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Abstract We study the scattering and conductometric properties of a semiflexible poly-9

electrolyte, carboxymethyl cellulose (CMC), with monovalent and divalent counterions in10

aqueous media without added salt. The scattering patterns for the magnesium salts of CMC11

display a broad shoulder instead of the scattering peak observed for the monovalent salts.12

This suggests weaker electrostatic repulsion between chains and a consequent loss of lo-13

cal order. The result is consistent with conductivity measurements, which reveal that the14

effective charge of the backbone for MgCMC is approximately half that of NaCMC. The15

decrease in charge density agrees with Oosawa-Manning condensation, which expects the16

charge density to be inversely proportional to the counterion valence. Alkali metal coun-17

terions show large differences in ion-pair formation but only a weak effect in counterion18

condensation. We suggest that paired ions are a subset of condensed ions. A review of dif-19

ferent methods to evaluate counterion condensation, including potentiometry, osmometry20

and viscosity-based methods is presented. Qualitative agreement between these methods is21

found and possible reasons for the discrepancies are discussed.22

Keywords Polyelectrolyte · Counterion Condensation · Carboxymethyl cellulose · SAXS ·23

Conductivity · Ion pairing24

Introduction25

Ion-polymer interactions play a central role in a variety of systems, for example in biolog-26

ical processes.(Tasaki, 2012; Verdugo, 2005; Sircar et al., 2013; Wnek, 2016) The role of27

ions is complex: they stabilize the local structures, and ion binding can also affect the in-28

trinsic properties of the polymer molecules, such as flexibility, electrostatic interactions and29

the overall thermodynamics of the system. Due to long range electrostatic interaction, the30

physical picture of low salt polyelectrolyte solutions is still not well understood.(Buvalaia31

et al., 2023; Slim et al., 2022; Zhou et al., 2024) To account for the effects of concentra-32

tion for polyelectrolyte solution in the semidilute and concentrated regimes where most of33

the experimental studies are performed, the scaling approach has been used to model the34

behavior of polyelectrolyte solutions.(Dobrynin and Rubinstein, 2005; Liao et al., 2007;35

Carrillo and Dobrynin, 2011; Gulati et al., 2023; Lopez et al., 2024) It has been demon-36

strated that in many systems, especially in the vicinity of ion-induced phase transition, the37

physical response is governed by universal scaling principles. Various physical forces and38

interactions are implicated in these processes, including electrostatic repulsion and attrac-39

tion, hydrophobic and hydrophilic interactions, hydrogen bonding and van der Waals forces.40

(Hirotsu, 1994; Mussel et al., 2021)41

Polyelectrolytes are used in different fields such as foods, water treatment and oil recov-42

ery. The molecular origin of the unique behavior of polyelectrolytes, which is also a funda-43

mental problem related to many biological processes such as protein folding, DNA conden-44

sation and origin of life is still poorly understood.(Pineda et al., 2024; Agrawal et al., 2024)45

The properties of charged polymers are influenced the intrinsic properties of the chains (e.g.,46

backbone rigidity), molecular mass, the concentration and valence of counterions, as well as47

inter- and intramolecular interactions (e.g., ion condensation, hydration, hydrogen bonding).48

To date, no satisfactory theoretical framework embodying the relationship between molecu-49

lar/supramolecular structure, macroscopic properties and biological function of synthetic or50

natural polyelectrolyte molecules has been developed.51
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Condensation and binding52

Two concepts are commonly used to describe polyion-counterion interactions. The first is53

counterion condensation, which refers to the accumulation of counterions in the vicinity of54

the backbone due to electrostatic attraction from the polyion. The condensed counterions55

do not contribute to the osmotic pressure of the solution or to transport properties such as56

electrical conductivity. The second concept is ion-pairing, which occurs when the counte-57

rion comes in close contact with the ionic group of the polyelectrolyte. What qualifies as58

a close contact is difficult to demarcate, and different ideas have been put forward.(Marcus59

and Hefter, 2006; Gregory et al., 2022) The solvent in the close vicinity of an ion expe-60

riences a huge pressure from the electrostatic field and as a result its density increases, a61

phenomenon known as electrostriction.(Hemmes, 1972) When an ion-pair forms, some of62

the electrostricted solvent is released, leading to a volume increase. This provides a func-63

tional definition for ion-pair formation.64

Understanding counterion condensation is important because virtually all solution prop-65

erties are influenced by the effective charge of the chain. Ion-pairing does not influence66

many macroscopic solution properties, but it plays a crucial role in applications such as67

ion-recovery processes.68

Oosawa-Manning condensation69

When a polyelectrolyte dissolves in a solvent, a fraction of the counterions dissociate from
the backbone and the rest stay in the close vicinity of the chain’s backbone, thereby low-
ering the effective polyion charge.(Essafi et al., 1999; Matsumoto et al., 2022; Tang and
Rubinstein, 2022; Muthukumar, 2004) The first successful attempt to describe this phenom-
ena, known as counterion condensation was the theory of Oosawa and Manning.(Manning,
1969; Oosawa, 1971) In their model, an infinite, isolated rod-like polyelectrolyte is consid-
ered. Counterions are treated as point-like charges interacting via Debye-Hückel screened
potentials and the backbone as possessing a uniform charge density. Under these (and other)
assumptions, the famous result is obtained that monovalent counterions will condense onto
the backbone until the effective charge is reduced to one charge per Bjerrum length (lB),
with:

lB =
e2

kBT 4πε

where e is the electrostatic unit of charge, ε the dielectric constant, kB is Boltzmann’s con-70

stant and T the absolute temperature.71

The critical charge on the chain is predicted to be:

µe f f =
e

zlB

where z is the valence of the counterion. This means that when the bare charge of a chain72

(the charge of the backbone without counterions) exceeds µe f f , counterions will bind or73

condense onto the chain until the effective charge of the chain (i.e. the sum of the charge74

of the backbone and the neutralising counterions) decreases to a e/(lBz), that is one charge75

per Bjerrum length for monovalent counterions and one charge per two Bjerrum lengths76

for divalent counterions. For higher-valent counterions, specific ion effects are strong, and77

treatments based on Debye-Hückel screening are not appropriate.(Lopez et al., 2024; Ehtiati78

et al., 2022; Smiatek, 2020)79
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Counterion condensation is often discussed in terms of the coupling parameter (u),80

which is the ratio between the Bjerrum length and d, the distance between ionic groups81

along the backbone (u = lB/d). The Manning model predicts counterion condensation to set82

in when u exceeds a value of 1 for monovalent ions or 2 for divalent ones. A useful way of83

experimentally quantifying counterion condensation is to measure their activity using ion-84

selective electrode potentiometry. The theory of Manning predicts for the activity coefficient85

of polyelectrolytes with monovalent counter-ions in salt-free solution:86

Γ =

{
e−u/2 if u < 1

1√
eu if u > 1

(1)

and for divalent counterions:(Manning, 1974)87

Γ =

{
e−u if u < 1

2
1

2
√

eu if u > 1
2

(2)

Note that according to Eqs. 1 and 2, the activity of the free counterions is lower than their88

concentration.89

The Oosawa and Manning models are derived for rigid and isolated chains (i.e. rod-like90

polyelectrolytes at infinite dilution). Its extension to higher concentrations results in more91

complex behaviour.(O’Shaughnessy and Yang, 2005; Oosawa, 1971) Experimental evidence92

on flexible polyelectrolytes (Wandrey, 1999; Wandrey et al., 2000) show that below the93

overlap concentration counterion dissociation increases upon dilution, approaching the no94

condensation limit at infinite dilution, in agreement with later simulation results (Liao et al.,95

2003) and contradicting the Oosawa-Manning model. Interestingly, the OM model appears96

to hold in the semidilute regime.97

A complication that arises when applying the Oosawa-Manning model to flexible or98

semiflexible polyelectrolytes because, unlike for the case of rigid chains, the conformation99

of the chain may depend on the effective charge of the backbone, thus requiring a more100

involved calculation where the free energy of the chain and the counterions are calculated101

self-consistently.(Muthukumar, 2004) Further, interactions between counterions and poly-102

mers include effects arising from sharing of hydration shells and ion-pair formation, not103

accounted for in the Oosawa-Manning theory. (Lytle et al., 2021; Marcus and Hefter, 2006)104

The effective charge of the polyelectrolyte backbone influences many solution proper-105

ties, including the charge transport, (Diederichsen et al., 2019; Kondou et al., 2023; Marioni106

et al., 2024) osmotic pressure, (Colby, 2010) and phase behaviour.(Lopez et al., 2024; Chen107

et al., 2021) Therefore, it is of interest to understand how counterion condensation depends108

on experimental variables. Here we investigate how the properties of the counterion influ-109

ence the degree of condensation for semiflexible polyelectrolyte carboxymethyl cellulose110

(CMC), an extensively studied anionic cellulose ether. (Lopez et al., 2015, 2018; Jimenez111

et al., 2020; Różańska et al., 2019; Behra et al., 2019; Jimenez et al., 2022; Arumughan112

et al., 2023; Wagner et al., 2023; Legrand et al., 2024; Yoshida et al., 2024) NaCMC finds113

many applications as a thickener, moisture retainer and structuring agent in pharmaceutical,114

food, wine, cosmetic and other formulations.(Kim et al., 2022; Wang et al., 2024; Liu and115

Zhao, 2019; Hou et al., 2024b; Kong et al., 2024; Zhang et al., 2022, 2024; Cai et al., 2025;116

Sommer, 2025)117

Divalent cations play a key role in many biopolymer systems. In general, experiments to118

determine the interactions between ions and biopolymers are difficult to perform, because119

above a relatively low ion concentration multivalent cations cause phase separation or gela-120

tion of the charged macromolecules.(Sharratt et al., 2020, 2021) We study the structure and121
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transport properties of carboxymethyl celluloses with varying degrees of substitution (DS),122

and quantify the effects of monovalent and divalent counterions on their physical proper-123

ties. While carboxymethyl cellulose is normally employed as a sodium salt, formulations124

containing NaCMC often contain divalent ions or come in contact with them when they are125

diluted with tap water. The interaction of divalent ions with polyelectrolytes is more com-126

plex than that of monovalent ions due to ion-specific effects.(Horkay and Douglas, 2025;127

Lopez et al., 2024; Mussel et al., 2019; Beyer and Holm, 2024; Chang and Yethiraj, 2003;128

Glisman et al., 2024) Here we focus on the Mg2+ ion, which displays weak specific-ion129

interactions with carboxylate groups of CMC.(Sharratt et al., 2020)130

Activity of CMC counterions131

Literature results for the activity coefficient of NaCMC and MgCMC are compiled in Fig.132

1. All data were obtained using ion-selective potentiometry. The theory of Manning (Eqs.133

1 and 2), shown as lines, under-predicts the activity coefficient for both monovalent and134

divalent salts of CMC over the entire charge density range studied.135
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Fig. 1 Counterion activity of carboxymethyl celluloses with different degrees of substitution as a function of
the charge coupling parameter. Lines are predictions of the Manning model. Data are from refs. (Rinaudo and
Loiseleur, 1973; Rinaudo et al., 1971; Rinaudo and Milas, 1974; Rinaudo and Mils, 1978; Rinaudo, 1973;
Rinaudo and Milas, 1975; Nagasawa and Kagawa, 1957). Red points are for NaCMC and blue points are for
MgCMC (squares) or CaCMC (diamonds).

In interpreting the data in Fig. 1 it should be noted that the distribution of substituents136

along the CMC backbone is not homogeneous. The degree of heterogeneity depends on the137

synthesis procedure used. For reference, the data of Kono et al(Kono et al., 2016b,a) for138

NaCMC synthesised via the slurry process show that for DS = 0.7, or equivalently u ≃ 1,139

corresponding to the lowest charge density in Fig. 1, there exist ≃ 5% of monomers with140

two carboxymethyl groups and an equal percentage with three substituted groups. Such141

substitution patterns are expected to display greater condensation than homogeneous ones142

because regions with high substitution coexist with regions of low substitution. For very high143
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DS, where the average charge spacing is much lower than lB, heterogeneity in substitution144

is not important because having two adjacent charges separated by more than lB becomes145

highly improbable. For such samples, Manning’s theory is expected to work best. In fact,146

Fig. 1 shows the opposite result, with the Manning prediction agreeing with low substitution147

samples but underpredicting the activity of the highly substituted ones. We conclude that the148

agreement for low DS (high u−1) samples is likely accidental.149

Ion specificity and counterion binding150

Beyond charge condensation, the size, electronic structure and hydration of an ion make151

the binding to an oppositely charged group ion-specific. For monovalent ions, such as Li+,152

Na+ or Cs+, binding correlates with the size of the ion according to Collin’s concept of153

matching water affinities. (Vlachy et al., 2009; Collins, 2004) According to Collins concept,154

at small and strongly hydrated carboxylate groups such as in CMC, small ions, such as Li+,155

are expected to bind most strongly due to a match of hydration water in contrast to large156

Cs+, which should bind less strongly due to a hydration mismatch.157

Evidence for the Collin’s concept is found for the alkaline metal salts of CMC in the ul-158

trasound absorption studies of Milas and co-workers: When a counterion forms an ion-pair159

with the side group on the polymer, electrostricted water is released, leading to a change160

in volume.(Tondre and Zana, 1971, 1972; Zana and Tondre, 1975b; Zana, 1975; Zana and161

Tondre, 1975a; Koda et al., 2004) Ultrasound absorption is sensitive to processes which162

generate volume changes and thus can be used to track the strength of ion-pair formation163

in polyelectrolyte solutions. Counterion condensation does not usually involve a volume164

change and therefore does not show up in ultrasound absorption spectra, see (Komiyama165

et al., 1974, 1976; Tondre and Zana, 1975; Tondre et al., 1978) Fig. 2a plots the excess166

ultrasound absorption of HCMC (DS = 2.49) solutions with respect to water (δψ) as a func-167

tion of degree of neutralisation with various hydroxides. The black arrow marks i = 0.26,168

corresponding to u ≃ 1, the onset of Oosawa-Manning condensation. For i ≲ 0.26, δω is169

independent of degree of neutralisation and counterion type, as expected because below170

the condensation threshold, no site-binding occurs. At higher degrees of neutralisation, the171

smaller counterions give rise to higher ultrasound absorption, indicating stronger ion-pair172

formation. Owing to its large size, it is often assumed that TMA+ does not site-bind to the173

CMC backbone. Further assuming that replacing sodium by tetramethyl ammonium coun-174

terions does not change the viscoelastic relaxations of the CMC solutions, the difference in175

ultrasound absorption between NaCMC and TMACMC solutions (∆ΨT MA) can be used as176

a direct measure of site-binding strength. ∆ΨT MA is plotted as a function of DS multiplied177

by the degree of ionisation (i) in Fig. 2b, where it is observed that data follow a linear re-178

lationship which intercepts the abscissa at iDS≃ 0.67, corresponding to u ≃ 1. These data179

provide evidence that site-binding via ion-pair formation does not take place in the absence180

of counterion condensation.181

For divalent ions, the Collins concept breaks down, as the electronic structure of the182

divalent cation allows for complexation and chelation with an ionic ligand, such as car-183

boxylate. The Irving-Williams series describes the differences in relative stability of aqua184

complexes for divalent transition metal ions. For divalent cations, the ease of removing an185

aqua ligand is considered the main factor, while the properties of the ionic ligand, such as186

carboxylate, surprisingly don’t play a role. Experimental results on the strength of binding187

of divalent metal ions to partially neutralised CMC by Rinaudo and Milas(Rinaudo and Mi-188

las, 1974) display different trends than expected from the Irving-Williams series. Both the189
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Fig. 2 Ultrasound absorption properties of CMC polymers. a: excess ultrasound absorption with respect to
water at a frequency of ω = 5.04 MHz for HCMC with DS = 2.49 and c = 0.1 M neutralised to different
degrees with TMA or alkaline metal hydroxides. The black arrow indicates the point at which the distance
between ionised groups is equal to the Bjerrum length (u ≃ 1). Lines are guides to the eye. b: difference in
ultrasound absorption of HCMC neutralised with NaOH with respect to the same polymer neutralised with
TMAOH (ω = 2.8 MHz). The DS of the various polymers are indicated on the legend. Line is a guide to the
eye. Data are from (Milas, 1974; Zana et al., 1971).

Collin’s concept and the Irving-Williams series are useful tools to understand ion-specific190

binding. However, deviations from them are commonly observed.(Kherb et al., 2012)191

Influence of ion type and valence on chain conformation192

Studies on the influence of ion type on the thermodynamics of ion binding to polyelec-193

trolytes are abundant. The influence of ion type on solution structure has received less at-194

tention.(Dubois and Boué, 2001; Combet et al., 2005, 2011; Hotton et al., 2023; Chremos195

and Douglas, 2018, 2017, 2016) With some exceptions,(Hotton et al., 2024) the nature of196

counterion type for monovalent ions is found to have a small influence on the structural197

(Kaji et al., 1984; Zhang et al., 2001) and dynamic (Lopez and Richtering, 2019; Lopez198

et al., 2021) parameters of solutions. For example, the overlap concentration of CMCs with199

different divalent ions and of PSS with sodium and tetra-alkyl-ammonium ions were found200

to be insensitive to ion type, indicating that the dilute chain size remains unchanged.(Lopez201

and Richtering, 2019; Gulati et al., 2024) Kaji reports a weak dependence of the correla-202
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tion length of PSS solutions with H+ and alkaline metal counterions.(Kaji et al., 1984) The203

weak influence of counterion type (for a fixed counterion valence) on conformation and204

dynamics contrasts with large differences observed for the binding constants in equilibrium205

dialysis.(Hen and Strauss, 1974) This suggests that competitive binding of ions is influenced206

by site-binding strength. On the other hand, counterion condensation, which dictates the ef-207

fective charge of the backbone and thereby the conformational and dynamic properties of208

chains may be largely insensitive to site-binding strength.209

Based on the above discussion we hypothesize that Oosawa-Manning theory holds for210

CMC with various counterions and that ion-specific effects should not have a strong influ-211

ence on counterion condensation.212

Materials and Methods213

CMC polymers: Sodium salts of CMC were purchased from Sigma Aldrich (S1-S7) or do-214

nated (S8-S10) by KelcoCP or Dow. Several of these samples were characterised in previous215

studies, as noted in table 1. The degree of substitution was determined (either in this study216

or in our prior works) by back titration of HCMC, where the acid is prepared by dialysis217

as described in ref. (Lopez and Richtering, 2019), and not by alcohol wash method because218

the latter can yield artificially low DS values for highly substituted samples.(Hedlund and219

Germgård, 2007) The exception was S5, for which the DS value from the certificate of anal-220

ysis provided by Sigma-Aldrich was used. Sodium salts were purified by dialysis against DI221

water until the conductivity of the bath reached a stable value of 2-3 µS/cm after at least 6222

hrs of dialysis. The magnesium salts were prepared by addition of ×20 molar excess MgCl2223

to a CMC solution followed by extensive dialysis against DI water. Alkaline metal salts of224

CMC were prepared by neutralising dry HCMC with the corresponding hydroxyde to pH225

> 12 followed by dialysis against DI water. All samples were freeze dried after dialysis.226

The molecular weights of polymers S1-S5 were evaluated in earlier work, from static light227

scattering or intrinsic viscosity measurements, see Table 1.228

Table 1 Sample properties for different polymers used. The molar mass of an average repeating unit is
160+80×DS for sodium salts and 160+69×DS for magnesium salts. a value obtained from manufacturer’s
certificate of analysis.

Polymer DS Notes

S1 1.3 Sample 240k in (Lopez, 2020), see also (Lopez
and Richtering, 2019).

S2 0.97 Same as polymer in (Hou et al., 2025), conductiv-
ity and SAXS data reported in (Hou et al., 2025).

S3 0.72 Same as polymer in (Lopez and Richtering,
2021)

S4 0.73 Sample CMC85k in (Lopez, 2020), DS was eval-
uated for this study.

S5 0.81 Sample CMC94k in (Lopez, 2020)
S6 0.78a

S7 1.4
S8 0.87 WALOCEL-CRT 15000 PPA , donated by Dow
S9 0.79 Cekol-2000A, donated by CP Kelco
S10 0.92 Cekol-30000A, donated by CP Kelco
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Electrical Conductivity: Two setups were used: One setup is the same as that described in229

(Hou et al., 2025), whereby a SevenMulti Dual pH/conductivity meter (Mettler Toledo) was230

used, with the probe inserted into a 10 mL centrifuge vial containing roughly 3 mL of the231

sample solution, which was placed in a temperature-controlled water bath and kept at 25 ◦C.232

The second setup used a SevenExcellence pH/conductivity meter (Mettler Toledo). InLab233

741 conductivity probe with 2 steel poles with an integrated temperature sensor were used234

to measure the conductivity over the 0.001- 500 µS/cm range. InLab710 conductivity cell235

with 4 platinum poles were also used, measuring the conductivity through the range of 0.01-236

500 mS/cm. Samples in the conductivity overlap range (100-500 µS/cm) were measured by237

both probes to confirm the consistency of the results. The InLab 741 probe was calibrated238

using 100 µS/cm standard solution placed inside a water bath to equilibrate to 25◦C. Tbe239

InLab710 conductivity cell was calibrated in the same manner using 1413 µS/cm standard240

solution.241

Small Angle X-ray Scattering (SAXS): SAXS experiments were carried out at an in-house242

instrument and at the Spring-8 synchrotron facility in Hyogo, Japan (Beamline BL40). The243

instrument configurations and measurement procedures were the same as described in pre-244

vious publications (Hou et al., 2025; Gulati et al., 2024). In-house SAXS-measurements245

were performed at room temperature on a Nanoinxider instrument from Xenocs. The cop-246

per source (λ =0.154 Å) with simultaneous small-angle and wide-angle detection enabled247

to access a q−range of 0.1-40 nm−1. Scattered intensities were scaled to absolute scale by248

standard-less absolute intensity calibration. Borosilicate capillaries from WJM glass were249

used as sample containers.250

Small Angle Neutron Scattering (SANS): Neutron scattering experiments were carried251

out at the SANS30G beamline of the NIST research reactor (0.0034 < q/Å−1 < 0.4) and252

the D11 beamline of the ILL, Grenoble, (0.0022 < q/Å−1 < 0.45). Samples were loaded253

into quartz cuvette and data were reduced into absolute units using the standard procedure254

provided by the facility.255

Thermogravimetric analysis (TGA): Thermogravimetric analysis was carried out with a256

Discovery TGA 550 with a nitrogen flow of 50 mL/min. Relatively small masses of CMC257

samples (6 ± 2 mg) were loaded onto clean, tared 100 µL platinum TGA pans without lids.258

The samples were heated to 120 ◦C and held for one hour and were then heated from 120 to259

420 ◦C at a rate of 10 ◦C/min. The water content fo the CMC was evaluated from the mass260

loss at the first stage (25-120 ◦C).261

Measurements were performed at T = 25 ◦C unless otherwise indicated. Scattering and262

conductivity data are tabulated in the supporting information.263

Results and Discussion264

Small angle scattering265

SAXS curves for MgCMC were measured for samples S1-S4 and S6-S10. For the NaCMC266

salts, we measured S7 over a concentration range of 2-40 g/L. SAXS data for the sodium267

salts of samples S1 and S2 were reported in earlier studies(Gulati et al., 2024; Hou et al.,268

2024a; Sharratt et al., 2020). SANS data for sample S1 was reported in (Gulati et al., 2024;269

Sharratt et al., 2020) and additional measurements for the same polymer in the sodium and270

magnesium forms are reported here. We include earlier ξ measurements for three samples271

with DS between 0.7 and 1.2 studied in (Lopez et al., 2015, 2018). These polymers were not272

part of this study.273
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Table 2 Equivalent conductances of counterions in water. Data from (Robinson and Stokes, 2002; Adamson,
1979).

Ion λC [mS/M]
Li+ 38.7
Na+ 50.1
K+ 73.5
Cs+ 76.8
Mg2+ 53.05

The scattering profiles of NaCMC in DI water, whether measured by SANS or SAXS274

showed clear correlation peaks(Horkay and Hammouda, 2008; Dobrynin et al., 1995) over275

the entire concentration range studied, in agreement with earlier studies.(Lopez et al., 2015,276

2018; Sharratt et al., 2020; Gulati et al., 2024; Hou et al., 2024a) By contrast, the magnesium277

salts of CMC did not display correlation peaks, irrespective of degree of substitution or278

polymer concentration. Instead, a broad ‘correlation shoulder’ is observed. This feature is279

reminiscent of the scattering profiles observed for sodium hyaluronate in DI water solutions280

(Salamon et al., 2013) or polyelectrolytes with modest concentrations of added salts.(Spiteri,281

1997; Sharratt et al., 2020; Nishida et al., 2002; Prabhu et al., 2003; Slim et al., 2022) A282

comparison between the scattering profiles two NaCMC and MgCMC solutions at c = 2283

wt% is shown in Fig. 3. The concentration in units of repeating units per volume is ≃ 5%284

higher for the MgCMC solution.285

0.01

0.1

0.01 0.1 1

I [
cm

-1
]

q [Å-1]

NaCMC
MgCMC

Fig. 3 Comparison of SAXS curves for sodium and magnesium salts of a solution of sample S2 in DI water.
Both solutions are at a concentration of 2wt%. The data have been binned (3 to 1) for clarity.

Following the approach in (Salamon et al., 2013; Gulati et al., 2024; Hou et al., 2024a),286

we identify the cross-over between the high-q and intermediate q as the ‘shoulder position’.287

We fit power-laws to the high-q and medium-q regions:288

I(q) =

{
A1qm1 if q ≲ q∗

A2qm2 if q ≳ q∗
(3)
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where A1, A2, m1 and m2 are used as fit parameters and q∗ is the wave-vector at which the289

two power-laws intersect. Examples of such fits to the magnesium salt of S1 at different290

polymer concentrations are shown in Fig. 4. The range over which the intermediate and291

high-q power laws were fit was identified visually, values for the various parameters are292

tabulated in the supporting information. Note that at high concentrations, the influence of293

the low-q upturn(Ermi and Amis, 1998; Lopez et al., 2024) on the mid-q scattering region294

becomes more important, which makes the power-law fits less reliable.295

0.01

0.1

1

0.1 1

I(q
) [

a.
u.

]

q [nm-1]

1.77 g/L
4.7 g/L
13.1 g/L
33.9 g/L
52 g/L

Fig. 4 Scattering profiles for S1 at different concentrations, indicated on the legend. Lines are fits to Eq. 3
and full circles indicate (I(q∗),q∗) for each concentration.

The variation of the two exponents with concentration for the various MgCMC sam-296

ples studied is plotted in Fig. 5. The values of m1 and m2 for each polymer sample studied297

are listed in the supporting information. No correlation with degree of substitution was ob-298

served. The pre-factors A1 and A2 were found to increase linearly with concentration, see299

the supporting information.300

The chain conformation inside the correlation blob is expected to be rod-like because301

chains are strongly stretched by electrostatics, so that for q ≳ 1/ξ , the scattering intensity302

should scale as I(q) ∼ q−1. This dependence is consistent with SANS data from previous303

studies for NaCMC in aqueous solution. The value of m2 plotted in Fig. 5, which describes304

the power-law of the scattering intensity for q ≳ 2πξ−1 decreases with concentration over305

the entire range studied. For low concentrations, the weaker than -1 exponent may be ex-306

plained as arising from the contribution of the q−independent background scattering term,307

which is apparent, for example in the red curve in Fig. 4. At high concentrations, m2 takes308

values lower than -1. The interpretation of this exponent is not obvious to us: bending in-309

side the correlation blob is unlikely because for c ≳ 0.07 M, the correlation length becomes310

smaller than the bare Kuhn length. A possibility is that even at high q the contribution of the311

intermolecular structure factor remains significant, so that m2 does not reflect the behaviour312

of the form factor of the chains inside the correlation blob.313
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Fig. 5 Variation of m1 (hollow symbols) and m2 (full symbols) with concentration. Data include all samples
studied. Lines are logarithmic lines to guide the eye.

Correlation length and the stretching parameter314

The position of the correlation peak measured by SANS and SAXS yield identical values for315

NaCMC, see (Gulati et al., 2024). The correlation length was also shown to be independent316

of temperature(Lopez et al., 2015) and ion type for the alkali series.(Gulati et al., 2024)317

The degree of substitution has a weak or null influence on the position of the correlation318

peak of NaCMC solutions, except at very high concentrations because for low DS samples,319

a fraction of the polymer aggregates.(Lopez et al., 2018; Barba et al., 2002; Kamide et al.,320

1985)321

The peak or shoulder positions (q∗) can be used to calculate the correlation length ac-
cording to:

ξ =
2π

q∗

The correlation length for the various sodium and magnesium salts of CMC studied is plot-322

ted as a function of concentration in Fig. 6. Both salts display a scaling of ξ ∼ c−1/2, in323

agreement with the theoretical prediction of the Dobrynin model. (Dobrynin et al., 1995)324

Note that for c ≳ 0.035 M for the sodium salt, the correlation length becomes smaller than325

the bare Kuhn length (≃ 10 nm). For the magnesium salt, this cross-over occurs for c ≳ 0.07326

M.327

The scaling theory relates the correlation length to the stretching parameter B as:(Dobrynin328

et al., 1995)329

ξ =
( B

bc

)1/2
(4)

where b is the chemical monomer size, which is ≃ 5 Å for cellulose polymers and B is the330

stretching parameter, which describes the degree of chain coiling inside the correlation blob,331

with B = 1 corresponding to fully stretched chains and B > 1 to partial coiling.332
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ξ ≈ 27.3c-1/2
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Fig. 6 Correlation length of sodium and magnesium salts of CMC in aqueous solution without added salts.
Data for NaCMC are from refs (Lopez et al., 2015; Hou et al., 2025; Lopez et al., 2018; Sharratt et al., 2020;
Gulati et al., 2024) and this work. Data for MgCMC are from this work. Lines are best-fit power-laws with
the exponent fixed to -1/2.

The stretching parameter for NaCMC is found to be B ≃ 1.1 and for MgCMC B ≃333

2.3. This means that in dilute solution, NaCMC chains should have an end-to-end dis-334

tance ≃ 2.1× larger than MgCMC. Based on this, we expect the overlap concentration of335

NaCMC to be ≃×2.13 ≃ 9 lower than MgCMC, which contrasts with results from an earlier336

study(Lopez and Richtering, 2019), where viscosimetric estimates for the overlap concen-337

trations of the sodium and magnesium salts of sample S1 found a ratio of 3.338

The relatively large change in the stretching parameter with counterion valence con-339

trasts with the independence of B on counterion type for monovalent counterions of the340

alkaline series.(Gulati et al., 2024) Similar results have been reported for polystyrene sul-341

fonate (PSS): the correlation lengths of various alkali metal salts of PSS as well as its acid342

form were found to be nearly identical by Kaji and co-workers. By contrast, PSS with Mg2+
343

or Ca2+ counterions displays larger correlation lengths, corresponding to greater values of344

B.(Lopez et al., 2021; Combet et al., 2011, 2005) This phenomenon likely arises because345

the charge density of a polyelectrolyte is strongly dependent on the counterion valence, but346

not on the counterion size, see below.347
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Local conformation348

Following our earlier work, SANS data were fitted to the worm-like chain model in the high349

q region using the following equation:(Lopez et al., 2015; Kassapidou et al., 1997)350

I(q) = K
π

b′q
e−R2

Cq2/4 + IB (5)

where K is a contrast factor, which is nearly identical for NaCMC and MgCMC due to351

the weak contrast between the counterions and the deuterated solvent background, b
′

is the352

z−projected monomer length, RC is the chain’s cross-sectional radius, which was set to 3.5353

Å and IB is a q−indpendent ’background’ scattering intensity term.(Lopez et al., 2015)354

Equation 5 was found in earlier work to give reasonable values for b
′

of NaCMC, see355

(Lopez et al., 2015, 2018). On the other hand, for MgPSS in aqueous solutions, we found356

that the extracted z-projected monomer length was similar to that of NaPSS, despite the357

more coiled concentration expected from the larger B parameter of MgPSS compared to358

NaPSS.(Lopez et al., 2021) Applying Eq. 5 to NaCMC and MgCMC samples at the same359

concentration suggests a higher value of b
′

for MgCMC than NaCMC. This is inconsis-360

tent with the measured B parameter and the fact that the NaCMC chain seems to be fully361

stretched inside the correlation blob. We do not have an explanation for this.362

Low-q upturn363
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Fig. 7 Background subtracted SANS intensity MgCMC with different concentrations. Low-q upturn displays
a power-law of I(q) ∝ q−3, indicated by the triangle.

In the low-q region (≲ 0.01Å−1), the scattering intensity from the SAXS capillaries was364

too high to allow for reliable background subtraction. SANS measurements on the other365

hand allow for the low−q intensity to be measured with high accuracy. SANS curves for366

MgCMC in D2O measured at the D11 beamline are shown in Fig. 7. For all concentrations,367

an upturn in the low−q region of the spectra is observed. The power-law of ≃−3 is typical368

for mass fractals. This power-law exponent is lower (less negative) than the value of -3.6369

found for NaCMC in DI water in previous studies.(Lopez et al., 2015; Gulati et al., 2024)370

The curves measured at the NGB30m source display a slightly higher power-law which371

is in better agreement with the exponent observed for NaCMC in earlier studies, see the372
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supporting information. The difference in exponents between the two sets of experiments373

suggests that sample preparation procedures influence the low-q exponent.374

Conductivity375

Aqueous solutions of NaCMC and MgCMC polymers with various degrees of substitution376

were prepared at concentrations around 20-30 g/L, as higher concentrations were too vis-377

cous for accurate conductivity measurement. Dilutions by a factor of ≃ ×1.5 were then378

performed for each sample, and the conductivity of each sample was recorded at its re-379

spective concentration. This dilution process continued until the conductivity approached380

approximately 20 µS/cm. At this point, the conductivity is only ≃ 7−10 higher than that of381

the solvent and estimates of the specific conductance become unreliable. All measurements382

were conducted at a controlled temperature of 25± 0.05◦C, with a water bath ensuring ther-383

mal stability. Thermogravimetric analysis (TGA) was used to quantify the residual moisture384

in CMC samples. TGA revealed that the average moisture content in these samples were385

≃ 13% and 15% for NaCMC and MgCMC respectfully and the values didn’t show any im-386

pact of the degree of substitution, see Fig. S2. The value of the water content were used to387

adjust the actual concentrations of CMC solutions.388
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Fig. 8 Conductance of carboxymethyl cellulose with different degree of substitution as a function of concen-
tration a: with monovalent counterion (NaCMC) b: with divalent counterion (MgCMC).

Figure 8 shows the specific conductance (Λ = κ/c) of CMC polymers as a function of389

concentration with monovalent and divalent counterions. The CMC polymers have a degree390

of substitution (DS) ranging from 0.72 to 1.4. At lower concentrations, an upturn in the391



16 E. A. GharehTapeh et al.

chemical conductivity is seen which can be due to the existence of residual salts in the392

solution. With increasing concentration, the conductance levels off at a constant value since393

the interference of the residual salt is less important.394

As the degree of substitution in NaCMC increases (Fig8a), we observe a corresponding395

increase in the electrical conductivity of NaCMC. Sample S3 with DS = 0.72 has the lowest396

chemical charge density of an ionic group per 7 Å (u ≃ 1), and S7 (DS = 1.4) has the highest397

chemical charge density of an ionic group per 3.5 Å (u ≃ 2). While the chemical charge398

density doubles from S3 to S7, the conductance does not increase proportionally. This is399

because condensed counterions neutralize some of the charged groups on the backbone,400

suppressing the overall charge density and electrical conductivity of the solution.401

The model of Colby et al gives the specific conductance of a salt-free polyelectrolyte402

solution as:403

Λ = f
[
λC + f

N2
AzCξ 2e2ln(ξ/D)

3πηs

]
(6)

where zC the valence of the counterion, ξ is the correlation length, D is the cross-sectional404

diameter of the chain, ηs the viscosity of the solvent, cm is the polymer concentration in405

moles of monomers per volume, and f is the fraction of monomers with a dissociated coun-406

terion. The concentration of free counterions is f c/z. λC is the equivalent conductance the407

counterion in units of Sm2/mol, λC = λ ′
C/zC, where λ ′

C is the molar conductance of the408

counterion.409

Equation 6 is a quadratic equation in f . Knowing the values of ξ , D and the various410

constants, f can be calculated for any concentration from the measured value of Λ .411

Influence of counterion type412

Figure 9 plots the fraction of monomers with a dissociated counterion for sample S2 (DS413

≃ 0.9) with different alkaline metal counterions. All four salts show a slow increase in414

the fraction of ionised monomers with concentration. The value of f depends weakly on415

the counterion type, with the difference between LiCMC and CsCMC being ≃ 20%. The416

order of counterion dissociation observed for the alkaline earth counterions is qualitatively417

consistent with the model of Oosawa, which expects that larger counterions dissociate to418

a greater extent and also with that of Ghosh and Kundagrami (Ghosh and Kundagrami,419

2024). Our results are also in line with studies by various groups using electrical conductivity420

(Trivedi and Patel, 1986; Milas, 1969, 1974) and osmotic pressure.(Milas, 1974)421
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Fig. 9 Fraction of monomers bearing a dissociated charge as a function of concentration for different alkaline
metal salts of S2. Lines are guides to the eye. Data for NaCMC combine results from this work and (Hou
et al., 2024a).
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Despite the large differences in site-binding strength for the alkaline metal counteri-422

ons which are apparent from the ultrasound absorption measurements by Milas and co-423

workers(Milas, 1974; Zana et al., 1971) (fig 2a), their influence in counterion condensation424

are minimal. This suggests that site-binding for the CMC-alkaline metal system does not425

induce counterion condensation. Instead, site-bound counterions are a sub-set of condensed426

counterions. Some evidence against this view can be found in the activity coefficient of K+
427

counterions in ionic derivatives of Dextran (Satake et al., 1972; Noguchi et al., 1973). This428

may be a peculiarity of branched polyelectrolytes or it may reflect the stronger site-binding429

strength of alkaline ions to dextran derivatives.430

Influence of degree of substitution and counterion valence on the fraction of free counterions431

Figure 10 shows the fraction of monomers with a dissociated counterion as a function of432

concentration across different degrees of substitution. The correlation length at each polymer433

concentration is calculated from the data in Fig. 6: ξ = 18.8c−1/2 for NaCMC, and ξ =434

27.3c−1/2 for MgCMC, independent of DS. By incorporating the correlation length and the435

conductivity at each concentration into Eq. 6, the fraction of monomers bearing a dissociated436

charge is calculated. We choose a value of D= 7 Å for the cross-sectional diameter of chains,437

independent of DS. (Lopez et al., 2015, 2018). For all degrees of substitution, the fraction of438

free counterions is found to follow an approximately linear relationship with concentration,439

see also fig 9.440
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Fig. 10 a: Conductance of NaCMC with different DS values as a function of polymer concentration b: Frac-
tion of charged monomers for various samples as a function of polymer concentration. Values of f are calcu-
lated with Eq. 6 and the ξ data from Fig. 6.
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According to Oosawa-Manning condensation theory, polyelectrolytes with high charge441

densities, in dilute solutions, have an effective charge density of µe f f = e/lB, i.e. one charge442

per Bjerrum length along the chain contour. With this assumption, Oosawa-Manning pre-443

dicts that fraction of monomers bearing a dissociated charge is f = bc/(zClB) where bc is444

the distance between ionic groups along the backbone, which can be considered either as445

the monomer length (b ≃ 5.15 Å), or the monomer length divided by the stretching param-446

eter (b/B). For NaCMC, the stretching parameter obtained by SAXS and SANS analysis447

is ≃ 1.1, independent of degree of substitution.(Lopez et al., 2018) The Oosawa-Manning448

threshold corresponds to DS ≃ 0.6−0.7 for NaCMC in water.449
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Fig. 11 Fraction of monomers bearing a dissociated charge as a function of degree of substitution. Hollow
symbols are from this work and full symbols evaluate f from the conductivity data of Ray et al extrapolated
to T = 25 ◦ C using the same method as for our samples. Estimates for f by Truzzzolillo et al, based on
solution conductivity but employing a different method to calculate f are also included for comparison. Red
symbols are for NaCMC and blue symbols for MgCMC.

At concentrations below 0.01 M, we can see a an approximately constant value for f ,450

varying from 0.34 for DS = 0.72 to 0.5 for DS = 1.4. The counterion fraction at DS = 1.4451

is close to Oosawa-Manning predictions (0.6) but deviates further away as the degree of452

substitution decreases. At the lowest degree of substitution, DS ≃ 0.7, the Oosawa-Manning453

theory expects no counterion condensation (i.e. f ≃ DS) but the measured value of f ap-454

proximately half of this value. The discrepancy may arise, at least in part, due to the het-455

erogeneity of substitution of the polymer: for a homogeneously substituted sample with DS456

≃ 0.7, the spacing between each charge is equal to the Bjerrum length and no condensation457

is expected. If substitution heterogeneous, regions of high substitution co-exist with less458

substituted ones. In the more substituted regions, the charge spacing will be smaller than459

lB leading to condensation. This provides a plausible explanation for why condensation is460

observed in heterogeneous systems even when the average charge spacing is larger than the461

lB. The average value of f , for divalent MgCMC, is calculated to be f ≃ 0.2, × ≃ 2 lower462

than the value for NaCMC, in agreement with Oosawa-Manning theory.463

Figure 11 compares how the degree of substitution influences the fraction of free coun-464

terions in Na and MgCMC. In both cases, a linear dependence of f on the degree of substi-465
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tution is observed, with the slope for the sodium salts being larger than for MgCMC. The466

weak influence of DS on the fraction of charged monomers contrasts with the large influence467

DS has on chain dynamics: for DS ≲ 0.9, associative interactions between chains become468

important at high concentrations (c≳ 0.05 M), leading to physical gelation.(Elliot and Ganz,469

1974; Lopez et al., 2018; Lopez and Richtering, 2021) Such associations appear to have no470

clear influence on the fraction of dissociated counterions or the polyion conductivity.471

The conductivity data of Ray et al(Ray et al., 2016) for solutions of NaCMC in DI water472

were extrapolated to T = 25 ◦C and used to evaluate f by the same procedure as for our473

data. The results are in good agreement with our data. Truzzolillo et al estimate the charge474

fraction of NaCMC based on conductivity data but using a different procedure than the one475

employed here. Their results for two NaCMC polymers are plotted in Fig. 11 as red triangles.476

One of their samples agrees well with our results while the other displays a value of f ≃477

20% higher than the other estimates.478

Table 3 Comparison of estimates for the fraction of charged monomers for CMC with DS ≃ 1.2-1.3 accord-
ing to different methods. a Based on applying Dobrynin’s quantitative scaling to salt-free viscosity data b

Based on applying Dobrynin et al’s 1995 scaling model to the decrease of solution viscosity with added salt.
c Values are interpolated to DS = 1.3 from data in fig 1. Estimates of f are using Oosawa’s model which
equates counterion activity with f . d interpolated from data in the DS = 1.1-2.5 range. e Approximated from
Rinaudo et al’s result for CaCMC with DS = 1.6, assuming the charge fraction is the same as DS = 1.3. Os-
mometry estimates for f are obtained assuming each dissociated counterion contributes kBT to the osmotic
pressure and condensed counterions are osmotically inactive.

Method DS ≃ 1.3 DS ≃ 0.8 Refs.
fNa fMg fNa fMg

Conductivity 0.5 0.22 0.45 0.2 This work, (Ray et al., 2016)
Ion selective potentiometryc 0.72 0.3 0.58 − (Rinaudo and Loiseleur, 1973; Rinaudo

et al., 1971; Rinaudo and Milas, 1974; Rin-
audo and Mils, 1978; Rinaudo, 1973; Rin-
audo and Milas, 1975; Nagasawa and Ka-
gawa, 1957), see Fig. 1.

Vapour pressure osmometry 0.67d − − − (Rinaudo and Loiseleur, 1973; Rinaudo and
Milas, 1975)

Membrane osmometry 0.69d 0.37e − − (Rinaudo and Loiseleur, 1973; Rinaudo and
Milas, 1975)

Dielectric Spectroscopya − − 0.3 − (Truzzolillo et al., 2009)
Viscosityb 0.42 − − − (Lopez et al., 2017; Matsumoto et al., 2025)
Viscositya 0.15 0.09 − − (Jacobs et al., 2021)

Comparison of methods to estimate counterion condensation479

The conductivity data from this study and others yield consistent results for the fraction480

of charged monomers of NaCMC. Next, we try to establish wether different methods of481

estimating the fraction of free counterions also yield consistent results. We assume that the482

counterion activity and the osmotic coefficient of the counterions is equal to the fraction483

of free counterions. This corresponds to the Oosawa theory.(Oosawa, 1971) These values484

are in quantitative agreement with the conductivity data for sodium and magnesium salts of485

CMC with DS = 1.3 and 0.8. A possible explanation is as follows: the model of Colby et486

al assumes that free (non-condensed) counterions have the same mobility as in a solution487

of a simple salt, but experimental measurements, in agreement with theoretical predictions488
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show that free polyelectrolyte counterions have a diffusion coefficient ≃ 30% lower than489

that of the ion in simple salt solutions.(Ander and Kardan, 1984) If the mobility in Eq. 6490

is adjusted by a similar pre-factor, the conductivity estimates for fNa and fMg increase by491

≃ 10−15%, bringing them closer to the potentiometry and osmometry estimates. Given the492

limited osmotic pressure data, experimental error should not be ruled out as a possible cause493

of the disagreement.494

Bordi et al. used the following equation to evaluate the fraction of charged monomers495

from dielectric spectroscopy data:(Bordi et al., 2004)496

f =
∆ε

6πωCDCI lBεc
(7)

here ∆ε is the dielectric increment and ωC the characteristic frequency of the intermediate497

relaxation decay, see (Bordi et al., 2004). DCI is the diffusion coefficient of the counterion498

(1.3 × 10−9 m2/s).499

Using the dielectric spectroscopy data of Truzzolillo et al(Truzzolillo et al., 2009), we500

estimate f ≃ 0.3 for their two samples with DS ≃ 0.8. The value from Eq. 7 is lower than501

the conductivity and potentiometric estimates for NaCMC with this DS. This contrasts with502

the NaPSS system, where Bordi et al showed that Eq. 7 gives f values which are ≃ × 5503

higher than those from conductivity and osmotic pressure data.504

The fraction of charged monomers obtained from the decrease in NaCMC solutions505

upon salt addition obtained by Matsumoto et al.(Matsumoto et al., 2025) agrees reasonably506

well with our conductivity estimate. By contrast the viscosimetric estimate from Dobrynin’s507

quantitative scaling appears too low.(Jacobs et al., 2021)508

In summary, the various methods considered yield results which agree qualitatively.509

Due to the limited data available for all methods other than conductivity, it is not possible, at510

present, to draw any solid conclusions on the reasons for the lack of quantitative agreement.511

Transference number512

The transference number of the polyion (tp) was determined using the equivalent conduc-513

tivity of the solution and the polyion mobility (λp) calculated from the model of Colby et514

al:515

tp =
(

λp

Λ

)
(8)

Figure 12 shows the transference number of the polyion plotted against the equivalent516

concentration of the polyelectrolyte for all samples. The transference number values of the517

polyion for MgCMC were found to exceed unity, with the value of ∼3 at lower concentra-518

tions and leveling off to a value closer to 2 at higher concentration, while NaCMC samples519

have a transference number closer to unity. It is well established that the transference num-520

ber is highly dependent on the polyion’s charge density—higher charge density typically521

results in a higher transference number. The transference numbers indicate that a significant522

fraction of the counterions migrate in the same direction as the polyions. The conductivity of523

the CMCs with divalent counterion results primarily from the polyion while in monovalent524

case both polyion and counter ion have similar contribution to the solution conductivity.525
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Fig. 12 Transference number of the polyion (tp) in aqueous carboxymethylcellulose solutions with a mono
(NaCMC) and divalent (MgCMC) counterions as a function of the polyelectrolyte concentration. The lines
fitted to the data points are to demonstrate the trend.

Conclusions526

This study examined the effects of counterion type and charge density on the structural527

and electrostatic properties of carboxymethyl cellulose (CMC) in aqueous solutions. Small-528

angle X-ray and neutron scattering (SAXS/SANS) reveal distinct structural differences be-529

tween NaCMC and MgCMC. MgCMC solutions lacked the well-defined correlation peaks530

seen for NaCMC, instead displaying broad scattering shoulders, which suggests a less or-531

dered local structure due to weaker electrostatic repulsion. While NaCMC chains remained532

locally extended (with a stretching parameter B ≃ 1.1), MgCMC exhibited significant coil-533

ing (B ≃ 2.3).534

Electrical conductivity measurements further elucidate the role of counterion valence in535

charge screening. The fraction of charged monomers f was consistently higher for NaCMC536

(0.4–0.5) than for MgCMC (0.19–0.21), in quantitative agreement with the Oosawa-Manning537

theory, which expects the charge fraction to vary inversely with the counterion valence.538

However, the experimental values of f fall below theoretical predictions, particularly for539

low-DS samples, perhaps due to the heterogeneous distribution of charged groups along the540

CMC backbone. While monovalent alkali counterions (Li+ to Cs+) show only minor varia-541

tions in f , despite differences in site-binding affinity, the switch from Na+ to Mg2+ resulted542

in a sharp decline in charge dissociation, highlighting the dominant role of valence over543

ion-specific effects in condensation.544
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