
Abstract The relationship between the sedimentation co-
efficient s0 and its concentration coefficient kS obtained in
experiments on velocity sedimentation for polysaccharides
is discussed. The values of s0, kS and an independently de-
termined molecular weight reported by different authors
for different polysaccharides are considered. It was estab-
lished that the scaling relation. kS~ s0

v unambiguously re-
lates to the scaling relation s0~ Mb. The values of the sed-
imentation parameter βS introduced on the basis of
Svedberg’s equation for s0 and on the basis of the expres-
sion kS= B 〈h2〉3/2M–1 are discussed and the generalized
Wales-van Holde-Rowe equation MKS= (NA/βS)3/2[s]3/2

kS
1/2 is used for evaluation of the molecular weights of

polysaccharides. The adequacy of this evaluation is illus-
trated by taking as an example the determination of the unit
length weight of an extra-rigid polysaccharide chain and
of the equilibrium rigidity of rigid-chain, semi-rigid-chain
and flexible-chain polysaccharides. The pair of experimen-
tal values s0 and kS obtained in a single series of experi-
ments give the same information as may be obtained from
the other pairs of hydrodynamic values such as [η] and s0
or [η] and D0, where [η] is the intrinsic viscosity and D0
is the translational diffusion coefficient.

Introduction

Polysaccharides are an important class of biopolymers
which contribute to the characteristics of existing forms of
life as we know them. They are also an increasingly im-

portant source of chemical raw materials. The polysaccha-
rides are a group of macromolecules showing a variety of
possible architectures. Among the polysaccharides one 
can find flexible and rigid molecules; linear and branched;
uncharged and charged; homo- and hetero-molecules. 
The conformational states of polysaccharides are the re-
sult of:

1. the particular features of their primary structure; i) the
type of pyranose ring bonding, ii) variations in the arrange-
ment of OH groups, iii) the presence of different substitu-
ents of OH groups;
2. the formation of multistrand helical structures with
maximum attainable chain rigidity.

Therefore to study the polysaccharides is equivalent in
essence to studying the general problems of polymer and
biopolymer science. In the present article we demonstrate
the potential of the study of the concentration dependence
of velocity sedimentation for the investigation of linear
polysaccharides. Some useful information about the sedi-
mentation analysis of polysaccharides may be obtained
from the reviews of Pavlov (1989, 1995); Harding (1992,
1995) and Lavrenko et al. (1992).

Viscometry, isothermal translational diffusion, and ve-
locity sedimentation are the most widespread methods of
molecular hydrodynamics used in the study of the molec-
ular characteristics of polymers including polysaccharides
(Svedberg and Pedersen 1940; Tanford 1961; Tsvetkov
et al. 1970; Cantor and Schimmel 1980). These methods
are used for the determination of intrinsic viscosity [η], the
translational diffusion coefficient D0 and the sedimenta-
tion coefficient s0 – parameters which are characteristic for
an individual macromolecule. The consideration of any of
these values without comparison with molecular weight M
provides only limited and qualitative information about the
macromolecule. Quantitative information can be obtained
by the consideration of any pair of these values. In sedi-
mentation-diffusion analysis the s0–D0 pair is used in the
well-known Svedberg equation (Svedberg and Pedersen
1940) obtained on the assumption that the frictional coef-
ficients f of the macromolecule are the same in the sedi-
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mentation (fS) and diffusional (fD) transport modes
(fS= fD):

MSD= (RT/(1–v̄ρ0)) (s0/D0) (1)

Here (1-v̄ρ0) is the buoyancy factor of the polymer-solvent
system. This is one of only a few absolute methods for the
determination of the molecular weight of polymers.

Two other pairs [η]–s0 and [η]–D0 require not only the
assumption that the chain size during M measurement is
constant but also the use of an assumed hydrodynamic in-
variant (Mandelkern and Flory 1952; Tsvetkov and Klenin
1953)

A0/k ≡ β = NA [s][η]1/3M–2/3= [D]k–1 (M [η])1/3 (2)

where [s]≡ s0η0/(1–v̄ρ0); [D] ≡ η0D0T–1, η0 is the solvent
viscosity, and k is the Boltzmann constant. β is known pop-
ularly as the in “Scheraga and Mandelkern” (1993) param-
eter.

Analysis shows (Tsvetkov et al. 1984) that in the first
approximation the parameter A0 is invariant with respect
to M, the Kuhn segment length A (or persistence length a),
and the thermodynamic quality of the solvent.

The use of [η], s0, D0 requires that the experimentally
determined values be extrapolated to zero concentration of
polymer c. In this case we have (Yamakawa 1971)

η =η0(1 + [η] c + k1η c2+ …)
D = D0(1 + (2A2M– (kS+ v̄ )) c + …) (3)
s–1= s0

–1(1 + (kS+ v̄ ) c + …)

where η and η0 are the dynamic viscosity of solution and
solvent, A2 is the second thermodynamic virial coefficient;
k1η; kS are the concentration coefficients and v¯ is the spe-
cific partial volume of the polymer. All the concentration
coefficients of Eq. (3) contain molecular information. The
most useful is the viscosity first concentration coefficient
[η], the so called intrinsic viscosity.

In this paper we consider the concentration sedimenta-
tion coefficient kS in relation to the sedimentation coeffi-
cient.

Earlier treatments

Figure 1 shows typical dependencies used for the defini-
tion of the sedimentation coefficient:

s =∆ln rb/ω2∆t (4)

where rb is the position of the sedimentation boundary at
time t (s) and ω is the angular velocity (rad× s–1). Figure 2
shows extrapolation plots corresponding to Eq. (2). The
values of s should be reduced to the same temperature (Tan-
ford 1961; Tsvetkov et al. 1970).

At s < 3 svedbergs, reliable results can be obtained by
using sedimentation cells with an artificial boundary. For
obtaining reliable values of s0 and particularly of kS, the
concentration range investigated should be broad. The
upper concentration limit is determined by the “dilute so-

lution” condition that can be described in the following
form: c < [η]–1 (this is the so-called Debye criterion, see
for instance (Tsvetkov et al. 1970); the lower concentra-
tion limit is determined by the sensitivity of the optical
system used for recording the sedimentation boundary. Re-
fractometric methods for recording the data are used most
often in the investigation of polymers (including polysac-
charides). The most sensitive among these is the method
of polarizing interferometry (Tsvetkov et al. 1970; Tsvet-
kov 1989).

In some cases in the determination of the value of
s0= lim(c→0)s it is necessary to take into account the ef-
fects of radial dilution and hydrostatic pressure. 

The value of kS is usually related to the value of [η] and
the result is considered as an analogue of the Huggins pa-
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Fig. 1 Sedimentation coefficients for pullulan samples in water.
1–4-sample with MSD= 644× 103 at the concentrations (g/cm–3)
× 104: (1) 4.7; (2) 6.6; (3) 11.5; (4) 14.8, and for sample with
MSD= 87× 103 at the concentrations: (5) 9.6; (6) 19.6

Fig. 2 Concentration dependencies of sedimentation coefficients of
chitosan fractions in buffered solvent 0.33 M CH3COOH + 0.3 M
NaCl at 25 °C for the fractions with following MSD× 10–3: (1) 135;
(2) 172; (3) 35; (4) 68; (5) 80; (6) 137; (7) 75; (8) 78; (9) 104; (10)
24; (11) 13



rameter by the ratio kS/[η] (Newman and Eirich 1950).
Subsequently this parameter (kS/[η]) has been used for ex-
cluding concentration effects for other fractions of the
system under investigation. For flexible-chain molecules
in thermodynamically good solvents kS/[η]H1.7 (Wales
and van Holde 1954), when volume effects are absent; for
rigid-chain molecules as a rule kS/[η] < 1 (Creeth and
Knight 1965; Skazka and Jamtschikov 1973; Lavrenko
et al. 1977). The value of kS/[η] can be used as a measure
of the asymmetry of sedimenting particles (Creeth and
Knight 1965; Harding and Rowe 1982; Harding 1995) or
as an extent of degree of draining of a macromolecular coil
(Skazka and Jamtschikov 1973).

As was first shown by Wales and van Holde (1954), the
comparison of s0 and kS also makes it possible to estimate
the molecular weight of polymer chains by the following
relation:

M = 4.85πNA [s]3/2kS
1/2 (5)

A re-examination of this problem from an original theo-
retical standpoint was carried out by Rowe (1977). The de-
finitive result for the sedimentation of solvated molecules
is given in the following equations:

M = NA(6π)3/2[s]3/2{(3v̄ /4π)[(kS/2v̄) – (vS/v̄ )]}1/2 (6)

where vS, following Rowe, is the specific volume occu-
pied by the sedimenting component (solute + entrained sol-
vent + bound solvent). Rowe gave the following approxi-
mation for the ratio vS/v̄ :

vS/v̄ = k′[η]/kS= k′(kS/[η])–1 (7)

where k′ is the Huggins parameter. For most polymer
systems (and for polysaccharides also) the second term in
brackets (Eq. (6)) is negligible in comparison with the first
one, so Eq. (6) can be rearranged as:

MH9π NA [s]3/2kS
1/2 (8)

(Equations (5) and (8) differ only by numerical coefficients
and for some comparative purposes (scaling relation, for
instance) can give the same results.)

Equation (8) has been applied to the determination of
the molecular weight of cellulose nitrate (Pavlov and Fren-
kel 1983), myosin filaments (Persechini and Rowe 1984)
and soluble chitin derivatives (Pavlov and Selunin 1986).

The Wales-van Holde-Rowe equation (5 and 8) is pre-
sented in the general form (Pavlov and Frenkel 1986, 1988,
1995) with the introduction of the sedimentation parame-
ter βS:

βS= NA [s]kS
1/3M–2/3 (9)

A comparison of Eqs. (2) and (9) shows the analogy exist-
ing between the hydrodynamic invariant β (or A0) and the
sedimentation parameter βS. Obviously this analogy re-
duces to the analogy between [η] and kS values. At the
same time these equations expose the fundamental differ-
ence existing between them. This difference consists of the
following. The value β is obtained from M and from two
experimental values s0 and [η] which in turn are obtained
in different kinds of experiments, where the macromole-

cule carries out different kinds of movement: translational
(s0) and rotational ([η]). The sedimentation parameter βS
is obtained from M and two experimental values s0 and kS
obtained in a single series of experiments where the mac-
romolecule is under exactly the same conditions. The rea-
son for introducing the sedimentation parameter was the
extension of experimental data available in the literature
to linear uncharged polymers, both synthetic and natural.
The present work considers the literature data on molecu-
lar hydrodynamics of the solutions of some linear polysac-
charides. A direct comparison of the values of s0 and kS
obtained in a single series of experiments can provide ad-
ditional information about macromolecules because these
values depend differently on molecular weight and the size
of the macromolecule:

[s] = MNA
–1P0

–1〈h2〉–1/2 (10)

kS= B〈h2〉3/2M–1 (11)

where P0 is the Flory dimensionless parameter,
P0= limM → ∞ P = 5.11 (value obtained with pre-averaging
of Oseen’s tensor of hydrodynamic interaction), B is a di-
mensionless parameter, and 〈h2〉 is the mean-square end-
to-end distance of the polymeric chain.

Scaling relation between s0 and kS

The comparison of s0 and kS makes it possible to deter-
mine the exponent in the equation s0= KMb. It has been
shown (Pavlov and Frenkel 1982) that

kS= γSMv1 (13)

where v1= (2–3b)/b and γS is the parameter which in the
first approximation is independent of s0. Alternative scal-
ing relationships kS~ s0

v can also be mentioned (Lavrenko
1987). It was found for a straight cylinder model that (Pe-
terson 1962)

[s]kS= (2π31/2NA)–2/3(A2M)2/3 (14)

where A2 is the second virial coefficient. In the case, for
example, of a straight cylinder (Tanford 1961) we have

A2= Lv̄ /Md (15)

where v̄ is the partial volume of the particle, L is the length,
and d is its diameter; we obtain

[s]kS~ M4/3; kS~ s0
v2 (16)

where v2= (4-3b)/3b. On the other hand, for the case of ran-
dom-coil macromolecules under θ-conditions it has been
established by Imai (1970) that

kS~ L/s0; kS~ s0
v3 (17)

where v3= (1–b)/b and L is the contour length of the mac-
romolecular chain.

A similar result can be obtained from the theories of Freed
(1983), Muthukumar and de Mense (1983) and Eq. (8)

kS~ 〈h2〉3/2M–1= 〈h2〉/(M/〈h2〉1/2) ~ L/s0 (18)
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Figure 3 shows the dependence of v on b. The values of
v1 and v2 are also close to each other in the range of b < 0.3
(rigid-chain macromolecules). At b = 0.5 (random-coil
macromolecules under θ-conditions) were have v1= v3.
Hence, the dependence v1= f(b) is of a very general nature.

For β-(1,4) linked glucans and their derivatives (Fig. 4
and Table 1) we usually have 1.9 < v < 2.7. For polysaccha-
rides exhibiting the secondary helical structural and repre-
sented by chains with an equilibrium rigidity A > 2000
× 10–8 cm, namely the xanthan and Schizophyllum com-
munes, v is 3.7 and 4.3 respectively.

Branched polysaccharides represent the other limiting
case: for them we have b > 0.5 and, correspondingly v < 1.
In some cases (levan) the kS~ s0 correlation is weak
(r = 0.5), which may be related, in particular, to the fact that
the assumption of homologous polymers for the investi-
gated set of branched polysaccharides is not valid.

Sedimentation parameters for polysaccharides

By using the values of M determined by one of the abso-
lute methods (sedimentation-diffusion analysis, sedimen-
tation equilibrium or light scattering) and the values of
(1–vρ0) and η0 it is possible to calculate the sedimentation
parameters βS for the system listed in Table 1, on the ba-
sis of the values of s0 and kS. When the hydrodynamic in-
variant A0 (or β) was known, the βS parameter was esti-
mated from the equation 

βS=β (100)1/3(kS/[η])1/3= A0(100)1/3(kS/[η])1/3k–1 (19)

The contribution from experimental errors in kS, M, s0,
and (1–v̄ρ0) to the total error in βS are different and depend
on M. The value of kS is determined with considerable er-
ror but since it is contained in βS in the form of kS

1/3, its
contribution is reduced to the same level as that of M and
s0. In the range of the greatest errors in kS and s0 (range of
small s0 values, see e.g. (Pavlov and Selunin 1986)), the
relative error in the determination of a single value of βS
is about 20%. The analysis carried out by Pavlov and Fren-
kel (1986, 1988, 1995) has shown that the experimental
values of βS for flexible-chain polymers under θ-condi-
tions and for rigid-chain polymers remain virtually un-
changed throughout the range of L/A and d/A values.
Therefore, it is possible to use Eq. (9) directly for the de-
termination of molecular weights. It can be seen in Fig. 5
that the values of βS for cellulose and its derivatives are
more scattered as compared to those for synthetic linear
homopolymers (Pavlov and Frenkel 1986). The situation
is similar to that of a hydrodynamic invariant A0 for cel-
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Fig. 3 Relationship between the coefficients v and b: 1–v1=
(2–3b)/b; 2–v2= (4–3b)/3b; 3–v3= (1–b)/b

Fig. 4 Dependence of sedimentation characteristics kS and s0 in
double logarithmic scale for systems: (1) 8, (2) 6, (3) 2, (4) 4, (5) 7,
(6) 55, (7) 38, (8) 30, (9) 1, (10) 37, (11) 26, (12) 33, (13) 18, 20,
(14) 36. Numbers of systems correspond to these listed in Table 1

Fig. 5 Dependence of sedimentation parameters βS on logarithm of
reduced contour length of the macromolecule L/A for systems: (1)
7, (2) 32, 33, 36, 37, (3) 26, (4) 30, (5) 45, (6) 54, (7) 55. Numbers
of systems correspond to those listed in Table 1
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lulose derivatives [Tsvetkov et al. 1984; Tsvetkov 1989].
The scatter of βS values probably derives from errors in
molecular weight determination and with some contribu-
tion also from the sedimentation measurement.

The average βSvalues for different groups of rigid poly-
saccharides (cellulose, its derivatives in aqueous solutions
and in organic solvents, and other rigid linear polysaccha-
rides) are close to each other. It may be assumed that to a
first approximation the value of βS depends neither on the
nature of the in substituents glucopyranose unit nor on M.
A total average value of βS= (1.0 ±0.16)× 107 mol–1/3may
be used as the reference value for rigid polysaccharides.

Table 2 shows a comparison of the values of the hydro-
dynamic parameter β and the sedimentation parameter βS
for different kinds of macromolecules. The averaged ex-
perimental values have been determined to within approx-
imately 6–10%. It follows from Eqs. (2) and (9) that β and
βS are related to the parameters Φ0, P0 and B by the fol-
lowing relations (these relations are the definitions of β
and βS):

β ≡ Φ0
1/3× P0

–1 and βS≡ B1/3× P0
–1 (20)

where Φ0 is the Flory parameter in the equation
[η] = Φ0 〈h2〉3/2× M–1 (Flory 1953) and P0 and B are the pa-
rameters of Eqs. (10) and (11). It is possible to evaluate
experimental values of Φ0 and B from averaged values of
β and βS utilizing the value P0= 5.11. These estimations
are also given in Table 2.

By using the average experimental value of βS it is pos-
sible to evaluate the molecular weights of samples (frac-
tions) from the generalized Wales-van Holde-Rowe equa-
tion

MKS= (NA/βS)3/2[s]3/2kS
1/2 (21)

The adequacy of these estimates will now be shown for
different kinds of polysaccharides. We consider the follow-
ing type of linear polysaccharide chains: extra rigid, rigid,
semi-rigid (semi-flexible) and flexible. The estimate of
some conformational, molecular parameters of polysac-
charides will be obtained using either:

1. independently evaluated molecular weights (s0 and MW
or MSD) or only
2. data from velocity sedimentation (s0, kS and βS).

Extra rigid-chain polymers

Up to the present time, the highest equilibrium rigidity ob-
served has been for polysaccharides from the Schizophyl-
lum commune whose macromolecules are three-strand hel-
ices. The molecular and hydrodynamic characteristics of
Schizophyllum commune have been presented by Yanaki
et al. (1980).

The hydrodynamic properties of extra rigid-chain poly-
mers in the range of small contour lengths L (L/A < 2.3;
L kd; d is the hydrodynamic chain diameter) can be de-
scribed using a model of a weakly bending rod or a cylin-

der. In accord with theory (Broersma 1960; Yamakawa and
Fujii 1974) for this model we have:

[s] = (ML/3πNA)[lnM – ln(M Ld) + 0.3863] (22)

The initial slope of the corresponding plot of [s] vs lnM
allows the evaluation of the weight per unit length of the
macromolecules ML = M/L = M 0/λ, where M0 is the molec-
ular weight of the repeat unit, and λ is the projection of the
unit in the chain direction. The data obtained by Yanaki
et al. (1980) are presented in Fig. 6. If MW is used one ob-
tains an estimate for ML of (2.3 ±0.16)× 1010 cm–1, d = 28×
10–8 cm (r = 0.9950) and the use of sedimentation data
alone (s0 and kS) gives ML = (2.47 ±0.03)× 1010 cm–1,
d = 39× 10–8 cm (r = 0.9998). The corresponding slopes
were calculated for the first four points.

It should be mentioned that the knowledge of the pre-
cise value of βS is not necessary for the estimation of ML
based on s0 and kS with the assumption of its constancy
being sufficient. A similar plot is presented using data ob-
tained for the more flexible but also rigid-chain polymer,
cellulose nitrate (Pavlov et al. 1982). In this case the plot

Fig. 6 a Dependencies of [s] on lnM for Schizophyllum in water
(1) (Yanaki et al. 1980) and for cellulose nitrate in ethyl acetate (2)
(Pavlov et al. 1982); b Dependencies of [s] on ln([s]3kS) for the same
systems



390

Table 1 Sedimentation parameters of some polysaccharides

N Polymer xa Solvent t0C v rb Mc βS 10–-7 NNd Referencese

1 Cellulose – Cuamf 20 1.8 ±0.11 0.975 sD – 16 Gralen (1944)
2 Cellulose – Cadoxenf – 2.01 ±0.04 0.999 sD 1.37 ±0.09 7 Brown (1965)
3 Cellulose – –″– – – – W 1.08 ±0.08 6 Brown (1965)
4 Cellulose –″– 25 1.6 ±0.24 0.979 W 1.05 ±0.06 4 Henley (1962)
5 Cellulose – –″– – – – sD 1.53 ±0.01 2 Klenin (1975)
6 Cellulose – FeTaNaf – 2.0 ±0.22 0.988 sD – 4 Claesson (1959)

0.27M
7 Cellulose – FeTaNa 25 2.3 ±0.17 0.986 sD 0.94 ±0.09 7 Pavlov (1988)

0.10M
8 Cellulose – FeTaNa 21 2.1 ±0.13 0.990 sD – 7 Pavlov (1990)

0.30M
9 Methylcellulose 1.66 H2O 20 – – sD 0.8 ±0.15 3 Uda (1961)

10 Methylcellulose 1.68 H2O 25 1.87 ±0.16 – sD 1.12 ±0.08 6 Pavlov (1995)
11 Hydroxyethyl- – H2O 25 2.04 ±0.06 0.999 sD 1.6 ±0.12 4 Brown (1961)

cellulose
12 Hydroxypropyl- – H2O 25 – – sD 1.7 1 Nysrtom (1978)

cellulose
13 Acetohydroxy- DMAAg 26 2.60 ±0.22 0.989 sD 0.98 5 Shtennikova

propylcellulose (1992)
14 Ethylhydroxyethyl- – H2O 20 – – W 0.8 ±0.12 4 Manley (1956)

cellulose
15 Na/sulphoethyl- 0.39 0.1 M 21 2.9 ±0.69 0.947 sD 0.88 ±0.08 4 Skazka (1977)

cellulose NaCl
16 Carboxymethyl- 0.9 Cadoxen: 26 2.2 – sD 1.06 ±0.07 7 Lavrenko (1991)

cellulose H2O/1:10
17 Celluloseurethane 2.0 0.2M 22 2.5 ±0.15 0.994 sD 1.31 ±0.09 5 Zacharova (1970)

NaCl
18 Celluloseacetate – Acetone 20 3.1 ±0.22 0.995 sD 0.91 ±0.02 4 Singer (1947)

19 Celluloseacetate 2.34 Acetone 25 2.0 ±0.14 0.995 n 1.4 ±0.13 4 Golubev (1967)
20 Celluloseacetate 2.46 Acetone 25 2.3±0.12 0.993 W 0.75 ±0.04 7 Ishida (1982)
21 Celluloseacetate 2.92 DMAA 25 1.9 ±0.12 0.994 W 1.0 ±0.2 5 Ishida (1982)
22 Cellulosemonophenyl- 2.6 Benzene 26 1.4 ±0.13 0.973 sD 0.9 ±0.2 8 Korneeva (1979)

acetate
23 Cyanethylcellulose 2.6 Acetone 26 3.0 ±0.27 0.980 sD 0.88 ±0.04 7 Tsvetkov (1984)
24 Cellulosebenzoate 2.2 1,4- 26.6 – – sD 1.2 ±0.3 3 Korneeva (1979)

dioxane
25 Celluloseaceto- 1,4- 25 2.0 ±0.11 0.983 sD 1.2 ±0.11 14 Bushin (1990)

benzoate dioxane
26 Cellulosebutyrate 2.94 Methylethyl- 20 2.23 ±0.07 0.996 sD 1.06 ±0.07 10 Lubina (1973)

ketone
27 Cellulose- 3.0 Cyclo- 25 1.6 ±0.21 0.982 W 0.52 ±0.01 4 Shanbhag (1968)

carbanilate hexanone
28 Cellulose- 3.0 1,4- 20 1.7 ±0.14 0.985 sD 1.0 ±0.18 7 Sutter (1978)

carbanilate dioxane
29 Cellulose- 2.7 Ethyl- 25 2.3 - sD 0.80 ±0.11 6 Andreeva (1977)

carbanilate acetate
30 Cellulosephenyl- 2.1 Ethyl- – 1.9 ±0.37 0.931 sD 1.11 ±0.07 6 Andreeva (1975)

carbanilate acetate
31 Cellulosediphenyl- 2.6 1,4- 26.6 3.0 ±0.49 0.962 sD 0.9 ±0.2 5 Korneeva (1979)

phosphonocarbamate dioxane
32 Cellulosenitrate 1.1 DMAA+ 25 2.5 ±0.45 0.955 sD 1.10 ±0.05 5 Bushin (1983)

LiCl
33 Cellulosenitrate 2.0 Ethyl- 26 2.5 ±0.10 0.994 sD 1.16 ±0.14 9 Pogodina (1984)

acetate
34 Cellulosenitrate 2.0 Ethyl- 25 1.88 – sD 0.80 ±0.06 5 Pogodina (1982)

acetate
35 Cellulosenitrate 2.4 Ethyl- 25 2.4 ±0.14 0.984 sD 1.06 ±0.09 11 Bushin (1983)

acetate
36 Cellulosenitrate 2.5 Ethyl- – 2.2 ±0.13 0.972 sD 0.80 ±0.11 20 Pogodina (1987)

acetate
37 Cellulosenitrate 2.7 Ethyl- 21 2.8 ±0.14 0.985 sD 0.94 ±0.04 14 Pavlov (1982)

acetate
38 Cellulosenitrate 2.8 Ethyl- 30 2.5 ±0.20 0.990 W 1.15 ±0.13 5 Hunt (1956)

acetate
39 Cellulosenitrate 2.46 Acetone 20 2.6 ±0.14 0.986 sD 1.18 ±0.18 12 Jullander (1945)
40 Cellulosenitrate 2.96 Acetone 20 2.3 ±0.40 0.870 sD 0.8 ±0.22 12 Gralen (1944)



has only illustrative meaning, and the straight line is plot-
ted in accordance with the value ML = 5.5× 109 cm–1 ob-
tained from M0= 284 ±9 and λ = 5.15× 10–8 cm.

The more flexible a polymer, the lower the molecular
weight range that has to be investigated for the purpose of
the determination of ML.

Rigid-chain polymers

Evaluation of persistence lengths or Kuhn segment lengths
in the case of chains without excluded volume effects 
(rigid-chain or flexible-chain in θ-conditions) can be ob-
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Table 1 (continued)

N Polymer xa Solvent t0C v rb Mc βS 10–-7 NNd Referencese

41 Celluloseacetate- 3.0 DMFAh 25 2.44 ±0.08 – sD 0.99 ±0.09 33 Lavrenko (1992)
methylol

42 Chitosane 0.8 Bufferi 21 2.3 ±0.65 0.935 sD 1.05 ±0.10 18 Pavlov (1986a)
43 Carboxymethylchitin 1.8 Bufferj 25 sD 1.20±0.11 8 Korneeva (1996)
44 Chitinnitrate 1.75 DMFA 26 2.3 ±0.15 0.935 sD 1.06 ±0.19 17 Pavlov (1986b)
45 Amylose – DMSOk 25 1.61 ±0.04 0.997 W 1.14 ±0.13 11 Fujii (1973)
46 Amyloseacetate – Methyl- 25 – – sD 0.9 ±0.3 3 Dombrow (1947)

acetate
47 Amylosecarbanilate 3 1,4- 20 2.06 ±0.08 0.996 sD 0.8 ±0.2 8 Sutter (1978)

dioxane
48 Mannan – H2O 25 2.0 ±0.6 sD 1.06 ±0.12 7 Pavlov (1992)
49 Pullulan – H2O 25 W 1.23 ±0.03 6 Kawahara (1984)
50 Pullulan – H2O 25 1.7 ±0.14 sD 1.20 ±0.02 4 Pavlov (1994)
51 Dextran – H2O 25 – – W 0.84 1 Wan (1976)
52 Dextran – H2O 20 – – n 1.12 ±0.11 5 Senty (1955)
53 Dextran – H2O 20 1.29 ±0.05 0.994 W 0.96 ±0.05 10 Senty (1955)
54 Xanthan – 0.1M 25 3.7 ±0.14 0.993 W 1.1 ±0.13 12 Sato (1984)

NaCl
55 Schizophyllum – H2O 25 4.3 ±0.16 0.994 W 0.97 ±0.13 11 Yanaki (1980)
56 Polyglucoseamine – H2O 25 2.0 – sD 1.1 ±0.2 6 Pavlov (1993)
57 Mucus glycoprotein – 6MGCl 20 1.23 ±0.17 0.972 W 0.95 ±0.09 5 Sheehan (1989)

58 Blood-mycoPC 376 – – 25 – – – 1.32 1 Creeth (1965)
59 Levan – H2O 25 0.29 ±0.15 0.543 W (2.7–0.5) 16 Stivala (1981)
60 Proteoglucan – 4M Cdn 20 0.76 ±0.08 0.954 W (2.4–0.9) 10 Kitchen (1978)

HCl
61 Ficol – H2O 26 0.87 – sD (1.5–0.75) 7 Lavrenko (1986)

a Degree of substitution of OH-groups in polysaccharide derivatives;
b Linear correlation coefficient in the log ks on log s0 dependences;
c Method of molecular weight determination;
d Number of investigated fractions;
e First authors given only;
f Complex solvents of cellulose with different cations;
g N,N-Dimethylacetamide
h N,N-Dimethylformamide
i 0.33M CH3COOH + 0.3M NaCl
j 0.05(Na2HPO4× 12 H2O + KH2PO4) + 0.15 M NaCl
k Dimethylsulfoxide

Polymer-solvent β × 10–7 Φ × 10–23 βS× 10–7 B × 10–23

mol–1/3(a) mol–1 mol–1/3 mol–1

Flexible-chain polymers in θ 1.08 1.67 1.25 2.61
thermodynamically good solvents (2.32× 106)

Flexible-chain polymers in 1.08 1.67 1.0 1.33
θ-conditions (2.32× 106)

Rigid-chain polymers 1.28 2.77 1.0 1.33
(2.75× 106)

Cellulose and its derivatives 1.13 1.91 1.0 1.33
(2.43× 106)

Globular proteins 1.03 1.44 1.17 2.14
(2.21× 106)

a There are in brackets β values obtained from [η] values expressed in 100 cm3/g, these are common
values in polymer science

Table 2 Averaged values of
the hydrodynamic invariant β,
the sedimentation parameter βS,
and corresponding Φ and B pa-
rameters



tained from the theories of Hearst-Stockmayer (1962) or
Yamakawa-Fujii (1974).

In cases when L/A > 2.3 the following relation is ful-
filled;

(23)
[s]NAP0= (ML/A)1/2M1/2+ (P0ML/3π)[ln(A/d) – ϕ(0)]
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Fig. 7 Plots describing Eq. (7) for cellulose nitrates in ethyl acetate
(1)-degree of substitution x = 2.7 [37], (2)-x = 2.5 [36], and in
DMAA + LiCl ( 3)-x = 1.1 [32]; for cellulose (4) in FeTaNa-complex
[7]; for polystrene and poly-α-methylstyrene (5) in cyclohexane 
(θ-conditions) (Lechner and Steinmeier 1989). Numbers of systems
correspond to those listed in Table 1

Polymer Solvent AKS 108 dKS 108 ASD dSD Aη
b Referencesc

cm cm

Cellulose- Ethyl- 360 13 530 6 350 Hunt (1956)
nitrate acetate
(CN),
xa= 2.8

CN, Ethyl- 390 9 430 11 350 Pavlov (1982)
x = 2.7 acetate

CN, Ethyl- 300 9 380 17 250 Pogodina (1987)
x = 2.5 acetate

CN, Ethyl- 335 8 260 9 275 Bushin (1983)
x = 2.4 acetate

CN, Ethyl- 180 14 130 12 140 Pogodina (1984)
x = 2.0 acetate

CN, DMAA+ 230 3 150 12 110 Bushin (1983)
x = 1.1 LiCl

Cellulose FeTaNa- 190 4 170 6 110 Pavlov (1988)
complex

Poly θ- 27 – 27 – – Lechner (1989)
styrened condition

a Degree of substitution;
b Obtained by utilising Bushin’s plot (see, for instance, Tsvetkov 1989);
c First authors given only;
d Given for comparison

Table 3 Values of the statisti-
cal Kuhn segment length A and
hydrodynamic diameter d for
cellulose and its nitrate

where P0= 5.11 is Flory’s hydrodynamic parameter,
ϕ(0) = 1.43 (Hearst and Stockmayer 1962); ϕ (0) = 1.056
(Yamakawa and Fujii 1974). An example of the applica-
tion of these theories is given in Fig. 7 for cellulose and
cellulose nitrate (Pavlov 1988). There are grounds to sup-
pose that volume effects for cellulose and its derivatives
may be neglected (Flory 1966; Tsvetkov 1989). The de-
pendence of s0 on M can be re-written by applying Eq. (21)
in following form;

[s]/M0= (NA
1/4P0βS

3/4)–1(λA)–1/2{[s] 3/2kS
1/2M0

–1} 1/2

+ (3πNAλ)–1[ln A/d–ϕ (0)] (24)

where M0 is the molecular weight of the repeat chain unit,
λ = 5.15× 10–8 cm for cellulose and its derivatives and
βS= 1.0× 107 mol1/3. Figure 7 shows the dependences cor-
responding to Eq. (24) for cellulose nitrates with different
degrees of substitution (straight lines 1–3) and for cellu-
lose in FeNaTe (straight line 4). For comparison (straight
line 5) the dependence obtained for polystyrene and 
poly-α-methylstyrene in cyclohexane (θ-conditions) is
given. The Kuhn segment lengths A are calculated from
the slope of straight lines plotted by the least-squares
method, and the values of the hydrodynamic diameter d
are estimated from the intercepts with the ordinate. Table
3 lists the value of AKS and dKS are well as those obtained
by diffusion-sedimentation analysis (ADS, dDS) and the
analysis of viscometric data (Aη) (Pavlov et al. 1982). A
comparison of the results shows that the values of chain ri-
gidity obtained by different methods are close to each other.
The values of AKS indicate the tendency for increasing
equilibrium chain rigidity with increasing degree of cellu-
lose nitration (Schulz and Pensel 1968; Lechner and Schulz
1973).

{[s]1.5kS
0.5M0

–1}0.5
¥1011

{[
s]

M
0–1

×1
017



Flexible-chain polysaccharides

For flexible polymers (polysaccharides such as linear dex-
tran and pullulan, with 1,6 linkage in the main chain) the
high value of bf (s0~ M1–bf; bf > 0.5) can be related to vol-
ume effects. In this case the plot of Cowie-Bywater (1969)
may be applicable for relatively low molecular weights (this
plot is valid for the case of low excluded volume effects):

M1/2/(NA [s]) = Kθ f + 0.2 P0TM1/2

= P0[A/M L)1/2+ 0.2 TM1/2] (25)

where T is the parameter of thermodynamic polymer-sol-
vent interaction.

For the interpretation of data over the entire range of M
and volume effects the Gray-Bloomfield-Hearst theory
(1967) must be used in which the molecular weight depen-
dence of the sedimentation coefficient for a wormlike neck-
lace is considered, taking into account the influence of ex-
cluded volume effects on the chain dimensions:

[s]P0NA = [3/(1–ε)(3–ε)]M L
(1–ε)/2A–(1–ε)/2M(1–ε)/2+

+ (MLP0/3π)[ln(A/d)–(1/3) (A/d)–1–ϕ (ε)] (26)

where ε is the parameter characterizing volume effects and
ϕ(ε) is the function which way be calculated according to
the Gray-Bloomfield-Hearst theory (1967) (ϕ (0) = 1.431).
In a thermodynamically good solvent 〈h2〉 ~ M1 +ε, 〈h2〉 is
the mean-square end-to-end distance of a chain and ε is a
dimensionless parameter which is a measure of the ex-
cluded volume effect. According to Ptitsyn and Eizner
(1959) we have ε = (2bη–1)/3 = (2 |bD|–1) = (1–2bS) where
bη, bD and bS are the corresponding scaling indexes of the
Mark-Houwink-Kuhn-Sakurada relations.

Figure 8a shows the dependence of s0 on M(1–ε)/2. The
parameter ε was previously (Pavlov et al. 1994) calculated
from the relation ε= 1–2bS. Therefore, ε = 0.112 and
A = (23.1 ±1.5)× 10–8 cm, d = (8 ±6)× 10–8 cm (r = 0.9889).
Figure 8b shows the same dependence using only sedimen-
tation data (s0 and kS). Hence, by using the mean experi-
mental value βS= 1.25× 107 mol–1/3 obtained for flexible
polymers in thermodynamically good solvents (Pavlov and
Frenkel 1995) one obtains A = (23.0 ±1.3)× 10–8 cm and
d = (2.6 ±1.3)× 10–8 cm (r = 0.9980).

Semi-flexible (semi-rigid) chain polysaccharides

Complications arise in the interpretation of the hydrody-
namic data obtained in the investigation of semi-rigid
(semi-flexible) chain polymers (polysaccharides). In this
case it is impossible to make the simple choice between
the intra-chain excluded volume effect of the intra-chain
draining effect. The deviation of the parameters bη, bD and
bS from 0.5 (∆bη = bη–0.5; ∆bD = |bD|–0.5; ∆bS= 0.5–bS)
arises partially from the draining effect and partially from
the excluded volume effect. At present there is neither a
theory nor a well-grounded approximation (it is one of the
unsolved problems in polymer science following the Fu-

jita (1988) definition), which gives the possibility of di-
viding the deviations ∆b into two parts, for instance,
∆bη =∆bvη +∆bαη , where ∆bvη is the deviation due to the
intra-chain excluded volume effect and ∆bdη is that due to
the intra-chain draining effect. Obviously this is related to
the problem of adequate determination of the ε-parameter,
which may be defined by:

ε = (2bη–1)/3 = (2/3)∆bη (27)

Evidently, in the case where the intra-chain excluded vol-
ume effect and the intra-chain draining effect are compar-
able an adequate evaluation of the ε parameter is possible
by the following relation:

ε = (2/3)∆bvη = 2∆bvD = 2∆bvS (28)

The value of the hydrodynamic diameter of the chain d
may be a reasonable criterion in making the choice of ε (or
∆bv). Unfortunately, in many cases the d-values are deter-
mined from the hydrodynamic plots with low accuracy. As
one example of the application of a similar approach we
consider the results obtained for mannan fractions (Pavlov
et al. 1992). The ε parameter was changed in the possible
range for this case (0.16≥ ε ≥ 0) and the hydrodynamic data
were interpreted with the application of the Gray-Bloom-

393

Fig. 8 a Dependence of s0 on M(l–ε)/2 for pullulan in water (Kawa-
hara et al. 1984; Pavlov et al. 1994), b Dependence of s0 on
(s0

1.5kS
0.5)(l–ε)/2 for the same system
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Excluded volume s0, D0 s0, kS
parameter ε

A ± ∆A d ± ∆d r A ± ∆A d ±∆d r
10–8 cm 10–8 cm 10–8 cm 10–8 cm

0 73 ±6.3 4.8 ±1.5 0.9898 79 ±16 3.6 ±2.4 0.9752
0.08 59 ±7.3 6.7 ±2.9 0.9895 64 ±14 5 ±3.6 0.9734
0.16 44 ±4.7 10.4 ±4.0 0.9890 50 ±13 7 ±6 0.9714

Table 4 Values of the equilib-
rium rigidity parameter A and
the hydrodynamic diameter d of
β-(1,3)-β- (1,4) linked-poly-
mannopyranosil-D-mannose
molecules in water

Fig. 9 a Dependences s0 on M(l–ε)/2 for mannan in water (Pavlov
et al. 1992) for different values of ε-parameter: ε = 0 (1); ε = 0.08 (2)
and ε = 0.16 (3); b Dependences s0 on (s0

1.5kS
0.5)(l–ε)/2 for the same

system and the same values of ε-parameter



field-Hearst theory (1967). The results are given in 
Table 4 and in Fig. 9.

The estimations obtained show in both cases (s0, D0 or
s0, kS) satisfactory agreement between the A and d values
when taking into account the inaccuracy of their determi-
nation. The nature of the variation in both A and d with ε
is also reasonable. Nevertheless, the value of the linear cor-
relation coefficient r = 0.975 does not suggest a reliable de-
termination, especially of d values.

Further possibilities

The further possibilities in this direction are related to the
mass-spectrometric effect of the ultracentrifuge. The com-
bination of the “inherent fractionation” ability of the ultra-
centrifuge (Kinell and Ranby 1950; Frenkel 1965) and the
concept of the sedimentation parameter makes it possible
to obtain the following: molecular weight distribution, mo-
lecular weights of different averaging types, the constants
of the Mark-Houwink-Kuhn-Sakurada type equations for
the coefficients s0 and kS, the length of Kuhn’s segment,
and the effective hydrodynamic diameter of the molecular
chain.

The distribution of sedimentation coefficients that is ob-
tained by the usual method and corresponds to finite solu-
tion concentrations can be extrapolated to infinite dilution
by using the “inherent” or “graphic fractionation” ap-
proach. The extrapolated straight lines corresponding to 
“graphic fractions” are used to determine the s0 and kS val-
ues for these “fractions” and to calculate their MKS values.
Thus the distributions with respect to sedimentation con-
stants may be transformed into those for molecular
weights. The values obtained for s0 and MKS of these 
“graphic fractions” can be used to determine the parame-
ters of the scaling equations. When appropriate hydrody-
namic theories are applied to a set of these “graphic frac-
tions” (as a series of polymer homologues), one can obtain
the persistence length and the effective hydrodynamic
chain diameter. Hence, it possible to analyse the hydrody-
namic and molecular properties of the polymer without us-
ing additional methods and without preliminary fraction-
ation (only knowledge of (1–vρ̄0) and η0 is required). This
transformation is more easy from the integral form of the
sedimentation boundary. The use of multi-cell rotors can’t,
of course, accelerate this procedure. As a good illustration,
the hydrodynamic and molecular characteristics of cellu-
lose nitrate in acetone (Pavlov et al. 1995) and methylcel-
lulose in water (Pavlov et al. 1995) determined by this
method are in agreement with literature data based on the
analysis of real fractions.

Conclusions

The investigation of the concentration dependence of s
over a wide range of c values makes it possible to estimate

s0 and kS reliably. The use of the kS= γSs0
v scaling relation-

ship enables us to exclude concentration effects and to de-
termine the exponent in the equation s0= KMb. Moreover,
by using the average experimental value of βS for linear
polymer homologues, it is possible to evaluate the molec-
ular weights of fractions (samples) and relevant conforma-
tional parameters of macromolecules. Thus, the compari-
son of two experimental values obtained in one series of
experiments (s0 and kS), where the molecules are under the
same conditions, is an additional method for obtaining in-
formation on certain equilibrium properties of linear mac-
romolecules whether they be synthetic polymers or bio-
polymers. This concept may therefore be successfully ap-
plied to linear polysaccharides.

Acknowledgements The author is indebted and grateful to S. E.
Harding for the opportunity to work in NCMH. This work is sup-
ported by UK BBSRC. The support of the Russian Foundation of
Fundamental Science Studies (grant N 96-03-33847a) is also grate-
fully, acknowledged.

References

Andreeva LN, Lavrenko PN, Urinov E, Kutsenko LI, Tsvetkov VN
(1975) Hydrodynamic characteristics of cellulose phenylcarban-
ilate in solution. Vysokomolek Soedin 17B:326–330

Andreeva LN, Urinov E, Lavrenko PN, Linov K, Dautzenberg H,
Philipp B (1977) Hydrodynamische und optische Untersuchun-
gen zur Kettenstarrheit von Cellulosecarbanilat in verdünnten
Lösungen. Faserforsch Textiltechn 28:117–121

Broersma S (1969) Translational diffusion constant of a random coil.
J Chem Phys 51:233–238

Brown W (1961) Hydroxyethyl cellulose. Arkiv kemi 18:16–227
Brown W, Wirkstrom R (1965) A viscosity-molecular weight rela-

tionship for cellulose in cadoxen and a hydrodynamic interpre-
tation. Europ Polymer J 1:1–9

Bushin SV, Lysenko EB, Tcherkasov VA, Smirnov CP, Didenko SA,
Martchenko GN, Tsvetkov VN (1983) Hydrodynamic properties
and conformational characteristics of cellulose nitrates with dif-
ferent degree of substitution. Vysokomol Soedin 25A:1899–1905

Bushin SV, Besrukova MA, Astapenko EP, Didenko SA, Khripunov
AK, Tsvetkov VN (1990) Hydrodynamic characteristics and
equilibrium rigidity of acetobenzoate cellulose molecules. Vy-
sokomol Soedin 32:2054–2061

Cantor CR, Schimmel PR (1980) Biophysical chemistry Part II. WH
Freeman, San Francisco

Claesson S, Bergman W, Jayme G (1959) Über Sedimentations- und
Diffusionsmessungen in alkalischen Eisen-Weinsäure-Natrium-
Complex-Lösungen gelöster Cellulose. Svensk Papperstidn 62:
141–155

Cowie JMG, Bywater S (1969) The use of friction coefficients to
evaluate unperturbed dimensions in dilute polymer solutions.
Polymer 6:197–204

Creeth JM, Knight CG (1965) On the estimation of the shape of mac-
romolecules from sedimentation and viscosity measurements. 
Biochim Biophys Acta 102:549–558

Dombrow BL, Beckmann CO (1947) Ultracentrifugal and viscomet-
ric studies of amylose acetates. J Phys Chem 1:107–111

Flory PJ (1953) Principles of polymer chemistry. Cornell Univ Press,
New York

Flory PJ (1966) Treatment of the effect of exclude volume and di-
daction of unperturbed dimensions of polymer chains. Configu-
rational parameters for cellulose derivatives. Makromol Chem
98:128–135

Freed KF (1983) Concentration dependence of friction coefficient
for polymer chains in solution. J Chem Phys 78:2051–2058

395



Frenkel SYa (1965) Introduction to the statistical theory of polymer-
isation. Nauka, Moscow

Fujii M, Honda K, Fujita H (1973) Dilute solution of amylose in dim-
etilsulfoxide. Biopolymers 12:1177–1185

Fujita H (1988) Some unsolved problems of dilute polymer solu-
tions. Macromolecules 21:179–185

Golubev VI, Frenkel SYa (1967) Study of some macromolecular
characteristics of cellulose acetate in acetone by velocity sedi-
mentation. Vysokomol Soedin 9:1847–1859

Gray HB, Bloomfield VA, Hearst JE (1967) Sedimentation coeffi-
cients of linear and cyclic wormlike coils with excluded-volume
effects. J Chem Phys 46:1493–1498

Harding SE (1992) Sedimentation analysis of polysaccharides. In:
Harding SE, Rowe AJ, Horton JC (eds) Analytical ultracentrifu-
gation in biochemistry and polymer science. R Soc Chem, Cam-
bridge UK, pp 495–516

Harding SE (1995) On the hydrodynamic analysis of macromolecu-
lar conformation. Biophys Chem 55:69–93

Harding SE, Rowe AJ (1982) Modelling biological macromolecules
in solution. Int J Biol Macromol 4:357–361

Hearst JE, Stockmayer WH (1962) Sedimentation constants of brok-
en chains and wormlike coils. J Chem Phys 37:1425–1432

Henley SA (1962) A macromolecular study of cellulose in the sol-
vent cadoxen. Arkiv Kemi 18:327–427

Hunt ML, Newman S, Scheraga HA, Flory PJ (1956) Dimension and
hydrodynamic properties of cellulose trinitrate in dilute solutions.
J Phys Chem 60:1278–1290

Imai S (1970) Concentration dependence of the sedimentation coef-
ficient at the theta state. J Chem Phys 52:4212–4216

Ishida S, Komatzu H, Kato H, Saito M, Miyazaki Y, Kamide K (1982)
Limiting viscosity number and sedimentation coefficients of so-
lutions of cellulose acetates. Makromol Chem 183:3075–3087

Jullander I (1945) Studies on nitrocellulose. Arkiv Kemi 21:1–142
Kinell PO, Ranby BG (1950) Ultracentrifugal sedimentation of poly-

molecular substance. Adv Colloid Sci 3:161–218
Kitchen R, Cleland R (1978) Dilute solution properties of proteo-

glucan fractions from bovine nasal cartilage. Biopolymers
17:759–783

Klenin SI, Lubina SYa, Troitskaya AV, Strelina IA, Kurliankina VI,
Molotkov VA (1975) Investigation of the structure of cellulose-
acrylamide copolymers. Vysokomol Soedin 17A:1975–1982

Korneeva EV, Lavrenko PN, Urinov E, Khripunov AK, Kutsenko LI,
Tsvetkov VN (1979) Hydrodynamic properties and equilibrium
rigidity of some cellulose derivatives in solution. Vysokomol
Soedin 21:1547–1553

Korneeva EV, Vichoreva GA, Pavlov GM, Harding SE (1996) Hy-
drodynamic and molecular properties of carboxymethyl chitin.
XVIII International Carbohydrate Symposium, Abstracts, p 74

Lavrenko P, Urinov E, Gorbunov A (1976) Concentration depen-
dence of sedimentation coefficients for rifid-chain polymers. 
Vysokomol Soedin 18:859–864

Lavrenko PN, Mikrukova OI, Didenko SA (1986) Hydrodynamic
properties and shape of Ficol polysaccharide in solution. Vyso-
komol Soedin 28:517–521

Lavrenko PN (1987) Hydrodynamic properties and conformations
of rigid-chain polymer molecules. Dissertation, Institute of
Macromolecular Compounds, Leningrad

Lavrenko PN, Okatova OV, Dautzenberg H, Philipp B (1991) Diffu-
sion and sedimentation of monosubstituted carboxymethyl cel-
lulose in deca-diluted aqueous cadoxen. Vysokomol Soedin
33:1026–1032

Lavrenko PN, Linow KJ, Goernitz E (1992) The concentration de-
pendence of the sedimentation coefficient of some polysaccha-
rides in very dilute solution. In: Harding SE, Rowe AJ, Horton
JC (eds) Analytical ultracentrifugation in biochemistry and poly-
mer science. R Soc Chem, Cambridge UK, pp 517–531

Lechner M, Schulz G (1973) A system-independence correlation be-
tween the enthalpy and the entropy of dilution for polymer solu-
tions. Eur Polymer J 9:723–732

Lechner MD, Steinmeier DG (1989) Sedimentation and diffusion co-
efficients of polymer molecules. In: Immergut IH, Brandrup J
(eds) Polymer handbook, 3rd edn. Wiley Interscience, New York

Lubina SY, Klenin SI, Strelina IA, Troitskaya AV, Kurliankina VI,
Tsvetkov VN (1973) Hydrodynamic and optical properties of cel-
lulose tributyrate molecules in different solvents. Vysokomol
Soedin 15:691–698

Mandelkern L, Flory PJ (1952) The frictional coefficient for flexible
chain molecules in dilute solution. J Chem Phys 20:212–214

Manley R (1956) Properties of ethyl hydroxyethyl cellulose mole-
cules in solution. Arkiv Kemi 9:519–555

Muthukumar M, de Mense M (1983) Concentration dependent fric-
tion coefficients of polymer molecules in dilute solutions. J Chem
Phys 78:2773–2777

Newman S, Eirich F (1950) Particle shape and the concentration de-
pendence of sedimentation and diffusion. J Colloid Sci 5:541–550

Nystrom B, Bergman R (1978) Velocity sedimentation transport
property in dilute and concentrated solution of hydroxypropil cel-
lulose in water. Europ Polymer J 14:431–439

Pavlov GM(1989) Sedimentation parameter of cellulose, cellulose
derivatives and some other polysaccharides. Khimia Drevesiny
(Wood Chem) 4:3–13

Pavlov GM (1995) Investigation of cellulose and lignins by molec-
ular hydrodynamic methods. In: Kennedy JF, Phillips GO, Wil-
liams POW, Piculell L (eds) Cellulose and cellulose derivatives:
physicochemical aspects and industrial applications. Woodhead
Publ Ltd, Cambridge UK, pp 541–546

Pavlov GM, Frenkel SYa (1982) About the concentration dependence
of sedimentation coefficients. Vysokomol Soedin 24:178–180

Pavlov GM, Frenkel SYa (1986) Determination of the molecular
mass of linear polymers from the concentration dependence of
the sedimentation coefficient. Vysokomol Soedin 28:353–357

Pavlov GM, Selunin SG (1986) Speed sedimentation, molecular
mass and conformational parameters of some soluble chitin de-
rivatives. Vysokomol Soedin 28:1727–1731

Pavlov GM, Frenkel SYa (1988) The sedimentation parameter of lin-
ear polymer molecules in absence of excluded volume effects.
Acta Polymerica 39:107–111

Pavlov GM, Pertzovskii OR (1990) Sedimentation and viscometric
investigations of cellulose molecules in FeTaNa-complex sol-
vent. Khimia Drevesiny (Wood Chem) 4:10–15

Pavlov GM, Shildyaeva NA, Komkov YuA (1988) Molecular mass
of cellulose in FeTaNa-complex solution and Kuhn-Mark-Hou-
wink relations. Khimia Drevesiny (Wood Chem) 6:7–14

Pavlov GM, Frenkel SYa (1995) Sedimentation parameter of linear
polymers. Progress Colloid Polymer Sci 99:101–108

Pavlov GM, Kozlov AN, Martchenko GN, Tsvetkov VN (1982) Sed-
imentation and viscosity of highly substituted cellulose nitrate.
Vysokomol Soedin 24:284–288

Pavlov GM, Pogodina NV, Bushin SV, Melnikov AB, Lysenko EB,
Marcheva VN, Martchenko GN, Tsvetkov VN (1986) Hydrody-
namic properties of chitin nitrate molecules from the data of dif-
fusion-sedimentational analysis and viscometry. Vysokomol Soe-
din 28:688–694

Pavlov GM, Korneeva EV, Michailova NA, Ananyeva EP (1992) Hy-
drodynamic properties of the fractions of mannan formed by Rho-
dotolura Rubra. Carbohydrate Polymers 19:243–248

Pavlov GM, Korneeva EV, Michailova NA, Ivanova NP, Panarin EF
(1993) Hydrodynamic properties and molecular characteristics
of polymethacryloylglucoseamine. Vysokomol Soedin 35:
1647–1651

Pavlov GM, Korneeva EV, Yevlampieva NP (1994) Hydrodynamic
characteristics and equilibrium rigidity of pullulan molecules.
Intern J Biolog Macromol 16:318–323

Pavlov GM, Tarabukina EB, Frenkel SYa (1995a) Self-sufficiency
of velocity sedimentation for the determination of molecular
characteristics of linear polymers. Polymer 36:2043–2048

Pavlov G, Michailova N, Tarabukina E, Korneeva E (1995b) Veloc-
ity sedimentation of water-soluble methyl cellulose. Progress
Colloid Polym Sci 99:109–113

Persechini A, Rowe AJ (1984) Modulation of myosin folament con-
formation by physiological levels of divalent cation. J Mol Biol
172:23–39

Pogodina NV, Lavrenko PN, Pozivilko KS, Melnikov AB, Kolobo-
va TA, Martchenko GN, Tsvetkov VN (1982) Hydrodynamic and

396



dinamooptical properties of dinitrate cellulose in solution. Vyso-
komol Soedin 24:332–338

Pogodina NV, Melnikov AB, Mikrukova OI, Didenko SA, Martchen-
ko GN (1984) Conformational characteristics low molecular col-
loxilin from diffusion-sedimentational analysis. Vysokomol Soe-
din 26:2515–2520

Pogodina NV, Bushin SV, Melnikov AB, Lysenko EB, Martchenko
GN, Tsvetkov VN (1987) Conformational properties of flax-cel-
lulose nitrate from diffusion-sedimentational analysis and vis-
cometry. Vysokomol Soedin 29:299–305

Ptitsyn OB, Eizner YuE (1959) Hydrodynamic properties of macro-
molecules in good solvents. Zh Tekh Fiz 29:1117–1133

Rowe AJ (1977) The concentration dependence of transport process-
es: A general description applicable to the sedimentation, trans-
lational diffusion, and viscosity coefficients of macromolecular
solutes. Biopolymers 16:2595–2611

Sato T, Norisuye T, Fujita H (1984) Double-stranded helix of xan-
than. Dimensional and hydrodynamic properties in 0.1 M aque-
ous sodium chloride. Macromolecules 17:2696–2703

Schulz G, Pensel E (1968) Expensionkoeffizient and A2 der Lösun-
gen von Cellulosentrinitraten in Aceton. Makromol Chem 112:
260–280

Senty F, Hellman N, Ludvig N, Badcock G, Tobin R, Glass C, Lam-
bert B (1955) Viscosity, sedimentation and light-scattering prop-
erties of fractions of an acid-hydrolysed dextran. J Polym Sci
17:527–546

Shanbhag V (1968) Macromolecular properties of cellulose tricar-
banilate in dilute solution. Arkiv Kemi 29:33–39

Sheehan JK, Carlstedt I (1989) Models for the macromolecular struc-
ture of mucus glycoproteins. In: Harding SE, Rowe AJ (eds) Dy-
namic properties of biomolecular assembles. R Soc Chem, Cam-
bridge UK, pp 256–275

Shtennikova IN, Korneeva EV, Kolbina GF, Lavrenko PN, Shibaev
VP, Ekaeva IV (1992) Conformational and optical properties of
(Acetohydroxypropyl)cellulose molecules in solution. Europ
Polymer J 28:353–358

Singer S (1947) On the concentration dependence of the rates of sed-
imentation and diffusion of macromolecules in solution. J Chem
Phys 15:341–348

Skazka VS, Jamtschikov VM (1973) Concentration dependence of
the sedimentation constante of macromolecules in solution. 
Vysokomol Soedin 15:213–217

Skazka VS, Tarasova GV, Jamtschikov VM, Strelina IA, Plisko EA,
Nud’ga LA (1977) Hydrodynamic properties of Na/sulphoethyl-
cellulose in water. Vysokomol Soedin 19:2247–2251

Stivala S, Zweig J (1981) Physicochemical parameters of partially
hydrolysed Streptococcus salivarius Levan fractions. Biopoly-
mers 20:605–619

Sutter W, Burchard W (1978) Comparative study of the hydrody-
namic properties of cellulose and amylose tricarbanilates in di-
lute solutions. Makromol Chem 179:1961–1980

Svedberg Th, Pedersen KO (1940) The ultracentrifuge. Oxford Uni-
versity Press, Oxford 

Tanford Ch (1961) Physical chemistry of macromolecules. Wiley,
New York

Tsvetkov VN, Klenin SI (1953) Diffusion of polystyren fractions in
dichlorethan. Dokl Akad Nauk SSSR 88:49–51

Tsvetkov VN, Eskin VE, Frenkel SYa (1970) Structure of macromol-
ecules in solutions. Butterworths, London

Tsvetkov VN, Lavrenko PN, Bushin SV (1984) Hydrodynamic in-
variant of polymer molecules. J Polym Sci Polym Chem 22:
3447–3460

Tsvetkov VN, Lavrenko PN, Andreeva LN, Mashoshin AI, Okatova
OV, Mikriukova OI, Kutsenko LI (1984) Hydrodynamic and dy-
namooptical properties of cyanoethyl cellulose molecules in so-
lution. Europ Polymer J 20:824–833

Uda K, Meyerhoff G (1961) Hydrodynamische Eigenschaften von
Methylcellulosen in Lösung. Makromol Chem 47:168–184

Wales M, van Holde K (1954) The concentration dependence of the
sedimentation constants of flexible macromolecules. J Polymer
Sci 14:81–86

Wan P, Adams E (1976) Molecular weight and molecular-weight 
distributions from ultracentrifugation of nonideal solutions. 
Biophys Chem 5:207–219

Yamakawa H (1971) Modern theory of polymer solution. Harper and
Row, New York

Yamakawa H, Fujii M (1973) Translational friction coefficient of
wormlike chains. Macromolecules 6:407–415

Yanaki T, Norisuye T, Fujita H (1980) Triple helix of schisophyllum
commune polysaccharide in dilute solution. Macromolecules
13:1462–1466

397


