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THE GLASSY WALL BOUNDARY FOR 
SIMULATIONS OF INHOMOGENEOUS SYSTEMS 
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Ontario, Canada, NIG 2WI 

(Received January 1989. accepted March 1989) 

For simulations on systems that invlove a physical inhomogeneity at infinite dilution, the usual periodic 
boundary conditions are inappropriate. In previous studies on such systems, surfaces have been re- 
introduced in order to contain the particles of the sample. When smooth surfaces are used to contain 
liquids, undesirable structural artifacts in the liquid are promoted by these surfaces. In t h s  study a rigid 
but structurally liquid-like containing surface, that we call a glassy wall boundary, is introduced, in an 
attempt to solve this problem. It serves as a containing surface, but “looks” nearly liquid-like to molecules 
in the mobile liquid near it. We illustrate the properties of this boundary for a system that consists of an 
isolated polyion surrounded by SPC water at 300K and - 1 gcm-’. We show that this boundary reduces 
or eliminates some of the problems caused by a smooth surface. 

KEY WORDS: simulations, glassy wall boundary, inhomogeneous systems 

INTRODUCTION 

Computer simulations of homogeneous systems commonly use periodic boundary 
conditions in order to avoid surface effects [l]. However, for simulations on solutions 
that are inhomogeneous, with the inhomogeneity present at infinite dilution, periodic 
boundary conditions are inappropriate, for a t  least one of the coordinate directions. 
Examples of such solutions include those containing charged or uncharged surfaces 
[2-51, those with solutes at infinite dilution [6], et ceteru. Periodic boundary conditions 
are inappropriate in these instances, because their use violates the physical require- 
ment of infinite dilution. In some previous studies [2, 3, 7, 81 a surface, in the form 
of a containing (reflecting) wall, was re-introduced to overcome this problem. Of 
course this re-introduces surface effects, which, for high density systems like liquids, 
creates undesirable artifacts. For example, the radial and angular distributions found 
for water-like liquids near such surfaces are very different from what obtains in the 
bulk [2-41. Also, these artifacts can propagate inwards from the wall to some degree 
[2. 41. 

1.n this paper, we present a new boundary which serves as a containing surface yet 
has a less deleterious effect on the radial and angular distribution functions of a 
water-like molecular solvent than does a smooth wall. 

SYSTEM AND THEORY 

The inhomogeneous system in which we are interested is that of an infinitely long, 
soft, rigid (unbendable), high charge-density polyion surrounded by a molecular 
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solvent under conditions of infinite dilution. To date. all theoretical and simulation 
studies of such polyelectrolyte solutions [7, 81 have used the “primitive” electrolyte 
model [9, lo], wherein the solvent is modelled as a dielectric continuum. In Monte 
Carlo simulations of such a system [7, 81, the small (mobile) ions are contained within 
the simulation cell by a smooth, cylindrical wall situated at some large radial distance 
R, from the polyion axis. Periodic boundary conditions are used in the axial direction. 
Since the ion density turns out to be very low at R,, this artificial surface does not 
significantly alter the resulting ion distributions. 

We are carrying out a Monte Carlo simulation for the counterion-polyion distribu- 
tion function in which the dielectric continuum is replaced by a molecular model for 
the solvent. For a molecular solvent, the containing surface at R, must be placed at 
much shorter distances than those used in continuum studies, in order to keep the 
number of particles within a practical range (< 2000). However, the solvent structure 
adjacent to a smooth wall at R, will be totally unlike that in  the bulk of the solution. 
Moreover, the structure created by a smooth wall will propagate inwards, due to the 
long-range electrostatic interactions of the solvent. We have therefore developed. a 
“glassy wall” to be used at R,, which more closely approximates a homogeneous 
solvent environment in the radial direction, and does not p r o m t e  the artificial radial 
or angular structure found when a smooth wall is used. 

We have examined the structure of SPC water [ I  I]. around a polyion. using both 
smooth and glassy walls at R,. Periodic boundary conditions are used in the axial 
direction. The glassy wall is a cylindrical annulus, concentric with the polyion, 
composed of immobile SPC particles. These SPC particles were mathematically 
carvcd out from a homogeneous SPC liquid at the desired temperature and density. 
The selected particles were those situated within the coordinates of the desired 
annulus. The positions and orientations of the selected particles were permanently 
fixed. Mobile SPC molecules surrounding the polyion are thus contained in the radial 
direction of the simulation cell by a cylindrical wall of SPC water frozen in a 
configuration typical of that found in the bulk. Hence the term “glassy wall”. 

Monte Carlo simulations were performed on the pure mobile solvent, both in the 
presence and absence of an axial charge on the polyion. The extent of polarization of 
the mobile solvent in the case of the fully charged polyion (without the screening 
which would normally be provided by the neutralizing ions in solution) is physically 
unrealistic. However, our purpose here is to investigate the effect of the different 
constraining walls on solvent structure. The calculations with and without the axial 
charge, involve degrees of polarization that bracket what would arise in the more 
realistic screened situation. 

CALCULATIONS 

i Tiw .‘fv.stcw Y 

We carried out  Monte Carlo simulations using two cylindrical simulation cells. Both 
cells had an axial height of 75.5 A. Both contained a rigid, soft, cylindrical polyion 
whose axis coincided with the axis of the simulation cell. In  each case the polyion was 
surrounded by SPC water. As mentioned previously. the usual periodic boundary 
conditions were applied in the axial direction. 

The total potential energy U, of the i‘th mobile SPC water particle is given by 
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The first term in equation (1) represents the SPC-polyion interaction energy and the 
second term is the contribution of the SPC interparticle interactions to the potential 
energy of particle i. The usual SPC-SPC potential [l  11 is used and a spherical cutoff 
is applied (in the second term only) if the center of mass separation rl, is greater than 
R,. Here R, is 2.940, where o is the SPC molecular diameter, equal to 3.166 A. When 
the glassy wall is used, the second term includes the interaction of particle i with 
immobilized SPC particles in the glassy wall. When the smooth wall is used, U, = co 
when rlP 2 25A. 

The SPC-polyion interaction for an SPC particle whose center of mass is at radial 
distance rlP from the axis of the polyion, is given by a sum of Lennard Jones [I21 and 
electrostatic components: 

%p(rlp) = .I",' (%p. O1pr TIP) + .%J (2) 
The values of the Lennard Jones parameters E , ~  and oIp were 18.526 x 10-16erg and 
1 1.583 x lo-* cm, respectively [13]. The electrostatic component ufA(rIp) is set equal 
to zero for the uncharged polyion cases. 

For an infinitely long polyion with uniform axial charge density -e /b ,  u;A(rlp) is 
given by [7, 8, 141 

" a  

In equation (3), qm is the ,x'th charge on the i'th SPC particle, r$' is the radial distance 
between charge a and the axis of the polyion, e is the electronic charge, and b is a 
distance parameter selected to make - e/b characteristic of double-stranded DNA in 
water. Thus b was taken as 1.7 8, [7, 8, 141. 

The particles for the glassy wall were mathematically carved out from a large, 
homogeneous sample of SPC water, extensively pre-equilibrated at a density of 
1 gcmP3, and a temperature of 300K, using Monte Carlo simulations and the usual 
periodic boundary conditions in all directions. A randomly selected configuration was 
picked from this simulation to create the glassy wall. The 1465 SPC particles selected 
for the glassy wall were those whose centers fell within a cylindrical annulus having 
an inner radius of 25 A, a thickness of 3 O,  and a height of 25.5 A. This particular 
thickness of the glassy wall ensured that a mobile SPC particle next to it was 
completely surrounded by a sphere of mobile and frozen SPC particles. A thinner 
glassy wall would have resulted in an asymmetrical environment around these distant 
mobile SPC's due to spherical cutoff. 

ii) Monte Curlo Simulu,ions 

All of  thc Monte Carlo simulations described below employed the force and torque 
biasing algorithm [15, 161 with the biasing partially turned on (i = 0.5). The mag- 
nitudes of the maximum translational and rotational step sizes were adjusted so that 
the average acceptance rate was in the range 0.5-0.6. 

Verlet neighbour lists [17], with a list sphere radius of 3.5 O, were found to enhance 
the speed of the simulations by about 36% for the smooth wall and about 60% for 
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the glassy wall. A trial step with the glassy wall took about 1.2 times as long as one 
with the smooth wall. The glassy wall calculations required about 1.7 times as much 
memory as did the one’s with the smooth wall. 

Simulations were performed on the uncharged and charged polyion at 300 K 
surrounded by (1 j 1450 mobile SPC’s contained by a smooth wall situated so that it 
prevented SPC particles from travelling beyond 258, and (2) 1469 mobile SPC’s 
contained by the glassy wall described in the previous section. Thus, the glassy wall 
was at  approximately the same distance from the polyion axis as the smooth wail. 
Additional simulation details are given in Table 1. The larger number of mobile SPC’s 
used with the glassy wall includes the roughly 19 mobile molecules which partially 
penetrated the glassy wall when the polyion was uncharged. The use of 1469 mobile 
SPC’s with the glassy wall gave about the same number of mobile SPC’s up to 25 8, 
as using 1450 mobile SPC’s with the smooth wall. 

In each case, the total potential energy was monitored during an initial equilibra- 
tion step. When it started to oscillate about a mean value, the system was presumed 
to be sufficiently equilibrated. Data were then collected over -5  x lo6 trial steps 
(Table 1). In the case of the charged polyion with both types of walls, a supplementary 
check ensured that configuration space had been adequately sampled. Specifically, the 
temperature was raised to 1500 K for about 1.0 x lo6 trial steps. Then the tem- 
perature was lowered back to 300K and equilibration was continued at this tem- 
perature. Comparisons were then made between the data collected before and after 
the 1500 K run. The total energies were found to be statistically the same (i.e. within 
0.1 Yo). 

RESULTS 

The structural data which was collected from the simulations consisted of 1) the 
singlet radial distribution function g(’)(rlp) for the centers of the mobile SPC particles 
as a function of radial distance from the polyion axis, and 2) distribution functions 
for the angles between the vector normal to the polyion surface (pointing towards the 
constraining wall) and the vectors of the molecular dipole p and of the OH bonds. The 
latter two orientational distribution functions are designated P,,(e) and POH ( O ) ,  res- 
pectively. They were obtained by [2]: 

N(4) 1 P(di) = - 
C N( 8, ) (sinO, )AO, (4) 

The distribution functions P,(@ and POH(Q) should have constant values of 0.5 and 
1 .O, respectively, for a system displaying no angular anisotropy such as the bulk 
homogeneous liquid. 

g(’l(rIp) was normalized using a bulk density of 1 gcm ’. PJO) and POH(6) were 
normalized to a constant solid angle by the factor l/sinO, as in references [2, 41. 

The orientational structure of water-like solvents next to smooth, hydrophobic 
surfaces has been discussed previously by others [2,4]. We are interested in determin- 
ing the extent to which the glassy wall used in this simulation diminishes the artifacts 
that smooth surfaces create. The relevant results are shown in Figures 1 and 2 and in 
Table 2. 

The results we present are for the angular functions Pu(8) and POH(6) with the 
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1 ?C 150 0 30 60 YO 120 1 ')I: Ci  3!1 90 12:: ' 30 1 PO 
5 H 5 

Figure I Angular distrihution functions for thc uncharged polyion that characterize the average orienta- 
tion of SPC water molecules near two cylindrical containing walls. The functions are defined by equation 
(4): A 0  = 10". Legend: (0) smooth wall; (0 )  glassy wall. In a homogeneous fluid. e,(B) = 0.5 and 
e)H (0) = 1 .O at  all 8. The insets illustrate the meaning o f  0 

3.0 

d polyion charge on 
/ I  

r 

-... . 0.0 ' -f. ' ' " ' ' ' " ' ' ' " ' * '  
5 10 15 20 25 30 

ri D (A) 

Figure 2 The singlet SPC water distribution function as a function of distance from the polyion axis f o r  
the charged polyion. Qg"'(r,,). where Q is the bulk density, is the microscopic average density of SPC 
particles at a distance r,p from the polyion axis. Legend: (-) smooth wall; (e) glassy wall. Smooth and 
glassy walls are situated as described in Footnote (a). Table 2. The results are for an annular thickness of  
( I  I A. 
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Table 2 Root-Mean-Squared Deviation from the homogeneous (limiting) values: Pp(0)  = 0.5 and 
PO"(@) = 1.0 

~ 

Distmce ,from rhr Polyion Asis'"' Type of Function" 
IAJ P, (0) POH (OJ 

22-23 glassy 0.059% 0.067 I 
smooth 0.130 0.308 

smooth 0.212 0.360 
24-25 glassy 0.0915 0.125 

smooth 0.300 0.278 

23-24 glassy 0.0884 0.100 

(a) The smooth wall I )  siluatcd 50 that no SPC ccntcr penetrates beyond a radial distance of 25A from the polyion axis; the glassy wall is at 
approxirnately 2 5 8 ,  from the polyion iixis (see text) 
(b) The smooth wall is a cylindrical reflecting surface, thc glassy wall consists of immobilized liquid-like SPC panicles. Both act as containing 
surfaces in the radial direction (see text). 
( c j  .These functions are defined by equation (4) and are displayed in Figure I Thr  entries here were obtabncd from the points shown in Figure 
I .  

uncharged polyion and the radial g(')(rip) function with the charged polyion. With the 
charged polyion, the angular functions displayed a saturation effect, in that the field 
of the polyion almost entirely swamped out any differences in these functions caused 
by the two types of walls. With the uncharged polyion, the singlet distribution 
functions g(')(r,p) showed little or no difference next to the two different walls. 

It is clear from Figure I and Table 2 that, for the uncharged polyion, the angular 
distribution functions P,,(8) and POH(8) are both more "bulk-like'' near the glassy wall 
than near the smooth wall. Figure 1 confirms that the smooth wall creates significant 
anisotropic distortions in P,(0) and POH (0) that propagate for some distance into the 
solution. While the glassy wall results are not entirely free of distortion, they are 
clearly much more nearly so than the smooth wall results. This point is made 
strikingly clear by the entries in Table 2, from which it is seen that in every instance 
the glassy wall's distorting influence is significantly less than that due to the smooth 
wall. The peak at  25 A in Figure 2 indicates that the smooth (inert) wall seems to be 
wetted by SPC water when the central polyion is charged. While this result is 
interesting in its own right, it is an undesirable artifact in the present context. This 
artifact is seen to be entirely eliminated by the use of the glassy wall. 

From Figure 2, it is seen that there is an undesirable asymmetry in the solvent 
concentration for both smooth and glass wall simulations when the polyion charge 
is turned on. Specifically, in the range 17 x 6 rip d 25 A, the water density gradually 
diminishes with increasing rip. This is due to electtostriction of the water caused by 
the unscreened, and therefore very high, electric field of the polyion. We know that 
this is the source of the density drift, because it did not occur in our (unpublished) 
calculations where the polyion charge was turned off. In more realistic scenarios, 
screening by the counterions will mitigate this effect. There are also techniques for 
avoiding this asymmetry such as the use of much larger systems, constant (T, V,  p) 
Monte Carlo, or the addition of extra solvent particles to the system to offset the 
density depletion in the "bulk" (17A-25A here). Each of these solutions has a 
drawback: much larger systems would require too much computer time, (T ,  V ,  p) 
simulations are not feasible at liquid water densities, and the addition of extra 
particles is ad hoc (i.e how many extra particles are appropriate?). Fortunately, 
screening by counterions would, in reality, reduce or eliminate the need for any of 
these remedies. 
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CONCLUSIONS 

We expect that the degree of radial and crientational solvent structure near a con- 
straining wall for ;i charged polyion together with its neutralizing counterions will be 
intermediate betwcen the charged and uncharged polyion results. This is because the 
field of the polyion chargc will be partially screened by the counterions. The use of 
a glassy wall rather than a smooth wall is strongly indicated for this (more realistic) 
problem by the foregoing results. Extensions of the glassy wall idea to other systems. 
such as those mentioned in the Introduction, is straightforward. The glassy wall 
should be especially useful in simulations on the electrical double layer when these are 
done using a molecular model for the solvent. 
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