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Abstract 

 

We demonstrate in this paper the influence of solvent quality on the structure of the semi-

dilute solution of a hydrophobic polyelectrolyte, partially sulfonated Poly-Styrene Sulfonate. 

Two solvents are used: (i) one mixture of water and an organic solvent: THF, which is also 

slightly polar; (ii) DMSO, a polar organic solvent. In case (i), it is shown by SAXS study that 

the structure - namely the scattering from all chains, characterised by a maximum 

(“polyelectrolyte peak”), of the aqueous hydrophobic polyelectrolyte solutions (PSS) depends 

on the solvent quality through the added amount of organic solvent THF. This dependence is 

more pronounced when the sulfonation rate is low (more hydrophobic polyelectrolyte). It is 

proposed that when THF is added, the chain conformation evolves from the pearl necklace 

shape already reported in pure water, towards the conformation in pure water for fully 

sulfonated PSS, which is string-like as also reported previously. On the contrary, for a 

hydrophilic polyelectrolyte, AMAMPS, no evolution occurs with added THF in the aqueous 

solution. In case (ii), it is shown directly by SANS study that PSS can behave as a classical 

solvophilic polyelectrolyte when dissolved in an organic polar solvent such as DMSO: the 

structure (total scattering) as well as the form factor (single chain scattering measured by 

SANS using the Zero Average Contrast method) of the PSS chains is independent of the 

charge content in agreement with Manning condensation, and identical to the one of a fully 

charged PSS chain in pure water, which has a classical polyelectrolyte behaviour in the semi-

dilute regime.  

 

Poly(styrene)-co-(styrene sulfonate, sodium salt) 

Poly(acrylamido – methyl propane sulfonate) 
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I-INTRODUCTION 

Polyelectrolytes are polymers bearing ionisable groups, i. e. in presence of suitable 

polar solvent, these groups dissociate into electrostatically charged groups linked to the 

polymer backbone, and mobile counter-ions. Polyelectrolytes are called “hydrophobic” when 

ionisation coexists with attractive forces in water (we consider here attraction due to 

hydrophobicity only). In other words, the process of their solvation is then a combination of 

electrostatic and hydrophobic interactions. This is due to some parts of the chains for which 

water is a bad solvent (backbone or part of the backbone, short grafted entities, copolymers 

with one hydrophobic monomer). Conversely, all parts (ionisable or not) of “hydrophilic 

polyelectrolytes” are under good solvent conditions in water; the attractive contribution is 

negligible and interactions have mainly a pure electrostatic nature (essentially repulsive 

between two parts of chain). 

The first category of polymers i.e. hydrophobic polyelectrolytes can however be 

ionised in a different polar solvent where at the same time the attractive contributions are 

lower or negligible. In this paper, we will examine the solution structure and the chain 

conformation under such conditions, in comparison with the case of pure water. 

Let us recall the general background about polyelectrolytes chain conformation and 

interactions in a solvent. Let us start by the dilute regime. When water is a good solvent 

(hydrophilic polyelectrolytes), the single chain is described as an extended rod-like 

configuration of electrostatic blobs. 
1-3

 When water is not a good solvent (hydrophobic 

polyelectrolytes), the single chain is described in the framework of the pearl-necklace model 

4-6
; it is considered as made of a unique type of segments, and the balance between collapse 

and extension results in the formation of compact beads (the pearls) joined by narrow 

elongated strings. Simulations 
7-11

 are consistent with this description of the single chain. 

Among first reported scattering measurements, some concerned only the upper limit of the 

dilute regime (close to the semi-dilute regime); they studied partially sulfonated polystyrene, 

which is a random copolymer of ionisable segments (sulfonated) and hydrophobic segments 

(not sulfonated). The wormlike chains collapse into more compact objects
12-15

, further from 

each other, which were shown to be made of several pearls
16

. It was also proposed that once 

the hydrophobic “pearls” formed, the low internal dielectric constant ε
17

 may trigger the 

formation of ion pairs, explaining the observed reduction in osmotically active counterions.
18

 

Definitely into the dilute regime, two other systems were soon explored, also using SANS and 

SAXS: they showed agreement with the pearl necklace model. One was obtained by 
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decreasing solvent quality through addition to water of miscible bad solvent (or marginal), 

like acetone: the polyelectrolyte chain undergoes a coil to globule collapse transition 
19,20

. 

Another system in the dilute regime was slightly different: it dealt with the impact of 

specifically interacting alkaline earth cations which neutralise anionic chains via complex 

bond formation with the anionic residuals. 
21,22

 

Other measurements than scattering do not concern dilute solutions but polymers 

deposited from a solution onto a surface: ellipsometry 
13

 permits to access to a thickness 

which depends on rate of charge f, while pearl-like objects are visible by AFM, on systems 

such as poly(2-vinylpyrridine) and poly(methacryloyloxyethyl dimethylbenzylammonium 

chloride) 
23

 and polyvinylamine. 
24

 More recently an AFM investigation in presence of 

solvent under different conditions of controlled adsorption (mica as well as lipid membranes) 

has been conducted on partially sulfonated polystyrene (PSSNa).
25

  

Let us turn to solutions in the semi-dilute regime, where many chains interact with 

each other: the highly charged polyelectrolytes in good solvent are described by the isotropic 

model in which the entangled chains form an isotropic transient network.
1,2

 The 

polyelectrolyte chain is a random walk of correlation blobs, each one is an extended 

configuration of electrostatic blobs. In good solvent, the correlation length ξ i.e. the mesh size 

of the isotropic transient network scales with polyelectrolyte concentration as cp
-1/2

 .
1,2 

Experimentally, the evolution of ξ with cp was early verified for highly charged hydrophilic 

polyelectrolyte, by SANS 
26-28

, in agreement with the above theoretical prediction. SAXS 

confirms this 
15

; the case of variable charge rates in good solvent regime, controlled via 

chemical synthesis or variable pH, has been also studied (see for example 
29

). The scaling 
2
 

has been extended to account for the partial charge and the Oosawa-Manning condensation 

30,31
, which agrees with SANS measurements. 

32
 In the case of hydrophobic polyelectrolyte 

two semi-dilute concentration regimes have been predicted by Dobrynin et al.
6a,6b 

: the string 

controlled regime and the bead-controlled regime. The string controlled regime is similar to 

the one observed in the dilute regime case; it exists as long as the correlation length ξ of the 

solution is larger than the string length lstr between two neighbouring beads, so a classical 

polyelectrolyte behaviour is expected, and ξ scales as cp
-1/2

. For higher concentration where ξ 

has decreased enough to become of the order of the lstr, a bead-controlled semi-dilute regime 

is expected to take place; the correlation length ξ scales as cp
-1/3

 
6a,6b

 and the system behaves 

as a solution of charged beads of constant size. 
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This theory has received partial corroboration with the experiments on partially 

sulfonated polystyrene in water, in semi-dilute regime this time, either by studying the total 

structure function ST(q), 
14

 or the form factor S1(q). 
16

 While in dilute solution S1(q) can be 

extracted from ST(q) in some cases,  S1(q) is screened when approaching  semi-dilute solution. 

From the total structure function measured by Small Angle X-ray Scattering (SAXS) and 

also by Small Angle Neutron Scattering (SANS), it was found that ξ scales as cp
-α

 , where α 

decreases from 0.5 to less than 0.4 when decreasing the chemical charge fraction f. 
14,16

 Later, 

this was also observed by Baigl et al. through SAXS and Atomic Force Microscopy studies. 

33,34
 Finally, the counterion condensation in aqueous hydrophobic polyelectrolyte solutions 

has been studied experimentally through , and it was found that the effective charge is 

strongly reduced 
18

, compared to the hydrophilic case 
30,31

 as explained recently.
35

 A further 

step was achieved by measuring directly S1(q) for partially hydrophobic polystyrene 

sulfonate-co-styrene: using Small Angle Neutron Scattering combined the Zero Average 

Contrast method, (ZAC), the interchain correlations could be cancelled, giving interchain 

correlations, i. e. the form factor, hence the chain conformation. Comparison with totally 

sulfonated polystyrene (which behaves as a hydrophilic polyelectrolyte in water and shows a 

wormlike chain conformation 
41

) showed with no doubt the rising of a composite strings and 

pearls conformation 
16

, in good agreement with the Dobrynin pearl-necklace model and recent 

simulations which include prediction of the scattering. 
11

 This enables measuring the size of 

the pearls, which is of order of several nm and varies with the degree of sulfonation. 

 

Concerning the effect of the solvent quality – i.e. of the level of attractive contribution, 

we have seen above (for dilute solutions) that it can be decreased using solvent mixtures of 

variable composition, like hydrophilic polyelectrolyte in water plus acetone. 
19,20

 Conversely, 

for an hydrophobic polyelectrolyte, the effect of increasing solvent quality was investigated 

experimentally either (i) by increasing the temperature as done by Boué et al 
36

 on fully 

sulfonated PSSNa semi-dilute aqueous solutions, showing no effect of temperature on both 

inter and intrachain interactions 
36

 or (ii) by using a polar organic solvent of good quality for 

the backbone allowing at the same time significant ionic dissociation. 
37

 Case (ii) results in a 

classical polyelectrolyte-like behaviour, as shown for polyelectrolyte in semi-dilute non 

aqueous solvent 
38

 and it was found that the correlation length ξ scales as cp
-1/2 

as expected for 

good solvents. 
6
 On the contrary, in polar organic solvent of poor quality for the 

polyelectrolyte backbone, two regimes with two scaling exponents  being -1/2 and -1/7 have 
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been observed 
38

, in qualitative agreement with the predictions of the pearl necklace model. 
6
 

We do not consider here the other possibilities of conformational changes proposed by 

theories, such as a string – globule coexistence when charges are mobile 
39

, checked on the 

corresponding systems 
40

, but keep in mind, as a starting point, only the pearl necklace-like 

model, checked formerly on partially sulfonated polystyrene (fixed charges) in water. 

In the present work, we investigate the semi-dilute solutions of the same hydrophobic 

partially sulfonated polystyrene, but in a solvent of improved quality with respect to water, 

via two routes: 

- on the one hand, by adding to water a low proportion of an organic good solvent (for 

the polyelectrolyte backbone), miscible with water. We vary the charge rates but stay always 

above the Manning-condensation threshold. The behaviour of PSS will be compared to that of 

poly(acrylamide-co-sodium-2-acrylamido-2-methylpropane sulfonate), poly-AM-co-AMPS, 

which is a completely hydrophilic polyelectrolyte in good solvent (water) at the same 

intermediate degree of sulfonation. In this case we report X-ray Small Angle Scattering, 

(SAXS), and determine the structure function only. 

- on the other hand, the solvent quality is improved by using - instead of H2O – an 

other polar solvent which is a good organic solvent of the backbone, DMSO.  In this case we 

report SANS, and determine the structure function, and also SANS combined with 

deuteriation and determine the form factor of the polyelectrolyte chain (hence its 

conformation) in the semi-dilute regime, as a function of polyelectrolyte concentration and the 

charge rate, by the technique of the Zero Average Contrast (ZAC).  

II-MATERIAL 

II-1-Polymer synthesis and characterization 

The hydrophobic polyelectrolyte used in this study is a copolymer of styrene and 

styrene sulfonate (PSS) (poly-(styrene sulfonate)f – (styrene)1-f) with sodium counterions 

whose chemical structure is shown on figure 1. It was prepared by post-sulfonation of 

polystyrene based on the Makowski procedure 
42, 14

, which enables partial sulfonation and 

leads to a well-defined polyelectrolyte. 
43

 The Vink method 
44

 has been also used to 

synthesize the fully sulfonated PSS (f = 1). 

The Makowski procedure 
42

 is a phase transfer, interfacial, reaction. A dichloroethane 

polystyrene solution is mixed with acetic acid and sulfuric acid in proportions depending on 

the desired rate of charge. A white layer appears between the two media. After 30 to 60 min, 

the aqueous phase is neutralized with sodium hydroxide, dialyzed against deionized water 
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until the conductivity of the external dialysis bath remains stable. The solutions are then 

concentrated with a rotating evaporator and finally freeze-dried. The resulting white powder is 

better stored away from light.  

The Vink method 
44

 is commonly used to reach total sulfonation; one starts from a 

polystyrene (PS) solution in cyclohexane (a PS theta solvent at 35°C), which is poured onto a 

mixture of sulfuric acid with phosphoric acid. After stirring for half an hour, the mixture is let 

to rest for decantation. Separation in three phases is triggered by addition of ice. The phase 

containing PSSH (polysulfonic acid) is extracted, neutralized by an excess of sodium 

hydroxide. The obtained PSSNa solution is dialyzed, concentrated and freeze dried.  

The ionisable unit (SS), or sulfonation rate f of the polyelectrolytes was varied 

between 0.3 (the limit for solubility in water) and 1 (fully charged). The sulfonation rate f  is 

thus always above the Manning condensation limit for the charge rate, equal to a/lB ~0.3 for 

PSS in water (a length of one unit, lB ~ 7 Å, Bjerrum length in water). Note that lB is larger in 

DMSO (12 Å), and that we will find a lower value for a (see section IV), so that the 

condensation threshold should be lower. 

For the zero average contrast technique to apply correctly, the mass distribution should be 

very close for the perdeuteriated polystyrene (d-PS) and the non-deuterated polystyrene (h-

PS), and the masses must be well defined to allow data fitting. Polymers with very close 

degree of polymerization (d-PS, NwD =652, h-PS, NwH = 625) and a narrow mass distribution 

about 1.03, were purchased from Polymer Standard Service (Mainz, Germany). We also 

checked that the final sulfonation rates are very close for the deuterated and the non-

deuterated chains (within 1 or 2 %, see Table1). We preferred to check d and h polymer 

separately because sulfonation can lead to different result depending on the initial degree of 

aggregation, and to control any slight isotopic effect. In practice after sulfonation of d-PS, 

several trials were conducted on h-PS until obtaining the same values of f. 

 For X-rays, the polystyrene used had a higher mass and a broader mass distribution 

(Mw = 250 000, with a polydispersity of 2). 

The hydrophilic polyelectrolyte also studied in this paper is poly- co-(sodium-2-

acrylamido-2-methylpropane sulfonate)f -(acrylamide).(1-f, whose chemical structure is shown 

on figure 1. The average molar mass of the monomer is 71 +158.f. It was synthesized by 

radical copolymerisation of acrylamide with acrylamido-2-methyl propane sulfonic acid 
45

, 

which was slightly modified by adjusting the ratio of the two monomers to obtain, after 

neutralisation, a fraction of ionisable unit (AMPS),f , between 0.3 and 1. Thus these chains are 
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also highly charged polyelectrolytes. The resulting molecular weight is Mw = 650,000 (Nw 

2800) and the polydispersity is 2.6, for f = 1. Note that both polyelectrolytes (AMAMPS and 

PSS) are salts of strong acid, bearing SO3
-
 anions as side groups when ionised, with Na

+
 

counterions. So the two polyelectrolytes used in this study differ mainly by the solvation 

characteristics of their non ionisable units (hydrophobic in the case of PSS, hydrophilic in the 

case of AMAMPS). 

The corresponding characteristics of all these polymers are summarised in table 1. 

II-2. Preparation of solutions 

Solutions were prepared by dissolving dry polyelectrolyte (assuming slightly more 

than 10% of residual water in the powder, as suggested recurrently through various techniques 

and confirmed as 10 to 14% by Karl Fisher tests at the Laboratoire Central d’Analyse 

LCA/USR59/CNRS Vernaison) – in the solvent and letting at rest for two days before 

measurements. For SAXS measurements, the solvent is deionised H2O, or a mixture of 

deionised H2O and tetrahydrofuran (THF). For the SANS measurements, the solvent is 

dimethylsulfoxide DMSO, either in non deuterated form, h-DMSO (SO(CH3)2), or in 

deuterated form, d-DMSO (SO(CD3)2; (see table 2 for its characteristics) or in their mixture 

with suitable composition for the zero average contrast method. It is interesting to note that 

dissolution was immediate for deuterated PSS f = 0.64 in both normal h-DMSO, and non 

deuterated PSS in pure d-DMSO, whereas for f = 1 and 0.36 it took a few hours for deuterated 

PSS in normal h-DMSO, and two weeks for normal PSS in d-DMSO. 

The question of whether the solutions concentrations are below (dilute) or above the 

overlapping concentration (semi-dilute) cannot be answered completely at this stage. We can 

only recall the former results in water. For AMPS, which is completely hydrophilic, the 

solutions without salt are always semi-dilute: the number of units is ~ 3000. To give an order 

of magnitude, with an electrostatic blob of 60 units assuming f at its lowest value 0.3, and a 

blob size = 20 Å, the fully extended length is ~ 150 x 20 = 1000 Å, which gives c* ~ 

M/(4L
3
/3) = 635000/(6.10

23
 . 4(10

9
 /8) 10

-24
 )/3 = 2 10

-3
 g/cm

3
. For PSS, we have 

calculated in Ref. (16) the radius of the part of space available per chain, Roverlap, as a function 

of cp (89 Å for cp = 0.34 M and 112 Å for 0.17M). If Rg > Roverlap, the solution is semidilute. 

We concluded that solution was semidilute for f = 0.64 and 0M salt but slightly dilute in the 

other case (for cp = 0.34 M, with 0 M added salt, and for both cp, with added salt 

concentration cs = 0.34 M or more). The regime obtained in this paper will depend on the 

value of Rg. In DMSO this will be measured and we will see that solutions are always semi 
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dilute. In THF + water mixtures, without salt, we will also see that the chain increase in size, 

so that for the concentration used here, cp = 0.32 M, 0 M salt, the solution is likely to pass in 

the semidilute regime.  

For SANS, all solutions in DMSO were filtrated, except the one for f = 0.36 at cp = 

0.34 M, for which it was impossible. Such filtration was shown to abate noticeably the low q 

upturns in water at any f. Conversely, for f = 0.64 in DMSO, no effect was observed for the 

scattering. 

All concentrations are expressed in M/L. 

III-METHODS  

III-1-SAXS measurements 

Small Angle X-ray Scattering (SAXS) experiments were performed on beam line D22, 

at LURE, using the DCI synchrotron radiation source. Data were obtained with pinhole 

collimation and recorded with a linear detector of 512 cells. The scattering vector q varied 

from 0.008 to 0.2 Å
-1

 [q = (4π/λ sin(θ/2), where θ is the observation angle and λ, the 

wavelength was 1.37 Å]. The scattering data were normalized to constant beam intensity and 

corrected for transmission, sample thickness, parasitic and background scattering. The 

resulting scattering profiles are obtained as normalized intensities in relative units versus 

scattering vector q. 

III-2-SANS measurements 

III-2.1 The Zero average contrast method: 

Let us recall the fundamentals of the most convenient method by which the form 

factor of a chain among others can be obtained. We start from the general expression of the 

scattered intensity: 

 I(q) (cm
-1

, or Å
-1

) = (1/V). d/d =  

j,i

jiji
))rr(qiexp(kk

V

1
)q(I


 (1a) 

Here ki (cm or Å) = bi - bs (Vmol i/Vmol s) is the “contrast length” between one repeating unit of 

scattering length biand molar volume Vmol i, and a solvent molecule (bs, Vmol s). 

Consider first the case where all chains are labelled with respect to solvent; in practice we 

dissolve H-PS into perdeuterated D-DMSO (this case applies also for X-rays with H-PS in 

water or water + THF). The concentration is cp, in mole/L (or mole/Å
3
), so the total volume 

fraction of chains is T = NAv. cp. Vmol i , where NAv is the Avogadro number. Then for all i, 

we have ki = kH  (the values are given in Table 3), and 
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I(q) (cm
-1

, or Å
-1

) = (1/V). d/d= kH
2
 ST(q)  (1b). 

Using Å and Å
-1 

as the units for kH and I(q), we obtain ST(q) in Å
-3

. Quite generally, 

ST(q) = S1(q) + S2(q),    Å
-3

  (2a), 

where  

S1(q) (Å
-3

) = 
1

V
 







avec 

ji

j,i

))rr(qiexp(


  (2b) 

corresponds to the correlations between monomers i,j of the same chain (intrachain 

scattering) and  

S2(q) (Å
-3

) =
1

V i j

i j
iq r r

,,

exp( ( )) 



   



 

   (2c) 

corresponds to the correlations between monomers i,j of two different chains and 

≠(interchain scattering). 

Consider now the case where only a fraction of the chains are labeled. We use a mixture of a 

number fraction xD of d-PSS chains (ki = kD ) and xD) of h-PSS chains (ki = kH). The total 

volume fraction of chains in the solution is the sum of the volume fractions of the two types 

of chain, T = H + D (we have in general V molH = VmolD, so D/T = xD and the equation 

T = NAv. cp. Vmol H is still valid, cp being the total polymer molar concentration). The 

scattered intensity (1a) becomes:  

I(q) (cm
-1

) = (1/V). d/d = {[(xD) kH
2
 + xD kD

2
] S1(q)} + {[(xD) kH + xD kD]

2
 S2(q)}

 (3a) 

This second type of labeling allows us to suppress the interchain contribution S2(q), if we can 

have 

(xD) kH + xD kD = 0. (3b) 

This is possible if we use as a solvent a mixture of H-DMSO / D-DMSO : then the average 

scattering length of the solvent bS can be varied. In the equation above, the symmetric case kH 

= - kD (which also implies xD=0.5) is the most efficient situation in term of intensity. This is 

obtained if bS/VS is made equal to the arithmetic average of bH/Vmol H and its pendent bD/Vmol 

D. For h-PSS and d-PSS, this corresponds to a solvent constituted of 19% H-DMSO and 81% 

D-DMSO. We write │kZAC │= - kH = kD, and Eq. (3) gives : 
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I(q) = kZAC
2
 S1(q)    (4) 

which permits a direct measurement of intrachain scattering of one chain among the others, 

even in the semi-dilute regime. The different contrast length values are listed in Table 2. The 

values evaluated for the contrast lengths of the Na counterions with the DMSO-H/ DMSO-D 

mixture used here are low; their contribution to the scattering have therefore been neglected. 

This has been confirmed by a more refined evaluation accounting for hydration 
46,47

. The 

S1(q) limit at q tending to zero is : 

lim q->0 S1(q) (Å
-3

) = cp (mole/Å
3
) NAv Nw  (5) 

where cp should be expressed in mole/Å
3
 = 10

-24
 (M/L). Hence, from the definition of the 

form factor, we can write 

S1(q) = cp NAv Nw P(q)  (6) 

The ZAC technique has been used since on polyelectrolytes by other authors. 
47-49

 

III-2.2 Measurements and data treatment: 

SANS measurements have been performed on the PACE spectrometer at the Orphée 

reactor of LLB, CEA- Saclay, France (www-llb.cea.fr). A range of scattering vector q = 

(4π/λ) sinθ/2 between 5.10
-3

 and 0.4 Å
-1 

was covered using the following two settings: 

D=0.92m, λ=5Å and D = 3.02m, λ=12.5 Å. Samples were contained in 2 mm thick quartz 

cells. All measurements were done at room temperature. 

All data have been normalized using the incoherent scattering of a high proton content 

sample, here light water; the latter has been calibrated to obtain absolute values of           

(1/V).d/dwater in cm
-1

, using Cotton’s method. 
50

 The solvent contribution is subtracted 

from these corrected data. The subtraction of the solvent incoherent background is however 

quite delicate and deserves further remarks. At large q (> 0.2 Å
-1

) especially, the coherent part 

of the intensity is very small compared to the background due to incoherent scattering, which 

has several origins:  

- incoherent scattering from H2O and D2O in the solvent, 

- hydration water molecules adsorbed on the polymer dry chains (i.e. “residual water”, more 

than 10% in weight).  

- incoherent scattering from protons in the h-PSSNa, and deuterons in the d-PSSNa.  

- protons from water vapor molecules after contact with air. 
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These small contributions are delicate to estimate and thus make us unable to know the exact 

quantity to subtract with accuracy better than 3%.  

Such uncertainty has little influence for small q but can lead to different shapes of the 

scattering curves for large q.  

Also, mixing the components leads to an extra flat scattering, called Laue scattering or 

sometimes “mixing incoherent”, which is actually the scattering from the mixture of small 

elementary components such as different molecules in a solvent. 

For best results, and to eliminate as much as possible effects of multiple scattering (though 

they are here very weak) which involve the cell geometry, we have prepared under the same 

conditions some blanks, by mixing a non deuterated and a deuterated solvent, D-DMSO with 

H-DMSO aiming at the same flat intensity, and therefore the same neutron transmission. This 

is particularly sensitive for the measurements of ST(q), where the solvent is deuterated and the 

polymer, non-deuterated, brings an important incoherent contribution. We took the incoherent 

in consideration, to make our blanks, by introducing the same amount of protons through a 

volumic fraction H of non deuterated solvent: the value is equal to H = 0.01 for the 

concentration cp = 0.34 M/L, and to H = 0.02 for cp = 0.5 M/L. 

IV-RESULTS AND DISCUSSION 

IV-1-Polyelectrolytes in water plus organic solvent, THF: 

The organic solvent selected to be added in small proportions to water is 

tetrahydrofuran (THF). It is partly polar since its dielectric constant ε is 7.6, whereas it 

dissolves the backbone i.e. pure polystyrene (non sulfonated) as well as the partially 

sulfonated PSS for rates f ≤ 0.6 at a polymer concentration of 0.32 M/L. However, pure THF 

does not dissolve the hydrophilic polyelectrolyte AMAMPS for all the charge rates at the 

same polymer concentration of 0.32 M/L. 

Note that the addition of THF in H2O is done in small or moderate proportion, so that the PSS 

or the AMAMPS behave as a polyelectrolyte; in particular it has been checked by 

viscosimetry that dilute polyelectrolyte solutions exhibit the classical behaviour of 

polyelectrolytes, close to the one of other charged colloids: the reduced viscosity increases as 

the polyelectrolyte concentration decreases either in H2O or in the mixture of H2O and THF. 

We note THF or “% THF” the percentage by volume of added THF.  

IV-1-a- Effect on a hydrophilic polyelectrolyte for different charge content 
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The SAXS profiles showing the effect on structure of addition of THF on the structure for the 

hydrophilic polyelectrolyte AMAMPS, for different charge rates are shown in figure 2. The 

polyelectrolyte concentration is kept equal to 0.32 M/L, for all solvent compositions. 

It emerges that the scattering is independent of the addition of THF. The curves for 0% and 

25% THF just overlap. Thus the peak position does not depend on the amount of added THF, 

which shows that the polyelectrolyte chain network of the AMAMPS remains unchanged. 

Moreover the constancy of the peak intensity suggests that the effective charge and the 

contrast chain/solvent remain constant with THF addition (for the SAXS data discussed here, 

the contrast comes from the condensed metallic counter-ions). The constancy of the width of 

the peak confirms that the order degree of the system remains constant. In this frame, the fact 

that the scattered intensity at zero angle is constant with the addition of THF, also supports the 

idea that the effective charge is constant: the scattered intensity at zero angle is related to the 

osmotic compressibility as, according the Dobrynin model
2
 :  

effp

p

p
fc

c
kTcqS /)0( 




   (7) 

The absence of low q upturn signals the absence of large hydrophobic aggregates, which are 

likely to dissolve in the presence of organic solvent.  

What must be retained is that the chain network structure is independent of moderate addition 

of THF for the hydrophilic polyelectrolyte. 

IV-1-b- Effect on a hydrophobic polyelectrolyte. 

Figure 3 shows the SAXS profiles as a function of THF addition in the hydrophobic 

PSS solutions, for various degrees of sulfonation. Figure 3a shows that for the fully charged 

PSS (f =1), the position, the width and the intensity of the peak remain unchanged when 

adding 12.5 and 25% of THF. However, the scattered intensity varies at lower q: the depletion 

in the curve, before the upturn at q→0, is more pronounced with increasing quantity of THF. 

On the contrary, when f < 1 (for f = 0.58 and even more for f = 0.38, Fig. 3b and c), the 

structure strongly varies with addition of THF. Obviously, the peak position q* increases and 

its height decreases. Also, the peak widens: when passing from 0% to 25% THF, Δq/q* 

increases from 0.55 to 0.85, for f = 0.58 and from 0.67 to 0.72 for f = 0.38 (q* and Δq are 

determined within uncertainty due to the low q upturn). We pass from repulsion, like between 

two charged spheres, to a softer effect like for a network of interpenetrated charged chains. In 

the low q region, the depletion of the scattered intensity is deeper, suggesting that the system 

becomes less compressible, also like when chains are more charged. The upturn at q→0 is 

also reduced. This suggests a decrease of the large scale inhomogeneities in the solution. 
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This evolution of the profiles with adding THF is similar to the one in pure water with 

increasing the charge rate f. Values for a given f at 25% THF rejoin values at the next highest 

f at 0% THF. For example, the profile for f =0.38 and 25% THF is close to the one for f =0.58 

in water. This effect can be seen quantitatively at a glance in Figure 4 showing the shift of the 

peak abscissa q*, the decrease of the peak intensity I(q*) and the decrease of  I(q →0). For f = 

0.58, q* and I(q*) for 25% THF are very close to the values for f=1 in water. We know from 

SANS that in this case of f = 1 in water the chain conformation is string-like 
41

. 

At large q > 0.1 Å
-1

, all the scattering profiles coincide indicating that at small spatial scales 

the monomer-monomer correlations are independent of THF addition. In summary, the 

addition of THF causes an evolution of the structural characteristics towards the ones of a 

more charged polyelectrolyte in water. This evolution suggests a decrease of the pearls. 

Within the framework of the Dobrynin model
2
 describing the structure of hydrophobic 

polyelectrolyte in poor solvent as PSS in H2O, the maximum in the scattering intensity profile 

scales as (Eq.(15) and (8) of Ref. (2)) : 

3/1

2/1

3/2

2/1

*
































 



a
c

f
ac

B
q

p

eff

p
   (8) 

in the regime T lower than the  temperature (  = (-T)/). 

At first thought, we would imagine adding THF would decrease the dielectric constant , 

therefore would decrease the effective charge feff and thus increase dipole-dipole interactions. 

This would reduce the solvent quality (increase in ), knowing of course that what happened 

in reality is the opposite. Since it is difficult to estimate the respective weight of each 

quantity, we cannot predict simply the evolution of q* according to Eq.(8). 

However, the reality is different and more simple: taking the case of AMAMPS or the case of 

fully sulfonated PSS, results deny any direct effect of the variation of these three parameters 

with addition of THF. Concerning the dielectric constant , this is expectable: the weak 

dependence of q* with ε (
-1/3

) cannot lead to a noticeable change for such small amounts of 

THF. This variation would be even smaller if the effect of THF addition is local (like a 

sorption effect, see below), so that from a global view, the dielectric constant remains equal to 

that of H2O. Concerning feff and , no effect of reduction of polarity or of solvent quality is 

seen: on the contrary, the decrease of the scattered intensity at low q with THF addition, for f 

=1, is a sign of better solvent quality (less aggregation at large scale), while electrostatic 
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repulsions remain identical (same value of feff according to Equation 7, and in agreement with 

the fact that the peak shape is unchanged).  

Only for PSS f < 1 is seen a difference in behaviour under THF addition. This shows 

that THF acts on the hydrophobic regions. This prompts us to explain the results by another 

process: when THF is added to aqueous solutions, the polyelectrolyte tends to behave like a 

classical polyelectrolyte, because the solvent is better. Acting most probably on the 

hydrophobic domains in a local way, the THF solubilises these domains. Because this results 

in fewer pearls and more strings, the chain conformation is more stretched. As a consequence 

we observe a return towards the characteristics of fully sulfonated PSS, therefore a decrease 

of q* ( is reduced and we leave the regime T < ). At the same time, the counterions, 

initially localised in SO3
-
/Na

+
 ion pairs inside or condensed at the surface of the hydrophobic 

domains, become surrounded by solvent. Since this solvent is mostly an aqueous medium, 

these ions pairs dissociate or “decondense”; such release gives rise to an increase of the 

effective charge of the chain. This is an indirect effect of THF (although it is less polar per 

se).  

At this stage, we have to consider a possible preferential sorption of one of the component of 

the solvent composition. Namely a fraction of THF could adsorb preferentially on the 

hydrophobic domains of the polyelectrolyte chain, which would cause their dissolution. This 

would imply that the polyelectrolyte is globally surrounded by a solvent richer in water. All 

together this does not modify the resulting chain extension. From the point of view of 

scattering technique, preferential sorption of THF (or water) could vary the contrast between 

chain and solvent. Since THF and H2O have similar scattering densities, the effect should not 

be strong. In practice we see no effect for f =1. 

But we can even make further conclusions if we compare with DMSO (next Section). It will 

be shown that using a solvent made of a single chemical species leads to very similar effect. 

This does not support sorption in the case of THF. 

In summary, for the hydrophobic polyelectrolyte, the solvent quality is improved when adding 

THF and the polyelectrolyte tends to a structure characteristic of more charged and elongated 

chains, like in water for non hydrophobic polyelectrolyte (f  = 1). 

IV-2- PSS in both polar and organic solvent, DMSO. 

We are interested in investigating the behaviour of PSS hydrophobic polyelectrolyte in a pure 

solvent better than water, i.e. in a media where the affinity of every solvent molecule is 

increased for the polyelectrolyte backbone and especially for the non charged monomers. The 
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effect of the charge rate (above the Manning condensation threshold) and polyelectrolyte 

concentration can thus be studied without the side effects brought by bad solvent. The organic 

solvent should be polar to dissolve the electrostatic charges, but also aprotic to avoid the 

hydrophobic effects observed in solvents which are structured by hydrogen bonds. 
51

 The 

chosen polar aprotic solvent is dimethylsulfoxide (DMSO): its dielectric constant ε equals 46, 

it dissolves easily the partially sulfonated polystyrene at the three charge densities studied, f 

=0.36, f =0.64 and f =1 (although it does not dissolve the neutral polystyrene). 

In this study we have measured both the total scattering –measured here using neutron 

radiation, instead of X rays, and the single chain scattering, which can be reached only using 

neutrons. 

IV-2-a-Effect of polyelectrolyte concentration for the chemical charge f =0.64:  

-Total scattering : 

For the charge content f = 0.64, the hydrogenated polymer concentration in the deuterated 

DMSO was varied in a range between 0.085 and 0.5 M/L. The set of the scattering profiles 

ST(q)/cp is shown on Figure 5. For all polyelectrolyte concentration, a maximum appears in 

the scattering profile at a finite scattering vector q* whose position shifts to higher q as cp 

increases. The position of the peak q* is found to vary as cp
0.44 

which is not far from the 

classical evolution of q* ~ cp
0.5 

usually found for highly charged polyelectrolytes. Moreover, 

the scattered intensity per monomer ST(q)/cp decreases as cp increases and the peak broadens. 

For q>q*, all the scattering profiles ST(q)/cp coincide for all cp: at small spatial scales the 

monomer-monomer correlations for ST(q)/cp are independent of cp which indicates a good 

dissolution of the polyelectrolyte in DMSO. The minimum of the normalised scattered 

intensity is constant. If we assimilate it to the theoretical limit at q=0, ST(q → 0)/cp, this 

constancy is in agreement with the Manning condensation theory, following which it should 

be equal to kT/feff.
31

 For the highest concentrations, the precise determination of ST(q→0)/cp 

is prevented by the upturns observed at very small q (q→0). However we notice in passing 

that these upturns are clearly lower than for the fully charged polyelectrolyte (f=1) in H2O 

indicating that there is less aggregation in DMSO than in H20. 

Apart from this last detail, in summary, the total scattering for f = 0.64 in DMSO is similar to 

the one of f  = 1 in water, as can be seen by comparison with former SANS results, like Fig. 1 

of Ref.
16

 (same q* ~ 0.75 Ǻ
-1

 for cp = 0.34 M, comparable height after division by cp).  

-Zero Average Contrast (ZAC) conditions: the Chain form factor from S1(q) 
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Figure 7 shows in log-log plot the scattering profiles S1(q)/cp as a function of polymer 

concentration, for the PSSNa f= 0.64 under ZAC conditions in a log-log representation. All 

the scattering profiles are superimposed at large q in the asymptotic domain and S1(q)/cp α q
-1 

(rodlike conformation). At small angles q→0, the scattering profiles converge, as required, to 

the same value Nw of the degree of polymerisation according to Eq. 5: S1(q→0) = cp Nav Nw. It 

was found that Nw = 720, which is the same value in H2O for that polymer 
16

, as required also. 

This is a proof that we measure the single chain scattering. 

The form factor of the chain determined experimentally according to Eq 6 was fitted 

according to Sharp and Bloomfield (SB) model 
52

 describing the polyelectrolyte chain as 

wormlike with a finite length L and a persistence length lp. The SB form factor is given by : 

  

 
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 Eq.9  

Figure 7 shows how well the SB model fits the obtained results, in the q
2
S1(q) vs q 

representation (we chose the examples of the two extreme polymer concentrations, cp = 0.085 

M l
-1

 and cp = 0.85 M l
-1

). Moreover, using the universal des Cloizeaux representation 
53

 

q
2
LlpP(q) as a function of q.lp, in Figure 8, we see that all the curves are superimposed at large 

q. This is exactly what has been observed in water for the fully charged polyelectrolyte 

PSSNa f =1. 
41

 This confirms the consistency of the extracted values of the persistence length. 

Plotting these values of lp, as a function of the ionic strength IS on Figure 9 (IS = fcp+2cs, 

where cs is the concentration of the external added salt and here cs =0), we find that lp ~ 

(fcp+2cs)
-0.41

. This is not very far from the variation of lp for f =1found in water (lp ~ (fcp+2cs)
 -

1/3 
in water, if –like here- we do not subtract the intrinsic persistence length l0). 

41
 

In addition to the fit to the SB model, the radius of gyration can be directly determined 

from the Zimm plot in the Guinier domain as follows: 

)3/1(*
)0(

1

)(

1 22

11

G
Rq

SqS
  for q.Rg <1  Eq. 10 

The radius of gyration scales as (f.cp + 2cs)
-0.23

 (Figure 9), so Rg is proportional to lp
1/2

 which 

is in agreement with the behaviour of a wormlike chain. 

From the fits, it emerges that the total length of the chain, L, is smaller in DMSO than 

in H2O; in agreement with this fact, Rg is smaller too. This is consistent with the fact that the 

interchain distance is higher as signalled by the scattering maximum abscissa q* value which 

is lower in DMSO. The length per monomer a = L/Nw decreases from 2 Å in H2O 
16

 to 1.6 Å 

ha
l-0

04
46

55
1,

 v
er

si
on

 1
 - 

13
 J

an
 2

01
0



 

17 

 

in DMSO; this value is the same than for PSS in water with tetramethyl ammonium as 

counterions. 
54

 So the linear density should increases in DMSO, which is also seen in the 

asymptotic domain (qlp>1): we see in the log-log plots of Figure 10 a shift between S1(q)DMSO 

and S1(q)H2O corresponding to a factor S1(q)DMSO / S1(q)H2O ≈ 1.26 which corresponds to the 

ratio of aH2O/aDMSO. The same value of a was found for PSSNa in water with TMA 

counterions and attributed to a helical structure. 
54

 This suggests that DMSO can structure 

locally the chain. 

Finally, an additional quantity obtained from scattering is the apparent structure 

function which we assume to be given by S(q) = ST(q)/S1(q), where ST(q) is the total 

scattering function and S1(q) is the intrachain scattering function. Figure 11 shows the 

evolution of the structure function S(q) as a function of polyelectrolyte concentration for PSS 

f =0.64 in DMSO. As cp decreases, the maximum of the signal is more marked and its 

abscissa decreases, which means that the interchain correlation distance increases. This 

behaviour is the same as encountered in H2O. 
16

 As also seen in water, the values of the 

maximum of the signal in the apparent structure function are usually higher than the 

maximum of the total signal function. However, these two maxima scale in the same way with 

the polyelectrolyte concentration cp (the insert on Figure 11). 

In summary, the behaviour for f =0.64 in DMSO is very close to the one for f =1 in 

water. 

IV-2-b-Effect of the variation of the chemical charge rate of the polyelectrolyte : 

-Total scattering : 

Figure 12a shows the evolution of the scattering profiles as a function of the charge 

rate for the deuterated polyelectrolyte in hydrogenated DMSO for cp = 0.17 M/L. It is obvious 

that for cp = 0.17 M/L, all the scattering profiles for the different charge rates are 

superimposed. This is in perfect agreement with the charge renormalisation law, since the 

effective charge feff should be the same for the three values of f after Manning condensation. 

For higher cp = 0.34 M/L, Figure 12b shows that the scattering profile for f =0.36 remains 

roughly superimposed with that of f =0.64. However, the scattering peak for f =1 shifts to 

lower q and the intensity increases.  

Figure 12c shows the evolution of the scattering profiles as a function of the charge 

rate for the reverse isotopic labelling, i.e. non deuterated polyelectrolyte in deuterated DMSO 

at a concentration cp = 0.34 M/L. Here, the behaviour is different for each f. For f = 0.64 the 

position of the peak in the scattering profile remains the same as hydrogenated DMSO. For f 
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=0.36, we see a strong upturn: this is just due to our inability in filtering the solution. For f 

=0.36 as well as f =1, the maximum of the peak shifts to lower q compared to f = 0.64 and the 

intensity is higher. This behaviour can be ascribed to an incomplete solubilisation of the 

polyelectrolytes for both f = 0.36 and f = 1. These discrepancies match exactly the very long 

times necessary for dissolution for both sulfonation rates, reported in section II. Recall that for 

a given polyelectrolyte and at a given temperature, the solvent quality can be varied by its 

deuteriation and the theta temperature should increase from hydrogenated to deuteriated 

solvent. In the case of PSS, the polyelectrolyte solutions of extreme charge rates are more 

sensitive to the isotopic nature of DMSO than that of f =0.64, because closer to a theta 

temperature. The origin of the incomplete solubilisation is different for PSS f =0.36 (high 

ratio of non charged monomers) and PSS f =1 (high ratio of charged monomers). All these 

features are attributed to complex effects of solvent structure. 

-Zero Average Contrast conditions: the Chain form factor from S1(q) 

Figure 13 shows the intrachain scattering S1(q) (proportional to the form factor) at the 

different charge rates f at a polyelectrolyte concentration cp = 0.34 M/L. The spectra for all f  

values are superimposed in a large domain of wave vector q (for q > 0.015 Å
-1

) and the 

problems of bad solubility and aggregates reported just above for the total scattering function 

ST(q) in pure D-DMSO, don’t reverberate on the chain form factor in mixtures of H-DMSO 

and D-DMSO. The conformation of the chain seems to be independent of the charge rate in 

DMSO. This in perfect agreement with the fact that the effective charge feff should be the 

same for the three values of f after Manning condensation.  

At small angles (q → 0), the scattering profiles converge to the same value Nw of the degree 

of polymerisation according to Eq. 5: S1(q→ 0) = cp Nav Nw. In DMSO, it is found that Nw = 

640 for PSS f =1 and Nw = 850 for f =0.36. These values of Nw are lower than those obtained 

in H2O where Nw = 850 for PSS f =1 and Nw = 1130 for PSS f =0.36. The decrease of Nw and 

so of the apparent S1(q → 0) is attributed to a reduction of permanent aggregates in organic 

solvent compared to H2O. 

 Concerning the persistence length, we find that in DMSO lp ~ IS
-0.4 

(where IS is the 

ionic strength of the solution cp+2cs; as defined above), for all the charge content f. As 

observed above for f = 0.64, this variation is similar to that in H2O where lp ~ IS
-0.33

 was 

found. 
37

 However, the absolute values of the persistence length in DMSO for PSS f = 0.64 

are lower by a factor of 1.5 for PSS f =1 in H2O (Figure 14). If we consider that all the 

counter ions are dissociated in H2O and DMSO, this factor 1.5 disagrees with the hypothesis 
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that the persistence length is only related to a distance between ions in the solution. In this 

case, the two curves should be superimposed. So, an additional factor K related to the solvent 

or to the local structure of the polymer in the solvent – may be in relation with what observed 

in IV-2-a for L and aDMSO - should intervene and the persistence length can be expressed as lp 

= KIS
-0.4

. 

 As previously, we assume that the structure function is given by S(q) = ST(q)/S1(q) 

where ST(q) is the total scattering function and S1(q) is the intrachain scattering function. 

Figure 15 shows the evolution of the structure function S(q) as a function of charge density in 

DMSO for a polyelectrolyte concentration of cp=0.34 M l
-1

. It arises that for all charge rates, 

the different profiles S(q) are very similar (except for the upturn at low q for f = 0.36 (not 

filtered). The values are very close to 1 at large q, for all samples in DMSO. The profiles are 

also very similar to the one for a fully charged PSS in H2O i.e. a classical polyelectrolyte) like 

for ST(q) and S1(q). Looking more in detail, we note that the peak of S(q) is less marked in 

DMSO than in H2O for PSS f = 1 without added salt. This difference is not due to a decrease 

of the maximum of the peak intensity but comes from the large angles region where the 

decrease of the signal S(q) is slower. This feature can be due to the following effect: the large 

q scattering for ST(q) and S1(q) may be slightly different because the deuterated fractions xD 

in the two solvents used are slightly different. Since these two fractions xD are less different in 

DMSO (in ZAC solvent xD-DMSO = 0.81, and in the solvent giving the total signal xD-DMSOd = 

1) than in H2O (in ZAC solvent xD2O = 0.71 and in the solvent giving the total signal xD2O = 

1), the ratio ST(q)/S1(q) stays closer to 1 in DMSO. 

 

V-CONCLUSION : 

  We have shown in this study that the solvent quality for the hydrophobic 

polyelectrolytes in aqueous solutions can be improved by adding to water a miscible organic 

good solvent of the backbone - in low proportion, or by using an organic polar solvent instead 

of water. 

Concerning the first case, i.e. the addition of low proportion of water miscible organic 

solvent to aqueous solvent, we obtained measurements of ST(q) only (SAXS). They show that 

the structure of PSS solutions is progressively and significantly modified upon the addition of 

THF towards the behaviour observed for f = 1 in water. Indeed, the maximum of the 

“polyelectrolyte peak” is shifted to higher q, the intensity of peak decreases and the scattered 

intensity at zero angle decreases too. This evolution is more pronounced as the charge rate is 
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lower. We know from former S1(q) measurements in pure water that partially sulfonated PSS 

is pearl necklace-like. We do not follow the conformation here, but results on ST(q) suggest 

on a sensible basis that, the chain conformation, evolves towards a more stretched 

conformation as that in pure water for fully sulfonated PSS” 

 Conversely, for the hydrophilic polyelectrolyte (AMAMPS) aqueous solutions, the behaviour 

is markedly different since the structure function remains constant upon addition of small 

amounts of THF, for all charge rates. As discussed in the text, this means that the reduction in 

dielectric constant upon addition of THF, which would act in disfavor of charge dissociation, 

is not important. On the contrary, this supports the idea that THF effect on partially sulfonated 

PSS is linked with its hydrophobicity: the mechanism of  decompaction of the chain, can be 

proposed as involving two steps. First the dissolution of the hydrophobic domains, which in 

second can make free the counterions condensed earlier on these domains, and promote an 

increase of the polyion charge and the return to an extended state.  

Concerning the second case, i.e. partially sulfonated PSS in a non selective solvent, DMSO, 

we obtained SANS measurements of both ST(q) and S1(q). What is seen indirectly for THF 

can be seen directly for DMSO. It erases quasi-completely the hydrophobic effects found in 

H2O on the conformation. For all values of f, conformation and structure are close to the one 

in H2O for f = 1. Minute differences are found at low q (less aggregation in DMSO than in 

H2O as revealed by the scattered intensity at zero angles) and at large q (local structure more 

helical in the rod-like length range). But the main behaviour, in the semi-dilute regime, for 

PSS at all f in DMSO is the same as for a classical hydrophilic polyelectrolytes in water. This 

is observed for the total scattering ST(q), both for the scattering profiles and for the abscissa of 

the maximum q* , which scales as cp
0.44

, not far from the cp
0.5 

dependency usually found for 

polyelectrolytes. Last but not least, this is also observed for the single chain scattering, 

S1(q), which matches precisely the form factor of a wormlike chain instead of a pearl 

necklace. Moreover, both for ST(q) and S1(q), there is in most of the cases no effect of charge 

rates f.  Therefore we find complete agreement with the Manning-Oosawa condensation law 

(above the condensation threshold). 

Moreover, the two structural studies support each other. From a global point of view, the 

respective influences of THF addition and use of DMSO follow the same trend, i.e. 

replacing water, which is a selective solvent for the sulfonated segments, by a non selective 

solvent. For DMSO, S1(q) shows definitely that we erase completely the pearl necklace 

structure and return towards the string-like one. Comparison of THF addition with use of 
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DMSO shows that ST(q) behaves very similarly in the two cases. For the intermediate value of 

f ~ 0.62, 5% THF and DMSO are equivalent: ST(q) evolves towards the scattering measured 

for f = 1 in water. This suggests that in both cases the chain “feels” an average effect of the 

solvent. However this is not a universal proof: many complex behaviours may occur in other 

solvents.  For the lower f , the change is still complete for DMSO, while the effect is only 

partial for THF, at least with  25% only. This again suggests that there is no solvent 

adsorption, and that the average quality of the solvent is the main parameter, as in the 

theoretical models. Adding more THF than done here could be successful.  This also opens 

the way to the tuning of the pearl size. 

 As an extension of this work, it would be interesting to confirm our assumption 

concerning the increase of this effective charge of PSS with THF addition by measurements 

with a convenient technique. Also, kinetic structure investigations by SAXS of the PSS 

solutions at different scales immediately after dissolution in the mixture of H2O and THF, 

could enlightened the question of whether pearl necklace of PSS in H2O are at equilibrium or 

in a metastable state. 
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Figure Captions : 

Figure 1: The chemical structure of the polyelectrolytes used in this work. f is the rate of 

sulfonation, or “chemical charge”. 

Figure 2: Evolution of the SAXS profiles with the percentage of added THF to aqueous 

solutions of AMAMPS. (a) f = 0.40. (b) f = 0.60. The polyelectrolyte concentration cp = 0.32 

M/L. 

Figure 3: Evolution of the SAXS profiles with the percentage of added THF to aqueous 

solutions of PSSNa. (a) PSSNa f = 1. (b) PSSNa f = 0.58. (c) PSSNa f = 0.38. The 

polyelectrolyte concentration cp = 0.32 M/L. 

Figure 4: Evolution of q*, I(q*), and I(q → 0) as a function of THF addition, for PSSNa f = 

0.38 and cp = 0.32 M/L. 

Figure 5: Evolution of the total scattering function per monomer ST(q)/cp for h-PSSNa at 

f=0.64 in d-DMSO as a function of polymer concentration. 

Figure 6 : Log-log representations of the intrascattering function S1(q)/c (PSSNa f=0.64) in 

DMSO as a function of polymer concentration. 

Figure 7: Fit (solid line) of the SANS data (symbols) according to the Sharp and Bloomfield 

model in Kratky representation for cp = 0.085 M/L
 
and 0.85 M/L. 

Figure 8: Universal des Cloiseaux representation of S1(q) for the concentrations cp as in 

Figure 6. 

Figure 9: Log log representation of the persistence length lp and the radius of gyration Rg as a 

function of the ionic strength of the solution IS = fcp+2cs; cs is the concentration of the added 

salt concentration, for PSSNa f =0.64 in DMSO. 

Figure 10: Comparison of the intrascattering function S1(q) of the fully charged PSSNa f=1 in 

aqueous solvent and that of PSSNa f=0.64 in organic solvent : DMSO, cp = 0.34 M/L (Log-

log representation). 

Figure 11: Evolution of the apparent structure factor ST/S1(q) vs q as a function of 

polyelectrolyte concentration cp. The insert is a log-log plot of the variation of qS (the peak 

abcissa of the apparent structure factor), q* (the peak abcissa of the total structure function) = 

f(cp). 

Figure 12: Evolution of the total scattering function as a function of the charge rate of PSSNa 

in DMSO (a) deuterated PSSNa in hydrogenated DMSO at cp= 0.17 M/L, (b) for cp= 0.34 

M/L and (c) hydrogenated PSSNa in deuterated DMSO at cp= 0.34 M/L. 
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Figure 13: Log-log plots of the intrascattering function S1(q)/cp for polyions of different 

charge rate  f  at a polymer concentration cp= 0.34 M/L, the insert is the Kratky plot q
2
S1(q)/cp 

of the intrachain scattering function S1(q) of polyions, measured at a polymer concentration cp 

= 0.34 M/L, for different degree of charge rates  f . 

Figure 14: Comparison of the persistence lengths as a function of the ionic strength IS = 

fcp+2cs  in water and in DMSO ( logarithmic representation). 

Figure 15: The apparent structure factor = ST(q)/S1(q) for the three sulfonation rates f = 1, 

0.64, and 0.36 at a polymer concentration cp = 0.34 M/L. 
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Figure 15 
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Table 1 : Characteristics of the used Polymers  

 

Technique/ 

Polyelectrolyte 

M0 g/mol Vmol (cm
3
) Mw (g/mol) Mw/Mn Nw 

SAXS/h-PS 104 98 250000 2 2403 

SAXS/h 

AMAMPS   f=1 

                    f=0.6 

                    f=0.4 

71+f*158   

650,000  

    471,000 

381,000 

 

2.6 

 

2838 

SANS/h-PS 104 98 67500 1.03 625 

SANS/d-PS 112 98 73000 1.04 652 

SANS/h-PSSNa 

(f=1) 

206 108 150000 1.12 730 

SANS/d-PSSNa 

(f=1) 

213 108 170000 1.2 800 

SANS 

d f=0.36   2%. 

h f=0.36  2%.                                

 

148.4 

140.7 

 

101 

101 

 

107 000 

101 000 

  

720 

720 

SANS  

d f=0.64 1%                                

h f=0.64 1% 

 

176.6 

169.3 

 

105 

105 

 

127 000 

122 000 

  

720 

720 

 
 

Table 2 : Characteristics of the DMSO solvent 

Solvent formula permittivity ε Vmol (cm
3
) M0 (g/mol) Scattering 

length 

(x10
-12

 cm) 

H-DMSO SO(CH3)2 46 71.0  78.1 -0.054 

D-DMSO SO(CD3)2 46 71.0 84.1 6.192 

 

 

Table 3 : Values of the different contrast lengths of polyions in DMSO 

 PSSNa f=1 PSSNa f=0.64 PSSNa f=0.36 

Vmol PSS (cm
3
) 115 109.5 103.5 

xZAC 0.84 0.81 0.80 

|k|ZAC  (x 10
-12 

cm) 3.600 3.858 3.934 

kST   (x 10
 -12 

cm) -5.30 -5.68 -5.83 
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