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Simulation of Water in a Small Pore: Effect of Electric Field and Density
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The behavior of water in a pore of nanometer dimensions is studied by Monte Carlo simulation over a series
of densities, and with five different electric charge configurations, providing external fields from zero to
extremely high values, exceeding31(®° V m~. The pore contained a tapered section that had an opening

of radius 0.25 nm into a secondary tapered section below. The pore wall was a medium of dielectric constant

4 (comparable to the value in a protein), and the electric charges were placed in the wall. A reservoir, with

which the remainder of the volume could exchange water molecules, was kept at constant density. Quantities
that were obtained included the energy of the system, the orientation of the water molecules in the tapered

section of the pore (and the remainder of the volume, but that proved to show little orientation), the density
in response to the density of the reservoir section, molecular distributions, and electric potential and field.

We observed that a high field, as expected, lowered the energy of the water molecules, the density of the
pore responded to the density of the reservoir, and the orientation of the molecules in the tapered section

responded to the field of the fixed charges in the wall. The larger fields pulled molecules close to the wall,

on average. The differences in the behavior of the tapered section and the cylindrical section are particularly
interesting: small changes in geometry produce significant changes in water structure and apparent rigidity
as shown by the high average orientation. To the extent that the pore can be thought of as a model for a
protein channel, it suggests that small changes in an amino acid side chain, whether by mutation, proton

transfer, or simply reorientation, could have major consequences for the function of the protein; this includes
geometric effects, as well as effects upon the electric field, and through the field, on the water in the pore.

I. Introduction The most common method of studying the interface has been

Water in pores has been the subject of extensive studies, bottsimulation. A number of workers have considered the effects
experimental and theoretical. It exists in biological systems, Of boundaries, and others the effects of electric fields. High-

especially proteins, which are of greatest interest hereThere " field simulations at interfaces, particularly the Qlectrical d'ouble
is also a substantial literature in other fields, including miner- layer?-22 have shown the expected orientation effect in the
alogicaPand colloidal and interfacial systeriis13 Not only h|gh_f|eld and the increase in density. What is more, these three
do such systems contain water in pores but the water plays astudle_s _sugges_ted t_he eX|s_tence_ofa pha_se tr_ansmon_ by the water
major role in the determining the properties of at least some of fat sufficiently high field. Simulations at hlg.h field are important
these systems. We have a particular interest in the gating ofin double-layer systems as well as proteins, which are known
ion channels in membranes, and the calculations presented her& have high fields present. A Stark effect measurement by
are intended to help decide whether it is reasonable that theLockhart and Kind® of the field near the end of peptide gave a
water is significant in these processes (plural, as gating variesfield of 0.43 x 10° V m~%; the end of a peptide is a fairly low
somewhat among even similar channels). In earlier work, we field region by comparison with a surface of pore with charges.
have suggested that the water controls the gétidgwe are Theoretical work by Lancaster et #lgave fields much higher
here interested in whether density effects are involved and than the end-of-peptide value (by approximately an order of
whether high electric field produces effects that may be magnitude) in theRhodopseudomonasridis reaction center.
compared to the effects of changes in density. Finally, our own calculation also leads to similar order of
High electric fields have drastic effects on the water in pores. magnitude field$>
Coupling to density changes may be expected to be important; In addition to the determination of the density of water in
the increase in density of water in the high field found in the the high field found in the double layer by Toney et'&ts
electrical double layer has been measured at a silver electrodewiggins and co-worke?§ have reported both increased and
by Toney et at>16 A theoretical treatment of the electrostriction decreased densities of water in gel networks, the sign of the
of water in these high fields by Danielewicz-Ferchmin and effect depending on hydrophobicity. Thanki et?algave
Ferchmirt” has provided an apparently successful attempt to experimental evidence for the existence of ordered water
account for the near doubling of density, compared to bulk adjacent to charged residues in a number of proteins.
water, found by Toney et al. Simulations have produced similar results. It has been shown

A substantial Ii_terature is_ devoted to gxtending the Poisson 4t fields above approximately 49’ m~ produce orientation
Boltzmann equation at flat interfaces, with a number of methods ;4 increased density of the water in the double layer.

proposed, including the modified PoisseBoltzmann equation — \yaanabe, Reinhardt, and Brod3k§studied the behavior of
of Outhwaite and Bhuiyatiand a somewhat different approach  ater in the high fields of the electric double layer and found
by Attard et ak® increased ordering and density, as well as the apparent phase
* e-mail: green@scisun.sci.ccny.cuny.edu. transition mentioned above. Sansom and co-wofRdesind
€ Abstract published ifAdvance ACS Abstractsuly 15, 1997. ordering and wall effects in model pores similar to those
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considered here. In addition, Sankararamakrishnan?@¢halve

considered the effects of solvation on a model of a protein

channel, the pore domain of the nicotinic receptor, and although

the particular model is not critical, the general behavior of the

water is relevant. 1)z=174 z=174
There have been a number of simulations of a particular

channel, gramicidin, in which the water lines up single file, with 2) z=135

semi-microscopic studies by Jordan, Partenskii, and co-workers

being particularly instructivé?3! Single-file behavior makes

results on this channel less relevant to our work, but they do

illustrate the point that the behavior of water can strongly 3)z=72

influence, or determine, how the channel acts in the presence

of ions.

In earlier work wé* have proposed that water, partially
immobilized by charges on the protein, is responsible for the
gating of channels. Different charge states of the protein can
lead to different behavior of the water and thus to differing
conductivity for ions. The behavior of the water under these

conditions can couple to the electrostatic effects on ions. Figure 1. Model of pore. A projection of the model is shown. The

lon channels found in biological membranes have water-filled '2bels show the dimensions of the pore. Charges are placed in four

. . . rings, at values of equal to 4.5, 7.2, 13.5, 17.4; up to four charges
pores of dimensions such that-380 molecules are in the can be placed in one ring at 9@ngles. The upper unfilled ring and

critical region of the pore. These channels are defined by protein e central ring define theylinder, and the central ring and the lower

z=232

z=10.6

4)z=45

z=-7.17

walls which contain charges, and our previous restttdead unfilled ring thetapered section The zero ofz is placed at the apex
to calculated fields in excess of 10 m~1. In this respect we of the cone formed by the tapered section above the constriction, so
agree with the results found by Lancaster étain theR. viridis that the bottom of the lowest section iszat —7.7 A. The radius at

reaction center, not a channel protein in the same sense as wéhe constriction, which has a height of 1.0 A (not indicated) is 2.3 A,

A : .o for the entire cylinder 5.5 A, and at the top of the volume 8.5 A. The
are considering the term, but with enough structural similarity dielectric constant in the simulation volume is determined by explicit

to be relevant. water molecules; it is 4 in the walls and 80 above and below the
It may also be of interest to know how the channels behave simulation volume. There are a total of 28 water molecules attached
under less natural conditions of increased pressure; experimentalo the walls, of which 12 are attached to the bottom, above-th&
values of density vs pressure have been measured for severaf level.
crystal forms of ice, up to pressures in excess of 100 GPa,
greater than values relevant for our purpo'gé‘g_ Calculations a model for water that is pOlarizable, to allow for the effects of
in the direction of lower density may also provide insight into  the high fields which we find from the fixed charges, plus the
the development of possible trends as a function of density. A fields produced by the water molecules themselves. The
second reason for going to lower density is the lower activity importance of polarizability in water has been further demon-
of the water; in this sense, it resembles the effect of adding an Strated by Gregory et &. Whether the PSPC model is the best
impermeant Solute to the bu'k ||qu|d Outside the pore_ The pOSSIb|e or nOt, |t |S almOS'[ Certalnly better to |nC|ude at |eaS'[
analogy with the results of osmotic pressure experiments is @n approximate correction for polarizability than to omit it and
imperfect, as the means of lowering the free energy of the water US€ @ point charge model.

is relevant, so we will not pursue the question in detail. ~ The simulations have been analyzed in terms of the energy
However, it does suggest a means of approaching the Simu|ati0rpf the water, the orientation of the water, the distribution of the
of osmotic pressure experiments. molecules, and density of the water in the parts of the channel

For these reasons. we have carried out Monte Carlo simula-°ther than the reservoir. We have found the water to be partially
tions of water in é model pore. We chose dimensions oriented, with the orientation increasing at the highest charge.
approximately those of a biological channel; however, the results T"€ behavior of the energy and the density of the remainder of

should apply to any system of the same approximate size andthe pore as a function of the change in qlensity of the re§ervoir
configuration. The channel is in equilibrium with a reservoir, '€ also reported. The water behaves, in response to field and

held at constant number of molecules),( volume ), and density, i_n a manner consistent with possible participation of
temperature). With NVT held constant, it is not possible to ~ Water in ion channel gating.
also hold chemical potential constant. However, it is possible
to calculate this quantity, although it will fluctuate. The Il. Model and Methods
remainder of the system must be in equilibrium with the (1) Pore Model. The particular pore model we have studied
reservoir, so that changing the number of molecules in the is described in Figure 1. The model tapers to a narrow section,
reservoir puts the remainder of the system in equilibrium with of diameter approximately appropriate for one ion to pass. The
a system at differing density, and therefore differing pressure. results reported here use a radius at the narrowest ring of radius
The pore wall can also be considered an abstract representa2.5 A. Finally, the lowest section allows the water molecules
tion of the protein channel wall; water molecules may be to pass through the narrow section and assists with equilibration.
permanently attached to avoid excessive hydrophobicity, and aHowever, properties of this lower section are not being studied
dielectric constant assigned to replace the protein. Using thein this work, and it is somewhat isolated from the remainder of
dielectric constant within the wall and explicit water in the pore, the pore; it does help make the part of the system of primary
we can calculate the electric field associated with various interest more realistic. We will refer to the upper region as the
distributions of charges and apply this field to the water. resewoir and the region below the cylinder and above the
Therefore, the system can be studied as a function of chargeconstriction as théapered region The cylinder and the tapered
distribution and pressure (or density). We have done so usingregion are the parts of the system of greatest interest.
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Take the zero for the axis to be at the apex of the cone of the density of the reservoir. Two thousand steps/molecule
formed by the tapered region, were it continued downward to were used for data collection after equilibration. The data shown
complete the cone. Measured from this point, section bound- are averages of three runs for each set of parameters, for a total
aries z coordinates, in A, are as follows: reservoir, upper of 180 runs (3 runs/set of 12 values of number of reservoir
boundary, 23.3; reservoir to cylinder, 17.5; cylinder to tapered molecules, and 5 charge configurations). This entire procedure
region, 10.7; tapered region, lower end, 4.5; short section was repeated for the two configurations of water molecules fixed
(constriction), lower end, 3.5; lower boundary,7.7. The to the walls (with and without rotation permitted: see below).
tangent of the angle formed by the nonvertical walls withzhe By doing three separate equilibrations followed by data collec-
axis is 0.5236, for an angle of 27.6 tion we ensured that no peculiarity of any one run could have

(2) Calculation. (a) The Electric Field and Potential The an excessive influence.
technique is the same as that which we have described (c) Water Model The water model used was the PSPC
earlier!425 We will therefore offer only a brief summary here. (polarizable simple point charge) model of Ahlstrom e#édL
Charges are included in the dielectric medium (dielectric places charges on the H-0.3345 electron charges) and O
constant = 4, as appropriate for a protéft?d. For a general (—0.6690 electron charges) atoms and allows for polarizability
charge position, whether within or outside the pore, the potential on the O atom. It has been used for our previous papers as
and field are calculated at all pointsia 2 A lattice. The well. The polarizability is included because the fields are high
technique places induced charges on the boundary and uses thesnough to cause the molecules to have significant induced
with Coulomb’s law to find the potential and field. The dipoles (for details, see Ahlstrom et3). There is also a
boundary is divided into sections 1 A 1 A over most of the Lennard-Jones energy, centered on the oxygen atom. The
boundary, but 0.5 A< 0.5 A in the highest field region, and  polarizability requires self-consistency; we have approximate
the surface charges are taken to be the average over this areaelf-consistency by updating the field at each molecule each
It is possible to solve for the induced charges at each segmentMonte Carlo step for that molecule, so that the field is never
from the contribution of the fixed charges, the induced charges more than one step behind and always includes the most recent
on all other elements, and the contribution of the individual step of each other molecule when a molecule makes a step. We
elements. The result is a set of linear simultaneous equationsalso added a 2.5 A hard core around the oxygen to the PSPC
for the induced charges, to which the solution allows the model to avoid the “polarizability catastrophe” which can occur
determination of the potential and field elsewhere simply from when neighboring molecules generate large attractive potentials
Coulomb’s law. when they come too close together (Ahlstrom et al. used an

The 2 A lattice distance for fields and potentials in the entire increased van der Waals repulsive energy to accomplish the
space (not the boundary) is as small as it can be while fitting Same purpose). This value does not appear to have prevented
within computer memory without delaying the simulation to the requisite increase in density. A cube 2.5 A on a side is
an impractical extent. Given the cylindrical symmetry, itis only 15.6 A%in volume, or approximately 52% of the normal volume
necessary to have two dimensions for the source points, inper water molecule. Density did not increase above the bulk
addition to the three dimensions for the field points; the source value by more than approximately 20%. If we went to
points can be placed along a line which is rotated to get the extremely high compression, the model would become more
third dimension each time the field is required. The same arrays problematical. The value at which we stopped should allow
of field and potential are used for the water molecules in the the water to still behave normally, without the average
pore (which include point charges in the polarizable model used) intermolecular distance decreasing so greatly as to distort the
and the charges fixed in the dielectric medium. In use, the molecules significantly. However, we do not know that the
arrays are read into memory; the field components and potentialPSPC model has been independently tested at high and low
appropriate for the actual positions of the source and field points densities, and there may be additional error from this source.
are found by linear interpolation among the nearest lattice As we saw no gross indications of improbable behavior to the
positions (four points for the two dimensions used for the source, extent of our investigations, we are willing to accept the results
eight for the three dimensions in field). as at least sufficiently quantitative for the conclusions we have

(b) Simulation A Monte Carlo simulation was carried out ~ drawn.
on the water molecules, in the manner described in our earlier (d) Charge and Density as Independent Variableg)
papers535 Briefly, the water in the pore was set up to have Charge Five charge states were studied. One had no fixed
an icelike structure initially. In our previous work, 4000 Monte charges; the others, four different configurations of charges.
Carlo steps per molecule were allowed for equilibration, Charges were placed in four rings holding a maximum of four
followed by 2000 steps per molecule for data collection. In charges each, at 90angles. The charge locations can be
those cases, we started with densities close to the final valuesunderstood from Figure 1 and are 1.5 A outside the boundary,
so that the 4000 step per molecule equilibration was adequateat values ofz of 4.5, 7.2, 13.5, and 17.4 A, whee= 0 is
Here, we are not necessarily near equilibrium density to start, defined as the apex of the cone formed by the tapered region;
so we performed the following test for equilibration: for each itis 7.7 A above the bottom of the model, as shown in Figure
of three values of reservoir density, 61% of normal, 100% of 1. One configuration had no charge. The lowest nonzero
normal, and 113% of normal, and with the five charge charge configuration had charges-ef at each of the two lower
configurations used for all the computations reported here (seerings and of+2 at each of the two upper rings. Another
section iv), the initial number of molecules in the cylinder was configuration had charges ef2 at each of the two lower rings
set equal to 5, 10, and 20 in separate runs. Two runs for eachand +2 at each of the two upper rings. A higher charge
charge and each initial density were carried out. It turned out configuration had charges ef3 at the lowest ring;-2 at the
that 4000 steps/molecule gave indistiguishable results, both fornext lowest+-2 at the third ring, and-3 at the highest ring. In
density and energy, for 5, 10, or 20 molecules placed initially addition, another configuration had the same net charge as the
in the cylindrical section. Since the normal starting density in middle configuration, but with three negative and one positive
the cylindrical section is 13 molecules, we accepted 4000 steps/(i.e., (—3,1+1)) charges to create the2 charge on the two lower
molecule equilibrium as appropriate for these runs, for all values rings; this had the largest number of total charges, but two pairs
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were arranged as dipoles, in effect. The zero-charge case is (ii) The molecular distributionsvere obtained by analysis
the fifth configuration. of the positions of the molecules at the end of the simulations
(i) Density. The reservoir shown as the upper section in and are the result of averaging over three sets of positions,
Figure 1 (above = 17.5 A) was held at a constant number of obtained in independent runs, for each distribution. With the
molecules throughout any one simulation, by restoring the Wall molecules not rotating (no fixed dipoles), the positions of
number after each sequence of 1 step/molecule. The numbethe molecules after 4000, 5000, and 6000 steps per molecule
of molecules in this section was set at 20, 21, ..., up to 31 Were used; with the fixed dipoles case, only results after 6000
molecules. With 26 molecules in the reservoir corresponding StePS per molecule were kept.
to bulk density, we went from approximately 20% above bulk  (iii) All other quantitieswere averaged over the 2000 step

reservoir number of molecul@ses averaged over the three runs for each density and charge

configuration. All subsequent averaging is described in the

(e) Initial Placement of Water Molecules(i) Mobile section where it is reported below.

Molecules The molecules are initially placed on an ice lattice
within the simulation volume, which is in turn shrunk 10% in
volume, uniformly, to approximate the density of liquid water.
The exception in this work is the density of the upper  We are primarily concerned with the following variables as
“reservoir’, which is an independent variable, adjusted as functions of the density in the upper section of the pore:
described in section iv.b. orientation of the water molecules with respect to the field and
(if) Nonmobile Molecules Two classes of nonmobile mol- ~ zaxis (main axis) of the pore; density in the two sections below
ecules were also used in the simulation, to line the walls and the upper section (reservoir), the cylinder, and the tapered region,
make them less hydrophobic. (i) Bottom section: Two layers energy of the water molecules, distribution of the molecules
with a total of 12 molecules were placed in the bottom of the With respect to the walls, intermolecular distances, and electrical
lowest section, to allow a buffer region in which the dielectric potential and field throughout the volume. Each of these has
constant could adjust to the external value of 80 at that boundary.been determined for each of the charge states, as described in
(i) Others: Several rings of molecules, always paired, were section I1.d.i.
placed in the upper section of the volume. These had their (1) Energy. (a) Energy of Molecules in Reserir (Upper
oxygen atoms either 0.5 or 1.1 A from the walls, depending on Section, aboe z= 17.3 in Figure 1) The upper section is
which direction the dipoles were pointing. Two complete sets distant from the charges and experiences a relatively small
of runs were carried out, for two methods of placing the electrical potential and electric field as a result. For this reason,
molecules on the wall: (1) The molecules were paired but ©ne expects the energy to be fairly close for all charge
allowed to rotate for 1000 steps at the beginning of the configurations, as indeed is found from the simulations within
equilibration part of the run. The consequence for the potential Statistical error. In our earlier wor,in which the reservoir
was severe. The molecules found a minimum energy position Was held at approximately bulk density, 26 molecules, we
that gave a net dipole, this in turn contributing a significant determined the chemical potential of the molecules in the
potential, comparable to that of more than one charge. After Féservoir, as well as the average energy. In that study water
the first 1000 steps per molecule, these molecules were notdiPoles were allowed, through the rotation of wall-attached
allowed further motion, so there were a sefinéd dipoles(2) molecules in the first 1000 steps per m(_)lecule_. (Note that in
The molecules are paired and not allowed to rotate, with the that study the lower part of the present simulation volume was
pairing arranged so that the dipole practically cancels, leaving absent; the model was truncated at the narrowest section.) In
at most a quadrupole field which is small compared to the that case, the chemical potential turned out to be equal to the

36
previous dipole field or to the field produced by charge in the value found by Ahlstromet al.* 38 kJ_/moI. Th? average
wall of the model. The results are rather different for this case €N€rgy (not free energy) per molecule in the earlier work was

_ 19 - § i i 19
than for the case of rotating wall molecules, as the fields are 0.30 10~*%J; in this work it av.erage3—0.27x.1(.)‘ J/imol
smaller. There arao fixed dipolesn this case. The wall was when the number of molecules in the reservoir is 26, and the

still made reasonably hydrophilic, as would be required for a water dipoles are present. Considering the statistical error, we

model of a protein, for example. We will primarily report the can _reggrd this as quite closeg there may alsq be a S’.“a"
results from this set, as the field introduced by the water dipoles contribution from the charges, which were different in the earlier

. ) work. This is a small system, so one must allow for somewhat
does not necessarily correspond to a part of the physical model - . L
. - larger statistical errors than in a system which is much larger.
we wish to study. However, the results from both are instruc-

. . . Standard deviations are given with the data, below; they are on
tive, especially for the zero-charge case, and we will refer to he order of 10%. There may also be a small contribution from
the dipolar results as appropriate. the order o > nay . . )

the charges, which were different in the earlier work; @27

In both cases, there are a total of 28 molecules that are not,, 10-19 j yalue consists of an average over chargesyfgr=
allowed to translate, eight below the constriction, four in the 26 (n.is the number of molecules in the reservoir). However,
tapered section above the constriction, eight in the cylindrical yith the water dipoles absent, the aver&igg= —0.34 x 10719
section, and eight in the reservoir section. None of these jmol; this becomes 0.3% 107° J/mol with the average
molecules are counted in the density plots resulting from the jntercept added. (One expects that if the dependence is perfectly
simulations. All density data refer to the mobile molecules. jinear, leading to no energy in the absence of molecules, the

(f) Analysis of Results(i) Graphs All one-dimensional plots intercept should be zero. However, it is the latter value that
were done using the Plot program (version 1.2, Fortner, Inc.); should be compared to the0.30 x 10-1° J/mol found earlier.)
curve fits and, for linear fits, least squares slopes and interceptsThere is more than statistical error involved, as can be seen
and correlation coefficients were calculated by the program. The from a comparison of the reservoir eneiggr moleculdor the
program also calculated averages and standard deviations. Fowater dipole and no water dipole cases.
three-dimensional plots (potential plots), the Slicer program from  With Fixed Water Dipoles For all charge states, in units of
the same package was used. 10719 J, the average energy per molecule in the reservoir is

I1l. Results
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TABLE 1: Energy?2 of Mobile Water Molecules in the energy per molecule is less than the standard deviation and is
Tapered and Cylinder Sections therefore ignored. We can see that increasing the charge lowers
tapered cylindrical the energy. For the tapered region, the energy could be written
charge section +standard section +standard approximately as
distribution energy deviation  energy  deviation

(0,0,0,0) —0202 0016 -0225 0016 Eiap= —0.03N, — 0.20 @)
(-1,-1,2,2) -0.268 0.026  —0.255 0.015 ) _ )
(—2,-2,2,2) —0.305 0.027 -0.277 0.019 whereN; = number of charges in the lower two rings and units
((-3,1),3,1),2,2) —0.470  0.029 —0.293 0.029 are 1019 J. The lower two rings are those at the level of the
(=3,-2,2,3) —0.376 0051  —0.303 0.020 tapered section. The net charge does not matter, as-tha)-

aUnits of x107° J/molecule. (—3,1),(2,2) configuration fits the relation if counted as eight

charges, not four. Apparently the interaction is fairly local. It
E.,= —0.0061¢0.0010p,.— 0.11&-0.02) (1) is also clear that the cylinder has a much weaker interaction
with the charges, as expected from the size of the cylinder; this

where the stated errors are one standard deviation, averageds also reflected in the orientation data. The interaction is
over the five different charge configurations, which are taken certainly not zero, and the interaction with the charges in the
to be effectively identical. In the reservoir, the charges produce lower rings also has some effect, as the three middle configura-
a relatively small effect, as they are set far from the reservoir. tions in Table 1 each have four charges in the upper rings, but
As the number of molecules increases and the intermoleculardo not have quite the same average energy for cylinder water
interactions become stronger, the energy per molecule ismolecules. However, it is obvious that these effects are weak
affected. The effect is of moderate size; eq 1 shows that addingcompared with the effect in the tapered section. Since there
each molecule provides a nearly 6% increment to the averageshould be approximately as many water molecules near the
energy per molecule. This is presumably a consequence of theupper charges as the lower, the effect here is not entirely local;

smaller intermolecular spacing as the density increases in a rangehe larger volume dilutes the field, possibly by interactions with

in which the interactions are favorable. other waters which are polarized to reduce the field.
We do not see an energy minimum at bulk density. With Fixed Water Dipoles The energy of the molecules in
No Fixed Water Dipoles The appearance of the energy is thepresencef the water dipoles showed that for all molecules
quite different. For this case, taken together a change of aboutx3101° J, total, existed

between the highest charged and zero-charge state. This
E,, = —0.01%,.(+0.001)— 0.03@-0.03) 2) amounts to about KgT, even though there is a large field from
the water dipoles always present. This energy is large enough
The intercept in this case cannot be distinguished from zero, to determine the biological function of a channel. Qualitatively,
and the relation is again linear. The slope is double its previous one would come to a similar conclusion for the case of the
value. Evidently there is a contribution to the energy from the dipoles as for the case of no dipoles.
water dipoles fixed to the wall, and this is in part compensated (2) Orientation. Only part of the simulation volume is in a
by some other term, which approximately balances it at normal high enough field to produce significant orientation of the
density. We are not certain of the nature of the compensation molecules. Danielewicz-Ferchmin and Ferchhhiiound that
at this time, but it is not surprising that the water molecules above an average field of 2.64 1(° V m~! the orientation of
interact with dipoles which are free to orient differently from water molecules is essentially complete in the field, with the
their interaction with water molecules held rigidly. It may be average cosine of the water dipoles with respect to the field
that the more favorable interactions suggested by the largereaching unity. The orientation of the water molecules in this
negative intercept for the rotating water molecules do not exist work is primarily of interest in the tapered region. Our results
when the molecules are fixed, but the molecules add more for this region are shown in Table 2. The walls are evidently
favorable interactions with each other to compensate. Testingresponsible for some of the orientation and may not orient the
this point remains for future work. molecules in the same direction as the field.

(b) The Other Water MoleculesNo Fixed Water Dipoles The average orientation of all other water molecules is
The energy of the water molecules that are not in the reservoir negligible, as the field is not as large, and only the geometry
is significantly affected by the charges, on average. We will exerts an effect on orientation. Table 2 gives the average
discuss primarily the case in which no water dipoles are fixed orientation of molecules in the tapered section for the five states
to the wall, separately for each charge configuration, for the of charge. The average defined in the table is taken over all
cylinder and the tapered section. Again in units of *QJ, values of number of reservoir molecules, as there is no apparent
Table 1 gives the energy of the water molecules, in the two dependence of orientation on the density in the reservoir. The
important sections, for each charge configuration. These slope of the plots, for fixed charge, of the cosinesnus is
averages are taken over all values of the number of moleculesalmost zero, and a linear fit gives correlation coefficients of
in the reservoir. The variation with density in the average less than 0.05; in other words, there is effectively no dependence

TABLE 2: Average Cosine for the Five Charge Configurations: Tapered Section

charge av cos v axist av cos vs field of chargés
configuration dipole’s no dipoles dipoles no dipoles
(0,0,0,0) —-0.12+0.10 -0.35+0.15
(—1,-1,2,2) 0.22+ 0.10 0.224+0.17 —0.30+0.17 —-0.40+0.14
(—2,—2,2,2) 0.45+ 0.19 0.35+ 0.14 —0.514+0.19 —0.454+0.12
((—3,1)(3,1)2,2) 0.34- 0.18 0.23+ 0.0.08 —0.62+0.11 —0.63+ 0.09
(—3,—2,2,3) 0.56+ 0.15 0.48+ 0.08 —0.62+0.15 —0.56+ 0.08

aFor all cases: cos averaged over all densitiestandard deviatior?. Fixed water molecules contribution, rotation allowed to produce net
dipole.
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of orientation on density. For this reason, only the averages 31/20= 1.55. If we combine all five charge cases, we find
are given for the five charge configurations. Two orientation

axes are given: theaxis (the vertical axis through the center Ngy = 0.41(£0.068N, + 2.8(£1.42) 4)

of the entire volume) and that of the field created by the fixed

charges only. This field is not the local field at each molecule, The numbers in parentheses are the standard deviations, with
a field which would presumably orient the molecules even more the slope and intercept the average of the individual slope and
thoroughly, but which is of limited interest with regard to the intercept values of the five separate lines (one outlier is largely
behavior of the system, as it is not a fixed axis. The orientation responsible for the high value of the standard deviation of the
with respect to the permanent field created by the fixed charge intercept). For the individual lines, the correlation coefficients
shows the degree to which the molecules are forced to assumeange from 0.76 to 0.96, the average being 0.83. Equation 4
an orientation that will persist. Since the field axis is not always gives a ratio of 1.41 for the number ats = 31 to that atnes
close to thez axis, the orientations are not only of opposite = 20. It seems safe to regard the cylinder values as proportional
sign (which is merely a matter of the direction chosen for the to the values in the reservoir, although the slope may be slightly
axis) but of different magnitude. low.

Table 2 suggests there is a maximum orientation that the ~With Water Dipoles The density in the cylinder can be
molecules reach with respect to thaxis for any of the charge ~ represented as a functionmtsby a straight line. For the four
configurations tested, because of the difference of the orientationcharged configurations, the differences are small, and if the
of the z axis and the field axis. The geometry clearly orients slopes and intercepts are averaged, the resulting line becomes
the molecules as well, as can be seen from the zero-charge cases,
especially when there is no field from water dipoles. Ny = 0.28¢5+ 3.1 (®)

Table 2 includes both the cases in which the dipoles of the
water molecules contributed and those in which they did not.
The water dipoles reoriented the water molecules to some extent
so that the orientations are not the same as would be the cas
if only the fixed molecules provided a permanent field. The

whereny is the number of molecules in the cylindrical section.
The slopes ranged from 0.22 to 0.32, the intercepts from 2.0 to
3.9. For each charge set separately, the correlation coefficients
Svere 0.575-0.764. The ratio of the density ats= 31 to that

X . . . . atnes= 20 for eq 4 is 1.34, less than the 1.55 for the reservoir
e o o et e o e a1 1 L1 unen o water dpoles are fned 0 te vls.

. o T - seems that the charge has some effect in the cylinder, and the
in the zero-charge case, where the orientation is determined by

metric interactions. and the no diool is more thar tw density increases somewhat less rapidly than would occur in
geometric interactions, a € No dipole case IS more than oy, . - The electric field makes the ratio of low density to high
standard deviations from zero (and of opposite sign of that

created by all of the permanent charge configurations), while density somewhat higher than the reservoir ratio. Combined

. ) . . with the slightly greater ratio, and greater slope, obtained in
with th? dipoles [I)res;ant, the eﬁ?Ct Its appr?ct:;]ably slmalller. The the absence of the water dipoles, it does suggest that the field
geometry may also, to some extent, onient the molecules away;g o ticient to pull in molecules at low densities, but has more
from the field (the average orientation with tkeaxis for the

zero-charge case is slightly negative, although only dipole fields difficulty in doing so at high density, as would be expected
exist in this case). The average fields produced by the charge(below’ we point out that the highest density corresponds to a

f i tested N th . hich th i pressure far greater than that provided by the field, but that the
configurations tested are in the range n whic € Waler fiold does correspond to a pressure well above atmospheric
molecules make the transition from essentially free to suf-

- . . . r re).

f!C|entIy strc_mgly oriented to be conS|dere_d tied down by the P ?I'shseu l?rzcharged case is a little different. For this case, the
T'eld'.Th? field of the WaFer d|poles alone is close to the range slope becomes 0.37, the intercept 1.16, and the correlation
'n.Wh'Ch field produces pngntaﬂon. We note that the qr!entatlon coefficient 0.871, indicating a better linear relation. Here, the

with resp_ect tc_) thg axis is systematically more posmv_e for_ ratio of the number of molecules in the section wingg= 31

the case in which dipoles are present than for the case in which

th t for f h fi i thit —12 2 to that whennes = 20 is 1.48, closer to the 1.55 ratio in the
they are not, forfour charge configura |ons_( —Le,ecase reservoir. It does suggest that the uncharged case is better able
is an exception, but this may be a fluctuation, considering the

e o . ) .~ to respond to the change in reservoir density than the cases with
standard deV|at|pn). This IS not true for the orientation .W'th an appreciable field, consistent with the interpretation in terms
respect to the field of the fixed charges, where there is no

) ) ) . f the field produci h in densi ially when th
systematic effect. The field of the dipoles may point the other gens?tyl?s lé)vrvo ucing a change in density especially when the
water molecules in the direction of taexis, an effect overcome i : :

' T No W Dipoles In th
by the field of the fixed charges. The fixed charges produce a (b) Tapered Section No Water Dipoles In the tapered

. . ) section, unlike the cylinder, several cases show what appear to
field larger than the dipoles, but the dipoles are not small enough be very large peaks, in a plot of number of molecules in the
to neglect. ’

tapered section as a function of the density in the reservoir.

(3) Density, Cylinder, and Tapered Region. The density  Thjs makes it difficult, however, to carry through the same
of molecules in the cylinder and in the tapered region should analysis as with the cylinder section. If plots of the same type
show the effects of pressure and electrostriction most direCtIy. as used in ana|yzing the Cy"nder are used (number in tapered
We will see that the number of molecules (or density) in both section vsned, only one correlation coefficient exceeds 0.7,
regions increases with the number of molecules in the reservoir, gnd three are below 0.4. There is a clear increase in number
Nees as it must, and is nearly simply proportional; however, the with increase innes but the “peaks” indicate a simple
slope of the proportionality does not always keep the ratio of proportionality lacks validity. The magnitude of the peaks,
the densities constant, especially in the tapered region. especially for the zero-charge and thel(—1,2,2) low-charge

(a) Cylinder No Fixed Water Dipoles We get fairly good cases, is too great to be normal statistical scatter (they exceed
straight lines for a plot of density in the cylinder against number 30% changes for changes of 1 9. Combined with the
of molecules in the reservoir. The slope, if no field effects are different orientational behavior of these two charge cases (Table
present, should be such as to produce a ratio of number of2), it suggests that geometric factors can be important in
molecules present with,es = 31 to number witn,es = 20 of determining how water molecules in the confines of the tapered
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region are arranged. It is not clear from the snapshots whethercylinder of constant volume and the number of molecules in
the molecules can sometimes virtually crystallize, but it does the cylinder increasing, a decreasing average intermolecular
seem probable that a form of alignment may occur. (However, distance. Paradoxically, a weak relation in the other direction
the number of molecules is smaller, so the statistics are lesswas found. The different charge configurations were not
powerful in the tapered section; with approximately half the distinguishable within statistical error, and the increase in
number of molecules, one expects standard deviations ap-intermolecular distance, on average, was approximately 0.02
proximately 1.5 times as great.) A/molecule in the reservoir. Overall, therefore, the volume
With Water Dipoles The results for this region are somewhat occupied per molecule increased about 10% as the number of
different. One can plot the data in the same manner as densitymolecules increased about 40%. We will also understand this
VS Nres three fairly good straight lines result: for the charge better after the distance from the wall has been discussed.
configuration (-1,-1,2,2), for (-3,1),(-3,1),2,2, and for There is one peak in the distribution at approximately 2.9 A
—3,-2,2,3. These have slopes of 0.27, 0.22, and 0.21, and another near 6.0 A. At low charge and low density these
respectively, and correlation coefficients of 0.77, 0.60, and 0.53. are not well resolved, and the 6.0 A peak is small.
For these three cases, the ratio of highest density to lowestis |, rigyre 2 we show the radial distribution functions for three
1'45, (average), fairly close to the 1.55 ‘?f the reservoir. The yeongities and two charge configurations, one zero charge, the
conf|gura_t|on—2,—_2_,2,2 has a slope that is much smaller,_ but other a high-charge case. In Figure 3, the corresponding
a cor_relatlon co_efﬁment S”_‘a“ enough that the_ scatter dominates gigyribtions are shown at normal density for two other charge
the .“.ne' Possibly, for this case, the combination O.f charge configurations, one low but not zero, the other high. The net
position and wall geometry can be stronger than the |anuenc_e conclusion is that the charge is less important in the cylinder
of the eXte”.‘a'. pressure. It cannot be rule(_j out that there is than the density. Further examination of the difference between
unusual statistical scatter for a couple of points, however. the cylinder and the tapered section suggests that geometry is

The most surprising case is that of zero charge. The averagey|sg important, as will be suggested by the results discussed
number of molecules in the tapered region is not appreciably ynder the tapered section.

different, on average, from that of the other cases, but the slope

is only 0.11, with a correlation coefficient of 0.142. Arguments 6000 moves/molecule, so that we cannot test the stability of

similar to those made for the results with no water dipoles for the peaks. The effects of charae were more easily discernible
zero charge suggest, but do not prove, that there must be. P ) 9 y

particular configurations that dominate the distribution of in these 'results. . )
molecules. Note that the orientation with respect tozlaeis There is one very PbV'f)US difference between the two classes
is also of opposite sign of those with charges, but not as Iarge,Of distribution functions: In one, there is a single peak at

as the water dipoles may be aligning the molecules to some approximately 2.9 A, followed by a trailing distribution out to
extent. nearly 10 A, where it disappears. This is characteristic of the

uncharged cases from.s= 20—23 (and almost the same pattern
at 25), as well as the low-charge cas€l(—1,2,2), also up to
Nes= 23. The (-2,—2,2,2) configuration at,.s= 20 also has
the low-charge pattern. With the water dipoles, the charge
configurations behave differently, while without the water

With Water Dipoles These snapshots were recorded only at

(4) Molecular Distribution Functions. Two types of
distribution functions can be defined: (i) a radial distribution
function, among the water molecules; we will ignore the fixed
molecules along the walls, giving a distribution function limited

to mobile water molecules; (ii) a distribution with respect to ~, T o X
the wall. There is no point in including wall molecules in the dipoles they could only be distinguished with difficulty. 1t is

latter either, as the program forces them to fixed positions and 29&in clear from these results that the water dipoles are nearly
would thus produce a sharp and uninteresting set of peaks inS Important as the fixed charges, at least for the cylinder, in
the distribution. The first distribution function is likely to be ~ Which the greater proximity of the dipoles is significant.

rather different from the distribution that one would see in bulk ~ The second pattern is found in all the other cases, including
simply because of the presence of the walls, which in most of the high-charge cases, as well as the zero-charge casafom
the volume not only prevents longer distances from appearing = 26—31. It contains a sharp drop after the first peak, followed
but limits the distribution on one side for most of the molecules, by a second peak at approximately 6 A. Examples are shown
so that certain distances cannot appear in the distribution. Whenin Figure 4. The distribution is somewhat smoother than in
no fixed water dipoles are present, the results are averaged fronthe no water dipole cases. However, comparison with the
“snapshots” of the configurations at 4000, 5000, and 6000 movescorresponding distributions with no water dipoles shows that
per molecule; when the fixed water dipoles were present, only the overall location of the peaks in Figure 4b is very close to
the values at 6000 moves per molecule were recorded. the locations of the corresponding peaks in that case.

(a) Radial Distribution Function Cylinder. The minimum (b) Radial Distribution Function Tapered Sectian The
distance of 2.5 A between molecules was set in the simulation, second peak (6.0 A) present in the cylinder section does not fit
and the maximum of approximately 10 A is determined by the into the tapered section, for which the dimensions are smaller.
size of the cylinder. We will consider only the no fixed water dipole case.

No Fixed Water Dipoles One can look at the average No Fixed Water Dipoles There is a weak relation between
intermolecular distance of the water molecules, as a function the number of reservoir molecules and the average intermo-
of density in the reservoir, for the same three times. It is again lecular distance. For three cases,1(—1,2,2), £2,-2,2,2),
useful to compare a high- and a low-charge case, for severaland ((3,1),(—3,1),2,2), the relation withesis clear, but weak,
density values. We choose, as before, the minimum density inwhile for the other two cases, it is almost nonexistent.
the reservoir, the normal density, and the high density. Paradoxically, as with the cylinder, the larger the number of

One can also ask the average distance between moleculesnolecules, again the larger the intermolecular distances. The
as a function of the number of molecules in the reservoir. We increase is approximately 0.03An,es from 20 to 31 molecules
calculated this, averaged over the three times (and, as alwaysjn the reservoir, for the three cases in which the relation is
three runs for each configuration), as a function of the number “strong”. Even for those with a very weak relation, what
of molecules in the reservoir. One should expect, with the difference there is is in the same direction.
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Figure 2. Radial (intermolecular) distribution function in the cylinder, for the case of the no fixed water dipoles; average over snapshots at 4000,
5000, and 6000 moves per molecule, for three runs at each density. Charge configuration (0,0,08)=(ap, (b) Nres = 26, (C) Nres = 31.
Charge configuration {{3,1),(—3,1),2,2): (d)nres = 20, (€)Nres = 26, (f) Nes = 31.

(c) Wall Distribution The effects of charge and pressure (g, = —0.037¢@0.004n, .+ 3.51&0.11) @)
here are expected to be complex. Increasing the number of
molecules is expected to have two effects, considered from thefor four of the five charge configurations (the-8,—2,—2,3)
point of view of the average distance from the wall: first, as configuration had a slope of onky0.018; the reason for this
the number of molecules increases, the center of the sectiondiscrepancy is not obvious). For the lines whose slopes are
must fill, placing more molecules at a distance from the wall, averaged the correlation coefficients were 0.280.131. With
and thus increasing the average distance of molecules from thethe average distance of the molecules to the wall dropping
wall. Second, there is the possibility of additional structure, approximately 0.5 A as the number in the reservoir increases
such that the molecules are arrayed in layers along the wall from 20 to 31, there is enough space to include more molecules
which become more stable as the number of molecules passeand still increase the average intermolecular distance as
a critical value (this phenomenon may behave analogously to aobserved. Pulling the molecules toward the wall has the effect
phase transition). This would lead to decreased average distancef increasing the volume of the cylinder. Increasing pressure,
to the wall. caused by increasing density, at most slightly abetted by

The charge would be expected to pull the molecules closer increasing field, has the effect of squeezing the molecules
to the wall, at least in the tapered section, since water is dipolar, slightly further apart. As more molecules approach the wall,
producing electrostriction along the direction normal to the wall. the peak location in effect is found on a cylinder that has a
There is, in fact, a general trend in the direction that, at low larger radius, so that the molecules become further apart.
density, high field may replace some of the higher pressure Both in the cylinder and the tapered section, the wall
which corresponds to the higher density. The effect as usual isdistribution was saved at three times, at 4000, 5000, and 6000

larger in the tapered section than in the cylinder. steps/molecule. The peaks in the distribution change less for
We can use the average distance of the molecules from thethe high-charge case. The most stable are those at low and
wall, a quantity defined by normal density. At zero charge, the peaks are much more
mobile and suggest that the molecules move about considerably

i, 0= Zimiri/Zri (6) more. This is a further indication (along with the orientation)

that high charge tends to limit the motion of the water, at least

wherem is the number of molecules in a shell at distande within a few angstroms of the wall. At the highest density the

r, + or from the wall; we used 0.2 A fodr. space is fairly well filled with water, and the peaks which are

(i) Cylinder. No Fixed Water Dipoles We must seek in so evident at low and moderate density are difficult to see. The
this distribution the resolution of the paradox of increasing much more mobile peaks in the zero-charge case suggest an
intermolecular distance with increasing density. In fact we find absence of favored configurations. In the cylinder, in which
a strong decrease in the average distance of the molecules fronthe fields are in any case smaller than in the tapered section,
the wall in the cylindrical section as the density increases. the peaks are not part of a stable structure when there is zero
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Figure 3. Radial distribution function in the cylinder, again no fixed Figure 4. Radial distribution function for the cylinder, with fixed
water dipoles, at normal density onlynd = 26): (a) charge dipoles for the water molecules_. Flggre is based on 6000 moves per
configuration ¢1,—1,2,2); (b) charge configuration—@,—2,2,2). molecule only. (a) Charge configuration{,—1,2,2): nes= 22. (b)

Figures 2 and 3 illustrate the central role played by geometry and Charge configuration{2,-2,2,2): nres= 26. Observe the difference
density, rather than charge, in the cylinder. At low density the second N Pattern between a and b, specifically the second peak in b.
peak_is almost lost, the fir_st v_veak, regardless of charge. This changes (d) Wall Distribution: Tapered SectionNo Fixed Water
considerably as the density increases. Dipoles There are two peaks that appear in these distributions,
charge, and the peak is also somewhat unstable for thewhich were determined separately at 4000, 5000, and 6000
(—1,—-1,2,2) configuration. moves/molecule, making it possible to compare the stability of
Fixed Water Dipoles The uncharged case showed two peaks the distributions in time. We find that the distributions with
in the number of molecules at a given distance from the wall, charge are rather stable, while the distributions with no charge
as a function of the distance from the wall, at approximately are less so. This is shown in Table 3, in which the ratio of the
2.5and 3.7 A, for practically all values ofes In three cases, number of molecules in the first peak, total, to those found
the magnitude of one or the other peak shrank, but as there didbetween peaks, is given, and in Figure 5, in which two examples,
not appear to be any systematic dependence of thig.grwe one each of high- and zero-charge distributions, are shown
attribute it to a statistical fluctuation (however, see the discussion separately for 4000, 5000, and 6000 moves/molecule. If the
of the tapered section, immediately below, in which such peaks peaks were completely stablérozen—no molecules would
appear more regular). move between the peaks. Further, the three different times
The (—3,—2,2,3) high-charge case appeared to have one morewould appear identical. The molecules are not that frozen, but
peak, with sharper valleys between peaks. With the fixed water there is a considerable difference between the behavior of the
dipoles present, the distance from the wall showed a density molecules in the high- and zero-charge cases.
dependence similar to that for the case of no fixed water dipoles. There is a clear difference between the zero charge case and
The slope, however, was approximatel9.015 A per reservoir  all others. The£3,—2,2,3) case has a very large ratio except
molecule. Possibly the dipoles pulled the molecules closer evenwhenn,es= 22 or 26; if those two were excluded, the first entry

at low densities, reducing the slope. in that column would be 33.7, and the second 21.0. Table 3
TABLE 3: Ratio of First Peak to Interpeak Molecules, Sum over Three Times
range ofned (0,0,0,0) £1,-1,2,2) 2,-2,22) (3,1)(-3,1),2,2) £3,-2,2,3)
2023 6.2 17.1 12.7 16.0 10.6
24-27 7.5 10.8 15.2 11.3 9.6
28-31 7.6 13.9 12.5 48.5 33.0

a All four densities in each range were summed and averaged.
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Figure 5. Wall (molecule-wall distance) distribution function, no fixed

dipoles. Averages are again from 4000, 5000, and 6000 moves per

molecule, this time shown separately to illustrate the difference between

the high-charge nearly frozen distribution of molecules and the more

mobile zero-charge case. In both cases showr=27. (a) Charge  Figyre 6. Electrical potential for three charge configurations, with no
configuration (0,0,0,0). (b) Charge configuration3,~2,2,3). For fixed water dipoles: (ac) charge configuration (0,0,0,0), withes =
average behavior over all charge configurations and densities, see Tablt?ol 26, 31, respectively; (ef) charge configuration{1,—1,2,2), with

3. Inthe tapered section, the charge produces very significant effects., . — 20, 26, 31, respectively; (g) charge configuration

probably underestimates the overall effect of charge. Most casesfé;igggﬁgélé'éi)éxrgqﬁ;gi%'/ i% rﬁi#arﬁf%;g"\e/'{\h;:‘ee) ggtfgtlal
WO.U|d s_how the same_effect as the .dISFrIbL_JtIOI’]S shown in Figure V (black); see Figure 8 for comparison. The scale is compressed so
5, in which the three different time distributions contrast strongly 4t it saturates at approximatel2.5 V, the range within which most

for high and low charge. There are a few cases (especially theof the significant information falls. The entire volume for which the
two (—3,—2,2,3) cases just cited) in which the difference largely potential is calculated is shown, both that containing water and the
disappears. Whether this is a symptom of some specific boundaries. The “shelf” that appears at the bottom of each figure is 2
interaction among charge, density, and geometry or a simpIeA high, and the_ distance scale is Ilne_ar. Th(_a major points tha_t are
statistical accident will require further investigation. Both the C¢/ar from the figures are as follows: (i) The fixed charges dominate

. the potential. Compare parts g, h, i, with four net negative charges
data in Table 3 and the appearance of most of the cases suggesfe the tapered region, to d, e, f, with 2 net negative charges, in each

that charge significantly restricts mobility. case with four positive charges above, and to a, b, ¢, with no fixed

(5) Electrical Potential. Finally, we have the electrical charges at all. In the latter set, the potentials, and consequently the
potential and field throughout the volume. The potential is fields, are appreciably less than in the figures with fixed charges. (ii)
created in part by the fixed charges and in part by the water. As can be seen by comparing Figure 8, where each gray scale step is
The potential is shown, with no fixed water dipoles, in Fig- 1.2 V, the fields are extremely large; recall that 1 V/3-A3.3 x 10°

6 f | - ¢ch fi ti 0.0.0.0 V m~L (i) The effect of density is relatively subtle. There is some
ure 6, for several cases: charge configurations (0,0,0, )'softening of the gradient of the potential at the higher densities, this is

(-1,-1,2,2), and (£3,1),(-3,1),2,2), with the reservoir con-  ¢learest in the highest charge case (compare g to h to i), especially
taining 20, 26, and 31 molecules. These show a sample of thenear the white (negative) areas, which correspond to the tapered region
distributions of the electrical potential (the field corresponding in the model. In parts a, b, and c, with no fixed charge, not only are
to each potential was necessarily also calculated in order to dothe potentials clearly smaller, and also their gradients, but the changes
the simulation, but only the potential is shown). The most with density are larger. The constriction at the bottom of the tapered
obvious features include the regions of high potential near the region shows a more positive potential in b and c.

fixed charges and the induced potentials of opposite sign. InIn the zero-charge case, with only water molecules producing
the highest charge configuration, these regions nearly overlap.potentials, and these largely averaging, the potentials are smaller,
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a b [ TABLE 4: Pressures Corresponding to Increased Numbers
of Molecules in the Reservoir
3 number of pressure in
f reservoir molecules reservoir (MPa)
27 93
28 200
29 330
30 480
31 660

can use the Tait equation in the form

VIV,=1—AIn((B+ P)/(B+ Py)) (8)
Figure 7. Parts a, b, and c, correspond to parts a, b, and c of Figure ) )
6, for the case in which rotation of water molecules produces fixed whereV is the volume of the watek/ is a reference volume,
dipolar fields at the walls. There are some fixed negative potentials at A = —0.1368, andB, at 25°C, is 3.00x 103 bar, or 3.00x
the top and bottom of the cylinder region which are not found in Figure 102 MPa3? We take the reference state at 1 atn0.1 MPa

6a,b,c. There is more net negative potential in several regions in which 504 can therefore neglect tRgterm. Using this equation and
there are geometric changes in shape (angles in the boundary). Only,_, . . ) -
the low-density part (2) shows more positive potential at the constriction taking the volume to be inversely proportional to the number

at the bottom of the tapered region in this case. of molecules in the reservoir, we can get the pressure for those
values of pressure above 1 atm (there is apparently no evidence
concerning the validity of the equation below this pressure, and
it would be surprising if it were valid). This corresponds to
26—31 molecules in the reservoir. The pressures are given in
Table 4.

The Tait equation also makes it possible to obtain an estimate
of the A(PV) energy for the reservoir, by integrating the equation
up to the maximum pressure. When the reservoir contains 31
| molecules, the maximum, this energy is approximatelyx 2

10719 J for the reservoir, compared with overQ1071° J for
the reservoir total. ThA(PV) energy is not negligible, but not
large enough to change the main qualitative conclusions. For

Figure 8. Grayscale ruler, for comparison with figures. Each step
corresponds to 1.2 V. The scale is compressed at the ends, makin
the last three steps to white-§ V) not visible. The top of the scale
(black) corresponds tg-6 V.

g

smaller numbers of molecules in the reservoir, AM{BV) energy
drops faster than the total energy.

Pressure has units of energy density;#2d nr 3. We can
compare the pressures to the energy density for the electric field,

given byW = (1/2kE2. If E= 10° V m~1, then one gets 4.4

but are still appreciable near the boundaries, especially near theMPa; if E = 3 x 10° V. m~%, the pressure corresponds to 40
changes in slope of the boundaries. In this case the effect ofMPa. Therefore, any electric field effects are unlikely to be
density is apparent at the highest density (Figure 6c,f), where consequences of pressure from the electrostriction, but it does
the high potential is spread over a somewhat wider region thansuggest that fields of such high magnitude do in fact correspond
at the lower densities. When fixed charges are present, theyto fairly high pressure. Furthermore, the fields are large enough
dominate the effect of water, at any density. Only in the to atleast partially make up for the reduced pressure produced
relatively low charge case of(,—1,2,2) charges does the water by reduced numbers of molecules in the reservoir. Ferchmin
appear to make a noticeable difference. However, we also showand Ferchmin-DanielewiéZfound that fields could compress
(Figure 7) the zero-charge case with water dipoles; note thatWwater to essentially double the normal density value at ordinary
the potentials in the tapered region are almost comparable topressure, but they were dealing with fields exceeding those we
those in the charged cases, especially the lower charge casedlave just used in the calculation by over an order of magnitude,
with no net water dipoles. The water molecules, allowed to leading to pressures more than 100 times greater. They did
rotate, produced more negative potentials in the pore region. find that properties of the water under pressure generated by

Quantitatively the fields are huge. There is a drop of several the field were comparable to those produced by ordinary
hundred millivolts, up to a volt, over short distances, down to Pressure.
3 A. This leads to fields in the pores, at maximum, of around Let us first consider the density in the cylinder with at least

3 x 10°V m~L The fields in the surrounding dielectric can be 26 molecules in the reservoir. From eq 4, the ratio of number
even larger. of molecules in the cylinder with 31 in the reservoir is only

1.15 times the number with 26 molecules, slightly less than 31/
26 = 1.19. With fixed water dipoles, the ratio is 1.13, for all
charged cases. By comparison, with zero charge (even with

(1) Pressure Compared to Electric Field. Both pressure \ater dipoles), the ratio in the cylinder is 1.18, very close to
and electric field produce major effects on the waterin a pore, 1 19 The field seems to pull more molecules in at low densities

but the geometry modifies these effects to a great degree. They 4 at high, an effect which is perhaps to be expected: an
field, although large, is not so large that it can compare to the ;iarnate form of the Tait equation is

pressure equivalent to the difference in density in the reservoir.
The Tait equation describing the pressuvelume relation of (9)
water, although originally derived for the range up to 500

atmospheres (50 MP4&j,is actually quite good to pressures wheref is the compressibility. The compressibility decreases
above 10 GP& and thus above our maximum pressure. We just in the range of the pressures we expect in our results,

IV. Discussion and Conclusions

B=—A(B+P)
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reaching approximately half the original value when the number  (4) Energy. To an excellent approximation, the energy of
of reservoir molecules reaches 29, and about one-third at 31the molecules not in the reservoir depends linearly on the
(based on Table 4). The effective electrostriction might be number of molecules. The higher fields are associated with
expected to be less at the highest pressures. However, as thiower energy. The interaction between the electric field and
same dependence of number of cylinder molecules vs reservoirthe density does not have a large effect on the energy, and there
molecules was at least approximately maintained down to muchis no observable minimum in energy at the bulk density. The
less than the equilibrium number of molecules, this explanation statistics are just adequate to show weak nonlinearity in the
is probably too simple, and we must expect that geometric energy-density relation which is consistent in sign among the
factors and interaction with the wall also play a role in various charge configurations. The interaction of water with
understanding the results. the field in the tapered section is strong and proportional to the
The density in the tapered region is irregular as a function of number of charges. In this critical section, the interaction with
the number of molecules in the reservoir. The geometry, the charge (absent interfering dipoles) is nearly as strong as the
electrostriction, and the pressure interact to produce configura-sum of other energy interactions of the molecules, at the highest
tions that appear to be stable. It appears that attempting to treacharge. There is a noticeable effect even in the cylinder,
the system as though it were a bulk medium could not produce although, as is to be expected, it is weaker.
intelligible results. (5) Electrical Potential. In the pore, especially the tapered
(2) Orientation. In the tapered region the molecules are section, the charges strongly influence the water. The orienta-
strongly oriented by the field and the geometry, as can be seention of the water in the pore follows the field produced by the
from Table 2. As the alignment with respect to thexis is charges. Moving the charges, or removing them, possibly by
non-negligible for zero charge, especially in the absence of fields having them neutralize each other, is sufficient to drastically
created by water dipoles, we can be reasonably certain of thechange the behavior of the water, as is most clear from the
importance of wall interactions. The orientation is sufficient energy and orientation. Although in this work we did not
to nearly match, in magnitude, that provided by the field. The include an ion in the pore, probably the behavior would be
highest charge densities do produce the strongest alignment, asimilarly affected. (We did see such effects in earlier work,
expected. with a truncated pore, and only the standard deriSjty.

(3) Molecular Distributions. The intermolecular distances (6) Conclusions. The behavior of water in a pore is affected
are affected by the field mainly in the tapered region, as shown by the electric fields in the pore, as well as the wall. In addition,
by eq 7 and the results discussed in section Ill.4.b,c. The if the density is varied by altering the effective pressure with
distances to the wall seem to be determined largely by density which the pore is in equilibrium, the effects of the field and the
and the geometry of the tapered region; however, the consider-wall are modified. The orientation, the density, the distribution
able difference between the zero-charge results and the nonzeroef the molecules with respect to the wall and to each other all
charge configurations shown in Table 3 and Figure 5, for the suggest that the water molecules are made more rigid and are
mobility, suggests that the actual behavior of the water arranged differently than in bulk when in the pore, especially
molecules does depend strongly on the field, especially in the in the narrowest section of the pore. Based on our results, there
tapered section. For the cylinder, the field is much less is no clear evidence for the existence of a phase transition. The
important. water may be more nearly glassy; however, the results on

Electrostriction is seen most strongly in the wall distributions dynamics in some references cited abd6¥é394°suggest that
in the tapered section; molecules in both the cylinder and the the lifetime of the water would probably not exceed a
tapered region are pulled closer to the wall by high-charge nanosecond in any given positiamless somehow effeatiy
configurations, but more so in the tapered section. This helps bound to the wall Previous studies with water which moved
to explain the complex behavior of the density. With molecules slowly, especially by Ferchmin and Ferchmin-Danielewitz,
forced into configurations which are other than those that would were those at the highest field, as would be expected. The
be assumed in the absence of the field, the density must alsomobile water, even in the tapered section, under the conditions
change. Furthermore, the alignment is itself a function of the considered here probably does not reach macroscopically slow
density. The density distributions provide further evidence for motions. As we did not study the dynamics, we cannot add to
the interaction of electric field and density, and for the this discussion. On the other hand, it is known that water
interaction of molecules with field and with the wall in the remains in position in the interior of proteins long enough to
confined geometry. Combined with the orientation data, these appear as fixed in X-ray structur&s?’42so that it is not
results provide evidence for significantly decreased mobility, implausible that at least boundary water is in fact placed for a
on average, for the water molecules in the tapered region, intime long compared to gating in a given location (the X-ray
particular, in high-charge configurations. None of this is data do not extend to orientation). We had not expected the
surprising, but it does help to secure a sense of the magnitudewater molecules fixed to the wall, when allowed to rotate freely,
of the fields required and of the necessary geometry. to produce a net dipole anything like that which we observed.

Several other workers have investigated the distribution of ~ On the basis of our calculations and these results, it should
molecules in pores. Lynden-Bell and Ras&faffound a be possible for the water to be rearranged by movement of
cylindrical solvation shell in a cylindrical pore, with some effects charge in the wall, and the movement of charge would be
on the next layer. The strongest effects were of course in the coupled to at least transient increased fluidity of the water in
narrowest cylinders. Sansom et2allooked also at tapered the narrow part of the pore. Small pores generally do slow
pores, again seeing solvation shells along the wall. Lee andmolecular, polar liquids, as was shown in measurements by Xu
Rossky*? simulating water along a flat surface, found structure etal#® Sansom et &8 found that the water moved more slowly
mainly in the first layer and essentially no effect beyond 10 A in the narrower tapered pores, and their calculations showed a
distance from the surface; for purposes of comparison with our gradient of water mobility. They did not, however, apply an
work, in which the diameter of the tapered section is less than electric field. How strong an effect on rates the combination
10 A, this amounts to a major effect. of field, taper, and possibly pressure would be is hard to estimate
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from their results, or from ours. Time resolution in small pores

in high electric fields remains for further work.

The most obvious result, however, is the difference between

Green and Lu

(15) Toney, M. F.; Howard, J. N.; Richer, J.; Borges, G. L.; Gordon, J.

G.; Melroy, O. R.; Weisler, D. G.; Yee, D.; Sorenson, L.Neature 1994
368 444.

(16) Toney, M. F.; Howard, J. N.; Richer, J.; Borges, G. L.; Gordon, J.

the cylinder and the tapered region, as shown by orientation, G.; Melroy, O. R.; Weisler, D. G.; Yee, D.; Sorenson, L. Surf Sci 1995
distribution of the molecules with respect to each other and to 335 326.

the wall, and density in response to external changes in density,10
electrical potential, and pressure. Itis clear that small changes

(17) Danielewicz-Ferchmin, I.; Ferchmin, A. B. Phys Chem 1996
0, 17281.
(18) Outhwaite, C. W.; Bhuiyan, L. Bl. Chem Soc, Faraday Trans

in the local geometry should be able to make significant changes2 1983 79, 707.

in the behavior of the water in the neighborhood.

The consequence for protein behavior of the difference in

(19) Attard, P.; Mitchell, D. J.; Ninham, B. Wl. Chem Phys 1988
88, 4987.
(20) Lee, S. H.; Rasaiah, J. C.; Hubbard, JJBChem Phys 1987, 86,

behavior of the two regions may be of interest. Whether a single 2333.

mutation, by changing the local geometry, or, transiently, even

(21) Brodsky, A. M.; Watanabe, M.; Reinhardt, W.Bectrochim Acta

the rearrangement of a side chain, can make a significant changé-991 36, 1695.

(22) Watanabe, M.; Brodsky, A. M.; Reinhardt, W. P Phys Chem

in the behavior of water in a pore or a channel should be an 1991 95, 4503,

important subject for further investigation.
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