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MONTE CARLO SIMULATIONS OF HYDROPHOBIC POLYELECTROLYTES.
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ABSTRACT

Monte Carlo simulation has been used to study the configurational properties of a
lattice-model isolated polyelectrolyte with attractive segment-segment interaction potentials.
This model provides a simple representation of a hydrophobic polyelectrolyte.
Configurational properties were investigated as a function of chain ionization, Debye
screening length, and segment-segment potential. For chains with highly attractive
segment-segment potentials (i.e., hydrophobic chains), large, global changes in polymer
dimensions were observed with increasing ionization. The transformation from a collapsed
chain at low ionization to an expanded chain at high ionization becomes increasingly sharp
(i.e., occurs over a smaller range of ionization) with increasing chain hydrophobicity. The
ionization-induced structural transitions for this model hydrophobic polyelectrolyte are
analogous to pH-induced transitions seen in real polyelectrolytes and gels. These studies
suggest a simple explanation for such transitions based on competing hydrophilic and
hydrophobic interactions.
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I. INTRODUCTION

Much attention has been directed recently at the solution behavior of polyions contain-
ing hydrophobic side groups, i.e., hydrophobic polyelectrolytes. Polyelectrolytes exhibit a
rich variety of solution properties. The ionized groups on a polyelectrolyte repel each
other, tending to expand the polymer chain. The relative values of system length scales
(polymer contour length, distance between ionized groups, and screening length) determine
the degree of this expansion. In hydrophobic polyelectrolytes, attractive interactions
between hydrophobic groups compete with the repulsive interactions of the bound charges.
Due to these competing forces, hydrophobic polyelectrolytes exhibit richer variety of solu-
tion properties than do polyelectrolytes without hydrophobic groups.

Polyelectrolytes are particularly important as additives and thickening agents in aque-
ous solution. Because polyelectrolytes expand in solution, they provide large viscosity
enhancement at relatively low concentration. However, moderate concentrations of added
electrolyte screen the electrostatic repulsions between ionized monomers, and reduce the
degree of polyion expansion. Thus, the value of polyelectrolytes as thickening agents is
severly limited in electrolyte solutions. Copolymers containing both hydrophilic and hydro-
phobic monomers (e.g., hydrophobic polyelectrolytes) have been shown to provide viscosity

1-5 In these

enhancement at low concentrations in the presence of electrolyte.
hydrophobic-polyelectrolyte solutions, intermolecular hydrophobic associations result in the
formation of polymer aggregates; these aggregates maintain increased viscosity, even when
the individual chain dimensions decrease (e.g., as a result of increased electrolyte concentra-

tion).

For solution-thickening applications, the interactions of primary interest are interchain
hydrophobic associations. However, isolated hydrophobic polyelectrolytes also exhibit

interesting solution behavior. Strauss and coworkers6'8

studied the solution groperties of a
series of 1-1 copolymers of maleic anhydride and alkyl vinyl ethers. The hydrophobicity of
the polymers was controlled by varying the length of the alkyl side groups (from methyl to
hexyl), and the degree of chain ionization was varied by changing the system pH. Intrinsic
viscosity measurements and titration curves indicate that, for alkyl side groups longer than
butyl, increasing chain ionizatioa results in a global transition of the polymer from a com-
pact to an expanded conformation. The less hydrophobic chains (methyl and ethyl side
groups) behave like typical polyelectrolytes (expanded conformations) over the entire pH
range.

In addition to interesting behavior in dilute and concentrated aqueous solution, hydro-
phobic polyelectrolytes also exhibit unique properties when crosslinked into a gel network.
Siegel and Firestone9 studied a series of lightly crosslinked polyelectrolyte copolymers
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containing (dimethylamino)ethyl methacrylate (DMA) and n-alkyl methacrylate esters (n-
AMA) of various alkyl chain lengths. The networks undergo dramatic transitions from a
collapsed (hydrophobic) state at high pH (low network ionization) to an expanded (hydro-
philic) state at low pH (high degree of ionization). The sharpness and extent of the transi-
tion depends on the length of the alkyl side group on the methacrylate ester monomers (i.e.,
the hydrophobicity of the network).

Structural transitions in hydrophobic polyelectroltyes are of scientific and practical
interest. Polymers containing both hydrophilic and hydrophobic groups are analogous to
proteins, and coil-globule transitions in these synthetic polymers can be compared with
native-to-denatured structural transitions in proteins. Thus, synthetic hydrophobic polyelec-
trolytes can be used as model systems for investigating some of the factors which induce
conformational transitions in biological macromolecules. On a practical level, structural
transitions in hydrophobic polyelectrolytes provide a mechanism for promoting large
changes in solution properties through small changes in system conditions (e.g., pH). For
crosslinked gels, this property change is a dramatic volume transition; Siegel and coworkers
are investigating the use of gel pH-induced volume transitions in controlled-release applica-
tionslo’u.

Our theoretical understanding and description of structural transitions in polyelectro-
lytes is limited. Uncharged polymers are known to undergo coil-globule transitions in solu-
tion, wherein the transition is induced by a change in temperature or polymer/solvent
compatibilitylz'15 . Considerable effort has been directed at the study of coil-globule transi-
tions for uncharged polymers, and a reasonable theoretical description of this behavior has
been developed14. However, polyelectrolytes are considerably more complex than
uncharged polymers, and a complete understanding of their conformational behavior has not

been obtained.

A few authors have proposed theories for explaining structural transitions in hydropho-

16,17 18 Manning17 discusses the

bic polyelectrolytes or hydrophobic polyelectrolyte gels
relationship between polyelectrolyte structural transitions and counterion condensation. He
suggests that a polyion experiences structural rearrangement when the linear charge density
for the extended chain passes through a critical value; this critical charge density triggers
the onset of counterion condensation and a transition in cﬁain dimensions. Schwarz and
Siegel18 have proposed a theory for describing volume transitions in hydrophobic polyelec-
trolyte gels. They focus attention on the composition-dependence of the dielectric constant

within the gel, and the resulting effect of this dielectric constant on ion hydration.

Several interactions and events may contribute to conformational rearrangement in
polyelectrolytes, and these simultaneous events are impossible to decouple experimentally.
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Thus, it is difficult to determine experimentally the relative importance of the various fac-
tors which may contribute to structural transitions and which have been proposed for
describing these transitions. Computer simulation provides a powerful means for examining
directly the behavior of controlled systems in which all interactions are specified (and
known exactly). Monte Carlo simulation has been applied for studying coil-globule transi-

tions in uncharged polymersw'22
23-27

, and has recently been used to study configurational pro-
perties of polyelectrolytes However, simulation has not previously been used to

study the properties of polymers containing both ionized and hydrophobic groups.

In an earlier paper27

we used Monte Carlo simulation to examine the configurational
properties of isolated, partially-ionized polyelectrolytes on a lattice. Here we report simula-
tion studies for partially-ionized polyelectrolytes containing hydrophobic monomers, i.e.,
hydrophobic polyelectrolytes. We examine a simplified model of a polyelectrolyte which
considers counterions and solvent in a 'smeared’ continuum representation. Thus, this work
isolates attention on the competition between electrostatic (repulsive) and dispersion-force
(attractive) interactions. This work provides ’data’ for a well-defined limiting representa-
tion of a hydrophobic polyelectrolyte, and allows for determining independently the effect

of competing coulombic and attractive interactions on configurational properties.

II. METHOD

A. Model description

The basic features of the model are similar to those of Ref. 27; the primary difference
here is the inclusion of short-range (dispersion force) interactions between non-bonded,
nearest-neighbor segments. The polyelectrolyte is represented as a self-avoiding walk
(SAW) of N-1 steps (N segments) on a cubic lattice; the distance between lattice sites, [, is
2.52 A. Ionized groups are considered to be centered at the segment sites, and are uni-
formly spaced along the chain. The fraction of monomers which are ionized, A, is varied
from O (no charged segments) to 1.0 (all segments ionized).

In the model considered here (as in Ref. 27), variations in A correspond to changes in
the chemical composition of the polymer, i.e., to the insertion or removal of ionized mono-
mers. This provides a useful reference case for examining the effect of competing coulom-
bic and hydrophobic interactions on polyelectrolyte configurational properties. It is also
instructive to consider the case where the number of ionizable groups is constant, but the
fractional ionization of those groups varies (i.e., in correspondence with changes in solu-
tion pH); this case is useful for examining the effect of pH on the behavior of
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polyelectrolytes with fixed composition. Calculations to examine the effect of pH are now
in progress.

The interaction between all pairs of ionized segments is described by a screened

Debye-Huckel coulombic potential:28

Z; Zj 82
ij = — . exp(-xr;;) ¢Y)

where segments i and j carry charges z;e and z;je, and are separated by a distance r;;. The
dielectric constant, D, is taken as that of water at 25°C. Free ions are not included

specifically in the simulation; instead, their effect on polyion properties is described through

the dependence of the inverse Debye screening length, x, on electrolyte concentration:28

4r ez NA ZZ"C"

K = DKT @

Here, N, is Avagadro’s number, C; is the concentration of ionic species i, k is
Boltzmann’s constant, and T is temperature. As in Ref. 27, we consider the polyelectrolyte
at infinite dilution; thus, the sum in Eqn. (2) is over the species of added electrolyte, and
does not include the charges on the polymer or the counterions.

In addition to electrostatic interactions, we also consider dispersion forces. On a lat-
tice, the distance-dependence of dispersion-force interactions is obtained by considering
only interactions between nearest-neighbor segments; segments separated by more than one
lattice spacing do not interact through dispersion forces. All pairs of nearest—néighbor,
non-bonded polymer segments interact with the potential e. We consider here € <0, i.e.,
the case where polymer-polymer contacts are favored over polymer-solvent contacts. In
Ref. 27, we considered only £ = 0 (i.e., hydrophilic polyelectrolytes); we use the results
from that limiting case as a point of departure in this work.

It is important to note that all segments on the polymer interact through dispersion-
forces, including charged segments. We wish to model a polymer in which the repeating
units may contain both ionized and hydrophobic side groups. Within a lattice framework,
all side-group interactions are localized on a lattice site, and appear to originate from the
same origin. Thus, we lose the aesthetically-desirable physical separation of hydrophobic
and ionized-group interactions; however, the model captures the essential physics of the
system under consideration.

Self-avoiding walks with attractive (e < 0) interactions, and without charge have been
studied by simulation and are known to undergo a collapse of chain dimensions with
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decreasing temperature or increasing |s|19'22. Simulation has also been used to study
23-27 The

inclusion of both dispersion-force and electrostatic interactions on a single chain distin-

polyelectrolytes in the absence of dispersion-force interactions (i.e, for € = 0)

guishes this work from previous simulation studies on both uncharged and charged poly-

mers.

The total energy for a given configuration is the sum of electrostatic and non-
electrostatic (dispersion-force) contributions:

E=E, +E, ©))

The electrostatic energy is the sum of screened-coulombic potentials between all pairs of

ionized segments:

N=l N
Eg=Y Y u; C))
\ T j=ivl

where N is the number of chain segments, and u;; is given by Eqn. (1). When either i or j

is uncharged, u;; = 0. The non-electrostatic energy is
E,=em &)

where m is the number of nearest-neighbor (non-bonded) segment-segment contacts for the

configuration.

B. Sampling procedure

Metropolis Monte Carlo29 was used to sample the configurational space of the
polyelectrolyte. This method involves generating successive ’trial’ chain configurations,
and accepting new configurations based on the probability

Ds+1 = Min {l,exp(-AE/kT )} 6)

where AE is the energy change in going from configuration s to trial configuration s+1.
When a trial move is rejected, the previous configuration is retained and considered as a

for generating successive chain configurations.

In Ref. 27 we were concerned with hydrophilic polyelectrolytes where the polymer

conformation varied between that of a random coil and a rigid rod. At these low segment

30

densities, the reptation method™" is adequate for generating successive, uncorrelated chain

configurations. Here we are concerned with hydrophobic polyelectrolytes which can form
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dense, compact structures as well as extended rod-like conformations. Reptation alone is
insufficient for sampling compact, high-density configurations because of the possibility of
the chain head or tail becoming ’trapped’ in the chain interior. Kolinski et al20 used a com-
bination of reptation and internal chain movements for studying collapse transitions of
uncharged polymers. Here we use a similar procedure for generating successive

configurations of hydrophobic polyelectroltyes.

Two types of chain motions are employed: reptation, and ’internal’ movements. For
reptation movements, one end of the chain is randomly designated as the head, and is
advanced (in a random direction) one lattice step to an empty site; the remaining segments
advance to follow the head. For internal motions, a chain segment is selected (randomly)
and, depending on the segment location and local conformation, one of the three movements
in Figure 1 is attempted. If the selected segment is an end bead, the terminal bond can
rotate or flip to place the end bead in one of the neighboring lattice cells (Fig. 1a); this
terminal-bond rotation does not, in fact, involve internal chain motion. If the selected seg-
ment is not an end bead, the possible movements are: cross-corner (’kink-jump’) moves
involving a 180° flip of an adjacent pair of gauche bonds31 (Fig. 1b), and ’crankshaft’
moves involving a 90° rotation of three adjaéent, planar bonds32 (Fig 1c). All motions are
subject to excluded-volume constraints; any move which attempts to place a segment in the

same lattice site as an existing segment is rejected.

Reptation and internal motions are attempted in random order according to a preset
frequency. This reptation:internal-motion attempt frequency was varied to produce the best
sampling efficiencies (low autocorrelations and high acceptance ratios) for different chain
densities. At low densities (extended chain configurations), reptation movements alone gave
the best results. For dense, compact configurations, a combination of 1:1
reptation:internal-movements gave good results.

Simulations were performed for 40-segment chains at various conditions. For all runs,
2 x 106 chain movements (cycles) were attempted, and chain properties were calculated
every 104 cycles. Runs were initialized by placing the chain in a staircase configuration,
and allowing the system to relax through S x 104 cycles before beginning the sampling pro-
cess. The specific initial conformation used is unimportant, because all memory of this
conformation is lost during the relaxation step.

C. Calculated Properties

The size of the polymer coil is characterized by the mean-square end-to-end distance

<r®> = <(r, - 1> (7

\%%
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and by the mean-square radius of gyration
2 1 _& 2
<s*> = W<i§=1(r,- -r.)°> (8)

where r; is the position vector locating the ith bead (segment) of the chain, r,, is the vec-
tor locating the center of mass of the chain, and < > denotes an ensemble average over a

Monte Carlo run.

We report separately the ensemble averages <E,> and <E,,;> to identify the relative
contributions of electrostatic and non-electrostatic chain energies for different conditions.
These energies are calculated by averaging Eqns. (4) and (5) over a simuiation run.

III. RESULTS AND DISCUSSION

We studied the behavior of isolated, 40-segment chains as a function of polymer
hydrophobicity (e/kT), chain ionization (A), and Debye screening length (x7 Y. Limited
runs for longer chains (not reported here) confirmed that chain length affects only macros-
copic system properties (e.g., the magnitude of chain dimensioné) and not the qualitative
nature of the structural transitions reported here. Tables I-IV present results for chain ener-
gies <E,> and <E, > and chain dimensions <r?> and <s*>. Dimensionless energy /T
was varied from 0 (hydrophilic limit) to -2.0 (highly attractive or hydrophobic potential),
and chain ionization was varied from A = 0 (uncharged chain) to A = 1 (fully ionized
chain). Five values of x~! were used corresponding to 1:1 electrolyte concentrations of
1.0M (x7! = 3.04 A), 0.IM (x7! = 9.62 A), 0.0IM (x! = 30.4 A), 0.001M (x~! =962
A), and the unscreened limit of k™! = oo,

We first consider the well-studied case for collapse of an uncharged chain. Figure 2
shows the collapse in reduced end-to-end distance of an isolated, 40-segment chain as a
function of &/kT. For high temperatures (or low |el) the chain approaches athermal, self-
avoiding-walk conditions and has a random-coil configuration. As temperature decreases
(or lel increases), the chain dimensions decrease to form more segment-segment contacts;
at €/kT = -2.0, the chain is in a highly compact conformation. The transition in Figure 2
from a random coil to a collapsed configuration is gradual. Other simulation studies on

19,21

uncharged polymers indicate that an increase in chain length or an increase in stiffness

of the chain backbone20 leads to a more dramatic coil-globule transition.

We now consider the behavior of ionized hydrophobic chains. Figure 3 presents the
effect of ionization on the reduced end-to-end distance of chains with varying
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1 = oo because the structural transi-

 hydrophobicity. We consider in Figure 3 the case x~
tions of interest here are most readily seen in this unscreened limit; we consider later the
effect of screening léngth on chain behavior. The 'hydrophilic’ polyelectrolyte (e/kT = 0)
result of Ref. 27 is included in Figure 3 for comparison; in this limit, the chain expands
gradually from a random coil at A = 0 to a rigid rod (<r>/(N-1)212 =1) at A = 1. For
increasingly hydrophobic chains, the A = O limit is a more compact conformation, and the
transformation of chain dimensions to the rigid-rod limit (reached for all chains at A = 1) is
less gradual. For sufficiently hydrophobic chains, most of the change in polymer dimen-
sions occurs over a small range of chain jonization. The &/kT = -2.0 chain experiences an
order-of-magnitude change in end-to-end distance in the range 0.25 < 4 < 0.33; outside of

this range, chain dimensions vary comparatively little with changes in 4.

Figure 3 indicates the occurance of a conformational transition for highly hydrophobic
chains in response to an increase in chain ionization. Evidence for this transition can also
be seen in the dependence of the radius of gyration (Figure 4) on chain ionization. Figure 5
shows the dependence of the non-electrostatic component of the chain configurational
energy on chain ionization. This non-electrostatic energy is directly related to the number
of segment-segment contacts; the large increases in <E,,;> with increasing ionization
correspond to large decreases in the number of segment-segment contacts which occur when
the chain unfolds to a less compact structure. These combined observations indicate con-
vincingly that the model polyelectrolytes experience a global structural transition in
response to a change in chain ionization.

The results shown in Figures 4-6 consider chain behavior in the unscreened limit (x7!
= o0). Figure 6 presents the effect of screening length on the reduced end-to-end distance
of chains with a constant segment-segment potential of ¢/kT = -1.0. Screening length has
little effect on the conformation of the collapsed chains; however, increased screening
results in reduced chain expansion at high ionizations. Thus, charge-induced conforma-
tional transitions become less dramatic as screening (ionic strength) increases. The effect of
screening on the conformational transition is most noticable between x~'= 3.04 and x~! =
9.62 A; at screening lengths larger than x~! = 9.62 A (1:1 electrolyte concentrations smaller
than 0.1M), the effect of screening-length on the conformational transition is small.

s
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IV. CONCLUSIONS

The Monte Carlo simulations reported here present evidence for ionization-induced
structural transitions in model hydrophobic polyelectrolytes. The transitions are continuous
in all cases, but become larger and more abrupt with increasing chain hydrophobicity and
decreasing charge screening. Theoretical explanations for structural transitions in hydro-
phobic polyelectfolytes usually consider the transitions to result from counterion condensa-
tion17 or dielectric-dependent hydration effectsls. An important conclusion from the limit-
ing model considered here is that structural transitions can arise entirely from competing
electrostatic (hydrophilic) and dispersion-force (hydrophobic) interactions. Thus, this study
suggests a possible alternative explanation for structural transitions in hydrophobic polyelec-

trolytes based on competing coulombic and hydrophobic interactions.

The charge-induced transitions observed for our model polyelectrolyte appear analo-

6-8 and gelsg.

gous to pH-induced transitions seen for real hydrophobic polyelectrolytes
However, the comparison is not direct because variations in chain ionization here
correspond to physical insertion or removal of ionized groups in the model polymer (i.e., a
change in polymer composition). For pH-induced transitions, it is therefore important to
examine chains with a constant number of ionizable segments and to allow the fractional

ionization of these segements to vary as dictated by solution pH.
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Table 1. Electrostatic energy (<E,;>/kT) of 40-segment partially-ionized polyelectrolytes.
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Tonic strength, M (Concentration of added 1-1 electrolyte)

e/kT  NIB? 1.0 0.1 0.01 0.001 0°

0 2 | 0014 (3) 0.119 (2 0291 (3) 0401 (3) 0471  (3)
4 | 0176 @ 0968 (9) 200 (1) 260 (2 3.0 (2
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10 | 246 @ 911 (5 159 (1) 200 (1) 228 )
13 | 499 3) 1653 (6  29.1 1) 368 QO 20 @
20 | 143 (1) 398 (1) 653 (2 86 (3 932 @3
40 | 787 @ 1714 () 2519  (3) 3108  (6) 3609  (6)

-0.5 2 | 0064 () 0259 (3) 0493  (5) 0.600 (4) 0.666  (4)
4 | 0467 153 (1) 275 Q) 358 (2 388 ()
8 | 222 (2 696 (5) 1169 (6) 1447 () 158 (8
10 | 372 @ 1040 (5) 1641 (9 208 (1) 232 ()
13 | 666 4 1780 (7 301 Q) 378 (1) 431 )
20 | 1506 () 395 (2 653 @ 827 (2 971 @3
40 761 @ 1679 (3) 2509 (2 297 (1) 340 (1)

-1.0 2 | 0143 (3) 0476  (5) 0751  (6) 0891 (7) 0967 (7)
4 | 088 (6) 282 (2 461 (2 532 (@ 578 (2
8 | 456 (3) 118 (1) 160 (2 1717 @ 202 @
10 | 745 @ 141 M 200 (1) 248 2 216 @
13 |15 @ 204 (1) 321 Q) 403 (1) 435 (2
20 (175 @) 410 (1) 662 (2 823 G) 945 (3
40 773 @ 1674 (3) 2490 (3) 3184 (3) 348 a)

15 2 | 018 (8 052 (1) 081 (1) 098 (1) .06 (1)
4 1.06 (1) 321 @3 512 @) 592 (3) 636 ()
8 | 558 (4 158 (®) 2397 (9 276 (1) 297 (1)
10 | 913 (@) 241 @ 317 @ 360 (4 390 (3
13 | 1651 9 281 G 3714 @) 451 G) 494 (@
20 [258 (2 436 @ 619 @2 87 (3) 96 (3
40 | 796 @ 1677 (3) 2496 (3) 3087 () 3582 (D

2.0 2 | 0179 (M 060 (2 092 (2 095 (2 104 (2
4 L @ 342 @) 543 (5) 6.18  (4) 630 (4
8 | 602 (5 171 1 261 A 2929 9 318 (1)
10 | 974 (6) 283 (1) 416 (2 40 (2 530 ()
13 (188 (1) 402 (5 471 @ 537 @ 592  @3)
20 [426 @) 512 (2 729 (3) 84 (3 90 (3
40 | 810 (2 1698 (3) 2509 (3) 3087 (7)) 339 )

3Number of ionized beads. bUnscreened coulombic potential between ionized beads. Results in parentheses

represent standard errors for last figure shown.

'’
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Table II. Non-electrostatic energy (<E,,>/kT) of 40-segment partially-ionized polyelectrolytes.

Ionic strength, M (Concentration of added 1-1 electrolyte)

e/kT  NIB2 1.0 0.1 0.01 0.001 0°

-0.5 0 908 (5 -9.08 5) . -9.08 ) -9.08 5y -9.08 o)
2 901 (5) -873. (6) . -8.69 6 -8.66 6)  -8.66 )
4 849 (6) -1.52 6 -7.12 6) -1.06 9 -709 (6
8 643 (6) -4.35 G) 351 4) -3.44 4 .-3.39 4)
10 558 (5) -3.05 3) 245 3 -233 3) 234 @)
13 418 @) -194 2 -142 2 -1.32 1  -1.32 V)
20 214 2  -067 2 03712 () 0337 () -0328 (5
40 0.172 (5) -0009 (1) -0.0030 (1) -00020 (1) -0.0020 (1)
-1.0 0 | 322 a1 322 Q -322 1  -322 Q -322 Q)
2 | -322 aQ -322 a1 -320 QO 321 @ 321 6y
4 | -319 Q) -311 @ -30.1 2 -30.4 @ -305 ?)
8 | -29.5 2 224 3 -174 3) -16.7 3) -16.7 3)
10 | -27.6 2 -1338 2 -10.2 a 99 a -9.6 Q)
13 | -21.0 3 15 @  -5.38 7 -5.08 6) -4.95 (6)
20 833 (O 211 2 -128 2 -L15 @ -L12 Q)
40 -0.568 (8)  -0.0300 (5) 00110 () -00070 (3) -0.0070 (1)
-1.5 0 | -573 2 -513 @ -571.3 @2 -573 @2 -573 )
2 | -56.7 2 -56.8 2 -569 2 -569 2 -56.8 ¥3)
4 | -56.7 2 -56.1 2 -56.1 2 -56.1 @ -55.8 ¥))
8 | -56.1 2 -53.0 3) -523 @ -520 Q) -520 @)
10 | -54.5 2 -412 @ -376 6) -35.7 6) -34.7 @)
13 | -51.3 3) 247 @) -162 3) -15.1 Q) -1492 )
20 | -26.7 Q) 572 @ -339 ) -2.90 @) -2.90 4)
40 141 (20 -0.081 (2 -00240 (5 00190 (5 -0.0170 (4)
2.0 0 | -83.3 2 -833 2 -833 2 -833 2 -833 ?)
2 | -822 2 -815 2 -824 2 -81.6 3) -815 )
4 | -81.8 3) -80.6 2 -81.8 2 -814 3) -815 ®)
8 | -81.1 3) -719.0 3) -79.1 3) -80.5 4 -804 3)
10 | -81.5 2 -71.8 3) -74.1 @) -153 5) -74.8 4)
13 | -79.3 3) -580 8) -40.5 5) -371 6 -373 5)
20 | -65.4 5) -143 @ -19 a  -6.88 ©® -679 ©)
40 329 4 .-0177 (3) 0058 (1) 0040 (1) -0.039%0 (7
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Table III. Reduced mean-square end-to-end distance (<r?>/(N—-1)2I2) of 40-segment polyelectrolytes.

Ionic strength, M (Concentration of added 1-1 electrolyte)

e/kT  NIB? 1.0 0.1 0.01 0.001 0°

0 0 | 00563 (6) 0.0563 (6) 0.0563 (6) 0.0563 (6) 00563 (6)
2 | 00576 (4 00585 (7) 00592 (7) 00601 (7)  0.0589 ()
4 00597 (1) 00670 (B 00731 (9 00723 (9 0073 (1)
8 | 00681 (6) 0094 (1) 0115 (1) 0121 (1) 0124 (2
100 00721 9 0111 (@ 0146 (2 0149 (2 0155 (2
13 | 008 (1) 0141 (@ 0187 (2 0200 (2 0204 (2)
20 (0103 (2 022 @3 0317 (4 0374 (5 0404 (5
40 0176 (2 0548 (9 088 (2 0919 (1) 0922 (1)

0.5 0 [00261 (3) 00261 (3 00261 (3) 00261 (3) 00261 (3)
2 | 00263 (3 00276 (3) 00281 (5) 00281 (4 0028 (3)
4 | 0029 (5 00358 (5) 00391 (5) 00409 (7) 00407 (5
8 |00421 (6) 0071 (1) 0093 (1) 0097 (1) 0100 (1)
10 | 00489 (6) 0096 (1) 0125 (1) 0133 (2 0132 ()
13 | 0062 (1) 0125 (2 0174 (@2 0189 (2 0187 (2
20 0097 (2 0204 (@ 0317 (3) 0362 (55 0383 (5
40 | 0174 (1) 0610 (8 0.897 (1) 0918 (1) 0924 (1)

-1.0 o | 00085 (1) 0008 (1) 0008 (1) 00085 (1) 00085 (1)
2 | 0008 (1) 0008 (1) 00083 (1) 0008 (1) 0008 (1)
4 | 0008 (1) 00091 (2 0009 (3) 00097 (2) 00092 (2)
8 | 00109 (3 0026 (1) 0045 (1) 0054 (1) 0048 (1)
10 | 00135 4) 0060 (1) 0091 (2 0097 (2 0100 (2
13 (00244 (8 0105 (2 0155 (@2 0161 (2 0169 (2
20 | 0078 (@) 0200 (3) 0317 (@ 0370 (@) 0371 ()
40 (0171 (2 0625 (7)) 0894 (1) 0922 (1) 0920 (1)

-1.5 0 |00055 (1) 00055 (@) 00055 (1) 00055 (1) 0.0055 (1)
2 | 00054 (1) 00056 (1) 00055 (1) 00056 (1) 00057 (1)
4 | 00056 (1) 00058 (1) 00059 (1) 00056 (1) 0.0077 (1)
8 | 00057 (@ 00073 (3 00073 (3) 00078 (3) 00077 (3)
10 {00064 (2) 00127 (6) 0029 (1) 0038 (2 0036 (1)
13 100070 3) 0061 (2 0112 (@2 0123 (2 0120 (2
20 {00430 (7) 0185 () 0301 (4 0352 (5) 0352 (4
40 0171 (3) 0614 (7)) 0908 (1) 0923 (1) 0923 (1)

2.0 0 | 00041 (1) 00041 (1) 00041 (1) 00041 (1) 00041 (1)
2 00052 (2 00051 (2) 00053 (2) 0.0046 (2)  0.0045 (1)
4 (00041 (1) 00054 (2) 00050 (2) 00048 - (2) 00045 (2)
8 ["00045 (1) 00035 (2) 00045 (1) 00050 () 00046 (2
10 | 00045 () 00052 (3) 00054 (3) 00063 (4 00065 (2)
13 (00048 () 0022 (1) 0058 (2 0075 (2 0070 (2)
20 (00115 (5 0153 (@ 0277 (4 0331 (4 0337 (4
4 [0161 (2 0604 (9 0894 (1) 0921 (1) 0920 (1)
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Table IV. Reduced mean-square radius of gyration (<s*>/(N-1)I2) of 40-segment polyelectrolytes.

Ionic strength, M (Concentration of added 1-1 electrolyte)

e/kT  NIB? 1.0 0.1 0.01 0.001 0°
0 0 | 0349 (3) 0349 (3) 0349 (3) 0349 (3) 0349 (3)
2 |0355 (2 0359 (3) 0366 (4 0367 (3) 0363 (3)
4 0367 (3) 0400 (4 0427 (@) 0425 (4 0427 (5
8 0409 (3) 0521 (6) 0613 (5) 0637 (5 0650 (D
10 |0426 (@ 0604 (T 0740 (9 0753 (8) 0778 (9
13 | 0489 (@ 0742 () 0926 (8 098 (1) 0991  (8)
20 | 0583 (I 106 (1) 144 (2 164 2 178 )
40 | 0914 (9 242 3) 331 (1) 334 1) 335 1)
-0.5 0 0190 () 019 (@ 019 (@ 019 (2 019 ()
2 0192 (2 0200 @ 0203 (@ 0205 (2 0205 (2
4 | 0206 (2 0243 (3) 0261 (2 0270 (4 028 (3
8 | 0275 (3 0413 (5 0519 (6) 0533 (6) 0545  (7)
10 10310 @3) 0530 (55 0658 (6) 0691 (7)) 0685 (7
13 10379 (5) 0676 (7)) 0883 (9 0940 (9 0933  (9)
20 | 0543 () 0995 (8) 144 1 L6l @ 169 Q) .
40 | 0903 (5 251 (2) 3304 (@) 3386 (@ 3353 @
-1.0 0 | 00962 (5) 00962 (5 00962 (5) 00962 (5) 00962 (5)
2 | 00966 (4 00967 (6) 00975 (5) 00971 (6) 00973 ()
4 | 00982 (5 01029 (8 0104 (1) 0107 (1) 0106 (1)
8 [0111 (@2 0196 (6) 0298 () 0346 (1) 0310 (7)
10 {0124 (2 0365 (6) 0519 (8 0547 (8 0554 (8)
13 [ 0191 (4) 0595 (8 0816 (9)  0.84 (1) 0882 (9
20 10452 (5) 0991 (9) 145 (2) 166 2 167 @)
40 | 0898 (6)  2.56 (2 329 (4 3350 (3 3343 (3
1.5 0 | 00809 (3) 00809 (3) 00809 (3) 00809 (3) 00809 (3)
2 | 00823 (3) 00823 @3) 00819 (4 00814 (3) 00821 (4)
4 | 00821 (3) 00835 (5 00828 (4. 00831 (4 00835 (4)
8 | 00832 (4 0098 (9 009 (1) 0095 (1) 0095 (1)
10 | 00863 (6) 0124 (3) 0228 (8 028 (9 0254 (6
13 0096 (1) 0395 (9 065 1 070 (1) 0698 (9
20 | 0288 (4 094 (1 141 2 1.6 @ 16l )
40 |08 (1) 253 (2 3313 @ 3349 (3 3347 (3
2.0 0 (00756 (2 00756 (2 00756 (2) 00756 (2 00756 (2)
2 | 00766 (2) 00768 (2 00764 (2) 00761 (3) (0764 (2)
4 100772 (3 00774 (3) 00774 (3) 00765 (2 (81 (3)
8 (00779 (3) 00794 (4 00807 (4 00804 (7) 00793 (7)
10 | 00769 (3) 00856 (8 0092 (1) 0095 (2 00870 (8)
13 00794 (&) 0199 (7)) 043¢ (9 053 (1) 0490 (8
20 |0126 (3) 082 1 135 Q@ 157 2 160 )
4 | 085 () 250 (3) 3297 @ 3347 (2 3346 (3)
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List of Figure Captions

Figure 1. The three types of attempted internal chain motions. Initial configurations are
denoted by filled circles (segments) joined by solid lines (bonds); new configurations are
denoted by open circles and dashed lines. (a) When the randomly selected bead (bead i) is
an end segment, the terminal bond can rotate or flip to place this bead in a neighboring site;
(b) When bead i is joined by two 90° bonds, and the lattice site opposite i is not filled by
segment i+2 or segment i-2, the attempted move is a two-bond flip to place i in this oppo-
site lattice site. (c) When i is joined by two 90° bonds and the site opposite i is filled by
segment i+2 or segment i-2, the attempted move is a three-bond crankshaft rotation to place
bead i and a neighboring bead in either of the two locations shown.

Figure 2. Collapse of an uncharged 40-segment chain in response to decreasing tempera-
ture or increasing lel. '

Figure 3. Transitions in the end-to-end dimension of hydrophobic polyelectrolytes induced
by an increase in the number of ionized segments. Results are for the unscreened limit (x~!
= o0), Curves are drawn to guide the eye.

Figure 4. Transitions in the reduced radius-of-gyration for unscreened hydrophobic
polyelectrolytes. Results are analogous to those of Figure 3.

Figure 5. Large increases in <E,,> with chain ionization indicate large decreases in the
number of segment-segment contacts around the conformational transitions seen in Figures
3 and 4.

Figure 6. Effect of charge screening on structural transitions for chains with /4T = -1.0.
Ionic strengths indicate the 1:1 electrolyte concentrations corresponding to the screening
lengths used in the respective simulations. '
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