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We used molecular dynamics simulations to investigate the thermodynamics of filling of a (6,6) open

carbon nanotube (diameter D = 0.806 nm) solvated in TIP3P water over a temperature range from

280 K to 320 K at atmospheric pressure. In simulations of tubes with slightly weakened carbon-

water attractive interactions, we observed multiple filling and emptying events. From the water occu-

pancy statistics, we directly obtained the free energy of filling, and from its temperature dependence

the entropy of filling. We found a negative entropy of about −1.3 kB per molecule for filling the

nanotube with a hydrogen-bonded single-file chain of water molecules. The entropy of filling is

nearly independent of the strength of the attractive carbon-water interactions over the range studied.

In contrast, the energy of transfer depends strongly on the carbon-water attraction strength. These

results are in good agreement with entropies of about −0.5 kB per water molecule obtained from

grand-canonical Monte Carlo calculations of water in quasi-infinite tubes in vacuum under periodic

boundary conditions. Overall, for realistic carbon-water interactions we expect that at ambient con-

ditions filling of a (6,6) carbon nanotube open to a water reservoir is driven by a favorable decrease

in energy, and opposed by a small loss of water entropy. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4737842]

I. INTRODUCTION

Water in the interior of narrow carbon nanotubes has un-

usual structural and thermodynamic properties. Despite their

apparent nonpolar character, carbon nanotubes tend to fill

with water at ambient conditions, as shown by simulations1–9

and observed in a broad range of experiments.10–15 In narrow

tubes with subnanometer diameters, water forms a single-file

arrangement, in which each water molecule donates one hy-

drogen bond, and accepts one from another water molecule.

Water filling is strongly cooperative and sensitive to small

perturbations in interactions with the confining walls2 and

to changes in solvent conditions.16, 17 Water flow rates that

far exceed the hydrodynamic predictions of Hagen-Poiseuille

flow have been reported,1, 13, 14 reflecting the strong coupling

between nanoscopically confined water molecules within the

tube, and the weaker interactions with the walls. This remark-

able transport property and the unexpected thermodynamic

stability of the peculiar quasi-1D water structure at room tem-

perature with its high translational order have been examined

with molecular simulations and theoretical models.16, 18 Iden-

tifying the thermodynamic driving force for water filling is

not only of fundamental interest, but is also relevant in the

design of nanotube devices, including filters for water pu-

rification and solvent separation, in probing the mechanism

of water transport in biological channels, and in explaining

why “nonpolar” cavities in proteins can occasionally contain

water.17, 19
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Despite extensive studies, there are conflicting views

of whether filling is driven by the entropy or energy of

transfer.3, 16, 20, 21 The magnitude and even the sign of the en-

tropy of single-file water remain contentious. An early study

by Vaitheeswaran et al.3 reported a near-zero entropy of trans-

fer from bulk into a quasi-infinite nanotube obtained by peri-

odic replication of a finite nanotube segment. In these calcula-

tions, the thermodynamics of water filling was determined by

an explicit calculation of the grand-canonical partition func-

tion for the confined water, using the TIP3P model for water

in the nanotube and experimental data for the temperature de-

pendence of the chemical potential and density of bulk wa-

ter. In more recent studies, density of states formalisms were

used to estimate the translational and rotational contributions

to the entropy, producing positive transfer entropies for model

TIP3P and SPC/E water in (6,6) carbon nanotubes.20, 21

To resolve these discrepancies in the calculated entropies

of single-file water, we here use the most direct method to de-

termine the entropy of transfer, by examining the thermody-

namics of filling an open carbon nanotube in equilibrium with

bulk TIP3P water in molecular dynamics (MD) simulations

over a range of temperatures. We first describe the simulation

setup and the analysis methods, including those for periodi-

cally replicated nanotubes (with the issue of the bulk refer-

ence discussed in the Appendix). We then report free energies

of water transfer from bulk into open nanotubes with slightly

weakened carbon-water attractive interactions, determined di-

rectly from the logarithms of the observed water occupancy

probabilities. Energies and entropies of transfer determined

from the temperature dependence of these free energies are

compared to the results for an infinite periodic tube obtained

from the temperature dependence of the grand-canonical par-
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tition function, and to the results obtained by using expres-

sions for the entropy based on model calculations of the den-

sity of states of confined water.20, 21 We find that the entropies

of transfer of water into the (6,6) carbon nanotubes are neg-

ative and filling is driven by the energy of transfer both for

open and periodically replicated nanotubes of subnanometer

diameters. New Monte Carlo simulations of water in infinite

periodic tubes show that the entropy of transfer per particle

increases with increasing pore diameter in the range 0.77–

0.83 nm, but this increase is not sufficient to produce a sig-

nificant entropy gain. Our conclusion that filling is driven by

the energy of transfer opens up the prospect of constructing a

water switch in which the nanotube can be emptied or filled

by changing the temperature, as well as by fine tuning the

nanotube-water interaction, by chemical modification, or by

the imposition of an external field.

II. METHODS

A. MD simulations of open nanotubes

We determined the thermodynamics of filling a short nan-

otube of length ∼1.35 nm and diameter ∼0.806 nm open

to the surrounding water reservoir at both ends. The (6,6)

“armchair”-type carbon nanotube was constructed by rolling

up a graphene sheet of 5 × 12 carbon rings into a cylinder.

This tube was then solvated with 1034 TIP3P (Ref. 22) water

molecules. The nanotube-water interactions were treated as

in earlier studies,1, 2 as summarized below. To probe partially

filled states, we modified the attractive term of the carbon-

water Lennard-Jones potential by a control parameter λ,

U (r, λ) = 4ε

��σ

r

�12

− λ
�σ

r

�6
�
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��

σ �
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−
�

σ �

r

�6
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resulting in a modified Lennard-Jones form with effective pa-

rameters ε� = ελ2 and σ � = σ /λ1/6 (see Table I). Previous

studies of water in short and long nanotubes showed that the

filling of the nanotube is extremely sensitive to the strength

of the water-carbon potential. By fine-tuning the parameter λ

controlling the nanotube-water interaction, conditions can be

found at which the open nanotube fluctuates between filled

and empty states.1, 2 The system can also be switched to a

completely filled or a completely empty state by adjusting

the nanotube-water interaction potential. Similar observations

were made for the SPC/E water model, with filling transi-

tions of (6,6) nanotubes reported at ∼8.5% and ∼10% rela-

tive humidity for TIP3P (Ref. 18) and SPC/E (Ref. 23) water

at ambient conditions, respectively, suggesting that our results

TABLE I. Lennard-Jones parameters of the λ-dependent carbon-water

interactions.

λ �� (kJ/mol) σ � (nm)

1.000 0.478 357 0.32 752

0.785 0.294 763 0.34 101

0.752 0.270 537 0.34 345

depend weakly on the water model. To maintain continuity

and permit easy comparison with previous work1, 2 we use the

TIP3P water model.

The MD simulations were performed with the sander

modules of the AMBER 6 and 10 program suites (University

of California, San Francisco).24 A constant pressure of 1 bar

and temperatures of T = 280, 290, 300, 310, and 320 K were

maintained with the weak-coupling barostat and thermostat

(AMBER 6),25 and the Andersen thermostat26 and the weak

coupling barostat (AMBER 10), respectively. Particle-mesh

Ewald summation27 was used for the long-range electrostat-

ics. A time step of 2 fs and real space cut-offs of 1 nm (AM-

BER 6) and 1.3 nm (AMBER 10) were used. Other details

are as in Ref. 2. After equilibration, the length of the peri-

odically replicated cubic simulation box was ∼3.3 nm. The

AMBER 6 production runs were carried out for 63 ns for λ

= 0.752 and 0.785 at each of the five temperatures, and for

5 ns for λ = 1.0. The overall simulation time was 655 ns.

The AMBER 10 production runs extended for 85 ns each at

λ = 0.785, 0.8, 0.9, and 1.0, with a combined production time

of 1.7 μs. Unless stated otherwise, results are for the simula-

tions using the weak-coupling thermostat.

Water occupancy values N in the nanotubes were deter-

mined as previously,1, 2 with the nanotube interior defined as

the cylindrical volume bounded at the two ends by the carbon

atoms at the rims. Occupancy probabilities P(N) were deter-

mined as averages of the occupancy indicator functions. Er-

rors of time averaged observables were estimated from their

time correlation functions (with the square standard error of

the mean given by two times the estimated variance of the

observable multiplied by its correlation time and divided by

the simulation time; used for AMBER 6 runs) and from stan-

dard block averages (AMBER 10 runs), combined with linear

error propagation for derived quantities, in particular slopes

and intercepts of line fits, but ignoring cross correlations.

To estimate the correlation time, we used the integral of bi-

exponential fits to the time correlation functions.

B. Thermodynamics of water transfer

The Helmholtz free energy of transferring N water

molecules from a reservoir into a nanotube is related to the

occupancy probability P(N) by3

�AN = −kBT ln
P (N )

P (0)
+ NpVbulk, (2)

where kB is Boltzmann’s constant, T is the absolute temper-

ature, p is the pressure, Vbulk is the volume per particle in

the bulk phase, and P(0) is the probability that the nanotube

is empty. In the following, we neglect the small pressure-

volume term of about pVbulk = 1.8 × 10−3 kJ/mol at ambient

conditions.3 Since �AN = �UN − T�SN it follows that

β�AN = − ln
P (N )

P (0)
= �UN

kBT
− �SN

kB

, (3)

where �UN and �SN are the energy and entropy differ-

ences between N water molecules in the nanotube and in

bulk water, and β−1 = kBT. From a straight-line fit to

β�AN/N = −ln[P(N)/P(0)]/N as a function of T−1, one ob-
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tains �UN/(kBN) from the slope and �SN/(kBN) from the

intercept, assuming they are both essentially constant over the

temperature range of the fit. If this assumption were violated,

we should see systematic deviations from linearity in the fit.

Under the assumption of linearity, the same values are ob-

tained by fitting a straight line to �AN as a function of T and

determining the entropy from its slope, �SN = −∂�AN/∂T,

which was confirmed also numerically. The energy and en-

tropy of transfer can thus be determined from the temperature

dependence of the free energy of transfer.

We also estimated the enthalpy and entropy of transfer

from the total enthalpy U + pV of the entire system and the

free energies calculated from P(N). For this, we calculated

T �SN = �U + pV �N − �U + pV �o − �AN , where the av-

erages are over conformations of given occupancies N and 0,

respectively. Independent entropy estimates were obtained at

each of the five temperatures simulated with the Andersen26

thermostat, and the results were then averaged.

To combine results from simulations at different values

of λ and at different temperatures we adapted a thermody-

namic integration method. We note that histogram methods

could not be used because the weak-coupling barostat avail-

able in AMBER 6 and AMBER 10 does not produce a

strict isothermal-isobaric ensemble.25 In the thermodynamic

integration, we performed a global chi-square fit of the free

energy function �AN(T, λ) = h0N + h1Nλ + h2Nλ2 + · · ·
− T(s0N + s1Nλ + s2Nλ2 + · · ·) to the free energy estimates

obtained from occupancy probabilities P(N; T,λ) and to the

estimated derivatives ∂�AN/∂λ = −4εσ 6�� r−6
ij �N , where

the sum extends over all carbon-oxygen pairs within the cut-

off range and the average is over states with fixed N. As fit

models, we tested polynomials of different order in λ for the

entropy and enthalpy.

C. Infinite periodic nanotubes

Vaitheeswaran et al.3 reported on Monte Carlo simulation

studies of the temperature dependence of water confined to a

1D periodically replicated nanotube. Without direct interac-

tions with an external water reservoir, the filling equilibrium

was determined by constructing the grand-canonical partition

function of water confined into the nanotube term by term. To

maintain the periodicity of the carbon lattice in the (6,6) nan-

otube with 0.806 nm diameter, the length of the 1D periodic

cell was fixed at L = 1.453 nm which is slightly longer than

our open tube of length 1.36 nm. As noted earlier,3 the filled

states correspond to five and six water molecules in the open

and periodic unmodified tubes, respectively.

To study the effects of the average particle spacing, �z
= L/N, tube length, and tube diameter on the thermodynam-

ics of filling, we performed additional Monte Carlo simu-

lations of infinite periodic tubes. We used different repeat

lengths L of 1.453, 2.664, and 3.875 nm, and different pore

diameters D = 0.777 and 0.835 nm, in addition to the orig-

inal diameter of 0.806 nm. These wider and narrower pores

were obtained by uniformly scaling the carbon-carbon bond

lengths, which resulted in corresponding changes in the repeat

lengths L.

For these periodic tubes, the free energy of transfer of

water was determined by constructing a grand-canonical en-

semble using successive ratios of probabilities

P (N + 1)

P (N )
= ρV eβμex

bulk

N + 1
�e−β(UN+1−UN )�N, (4)

where μex
bulk is the excess chemical potential of the bulk

fluid at a density ρ and temperature T , and �e−β(UN+1−UN )�N
= �e−β(UN −UN+1)�−1

N+1 ≡ e−βμex
N defines the excess chemical

potential of N water molecules in the nanotube and is equal

to the Boltzmann averages of the binding energy of an

(N + 1)-th molecule randomly inserted into a volume V that

covers the nanotube and already contains N water molecules,

and of a particle removed from an (N + 1)-particle system.17

Here, we used the Bennett acceptance ratio method28 to cal-

culate μex
N from the energy distributions for particle inser-

tion and removal. In the simulations, the ratio P(N)/P(0) for

N ≥ 1 is determined by recursive application of Eq. (4) and

subsequent normalization.

Unlike the simulations of the open nanotubes conducted

here, for infinite periodic tubes the bulk reference state has to

be defined explicitly. In particular, the ratio P(N + 1)/P(N) in

Eq. (4) depends on both the excess chemical potential μex
bulk

and the density ρ of the bulk fluid. Here we obtained these

properties from simulations of bulk TIP3P water, as described

below in the Appendix and presented in Table III.

III. RESULTS AND DISCUSSION

The MD simulations were initiated from a structure with

an empty nanotube immersed in a water reservoir. With the

water-nanotube interaction parameter λ = 1 corresponding to

the unmodified Lennard-Jones interaction between the water

and the nanotube, the nanotube was found to fill up rapidly

and then to remain filled. Figure 1(a) shows a slab view of the

nanotube filled with water and surrounded by a water reser-

voir. Figure 1(b) shows a close-up view of the single-file chain

of H-bonded water molecules in the nanotube.

(a) (b)

FIG. 1. Simulation system. (a) Slab view of the nanotube filled with water

and surrounded by water reservoir. (b) Close-up of the single file of H-bonded

water molecules inside the nanotube.
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FIG. 2. Free energies of transfer of water into a (6,6) nanotube open to a

reservoir as a function of the occupancy number N for temperatures ranging

from 280 K to 320 K for λ = 0.752 and 0.785.

A. Dependence of water occupancy on
nanotube-water interactions and temperature

Figure 2 shows the free energy of transfer in units of kBT,

β�AN = −ln[P(N)/P(0)], as a function of the number of wa-

ter molecules N transferred into the open nanotube from the

surrounding water bath at temperatures from 280 to 320 K for

λ = 0.752 and λ = 0.785. The two minima at N = 0 and 5

corresponding to the empty and completely filled states are

separated by a barrier at intermediate filling states. As λ in-

creases from 0.752 to 0.785, the free energy barrier decreases

and filling becomes more favorable. Changing the parame-

ter λ controlling the strength of the attractive 1/r6 carbon-

water interactions thus had the effect expected from earlier

simulations1, 2 on the water filling equilibrium. For λ = 1 at

300 K, the tube remained filled for the duration of the sim-

ulations, which eliminates the possibility of determining the

probability P(0) of the empty state directly; for λ = 0.785, the

tube fluctuated between an empty and filled state, both having

roughly the same population; and for λ = 0.752, the tube was

predominantly empty, with rare fluctuations to a completely

filled state (see Figs. 3 and 8 of Ref. 2). The results obtained

from the simulations with the Andersen26 thermostat agree

quantitatively with the weak-coupling25 thermostat data for λ

= 0.785. For λ = 0.8, the filled state was predominant; for

λ = 0.9, we observed transient emptying only at 300 K and

above, and again no emptying at λ = 1. Evidently, the free

energy of transfer of water from an external reservoir into

the nanotube decreases and filling becomes more favorable

as the attractive interaction with the nanotube increases from

λ = 0.752 to 1.0 at 300 K.

An increase in temperature shifts the filling equilibrium

toward the empty state. Figure 3 shows the water occupancy

as a function of time at 280, 300, and 320 K for λ = 0.785.

During the 63 ns simulations, a significant number of transi-

tions occurred between the empty and filled states at all tem-

peratures, allowing us to determine accurate occupancy prob-

abilities P(N), which are also shown in Fig. 2. We find that

the probabilities of filled and empty states are equal at 280 K,

but this balance is tipped towards the empty state as the tem-

perature rises to 320 K. A similar shift towards emptying at

higher temperatures was obtained for λ = 0.752. These results
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TABLE II. Thermodynamics of transferring TIP3P water into an open and solvated nanotube at T = 300 K in units of kJ/mol for λ = 0.752 and 0.785. Results

for the completely filled N = 5 state are in italics. The first and second line for each N list the results obtained from fits of the temperature dependence; the

third line lists the results obtained directly from differences of the system enthalpies and free energies. Results in line one for each N are for weak-coupling

thermostat simulations,25 and in lines two and three for Andersen26 thermostat simulations. Numbers in parentheses indicate estimated statistical errors in the

last digits.

λ = 0.752 λ = 0.785

N �UN T�SN �AN �UN T�SN �AN

1 6.8(1.7) 0.6(1.7) 6.2 6.3(3.1) 1.3(3.0) 5.0

0.1(0.9) −5.0(0.9) 4.9

1.9(3.0) −3.6(3.0) 5.5

2 7.2(2.8) −1.4(2.8) 8.6 1.7(3.2) −4.6(3.1) 6.3

−2.7(2.0) −8.8(2.0) 6.1

−2.0(3.0) −8.2(3.0) 6.2

3 3.6(3.9) −6.4(3.9) 10.0 0.7(3.4) −6.0(3.4) 6.7

−2.7(2.5) −9.1(2.5) 6.4

−6.8(2.4) −13.0(2.4) 6.2

4 4.0(5.1) −6.1(5.1) 10.1 −4.0(3.3) −9.2(3.2) 5.2

−6.5(3.8) −11.4(3.7) 4.9

−7.6(2.0) −12.5(2.1) 4.9

5 −10.3(6.4) −17.0(6.3) 6.7 −15.3(3.5) −16.4(3.5) 1.1

−21.9(4.3) −22.7(4.2) 0.8

−17.2(2.0) −18.0(1.9) 0.8

6 −5.1(7.0) −18.3(6.9) 13.2 −12.9(3.9) −20.3(3.8) 7.4

−26.5(4.2) −34.0(4.1) 7.5

−22.7(2.1) −30.2(2.0) 7.5

suggest that the free energy of filling the pore becomes less fa-

vorable (more positive) with rising temperature, and that the

corresponding entropy of transfer is negative.

B. Entropy of transfer

The most direct and unambiguous method of obtaining

the energy and entropy of transfer of water from a reservoir

into a nanotube as a function of the occupancy N is from

the temperature dependence of the free energy of transfer. In

Fig. 4, β�AN/N = −ln[P(N)/P(0)]/N is plotted against the in-

verse temperature 1/T for the open nanotube at λ = 0.752,

0.785, and λ = 0.8 for which the free energies of trans-

fer into the open nanotube could be determined directly (see

Sec. III A). According to Eq. (3), the slope and intercept of

straight-line fits to the data in Fig. 4 give the transfer energies

and entropies per water molecule, respectively.

We find from this thermodynamic analysis that the en-

tropy of transfer �SN=5 of the completely filled state is neg-

ative for the open tube. Table II lists the entire set of ener-

gies �UN, entropies �SN, and free energies of filling an open

nanotube with N water molecules at 300 K for λ = 0.752

and 0.785. Even for the transfer of the first water molecule

into the open tube, our calculations show no significant gain

in entropy, which reflects the strong coupling of this water

molecule to the surrounding bulk fluid through hydrogen bond

and electrostatic interactions. For subsequent entries into the

open tube, the entropy of transfer becomes negative, i.e.,

unfavorable.

Estimates of the enthalpy and entropy of transfer from

differences in the total system enthalpies and the free ener-

gies calculated from P(N) are consistent with the results ob-

tained by fitting the temperature dependence (see Table II).

The results are also independent of the thermostat used in the

simulations (with the possible exception of the poorly sam-

pled N = 6 state). In particular, for both thermostats we find

that the N = 5 filled state has a lower entropy than the empty

state.

This negative entropy of transfer for the completely filled

(N = 5) state of an open nanotube agrees qualitatively with

the entropy of transfer for an infinite periodic tube, a system

without possible end effects, as in a short tube. In Fig. 5, we

show that the entropy of transfer into an infinite periodic tube

with λ = 1 depends linearly on the spacing per particle �z
= L/N over the range between 0.2 and 0.3 nm bracketing the

completely filled state. The entropies obtained in the earlier

study for L = 1.453 nm,3 after correction for the equation of

state of TIP3P water as described in the Appendix, are consis-

tent with the new results. For the spacing �z = 0.26 nm seen

in the open nanotube,1 the entropy of transfer into the peri-

odic tube is about −0.5 kB per particle. The corresponding

value for the open tube with N = 5 water molecules is about

−1.3 kB (Table II). Importantly, both entropies are negative.

The somewhat larger loss of entropy in the open tube could

be the result of end effects.

To quantify the dependence of the entropy of transfer

on the pore diameter, we performed Monte Carlo simula-

tions of water in infinite periodic tubes of different diame-

ters, which we obtained by scaling the carbon-carbon bond

length. We found the transfer entropy per particle to in-

crease with increasing pore diameter (Fig. 5; top). For �z
= 0.26 nm and diameters of 0.777, 0.806, and 0.833 nm, the

entropy per particle increased from about −1 to −0.5 and 0

kB, respectively.

We noted previously3 that for the infinite periodic

tube, the transfer entropies are independent of carbon-water
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in infinite periodic tubes with λ = 1 and different repeat lengths L and di-

ameters D as a function of the average spacing per particle �z = L/N along

the tube axis at 300 K. Wide and narrow pores of diameters 0.835 nm and

0.777 nm were obtained by scaling the carbon-carbon bond lengths of the

original pore (D = 0.806 nm) from 0.14 nm to 0.145 and 0.135 nm, respec-

tively. The vertical line indicates the equilibrium spacing of �z ≈ 0.26 nm in

the open nanotube.1 Lines are linear and quadratic fits to the entropy and en-

ergy, respectively. The bottom plot shows �UN/N (symbols with error bars:

from Monte Carlo simulations), and �AN/N (magenta line: obtained by com-

bining the fits to the energy and entropy; symbols: from Eqs. (2) and (4)) for

the original pore diameter (D = 0.806 nm).

attraction strength, λ = 0.752, 0.785, and 1.0. Here, we found

that for open nanotubes with λ = 0.752 and 0.785 the en-

tropies again agree within statistical errors (Table II). We also

combined results from simulations at different values of λ and

at different temperatures by thermodynamic integration (see

Sec. II B). We found that for given N, we could fit the data

well with a second order polynomial in λ for the enthalpy

and a constant entropy (with all data fitted within their ex-

pected statistical error on average; see Fig. 6). Making the

entropy depend linearly or quadratically on λ did not sig-

nificantly improve the fit. From the global fits we estimate

T�SN=5 = −22 kJ/mol at 300 K, in agreement with the other

estimates in Table II. We conclude from this consistency and

independence of λ that the entropy is determined primarily

by geometric effects (such as the pore diameter) and intrinsic

properties of the hydrogen-bonded water chains (i.e., resid-

ual rotational and translational freedom), and less by extrin-

sic properties such as the carbon-water attractive interaction

strength.

C. Energy of transfer

The results in Table II show that for λ = 0.752 and

0.785 the energies of transfer are positive for partially occu-
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FIG. 6. Comparison of transfer free energies �AN–�A5 for different values

of λ calculated directly from the logarithm of the occupancy probabilities

(open symbols: 280 K; filled symbols: 320 K), and from global fits to the

free energies and free energy derivatives with respect to λ (upper and lower

lines for N<5 are at 280 and 320 K, respectively). In the fits, the entropy

and enthalpy were assumed to be constant and quadratic polynomials in λ,

respectively.

pied tubes, but negative and thus favorable for the completely

filled states. As expected, the transfer energy decreases with

increasing carbon-water attraction strength λ. First-order per-

turbation theory accounts for the constant difference of 1.45

± 0.69 kJ/mol per water molecule for N = 1–5 between the

transfer energies for λ = 0.752 and 0.785. On the basis of the

linear λ dependence of the energy of transfer obtained pre-

viously for infinite periodic tubes in vacuum,3 we expect a

difference of 7.5 kJ/mol (0.785–0.752)/(1–0.752) = 1 kJ/mol,

in excellent agreement with our results obtained here for open

tubes in aqueous solution. Over the entire range up to λ = 1,

we found that we needed to include a small quadratic λ2 cor-

rection (Fig. 6).

For partially filled tubes (N < 5), transfer into the open

tube is more favorable than into the periodic tube (Table II

and Ref. 3). This difference in energies reflects the favorable

interactions even of fragmented water chains in the open tube

with the surrounding bulk fluid. We also note that in the open

tube, the transfer energy per molecule is almost independent

of N for 1 < N < 5. We showed previously2 that newly enter-

ing water molecules are preferentially attached to the grow-

ing chain of single-file water. Ignoring long-range interac-

tions and polarization effects, such a process indeed explains

the weak N dependence of the transfer energy per molecule.

We note that in open tubes for N = 6 the transfer energy per

molecule is higher than for N = 5. The likely explanation for

this increase is that the N = 6 chain is compressed. Indeed,

for the infinite periodic tubes we found that the energies of

transfer depend approximately quadratically on the particle

spacing �z close to the filled state (Fig. 5 bottom).

So what is the thermodynamic driving force for filling?

Figure 7 shows the transfer free energy, energy, and entropy

for the open, solvated tubes as a function of the water occu-

pancy for two values of the carbon-water interaction strength.

We found that there is entropy-energy compensation, with a

strong energetic driving force for filling overcoming an unfa-

vorable entropy.
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FIG. 7. Thermodynamic driving force and entropy-enthalpy compensation

for water filling of the (6,6) nanotube at 300 K. Free energy (black tri-

angles), energy (blue circles), and entropy of transfer (red squares) as a

function of the occupancy for λ = 0.752 (open symbols) and 0.785 (filled

symbols).

IV. CONCLUSIONS

We used MD simulations to determine the entropy and

energy of single-file water confined into narrow carbon nan-

otubes. For pores filled with continuous single files of hydro-

gen bonded TIP3P water molecules open to a reservoir, we

found that the entropy of transfer is negative. The entropy of

water in such narrow nanopores is thus lower than in the bulk

phase. As a consequence, increasing temperature results in an

increased free energy of transfer, and eventual emptying of

the pore.

Our result of a negative entropy of transfer appears to be

in contradiction with results published by two of us before.3

Vaitheeswaran et al.3 previously studied a periodically

replicated isolated carbon nanotube and reported small but

positive transfer entropies for N = 5 but negative entropies

of transfer for N = 6. Here we showed that this apparent

difference disappears if we use the equation of state of bulk

TIP3P water instead of real water as a reference and account

for the dependence of the transfer entropy on the water

spacing �z. Consequently, we found negative entropies of

transfer also for infinite periodic tubes when using the bulk

TIP3P equation of state. The entropy of transfer of bulk

TIP3P water into nanotubes is thus negative for the filled

state in both open tubes solvated in water and in infinite

periodic tubes in vacuum. These consistent results were

obtained with different simulation methods (MD and Monte

Carlo) and analyzed in different ways [by determining P(N)

from counting and by constructing P(N) recursively from the

grand-canonical partition function, respectively].

The negative entropy of transfer found here also appears

to contradict results obtained recently by Kumar et al.21 and

by Pascal et al.20 who studied TIP3P water in (6,6) carbon

nanotubes and reported positive transfer entropies of ∼0.9 kB

and ∼5 kB per molecule, respectively. These results were ob-

tained from molecular simulations analyzed with an approx-

imate density of states model for the entropy. These positive

transfer entropies contrast with our negative entropies of −1.3

kB and −0.5 kB for water in open and infinite periodic tubes,

respectively. Since Pascal et al.20 found essentially unchanged

results for TIP3P and SPCE water, we can rule out force

field differences as a main cause of this discrepancy. How-

ever, there are small differences in the pore diameter (0.835 in

Ref. 20 vs. 0.806 nm here) and the spacing of water molecules

�z (∼0.28 vs. 0.26 nm here). On the basis of our data for the

infinite periodic tube in Fig. 5(a), the entropy of transfer into

this wider and less tightly filled tube would indeed be higher,

about 0.5 kB. Whereas this corrected entropy is positive and

close to the value reported by Kumar et al.,21 it is still much

lower than the value of 5.4 kB reported by Pascal et al.20

Since our analysis is essentially without any assumptions

– we simply monitor the relative population of the filled state

as a function of temperature – it would seem that the likeliest

cause of the discrepancies is the use of an approximate for-

malism to calculate entropies in the other studies. However,

while we checked that our MD results are independent of the

choice of weak-coupling25 and Andersen26 thermostat, and

of the real-space cutoff distance, it is conceivable that other

simulation parameters, such as the length of the open tube,

could be relevant factors; but considering the magnitude of

the effect and the agreement with Monte Carlo simulations in

the canonical ensemble conducted with a different program,3

such alternative explanations seem unlikely to resolve the

issue.

Our results for open tubes also confirm our earlier finding

for infinite periodic tubes3 that the entropy of water in fully

formed single-file chains is largely insensitive to the carbon-

water interaction strength. In contrast, the energy of transfer

is highly sensitive to the carbon-water interaction strength,

which in turn affects the free energy of transfer.1, 2 However,

as was already shown by Vaitheeswaran et al.,3 this depen-

dence of the energy on the carbon-water interaction strength

can be accounted for almost fully by a mean-field type correc-

tion that appropriately scales the average water-pore attractive

interaction energy.

The energy of transfer emerges as a major factor in the

transfer process. This energetic dominance appears to con-

tradict the notion that carbon nanotubes are hydrophobic and

should repel water. But, as shown here, the transfer energy

into a subnanometer nanotube is determined by the loss of

interactions in the bulk phase, traded off by gains through

tight hydrogen bonds in the single-file chains, and significant

dispersion interactions with the pore. In “real” carbon nan-

otubes, we expect in addition strong polarization effects not

accounted for in the present study, in particular for water in

metallic tubes. We note further that the entropy of transfer in-

creases with diameter of the tube and can become positive for

larger diameters.

We conclude from our results that narrow nanotubes

filled by single-file water should “dry” at elevated tempera-

tures, resulting in behavior reminiscent of liquid-gas phase

transitions on heating.18, 29 Recent experiments by Wu and co-

workers30 indeed showed drying, albeit for tubes of slightly

larger diameter (1.4 nm) in which water is not expected to

form single-file chains. So the question whether single-file

water has larger or smaller entropy than bulk water remains

open, both with respect to the differences between different

computational results, and with respect to a decisive experi-

mental test.
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APPENDIX: EQUATION OF STATE OF TIP3P WATER

We determined the equation of state of TIP3P water near

ambient conditions from simulations at temperatures T = 280,

290, 300, 310, and 320 K. These simulations were carried out

with the sander module of AMBER 9 (University of Califor-

nia, San Francisco). We simulated a system of N = 1024 rigid

TIP3P water molecules using a time step of 2 fs, particle-mesh

Ewald summation27 with a mesh width of ∼0.1 nm and cubic-

spline interpolation, and a real-space interaction cutoff of

1.3 nm. Production runs extended for 6 ns, with structures

saved every 0.5 ps. The box sizes of the constant-volume runs

were chosen to produce pressures close to 1 bar based on a

preliminary estimate of the equation of state. Small deviations

from the target pressure were corrected perturbatively, as de-

scribed in the following paragraph. For comparison, we also

performed 10-ns long simulations at each of the temperatures

with a shorter cutoff of 1 nm, which produced consistent re-

sults. In all simulations we used an Andersen thermostat.26

In earlier simulations using a Langevin integrator we noticed

small but significant deviations from the target temperature,

with actual kinetic temperatures being too high by ∼0.06 K.

To determine the bulk excess chemical potential we per-

formed particle removal and test-particle insertion calcula-

tions. Ewald summation was used for the electrostatic in-

teractions. The resulting energy distributions were analyzed

by using Bennett’s acceptance ratio method.28 We also used

Bennett’s overlapping histogram method28 to check for con-

sistency of the energy distributions. To correct for small

deviations of the actual pressure p in our constant-volume

simulations from the target pressure p0 = 1 bar, we used

μex
bulk(p0) ≈ μex

bulk(p) + (p0 − p)/ρ, which follows from the

Maxwell relation (∂μex
bulk/∂p)T ,N = ρ−1. Pressure corrections

of the density in Eq. (4) are expected to be small and were

thus neglected, based on an isothermal compressibility of

∼5.7×10−5 bar−1 of TIP3P water at 300 K, as obtained from

simulations at different densities.

Errors in the bulk excess chemical potentials were esti-

mated from block averages. For pressures and internal ener-

gies, we determined the correlation times τ by integration of

a bi-exponential fit to the normalized autocorrelation func-

tion. Statistical errors σ in the mean were then estimated

by scaling the variance v of the respective observable, σ 2

= 2τv/t, where t is the total simulation time. According to

sex
bulk = −(∂μex

bulk/∂T )p,N , we extracted an excess entropy per

particle of sex
bulk = −5.88 ± 0.12 kB at 300 K from linear fits

to the excess chemical potential as a function of temperature

at a constant pressure of 1 bar. We confirmed that this result

agrees with the temperature-dependent entropy obtained via

sex
bulk = (U + pV )/NT − μex

bulk/T , as listed in Table III to-

gether with the other results of the bulk TIP3P simulations

(sex
bulk = −5.81 ± 0.01 kB at 300 K).

To connect to experiment, Vaitheeswaran et al.3 used

the chemical potential of TIP3P water in their simulations

(−25.3 kJ/mol at 298 K), but the temperature dependence,

measured chemical potential, and density of water as refer-

ence (Table II of Ref. 3). To connect to the simulations of the

open nanotubes in TIP3P water performed here, a reference

state correction has to be applied to the thermodynamic data

of filling reported in Ref. 3, as already discussed there. From

Eq. (4), we have
�
P (N )

P (0)

�

TIP3P

=
�
P (N )

P (0)

�

wat

RN ;

with R = ρTIP3P
bulk

ρwat
bulk

eβ(μ
ex,TIP3P
bulk −μ

ex,wat
bulk ), (A1)

where “TIP3P”and “wat” refer to the equations of state of

TIP3P and real water, respectively. The resulting correction

to the free energy is

�AN (TIP3P) − �AN (wat)

= −kBT ln
[P (N )/P (0)]TIP3P

[P (N )/P (0)]wat

= −NkBT ln R

= −NkBT ln
�
ρTIP3P/ρwat

�
− N

�
μ

ex,TIP3P
bulk − μ

ex,wat
bulk

�
.

(A2)

From linear fits to the density and excess chemical poten-

tial of TIP3P water as a function of temperature (Table III),

from cubic fits to the experimentally determined densities of

TABLE III. Thermodynamic properties of bulk TIP3P water and real water near ambient conditions from MD simulations in an NVT ensemble. The excess

entropies (last column) are per particle. Numbers in parentheses indicate estimated statistical errors in the last digits.

T [K] ρ [nm−3] TIP3P ρ [nm−3] water p [bar] U/N [kJ/mol] μex
bulk [kJ/mol] μex

bulk(1bar) [kJ/mol] sex
bulk [kB]

280 33.4614 33.4240 −0.2(6.4) −41.053(5) −26.38(5) −26.38(5) −6.30(2)

290 33.1648 33.3869 −15.2(6.4) −40.494(4) −25.96(3) −25.93(3) −6.04(1)

300 32.8717 33.3123 −4.0(6.0) −39.950(4) −25.46(3) −25.45(3) −5.81(1)

310 32.5821 33.2058 −15.4(5.7) −39.397(4) −24.97(2) −24.94(3) −5.61(1)

320 32.2958 33.0735 5.2(5.6) −38.867(4) −24.44(3) −24.45(3) −5.42(1)
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water in the range 275–325 K,31 and from the shifted chemical

potential of TIP3P water used previously (Eq. (26) in Ref. 3)

we obtained the free energy correction at 298 K, �AN(TIP3P)

− �AN(wat) = 0.26 NkJ/mol. From the temperature deriva-

tive, we obtained �SN(TIP3P) − �SN(wat) = −0.49NkB and

�UN(TIP3P) − �UN(wat) = −0.95 NkJ/mol.
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