
Viscosity and scaling of semiflexible

polyelectrolyte NaCMC in aqueous salt

solutions.

Carlos G. Lopez,† Ralph H. Colby,‡ Peter Graham,¶ and Joao T. Cabral∗,†

†Department of Chemical Engineering, Imperial College London, London SW7 2AZ, United

Kingdom

‡Department of Materials Science and Engineering, The Pennsylvania State University,

University Park, Pennsylvania 16802

¶Unilever Research Port Sunlight Laboratory, Quarry Road East, Bebington L63 3JW,

United Kingdom

E-mail: j.cabral@imperial.ac.uk

Phone: +44(0)207 594 5571

Abstract

We investigate the viscosity dependence on concentration and molecular weight of

semiflexible polyelectrolyte sodium carboxymethylcellulose (NaCMC) in aqueous salt-

free and NaCl solutions. Combining new measurements and extensive literature data,

we establish relevant power laws and crossovers over a wide range of degree of poly-

merisation (N), polymer (c) and salt (cs) concentration. In salt-free solution, the

overlap concentration shows the expected c∗ ∝ N−2 dependence, and the entangle-

ment crossover scales as ce ∝ N−0.6±0.3, in strong disagreement with scaling theory

for which ce ∝ c∗ is expected, but matching the behaviour found for flexible polyelec-

trolytes. A second crossover, to a steep concentration dependence for specific viscosity
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(ηsp ∝ c3.5±0.2), commonly assigned to the concentrated regime, is shown to follow

c∗∗ ∝ N−0.6±0.2 (with c∗∗/ce ' 6) which thus suggests instead a dynamic crossover,

possibly related to entanglement. The scaling of c∗ and ce in 0.01M and 0.1M NaCl

shows neutral polymer in good solvent behaviour, characteristic of highly screened poly-

electrolyte solutions. This unified scaling picture enables the estimation of viscosity of

ubiquitous NaCMC solutions as a function of N , c and cs and establishes the behaviour

expected for a range of semiflexible polyelectrolyte solutions.

Introduction

Water soluble polyelectrolytes play a crucial role as rheology modifiers, stabilisers, and func-

tional ingredients in a wide range of formulated products.1,2 The scaling of various properties

such as viscosity, relaxation times, overlap and entanglement concentrations with molecular

weight governs much of their practical use in industry. These have been established and

reviewed for flexible polyelectrolytes3–5 in the presence and absence of salt. However, the

behaviour of their semiflexible counterparts, remains less well understood, despite their in-

dustrial importance, particularly in salt-free solution.6–9 From a fundamental perspective, it

is also of interest to establish whether the same scaling laws apply for flexible and semiflex-

ible polyelectrolytes.10,11 In this paper, we review experimental data for the viscosity and

crossover concentrations of sodium carboxymethylcellulose (NaCMC) in aqueous solutions

at different salt concentrations. Despite the vast literature on this topic, no unified picture

of the dependence of viscosity on molecular weight and polymer concentration at different

salt concentrations exists. Our own data helps fill gaps where literature data are absent.

Sodium carboxymethylcellulose (NaCMC)

NaCMC is a polyelectrolyte widely used as a rheology modifier12 in toothpastes13 and to

control soil re-deposition during domestic washing in detergent liquids and powders.14,15 Its

annual consumption in the U.S. was estimated at 2.7 ×107 kg for 198315 and its worldwide
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market at $834 million in 2012.16 Commercial grades of NaCMC have a molecular weight

(Mw) between 9 × 104 and 7 × 105 g/mol and a degree of substitution (D.S.) between 0.7

and 1.2.2 D.S. is defined as the average number of carboxymethyl groups substituted on a

glucose unit with a maximum possible value of 3.

The rheology of NaCMC of differentMw and D.S. in aqueous, salt-free solutions has been

studied previously.6,17–26 A power law dependence of the specific viscosity (ηsp = (η− ηs)/ηs

where η is the solution viscosity and ηs is the solvent viscosity) in the semidilute non-

entangled regime close to the Fuoss law27 (ηsp ∼ c1/2) is usually observed, where c is the

polymer concentration.6,17–19,23–26 A strong dependence of ηsp ∼ c3.4−3.8 is reported at high

concentrations,6,17,23,26 stronger exponents are sometimes observed24 as the result of gelation.

Addition of monovalent salts to dilute NaCMC solutions results in typical polyelectrolyte

behaviour:28–39 increasing the salt concentration (cs) leads to decreased electrostatic stiffen-

ing and excluded volume,40–43 resulting in a decrease of solution viscosity. The most extensive

investigation of the scaling of NaCMC in salt solution is by Kulickle and co-workers12,44 who

studied NaCMC with D.S. ' 1 and 2 × 105 ≤ Mw ≤ 2 × 106 g/mol in 0.01M aqueous NaCl.

The intrinsic viscosity [η] was found to scale as [η] ∝ M0.93
w , characteristic of a semiflexible

polymer in good solvent.40–43 Plots of ηsp as a function of c[η], in the range 0.5 ≤ c[η] ≤

50 were found to collapse into a single master curve, displaying limiting power laws at high

Mw and c (c.f. table 1212) of ηsp ∼ M3.9
w and c4.3, in approximate agreement with scaling

theory for polymers in good solvent.3,45 Results for the longest relaxation times (τ) yielded

stronger than expected dependences of τ ∼ c3M5
w. A similar result for ηsp was found46 for two

NaCMC samples of D.S. ' 0.7- 0.8 andMw = 1.2 and 7.7 × 105 g/mol in 0.1M NaCl. These

curves collapsed into the same master plot as other polysaccharides46,47 that did not show

‘hyperentanglements’,47,48 where normal entanglements are intensified by attractive forces.

Values between 8 and 30 nm for the intrinsic Kuhn length (b0), characteristic of a semiflexible

polymer, have been reported for NaCMC.29,33,49,50 While no consensus exists in the litera-

ture, our estimates are closer to the lower values.51 The effective charge density of NaCMC
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has been shown to be approximately independent of D.S. in the range 0.7 ≤ D.S. ≤ 1.2,52

as expected due to counterion condensation on such rigid chains. While this body of work

provides great insight into the solution properties of NaCMC, no clear picture for the scaling

of various quantities can be obtained due to the limitations of individual datasets, partic-

ularly in salt free solution. We resolve this by providing a careful analysis of the available

data along with new data presented in this paper. We first briefly review the theoretical

framework necessary for the scaling law description of semiflexible polyelectrolytes in order

to assist the interpretation of the data.

Scaling laws for polymer solutions

Polymer solutions are broadly classified into three regimes: dilute, semidilute and con-

centrated.45,53 Further, semidilute and concentrated solutions may be entangled or non-

entangled. In dilute solution, chains do not overlap and their end-to-end distance RF follows:

RF ' bNν
K where b is the Kuhn length, NK is the number of Kuhn segments per chain and ν

is an exponent which depends on solvent quality: 0.5 for neutral polymers in theta solvent,

0.588 for neutral polymers in good solvent and polyelectrolytes with added salt, and 1 for

polyelectrolytes in salt-free solutions. The Kuhn length of polyelectrolytes contains a con-

tribution from the intrinsic Kuhn length and the electrostatic Kuhn length, which depends

on the ionic strength of a solution. The overlap concentration c∗ is given by:

c∗ ' N

R3
F

∼ N1−3ν (1)

where N is the degree of polymerisation (N = Mw/M0 where M0 is the molar mass of a

monomer). Experimentally, c∗ can be determined as the reciprocal of the intrinsic viscosity

[η].3,45,54 The specific viscosity of polymers in dilute solution follows the Huggins relation:

ηsp = [η]c+ kH([η]c)
2 (2)
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where kH is the Huggins constant, found to be kH ' 0.3−0.5 for polymers in good and theta

solvents. The viscosity at c∗ is therefore ηsp(c∗) ' 1.3−1.5. The range of validity of equation

2 (c . 10/[η]) can be increased by adding a third term:55 B(c[η])m. Determination of kH ,

B and m along with the dependence with [η] on N allows the prediction of the viscosity

of polymer solutions over a wide range of Mw and concentration. While equation 2 does

not apply to polyelectrolytes in salt-free solution,27,56–59 the empirical criterion ηsp(c∗) = 1

yields, however, c∗ values in agreement with those determined by other techniques.3,60

At c∗, chains begin to overlap and the correlation length, ξ, independent of N , becomes

the relevant lengthscale: ξ ' RF

(
c
c∗

)µ
where µ can be shown to be µ = −ν/(3ν − 1).45

Chains in semidilute solution obey dilute solution statistics for length scales smaller than

ξ and random walk statistics for length scales larger than ξ. The end-to-end chain size scales

as R ∼ N1/2c−(ν−1/2)/(3ν−1). Above c∗, but below the entanglement concentration (ce), the

specific viscosity is predicted to scale according to the Rouse model:45

ηRouse ' (c[η])1/(3ν−1) ∝ Nc1/(3ν−1) (3)

This equation describes data for neutral polymers well3,45 but the N dependence deviates

for salt-free polyelectrolyte solutions, where ηsp ∝ N2−2.5 instead of ηsp ∝ N1 has been

reported.60,61 Further, the concentration dependence predicted by equation 3 for salt-free

polyelectrolyte solutions ηsp ∼ c1/2 is not always observed.6,60 Chains begin to entangle at

ce, which is predicted to be proportional to c∗:3,10,62

ce = n6ν−2c∗ (4)

where n is the number of chain overlaps required for an entanglement to form. For flexible

neutral polymers and polyelectrolytes in salt solution, ce ' 10-50c∗ is generally found.62,63

For salt-free polyelectrolyte solutions, the observed non-proportionality between ce and c∗

for samples of varying N has been tentatively interpreted as due to n being chain-length
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dependent.3,60 The viscosity in the semidilute entangled regime is predicted to scale as:62,63

ηsp = ηRouse

( c
ce

)2/(3ν−1)
(5)

The correlation length decreases with concentration and reaches the value of the Kuhn

length at cD. For c ≥ cD, the concentrated crossover, the chain’s end-to-end distance becomes

independent of concentration and the viscosity is expected to vary as η ∼ c15/4. This

crossover has been experimentally observed for neutral polymers.3,45,53 For polyelectrolytes

in salt-free solution the situation is less clear.6,64–70 Throughout this paper, we will use the

term c∗∗ to refer to the crossover to a viscosity power law of ηsp ∝ c3−4 and cD to refer

to a crossover to the concentrated regime as identified by small angle scattering or osmotic

pressure measurements, as we find here that they generally do not agree.

Having outlined the expected viscosity and crossover concentration scaling laws for poly-

electrolytes, we now discuss experimental results for NaCMC in detail. Specifically we ex-

amine the N dependence of c∗, ce, c∗∗ and ηsp for aqueous NaCMC solutions at different salt

concentrations.

Materials and methods

NaCMC samples withMw = 7×104 g/mol (D.S. = 0.7 ± 0.1),Mw = 3.2×105g/mol (D.S. =

1.2 ± 0.1) andMw = 1.2×106 g/mol (D.S. = 0.9 ± 0.1) were purchased from Sigma-Aldrich

(with nominal Mw 9 ×104 g/mol, 2.5 ×105g/mol and 7 ×105g/mol, and re-calibrated using

triple detection GPC or viscosimetry; see S.I. for further details). NaCl (≥ 99.98%) was

obtained from Sigma-Aldrich and deionised (D.I.) water from a miliQ source.

Viscosity measurements were carried out using either a rheometer (Anton Paar Physica

MCR 301 or Malvern Kinexus pro, both with a cone and plate geometry) or a viscometer

(LV-DVI-Prime Brookfield viscometer with a Couette geometry).

6



Results

Figure 1: Specific viscosity as a function of polymer concentration and added salt for NaCMC
D.S. = 1.2 and Mw = 3.2 ×105 g/mol. Lines indicate limiting slopes. Salt-free data were
reported previously.6

Viscosity measurements.

Figure 1 shows the specific viscosity of NaCMC (Mw = 3.2 × 105 g/mol, D.S. ' 1.2) solu-

tions as a function of polymer and added salt concentration. As expected, solution viscosities

decrease with increasing salt, the effect being more pronounced at lower polymer concen-
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trations. The effect of added salt appears to saturate at high cs values above 0.1M. These

results agree with Hayashi et al’s data for sodium hyaluronate,42 where the intrinsic viscosity

was shown to vary only weakly in the same salt concentration range. Following equation 3,

the viscosity in the semidilute unentangled regime is also expected to be salt independent.

Two regimes can be observed for cS ≥ 0.1M, namely ηsp ∼ c1.3 at low c, ηsp ∼ c3.5 at high

c. At cs = 0.1M, the inverse Debye-Huckle screening length is ' 1 nm. This approximately

corresponds to the distance between dissociated charges along the chain23 and therefore

charges along the chain are fully screened from each other for cS ≥ 0.1M. Viscosity data and

associated crossovers for the Mw = 7 × 104 g/mol and Mw = 1.2 × 106 g/mol samples in

salt-free solution are reported in the S.I., exhibiting power laws in agreement with those in

Figure 1. We have estimated the salt concentration for the Mw = 3.2 × 105 g/mol sample

to be ' 0.4wt%, which we designate as ‘salt-free’. Such residual salt content is theoretically

expected10 to cause a decrease in solution viscosity no greater than 3-5%, below the scatter

of the data compilation. Further, the salt-free power laws of ηsp vs. c are expected to remain

unaffected by residual salt when the ratio of polymer to salt concentration is kept constant,

which we have examined experimentally.

Compilation of literature data.

Values of c∗, ce, c∗∗ and ηsp(c) for samples of varying Mw and D.S. in salt-free and salt solu-

tions were obtained from viscosity data from various reports.6,12,17–19,23,24,26,32,36,37,39,44,46,71–89

Literature data were carefully reviewed and critically reanalysed taking into account well-

known artefacts of shear thinning and residual salt. We note that Mw values reported by

manufacturers are not always accurate as systematically examined in section S3 of the S.I.

We have therefore only included viscosity data for which Mw is known to reasonable accu-

racy. The values presented herein are restricted to a robust subset of measurements, selected

as detailed in the S.I. section S.
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Determination of crossover concentrations.

c∗ is determined using equation 2 for samples with added salt and from ηsp(c
∗) = 1 for salt

free samples. For samples with added salt, ce is obtained by fitting data above c∗ with:

ηsp = ηRouse(1 + (c/ce)
q) (6)

which interpolates equations 3 and 5 for q = 2/(3ν − 1). For salt free samples ce is deter-

mined from the crossover of ηsp ∼ c1/2 to ηsp ∼ c3/2, (Equations 3 and 5 for ν = 1), and c∗∗

is obtained from the crossover of ηsp ∼ c3/2 to ηsp ∼ c3.4. We find that the best fit power

law exponent for salt-free data in the semidilute unentangled regime to be ' 0.68 ± 0.06

(see S.I.), higher than the scaling prediction of 1/2. Although we do not have a definitive

explanation for this discrepancy, chain rigidity and polydispersity may be contributing fac-

tors. The former, related to the relatively large intrinsic persistence length of NaCMC has

been discussed in previous work.6 A large polydispersity can also potentially yield a higher

apparent exponent due to the co-existence of chains in the dilute and semidilute regimes,

characterised by expected power laws of 1 and 1/2. For this sample sample however, the

dilute chain fraction, over the concentration range studied, appears insufficient to account

for the difference observed. We note that both smaller (∼ 0.33) and larger (∼ 0.9 - 1.1) ex-

ponents have also been reported for sodium polystyrene sulfonate (NaPSS),60 chitosan and

sodium hyaluronate90 We have fit the data with the exponent of 1/2 to keep it consistent

with literature reports for other polyelectrolytes.60,91 Both methods produce similar results,

with few exceptions detailed in the S.I..
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Discussion and analysis

Scaling laws in salt-free solutions.

Figure 2a shows c∗, ce and c∗∗ as functions of degree of polymerisation (N) for different

NaCMC samples, from the literature and our own measurements. The variation of c∗ with

N (c∗ ∝ N−2.5±0.6) for salt-free solutions agrees with equation 1 for ν = 1: c∗ ∝ N−2.

The dependence of ce ' N−0.6±0.3 is however much weaker than the prediction of equation

4, which expects it to be proportional to c∗. The non-proportionality between c∗ and ce

can be resolved by considering that n, the number of chain overlaps required to form an

entanglement, depends on N .3,60 The collected data imply n ∝ N0.45, as plotted in figure 3.

ηsp(ce) should then vary as ηsp(ce) ' n2 ' N0.8. This is plotted also as a function of N in

figure 3, where ηsp(ce) ∝ N0.8±0.2 is observed. A similar variation for the specific viscosity

at c∗∗: ηsp(c∗∗) ∝ N1±0.2 is observed.

Surprisingly, c∗∗ shows a weak but clear dependence on N (c∗∗ ' 6ce), which is inconsis-

tent with a crossover to the concentrated regime, which corresponds to ξ = b0, since both

ξ and b0 are N independent (using ξ values from6 and b0 = 10 nm,49 c(ξ = b0) ' 0.03M).

The scattering profiles for NaCMC in salt-free solution do not exhibit particular changes

across c∗∗.6 We recall that c∗∗ was defined by the crossover to the high viscosity power-law

regime, and this unexpected N -dependence suggests therefore a dynamic crossover. Fig-

ure 2b shows the dependence of ηsp on N in the different concentration regimes. In the

non-entangled regime, the observed ηsp ∝ N1.4 is in disagreement with the Rouse model pre-

diction ηsp ∝ N , but consistent with the observed behaviour c∗ ∝ N−2 and the ηsp ∝ c0.68,

which together lead to ηsp ∝ N1.4. In the semidilute entangled regime ηsp ∝ N1.8 is observed,

in disagreement with equation 5 (ηsp ∝ N3). The disagreement is expected given the dif-

ference between the predicted and observed N dependence of ce. As there are not sufficient

data to establish the scaling of ηsp with N at a single concentration for c ≥ c∗∗, we fit the

viscosity data with ηsp = Kc3.4 and plot K × 253.4 in figure 3. This yields a variation of

10



Figure 2: a: Dependence of c∗ (black symbols), ce (red symbols) and c∗∗ (blue symbols)
on N for salt-free solutions. Dashed black line is the scaling prediction c∗ ∝ N−2, the full
red and blue lines are best fit power laws, whose exponent is indicated on the graph. b:
specific viscosity ηsp(0.005M) as a function of N , corresponding to data in the c∗ ≤ c ≤ ce
range (black symbols) and ηsp(0.02M) for data in the ce ≤ c ≤ c∗∗ range (red symbols).
Blue symbols are K × 253.4, which corresponds to the scaling of the specific viscosity for
c ≥ c∗∗, as discussed in the text. Lines are best fit power laws, the exponents are indicated
on the graph. Data include this work (full symbols surrounded by empty symbols) and
references.6,18,19,26,44,83,92 Open symbols are upper bound estimates.
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ηsp ∝ N3±0.3 for c ≥ c∗∗, consistent with the predicted and observed power law dependence

of neutral polymer and polyelectrolytes in solution.55 We thus conclude that c∗∗ measured

by this criterion, and not ce, corresponds to the entanglement crossover.

Figure 3: Specific viscosity at ce, ηsp(ce) (full black circles) and at c∗∗ ηsp(c∗∗) (empty black
circles) and n (red points) plotted as a function of N . Lines are best fit power laws. Data
from this work (marked by surrounding hollow symbols) and references.6,18,26,44,92

Scaling laws in salt solutions.

The concentration dependence of the viscosity at high salt concentrations agrees with equa-

tion 3 for neutral polymers in good solvent (ν ' 0.588). The slope at high c (& 12 ±2 g/L)

is well described by 3.5 ± 0.2 for all salt concentrations in Fig 1. At these high polymer

concentrations,10,93 chains are highly screened even in salt-free solutions and the fraction of

charged monomers may decrease above c∗∗.23 It is thus expected that the addition of salt

will not contribute strongly to further screening. Power law exponents for flexible63 and
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Figure 4: a: c∗ (black symbols) and ce (blue symbols) as a function of N for 0.1 M NaCl
solutions and for (b) 0.01M NaCl solutions. Black lines correspond to Zimm’s prediction.45
Dashed-dotted line indicates the trend for and ce extracted from Kulicke’s master curve.12,44
Data from this work (marked by hollow symbols) and references.32,44,46,71,74,76,83 Values for
cs = 0.1M were interpolated as we did not measure at that cS.

semiflexible entangled polymers,55,94,95 neutral or charged, including polysaccharides96 have

been reported to be within the 3.2-4 range.
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Using eqs. 1 and 4 for polymers in good solvent45 (ν = 0.588), expects ce ∝ c∗ ∝ N−0.764,

which compare well with the best fit power law exponents of −0.9 ± 0.2 for both c∗ and ce

in 0.1M solution. This prediction along with the experimental results is plotted in figure

4a. Data from this work and references46,74,76,82 can be described by a single master curve

according to the expanded version of equation 2, as shown in Figure S6. The different

parameters are collected in table 1 and yield a scaling of ηsp ∝ N3.5c4 at high c and N ,

consistent with equation 5 .

Figure 4b shows c∗ and ce for NaCMC in 0.01M NaCl aqueous solutions. The best fit

power law exponent to the overlap concentration data is c∗ ∝ N−0.8±0.2, again in reasonable

agreement with Zimm’s exponent45 of -0.764. The ce value for our sample agrees with

the trends extracted from Kulicke and co-workers master curve12,44 (dashed-dotted line)

for samples in the 105 ≤ Mw ≤ 106 g/mol range. Kulicke’s data show ηsp ∝ N3.9c4.3 for

entangled samples, in reasonable agreement with equation 5 (ηsp ∝ N3c3.75), and with the

power law observed for concentrated salt-free solutions (ηsp ∼ c3.5 in Figure 1).

The number of chain overlaps required to form an entanglement is calculated according

to equation 4 as: n = 3± 1 in 0.1M NaCl and n = 5± 1 in 0.01M NaCl. These are similar

to 4 ≤ n ≤ 16 calculated by Heo and Larson63 for flexible polymers in good solvent using a

different method.

Salt-free vs. salt solutions

Based on the collected data, we compile the Mark-Houwink-Sakurada (MHS) relations for

NaCMC in salt-free and 0.01 and 0.1M salt solutions, shown in Table 1. These allow the

determination of N of NaCMC from dilute viscosity data over a wide range of N . Further,

parameters kH , Bm and m which, along with the MHS relations describe ηsp over a wide

range of c, are also collected. Since equation 2 does not hold for salt-free polyelectrolyte

solutions, we use an alternative plot, first proposed by Krause et al,61 to obtain a unified

description of solution viscosities for all three salt concentrations studied. We write the
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specific viscosity as:

ηsp = ηsp(c
∗)(c/c∗)γ(1 +Q(c/ce)

p) (7)

where γ describes the concentration dependence of ηsp in semidilute non-entangled solutions,

Q is a crossover parameter and p is set by the concentration dependence of ηsp at high

concentrations. The values of these parameters are collected in Table 1. Trivially, for

0.1M Q = 1 since equation 6 is used to determine ce. According to equation 7, plots of

ηspc
∗/c against c/ce should collapse data for different Mw into a single curve. This is indeed

observed for data in salt-free and salt solutions (see S.I. section 2). The different crossover

concentrations can be estimated as: c∗ = 1/[η] with [η] = KNa, ce = ENα and c∗∗ = CNβ.

Comparison with flexible polyelectrolytes

Krause et al61 report Q ' p ' 1 for NaPAMS in salt-free solution. Analysis of maleate

copolymers givesQ ' 0.2 and p ' 1.8. It therefore appears that these parameters are system-

dependent, but a correlation with molecular architecture is not clear at this point. Figure

5 compiles data for c∗ and ce for NaCMC along with flexible (b0 ' 2 nm) polyelectrolytes

NaPSS (following the compilation in reference60 for N ≥ 100), poly(isobutylene-alt-sodium

maleate) (NaIBMA),91 poly(acrylamide-co-sodium 2-acrylamido-2-methyl-1-propanesulfonate)

(NaPAMS)61 in aqueous solution (a point is omitted for clarity), Poly(N-methyl-2-vinyl pyri-

dinium chloride) (QP2VP-Cl) in ethylene glycol69 and Poly(N-methyl-2-vinyl pyridinium

iodide) (QP2VP-I) in N-methylformamide (NMF)97 as a function of the reduced contour

length Nb/B where b is the monomer size calculated from bond lengths and B (the stretch-

ing parameter which takes into account short range folding of chains10) is obtained form

small angle neutron or X-ray scattering (SANS/SAXS).6,91,98,99 The scaling of c∗ ∝ N−2

and ce ∝ N−0.6±0.3 is common to NaCMC, NaPSS and NaIBMA.3,60,91 Our result for the

N -dependence of ηsp in the non-entangled regime lies between that observed for NaPSS and
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Figure 5: Crossover concentrations for salt free solutions of different polyelectrolyte sys-
tems: c∗ (hollow) and ce (full symbols) for: NaPSS (blue circles), NaIBMA (purple squares),
NaCMC (red triangles) NaPAMS (green diamonds), QP2VP in ethylene glycol (orange cir-
cle), QP2VP in NMF97 (black +), c∗∗ for NaCMC (red crosses).

NaPAMS (ηsp ∼ N2−2.4) and that for NaIBMA (ηsp ∼ N1). The dependence of ηsp(ce) ∝ N0.8

is similar to that reported earlier for NaPSS.60 If we force the same power law dependence

of n on N for NaCMC as for flexible systems, following equation 4 (with ν = 1), the com-

piled data for NaCMC indicate n ' 0.138(Nb/B)0.35. Data for NaPSS,60 NaIBMA91 and

NaPAMS,61 imposing the same power law dependence on Nb/B, show similar relations:

n = 0.3(Nb/B)0.35, n = 0.32(Nb/B)0.35 and n = 0.45(Nb/B)0.35 respectively. Within the

limits of the datasets considered, this suggests that fewer chain overlaps are required to form

an entanglement for semiflexible chains.
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Table 1: Parameters for MHS and entanglement, concentrated crossover relations for different
salt concentrations: [η] = KNa in L/mol, ce = ENα and c∗∗ = CNβ. [η] is obtained from
the Huggins equation for salt solutions and from ηsp(c = 1/[η]) = 1 for salt-free solutions.
Parameters kH , B and m are obtained from fits to ηsp = c[η] + kH(c[η])

2 +B(c[η])m, Q and
p to equation 7.

K a kH B m E α C β ηsp(c
∗) γ Q p

D.I water 0.00015 2.5 - - - 0.4 -0.56 3.0 -0.60 1 0.68 0.08 2.7
0.01M 0.81 0.82 0.28 4.8 × 10−4 4.34 29 -0.93 - - - - - -
0.1M 0.29 0.87 0.45 0.018 4 9.5 -0.8 - - 1.45 1.3 1.4 2.7

Conclusions

Based on analysis of viscosity literature data and new experimental results, the scaling of c∗,

ce, c∗∗ and ηsp with N for NaCMC in salt-free and in aqueous salt solutions is established. In

salt solutions (0.1 and 0.01M NaCl), scaling laws characteristic of neutral polymers in good

solvent are observed, in agreement with data for other systems. MHS relations are estab-

lished for three different salt concentrations. We find the scaling laws in salt-free solution

for this semiflexible polyelectrolyte are similar to those for other flexible systems, namely

c∗ ∼ N−2 and ce ∼ N−0.6. Unexpectedly, the ηsp ∼ c3.4 relation observed at high concen-

trations cannot be assigned to a crossover to the concentrated regime, instead appearing to

be a dynamic crossover related to entanglement. Finally, our results enable calculation of

rheological properties for NaCMC of varying N , c and cs using parameters in Table 1.
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