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ABSTRACT: DNA and synthetic poly(styrenesulfonate) (PSS) solutions without excess simple salt were
investigated with small-angle neutron scattering. For both polyelectrolytes, the transition from the rod
to the coil regime was covered by an appropriate choice of molecular weights. The polymer, polymer—
counterion, and counterion partial structure functions were obtained using contrast variation. For PSS,
the single-chain scattering (form function) was observed from samples with zero-average polyion scattering
length density contrast. The PSS polymer structure can be described by a locally rodlike configuration,
but the projected monomer repeat distance 0.17 nm is smaller than the value expected for a fully stretched
(trans) conformation. The PSS persistence length is of order 10 nm and does not agree with any theoretical
analysis based on either the bending rigidity of a wormlike chain or modern variational results. The
interpolymer structure was derived and compared with results based on the random-phase approximation.
Poor agreement was observed, due to the high linear polyion charge density and, hence, strong electrostatic
coupling. For highly charged linear polyelectrolytes, it was shown that from the full set of partial structure
functions information on the radial counterion profile can be obtained without resorting to a model
describing chain correlations. For PSS and DNA, the data agree with the counterion distribution obtained
from the classical Poisson—Boltzmann theory and the cylindrical cell model, if the momentum transfer
is far greater than the inverse persistence length.

Introduction

Strong linear polyelectrolytes dissociate into polyions
and their oppositely charged counterions. The spatial
distribution of counterion and polymer charges is re-
lated to the relatively long-ranged Coulombic potential.
In the case of strong coupling (electrostatic energies
exceeding thermal energy kT), counterions accumulate
about the polyion and a double layer is formed. For
locally rodlike polyelectrolytes, the counterion distribu-
tion in the direction away from the polymer axis can be
obtained from the solution to the Poisson—Boltzmann
(PB) equation in the cell model.1=3 The polyion is placed
along the z-axis of a coaxial electroneutral cylindrical
cell, within which the charge distribution is calculated
in a self-consistent manner. Correlation effects between
different cells containing different polyelectrolytes (or
segments thereof) are ignored. In the classical ap-
proach, the polyion is modeled as a uniformly charged
rod, and ionic correlation and exclusion effects are
neglected. The latter effects are included in the modi-
fied PB approach (among others), but for monovalent
counterions and concentrations such as the present
range, both approaches yield similar results.* The
results derived from the PB models are in agreement
with thermodynamic properties of not too concentrated
polyelectrolyte solutions.®

For flexible polyions, the macromolecular conforma-
tion depends on electrostatic interactions among poly-
mer charges, more or less screened by the presence of
counterions and possibly added low molecular weight
salt. A useful concept to describe chain statistics is the
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Kratky—Porod wormlike chain.® The wormlike chain
is characterized by its reduced contour length, being the
ratio of the length along the contour and the persistence
length (related to the bending rigidity). The electro-
static contribution to the persistence length has been
evaluated from the free-energy cost of bending a worm-
like chain, in which the electrostatic interactions are
treated in the Debye—Hiickel approximation”® or on the
basis of the full PB equation.®=11 In the limit of large
screening length «~* or weak coupling, the electrostatic
persistence length shows «~2 scaling. These classical
models ignore local fluctuations with wavelengths smaller
than the screening length, which might affect the
bending rigidity. Using variational methods, several
authors claimed that for strongly charged highly flexible
polyelectrolytes the persistence length should be of order
«~1.1213 Another theoretical approach shows that these
local fluctuations may decrease the projected distance
between adjacent monomers but do not significantly
influence the persistence length on a much larger length
scale.l*

The counterion distribution can be studied by small-
angle scattering methods, if the momentum transfer is
on the order of the inverse double layer thickness. The
scattered intensities are sensitive to the set of spatial
Fourier transforms of the polymer, polymer—counterion,
and counterion density correlation functions (partial
structure functions).’® The counterion distribution
about spherical micelles has been investigated by small-
angle neutron scattering (SANS) and contrast matching
in water.1617 Chang et al. investigated the counterion
distribution about cylindrical micelles with small-angle
X-ray scattering (SAXS).1819 The scattering contribu-
tion of the counterions was enhanced by using heavy-
metal Cs* and TI*, and the intensities were compared
to the relevant combination of partial structure func-
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tions derived from the solution to the PB equation. In
previous SANS work, the full set of partial structure
functions for aqueous solutions of linear poly(styrene-
sulfonate) (PSS) coils?® and rodlike persistence length
DNA fragments was obtained.2222 More recently, rela-
tively dense cross-linked PSS ion-exchange resins were
investigated.?® For sufficiently high values of momen-
tum transfer, interference effects between different cell
volumes become progressively less important and the
data compare favorably with the classical or modified
PB results.?* For lower values of momentum transfer,
the data reflect the organization among different poly-
electrolytes (or segments thereof) and an interpretation
requires a full understanding of the pair correlation.
One objective of the present work is to eliminate (or
effectively cancel) the effects of intercellular interfer-
ences and to extend the agreement with the theoretical
description to lower values of momentum transfer.

In previous work, structural polyion parameters were
obtained from a fit of the theoretical correlation func-
tions to the full set of partial structure functions. The
results were in fair agreement with the polymer lateral
dimensions and the size of the counterion (tetra-
methylammonium, TMAT). The DNA linear charge
density agrees with the value corresponding to the z-axis
projected distance between nucleotides in the B-
form.2122 For PSS, the monomer repeat distance was
significantly smaller than the value corresponding to a
fully stretched (trans) chain conformation.?°® The mono-
mer repeat distance is an important parameter, because
it determines the overall polyion contour length and
linear charge density. Another objective of the present
contribution is to confirm the PSS monomer repeat
distance on the basis of the single-chain scattering
function (form function). The single-chain scattering
function can be obtained from neutron scattering ex-
periments on samples with zero-average polymer scat-
tering length density contrast.2> For semidilute PSS
solutions, this method has been applied before by Boué
et al.2627 The zero-average polymer contrast method
yields single-chain properties in concentrated solutions
without the need to extrapolate to vanishing polymer
concentrations.

The similarity of the DNA and PSS partial structure
functions immediately confirms the locally rodlike
structure of both polyions.?* Boué et al. corroborated
the locally rodlike PSS structure by reporting a persis-
tence length of 6 nm at 0.3 mol of PSS monomers/L.25
In the present contribution, the PSS single-chain scat-
tering was measured from samples with zero-average
polyion contrast. The transition from the rod to the coil
regime is covered by an appropriate choice of molecular
weights. The results obtained on the rodlike PSS are
particularly sensitive to the monomer repeat distance,
whereas the data obtained on the coillike PSS yield the
persistence length. The scaled value of the monomer
repeat distance and related contour length has a
profound consequence for many reported experimental
results. As an example, the ionic strength induced PSS
coil expansion at vanishing polymer concentration as
reported by Borochov and Eisenberg?® is reevaluated.
The persistence length data are compared to various
theoretical expressions based on either variational
results or the free energy cost of bending a wormlike
chain.

The full set of partial structure functions is obtained
for both PSS rods and DNA coils (1100 base pairs) by
contrast variation in the solute (PSS) or water (DNA).
These results are supplementary to our previously
reported data on PSS coils and DNA persistence length
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fragments. The effects of polymer density (PSS only),
molecular weight, and intrinsic flexibility are investi-
gated. The polymer solution structure is derived by
dividing the total polymer structure function (including
interchain correlations) by the single-chain scattering
function. The results are compared with a model based
on the random-phase approximation together with
charge renormalization by counterion condensation,29:30
as suggested by Benmouna et al.31 Again, the counter-
ion-involved partial structure functions are interpreted
in terms of the correlation functions obtained from the
solution to the PB equation in the cell model. In the
appendix, it is shown that for locally rodlike highly
charged polyelectrolytes the partial structure functions
should satisfy certain conditions. Especially, the effects
of chain structure can be eliminated by dividing the
polymer—counterion and counterion partial structure
function by the total polymer structure function. The
extent of momentum transfer range within which these
conjectures hold is tested.

Theory

Contrast Matching. For a system consisting of a
solvent and two different solutes, the coherent part of
the solvent subtracted SANS intensity reads32

1@)/p = b *Sym(@) + 2b,0,S (@) + bS. (@) (1)

where S;j(q) is a partial structure function related to the
scattering units i and j, with scattering length contrasts
bi and bj, respectively. The scattering units are the
monomers (m) and the counterions (c). Every polymer
charge is associated with a monomer, and, hence, the
macroscopic counterion concentration exactly matches
the monomer concentration p = pm = p¢ (in particles per
unit volume). The partial structure functions are the
spatial Fourier transforms of the density correlation
functions?®

Si@ =y /T e BO AN @)

in which the integration has to be done over T in the
total volume V.

For an H;O/D,O solvent mixture, the scattering
length contrast is given by

_ v
b,=b, — bs1_/—' with by = Xbp o + (1 = X)b, o (3)
S

where X denotes the D,O mole fraction. The scattering
lengths of the scattering unit i and solvent s are denoted
by b; and bs, respectively. The corresponding partial
molal volumes are given by »; and 7. In the present
experiments the structure functions are unravelled from
the intensities by solvent and/or solute contrast varia-
tion. This can be done by adjusting the scattering
lengths bs and b;, respectively (by H/D substitution of
water, polyion, and/or counterion).

The monomer structure function Sym(q) can be de-
composed into two components, an intrapolyion F(q) and
an interpolyion H''(q) part:

Smm(@) = F(a) + pH"(q) @)

For a monodisperse chain F(q) is related to the polyion
form function P(qg) according to F(q) = NP(q), with N
the number of monomers per chain. The polyion form
function is normalized to unity at g = 0 and can be
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Table 1. Various Geometric Parameters

A2 r b rcc rcelld L Lf

(nm) (n?n) (nm)  (nm) (nrpn) (nm)
6.8 (DP = 40)
PSS 0.17 0.5 0.8 5.6 7.6 40 (DP = 235)
57 (168 bp)

DNA 0.171 0.8 14 7.9 50 380 (1100 bp)

a z-axis projected monomer repeat distance. ® Polymer radius.
¢ Distance of closest approach of the counterion to the polymer
z-axis. 9 Cell radius. PSS and DNA data refer to 0.1 and 0.05
mol/L solutions, respectively. & Persistence length. f Contour length.

obtained from an experiment in which a fraction Fp of
the polyions is labeled by deuteration.?>26 The labeling
is assumed to have no influence on the solution struc-
ture, and the degrees of polymerization of the hydro-
genated and deuterated species should be the same. For
such a mixture, the scattered intensity takes the form

1@)/p = [Fp(bp)? + (1 — Fp)(bi)’1F(a) +
[Fpbp + (1 — Fp)bpl?eH"(q) +
2[FDElz + (1 - FD)B:;]BCSmc(q) + Bczscc(q) (5)

where b> and b}! are the contrast parameters of the
deuterated and hydrogenated monomers, respectively.
At zero-average polyion contrast

Fobp + (1 — Fp)bf =0 (6)

the interpolyion part H'"(q) and the monomer—coun-
terion partial structure function Sp(gq) are seen to
vanish. This can be realized with Fp = %/, for maximum
intensity and by adjusting the D,O/H,0 solvent com-
position such that bY = — b!!. The counterion contri-
bution S¢(g) can be eliminated by solute contrast
matching of b,. Under these conditions, intensity (eq
5) is directly proportional to the intrachain part F(q).

Partial Structure Functions. For rodlike polyelec-
trolytes a self-consistent charge distribution can be
calculated from the solution of the Poisson—Boltzmann
equation and the cell model.%:® The polyion is assumed
to be a rod with length L and is thought to occupy an
electroneutral coaxial cell of the same length L and
radius re. The cell radius is related to the concentra-
tion p according to pAzre® = 1, with A the polyion
longitudinal z-axis projected distance between mono-
mers. Each polyion is surrounded by a cloud of coun-
terions, which exactly compensates the polymer charge.
In the longitudinal direction, along the polyion axis, the
monomer and counterion distributions are assumed to
be uniform. Away from this axis, the monomer and
counterion densities are given by the radial profiles
pm(r) and pg(r), respectively. The various geometric
parameters are collected in Table 1.

For correlations within a single cell volume, the
partial structure functions have been evaluated in ref
21. However, for lower values of momentum transfer,
correlations between different cell volumes become
progressively more important and the experimental
data start to deviate from the single cell calculations.
In the appendix, it is shown that for a strongly charged
rod with gL > 1 the partial structure functions can to
a good approximation be expressed as a product of terms
involving the radial profiles and a term related to the
polymer structure (eq A4). The polymer structure can
be eliminated by taking the ratios
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Sm@)  a(q) S (ac(q)

Som(@  an(@)’

2
Son(@ am(q))’ =1

with the transformation

a(q) = [;™"dr 22rdg(ar) p(r)  (i=m,c) (8)

and Jo denotes the zero-order Bessel function of the first
kind. From the full set of partial structure functions
information on the radial counterion density profile can
be obtained, without resorting to a model of (inter- and
intra-) chain correlations. Furthermore, eq A4 shows
that the monomer Smm(g), the monomer—counterion
Smc(g), and the counterion Sc(q) partial structure func-
tions should satisfy the condition

[Sne(@]* = Sp(@) See(@),  dL>1 9)
which can easily be checked experimentally.

For flexible polyions, the requirement for applying the
cell model is that the chain is locally rodlike over a
length bearing a sufficiently large number of charges.
For very flexible polyelectrolytes, such as vinylic PSS,
strong local fluctuations with wavelengths smaller than
the electrostatic screening length may shrivel the chain
on small length scales and decrease the z-axis projected
distance between adjacent monomers A.*4 The polyion
is represented as a sequence of rodlike segments, each
situated on the longitudinal axis of a coaxial electro-
neutral cell. Flexibility effects on the wormlike chain
scattering function are minor for contour distances
smaller than the persistence length L3 The structure
functions can be evaluated in the same manner as in
the case of rodlike polyions; the length L can be
identified with Lp.?® The | = I' contributions in eq A4
now include both inter- and intrachain correlations. In
taking the ratios in eq 7 the polymer structure is seen
to vanish and an exact evaluation of the chain correla-
tions is not necessary (provided that qL, > 1).

Radial Profiles. Inderiving egs 7—9 it was assumed
that in the longitudinal direction the densities are
uniform, but in the radial direction the profiles are so
far unspecified. The transform (8) can be further
evaluated using analytical expressions of the radial
densities. If the radial monomer density is assumed to
be uniform for 0 < r < r, and given by pm(r) ar,2 = 1
and zero for r > r,, with r, the polymer radius, one
obtains?!

2J4(ary)
qr,
(steplike radial monomer density) (10)

an(q) =

with J; the first-order Bessel function of the first kind.
For a Gaussian radial monomer profile with second
moment [#2[) the transform takes the form

an(q) =e T

(Gaussian radial monomer density) (11)

The radial counterion density profile pc(r) can be ob-
tained from the analytical solution of the PB equation.’3
The parameters are the polyion linear charge density &
= Q/A, with Q being the Bjerrum length (Q = e%/47¢kT),
the cell radius re, and the distance of closest approach
r. of the counterions to the polyion z-axis. The trans-
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Table 2. Degrees of Polymerization (DP), Polydispersity
Ratios My/Mp, and Degrees of Mono- and Disulfonation of

PSS
DPa Mu/Mp2 mono di

39 1.06 0.97 0.01

-
PSS 228 1.02 0.94 0.01
el 1.04 0.97 0.01

D
PSS 241 1.06 088 0.01

a Derived from the parent polystyrene.

form ac(q) has to be calculated by a numerical integra-
tion procedure.

Experimental Section

Chemicals. Fully deuterated PSSP-d; and hydrogenated
PSSH were prepared by sulfonation of commercially available
linear polystyrene according to the method described by Vink.3*
The sulfonate groups (SOzH) are attached to the styrene repeat
units, and the polymer is not degraded or cross-linked. For
the deuterated products the sulfonation was done with D,SO4
(Aldrich). Polystyrene and fully deuterated polystyrene-ds
with matching numbers of repeat units (degree of polymeri-
zation, DP) were purchased from Pressure Chemicals and
Polymer Laboratories, respectively. The M,/M, ratios and
DP’s of the sulfonated products are derived from the parent
polymers and collected in Table 2. The PSS is brought in the
pure acid form with an ion-exchange resin (BDH Amberlite
IR 120-H). The degree of sulfonation was determined by
titration and is also presented in Table 2. Especially, the high
molecular weight polymers are characterized by incomplete
sulfonation levels. Furthermore, 1% of all styrene monomers
carries two sulfonate groups, irrespective of molecular weight.
It was checked with NMR that the sulfonation procedure did
not introduce polymer hydrogen exchange. The polyacids were
neutralized with tetramethylammonium (TMAH) and/or fully
deuterated TMAP-d;, (Isotec) hydroxide to obtain the TMA—
PSS salts.

DNA was obtained by micrococcal nuclease digestion of
chicken erythrocyte nucleosomal DNA.® The digested sample
contained mononucleosomal (146 base pairs) and higher mo-
lecular weight DNA. The higher molecular weight DNA was
precipitated from the digested chromatin by dialysis against
100 mM KCI, 50 mM Tris, pH 8, and 1 mM EDTA buffer. The
precipitate was recovered by centrifugation, and phenol ex-
tractions were employed for the removal of protein. The
material was dissolved in 0.1 M NaCl and extensively dialyzed
against pure water. To avoid denaturation, care was taken
that the DNA nucleotide concentration did not reach values
below 3 mM. The molecular weight distribution was moni-
tored by gel permeation chromatography (GPC) with light
scattering detection.®® The Na—DNA used in the present
experiments has an average molecular weight M,, = 700 000
(1100 base pairs) with Mw/M, = 1.4. The hypochromic effect
at 260 nm confirmed the integrity of the double helix, and the
ratio of the optical absorbances Azso/Azs0 = 1.8 indicates that
the material is essentially free of protein.3” The DNA was
brought in the TMA—DNA form with a cation-exchange resin
(Biorad AG 50W X2). The sodium content of the final product
was checked by atomic absorption spectroscopy and found to
be less than 0.1% of all counterions.

Solutions and Neutron Scattering. For scattering ex-
periments samples were made by dissolving freeze-dried
materials in H,O and/or D,O. The solvent compositions were
determined by weight and checked with IR spectroscopy. The
PSS monomer concentrations are 0.1 and 0.2 mol/L, whereas
the DNA concentration is 0.05 mol of nucleotides/L. There is
no excess simple salt in solution; the counterion and monomer
concentrations are equal. All concentrations were determined
by weight and, in the case of DNA, checked with UV spectros-
copy. Three sets of samples were prepared. The first set was
made with both zero-average PSS and TMA scattering length
contrast to obtain the single polyion form function. The second
set consisted of TMA—PSS in H,O with solute contrast
variation, which allows for the determination of the partial
structure functions.®® The DNA was measured with a third
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Table 3. Partial Molal Volumes and Scattering Lengths

solute i (cm3/mol) bi (10712 cm)
DNA 172 9.75 + 1.99X*
TMAH 84 —0.89

TMAD 84 11.6

pPSSH 114 4.72

PSSP 114 12.0

H>O 18 —0.168

D,0O 18 1.915

a X denotes the mole fraction of D,O (effect of exchangeable
hydrogen).

set of solutions in four different H,O/D,O compositions.
Concentrations, isotopic composition, and scattering length
contrasts are collected in Tables 4—6. The contrasts were
calculated with eq 3 and the parameters in Table 3. The DNA
scattering length has been calculated using the values reported
by Jacrot,® and according to the chicken erythrocyte base
composition A:G:C:T = 28.8:20.5:21.5:29.2.4° Reference solvent
samples with matching H,O/D,0O composition were also pre-
pared. Standard quartz sample containers with 0.2 (for D,O-
containing samples) or 0.1 cm path length were used.

Small-angle neutron scattering experiments were done with
the PAXY and D17 diffractometers, situated on the cold
sources of the high neutron flux reactors at the Laboratoire
Léon Brillouin (LLB), CEN de Saclay, and Institute von Laue—
Langevin (ILL), respectively. The temperature was kept at
293 K. The 0.1 mol/L PSS data were measured with the PAXY
instrument in two different experimental configurations. In
the first configuration, a wavelength of 0.4 nm was selected
and the effective distance between the sample and the planar
square multi-detector (S — D distance) was 1.0 m. This allows
for a momentum transfer range of 0.8—5 nm~. The counting
time per sample or solvent was approximately 4 h. In the
other configuration, the S — D distance was 3.2 m and a
wavelength of 0.8 nm was selected. Here, the momentum
transfer ranged from 0.1 to 0.9 nm~1, with a counting time of
approximately 7 h/sample. The 0.2 mol/L PSS data were
collected with the D17 instrument in two different configura-
tions. The wavelength was fixed at 0.9 nm, and the detector
was subsequently placed at 2.9 and 0.8 m from the sample
position. These S — D distances allow for momentum transfer
ranges of 0.1-0.8 and 0.5—2 nm™, respectively. The DNA
samples were also measured with the D17 instrument, but in
the 0.1-0.8 nm~! momentum transfer range only. The D17
counting times were 2 h/sample, irrespectively of S — D
distance. Data correction allowed for sample transmission and
detector efficiency. Absolute scattering intensities were ob-
tained by reference to pure water, and the scattering of the
pure solvent at the same H,O/D,0O composition was subtracted.
Finally, the intensities were corrected for a small solute
incoherent scattering contribution.

PSS Intrachain Structure

The PSS form function is obtained from a single
experiment in which a fraction Fp = 0.5 of the polyions
is labeled by deuteration. This procedure could not be
applied to DNA, because labeled (deuterated) DNA was
not available. The zero-average PSS contrast condition
(6) has been satisfied by tuning the D,O solvent mole
fraction X (see Table 4). The average counterion scat-
tering length density b, = Fy(TMA®)BY + [1 —
Fo(TMAP)]b!! has been nullified by adjusting the deu-
terated counterion fraction Fp(TMAP). Under these
conditions, the scattered intensity (eq 5) is directly
proportional to the intrachain function F(q). The in-
trachain functions have been obtained by dividing the
experimental intensities by the factor p[F(b2)* + (1 —
Fo)(bH)?] and are displayed in Figure 1.

The PSS monomer concentrations are 0.1 and 0.2 mol/
L. In this limited concentration range both data sets
coincide within experimental error. Accordingly, a
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Table 4. Degrees of Polymerization, PSS Concentrations, Fractions Labeled PSS and TMA, Mole Fractions of D,O, and
Scattering Length Contrasts of Zero-Average Contrast TMA—PSS Samples

bo (PSSP) b (PSSH)  bY (TMADP) b (TMAH)

sample DpP2 Cpss (mol/L) Fp(PSSP) Fp(TMADP) X(D20) (10722 cm) (10722 cm) (1072 cm) (1072 cm)
SP1 0.099 0.500 0.565 0.715 3.63 —3.65 5.44 —7.05
SP2 0.194 0.500 0.565 0.716 3.62 —3.67 5.42 —-7.07
LP1 235 0.103 0.516 0.565 0.715 3.52 —3.69 5.44 —7.05
LP2 235 0.201 0.516 0.565 0.715 3.51 —3.70 5.43 —7.06

a Average of deuterated and hydrogenated polyions.

Table 5. Concentrations and Scattering Length
Contrasts of TMA—PSS Samples in H,O

sample, b (PSS) be (TMA)

Cpss (mol/L) solute (10722 ¢cm) (1012 cm)
H_pssH

SHHZ 010 DPoa0 . 578 o1
EBEE: 82232?. E’EAQH;;SSD 5.76 12.4
SHp2. 013 D1 191 “o11
3002, 0.103 g)'\p/wl/iHlessH 131 124
Hzote pbases. 599 _om
tHDe 0304 Deaaas 128 o1

Table 6. Concentrations, Mole Fractions of D;O, and
Scattering Length Contrasts of DNA Samples

Cona X bm (DNA) be (TMA)

sample (mol/L) (D20) (1072 cm) (1072 cm)
X0 0.048 0 11.4 —-0.11
X41 0.047 0.407 4.07 —4.06
X64 0.047 0.640 —-0.11 —6.33
X100 0.046 0.996 —6.47 —9.78

possible concentration dependence in polyion intrachain
structure is beyond observation. Significant molecular
weight effects are observed in the momentum transfer
range g < 1 nm~1. In the long wavelength limit (g —
0), the intrachain function should go to the number of
repeat units per chain (DP). The average DP is 40 and
235 for the lower and higher molecular weight PSS,
respectively. Asobserved in Figure 1, the experimental
functions F(q) take the correct limiting values and
confirm the normalization procedure. This limiting
behavior is especially clear for DP = 40, where F(q)
levels off due to finite contour length effects (in the
double-logarithmic representation). Local polymer struc-
ture is probed in the range q > 1 nm~1, and, hence, F(q)
becomes molecular weight invariant. Here, the intra-
chain function shows the characteristic q dependence
of a locally rodlike geometry with finite lateral dimen-
sions.

The experimental F(gq) will be compared with the
scattering function of a Kratky—Porod wormlike chain.
The wormlike chain is characterized by the reduced
contour length, being the ratio of the contour and
persistence length L/L,. As follows shortly, the lower
molecular weight PSS is near the rod limit and the
corresponding F(q) is not very sensitive to L,. The
persistence length will be obtained from the low g
behavior of the higher molecular weight PSS form
function. It is assumed that L, is molecular weight
invariant. This is supported by reported values of the
Kuhn statistical segment length (2L;), obtained from
PSS self-diffusion and viscosity in the degree of polym-
erization range DP = 169—967.41 The contour length
and the related monomer repeat distance A are most
accurately determined from the lower molecular weight
data. The lateral polymer dimensions are derived from
the behavior of F(q) in the high g region.

w
d)lb
100
w
10
1
0.1 1 5

q (nm)

Figure 1. PSS intrapolyion function F(q): +, 0.1 mol/L; O,
0.2 mol/L. In the top panel (DP = 40) the dash-dotted and
dashed lines correspond to the rigid-rod scattering function
with contour lengths L = 10 and 6.7 nm, respectively, and
radius rp = 0.4 nm. The solid line corresponds to the scattering
function of a wormlike chain with L, =L =6.7 nmand r, =
0.4 nm. The theoretical scattering functions are normalized
to the average number of monomers per chain at @ = 0. In
the bottom panel (DP = 235) the solid line corresponds to the
rigid-rod scattering function with gL > 1 and radius r, = 0.4
nm. Here, the rigid-rod scattering function is normalized to
1/A, with the z-axis projected distance between monomers A
= 0.17 nm.

Near the Rod Limit. For a rod (with L < Lp), the
intrachain function takes to a very good approximation
the form

i L/2
F(@) =NP(q), P(a)= %ﬁ)ldﬂ (%

(eq A5 with i = j = m) and am(q) denotes the Hankel
transform of the radial monomer density profile. For
the Kratky—Porod wormlike chain no closed analytical
expression of P(q) is available. Norisuye et al. started
with the rigid rod as the zeroth approximation and
corrected it for chain flexibility up to the fifth order.33
Their result is useful for contour lengths shorter than
or comparable to the Kuhn length L < 2L,. For longer
reduced contour lengths, the numerical interpolation
formulas given Yoshizaki and Yamakawa can be used.*?
Unfortunately, the latter formulas are applicable in the
low g range only. These expressions were derived for
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chains with vanishing lateral dimensions. As in the
case of rigid rods, the radial polymer density can to a
good approximation be taken into account by multiply-
ing the scattering functions with the square radial term
am(q).

The scattering function expansion of the wormlike
chain near the rod limit is compared quantitatively with
the lower molecular weight PSS data in the top panel
of Figure 1. An optimized contour lengthL =6.7 £ 0.4
nm gives excellent agreement. The expansion shows
high g oscillations (g > 2 nm™1), which indicates the
region where the convergence becomes poor. As follows
below, the persistence length is approximately 7 nm,
and, accordingly, the expansion has been calculated
with L/L, = 1. The fitted value of the contour length
corresponds with a z-axis projected distance between
monomers A = L/N = 0.17 £+ 0.01 nm. The optimized
value of A is significantly less than the conventional
fully stretched value 0.25 nm. The rigid-rod scattering
functions (eq 12) with contour lengths L = 6.7 and 10
nm are also depicted in the top panel of Figure 1. Itis
clear that near the rod limit flexibility effects are minor
(less than 8% for L/L, = 1) and cannot explain the
relatively low value of A. The rigid-rod scattering
function with L = 10 nm (based on A = 0.25 nm) gives
too low values in comparison with the data and does
not correctly predict the location of the low g plateau.
A possible normalization error cannot account for the
observed discrepancies. The correction for finite lateral
dimensions does not significantly affect the derived
value of A.

For higher values of the reduced contour length L/L,
numerical interpolation formulas for the wormlike chain
scattering function are available in the low g range only
and have not been constructed to give the correct high
g asymptotic behavior.#2 As q is increased, local poly-
mer structure is probed and F(q) should approach the
limiting form of the rigid-rod scattering function

F(q) = qﬂA[am(q)]Z, gL > 1 (13)

For longer wavelengths (g < 1 nm™1), the radial term
goes to unity and the limiting form of the scattering
function exhibits g~ behavior. The asymptotic form (eq
13) is compared with the higher molecular weight PSS
data in the bottom panel of Figure 1. With the experi-
mental value A = 0.17 nm, reasonable agreement is
observed for g values exceeding, say, 0.5 nm~. Within
experimental error the monomer repeat distance is
constant over the present molecular weight and con-
centration range.

The finite lateral dimensions become progressively
more important for higher values of momentum transfer
(in the range g? 20~ 1) and are responsible for a
deviation from g~* scaling. The lack of a clear approach
to scattering exponent 1 does not necessarily imply that
the polyion segments are not rodlike, as has been
suggested in the literature.*344 All scattering functions
are evaluated with a steplike radial monomer density
profile according to eq 10. The theoretical F(g)'s in
Figure 1 correspond with an optimized polymer radius
r, = 0.4 =+ 0.1 nm. A Gaussian radial density profile
with second moment 20 Y/-r,2 (eq 11) gives an equally
good fit (results not shown). Details of the radial
monomer distribution are, hence, beyond observation.
The obtained value of the polymer radius compares
reasonably with the size of the relatively bulky side
groups. The derived polymer radius and z-axis pro-
jected monomer repeat distance are in reasonable
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Figure 2. Higher molecular weight (DP = 235) PSS inverse
polyion form function 1/P(q) vs squared momentum transfer:
O, 0.2 mol/L. The dashed-dotted and solid lines represent the
inverse Debye function of a Gaussian chain and the inverse
scattering function of a wormlike chain according to Yoshizaki
and Yamakawa,*? respectively. These curves are drawn with
the optimized values of the radius of gyration Rg = 7.6 nm
and persistence length L, = 7.0 nm, respectively. The dashed
line corresponds to the inverse scattering function of a rigid
rod with gL > 1 (A = 0.17 nm).

agreement with the previously reported values, 0.6 and
0.16 nm, respectively, based on the high g limiting
behavior of the total polymer structure function
Smm(q).%°

Transition to Coillike Behavior. The low q be-
havior of the higher molecular weight PSS (0.2 mol/L)
form function is displayed in Figure 2 in Zimm'’s
representation. The similar 0.1 mol/L data are omitted
for the sake of clarity. The form function was obtained
from the intrachain function and division by the average
DP. For lower g values, comparison with the limiting
form of the rod form function (eq 13) becomes progres-
sively worse due to polyion curvature. In the long
wavelength limit (q — 0), the experimental form func-
tion tends to unity, and from the limiting behavior the
radius of gyration Ry can be determined. As a first
approximation, the data are compared to the Debye
function of a Gaussian chain

PO =2x—1+e™], x=qR> (14)
X

The Debye function with optimized radius of gyration
Ry=7.8 £ 0.4 and 7.6 £+ 0.4 nm for 0.1 and 0.2 mol/L
PSS, respectively, gives reasonable agreement in the
range g < 0.4 nm~1. For higher values of momentum
transfer, the comparison becomes poor and the rodlike
local structure can no longer be neglected.

In the present relatively concentrated solutions, the
interchain distance is on the order of the persistence
length. Excluded-volume interactions between Kuhn
segments which are separated over larger distances are
negligible due to the small number of segments per
chain. For an unperturbed wormlike chain, the persis-
tence length is related to the square radius of gyration
according to*®

2 2U 2 2 iy -
[Rg@_l—p §—1+U—§[l—e ], U—L/Lp
(15)

From the experimental values of Ry and L (calculated
with A =0.17 nm and DP = 235), the persistence length
takes the values L, = 7.6 +£ 1.0 and 7.0 £ 1.0 nm for
0.1 and 0.2 mol/L PSS, respectively. The wormlike
chain form function with the relevant reduced contour



Macromolecules, Vol. 30, No. 9, 1997

Table 7. lonic Strength Dependence of the Radius of
Gyration Rg, Effective Diameter D¢, Swelling Factor as,
and Persistence Length L, of PSS Coils in Excess Simple

Salt
1s/Nay (mol/L) Rg? (Nm) Deff b (nm) Os Lg® (nm)
0.5 40 29 1.7 2.1
0.1 51 5.1 1.6 3.9
0.05 63 6.9 1.4 7.6
0.01 78 15.2 15 10.9
0.004 92 24.6 1.4 15.8
0.001 108 52.5 1.6 18.6

a Data from Borochov and Eisenberg.28 b The effective diameter
has been calculated with bare diameter Do = 1.6 nm. ¢ The
persistence length has been calculated with the z-axis projected
distance between monomers A = 0.17 nm (contour length L = 825
nm).

length L/L, = 5.6 is also depicted in Figure 2. Again,
the polymer cross section has been accounted for by
multiplying the scattering function with the square
radial term am(g). In the g range shown in Figure 2,
the latter effect is small and does not significantly
influence the single-chain scattering function. In the
momentum transfer range g < 0.3 nm~* (gL, < 2), the
wormlike and Gaussian chain form functions are equal
and agree with the data. For higher g values, the
wormlike chain function does not correctly approach the
limiting form of the rigid-rod scattering function. The
present values of the persistence length compare favor-
ably with values reported by Spiteri et al. (pertaining
to PSS without added salt).2” With a similar experi-
mental method, they obtained L, =6.0 £ 0.5 and 4.6 +
0.2 nm at PSS monomer concentrations of 0.17 and 0.34
mol/L, respectively. The present results are also in
reasonable agreement with the corrected Kuhn length
values (i.e., 2L;) reported by Oostwal and Odijk.

lonic Strength Induced Coil Expansion. The
expansion of Na—PSS (DP = 4855) coils as a function
of ionic strength has been studied by Borochov and
Eisenberg.28 They obtained the radii of gyration from
the angular dependence of scattering of light in NaCl
solutions, extrapolated to zero polymer concentration.
The persistence length can be obtained from the Benoit—
Doty equation (15), but, in the dilute regime, excluded-
volume effects have to be taken into account. Further-
more, eq 15 shows that the radius of gyration is related
to the reduced contour length and, accordingly, to the
monomer repeat distance. Borochov and Eisenberg’s
persistence length data are based on A = 0.255 nm and
have to be reevaluated with the scaled value of the
contour length. The weak concentration dependence of
the osmotic coefficient suggests that the linear charge
density (and, hence, monomer repeat distance) is rather
insensitive to polymer volume fraction (or solution
regime).> It is assumed that the monomer repeat
distance is concentration and ionic strength invariant
and amounts to 0.17 nm.

Borochov and Eisenberg’s experimental values of the
radius of gyration are summarized in Table 7. The radii
have to be corrected for excluded-volume effects, since
the data pertain to single coil dimensions in the dilute
regime. Deviations from the unperturbed state ex-
pressed by [R2C= as?Rq2[d with swelling factor as. The
swelling factor is related to the excluded-volume pa-

rameter
3 \s2 [ L \w2
z= = (16)
(8” Lpz) ﬁ(z Lp)

according to, e.g., the Yamakawa—Tanaka approxima-
tion®
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2 _ 0.46
og” = 0.541 + 0.459(1 + 6.042) a7)

The parameter z is proportional to the excluded volume
B = 27Ly2°D° between two Kuhn segments, each of
length 2L, and effective diameter D¢.46 In the Debye—
Huckel approximation, the effective diameter of a rod-
like polyion segment takes the form*’

D"=D,+« (INA +y+1In2-1,),
A = Ae 0 (18)

Here, Do is the bare diameter, y denotes Euler's
constant, and A depends on the polyion properties (not
to be confused with the monomer repeat distance).*® The
screening length «~1 is given by «2 = 8zQls, with |5 the
ionic strength of the added 1—1 electrolyte. The effec-
tive diameters are obtained from the numerical solution
of the Poisson—Boltzmann equation for cylindrical poly-
electrolytes in excess salt. The results in Table 7 are
close to those obtained from Philip and Wooding's
approximate analytical solutions.*® The bare diameter
Do was set to 1.6 nm, which corresponds with 2 times
the distance of closest approach of the counterion to the
polymer axis (see below).

The ionic strength dependencies of as and L, are also
collected in Table 7. With decreasing ionic strength, the
number of segments per chain decreases due to an
increase in persistence length. Concurrently, the ex-
cluded volume per segment increases, because the
electrostatic potential becomes less effectively screened.
The effects of an increase in L, are to some extent
compensated by an increase in Def, and the swelling
factor as (with respect to the unperturbed renormalized
chain) becomes rather ionic strength invariant. The
derived persistence lengths differ from Borochov and
Eisenberg’s results, mainly due to the new experimental
value of the monomer repeat distance. Figure 3 displays
the persistence length vs ionic strength in a double-
logarithmic representation. The neutron scattering
data pertaining to semidilute PSS solutions (with and
without added simple salt) are also displayed in Figure
3. The ionic strength has been calculated with the
assumption that screening is caused by added salt with
concentration ps (in particles per unit volume) and
uncondensed counterions only: Is = ps + A/(2Q)p..
Following this procedure, all neutron data superpose on
a single curve irrespective molecular weight and are in
reasonable agreement with light scattering data ob-
tained in excess simple salt and vanishing polymer
concentration. The PSS is locally rodlike with an ionic
strength dependent persistence length varying between,
say, 1 and 20 nm. At the lowest salt concentrations,
the PSS does not take its full rodlike configuration, since
Ry is still significantly less than the value corresponding
toarod: L/v/12,i.e.,238 nm.2 In the limit of high ionic
strength, long-range electrostatic effects are effectively
screened and the persistence length tends to the intrin-
sic or bare value of order 1 nm.

Comparison with Theories. Several explanations
can be offered for the relatively short value of the
monomer repeat distance and the rodlike geometry on
a much larger length scale. The most simple explana-
tion is a helical twist in backbone structure, possibly
stabilized by stacking of the sulfonated benzene side
groups.?® In a recent theoretical analysis, Hao and
Witten showed that for intrinsically flexible polyelec-
trolytes there are strong local fluctuations with wave-
lengths smaller than «1. These fluctuations signifi-
cantly decrease the projected monomer repeat distance,
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Figure 3. PSS persistence length L, vs ionic strength Is. (O)
Recalculated Borochov and Eisenberg's data of PSS (DP =
4855) in excess simple salt and vanishing polymer concentra-
tion.?® (O) Present data obtained on 0.1 and 0.2 mol/L PSS
(DP = 235) without added simple salt. (v,2) Boué et al.’s
persistence length data obtained on semidilute PSS solutions
without and with added salt, respectively (DP = 850).2627 The
solid and dash-dotted lines correspond to the persistence
length according to Le Bret® and Odijk—Skolnick—Fixman,”8
respectively, with bare persistence length Lo = 1 nm. The
dashed line represents the Debye length «.

but they do not seriously affect the persistence length.1*
These predictions are qualitatively in accordance with
the present observations. Quantitatively, however,
there are still serious discrepancies (see below). The
polyion can also be visualized as a chain of blobs, which
takes a more or less extended configuration due to the
substantial electrostatic repulsion.5® This model has
originally been devised for weakly charged polyelectro-
lytes but has recently been applied to strongly charged
polyions as well.>1 Here, the projected distance between
monomers depends on the chain statistics inside the
blob.

Each blob contains g effective charges and go links
(monomers), each link with step length a. The blob size
D is obtained from the condition that the electrostatic
repulsion of two neighboring blobs is on the order of
thermal energy: D ~ g2Q, with Q the Bjerrum length
(0.71 nm at 298 K). For strongly charged polyions,
counterion condensation?®3° renormalizes the linear
charge density such that D/g ~ Q, and, hence, g is of
order unity. The size D is on the order of the Bjerrum
length and depends on the number of links according
to D = a(go)’. The exponent v is related to the chain
statistics inside the blob, e.g., v = 1 for a linear
configuration and v =/, if the chain remains Gaussian.
The z-axis projected distance between monomers be-
comes A = D/go = a (go)’~1. With the experimenal value
A =0.17 nm and D = Q, there are approximately 4 links
inside a single blob. The radial dimension is of order
D, which is reasonably close to the experimental value
of 2rp. With a vinylic step length a = 0.25 nm, the
exponent v takes the value 0.7. This value is close to
the value 0.8 reported by Stevens and Kremer, on the
basis of molecular dynamics simulations on a strong
polyelectrolyte system under good solvent conditions.344
The blob does not contain a sufficient amount of links
to attain Gaussian statistics, and/or the polymer chain
inside the blob is still disturbed by Coulombic inter-
actions. For strongly charged polyelectrolytes, the
number of links inside the blob is of order unity and
the applicability of the blob concept remains question-
able.%

The persistence length has theoretically been evalu-
ated by considering the electrostatic free energy cost of
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bending a wormlike chain.”® In the local stiffness
approximation «Lp > 1, the persistence length can be
written as the sum of a bare and an electrostatically
induced part: L, = Lo+ Le. Inthe strong coupling limit
A < Q and under the neglect of finite contour length
effects kL > 1, the electrostatic persistence length takes
the form

1
Le=——=Losr (19)

4Q«k

For PSS, the bare persistence length Ly is of order 1
nm. In the blob model, Ly can be identified with the
blob size D,52 which is of the same order of magnitude
(D ~ Q = 0.71 nm). The Odijk—Skolnick—Fixman
(OSF) theory views the polyelectrolyte as a line charge
and the charges interact via the Debye—Huckel poten-
tial (solution of the linearized version of the PB equa-
tion). The strong coupling A < Q is accounted for by
counterion condensation, which renormalizes the linear
charge density parameter to unity.2>3% The electrostatic
contribution to the persistence length of a uniformly
charged polyion with finite bare diameter has also been
calculated on the basis of the complete PB equation.®~11
Here, the persistence length depends on the electrostatic
potential in the very proximity of the polyion, which is
highly sensitive to the polyion diameter and fine struc-
ture.

The OSF theory as well as the numerical work on the
basis of the complete PB equation ignores local fluctua-
tions with wavelengths smaller than the screening
length. The effects of these fluctuations on the bending
rigidity are still a matter of debate. Using variational
approaches, several authors claimed that for intrinsi-
cally flexible polyelectrolytes the persistence length
should be proportional to «~1.1213 Especially, Ha and
Thirumalai showed that for an infinitely long chain the
OSF expression still holds when Losg < Lo, but!3

Ly~ (Low) ™k if Loge > L (20)
In the strong coupling limit A < Q, the electrostatic
interaction parameter o takes the value Q' and L, ~
k1 (Lo ~ Q). In a recent theoretical analysis by Hao
and Witten, it was shown that local fluctuations do not
invalidate the classical OSF theory, although they do
modify Losr to a slightly smaller value.l4

Figure 3 shows that none of the theoretical expres-
sions predicts the experimental data satisfactorily.
Except a single data point at very low ionic strength,
the OSF equation 19 with Lo = 1 nm underestimates
Lp. Finite contour length effects cannot explain the
observed discrepancies; including the corresponding
correction, the electrostatic contribution Losg shifts to
even lower values.” The values of the persistence length
based on the complete PB equation are too high in
comparison with the experimental data. The PB results
were obtained from interpolation of Le Bret's tables with
linear charge density £ = Q/A = 4.2, and the polyion
diameter is set to 1.6 nm (2 times the distance of closest
approach of the counterions to the polymer axis, see
below).® At high ionic strength, long-range charge
interactions are screened and the corresponding values
of the persistence length are predominantly determined
by short-range electrostatic effects. As is clear from
Figure 3, Le Bret's toroidal polyion model severely
overestimates the latter effects.5® It was checked that
this cannot be accounted for by a reasonable adjustment
of the polyion diameter. In the limit of large screening
lengths, short-range electrostatic effects become pro-
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Figure 4. Lower (left panels) and higher (right panels)
molecular weight PSS monomer partial structure function
Smm(q) (top) and Smm(q) divided by the intrapolyion function
F(q) (bottom): +, 0.1 mol/L; O, 0.2 mol/L. The solid line refers
to a model based on the random-phase approximation.3*

gressively less important and both theoretical ap-
proaches tend to «—2 scaling behavior. Unfortunately,
at the corresponding very low ionic strength, scattering
experiments become rather cumbersome [due to the low
osmotic compressibility (c™ ac/a11)] and reliable data are
scarce.

The experimental persistence length shows 15713
variation over 2 decades in ionic strength covering both
the dilute and semidilute regimes. This indicates L to
be related to the distance between ions, as has been
remarked before by Spiteri et al.?” However, if the very
high ionic strength data are ignored (for salt concentra-
tions exceeding, say, 0.1 mol/L), the persistence length
is more or less proportional to the Debye length «~. This
scaling behavior is in accordance with the variational
result in eq 20 and might indicate the presence of strong
local fluctuations. For absolute agreement, the propor-
tionality factor (Lo/Q)Y2 should be, say, 5, which results
in an unrealistic value of Lo and a violation of the
necessary condition Losg > Lo. With the intrinsic
persistence length Lo ~ 1 nm, the variational result does
not agree with the locally rodlike structure on a 10 nm
length scale. The modification of the OSF expression,
as proposed by Hao and Witten to account for local
fluctuations,' does not result in a better agreement.

The persistence length data can also be compared
with results based on molecular dynamics simula-
tions.*3* The simulation results are significantly smaller
than the OSF prediction and do not agree with the
present observations.

Total Chain Structure

The total PSS polymer chain structure has been
obtained by measuring the scattering of samples with
fully deuterated or hydrogenated polyions and TMAH
counterions in H,O. For these solutions, the TMAH
scattering length contrast is approximately zero (see
Table 5) and the scattered intensity (eq 1) is directly
proportional to the monomer structure function
Smm(g). The monomer structure has acocrdingly been
derived by dividing the experimental intensities by the
factor pbm2. The results are displayed in the top panels
of Figure 4 for the lower (SHH1-2, SHD1-2) and
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Figure 5. DNA monomer (nucleotide) partial structure func-
tion Smm(q) (top) and Smm(q) divided by the limiting form of
the rigid-rod scattering function with gL > 1, radius r, = 0.8
nm, and the z-axis projected distance between monomers A =
0.171 nm (bottom): +, 1100 base pairs; O, 168 base pairs.?
The DNA concentration amounts to 0.05 mol of nucleotides/L.

higher (LHH1-2, LHD1—2) molecular weight samples.
No significant polymer isotope effects on the solution
structure were observed (data not shown), and Smm(Q)
represents an average over PSSP and PSSH. The total
DNA nucleotide structure function has been acquired
in an alternative manner. Here, the partial structure
functions [including Smm(q)] have been obtained in a
least-squares sense, using orthogonal factorization of
scattering data obtained from samples with four differ-
ent H,O/D,0 solvent compositions (X0—100).22 The
consistency of this procedure was checked with the
directly measured nucleotide structure function ob-
tained from the sample with approximately zero coun-
terion contrast (i.e., sample X0). The result is displayed
in the top panel of Figure 5, together with previously
reported data obtained on persistence length DNA
fragments (168 base pairs).

In principle, the interchain function can be obtained
from Smm(g) and subtraction of the intrachain part
according to eq 4. Here, the total monomer structure
function is divided by F(q), a procedure which is usually
applied for systems with spherical particles. For PSS,
the intrachain function has been obtained from experi-
ments with zero-average polyion contrast. The results
are displayed in the bottom panels of Figure 4. The
DNA form function was not determined experimentally
but can be represented by the limiting form of the rigid-
rod scattering function (eq 13) (in the relevant momen-
tum transfer range gL, > 1). The structural z-axis
projected distance between nucleotides A = 0.171 nm
and the bare DNA radius rp was set to 0.8 nm in
accordance with previous work.?1?2 The corresponding
results are displayed in the bottom panel of Figure 5,
for both the present 1100 base pairs DNA and the
previously reported persistence length DNA fragments.

General Behavior. All total monomer structure
functions display a maximum, which owes its existence
to interchain interactions. At higher values of the
momentum transfer, the latter interactions become
progressively less important and the solution structure
Smm(Q)/F(q) goes to unity. A maximum in the solution
structure has been predicted by Monte Carlo simula-
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tions of charged rods modeling the tobacco mosaic
virus.>* In the long-wavelength limit (g — 0), the total
monomer structure function should approach the ther-
modynamic limit. This limit is approximately ¢—1, with
¢ being the osmotic coefficient. For the lower molecular
weight PSS sample (Figure 4), the low q behavior of the
monomer structure function becomes concentration
invariant and goes to the limiting experimental value
¢! ~ 5 (with ¢ ~ 0.2%. For the other samples, the
present momentum transfer window does not allow for
an evaluation of the thermodynamic limit.

The peak position g, depends on the range of inter-
molecular interactions. For lower concentrations, these
interactions occur on a larger length scale and, hence,
gm shifts to lower values of momentum transfer. Con-
currently, the height of the peak in the total monomer
structure function increases. This does not necessarily
imply an increase in position correlation, because the
solution structure Smm(q)/F(q) indicates that this effect
is predominantly due to an increase in single-chain form
function with decreasing q. Above the overlap concen-
tration c¢* the peak position qm scales as ¢'2, whereas
with ¢ < c¢* the scaling takes the form gy, ~ ¢1/3,55-57
The lower molecular weight PSS is near the rod limit,
and the overlap concentration can be estimated accord-
ing to ¢c* ~ 1/L3 ~ 0.2 mol/L. The solutions are just in
the dilute regime. The peak position shifts from 0.79
to 0.95 nm~1 upon a 2-fold increase in concentration,
which is in agreement with the expected c3 behavior.
For the higher molecular weight PSS, the peak position
shifts from 0.62 to 0.82 nm~1, which is within experi-
mental accuracy (£0.05 nm™1) in agreement with
semidilute c!2 scaling.

The molecular weight dependence of the peak position
is also related to the concentration regime. For semi-
dilute solutions, a change in molecular weight does not
appreciably affect the range of the intermolecular
interactions and g is invariant. The DNA concentra-
tions are well above the overlap concentration; e.g., for
the rodlike 168 base pairs DNA, ¢ ~ 15c*. As observed
in Figure 5, the peak position is invariant upon ap-
proximately a 7-fold increase in molecular weight.
However, for the coillike 1100 base pairs DNA, the
solution structure Smm(g)/F(q) becomes more pro-
nounced, which indicates an increase in positional
correlation. For PSS, this behavior is not observed, but,
here, the 6-fold increase in contour length causes a
transition from the dilute to the semidilute regime and
a concurrent shift in peak position.

Comparison with the Random-Phase Approxi-
mation. The scattering data may be analyzed using a
model based on the random-phase approximation
(RPA).58 Although this model has originally been
developed to describe systems with short-range weak
potentials (energies much smaller than kT), it has been
applied to highly charged polyelectrolytes as well.31:59
Assuming that the linear charge density is renormalized
according to Oosawa—Manning counterion condensation
and screening is caused by uncondensed counterions,
only «? = 47Ap, the monomer structure function, takes
the form

1 _ 1 A &
Smm(q) F(C]) Q q2 + I{2

(21)

Here, bare excluded-volume interactions have been
neglected and the counterion form function has been set
to unity. The RPA is demonstrated in the left bottom
panel of Figure 4 for the lower molecular weight PSS.
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Figure 6. Monomer—counterion Sn¢(q) (top) and counterion
See(q) (bottom) partial structure functions. Lower molecular
weight PSS (left panels): +, 0.1 mol/L; O, 0.2 mol/L. 0.05 mol
of nucleotides/L DNA (right panels): +, 1100 base pairs; O,
168 base pairs.?

The curve has been drawn with the series expansion of
the form function of a semiflexible Kratky—Porod rod
(L/Lp, = 1) and A = 0.17 nm.2® The model predicts a
monotonic function, which asymptotes to unity at high
g but fails to predict the maximum observed in the
experimental S;,,m(g)/F(q). Introduction of bare excluded-
volume interactions and/or a counterion form function
does not result in better agreement. For rodlike DNA
and the higher molecular weight coillike PSS similar
poor agreement is obtained (results not shown).

Counterion Structure

A complete picture of the charge distribution is given
by the full set of partial structure functions, including
the monomer—counterion and counterion structure
function, Sne(q) and Sc(q), respectively. The latter
structure functions have been obtained in a least-
squares sense, using scattering data of samples with
different collision length parameters. For DNA, the
contrast was varied in water (samples X0—100), whereas
for the lower molecular weight PSS solute contrast
variation was applied (samples SHH1-2, SHD1-2,
SDH1-2, and SDD1-2).38 It was verified that the
derived partial structure functions are consistent with
the experimental intensities within statistical error
(results not shown). Unfortunately, for the higher
molecular weight PSS this procedure failed, probably
because of the imbalance in the degree of sulfonation
(i.e., polymer charge) between PSSP-d; and PSSH (see
Table 2). The lower molecular weight PSS and DNA
results are displayed in Figure 6. The top panels show
Smc(q), whereas S(q) is presented in the bottom panels.
For comparison, Figure 6 also includes the previously
reported results obtained on persistence length DNA
fragments.

As in the case of the total monomer structure function
Smm(q), the counterion-involved partial structure func-
tions Snc(q) and Sc(q) exhibit a peak. This peak is due
to interference effects between different polyelectrolytes
(or segments thereof), together with their surrounding
counterion double layers. For higher values of momen-
tum transfer, the latter interferences become progres-
sively less important and the structure functions reflect
the counterion distribution about a single chain (seg-
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Figure 7. Comparison of the lower molecular weight PSS
squared monomer—counterion partial structure function with
the product of the monomer and counterion structure func-
tions, [Smc(0)]? (O), and Smm(q) Scc(q) (®), respectively. The PSS
concentration amounts to 0.2 mol/L.

ment). Accordingly, for the corresponding high values
of momentum transfer, the partial structure functions
are rather insensitive to polymer concentration and
molecular weight. In previous work, the high g data
were compared with cell model calculations based on
either the classical or modified PB theory.2072224 The
modified PB theory includes ionic correlation and exclu-
sion effects. Nice agreement was observed, provided
that interferences between different cell volumes are
negligible. For lower values of momentum transfer, the
data start to deviate from the single cell predictions and
a complete analysis of the pair correlation between
different polyelectrolytes (or polyelectrolyte segments)
seems to be necessary.

Cancellation of Chain Correlations. As is shown
in the appendix, for strongly charged rods with gL > 1
(or rodlike segments with gL, > 1) the partial structure
functions can be factorized into a term involving the
chain structure and terms which are related to the
radial monomer and/or counterion density profiles (eq
A4). As a consequence, the partial structure functions
should satisfy condition (9). For 0.2 mol/L (lower
molecular weight) PSS, the comparison of the product
of the monomer and counterion structure function
Smm(q) Scc(q) with the squared cross term [Sme(Q)]? is
displayed in Figure 7. Good agreement is observed in
the whole experimental range of momentum transfer.
For 0.1 mol/L PSS and DNA samples similar results are
obtained (not shown). The fulfillment of condition (9)
suggests that the term involving the chain structure can
be eliminated by taking the ratios Smc(q)/Smm(g) and
See(9)/Smm(q) according to eq 7. The results are dis-
played in Figure 8. The general behavior is in fair
agreement with the fact that S¢.(q)/Smm(q) should be
equal to the square of Sne(q)/Smm(q) (eq 9).

With increasing polymer concentration, interchain
correlations occur on a shorter length scale and the
interference peak in all partial structure functions shifts
to higher g values. In taking the ratios Sy¢(q)/Smm(Q)
and S¢(q)/Smm(q) the effects of these correlations are
canceled, and, hence, the PSS results displayed in
Figure 8 become relatively insensitive to polymer den-
sity. Also, the increase in DNA correlation with the
7-fold increase in molecular weight (and concurrent
transition from the rod to the coil regime), as observed
from the DNA nucleotide structure in Figure 5, does not
affect the corresponding ratios displayed in Figure 8.
The experimental Smc(q)/Smm(q) and Scc(q)/Smm(q) data
reflect in a direct manner the local counterion structure
about the polyion.

Radial Counterion Distribution. The ratios dis-
played in Figure 8 may be interpreted with eqs 7 and
8, together with radial density profiles for monomers
and counterions away from the polymer axis. The radial
monomer density has been evaluated with steplike and
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Figure 8. Monomer—counterion and counterion partial struc-
ture functions divided by the monomer partial structure
function, Smc(q)/Smm(q) (top) and Sc(q)/Smm(q) (bottom), re-
spectively. Lower molecular weight PSS (left panels): +, 0.1
mol/L; O, 0.2 mol/L. 0.05 mol of nucoeotides/L DNA (right
panels): +, 1100 base pairs; O, 168 base pairs.?? The solid
lines represent the ratios in eq 7, calculated with the geometric
parameters collected in Table 1. The dashed lines are calcu-
lated with the distance of closest approach of the counterion
to the DNA longitudinal axis r, = 1.0 nm.

Gaussian profiles with Hankel transforms (10) and (11),
respectively. The radial counterion distribution and its
transform a¢(q) were obtained from the analytical solu-
tion of the classical PB equation.23 In previous work,
it was shown that a shell-like step counterion density
profile, which corresponds to Oosawa’s two-phase con-
cept,?® does not agree with the data.??2 Furthermore, for
monovalent counterions and concentrations such as the
present range, both the classical and modified (which
includes ionic correlation and exclusion effects) PB
approaches yield similar radial counterion distribu-
tions.+24

The PSS linear charge density is fixed by the experi-
mental value of the projected monomer repeat distance
A =0.17 nm. The radial counterion profile is sensitive
to polymer concentration through cell radius re, be-
cause the derivative of the potential is set to zero at
the cell boundary. However, in the present limited
concentration range, the variation is small and the PSS
theoretical results displayed in Figure 8 refer to 0.1
mol/L only (reen = 5.6 nm). The polymer radius rp, =
0.5 nm and the distance of closest approach of counte-
rions to the polymer z-axis r, = 0.8 nm were optimized
from the fit of the ratio ac(g)/am(q). There is perfect
agreement for g values exceeding, say, 1 nm~1. For
lower values of momentum transfer, the theoretical
predictions deviate from the data, which is probably due
to a violation of the necessary condition gL > 1 (L =
6.7 nm). It is surprising that despite this violation
condition (9) still holds in the corresponding g range
(Figure 7). Another explanation might be polyion end-
group effects on the counterion distribution, which are
not accounted for in the theoretical calculations.

In the case of DNA, the nucleotide projected repeat
distance was set to the B-form value A= 0.171 nm. The
nucleotide concentration amounts to 0.05 mol/L, which
corresponds with cell radius rey = 7.9 nm. The solid
curves pertaining to DNA in Figure 8 are drawn with
optimized structural parameters r = 1.4 nm and r, =
0.8 nm. Nice agreement is observed in the whole
experimental range of momentum transfer. Here, qL
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and/or gL, far exceed unity, irrespective of molecular
weight. For very high g values, the S¢(q)/Smm(q) data
deviate from the theoretical prediction. This is probably
due to a baseline artifact, which is amplified by the
division of two small numbers. The theoretical results
are particularly sensitive to the distance of closest
approach of counterions to the polymer axis. As an
example, the dashed curve in Figure 8 has been calcu-
lated with r; = 1.0 nm, which corresponds to the DNA
outer radius. The poor agreement suggests that the
relatively bulky TMA counterions do not penetrate into
the grooves.

The curves displayed in Figure 8 were calculated with
a step-like monomer radial density profile. The PSS
radius r, = 0.5 nm agrees within experimental error
with the value obtained from the single-chain scattering
function (rp = 0.4 £ 0.1 nm). The derived DNA radius
is somewhat smaller than the outer radius, probably due
to the relatively open molecular structure and the
existence of grooves. For both PSS and DNA, Gaussian
radial monomer density profiles with second moment
20 = Yry? [transform (11)] give equally good fits
(results not shown). The distance of closest approach
of counterions to the polymer axis agrees reasonably
with the sum of the polymer and TMA counterion
radius. The derived structural parameters are in
agreement with our previously reported results, ob-
tained from the fit of the cell model calculations to the
high q data beyond the interference peak.2021

Conclusions

From the PSS intrachain structure it can be inferred
that PSS is locally rodlike, with an ionic strength
dependent persistence length between, say, 1 and 20
nm. The lower molecular weight PSS sample is near
the rod limit, whereas the higher molecular weight
sample displays coillike behavior. The intrachain struc-
ture of the short PSS polyion can be well described with
the scattering function of a persistence length wormlike
chain. The contour length and related z-axis projected
monomer repeat distance were optimized. The repeat
distance is significantly less than the value correspond-
ing to the fully stretched molecular configuration (0.25
nm) and results in a relatively high linear polyion
charge density (similar to DNA). This was also indi-
cated by the relatively low value of the osmotic coef-
ficient for vinylic polyelectrolytes.> The osmotic coeffi-
cient shows a weak concentration dependence, which
suggests that the linear charge density (and, hence,
monomer repeat distance) is rather insensitive to poly-
mer volume fraction and/or solution regime. Several
explanations can be offered for the relatively short
projected repeat distance, including a previously men-
tioned rigid helical twist in backbone structure or local
fluctuations in monomer density. For higher q values,
flexibility effects become progressively less important
and the form function becomes molecular weight invari-
ant. Finite lateral dimensions are responsible for the
high g deviation from q~! scaling. The derived polymer
radius (or second moment of the radial monomer
distribution) agrees with the size of the sulfonated
benzene side group and/or the size of the correlation
length in the blob model. In the present small-angle
range of momentum transfer, details of the very local
polymer structure are beyond observation.

The persistence length has been obtained from the
fit of the Gaussian and/or wormlike chain expression
to the low g behavior of the form function of the higher
molecular weight semidilute PSS sample. The derived
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values of the persistence length are in reasonable
agreement with values reported in the literature. The
guoted data pertain to semidilute PSS and were ob-
tained with a similar experimental approach2%27 or from
viscosity and self-diffusion experiments.*’ However,
many published experimental results are rather sensi-
tive to the reduced contour length and, accordingly, have
to be reevaluated with the new value of the z-axis
projected monomer repeat distance. For instance, De-
giorgio et al.’s conclusion that PSS does not take its fully
extended configuration at low ionic strength and high
dilution cannot be maintained if the electric birefrin-
gence data are reevaluated with the scaled value of the
contour length.59 As another example, the ionic strength
(simple salt concentration) variation of Borochov and
Eisenberg's values?® of the PSS persistence length,
extrapolated to vanishing polymer concentration, has
been reanalyzed. The corresponding results are in fair
agreement with the present data and put confidence in
the followed procedures and the assumption that the
monomer repeat distance is concentration invariant.

The persistence length data are compared with sev-
eral theoretical predictions. Apart from a single data
point at very low ionic strength, the experimental
results are intermediate between the classical predic-
tions based on the bending free energy of a wormlike
chain and the linearized”® and complete®~11 version of
the PB equation, respectively. Both approaches differ
in the way they treat short-range electrostatic effects.
In the linearized version, the charges interact via a
Debye—Huckel potential and strong coupling is ac-
counted for by counterion condensation. The complete
PB version considers the potential in the proximity of
the polyion, which is sensitive to the polymer radius and
fine structure. Despite the fact that in the present ionic
strength range no satisfactory agreement was observed,
the results suggest that a more realistic model of the
potential could improve the classical predictions. The
variational results include strong local fluctuations and
predict «1 scaling. This scaling behavior is observed
in a limited range of ionic strengths but is inconsistent
with the rodlike structure on a 10 nm length scale.
However, if local fluctuations do not seriously affect L,
as suggested by Hao and Witten, no firm conclusions
concerning these fluctuations can be reached on the
basis of the present experimental results. The Is~13
ionic strength variation of L, suggests that the persis-
tence length can be related to the distance between
ions.2’

The polymer solution structure has been derived from
the total monomer structure divided by the experimen-
tal (PSS) or high g limiting form of the rigid-rod (DNA)
single-chain scattering function. For the lower molec-
ular weight PSS sample, the low g behavior becomes
concentration independent and is in reasonable agree-
ment with the thermodynamic limit. In the case of the
other samples, experiments at even lower values of
momentum transfer are necessary for a reliable evalu-
ation of the g — O limit. The polymer solution structure
displays a maximum, which is related to interchain
correlations. The scaling of the peak position agrees
with the concentration regimes expected on the basis
of the polymer conformation and contour length. Both
the persistence length and the 1100 base pairs DNA
solutions are semidilute, and the transition from the
rodlike to the coillike formation causes an increase in
positional order. This behavior is not observed for PSS,
possibly due to a difference in contour length. The lower
molecular weight rodlike PSS concentrations are just
below the overlap concentration, and, hence, the corre-
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sponding solutions are in the dilute regime. No satisfy-
ing theory is available to describe interchain correla-
tions between highly charged polyelectrolytes. The
model based on the random-phase approximation to-
gether with charge renormalization by counterion con-
densation fails to predict the maximum. This is another
example of the fact that the counterion condensation
concept gives unsatisfactory structural results. The
relatively successful comparison of RPA with our previ-
ously reported PSS results, by Benmouna et al.,3! is
probably flawed by their use of the Gaussian coil
(Debye) form function. In the relevant q range, the
rodlike local structure cannot be neglected and the
Debye function becomes a poor approximation.

For a complete description of the spatial charge
distribution, the counterion and monomer—counterion
partial structure functions were derived. This was done
for DNA and the lower molecular weight rodlike PSS
samples. The partial structure functions exhibit char-
acteristic polyelectrolyte features, although the PSS
polyion is made of 40 monomers only. As in the case of
the polymer structure, the counterion-involved partial
structure functions display an interference peak and
depend on molecular weight and polymer concentration.
It was shown that the partial structure functions satisfy
certain conditions, which should hold for locally rodlike
polyions with high linear charge density (strong cou-
pling) and persistence length L, > g1 In this case,
counterions are predominantly located in the vicinity
of the polyion and the spatial counterion distribution
follows closely the monomer distribution. Accordingly,
the chain structure can be eliminated by dividing the
counterion-involved partial structure functions by the
monomer partial structure function. The results are
molecular weight independent (from the rod to the coil
regime) and reflect in a direct manner the radial
distribution of counterions about the polyion. The
effects of interchain correlations are canceled, but the
radial profiles may depend on polymer concentration.
The data are further interpreted using a radial coun-
terion density profile obtained from the solution of the
classical PB equation. For DNA, almost perfect agree-
ment is observed in the whole experimental range of
momentum transfer, which is on the order of the inverse
double-layer thickness and far exceeds the inverse
persistence length. For lower molecular weight rodlike
PSS, the data deviate from the theoretical predictions
in the range g < 1 nm™1, probably due to a violation of
the condition gL > 1 (L = 6.7 nm) and/or polyion end-
group effects. The derived structural parameters agree
with the lateral polymer dimensions and the size of the
TMA counterion.
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Appendix: Partial Structure Functions in the
Cell Model

The rodlike polyion structure can be recognized in eq
2 by replacing the integration over T in the total volume
V into integrations relative to the center of mass of the
rod and then sum over all rods. The identical rod
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carries the label I, and its orientation and center of mass
are denoted by @ and I, respectively. The position
relative to the center of massisf,and ¥ = | +TF,.. With
these definitions the structure functions take the form?®

S;j(a) =

1 —ige(T=T" . —iET G e
pT/DXe ral I)t/\z,ce"drl e " r'Pi(r|)Lcelldr|' e rlpj(rl’)[l
(A1)

and the integrations have to be done over T, in the cell
volume V. The brackets denote an average over rod
orientation and interrod_separation. The summation
runs over all cell pairs (I = I') and single cells (I = I').
The correlations within a single cell volume have been
treated before in ref 21.

For a uniform longitudinal monomer and counterion
distribution the integration in the cell volume V¢ can
be factorized into two terms?!

Jo 07 & o) =

i L/2) (re
ey ar 2araar/L — () (A2)

Here, Jo is the zero-order Bessel function of the first
kind and u is related to the rod orientation according
to the in-product 4 = G-@. The first term on the right-
hand side of eq A2 depends on the length L, whereas
the second term involves an integration of the radial
density profile pi(r). In the case of neutron radiation,
the condition gL > 1 is often fulfilled and one essentially
probes local structure about the polyion. In this situ-
ation, the first term is approximately zero unless u =
0. Acordingly, to a good approximation, the rod orienta-
tion u dependence of the second radial term can be
neglected and takes the form

a,(q) = f;"dr 27rdy(ar) pi(r) (A3)

If the radial density decays close to zero at the cell
boundary, the upper integration limit may be replaced
by infinity and eq A3 reduces to a Hankel transform.

The factorization of eq A2 into a L-dependent term
and a rod orientation independent radial term is par-
ticularly important in recognizing certain relations
between the different partial structure functions (eq Al).
In many situations, the linear charge density is so high
that most counterions are confined to the immediate
vicinity of the polyion. The counterion concentration
at the cell boundary is much lower than the average
concentration. If fluctuations in radial densities are
neglected (at the same level of approximation as the PB
equation), eq Al can be factorized into a product of the
radial terms aj(q) aj(q) and a term describing the
polymer structure, but with vanishing lateral dimen-
sions

Sij(a) =
1 - - Isin(quL/2)]2
N e a0l )\— Qi(q) aj(Q)’ gL>1
pV (qQuA/2)
(A4)
The summation runs over all rods (T=T’) and rod pairs

(I = I". For correlations within a single cell, the
brackets denote an isotropic orientation average and eq
A4 takes the relatively simple form



2684 Kassapidou et al.

sm(qu 2)]?
(quAI2)

q_Aai(Q) a;(a),

Si(@ =T fo ay(q) ay(q) ~

gL>1, T=1" (A5)

Here, the polymer structure reduces to the intrachain
function of a rigid rod with vanishing diameter. The
neglect of the rod orientation dependence of the radial
terms can be assessed by numerical comparison of eq
A5 with the exact single cell expressions reported in ref
21. For strongly charged rods, there is no closed
analytical expression available of the interrod structure,
and, accordingly, the | = I' contributions are difficult to
evaluate.
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