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A B S T R A C T

One of the most abundant natural macromolecule, cellulose, is of high importance in technological research
including medicine, energy application platforms, and many more. One of its most important ionic derivatives,
sodium carboxymethyl cellulose, is known to be very disperse and heterogeneous. The experimental robustness
of the methods of hydrodynamics and light scattering are put to test by studying these highly disperse, charged,
and heterogeneous macromolecule populations. The following opportunities for molar mass estimations from
experimental data were taken into consideration: (i) from the classical Svedberg equation, (ii) from size ex-
clusion chromatography coupled to multi-angle laser light scattering, (iii) from the hydrodynamic invariant, and
(iv) the sedimentation parameter. The orthogonality of such approach demonstrates a statistically robust as-
sessment of chain conformational and chain dimensional characteristics of macromolecule populations.
Quantitative comparison between the absolute techniques indicates that those have to be checked for accuracy
of the obtained and derived characteristics.

1. Introduction

Renewable raw materials find a growing interest, especially because
they can partially replace the becoming scarcer fossil raw materials.
Besides renewable raw materials have important benefits such as eco-
logically important CO2 neutrality, the possibility for the production of
bio-based, biodegradable, and / or bio-compatible polymers or the
extraction of chemicals with defined stereo-chemical structure.
Carbohydrates are one of the most important classes of renewable raw
materials (Lichtenthaler & Peters, 2004; Lichtenthaler, 2007; Nasatto
et al., 2015; Ramesh & Tharanathan, 2003). The main proponent of
carbohydrates, cellulose, has always been an essential commercial
material such as wood, textiles, etc (Klemm, Heublein, Fink, & Bohn,
2005). Due to the possibility of its chemical derivatization, it occupies
an important place in the economy as an industrial material. The
commercial production of cellulose in Germany started in the early
1920s (Hollabaugh, Burt, & Walsh, 1945).

Carboxymethyl celluloses (CMCs) are commercially produced of
cellulose activated with aqueous sodium hydroxide applying mono-
chloroacetic acid or its sodium salt as reagent (Heinze & Koschella,

2005; Heinze & Pfeiffer, 1999). The products obtained in this process
are supposed to be heterogeneous in terms of chemical composition and
molar mass (Saake et al., 2000). Thus, in order to obtain information on
the influence of the molecular structure of CMCs for applicative pur-
poses, not only their average chemical composition and molar mass
need to be known, but of particular consideration is the extend of re-
spective dispersities / heterogeneities and their impact on overall ma-
terials properties.

CMC is the most important ionic cellulose ether. Through its hy-
drophilicity, CMC is also biocompatible. The viscous solutions of CMC
in water have the advantage of thickening, suspending, and stabilizing
properties, also in conjunction with other colloids. Such solutions allow
access to form tough films upon solvent evaporation (Hollabaugh et al.,
1945). Other applications of CMC concern its use as binding agent in
thin layer batteries (Lee & Oh, 2013; Li, Lewis, & Dahn, 2007; Luna-
Martínez et al., 2011). CMC is a “green” compound compared to
polyvinylidene fluoride that is used in related applications (Kim et al.,
2011). Further application fields can be found in the pharmaceutical
and medical sciences (Nadagouda & Varma, 2007). CMCs can act as
carrier material in drug delivery systems (Aravamudhan, Ramos, Nada,
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& Kumbar, 2014; El-Hag Ali, Abd El-Rehim, Kamal, & Hegazy, 2008; Li,
Song, & Seville, 2010). Particularly here, an exact characterization and
knowledge of its molecular properties is of pivotal importance to es-
tablish quantitative structure-property relationships and for quality
control purposes.

The methods of molecular hydrodynamics (Lebowitz, Lewis, &
Schuck, 2002; Svedberg & Sjögren, 1930) and light scattering (Debye,
1947; Wyatt, 1993) are widely applied in macromolecular character-
ization to assess solution properties of synthetic- and bio-macro-
molecules. In this context, these powerful and eminent methods are
most insightful when studying very well-defined samples such as pro-
teins and their aggregates. These methods as well have been shown
useful when studying synthetic macromolecules of narrow dispersity
that are available by contemporary precision synthesis utilizing reac-
tions of, e.g., a living nature (Grube, Leiske, Schubert, & Nischang,
2018; Nischang et al., 2017), including their conjugates to (bio-)mac-
romolecules (Lühmann et al., 2017). Notwithstanding, studies con-
cerning samples featuring very disperse and even multimodal molar
mass distributions, reconciled by analysts depending on the degree of
resolution available by particular techniques, are scarce and require
attention. The inherent drawback of solution characterization of very
disperse and heterogeneous samples, therefore, is considered the “holy
grail” in demonstrating the power of solution characterization through
hydrodynamics and light scattering. Also, frequently only one of these
absolute techniques is considered or available (Harding et al., 2015;
Oberlerchner, Rosenau, & Potthast, 2015; Sitaramaiah & Goring, 1962).

In this study, we test the conceptual opportunity of the methods of
molecular hydrodynamics (solution viscometry, sedimentation velocity
experiments, diffusion measurements) on very disperse CMCs that, in
addition to their dispersity and potential heterogeneity, carry an an-
ionic charge density in aqueous sodium chloride. The CMCs are also
characterized by evaluating their degree of substitution (DS) by high
performance liquid chromatography (Heinze, Erler, Nehls, & Klemm,
1994) in order for allowing substantiated conclusions concerning their
behavior and conformational characteristics in solution.

Next to the reported primary data concerning hydrodynamic mea-
surements performed under translational (sedimentation, diffusion) and
rotational (viscometry) friction in aqueous sodium chloride, we also
report size exclusion chromatography measurements coupled to multi-
angle laser light scattering (SEC-MALLS) experiments in the same
aqueous sodium chloride solvent for independent molar mass estima-
tions. The complex set of data allows for the interrelation of all average
macromolecular characteristics through the concept of the hydro-
dynamic invariant and the sedimentation parameter. Along this line, we
also focus on the core question of the most meaningful value of average
molar masses, characterizing this set of macromolecules in concert with
their fundamental macromolecular chain characteristics.

2. Experimental

2.1. Materials

All CMCs were purchased from Sigma Aldrich. All experiments were
performed in 0.1M aqueous sodium chloride ( = g cm1.00240

3,
= mPas1.00620 ). The pH -value of the CMC solutions was determined

to be ±6.8 0.1. The water content was determined to be within 3.9 to
7.5 % (Table S1). Further experimental details can be found in the
Supporting Information. The degree of substitution (DS) was de-
termined by high performance liquid chromatography as described
previously (Heinze et al., 1994). In Fig. S1, liquid chromatographic
measurements from all CMCs are shown and results listed in Table S1.
The presence of sodium chloride salts was checked for as detailed in the
Supporting Information.

These preliminary experimental considerations indicate that dif-
ferent molar mass samples could be compared via the variety of tech-
niques utilized in this manuscript, keeping in mind that the potential

impact of varying salt concentration for the samples may lead to dif-
ferent specific estimates due to conformational variations of the mac-
romolecules. In fact, the same mass of macromolecules, irrespective of
their molar mass, provides the approximately same total amount of
charged moieties present in solution, just that a different number of
such macromolecules is present due to the different molar masses and
individual dispersities / heterogeneities.

2.2. Viscometry

For the determination of the intrinsic viscosities, [ ], we followed
literature procedures from our previous work (Grube et al., 2018;
Nischang et al., 2017). The intrinsic viscosity, [ ], was determined via
both the Huggins- and Kraemer relations (Eqs. (S1) and (S2)). A de-
tailed description of the adapted literature procedure and instrument
details can be found in the Supporting Information.

2.3. Partial specific volume

Partial specific volumes, , were determined according to the pro-
cedures described recently (Grube et al., 2018; Nischang et al., 2017). A
detailed description of the adapted literature procedure can be found in
the Supporting Information. The determined value is

= ± cm g0.55 0.01 3 1 (Fig. S2).

2.4. Sedimentation velocity / synthetic boundary experiments

Sedimentation velocity / synthetic boundary experiments were
performed using a ProteomeLab XL-I analytical ultracentrifuge
(Beckman Coulter Instruments, Brea, CA) with an An-50 Ti eight-hole
rotor, using double-sector epon centerpieces with a 12mm optical path
length. An in-depth description of these experiments together with the
put-forward details on data analysis can be found in the Supporting
Information.

2.5. Size exclusion chromatography coupled to multi-angle laser light
scattering (SEC-MALLS)

Measurements were performed on an adapted asymmetrical flow
field-flow fractionation instrument (AF2000 MT) from Postnova
Analytics GmbH (Landsberg, Germany) as described previously (Grube
et al., 2018). Experimental details and determination of the refractive
index increment (Fig. S3) can be found in the Supporting Information.
Control experiments of similarity between filtered and non-filtered
samples investigated can be found in Fig. S4 of the Supporting In-
formation.

3. Results and discussions

The fundamental key problem addressed in this work is to establish
a correlation between the chemical structure of the macromolecules
(Scheme 1) and its particular solution properties in aqueous sodium
chloride.

A perhaps classical way in determining such structure-property re-
lationships in solution is a direct investigation of the corresponding
molecular and conformational characteristics of macromolecules. The
success of such investigations depends on the overall complexity of the
macromolecular system being studied. This complexity will be

Scheme 1. Schematic representation of sodium carboxymethyl cellulose
(CMC).
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determined in particular by the molecular architecture, presence of
charged moieties, solvent-solute interactions and dispersity / hetero-
geneity of the population of macromolecules. The CMCs are a parti-
cularly well-suited example of highly disperse, charged (bio-)macro-
molecules and, as a consequence, difficult to study. Though several
studies using a variety of solvents are available in the literature
(Arinaitwe & Pawlik, 2014; Brown & Henley, 1964; Murodov, Urinov, &
Turaev, 2018; Lavrenko, Okatova, Dauttsenberg, & Filipp, 1991;
Lavrenko, Okatova, & Dautzenberg, 1999; Pohl, Morris, Harding, &
Heinze, 2009; Rinaudo, Danhelka, & Milas, 1993; Shakun, Maier,
Heinze, Kilz, & Radke, 2013; Sitaramaiah & Goring, 1962), these have
not been compared against each other and checked for their con-
sistency. One of the best possible approaches is to use a combination of
complementary hydrodynamic and light scattering methods.

At first, we approach this issue by discussing primary hydrodynamic
experimental data performed under rotational (viscosity) and transla-
tional (sedimentation and diffusion) friction as well as separation and
light scattering experimental data, keeping in mind the inherent dis-
persity of the macromolecules. These primary data are then interrelated
and checked for their consistency by the hydrodynamic invariant and
sedimentation parameter. Afterward, we move to the evaluation of the
molar masses by sedimentation-diffusion analysis through sedimenta-
tion velocity experiments in the ultracentrifuge, respectively, determi-
nation of diffusion coefficients decoupled from sedimentation through
synthetic boundary experiments. Finally, we compare molar mass re-
sults from hydrodynamic studies to the ones determined independently
using SEC-MALLS under the same solution conditions. We as well uti-
lize the hydrodynamic invariant concept and sedimentation parameter
in molar mass estimations, particularly where inconsistencies of a
particular method were evident. Consequently, and despite their very
high dispersity / heterogeneity, we will provide a corresponding con-
formational analysis of the CMCs in solution by statistically most re-
levant values of the obtained molar masses from all techniques pre-
sented.

3.1. Rotational and translational friction

The following hydrodynamic characteristics are of prime im-
portance – intrinsic viscosities, [ ] (Eq. (1)), sedimentation coefficients
at infinite dilution, s0 (Eq. (2)), and translational diffusion coefficients
at infinite dilution, D0 (Eq. (3)):

= < >h
M

[ ]
2 3/2

(1)

=
< >

s
M

N P h
(1 )

A
0

0

0
2 1/2 (2)

=
< >

D k T
P h

B
0

0
2 1/2 (3)

where and P are Flory hydrodynamic parameters that are functions of
L A/ and d A/ with L being the contour length of the macromolecule, A
being the Kuhn segment length, and d being the diameter of the mac-
romolecular chains. < >h2 is the mean square end-to-end distance of the
macromolecular chain, M is the molar mass, kB is the Boltzmann con-
stant, NA is the Avogadro number, and T is the absolute temperature.

3.2. Rotational friction – viscometry

Fig. 1 shows Huggins viscosity plots for all investigated CMC sam-
ples. Fig. S5 includes Kraemer plots as well. The intrinsic viscosity, [ ],
is very sensitive to size variations (Eq. (1)), thereby linearity of the
experimental viscometry dependences (Figs. 1 and S5) indicates the
absence of major macromolecular backbone charge effects.

The CMCs studied are displaying a broad range of intrinsic viscos-
ities from cm g[ ] 170 3 1 for CMC 1 up to cm g[ ] 1700 3 1 for CMC

10, i.e. an order of magnitude. The Huggins, kH , and Kraemer, kK ,
viscometric constants are shown in Table S2 and demonstrate that the
different samples do not vary in their interaction with the solvent.

The product of intrinsic viscosity, [ ] in cm g3 1, and concentration in
units g cm 3 represents the volume fraction of macromolecular chains
in solution, a practically used dimensionless value to define the degree
of dilution, the so-called Debye parameter (Pavlov, Perevyazko,
Okatova, & Schubert, 2011):

= = < > =n
V

m N
VM

c h N
M

N c c0.36 ( 0.36 ) [ ] [ ]A A A
2 3/2

(4)

where n is the number of macromolecules in a certain volume, V , is
the volume occupied by a macromolecular chain, and m refers to the
mass of the macromolecule in a volume,V . Together with the definition
of the intrinsic viscosity, [ ], (Eq. (1)) the volume occupied by macro-
molecules in solution may roughly be approximated by c [ ] (right hand
side of Eq. (4)). If c [ ] 1 the corresponding solution can be con-
sidered as dilute, i.e., no overlap of macromolecular structures occurs.

3.3. Translational friction I – sedimentation

An empirical description of sedimentation boundaries and their
derivatives, while discussing the boundary-sharpening (Fujita, 1956)
and Johnston-Ogston effect (Chaturvedi, Ma, Brown, Zhao, & Schuck,
2018; Johnston & Ogston, 1946), depending on the degree of dilution,
can be found in the Supporting Information (Fig. S6). Fig. 2 shows
examples of differential distributions of sedimentation coefficients from
the c s( ) model incorporated in Sedfit and respective concentration de-
pendences. Experimentally, the sedimentation velocity experiments
were performed in a wide range of concentrations of the corresponding
macromolecule solutions from dilute to semi-dilute, and concentrated
( < <c0.01 [ ] 6, Eq. (4)). At macromolecule concentrations of

= ×c gcm3 10 3 3, corresponding to the dilute regime for CMC 1
( =c [ ] 0.5, Eq. (4)), the bimodal distribution appears readily narrow.
However, at more than an order of magnitude lower concentration of

=c x g cm0.1 10 3 3, corresponding to the highly dilute regime
( =c [ ] 0.02), the bimodal distribution appears to feature a much wider
distribution of sedimentation coefficients (Fig. 2a). A similar situation
with even more developed multimodality at high degrees of dilution
was revealed for the CMC 10. In this case as well, the ls-g*(s) model
without considering effects of diffusion envelopes the c(s) model (see
dashed lines in Fig. 2c). The high molar mass sample occupies a much
larger molecular volume in solution, and therefore resembles a

Fig. 1. Huggins extrapolation plots for the determination of the intrinsic visc-
osities, [ ], for all CMC samples in 0.1M aqueous sodium chloride at a tem-
perature of = °T C20.0 .
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completely different degree of dilution, c [ ] (Eq. (4)), within the same
concentration range as studied for the CMC 1. These observations are
clearly reflected already in the empirical description of the differentials
of the sedimentation boundaries described in the Supporting Informa-
tion (Fig. S6).

In the following analysis weight (signal) averages of the distribu-
tions, being multimodal or not, were utilized by integrating over the
entire differential distributions of sedimentation coefficients. This

approach was chosen, because it is generally considered necessary to
take an average of the entirety of the sedimentation coefficient popu-
lations for further considerations. In case of CMC 10 as well, the
agreement between thus obtained sedimentation coefficients between
the c(s) and ls-g*(s) model is as well apparent (Fig. 2d). The corre-
sponding concentration dependences of the average sedimentation
coefficients are shown in Fig. 2b and d. We see that in case of CMC 1 all
sedimentation coefficients can be approximated by a single linear fit,
while the sedimentation coefficients for CMC 10 reveal different de-
pendences depending on the degree of dilution. For example, in the
concentrated regime c1.7 [ ] 5.1 (filled squares in Fig. 2d), we
would obtain a sedimentation coefficient at infinite dilution of

=s S2.770 , while for the semi-dilute solutions with c0.8 [ ] 1.7
(half-filled squares in Fig. 2d), we would obtain a value of =s S3.340 ,
and for the dilute regime with c0.2 [ ] 0.4 (empty squares in
Fig. 2d) a value of =s S5.070 . Clearly, this resembles a very large range
of s0 values. Thus, only the dilute regime (empty squares in Fig. 2d)
appears to be suitable for extrapolation to infinite dilution. The con-
centration dependences of s 1 according to Eq. (S4) for all studied CMC
samples from the c s( ) model are shown in Fig. S7. Based on the ap-
proximate linear description of the concentration dependence of the
sedimentation coefficient (Eq. (S4)), we can consider the ratio s s/0 as a
function of dilution, c [ ] (Eq. (4)). Fig. 3 displays this global plot in-
cluding all CMCs for <c [ ] 6 toward the experimentally smallest pos-
sible concentration. The experimental data clearly reveals that there is a
transition from the dilute regime over the semi-dilute toward the con-
centrated regime of s s/0 on c [ ] (Eq. (4)).

At very high degrees of dilution <c [ ] 0.1, a practical approxima-
tion of s0 even without any extrapolation becomes possible with an
error of 10 % only, while this error reduces to less than 5 % at even

Fig. 2. Normalized differential distributions of sedimentation coefficients c s( ) (solid lines) of (a) CMC 1 and (c) CMC 10 on a semi-logarithmic scale at
= ×c gcm3 10 3 3 (black lines) and = ×c gcm0. 1 10 3 3 (blue lines). For CMC 10, also the ls g s( )* model (dashed lines in (c)) at the respective concentrations is

shown. Concentration dependence of the inverse sedimentation coefficients, s 1 (Eq. (S4)), are shown for (b) CMC 1 and (d) CMC 10. Open, half-filled, and filled
squares highlight the different degrees of dilution. The solid lines refer to linear fits, while the dotted lines refer to extrapolations (Eq. (S4)). (d) Contains data from
the ls g s( )* model shown with blue symbols as well. Experiments were all performed in 0.1M aqueous sodium chloride at a temperature of = °T C20.0 . (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 3. Semi-logarithmic plot of s s/0 against c [ ] for CMCs 1–10 in 0.1M aqu-
eous sodium chloride at a temperature of = °T C20.0 .
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higher dilution, <c [ ] 0.05. At further increases in c [ ], beyond that
shown in Fig. 3 the dependence may reach a plateau again (Fessler &
Ogston, 1951; Mijnlieff & Jaspers, 1971; Pavlov & Frenkel, 1983). At
such high c [ ] values, the macromolecular structures overlap with a
more or less defined homogeneous distribution of the macromolecular
segments of individual macromolecules throughout the available solu-
tion volume. In this instance, the sedimentation process in the cen-
trifuge cell can in turn be considered as (directionally opposite) solvent
flow through a macromolecular mesh and not the movement of in-
dividual macromolecules through solvent. Under several assumptions,
an interrelation between the actual sedimentation coefficient and an
effective medium permeability can be established (Mijnlieff & Jaspers,
1971).

Plots such as in Fig. 3 as well provide guidance for a suitable degree
of dilution, c [ ] (Eq. (4)), to be considered for the sedimentation ve-
locity experiments and respective data evaluation, in order to receive
the most accurate values of the sedimentation coefficients at infinite
dilution, or being practically close to the value at infinite dilution.

The slope of the concentration dependence of sedimentation coef-
ficients over appropriate ranges of concentration can be used to cal-
culate the Gralen coefficient, ks (the concentration-sedimentation
coefficient). The ks values can be considered as a “translational friction”
analogue of the intrinsic viscosity, [ ], having the same physical units of
cm g3 1 and expressed as:

= < >k B h
Ms
2 3/2

(5)

where B in units mol 1 is a parameter that depends on the relative
contour length, L A/ , and relative diameter of macromolecular chains,
d A/ (Pavlov, 1996).

The dimensionless ratio k /[ ]s (the Wales-van-Holde ratio) can then
be used as a characteristic for different macromolecule conformations
(vide infra) (Harding, 1995; Wales & Van Holde, 1954). Additionally,
the conformational state of the macromolecules may directly be as-
sessed through plotting the Gralen coefficients, ks, against the sedi-
mentation coefficients at infinite dilution, s0, on a double logarithmic
scale (Fig. S8), without the necessity of knowledge of the actual molar
mass values of the CMC samples. Such plot ( =k Kss

b
0

kss0) represents an
analogue of the classical scaling relationships of Kuhn-Mark-Houwink-
Sakurada (KMHS) between the hydrodynamic characteristics and the
molar mass (vide infra). Using the estimated scaling index, bk ss 0, one can
estimate the scaling index bs0 in the corresponding KMHS relationship,

=s KMb
0 s0, by the basic relation = +b b2/( 3)s k ss0 0 . The experimentally
evaluated value of = ±b 1.69 0.07k ss 0 results in a value of =b 0.43s0 .
The value of =b 0.43s0 is slightly larger than the literature data for the
CMC macromolecules (Lavrenko et al., 1999; Sitaramaiah & Goring,
1962). A more detailed discussion and comparison of the bs0 from the
bk ss 0 to the independently determined values of bs0 will be provided
later. The accuracy of such evaluations will depend on many factors,
such as the range of the studied molar masses, the dispersity and het-
erogeneity of the macromolecules, the macromolecule-solvent interac-
tions, and the reliability of the experimental data.

3.4. Translational friction II – diffusion

Diffusion coefficients are inherently difficult to determine in an
absolute manner. The perhaps most popular method is based on dy-
namic light scattering (DLS). In case of the CMCs studied, the adequate
analysis by batch DLS provided hurdles, because of their high dispersity
/ heterogeneity. Another opportunity to determine diffusion coeffi-
cients is the use of sedimentation velocity data via a direct Lamm
equation modeling (Eq. (S3)).

The c s( ) and c s f f( , / )0 analysis is based on the numerical solution of
the Lamm equation, returning f f/ sph values, that are, together with the
sedimentation coefficient and partial specific volume, characteristic of
diffusion coefficients, D, at a given solution concentration, respectively

at infinite dilution, D0 (Schuck, 2000):

=D k T
f f s
(1 )

9 2 (( / ) ) ( )
B

sph
0

1/2

0
3/2

0
3/2

0
1/2 (6)

This equation allows estimation of the diffusion coefficient at in-
finite dilution, D0, through the hydrodynamic equivalent sphere con-
cept. This opportunity was demonstrated to result in adequate values
for synthetic macromolecules of a random coil conformation and a
narrow unimodal molar mass distribution (Grube et al., 2018; Nischang
et al., 2017), and was initially attempted for the here investigated
samples.

Fig. S9 shows a comparison of the estimated f f/ sph values, by both
the c s( ) and the c s f f( , / )0 model for the CMC 1 and CMC 10 examples.
On first sight, both models, in general, provide frictional ratios, f f/ sph,
closer to each other at larger macromolecule solution concentrations
and more different at lower macromolecule solution concentrations.

The CMC 1 sample shows a nonlinear concentration dependence of
f f/ sph values (Fig. S9a), yet the corresponding dependence of the weight
(signal) average sedimentation coefficients, s, was approximately linear
over the same range of concentrations (Fig. 2b). The frictional ratios at
infinite dilution are =f f( / ) 2.3sph 0 for the c s( ) and =f f( / ) 3.1sph 0 for the
c s f f( , / )0 model, correspondingly. Though appearing to be in a physical
range, these values differ significantly, providing doubt for their cor-
rectness as discussed in the next section.

While apparent frictional ratios, >f f/ 30sph , are received from
modeling sedimentation velocity data for the CMC 10 (Fig. S9b), similar
based on both models (the c s( ) and c s f f( , / )0 ) under concentrated
macromolecule solution conditions, in dilute solutions, the frictional
ratios, f f/ sph, follow very strong linear concentration dependence re-
sulting in f f( / ) 0sph 0 for the c s( ), and =f f( / ) 5.2sph 0 for the c s f f( , / )0
models, correspondingly. The estimation by the c s( ) model appears
simply unphysical, since CMC macromolecules in solutions would
provide lower frictional ratios, f f/ sph, than a spherical particle of the
same anhydrous volume and mass, while the value evaluated by the
c s f f( , / )0 model appears more realistic on first sight. Irrespective these
aspects, the root mean square deviation rmsd( ) values from modelling
sedimentation data seemed acceptable, e.g. =rmsd 0.0042 fringes for
CMC 1 at a concentration of =c x g cm3 10 3 3 and =rmsd 0.0072
fringes for CMC 10 at a concentration of =c x g cm2.44 10 3 3 for the
c s( ) model.

Clearly, boundary anomalies as well as dispersity and heterogeneity
of the macromolecular samples make the correct estimation of frictional
properties very difficult by numerical approaches currently available.
These problems very likely originate from the boundary sharpening and
Johnston-Ogston effect at to be studied high concentrations, respec-
tively, the very pronounced dispersity / heterogeneity of the samples
manifested at lower concentrations (Figs. S6 and 2) (Chaturvedi et al.,
2018; Fujita, 1956; Johnston & Ogston, 1946). This situation contrasts
that found for ideally behaving macromolecules of narrow dispersity
(Grube et al., 2018; Nischang et al., 2017), respectively proteins
(Schuck, 2000), studied at appropriate degrees of dilution.

Independently, the values of the diffusion coefficients, D, were de-
termined by the solvent-solution boundary experiments in the cen-
trifuge. Unfortunately, with the present experimentally possible im-
plementation using refractive index detection, the lowest possible
concentration to study was ×c g cm1 10 3 3; below this value the
signal-to-noise ratio was too small to adequately analyze the experi-
mental data over large enough boundary spreading times. However, the
evaluation of sedimentation coefficients, s, considering statistical
random noise through numerical modeling of the Lamm equation
provided no roadblock. Corresponding example plots of the boundary
dispersion, 2, against time, t , are shown in Fig. S10. Concentration
dependences of the calculated diffusion coefficients, D, are displayed in
Fig. S11 and the data is summarized in Table 1 (vide infra). Im-
portantly, the high molar mass samples had to be studied in
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concentrated solutions in instances (c [ ], Eq. (4)), such that solution
non-ideality could impose some bias. Possible experimental incon-
sistencies are discussed in the next section.

3.5. Consistency of the experimental data from rotational and translational
friction

To this end, we have discussed the evaluation of the primary hy-
drodynamic characteristics, i.e. intrinsic viscosities, [ ], sedimentation
coefficients at infinite dilution, s0, with corresponding Gralen coeffi-
cients, ks, and attempts to determine frictional ratios, f f( / )sph 0, respec-
tively, diffusion coefficients, D0, at infinite dilution. As mentioned
above, these hydrodynamic characteristics are related to the same
macromolecular characteristics – the molar mass and the hydrodynamic
volume / size that may be expressed via the macromolecules chain end-
to-end distance, < >h2 , (Eqs. (1–3) and (5)). The relationship between
these macromolecular characteristics can be established via the hy-
drodynamic invariant, A0, (Eq. (7)) (Tsvetkov, Lavrenko, & Bushin,
1984) or sedimentation parameter, s, (Eq. (8)) (Pavlov, 1996; Pavlov
et al., 2011):

= = =A R s D D R s M( [ ][ ] [ ]) (M[ ]) [ ] [ ][ ]0
2 1/3 1/3 1/3 2/3 (7)

= = =k N s D k Mk D k N s k M( [ ][ ] ) ( ) [ ] [ ]s B A s s B A s
2/3 2 1/3 1/3 1 1/3 2/3 (8)

where =s s[ ] /(1 )0 0 0 is the intrinsic sedimentation coefficient, and
=D D T[ ] /0 0 is the intrinsic diffusion coeffcient. Eqs. (7) and (8) as

well highlight the relatively high importance of adequate values of the
intrinsic diffusion coefficients, D[ ], due to their higher exponential
power.

In the literature, distinct characteristic values of A0 (Eq. (7)) and s
(Eq. (8)), established for all basic macromolecular systems in solution
are available. The concept of A0 enables verification of the hydro-
dynamic data – low fluctuations around the average values known for a
particular type of macromolecules allow to state that a consistent cor-
relation between different hydrodynamic characteristics is achieved.
Though there are no sharp boundaries between the reported literature
values, there are upper and lower limiting values for A0 (Tsvetkov
et al., 1984), also listed in Table S3.

Values of the hydrodynamic invariants, A0, the sedimentation
parameters, s, and the Wales-van-Holde ratio, k /[ ]s , show an agree-
ment with the reported literature data for CMCs (Table 1) (Lavrenko
et al., 1991, 1999; Tsvetkov, 1989; Tsvetkov et al., 1984). Attention,
however, should be payed to some high molar mass samples (e.g. CMCs
8 and 9), where the values of the invariants, A0, are below or close to
the theoretical minimum limit of =A x g cm s K mol2.9 100

10 2 2 1 1/3

for a solid impermeable sphere (Tsvetkov et al., 1984), and diverge
from the other studied samples. Interestingly, these samples also feature
the smallest sedimentation parameters, s.

The obstacles can be traced back to non-adequate values of the dif-
fusion coefficients, D0, since the studied concentration range corresponds,

in this case, to concentrated solutions (c [ ], Eq. (4)). Furthermore, con-
sidering the values of the diffusion coefficients calculated from the fric-
tional ratios obtained from the c s( ) and c s f f( , / )0 models (Eq. (6)), cor-
respondingly, leads to =A x g cm s K mol6.4 100

10 2 2 1 1/3 and
=A x g cm s K mol4.7 100

10 2 2 1 1/3 for the CMC 1. Such estimations
appear larger than macromolecule systems reported in the literature, also
as the upper theoretical limit so far (Tsvetkov et al., 1984). It clearly in-
dicates that, in this case, the diffusion coefficients, D0, are again in-
correctly estimated. A similar situation was found for the high molar mass
sample (CMC 10) using the data from the c s f f( , / )0 model; the value of the
intrinsic diffusion coefficients =D x g cm s K[ ] 3.68 10f f( / )

12 2 1
sph 0 is

giving a value of =A x g cm s K mol6.0 100
10 2 2 1 1/3. Once more, this

details that in contrast to ideal macromolecule populations of a random
coil conformation and a narrow unimodal dispersity, the hydrodynamic
equivalent sphere concept (Eq. (6)) has very limited suitability for the here
studied samples to properly resolve diffusion by numerical solution of the
Lamm equation (Eq. (S3)). Fortunately, with this information at hand we
can track and address this obstacle by average hydrodynamic parameters
obtained for other CMC samples in the present study (vide infra).

3.6. Size exclusion chromatography-multi-angle laser light scattering (SEC-
MALLS)

Normalized refractive index and MALLS@90°elugrams for CMCs 1
and 10 are shown in Fig. 4a and b. It is clearly observable that con-
centration-sensitive refractive index detection and mass-sensitive
MALLS detection resemble different detector profiles. However, both
are used for molar mass estimations via light scattering (Grube et al.,
2018). Example Zimm plots can be seen in Fig. S12. Mi values were
estimated in elution regions were both detectors showed a sufficient
signal-to-noise ratio (Fig. 4). In any case, for determination of the

=M Mw SEC MALLS estimates of the populations of macromolecules, the
appropriate elution fractions, utilizing refractive index and MALLS data
of individual elution slices, were considered. All individual traces are
shown in Fig. S13 for each of the remaining CMCs 2–9, while a com-
parison of all refractive index-elution traces can be found in Fig. S14.

3.7. Molar mass determinations

In the present case of CMCs, i.e. highly disperse, charged, and non-
ideal systems, the main aim is the estimation of statistically most re-
levant values of the molar mass that describe this highly disperse set of
macromolecules most comprehensively, particularly in concert to all
determined average macromolecular characteristics. Having estab-
lished values of the sedimentation coefficients at infinite dilution, s0,
diffusion coefficients at infinite dilution, D0, and the partial specific
volume, , enables calculation of the molar masses by the classical
Svedberg relationship, Ms D, :

Table 1
Intrinsic viscosities, [ ], sedimentation coefficients at infinite dilution, s0, diffusion coefficients at infinite dilution, D0, hydrodynamic invariants, A0 (Eq. (7)), and the
sedimentation parameters, s (Eq. (8)), for all CMCs in 0.1M aqueous sodium chloride at = °T C20.0 .

Sample [η]
m gc 3 1

s0
S

D0
m s10 c7 2 1

A0
m s K l10 g c mo10 2 2 1 1/3

βs
l10 mo7 1/3

k /[ ]s

CMC 1 173 1.86 2.26 3.31 1.28 1.53
CMC 2 228 2.08 1.98 3.44 1.25 1.25
CMC 3 676 3.18 1.07 3.78 1.23 0.91
CMC 4 535 2.67 1.20 3.56 1.16 0.91
CMC 5 609 2.83 0.97 3.29 1.11 1.01
CMC 6 642 3.02 0.97 3.42 1.11 0.90
CMC 7 596 3.46 0.95 3.45 1.24 1.22
CMC 8 1193 4.43 0.44 (2.82) (0.95) 1.01
CMC 9 1347 5.36 0.35 (2.69) (0.92) 1.06
CMC 10 1710 5.07 0.45 3.38 1.08 0.87
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= =M s RT
D

R s
D(1 )
[ ]
[ ]s D,

0

0 0 (9)

The molar masses calculated, Ms D, , (Eq. (9)) are compared to the
values evaluated by SEC-MALLS (MSEC MALLS) via the concept of the
hydrodynamic invariant, A0 (Eq. (7)) assuming known gross average
values (Table S3) (Tsvetkov et al., 1984). In Fig. 5 we see that, in
general, some correlation between the Ms D, and MSEC MALLS values is
obtained.

Since the hydrodynamic invariant is based on three different basic
characteristics (Eq. (7)), its value should be allowed to fluctuate around
its means while upper theoretical limits and the lower, represented by a
solid impermeable sphere, were chosen as boundaries for allowance of
such fluctuations (Fig. 5).

For CMC samples 1–10 the sedimentation coefficients, s0, were
evaluated from the concentration dependences within the highly dilute
to semi-dilute regions (c [ ], Eq. (4)). However, the diffusion coeffi-
cients, D0, had to be determined from the semi-dilute to concentrated
solutions, particularly in cases of CMCs 8-10. Thereby, some of the high
molar mass samples investigated by analytical ultracentrifugation
(CMCs 8 and 9) show A0 values below, or close to, the theoretical limit,
since the diffusion coefficients are incorrectly estimated. In analogy, an
underestimation of the ks value in case of concentrated solutions would
as well decrease the value of the sedimentation parameter, s (Figs. 2
and S7).

In such cases, the statistically most suitable molar masses of the

respective populations can be calculated based on the average de-
termined values of the hydrodynamic invariant, A0 (Eq. (7)), or sedi-
mentation parameter, s (Eq. (8)). The following relationships, where
diffusion is substituted by the hydrodynamic invariant, A0 (Eq. (10)),
respectively, the sedimentation parameter, s (Eq. (11)) were used:

=M R
A

s([ ] [ ])s,
0

3/2
3 1/2

(10)

=M N s k( [ ]/ )k s A s s,
3/2 1/2 (11)

In analogy, the diffusion coefficients, D0, could be calculated by Eqs.
(7) and (8) with a proper mathematical re-arrangement. The average
values of the physically-sound invariants (Table 1) used from the pre-
sent study were = ±A x g cm s K mol(3.45 0.16) 100

10 2 2 1 1/3 and of
the sedimentation parameter, = ± x(1.18 0.08) 10s

7 mol 1/3. These are
in excellent agreement with the established average values of the in-
variants of related (cellulose) macromolecules from other reports
(Pavlov, 1996; Tsvetkov et al., 1984) and do represent a physically-
sound range of values known from the literature (Fig. 5, Table S3).

The SEC-MALLS analysis in general shows higher fluctuations over
A0 values (Fig. 5). At least two samples reveal values clearly out of to be
considered range (CMCs 5 and 10). The overall values of the molar
masses are summarized in Table 2. Interestingly, CMCs 1–6 feature
higher molar masses when investigated with SEC-MALLS, MSEC MALLS,
as compared with sedimentation-diffusion, Ms D, , values. In our further

Fig. 4. Normalized SEC refractive index (solid black lines) and MALLS@90°
(dashed gray lines) elution profiles in 0.1M aqueous sodium chloride at

= °T C25.0 for (a) CMC 1 and (b) CMC 10, together with the respective molar
mass traces, Mi (empty blue squares), in elution regions with sufficient signal-
to-noise ratio. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article).

Fig. 5. Comparison of the hydrodynamic invariants, A0 (Eq. (7)), calculated
using molar masses determined by sedimentation-diffusion analysis, Ms D, , and
light scattering, MSEC MALLS. Upper and lower limits according to Tsvetkov
et al., 1984.

Table 2
Molar masses evaluated by sedimentation-diffusion analysis, Ms D, , SEC-MALLS,
MSEC MALLS, calculated by the invariant, Ms, (eq. 10), and the sedimentation
parameter, Mk s, (eq. 11).

Sample Ms,D

lg mo 1
MSEC MALLS
g mol−1

Ms,
g mol−1

Mk s,
g mol−1

Mav
g mol−1

CMC 1 45,000 53,000 49,000
CMC 2 57,000 65,000 61,000
CMC 3 162,000 191,000 177,000
CMC 4 121,000 157,000 139,000
CMC 5 158,000 (231,000) 148,000 144,000 150,000
CMC 6 169,000 197,000 183,000
CMC 7 198,000 180,000 189,000
CMC 8 (547,000) 439,000 405,000 396,000 413,000
CMC 9 (832,000) 503,000 573,000 574,000 550,000
CMC 10 612,000 (397,000) 593,000 538,000 581,000
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discussion, we will operate with the average values, Mav, between Ms D, ,
MSEC MALLS, as well as the invariant and sedimentation parameter
molar masses, Ms, , and Mk s, (see Table 2).

The samples characterized by A0 values outside of the theoretical
limits were excluded from the averaging, i.e. CMCs 8 and 9 for hy-
drodynamic analysis and CMCs 5 and 10 for SEC-MALLS analysis. In
that way, we seek a maximum of statistical reality reflected by the
experiments, and eliminate an ill-founded absolute result of molar mass
estimation in clearly identified cases.

3.8. Approaches to access conformation in solution

3.8.1. Classical scaling relationships
Having statistically adequate values of the molar masses from a

multiplicity of orthogonal experiments, Mav, (Table 2) at hand, we can
now move to the conformation of the CMC macromolecules in solution
using the classical scaling relationships known also as Kuhn-Mark-
Houwink-Sakurada (KMHS) relationships. Most frequently, these re-
lationships are represented by the scaling of the intrinsic viscosity, [ ],
versus the molar mass, M :

= K M[ ] b
[ ] [ ] (12)

Similar relationships can be established for each pair of the hy-
drodynamic characteristics and the molar mass, M :

=s K Ms
b

0 s
0 0 (13)

=D K MD
b

0 D
0 0 (14)

The corresponding double logarithmic dependences by using
average values of the molar mass, Mav, are shown in Fig. 6. Note, that
for CMCs 8 and 9 the diffusion coefficients, D0, were calculated using
average values of the invariants by re-arrangement of Eqs. (7) and (8).
The magnitude of the scaling indices are typical for CMC and cellulose
derivatives in general. (Arinaitwe & Pawlik, 2014; Eremeeva & Bykova,
1998; Lavrenko, Okatova, Tsvetkov, Dautzenberg, & Philipp, 1990,
1991; Lavrenko et al., 1999)

The interrelation between different scaling indexes ( + =b b| | 1D s0 0
and = +b b| | (1 )/3D [ ]0 ) is within the experimental error. Furthermore,
the previously estimated bs0 value from the ks over s dependence with

=b 0.43s0 practically coincides with the = ±b 0.42 0.02s0 value de-
termined from the classical s0 over M dependence. Knowledge of the
adequacy of absolute values of the diffusion coefficients, D0,

determined by synthetic boundary experiments and / or from the hy-
drodynamic invariant (Eq. (7)) allows for the calculation of frictional
ratios, f f( / )sph 0, known from the definition of the diffusion coefficient by
the hydrodynamic equivalent sphere concept and accessible by re-ar-
rangement of Eq. (6). As shown in the Supporting Information (Fig.
S15), the apparent f f( / )sph 0 estimates assume values of

< <f f4 ( / ) 10sph 0 , underpinning that the CMCs in the present study are
far away from being comparable to the spherical approximates, further
amplified by the dispersity and heterogeneity of the present samples,
strongly manifested at high degrees of dilution, c [ ] (Eq. (4)) (Figs. 2
and S6). Again, this makes sedimentation-diffusion analysis by nu-
merical solution of the Lamm equation a currently impossible endeavor.
As seen in Fig. S15 a double logarithmic scaling of the calculated fric-
tional ratios shows a slope of =b 0.28f fsph( / )0 fulfilling the basic relation

+ =b b1/3f fsph D( / )0 0 (Fig. 6). This situation further underpins the power
of the here presented fundamental model-free hydrodynamic experi-
mental approaches for non-ideal systems. The above-mentioned issues
and their explanation are also a fundamental testament of the situation
that once adequate values of the hydrodynamic invariants are estab-
lished, the interrelation of scaling relationships should be fulfilled as
well, a situation re-affirmed in the present study as well as in our
previous work (Grube et al., 2018; Nischang et al., 2017).

The knowledge of the scaling relationship for sedimentation allows
for calculation of the dispersity of CMCs via the Fujita approach (Fujita,
Hutchinson, & Van Rysselberghe, 2016) as exemplified for CMCs 1 and
10 in the Supporting Information using the here established scaling
relationship of sedimentation (Fig. 6). Therefore, transformation of the
differential distribution of sedimentation coefficients ( =c s dc ds( ) / ) to a
differential distribution of molar masses (dc dM/ ) was pursued (Fig.
S16). In fact, also the dispersity, , as the ratio of the weight- and
number-average molar mass, = M M/w n depends on the degree of di-
lution, c [ ] (Eq. (4)), reaching values for the CMC 1 and CMC 10 of

> 10, while apparently low dispersities of close to one are observed
under self-sharpening conditions and the Johnston-Ogston effect (vide
supra, Figs. 2 and S6).

3.8.2. Kuhn segment length and macromolecular chain parameters
The conformation of macromolecular chains can be described by the

corresponding structural chain parameters. The Kuhn segment length,
A, or persistence length ( =a A/2), along with the diameter of the
macromolecule chain, d, determines its conformation and solution be-
havior. The flexibility and corresponding conformation will primarily
depend on the chemical structure of the macromolecules and their in-
teractions with the solvent. The choice of the appropriate theory de-
scribing the behavior of macromolecular chains for the estimation of
the conformational parameters can be put forward based on the eval-
uated values of the scaling indices. In reference to the literature, there
are certain ranges of values of scaling exponents for gauging con-
formation of macromolecules, i.e. for intrinsic viscosity, for sedi-
mentation, or for diffusion. In example, =b 1.8[ ] , =b 0.15s , =b 0.85D ,
for a rigid rod, and =b 0.5 0.8[ ] , =b 0.4 0.5s , =b 0.5 0.6D for
random coils (Harding, 1995).

In general, if >b 0.8[ ] or <b 0.4s (rigid chain-macromolecules), the
analysis of the experimental data should be performed considering the
theories accounting for intra-chain draining effects only. When

<b 0.8[ ] or >b 0.4s (flexible chain macromolecules) the corre-
sponding estimations of the conformational parameters should be per-
formed considering only the excluded volume effects, i.e. neglecting the
intra-chain draining effects (Pavlov et al., 2011).

In our case of =b 0.86[ ] and =b 0.42s , the major issue is to make a
suitable choice between the draining and excluded volume effects, re-
spectively take both of them into account. Cellulose and its (ionic)
derivatives are known as semi-rigid / semi-flexible polymer chains, and
therefore, one should expect a much lower influence of the excluded
volume effects compared to flexible macromolecular chains. This is
because, the much lower degree of coiling for the rigid / semi-rigid

Fig. 6. Double logarithmic scaling relationships of [ ], s0, and D0 against
average values of the molar mass, Mav, for the CMC samples in 0.1M aqueous
sodium chloride at a temperature of = °T C20.0 . (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article).
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macromolecular chains should naturally decrease the possibility of long
ranged contacts between chain elements. The deviations from the
Gaussian statistics, experimentally observed for various cellulose deri-
vatives in solutions, were interpreted by their high structural rigidity
(Schulz & Penzel, 1968; Tsvetkov, 1989). Notwithstanding, the here
observed scaling indices may make the suitable choice of the respective
model for analysis of chain-conformational characteristics less
straightforward (vide supra).

In a series of papers, Lavrenko and coauthors (Lavrenko et al., 1990,
1991; Lavrenko, Okatova, Dautzenberg, & Philipp, 1993, 1999;
Okatova, Lavrenko, & Dautzenberg, 2000), reported the hydrodynamic
analysis of different CMC fractions in water / cadoxen mixtures by
using the Yamakawa-Fujii theory for the wormlike cylinder model and
by considering the absence of the excluded volume effects (Yamakawa
and Fujii, 1973). However, there are studies which do consider the
excluded volume effects in the estimations of the conformational
parameters of cellulose and its derivatives (Davis, 1991; Kamide, Saito,
& Suzuki, 1983). One of the most advanced theories describing trans-
lational friction is the Gray-Bloomfield-Hearst (GBH) theory that is
based on the worm-like necklace model (Gray, Bloomfield, & Hearst,
1967):

= +
+

s P N M M
A

P M A
d

[ ] 3
(1 )(3 ) 3

ln ( )A
L L

0

1
2 1

2
1

2

0

(15)

where = + +( ) 1.431 2.64 4.71 2, =M M /L 0 , = +M DS162.1 810 ,
= x cm5.15 10 8 , and =P 5.110 being Flory’s hydrodynamic para-

meter. M is the molar mass of the macromolecule chain, M0 is the mass
of the monomer unit calculated from values of the degree of substitu-
tion, DS, of the CMCs (Table S1), and is the projection of the
monomer unit toward the fully extended macromolecule chain. The
value of = x cm5.15 10 8 reported for cellulose and its derivatives was
used (Pavlov, 1996).

The excluded volume effects are characterized by the thermo-
dynamic parameter , which can be calculated based on the determined
values of the scaling indices ( = = =b b b1 2 2 | | 1 (2 1)/3s D ). In
case of absence of the excluded volume effects =( 0) the GBH theory
(Eq. (15)) transforms into the corresponding theory of Yamakawa-Fujii
with =(0) 1.056. Fig. 7 shows corresponding dependences of s P N[ ] A0

on the M
1

2 in cases of being = 0.20 representative of the excluded
volume effects, and = 0, representative of their absence.

The Yamakawa-Fujii theory gives values of = ±A nm25 1 and
= ±d nm1.6 0.5 . The GBH theory gives = ±A nm14 1 and

= ±d nm2 2 . The first estimate of A is in good agreement with the
reported literature data on CMC samples mentioned above, however
showing slightly higher values. This can be explained by the con-
tribution of short-ranged electrostatic interactions that may even re-
main at the here utilized sodium chloride concentration in solution.

In case of the GBH theory we arrived at notably lower values of A,
which in this case can be associated with the possible overestimation of
the excluded volume effects by the use of the parameter , based on the
here determined scaling relationships. This is associated to the yet
unknown contributions from the intra-chain draining and excluded
volume effects and their interplay, which cannot be described with
current theories at hand. Therefore, a final analysis remains elusive.

3.8.3. Conformation zone plots
Another elegant, less close to tedious experiment, approach to es-

timate conformation of macromolecules in solution was reported by
Pavlov, Rowe, & Harding (1997). Here, a double logarithmic plot of the
product of the Gralen coefficient (Eqs. (5) and (S4)) and mass per unit
length of the macromolecule, k Ms L, against the ratio of intrinsic sedi-
mentation coefficient and mass per unit length of the macromolecule,
s M[ ]/ L, is used. The product < >k M h L V L/ /s L

2 3/2 , i.e. the volume
occupied per contour length of the macromolecule. The ratio

< >s M L h[ ]/ /L
2 1/2 is characteristic of the macromolecular degree of

coiling, i.e. the contour length per chain end-to-end distance of the
macromolecules.

Macromolecules having different conformational properties occupy
different zones in a double logarithmic graphical representation of k Ms L
against s M[ ]/ L, such as displayed in Fig. 8. The drawn boundaries should
be considered approximate only, since there is no sharp transition from
zone to zone, a similar situation faced with the hydrodynamic invariant
(vide supra). While our present data are highlighted in blue, we also
show available data from the literature on CMCs as well as structurally
related methylcellulose and cellulose nitrate.

Our data, as well as literature data, are located within the semi-
flexible / semi-rigid conformation zone, a result in agreement with the
above presented analysis by the scaling relationships as well as ex-
cellent agreement with the molecular chain properties. There is clear

Fig. 7. Kuhn segment length estimations using the Gray-Bloomfield-Hearst
(GBH) and Yamakawa-Fujii theory for the CMC samples in 0.1M aqueous so-
dium chloride at a temperature of = °T C20.0 .

Fig. 8. Conformation zone plots to indicate conformational properties of the
CMCs 1 to 10 in 0.1M aqueous sodium chloride at a temperature of = °T C20.0
(filled blue squares). Shown also are data from Pavlov et al. on polysaccharides
(empty black squares) (Pavlov, 1996), from Pavlov et al. on cellulose nitrate
(empty black circles) (Pavlov & Frenkel, 1983), CMCs investigated in cadoxen /
water mixtures from Lavrenko et al. (empty black triangles) (Lavrenko et al.,
1991), and CMCs investigated in cadoxen / water from Lavrenko et al. (empty
black stars) (Lavrenko et al., 1999). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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indication, that the conformation of the CMCs is characterized by sig-
nificant backbone rigidity compared to the literature examples, partly
due to residual backbone charge effects. Such conformation zoning
bears potential to determine structural properties of macromolecules
with very limited experimental effort based on sedimentation velocity
experiments at appropriate degrees of dilution, c [ ] (Eq. (4)), (Fig. 3).
Also such conformation zoning can represent an excellent complement
to the classical scaling relationships and statistical chain characteristics
in solution (vide supra).

4. Conclusions

We have demonstrated and explained how readily disperse,
charged, and unfractionated macromolecule populations can quantita-
tively be studied by the methods of molecular hydrodynamics and light
scattering, exemplified with one of the derivatives of the most abundant
natural macromolecules of very high dispersity / heterogeneity at hand,
i.e. sodium carboxymethyl cellulose (CMC). Particular success for such
study is the combination of several orthogonal analytical techniques
that, despite their different insights, can bring physical consistency to
the behavior of macromolecules in solution.

Our study highlights as well the very limited insight provided by a
single analytical technique used for characterization of a given sample
of macromolecules at hand, e.g. an estimated molar mass from light
scattering only. This is approached by studying intrinsic viscosities,
(intrinsic) sedimentation coefficients, and (intrinsic) diffusion coeffi-
cients that all describe macromolecular systems in solution with a dif-
ferent, though highly orthogonal, perspective.

Interestingly, data from sedimentation velocity analysis in the ul-
tracentrifuge (Figs. 2 and S6) and size exclusion chromatography cou-
pled to multi-angle laser light scattering (Figs. 4 and S13), highlight the
comparable insight on dispersity and heterogeneity of the samples. The
strongly manifested dispersity / heterogeneity of the macromolecule
populations at high degrees of dilution makes the use of sedimentation-
diffusion analysis in terms of direct modeling of the Lamm equation
difficult, the highly concentrated regime leads to unusually large fric-
tional ratios due to boundary sharpening (Figs. S6 and S9). In identified
cases, boundary shape is not solely determined by diffusion, but by the
widely varying sedimentation coefficients originating from high dis-
persity / heterogeneity of the samples.

Finally, our study revealed a robust assessment of the gross con-
formational properties with classical scaling relationships (Fig. 6) and
the calculation of the individual statistical macromolecular chain
parameters including Kuhn length and diameter of the macromolecular
chains (Fig. 7). All of these results are supported by the straightforward
conformation zoning approach (Fig. 8).

While exemplified by CMCs, for future studies, there is practically
no roadblock for a self-sufficient solution characterization of any dis-
perse macromolecule population in solution including data from hy-
drodynamic and light scattering techniques. Even only one of those
techniques is available, it is advisable to report as many as possible
characteristics associated to such macromolecules. Those information
may later enable revisiting such data with other literature or doc-
umentation in terms of quality control purposes and the established
structure-property relationships.
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