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Abstract. In this paper we present the results of quasi-elastic neutron scattering (QENS)
measurements on two chitosan hydrogel samples an uncrosslinked and a crosslinked sample at
different temperatures. The QENS spectra were successfully fitted to three distinct Lorentzians which
were assigned to relevant types of motions. A first Lorentzian is clearly connected to the diffusion of
water molecules within the polymer hydrogel skeleton which acts as confinement agent. The spatial
scale dependence of the width of the water Lorentzian is well described by the random jump diffusion
model and parameterised by the residence time τ0 before jumps and the mean square jump length
< r02>, which allow the determination of diffusion constant Dw at different temperatures as well as
the activation energy Ea. A narrower Lorentzian is assigned to various slower motions of molecular
groups belonging to chitosan biopolymer chains. For the crosslinked sample we have obtained the
Elastic Incoherent Structure Factor (EISF) that is described by the jump diffusion motion inside a
sphere having a diameter in the range 6Å and 10Å depending on the temperature. In addition to
QENS measurements, the morphological characteristics of the chitosan hydrogels at the nanoscale
were investigated using Atomic Force Microscopy. The micrographs display a structure at two levels
of organization consisting of nanometric particles agglomerated into micrometric clusters entrapping
the solvent.
Kay words: biopolymer chain dynamics, neutron scattering.

1. INTRODUCTION
Hydrogels are crosslinked polymer networks that swell in water or biological
fluids. They are successfully used as carriers of bioactive macromolecules, for the
controlled release of drugs in the swollen state. Pore structure and swelling of
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hydrogels are key parameters for their applications [1-3]. Among other
biodegradable polymers, the linear polysaccharide chitosan, has proved to be a
good chemical entity for synthesizing hydrogels because of its greater crosslinking
ability due to the presence of (NH2) amino groups. Its biodegradability,
biocompatibility and other unique properties have been exploited in medicine,
pharmaceutics and tissue engineering amongst others. Chitosan is the deacetylated
derivative of the water insoluble polymer, chitin (N-acetyl-d-glucosamine) – Fig.1.
It is found in nature, present in insect exoskeletons, outer shells of a great number
of crustaceans and in fungal cell walls [1–4].

Fig.1 – Chemical formula of chitosan.

Chitosan is distinguished from chitin by its solubility in dilute aqueous acid
solutions and precipitates when neutralized. It is positively charged due to amino
groups at acidic pH, whose magnitude is dependent on the degree of deacetylation
and is thus classified as cationic biopolymer polyelectrolyte. Because of strong
intermolecular hydrogen bonding the chitosan macromolecules have a tendency to
entangle and to form a network even at low concentrations [7].
In order to obtain good chitosan hydrogels samples, we have to understand
the structure and molecular dynamics of chitosan solutions. In this state the density
of the molecular entanglements depends on polymer concentration, degree of
deacetylation and temperature. As the polymer concentration is increased, the
freedom of the individual chains to move becomes restricted due to the
correspondingly increased number of entanglements [5]. For polysaccharides an
accurate characterization of the rheology, stability and structure is very important
in terms of product design and their applications [6]. Chitosan solutions behave as
non-Newtonian shear-thinning fluids in a broad range of concentration. The
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magnitude of the intrinsic viscosity of chitosan is higher than that of other
biopolymers having comparable molecular weight and depends on the degree of
deacetylation, solvent quality, temperature and polymer concentrations [7]. At high
concentration, the solution is heterogeneous at different length scales. The nature
of aggregates formed as well as their growth mechanism are not well known,
therefore estimation of their size as well as water diffusion inside them, are a
subject of great interest [5,8]. The concentration dependence of the zero-shear
specific viscosity presents a critical concentration at C= C* that corresponds to the
starting point of physical contacts between biopolymer molecules. The values of
C* for chitosan solutions fall in the range of 0.3% to 0.5% [8]. Intermolecular
entanglements predominate the overall molecular motion of polymers at C > C*,
while at C < C* the individual polymer molecules are statistically separated from
other molecules. The critical concentration (C*) depends on the molecular size and
conformation of a polymer: the higher molecular weight and the more rigid
conformation, the lower C*. At the same time the addition of crosslinkers will
change its internal structure as well as the rheological properties. The formation of
submicrometric chain aggregates driven by hydrophobic interactions has been
observed. These heterogeneities are at the core of the multiscale morphology of
physical hydrogels processed from this polysaccharide. Therefore, a close structural
relationship exists between the characteristics of the initial solution and the
properties of the final chitosan hydrogels, which depend on the preparation
technique, the type of crosslinker used and the degree of crosslinking. In addition,
the amount of bound water as well as the degree of water confinement increases with
the degree of crosslinking. In the domains around biopolymer chains a small percent of
water molecules are bound to the chitosan matrix by hydrogen bridges and remain
unfrozen at temperatures below 00 C. No melting peak is observed in DSC scans
and the free energy is significantly lower than that of free bulk water [1–4, 23].
Although the majority of water molecules are not in direct interaction with the
polymer chains they are constrained to move inside of confined spaces created by
the chitosan agglomerates of various dimensions (micrometric and nanometric).
How much are these motions affected by the presence of crossslinkers and in
what way are the water diffusion dynamical parameters influenced by temperature?
Further understanding of all these effects, the water swelling properties, the water
dynamics as well the dynamics of polymer chains, chemical stability, suitable
crosslinkers and degree of crosslinking will aid optimal synthesis methods for the
hydrogels to be tailored to specific applications.
The paper presents the first QENS experiment on chitosan hydrogels that
provides diffusion parameters of water inside of hydrogel skeleton as well as the
space-time information about polymer chains motions. At the same time, we
carried out an Atomic Force Spectroscopy (AFM) study of microstructure of the
same chitosan hydrogel samples. After our knowledge this type of tackling was not
used until now.
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A dynamical study of water chitosan hydrogel systems is possible using
Quasielastic Neutron Scattering (QENS). Unlike other methods, QENS provides
both spatial and temporal information about dynamical modes. The choice of
experimental conditions as well as proper data processing is essential for the
success of experiment [11,12,13]. The proton dynamics in chitosan hydrogel
solutions comprises a very wide time scale; from very slow molecular motions of
polymer chains and water molecules bound to them, up to faster motions of solvent
molecules. These motions are governed by the number, lengths, and specific angles
of hydrogen bonds, which are present in the system both inside and outside the
polymer chains aggregates, and between chitosan chains groups and solvents
molecules [5,7]. According to other experimental results [11,12,20,21] obtained
until now concerning these motions and given the resolution of the spectrometer
used for this work as well as the statistical uncertainty of the measurements we
consider that our QENS data contain the contribution of three main dynamic modes:
– Slow motions of non-exchangeable protons associated with internal
molecular reorientational motions hydroxymethyl and amino groups belonging to
biopolymer chitosan chains. Sometimes, such motions could be also connected
with localized chain relaxation modes involving several repeating units of the
polymer chains [29]. The water molecules which are inside the chitosan matrix and
that are bound to the molecular groups of biopolymer chitosan chains could
perform also a slow rotational diffusion process. However this interfacial water
diffusion motion cannot be separated from previous segmental diffusion of
biopolymer chains [27, 35].
– Diffusion motions of freer heavy water molecules that are placed farther
from the polymer chain structure and have no direct interactions with them. The
polymer hydrogel skeleton acts as confinement agent and the water motion (faster
than the polymer motions) is governed by the average life of hydrogen bonds that
connect the water molecules between them as well as to other molecules that are
present in the physical system [36, 37]. They perform a random jump rotationaltranslational diffusion process according to theoretical models proposed [11].
– Molecular diffusion motions of the second solvent (acetic acid) as well as
the other molecular groups which are present in the system. These motions are
faster than previous and appear as a very broad Lorentzian which can be treated
like a background.
Separation of these various motions is the central issue in such neutron
scattering experiments. In the section 3.2 we have introduced a new way of data
processing by decomposing the heavy water scattering law in two factors: the
incoherent part and the coherent part which in turn is gouverned by the structure
factor of heavy water, equation (7).
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In what follows, we first present the details of the sample preparation and
characterization as well as the main experimental details of the neutron scattering
experiment, and then present the results from analyzing the quasielastic and elastic
scattering.
2. EXPERIMENTAL
2.1. SAMPLE PREPARATION AND CHARACTERIZATION
Chitosan, having an average molecular weight of 10,000 Dalton and a degree
of deacetylation higher than 85% was supplied by Sigma Company. Chitosan
Solutions were prepared using high purity D2O by disolving the chitosan powder in
2% aqueous acetic acid at room temperature [2, 3, 4]. Typically for a number of
applications the acetic acid solvent is removed by repeated drying and washing, but
after these treatment procedures very thin films are obtained. For practical purposes
for the QENS measurements, and since the concentration of acetic acid in the final
solution is small, we used the chitosan gels in their primary form. Two samples
were prepared and the exact compositions are given in Table 1. The chitosan
concentration of the two samples is greater than the critical overlapping
concentration, C*. Sample 2D is the crosslinked chitosan-gel, which was prepared
by adding (2%) glutaraldehyde solution to the pale yellow chitosan hydrogel. The
mixture was stirred for 45 min at room temperature until the sample became
viscous [3, 4]. Sample 0D is the reference uncrosslinked chitosan hydrogel.
Table 1
Sample composition significance and corresponding contents of its components.
Sample

Chitosan (%)

Acetic acid (%)

Glutaraldehyde (%)

Heavy water (%)

0D

4.26

1.91

0

93.83

2D

2.44

1.57

0.2

95.79

2.2. SAMPLE SURFACE MORPHOLOGY OBSERVATION BY AFM
Aggregation morphology and association mechanisms in chitosan solutions
are highly significant for accurate polymer characterization as they might affect
biological properties. Furthermore, the control of the solution morphology and
more precisely the presence of heterogeneities appear to be essential in the
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elaboration of physical hydrogels, the formation of nanoparticles or the processing
of solid forms. In order to characterize the chitosan solution samples we have
carried out an AFM microscopic study on chitosan solutions of varying
concentrations. For this purpose we have used a RTESP – Veeco (250 kHz) AFM
instrument that provides height and phase images of different sample regions
simultaneously with a resolution of 256×256 pixels and a frequency of 1.0 kHz.
Images were processed using NanoScope software (version 531r1). The
micrographs display a two-level structure of organization consisting of nanometric
particles interconnected or agglomerated into micrometric clusters entrapping the
solvent (Fig. 2a,b). The diameter of the chitosan chain aggregates varies between
and 8 and 25 nm depending of chitosan concentration. The addition of the
crosslinker leads to a better homogenization of the sample, where the nanoparticles
are more uniformly distributed in the system (Fig. 2c).

Fig. 2a – Topography AFM 250 nm scan image of chitosan hydrogel for uncrosslinked sample 0D.
The chitosan aggregates having a diameter of 8 nm can be seen very clear.
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Fig. 2b – 3D Tapping Mode AFM image (200 nm scan) for uncrosslinked chitosan sample 0D.

Fig. 2c – Phase AFM 250 nm scan image of chitosan hydrogel for the second glutaraldehyde
crosslinked sample 2D.
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2.3. NEUTRON SCATTERING TOF MEASUREMENTS
Incoherent neutron scattering measurements were carried out at ISIS pulsed
neutron facility, Rutherford Appleton Laboratory, Chilton, UK using the IRIS
backscattering neutron spectrometer [14] with the (002) pyrolytic graphite crystal
reflection configuration. The samples were placed in annular aluminum containers
having a suitable sample thickness to minimise multiple scattering effects. The
instrumental energy resolution was measured with a vanadium standard sample to
be 17.5 µeV and the energy transfer window chosen covered a range between
–0.2 meV and 1.2 meV. The 51 neutron detectors cover an angular range
corresponding to momentum transfers, Q, between 0.48 A-1 and 1.84 A-1. For the
purposes of the data analysis, groupings of 3 detectors were chosen. The vanadium
standard run was also used to correct for the detector efficiency.
3. RESULTS AND DISCUSSION
3.1. DATA ANALYSIS OF NEUTRON SCATTERING SPECTRA
The double differential cross section of the neutron scattering process is
directly connected to the scattering law defined by the relation:

G
 d 2σ 
 σ total   k 
  Stotal Q, ω

 =

 dΩdE total  4π   k0 

(

G

)

(1)

K

Here E0, E, k0 and k are the neutron energies wave vectors before and after the
G
scattering and Q is the momentum transfer vector, σtotal is the total scattering cross
G
section of the scattering nuclei while Stotal Q, ω is the total scattering law of the

(

)

sample. The momentum and energy transfers are defined by the following
relations:
G G
G
=ω = E − E0 .
Q = k − k0 ;
(2)

(

)

The total scattering law is composed of two parts: the incoherent scattering law and
coherent scattering law weighted by incoherent and coherent scattering cross
sections respectively according to relation:
 σ2

σ2
Stotal ( Q,ω) =  2inc Sinc ( Q,ω) + 2coh Scoh ( Q,ω)  .
σ total
 σ total


(3)

The incoherent scattering law Sinc (Q,ω), is the physical quantity containing
the intensity of individually scattered neutrons by sample nuclei. It becomes
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essential in describing the individual dynamics of the protons for hydrogenated
samples. For hydrogenated samples the coherent scattering law can be neglected as
the incoherent scattering cross-section for hydrogen is much greater than the
coherent one. In our case the sample is composed from two important components:
heavy water (D2O) and polymer. The deuterium thermal neutron scattering cross
sections are σinc=2.04 barn while σcoh=5.597 barn. The intensity of scattered
neutrons by heavy water molecules has a mixed character especially if we take into
account the fact that the sample contains heavy water over 94% by weight.
The coherent scattering law Scoh (Q,ω) reflects the interference effects of the
neutrons scattered by different atoms of the sample and it depends upon the static
structure of heavy water [15, 16]. However during the data processing by
controlling the angle dependence of the scattering intensity of every component,
these effects can be eliminated. An important step forward was the introduction of
the elastic incoherent structure factor concept, EISF as well as the series expansion
of the scattering law in terms of Lorentz functions [11, 15, 16]. The terms of this
series are connected with dynamical parameters of various types of molecular
motions, for translations or molecular rotations [11]. The general form of the
theoretical incoherent scattering law can be written
th
Sinc
(Q,ω) = A0 (Q )δ(ω) +

∑ A (Q)L(ω,Γ (Q)) .
l

l

(4)

l

The first term A0 is the elastic incoherent structure factor known as EISF
while the second term in (4) gives the real neutron scattering contribution of
various molecular motion modes to the experimental quasielastic line. The
experimental scattering law is given by the convolution of theoretical functions that
are comprised in the sum (4) with the resolution function of the neutron
spectrometer R (Q, ω). The quasielastic scattering factors Al(Q) and the Lorentzians
L(ω,Γl (Q )) , having the widths Γl are directly connected with the model
dynamical parameters of the system.
3.2. MOLECULAR DYNAMICS OF CHITOSAN HYDROGELS HEAVY
WATER SYSTEM
The experimental scattering law is obtained from the convolution of the
theoretical scattering law S th ( Q, ω ) and the resolution function R(Q, ω). It can be
written as the sum between polymer scattering law Sp (Q, ω) and the scattering law
corresponding to water Sw (Q, ω). However the quasielastic experimental spectrum
contains also the contributions of the other compounds which are present in the
sample. These motions are comprised in a very broad Lorentzian, Bs(Q,ω) that can
be separated during the data processing like a broad Lorentzian background. In
order to be sure of their nature a separate QENS measurement on this additional
solvent solution was carried out. We have
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Sexp ( Q, ω) = S th ( Q, ω) ⊗ R ( Q, ω) = S p ( Q, ω) + S w ( Q, ω) + Bs ( Q, ω) .

(5)

Unlike the last two terms the neutron scattering law for polymer Sp(Q, ω) contain
the elastic component of the quasielastic line law and can be written [13]:
Sp (Q, ω) = NH [A0 R(ω) + (1–A0) Lp (ω, Γp(Q)],

(6)

where NH is the polymer molar fraction, A0 is the incoherent structure factor that is
connected with the elastic component of the line, R(ω) the resolution function of
the spectrometer, Lp(ω, Γp(Q)) is the experimental Lorentzian having the width
Γp(Q) (obtained after the convolution) that describes the dynamics of hydrogen
nuclei which belong to polymer segmental chains.
The neutron scattering law on heavy water has two components: one
predominant coherent part and another incoherent part. The coherent part can be
written in the convolution approximation [17] using the molecular structure factor
Sw(Q) of heavy water [18, 19, 24, 30] so that we can write:

S w ( Q, ω) = S wcoh ( Q, ω) + S winc ( Q, ω) ≈ S w ( Q ) S winc ( Q, ω) + S winc ( Q, ω) =
= S winc ( Q, ω) 1 + S w ( Q )  .

(7)

The water experimental scattering law can be written as follows:
Sw(Q ω) ≈ ND [1+Sw(Q)] Lw (ω, Γw(Q)).

(8)

In relation (8), the factor ND is the molar fraction of the heavy water, while
Lw(ω, Γw(Q)) is the Lorentzian describing the heavy water diffusion motion. The
function Sw(Q) is the coherent structure factor for heavy water while the function
Γw(Q) is the width of the water Lorentzian. Finally, the relation (5) becomes [20, 21]:
Sexp ( Q, ω ) =

{

1
N H  A0 R (ω ) + (1 − A0 ) L p (ω , Γ p ( Q ) )  +
,
A

}

+N D 1 + S w ( Q )  Lw ( (ω , Γ w ( Q ) ) + N s Bs (Q, ω )

(9)

where Ns is a factor connected with the molar fraction of the other compounds
(solvents or crosslinkers) that are present in the system. The real weighting factors
NH, ND, Ns of the fitted Lorentzians which are given by their surfaces must be
normalized to the whole experimental area of the quasielastic peak so that a
normalization factor A is necessary.
The areas and the widths of these last two Lorentzians are connected with the
molecular diffusion parameters of the other components in the system, according to
Eq. (9), where the first term is the elastic line obtained from the vanadium run. In
the fitting process of the quasielastic line, we have extracted three Lorentzians: one
narrow Lorentzian assigned to slow polymer chains-bound water motions and two
other wider Lorentzians assigned to heavy water and to the other compounds which
are present in the system. The main fitting parameters are the elastic component A0,
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the widths Γp(Q), Γw(Q) and Γa(Q) of the three Lorentzians Lp, Lw and La,
respectively, as well as their intensities. In Fig. 3 we present four examples of
experimental quasielastic spectra that were fitted using the IRIS-MODES data
processing program. The graph representation was carried out using the free DAVE
programme [22]. The program accomplishes the fitting procedure according to
relation (9) and provides the fitted parameters (the elastic line area and the three
Lorentzians characteristics that compose the experimental line corresponding to the
measured temperature) for every momentum transfer Q. Fig. 4 shows the QENS
spectrum on acetic acid and water solution with the same concentration as used in
the chitosan hydrogel samples. After many trials, we have concluded that the water
diffusion motion in chitosan hydrogel solution is well described by the theoretical
model that presumes jump diffusion of the scattering protons inside the chitosan
hydrogel mesh [25, 26].

Fig. 3 – Examples of experimental quasielastic lines fitted with three Lorentzians: one narrow
Lorentzian, and another two wider Lorentzians. The experimental quasielastic line is shown by the
continuous line while the resolution function can be seen as a lower peak under these Lorentzians.
The χ2 statistical test varies between 0.8 and 1.4 for all the spectra. The value of momentum transfer is
Q = 0.847 A-1, while the temperature values and the type of sample are given inside the figure.
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Fig. 4 – QENS spectrum for acetic acid solution where the assignments
of the Lorentzians given in Fig. 2 can be seen.

3.3. FITTING PROCEDURE RESULTS
The quasielastic line was fitted using equation (9). From the fitting procedure
we succeeded to separate three distinct Lorentzians assigned to three types of
motions (Fig. 3). The χ2 statistical test is comprised between 0.8 and 1.4 and taking
into account the number of the six free parameters: the linewidths of Lorentzians as
well as their areas the confidence degree is very good.
a) The first relevant Lorentzian having a width comprised between 150 µeV
and 500 µeV is clearly connected to the heavy water diffusion motion in confined
spaces created by biopolymer hydrogel aggregates. It comprises both the
translational and the rotational diffusion motions of water molecules. The area of
this Lorentzian has a Q dependence that follows the heavy water static structure
factor which enters the area fitting factor – the third term in (9). Although the
translational water diffusion motions are slower than the rotational ones, the
diffusion constants associated to these two types of motion are not so different
[28]. Therefore, we considered that the width of this function can be assigned to
water rotational-translational motions that provide an averaged line-width
corresponding to the diffusion constant Dw inside the chitosan mesh. In Fig. 5 we
have represented the widths of water Lorentzians as a function of Q 2 at four
temperatures fitted with the Hall-Ross random jump diffusion model [25, 26, 11]
which assumes that the scattering particles (protons or deuterons) undergo a
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isotropic random-walk diffusion motion. The jump-lengths r0 are presumed to obey
a Gaussian distribution while the mean residence time τ0 between two successive
jumps is considered much greater than the duration of the jump. It provides a
quasielastic linewidth according to

Γ (Q )=

1
τ0


 Q 2 <r0 2 >  
1
–
exp

–
 .
2

 


(10)

Fig. 5 – The dependence of the full width at half maximum (FWHM) for the wide Lorentzian
assigned to free water for the cross-linked (2D) and uncross-linked (0D) samples at five
different temperatures. The experimental points are fitted with the random jump diffusion
model (lines) [25, 26, 11]. The resulting fitting parameters are given in Table 2. For T = 270K
the water is in supercooled state.
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In the above relation <r0 2 > is the mean square jump-length while the
diffusion coefficient Dw is Dw= < r02 >/6τ0. The asymptotic form at high Q gives:
Γ(Q→∞) = 1/τ0 (in ħ=1 units). The experimental data are well described by this
model having as fitting parameters <r0 2 > and the residence time τ0 [33, 34]. The
resulting values of the fit parameters are given in Table 2. The activation energy Ea
for water diffusion can be obtained if we take into account the temperature
dependence of the proton residence time according to the Arrhenius relation:

τ = τo exp( Ea / K B T ) ,

(11)

where the prefactor τ0=0.056 ± 0.001 ps and KB is the Boltzmann constant. This
dependence is plotted in Fig. 6 for 0D and 2D samples which gives Ea= 3.5 ± 2.2
Kcal mol-1 for the 0D and 4.3 ± 2.4 Kcal mol-1 for 2D sample respectively. These
values are close to the result obtained by G. Paradossi et al [21] of 4.0 ± 0.6 Kcal
mol-1 for heavy water in PVA hydrogels. For bulk water the rotational-translational
diffusion gives an activation energy Ea=1.85 Kcal mol-1 [18].
Table 2
The water jump diffusion parameters at different temperatures for 0D uncrosslinked and 2D
crosslinked samples: the residence time τ, the average jump length r0 and diffusion constant Dw.
They were obtained by fitting the linewidth experimental data with the random jump diffusion model.
The values of τ are given by the asymptotic value of FWHM at high Q
Chitosan 0D sample
T (K)
τ (ps)

r0 (Å)

Dw(10–5cm2s–1)

270

2.77 ± 0.25

0.89 ± 0.07

0.48 ± 0.14

280

2.75 ± 0.14

1.11 ± 0.06

0.75 ± 0.12

290
300

2.01 ± 0.09
1.88 ± 0.07

1.03 ± 0.04
1.11 ± 0.04

0.88 ± 0.12
1.09 ± 0.12

310

1.78 ± 0.06

1.20 ± 0.04

1.34 ± 0.13

Chitosan 2D sample
T (K)
τ (ps)
270
7.68 ± 0.75

r0 (Å)
1.26 ± 0.12

Dw(10–5cm2s–1)
0.34 ± 0.10

280

2.82 ± 0.15

1.07 ± 0.06

0.68 ± 0.11

290
300

1.99 ± 0.14
1.93 ± 0.13

0.94 ± 0.05
1.07 ± 0.05

0.73 ± 0.13
0.99 ± 0.17

310

1.97 ± 0.13

1.21 ± 0.06

1.24 ± 0.21

b) The hydrogel polymer network dynamics is described by a narrower
Lorentzian. This includes various slow reorientational motions of the different
molecular groups in the chitosan biopolymer chains as well with special diffusion
motions of water molecules that are closely bound to the polymer chain network
[23].
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Fig. 6 – Residence time, τ, plotted as a function of temperature for the uncross-linked (OD) and crosslinked (2D) samples. Lines show an Arrhenius fit from which we calculated the activation energies.
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Fig. 7 – Q-dependence of the FWHM of the narrow Lorentzian assigned to the polymer motions and
bound water motions averaged with temperature for sample 2D. The data shows a confined diffusion
[25,26] that presumes a jump diffusion motion inside a sphere with a diameter of the order 2r = 2π/Q0
~5.0 Å. The significance of Q0 is given in the text.
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Although the intensity and line broadening of this Lorentzian is small, we
succeeded in extracting the linewidth values from experimental data. Fig. 7 shows
the momentum transfer dependence of temperature averaged polymer linewidths
for 2D sample (within experimental error, no temperature dependence was
observed for this linewidth). The shape of the fitted curve suggests the model of
jump diffusion inside a restricted volume [25, 26]. According to the shape of the
curve this volume could be a cilinder or a sphere. We have chosen the second case.
The FWHM remains nearly constant until a value Q = Q0p when it begins to
increase. This point where the curve slope changes gives an estimate of the radius
of the sphere [26] r = π / Q0p (diameter 2r = 5.0Å). This diffusion volume suggests
that the protons from polymer-crosslinker molecular groups or solvents protons
(deuterons) are closely bound with the polymer chains [27, 35] and are moving
inside this small confined space. The motions of these groups are mostly localized
motions and given the experimental uncertainty we cannot be certain of diffusion
type they perform.
c) Besides heavy water and polymer, the samples also contain two other
components: acetic acid and crosslinker (glutaraldehyde). For uncrosslinked
samples only the heavy water and acetic are present as solvents. Fortunately, the
acid acetic diffusion motion contribution to the quasielastic line appears as a very
wide Lorentzian, so it can be considered rather a background. This fact was
demonstrated by a separate measurement on acetic acid solution where the effects
of the two components were clearly evidenced, (Fig. 4).
3.4. ELASTIC INCOHERENT STRUCTURE FACTOR
We succeeded in separating the elastic part from the quasielastic line only for
2D sample. The errors for the uncrosslinked sample are too big to be presented.
The Elastic Incoherent Structure Factor, EISF as a function of momentum transfer
at two temperatures is presented in Fig. 8. The experimental data were treated in
terms of spherical potential model [26, 31, 32] which presumes that the scattering
process is performed on two kinds of water protons: an immobile fraction (f) of
polymer protons and bound water deuterons and a mobile fraction (1–f) that is
constrained to perform molecular diffusion inside a sphere of radius R. This model
gives the following form for the elastic incoherent factor:
EISF = f + (1–f )

9
[sin(QR )–QRcos(QR )]2 .
6
(QR )

(12)
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Fig. 8 – EISF for the sample 2D as a function of Q at two temperatures. The experimental points are
fitted with the spherical potential model (lines) [18, 25]. The fitting parameters are the immobile
proton fraction f and the radius R of the diffusion sphere as given in Table 3.

The value of R (order of 10Å) is greater than the diameter of the sphere, 2r,
obtained from the behavior of polymer narrow Lorentzian linewidth, section 3.3c.
2R concerns the diffusion space (confined volume) created by polymer coils,
hydrogel skeleton in which the water diffusion take place. The results of the fitting
are given in Table 3. At T = 273K the shape of EISF curve reflects the begining of
the freezing process, the scattering particles move slower and the system become
more rigid so that the elastic intensity can be extracted easier.
4. CONCLUSIONS

The paper presents our QENS results performed at ISIS-IRIS neutron
scattering spectrometer on uncrosslinked and glutaraldehyde-crosslinked chitosan
hydrogels at different temperatures. Through fitting the QENS data we successfully
extracted three Lorentzians that were assigned as: one narrow Lorentzian assigned
to slow moving polymer chains and a small percent of bound water molecules that
perform rotational diffusion motions and two other wider Lorentzians that we
assigned to free water molecules and to other solvent molecules respectively. The
behavior of the narrow Lorentzian linewidths gives information about the small
space dimensions where the protons from the polymer chains or the bound water
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are moving. The diffusion of the free water molecules is well described by the
random jump diffusion model and we determined the diffusion constants and
activation energies associated to these motions. From the elastic intensity behavior
we calculated the EISF which allows the evaluation of geometry and dimensions of
the volume within which the water diffusion motions take place. This volume can
be approximated with a sphere of diameter in the range of 6 to 10 Å. In order to
understand better the morphology of the samples we carried out an AFM analysis
which provides the morphology of surface samples at a greater scale. The
micrograph images show a dispersed distribution of chitosan aggregates in the
range 8 to 50 nm depending of chitosan concentration. The addition of the
glutaraldehyde crosslinker has the effect of a better homogenization of chitosan
nanoparticles while the diffusion coefficient of water decreases. The QENS data
provides information about proton dynamics inside of these agglomerates or
outside them.
Table 3
EISF fitting parameters for water molecules inside a space of spherical symmetry obtained from
fitting of the experimental data for 2D sample with the theoretical model [31] (see Fig.6). At T=270K
the chitosan gel-solution is still unfrozen but the shape of the incoherent elastic structure factor shows
that the system is more rigid.
T (K)
270
280

f
0.830 ± 0.003
0.028 ± 0.005

R (Å)
3.06 ± 0.12
4.20 ± 0.15
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