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ABSTRACT: Dodecyl-substituted polg{phenylene)sulfonates (PPPS), which are models of rodlike polyelectro-
lytes, form cylindrical micelles in aqueous solutions. The effect of different counterions on the association behavior
of PPPS in water is investigated by isotropic and anisotropic dynamic light scattering. PRRS ef 21 x 10°

g/mol forms micelles of a weight-average length of 6000 nm and 1520 individual chains per cross section

in very dilute solution. The exact values are depending on whethearH\a" serves as counterion and whether
neutral salt is present or not. The form factor of the formed objects can be analyzed in terms of a weakly bending
rod (Koyama'’s form factor). Micelles of the same polymer in the presence@f@&a" exhibit approximately

the same length but have around 50 chains per cross section; they are interpreted as defined bundles of a few
micelles exhibiting on average the shape of a weakly bending rod. The inferred structures are supported by
images of transmission electron microscopy.

Introduction one; frequently both of these residues are sulfatated. Thus, each
of these polymer chains bears many fully ionized negative
charges. These proteoglycans are thought to be essential in the
recognition process, which leads to the anchoring of the cells
to matrix fibers!? Similarly, many proteins contain ionogenic
amino acid residues that provide a charge pattern along the chain
which is frequently essential in the further self-organization to
secondary, tertiary, and higher levels of struct¥®. The
accurately defined topologies seen in the tertiary and quaternary
protein structures are essential in the creation of areas of high
and low charge density at the surface. The pattern thus created

c serves the purpose of molecular recognition through ionic
'S

Polyelectrolytes in aqueous environment are characterized
by a complex pattern of long- and short-range interactigns.
Short-range excluded volume and long-range electrostatic inter-
actions composed of both intra- and intermolecular components
contribute to the overall solution properties. Moreover, the
fact that highly mobile counterions and macroions are simul-
taneously present has a strong impact on the dynamics of
polyelectrolyte solution&.The combination and mutual inter-
dependencies of these long-range and short-range interaction
lead to self-organization phenomén&which are fundamental
to the functioning of life in the case of certain classes of biogenic : .
polyelectrolytes and are of importance to a number of applica- 'Nteraction
tions of synthetic polyelectrolytes. The intramolecular interaction among far away segments of

The key example for a biogenic class of charged polymers the same macromolecule, which is influenced by or will induce
refers to the nucleic acids DNA and RNAIn the case of DNA  coiling and folding and thus will lead to particular shapes, is
each repeat unit exhibits one ionogenic phosphate group. Thesubstantially influenced by the effect of counterion localization
formation of the double-stranded DNA from the single-stranded around the macroion§. This counterion condensation is also
one is strongly influenced by the pH, ionic strength of the responsible for a large decrease of the effective total charge of
medium, and type of mobile counterion present. Supercoiling the macroion. It contributes to an attraction between different
of the double-stranded DNA is again controlled by the presence parts of a flexible polymer chain by mutual polarization of the
of certain counterions, ionic strength, and temperature. Thus,ion clouds localized around the chain segments, and this
self-organization is a function of the complex interdependence contributes to the overall conformatiéh!® In other words,
of the long-range forces, namely repulsion or screening of segments together with their ion clouds separated over a long
charged sites on the macromolecule in competition with short- distance along the chain trajectory may nevertheless interact
range effects coming from excluded volume and van der Waals dynamically mediated by the attractive forces which have their
forces acting on the length scale of the chemical repeat unit of origin in the polarizability of the ion cloud. This has been
the chains. pointed out first by Oosaw#. In contrast to this, conforma-

Further examples among the biopolymers are proteoglycanstionally rigid and rodlike polyelectrolytes remain in their
as found in the connective tissues, in external matrices, and onéxtended chain conformation provided that their total length does
the surface of many celld.They all contain glycosaminoglycans ~—Not surpass their persistence length by a large f&€tGonse-
defined as linear polymers of specific disaccharides. One of quently, only intermolecular interactions determine the properties

these sugar residues consists typically of uronic acid and at leasof such system3:22 The interplay between excluded volume
effects and long-range electrostatic interactions must lead to self-

i organization phenomena in such rodlike or wormlike poly-
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Primary Structure: Secondary Structure: higher concentration. Rulkens etZalas well as Zaroslov et
ETTEHE RO, al.2® have reported that under certain conditions of experimental
parameters lyotropic liquid crystal phases of the micelles could
: be identified. However, the type of aggregate and nature of the
K 80X

Cc

PR lyotropic phase seem to depéhan the chain length of the
hydrophobic  hydrophilic primary macromolecules, the counterion species, and ionic
R=CpHy strength of the solution.

X = Counterion

The aim of the present study is, therefore, to elucidate the
(H*, Na* ,NH,*, Ca?*, Ba?")

role of the specific counterions on the self-organization of these
Figure 1. Primary structure of the alkyl-substituted sulfonated poly- wormlike polyelectrolytes starting from carefully purified
(p-phenylene) and a schematic picture of a section of a single cylindrical samples in the acid form (PPPS-H), where only protons in their
micelle (secondary structure). The hydrophobic and hydrophilic parts hydrated form are present as mobile couterions. It may be noted
g{rbhc?ucrg.emlcal repeat unit of the polymer are indicated in the primary in passing that PPPS is by its very nature a “strong” electrolyte,
and thus, the system does not suffer from a pH dependence of
ionization. Chlorides of mono- or divalent cations were added
systems are strongly modified by the nature, i.e., type and chargeto the solution of the free polymer acid in a concentration
of the mobile counterions, as well as by the ion strength of the comparable to the molar concentration of the polymer bound
solution, one could expect that the same is true for structurally sulfonate residues. The effect of these ionic additives as seen
simpler synthetic model polyelectrolytes. The hope is that the by static and dynamic light scattering is the central issue of
reduced complexity of the chemical structure of the underlying this paper. The effects seen by scattering techniques in dilute
synthetic macromolecules compared to the biogenic poly- solution are supplemented by direct imaging via transmission
electrolytes allows identifying the role of the individual param-  electron microscopy of some of the aggregates whose structure
eters in hierarchical structure formation and concomitant can be inferred to by the interpretation of all scattering data.
recognition processes.
On this account Rulkens et @ and Bockstaller et & have Experimental Section
introduced a simplified model system, which allows performing  materials. The synthesis of PPPS of the detailed structure shown
systematic investigations. The primary structure of this model in Figure 1 has been described in the literafi#&:3%In the present
system consists of a conformationally rigid backbone composed study two samples of the free acid form, PPPS-H21 and PPPS-
of phenylene rings which are linked in the para position. Every H30, with weight-average molar maddw, = 21 kg/mol and
third phenylene ring carries one methyl and one dodecyl side Mw,, = 30 kg/mol and similar polydispersitylw /M , = 2 were
group while the two remaining phenylene rings carry each just €mployed. The absence of ionic impurities had been certified by
one sulfonic acid residue. The latter provide the compatibility al0mic absorption spectroscopy (AAS). A high concentration
with water and are the ionogenic centers responsible for (o = 0-34 g/L) of PPPS-H was prepared by dissolving the sample

. ; . . in ultrapure water (Millipore, Milli-Q water with a conductivity
the polyelectrolyte behavior while the phenylene rings carrying 18.2 MQ-cm) under continuous stirring for several hours. Lower
the aliphatic side groups are hydrophobic in nature. The

X it s % concentrations were prepared from this stock solution by dilution
hydrophobie-hydrophilic balance which is thus embedded in ith ultrapure water. The desired ionic species in the aqueous
the primary structure results in the strong tendency of these solutions of PPPS-H were added in form of their chloride salts.
macromolecules to form a well-defined secondary structure in Dust-free solutions for light scattering experiments were obtained
water. Previous work has shown that this secondary structureby filtration through cellulose acetate membrane filters with a pore
can be described as cylindrical micelles of a cross section, thesize of 0.45um (Millipore, Millex-HA) into silica glass light
dimension of which relates to the primary structure and allows Scattering cuvettes (Hellma, inner diamete20 mm), which were
defining a radial aggregation numbétag It has further been  cleaned before with acetone in a Thurmont apparéit@$ie con-
shown that the micelles have a contour length much larger thancentration in the aqueous solution after filtration was also verified
the length of the constituent macromolecules. This could be by UV spectroscopy.

h . Al . h . Photon Correlation Spectroscopy (PCS)In a dynamic light
characterized by an axial aggregation numbkf, The primary geattering (DLS), the experimental normalized autocorrelation

and secondary structures of this model system are shown infynctionG(q,t) = 1(q,0)! (q,) Z(6) 3 of the light scattering intensity
Figure 1. The cylindrical micelles are described by a bundle of |(g) at a scattering vectay = (47n/lo) sin(©/2) (n is the refractive
poly(p-phenylene) chains oriented parallel to the cylinder axis index, 8 denotes the scattering angle, ahyds the wavelength of
with their dodecyl substituents pointing inward and the sulfonate the incident laser beam) is related to the normalized time correlation
residues making contact with the aqueous medium pointing functiong(q,t) = (E*(q,0) E(q,) ZJE(q,0)[°Cof the scattered electric
outward. It is thus the underlying assumption which is well field E(q.t) by the Siegert relation

supported by previous measureméhthat alkyl-substituted
poly(p-phenylene)sulfonates (PPPS) behave as a kind of poly-

soap’® The fom?ed mi(_:elles are rathe_r stable objects, which wheref * is a coherence instrumental factor amds the fraction

undergo further interactions to form tertiary and even quaternary of the total scattered intensiti(q) associated with fluctuations

structureg>?® Even at the lowest examined concentration relaxing with times longer than 0.1 &2 To analyze the computed

(cp ~ 8 x 104 g/L), at which scattering experiments can be relaxation function€(q,1), an inverse Laplace transformation using

conducted, only micelles were identified, and hence the critical the constraint regularized CONTIN method was appled@his

micelle concentration is immeasurably small. method assumes th&X(q,f)can be written by a superposition of
Studies by Bockstaller et &:25 on the sodium salt form of ~ exponentials

PPPS (PPPS-Na) revealed that the micelles are the single objects .

forming an isotropic solution up to a concentration of 0.02 g/L C(q,t) = ijH,(In 7) exp[—t/z] d(In 7) )

in water at 20°C. These start to associate into aggregates com-

posed of still a small number of micelles at a defined concen- where H,(In 7) is the distribution of relaxation times. The

tration, and these aggregates give rise to a gel phase at stillcharacteristic relaxation times correspond to the peak positio&sDo\f/

G(at) = 1+ f*jag(a)* = 1+ f*|C@) )
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H.(In 7), and the area under the peak defines the valyeq 1)
and hence the intensityl(g) associated with the particular dynamic
process. For single but nonexponential dec@yg,f) can be
represented by the stretched exponential Kohlrau¥¢hliams—
Watts (KWW) function

Ca,t) = o exp[—(Ur*(9))] (3)

where the shape parametex(3 < 1 characterizes the distribution
of relaxation times?

The experiments were performed on a commercial goniometer
from ALV equipped with a krypton ion laser (Spectra Physics model
2020 with a single mode intensity of 100 mW /at= 647.1 nm) 10° 41
and a Nd:YAG dye-pumped, air-cooled laser (Adlas DPY 325 with c/gL
a single mode intensity of about 50 mW/at= 532 nm) by using Figure 2. Concentration dependence of the reciprocal total static
an ALV-5000 full digital correlator (320 channels) over a time range  scattering intensitiKc/Rn (—0) as a function of polymer concentration
107 < t < 1®s. The cuvettes containing the solutions were placed ¢, of aqueous solutions of PPPS-H21 at°Z0 At ceit = 0.012 g/L, a
into a thermostated refractive index matching toluene bath held at crossover occurs from regime A in which individual micelles exist to
a constant temperature af = 20 °C. For all light scattering @ regime B in which aggregates of the micelles are found.
experiments, the primary laser beam and the scattered light passed
through Glan-Thomson polarizers with an extinction coefficient

Ke(R,,(@—0))" / molg”
3

-
(=}
&

-2

better than 107. The first polarizer guarantees that only vertically 1,00x10”
(V) polarized light meets the sample. For the depolarized dynamic
light scattering measurements, the analyzer was changed from 7 50x10°-
vertical (VV) to horizontal (VH) position with respect to the P'E '
scattering plane. Static light scattering experiments were performed c
with the same instrumental setup and equipment over an angular = 5,00x10° o
range from 12 to 150 corresponding t@ = 3.29 x 1073-3.04 0_3 g
x 1072 nm (for n = 1.33) at room temperatufe= 20 °C. The . =
reduced absolute intensity rati{g)/(Kc) at a concentratiom is T 2,50x10° % M
computed from the Rayleigh ratig(q) % )
<, q'/cm
. 2 0,00 : 0,0 | 5,0x10" 1,0x|1o“
R(q) = l(q)“"';—l(q)“'v (@) R 4) 0,00 0,01 0,02 0,03
(o), N q/ am’”
and the optical constait =(27zn dn/dc)?/(1¢*Na); Isomn Isons andly Figure 3. Holtzer plot of the static light scattering intensity of PPPS-

are respectively the light scattering intensities of the solution, H21 in salt-free solution at, = 3.4 x 1073 g/L. The solid line denotes

solvent, and the pure toluene used as a standard with refractiveth® form factor of a nearly rigid rod of length= 600 nm according
indexn, and Rayleigh ratiR = 2.2 x 105 cm* whereasNa is to egs 5 and Al with size polydispersity, PD3. The inset shows the

> Y
the Avogadro numbe¥ The refractive index incrementntiic ?Agtrgtjﬁcs/%?vé?r;iso% ;?zgrelenﬂgglelrarplrnoeatlon of the molar mass and
(~0.189 mL/g) for each sample of PPPS was measuréd=a633 '

nm using a scanning Michelson interferomeéfer.

. Tra”_sm.iSSioT Et'ectmf? Microscofpy (TEIQ/ID'CA Te_tcl:a_ti tFZOt 4 Supramolecular objects (micelles) were documented, and inter-
ransmission €lectron microscope irom 0. With Integrated ,q1ecular interactions between these micelles should not play

electron energy-loss spectrometer, operated at a 200 kV acceleration . ~~.". . .
voltage, was used for recording of the cryo-TEM images of the a significant role. The structural characterization and the inves-

specimens. For cryofixation of the samples, the aqueous solutiontigation of dynamic behavior of individual micelles in the pres-
was dropped onto a go|d_stabi|ized carbon gr‘idY and the excessence Of d|ﬁerent counterions refer to thIS reg|me. TO minimize
amount of liquid was blotted off with filter paper. Subsequently, intermolecular interaction effects, very dilute solutions with a
the sample was frozen in liquid propane8s °C) and transferred polymer concentratior, = 3.4 x 103 g/L are used for the
to the TEM. structural characterizations.

The first target is the shape and the dimensions of the micelles
of PPPS-H21. Figure 3 shows a Holtzer presentation of the form
Structure of the Assembliesa. Monovalent Counterions. factorP(q) = Rw(q)/(Mw/Kc) of PPPS-H21 in a salt-free aque-

In the case of the sodium salt of PPPS, the dilute aqueousous solution as a function of the scattering vegtorhe weight-
solutions consist of cylindrical micelles of the form depicted in average molar maskly of the supramolecular assembly is
Figure 1. Individual macromolecules could not be detected even obtained from the<c/R,(q) vs ¢? plot in the linear regime, as

at a concentration as low & = 8 x 1074 g/L. For PPPS-Na, shown in the inset of Figure 3. The intercept and the slope of
the radial aggregation number was fotfrto beN;ag~ 15 inde- this plot respectively yield&y = (4 £ 0.5) x 10° g/mol and
pendent of the molar mass of the primary macromolecules. Here,the radius of gyratiolRg = 144 4+ 9 nm, as listed in Table 1.
we are interested in the structures in the aqueous solution ofOn the basis of the form of the experimentg®(q), which

the free acid form of PPPS. A sample of weight-average molar increases at lovg values and reaches a quasi-plateau in the
massMw,, of 21 kg/mol of the primary macromolecules was highqrange, we conclude that the whole object is probed. Thus,
dissolved in ultrapure water and studied under salt-free condi- the experimental conditions justify the unambiguous report of
tions by light scattering. Figure 2 shows the concentration the My and the estimation of the overall si2e/gy, ~ 500 nm
dependence of the reduced total scattered interSityR - from the value ofy, at whichqP(q) exhibits its maximum. The

(g — 0) for PPPS-H21 in the rangex8 10 < ¢, < 0.1 g/L. plateau value allows estimating the linear mass demity=
This plot suggests two different regimes with a crossover qR(Q)/(cKr) listed in Table 1. The solid line in Figure 3
concentrationcgiy = 0.012 g/L. In the regime A only single  denotes the Koyama form fac#ér3® CDV

Results and Discussion



Macromolecules, Vol. 39, No. 20, 2006 Supramolecular Structures7101
PKoyama(Lr!qlk) =
2 L 1 sin(sxgXx))
iy L - %) exp[ S (x)] gy O
which considers a weakly bending rod of lengith= 600 nm
with a size polydispersity PB= 3 (L, = L/lx , s = gl/2, see
Appendix A; note that the derivation of this form factor found
in the literaturé®=39is difficult to reproduce, and therefore we
have given a lucid derivation in the Appendix).

Furthermore, the TEM micrograph of Figure 4 supports the
found structure of long and thin cylindrical micelles. However,
a correct estimation of their length distribution is hampered by
the relatively small number of observed micelles per drop of
the PPPS-H21 solution in the cryofixation experiment. A single
highly anisotropic object with short branches is seen in Figure
4. Statistical analysis of many such cryo-TEM micrographs by
using the software program ImageJ results in an average
diameterd =5+ 1 nm and a length dfz = 515+ 52 nm, in
conformity to the light scattering data (Table 1). We note that
the experimental form factor is not sensitive to the value of 100 nm
due to the low magnification of the light scattering experiment,

€., qd < 1. HOV\_/ever, the (_jens!ty _dlstrlbutlon across the Figure 4. Transmission electron microscopy (TEM) image of a micelle
diameter of the micelles can in principle be determined from of ppp-H21 in dilute salt-free aqueous solutio,at 3.4 x 10-3 g/L

small-angle X-ray scattering (SAXS) data, and in fact, such an obtained by cryofixation.
analysis has been performed for our systems (sodium salt of

PPPS) by Bockstaller et &.The pertinent result was that the S O PPPS-H21

density in the center of the micelle is lower than that at the g 6x10°4 ¢ g;ﬁg'gagl

rim, probably indicating that the micelle is swollen by water. T’:” ~0‘o... . ppps:c;221
Sodium chloride was then added to this solution of PPPS- £ ‘I ““A“w

H21 at a sodium chloride (NaCl) concentratiopc = 4.74 x S 4x10°] & a4 o

107® mol/L, at which the nominal concentration of sodium ions S f

is 4 times larger than the concentration of sulfonic acid residues X ,

fixed to the polymer backbone. The light scattering intensity ~ 21077

obtained from both static and DLS experiments is depicted in 3; G@SSSQQ%MM

a Holtzer presentation in Figure 5. The displayed similarity ox 0

between PPPS-H21 and PPPS-Na21 intensity patterns suggests c 0 0,01 0,02 0.03

that the structure of the micelles remains largely unaffected by
the addition of NaCl. The same data analysis as for the free
acid of PPPS reveals that the number of chains per cross sectiorg }ggéepg' ﬁgioallzte |iQSthcait(eTraing/Ii_n\tlsi?ﬁgztf(;rnze\\ﬁtfﬁ|:(;|clilé% Ss(gﬁtic?fns
. . . . - =34 x

of the cylindrical mlce”eSNra‘? = Mwbn/(MmLw) with Mm, = Coan = 4.74 x 10 mollL in a Holtgzer presentation. Open squares and
571 g/mol and., = 1.2 nm being the molar mass and the length  giamonds denote experimental data for “salt-free” PPPS-H21 and NaCl
of the monomer unit grows by ca. 30% as reflected in a similar added PPPS-Na21 samples, whereas the solid triangles and circles refer
increase in the linear mass densiv/() of the objects. At the  to samples PPPS-Ba2l and PPPS-Ca21 with added; BaGICaC
same time the contour lengty = Mw/(M/L) decreases by  Salts.
ca. 10% while the total mass of the objects increase by ca. 20%.
The radius of gyrationRs ~ 150 nm remains virtually x 107% mol/L. Incubation of the aqueous solution of PPPS-
unchanged. This assembly remains stable at ambient temperaturél21 with the salts of the divalent counterions was witnessed
up to 0.1 g/L. In the semidilute regime, the system becomes by a strong increase of the light scattering intensity at tpw
unstable as it was also observed in the aqueous solutions ofwhich has reached a constant level after about 12 h. No
sodium polystyrenesulfonaf@.It should be mentioned that noticeable change was observed for several months keeping the
amphiphilic short polyg-phenylenes} in surfactant solutions  solutions at ambient temperature.
form also rodlike micelles withN;ag ~ 15. The measured intensity distributidg) for the two divalent

b. Divalent Counterions. The effect of the presence of solutions is also shown in Figure 5 for comparison purposes.
divalent counterions for the self-organization of PPPS-H was The light scattering intensity increases in comparison to the salt-
studied using calcium chloride and barium chloride as the free solution substantially which suggests an increase for both
additive to the aqueous solution@t= 3.4 x 1072 g/L. The the molar masdy ~ (15—19) x 10° g/mol and the radial
excess of divalent counterions with regard to the sulfonate resi- aggregation numbeé¥,,q ~ 50 of the formed objects. The rele-
dues was adjusted by the concentration of the added salt at 4.74ant structural parameters extracted from the scattering patterns

q/nm’

Table 1. Characteristics of the Micelles of PPPS-H21 under Salt-Free Conditions and with NaCl Added
(cp = 3.4 x 103 g/L and cnaci = 4.74 x 1075 mol/L)

counterion Mw/10° g/mol Lw/nm Rs/nm Nrad M/L 103 (g/mol) nnTt
H* 4.0+£0.5 560+ 30 144+ 9 144+ 3 7.2+0.8
Na* 48+04 490+ 25 146+ 9 19+ 4 9.8+1

Ccbv
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- | 2% PPPS-Ba30:
] N A ¢=0.0034 g/L
g, 3,0x10™ 1 x A * ¢=0.0074 g/L
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Figure 6. Schematic picture of a counterion induced side-by-side 0,00 0,01 0,02 0,03
aggregation of the original objects onto a bundle of individual micelles. q / nm-1

; ; ; ; Figure 7. Absolute light scattering intensity patterns for PPPS-Ba30
are compiled in Table 2. 'I_'he peak a.t '“‘W"?"“es implies the at three different PPPS-H30 concentrations with Bdf@ing present
presence of structures with large dimensions of the order of ;. 4 fo|d excess.
few hundred nanometers. The appearance of the peak in the

experimentalg range further suggests that despite the large

structures involved, the low light scatteritgvalues can still 0.30- M%—J
match the overall size of the probed object, which appears to
be counterion specific.

A comparison of the data in Tables 1 and 2 indicates that
the addition of the divalent ions causes a nearty54old
increase in the mass of the scattering objects. This increase in
mass owes its origin mainly to a respective increaskipas
inferred from the increase in the mass per unit leniglt.
(Figure 5, plateau at high values), while the contour length
Lw andRg remain rather unchanged. Since the cross section of 0'000 1 2
the original micelles of PPPS-H21 is rather fixed by the qR,
hydrophobie-hydrophilic balance embedded in the chemical Figure 8. Form factorP(q) for PPPS-Ba21 in aqueous solution with
structure of the repeat unit, these data seem to imply that newc, = 3.4 x 103 g/L at 20°C in a reduced Holtzer presentation. The
objects are formed by counterion-induced side-by-side aggrega-lines denote theoretical representations of the data (triangles) by

tion of the original objects onto bundles of an average but not monodisperse (solid line), polydisperse (dashed line) rigid rods, and

T : : i iy Koyama-type semiflexible monodisperse (dotted line) and polydisperse
too large number of _|nd|V|duaI micelles, as illustrated in Fig (dash-dotted line) rods. The vertical line afRs = 1.4 marks the
ure 6. We cannot dispute, however, that the enhanced light position at whichqP(q) attains its maximum for monodisperse ré@s.

scattering intensity in the presence of divalent salts might hint

to an enclosed phase separation since the second virial coeffi-

cient remains negative. Theoreticatfthe presence of multi- ¢, should rather imply an increasing size of the formed aggre-

valent salts can enhanced incompatibility of highly charged gates and not enhanced concentration fluctuations near to phase

polyelectrolyte solution due to increased segmesigment  separation. To elucidate these structures in dilute aqueous

attraction. solutions of PPPS in the presence of divalent salt, we have
To probe this conjecture, we have examined the variation of chosen the PPPS-Ba21 solutioncat= 3.4 x 1073 g/L.

the scattering intensity pattern with concentration. By concen-  Figure 8 shows the experimental form facR{g) as a func-

trating an aqueous solution of the PPPS-H30 at a initial tion of the reduced quantityRs. To create this plot, the required

concentration of 3.4« 1072 g/L and BaC} concentration of weight-averaged molar madsy = (15 £ 1) x 10° g/mol and

4.74 x 107° mol/L (PPPS-Ba30), we examined the variation the radius of gyratiolRs = 160 4+ 8 nm were obtained from

of the scattering intensity with concentration in the range 3.4 the intercept and the slope of th&/Ry (q) vs g2 at low g

x 1073 < ¢, = 1.33 x 1072 g/L depicted in Figure 7. The  values as delineated above (cf. Figure 3). The description of

concentration dependence Igf])/c, at low q values leads to a  the experimental form factor should include size polydispersity

negative second osmotic virial coefficient &f = —5 x 104 in the theoreticdl P(q) as inferred from the nonexponential

mol ml g~2. While nonfavorable interactions are present, the shape of the relaxation functions for the concentration and

A value is low, and therefore the increasé(of) with increasing orientation fluctuations (see below).

0.15

q-P(q)/nm”

N

Table 2. Characteristics of the Self-Assembled Structures in the Aqueous Solution of PPPS-Ca21 and PPPS-Ba21, Obtained by Starting from
PPPS-H21 ¢, = 3.4 x 1072 g/L) Followed by Addition of CaCl, and BaCl, (Csat = 4.74 x 1075 mol/L)

DLS SLS
counterion DJ/cn? st LJ/nm Mw/1C® g/mol Lw¥nm Rs/nm Nrad M/L 103 (g/mol) nnTt
cat 25x 10°8 870+ 40 19+ 1.4 680+ 35 160+ 8 52+5 28+25
Ba2+ 3.0x 10°8 725+ 35 15+ 1.3 570+ 30 161+ 8 51+5 27+ 24

aLw = Mw/(M/L). Ccbv
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J7P(@) W(L)L dL
S W(L)L dL

PaLW) = (6)

where W(L) denotes the distribution of contour lengths
assuming to be of a SchutZimm type

W(L) = an—T y"Hle v )

with y = (m + 1)/Lw, wherem is a parameter characterizing
the polydispersity of the structuremf! = (Lw/Ln-1)].*® For
the form factorP(q) of PPPS-Ba21, we assume first a rigid-rod
shapé*

sin(qL/Z))2 @®)

2 rgLsinXx

Prod(q) - q_L‘/; X dx — ( C]L/Z
with Lw = Rev/12 = 450 nm and a negligible diameter. A
polydispersity PD= 1 leads to the solid line in Figure 8, whereas
introduction of a PD= 3 (dashed ling with L = 300 nm
worsens the fit significantl§® An alternative approximation to

a semiflexible structure approached from the rigid-rod limit was
proposed by Koyam#&—3° Although this form factor has been
rarely utilized3—39 we employ it to represent the experimental

P(q) mainly because of the resemblance of the present structures

more to rod rather than to coil conformations. The dotted line
in Figure 8 denotes the Koyama form factor (eq 5) for
monodisperse structures with= 750 nm and Kuhn segment
lengthly = 750 nm which capture the experimenid. The
computedP(q) displays deviations from the experimental data
in the 1< gRs < 2 range. Inclusion of size polydispersity (see
Appendix A) into the Koyama form factor (eq 5) with RB3,

L = 750 nm, andlg 400 nm clearly leads to a better
representation of the experiment (dashedtted line in Figure

8). We should note that both models suggest almost micrometer-
sized supramacromolecular structures which should also mani-
fest themselves in the transport properties, namely translational
D, and rotationaDg diffusion coefficients. Hence, a consistent
description of both static and dynamic properties will add

credibility to the proposed size and shape of these association

colloidal objects.

Figure 9 displays the relaxation functid®(q,t) (eq 1) for
the PPPS-Ba2l system at low and high magnification corre-
sponding togRs = 0.53 and 3.95. We first assume one single
translational diffusion mechanism for the decay of the concen-
tration fluctuations in the dilute solution of these polydisperse
objects3241

[ P@LW(L)e > dL

ClaLt = 9)

JoLw(L) du

At low g values, eq 9 adequately describes the experimental
C(q,t) as shown by the solid line in Figure 9. Because of the
domination of the scattering at logwalues by the large objects,
the moderate width of th€(q,{) is also described by eq 3 with
£ = 0.9. At the highestj, eq 9 predicts (solid line in Figure 9)

a narrower shapg3(= 0.85) than found experimentally (=
0.76). This disparity becomes more pronounced for the orienta-
tion relaxation function (Figure 10), and it is attributed to an
additional source of scattering due to internal degrees of freedom
in the supramolecular assemblies. This additional contribution
might affect thd(q) in the highg range, but there is no obvious
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Figure 9. Relaxation function€(q,t) for the concentration fluctuations
in 3.4 x 103 g/L PPPS-Ba21l fog = 4.11x 103 nm (A) andq =
3.04 x 102nm™ (O) at 20°C. The solid lines denote representations
according eq 9. The shape of the experime@(glt) at highq is broader

(6 = 0.76) than the theoretical functiof$ (= 0.85). The diffusion
coefficient G/ obtained from the experiment@(q,t) is shown as a
function of ¢? in the inset whereas the solid line denotes a linear
dependence (eq 10).
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Figure 10. Orientation relaxation functio@o(q,t) atq=4.11x 1073
nm (¢) andg = 3.04 x 1072 nm™* (@) for an aqueous solution of
PPPS-Ba21 witlt, = 3.4 x 1072 g/L at 20°C. The dasheddotted
line denotes the calculated eq 14 with nonexponential pararfieter
0.75 function. The rate of th€,(q,f) and the time-averaged depolarized
intensitylyu(g) are shown in the inset where the solid lines denote fits
of eq 12 to the rateGvn(q) = D,g? + 6Dg) and eq B1 (Appendix) to
the intensity.

way to account for it. For large particles, the reduced first
cumulant,I'/¢?, shows ag dependence that can be written in
the low g range limit ag?

D) = qL =D+ CRIA ~..]  (10)

whereC is a dimensionless structure-sensitive parameter depend-
ing on the molecular architecture and polydispersity of the
particles??

The translational diffusion coefficieflt, = 3 x 108 cn?s™!
obtained from the intercept of the linear variationIdé? (see
inset to Figure 9) withg? is also a conformation index of the
diffusing objects. For rigid rod8 of lengthL, and diameted CDV
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D, =

. 11)

s of)

wherey is the solvent viscosity. Usind = 8 nm, the experi-
mentalD, leads to[1/LGZ~1 = 725 nm. For semiflexible chains
with Kuhn segments lengtly, an alternative expressigtfécan
be also applied assuming a value fgras obtained from the
static form factoP(q) (Figure 8). In this casdy takes a value
between 400 nm ant, that again supports a rigid structure.

An additional evidence of these rigid structures originates
from the measurable anisotropic light scattering. The main plot
of Figure 10 displays the strong nonexponen@alq,t) com-
puted from the autocorrelation function (eq 1) of the depolarized
light scattering intensity of PPPS-Ba21 at the same two extreme
g values for comparison with the relaxation functié(g,) in
Figure 9. The relaxation function for orientation fluctuations
Cor(0,0) decays via both translational and rotational motion, and
hence for monodisperse rigid rdds

Colat) = luu(@) exp=(D.4* + 6DR)]  (12)

where the relaxation ratByy (q) = DA? + 6Dg yields the
rotational diffusion

Figure 11. TEM micrograph (cryofixation method) of PPPS-Ba21 in
aqueous solution &, = 3.4 x 102 g/L. Individual objects are encircled
for better identification.

L |n(£) (13)

anel® d
at highq values. The value of the optical anisotragylof the
aggregate consisting of ca.liflenzene rings is about Afimes
larger than the optical anisotropy of a single benzene ring (of
toluene), and it suggests an enhancement of the optical aniso-
tropy of the order of 19owing to the intramolecular orientation
correlations of the backbone phenylene rings.

We do not wish to overemphasize by stating that the eluci-
dation of the structure in PPPS-Ba21 is based on four different
experimental quantities. Similar analysis was performed for the
P(q) of the other systems displayed in Figure 5 and@h€q.t)
in the presence of the divalent counterions. For the other two
systems the shorter length and the increased flexibility renders
the Co(q,1) very weak. Table 2 is a compilation of the structural
properties of both the self-organized structures formed in the
presence of calcium or barium ions.

Figure 11 displays a TEM image obtained from PPPS-Ba21
similar to Figure 4. Slender and elongated objects can be
discerned which display a certain amount of curvature of the
in C(q.t) (Figure 9), eq 14 yields a too narroy { 0.75) shape trajectory. A statistical analysis of many of such objects gave
compared to the experiment@(q,t) (Figure 10) at the highest ~ approximatelyd = 8 + 1 nm andL = 447+ 22 nm. The larger
q, beyond the experimental error. We attribute this broader shapediameter compared to the objects seen in TEM micrographs of
to additional orientation dynamics due to internal mobility of PPPS-H21 indicates an association as a consequence of the
the anisotropic objects. addition of divalent counterions as described above.

From the value oDg = 67 s (inset to Figure 10) and eq

at forward scatteringg(— 0). Theq dependence of the ampli-
tudelyu(qg,L) in eq 12 is determined by the orientation correla-
tions within the object with optical anisotrogy?0= B(lvu
(a=0)e)/(Iyu/ri ) (M/Mw) where the quantities with subscript t
refer to the standard toluene with optical anisotrgigymolar
massVk, and density:. The inclusion of the size polydispersity
is possible for rigid rods for which th&.(q,t) (eq 12) is known.

In analogy to eq 9, the function

JLW(L) exp[(D,of + 6Dg)t] dL

Colat) = (14)

S w(L) du

was employed to represent the experime@&lqg,t). At low q
values, eq 14 with PB= 3 adequately describes the broad shape
(8 ~ 0.75) of the experimental orientation relaxation with a
rate Gyn(q) shown in the inset of Figure 10. Like the situation

13, we estimated = 660 nm. Because of the largg values,
the lyn(q) displays a moderate but discerniljedependence,
as shown in the lower inset of Figure 1Q(q) is distinctly
different from theP(q) (Figure 8) which supports its intrinsic

Conclusion

In this paper we present for the first time a detailed analysis
of the self-organization of a conformationally rigid pagby(
phenylene)sulfonic acid regularly substituted witdodecy! side

nature free of artifacts at this low concentration. This important chains (see Figure 1 for the correct chemical formula). The
light scattering information is often lost due to the weak signal starting polymer had a molar massh{y , = 21 kg/mol, and it
and precautions for a correct accessibility. In particular, there was studied under salt-free conditions; in other words, only

are only few experiment$48to the best of our knowledge dis-
playing ag-dependenty(q) in very dilute solutions. For long
rigid rods gL ~ 1), the analytical forr#f of Iyn(q) (eq B.1 in

hydrated protons serve as counterions in water as the solvent.
As had been reported previously for the sodium salt of the same
type of polymer, cylindrical micelles exist as the only object

the Appendix) modified to include polydispersity has been below a certain concentration, while above this concentration
employed to match the experimenta(g) of Figure 10. The strong interactions between these micelles give aggregates of
solid line denotes the theoretical prediction plus a baseline to again rather well-defined size and shape in the submicron
account for the additional fast orientation fluctuations present regime. They may be described as bundles of limited nure:ttg\r/



Macromolecules, Vol. 39, No. 20, 2006 Supramolecular Structures7105

of individual micelles. At still higher concentrations a gel-like  Appendix
phase will be formed which exhibits signatures of liquid crys-  a pefinition of Koyama’s form factops-3°
tallinity.28:30310nly the first two stages of self-organization have
been looked at in detail in this work, namely the structure and Provamd L q|k) =

. . . . . . yama =r1
dynamic of the cylindrical micelles in existence below the 2 1 sm(sxgx))
concentration of, = 0.01 g/L and of the clusters of micelles |_ —X) eXF{ =y xf ( )] dx (A.1)
existing up to a concentration @f = 0.01 g/L. The micelles L2 3
have a weight-average length of about 600 nm under salt-free
conditions that is about 8 times the length of the individual with Iy the statistical Kuhn segment lengththe inverse ofy,
constituent macromolecules. Their cross section contains aboui = (1/1y), L the contour lengths the reducedy, s = (g/2u), L,
14 such individual macromolecules aligned along the cylinder the reduced contour length; = 2uL, t the reduced Kuhn seg-
axis of the micelle. The shape of these micelles can be describednent lengtht = (x/2u), X the number of segments per reduced
by Koyama'’s form factor describing a weakly bending rod, that lengtht, [?(the second moment of the end-to-end distribution
is, a wormlike object extending for only very few persistence function, and@“Cthe fourth moment of the end-to-end distribu-

lengths. tion function, with

The important observation in this work is that addition of 4
very small amounts of salt, like sodium chloride as example _ Tiys (A.2)
for a monovalent cation salt and calcium or barium chloride as 043 '

examples for divalent cation salts, has a dramatic effect on the
mode of self-organization of the polyelectrolyte. A detailed
investigation by static and dynamic light scattering reveals that

in the case of addition of NaCl to the solution of the micelles

at a concentration which only exceeds the nominal concentration

of the ionogenic sulfonic residues by a factor of 4; that is, at a [*[=
concentration o€sat~ 5 x 1072 mol/L, the number of polymer u
chains per cross section of the micelle increases by ca. 30% _(1 z,a) 1 ) (A.4)
(19 chains) while the length of the micelle remains rather # u )
unchanged; however, the shape of the micelle remains still that

of a weakly bending rod

However, addition of 5x 1075 mol/L barium or calcium xf (X) = (2,u) E(l - @« /1— :%K) (A.5)

chloride induces a strong aggregation of the micelles to a new
structure which is described as a bundle of a few micelles

= l—i(t - —(1 *Zf“)) (A.3)

— = (1-e ¥+

1 (st 26t
3 542

aggregated alongside and forming altogether a rodlike object. 20 1 22 5 _ 3K

It can be described by the same form factor as the individual ng ()= 2 (2)°tE 2 1 5 (A-6)
micelles. These objects have a very large mass of order of

magnitude of 10g/mol and are held together by attractive forces Xg(x) = /ngz(x) (A7)

exerted by the ion cloud of divalent counterions close to the
negatively charged surface of the micelles of the polymer. The
weight-average length of these new bundle structures is of the
same order of magnitude as that of the micelles found under

B. VH form factor for rigid rod’

salt-free conditions. Evidence of the existence of this structure _ j;) cAW(L)L dL B1
comes from the strong optical anisotropy of the objects. These - me(L)L dL (8.1)
findings are qualitatively supported by direct imaging of the
objects making use of cryofixation and mapping of the objects
by TEM. with x = gL and
All these results point out how important it is to control the . .
level of ionic impurities or purity of ionic additives in studies, ¢1 = g 4 Sin 32( — 12 + SI(29 _
which center around phenomena of self-organization in iono- 2x 4x X X
genic polymers whether synthetic as in this article or biogenic. . .
Very small amounts of salt that can be easily introduced in the 3sin2_ COS42( + 3 32( 4+ 808 x_ 4 +— S'(ZX) (B.2)
course of preparation of the material or may be contained in 8x° 4X 4x 2 3X2

the form of traces in the water used as solvent can have dramatic .,

effects on the size and form of aggregates which are formed 2=

from the constituent macromolecules. Finally, few theoretical g gjn X 5cosX , sinXx, cosXx 8 S|(2x)
attempts to rationalize the well-defined structures in the presence 85 P + 8 2l - §2 + (B.3)
of monovalent counterion have already been repditée*9-52

with
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oA = %‘ (c1 + c2c3) (B.5)
and
L™ iy
W(L) = HW e (B.6)
where
m+ 1
Y="T (B.7)
W
and
1
M=pp-1 (B.8)
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