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a b s t r a c t

Chitosan, a natural polyelectrolyte with manyfold applications, is often described as a semi-flexible
copolymer with linear chain behavior. Knowledge of the conformation of this polymer is relevant for
viscosity-based molecular weight measurements as well as for gelation studies and use as thickener.
However, conformational studies reveal a higher variety from compact to relatively stiff chain behavior
than expected from the given structure. In this study, we found on the one hand semi-flexible chain
behavior and on the other hand dextran-like compact behavior using a size-exclusion chromatography
eywords:
hitosan
ize-exclusion chromatography
uhn segment length
ersistence length
onformational analysis

(SEC) system with online triple detection array (refractive index (RI), right and low angle light scatter-
ing (RALS, LALS) and viscometry detection). Using different theoretical models different Kuhn segment
lengths lK were found for the “semi-flexible” sample: 24 nm using the Benoit–Doty model and Rg-M data,
19 nm using the Odijk–Houwart model and Rg-M data as well as 17.5 nm using the Bohdanecký model
and [�]–M data. Our results are in accordance with the expected behavior of semi-flexible linear chains
from literature. However, the “compact” sample showed values of 9.8 nm in the high molecular weight

orts
part with similarity to rep

. Introduction

Conformation of polymers in solution influences strongly
acroscopic polymer effects like viscosity. The elucidation of this

ependence is important for understanding polymer functionali-
ies and for designing semi-flexible and stiff polymers employed
n the pharmaceutical, food, and chemical industries, as thickeners
nd for film forming.

The biopolymer chitosan, a cationic polyelectrolyte consisting
f (1→4)-2-amino-2-deoxy-ˇ-D-glucan (GlcN) and (1→4)-2-
cetamido-2-deoxy-ˇ-D-glucan (GlcNAc) units, is known as a
elatively stiff polymer. It is usually produced by de-N-acetylation
f chitin in hot alkali solutions. Depending on source of chitin and
rocess parameters, different chitosan preparations are obtained
ith largely varying characteristics. Conformational aspects were

tudied by several groups; however, some specific chitosan
ependant difficulties prevented a clear prediction which are in
articular: a broad molecular weight distribution, missing stan-
ard samples, and solubility in a few solvents only. Up to now

t is controversial whether the conformation of chitosan differs

ith the number of acetyl-groups (expressed as mole fraction of

cetylation FA) in respect to conformational parameters like persis-
ence length Lp or Kuhn segment length lK. Conformational analysis
ith different de-N-acetylated samples were carried out using the

∗ Corresponding author. Tel.: +49 421 218 63389; fax: +49 421 218 8297.
E-mail address: mirkoweinhold@gmx.de (M.X. Weinhold).

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.01.011
on dextran.
© 2011 Elsevier Ltd. All rights reserved.

Mark–Houwink plot (M–H plot), where the molecular weight is
plotted together against the intrinsic viscosity [�] in a double loga-
rithmic plot. The resulting Mark–Houwink (M–H) constants such as
(a) and (K) indicate conformational changes of the analyzed poly-
mer sample. In case of chitosan a literature survey reveals large
differences in M–H constants and even contradictory results. Wang,
Bo, Li, and Qin (1991) studied four samples with different FA and
observed linear M–H plots with the slope (a) between 0.81 and 1.12.
In another study Anthonsen, Vårum, and Smidsrød (1993) found
linear plots with (a) between 0.58 and 1.06 for three samples with
different FA. In both cases the decrease of FA resulted in a decrease
of the (a) value, which indicates an increasing stiffness for highly
acetylated samples. On the contrary, Rinaudo, Milas, and Dung
(1993) investigated three samples with different FA but observed
a linear plot with (a) of 0.93 and superimposition of all three sam-
ples. First indications for non-linear behaviors were observed by
Chen and Tsaih (2000). They found breakpoints in the M–H plot
in presence of different salts (urea). The (a) value changed here
in one step from 0.68 to 1 at a specific molecular weight. Non-
linear behavior but similar hydrodynamic behavior for samples
with different FA were also found by Berth, Dautzenberg, and Peter
(1998). Within this report all samples showed a decrease of (a)
with an increase of molecular weight. The slopes changed with

no relation to the FA from 0.5 to approx. 1 at the lowest molec-
ular weight. Similar non-linear behavior was found by Weinhold
et al. (Weinhold 2007, 2009) and Christensen, Vold, and Vårum
(2008) with (a) values ranging from 0.5 to 1.2 and 0.8 to 1.15,
respectively.

dx.doi.org/10.1016/j.carbpol.2011.01.011
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mirkoweinhold@gmx.de
dx.doi.org/10.1016/j.carbpol.2011.01.011
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Considering these strong deviations between reported litera-
ure values of M–H constants it is not surprising to find similar
ifferences in reports about the Kuhn segment length lK. Here val-
es of 10 nm (Rinaudo et al., 1993), 12–25 nm (Berth et al., 1998),
2–30 nm (Brugnerotto, Desbrières, Heux, Mazeau, & Rinaudo,
001) up to 60 nm (Rinaudo & Domard, 1989) and 30–80 nm
Terbojevich, Carraro, & Cosani, 1988) were reported, however, the
ather high values could be ascribed to aggregated material later
n. Previous reports found values between 8.6 and 11.6 nm (Schatz,
iton, Delair, Pichot, & Domard, 2003), 6 and 28.8 nm (Lamarque,
ucas, Viton, & Domard, 2005) and 8 and 16.4 nm (Christensen et al.,
008) if perturbed or unperturbed dimensions, different FA and dif-
erent degree of polymerizations DP were considered, respectively.

In this study we intend to elucidate polymer stiffness by a size
xclusion chromatography (SEC) connected on-line with a triple
etection array with right (90◦) and low (7◦) angle light scattering
RALS, LALS) and viscosimetry, in contrary to former investigations.
he first part deals with the M–H behavior of unfractionated and
ractionated commercial chitosan samples and its dependence on
A. In the second part the experimentally obtained results on radius
f gyration Rg and molecular weight MW are compared to theoreti-
al approaches in order to determine the stiffness parameter lK for
wo samples.

. Experimental

Material. Chitosan D [0.13] (the number in brackets denotes
he FA) were purchased from Chipro (Bremen, Germany), and Chi
U [0.19] was received from Heppe-Medical-Chitosan HMC (Halle,
ermany). Sodium acetate, ethanol, acetic acid anhydride, ethylene
lycol and acetic acid were obtained from Fluka (Germany). Ammo-
ia (25%) was purchased from Merck KGaA (Germany). All reagents
sed were of analytical grade.

Preparations of re-N-acetylated samples. Initial chitosan was
edissolved in 0.1 M acetic acid (200 mL) and diluted with methanol
250 mL). Then 50 mL methanol containing the amount of acetic
nhydride required to give the target level of N-acetylation (cal-
ulated assuming a reaction efficiency of 100%). After stirring for
4 h at room temperature the product was precipitated by addition
f diluted NH3 solution and finally centrifuged. The samples were
ashed three times with water (pH = 10, NH3 added) followed by

reeze drying.
Purification of chitosan. Received chitosan preparations did

ometimes contain a few percentage of insoluble matter. To get rid
f this impurity insoluble matter was removed in the following way.
hitosan powder was dissolved in 0.5 M acetic acid (10 g/L) for 24 h.
he clear solution was centrifuged 10 min (3577 × g) with an ultra-
entrifuge (Heraeus Instruments, Germany) and the supernatant
as filtered through a 0.45 �m cellulose nitrate filter (Sartorius,
ermany). The final products were then lyophilized.

Determination of the fraction of acetylation FA . The FA was deter-
ined by 1H NMR spectroscopy according to the method of Hirai,
dani, and Nakajima (1991). Chitosan samples were dissolved in
2O/DCl and NMR-spectra were recorded on a Bruker AVANCE WB-
60 (8.4 T) spectrometer (360 MHz) and FA values were obtained as
escribed previously (Weinhold et al., 2009).

Molecular weight determination SEC3 The biopolymer analysis
as performed on a triple detection size-exclusion chromatog-

aphy system (SEC3, Viscotek, USA) consisting of an online two
hannel degasser, a high pressure pump, an autosampler (all parts
ntegrated in the GPCmax, Viscotek, USA), a 0.5 �m stainless steel

n-line filter with a nylon membrane, two serially connected Visco-
EL columns (PWXL mixed bed 6–13 �m methacrylate particles,
.8 mm × 300 mm), a temperature controlled triple detector array
TDAmax 305, Viscotek, USA) with a differential refractometer at
= 660 nm (RID 3580), a right angle (90◦) light scattering detector
te Polymers 84 (2011) 1237–1243

(RALS) and a low angle (7◦) light scattering detector (LALS 270-03)
with a semiconductor laser diode at � = 670 nm and a four capil-
lary, differential Wheatstone bridge viscometer. The SEC conditions
were as follows: a degassed 0.3 M CH3COOH/0.3 M CH3COONa
buffer (pH = 4.5) with 1% ethylene glycol was used as eluent, the
sample concentration was 0.3–1 mg/mL and samples were dis-
solved for 24 h under shaking, injection volumes varied from 10
to 100 �L, flow rate was maintained at 0.7 mL/min, and the column
and detector temperature were kept at 30◦C. Before injection, the
sample solutions were filtered through a 0.45 �m cellulose nitrate
disposable membrane (Sartorius, Germany). To ensure a low light
scattering noise level the eluent was filtrated through a 16–40 �m
glass filter. A polyethylene oxide standard (MW = 22,411, [�] =
0.384 dL/g, MW/MN = 1.03) was used to normalize the viscometer
and the light scattering detector. Data acquisition and processing
were carried out by use of the OmniSEC 4.1 software (Viscotek
Corporation). A dn/dc of 0.163 was used for the Mw calculation
(Rinaudo et al., 1993). Within this study the laser was calibrated
using R� of toluene (1.402 × 10−5 cm−1 obtained at 90◦ using
632.8 nm laser light (Kaye & McDaniel, 1974)).

At chitosan polymer radii higher than roughly 15 nm the inten-
sity of the scattered light underlies an angular dependence. For this
case the real molecular weight can only be obtained at 0◦ (sin2(�/2)
= 0) of the backscattered light. However, this is technical impossible
and the way to get the real molecular weight can be achieved with
two strategies. First, the backscattered light is measured at more
than three different angles (up to 18) and the molecular weight is
obtained through different fitting methods and an extrapolation to
(sin2(�/2) = 0). Second, the detector is orientated at a rather small
angle (7◦, (sin2(�/2) = 0.0037) and the measured light is treated as
the 0◦ intensity without any curve fitting (the small error which
applies here is ignored). In this study the molecular weight was
determined according to the second strategy.

Fractionation of chitosan. The biopolymer fractions were made
on a RI-SEC system (Knauer, Germany) with two serially connected
columns (PSS Novema 3000 and 1000Å, 8 mm × 300 mm) or with
one preparative column (PSS Novema 3000Å, 30 mm × 300 mm).
The samples were detected by a differential refractometer (Knauer
2300, � = 950 nm) and fractions were collected by a Retriever 500
fraction collector (Axel Semrau GmbH, Spockhövel, Germany).
Received fractions were analyzed on the triple detection system
afterwards.

1. Conformational analysis: Mark–Houwink plot. The intrinsic vis-
cosity [�] measured in a specific solvent is related to the molecular
weight M by the Mark–Houwink equation.

[�] = K · Ma (1)

The so-called Mark–Houwink constants (K) and (a) depend upon
the type of polymer, solvent and the temperature used during the
viscosity measurement. The plot of the log [�] vs. log M typically
gives a straight line with slope (a) and intercept log (K). The slope
(a) can vary from 0 (compact sphere) over 0.65–0.85 (random coil)
to 1.8 (very stiff chain) revealing information about the polymer
conformation in solution. Within the triple detection system values
for molecular weight and intrinsic viscosities are determined con-
stantly during a chromatographic run of one polydisperse sample.
By use of separation columns molecules with different molecular
weights are retained on the column depending on their hydro-
dynamic shape so that nearly monodisperse fractions enter the
detector cell successively. The obtained data show a significant
increase of data points in comparison to batch methods. It there-

fore allows an improved comparison with theoretical models and
a more reliable conformational analysis than data obtained from
polydisperse samples and batch methods.

2. Conformational analysis: Worm-like chain model. The confor-
mation transition between random coils and rigid rods may be
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xplained by the Benoit–Doty (Benoit & Doty, 1953) theory for
he Kratky–Porod (Kratky & Porod, 1949) chain or the wormlike
olymer chains, which are the most typical models proposed for
emiflexible polymers. According to the theory, Rg of unperturbed
olymer chains is given by

2
g = lK L

6
− l2K

4
+ l3K

4L
·
[

1 − lK
2L

· (1 − e−2L/lK )
]

(2)

here lK is the Kuhn segment length (lK = 2Lp), which is used as a
easure of chain stiffness of the polymer and L is the contour length

efined as L = MW/ML and L = lKNK where NK is the number of Kuhn
egments. For a given lK the L and Rg values can be calculated the-
retically and are compared to a set of L and Rg data received from
he experiment. When accordance between theory and experiment
s found the lK is obtained.

A convenient method to estimate Lp from the molar mass depen-
ence of Rg is the Odijk–Houwart model Odijk & Houwart, 1978;
dijk, 1978. In the Odijk–Houwart model, the total persistence

ength Lp,T of worm-like polyelectrolyte chains is the sum of two
ontributions:

p,T = Lp,0 + Lp,e (3)

p,0 is the intrinsic persistence length corresponding to an equiva-
ent neutral chain in which all of the electrostatic interactions are
creened out. The second one Lp,e is the electrostatic contribution
o the total persistence length due to the electrostatic short-range
nteractions, which depend on the ionic strength. The complete
alculation to determine Lp,0 of a polyelectrolyte is reported by
ouissac, Milas, Rinaudo, and Borsali (1992), Mendichi, Śoltés, and
chieroni (2003) and Berth et al. (1998). We used the approxima-
ion of R2

g shown by Ghosh, Li, Reed, and Reed (1990) to calculate the
ontribution of the ionic strength and thus the intrinsic persistence
ength Lp,0:

2
g = L

3

(
Lp,0 + 30.7

C0.5
s

)
(4)

here Cs is the salt concentration in mM and L the contour length.
hen accordance between theory and experiment is found the Lp,0

r lK,0 is obtained.
3. Conformational analysis: Bohdanecký approach. To simplify the

alculation procedures, we used the approximation of the wormlike
hain model introduced by Bohdanecký (1983). According to the

odel, (M2/[�])
1/3

is a linear function of M1/2

M2

[�]

)1/3

= A� + B�M1/2 (5)

� = A0ML�−1/3
0,∞ (6)

� = B0�−1/3
0,∞

(2Lp

ML

)−1/2

(7)

0,∞ is the limiting value of the Flory viscosity constant and equals
.86 × 1023. A0 and B0 are known functions of the reduced hydrody-
amic diameter (dr), and in practice B0 can be replaced by a mean
alue (1.05). Lp (Lp = 0.5 lK) is the persistence length, and ML is the
olar mass per unit of contour length which can be calculated as

ollows

L = FA · MGlcNAc + (1 − FA) · MGlcN (8)

b

GlcNAc and MGlcN are the monomer weights of intra-chain N-acetyl
lucosamine (203 g/mol) and glucosamine (acetate salt, 221 g/mol)
esidues, respectively, and b is the average bond length (0.515 nm).
xperimental data are plotted as described above and the obtained
te Polymers 84 (2011) 1237–1243 1239

lines are fitted according to linear regression. From the resulting
slope B� the lK can be calculated.

The hydrodynamic radius Rh was calculated through combi-
nation of online viscometer and the light scattering detector and
resulted in Rh values for every elution slice:

Rh =
[

3
4�

(
[�]M
0.025

)]1/3

(9)

3. Results and discussion

3.1. Comparison of Mark–Houwink plots

Among six different chitosan preparations described elsewhere
(Weinhold et al., 2009) we selected two samples for the confor-
mational analysis including molecular weight and viscosity data
in order to compare their Mark–Houwink plots (M–H) (Fig. 1b). As
reported previously (Weinhold et al., 2009) every sample showed a
non-linear M–H plot, however, with specific curvature for different
samples. To highlight this effect we want to discuss the M–H plot
of sample Chi D in detail, which showed the strongest curvature at
decreasing slope for increasing molecular weight (Fig. 1b).

The rather strong decrease of the slope over the whole molec-
ular weight range, found for sample Chi D, needs extra comment.
Since chitosan shows a trend to aggregate in solution (Anthonsen,
Vårum, Hermansson, Smidsrød, & Brant, 1994), an aggregation pro-
cess would yield in a more compact material accompanied by a
decrease of viscosity. Therefore, the expected effect would show
similar effects on the M–H plot. However, strong pre-peaks in the
detector responses (especially in the light scattering detector) and
an increase or curvature of the log M distribution over the reten-
tion volume indicate the presence of aggregates. These effects were
completely absent for the measured samples (see also electronic
supplementary information). Yanagisawa, Kato, Yoshida, and Isogai
(2006) showed that the absence of aggregates is an important
prerequisite for a reliable conformational analysis. To avoid any
accidentally occurrence of aggregated material we started to filter
the sample solutions carefully. Although the sample solution was
already filtered before analysis (0.45 �m) and the observed M–H
plot was reproducible in several injections, we tried a further fil-
tering to eliminate any uncertainty. The same sample solution was
filtered (0.2 �m), injected in a semi-preparative chromatography
system with two columns, fractions were collected and the eluted
fraction was subsequently analyzed with the triple detector system
described above. From the low polydispersity (1.1 up to 1.5) of the
fractions we can exclude any possible entanglement between low
and high molecular weight chains leading to an aggregation. Addi-
tionally, aggregates would collapse under such high shear stress
(1.5 mL/min, three gel columns) or are not retained from the gel
columns and filters, respectively. The fact that we received ideal
Gaussian detector responses for the fractions (see electronic sup-
plementary information) is in accordance to the identical overlay
of the M–H segments in comparison to the initial sample (Fig. 1b).
At no time we found an evidence that the observed curvature was
caused by aggregated material.

Obtained plots showed nearly identical behavior for the ini-
tial sample as well as for the fractions with polydispersity indices
between 1.15 and 1.41 (Fig. 1b and c). The highest fraction of
402 kg/mol had the lowest slope of 0.4 followed by 200 kg/mol with
0.57 and 126 kg/mol with 0.66. Fragments of the M–H plot showed
a clear superimposition with data of the initial sample. Consider-

ing the Gaussian peak shapes without signs of bimodal distribution
of the elution profiles as well as the linear behavior of log Rh and
log M over the retention volume (Fig. 1a), we have no doubt that
this behavior is no artefact and must be ascribed to some intrinsic
property of the sample.
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Fig. 1. Mark–Houwink plots. (a) Chromatogram of the initial sample Chi D
(black) and three selected fractions (red, green blue) taken from this sample. (b)
Mark–Houwink plots for every sample. The slope of every fraction as well as its poly-
dispersity are shown. (c) Dependence of the M–H slope with the mean molecular
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Fig. 2. Behavior of Rg in dependence of LW . (a) Conformational plot using the worm-
like chain model: radius of gyration (Rg) and contour lengths (Lw) are shown for
three calculated curves with Kuhn segment lengths (lK) of 24 nm (solid line), 15 nm
(dashed line) and 10 nm (dotted line). The grey dash dotted line was obtained using
Odijk’s model with a lK of 19 nm. Experimental values are shown for two different
chitosan preparations Chi D (red open circles) and Chi BU (dark blue open circles).
(b) Mark–Houwink plot for initial Chi BU as well as Chi D. (c) Bohdanecky plot for Chi
BU and Chi D. Both lines were cut into four and five extracts, respectively, to improve
the quality of the subsequential linear fit of the curved plot. Kuhn segment lengths
(lK) were determined for each extract separately (see Table 2). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)
eight of several fractions from Chi D with different FA after re- or de-N-acetylation.
he slope is decreasing with an increase of the molecular weight, however, com-
arison between different FA with the same molecular weight show only slight
ependency on FA . Numbers in the plot refer to polydispersity indexes.

In order to investigate the dependence of the M–H slope on the
A, Chi D was re- and de-N-acetylated and the obtained products
ere fractionated as described above. The slope of the fractions
ecreased with increasing molecular weight and only slight differ-
nces could be observed for different FA indicating a small impact
f FA on conformation in a 0.3 M acetic acid buffer solution. This
onfirms results of previous studies (Berth et al., 1998; Yanagisawa

t al., 2006; Christensen et al., 2008), which also observed little
ontribution to chain stiffness by a change of FA.

More often the pattern of acetylation PA is discussed to show
ome influence on conformation in solution. Block-wise distributed
cetyl groups show a different charge distribution in comparison
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Table 1
Physicochemical parameters of the chitosan samples used for conformational analysis. MW: weight averaged molecular weight, MN:number averaged molecular weight,
MW/MN: polydispersity, DPW: degree of polymerization, FA: fraction of acetylation, [�]: intrinsic viscosity, �g: slope of the Rg–M plot, M–H a: slope of the [�]–M plot, ML: mass
per unit of contour length, Rg,h: radius of gyration and hydrodynamic radius, respectively.
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Sample MW [kg/mol] MN [kg/mol] MW/MN DPW FA

Chi BU 956 589 1.6 5262 0.19
Chi D 112 48 2.4 641 0.13

o random copolymers. However, it could be shown that the used
hitosan preparation showed completely random pattern charac-
eristics (Weinhold, Sauvageau, Kumirska, & Thöming, 2009).

Thus, the observed curvature of the M–H plot could neither be
orrelated to a change of the FA, a different pattern of acetylation
A nor to an artefact of an aggregation process.

.2. Comparison of experimental data with the worm-like chain
odel

In triple detection chromatography experiments the weight-
veraged degree of polymerization DPW (or LW) of each elution
lice can be measured simultaneously with the Rg (as well as Rh and
�]) of this specific slice. If ideal behavior during chromatography
pplies, molecules are separated linearly with their hydrodynamic
hape and each elution slice can be considered as a nearly monodis-
erse fraction. This yields into a set of numerous data with given
arameters (LW, Rg) for almost monodisperse fractions which cover
broad molecular weight range (depending on the overall MW/MN

f the sample). These data can be easily compared to theoreti-
al approaches like the worm-like chain model where Rg can be
alculated for semi-flexible polymer chains. The advantage of this
omparison is that stiffness parameters like the persistence length
p or the Kuhn segment length lK can be deduced from the theoret-
cal curve if superimposition with experimental data is found.

Fig. 2a shows the comparison of two different chitosan prepara-
ions Chi BU and Chi D. Conformation plots (Rg vs. LW) were shown
or each sample together with three calculated curves according to
he Benoit–Doty model with Kuhn segment lengths (lK) of 24 nm
solid line), 15 nm (dashed line) and 10 nm (dotted line) according
o Eq. (2). The experimental curve of Chi BU and the theoretical
urve for lK of 24 nm showed almost identical behavior. Some devi-
tions can be seen at the highest and lowest branch of the line,
hich can be attributed to low polymer concentration at the edges

f the chromatographic peak. Using Eq. (4) for the calculation of
he intrinsic Kuhn segment lengths (lK,0) (grey dashed-dotted line
n Fig. 2a) a perfect overlay with experimental data of Chi BU is
btained for a value of 19 nm. More interesting, the experimental

urve of Chi D shows a complete different behavior. The slope of this
urve is too low to fit to one of the theoretical curves and crosses
ll three curves instead. According to the Benoit–Doty model the

K for Chi BU is 24 nm and lK,0 is 19 nm using the Odijk–Houwart
odel, respectively. However, it was not possible to predict a con-

able 2
arameters of chitosan extracts of two different chitosan preparations (Chi D and Chi BU).
ass per contour length, lK: Kuhn segment length, Lp: persistence length, highest/lowe

oefficient from the linear fit in Fig. 2c.

Chitosan extracts B� [g1/2/mol1/6 mL1/3] FA ML [g/mol nm]

Chi BUext1 0.808 0.19 422
Chi BUext2 0.810 0.19 422
Chi BUext3 0.768 0.19 422
Chi BUext4 0.755 0.19 422
Chi Dext1 1.048 0.13 424
Chi Dext2 0.900 0.13 424
Chi Dext3 0.845 0.13 424
Chi Dext4 0.821 0.13 424
Chi Dext5 0.790 0.13 424
] [mL/g] �g M–H a ML [g/mol·nm] Rg [nm Rh [nm]

24 0.59 0.55–0.74 422 88 59
82 0.46 0.47–1.0 424 27 16

stant lK for Chi D, since there is no accordance to a single theoretical
curve. Moreover this problem illustrates how difficult it is to obtain
precise stiffness parameters from this method, especially for non-
standard polymer behavior, so that we decided to apply a variant or
simplification of the worm-like chain model introduced by Bohda-
necký.

3.3. Comparison of stiffness parameters using Bohdanecký’s
simplification

The main advantage of the Bohdanecký approach is to get lK
values in a more convenient and more accurate way by fitting
experimental curves and calculation of lK from the slope of these
curves. However, this requires not only molecular weight data but
also viscosity data for the same slice fractions. Thanks to the appli-
cation of a triple detector chromatography system this is no serious
problem. Due to this we could use exactly the same set of data we
used for the comparison of the Benoit–Doty model (Table 1).

The curve of Chi D exhibited a strong curvature in the Bohda-
necký plot similar to the curvature in the M–H plot shown before
(Fig. 2c). To be able to fit this curved plot more accurate, we cut the
set of data in four and five extracts for both samples, respectively.
For these extracts linear curve fitting was used and received results
are summarized in Table 2. The “low” molecular weight regime of
Chi BU (226–430 kg/mol) showed the highest lK value of 18.8 nm
and decreased only slightly in the rather high molecular weight
regime (1433–2837 kg/mol) to 16.4 nm. Similar values of 17.2 nm
were found for the low molecular weight regime (25–49 kg/mol) of
Chi D. However, at increasing molecular weight the lK drops quite
strongly to the lowest value of 9.8 nm (370–980 kg/mol).

Comparing the average value of Chi BU 17.5 nm with the val-
ues obtained from Benoit–Doty (24 nm) and Odijk–Houwart model
(19 nm) reveals a tendency to a lower segment length after use of
[�]–M data than for Rg–M data. A similar effect was also observed
by Mendichi et al. (2003). However, the values of Chi D differ again
especially in the high molecular weight regime where the segment
length is just the half of the length of Chi BU for comparable molec-
ular weights (9.8 nm vs. 18.2 nm). For low molecular weights the

segment length (17.3 nm) seems to adopt the Chi BU average value
of 17.5 nm. This finding is similar to data of dextran (Ioan, Aberle,
& Burchard, 2000). Power law behavior seems to be approached
only in the small molar mass region. The effect of branching in dex-
tran becomes noticeable at molar masses roughly between 104 and

B�: slope of the Bohdanecký plot (see Fig. 2c), FA: fraction of acetylation, ML: molar
st M: upper and lowest molecular weight of the selected extracts, R2: correlation

lK [nm] Lp [nm] Highest M [kg/mol] Lowest M R2

16.4 8.2 2837 1433 0.9995
16.4 8.2 1433 780 0.9999
18.2 9.1 780 432 0.9995
18.8 9.4 430 226 0.9996

9.8 4.9 980 370 0.9995
13.4 6.7 370 170 0.9998
15.2 7.6 170 90 1
16.0 8.0 90 49 0.9999
17.2 8.6 49 25 0.9986
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Table 3
Comparison of stiffness parameters of cellulose type (ˇ-1→4) polymers obtained from literature using Rg–M as well as [�]–M data.

Type of polymer Solvent lK [nm] from
(Rg-M data)

lK [nm] from
([�]–M data)

Source

Chitosan 0.3 M HAc/NaAc 19–24 9.8–18.8 this work
Chitosan 0.2 M HAc/NH4Ac 8–16.4 10.2–16.2 Christensen et al., 2008
Chitosan 0.2 M HAc/ 6–28.8 Lamarque et al., 2005

0.15 M NH4Ac
Chitosan 0.2 M HAc/NaAc 32 Morris, Castile, Smith, Adams, & Harding, 2009
Chitin 2.77 M NaOH 23.3–26.2 Einbu, 2004
Cellulose LiOH/urea 12.2 Cai, Liu & Zhang, 2006
Cellulose 1% LiCl/DMI 18 Yanagisawa & Isogai, 2005
Hyaluronan 0.1 M NH4NO3 16 9 Fouissac et al., 1992
Hyaluronan 0.15 M NaCl 17.4 Ghosh, Kobal, Zanette, & Reed, 1993

+0 to 1 M NaOH

1
l
e
(
C
t
A
p
e
t
a
T

F
(
a

Hyaluronan 0.15 M NaCl 15
Galactomannans 0.1 M NaNO3

Galactomannans 0.1 M NaNO3

05 g/mol while at lower molecular weights the chain shows its
inear power law behavior. The second similarity was found in the
xponent � from Rg–M dependence (Fig. 2a). Values for dextran
0.40–0.44; Ioan et al., 2000) are comparable to the found value of
hi D (0.46), in contrast, the exponent of Chi BU (0.59) is identical
o the value typical found for linear chains (0.588; Burchard, 2001).
part from this, similar effects could be seen for the typical linear
olymer cellulose (Yanagisawa, Shibata & Isogai, 2005). While sev-

ral cellulose pulp samples had exponents between 0.57 and 0.59 in
his publication, the softwood bleached kraft pulp (SBKP) showed
lso a quite low slope in the high molecular weight region (0.41).
he authors concluded that some compact structures like branches

a

b

ig. 3. Elution behavior. (a) RI-chromatograms of Chi BU (grey) and Chi D (black).
b) Behavior of the hydrodynamic radius Rh and radius of gyration Rg for sample D
nd BU.
13.6 Mendichi, Śoltés, & Schieroni, 2003
11 Pollard, Eder, Fischer, & Windhab, 2010
16–20 Morris et al., 2008

or cross-linkages are present in the high molecular weight region
of this sample.

The radii of gyration Rg and the hydrodynamic radius Rh are plot-
ted against the molar mass M in Fig. 3b. Chi BU shows parallel lines
for both radii which are generally found for linear chains (Schmidt
& Burchard, 1981) (Fig. 3b). Strikingly, the curves for Chi D have
not the same slopes (�g = 0.46, �h = 0.54) and convergent behavior
of the lines is typically found in branched molecules (Galinsky &
Burchard, 1995; Ioan et al., 2000). At low molecular weights no dif-
ference between both samples are visible likewise for lK obtained
from the Bohdanecký plot.

According to the conformational analysis, which incorporates
Rg, Rh, [�] and M data, we found a significant deviation from linear
chain behavior for Chi D in contrast to Chi BU. Additionally, in Fig. 3a
the different hydrodynamic-mass relation of both samples eluted
by chromatography can be recognized. Both lines intersect so that
at low retention times Chi D shows slightly higher molar mass than
Chi BU for the same elution slice at similar hydrodynamic shape.

Recent studies (Einbu, 2004) of chitin showed linear power law
behavior and lK values (Rg–M data) comparable to findings of Chi BU
(Table 3). The conformational deviation from linear chain behavior
of the high molecular weight part of Chi D may be explained by
appearance of some branches or cross-linkages in the molecule so
that they behave different than molecular-dispersed states. On the
one hand, it needs to be clarified whether occurrence of slightly
branched chains may vary with the source of chitin in different
organisms and can be considered as a natural but rare property of
chitin. On the other hand, it may appear during reaction in concen-
trated NaOH solutions used for de-N-acetylation and the branching
or cross-linking is a process-induced effect.

4. Conclusion

Within this study a complete conformational analysis using Rg,
Rh, [�] and M data was shown on two samples. For Chi BU Kuhn seg-
ment lengths lK of 24 nm, 19 nm and 17.5 nm using the Benoit–Doty
model and Rg–M data, the Odijk–Houwart model and Rg–M data
and the Bohdanecký model and [�]–M data were found, respec-
tively. Obtained results are comparable to literature values for
chitosan as well as for cellulose type polymers (Table 3). Power law
behavior was found to be in accordance with the expected behavior
of semi-flexible linear chains. Deviations from this behavior were
observed for the second sample Chi D with comparable character-

istics to branched macromolecules like dextran. At low molecular
weights similar power law behavior to the first sample were found
with a lK of 17.3 nm (Bohdanecký model and [�]–M data). How-
ever, at high molecular weights the lK decreased to 9.8 nm. Although
chitin and chitosan are typically described as linear copolymers, we
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