Solution structure and counterion condensation of carboxymethyl
cellulose in organic solvents.
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We report scattering (SANS and SAXS) and electrical conductivity data for aqueous and organic solutions of car-
boxymethyl cellulose with tetrabutylammonium counterions. For SANS in deuterated solvents the contrast is heavily
dominated by the hydrogen-rich counterions while for SAXS, the polymer backbone has a more significant contribu-
tion to the scattering signal. The correlation length calculated from the SAXS measurements follows a scaling law
of & o< ¢~1/2 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 lengthscales of fluctuations of the polymer
backbone and counterions at high polyelectrolyte concentrations. The stretching parameter calculated from the corre-
lation length indicates highly stretched local conformation for TBACMC in water and several high dielectric constant
solvents, consistent with the semiflexible nature of the cellulose backbone. In solvents of lower dielectric permittiv-
ity, 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.

ture and /p the Bjerrum length. The Bjerrum length is the

Polyelectrolytes are a class of ion-containing polymers for
which all the ionic groups bear charges of the same sign.'™
The presence of charged groups on the polymer backbone en-
hances their solubility in polar solvents and allows them to
form complexes with oppositely charged species.>® By in-
dependently tuning the polymer backbone and counterions,
orthogonal functionality can be introduced, allowing specific
properties such as responsiveness to environmental factors
(e.g. temperature, pH and ionic strength).”10

Water is without a doubt the most important solvent for
charged polymers due to its relevance to living organisms,
where polyelectrolytes play a role in many physiological
processes.!!~13 Because of this, the vast majority of the ex-
perimental polyelectrolyte literature focuses on the properties
of aqueous solutions.!®!” The lack of comprehensive stud-
ies on polyelectrolytes in non-aqueous media results in two
limitations in our fundamental understanding of polyelec-
trolyte solutions. First, the role of solvent permittivity on
the properties of polyelectrolytes!®20 has not been system-
atically studied, with most work being carried out at a fixed
dielectric constant of € ~ 78. Second, the influence of poly-
mer and counterion-solvent interactions>'>* on the thermo-
dynamics, structure and rheology of polyelectrolytes remains
largely unexplored.!” Understanding how dielectric constant
and other solvent properties affect charged polymers is rele-
vant for applications such as batteries? and membranes.?®-30

The dielectric constant of the solvent sets the strength of
electrostatic interactions between charges in solution. In the
absence of electrostatic screening, the Coulomb energy (Uc)
for a pair of oppositely charged ions is Uc/kgT = —Ig/r,
where kp is Bolztmann’s constant, 7 the absolute tempera-

distance at which the electrostatic and thermal energies of a
pair of monovalent ions in solution are equal:

¢2

s = 4mkpT gye

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 () is defined as the ratio between
the Bjerrum length to 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 (n):

u=nlg/b
The theory of counterion condensation®!=33 predicts that
when the coupling parameter exceeds unity, counterions con-
dense onto the polymer backbone, neutralising 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 (U, ) is:

e-n/b ifu<l
= ]
Hers {e/lB ifu>1 M

Counterion condensation is essential to understanding poly-
electrolyte solutions because virtually all polyelectrolyte
properties, from osmotic pressure or charge transport to the
rheological properties of solutions are dependent on the effec-
tive charge of the chains.!”-3%3



While Oosawa and Manning derived their theories for sin-
gle chains (i.e. solutions in the infinite dilution limit), re-
sults by Wandrey et al’®37 show that the Oosawa-Manning
threshold for salt-free solutions applies only in the semidilute
regime. Below the overlap point, the fraction of free counteri-
ons increases upon dilution, in agreement with the two-phase
model of Liao et al.?®

Nyquist el al*° find broad agreement with Manning’s the-
ory but predict a less sharp dependence of the fraction of con-
densed counterions on the bare charge density. Theoretical
work by Muthukumar and co-workers**#? expects strong de-
viations from the Oosawa-Manning model for flexible chains.
In brief, their theory predicts that because counterion adsorp-
tion influences chain conformation, a self-consistent calcu-
lation 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 be-
tween the dielectric constant in the bulk and around the poly-
mer chains, can significantly alter counterion adsorption pro-
files. When plotting f as a function of Bjerrum length at con-
stant dielectric mismatch, Muthukumar and co-workers ob-
serve much sharper dependences than the Manning model. A
difficult 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,
altering the chemical composition of the backbone, the value
of n can be changed. Dou and Colby quaternized poly(2-vinyl
pyridine) 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 {7 o< n and
Hepf o< n° at low and high charge density are approximately
observed, but the cross-over between these two regimes was
however 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. 1. Kowblansky and Zema*’ studied the ac-
tivity of counterions of copolymers of acrylic acid and acry-
lamide with varying charge density, finding reasonable agree-
ment with Manning’s theory.

The second approach to test Eq. 1 is to keep the chemi-
cal composition of the polymer constant (i.e. constant n) and
vary the dielectric constant of the solvent. Here, fewer stud-
ies, 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 con-
centration data for polyvinyl pyridine derivatives, which al-
lowed them to extract the effective charge fraction and intrin-
sic excluded volume.!® This yielded an unusual dependence
of Werr = (€ — 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 de-
pendence of U, rf o< €' was found. This relationship was ob-
tained on the assumption that all solvents considered act as 6
solvents for the backbone, which could not be verified.

Studying non-aqueous solvents can yield insight into the
nature of electrostatic forces in polyelectrolyte solutions. This

is challenging because of the limited solubility of most poly-
electrolytes in non-aqueous media.*®** One way of overcom-
ing this difficulty is to increase the affinity of the counterions
for the solvent.”® This approach was pioneered by Ono and
co-workers®!* and Chen et al> to develop cross-linked poly-
electrolyte networks with high absorption capacity for apolar
solvents. More recently, the tetra-alkyl-ammonium salts of
polystyrene sulfonate and carboxymethyl cellulose we found
to be soluble in many protic, polar solvents.20-6-37

In this paper, we study the structural and transport
properties of tetrabutyl ammonium carboxymethyl cellulose
(TBACMC) in different solvents. SANS and SAXS measure-
ments are used to gain insight into the structure of the polymer
mesh and the distribution of counterions and conductivity data
allow us to establish the fraction of free counterions as a func-
tion of the dielectric constant of the solvent.

A. Previous work on CMC solutions

Carboxymethyl cellulose is a semiflexible, weak, anionic
ether of cellulose made by reacting chloroacetic acid with ac-
tivated 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. Com-
mercially, 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 prevent gelation of CMC at high
polymer concentrations.®'~%3 The many applications of CMC
in the food, pharmaceutical, paper and oil industries as well
as potential applications in new technologies®*%¢ have lead to
extensive investigations into its physical properties.

1. Counterion condensation

The first systematic studies on the effective charge fraction
of NaCMC used potentiometry and osmotic pressure to de-
termine the activity and osmotic coefficients of CMC solu-
tions with various monovalent and divalent counterions.%”-73
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
counterions.®”7180 The effective charge fractions obtained
from these studies were reviewed recently and found to qual-
itatively agree with Oosawa-Manning.%

Cametti and co-workers®'32 studied the dielectric response
of two NaCMC polymers in aqueous solutions. The DC
conductivity was used to estimate the fraction of free coun-
terions as a function of polymer concentration. For suffi-
ciently dilute solutions, all counterions were found to be dis-
sociated. Solutions above the overlap concentration 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 concentra-
tion, which was assigned to a cross-over to the concentrated
regime. Scattering data for CMC®? and PSS3* with organic
counterions suggest counterion delocalisation at high polymer
concentrations, which appears inconsistent with increased
condensation. The complex permittivity of NaCMC solutions
at intermediate frequencies followed scaling laws with con-
centration 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 cel-
Iulose in DI water solutions and mixtures of water and or-
ganic solvents has been investigated extensively by Das and
co-workers®3, who applied the model of Colby et al®>* to
calculate the fraction of free counterions as a function of de-
gree of substitution, polymer concentration and non-solvent
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 lengthscales
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 small angle x-
ray scattering (SAXS)* in water and water/non-solvent mix-
tures 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 con-
centration and inversely proportional to the Bjerrum length,
as anticipated by the Oosawa-Manning theory, but the charge
density was found to be ~ x 1.5 lower than the OM threshold.

2. Solution structure and rheological properties

Several studies employing scattering methods#%-62:83.93.96

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 concen-
tration range studied. The correlation length (£) was found
to be proportional to ¢~'/2, in agreement with the prediction
of the scaling theory.*6%” For tetra-alkyl-ammonium salts of
CMC, the SANS spectra displays a peak at low concentrations
which morphs into a broad shoulder feature as the concentra-
tion is increased. The SAXS signal on the other hand showed
clear peaks over the entire concentration range following the
& o 12 dependence. Because the SANS signal is domi-
nated by the counterion contribution, this likely results from a
decoupling of the polymer backbone and counterion concen-
tration fluctuations, a feature that has been observed, albeit to
a smaller extent, for TMAPSS in water.3*

The structure of NaCMC and CsCMC in mixtures of water
and ethanol, 2-propanol and acetone was studied by small an-
gle x-ray scattering.*” The addition of a non-solvent decreased
the effective charge of the backbone but the correlation length

was independent of solvent composition except when solu-
tions 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 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 sol-
vent mixtures studied).*

Other studies on the behaviour of NaCMC in mixed sol-
vents have focused on understanding the rheological proper-
ties of solutions®®~1%2, Rozanski and co-workers showed that
for sufficiently high polymer concentrations and/or low de-
grees of substitution, addition of a non-solvent can lead to
a sol-gel transition.!%%!%! The non-solvent induced gelation
likely arises from a combination of two phenomena: first, as
non-solvent is added and the effective charge of the backbone
decreases, the energetic barrier for two segments to approach
each other decreases, thereby facilitating inter-chain associa-
tions. Second, the as the solvent quality worsens, unsubsti-
tuted regions of the cellulose backbone experience stronger
attractions. %!

In this manuscript, we study the scattering properties of
TBACMC in several organic solvents and water. The scat-
tering data are used in combination with electrical conductiv-
ity 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.

Il. SCATTERING OF POLYELECTROLYTE SOLUTIONS

The SANS or SAXS intensity of a polyelectrolyte solu-
tion can be expressed in terms of the structure factors of the
monomers and counterions as: %>

I(q) = Pmbismm(‘]) +2v/PmPe(bimbe)Sme(q) + Pcbiscc(‘ﬂ
2)
where S(q)mm, S(q)mc and 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 ¢ sub-
script refers to the counterion. See refs. [ 105,106] for details.
The contrast factors in equation 2 are:

bi = bi— by~ 3)

Vs
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 length 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 and i =cori =m

refers to the counterion or monomer.
In an earlier study®® we estimated the molar volumes of
the TBAT and CMC™~ from density measurements. However,



Solvent N [mPas] o [uS/cm] p [g/cm3] Cres [M]  €[-]
N-methyl formamide (NMF)  1.681 54 0.9988 5%x107% 182
N-methyl acetamide (NMA) 3.65 10.5 0.9371 7x1072 172
Water 0.89 2 0.9970 (0.9970) 4%x1076 78

Dimethyl sulfoxide (DMSO)  1.987 0.5437 1.101 (1.0956) 2x107% 472
Dimethyl formamide (DMF)  0.794 1.1825 0.9445 (0.9444) 2x1076 383
Ethylene Glycol (EG) 16.1 0.0836 1.1135 (1.1097) 3x10°% 414
Methanol (MeOH) 0.544 0.8225 0.7914 (0.7867) 1x107% 33

Ethanol (EtOH) 1.074 0.1475 0.7893 (0.7856) 4x1077 253
1-propanol (PrOH) 1.945 0.100 0.7997 (0.7996) 4x1077 21

1-butanol (BuOH) 2.544 0.1795 0.8095 10-6 17.8

TABLE I. Properties of solvents used in this study. ¢ properties at T =

35 °C. Dielectric constant and limiting molar conductivity data are

values taken from the references indicated. Conductivity is measured by us. Densities are values from [ 103] and measurements for our
solvents are in brackets. The residual salt concentration is calculated using Eq. 4. Density and viscosity data for NMF are from ref. [ 104]

these calculations did not take into account electrostriction of
the solvent. Here we use a molar volume of 274 mL/mol for
the TBA™ ion, following ref. [ 108] and 134 mL/mol for the
CMC™ ion. SANS experiments were conducted using deuter-
ated solvents and for all systems studied the prefactor to the

. =2 .
counterion structure factor (p.b,) dominates over the back-

bone’s (531). For the solvents studied with SAXS the opposite
is true and the prefactor to S(g)mm is 2-3 orders of magnitude
larger than for S(g)c.c.

Ill. MATERIALS AND METHODS

Materials: NaCMC was purchased from Sigma-Aldrich, with
a nominal molar mass of 250 kg/mol and degree of substitu-
tion DS ~ 1.2. The molar mass was determined from the in-
trinsic viscosity in 0.1 M NaCl in an earlier study to be ~ 240
kg/mol. 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 NMF which was from FUJIFILM
Wako Pure Chemical Corporation.

Preparation of CMC salts: NaCMC was dialysed 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 in our previous work, see ref [ 83]. In
brief, the NaCMC was converted to its acid form (HCMC) by
adding excess HCI followed by dialysis against DI water. The
HCMC was freeze dried, neutralised with excess TBAOH,
dialysed against DI water and freeze dried.

Sample preparation: The dialysed and freeze dried CMC
salts were stored in the vacuum freeze dryer for ~ 24 hours be-
fore any samples were prepared. The samples were prepared
in polypropylene microcentrifuge tubes, 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.
Densitometry: The density measurements were performed
using the Anton Paar DMA 5000 densitometer with a least

count of 107 g ecm™3. The accuracy of the instrument was
checked using DI water.

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 pro-
vided with temperature probes at different points to ensure the
temperature accuracy. On achieving the required temperature,
the mean value of four measurements was taken. pH measure-
ments were made using the Metrohm 744 pH meter.

Small-Angle Neutron Scattering: The SANS measure-
ments 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 cylindri-
cal (banjo) cells with path lengths of 1 mm, 2 mm or 5 mm
depending on polymer concentration. The reduced scattering
intensities are tabulated in the supporting information.

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-ray
microfocus generator from Rigaku and a 2D multiwire de-
tector with an active diameter of 200 mm. The sample-to-
detector distance of 2.6 m was used which covered a g-range
of 0.005 - 0.4 A=! (A = 1.54 A, Cu radiation). The sam-
ples 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 acquisi-
tion times were generally between 20 seconds and two min-
utes, depending on solvent and polymer concentration. The
sample-to-detector distance was set to 1 m or 2 m. The re-
duced scattering intensities, in arbitrary units, are tabulated in
the supporting information for all measurements.

All the data were acquired at 25 °C except for measure-

ments in NMA, which were performed at 35 °C to be above
its melting point. Measurements of the dialysis bath conduc-



tivity were performed at room temperature (~ 22 °C).

IV. RESULTS AND DATA FITTING
A. Solvent properties and conductivity measurements

Viscosity, conductivity and density values for the various
solvents used in this study are listed in Table I. 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 NMEF, which is known to have a relatively high content of
ionic impurities.!%~'! For deionised water, a conductivity of
~ 2 uS/cm is usually taken to correspond to a residual salt
concentration of ~ 4 x 10~® M, estimated from the pH of the
solution.'!'? Lacking information on the type of ionic impuri-
ties in our samples, we assume they are common monovalent
salts such as alkaline halides. Such monovalent ions usually
have limiting ionic conductances of A ~ 6+ 1 mS m?/mol and
the conductivity of a 1 mM solution is ~ 150 puS/cm.'!® An
approximate value for the residual salt concentration (c,.s) can
be obtained by assuming the conductivity to be proportional
to the c,.; and inversely proportional to the solvent’s viscosity:

Nsolvent Osolvent
C))

M] ~
Cres IM = e 150

where Novens and ¢ are the viscosity and conductivity in
US/cm of the solvent respectively.

The residual salts for the various solvents studied, calcu-
lated using eq. 4 are listed in table I. For most solvents, the
residual salt concentration is in the range of a few micromo-
lars. N-methyl-formamide and N-methyl-acetamide have by
higher c,.s, approaching the milimolar range. For a discus-
sion of impurities in NMF, see ref. [ 110]

The specific conductance (A = o/c) showed a weak
concentration-dependence in all solvents, in agreement with
earlier reports for alkaline salts of CMC in water or water/non-
solvent mixtures.3?-21:93:114 Conductivity data are tabulated in
the supporting information.

B. 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 this study. For N-methyl-acetamide, the correlation peak is
not observed for the lowest concentration measured. 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 concentra-
tion of c¢g ~ 0.01 M (see fig 3 and related discussion) and is
incompatible with the relatively low conductivity of the NMA
used, see table .15
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FIG. 1. SAXS profiles for TBACMC solutions in high dielectric
constant solvents: N-methyl formamide (¢ = 182, [p = 0.3 nm at
T = 25 °C) (a), N-methyl acetamide (¢ = 178, [p =031 nm at T =
35°C) (b), and water (¢ =78, [g =0.71 nm at T = 25 °C) (c). Data
for aqueous solutions are from ref. [ 83], binned (3 to 1) for clarity.

Figure 2 shows SAXS data for TBACMC solutions in three
linear alcohols: methanol (¢ ~ 32), ethanol (¢ ~ 24) and 1-
propanol (€ ~ 22). The methanol and ethanol data are mea-
sured with the Rigaku in-house instrument. The acquisition
times are a few hours, depending on the concentration. De-
spite 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 to 120 seconds) display consider-
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from the solvent contribution and not from the polyelectrolyte
chains). Instead, all samples display a broad shoulder and an
upturn at low wave-vectors.
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FIG. 2. SAXS profiles for TBACMC solutions in methanol, ethanol
and 1-propanol. The top and middle panels are measured on an in-
house instrument and the bottom panel is measured at Spring-8. Con-
centrations are indicated on the legends. Methanol and Ethanol data
are measured on the in-house Rigaku instrument. Propanol are mea-
sured on the Rigaku instrument (¢ = 0.014, 0.033, 0.071M) or at the
SPring-8 synchrotron (¢ = 0.111 M measured with 2 m configura-
tion, others with 1 m configuration). All data are in arbitrary units.

ably less scatter than the samples measured in-house due to
the much higher flux of the x-ray beam. The scattering pat-
terns 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 concentra-
tions and for 1-propanol solutions, no polyelectrolyte peak is
observed at any concentration (the peak at ~ 0.6A~! arises

1. Effect of added salt on polyelectrolyte peak
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FIG. 3. SAXS curves for NaCMC at ¢ = 0.054 M with different
added NaCl concentrations, indicated on the legend. The exponents
for ¢ < g* is plotted as a function of added NaCl in the inset. For
cs ~0.035 M, the exponent is approximately zero, which we identify
as the transition between peak and shoulder regimes.

2 5§ 4 5

The scattering properties of NaCMC solutions in aqueous
NaCl solutions were studied as a function of added NaCl con-
centration. The results are shown in figure 3. As the NaCl con-
centration increases, the peak first becomes broader and then
disappears. We fit power laws to the ¢ < ¢* and ¢ 2 ¢* regions,
where ¢* is the position of the maxima in salt-free solutions.
The exponent in the high-g region is independent of cg and the
exponent in the low ¢ region (m;) increases with increasing cg,
as shown in the inset. The point at which m; = 0 can be iden-
tified transition point between peak and shoulder behaviour.
This cross-over occurs when 2cg/(fc) ~ 2.5, in qualitative
agreement with the scaling model.*® Results for polystyrene
sulfonate!!6~118 show a similar value of fc/(2cg) ~ 3.8085119

C. 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 DMSO, the peaks are distinct for all
the concentrations studied. The more common behaviour, ob-
served for water, ethanol and methanol, is that the peak disap-
pears at higher concentrations. For DMF, the peak is promi-
nent at high concentrations but vanishes at lower concentra-
tions. We did not measure the conductivity of the deuterated
DMF and cannot therefore clearly resolve if the disappearance
of the peak at low polymer concentrations is the the result
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FIG. 4. SANS intensity / as a function of scattering wavevector g for TBACMC in methanol (MeOH), dimethyl sulfoxide (DMSO), dimethyl
formamide (DMF) and Ethanol (EtOH) at different concentrations, indicated on the legends. All solvents are deuterated.

of a cross-over to the high salt regime. Common grades of
hydrogenated DMF with comparable purity to the deuterated
DMF used (99.5%) display low conductivities, correspond-
ing to residual salt concentrations of a few micromolar, which
are not sufficient to explain the peak disappearance at around
¢~ 0.008 M, see table I. The same holds for ethanol solutions.

We extract 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 func-
tions and use their intercept as the position of the scatter-
ing shoulder.83120 An alternative approach to fitting the data,
where the low-g upturn is fit simulatneously with with peak is
considered in the discussion section.

V. DISCUSSION
A. Solution structure

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

£ = (%) v 5)

where b is the monomer length (~ 5.15 A for cellulose poly-
mers), B is the stretching parameter, which describes the ex-
tent of chain folding inside a correlation blob, and c is the
number concentration of repeating units.*® Each correlation
blob contains g monomers:

ge ~BE/b (6)

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

§=2n/q" )
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FIG. 5. Peak or shoulder positions (¢*) as determined from 7 vs. g curves (SANS: triangles, SAXS: circles) for TBACMC in a) Water (& ~ 78),
b) Methanol (¢ ~ 32) and c¢) Ethanol (¢ ~ 24) as a function of concentration. Full symbols are for samples displaying a peak and hollow
symbols are for samples displaying a shoulder. Lines are fits to SAXS data (water and MeOH) and to SANS and SAXS data (EtOH). The
best-fit values of B ~ 0.85 (water) B ~ 1.4 (methanol) and B ~ 2.5 (ethanol).

Decoupling of backbone and counterion fluctuations

The peak positions in the SANS and SAXS spectra of
TBACMC in H,0O, MeOH and EtOH are plotted as a func-
tion of ¢!/2 in Figures 5. For all three solvents, the SAXS
peak positions, which approximately correspond to the max-
ima in S(g)um. follow a power-law of g* o ¢!/2, as expected
by Egs. 5 and 7. For H,O and MeOH, the maxima in S(g).c,
measured by SANS, agrees with S(g),» measured by SAXS
at low concentrations, but ¢g* at intermediate and high concen-
trations deviate to lower values. As before, we interpret this
as resulting from a decoupling of the lengthscales over which
the polymer backbone and the counterions fluctuate. This is
not observed for solutions in ethanol, for which the values of
q* measured by SANS and SAXS agree over the entire con-
centration 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 a similar lengthscales 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 be-
haviour remains unclear.

In an earlier study on aqueous CMC solutions,®> we ob-
served that concentration fluctuations between backbone and
counterions decouple at high concentrations for tetra-alkyl-
ammonium salts of CMC but not for alkali salts. The decou-
pling was more pronounced for larger TAA salts. The fraction
of dissociated counterions for both salts is nearly identical (see
discussion below). The decoupling could then be assigned to
the solvophobic nature of the TAA ions, but it seems coun-
terintuitive that solvophobic ions should be more delocalised
from the backbone, thereby maximising contacts with the sol-
vent. In any case, if the counterion-solvent interactions play
a role in delocalisation, the results in figure 5 could be as-
signed to differences in solvation of the TBA™ ion by ethanol
compared to water and MeOH. Alternatively, the higher frac-
tion of condensed counterions for ethanol relative to water and
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methanol may oppose the decoupling of concentration fluctu-
ations between monomers and counterions. SANS and SAXS
data for TBAPSS in water show a much weaker decoupling
than for TBACMC, presumably due to the higher fraction of
condensed counterions.

The Stretching Parameter

To calculate the stretching parameter B for TBACMC, the
q* value of S(g)um should be employed. In order to estimate
this, we used the following approach: for H,O, MeOH and
EtOH, NMF and NMA the ¢* values in the SAXS profiles,
which are our best estimate for S(g),» 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 II.

The scaling theory models the conformation inside a cor-
relation blob as a pole of electrostatic blobs of size &,;. In-
side the electrostatic blob the conformation is unaffected by
electrostatic interactions. On distances larger than &,;, elec-
trostatic 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 semiflexi-
ble 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.!”#¢ 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. The correlation length of double
stranded DNA and several polysaccharides follows a scaling
law of & ~ (bc)~'/2, corresponding to Eq. 5 with B = 1.



Solvent Ig [nm] B A(0.065M) [Sem?]  Ac [mScm?/mol]  Acmy [1072NsS/mol]  fuxp [-] Foxp/fu P[]
NMA (T =35°C) 031 127 3x1073 6.85°¢ 235 0.71 0.43
NMF 0.31 1.25 1.1x1073 14/ 23.5 0.66 04
Water 071 ~14 4.0x1073 19.47 17.4 0.61 0.85
DMSO 1.19 (126 1.3x1073 9.23 232 0.34 0.78
EG 1.5 (2.5)¢ 1.6x1074 1.51 25.1 0.25 0.67
DMF 1.5 1.7)P 1.2x1074 22.90 21.05 0.23 0.66
Methanol 171 14 6.1x1074 39.08 21.3 0.28 0.95
Ethanol 224 25 2.6x1074 19.74 21.4 0.15 0.65
1-propanol 272 ~24 - 11.0 21.42 - -
1-butanol 3.2 - - 7.84 21.05 - -

TABLE II. Properties of TBACMC in various solvents. ¢ Value for NaCMC. For TBACMC the best-fit SAXS results in ref. [ 83] give B~ (.85,
which is unphysical. Hou et al’s measurements for TBACMC give B ~ 1.57 ¥ Value estimate 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 ¢ Average value from four SANS
measurements. ¢ none of the samples measured showed peaks, ¢ calculated using data from refs.[ 121,122] assuming that the Walden product

at 35 °C and 40 °C is the same. / from ref. [ 123]
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FIG. 6. Correlation length of semiflexible polyelectrolytes in salt-
free water, data are from refs. [ 49,62,83,95,96,120,124-128], see
legend. Part b zooms into the high concentration regime. Full line is
scaling theory with B = 1 and dashed line is Koyama’s prediction.!?
The monomer lengthis 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.*
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FIG. 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 V A.

Figure 7 plots the stretching parameter as a function of the
fraction of monomers with a dissociated counterion, where f
is obtained from conductivity as discussed below. For NMA,
NME, water and DMSO (/p ~ 0.3 — 1.2 nm) the stretching pa-
rameter B takes a value close to unity. For DMF, ethylene gly-
col 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 intrin-
sic Kuhn length in water is lgo =~ 10 nm.'3! Values of Ik
in other solvents have not been reported but it seems unlikely
that it will be smaller than 1-2 nm as required for Ix < &,.
Alternatively, changes in B may not be related to the electro-
static blob size and instead reflect the solvent-dependent local
conformation of the cellulose backbone. In this case, the cor-
relation of B with f would be accidental.

Influence of solvent properties on peak sharpness

Figure 8 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.
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FIG. 8. SANS curves for ¢ = 0.033 M solutions of TBACMC in
three linear alcohols. Line is a power law with exponent of -1.

In ethanol a similar but broader peak is observed and the
I-butanol solution displays a shoulder feature. The scaling
model explains the presence of the correlation peak in poly-
electrolyte solutions as follows: the large osmotic pressure
generated by free counterions suppresses long-ranged concen-
tration fluctuations in polyelectrolyte 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 so-
lutions, no peak is observed for concentrations as low as 0.014
M (€ ~ 20 nm, ge ~90). By contrast in methanol a peak is
observed at ¢ =0.11 M (§ ~ 6 nm, ge ~ 17). This would
imply that f for methanol should be ~ 5x higher than in 1-
propanol, which seems unreasonable given that the dielectric
constant is only ~ 1.5x 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 expects a peak
for neutral polymer solutions if the repulsive interactions be-
tween chains is sufficiently strong. As the Bjerrum length of
the solvent increases, the effective charge of the backbone de-
creases, 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 ac-
counted for by invoking Koyama’s model.

A third possible explanation for the disappearance of the
peak is the stronger low-g upturn. For the SAXS measure-
ments, the contribution from the capillary background is too
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-g regime to capture the upturn
well. When we fit a power law to the low-g region and subtract
this contribution from the total scattering signal (see figure 9),
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a peak becomes apparent, the of which position is usually not
very different from that of obtained by fitting two power-laws
to the unsubtracted signal . The appearance of the peak in
the subtracted signal may simply be an artifact of the sub-
traction procedure. Data for aqueous solutions provide evi-
dence against the low-g upturn being the cause of the peak
disappearance. For aqueous solutions at modest concentra-
tions, the low-g upturn is much stronger for NaCMC than for
TBACMC, see fig. 5 of ref. [ 83], however NaCMC displays
a clear correlation peak but TBACMC does not.

0.1 By , A

4
0.01 0.1

FIG. 9. Red points are the SANS intensity for a solution of TBACMC
in deuterated ethanol at a concentration of 0.07 M. The black line is
a power law fit to the low ¢ data and the grey points are the measured
intensity minus the power-law fit. The blue line indicates the position
of the shoulder, obtained from fitting the total scattering intensity.

Figure 10 compares the SANS profiles of TBACMC at a
concentration of ¢ = 0.11 M in three solvents. The curve
for DMSO displays a sharper peak than the one in water. In
the case of ethanol no maximum in the scattering intensity is
observed and only a broad shoulder is apparent, indicating a
broader (less localised) distribution of counterions. As dis-
cussed 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 ob-
served here.

Comparison with behaviour of flexible polyelectrolytes

In two earlier studies on the scattering properties of flex-
ible polyelectrolytes’®!3? we observed that for solvents of
low dielectric constant, the scaling of the correlation length
with concentration follows & o< ¢~1/3. We interpreted this as
arising from the chain collapse onto a pearl-necklace struc-
ture. The collapse can be driven by solvophobic forces or
attractive forces between condensed counterions. The re-
sults presented here show for CMC do not show any indi-
cation of polymer collapse and the scaling of & o< ¢~1/3 is
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FIG. 10. SANS intensity / as a function of scattering wavevector ¢
for TBACMC in water, DMSO and EtOH at 0.11 M with an observ-
able difference in correlation peak sharpness.

never observed. One possible reason is that for our poly-
mer, there is one charged group per 0.4 nm, compared to ~ 1
per 0.25 nm'3? for polystyrene sulfonate 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. Addi-
tionally, the semiflexible nature of the CMC backbone likely
prevents the local collapse of chains into globules.

B. Counterion condensation

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

semidilute,'3* salt-free polyelectrolyte solution as:**
fe*cEXN3In(E /D)
A= 8
flAc+ 3, (®)

where A¢ is the limiting specific conductance of the counte-
rion in the solvents, D is the cross-sectional diameter of the
chain, taken to be 3.5 A forin all solvents, Ny is the Avogadro
constant, c is the concentration of repeating units per unit vol-
ume and e is the unit of charge. The specific conductances for
the TBA ion in various solvents are listed in table II.

Figure 11 plots the fraction of monomers bearing a disso-
ciated charge (f) as a function of polymer concentration for
NaCMC and TBACMC. Despite the differences in size and
affinity for water for Nat and TBA™, the calculated value of
f differ by less than 10%. This reinforces previous findings
that while counterion valence has a large influence on poly-
electrolyte properties, changing the ion type for a given va-
lence has a much weaker effect.!3-137 The slight increase of
f at high concentrations is consistent with earlier measure-
ments on NaCMC of various degrees of substitution and also
with conductivity and osmotic pressure data of polystyrene
sulfonate solutions.®
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FIG. 11. 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 12a plots the fraction of charged monomers as a
function of polymer concentration for TBACMC in different
solvents. We use the values of B listed in table II to calcu-
late the correlation length and fix D = 7 A for all solvents.%
With these values, equation 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 fig 12b,
where the inverse of the fraction of monomers with a dissoci-
ated counterion is plotted as a function of /5. A linear relation-
ship between these two quantities, as expected by Eq. 1 theory
is observed, but the effective charge density corresponds to ap-
proximately one charge per 1.3/, shown by the dashed black
line. These results are in line with earlier studies on the con-
ductivity of NaCMC in water,3%81°1 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 coun-
terions because it assumes that the dissociated counterion mo-
bility is equal to that of the free ion.8? The actual fraction of
free counterions may therefore be somewhat close to Eq. 1
than the values shown in figure 12.

The red line in figure 12 is calculated assuming a monomer
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FIG. 12. 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 (/g). Values of
f are an average over all concentrations in part a. The red line is Eq. 1 withn =DS =13 and b = 5.15 A. Note that =1 ~0.77 is predicted in
the low /p 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 Iz > 5 A.

size of b=5.15 A. However, as discussed above, the stretch-
ing parameter data suggest that the effective monomer size
may be lower in some solvents. The question then arises of
whether using b = 5.15 A gives the correct distance between
charges. In 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 information.

VI. CONCLUSIONS

Our results demonstrate a clear dependence of the effective
charge fraction on the solvent dielectric constant. At fixed
polymer concentration, the fraction of dissociated monomers,
f, scales approximately with the inverse Bjerrum length, in
qualitative agreement with the Oosawa-Manning condensa-
tion model. However, differences in f for solvents of simi-
lar dielectric constants suggest that continuum electrostatics
alone may not fully explain counterion condensation.

The stretching parameter B, extracted from small angle
scattering measurements was found to be solvent dependent.
High-permittivity solvents such as NMA, NMF, water, and
DMSO yield B values close to unity, consistent with semi-
flexible chains which are fully stretched inside the correla-
tion blobs. This value is consistent with literature results
for semiflexible polyelectrolytes including DNA and sev-
eral polysaccharides. Lower-permittivity solvents such as
methanol, ethanol, and DMF exhibit larger B values, suggest-
ing partial folding within the correlation blob, but the origin
of this effect remains unclear. At present, it is not known
whether the higher values of the stretching parameter reflect
solvent-driven changes in the intrinsic (non-electrostatic) con-
formation of the cellulose backbone or if electrostatic stretch-
ing plays a role.

The scattering data reveal solvent-dependent coupling be-
tween polymer backbone and counterion concentration fluc-
tuations. In water and methanol, SANS and SAXS peak po-
sitions coincide at low concentrations but diverge at higher
concentrations, suggesting a decoupling of counterion and
monomer fluctuations. In ethanol, the peak positions mea-
sured by the two techniques remains equal across the entire
concentration range. This suggests that decoupling occurs if
f is sufficiently high and/or the counterions are sufficiently
solvophobic, but more data are needed to confirm this point.
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