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Abstract This work was focused on assessing the influence
of the glycerol in chitosan matrices, analyzing the changes
produced in the molecular mobility, mechanical, thermal, bar-
rier and structural properties. The addition of glycerol in the
matrix decreased the stress values, increasing the elasticity
and water vapor permeability of the films, with a marked
decrease in glass transition temperature; Detailed analyses of
Fourier Transform IR Spectroscopy spectra supported the ob-
served changes, especially in the spectral windows 1700—
1500 cm™' revealing the modifications at molecular level
caused by hydrogen bond interactions between chitosan and
water in the presence of glycerol. Positron annihilation spec-
troscopic (PALS) measurements allowed determining the free
volume assuming spherical holes as well as monitoring the
structural changes in chitosan films caused by the addition
of both, glycerol and water molecules. It was possible to infer
that for unplasticized matrices, a sustained increase of the
radius between 0.06 and 0.2 of X, Was observed, followed
by a plateau up to 0.35. In the other case, with the addition of
glycerol, there were two plateaus, the first between 0.25 and
0.37 of Xater, and the second from 0.41 to 0.47. For higher
glycerol concentrations, the plasticizer would be mainly
bounded to the chitosan pack more efficiently and the water
present in the system would be predominantly free in the
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matrix causing its swelling. Findings on molecular mobility
contributed to the understanding of the role of water and glyc-
erol in the structural arrangement and its influence on film
properties.

Keywords PALS - Plasticizer - Chitosan films - Molecular
mobility - FTIR

Introduction

Packaging is a potential area for the application of chitosan
films. This biopolymer is a hydrophilic and natural polymer
derived from chitin by deacetylation, widely found in crusta-
ceans and insects, the second most abundant biopolymer in
nature after cellulose [1].

Considering the hydrophilic character of biodegradable
films, water molecules can constitute a problem due to their
strong plasticizer effects in films, modifying the physical
properties of the material [2]. Furthermore, the addition of
low molecular weight plasticizers to amorphous biopolymers
increases the matrix free volume and the molecular mobility
[3, 4].

Polyols such as glycerol contain hydrophilic groups, in
which the water molecules interact with the macromolecules
by means of hydrogen bonds, resulting in moisture absorption.

Several authors have addressed a parallelism between plas-
ticizing effect and free volume but only a few have so far put
the theory into experimental measures.

The free volume of amorphous materials or polymers is the
volume unoccupied by the material’s molecules. Plasticization
is explained by the free volume theory as the increase in the
intermolecular spaces of the polymeric matrix [5, 6].
According to Roussenova et al. [7] it is essential to quantify
the local free volume in a system since it plays an important
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role in phenomena such as self-diffusion, the diffusion of
guest molecules and the glass transition temperature.

In order to highlight the interaction of chitosan with plasti-
cizer molecules, the changes of the matrix induced by hydra-
tion at a molecular level should be considered. FTIR is often
used with this purpose. Furthermore, positron annihilation
lifetime spectroscopy (PALS) provides information on the size
of free volume holes in an amorphous material, and thus on
the plasticizer-induced structural changes of the polymers;
hence the changes in local free volume observed may be
related to the changes in the macroscopic bulk properties.
The versatility of PALS for the study of polymers allows
an integrated approach in conjunction with complementary
techniques to establish composition-structure relationships
at a molecular level.

References about film molecular mobility studied by PALS
and structural changes associated with plasticizers analysis are
scarce. In this way, this work was focused on assessing the
influence of the glycerol in chitosan matrices, analyzing the
changes produced in the molecular mobility, mechanical, ther-
mal, barrier and structural properties.

Materials and Methods
Reagents

Commercial chitosan from crab shells with a minimum
deacetylation degree of 75 % was purchased from Sigma
(St. Louis, MO, USA). Glycerol (analytical grade), used as
plasticizer, was provided by J.T. Baker (Xalostoc, México).

Film-Forming Solution Preparation

Chitosan solution of 1.5 % (w/w) was prepared by solubiliza-
tion in 1.5 % (v/v) acetic acid solution under stirring for
24 hours, as was described in a previous work [8]. A screening
of plasticizer (P) concentration was assayed in order to select
the optimum; glycerol was added as plasticizer to chitosan
solution. Tested concentrations were: 0.25, 0.5, 0.75 and
1 % g of glycerol / 100 ml of chitosan solution (w/v).

Film Preparation

Unplasticized and plasticized chitosan films were prepared by
casting filmogenic solutions onto Petri dishes (9 cm diameter)
and dried at 37 °C in an oven until reaching constant weight.
The obtained films were removed from the dishes and stored
prior to the determinations of the structural, thermal, barrier
and mechanical properties.
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Moisture Content

Film moisture contents were determined by measuring their
loss of weight, upon drying in an oven at 105+1 °C until
reaching constant weight (dry sample weight). Samples were
analyzed at least in triplicate and results were expressed in
grams of water per 100 g of sample.

Thickness

Film thickness was determined using a coating thickness
gauge Check Line DCN-900 (New York, USA) for non-
conductive materials on non-ferrous substrates. The informed
values correspond to the average of at least fifteen measure-
ments at different positions for each specimen.

Sorption Isotherm

Sorption isotherms at 20 °C for unplasticized films were stud-
ied according to the methodology described by Romano et al.
[9]. Ten saturated salt solutions (slurries), generating constant
a,, atmospheres, were prepared for sample equilibration fol-
lowing the AOAC method 978.18 [10] and the described pro-
tocol by Demarchi, et al. [11]. In brief, samples were equili-
brated in different atmospheres of saturated salts: NaOH, LiCl,
MgCl,, K,COs3, NaBr, NaCl, KCI and BaCl, giving relative
humidity (RH) values of 8, 11, 33, 43, 59, 75, 85 and 90.7 %,
respectively. Chitosan films were previously dried and main-
tained in the presence of P,Os for 15 days. All isotherms were
determined in triplicate, using an individual flask for each
sample. Thymol was added to prevent fungal growth through-
out the storage period in flasks with the highest relative hu-
midities. Film samples were weighed at regular intervals until
reaching constant weight. After that, water activity was deter-
mined by the static gravimetric method. Equilibrium was as-
sumed as variations in moisture content became less than
0.003 gwater/ am- Additionally, the kinetics of water sorption
by the chitosan films was also performed by the fast hygro-
metric method using Aqualab hygrometer (Decagon, USA).
Measurements were performed in triplicate.

In the present study the GAB [12], Smith [13], Oswin, [14]
and Chirife & Iglesias [15] models were used for fitting the
sorption data using Sigma Plot Software 10.0.

Modulated Differential Scanning Calorimetry (MDSC)

Thermal properties of films with and without plasticizer were
determined using MDSC model Q100 controlled by a TA
5000 module (TA Instruments, New Castle, Delaware,
USA), with a quench cooling accessory, under a N, atmo-
sphere (20 ml min"), using a heating rate of 10 °C min "’
and a temperature modulation of £0.50 °C/min. Film samples
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of 67 mg were weighed in aluminum pans and hermetically
sealed; an empty pan was used as a reference.

Samples were analyzed between —90 and 200 °C, at a
heating rate of 10 °C min . After the first scan was complet-
ed, the sample was cooled until —90 °C and then a second scan
was recorded. Glass transition temperature (T, °C) was deter-
mined from the reversible signal using the Universal Analysis
V1.7 F software (TA Instruments, New Castle, USA). All
measurements were performed at least twice for each sample.

Water Vapor Permeability

Water vapor permeability (WVP) tests were conducted based
on a modified ASTM [16] method E96 using a specially de-
signed permeation cell that was maintained at 20 °C according
to the procedure described by Rivero et al. [8]. After steady-
state conditions were reached, eight measurements were per-
formed over 8 h. Each informed value corresponded at least to
four determinations.

Dynamic Mechanical Analysis (DMA)

DMA assays were conducted in a dynamic-mechanical ther-
mal equipment Q800 (TA Instruments, New Castle, USA)
using a clamp tension with a liquid N, cooling system as
described in a previous work [17]. Multi-frequency sweeps
(5, 10 and 15 Hz) at a fixed amplitude (7 um) from —90 to
200 °C at 5 °C min ' were carried out, with an isotherm of
15 min at =90 °C. The equilibrated film samples were coated
with silicone grease to limit water exchange with the external
atmosphere during measurements. Similar procedure was de-
scribed by Cugq et al. [18].

Tensile Stress—Strain

Probes of 6 mm x30 mm were used to analyze the tensile
stress—strain behavior of the films with and without plasticizer
through the aforementioned DMA equipment, by using ten-
sion clamps. For quasi-static test in uniaxial condition, a pre-
load force of 1 N and a constant force ramp rate of 0.3 N min
were applied to record the stress—strain curves until rupture
from film sample strips or up to 18 N. Tests were carried out at
25 °C. In order to calculate the elastic modulus at large defor-
mations (E¢), stress—strain curves were fitted to equation (1)
[17]:

oy :Ec€V975VK (1)

where,

¢y and o, are the true strain and the true stress, respectively;
Ec is the elastic modulus; K is a constant and have to be
regarded as fitting parameter. Samples were analyzed at least
in triplicate.

FT-IR Spectroscopy

The Fourier transform infrared (FT-IR) spectra of the films
were recorded in an IR spectrometer (Nicolet, iS10 Thermo
Scientific, Madison, USA) in the wavenumber range 4000—
400 cm™' by accumulation of 64 scans at 4 cm™ ' resolution.
Data were analyzed by using the software Omnic 8 (Thermo
Scientific, Madison, USA). The spectral deconvolution of the
data was performed using curve fitting algorithms within the
region 1700-1500 cm ™', Inverted second derivative spectra
were used to estimate the number, position and relative con-
tribution of individual elements composing of Amide I and
Amide II. The software iterated the curve-fitting process by
adjusting the peak high and width to achieve the best
Gaussian-shaped curves that fit the original spectrum. In order
to analyze the individual contribution of water and glycerol to
plasticizing of matrices, samples with and without glycerol
were prepared and equilibrated in different atmospheres of
saturated salts as it was described in 2.3.3 section.

Positron Annihilation Lifetimes Spectroscopy (PALS)

PALS experiments proceed by injecting a positron into the
material being tested and measuring the length of time until
that positron annihilates with one of the material’s electrons,
producing y-rays. Measurements were done at room temper-
ature in a conventional fast—fast coincidence system with two
plastic detectors. The time resolution (full-width-at-half-max-
imum, FWHM) was 260 ps and 3 % 106 counts were accumu-
lated for each spectrum. The radioactive source, **NaCl
(10 uCi), was deposited onto a kapton foil (1.42 g cm )
and sandwiched between two sample specimens (chitosan
films equilibrated at different relative humidities or matrices
containing glycerol as plasticizer). The source contribution
(17 % of 386 ps for the annihilation in kapton foil and 1 %
of 2.0 ns) and the response function were evaluated from a
reference sample (Ni metal) using the RESOLUTION code
[19, 20]. According to the common interpretation for PALS
measurements in polymers, PALS spectra were deconvoluted
into three lifetime components using the LT program, with an
adequate source correction.

From the analysis, two discrete lifetimes and a continuous
one corresponding to the long-lived component were obtain-
ed. This longest lifetime gives the ortho-positronium (o-Ps)
lifetime component represented by the continuous distribution
&(1/73). Positron lifetime spectra were also analyzed using the
POSITRONFIT program giving three discrete lifetime com-
ponents (7;, 7, and 73, respectively). The results obtained
showed a very good agreement with those obtained from the
decomposition of the PALS spectra using the LT program. As
mentioned above, in the last series of decompositions a dis-
crete lifetime component for the o-Ps component (t3) was
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considered. Measurements were carried out at least in
duplicates.

Statistical Analysis

Systat-software (SYSTAT, Inc., Evanston, IL, USA) version
10.0 was used for all statistical analysis. Analysis of variance
(ANOVA), linear regressions and Fisher LSD mean compar-
ison test were applied. The significance levels used was 0.05.

Results and Discussion
Barrier and Mechanical Properties

Chitosan films exhibited a water vapor permeability value
of .08 107" g m™' s7! Pa”!, which was lower than those
reported for other biodegradable films based on protein soy
and zein [21], corn starch [22] and cassava starch rein-
forced with natural fibrous filler [23]. However, the WVP
values were higher than those obtained for methylcellulose
[9] and kefiran films [24].

Table 1 shows the effect of the plasticizer addition on bar-
rier properties. The WVP values of CH plasticized films sig-
nificantly increased (P<0.05) for the formulations with glyc-
erol concentrations higher than 0.25 %. Cerqueira et al. [6]
found a similar trend and attributed the increase in the perme-
ability to the plasticizer effect of glycerol, which tends to
reduce the density of packaging of polymeric chains, increas-
ing the free volume matrix.

Although glycerol efficiency as plasticizer is determined by
its low molecular weight, its high capacity to interact with
water facilitates the solubilization and permeation through
the film.

Figure 1 shows the stress- strain curves of the films.
Unplasticized chitosan matrix presented a typical behavior
of rigid materials. With the addition of 0.5 % of glycerol, the
matrix characteristics were slightly modified toward a ductile
material, obtaining higher values of relative deformation.

However, the most remarkable changes occurred for concen-
trations greater than 0.5 %.

The glycerol used as a plasticizer did not undergo a release
from the matrix irrespective of the concentration used. This
result was evidenced by SEM observation (data not shown).
These findings indicate a good miscibility between the matrix
components and they are in agreement with the assumption of
a clustering model at high glycerol concentrations, which was
argued by Quijada-Garrido and coworkers [25]. It consists of
a two-step mechanism, a first one in which the solvent is
sorbed by means of hydrogen bonds on polymer-specific sites
such as -NH, or as -NH'; OOC—CH (chitosonium acetate),
—CH,O0H, restricting the motion of these glycerol mole-
cules, and a second step in which glycerol molecules also
form hydrogen bonds among them giving place to a clus-
tering effect [26].

In Fig. 1 two well defined mechanical patterns can be ob-
served. A more flexible material with higher values of ¢,
corresponded to the highest glycerol concentrations (0.75
and 1 %). The parameters that allowed characterizing the elas-
tic zone of the curves were estimated from the equation (1);
Table insert in Fig. 1 shows the E, estimated values. CH films
presented the highest values of E., demonstrating the greatest
strength of the material, while in the case of plasticized
films the values decreased whereas the glycerol concentra-
tion increased (Table insert in Fig. 1). In comparison with
other biodegradable materials, such as gellan matrices
studied by Ledn et al. [27], the E. values obtained for CH
films were higher.

Glass Transition Temperature Studied by MDSC
and DMA

The T, of chitosan-based films has been studied by several
authors, who detected it in a wide range of temperatures [3,
27]. As expected, the higher glycerol concentration, the
higher film water content, the lower T, values, as can be
observed in Table 2.

Table 1  Effect of glycerol on the thickness, moisture content, water vapor permeability and thermal properties of chitosan film

Glycerol concentration Thickness (1m) Moisture content (g /100 g films) WVPx 10" (g sec' m™" Pa’!) Experimental*Tg
(Yowlv) (% wiw)

0 0 42.5 (1.5)° 17.1 (0.80)* 1.08 (0.042)* 96.0 (3.32)*
0.25 16.67 459 (1.6)° 25.56 (0.57)° 1.02 (0.044)* 93.6 (2.73)"

0.5 3333 50.7 (1.7)° 37.67 (1.06)° 124 (0.012)° 60.7 2.9)°

0.75 50 542 (1.6)° 41.49 (1.43)° 1.36 (0.030)° 42.6 (2.4)°

1.0 66.67 592 2.7° 46.77 (1.15)° 1.61 (0.041)° 20.8 (0.1)¢

* T, values obtained by MDSC

Different letters in the same column indicate significant differences between the samples (p <0.05)
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Fig. 1 Tensile stress strain 60
behavior of CH films as a

function of glycerol

concentration. Continuous lines 50
indicate the fit of equation (1) to
data. The Table insert shows the
E. values estimated from the
model

G, (MPa)

—— Model

% (W/v) E. (MPa)
Glycerol
o 0 2188.24*
@ 0.25 1513.19°
® 05 657.43¢
(@)
o

Dynamic mechanical pattern of CH films showed two re-
laxations, 3 and o with increasing temperature. The {3 relax-
ation was located around —10 °C. Neto et al. [28] and Mucha
and Pawlak [29] reported this event at around —20 to —10 °C.
The o-relaxation coincides with the dynamic glass transition
temperature (T,), irrespective of the frequency tested. In this
case it was found at 100 °C for CH films (Fig. 2), this value
being similar to that obtained by MDSC technique (96 °C).

Table 2 Sorption isotherm model constants and coefficient of
regression R? values for chitosan films

Model Fitting constants”

GAB Xin C K R?
A" 0.105 2.44E+05 0.90 0.980
B 0.108 11.06 0.924 0.991
Smith bl b2 R?

A 0.189 0.084 0.955
B 0.250 0.015 0.978
Oswin bl b2 R?

A 0416 0215 0.950
B 0.564 0.185 0988
Chirife and Iglesias bl b2 R?

A 0.049 0.137 0.984
B 0.065 0.116 0.972

* Parameters obtained from fitting the data obtained by the gravimetric
method (A) and the hygrometric method (B) in the range of water activity
0f 0.1-0.9

**Fitting parameters are defined by GAB [12], Smith [13], Oswin [14]
and Chirife & Iglesias [15] models

0.4

DMA allowed analyzing the effect of glycerol addition on
chitosan matrix. In the case of CH films with 0.5 % of glycerol
(w/v) the 3 relaxation showed a maximum at —20 °C, which
represented a significant displacement with respect to the val-
ue found for the control film (—10 °C). This shift was attrib-
uted to the movements due to the interaction of chitosan with
glycerol molecules through hydrogen bonds with the groups -
NH,,-CH,OH,-NH-CO-CHj; [25]. Furthermore, Domjan et
al. [30] studied the dynamic and structural changes in a chito-
san matrix with glycerol and they found that the plasticizer
interact with acetamide groups of chitosan, decreasing its mo-
bility and prevents interactions between adjacent chains of the
polymer. The addition of 0.25 % of glycerol did not produce
significant (P>0.05) changes in the obtained spectra.
However, it must be emphasized that the addition of 0.5 %
plasticizer shifted T, value to a temperature close to 80 °C
(Fig. 2) and increased the «-relaxation intensity. For higher
plasticizer concentrations the determination of the T, by using
this technique was not possible under the tested conditions.
The E’ values fell below the equipment sensitivity limit
(Fig. 2), without allow detecting the maximum in tan § curve.

Behavior of CH Films Conditioned at Different Relative
Humidities

Considering the hydrophilic character of biodegradable films,
the study of the water sorption in the chitosan film and the
structural relations between the polymer matrix and the water
were performed. In order to conduct a theoretical interpreta-
tion of sorption isotherms, mathematical models based on
empirical and theoretical approaches were applied.
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Fig. 2 Dynamic mechanical 0.6
spectra showing the tangent of
phase angle (tan 6) of chitosan 0%
films with different glycerol 05 | 0.25%
concentrations —— 0.5%
—0— 0.75%
04
®
©
g 03
2
0.2
0.1 F
0.0 & I I I I I
-100 -50 0 50 100 150
Temperature (°C)
The models describe the relationship between the equilib-  FTIR of Chitosan Films

rium moisture content and a,. Experimental data obtained for
both methods (gravimetric and hygrometric) were fitted math-
ematically with the models presented in Table 2.

Figure 3a depicts sorption isotherms obtained for CH films.
The experimental data showed correspond to both, hygromet-
ric and gravimetric methods. In this latter case, it was consid-
ered that a,, could be estimated from the relative humidity of
the surrounding atmosphere (RH), assuming that thermody-
namic equilibrium had been reached [11]. According to
Fennema [31] and Slade and Levine [32] the water activity
is an equilibrium concept derivative of the chemical potential
of'a system. Given the nature of this condition, it is unlikely to
reach, and thus it is convenient to measure a,, instead of as-
suming that this equilibrium has been reached.

The sorption isotherms of CH films showed a fast adsorp-
tion of water at low RH values. This fact allows inferring the
presence of strongly bound water and suggests that the occur-
rence of the three types of sorption, both strongly and weakly
adsorbed monolayer as well as the multilayer. Similar results
were reported by Yakimets et al., [33]. The GAB model dem-
onstrated the greatest capability to predict the total water sorp-
tion (R*>0.99).

The insert of Fig. 3a shows the correlation obtained between
a,, of CH films and the values predicted by the GAB model

On the other hand, samples equilibrated at different relative
humidities exhibited broad endothermic transitions in the tem-
perature range from 100 to 160 °C. As expected, the total area
of endothermic peak increased with the film moisture content,
showing a correlation between the enthalpy and the moisture
content (Fig. 3b).
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Considering the individual contribution of water and glycerol
to the plasticizing of the matrices and the changes induced by
hydration at structural and molecular levels, FTIR spectra
were analyzed. Samples with and without glycerol were stud-
ied by focusing on spectral windows that reveal hydrogen
bond interactions.

The individual effects of both glycerol and water as plasti-
cizer were studied through the deconvolution technique of the
Amide bands into individual components contributing to the
overall envelopes within region 1700-1500 cm .

Figure 4a shows the IR spectra of chitosan films at different
RH in the 1700-1500 cm ™' range. This window corresponds
to the mode of bending of the water molecules present in the
polymer matrix [27], shifting slightly toward higher
wavenumbers as the relative humidity increased.

Considering the chitosan structure, water molecules can be
bound by two polar groups, hydroxyl and amine present in
this polymer [28]. The presence of water in IR absorption
affects the CH- stretching band of chitosan as well as the
Amide I and Amide II bands situated at 1650 and
1556 cm ', respectively. Spectra deconvolution results can
be visualized in Fig. 4a. The use of this method improved
the resolution of the band at 1650 cm ™' which is unfolded in
two peaks located at 1658 and 1635 cm ' related to water.
This band widened with the moisture content, until reaching
a plateau for the films conditioned at relative humidity higher
than 75 %. According to Laporta et al. [34], this fact would be
due to the increase in the hydrogen bond strength. These find-
ings are analogous to those found by Yakimets et al. [33].



Food Biophysics

Fig. 3 a) Sorption isotherm for 0.7 -
chito;an films obtained from‘the GAB model a
experimental values and predicted : J o
by the GAB model. Experimental 0.6 ER ©  Gravimetric method 0@
data were obtained measuring the ER ° O Hygrometric method
moisture content using both the e :
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The band corresponding to Amide II arises from vibrations,
which are mainly due to N-H bending, and is therefore sensi-
tive to hydrogen bond. The deconvolution of this band
showed a single peak after iterative curve-fitting procedure.

In the case of chitosan plasticized films, as can be seen in
Fig. 4b, the spectra deconvolution of the band corresponding
to Amide [ was also unfolded in two peaks located at 1658 and
1635 cm ™' related to water. In addition, the Amide II
deconvolution showed the contribution of two components
at 1559 and 1591 cm ™' with the addition of 0.25 % of glycer-
ol. This latter underwent a shift to higher wavenumbers (1565
and 1597 cm™', respectively) with increasing glycerol
concentration.

On the other hand, the appearance of a shoulder in the
region 1460-1455 cm™ ' for plasticized chitosan films,

Water content (g/ ¢ dm)

attributed to the stretching of the CH, group, was becoming
more pronounced with increasing glycerol concentration
(Fig. 4c). Wilhelm et al. [35] pointed out that this signal indi-
cates that the plasticizer added was chemically bonded to the
polymer chains, demonstrating that an internal plasticization
of the CH matrix took place.

PALS Analysis

The local free volume consists of a large number of sub-
nanometre-sized free volume elements, commonly referred
to as holes. The mean size of the holes forming the free vol-
ume can be roughly estimated by means of a simple quantum
mechanical model. o-Ps in a hole is approximated to a particle
in a spherical potential well with radius Ry. It is assumed that
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Fig. 4 a) Unresolved FTIR
spectra and curve fitting analysis
in the Amide I and Amide 11
regions of: CH films conditioned
at different relative humidities; b)
FTIR spectra and curve fitting
analysis in the Amide I and
Amide II regions of CH
plasticized with glycerol.
Experimental data (dotted lines)
and individual Gaussian
components (solid lines) are
shown; ¢) FTIR spectra of CH
films with different glycerol
concentrations in the
wavenumber 1480-1300 cm™"
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an electronic layer forming a thickness R is present on the
walls of the hole, whose effective radius is consequently
reduced to R=R(-0R. As a consequence, the following
semi-empirical equation (2) relating R (nm) and T3 (ns)
is usually used:

R 1 27R \]
=05 |1-—— s 2
’ R+1.66+27rsm(1e+1.66ﬂ @

The first and second lifetime components take into account
positron annihilation in matrix regions with different electron
densities. The first lifetime T; also includes p-Ps annihilation
(Tp-ps= 125 ps), while T, accounts for free-positron annihila-
tion (Tiapton =386 ps).

The long-lived component (t3) is the relevant one for
void determination, since it corresponds to o-Ps annihi-
lation in the void space, and according to the Tao—
Eldrup model it correlates with the cavity dimensions
through equation (2).

Figure 5 shows the water fraction (Xyaer) in each
system and its effect on the average hole size and glass
transition temperature for both unplasticized samples
equilibrated at different relative humidities and chitosan
films plasticized with glycerol, in order to elucidate the
dependence of molecular packing of chitosan matrices
with regard to water and glycerol content.

By observing Fig. 5, it is possible to infer the existence of
an inverse relationship between the glass transition tempera-
ture and the water fraction in both plasticized and
unplasticized films.

Upon the conditions studied, the T, of the both systems
conditioned at different relative humidities as well as plasti-
cized with glycerol, remained above room temperature.
Hence, the molecular organization corresponded to an amor-
phous glass state.

As the water content increased, whilst the matrices
are still in the glassy state, an increase in the radius

and consequently in volume as a function of water con-
tent was observed. It has been shown that water mole-
cules have a significant diffusional mobility even in the
glassy state, thus allowing them to plasticize their local
environment, causing an increase in volume. The in-
crease of the amount of water from 0.06 to 0.35 caused
a decrease of the glass transition temperature of the
unplasticized films from 126 to 54 °C. Meanwhile, in
the plasticized matrix T,s underwent a shift from 96 °C
to 21 °C for a water fraction of 0.17 and 0.47,
respectively.

For the water fraction common to both types of ma-
trices (ranging between 0.18 and 0.38), T, values of
plasticized films remained above those obtained for
unplasticized films.

On the other hand, following the evolution of the hole
radius with the water fraction was possible to draw a
parallelism between both types of films. For unplasticized
matrices, a sustained increase of the radius between 0.06
and 0.2 of X, Was observed, followed by a plateau up
to 0.35. In the other case, with the addition of glycerol,
there were two plateaus, the first between 0.25 and 0.37
of Xyaer» and the second from 0.41 to 0.47. Consequently,
when the matrix behavior was closer to the rubbery state,
the higher the water fraction was, the smaller the differ-
ence in both radius and T, values were (Fig. 5).

On the assumption that water activity and glycerol con-
centration increase further in the same pattern, the matrices
would reach the rubbery state and the difference in hole
radius between the various matrix compositions would be-
come even smaller, in accordance with the results of
Roussenova et al. [36].

According to Roussenova et al. [37], at very low water
content, the addition of glycerol is also likely to interfere with
the hydrogen bonding between the polymeric chains, thus
allowing them to pack more efficiently. In this stage of the
glassy state, a non-linear decrease in volume was observed as

Fig. 5 Relationships between 2.7 — - 140
radius (A), glass transition — O— With glycerol = O~ Whithout glycerol
temperatures (T,) and water < - 1 120
content (Xyater)- Dash dot lines 26 F .
just connect two consecutive - s e 1 100
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uncertain because no points in oy _ =20 A © . 1 80 o=
between were analyzed g 25 Z > - - =
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2 54 L 7 40
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23 . . 0
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a function of increasing glycerol content, indicative of a non-
ideal packing behavior. Consequently, glycerol acts as a pack-
ing enhancer for the matrices causing systematic reductions in
the average hole size.

In our case, over the entire concentration range studied, the
initial increase in the average hole radius of the chitosan ma-
trices upon sorption of water indicated that water acts as a
plasticizer, thereby increasing the separation between the
polymeric chains.

At fixed points of Xyaer such as 0.17 and 0.47
corresponded reductions by 4 and 0.4 % in the radius values
after the addition of glycerol into the chitosan matrix, indicat-
ing that glycerol not only acts as a plasticizer but also as a
packing enhancer. Moreover, the addition of glycerol caused,
at Xyqer fixed, a minor decrease of T, than that caused by the
sole presence of water. However, near the rubbery state, T,
decreased with a more abrupt slope until reaching room
temperature.

Initially, upon hydration, water molecules bind to the polar
side groups of the chitosan polymeric chains, which alter the
hydrogen bonding interactions between them. As the water
content increases further, water molecules become accommo-
dated between the polymeric chains being able to cause fur-
ther swelling of the matrix. Similar explanations were reported
by Roussenova et al. [7] and Yakimets et al. [33].

In the same way as the radius-water fraction curves, the o-
Ps intensity measured for unplasticized chitosan films condi-
tioned was higher than the o-Ps measured for the plasticized
chitosan matrices with glycerol. Similar results were found by
Pintye-Hodi et al. [38] working on methylcellulose films with
the addition of PEG.

Conclusions

The presence of glycerol in the matrix decreased material
resistance, increasing the elasticity and water vapor perme-
ability of the films, with a marked decrease in glass transition
temperature. Detailed analyses of FTIR spectra supported the
observed changes, especially in the spectral windows 1700—
1500 cm™' revealing the modifications at molecular level
caused by hydrogen bond interactions between chitosan and
water in the presence of glycerol.

Positron annihilation spectroscopic measurements allowed
determining free volume assuming spherical holes as well as
monitoring the structural changes in chitosan films caused by
the addition of both, glycerol and water molecules. The dif-
ferences observed in the radius associated to free volume
could be attributed to hydrogen bond interactions water-
polymer and glycerol-polymer and the differences in molecu-
lar sizes of water and plasticizer.

Results showed different behaviors of water and glycer-
ol on chitosan matrix. When both components were

@ Springer

simultaneously present, the active sites of polymer would
be preferably occupied by glycerol while water molecules
would interact with the remaining sites. With higher glyc-
erol concentrations the free water content may increase in
the polymeric matrix.

Findings on molecular mobility contributed to the under-
standing of the role of water and glycerol in the structural
arrangement and its influence on film properties.
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