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Using umbrella sampling technique with molecular dynamics simulation, we investigated the nanoflu-
idic transport of water in carbon nanotube (CNT). The simulations showed that a positive charge modi-
fication to the carbon nanotube can slow down the water column growth process, while the negative 
charge modification to the carbon nanotube will, on the other hand, quicken the water column growth 
process. The free energy curves were obtained through the statistical process of water column growth 
under different charge distributions, and the results indicated that these free energy curves can be 
employed to explain the dynamical process of water column growth in the nanosized channels. 
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1  Introduction 

Owing to the many unique properties, carbon nanotubes 
(CNTs) have been extensively investigated as artificial 
nanopores and ion channels mimicking the vital mem-
brane structure in cells[1,2] or providing a prototype for 
designing of desalination devices[3]. In biological system, 
the nanosized pores for transporting water are essential 
for living organisms ranging from bacteria to animals 
and plants[4]. However, the biological water channels are 
much more complex than CNTs, for example, with ir-
regular surfaces and highly inhomogeneous charge dis-
tributions. Even with the above shortcomings, the CNTs 
can still be protonated[5], and some may have charged 
atomic sites[6] to closely mimic the real structures. Re-
ports of rapid water conduction through the narrow  
(6, 6) carbon nanotubes, however, are particularly in-
triguing as these may be promising for forming 
semipermeable membranes that filter salt from water[2]. 
Further studies showed that when the CNT was modified 
through charged atoms, new distribution or structure 
patterns and controllable transport of water can be real-
ized[1,7,8]. 

Recent theoretical studies[9] and computer simula-
tions[10－12] have demonstrated that the confined water is 
thermodynamically different from the bulk water, and 
the structure and dynamics of the nanoconfined water in 
particular have received considerable attention[13－18]. 
Computational studies have been conducted for struc-
tural properties of water molecules inside and near the 
CNTs, finding that water tends to form very ordered 
structures inside and at the mouth of pores[2, 14, 19－21]. As 
described above, there have been some studies aiming at 
determining the conductance of water through CNTs[1,2]. 
The structure of water droplets[22] or clusters[23] confined 
at the nanometer scale and the capillary effects[24] have 
also been explored. The investigation of these size-  
constraint systems not only can help us understand the 
structural and dynamic properties of those media  
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confined on the nanometer scale, but also can reveal 
some special characters of the nanosized materials, the 
hydrophobic/hydrophilic behavior in particular[25 － 28]. 
Hydrophilic/hydrophobic effects at the nanometer scale 
play a key role in many important physical or chemical 
phenomena, such as self-assembly and controllable 
growth of nanosized materials, stabilization of protein 
structure and function in solvent. 

To understand the underlying structure and dy-  
namic features at the nanometer scale, we resort to the 
potential of mean force (PMF) analysis. However, the 
standard simulation methods do not adequately sample 
the region to which the system reaches with low prob-
ability. For example, in our previous work[19], we calcu-
lated a series of PMF curves used to provide an estima-
tion over the relative energy barriers for the water 
molecules entering into the channels and gain some in-
sight into the structural information of water clusters in 
the stable stage for CNTs with different sizes. The study 
of the water filling process in carbon nanotubes can en-
hance our understanding on the formation of the quite 
surprising structures like the so-called quasi-one-  
dimensional liquid water in the case of the narrow (6, 6) 
CNT[13]. This can be related with the fact that the forces 
acting on the water molecules destined to enter the nar-
row tubes are greater than those of the wider tubes. 
However, obtaining the dynamical properties of the wa-
ter filling process is not feasible by those calculations as 
the low probability events can not be effectively sam-
pled. To avoid the sampling problem, various methods 
have been proposed for calculating the PMF, for in-
stance, the umbrella sampling and the steered dynam-
ics[29]. If applicable, umbrella sampling combined with 
the weighted histogram analysis method (WHAM) is 
perhaps the best choice for calculating the PMF[30]. Um-
brella sampling is a technique frequently employed in 
computational physics and chemistry, and is used to im-
prove sampling of a system (or different systems) where 
ergodicity is hindered by the system’s energy landscape. 
It was first suggested by Torrie and Valleau[31] in 1977, 
and the umbrella sampling method can be very efficient 
in sampling low probability events.  

In this paper, the water column growth inside the 
CNTs with various charge placements and indenting 
depths, and their variations with the evolution time are 
studied. The free energy curves in the process of water 
column growth are obtained by using the umbrella sam-

pling coupled with WHAM, and analyses are made in 
the dynamical process of water column growth in the 
nanosized channel by employing these free energy 
curves. Rather than by taking advantage of the deforma-
tion of CNT as a control mechanism as proposed by 
Wan et al.[32], in this paper we hope to constitute an ef-
fective method to control the water filling process in 
CNT and gain some insight into the CNT-based nano-
scale devices. 

2  Simulation model and computational 
details 

Our simulations were performed by using the 
GROMACS molecular dynamics package[33,34]. The wa-
ter is described by the flexible SPC/E model featuring 
harmonic stretch and bend terms between the oxygen 
and hydrogen atoms at which the partial charges are lo-
cated, and the electrostatic interactions are evaluated by 
the particle mesh Ewald (PME) method[35, 36]. The force 
fields and parameters utilized in the simulation are the 
same as those described in ref. [19]. The single-walled 
carbon nanotube (SWNT)-water system is modeled us-
ing the canonical (NVT) ensemble, and the periodic 
boundary conditions are applied in all the three spatial 
directions. However, enough space (around 3.8 nm) is 
left between the top of SWNT and the bottom-clamped  
water layer along z direction to avoid unreasonable in- 
teraction. The temperature is maintained at 300 K using 
the Berendsen method. A time step of 1.0 fs is used. The 
cutoff distances for Coulomb potential and Len-
nard-Jones potential are 0.9 nm and 1.0 nm respectively.  

The simulations were carried out as follows: an un-
capped (6, 6) single-walled nanotube (SWNT) of about 
4 nm in length and with various charge distributions is 
dipped into water surface as a function of cosine-type 
(stage 1), then the system holds and relaxes at the 
maximal dipping position (stage 2). To realize this proc-
ess, we first froze a layer of water molecules at the bot-
tom of the bath (about 1 nm in thickness) and the top 
part of the SWNT (about 1 nm in length) as shown in 
Figure 1. It takes about 100 ps for the SWNT to be fully 
immersed into its maximal depth under water surface, 
and the maximal depths are around 2.0 nm and 3.0 nm. 
The coordinates and other information were recorded 
every 0.2 ps. The water box with 12258 molecules is 
prepared separately, and the system is equilibrated to  
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Figure 1  A schematic of the MD simulation system and the regions for 
applying the umbrella potential calculations. The vertical hatched areas 
correspond to possible operation zones for the umbrella potential calcula-
tions. 

 
obtain the desired temperature (T) of 300 K. The dimen-
sion of the water box is approximately 8 nm 8 nm 6 
nm. To investigate the charge effects, we further deco-
rated the SWNTs by placing equal partial charges on the 
terminated carbon atoms at the lower end of SWNTs. 
The magnitude of the average partial charge (when wa-
ter is included in the tube) on terminated carbon atom of 
the (6, 6) SWNT is calculated by using the Gaus-
sian03[37] program package at the B3LYP/6-31G** level 
and this quantum value is about 0.08 e[38], which was set 
as 0.1 e in this simulation. For comparison, another 
charge value 0.3 e corresponding to the (10, 0) CNT 
with similar diameter to that of the (6, 6) CNT[38] is also 
used to decorate the SWNTs in this paper. As a result, 
there are four types of charged SWNTs in this simula-
tion, and the partial charges placed on the terminated 
carbon atoms at the lower end of SWNTs are respec-
tively +0.3 e, +0.1 e, −0.1 e and −0.3 e. It should be no-
ticed that the polarization effect is neglected by using 
the fixed charges of moving atoms during MD simula-
tion, and this will lead to the insufficiency in sampling 
the phase space when calculating the changes in free 
energy. To neutralize the net charges for the overall sys-
tem, dummy particles with opposite partial charges are 
fixed at the location far away from the interesting re-
gions. 

During the process of umbrella sampling, the water 
column length inside the SWNT is chosen as the order  

 

parameter and the range of its values (0－4 nm) is di-
vided into Nw sampling windows centered around the 
conveniently chosen values Zref, i, i =1, …, Nw. There 
are a total of eleven sampling windows (Nw=11) in the 
simulations, and the window size is chosen to be 0.4 nm 
(slightly larger than the dimension of one water mole-
cule). The umbrella potential assumes a quadratic form: 

 2
umb max ref
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2 ZV k Z Z= −   (1) 

where kZ=25.0 kJ·mol−1·nm−2. The total excess force 
from umbrella potential is divided by the number of wa-
ter molecules in the operational zone and then uniformly 
distributed over these water molecules. If the water 
column height Zmax is larger than the reference value of 
umbrella sampling Zref, all water molecules inside 
SWNT with Z > Zref are in the operational zone. How-
ever, if the water column height Zmax is lower than Zref, 
then the operational region is the vestibule extending 
from the SWNT’s lower end into the bulk water by 
around 0.4 nm as shown in Figure 1. Through distribut-
ing the umbrella force solely on molecules in both the 
top and bottom operational regions, the probability of 
breaking the hydrogen-bonding network formed by wa-
ter molecules inside SWNTs is greatly reduced, and at 
the same time the composition of those divided forces 
from umbrella potential can maintain a harmonic func-
tion of the column length. It takes around 200 ps to sta-
bilize the initial conformations near each target refer-
ence Zref,i for sequential umbrella sampling, and the 
production run lasts over 800 ps. 

The standard method for efficiently stitching together 
the biased distribution function pi(Z)’s in order to obtain 
the equilibrium distribution function of the order pa-
rameter p0(Z) is used, and therefore the sought free en-
ergy curve is the WHAM, according to eqs. (2) and (3): 
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where Ni is the number of data points used to construct 
the pi(Z) for the ith sampling window. The above 
nonlinear coupled WHAM equations need to be solved 
iteratively and thus minimize the errors in determining 
the p0(Z). The free energy is calculated as 
 B 0( ) ln[ ( )].G Z k T p Z= −   (4) 
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3  Results and discussion 

In the post-growth stage (lasting for 10 ns after about 2 
ns in our simulations) of the water filling process into 
the SWNT, it is common that the water column inside 
the SWNT would fluctuate around the saturation height. 
However, in the case of SWNT with −0.1 e charge dis-
tribution, the water column saturation height inside 
SWNT is lower than the heights of SWNTs with the 
other charge distributions, and it also features larger 
fluctuation in height as shown in Table 1. In addition, 
the formation of a one-dimensionally ordered chain of 
water molecules is also observed in SWNTs decorated 
with partial charges. When the partial charges are large 
enough, there exist some orientational hydro-
gen-bonding defects near the charged carbon atomic 
sites, as shown in Figure 2. For example, in the case of 
+0.3 e charge distribution, the dipole moment of water 
molecule near the charged carbon atomic sites is per-
pendicular to the CNT axis, and the attracted oxygen 
atom gets more close to the CNT wall, while the two 
hydrogen atoms connect with other neighboring water 
molecules to form the hydrogen bond. Similarly, in the 
case of −0.3 e charge distribution, the dipole moment of 
water molecule near the charged carbon atomic sites is 
also perpendicular to the CNT axis, however, on the 
contrary, it is the oxygen atom that connects with other 
neighboring water molecules to form the hydrogen bond, 
while the two attracted hydrogen atoms get more close 
to the CNT wall. These structural features will prove 
reasonable by further analyzing the electrostatic force 
imposed on the water molecule near the charged carbon 
atomic sites of SWNT’s wall. For these two cases, the 
oxygen atoms of water molecules near the charged car-
bon atomic sites are pulled away from the CNT axle by 
about 1.6 Å. However, formations of the orientational 
hydrogen-bonding defects are less obvious for water 
chain structures inside SWNTs decorated with relatively 
less partial charges (for example, ±0.1e in this simula-
tion). Thus, it seems that the electrical filed intensity 
must be high enough in order to form these special hy-
drogen-bonding defects. All these water structures in 
cases involved in charge distribution are more stable 
than those formed inside the pristine SWNT, and no 
collective flip (the angle of water dipole moment with 
the z axle changes from angle < 90° to angle > 90° or 
vice versa) inside charged SWNTs is observed during 
the long evolution process. 

Table 1  The saturation heights and error estimations for water column 
inside the SWNTs with various charge distributions and indenting depthsa)  

Type +0.3 e +0.1 e 0.0 e −0.1 e −0.3 e +0.3 e*

Height (nm)  3.750 3.667 3.677 3.354 3.853 3.715

Error (nm) 0.1900  0.1966 0.2668 0.5930 0.1171 0.1696

a) The value marked with * is corresponding to depth of 3.0 nm. 
 

 
 
Figure 2  The simulation snapshots of water molecules inside the 
SWNTs decorated with various charge distributions in the post-growth 
stage (after about 2 ns). The red balls represent oxygen atoms, the white 
balls the hydrogen atoms, the blue balls the positively charged carbon 
atoms and the green balls the negatively charged carbon atoms. 

 
The effects of various charge distributions are sys-

tematically studied in the simulations. Figure 3 shows 
the average dipole moment angular distribution for wa-
ter molecules near the vicinity to the lower end of 
SWNT along the z direction. The curve for the pristine 
SWNT was derived from the period in which the water 
molecules inside SWNT maintain the upward configura-
tion. It is no doubt that in the case of −0.1 e charge dis-
tribution, the water molecules can easily enter into the 
mouth range of the SWNT, since the water molecules 
can smoothly adjust their dipole moment orientation 
near the mouth range of the SWNT to diffuse into the 
SWNT. On the other hand, in the case of charge distri-
butions other than the −0.1 e distribution, more drasti-
cally rearrangements of orientation are needed for those 
entering water molecules. The growth processes of the 
water column lengths inside SWNTs with different 
charge distributions are also investigated, as shown in 
Figure 4. The simulations corresponding to the growth 
process were repeated 15 times for each system with 
different charge distributions, and the results were then  
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Figure 3  Average dipole moment angular distributions for water mole-
cules in the region near the lower end of SWNT with various charge dis-
tributions along the z direction. The orientation is detected by the angle 
between the SWNT axle and the water dipole moment, and the distance is 
measured from the lower end of the SWNT. The negative value stands for 
statistics in the water bath in front of the lower end of the SWNT, while 
the positive value stands for statistics within SWNT. 
 

 
 
Figure 4  The simulations corresponding to the growth process were 
repeated 15 times for each system with different charge distributions, and 
the results were then averaged. Water column lengths within SWNT (a) 
and the column length error distributions (b) for systems with various 
charge distributions and indenting depths evolve with time. 
 
averaged. The error distributions for the growth column 
lengths inside SWNTs are shown in Figure 4(b). Gener-

ally, a positive charge modification to the SWNT’s end 
would slow down the water column growth process, 
while the negative charge modification to the SWNT’s 
end would, on the other hand, quicken the water column 
growth process. As shown in Figure 4(b), there exist 
regions showing relatively large water column length 
fluctuations for the case of positively charged and pris-
tine SWNTs, these regions are corresponding to the time 
intervals in which the averaged water column height 
approximately reaches the outside surface water level, as 
shown in Figure 4(a), and these results are similar to our 
previous results[19].  

To further study these dynamic phenomena, the um-
brella sampling technique and weighted histogram 
analysis method (WHAM) are used to obtain the free 
energy distributions in the process of water column 
growth for SWNTs with different charge distributions 
and indenting depths (Figure 5). These calculations 
show that to fill the water into the SWNTs until satura-
tion is a thermodynamically spontaneous process. After 
prolonged simulation (generally around 2 ns), all water 
columns in various SWNTs finish their growth in our 
simulations, and the water column height approaches the 
saturation value and then fluctuates around it as shown 
in Table 1. 
 

 
 
Figure 5  The coarse free-energy curves as a function of the water col-
umn length inside SWNTs with different charge distributions and indent-
ing depths. The energy barriers for cases with charges of +0.3 e and in-
denting depth of 2 nm, charges of +0.1 e and indenting depth of 2 nm, and 
charges of +0.3 e and indenting depth of 3 nm are δE1, δE2 and δE3 re-
spectively. 

 
From a dynamic view, it is obvious that the growth 

rate of water column inside the negatively charged 
SWNT is higher than that inside the uncharged SWNT. 
For example, in the case of −0.1 e charge distribution, 
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the theoretical saturation height of water column inside 
SWNT corresponding to the minimal point in free en-
ergy curves is lower than the heights of SWNTS with 
the other charge distributions. At the same time, the free 
energy curve is relatively flat at the locations near the 
water column saturation height, thus providing relatively 
large freedom for the fluctuation of water column, as 
shown in Table 1. In the system with −0.1 e charge dis-
tribution, when the configuration effect of water mole-
cules is included in the PMF calculation, the height of 
the free energy curve near the mouth range of the SWNT 
is the lowest, which corresponds to the most smooth 
variation of the dipole moment orientation for the enter-
ing water molecules, as shown in Figure 3. This is also 
the reason for relatively rapid filling rate of water mole-
cules for SWNT decorated with −0.1 e. For the other 
cases, the increasing charge strength should normally 
increase the height of the free energy curve near the 
mouth range of the SWNT. 

For the positively charged and pristine SWNTs, an 
energy barrier corresponding to the outside water sur-
face level appears in the free energy curve, and this sin-
gularity of free energy variation tends to enhance the 
fluctuation of water column length in the growth process, 
as shown in Figure 4(b). The energy barriers for the case 
of the positively charged SWNTs (the value range of δEi 
shown in Figure 5 is 1.2－1.3 kJ/mol) are apparently 
larger than those for the case of the pristine SWNT, as a 
result, the growth rate of water column inside the posi-
tively charged SWNT is slowed down. For the case of 
+0.1 e charge distribution, the average water column 
height maintains at around 2.5 nm after 700 ps, as 
shown in Figure 4(a), and the corresponding height 
fluctuation is also relatively large and at the same time 
shows little trend of decrease in height fluctuation be-
fore 1 ns, as shown in Figure 4(b). These convince us 
that there exists a local energy barrier near the location 
(around 2.5 nm), and some samples (actually 6 samples 
in our simulations) in the 15 independent simulations 
did not cross over this energy barrier (δE2 in Figure 5) 
until 1 ns. 

To confirm the relationship between the location of 
the energy barrier and the outside water surface level, 
we have tried to change the indenting depth of SWNT 

from 2.0 nm to 3.0 nm. When the maximal indenting 
depth is changed, the location of energy barrier varies 
with the outside surface water level, as shown in Figure 
5. The results shown in Figures 4 and 5, indicate that the 
localized charge distribution (particularly on terminated 
carbon atoms) can clearly affect the overall dynamic 
properties of water transportation in the nanosized 
channels, unlike the size constraint imposing its effect 
mainly on the structural properties of water clusters con-
fined[19]. 

4  Conclusion 

The charge modification to carbon nanotube would dras-
tically affect the dynamical process of water transport 
within the CNT’s channel. When positive charges are 
distributed over the lower end of SWNT, the water col-
umn growth inside the channel would be slowed down. 
On the other hand, negative charge modification to the 
SWNT would obviously increase the water column 
growth rate. The introduction of charge modification not 
only changes the interaction between the water cluster 
and the SWNT, but also leads to structural rearrange-
ment of the water molecules. This is demonstrated in the 
calculation of the free energy, and these free energy 
curves clearly reflect the dynamical properties of water 
transport. The umbrella sampling and WHAM tech-
niques are employed to obtain the free energy curves in 
the process of water column growth for SWNTs with 
different charge distributions and indenting depths. The 
obtained free energy curves support the conclusion that 
water column growth inside the negatively charged 
SWNT is faster than that in the pristine SWNT, and the 
fluctuation level of water column around saturation 
height inside SWNTs with different charge distributions 
can also be estimated. Results showed that the energy 
barrier located at the outside surface water level will be 
enhanced by the introduction of positive charges to the 
lower end of CWNT, and this increased energy barrier 
would slow down the water column growth. There also 
exists a correlation between the energy barrier location 
and the outside water surface level, that is, the energy 
barrier peak location is closely linked to indenting depth 
of SWNT. 
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