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ABSTRACT: We apply a scaling theory of semidilute polymer solutions to quantify solution properties of polysaccharides such as
galactomannan, chitosan, sodium carboxymethyl cellulose, hydroxypropyl methyl cellulose, methyl cellulose, xanthan, apple pectin,
cellulose tris(phenyl carbamate), hydroxyethyl cellulose, hydroxypropyl cellulose, sodium hyaluronate, sodium alginate, and sodium
κ-carrageenan. In particular, we obtain the molar mass of the chain segment inside a correlation blob Mg = B̂3/(3ν−1)c1/(1−3ν) as a
function of concentration c, interaction parameter B̂, and exponent ν. Parameter B̂ assumes values B̂g, B̂th and M0/NA

1/3 l for
exponents v = 0.588, 0.5 and 1, respectively, where M0 is the molar mass of a repeat unit, l is the projection length of a repeat unit,
and NA is the Avogadro number. In the different solution regimes, the values of the B̂-parameters are extracted from the plateaus of
the normalized specific viscosity ηsp (c)/Mw c1/(3ν−1), where Mw is the weight-average molecular weight of the polymer chain. The
values of the B̂-parameters are used in calculations of the excluded volume v, Kuhn length b, and crossover concentrations c*, cth, and
c** into a semidilute polymer solution, a solution of overlapping thermal blobs and a concentrated polymer solution, respectively.
This information is summarized as a diagram of states of different polysaccharide solution regimes by implementing a v/bl2 and c/
c** representation. The scaling approach is extended to the entangled solution regime, allowing us to obtain the chain packing
number, P̃e. This completes the set of parameters {B̂g, B̂th, P̃e} which uniquely describes the static and dynamic properties of a
polysaccharide solution.
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■ INTRODUCTION

Among the diverse family of biomacromolecules, polysacchar-
ides, consisting of sugar repeat units linked by glycosidic
bonds, are the most prolific and versatile biopolymers.1,2 The
solution properties of such biopolymers are determined by the
type of functional groups (e.g., hydroxyl, amino, and carboxyl
groups), solution pH, and polymer and salt concentrations.3−10

The abundance of polysaccharides in nature and the ability to
control their solution properties11,12 fostered their use in food
packaging,13−15 cosmetics,16,17 and paper production.18,19

The importance of polysaccharides in industrial applica-
tions20−22 combined with the quest to understand the
fundamental properties of biopolymer solutions has fueled
extensive studies of this class of biomacromolecule during the
past 40 years.16,23−32 In particular, taking a page from studies
of solutions of synthetic polymers, the dependence of viscosity
on the concentration and molecular weight of polysaccharide
solutions was rationalized by adopting the c/c* representation,
quantifying the proximity of the solution concentration c to the

polymer overlap concentration, c*.24,26,33−48 While this
approach works well close to the overlap concentration, it
fails at high polymer concentrations when the scaling
relationship between the solution correlation length ξ and
the number of polymer repeat units inside it changes from that
at the overlap concentration. For example, in solutions of
neutral polymers in a good solvent, this happens when the
thermal blobs begin to overlap at a concentration c ≈ cth. At
higher polymer concentrations, c > cth, the solution properties
are similar to those in a θ solvent for the polymer backbone,
and the statistics of a chain is qualitatively different from that
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near c ≈ c*.49 To address this issue, we have recently
developed a generalized scaling approach50−52 which provides
a means to obtain crossover concentrations into different
solution regimes and system parameters describing chain
statistics at different length scales by using the concentration
dependence of the solution viscosity. Here, we adapt this
approach to describe solution properties of chitosan,36 sodium
hyaluronate,37,46,53 sodium alginate,47 sodium κ-carra-
geenan,47,54 xanthan,44,55 galactomannan,38,42,48 and various
cellulose derivatives.34,47,56,57 Specifically, for these solutions of
polysaccharides, we calculate the interaction parameters,
crossover concentrations, and chain packing parameter
describing chain entanglements in solutions of overlapping
chains. To illustrate the universality of the developed approach,
the viscosity data for all systems are represented as a universal
function of the ratio Mw/Me of the weight-average molecular
weight, Mw, and the molecular weight between entanglements,
Me, the explicit concentration dependence of which is obtained
for each solution regime.
The rest of the paper is organized as follows. First, we

overview the scaling model of polymer solutions and illustrate
how to quantify scaling relations and to find numerical
coefficients connecting the solution correlation length with the
number of repeat units in it. Next, we detail our approach by
applying it to systems of sodium carboxymethyl cellulose and
apple pectin. Finally, we analyze the relationships between the
studied polymer/solvent pairs and the obtained system
parameters.

■ OVERVIEW OF THE SCALING MODEL
The scaling model relies on the existence of a single
characteristic length scale: the solution correlation length, ξ.
All interactions are assumed to be screened beyond this length
scale such that a polymer chain with degree of polymerization
N behaves as an ideal chain of correlation blobs, each
consisting of g repeat units, and has size

ξ=R N g( / )0.5
(1)

Within the correlation blob, the polymer statistics is governed
by polymer−polymer and polymer−solvent interactions
determining the relationship between the solution correlation
length and the number of repeat units g with projection length
l in a correlation blob

ξ = νlg B/ (2)

The numerical coefficient B and exponent ν are determined by
the solvent quality for the polymer backbone, chain Kuhn
length b, and strength of interactions at different length scales
starting from the solution correlation length down to length
scales smaller than the thermal blob size, Dth.
In semidilute polymer solutions in good solvents, the

exponent v is equal to 0.588, 0.5, and 1, and the B-parameter
assumes values Bg, Bth and 1 in the different solution regimes.
In particular, the parameter Bg characterizes the chain
properties on length scales larger than the thermal blob size,
Dth (see Figure 1), and is expressed in terms of the ratio of the
repeat unit projection length l, Kuhn length b, and excluded
volume v as

= ν ν− −B l lb v( )g
3 2 1 2

(3)

which follows directly from the Flory expression for chain size
in a good solvent49 when rewritten for the exact exponent of a

self-avoiding walk ν = 0.588. Thus, the Bg parameter decreases
with increasing value of the excluded volume v and smaller
values of this parameter correspond to a better solvent for the
polymer backbone. On the length scales smaller than the
thermal blob size, the sections of a chain are ideal
corresponding to exponent ν = 0.5, and the parameter Bth is
defined as

=B l b( / )th
0.5

(4)

Finally, on length scales smaller than the Kuhn length, b, chain
segments are rod-like, resulting in B = 1 and exponent ν = 1.
Note that, in a θ solvent for the polymer backbone, the

parameter B assumes values Bth and 1, while the exponent ν =
0.5 and 1.
Taking into account the space-filling condition of the

correlation blobs such that the repeat unit concentration inside
the blobs is equal to the solution concentration

ξ=c g/ 3
(5)

and using eq 2, we obtain the following expressions for the
correlation length

ξ = ν ν ν− −lB cl( )1/(3 1) 3 /(1 3 ) (6)

and the number of repeat units per correlation blob

= ν ν− −g B cl( )3/(3 1) 3 1/(1 3 )
(7)

as functions of the concentration of repeat units.
The expression for solution viscosity in the framework of the

scaling approach is derived by assuming that the screening of
hydrodynamic interactions between chains occurs at the length
scales on the order of solution correlation length ξ.49,58,59 This
assumption results in the solution specific viscosity ηsp to have
the following crossover expression between the Rouse and
entangled regimes50
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where c** = 1/lb2 is the concentration at which the correlation
length is equal to the Kuhn length, ξ(c**) = b, Nw is the
weight-average degree of polymerization, and Ñe is the number
of the repeat units per entanglement strand which, for the
Kavassalis−Noolandi conjecture60−62 for chain entanglements
(see Supporting Information), is equal to

Figure 1. Schematic representation of the different length scales of
semidilute polymer solutions in a good solvent. ξ is solution
correlation length, and Dth is the thermal blob size.
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The accent character “∼... ” is used to indicate that the system
polydispersity is included in the definition of the number of
repeat units per entanglement strand Ne and packing number
Pe (the number of entangled strands required for a section of a
chain with Ne repeat units to entangle). Using eq 9, eq 8 can be
rewritten in terms of the number of repeat units per correlation
blob g and weight-average degree of polymerization Nw as50
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where the rescaling factor λ = 1 for c ≤ c** and λ = clb2 = c/
c** for c > c**. This rescaling is required due to the different
concentration dependence of the number of repeat units per
correlation blob g and strand degree of polymerization Ñe in
the concentrated solution regime c > c**. The number of
repeat units per correlation blob is calculated by using eq 7 for
c ≤ c** and g = Bth

−2 (c**/c)2 for concentration range c > c**.
The Kavassalis−Noolandi expression (eq 9) for degree of

polymerization of the entangled polymer strands breaks down
in a marginally good or θ solvent for the polymer backbone for
which Bg > Bth

4−6v, where ν = 0.588. In this case, one must use
the Rubinstein−Colby expression for the concentration
dependence of Ne

63−65 and the generalized expression for
solution specific viscosity50 (see Supporting Information).

■ ANALYSIS OF EXPERIMENTAL DATA
The scaling approach developed above is easy to apply to solutions of
synthetic polymers for which polymer composition and chemical
structure are simple enough. However, in the case of biopolymers, due
to the uncertainty of the degree of substitution of the functional
groups and the complexity of the repeat units, it is more convenient to
use molecular weight Mg (g/mol) of a strand inside a correlation blob
instead of the number of repeat units g and substitute dimensionless
concentration cl3 by solution concentration c in terms of the mass per
liter of solution (g/L). Maintaining the same units on both sides of eq
7, it can be rewritten as follows

= ̂ − −M B cv v
g

3/(3 1) 1/(1 3 )
(11)

where the B̂-parameters have dimensions of [(g/L)1/3 (g/mol)ν−1/3]
or [(g/mol)ν (mol/L)1/3]. In writing eq 11, we use the accent
character “ ̂... ” to indicate that the B̂-parameters presented here are
different from the ones introduced in the previous section. Note that
this modification does not change the form of eq 10 because the ratio
Nw/g = Mw/Mg is dimensionless. As before, we can use the space-
filling condition of the correlation blobs,

ξ=c M N/g
3

A (12)

to calculate the correlation length

ξ = ̂ = ̂ν ν ν ν− − −B c N M BN/1/(3 1) /(1 3 )
A

1/3
g A

1/3
(13)

where NA is the Avogadro number. Comparing eqs 2 and 13, we can
write down a general relationship between the B- and B̂-parameters

= ̂ νB lBN M/A
1/3

0 (14)

where M0 is the molar mass of the repeat unit.
Figure 2 shows the concentration dependence of the molar mass

Mg of a chain segment inside a correlation blob in the different
solution regimes bounded by the chain overlap concentration c*,
thermal blob overlap concentration cth, and the crossover concen-

tration to the concentrated solution regime c**. The polymer overlap
concentration c* is determined by taking eq 11 in the limit of Mg =
Mw,

* = ̂ ν−c B M3
w
1 3 (15)

where ν = 0.588 and ̂B = ̂Bg for a good solvent and ν = 0.5 and ̂B = ̂Bth

in the case of a θ solvent. By equating eq 11 in the regimes
corresponding to the parameters ̂Bg and ̂Bth at the thermal blob
overlap concentration cth, one obtains

= ̂ ̂ ̂ −c B B B( / ) v
th th

3
th g

1/(2 1)
(16)

with exponent ν = 0.588.
However, to obtain polymer Kuhn length, b, the excluded volume,

v, and the crossover concentration to the concentrated solution
regime, c**, it is necessary to calculate the average molecular weight
M0 and projection length l of a repeat unit, taking into account the
degree of substitution of functional groups. If the structure of the
biopolymer backbone and the degree of substitution of substituents is
well-defined and characterized, then one can use these parameters to
estimate M0 and l as explained in Section S3 of the Supporting
Information.

In particular, for any biopolymer that has a repeat unit that consists
of single β(1 → 4) linked D-glucose units, then we use repeat unit
projection length l = 0.54 nm.66 For biopolymers with repeat units of
one β(1 → 4) linked unit and one β(1 → 3) linked unit, we use l =
0.99 nm (estimated from ChemDraw). The values of M0 and l used
for each data set can be found in Table 1. Then, using eqs 14 and 16
and the definitions of the dimensionless B-parameters, the Kuhn
length b, excluded volume v, and concentration c** can be calculated
as follows

= = ̂b l B M lB N/ /( )th
2

0 th
2

A
2/3 (17a)

= **v bl c c/2
th (17b)

** =c M lb N/( )0
2

A (17c)

Finally, to determine whether to use the Kavassalis−Noolandi or
Rubinstein−Colby conjecture for entanglements, we inspect the
dimensionless parameter cthb

3NAM0
−1. If this quantity is less than

unity, the solvent is considered marginally good, and the Rubinstein−
Colby method is applied (see the Supporting Information, Section
S1). If it is greater than unity, the Kavassalis−Noolandi conjecture is
applied as described in the previous section.

Figure 2. Concentration dependence of the molecular weight of a
chain segment in a correlation blob, Mg, in semidilute polymer
solutions c > c* with crossover concentrations cth − thermal blob
overlap concentration, and c** − crossover concentration to
concentrated solution regime. Mth is the molar mass of the segment
of a chain within a thermal blob. Mb is the molar mass of the Kuhn
segment. Insets show chain conformations at the correlation length
scale in different concentration regimes. Logarithmic scales.
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To determine the values of the B̂-parameters, we note that in the
Rouse (unentangled solution) regime, Mw/Me < 1 (see eq 8), the
solution specific viscosity

η = M M/sp w g (18)

and scales with concentration as c1/(3ν−1), where the exponent ν is
determined by the statistics of the chain on the length scale of the
correlation blob. Therefore, we can use a normalized specific viscosity
ηsp/Mwc

1/(3ν−1) to find the plateau or minimum value Ĉp
corresponding to different solution concentration regimes and to
obtain values of the B̂-parameters as follows

̂ = ̂ −
B C

v
p
1/3

(19)

Below, we illustrate this approach by determining B̂-parameters for
solutions of sodium carboxymethyl cellulose and apple pectin.
The first example corresponds to 0.1 M NaCl aqueous solutions of

sodium carboxymethyl cellulose at a temperature of 293 K and
weight-average molecular weight Mw = 1.9 × 105 g/mol,47 shown in
Figure 3. The degree of substitution of sodium carboxymethyl groups

in place of hydroxyl groups can be determined experimentally through
elemental analysis (see chemical structure in the Supporting
Information, Table S3). Using the reported degree of substitution
DS = 0.9, we estimate a repeat unit molar mass ofM0 = 234.16 g/mol.
The concentration dependence of the specific viscosity is presented in
Figure 3a. The normalized specific viscosity data shown in Figure 3b
and Figure 3c are used to obtain Ĉp,g = 5.48 × 10−6 (mol/g)(L/g)1.31

and Ĉp,th = 2.97 × 10−6 (mol/g)(L/g)2, respectively. The
concentration dependence of the normalized specific viscosity ηsp/
Mwc

3/(3ν−1) = ηsp/Mwc
3.93 (where ν = 0.588) is shown in Figure 3d.

The clear increase at higher concentrations indicates that the solution
crosses over to the thermal blob overlap regime and therefore suggests
that the plateau value Ĉp,th can be used to determine the parameter
B̂th. With these plateau values, we use eq 19 to calculate B̂g =
21.87(mol/L)1/3(g/mol)0.588 and B̂th = 8.34 (mol/L)1/3(g/mol)1/2. All
values of B̂ obtained from the plateau values Ĉp are given in Table 1.

In this system, the parameter cthb
3NAM0

−1 is 4.2 (greater than
unity), signifying we can use the Kavassalis−Noolandi conjecture to
calculate P̃e and Me. Figure 3f shows the fit of the normalized solution

Table 1. Summary of Parameters of Studied Systems

aIndicated values of Mw are adjusted to be consistent with other molecular weights in the same system (see Supporting Information Section S2).
bIndicated values of Mw are viscosity-average molecular weight, as reported in the reference. Values ofM0 are calculated according to the procedure
outlined in the Supporting Information, Section S3. cDimensions of B̂g and B̂th are (mol/L)1/3(g/mol)0.588 and (mol/L)1/3(g/mol)1/2, respectively.
Values of c* are calculated from eq 15. Values of cth are calculated from eq 16. Values of Dth are calculated with eq 13 at c = cth. Values of c**, b, and
v are calculated using eqs 17 with the values ofM0 and l given in the table. For the apple pectin systems, the reported value of the packing number is
P̃e = P̃e,RC(cthb

3NAM0
−1)−1/3, where P̃e,RC is the fitting parameter estimated for the fit to eq 10 in Figure 3f.
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viscosity data dependence on Mw/Mg to eq 10 with fitting parameter
P̃e = 9.6.
The second data set corresponds to two solutions of apple pectin

with weight-average molecular weights of 4.59 × 105 and 4.90 × 105g/
mol,39 with the original specific viscosity data plotted in Figure 4a.
Here, we will refer to the apple pectin sample withMw equal to 4.59 ×
105g/mol as “sample I” and the sample withMw equal to 4.90 × 105g/
mol as “sample II” (weight fractions of neutral sugars and functional
groups in these samples can be found in ref 39). According to the gas
chromatography results reported in the source material, the weight
fraction of component sugar units and the degree of methyl
substitution on the repeat unit are very similar between the samples,
differing by less than 3%, which indicates that their values of B̂g and
B̂th should be almost indistinguishable. As such, the plateaus for
sample II were used in Figures 4b and Figure 4c, obtaining Ĉp,g = 6.50
× 10−7 (mol/g)(L/g)1.31 and Ĉp, th = 2.04 × 10−7 (mol/g)(L/g)2. As
with the previous example, the chains do not entangle at
concentrations below the thermal blob overlap concentration, as
there is no plateau in Figure 4d. Therefore, we use eq 19 again to
calculate B̂g = 37.64 (mol/L)1/3(g/mol)0.588 and B̂th = 13.04 (mol/
L)1/3(g/mol)1/2. The results of this analysis are reported in Table 1.
The values of the parameter cthb

3NAM0
−1 in sample I and sample II

are 0.43 and 0.48, respectively, which are both less than unity, so the
Rubinstein−Colby conjecture has to be used to calculate entangle-
ment molecular weight M̃e (explained in the Supporting Information,

Section S1). The fitting parameter for eq 10 used on the basis of the
Rubinstein−Colby conjecture P̃e,RC, is estimated to be 6.5. The actual
packing number is calculated with the equation P̃e =
P̃e,RC(cthb

3NAM0
−1)−1/3 giving values of 8.7 for sample I and 8.3 for

sample II. The small difference in P̃e for the samples is due to the
different repeat unit molar masses. The collapse of both data sets in
both the Rouse and entangled solution regimes stands as a final
confirmation for the obtained values of the B̂-parameters for both
samples.

It is worthy to mention that while the data used in this analysis of
polysaccharide solutions are considered semidilute, they are well
below concentrated solution regimes. All concentrations of poly-
saccharide solutions studied here are below approximately 10% of the
bulk densities. The elimination of concentrations nearing the bulk
density makes this analysis more reliable in two ways: (i) it eliminates
viscosity data that may be influenced by shear thinning, and (ii) it
eliminates the need for the corrections that viscosity measurements
may require due to proximity to the glass transition temperature.

The triplet {Bg, Bth, P̃e} of the dimensionless parameters describes
both static and dynamic properties of solutions by allowing
calculations of concentration dependence of the solution correlation
length ξ and of the degree of polymerization between entanglements
Ñe. Creating a library of polymer/solvent pairs with associated triplets
would enable investigations into the principal components of a system

Figure 3. Dependence of the solution specific viscosity (a), ηsp/Mwc
1.31 (b), ηsp/Mwc

2 (c), ηsp/Mwc
3.93 (d), and ηsp/Mwc

6 (e) on concentration c in
grams per liter for solutions of sodium carboxymethyl cellulose in 0.1 M NaCl aqueous solutions from ref 47. Dashed line in (b) corresponds to
estimated value of Ĉp,g = 5.48 × 10−6 (mol/g)(L/g)1.31. Dashed line in (c) corresponds to estimated value of Ĉp,th = 2.97 × 10−6 (mol/g)(L/g)2. (f)
Dependence of normalized specific viscosity ληsp on Mw/Mg. Solid line is best fit to eq 10.
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that uniquely determine a triplet, which may include the linear mass
density M0/l or the Fixman swelling ratio67 α2 = ⟨R2⟩/blN.
Figure 5 represents dimensionless B-parameters given by eq 14 as

functions of linear mass density M0/l for the studied systems. It is
important to remember that smaller values of the Bg parameter
correspond to better solvent conditions for the polymer backbone
(see eq 3). In particular, systems with Bg values in the range of 0.4−
0.5 (see Figure 5a) show no dependence on the linear mass density:

0.1 M NaCl aqueous solutions of hydroxypropyl methyl cellulose
(green square), methyl cellulose (orange square), sodium carbox-
ymethyl cellulose (blue square), and xanthan gum (black inverted
triangle), as well as aqueous solutions of galactomannan with an
unreported ionic strength (pentagons), aqueous acetic acid solutions
of chitosan (circles), tetrahydrofuran solutions of cellulose tris(phenyl
carbamate) (hollow circle), and aqueous solutions of hydroxypropyl
cellulose (outlined triangles). Similarly, 0.1 M NaCl aqueous solutions

Figure 4. Dependence of the solution specific viscosity (a), ηsp/Mwc
1.31 (b), ηsp/Mwc

2 (c), ηsp/Mwc
3.93 (d), and ηsp/Mwc

6 (e) on concentration c in
grams per liter for 3.1 × 10−4 M NaN3 and 0.2 M NaCl aqueous solutions of apple pectin from ref 39. Dashed line in (b) corresponds to estimated
value of Ĉp,g = 6.50 × 10−7 (mol/g)(L/g)1.31. Dashed line in (c) corresponds to estimated value of Ĉp,th = 2.04 × 10−7 (mol/g)(L/g)2. (f)
Dependence of normalized specific viscosity ληsp on Mw/M̃g. Solid line is best fit to eq 10. See Table 1 for symbol notations.

Figure 5. Dependence of the dimensionless parameters (a) Bg and (b) Bth on repeat unit linear mass density M0/l. Symbol notations are
summarized in Table 1.
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of sodium alginate (pink square), sodium κ-carrageenan (blue
triangle), and sodium hyaluronate (black and red hexagons and
blue star) are clustered near Bg = 0.6. The spread of the other sodium
hyaluronate systems (hexagons) can be attributed to a higher solution
pH (green) or a lower ionic strength (orange). Similarly, the apple
pectin systems (right triangles) with a higher ionic strength (0.2 M
NaCl) have much larger values of Bg, and the chitosan systems with a
much lower pH (0.3 M acetic acid) have much smaller values. The
effects of temperature on solvent quality can also be seen for the
chitosan systems, where a temperature increase from 278 K (blue
circle) to 298 K (red circle) increases the value of the Bg parameter.
In Figure 5b, the Bth values for chitosan, sodium carboxymethyl

cellulose, hydroxyethyl cellulose, and all galactomannan systems stay
within 0.23−0.3. The values for the two apple pectin systems and the
sodium κ-carrageenan systems are noticeably larger. Note that the
value of the Bth parameter is inversely proportional to square root of
the number of repeat units per Kuhn length (see eq 4), and thus stiffer
polymers have smaller values of this parameter. With this data
representation, we hope to inspire studies of the effects of solvent,
temperature, salt content and valence, and degree of substitution of
functional groups on the interaction parameters.
We can use the B-parameters shown in Figures 5a and b to

construct a universal diagram of states of different solution regimes
implementing a 2-D data representation in terms of the dimensionless
excluded volume v/bl2 (see eq 17b) and dimensionless concentration
c/c** as shown in Figure 6. Each polymer/solvent pair is shown as a

horizontal line. The solvent quality for a polymer improves with an
increasing value of the parameter v/bl2. For a given polymer/solvent
pair, there is a point on the line for the corresponding value of c*/c**
for each molecular weight studied, describing a crossover to the
semidilute solution regime. For comparison we have also added data
sets corresponding to synthetic polymers studied previously,50,51

shown as black half-filled symbols (poly(ethylene oxide) in water,68

polystyrene in toluene,69,70 poly(methyl methacrylate) in ionic liquids
[C4(mim)][TFSI] and [C8(mim)2][TFSI]2,

71 and poly(2-vinylpyr-
idine) in ethylene glycol).72 We would like to emphasize that the
approach developed here only allows for the representation of systems
for which the location of the crossover concentration cth falls within
the studied concentration range and is below the concentrated
solution regime (cth < c**). This corresponds to values of the
dimensionless parameter v/bl2 < 1. If it is impossible to identify a
location of cth from the analysis of the solution viscosity of a polymer

in a good solvent, this indicates that for such a system v/bl2 > 1 and
the thermal blob size Dth is smaller than the Kuhn length, b.
Conversely, if the polymer is in a θ solvent in the entire semidilute
concentration regime, then for the largest molecular weight studied,
cth < c*, and therefore v/bl2 < c*/c**.

The reduced viscosity ληsp/P̃e
2 for all studied systems are shown in

Figure 7 as a function of the effective number of entanglements per

chain, Mw/M̃e. The data collapse into one universal curve, given by
the equation

λη ̃ = ̃ + ̃P M M M M/ / (1 ( / ) )esp
2

w e w e
2

(20)

confirming universality in the chain dynamics at different solution
regimes. Note that, at a large number of entanglements per chain, the
data deviates from the predicted power law of ηsp ∼ (Mw/M̃e)

3 and
toward a scaling dependence of ηsp ∼ (Mw/M̃e)

3.4. This stronger
dependence is attributed to tube length fluctuations.49,73

■ CONCLUSIONS
We have presented a scaling-based approach to obtain B̂-
parameters in different concentration regimes of polysacchar-
ide solutions. In particular, these parameters were obtained
from the concentration dependence of the normalized solution
specific viscosity, ηsp/Mw c1/(3ν‑1), in the different solution
regimes as illustrated in Figure 3 and Figure 4. The B̂-
parameters were used to describe chain entanglements by
applying the Kavassalis−Noolandi conjecture60−62 in good
solvents or the Rubinstein−Colby conjecture63−65 in θ or
marginally good solvents.
A map of the dimensionless B-parameters and the linear

mass density shown in Figures 5 correlates the molecular
structure of polysaccharides and the typical scale of the
interaction parameters. This information can also be used to
highlight correlations between molecular parameters such as
Kuhn length, excluded volume and thermal blob size, and
system parameters such as linear mass density M0/l, solution
temperature and salt concentration (see Table 1). Further-
more, we used the information summarized in Table 1 to
construct a universal diagram of states of different solution
regimes (see Figure 6). This data representation allows us to
establish the relative solvent quality for different polymer
systems. In particular, larger values of the dimensionless
parameter v/bl2 correspond to better solvent quality for a
polymer.
Finally, the collapse of the data in Figure 7 highlights the

universality of the specific viscosity in both the Rouse and

Figure 6. Diagram of different solution regimes in terms of v/bl2 and
c/c**. Symbols indicate location of polymer overlap concentration
c*/c** for studied degrees of polymerization. Symbol notations for
solutions of biopolymers are summarized in Table 1. Data sets
corresponding to solutions of synthetic polymers are given by black
half-filled symbols: poly(2-vinylpyridine) in ethylene glycol (circle,
Mw = 3.64 × 105 g/mol), poly(methyl methacrylate) in ionic liquids
[C4(mim)][TFSI] (rhomb) and [C8(mim)2][TFSI]2 (triangle) (Mw
= 3.061 × 105 g/mol), aqueous solutions of poly(ethylene oxide)
(inverted triangle, Mw = 4.0 × 105 − 4.0 × 106 g/mol), and
polystyrene in toluene (squares, Mw = 1.5 × 104 − 2.36 × 107 g/mol).

Figure 7. Dependence of normalized specific viscosity ληsp/P̃e
2 on the

number of entanglements per chain Mw/M̃e for all studied systems.
Symbol notations are summarized in Table 1. Solid line is given by eq
20, and dashed line corresponds to a slope of 3.4.
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entangled solution regimes as a function of Mw/M̃e and serves
as a final confirmation that our calculations of the B̂-parameters
for different polysaccharides are correct.
The approach developed here can also be used to analyze

the concentration dependence of the diffusion coefficient,74−76

osmotic pressure,77−79 and relaxation time80 in semidilute
solutions of biopolymers. Furthermore, the B-parameters can
be used to create a database of systems that can form the basis
for a machine learning approach81−84 to biopolymer solutions.
This information can also be used to predict concentration
dependence of the solution viscosity of polysaccharides of a
particular molecular weight. We hope that this work will
encourage future research in this direction.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00028.

List of notations, calculations of Ne, molecular weight
adjustment, repeat unit molar mass calculations, and
data analysis of polysaccharide systems (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Andrey V. Dobrynin − Department of Chemistry, University
of North Carolina, Chapel Hill, North Carolina 27599,
United States; orcid.org/0000-0002-6484-7409;
Email: avd@email.unc.edu

Authors

Ryan Sayko − Department of Chemistry, University of North
Carolina, Chapel Hill, North Carolina 27599, United
States; orcid.org/0000-0002-5986-4829

Michael Jacobs − Department of Chemistry, University of
North Carolina, Chapel Hill, North Carolina 27599, United
States; orcid.org/0000-0002-7255-3451

Complete contact information is available at:
https://pubs.acs.org/10.1021/acspolymersau.1c00028

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Science Foundation
under Grant DMREF-2049518.

■ REFERENCES
(1) Dumitriu, S. Polysaccharides: Structural Diversity and Functional
Versatility; CRC Press: New York, 2004.
(2) Cantor, C. R.; Schimmel, P. R. Biophysical Chemistry Part I: The
conformation of biological macromolecules; W. H. Freeman and
Company: San Francisco, 1980.
(3) Rinaudo, M.; Pavlov, G.; Desbrier̀es, J. Influence of acetic acid
concentration on the solubilization of chitosan. Polymer 1999, 40
(25), 7029−7032.
(4) Sorlier, P.; Denuzier̀e, A.; Viton, C.; Domard, A. Relation
between the Degree of Acetylation and the Electrostatic Properties of
Chitin and Chitosan. Biomacromolecules 2001, 2 (3), 765−772.
(5) Kasabo, F.; Kanematsu, T.; Nakagawa, T.; Sato, T.; Teramoto, A.
Solution Properties of Cellulose Tris(phenyl carbamate). 1.
Characterization of the Conformation and Intermolecular Interaction.
Macromolecules 2000, 33 (7), 2748−2756.

(6) Var̊um, K. M.; Ottøy, M. H.; Smidsrød, O. Water-solubility of
partially N-acetylated chitosans as a function of pH: effect of chemical
composition and depolymerisation. Carbohydr. Polym. 1994, 25 (2),
65−70.
(7) Yalpani, M.; Hall, L. D. Some chemical and analytical aspects of
polysaccharide modifications. III. Formation of branched-chain,
soluble chitosan derivatives. Macromolecules 1984, 17 (3), 272−281.
(8) Antoniou, E.; Tsianou, M. Solution properties of dextran in
water and in formamide. J. Appl. Polym. Sci. 2012, 125 (3), 1681−
1692.
(9) Kobayashi, K.; Huang, C.-i.; Lodge, T. P. Thermoreversible
Gelation of Aqueous Methylcellulose Solutions. Macromolecules 1999,
32 (21), 7070−7077.
(10) Li, Y.; Liu, P.; Ma, C.; Zhang, N.; Shang, X.; Wang, L.; Xie, F.
Structural Disorganization and Chain Aggregation of High-Amylose
Starch in Different Chloride Salt Solutions. ACS Sustainable Chem.
Eng. 2020, 8 (12), 4838−4847.
(11) Ganesan, M.; Knier, S.; Younger, J. G.; Solomon, M. J.
Associative and Entanglement Contributions to the Solution
Rheology of a Bacterial Polysaccharide. Macromolecules 2016, 49
(21), 8313−8321.
(12) Ganesan, M.; Stewart, E. J.; Szafranski, J.; Satorius, A. E.;
Younger, J. G.; Solomon, M. J. Molar mass, entanglement, and
associations of the biofilm polysaccharide of Staphylococcus
epidermidis. Biomacromolecules 2013, 14 (5), 1474−1481.
(13) Wang, H.; Qian, J.; Ding, F. Emerging Chitosan-Based Films
for Food Packaging Applications. J. Agric. Food Chem. 2018, 66 (2),
395−413.
(14) Cazón, P.; Vázquez, M. Bacterial cellulose as a biodegradable
food packaging material: A review. Food Hydrocolloids 2021, 113,
106530.
(15) Nechita, P.; Roman, M. Review on Polysaccharides Used in
Coatings for Food Packaging Papers. Coatings 2020, 10 (6), 566.
(16) Gupta, N. R.; Torris, A. T. A.; Wadgaonkar, P. P.;
Rajamohanan, P. R.; Ducouret, G.; Hourdet, D.; Creton, C.;
Badiger, M. V. Synthesis and characterization of PEPO grafted
carboxymethyl guar and carboxymethyl tamarind as new thermo-
associating polymers. Carbohydr. Polym. 2015, 117, 331−338.
(17) García-Ochoa, F.; Santos, V. E.; Casas, J. A.; Gómez, E.
Xanthan gum: production, recovery, and properties. Biotechnol. Adv.
2000, 18 (7), 549−579.
(18) Li, Q.; Wang, S.; Jin, X.; Huang, C.; Xiang, Z. The Application
of Polysaccharides and Their Derivatives in Pigment, Barrier, and
Functional Paper Coatings. Polymers (Basel, Switz.) 2020, 12 (8),
1837.
(19) Laine, C.; Harlin, A.; Hartman, J.; Hyvärinen, S.; Kammiovirta,
K.; Krogerus, B.; Pajari, H.; Rautkoski, H.; Setälä, H.; Sievänen, J.;
Uotila, J.; Vähä-Nissi, M. Hydroxyalkylated xylans − Their synthesis
and application in coatings for packaging and paper. Ind. Crops Prod.
2013, 44, 692−704.
(20) Azeredo, H. M. C.; Barud, H.; Farinas, C. S.; Vasconcellos, V.
M.; Claro, A. M. Bacterial Cellulose as a Raw Material for Food and
Food Packaging Applications. Frontiers in Sustainable Food Systems
2019, 3 (7) DOI: 10.3389/fsufs.2019.00007.
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