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ABSTRACT: Computer simulations of dilute polymer solutions are presented with different models for the solvent.
Three different problems are studied: the collapse dynamics of a neutral polymer chain, the conformational
properties of a polyelectrolyte chain in a poor solvent, and the adsorption of a polyelectrolyte chain near a charged
planar surface. In addition to an explicit solvent model where the solvent atoms are incorporated as a second
component, two implicit solvent models are also studied. In the first, called implicit Lennard-Jones (ILJ), the
effect of solvent is taken into account via a Lennard-Jones pair potential between the monomers, and in the
second, called SASA, the solvent is taken into account via a many-body interaction that depends on the solvent-
accessible surface area (SASA) of the monomers. In all cases, there are qualitative differences between the properties
predicted by the ILJ and the explicit solvent model. In particular, the ILJ predicts the trapping of a collapsing
neutral polymer in metastable states, stable bematklace structures of polyelectrolytes in poor solvents, and
globule formation without adsorption for polyelectrolytes in poor solvents at a charged surface. For similar systems,
on the other hand, the explicit solvent model predicts a smooth collapse, transientiee&tice structures, and
adsorption flat against the surface, respectively. The predictions of the SASA model are in qualitative agreement
with the explicit solvent simulations in all cases, although there are quantitative differences. This emphasizes the
importance of many-body solvent effects and suggests a computationally tractable way of incorporating them.

I. Introduction

The static and dynamic properties of dilute polymer solutions
depend strongly on the nature and quality of the solvent, and
the properties of polymers, especially charged polymers, in poor
solvents is a topic of current interest. In the case of polyelec-
trolytes, ionizable groups are substituted along the otherwise
hydrophobic polymer molecule in order to make them water-
soluble. The result is a strong solvent-induced effective interac-
tion between two polymer beads which is balanced by the
electrostatic repulsion between charged moieties. This competi-
tion results in interesting conformational properties that have
been widely studied.

Computer simulations have played a very important role in
our understanding of the properties of polymefsind proteins
in solution®-10 Simulations are particularly useful for dilute
solutions where experimental scattering techniques are chal-
lenging because of low intensity. In principle, one can create
an initial configuration with polymer and solvent and propagate
the system using standard techniques, e.g., molecular dynamic
In dilute solutions, however, the solvent molecules are an
enormous inconvenience because the majority of the system i
composed of solvent molecules whose properties are of little
interest. Implicit solvent models, where the solvent is replaced
by an effective interaction between the polymer beads, are
therefore of considerable importance, given the potentially
significant savings in computational time. This is particularly
true in polymer solutions where the time scales of interest are
large compared to that of the solvent dynamics.

A particularly simple implicit solvent model is one where
the solvent is replaced by an effective pairwise attraction

%

solvent is replaced by a pairwise additive Lennard-Jones (LJ)
interaction between polymer beads. A decrease in solvent quality
corresponds to an increase in the well depth in the LJ interaction.
This model is qualitatively correct for the static properties in
the sense that it causes the polymer to collapse as the solvent
quality is decreased. The well depth can always be adjusted so
that the model reproduces the average conformational properties
of single polymer chains in poor solvents.

The ILJ model has been shown, however, to be in qualitative
error for thedynamicandthermodynamiproperties of polymers
in poor solvents. In a series of papers, Chang and Yethirgj
studied the effect of solvent on the properties of neutral and
charged polymers. They compared molecular dynamics (MD)
with explicit solvent to Brownian dynamics (BD) simulations
with ILJ solvent and showed that the predictions of these two
models were qualitatively different in many cases. For the
collapse dynamics of a neutral homopolymer, they showed that
the explicit solvent model showed a rapid collapse under all
conditions whereas in the ILJ solvent model the polymer was

St‘rapped in local minima. For polyelectrolyte solutions, explicit

solvent simulations showed phase separation while ILJ simula-
ions suggested the formation of gel-like structures. They
attributed these differences to the fact that solvent-induced
effects are patently not pairwise decomposable. In the ILJ model,
two polymer sites on the interior of a collapsed structure feel a
very strong attractive interaction while in reality the interaction
is just the weak dispersion interaction between monomers. For
polyelectrolytes, the difference could be more dramatic because
the bead-bead interactions can be attractive with the ILJ solvent
and repulsive with an explicit solvent, thus leading to qualita-
tively different physics. Although instructive, these simulations

between the polymer beads. There are many studies in thego not solve the problem because explicit solvent simulations

literaturé! of the implicit Lennard-Jones (ILJ) model where the
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are prohibitively intensive for large polymers.
In this work, we investigate the properties of polymer
solutions using a simple many-body solvent model borrowed
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from biophysics. Sophisticated implicit solvent modélare
used in the simulation of biological macromolecules, but these
techniques are not yet popular in the simulation of polymeric

systems. The simplest many-body solvent model is one where

the solvent-induced interaction depends on the solvent-accessibl
surface area (SASA) of the macromolecule. This incorporates
the primary effect discussed by Chang and Yethitap,i.e.,

that the solvent interaction is a surface effect rather than a
pairwise additive effect. Several approximate schemes to
efficiently calculate the SASA have been proposed. In this paper,
we test one such schefi@nd compare the predictions of this
implicit solvent model, which we refer to as SASA, to explicit
solvent and ILJ simulations. We find that the predictions of
SASA are qualitatively similar to those of the explicit solvent
for three different problems: the collapse dynamics of ho-
mopolymers, the conformational properties of single charged
chains, and the adsorption of charged chains to a surface. Th
SASA is therefore a promising candidate for simulations of
dilute polymer solutions.

The rest of the paper is organized as follows. In section Il
we describe the models and simulation method, in section I
present and discuss the results, and in section IV present som
conclusions.

Il. Molecular Model and Simulation Method

A. Bonding and Electrostatic Interactions.In all cases, the
polymer molecules are modeled as flexible besgring chains.
The bonding potential between neighboring monomers along
the backbone is given by the FENE (finite extensible nonlinear
elastic) potential

r_2)
2
Ro

wherekg is Boltzmann’s constant is the temperaturekeene

is the spring constant, ari®} is the maximum extension of the
bond. In this work, we sétrene = 30.&gT/0? andRy = 1.50;
these parameters prevénhthe crossing of the chains. The
parameter is used as the unit of length in this work and is the
collision diameter of the Lennard-Jones (LJ) potential

V() = ey (g)lZ - (?)6]

Veenen) = — %kFENEROZ In(l - (1)

)

The total potential of interaction between any two sites is
the sum of a nonelectrostatic and electrostatic interaction. The
monomers interact via a sitesite nonelectrostatic interaction
potential that is different for the different solvent models. If

the polymer is charged, each monomer carries a unit negative

charge, and an equal number of positively charge counterions,
of the same size as the monomers, are added to balance thi
charge. The electrostatic interactioﬁj",'(r), is given by

qiqj}'B

Vi) = keT—

3)
whereg; is the charge valence of the sitelg = €?/ekgT is the
Bjerrum length,e is the unit charge, and is the dielectric
constant of the solvent. This interaction is taken to be the same
in all the solvent models; i.e., the nature of the solvent does
not alter the electrostatic interactions between ions.

For the simulation of polyion adsorption on charged surfaces,
two surfaces are added along thdirection of the simulation
box. The nonelectrostatic interaction between the particles and
the surface is purely repulsive and is givertty
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Svherez is the perpendicular distance from the particle to the

solid surface and the subscript w denotes the surface. This
potential is obtained from the integration of the-1&@ LJ
potential of a planar solid continuum in the two directions
parallel to the surface. We se} = ¢.; andoy, = o for all the
particles present in the simulation box. Both the surfaces interact
with the particles in the simulation cell using the soft core
repulsive LJ potential given by eq 4, but only one of the surfaces
is electrically charged. The co-ions, which have a charge
opposite in sign to that of the surface, balance the charge on
the surface. The electric fieldt;, acting on a charged particle

é’ due to the uniform charge densityscp, on a honconducting

surface is given byg = oscp/2¢, and the direction oF; is
perpendicular to the surface.
B. Explicit Solvent Model. In this model, the solvent
molecules are incorporated explicitly as an additional compo-
ent. The nonelectrostatic interacti(\!ﬁf, between sitesandj
is given by

Vﬁl(r) = AVeLor) + (1 = 43)Vaea(r) (5)
whereVc,i(r) is the cut and shifted LJ andyca(r) is a purely
repulsive LJ potential? i.e., VcLi(r) is obtained by truncating
Vii(r) atr = 2.50 and shifting it so tha¥c 5(2.50) = 0, and
Viwea(r) is obtained by truncating;(r) atr = 2165 and shifting
it so thatVWCA(Zl’Go) =0.

The solvent quality is determined via thig parameters.
Following previous work> we setl; = 1 between any two
solvent molecules or any two monomers, dpd-= 0 otherwise.
Note that the nonelectrostatic contribution to the potential is
purely repulsive for all pairs of sites except for the monomer
monomer and solventsolvent pairs, where it is attractive for
A > 0. Whenl = 0, all nonelectrostatic interactions are identical
and therefore the solvent quality is good. On the other hand,
when 4 = 1, there are attractions between monomers and
between solvent molecules but the monossailvent interaction
is purely repulsive, and this makes the solvent quality poor.

C. Implicit Lennard-Jones (ILJ) Model. The ILJ model is
the crudest, but most popular, model for the solvent. In this
model, the solvent is not incorporated explicitly, and the
effective nonelectrostatic interaction between polymer sites is
given by

V() = Viea(r) + Veuor) (6)
ﬁ/hereVWCA(r) andVcLy(r) are the repulsive and attractive LJ
potentials described in the previous sectioneAds increased,

the strength of the interaction between the polymer beads
increases, and therefore the solvent quality decreases. We define
a reduced quantity]; = e y/ksT.

D. Solvent-Accessible Surface Area (SASA) Modeln the
SASA model the potential on a monomer due to the solvent is
evaluated using the amount of surface area of the monomer
exposed to the solvent. The effective nonelectrostatic interaction
between polymer sites is given by

V() = Viwea(r) + Veo1) (7)

The solvation free energ¥so(r), is assumed to be the sum 8fDV
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the contributions from all the monomers, i.e.
N

Veol1) = ) 9

®)

Here the summation is over all the monomers, and the
solvation energy per unit area for the monomesince all the
monomers are identical in a polymer, we assugies g. y; is

the accessible surface area of the monomexposed to the
solvent, definetf as the area of the surface over which a solvent
molecule can be placed while making van der Waals contact
with the monomer and not penetrating any other monomer or

atom. The solvent-accessible surface area of the monomers and

the forces arising from the solvation potential are calculated
using the method of Wodak and Jalinsing a probe radius of
o/2 for the solvent molecule. We define a reduced quargtity

= go?/ks. In polyelectrolyte simulations, counterions and co-
ions are ignored in the calculation of the surface area of the
polyelectrolyte exposed to the solvent. This makes the quality
of the ions poor to the polymer backbone as the solvent quality
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Figure 1. Variation of the mean-square radius of gyration with solvent
quality parameters for various models, fdr= 16. Bottom and top
scales show the quenching depths for explicit and implicit solvent
models, respectively.

is decreased, and this assumption is qualitatively present in allsimilar procedure is used in all cases studied; i.e., when two

three simulation models.
E. Simulation Method. In the explicit solvent simulations,
the polymer molecule, counterions, and co-ions (if any) are first

models are compared, the solvent parameters of the models are
chosen so that the equilibrium size of theutral chain is the
same (within statistical uncertainties) in both the models.

inserted into the simulation cell, and the solvent atoms are then Although the chains can be trapped in metastable states when
added so that the total number density of the simulation box, the solvent quality is decreased suddenly, this does not happen
proto® = 0.864. Periodic boundary conditions are applied in all when the solvent quality is decreased in small steps followed
the three directions, except for the cases where the fluid is by equilibration at each stage, which is how the results in Figure
confined between surfaces, in which case periodic boundary 1 are obtained.

conditions are applied only in the other two directions. Lengths
are measured in units of time in units ofryp = (MoZeLy)?,

and temperature in units efy/ks. In this calculation, we set all
the three parametens, o, ande; to unity and define a reduced
temperature a3* = kgT/e 3, which is set equal to 1. Initial

A. Collapse Dynamics of a Neutral Polymer Chainln good
solvents, a polymer chain takes on an expanded self-avoiding
random walk conformation. When the solvent quality is suf-
ficiently poor, the conformation is that of a collapsed spherical
globule. The dynamics of the collapse of the chain when the

velocities are generated using a Gaussian random numbersolvent quality is suddenly changed, e.g., by quenching to a
generator and scaled to the desired temperature. The system ifow temperature, is of interest. Previous simulati@ié 36

propagated in the canonical ensemB&/T constant) using a
explicit reversible integraté? with temperature maintained
constant using a NoseHoover thermostat!?? An integration
time step of 0.006,p is used, and the NosdéHoover coupling
constant is set to 5. Further simulation details can be found
elsewheré?

The Brownian dynamics simulation algorithm used for the
implicit solvent models is a straightforward implementation of
the Ermak and McCamméhalgorithm without hydrodynamic
interactions. Time is measured in units @¥Do, whereDg is
the monomeric diffusion constant. We defing, = 0%Do. An
integration time step of 0.000d, is used and the simulation is
equilibrated for 2-5 million time steps before averages are
calculated.

Ill. Results and Discussion

The solvent quality gets poorer (in the various models) as
the parameterd (explicit solvent),e* (ILJ), and g* (SASA)
are increased. Although we are primarily interested in qualitative

present a consistent picture of the sequence of events. Localized
blobs of monomers separated by linear chains are first formed.

These blobs grow in size at the expense of the linear chains

and then coalesce into a sausage-like conformation. The beads
in the sausage-like conformation then reorganize to create a
spherical globule.

Chang and Yethirdf showed that the dynamics of the
collapse, however, are very different with explicit and ILJ
models. With the ILJ model, the change in polymer size
occurred in discrete jumps, and for deep quenches the polymer
was often trapped in metastable states, especially in the sausage-
like structure. For sufficiently deep quenches, the chain never
reached the equilibrium state in the ILJ model. With explicit
solvent, however, the chain always collapsed smoothly to the
final state. In fact, the deeper the quench the more rapid was
the collapse.

We find that the predictions of the SASA model are similar
to that of the explicit solvent model, but the predictions of the
ILJ model are distinctly different. Figure 2a,b depicts the size

differences between these models, it is important to be able toof a chain (degree of polymerizatioth= 64) as a function of
map the parameters of each model onto the others. To calibratetime for various trajectories using the ILJ and SASA models.

the solvent quality in these models, we compare the radius of
gyration of aN = 16 bead neutral chain for the three different
models as a function of their respective solvent quality

The initial conditions and quench depth are chosen so that the
average initial and final radius of gyration are the same in both
models. In the ILJ model (Figure 2a), there are sudden drops

parameters in Figure 1. As expected, when the solvent qualityin the chain size while in the SASA model (Figure 2b) the
is decreased, the chain collapses. From a plot such as this (fordecrease in chain size is continuous for all trajectories.

N = 16), we mapl = 0.2 (fore ;= 1) tog* = 0.5 ande* =
1. This mapping is a strong function of the chain length, but a

Furthermore, in the ILJ model the chain is trapped in metastable
states, often for long durations, while in the SASA model 8*5\/
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54 like structures are observed, but these are not stable for long
periods of time. As the solvent quality is decreased further, the
polyelectrolyte shows structures similar to cylindrical globules.

0 o " 2'0 " 4'0 " 60 Figure 4 (11) shows snapshots for a longer ch&in- 382 and

T f = /5. Stable pearl-necklace-like structures are not observed
BD for this chain length. As the solvent quality is decreased, the

Figure 2. Independent trajectories for the variation of the square radius chain assumes the shape of a cylindrical globule, and the length
of gyration with time for () the ILJ and (b) the SASA models, Br ¢ 1,6 giobule decreases and the width increases as the solvent
' quality is decreased. For solvent quality= 5.5, Figure 4 (Ild)

equilibrium state is reached smoothly and quickly. The predic- 2nd9" = 6.5 (not shown), a stable dumbbell-like structure is

tions of the explicit solvent model are similar to the SASA seen. This picture o_f the poly_electrolyte collapse transition is
model, and these are therefore not shown. A previous simulationdifférent from what is seen using the ILJ model.
study?* using implicit solvent model based on the idea that  Figure 5 depicts snapshots from ILJ simulations. The ILJ
solvent-induced interaction between the monomers depends ormodel predicts a strong stabilization of the pearl-necklace
the local density of the solvent near the monomers also gavestructures due to the strong pair attraction among the monomers
results similar to the explicit solvent and SASA simulations. inside the pearls (where there is no solvent). The dumbbell-
B. Equilibrium Shape of a Charged Polymer Chain.Chang shaped structures shown in Figure 5 are very stable, and similar
and Yethiraj® reported explicit solvent simulations for the shape looking structures are seen at the end of all the simulation runs
of a single polyelectrolyte chain in poor solvents. The main with ILJ model. In the explicit solvent simulatioftsand the
conclusion of this study was that the pearl-necklace structure SASA model, the pearls are held together by weak surface
predicted by theoRf and seen in implicit solvent simulaticiis* tension forces, and these clusters are therefore not stable.

is not very stable when the solvent is incorporated explicitly,  The absence of pearl-necklace conformations in the SASA
and snapshots therefore did not show clear signatures of thesgnogel is interesting, and we perform some tests to investigate
conformations. On the basis of a cluster analysis, however, theys further. Starting with a spherical conformation of a collapsed
concluded that pearl-necklace structures are consistent with their g tral chain, we gradually add charge to the beads and observe
data but only loosely held together by weak forces. Here, we {he change in the equilibrium shape. In all cases, the chain takes
qualitatively compare the predictions of the SASA model fora o ¢ylindrical globule conformations similar to Figure 4 (11).
polyelectrolyte chain in poor solvent with the explicit solvent g4 ting from the same initial conformation as above, if we
S'mglat'onﬁ . remove the bonding potential, i.e., simulate a collection of
Figure 3 compares théRy?0 divided by the degree of  nconnected monomers, then adding charge to the monomers
polymerizationN, for an isolated polyelectrolyte as a function  regyjts in the formation of several small spherical globules. The

of the solvent qualityg*, for different chain lengths. The  .yjindrical globule conformation is therefore a direct conse-
collapse transition from an extended conformation to acollapsedquence of bonding in the SASA model.

globule moves to higher values gf with an increase in chain .
length,N, and also the collapse transition becomes broader as C. Adsorption of a Charged Polymer onto a Charged
N increases. Similar behavior is seen with the ILJ model but Surface.In poor solvents, the adsorption of a single polyelec-
not in explicit solvent simulation®, where thel value at which trolyte chain to a charged surface is sensitive to the solvent
the collapse transition occurs is independent of the chain length.duality:** Simulations presented in this paper show that for
The SASA predictions for chain conformations are consistent Weakly charged surfaces the ILJ model predicts that the chain
with the explicit solvent simulation. Figure 4 (I) depicts is a coIIapse_d globule, but the e_pr|C|t solvent model predicts
snapshots of configurations from the SASA modelNo+ 64, that the chain adsorbs flat against the surfécghe SASA
fraction of charged monomefs= 1, pm = 6 x 1075, and various model is in qualitative agreement with the explicit solvent
values ofg*. All the monomers carry a unit charge. These Model.
conditions correspond to those for which explicit solvent  The shape and orientation of the polymer can be quantified
simulations are available. In some cases, €95 1.5, pearl- via the component of the mean-square radius of gyra&&r{/
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(d)

Figure 4. SASA model: ()N =64,f=1,g* = (a) 1.5, (b) 2.0, (c) 2.5, (d) 4.0, and (e) 5.0; (N)= 382,f = 1/3,g* = (a) 1.5, (b) 3.5, (c) 4.5,
and (d) 5.5.

Figure 5. ILJ model: ()N =64,f=1,¢/;=3.5; (b)N =64,f = 1, ¢; = 3.75; (c)N = 382,f = 1/3, ¢, = 1.75.

perpendicular to the surfacB;'perp defined as thenG, = —0.5; if it is perpendicular to the surface, thép =
1.0; and if the orientation is isotropic, thé&p = 0.
1 ) For a given solvent quality, increasing the surface charge
Rs,perp: N (z = 7D ©) density causes the chain to adsorb flat on the charged surface,
= and this is manifested in a decreaseésin Figure 6a compares
wherez is the Cartesian coordinates of the monomar the Gz in th‘? l_L‘] and SASA models, and_ Figure 6b depiGisin
direction perpendicular to the surface, and the subscript cm the explicit solvent model as a function of the surface charge

stands for the center of mass of the polyion chain, and the 4€NSitydsco (= oscoo?e) for good and poor solvents, fot =

molecular axis orientational correlation functia®y, is defined ~ 16. For the good solvents, i.ej,, = 0 org* = 0, the ILJ and
as SASA models are identical, and these results are represented

by squares. For low surface charge densities the chains are
G,= (3o y[— 1)/2 (10) isotropic, butG, decreases as;.pis increased and farg.p ~
0.1 G, ~ —0.5, corresponding to the chains adsorbed flat on
wherey is the angle between the molecular axis and the surface.the surface. Similar behavior is also ObseNed?ﬁLerp (not
The molecular axis is definédas the eigenvector corresponding  shown). The difference between the models is evident in poor
to the smallest eigenvalue of the moment of inertia tensor of solvents where the SASA predicts that the chains are adsorbed
the molecule. If the molecular axis aligns parallel to the surface, flat on the surface fomll values of o5, Whereas the ILJCDV

N
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0.0 increased further, however, the attraction between the monomers
014 ‘} (@) overcomes the attraction between the surface and the monomers,
| % and this causes the polyion to form a globule in solution instead
-0.2 % of a pancake at the surface. For high surface charge densities,
0scp = 0.6, the plot, although nonmonotonic, is becoming flat
«0-37 because the monomesurface interactions are very strong,
O AR .
-0.4- making it difficult for the polyion to form a globule. These
= ;% predictions are consistent with the explicit solvent mddéh
054 * ® o §oe the ILJ model, on the other hand, the solvent-mediated attraction
o between the surface and the polyion is absent, and the polyion
T4 2 4 2 4 does not collapse onto the surface as you decrease the solvent
0.01 0.1 1 quality. As a resuItRs,perpincreases monotonically as solvent
0.0 quality is decreased.
(b)
-0.11 IV. Conclusions
-0.2 c}n In computer simulations of polymers in poor solvents,
simulating the solvent explicitly is prohibitively expensive for
-0.3+ . . :
o the length scales_a_nd time scales of interest. In this work, we
-0.4 compare two implicit solvent models, an implicit Lennard-Jones
} (ILJ), where the solvent effect is incorporated using a LJ
-0.57 $ o W s me potential among the polymer beads, and a solvent-accessible
Y- surface area (SASA) model, where the solvent-induced potential
4 0.01 2 4* 0.1 2 4 1 depends on the surface area of the polymer molecule, to

Oscp simulations that incorporate explicit solvent. We investigate
Figure 6. Orientational correlation functio®, from (a) the ILJ and three te_s_t p_roblems: the collapse dynamics of a neutral polymer,
SASA models and (b) the explicit solvent model, as a function of the equilibrium shape of a charged polymer, and the adsorption

surface charge density?,, for good and poor solvents. In (a) the ~Of & charged polymer to a surface. In most cases, the SASA
symbols represent good solvem)(i.e., ', = 0 org* = 0, and poor model is in qualitative agreement with explicit solvent simula-

solvent,e;, = 2 for the ILJ ©) andg* = 1.5 for the SASA @). In (b) tions while being much less computationally intensive. The

the symbols represent good solvem),(1 = 0 and poor solvente), predictions of the ILJ model, on the other hand, are qualitatively

A=03. different from explicit solvent or SASA models. In many cases,
. the differences are dramatic. For example, the explicit solvent

g and SASA models predict a smooth collapse of a polymer for
0.0 0;5 1 ;0 1;5 2;0 2.5 deeper quench depths, whereas the ILJ model predicts the chain
0.3 gets stuck in metastable states. The explicit solvent and SASA
({) models also predict an adsorption of the chain to a weakly
{> g © % o charged surface, whereas the ILJ model predicts that it remains
b {) a globule in solution.
For short chains, the predictions of the SASA model for the
@ conformations of charged polymers are consistent with explicit
o o Py solvent simulations. For long chains, however, the SASA model
L o ! does not predict the pearl-necklace structures predicted by theory
- ° n and seen in ILJ model simulations.
T 5

" " We conclude that incorporating the many-body solvent effects

f . : is important. The implicit LJ model, which has so far been the

00 05 1.0 15 20 model of choice in polymer physics, should be used with caution

. especially in studying problems where interfaces like surfaces

are involved. The implicit solvent model based on the solvent-
square radius of gyration perpendicular to the surface, as a function of accessible surface area is a promising candidate as a substitute

solvent quality foro%., = 0.1 (circles) and 0.6 (squares). Solid and for explicit solvent. The only concern is that, for the equilibrium

open symbols represent SASA and ILJ models, respectively, with the Size of a single polyelectrolyte chain, it appears that the surface
scale represented at the bottom and top of the figure, respectively. tension parameter in the SASA model must be chain length

dependent for the collapse behavior to be consistent with those
predicts behavior that is qualitatively similar to the good solvent of the explicit solvent model. It is possible that the model
case. The ILJ Significantly overestimates the Stabl“ty of the requires a volume term in the interactiﬂjhln addition to a
globular form of the polymer, thus making a flattening against SASA term, to properly account for the solution thermodynam-
the surface less favorable. The prediCtionS of the SASA model ics. A resolution of this issue should make the SASA |mp||c|'[

are in quantitative agreement with the explicit solvent simula- solvent model an exciting alternative to explicit solvent simula-

@

]
[ ]
u

LJ
Figure 7. SASA and ILJ model predictions for the average mean-

tions (Figure 6b). tions for polyelectrolytes in addition to neutral polymers.
Figure 7 depictf{iyperpas a function ofl for o5cp= 0.1 and
0.6. Foracp = 0.1 and 0.6R; ,is a nonmonotonic function Acknowledgment. This material is based upon work sup-

of 0%cp in the SASA model. The decrease IRgperp occurs ported by the National Science Foundation under Grant CHE-
because the polyion collapses onto the surface to avoid the0315219. G.R. and A.Y. thank Xiao Zhu, Abhishek K. Jha,
unfavorable monomersolvent interactions. Asl or g* is Professor Rakwoo Chang, and Professor Karl F. Freed for u&%q}
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discussions. The graphics in Figures 4 and 5 were made using(22) Hoover, W. GPhys. Re. A 1985 31, 1695.

Visual Molecular Dynamics (VMD}¥?
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