
498 Acta Chim. Slov. 2015, 62, 498–508

Cerar et al.:  Testing Classical Approach to Polymer Solutions   ...

Scientific paper

Testing Classical Approach to Polymer Solutions 
on SAXS Data of λλ-Carrageenan, κκ-Carrageenan 

and Methylcellulose Systems

Jure Cerar,1 Andrej Jamnik1 and Matija Tom{i~1,*

1 University of Ljubljana, Faculty of Chemistry and Chemical Technology, Ve~na pot 113, SI-1000 Ljubljana, Slovenia 

* Corresponding author: E-mail: Matija.Tomsic@fkkt.uni-lj.si

Received: 29-01-2015

Dedicated to Prof. Dr. Jo e Koller on the occasion of his 70th birthday.

Abstract
In this paper we present the performance of the classical approach to polymer solutions in evaluation and interpretation

of the experimental SAXS data obtained for aqueous solutions of two gelling polysaccharides κ-carrageenan and

methylcellulose and a non-gelling polysaccharide λ-carrageenan. In a systematic structural SAXS study of various

types of polymer solutions we pointed out and discussed the issues encountered and connected to the fact that the stu-

died gels are obviously not “homogeneous gels” in terms of the structural details that the SAXS technique can resolve

and the issues connected to the limited experimental resolution of the SAXS technique for such systems. In parallel the

necessary modifications of the classical approach equations for the evaluation of the SAXS data are discussed. Further-

more, the detailed structural results of the studied aqueous polymeric systems in liquid state, during the onset of the ge-

lation, and even in the gel state are presented. 

Keywords: SAXS, Polymer Solutions, Sol-gel transition, Dynamic Correlation Length, Static Correlation Length, Deb-

ye-Bueche, Ornstein-Zernike.

1. Introduction

Methylcellulose (MC) and κ-carrageenan (KC) are
well known food additives (E407 and E461, respectively)
that are commonly used as gelling, thickening and stabili-
zing agents. They are both known to form gelling aqueous
polymer solutions, where KC forms hydrogel at lower tem-
peratures and gradually ”melts” into viscous solution with
increasing temperature. Similarly, but opposite, the MC
forms viscous solution at lower temperatures whereas the
hydrogel at higher temperatures. Both polymers are known
to show hysteresis in the temperature of sol-gel transition
with heating and cooling the system. The transition tempe-
ratures of aqueous solutions of both polymers have already
been thoroughly studied previously utilizing a variety of
different techniques.1,2 Although KC and MC are very simi-
lar in structure, their gelling mechanisms differ signifi-
cantly and have been extensively studied in the case of both
polymers.3–7 It is namely generally accepted that the gela-
tion of KC is a two-step process, where initially the transi-
tion from coils to double helices occurs with cooling and
with further reduction of the temperature the double helices

start to crosslink and form a three dimensional network.
This results in the formation of an elastic gel. Since the KC
molecules carry a charge due to the presence of the sulpha-
te groups, the counter ions play a vital role in the gelation
process. Their presence reduces repulsion between helices
therefore a denser network and consequently a much stron-
ger gel is formed.6 On the other hand, the mechanism of ge-
lation of MC is explained by the three types of interactions:
(i) the intramolecular hydrogen bonds between unmodified
hydroxyl groups on the polymer chain, (ii) the hydrogen
bonds between the hydroxyl groups on polymer chain and
the solvent and (iii) the hydrophobic effect, due to the non-
polar nature of MC chains. Gel starts to form at higher tem-
peratures when the hydration cage around MC chains starts
to collapse and enables cross-linking between polymer
chains and the formation of network due to the hydrophobic
association. Also this gelation mechanism occurs in two re-
cognizable steps; initially with the hydrophobic association
and with further phase separation accompanied by the gela-
tion. The phase separation on a micro scale is obvious, be-
cause in the gel state the samples are highly turbid and
show also considerable syneresis.1,3
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The primary goal of our study was to investigate the
structure of KC and MC aqueous solutions and to monitor
the structural changes during the thermally induced gel-
sol and sol-gel transitions utilizing the experimental
small-angle X-ray scattering (SAXS) technique. For the
evaluation and interpretation of the SAXS data we follo-
wed and adequately modified the so-called “classical ap-
proach” developed for the interpretation of similar SANS
data on polymer solutions and gels. This approach was al-
ready extensively used and tested in the case of SANS on
polymer solutions and simple gels8–15 and recently already
also on some SAXS data.16–19 In the case of SAXS data
one needs to account for the experimental broadening ef-
fects and correspondingly slightly modify the fitting scat-
tering function.18,19 The latter approach was not yet exten-
sively tested on the SAXS data of polymer solutions the-
refore one of our main interests was also a test of the per-
formance of the theoretical scattering function used in the
case of the studied gelling polymer systems. The main re-
sults of this model are presented in a form of the dynamic
correlation length, corresponding to the correlation length
of the “flexible” part of the polymer molecule between the
entanglements, and the static correlation length, corres-
ponding to the average size of the long-lived polymer en-
tanglements characteristic for the gel-like structure. 

2. Experimental and Methods

2. 1. Materials
In this study the MC (Sigma Aldrich), KC (Fluka

BioChemica) and LC (Sigma Aldrich) were used. Since
the main goal of this study was to follow the structural
properties of the solutions and their changes during the
gelation process, the sample purity did not have important
influence on the conclusion; therefore all polymers were
used without further purification. The 4 wt. % aqueous
stock solutions of MC, KC and LC were prepared by
weighting the polymer and water directly into the glass
vials. The samples were homogenized by heating to ap-
proximately 70 °C during the vigorously stirring until the
entire polymer was dissolved. Sample was then left to
cool down over the night (4 °C). Samples for the SAXS
measurements were prepared by weighting the stock solu-
tion directly and water into a glass vial. The KC stock so-
lution was reheated to approximately 70 °C to melt down
the gel before such weighting. We used deionized Milipo-
re water.

2. 2. Small-Angle X-Ray Scattering 
Measurements
Small-angle X-ray scattering spectra were obtained

using a modified Kratky camera (Anton Paar, Graz, Au-
stria) equipped with a Göbel mirror to obtain focused mo-
nochromatic beam. The camera was connected to X-ray

generator (Philips, PW 3830/00) operating at 30 kV and
50 mA with a sealed X-ray tube (Cu Kα; λ = 0.154 nm).
All samples were measured in a standard quartz capillary
with an outer diameter of 1 mm and wall thickness of 10
μm. Scattering data were recorded using Mythen 1K de-
tector (Dectris, Baden, Switzerland). During the heating
and cooling cycle the temperature was changed in a step-
wise manner with a step of 2.5 or 5 °C. At each step the
samples were thermostated (± 0.1 °C) for 15 min using
Peltier element and then measured for an hour. The tem-
perature was changed from low to high temperatures and
then back in order to study the hysteresis of sol-gel transi-
tion. Acquired scattering curves were normalized and the
scattering curve of solvent (water) at given temperature
was subtracted. Scattering data were further put on abso-
lute scale using water as a secondary standard.20 Obtained
data is presented as scattering function I(q), where q is the
scattering vector q = 4π /λ · sin(ϑ/2), with λ being the wa-
velength of X-rays and ϑ the scattering angle. The experi-
mental SAXS measurements were obtained in the follo-
wing regime of the scattering vectors: 0.06 nm–1 < q < 6
nm–1. At this point we have to stress that the SAXS inten-
sities obtained in this way were still experimentally smea-
red due to finite dimensions of the primary X-ray beam21

and therefore cannot be considered as the absolute intensi-
ties in a classical sense, therefore we mark their plots to be
in arbitrary units [a.u.] and not in the units of [cm–1].

2. 3. Evaluation of Small-Angle X-Ray 
Scattering Data
It is known that in the polymer solutions the scattered

light originates in the spontaneous thermodynamic fluctua-
tions in local concentration around the equilibrium state.
These fluctuations create inhomogeneities in the local elec-
tron density distribution that define the shape of the scatte-
ring curve. In such a case of homogenous polymer solutions
the scattering curve can be described in the Ornstein-Zerni-
ke formalism by the function of the Lorentzian form:8,22

(1)

where C is a constant and ξ the dynamic correlation
length corresponding to the length scale over which dyna-
mical correlations decay in the network of the flexible
polymer chains. The constant C describes thermodynamic
fluctuations of the polymer solution and is expressed as:8

(2)

where Δρ is the difference in scattering contrast of the
polymer, kB the Boltzmann constant, φ the volume frac-
tion of polymer, and KOS the modulus of osmotic coef-
ficient, that can be expressed as:8
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(3)

where Π is the osmotic pressure. While Equation (1) usu-
ally describes well the scattering curves of the free poly-
mer chains in the homogeneous polymer solution, it fails
in the case of scattering curves of the polymer gels. In the
latter case the long-lived entanglements of the polymer
molecules appear in the structure and introduce certain
elasticity into the system. Strictly speaking also a single
polymer chains in dilute solutions without intermolecular
entanglements do exhibit some intrinsic intramolecular
elasticity. Outer mechanical stress will namely lead to
shear and the chain will adapt. Nevertheless, these effects
are negligible compared to the system’s elasticity induced
by the intermolecular static entanglements. These entan-
glements have a major impact on the dynamic properties
of the system therefore the local concentration fluctua-
tions are no longer merely the consequence of random
polymer motion (osmotic properties), but depend also on
the system’s elasticity. In such case the longitudinal osmo-
tic module MOS is introduced as:8

(4)

where G represents the elastic module. The presence of
the static entanglements in the structure causes an excess
scattering contribution that is usually observed in the lo-
wer q region of the scattering curve. Therefore Equation
(1) cannot satisfactorily describe such scattering curve in
this region and needs to be modified in such a case. This is
achieved by an additional term, which describes the ex-
cess scattering in the low q regime. In literature different
additional terms were proposed.10,23 In this study we follo-
wed the well-known Debye-Beuche formalism leading to
the following expression containing the Lorenzian and
squared Lorentzian term:8,24

(5)

where A and B are constants and Ξ an additional static
correlation length corresponding to the dimensions to
which the structure of static entanglements are correlated.
Since in this case the dynamic properties of the system de-
pend also on system’s elasticity, the constant A in Equa-
tion (5) differs from constant C in Equation (1):8

(6)

The constant B on the other hand corresponds to sta-
tic fluctuations and can be expressed as:8

(7)

where 〈∂φ〉V is average local spatial fluctuation in volume
fraction of the polymer. 

2. 3. Experimental Smearing Effect

Due to the experimental smearing effect which stem
from the finite dimension of the primary X-ray beam, the
measured scattering curves strongly depend on the geo-
metry of the SAXS experiment. Although it possible to
provide the desmeared scattering intensities with a suffi-
cient accuracy using methods, such as LAKE algorithm or
indirect Fourier transformation – IFT,23,24 we rather used
different approach. The desmearing procedures are na-
mely always based on some approximations or even some
models, because the experimental scattering curves are
only given in a limited q-range. On the other hand the
theoretical scattering function is given in the whole q-ran-
ge, therefore it is relatively easy to smear it numerically.
The resulting smeared theoretical curve can then be di-
rectly fitted to the experimental data.25,26 The smearing ef-
fect arising from the finite length of the primary beam is
described by the following equation:27

(8)

where I�(m) is experimentally smeared scattering function,

theoretical scattering function, P(t) the length
profile of primary beam and t the direction perpendicular
to scattering vector q and represents the distance from
the center of the primary beam. In this procedure we ha-
ve not considered the smearing contribution due to the
width profile of the primary beam, because this profile is
very narrow in our setup and therefore has insignificant
contribution to the smearing. The scattering profile of
the primary beam used in our measurements is shown in
Figure 1 and can be approximated with the following
equation:19

(9)

where P0, P1, t1, and t2 are the geometrical parameters of
the primary beam. It is imperative that both theoretical
scattering function and profile of the primary beam are
normalized in order to obtain smeared function on an ab-
solute scale. If one combines Equation (1), Equation (8),
and Equation (9), the integral can be solved analytically
leading to the following expression:19
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Similarly, combining Equation (5), Equation (8),
and Equation (9) one obtains the expression:19

In our study the primary beam with the following
geometrical parameters was used: P0 = 1.01 cm–1, P1 =
0.93 cm–1, t1 = 1.63 nm–1, and t2 = 3.20 nm–1.

2. 4. Considering Experimental Resolution

At this point it is worth mentioning that the resolu-
tion of the SAXS experiment Rmax depends on the lowest
measurable value of the scattering vector qmin. From the

Figure 1: The approximation of the “length” profile of the X-ray

primary beam with two lines.

(10)

(11)

sampling theorem of Fourier transformation Rmax is gi-
ven by

(12)

Achievable resolution is thus half of the value which
would follow from the Bragg law, Rmax = 2π/qmin. Since the
information on the long-ranged static correlating length Ξ is
predominantly expressed in the low-q region of the scatte-
ring curve the experimental resolution defines the largest
static correlating length Ξ that could be determined based on
the corresponding SAXS results. As in our experiment the
qmin was 0.06 nm–1 the resolution was around 52 nm. Howe-
ver, in the case when the static correlation length Ξ is above
the resolution of the experiment, one is still able to resolve
the value for the dynamic correlation length with satisfacto-
rily precision by simply utilizing the Equation (1) or better
Equation (10) and by taking into account only the outer part
of the scattering curves obeying the following rule:9

(13)

where qmin corresponds to the lowest value of the scatte-
ring vector that can still be considered in the fitting proce-
dure. In Figure 2 we depict the results of such an approach
on an example of the SAXS curve of 2 wt. % KC aqueous
solution, where the fits obtained according to Equations
(10) and (11) are shown. For this system we were namely
able to obtain information on ξ and Ξ according to Equa-
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tion (11) and then we further used this example to show
that the fit of Equation (10) to only the high q-region of
the scattering curve, where the information about dynamic
correlation length ξ is predominantly expressed, provides
a very good estimate of ξ. This example also clearly
shows, why the fit based on Equation (10) cannot describe
the scattering curve as well as Equation (11) in the central
part of the scattering curve. The resulting values of ξ and
Ξ obtained according to Equation (11) were 1.20 nm and
19.19 nm, respectively, but the value of ξ obtained accor-
ding to Equation (10) was 1.24 nm, which is within ∼3.3%
of the value ξ obtained according to Equation (11).

3. Results and Discussion

In this systematic structural study of the gelation pro-
cess we aimed to gain information on the quality of the
performance of the classical approach for the evaluation of
SAXS data of polymer solutions. This approach was na-
mely originally developed and then also successfully ap-
plied mainly to the SANS data.7–15 Even though there are
some similar studies available also on the SAXS data no-
wadays, we still miss thorough systematic reports on such
analysis of experimental SAXS data. The lack of such stu-
dies could be reasoned by the necessity of some additional
considerations that must be dealt with the SAXS data, i.e.
the experimental broadening effect (smearing), and also by
expectedly lower experimental resolution of the SAXS
technique in respect to SANS. With our study we aimed to
fill this gap and tried to carefully address and discuss the
capabilities and limitations of such approach to SAXS da-
ta interpretation. To cover different structural situations
with the SAXS data we have chosen to study two very dif-
ferent thermo-gelling polymers with very different gelling
mechanisms: the KC that forms gel at low temperatures

and the MC that gels at high temperatures. In order to pa-
rallel these results with a non-gelling polymer system we
have also studied the aqueous solutions of λ-carrageenan
(LC). The LC is chemically rather similar to the KC, but in
pure aqueous solutions does not form gel. 

In Figure 3 the temperature dependence of the scat-
tering of LC, KC, and MC aqueous solutions with concen-
trations of 2 and 1 wt. % are shown. Comparing SAXS re-

Figure 2: The resulting fits of Equation (10) (dashed line) and

Equation (11) (solid line) to the experimental SAXS data of 2 wt.

% KC aqueous solution at 55 °C.

Figure 3: The experimental SAXS curves of 2 wt. % (a) LC, (b)

KC, and (c) MC at different temperatures on a log-log scale.

a)

b)

c)
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sults for LC, MC and KC one can clearly see that the tem-
perature dependence of the SAXS spectra is rather strong
for KC and MC, but is relatively weak for the LC solu-
tions. In the latter case the only change that is observed
with the temperature increase is a slight decrease of the
scattering in the low-q regime, whereas the scattering cur-
ves practically coincide at larger values of q. We interpret
this drop in the forward scattering intensity as the conse-
quence of the decreasing intramolecular polymer entan-
glements with increasing thermal energy of the polymer
molecules. These LC solutions are namely known to be
non-gelling and stay viscous throughout the studied tem-
perature regime – these effects are therefore considered to
be mainly of intramolecular origin. It is also worth men-
tioning already at this point that in the case of SAXS data
of viscous polymer solutions it has already been observed
on a couple of occasions that the fits based on Equation
(1) or better Equation (10) were not satisfactory. It turned
out that the fits based on Equation (5) or better Equation
(11) had to be used to satisfactorily describe such SAXS
data even though these systems were clearly not in the gel
state.19 Obviously there are some long-lived (presumably
intramolecular) entanglements present already in the li-
quid state of such polymer systems and the SAXS techni-
que seems to be more sensitive to these structural details
in respect to the SANS method. Since the scattering con-
trast is conceptually different for both methods, it is there-
fore natural that they “see” the structure of the samples so-
mewhat differently. As presented into details somewhat
latter in the text, similar situation was also observed in the
liquid state of KC and MC aqueous systems, i.e., the ap-
pearance of the long-lived polymer entanglements that
contribute to the overall scattering of the systems.

It is well-known that the gelation of the KC occurs
gradually during the cooling of the sample over a rather
wide temperature range.1 The scattering curves of the KC
solutions show practically no change with decreasing
temperature prior to the onset of the gelation, but with
further cooling the scattering intensity starts to increase.
Once the sol-gel transition finishes further decrease of the
temperature practically does not affect the scattering cur-
ves. In the direction of heating, i.e. for the gel-sol transi-
tion, just the opposite trend can be observed for KC sam-
ples, but with a strong thermal hysteresis. Similarly, but
opposite, the MC system transforms to gel at high tempe-
ratures and reverses to viscous solution once the tem-
perature is dropped – again with the considerable thermal
hysteresis.1,4 The gelation of the MC sample causes a
steep increase of the scattering intensity at very low q -va-
lues. However, surprisingly during the sol-gel transition of
MC also a sharp peak begins to rise in the scattering curve
at q value around 5.5 nm–1. Based on this value we can
conclude that this scattering feature obviously corres-
ponds to some fairly small structural segment of about 1.1
nm in size that is obviously characteristic for the MC ge-
lation. At this point we cannot say anything more definite

regarding this structural feature. Nevertheless, as the MC
gels are known to show considerable syneresis, i.e. they
expel considerable amounts of water with time, this could
be a sign that very small water “pockets” form within the
structure of the MC gel already during the gelation pro-
cess. There are namely some reports available that micro-
phase separation occurs during the gelation of the MC.3

For detailed interpretation of the experimental
SAXS data we applied Equation (10) and (11). Such ap-
proach provided us with the dynamic correlation length ξ
corresponding to the distance to which the flexible parts
of the polymer chains are correlated and in case of Equa-
tion (11) also with the static correlation length Ξ corres-
ponding to the dimensions to which the regions of long-li-
ved static entanglements are correlated. Such static entan-
glements introduce some elasticity into the structure of
the polymer systems that eventually causes the formation
of the gel-like structure in such systems. The performance
of this approach for the studied polymer systems can be
seen via the quality of the fits to the experimental SAXS
data that are shown in Figure 4. For the sake of clarity on-
ly the fits of Equation (11) at temperature extremes (lo-
west and highest studied temperature) are depicted for all
three studied polymer systems. As already mentioned ear-
lier in the text, the best fits to the SAXS curves of the LC
system were obtained utilizing Equation (11), which is an
interesting fact considering these systems are known to be
non-gelling. The fits were satisfactory in the whole stu-
died temperature regime, but the problem was that the re-
sulting Ξ values were highly above the resolution of our
SAXS experiment and therefore could not be determined
with acceptable precision – the SAXS technique could not
provide the data to q-values that would be low enough to
contain sufficient information on such high values of Ξ.
Therefore we rather used Equation (10) and only the outer
part of the scattering curves to gain the values of dynamic
correlation length . The resulting ξ was 1.29 nm for 2 wt.
% LC solutions and 1.54 nm for 1 wt. % LC solutions (the
latter data not shown) and remained practically constant
throughout the studied temperature regime within ∼9 %.
This was expected, since the scattering curves practically
did not change in the higher q-region. The decrease of the
ξ value with the increase of the polymer concentration has
already been observed for other polymer systems with
prevailing repulsive interparticle interactions19 and can be
reasoned with the fact that increasing the polymer concen-
tration the polymer volume fraction increases leading to
smaller space per polymer molecule and correspondingly
stronger interparticle interactions and dynamics in the
system. Namely, in the case of viscous LC solutions the
interparticle interactions are predominantly repulsive the-
refore correspondingly smaller dynamic correlation
length ξ values are obtained with an increase of the poly-
mer concentration. In such a case one would expect also
the reduction in the static correlation length Ξ parameter,
which would in such case correspond to the intramolecu-
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lar entanglements, but this parameter unfortunately could
not be determined unambiguously due to the insufficient
experimental resolution. 

In Figure 4b one can see that for KC system Equa-
tion (11) gives a good fit only at high temperatures where

the system is in a form of viscous solution, but it fails at
low temperatures where this system is in a form of a gel.
Just the opposite we observe for MC system where the fits
of Equation (11) were good at low temperatures and failed
at higher temperatures where the gelation occurred. As it
turned out utilizing the Equation (11) we could only mo-
nitor the structural changes of the viscous solutions, the
onset of the sol-gel transition and the final stage of the
gel-sol transition, whereas we were not able to follow the
structural changes in the gels of either KC as also MC
polymer systems. The corresponding results for Ξ and ξ in
the temperature regime where Equation (11) does a good
job are depicted in Figure 5a for KC and Figure 5b for MC
system. 

As can be seen in Figure 5a, we were able to follow
a rapid decrease of the Ξ values (from cca. 30 nm to cca.
15 nm) during the final stage of the melting of the KC gel
structure observed around 45 °C with the temperature in-
crease. Similarly in the next step the onset of the gelation
could be followed through a sudden increase of Ξ values
(from cca. 15 nm to 25 nm) around 35 °C with the tempe-
rature decrease. Very similar trends were observed also for
the MC system in Figure 5b, where we could follow the
increase of the Ξ values (from cca. 5 nm to cca. 14 nm)
around 40 °C during the onset of the sol-gel transition
with the temperature increase, as also the decrease of the
Ξ values (from cca. 13 nm to cca. 5 nm) around 20 °C du-
ring the final stage of the gel-sol transition with the tem-
perature decrease. Such changes in the values of Ξ are lo-
gical, because Ξ represents the static correlation length re-
presenting the long-lived polymer entanglements that are
expected to progress during the formation of the gel-like
structure and regress during its “melting”. In Figure 5 one
can also see that in parallel to changes in the parameter Ξ
also the changes in parameter ξ occur. The value of the
dynamic correlation length is namely considerably lower
in the state of the viscous polymer solution than during
the state of transition sol-gel or gel-sol, therefore the
changes of ξ seem to follow the changes of Ξ. During the
process of the gelation the static polymer entanglements
progress in the structure and consequently the whole poly-
mer molecule becomes more and more rigid. Correspon-
dingly also the dynamic parts of the polymer molecule
between the static entanglements becomes correlated on
larger distances, which reflects in higher values of ξ, as is
actually observed in our results.

In both gelling polymer systems problems fitting
Equation (11) were encountered at the conditions where
the systems were in a form of solid gels. The fact that the
resolution of the SAXS experiment is relatively low cer-
tainly causes a strong ambiguity in fitting the scattering
curves in the regime of low-q values. On the other hand
we have to stress that the classical approach to the poly-
mer solutions assumes the homogeneous polymer solu-
tions and the gels that form due to the appearance of the
long-lived polymer entanglements in the structure. Such

Figure 4: The fits of Equations (10) to experimental scattering cur-

ves of 2 wt. % (a) LC, (b) KC, and (c) MC at various temperatures.

Curves have been shifted by a constant value for the sake of clarity.

a)

b)

c)
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entanglements raise the elastic nature of the polymer sys-
tem and are described solely by the static correlation-
length parameter. The latter means that they are as such
considered as somewhat denser (homogeneous) polymer
regions within the system. Therefore one could argue that
there is no consideration of possible further nano-structu-
ration of these regions taken into account in the classical
approach. If these denser regions with the static entangle-
ments would not be homogeneous, but rather some nano-
structured details would be present in its structure, one
would certainly expect them to reflect in an additional
scattering contribution in the scattering curve that would
cause Equation (11) to become inappropriate for such a
case. As Equation (11) severely fails to reproduce the scat-
tering curves of the gels in the low-q region in Figure 4,
this certainly strongly indicates on an additional scattering
contribution present in these system. This explanation is
even more plausible due to the fact that the gelation mec-
hanism of KC is known to comprise the formation of the
double helices of KC molecules and their subsequent ag-
gregation into complex gel network.6 Such gelation mec-

hanism most certainly introduces some nanostructure into
these gels at least on the level of double helices and their
aggregates. Similarly, also in the case of MC systems the
discrepancy from the structure of a “homogeneous gel” is
obvious already observed from the peak arising with the
gelation in the moderate q regime. At this point we have to
stress that very similar features of bad fits of Equation
(11) were recently observed also in the case of SAXS da-
ta of nonionic polysaccharide levan samples – they were
attributed to the contribution of the eventual nanostructure
on the surface or interior of the very large polymer partic-
les that were observed in these systems microscopically.19

Even though Equation (11) fails to interpret the scat-
tering curves of KC and MC gels, we can still evaluate the
outer part of these scattering curves utilizing the Equation
(10) and obtain the values of dynamic correlation length ξ
even for the gels. The results of such an approach to the
evaluation of temperature dependent SAXS curves of KC
and MC at various concentrations are depicted in Figure
6. Nevertheless, this approach is somewhat limited in the
case of the MC gels due to the scattering maximum that

a)

b)

Figure 5. Thermally induced change of the dynamic and static correlation lengths ξ and Ξ in 2 wt. % (a) KC and (b) MC system. The results are

shown only for the temperature regime where Equation (11) performs well.
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develops around q value of 5.5 nm–1 (see Figure 3c) – we
are therefore not able to get trustworthy ξ values for MC
gel. 

It is interesting to see that the curves in Figure 6a
seem to show a plateau at low temperatures indicating that
ξ settles at more or less constant value that is dependent
on the polymer concentration. This is in accordance with
the fact that the scattering curves of KC system practical-
ly coincide once the gel is fully formed. One can further
observe that the value of ξ increases with increasing KC
concentration at low temperatures. This occurs due to the
increasing stiffness of the KC gels with increasing con-
centration that in turn reflects also in the lower flexibility
of the polymer molecule parts between the static entangle-
ments leading to higher dynamic correlation lengths. Ho-
wever, this trend is reversed at higher temperatures in the
regime of the viscous KC solutions, where the value of ξ
decreases with increasing KC concentration – at this stage
we have to point out that a very similar trend was obser-
ved already in the case of the non-gelling LC system and

as can be seen from the results for ξ gathered in the Table
1, it obviously holds even for the nonionic MC system.
Such a trend can namely be explained as the effect of pre-
dominating repulsive interparticle interactions that are
characteristic for stable viscous solutions – the reduction
of ξ is the consequence of the increase in the polymer
dynamics due to increase of the strength of the repulsive
interparticle interactions. 

Figure 6: The temperature dependence of the dynamic correlation

length ξ for polymer solutions of (a) KC and (b) MC at different

concentrations. 

a)

b)

Table 1. The average values of the dynamic correlation length ξ–

for 1 and 2 wt. % viscous solutions of LC, KC, and MC. 

ξξ– [[nm–1]]
LC KC MC

1 % 1.54 1.38 0.97

2 % 1.29 1.20 0.92

Δξ 0.25 0.18 0.05

Another very interesting observation can be made
based on the results gathered in Table 1 and further reveal
high level of details that such classical approach can pro-
vide from SAXS data. The resulting values of ξ seem to
be somewhat larger for LC in respect to the ones for KC,
but both seem to be noticeably higher than those of MC.
LC and KC are chemically very similar polysaccharide
molecules, the only significant difference being that LC
contains three, but KC only one SO4

– group per monomer
polymer unit. The charge density on the polymer backbo-
ne is therefore much higher in the case of LC, which is al-
so the main reason that pure LC aqueous solutions are
non-gelling. Due to the stronger electrostatic repulsion
between the monomer units the LC molecules are more
elongated and rigid in respect to KC molecules; therefore
their dynamic correlation length ξ is expectedly higher.
On the other hand the MC is nonionic polysaccharide and
consequently does not exhibit long-range electrostatic re-
pulsions between the monomer units, therefore the MC
molecules are more flexible and their ξ values expectedly
noticeably smaller as in the case of KC and LC. Due to the
same reason also the decrease of the dynamic correlation
length Δξ– with the increase in the polymer concentration
in the viscous solution state is considerably smaller for the
nonionic MC in respect to the ionic KC and LC, as also
seen in Table 1. 

4. Conclusions

In this paper we present the results of the systematic
structural SAXS study of the aqueous polysaccharide so-
lutions of LC, KC and MC. For the experimental SAXS
data evaluation and their interpretation the equations of
the classical approach to polymer solutions, which had to
be slightly modified, were used. This approach turned out
to be quite powerful also for the SAXS data interpretation
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of polymer solutions and transitions to gels, but it also
showed some shortcomings in the case when the static
correlation-lengths rise above the experimental resolution
and static-entanglement regions exhibit some characteri-
stic internal nanostructure. In this manner the presented
results reminded us that the experimental SAXS resolu-
tion is relatively limited for such samples; therefore the
static correlation lengths could not be determined in all of
the studied systems. Furthermore, both KC and MC gels
obviously contain some details in their structure that bring
up an additional scattering contribution in the low-q regi-
me of the SAXS spectra and yield the equation of the clas-
sical approach to polymer solutions to fail to describe
them. In such a case one could try to use the modeling ap-
proach.28–30

The presented results clearly show that in the case of
both KC and MC systems the dynamic correlation length
ξ increases as the gel is formed. This is due to the fact that
the dynamic parts of the polymer chains shorten between
the progressing static entanglements and consequently be-
come more rigid – they are correlated to longer distances
ξ. This is also in agreement with the fact that KC molecu-
les form double helices upon gelation, which are more ri-
gid structures as single chains. Similarly in the process of
gelation also the static correlation length increases and the
opposite occurs during the “melting” of the gel. We could
also see the reduction of the dynamic correlation length
with increasing polymer concentration in liquid polymer
solution, which occurred due to the increase of the
strength of repulsive interparticle interactions and the cor-
responding increase in the polymer dynamics with increa-
sing concentration. Interestingly, the measured SAXS da-
ta for the studied polymer solutions showed the presence
of the long-lived polymer entanglements in all solutions
already in the liquid state, which is a feature that has al-
ready been observed with the SAXS data in a couple of
occasions by now. 
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Povzetek
V tem prispevku predstavljamo uporabo in zmogljivosti klasi~nega pristopa k obravnavi polimernih raztopin in sicer na

primeru ovrednotenja in interpretacije eksperimentalnih podatkov metode SAXS. Ti podatki so bili pridobljeni tekom

sistemati~ne strukturne raziskave razli~nih tipov polimernih vodnih raztopin: dveh gelirajo~ih polisaharidov κ-karage-

nana in metil celuloze ter negelirajo~ega polisaharida λ-karagenana. V {tudiji smo izpostavili in obravnavali te`ave v

povezavi z dejstvom, da prou~evani geli o~itno niso »homogeni geli« v smislu strukturnih podrobnostih, ki jih lahko iz

sipalnih krivulj razlo~i tehnika SAXS, in te`ave povezane z omejeno eksperimentalno lo~ljivostjo metode SAXS za

tak{ne polimerne sisteme. Vzporedno smo predstavili tudi potrebne transformacije ena~b klasi~nega pristopa k obravna-

vi polimernih raztopin, ki so potrebne za ustrezno vrednotenje podatkov SAXS. Poleg tega so v tem delu predstavljeni

tudi podrobni konkretni rezultati o strukturi vodnega sistema posameznega raziskovanega polisaharida v teko~i raztopi-

ni, med nastopom geliranja in tudi v stanju gela.


