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ABSTRACT: The structure, mobility, and properties of
crosslinked starch materials of various compositions were
investigated with FTIR and NMR spectroscopy, and relax-
ation time measurements were taken with cross-polariza-
tion/magic-angle-spinning (CP-MAS) and magic-angle-
spinning (MAS) spectroscopy. Characterization by Fourier
transform infrared spectroscopy confirmed the crosslinking
reaction. The CP-MAS and MAS spectra allowed the assign-
ment of the principal °C signals. The molecular mobility of
these polysaccharides was analyzed in terms of the cross-
relaxation time between the protons and carbons, the H
spin-lattice relaxation time in the rotating frame, and the 'H

longitudinal spin-lattice relaxation time. Relaxation studies
showed that increasing the crosslinking degree increased the
amorphous content, and the material became rigid as an
increasing number of covalent bonds in the polymer net-
work reduced mobility. The values of the spin-lattice relax-
ation in the rotating frame reflected the homogeneous na-
ture of the materials. The correlation between the crosslink-
ing degree, structure, and mobility and the sorption
properties of these sorbents was examined. © 2004 Wiley
Periodicals, Inc. ] Appl Polym Sci 93: 2650-2663, 2004
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INTRODUCTION

Starches, naturally occurring polysaccharides, are
among the most widely used carbohydrate polymers
because of their safety and low cost. Starches possess
several other advantages and characteristics that make
them excellent materials for industrial use. For exam-
ple, starches are unique raw materials in that they are
very abundant natural polymers, widely available in
many countries and renewable. They also have bio-
logical and chemical properties such as nontoxicity,
polyfunctionality, and high chemical reactivity. How-
ever, despite these properties, some problems can oc-
cur. The hydrophilic nature of starches is a major
constraint that seriously limits the development of
starch-based materials. Chemical derivatization has
been proposed as a way of solving this problem and of
producing water-resistant materials. For many appli-
cations, starches need to be modified to prevent deg-
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radation and to improve certain chemical and physical
properties.

Crosslinking starches is the most common method
used in polysaccharide chemistry. Crosslinking occurs
when a crosslinking agent introduces intermolecular
bridges and/or crosslinks between polysaccharide
macromolecules. Epichlorohydrin (EPI) is the most
popular crosslinking agent. Crosslinking starches with
EPI is a well-documented reaction and a relatively
easy method of preparing polysaccharide-based deriv-
atives. Abundant information on this reaction can be
found in the literature. However, although the
crosslinking reaction between EPI and polysaccha-
rides has been known for 80 years,' some basic ques-
tions concerning this reaction continue yet to interest
the scientific community.

The industrial uses of chemically modified starches
are numerous. In particular, crosslinked starch mate-
rials (gels, microbeads, polymers, films, composites,
and hydrophilic networks) are widely used in bio-
medical and pharmaceutical research® (e.g., for the
transport of molecules, excipients, and hydrogels), in
the food industry4 (as additives, thickeners, and
aroma retainers), and in other fields such as wastewa-
ter treatment®” (as sorbents for decolorization, chela-
tion of pollutants, or extraction of metals). Several
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Scheme 1 Possible structure for a crosslinked starch-enriched flour polymer.

polymeric insoluble materials are commercial prod-
ucts, such as Contramid.

In the literature, there are numerous studies®™” on
the synthesis and characterization of crosslinked ma-
terials with EPI, and in these polymers, two kinds of
structures exist: starch crosslinked by EPI due to the
crosslinking reaction between the glucose units and
epoxide and polymerized EPI due to the homopoly-
merization reaction of EPI with itself. However, be-
cause they contain only glucose units and hydroxyal-
kyl groups, the structures of these polymers are com-
plicated: many glucose units are interconnected, and a
three-dimensional network is formed (Scheme 1).

In our previous studies,'®° we focused our atten-
tion on the determination of the sorption properties of
crosslinked starch derivatives. We presented the syn-
theses of several new materials containing starch and
their applications as sorbents to wastewater treatment.
We chemically modified starch-enriched flour to val-
orize an industrial agro alimentary byproduct. These
polymers were prepared by a crosslinking reaction of
flour with EPI as a crosslinking agent and afterward
were used for the recovery of various organic pollut-

ants (e.g., phenol derivatives and dyes) from aqueous
solutions. The sorption experiments showed that they
had high sorption capacities. We demonstrated that
the crosslinking agent plays an important role in the
mechanism of sorption. The sorption is more impor-
tant for polysaccharides that have chemical structures
compatible with the aromatic compound. Now, our
aim is to determine the relationship between their
retention behavior and molecular structure to obtain
detailed knowledge of the chemical structure and mo-
lecular mobility of different crosslinked starch deriv-
atives.

Under the experimental conditions, this polymer
network is highly hydrophilic, swells strongly in
aqueous solutions, and is insoluble in organic sol-
vents. Polymers and related gel structures have been
characterized by their water-retention, density, chem-
ical and mechanical stability, and thermal transitions
with several methods, such as Fourier transform in-
frared (FTIR),"'" X-ray diffraction analysis,''* differ-
ential scanning calorimetry,® fluorescence,” and enzy-
matic degradation.'” High-resolution solid-state NMR
is also known to be a rich source of information about
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TABLE 1
Determination of the Soluble Part and Glucose Percentage Present
in the Polymers

EPI* EPI/glucose® Soluble part® Glucose!
Flour 0 0 100 90
Polymer 1 10 52 100 58
Polymer 2 20 10.4 100 43.2
Polymer 3 35 18.2 80 33.2
Polymer 4 50 26 73.5 32
Polymer 5 60 31.2 62.9 17.7
Polymer 6 70 36.4 40 155

2 EPI (mL) incorporated during the synthesis.

P Molar ratio in the synthesis.
¢ Percentage after the hydrolysis step.
4 Percentage in the soluble part.

the polymeric materials themselves, particularly when
their structures and molecular mobilities are con-
cerned.”” Hartmann-Hahn cross-polarization (CP),
combined with magic-angle spinning (MAS) and di-
polar decoupling (DD), has been widely applied in
NMR studies of solids, including crosslinked poly-
mers and gels. This useful technique not only permits
us to identify the structure and to characterize the
different kinds of polymers but also is sensitive to
different molecular mobilities. Moreover, individual
relaxation times give information on the local mobil-
ity.

In this study, the method introduced by Dubois et
al.**? was used to quantify the amount of glucose in
the products. The industrial flour and the crosslinked
starch derivatives were investigated with FTIR spec-
troscopy and "*C-NMR spectroscopy techniques such
as cross-polarization/magic-angle spinning (CP-
MAS) with DD and MAS. The FTIR and NMR spectra
were examined. The homogeneity and molecular mo-
bility of these polysaccharides was also analyzed in
terms of relaxation parameters, such as the 'H spin-
lattice relaxation in the rotating frame (Tlle), the
cross-relaxation time between the protons and carbons

0 5 10 15 20 25 30 35 40
Epi/Glucose

Figure 1 Influence of the amount of EPI added to the
synthesis on the amount of glucose present in the soluble
parts of the materials.

(Tcey), and the 'H longitudinal spin-lattice relaxation
time (T1H). The aim of this work was to characterize a
new crosslinked starch-enriched flour and to deter-
mine the precise role of the crosslinking reaction.

EXPERIMENTAL
Materials

Starch-enriched flour was kindly provided by Sauvin
S.A. (Patornay, France). This product was industrial
agro alimentary garbage. Other compounds were pur-
chased from various suppliers and used as received.

Polymer synthesis

The crosslinked polymers were prepared in one step via
the crosslinking of starch-enriched flour with EPI as a
bifunctional crosslinking agent, according to the proce-
dure introduced by Morcellet and Crini.*** The synthe-
sis of the starch derivatives has been described in detail
elsewhere."” EPI was reacted with glucose units of starch
molecules (crosslinking step) and/or itself (polymeriza-
tion step). A number of chains were interconnected by
the formation of new interchain linkages, and the result-
ing polymers formed a network containing glucose units
joined by repeating glyceryl linkers. A three-dimen-
sional network was then formed (see Scheme 1). If the
degree of reticulation was sufficiently high, the matrix of
the polymers became insoluble in water and in organic
solvents. It was possible to obtain a large range of ma-
terials with different crosslinking degrees with different
amounts of EPL

Sample characterization

The method used for the determination of the amount
of glucose in the polymer was the measurement of the
reducing sugars with phenol after acidic hydrolysis, as
described by Dubois et al.*"** This method is a sensi-
tive colorimetric technique specific to carbohydrates
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Figure 2 Raman spectra of (A) starch-enriched flour and (B) crosslinked polymer 1.

and widely applicable. A typical experiment was car-
ried out as follows. A sample (5.5 mg) was hydrolyzed
with 10 mL of 2M trifluoroacetic acid for 8 h at 120°C.
After filtration, the solution was neutralized by sev-
eral washings with water with a rotavapor until the
solution became neutral. Once again, the soluble part
was washed, and exactly 10 mL of distilled water was
added. Several fractions of the aqueous solution con-
taining the sugar were placed into tubes. In some
cases, an insoluble part was obtained and weighed. A
5% phenol solution (0.5 mL) and 5 mL of 96% sulfuric
acid were added to each tube. The sulfuric acid in-
duced convection currents at the surface of the liquid,
leading to good mixing and even heat distribution.
Each tube was then agitated with a vortex. After 10
min, the tubes were reshaken and placed in a water
bath at 25-30°C for 20 min. A yellow-orange color ap-
peared that was stable for several hours. The adsorbence
was measured with a Biotek Instrument Uvikon XL
spectrophotometer (UVK-Lab, Trappes, France) at 430
nm, which corresponded to the characteristic wave-
length of the colored complex. The amount of sugar was
determined with a standard curve as a reference previ-
ously prepared for the particular sugar assayed.

The Fourier transform infrared (FTIR) spectroscopy
studies were carried out with a Nexus Nicolet spec-
trometer (Thermo Electron, Montigny Le Bretonneux,
France) between 4000 and 400 cm ™' at a resolution of
4 cm™'. The samples were ground with KBr in an
agate mortar: 500 mg of KBr was mixed with each
sample (2% w/w). All the powder samples were
pressed into KBr pellets for the FTIR transmission
measurements. Raman spectra were recorded with a

Kaiser optical spectrometer, which was provided by
Bruno Lenain (Ecully, France).

The NMR solution spectra were recorded with a
Bruker AC 200 spectrometer and a Bruker Avance 400
spectrometer (Bruker, Wissembourg, France) at room
temperature. The samples were suspended in a D,O
solution in a 5- or 10-mm tube. Solid-state ">C-NMR
data were collected with a Bruker ASX wide-bore
system equipped with a 7-mm CP-MAS probe head
with a field strength equal to a 'H Larmor frequency
of 300.13 MHz. The samples were finely powdered,
packed into a zircon rotor, and sealed with Kel-F caps.
The rotor held 220 mg of each sample. The spectra
were referenced to external ME,Si via the low-field
resonance of adamantane at 38.6 ppm. Data were ob-
tained at an MAS speed of 4 kHz. The 7/2 pulse
widths were equal to 3.7 us, the contact time for the
CP experiment was 1.2 ms, and the relaxation delay
was 6 s. Spectra were obtained with 1024 data points
in the time domain, 512 scans being performed for
each experiment. Baseline correction was manually set
when necessary after Fourier transform and phasing.
A series of experiments was performed as a function
of the contact time. The intensity of the resonance was
reported against the contact time; from these data, T
and T,,('"H) were obtained. T{H was determined with
the classical inversion-recovery method.”

RESULTS AND DISCUSSION
Determination of the amount of glucose

The results (Table I and Fig. 1) show that for the flour,
the whole sample fraction was soluble after acid hy-
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Figure 3 Typical FTIR spectra (transmission-mode) of (a) starch-enriched flour and (b—d) crosslinked polymers 1, 3, and 6,

respectively.

drolysis. Therefore, this step could be used to evaluate
the fraction impurities of the industrial flours, which
were estimated to be 10%. This value allowed us to
calculate the EPI/glucose ratio for each synthesis. For
polymers 1 and 2, which were synthesized with low
amounts of EPI, the entire fraction was also soluble
after acid hydrolysis. This indicate a low degree of
crosslinking for the two polymers. Moreover, we ob-
served a reduction of the glucose with an increase in
the amount of the crosslinking agent used during the
synthesis. Indeed, EPI could react with the glucose
molecules (crosslinked step) and/or itself (polymer-
ization step), and this led to a decreasing amount of
glucose in polymer 2. The other polymers, synthesized
with larger amounts of EPI, had insoluble parts, which
became larger with the amount of EPI. As expected,
the overall trend was an increase in the substitution
reactions as the amount of EPI increased. Thus, a more
important crosslinking step inducing a rigid structure
with a higher degree of crosslinking could be ex-
pected. This could induce a more difficult hydrolysis
of the polymer and also lead to a less accessible net-

work for the acid. For polymers 3-6, the glucose de-
termination was performed on the soluble part. The
results showed that the amount of glucose decreased,
probably because of more extensive homopolymeriza-
tion for these polymers. The previous conclusions
were confirmed by NMR experiments.

Raman and FTIR studies

The Raman spectra of the industrial flour and polymer
1 are presented in Figure 2. The two spectra are sim-
ilar. There is a characteristic peak at 1656.5 cm ™" in the
flour spectrum that disappears in the polymer 1 spec-
trum. This peak might belong to a carbonyl of an
amide function due to the residual proteins present in
this industrial flour. The Soxhlet washing performed
in the last step of the synthesis allowed us to purify
the polymer and was responsible for the absence of
this protein peak. The Raman spectra show that the
polymer was purified, but they cannot provide any
information about the crosslinking reaction. We ob-
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TABLE II
Assignment of the Main Bands of the IR Spectra of the Industrial Flour and Starch Polymers
Industrial flour Polymers
Wavelength (cm™!) Assignment Wavelength (cm™) Assignment
3345 OH stretching (H-bonded) 3400-3385 OH stretching (H-bonded)®
2920 CH stretching 2920 CH stretching
1645 OH bending (water) 2880 CH stretchingb’C
1530 Impurity (amide band) 1645 OH bending (water)
1450 CH bending (CH,) 1455 CH bending (CH,)*
1410 OH bending 1407 OH bending
1370 1360
1330 CH bending 1330 CH bending*
1300 1300
1260-1210 OH bending 1260-1240 OH bending
1200 OH bending 1215 OH bending
1150 CO stretching glycosidic bond, 1150-1100 CO stretching/OH bending of
CO stretching/OH bending COH group/CO stretching
glycosidic bond
1070 CO/CC stretching 1080-1060 CO/CC stretching”
1020 CO/CC stretching 1030 CO/CC stretching
940 Pyranose ring vibrations 950 CO/CC stretching®
860 940 Pyranose ring vibrations
750-700 Pyranose ring vibrations 860 Anomeric CH deformation
650 Anomeric CH deformation 750-700 Pyranose ring vibrations
600-520 Pyranose ring vibrations 650 OH bending (out of plane)
600-520 Pyranose ring vibrations

@ Shift to higher frequency.

b Absent in flour.

¢ Intensity increase with crosslinking.
4 Peak broadening.

¢ Intensity decrease with crosslinking.

tained the same kind of Raman spectra for the other
polymers.

Figure 3 shows the FTIR spectra obtained for the
industrial flour and the polymers. Table II shows the
origins of the peaks. The industrial flour spectrum
displays the typical profile of a polysaccharide in the
1200-920-cm ™' range (characteristic peaks attributed
to C—O bond stretching). The peaks at 1020 and 1070
cm™ ' are characteristic of the anhydroglucose ring.
The peak at 1645 cm ™' is due to the water present in
the starch. The band at 2920 cm ™' is characteristic of
C—H stretching associated with the ring methine hy-
drogen atoms. The broad band at 3345 cm ™' is due to
hydrogen-bonded hydroxyl groups (O—H). More-
over, another broad band at 1450 cm ™! suggests the
presence of other kinds of compounds that could be
impurities, such as proteins. The main IR bands and
their assignments are summarized in Table 11.7°7®

Comparing the IR spectra of the industrial flour and
polymers 1, 4, and 8, we noted the following: the
characteristic ring vibrations and the anomeric C—H
deformations were still present in the polymers. At
950, 1060-1080, and 1100-1150 cm ™! the spectra of the
polymers showed broad peaks suggesting additional
C—O and C—C bonds present in the glyceryl bridge.
The intensity of the coupled C—OH group vibration
and C—O—C stretching mode of the glycosidic bond

was lowered. The lowering of the relative intensity of
the 1150-cm ™" did not disagree with the presence of
one bridge decreasing the number of OH groups by
one. The intensity of the CH, peak (1450 cm™ ') in-
creased with the crosslinking reaction according to the
introduction of the glyceryl bridges. A characteristic
C—H stretching gradually appeared at 2880 cm ™'
from polymer 1 to polymer 6. This peak was charac-
teristic of the CH groups in the glyceryl bridges. The
hydrogen-bonded O—H stretching at 3400 cm™'
shifted to higher frequencies, indicating a loosening of
hydrogen bonds. Indeed, the introduction of the glyc-
eryl bridges may have caused this effect.’®

The IR spectra showed that the crosslinking reaction
occurred but could not provide any information about
the location of the bridges and tails to the pyranose
rings or on the molecular mobility of the different
polymers. This was the reason that we thought it
necessary to use another technique, such as NMR
spectroscopy.

Solution NMR study

Before the study of the polymers, we investigated
starch-enriched flour. Figure 4(a) shows the solution
carbon spectrum of starch-enriched flour suspended
in dimethyl sulfoxide-d, (DMSO-d;). This spectrum
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Figure 4 '>C-NMR spectra of starch-enriched flour in (a) D,O and (b) DMSO-d,.

resembles a classical starch spectrum; there are six
important signals at 100, 79, 74, 72, 71 and 61.5 ppm
due to the C-1, C-4, C-3, C-2, C-5, and C-6 atoms of the
glucopyranose unit, respectively. The resonances at 79
and 70 ppm are due to C-4 involved in the a-(1,4)-
linkages and C-4 of the nonreducing terminal units,
respectively. As the spectrum is resolved, a quantita-
tive analysis can provide an estimation of the propor-
tion of branched molecules present, that is, the ratio of
(L4)- and (1,6)-linkages.”” The degree of branched
chains was estimated to be 5.1%. This result could also
be obtained from the ratio of C-6 involved in the
a-(1,6)-linkages to C-6 of the nonreducing terminal
units, but for these carbons (in the range 67-68 ppm),
a broad signal can be observed. We also note low-
intensity signals, at 30, 130, and 180 ppm, out of this
characteristic polysaccharide region. These signals, oc-
curring in aliphatic, carbonyl, and olefin carbon re-
gions, could be attributed to impurities present in this
industrial byproduct. Figure 4(b) shows the >C spec-
trum of a sample in D,0O. It emphasizes the presence of
maltose and maltotriose derivatives (at 100-90 ppm)
and impurities such as proteins (at 30, 130, and 180
ppm). In this case, the peaks are more evident than in

the spectrum of flour suspended in dimethyl sulfox-
ide. In fact, when the sample was suspended in D,0,
the solubility of the impurities and the swelling be-
havior of the starch were more important; this ex-
plained the better resolution in the NMR signals.
Figure 5 shows the liquid "C-NMR spectra of
crosslinked starch derivatives with different amounts
of EPL These experiments were performed with par-
tially hydrated polymers in D,O (polymers 1-3
swelled in water) in a 5-mm-diameter tube at room
temperature and required 3 days of accumulation for
a signal of sufficient resolution to be obtained. These
spectra were recorded on a 200-MHz spectrometer.
Under these conditions, a typical profile of a
crosslinked polysaccharide was observed. The spectra
show the peaks of a disordered starch in the range of
50-110 ppm. The resonance at 101 ppm is a well-
defined peak and is due to anomeric C-1. The reso-
nances at 61.5 and 63.5 ppm are attributable either to
the hydroxymethyl group at C-6 in the glucose unit of
starch or to the hydroxymethyl group of the EPI ter-
minal residue, according to literature data.**° There
is a large degree of signal overlap in the range of
66—85 ppm due to the crosslinking step, which in-
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Figure 5 '>C NMR solution spectra of crosslinked starch derivatives in D,O of (a) polymer 1, (b) polymer 2, and (c) polymer 3.

duces the formation of a polymer network. We sup-
pose that the signals of EPI are completely hidden by
the C-2, C-3, and C-5 starch peaks. These spectra also
show that the different amounts of EPI used during
the synthesis changed the interactions of the solvent
with the polymers and, as a result, the width of the
signals as the C-1/C-6 ratio resonance changed. For
polymer 3 [Fig. 5(c)], there is a very broad band typical
of a structure that does not interact with the solvent.
This result can be interpreted as a resolution reduction
when the amount of the crosslinking agent increased,
probably due to a decrease in the swelling capability
induced by a higher crosslinking degree. It is well
known that polysaccharides with a low crosslinking
rate have higher swelling behavior.

With a good understanding of the polymer hydra-
tion, we hydrated polymers 3 and 6 with an excess of
water. The spectra were recorded with a 400-MHz
spectrometer at 313°K with a 10-mm tube (Fig. 6).
Under these conditions, a well-defined resolution can
be observed in the 65-85 ppm range for polymer 3
[Fig. 6(a)], probably because of more important ho-
mopolymerized chain-solvent interactions. For poly-
mer 6, which was synthesized with a larger amount of
EPI, the same resonances can be observed, except for

C-1, which disappears completely [Fig. 6(b)]. The pres-
ence of the C-6 resonance and the determination of the
amount of glucose involve the presence of glucose
units in this polymer, but this disappearance can be
explained by the increase in the rigidity due to more
extensive crosslinking. In this case, only the mobile
part of the polymer (homopolymerized EPI chains)
could be investigated because of the better interaction
with the solvent. This effect limited the investigation
of the reticulated polymers by the NMR solution tech-
nique. Thus, solid-state NMR spectroscopy such as >C
DD/CP-MAS and '*C DD/MAS techniques were nec-
essary to characterize the structure and molecular mo-
bility of the different components.

Solid-state NMR studies

Generally, the use of the carbon—proton dipolar inter-
action in a "C DD/CP-MAS experiment is a very
efficient tool for the analysis of rigid structures as it is
even able to investigate the mobile components in
solid polymers. The >C DD/MAS method principally
shows signals arising from the mobile component.
MAS spectra are taken with different values of D; (i.e.,
the time between each acquisition). This time, which is
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correlated to relaxation time T,, provides an idea of
the polymer rigidity. If the D, value used in the se-
quence is short, carbons with rigid structures have no
time to return to the zero of magnetization and thus
provide less important and resolute signals. In this
way, it is possible to obtain well-defined peaks for
highly mobile components of materials.

Figure 7 shows the '*C DD/CP-MAS spectrum and
13C DD/MAS spectra of starch-enriched flour with
two different repetition times (4 and 20 s). The MAS
spectra, with and without CP, show the classical peaks
of corn starch.*'#? Figure 7(a) seems to have better
resolution; in this case, the CP-MAS technique al-
lowed us to obtain some more important signals. The
flour showed different allomorph states as functions
of their origins, as revealed by the number of reso-
nances, particularly for the carbon C-1 signal (99-103
ppm). As expected, these signals were marked for

corn starch with allomorph A and V states and also an
amorphous structure.*”* In fact, for D; = 4 s, corre-
sponding to a short time for the carbohydrate MAS
spectrum, a different ratio between the areas of the
signals was observed. The peak due to C-6 became
more intense because of the high mobility of this
group. As expected, a higher contribution to the total
signal intensity of the most mobile carbons could be
observed under these conditions. For D; = 20 s, the
spectrum was close to the one obtained with 3C DD/
CP-MAS. Indeed, a larger D, value allowed the less
mobile group to have time to return to the magnetic
ground state and thus to give a stronger signal with a
better resolution. Therefore, the spectra were close to
those obtained with the '*C DD/CP-MAS experi-
ments.

Figure 8 shows '*C DD/CP-MAS spectra of the
flour and polymers 1-3 and 6 taken at the appropriate
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Figure 7 (a) CP-MAS spectrum and (b,c) MAS spectra of starch-enriched flour: (b) D; = 4 s and (c) D, = 20 s.

contact times. This result was confirmed with the Ty
and T,,'H parameters, which corresponded to the po-
larization of proton spins that could be transferred to
a dilute spin system with a rate of 1/T; and to the
polarization of proton spins that could be dissipated
to the lattice by relaxation under the spin-locked con-
ditional rate 1/T,,, respectively. The Ty values (Ta-
ble III) were constant (45-60 us), and so the different
CP-MAS spectra could be compared. Table IV pro-
vides the values of Tlle for the flour and different
polymers. A big difference between the flour and the
polymers, revealing the addition of a strong amor-
phous component into the polymers, was found. On
the other hand, the Tlle values of the different car-

bon atoms for the polymers were similar, and so the
samples were considered homogeneous; this con-
firmed that the different CP-MAS spectra could be
compared. T;,'H was not very sensitive to the motion
of singular molecular groups because it was averaged
within domains as large as 1-10 nm. Therefore, T;,'H
indicated the homogeneity of the phase in the spatial
range.

We observed a broadening of the peaks in the range
of 55-85 ppm with an increase in the amount of EPI
used during the synthesis. Similar results were previ-
ously published.>>** Therefore, this broadening could
be due to the ordering change or to the mobility
change of the material. The C-1 signal (100-105 ppm)
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130 120 110 100 90 80 70 60 50
(ppm)

Figure 8 CP-MAS spectra of crosslinked starch derivatives of (a) starch-enriched flour, (b) polymer 1, (c) polymer 2, (d)
polymer 3, and (e) polymer 6.

decreased when the amount of the crosslinking agent
was increased. This could be explained by a reduction

of the glucose quantity but also by an increase in the TABLE 1T

disorder introduced by the crosslinking. Furthermore, Ten Values for the Flour and Different Polymers

in the spectrum of polymer 1, which was synthesized C-2,C3,

with a small amount of EPI, the C-1 signal was still C-1 C-4 and C-5 C-6

Visi.ble' but showed a large loss of resolution. Before  |,qustrial flour 56 46 59 39

assigning the shoulder at the 95 ppm resonance, we  Polymer 1 63 51 56 62

should point out that a y-gauche effect,®® such as that ~ Polymer 2 65 47 50 51

encountered in the bending of sugar residues, pro- goiymerz gé ;18 ég g(l)
. . . . olymer

duces exactly this type of upfield shift. This effect was Polymer 6 17 a7 17 17

previously observed in oligomeric products of cellu-
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TABLE IV
T, 'H Values for the Flour, Different Polymers, and
Corn Starch as a Reference

C-2,C-3,

C-1 C-4 and C-5 C-6
Industrial flour 6.00 5.40 6.90 7.40
Polymer 1 3.00 2.80 2.90 2.50
Polymer 2 2.58 2.40 2.50 2.10
Polymer 3 2.80 2.50 2.80 2.7
Polymer 4 3.10 3.00 3.10 2.60
Polymer 6 3.30 2.90
Corn starch 9.95 8.1 8.8 5.4

lose.*> Thus, we could assume the occurrence of a
conformational change that followed the crosslinking
reaction according to the presence of this 95 ppm
resonance.®® Indeed, the crosslinking strongly modi-
fied the flour structure, inducing the formation of a
more amorphous structure; this could especially be
seen for the C-1 signal.

Figure 9 compares the >*C DD/CP-MAS spectra
and *C DD/MAS spectra with D; values of 4 and 20 s
for polymers 1-3 and 6. For the >*C DD/MAS spectra
with D; = 4 s, the signal at 63.5 ppm is the most
intense for all the polymers. It is attributable to the
hydroxymethyl groups of the EPI terminal residue.*
In fact, for these short experimental delays, more in-
tense signals were obtained because of the high mo-
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bility of this group. A shoulder at 61.5 ppm can also be
seen, and the same observation with minor intensity
can be made, except for polymers 3 and 6, for which
the important chemical derivatization of the glucose
hydroxymethyl groups induced a loss of the signal.
These can also be explained by the lower mobility of
the C-6 hydroxymethyl groups in comparison with
that of the hydroxymethyl groups of the EPI terminal
residue.

With respect to the C-1 peak for all the polymers,
two groups could be formed: one with polymers 1 and
2, for which all the resonances were always defined,
and another with polymers 3 and 6, for which there
was an important loss of resolution. For polymer 1, the
C-1 resonance was pronounced in the 3C DD/CP-
MAS spectrum (1a), was reduced for the *C DD/MAS
spectrum with D; = 4s (1b), and almost reached the
CP-MAS intensity with D; = 20s (1c). The same evo-
lution could be observed for polymer 2 with a loss of
resonance intensity. This could be explained by a
higher contribution to the total signal intensity of the
most mobile carbons with a low value of D,. For D,
= 20 s, a more rigid structure could be observed, and
so a spectrum close to the one obtained with °C
DD/CP-MAS was observed. For polymers 3 and 6,
the C-1 resonance was not present for D; = 4 s or D,
= 20 s. This fact could be explained by an increase in
the rigidity of the polymer involving a loss of the

. i
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Figure 9 Influence of the crosslinking degree on (a) CP-MAS and (b,c) MAS spectra.
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TABLE V
T, 'H (ms) Values for the Industrial Flour Before and
After Being Mixed in an Aqueous Sodium Hydroxide
Solution Without a Crosslinking Agent and
for Polymers 1, 3, and 6

C-2,C-3,
C-1 C4 andC-5 C-6
Industrial flour 0.93 1 0.938 0.94
Treated flour (with NaOH) 0.243 0.26 0.261 0.23
Polymer 1 0474 0.468 0.471 0.466
Polymer 3 1.09 112 1.092 1.1
Polymer 6 135 17 1.7 1.7

signal for all the MAS experiments. These results were
confirmed by the MAS spectra recorded at D; = 120 s
(not shown), in which the C-1 signal was present,
confirming the high rigidity of the starch. The previ-
ous conclusions confirmed that for the larger amounts
of EPI used during the synthesis, the crosslinking step
was more important, inducing more rigid and amor-
phous materials. This was also confirmed by the T{H
values reported in Table V for the industrial flour
investigated before and after being mixed in an aque-
ous sodium hydroxide solution without crosslinking
agents and polymers 1, 3, and 6. T{H was an efficient
parameter for translating the rigidity of the poly-
mers.*® We observed a reduction when the flour was
mixed in basic media; this indicated a loss of the
crystalline structure and thus a more mobile system.
The increase between the treated flour and polymer 1
and especially polymers 3 and 6 confirmed the in-
crease in the rigidity with the amount of the crosslink-
ing agent used during the synthesis.

In our previous studies,'®*° we focused our atten-
tion on the determination of the sorption properties of
crosslinked starch derivatives for dyes and phenolic
compounds. One of our conclusions was that the
crosslinking agent created a network structure in the
polymer chain that induced a steric effect (physical
adsorption), and in this case, the action of the
crosslinking agent was predominant. In fact, when we
increased the crosslinking degree, the sorption capac-
ity was higher, except for the most crosslinked poly-
mers (5 and 6). Therefore, it was not necessary to have
a high degree of crosslinking to obtain the best results.
Strong reticulation could induce a less accessible net-
work and disadvantage the different interactions. In
this study, we focused our attention on the increase in
the rigidity with the amount of the crosslinking agent
used during the synthesis. Therefore, we could con-
firm that the amount of the crosslinking agent added
during the synthesis induced a more extensive
crosslinking reaction. In this way, we could control the
structures of the different polymers (which were di-
rectly related to the amount of the crosslinking agent
added during the synthesis). A correlation was found

DELVAL ET AL.

between the crosslinking degree, structure, and mo-
bility of these crosslinked starch derivatives and their
sorption properties for dyes and phenolic compounds.

CONCLUSIONS

Crosslinked starch materials with various composi-
tions were characterized with different techniques.
The determination of the amount of glucose in the
polymers was made with the method described by
Dubois et al.*"*? The results showed that a more im-
portant crosslinked step inducing a rigid structure
could be expected when the amount of EPI used dur-
ing the synthesis was more important. Spectroscopic
studies were performed. Raman spectra proved the
purification of the polymers after the synthesis step.
FTIR spectra showed that the crosslinking reaction
occurred and also demonstrated the gradual evolution
with the amount of EPI added during the synthesis.
Solution and solid-state NMR studies allowed the as-
signment of the principal *C signals. In addition,
CP-MAS and MAS spectra and relaxation time mea-
surements provided information about the structure,
homogeneity, and mobility of the different polymers.
We can conclude that increasing the amount of EPI
added during the synthesis increased the amorphous
content, and the material became more rigid because
the increasing number of covalent bonds in the poly-
mer network reduced their mobility. Finally, these
conclusions can be related to the sorption properties,
especially for dyes and phenolic compounds used in
previous studies.'®°
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