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We present a systematic Monte Carlo study of the scattering fungtighof semiflexible polyelectrolytes
at infinite dilution, in solutions with different concentrations of added salt. In the spirit of a theoretical
description of polyelectrolytes in terms of tbgquivalent parametersamely, persistence length and excluded
volume interactions, we used a modified wormlike chain model, in which the monomers are represented by
charged hard spheres placed at distamcEhe electrostatic interactions are approximated by a Debysé¢iu
potential. We show that the scattering function is quantitatively described by that of uncharged wormlike
chains with excluded volume effects provided that an electrostatic contribution is added to the persistence
length. In addition we have studied the expansion of the radius of gyration and of the end-to-end distance. The
results are in agreement with the picture outlined in the Odijk-Skolnick-Fixman theory, in which the behavior
of charged polymers is described only in terms of increasing local rigidity and excluded volume effects.
Moreover, the Monte Carlo data are found to be in very good agreement with experimental scattering mea-
surements witlequilibrium polyelectrolytes.e., giant wormlike micelles formed in mixtures of nonionic and
ionic surfactants in dilute aqueous solution, with added salt.

PACS numbgs): 61.25.Hq, 61.20.Ja, 61.12.Ex

[. INTRODUCTION asymptotic expansions from, respectively, the coil and rod
limits are too uncertain to provide a satisfactory estimate of
The effect of electrostatic interactions on the size andhe persistence length.

flexibility of polyelectrolytes has been the subject of intense A powerful method to overcome these problems turned
experimental and theoretical investigations and has resulte@Ut to be computer simulation, which has already been ap-
in highly controversial resultgl,2]. The persistence length Plied extensively and successfully to uncharged polymers. In
of polymers and polyelectrolytes is often determined withparticular, it has been poss_|ble_to S|mqlate \{wth Monte Carlo
scattering methods such as small-angle neut®aNS) or (MC) methods neutral semlerX|bIe chains \_Nlth exclqdeq vol-
x-ray (SAXS) scattering. The problem with most polyelec- UMe effects and to deterr_nlne the scattering functlon. in the
trolytes is their weak scattering power when performing suct!l range of experimental interef]. The accuracy obtained
experiments, which makes it almost impossible to producé‘vas good enough to enable us to use the results as a fitting
data with a sufficient accuracy over the required range Ofnogell folr e€<prart|mentaI|S{§\NS measn;reme[mﬂ. ted
scattering vector, at low concentrations, where single—coilnorg ?j/ﬁ"f?cilrtoang es)l(rggnzil\;)en?n %rgb tmezg%pﬁezxt%egei-’
properties can still be resolved. To overcome these difficulip polymer simulations. Calculation of the electrostatic en-
ties and to try to clarify some of the still open questions in

- . ergy takes the longest time per MC step, time in principle
the polyelectrolyte literature, it has been propok&d] that  hortional to the square of the total number of particles in

solutions of polymerlike micelles “doped™ with ionic sur- he system. A complete description of polyelectrolytes in so-
factant can serve as ideal model systems for polyelectrolyteqtions with added salt should include all interactions be-
The possibility of tuning the charge density and screeningween polyions, counterions, coions, and solvent molecules.
effects by adding small amounts of ionic surfactant at vari-Of course, the effects of the discreteness of these other spe-
ous salt concentrations to solutions containing giant polycies on the polyion are confined on a much shorter length
merlike nonionic micelles provides us with a model having ascale than the contour length of the polyelectrolyte chains.
wide range of applications. Therefore, apart from a few basic wor&-§|, it is common
Unfortunately, a precise determination of the flexibility practice to average over the solvent molecular degrees of
from scattering data on charged wormlike micelles is prob{freedom and to treat the solvent as a dielectric continuum
lematic. First, we suffer from the lack of a conclusive and(continuous modgl Other difficulties arise from the pres-
exhaustive theory for the scattering function of polyelectro-ence of additional length scales, not only the persistence
lytes. Second, the often used crossover relationships dength as in the case of neutral polymers, which produces
nonuniqueness of the coarse graining procedure. For this rea-
son most of the first MC studies were performed on different
*Present address: Dept. of Chemistry, Aarhus University, Langelimiting situations in which one or more characteristic
landsgade 140, DK-800 Aarhus C, Denmark. lengths were kept constafe.g., unscreened Coulombic in-
TAuthors to whom correspondence should be addressed. teractions, fully ionized chains, etcDespite those problems
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much work on polyelectrolytes has been published in the lasiicelles[30] and on the fact that the uncharged model de-
decade. In the framework of the continuous model, publicascribes the structure and excluded volume effects of both
tions have appeared on single chains in salt solution withoutvormlike micelles and polystyrene in a good solvERB0|.
explicit inclusion of counterions and coiofd0—15, and  The continuous limit in the model is obtained by lettihg

with inclusion of them(primitive mode) [16]. In addition, —«, a—0, and#—0, with the constraint that andb re-
recently, also some works on many chain simulations havenain constant. This procedure has an important consequence
been published17-20. Stevens and Kremer have per- on the criterion adopted for overlap searching. Bba>5
formed molecular dynamics simulation of many chain sys-the radius of the spheres is larger than half the bond length
tems using a primitive model in the Debye-¢kel approxi-  and therefore it happens that some neighboring spheres over-
mation[21] and also including the full Coulomb interactions lap irrespective of chain conformations. For this reason the
between monomers and counterid22—26¢. Nevertheless, search for overlap in our model cannot start in the immediate
theoretical understanding of polyelectrolytes is still ratherneighborhood of a given monomer, as in the atomistic
poor compared to that of neutral polymers. The major effortgnodel, but must be further along the chain. In the simula-
in the simulation research have focused on the conformations we have adopted the criterion to search for overlap only
tional properties and on the important question concernindor spheres separated by a distance larger H1ah27]. This
universal behaviors of charged chains. Very few studies havealue allow the chains to perform a maximal bending of a
been devoted to achieving a quantitative knowledge and ursemicircle forN— - also.

derstanding of the scattering function of such systems. This The electrostatic interactions are included by associating a
function seems to us to have at least the same importance asargeZ,L/(Nb) with each sphere, whei, is the number
other quantities, which have been more actively studied, conef charges per Kuhn length. We have chosen to use 50 el-
sidering the fact that most of the experimental studies orementary charges per Kuhn length, which is a value that
polyelectrolytes have used scattering experiments and thshould closely correspond to the situation encountered in our
scattering function is directly measurable. The aim of theexperiments with polymerlike micelld28]. We do not take
work reported in the present article is to perform systemati¢nto account explicitly the presence of coions and counteri-
large-scale MC simulations for a charged chain with ex-ons in this study: the only electrostatic interactions are those
cluded volume effects and to verify whether the fitting modelbetween fixed charges on the polyion, screened by clouds of
obtained from simulations on uncharged chd®27] is ap-  coions of the added salt. This is mathematically expressed by
plicable to charged systems. This would then allow one tahe “crude” approximations of thgDebye-Hickel) Cou-

use these model scattering functions for a quantitative analjemb interaction energy:

sis of experimental data in order to obtain quantities such as

the persistence length, or equivalently the Kuhn length (Z,Le/Nb)? e "o
=2L,. Moreover, the values of the persistence length ob-
tained from the simulations will be compared with those .
achieved by SANS measurement on a system consisting of a * otherwise.

mixture of hexaethylene glycol monehexadecyl-ether L

(CieEs) and a small amount of the ionic surfactant N the above expressioais the elementary charge, the
1-hexadecane sulfonic acid {§SO;Na) in very dilute solu- permittivity of vacuum,e, the dielectric constant of the sol-

tions, with added salNaCl), which gives rise to charged V€Nt andip is the Debye screening length. The solvent is
polyelectrolytelike micelles[3,28], so called equilibrium treated as a dielectric continuum with a dielectric constant

polyelectrolytes. e,=78.5 (HO at 25°C), and the added salt gives rise to a
screening length

for r>2p

u(r)= d7eq€, r

12

: @

€o€ kg T
The model we use in the present work is based on a dis- T 0e?l
crete representation of the wormlike ch&LC) model in-
troduced long ago by Kratky and Por¢#9]. The discrete
model consists of a freely rotating chain Nfpoints sepa-
rated by a distance, and with equal valence angle The
chain length is therefore=(N—1)a and the intrinsic Kuhn

lengthb (=2L,) is given by

Il. MODEL AND SIMULATION TECHNIQUE (
D=

wherekg is Boltzmann’s constanfl the absolute tempera-
ture, andl the ionic strength in mol/l of the added salt. The
polyion is supposed to be at infinite dilution; therefbidoes
not contain any contribution from the counterions of the
polyion but only from the added salt ions. In order to relate
the distances in the potential and the hard-core radius, we
=a1+0030 (1)  have used the Kuhn lengti=300 A, which is close to the
1—cosf’ experimental valu¢3]. Note that for the electrostatic energy
calculations we have also included interactions only between
The only possible movements are the rotations of the pointspheres separated by more tHaB along the contour. This
around the connecting bonds. Excluded volume effects areerves to avoid a divergence of the electrostatic energy in the
reproduced by replacing thd points on the chain witiN  largeN limit due to the increased contributions from nearby
hard spheres of radiys=0.1b and by discarding those chain spheres even after renormalization of the charge. While the
configurations with overlap of the spheres. The valug of use of the same procedure as for the search for ovéebap
has in the present work been chosen based on previous estuded volume interactionsin order to avoid this “self-
perimental observations of the local structure of wormlikeenergy” is somewhat arbitrary, we believe that it does not
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influence the general properties of the chains. Moreover, ifonic surfactant 1-hexadecane sulfonic acidd&D;Na) was
should be realized that this “self energy” does not exist inpyrchased from TCI, and JO (99% isotopic purity was
the real micellar systems con5|dered' in the experlmentzﬂe”\,ered from Cambridge Isotope Laboratories. The
i:}“a%eiue to the discreteness and finite number of theigamples were obtained by first dissolving both surfactants in
' . . D,0 (CigEs at 35°C and ¢SO;Na at 70°C) and mixing
We are aware that by using the approximate Debyeyo, “together at the required concentrations and ionic

?gfﬁghg?ﬁngﬁé ar11nedgIr::?ilr?g;:tlsr:)gmtgein?;gptgatlr}glgtsfjﬁer]sogftrr‘: ésltrengths. The SANS megsurements were performed at the
polyelectrolytes in solution. Nevertheless, our philosoph)/'nStru?ggEgz_lz_hOf j[h.e_lll_la in Grenoble, Fradncr;e aéatemp?ra_—
was to study a few effects but in sufficiently great detail thatture 0 - The Initia ata treatment and the data analysis
the results can be directly compared to experimental data €"® performed as described [tB].
This meant, for instance, minimizing the effects of having a
finite N and minimizing the statistical errors. The model IV. MONTE CARLO RESULTS
adopted should therefore be simple enough to allow one,
with reasonable computer time, to simulate chains up to
~10* charged beads, and at the same time be able to repro- The scattering function of semiflexible uncharged chains
duce the essential features of the system. To achieve an agith excluded volume has been determined in a previous
ceptable performance it is also required to use a suitable fagletailed study by Monte Carlo simulatioi§]. Based on
algorithm. these simulations, parametrized scattering functions have
We have performed simulations fdr ranging from been obtained and successfully used for fitting experimental
10" “M to 0.1M, andL/b from 1 to 480. In order to extrapo- neutron scattering data from polymers and polymerlike mi-
late all quantities of interest to the limNl—«, for each celles[3-5,30. The primary goal of the present work is to
value ofL/b various simulations have been done using dif-extend those results to charged semiflexible chains with ex-
ferent values oN andny, ranging from 720 to 11520 and cluded volume effects. The calculation of the scattering func-
from 3 to 192, respectively. Hems, denotes the number of tion was performed using an approach based on the method
spheres per Kuhn length,=b/a. Trial chain configurations described by Frenkedt al. [36]. The chain was placed in a
have been generated by means of the PIOT,32 algo- large cubic box and the scattering function was calculated at
rithm. One bond is selected at random and one of the twothe reciprocal lattice points of the box. The 001, 110, and
pieces of the chain is rotated a random angjearound this 111 directions and their equivalents were used and this gives
bond. It has been proved that the PIVOT algorithm showsn total 13 directions. For each of the directiorts K,l) the
very short correlation time for self-avoiding chaii®§, even  scattering function is then calculated as
when screened electrostatic interactions are incli@df In
addition we have used an algorithm due to Stellman and
Gans [31] that corrects the coordinate of the points for
roundoff errors, which otherwise would accumulate due to
the repetitive multiplications by rotation matrices. The expo-
nential decay of the Debye-ldkel potential allows us to
introduce a cutoff length in the energy calculatip®d],
which has been chosen as the minimum distance such th
the conditionnﬁU(r)/(kBT)<cf is fulfilled. After a few pre-
- : —10-3
Ik|)m|nary tests 1t wafs found Ejhat the vzglwne— 10 wasdthe hIations as opposed to the usiéd. In order to speed up the
est compromisé for speeding up the program and at t Iculations further, theth term in Eq.(3) was calculated
same time k_eepmg th_e_ errors déje thez presence o_f the CUtousing the first term§=1) and the p—1)st term and the
on the physical quantitieg.e., (Rg), (Dg¢), etc) within the

A. Scattering function and persistence length

N 2

21 exd —ip2m(hx+ky;+1z)/L]| , (3)
=

S(gp)=

wherelL is the side length of the boxx(,y;,z;) is the posi-
tion of thejth point, andg,= p(27/L) (h?+k?+12)2is the
g}odulus of the scattering vector, with=1,2,... . The
Scattering functions from the different directions are aver-
aged. Note that the use of E) requires only 1Bl calcu-

the efficient zippering34] method for calculating energies. terms in the 001 direction.

Those tricks have the effect of speeding up the simulations e ynical number of generated configurations after
considerably. The influence of the approximations intro-oq iibration was 51C°, and the scattering function was

duced due to the presence of a C“t"ff_[;as been investigated pled stroboscopicallj7] for each 500 configurations,
by using the values;=10"" andc;=10""°. No appreciable %iving a total of 1000 samples. This procedure gives an ac-

influence on the results was observed and the data agregdj,cy of(q) better than 2% for all chain lengths and ionic
within the statistical errors. Each simulation starts witkd 2 strengths used.

MC steps to equilibrate the system. The statistical ensemble g, pje5 of simulation results for the scattering functions
averages of the physical quantities of inter@sich as radius of a chain of lengthL/b=240, and for ionic strength of

of gyration, end-to-end distance, gtare evaluated by the =(5X10"2)M, (2.5x10°3)M, 10°3M, and 10°M are
usual Monte Carlo sampling. The statistical errors have beeghOWn in Figs’ lla).and 1b) T'he fits a’re performed using

determined using a block analy35]. the previously published scattering functions for semiflexible
chains with excluded volume effecf§], treating the Kuhn
lengthb;(Nnp) as a fitting parameter so that the influence of
The surfactant hexaethylene glycol momdiexadecyl electrostatic interactions on this parmameter is determined.
ether (GgEg) was obtained from Nikkol Ltd., Tokyo, the Those functions are found to give very good fits, within the

IIl. MATERIALS AND EXPERIMENTAL METHODS
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—~ C length b;,:/b to the continuous limit, for an ionic strength of
% C (2.5x10°%)M and different chain lengthgfrom the top, L/b
~ 500 [~ (b) =240, 120, 60, 30, D5For a given value of, b,,(L/b,!) is found
C from the intercept of the straight line for each system ki®e Note
400 the strong dependence bf;,;/b on the chain length as soon as this
— becomes shorter than about 120.
300 F dure is displayed in Fig. 2. Fdrx0.05, b,; shows a signifi-
cant dependence on the chain length, clearly demonstrated in
200 Fig. 2. This effect is also predicted in the OSF the@yglijk,
Skolnick, and Fixman[38] by the expression
100 o A4 A DTSSR0, T G RRAS . 8 e X 8
4 btot(xal):b+bel(|) 1—§+? X+5+; , (4)
O_|IIII|IIII|IIII|IIII|IIII|IIII
0 0.5 1 1.5 2 2.5 3

b wherex=L/\p, b is theintrinsic Kuhn length given by Eq.
9 (1), andbg,(1) is the electrostatic contribution to the Kuhn
FIG. 1. (@) Scattering functions for a chain of lengttyb length for infinitely long chains. We tried to fit this expres-

=240 and for four different ionic strengths. The fifall lines) are ~ Sion to the simulation results treatimg (1) as a fit param-

performed using the wormlike chain function with excluded volume€ter. However, the expression was not able to fit the data.
as given in [5]. Symbols: I=10"*M (A), 1=10"3M (0O), This is mainly because the crossover in the results shown in

I=(2.5x10"3)M (<), and1=(5x10"2)M(Q). (b) Holtzer plot ~ Fig. 3 occurs at the samk/b value for different ionic
gbS(qg) vs gb of the scattering functions for the same simulations strengths, i.e., the crossover is observed to be independent of
as in(a). Note that the point of crossoves* shifts toward lower  the ionic strength. The data, were, however, found to follow
values ofq with decreasing ionic strength, as a qualitative demon-closely the behavior given by E@4) if x was taken ax
stration of the increasing stiffness of the chain. =L/b, enabling us to estimate, (1) =b+bg(l) with good
accuracy(see Fig. 3 We have not been able to find a rea-
statistical errors, of the MC data for all chain lengths andsonable explanation for the observed behavior and the devia-
ionic strengths used. The good agreement between the fitons from the OSF theory. Note that after having fixed
and the simulated scattering curves is demonstrated in Fidp (1), for a given value of, the expression can also be used
1(a). Even the Holtzer plofFig. 1(b)], which provides us for estimatingb;.:(L/b,l) for any value of the chain length.
with a data representation that is particularly sensitive toThis gives us a way to assess the value for a very short chain
small deviations in the crossover regiofi~1/L,, shows also, where the fit of the scattering function is completely
very good agreement at all values lofand | investigated. insensitive to the actual value &f.(L/b,l). This will be
From these fits we obtain an effective total Kuhn lengthused later in the present work in the analysis of the distribu-
b:oi(Np) . In order to proceed to the continuous limit, for eachtion function for the end-to-end distance.
value of L and | we have plottedb;y(n,) vs 1h,. The The resulting values of the Kuhn lengtfy (1) are shown
limiting valuesb,,, have been determined from the interceptin Fig. 4 as a function of the ionic strengthFigure 4 dem-
of byt(Np) VS 1hy using linear extrapolations. This proce- onstrates the increasing influence of electrostatic interactions
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g s 1 FIG. 4. Total Kuhn lengthb;,(1)/b vs ionic strength. Note the
o) = increase of the stiffness of the chain as the ionic strength is reduced.
\3 B Inset: Electrostatic persistence length vs ionic strength. Both MC
Qa8 | and experimental data seem to converge to OSF theory as the chain
- approaches the rod limit. Symbols: MC results obtained by fitting
B the scattering function[{) and by fitting the angular correlation
0.6 - function (¢ ); experimental SANS date).
B whered is the distance between two neighboring charges and
4 =
. Ng= ¢ 7
B B 4me e kT ™
0.2 = > 102 10° - : -
- \ is the Bjerrum length. In Fig. 4 the MC data are compared
B L/h with the theoretical expectations of the OSF the@§] (full
0 ST NI IIR R ATTT| NIRRT line in the plo}. One of the basic assumptions of OSF theory
107" 1 10 10° 10° 10* is that the polyelectrolyte is near to the rigid rod limit. If we
b L/b look at the electrostatic contribution to the Kuhn lengtit
®) set in Fig. 4, we notice that for low ionic strength, i.e., for

FIG. 3. (@) Total Kuhn lengthby(L/b,1)/b vs chain length increasing stiffness of the chain, our MC results converge
after extrapolation of bZ(I)/b by means of Eg.(4), for asymptotically to the values of OSF theqry. .
ionic  strengths 1=10"*M (A), 1=10"3M (00), and |= The MC data can also be compared with our experimental
(2.5%10°3)M (). (b) Collapse of thév, /b7, vsL/b data, which ~ Neutron scattering results on dilute mixtures of the nonionic
shows the independence of the crossover region from the ionigurfactant GeEg and small amount$6% wb of the ionic
strength. Inset: Same quantity as before plotted vs Debye lengtBurfactant GeSO;Na in a NaCl solution, which forms giant
b - charged wormlike micelles. In the experiments the total

Kuhn length was determined by least-squares fit of the ex-

on chain flexibility already apparent from the changes of thePerimental scattering data using the scattering function of
scattering curves in Figs(d) and 1b). neutral chains as the fitting mod@ig. 5. For a fixed value

We can compare the simulation results with the predicOf the ionic strength, experiments have been performed at
tions of the theoretical OSF model. The OSF theory splits thélifferent concentrations of the solution. We have observed a

total Kuhn length into two contributions, significant dependence of the total Kuhn length on the con-
centration, which should be ascribed to interchain interac-
bior=b+ by, (5) tions[3]. The data shown in Fig. 4 are linear extrapolations

of by;/b to zero concentration. The complete experimental
investigation will be reported in a forthcoming artig28].
Figure 4 provides us with a qualitative verification of the
previously suggested analogy between polyelectrolytes and
polymerlike nonionic micelles doped with a small amount of
) an ionic surfactant. In these systems we can profit from the
b (1)= E()‘_D) 6) much higher scattering contrast of wormhk.e micelles when
el 2 ' compared to classical polyelectrolytes, which enables us to

whereb is the Kuhn length due to the intrinsic stiffness of
the chain andy, is the electrostatic contribution, which for
an infinitely long chain is given by

d
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Figure 4 shows that the values lof,;/b obtained fromS(q)

- E and from the correlation function agree quite well.
g 104 = B. Radius of gyration and related quantities
: g The size of a chain is usually characterized by the end-to-
T s end distance
— 107 &
£ (DZ9=((Ry—Ryp)?), tS)
102 = with R; being the positions of the beads, and by the radius of
- gyration
10 & 1 N
- (R)=1 2 (Ri=Rew)?), ©
1 1 | IIIllIl I | Illllll AI
107 1072 107" whereRc, is the position of the center of mass of the chain,
g [A] given by
N
— 50 1
o Rem=1 2 Ri. (10)
45 =1
£
wo 40 We have calculated the mean square values of the radius of
© gyration(RZ), of the end-to-end distan¢®Z,), of the end-
3 to-middle distancéD?2 ), and of the distance between two
Z 0 inner points(D?) situated al_/4 and 3./4 along the chain,
ISa as well as the respective distribution functididata for the
25 last two quantities are not shown in the present pagear
fixed values ol/b, the effects of the finite number of points
20 on (R3) and (D3, were taken into account by making a
5 linear extrapolation of those quantities velto 1/h,—0.
i \ The data were found to be fitted very well by a straight line,
10 SERNERNENE ANNSE RSN AR SRR and the effects of finite size were less than 1% for all the
0 0.01 0.02 003 0.04 0.05 006 simulations.
q (A7 The conformation of a chain can be characterized by

means of the shape parame@r (D2,)/(R2), which varies
FIG. 5. (a) Scattering functions from SANS experiments with a from 6 (ideal chain to 12 (rigid rod). Figure 6 shows the

mixture of CgEg and 6 wt % of GeSO;Na in D,O with four dif- values obtained from the MC simulations for the shape pa-
ferent concentrations of NaC[from the top, I=10"M, | rameter of uncharged and charged chains with three different
=10"2M, 1=(5X10"3M, andl=(2.5x10 *)M]. The fits (full ionic strengths. The simulations are found, as expected, to
lines) are performed using the wormlike chain function with ex- cover almost the entire range from coil-like to rodlike chains.
cluded volume as given |[5] (b) Same as ir(a), but in Holtzer The Change of Shape of the curves with respect to the un-
plot representation. charged one, which is particularly pronounced at low salt

concentrations, is a consequence of the chain length depen-
perform experiments in dilute solutions and to obtain adence of the electrostatic persistence length, which has been
higher accuracy in the determinationlgf,; from an analysis described in the previous secti¢ee, in particular, Fig.)3
of scattering curves. We find excellent agreement betweeAt low salt concentrations, short chains are hindered from
the MC simulation results and the micellar data. becoming a rigid rod by the simultaneous loss of persistence.

Another method by which to calculate the total Kuhn On reducing the chain length, a point is reached where the

length from MC data is provided by the directional angulareffect of the electrostatic persistence length becomes com-
correlation function. For the pure WLC model an exponen-pletely negligible when compared to the intrinsic stiffness. In
tial decay of this function is observed, and the initial decayFig. 6 this corresponds to the point where the different
provides an accurate estimate lof. As soon as excluded curves merge into a single one. From that point on, the effect
volume interactions are present, the exponential decay isf the presence of charges disappears completely: all systems
lost, and the function exhibits a much slower decay. Whilebehave as if uncharged when the chain length is reduced. In
we lack a detailed consistent model for the correlation functhe region whereb,, varies sensitively withL the chains
tion in this case, we have analyzed the correlation functiorexhibit a kind of “anomalous” deformation, and, as we will
using anad hocmodel. We will present a detailed study of see in the next section, the fitted exponents of the end-to-end
this topic, including analytical results, in a future article. At distribution function also show an “anomalous” behavior.
the moment we only include the results in Fig. 4 in the at-These effects can be accounted for by plottgs L/b;y,
tempt to give a more complete picture of the data analysisnstead[Fig. 6(b)], and we see that all data points collapse
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- strength. Full line: theoretical values for an ideal chain. Broken line:
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8 bols: same as in Fig.(d).
- where the zero subscript denotes the value for the noninter-
e acting chains. Analogous quantities can be defined also for
N Dee, Dem, @andDj; . In a previously published worle7] the
6 Tl il ol T dependence dRy, D¢e, Dem, andDj; on chain length was
107" 1 10 10° 10° analyzed in detail for neutral systems with excluded volume
interactions, by MC simulations. In order to apply the simu-
(b) L/ Bt

lation results to the analysis of experimental data, the authors
have found the following empirical expression for the expan-

FIG. 6. (a) Shape paramet&s vs chain lengthL/b. From left to .
y, Sion factor:

right: uncharged system, and charged system with ionic strdngt
=(2.5x10"3)M, 1=103M, andl =10 *M. Note the effect of the
decreasing electrostatic persistence length for the charged systems )
whenL/b is in the range=0.5 to =20. The effect is particularly a“(X)=
evident forl =10™*M, producing a deformation in the correspond-
ing curve.(b) Shape paramet& vs rescaled chain lengthyb,, for
the same data shown if@). The data for the neutral chains are Wherex=L/b, to fit the MC data in the full range df/b (up
shown as a full line. to ~18 000) very well. The parametecg andc, are differ-
ent for different quantities, €.gRy, Dee, Dem, and Dy,
herease is an effective scaling exponert=0.170. The
values of the parameters in Ed.2) obtained for the expan-
sion factor of the radius of gyration are

2
+

37€/3

: (12

X

C2

(x
14| —
C1

onto a master curve. Some deviations can still be observ
for a few points at =(2.5x 10" %)M, 10 M, and 1=L/b
=<5. We think that under these conditions E¢g) slightly
underestimateb; .

Excluded volume effects and electrostatic interactions
lead to a significant swelling of the chain dimensions com- c,=3.12, c,=8.67. (13
pared with the situation of semiflexible chainsérsolvent.

The increase of, e.g., the radius of gyration with respect terhg pasic idea in OSF theory is to treat interaction between
the ideal case is often expressed in terms ofekpansion  neighhoring charges as a local effect that produces an in-
factor [39] crease in the persistence length of the chain, and to incorpo-
(RZ) rate those between charges located far apart along the chain
S:—zg, (11)  into excluded volume effects. Moreover, these two effects
(Rgo are assumed to be uncorrelated. Using thexpaivalent pa-
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rameters one can then try to use the well developed theoryb,,; from experimental data provided that one uses the ap-
of (neutra) polymers in the analysis of data from polyelec- propriate expansion factor in order to incorporate excluded
trolytes. volume and long range electrostatic interactions effects. It is
To test the OSF approach we have plotted in Fig. 7 thenteresting to note that we find that the data follow closely
values obtained from the simulations for the dimensionlesshe behavior predicted by the expansion fa¢tys.(12) and
quantitiesRy /by, vs chain lengthL/by,;, where b, =b  (13)] for uncharged chains.
+bg, b, andbg, being the intrinsic and electrostatic Kuhn ~ We can try to understand the observed universal behavior
lengths. It is interesting to observe that the data follow ondound for R, on the basis of the expansion factor perturba-
common curve, which suggests a universal behavior. Théon theory of Yamakawa, Stockmayer, and Shimadas)
data are compared witR, of an ideal wormlike chain with  [41]. This theory has already been used for uncharged sys-
Kuhn lengthb,,; and with the same rescaled contour lengthtems with excluded volume effec{®7]. In that case the
(full line in the ploY). The values ob,,; are those obtained results were found to follow, at least far/b=1000, the
from the scattering function as described in Sec. IV A. Thetheoretical behavior expected, and a value of 0.3 was estab-
radius of gyration of such a chain, which we will call the lished for the(reduced binary cluster integra(BCl).
ideal equivalent chainhas been calculated by means of the According to YSS theory the expansion factor of the ra-

Benoit-Doty[40] relation dius of gyration is given by
1 2 pd b ~ (70 10\. 2115
2\_ 1|2 —2L/b_ 2_ 2 31253
(ngo)—6Lb 5] tar 1+—2L(e 1. a 1+1OZ+( 9 7T+—3)Z +8mz

(14

The full line in the plot contains therefore only the local

effects of the electrostatic interactions, i.e., it takes into acwhere

count only the increase of the persistence length but not the -

excluded volume effects. These latter are finally considered z=3/4K(1)z, (16)
by computing the quantitieRy qerg, With a4 given by Eq.
(12) and the corresponding values for the parameters give
in Eq. (13) (broken line in the plgt The effect of excluded
volume can clearly be seen. On increasitd,,; the points 7= (3/2m)%2B1 12 (17)
move away from the ideal equivalent behavior and follow

the behavior given by Eq12). This result demonstrates the whereB is the reduced BCI. All lengths are in reduced units,
consistency of our simulation results with the general OSH.e., in units ofb,,;. A numerical expression foK(l) is
approach. Moreover, it shows that it is possible to determingrovided by[42]

x[0.933+0.67 exp—0.8%—1.3%?)], (15

|§(I) is a complicated function of the chain length
=L/bset, Which cannot be expressed in closed form, and

4 2177 7
=t = for 1>6
3 12 o6l

K= (18)

- 6.611
| ~12ex —|—+O.9198+0.03516 for 1<6.

If we apply the YSS theory to the charged system, and res-  C. Distribution function for the end-to-end distance
cale all lengths b¥,., the universal behavior shown in Fig. In Fig. 8(@ we report the distribution functions of the
7 is achieved if the reduced BCI is the same at all ionicgnq-tg-end distance for a chain of lengtho= 240 and four
strengths. This means that if we denote the BCI of the ungjtferent values of the ionic strength. As the ionic strength is
charged a‘r“d cnarged systems, respectivelyBpynd B i yeqyced the distribution functions become narrower and the
units of a “real” volume, we expect maximum approaches the mean valig.= ((D2.)*2. Such
behavior is a result of the stretching of the chain due to the
3 increasing electrostatic repulsion as a consequence of the de-
ﬁz(%) (19) creasing screening part of the potential. The effect is even
Bo b /- more evident in Fig. &), which displays the same data but
for a shorter chainl{/b=15). It is instructive to note the
corresponding range in rescaled lendth,,;, which for
The validity of Eq.(19) cannot be established rigorously on Fig. 8@a) is 6.1<L/b;,;<216.2, and for Fig. &) is 0.45
the basis of the existing theories for the binary cluster inte<L/b,,;<13.6.
gral and in our opinion should be the objective of further, The fits shown in the figure were obtained using a func-
deeper investigations. tion proposed by Mazur3]:
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FIG. 9. Values of the fit parametess(a) andt (b) vs rescaled
chain length. Full lines: respective valuessoéndt for uncharged
system as obtained {i27]. Symbols: same as in Fig(a.

nevertheless a few exceptions, as, for instance, the data for
I =10"“M in Fig. 8@a) andl =(2.5x10 %)M and 10 *M in

a chain lengthL/b= 240, for different ionic strengths. Fits are done Fig- 8(b). We have found that Eq20) “fails” for chains

using the Mazur functiofi43]. Symbols: same as in Fig(d. (b)
Same as ir(@) but for a chain length./b=15. At decreasing ionic

having G in the range from about 7.5 to 8.5, that is, for
chains that are already relatively stiff but do not yet behave

strength the chain is more and more stretched. This corresponds &s rods. The results for the exponeatandt are plotted in
distribution functions that are more narrower and whose maximum:ig_ 9 against the rescaled chain lendtho,,;. For short

approaches the corresponding mean value.

f(r)=Croe (79"

whereC is a normalization constans,andt are parameters
that determine the shape of the distribution, and
=(D2)T[(s+1)/t)/T[(s+3)/t], wherel'(x) is the gamma

(20

chains, the values db,,; used have been obtained by the
method described in Sec. IV A. The two lines correspond to
the s andt values of uncharged chains already obtained in a
previous study[27]. We find that, if we rescale all the
lengths, the values of andt also collapse onto a single
curve, which coincides with the curve describing the un-
charged system. This is not the case for those points lying in
the region where the electrostatic persistence length is a

function. This function turned out to give good fits for almost strongly varying function of the chain length as described in
all the values oL/b andl used in the simulations. There are the preceding section.
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V. CONCLUSIONS behavior in many respects is equivalent to that of a neutral

We have performed a Monte Carlo simulation study of azel(l;—%vmdmg chain with a reduced binary cluster integral

self-avoiding semiflexible chain model with electrostatic in- | "o present work a so-called continuous model was

te_ractlo_ns described by a Debye<Hte!-type potgntlal. used, in which the the atomic structure of the chain as well as
Simulations were performed as a function of chain lengthne solvent is neglected and an effective potential is used.
and ionic strength of the solvent. Care was taken to extrapdpespite the fact that the use of such a continuous model for
|ate a” derived quantities to the COﬂtiﬂUOUS I|m|t Of the Chain.simu|ation Of polyelectrolyte Chains haS been questioned by
The scattering functions, sampled during the simulationsgroups who conducted MC simulations in which they explic-
were analyzed and the total Kuhn length, which includes thétly accounted for counterions and co-iofpsimitive mode),
effects of electrostatic interactions, was determined. The rewe found excellent quantitative agreement between the scat-
sults are in excellent agreement with the Kuhn length detertering functions and the Kuhn length obtained from our MC
mined for charged wormlike micelles under similar condi- simulations and the experimental data obtained with equilib-
tions as used in the simulations. Both sets of results are inum polyelectrolytes. It is clear that our data have been ob-
reasonable agreement with the classical OSF theory; howained under conditions where the approximations made
ever, the observed Kuhn length is slightly larger than preshould be appropriate. However, it is also clear that we are
dicted. now in a position to compare experimental scattering data of
The radius of gyration and end-to-end distance, as well ag quality far superior to those obtained with classical poly-
the distribution of the latter, were also sampled during theelectrolytes with simulated scattering functions. It will now
simulations. Plotting the radius of gyration as a function ofbe very interesting to systematically exploit doped wormlike
the contour length in units of the total Kuhn length makes themicelles as model systems for polyelectrolytes in order to
data for different ionic strengths collapse on the same curvdully investigate the effects of electrostatic interactions on
This universal behavior is in fact the same as that found fothe single- and many-chain scattering functions, and thus
neutral semiflexible chains with excluded volume interac-help to solve some of the most puzzling open questions in
tions. This suggests that the binary cluster integral, whichhis field. Interchains interactions, which are not considered
describes the strength of the interactions, scales with thbere, will be treated in a forthcoming article.
cube of the total Kuhn length. The distribution functions for A major drawback in establishing doped nonionic mi-
the end-to-end distance were analyzed with the Mazur distrieelles as model polyelectrolytes is still caused by the limiting
bution function. The two characteristic parameters of thisrange of ionic strength values where stable micellar solutions
function were plotted versus the contour length in units ofexist. This is caused by the variation of the Kraft temperature
the total Kuhn length: The data were found to display uni-of the ionic surfactant at low values, which restricts our
versal behavior for chains longer than twice the total Kuhnmeasurements t6=(2.5x 10 %M. However, we are cur-
length, and again the data coincide with the results for neurently establishing alternative conditions that would allow
tral semiflexible chains. measurements at lower valueslpivhere we enter the inter-
There are two main conclusion from this analysis ofesting regimeb;,/b>1.
Monte Carlo simulation results and experimental results for
charged wormlike chainsgi) The electrostatic contribution to
the Kuhn length is very well described by a model with
semiflexible hard-sphere chains with an added Debye- The support of the Swiss National Science Foundation
Huckel potential.(ii) The behavior of the chains is universal (Grant No. 20-53381.98 and 20-46627.96 gratefully ac-
when the contour length is taken in units of the total Kuhnknowledged. We thank Dr. S. U. Egelhaaf for his help with
length. The latter conclusion has the implication that thethe SANS measurements. The neutron scattering experi-
electrostatic interactions change the local properties, i.e., thments were performed on the instrument D22 of the Institut
Kuhn length, and the long range interactions, so that théaue-Langevin in Grenoble.
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