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Abstract  An amphiphilic cellulose derivative the 
sodium salt of cellulose sulfoacetate was studied in 
a wide range of molecular masses by the methods of 
molecular hydrodynamics. Molecular masses were 
determined from sedimentation-diffusion analysis. 
The cross and general scaling relationships were 
established in the studied range of molecular masses 
for intrinsic viscosity and coefficients of velocity sed-
imentation and translational diffusion, and molecular 
masses. The conformational characteristics of the 
chains, such as the persistence length, hydrodynamic 
diameter were established using the Multi-HYDFIT 

suite applied to the entire set of experimental data. 
The features of using the Multi-HYDFIT suite for 
calculation of molecular mass per unit length of lin-
ear chains are discussed. The results obtained for this 
cellulose sulfoacetate series have been compared with 
literature data for other water-soluble cellulose deriv-
atives using normalized scaling concept of intrinsic 
viscosity data. It has been shown that water-soluble 
cellulose derivatives form a community, which is 
characterized by virtually identical equilibrium sizes 
of rigid chains in aqueous solutions.
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Introduction

Polysaccharides are a tremendous and diversified 
class of biopolymers that largely determine the type 
of existing life forms on Earth. They have long been a 
significant source of renewable chemical raw materi-
als for use in a wide range of industries, both large-
tonnage and high-tech. Polysaccharide macromol-
ecules have different structure, covering all possible 
topologies and architectures of macromolecules and, 
accordingly, exhibiting a huge range of properties. 
Among the polysaccharides one can find very flexible 
and extremely rigid structures; linear and branched; 
uncharged and charged; homo- and hetero-molecules. 
The conformational states of polysaccharides are the 
result, firstly, of the particular features of their primary 
structure: (the type of pyranose ring bonding, varia-
tions in the arrangement of OH groups, the presence 
of different substituents of OH groups) and secondly, 
of the formation of multistrand helical structures with 
maximum attainable chain rigidity. Thus, studying the 
polysaccharides is equivalent to diving into the gen-
eral problems of polymer and biopolymer science. It 
is in the space of studying the individual properties of 
macromolecules that the interpenetration and mutual 
enrichment of polysaccharides science and polymer 

science takes place. Among polysaccharides, cellulose 
occupies a special place, because it is the most spread 
organic polymer on Earth (Klemm et al. 2005).

Since ancient times, cellulose has been used in the 
form of various grades of paper and cotton fabrics, 
and in modern civilization such use of it is carried out 
in huge quantities. It is known that the use of cellu-
lose has significantly expanded due to the synthesis 
and applications of a huge range of its derivatives.

Much attention of researchers is paid to the prep-
aration and application of water-soluble cellulose 
derivatives. Various cellulose ethers (e.g., methylcel-
lulose, hydroxypropylcellulose, carboxymethylcel-
lulose) and esters (e.g., cellulose sulfate) are highly 
soluble in water and widely used commercially, 
for example, in the paint industry, as detergents, in 
cosmetics, foodstuffs and biomedical applications 
(Heinze and Liebert 2001; Heinze et al. 2003; Heinze 
2005; Klemm et al. 2005; Arca et al. 2018; Rincón-
Iglesias et al. 2019; Seddiqi et al. 2021).

A notable interest has been renewed in the synthe-
sis and application of cellulose sulfoacetate and cel-
lulose ether sulfates (Chauvelon et  al. 2003; Thomas 
et  al. 2003; Nascimento et  al. 2012; Cao et  al. 2016; 
Rohowsky et  al. 2016). Since solutions of cellulose 
sulfoacetate, as well as solutions of other cellulose 
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derivatives, in some cases exhibit lyotropic and ther-
motropic mesomorphism, this may be associated with 
a significant equilibrium rigidity of their chains (Wer-
bowyj and Gray 1976; Gilbert and Patton 1983; Shi-
mamoto et al. 2000; Grinshpan et al. 2005; Geng et al. 
2013; Makarova et  al. 2013; Ishii et  al. 2019; Kádár 
et al. 2021). Determination of conformational character-
istics, primarily the persistent length or the length of the 
statistical segment, requires a quantitative study of the 
homologous series of the corresponding linear polymer/
polysaccharide by macromolecular physics methods.

This work concerns the study of promising deriva-
tive—the amphiphilic cellulose Na-sulfoacetate (CSA). 
CSA is able to form highly concentrated solutions in 
water (up to 60% wt.), in which a cholesteric meso-
phase is formed, as evidenced by the color of the solu-
tions and by the results of rheological studies, which 
made it possible to establish an extreme dependence of 
viscosity on polymer concentration. The ordered supra-
molecular structures in the form of individual spheru-
lites appear already in solutions with a concentration 
of 42%. With a further increase in concentration, they 
fit into spherulitic ribbons and more complex structural 
formations. As the concentration increases above 52%, 
the phases reverse, and the anisotropic phase becomes 
the continuous phase (Grinshpan et al. 2010).

So far as better part of lipids in biological mem-
branes is in the liquid crystal (LC) phase, the ability 
of CSA to form ordered structures determines the pos-
sibility of using this polymer as a component of drug 

systems, which has a structural similarity with the com-
ponents of a cell and, therefore, is related to the human 
body (friendly polymer). Taking into account that CSA 
does not have acute toxicity (lethal dose 50 (LD 50) for 
mice and rats could not be determined), and besides, it 
does not have skin-irritating, skin-resorptive and aller-
genic effects, this cellulose derivative is seen as a good 
candidate for use as an excipient for the manufacture 
of hard and soft hydrophilic dosage forms. Thus, its 
use in this capacity made it possible for the first time 
to produce fast-dispersing dosage forms from medical 
activated carbons, which were approved for industrial 
production and medical use (Savitskaya et  al. 2005, 
2006). The results are demonstrated in Fig. 1.

In addition, CSA, being a polymeric cation 
exchanger, can enter into ion exchange reactions with 
cationic antibiotics of the penicillin, aminoglycoside, 
cephalosporin series, etc. In particular, it was shown 
that the complex of CSA with the aminoglycoside 
antibiotic kanamycin (CNM) demonstrates greater 
antibacterial activity compared to the standard form 
of CNM, which can be explained by the participation 
of only the monomeric form of the antibiotic in this 
complex (Savitskaya et al. 2021).

This work presents the results of studying samples 
and fractions of CSA synthesized by homogeneous 
synthesis, which were studied in the 60-fold range of 
molecular masses. Almost all the studied fractions 
belong to the region of transition of macromolecules 
from the mature coil to the model of a slightly bent 

Fig. 1   Dispersion of 
activated carbon (AC) 
tablets in water. Left—AC 
tablet (0.22 g) modified 
by 0.018 g cellulose Na-
sulfoacetate, right—a non-
modified traditional tablet 
with starch as a binder



1358	 Cellulose (2023) 30:1355–1367

1 3
Vol:. (1234567890)

rod. This provides additional interpretative possibili-
ties, which are demonstrated in the article.

The velocity sedimentation, translational diffu-
sion, and viscous flow of dilute solutions of CSA in 
0.2 M NaCl at 25 °C were studied. The set of experi-
mental data was processed on the basis of the Multi-
HYDFIT program developed by de la Torre (Ortega 
and de la Torre 2007; Amorós et  al. 2011). As a 
result, estimates of the persistent length and hydro-
dynamic diameter of CSA chains were obtained. It 
is necessary to analyze the capabilities of the Multi-
HYDFIT software to determine the shift factor (mass 
per unit length of glycoside chain) from a set of 
experimental data. Also for these purposes the set of 
CSA fractions in the range of low molecular masses 
was obtained and studied. The extension of the inter-
val in this molecular mass region has revealed the 
features of the trend of the common dependence of 
water-soluble cellulose derivatives in normalized 
coordinates.

Finally, using the concept of normalized scal-
ing relations for the most sensitive size charac-
teristic–intrinsic viscosity, we compare the set of 
water-soluble cellulose derivatives, neutral or with 
suppressed polyelectrolyte effects, and show that they 
represent a commonality of linear chains of 1-4 glu-
cans characterized by similar chain sizes in solutions.

Electronic Supplementary Information (ESI) file 
contains the processing of primary experimental data.

Experimental

Materials

Cellulose sulfoacetate-Na (CSA) samples were 
obtained by homogeneous synthesis of cellulose, 
obtained by the sulfate process. Bleached sulphate 
pulp made of coniferous wood (‘Arkhangelsk Pulp 
and Paper Mill’) extracted by the state standard 
(GOST 9571–89) with a viscose-average degree 
of polymerization 740 was used as the parent cel-
lulose for derivatization (Grinshpan et  al. 2010). 
85% orthophosphoric acid, 96% sulfuric acid (SA), 
98% acetic anhydride (AA) with the purity quali-
fication p.a. were purchased from Sigma Aldrich 
(CAS Numbers 7664–38-2, 7664–93-9, 108–24-7, 
correspondingly). Solid sodium hydroxide (Sigma 
Aldridge, p.a., CAS number 1310–73-2) has been 

utilized in the neutralization process. All chemicals 
were used as received.

The cellulose initially crushed and dried at 
105  °C was loaded into a thermostatically con-
trolled reactor and moistened with 85% orthophos-
phoric acid. The swollen cellulose mass was kept 
for 0.5  h at a temperature of 20 ± 2  °C, and then 
stirred for 2  h until a homogeneous 6% wt. solu-
tion was obtained. An esterifying mixture of 96% 
SA and AA was slowly added to the prepared solu-
tion with constant stirring. The volume ratio AA: 
SA was 10:1. The esterification temperature was 
maintained at 30–40  °C. After the introduction of 
the esterifying mixture, stirring was continued for 
15 min. The mixture cooled to 20 ± 2 °C was poured 
into a large volume of aqueous sodium hydroxide 
solution with constant stirring and cooling until 
pH 7–7.5 was reached. The particles of non-ester-
ified and therefore water-insoluble cellulose were 
removed by mechanical filtration. The filtrate was 
dialyzed and the polymer was isolated in solid form 
using a rotary evaporator under vacuum conditions 
at a temperature of 55  °C. The polymer yield was 
95%. The samples were stored in a desiccator at a 
relative humidity of 2.5%.

CSA sample with MsD = 41000  g/mol was frac-
tionated by gradual fractional precipitation in the 
water-dioxane system. The reprecipitated fractions 
were freeze-dried to constant weight from aqueous 
solutions. As a result, 12 fractions readily soluble in 
water were obtained.

The content of acetate groups was determined 
from the proton magnetic resonance (PMR) spectra, 
and the proportion of sulfate groups was calculated 
from the sulfur content determined by elemental anal-
ysis (Grinshpan et al. 2010). The degrees of substitu-
tion were determined for 5 fractions, as a result, the 
following average estimates of the degrees of substi-
tution were obtained: for acetate xAcet = 0.9 ± 0.2 and 
sulfate ySulf = 1.2 ± 0.1 groups, which corresponds to 
the following structural formula of the repeating unit: 
[C6H7O2(OH)3−x−y

(
OSO−

3

)
y

(
OCOCH3

)
x
]Na+.

Fractionation proceeded by molecular mass (MM) 
and no systematic change in composition from MM 
was observed. At the same time, the spread of sub-
stitution degrees for acetate groups was greater than 
those for sulfate groups.
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Methods

The CSA solutions exhibit clear viscous polyelectro-
lyte effects in pure water solution, the study of which 
will be presented in a separate work. To determine 
the reliable molecular and conformational characteris-
tics of CSA, it is necessary to suppress polyelectrolyte 
effects; therefore, the corresponding researches were 
carried out in 0.2 M NaCl. The complex of hydrody-
namic investigations including the study of transla-
tional friction (velocity sedimentation and translational 
diffusion) and rotational friction (viscous flow of dilute 
solution) was applied. The theoretical grounds of these 
methods and the approaches to the interpretation of 
experimental results are described in classical mono-
graphs (Tanford 1961; Tsvetkov et  al. 1971; Cantor 
and Schimmel 1980) and in some our reviews (Pavlov 
et al. 2011; Pavlov 2016; Perevyazko et al. 2021).

Velocity sedimentation was investigated with 
MOM 3170 analytical ultracentrifuge (Hungary) 
in a double sector synthetic boundary cell (the 
height of the centerpiece was 12  mm) at a rotor 
speed of 40 × 103  rpm. The concentration depend-
ence of the sedimentation coefficient s was studied 
for several fractions. It satisfied the linear approxi-
mation s−1 = s−1

0
(1 + ksc + ...) , where c is poly-

mer concentration, and ks is Gralen coefficient (see 
Figs.  S1-S3 in ESI). The obtained Pavlov-Frenkel 
scaling relationship between s and the concentra-
tion sedimentation coefficient ks was determined: 
ks = Kskss

(2−3bs)∕bs
0

= 1.81s3.4±0.5
0

 (Pavlov and Frenkel 
1982). This relation was used to allow for the concen-
tration effect in measurements carried out at a single 
concentration. Besides, for this purpose serves the 
dimensionless parameter ks∕[�] which average value 
was 1.5 ± 0.2 for the studied system (Fig. S4 in ESI).

The translational diffusion coefficient D was deter-
mined from the time dependencies of dispersion of the 
diffusion boundary formed in a glass cell with optical 
path length l = 30 mm at an average solution concen-
tration c = 0.04 × 10−2  g/cm3. The D values obtained 
at these low concentrations were assumed to be the val-
ues at infinite dilution D0 . Lebedev’s polarizing inter-
ferometer (Tsvetkov et  al. 1971) was used as an opti-
cal recording system of the solution-solvent boundary. 
The refractive index increment Δn∕Δc was determined 
from the area under the interference curve, and its aver-
age value was (0.10 ± 0.01)  cm3/g at the wavelength 
� = 550 nm.

Viscometric measurements were carried out in an 
Ostwald viscometer. The values of intrinsic viscosi-
ties [�] are shown in Table  1. Huggins parameters k′ 
show some increase with decreasing of [�] values 
(see Fig. S5 in ESI). The density increment (1 − υ�0) 
( υ is partial specific volume of polymer, �0 is sol-
vent density) was determined in water and in 0.2  M 
NaCl solutions and resulted in virtually similar val-
ues: (1 − υ�0)  =  (0.47 ± 0.02). The density of the 
solvent was �0 = 1.005  g/cm3 and its viscosity was 
�0 = 0.909 × 10−2 P.

Molecular masses were determined according to 
Svedberg equation:

within 6% experimental error. The experimental 
data and molecular masses calculated with Eq. (1) are 
given in Table 1.

Results and discussion

Raw hydrodynamic data and their mutual congruence 
check

Determination of three/four hydrodynamic quantities 
( [�] , D0 , s0 and ks ) for a homologous series of sam-
ples/fractions in independent experiments makes it 
possible to exclude from consideration one of the key 
characteristic of the chains, namely their dimensions, 
by combining [�] , D0 , s0 in expression:

where the characteristic values [D] and [s] are 
[D ] ≡ D0�0∕T and  [s] ≡ s0�0∕(1 − υ�0) , R is the 
gas constant, kB is the Boltzmann constant, Φ0 
and P0 are Flory parameters. The A0 value does 
not contain and does not depend on chain dimen-
sions under the assumption of their equivalence in 
the compared experiments. This combination is the 
so-called hydrodynamic invariant  A0 . The A0 val-
ues fluctuate in the polymer homologous series, but 
somewhat changes in the series of flexible-chain, 
rigid-chain, and globular polymer systems. Similarly, 
the union of D0 , s0 and ks in the form of the relation 
NA(R−2[D]2[s]ks)

1∕3 = NA[s](ks∕M2)1∕3 = B1∕3∕P0 ≡ �s is a 

(1)MsD =
s0

D0

RT(
1 − ��0

) ,

(2)

(
R[D]2[s][�]

)1∕3
= R[s][�]

1

3 ∕M
2

3 = kBΦ
1∕3

0
∕P0 ≡ A0,
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sedimentation parameter that has the same properties 
as A0 . Here B is Burgers parameter (Perevyazko et al. 
2021). Some fluctuation of the parameters A0 and �s 
in the series of polymer homologues indicates the 
mutual compatibility of the obtained hydrodynamic 
characteristics ( [�], D0 , s0 and ks ). For the studied CSA 
series, the following average values of hydrodynamic 
invariants were obtained: A0 = (3.34 ± 0.07)10−10 
and �s = (1.23 ± 0.08)107 , which are in good agree-
ment with the literature data (Tsvetkov et  al. 1984; 
Tsvetkov 1989; Pavlov and Frenkel 1995; Pavlov 
1997; Grube et  al. 2020). The hydrodynamic invari-
ants calculated with Eq. (2) are given in Table 1. The 
error of their determination was under 10%.

After making sure that the hydrodynamic char-
acteristics are consistent, one can proceed to further 
interpretation of the obtained matrix of experimental 
hydrodynamic values and molecular masses of poly-
mer homologues.

Hydrodynamic scaling relationships

The comparison of hydrodynamic characteristics of 
macromolecules with each other and with molecular 
mass allows to obtain two types of scaling 

relationships. One is well known relationships 
between hydrodynamic characteristics and molecular 
masses or Kuhn-Mark-Houwink-Sakurada (KMHS) 
relations. Other type is cross relationships among 
hydrodynamic characteristics. Altogether, they may 
be given as follows: Pi = KijP

bij

j
 , where Pi is one of 

the hydrodynamic characteristics [�] , D0 , s0 , ks and Pj 
is another corresponding hydrodynamic characteristic 
or corresponding molecular mass. Cross plots make it 
possible to verify how much the pair of initial charac-
teristics obtained by various hydrodynamic methods 

Table 1   Hydrodynamic characteristics ( [�] , D
0
 , s

0
 , ks ), molecular masses ( MsD ), hydrodynamic invariants ( A

0
 , �s ), and number of 

statistical segments in the chains ( L∕A ) of CSA fractions and samples in 0.2 M NaCl at 25 °C*

*The experimental error of the initial hydrodynamic characteristics ([η], s0 and D0) is under 3%, the Gralen coefficient ks and molec-
ular mass MsD are determined within 10 and 6%, correspondingly; **non fractionated samples, all other fractions were obtained by 
fractionating sample 6; ***the statistical segment length A is twice of the persistence length a: A = 2a

N [�] , cm3/g s
0
10

13 , s ks , cm3/g D
0
10

7 , cm2/s MsD10
−3 , g/mol A

0
10

10 �s10
−7 L∕A***

1 78 3.6 110 2.5 76 2.97 1.12 10.4
2 64 3.4 3.2 56 3.21 7.7
3** 67 3.0 3.55 45 3.36 6.1
4 60 3.0 3.7 43 3.33 5.9
5 59 3.2 98 4.0 42 3.56 1.42 5.8
6** 44 3.0 3.9 41 3.11 5.7
7 51 2.8 4.0 37 3.24 5.1
8 42 2.8 56 4.2 35 3.14 1.16 4.9
9** 35 3.2 5.6 30 3.74 4.2
10 44 2.7 5.2 27 3.63 3.7
11 36 2.7 69 5.2 27 3.40 1.42 3.7
12 23 2.2 7.4 16 3.46 2.2
13 14 2.0 16 7.6 14 2.89 1.02 2
14 10 1.6 15.0 5.6 3.77 0.8
15 - 1.1 46.5 1.25 0.2

Table 2   Parameters of scaling relationships for CSA mol-
ecules in 0.2 M NaCl solutions

*ri are the linear correlation coefficients of corresponding dou-
ble logarithmic dependences

Pj − Pi lgKi bi ri
*

[�] − s
0

− (0.11 ± 0.06) 0.35 ± 0.04 0.942
[�] − D

0
1.82 ± 0.01 − (0.72 ± 0.06) − 0.959

D
0
− s

0
0.73 ± 0.02 − (0.42 ± 0.03) − 0.970

k
s
− s

0
0.26 ± 0.2 3.4 ± 0.5 0.966

M − [�] − (2.3 ± 0.3) 0.88 ± 0.07 0.966
M − D

0
3.71 ± 0.1 − (0.68 ± 0.02) − 0.994

M − s
0

− (1.0 ± 0.1) 0.32 ± 0.02 0.969
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correlate with each other. The case of a noticeable 
deviation of some pair of them indicates the need to 
verify the experimental specific results. An example 
of such cross-correlations is shown in Fig. 2. Table 2 
summarizes the parameters of the entire set of derived 
scaling relationships for CSA molecules in 0.2  M 
NaCl solutions, which demonstrate fairly good cross-
correlations between various experimental 
characteristics.

Based on the results of fractionation and the MsD 
values, determined for each fraction, the molecular 
masses of three averages Mn , Mw and Mz were cal-
culated and the sample inhomogeneity parameters 
Mw∕Mn = 1.83 and Mz∕Mw = 1.18 were calculated. 
These quantities characterize the low polydisper-
sity of the initial sample. It can be expected that the 
polydispersity of fractions will be noticeably less. In 
this case, the deviation of MsD from Mw for CSA frac-
tions will be no more than 20% ( Mw∕MsD ≲ 1.2 ), for 
a number of CSA fractions, which is characterized by 
the index bη ≈ 0.9 (Sutter and Kuppel 1971; Skazka 
1985).

Thus, the following canonical KMHS relations 
were obtained (see Fig. S6 in ESI):

(3)

[�] = 4.48 × 10−3M0.88±0.07

D0 = 5.11 × 10−4M−(0.68±0.02)

s0 = 9.66 × 10−15M0.32±0.02

Further interpretation is to establish the conforma-
tional characteristics of the CSA chains, namely, the 
length of the statistical segment ( A = 2a ) or persis-
tent length ( a ), and the hydrodynamic diameter ( d).

Deviations of bη from 0.50 (Eq.  3) for cellulose 
derivatives were discussed in detail and sharply in the 
late 60 s of the twentieth century. In principle devia-
tions of bη towards larger values, than 0.5 can be asso-
ciated both with increased equilibrium rigidity of the 
chains, and/or with bulk interactions within one chain 
(intrachain excluded volume effects). Depending on 
the adoption of one or another point of view, we 
arrive at different estimates of the equilibrium stiff-
ness of chains from the same data set. This discussion 
concerning cellulose derivatives is most fully 
described in (Flory 1966; Tsvetkov 1969). The con-
clusion of this discussion is the recognition that the 
reason for the deviation of bη from 0.50 is mainly the 
effects of intrachain draining of cellulose chains or in 
general β 1–4 glucans, i.e. the high equilibrium rigid-
ity of such chains, rather than the manifestation of 
bulk interaction effects in them. Note that Staudinger, 
introducing the concept of intrinsic viscosity as 
lim
c→0

(�sp∕c) ≡ [�] = KM , believed that this value is 
directly proportional to the mass of the macromole-
cule, which produce the friction in solution, i.e. in 
modern notation bη = 1 . It was the play of lucky 
chance that Staudinger came to this conclusion while 
studying cellulose nitrates, for which it was subse-
quently experimentally confirmed, that bη ≈ 1 for 
highly substituted cellulose nitrates. Note that highly 
substituted cellulose nitrates exhibit the highest equi-
librium chain rigidity among all cellulose derivatives.

In this work, we will determine the equilibrium 
rigidity of CSA chains using the Multi-HYDFIT suite 
based on Monte Carlo Simulations using a worm-like 
model when processing the entire array of hydrody-
namic data (Ortega and de la Torre 2007; Amorós 
et  al. 2011). In this method, a common solution is 
sought that best fits the experimental data obtained by 
several independent methods, in our case, data on the 
translational friction of macromolecules in solutions 
(velocity sedimentation and translational diffusion), 
as well as the results of their viscous friction in dilute 
solutions (intrinsic viscosity).

Fig. 2   Cross-scaling plots between the pairs of experimental 
values for the CSA molecules in 0.2 M NaCl solutions: D0 = f1 
([η]) (1) and s0 = f2 ([η]) (2)
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Determination of conformational characteristics of 
CSA macromolecules with multi‑HYDFIT suite

Hydrodynamic coefficients, solution properties and 
ultimately conformational parameters of the mac-
romolecules can be predicted using Multi-HYDFIT 
–  the universal model-analytical tool that employs 
Monte Carlo simulation, coupled to bead-model 
hydrodynamic calculations (Ortega and de la Torre 
2007; Amorós et  al. 2011). The program Multi-
HYDFIT allows processing hydrodynamic data for 
practically any sort of macromolecules, covering the 
full range of the worm-like model, from short cyl-
linders to very long, fully flexible chains. The main 
block of hydrodynamic data ( [�] , D0 , s0 and MsD ) 
is entered into the program, as well as the system 
parameters �0 , �0 , υ and T  , necessary to pass to the 
characteristic values [D] and [s].

The persistence length ( a ), transversal diameter 
( d ) of a chain and mass per unit length ( ML ) can be 
evaluated using Multi-HYDFIT program; this pro-
gram performs a minimization procedure aimed 
at finding the best values of a , d and ML satisfying 
the conditions of the chosen theoretical model. The 
Multi-HYDFIT program then “floats” the variable 
parameters in order to find a minimum of the multi-
sample target function Δ2 , which is calculated using 
equivalent radii:

where aY is the equivalent radius (defined as a radius 
of an equivalent sphere having the same value as the 
determined characteristic Y (translation diffusion D0 , 
velocity sedimentation coefficients s0 and intrinsic 
viscosity [�])), Ns is the overall number of samples, 
wY is the weights for the various hydrodynamic prop-
erties, the indexes ‘cal’ and ‘exp’ indicate calculated 
and experimental values, correspondingly. The error 
function Δ is a dimensionless estimate of the agree-
ment between the experimentally measured charac-
teristic and the theoretical values of a , d and ML cal-
culated for the selected hydrodynamic characteristic 
and for a particular molar mass. Thus, 100Δ can be 
regarded as a typical difference between the calcu-
lated and experimental values for the whole set of 
properties of the series of samples. Multi-HYDFIT 
allows to fit any of the parameters ( a , d and ML ) or fix 

(4)

Δ2
�
a,ML, d

�
=

1

Ns

Ns�
i=1

⎡
⎢⎢⎣

��
Y

wY

�−1 �
Y

wY

�
aY(cal) − aY(exp)

aY(exp)

�2⎤⎥⎥⎦
,

the value of either one of them to calculate the other 
two.

The final results of Multi-HYDFIT program are 
presented as the color gradient maps of conforma-
tion-structural parameters like a topographic map 
(Fig. 3). The color gradient is set by the value of the 
error function, consequently the solution is presented 
by the region with the lowest value of Δ . This is 
illustrated in Fig. 3 which demonstrates the result of 
Multi-HYDFIT handling hydrodynamic data obtained 
for CSA samples in dilute solutions. The measure-
ments were performed using methods of molecular 
hydrodynamics (viscometry, isothermal diffusion 
and velocity sedimentation) with well-defined sam-
ples in the following molar mass range: 1  250 < M, 
g mol−1 < 76 000.

It shows the results of the program implementa-
tion to the CSA homologous series for resolving their 
main structural parameters considering a wormlike 
chain model: a –  the persistence length and d –  its 
transversal diameter. For the average composition of 
CSA, the mass of the repeating unit M0 = 322 g mol-1 
and the  mass per unit length of the polymer chain 
(or linear density) of CSA ML = 6.2 × 109 g mol−1 c
m−1 = 620 g mol−1 nm−1 was calculated as the ratio of 
M0 to the projection of monomer unit on the direction 
of fully extended β 1–4 glucan chain. Table 3 presents 
the results obtained with MULTY-Hydfit program 
in regard to the persistnce length values were found 

Fig. 3   The contour plot in dependence of Δ function values 
(error function Δ is represented as color gradient), obtained by 
Monte Carlo calculations for wormlike chains with excluded-
volume effects. The plot was obtained with Multi-HYDFIT lat-
est version (v. 3.0)
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consistent in both calculation without and with a 
fixed parameter.

The principal set of hydrodynamic data was 
obtained for 14 samples and fractions, the 15th frac-
tion was characterized only by translational friction 
methods due to its extremely minimal amount. How-
ever, the 15th fraction increases the molecular masses 
interval by a factor of 4.5 and its role in the statistical 
processing of the results becomes very high. There-
fore, the obtained data were processed both with and 
without taking into account this 15th fraction. The 
processing results are presented in Table 3. Process-
ing was carried out in two ways, firstly, by floating all 
variables ( a , d and ML ), and secondly, with fixing the 
ML value calculated from chemical structure of repeat 
unit. The treatment of all 15 fractions data (lines 1 
and 2 in Table  3) allows us to set of results which 
are in good agreement with each other. Particularly 
noteworthy is the virtual agreement between the ML 
value estimated by Multi-HYDFIT program and the 
ML obtained from the structural formula of the CSA 
repeating unit. When processing the data without the 
last 15th fraction (1–14 fractions, Table 1) and with-
out fixing the variables ( a , d and ML ), we arrive at a 
noticeably smaller of the ML value and, accordingly, 
a smaller persistent length of the chain. Note that in 
hydrodynamic theories, the quantities ML and a are 
determined not independently, but as the ratio ML∕a , 
so the shifted estimate of ML leads to a shifted esti-
mate of the persistence length. At the same time, the 
processing of the same data array (1–14) with a fixed 
structural value of ML leads to a persistent length esti-
mate consistent within the error with the values given 
in lines 1 and 2 of Table. 3. This comparison leads 
to an important conclusion that a reliable estimate of 
ML can be obtained from hydrodynamic data if there 
is a sufficiently wide set of data in the L/A < 2 region. 

Such an estimate is also very sensitive to the statistics 
of the data in this area.

Thus, the combined processing of data on trans-
lational and rotational friction of CSA chains leads 
to the following estimate of the length of the statis-
tical segment A = 2a = (12 ± 2)  nm. The last col-
umn of Table  1 gives the number of statistical seg-
ments in the chain of the fractions, which shows that 
all the studied fractions/samples belong to the region 
of short and very short chains. It is the presence of 
several fractions for which L∕A < 2 , that leads, in our 
opinion, to a reasonable estimate of the mass per unit 
length ML , which practically agrees with the calcu-
lated value.

Comparison of size of different water‑soluble 
cellulose derivatives

Water-soluble cellulose derivatives represent a fairly 
large group of cellulose derivatives, which have long 
been used in a variety of ways. In our opinion, it is 
advisable to consider them together and identify their 
common properties/characteristics. For this purpose, 
we used the concept of normalized scaling relations 
as applied to intrinsic viscosity as the most sensitive 
characteristic to the dimensions of linear chains. The 
Yamakawa shift factor or the linear density of the 
polymer chain ( ML ) was taken as a normalization 
parameter.

Let us compare the hydrodynamic characteristics 
of CSA with the data of some other water-soluble cel-
lulose derivatives (Uda and Meyerhoff 1961; Brown 
and Henley 1964; Pavlov et al. 1995, 2004). The com-
parison will be made on the basis of intrinsic viscos-
ity values, which are most sensitive to the size of the 
chains. We will use the concept of normalized scal-
ing relations, which allows to obtain a size scan of all 

Table 3   The structural parameters of CSA chains determined with Multi-HYDFIT program: persistence length (a), transversal 
diameter of a chain ( d ), mass per unit length of chain ( ML ) and target delta function ( Δ)

* in our opinion, these estimations are rather not appropriate to the β 1–4 glucans structure

n Fractions in 
calculations

Variables Fixed values a, nm d, nm ML, g mol−1 nm−1 Δ, %

1 1–15 a, d, ML – 6.7 ± 1.0 0.7 ± 0.5 600 ± 80 6.4
2 1–15 a, d ML 6.8 ± 1.3 0.8 ± 0.2 620 6.6
3 1–14 a, d, ML – *3.8 ± 1.0 0.7 ± 2.0 *490 ± 60 5.2
4 1–14 a, d ML 5.8 ± 0.8 1.0 ± 0.1 620 5.4
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possible types of linear macromolecules (Pavlov et al. 
1999; Pavlov 2007). The fundamental Flory-Fox rela-
tion: [𝜂] = Φ0(< h2 >

3∕2
∕M) is easily transformed 

into [𝜂]ML = Φ0(< h2 >
3∕2

∕L) , where L is con-
tour length of the chain. Hence the relation KMHS 
[�] = KηM

bη may be turned into 
(
[�]ML

)
= KηLL

bη . 
This transformation means that the original plot lg[�] 
vs. lgM will parallel shift to the left along the lgM 
axis on lgML and up on the lg[�] axis also on lgML . 
Obviously, index bη will not change in this case. 
Whereas for different polymer systems, the data along 
lg([�]ML) axis will be shifted in accordance with, first 
of all, the length of the statistical Kuhn segment, as 
well as with thermodynamic quality of the solvent 
(Pavlov 2007).

The data for different water-soluble cellulose 
derivatives are shown in Fig.  4. It is clear that all 
derivatives form virtually single set in more than 
300 times range of contour lengths. The totality 

of experimental data obtained for methylcellulose 
(Uda and Meyerhoff 1961; Pavlov et  al. 1995), car-
boxymethyl cellulose (Brown and Henley 1964; 
Barba et  al. 2002), hydroxypropylmethyl cellu-
lose (Pavlov et  al. 2004) and CSA (Table  1) form 
a single dependence of lg([�]ML) on lgL , which 
can be described by a second degree polynomial 
lg
(

[�]ML
)

= (8.0 ± 0.5) + (1.5 ± 0.3)lgL − (0.10 ± 0.05)(lgL)2   , 
with the correlation coefficient r = 0.969.

It means that the volume occupied by unit length 
of these macromolecules (V∕L) is virtually the 
same for compared derivatives, because the product 
[𝜂]ML ∼ < h2 >

3∕2
∕L ∼ V∕L , where V  is the volume 

occupied by macromolecule in solution. In the region 
of small contour lengths of chains, a trend towards 
to an increase in the slope of the dependence of 
lg
(
[�]ML

)
 vs. lgL is observed, i.e., an increase in the 

index bη ( bη = Δlg
(
[�]ML

)
∕ΔlgL = 1.5 − 0.2lgL) ). 

Thus, when the contour length changes by two orders 
of magnitude (from lgL1 = 2.25 to lgL2 = 4.25 ), 
the index bη decreases from bη1 ≈ 1.0 to bη2 ≈ 0.65 , 
which is typical for rigid-chain polymer chains and 
reflects an increase in the degree of permeability of 
shorter macromolecules. Note that for flexible-chain 
macromolecules, including flexible-chain polysaccha-
rides in thermodynamically good solvents, the oppo-
site trend will be observed. Namely, upon transition 
to the region of low molecular masses, the slope of 
the considered dependence will decrease and tend to 
0.5 for flexible-chain macromolecules.

Figure  4 indicates that the chains of compared 
water soluble cellulose derivatives demonstrate virtu-
ally the same equilibrium flexibility. This is explained 
by the fact that these chains do not contain bulky sub-
stituents, and the charged derivatives were studied 
under conditions of practical suppression of electro-
static interactions.

Besides, Fig.  4 shows data related to studies of 
highly substituted cellulose nitrates (degree of substi-
tution � ≈ 3 ) in ethyl acetate, which are shifted up the 
Y-axis. This reflects the fact that the molecular chains 
of highly substituted cellulose nitrates, with the same 
contour chain length, occupy a larger volume in solu-
tion compared to water-soluble cellulose derivatives, 
i.e. exhibit higher equilibrium stiffness of the chains. 
As was mentioned above, highly substituted cellulose 
nitrates are the most rigid polymers among all cellu-
lose derivatives ( A ≈ 35 − 40 nm).

Fig. 4   Normalized KMHS relationship for linear density ML 
of the cellulose derivatives chains: A – water soluble deriva-
tives: 1 – methyl cellulose in H2O (Uda and Meyerhoff 1961), 
2 – sodium carboxymethyl cellulose in aqueous sodium chlo-
ride solutions (Brown and Henley 1964), 3 – sodium car-
boxymethyl cellulose with different degrees of substitutions 
in aqueous sodium chloride solutions (Barba et  al. 2002), 4 
– hydroxypropylmethyl cellulose in H2O (Pavlov et al. 2004), 
5 – methyl cellulose in H2O (Pavlov et  al. 1995), 6 – in-here 
studied CSA samples (Table  1). B – nitrate cellulose (DS ≈ 
3) in ethyl acetate: 6 – (Hunt et  al. 1956), 7 – (Huque et  al. 
1958), 8 – (Pavlov et al. 1982; Pavlov and Frenkel 1983). The 
molecular masses MsD by the diffusion-sedimentation analysis 
were determined in the studies corresponding to (1, 4, 5 and 8) 
data points, whereas in studies (2, 3, 6, and 7) Mw values were 
obtained. Empirical envelope lines (polynomials of the second 
degree) were drawn using these arrays of experimental data
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Conclusion

The study of CSA fractions by the methods of molec-
ular hydrodynamics gave a self-consistent spectrum 
of hydrodynamic characteristics in the 60-fold range 
of molecular mass. This is an extremely rare homo-
logues set of cellulose derivatives with the mass 
range in which the change of conformation of the lin-
ear chain occurs. The Kuhn-Mark-Houwink-Sakurada 
relationships were established. Processing of experi-
mental data with Multi-HYDFIT program led to the 
estimation of the persistent length, hydrodynamic 
diameter, and shift factor ( ML ) characterizing the 
CSA chains. It is noted that adequate estimates of 
the ML value with Multi-HYDFIT program can be 
obtained only with a sufficient amount of data in the 
L∕A < 2 region. An analysis of the literature data for 
water-soluble cellulose derivatives based on the con-
cept of normalized scaling ratios showed that this 
group of cellulose derivatives has almost the same 
equilibrium chain rigidity. The study of CSA short 
chains has greatly extent the comparable molecular 
mass range of water-soluble cellulose derivatives. 
This allowed the appearance of an additional feature 
in the dependence of the intrinsic viscosity on the 
chain length, which is characteristic of rigid macro-
molecular chains.
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