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ABSTRACT: We report scattering (SANS and SAXS) and electrical conductivity T '

data for aqueous and organic solutions of carboxymethyl cellulose with o drmethanol
tetrabutylammonium counterions. For SANS in deuterated solvents, the contrast dbutanol | 1
is heavily dominated by the hydrogen-rich counterions, while for SAXS the polymer

backbone has a more significant contribution to the scattering signal. The
correlation length calculated from the SAXS measurements follows a scaling law of &
o ¢ V2 while that measured by SANS displays a weaker exponent at higher
concentrations for solvents of high dielectric constants. These results indicate a
decoupling in the characteristic length scales of fluctuations of the polymer
backbone and counterions at high polyelectrolyte concentrations. The stretching 0.1, .
parameter calculated from the correlation length indicates a highly stretched local K] Y 4%
conformation for TBACMC in water and several high dielectric constant solvents, q[A

consistent with the semiflexible nature of the cellulose backbone. In solvents of

lower dielectric permittivity, the chains display a higher degree of local coiling. Combining electrical conductivity and scattering data,
we find that the fraction of monomers bearing a dissociated charge is nearly independent of concentration and approximately
proportional to the reciprocal of the Bjerrum length of the solvent, as expected by the Oosawa-Manning model.
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1. INTRODUCTION structure, and rheology of polyelectrolytes remains largely

17 : . .
Polyelectrolytes are a class of ion-containing polymers in which unexplored.” Understanding how dielectric constant and

all of the ionic groups bear charges of the same sign.'~* The
presence of charged groups on the polymer backbone enhances
their solubility in polar solvents and allows them to form
complexes with oppositely charged species.” * By independ-

other solvent properties affect charged polymers is relevant
for applications such as batteries” and membranes.”*™>°

The dielectric constant of the solvent sets the strength of
electrostatic interactions between charges in solution. In the

ently tuning the polymer backbone and counterions, absence of electrostatic screening, the Coulomb energy (Uc)

orthogonal functionality can be introduced, allowing specific for a pair of oppositely charged ions a distance r Uc/kT =

properties such as responsiveness to environmental factors —lg/r, where kg is Boltzmann’s constant, T is the absolute

(e.g., temperature, pH, and ionic strength).g’m temperature, and J; is the Bjerrum length. The Bjerrum length
Water is, without a doubt, the most important solvent for is the distance at which the electrostatic and thermal energies

charged polymers due to its relevance to living organisms, of a pair of monovalent ions in solution are equal:

where polyelectrolytes play a role in many physiological

processes.'' "> Because of this, the vast majority of the L= ¢

experimental polyelectrolyte literature focuses on the proper- B 4rkyTe e

ties of aqueous solutions.'”'” The lack of comprehensive

studies on polyelectrolytes in nonaqueous media results in two —

limitations in our fundamental understanding of polyelec- Received:  February 4, 2026

trolyte solutions. First, the role of solvent permittivity on the Revised:  May 20, 2026 ‘
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properties of polyelectrolytes'® " has not been systematically
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studied, with most work being carried out at a fixed dielectric

constant of € ~ 78. Second, the influence of polymer and
21-24 .

on the thermodynamics,

counterion—solvent interactions
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where e is the electrostatic unit of charge, € is the dielectric
constant or relative permittivity of the solvent, and ¢, is the
vacuum permittivity.

The coupling parameter (u) is defined as the ratio between
the Bjerrum length and the distance between ionic groups on
the backbone. The distance between charges is given by the
ratio of the length of a chemical monomer (b) and the number
of charges per monomer unit (1),

u = nlg/b

The theory of counterion condensation®' ~%* predicts that

when the coupling parameter exceeds unity, counterions
condense onto the polymer backbone, neutralizing the ionic
groups so as to bring the effective charge density to a value of
one charge per Bjerrum length. The effective charge density of
the backbone (i g) is

‘n/b
'ueff: {en (1)

e/l

Counterion condensation is essential to understanding
polyelectrolyte solutions because virtually all polyelectrolyte
properties, from osmotic pressure or charge transport to the
rheological properties of solutions, are dependent on the
effective charge of the chains.'”***

While Oosawa and Manning derived their theories for single
chains (i.e., solutions in the infinite dilution limit), results by
Wandrey et al’**” show that the Oosawa-Manning (OM)
threshold for salt-free solutions applies only in the semidilute
regime. Below the overlap point, the fraction of free
counterions increases upon dilution, in agreement with the
two-phase model of Liao et al.*®

Nyquist et al.”” find broad agreement with Manning’s theory
but predict a less sharp dependence of the fraction of
condensed counterions on the bare charge density. Theoretical
work by Muthukumar and coworkers'*™** expects strong
deviations from the Oosawa-Manning model for flexible
chains. In brief, their theory predicts that because counterion
adsorption influences chain conformation, a self-consistent
calculation of the free energy of the polyelectrolyte (chain and
counterions) is necessary to estimate the fraction of free
counterions.”” These works also predict that the dielectric
mismatch, which is proportional to the relative difference
between the dielectric constant in the bulk and around the
polymer chains, can significantly alter counterion adsorption
profiles. When plotting f as a function of Bjerrum length at
constant dielectric mismatch, Muthukumar and coworkers
observe much sharper dependencies than the Oosawa-
Manning model. A difficulty that arises in checking these
predictions is the lack of experimental methods to quantify the
dielectric mismatch.

Equation 1 can be experimentally tested in two ways: first,
by altering the chemical composition of the backbone, the
value of n can be changed. Dou and Colby"* quaternized
poly(2-vinylpyridine) to different degrees and used electrical
conductivity measurements to evaluate the effective charge
density of the chain in semidilute ethylene glycol solutions.**
Their results agree with several aspects of the OM model: the
Hep & 1 and pyq o n® at low and high charge density are
approximately observed, and the crossover occurs at u & 1, but
the transition between these two regimes was broader than
expected by eq 1. The effective charge density in the high
charge density region is close to e/l; as expected by eq I.
Kowblansky and Zema* studied the activity of counterions in

ifu<l1
ifu>1
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copolymers of acrylic acid and acrylamide with varying charge
density, finding reasonable agreement with Manning’s theory.

The second approach to test eq 1 is to keep the chemical
composition of the polymer constant (i.e., constant n) and vary
the dielectric constant of the solvent. Here, fewer studies,
mostly relying on indirect measurements of the effective charge
fraction, have been performed: in one study, Beer et al. fit a
Flory theory to radius of gyration vs added salt concentration
data for polyvinylpyridine derivatives, which allowed them to
extract the effective charge fraction and intrinsic excluded
volume.'® This yielded an unusual dependence of o =~ (e—
16)'2, which does not agree with Oosawa-Manning. In
another study, Lopez et al.'” used the scaling theory™ to
calculate f from overlap concentration data of two poly(ionic
liquids)."””*” A stronger-than-anticipated dependence of Hefy
€% was found. This relationship was obtained on the
assumption that all solvents considered act as @ solvents for
the backbone, which could not be verified.

Studying nonaqueous solvents can yield insight into the
nature of electrostatic forces in polyelectrolyte solutions. This
is challenging because of the limited solubility of most
polyelectrolytes in nonaqueous media.***” One way of
overcoming this difficulty is to increase the affinity of the
counterions for the solvent.’® This approach was pioneered by
Ono and coworkers” ~>* and Chen et al.>” to develop cross-
linked polyelectrolyte networks with high absorption capacity
for nonpolar solvents. More recently, the tetra-alkylammonium
salts of polystyrenesulfonate and carboxymethyl cellulose were
found to be soluble in many protic, polar solvents.””***’

1.1. Prior Work on CMC Solutions

Carboxymethyl cellulose is a semiflexible, weak, anionic ether
of cellulose made by reacting chloroacetic acid with activated
cellulose.”® ™ The average number of carboxymethyl groups
(out of three hydroxyl groups in the glucose unit) per
monomer is known as the degree of substitution, or DS.
Commercially, carboxymethyl cellulose is used as the sodium
salt (NaCMC) with DS 2 0.7, as required for solubility in
water. Higher substitution degrees are used to ensure a more
regular substitution pattern, which prevents gelation of CMC
at high polymer concentrations.”’ ~®* The many applications of
CMC in the food, pharmaceutical, paper, and oil industries, as
well as potential applications in new technologies®*~°° have led
to extensive investigations into its physical properties.

1.1.1. Counterion Condensation. The first systematic
studies on the effective charge fraction of NaCMC used
potentiometry and osmotic pressure to determine the activity
and osmotic coeflicients of CMC solutions with various
monovalent and divalent counterions.”’~"® The effective
charge of the chain was found to be inversely proportional
to the counterion valence, as predicted by the Oosawa-
Manning model. For a given counterion valence, the
counterion type has a large influence on the degree of ion-
pair formation”*~”" but not on the fraction of free counter-
ions.”””"** The effective charge fractions obtained from these
studies were reviewed recently and found to qualitatively agree
with Oosawa-Manning.*’

Cametti and coworkers studied the dielectric response
of two NaCMC polymers in aqueous solutions. The DC
conductivity was used to estimate the fraction of free
counterions as a function of polymer concentration. For
sufficiently dilute solutions, all of the counterions were found
to be dissociated. Solutions above the overlap concentration

81,82
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showed an approximately concentration-independent fraction
of free counterions, and the effective charge was similar to the
Oosawa-Manning threshold. Beyond a critical concentration,
counterion condensation increased with increasing concen-
tration, which was assigned to a crossover to the concentrated
regime. Scattering data for CMC® and polystyrenesulfonate
(PSS)** with organic counterions suggest counterion delocal-
ization at high polymer concentrations, which appears
inconsistent with increased condensation. The complex
permittivity of NaCMC solutions at intermediate frequencies
followed scaling laws with concentration similar to those of
flexible polyelectrolytes.”® The fraction of free counterions
estimated by applying the scaling model to dielectric increment
data gave a similar result to that obtained from electrical
conductivity (see ref 80).

The electrical conductivity of sodium carboxymethyl
cellulose in DI water solutions and mixtures of water and
organic solvents has been investigated extensively by Das and
Nandi**™** who applied the model of Colby et al.*>** to
calculate the fraction of free counterions as a function of the
degree of substitution, polymer concentration, and nonsolvent
fraction. One limitation of these works is that, in order to
calculate the correlation length—which is needed to fit the
model of Colby et al. to conductivity data—the authors relied
on the scaling theory for flexible polyelectrolyte solutions. In
their calculation, they assume chain flexibility on length scales
larger than the chemical monomer size (~0.5 nm), which is
unrealistic for a semiflexible polymer like CMC. In a recent
study, we measured the correlation length using SAXS* in
water and water/nonsolvent mixtures, which allowed us to
more directly calculate the fraction of free counterions. The
results showed that the fraction of charged monomers was
nearly independent of polymer concentration and inversely
proportional to the Bjerrum length, as anticipated by the
Oosawa-Manning theory, but the charge density was found to
be ~1.5X lower than the OM threshold.

1.1.2. Solution Structure and Rheological Properties.
Several studies employing scattering methods*”%>**?>® have
shown that the local conformation of NaCMC in water is rod-
like, as expected due to the semiflexible nature of the cellulose
backbone. The scattering patterns of alkaline salts in aqueous
solutions display a correlation peak, characteristic of salt-free
polyelectrolyte solutions, over the entire concentration range
studied. The correlation length (&) was found to be
proportional to ¢™'/2, in agreement with the prediction of the
scaling theory.**”” For tetra-alkyl-ammonium salts of CMC,
the SANS spectra display a peak at low concentrations that
morphs into a broad shoulder feature as the concentration is
increased. The SAXS signal, on the other hand, showed clear
peaks over the entire concentration range, following the ¢ o
¢™/2 dependence. Because the SANS signal is dominated by
the counterion contribution, this likely results from a
decoupling of the polymer backbone and counterion
concentration fluctuations, a feature that has been observed,
albeit to a smaller extent, for TMAPSS in water.**

The structure of NaCMC and CsCMC in mixtures of water
and ethanol, 2-propanol, and acetone was studied by small-
angle X-ray scattering.”” The addition of a nonsolvent
decreased the effective charge of the backbone, but the
correlation length was independent of solvent composition
except when solutions were close to the solubility boundary.
The independence of the scattering peak on the effective
charge fraction of the chain is expected by the scaling model
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when the bare Kuhn segment of the chain (~10 nm for
NaCMC) is much larger than the Bjerrum length of the
solvent (~1—2 nm for the solvent mixtures studied).*’

Other studies on the behavior of NaCMC in mixed solvents
have focused on understanding the rheological properties of
solutions.”®™'% Rozanski and coworkers showed that, for
sufficiently high polymer concentrations and/or low degrees of
substitution, addition of a nonsolvent can lead to a sol—gel
transition.'*”'?" The nonsolvent-induced gelation likely arises
from a combination of two phenomena: first, as a nonsolvent is
added and the effective charge of the backbone decreases, the
energetic barrier for two segments to approach each other
decreases, thereby facilitating interchain associations. Second,
as the solvent quality worsens, unsubstituted regions of the
cellulose backbone experience stronger attractions. '

In this paper, we study the scattering properties of
TBACMC in several organic solvents and water. The scattering
data are used in combination with electrical conductivity
measurements to estimate the fraction of free counterions over
a relatively broad range of dielectric permittivities. Our results
show reasonable agreement with the Oosawa-Manning
condensation threshold and yield new insights into the spatial
correlations between monomers and counterions.

2. SCATTERING OF POLYELECTROLYTE SOLUTIONS

The SANS or SAXS intensity of a polyelectrolyte solution can
be expressed in terms of the structure factors of the monomers
and counterions as'*®

1(q) = 9. boSum(@) + 277 (BuB)Snc(@) + £B.S.(q)
()

where S$(@)mm S(@)mo 2nd S(q). are the partial structure
factors for monomer—monomer, monomer—counterion, and
counterion—counterion correlations, respectively. The concen-
trations, in units of number per unit volume, are p,, and p,
where the m subscript refers to the monomer and the ¢
subscript refers to the counterion (see refs.103,104 for details).
The contrast factors in eq 2 are
Ei = bi - bsﬂ
v, 3)

where b; and v; are the coherent scattering length and volume
of the unit, respectively. The coherent scattering length is the
sum of the coherent scattering lengths of each isotope in the
scattering unit. For SANS, values of b; were taken from the
NIST website.'”> For SAXS, b; is the product of the number of
electrons of the scattering unit and the electron scattering
length. The subscript s refers to the solvent, andi=cori=m
refers to the counterion or monomer.

In an earlier study”® we estimated the molar volumes of the
TBA* and CMC~ from density measurements. However, these
calculations did not take into account electrostriction of the
solvent. Here, we use a molar volume of 274 mL/mol for the
TBA" jon, following ref 106, and 134 mL/mol for the CMC~
ion. SANS experiments were conducted using deuterated
solvents, and for all systems studied the prefactor to the

. 72 .
counterion structure factor (pcbc) dominates over the

backbone’s (E;) For the solvents studied with SAXS, the

opposite is true, and the prefactor to S(q)py, is 2—3 orders of
magnitude larger than for $(g)...

https://doi.org/10.1021/acsapm.6c00522
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3. MATERIALS AND METHODS
3.1. Materials

NaCMC was purchased from Sigma-Aldrich, with a nominal molar
mass of 250 kg/mol and a degree of substitution (DS) = 1.2. The
molar mass of the sodium salt was determined from the intrinsic
viscosity in 0.1 M NaCl to be ~240 kg/mol in earlier studies.'"”'%"
The degree of substitution was measured by back-titration of the acid
form as DS = 1.3. Spectra/Por dialysis membranes with a MWCO of
6—8 kDa were used and were purchased from VWR. Solvents were
purchased from VWR or Sigma-Aldrich, except for n-methyl
formamide (NMF), which was from FUJIFILM Wako Pure Chemical
Corporation. Deuterated solvents for the SANS experiments were
purchased from Deutero GmbH (Germany). The purity for each
solvent is listed in Table S2.

3.2. Preparation of CMC Salts

NaCMC was dialyzed against DI water and freeze-dried. The freeze-
dried polymer was used to prepare the NaCMC solutions. The
TBACMC used in this study is the same as that in our previous work
(see ref 83). In brief, the NaCMC was converted to its acid form
(HCMC) by adding excess HC], followed by dialysis against DI water.
The HCMC was freeze-dried, neutralized with excess TBAOH,
dialyzed against DI water, and freeze-dried.

3.3. Sample Preparation

The dialyzed and freeze-dried CMC salts were stored in the vacuum
freeze-dryer for ~24 h before any samples were prepared. The
samples were prepared in polypropylene microcentrifuge tubes, which
had been previously washed with DI water and dried at 60 °C. All the
sample components were added by weight using a weighing balance
with a least count of 0.1 mg and, therefore, a typical error of + 0.05
mg. Solvents were used as received, without further purification.

3.4. Densitometry

The density measurements were performed using the Anton Paar
DMA 5000 densitometer with a least count of 107 g cm™. The
accuracy of the instrument was checked using DI water.

3.5. Conductivity and pH

Conductivity measurements were made using the Mettler Toledo S47
SevenMulti conductivity meter. The temperature was maintained at
25 + 0.1 °C using a continuously stirred water bath and heating plate
system provided with temperature probes at different points to ensure
temperature accuracy. Upon achieving the required temperature, the
mean value of four measurements was taken. pH measurements were
made using the Metrohm 744 pH meter. For measurements in NMF,
the TBACMC was added to the as-received solvent, and dissolution
occurred within 1 h. Several solutions of lower concentrations were
prepared by dilution, and the conductivity for each was measured
immediately after each solution was prepared. The conductivity for
each concentration was measured again approximately 48 and 96 h
later to assess if significant quantities of residual ions from the air or
the containers were absorbed by the solution, thus affecting their
conductivity readings.

3.6. Small-Angle Neutron Scattering

The SANS measurements were carried out at the D11 beamline at
Institut Laue Langevin, Grenoble, France. Measurements were
performed at five different sample-to-detector distances (1.7 m, 5.5
m, 8 m, 12 m, and 28 m), depending on the sample, covering a g-
range of 0.002—0.55 A™". The neutron wavelength was A = 6 A for all
experiments. Samples were measured in cylindrical (banjo) cells with
path lengths of 1 mm, 2 mm, or S mm, depending on polymer
concentration. The reduced scattering intensities are tabulated in the
Supporting Information. All samples for the SANS experiment used
deuterated solvents. The grade for each solvent is listed in ref 109.

3.7. Small-Angle X-ray Scattering

The SAXS measurements were carried out using an in-house
instrument and at the SPring-8 synchrotron. The in-house instrument
consists of a 3-pinhole S-Max3000 system with a MicroMax002+ X-
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ray microfocus generator from Rigaku and a 2D multiwire detector
with an active diameter of 200 mm. A sample-to-detector distance of
2.6 m was used, which covered a g-range of 0.005—0.4 A™' (1 = 1.54
A, Cu radiation). The samples were measured in sealed 1.5 mm
borosilicate capillaries from WJM Glas Miiller GmbH. Measurements
at the BL40 beamline of the SPring-8 synchrotron facility (Hyogo,
Japan) followed the same procedure as in our previous study (see ref
83) for details. 2 mm capillaries were used, and acquisition times were
generally between 20 s and 2 min, depending on solvent and polymer
concentration. The sample-to-detector distance was set to 1 or 2 m.
The reduced scattering intensities, in arbitrary units, are tabulated in
the Supporting Information for all measurements.

All the data were acquired at 25 °C except for measurements in
NMA, which were performed at 35 °C to be above its melting point.
Measurements of the dialysis bath conductivity were performed at
room temperature (~22 °C).

The concentrations (c) reported in the paper are expressed as the
number of monomers (repeating units) per unit volume. The unit M
stands for moles of monomers per liter of solution.

4. RESULTS AND DATA FITTING

4.1. Solvent Properties and Conductivity Measurements

Viscosity, conductivity, and density values for the various
solvents used in this study are listed in Table S1. The densities
measured in our laboratory agree with literature values within a
few percent, as expected for the solvent grades used. All the
solvents have relatively low conductivities, with the exception
of NMF, which is known to have a relatively high content of
ionic impurities.''°~""* For deionized water, a conductivity of
~2 pS/cm is usually taken to correspond to a residual salt
concentration of ~4 X 107 M, estimated from the pH of the
solution.'"® Lacking information on the type of ionic
impurities in our samples, we assume they are common
monovalent salts such as alkaline halides. Such monovalent
ions usually have limiting ionic conductances of 4 ~ 6 + 1 mS
m?*/mol and the conductivity of a 1 mM solution is 2150 uS/
cm.'™* An approximate value for the residual salt concentration
(cres) can be obtained by assuming the conductivity to be
proportional to ¢, and inversely proportional to the solvent’s
viscosity:

res

(ool mMM] = Tolvent Frolvent

150 4)
where #opene and o are the viscosity and conductivity in 4#S/cm
of the solvent, respectively.

The residual salts for the various solvents studied, calculated
using eq 4, are listed in Table S1. For most solvents, the
residual salt concentration is in the range of a few micromolar.
N-Methyl-formamide and N-methyl-acetamide (NMA) have
higher ¢, approaching the millimolar range. For a discussion
of impurities in NMF (see ref 111).

The specific conductance (A 6/c) showed a weak
concentration dependence in all solvents, in agreement with
earlier reports for alkaline salts of CMC in water or water/
nonsolvent mixtures.*”~""**''* Conductivity data are tabu-
lated in the Supporting Information.

rlwater

4.2. Small-Angle X-ray Scattering

The small-angle X-ray scattering patterns of TBACMC in high
dielectric constant solvents—NMF, NMA, and water—are
plotted in Figure 1. In NMF solutions, a correlation peak is
observed for all concentrations. This feature is characteristic of
polyelectrolytes in low ionic strength solvents and confirms the
relatively low content of ionic impurities of the NMF used in

https://doi.org/10.1021/acsapm.6c00522
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Figure 1. SAXS profiles for TBACMC solutions in high dielectric
constant solvents: N-methyl formamide (¢ = 182, Iy = 0.3 nm at T =
25 °C) (a), N-methylacetamide (¢ = 178, Iy = 0.31 nm at T = 35 °C)
(b), and water (¢ = 78, Iy = 0.71 nm at T = 25 °C) (c). Data for
aqueous solutions are from ref 83., binned (3 to 1) for clarity. Note
that the x-axis has the same range for all panels.

this study. For N-methyl-acetamide, the correlation peak is not
observed for the lowest concentration measured, and the
scattering profile instead displays a shoulder. This can be
assigned either to the presence of residual salts or to the
contribution from the low-q upturn, which masks the peak.
The former scenario would imply a residual salt concentration
of ¢g =~ 0.01 M (see Figure 3 and related discussion) and is
incompatible with the relatively low conductivity of the NMA
used (see Table S1)."'® For the aqueous solutions, the data
display a correlation peak over the entire concentration range
studied, which is consistent with the high dielectric constant of
water and its low residual salt content.

Figure 2 shows SAXS data for TBACMC solutions in three
linear alcohols: methanol (¢ =~ 32), ethanol (¢ ~ 24), and 1-

QO

I(q) [a.u.]

(o

I(q) [a.u.]

Figure 2. SAXS profiles for TBACMC solutions in methanol
(MeOH), ethanol (EtOH), and 1-propanol (PrOH). Concentrations
are indicated in the legends. Methanol and ethanol data are measured
on the in-house Rigaku instrument. Propanol data are measured on
the Rigaku instrument (¢ = 0.014, 0.033, and 0.071 M) or at the
SPring-8 synchrotron (¢ = 0.111 M measured with a 2 m
configuration, others with a 1 m configuration). All data are in
arbitrary units. Note that the x-axis has the same range for all panels.

propanol (¢ = 22). The methanol and ethanol data are
measured with the Rigaku in-house instrument. The
acquisition times are a few hours, depending on the
concentration. Despite the relatively large scatter, the high
point density around the maxima means that the peak position
can be extracted accurately. The 1-propanol solution data,
measured at the SPring-8 synchrotron (45—120 s), display
considerably less scatter than the samples measured in-house
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due to the much higher flux of the X-ray beam. The scattering
patterns for solutions in methanol display a clear peak over the
entire concentration range. For ethanol solutions, the peak at
low concentrations morphs into a shoulder at high
concentrations, and for 1l-propanol solutions, no polyelec-
trolyte peak is observed at any concentration (the peak at ~
0.6 A™" arises from the solvent contribution and not from the
polyelectrolyte chains). Instead, all samples display a broad
shoulder and an upturn at low wave-vectors.

4.2.1. Effect of Added Salt on the Polyelectrolyte
Peak. The scattering properties of NaCMC solutions in
aqueous NaCl solutions were studied as a function of added
NaCl concentration. The results are shown in Figure 3. As the
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Figure 3. SAXS curves for NaCMC at ¢ = 0.054 M with different
added NaCl concentrations, indicated in the legend. The exponents
for g S g* are plotted as a function of added NaCl in the inset. For cg
~ 0.035 M, the exponent is approximately zero, which we identify as
the transition between peak and shoulder regimes.

NaCl concentration increases, the peak first becomes broader
and then disappears. We fit power laws to the g < ¢* and q >
q* regions, where g* is the position of the maxima in salt-free
solutions. The exponent in the high-q region is independent of
cs, and the exponent in the low-q region (m;) increases with
increasing cg, as shown in the inset. The point at which m; = 0
can be identified as the transition point between peak and
shoulder behavior. This crossover occurs when 2cg/(fc) =~ 2.5,
in qualitative agreement with the scaling model.** Results for

polystyrenesulfonate''”~"'? show a similar value of fc/(2cg) =
38085120

4.3. Small-Angle Neutron Scattering

Figure 4 plots the SANS scattering intensity of TBACMC in
different solvents for a range of concentrations. There are three
types of relationships observed between concentration and
peak sharpness. In dimethyl sulfoxide (DMSO), the peaks are
distinct for all the concentrations studied. The more common
behavior, observed for water, ethanol, and methanol, is that the
peak disappears at higher concentrations. For dimethylforma-
mide (DMF), the peak is prominent at high concentrations but
vanishes at lower concentrations. We did not measure the
conductivity of the deuterated DMF and, therefore, cannot
clearly resolve if the disappearance of the peak at low polymer
concentrations is the result of a crossover to the high-salt
regime. Common grades of hydrogenated DMF with
comparable purity to the deuterated DMF used (99.5%)
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display low conductivities, corresponding to residual salt
concentrations of a few micromolar, which are not sufficient
to explain the peak disappearance at around ¢ ~ 0.008 M (see
Table S1). The same holds for ethanol solutions.

We extracted the peak positions by fitting a polynomial
around the local maxima in the scattering intensity. When no
clear maximum is observed, we fit two linear functions and use
their intercept as the position of the scattering shoulder.*>'*!
An alternative approach to fitting the data, where the low-q
upturn is fit simultaneously with the peak, is considered in the
Discussion Section.

5. DISCUSSION

5.1. Solution Structure

The correlation length of a salt-free polyelectrolyte solution is
predicted by the scaling theory to be:'

B 1/2
- (E) ()

where b is the monomer length (~5.15 A for cellulose
polymers), B is the stretching parameter, which describes the
extent of chain folding inside a correlation blob: B = 1
corresponds to a fully stretched conformation inside the
correlation blob, and B > 1 indicates chain folding
corresponding to an effective monomer size of b/B, and ¢ is

¢

the number concentration of repeating units.*® Each
correlation blob contains g; monomers:
g = Be/b (6)

The correlation length can be measured from the position of
the peak or the shoulder in the scattering function (q*) as:

E=2n/q" 7)

5.1.1. Decoupling of Backbone and Counterion
Fluctuations. The peak positions in the SANS and SAXS
spectra of TBACMC in H,0, MeOH, and EtOH are plotted as
a function of ¢'/? in Figure S. For all three solvents, the SAXS
peak positions, which approximately correspond to the maxima
in S(q) nm follow a power law of g* o ¢'/?, as expected by eqs 5
and 7. For H,0 and MeOH, the maxima in S(q)<, measured by
SANS, agree with S(g),, measured by SAXS at low
concentrations, but g* at intermediate and high concentrations
deviate to lower values. As before, we interpret this as resulting
from a decoupling of the length scales over which the polymer
backbone and the counterions fluctuate. This is not observed
for solutions in ethanol, for which the values of g* measured by
SANS and SAXS agree over the entire concentration range.
However, while the SAXS signal displays a clear peak over the
entire concentration range studied, the SANS signal displays a
shoulder for ¢ 2 0.05 M. Therefore, even though both
monomer and counterion fluctuations occur over similar
length scales, the counterions appear to be less strongly
correlated than the monomers for this system. For DMF
solutions, SAXS data showed shoulders over the entire
concentration range measured, while SANS data showed
clear peaks except at the low concentrations. The reason for
this behavior remains unclear.

In an earlier study on aqueous CMC solutions,” we
observed that concentration fluctuations between backbone
and counterions decouple at high concentrations for tetra-
alkylammonium salts of CMC but not for alkali salts. The
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Figure 4. SANS intensity I as a function of scattering wavevector q for TBACMC in methanol (MeOH), dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), and ethanol (EtOH) at different concentrations, indicated in the legends. All solvents are deuterated.
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Figure S. Peak or shoulder positions (g*) as determined from I vs q curves (SANS: triangles, SAXS: circles) for TBACMC in (a) water (e =~ 78),
(b) methanol (e = 32), and (c) ethanol (¢ = 24) as a function of concentration. Full symbols represent samples displaying a peak, and hollow
symbols represent samples displaying a shoulder. Lines are fits to SAXS data (water and MeOH) and to SANS and SAXS data (EtOH). The best-fit
values give B =~ 0.85 (water), B =~ 1.4 (methanol), and B =~ 2.5 (ethanol).

decoupling was more pronounced for larger tetra-alkylammo- counterions for ethanol relative to that for water and methanol
nium (TAA) salts. The fractions of dissociated counterions for may oppose the decoupling of concentration fluctuations
both salts are nearly identical (see discussion below). The between monomers and counterions. SANS and SAXS data for
decoupling could then be assigned to the solvophobic nature of TBAPSS in water show a much weaker decoupling than that
the TAA ions, but it seems counterintuitive that solvophobic for TBACMC, presumably due to the higher fraction of
ions should be more delocalized from the backbone, thereby condensed counterions.
maximizing contacts with the solvent. In any case, if the Decoupling of polymer and counterion concentration
counterion-solvent interactions play a role in delocalization, fluctuations at high concentrations has been reported
the results in Figure S could be assigned to differences in the previously. Combet et al.** observed that the peak in S(g)..
solvation of the TBA* ion by ethanol compared to water and matches that of S(q),.., at low concentrations but takes a lower
MeOH. Alternatively, the higher fraction of condensed value at high concentration, in line with the results reported
8189 https://doi.org/10.1021/acsapm.6c00522
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Table 1. Properties of TBACMC in Various Solvents®

Solvent Iy [nm] B A(0.065M) [S cm?]

NMA (T = 35 °C) 0.31 1.17 3x 1073
NMF 0.31 1.25 1.1 x 1073
Water 0.71 ~ 14 4.0 x 1073
DMSO 1.19 (1.2)° 1.3 x 1073
Ethylene glycol (EG) L5 (2.3)° 1.6 X 107*
DMF 1.5 (1.6)° 12 x 107
Methanol 1.71 1.4 6.1 x 107*
Ethanol 224 24 2.6 X 107*
1-Propanol 2.72 ~2 -

Ac [mS cm?/mol] Acns [1072 NsS/mol] fop [=] Sep/fou™ [-]

6.85" 23.5 0.73 043

14° 23.5 0.67 0.4
19.47 17.4 0.61 0.85
9.23 23.2 0.35 0.78
1.51 25.1 0.27 0.67

22.90 21.08 0.24 0.66

39.08 21.3 0.31 0.95
19.74 21.4 0.15 0.65
11.0 21.42 - -

“Value estimates by linearly extrapolating B calculated from SANS data to ¢ = 0 (see the text). For DMF, the value calculated from the position of
the SAXS shoulders is B = 1.8. “Calculated using data from refs."*"""*? assuming that the Walden product at 35 °C and 40 °C is the same. “From ref
133. “Value for NaCMC. For TBACMC, the best-fit SAXS results in ref 83. give B ~ 0.85, which is unphysical. Hou et al’s measurements for
TBACMC give B =~ 1.”’. “The average value was obtained from four SANS measurements. "None of the samples measured showed peaks. ¥fo), is

the fraction of charged monomers expected by the Oosawa-Manning model and f,

oxp 18 the value determined from eq 8

here for TBACMC. A similar trend can be observed by
comparing SAXS data by Nishida et al."** and SANS data by
Douglas et al.'*® for aqueous NaPSS. The SANS measure-
ments, dominated by backbone contrast, show & V2 up to
3 M, whereas SAXS exhibits a crossover from ¢ /2 below 1.3
M to ¢ "/* at higher concentrations, likely because sodium
counterions contribute more strongly to the SAXS contrast
than to SANS.

5.1.2. The Stretching Parameter. To calculate the
stretching parameter B for TBACMC, the g* value of
S(@)mm should be employed. In order to estimate this, we
used the following approach: for H,O, MeOH, EtOH, NMF,
and NMA, the g* values in the SAXS profiles, which are our
best estimate for S(q)m are used to calculate the correlation
length. For methanol and water, plotting the stretching
obtained from SANS and SAXS peaks as a function of
concentration, it is observed that the values obtained from the
two techniques converge at low polymer concentrations. We
therefore use this method for DMSO and DMF, for which we
lack SAXS measurements of the correlation length. The best-fit
values of the stretching parameter are listed in Table 1.

The scaling theory models the conformation inside a
correlation blob as a pole of electrostatic blobs of size &,
Inside the electrostatic blob, the conformation is unaffected by
electrostatic interactions. On distances larger than &, electro-
static repulsion strongly stretches the chain. For flexible
polymers, as the effective charge of the backbone decreases, the
size of the electrostatic blob increases, allowing for greater
chain folding inside the correlation blob, which results in
higher values of the stretching parameter."*” For semiflexible
chains, where the bare (intrinsic) Kuhn segment is much larger
than &, chains cannot fold inside the electrostatic blob. The
electrostatic blob size is predicted to be of the order of the
Bjerrum length when there is more than one dissociated
counterion per Kuhn segment.l7’46 In this case, the stretching
parameter should be charge-independent and close to unity.
Experimental results for semiflexible polyelectrolytes support
this, as shown in Figure 6. Note that the data presented in this
figure are for sodium salts of various polyelectrolytes, and
therefore the contrast arises primarily from the polymer
backbone. The correlation length of double-stranded DNA and
several polysaccharides follows a scaling law of & ~ (bc)™"?,
corresponding to eq 5 with B = 1.

Figure 7 plots the stretching parameter as a function of the
fraction of monomers with a dissociated counterion, where f is
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Figure 6. Correlation length of semiflexible polyelectrolytes in salt-
free water as a function of polymer concentration multiplied by
monomer size. Data are from refs,*>¢>83959612L124=128 (o0 legend).
Part b zooms into the high-concentration regime. The full line
represents scaling theory with B = 1, and the dashed line represents
Koyama’s prediction.'”” The monomer length is b = 5.15 A for
polysaccharides and 3.4 A for double-stranded DNA. CS is for
chondroitin sulfate. M:G is the ratio of mannuronic acid to guluronic
acid in alginate.49

obtained from conductivity as discussed below. For NMA,
NMF, water, and DMSO (I3 =~ 0.3—1.2 nm), the stretching
parameter B takes a value close to unity. For DMF, ethylene
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Figure 7. Dependence of the stretching parameter on the effective
charge of the CMC backbone. The values of f are calculated from
conductivity and scattering data, as discussed in section 5.1.4.

glycol, methanol, and ethanol, the higher values of B imply
some degree of folding inside the correlation blobs. This result
is only expected from the scaling model if the Kuhn segment is
smaller than the electrostatic blob. For CMC, the intrinsic
Kuhn length in water is Iy o ~ 10 nm.'” Values of Ig o in other
solvents have not been reported, but it seems unlikely that it
will be smaller than 1-2 nm as required for I, S &,
Alternatively, changes in B may not be related to the
electrostatic blob size and instead reflect the solvent-dependent
local conformation of the cellulose backbone. In this case, the
correlation of B with f would be coincidental.

5.1.3. Influence of Solvent Properties on Peak
Sharpness. Figure 8a compares the SANS curves of
TBACMC solutions at a concentration of ¢ = 0.033 M in
methanol, ethanol, and 1-butanol. A clear peak is observed for
the solution in methanol. In ethanol, a similar but broader peak
is observed, and the 1-butanol solution displays a shoulder
feature. The scaling model explains the presence of the
correlation peak in polyelectrolyte solutions as follows: the
large osmotic pressure generated by free counterions
suppresses long-ranged concentration fluctuations in polyelec-
trolyte solutions, generating a correlation hole at low g and the
maximum in the structure factor of salt-free polyelectrolyte
solutions. More specifically, the scaling theory predicts that, for
solutions without added salt, the structure factor displays a
peak if there is more than one dissociated charge per
correlation blob. This appears to be inconsistent with the
results reported here: in 1-propanol solutions, no peak is
observed for concentrations as low as 0.014 M (£ =~ 20 nm, g;
~ 90). By contrast, in methanol a peak is observed at ¢ = 0.11
M (& ~ 6 nm, g: ~ 17). This would imply that f for methanol
should be ~XS5 higher than in Il-propanol, which seems
unreasonable given that the dielectric constant is only ~X1.5
lower.

The theory of Koyama'*’ explains the peak as arising from
the strong repulsion between like-charged polymer segments,
which induces local ordering. Koyama’s theory predicts a peak
for neutral polymer solutions if the repulsive interactions
between chains are sufficiently strong. As the Bjerrum length of
the solvent increases, the effective charge of the backbone
decreases, which weakens electrostatic repulsions between like-
charged segments. However, the Coulomb potential between
two charges increases proportionally to the Bjerrum length.
Therefore, it is not clear if the results in Figure 8 can be
accounted for by invoking Koyama’s model.

A third possible explanation for the disappearance of the
peak is the stronger low-q upturn. For the SAXS measure-
ments, the contribution from the capillary background is too

8191

a 2F 7T T T T T L |
e d-methanol
1L e d-ethanol J
o d-butanol
— 7-
TE il oo
O 4
— » -1
S 3°
2L
0.1, .
8'. P NS | L N L e ]
789 2 3 4 5 6789 2 3 4 5
0.01 . 0.1
qlA]
b 0.6F T T T T gn
® @ d-ethanol
0.51-¢ ¢ d-DMSO| -
° e d-water
T 04l 8 -
E : o
S, °
Z o3t .
0.2 -
01 n 1 1 1 1 in|
0.00 0.05 0.10 0.15 0.20 0.25
2 -1
qlA]

Figure 8. (a) SANS curves for ¢ = 0.031 M solutions of TBACMC in
three linear alcohols. The solid line represents a power law with an
exponent of —1. (b) SANS intensity I as a function of scattering
wavevector g for TBACMC in water, DMSO, and EtOH at ¢ = 0.102
M, showing an observable difference in correlation peak sharpness.

strong at low g, preventing us from resolving this upturn. In the
SANS experiments, the measured g-range did not extend
sufficiently far into the low-q regime to capture the upturn well.
When we fit a power law to the low-q region (I(q) ypum < g~
over the limited g-range studied) and subtract this contribution
from the total scattering signal (see figure S1), a peak becomes
apparent, the position of which is usually not very different
from that obtained by fitting two power laws to the
unsubtracted signal. The appearance of the peak in the
subtracted signal may be an artifact of the subtraction
procedure. Additionally, we note that experiments where the
low-q upturn is fitted over a broader g-range typically display a
stronger power-law exponent than our fit over a limited g-
range. Data for aqueous solutions provide evidence against the
low-q upturn being the cause of the peak disappearance. For
aqueous solutions at modest concentrations, the low-q upturn
is much stronger for NaCMC than for TBACMC (see Figure S
of ref 83); however, NaCMC displays a clear correlation peak
but TBACMC does not.

Figure 8b compares the SANS profiles of TBACMC at a
concentration of ¢ = 0.11 M in the three solvents. The curve
for DMSO displays a sharper peak than that in water. In the
case of ethanol, no maximum in the scattering intensity is
observed and only a broad shoulder is apparent, indicating a

https://doi.org/10.1021/acsapm.6c00522
ACS Appl. Polym. Mater. 2026, 8, 8183—8197


https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c00522/suppl_file/ap6c00522_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00522?fig=fig8&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.6c00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

broader (less localized) distribution of counterions. Note that
for ethanol, the SAXS data also show a broad shoulder at high
concentrations, indicating less order for the polymer backbone.
As discussed above, the scaling theory expects peak sharpness
to correlate with the charge density of the polymer, with higher
charge densities resulting in sharper peaks, which is not
observed here.

In conclusion, the dependence of several features observed
in the scattering patterns across different solvents is not easily
explained by any of the models considered and likely reflects
the complex nature of polyelectrolyte solutions, which is not
captured by existing models.

5.1.4. Comparison with the Behavior of Flexible
Polyelectrolytes. In two earlier studies on the scattering
properties of flexible polyelectrolytes””'** we observed that for
solvents of low dielectric constant, the scaling of the
correlation length with concentration follows & o 3 We
interpreted this as arising from the chain collapse into a pearl-
necklace structure. The collapse can be driven by solvophobic
forces or attractive forces between condensed counterions. The
results presented here for CMC do not show any indication of
polymer collapse, and the scaling of & o ¢™/3 is never
observed. One possible reason is that for our polymer, there is
one charged group per 0.4 nm, compared to ~1 per 0.25 nm'*
for polystyrenesulfonate and poly(1-butyl-3-vinylimidazolium
bis(trifluoromethanesulfonyl)imide). This should result in a
lower density of condensed counterions and correspondingly
weaker counterion-induced attraction. Additionally, the semi-
flexible nature of the CMC backbone likely prevents the local
collapse of chains into globules.

5.2. Counterion Condensation

The theory of Colby et al. relates the fraction of charged
monomers (f) to the specific conductance (A) of semi-

dilute,"*® salt-free polyelectrolyte solutions as”*
2 £2012
N, 1 D
A =f|:/1c + fe C§ An(é/ )]
3, (8)

where A is the limiting specific conductance of the counterion
in the solvent, D is the cross-sectional diameter of the chain,
taken to be 7 A in all solvents, N, is the Avogadro constant, ¢ is
the concentration of repeating units per unit volume, and e is
the unit of charge. The specific conductances for the TBA ion
in various solvents are listed in Table 1.

Equation 8 calculates the conductivity of a polyelectrolyte
solution, assuming that free counterions have the same
mobility as in a simple salt solution. The contribution of the
polymer is estimated as that of a correlation blob (modeled as
a cylinder of length & and diameter D) multiplied by the
number of correlation blobs per chain. Condensed counterions
are assumed to not contribute to the solution conductivity.

Figure 9 plots the fraction of monomers bearing a
dissociated charge (f) as a function of the polymer
concentration for NaCMC and TBACMC. Despite the
differences in size and affinity for water between Na' and
TBA', the calculated values of f differ by less than 10%. This
reinforces previous findings that while counterion valence has a
large influence on polyelectrolyte properties, changin$ the ion
type for a given valence has a much weaker effect.”””"*”'3*
The slight increase in f at high concentrations is consistent
with earlier measurements on NaCMC of various degrees of
substitution and also with conductivit'g and osmotic pressure
data of polystyrenesulfonate solutions.”
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Figure 9. Comparison of conductance (a) and fraction of monomers
bearing a dissociated counterion (b) for semidilute solutions of
NaCMC and TBACMC as a function of polymer concentration. The
values of f are calculated using eq 8 with B = 1 for both salts.

Figure 10a plots the fraction of charged monomers as a
function of polymer concentration for TBACMC in different
solvents (see Table 1). We use the values of B listed in Table 1
to calculate the correlation length and fix D = 7 A for all
solvents.”” With these values, eq 8 is used to calculate f for
each polymer concentration.

A test for the applicability of the Oosawa-Manning model to
semidilute TBACMC solutions is provided in Figure 10b,
where the inverse of the fraction of monomers with a
dissociated counterion is plotted as a function of Iz. A linear
relationship between these two quantities, as expected by eq 1,
is observed, but the effective charge density corresponds to
approximately one charge per 1.3l;, as shown by the dashed
black line. These results are in line with earlier studies on the
conductivity of NaCMC in water,””*"”" which also found
charge densities lower than expected by the OM model. Water,
NMA, and NMF show f =~ 0.65 despite having different
dielectric constants. Equation 1 only expects f to be
independent of the Bjerrum length when all counterions are
dissociated. The reason for this discrepancy is not clear to us
presently.

In an earlier study, we concluded that for NaCMC in water,
eq 8 likely underestimates the fraction of dissociated
counterions because it assumes that the dissociated counterion
mobility is equal to that of the free ion.*” The actual fraction of
free counterions may therefore be somewhat closer to eq 1
than the values shown in Figure 10. The simplifications
introduced by the Oosawa-Manning model might also cause an
error of order unity in the estimate for the charge fraction.

The red line in Figure 10 is calculated assuming a monomer
size of b = 5.15 A. However, as discussed above, the stretching
parameter data suggest that the effective monomer size may be
lower in some solvents. The question then arises as to whether
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Figure 10. (a) Fraction of monomers with a dissociated counterion (f) as a function of polymer concentration for TBACMC solutions. f is
calculated using eq 8. (b) Reciprocal of the fraction of monomers with a dissociated counterion as a function of Bjerrum length (). Values of f are
averaged over all concentrations in part a. The red line is eq 1 with n = DS = 1.3 and b = 5.15 A. Note that ' ~ 0.77 is predicted in the low I limit,
corresponding to 1.3 dissociated counterions per monomer. The dashed line, which lies 30% above the red line, corresponds to the best-fit line for
Iy >SA

using b = 5.15 A gives the correct distance between charges. In B ASSOCIATED CONTENT
order to answer this, it would be necessary to know whether
folding of the CMC chain occurs on length scales smaller or
larger than the distance between charges, but we lack such The Supporting Information is available free of charge at
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polymer concentration, the fraction of dissociated monomers,
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