coordinate value of both movable
graphene sheets is calculated for every frame of trajectories, respectively. The
velocity of these sheets is determined with a least squares fitting. In consideration of
the constancy of water density, the product of flow cross-section of CNTs and the
velocity of water molecules in CNTs is equal to the product of sheet area and the
velocity of sheets. The velocity of water molecules in CNTs is written as:

62 [i (Zdriving,i +Z jrivensi )] -3 (Fr + l)z (Zdriving,i +Z frivensi )
v =i i

sheet Fr(Fr+1)(Fr-1)
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where, Zgiving: and Zgyiven; are the average Z-coordinate values of driving and driven
sheets at i frame, respectively; A4, 1s the area of the movable graphene sheets.
Thomas et al.'# reported a series of water velocities in nanotubes using the similar
simulation approaches as in the present work. They used a hydraulic conductivity
y=L/AP as a criterion to characterizing water transport in nanotubes with different
diameters under external pressure. They obtained the y valued from 2.23 to 7.71x10-13
m?/Pa-s with CNT radius from 0.42 to 0.83 nm. In our work, the values of y are 0.90
to 2.99x10°1> m?/Pas with CNT radius from 0.35 to 0.63 nm, which is slightly
smaller than the values from literature.

Criteria of Hydrogen bond: The hydrogen bond is calculated as follows: all oxygen
atoms are traversed to calculate the distance with other oxygen atoms vide ante, and
we select the pair of water molecules with the distances from 2.5 A to 4 A. Since
there are four hydrogen atoms in the mentioned water-pair, we consider the hydrogen
atom with angle of O-H-O more than 90° as the hydrogen taking part in a hydrogen-
bond. After the distance and angle are calculated, we make a 2-dimensional histogram
(Fig. 4¢) with proper subintervals of distance and angle.

To find the properties of hydrogen bond in CNTs, we need to obtain the criteria
defining the hydrogen bond. Marti'> ¢ listed three conditions to define a hydrogen
bond, briefly, the distance of oxygens (roo) should be less than 3.6 A; the distance
between acceptor O and donor H (rop) should be less than 2.4 A; the angle between
the O-O direction and the O-H bond within one molecule (ap) should be less than 30°.
As the acceptor O and donor O-H construct a triangle and length of O-H bond (Bop)
is fixed around 96 pm, we use rop and the angle of O-H-O (ay) as criteria for
convenience. The equation is written as:

_ 2 2 .2
Yoy = By cosay, +\/r00 — B, sin” «,

sina, = Lo gin a,

oo (S5)
the criteria of hydrogen bond are then simplified into the following two conditions
approximately: the angle of O-H-O (o) is more than 140°; roq is less than 3.3 A.
Eigen peaks of confined water transport: Trajectory of 200 ps (20000 frames) for
water transport in CNTs with pressure is first obtained following the step described in
Part VI. Only water molecules in CNTs are reserved for further analysis. We use IR
Spectra Density Calculator with correction of harmonic in VMD 1.9.1 to calculate the
amplitude at wave number from 0 to 1000 cm! (Fig. S4). In order to find the peak of
the data, we select the maximum value for every 5 cm'! width of wave number and
smooth the data with a 5-point moving average method (Fig. SSa). After the
pretreatment of data, a two-peak Gaussian fitting is performed (Fig. SSb).

VIII. The effects of CNT entrance
We extract the data of water distribution along the direction of Z-axis in or adjacent to
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CNT from trajectories of equilibrium progress in MD shown in paragraph 2 of SI III.
Then, the probability of a single water molecule is obtained as shown in Fig. S6a, and
the potential barrier for water entrance into different CNT radius is shown in Fig. S6b.

IX. Concerned parameters in main body and Supporting Information

A, Agneerr average area of a single carbon on the surface of nanotube, area of the
graphene sheets.

a: The distance between the test point and origin.

Bj;;: bond length of atom i and ;.

Fr: frame number of trajectory file.

h: CNT length.

ko: a fixed constant equaling to KL°/M while K, L and M are stiffness, length and mass
of the “spring” respectively. K*,L*, A"and M" are stiffness, length, area and mass of a
single unit of the “spring”.

lum and a,,, are numbers of the units consisting the “spring”, i.e., L=l,,,"L",
A=a,,, A",

m and n: CNT vectors.

L, the length of tube.

N, N(r), N,,: number of water molecule or spheres.

Ny: Closest packing number with spheres.

Ny, k and T: Avogadro constant, Boltzmann constant and temperature respectively.
Nyax.4: maximum loop times.

P: pressure of the system, while AP is the pressure difference across the nanotube.
Pro: the probability of water molecule in CNT.

Rcnr: radius of CNT.

Ryin: the minimum-potential distance of atom i and j, while R,,;,; and R,,;,; are
defined as Ry i7=1/2(Roini + Roniny)

R;: sphere radius.

r, r;;: distance, distance of atom i and ;.

rqp: distribution function peak of water molecule in CNT.

1o effective radius of CNT.

7. lower bound of radius variation.

r(0,z): distance between the integrate unit and test point.

tp: time step in simulation.

U, fa), U1, U(O,2): total L-J potential at the position with a distance of a from center
of CNT, the minimum value of U, with the variable a, the contribution of potential at
angle of @ and coordination of z.

u(L,t): the displacement of water in CNT at time ¢ and position /.

Vo: overlap volume

Vol: volume.

Vip: lower bound of overlap volume. V', smaller than ¥, will be neglected.

v, Ve average velocity of waters in CNT.

x, y and z: axes of the system considered as Cartesian coordinates.
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Zarivingi aNd Zyyiven;: average Z-coordinate values of driving and driven sheets at i
frame respectively.

& depth of the potential well, while ¢; and ¢; are defined as &;=(e;;)"/?

n: percentage of water molecule numbers comparing with the closest packing number
as the function of r.

6: angular coordinate of inner CNT considered as cylindrical coordinate.

p: number density of water molecule.

&: the ratio of r,yand R,.
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Figure S1. Uniformity of carbon nanotubes. (a) L-J Potential of a single water
molecule in CNT (13,0). The dotted cage represents the position of CNT. The
potential is calculated with the range of water molecule restrained on surface z=0 and
x*+y?<2.22. (b) The cross-section of (a) at y=0. (c) Schematic of calculating L-J
potential fluctuation where red circle shows the plane of z=0. (d) The value of
fluctuation for a test water molecule at z=0 and x*+)?=1.852 with variation 6 shown in
(c), the selected position of water molecule is considered as potential well. () Instant
velocity distribution of water molecules in CNT at 1.41 GPa and 300 K.
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Figure S2. Velocity of water in CNT v.s. external pressure.
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Figure S3. Consider water molecules into spheres. (a) Schematic for calculating L-
J interaction between a single water and CNT wall considering CNT as a uniformly
cylindrical tube. (b) Schematic of water in CNT and spheres in cylinder. The left
figure represents water and CNT wall, while the right one represents corresponding
spheres and cylinders. The principle of replacement is obtained between them. (c)
Radial pair distribution function of oxygen in water. g(r) is the number density
normalized by a homogeneous medium, expressed as g(r)=N(r)Vol/(4nr*N,,), while
N(r), Vol and N,,, are the numbers, volume and total numbers, respectively.

Amplitude

0 500 1000
Wave number cm'1

Figure S4. IR spectra of water molecules in an 8-angstrom-length CNT (7,5)
extracted from molecule dynamics.
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Figure SS5. Data extraction from IR spectra of water molecules. (a) local
maximum data of every 5 cm™! width of wave number (blue dots) and 5 point average
smoothing of the local maximum data (red dots). (b) Two-peak Gaussian fitting of the

data from (a).
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Figure S6. Entrance effect of CNTs. (a) The reciprocal of probability of water
molecule in CNT (11,0). The horizontal ordinate refers to the Z-axis of CNT and the
entrances locate at +20 A. (b) The gap of probability at the entrance of CNTs as
function of CNT radius.

Table S1 L-J potential parameters of CNT and TIP3P water.

g(kcal/mol) Rumin(A)
CA -0.070000 1.992400
HT -0.046000 0.224500
oT -0.152100 1.768200

Table S2. Comparison of CNTs with the same radius and different chirality.
water velocity in CNT

average Hydrogen bonds

CNT type RDF peak position (A) (m/s) per water
(10,6) 2.162 14.30 2.238
(14,0) 2.161 14.97 2.289
ratio 1.0005 1.047 0.9777
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Table S3. The detailed data of water molecules distribution in CNT.

CNT type ar* b, c a b, ¥
(7,3) 6.722 -123.2 76.22

9,1) 1.125 -23.35 17.12 0.199 11.65 39.13
(10,0) 0.4697 -38.39 36.81 0.1326 37.17 35.85
(7,5) 45.03 -168.0 69.38 0.1136 47.69 43.84
(11,0) 0.06427 17.85 60.58 0.08066 83.22 37.54
9,4) 0.1292 132.3 41.86
(12,0) 0.2192 148.3 25.47
(10,4) 0.2186 165.6 25.60
(13,0) 0.2054 185.5 26.87
(13,1) 0.1916 198.7 29.10
(14,0) 0.1605 213.3 34.30
(14,1) 0.1826 235.5 30.23
(15,0) 239.7 -231.5 82.53 0.1266 247.7 37.74
(15,1) 0.4889 -36.78 47.47 0.07153 279.0 31.52
(15,2) 0.3154 -36.89 56.89 0.06348 295.4 35.00

*The fitting equation is written as:

p (7") — ale—((r—bl )/cl)z + aze—((r—bz )/62)2

**The parameters by, by, ¢y, ¢, and variable r are with the units of pm. Function p and parameters a,

and a, are with the units of 1/A3.
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