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Fourier transform infrared (FTIR) and '3C solid state nuclear magnetic resonance (NMR)
spectroscopy were used to study dextrin structural changes occurring upon hydrogel for-
mation by vinyl acrylate (VA) grafting and subsequent free radical polymerization. The
degrees of VA substitution (DS) and polymerization (DP) were quantified up to 40%VA
by FTIR intensity measurements and partial least squares (PLS)/FTIR, the latter being a fas-
ter and less error-prone method. Above 40%VA, both parameters are underestimated by
FTIR. A spin counting NMR experiment showed high carbon observabilities for hydrogels

I];g(t?;ds' and improved PLS/NMR models were achieved for DS and DP determination. Alternative
Hydrogel NMR integration methods are hindered by the broad VA peaks and need for area correction,
FTIR due to their CP dynamics. NMR changes in C1 profile showed that a single helical confor-
CP/MAS mation predominates at lower %VA, being replaced by disordered conformations as %¥VA
PLS increases. Furthermore, a correlation FTIR/NMR study indicated that ring conformations
2D-C0s are significantly affected in hydrogels, compared to unpolymerized dextrin.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels is a term increasingly used to classify highly
hydrated polymeric networks, usually composed of hydro-
philic polymer chains [1]. Such networks are held by either
chemical or physical cross-links between polymer chains.
The increasing interest in hydrogel production is justified
by their great potential in several areas of medical research
[2], including drug delivery systems [3], scaffold materials
for cell and tissue engineering [4]. Hydrogels may be ob-
tained from natural sources or prepared entirely through
synthetic pathways [5] and efforts are continuously being
made to develop new hydrogel materials based on the nat-
ural abundance, biocompatibility, biodegradability, ease of
derivatization and modification of some polymers. Starch-
based polymers like dextrin and dextran are examples of
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natural hydrophilic polymers with great potential in this
area [6,7] and several reports may be found on the meth-
ods, both chemical and enzymatic, for their derivatization
into hydrogel structures [8-10].

Dextrin results from the partial hydrolysis of starch and
is exclusively composed of a(1 — 4) linked p-glucose resi-
dues, contrary to dextran which is a bacteria polysaccharide
containing a high percentage of o(1 — 6) branching points.
Being widely used in food industry, textiles and other areas
due to its biocompatibility and degradability, dextrin offers
great potential for hydrogel production. One way of using
dextrin to produce hydrogels has been described as involv-
ing a first modification with vinyl acrylate (VA), using either
a chemical or an enzymatic approach, followed by covalent
cross-linking through VA residues through free radical
polymerization in solution [11]. Although the products of
dextrin transesterification with VA are water-soluble thus
enabling analysis through a wide range of methods, includ-
ing 'H nuclear magnetic resonance (NMR) spectroscopy
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[12], the polymerized systems (or hydrogels) are often
water insoluble. In tandem with X-ray diffraction and
microscopic characterization of the materials, the charac-
terization of hydrogels at the molecular level may be
carried out by solid state analytical methods such as Fourier
transform infrared (FTIR) spectroscopy or solid state
nuclear magnetic resonance (NMR) spectroscopy. FTIR
spectroscopy has been employed before to characterize
dextran-based systems [9] and FTIR intensity ratios were
used to quantify their degree of substitution (DS) with VA
and the extent of polymerization of the resulting hydrogels.

This work describes how FTIR spectroscopy may be fur-
ther explored for quantitation purposes and to obtain im-
proved insight into the structural modifications taking
place in the dextrin network, by using partial least squares
(PLS) regression to extract overall spectral information. The
possibility of rapid quantitation of DS, in unpolymerized
samples, and the degree of polymerization (DP), in hydro-
gels, using PLS/FTIR models is discussed. In addition, solid
state '3C cross polarization and magic angle spinning (CP/
MAS) NMR is also explored for DS and DP quantitation as
well as for characterization of the structural and molecular
dynamic characteristics of the dextrin hydrogel samples.
PLS/NMR models for quantitation of DS and DP are also
developed and their applicability, compared to FTIR-based
methods, is discussed. Finally, a bidimensional correlation

method is used to correlate between FTIR and NMR data, as
a function of DS and DP, in order to improve interpretation
of both datasets for dextrin.

2. Experimental section
2.1. Samples

Two groups of dextrin samples were investigated in
this study: (a) a group comprising unmodified dextrin
and seven dextrin samples enzimatically substituted to
different degrees (10%, 14%, 18%, 21%, 31%, 38% and
67%) with reactive VA groups and (b) a group of polymer-
ized hydrogel samples obtained from the samples in (a)
using a free radical polymerization method described
elsewhere [11]. Since the last two samples showed indi-
cations of being less porous and, therefore, less interest-
ing as hydrogel materials, no additional samples were
prepared for %VA between 40% and 67%. Fig. 1 shows a
schematic representation of the modification steps em-
ployed. The extent of VA substitution was determined
for samples in group (a) by solution state 'H NMR spec-
troscopy [12], a reference method for DS determination
in dextrin-like materials, the precise experimental condi-
tions of which are described in Ref. [13]. Samples were
found to contain 10-12% w/w humidity and no sample
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Fig. 1. Schematic representation of: (a) synthesis of dextrin-VA and hydrogel networks and (b) hydrogel cross-links.
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drying was carried out before analysis. The glycine sam-
ple used for NMR spin counting experiments was pur-
chased from Aldrich and used as received.

2.2. Attenuated total reflectance (ATR) FTIR spectroscopy

FTIR spectra of dextrin unpolymerized and polymerized
(hydrogel) dextrin samples were collected on a Bruker
IFS55 FTIR spectrometer, using a single reflectance ATR cell
(Golden Gate, equipped with a diamond crystal). All data
were recorded at room temperature, in the spectral range
of 4000-700 cm™!, by accumulating 256 scans with a res-
olution of 8 cm™'. Five replica spectra were collected for
each sample in order to evaluate experimental reproduc-
ibility. For discrete band intensity measurements, the aver-
age spectra were considered and baseline correction in the
800-600 cm™! spectral region was carried out manually.
For unpolymerized samples, DS was computed simply by
taking the Igge/l760 intensity ratio and, for polymerized
samples, the extent of polymerization was evaluated using
the following expression, where Iggg/l76¢ ratios before and
after polymerization are compared:

(), ()
1760 ) before 1760 ) ater % 100
Iso

%polymerization =
I750> before

2.3. Solid state 3C CP/MAS NMR spectroscopy

All 3C CP/MAS spectra were recorded on a Bruker
AVANCE-400 (DRX) NMR spectrometer operating at
400 MHz for proton and 100 MHz for carbon, using 7 mm
CP/MAS Bruker double-bearing probes. All samples were fi-
nely ground before packing in the rotors. Rotors were spun
at rates 6 kHz and the '>C CP/MAS spectra were recorded
using a proton 90° pulse length of 4.0 pis, 1 ms contact time
and recycle time of 10 s for dextrin samples and 2 s for gly-
cine, using the 5 x Ty (proton longitudinal relaxation
time) condition to ensure full proton relaxation between
scans. Ty values were measured through a modification
of the CP/MAS experiment so as to include an inversion-
recovery step on the proton channel and using interpulse
delays in the 10 ms-10's range. Relaxation Tcy and Tipu
constants were measured by fitting the peak intensity
curves resulting from variable contact time experiments
with 18-24 different points in the 0.01-15 ms range. The
intensity curve recorded as a function of contact time, T,
takes the form:

1) = Io x [exp &%ﬁﬂ X [l ~EeXp (’Timﬂ

with Iy representing the maximum signal intensity. For
spin counting experiments, glycine was used as an external
reference, instead of mixed with the polymer and thus ren-
dering the sample unusable as well as posing the risk of
uneven mixing and subsequent varying NMR sensitivity
[14]. As required when an external reference compound
is used, special care was taken to record the glycine spec-
trum in exactly the same experimental conditions as those
of the samples, therefore, glycine and all dextrin samples

were run within 2-3 days so as to minimize deviations in
experimental settings such as probe tuning and Hartman-
Hahn condition. Spin counting experiments were carried
out for three selected hydrogels (with 20, 38 and 67% VA)
and, for each spectrum, the integrated intensity I was di-
vided by the sample mass m, giving I (=I/m). The relation-
ship [14]:

I' =k x %C x Cgps

was used, where %C was determined by elemental analysis
and constant k determined by assuming carbon observabil-
ity (Cops) of 100% for glycine. Cops is the carbon observabil-
ity (in%) obtained for each hydrogel sample. To evaluate
the improvement of these Cyps values, the average T; pH
was measured for each hydrogel, through variable contact
time experiments with improved precision (12-18 points)
in the decaying part of the CP curve and used to correct
spectral area according to T; pH differences, as described
in Ref. [14].

2.4. Partial least squares (PLS1) regression

Partial least squares regression (PLS1) is a widely used
method to perform data analysis in a vast range of applica-
tions [15-18]. In a multivariate regression context, the fol-
lowing equation applies:

y(n_1) = x(n.m)b(m.l) + e(n‘l)

where n is the number of objects, m is the number of vari-
ables, y is the dependent response vector, X is the matrix of
independent variables and the e vector is the variability
not accounted by the regression model. The b vector esti-
mation based on the PLS1 regression is given by:

.
T T
bim1) =Wimp [P<l<.m)w(m,k)] Cik1)

where k is the number of latent variables, W the loadings
weights, P the loadings X and ¢ the loadings y. An essential
step in the PLS1 regression is the assessment of the model
complexity, i.e. the number of latent variables that must be
used in order to describe the relationship between the
dependent responses (y) and the independent variables
(X). Among the many approaches used to assess the num-
ber of latent variables, the cross-validation is one of the
most frequently employed.

2.5. Two dimensional correlation spectroscopy (2D-COS)

Two dimensional correlation spectroscopy (2D-COS) is
a spectral technique developed for evaluating 2-way data
sets obtained when a sample is subject to an external
sequential perturbation [19]. This perturbation-based 2D
so called spectroscopy tool aims at sorting out complex
or overlapped spectral features by spreading peaks along
a second dimension [20,21]. The method detects in-phase
(synchronous) and out-of-phase (asynchronous) correla-
tions between spectral intensity variations that occur at
different points in a spectral signal and that are stimulated
by external perturbations [19,20,22,23].

The synchronous correlation intensity map, @12 rep-
resents the similarity between two separated spectral
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intensity variations, at vl and v2, as a function of an external
perturbation. In the case of hetero-spectral 2D-COS, the
synchronous map represents synchronized changes of spec-
tral features of two different bands (v1 and v2) in different
data sets, suggesting related origins for spectral variations.

3. Results and discussion
3.1. FTIR spectroscopy

Fig. 2a shows the ATR-FTIR spectra of original dextrin
and some of the dextrin samples substituted to different

degrees with reactive VA groups. In Fig. 2b, the ATR-FTIR
spectra obtained for the corresponding hydrogel samples

Absorbance (a.u.)

dextrin 67%VA

dextrin 18% VA

dextrin 10% VA

M

are shown. The spectrum of dextrin shows the typical
starch-like FTIR profile and the main peaks arising from
VA moieties are identified with arrows in both unpolymer-
ized and polymerized samples. In unpolymerized dextrin
samples, the two VA bands at 1713 cm™! and 806 cm™!
arise, respectively, from the carbonyl group stretch and
from the twisting of the acrylate double bond [9]. The
two bands at 1612 and 1628 cm™! should arise from VA
double bonds stretch vibrations, overlapping with a band
at 1635 cm™! observed in the spectrum of original dextrin.
The latter was found to arise from water, since it disap-
peared with sample drying. Other dextrin bands appear
at 1408, 1296 and 1192 cm !, in the fingerprint region
(Fig. 2).
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Fig. 2. ATR-FTIR spectra of: (a) original dextrin and dextrin substituted with 10, 18, 31, 38 and 67% VA and (b) corresponding polymerized samples
(hydrogels). With the exception of the 760 cm~! band (dextrin), the peaks identified with arrows correspond to main VA bands.
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In the FTIR spectra of the hydrogels, the main changes
upon polymerization are a slight broadening of the spectra
and relative decreases at 806, 1408 and 1612-1628 cm ™!,
due to the decrease in the number of double bonds as cross
links are formed. In addition, the C=O0 stretch vibration (at
1713 cm™! in unpolymerized samples) shifts to higher
wavenumbers (1720 cm™!), an effect previously reported
for dextran-based hydrogels [9] and which reflects the
changes in the carbonyl environment upon the conversion
of VA moieties into cross-links. The band at 1612 cm™! is
also seen to shift to 1570 cm~! upon polymerization, sug-
gesting a distinct environment for double bonds in residual
unreacted VA residues.

Dextrin gives an FTIR band at 760 cm~! which, in previ-
ous studies carried out on the similar system of dextran
[9], has been seen not to be significantly affected by either
VA substitution or polymerization. This band has, there-
fore, been often chosen as a reference band against which
other peak variations may be compared [9]. The Igps/I760
intensity ratio was hereby used to determine DS in unpoly-
merized samples, after application of baseline correction in
the relevant spectral region. Fig. 3a shows the variation of
this FTIR intensity ratio as a function of % VA, as deter-
mined by 'H NMR spectroscopy. A linear tendency is noted
up to the dextrin-38% VA sample, followed by a slight devi-
ation from linearity defined by the last sample. This indi-
cates that FTIR-based DS values above ca. 40% VA may be
underestimated relatively to 'H NMR measurements. One
possible reason is that structural changes occur in dextrin
samples with higher %VA, thus affecting dextrin FTIR bands
more significantly, including the 760 cm™! band, previ-

H. Garcia et al./European Polymer Journal 44 (2008) 2318-2329

ously assumed suitable as a reference band. PLS regression
analysis was used in order to take into account changes
across the whole FTIR spectrum, instead of only at 760
and 806 cm™!. Fig. 3b shows that a satisfactory correlation
is found between the %VA predicted from FTIR spectra and
the actual value, however, the less than ideal R? (0.96)
value reflects the same tendency to lower FTIR DS values
for higher %VA, compared to the reference NMR method.
The b vectors corresponding to the PLS/FTIR model (Fig.
3c) confirm that spectral variations between samples arise
mainly from the variation in VA content (positive VA peaks
noted with arrows). However, additional changes do occur
in the dextrin fingerprint region, reflecting the occurrence
of structural changes in the polysaccharide structure as VA
grafting is applied.

The extension of polymerization and other characteris-
tics of the hydrogels are more challenging subjects due to
the insolubility of the samples. The extent of polymeriza-
tion in hydrogels, as evaluated by FTIR intensity measure-
ments (see experimental), gives similar polymerization
yields of 80-90% for all samples (Table 1). Considering
the known percentages of grafted %VA, the number of
cross-linked VA residues per 100 residues of glucose
may be easily calculated and taken as the degree of poly-
merization, DP (Table 1). Fig. 4a shows that a good linear
dependence exists between the DP in the hydrogels and
the percentage of initially grafted VA residues, meaning
that, for this type of samples, a DP value may be esti-
mated throughout the range studied, directly from the
initial %VA of the grafted material and assuming a linear
dependence.
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Fig. 3. (a) Graphical representation of the FTIR Igos/I7¢0 intensity ratio for unpolymerized dextrin samples, as a function of %VA as determined by '"H NMR
spectroscopy; PLS/FTIR, (b) relationship between actual and estimated %VA and (c) b vector for unpolymerized samples. Peaks indicated with arrows arise

from VA moieties.
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Table 1
FTIR intensity ratios for each hydrogel sample, extension of polymerization
(%) and corresponding degree of polymerization DP

Hydrogel sample  FTIR Igos/l760  FTIR Igos/l760 % DP?
before polym. after polym. Polymerization

Dextrin-VA 10%  0.349 0.0494 85.8 9
Dextrin-VA 14%  0.498 0.0803 839 12
Dextrin-VA 18%  0.773 0.1091 85.9 16
Dextrin-VA 21%  0.843 0.0968 88.5 19
Dextrin-VA 31%  1.396 0.137 90.2 28
Dextrin-VA 38%  1.839 0.227 87.6 33
Dextrin-VA 67%  2.578 0.455 824 55

2 Expressed in number of VA residues per 100 glucose residues.

PLS/FTIR analysis was performed on the hydrogels spec-
tra, taking as reference the FTIR-based DP values calculated
as described above and aiming at building a model for ra-
pid evaluation of DP. The relationship plot between actual
DP vs. estimated DP (Fig. 4b) shows that, again for the 67%
VA hydrogel, relatively lower DP values are predicted by
PLS, compared to the actual DP values. The corresponding
b vector (Fig. 4c) is rather similar to that obtained for the
unpolymerized samples (Fig. 3c), with positive VA bands
explaining most spectral variation, together with some
changes in the dextrin fingerprint region. Again, these con-
firm structural changes occurring in the polysaccharide, in
tandem with the increase in VA cross-links, but the com-
plex nature of the fingerprint FTIR region hinders further
interpretation of these changes.

Therefore, although both intensity measurements and
PLS/FTIR method underestimate DS and DP for dextrin-
based samples with %VA higher than ca. 40, they may be
used for quantitation up to that VA content. PLS/FTIR is a

a 60 -
50 -
40

30 1

DP

20

faster approach compared to the intensity measurement
method, avoiding error-prone methods such as baseline
correction and manual intensity ratio measurements of
weak bands such as the 806 and 760 cm~! bands.

3.2. Solid state NMR spectroscopy

Fig. 5 shows the 3C CP/MAS spectra of original dextrin,
as well as of some unpolymerized (Fig. 5a) and polymer-
ized (Fig. 5b) dextrin samples. In order to ensure full proton
relaxation, all spectra were recorded using recycle delays
between consecutive scans of 5 x Ty, based on the Ty
values measured for a selection of samples (Table 2).
Proton Ty relaxation times were shown not to depend sig-
nificantly on VA content which means that rapid molecular
motions (in the MHz timescale), to which T; (or longitudi-
nal) relaxation is most sensitive, do not vary significantly
between samples. The approximate common value of ca.
1s, for each sample, reflects the effective proton spin
diffusion in all samples, due to their solid proton-rich nat-
ure. The spectrum of original dextrin (Fig. 5a, bottom)
shows the profile expected with basis on previous reports
for starch-based polysaccharides [24-26]. The central band
at 72 ppm accommodates the overlapped contributions
from C2, 3, 5 and ordered C4 environments [26]. Glycosidic
carbons C1 and C4 profiles are most sensitive to chain con-
formations, the broad 81 ppm peak arising from amor-
phous C4 environments. The C1 region, in original
dextrin, comprises overlapped contributions from a pre-
dominating ordered single helical conformation (C1 at
103 ppm) and a less abundant range of disordered confor-
mations (C1 at 90-100 ppm) [25]. VA grafting leads to a
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0 T T T
0 10 20 30

(no. VA residues per 100 glucose residues)

T T T 1

40 50 60 70

Actual % VA in dextrin

o
2
,

W
>
59
i
[S)

RMSECV=12.0%

'S
(=1

20

Predicted DP
" .

0 10 20 30 40 50
Actual DP

1720 1192

C 250 ¥

200 1296 ‘
5 150 1570 Dextin
5 1.00 * 1408 fingerprint  g()g
2 050 v f ﬂ \
S 0.00 AN i Ay
§ _050 18 1600 ULWJ 1200 00 800 600
o -1.00

-1.50

-2.00

Wavenumber (cm'l)

Fig. 4. (a) Plot of the degree of polymerization, DP, calculated by FTIR integration, and %VA of original dextrin sample; PLS/FTIR (b) relationship between
actual and estimated DP values and (c) b vector for polymerized samples (hydrogels).
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Fig. 5. '3C CP/MAS spectra of (a) original dextrin and dextrin substituted with 10, 18, 31, 38 and 67% VA; (b) corresponding polymerized samples
(hydrogels). The main assignments are shown and the inserts show expansions of the carbonyl region. *: spinning sidebands.

carbonyl peak at 167 ppm and contribution from C=C car-
bons at 132 (superimposed with a spinning side band, Fig.
5a) and 128 ppm. Ungrafted VA carbonyls were seen to res-
onate at 163 ppm, so that the presence of this peak is useful

to evaluate the efficiency of grafting. The signal at 40 ppm
arises from residual DMSO from the reactive medium,
consistently with its random intensity variation within
samples. Reaction with VA leads to significant broadening
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Table 2

Proton spin-lattice relaxation times (T;y), cross-polarization times (Tcy)
and proton spin-lattice relaxation times in the rotating frame (Typu) for
three selected dextrin hydrogels

ppm Assignment Hydrogel samples

Dextrin Dextrin Dextrin
21% VA 38% VA 67% VA
Tin/s
32 CH, VA polym. n.d. n.d. n.d.
40 CH5(res.DMSO) 0.931+0.121 1.138£0.175 1.154 £ 0.164
61 C6 glc. 0.969+0.146 1.251+0.171 1.200 £ 0.175
72 C2,3,5 glc. 0.922+0.134 1.231+0.152 1.201 £0.188
81 C4 glc. 0.940+0.107 1.241+£0.195 1.173 £0.235
102 C1 glc. 0.871+0.126 n.d. 1.182 £0.192
128 C=CVA 0.818+0.136 n.d. 0.992 +0.190
unpolym.
167 C=0 VA n.d. n.d. n.d.
unpolym.
175 C=0 VA n.d. (1.176 £0.272, 1.024 +0.200
polym. 23%)
T1pu/ms
32 CH, VA polym. n.d. n.d. n.d.
40 CH5(res.DMSO) 4.552 +0.283 4.704 £0.408  3.363 = 0.207
61 C6 glc. 2471+0.190 3.163+0.215  2.547 +0.074
72 C2,3,5 glc. 2.573+0.096 (4.317+1.490, 2.672+0.107
35%)
81 C4 glc. 2.401+0.085 2.969+0.230 2.817+0.118
102 (1 gle. 2.571+0.128 n.d. 2.817+0.118
128 C=CVA n.d. n.d. n.d.
unpolym.
167 C=0VA n.d. 6.722+1.038  nd.
unpolym.
175 C=0 VA 3.536+0.141 6.197 £0.873  2.05158 £0.119
polym.
Ten/ms
32 CH, VA polym. n.d. n.d. n.d.
40 CH5(res.DMSO) 0.114+0.014 0.114+0.015  0.120 £ 0.020
61 C6 glc. n.d. 0.031 £0.0033 0.054 + 0.005

72 C2,3,5 glc. 0.041+£0.003 (0.036+0.021, 0.080 +0.008

58%)

81 C4 glc. 0.046 £ 0.003 0.069 +0.007  0.074 £+ 0.008
102 C1 glc. 0.041 £0.004 n.d. 0.074 + 0.008
128 C=CVA n.d. n.d. n.d.
unpolym.
167 C=0 VA n.d. 0.538£0.098 n.d.
unpolym.
175 C=0 VA n.d. 1.066 +0.213 n.d.
polym.

All values have uncertainties <20%, unless stated otherwise for values in
brackets.
n.d.: Not determined due to weak or broad signal features.

of the C1 profile and, to a lesser extent, C4 profile (Fig. 5a),
with increasing %VA promoting an increase in amorphous
polysaccharide (90-100 ppm) in detriment of the ordered
single helical conformation (103 ppm), practically absent
at 67% VA. This brings light into the nature of the structural
changes affecting dextrin substituted with VA.

VA polymerization results in broadened spectra
throughout (Fig. 5b) which shows that polymerization re-
sults in a further disordered system. The persistence of
the broad C4 resonance at 81 ppm confirms this, together
with the C1 band which reflects the changes already noted
for the unpolymerized samples. Cross-linked VA carbonyls
resonate at lower field, 175 ppm, and a broad peak appears
at 32 ppm, arising from VA methylene carbons at the cross-
links (Fig. 5b). In addition, the double bonds contribution

at 132 and 128 ppm becomes rather broad and weak,
overlapping with spinning side bands corresponding to
the 72 ppm and the C=0 peaks (Fig. 5b). For the hydrogel
containing higher VA amount, a shoulder at 167 ppm is
visible (noted with an arrow), reflecting the VA groups
remaining unpolymerized.

In order to explore the possibility of using the '>C CP/
MAS to quantify DS and DP in dextrin samples, a spin
counting experiment was performed in order to establish
the amount of carbon visible in the '3C CP/MAS spectra.
This is particularly important in natural materials that
may contain paramagnetic impurities, which will enhance
spin relaxation rates and lead to partial signal loss in the
spectra. The procedure was based on that described previ-
ously for a range of natural compounds [14] and Table 3
shows that the percentage of carbon observability, %Cqps,
for selected hydrogels is in the 83-99% range, which is sat-
isfactory, considering previous results [14]. Deviations
from 100% C,ps occur if samples have long Tcy values
and/or short proton T, p relaxation times and this may be
corrected for taking into account the timescale of those
parameters [14]. To evaluate the extent of improvement
achievable for dextrin, the average Tipy was measured
for three hydrogels (with 21, 38 and 67% VA), with im-
proved precision on the decaying part of the CP curve. After
correction of spectral areas with basis on Tpu (Table 3),
the values of corrected %C,,s showed some improvement
for dextrin with 21%VA but no significant improvements
for the remaining samples, which in any case have high en-
ough carbon observabilities. Therefore, if desired, some
optimization may be achieved by performing T;pn-based
corrections on dextrin '>C CP/MAS spectra but, since %Cops
are originally satisfactorily high and the correction proce-
dure becomes unpractical for more than a few samples
due to extended acquisition times, the uncorrected '3C
CP/MAS spectra were hereafter employed in this work.

The possibility of direct quantitation of DS and DP, by
integration of carbonyl '*C CP/MAS resonances runs into
several stumbling blocks, one being the weak and broad
nature of those resonances (Fig. 5) and the other the fact
that the quantitativity condition for '*C CP/MAS spectra
(Tcu << 1ms contact time<<Typy) is not satisfactorily
met for all peaks. Indeed, T; pH values of about 2-3 ms were
found (Table 2), together with T¢y values of the order of ms
for VA carbonyls, thus rendering direct peak integration
not recommended unless signals correction is performed.

Table 3
NMR spin counting results for hydrogel samples and T;pu-based correc-
tions for three of the samples

Hydrogel sample %C? Uncorrected Ty pu/ms Corrected
%Cobs %Cobs
Dextrin-VA 10% 34.92 94 n.d. n.d.
Dextrin-VA 14% 15.88 91 n.d. n.d.
Dextrin-VA 18% 23.28 93 n.d. n.d.
Dextrin-VA 21% 35.84 84 233+0.34 94
Dextrin-VA 31% 37.01 83 n.d. n.d.

Dextrin-VA 38% 37.14 89
Dextrin-VA 67% 38.19 99

3.17 £0.37 86
2.61+0.44 99

n.d.: Not determined.
2 Determined by elemental analysis.
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However, an alternative approach is the use of PLS regres-
sion of the CP/MAS spectra, using the known %VA values as
reference for unpolymerized samples, and the FTIR-based
DP values as reference for polymerized samples, as will
be discussed below. A closer look at the CP dynamics
parameters in Table 2 shows that both Ty py and Tcy values
are higher for the 40 ppm peak, which confirms its assign-
ment to DMSO since it indicates that the compound is in a
different spin reservoir than dextrin, rendering spin diffu-
sion insufficient for complete T, py averaging. Efficient spin
diffusion is seen for all dextrin resonances, but VA carbon-
yls are characterized by longer T,py for 21 and 38% VA
hydrogels (Table 2), reflecting a different environment
characterizing the cross links. Interestingly, for the 67%
VA hydrogel carbonyl, Tipn is closer to those of dextrin
peaks, which is consistent with the higher density noted
microscopically for this material (data not shown), the
subject of an ongoing parallel work.

Regarding the use of '3C CP/MAS spectra for DS and DP
quantitation by PLS/NMR, Fig. 6a and b shows the actual
%VA vs. estimated %VA plot and b vector obtained for
unpolymerized samples. It is interesting to note that the
relationship plot (Fig. 6a) is of improved quality through-
out the whole %VA range compared to those obtained by
FTIR (Fig. 3b). A similar observation is noted for the poly-
merized samples (Fig. 6¢), thus indicating that direct PLS
analysis of the '3C CP/MAS of these samples enables a bet-
ter quantitation model to be built, relatively to PLS/FTIR.
The PLS/NMR b vector profile for both unpolymerized
and polymerized (Fig. 6b and d) show that VA carbonyl
and double bonded carbon resonances are largely respon-
sible for the spectral variations noted. However, large vari-
ations affect the dextrin resonances as well, particularly
the C1 region (Fig. 6b). This reflects the large changes in
dextrin C1 profile already noted, as a function of VA, with

2 R*=0.99
LV=2
RMSECV=6.0%

Estimated % VA
3

0 10 20 30 40 50 60
Actual %VA in dextrin

R?=0.97
LV=2
40{ RMSECV=10.1%

Predicted DP  ©

0 10 20 30 40 50
Actual DP

a narrow (negative) C1 peak at 103 ppm (arising from or-
dered single helical conformation) predominating at low
%VA samples and a broad (positive) C1 band at 90-
100 ppm (reflecting a more amorphous system) predomi-
nating at the high %VA samples. The fact that this is ob-
served for both unpolymerized and polymerized samples
(Figs. 5 and 6)b-d indicates that these conformational
changes are triggered mainly by increasing VA content,
rather than by polymerization. This result expresses the
advantages of NMR in helping to identify the structural
changes affecting dextrin and of PLS/NMR as a rapid quan-
titation method for DS and DP, avoiding lengthy area cor-
rection methods for discrete NMR peak integration.

3.3. 2D-COS between FTIR and NMR data

2D-COS correlation between FTIR and NMR data may be
of use to detect, either direct (or positive) simultaneous
changes in both datasets (and thus confirm spectral assign-
ments or detect direct inter-compound effects), or inverse
(or negative) simultaneous changes (and thus detect in-
verse inter-compound effects). The synchronous map ob-
tained by 2D correlation between FTIR and NMR data for
the unpolymerized dextrin samples (Fig. 7a) shows that
the C1 peak at 103 ppm in NMR correlates directly (red
spot) with a shoulder at the lower wavenumber side
(995 cm™1) of the 1000 cm~! band, which is the main dex-
trin band in the fingerprint region (Fig. 2a, bottom). This
shows that C1 vibrations contribute significantly for that
FTIR dextrin band, the changes of which may be inter-
preted as chain conformational changes affecting glyco-
sidic bonds. This also brings new light into the
assignment of the negative ca. 1000 cm~' peak in the FTIR
b vector profile in Fig. 3c which, thus, indicates conforma-
tion changes at glycosidic linkages. The same C1 peak

T

b vector (2LVs)

(X

b vector (2LVs)

13C chemical shift (ppm)

Fig. 6. PLS/NMR: (a) relationship between actual vs. estimated %VA values (b) b vector profile obtained for unpolymerized dextrin samples, as a function of
%VA as determined by 'H NMR spectroscopy and PLS/NMR (c) relationship between actual vs. estimated DP values and (d) b vector profile obtained for
polymerized dextrin samples, as a function of DP as determined by FTIR spectroscopy.
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Fig. 7. 2D-COS synchronous maps of (a) unpolymerized dextrin and (b) polymerized dextrin.

correlates inversely (blue spots) with FTIR bands at ca.
1200 and 1713 cm™'. These are VA bands and this inverse
correlation confirms that, as %VA increases, the more or-
dered chain conformation (with C1 at 103 ppm) decreases
in content. The direct correlations between peaks at ca.

130 ppm (C=C of unpolymerized VA) with VA bands at
1713 cm™~! and 1200 cm™}, and peak at 167 ppm (C=0 of
unpolymerized VA) with VA band at 1713 cm™! band are
expected since all bands arise from VA moieties and, thus,
vary directly with each other.
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Regarding the 2D synchronous map obtained for the
polymerized samples (Fig. 7b), only correlations to dextrin
NMR bands are observed due to the significant broadening
of VA bands in the NMR dimension. The correlations ob-
served for the C1 at 103 ppm are similar to those noted
above for unpolymerized samples, confirming the direct
contribution of glycosidic bonds at 995 cm~! in FTIR and
the inverse correlation of the ordered polysaccharide con-
formation with VA content. Interestingly, additional stron-
ger correlations are noted between the FTIR dimension and
the NMR ring resonances, indicating that polymerization
has an important effect on glucose ring conformation, com-
pared to the effects of grafting (Fig. 7a) which seem to
hardly affect ring conformations. An NMR signal at the
high ppm side of the central peak at 72 ppm (70 ppm) cor-
relates strongly and directly with VA bands at 1720 cm™!
and 1200 cm™!, and inversely with the 995 cm™! C1-re-
lated band. This shows that, as VA increase in the hydro-
gels, dextrin conformation is changed, not only at the
glycosidic bands (995 cm™! and 103 ppm) but also at the
glucose ring, affecting a resonance at 70 ppm, buried under
the broad 72 ppm dextrin peak. Weaker correlations are
visible also for C6 (61 ppm) and C4-amorphous (81 ppm),
indicating that these carbons are also slightly sensitive to
the effect of polymerization and %VA in the sample.

2D-COS analyses allow, therefore, important relation-
ships between FTIR and NMR data to be identified and fur-
ther, initially unresolved, structural information to be
obtained, as a function of the DS or DP. The asynchronous
maps are not shown here due to their low significance
(variations within the rounding-off error), suggesting that
the behavior observed for this system is mainly character-
ized by linear relationships.

4. Conclusions

FTIR spectroscopy and '3C CP/MAS NMR spectroscopy
have been applied to the study of dextrin structural
changes, upon hydrogel formation by vinyl acrylate (VA)
grafting followed by free radical polymerization. DS and
DP have been satisfactorily evaluated up to 40%VA by both
measurement of the FTIR Iggg/l760 ratio and partial least
squares-PLS FTIR, the latter being a faster method which
avoids errors related to baseline correction and intensity
measurements. Above 40%VA, DS and DP are underesti-
mated by both FTIR-based methods, however, the use of
13C CP/MAS NMR leads to significantly improved PLS/
NMR models for DS and DP determination in all the VA
range studied. The PLS/NMR method is recommended, rel-
atively to the direct integration methods because the latter
is seriously hindered by the broad nature of VA peaks and
the need for area correction, due to their CP dynamics.

Both FTIR and NMR methods show that, as the %VA in-
creases, structural changes occur in the polysaccharide.
Changes observed in C1 and C4 NMR profiles of unpoly-
merized and polymerized samples have shown that an or-
dered single helical conformation predominates for low
%VA samples, being replaced by a disordered system as
%VA increases. In addition, CP dynamics measurements
indicate that a more dense system is formed at the highest

%VA (67%). Finally, changes observed by NMR have been
correlated to the FTIR spectra by a 2D-COS method, en-
abling the identification of conformation-sensitive bands
in FTIR spectra and indicating that ring conformations are
particularly affected by polymerization.
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