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Molecular dynamics investigation of water permeation through nanopores
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Molecular dynamics(MD) simulations are carried out to investigate the permeation of
nanometer-sized cylindrical pores connecting two reservoirs, by water molecules and by a reference
Lennard-Jones fluid. Water molecules penetrate a channel of fixed length only beyond a minimum
radius. Near threshold, permeation is found to be intermittent and sensitive to other physical
parameters, including the polarizability of the medideg., a cell membraneembedding the
channel. Once the molecules fill the pore, the confined water exhibits propemizs density,
diffusivity, hydrogen bondingsurprisingly close to those of the bulk. The intermittent behavior near
the threshold is analyzed in terms of a Landau-like grand potential regarded as a function of the pore
occupancy. The grand potential, which is determined using a biased sampling technique, generally
exhibits two minima, associated with the “empty” and “filled” states, separated by a potential
barrier(transition state No intermittent filling of identical pores is observed in the possible case of
the reference Lennard-Jones fluid over a wide range of physical conditions, pointing to the specific
role of hydrogen bonding for intermittent behavior. A careful analysis of the MD-generated
configurations shows that the filled state nucleates around a chain of hydrogen-bonded molecules
spanning the pore. @003 American Institute of Physic§DOI: 10.1063/1.1590956

I. INTRODUCTION K* channel has recently been resolved in great detail by
x-ray diffraction® and MD simulations of a very realistic

fined fluids deviate increasingly from their bulk behavior asmOdeI O_f this chgnnel have yielded good insight |r.1to the
the characteristic dimensions of the confining volume ardnechanism of cation transport through the chaﬁﬁSimngr _
reduced towards the nanometre scaléhis paper considers S|mglat|ons of realistic or sem‘llreahstlc m(?'dels, accoun.t|rllg in
the case of linear pores, where, upon decreasing the po@rncular for the molecular “roughness” of the confining
radius, the initially three-dimensional bulk fluid crosses overSurface, have been reported by several grdh-ps. B
to a quasi-one-dimensional system. Physical realizations of ~1he present paper deals with a highly simplified model
quasicylindrical nanopores permeated by fluids includef @ channel, in an effort to pin down generic features of
zeolites? carbon nanotube®? and ion channels through cell Water permeation, controlled by only a small number of
membraneg!!l As the pore narrows, very few molecules en- physical parameters. In this model, which was introduced in
ter, and a very striking intermittent permeation of nanoporefef. 8 and will be defined in more detail in Sec. Il, the
by water has recently been discovered in molecular dynamchannel is a cylindrical pore of finite lengthand radiusR
ics (MD) simulations of carbon nanotubésand subse- spanning a dielectric continuurithe cell membraneand
quently in simple models of ion channél® Although they  connected at both ends to large reservoirs of water mol-
show apparently similar behavior, the carbon nanotubes anecules. The present paper is restricted to a study of perme-
the model ion channels are physically rather different sysation by water, in the absence of iofexcept in one particu-
tems. Carbon nanotubes are immersed in water, but the cofar case¢, as a function of three key physical
fining carbon surface is highly hydrophobic, and the filledparameters: namely, the radi@sand lengthL of the chan-
state of the nanotube contains a single-file chain of watenel and the dielectric permittivity of the embedding dielec-
molecules. In the simple model of an ion channel presentedtic medium. Although the model is far too crude to describe
in this work, as well as in the model of Ref. 7, the pore isspecific ion channels, it is hoped that it will provide some
well separated from the water reservoirs, and the filled statgeneric insight into water permeation thresholds and the
contains @ much larger number of molecules, which behavetructure and dynamics of highly confined water.
in a rather bulklike manner. The paper is organized as follows: The model, key
Biological ion channels have a complex topology andphysical parameters and MD procedures are defined in Sec.
chemical structure, involving both hydrophobic and hydro-j| section 11l presents results for a reference fluid, made up
philic residues, which depend very much on the nature of thgs | ennard-Jones atoms. The MD results for a “realistic”
embedding protein. The complex structure of a much studieg,ggel of water, obtained over a range of valueRoL and

¢, are presented and discussed in Sec. IV. The “intermittent”
dElectronic mail: ja22@cam.ac.uk permeation by water is analyzed in Sec. V by calculating the

The structure and dynamical properties of highly con-
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acting between the O atoms and Coulombic interactions be-
tween sites associated with the O atolesectric charge
—2q) and the two H atoméelectric chargetq). The values

of the LJ potential parameters awe=0.3169 nm ande
=0.6502 kJmol? (i.e., e/kg=78.2 K), while the chargg
=0.423&%. The water molecules are rigid, with an OH bond
length of 0.1 nm and an HOH bond angle of 109.5°.

The confining surface of the channel is taken to be
smooth. The radial interaction between the channel surface
and the water molecules is chosen to be the LJ potential
between a Ckigroup and an O atorf,integrated over the
volume surrounding an infinitely long cylindrical pore, with
a wall atom number density=0.033 A3 (Ref. 19; this
yields a potentialp,,(r) experienced by water molecules that
depends only on the radial distance of the O atom from the
cylinder axis. The same potential, now as a function of the
distance from the planar interface, is used for the
membrane—water interaction, with an appropriate rounding
and shifting procedure to avoid any discontinuities. The cal-
culation of the wall-molecule interaction is described in de-
T tail in Appendix A.

0 ZREHE 2R Since water moleculegand ions in subsequent exten-
m TN sions of this work carry electrical charges, they polarize the
| membrane modeled here by the dielectric slab separating the
:
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two reservoirs. Since the interface between slab, channel, or
reservoir is treated as infinitely sharp, the resulting dielectric
discontinuity implies that the polarization charge is entirely
! localized on the surface of the slab or chanfierhe inter-
b -2 -1 0 1 2 action between the polarization charge and the charged sites
z/nm on the water molecules can be quite substantial for molecules
FIG. 1. ( , . . . _close to the interfaces.An efficient method to calculate the
. 1. (&) Snapshot of a water configuration from a simulation run with . . o
R=0.6 nm,L=0.8 nm.(b) Cut in thex=0 plane through a simulation cell surface polarization charge is based on a variational formu-
with R=0.6 nm,L=0.8 nm, showing the position of the confining surface lation of the electrostatic probleffiand its numerical imple-
(solid line) and the locus of points for whicth,,=kgT (dashed ling mentation is briefly described in Appendix A.
For comparitive purposes, a “reference” system was
also considered, where the water molecule is stripped of its

‘f‘ree ene_rgy” as a fur_lct|on of channe_l _occupatlon, while acharged sites, so that it is reduced to “OW” atoms interact-
percolation” mechanism for channel filling will be put for-

ward in Sec. VI. Concluding remarks are made in Sec. V”_!ng SOIG’TIy thro_ugh the LJ pqtential between the O sites. The
- interactions with the confining surfaces are left unchanged,
Preliminary accounts of parts of the present work wereb £ in the absence of charaes the polarization contribution
briefly reported elsewhef&"? utn 9 polarizati foutl
vanishes.
The key parameters in the model are the cylinder radius
Il MODEL AND KEY PARAMETERS R and lengthL and the dielectric permittivitye. In most
The pore geometry which will be considered is sche-simulationsL was chosen to be 0.8 nm, while the radks
matically represented in Fig. 1. A cylindrical pore of length  was varied between 0.4 and 0.7 nm. However, in view of the
and radiusR traverses a slab of dielectric continuum repre-interaction between the channel surface and water molecules,
senting the embedding membrane. At both ends the porthe effective radius of the cylinder accessible to the centers
opens into “reservoirs” filled with water at a given densjty  of the O atoms can be estimated from the criterion that the
and temperaturd. In practice, in the MD simulations, the repulsive wall-O potential be less th&gT, as shown in
reservoirs are finite, containing typically up to 1000 mol- Fig. 1(b). At T=300 K, this leads to effective radii in the
ecules, and the whole simulation cell depicted in Figy) is  rangeR.=0.17—0.47 nm. Similarly the effective length of
periodically repeated in all three directions, such that the lefthe channel it .+=1.26 nm(for a bare lengti.=0.8 nm).
and right reservoirs are directly connectéde molecules These dimensions are typical of the selectivity filters of
leaving the left reservoir to the left along tlzedirection, many ion channels.
coinciding with the cylinder axis, enter the right reservoir The MD simulations were carried out using the package
from the right according to the usual rules of periodic bound-dL_PROTEIN2.1 developed by Melchionna and CozZifi.
ary conditions. Each reservoir contained typically= 250 (for the simula-
The water molecules interact via the standard SPC/E pations with e# 1) or N=500 (for simulations withe=1) wa-
potential®™® which involves a Lennard-Jong&J) potential  ter molecules. This number fluctuates somewhat as the chan-
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FIG. 3. Number of OW atoms inside channels of radius 0.5 nm and 0.6 nm

FIG. 2. Liquid—vapor phase equilibrium for the Lennard-Jones fluid, calcu-as a function of timein ps) for the state poinT™* =0.95, p* =0.74.

lated from the empirical formulas given by Lotit al. (Ref. 22.
Thermodynamic-state points tested for the OW system Rit#0.6 nm and
L=0.8 nm are marked by circles.

defined mean value which increases wWRhAn interesting
observation is that the OW atoms fill the channel for all radii
nel fills or empties. In order to maintain a constant density indown toR=0.33 nm R.z=0.1 nm). Typical radial density
the reservoir of 0.996 g cnit, the reservoir length along the profiles poy/(r), relative to the reservoir density, are shown
z axis (parallel to the cylinder axj)sand thez components of in Fig. 4, for this and another state point. They indicate
the atomic position vectors were regularly scaled using a
version of the Berendsen barostat, while the temperature is
kept constant by coupling the molecules to a Berendsen 8
thermostat® Electrostatic interactions between particles are ,"|
treated using the particle mesh Ewald methb@he mini- 1
mum image convention was used to construct the Greens 6 | \
A
[/

function needed in the polarization charge density
functional® and for the interaction between the particles and
the polarization surface charge densigee Appendix A

The time step in the finite-difference MD algorithm was gen-
erally At=2 fs, and the simulations were run for up to 6 ns.

p(r)/ pyuik
I
I

3
T

IIl. MOLECULAR DYNAMICS RESULTS
FOR THE REFERENCE OW MODEL

Consider first the OW reference system, made up of at- % 0.1 0.2 r/nm 0.3 0.4 0.5
oms interacting via the LJ pair potential only. Under normal a
conditions for water T=300 K, p=0.996 gcm ®), the ref-
erence LJ system would be a supercritical fluid, Tat
=kgT/e=3.84 andp* =po>=1.06 (Ref. 22. In order to
work under physical conditions comparable to those of water
(i.e., in the liquid phase, close to the triple pgjrthe tem-
perature must be lowered below the LJ critical temperature =«
(T ~1.36). The interaction between the OW atoms and the 3
confining surfaces is taken to be the same as for water. MD%
runs were carried out for a number of thermodynamic con- <
ditions indicated in Fig. 2, which also shows the liquid—
vapor coexistence curve, according to the fitted polynomial 10 “\
equation of state given by Lotét al?®> Most points were ! 1\
selected close to bulk liquid—vapor coexistence, so as to \ o JI/\ L
maximize the probability of the particles remaining liquid- % 0.1 0.2 0.3 0.4 0.5
like in the pore. Figure 3 shows the pore occupation—i.e., b r/nm
th? total numbemow(t) Of.OW atpms inside the Charm.EI FIG. 4. Radial density profiles, relative to the reservoir dengify, for
(Wlth |Z|<L/2)_as a function of tlm_e’ for the SyStem_ with OW. afoms at the state poinfé*:O.QS, p*=0.74 (solid lineg arl;(’j T
T*=0.95, p*=0.74, and for two different pore radii. As —ggs, ,*=0.79 (dashed lines (a) channel radiusR=0.5 nm, (b) R
expected, there are fluctuations mgy(t) around a well- =0.6 nm.
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TABLE |. Summary of characteristics of absorbed OW particles in pores|\/. MOLECULAR DYNAMICS RESULTS FOR WATER
with L=0.8 nm andR=0.6 nm.

The behavior described in the previous section changes

™ p*  Solidffluid D (10°° en?s™) (now(V))/7Raw  dramatically when the OW atoms are replaced byHnol-

072 0.85 S 0 1.8 ecules aff =300 K and reservoir density=0.996 g cm 3.

085 079 S 0 19 The number of molecules(t) inside a channel of length

(1)-82 8-;3 E é 1-2 =0.8 nm are shown as a function of time for four different
109 085 S 0 18 cylinder radiiR in Fig. 5. These data correspond to the case
130 051 E 10 1.9 where membrane polarization effects are neglected: i.e., the
130 056 F 10 1.7 slab region has dielectric permittiviy=1. For the smallest
153 085 F 2 17 radius consideredR=0.55 nm), the channel shows no sign

of filling over a time interval of 3 ns. The small fluctutations
of n(t) away from zero are caused by small numbers of
water molecules entering the channel at either end. At the
strong layering of the OW atoms inside the pore. We choosslightly larger channel radiuR=0.6 nm, striking intermit-

to define the mean density of particles inside the pore atent behavior is apparent, which is reminiscent of recent ob-
(now(t)/(7RZL); the values are considerably larger thanservations of water in carbon nanotub®snd of water in
the bulk density of OW atoms in the reserv@iy a factor of  atomistically rough models of ion channélStates where
1.7-1.9 for the thermodynamic states investigated wiRen the channel is filled alternate in an apparently stochastic pat-
=0.6 nm). The fluidity of the confined atoms can be charactern with empty channel states, on a time scale of typically 1
terized by measuring the diffusion constant along the cylinns. When the radius is further increased®e 0.65 nm, the
der axis, using the method described in Appendix B. Al-channel appears to remain filled after initial intermittency,
though the confined particles in the three systems at thalthough it cannot be ruled out that periods in the empty state
lowest temperatures are “solid,” showing negligible diffu- could be observed on longer time scales. Finally,Rat
sion in the pore, in all other channels, diffusion constants are=0.7 nm, the channel appears to remain filled throughout,
comparable to the reservoir valu,..: for example, for ~ with a mean density of 0.034 & comparable to the bulk
T*=0.95, p*=0.74, R=0.6 nm, D~1x10°cn?s !  density in the reservoir, 0.033 %.

whereasD,,s~5%x10° cn?s™ 1), Results for all the ther- The threshold radius for intermittent behavior is sensi-
modynamic state points of Fig. 2, for pores of radies tive to membrane polarization effects: the latter are expected
=0.6 nm, are presented in Table I. to lower the electrostatic energy of a water molecule inside

In summary, the behavior of OW atoms confined in thethe channel, thus favoring water permeation for lower pore
model nanopore is very much as expected; in particular theadii. The situation is illustrated in Fig. 6 which compares
OW atoms appear to permeate the pore completely as soatcupation number histories for pores with channel radius
as the effective pore radius is sufficiently large, forming aR=0.525 nm and two values of the dielectric permittivity of

highly layered structure inside the pore. the embedding slabeE=1 and 10. Clearly polarization ef-
30
20
=
<
10
FIG. 5. Numbern(t) of water mol-
0 1000 2000 3000 ecules inside channels witae=1 of
a t/ps b t/ps length L=0.8 nm and radii(a@ R
=0.55nm, (b) R=0.6 nm, (c) R
30 =0.65 nm, and(d) R=0.7 nm, as a

funtion of time (in ps); the durations
of the four runs vary.
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FIG. 6. Numbern(t) of water molecules inside channels of lendth 0 0.1 0.2 0.3 0.4 0.5 0.6
=0.8 nm and radiu®=0.525 nm(a) e=1, (b) e=10. Note the simulation b r/nm

run is longer in(a).
FIG. 7. Radial density profilep(r), relative to the reservoir densip,«

for O atoms(solid lineg and H atomgdotted line$ of water in channels of
lengthL=0.8 nm and radi{a) R=0.6 nm andb) R=0.7 nm. Averages are

fects lower the threshold of intermittent behavior or filling taken only over times when the channel is filled.
behavior to smaller radii. These simulations were carried out
on smaller systems, with a total of 534 water molecules,
rather than 1068 molecules as in all other runs, due to thpation numbetn)~6.5. In fact, water molecules were found
additional time needed to compute the wall polarization efto penetrate channels witR as small as 0.3 nm R
fects. We note that channel permeation was found to be alse0.07 nm) under these circumstances.
sensitive to the reservoir size in this regime where the reser- The intermittent behavior shown in Fig. 5 is reminiscent
voir is rather small. of that observed for the narrower carbon nanotubes of Refs.
The time scale of the intermittent behavior is clearly 3 and 6 and for a more “realistic” model of an ion channel in
very sensitive to the control parameters of the model in theRef. 7.
vicinity of the threshold. Since this time scale is of the order = The MD simulations allow a more detailed analysis of
of the total length of the MD rungtypically a few ng, the  the structure of the water in the pores. Radial density profiles
distinction between intermittent, empty, and filled states is ofof the centres of the O and H atoms of theGHmolecules
course not completely well defined. This will, however, beare shown in Fig. 7 for the channels wik=0.6 hm and
clarified by the free energy analysis to be discussed in Sec. W=0.7 nm. These profiles were averaged over the total
One would also expect water permeation to be stronglyengthL of the channel. For intermittent filling, the profiles
influenced by the presence of ions, in particular small catwere averaged over filled configurations only. The various
ions, which are surrounded by long-lived hydration shells inprofiles are seen to be rather flat compared to the highly
the bulk. To examine the effect of ions on permeation, MDstructured profiles of the OW reference system, shown in
simulations were carried out withia™ ion fixed on the axis Fig. 4. The mean density of water molecules inside the chan-
in the middle of a channel of radiuR=0.5 nm, which nelis always close to the reservoir value, suggesting that the
would remain empty of water molecules in the absence ofmolecules fill all the available volume. The profiles turn out
the ion. With theK ™ ion present, the channel was found to to be surprisingly insensitive to polarization effects—i.e., to
be rapidly filled by water molecules, with an average occu-the value of the dielectric permittivity of the confining slab.
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TABLE II. Properties of water dynamics for pores with=0.8 nm ande semble. The scaling of trecomponents of the position vec-

=1. Averages are taken only during times when the channels were filled. tors using a modified Berendsen barostat. described in Sec
R (nm) D (105 cn?'s ?) Crossing rate (ps) II, maintains the water moIecuI.es de.ep_ in thg reservoir re-

gions at constant average density. This is equivalent to fixing

06 4 0.1-0.04 the chemical potential of the water in the reservoir, and thus
0.65 4 0.2:0.05 . ) X ) )
07 4 01005 the region near the channel is effectively simulated in the

grand canonical ensemble. The relevant thermodynamic po-
tential for a subsystem consisting of just the region near the
pore is thereford)=U—TS—Ngu, whereU is the internal

An analysis of the hydrogen bond network inside theenergy of the subsysters, its entropy, s the chemical po-
filled channels, similar to the analysis of Lee, McCammon tential of water in the reservoir, ard the number of water
and Rossky for water near a smooth planar substfai®, molecules in the subsystefnote that this is not the same as
described in detail in Ref. 12. The average number of hydrothe number in the channel, since the channel surroundings
gen bonds per moleculelefined according to an energetic are also included In practice, the subsystem is defined to be
criterion requiring the interaction between two water mol-the region wheréz| <L ./2+ X, whereX=0.52 nm.
ecules to be less than9.42 kJmol * (Ref. 25] was plotted The contribution of the interactions of a particular par-
as a function of the radial distancefrom the cylinder axis. ticle to the total internal energy is one of the outputs of the
This analysis showed that the water molecules inside thgimulation. These contributions are summed over all par-
pore deviate from their bulk configuration, so as toticles in the subsystem region to obtain the subsystem inter-
strengthen their hydrogen bond network close to the surfaceal energyU. Note that interactions between particles of the
This tendency was also observed by legel. for the planar  subsystem and of the reservoir are thus included jrso as
geometry’* It is also to be noted that membrane polarizationtg reduce surface effects at the subsystem—reservoir inter-
(i.e., choosinge>1) has practically no effect on these hy- fgce.
drogen bond profiles. The chemical potentiak. of the SPC/E water model

The self-diffusion constarid of water molecules along under these conditions of temperature and density has
the channel axis is measured by plotting the mean-squalgeen calculated by several authors using different methods,
displacement in the direction as a function of time, for with good agreement between their results. The excess
molecules inside the channel, as described in Appendix Bcomponentu., is given by Shelley and Pat®yas uey
Values for several pore radii are given in Table II, together= —29.1 kJ mol '= — 11.6%k,T. Adding the ideal contribu-
with the rate at which water molecules successfully cross th@on gives = —15.0KkgT.
channel from end to end. The axial diffusivity of water mol- The grand potential of the subsystem is to be computed
ecules during periods when a channel is full is surprisinglyas a function of the “order parameten’ the total number of
insensitive toR ande and Comparable to bulk diffusion. The water molecules inside the Channg(n) is defined like a
number of crossings are comparable in the two directions, spandau free energy, as the weighted volume of phase space
there is no net flux of water, as expected in an equilibriumaccessible to systems having exagatlynolecules within the

simulation. channel:
The overall picture that emerges from the simulations is _
that water confined to narrow pores behaves in a surprisingly  (n)=—kTIn=(n), (1)

similar way to bulk water, in terms of mean density and
diffusivity. This high “fluidity” of water in pores agrees
qualitatively with recent surface force apparatus measure- * ghuN

ments of highly confined water filnf&. E( n)=NZO NI f drVe AN (' ({ri}) —n).

where the constrained grand partition function is

2
V. FREE ENERGY ANALYSIS OF INTERMITTENT @
PERMEATION On the right-hand sid¢RHS) A is the thermal de Broglie
wavelength of water molecule¥y({r;}) is the total interac-

The striking intermittent permeation of the model Chan_tion energy(including particle—particle and particle—wall in-

nel by wqter molecules over a range of pore radii can b?eraction$ of the subsystem, for a configuratidm;} and
analyzed in terms of a free energy depending on an appr

riate “reaction coordinate,” in analogy with chemical reac-on-’({r‘}) Is the function giving the number of particles inside
b : " 1alogy . the pore for that configuration. The integration over all par-
tions or with crystal nucleation. Figures 5 and 6 show that, Micle coordinatesdrN is taken to include the orientational

the intermittent mode, the channel remains in either the
. T . degrees of freedom of the water molecules. The grand poten-
empty or the filled state over substantial time intervals. Thi

means that a properly defined thermodynamic potential d(‘:t—lal {(n) is directly related to the probabilit(n) that the

. . ) subsystem has a valueof the order parameter according to
pending on occupation number (playing the role of the
reaction coordinajeshould exhibit two minima separated by Q(n)
a barrier(the “transition state}. The determination of such a T T InP(n)+C, (3

. . . . . B

thermodynamic potential is the objective of the present sec-
tion. In order to analyze free energy changes in this way, it isvhereC measures the total volume of phase space accessible
important to specify the relevant statistical mechanical ento the subsystem.
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To sampleP(n) efficiently for “rare” (low probability) and the plus and minus signs in E@) are forz<0 andz
values ofn, we introduce a biasing potential. Since the gra->0, respectively. Note that the weighting function involves
dient of this potential will be required to calculate forces inthe effective channel length . rather than the nominal
the MD simulations, it is necessary to tevary continuously  length L, a choice which proves more convenient for the
rather than by discrete steps. We redefnes a smoothed pjasing procedure, to be described below. This means that

coordinate(or order parametgr the average occupation numbefs) in the “empty” and
N “filled” states of the channel are shifted upwards, since wa-
n=> f(ry). (4)  ter molecules near the entrance are now included in the
=1

count, but the intermittent pattern in Figs. 5 and 6 is unaf-

The weighting functionf is defined to be unity when mol- fected, except for a uniform upwards shift. For example the
eculei is inside the channel, to go to zero outside, and tomean occupation numbén)~18 in Fig. 5d) increases to
vary smoothly near the two entrances of the channel. Thign)~34 when the definitiori4) is used.
means that the gradient bfis nonzero only in the vicinity of Simulation methods for the calculation of Landau free
the channel entrances, and so the “artificial” forces resultingenergy profiles[Q(n) in the present cadeare well
from then-dependent biasing potential will act only in these ggiaplished® They are generally implemented in conjunction
regions. A convenient weighting function is with Monte Carlo simulations, but the same principles apply

f(r))=g(ryh(z), (50  to MD simulations, as used in this paper. The grand potential
profiles can be calculated from a standard simulation run,
within an additive constant, using Eq.(3). However, the
sampling of less probable values of the order parameter
(“rare events”) may be very poor with this method, making

wherer; is the position vector of the O atom in thih water
molecule,r;= \/xinryzi is the radial distance from the cylin-
der axis, and the functiorgg andh are defined as

g(r)= E{l—tanl‘[g(r R, ©6) it impossible to determin®(n) with good accuracy in that
range.
The solution to this problem is to force sampling of the
1 Lot . o o
h(z)= _[ 1ttan>'{§ zi—) ] (7) less probable values of by applying an artificial, or “bias-
2 2 ing,” potential W(n), in addition to the usual Hamiltonian

Here, the parametgrdetermines the steepness of the weight-for the system. One may write th@nbiased average of
ing function (in the MD simulationé=2 A~! was chosen  some quantityy ({rN}) as

EONOZOQB#NfdrNY({rN})efﬁVN({rN})efBw(n)eJr,BW(n)/( N! A3N)
32 _ BN drNe VNI D g AWM gt BWIN /(N1 A 3N)

(V)= 8

DefiningV' =V+W, which is the total potential energy Thus the grand potential for the unbiased ensemble can be
of the biased system, E(B) can be rewritten as written in terms of the probability obtained from a biased
simulation:

EDNozoeﬁ”NfdrNYe—ﬁV’e+ﬁW(n)/(N! A3N) (9)
ZR-oe N drMe Y et MUMINIAY) - Q(n)/KT=—InP(n)+C

(V)=

This may be expressed in terms of averages over the biased =~ INP(Mpias— Wik T
ensemble: +In(et AWMy .+ C. (12

_ <Ye+ﬂw>bias
)=—"Zpm —- (10 The penultimate term on the RHS of Ed.2) is a biasing-
<e >b|as . . . .
potential-dependent constant which may be combined with

The probability of obtaining a particular value of P(n*), C into a single constan:

is given byP(n*)=(&(n—n*)). Using Eq.(10), we obtain
the refation Q(N)/KT= 10 P(N)pjae WIkeT +A. (13
<5(n_n*)e+ﬁw(n)>bias e+ﬁw(n*)P(n*)bias
(e"PWM)y o T (AW e In the case where one is interested in an unbiased average for
(11 a fixed valuen=n*, the equation analogous E®) is

P(n*)=
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S o€ NI drNY (N (n—n*)e AV ePWM (N1 ASRN)
S5 o€ N drNS(n—n*)e AV PV (NI ASN)

(Y(n*))= (14)

=0.8 nm, the profile2(n) shown in Fig. 8a) exhibits two
Equation (14) will be important when evaluating, for ex- Minima, one corresponding to the “empty” state &t 5.1
ample, the internal energy as a functionrof (the minimum is not ah=0 because of the definition of the
The aim is to construct the biasing potentilso as to weight function, which includes some molecules just outside

force the system to sample evenly values of the order paranib® “nominal” channe] and the other to the “full” state at
eter within a certain range or “window.” The grand potential "=22.6. The maximum i)(n) is atn=11.7, much closer
profile within that window can then be obtained using Eq.in N to the empty than to the filled state, suggesting that the
(12), apart from the constar, which is different for each transition state for the process has relatively few molecules
window and which can be determined by matching up dif-in the pore. The difference i€ between the two states is
ferent windows to make a continuous profile. The practicaB-1kgT, and the barriers for the filling and emptying pro-
implementation of the biasing procedure is described in Apcesseggiven in Table I1) are a fewkpT, as expected in the
pendix C. context of the unbiased simulation data of Figh)5 for

Grand potential profiles were computed using thiswhich this pore shows intermittent switching between the
method for a range of different channel geometries. Result&vo states.
are shown in Fig. 8 for four geometries, together with tenth- ~ The wider pore, of radius 0.7 nm, remains in the filled
order polymonial fits to the datécf. Appendix Q. All pro- state in the unbiased simulation of Figch This is unsur-
files are fore=1 (nonpolarizable membraneThe profiles prising in the context of the grand potential profile of Fig.
exhibit a “double-well” structure, indicative of a two-state 8(b), which shows that the filled state is favored over the
system, the two states being physically associated witlempty by 8.&gT, with a barrier to filling of only 0.BgT but
“empty” and “full” channels. The positions of the minima in of 8.7kgT for emptying. Once again the transition state con-
Q(n) associated with the filled and empty statesandn,,  tains relatively few molecules: in fact the data in Table IlI
and that of the maximum corresponding to the transitiorshows that the ratio,/n¢ is generally around 0.5, except for
state,n;, are listed in Table Ill for all the cases that were the channel wittR=0.55 nm and.=0.8 nm, which appears
simulated. Table Il also shows the grand potential differencdo be somewhat anomalous.
between the empty and transition statk€).,, between the The existence of stable filled states for long or narrow
filled and transition stateg(),;, and between the filled and channels is difficult to determine using unbiased simulations,
empty statesAQ;.. These characterize the grand potentialsince the time scale of intermittency in these channels is
barriers to the filling and emptying processes. expected to be much longer. Figur&cBshows((n) for a

For the pore of radiusR=0.6 nm and lengthL longer channel, witlR=0.6 nm and_=1.0 nm: there is in-

10 + 0 20 30 40 s
Ho o -5
~ 3 1+ B J-10
] 71 Eg‘n S, il
i -6 <& i oA-1s
~ Of ! ! ! 4 ~ i
é:, -0 10 20 308 s =-10F +—-20
RN = /
St \w/j -15¢ FIG. 8. Grand potential profiles
| ‘ ‘ ‘ ‘ ‘ ‘ Q(n)/kgT, for four different
0 10 20 30 b‘2°0 10 20 30 40 50 channel geometries(a) L=0.8 nm,
a n n R=0.6nm, (b L=08nm, R
=0.7nm, (¢) L=1.0nm, R
4 10 e 2 =06nm, (d L=08nm, R
2r . 8} e =0.5 nm. The main plots show the
-lo : simulation data and the insets the fitted
- ; 61 . olynomial profiles.
5 | . 5 | poly P
< ofF ; - a4k oeett ]
= 4T 7 =
S K 2
& of P ;7 = 2r * .
G 2R o e a xS
‘ f‘f A Mjf o P |
4_ 3 P 8 -.::I
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TABLE lIl. Positions of minima and maximum if}(n) as well as grand

potential differences for various channel geometries.

R(OM) L (W) Nompry Mrans Mran Ao /kgT Ay fkgT AQ o /kgT 500
0.55 0.7 2.4 89 17.7 1.6 1.3 0.3
0.55 0.8 3.1 12.8 145 35 0.1 3.4
0.6 0.8 51 11.7 226 1.0 3.1 —-2.1 0
0.6 0.7 5.3 9.3 20.6 0.2 3.9 —3.8
0.6 1.0 52 159 25.0 2.7 1.4 1.4
0.65 0.8 76 149 28.6 1.1 5.1 —-3.9
0.7 0.8 11.4 16.1 35.9 0.3 8.8 —8.5 -500

deed a stable filled state, although the empty state is thermc-1000
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(=)
—
(=]

dynamically more favorable and there is a large grand poten: n

tial barrier to filling. Results for a narrower channel, with

R=0.5 nm andL=0.8 nm, are shown in Fig.(8). In this

case, the minimum corresponding to the filled state has been,n(n). Dot-dashed line=TS(n). Lines show fitted profiles, shifted ver-

lost and no intermittency is expected even in an extremelyically by their values an=0. Data points forU(n) and —uN(n) (also

long simulation. Further calculations show that this is alsoshifted vertically are shown by circles.

the case for the channel wiR=0.5 nm andL=0.7 nm.
We note that free energy curves are also shown for a

carbon nanotube in Refs. 3 and 6, but these are rather diffe

ent since they correspond to single-file permeation.
The observations of Sec.

Il that the OW reference
model behaves very differently to SPC/E water are borne Ouéub

FIG. 10. Components of)(n) (in units of kgT), for the channel witlR
=0.6 nm and_=0.8 nm. Dotted line()(n). Dashed lineU(n). Solid line:

fR=0.7 nm, L=0.8nnm), and 0.239 R=0.6 nm, L
=1.0 nm); the trend is according to expectations.

It is interesting to break up the grand potential of the
system into its three contributions:

by the grand potential profile for the OW fluid in a pore of
radius R=0.6 nm (at T*=0.95 andp* =0.74), shown in
Fig. 9. HereQ)(n) has a very deep minimum for the filled
state and there is no stable empty state or free energy barridihe “subsystem” is defined as the region of the simulation
Once grand potential profiles have been determined, theox near the pore, such thag|<L.;/2+X, where X
equilibrium probabilitiesP(full) and P(empty) can be pre- =0.52 nm(the trends described below are unaffectet is

Q(n)=U(n)—=TS(n)—N(n)w. (16)

dicted for a particular channel. From Eq4) and (3) we

increased to 0.77 nmThe remaining part of the simulation

obtain box acts as a reservoir, and the chemical poteptiesl taken
_ - o B0y to be that of bulk SPC/E watéf.U(n) is the mean internal
P(full) = (full) _ Jnte n energy of the subsystem when there are exactiyolecules

P(empty) - Z(empty nge—BQ(n)dn’

(19

wheren' is the value ofn at the transition statemaximum

of (n)]. For the three channels with stable minima in Fig.

8 we find P(full) =0.892 R=0.6 nm, L=0.8 nm), 0.999

inside the channel and is evaluated using #¢). It includes
the LJ and Coulombic interactions between water molecules
and the particle—wall interactions. The water—water interac-
tions across the dividing surfaces = (L/2+ X) (i.e., be-
tween molecules in the subsystem and in the resereog
included in the internal energy. Similarlj(n) is the mean
total number of water molecules in the subsystem when there

0_\ aren molecules in the pore. Botd(n) andN(n) are calcu-
\ lated during the “biased” runs and fitted to fourth-order
\ polynomials inn using a similar procedure to that described
=20 in Appendix C. Equatiori16) finally allows the entropys(n)

Q(’I’L)/kBT
5

to be extracted.

The four thermodynamic quantitie€2(n), U(n),
—uN(n), and —TS(n) are plotted in Fig. 10. The grand
potential profile()(n), which changes by only a fewgT
between the empty and filled states, is seen to result from a

-60F P competition between much larger changes in its components.
\/x‘ Figure 10 clearly shows that the energetic component
strongly favors channel filling, while the entropic and chemi-
_80, ! ! ! ! ! cal potential contributions are strongly unfavorable. Al-
0 5 10 15 20 25 30  though the entropic contribution t& is smaller than the
n

FIG. 9. Grand potential profil€(n) for OW particles filling a channel of

radius 0.6 nm and length 0.8 nm for the state p@iht=0.95, p* =0.74.

chemical potential and energetic parts, it is nevertheless es-
sential to the intermittent filling and emptying behavior. In
fact C=U— uN does not exhibit a double minimum, but
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FIG. 12. Snapshot of a “percolating cluster” from a biased simulation run
with R=0.6 nm, L=0.8 nm. Only the water molecules near the pore are
shown. The positions of the confining walls are indicated.

-17.3

inside the channel, which is very close to the bulk value, and
by the bulklike diffusivity. These conclusions are reinforced
by an analysis of the components of the energy per molecule
inside the pordi.e., counting only those molecules whose O
atoms havez|<L;/2). As the channel fills, the Coulombic
176 . . . and van der Waals energies per molecule approach those of
b 0 10 20 30 the bulk, as does the total energy per molecule.

n These findings are at the basis of a simple phenomeno-
FIG. 11. (@ —Ts, wheres is the entropy per molecule in the subsystem logical model, described in Appendix D.
(absolute value is undetermineghd(b) internal energy per molecule in the

subsystem. Solid lines show profiles fitted by a fourth-order polynomial.
Data is for the pore witiR=0.6 nm andL=0.8 nm, and the subsystem is V1. POSSIBLE FILLING MECHANISM

defined by|z|<Lex/2+X, whereX=0.52 nm. A close examination of configurations of water mol-
ecules inside the channel suggests that the formation of a
single, unbroker(“percolating”) chain of hydrogen-bonded
rather a single minimum for large values of The role of molecules spanning the whole pore generally precedes a
entropy appears to be to stabilize #mptystate and to pro- rapid filling of the channel. In other words, channel filling
vide the barrier for channel filling. This is confirmed by the “nucleates” around a percolating cluster. Another hint in that
data in Fig. 11a), which shows the variation of the entropy direction is the observation that the transition state in the
—Ts=—TSYN per molecule in the subsystem with(for the  filling process occurs for relatively small values of(cf.
same channel geomejrys decreases as the channel fills, Table Ill). An example of such a percolating cluster is shown
suggesting that moving a water molecule into the pore isn Fig. 12. The observations may be quantified by analyzing
entropically unfavorable. Figure ) shows the energy per the collection of molecular configurations generated by the
molecule,u=U/N, which is always well above its bulk biased sampling procedure for different valuesnofUsing
value of —18.3%gT, presumably because molecules nearthe same energetic definition of a hydrogen bond, the prob-
the interfaces are less favorably hydrogen bonded than thosdility of finding a percolating cluster of water molecules
in the reservoir, but decreases as the nunmbef molecules  across the channel can be measured from the collection of
inside the channel increases. We note that the rather scatterednfigurations having a particular value rof obtained from
data in Figs. 10 and 1) reflect the fact that in comparing the biased sampling procedure. Results for two pore geom-
the subsystem internal energlyor number of particledl for  etries are shown in Fig. 13, together with the corresponding
different values oh one is in effect calculating small differ- grand potential profiles, which have been scaled and shifted
ences between large numbers. in the vertical direction for clarity. When is small, there is
A tentative conclusion of the trends shown in Fig. 11 isnever a percolating cluster, and whers large enough, there
that water molecules inside the pore form a more structureds almost always one present. The crossover between “per-
energetically stronger, but entropically less favorable, hydro€olating” and “nonpercolating” behavior occurs in the re-
gen bond network than the subsystem aver@glich in-  gion around the grand potential barrier, and interestingly the
cludes those molecules next to the planar surfacEkis  point at which the probability of percolation is 1/2 is close to
points to the existence of a bulklike hydrogen bond networkhe maximum of(2(n). Results for the other channel geom-
inside the pore, as already suggested by the mean densigyries listed in Table Il give similar results for cases when

U()/N(n)ksT

-17.5
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1.5

T between the two states appear to be stochasticRAS-
] creases, the duration of the periods in the filled state in-
] creases relative to that of the empty state until the channel
remains filled, on the time scale of the MD simulations. The
threshold radiu® for intermittent behavior is sensitive to the
permittivity e of the membrane; when the latter is polarizable
(e>1) intermittent permeation sets in for a smaller radius; in
other words permeation is enhanced by dielectric polariza-
tion of the medium surrounding the pore. Both the observed
intermittent permeation and the sensitivity to membrane po-
larization effects are reminiscent of observations made in
simulations of water permeation for a more detailed model of
an ion channel,and for a carbon nanotuB3é.

We were unable to find intermittent behavior when the
water molecules were replaced by a reference OW system of
oxygen atoms interacting only through the Lennard-Jones
part of the SPC/E interaction potential between water mol-
ecules (the OW model. Further investigations would be
needed to examine whether the apparently different behavior
of these two systems can be reconciled, perhaps by a careful
selection of the model parameters.

(b) The intermittent permeation can be understood as
being due to transitions of the system between “empty” and
“filled” states of the channel which correspond to the two
minima in the grand potenti&(n) of a subsystem including
the channel, considered as a function of the number of mol-

05 ‘ I ‘ I ‘ I ecules inside the channel, which plays the role of an “order

b 0 10 n 20 30 parameter”(or “reaction coordinate}, in a Landau free en-
ergy analysis. Transitions between the two states require the
through the poré“percolation”), as a function oh. The dashed line shows .SySte.r.n to Oyercome the. grand potentlal b.amer WhICh.may be
a scaled version, shifted vertically, of the grand potential prefil@). (@)  identified with the transition state. Intermittent behavior can
R=0.6 nm,L=0.8 nm; (b) R=0.6 nm,L=1.0 nm. be observed during the length of MD ruftypically a few
ng if the barrier is of the order of a felgT. When the
radius of the channel shrinks, the minimum{x{n), corre-

the barriers to both the filling and emptying processes are afponding to the filled state, eventually disappdafs Fig.
the order of a fewkgT (i.e., consideration of a nucleation g(g)].

mechanism is approprigteThese observations are strong — (¢) |n the filled state, water confined to a cylindrical pore
evidence for the “percolating nucleus” mechanism for chan-g,hinits a surprisingly bulklike behavior. The radial density

P(percolation)

P(percolation)

FIG. 13. Probability of finding an unbroken chain of water molecules

nel filling. profiles show little structure compared to the profiles for the
OW model under comparable physical conditions. The mean
VIl. CONCLUSION density of water molecules inside the pore is close to its bulk

Molecular dynamics simulations have been used to in_value, while the diffusion constant along the cylinder axis is

vestigate a highly simplified model for the selectivity filter of cOMParable to bulk diffusivity. The number of hydrogen
an ion channel and to characterize the permeation of Suclﬂonds.per molecule is close to 4 for molecules near the chan-
channels by water molecules. For given water—water anf#€! @xis and only drops to a value around 2.5 near the chan-

water—wall interactions, the cylindrical model channel is en-€! surfacel.z_ _

tirely characterized by three physical parameters: the radius (4 Thefilling of a channel appears to be preceded by the
R and length_ of the pore and the dielectric permittivigpof ~ formation of a “percolating” linear cluster of hydrogen
the membrane spanned by the channel. Most simulation@onded water molecules spanning the whole channel length.
were carried out fot. = 0.8 nm and several values Bfand  This percolating cluster may play a role similar to a critical
e. The key conclusions of the investigation are the following:nucleus in the nucleation of stable phases.

(a) The permeation of a pore of fixed length by water is ~ The behavior of water inside the present ion channel
very sensitive to the pore radius. For very narrow channelgnodel shows important differences from that observed in
water molecules are excluded from the pore, but as the radiuecent simulations of a carbon nanotube of comparable
increases beyond a threshold value, permeation occurs. Juimensions even though in both cases pore filling is inter-
above the threshold, the permeation is intermittent: i.e., thenittent in time. Only single-file permeation occurs in the
channel switches back and forth between “empty” andcarbon nanotube, presumably due to the smaller radius and
“filled” states on a nanosecond time scale. The transitionghe highly hydrophobic nature of the tube wall. The intermit-
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tency mechanism for the carbon nanotube appears to be well 12

described by a confined lattice gas motfeThe filled chan- Fu(r)=— Wné(ﬁ\]m(f)— 30%14(1) |, (A3)
nel state in the present simulations, however, involves a

much larger number of water molecules, which are far fromwhereJg,(r) is given by

being single file. We have been so far unable to map our -

water simulation system onto a simpler Lennard-Jones Jm(r)=R*mf dé[cosf+ 5 sir? 6(1— 7?sir? 6)~ 2]
model. 0

While the grand potential profiles allow the calculation X[ — 70080+ (1— 72 sir? §)¥2]~m
of the probability that a pore is filled, according to E(L5), _
this does not provide theate at which “transitions” occur in =R Mj(7). (A4)

equilibrium between the empty and filled states; according to
the time-dependent occupation data in Figs. 5 and 6, this ratg,
is of the order of 1 ns! near the threshold. The rate constant  os petween 0 and 1. and stored in each simulation run.
may be related to an equilibrium time-dependent Correlatiorfnterpolation between t,he values in these tables alldys
function® and practical implemetations of such caIcuIationsandF to be evaluated for any radial distance

in MD simulations are well documentéiSuch calculations For a particle outside the pordz[>L/2) and withr

are currently under way. >R, situated a distanceé<R from either of the planar sur-

Another extension of the present work which is beingfaces of the “membrane,” the interaction potentis), is the
actively pursued is to physiologically more relevant nonequi-

o S ) : . same as in the pore, but withreplaced byR—d and shifted
I|br|gm situations. Recent S|ml_JIat|on work on simple modelsby 4,,(0) to avoid a discontinuity ad= R:

for ion channels investigates ion transport when a large ex-

ternal electric field is applied across the membrériafe are do(d) = py(R—d)— ¢, (0). (A5)
presently considering the case where an ion channel links
two reservoirs containing ionic solutions at different ionic
strengths; this provides the natural driving force for ion
transport. Preliminary results of the simulations will be pub-
lished elsewher

The functionsks(7), ke(7), ja(7), and jio(7) are
aluated by numerical integration, tabulated for 10 000 val-

This potential is rounded at the pore edges for particles
close to the pore mouth, withz|>L/2, r<R and ¢
=/d?+(R—r)?<R: in this case the interaction is given by
¢.,(£), and the resulting force has components in both the
radial and axial directions.

As the particle enters the pore, its interaction with the
pore walls changes smoothly to that given dy,: for par-
APPENDIX A: SIMULATION DETAILS ticles with axial positiond./2—1<|z|<L/2, the wall poten-

1. Wall potential tial is given by

The interaction potential with the pore wadh,(r), for a B (0.2) = do(r)— $w(0)
particle (with Lennard-Jones parameteeg,,; and opa) wh W 2
well inside the cylindrical pore of radilR, at radial distance
r from the pore axis, is identical to that which would be % ) (AB)
obtained if the particle were in an infinite cylindrical pore in
a material made from “smeared-out” LJ particles at density | these simulations, the LJ parameters used for the wall

p and with LJ parameters, , and o, . This interaction  were those for a Ckigroup in a hydrocarbon chain:e,,
can be calculated by integrating the standard 12-6 LJ poten= 8148 kImol!, o,,=3.75A (Ref. 14,

10
1ttani‘{|—(zi L/2+1/2)

. . ; . p
tial between the particle in the pore and those in the wall—=g 033 A3, andI=1A.
over the whole infinite volume of the wall material. This
calculation was done by Petersoat all® Defining e
= Vépart€wall andU:l/z(Upart+o'wall)v ¢w(r) is given by . . . .
2. Numerical implementation of the variational
(7012 . method for wall polarization
r)y= —=Kg(r)—o°Ks(r) |, Al N .
Pulr)=mpe 32 M) = oKa(r) (A1) When the “membrane” region is polarizable,,,;>1,

the induced polarization surface charge density,(s)
=¢eph(s) is found by minimizing the variational functional
I,[h] described in a previous papér.The minimization

whereK (1) is defined as

Km(r)= R‘mf dé[ — ncosf+(1— »?sir? )12~ method is as described in that paper. A grid is constructed on
0 the wall surface: on the cylindrical pore surface the grid
=R k() (A2)  spacingsAz andRA¢ are such thatz~RA ¢~0.05 nm,
and on the planar surfaces, the grid points are arranged in a
and »=r/R. series of concentric circles, with spacings~60.1 nm. The
On the cylinder axis, ¢,(0)=m’ne(70*¥32R®  planar grids extend to a radis+ 0.45 nm. For a channel of
— 0%/R®). radiusR=0.6 nm and length. = 0.8 nm, the total number of
The resulting force in the radial directiorf,,(r) grid points is 17761200 on the cylindrical surface and 288
=—ddg¢,/dr, is each on the two planar surfages
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The functional is evaluated on the grid as described ine,,+1)

Ref. 18. Because the system is periodic in all three dimen=—— hiHAt
sions, we use the “minimum image Green'’s function”sn
, andz: d IG(s§—S
g (1) A g CETS) gy
1 (9ni i (9ni
G(s—s)= T, .2, .2 (A7) \vhereh! is the value oh(s) at grid pointi and timet, and
dmyait+ajta, ) | . . ! - '
a; is the area associated with grid point
where
[ X=X APPENDIX B: MEASUREMENT OF DIFFUSION
ax=(x;—x)) ~ Lynint —— |, (AB)  CONSTANTS
X

The diffusion constanD for motion in one dimension
(here along the pore, @; axis is usually obtained from the
relation

L, being the cell length in thr direction and nint the nearest
integer function. Equivalent expressionsyinrand z give a,
and a,. The minimization is performed using a simple
steepest-desc_erjt proc_:edure. _ ((z(t)—2(0))?)=2Dt. (B1)

The full minimization procedure is performed only once
every 100 MD time steps. At intermediate time stéps) is ~ Equation(B1) holds strictly only for long times over which
updated by an approximate procedure. Using the notation dfarticle motion is diffusive: in practicé(z(t) —z(0))?) is
Ref. 18, we return to the case of a dielectric body with di-usually monitored over 50—100 ps and linear behavior sets in
electric susceptibilityy(r), in which a polarization charge after ~1ps. Equation(B1) can be used in simulations of
densityp (1) = — V- P(r) = €h(r) is induced by an exter- infinitely long pores’® but it fails for finite pores, if we in-
nal potential () created by some fixed charge densityclude only particles which have positiofs <L/2 both at

p(r)=e,9(r) outside the dielectric body. Defining(r) as  times 0 andt in the average((z—2z)?). In this case((z
in Ref. 18,h(r) must satisfy the relation —20)?) is no longer linear in time but rather shows satura-

tion behavior.
Assuming that particles inside the pore of lengtimove
— 3.7 ’ !
h(r)‘v'(’((r)v{‘/’e(r”f d*rh(r’)G(r—r )D purely diffusively in thez direction, the probability(z|zq)
(A9)  that a particular particle which starts at positigg and is
Expanding this and using the relatioRG(r—r')=—a&(r  inside the pore at time has positiore at timet is

—r") andV2y(r)=—g(r) leads to o (- 292Dt

h(r)(1+X(r))=VX.v¢e+fd3r'h(r’)vx.ve(r—r'). P(2l20)= JamDt | [Li2—z, _@(—L/Z—zo) ’
(A10) V4Dt J4Dt

For the case where the dielectric body is of a uniform sus- _ _ (B2)
ceptibility xi,=ei,— 1, Eq. (A10) reduces to a surface ex- where ~ ®(x) is the error function: &(x)

pression, following the methods of Ref. 18: = (2I\r) fédyefyz. The denominator in Eq(B2) arises
from the need fop(z|z,) to be normalized over the length
(ent1) h(s) of the pore. Assuming that the particles are uniformly dis-
2 tributed along the porep(zp)=1/L. The average([z(t)
" L aG(s=S) —2(0)]?) is then given by
=(ep—1) E'f’JAd Sh(S)T, (A11) L2

1 L2
<(Z_Zo)2>sz lzdzofiuzdz(z_Zo)zp(z|zo)- (B3)

where d/dn denotes a derivative in the direction normal to -L

the surface, pointing into the dielectric body. In the caserpe jntegral(B3) may be partially calculated analytically to
where there is also a finite susceptibiljy,= €,,t— 1 in the

ive
region surrounding the body, in Eq. (Al1l) is replaced by 9
k= €inl €out. ) V4Dt (L2
The approximate update bfs) simply consists in using ((z=25)%)=2Dt+ i ﬁL/ZdZoF(Zo), (B4)
the results of the previous timestep on the right-hand side of ™
Eq. (Al1l): where
2 2
_ ( L/2— Zo)e— (L/2—2zq) /4Dt+ ( —L/2— Zo)e— (—L/2—2z4)“/4ADt
F(zo)= (B5)
L/2—z, @( —L/2-z,
V4Dt V4Dt
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Expression(B4), which may be evaluated numerically, de- 0.02
scribes the time evolution ¢{z—z,)?) in a finite channel of
lengthL, where only particles which are inside the channel o'<: 0.01
at times 0 and are included in the average. For an infinitely
long channel, the second term vanishes and(Bd) is re-
covered. Fitting Eq(B4) to the measured simulation data
allows D to be estimated.

Testing expressiofB4) in the range 8t<50 ps for a
sample of bulk OW particles in which only particles within a
“virtual” slab of length L are included gives an excellent fit ook
to the data. Reasonable fits are obtained for simulations 0S ™ °
particles inside pores, where statistical errors are larger ant
deviations from diffusive behavior are more likely.

(=
T T
®

(2nRessLess)/ksT
S
|

L | L 1 L 1 L
0.2 0.25 0.3 0.35 04
Rept/Lets

FIG. 14. AQ/27Rggleg, in units of kgyT A~2, plotted as a function of
Refi /Let for the channel geometries listed in Table I11.

APPENDIX C: THE BIASING POTENTIAL
The form of the biasing potential used in this work is
W(N)/KgT=(N—Npin) 2+ (Nmax—N) ~ 2+ c1n+c,on?

+can®, (cy  sion of the water—wall interface. The empty channel contains
no water and in consequence there are two circular liquid—
vapor interfaces at the ends of the chanseice the volume

: ‘ JH ) is here so small, the vacuum inside the channel is equivalent
<Npax (@ssuming the run begins with in this rangg. The vapo). The surface free energy in this case Q% qs

coefficientsc,, ¢;, andcs (which are different for each _5 . p2 .\ \wherevy,, is the surface tension of the liquid—
window) can be adjusted to achieve even sampling W|th|nvapor interface.

the window. In practice these coefficients are determined ei- * Aq giscussed in Sec. V. a subsystem close to the channel
ther by extrapolation of the results for a previous window or;g effectively simulated in the grand canonical ensemble.

simply by trial and error. The simulation time for each win- \yhen the channel fills, therefore, an additional number of

dow must be long enough for good sampling of the phaseticiesM enter the subsystem. Assuming that the same
space accessible to the system with values of the range grand potential per particlay, can be associated with par-

Ninin <M<y IN this work, the widti o~ N OF the Win- icjes in the channel and in the reservoir, the grand potential
dows was four molecules and the sampling time for eadl:hange on channel filling 8O =M w— Qg+ Qoy . How-

. . . ends cyl-
window was 200 ps. Overlapping windows were used, Makgyer “under ambient conditions of density and temperature,
ing it easier to join the results to form a profile and alsow:_Pv whereP~10° Pa is the pressure amd-30 A3 is
enabling the starting configuration for a particular window to,o volur,ne per particleo, is extremely small and can be
be obtained from one of the configurations generated in thﬂeglected. This simple model therefore predicts that the

previous run. . , . grand potential difference between the filled and empty chan-
Each window sampling run gives a portion of the grand o statesAQ, is given by

potential profileQ)(n), shifted by a valuéA which is differ-
ent for each window, as described in Sec. V. Error bars are  AQ=Q¢y— Qengs= 27Reileryiv—27R%y, (D)
estimated by dividing each window sampling run of 200 PSor, alternatively,
into ten sections, each of length 20 ps and finding the vari-
ance ofPy;,5(n) over the ten sections for eachvalue. The AQ Rett
variance ofQ)(n) is then found using Eq13). 27Rerlon ™ Leg

The constantd\; in Eq. (13) are determined for each
window i by fitting the grand potential profile to a polyno-
mial in n.

wheren is defined in Eq(4). The first two terms in Eq(C1)
force the system to have a value ofin the rangen,,;;<n

(D2)

Figure 14 shows values akQ/(27Rq¢l), Obtained
from the grand potential profiles for a number of different
channel geometries, withR.4=0.32—0.47 nm and L
=1.17-1.47 nm, plotted again®.¢/Les. Fitting a linear
profile to the results gives values for the two surface ten-

In this section, a simple model for the free energy dif-sions: Y1, =0.26kgT/A?=110 mJm 2 and YViw
ference between the filled and empty channels, based 0m0.074&gT/A?=30 mJm 2. Experimental values of
macroscopic arguments, is put forward and tested. This ma@2 mJm ? and 51 mJm? for the surface tensions of the
roscopic model is motivated by the arguments of classicalvater liquid—vapor interface and the waterectane inter-
nucleation theory, in which the free energy of a criticalface are quoted by Adamson and Gastand by
nucleus formed is described in terms of surface and bulksraelachvili®® respectively. This is in reasonable agreement,
contributions. We assume that the filled channel contains given the simplistic nature of the model.
cylinder of bulklike fluid of radiusRes and lengthL g, This simple model is similar in essence to that put for-
which has a cylindrical interface with the wall, with surface ward by Maibaum and Chandférto explain the rather dif-
free energy()., ;=27 Rerlervin, iw DEING the surface ten- ferent phenomenon of single-file filling of carbon nanotubes

APPENDIX D: A SIMPLE MODEL
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