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ABSTRACT
We experimentally confirm a longstanding theoretical prediction of counterion-induced polyelectrolyte collapse in low dielec-
tric media. The scattering behavior of polystyrene sulfonate in different solvents with dielectric permittivities in the range of 
� ≃ 12 − 180 is investigated. For high and intermediate � media, typical polyelectrolyte behavior is observed: the correlation 
length (�) scales with concentration (c) as � ∼ c−1∕2, as predicted by various theories. When the dielectric constant of the solvent 
decreases below ≃ 22, a scaling of � ∼ c−1∕3, characteristic of partially collapsed polyelectrolytes, is observed. For these solvents, 
the correlation peak disappears at high concentrations. Interestingly, polyelectrolyte collapse is observed under both solvophilic 
and solvophobic conditions, supporting the existence of attractive electrostatic interactions. These results are in qualitative agree-
ment with theoretical predictions which expect chain collapse in low dielectric media due to the influence of condensed counte-
rions, either via dipolar attraction and/or charge-correlation-induced attractions.

1   |   Introduction

The dilute solution behavior of non-ionic polymers can be de-
scribed in terms of two length scales: the Kuhn segment, which 
is a measure of backbone rigidity, and the thermal blob, which 
quantifies the excluded volume strength. For non-dilute solu-
tions, an additional length scale, the correlation length, is neces-
sary to describe excluded volume and hydrodynamic screening. 
The length of a Kuhn segment is usually a property of the poly-
mer and not of the solvent [1, 2] and the thermal blob size de-
pends on the solvent quality.

In the case of ion-containing polymers, the number of relevant 
lengthscales and experimental variables increases [3–10]. For 
example, the solvent quality cannot be quantified in terms of a 

single parameter like the thermal blob size: instead, the interac-
tions of the solvent with the backbone and counterions must be 
considered [11–13]. Additionally, the dielectric constant or sol-
vent permittivity, which modulates electrostatic interactions in 
solution also plays an important role. Experimental studies on 
the influence of the solvent permittivity on the properties of poly-
electrolyte solutions are sparse [10, 14–22], with most of the lit-
erature focusing on aqueous solutions [23–30] with fixed relative 
permittivity of �r ≃ 78 or mixtures of water and organic solvents, 
which vary the relative permittivity to a limited degree [31–35].

Within the Debye-Huckle approximation, the potential between 
two charges separated by a distance r can be written as:

U (r) =
lB
r
e−�r
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where lB and � are the Bjerrum length and inverse Debye-Huckle 
screening length, respectively.

The Bjerrum length is the distance at which the non-screened 
electrostatic energy between two monovalent charges is the 
same as the thermal energy:

where �0 is the vacuum permittivity, e the electrostatic unit 
of charge, kB is the Boltzmann constant, and T the absolute 
temperature.

Counterions are entropically driven to dissociate from the back-
bone and explore the solution volume. This is opposed by the 
electrostatic attraction exerted by the oppositely charged groups 
along the polymer backbone. When the charge density of the 
backbone exceeds ≃ e∕ lB, counterions adsorb or “condense” 
onto the backbone, becoming osmotically inactive and lowering 
the effective charge of the backbone [36–39]. This phenomenon 
is known as Oosawa-Manning condensation and has been ob-
served for many highly charged polyelectrolytes in semidilute 
solutions [10, 37, 40, 41].

1.1   |   Structure of Polyelectrolyte Solutions

Polyelectrolytes dissolved in salt-free solvent far below the 
overlap concentration (c∗) are strongly stretched by electro-
statics, and their conformation is rod-like [10, 42]. As the con-
centration increases, the chain dimensions decrease and by 
the point where the overlap concentration is reached, their 
dimensions are significantly shrunken relative to the infinite 
dilution limit [10, 43]. Beyond the overlap concentration, in-
teractions on lengthscales larger than the correlation length 
(�) are screened, but the polymer remains highly stretched 
(dilute-like) on distances smaller than ξ [44]. The correlation 
length decreases with concentration as � ∼ c−1∕2 and elec-
trostatic interactions become progressively screened as the 
concentration increases. Experimental studies on counterion 
condensation generally reveal that the fraction of free coun-
terions is approximately independent of polymer concentra-
tion [32, 45–48]. This general picture, which applies to many 
polyelectrolyte/solvent systems, including highly sulfonated 
NaPSS [49] in water has been described extensively in earlier 
literature [25, 32, 50–56], see [4, 5, 10] and references therein 
for details.

Solvophobic polyelectrolytes are those for which the net non-
electrostatic excluded volume of the backbone in a given 
solvent is negative. The balance of long-range repulsive inter-
actions between like-charged dissociated groups and short-
ranged attractive solvophobic forces between monomers 
dictates whether a polyelectrolyte chain exists in an extended, 
semi-collapsed or fully collapsed state [57–60]. In brief, when 
electrostatic repulsion dominates, the chains adopt extended 
conformations as described in the preceding paragraph. As 
the solvophobic forces become more dominant, the chain 
collapses into a “pearl-necklace” structure, where highly col-
lapsed sections of the chains (beads or pearls) co-exist with 

strongly stretched sections (strings). Partially collapsed chains 
are predicted to exhibit a different type of counterion conden-
sation, where the fraction of free counterions decreases with 
polymer concentration, thereby leading to a progressive reduc-
tion of the effective charge of the backbone, which weakens 
of electrostatic repulsion between like-charged dissociated 
groups and further promotes the collapse of the chains [57]. 
Osmotic pressure data for solutions of partially sulfonated 
polystyrene sulfonate does not give evidence of this feature 
[61]. The primary structural features of hydrophobic polye-
lectrolyte collapse into pearl-necklace configurations were 
verified experimentally by Boue and co-workers for NaPSS in 
water [62–67].

The role of condensed counterions is often assumed to be only 
that of partially neutralizing the charge of the polyelectrolyte 
backbone. This appears to be a reasonable approximation in 
solvent media with high dielectric permittivity, where the 
fraction of condensed counterions is low and electrostatic in-
teractions are weak. Schiessel and Pincus [68, 69] predicted 
that ionic groups with condensed counterions behave as di-
poles, which attract each other with a strength proportional 
to l2B. When the solvent's dielectric constant is sufficiently low, 
the attractive forces between condensed counterions become 
stronger and result in an electrostatically-induced chain col-
lapse, a phenomenon which was later observed by Chertvy in 
a simulation [70]. Dobrynin and co-workers [71] on the other 
hand argued on the basis of simulation data that condensed 
counterions are too mobile to form permanent dipoles and in-
stead consider charge correlations responsible for counterion-
induced attraction. The effect of charge correlations was 
calculated in their model by using the Debye-Huckle theory 
for the weak interaction case and from an analogy to the 
Wigner crystal for the strongly interacting case. While differ-
ent in the physical mechanism of chain collapse, the models of 
Schiessel and Pincus and Dobrynin et al. lead to qualitatively 
similar predictions. The model of Muthukumar considers both 
effects [72]. Experimental validation of the above theoretical 
and simulation results is lacking. This is probably because 
of the limited solubility of common polyelectrolytes such as 
NaPSS, NaPA or NaCMC in organic solvents. Large organic 
counterions are known to promote solubility in organic media 
[22, 73, 74]. Here we use the tetrabutylammonium (TBA+) 
salt of polystyrene sulfonate which is soluble in polar, protic 
liquids.

In this article, we study the scattering properties of non-dilute 
polystyrene sulfonate with tetrabutyl-ammonium counterions 
(TBAPSS) in solvents of varying dielectric constant, covering a 
relatively broad range of relative permittivities between �r ≃ 12 
for pyridine to �r ≃ 180 for N-methyl-formamide and N-methyl-
acetamide. For solvents with high and intermediate dielectric 
constants (𝜀r ≳ 28), typical polyelectrolyte behavior is observed 
and the results are similar to earlier studies [25, 48, 75]. For 
lower dielectric constant solvents, chain collapse is observed, 
which could be attributed to either the solvophobic nature of 
the backbone and/or to counterion-induced attraction. Solutions 
in pyridine (�r ≃ 12) are particularly interesting because chain 
collapse is observed but backbone solvophobicity is unlikely to 
be the origin of the attractive forces needed for chain collapse, 
because pyridine is a solvent for polystyrene.

lB =
e2

4�kBT�0�r
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2   |   Results and Discussion

All the samples measured are above the overlap concentration 
(c∗). The overlap concentration was determined for TBAPSS in 
nine of the solvents used here in earlier studies. For DMF and 
1-propanol solutions, we estimated c∗ based on a plot of c∗ vs. 
the solvent dielectric constant [76, 77]. SAXS measurements 
for solutions in ethylene glycol and propylene glycol gave a 
flat signal, presumably due to the lack of sufficient contrast. 
Measurements in 1,3-butanediol were not of sufficient quality 
to reliably extract the peak position, these are included in the 
Supporting Information but not discussed here.

We divide our discussion of the data between “high” dielec-
tric constant solvents, corresponding to those with 𝜀r ≳ 24 and 
those with “low” dielectric constant (𝜀r ≲ 22). The criterion for 
this classification is discussed in more detail below. In brief, 
in the low dielectric constant solvents, we observe scattering 
behavior which is characteristic of partially or fully collapsed 
polyelectrolytes (� ∼ c−1∕3, peak disappears at high concentra-
tions). In the high dielectric constant solvents, on the other 
hand, the scattering properties of TBAPSS resembles those 

of non-collapsed polyelectrolytes (� ∼ c−1∕2, peak is observed 
over the entire concentration range). The dielectric constant 
of polyelectrolyte solutions usually decreases with increasing 
polymer content, but lacking such data for the systems studied, 
we use the dielectric constant of the pure solvents throughout 
this study.

2.1   |   High Dielectric Constant Solvents

Figure 1a–d shows representative SANS profiles of TBAPSS in 
several high dielectric constant solvents at different concentra-
tions. All solutions display a peak in their scattering function. 
The wave-vector at the peak (q∗) is obtained by fitting a polyno-
mial around the local maxima. This involves a subjective choice 
of the q-region to be fitted. Fits by two authors yielded nearly 
identical results, see the Supporting Information for details. The 
intensity at the maxima increases with increasing concentra-
tion until c ≃ 0.2 − 0.3 M and then decreases, see the Supporting 
Information. The specific concentration at which this cross-over 
occurs depends weakly on the solvent and we do not observe any 
clear correlation with the dielectric constant.

FIGURE 1    |    SANS profiles for TBAPSS in different solvents: D2O, d-DMSO, d-Acetonitrile, d-Methanol. Concentrations are indicated on the leg-
end. Note that the peak intensity decreases with concentration beyond some critical concentration, the value of which is approximately the same for 
all solvents, see the Supporting Information.
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The correlation length is calculated as: [55, 78–80].

The concentration dependence of the correlation length is plot-
ted in Figure  2. For SAXS measurements, the scaling for all 
solvents is close to the � ∝ c−1∕2 prediction of Dobrynin et al.'s 
scaling model, shown by the full line [81]. For SANS measure-
ments, where the contrast is strongly dominated by the counte-
rions, a slightly weaker dependence of � on c is observed. This 
is consistent with the behavior reported in earlier studies for 
TBACMC and TMAPSS in water [82–84].

The scaling theory predicts for the correlation length: [81, 85].

where b is the monomer size, taken to be 0.25 nm for PSS [86] 
and B is the stretching parameter. B = 1 corresponds to chains 

which are fully stretched inside the correlation blob and B > 1 
corresponds to local folding inside the correlation blob [10, 81]. 
For reference, NaPSS in water displays B ≃ 1.5 − 1.8 [48, 50, 75, 
80, 87, 88].

According to the scaling model, each correlation blob is made 
up of several electrostatic blobs of size �el. The electrostatic 
blob size is the lengthscale at which the electrostatic energy 
of a chain segment is equal to kBT. On distances smaller than 
�el, electrostatics do not perturb the chain and the polyelectro-
lyte adopts a neutral-like conformation: it is rigid on distances 
smaller than Kuhn length, Gaussian on distances larger than 
the Kuhn segment but smaller than the thermal blob size, and 
follows collapsed, ideal or excluded volume statistics on dis-
tances larger than the thermal blob size (�T) but smaller than 
�el. On distances larger than �el and smaller than �, the chain is 
a stretched pole of electrostatic blobs [10, 81]. The dependence 
of the stretching parameter, which is the ratio of the contour 
length of gel monomers making up the correlation blob and its 
end-to-end distance is:

where f  is the fraction of monomers bearing a charge, which for 
polyelectrolytes with one ionic group per monomer is the frac-
tion of dissociated counterions.

In deriving Equation (3) it is assumed that the electrostatic blob 
size is larger than the bare Kuhn segment of the polyelectrolyte 
(lK ≃ 2 nm for polystyrene sulfonate [10]). The scaling theory cal-
culates �el as the lengthscale where the Coulomb interactions are 
equal to the thermal energy (kBT). When there is more than one 
dissociated charge per Kuhn segment, this should correspond 
to the Bjerrum length of the solvent. Since the Manning theory 
expects one charge per Bjerrum length, the scaling theory pre-
dicts that for PSS, when lB ≲ 2 nm, 𝜉el ≲ lK. Under this condition, 
B ∼ �0r is expected [89]. When lB ≳ 2 nm, Equation  (3b) applies 
and B ∼ �−1∕3 assuming � solvent conditions.

Two qualifications to the argument above are needed: first, 
experimental measurements of the effective charge density 
of polyelectrolytes in semidilute solution typically yield val-
ues somewhat lower than the Manning condensation thresh-
old, often corresponding to ≃ 1 charge per 1.5 lB [46, 47, 90]. 
Second, intrinsic viscosity data of polyelectrolytes with vary-
ing charge density suggest that the electrostatic blob size may 
be an order of magnitude larger than that predicted by the 
scaling theory [10]. This is consistent with the analysis of vis-
cosity data for NaPSS in water by Dobrynin and co-workers, 
who concluded that the electrostatic blob has a Coulomb en-
ergy of ≃ 9 kBT [91].

In summary, we expect:

(1)� ≃
2�

q∗

(2)� =
(
B

bc

)1∕2

(3)

B =
bgel
𝜉el

∝

⎧
⎪⎨⎪⎩

l
−2∕3
B

f −4∕3 T≪𝜃 (poor solvent) (3a)

l
−1∕3
B

f −2∕3 T =𝜃 (theta solvent) (3b)

𝜉
1∕7
T
l
−2∕7
B

f −4∕7 T >𝜃 (good solvent) (3c)

(4)B∼

{
𝜀0r lB <AlK (4a)

𝜀−1∕3r lB >AlK (4b)

FIGURE 2    |    Correlation length calculated from the position of the lo-
cal maxima and Equation (1) for TBAPSS in different solvents. Top and 
bottom panels are for maxima obtained from SAXS and SANS spectra, 
respectively.

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20250574 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [06/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5

where A is a constant. The scaling model uses A = 1 but experi-
ments suggest that its value is somewhat lower.

We calculate B for each solvent by fitting Equation (2) to the en-
tire concentration range for the SAXS data and for c ≲ 0.012 M 
for the SANS data. The results are plotted as a function of the 
relative permittivity of the solvent in Figure 3. The stretching pa-
rameter obtained for TBAPSS in water is very similar to that of 
NaPSS reported in earlier studies [50, 75, 80, 87, 88]. The values 
of B measured by Han and Colby for NaPSS in glycerol (�r ≃ 42) 
and ethylene glycol (�r ≃ 37) are also included for comparison. 
The experimental values of B are compared with Equation (3b), 
shown by the full line, assuming Manning condensation 
( f ∝ 1∕ lB). The data display considerable scatter, presumably 
because the stretching parameter depends on the solvent qual-
ity, which does not correlate with its dielectric constant.

The weak dependence of the stretching parameter on solvent di-
electric constant observed in Figure 3 contrasts with the scaling 
of the overlap concentration (c∗ ∝ �−2r ) reported in two earlier 
studies [10, 76]. Since c∗ ∝ B3 viscosity data imply B ∼ �

−2∕3
r , as 

indicated by the dashed purple line. This relationship does not 
agree with the scattering data.

A major limitation of the analysis presented above is that we as-
sume that the dielectric constant of the solvent in the solution is 
the same as that of the pure solvent. It is possible that near the 
polymer backbone and/or near the counterions, the local solvent 
permittivity is significantly decreased due to increased solvent 
ordering. This point has been noted in earlier theoretical and 
simulation work [72, 92–94] and may be important for a full de-
scription of polyelectrolyte solution behavior, but we do not have 
a way of experimentally measuring the dielectric constant near 
the backbone.

The scattering intensity at the peak position increases linearly 
with the square root of the polymer concentration up to c ≃ 0.2 
M, beyond which the trend flattens and then reverses; see 
Figure S1. Nishida et al. for observed a similar trend for NaPSS 
in DI water but the concentration at which the cross-over oc-
curred was significantly higher (≃ 1 M).

One of the most puzzling aspects of polyelectrolyte scatter-
ing is the presence of an upturn in the low-q region [95]. Such 
behavior is not expected because of the large energetic cost 
of long-ranged concentration fluctuations in charged systems 
[10]. Figure  4 compares the scattering intensity of TBAPSS 
solutions with c = 0.25 M in five high dielectric constant sol-
vents. An upturn is observed for all samples. The power-law 
exponent is ≃ 2.5 for all samples, which is similar to values 
reported for other polyelectrolyte systems [55, 84, 96, 97]. No 
clear trend between the intensity of the upturn and the solvent 
properties is apparent.

2.2   |   Low Dielectric Constant Solvents

Figure  5 plots the SANS and SAXS intensities of TBAPSS 
solutions in 1-butanol and pyridine. At low concentrations, 
the samples display a correlation peak. For q > q∗, the scatter-
ing intensity follows a power law of I(q) ∝ q−1.3, indicated by 
the black line on Figure 5a,b. A similar exponent is observed 
for the scattering profiles at higher concentrations except for 
samples displaying a shoulder, where the power-law exponent 
increases drastically, see below. The position of this peak is 
approximately the same in the SANS and SAXS spectra (see 
Figure 6). As the concentration increases beyond ≃ 0.04 M for 
pyridine and ≃ 0.08 M for 1-butanol, the correlation peak disap-
pears and the curves instead display a broad shoulder feature. 
This behavior was also observed for isopropanol and acetone 
(data in Supporting Information). In 1-propanol solutions, the 
highest concentration studied was 0.12 M and a clear peak was 
observed. At the highest concentration measured for 1-butanol 
and pyridine (≃ 0.5 M), a peak reappears in the SAXS signal, 
but not in the SANS one, indicating a de-coupling of the con-
centration fluctuations of counterions and polymer backbone 
[84, 99], the SANS signal being dominated by the hydrogen-
rich counterions. A similar but less drastic decoupling was 

FIGURE 3    |    Stretching parameter of TBAPSS as a function of rela-
tive permittivity of the solvent. Black line is power law with exponent 
of −1/3, corresponding to Equation  (3b) for � solvent conditions and 
f ∝ l−1

B
 (Manning-Oosawa condensation). Purple line is the scaling of 

the stretching parameter obtained from viscosity measurements (B�), 
see ref. [76]. Red symbols are data from [21] for NaPSS in water, ethylene 
glycol and glycerol.

FIGURE 4    |    SANS profiles for TBAPSS solutions with c = 0.25 M in 
five solvents, indicated in the legend. Line is power law with exponent 
of −2.5.
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observed for solutions of the tetra-alkyl-ammonium salts of 
carboxymethyl cellulose in water [84].

2.2.1   |   The Bead Controlled Regime

Neglecting the influence of charge correlation interactions, the 
Dobrynin-Rubinstein model predicts the correlation length in 
the bead controlled regime (i.e., one bead per correlation blob) 
to scale as:

where the constant of proportionality depends on the Kuhn 
segment, the fraction of charged monomers and the Bjerrum 
length of the solvent. c is the polymer concentration relative 
to that of a bead (cbead). If the fraction of free counterions is 
concentration-independent, the mass per bead is also indepen-
dent of concentration and � ∝ c−1∕3. The term in brackets in 
Equation  (5) accounts for the increase in counterion conden-
sation with increasing c , which makes the beads grow in size 
and mass as the polymer concentration increases. Equation (5) 

expects the � − c scaling law to flatten and � to reach a mini-
mum for c ≃ 1∕3.

In the bead-controlled regime, the peak in the scattering func-
tion corresponds to the inter-bead distance and the correlation 
length can be calculated using Equation  (1). The results for 
TBAPSS in acetone, 1-butanol, isopropanol and pyridine are 
plotted in Figure 6 and found to be compatible with Equation (5). 
At low concentrations, the data are consistent with a scaling of 
� ∝ c−1∕3, though we cannot rule out the existence of a cross-
over between � ∝ c−1∕2 and � ∝ c−1∕3 power-laws due to the lim-
ited concentration range studied. The correlation length reaches 
a minimum at a value of ≃ 40 nm for pyridine and ≃ 30 nm for 
isopropanol.

2.2.2   |   Properties of Beads

The number of monomers per bead (gB) in the bead-controlled 
regime is:

(5)� ∝ (1−c)−2∕3c−1∕3

(6)gB = �3c

FIGURE 5    |    (a, b) SANS curves for selected concentrations of TBAPSS in deuterated 1-butanol and deuterated pyridine. (c, d) SAXS curves for 
selected concentrations of TBAPSS in 1-butanol and pyridine. The high q peak observed in panel c arises from the 1-butanol. Red lines indicate 
power-law of −4. Black lines on the top panels are best-fit to a power law with a background (q-independent) term. In both cases, the best-fit exponent 
is ≃ − 1.3.

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20250574 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [06/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



7

Equation (6) is expected to hold as long as there is one bead 
per correlation blob and the majority of the chains' mass is 
located in the beads, i.e., gB ≃ g, where g is the polymer mass 
per correlation blob. The top and bottom power-laws on 
Figure  6 correspond to gB ≃ 1000 and gB ≃ 500, respectively. 
These large values signal that the gB ≃ g approximation may 
not hold. Similarly large values are obtained when comparing 
Equation (6) with Spiteri et al.'s data, for partially sulfonated 
NaPSS in water, shown as red crosses in Figure 6. Such values 
are incompatible with the small (≃ 2.5 nm [65]) radius of the 
pearls obtained by fitting the form factor of the chains: If the 
NaPSS pearls are assumed to contain no solvent (�bead = 1), an 
upper limit of gB ≃ 330 is obtained.

If we assume that the minimum in the � − c plots corresponds 
to c = 1∕3 as expected by Equation  (5), we can estimate the 
concentration inside the beads as cbead ≃ 0.12 M for pyridine 
and cbead ≃ 0.24 M for isopropanol. These concentrations cor-
respond to volume fractions of �bead = 0.034 and �bead = 0.092, 
respectively. The radius of the beads may then be estimated as 
≃ 15 nm for pyridine and ≃ 9 nm for isopropanol. These values 
are almost an order of magnitude larger than those calculated 
by Spiteri et al. [65] for partially sulfonated NaPSS in water by 
analyzing the form factor of the chains, and therefore are judged 
to be incorrect.

2.2.3   |   The Transition to the Bead Overlap Regime

The Dobrynin-Rubinstein model does not make a predic-
tion for 1∕3 ≲ c ≲ 1, which covers the transition between the 
bead-controlled semidilute and the bead-overlap concentrated 
regimes. Our data show that TBAPSS does not exhibit a correla-
tion peak in this transition regime and instead the scattering 

profiles display a broad shoulder feature. The disappearance 
of the correlation peak upon increasing the polymer or added 
salt concentration has been reported in earlier studies for non-
collapsed polyelectrolytes [75, 84, 100–102], and these show a de-
pendence of I(q) ∝ q−1 in the high-q region of the shoulder. Here, 
by contrast, the low-q plateau is followed by a strong decay in 
the scattering intensity: for example, the pyridine and 1-butanol 
samples at the highest concentrations measured display a 
power-law of I(q) ∼ q−4, suggesting strongly collapsed struc-
tures. The disappearance of the scattering peak at high concen-
trations matches the behavior observed by Waigh et al. [16] for a 
polyionic liquid in poor solvent. This behavior is similar to that 
observed for partially sulfonated polystyrene in water, see for 
example ref. [63]. The Dobrynin-Rubinstein model expects the 
scattering function to not display a peak if the volume fraction 
exceeds the fraction of free counterions (𝜙 ≳ f ). In our case this 
would require f ≃ 0.02 − 0.03 for pyridine and f ≃ 0.03 − 0.045 
for acetone, 1-butanol and isopropanol. These values are similar 
to those observed for aqueous solutions of NaPSS with a degree 
of sulfonation of 36% [61].

For c ≳ 1, beads overlap and the solution is in the concentrated 
regime. Here, the model expects the appearance of a second 
peak. This second peak arises due to correlations between poly-
mer chains and is not related to the inter-bead distance. Based on 
the discussion above we expect c ≃ 1 to correspond to c ∼ 0.12 M 
for pyridine and 0.24 M for isopropanol.

For 1-butanol and pyridine solutions, we observe a reappear-
ance of the peak at around c ≃ 0.5 M in the SAXS scattering 
function. This matches the behavior observed by Waigh et al. 
[16] for a poly(ionic liquid) in acetonitrile solution. The ori-
gin of this re-appearance is not understood at present. The 
Dobrynin-Rubinstein model expects a peak at high concentra-
tions but only if 𝜙 ≲ f . In order for our results to be consistent 
with this, the fraction of free counterions should rise sharply 
at high concentrations. The decoupling of the SANS and SAXS 
signals observed for the c ≃ 0.5 M sample is consistent with 
this, as it suggests that the counterions and backbone are not 
tightly correlated. We note that the emergence of a peak in the 
structure factor at high concentrations for a polyelectrolyte in 
poor solvent was reported in a simulation study by Chang and 
Yethiraj [103].

2.2.4   |   What Drives Polyelectrolyte Collapse?

The canonical examples of polyelectrolyte collapse in solution 
are polymethacrylic acid and partially sulfonated polystyrene 
in water [104, 105]. In both cases, energetically unfavorable 
polymer-solvent interactions lead to attractive interactions 
between the polymer segments which drive collapse. These 
results are consistent with several simulation studies show-
ing solvophobic polyelectrolyte collapse [106–110], though 
the specific mechanism remains the subject of discussion 
[111, 112].

The results observed here appear to have a different origin 
from the two examples mentioned above. Pyridine is a sol-
vent for polystyrene and we expect it to display energetically 

FIGURE 6    |    Correlation length of TBAPSS in low dielectric constant 
solvents. Filled symbols are for SANS measurements and hollow sym-
bols are for SAXS measurements. In both cases, the correlation length is 
calculated from the peak position. Lines are power-laws with exponents 
of −1/3. Note that there is a concentration range where the samples do 
not display a peak. Red crosses are results by Boue and co-workers for 
36%–38% sulfonated NaPSS in water [62, 65, 98].
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favorable interactions with tetrabutylammonium counterions 
[113]. Ruling out negative excluded volume as the cause of 
attractive forces, we conclude that the collapse is driven by 
attractive forces between condensed counterions, as predicted 
in earlier theoretical work [68, 69, 71, 72, 114]. Our results do 
not allow us to resolve whether the counterion-induced at-
traction originates from dipole formation or charge-induced 
correlations as both become stronger when the dielectric con-
stant of the solvent decreases. The behavior observed here is 
qualitatively similar to the polyelectrolyte-to-ionomer tran-
sition for charged polymers in the bulk state [115, 116], but 
the systems studied here display additional features due to the 
presence of solvent molecules.

Several works predict electrostatically driven phase separa-
tion of polyelectrolyte solutions in good solvent [117–121]. All 
the solutions studied here were observed to be homogeneous 
and optically clear. The scattering data presented also do not 
show any evidence of phase separation. The reason why we 
do not observe phase separation is presumably that the con-
centrations and/or Bjerrum lengths studied are not suffi-
ciently large.

3   |   Conclusions

We have presented a comprehensive study of the scattering prop-
erties of a flexible polyelectrolyte in solvents of varying dielec-
tric constant. Our results identify two distinct types of behavior: 
In high dielectric constant solvents, the correlation length scales 
as � ∝ c−1∕2 as observed in many previous studies for solvophilic 
or weakly solvophobic polyelectrolytes. The dependence of the 
correlation length on dielectric constant is consistent with the 
prediction of the scaling model, but the data are too limited 
to provide a proper experimental test to the electrostatic blob 
theory.

For solutions in solvents with dielectric constants below �r ≃ 24, 
the scattering function of TBAPSS displays several features char-
acteristic of polyelectrolytes in poor solvent. Specifically, a 
correlation length scaling of � ∝ c−1∕3, previously reported for 
partially collapsed NaPSS in water is observed. Beyond a critical 
concentration the polyelectrolyte peak disappears until eventual 
re-emergence at high concentrations.

Interestingly, the “solvophobic” behavior is observed in 
media which are expected to be good solvents for the poly-
styrene backbone and the TBA+ counterions. This suggests 
that the polyelectrolyte collapse is not driven by unfavorable 
polymer-solvent interactions and is instead electrostatically-
driven. This finding is consistent with theoretical predictions 
of counterion-induced polyelectrolyte collapse under good 
solvent conditions. Two mechanisms have been proposed as 
the source of counterion-induced attraction: dipole–dipole in-
teractions and charge correlations. The experimental results 
presented here do not reveal which of these mechanisms is 
dominant.

Analytical treatment of the scattering function of polyelectro-
lytes remains a challenge and our analysis of the scattering data 

is therefore limited. The scattering patterns for all samples are 
tabulated in the Supporting Information for further analysis.

4   |   Experimental Methods

4.1   |   Chemicals

NaPSS was purchased from Polymer Standard Service (Mainz, 
Germany). Details of the molar mass determination can be 
found in [91, 122]; the degree of polymerization for each sam-
ple is listed in the Supporting Information. The procedure 
used to prepare and purify the TBAPSS salts is the same as in 
[76]; the hydrogenated solvents were also the same as in that 
study. Additionally, hydrogenated 1-propanol, 2-propanol, 
1,3-butanediol, ethylene glycol, propylene glycol, and acetone 
were purchased from FUJIFILM Wako Pure Chemical Corp. 
Information about the deuterated solvents, purchased from 
Deutero, is listed in Table 1.

4.2   |   SAXS

The SAXS measurements were mostly carried out at the 
BL40B2 beamline at the SPring-8 synchrotron facility, Hyogo, 
Japan (proposal numbers 2024A1203 and 2025A1060). Some 
of the measurements were also conducted using the in-
house instrument at DWI—Leibniz-Institut fur Interaktive 
Materialien e.V, Aachen, Germany. The beamline at SPring-8 
provided a q-range of 0.023 to 2.0 nm−1 and temperature was 
maintained at 25°C using a Peltier heating unit. The in-house 
measurements were conducted on the Nano-inXider instru-
ment from Xenocs. This instrument provided an accessible 
range of 0.011 to 4.4 nm−1 for the scattering vector. These mea-
surements were also carried out at room temperature (∼23°C). 
All the samples were measured in quartz capillaries with 
diameters of 1.5 or 2 mm. These capillaries were procured 
from either WJM Glass Muller GmbH (Germany) or Hampton 
Research (US). Upon loading, the samples were sealed using 
an epoxy glue gun to prevent any evaporation during the 

TABLE 1    |    Deuterated solvents used for SANS measurements.

Solvent (grade) Purity [%]

Acetonitrile (d3) 99

Acetone (d6) 99

Butanol (d10) 99.5

D2O 99.9

DMF (d7) 99.5

DMSO (d6) 99.8

Methanol (d4) 99.8

Ethanol (d6) 99

Isopropanol (d8) 99.5

Pyridine (d5) 99
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measurements. Acquisition times were on the order of tens of 
seconds for synchrotron measurements and a few hours for 
the in-house instrument.

4.2.1   |   Data Reduction

The data were reduced using the standard procedure:

where are Isample and Icapillary are the count rates for the sample 
and the empty cell, t  is the thickness and T the transmission. 
I(q) is the scattering intensity from the sample after subtrac-
tion of the capillary signal in units of counts/(s mm). The I vs. 
q profiles after reduction with Equation (7) are tabulated in the 
Supporting Information for all samples along with the experi-
ment date. Measurements of water capillaries, also after reduc-
tion with Equation  (7) are also listed. The raw counts for the 
empty capillary used for each experiment (i.e., Icapillary) are also 
tabulated in the Supporting Information.

4.3   |   SANS

The SANS measurements were carried out at D11 at Institut 
Laue-Langevin (ILL), Grenoble, France, SANS2D and ZOOM 
instruments at the ISIS neutron and muon source, UK, SANS-1 
at Paul Scherrer Institute (PSI), Switzerland and TAIKAN in-
strument at the J-PARC Center, Tokai, Japan. The measure-
ments at D11 were conducted over a q-range of 0.002 to 0.55 Å−1 
using five different sample-to-detector (SDD) distances (1.7, 5.5, 
8, 12, and 28 m). For the SANS2D instrument, SDDs of 2.4 and 
4 m were used for the front and rear detectors, respectively. This 
combination, in the time-of-flight mode, provided a q-range of 
0.0045 to 1 Å−1. The SDD for the ZOOM instrument was kept 
at 4 m, covering a q-range of 0.0045 to 0.85 Å−1. The SANS-1 in-
strument at PSI was operated at two SDD distances (3 and 11 m), 
which provided a q-range of 0.005–0.36 Å−1. The measurements 
at the TAIKAN instrument were carried out at an SDD of 5.65 m 
encompassing a q-range of 0.005–0.7 Å−1. Data were reduced ac-
cording to the procedure recommended by the corresponding 
facility.

Acknowledgments

This work was supported by the DFG, project GO 3250/2-1, and the 
JSPS KAKENHI projects (JP24K01236 and JP20KK0325). We are grate-
ful to the Spring-8 synchrotron for SAXS beamtime (proposal numbers 
2024A1203 and 2025A1060) and to Dr. Ohta for his help during the ex-
periments. We also thank the ILL (D11 beamline), ISIS neutron source 
(SANS2D), PSI (SANS-I), and JPARC (TAIKAN) neutron sources for 
beamtime. We are grateful to Ralf Schweins, Leide Cavalcanti, Urs 
Gasser, and Hiroki Iwase for their assistance with the SANS experi-
ments and data reduction. We thank Max Hohenschutz, Can Hou, and 
Lars Voleske (RWTH) for performing the experiments at SANS2D.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. K. Kamide, M. Saito, and H. Suzuki, “Persistence Length of Cellulose 
and Cellulose Derivatives in Solution,” Die Makromolekulare Chemie. 
Rapid Communications 4, no. 1 (1983): 33–39.

2. With some notable exceptions such as cellulose derivatives.

3. J.-L. Barrat and J.-F. Joanny, “Theory of Polyelectrolyte Solutions,” 
Advances in Chemical Physics 94 (1997): 1–66.

4. A. V. Dobrynin and M. Rubinstein, “Theory of Polyelectrolytes in 
Solutions and at Surfaces,” Progress in Polymer Science 30, no. 11 (2005): 
1049–1118.

5. R. H. Colby, “Structure and Linear Viscoelasticity of Flexible 
Polymer Solutions: Comparison of Polyelectrolyte and Neutral Polymer 
Solutions,” Rheologica Acta 49 (2010): 425–442.

6. A. V. Dobrynin, “Solutions of Charged Polymers,” in Polymer Science: A 
Comprehensive Reference, vol. 1 (University of Connecticut, 2012), 81–132.

7. K. Shen and Z.-G. Wang, “Electrostatic Correlations and the 
Polyelectrolyte Self Energy,” Journal of Chemical Physics 146, no. 8 
(2017): 084901.

8. G. Chen, A. Perazzo, and H. A. Stone, “Electrostatics, Conformation, 
and Rheology of Unentangled Semidilute Polyelectrolyte Solutions,” 
Journal of Rheology 65, no. 4 (2021): 507–526.

9. M. Muthukumar, “50th Anniversary Perspective: A Perspective on 
Polyelectrolyte Solutions,” Macromolecules 50, no. 24 (2017): 9528–9560.

10. C. G. Lopez, A. Matsumoto, and A. Q. Shen, “Dilute Polyelectrolyte 
Solutions: Recent Progress and Open Questions,” Soft Matter 20, no. 12 
(2024): 2635–2687.

11. A. Chremos and J. F. Douglas, “The Influence of Polymer and Ion 
Solvation on the Conformational Properties of Flexible Polyelectrolytes,” 
Gels 4, no. 1 (2018): 20.

12. A. Chremos and J. F. Douglas, “Polyelectrolyte Association and 
Solvation,” Journal of Chemical Physics 149, no. 16 (2018): 163305.

13. A. Chremos and J. F. Douglas, “Communication: Counter-
Ion Solvation and Anomalous Low-Angle Scattering in Salt-Free 
Polyelectrolyte Solutions,” Journal of Chemical Physics 147, no. 24 
(2017): 241103.

14. M. Beer, M. Schmidt, and M. Muthukumar, “The Electrostatic 
Expansion of Linear Polyelectrolytes: Effects of Gegenions, Co-Ions, 
and Hydrophobicity,” Macromolecules 30, no. 26 (1997): 8375–8385.

15. C. G. Lopez, A. Matsumoto, A. Gulati, et al., “Structure of Poly (Ionic 
Liquid) s in Solutions: A Small Angle Scattering Study,” ChemRxiv 
(2023).

16. T. A. Waigh, R. Ober, C. E. Williams, and J.-C. Galin, “Semidilute and 
Concentrated Solutions of a Solvophobic Polyelectrolyte in Nonaqueous 
Solvents,” Macromolecules 34, no. 6 (2001): 1973–1980.

17. S. Jousset, H. Bellissent, and J. C. Galin, “Polyelectrolytes of High 
Charge Density in Organic Solvents. Synthesis and Viscosimetric 
Behavior,” Macromolecules 31, no. 14 (1998): 4520–4530.

18. A. Matsumoto, R. Ukai, H. Osada, S. Sugihara, and Y. Maeda, 
“Tuning the Solution Viscosity of Ionic-Liquid-Based Polyelectrolytes 
With Solvent Dielectric Constants via the Counterion Condensation,” 
Macromolecules 55, no. 23 (2022): 10600–10606.

19. T. Ono, T. Sugimoto, S. Shinkai, and K. Sada, “Lipophilic 
Polyelectrolyte Gels as Super-Absorbent Polymers for Nonpolar Organic 
Solvents,” Nature Materials 6, no. 6 (2007): 429–433.

20. A. Sehgal and T. A. Seery, “The Ordinary-Extraordinary Transition 
Revisited: A Model Polyelectrolyte in a Highly Polar Organic Solvent,” 
Macromolecules 31, no. 21 (1998): 7340–7346.

21. A. Han and R. H. Colby, “Rheology of Entangled Polyelectrolyte 
Solutions,” Macromolecules 54, no. 3 (2021): 1375–1387.

(7)I(q) =
Isample(q)

tsampleTsample
−

Icapillary(q)

tsampleTcapillary

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20250574 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [06/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 Journal of Polymer Science, 2025

22. J. Shin, H. Shin, S.-H. Lee, J. D. Jang, and H. J. Kim, “Influence 
of Solvent Dielectric Constant on the Complex Coacervation Phase 
Behavior of Polymerized Ionic Liquids,” ACS Macro Letters 13, no. 12 
(2024): 1678–1685.

23. C. G. Lopez, R. H. Colby, P. Graham, and J. T. Cabral, “Viscosity 
and Scaling of Semiflexible Polyelectrolyte NaCMC in Aqueous Salt 
Solutions,” Macromolecules 50, no. 1 (2017): 332–338.

24. D. C. Boris and R. H. Colby, “Rheology of Sulfonated Polystyrene 
Solutions,” Macromolecules 31, no. 17 (1998): 5746–5755.

25. M. Nierlich, F. Boue, A. Lapp, and R. Oberthür, “Characteristic 
Lengths and the Structure of Salt Free Polyelectrolyte Solutions. A 
Small Angle Neutron Scattering Study,” Colloid and Polymer Science 
263 (1985): 955–964.

26. C. Hotton, Y. Sakhawoth, A.-L. Rollet, et al., “Ion-Specific Effects 
in Polyelectrolyte Solutions: Chain–Chain Interactions, Chain Rigidity 
and Dynamics,” Comptes Rendus Chimie 27, no. S5 (2024): 1–13.

27. H. Landfield, N. Kalamaris, and M. Wang, “Extreme Dependence 
of Dynamics on Concentration in Highly Crowded Polyelectrolyte 
Solutions,” Science Advances 10, no. 27 (2024): eado4976.

28. A. H. Slim, W. H. Shi, F. Safi Samghabadi, et  al., “Electrostatic 
Repulsion Slows Relaxations of Polyelectrolytes in Semidilute 
Solutions,” ACS Macro Letters 11, no. 7 (2022): 854–860.

29. A. Han, V. V. S. Uppala, D. Parisi, et al., “Determining the Molecular 
Weight of Polyelectrolytes Using the Rouse Scaling Theory for Salt-Free 
Semidilute Unentangled Solutions,” Macromolecules 55, no. 16 (2022): 
7148–7160.

30. E. Buvalaia, M. Kruteva, I. Hoffmann, A. Radulescu, S. Förster, and 
R. Biehl, “Interchain Hydrodynamic Interaction and Internal Friction 
of Polyelectrolytes,” ACS Macro Letters 12, no. 9 (2023): 1218–1223.

31. A. Chatterjee, B. Das, and C. Das, “Polyion–Counterion Interaction 
Behavior for Sodium Carboxymethylcellulose in Methanol–Water Mixed 
Solvent Media,” Carbohydrate Polymers 87, no. 2 (2012): 1144–1152.

32. C. Hou, T. Watanabe, C. G. Lopez, and W. Richtering, “Structure 
and Rheology of Carboxymethylcellulose in Polar Solvent Mixtures,” 
Carbohydrate Polymers 347 (2025): 122287.

33. C. Das, B. Sharma, and B. Das, “Studies on Counterion-Condensation 
in Sodium Carboxymethylcellulose-2-Butoxyethanol-Water Ternaries 
Using Electrical Conductivity,” Journal of Molecular Liquids 219 (2016): 
104–110.

34. P. Wagner, S. Różańska, E. Warmbier, A. Frankiewicz, and J. 
Różański, “Rheological Properties of Sodium Carboxymethylcellulose 
Solutions in Dihydroxy Alcohol/Water Mixtures,” Materials 16, no. 1 
(2023): 418.

35. P. Komorowska, S. Różańska, and J. Różański, “Effect of the Degree 
of Substitution on the Rheology of Sodium Carboxymethylcellulose 
Solutions in Propylene Glycol/Water Mixtures,” Cellulose 24 (2017): 
4151–4162.

36. F. Oosawa, “A Simple Theory of Thermodynamic Properties of 
Polyelectrolyte Solutions,” Journal of Polymer Science 23, no. 103 (1957): 
421–430.

37. G. S. Manning, “Limiting Laws and Counterion Condensation in 
Polyelectrolyte Solutions i. Colligative Properties,” Journal of Chemical 
Physics 51, no. 3 (1969): 924–933.

38. Q. Liao, A. V. Dobrynin, and M. Rubinstein, “Molecular Dynamics 
Simulations of Polyelectrolyte Solutions: Osmotic Coefficient and 
Counterion Condensation,” Macromolecules 36, no. 9 (2003): 3399–3410.

39. Q. Tang and M. Rubinstein, “Where in the World Are Condensed 
Counterions?,” Soft Matter 18, no. 6 (2022): 1154–1173.

40. G. S. Manning and J. Ray, “Counterion Condensation Revisited,” 
Journal of Biomolecular Structure and Dynamics 16, no. 2 (1998): 
461–476.

41. S. Dou and R. H. Colby, “Charge Density Effects in Salt-Free 
Polyelectrolyte Solution Rheology,” Journal of Polymer Science, Part B: 
Polymer Physics 44, no. 14 (2006): 2001–2013.

42. G. Xu, S. Luo, Q. Yang, J. Yang, and J. Zhao, “Single Chains of 
Strong Polyelectrolytes in Aqueous Solutions at Extreme Dilution: 
Conformation and Counterion Distribution,” Journal of Chemical 
Physics 145, no. 14 (2016): 144903.

43. M. J. Stevens and K. Kremer, “The Nature of Flexible Linear 
Polyelectrolytes in Salt Free Solution: A Molecular Dynamics Study,” 
Journal of Chemical Physics 103, no. 4 (1995): 1669–1690.

44. C. G. Lopez and W. Richtering, “Conformation and Dynamics of 
Flexible Polyelectrolytes in Semidilute Salt-Free Solutions,” Journal of 
Chemical Physics 148, no. 24 (2018): 244902.

45. M. Nagasawa and I. Kagawa, “Colligative Properties of 
Polyelectrolyte Solutions. IV. Activity Coefficient of Sodium Ion,” 
Journal of Polymer Science 25, no. 108 (1957): 61–76.

46. D. Ray, R. De, and B. Das, “Thermodynamic, Transport and Frictional 
Properties in Semidilute Aqueous Sodium Carboxymethylcellulose 
Solution,” Journal of Chemical Thermodynamics 101 (2016): 227–235.

47. F. Bordi, C. Cametti, and R. Colby, “Dielectric Spectroscopy and 
Conductivity of Polyelectrolyte Solutions,” Journal of Physics. Condensed 
Matter 16, no. 49 (2004): R1423–R1463.

48. C. G. Lopez, F. Horkay, R. Schweins, and W. Richtering, 
“Solution Properties of Polyelectrolytes With Divalent Counterions,” 
Macromolecules 54, no. 22 (2021): 10583–10593.

49. The Threshold Separating Weakly and Strongly Sulfonated Napss 
in Water Is When the Degree of Sulfonation Is Around 80%, See [65].

50. M. Nierlich, C. Williams, F. Boué, et  al., “Small Angle Neutron 
Scattering by Semi-Dilute Solutions of Polyelectrolyte,” Journal de 
Physique 40, no. 7 (1979): 701–704.

51. M. Nierlich, F. Boué, A. Lapp, and R. Oberthur, “Radius of Gyration 
of a Polyion in Salt Free Polyelectrolyte Solutions Measured by SANS,” 
Journal de Physique 46, no. 4 (1985): 649–655.

52. Y. Takahashi, N. Matsumoto, S. Iio, et  al., “Concentration 
Dependence of Radius of Gyration of Sodium Poly (Styrenesulfonate) 
Over a Wide Range of Concentration Studied by Small-Angle Neutron 
Scattering,” Langmuir 15, no. 12 (1999): 4120–4122.

53. M. Spiteri, F. Boué, A. Lapp, and J. Cotton, “Persistence Length 
for a PSSNa Polyion in Semidilute Solution as a Function of the Ionic 
Strength,” Physical Review Letters 77, no. 26 (1996): 5218–5220.

54. M. Spiteri, F. Boue, A. Lapp, and J. Cotton, “Polyelectrolyte 
Persistence Length in Semidilute Solution as a Function of the Ionic 
Strength,” Physica B: Condensed Matter 234 (1997): 303–305.

55. C. G. Lopez, S. E. Rogers, R. H. Colby, P. Graham, and J. T. Cabral, 
“Structure of Sodium Carboxymethyl Cellulose Aqueous Solutions: A 
SANS and Rheology Study,” Journal of Polymer Science Part B: Polymer 
Physics 53, no. 7 (2015): 492–501.

56. C. G. Lopez, R. H. Colby, and J. T. Cabral, “Electrostatic and 
Hydrophobic Interactions in NaCMC Aqueous Solutions: Effect of 
Degree of Substitution,” Macromolecules 51, no. 8 (2018): 3165–3175.

57. A. V. Dobrynin and M. Rubinstein, “Counterion Condensation 
and Phase Separation in Solutions of Hydrophobic Polyelectrolytes,” 
Macromolecules 34, no. 6 (2001): 1964–1972.

58. A. V. Dobrynin and M. Rubinstein, “Hydrophobic Polyelectrolytes,” 
Macromolecules 32, no. 3 (1999): 915–922.

59. N.-K. Lee, M.-K. Chae, Y. Jung, A. Johner, and J.-F. Joanny, 
“Polyelectrolytes: From Seminal Works to the Influence of the Charge 
Sequence,” Polymers 15, no. 23 (2023): 4593.

60. A. M. Rumyantsev and A. Johner, “Electrostatically Stabilized 
Microstructures: From Clusters to Necklaces to Bulk Microphases,” 
ACS Macro Letters 14 (2025): 472–483.

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20250574 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [06/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



11

61. W. Essafi, F. Lafuma, D. Baigl, and C. Williams, “Anomalous 
Counterion Condensation in Salt-Free Hydrophobic Polyelectrolyte 
Solutions: Osmotic Pressure Measurements,” Europhysics Letters 71, no. 
6 (2005): 938–944.

62. W. Essafi, A. Abdelli, G. Bouajila, and F. Boue, “Behavior of 
Hydrophobic Polyelectrolyte Solution in Mixed Aqueous/Organic 
Solvents Revealed by Neutron Scattering and Viscosimetry,” Journal of 
Physical Chemistry B 116, no. 45 (2012): 13525–13537.

63. W. Essafi, W. Raissi, A. Abdelli, and F. Boue, “Metastability of 
Large Aggregates and Viscosity, and Stability of the Pearl Necklace 
Conformation After Organic Solvent Treatment of Aqueous 
Hydrophobic Polyelectrolyte Solutions,” Journal of Physical Chemistry 
B 118, no. 42 (2014): 12271–12281.

64. S. B. Mahmoud, W. Essafi, A. Abidelli, M. Rawiso, and F. Boue, 
“Quenched Polyelectrolytes With Hydrophobicity Independent From 
Chemical Charge Fraction: A SANS and SAXS Study,” Arabian 
Journal of Chemistry 10, no. 7 (2017): 1001–1014.

65. M. Spiteri, C. Williams, and F. Boue, “Pearl-Necklace-Like Chain 
Conformation of Hydrophobic Polyelectrolyte: A SANS Study of Partially 
Sulfonated Polystyrene in Water,” Macromolecules 40, no. 18 (2007): 6679–6691.

66. W. Essafi, N. Haboubi, C. Williams, and F. Boue, “Weak Temperature 
Dependence of Structure in Hydrophobic Polyelectrolyte Aqueous 
Solution (PSSNa): Correlation Between Scattering and Viscosity,” 
Journal of Physical Chemistry B 115, no. 29 (2011): 8951–8960.

67. S. Ben Mahmoud, W. Essafi, A. Brulet, and F. Boue, “How Necklace 
Pearls Evolve in Hydrophobic Polyelectrolyte Chains Under Good 
Solvent Addition: A SANS Study of the Conformation,” Macromolecules 
51, no. 22 (2018): 9259–9275.

68. H. Schiessel, “Counterion Condensation on Flexible Polyelectrolytes: 
Dependence on Ionic Strength and Chain Concentration,” 
Macromolecules 32, no. 17 (1999): 5673–5680.

69. H. Schiessel and P. Pincus, “Counterion-Condensation-Induced 
Collapse of Highly Charged Polyelectrolytes,” Macromolecules 31, no. 
22 (1998): 7953–7959.

70. A. Cherstvy, “Collapse of Highly Charged Polyelectrolytes Triggered 
by Attractive Dipole- Dipole and Correlation-Induced Electrostatic 
Interactions,” Journal of Physical Chemistry B 114, no. 16 (2010): 5241–5249.

71. Q. Liao, A. V. Dobrynin, and M. Rubinstein, “Counterion-
Correlation-Induced Attraction and Necklace Formation in 
Polyelectrolyte Solutions: Theory and Simulations,” Macromolecules 39, 
no. 5 (2006): 1920–1938.

72. M. Muthukumar, “Theory of Counter-Ion Condensation on Flexible 
Polyelectrolytes: Adsorption Mechanism,” Journal of Chemical Physics 
120, no. 19 (2004): 9343–9350.

73. T. Ono, M. Ohta, and K. Sada, “Ionic Polymers Act as Polyelectrolytes 
in Nonpolar Media,” ACS Macro Letters 1, no. 11 (2012): 1270–1273.

74. C. Hou, W. Richtering, T. Watanabe, K. Leonhard, M. Paousha, 
and C. Lopez, “Solutions of Carboxymethylcellulose With Organic 
Counterions (I): The Influence of Counterion Properties on the Polymer 
Structure and Solubility,” Macromolecules 58, no. 14 (2025): 7489-7499.

75. V. M. Prabhu, M. Muthukumar, G. D. Wignall, and Y. B. Melnichenko, 
“Polyelectrolyte Chain Dimensions and Concentration Fluctuations 
Near Phase Boundaries,” Journal of Chemical Physics 119, no. 7 (2003): 
4085–4098.

76. A. Gulati and C. G. Lopez, “Viscosity of Polyelectrolytes: Influence of 
Counterion and Solvent Type,” ACS Macro Letters 13 (2024): 1079–1083.

77. A. Gulati, “Polyelectrolyte Conformation and Rheology in Solutions”. 
PhD Thesis, Dissertation, RWTH Aachen University, 2024.

78. K. Salamon, D. Aumiler, G. Pabst, and T. Vuletic, “Probing the Mesh 
Formed by the Semirigid Polyelectrolytes,” Macromolecules 46, no. 3 
(2013): 1107–1118.

79. R. Koyama, “Small-Angle Scattering of Polyelectrolyte Solutions,” 
Macromolecules 19, no. 1 (1986): 178–182.

80. K. Kaji, H. Urakawa, T. Kanaya, and R. Kitamaru, “Phase Diagram 
of Polyelectrolyte Solutions,” Journal de Physique 49, no. 6 (1988): 
993–1000.

81. A. V. Dobrynin, R. H. Colby, and M. Rubinstein, “Scaling Theory of 
Polyelectrolyte Solutions,” Macromolecules 28, no. 6 (1995): 1859–1871.

82. J. Combet, P. Lorchat, and M. Rawiso, “Salt-Free Aqueous Solutions 
of Polyelectrolytes: Small Angle X-ray and Neutron Scattering 
Characterization,” European Physical Journal Special Topics 213, no. 1 
(2012): 243–265.

83. J. Combet, F. Isel, M. Rawiso, and F. Boué, “Scattering Functions of 
Flexible Polyelectrolytes in the Presence of Mixed Valence Counterions: 
Condensation and Scaling,” Macromolecules 38, no. 17 (2005): 
7456–7469.

84. A. Gulati, J. F. Douglas, O. Matsarskaia, and C. G. Lopez, “Influence 
of Counterion Type on the Scattering of a Semiflexible Polyelectrolyte,” 
Soft Matter 20, no. 43 (2024): 8610–8620.

85. A. V. Dobrynin and M. Jacobs, “When Do Polyelectrolytes 
Entangle?,” Macromolecules 54, no. 4 (2021): 1859–1869.

86. J.-M. Y. Carrillo and A. V. Dobrynin, “Detailed Molecular Dynamics 
Simulations of a Model Napss in Water,” Journal of Physical Chemistry B 
114, no. 29 (2010): 9391–9399.

87. K. Nishida, K. Kaji, and T. Kanaya, “High Concentration Crossovers 
of Polyelectrolyte Solutions,” Journal of Chemical Physics 114, no. 19 
(2001): 8671–8677.

88. J. Combet, M. Rawiso, C. Rochas, S. Hoffmann, and F. Boué, 
“Structure of Polyelectrolytes With Mixed Monovalent and Divalent 
Counterions: Saxs Measurements and Poisson- Boltzmann Analysis,” 
Macromolecules 44, no. 8 (2011): 3039–3052.

89. The Implicit Assumption Here Is That Varying the Solvent Does Not 
Change the Local Conformation of the Polymer and/or Its Kuhn length, 
Which Is Probably a Good Approximation for Aliphatic Polymers.

90. D. Truzzolillo, F. Bordi, C. Cametti, and S. Sennato, “Counterion 
Condensation of Differently Flexible Polyelectrolytes in Aqueous 
Solutions in the Dilute and Semidilute Regime,” Physical Review E 79, 
no. 1 (2009): 011804.

91. A. Gulati, M. Jacobs, C. G. Lopez, and A. V. Dobrynin, “Salt Effect 
on the Viscosity of Semidilute Polyelectrolyte Solutions: Sodium 
Polystyrenesulfonate,” Macromolecules 56, no. 5 (2023): 2183–2193.

92. F. Fahrenberger, O. A. Hickey, J. Smiatek, and C. Holm, “Importance 
of Varying Permittivity on the Conductivity of Polyelectrolyte Solutions,” 
Physical Review Letters 115, no. 11 (2015): 118301.

93. F. Fahrenberger, O. A. Hickey, J. Smiatek, and C. Holm, “The 
Influence of Charged-Induced Variations in the Local Permittivity on 
the Static and Dynamic Properties of Polyelectrolyte Solutions,” Journal 
of Chemical Physics 143, no. 24 (2015): 243140.

94. Y. A. Budkov, N. Kalikin, and A. Kolesnikov, “Polymer Chain 
Collapse Induced by Many-Body Dipole Correlations,” European 
Physical Journal E 40 (2017): 1–8.

95. M. Sedlák, “Resolving the Mystery of the Extraordinary 
Polyelectrolyte Behavior (Anomalously Slow Diffusive Mode) After 
Half-Century of Research,” Macromolecules 58 (2025): 5329–5343.

96. Y. Zhang, J. F. Douglas, B. D. Ermi, and E. J. Amis, “Influence of 
Counterion Valency on the Scattering Properties of Highly Charged 
Polyelectrolyte Solutions,” Journal of Chemical Physics 114, no. 7 (2001): 
3299–3313.

97. E. Geissler, A.-M. Hecht, and F. Horkay, “Scaling Behavior of 
Hyaluronic Acid in Solution With Mono- and Divalent Ions,” in 
Macromolecular Symposia, vol. 291 (Wiley Online Library, 2010), 
362–370.

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20250574 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [06/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 Journal of Polymer Science, 2025

98. W. Essafi, M.-N. Spiteri, C. Williams, and F. Boué, “Hydrophobic 
Polyelectrolytes in Better Polar Solvent. Structure and Chain 
Conformation as Seen by SAXS and SANS,” Macromolecules 42, no. 24 
(2009): 9568–9580.

99. V. M. Prabhu, “Counterion Structure and Dynamics in Polyelectrolyte 
Solutions,” Current Opinion in Colloid & Interface Science 10, no. 1–2 
(2005): 2–8.

100. M. N. Spiteri, “Conformation et Arrangement des Polyelectrolytes 
en Solution Semi-Diluee. Etude par Diffusion des Neutrons aux Petits 
Angles”. PhD thesis, Paris 11, 1997.

101. K. Nishida, K. Kaji, T. Kanaya, and T. Shibano, “Added Salt Effect 
on the Intermolecular Correlation in Flexible Polyelectrolyte Solutions: 
Small-Angle Scattering Study,” Macromolecules 35, no. 10 (2002): 
4084–4089.

102. C. G. Lopez, F. Horkay, M. Mussel, R. L. Jones, and W. Richtering, 
“Screening Lengths and Osmotic Compressibility of Flexible 
Polyelectrolytes in Excess Salt Solutions,” Soft Matter 16, no. 31 (2020): 
7289–7298.

103. R. Chang and A. Yethiraj, “Strongly Charged Flexible 
Polyelectrolytes in Poor Solvents: Molecular Dynamics Simulations 
With Explicit Solvent,” Journal of Chemical Physics 118, no. 14 (2003): 
6634–6647.

104. I. Noda, T. Tsuge, and M. Nagasawa, “The Intrinsic Viscosity of 
Polyelectrolytes,” Journal of Physical Chemistry 74, no. 4 (1970): 710–719.

105. L. Ruiz-Pérez, A. Pryke, M. Sommer, et al., “Conformation of Poly 
(Methacrylic Acid) Chains in Dilute Aqueous Solution,” Macromolecules 
41, no. 6 (2008): 2203–2211.

106. S. Uyaver and C. Seidel, “Pearl-Necklace Structures in Annealed 
Polyelectrolytes,” Journal of Physical Chemistry B 108, no. 49 (2004): 
18804–18814.

107. U. Micka, C. Holm, and K. Kremer, “Strongly Charged, Flexible 
Polyelectrolytes in Poor Solvents: Molecular Dynamics Simulations,” 
Langmuir 15, no. 12 (1999): 4033–4044.

108. H. J. Limbach and C. Holm, “Single-Chain Properties of 
Polyelectrolytes in Poor Solvent,” Journal of Physical Chemistry B 107, 
no. 32 (2003): 8041–8055.

109. L. Wang, Z. Wang, R. Jiang, Y. Yin, and B. Li, “Conformation 
Transitions of a Single Polyelectrolyte Chain in a Poor Solvent: A 
Replica-Exchange Lattice Monte-Carlo Study,” Soft Matter 13, no. 11 
(2017): 2216–2227.

110. A. Varghese, S. Vemparala, and R. Rajesh, “Phase Transitions of 
a Single Polyelectrolyte in a Poor Solvent With Explicit Counterions,” 
Journal of Chemical Physics 135, no. 15 (2011): 154902.

111. A. Kundagrami and M. Muthukumar, “Effective Charge and Coil- 
Globule Transition of a Polyelectrolyte Chain,” Macromolecules 43, no. 
5 (2010): 2574–2581.

112. R. Chang and A. Yethiraj, “Dilute Solutions of Strongly Charged 
Flexible Polyelectrolytes in Poor Solvents: Molecular Dynamics Simulations 
With Explicit Solvent,” Macromolecules 39, no. 2 (2006): 821–828.

113. We Base This Assumption on the Large Solubility of TBACl in 
Pyridine Compared to That of NaCI or Other Simple Alkaline Metal 
Halides.

114. Y. Yang and D. Jia, “Phase Behaviors of Charged Macromolecules 
in Aqueous Solutions,” Macromolecular Chemistry and Physics 224, no. 
24 (2023): 2300155.

115. Z. Zhang, C. Liu, X. Cao, J.-H. H. Wang, Q. Chen, and R. H. Colby, 
“Morphological Evolution of Ionomer/Plasticizer Mixtures During a 
Transition From Ionomer to Polyelectrolyte,” Macromolecules 50, no. 3 
(2017): 963–971.

116. Q. Chen, N. Bao, J.-H. H. Wang, T. Tunic, S. Liang, and R. H. 
Colby, “Linear Viscoelasticity and Dielectric Spectroscopy of Ionomer/

Plasticizer Mixtures: A Transition From Ionomer to Polyelectrolyte,” 
Macromolecules 48, no. 22 (2015): 8240–8252.

117. K. A. Mahdi and M. Olvera de La Cruz, “Phase Diagrams of Salt-
Free Polyelectrolyte Semidilute Solutions,” Macromolecules 33, no. 20 
(2000): 7649–7654.

118. G. Orkoulas, S. K. Kumar, and A. Z. Panagiotopoulos, “Monte 
Carlo Study of Coulombic Criticality in Polyelectrolytes,” Physical 
Review Letters 90, no. 4 (2003): 048303.

119. Y. A. Budkov, A. Kolesnikov, N. Georgi, E. Nogovitsyn, and M. 
Kiselev, “A New Equation of State of a Flexible-Chain Polyelectrolyte 
Solution: Phase Equilibria and Osmotic Pressure in the Salt-Free Case,” 
Journal of Chemical Physics 142, no. 17 (2015): 174901.

120. P. Zhang, N. M. Alsaifi, J. Wu, and Z.-G. Wang, “Salting-Out and 
Salting-In of Polyelectrolyte Solutions: A Liquid-State Theory Study,” 
Macromolecules 49, no. 24 (2016): 9720–9730.

121. J. Jiang, L. Blum, O. Bernard, and J. M. Prausnitz, “Thermodynamic 
Properties and Phase Equilibria of Charged Hard Sphere Chain Model 
for Polyelectrolyte Solutions,” Molecular Physics 99, no. 13 (2001): 
1121–1128.

122. C. G. Lopez, J. Linders, C. Mayer, and W. Richtering, “Diffusion 
and Viscosity of Unentangled Polyelectrolytes,” Macromolecules 54, no. 
17 (2021): 8088–8103.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1. Supporting Information. 
Data S2. Supporting Information. 

Appendix A

Dielectric Constant of Solvents (See Table A1)

TABLE A1    |    Dielectric constants and Bjerrum lengths of solvents 
used. Data are for T = 298 K except for NMA (T = 308 K). Data are from 
the CRC Handbook of Chemistry and Physics, 85th edition.

Solvent �r [−] lB [nm]

N-methyl-formamide (NMF) 182 0.31

N-methyl-acetamide (NMA) 172 0.31

Water 78.4 0.71

Di-methyl sulfoxide (DMSO) 46.8 1.19

Di-methyl formamide (DMF) 37.2 1.50

Acetonitrile 35.7 1.56

Methanol 32.6 1.71

Ethanol 24.9 2.24

1-propanol 20.5 2.72

Acetone 20.5 2.72

2-propanol 19.3 2.88

1-butanol 17.4 3.20

Pyridine 13.0 4.28
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