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ABSTRACT: The behavior of dilute salt-free solutions of charged flexible polymer molecules in poor solvents

is studied using molecular dynamics simulations. The polymer molecule is modeled as a chain of charged spheres,
the counterions are modeled as charged spheres, and the solvent molecules are incorporated explicitly and modeled
as uncharged spheres. The pearl-necklace structures predicted by theory and observed in simulations with implicit
solvent are not clearly seen in snapshots of chain conformations, although there is a clustering of monomers. An
analysis of the single chain structure factor using a Kratky plot is misleading and not consistent with an analysis
of cluster formation or a visual examination of snapshots. The conformational dynamics, as manifested in the
decay of the intermediate scattering function, is relatively insensitive to solvent quality, except for the poorest
solvent conditions. In this case the single chain structure factor displays oscillations, and the intermediate scattering
function displays a dynamic slowing down at corresponding wavevectors. The simulations suggest that the presence
of explicit solvent molecules can be an important aspect of polyelectrolyte behavior in poor solvents.

I. Introduction Experimental verification of the bead-necklace structure has,
however, been elusive. While there have been many experiments
on dilute solutions of synthetic polyelectrolyt®s?3 using a
number of different techniques, including viscometry, potenti-
ometry, light scattering, X-ray diffraction, and neutron scattering,
it has not been possible to obtain a definitive marker of the
ead-necklace structure. Recently, Minko e¥@P.studied poly-
(2-vinylpyridine) adsorbed on a solid mica surface by atomic
Jorce microscopy (AFM) and reported that single polyelectrolyte

The majority of polymers are composed of hydrophobic
backbones and therefore do not dissolve in water. If they are
synthesized with ionizable groups that dissociate in solution,
however, the resulting electrostatic repulsion between the
monomers prevents aggregation and precipitation. The balanc
between this electrostatic repulsion and the solvent-induced
attractive interaction in polyelectrolyte solutions results in
interesting static and dynamic properties that have been the focu ’ . . ’
of considerable researén? For example, while charged poly- molecules sh_ow a ""?‘”ety of different confo.rmatlons ranging
mers are extended in good solvents and uncharged polymergrorn a wormlike chain to a pearl-ne(_:kla}ce-hke conformatl_on
are collapsed into spherical globules in poor solvents, charged@Md finally a compact globule as the ionic strength of solution
polymers in poor solvents can display conformations intermedi- is increased, conastept with the. theoretical pre.dlctlor'ls. Similar
ate to these extreme cases. results were also obtained by Kirwan et®lwho investigated

The conformational properties of isolated polyelectrolyte ?:G:hc: !le)ﬁi(iaocr)]fSgly'gvi:na)l/\llaer;tinﬁ())vvg\itzﬁuilsefhi;? :Jhcee gobriq‘(\)/?nr::?ig?nz
E]:rlg;;f Zrlgnuggotrhzgf)l\;egéflsp:seg g;;fﬁg;ggf:ij@gﬁa abned of an adsorbed polymer are expected to be significantly different

. . 4 . from those in bulk solutiod? Therefore these experiments,
unstable with respect to capillary wave fluctuations, which make althouah suagestive. are not conclusive reaarding polvion
a charged liquid droplet split into smaller dropl&they gh sugg ' garding poly

therefore suggested that the polyions would assume neckIace-comcorm"’ltIOInS in solution.

like conformations with collapsed globules joined by long thin N this work we revisit the problem of single polyelectrolyte
strings. Dobrynin, Rubinstein, and ObukKodeveloped a chains in poor solvents using molecular dynamics simulations
scaling theory based on this necklace model and predicted awith the solvent molecules incorporated explicitly. Previous
cascade of abrupt transitions between necklace-like conforma-Simulations for the collapse dynamics of neutral polyrffeasad
tions with different numbers of globules. This model, which semidilute polyelectrolytes in poor solveffthave demonstrated
replaces the cylindrical model of polyion conformations sug- the importance of explicitly incorporating solvent molecules in
gested previously, 1! has captured the imagination of the strongly coupled systems. In particular, the stability of a locally
polyelectrolyte community. A number of computer simulations collapsed globular conformation is artificially enhanced with
of single polyions have been reporiéd 1 where the pairwise  implicit solvent because the solvent-induced attraction is present
additive site-site interaction consists of the sum of a Coulomb even between interior sites of the globule, where no solvent
repulsion and a short-ranged attractive potential (to mimic the molecules are present. The solvent-induced effect is therefore
effect of the poor solvent). These simulations support the bead-patently many-body in nature, with exterior sites experiencing
necklace structure and sequence of transitions predicted bya different interaction than interior sites, an effect that is not
theory. present in implicit solvent models.

10.1021/ma051095y CCC: $33.50 © 2006 American Chemical Society

Published on Web 12/23/2005
ublished on We CDV



822 Chang and Yethiraj Macromolecules, Vol. 39, No. 2, 2006

Our main result is that we do not observe bead-necklace solvent quality is good. On the other hand, wheis equal to
structures in snapshots taken from the simulations. An analysis1, the attractions between monomers and between solvent
of the conformations using cluster algorithms, however, gives molecules make the solvent quality p&dthe solvent quality
results that are consistent with the theoretical predictions. In is changed by tuning between 0 and 1. The advantage of using
our simulations, the globules are held together quite loosely andthis potential instead of the Lennard-Jones potential is that the
are therefore much more mobile and dynamic objects than mightrepulsive part does not change appreciably wiitiAs shown
be inferred from previous simulations. Many static properties in our previous study® this choice of interaction allows one to
of our model, such as the average chain size, are similar to thosause larger time steps in molecular dynamics simulations.
obtained from implicit solvent models, but some dynamic B, Simulation Method. The simulation cell is a cube of side
properties are quite different. length L with periodic boundary conditions in all directions.

The rest of this paper is organized as follows. In section Il We studysinglepolyelectrolyte chains with degrees of polym-
we describe the molecular model and simulation details, in erization, N, = 16, 32, and 64 with the same number of
section Ill we present and discuss static and dynamic properties,counterions for charge neutrality. In some cases (especially in
and in section IV we summarize our results and present somepoor solvent conditions) we also investighte = 128 and 256.

conclusions. The box length. is chosen such that the monomer dengity®
) ) ) is ~0.004. For exampld, = 160, 200, and 2% were used for
II. Molecular Dynamics Simulations Nm = 16, 32, and 64, respectively. In most caggg? = 0.004,

A. Molecular Model. The molecular model is similarto that  but to study possible finite size effects, we also perform
used in previous work® The polyion is composed of uniformly  simulations ofN,, = 16 for pmo® = 0.001. Solvent atoms are
charged monomers connected by finitely extensible nonlinear added to the simulation box to make the total dengigy® =
elastic (FENE) springs. The counterions are modeled as sphere®.864. Lengths are measured in unitsspfime in units ofryp
of the same size and magnitude of charge (but opposite sign)= (mo%e ;)2 and temperature in units efykg. For simplicity,
as the monomers of the chain. Solvent molecules are includedwe henceforth set the three parametetsy, ande ;, equal to
explicitly as a third component, which are modeled as uncharged unity and defined a reduced temperature,= kgT/e.;. In the
spheres. The interaction potentisf;(r), between sites and]j present studyl* = 1.0.
is given by The molecular dynamics simulation method is a standard

ZZII application of existing techniques, and the reader is referred to
_ 5B _ a previous paper for detafi8Initial configurations are generated
V”(r) =keT r + iijVLJ(r) +(1 lij)VWCA(r) 1) with the atoms on the lattice points of a face-centered-cubic
structure withNy, adjacent vertices chosen for the polyion. Initial
wherekg is Boltzmann’s constant is the temperatureZ; is velocities are generated via a Gaussian random number generator
the charge valence of sites of spedigse.,Z = +1, —1, and and scaled to give the desired temperature. The system is
0 for monomer, counterion, and solvent sites, respectively, and evolved using the explicit reversible integraéfof? with the
lg is the Bjerrum length, defined by NoseHoover thermosta®34 with an integration time step of
) 0.005yp and a NoseéHoover coupling constant of 5. Initial
__ € @) conformations are considered to be equilibrated when the total
B kT energy, system temperature, and the chain size do not drift. After
equilibration, trajectories of polyions, counterions, and solvents
wheree is the unit charge and is the dielectric constant of are sampled every 1000 time stepsn(5), and statistical
solvent. In the above/, «(r) is the Lennard-Jones (LJ) potential, averages are obtained over 16@D00 configurations. The
truncated at 2& and shifted, wheres is the LJ collision average bond length between monomers in a polyelectrolyte
diameter, andwca(r) is the repulsive LJ potential truncated at  chain was constant<0.965) for allA.
2Y%g and shifted. Thel; are solvent quality parameters given
by Amm = Ass = 4, and; = O for all other pairs ofi andj, 1. Results and Discussion
where “m” stands for monomer and *s” for solvent. The Ewald o chain Dimensions. The scaling of chain size with the

summation method is used for handling the long-range nature degree of polymerization has been studied extensifdlygood

of the Coulomb potential. _ _ solvents, electrostatic effects dominate, and the mean-square

The bonding potential between neighboring beads along the 4 4iys of gyration[R;2] scales adN,? with v = 1: i.e., the
polymer backboneVe(r), is given by chain is extended (provided counterion-mediated attractions are

not significant). In very poor solvents, solvent-induced effects
L n2 r’ i he chain is coll 1 |
V() = — ZkR2In|1 — —— (3) dominate, and the chain is collapsed, ang /3. In solvents
= 2 . . . .

2 Ry of intermediate quality the balance between electrostatic and

solvent-induced effects is more subtle. According to the theory
whereke is the spring constant ariRb is the maximum extension ~ Of Dobrynin et al$353¢the chains form a necklace of blobs.

of the bond. In this simulation, we u&e = 30.0T/0? andRy The molecules are locally collapsed, but these blobs are arranged
= 1.50; these parameter values prevent bond Crossing. so that the scaling witlN, is the same as in gOOd solvents.
The solvent quality is modified by changing the parameter The results of the chain size obtained from our model are
). The nonelectrostatic contribution to the monomsolvent, consistent with what has been observed in previous simulations
monomer-counterion, counteriorcounterion, and counterien with explicit counterions but implicit solvent.

solvent potentials is purely repulsive and accounts for excluded We first estimate thé solvent condition for our model from
volume. However, the nonelectrostatic contribution to the simulations of neutral chains. Figure 1a depi&g(normalized
monomefr-monomer and solventsolvent potentials becomes by Np) as a function oy, for neutral chains for various values
attractive asA is increased. Whenl is equal to O, all of 1. In a solvent,[R>C~ N and the curve in Figure 1a will
nonelectrostatic interactions are identical, and therefore thebe flat. We find that this happens far= 0.1, wherelR,?I/Ny, CDV
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Figure 1. (a) IR;"INr of a neutral chain as a function b, for various for a neutral chain witiN,, = 16 is also shown for comparison.

values ofi. The 6 solvent conzdition, wher& ~ Np, occurs ford ~
Ghein fo = 1) Tor various values of. The slope of each e and  Size of the chain is much smaller, and therefpfwill be
statistical uncertainties are shown in parentheses in the legend, for eacinuch higher than in good solvents. In fact, the applicability of
value ofA. these scaling ideas for poor and marginal solvents has been
. . _ questioned? and they should not be taken literally. It is more

is almost independent & in the range oNm = 16-64. We 5 ant to establish that finite size effects do not play a
identify 2 = 0.1 as the point for this model. The slight negative significant role. We have studied different system sizes (as

curvature seen foi = 0.0 and 0.1 may be attributed to the  jegeripe in the previous section) to estimate finite size effects,
finite size of the simulation box and the finite concentration of ¢, Ny, = 16

polymer molecules. Since the monomer concentration is fixed
at pmo® = 0.004, the simulation box linear dimension only
increases abl,/3 with increasingN. In good and solvents,

the longer chains “feel” the edges of the box more than the | ;; — 1 The legend shows the slope of the lines. There are

shorter chains. In addition, the overlap .threshold concentration, ¢o\eral features worth notingRg2does not grow linearly with

pm: SCales adln~*5, and the longer chains are therefore closer n_for 4 = 0, although it is extended compared to the neutral

to py, than the shorter chains. chain. This contraction relative to the expected behavior could
The overlap threshold concentration can be estimated®rom  pe due to the finite size effects mentioned above. Note, however,

that the effective solvent-mediated potential between polymer

The value of the scaling exponentiecreases as the solvent
quality is decreased. Figure 1b depicts the variationRyfl]
with Ny, (on a logarithmic plot) for various values #fand for

ot = 0.64N,, 4) beads is attractive even far= 0; i.e., the effective potential
m T3 between monomer beads with explicit solvents is more attractive
6 than that without solvent atoni8As 1 is increased, the scaling

) . exponent decreases, withr 0.83, 0.73, and 0.31 for = 0.3,
whereRis the root mean-square end-to-end distance. For neutralp 4, and 0.5, respectively. Interestingly, the scaling exponent

chains and fopmo® = 0.004 andi = 0, R=4.69, 7.96, and  for 1 = 0.5,» = 0.31, is even smaller than that of collapsed

11.85 forNm = 16, 32, and 64, respectively, with corresponding chains and is related to the chain-length dependence of the

values ofpy, = 0.189, 0.0775, and 0.0470. For charged chains collapse transition regime. The collapse transition is known to

and forpro® = 0.004 andi = 0, R = 7.58, 15.0, and 28.7 for  haye a finite transition range, which scales agj,4° For i

Nm = 16, 32, and 64, respectively, with corresponding values — .5, the chain is not completely collapsed fg = 16 but is

of py, = 0.180, 0.0232, and 0.00330. For charged chajps- completely collapsed foki, = 64.

Nm~2 and is therefore a much stronger function of the degree  The size of an isolated polyion displays a nonmonotonic

of polymerization. With this estimate @f,, the concentration ~ dependence on the strength of the electrostatic interadtipn,

of neutral chains is below}, but charged chains witN, > 64 in good solvents but increases monotonically wihn very

may be interpreted to be in the semidilute regime o= 0. poor solvents. Figure 2a depicts the mean-square radius of
We do not believe the proximity to the overlap threshold gyration,[Rs[] as a function ofg for N, = 16 and for various

concentration to be significant. It is important to emphasize that solvent conditions. In most cases, a nonmonotonic dependence

this is just an estimate of the overlap threshold concentration, of [R;?Con g is observed, with the peak occurring fgr~ o.

i.e., the concentration in a real solution where chains are likely For small values ofg the chain properties are dominated by

to interact with other molecules on average. In the simulations, the repulsion between the monomers. In this regime, increasing

however, we have only one chain, and its distance from periodic |g results in an increase in the chain size. For large values of

images is always constant. In any event, in poor solvents thelg, the correlations between monomers and counterions be&%n\?
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Figure 3. Distribution of chain sizes foNn = 64 and various values o @ . °
of 1 (as marked).

important. In this regime, increasing results in a decrease in
chain size because the correlations between counterions caus
them to induce attractions between monomers beads, either by
forming dipoles with monomers or by acting as ionic bridges.
Such behavior has been reported previotsfy-*3 In very poor °
solvents, however, increasilgresults in a monotonic increase  Figure 4. Representative snapshots of a polyion (white) viith=
i (R7Cior ll values ofl. This is because more counterions  S4°SS2UNE1S (fack winivefom e charfor =00, .
are in the immediate vicinity of the polyion &sis increased,  are omitted for clarity.

and this has the effect of swelling the polymer.

The polymer size decreases monotonically as the solventis not observed for chain lengths Nf, = 16 and 32 because

ey
14

quality is decreased, as expected. Figure 2b defiRgtsdivided the collapsed and extended states are too similar in size.
by the degree of polymerizatioNr, as a function of the solvent The qualitative behavior of the chain conformations is not
quality, 4, for Nm = 16, 32, and 64 and folg/o = 1. Also sensitive to the polymer concentration in the dilute regime.

shov_vn, for comparison, is the behavior of a neutral chain for Ajihough there is only one polymer molecule in the simulation
Nm = 16 with the same nonelectrostat|c_|nteracﬂons as the cel the monomer concentration is finite because of the finite
charged chain. For all values af (for Nm = 16) a charged 76 of the simulation cell. In the results presented thus far, the
chain has a larger size than a neutral chain. When the solvent-,o o mer concentration was set ggo® = 0.004. Of course
induced interaction is either weak or absent (elg= 0 and 6 onomer concentration is an important parameter because

01;2%' tge po(;yl?]n size |sdlifrger than da neutra'lsfham by the fé;\ctor aspm decreases, the entropic effect causes more counterions to
of 2—3, and this size difterence decreasesias increased. eave the region near the polymer; in tinéinite dilution limit,

However, the polyion never achieves the same size as the neutr he counterions would leave the polymer entirely. This leads to

chain, elventfoihvery potor _solvent$ €. -l;h_'st's b_ec{‘agse I?th the weaker screening of the intramolecular electrostatic repul-
poor solvents the counterions are present in the interior ot € g, "5 the collapse transition should occur for a large value

tct$ "?\psfg |g|(t)1bli.lr|16,_r?.]ndtrthrl13 ii?nndfsr t%smellxtth?‘ghgltn rele}tnt/)e Itor of A (or poorer solvent condition). We observe these effects in
€ neutral chain. The transition from an extended 1o a globular g, 5tions foromo® = 0.001, and we do not show these results

Comparect a neLial chain of the Same length, n adciton, for DSC3uSe the quliatve behavior is the samepiar” = 0.001
P gth. '~ and 0.004. Note that, unlike implicit solvent models, the

charged chains, the value fat which the collapse transition computational cost of our explicit solvent model approximately

occurs does not depend on the degree of polymerizahgn, . -
NN . scales as bk, which places limits on the monomer concentra-
although the transition is sharper for longer chains. . : .
tions that we can investigate.

There has been some discussion regarding the order of the , . - 03536 .
polyelectrolyte collapse transiti6hwith suggestions that the th:t.aBsiidIeNe(c:nll(l?a(I::clt:rcc))Tthl:%r;ic?cl)lrrr]r?stger?gfﬁacepc:fegllgras in
transition is continuous for neutral chains and discontinuous for gie poly oy

poor solvents, a prediction that has been supported by many

charged chains. A bimodal size distribution, which is the mouter simulatiofd?15 of polvelectrolvies without an
evidence of the discontinuous or the first-order transition of a COMPUter simulatio of polyelectrolytes out an
explicit treatment of the solvent. As the solvent quality is

ag%lt;agggéecsg:gm;i;?: I\?v’itr?:lft giglri]ci?t():iiwtee(:io%g;( per decreas_ed, these blobs coalesce to eventually form a spherical
course, a truly discontinuous transition occurs only in the limit globule in very poor solvents.
of Nm — o, and it is difficult to examine the order of the We do not see distinct signatures of these pearl-necklace
transition in simulations of chains with finite length. An structures in our simulations. Figure 4 depicts representative
examination of the distribution of chain sizes does, however, snapshots of a single polyelectrolyte chain for various values
shed light on the issue. Figure 3 depicts the probability of 4, s = o, andNm = 64. As the solvent quality is decreased,

distribution of IR;?[for Ny, = 64 and various values d&f. For the monomers on the chains begin to cluster. In some cases,
A = 0.3 and 0.5, the chain is extended and collapsed, re- we do see a dumbbell structure (see snapshdtfo0.4) which
spectively, and the distribution shows one peak Hgar: 45 is similar to the pearl-necklace structure. However, under these

and 10, respectively. For = 0.4, i.e., solvent condition near  conditions the polymer chain undergoes significant conforma-
the collapse transition, the distribution is bimodal with two peaks tional fluctuations, and shapes such as amorphous globules,
clearly distinguishable. This is similar to what is observed in extended strings, and sausage-like shapes are also observed.
simulations without explicit solvent but with explicit counter- Therefore, we cannot claim that the dumbbell structure is the
ions16-19 |t should be mentioned that the bimodal distribution most dominant structure, let alone the only conformation.CDV
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Figure 5. Number of clusterdNy, as a function of the cutoff distance,
ra, for Nm = 64 and various values df.
To investigate the pearl-necklace structure formation more
systematically, we monitor the number and the size of clusters &

in a single polymer chain using the nearest-neighbor distance
criterion of Stoddard?-8 Two nonbonded beads are considered
to be in the same cluster if they are closer thgnwherer is

the critical bead separation. For atomic clusters where there is
no bond between atoms, the appropriatds in the range of
1.30—1.80.%8 However, for clusters within a single polymer A

chain,r¢ should be chosen such that two beads connected by Figyre 6. (a) Number of clusterd\q, and (b) the average number of
two bonds are not identified as a cluster unless they are closemonomer beads per clust&;, as a function of solvent quality, for
enough. In fact, the number of clustelg, is strongly dependent variousNy,. Two beads belong to the same cluster if their separation is
onrg, and a careful choice of this parameter is important. Figure less than 1420 = 1.34%.

5 depicts the number of clusters as a function of the cutoff

fE

distancer for Ny, = 64, lg/o = 1, and various values df The 0.6 7 —S—1=0.0
variation of Ny with rq is different depending on the chain 05| _Z;’ ;:83
conformation: it decreases monotonically for collapsed chains 04\ CA-1=05
(A = 0.5 and 1.0), but has a maximum in other cades (Q.0, 03 S A= 1.0

0.3, and 0.4). The initial increase M for extended chains
reflects that clusters are bound loosely by weak solvent-mediated
interactions. The decreasey for both extended and collapsed 0.1 .
chains can be explained by the fact that neighboring clusters MH;('_ i
merge ag is increased, thus resulting in the smaller number '
of clusters. 240 N & 1012
An analysis of the clustering of monomers provides a picture
that is qualitatively consistent with the idea of bead-necklace
formation. To analyze conformations in terms of clusters, we he whole chain size i K | In th
setry = 1.2920 = 1.347, which guarantees that beads the whole chain size in weakly poor solvents. In the strong

; . hydrophobic interaction regimé (> 0.4), bothNg/Nm and &
separated by two bonds are in the same cluster only if the angle : T
between these two bonds is approximately less than 90 are, however, dependent on the chain length, indicating a global

Part 4 b of Fi 6 depict tively th b f conformational change. In fact, the total number of monomer
| ?r saandbo lngJ)reaN /ﬁp'c rgst[:k)]ec 'Vei/) efnum €r ol heads participating in clusters, divided by the chain length, is
clusters per monomer beéalia/INm, and the numboer of mono- independent of the chain length in this regime (not shown).
mers in each clustels,, as a function ofl for Ig = o. The

results for a neutral chain witN,, = 16 are also shown for Another important distinction between the conformations seen

comparison. (Note that the ordinate in Figure 6b is drawn on a in these_simulations and those _in previous work with implicit
logarithmic scale.) There are several notable features. First ofSolvent is that the monomers in the bead structure are held
all, Ny increases as is increased from 0 to 0.3 and starts togetherin afairly loose fashlon in this work compared to whgt
decreasing rapidly for larger values Af This is in contrast to ~ Nas been observed previously. The breaking up and re-forming
neutral chains where the number of clusters decreases mono®f the beads occur fairly rapidly because the only driving force
tonically for all ranges of.. This maximum occurs just priorto 1S the s_urfgce tension of the solvent (there is no art|f_|C|aIIy strong
the collapse transition and can be explained as follows. When attractive interaction between polym_er beads). This could_ be a
A is increased, the polyelectrolyte chain starts forming local féason why these structures are difficult to observe experimen-
globules usurping nearby loose monomers until no loose beadstally.

are left, and this leads to an increase in bidthand S;. When The loose nature of the cluster formation results in a
A is further increased, those local globules coalesce to makedistribution of Ng that is considerably broad, except when the
fewer globules, which results in the decreaseNg and an chain is collapsed. Figure 7 depicts the distributiorNgffor
increase inS;. Second,Ng/Ny for various chain lengths N, = 64 andlg = 0. The peak of the distribution moves to
coincides at lowt: i.e.,N¢ increases linearly with, for weak higher values a$ is increased to 0.3 and then moves to lower
hydrophobic interactionsl(< 0.4). On the other han&; does values asl is increased further. Note that the width of the
not depend oy, in this range ofl, as shown in Figure 6b.  distribution forA = 0.0 is almost the same as that fo= 0.4,
These findings strongly suggest that clusters in a polyelectrolyte which is near the collapse transition. Incidentally, a bimodal

chain are formed locally in short length scales, unaffected by distribution of N is not observed foi = 0.4, in contrast tOCDV

02 /\

Distribution of N

Figure 7. Distribution of Ny for N, = 64 and variousl.
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Figure 8. Fraction of “condensed” counterion§, as a function of
solvent quality. A counterion is considered to be condensed if it is

within 2.50 of the nearest polymer site. <

3
the distribution of the polymer size. We also do not observe %
any distinctive transition between different numbers of pearl- 2
necklace structures, although we cannot rule out the possibility g

of those transitions for much longer chains.

C. Counterion Distribution. In the original version of the
counterion condensation thed8when an infinitely thin charge
rod is placed in solution, the free energy diverges for sufficiently
high polyelectrolyte charge densities. This divergence would Figure 9. (a) Static intramolecular structure factab(k), of a 64-
be avoided if counterions condense or collapse onto the rodPead chain (multiplied byk’) for various 1. (b) Intramolecular

. . . intermediate scattering functiori;(k,t), normalized by its static
thus reducing the charge density. Although the condensation componentg(K), for a timet = 10, for various valueg andls = o.
of this nature cannot occur in systems with finite excluded
volume, the correlations between counterions and polyions arespatial Fourier transform of the corresponding van Hove function
expected to become stronger as the solvent quality is decreasedand is defined by

We define a parametérto estimate the degree of counterion

correlation . 1 N fsingkr; ()
Fkt) =— (7
N 7= kri(b)
g _ Ncon (5) I
N, wherer;(t) = [ri(t) — r;(0)| is the distance between tlith

monomer at timg and thejth monomer at time 0. Therefore,
whereNgon is the number of counterions within a certain cutoff @ (k) is equal toF(kt) at timet = 0. The functions(k) and
distance ", from any monomer on the chain, alg is the F(k) are calculated using methods described elsewdfere.
total number of counterions. Figure 8 depiétas a function of Figure 9a,b depicts the single chain static and dynamic
A for Np = 16, 32, and 64 withrs® = 2.50. (The results are structural properties foN, = 64 andlg/c = 1 and for various
qualitatively similar for other reasonable values of the cutoff values ofi. Figure 9a depicts the single chain structure factor
in the ranges < r° < 40.) As A is increasedg also increases, plotted in the standard Kratky form. In the scaling regimgk)
with the same trend for all degrees of polymerization. This is Scales a2 andk™* for ideal chains and rods, respectively,
because the decrease of the solvent quality causes the poly@nd a (Kratky) plot ok?@(K) vs k therefore displays a plateau
electrolyte chain to contract, thus increasing the electrostatic fOr ideal chains and is an increasing functiorkdbr rods. For
repulsion between monomer beads, which promotes the “con-# = 0 @nd 0.3k%@(K) is an increasing function dfin the scaling

densation” of counterions. What is interesting is that when regime, for4 = 0.4, there is a plateau reminiscent of the
0.6, & continues to increase although the chain size remains behavior of an ideal chain, and for= 0.5 and 1.0, a prominent

L on . - -
constant; fork = 1.0, about 80% of counterions are localized P€aK ink“@(k) is manifest forko ~ 0.7. Fori = 1.0, a second
near the collapsed chain. Considering that the monomer pea_k Is present fdko ~ 2. This behavior is consistent W'.th the
concentration is 0.004, which is in the dilute regime, this high chal_lns be'né’_ extenlded fg; Iowdvglges)ofﬂ:amg collosle tt)o ||de?l
percentage of condensed counterions is mainly due to the strondﬂor Intermediate values of, and being collapsed globules for

electrostatic correlation between monomers and counterions. igh V.a'“?s ofl. The analysis of the (?,Iuster' formatlor} and visual
examination of snapshots of configurations provide a rather

D. Static and Dynamic Structure Factors.The intramo- different picture of chain conformations, however, suggesting
lecular static structure factor (or the form facta)k), is defined  that the single chain structure factor does not provide sufficiently
by detailed information on chain conformational behavior. Similar

conclusions were reached in the analysis of simulations of two-
1 N [gin(kr) dimensional polymer chairfs.
w(k) = N_z " (6) The structural correlation (or ordering)lat ~ 2 for . = 1.0
i

has a significant effect on the conformational relaxation of the
chain at that length scale. Figure 9b depicts the intramolecular
whereNp, is the degree of polymerization anglis the distance intermediate scattering functioR(k,t), normalized by (k), as
between theith and jth monomers in a single chain. The a function of wavevector at time= 10 for various values of
intramolecular intermediate scattering functidt(kt), is the A. The figure clearly shows that the relaxation of the deﬁSiE(DV

ml )
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down the translational motion of counterions. Therefore, the
behavior of the self-diffusion of counterions is closely related
to the correlations between counterions and polyions. This is
clearly seen from Figures 8 and 10, where the functional form
of these two properties as a function of solvent quality Aor
shows a similar shape.

IV. Summary and Conclusions

Molecular dynamics simulations are presented for the proper-
ties of dilute solutions of salt-free flexible polyelectrolytes in
poor solvents. Results for the average chain size are similar to

* what is seen in simulations with explicit counterions but with
60x10° JF-m_ o implicit solvent. For example, the size of polyelectrolyte chains
g shows a nonmonotonic dependence on the Bjerrum length in
50 — solvent T, - good and slightly poor solvents but monotonically increases with
the Bjerrum length in very poor solvents. For very poor solvents
a 407 the chain collapses accompanied by the migration of counterions
to the vicinity of the collapsed globule. Consequently, the size
307 counterion of the collapsed polyelectrolyte chain is always larger than that
20 of a neutral chain.
We do not see clear signatures of the pearl-necklace structure
I I I I I I in snapshots from the simulations. However, an analysis of the
00 02 04 06 08 1.0 cluster formation in the simulations suggests clustering consis-
A tent with the local cluster picture except that the blobs are very
Figure 10. Self-diffusion coefficientsP, of (a) polyions, (b) coun- loosely held. The number of clusters in a single polyelectrolyte
terions, and solvent atoms as a functiori.pfor N, = 64 andlg = o. chain is a nonmonotonic function of the solvent quality. We

In (a), the polyion diffusion coefficienDm, is scaled by the solvent  interpret this to mean that as the solvent quality is decreased,

diffusion coefficient,Dso. The inset in (a) is the rotational relaxation v alectrolyte chains form local cluster structures, and when
time, g, Of the end-to-end distancB,, of polyions.zg was obtained

by fitting the time correlation function dRe usingA exp(-t/zg) + B. the solvent quality is decreased further, the chain collapses into
a spherical globule. The local cluster structures are loosely
density correlation foko ~ 2 is slowed down forl = 1.0. formed by the surface tension between monomers and solvent

Notice thatF(k,t)/@(k) for A = 0.5 shows no sign of slowing  atoms. Consequently, the local cluster structure is not as stable

down although the size of the chain/at= 0.5 is almost the as inferred from simulations without explicit solvent. As a caveat

same as that &t = 1.0. This suggests that the collapsed chain we note that, because we have finite simulation cells, the

is much more mobile and flexible fdr= 0.5 than forl = 1.0. simulated polymer concentration is higher than in previous
E. Diffusion Coefficients. The long-time self-diffusion simulations with implicit solvent.

coefficients of counterions and solvent atoms are calculated The single chain structure factor does not display signatures

using the Einstein relation of the bead-necklace structure. A standard analysis of the single
. ) chain structure can be misleading and is not consistent with

D= !L{n [@r;(t) — r;(0)) 6t (8) the more detailed information available in the simulations. In
poor solvents, the single chain structure factor shows a peak

whereri(t) is the position of theth particle at timet. The nearko ~ 2, which correspond_s to a short qugth scale ordering
diffusion coefficient of the center of mass of polyiorB, of the monomers. The relaxation of the chains on these length
relative to the solvent diffusion coefficierDso, is depicted in ~ Scales is slowed down by this correlation effect.

Figure 10a forN,, = 64 andlg = o. Since there is only one The large statistical uncertainties notwithstanding, the simula-

polyion in the simulation box, the statistical uncertainties are tions show that the polyion diffusion coefficient is clearly
large. Nevertheless, the general trend is clear: collapsed chaingffected by the solvent quality. The counterion diffusion
in the range ofl = 0.6—1.0 have a higher diffusion coefficient ~ coefficient is also affected by the quality of solvent because
than extended chains. This is expected because the diffusion ighe polyelectrolyte collapse induces more counterions to be
inversely proportional to the hydrodynamic radius of polyion condensed in the collapsed globule. The counterions are not
chains. The effect of the chain size on the dynamics is more dynamically localized, and the counterion self-diffusion coef-
pronounced in the rotational motion of polyions. The rotational ficient varies by a factor of 5 over the range of solvent qualities

relaxation timegg, of the end-to-end distancB,, of polyions investigated. The behavior of the counterion diffusion coefficient

is shown in the inset of Figure 10ax(is obtained by fitting tracks that of the number of counterions in the vicinity of the

the time correlation function oR. using A exp(—t/zg) + B.) polyion.

Since 7r scales asR?, collapsed chains relaxes an order of The effect of incorporating the solvent explicitly on the

magnitude faster than extended chains. properties of polyelectrolytes in poor solvent can be significant.
The self-diffusion coefficients of counterions and solvent The nature of the pearl-necklace structure is quite different when

atoms are shown in Figure 10b bk, = 64 andlg = 0. The the solvent is incorporated explicitly compared to previous

counterion self-diffusion is slower than the solvent atoms for studies. The main difference is that in simulation without explicit
all values of A, and the solvent dynamics is only weakly solvent the monomers in each cluster are strongly bound by
dependent omt. This is expected because counterions are strong pairwise attractions, hence making the structure very
strongly attracted to the polyelectrolyte chain by the electrostatic stable. With explicit solvent atoms the cluster is held together
interaction. Although there is no permanent trapping, it slows quite loosely and therefore breaks apart quite easily. This ceblg/
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explain why the pearl-necklace structure is difficult to observe (21) Carbajal-Tinoco, M. D.; Williams, C. Ezurophys. Lett200Q 52,

experimentally, especially since no signature is seen in the static
structure factor. As a caveat, we note that the solvent model
used in this work by no means represents water in a realistic (23) Baigl, D.; Ober, R.; Qu, D.; Fery, A.; Williams, C. Europhys. Lett.
fashion. In particular, the solvent molecules do not alter the
electrostatic interactions between ions, which depend only on

284—290.

(22) Carbajal-Tinoco, M. D.; Ober, R.; Dolbnya, I.; Bras, W.; Williams,

C. E.J. Phys. Chem. B002 106, 12165-12169.
2003 62, 588-594.

(24) Minko, S.; Kiriy, A.; Gorodyska, G.; Stamm, M. Am. Chem. Soc.

2002 124, 3218-3219.

the interion separation. Polarizability and local dielectric effects (25) Minko, S.: Kiriy, A.; Gorodyska, G.; Stamm, M. Am. Chem. Soc.

are not considered and could be an important aspect of real

2002 124, 10192-10197.

systems. This work suggests that incorporating solvent mol- (26) 1Ké”2"’a”’ L. J.; Papastavrou, G.; Borkovec, Nano Lett2004 4, 149~

ecules explicitly could be important, and an investigation of (27) de Gennes, P. G.; Pincus, P.; Velasco, R.; Brochadi Fhys. (Paris)
more realistic explicit solvent models is therefore an important

future direction.
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