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ABSTRACT: Differences were found in the plasticizing effects of two commonly used softening materials
on amorphous chitosan films. The plasticizing efficiencies for glycerol and PEG 400 were found to be similar
in mechanical tests, but the changes in the three-dimensional H-bonded structure monitored by solid-state
NMR spectroscopy were different. The analysis of Lee—Goldburg cross-polarization build-up curves
demonstrated that, while glycerol decreases the mobility of the acetamide groups, PEG 400 increases it.
Further, while glycerol molecules are immobilized in chitosan films, PEG 400 remains mobile in them. The
results of two-dimensional (2D) 'H—"3C frequency-switched Lee—Goldburg (FSLG) HETCOR experiments
supported the mobility difference of the chitosan chains and suggested a specific interaction between the
glycerol and the glucosamine units. Our findings were supported by density functional theory calculations.
Overall, PEG 400 acts as an external plasticizer, while glycerol acts as an internal plasticizer.

Introduction

Chitin, poly(S-(1—4)-p-N-acetylglucosamine), is an extremly
important and widely used polysaccharide-type natural polymer.
Although this material was identified more than a century ago,
chemists began to devote attention to it only in the late 1970s.
Chitin is produced by a number of animals and fungi, and it is the
second most abundant biopolymer after cellulose. The main
sources of chitin are crab and shrimp shells, and it is readily
commercially available as a byproduct of the seafood industry.
Natural chitin can be modified by various biological and chemi-
cal methods. Its most important derivative is chitosan, a partly
deacetylated chitin. Chitin and its derivatives have a wide range
of applications in the fields of agriculture, water and waste
treatment, food, cosmetics, medicine, biopharmacology, etc.
More details may be found the listed reviews and the references
therein.'”

Chitin and chitosan are crystalline or semicrystalline mate-
rials with different allomorphs. The crystal structure is stabi-
lized by intramolecular and intermolecular H-bonds, with the
acetamide groups playing the major role in the formation of
second-order bonds between adjacent chains.® The structures
of chitin and chitosan have long been investigated by various
methods;"? more specific studies have been carried out in the
past decade w1th modern instrumental methods such as X-ray
crystallography,®” mfrdred spectroscopy,’ and solid-state
NMR spectroscopy.

Chitosan is widely used in pharmaceutical technology as
a conventional film-coating material'®'" and has been proposed
as a component of new drug delivery systems (e.g., mlcropar-
ticles,'>"? nanopartrcles 14" temperature- sens1t1ve hydrogels,"®
gastric retentive systems ® wound dressings,'” and drug-loaded
mucoadhesive films'®). Besides the nontoxic nature and biocom-
patibility of chitosan, its film-forming ability is an important
aspect for medical applications. Films made from pure chitosan
are rigid and brittle, and it is therefore important to use
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plasticizers in order to obtain more favorable mechanical proper-
ties. Because of the potential medical applications, the plasticizer
materials must be biocompatible. The effects of different plasti-
cizer molecules and the stability of the plasticized films have been
investigated,'”"** and it has emerged that poly(ethylene glycol)
(PEG) and glycerol are the best candidates as plasticizers of
chitosan films. Other small molecular organic materials have
been found to be effective pldSthlZGI‘S but their efficiency
decreases within several weeks.”> These two additives form
relatlvely soft and stable (at least for several months) films with
chitosan.?® In general, these materials prevent the formation of
second-order bonds between the adjacent polymeric chains,
which hinders the recrystallization. The softening efficiencies of
these two plasticizers are similar, but the mechanisms of plasti-
cization seems to be different, as indicated by positron annihila-
tion spectroscopy 3 and solid-state NMR investigations.”**
Plasticizers® modify the mechanical properties of materials
without altering their fundamental chemical character. The
crystalline structures of polymeric materials are stabilized by
second-order bonds, which are destroyed by plasticizers. During
external plasticization only weak second-order bonds develop
between the plasticizer and the polymer, while internal plasti-
cizers are covalently bound to plasticized material. The external
plasticizers can migrate in the polymer, which can lead to
recrystallization of the material and a loss of elasticity.
Solid-state NMR spectroscopy is an effective technique that is
widely used to characterize macromolecular systems,* especially
amorphous and mixed systems that can not be characterized by
scattering methods. One-dimensional solid-state '*C cross-polar-
ization magic angle spinning (CP MAS) measurements on
chitosans have previously shown that changes in the H-bonded
structure cause changes in the spectra. Even a temperature
increase® or application of a plasticizer’"** leads to a partral
destruction of the H-bonded network, which results in line
narrowing and changes in intensity of the resonances. The
two-dimensional frequency-switched Lee—Goldburg (FSLG)
HETCOR 'H—"C technique provides more information as
compared with the one-dimensional method by increasing the
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resolution and additionally providing special proximities on the
atomic scale. In the past 5 years, this method has been successfully
used to map intermolecular interactions in various macromole-
cular systems. >+

In the present study, Lee—Goldburg CP MAS build-up curves
and 2D FSLG HETCOR "H—"3C spectra were recorded with
different contact times (100 and 500 us) in order to investigate the
changes in the chain dynamics and H-bonded structure when a
plasticizer is added to chitosan films.

Experimental Section

High molecular weight chitosan (CS) (1568, MW: 1840 kDa)
was purchased from Giusto Faravelli (Milano, Italy). Ascorbic
acid (AA), glycerol, and PEG 400 were supplied by Sigma
Chemicals Co. (Milano, Italy). A fixed amount of AA was
dissolved in distilled water (to obtain a molar ratio of 1:1 for
AA:CS deacetylated amine groups). After its dissolution, the
plasticizer was added at 1% (w/w), followed by CS to obtain a
concentration of 2.5% (w/w). The deacetylation ratio was found
by solution-state '*C NMR (spectra not shown) to be 50%. The
ratio of acetylated and deacetylated anomeric carbon signal
intensities was given as 1:1. The pH of the CS + AA solution
containing PEG 400 was ~4.6, and that of the solution containing
glycerol was ~4.8. 3 g of each liquid was poured onto an even
Teflon surface with a diameter of 3.3 cm and dried under ambient
conditions (25 £ 2 °C and 50 + 5% RH) for 24 h. The moisture
contents of the dried films were 3.0 & 0.3% for the film containing
glycerol and 4.6 & 0.3% for the sample containing PEG 400. The
plasticizer content was 30% (w/w), and the ascorbic acid content
was 6% (w/w) in both cases.

The force required to break unplasticized and plasticized
chitosan films was determined with a strength tester and software
developed in Department of Pharmaceutical Technology.*® This
device consists of a special specimen holder (20 mm in diameter)
and a hemispherical stamp with a surface of 201 mm? and
is connected to a computer via an interface; thus, not only can
the ultimate deformation force be measured, but the process
(force—time and force—displacement curves) can be followed.
The round specimen is located horizontally and the stamp moves
vertically.

Solid-state magic angle spinning (MAS) spectra of the samples
were recorded on a Varian NMR System operating at a 'H
frequency of 600 MHz with a Chemagnetics 3.2 mm narrow-bore
triple-resonance T3 probe in double-resonance mode. The spin-
ning rate of the rotor was in all cases 10 kHz. Lee—Goldburg
cross-polarization '*C spectra®*** were collected with different
contact times (100—3000 us) so as to suppress homonuclear
(*H—"H) dipolar interactions. The '*C spectra were deconvoluted
with the DMFIT software.”® 2D FSLG HETCOR 'H-'C
spectra®* were recorded with different contact times (100 and
500 us). The FSLG scaling factor was 0.53. SPINAL-64 proton
decoupling®” with a strength of 83 kHz was used during the
acquisition in all cases. The measurement temperature was 25 °C,
and adamantane was used as external chemical shift reference
(38.55 and 29.50 ppm). The 'H and '*C pulse lengths were 3 us,
and a recycle delay of 5 s was used for all experiments. The FSLG
HETCOR spectra were recorded with 24 transients and 256
increments in the t1 dimension.

Results and Discussion

The aim of this work was to study the effects of two commonly
used plasticizers on the H-bonded structure of chitosan films
and to demonstrate the efficiency of the frequency-switched
Lee—Goldburg HETCOR (‘H—"°C) technique on highly amor-
phous biopolymers. As shown previously, both glycerol and
PEG 400 are promising candidates for the softening of chitosan
films.?>** Plasticizing efficiency most probably depends on
numerous parameters, such as the origin of the chitin, the
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deacetylation ratio, the concentrations of additives, and the
moisture content. In view of these factors, it is difficult to
compare different results from the literature.”*** In our investi-
gation, the breaking force was measured with three independent
film samples. Both glycerol and PEG 400 were found to be good
plasticizers; PEG 400 proved to be a better softener of chitosan
films. The breaking forces were established to be 39.4 &+ 4.1 N for
glycerol-containing films and 48.5 £ 3.2 N for PEG 400-contain-
ing samples. Films of pure chitosan are very rigid and brittle,
making it impossible to measure the breaking force with the
applied instrumentation.

In general, the Lee—Goldburg (LG) homonuclear decoupling
technique suppresses the X—H—H three-spin cross-polarization,
and the cross-polarization can occur only through an X—H
dipolar mechanism. This enhances the resolution in the 'H
dimension for correlation techniques, and the resolution of
cross-polarization magic angle spectra can be improved due to
elimination of the proton—proton dipolar interactions. The
utility of the "H—"H decoupling method has been demonstrated
for crystalline materials, where the proton—carbon distances can
be determined from the LG CP build-up curves with good
accuracy.’® Briefly, magnetization from the 'H directly bonded
to '3C is transferred to the '*C in a very short time (~100 us),
while transfer of the magnetization from nearby, but not directly
bonded, protons takes a definitively longer time. "H—'3C proxi-
mities can be established by using heteronuclear correlation
sequences with different contact times.

Lee—Goldburg cross-polarization spectra were recorded and
deconvoluted with the DMFIT® software. The assignment
of '*C signals was based on literature data.®® Even when homo-
nuclear decoupling is used during the CP process, the resonances
observed are relatively broad because of the amorphous structure
of the chitosan film. Nevertheless, the signals are narrower when no
homonuclear decoupling was used during the CP. During the
acquisition SPINAL-64 heteronuclear decoupling were used with
the same power in both cases. The line narrowing was found to be
4—6% for the methyl and carbonyl signals. For the deconvolution
process the chemical shift values were fixed, and the line width and
the amplitude were fitted. Gaussian-shaped lines were used for both
chitosan and plasticizer signals. Deconvolution could be achieved
with good accuracy, as shown in Figure 1. The error in the fitted
parameters was typically <2%. The resonances of the plasticizers
can be clearly detected beneath the signals of the chitosan.

Cross-polarization build-up curves are constructed by varying
the contact time and plotting peak intensity vs contact time.
From the shapes of these curves, information on the proton
environment of the carbon atoms and their mobility can be
obtained. Directly bonded "H—'C pairs generally result in
oscillatory LG CP build-up curves, which can explain the shapes
of the measured build-up curves.*® In our case, oscillatory
behavior was only partly observed because of the complexity of
the H-bonded network in the sample. The frequency of the
oscillation depends on the C—H distance; therefore, the con-
tribution of the different environmental protons to the cross-
polarization cannot be estimated in these amorphous materials.
There are numerous possibilities to form intra- and intermole-
cular H-bonds between chitosans OH, NH, and carbonyl groups
and the plasticizer molecules. These secondary bonds are strong
and stable, but they are weakened by the presence of plasticizer
molecules, as revealed by the mechanical characterization of the
films. As Figure 2 shows, the intensity of the cross-polarization
signals falls rapidly at short contact times, except for those of the
carbonyl and the methyl resonances. The CP kinetics of the
methyl and carbonyl groups are different from those of all other
carbons because the methyl groups rotate very fast at room
temperature and the carbonyl atom has no directly bonded
protons.
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Figure 1. Lee—Goldburg cross-polarization '*C spectra of pure and
plasticizer-containing chitosan with a contact time of 500 us. The signals
relating to the plasticizers are indicated with arrows. The asterisks
denote the spinning sideband of the carbonyl resonance.
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Figure 2. LG CP build-up curves of the chitosan signals. The intensity
values are the results of deconvolution of the LG CP spectra.

The build-up curves are similar for the plasticizer-containing
film samples, except that the carbonyl and the plasticizer signals
behave differently. From the changes in these build-up curves, it
is possible to determine whether the chitosan polymer chains
exhibit greater or lesser mobility when plasticizers are present in
the chitosan films. The plasticizer materials are expected to
modify the rigid structure of the chitosan films by destroying
the intermolecular H-bonds between the polysaccharide chains,
and at the same time they can form new H-bonds with chitosan.
This in turn leads to higher mobility of the chains. The change of
the mobility of the molecules influences the cross-polarization
behavior of the carbon atoms.

The more mobile a carbon is, the more slowly it relaxes.
Changes in mobility of chitosan polymer chains can be monitored
most clearly by analysis of the LG CP build-up curves of the
carbonyl atoms (Figure 3). The acetamide group plays an
important role in the formation of intermolecular bonds between
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Figure 3. LG CP build-up curves of the carbonyl resonances. The
curves are the fitting results of eq 1.

Table 1. Fitting Results of the Carbonyl LG CP Build-up Curves with

Eq1
sample Tey (ms) Ty, (ms) M, R?
chitosan 0.5+0.1 2.84+0.8 42+ 10 0.98
chitosan + glycerol 0.6+£0.3 1.3+£04 29+ 14 0.97
chitosan + PEG 400 04+0.1 4.1+£0.5 16+2 0.99

adjacent chains, and the oscillatory behavior of the LG CP build-
up curve of the carbonyl atom is less dominant.*® The curves were
fitted with a simplified expression which enables determination of
the changes in the environment and relaxation time of the H
atoms:

M(t) = 2" Mo[l —exp( =2t/ Ten)] exp(—t/Tip) (1)

where A = 1 + (Ten/Thp) — (Ten/Thp), M(7) is the magnetization
at contact time ¢, M|, is the initial magnetization, Ty is the time
coefficient of the cross-polarization (the time it takes for magne-
tization to be transferred from 'H to 13C), and T, is the
relaxation time in the rotating frame.

This equation describes the experimental build-up curves with
good accuracy; the R? values of the fit were found to be close to 1.
The errors in the fitted parameters are relatively large, but the
differences between the investigated samples are sufficiently large
to allow conclusions regarding the cross-polarization kinetics.
This equation is valid only in a regime of fast molecular motion,
but it qualitatively describes the experimental LG CP build-up
curves and permits comparison of the fitted parameters. The
cross-polarization time coefficients (7¢y) are the same within
experimental error, meaning that the proton environment of the
carbonyl atoms does not change significantly when plasticizer is
added to chitosan films. It also means that the carbonyl atom
accept polarization predominantly from the chitosan H atoms.
The contribution of different protons to the carbonyl '*C
polarization cannot be estimated because of the complexity of
the system; thus, the fitted Ty values furnish only a little
information about the proton environment. The 7', relaxation
time decreases when glycerol is added to the chitosan film
and increases when PEG 400 plasticizer is added to the system.
This indicates that glycerol decreases the mobility of the carbonyl
atom environment, whereas PEG 400 increases the mobility. This
surprising observation can be explained by the changes in
the amorphous structure of the chitosan films. The structures
of pure chitin and fully deacetylated chitosan are stabilized by
numerous intermolecular H-bonds. They are therefore crystalline
materials and their solid-state NMR spectra consist of sharp
resonances.>'” Solution-cast, partly deacetylated chitosan films
have amorphous structures, and a significant proportion of the
carbonyl groups do not participate in H-bonding. Glycerol is a
very good H-bond donor and acceptor, and therefore it increases
the number of H-bonds by donating protons to carbonyl groups
and accepting chitosan OH and NH protons. On the other hand,
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Figure 4. LG CP build-up curves of the plasticizer molecules. The
curves serve as a guide to the eyes.

PEG 400 can act only as an H-bond acceptor and competes with
the carbonyl groups, thereby decreasing the density of H-bonds
in the chitosan film. As shown in Figure 4, the build-up curves of
the plasticizer molecules support this conclusion, and the differ-
ence between the effects of the two plasticizers is clearer. The
signal intensity of PEG 400 increases monotonously in the
investigated contact time range, indicating the high mobility of
the plasticizer molecules. The glycerol resonances behave in a
different way: as glycerol is strongly H-bonded to chitosan, its
cross-polarization behavior is similar to that of the carbonyl
groups of chitosan.

To identify the location of H-bonds in pure and plasticizer-
containing chitosan films and to monitor changes in the H-
bonded network, 2D FSLG HETCOR measurements were
carried out. This type of solid-state NMR experiment furnishes
information on coupled 'H—"3C pairs. The FSLG HETCOR
technique has been successfully applied not only to small crystal-
line molecules but also to macromolecular systems.”>¢~3>3
Through variation of the cross-polarization contact time,
"H—"3C proximities can be investigated on various length scales.
With short contact times (typically <100 us) only the directly
bonded "H—"3C pairs give cross-peaks. Short contact time FSLG
HETCOR experiments are usually utilized to make precise
assignments of the structure of molecule in the solid state, which
is very important for the identification of different conformations
and crystal forms. To investigate second-order structures stabi-
lized by inter- and intramolecular second-order bonds, a longer
contact time is needed. Cross-peaks originating from proximities
on a larger length scale appear only after a contact time of several
hundred microseconds. The intensity of the cross-peaks decreases
as the contact time increases because of the nature of the cross-
polarization process. This intensity loss is mostly determined by
the 7', relaxation time of the coupled protons.

To investigate the proton carbon proximities in pure and
plasticized chitosan films, 2D FSLG HETCOR spectra of the
amorphous film samples were recorded with contact times of 100
and 500 us. The spectra of the pure and the plasticizer-containing
films for the short (100 us) contact time are shown in Figure 5.
With this contact time, the protons directly bonded to a '*C atom
and those in very close proximity to a '*C atom can be investi-
gated. Because of the amorphous structure of the films, the
resolution is definitely poorer than for crystalline chitin,” but
nevertheless crucial conclusions can be drawn. While no reso-
nance can be assigned in the one-pulse 'H spectra,® the resolu-
tion is improved in the "H dimension of the HETCOR spectra.
Methyl (~2 ppm) and C1 (~3.5—4 ppm) trivial cross-peaks can
be clearly assigned. The amide NH proton (~6.8 ppm) cross-peak
with C6 carbon appears for the plasticizer-containing samples,
too, and is the only observable coupling which originates from
not directly bonded '*C—'H proximity. Since the interchain
connectivities are hindered in plasticized polymeric materials,
this proximity is due to neighboring monomer units in a chain.
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The signals of C2—C6 carbons are very broad because of the
numerous couplings in the glucose ring, but they display some
narrowing in the plasticizer-containing samples. This narrowing
is brought about by the increasing mobility of the chains. The
increased mobility of the chains caused by the plasticizer materi-
als can be monitored more unambiguously by using the cross-
peaks of the methyl and the anomeric C1 carbons. In the
plasticized samples, the intensity of these decreases and they
become narrower. This effect is larger for the PEG 400 film than
for the glycerol-containing film, which is in good agreement with
the results of mechanical measurements. Signal narrowing in the
PEG 400-containing film allows two overlapping C1 peaks to be
resolved, which can be assigned to the C1 resonances of gluco-
samine (99.7 ppm) and N-acetylglucosamine (95.5 ppm). The
intensity of the methyl cross-peak decreases similarly to that of
the C1 signal, and the methyl carbon signal becomes narrower.
While the signal narrowing indicates higher mobility, the inten-
sity decrease suggests a decrease in the heteronuclear couplings:
the contribution of not directly coupled protons to '*C polariza-
tion decreases in consequence of the decomposition of the H-
bonded network structure.

Increase of the contact time to 500 us results in suppression of
the cross-peak intensities originating from the direct *C—'H
couplings and increases the intensities of the couplings from
protons in close proximity to, but not directly bonded to, carbon
atoms. New cross-peaks appear in the spectra of pure and
glycerol-containing films, which suggests local order in the range
of several angstroms, as shown in Figure 6. In the spectra of the
PEG 400-containing film, fewer cross-peaks are present, which
indicates a less ordered structure. In the glycerol-containing
sample, the intensity of the anomeric C1 carbon cross-peaks
decreases, and two resonances due to glucosamine and N-
acetylglucosamine C 1Is can be resolved (similarly as for the
PEG 400-containing film measured with a shorter contact time).
Couplings of the carbonyl *C with H2 proton can be seen only
for the untreated and the glycerol-containing chitosan films. This
cross-peak is not present for the PEG 400-containing sample
because, as a result of the lower H-bond density, this C has higher
mobility and is not constrained to stay near H2. This agrees very
well with the CP kinetics of the carbonyl signal (Table 1).
Comparison of the methyl signals for the three different samples
also indicates differences in the mobilities of the acetyl groups in
these films. The presence of a cross-peak between the methyl
carbon atom with the directly bonded (2 ppm) and a chitosan
proton (~3.5 ppm) indicates lower mobility (i.e., a higher H-bond
density), while its lack indicates higher mobility and a lower H-
bond density. Because of their ability both to donate and to
accept H atoms so as to form H-bonds, the acetamide groups of
chitosan play an important role in forming the three-dimensional
network structure of chitosan films. As shown by the schematic
picture given by Kameda et al.,* the amide NH proton is in close
proximity to C3 carbon if the carbonyl group forms an H-bond
with the OH group on C6 carbon. The cross-peak between C3
and the amide NH proton appears for all three samples, indicat-
ing the presence of second-order bonds. However, the intensity of
this signal is smaller for the PEG 400-containing film and more
intense for the glycerol-containing film.

New cross-peaks appear in the HETCOR spectra of the
glycerol-containing film (Figure 6b) indicating higher order on
the local scale relative to the other two film samples. The two
smaller peaks, close to the C3-NH cross-peak, can be assigned to
coupling of the glycerol carbons with the amide NH proton.
These peaks clearly show that glycerol is in close proximity to the
chitosan polymer chains. This connection is most probably
stabilized via H-bonds between the glycerol and polymer mole-
cules. A similar connection was not found for PEG 400. Addi-
tionally, a new signal emerges in the proton dimension, at
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Figure 5. FSLG HETCOR spectra with a contact time of 100 us (a, chitosan; b, chitosan + glycerol; ¢, chitosan + PEG 400). The contour levels are

the same for all three spectra.

5.6 ppm, which can be seen only in this spectrum. This signal gives
a cross-peak with C1 and the carbonyl atom; other connections
with C2—C6 carbons cannot be identified because of the poor
resolution. This signal most probably relates to one or more OH
groups because it does not appear in the spectra recorded with a
contact time of 100 us, and its chemical shift is larger than all the
CH shifts for the polymer or glycerol.

The differences between the amide NH proton proximities in
the two types of plasticizer-containing films allow conclusions
concerning the mechanism of the plasticizing effect of the two
plasticizer materials. Glycerol molecules are probably bound to
the acetamide group of chitosan by H-bonds, which prevent the
acetamide groups from forming interchain H-bonds with other
chitosan molecules, and leads to breakdown of the intermolecular
connectivity between the polysaccharide chains. No stable con-
nection was found between the PEG 400 molecules and the
polysaccharide chains, but the H-bonds formed by the amide
groups are decreasing. We therefore hypothesize that PEG 400
acts much more as an external plasticizer, while glycerol acts asan
internal plasticizer for chitosan films.

To investigate this hypothesis, the films were soaked in
deuterated water for 1 day, and the supernatant was then
analyzed by liquid-state "H NMR spectroscopy. The chitosan

films did not dissolve during the investigated period (spectra not
shown). In the solute (besides the ascorbic acid), both plasticizers
were detected in the same amount within experimental error. We
expected less glycerol than PEG 400 to diffuse out of the
plasticized films, since glycerol appears to be strongly H-bonded
to chitosan, while PEG 400 is not. By analysis of the solution state
spectra we suggest that a large amount (almost all) of both
additives was diffused out from the film samples during 1 day.
This simple experiment did not differentiate between the modes
of action of the two plasticizers. However, the results do suggest
that, during potential medical applications, the plasticizer mole-
cules may diffuse out from the films, which could lead to changes
in the transport properties of the films (pores are formed in the
insoluble films).

To investigate the interaction between glycerol and chitosan,
density functional theory calculations were carried out on a
simplified model system with the Gaussian 03*° software package
on the b3lyp/6-31 + + g(d,p) basis. The polysaccharide chain was
modeled by one glucosamine unit, and the neighboring units were
replaced with methyl groups. Although the model system is very
small, it represents the important part of the chain from the aspect
of the H-bonded network structure. The applied basis set
describes the H-bonds with good accuracy,*' but the calculated
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Figure 6. FSLG HETCOR spectra with a contact time of 500 us (a, chitosan; b, chitosan + glycerol; ¢, chitosan + PEG 400). The contour levels are

the same for all three spectra.

Figure 7. H-bonds between glycerol and chitosan.

energy values were not used because of the simplified model
system. As Figure 7 shows, the glycerol molecule is able to form
three H-bonds with the glucosamine unit. The creation of these
H-bonds leads to immobilization of the glycerol and the acet-
amide groups so they cannot form intermolecular bonds between
adjacent chitosan chains. The structure of the film is highly
amorphous, and the structure shown in Figure 7 is only one

possible form that may explain the cross-peaks in the HETCOR
spectra. PEG 400 is able to form only one H-bond with chitosan,
as our calculations with the same basis set showed (the PEG 400
was modeled with four EG units). The distance between the
amide NH and the ether O atom was 2.15 A, which suggests that
the second-order bonds between the PEG 400 and chitosan
molecules are much weaker than those between the glycerol
and chitosan molecules.

Conclusions

Both glycerol and PEG 400 are good candidates as plasticizers
of rigid and brittle chitosan films. Mechanical tests demonstrate
that the plasticizing efficiencies of glycerol and PEG 400 are
similar, although the breaking force for the film containing PEG
400 is larger than that for the glycerol-containing film. The three-
dimensional H-bonded structure of chitosan changes when
plasticizer materials are added to it, and the changes were
investigated by means of solid-state NMR methods. Analysis
of the Lee—Goldburg cross-polarization build-up curves revealed
that glycerol decreases the mobility of the acetamide groups,
which play a major role in the formation of H-bonds between
adjacent chains. On the other hand, PEG 400 increases the
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mobility of the acetamide groups. These plasticizer molecules
therefore behave differently: while the glycerol molecules are
immobilized in the chitosan matrix, PEG 400 remains mobile in
the chitosan film. The two-dimensional "H—"*C FSLG HET-
COR experiment supported the difference in mobility of the
chitosan chains. Further, a specific interaction was observed
between glycerol and the acetylglucosamine unit. This finding is
an excellent illustration of the utility of the FSLG HETCOR
experiment. Density functional theory calculations led to the
finding that glycerol is able to form three H-bonds with a
glucosamine unit, which supports the results of solid-state
NMR experiments. We conclude that PEG 400 acts much more
as an external plasticizer for chitosan films, while glycerol rather
acts as an internal plasticizer.
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